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Abstract 

The conventional Twisted Nematic Liquid Crystal Display (TN-LCD's) 

uses Liquid Crystal materials with positive dielectric anisotropy. However, the 

greatest drawbacks of the TN-LCD's are their narrow viewing angle, low 

contrast and slow response times. In contrast, the recently introduced Vertically 

Aligned mode Liquid Crystal Displays (VA-LCD) combine the vertical 

alignment technique with nematic liquid crystals having negative dielectric 

anisotropy, resulting in wide viewing angle, excellent contrast and shorter 

response time. In VA mode, the name suggests, the liquid crystal molecules are 

normally aligned at right angles to the substrates, swinging through 90° to lie 

parallel with the substrates in the presence of an electric field. 

A particularly valuable class of materials satisfying the requirements of 

VA mode technology is the laterally fluorinated bi-phenyls and ter-phenyls. A 

(2, 3) difluoro substitution on the phenyl ring results in an effective dipole 

moment perpendicular to the principal molecular axis thus realizing negative 

dielectric anisotropy (~E<O) for the liquid crystalline molecule. Moreover, no 

single liquid crystalline compound can fulfill all the requirements of a display 

device; multicomponent mixtures with optimum values of material properties 

are required. The objective of this work is to prepare and characterize several 

multicomponent mixtures comprising of polar-fluorinated molecules suitable 

for VA mode application. The aim of this work is to produce materials with 

wide nematic temperature range, large negative dielectric anisotropy (~c), low 

rotational viscosity (y1), low values of bend elastic constant (K33) and low 

values of the optical birefringence (~) for their application in VA-LCD's. 

Several pure liquid crystalline materials with negative dielectric anisotropy 

have been selected as components of multi component mixtures and their 

physical properties have been characterized. Bicyclohexane compounds with 
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low values of the optical birefringence (~n) have also been characterized with a 

view to use them in mixtures for lowering the birefringence of the material. 

This work consists of careful formulation of multi component mixtures and the 

measurement of the dielectric anisotropy, optical birefringence, bend elastic 

constant and the rotational viscosity of these mixtures. The material properties 

of these mixtures are to be optimized with respect to improved driving voltages 

and high quality optical performance so that mixtures with the required 

specification may be identified for commercial application or patentability of 

the work. The following are the conclusions summarizing the work done in this 

thesis. 

A. Study of pure compounds: 

1. In this work an in-depth study of several liquid crystalline compounds 

(compound 1-15) from different experimental techniques has been undertaken. 

2. Compound 1 and compounds 3-9 with lateral fluorine substitution posses a 

higher value of birefringence (0.20-0.28 in the nematic range) while the phenyl 

bicyclohexane compounds 10 and 11 and the phenyl- cyclohexane compound 

12 exhibit a relatively lower birefringence values of around 0.08 - 0.11. 

Bicyclohexane compounds 14 and 15 show a very low birefringence of the 

order of0.03 and 0.08 respectively. 

3. It is observed that the dielectric anisotropy (~s) for compound 9 is around -2 

in the nematic phase. Compounds 1, 3, 6 and 8 however have a moderately low 

value of L\s of about -1. ~s value for compound 4, 5 and 7 are slightly higher 

than -1. Again, L\s for compounds 10 and 11 are around -2 at the nematic to Sm 

B phase transition and -6 within the Sm B phase. 

4. The K33 values vary from 4-16 pN at room temperature for all the laterally 

fluorinated pure compounds. The y1 values for compounds 1, 3-9 are around 

100-120 mPas in the nematic range which is considerably smaller than those 

obtained for phenyl bicyclohexane compounds 10 and 11 with values of 233 

mPas and 322 mPas respectively at the N-SmB phase transition. 
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5. The terphenyl compounds 1, 3-9 have improved values of the visco elastic 

coefficient (y1/K33) due to lower values of the rotational viscosity of these 

materials. Significantly higher Figure of Merit (FoM) (almost ten times or 

more) are observed for the laterally fluorinated compounds (1, 3-9) compared 

to bicyclohexane compounds with CH2-CH2 linkage group in the core 

(compounds 10 and 11). 

6. The physical properties of three laterally fluorinated liquid crystalline 

compounds 1, 10 and 11, have been thoroughly studied by different 

experimental techniques. Orientational Order Parameter (<P2>) values have 

been determined from the x-ray diffraction and refractive index measurements. 

Fairly good agreement is observed between the two experimental methods as 

well as the theoretically calculated values. 

B. Formulation and study of several multicomponent mixtures: 

Based on the physical properties of single compounds, seven multi 

component mixtures (mixtures A-G) ranging from three component (mixture A 

and mixture B) to fifteen component (mixture G) have been fommlated and 

their physical characterization has been done. 

1. In the tri component mixtures (mixtures A and B) birefringence results are 

close to the targeted values for VA mode display devices (around 0.12 and 0.13 

respectively) but ~E values are found too low(~ -1 at around 20°C). 

2. To meet the required specifications a five component mixture (mixture C) 

has been prepared whose birefringence values are almost satisfying targeted 

value (around 0.11) but again the ~E values are very low. 

3. A nine component mixture (mixture D) was formulated comprising of all 

laterally fluorinated bi- and tri-phenyl compounds, which showed a low 

viscosity (~ 48 mPas at around 20°C) and moderate birefringence ( ~ 0.18 at 

around 20°C) and higher values of dielectric anisotropy ( ~ -2.5 at around 20°C) 

with a broad nematic range. 
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4. By introducing two different dopants (laterally fluorinated tolanes) the nine 

component mixture have been modified into two ten component mixtures 

(mixtures E and F) where it was possible to tailor almost all of the physical 

properties (for a better effect on switching time, threshold voltage and the 

display contrast), only sacrificing the ~n values. 

5. The fifteen component mixture (mixture G) giVes a reasonable balance 

among all the required physical properties for a suitable VA display device. 

Mixtures D-F emerged to be the best mixture among all the mixtures studied. 

C. Study of the effect of the pretilted cell on different multicomponent 
mixture: 

The effects of 2° and 5° pretilt with respect to normal cell (cell with 

pretilt) have been thoroughly investigated for all of the multicomponent 

mixtures (mixture A-G). The voltage dependent transmittance curve for the 

mixture in different pretilted cells (0°, 2° and 5°) has also been compared. 

1. At = 20°C the response time decreases to 25% and 35% for mixture A for 

2° and 5° cells respectively compared to 0° pretilt. On the other hand, at the 

same temperature for B, the reductions in these values are 16% and 35% 

respectively. 

2. At T NI-T= 63°C (i.e. T = 20°C), the response time for the mixture decreases 

to 22% and 41% for 2° and 5° respectively, compared to zero pretilt. On the 

other hand, at the same temperature the Vth values are decreased by 5% and 9% 

respectively. 

3. It has been found that when 2° pretilted cells are used, the relaxation time for 

mixture D, E and Fare decreased by 6%, 14% and 11% respectively and for 5° 

pretilted cell the same values are reduced by 14%, 18% and 47% respectively 

for mixtures D, E and F. Similar behaviour is also found for Vth values of these 

mixtures. It is observed that the Vth values for mixture D, E and F is reduced by 

5%, 18% and 12% for 2° pretilted cell and for 5° pretilted cell the same values 

are reduced by 10%, 16% and 13% respectively. 
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4. The response time for the mixture decreases to 14% and 44% for 2° and 5° 

respectively, On the other hand, it is found that at the same temperature the Vth 

values are decreased by 6% and 11% respectively. 

D. Study of mesomorphic and structural properties of some liquid crystals 
possessing a bicyclohexane core: 

1. In this work the results of refractive indices and density measurements on 

seven alkenyl bicyclohexane compounds of which five compounds show only 

nematic phase while other two compounds possessing smectic B phase which 

precursor of nematic phase has been presented. The refractive indices as well as 

the density data have been used to determine the Orientational Order Parameter 

( <P2>) using the standard Vuks isotropic model and have also been compared 

with the theoretical mean field values. 

2. Optical Transmission (OT) method has also been employed to obtain a high 

resolution (accuracy~ 1 0"6
) measurement of the temperature dependences of the 

optical birefringence (iln), which provides a macroscopic measure of the 

anisotropy of the liquid crystalline phase, and can also, be considered as a 

measure of the orientational ordering. The optical birefringence data obtained 

from optical transmission method have been compared with the same as 

obtained from thin prism technique. 

3. Interestingly, the high resolution L'm data obtained from temperature 

scanning measurement of optical birefringence are quite successful in 

characterizing the transitional anomaly associated with the nematic-isotropic 

phase transition. For the investigated compounds, the values of the critical 

exponent P related to the limiting behavior of the nematic order parameter 

close to the N-I transitions, are found to be close to 0.25 and thus are in well 

accordance with the tricritical hypothesis and also excludes the possibility of 

any higher P values. 

4. Additionally, the dielectric permittivities parallel and perpendicular to the 

molecular long axis throughout their mesomorphic range of the seven pure 

viii 



liquid crystalline compounds has also been measured. The structure property 

relationship of these compounds has also been discussed. 
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CHAPTER I 

INTRODUCTION 

l.l.Introduction: 

Liquid crystal materials are mainly used in the world's dominant mode 

of information display called Liquid Crystal Display (LCD), which is rapidly 

replacing other display media and is clearly established as one of the world's 

top few industrial technologies. The development of new liquid crystal (LC) 

compounds requires innovative and comprehensive knowledge in the entire 

range of multidisciplinary topics associated with the science and technology. 

Certain organic materials exhibit the liquid crystalline state as the transition 

between the solid and the liquid states, known as mesophases. These materials 

therefore combine the flow properties of liquids along with the optical 

properties of crystals. Shape anisotropy in these organic materials with the 

lengths of the molecules several times larger than their breadth is the dominant 

factor which gives rise to liquid crystalline behavior. An Austrian botanist 

Friedrich Reinitzer [ 1] probably was the first person to perform research on 

liquid crystals. Around 150 years ago in 1888 he conducted an experiment 

involving a materiai known as cholesterol benzoate, where he observed that on 

heating the solid sample it first changed into a hazy liquid and then transformed 

into a transparent liquid. A physics professor named Otto Lehmann [2] having 

learned of Reinitzer's discovery, conducted his own research confirming that 

the substance seem to have two distinct melting points. His research led him in 

1889 to coin the term 'liquid crystal' for this class of substances. The liquid 
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crystalline phases are also termed as mesophases. Between the crystalline solid 

and isotropic liquid several mosophases may exist. Of these, the simplest is the 

nematic phase (3, 4] which happens to find the widest application in the field of 

Liquid Crystal Displays (LCD's). In this phase, there is no correlation between 

the molecular centers of gravity, but the direction of the molecular long axis do 

statistically have a favoured direction called the director n. Other higher 

ordered phases like the smectic A [ 5], characterized by an additional one 

dimensional layer-like density wave fluctuation superimposed on the 

orientational ordering on these systems, also exist. In addition to several 

organic chemicals that exhibit mesophases [6, 7] few organo-metallic [8, 9] and 

inorganic chemicals [ 1 0] also show liquid crystalline properties as welL 

The unique combination of order and mobility these systems and the 

easy response of these materials to electric, magnetic and surface forces have 

generated many applications in the field of displays ranging from mobile 

phones, laptop computers to high resolution TV displays and projection 

systems. Very recently, efforts have been made to develop a 4k compatible 

Liquid Crystal on Silicon (LCoS) device [11] for digital cinema [12], medical 

imaging [13] and simulation applications [14]. The major driving force for the 

research and development in the field of liquid crystals is due to the fact that 

LCD's enjoy the key advantages of flatness and compactness leading to lighter 

weight and significant reduction in power consumption in comparison to the 

Cathode Ray Tubes (CRTs). There are several books and reviews on liquid 

crystals which give details regarding molecular structure and physical 

properties of the compounds exhibiting mesophases of which a few [15-24] are 

listed here. Recent development in the field of liquid crystals and applications 

are also available [25-35]. 
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1.2. Classification of Liquid Crystals: 

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

thermotropic. 

1.2.1. Lyotropic Liquid Crystals: 

Lyotropic liquid crystals belong to a class of substances called 

amphiphilic compounds (suifactant). One end of the molecule is polar and 

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

hydrocarbons (lipophilic). As the concentration of the molecules in solution 

increases, they take on different arrangements or phases -- lamellar, cubic 

columnar (Figure 1 .1 ). The amount of solvent is the controlling parameter for 

forming such mesophases. Solution of soap and water are typical examples of 

Iyotropics and their mesomorphic properties appear both as a function of 

concentration and temperature. Lyotropic liquid crystals have relevance in 

biological systems like bio-membranes and also in certain proteins which 

exhibit liquid crystalline properties. 

(a) (b) (c) 

Lamellar Cubic Hexagonal 

Figure 1.1. Different kinds oflyotropic liquid crystals: (a) Lamellar, (b) Cubic 
and (c) Hexagonal. 
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1.2.2. Thermotropic Liquid Crystals: 

In thermotropic liquid crystals, mesomorphic behaviour is induced due 

to change in temperature (Figure 1.2). The vast majority of thermotropic liquid 

crystals are composed of rod-like molecules (one molecular axis is longer than 

the other two) [36, 37]. 

Thermotropic liquid crystals that exhibit reversibility of phase transition 

are called 'enantiotropic'; in certain cases mesomorphism is observed only 

during cooling and these transitions are called 'monotropic' transitions. 

crystal liquid crystal (mesophase) isotropic liquid 

~r ~~~~~~~~ 
Temperature 

Figure 1.2. Phase transitions of a typical rod like liquid crystal material with 
increase in temperature. 

Friedel [38] from his detailed optical and x-ray studies have classified 

thermotropics into three main types: nematic, cholesteric and smectic. 

Classification of smectic liquid crystals are based mainly on the optical and 

miscibility studies of Sackmann and Demus [39]. A brief description of 

different thermotropic mesophases are given below. 

1.2.3. Nematic (N) phase: 

In nematic liquid crystals, [3, 4] there is no positional and translational 

order of the center of mass of the rod-like molecules. The molecules however 
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are spontaneously oriented with their long axes approximately parallel to a 

preferred direction called the director. The preferred direction usually varies 

from point to point in the medium, but a homogeneously aligned specimen is 

optically uniaxial and strongly birefringent. Since there is no restriction 

regarding the positions ofthe centre of mass, the molecules in this phase have a 

high degree of mobility. Deformation in the alignment of the nematic 

molecules can be translated into visible optical effects by even small external 

electrical, magnetic and mechanical influences, for which they are extremely 

useful in various display devices. The ordinary nematics show an optically 

positive uniaxial behaviour, but a biaxial modification has also been discovered 

[ 40]. Another characteristic property of this phase is that the mirror images of 

the molecules are indistinguishable, i.e., achiral, indicating the system to be a 

racemic mixture of right- and left-handed molecules. The molecules are able to 

rotate about their long axes and there is no preferential arrangement of the two 

ends of the molecules. A simplified picture of the relative arrangement of the 

molecules in the nematic phase is shown in Figure 1.3. The long planar 

molecules are symbolized by ellipses. 

"' n 

Figure 1.3. Schematic diagram of the nematic (N) phase. The spatial and 
temporal average of long molecular axis is called the director n . The angle Bi 
denotes the deviation of the long molecular axis of an individual mesogen i 
from the director. 
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1.2.4. Cholesteric or chiral nematic (N*) phase: 

The cholesteric (or chiral nematic) liquid crystal phase [41-43] is 

typically composed of nematic meso genic molecules containing a chiral center, 

which produces intermolecular forces that favour alignment between molecules 

at a slight angle to one another. This leads to the formation of a structure that 

can be visualized as a stack of very thin two-dimensional nematic-like layers 

with the director in each layer twisted with respect to those above and below it. 

So the directors actually form a continuous helical pattern about the layer 

normal as shown in Figure 1.4. This twist is due to the presence of one or more 

chiral centers within the molecules. 

Figure 1.4. Helical structure of the Cholesteric or chiral nematic (N*) liquid 
crystal. 

The helix [ 44] may be right handed or left handed depending on the 

molecular conformation. An important characteristic of the cholesteric 

mesophase is the temperature dependent pitch (p) which is defined as the 

distance it takes for the director to rotate one full turn in the helix. The helical 

structure of the chiral nematic phase enables it to selectively reflect light of 
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wavelengths equal to the pitch length. This property is utilized in liquid crystal 

thermometers. Cholesteric liquid crystals are not regarded as a separate phase 

but just as a nematic phase having a finite pitch. 

1.2.5. Smectic Liquid Crystals: 

Besides the orientational order of the long molecular axes found in the 

nematic phase, the smectic phase is characterized by the existence of an 

additional one-dimensional density wave. The molecular centers of mass on the 

average are arranged in equidistant planes. Within the layers the molecular 

centers lie in a single plane, while their long axes are either perpendicular or 

tilted relative to this plane. In both cases the arrangement of the centers of the 

molecules within each layer corresponds to a two dimensional liquid (i.e. the 

presence of short range order and absence oflong range order). 

The smectic liquid crystals [5, 45-53] are generally more viscous than 

nematics. The interlayer attractions are weaker than the lateral forces between 

the molecules and the layers can slide over each other, thus showing fluid like 

behaviour. In some smectic phases a periodicity characteristic of a two -

dimensional solid is observed with respect to the position of the centers of mass 

of the molecules within each layer, while the molecular long axes remain either 

perpendicular or inclined to the plane of the layer [54-56]. A large number of 

smectic phases have been identified; some of them are Hsted below in the 

of their possible appearance 

Sm A, Sm C, Sm B, Sm D, Sm E, Sm F, Sm G, Sm H 

Discussion on the different smectic modifications in this dissertation is 

limited only to the Sm A, Sm C and Sm B phase, since most of the compounds 

studied in this work exhibit nematic and a few either Sm A or Sm B phase. 
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1.2.6. Smectic A (Sm A) phase: 

In smectic A (Sm A) phase [shown in Figure 1.5(a)], the molecular 

orientation is perpendicular to the layers. There is no positional order of the 

molecules within the layers and therefore the smectics are often considered as 

two-dimensional liquids. Normal to the layers, the molecules are essentially 

arranged in a one-dimensional density wave. In this phase usually the layer 

spacing (D) is approximately equal to the molecular length (1). However, other 

modifications are also possible - the monolayer smectic A (SmA1), 

smectic A (SmA2), partially bilayer smectic A (SmAd) and smectic antiphase 

(SmA) [57-60]. 

1.2. 7* Smectic C (Sm C) phase: 

The smectic C phase is very similar to the smectic A phase with a one 

dimensional density wave of orientationally ordered molecules [61-63]. 

However within the layers, the average orientation direction ( n) of the 

molecules which form the liquid crystals is tilted at an angle e [shown in 

Figure 1.5(b)]. The layer spacing of the smectic C phase is less than that of the 

corresponding smectic A phase due to this tilt. For some materials the tilt angle 

is constant but for others it is temperature dependent. The centers of gravity of 

the molecules are randomly ordered and the molecules are free to rotate around 

their long axes. SmC phases are optically biaxial and also more viscous than 

smectic A phase. The tilted arrangement of the molecules within the layer is 

energetically more favourable. 

1.2.8. Smectic B (Sm B) phase: 

Smectic B phase has a layered orthogonal structure where the molecular 

long axes are arranged perpendicular to the layer normal. In each plane the 

molecules are arranged in a hexagonal pattern representing two dimensional 
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crystals. (Figure 1.5(c)). Thus an additional order parameter, i.e. bond order 

parameter [64] is needed to describe this phase. 

n,k k 
n 

(a) (b) 

(c) 

Figure 1.5. Model Stucture of (a) Smectic A (Sm A) phase. The director n is 
oriented parallel to the smectic layer normal k, within a smectic layer the 
molecules' centre of mass are isotropically distributed. (b) Smectic C (Sm C) 
phase. The director n is tilted with respect to the smectic layer normal k by an 
angle 9, the director tilt angle, which is a temperature dependent quantity. The 
molecules' centers of mass within a smectic layer are isotropically distributed. 
(c) Smectic B (Sm B) liquid crystal. 
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On the basis of x-ray [65] and electron diffraction [66] experiments 

done on bulk aligned samples as well as on thin films, the smectic B phase can 

be further classified into - smectic Bhex and crystal B phase depending upon the 

presence of short range or long range translational order respectively. Due to 

the hexagonal arrangement of the molecules within the layers of smectic B 

phase, a highly co-ordinated or synchronized rotational motion of the 

molecules exist [67-69] such that the edge of one molecule is presented to the 

side of a neighbouring molecule. Due to this hindered rotation the smectic B 

phase may show optical biaxiality [40]. 

1.3. Other liquid crystalline phases: 

1.3. L Blue phase: 

Blue phases has generally been observed in a very small temperature 

range ( ;;:::: 0.1 °C) between the cholesteric and the isotropic phase. Compounds 

exhibiting "blue phases" have a short pitch ( < 7000 A) and can display upto 

three different varieties of blue phases namely BPI*, BPII* and BPIII* in 

accordance with their thermal stability depending on their pitch. With the 

increase of the pitch, phase-III loses its stability first, then phase-II and lastly 

phase-I. These liquid crystalline materials display bluish-violet colour below its 

cholesteric-isotropic transition temperature [70-74]. The structures are 

explained in terms of defects in the cubical array. Blue phases stabilized at 

room temperature allow electro-optical switching with response times of the 

order of 10-4 s. [75]. Blue phases are also interesting for fast light modulators 

or tunable photonic crystals [76, 77]. 

1.3.2. Twist Grain Boundary Smectic A (TGBA) phase: 

Goodby et al [78, 79] have discovered a new liquid crystal phase in 

1989, called Twist Grain Boundary Smectic A (TGBA) phase, which consists 
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of smectic slabs separated by the defect walls, the neighbouring slabs being 

tilted with respect to each other leading to a helical structure. Within the slab 

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

layer plane. Renn and Lubensky [80, 81] in their model specified that the 

molecules of TGBA phase are responsible for rotating each blocks of the chiral 

A* layers with respect to each other. Since then many new TGBA [82, 83] and 

TGBC [84, 85] phases have also been identified. 

1.3.3. Ferroelectric Liquid Crystals: 

R. B. Meyer [86] is known as the pioneer m the work regarding 

ferroelectricity of liquid crystals. In this phase the molecules are tilted from 

smectic layer normal. Due to the tilt, the rotation of the molecules about their 

long axes is not isotropic, resulting in a non-compensated macroscopic 

component of the molecular dipole moment. The ferroelectric smectic C* 

phase is analogous in structure to the smectic C phase except that the 

molecules possesses chirality, resulting in a spontaneous "ferroelectric 

polarization". The chiral interactions lead to a twisted structure and 

consequently the polarization also has a helical arrangement. Ferroelectric 

liquid crystals are very important for fast switching electrooptical display 

devices. Additionally, ferrielectric [87] and anti ferroelectric phases [88] have 

also been discovered, where in the former the local dipole moments are 

partially compensated, while in the anti ferroelectric phase the molecules in the 

neighbouring smectic layers are tilted to the opposite direction, as a result of 

which the opposite dipole-moments in the next layers cancels to zero. Immense 

progresses on Ferroelectric Liquid Crystal (FLC) Displays have been made in 

the last few years. The large possibilities of FLCs with fast bistable 

electrooptical effect, high speed, short response time and linear response with 

the field open a new horizon over more classical multiplexed technologies. 

Aniferroelectric liquid crystals may be switched into its two ferroelectric states 
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which are synclinic and synpolar [89] and are widely used in V -shaped 

switching, (which is characterized by thresholdless, domainless and hysteresis 

free behavior) [90]. Ferrielectric liquid crystals are utilized in different 

photonic display devices [91]. 

1.3.4. Discotic Liquid Crystals: 

Chandrasek.har et. al. in 1977 reported for the first time thermotropic 

mesomorphism in pure compounds consisting of simple disc like molecules 

[92]. The disc like molecules can either arrange themselves in stacks one on 

top of the other like a pile of disordered plate forming the nematic phase or 

they may arrange themselves in columns one on top of the other thereby 

forming the columnar phases [shown in Fig. 1.6]. Depending upon the 

orientation of the different columns the columnar phase can be further 

subdivided in several groups such as hexagonal and rectangular columnar 

phases [93]. Significant research works have been performed for the last ten 

years on discotic liquid crystals [94, 95]. The self-assembly properties of 

discotic liquid crystals made them more desirable for manufacturing 

commercial electronic devices-Organic Light Emitting Diode (OLED) displays 

[96] and also in photovoltaic cells . 

(a) (b) 

Figure 1.6. Schematic representation of (a) nematic and (b) columnar 
structure of disco tic. mesogens. 
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1.3.5. Polymer Liquid Crystals: 

Certain polymers have structures that are responsible for the creation of 

liquid crystalline phases in them [97]. The monomer units are arranged as rods 

or discs and are attached to the polymer backbone in the main chain or they are 

attached as side groups as shown in Figure 1.7 and 1.8. The presence of these 

chained liquid crystals in a confined liquid crystal structure enables the main 

liquid crystal molecules to align with the chains of the polymer liquid crystals. 

Polymer liquid crystals are useful for liquid crystal stabilization. Application of 

appropriate voltage causes the nematic droplets to align in such a way that their 

refractive indices nearly match that of the polymer causing transparency. They 

are widely used in displays, switchable windows and other light shutter devices 

[98, 99]. 

a 

Figure 1.7. Main chain polymer liquid crystal. 

0 

a b 

Figure 1.8. Side chain polymer liquid crystal. 
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1.4. Liquid Crystal Displays (LCDs ): 

The most common application of liquid crystals is in the field of Liquid 

Crystal Displays (LCDs). This field has grown into a multi-billion dollar 

industry and many significant scientific and engineering discoveries have been 

made. LCDs are electronic visual display or video display that uses the light 

modulating properties of liquid crystals. These electronically modulated optical 

devices are made up of any number of segments filled with liquid crystals and 

arrayed in front of a light source (backlight) or reflector to produce images in 

color or monochrome [100-102]. LCDs offer several advantages over 

traditional Cathode Ray Tubes (CRTs) that make them ideal for many 

applications. They are more energy efficient and can be disposed more 

safely than CRTs. Another important parameter 

consumption. The currently manufactured LCDs consume between 1 and 300 

microwatts per square centimeter [103], which is the lowest power 

consumption of any display type now available. Its low electrical power 

consumption enables it to be used in battery-powered electronic equipment. 

TFT 
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1 

: cross over 
I 

: 
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Figure 1.9. Thin film transistors or active matrix displays. 
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Recent advances in technology have improved the quality of the display 

and reduced the cost of production to such an extent that flat panel LCDs are 

now used in mobile telephones, portable notebook computers or flat desktop 

monitors, as well as commercial TV sets. There are two types of commercially 

available LCDs-Active Matrix Liquid Crystal Displays (AMLCDs) and Passive 

Matrix Liquid Crystal Displays (PMLCDs). An active matrix display is built of 

a matrix type arrangement of rectangular sub-millimeter sized elements 

(pixels). Each matrix point (pixel that is formed on an amorphous silicon back 

plate) can be addressed individually by an active electric switching element 

The active element is a diode (MIM: metal-insulator-metal) or a transistor 

(TFT: thin film transistor) (Figure 1.9) [1 04-1 06]. 

In passive matrix LCD's, all the pixels are driven only column -wise and 

row-wise not using electronic switching device associated directly to one pixel 

[107]. This type of display is called passive-matrix addressed, because the pixel 

must retain its state between refreshes without the benefit of a steady electrical 

charge. As the number of pixels (and, correspondingly, columns and rows) 

increases, this type of display becomes less feasible (Figure 1.1 0). 

Reduction in numbers 
of com1ectio11~ 

rows X cohmms 

rows+ cohunns 

row 

Figure 1.10. Passive matrix displays 
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The novel Active Matrix configured LC cells largely dominate over 

passive matrix LCD's due to their superior optical performance and picture 

quality, particularly for larger size displays. The majority of liquid crystal 

displays contain nematic liquid crystals. Most of the new emerging LC display 

technologies fulfill all the requirements required for modem display devices 

like small viewing angle dependency [108] and fast switching times [109]. 

There are also many hybrid systems that use LCD technology [ 11 0]. 

1.5. Electro Optic (EO) effect in LCDs: 

The optical state of a liquid crystal cell can be controlled by the 

application of an electric or magnetic field or by changing the temperature. 

The optical characteristics of the liquid crystal cell changes due to the re

orientation of the molecules resulting in absorption, reflection or scattering 

of light. This phenomenon of induced optical modulation due to electric 

or magnetic fields or by temperature is termed as electro-optic or magneto

optic or thermo-optic effects [111, 112] of the liquid crystals respectively. 

Almost all commercial displays are based on Electro-Optic (EO) effect. The 

basis of the visible Electro-Optical (EO) effect utilized in LCDs is the 

birefringence (L1n), which is defined as the difference between the 

extraordinary refractive index (for light polarized parallel to the director) and 

the ordinary refractive index (for light polarized perpendicular to the director) 

(Figure 1.11). Upon switching, the re-orientation of the LC molecules leads to 

an effective change in the optical path which is defined as d.L1n ( d is the cell 

gap). This results in a change in the transmission of the display between 0 and 

100% [113]. 

16 
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Figure 1.11. Schematic presentation of ~n = ne-n0 , V0 =velocity of the ordinary 
ray and Ve = velocity of the extraordinary ray, ~o = angle of refraction for the 
ordinary ray and ~e =angle of refraction for the extraordinary ray. 

LCDs are generally classified as reflective, transmissive and trans

reflective types. In the reflective type, ambient light is used to illuminate the 

display. This is achieved by combining a reflector with the rear polarizer. It 

works best in an outdoor or well-lighted environment in positive contrast mode. 

Transmissive LCDs have a transparent rear polarizer and do not reflect ambient 

light. Hence, transmissive LCDs require a backlight to be visible. They work 

best in negative contrast mode and low light conditions with the backlight on 

continuously. Trans-reflective LCDs is a mixture of the reflective and 

transmissive types, with the rear polarizer having partial reflectivity. Here, 

backlight is provided for use in all types of lighting conditions. The backlight 

can be left off where there is sufficient outside lighting. This helps m 

conserving power. In darker environments, the backlight is turned on to 

provide a bright display. Trans-reflective LCDs works' weil even~~~ 

operated in direct sunlight. f.''l\.rA-'1'~ 

1.6. Classification of different electro-optic effect~~~ 
Most of the LCDs produced today use either the twisted nematic [TN] 

[ 114-117] or the super twisted [STN] [ 118, 119] electro optic effect. While in 
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the TN cell the liquid crystal molecules undergo a 90° twist, in Super Twisted 

Nematic LCDs has a twist of over 180°, typically between 210° and 270°. This 

shows a much smaller voltage switching range with good contrast ratio and a 

better viewing angle. Recently, in Cellulose Nanocrystal Electro-optic Devices 

(CNXL), LC polymer moves in response to an electric field. The CNXL 

electro-optic effect not only allows for the precise design of various devices, 

but will perhaps also open the door to exploiting this effect of anisotropic 

nanoparticles in other areas and utilizing other materials [120-123]. Polymer 

Dispersed Liquid Crystals (PDLC) composite films constitute a novel class 

optical materials. They usually consist of micro-sized liquid crystals (LCs) 

droplets dispersed in optically transparent polymer matrix [124-128]. These 

materials have been the subject of much interest due to their wide applications 

ranging from switchable windows to large area LCD devices. Surface 

Stabilized Ferroelectric Liquid Crystal (SSFLC) exhibits a fast response, wide 

view angle and bistable memory capability and has been considered for light 

shutter and display applications [129]. For some applications bistability of 

electro-optical effects is highly advantageous, since the optical response (visual 

information) is maintained even after removal of the electrical activation, thus 

saving battery charge [130-132]. Liquid Crystal on Silicon (LCoS) projectors 

have several key advantages over the more popular technologies [11, 133]. A 

main feature of LCoS is visible pixelation analog-like response. They are 

capable of delivering rich, well saturated colors. However, every electro-optic 

effect has limitations the search for new effects that require new LC materials 

is an ongoing research and development process. 

Of the several electro optical effects that are used in LCDs, since this 

dissertation is mainly concerned with the development of liquid crystalline 

materials for application in Vertically Aligned mode LCDs [ 134-148], only the 

TN mode , VA mode and IPS mode [ 149-15 8] as well as their advantages and 
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disadvantages vis-a-vis their applicability m displays have been broadly 

discussed below. 

1.6.1. Twisted Nematic Liquid Crystal Display (TN-LCD): 

The conventional flat panel Liquid Crystal Displays (wristwatches or 

desk calculators) generally use the Twisted Nematic (TN) [ 114-11 7] or the 

Super Twisted Nematic (STN) electro-optic effect [118, 119]. In a TN cell, a 

nematic liquid crystal is introduced between two substrates with the alignment 

preparation perpendicular to each other. When the applied voltage is zero, the 

local optic axis (director) undergoes a continuous 90° twist in the region 

between the substrates. Therefore the linearly polarized light from the upper 

polarizer propagating parallel to the helical axis follows the twist of the phase, 

and as a result, the polarization of the light also turns by 90° (Figure 1.12). This 

linearly polarized and rotated light emerges through a second polarizer, which 

is oriented at 90° to the incident one. This light therefore produces a white 

image on the display and the TN mode is therefore driven in the normally 

white mode (i.e .. the switching off state is white). 

When a small voltage (3-5 volt) is applied to the TN-LCDs, the twisted 

structure is disrupted and the alignment becomes almost perpendicular to the 

substrates. The polarized light entering the cell now passes through the LC 

layer without being rotated. Since there is no rotation, the second polarizer 

blocks the light, producing a black image on the display .. The problem with the 

TN-LCDs is that even when the full voltage is applied, the LC molecules are 

not completely perpendicular due to strong anchoring between the alignment 

layers and the liquid crystals. Therefore, the black is not perfectly black, 

thereby affecting the quality of the black state which is decisive for the contrast 

of the device. Furthermore, when an intermediate voltage is applied, the 

various polar alignments ofLC molecules in each cell produce different images 

from different viewing angles. That is, viewers looking at the display from 

other than directly in front do not see a clear and correct image. Thus, a TN-
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mode liquid crystal display device has the inherent drawback in realizing a 

high contrast representation of images as well as narrow viewing angle. 

Additionally, they contain a smaller number of matrix segments ( eg. 8 x 8) and 

therefore cannot be applied for displays with high information content. Further 

development of the TN cell resulted in Thin Film Transistor (TFT) LCDs 

[159]. This technology enables active switching of a large number of segments 

(e.g. 640 x 1024) by integrated TFTs. As a consequence of the continuous 

development of materials and electronics, the performance and the size of TFT 

LCDs have dramatically improved and due to their excellent resolution quality, 

they are now a-days utilized in laptops, desktop monitors and televisions. 

E 

Figure 1.12. Operating principle of the Twisted Nematic (TN) mode. 

In spite of all these developments, the problem of narrow viewing angle, 

slow response times and insufficient contrast ratio of the LCDs, however, still 

exists. Various techniques have been suggested to improve these problems 

such as addition of birefringence films [160], the domain-divided twisted 

nematic (TN) mode [161], the In Plane Switching mode (IPS) [149-158] and 
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the Vertically Aligned (VA) [134-148] mode. Among these, the VA and IPS 

switching modes show improved wide-viewing angle and screen update time 

and are the most promising EO effects for uses in large LC-TV screens with 

features of high image quality of moving pictures. Computer monitors using 

these techniques have already started to replace CRT monitors to a large 

extent 

In IPS cell, though the specific resistance of the liquid crystal mixture is 

smaller than that of the TN cell, it still provides suf11cient Voltage Holding 

Ratio (VHR) [162] to the pixeL Although IPS mode shows wide viewing angle, 

the cell gap margin is narrower and response time is rather slower in 

comparison to the TN mode. Furthermore, the IPS mode exhibits slight colour 

shift in oblique viewing angle. VA technology on the other hand can produce a 

display which has ultra wide viewing angle (140°), high contrast, high 

brightness and a response time of about 25 ms, shorter than both IPS and TN 

LCD's but still not sufficiently fast for video displays. A recent report shows 

that the VA mode display consumes less power than IPS. 

1.6.2. Vertically Aligned mode Liquid Crystal Display (VA
LCD): 

The VA mode is one of the best approaches that are currently being used 

in Liquid Crystal Display devices. For VA-LCDs, the switching behaviour 

requires liquid crystal materials with negative dielectric anisotropy (~E < 0) 

[163]. Liquid Crystal (LC) molecules with lateral polar groups fulfill this 

requirement. In a Vertically Aligned mode Liquid Crystal Display (VA-LCD), 

the longitudinal axis of the LC molecules are aligned perpendicular to the 

upper and the lower substrates of the display in the absence of electric field. 

With this homeotropic orientation and crossed polarisers, (Figure 1.13) the VA 

mode is working in the normally black mode [164-168]. 
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With no voltage, all the LC molecules, including those at the boundaries 

with the substrates, are completely perpendicular. In this state the polarized 

light passes through the cell without interruption from the LC molecules and is 

blocked by the front polarizer. Since the blockage is complete, the quality of 

black produced in this way is excellent and the viewer sees this black from all 

viewing angles. When a voltage is applied, the molecules shift to a horizontal 

position. The polarization of the linearly polarized light therefore changes in 

the liquid crystal layer. Accordingly, when light reaches the analyzer, the light 

has a polarization component parallel to the polarization axis of the analyzer, 

and thus the light out ofthe analyzer is visible to users (Figure 1.13). 

FIELD ON (BRIGHT) 

FIEI.D Off (PARK) 

E 
CRYSTAlS 

+---- INCIDENT LIGHT ---+ 

Figure 1.13. Operating principle of the Vertically Aligned (VA) mode. 

Furthermore, the pixel and electrode design of V}·~ displays allmv for a 

high aperture ratio (i.e. the fraction of transparent pixel area) resulting in a high 

brightness of the display. These two points are the main reason for the good 

contrast of the VA-LCDs. 

One of the difficulties of this technique is the switching - on mechanism 

where the driving electric field tilts the directors randomly in any direction in 
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the ON state, leading to disclination lines between domains of equal 

orientations thus deteriorating the optical performance. Multi Domain Vertical 

Alignment (MVA) TFT LCDs [169, 170] has been recently developed, where 

each of the multiple domains within each pixel cell channel light at an angle to 

the substrates, instead of at right angles to it, resulting in all-round increase in 

viewing angle upto 160° in all directions with a contrast ratio of around 300:1. 

Another very successful approach is the Patterned Vertical Alignment mode 

(PVA) [169] where Chevron-shaped patterned electrodes produce a fringe 

electric field with the in-plane component that directs the molecular tilt the 

ON state. The resulting multifold symmetry of the director field gives excellent 

viewing angle performance, high transmittance and contrast ratio. 

One more important aspect of the VA mode display is its switching 

time. This system can achieve faster response times because there is no twisted 

structure as in the TN mode and the molecules simply switch between the 

vertical and horizontal alignments. The first generation of VA-LCDs has 

already achieved fast switching times of around 25 ms. The gray-scale 

switching of VA-LCDs however are relatively slow. Recently, this has been 

significantly improved by the over-driving technique [170]. 

Thus the VA mode is a very promising technology because of the 

combination of intrinsically good contrast values and fast switching times. 

1.6.3. In Plane Switching (IPS) mode Liquid Crystal Display 
(IPS-LCD): 

In Plane Switching (IPS) [149-158], a general class of operating modes 

and designs (including such trade names as Advanced IPS or Super-Advanced 

IPS) is fairly easy to understand, both in terms of how it works and the 

advantages it provides. Rather than the helical or spiral staircase arrangement 

of molecules used in a TN LCD, an IPS type starts out in the off state with all 

LC molecules aligned horizontally and pointing in the same direction (Figure 

1.16). 
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If an electric field is applied horizontally (parallel to the planes in 

which the molecules lie), but at a 90-degree angle to their long axes, the 

molecules will tend to rotate to align with the field, except for those lying next 

to the glass substrate, where the forces that align them with the rubbing layer 

are strongest (Figure 1.14). This again establishes a helical structure, capable of 

rotating the polarization of light passing through from bottom to top. 

Once again, we have a structure that can be switched on and off by 

applying a voltage to the proper electrodes. When on, the polarization rotation 

will permit light to pass through the cell; when off, light cannot get through the 

crossed upper and lower polarizer. However, this mode of operation in which 

0:: ...... 
5 
ffi OFF 

~\ 

n 
0 
5 
c: 
:;a 

Figure 1.14. Schematic diagram ofln Plane Switching (IPS) Displays. 

all the molecules always lie in a given plane, exhibits little or no change in the 

display's appearance when viewed off-axis. IPS displays have an inherently 

wider viewing angle (up to 160 degrees or greater) than the original TN 

designs. 

A disadvantage of the inter-digital electrodes is the limitation of the 

aperture ratio resulting in lower brightness. Thus, one of the most challenging 
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points is to achieve high brightness in combination with good contrast. A 

feasible method to increase the aperture ratio is to increase the distance 

between the inter-digital electrodes. But this gives rise to an increase of the 

driving voltage. The compensation requires higher dielectric anisotropy of LC 

materials, which normally leads to higher rotational viscosities, which in tum 

might deteriorate the switching times. 

1.6.4. Liquid Crystal on Silicon (LCoS) Technology: 

LCoS is a hybrid between Liquid Crystal Display (LCD) and Direct 

Light Projector (DLP). LCD uses liquid crystals, one for each pixel, on glass 

panels. Light passes through these LCD panels on the way the lens and 

modulated by the liquid crystals as it passes. Thus it is a "transmissive" 

technology [11, 133]. On the other hand, DLP uses tiny mirrors, one for each 

pixel, to reflect light DLP modulates the image by tilting the minors either 

into or away from the lens path. It is therefore a "reflective" technology. LCoS 

combines these two ideas. It is a reflective technology that uses liquid crystals 

instead of individual mirrors. In LCoS, liquid crystals are applied to a reflective 

mirror substrate. As the liquid crystals open and close, the light is either 

reflected from the mirror below, or blocked. This modulates the light and 

creates the image. 

LCoS projectors have several key advantages over the more popular 

technologies. First, due partly to inherent high resolution and partly to high fill 

factors (minimal space between pixels) on the chips, visible pixelation on an 

LCoS machine is nonexistent. The pixel structure of LCoS is 1280x720 DLP 

Mustang chip with excellent high resolution. So the resulting video image can 

be smooth as silk. Moreover, with LCoS the pixel edges tend to be smoother 

compared to the sharp edges of the micro-mirrors in DLP. This gives them an 

analog-like response. In practical terms, this gives the LCoS image a smoother, 
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more natural look and feel, while DLP tends to impart a synthetic sharpness to 

the image that some would describe as harsh. 

1.7. Advantages of Vertically Aligned mode Liquid 
Crystal Displays over other display devices: 

One of the initial attractive features of the VAN mode is that it has an 

inherent high contrast, virtually independent of wavelength or cell gap. This is 

due to the almost vertical orientation of the liquid crystal molecules in the 

black state, which keeps residual birefringence to a minimum and results in a 

contrast ratio that is close to the contrast ratio of the crossed polarizers 

themselves. 

These are the main characteristics of a VAN display: 

(a) Very compact and light. 

(b) Low power consumption. 

(c) Very little heat emitted during operation, due to low power consumption. 

(d) No geometric distortion. 

(e) The possible ability to have little or no flicker depending on backlight 

technology. 

(f) Usually no refresh-rate flicker, because the LCD pixels hold their state 

between refreshes (which are usually done at 200Hz or faster, regardless of the 

input refresh rate). 

(g) Very thin compared to a CRT monitor, which allows the monitor to be 

placed farther back from the user, reducing close-focusing related eye-strain . 
.,.._" "'"' 1 • • tt-. hl _,. I . h d . \DJ Kazor SI1aip image Whu no v~eeamg. smearmg w __ en operate at native 

resolution. 

(i)Emits much less undesirable electromagnetic radiation than any other 

monitor (in the extremely low frequency range). 

(j)Can be made in almost any size or shape. 

(k) No theoretical resolution limit. 
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(I)Can be made to large s1zes (more than 24 inches) lightly and relatively 

inexpensively. 

(m) Electromagnetic emissions are absent in LCDs. 

(n) Image geometry is uniform in LCD while the same is distorted in case of a 

CRT monitor. 

(o) Eye fixation times are 9% shorter in LCDs and 15% fewer eye fixations are 

needed to read the same information from an LCD if compared with a CRT. 

(p) Visual search error frequency is 22% less when reading from an LCD than 

a CRT. 

( q) Visual search times for text targets embedded in a screen of text are 22% 

faster for LCDs than CRTs, and also faster for low contrast, small characters. 

(r) In an LCD the backlight aging is independent of image content. 

27 



Chapter 1 

References: 

[1] (a)F. Reinitzer, "Zur Kenntnis des Cholesterins", Monatxh Chern., 9, 421 

(1888) and (b)F. Reinitzer, Liq. Cryst., 5, 7 (1989) 

[2] 0. Lehmann, Z. physik. Chern., 4, 462 ( 1889). 

[3] A. de Vries, Mol. Cryst. Liq. Cryst. 10,31 (1970). 

[4] W.M. Gibbons, P.J. Shannon, S.T. Sun and B.J. Swetlin, Nature, 351, 49 

(1991). 

[5] S. Diele, P. Brand and H. Sackmann, Mol. Cryst. Liq. Cryst., 16, 105 

(1972). 

[6) W. Kast, Landelt-Borstein Tables, 2, 6th edition, Springer-Verlag, 266 

(1969). 

[7] D. Demus, H. Demus and H. Zaschke, Flilssige Kristalle in Tabellen, 

Deutscher Verlagfur Grundstoffindustrie, Leipzig (1974). 

[8] G.H. Brown, J Electrical Materials, 2, 402 (1973). 

[9] H. Kelker and R. Hatz, "Handbook of liquid crystals", Verlag Chemie, 

Weinheim. Deerfiel Beach, Florida. Basel, Chapter 1, 6 (1980). 

[10] H. Zocher, Liquid crystals (2), part 1, ed. G. H. Brown, G & B Science 

Publisher, Inc. N.Y., 115 (1969). 

[11] D. Cuypers, H. de Smet, and A. Van Calster, Journal of Display 

Technology, 7( 3), 127, 2011 

[12] B. Bahadur, "Liquid Crystals, Applications and Uses", Ed., World 

Scientific, 1, 2, 3 (1991). 

[13) J.S. Woltman, D.J. Gregory and P.C. Gregory, Nat. Mat., 6, 929 (2007). 

[14] A.V. Komolkin and A. Maliniak, Mol. Phys., 84 (6), 1227 (1995). 

[15] I. G. Chistyakov, "Zhidkie Kristally (Liquid Crystals)", Nauka, Moscow 

(1966). 

[16] P.G. de Gennes, "The Physics of Liquid Crystal", Clarendon Press, 

Oxford (1974). 

28 



Chapter I 

[17] L.M. Blinov, Usp. Fiz. Nauk., 114, 67 (1974) (Sov. Phys. Usp., 17, 658 

(1975)). 

[18] S. Chandrasekhar, "Liquid Crystals", Cambridge University Press, 

Cambridge ( 1977). 

[19] E.B. Priestley, P.J. Wojtowicz and P. Sheng, eds., "Introduction to 

Liquid Crystals", Plenum, N.K. (1974). 

[20] G.W. Gray, "Molecular structure and the properties of Liquid Crystals", 

Academic Press (1962). 

[21] G. Vertogen and W.H. de Jeu, "Thermotropic Liquid Crystals, 

Fundamentals", Springer-Verlag (1988). 

[22] G.W. Gray and P.A. Winsor (Ed.), "Liquid Crystals", 1 and 2, Ellis 

Horwood Ltd. (1974). 

[23] G.W. Brown (Ed.), "Advances in Liquid Crystals", 1-6, Academic Press 

(1975-1983) 

[24] A. Buka, (Ed.), "i\1odern Topics in Liquid Crystals", World Scientific 

(1993). 

[25] X.J. Wang, K.T. Jing , A. Zhao and L.Y. Wang, Liq. Crystal, 5(2), 563 

(1996). 

[26] T. Niori, T. Sekine, J. Watanabe, T. Furukawa and H. Takezoe, J Mater. 

Chem., 6, 1213 (1998). 

[27] W. Weissflog, C. Lischka, I. Benne, T. Scharf, G. Pelzl, S. Diele and 

Kruth, SPIE, 3319, 14 (1998). 

[28] J. Watanabe, T. Niori, S.W. Choi, Y. Takanishi and H. Takezoe, Jpn. 

Appl. Phys., 37, L401 (1998). 

[29] A.J. Leadbetter, Thermotropic Liquid Crystals, Critical Reports on 

Applied Chemistry, ed. G. W. Gray, Wiley, Chichester, U. K., 22, 1-27 

(1987). 

[30] X.H. Cheng, M.K. Das, S. Diele and C. Tsschierske, Langmuir, 18, 6521 

(2002). 

29 



Chapter I 

[31] X.H. Cheng, M.K. Das, S. Diele and C. Tsschierske, Angew. Chern., 114 

(21), 4203 (2002). 

[32] M. Prehm, X.H. Cheng, S. Diele, M.K. Das and C. Tsschierske, JAm. 

Chern. Soc., 124, 12072 (2002). 

[33] M. Prehm, S. Diele, M.K. Das and C. Tschierske, J.Am. Chern. Soc., 125, 

10977 (2003). 

[34] A.L. Tsykalo, "Thermophysical properties of liquid crystals", Gordon 

and Breach Science Publishers (1991). 

[35] W. Haase and S. Wrobel, (Eds.) "Relaxation Phenomena": Liquid 

Crystals, Magnetic Systems, Polymers, High-Tc Superconductors, 

Metallic Glasses, Springer-Verlag Berlin Heidelberg (2003). 

[36] A.S.C. Lawrence, Mol. Cryst. Liq. Cryst., 7, 1 (1969). 

[37] V. Luzzati and F. Reiss-Husson, Nature, 210, 1351 (1966). 

[38] G. Friedel, Ann. Physique, 18, 273 (1922). 

[39] H. Sackman and D. Demus, Mol. Cryst. Liq. Cryst., 21, 239 (1973). 

[40] H.G. Yoon, S.W. Kang, R.Y. Dong, A. Marini, K.A. Suresh, M. 

Srinivasarao and S. Kumar, Phys. Rev. E, 81,051706 (2010). 

[41] G.H. Brown, Amer. Scientist, 60, 64 (1972). 

[42] T. Nakagiri, H. Kodama and K.K. Kobayashi, Phys. Rev. Lett., 27, 564 

(1971). 

[43] I.G. Chistyakov, Sov. Phys. Upsekki., 9, 551 (1967). 

(44] F.D. Saeva, Mol. Cryst. Liq. Cryst., 23, 171 (1973). 

[45] G.C. Fryberg, E. Gelerinter and D.L. Fisher, Mol. Cryst. Liq. Cryst., 16, 

39 (1972). 

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

[47] D. Demus, S. Diele, M. Klapperstuck, V. Link and H. Zaschke, Mol. 

Cryst. Liq. Cryst., 15, 161 (1971). 

[48] P.J. Collings and M. Hird, "Introduction to liquid crystals chemistry and 

physics", Taylor and Francis, UK (1997). 

30 



Chapter I 

[49] A. D. Vries, Proc. of the International Liquid Crystal Conference, 

Bangalore, December, Pramana Supplement I, 93 (1973). 

[50] F.D. Saeva (Ed.), "Liquid Crystals: The Fourth State of Matter", Marcel 

Dekker, New York (1979). 

[51] G.R. Luckhurst and G.W. Gray (Eds.), "The molecular physics of liquid 

crystals", Academic Press, London (1979). 

[52] S. Chandrasekhar (Ed.), "Liquid Crystals", Heyden, London (1980). 

[53] P.S. Pershan, 11Structure of liquid crystal phases", World Scientific 

Lecture Note in Physics, Singapore, 23 (1988). 

[54] A.M. Levelut, R.J. Tarento, F. Hardouin, M.F. Achard and G. Sigaud, 

Phys. Rev., A24, 2180 (1981). 

[55] G. Sigaud, F. Hardouin, M.F. Achard and A.M. Levelut, JPhysique, 42, 

107 (1981). 

[56] F. Hardouin, N.H. Tinh, M.F. Achard and A.M. Levelut, JPhysique, 43, 

327 (1982). 

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

[58] I. Hatta, Y. Nagai, T. Nakayama and S. Imaizumi, J Phys. Soc. Jpn., 52, 

47 (1983). 

[59] C. Chiang and C.W. Garland, Proc. of 101
h ILCC, York, July, abstract 

E20 (1994). 

[60] F. Hardouin, A.M. Levelut, M.F. Achard and G. Sigaud, de Chemie 

Physique., 80, 53 (1983). 

[61] D. Demus, J. Goodby, G.W. Gray, H.W. Spiess, V. Vill, (Eds.), 

"Handbook of Liquid Crystals": Low Molecular Weight Liquid Crystals 

I, 2A, Wiley-VCH (1998). 

[62] M. Watanbe, M. Eguchi, K. Kakimoto and T. Hibiya, J Crystal Growth, 

133, 23 (1993). 

[63] S. Dumrograttana, G. Nounesis, C.C. Huang, Phys. Rev., A33, 2181 

(1986). 

31 



Chapter I 

[64] R.J. Birgeneau, and J.D. Lister, J. Phys. Lett., 39, 399 (1978). 

[65] R. Pindak, D.E. Moncton, S.C. Davey and J.W. Goodby, Phys. Rev. Lett., 

46, 1135 (1981). 

[66] M. Cheng, J.T. Ho, S.W. Hui and R. Pindak, Phys. Rev. Lett., 61, 550 

(1988). 

[67] K. Toriyam and D.A. Dunmur, Liq. Cryst., 13 (6), 797 (1993). 

[68] A. Metere, T. Oppelstrup, S. Sarman, A. Laaksonen and M. Dzugutov, 

Phys. Rev. E, 88, 062502 (2013). 

[69] S. Tantrawong, Materials Today, 17(3), 147 (2014). 

[70] C. Destrade, P. Foucher, H. Gasparoux, H.T. Nguyen, Mol. Cryst. Liq. 

Cryst., 106, 121 (1984). 

[71] C. Destrade, H.T. Nguyen, H. Gasparoux, J. Malthete and A.M. Levelut, 

Mol. Cryst. Liq. Cryst., 71, 111 (1981). 

[72] S. Meiboom and M. Sammon, Phys. Rev. Lett., 44, 882 (1980). 

[73] M. Brodzik and R. Dabrowski, Liq. Cryst., 18, 61 (1995). 

[74] H. Stegemeyer, T. Blumel, K. Hiltop, H. Onusseit and F. Porsch, Liq. 

Cryst., 1, 1 (1996). 

[75] H. Kikuchi et al., SID'07 Digest, 1737 (2012). 

[76] L. Rao, J. Yan, and S.T. Wu, Appl. Phys. Lett., 98, 081109 (2011). 

[77) L. Rao, Z. Ge, S.T. Wu, and S.H. Lee, Appl. Phys. Lett., 95, 

231101 (2009). 

[78] J.W. Goodby, M.A. Waugh, S.M. Stein, E. Chin, R. Pindak and J.S. 

Patel, Nature, London, 33 7, 449 (1989). 

[79] J.\V. Goodby, M.A. Waugh, S.M. Stein, E. Chin, R. Pindak and J.S. 

Patel, JAm. Chern. Soc., 111, 8119 (1989). 

[80] S.R. Renn and T.C. Lubensky, Phys. Rev., A38, 2132 (1988). 

[81] S.R. Renn and T.C. Lubensky, Mol. Cryst. Liq. Cryst., 209, 349 (1991). 

[82] K.J. Ihn, J.A.N. Zasadzinski, R. Pindak, A.J. Stanley and J. Goodby, 

Science, 258, 275 (1992). 

32 



Chapter I 

[83] L. Navailles, B. Pansu, L. Gorre-Talini and H. T. Nguyen, Phys. Rev. 

Lett., 81,4168 (1998). 

[84] H.T. Nguyen, A. Bouchta, L. Navailles, P. Barois, N. Isaert, R.J. Twieg, 

A. Maaroufi and C. Destrade. J Phys. II France, 2, 1889 (1992). 

[85] A. Bouchta, H.T. Nguyen, L. Navailles, P. Barois, C. Destrade, F. 

Bougrioua, and N. Isaert, J Mater. Chern., 5, 2079 (1995). 

[86] R.B. Meyer, L. Liebert, L. Strzekecki and P. Kelker, J de. Phys. Lett., 

36, 69 (1995). 

[87] A.D.L. Chandani, Y. Ouchi, H. Takezoe, A. Fukuda, K. Terashima, 

Furukawa and A. Kishi, Jpn. J Appl. Phys., 28, 1261 (1989). 

[88] M. Koden, Ferroelectrics, 179, 121 (1996). 

[89] S.T. Lagerwall, Ferroelectric and Antiferroelectric Liquid Crystals, 

Wiley-VCH (1999) 

[90] V. Manjuladevi, Y.P. Panarin, J.K. Song, J.K. Vij and B.K. Sadashiva, 

Appl. Phys. Lett., 93, 093507 (2008). 

[91] E. Gorecka, A.D.L Chandani, Y. Ouchi, H. Takezoe and A. Fukuda, Jpn. 

J. Appl. Phys., 29, 111 (1990). 

[92] S. Chandrasekhar, B.K. Sadashiv and A.K. Suresh, Pramana, 9, 471 

(1977. 

[93] A.M. Levelute, J Chern. Phys., 80, 149 (1983). 

[94] S. Chandrasekhar, Phil. Trans. R. Soc. A, 309, 93 (1983). 

[95] S. Chandrasekhar, Liq. Cryst., 14, 3 (1993). 

[96] I. Seguy, P. Jolinat, P. Destruel, J. Farenc, R. Mamy, H. Bock. J. lp and 

T.P. Nguyen, J of Appl. Phys., 89, 5442 (2001). 

[97] J.W. Doane, A. Golemme, J.L. West, J.B. Whitehead and B.G. Wu, Mol. 

Cryst. Liq. Cryst., 165, 511 (1988). 

[98] G.P. Montgomery, "Large Area Chrornogenics: Material and Devices 

for Transmittance Control", C.M.Lampert and G.G.Granqvist (Ed. 

SPIE). 

33 



Chapter I 

[99] P.S. Drzaic, J. AppL Phys., 60, 2142 (1986). 

[100] A.B. Davey, Electronics and Power, 26 (6), 458 (1980). 

(101] Z.He, Z. Ling, T.Nose and S. Sato, Jpn. J Appl. Phys., 36,2128 (1996). 

[102] E. Teboul, L. Yan and M. Gaillet, 1\JRS Proceedings, 965 (2006). 

[103] N. Hairston, Nature, 382, 666 (1996). 

[104] H. Huang, D. Zhuang, Y. Liu, M. Zhu and H. Zhang, Guoping Chen 

Proc. SPIE, Display Devices and Systems, 2892, 129 (1996). 

[105] A. Smimov, A. Usenok, V. Osika and A. Vasilevich, 193(1), 1 (1990). 

[106] P. Gunter, "International Symposium on Application of Ferroelectrics ", 

Gordon and Breach Sciewnce Publishers, Zurich, Switzerland, 94 

(1989). 

[107] D.S. Seo, Liquid Crystals, 27(9), 1147 (2000). 

[108] Y.B. Kim and I.K. Hur, Journal of Information Display, 2(3) (2001). 

[109] L. Sun, D. Han, Y. Wang, M. Chan, S. Zhang, J. of Disp. Tech., 10(4), 

317 (2014). 

[110] L.M. Blinov, V.G. Chigrinov, Electrooptic Effects in Liquid Crystal 

Materials, Springer, (1996). 

[111] S.M. Kelly and M. O'Neill, Handbook of Advanced Electronic and 

Photonic Materials and Devices, edited by H.S. Nalwa, Volume 7: 

Liquid Crystals, Display and Laser Materials, Academic Press, (2000). 

[112] E.P. Raynes, Philosophical Transactions of the Royal Society of London. 

Series A, Mathematical and Physical Sciences, 309, 1507 (1983). 

[113) M. Schadt and W. Helfrich, Appl. Phys. Lett., 18, 127 (1971) 

[114] E. Kaneko, Mol. Cryst. Liq. Cryst., 81, 139(1986). 

[115] H.C. Huang, B.L. Zhang, H.S. Kwok, P.W. Cheng, and Y.C. Chen, Soc. 

for Info. Disp. Symp. Digest, 880 (2005). 

[116] B. L. Zhang, H.S. Kwok and H.C. Huang, J of Appl. Phys., 98, 123103 

(2005). 

34 



Chapter I 

[117] S.M. Kelly, Royal Society of Chemistry, ISBN 0-85404-567-8T, 115 

(2000). 

[118] J. Scheffer and J. Nehring, Appl. Phys. Lett., 48 (10), 1021 (1984). 

[119] B. Wang, R. Shankar, Z. Liang, Z. Wang, C. Zhang and L. Kramer, 

Materials Research Society Symposium Proceedings, 791, 3 31 (2004 ). 

[120] J.K. Phalakomkul, A.P. Gast and R. Pecoraa, J.Chem.Phys., 112, 6487 

(2000). 

[121] K.R.K. Iyer, S. Sreenivasan and N.B. Patil, Textile Research Journal, 53, 

442 (1983). 

[122] A.J. Davidson, S.J. Elston and E.P. Raynes, J. Appl. Phys., 99, 093109/1 

(2006). 

[123] J.L Fergason, SID Int. Symp.Dig. Techno!. 16, 68 (1985). 

[124] J.W. Doane, N.A. Vaz, B.G. Wu and S. Zumer, Appl. Phys. Lett., 48, 

269 (1986). 

[125] J.W. Doane, A. Golemme and J.L. West et al., Mol. Cryst. Liq. Cryst. 

165, 511 (1988). 

[126] J.L. West, Mol Cryst Liq. Cryst. 157, 427 (1988). 

[127] T. Nagata et al., SID Symposium Digest 29, 37 (1998). 

[128) R. Lu, S.T. Wu and K. Xu, Jpn. J Appl. Phys., 42, 1628 (2003). 

[129] C. Kim, G.J. Choi, Y.S. Kim, K.H. Kang, T.H. Yoon, K.G. Nam, H.S. 

Kim and E.S. Lee, Society for Information Display Symposium Digest, 28, 

33, (1997). 

[130] H.S. Kwok, J. Appl. Phys., 80, 3687 (1996). 

[131] S.T. Tang, F.H. Yu, J. Chen, M. Wong, H.C. Huang and H.S. Kwok, J. 

Appl. Phys., 81, 5924 ( 1997). 

[132] Y. Nagae, K. Ando, A. Asano, L. Takemoto, J. Havens, P. Jones, D. 

Reddy and A. Tomita, SID Int. Symp. Dig. Tech. Papers, Orlando, FL, 

XXVI, 223 (1995). 

35 



Chapter I 

[133] K. Ohmuro, S. Kataoka, T. Sasaki and Y. Koike, SID, Digest Tech. 

Paper, 845 (1997). 

[134] M.F. Schiekel and K. Fahrenschon, Appl. Phys. Lett., 19, 10 (1971). 

[135] K. Ohmuro, Y. Koike, T. Sasaki, H. Tsuda and H. Chida, United States 

Patent, 6141075 (2000). 

[136] S.H. Hong, Y.H. Jeong, H.Y. Kim, H.M. Cho, W.G. Lee and S.H. Lee, J 

Appl. Phys, 87, 8259 (2000). 

[137] S.C.A. Lien, C. Cai, R.W. Nunes, R.A. John, E.A. Galligan, E. Golgan 

and J.S. Wilson, Japan. J Appl. Phys., 37, 597 (1998). 

[138] C.Y. Xiang, X.W. Sun and X.J. Yin, J. Appl. Phys, 37, 994 (2004). 

[139] K. Ohmuro, S. Kataoka, T. Sasaki and Y. Koike, SID '97 Digest, 845 

(1997). 

[140] Y. Koike, S. Katoka, T. Sasaki, H. Chida, A. Takeda, K. Omuro, T. 

Sasabayashi and K. Okamuto, IDW'97, 159 (1997). 

[141] D.S. Seo, D.S. Park and H.J. Jeon, Liq.Cryst., 27, 1189 (2000). 

[142] A. Takeda, S. Kataoka, T. Sasaki, H. Chida, H. Tsuda, K. Ohmuro, 

Koike, T. Sasabayashi and K. Okamuto, SID Dig. Tech. Pap., 1070 

(1998). 

[143] K.H. Kim, K. Lee, S.B. Park, S.J. Song, S. Kim and J.H. Souk, Asia 

Display, 1077 (1998). 

[144] Y. Ishii, S. Misushima and M. Hijikigawa, SID Dig. Tech. Pap., 1090 

(2001). 

[145] Y. Koike and K. Okamoto, Fujitsu Sci. Tech. J, 35, 221 (1999). 

[146] J. Kim, S. Kim, K. Park and T. Kim, Soc. for Info. Disp. Symp. Digest, 

806 (2001). 

[147] V. Konovalov, V. Chigrinov, H.S. Kwok, H. Takada and H. Takatsu, 

Jap. J Appl. Phys., 43, 261 (2004). 

[148] 0. Masahito and K. Katsumi, Liq. Cryst., 25, 6 (1998). 

[149] E. Lueder, Liquid Crystal Displays, John Wiley & Sons. (2001). 

36 



Chapter I 

[150] R. Kiefer, B. Webber, F. Windsched and G. Baur, Japan Displays'92, 

547 (1992). 

[151] M.Oh-e and K. Kondo, Appl. Phys. Lett., 67, 3895 (1995). 

[152] M. Oh-e and K. Kondo, Appl. Phys. Lett., 69, 623 (1996). 

[153] M. Oh-e and K. Kondo, Appl. Phys. Lett., 82, 528 (1997). 

[154] M. Oh-e and K. Kondo, Liq. Cryst., 22, 3 79 ( 1997). 

[155] M. Oh-e and K. Kondo, Liq. Cryst., 22, 391 (1997). 

[156] Y. Tomioka and K. Kondo, EP 0806698Al (1997). 

[157] R. Lu, S.T. Wu, Q.H. Hong and X.T. Wu, Mol. Cryst. Liq. Cryst., 453, 

379 (2006). 

[158] A. Sasaki, T. Uchida and S. Miyagami, Procedure of Japan Display, 62 

(1986). 

[159] D. Pauluth and K. Tarumi, J. Mater. Chern., 14, 1219 (2004). 

[160] J. Chen et. al., SJD '95 Digest of Tech Papers, 865 (1995). 

[161] 0. Masahito and K. Katsumi, Liq. Cryst., 22, 4 (1997). 

[162] (a) V. Reiffenrath, J. Krause, A. Wachtler, G. Weber and U. Finkenzeller 

(Merck KgaA), EP-B0364538 (1988), (b) P. Kirsch, V. Reiffenrath and M. 

Bremer, Synlett., 4, 389 (1999) and (c) M. Klasen, M. Bremer and K. 

Tarumi, Jpn. J. Appl. Phys., 39,1180 (2009). 

[163] A. Sawada et. al., Jpn..! Appl. Phys., 38, 1423 (1999). 

[164] T. Yamamoto S. I-!irose, J.F. Clerk, Y. Kondo, S. Yamauchi and M. 

Aizawa, SID '91 Digest ofTech. Papers, 762 (1991). 

[165] N. Koma and R. Nishikawa, SID'97 Digest of Tech Papers, 762 (1991). 

[166] A. Takeda, S. Kataoka, T.Sasaki, H.Chida, H. Tsuda, K. Ohmuro, Y. 

Koike, T. Sasabayashi and K. Okamoto, SID Dig., Tech Pap., 1070 

(1998). 

[167] Y. Ishii S. Misushima and M. Hijikigawa, SID Dig., Tech Pap., 1090 

(2001). 

[168] R. Lu, S.T. Wu, Q. Hong and T.X. Wu, SID Dig., Tech Pap., 723 (2006). 

37 



Chapter I 

[169] T. Wu and D.K. Yang, Reflective Liquid Crystal Displays, Wiley, New 

York, (200 1 ). 

[170] K. Sekiya and H Nakamura, SID Symposium Digest Tech Papers, 32, 114 

(2001). 

38 



CHAPTER II 

Experimental Methods and Theoretical 
Background 

2.1. Introduction: 

The plan of this work is to develop liquid crystalline materials with 

broad operating temperature range, large negative dielectric anisotropy, low 

values of optical birefringence and low rotational viscosity for their application 

in Vertically Aligned mode Liquid Crystal Displays (VA-LCD's) [1-4]. For 

VA-LCD's, the switching behaviour requires liquid crystal materials with 

negative dielectric anisotropy (L1E < 0) [5]. Liquid crystalline molecules with 

lateral polar groups fulfill this requirement Materials suitable for VA-LCD's 

are mainly focused on dielectrically negative fluorinated liquid crystals 

comprising of 1, 2-difluorobenzene building block [6] which combine the 

necessary polarity with chemical stability and low polarizability [7, 8]. 

Furthermore, laterally fluorinated terphenyl derivatives have been found to be 

promising candidates for VA mode applications with improved values the 

rotational viscosity, keeping the birefringence in the desired range [9]. Since, 

no single liquid crystal material can fulfill all the above-mentioned 

requirements; multi component mixtures with optimum values of the material 

properties were carefully prepared. Initially Polarizing Optical Microscopy 

(POM) studies were undertaken for identification of the phases and phase 

transition temperatures of the pure compounds as well as their mixtures. 

Differential Scanning Calorimetry (DSC) measurements were done for the 

determination of the transition enthalpies. The specific work done includes the 
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preparation of multicomponent mixtures from suitably selected pure 

components and optimization of their physical properties from optical 

birefringence (~n), dielectric anisotropy (~s), bend elastic constant (K33) and 

rotational viscosity (y1) measurements. Moreover, the effect of the pretilt angle 

[10-13] on the threshold voltage and the rotational viscosity of the mixtures 

were also studied. Again, since the order parameter in liquid crystals is one of 

the most important physical parameters [14-16] which dictate its performance 

in display devices, therefore the temperature dependence of the Orientational 

Order Parameter (OOP) were determined from x-ray diffraction studies (on a 

few selected compounds) and birefringence measurements. The experimentally 

determined OOP values were compared with the existing theories [17, 18]. 

Furthermore, since the role of bicyclohexane compounds with low values [ 19] 

of the birefringence is definitely important in the optimization of the properties 

of the final mixtures, therefore the physical properties of a few such 

compounds have been investigated from optical transmission, birefringence, 

density and dielectric anisotropic measurements. 

2 .. 2. Formulation of multi-component mixtures and 
construction of phase diagram: 

Seven multicomponent mixtures (mixtures A, B, C, D, E, F and G) with 

negative dielectric anisotropy (~s < 0) were prepared. For mixture preparation 

the choice of the pure compounds was decided on the basis of their physical 

While preparmg multicomponent mixtures the eutectic ones are of 

special interest [20], because they exhibit liquid crystalline mesophase over a 

broad range of temperature. The melting points of such mixtures are lower than 

the melting points of the individual components and the clearing points are 
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intermediate between them, resulting in an increase in the mesomorphic range, 

as shown in Figure 2.1. 

The composition of the eutectic mixture was determined from the 

Schroder van Laar equation [21, 22]: 

lnx =- Ml~ (_!_ __ l J 
k R T Tk 

m (2.1) 

under the condition, 

(2.2) 

where, xk is the molar ratio ofkth component, !ll!~ and T~ are respectively the 

melting enthalpy (in J mor1
) and the melting temperature (in K) and R is the 

universal gas constant (8.31 J mor1 K'1
). The lower the melting points and 

melting enthalpies of the pure components lower is the melting point of the 

eutectic mixture. When the components show polymorphic phase transitions 

below their melting points, the equation is more complicated [20], but such 

compounds are not commonly used. 

The compounds were chosen in such a way that, the calculated melting 

temperature is within a desired range. The mixtures were prepared as per the 

calculated composition and their melting temperature was determined with the 

help of a polarizing optical microscope and a hot stage. The experimentally 

obtained melting point was compared with the calculated melting point. If the 

difference in both the temperatures exceeded a few degrees, it means that a 

component may be forming an intermolecular complex and hence it must be 

removed from the mixture. The calculations and preparation of mixtures were 

repeated in order to discard the badly soluble compounds. 
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Figure 2.1. The position of eutectic pointE for the bicomponent mixture and 
B, where L1HA m, L1HBm and T m A' T m B are the melting enthalpies 
melting temperatures of components A and B respectively [23]. 

This method occasionally predicts the mole fractions of the eutectic 

mixtures fairly well, but because ideal behavior rarely exists, it can only be 

used as a guide. Other experimental methods have also been suggested [23l 

Generally, experience and experiment are required to obtain low melting 

mixtures. 

Materials of low melting temperature, low enthalpy of melting and 

modest nematic range were used as the main components to prepare the base 

mixture. Care was taken to avoid the formation of induced smectic phases, 

sometimes observed in polar-non-polar mixtures [24-30]. To this base mixture, 

materials with a very large negative dE were added for obtaining low threshold 

voltages. The choice of these components was also governed by the required 

birefringence. It is usually necessary to increase the T NI of the mixture using 

additives having a high TNJ value. The rotational viscosity (y1) should be kept 
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as low as possible to allow fast switching. Hence materials with low rotational 

viscosity were chosen. In addition, for VA mode displays, mixtures with 

smaller value of bend elastic constants are targeted. Thus a multi component 

mixture, containing a wide variety of components, each one contributing to the 

final properties of the mixture was produced. 

The mixtures were prepared using an analytical balance (Mettler Toledo 

AB-265-S). Texture studies of the liquid crystal compounds was done under a 

polarizing optical microscope (Motic Research Microscope BA300 with 

polarising attachment) equipped with a Mettler Thermosystem (FP 900) and a 

Mettler hot stage (FP-82 HT) with a temperature accuracy of ± 0.1 °C for 

identification of the mesophase and to obtain the phase transition temperatures. 

The theoretically estimated values of the melting temperature (T m) and clearing 

temperature (T NI) of the mixtures at the eutectic composition were compared 

with those determined experimentally from texture and DSC studies. 

2 .. 3. Texture studies: 

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

visual patterns they display under polarized light. These patterns, called 

textures, are almost entirely due to the defect structure that occurs in the long 

range molecular order of the liquid crystalline materials. Appearing under the 

polarizing microscope as ellipses, parabolas, hyperbolas, lines and points, 

colorful structural singularities are understood through topological and 

geometrical arguments. Texture study is an important technique for the 

determination of the transition temperatures and preliminary phase 

identification. However, classification of different liquid crystalline phases by 

observation of the textures alone is often ambiguous, and other methods are 

required to support it. Detailed description of various textures with photographs 

is given by Demus and Richter [31]. 

43 



Chapter II 

The liquid crystalline samples were inserted between a glass slide and a 

cover slip and placed in a hot stage (Mettler FP-82 HT) the temperature of 

which was controlled by Mettler Thermo System (FP 900). The textures of the 

phases were observed using a polarizing optical microscope (Motic Research 

Microscope BA300 with Polarizing Attachment) and the phase transition 

temperatures were recorded. 

2.4. Differential Scanning Calorimetry (DSC): 

Differential Scanning Calorimetry (DSC) measurements of the pure 

compounds were performed to determine the transition enthalpies using a 

SETARAM 141 calorimeter at the Department of Chemistry, Military 

University of Technology, Warsaw, Poland. The DSC scans of a few selected 

compounds were also done at the Department of Chemistry, University of 

North Bengal using a Perkin Elmer Pyris 6 Differential Scanning Calorimeter 

calibrated with indium standard. 

2.5. Dielectric permittivity measurements: 

The static dielectric permittivities E!! and E1. along and perpendicular to 

the molecular long axis respectively and hence the dielectric anisotropy LlE (= 

E 11 - E l.) were determined at 1 kHz by measuring the capacitance of a cell 

(thickness 8.9J-Lm, procured from A WAT Co. Ltd., Warsaw) with and without 

the liquid crystalline compound using Agilent E4980A digital LCR-bridge with 

a relative accuracy of 0.05% [32]. The liquid crystalline material was filled 

inside a homeotropically aligned cell by capillary action. The cell was mounted 

inside an electrically powered thermostat-block, the temperature of which was 

controlled within an accuracy of ± 0.1 °C by a temperature controller 

(Eurotherm PID 2404 ). The stray capacitance was calculated by measuring the 

capacitance of spectroscopic grade pure benzene and para-xylene. If C0 is the 
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measured capacitance of the air filled cell, Ca is the capacitance of the empty 

cell, excluding the stray capacitance Cs, then one can write: 

(2.3) 

Now if the cell be filled with a fluid of known dielectric permittivity f: then the 

measured capacitance can be written as: 

(2.4) 

From equation 2.3 and 2.4 the value of Cs has been calculated. Knowing Cs, 

the dielectric permittivity can be calculated as: 

C-C 
£ = s 

C --C 0 s 
(2.5) 

The accuracy of the setup has been verified by measuring the dielectric 

constants of 5CB and 7CB, which are close agreement with the values reported 

in the literature [3 3]. The temperature variation of the principal dielectric 

permittivities Eli and E..L and the dielectric anisotropy have been determined for 

the pure compounds and mixtures. The details of the experimental procedure 

for determining the dielectric permittivities have been reported earlier by 

Prasad and Das [32]. 

2.6. Optical birefringence measurements: 

Most of the nematic liquid crystals are optically uniaxial and strongly 

birefringent. .A uniaxial liquid crystal has two principal refractive indices viz. 

ordinary refractive index (no) and extraordinary refractive index (ne). The 

birefringence is defined by the following equation: 

An=ne-no (2.6) 

The first birefringence measurement was made by E. Dorn [34] and its 

theoretical explanation was given by O.Weiner and H. Zocher [35, 25]. 

Refractive indices of the smectic phases have also been measured [26-29]. To 
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evaluate the molecular polarizabilities of the liquid crystal it is necessary to 

consider the anisotropic internal field that arises due to anisotropic molecular 

arrangements within the liquid crystals. Hence, in case of liquid crystals the 

well-known Lorentz-Lorentz formula for isotropic media is replaced by 

Neugebauer formula [36] or Vuks formula [37]. Saupe and Maier [17] also 

applied a more elaborate internal field suggested by Neugebauer. 

The ordinary and extra ordinary refractive indices were measured in the 

nematic and smectic liquid crystal phases, and the effective polarizabilities 

and ae was calculated using Vuks internal t1eld model [37]. From the 

polarizability and density data, the Orientational Order Parameter (OOP), 

was calculated as a function of temperature. 

Vuks [37] considered that the internal field is independent of 

orientation, i.e. an isotropic system with different polarizabilities. The principal 

polarizabilities and refractive indices according to Vuks can be expressed as: 

n~ -1 = 4JZN a 
n2 +2 3 o 

(2.7) 

n; -1 4JZN 
---=--a n2 +2 3 e 

(2.8) 

where, n2 = ~ (2n; + n;) , n is the mean refractive index and a 0 and ae can 

be calculated directly from the refractive index values. 

Optical birefringence measurement has been done by the following two 

methods. In one method, the ordinary (n0 ) and the extraordinary refractive 

index (Ue) was measured by thin prism technique [38] and from the measured 

values of no, fie the birefringence (L1n = ne-no) was calculated. The birefringence 

(L1n) of a few samples was also determined from Optical Transmission (OT) 

method [39]. The experimental details of these two methods are briefly 

discussed below. 
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2.6.1. Thin prism technique: 

In the thin prism method, the refractive indices (n0 , ne) for wavelength 

A-=632.8 nm was measured within an accuracy of ±0.0006. A hollow prism 

with refracting angle less than 2° was prepared using glass slides. The 

temperature of the prism was controlled with an accuracy of ±O.l°C using a 

specially constructed heater and Eurotherm PID 2404 temperature controller. 

The heater containing the liquid crystal filled prism was placed between the 

pole pieces of an electromagnet and a magnetic field of about 0.8T was applied 

to the liquid crystal filled prism (Figure 2.2). While passing through the aligned 

sample, a light beam from a He-Ne LASER was split into ordinary and 

extraordinary beam and two spots were obtained on a screen. The images of the 

spots were recorded using a digital camera suitably interfaced with a computer. 

The high resolution digital images so obtained were further processed to locate 

the position of the center of the spots which was used to determine the ordinary 

(n0 ) and extraordinary (ne) refractive indices. The prisms were filled with 

ultrapure, degassed water and the refractive index was measured, where from 

the angle of the prism was determined. 

To prepare the hollow prisms, optically flat glass slides were taken and 

cut so as to get the desired size of the prism. These slides were then cleaned 

with detergent and water and treated in an acid mixture (cone. H2S04 + cone. 

HN03) at 60°C for one hour. The slides were then washed with distilled water 

and then treated further in 1 molar solution of KOH at 60°C for one hour. The 

slides were further '\-Vashed thoroughly with distilled water and then with 

acetone. A thin glass spacer was introduced between one of the vertical edge of 

the prism so as to get the desired refracting angle which was kept less than 2°. 

The glass plates were sealed using a high temperature adhesive and after curing 

were baked for several hours in an oven. 
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Figure 2.2. Schematic diagram of the experimental set-up for refractive index 
measurement from thin prism method. 

2.6.2. Optical transmission method: 

A He-Ne LASER (A-=632.8nm) beam was directed onto an ITO-coated 

liquid crystal cell ofthickness 8.9J.Lm (procured from AWAT Co. Ltd. Warsaw, 

Poland) placed between two crossed linear polarizers (Figure 2.3). The 

transmitted light intensity was measured as a function of temperature. The 

intensity of the transmitted LASER light can be written as [ 40]: 

I sin 
2 

2(} (l A ) 
t = - cosurp 

2 
(2.9) 

where, e is the angle made by the polarizer with the optical axis and the phase 

difference is given by 

(2.10) 

~n = ne - no, where ne and n0 are the extraordinary and ordinary refractive 

indices of the liquid crystal medium, and d is the sample thickness. The angle e 
was set at 45° to optimize the measurements. The birefringence was calculated 

from the measured intensity [ 41, 4 2]. The output of the digital multimeter and 

the temperature controller were interfaced with a computer and the 
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measurements were performed using a suitable program. The details of the 

experimental set up (Figure 2.3) for the determination of the birefringence from 

optical transmission studies have been also reported by Prasad and Das [ 43]. 

Figure 2.3. Schematic diagram of the experimental set~up for refractive index 
measurement from optical transmission method. 

2.6.3. Determination of Orientational Order Parameter 
(OOP) from refractive index and optical birefringence 
measurement: 

The relationship between Orientational Order Parameter <P2> and the 

principal polarizabilities ( ae, a 0 ) as given by de Gennes [ 15] are 

(2.11) 

(2.12) 

where, a (2ao +ae) A ( ) 

3 
is the mean polarizability and ~a0 = a

11 
-a .L is 

molecular polarizability anisotropy, a11 and a.L being the principal 
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polarizabilities parallel and perpendicular to the molecular long axes in the 

crystalline state. 

From equation 2.11 and 2.12, we obtain 

P 
ae -ao 

< 2 >=----'-
all- al. 

(2.13) 

To determine the values of ~a0 the widely used Haller's extrapolation method 

[44] was used. For this the polarizability anisotropy in the liquid crystalline 

state (.6.a=ae-a0 ) was fitted to the equation 

r T )fJ 
~a=~a ll--o T* 

(2.14) 

where ~a0, T* and ~ are adjustable parameters. 

For a given sample, ae and a 0 were calculated at different temperatures 

throughout the mesomorphic range. The order parameter <P2> was calculated 

using equation 2.13. 

Haller's extrapolation method can also be applied directly to the 

temperature dependence of the birefringence ~n [ 45, 46] to obtain ~no i.e. the 

birefringence in the crystalline state. The temperature dependence of the 

birefringence obtained from optical transmission data is fitted to the following 

form: 

(2.15) 

where .6.no, T* and ~are adjustable parameters. T* is about 1-3K higher than 

the clearing temperature. The exponent ~ depends on molecular structure and 

its value is close to 0.2. This procedure helps to extrapolate .6.n values to the 

absolute zero temperature, i.e .6.n0 [ 44]. 

The order parameter can be obtained directly from the experimental 

values of temperature dependent birefringence using the relation: 
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(2.16) 

where, Lillo is the birefringence in the completely ordered state which was 

obtained from Haller's extrapolation method [44]. 

Although this method of determination of order parameter ( <P2>) 

without consideration of the local field experienced by the liquid crystalline 

molecules has been used by many workers [45-58], the results differ slightly 

from that obtained ifthe local field is considered. However, this method is very 

useful when the density values or the individual values of the refractive indices 

(n0 , ne) are not available. Moreover, from the optical transmission method (as 

described above) high resolution ~n values can be obtained which gives useful 

information regarding the nature of the phase transitions in these systems. 

2 .. 7. Density measurements: 

The densities of liquid crystals were measured with the help of a 

dilatometer of the capillary type. A weighed sample of the liquid crystal was 

introduced inside the capillary tube of the dilatometer, placed in an insulated 

glass chamber, the temperature of which was controlled by a temperature 

controller (Eurotherm PID 2404 ). Sufficient time was allowed for equilibrium 

at any desired temperature before taking each reading. The length of the 

crystal column was measured with a travelling microscope. The densities were 

calculated after correction for the expansion of glass. The accuracy of the 

measurement of the densities was within 0.1% [25]. 

2.8. Elastic constant measurements: 

Nematic liquid crystals often consist of long molecules having an 

average alignment in space which can be described by the unit vector n, called 

the director. The bulk free energy per unit volume can be constructed in terms 
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of the square of the spatial derivatives of the director. For non-chiral systems 

there are symmetry restrictions on the free energy which limit the possible 

terms. The terms must be invariant when n is replaced by - n and linear 

contributions in the derivatives cannot be allowed since they can change sign if 

the co-ordinate system is inverted. The resulting free energy integrand has its 

origins in the works of Zocher [59], Oseen [60, 61] and Frank [62] and is 

usually called the Frank-Oseen free energy. It can be written in the usual vector 

notation as: 

(2.17) 

where, Kii are the curvature elastic moduli often referred to as the Frank elastic 

constants. The last term in the right hand side of equation 2.17, sometimes 

called the saddle-splay term, can be written in the equivalent form 

}i (Kzz + K44 {tr( (vi1)2 
-- (v.n)Z) J when the partial derivatives commute. By 

considering states of minimum energy in which the director orientation is 

uniform and everywhere parallel, Ericksen [63] deduced that the elastic 

constants must satisfY 

Kn > 0, K22 > 0, K33 > 0 

2K1l > K22+K44 > 0, K22 > IK44I 

(2.18) (a) 

(2.18) (b) 

And so whilst K11, K22 and K33 are all positive, K4 can either be positive or 

negative. 

The saddle-splay term is often omitted since it does not contribute to the 

bulk equilibrium equations or the boundary conditions for problems involving 

strong anchoring. Being a divergence its contribution to J Fcterdv can be 
v 

transformed into a surface integral over the boundary. Neglecting the surface 

term results in: 
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(2.19) 

nx'\lxn:t:O 
(c) 

Figure 2.4. The three basic types of distortion in a nematic liquid crystal: (a) 
splay, (b) twist and (c) bend. 

Each term on the right hand side of equation 2.19 represents a specific 

type of distortion of the director within a given sample of nematic liquid 

crystaL They are called respectively the splay (K 11 ), twist (K22) and bend (K33) 

terms and Figure 2.4 schematically shows the possible orientation of n, 
indicated by the lines, for each individual distortion: the director orientation is 

unchanged as one moves vertically through the page. The elastic constants in 

equation 2.19 have been measured by many experimentalists and are 

approximately of the order of 10·6 dynes (10- 11 N) with K33 often being two or 

three times larger than Kt 1 or K22 [64, 15]. 

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

methods, of which Freedericksz transition [65] is one of the simplest and 

convenient method. The term Freedericksz transition refers to the deformation 

of a thin layer of nematic liquid crystal sample with a uniform director pattern 

in an external electric [66-68] or magnetic field [69-75]. Earlier magnetic field 
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had been used to observe the Freedericksz transition but recently a new electric 

field method has been devised using an in-plane electrode configuration [76]. 

~ctuilil>rium 
Configuration 

(a) 

Splay 

(b) 

Twist Bend 

(c) (d) 

Figure 2.5. An ordered liquid crystal in (a) ectuilil>rium configuration. The 
deformation states are (b) splay, (c) twist and (d) l>end. 

Freedericksz observed that when a planar surface aligned nematic lictuid 

crystal cell is sul>jected to electric field normal to the director then the cell 

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

external field exceeds the threshold value, known as the critical field, Vth· If the 

nematic lictuid crystals have positive diamagnetic anisotropy or dielectric 

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

align along the external field. Depending on the geometry of the arrangement, 

we can determine, splay, twist or bend elastic constants from Freedericksz 

transition in the electric field. It is shown schematically in Figures 2.5(b) -

2.5(d). 

The l>end elastic constants (K33) for the pure compounds and as well as 

for the mixtures have been determined from electric field induced Freedericksz 

transition [77]. The cells (procured from A WAT Co. Ltd., Warsaw, Poland) 

were examined under a polarizing microscope to check the uniformity of the 

alignment. The temperature of the thermostat was kept constant within ± 0.1 °C 
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during the experiment using a temperature controller (Eurotherm PID 2404 ). 

The cells were placed in a brass thermostat with glass windows. The voltage 

dependence of the capacity of the homeotropically aligned nematic cell (for the 

bend configuration) was determined at 1 KHz with high precision digital LCR

bridge (Agilent E4980A) from 0 to 20 V RMS· The capacitance of the cell as a 

function of the applied (sinusoidal) voltage was recorded. The voltage step was 

0.02V in the vicinity of the Freedericksz transition and 200m V for the higher 

voltage. The critical electric field for Freedericksz transition could be observed 

quite accurately (within 2%) from the sudden change in the capacitance value. 

The relevant elastic constant was calculated from the well known equation 

(2.20) 

2 .. 9. Rotational viscosity measurements: 

The viscosity of a fluid is a measure of its resistance to fluidic motion. 

The viscosity at room temperature of a typical nematic liquid crystal is about 

ten times that of water. Although there is no complete theoretical explanation 

of the viscosity of liquid crystal materials in relation to their other properties 

and structure, in an anisotropic fluid, viscosity is best described by a viscosity 

coefficient tensor which can handle different viscosity values in different 

directions; and generally, a positive anisotropic liquid crystal having its 

intrinsic dipole moment aligned with the molecular long axis has a stronger 

anisotropy and consequently its easier turning makes for a lower viscosity. 

Viscosity is dependent on temperature exponentially as ¢ = ; 0e (E 
1 
kpT) where, 

~is an experimentally derived constant, k13 is the Boltzmann constant and E is 

the activation energy (the minimum potential energy required for molecular 

diffusion). It is clear that as the temperature rises, the exponential function 

exp(E/kp T) decreases rapidly and therefore the viscosity decreases. Since the 
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principal operating motion of liquid crystal molecules in displays are rotational, 

when an external field is turned on, the viscosity is reflected in the coefficient 

of dynamic rotational viscosity commonly denoted by y1. The higher the 

dynamic rotational viscosity, the slower is the response of the liquid crystal to 

the electric field. 

A relaxation method was used to determine the rotational viscosity, 

where a small voltage was applied to a homeotropically aligned Liquid Crystal 

(LC) cell to deform the nematic directors by a small angle [78-82, 74]. At time 

t = 0, when this voltage is removed, the molecules relax to the equilibrium state 

with relaxation time ('t0 ). For a LC inserted into a homeotropically aligned cell 

of thickness d, t 0 is related to the following material parameters 

roK337r2 

r1 = d2 (2.21) 

where, K 33 is the bend elastic constant coefficient and y1 is the rotational 

viscosity of the liquid crystaL The bend elastic constants of these mixtures 

have been determined by us from electric field induced Freedericksz transition 

[65, 77]. 

By measuring the transmitted light intensity through a homeotropically 

aligned LC cell, the optical phase was obtained as a function of time. Assuming 

that the LC directors are deformed on the application of voltage by a small 

angle, the decay time is approximated by the following equation [78]: 

(2.22) 

where, 80 is the total phase change of the LC cell under a bias voltage VB· A 

plot of ln[80 /8(t)] versus time is linear, with a slope equal to 2/t0 , which yields 

the relaxation time ( 't0 ). In case, where 80 is near the region Nrt (N= integer), 

8(t) becomes 80exp(-4th:o) in the above expression (Equation 2.22). 

The schematic representation of the experimental set-up for rotational 

viscosity measurement is shown in Figure 2.6. A He-Ne LASER (A.= 632.8nm) 
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was allowed to pass through a homeotropically aligned ITO coated LC cell 

(procured from AWAT CO, Warsaw, Poland) placed between two crossed 

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

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

an accuracy of ± 0.1 °C by placing the cell in a brass thermostat with glass 

windows. A voltage was applied to the cell and the transmitted light intensity 

was measured as a function of voltage, using a photodiode. The voltage 

dependence of the transmitted light intensity exhibited several maxima and 

minima. A voltage corresponding to the first maximum or minimum in the 

transmitted intensity was then applied to the LC cell and after sufficient time 

removed abruptly (Figure 2.7a). The corresponding photodiode output was 

recorded using a Digital Storage Oscilloscope (DSO). During the relaxation 

process when the voltage VB was removed at t = 0, the optical transmission 

decreases (Figure 2.7(b)) and the phase change o(t) could be calculated from 

the time-dependent intensity, I(t), according to the following equation 

(2.23) 

h I · h · · · h d 2ml~n · h 1 · 1 w ere, 0 IS t e max1mum mtenstty c ange an ~ 101 = /L lS t e tota opt1Ca 

phase retardation, which was calculated from precise birefringence 

measurement. Once o(t) was determined the relaxation time was ascertained 

from the slope of the ln[80/8(t)] versus time plot. Thus by measuring the 

relaxation time '!0 , and from the knowledge of the bend elastic constant K33 and 

the cell gap d, the rotational viscosity y1 was determined. 
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Figure 2.6. Schematic diagram of the experimental set-up for rotational 
viscosity measurement. 

:::::::1 

m 

0.40 J MIXTURE A 

~ T= 21.6°C 

0.35 I 

c 0.30 

~ 
"(i:i 0.25 
c 

.£B 
c 0.20 

0.15 

0 2 4 6 8 
Vr.m.s. in volts 

(a) 

0 
0 
' 0 0 . 
\ 0 
01 
\0 
ol 
\0 
~ 
0 

10 

Figure 2.7. Voltage dependent transmittance of tri-component mixture A 
placed inside a 8.9~m thick homeotropically aligned liquid crystal cell at T= 
21.6°C. 
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Figure 2.7. 'contd. Time dependent intensity of mixture A at T = 48°C, when 
bias voltage is removed instantaneously. 

2.10. Figure of Merit (FoM) and visco-elastic co-efficient 
(y1/K33): 

To compare the performance of a liquid crystal mixture in a display 

device, a parameter Figure of Merit (FoM) that takes the birefringence and 

visco-elastic co-efficient (y1/K33) into account has been defined as follows [83]: 

(2.24) 

Each of the three physical properties birefringence (~n), y1/K33 and FoM is 

temperature dependent. FoM is commonly used to assess the performance of a 

LC compound or mixture because it is independent of the cell gap employed. It 

is a convenient parameter to compare the switching speed [84] of different 

compounds. Although birefringence and visco-elastic coefficient can be 

compared directly, but response time [85] can only be compared if each 

compound is studied utilizing a cell gap that exactly matches its birefringence 

in order to obtain the best response time. F oM eliminates the necessity of 

59 



Chapter II 

matching the cell gap to birefringence as the parameter is independent of cell 

gap and allows side by side comparison of the performance of different 

compounds and their mixtures in a device. Moreover, because LC performance 

and response time is determined by several temperature dependent factors, the 

F oM values also allow determination of the ideal operating temperature range. 

The visco-elastic co-efficient ( y 1/K33) is calculated from the free 

relaxation time and characterizes the amount of time and energy required to 

rotate the LC molecules. Since, all of these parameters are temperature 

dependent, the Figure of Merit (FoM) also strongly depends on the 

temperature. In the low-temperature region, even though the values of the 

birefringence, elastic constants and rotational viscosity, all decreases as the 

temperature increases, the change of the visco-elastic coefficient (y1/K33) with 

temperature is faster than that of (~n)2 . Therefore the FoM generally at first 

increases with increasing temperature and reaches a maximum value at a 

particular temperature below the nematic-isotropic (N-I) transition temperature, 

T NI· As the temperature approaches the clearing temperature T Nb the 

birefringence has a very steep drop, which causes a sharp decrease in the F oM. 

The higher F oM a liquid crystalline material possess, the faster response time it 

exhibits. Thus operating a liquid crystal device at an elevated temperature is 

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

driving scheme by the additional temperature control system. 

2.11. Activation energy: 

The temperature dependence of y1 can be fitted to equation 2.25 to 

obtain the activation energy [86]: 

Yt =Yo < ~ > exp( Ea ) 
kflT 

(2.25) 
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where k13 is the Boltzmann constant, y0 is fitting parameter, Ea is the associated 

activation energy and <P2> is the Orientational Order Parameter (OOP) 

obtained from either x-ray diffraction or birefringence measurements. 

2.12. Pretilt angle effect: 

Pretilt angle [ 10-13, 87] effect 1s found to make an important 

contribution to the liquid crystal dynamics. In a vertically aligned (VA) cell, 

the pretilt angle (a) affects the device contrast ratio and response time. The 

pretilt angle is defined as the angle of the LC directors deviated from cell 

normal. For a= 0°, it implies that the LC directors are aligned perpendicular to 

the substrate surfaces (Figure 2.8(a)). As the pretilt angle deviates from the 

cell normal, the Freedericksz threshold voltage is gradually decreased and 

hence the operating voltage is reduced (Figure 2.8(b)). In fact, in a real LC 

device a small pretilt angle is required for LC directors to relax back without 

creating domains. 

\"t!tiical aligmuent 

Pretilt Prl!tilt 

(a) (b) 

Figure 2.8. Effect of pretilt angle in VA mode nematic LCD: (a) upper and 
lower substrates with perpendicular and pretitled alignment respectively and 
(b) uniform pretilt in a LC cell facilitates reduction in the threshold voltage. 

From the manufacturer point ofview, for a Vertically Aligned Nematic 

(VAN) display, a delicate balance between response time and contrast has to be 

maintained. In fact in nematic liquid crystal displays, a slightly pretilted 
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alignment plays an important role to eliminate orientational defects which 

further helps us to improve the device quality. However the pretilt has also a 

drawback: the relaxed state becomes birefringent, and the contrast decays 

dramatically as pretilt increases. Therefore, choosing a precise pretilt is an 

important tradeoff when designing real VAN displays. 

2.13. X-ray diffraction measurements: 

The structure of the liquid crystalline compound can be best understood 

from the x-ray diffraction studies. Vainshtein [88] and Leadbetter [89, 90] have 

given the theoretical interpretation of the x-ray diffraction patterns in liquid 

crystalline materials. From x-ray experiment, the Fourier image 

correlation density function can be determined, the reconstruction of which 

from the scattered data yields information both on the mutual arrangement of 

molecules in a liquid crystal and the specific features of the orientational and 

translational order. Thus the x-ray data enables the statistical functions 

characterizing various distortions of the initial crystal lattice to be determined 

[88, 89], and yields the parameters of the orientational order in a liquid crystal, 

the tilt of the molecules and the electron distribution in the smectic layers [89-

93]. 

X-ray diffraction of the unoriented nematic phase consists of a uniform 

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

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

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

direction for the sample as a whole so that the diffraction pattern has symmetr.r 

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

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

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

angle x-ray diffraction pattern from a nematic liquid crystal oriented 
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perpendicular to the direction of the incident x-ray beam is shown in the Figure 

2.9(a). The main halo is split into two crescents for each of which the intensity 

is maximum along 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 lateral intermolecular distance, D. 

The angular distribution of the x-ray intensity I ('-!') vs. '-1' curve, also gives the 

orientational distribution function f(cosO) and order parameter <PL>, (L= 2, 4) . 
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Figure 2.9. Schematic representation of x-ray diffraction pattern of an oriented 
(a) Nematic, (b) Smectic A and (c) Smectic B phase with the x-ray beam 
parallel to the layer normal. 

The x-ray diffraction setup used in our laboratory has been designed and 

fabricated by Jha and Paul [94], the schematic diagram of which is given below 
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(Figure 2.1 0). The x-ray diffraction patterns of magnetically oriented samples 

at various temperatures were recorded on a x-ray film in a flat plate camera in 

the transmission geometry, using Ni filtered Cu Ka radiation of wavelength 

A-=1.542A. The collimator of various diameters can be interchanged and the 

sample to film distance as well as the magnetic field strength can be varied as 

per requirement. 

A vertical x-ray beam is incident on the sample through the collimator, 

which fits into the sample holder. The sample holder, which is made up of 

brass has non magnetic heating coils which are insulated by asbestos cement 

and is held in place by the supporting posts. The holder is well insulated from 

the posts by asbestos sheets and syndanyo boards. The sample is filled in a thin 

walled glass capillary diameter 0.8 mm. The sample holder with the 

insulation has a thickness of about 2 em so that the tapering pole pieces of the 

electromagnet can be brought close together to obtain a magnetic field of about 

0.8 Tesla. 

The four supporting posts are rigidly attached to a heavy brass plate. 

The film cassette is mounted on a cassette holder which is also supported by 

the posts. Spacers can be introduced along the posts between the clamps of the 

cassette holder and the heavy brass plate so that reproducible geometry can be 

obtained. Leveling screws can be used for adjustment and improved 

collimation. The temperature of the sample was regulated within ±0.1 °C by a 

Eurotherm temperature controller PID 2404. The sample holder was calibrated 

up to 250°C with a number of samples of known melting points. A gauss meter 

was used to measure the magnetic field between the pole pieces. For all the 

photographs, Ni filter of thickness 0.009 mm was used to obtain nearly 

monochromatic Cu Karadiation ofwavelength A-=1.542A. The x-ray beam was 

collimated by a collimator of aperture 1.0 mm. The exact distance between the 

sample and the film was obtained by taking x-ray diffraction pattern of well 

characterized samples. 
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Figure 2.10. Sectional diagram of the x-ray diffraction set-up. 

1. X-ray, 2. Collimator, 3. Brass ring, 4. Ring of syndanyo board, 5.Brass ring, 
6. Cylindrical brass chamber, 7. Asbestos insulation and heater winding, 8. 
Specimen holder and thermocouple, 9. Sample position, 10. Film Cassette, 11. 
Film cassette holder, 12. Base plate, 13. Leveling screw, 14. Brass plates over 
the coils of the electromagnet, 15. Removable spacer, 16. Supporting brass 
stand, 17. Pole pieces and 18. Asbestos insulation. 

The x-ray photographs were scanned by a high resolution scanner (HP 

Scanjet 5590) in the gray mode and at 1200 dpi resolution. 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 [95]. A program was written in GNU octave to obtain the scattered 

intensity profile I(\l') as a function of the azimuthal angle '-l' from the x-ray 
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diffraction photographs (Figure 2.11 ). All the phases exhibited by the samples 

under investigation in this work are uniaxial and have a cylindrical symmetry 

about their long axis. The molecular long axis is oriented about the director n. 
The orientational distribution function describes the distribution of the 

molecular long axis about the director. It gives the probability of finding a 

molecule at an angle P with respect to the director n . 
The scattered intensity profile I( \jJ) ( \jJ is the azimuthal angle) of the 

outer diffused equatorial arc is related to the orientational distribution function 

according to the relation given by Leadbetter and Norris [90]: 

n:/2 

J('l') = c f /d(fJ)sec 2 \l'[tan 2 f3- tan 
2 wr112 sin f3 djJ 

fJ='¥ (2.26) 

where, fct(P) is the distribution function for the orientation p for a local cluster 

of molecules relative to the director n (p = 0). The above equation can be 

numerically inverted to give fct(P) which is assumed to be close to the singlet 

distribution function f(p). The Orientational Order Parameter <P2> and <P4>, 

defined as the average orientation of the molecular long axes with respect to 

the director, were calculated using the following equation: 

1 

f p L (COS jJ ) f d ( /3 ) d (COS jJ ) 
0 

1 

J fd (fJ )d (cos fJ) 
(2.27) 

0 

where, L = 2, 4. 

To calculate fct(P) and hence the order parameter, I(\jl) values from \jJ = 

0 to \jJ = 90° is required. The I( \jJ) values of in the four quadrants were 

measured separately and the average values ofi(\jl) was used to determine f(p), 

<P2> and <P4>. The errors in the calculation of <P2> and <P4> have been 

estimated to be less than ± 0. 0 15. 
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The average lateral distance between the neighbouring molecules (D) is 

related to the corresponding Bragg angle (26) as [92, 93] 

2Dsine = kA. (2.28) 

where, 26 is the Bragg angle for the equatorial diffraction, A is the x~ray 

wave length and k is a constant ( = 1.117 for the perfectly ordered state) which 

comes from the cylindrical symmetry of the system. 

The Bragg equation 2d sine =A. (6 is the Bragg angle for the meridional 

diffraction spots) has been used to calculate the apparent molecular length (1) or 

layer thickness (d). 

Figure 2.11. Azimuthal scan of the x-ray diffraction film in the nematic phase. 
Horizontal and vertical axes represent azimuthal angle in degree and x-ray 
intensity in arbitrary units respectively. 

2.14. Theoretical background: 

2.14.1. Maier-Saupe theory: 

Maier and Saupe [ 17] have given a molecular statistical theory of the 

nematic phase (N) and nematic to isotropic (N-I) phase transition. The stability 
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of the nematic liquid crystal phase arises from the existence of the anisotropic 

part of the dispersion interaction energy between the molecules. This energy 

originates from the intermolecular electrostatic interaction. Maier and Saupe 

approximated the electrostatic interaction by the first term of its multipole 

expansion and assumed that: 

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

nematic order is concerned. 

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

considered. 

iii) the molecules may be considered to be cylindrically symmetric 

long axis. 

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

remaining molecules may be taken to be spherically symmetric. 

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

an orientational distribution function f( cos8), wherein e is the angle between 

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

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

distribution function can be written as, 

f(cos B)= L (2
L + l) < Pr (cos B)> PL (cos B) (2.29) 

L-even 2 

where PL (cosO) are the Lth even order Legendre polynomials, and 

<PL (cos B)> are the statistical average given by 

< P L (cos e ) >= f ~ P L (cos e ) 1 (cos e ) d c cos e ) (230) 

<PL> are called the Orientational Order Parameters (OOPs). Humphries et al 

[96] has given a more comprehensive concept by including higher order terms 

in the mean field potential for cylindrically symmetric molecules as, 

v (cos e)= I u L < PL > PL (cos e) (L:;t:O) (2.31) 
L-even 
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where UL are the functions of distance between the central molecule and its 

neighbours only. Putting Legendre polynomials, L = 2 in equation 2.32 we get, 

(2.32) 

<P2> is generally called the order parameter. For isotropic liquid <P2> = 0 and 

for perfectly ordered sample <P2> =1. 

Retaining the first term of the right hand side of equation 2.32, the expression 

for the potential energy of a single molecule can be written as 

V (cos t9) = - vP 2 (cos B) < P2 > (2.33) 

where, v = -U 2 

The orientational distribution function for a single molecule is given by 

f (cos B ) = Z - 1 exp[ - V (cos B ) I kT ] (2.34) 

where Z is the single molecule partition function given by 

1 

Z = J exp[ -V(cos B)/ kT ]d(cos B) (2.35) 
0 

and k is the Boltzmann's constant. 

Substituting the value ofv(cos9) and f(cos9) from equation 2.34 and equation 

2.35 into equation 2.33 we can write 

J;P2 (cos B)exp[ P2 (cos B)< P2 > IT*]d(cos B) 
< p2 (cOS B)>= I (2.36) 

J exp[ P2 (cos B) < P2 > IT*] d (cos B) 
0 

where T * = kT I v 

Equation 2.36 is a self-consistent equation. For every temperature T* we 

can obtain the value of <P2> that satisfies the self-consistent equation. For 

normal liquid corresponding to the isotropic state, the value of <P2> = 0 is a 

solution at all temperatures. In addition, for temperatures T* < 0.22284, two 

more solutions of <Pz> appear. It has been found that the nematic phase with 
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<P2> > 0 is stable when the T* satisfies the condition 0::::; T* ::::; 0.22019. With 

T* > 0.22019, a stable isotropic phase results with <P2> = 0. 

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

0.4289 at T*=0.22019. The nematic - isotropic (N-I) phase transition takes 

place at T* = 0.22019 and it is of first order, with a discontinuous change of 

order parameter <P2> from 0.4289 to 0. However, the energy associated with 

N-I phase transition is about 0.83 cal/mole-K, which is much smaller than that 

of usual solid-liquid transition, which is of the order 25 callmole-K. These 

transitions are often called weakly first order transitions. Values of <P2> as a 

function ofT* can be calculated easily by solving equation 2.36 iteratively. 

Although approximations are involved in Maier-Saupe theory, for a number of 

nematic liquid crystals, the experimental values of <P2> agree quite well with 

those predicted by the theory. 

2.14.2. McMillan's theory for Smectic A phase: 

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

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

molecular axes. McMillan [18] proposed a simple and elegant description of 

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

additional order parameter for characterizing the one-dimensional translational 

periodicity of a layered structure. Therefore, the normalized distribution 

function can be written as: 

" ~ 21l!1Z f (cos 8) = L...J L...J A L,n PL (cos 8) cos( ) 
L-even n d 

(2.37) 

l d 

with f f I (cos e , z) dz d (cos 8 ) = 1 (2.38) 
-1 0 

as normalizing condition, where d is the layer thickness. 
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McMillan [ 18] following Kobayashi [97, 98] expressed the pair potential as 

( 
2JZ"z \ ( 2JZ"z) v M (cos e, z) = -V[oar cos d)+ {lJ + ao cos d }P2 (cos()) (2.39) 

where a and o are the two parameters of the potential. Here, 

'!] =< p 2 (cos () ) > ' 1: =< cos ( 
2 ;z ) > and () =< p 2 (cos e ) cos ( 

2 :z ) > 

are the orientational, translational and mixed order parameters respectively and 

<···>denotes the statistical average of the quantities inside. 

The distribution function can thus be written as 

f M (cos e' z) = z -l exp[ - v M (cos (} ' z) I kT ] 

where, Z is the single molecule partition function given by 

l d 

Z = f f exp[ - V M (cos (), z) I kT ]d (cos ()) dz 
0 0 

(2.41) 

Here also, three self-consistent equations containing lJ, r and a can be 

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

parameters, the following three solutions are possible: 

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

ii) 1J =t: 0, r = a= 0, orientational order characteristic of the nematic phase in 

accordance with the Maier Saupe theory; 

iii) 1J =t: 0, r =t:O, a =t: 0, orientational and translational order characteristic of the 

smectic A phase. 

Due to iack of other alternatives, the experimental data for the pure 

compounds having Smectic B phase have been fitted with those calculated 

from the McMillan's theory for Smectic A phase with the potential parameters 

a. and o as adjustable parameters. 
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2.15. Materials for VA mode applications: 

2.15.1. Basic requirement and physical properties: 

Chapter II 

For commercial applications, a broad nematic range of the liquid 

crystalline material from -40 to 1 00°C is required in order to guarantee the so 

called operating temperature range of LCD's [99]. Furthermore, the clearing 

temperature of the mixture should be at least 1 0°C higher than the operating 

temperature of the device. 

The magnitude of the dielectric anisotropy ~E, directly determines 

the strength of interaction of the liquid crystal with an applied electric field and 

therefore has a major influence on the threshold voltage. Depending on the 

molecular structure the dielectric anisotropy can be positive (molecular dipole 

parallel to the long axis of the molecule) or negative (molecular dipole 

perpendicular to the long axis of the molecule). Vertically Aligned (VA) mode 

applications require liquid crystalline materials with negative dielectric 

anisotropy. Such features are realized with LC's having lateral polar substituent 

which induce a dipole moment perpendicular to the long axes of the molecule. 

The standard Thin Film Transistor (TFT) driver requires an operating voltage 

under 6 volts. As a consequence the dielectric anisotropy of the LC mixture has 

to be around- 3 after taking the elastic constants into consideration. 

Elastic constants Kii (i = 1, splay, i = 2, twist and i = 3, bend), are the 

proportionality constants between the force (electric or magnetic) and the 

deformation of director fields. The operating voltage in a VA mode device is 

proportional to the square root of the fraction between the bend elastic constant 

and dielectric anisotropy. It is thus required to have materials with low values 

of the bend elastic constant. The variation of elastic constants in ideal mixtures 

has been found to be almost linear for the splay and the twist elastic constants. 

However, the bend elastic constant K33 shows a negative deviation and its 

behaviour is difficult to predict. 
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For VA mode applications, the required optical path length (d.&!) is 

around 0.3J!m. For currently used cell gaps (;:::: 4J!m), this reqmres a 

birefringence values for the VA mixtures to be around 0.08 [99]. 

Furthermore, due to the increasing number of moving picture internet 

applications and the overlap of monitor - video and TV technology, the 

reduction of switching times is another very important issue for liquid crystal 

material development. The switching time of 25 ms from black to white state 

for VA LCDs is not sufficient to realize full moving pictures. To achieve at 

least 90% transition between two frames switching time of 16msec (i.e. the 

time of one frame during which the voltage is sustained until the next refresh 

signal pulse arrives; for 60 Hz refresh rate) is the basic requirement. This 

necessitates the development of improved LC materials with lower rotational 

viscosity. 

2.15.2. Structure-property relation: 

All structural elements such as side chain, nngs, linkage groups and 

terminal group etc. of a liquid crystal molecule contribute to the physical 

properties. For example benzene rings with polar substituents contribute to the 

dielectric anisotropy significantly. In addition, the aromatic ring contributes to 

higher values of the optical anisotropy (L\n) compared to a cyclohexane ring. 

As a consequence there are limitations for high polar liquid crystals with low 

An values. Other contradictory requirements are the simultaneous existence of 

high clearing point and low viscosity and materials with high polarity and low 

viscosity. Additional properties like solubility etc. also play a decisive role for 

practical use. Moreover, liquid crystals must be chemically, photochemically 

and electrochemically stable. Empirically, the Voltage Holding Ratio (VHR) 

[100-102], (VHR is _defined to be the ratio of RMS voltage at a pixel within 

one-frame time period and initial voltage value) values decrease with 
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increasing dielectric anisotropy of the LCs. The combination of high polarity 

with high VHR is therefore another usually contradictory material requirement 

2.15.3. Structure and chemical name of the pure compounds 
as components of VA mode mixtures: 

The applied materials that have been mainly used are the 2,3-difluoro 

sub-unit liquid crystalline compounds [ 6] having low rotational viscosity and 

broad phase transition temperature. Additionally, the physical properties of few 

bicyclohexane compounds, which have been used as additives in the 

multicomponent mixtures to adjust the birefringence, have also been studied. 

All the samples have been procured from A W AT Co., Warsaw, Poland and 

were used without further purification. The chemical structures and transition 

temperatures of the liquid crystals studied are listed in Table 2.1. 

Table 2.1. Chemical structure and transition temperatures of the pure 
liquid crystals studied: 

Sl. Chemical Structure Tm TsmB-N TNI 

No. (oC) (oC) (oC) 

1 F. F 73 110 

C2H5 

2 
_F _______ 

50.3 

C3H7 OC2H5 

3 72.7 114.5 

CzH5 CsH11 

4 67.1 75.2 124.6 

C7H1s CzHs 

74 



Chapter II 

5 54.6 
-1 

123.1 I 
C3H7 CsH11 I 

I 

6 I 50.8 111.61 

C4H9 CsH11 

7 74.2 1128.1 

CsH11 CH3 I I 
I I 
~----J 

8 90.6 I 132.71 

\ j I I I 
I I 

F FF F --· ~---- -"--~----- ---~ 
9 

I ~H,o--(fu-o-c,H, 
93.3 122.91 

I 
10 F. F 1121 (110) 152 

C,H,-Q-()-~'-~'oo~c,H, 
11 

--Q-0-"' H,-0-
111 (109) 162 

C3H7 C -C \ ;) O-C2H5 

12 32 37 
O-C2H5 

13 33 
C3H7 OCH3 

14 80 86.4 
C3H7 CH=CH-CH3 

15 35 59.2 70 
H7C3-o-o-O-C-OC2H5 II 

0 

16 r:; F E F 75.4 195.5 

c=c-0-o~H, -
CsH11 j 
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17 86.1 1171.81 
I I 

I I 

F. F F. F 

c,H,.-Q-c=c~c=c~c,H,, 
18 56.5 53.4 84 

CN 

19 68.7 80.8 

20 

21 

22 

23 
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CHAPTER Ill 

Physical Properties of Pure 
used as Main Components 
Aligned Mode Mixtures 

3.1. Introduction: 

Compounds 
of Vertically 

In order to formulate multicomponent mixtures for Vertically Aligned 

(VA) mode displays the study of the physical properties of pure components is 

essential. Thus the physical properties of pure liquid crystalline compounds 

suitable for application in Vertically Aligned mode Liquid Crystal Display 

(VA-LCD) [1, 2] have been studied in this chapter. Of the existing 

technologies, the VA mode is one of the best approaches that are currently 

being used due to their superior picture quality with wide viewing angle [3, 4], 

high contrast [5] and video-compatible switching times [6-9] over the 

conventional Twisted Nematic (TN) [10-13] or the more recent Plane 

Switching (IPS) [14-23] mode LCDs. As the name suggests, in a VA-LCD, the 

longitudinal axis of the liquid crystal molecules are aligned perpendicular to 

the upper and the lower substrates of the display in the absence of electric field. 

The switching behavior requires liquid crystal materials with negative 

dielectric anisotropy (~E < 0) [24-26]. Liquid crystal molecules with lateral 

polar groups (e.g. fluorine) fulfill this requirement. Research in the "materials 

development" area of VA-LCD's are thus mainly focused on laterally 

fluorinated liquid crystals with negative dielectric anisotropy based on ortho

difluorobenzene building block [27]. 
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The size of the fluorine atom is larger than hydrogen and hence fluoro

substitution in liquid crystal molecules cause many fascinating modifications to 

mesophase morphologies and transition temperatures, and can also improve 

important physical parameters such as birefringence (~n), dielectric anisotropy 

(~E), bend elastic constant (K33), relaxation time ('t0) and rotational viscosity 

(yt) [28]. The temperature dependence of the birefringence, dielectric 

anisotropy, bend elastic constant and rotational viscosity of the pure liquid 

crystalline compounds that have been used as the main components in the 

preparation of the VA mode mixtures, throughout their mesomorphic range, 

has been reported here. The structure property relationship of the pure 

compounds has also been discussed. The Orientational Order Parameter 

(OOP), <P2>, and activation energies (Ea) have been calculated for these 

compounds. The temperature dependence of the visco-elastic ratio (y1/K33) and 

Figure of Merit (FoM) have also been determined. FoM allows the relative 

performance of liquid crystalline materials to be compared as a function of 

temperature and is also proficient to find the most suitable compound for 

application in VA mode displays [28]. 

3.2. Physical properties of pure components of VA 
mode mixtures: 

3.2.1. Materials: 

The main material research target is to identify suitable liquid crystalline 

compounds with low melting point, broad nematic range and negative 

dielectric anisotropy. The materials that are currently being used are the 2, 3-

difluoro sub-unit liquid crystalline compounds having low rotational viscosity 

and broad phase transition temperature [29, 30]'. Moreover, the choice of these 

compounds is also governed by the birefringence required. Therefore, in this 

work materials with low values of the optical birefringence such as 

bicyclohexane or phenyl cyclohexane compounds have been identified and 
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then characterized by different experimental methods. The rotational viscosity 

(y1) should also be kept as low as possible to allow fast switching. Terphenyl 

derivatives are a good choice due to their low values of rotational viscosity 

while keeping the birefringence (L'ln) in the desired range of around 0.09 [31]. 

The chemical structure and phase transition temperatures of the pure 

components that have been used in the formulation of the multi component 

mixtures are given in Table 3 .1. 

Table 3.1. Chemical structure and transition temperatures of the 
components used in the formulation of VA mode multi-component mixtures. 

l Comp 
.No. 

1 

2 

3 

4 

5 

6 

7 

F 

C7H1s 

~>=( 
C3H7 \ j 

C4H9 

CsH11 

50.3 

41.6 114.5 

---
67.1 (75.2) 124.6 

C2Hs 

54.6 123.1 

o-CsH11 
50.8 111.6 

CsH11 

74.2 128.1 

CH3 
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8 F. F 90.6 ----- l32.7l 
I - - -

C3H7 \ ;) \ /) \ /) CH3 I 
I 

9 F. F F, F 93.3 ----- 122.9 I 
- - -

C2H50 
~ ;) \ ;) ~ j CsH11 

10 

-0-D--"'~o 
112 (110) 152 

i C3H7 c -c \ ;} o-c4H9 

I 

11 

-0-D--"' H,o 
111 (109) 162 

I C3H7 C -C · \ ;} O--C2H5 

12 
C0H,-Q-O-o-C2Hs 

32 ----- 37 

13 
c,H,-D-0-ocH, 

.... -........ ----- 33 

14 C,~-QOCH=CH-CH, 80 ----- 86.4 

15 
H7C3-D--O-o-R-oc2H5 

35 59.2 70 

I 0 

16 F. F F. F 75.4 195.5 

c=c-0-oc,H, 
-----

- --
CsH11 \ /) \ /) 

17 F. F F. F 86.1 171.8 
ce<,c-Q-c=c~=c~c,H,, 

-----

--
( --) indicates mono tropic transitions. 

3.2.2. Texture studies: 

The transition temperatures and textures were observed usmg a 

polarizing optical microscope (Motic BA300) equipped with Mettler Toledo 

FP900 Hot Stage. Typical thread-like textures characteristic of the nematic (N) 

phase were observed upon heating for all the laterally fluorinated terphenyl 

compounds (compounds 1 and 3-9). Compound 4 and the phenyl 

bicyclohexane compounds 10 and 11 upon cooling exhibited monotropic 
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Smectic B (SmB) phase with mosaic texture. All the compounds (compound 1, 

3-12) showed large super cooling. The phenyl cyclohexane compound 12 has a 

short nematic range. Of the two bicyclohexane compounds studied (compounds 

14 and 15) compound 14 showed only nematic phase, while compound 15 has 

a SmB phase in addition to the nematic phase. Compounds 16 and 17 are two 

laterally fluorinated tolanes with a wide nematic range and have been used as 

dopants in the mixtures. Laterally fluorinated biphenyl (compound 2) and 

methoxy phenyl cyclohexane (compound 13) are non-mesogenic. 

3.2.3. Phase transition temperatures: 

All the compounds studied in this work exhibit an enantiotropic u"''·'"~"'~ 

phase. It is interesting to study the effect of lateral substituent on type 

mesophase formed. Fluorine substitution at a lateral position within the 

aromatic core exerts a small steric effect because, relative to a hydrogen atom, 

the fluorine atom inserted from the side of the molecules induces a steric 

interaction between the molecules. The laterally substituted fluorine atom 

disturbs the packing of the molecules in layers, thus destabilizing the smectic 

order and favouring the less-ordered nematic phase. Larger substituent 

eliminate the layered structure completely and replace it by a nematic order 

[32]. Although, the smectic phase appears in compounds 4, 10 and 11, these are 

monotropic. 

The location of the laterally substituted fluorine atom is different for the 

different investigated compounds and can be classified as (a) inner-core and 

(b) outer-edge [32]. At an 'inner-core' iocation, a lateral fluoro substituent 

causes much disruption in the side-to-side intermolecular packing, and hence 

smectic phase stability is severely depressed, which allows the formation of a 

nematic phase. Such an 'inner-core' location, the fluoro substituent causes an 

inter-annular twisting, which is greater than that caused by the hydrogen, at the 

appropriate joint of the two benzene rings, which reduces the polarizability 

anisotropy, resulting in further reduction of liquid crystal phase thermal 
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stability [33l Compounds 4, 10 and 11 have two fluoro substituents in the 

outer ring. Smectic phases are prevalent because of the 'outer-edge' fluoro 

substitution. The flu oro- substituent at the 'outer-edge' position tends to fill the 

space with a polar unit, facilitating the side-to-side intermolecular forces of 

attraction, and hence upholding the smectic phase stability [31-33]. 

Additionally, as there is no fluoro-substitution in the inner core position, no 

additional inter-annular twisting is expected, and hence polarizability 

anisotropy will be relatively high, thus supporting high transition temperatures. 

For compounds 10 and 11 there is an alkoxy (butoxy and ethoxy for 10 and 11 

respectively) group with two lateral fluorine in the 'outer edge' and hence 

exhibit smectic B phase. 

We can also classifY all the pure compounds depending on the presence 

of fluorine atom in another two categories (a) fluorinated (compound 1-11, 16, 

17) and (b) non:fluorinated (compound 12-15). If one considers the first 

subgroup, the melting temperatures are relatively high for the members with 

short alkyl or alkoxy chains. Introduction of an alkoxy group into the terphenyl 

structure (compound 9) leads to an increase in the clearing point. Compounds 

1, 3, 5-8 have the same core structure with different alkyl chain lengths. 

Compound 1, with methyl-ethyl terminal group on either sides, shows a fairly 

high melting temperature (Tm=72.7°C). When the methyl-phenyl (compound 1) 

terminal group is replaced by methoxy groups (compound 2) then the 

compound become a non-mesogenic. The melting temperature of the terphenyl 

compounds moderately depend on the length of the two terminal alkyl chains. 

The more asymmetric compounds tend to have lower melting temperatures, 

except for the compound with a methyl group (compound 8). In the terphenyi 

series studied, compound 3 ( ethyl-pentyl) and compound 6 (propyl-pentyl) 

have the lowest melting temperatures (41.6°C and 50.8°C respectively). The 

melting temperature gradually increases as the terminal alkyl chains of a 

compound become shorter (compounds 5, 7, 8). As expected, compound 9 with 

ethoxy-pentyl chain exhibits highest melting point. Based on the transition 
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temperatures and phases of all the compounds, the terphenyl compounds seem 

to be attractive compounds for mixture formulation [33, 34]. 

3.2.4. Birefringence measurements: 

The temperature dependence of the principal refractive indices n0 and ne 

and the refractive index in the isotropic phase (niso) at a wavelength of 'A = 

632.8 nm for all the pure compounds were measured and are shown in Figures 

3.l(a)-(m). Figures 3.2 (a)-(c) illustrate the birefringence (~n) of compounds 1, 

3-12, 14, 15 plotted as a function of relative temperature (T Nr T). 

It is observed that the optical anisotropy (i.e. birefringence, tm) of the 

pure compounds strongly depends on the terminal alkyl or alkoxy chains as 

well as the number and position of fluorine atoms in the lateral direction. Thus, 

it is often necessary to take into account the structural modifications to explain 

the difference in experimental data obtained from optical anisotropy studies 

[35, 36]. 

A common structure for compounds 1, 3, 5-8 is shown below. It will be 

helpful to compare side by side the variation in ordinary and extraordinary 

refractive indices as well as the optical anisotropy for those compounds. The 

chemical structure is as follows: 
F F 

R 

where, R and R1 stand for the terminal alkyl chain. The unsaturated rings of the 

terphenyl structure elongate the 1t electron conjugation through the entire rigid 

core of the molecules. The optical anisotropy strongly depends on the length of 

the total alkyl chain (i.e. R+R1
). As the length of the alkyl chain decreases 

birefringence (~) decreases. It has been found that for compound 5 and 

compound 6 the total chain lengths are almost equal and hence their 

birefringence values are almost similar ( ~0.20 at T NI-T=l 0°C). Phenyl rings 

and alkyl chains both trap 1t electrons which results in n electron conjugation 
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Figure 3.1. Experimental values of refractive indices n0 and nc as a function of 
temperature for (a) compound 1 and (b) compound 3. TN1 =nematic- isotropic 
phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices 11o and fle as a 
function oftemperature for (c) compound 4 and (d) compound 5. TNI =nematic 
- isotropic phase transition temperature and T SmB-N = smectic B-nematic phase 
transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices n0 and ne as a 
function of temperature for (e) compound 6 and (f) compound 7. T NI = nematic 
- isotropic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices no and ne as a 
function oftemperature for (g) compound 8 and (h) compound 9. TN1 =nematic 
-isotropic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices n0 and ne as a 
function of temperature for (i) compound 10 and G) compound 11. TNI = 

nematic - isotropic phase transition temperature and T smB-N = smectic B
nematic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices no and ne as a 
function of temperature for (k) compound 12 and (1) compound 14. T NI = 

nematic - isotropic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices n0 and ne as a 
function of temperature for (m) compound 15. T NI =nematic -isotropic phase 
transition temperature. 

and hence the ordinary refractive indices (no) values have increased [33]. At the 

same time photochemical stability has not been jeopardized. Again, as the 

chain length decreases the extraordinary refractive indices (ne) also decrease. 

Lowest values of ne is found for compound 8 (ne= 1.66 at TNrT=l0°C) and 

highest value of ne is observed for compound 6 (ne = 1.74 at TNI-T=l0°C). 

Subsequently for compounds 4, 10 and 11 the presence of two lateral fluorine 

atoms at the 'outer edge' position, strongly affects the molecular geometry as 

well as ~n values [34]. However, compound 4 shows higher values of ~n (~ = 

0.22 in the SmB phase) compared to compounds 10 and 11 in the nematic as 

well as smectic B phases (~n=0.08 and 0.11 in the SmB region), since in these 

compounds rigid core contains two cyclohexane rings [35, 36]. It is well known 

that benzene rings are rather polarizable along the plane of the ring, because of 

the delocalized rc electrons whereas cyclohexane rings are less polarizable. 

Moreover, when alkyl group is replaced by an alkoxy group both n0 , ne as well 
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as ~n also decrease. The smectic B - nematic (SmB-N) phase transition is 

discontinuous for compounds 4, 10 and 11. 

In compound 9 there are four laterally substituted fluorines in the core 

and an ethoxy group (more polar than alkyl chain) in the terminal chain. This 

results in a decrease in n0 values and an increase in the ne values. As a result, 

lm values are moderate for compound 9. Phenyl cylclohexane has a much less 

rigid bridging group (compound 12) than other compounds studied and this 

leads to relatively small conjugative interactions [35]. Therefore compound 12 

has a low birefringence (~n =0.08 at TNI-T=l0°C). Compounds 14 and 15 with 

bicyclohexane in the rigid core show a very low birefringence of the order of 

0.03 and 0.08 respectively. Finally, it can be concluded that compounds 1, 3-9 

show higher values of~ (0.20-028 in the nematic range) compared to 10-12, 

14-15 since the aromatic ring contributes towards a higher value of the optical 

anisotroy (~n) compared to a cyclohexane ring. 

0.25 

0.20 
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<j 

0.10 

0.05 
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1 

o COMPOUND 1 
!:::. COMPOUND3 
e COMPOUND4 
0 COMPOUND5 
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0 • 
0 

Figure 3.2. Experimental values of birefringence (~n) as a function of relative 
temperature for (a) pure compounds 1, 3-5. Key to symbols: o Comp. 1; ~ 
Comp. 3; • Comp. 4; o Comp 5. i indicates SmB-N phase transition. 
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A comparison of the birefringence (.1.n) in the nematic phase of all the 

compounds studied at a relative temperature T NI-T = 1 0°C is shown below: 

.1.n 6-5>3>1>7>8>9>4>12>10>14~15>11 

3.2.5. Dielectric permittivity measurements: 

The parallel and perpendicular component of dielectric permittivity ( s 11 

and e J..) as a function of relative temperature for all the pure compounds under 

investigation are shown in Figures 3.3(a)-(c) and Figures 3.4(a)-(c) 

respectively. The dielectric anisotropy ( ~s) for several laterally fluorinated 

liquid crystalline pure compounds 1, 3-11, one phenyl cyclohexane compound 

12 and two bicyclohexane compounds (compound 14 and compound 15) as 

function of relative temperature are shown in Figures 3.5(a)-(c). 

dielectric anisotropy (ell < a1..) for all the laterally fluorinated compounds (1, 3-

11) are observed as expected. Compounds 12, 14 and 15 however, show 

positive dielectric anisotropy (an> eJ..). 

The dipole structure of the molecules studied clearly indicates that for 

the laterally fluro-substituted compounds, the dipole moment is substantially 

aligned along the transverse axis. The high electro negativity of fluorine 

(electro negativity of F=-3.98) [37] significantly affects the dielectric 

properties of the pure compounds. The electron density is concentrated around 

the fluorine, leaving the carbon relatively electron poor. Modification of the 

alkyl chain and the number of lateral fluorine present in the core helps to 

change the component of the dielectric permittivity values and also moderates 

the dielectric anisotropy (ile). From a comparison of the en values for 

compounds 1, 3-8 it is observed that they increase as the total chain length 

decreases. For longer tails the s 11 values are reduced. It is highest for compound 

8 (total chain length R+R!=4) and lowest for compound 6 (total chain length 

R+R!=9) [31, 34]. The dielectric permittivity in the perpendicular direction (eJ..) 

for compounds 1, 3-8 varies slightly with alkyl chain length, while keeping 
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their dielectric anisotropies almost similar. The presence of an alkoxy chain in 

place of an alkyl chain leads to an increase in the permittivity values along the 

molecular long axis because of 1t electron conjugation. The ethoxy (compound 

9 and 11) and butoxy (compound 10) groups are the most effective in this 

respect. Again, from the structural point of view, it is observed that compounds 

14 and 15 with identical rigid cores and terminal chain on one end and 

dissimilar terminal groups on the other end- an ethylene bond in compound 14 

replaced by an ester group (electro negativity of 0=-3.44 [37]) in compound 

15, results in higher value of sn for compound 15. 

Compounds 1, 3, 6, 8 (Figure 3.5 (a)-(b)) however has moderately low 

value of L'ls of about -1 at a relative temperature T Nr-T = 5 0°C. The ~E value 

compounds 4, 5 and 7 (Figure 3.5(b)) are slightly higher ·1. 

lateral fluoro substituents induce a higher value of transverse dipole moment 

(compound 9) which also results in a higher value of ~E. Compound 9 shows 

the highest value of dielectric permittivities both the longitudinal and 

transverse directions (Ell= 9.8 and EJ. = 16 at around TN1-T = 50°C) and also has 

the highest dielectric anisotropy among all the compounds (~E = -6.2 at around 

TNrT = 50°C). It has been found that the SmB-N phase transition is 

discontinuous for compounds 4, 10 and 11 as shown in Figure 3.5 (a) and (c). 

This result is also supported from birefringence measurements as discussed 

the previous section on these compounds. It is observed that the dielectric 

anisotropy (~s) for compounds 10 and 11 are around -3 at the nematic to SmB 

phase transition and -6 within the SmB phase [36]. This is due to the presence 

of only a single phenyl ring with conjugated n bonds in compounds 10 and 11 

in comparison to the terphenyl compounds 1, 3-9 which makes a significant 

contribution in the direction of the molecular long axis (Eli)· Compound 12 

however exhibits a positive dielectric anisotropy of around 0.75. Compounds 

14 and 15 with bicyclohexane in the rigid core also have a very low positive 

dielectric anisotropy of the order ofO.l and 0.2 respectively. 
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Comparison of the en, e_t and ~e values in the nematic phase of the compounds 

studied at T NI-T = 1 0°C is shown below: 

For negative dielectric anisotropic compounds (~e<O) 

en 9>11>10>8>1>7>3>5>4>6 

e_L 9>10~11>7>3~5>4>8>6>1 

~e 9>11>10>4>5~8>3>6>7~1 

For positive dielectric anisotropic compounds (~e>O) 

en 15>12>14 

8_1_ 15>12>14 

~8 12>14>15 
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Figure 3.5. Dielectric anisotropy (~E) of pure compounds (a) 1, 3-5. Key to 
symbols: o Comp.l; A Comp.3; • Comp. 4; o Comp. 5. j indicates SmB-N 
phase transition. 
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3.2.6. Bend elastic constant measurements: 

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. Although a considerable amount of 

work has been done on the elastic constant measurements of liquid crystalline 

materials exhibiting positive dielectric anisotropy, the measurements of the 

bend elastic constants on laterally fluorinated molecules exhibiting negative 

dielectric anisotropy is relatively rare in the literature. Electric field induced 

Freedericksz transition was used to determine the bend elastic constant (K33) of 

compounds having negative dielectric anisotropy and splay elastic constant 

(Kn) of compound 12 with positive dielectric anisotropy. The threshold 

voltage (V th) was determined trom the sudden change in the capacitance when 

the cells were subjected to an electric field. These Vth values were used to 

determine the elastic constants. The temperature dependence of the bend elastic 

constant (K33) of compounds 1, 3-9 are shown in Figures 3.6(a)-3.6(c). For the 

terphenyl compounds 1, 3-9 a pronounced temperature dependence of the bend 

elastic constant throughout the nematic range has been observed. The K33 

values vary from 4-16 pN at room temperature for all the laterally fluorinated 

pure compounds (1, 3-9). The presence of additional fluorine in the outer 

phenyl ring of compound 9 contributes toward an increased effective dipole 

moment for the compound in comparison with compound 2. The strong 

influence of the dipole moment on the elastic constants may be responsible for 

higher values of the bend elastic constant The K33 values in the nematic phase 

for compounds 10 and 11 are around 7pN and 8pN [36] respectively and are 

found to increase quite steeply, especially as the SmB-N phase transition is 

approached (Figure 3 .6). Out of the three positive dielectric anisotropic 

compounds (12, 14 and 15), only compound 12 shows threshold behavior in the 

planar aligned cell. Although, the threshold voltages of compound 12 are found 

in the range ~2V, due to the low values of dielectric anisotropy the splay elastic 

constant values are found to be quite low throughout the mesomorphic range 
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[36]. However, for compounds 14 and 15 probably due to very small values of 

dielectric anisotropy, the Freedericksz threshold could not be observed. 
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Figure 3.6. Variation of bend elastic constant (K33) as a function of relative 
temperature (TN1-T) for (a) pure compounds 1, 3-5. Key to symbols: o Comp.l; 
8 Comp.3; • Comp. 4; o Comp.5. 

From Figure 3.6 (c) it has been found that the bend elastic constant (K33) 

values are highest for compound 9 and Figure 3.6 (a) shows that K33 values are 

lowest for compound L Since bend elastic constant values are directly 

proportional to the threshold voltage (Vth) it is evident that compound 9 has 

highest values of Vth and compound 1 has lowets values of Vth· The rest of the 

compounds have moderate values of bend elastic constant. 
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3.2.7. Relaxation time ('to) and rotational viscosity (y1) 

measurements: 

Relaxation time and rotational viscosity are important parameters from a 

fundamental science point of view as they offer valuable insight into the 

molecular interactions and phase transitions. These properties are related to the 

switching behaviour of the liquid crystal molecules in presence of an external 

field and they control parameters like steepness of the transmission-voltage 

curve, response time, controlling voltage, etc. 

The experimentally determined relaxation times ('to) in the nematic 

phase of compounds 1, 3-12 as a function of relative temperature (TN1-T) have 

been plotted in Figures 3.7(a)-3.7(c). The relaxation time increases with 

decrease in temperature in the nematic phase of these compounds and show 

sharp temperature variation. From Figure 3.7(a)-3.7(c) it is also clear that out 

of the eleven compounds under investigation, the terphenyl compounds 1, 3-9 

show improved performance in the relaxation time in comparison to others. 

However, compound 4 shows highest value of 'to (around 90ms at T NI-T=20°C). 

This is obviously due to the presence of lateral fluorine atoms in 'outer edge ' 

[32]. On the other hand, compound 9 has the lowest value of 'to (around 26ms at 

T Nr-T=20°C) due to the presence of two additional fluorine atoms in the lateral 

position. 

Rotational viscosity is an important parameter for many electro-optical 

applications employing liquid crystals, because the response time of the LC 

device is linearly proportional to Yl· From the molecular point of view, the 

magnitude of Y1 depends on the detailed molecular constituents, structure, 

intermolecular association, moment of inertia and clearing temperature (T c). 

From the display point of view it is desirable that a linearly conjugated liquid 

crystal molecule should exhibit relatively low rotational viscosity. 
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The experimentally determined rotational viscosity (y1) in the nematic 

phase of compounds 1, 3-12 (compound 2 non-mesogenic) as a function of 

relative temperature (TNI -T) is shown in Figures 3.8(a)-3.8(c). It is clear that 

out of the eleven compounds under investigation, the terphenyl compounds 

show improved performance in the rotational viscosity values in comparison to 

compounds 10, 11 and 12. As temperature increases, y1 decreases rapidly for 

of the compounds. The (2, 3) difluoro substituted terphenyl compounds are 

found to have relatively lower values of the rotational viscosity (around 100 

mPas ), thereby implying a faster response of the molecules to an external 

deforming field [38]. From Figures 3.8(a) and 3.8(b) it is observed that the y1 

values for compounds 1, 3-9 are around 60-120 mPas in the nematic range 

(near room temperature) which is considerably smaller than those obtained for 

phenyl bicyclohexane compounds 10 and 11 with values of 233 mPas and 322 

mPas respectively near the N-SmB phase transition [36]. At the elevated 

temperature, Y1 decreases dramatically. The variation in y1 values can easily be 
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understood by the molecular structure and their interactions. The geometry of 

a phenyl ring is planar, while a cyclohexane ring exhibits a highly non-planar 

structure. Hence, a molecule consisting of phenyl ring rotates more easily [35]. 

On the other hand the curved structure of a cyclohexane leads to various steric 

interaction possibilities during a rotation, which results in an increased value of 

y1• Moreover, the presence of the CH2-CH2 linkage group in compounds 10 and 

11 perhaps induces a rotational hindrance thereby affecting an increased 

relaxation time of the nematic directors which in tum leads to higher values 

the rotational viscosity. 
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Figure 3.8. 'contd. Variation of rotational viscosity (y1) as a function of 
relative temperature (TNr-T) of pure compounds (c) 10-12. Key to symbols: o 
Comp.lO;!:!,. Comp. 11; • Comp.12. 

A number of empirical facts may be concluded from the above 

discussion on rotational viscosity (y1). These are as follows: 

• Molecules with a higher number of rings or alkyl chains are 

characterized by an increase in their corresponding rotational viscosities. 
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• Liquid crystals exhibiting higher values of ~E usually exhibit higher 

viscosities than those with low ~E. Probably this is due to the stronger 

polar interaction between the molecules. 

• Liquid crystals with phenyl rings (planar structure) and lateral fluorines 

exhibit much lower viscosity (around lOOmPas) than compounds with 

cyclohexane in its rigid core (highly non-planar structure). They exhibit 

rotational viscosity values more than 250mPas. 

3.2.8. Activation Energy: 

The temperature dependence of y1 is fitted with the following expression 

J) 

where, kp is the Boltzmann's constant and Ea is the associated activation 

energy. <P2> is the Orientational Order Parameter (OOP) which has been 

determined from birefringence measurements [39]. 

The birefringence in the crystalline or solid state (~n0) was determined 

from the Haller's extrapolation method [ 40] using the equation: 

(3.2) 

where t1n0 is the extrapolated birefringence at absolute zero temperature, 

T* and P are adjustable parameters. T* is about 1-3K higher than the clearing 

temperature and the exponent p depends on the molecular structure and its 

value is close to 0.2. L1n0 is the birefringence in the completely ordered state i.e. 

at absolute zero temperature. It may be noted that for compounds having both 

nematic as well as smectic B phases (compounds 4, 10 and 11) equation 3.2 has 

been fitted in the nematic phase only. From Haller's extrapolation method [40] 

L1no was determined. The values of L1no, T* and exponent B of all the pure 

compounds are shown in Table 3.2. The temperature dependent birefringence is 

related to the order parameter (<P2>) [41] by the following expression 
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(3.3) 

Figures 3.9(a)-3.9(c) show the variation of the experimentally 

determined Orientational Order Parameter (OOP) values with relative 

temperature throughout the mesomorphic range for all the pure compounds. 

The experimental <P2> values are found to be discontinuous across the SmB-N 

phase transition for compound 4, 10 and 11. These values are also found to be 

relatively higher in the smectic B phase showing the phase to be much more 

orientationally ordered than the neighbouring nematic phase. The terphenyl 

compounds are moderately ordered (Figure 3.9 (a)) in the nematic phase 

whereas compounds 10 and 11 in the smectic phase show higher values of 

OOP (Figure 3.9 (b)). 
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From the slope of the of In (y1/<P2>) curve plotted against 1/T 

(Arrhenius plot) the activation energy Ea was evaluated using equation 3.1. The 

associated activation energy is listed in Table 3.3. 

Table 3.2. Extrapolated birefringence at the absolute zero temperature (b.n0), 

T* and exponent ~ in the nematic phase of all the pure compounds. 

Comp. 
.£\no T*inK I f3 I 

No. 

j 1 0.356±0.004 382.6±0.2 0.23±0.005 
3 0.317±0.001 380.1±0.1 0.19±0.002 

t-
I 4 0.216±0.002 398.5±1.1 0.17±0.006 

1------ . -

5 0.284±0.002 378.7±1.1 0.17±0.006 ~ !---·---- -
6 0.348±0.004 382.6±0.4 0.17±0.006 I 

I 
----f-· --·---~---- _____., 

7 0.283±0.003 392.9±0.3 0.18±0.005 I 

J 
8 0.353±0.004 406.8±0.4 0.14±0.006 

' 9 0.291±0.003 393.3±0.6 0.20±0.005 
!----- I--· 

10 0.118±0.002 430.3±0.1 0.15±0.006 

11 0.117±0.003 440.4±0.1 0.14±0.005 
12 0.113±0.006 309.6±0.2 0.13±0.013 
14 0.091±0.002 361.4±1.8 0.16±0.013 --
15 0.087±0.003 345.2±1.6 0.17±0.017 

Table 3.3. Activation energy (Ea) values calculated in the nematic phase of 
compounds 1, 3-11. 

Compounds Phase 
Activation energy 

KJmor1 

1 N 32.54 
3 N 31.88 
4 N 28.77 
5 N 29.65 
6 N 29.26 
7 N 30.44 
8 N 31.45 
9 N 32.01 
10 N 28.67 
11 N 28.11 
12 N 27.56 

117 



Chapter HI 

3.2.9. Determination of visco-elastic co-efficient and Figure 
of Merit (FoM): 

The visco-elastic co-efficient (y1/K33) characterizes the amount of time 

and energy required to rotate the liquid crystal molecules [ 42-44]. Figures 

3.10(a)-3.10(c) summarizes the temperature dependence ofthe visco-elastic co

efficient of the pure compounds studied. From the experimental data for 

compounds 1, 3-12, it is evident that the terphenyl compounds 1, 3-9 have 

improved values of the visco elastic coefficient due to lower values of the 

rotational viscosity of these materials, while the higher values of the rotational 

viscosity of the phenyl bicyclohexane compounds 10 and 11 and the phenyl 

cyclohexane compound 12 reversely affect the visco-elastic ratios 

compounds and as a result the (y1/K33) values are enhanced. 
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To compare the performance of a liquid crystal compound in a device, 

the Figure of Merit (FoM) [28] that takes the birefringence and visco-elastic 

co-efficient (y1/K33) into consideration is calculated from the expression: 

(lln) 2 

FoM=----
(rt I K33) 

(3.4) 

Figures 3.ll(a)-3.ll(c) illustrate the FoM values, plotted as a function of 

relative temperature. FoM gives us a clear picture about the comparison of 

switching speed of the molecule. As expected, compounds with cyclohexanes 

and laterally substituted fluorine atoms and longer terminal alkyl chains 

demonstrate lower FoM values and therefore are expected to be less effective 

in multi-component mixtures to reduce the response time to an applied electric 

field. 
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Figure 3.11. Figure of Merit (FoM) of pure compounds (a) 1, 3-5. Key to 
symbols: o Comp. 1; o Comp. 3; • Comp. 4; fl Comp. 5. 
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Figure 3.11. 'contd. Figure of Merit (FoM) of pure compounds (b) 6-9. Key 
to symbols: o Comp. 6; Ll Comp.7; • Comp. 8; o Comp. 9 and (c) 10-12. Key 
to symbols: o Comp. 10; Ll Comp. 11; • Comp. 12. 
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Since the expression for F oM consists of the square of birefringence, 

compounds 1, 3-9 with relatively higher values of the birefringence and lower 

values of rotational viscosity exhibit improved values of F oM. On the other 

hand, for compounds 10 and 11, the FoM values are low because of the 

presence of cyclohexane core with CH2-CH2 linkage group (resulting in low 

birefringence) in these two compounds [36]. Compound 12 with a phenyl 

cyclohexane core also possess a lower F oM value. It is also observed from this 

study that, of all the terpheny 1 compounds investigated here, the material 

properties in the nematic phase of compound 4 (not a room temperature 

nematic and has a SmB phase at lower temperature) are by far the best suited as 

component of multicomponent mixtures for VA mode displays due to its 

improved y1/K33 and FoM values. However, it may be added that this finding 

do not rule out the selection of other pure components in the formulation of 

rnulticomponent mixtures since no single component can fulfill all the material 

requirements of a liquid crystal to be used in display devices. 

3.3 .. Summary and Conclusions: 

LCDs working on the vertical alignment technique are particularly 

attractive due to their wide viewing angle, excellent contrast and shorter 

response time. For such devices, nematic LC mixtures with negative dielectric 

anisotropy (~E < 0) are used. To assess the suitability of a particular compound 

in multi component VA mode mixtures, the physical properties of several 

laterally fluorinated LC pure compounds (compounds 1, 3-11) with negative 

dielectric anisotropy (~E < 0) and a phenyl cyclohexane compound (compound 

12) with positive dielectric anisotropy (~E > 0) have been studied from 

dielectric permittivity, optical birefringence, bend elastic constant and 

rotational viscosity measurements. Compound 10 and 11 are two 

bicyclohexane phenyl compounds. 
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The molecular structures have an essential impact on many important 

physical (electro-optical and visco-elastic) parameters e.g. birefringence, 

dielectric anisotropy, bend elastic constant, relaxation time and rotational 

viscosity. The thermotropic rod-like molecules (compounds 1-15) studied here 

are characterized by several structural features including lateral fluorine 

substitution, aromatic ring structures in the core and alkyl or alkoxy group in 

the terminal position. Compound 1 and compounds 3-9 with lateral fluorine 

substitution posses a higher values of birefringence (0.20-0.28 in the nematic 

range) while the phenyl bicyclohexane compounds 10 and 11 and the phenyl

cyclohexane compound 12 exhibit a relatively lower birefringence values of 

around 0.08 - 0.11. Bicyclohexane compounds 14 and 15 show a very low 

birefringence of the order of 0.03 and 0.08 respectively. From dielectric 

anisotropy measurements, it is observed that the SmB-N phase transition is 

discontinuous for compounds 4, 10 and 11. It is observed that the dielectric 

anisotropy (L:le) for compound 9 is around -2 in the nematic phase. Compounds 

1, 3, 6 and 8 however have a moderately low value of L:le of about -1. The Lle 

values for compounds 4, 5 and 7 are slightly higher than -1. Again, Lle for 

compounds 10 and 11 are around -2 at the nematic to Sm B phase transition 

and -6 within the Sm B phase. This is due to the presence of only a single 

phenyl ring with conjugated n bonds in compounds 10 and 11 in comparison to 

the terphenyl compound (1, 3-9) which makes a significant contribution in the 

direction of the molecular long axis (ell)· Compound 12 however exhibits a 

positive dielectric anisotropy of around 1. Compounds 14 and 15 also have a 

very low positive dielectric anisotropy of the order of 0.03 and 0.20 

respectively. The terphenyl compounds (compound 1, 3-9) confirm a 

pronounced temperature dependence of the bend elastic constant throughout 

the nematic range. The K33 values vary from 4-16 pN at room temperature for 

all the laterally fluorinated pure compounds. This leads to reduced values of the 

rotational viscosity coefficient (y1) for these compounds. However, as 

observed, compounds 10, 11 and 12 exhibit an enhanced value ofK33 . The K33 
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values in the nematic phase of compounds 10 and 11 rises quite steeply, 

especially near the SmB-N phase transition. For compound 12 only a slight 

temperature dependence of the K33 values throughout the mesomorphic range is 

observed. From rotational viscosity measurements, it is clear that out of the 

eleven compounds under investigation, the terphenyl compounds show 

improved performance in the rotational viscosity values in comparison to 

compounds 10, 11 and 12. The y1 values for compounds 1, 3-9 are around 100-

120 mPas in the nematic phase which is considerably smaller than those 

obtained for phenyl bicyclohexane compounds 10 and 11 with values of 233 

mPas and 322 mPas respectively at the SmB-N phase transition. 

It is also evident that the terphenyl compounds 1, 3-9 have improved 

values of the visco elastic coefficient (y1/K33) due to lower values of the 

rotational viscosity of these materials, while the higher values of the rotational 

viscosity of the bicyclohexane phenyl compounds 10 and 11 and the 

cyclohexane phenyl compound 12 negatively affect the visco-elastic ratios of 

these compounds. 

Significantly higher Figure of Merit (FoM) (almost ten times or more) 

are observed for the laterally fluorinated compounds (1, 3-9), due to both 

higher values of birefringence (0.20-0.28 within the nematic range) and lower 

values of rotational viscosity compared to the rest bicyclohexane compounds 

with CH2-CH2 linkage group in the core (compounds 10 and 11). Due to its 

improved y1/I(33 and FoM values, compound 4 shows marked improvement in 

its physical parameters as far as its applicability in multicomponent mixture is 

concerned; however its melting temperature is high and also shows underlying 

SmB mesophase. 
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CHAPTER IV 

Determination of Orientational Order 
Parameter from X-ray Diffraction 
Measurements on Three Laterally 
Fluorinated Compounds 

4.1 .. Introduction: 

The order parameter in nematic liquid crystals is one of the most 

important physical parameters which critically affect its performance in display 

devices, since the anisotropies of the dielectric, optical and magnetic properties 

depend on the order parameter in a more or less straight forward way [ 1-7]. 

With this view in mind, the Orientational Order Parameters (OOPs) of three 

laterally fluorinated liquid crystalline compounds (compounds 1, 10 and 11 

mentioned in Chapter II) from x-ray diffraction and optical birefringence 

measurements have been determined. As discussed in Chapter II, the 

interesting feature of these molecules is the presence of laterally fluorinated 

(polar) substituents, which induces a dipole moment perpendicular to the long 

axes of the molecule, thereby resulting in molecules with negative dielectric 

anisotropy (L1E<0) [8]. The study of the physical properties of these negative 

dielectric anisotropy materials has become increasingly important after the 

successful development of the Vertical Alignment (VA) mode technology [8-

11] for Active Matrix Addressed Liquid Crystal Displays (AMLCD's). 

Fluorinated nematogens are also promising materials from display point of 
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view due to their broad nematic mesomorphic range, low rotational viscosity 

and high negative dielectric anisotropy (~E < 0) [12-14]. Moreover, the study 

of the birefringence (~n) of these materials is also important so that they may 

be adjusted to fit the precise display configuration [15]. 

In this work, three laterally fluorinated compounds (compounds 1, 10 

and 11) were investigated by x-ray diffraction and refractive index 

measurements. Of these, two of them have a phenyl bicyclohexane core 

(compounds 10 and 11) and the third compound is a terphenyl derivative 

(compound 1). Detailed x-ray diffraction measurements were done throughout 

the mesomorphic range of these three compounds. The Orientational Order 

Parameters (OOPs), <P2> and <P 4>, apparent molecular length or layer spacing 

(Din A) and intermolecular distance (lin A) were determined as a function of 

temperature. The ordinary and extraordinary refractive indices (no and ne) have 

been determined from refractive index measurements using thin prism 

technique [ 16]. The flo and fie values and the density data have been used to 

determine the Orientational Order Parameter ( <P2>) using the standard Vuks 

isotropic model [17]. The <P2> values determined from the refractive index 

data have been compared with those obtained from x-ray diffraction studies. 

These values have also been compared with the theoretical values of Maier

Saupe [18] for the compound having only nematic phase and McMillan's 

theory [ 19-20] for compounds having both smectic and nematic phases. 

4.2. Materials: 

The chemical structure and transition temperatures of the compounds 

are shown in Table 4.1. 
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Table 4.1. Chemical structure and transition temperatures of compounds 1, 10 
and 11. 
* Comp. Structure Tm TsmB-N TNI I 

No. 

1 

10 

11 

(oC) 
Fi F 

c,H,~c,H, 73 

"'---.'/ "'---.'/ 

-()-V"' H,-{} 112 
C3H7 C -C ~ j 0-C4H9 

\ F 

~-"' H,-0- ~11 C3H7 c -c ~ j o-c2~s 

"' Compound numbers are as mdtcated m Chapter II 
indicates monotropic transition. 

4.3. Texture studies: 

(oC) (oC) 

110 -----

(110) 152 

(109) r6J 

As discussed in chapter III, typical thread-like textures characteristic of 

the nematic phase were observed upon heating for all the compounds. Upon 

cooling, compound 10 and compound 11 exhibited monotropic smectic B 

phase with mosaic texture, while compound 1 showed only nematic phase. All 

the compounds showed large super cooling. 

4.4. Differential Scanning Calorimetric (DSC) 
measurements: 

The phase transition temperatures were also determined using 

differential scanning calorimetry (DSC) studies. The temperature variation of 

the heat entropy for compounds 1, 10 and 11 are shown in Figures 4.1(a)-

4.1(c). 
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Figure 4.1. Temperature variation of heat entropy (~H in mW). (a) Comp. 1 
and (b) Cornp.lO. 
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Figure 4.1. 'contd. Temperature variation of heat entropy (~H in mW). (c) 
Comp. 11. 

It is observed that the entropy change associated with the nematic -

smectic B (N-Sm B) transition for compound 10 is much higher than those 

observed at the nematic-isotropic (N-l) transition. On the contrary, there is a 

smaller entropy change at the N-Sm B transition for compound 11, in 

comparison to the N-I transition. Compound 1 however shows normal 

temperature dependence. 

4.5. Density measurements: 

The density of the compounds was measured by dilatometer of capillary 

type. The temperature variation of the density values for compounds 1, 10-11 

are shown in Figure 4.1. There is a discontinuity in the density values at the 

nematic - smectic B phase transition of compound 10 and compound 11. The 

accuracy of density measurement is 0.1 %. 
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Figure 4.2. Variation of density values, p, as a function of temperature. 11 
Comp. 1; o Comp. 10; o Comp. 11. TNI = nematic-isotropic transition 
temperature; T smB-N = smectic B-nematic transition temperatures. 

It has been found that the density value is highest for compound 1 

(1.125gm/c.c. at around 50°C) and lowest for compound 10 (0.988gm/c.c. at 

around 50°C). 

4 .. 6 .. Refractive index measurements: 

The temperature dependence of the principal refractive indices no and I1e 

and the refractive index in the isotropic phase (niso) at a wavelength of 'A = 

632.8 nm for the three compounds were measured (as discussed in chapter III). 

Similar to the density values, there is an abrupt jump in the birefringence 

values at the N-SmB transition for compound 10 and compound 11. Compound 

3 shows the highest birefringence of around 0.24 at 50°C. This is due to the 

presence of conjugated n-bond in the rigid core of the terphenyl derivative 
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(compound 1). It may be mentioned that recent efforts are being made to 

synthesize such high birefringence materials which also combine the necessary 

rotational viscosity and polarity, to facilitate reduction in the cell gap for 

display devices [21-25]. 

Using the refractive indices (n0 , ne) and the density values, the principal 

molecular polarizabilities (a0 , ae) and hence the polarizability anisotropy (L.\a) 

were calculated using Vuks method [17]. The Orientational Order Parameter 

<P2> can be determined from the relation 

(4.1) 

where, a0 and ae are the effective polarizabilities for the extraordinary and 

ordinary rays respectively and a11 and a..L are the polarizabiiities parallel and 

perpendicular to the long axis of the molecule in the solid state. The 

polarizability anisotropies in the perfectly ordered state (L.\a0) were determined 

from the HaBer's extrapolation method [26] using the equation, 

T 
~a= ~a (1--)/3 

o T* (4.2) 

where 8.a0, T* and p are adjustable parameters. The calculated values of L\a0 , 

T* and Pare listed in Table 4.2. It may be mentioned that for compound 10 and 

compound 11, equation 4.2 have been fitted by taking the values of L\n 

the high temperature nematic phase. 

Table 4.2. Values of adjustable parameters L\a0, T* and exponent p. 

Compound Aa.0 x 1024 T* inK p 
Number 

1 16.31± 0.14 382.1± 0.2 0.20±0.003 
10 7.93±0.18 425.9± 0.5 0.11±0.01 
11 10.87±0.41 425.9±0.4 0.24±0.02 
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4 .. 7 .. X-ray diffraction measurements: 

X-ray diffraction patterns were recorded throughout the entire 

mesomorphic range for compounds 1, 10 and 11. X-ray diffraction photographs 

of compound 10 in the nematic phase (ll4°C) and smectic B phase (82°C) are 

shown in Figures 4.2(a)- (b). In the nematic phase, the outer halo is split into 

two crescents for each of which the intensity is maximum in the equatorial 

direction, whereas in the smectic B phase, this halo is replaced by sharp 

crescents of relatively intense diffuse scattering on both sides of the equatorial 

maxima. In the meridional direction, second order reflections are observed both 

in the nematic and smectic B phases. The angular distribution of the x-ray 

diffraction intensities of well oriented monodomain samples (compounds 1, 10 

and 11) were utilized to obtain the orientational distribution function f(9), and 

hence the Orientational Order Parameters (OOPs), <P2> and <P4>, following a 

procedure reported by Bhattacharya et. al [27]. 

Figure 4.4 (a)- (c) shows the variation of the experimentally determined 

OOPs with temperature for all the three compounds studied. The experimental 

<P2> and <P4> values are found to be discontinuous across the N-Sm B phase 

transition for compounds 10 and 11. Also, these values are found to be 

relatively high in the smectic B phase for both of these compounds, showing 

the phase to be much more orientationally ordered than the neighbouring 

nematic phase. It may be mentioned that although the approximation used for 

calculating <PL> ( L= 2, 4) is not valid for <P2> greater than 0.8, these values 

are still being reported, since at least qualitatively they shmv a degree of 

ordering of these fluorinated molecules possessing smectic B phase for which 

such values are rare [28]. 

The experimental data have been fitted with those calculated from 

McMillan's theory for smectic A [19, 20] phase for compounds 10 and 

compound 11 using the potential parameters a and 8 as two adjustable 

constants, due to lack of other alternatives. 
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(a) (b) 

Figure 4.3. X-ray diffraction photographs from aligned compound 1 in (a) 
nematic (ll4°C) and (b) smectic B (82°C) phases. 

In the calculation using McMillan's model, the parameter a which 

varies with the chain length has been varied keeping the parameter, o fixed (o 
= 0.25). The best fitted theoretical curves were obtained for a equal to 0.55 and 

0.52 for compound 10 and compound 11 respectively. The agreement between 

the experimental and theoretical values seems to be fair for compound 10 and 

fairly good for compound 11. For compound 3, a very good agreement is 

observed between the experimental <P2> and <P 4> values and theoretical 

Maier- Saupe values. Also shown in Figures 4.4(a)-4.4(c) are the <P2> values 

determined from refractive index measurements on compounds 1, 10 and 11. It 

has been again found that there is a discontinuity in the <P2> values determined 

from refractive index data for compounds 10 and 11 near the nematic to 

Smectic B (N-SmB) phase transition. The Sm B liquid crystal in the vicinity of 

N-SmB transition is perhaps subject to an unusually short-range disorder while 

maintaining well-defined long range order [29]. 
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Figure 4.4. Temperature variation of Orientational Order Parameters <P2> and 
<P4> for (a) comp. 1 and (b) comp. 10. o =x-ray data for <P2>, o =x-ray data 
for <P4>, 11 refractive index data for <P2>,- <P2> from McMillan's theory 
(or Maier Saupe theory), ---- <P 4> from McMillan's theory (or Maier- Saupe 
theory). T NI = nematic-isotropic transition temperature. TsmB-N = smectic B
nematic transition temperatures. 
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Figure 4.4. 'contd. Temperature variation of Orientational Order Parameters 
<P2> and <P4> for (c) Comp 11. o =x-ray data for <P2>, o =x-ray data for 
<P4>, A refractive index data for <P2>, -<P2> from McMillan's theory (or 
Maier Saupe theory), ---- <P4> from McMillan's theory (or Maier- Saupe 
theory). T NI = nematic-isotropic transition temperature. TsmB-N = smectic B
nematic transition temperatures. 

The experimental <P2> values obtained from refractive index and x-ray 

diffraction measurement agree fairly well for compound 10 and also for 

compound 11, except very near the N-I transition, in spite of the fact that two 

different techniques have been employed to determine the Orientational Order 

Parameters (OOPs) of these compounds. Lower values of the order parameter 

from refractive index measurement near the N-I transitions may be due to 

strong thermal fluctuations of the chain part of the molecules. 
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Figure 4.5. Temperature dependences of 1 (apparent molecular length) values 
for: Ll Comp 1; o Comp. 10 and o Comp. 11. 

The temperature variation of the layer spacing, D, or apparent molecular 

length, 1, for all the compounds is shown in Figure 4.5. For both compound 10 

and 11, the values of the smectic layer spacing, d remains almost constant in 

the smectic B phase. In the nematic phase, the apparent molecular length, l 

increases slightly with increase in temperature for both 10 and 11. This is 

probably due to the increased thermal vibrations of the chain parts just before 

the transition. It was found that the intermolecular distance (D), increases with 

increasing temperature, caused once again by the increasing thermal vibrations 

of the molecules (Figure 4.6) [28]. 
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Figure 4.6. Temperature dependences ofD (layer spacing) values for: 
o Comp. 1; o Comp. 10 and L\ Comp 11. 

4 .. 8 .. Summary and Conclusions: 

The physical properties of three laterally fluorinated liquid crystalline 

compounds 1, 10 and 11, have been studied by different experimental 

techniques. From density, refractive index and <P2> values determined from 

the x-ray diffraction and refractive index measurements, the order of the N

SmB phase transition is found to be discontinuous for both 10 and 11. Fairly 

good agreement is observed between the experimental and theoretically 

calculated <P2> and <P4> values for 10 and 11, even though the McMillan 

model is strictly valid for the smectic A phase. <P2> values determined from x

ray diffraction measurements are found to be in fairly good agreement with 

those obtained from refractive index measurements even after considering the 

different assumptions and approximations involved in the order parameter 

determination from x-ray diffraction and refractive index measurements. 
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CHAPTERV 

Formulation of Several Multi Component 
Mixtures for VA Mode Application 

5.1. Introduction: 

A fast growing flat panel display industry constantly requires improved 

materials with optimum properties to manufacture high resolution Active 

Matrix Addressed Liquid Crystal Displays (AM-LCD's). Of the several Liquid 

Crystal Display (LCD) technologies that exists, Vertically Aligned (VA) mode 

applications [1-5] ranging from flat panel LCD devices [6] to high resolution 

projection micro-displays using Liquid Crystal on Silicon (LCoS) technology 

[7, 8] are based on Liquid Crystal (LC) materials with negative dielectric 

anisotropy [9-11]. Devices operating in the VA mode usually exhibit an 

excellent contrast [12] in combination with high speed switching [13-16]. This 

has created a greater demand for further development of new and improved 

liquid crystalline materials for application in vertically aligned (VA) mode 

LCDs. In VA mode, the liquid crystal molecules are usually aligned at right 

angles to the substrates, and in the presence of an electric field, they swing 

through 90° to lie parallel to the substrates. 

In the last two decades, the use of organo-fluorine compounds has 

gained considerable importance both in the field of Liquid Crystal Display 

(LCDs) devices as well as in other technological applications [ 17]. It is well 

known that the introduction of fluorine atoms in liquid crystalline materials 

imparts interesting properties as compared to their hydrocarbon analogues [18]. 

Much attention is paid to fluorinated nematogens, because they often have 
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broad nematic mesophases range, low rotational viscosity and low conductivity 

[19]. Furthermore, the controlled choice of the molecular position of the 

fluorine atoms allows tailoring of the physical properties to approach 

appropriate dielectric anisotropies for commercial applications. An important 

class of materials satisfying the requirements of VA mode technology is the 

laterally fluorinated biphenyls and terphenyls [20]. 

The liquid crystal molecules have to satisfy a complicated 

interdependent set of material properties as far as their applicability in display 

devices is concerned. First of all, there must be a broad nematic mesophase 

range typically from -40°C to 1 00°C. to guarantee the so called "operating 

temperature" range of the LCD's. Moreover, the materials should have large 

dielectric anisotropy (.6.r.) to decrease the operating voltage (Vth) and lower 

values of the bend elastic constant (K33). For vertically aligned mode 

applications, liquid crystalline materials with lateral polar substituents which 

introduce a dipole moment perpendicular to the long axes of the molecule 

resulting in negative dielectric anisotropy is required. For VA mode 

applications, taking into account the cell gap ( d ;::::; 4J.tm in transmissive mode 

[21] and 1.5!1m in reflective mode [22]) the birefringence values should be in 

the range of 0.1 to 0.15 [23]. Again, the switching time of an LCD is 

proportional to the rotational viscosity (y1) of the liquid crystal. To achieve at 

least 90% transition between two frames a switching time of 16msec (i.e. the 

time of one frame during which the voltage is sustained until the next refresh 

signal pulse arrives) is the basic requirement [24]. This necessitates 

development of improved LC materials with lower rotational viscosity. Since, 

no single liquid crystal compound can fulfill all the above-mentioned 

requirements; a mixture comprising of up to 10-15 components has to be 

formulated whose physical properties have to be optimized to fulfill the LCD 

manufacturer's requirement. Therefore, from display point of view, preparation 
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of suitable multicomponent mixtures and a detailed investigation into the 

dielectric, visco-elastic and other physical properties are of utmost importance. 

This chapter highlights the systematic development of multicomponent 

mixtures (mixtures A-G) from pure liquid crystalline compounds comprising of 

polar-fluorinated materials which combine the necessary polarity with chemical 

stability and adequate polarizability [25, 26]. 2, 3-difluorinated alkoxybenzene 

derivatives are suitable for preparation of VA mixtures because of their large 

negative dielectric anisotropy (~E ::::::: -6). Terphenyl derivatives are also very 

promising candidates to improve the rotational viscosity (y1 = 90mPas) of the 

targeted mixtures having the birefringence ~n in the desired range of around 

0.23 [27-29]. Starting from a simple three component system (mixtures A-B) 

several multi component mixtures (mixtures C-G) have been formulated from 

suitably selected pure components. The main aim of this work is to produce 

materials with wide temperature range, large negative dielectric anisotropy, 

iow rotational viscosity and low to moderate values of the optical birefringence 

for their application in VA-LCD's. Furthermore, the material properties of a 

few mixtures have been modified by the addition of appropriate dopants to 

meet the target specifications ofVA mode mixtures. 

5.2. Formulation of multi component mixtures with 
negative dielectric anisotropy for VA mode 
application: 

The chemical structures, transition temperatures of the pure components 

and the constituents of the mixtures (A-G) are listed in Table 5.1. The molar 

ratios and the eutectic points of the mixtures were calculated using the 

Schroder van Laar equation [30-33]. 

lnx =- MI! (_!_--1 
) 

k R T T"~ (5.1) 
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under the condition, 

(5.2) 

where, xk is the molar ratio of k-component; Ml~ and T~ are the melting 

enthalpy (J.mol-1) and the melting temperature values (inK) respectively and 

R is the universal gas constant (8.31 J.mor1.K-1
). 

Mixtures A and B are two tri-component mixtures, consisting of two 

laterally fluorinated terphenyls (compounds 3 and 4) and one bicyclohexane 

compound (compound 14 for mixture A and compound 15 for mixture B 

respectively). Mixture C is a five component mixture, comprising of three 

laterally fluorinated compounds (compounds 

phenyl-cyclohexane compound (compound 

compound (compound 13) [34, 35]. Mixture 

1, 10 and 11) along a 

12) and a non-mesogemc 

D is a nine component base 

mixture essentially comprising of laterally fluorinated bi- and tri-phenyl 

compounds (1-9). Mixture D was further modified by the addition of laterally 

fluorinated tolane which were used as dopants (compounds 16 and 17) 

resulting in the formulation of two ten component mixtures - mixture E and F. 

Table 5.1. Chemical structures of the pure components of the nematic liquid 
crystal mixtures A-G. 

,...--

Sl. 
Components A B c D E F No. 

1 F: F 

- - -
C2H5 ~ ~ j '\ j C3H7 + + + + 

'L..-..Jc, 

Cr 72.7 N 114.5 Iso 

2 F, F 

- -
C3H7 \ j \ ;} OC2H5 + + + 

Cr 50.3 Isoa 

a indicates non-mesogenic compounds 
+ indicates presence of the individual pure compound in the mixture 

G 
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+ 
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Table 5.1. 'contd. Chemical structures of the pure components of the nematic 
liquid crystal mixtures A-G. 

Sl. 
No. 

3 

4 

6 

7 

8 

9 

Components 

Cr 41.6 N 109.7 Iso 

Cr 67.1 SmB 75.2N 124.6 Iso 

Cr 54.6 N 123.1 Iso 

Cr 50.8 N 111.6 Iso 

Cr 74.2 N 128.1 Iso 

Cr 90.6 N 132.7 Iso 

Cr 93.3 N 122.9 Iso 

ABCDEFG 

+ + + + + + 

+1+ 1 + +I 
-l----+-------+--·+1 

I I 
+ + +I+ 

+ +' + + + + 

. + + + + 

+ + + + 

+ + + + 

a indicates non-mesogenic compounds 
+ indicates presence of the individual pure compound in the mixture 
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Table 5.1. "contd. Chemical structures of the pure components of the nematic 
liquid crystal mixtures A-G. 

Sl. Components A B c D E F G No. 
10 --()-{)--H, ~-a- I 

+I I 
C3H7 C -C \ j 0-C4H9 + 

N 109 SmB 162 Iso 

11 
--()-{)--H, H,-0-C3H7 C -C \ j 0-CzHs + I + 

12 I 
N 110 SmB 152 Iso I ___ 

C3H7--o---o-0--CzHs 

--

I + + 
N 37 Iso I 

I ' 
'---

13 ---·--C:-=o-o-OCH, I 

+ + 
33 Isoa 

14 
H7C3-o-o-CH=CH-CH3 

+ 

N 80 SmB 86.4 Iso 

15 
H7C3--o-o-O-C-OC2H5 II + 0 

Cr 60.8 N 72.8 Iso 

16 F. F F. F -

c=c~-Q-oc,H, - -
CsH11 \ ;} \ ;} + + 

Cr 75.4 N 195.15 Iso 

17 F. F F. F 

c,H,,--0-=c~c=c~c,H,, + + 

Cr 86.1 N 171.8 Iso 

a mdicates non-mesogenic compounds 
+ indicates presence of the individual pure compound in the mixture 
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mixture E and mixture F respectively. Furthermore, a fifteen component 

mixture (mixture G) was also prepared which consists of eleven laterally 

fluorinated pure compounds (1-11), two phenyl cyclohexane compounds (12 

and 13) and two laterally fluorinated tolane compounds 16 and 17 (Table 5.1). 

5.2.1. Tri-component mixtures (mixture A and mixture B): 

Initially, the phase diagram of the binary system comprising of 

compounds 3 and 4 (mixture A') was constructed and the eutectic point was 

determined. The physical properties of this mixture A' was then modified by 

the introduction of (i) compound 14 resulting in the formulation of the mixture 

A and (ii) compound 15 resulting in the formulation of the mixture B. The 

molar ratios of the individual compounds the mixtures for the eutectic 

composition were theoretically estimated by solving the Schroder van Laar 

120 

100 

(.) 80 
0 

c 60 
Q) --= s.... 
::J 40 

Tm: Experimental 

..... 
ctS s.... 20 Q) 
0.. 
E 0 
Q) 
1- -20 

-40 

--= ~ 

'--G) 

Gl/Gl ~Gl 
til"//'--, T m: Theoretical______..- ~til 

Gl/ 

0.0 0.2 0.4 0.6 0.8 1.0 
Mole fraction of A1 

Figure 5.1. Phase Diagram of Mixture A'. From the experiment, Xeutectic =0.565, 
Tm =22.5°C, Tc=l10.9°C and from the theory Xeutectic =0.575, Tm =20.1°C, 
Tc=ll0.9°C, where Tm and Tc are the melting and the clearing temperatures 
respectively. 
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equation [30-33]. DSC measurements were done for both of these mixtures (A' 

and B') to confirm the formation of eutectic mixture and to obtain the transition 

temperatures and transition enthalpies. 

The phase diagram of the A' system is shown in Figure 5.1. Also shown 

in Figure 5.1 are the theoretically calculated temperatures using the Schroder 

van Laar equations. The theoretically estimated eutectic point is at a 

concentration of 0.575 mole fraction of compound 3 with a clearing point at 

110.9°C. The experimentally determined eutectic point was at 0.565 mole 

fraction of compound 3 with a clearing point at 110.9°C. It is observed from 

Figure 5.1 that the experimental eutectic point agrees quite well with the 

theoretically calculated value. DSC studies on the A 1 mixture at 0.565 

concentration of compound 3 confirm the formation of eutectic mixture (Figure 

5.2). 

1.2 

A1-Eutectic -0> E 0.8 

§: 
E 
-; 0.4 
0 
u. Cooling cycle - J m o.o J 

I Heating cycle I 

-0.4 
0 20 40 60 80 100 120 140 

Tin °C 

Figure 5.2. DSC scans of A' mixture at 0.565 concentrations of compound 3. 

The formulation of the multi component mixtures was initiated from two 

simple three component systems. The eutectic composition for the tri

component mixtures (Mixture A and B) was estimated using theoretical 

calculations from the Schroder van Laar equation [30-33]. The mixtures were 
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prepared and Differential Scanning Calorimetric (DSC) studies were performed 

to test the formation of eutectic mixtures and also whether the calculated 

eutectic values are in agreement with the experimental eutectic points [34, 35]. 

DSC studies confirm the formation of the eutectic mixtures (Figure 5.3(a) -

(b)). The results of the DSC measurements as well as the theoretically 

calculated eutectic points are listed in Table 5.2. 

0.2 
A-Eutectic 

Cooling cycle ~ 

-0.81 ' I T I I 

1.5...---------·-~ 
B-Eutectic I 

lE ::: j\, I > Cooling cycle j 

-o~ o.o L r·~--. --,-~ 
\ Heating eye e , 

r:: \i I 
-1.5L~-~~ 

-20 0 20 40 60 80 100 120 -10 0 20 40 60 80 100 120 

T in°C Tin °C 

(a) (b) 

Figure 5.3. DSC scans of two eutectic mixtures (a) A and (b) B during heating 
and cooling. 

Table 5.2. Comparison of the theoretical and experimental eutectic points. 

----, 

Mixtures Theoretical Experimental 

A Tm= 3.7°C Tm= ll.7°C LlHm=4.926kcal/mol 
Tc= 102.1°C Tc= 97.5°C LlHc = 0.138 kcal/mol 

B 
Tm= 12.4°C Tm= 15.4°C LlHm = 3.778 kcal/mol 
Tc= 104.6°C Tc= 100.5°C ~He= 0.074 kcal/mol 

The experimental eutectic compositions of the bi and tri component 

systems were found to be within reasonable agreement with the theoretically 

calculated eutectic points. Moreover, the formation of these eutectic mixtures 

was not accompanied by the formation of inter molecular complexes. In order 

to improve the material properties further, it is required to formulate mixtures 

involving more components. 
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5.2.2. Five component mixture (mixture C): 

Starting form two three component mixtures a multicomponent mixture 

comprising of five pure components (compounds 1, 10-13 (Table 5.1)) has 

been formulated with the aim of achieving improved material parameters. 

Similar to tri-component mixtures A and B the molar ratios of the individual 

compounds were calculated by computing the CSL equations [30-33] for the 

five component system and the theoretical values of the melting and clearing 

temperatures were found to be -5.3°C and 80.9°C (experimental TN1=81.5°C) 

respectively at the eutectic point [36]. 

5.2.3. Nine and Ten component mixtures (mixtures D, E and 
F): 

For further improving the material parameters and to get a broader 

nematic operating range a nine component base mixture (mixture D) 

comprising of compounds 1, 3-9 was formulated. Similar to previous 

multicomponent mixtures, the molar ratios of the individual compounds were 

calculated by computing the CSL equations for the nine component system and 

the theoretical values of the melting and clearing temperatures were found to be 

-13.4°C and 105.9°C (experimental TN1=101.2°C) respectively at the eutectic 

point. 

Dopants are very useful for modification of different mesomorphic 

properties of the base mixture. The nine component mixture had been modified 

into two ten component mixtures- mixture E and mixture F, by the addition of 

two laterally fluorinated tolane dopants, compound 16 and compound 17 

(Table 5.1) respectively. The values of the melting and the clearing 

temperatures (theoretical) were found to be -14.8°C and 110.5°C (experimental 

TNI=108.4°C) for mixture E and -14.5°C and 107.4°C (experimental 

TNI=110.8°C) for mixture F respectively. 
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5.2.4. Fifteen component mixture (mixture G): 

The goal of the work was to formulate a multicomponent mixture 

appropriate for VA mode display devices. In the pursuit of improving the 

rotational viscosity, birefringence and dielectric anisotropy, the fifteen 

component mixture (mixture G) was formulated consisting of eleven laterally 

fluorinated pure compounds (1-11), two phenyl cyclohexane compounds (12 

and 13) and two laterally fluorinated tolane compounds (compounds 16 and 

17). The theoretical melting and clearing temperatures were found to be -

27.2°C and 96.0°C (experimental TNI=IOO.l °C) respectively at the eutectic 

point. 

5 .. 3 .. Summary and Conclusions: 

Starting from a simple three component system (mixture A and B), 

several multicomponent mixtures for application in VA mode LCD's has been 

formulated. The molar ratios and the eutectic points of the mixtures were 

calculated using the Schroder van Laar equation. In each step effort was made 

to improve the material properties of the mixtures. With aim in view a five 

component mixture (mixture C) was prepared. For further improvement in the 

material properties, especially the rotational viscosity and relaxation time, 

mixture D, a nine component base mixture essentially comprising of laterally 

fluorinated bi- and tri- phenyl compounds (1-9) was prepared. Mixture D was 

further modified by the addition of laterally fluorinated to lane which were used 

as dopants (compound 16 and compound 17) resulting in the formulation of 

two ten component mixtures - mixture E and mixture F respectively. Moreover 

a fifteen component mixture (mixture G) was also prepared. The theoretically 

calculated values of the clearing temperatures of all the mixtures were found to 

be in close agreement with those determined from theory. 
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CHAPTER VI 

Mesomorphic, Optical, Dielectric and 
Visco-elastic Properties of Multi
component Mixtures 

6.1. Introduction: 

Liquid Crystal Displays (LCD' s) have excellent properties, such as light 

weight, low power consumption, small thickness etc. and are the most popular 

flat panel displays at present. Vertically Aligned Liquid Crystal Displays (VA

LCDs) [1-4] are an attractive option for flat screen displays [5] because of very 

low transmission dark state [6] resulting in an excellent contrast ratio [7] and 

the intrinsic technology, which delivers perfect viewing angle characteristics. 

Thus VA-LCDs have become the most popular in direct-view display 

applications. They also show very reasonable performance in all other areas 

(e.g. driving voltage and response time) which has made them useful for large 

projection displays [8]. These types of LCD's require materials with negative 

dielectric anisotropy (b.s < 0) [9-11]. In addition to negative dielectric 

anisotropy, these materials simultaneously require a wide nematic range ( -40°C 

to 1 00°C), low birefringence (L1...11 ~ 0.09) [12], low bend elastic constant (K33), 

and a low viscosity values (y1 ~ 100 mPas) (12]. No single liquid crystalline 

compound is suitable enough to meet the entire desired properties essential for 

a flat panel VA-LCD. As a result, LCD manufacturers require multicomponent 

liquid crystal mixtures with negative dielectric anisotropy. The problem of 
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careful formulation of multi-component mixtures with optimum values of the 

material properties has been undertaken in this work. 

As mentioned in Chapter V, seven multi component mixtures (mixtures 

A-G) with negative dielectric anisotropy (ils < 0) have been prepared. Addition 

of a suitable dopant to the base mixture is a convenient technique to modify the 

physical properties of the final mixtures [ 13]. Another aspect that has to be 

taken into account during liquid crystal mixture selection is the voltage 

requirement to drive the celL This comes down to the requirement that the 

dielectric anisotropy must be large enough [12]. Increasing the dielectric 

anisotropy may however affect the quality of the vertical alignment of the 

liquid crystal [ 14]. This can be alleviated by addition of small amounts of 

liquid crystal materials that have a small positive dielectric anisotropy (e.g. 

bicyclohexane). Therefore, from display point of view, preparation of suitable 

multicomponent mixtures and a detailed investigation into the dielectric, visco

elastic and other physical properties are of utmost importance. 

In this chapter, the physical properties of seven multi-component 

mixtures (mixture A-G, Chapter V: Table 5.1) determined from optical 

birefringence (~n), dielectric anisotropy (~E), bend elastic constant (K33) and 

rotational viscosity measurements (y1) have been presented. Furthermore, the 

material properties of a few mixtures have been modified by the addition of 

appropriate dopants to meet the target specifications of VA mode mixtures. As 

the threshold voltage (Vth) is proportional to the square root of the ratio of the 

elastic constants and dielectric anisotropy [ 15, 16], mixtures with high values 

of the negative dielectric anisotropy and low values of bend elastic constant 

have been targeted. Lowering the value of V th also results in consequent 

simplification of the driving electronics of the display applications. It is also 

imperative to determine the rotational viscosity coefficient (y1) of these 

materials as a function of temperature so as to obtain mixtures with lower 

values of y1 for fast switching VA mode displays. Additionally, the activation 
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energies (Ea) [17] have also been calculated for all of these multicomponent 

mixtures. 

6.2. Physical properties of multi-component mixtures 
A-G: 

6.2.1. Birefringence (L\n) and Orientational Order 
Parameter (OOP) measurements: 

The temperature dependence of the principal refractive indices n0 and 

the mean value n = (ne + 2n0 )I 3 and the refractive index in the isotropic phase 

(niso) at a wavelength of A = 632.8 nm for the seven mixtures (mixture A-G), 

measured by thin prism technique [18, 19] are shown Figures 6.l(a)-6.l(g). 

The ordinary refractive index (n0 ) and the extraordinary refractive index (ne) 

are plotted in Figures 6.2 and 6.3 respectively, against relative temperature 

(T Nr T), in order to account for the different clearing temperatures. 

The 110 values for mixture A, B, C and G (mixtures consist of compounds 

with bicyclohexane the rigid core) are larger than that of D, E and F 

(mixtures consist of compounds with only laterally fluorinated terphenyl, 

biphenyl and tolanes). This is probably due to the fact that benzene rings are 

much more polarizable along the plane of the ring (because of the delocalized 7l 

electrons), whereas cyclohexane rings are less polarizable. Again, mixture A 

and B have the maximum values of no than the rest of the mixtures investigated 

throughout the entire nematic range. The tri-component mixtures (mixture A 

and mixture B) have same two pure components (laterally fluorinated 

terphenyl), only difference is found for the third component [16]. Mixture A 

consists of a pure compound with bicyclohexane in the rigid core and ethylene 

linking group, whereas mixture B consists of a pure compound with same rigid 

core but with an ester linking group. Ester linking group increases the 

molecular length and enhances the molecular polarizability and planarity and 

158 



Chapter VI 

so increases the nematic phase stability as well as the n0 values, whereas the 

immediate opposite effect is found for the ethylene linking group [20-22]. 
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Figure 6.1. Experimental values of refractive indices no and I1e and mean value 
(n) as a function of temperature for (a) mixture A and (b) mixture B. TN1 = 

nematic- isotropic phase transition temperature. 
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Figure 6.1. 'contd. Experimental values of refractive indices n0 and ne and 
mean value ( n ) as a function of temperature for (c) mixture C and (d) mixture 
D. T NI = nematic - isotropic phase transition temperature. 
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Figure 6.1. 'contd. Experimental values of refractive indices no and ne and 
mean value (if) as a function of temperature for (e) mixture E and (f) mixture 
F. T NI =nematic - isotropic phase transition temperature. 
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Figure 6.1. 'contd. Experimental values of refractive indices n0 and ne and 
mean value ( n ) as a function of temperature for (g) mixture G. TN1 = nematic -
isotropic phase transition temperature. 
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Figure 6.3. Extraordinary refractive indices (ne) as a function of relative 
temperature for different multicomponent mixtures (mixtures A-G). Key to 
symbols: 0 mixture A, • mixture B, D mixture C, o mixture D, L\ mixture E, • 
mixture F and + mixture G. 

Mixture G and mixture C consist of two phenyl bicyclohexane with an 

alkoxy terminal group, one phenyl-cyclohexane and one non-mesogenic 

compound, all these have delocalized ;r electrons in rigid core and hence n0 and 

ne values are increased. However, the weight percentage of these compounds is 

greater in mixture G, as a result mixture G has greater value of n0 and ne than 

mixture B. Mixture D consists of all laterally fluorinated bi-phenyl and tri

phenyl compounds. Two different laterally fluorinated tolanes has been added 

to mixture D as dopants to formulate mixture E and mixture F respectively. As 

one can observe that the toiane present in mixture E has one acetylene linking 

group (whereas the same present in mixture F has two acetylene linking 

groups) in between two aromatic core units, which maintains the linearity of 

the molecule and extends the molecular length and enhances longitudinal 

polarizability, and hence the nematic phase stability is significantly enhanced 

[20]. The effect of lateral flurosubstituted pure compounds is more in 
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transverse direction in comparison to longitudinal direction. It may be due to 

the dipole-dipole interaction of the polar fluorine molecules perpendicular to 

the molecular long axis. 

Comparison of the ordinary (n0 ) and extraordinary (ne) refractive indices 

in the nematic phase of all the mixtures studied at T Nr T = I 0°C is shown 

below: 

n0 : B>A>G>C>E~F>D 

ne: B>A>G>C>E>D~F 

Figure 6.4 illustrates the results of the temperature dependence of the 

birefringence (~n=ne-no) of the seven mixtures (mixture A-G) investigated. It 

may be noted that the birefringence of the two tricomponent systems (mixture 

A and mixture B) are almost identical and show normal temperature 

dependence and are found to be around 0.12 and 0.13 respectively at 20°C 

(Figure 6.4) which is fairly good for VA mode LCDs [16]. Interestingly, 

among the seven mixtures investigated, the five component mixture (mixture 

C) showed lower birefringence values (~n "'"' 0.11 at T = 20°C) and also lower 

clearing temperature [15] which is close to the target specification for VA 

mode mixtures of around 0.08 using a cell gap of the LCD device to be around 

4 J..tm [12]. All the mixtures D-G exhibit moderately high birefringence, for 

example, the value of ~n was in the range 0.18-0.20 at T = 20°C The 

birefringence value for mixture D is found to be around 0.19 at 20°C which is 

slightly higher than the targeted value. From the Figure 6.4, it is observed that 

the Lln values are around 0.18 for both mixtures E and F, while for mixture G 

the value is around 0.19. An explanation might be given in the following way 

that the greater percentage of biphenyl and terphenyl components (and also the 

highly polar fluorine in the lateral position) leads to enhanced birefringence 

through the elongated IT-electron conjugation system of the entire rigid core of 

the molecules than other mixtures studied. An inspection of Figure 6.4 reveals 
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that compounds of high birefringence as components of the multi-component 

mixtures enhance the overall birefringence (~n) value. 

Comparison of the ~n values in the nematic phase of all the mixtures 

studied at T Nr T = 1 0°C has been found to be the following: 

~: D~E>F>G>A-B>C 

It is to be noted from the ascending order of n0 and ne that they show 

exactly an opposite trend than the ascending order of ~n. This is due to the fact 

that the temperature variation of ne is much more pronounced than the 

temperature variation of n0 throughout the mesomorphic range and also near 

the vicinity of the nematic to isotropic phase transition. 

0.21 

0.18 

0.15 

~ 0.12 

0.09 

0.06 

0 MIXTURE A 0 MIXTURE 0 
• MIXTURE 8 6 MIXTURE E 
o MIXTURE C • MIXTURE F 

+ MIXTUREG 

0.03 +--...,..------,---..---.----r----.--,.,..,.,..---.-----1 

80 60 40 20 0 
TN1-T in °C 

Figure 6.4. Birefringence (~) as a function of relative temperature for 
different multicomponent mixtures (mixtures A-G). Key to symbols: 0 mixture 
A, • mixture B, D mixture C, o mixture D, ~mixture E, • mixture F and+ 
mixture G. 

The optical birefringence (~) obtained from thin prism technique was 

utilized to determine the temperature variation of the Orientational Order 

Parameter (OOP) in the liquid crystalline phases of these compounds. The 
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experimental temperature dependence of &I in the nematic phase was fitted to 

the form 

T 
11n = 11n (1- -)P 

o T* (6.1) 

where, T is the absolute temperature and T*, ~0 and ~ are fitting parameters 

by Haller's extrapolation method [23, 24]. This procedure is equivalent to the 

extrapolation of ~ to the temperature of absolute zero. The temperature 

dependent birefringence is related to the order parameter as: 

!'!..n 
<~ >=-

!'!.no 
(6.2) 

The &10 value was determined in the nematic phase for all the 

multicomponent mixtures and was used to calculate the order parameter. The 

order parameters determined in this way for all the mixtures are shown in 

Figure 6.5. 

It is to be noted that the typical procedure for the evaluation of the long 

range order parameter from optical method require the measurement of the 

ordinary and extraordinary refractive indices as well as the density data. In 

such cases, using these three measured quantities, either the standard Vuk's 

isotropic model [25] or the Neugebauer's relations based on the anisotropy of 

the internal field [26] are adopted to determine the principal 

parallel and perpendicular to the molecular long axes and hence, the anisotropy 

of the molecular polarizabilities (~a) can be calculated. The normalized 

polarizability (~a0) for perfectly order crystal is determined from the well

known Haller's extrapolation procedure and the order parameter is calculated 

from the ratio ~a/!1a0 . According to de Jue [17], the variation of density 

(p) over the nematic range is usually small and the temperature dependence of 

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

temperature. Kuczynski et al. [27] have also shown that the order parameter 
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determined directly from birefringence measurements are consistent with the 

<P2> values calculated from the polarizability data. Therefore in the present 

case, equation 6.2 has been fitted for all the mixtures considering the values of 

~n in the nematic phase. 
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Figure 6.5. Order parameter ( <P2>) as a function of relative temperature for 
different multicomponent mixtures (mixtures A-G). Key to symbols: 0 mixture 
A, • mixture B, 0 mixture C, o mixture D, ~ mixture E, • mixture F and + 
mixture G. ---- line indicates the theoretically fitted MS curve. i indicates 
nematic to isotropic transition (TN1). 

From Figure 6.5 it is observed that at room temperature the order 

parameter (<P2>) [28-32] values are quite high for mixtures A-C and F (values 

are around 0.8), while for the rest mixtures (mixture D, E and G) order 

parameter values are quite low (values vary from 0.61-0.67), which implies that 

mixtures A-C and F are more ordered in the nematic phase than mixtures D, E 

and G. The reason lies in the number of components and also the nature of the 

pure compounds present in the mixtures. The lateral substituents in the pure 

compounds are larger and reasons into a proportionate reduction in the nematic 
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phase stability. It results into a reduction in the <P2> values. On the other hand 

lowering the number of the lateral substituents results in greater nematic phase 

stability [20, 21] and as a result higher <P2> values are obtained. 

The variation of the fitted parameters (~n0, T* and ~) from Haller's 

extrapolation method are listed in Table 6.1. 

Table 6.1. Extrapolated birefringence at the absolute zero temperature (~n0), 
T*, exponent W) for mixtures A-G. 

Mixture 
An0 T* inK f3 Name 

A 0.173±0.002 372.1±0.9 0.19±0.007 ' 
-

B 0.178±0.002 374.7±0.4 0.19±0.006 
c 0.157±0.001 352.9±0.2 0.17±0.002 
D 0.278±0.002 367.7±0.5 0.21±0.004 
E 0.277±0.002 367.9±0.3 0.21±0.003 

I F 0.256±0.004 372.0±0.7 0.19±0.009 

L G 0.265±0.004 362.3±0.8 0.20±0.008 
- -. 

6.2.2. Dielectric permittivity measurements: 

The magnitude of the dielectric anisotropy (Ac) directly determines the 

strength of interaction of the liquid crystalline material with an applied electric 

field, and therefore has a major influence on threshold voltage (Vth). 

For comparison of the dielectric properties of the different mixtures 

(mixtures A-G), the dielectric parameters (e
11

, e1.), their ratio (c1./c
11

) and the 

dielectric anisotropy (Ac) have been plotted as a function of relative 

temperature (T Nr-T) and are shown in Figures 6.6-6.9 respectively. 

The electron attractive group (e.g. CN, F) with large electro-negativity if 

substituted along the perpendicular direction to the molecular long axis 

effectively increases the transverse dielectric permittivity (cJ.). The most 

promising candidates for increasing the dielectric constants (c
11

, f:J.) are liquid 

crystalline materials with 2, 3-diftuoro benzene blocks [33]. The small van der 
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Waals volume of the fluorine .atom (Vr =: 5.8 A) , large electro negativity 

3.98) [34], relatively small dipole moment (1.47 D) lead to materials of 

relatively low viscosity and weak to moderately strong negative dielectric 

anisotropy in the nematic phase. If liquid crystalline mixtures consisting of 

compounds with fluorine in a lateral position with respect to the molecular long 

axis are prepared, the resultant dipole moment perpendicular to the long 

molecular axis is enhanced. As a result relatively larger values of the dielectric 

anisotropy ( -1 > ~E > -3) are induced, which promotes a lower value of 

threshold voltage (V th = 2~3 volt, which is essential for display devices). 

As observed from Figure 6.6 and 6.7 the dielectric constant in the 

perpendicular direction (E_i) is much higher for mixtures with nine (mixture D), 

ten (mixture E and F) and fifteen (mixture G) components. The number of 

laterally fluorosubstituted terphenyl compounds is higher in those mixtures and 

mixture E, F and G also contains laterally fluorosubstituted phenyl-tolanes. 

These compounds posses unsaturated n bonds and contributes towards lower 

values of dielectric constant along the molecular long axis ( E 11 ) and as a result 

the dielectric anisotropy is increased [21, 22]. However, mixtures A, B and C 

show lower values of dielectric constants along the perpendicular direction 

(E_1_) with respect to the molecular long axis. Mixtures A and B comprise of 

only two laterally fluorinated terphenyl derivative along with a bicyclohexane 

compound (which is different for A and B) [16]. Mixture C consists of a 

terphenyl derivative, two laterally fluorinated phenyl bicyclohexane, one 

phenyl cyclohexane compound and one non-mesogenic compound [15]. As a 

result for these three mixtures (mixture A, B, C), E_1_ is much lower in 

comparison to the rest of the mixtures (E_1_ values ranging from 4 to 5.5). It is 

found that the permittivity values along the molecular long axis (E11) are nearly 

the same throughout their mesomorphic range for mixtures C, B and G and 

also lower than other mixtures. These mixtures contain pure compounds with 

bicyclohexane in rigid core and it is well known that cyclohexanes has non 
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planar structure [20] which contributes less in the molecular long axis resulting 

in decreasing values of s
11

. But surprisingly, mixture A exhibits lowest dielectric 

permittivity values among all of the mixtures (Figure 6.6). This may be due to 

the fact that in mixture A there is a non-polar ethylene linking group and it has 

been found that compounds with ethylene group when present in mixtures 

suffer from poor stability, destroying the liquid crystalline properties [20, 21]. 
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Figure 6.6. Dielectric constant (sj_) as a function of relative temperature for 
different multicomponent mixtures (mixtures A-G). Key to symbols: 0 mixture 
A, • mixture B, D mixture C, o mixture D, ,1. mixture E, 11111 mixture F and + 
mixture G. 

Mixture E shows highest values of Ej_ and mixture D shows highest 

values of Ell. Lowest values of Ej_ and Ell are found for mixture A. Intermediate 

values of Ej_ and E
11 

are found for rest of the mixtures. As the number of 

component increases the value of Ej_ and E
11 

also increases. Tri-component 

mixtures (mixture A and B) have lower values of Sj_ and E
11 

and mixtures D-G 

have higher values of s j_ and s
11

• Mixture C has moderate values of s j_ and E
11

• 
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Figure 6.7. Dielectric constant (E
11

) as a function of relative temperature for 
different multicomponent mixtures (mixtures A-G). Key to symbols: 0 mixture 
A, • mixture B, 0 mixture C, o mixture D, .6. mixture E, 11 mixture F and + 
mixture G. 

In most displays the ratio of .6.E to the perpendicular dielectric constant 

(E_~_) is very important [35]. A small ratio of .6.E/E_~_ is usually desirable, thus 

materials with a large .6.E (to lower Vth) and E_~_ are needed. This is difficult to 

accomplish and therefore the E_~_ of a mixture is often increased by materials 

with a large negative dielectric anisotropy. To increase ~E, more than one polar 

group can be considered [21, 22]. The final .6.E value is determined by the 

vector sum of the total dipole moments. The magnitude of ~E and polar group 

type of an LC mixture affects the threshold voltage, operating voltage, power 

consumption, resistivity and viscosity. With this similar objective (to increase 

~E) mixture D with nine laterally fluorinated bi-phenyl and tri-phenyl have 

been prepared and modified into mixture E and F by addition of laterally 

fluorinated tolanes (again possessing high negative ~E). Fluorines in lateral 

position traps 7t electrons resulting in a higher value of E_1_ (shown in 
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Figure 6.6). The ratio of dielectric constants (E1_h:: 11 ) for mixtures A-G are 

plotted in Figure 6.8. For mixture G the ratio has the highest value, which 

implies that along parallel and perpendicular direction the variation of 

dielectric constants are maximum in comparison to other mixtures. For mixture 

A and B this ratio has the lowest value which implies that for these two 

mixtures there is no major change in the values of permittivities in two 

directions and as a obvious result the ~E values are low for these mixtures 

comparison to other mixtures. 
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Figure 6.8. Ratio of dielectric constants ( E 1_/e11) as a function of relative 
temperature for different multicomponent mixtures (mixtures A-G). Key to 
symbols: 0 mixture A, • mixture B, 0 mixture C, o mixture D, ~mixture E, • 
mixture F and + mixture G. 

From the temperature dependence of dielectric anisotropy (~e) data for 

all the mixtures (as shown in Figure 6.9) it is observed that the dielectric 

anisotropy, ~E, for mixture B is slightly higher than those obtained from A and 

its value is about -1.4 at around 20°C [16]. For mixture C the ~E value is 

around -1.0 at 20°C [ 15], which are somewhat low for VA mode displays. 
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Therefore there is a scope for further improvement regarding this parameter. 

The dielectric anisotropy (~E) value for mixture Dis moderately good (-2.42 at 

20°C), while for mixture E it has increased to a value of -2.5 at around 20°C 

and it has a distinctly higher value for mixture F. The value reaches to -3.0 at 

around 20°C for mixture F. For the fifteen component mixture (mixture G), the 

~£ value is -2.6 at 20°C. 

Comparison of the ~£ in nematic phase of all the mixtures studied at T Nr-T = 

1 0°C is shown below: 
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Figure 6.9. Dielectric anisotropy (~E) as a function of relative temperature for 
different multicomponent mixtures (mixtures A-G). Key to symbols: 0 mixture 
A, • mixture B, D mixture C, o mixture D, ~mixture E, • mixture F and+ 
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6.2.3. Bend elastic constant (K33) measurements: 

In Liquid Crystal Displays the electric or magnetic forces determine the 

static deformation pattern of a liquid crystal. On applying an external force 

(such as an electric field), the internal structure of the liquid crystalline material 

changes, and the elastic coefficients determine how the molecules reacts 
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through the restoring torque. The threshold voltage (Vth) depends on the 

dielectric anisotropy (~E) of liquid crystalline materials and also on its elastic 

behaviour. Higher values of dielectric anisotropy require low threshold 

voltages and therefore make lower values of bend elastic coefficients (K33). 

The threshold voltage (Vth) of the cell in vertically aligned mode display is 

designed to be 2~3 V, and is determined by the choice of the liquid-crystal 

materials to be used. The maximum operating voltage, or the peak amplitude of 

the data signal of the display, is about 7~8 V [12]. This low voltage and the low 

current due to the high resistance of the liquid crystal material contribute very 

much to the low power consumption of the display. 

As observed from Figure 6.1 0, the threshold voltage values are much 

higher in case of mixture A, B and C in comparison to mixture D-G. Since, 

mixture D comprises of only laterally fluorinated terphenyl derivatives it shows 

a moderate value of threshold voltage and in mixture E and mixture F in 

addition to the laterally fluorinated terphenyl derivatives, laterally fluorinated 

to lanes are also present, which results in lower values of threshold voltage. At 

TN1- T=30°C the threshold values of mixtures D, E and F are around 2.43V, 

1.98V and 2.67V respectively. Therefore, mixture E has the lowest value ofVth 

( ~ 1. 98V at around T NI-T=30°C) among all of the mixtures studied. However, 

Vth values are slightly higher ( ~ 2. 72 V at around T NI-T=30°C) in case of 

mixture G due to the presence of bicyclohexane and non-mesogenic 

compounds. 
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Figure 6.10. Threshold voltage values (Vth) as a function of relative 
temperature for different multicomponent mixtures (mixtures A-G). Key to 
symbols: 0 mixture A, • mixture B, 0 mixture C, o mixture D, .6. mixture E, 11 

mixture F and + mixture G. 

The temperature dependence of the bend elastic constant (K33) for 

mixtures A-G are shown in Figure 6.11. The Freedericksz thresholds (Vth) [36, 

3 7] for mixture B are slightly higher than those of A. The resultant effect is the 

reduced values of K33 for mixture A compared to mixture B [16]. It is found 

that the K33 values in mixture A is smaller in the entire nematic range 

compared to that of B [ 16]. A smaller elastic constant is favorable to achieve a 

low operating voltage, but it leads to a slower response time, because the 

response time is proportional to l!K33 . In practical cases, response time is 

usually more important than threshoid voltage. Mixture C has a moderate K33 

value of around 8.5 pN [15] at around 20°C. Mixtures D, E and F have higher 

values of K33 while for mixture G the same is slightly lower due to lower value 

of threshold voltage (Vth). 
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The elastic constant K33 is related the nematic order parameter ( <P2>) 

by the relationship [3 5]: 

(6.6) 

where A0 is a material constant. As discussed in section 6.2.1, the temperature 

dependence of Orientational Order Parameter ( <P2>) has already been 

determined and these values along with the bend elastic constant values (K33) 

are used in equation 6.6. Figure 6.12-6.13 shows the relationship between K33 

and (<P2>)2 for the mixtures and confirms that the experimental resuits 

reported here are well fitted to equation 6.6. Similar behaviour has also been 

reported elsewhere [38]. The values of the material parameter Ao for mixtures 

are listed in Table 6.2. The best agreement is obtained with the simple mean 

field prediction of Nehring and Saupe [39] that K33 is proportional to (<P2>)2
. 

Largest value of Ao is found for mixture G (around 35pN) and lowest value of 
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A0 occurs for mixture E (around 21 pN). The rest of the mixtures show a 

moderate value of this material parameter ranging in 25pN-31pN. 
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Figure 6.12. Validation of elastic constant K33=A0<P2>
2 for mixtures A, Band 
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Figure 6.13. Validation of elastic constant K33=A0<P2>
2 for mixtures D, E, F 

and G. Key to symbols: o mixture D,!). mixture E, • mixture F and+ mixture 
G. 
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Table 6.2. Material parameter (A 0) values for mixtures A-Gin pN. 

Material 
Mixtures parameter 

(A 0) in pN 

A 25.52 

B 31.85 

c 23.36 

D 27.54 

E 21.15 

F 29.29 

G 35.51 

6.2.4. Relaxation time (1:0) and rotational viscosity (y1) 

measurements: 

A simple electro-optical method [ 40-43, 1 16] was used to determine 

the relaxation time and hence the rotational viscosities (y!) of all the 

multicomponent mixtures (mixture A-G). Studies of these parameters are most 

significant since this directly affects the quality of display devices. 

Figure 6. I 4 shows the temperature dependence of relaxation time, 'to. for 

all the mixtures A-G. Both the relaxation time (t0 ) and bend elastic constant 

values (K33) were used to calculate the rotational viscosity of the mixtures A-G. 

The relaxation time forB is slightly lower than that of A [16]. However, the 

rotational viscosity of mixture A is slightly lower compared to that of mixture 

B. But, far away from the clearing temperature, the two values are close to each 

other. The response time for mixture C is 96 milisec and the rotational 

viscosity is 95mPas [15] at around 20°C. The laterally fluorinated terpheny1 

compounds are most promising components in mixtures which effectively 

lower the values of relaxation time and also the rotational viscosity [20, 21]. 
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Since, mixture E compnses of laterally fluorinated terphenyl 

compounds, its 1:0 values are much less than other mixtures. Laterally 

fluorinated tolanes are also effective for decreasing the values of 1:0• As a result 

mixture E and mixture F show quite low values of 1:0 of around 3lms and 28ms 

respectively at 20° C. There is a drastic improvement in the values of y1 for 

mixtures D, E and F (around 55-70 mPas at T Nr-T=65°C). However for mixture 

G, 1:0 and y1 both have moderate values of 80 mS and 89 mPas at around 20°C. 

This may be explained by the presence of compounds 10 and 11 (CHz-CH2 

linkage group with bicyclohexane in the rigid core resulting in a rotational 

hindrance) [20] in mixture G, which effectively enhances the relaxation time 

('t0) as well as rotational viscosity (y1) of the mixture in comparison to other 

mixtures (mixture D-F). 
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Figure 6.15. Rotational viscosity (y1) as a function of relative temperature for 
different multicomponent mixtures (Mixtures A-G). Key to symbols: 0 mixture 
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6.2.5. Activation Energy: 

The temperature dependence of y1 is fitted with the following expression 

using the values of the orientational order parameter, <P2>, obtained from 

birefringence measurement: 

(6.4) 

where y0 is the rotational viscosity at absolute zero temperature, k~ is the 

Boltzmann constant, <P2> is the Orientational Order Parameter (OOP) and Ea 

is the associated activation energy [17]. 

A systematic study of rotational viscosity and Orientational Order 

Parameter (OOP) has already been studied for all of the multicomponent 

mixtures (mixtures A-G). These values have been used further to calculate the 

activation energy (Ea) of the multicomponent mixtures (mixtures A-G) under 

investigation. 
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The Arrhenius plot (ln y1/<P2> ~ liT plot) [35] in the nematic phase of 

the mixtures (mixture A-G) using the calculated values of the orientational 

order parameter (<P2>) and rotational viscosity (yt) are shown in Figures 6.16 

and 6.17. From the slope of the Arrehenius plot the activation energy Ea have 

been evaluated. The activation energies thus obtained for these multi component 

mixtures (mixture A-G) are given in Table 6.3. 

Table 6.3. Activation energies (Ea) for mixtures A-G in kJ/mole. 

Mixtures Ea in kJ/mole 

A 30.34 

B 32.81 

c 26.14 

D 36.24 

E 39.38 

F 41.45 

G 45.76 

It can be concluded from the activation energy (Ea) data that mixture C 

has the lowest Ea value (26kJ/mole) while for the rest of the mixtures Ea values 

are higher (varies from 30-45kJ/mole) if compared with mixture C. This is 

expected since the temperature dependent rotational viscosity data are steeper 

at lower temperatures, contributing more to the slope of the Arrehenius plot. 

Actually the average value of Ea within the nematic phase is computed for 

these multicomponent mixtures. These mixtures have lower viscosity values 

and also have lower values of Ea. The dipole-dipole correlations may affect the 

values ofEa (17, 35]. 
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6.2.5. Determination of Visco-elastic co-efficient (y1/K33) and 
Figure of Merit (FoM): 

The visco-elastic co-efficient (y1/K33) [44] curves are shown in Figure 

6.18 for mixtures A-G as a function of relative temperature. Mixture B shows 

the highest value of the visco-elastic coefficient ( ~60 at around room 

temperature) as rotational viscosity values are highest for this mixture, whereas 

the bend elastic constant values are moderate [ 16]. Mixtures B and C, with 

moderate values of both rotational viscosity and bend elastic constant has a 

moderate value of y1/K33 (around 20-30 in the nematic range) [15, 16]. 

However, mixtures D-G show very good performance as far as the visco-elastic 

co-efficient values are concerned ( ~ 5-15 at around room temperature) as 

rotational viscosity values are very low in comparison to A-C, but 

bend elastic constant values are moderate. 

Figure 6.19 illustrates the FoM curves [44] for mixtures A-G as a 

function of relative temperature. As expected, mixtures A-C have lower FoM 

values since their rotational viscosity values are higher than mixtures D-G. The 

peak values are around 1.3-1.8 1-1m2/s for mixtures A-C. For mixture D, the 

peak value is around 13 1-1m2/s, while for mixtures E, F and G the peak values 

are around 7-9 j.!m2/s. Based on the direct FoM comparison of the investigated 

LC mixtures, it is concluded that the mixtures consisting of laterally fluorinated 

two and three phenyl rings compounds are more favorable for room 

temperature operation in display devices. The advantages are twofold: lower 

viscosity and higher birefringence. Thus for the mixtures intended for an 

elevated temperature operation, some compounds, e.g., cyciohexane or tolanes, 

with a high clearing temperature should be incorporated (mixture E and 

mixture F) in order to improve the clearing temperature. 

183 



ChapterV1 

60 ---<)-- MIXTURE A 
-e- MIXTURE B 
-•- MIXTURE C 
-0- MIXTURE D 50 
-6- MIXTURE E 
-D- MIXTURE F 
-+- MIXTURE G 40 

(") 

::2 30 -
20 

10 

70 60 50 40 30 20 1 0 0 
TNrT in °C 

Figure 6.18. Visco- elastic ratio (y1/K33) as a function of relative temperature 
for different multicomponent mixtures (mixtures A-G). Key to symbols: 0 
mixture A, • mixture B, D mixture C, o mixture D, ~mixture E, 11 mixture F 
and + mixture G. 

12 

~ 
10 

"' E 8 
~ 
- 6 
~ 
0 u.. 

80 60 40 20 0 
T N1-T in °C 

Figure 6.19. Figure of Merit (FoM) as a function of relative temperature for 
different multicomponent mixtures (mixtures A-G). Key to symbols: 0 mixture 
A, • mixture B, D mixture C, o mixture D, ~ mixture E, 11 mixture F and + 
mixture G. 

184 



Chapter VI 

6.3. Comparative study: 

The physical properties of the seven multi component mixtures (mixtures 

A-G) have been extensively studied. The physical properties of these mixtures 

A-G have been compared in Table 6.4. All of them are eutectic mixtures and it 

is observed that mixtures D, E and F emerged as moderately good mixtures for 

VA mode liquid crystal displays from application point of view. 

Table 6.4. Comparison of the physical properties of the multicomponent 
mixtures (mixtures A-G) (at ~ 20°C). 

A B c D E F G 

TNI 197.5°C 100.5°C 80.9°C 105.9°C 110.5°C 107.4°C 96.0°C 
!--- ~ 

j 

Tm 1L7°C 15.4°C -5.3°C -13.4°C -14.8°C -14.5°C -27.2°C 

An 0.12 0.12 0.11 0.19 0.18 0.18 0.19 

AE -1.4 -1.2 -0.9 -2.4 -2.9 -2.3 -2.6 
-- ----

Vth(in 3.33 I 3.18 2.82 2.38 2.33 3.19 2.07 
volts} 
K33(in 14.47 13.54 8.20 14.35 14.63 13.74 14.39 
pN) 

'to (in 164 218 72 25 31 28 32 
milisec) 

'Y1 (in 464.1 440.9 124.1 47.7 55.8 57.3 71.9 
mPas) 

6.4. Summary and Conclusions: 

Based on the results of the physical parameters of individual compounds 

as described in Chapter III, several multi-component mixtures (mixture A-G) 

had been formulated. Laterally fluorinated bi-phenyl and tri-phenyl 

compounds, laterally fluorinated tolanes, two bicyclohexane compounds and 

also two non-mesogenic compounds were used to formulate the mixtures and 

their compositions were given in Chapter V. The purpose of preparing and 

characterizing these mixtures was to get best multicomponent mixture with 
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excellent electro-optical performance to be used in VA mode displays. The 

physical properties of all of the negative dielectric anisotropy nematic liquid 

crystalline multicomponent mixtures (mixture A-G) have been investigated by 

different experimental techniques and birefringence (~n), dielectric anisotropy 

(~E), bend elastic constant (K33), relaxation time ('to) and rotational viscosity 

(y1) had been determined. The order parameter (<P2>) values have been 

calculated. In addition to these the visco-elastic co-efficient (y1/K33) and FoM 

values have been evaluated. 

In the tri component mixtures (mixtures A and B), the optical 

birefringence were found to almost satisfy the targeted values for VA mode 

display devices (around 0.11) but ~E values are too low -1 20°C). 

To meet this requirement five component (mixture C) and nine component 

(mixture D) mixtures were prepared. For mixture D low viscosity(~ 48 mPas 

at around 20°C) and moderate birefringence ( ~ 0.18 at around 20°C) and higher 

values of dielectric anisotropy ( ~ -2.5 at around 20°C) with a broad nematic 

range had been achieved. By introducing two different dopants (laterally 

fluorinated to lanes) the nine component mixture has been modified into two ten 

component mixtures (mixtures E and F) where almost all the physical 

properties were tailored to meet the required specification of the display 

material, only with a slight deviation in the birefringence (~n) values. The 

fifteen component mixture (mixture G) gave a reasonable balance among all 

the required physical properties for a suitable VA display device. Mixtures D-F 

emerged to be the best mixture among all the mixtures studied. 
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CHAPTER VII 

Effect of Pretilt on the Threshold Voltage 
and Relaxatiom Time of Different Multi
component Mixtures 

7.1 .. Introduction: 

Pretilt angle effect [ 1-17] is found to make an important contribution to 

the liquid crystal dynamics [ 1-4]. The use of pretilted cells has important 

consequences on the threshold voltage (Vth) and relaxation time ('t0) of the 

liquid crystalline material. In this type of cells, the director is tilted with respect 

to the cell walls which are advantageous since the tilted alignment aids in the 

switching of the cell operation. From technological viewpoint, a precise and 

reliable control of the easy axis is indispensable. The selective pretilting 

remarkably reduces the apparent tilt angle, i.e., the angle between the 

projections onto the substrate plate of the nematic layer normal and the director 

in the uniform states, which has a better effect on relaxation time, threshold 

voltage and the display contrast [5, 6]. Small pretilt angles are typically used 

with positive anisotropic liquid crystais and high pretiit angles (close to 90°) 

are used with negative liquid crystals i.e. in Vertically Aligned mode Liquid 

Crystal Displays (VA-LCD's) [1]. In a Vertically Aligned (VA) cell, the pretilt 

angle (a) affects the device contrast ratio and response time. In this case, the 

pretilt angle is defined as the angle of the Liquid Crystal (LC) directors 

deviated from cell normal. For a = 0, it implies that the LC directors are 

aligned perpendicular to the substrate surfaces. As the pretilt angle deviates 
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from the cell normal, the Freedericksz threshold voltage is gradually decreased 

and hence the operating voltage is reduced. In fact, in a real LC device a small 

pretilt angle is required for LC directors to relax back without creating domains 

[3]. In Vertically Aligned Nematics (VAN), the pretilt angle determines the 

maximum contrast that can be realized; pretilt angle different from 90° is 

necessary to "orient" the molecules in a preferred direction to switch and to 

speed up the start of the switching process. When the pretilt moves away from 

the perpendicular, switching process runs faster, however, the contrast ratio 

decreases [1]. In nematic Liquid Crystal Displays, a slightly pretilted alignment 

plays an important role to eliminate orientational defects which further helps us 

to improve the device quality [3]. 

Further work in this dissertation involves study of two important 

material properties (Vth and 'to) of the mixtures using different pretilted cells (2° 

and 5° pretilt). The results obtained from this study are compared with the 

mixtures filled in 0° pretilted cells. It is found that as the pretilted angle is 

increased from 2° to 5°, improvement is observed in the values of threshold 

voltage and relaxation time. However, the response time is not only dependent 

on the pretilt angle, but the switching and relaxing processes also depend on the 

liquid crystalline material, cell gap and anchoring strength to the aligning 

surfaces. For a particular material, selection of pretilt angle is always a 

compromise between contrast and speed, taking into account that both depend 

simultaneously on the cell gap [ 5-l 0]. 

The study of pretilt angle effect on display device thereby is expanding 

very rapidly in a quest to improve performance and reliability of display 

device. However the pretilt has also a drawback - the relaxed state becomes 

birefringent, and the contrast decays dramatically as pretilt increases (as the 

increasing value of pretilt angle causes birefringence in the dark state and the 

pretilt of the LC molecules causes a light leakage). Therefore, choosing a 

precise pretilt is an important tradeoff when designing real VAN displays [4]. 

191 



Chapter VII 

The pre-tilt angle of high resolution VAN display devices should be controlled 

within 5° in order to prevent disclination [ 4]. 

The basic concept in the pretilt control scheme is to use two competing 

alignment forces, one of which gives the homogeneous alignment and the other 

the homeotropic alignment. For relatively large sizes of the two types of 

patterns, there exist two different domains producing separately the 

homogeneous and homeotropic alignment. However, as the pattern sizes 

decrease, two alignment forces tend to compete with each other and result in an 

intermediate state having a certain pretilt angle in the bulk whereas they 

produce an inhomogeneous director field on the surface. This is because the 

resultant surface-induced inhomogeneity decays to become uniform within a 

distance of about from the surface where, k is the period of the surface 

pattern and p is the cell thickness. In this study, the cell thickness is about 8-9 

llm and as a result the period kwill be varying from 15-20 llm [11-15]. 

The magnitude of the pretilt angle can be varied by varying the relative 

dimension between two patterns [6-7]. For example, when the homeotropic 

pattern is larger than the homogeneous pattern, a higher pretilt can be obtained. 

The other case is also valid since the relative anchoring energy governs 

primarily the magnitude of the pretilt. The alignment materials chosen for the 

display devices ensure that the director is aligned quasi perpendicularly to the 

display normal. A non-zero very small angle (known as tilt angle, B, where 

B=90° -pretilt angle) between the display normal and the director must be 

introduced in order to establish plane of communication and to increase the 

torque resulting from the coupling between the dielectric tensor of the 

molecules and an applied electric field [8-10]. If B-+0 the display will switch 

after a long delay time (lOs) to generate a conic texture (16-17]. On the other 

hand increasing B means sacrificing the quality of the clarity state and thus in 

case of manufacturing a VAN display a delicate balance between delay time 
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and contrast has to be sought. In this chapter study in 0°, 2° and 5° pretilted cell 

has been undertaken. 

7.2 Effect of pretilt on different multicomponent 
mixtures: 

The effects of 2° and 5° pretilt with respect to normal cell (cell with 0° 

pretilt) have been thoroughly investigated for mixtures A-G. The details of the 

experimental results are given in the following sections. 

7.2.1. Three component mixture (mixture A and 
mixture B): 

Figures 1 and illustrate the variation of threshold voltage with 

relative temperature (T NI-T) for different pretilted cells for mixtures A and B 

respectively. In Figures 7.3 and 7.4, the relaxation time as a function of relative 

temperature at a= 0°, and 5° pretilt angles for mixtures A and B respectively 

have been plotted. In general, at a given temperature a smaller pretilt angle 

would lead to a slower response time. As the pretilt angle increases the 

response time gradually decreases. In fact at T = 20°C the response 

decreases to 25% and 35% for mixture A for 2° and 5° cells respectively 

compared to 0° pretilt. On the other hand, at the same temperature for 

B, reduction in these values are 16% and 35% respectively [18]. It may be 

mentioned that, increasing a means sacrificing the quality of the state, since the 

dark state becomes more birefringent. 
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Figure 7.1. Variation of threshold voltage (Vth) as a function of relative 
temperature T NI-T (cell gap = 8.9!lm) for mixture A. Key to symbols: o = 0° 
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7.2.2. Five component mixture (mixture C): 

Further work involves study of the threshold voltage, Vth• and relaxation 

time 'to of the five component mixture (mixture C) using different pretilted 

cells (pretilt angle a=2° and 5°). The results obtained from this study are then 

compared with the mixture in 0° pretilted cells. In Figures 7.5 and 7.6 the 

threshold voltage and the relaxation time as a function of relative temperature 

at pretilt angle a= 0°, 2° and 5° have been plotted for the mixture C. It is found 

that as the pretilt angle is increased from 2° to 5°, improvement is observed 

the values of the threshold voltage and relaxation time. 
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Figure 7.5. Variation of threshold voltage (V th) as a function of relative 
temperature T NI-T for (cell gap = 8.9J.Lm) mixture C. Key to symbols: o = 0° 
pretilt; /:1 = 2° pretilt and • = 5° pretilt. 
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Figure 7.6. Variation of relaxation time ('t0 ) as a function of relative 
temperature TNr-T (cell gap= 8.9f!m) for Mixture C. Key to symbols: o = 0° 
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As observed in Figure 7.6, at TNr-T= 63°C (i.e. T = 20°C), the response 

time for the mixture decreases to 22% and 41% for 2° and 5° pretilted cell 
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respectively, compared to zero pretilt On the other hand, at the same 

temperature the V th values are decreased by 5% and 9% respectively (Figure 

7 .5) [19l The voltage dependent transmittance curves of the mixture for 

different pretilted cells are shown in Figure 7. 7. There is a drop in the threshold 

voltages with increasing pretilt angle as observed in Figure 7.7. 

7.2.3. Nine and Ten component mixtures (mixture D, 
E and F): 

As observed in Figures 7.8-7.10, at TNI-T = 63°C (i.e. T = 20°C), the Vth 

value for mixtures D, E and F decreases for 2° and 5° pretilt, compared to 0° 

pretilt. On the other hand, at the same temperature, the relaxation time is also 

decreased (Figures 7.11 13). The voltage dependent transmittance curves of 

these mixtures for different pretilted cells are shown in Figure 7.14-7 .16. There 

is a drop in the threshold voltages with increasing pretilt angle as observed in 

these Figures. It is observed in Figures 7.11-7.13 that when 2° pretilted cells are 

used, the relaxation time ('to) for mixtures D, E and F are decreased by 6%, 

14% and 11% respectively and for 5° pretilted cell the same values are reduced 

by 14%, 18% and 47% respectively for mixtures D, E and F. Similar behaviour 

was also found for Vth value of these mixtures. It is observed from Figures 7.8-

7.10 that the Vth value for mixtures D, E and F is reduced by 5%, 18% and 

12% for 2° pretilted cell and for 5° pretilted cell the same are reduced by 10%, 

16% and 13% respectively. The voltage dependent transmittance curve for the 

mixtures D, E and F for different pretilted cells are shown in Figures 7.14-7 .16. 
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Figure 7.12. Variation of relaxation time (t0 ) as a function of relative 
temperature TN1-T (cell gap= 8.9J..tm) for mixture E. Key to symbols: o = 0° 
pretilt; D. = 2° pretilt and • = 5° pretilt. 

c 

56~-------------------------------~-----------_, 

48 

24 

0 

• 

0 
o 0° pretilt 
6 2° pretilt 

• 5° pretilt 

80 70 60 50 40 30 20 1 0 0 

T N1-T in °C 

Figure 7.13. Variation of relaxation time (1'0 ) as a function of relative 
temperature T NI-T (cell gap = 8.9J..tm) for mixture F. Key to symbols: o = 0° 
pretilt; D. = 2° pretilt and • = 5° pretilt. 

201 



Chapter VII 

0.40 

0.35 
::l 

rn o.3o 
c:: 
>. 

:!:::::: 0.25 
CJ) 
c:: 
2 c:: 0.20 

0.15 

0 

------- pretilt angle = 0° 

-- pretilt angle = 2° 
------ pretilt angle = 5° 

! I I 

2 4 6 8 10 

Vr.m.s in Volts 

Figure 7.14. Voltage dependent intensity (at a fixed temperature T=65°C) 
of mixture D filled in VA cell with three pretilt angles a = 0° (dashed line), 
a= 2° (solid line) and a= 5° (dashed dot line). 

0.32 ..,-----~------------~------------~-----, 

0.30 

::J 0.28 
ro 
c: 0.26 

~ 
C/) 
c: 0.24 
2 
c: 

0.22 

0 

------.. --_:::::::::::=:.:::::::::::::::::: 
/ .. ,.-~ _,,.,.. .. -----

, .. ···:::: .... ~···· 
' / 

I ' 
I ' 

I / 
I I 

I I 
I I 

I I 

5 

pretilt angle = 0° 

-- pretilt angle = 2° 

-·-·- pretilt angle= 5° 

10 15 

Vr.m.s in Volts 

20 

Figure 7.15. Voltage dependent intensity (at a fixed temperature T=80°C) 
of mixture E filled in VA cell with three pretilt angles a = 0° (dashed line), 
a= 2° (solid line) and a= 5° (dashed dot line). 

202 



Chapter VII 

::J 

m 
c 

Z" ·u; 
c 
Q) ........ 
c 

0.32 ...,---~-------·---------, 

0.30 

0.28 

0.26 

0.24 

0.22 

0.20 

---------... ---~;.;:.:..:~~ ' ' --::.:-=--,--/~··· 
I / ' .. ' ,. 

' ,' 
' ' ' I 
'I 
,'I 
'I 
,'I 
,'I 

-----pretilt angle= 0° 

- pretilt angle = 2° 
-·-· pretilt angle= 5° 

+----.--..---,-·----r----,---,-----,----,--,---j 

0 5 10 15 20 

Vr.m.s in Volts 

Figure 7.16. Voltage dependent intensity (at a fixed temperature T=72°C) 
of mixture F filled in VA cell with three pre tilt angles a = 0° (dashed line), 
a= 2° (solid line) and a= 5° (dashed dot line). 

7 .. 2.4 .. Fifteen component mixture (mixture G): 

Similar effects are also found for the fifteen component mixture 

(mixture G). It is observed that the Vth and 1:0 values are comparatively less for 

5° pretilted cell relative to those for 0° and 2° pretilted cell. As observed in 

Figure 7. 18, at T NI-T = 63°C (i.e. T = 20°C), the response time for the mixture 

is decreased by 14% and 44% for 2° and 5° pretilted cell respectively, On the 

other hand, from Figure 7.17 it is observed that at the same temperature the Vth 

values are decreased by 6% and 11% respectively for 2° and 5° pretilted cell. 

Figure 7.19 illustrates the voltage dependent transmittance curve for mixture G. 
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7 .. 3. Summary and Conclusions: 

A comparative study of the effect of pretilt angle on the threshold 

voltage (V th) and relaxation time -r0 for the multi component nematic mixtures 

(mixtures A-G) are studied and the results are listed in Tables 7.1 and 7.2 

respectively. It is observed that both the threshold voltage as well as the 

relaxation times shows improvement for all the mixtures using pretilted cells. 

As the pretilt angle deviates from the cell normal, the threshold behaviour is 

gradually smeared and the turn-on voltage is decreased. A display device 

manufacturer should keep in mind that the threshold behavior exists only when 

the pretilt angle is zero. The free relaxation time -r0 is derived based on the 

assumptions that a = 0 and the applied voltage is not too far from the threshold 

voltage. However, in many LC devices a non-zero pretilt angle is required in 

order to avoid domain formation during molecular reorientation. 
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Table 7.1. Comparative study of threshold voltage Vth (in volts) of 
multicomponent mixtures A-G ( ~ 20°C) using different pretilted cells. 

A B c D E F G 

0° pretilt 3.72 3.35 3.09 2.73 3.81 3.34 2.41 

2° pretilt 3.47 3.28 2.95 2.60 3.47 3.24 2.29 

5° pretilt 3.33 3.20 2.82 2.38 3.33 3.19 2.07 

Table 7.2. Comparative study of relaxation time "to (in milisec) of 
multicomponent mixtures A-G (~ 20°C) using different pretilted cells. 

A B c D E F G 
0° pretilt 254 337 121 29 38 53 57 
2° pretilt 199 328 94 27 32 47 55 --
5° pretilt 164 218 72 25 31 28 32 

It may be mentioned that there are limitations on the choice of the 

values of the pretilt angle, since the birefringence due to the pretilt of the liquid 

crystalline molecules causes a light leakage in the dark state and reduces the 

contrast ratio. The pre-tilt angle of high resolution VA nematic displays is thus 

restricted to within 5° in order to prevent disclination. Display applications 

probably would prefer higher pretilt angles to minimize the response time. The 

slightly lower phase delay ranges achieved in these cells are relevant for the 

device performance in most cases [ 1, 4]. 
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CHAPTER VIII 

Mesomorphic and Structural Properties 
of Some Liquid Crystals possessing 
a Bicyclohexane Core 

8.1 .. Introduction: 

Liquid crystal material research have contributed significantly both to 

the development of liquid crystal display (LCD) technology [1-3] and also at 

the same time to the better understanding of the phase behaviour of soft 

condensed matter systems. Quantitative knowledge of orientational ordering is 

necessary so that improved materials may be devised for applications. Study of 

pure compounds is an important prerequisite in the preparation of mixtures, 

better tuned to meet the specific demands of the electro-optical display devices 

[4, 5]. Prerequisites for the attainment of the goals are experimental techniques 

to investigate and correlate the relevant material and electro-optical properties 

with molecular structural elements. Research can then be made to establish 

molecular design criteria to find new and applicable materials. Thus, attempts 

are being continuousiy made to study the material properties for a better insight 

into the basic understanding of liquid crystalline behaviour, and also that newer 

and more acceptable class of materials suitable for display devices emerges. 

The compounds studied in this work are of extraordinary interest since 

they contain bicyclohexane core, uncommon to most liquid crystalline 

compounds. They belong to a new class of liquid crystals, expected to show 

low optical anisotropy (~n<O.l), low rotational viscosity, low magnetic and 
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dielectric anisotropy (~X;:;;; 0, ~E;:;;; 0) [6] and low visco-elastic ratios [7] 

leading to faster response times in field effect liquid crystal displays. 

Moreover, the biyclohexane compounds are frequently used in multicomponent 

mixtures to adjust the birefringence and hence the study of the physical 

properties ofthese compounds is of utmost importance. 

In this work, the results of refractive indices, density and dielectric 

permittivity measurements on seven alkenyl bicyclohexane compounds [8-1 0] 

of which five compounds show only nematic phase while other two compounds 

possesses a smectic B phase which is the precursor of nematic phase, has been 

presented. Optical Transmission (OT) method [11] has also been employed to 

obtain a high resolution (accuracy~ 1 o-5
) measurement of the temperature 

dependences of the optical birefringence, ~. which provides a macroscopic 

measure of the anisotropy of the liquid crystalline phase, and can also, be 

considered as a measure of the orientational ordering of the same. The optical 

birefringence data obtained from optical transmission method have been 

compared with the same as obtained from thin prism technique. The high 

resolution OT technique provides a quite sufficient number of data points for 

~n near the phase transitions, thus making it. possible to characterize the 

transitional anomaly quite precisely. The effect of molecular structure on the 

birefringence of these compounds has also been discussed. 

The high resolution optical birefringence (~n) data have directly been 

used for analyzing the temperature behavior of Orientational (nematic) Order 

Parameter. Moreover, the ordinary and extraordinary refractive indices as well 

as the density data have also been used to determine the orientational order 

parameter (<P2>) using the standard Vuks isotropic model [12]. The <P2> 

values determined from the thin prism refractive index data have been 

compared with those measured from optical transmission method. These values 

have also been compared with the theoretical values of Maier-Saupe [ 13] for 
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the compound having only nematic phase and McMillan's theory [14] for 

compounds having both Smectic B and nematic phases. 

Furthermore, in the field of liquid crystals the nematic-isotropic (N-I) 

phase transition is quite interesting due to its several surprising features. In a 

mean field theory Landau and de Gennes [ 14] gave a simple description of the 

dynamical behaviour of the N-I phase transition by expressing the free energy 

density in powers of the nematic order parameter S(T). It has been observed 

that the mean field theory [ 15] can satisfactorily explain the behaviour the 

mesophase over most of the temperature ranges, but very close to transition it 

fails to describe the critical region. However, along with few disagreements, 

most of them, reveals a tricritical nature [16-18] for the N-I phase transition 

which again can be explained in the context of Landau-de Gennes theory with 

the free energy density expanded up to sixth order in powers of the nematic 

order parameter <P2>. In literature one can obtain numerous examples 

regarding the study on the critical behavior of <P2> extracted from the 

birefringence and refractive index studies ( 19-29]. However, as for the 

dependence of most of the methods on visual inspection, the availability of 

high resolution birefringence data with less uncertainty is quite scarce, 

particularly in the neighborhood of the phase transitions. It has been predicted 

that the critical exponent fJ, describing the limiting behavior of nematic order 

parameter at the N-I transition, should take on any one of the available 

theoretical values, quantitatively 0.5 (for a critical point) or 0.25 (for a 

tricritical point) or 0.325 (for Ising system). But the fit to the experimental 

<P2> data to the well known Haller's approximation [18] frequently yields 

relatively lower values of fJ with f3::::; 0.2. Indeed this model is quite unsuited as 

for its incompatibility with the weakly first order character of the N-I phase 

transition [30, 31]. Later, the introduction of a four parameter analytical model 

[21] in concurrence with the weakly first order character of the N-I transition 

helps to overcome this difficulty, providing theoretically consistent values of fl. 
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However, estimation of precise fJ value with the aid of such a model requires a 

quite high resolution and accuracy of the corresponding experimental data, 

especially near the transition. 

Nevertheless, in the literature one can find numerous studies on the 

critical behavior of the Orientational (nematic) Order Parameter ( <P2>) 

obtained from refractive index or birefringence measurements directly [25, 32-

36]. Moreover, by analyzing the temperature behavior of Orientational 

(nematic) Order Parameter both from optical birefringence L'm directly and also 

from density and individual refractive indices, the validity of the measurement 

of the temperature behavior of Orientational (nematic) Order Parameter 

obtained from optical birefringence L\n have been tested. 

Additionally, the dielectric permittivities parallel and perpendicular to 

the molecular long axis (EJ. and c 11 ) and dielectric anisotropy (~E) throughout 

their mesomorphic range of the seven pure liquid crystalline compounds has 

also been measured. The structure property relationship of these compounds 

has also been discussed. 

8.2. Physical properties of bicyclohexane compounds: 

A number of new non-polar bicyclohexane liquid crystal classes have 

been introduced which exhibit pronounced nematic mesophases. Their optical 

and dielectric properties, as well as density have been presented. The classes 

differ from each other with respect to the systematic changes made in the 

position of the alkenyl double bond in their side chains and/or with respect to 

their polar or non-polar substituents. The bicyclohexane compounds are of 

three types either non-polar (i) alkenyl-alkoxy, (ii) alkyl-alkenyloxy or (iii) 

alkenyl-alkenyl bicyclohexanes which exhibit (except for compounds b and f, 

which shows smectic B phase) purely nematic mesophases. Like their polar 

counterparts their diamagnetic anisotropy ~X is virtually zero. Therefore, and 

because of their simultaneously very small dielectric anisotropy (~E"" 0), the 
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pure, non-polar bicyclohexanes can be aligned neither in usual magnetic nor in 

electric fields and surface alignment techniques are usually employed to align 

them. 

8.2.1. Materials: 

The compounds were procured from AWAT Co. Ltd., Warsaw, Poland 

and were used without further purification. The chemical structure and 

transition temperatures ofthe compounds are shown in Table 8.1. 

Table 8.1. Chemical structure and transition temperatures of compounds a-g. 

I Compound Tm TsmB-N TNI 
Structure 

No. (oC) (oC) (oC) 

C,H,-o-o-~~CH-CH, 80 86.4 

b 56.5 53.4 84 

d 53 

e OC-CH3 
II 55.4 88.5 
0 

f O-C-CzHs 
II 34.8 68.8 
0 

g F 84.7 81.2 158 
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So far, there are only a few liquid crystal classes described in the 

literature which exhibit a low birefringence and whose rigid core consists of 

two cyclohexane rings. All of these possess saturated side chains [ 14-17]. The 

non-polar representatives among them, that is, the directly linked [37], as well 

as the ester [38] and the ethane [39] linked, bicyclohexanes exhibit pronounced 

smectic B phases which strongly diminish their applicability in nematic 

mixtures. Moreover, the large viscosities of the esters do not render them 

applicable for LCD's with faster response times. For these reasons as well as 

for the experimental difficulties which result from the very low diamagnetic 

and dielectric anisotropy of the biyclohexane cores, there are few experimental 

results available in the literature. 

8.2.2. Texture Studies: 

The transition temperatures and textures [40] were observed usmg 

polarizing microscope (Motic BA300) equipped with Mettler FP900 

Hot Stage. Typical thread-like textures characteristic of the nematic phase were 

observed upon heating for all the compounds. Upon cooling, compounds b and 

g exhibited Smectic B phase with mosaic texture, while compounds a and 

showed only nematic phase. All the compounds show large super cooling. 

8.2.3. Refractive index measurements: 

The temperature dependence of the principal refractive indices no and ne , 

- ne + 2no . . ..:~ . h . . h the mean value n = 
3 

and the refract1ve muex m Le Isotropic puase (nisoJ at 

a wavelength of 'A = 632.8 nm for the seven compounds were measured by thin 

prism technique [25] and are shown in Figures 8.l(a)-8.l(g). 

For all the compounds, the values of the extraordinary refractive index 

decreases with increase in temperature, while the values of the ordinary 

refractive index remains almost constant in the lower temperature region but 
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increases with increase in temperature near the N-I phase transition. On cooling 

from isotropic to nematic phase, a pronounced change in the refractive index 

values is observed. There is an abrupt increase in the birefringence in going from 

the nematic to the smectic B phase of compounds b and f. The birefringence 

values of all the compounds are very low and are less than 0.1 even in the 

smectic B phase [ 41]. This is not surprising because all the bicyclohexane 

compounds have low polarizability anisotropy due to their nonlinear structure 

and absence of conjugated n-bond in the molecules. In this context it may be 

mentioned that this low optical anisotropy are required to develop fast and high 

information-content liquid crystal displays [42]. 

0.05 

1.48 n 
(]) 0.04 

c: 
0 L'\.n c: 

1.46 0.03 

n 
0 

1.44 0.02 

30 40 50 60 70 80 90 
TFC 

(a) 

Figure 8.1. Experimental values of refractive indices n0 and ne , mean value 
(n) and birefringence (L\.n) as a function of temperature for (a) compound a. 
T NI = nematic - isotropic phase transition temperature. 

215 



1.50 

1.48 

1.46 
CJ) 

c:: 
0 1.44 

c:: 

1.42 

1.40 

1.48 

1.46 

CJ) 

c:: 1.44 
0 

c:: 

1.42 

20 

ne CD OCb 
<boCb 

11).%~ 

30 40 

40 50 

Chapter VIII 

0.12 

TSmB-N TNi 

ooco 0.10 

66 0.08 
1, 

c:: 
·-~-~~,!!- Do 0.06 <l 

0.04 

0.02 
50 60 70 80 90 

T/°C 

(b) 

0.08 

0.06 

0.04 

0.02 

60 70 80 90 

TfC 

(c) 

Figure 8.1. 'contd. Experimental values of refractive indices n0 and ne, mean 
value (n) and birefringence (~n) as a function of temperature for (b) 
compound b and (c) compound c. T NI = nematic - isotropic phase transition 
temperature and T smB-N = smectic-nematic phase transition temperature. 
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Figure 8.1. 'contd. Experimental values of refractive indices n0 and ne, mean 
value (n) and birefringence (&1) as a function of temperature for (d) 
compound d and (e) compound e. TNT = nematic - isotropic phase transition 
temperature. 
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Figure 8.1. 'contd. Experimental values of refractive indices 11o and ne, mean 
value (n) and birefringence (L\n) as a function of temperature for (f) compound 
f and (g) compound g. T NI = nematic - isotropic phase transition temperature 
and T SmB-N = smectic-nematic phase transition temperature. 
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These materials find use in vertically aligned mode mixtures to fine tune 

the birefringence of the finished product to meet the specifications prescribed by 

the existing cell gap. 

8.2.4. Optical birefringence measurements: 

The optical birefringence (~n) of the compounds have also been measured 

for wavelength 'A= 632.8 nm using high resolution temperature scanning 

technique. These values have been compared with those obtained from thin prism 

technique and is shown in Figure. 8.2. It is observed that the L\.n values obtained 

from thin prism technique are slightly lower than the values obtained from 

Optical Transmission (OT) method. The possible reason for this discrepancy 

the two sets of measurements is due to the fact that in case of thin prism, the 

sample thickness is much higher (40-80 times) than the 5.0 !lm cell which is 

used in the transmission method. Therefore, the surface anchoring is much better 

for the thin cells in comparison to the bulk samples in thin prism [25] which 

causes relatively higher values of the birefringence in the transmission method. 

The birefringence data covers the nematic as well as smectic B phase of the 

compounds. There is an abrupt increase in the birefringence values in going from 

nematic to smectic B phase of compounds b and f. A comparison of the 

birefringence of the different compounds is given below: 

~n g>b>d>e~a>c>f 

Compound g with unsaturated phenyl ring and polar terminal atom 

shows the highest value of the optical birefringence among all the investigated 

compounds due to elongation of the n electron conjugation through the entire 

rigid core of the molecules. Presence of highly polar CN terminal in compound 

b also leads to higher values of the ~n. The optical anisotropy strongly depends 

on the length of the total alkyl chain (i.e. R+R'). The experimental temperature 

dependence of ~n in the nematic phase has been fitted to the form 
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(8.1) 

where, T is the absolute temperature and T* is slightly greater than the clearing 

temperature TNI· ~n0, the birefringence at T=OK and~ are fitting parameters by 

Haller's extrapolation method [19]. This procedure is equivalent to the 

extrapolation of ~n to the temperature of absolute zero. The values of the 

fitting parameters are shown in Table 8.2. 

Table 8.2. Values of adjustable parameters .L1n0, T* and B. 

~0"~1 I I 

--·-

An0 T* inK ~ me --

a 0.090±0.001 359.0±0.1 0.170±0.00 1 
--

b 0.108±0.001 357.1±0.1 0.102±0.001 
c 0.100±0.010 360.6±0.7 0.197±0.047 
d 0.113±0.020 328.5±0.5 0.152±0.002 
e 0.090±0.00 1 361.9±0.1 0.188±0.001 --
f 0.083±0.001 341.9±0.1 0.180±0.003 

r---

2 0.136±0.00 1 433.2±0.2 0.230±0.003 

The order parameter is a very crucial quantity m the field of liquid 

crystals, manifesting the exact description of a phase transition. Indeed, any 

anisotropic physical quantity pertaining to a nematic mesogenic medium can 

a measure of the orientational ordering of the same and hence can be employed 

to quantify the critical characteristics near a transition. In that sense, the optical 

birefringence (~n) is also very useful from the view point of both practical 

applications as well as in assessing theoretical approaches for its approximately 

proportioned relation with the nematic order parameter <P2>. 
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Figure 8.2. Birefringence (&1) as a function of temperature for (a) compound a 
and (b) compound b. Solid arrow denotes nematic-isotropic transition (T NI) and 
dashed arrow represents nematic-smectic B transition (T smBN) temperatures 
respectively. o - represent the birefringence data from O.T. method and 0 -
represent the birefringence data from thin prism method and the solid lines are 
fit to Equation (8.2). 
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Figure 8.2. Birefringence (~n) as a function oftemperature for (c) compound c 
and (d) compound d. Solid arrow denotes nematic-isotropic transition (T NI). o -
represent the birefringence data from 0. T. method and 0 - represent the 
birefringence data from thin prism method and the solid lines are fit to 
Equation (8.2). 
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Figure 8.2. Birefringence (~n) as a function of temperature for (e) compound e 
and (f) compound f. Solid arrow denotes nematic-isotropic transition (T Nr). o -
represent the birefringence data from O.T. method and D - represent the 
birefringence data from thin prism method and the solid lines are fit to 
Equation (8.2). 
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Figure 8.2. Birefringence (&1) as a function of temperature for (g) compound 
g. Solid arrow denotes nematic-isotropic transition (T NI) and dashed arrow 
represents nematic-smectic B transition (T smBN) temperatures respectively. o -
represent the birefringence data from 0. T. method and 0 - represent the 
birefringence data from thin prism method and the solid lines are fit to 
Equation (8.2). 

It is expected that the critical exponent ~' characterizing the temperature 

dependence of the order parameter, should indicate the membership of one of 

the possible university classes of phase transitions in liquid crystals. The 

critical exponents ~ obtained from Haller's extrapolation lies within the range 

0.10 to 0.19 which are less compare to the predicted theoretical value. This is 

due to the fact that Haller's extrapolation does not always account for the 

weakly first order nature of nematic-isotropic phase transition and hence results 

systematically lower value of ~ which do not fit with any of the theoretical 

predictions. According to the mean field prediction for a critical or tricritical 

point~ values are equal to 0.5 or 0.25 respectively while for 3D Ising system ~ 

yields to be 0.325. Recently, a four parameter power-law expression [21, 25, 

30, 31], consistent with the mean-field theory for critical as well as tricritical 
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behavior of weakly first-order transition has been introduced and expressed in 

the form 

D = A[ B + (1- B)(l - ~ ),a] 
T 

(8.2) 

where, D is the physical parameter under consideration (birefringence in this 

case), A and B are constants, ~ is the critical exponent and T* is slightly greater 

than the clearing temperature. The solid lines in Figures 8.2(a)-8.2(g) represent 

the four parameter fit to birefringence (1\n) data for all the compounds studied. 

The fitting were done by considering the nematic phase only and the curves 

were extrapolated to the smectic phase. 

Table 8.3. Values of the four adjustable parameters A, B, T* and p. 

I 
-~--~·---~-···--W, 

Comp. 
A B T* inK B Name 

a 0.091±0.0003 0.213±0.003 358.1±0.01 0.240±0.002 

b 0.117±0.0015 0.392±0.033 356.7±0.4 0.247±0.029 
c 0.074±0.0016 0.531±0.043 352.6±0.6 0.244±0.055 
d 0.091±0.0011 0.498±0.027 326.5±0.3 0.249±0.031 
e 0.099±0.0015 0.097±0.041 361.7±0.3 0.248±0.022 
f 0.089±0.0531 0.125±0.002 341.8±1.1 0.245±0.011 
g 0.138±0.011 0.107±0.030 431.3±0.1 0.249±0.038 

Table 8.3 lists the different parameters obtained by fitting the 

experimental data to Equation (8.2). It is found that the order parameter critical 

exponent B has the values in between 0.240 to 0.249. These values of the~ are 

very close to the predicted value 0.25 according to the tricritical hypothesis 

(~TCH = 0.25) which strongly supports the tricritical nature of the nematic~ 

isotropic (N-I) phase transition. 
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8.2.5. Density measurement 
orientational order parameter: 

and determination of 

The temperature variation of the density [41-43] values for pure 

compounds a-g is shown in Figure 8.3. There is a discontinuity in the density 

values at the nematic - smectic B phase transition of compounds b and g. The 

rest compounds however show normal temperature dependence. 
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Figure 8.3. Density as a function of temperature for compounds a-g. Key to 
symbol: o Compound a, 0 Compound b, ~Compound c, V' Compound d, 0 
Compound e, • Compound f and + Compound g. Solid arrow denotes nematic
isotropic transition (T NI) and dashed arrow represents nematic-smectic B 
transition (T smsN) temperatures respectively. 

Using the density and refractive index data (ne, n0 ), the principal 

molecular polarizabilities ( ae, a 0 ) has been calculated using Vuks method [12]. 

Thus the orientational order parameter <P2> can be determined from the 

relation: 

(8.3) 
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where ~a is the polarizability anisotropy and ~a0 is the same in the perfectly 

ordered state or at T= OK. The ~al values were determined from the Haller's 

extrapolation technique [ 18] using the following equation: 

~a= ~a (1- _I__J/3 
o r* 

(8.4) 

where T* and ~ are two adjustable parameters, T* is the virtual phase transition 

temperature which is higher than the clearing temperature T NI; and the critical 

exponent~ depends on the molecular structure and its value is close to 0.2. 

8.2.6. Determination of order parameter from the high 
resolution birefringence measurement: 

In this work a simple procedure has been adopted to calculate the 

Orientational Order Parameter ( <P2>) for the seven compounds under study. The 

optical birefringence, b.n, obtained from the optical transmission ( OT) method 

was utilized to determine the temperature variation of the orientational order 

parameter <P2> [11] in the liquid crystalline phases of these compounds. 

According to de Gennes [ 15], the anisotropy of any physical quantity can be a 

measure of the order parameter. Moreover, de Jeu [44] have showed that 

birefringence (~) can be used for this purpose. Kuczynski et. al. [ 45] have also 

proposed a simple method to obtain the order parameter from birefringence(~) 

data which can be applied to nematogens as well as some smectogens. The 

temperature dependent birefringence is related to the order parameter as: 

(8.5) 

where ~no is the same as mentioned earlier. The order parameters determined in 

this way for all the compounds are shown in Figure 8.4(a) - 8.4(g). It may be 

mentioned that for compounds b and g equation 8.1 have been fitted by taking 

the values of ~n in the higher temperature nematic phase only. 
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The temperature dependence of Orientational Order Parameter (OOP) 

obtained from the above mentioned method for all the compounds studied were 

compared with the orientational order parameter in the liquid crystalline phases 

obtained from the Equation (8.5) and are shown in Figure 8.4. 

From Figure 8.4 it is observed that the temperature variation of the 

orientational order parameter determined from Vuks method and direct 

extrapolation method are close to each other and the agreement with the Maier

Saupe [13] values is reasonably good. The two sets of experimental data from 

two different methods marginally differ. Thus the direct extrapolation technique 
'· 

can be used to determine the order parameter of all the compounds from the 

birefringence data obtained from thin prism technique. It may also be mentioned 

that Kuczynski et al. [ 45] have also shown that the order parameter determined 

directly from birefringence measurements are consistent with the <P2> values 

calculated from the polarizability data. The values of adjustable parameters ~a0, 

T* and ~ are shown in Table 8.4. 

The values of Orientational Order parameter (OOP), <P2>, are HJU'-""" 

be relatively high in the smectic B phase for both of these compounds 

(compounds b and g), showing the phase to be much more orientationally 

ordered than the neighbouring nematic phase. Compounds b and g exhibits 

Smectic B phase along with nematic phase. The experimental data have been 

fitted with those calculated from McMillan's theory for Smectic A [14] phase 

for compounds b and compound g using the potential parameters 

o fixed (0.16) and a as adjustable constant, due to lack of other alternatives. 

The best fitted theoretical curves were obtained for a equal to 0.605 and 0.505 

for compound b and compound g respectively. However, the agreement 

between the experimental and theoretical values seems to be fair for compound 

g and very poor for compound b. 
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Figure 8.4. Temperature variation of <P2> for (a) Compound a and (b) 
Compound b. Solid arrow indicates nematic-isotropic phase transition 
temperature (T NI). The dashed lines represent <P2> values from Maier-Saupe 
theory and McMillan's theory (only for Compound b). 
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Figure 8.4. 'contd. Temperature variation of <P2> for (c) Compound c and (d) 
Compound d. Solid arrow indicates nematic-isotropic phase transition 
temperature (T NJ). The dashed lines represent <P2> values from Maier-Saupe 
theory. 
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Figure 8.4. 'contd. Temperature variation of <P2> for (e) Compound e and (f) 
Compound f. Solid arrow indicates nematic-isotropic phase transition 
temperature (T Nr). The dashed lines represent <P2> values from Maier-Saupe 
theory. 
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Figure 8.4. 'contd. Temperature variation of <P2> for (g) Compound g. Solid 
arrow indicates nematic-isotropic phase transition temperature (T ND· The 
dashed lines represent <P2> values from Maier-Saupe theory and McMillan's 
theory. 

Table 8.4. Values of adjustable parameters 0 ~a0, T* and ~ 

Comp. 
Aa0 x 1024 

I 
T* inK ~ 

Name 

a 3.85±0.15 359.1±0.1 0.166±0.009 

b 3.37±0.12 356.6±0.4 0.1 04±0.003 

c 4.96±0.27 354.2±0.6 0.218±0.021 

d 5.85±0.07 325.4±0.2 0.212±0.003 

e 4.22±0.05 360.7±0.01 0.204±0.003 

f 4.90±0.95 344.6±0.7 0.206±0.07 

g 6.61±0.23 429.2±0.5 0.200±0.013 
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8.2. 7. Dielectric permittivity measurements: 

The static permittivities [46, 47] su and s.l along and perpendicular to 

the molecular long axis and the mean value Ei= s ii+Zs.L , are shown in Figure 
3 

8.5(a)-8.5(g). The dielectric anisotropy L\s= s11 - s.l of all the seven compounds 

are also presented in Figure 8.5(a)-8.5(g). The differences observed in their 

(compounds a-g) measured dielectric parameters are due to the difference 

terminal alkyl chains. The dielectric anisotropy of compound g is high 

comparison to other compounds mainly due to the strong dipole moment of C

F bonds of the phenyl ring (Figure 8.5(g)). A tiny difference the anisotropy 

value for different molecules is possible as dielectric permittivities are 

influenced by the molecular rotation and again molecular rotation changes due 

to the dissimilarity in flexibility of the side chains [48]. 

All the compounds exhibit a low positive dielectric anisotropy (L\s > 0) 

due the presence of non planar cyclohexane ring. The values of s 11 , s .l and 

L\s change in the following way: 

s11 f>a>b>d-e>c>g 

E.1 f>a>b>d~e>c>g 

L\s g>a>c>b>d~e>f 

Generally presence of a polar group in the terminal position introduces 

additional dipole moment that increases the dipole moment along the long 

molecular axis. Therefore, compound e and compound f with polar ester 

linkage adjacent to the terminal hydrocarbon has much higher s 11 and E.1 than 

other compounds. It is observed that by decreasing the length of the terminal 

hydrocarbon CH3 to C2Hs in compound e the s
11 
and E.1 values decrease. 

Generally presence of a polar group in the terminal position introduces 

additional dipole moment that increases the dipole moment along the long 
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molecular axis. Therefore, compound e and f with polar ester linkage adjacent 

to the terminal hydrocarbon has much higher s 11 and E1. than other compounds. It 

is observed that by decreasing the length of the terminal hydrocarbon CH3 to 

C2H5 in compound e the E
11 

and E1. values decrease. The change in position of 

ester linkage in compound d further reduces the dielectric parameters values. 

Presence of another highly polar CN terminal in compound b and ethylene 

double bond (conjugated n bonds) in compounds a leads to E
11 

and E1. values 

close to the ester compounds d, e and f. 
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Figure 8.5. Variation of dielectric permittivities (q 1 and EJ.), dielectric 
anisotropy (~s) and average value of dieiectric permittivity ( Eavg) with 
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Figure 8.5. Variation of dielectric permittivities (~ 1 and 8_1_), dielectric 
anisotropy (~s) and average value of dielectric permittivity (savg) with 
temperature for (b) compounds b and (c) compound c. Key to symbols: o ~ 1, D 
£_1_, 0 ~sand+ Savg· 
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Figure 8.5. 'contd. Variation of dielectric permittivities (Gil and &j_), dielectric 
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8.3. Summary and Conclusions: 

Liquid crystals formed by non-polar molecules are of great interest from 

both application as well as fundamental point of view. Mesomorphic properties 

of various liquid crystalline materials which have same bicyclohexane core and 

terminal groups have been investigated. These non-polar compounds 

(compound a-g) show several characteristics (high purities, low birefringence 

and low electrical conductivity) that make them useful as components of liquid 

crystal mixtures for display applications. Moreover, they allow studies of 

electrostatic and electrodynamical phenomena which are present in dielectrics 

in general, and in liquid crystals in particular, without the effects resulting from 

the coupling between applied electric fields and molecular dipoles. All of the 

compounds belong to the non-polar bicyclohexane liquid crystal class that 

exhibits pronounced nematic mesophases. Only problem with them is that they 

show a larger viscosity which leads to a greater response time. Thus, these 

materials are used in a minute amounts in the vertically aligned mode negative 

dielectric nematic mixtures as discussed in Chapter VI (mixture A-G), 

to lower the birefringence of the mixtures. 

The difference in the terminal molecule or chain markedly affects the 

physical parameters of the compounds studied. Compound g exhibits a higher 

birefringence (.1n) and dielectric anisotropy (At:) in comparison to others as it 

the only compound which posses highly negative fluorine atom and benzene 

ring at the terminal position. The <P2>, .1n and density (p) values in the 

nematic phase for compounds a, c-ihave a moderate value while for compound 

b and g these values are slightly higher in Sm B phase. 

Measurements of optical birefringence have been conducted by two 

different probing methods viz. thin prism and optical transmission (OT) 

methods and the two sets of values are in good agreement with a small 

deviation of about 5-6%. Interestingly, the high resolution An data obtained 

from temperature scanning measurement of optical birefringence are quite 
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successful in characterizing the transitional anomaly associated with the 

nematic-isotropic phase transition. For the investigated compounds, the values 

of the critical exponent f3 related to the limiting behavior of the nematic order 

parameter close to the N-I transitions, are found to be close to 0.25 and thus are 

in well accordance with the tricritical hypothesis and also excludes the 

possibility of any higher f3 values. Moreover, by analyzing the temperature 

behavior of the orientational order parameter both from optical birefringence 

&1 directly (OT data) and also from density and individual refractive indices, it 

has been found that temperature dependent behavior of the order parameter 

from two different methods marginally differ. 

The measurements of dielectric permittivities parallel and perpendicular 

to the molecular long axis (c1 and 0
11

) and dielectric anisotropy (L\.E) throughout 

their mesomorphic range of the seven pure liquid crystalline compounds have 

been conducted. All the compounds exhibit a low positive dielectric anisotropy 

(L\.E> 0) due to the presence of non planar cyclohexane ring. The stmcture 

property relationship of the dielectric behaviour of these compounds has also 

been discussed. 
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CHAPTER IX 

Summary and Scope for Future Work 

9.1. Summary and Conclusions: 

The dissertation entitled "Development of Liquid Crystalline Afaterials 

for Application in Vertically Aligned Mode Liquid Crystal Displays" submitted 

for the degree of Doctor of Philosophy (Physics) of the University of North 

Bengal embodies the results of experimental investigations of the physical 

properties of dielectrically negative fluorinated pure liquid crystalline 

compounds and their multi component mixtures suitable for application in 

Vertically Aligned mode Liquid Crystal Display (VA-LCD). The thesis 

comprises of eight chapters. 

In the first chapter, a brief introduction to liquid crystals and the history 

of liquid crystals has been presented. The different mesophases exhibited by 

liquid crystalline materials has been mentioned. However, the discussion on the 

mesophases is mainly restricted to nematic and smectic phases since the rest 

phases are not studied in this dissertation. Thereafter, the properties and 

methods of liquid crystal mixture formulation have been thoroughly discussed. 

The choice of the materials to be used in this study is an important aspect. 

Different electro-optic effects which are recently being used in liquid crystai 

display (LCD) devices have been summarized. Detailed discussion of 

Vertically Aligned (VA) mode has been given in this chapter and a comparison 

of the advantages of Vertically Aligned Nematic (VAN) displays over other 

display devices has been mentioned. 
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The second chapter includes discussion on both experimental methods 

and the supporting theories. The physical properties of the liquid crystalline 

materials have been determined using different experimental techniques. The 

experimental details to measure the birefringence, dielectric permittivities, 

bend elastic constant, relaxation time and rotational viscosity are given in this 

chapter. Phase identification by texture studies and optical transmission, x-ray 

diffraction technique and the interpretation of the x-ray data and the method of 

data analysis are also given in this chapter. The method to determine refractive 

indices and Orientational Order Parameter is also outlined. A small 

introduction to the concept of pretilt angle and their effect on the material 

properties of multicomponent mixtures used in VALCD's has been depicted. 

Basic requirement of the materials to be used in multi component VA mode 

mixtures, their physical properties, structure-property relationship and the 

phenomenological difficulties associated with the proper choice of materials in 

the final mixture preparation have also been discussed. 

The third chapter summarizes the physical characterization of ten pure 

liquid crystalline compounds (compound 1, 3-9, 10, 11) comprising of 2, 3-

difluoro sub-unit, one phenyl cyclohexane (compound 12) and two 

bicyclohexane compounds (compound 14 and 15) from birefringence, 

dielectric permittivities, bend elastic constant, relaxation time and rotational 

viscosity measurements. The main material research target was to identify 

suitable liquid crystalline compounds with low melting point, broad nematic 

range and large negative dielectric anisotropy to be used as component of 

multicomponent mixtures functional for VA-LCD's. The structure property 

relationship of the pure compounds has also been discussed. All of them have 

low to moderate birefringence values, large dielectric anisotropy (~E) and 

lower values of relaxation time. Only compound 10 and 11 show slightly 

enhanced values of ~E. Additionally, the Orientational Order Parameter (OOP) 

values (<P2>) and activation energy (Ea) values have also been calculated. The 
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temperature dependence of the visco-elastic ratio and Figure of Merit (FoM) 

have also been determined. F oM allows a comparison of the relative 

performance of liquid crystalline molecules in a display device as a function of 

temperature. It was also observed from this study that of all the terphenyl 

compounds investigated here, compound 4 emerged as a one of best material to 

be used in multicomponent mixtures. 

The aim of the work in chapter four was to investigate the physical 

parameters of three selective laterally fluorinated compounds (compound 1, 10 

and 11). From density, refractive index and <P2> values determined from the x

ray diffraction and refractive index measurements, the order of the nematic to 

smectic B phase transition was found to be discontinuous for both 10 and 11. 

Fairly good agreement was observed between the experimental and 

theoretically calculated <P2> and <P4> values for 10 and 11, even though the 

McMillan model is strictly valid for the smectic A phase. <P2> values 

determined from x-ray diffraction measurements were found to be in fairly 

good agreement with those obtained from refractive index measurements even 

after considering the different assumptions and approximations involved in the 

order parameter determination from x-ray diffraction and refractive index 

measurements. 

The fifth chapter contains the formulation of different multicomponent 

mixtures. The molar ratios and the eutectic points of all the mixtures (mixture 

A-G) were calculated using the Schroder van Laar equation and the theoretical 

values of the melting and clearing temperatures were found at the eutectic 

point. The first step sta..rted from preparing two three component mixtures 

(mixture A and B). These two mixtures consist of two laterally fluorinated 

compounds and one bicyclohexane compound (different for mixture A and B). 

Thereafter, mixture C was formulated, which contained three laterally 

fluorinated compounds, one phenyl cyclohexane and one non-mesogemc 

compound. For further improving the material parameters, a nine component 
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mixture (mixture D) comprising of compounds 1, 3-9 was prepared. In pursuit 

of improving the rotational viscosity, birefringence and dielectric anisotropy 

further, a fifteen component mixture (mixture G) was prepared which consists 

of eleven laterally fluorinated pure compounds (compounds 1-11), two phenyl 

cyclohexane compounds (compounds 12 and 13) and compounds 16 and 17. 

In the sixth chapter, the physical properties of seven negative dielectric 

anisotropy nematic liquid crystalline multicomponent mixtures (mixture A-G) 

have been studied by different experimental techniques, e.g. birefringence, 

dielectric anisotropy, bend elastic constant, relaxation time and rotational 

viscosity. All of them show low to moderate values of birefringence and large 

negative dielectric anisotropy. The bend elastic constant and relaxation time 

values (as well as rotational viscosity values) are excellent for all of them, 

especially for mixtures D-G, to be used as the main material in VA mode 

display devices. In addition to this, the Orientation Order Parameter (OOP) 

values, activation energies (Ea), visco-elastic co-efficient (y1/K33) and Figure 

Merit (FoM) have also been calculated for all of these multicomponent 

mixtures. Mixture D, E and F were found to be the most suitable mixtures. 

In chapter seven, the work is concentrated on the study of the effect of 

pretilt on different multicomponent mixtures. The variation of threshold 

voltage (Vth) and relaxation time ( 1:0 ) has been determined as a function of 

relative temperature for all of the mixtures (mixtures A-G). At T = 20°C the 

relaxation time and Vth values for mixture A-G have been compared for 2° and 

5° pretilted cell with those obtained from zero pretilted cell. A drop in the 

threshold voltage and relaxation time was observed with increasing pretilt 

angle for all of the mixtures. The voltage dependent transmittance curves for 

the mixtures A-G have also been reported. 

In the eighth chapter, the physical properties of seven bicyclohexane 

compounds have been investigated from polarizing optical microscopy, high 

resolution optical birefringence, dielectric anisotropy and density 
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measurements. These materials are characterized by low optical anisotropy and 

are often introduced as dopants in VA mode mixtures to reduce the 

birefringence (~n) of the mixtures. Out of the seven alkenyl bicyclohexane 

compounds studied, five compounds show only nematic phase while other two 

compounds possesses smectic B phase which is precursor of the nematic phase. 

The refractive indices as well as the density data have been used to determine 

the orientational order parameter ( <P2>) using the standard Vuks isotropic 

model and have also been compared with the theoretical mean field values. 

Optical Transmission (OT) method has also been employed to obtain a high 

resolution (accuracy~ 1 o-6
) measurement of the temperature dependences of the 

optical birefringence (tm), which provides a macroscopic measure of the 

anisotropy of the liquid crystalline phase, and can also, be considered as a 

measure of the orientational ordering. The optical birefringence data obtained 

from optical transmission method have been compared with the same as 

obtained from thin prism technique. The high resolution 6n data obtained from 

temperature scanning measurement of optical birefringence are quite successful 

in characterizing the transitional anomaly associated with the nematic-isotropic 

phase transition. For the investigated compounds, the values of the critical 

exponent ~ related to the limiting behavior of the nematic order parameter close 

to the N-I transitions, are found to be close to 0.25 and thus are in well 

accordance with the tricritical hypothesis and also excludes the possibility of 

any higher ~ values. Additionally, the dielectric permittivities parallel and 

perpendicular to the molecular long axis throughout their mesomorphic range 

of the seven pure liquid crystalline compounds has also been measured. The 

structure property relationship of these compounds has also been discussed. 

9.2. Scope of future work: 

A. One of the difficulties ofthe VA technique is the switching- on mechanism 

where the driving electric field tilts the directors randomly in any direction in 
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the ON state, leading to disclination lines between domains of equal 

orientations thus deteriorating the optical performance. Multi-Domain Vertical 

Alignment (MVA) TFT LCD's has recently been developed, where each of the 

multiple domains within each pixel cell channel light at an angle to the 

substrates, instead of at right angles to it, resulting in all-round increase in 

viewing angle upto 160° in all directions with a contrast ratio of around 300:1. 

Another very successful approach is the Patterned Vertical Alignment mode 

(PV A) where Chevron-shaped patterned electrodes produce a fringe electric 

field with the in-plane component that directs the molecular tilt in the ON state. 

The resulting multifold symmetry of the director field gives excellent viewing 

angle performance, high transmittance and contrast ratio. Further work may be 

done to apply these materials in devices which are fabricated incorporating the 

above mentioned technologies. 

B. Furthermore, due to the increasing number of moving picture internet 

applications and the overlap of monitor - video - and TV technology, the 

reduction of switching times is another very important issue for liquid crystal 

material development. The switching time of 25 ms from black to white state 

for VA LCD's is not sufficient to realize full moving pictures. This necessitates 

further development of improved LC materials with still lower values of the 

rotational viscosity. Moreover, the gray-scale switching of VA LCD's are also 

relatively slow. This can be significantly improved by the over-driving 

technique. Further work in this direction may be undertaken to address these 

problems. 
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