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ABSTRACT 

Various physical properties of some achiral and chiral liquid crystalline materials have 

been studied using optical polarizing microscopy, differential scanning calorimetry, X-ray 

diffraction, optical birefringence, dielectric spectroscopy and electrooptic methods. Crystal 

and molecular structures of some these mesogenic compounds in solid state have also been 

investigated. 

Nine phenyl bicyclohexyl or biphenyl cyclohexyl based fluorobenzene derivatives 

(3ccp-f, 3ccp-ff, 3ccp-fff, Sccp-f, Sccp-ff, Sccp-fff, 3cpp-ff, Scpp-ff, Scpp-fff), one 

isothiocyanatobenzene based compound (UCHBT) and one four ring cyano compound 

(7CBB) have been studied in the achiral system all of which exhibit nematic phase. One 

partially fluorinated terphenyl compound [5F6T(2',3'F)], which exhibits antiferroelectric, 

ferroelectric and paraelectric phases, have also been investigated. In addition, using two 

different types of host mixtures and three different types of dopants six multi-component 

room temperature FLC mixtures (LAHSl to LAHS6) have been formulated and 

characterized. 

From thorough investigation of the nine mono-, di- or tri-fluorinated compounds 

influence of molecular core structure, chain length and fluorination on their various physical 

properties have been explored. It is observed that thermal stability of nematic phase decreases 

substantially with increasing rigidity of the core structure and with increasing fluorination of 

the phenyl ring. Average intermolecular distance increases systematically with increasing 

fluorination and with increasing flexibility in the core structure. Effective molecular length ([) 

is found to be higher than the most extended length of the molecules, suggesting the presence 

of antiparallel-type dimers. Such molecular association is observed, to the best of our 

knowledge first time, in fluorinated compounds. In all the systems I increases with the chain 

length and with increasing flexibility in the core structure. I is found to be less in difluoro 

derivatives than in mono- and trifluoro derivatives. Molecular dipole moments are also 

found to increase systematically as one moves from f ~ ff ~ fff derivative in all systems. 
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Density of the compounds decreases with increasing chain length and with increasing 

flexibility of the core. Also it decreases while moving from tri- to difluoro derivatives. The 

optical anisotropy (illl) is found to be larger in ff system compared to f and fff systems in 

Seep and Sepp series, but the opposite behavior is observed in 3ccp series. Seep-f, having the 

lowest illl and nematic phase over a large temperature, is expected to be useful for high

information-content display devices. The orientational order parameters <P2> obtained from 

refractive indices measurements are found to be slightly more, whereas the X-ray order 

parameters are found to be close to the mean field values in all the systems. A decreasing 

trend of <P2> is observed as one moves from f:::>fff:::>ff system while it increases with 

increasing rigidity of the core. 

It is observed that difluorinated 3eep-ff crystallizes in monoclinic space group P2}!n, 

trifluorinated 3eep-fff crystallizes in triclinic system with space group P 1; both the non

fluorinated compounds llCHBT and 7CBB crystallize in monoclinic space group P21/c. 

Molecules of 3eep-ff, 3eep-fff and llCHBT are almost in their most extended conformations 

while in 7CBB length of the molecules in crystalline state is slightly less than the most 

extended model length. From the structural results of llCHBT nature of the resonance 

structure of isothiocyanato group is established for the first time. Parallel imbricated mode of 

molecular packing is observed as precursor to nematic phase in 3cep-ff, 3eep-fff and 

llCHBT compounds while packing of7CBB molecules in crystalline is not strictly precursor 

to smectic A structure. Crystal to nematic transition is displacive type in first three 

compounds while in 7CBB crystal to SmA phase transition is reconstitutive type. Calculation 

of intermolecular distances strongly suggests existence of molecular packing in a head-to-tail 

configuration in all cases. 

In the chiral compound, SF6T(2' ,3'F) typical fan shaped texture in SmA• phase, 

domains with equidistant line patterns due to helicoidal structure in smc· phase and broken 

fan texture with sign of helical pattern in SmCA • phase are observed. Rigidity of the core 

structure and its lateri!l fluorination are found to have pronounced effect on the phase 

behavior and on the stability of the antiferroelectric and ferroelectric phases. X-ray studies 

reveal that the layer thickness remains almost constant in SmA * phase but within Smc• and 

SmcA• phases it decreases with decreasing temperature. Spontaneous polarization is observed 

to be quite high and varies between 74.1 - 118.7 nC/cm2. s' and s" show discontinuous change 

at transition temperatures. Only Cole-Cole type Goldstone Mode relaxation is observed in 
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both ferroelectric and antiferroelectric phases. Soft Mode is observed near SmC*- SmA * 

transition only with bias field. Temperature dependence of GM and SM is found to be 

consistent with the predictions of generalized Landau model. No SM or antiphase azimuthal 

angle fluctuation mode is observed in SmCA *, probable cause of which has been discussed. 

GM relaxation frequency is found to decrease with increasing cell thickness which indicates 

that the molecular motion is restricted in thin cells due to strong surface interactions. 

Rotational viscosity is found to decrease quite fast in a different manner in ferro and 

antiferroelectric phases. 

All the FLC mixtures show ferroelectric SmC* phase at or below room temperature 

with a varying degree of overall mesophase thermal stability and stability of SmC* phase. 

Effect of host molecules and various dopants on the occurrence and thermal stability of 

different phases has been discussed. A considerable enhancement of SmC* phase is observed 

when a singly fluorinated compound possessing Smc• phase with chiral centers at one or both 

ends is used as dopant. In the mixture LAHS 1 Smc• phase continues upto 80.6 °C, while in 

LAHS4 it is upto 75.5°C. LAHS1 and LAHSS will be easier to align in bookshelf geometry 

since they possess SmA • and N• phases at higher temperatures. 

Values of spontaneous polarization are found to vary between 13-62 nC/cm2 at room 

temperature. It is observed that mixtures with dopants having chiral centres at both ends 

posses relatively high Ps compared to mixtures with dopant having one chiral centre. Mixture 

with two chiral compounds having opposite optical rotations is found to have minimum 

spontaneous polarization. 

Different types of dielectric absorption behaviour are observed in dielectric spectra. 

Goldstone mode critical frequencies are found to vary widely in the mixtures - from 0. 7 kHz 

to 10.6 kHz. Rigidity of the core structure, nature of chirality and extent of fluorination of the 

constituent molecules are found to have pronounced effect on the collective mode relaxation 

behaviour of the mixtures. 



PREFACE 

The present dissertation entitled "'NVESTIGATION ON SOME ACHIRAL AND 

CHIRAL MESOGENIC SYSTEMS BY DIFFERENT EXPERIMENTAL TECHNIQUES" 

is submitted to fulfill the requirements for the degree of Doctor of Philosophy (Science) of 

University of North Bengal. The work in this thesis was initiated from an attempt to 

investigate the different physical properties of new meso genic materials which are expected to 

be useful in various important applications including display. These studies have been mainly 

carried out in Liquid Crystal Research Laboratory; Department of Physics, University of 

North Bengal under the supervision of Prof. Pradip Kumar Mandai, Department of Physics, 

University ofNorth Bengal. The thesis consists of seven chapters. 

A brief introduction to different kinds of liquid crystals and list of investigated 

compounds are given in Chapter 1. 

Chapter 2 contains the theoretical backgrounds of the experimental techniques used 

for studying the liquid crystal materials. Experimental results have been described in the 

following four chapters. 

Physical properties of nine achiral fluorobenzene derivatives (3ccp-f, 3ccp-ff, 3ccp

fff, Sccp-f, Sccp-ff, Sccp-fff, 3cpp-ff, Scpp-ff, Scpp-fff) were investigated by optical 

polarising microscopy, differential scanning calorimetry, X-ray diffraction and optical 

birefringence techniques; and the influence of molecular core structure, chain length and 

fluorination on their physical properties have been reported in Chapter 3. 

Crystal and molecular structures of two fluorobenzene compounds (3ccp-ff, 3ccp-fff), 

one isothiocyanatobenzene based compound (llCHBT) and one four ring cyano compound 

(7CBB) have been determined from single crystals X-ray diffractometer data and an attempt 

has been made to find the effect of the molecular geometry and packing in the crystalline state 

on its phase behaviour and different physical properties. These results have been presented in 

in Chapter 4. 
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In chapter 5 results of investigation on the partially fluorinated chiral compound, (S)-

4"-(6-perfluoropentanoyloxyhexyl-1-oxy)-2',- 3'-difluoro- 4- (1-methylheptyloxycarbonyl)

[1,1':4',1'1 - terphenyl [5F6T(2',3'F)], which exhibits antiferroelectric, ferroelectric and 

paraelectric phases, have been presented. 

Using two different types of host mixtures and three different types of dopants six 

multi-component room temperature FLC mixtures (LAHSl to LAHS6) have been formulated 

and characterized. Rigidity of the core structure, nature of chirality and extent of fluorination 

of the constituent molecules are found to have pronounced effect on their properties and have 

been described in Chapter 6. 

Conclusions of all the experimental results have been summarized in Chapter 7. 

A list of selected books and monographs on liquid crystals has been put in 

Appendix A. All of the results incorporated in this dissertation have already been published 

in different international scientific journlj.[s, a list of which is given in Appendix B. 

SzipruJp..~ 
S. Haldar 

Department of Physics 
University of North Bengal 
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The words delicate, fantastic, stunning, mysterious, dynamic are not adequate to 

describe the rich class of liquid crystals. The first observations of liquid crystals were made 

by biologists in the 1850s; very soon physicists and chemists joined the fray. The German 

physicist Otto Lehmann and Austrian botanist Friedrich Reinitzer justified them to be called 

the grandfather of liquid crystal science due to their remarkable work around 1888 on 

cholesterol derivatives specifically cholesteryl benzoate [1-5]. But research on liquid crystals 

exploded during 1970s, with the discovery of cyanobiphenyl based liquid crystals. A detailed 

lucid history of early research on liquid crystals has been described in the book "Crystals That 

Flow" [ 6]. Liquid crystal (LC) materials are unique in their properties and uses. As research 

into this field continues and new applications are developed, liquid crystals are playing an 

important role in modern technology. The advancement of liquid crystal science and 

technology has been a truly interdisciplinary effort which combines basic principles of 

physics, chemistry and engineering. The field of liquid crystals covers a wide area of 

chemical structures, physical properties and technical applications. Many books and 

monographs are now available in this fascinating field of research [Appendix A] 

Techllologically, liquid crystals have become a part of our daily life, first showing up 

in wrist watches, measuring instruments and pocket calculators, but now being used for 

displays in all sorts of instrumentation, including laptops, TVs, telecommunication and office 

automation. In addition liquid crystals are used in optical devices, in thermography, as solvent 

in spectroscopy, chemical reaction and gas chromatography; in non destructive testing such as 

in electromagnetic radiation detectors, sound wave and pressure detectors etc. Liquid crystals 

are also used in medical applications like diagnosis of vascular diseases, cancer diagnosis and 

pharmaceutical tests. Ferroelectric LCs are the basis of a variety of potential devices ranging 

from large-area flat panel displays [7], ultra fast electro-optic modulators [8, 9] and special 

light modulators [10]. They are also being considered for novel nonlinear optical applications 

[11-13]. 
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1.1 LIQUID CRYSTALS 

It is well known that matter can ex ist in the three states: solid, liquid and gaseous. 

So lids may be crystall ine or amorphous. Most of the solids melt directly into liquids where 

optical, electrical and magnetic properties do not depend upon direction - their properties are 

isotropic whereas crystalline so lids possess anisotropic properties. However there exists 

another type of material which possesses two distinct melting points. Whi le going from solid 

to isotropic liquid via an intermediate phase they flow like fluids yet possess some anisotropic 

physical properties characteristic of crystals. Such material s have thermodynamically stable 

phase between isotropic liquid and crystalline solid. Fascinatingly these phases are more 

ordered than the liquids but less than that of crystals. These thermodynamically stable phases 

grouped together are called 'liquid crystals' . since they share properties of both liquids and 

crystal s and since their nature of molecular ordering is intermediate between liquids and 

crystals. They have a lower symmetry than isotropic fluids but a higher symmetry than 

periodic crystalline so lids. The terms liquid crystals, mesophases and mesomorphic states are 

used synonymously to describe such a state of aggregation and a substance that forms 

mesophase is called a mesogen. Molecular arrangements in crystalline sol id , liquid crystal and 

isotropic liquid are shown in Figure 1.1. 

Solid Liquid Crystal Liquid 

Figure 1.1. Molecular arrangements in crystalline solid. liquid CI)'Stal and liquid phases. 

1.2 CLASSIFICATION OF LIQUID CRYSTALS 

A large variety of phases are exhibited by liquid crystalline materials which differ 

from one to another by their structure and physical properties. Molecular shape [ 14-1 8] is an 

important controll ing fac tor for the formation of a mesophase. A number of different types 

of geometricall y anisotropic molecules such as rod like, lath like, disc like, banana shaped, 

Y -, T or star shaped, dendrites etc. form liquid crystal phases. The ·classical" liquid crystals 
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are derived from rod like molecules called 'calamitic' (derived from the Greek word co/amos 

meaning rod). This class of liquid crystalline compounds have been investigated thoroughly 

and are most important with respect to practical applications. Liquid crystals derived from 

disc like molecules were discovered independently by ChandraShekar eta!. [19] and Billard et 

a!. [20]. These were called 'discotic' liquid crystals. Lath like molecules are intermediate 

between the rod like and the disc like molecules. Molecules of various other shapes are also 

found to exhibit mesomorphism [14, 21-23]. 

Th 
I . 

ennotroptc 

I 

Table 1.1 
Classification of Liquid crystals 

I LIQUID CRYSTALS' 

I 
I . 

Lyotroptc 

I 
Polylneric LJellar HexJgonal cuLc Polyme~ic 

(Nematic & Columnar) (Main chain. Side Chain & Mixed Chain) (neat soap) (middle soap) (viscous isotropic) 

J," linjdre~~:L 
~------------------------------------, 

A' t
1

hiral Chi~al 
{nematic or cholesteric, discotic, smectic [ smectic LC, 

1 1 crystal smectic, smectic C (ferro-, ferri-, antiferro-)], 
Nem~tic (uniaxial & biaxial) Smebic polymeric, Frustrated chiral (Blue phase BPI, II, III)]} 

I . "I __ ____, 
Ordinary CyJotactic ChJsteric Ferrollectric Non-feLoelectric 

I Jr-----..J..-,1 smc•tS!' N*_l_ BluePhase 

,..,!;, ""'~ ·r ";·r ·~ · ~" ~., ... ,_ .. , ,-- Sm SmF SQ* SmK* 
SmL or CrB SmE S H' 

SmG SmH Sm! HexB(SmD) 

SmJ SmK 
8(Q~It SmA 

I I I I_ Sml AI I I I 
srhc1 srhG2 SmCJ s.hc SniA2 SffiAd SmA 

Liquid crystals may be classified broadly into two main categories: 'Thermotropic 

liquid crystals and Lyotropic liquid crystals'. A thermotropic liquid crystal exhibits thermally 

stable mesomorphic phases in a certain temperature range and shows phase transitions by 

changing temperature. A lyotropic liquid crystal, in contrary, show mesomorphic behavior in 

a certain range of concentration of the solute in a suitable solvent. These are often found in 

biological systems and are exploited in numerous biological applications. Many books and 
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review articles are available on th is topic [24-28]. ince no work has been done on lyotropic 

liquid crysta lline systems we will not discuss it further. A precise summary of different liquid 

crystalline phases, exhibited by variou types of molecular systems; is shown in Table 1.1. 

orne of these phases that are relevant to the present work will be discussed in the following 

section . 

1.2.1 THERMOTROPIC LIQUID CRYSTALS 

These are usually organic substances with variety of molecular structure. The most common 

type is a prolonged rod-shaped molecule i.e. one molecular axis is much more longer than the 

other two as shown in Figure 1.2. Axial ratios of 4-8 and molecular weights of200-500 g/mol 

are typical for thermotropic liquid crystal mesogens. The basic structural requirements of the 

calamitic thermotropic liquid crystal can be shown by a general template (Figure 1.3) . I !ere B 

Figure 1.2. Space .filling model of a typical rod-shaped liquid c1:rstal molecule. 

Figure 1.3. Basic structural features of tlum notropic liquid crystal molecule 

and C are rigid core units often aromatic or alicycl ic either linked direct!} or by a linking 

group L (e.g., -COO-, -C=C-. -CH2CH2- etc.). Rt and R2 are terminal chain often alkyl or 

alkoxy chains or polar substituent group (e.g .. C , F. C , 0 2 etc.); T 1 and T 2 are lateral 

substituents may be polar or alkyl group. Molecular structure of 4-Cyanobiphenyl-4'

heptylbiphenyl carboxylate as a typical example of liquid crystal material is shown in Figure 

1.4. Such a molecule can be represented in the first. approximation. as a solid rod or 

spherocylinder or ell ipsoid of revo lution (Figure 1.5). These compounds show many different 

phases. Disc-like molecules. namely molecules'' ith one molecular ax is much shorter than the 
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~0 

.........._o----Q--0-cN 
Figure 1.4. Molecular structure of .J-Cyanobiphenyl--1'-heptylbipheny/ Carboxylate ('CBB) 

[Phase sequence: Cr 113 SmA 1 136 N 350 I} 

other two. also form liquid crystal phase (columnar phase). thereby calling them discotic 

liquid crystal s. one such typical molecule and idealized stacking is shown in Figure 1.6. 

Another type of liquid crystals also observed i.e. po lymer liquid crystals. Polymers are 

substances whose molecules are built up of a large number of chemically bonded repeating 

Figure 1.5. Mode/for an idea/liquid crystal molecule as a rigid rod. spherocylinder or ellipsoid. 

0 

columnar phase 

Figure 1.6. Typical molecular structure of discotic liquid C:IJ'Stalline Hexakis [{-1- octylpheny/J ethynyl} 

ben=ene and its idealised staking( columnar phase). " is the director. 
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structural units. With a sui table mesogenic building units (monomers) the substance exhibits 

liquid crystalline properties. These me ogenic units. (usually calami tic but many discotic 

types exist) should be attached with appropriate functional end groups in order to obtain a 

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

displayed in Figure 1.7. ince no work is done in the present dissertation on uch systems we 

will not di scuss them any furthe r. 

. 
t 

mesogenlc unit linking unit 

-----·· Vv'V"V"' _____ _ 

polymer backbone 

.._spacer/ 
, units 

-----·"VV ... v 
m1ln chain polymer 

side chain polymer 

Figure I. 7. Liquid CI)'SIU! Poz)'lner (main and .\ide chain). 

1.2.1.1 ACHIRAL CALAMITIC PHASES 

The symmetry of a molecule determines whether it is ach iral or chiral. A molecule is 

achiral if it is superimposable on its mirror image, otherwise it is called a chiralmolecule. 

Thermotropic liquid crystals are principally classified, on symmetry consideration, 

into two main categories viz. nematic and smect ic. The early names of the different liquid 

crysta lline phases based on optical observations and confirmed by X-ray investigations, viz., 

nematic, cholesteric and smectics, are due to G. Friedel [29] and are used until novv. Nematic 

is from the Greek word vry J.la ( ematos) for thread-) ike, the defect seen under crossed 

polariser. mectics arc from CJf-177 YJ.la ( mectos) for soap-l ike from which many layered 

mesophases arc made. In macroscopic approach. the structure of liquid crystalline phases is 

usually characterized by the so-called director n, a unit vector which shows an average 

orientation of the long molecular axes in some macroscopic bulk. 
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NEMA TIC LIQUID CRYSTALS 

ematic phase is the simplest liquid crystalline phase shown in Figure 1.8(a) and its 

typical textures is also shown in Figure 18(b ). Remarkable features of this phase are: 

Nematic 

Figure 1.8(a). !lfolecular arrangemems in \ ematic phase. n i1 the director and 

(b) Schlieren texfllre of nematic phase 

1. ematic liquid crystals have no positional long-range order in the arrangement of the 

centre of mass of the molecules as in isotropic liquid. It point symmetry is D coh 

2. They have long-range orientational order\\ ith respect to the director n. 

3. The direction of n of the bulk sample may be determined by surface force or externally 

applied fie ld . 

.t. The preferred orientations nand- n are not dis tinguishable. 

5. They exhibit schlieren: threaded marbled; pseudo-isotropic; homogeneous textures. 

6. Most nematics are optically uniaxial medium of positive birefringence. biaxial 

modification has also been observed in some materials 130]. 

7. The molecular propert ies o f nematic is such that the left- and right-handed forms are 

indistinguishable (achira lity). In the opposi te case. the system must be a racemic (I: I) 

mixture of right- and left-handed molecules. 

8. Antiparallel dipolar association is found between nearest neighbour molecules possessing 

pennanent dipole moment. 

9. Nematics are sensitive to external electric and magnetic fields and many different electro 

- (magneto-) opti cal effects occur in them. 
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When a compound exhibits both nematic and smectic phases, then, as a rule, nematic 

occurs at a higher temperature. Exceptions to the rule were discovered by Cladis [31] in 

certain strongly polar materials. The first observations were on binary mixtures of two cyano 

compounds: over a range of composition the sequence of transitions on cooling was as 

follows: 

Iso ~ N~ SA~NR~Crystal, 

where N stands for the usual nematic and NR for a second nematic, called the re-entrant 

nematic, which appears at a lower temperature. The SA phase occurring between two nematics 

was identified to be the partially bilayer Ad. Later, a similar effect was reported by Cladis et 

al. [32] in a pure compound at elevated pressures. 

SMECTIC LIQUID CRYSTALS 

Smectic liquid crystals have stratified structures but a variety of molecular 

arrangements and hence various phases are possible within each stratification. For smectics, 

the director has a slightly different definition than for nematics. In the former case, n is a unit 

vector which shows the average orientation of the long molecular axes in each layer. Here the 

distinguishable features are: 

1. Mesophase has a layered structure. It exhibit one-dimensional positional order, so that 

the structure is formed by parallel molecular monolayers or bilayers or partially 

bilayers. 

2. Molecules are m_obile in two directions within each layer and can rotate about one axis 

in some cases. 

3. The interlayer attractions are weak as compared with the lateral forces between 

molecules and in consequence the layers are able to slide over one another easily. 

4. Molecules may be normal to the plane of the layers or inclined to it. 

5. This phase is more viscous than nematic. 

6. For a given material usually it occurs at temperatures below the nematic domain. 
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Polymorphism is much more obvious in smectic phases. The lamellar smectic state is 

readily divided into four subgroups by considering first, the extent of the in-plane positional 

ordering of the constituent molecules and second, the tilt orientational ordering of the long 

axis of the molecules relative to the layer planes. These two groups are distinguished from 

each other by the extent of the positional ordering of the constituent molecules. Thus smectic 

A, C, Ca1., BHex, I and Fare essentially smectic liquid crystals, whereas B, E, G, H, J and K are 

smectic-like crystal phases, which are distinguished from normal crystals in that their 

constituent molecules are reorienting rapidly about their long axes. So a large number of 

different smectic phases have been identified [2,3,14, 33-35]: In a hypothetical liquid crystal 

having all phases, the phase sequence on cooling, according to Goodby [36] will be as 

follows: 

Isotropic liquid->N->SmA->SmD->SrnC-> Smc •. , ->[SmBhm Sml] ->B(cryst.) 

->SmF->J->G->E->K->H ->Crystal. 

The alphabetical order in smectic modifications merely indicates the chronological 

order of discovery. In the literature there is some ambiguity in naming higher order smectic 

phses - for example smectic E phase has been termed both as smectic E and Crystal E 

phase. Some of these phases (e.g., Ss, SE, Sa, SH, S1 and SK) have three-dimensional long

range positional order as in a crystal, though with weak interlayer forces, while some others, 

referred to as hexatic phases, have three-dimensional long range bond-orientational order, 

but without any long-range positional order[37]. SmA, Hexagonal B, Crystal B, Crystal E 

phases are orthogonal whereas SmC, I, F, Crystal J, G, H, K are tilted in nature. The smectic 

D phase has a cubic structure [38-40] and would appear to be an exemption to the rule that 

smectics have layered structures. The cubic phases of thermotropidiquid crystals display an 

independent class of liquid crystalline phases besides the smectic and columnar ones [41]. 

The great variety of chemical structure leads to different cubic phases which can be expected 

to be constituted of molecular aggregates of different characters. 

Structures of SmA and SmC phases are described below since these phases are 

relevant in the present dissertation. 
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SMECTIC A (SmA) 

Molecular arrangement in this phase is shown in Figure l.9(a). Under polarizing 

microscope various textures are observed in this pha e like fan- haped. stepped drops. 

homogeneous. pseudoisotropic etc .. a typical fan-shaped texture is shown in Figure 1.9(b)] . 

Characteristic features of this phase are as follows: 

Smectic A 

Figure I . 9(a). Molecular arrangeme111s in smectic A phase and (b) Typical/an-shaped texture of a SmA phase 

I. The director n is perpendicular to the plane of the layer or parallel to the layer normal z. 

2. o po itional order within the layers i.e., inside each layer nematic ordering exists. Its 

point ymmetry is Doo. 

3. Within each layer molecules have only orientational ordering. 

-t The centres of mass of the molecules possess quasi long-range translational periodicity 

along the layer normal. 

5. Phase is optically uniaxial in character. 

6. The rotation around the short molecular axe 

degree of order 

more or less hindered depending on the 

A number of polymorphic types of rnA phase (16. 33, 42. 43] have been 

discovered. viz. mA 1 (monolayer phase). Sml\2 (bilayer phase), mAd (partially bilayer 

phase), SmA (antiphase) and mAic.(phase intermediate between SmAd and SmA2) [44-46). 

The smectic A liquid crystals, constituting of biaxial rod-like molecules, can have biaxial 

symmetry and the medium is then characterized by three directors. Recently a polymorphic 

system has been found to exhibit the biaxial rnA ( m Ab) phase [47. 48). 
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SMECTIC C (SmC) 

Molecular arrangement in mC phase is shown in Figure 1.1 O(a). Under polarizing 

microscope various textures are observed in this phase like broken focal conic. schlieren, 

homogeneous textures etc.: a typica l texture is shown in Figure l.lO(b). Characteristic 

features of thi s phase are given below: 

z n 

Smectic c 

Figure 1.1 O(a). Molecular urrungemenrs in SmC phase und (b) T)pical broken fan-shuped 
texture of a SmC phase 

l. mectic C is a tilted form of smectic A. i.e .. the director n is tilted with respect to the 

layer normal. Each layer is a two dimensiona l liquid. Its point symmetry is Czh· 

2. Tilt angle may be constant or temperature dependent. 

3. Due to the presence of pronounced tilt angles the phase is optically biaxial. 

4. The rotation around the molecular long axes is not strongly hindered. The rotation 

around the short mo lecular axes is more or less hindered depending on the degree of 

order. 

The sub-phases of the smectic C phase were discovered by Levelut et al [33,36]. It 

shows polymorphism into three subgroups. viz .. C 1• C2 and C3 depending on the nature of 

tilt angles [3, 14, 49). However for sys tem of mo lecules possessing terminal polar groups 

other sub-phases of Smectic C phase have also been observed. These phases are levelled as 

smectic C 1, C2, Cd and Can11 phases which are direct analogues of smectic A 1, A2• Ad and 

rnA phases [50). Mo lecular arrangements and ordering in different liquid crystalline phases 

are summari sed in Table 1.2. 
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Table 1.2 

Molecular arrangements and ordering in liquid crystalline phases. 

.,, .... Positional ordering 

Phase type 
mo•ecUiar IYIOieCUiar 

orientational orienta tiona! Normal Within orientation packing 
ordering ordering to the the 

layer layer 

Isotropic random random SRO SRO SRO SRO 

Parallelism of 
N long molecular random LRO SRO SRO SRO 

axis 
SmA orthogonal random LRO SRO QLRO SRO 
SmC tilted random LRO SRO OLRO SRO 

SmBh. oTthogonal hexagonal LRO LRO OLRO SRO 

Sml 
Tilt to apex of pseudo 

LRO LRO QLRO SRO 
hexagon hexagonal 

SmF 
tilt to side of pseudo 

LRO LRO QLRO SRO 
hexagon hexagonal 

B(cryst.) orthogonal hexagonal LRO LRO LRO LRO 

J 
Tilt to apex of pseudo 

LRO LRO LRO LRO 
hexagon hexagonal 

G 
tilt to side of pseudo 

LRO LRO LRO LRO 
hexagon hexagonal 

E orthogonal 
Orthorhombi 

LRO LRO LRO LRO 
c 

K 
tilted to longer monoclinic LRO LRO LRO LRO 

side of cell 

H 
tilted to shorter monoclinic LRO LRO LRO LRO 

side of cell 

SRO~ short range order, LRO~ long range order, QLRO~ quasi-long range order 

1.2.1.2 CHIRAL CALAMITIC PHASES 

A chiral molecule (from the Greek word for 'hand') is a molecule that cannot be 

superimposed on its mirror image. Human hands are perhaps the most universally recognized 

example of chirality. Chiral molecules are optically active in the sense that they rotate the 

plane of polarized light [2, 3]. Chiral compounds are able to form mesophases with structures 

related to those of non-chiral substances, however, with different properties. 

CHOLESTERIC LIQUID CRYSTALS AND BLUE PHASES 

When the constituent molecules of the nematic phase are chiral or a nematic liquid 

crystal when mixed with chiral (optically active) molecules, the structure undergoes a helical 

distortion about an axis normal to the preferred molecular direction n, as shown in Figure 

l.ll(a). Such a phase is called cholesteric or chiral nematic phase. The pitch length is usually 

several hundred times larger than the dimensions of the molecule. Under polarizing 



microscope various textures are observed in this phase. Here cholesteric polygonal texture is 

shov;n in Figure l.ll(b) . The t"v\'ist may be right or left handed depending on the molecular 

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

centre of mass have no long range order. Racemic mixture of optically active cholesterics 

p 

Figure 1.11 (a). Schematic illustration of the helical superstructure of the cholesteric phase 

Figure 1.11 (b). The texture of cholesteric phase (Cholesteric po(rgonaltexture) 

results in nematic phase. Therefore the nematic phase is a cholesteric of infinite pitch of the 

helix. The energy of twist fonn a small part ( I o-5) of the total energy associated with the 

parallel a lignment of the molecules so that even when small amount of cho lesteric substance 

or a non-mesogenic optically active substance is added to nematic the mixture adopts helical 

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

wavelength. The cholesteric-nematic transition is found to be absent [51] "'hen the 
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temperature of the cholesteric is changed and also when a strong magnetic field is applied 

normal to the helical axis [52, 53]. 

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

blue phases exist over a small temperature range ( ~ 1 °C) between the mesophase and isotropic 

liquid transition [54-56]. Three distinct blue phases (BPI*, BPI(, and BPIII',) have been 

identified and occur in that order with increasing temperature. The BPIII' phase, in the 

literature, is also referred to as the "fog phase" or the "blue fog". In contrast to BPI' and 

BPI!', which are cubic phases, BPIII' is an amorphous phase which nevertheless reflects 

circularly polarized light, thus indicating some kind of helical superstructure. 

FERROELECTRIC LIQUID CRYSTALS 

Ferroelectrics are materials that possess a spontaneous polarisation (Ps) in the absence 

of an external field and on the application of an electric field, its orientation can be reversed. 

Ferroelectricity is usually observed in certain types of crystalline materials of a reduced 

symmetry space group and not fluid phases [57, 58]. However, R.B. Meyer and co-workers 

[59, 60] in 1975 discovered ferroelecticity in liquid crystals. This discovery was theoretically 

predicted by Meyer himself using symmetry arguments [ 61]. They synthesized the chiral SmC 

liquid crystalline material DOBAMBC in which ferroelectricity was first demonstrated and 

this initiated ferroelectric liquid crystal (FLC) research. The symmetry argument of Meyer 

goes as follows: the smectic C phase has monoclinic symmetry, the point group for which 

contains (i) only a two-fold rotation axis parallel to the layers and normal to the long 

molecular axis; (ii) a mirror plane normal to the two fold axis and the 'layer' and (iii) a centre 

of symmetry (Czh). The reflection plane normal to the two-fold axis and the centre of 

inversion are eliminated when the constituent molecules are chiral, reducing the symmetry to 

Cz. The remaining single two-fold axis allows the existence of a permanent dipole moment 

parallel to this axis. If all the molecules are identical then a net polarization of at most a few 

Debye per molecule will be produced. With these considerations in mind, a new chiral 

material DOBAMBC was synthesized; and hence Meyer was able to demonstrate 

ferroelectricity in liquid crystals. 

In fact, reduced symmetry caused by molecular chirality is the case for all tilted 

smectic and disordered crystal phases like Sml* and SmF* and crystal smectic phases J*, G*, 

K* and H*. Excellent books, monographs and review or important articles on FLCs are 

available such as in [16, 17, 61-69]. A fairly recent review by M. Hird 'introduces the 

phenomena of ferroelectric liquid crystals and charts the development of the technology to 

commercially viable devices' [70]. 
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A SmC· material may have a positive or a negative sign of P., in the natural state 

depending upon the nature of chirality of the constituent molecules. When an electric field is 

applied the molecu les will switch around an imaginary cone through an angle 28. if B is the 

tilt angle. so that the sign of the Ps would be reversed (Figure 1.12). Ps would remain in the 

same orientation until an electric field ·or opposite direction was applied and then the sign of 

the P would again be reversed. Hence, the Smc· phase exhibits ferroelectr icity. 

Ps (up) 

Ps (down) 

Switching 
cone 

Figure 1.12. The two molecular orientations in the SmC'phase roJ. 

Z.K 

Smectic layer 

Figure 1.13. Spiralling of the director in Sm C* phase and basic geomeuy of the Sm C* phase showing layer 

normal Z, till angle 0. molecular director 11. polari:ation P and a:imuthal angle <P. 
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Moreover, as a result of chirality, successive tilted smectic layers shov. a gradual 

change in the direction of tilt. such that the director precesses about the layer normal from 

layer to layer. a lways lying on the surface of a hypothetical cone of angle 20. The angle 

around the circle of precession is known as the azimuthal angle <D. This creates a helical 

structure in the tilted chiral smectic mesophases with the pitch being the distance along the 

layer normal needed to reach the same molecular orientation. F igure 1.13 shows the spiralling 

po larization direction in Sm C* phase and the basic geometry of the Sm C* phase. 

Antiferroelectric and ferroelectric behaviour in liquid crystals were also discoverd 

subsequently. The anti ferroelectric order in liquid crystals was first observed in Ml IPOBC in 

1989 [67], although the first antiferroelectric liquid crystalline material was S}nthesized 

already in 1983 [68]. Here. the director always lies in the layer plane and the polarization 

vector perpendicular to it. In subsequent layers the director is pointed in opposite directions 

and so is the polarization vectors. Thus because of an equal number of polarization vectors 

pointi ng up and down, the spontaneous polarization averages out to zero even for the 

unwound (nonhelical) state. This structure is evidenced by the fact that when a strong electric 

field is applied to this phase. the layer orde ring is perturbed and the phase returns to a normal 
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Ferroelectric chiral 
Smectic C phase (SmC*) 
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F errie lec tric chlral 
Smectic C (Sm C*r.m.) 

111111111111 
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Aotiferroelectric chiral 
Smectic C (SmC* 81111) 

Figure 1.14. The structures of chiral smectic phases. SmC'. SmC'1a, and SmC'u,11 (Helical form). 

fe rroelectric phase. In the switching of antiferroelectric phases three states are produced: one 

antiferroelectric and two ferroelectric [69]. This tristable switching occurs at a defined electric 

field and thus the presence of a sharp svvi tching threshold may be useful in di splay 

applications. which require multi plexing with grey scales. The structure of ferroelectric mC* 

phase is repeated every 360° rotation of the helix, whereas the helical structure of the 

anti ferroelectric phase repeats every 180° rotati/o~ · fore, the phase appears to hav_e .a .. 

relatively short pitch and the pitch appears to a~~- nificantly as the temperature is 

changed. ~~·/ 21]088 o' JUN1014 
'1R ~~t:l \'1:" / 
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In the ferrielectric smecti c phase, the layers are stacked in such a way that there is a 

net O\'erall pontaneous polarization. The number of layers of opposite polari/ation is not 

equal. It has also been suggested that the stacking of the layers has two interpenetrating 

sublattices. There are alternating layer structures, i.e., two layers tilted to the right and one to 

the left. with thi s arrangement repeating itse lf throughout the bulk of the phase. Thus, the 

fe rrielectric phase has a measurable polarizat ion. Figure 1.14 shows the difference between 

ferro, anti ferro, and ferrielectric ch iral m C phases. 

S URFACE STABILISED FERROEL ECTRIC LIQUID CR YSTAL DISPLAY 

D EVICES 

voltage 

SmC* layer 

~ 
Direction of lieht 
through the ceO 

-
. ....-.---8~_....-" Dl ------- -------- ---

~~, 

+ Ps 

)II' ,... 
- Ps 

Polariser 

DZ 

Figure 1.15. The hasic construction of the SSFLC device [after ref 7 0} 

The phase structure of the Smc· phase is helical in nature, where the direction of the 

tilt changes very gradually from layer to layer throughout the natural phase structure. lienee, 

the direction of the Ps also changes gradually in the same way and so the Ps cancels to zero in 

the bulk phase (Figure 1.13). Accordingly. the bu lk Smc· phase is more correctly termed 
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helielectric rather than ferroelectric . However. if the hel ix could be unwound. then the bulk 

phase would become ferroelectric. For any ferroelectric application of the me· phase. the 

material is to be taken in a cell and the constituent molecules are to be aligned parallel to the 

cell surface. The surface forces generated in the constraints geometry of the cell effectively 

unwinds the helix. It was this type of unwinding of the helix on which the first ferroelectric 

di splay device concept was reported by Clark and Lagerwall as the surface stabilised 

ferroelectric liquid crystal (SSFLC) display device [66]. 

The device, as clearly described in the article by Hird [70]. consi ts of a SmC* liquid 

crystal contained between two ITO coated glass plates. pre-treated w ith aligning materials 

(polyimide or silicon dioxide) so that the molecules are aligned in a unidirectional manner 

called bookshelf geometry (Figure 1.15). The cell is placed between polariser and analyser at 

the crossed pos ition. The bottom polariser is oriented in line with the molecular alignment 

direction, n1. (the optic axis). Hence, the polari sed light entering the cell is unaffected by the 

liquid crystal, and so is blocked by the top polariser (analyser) and the cell appears dark in 

this off state (back of Figure 1.15 and left of Figure 1.16). The appli cation of an electric field 

will cause mo lecular switching through 28 as described above (Figure 1.12). No\\ assuming 

that 28 = 45° then the molecular alignment direction. 112. is mid-way between the polarizer 

directions. and hence the liquid crystal is able to act as a hal f-wave phase retardation plate to 

allow light through and appear bright in the on state (front of Figure 1.15 and ri ght of Figure 

1.16). 

,..-:----?~Analyser 

Polariser 

Off state 
On state 

Figure 1. /6. Off and On slates in a SSFLC display device[ after re.f"O} 
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1.3 LIQUID CRYSTAL COMPOUNDS INVESTIGATED IN THE 

PRESENT DISSERTATION 

Achiral fluorobenzene derivative compounds have wide-range nematic phase, high 

chemical stability, large dielectric anisotropy, low optical anisotropy and very good voltage 

holding ratio. Mixtures of these compounds are found to exhibit mesomorphism at ambient 

temperatures and have high bulk resistivity and low current consumption. All these features 

are important for liquid crystal displays (LCDs) with large information contents as in portable 

colour TV s and computer terminals. These materials are, therefore, expected to be useful in 

active matrix displays (AMDs) such as in TFT (thin-film-transistor) and MIM. (metal

insulator-metal) systems. A number of achiral fluorobenzene derivatives were therefore 

selected for investigation in the present dissertation. 

Members of the 4-(trans-4-alkylcyclohexyl) isothiocyanatobenzene (nCHBT) series 

are low melting polar nematic materials characterised by low viscosity and high chemical 

stability and are found to form eutectic systems with various mesogenic compounds, hence 

they seem to be interesting components for display applications. Similarly, members of 4 -

cyanobiphenyl-4'-n alkylbiphenyl carboxylate forms monolayer and partially bilayer smectic 

A phases, also in some cases re-entrant nematic phases. Hence two members of the above two 

series were also selected for investigation for finding their structure property relationships. 

As mentioned before, ferroelectric liquid crystal (FLCs) have been the subject of 

intense investigation not only for their exciting properties for fundamental condensed matter 

research, but also for their application in fast switching flat panel displays, optical light 

modulators, optical signal processing and computing. These compounds combine the 

ferroelectric, electrooptic, piezoelectric and pyroelectric properties of solid polar dielectric 

materials with the physical flow characteristics of liquids. However FLC compounds for 

optoelectronic applications must have the following spectrum of physical properties 

customized to the specific application: broad temperature range from or below ambient 

temperature, rise time, birefringence, clarity, polarization, tilt angle, length of pitch, and 

thermal and UV stability. In general, no single FLC compound can satisfY all the above 

requirements. Multicomponent mixtures are, therefore, formulated to optimize all the required 

properties for practical applications. For this one has to select (i) proper achiral host materials, 

which controls the temperature range and tilt angle; (ii) proper chiral dopants to control the 

switching speed and helical pitch and (iii) proper birefringence dopants to adjust the 

birefringence to the desired level. Keeping these in view, various properties of a pure FLC 

compound have mainly been investigated using dielectric, electrooptic and x-ray diffraction 
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techniques. Several multicomponent FLC mixtures, taking both chiral and achiral type of 

dopants, have also been formulated and characterized. 

Names and structural formulae of the liquid crystalline compounds 
studied are given below: 

1. 4-propyl-4' -( 4-fluorophenyl) bicyclohexane (3ccp-t) 

Cr 90.0 (71.0) N 158.0 I 

2. 4-propyl-4'-( 3, 4- difluorophenyl) bicyclohexane (3ccp-ft) 

F 

Cr 46.0 (38.5) N 123.8 I 

3. 4-propyl-4'-( 3, 4, 5- trifluorophenyl) bicyclohexane (3ccp-fff) 

F 

F 
Cr 66.0 (49.0) N 94.1 I 

4. 4-pentyl-4'-(4-fluorophenyl) bicyclohexane (5ccp-t) 

Cr 68.0 (44.0) 88 75.5 N 157.0 I 
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5. 4-pentyl-4'-( 3, 4- difluorophenyl) bicyclohexane (Sccp-ff) 

F 

j-F 

Cr 47.0 (26.8) N 125.2 I 

6. 4- pentyl- 4'-(3,4,5-trifluorophenyl) bicyclohexane ( Sccp-fff) 

F 

j-F 

F 

Cr 88.0 (57 .0) N 102.4 I 

7. 3, 4- difluoro- 4'-( 4- propylcyclohexyl)- biphenyl ( 3cpp-ff) 

F 
I 

== 

'·>------<\_ j -F 
'===-' 

Cr 68.5 (46.4) N 97.9 I 

8. 3, 4- difluoro- 4'-( 4- pentylcyclohexyl)- biphenyl ( Scpp-ff) 

Cr 56.0 (38.7) N 105.8 I 
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9. 3, 4, 5- trifluoro- 4'-( 4- pentylcyclohexyl)- biphenyl ( 5cpp-ffl) 

/ 
'>------<\_ ;) -F 

=== 
\ 

F 

Cr 33.0 (27.0) N 54.8 I 

10. 4-(trans-4-undecylcyclohexyl) isothiocyanatobenzene (llCHBT) 

s=c-N 

Cr 48.0 N 54.0 I 

11. 4-Cyanobiphenyl-4'-heptylbiphenyl Carboxylate (7CBB) 

9-0 
c.........._ 

0 

Cr 123 SmA1 136 N 350 I 

12. (S)-4''-(6-perfluoropentanoiloxyhexyl-1-oxy)-2',3'-difluoro-4-
(1- methylheptyloxycarbonyl)-[1,1 ':4',1 "]terphenyl {5F6T(2 ', 3 'F)} 

F. 

Cr 41.1 SmcA* 50.2 Smc* 71.5 SmA* 91.9 Iso 

CN 

CHa 

I 
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13. Phenyl pyrimidine compounds 

_____;=N 
H2n+1Cn ~ ~)-----(\\ /;r----OCmH2m+1 

N 

14. Biphenyl pyrimidine compound 

15. Non-mesogenic chiral terphenyl compound with chiral centers at opposite 
ends 

16. Singly fluorinated chiral phenyl pyrimidine compound with chiral center at 
one end 

-(

N 

H17C80 ~)-----<~ /; OCH2C*H(F)C6H13 

17. Singly fluorinated chiral phenyl pyrimidine compound with chiral centers 
at opposite ends 



CHAPTER2 

EXPERIMENTAL TECHNIQUES 

AND 

ALLIED THEORY 



26 

INTRODUCTION 

Liquid crystal science has grown tremendously in recent years for fundamental 

scientific reasons and widespread applications in industry and technology e.g. display devices, 

optical devices and biological sensors etc. A large variety of materials have been synthesised 

and their properties have been determined, the scientists around the world are trying to 

develop and promote the ways to solve the problem of establishing the relationship among the 

properties of the molecules and the molecular structure of the substance, the macroscopic 

properties of the substance and the nature of the molecular motions·. In this dissertation 

different properties of selected mesogenic compounds have been investigated employing 

various experimental techniques. Theoretical backgrounds of these techniques, in brief, along 

with the Maier-Saupe mean field theory explaining nematic-isotropic phase transition have 

been described in this chapter. 

2.1 THEORIES OF LIQUID CRYSTALS IN BRIEF 

Microscopic theoretical treatment of fluid phases may become quite complicated 

owing to the high material density, meaning that strong interactions, hard-core repulsions, 

and many-body correlations cannot be ignored. In the case of liquid crystals, anisotropy in all 

of these interactions complicates the analysis to a great extent. There are a number of fairly 

simple theories, however, that can at least predict the general behaviour of the phase 

transitions in liquid crystal systems. To explain and justify the liquid-crystalline phases, 

two basic theories are very helpful, the elastic continuum theory and the swarm theory. The 

continuum theory comprehends the liquid crystal as an anisotropic elastic medium with its 

own symmetry, viscosity and elasticity parameters [71]. This theory is a particularly powerful 

tool for modelling liquid crystal devices. In contrast the swarm theory interprets the state as 

the result of intermolecular interactions and the resulting statistical and thermodynamic 

equilibrium. In the elastic continuum theory, a molecular explanation of the macroscopically 

interpreted parameters is more or less given up, while in the swarm theory the mole_5:ular 

interaction forms the basis of the theory. The mathematical models of Oseen [72], Zocher 

[73] and Frank [71] contributed significantly in the development of these theories. The 

molecular statistical aspects was supported by the works of E. Bose [74], M. Born [75], R. C. 

Davis and G. W. Stewart[76], W. Maier and A. Saupe [77] along with Weiss' theory on 

magnetism and finally by the experiments of A. Smekal [78] and V. N. Tsvetkov [79]. 

Theoretical aspects of liquid crystals have been dealt with in details in, de Gennes and Prost's 
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monograph "The Physics of Liquid Crystals" [2], Chandrasekhar's monograph "Liquid 

Crystals" [3], Tsykalo's book "Thermophysical Properties of Liquid Crystals" [50] and by 

various other authors. 

Molecular field method can be applied in developing a theory of spontaneous long

range orientational order and the associated properties of the nematic phase, nearly similar to 

that introduced by Weiss in ferromagnetism. Each molecule is assumed to be in an "average 

orienting field due to its environment; however intermolecular short-range order and 

fluctuations are neglected. In 1916, Born proposed first molecular field theory for nematic 

state and treated the medium as an assembly of permanent electric dipoles and demonstrated 

the possibility of a transition from an isotropic phase to an anisotropic one as the temperature 

is lowered. But it is now well established that permanent dipole moments are not necessary 

for the occurrence of the liquid crystalline phase. The most extensively used treatment based 

on the molecular field approximation is that due to Maier and Saupe [77] which explains 

nematic-isotropic transition. Kobayashi [80] developed the first molecular statistical 

treatment of the smectic-nematic transitions introducing an additional isotropic paired 

intermolecular interaction in Maier-Saupe (MS) model. A similar but more specific approach 

was taken up by McMillan [81], who discussed the SA-N transition in terms of the MS model 

considering orientational, translational and mixed order parameters. In the Kobayashi

McMillan theory also, the effects of short range order and fluctuation of the order parameters 

are neglected. The details of the McMillan, Wulf and de Gennes theories for SmC liquid 

crystals and the Meyer-McMillan theory for SmC, SmB and SmH liquid crystals are given in 

reference [50]. 

It might be worth to mention that thermotropic liquid crystals have also been 

extensively studied by computer simulation method employing a variety of hard, soft and 

realistic models involving atom-atom potentials and using either monte carlo or molecular 

dynamics method [82-90]. 

2.1.1 MAIER-SAUPE MEAN FIELD THEORY OF NEMATIC PHASE 

An approach that has proved to be extremely useful in developing a theory of 

spontaneous long-range orientational order and related properties of the nematic phase is 

molecular field method. The most widely used treatment is that due toW. Maier and A. Saupe 

[77]. They developed the theory with the idea that the existence of the nematic phase is 

caused by the anisotropic part of the dispersion interaction energy between the molecules. The 

concept of an average potential is employed to all molecules since every molecule is 
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embedded in a 'sea' of many other molecules, the idea utilised in a thermodynamic system 

called a mean-field theory. It is assumed that each molecule is subjected to an average internal 

field that is independent of any local variations or short-range ordering. To find the exact 

nature of the intermolecular forces Maier-Saupe assumed that: 

i) Molecules are rigid rods (spheroids, cylinders or spherocyliders) and rotationally 

symmetric with respect to their long molecular axes described by the unit vector n, called 

the director. 

ii) With respect to a given molecule the distribution of the centre of mass of the remaining 

molecules may be taken to be spherically symmetric i.e., n and -n are equivalent. 

iii) The influence of permanent dipoles can be neglected as far as long-range nematic order is 

concerned. 

iv) Only the effect of the induced dipole-dipole interaction needs to be considered, the higher 

order terms are not thought to significantly affect the nematic order. No repulsive 

interaction is considered. 

In nematic phase molecules possess only orientational ordering but no positional 

ordering. Degree of alignment of the molecules with respect to the director is described by an 

orientational order parameter 

1 2 
S = (P2 (cos9;)) = -(3(cos 9;) -1) 

2 

2.01 

where 9; is the angle between the long axis of the ith molecule and the director n, statistical 

average is taken over all 9;. In perfectly ordered state (crystalline state) 9;s are zero giving 

S= 1, whereas in perfectly random state (isotropic liquid) average of cos29; is 1/3 so that S=O. 

In nematic state, where ordering is in between crystalline and liquid state S will have values 

between 0 and 1. 

Orientational dependence of the single molecule potential energy u is assumed to be 

functions of cos29; as well as the degree of order of the system. 

Thus 

or, 

i.e 

ui ( cos9;) oc - <Pz( cos9;)> P2( cos9;) 

A 
ui(cos9;) =- -

2 
<P2(cos8;)> P2(cos8;) 

v 

ui(cos9;) =- v <Pz(cos9;)> Pz(cos9;) 
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V is the volume of the sample and A is taken to be a constant characteristics of the molecule 

independent of pressure, volume and temperature. 

Humphries, James and Luckhurst [91] developed a more comprehensive concept by including 

higher order terms in the mean field potential for cylindrically symmetric molecules. Thus 

u was taken as 

ui (cosei) = Luu(P1 (cos8J)P1(cos8i) 
I even 

(/'# 0) 

where pI ( cos9) is the zth order Legendre polynomial. 

2.1.2 ORIENTATIONAL DISTRIBUTION FUNCTION AND 
EVALUATION OF THE ORDER PARAMETER 

2.02 

If the system be in thermal equilibrium then the probability of a molecule being oriented 

at an angle from the director n will be governed by the classical statistical mechanics, the 

theoretical orientational distribution function in terms of the mean field potential u( cos9) is 

given by 

I 

[

- u.(cosS.)] 
f(cos9)=Z- exp 'kT ' 2.03 

where k is the Boltzmann constant, T is temperature in absolute scale and Z is the partition 

function for a single molecule given by 

where the subscript i has been dropped for brevity. 

The order parameter S can therefore be written as 

I~ P2 {case )exp[v < P2 (cos e)> P2 {case )!kT }!{case) 

I~ exp[v < P2 (cos 9) > P2 (case )!kT }!(case) 

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

2.04 

2.05 
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Thus for the determination of the temperature dependence of <P2( cos9)> we have a 

self-consistent equation. The value of <P2( cos9)> = 0 is a solution at all T showing a 

disordered phase, the normal isotropic liquid. Also for T* < 0.22284 two more solutions of 

<Pz( cos9)> appear. One is positive <Pz( cos9)> which tend to unity at T = 0 and represent the 

nematic phase. Other one is negative <Pz(cos9)> which corresponds an unstable phase. The 

laws of thermodynamics state that the stable phase, will be the one having the minimum free 

energy. Applying this stability condition, we get the region 0 :-;; T* :-;; 0.22019, where 

(Pz(cos9)) is greater than zero which corresponds an anisotropic nematic phase and forT*> 

0.22019, the isotropic phase with (P2(cos9)) = 0 is the stable state. 

The order parameter <P2(cos9)> varies from 1 at T* = 0 to 0.4289 at T* = 0.22019. 

Thus according to Maier-Saupe the transition from nematic to isotropic phase is first order 

which has been observed experimentally. 

Exactly in similar way higher order parameter <P 4( cos9)> can be obtained using the 

4th order Legendre polynomial in equation (2.05). 

<P4 (cos9)> = ~ (35 < cos4 8 > -30 < cos 2 8 > +3) 2.06 

The order parameter <P4(cos8)> varies from 1 at T* = 0 to 0.1199 at T* = 0.22019. 
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Figure 2.1. Order parameters <P2(cos(})> and <P4(cos(})> versus temp. from the Maier-Saupe theory. 
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Variation of <Pz(cos6)> and <P4(cos6)> with temperature is shown in Figure 2.1. It is 

noted that nature of temperature variation of <P 4( cos6)> also indicate I st order N-I transition. 

The Maier-Saupe theory has also been extended to de.scribe the smectic A- nematic 

transition in what is called McMillan's model [81] in which an additional order parameter for 

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

present dissertation is mainly related to the nematic phase ofliquid crystals the detailed theory 

of smectic phases will not be discussed further. 

2.1.3 THEORY OF X-RAY SCATTERING 

The liquid crystal chemistry concentrate its focus on the relationship between 

molecular structure and properties of the various liquid crystal phases whereas liquid crystal 

physics focus on the mechanical, electrical,· magnetic and optical properties of the various 

phases. There are different types of theoretical models that describe both LC phases and the 

transitions between the mesophases and the behaviour of liquid crystals in technical devices. 

A quantitative explanation of a nematic phase is articulated in terms of an order 

parameter, which vanishes in isotropic phase. The great applicability of nematic liquid crystal 

in electro-optical devices is determined by its orientational order parameter and hence there is 

a sustained interest in these parameters computed using various methods are, (i) X-ray 

scattering [92-94], (ii) optical birefringence [95,96], (iii) the magnetic birefringence [97], (iv) 

NMR spectroscopy [97,98], (v) computer simulation [85-87, 89, 90] and dielectric 

spectroscopy [96]. Among the different approaches X-ray method has emerged as a powerful 

tool to compute the temperature variation of these orientational order parameters. 

X-ray diffraction gives direct information about the residual positional order in liquid 

crystals. Bragg visualized the scattering of X -rays by a crystal in terms of reflections from 

sets of lattice planes, as shown in Figure 2.2 (note that there is normally a phase change of 

180° upon scattering, for X-rays ). 

For one particular set of planes, constructive interference between rays reflected by 

successive planes will only occur when the path difference, 2Lhk1sin6, equals an integral 

multiple of wavelength: 

2.07 

where Lhkl is a periodicity in the sample and indices hid refer to the Miller indices that 

indicate sets of planes in a certain direction and 26 is angle of scattering. The width of the 

peaks depend obviously on the degree of long-range positional order. In liquids only short-
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1 
Lhkl 

t 
' 

Liquid crystal sample 
' 

Figure 2.2. Typical scattering geometry showing the incident (KJ and scattered (KJ wave vectors. 

range order is present and broad diffuse peaks will be observed. But in the nematic phase of 

mesogenic compounds the diffraction pattern consists of two diffuse rings. The inner ring at 

small Bragg angles is associated to the length of the molecules and the outer ring to the 

average lateral distance between neighbouring molecules. In the various smectic phases the 

random distribution in the longitudinal direction of the molecules is exchanged by a repeat 

distance corresponding to the spacing of the smectic layers. 

To observe a particular diffraction peak, we must align the planes at an angle 9 to the 

incident beam. The incident and diffracted beam directions are specified by their wave vectors 

K; and K,. For elastic scattering, magnitude of incident and scattered wave vectors must be 

equal, i.e., IKsl = IK;I = 2rt/A.. where A. is the wavelength of the incident radiation. 

The magnitude of the scattering vector K = K, - K;. is given by 

K = I K I = 4rtsin9/A., 

where 29 is the angle between K, and K;,. The scattering of incident radiation by a centre at 

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



33 

f exp(iK.r), where f is the scattering power. Generalised to N centres the scattering 

amplitude is written as 

N 

F(K) = ~ fjexp(iK . rj) 
j~I 

2.08 

where ri denotes the position of scattering centre j. A further generalisation to a continuous 

distribution of scattering centres is the scattering amplitude 

F(K) = f p(r)exp(iK. r)d3r 2.09 

where p(r) is the time averaged electron density. For the case of isolated atom,q (2.09) can 

be written as 

f(K) = f Pa (r)exp(iK. r)d3r 

and is called the atomic scattering amplitude. The above equation can be generalized to a 

group of atoms, for which 

This leads to 

N 
p(r) = ~ pj(r. rj) 

j~I 

N 

F(K) = ~ f)(K)exp(i K.r;) 
j"'l 

2.10 

2.11 

Equation (2.11) is nearly the same to equation (2.08). Therefore the diffraction by a set of 

atoms may be considered in terms of diffraction by a set of points, provided the variation of 

the atomic scattering amplitude is accounted for. 

To get absolute value and hence the experimentally related intensity, the amplitude 

of a wave scattered by a single point electron must be known. With the help of classical 

electrodynamics expressing all intensities in terms of the scattering intensity of an electron 

we get expression for intensity 

I(K) = !F(K) !2 

It is convenient for molecular liquids to separate the amplitude due to the molecular 

structure from the total scattering amplitude [99]. Accordingly (2.11) can be written as 

F(K) = I fkm (K)exp[iK.(rk - Rkm )] 2.12 
k.m 

where rk gives the position of the centre of mass of the k1
h molecule and Rkm is the position 

of the mth atom in the kth molecule, fkm is the atomic scattering factor of the mth atom in the 

k1
h molecule. 
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Therefore the general formula for the intensity of scattering from a system of molecules is 

I(K) = 2: (fkm (K)f1~ (K)exp[iK.(rk - r1)]exp[iK.(R1" - Rkm )]> 2.13 
k,l,n,m 

where the < > indicates statistical average over all the molecules of the system. 

The intensity can be written as 

I(K) = Im(K) + D(K) 

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

are given by 

Im(K)= L (Lfkm(K)f:O (K~xp[iK.(Rkn -Rkm)]> 
k m,n 

= N <I~ fkm exp (-iK.R km ~ 
2 

> 2.14 

and 

m 

D(K)= <Iexp(iK.rkJI (fkm(K)f1: {K)exp[K.{R1.-Rkm)]> 2.15 
m,n 

where rkl = rk- r1 .The term Im(K) gives the scattered intensity which would be observed 

from a random distribution of identical molecules. 

D(K) is the term containing information about correlation in both positional and orientation 

of different molecules. In other words it contains the information regarding, (i) Apparent 

molecular length, (ii) Layer thickness in smectics, (iii) Average lateral distance between the 

. molecules, (iv) Tilt angle, (v) Orientational distribution function, (vi) Order parameters 

(vii) correlation lengths etc. 

2.2 IDENTIFICATION OF PHASES 

As discussed in section 1.2 there are many different types of liquid crystal phases and 

in many cases the distinction between two phases is very subtle. The identification of liquid 

crystal phase type is, therefore, usually done by several techniques which are complimentary 

to each other viz., (i) Differential scanning calorimetry (DSC), (ii) Optical polrization 

microscopy (OPM), (iii) Miscibility study and (iv) X-ray Diffraction etc. Of these, X-ray 

diffraction is the most useful technique to find the microscopic structure of liquid crystals. It 

reveals the nature of distribution of molecules within the phase and thus the phase type can 

be identified uniquely. 
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2.2.1 DIFFERE NTIAL SCANNING CALORI METRY (DSC) 

Differential Scanning Calori metry (DSC) discloses the presence of phase transitions in 

a material by detecting the enthal py change associated with each phase transition. The 

schematic setup of DSC is shown in Figure 2.3 . The leve l of enthalpy change gives some 

LC 
sample reference 

p an 

Figure 2.3. Schematic setup of differential scanning calorimetry studies. 

information about the degree of molecular ordering within a mesophases, indicating the types 

of phase involved. Accordingly D C is used in conjunction with OPM to conclude the type of 

mesophases. When a material melts, a change of state occurs from solid to liquid and this 

melting process requires energy (endothermic) from the surroundings. Converse is also true. 

The DSC instrument measures the energy absorbed or released by a sample as it is heated or 

coo led. Solid to liquid invo lves high energy of transition (enthalpy change around 30 to 40 

('Wig) 
METTLER 
St ep From To Rate 

1 10o . o·c 245 . o·c 7 . o · c / min 
Fi le : Samp l e : Mass : 

·1.0 OOBPD oobpd 5 . 10 mg 
FP84 05- 02-118 

·1.5 

·2.0 

·2.5 

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 
tc:m c:r 'llturc: ·c 

Figure 2.4. DSC plot o.fOOBPD {Bis-(f..J/-n-alkoxy-ben:y lidene)-1.4-phenylenediamines} sample [100}. 
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kJmo1"
1
). But more subtle structural phase changes are involved within liquid crystalline 

phases which are reflected by the relatively small enthalpy changes (I to 2 kJmo1"1). Usually 

crystal to N or SmA transitions and N or SmA to isotropic transitions are frrst order although 

liquid crystal to isotropic liquid transition is less prominent than crystal to liquid crystal phase 

transition. But crystal to higher order smectics (like SmG) and liquid crystal to liquid crystal 

phase changes are weakly fust order or second order in nature and not always detectable by 

DSC techniques. We used Mettler FP82 hot stage and FP84 thermosystem for texture and 

DSC studies. Typical DSC plot for one of the investigated compound is shown in Figure 2.4, 

which has 4 different smectic phases (SH, Sa, 81 and Sc) along with nematic phase [I 00]. · 

2.2.2 OPTICAL POLARISING MICROSCOPY (OPM) 

The optical polarising microscopy is the most commonly used tool for identification of 

phases present in a newly synthesized mesogenic material. The most remarkable feature of 

liquid crystals is the wide variety of visual patterns they display under polarised light as 

shown in Figure 2.5. These visual patterns, called textures, are due almost entirely to the 

defect structure that occurs in the long-range molecular order of the liquid crystals materials. 

The identification of mesophases through OPM typically involves observation of the 

magnified view of a thin sample (thickness - I 0-20 Jlm) sandwiched between a microscope 

slide and a glass cover slip under crossed polarizers. The temperature of the material is 

controlled by placing it in a hot stage, temperature of which can be varied from room 

temperature to usually up to 300°C. In isotropic phase the field of view appears dark, but 

beautiful texture appears if the material form liquid crystal phase on cooling. Observed 

texture type depends on the aligmnent of the sample viz., whether homeotropic or 

homogeneous (planar) and the involved phase structure. 

In homeotropic aligmnent the molecular long axes (optic axes) are oriented normal to 

the supporting substrate. When the molecules are so oriented polarised light is unaffected by 

the material and so light cannot pass through the analyser showing complete blackness. 

In homogeneous (planar) aligmnent the constituent molecules of the liquid crystals 

phase are oriented parallel to the supporting substrates. In this case, a thin aligned layer of the 

liquid crystals phase exhibits birefringence and a coloured texture results when viewed 

between crossed polarisers. 



37 

Figure 2.5. Experimemal setup of a poluri: ing microscope as used for texture stud1es. 

I Iowever, the identification of the mesophases by this technique is often difficult 

because similar tex tures might be exhibited by different phases or sometimes very subtle 

change in textures occur at transitions and hence requires the support of other techniques to 

finalize the phase type present. Typical textures observed in various phases are described in 

several books [101-1041. 

2.2.3 TECHNlQUES FOR X-RAY DIFFRACTION TUDI ES AND METHOD 

OFDATAANALY lS 

X-ray diffraction is the most reliable technique for investigating the microscopic 

structure o f liquid crystals. lt maps the positions of the molecules within the phase and hence 

determines the phase structure and class ification to which the particular phase belongs. 

llowever for getting better information good qual ity photograph from aligned samples are 

needed. Alignment of the sample, which is usually done by the appl ication of magnetic field, 

is difficult especially for higher order smectic phases. 

Experimental set-up used lo r X-ray diffrac tion studies was designed and fabricated in 

our laboratory earlier [1 05,106 1. mall and wide angle X-ray photographs were taken 

throughout the mesomorphic range using ickel-filtered CuKa radiation. the temperature was 
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regulated within ±0.5°C by a controller, Indotherm 40 l-D2, later the Eurotherm controller 

(2216e) was also used for controlling the temperature with an accuracy ±0.1 °C. 

Diffraction rings 
=---.., 

1 
yX-ray film 

sample 
Collimating 
pin holes 

Figure 2.6. Schematic diagram oftheflatfllm camera. 

Essential features required in the set up for recording X-ray diffraction pattern of a 

liquid crystal on a flat film camera are shown schematically in Figure 2.6. Collimated Ni

filtered CuKa radiation was made incident on the sample taken in a thin walled glass 

capillary. Sample was introduced by capillary action in isotropic state and then cooled slowly 

to the desired temperature in presence of magnetic field of about 4-5 KG. All photographs 

were taken with X-rays perpendicular to the magnetic field direction. Various types of 

diffraction patterns are obtained depending upon the type of the meso phases [ 1 07-116]. 

Schematic representation of magnetically aligned sample by X-ray scattering of nematic and 

smecticA liquid crystals are shown in Figure 2.7(a) and Figure 2.7(b) respectively. 
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Figure 2. 7. Schematic representation of the X-ray diffraction pall ern of an oriented (a) nematic and 
(b) smectic A phase. 

In the diffraction pattern two characteristic features, parallel and perpendicular to n (or 

H) are observed. X-ray diffract ion pattern has a symmetry of revolution around the direction 

of X-ray beam. For unaligned nematic/smectic phase two uniform halos, just like that from 

an isotropic liquid, are obtained. However, the outer circular halo of an oriented nematic 

sample is splitted into two crescents showing maxima along the equatorial direction 

perpendicular to n as shown in Figure 2.7(a), which are formed due to intermolecular 

scattering and the corresponding diffraction angle gives a measure of average lateral 

intermolecular distance (D). Generally these distances lie between 3.5A and 6.5A, lateral 

dimension of a typical meso genic molecules. 

Inner halo also has two crescents with maxima at much lower angle in the meridional 

direction parallel to n (or H). This diffraction peak must arise from correlations in the 

molecular arrangement along n. So by measuring the corresponding angles of diffraction one 

gets the value of the apparent molecular length (f) in the nematic phase. In case of smectic 

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

Diffraction angle corresponding to 151 order spots arises due to smectic layer spacing, from the 

2"d order spots the translational order parameter can also be determined. 
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Using Bragg equation I= A./2sin8 the apparent molecular length (/) for nematic phase 

and layer thickness for smectic phase (d) are calculated but the average intermolecular 

distance (D) are determined using a modified Bragg formula D=1.11 7A/2sin8 derived by de 

Vries [117,118] on the arguments of cylindrical symmetry. Bragg angle 8 was determined 

from the relation, 

Radius of the ring 
tan 28 = ---:--=-:-:--c-=--

sample to film distance 

2.16 

where sample to film distance was found from the (Ill) and (222) reflections of aluminium 

powder. 

For the above analysis the X-ray photographs were scanned by using a scanner (hp 

scan jet 2200c). The digitized images were analyzed using the colour values of the pixels to 

obtain the radii of the inner and outer diffraction rings. Two softwares, Adobe Photoshop 7.0 

and origin 7.0 were used for analyzing the digital images. 

Orientational distribution function f(S) and orientational order parameters <PL> were 

calculated from the azimuthal intensity profile of equatorial arcs in the X-ray diffraction 

pattern, following a procedure described below. 

By circular scanning of the photograph at an interval of 5 degrees, azimuthal distribution of 

colour values along the equatorial arc is determined and '!'=0° is taken at the minima of the 

colour values, i.e. along meridional direction. These colour data (Figure 2.8) are converted to 

intensity using a calibration curve and following the procedure ofKiug and Alexander [119]. 

: 

\ 
\ 

' ' ' 
... 
J 

,' .. 

n 

MS 

Figure 2.8. Schematic representation of colour data for X-ray diffraction pattern of an 
oriented a nematic phase. 
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The experimental intensity values were then corrected for background intensity values 

arising due to tbe air scattering. Thus we get angular intensity distribution I('¥) as a function 

'I' as shown in Figure 2.9. In order to find the orientational distribution function f(9) from tbe 

intensity distribution I( I!') following relation, given by Leadbetter and Norris[94], was used. 

2.17 

f(9) was calculated following the procedure described by Bhattacharjee et a!. [93]. 

As molecular distribution in tbe nematic phase is centrosymmetric, tbe distribution function 

and tbe intensity can be expanded as even cosine power series. 

r 

I( I!')= :La20 cos2" II' 2.18 
n=O 

r 

f(9)= :Lb20 cos2" 9 2.19 
n=O 

Both the series converge rapidly. Retaining eight terms in the truncated series, a least square 

fitting was made with the observed I( I!') values to get the coefficients a2n, from which tbe 

coefficients of b2n were calculated using the relation 

(2n+2)! 
b2n = a2n 22•(n !)2 2.20 

In this way one can find the orientational distribution functions from the measured 

intestity distribution of intensity. 

Orientational order parameter (P2) and (P 4) were then calculated using the following 

equation 

J~ PL(cose)f(e)1(cos9) <P > = ~:....:,-____:__:__:___:___~ 
L J~ f(e )1(cos e) 

2.21 

Necessary computer program was developed for this purpose in our laboratory. The 

· uncertainties in calculated l and D values are ± 0.1, ± 0.02 respectively and that in <P2> and 

<P4> values are estimated to be ±0.02. 
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Figure2.9. The angular intensity distribution l{'EJ vs. angle {'EJ curve. 

2.3 STUDY OF BIREFRINGENCE PROPERTY 

When light propagates through a material, its wavelength and velocity decreases by 

a factor which is known as refractive index of the medium. An isotropic liquid has single 

refractive index since light polarised in any direction travels at the same velocity. In non

magnetic materials, the index of refraction, according to Maxwell's theory, is equal to 

square root of relative permittivity or dielectric constant. Since the relative permittivity is 

different for electric fields in different directions the refractive index is also different. This 

optical phenomena is called birefringence. The birefringence (8n) is defined as the 

difference between the extraordinary ray refractive index (ne) and the ordinary ray refractive 

index (n,) i.e. 8n = ne- n0 • The first one, the extraordinary refractive index ne is observed, 

when the electric vector of the incident beam is parallel to the optic axis of the molecule 

whereas n, is observed when electric vector is perpendicular to the optic axis. The optical 

anisotropy or birefringence depends on the wavelength of the light and the thermal state of 

the compounds [120]. Physical origin of the optical properties of liquid crystal has been 

discussed in detail by Dunmur [121]. 

The molecular polarizability (a) of the molecules and order parameter control the 

optical anisotropy. The linear molecules having a long and rigid core exhibit high order 

parameter. Molecules that consist of high polarizability units (having 1t and delocalized 

electrons) such as aromatic rings in the core, tolane linking groups and terminal cyano 

groups have a high birefringence. Conversely, a low birefringence is exhibited by molecules 

that are deficient in these types of groups and usually consist of alicyclic groups and 

terminal alkyl chains. The molecular polarizability 'a' can be determined if the value of 
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internal field, i.e., the average field acting on an individual molecuie is known. Lorenz

Lorentz field, commonly known internal field valid for isotropic phase, is not applicable for 

mesogenic systems. Therefore, more realistic internal field, proposed by the Vuks'[122] and 

Neugebauer's [123] are usually applied in liquid crystalline systems. 

2.3.1 MOLECULAR POLARIZABILITIES FROM REFRACTIVE 

INDEX 

* VUKS' METHOD 

Vuks' derived the relations for polarizabilities associated with anisotropic molecules, 

considering the internal field as independent of molecular interaction. In this case the 

principal molecular polarizabilities flo and a 0, perpendicular and parallel to the direction of 

optic axis, are related to 11o and ne by the following equations: 

3 n2 -1 a- ~o
o- 4nN n2 +2 

3 n2 -1 
a - --+e-
e- 4nN n2 +2 

2.22 

2.23 

where N is the number of molecules per unit volume obtained from density and n is the 

average refractive index and is given by n=l/3 (ne+2Ilo). 

*NEUGEBAUER'S METHOD 

Lorenz-Lorentz equations for an isotropic system was extended by Neugebauer by 

representing the polarizability of a molecule by an anisotropic point polarizability and showed 

that 

2.24. 

2.25 

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

rays. Above equations can be rewritten in the following form: 

2.26 



44 

2.27 

Principal polarizabilities can be obtained by solving the above two equations. 

2.3.1.1 ORDER PARAMETERS (<P2>) FROM POLARIZABILITIES 

The principal polarizabilities, parallel and perpendicular to the direction of optic axis, 

are related to the orientational order parameter <Pz> of nematics [3, 124] by the following 

relations, 

and 

Therefore orientational order parameter 

(P2) = a.e - a.o 
~1-a..L 

2.28 

where,a.=(2a.0 +a.e)/3, is the mean polarizability and .!la.=a.0-a.0 is the polarizability 

anisotropy. ct 11 and ct.L are the principal polarizabilities parallel and perpendicular to the long 

axes of the molecules in the perfectly ordered crystalline state where <P2> =1 which are, 

however, not easily measurable. 

The widely used Haller's extrapolation method is adopted [125] for getting the values 

of (ctll- ct.L) in the solid state. A graph is plotted with log (cte- ct0 ) vs. log (Tc- T) which 

should be a straight line. Extrapolating the straight line up to log (Tc) one obtains the value 

of ctll- ct.L. Here Tc corresponds to the N-I transition temperature. 

2.3.1.2 MEASURING TECHNIQUE FOR REFRACTIVE INDICES 

The refractive indices corresponding to the ordinary (no) and extraordinary (ne) rays, 

were measured by thin prism technique. Using two optically flat glass plates thin prisms were 

prepared, following a procedure described by Zeminder et a! [126]. Initially the glass plates 

were cleaned by nitric acid and washed thoroughly with distilled water. Finally washing with 

acetone, the glass plates were dried and then treated with a dilute solution of polyvinyl 

alcohol to develop a thin layer on the treated glass plate using spin coater. The preferred 

direction on the substrates was obtained by rubbing the coated glass plates several times in the 
' same direction on a bond paper. The prism was then formed, by keeping the treated surfaces 
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inside and the rubbing directions parallel to the refracting edge of the prism. Using high 

temperature adhesive three sides of the prism was sealed. Generally the angles of the prisms 

are kept less than I" by using a thin glass spacer. The prisms were then left to dry and then 

baked for several hours. The sample was introduced inside the prism by melting a few 

crystals, at the top of the open side. Repeated heating and slow cooling produced a 

monocromatic light ray 

LC sample 

PYA treated 
glass slides 

optic axis or director n 

\ 

IJ\ I \ 

I 

angle of prism 

Figure 2.10. Schematic arrangement for the measurement of refractive indices. 

homogeneous sample with the molecules perfectly aligned having the optic axis parallel to the 

refractive edges. The prism was then placed inside a thermostated brass oven with a circular 

aperture. The temperature of the oven was controlled by a temperature controller (Indotherm 

model 40 I with an accuracy of± 0.5· C (Eurotherm model 2216e with an accuracy of ±0.1 °C). 

The refractive indices were measured by using a mercury lamp, a polarizer, a nicol prism, a 

wavelength selector and a precision spectrometer, for the wavelengths 5461A (/.v), 5780(A.v) 

and 6907 (A.R) corresponding to the green, yellow and red light respectively with an accuracy 

±0.1 %. A schematic representation of the experimental set up for the measurements of 

refractive indices is shown in Figure 2.10. 

2.4 MEASUREMENT OF DENSITY 

Using a glass tube dilatometer of capillary type, a travelling microscope and 

temperature controller, the density of samples was measured. The bulb of the dilatometer was 

filled with mercury. A weighed sample of the liq~id crystal was then introduced inside the 

dilatometer in isotropic state. The loaded dilatometer was placed in a thermostated silica oil 
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bath. Sufficient time was allowed to reach the equilibrium at the desired temperature before 

taking each reading. The length of the liquid crystal column was measured at different 

temperatures during cooling from the isotropic state, with a travelling microscope. The 

densities were calculated after making the correction for expansion of glass. Accuracy of 

measured density was ± 0.1 %. 

2.5 DIELECTRIC PERMITTIVITY OF MESO PHASES 

From the studies of dielectric properties of nematic liquid crystals one gets 

number of valuable information on molecular organisation, intermolecular interactions and 

molecular dynamics in both the mesomorphic and isotropic phases. The study of the 

temperature dependence of the permittivity of liquid crystals has also considerable practical 

importance. The threshold voltage and other operational parameters of liquid crystal displays 

depend on the anisotropy of the permittivities and the multiplexity of matrix displays may be 

limited by the temperature dependence of the permittivity [127]. Thus an understanding of the 

factors that determine the dielectric behaviour of liquid crystals will help to develop the new 

materials having better display properties. Dielectric permittivities of nematic liquid crystals 

have extensively been studied both experimentally and theoretically [128-133]. 

2.5.1 MAIER AND MEIER THEORY OF DIELECTRICS FOR 
NEMATIC LIQUID CRYSTALS 

Taking into account the polarization field in the medium W. Maier and G. Meier 

[134] extended the Onsager's theory [135] for isotropic dielectrics to nematics to correlate the 

dielectric pro~erties with molecular parameters. According to Maier and Meier theory of 

nematics a molecule with polarizabilities uu, U.L and permanent dipole moment ll having 

components Ill! = j.lCose, l.l.L = j.lSin9, along and perpendicular to molecular long axis, is 

considered to be in a spherical cavity; e is the angle between the molecular long axis and 

the dipole moment ll· The environment of this molecule is taken as a continuum with the 

macroscopic properties of the dielectric. The dielectric permittivities sn and E.L along and 

perpendicular to the molecular long axis are then given by 

& 11 = I + 41tNhF{a + ~liaS + F (J.L~ ) } 
3 kT 2.29 

& .L =I + 41tNhF{a- _!_liaS+ F (J.L ~ >} 
3 kT 2.30 
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with 

2 

<1-1:> = ~ [l-(l-3cos'e)s] 

(!l~)=~· [l+~(l-3cos'9)SJ 

lle = e, - E L = 47tNhF{Ila.- F L (1- 3cos'e)}s 
2kT 

- E +26 ~- "
2

} E 11 .L I +41lNh et+ F-r-
3 3kT 

Also, for isotropic state, when 8=0, one gets the permittivity 

E;., = 1 + 47tNhF{a.;., + F L} 
3kT 

2.31 

2.32 

2.33 

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

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

- a.ll+2a._L 
a.= 

3 2.34 

lla. =a.u- a..L = polarizability anisotropy; h and F are respectively the cavity field factor and 

the reaction field factor and are given by 

-

h=~ 
2e+l 

and F= I 
(1- a.f) 

Here, f, called Onsager factor, is given by 

f= 2N ~-1 
3&0 2&+ I 

The equations ( 2.29, 2.30) for &11 and E.t are often used to compute the effective dipole 

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

Maier-Maier's equations satisfactorily explain many essential features of the 

permittivity of liquid crystals consisting of polar molecules. The experimental method for 

measuring static dielectric permittivities (&11 and E.L) will be discussed in section 2.7.3. 
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2.6 FREQUENCY DOMAIN DIELECTRIC SPECTROSCOPY 

DEBYEMODEL 

In an ac field, because of the phase lag between the applied field and the displacement vector, 

dielectric permittivity (E) become complex and for a dipolar liquid it is given by 

E
0
(m) = E'(m)- iE"(m) = E.,+ Eo~ E., 

l+zmt 
2.35 

This is known as Debye equation [136]. Here E. and E .. are respectively 

real and imaginary parts of complex dielectric permittivity, Eo is the static dielectric 

permittivity, e., is the high frequency limit of the dielectric permittivity and t is the dielectric 

relaxation time. 

One of the best methods to study dielectric behaviour of a material is to measure the complex 

dielectric permittivity as a function of frequency at constant temperature and ambient 

pressure. The frequency at which E" reaches its maximum is known as critical frequency (or 

relaxation frequency). tc, the dielectric relaxation time related to the critical frequency (fc) 

obtained from equation (2.35) is given by the relation: 

2.36 

The Debye equation (2.35) can be split into two separate formulae: 

' Eo -sco 
E =E.,+ ( )2 1+ rot 

2.37 

E -E s" = o co CO't 
l+(mt)2 

2.38 

E" reaches it's maximum at critical frequency: 

"(f) n E0 - E® & =& = 
' - 2 

2.39 

where the difference Eo- e., = LlE is the so called dielectric increment or dielectric strength. 

If one plots both the components of the dielectric permittivity versus frequency on the 

logarithmic scale one obtain typical dielectric spectrum shown in Figure 2.11. Frequency 

dependence of E' is known in the literature as the dispersion curve whereas that of E" is called 

the absorption curve. 
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Figure 2. 12. Cole-Cole plot for a Debye-lype spectrum. 

Dielectric spectra is also presented by plotting E" \'ersus E' on the complex plane 

which is known as Cole-Cole plot as shown in Figure 2.1 2. Each point (E'. E") on the Cole

Cole plot represents complex dielectric permi tti vity obtained at a certain frequency. One 

should add that for the Debye-type process the Cole-Cole plot is a semicircle with the center 

lying On the E' axis at (Eo+ E<r)/2 with Eo- E' as radius. 
2 
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COLE-COLE MODEL 

Dielectric spectroscopy in nematics and in para-, ferro-, ferri- and antiferro-electric 

liquid crystals [136], gives idea about reorientation of molecular dipole moments and 

collective fluctuations of spontaneous polarization governed by the law of probability. For 

liquids and solid rotator phases of organic polar compounds [137,138] the dielectric spectrum 

is usually of a Debye-type. However, some systems composed of flexible molecules [138-

141] and some disordered solid phases [142-144] exhibit broad dielectric spectra and can be 

described [138,142,145] by the Cole-Cole function [146]: 

E -E 
e*=s'-ie"=& + 0 

co 
oo 1 {. }'a + ICO't 0 

which can be separated into two components: 

. cr 
1--

COEo 

· 1 { )1-a . ( 1 ) +\ro1: 0 Sin 21ta 
E'(ro) = E

00 
+ AE-------,;-:-~--'----

1 + 2( CO't 0 y-a sinG 1ta) + ( CO't 0 )2(!-a) 

( CO't 0 y-a cos(.!. 1ta) 
E"(ro)= AE 

2 +~ 
1 2( )1-a • ( 1 ) ( )2(1-a) COEo · + CO't 0 Sin -1ta + CO't 0 

2 

2.40 

2.41 

2.42 

where AE = Eo - Eoo is the dielectric strength, a is a parameter responsible for symmetric 

distribution of the relaxation times and 'to is in this case the most probable relaxation time 

related to the critical frequency (C00 't0 =!). Eo= 8.85 pFm·' is the dielectric permittivity of the 

free space and cr is the conductivity. Here conductivity related to the motion of charge carriers 

is added to classical Cole-Cole function. The maximum value of E"(ro) depends on the 

parameter a according to the formula: 

1ta 
cos-

E"(ro ) = E" = _Eo,__-_E::coo. __ .:_2,__ 
c max 2 1t(X. 

1+sin-
2 

For small values of the a parameter (a< 0.1) one can use the formula: 

2.43 

2.44 
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From the above formula it is seen that for non-Debye dielectric relaxation processes the 

absorption peak is lower and broader as shown in Figure 2.13. A more general function was 

proposed by Havril iak. and Negami [147,148]. Relaxation processes that could be described 

by this kind of function were observed for polymers, some disordered solids and also FLCs as 

well as AFLCs [ 149- 156]. 
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Figure 2.13. Cole-Cole plot f or u Cole-Cole type spectrum 

2.7 DIFFERENT RELAXATION PROCESSES IN CHIRAL AND 

ACHIRAL LIQUID CRYSTAL PHASES 

There are several relaxation processes in chiral and achiral liquid crystal phases. Both 

types of molecular processes: collective and non-collective (single mo lecular) ex ist in chiral 

and achiral phases. 

2. 7. 1 NO -COLLECTIVE PROCES 

When an achiral low molecular mass nematic liquid crystal is subjected to an ac field 

two non-collective molecular mode dielectri c relaxations are observed. One is associated with 

rotation of the molecules around its shor1 axis, the other occurs when the molecule rotates 

around its long axis. Other than positional ordering, reorientations of entire molecules around 

their short and long axes are one of the features that di stingui sh the liquid crystalline state. 
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In order to discu s the relaxation processes in the dielectric spectrum of the nematic 

pha c f I 57]. let us con ider a molecuk '' ith a pemwnent dipole moment ,,hich make!> an 

angle P '' ith the long axi of a molecule sho'' n in Figure 2.14. For nematic liquid cr) stal the 

order parameter alwa) s less than one. there Iori! each of the components of dipole moment. 

longitudinal and transverse to the long axis (p, and ~tt). should hm c a non 7ero projection both 

parallel and perpendicular to the director n. resul ti ng in four relaxations. two in each 

measurement geometry, Ell n and E..Ln. 

n 

P. t 

Long axis of the 
mol~cule, l 

p. 

P.r 
Transverse axis of 
the 11wlecule, t 

Figure 2. I 4. The nwleculor uspecr c~/ d(/!l!rt!lll die/eel ric ah.IVrprwn peaks. 

But because or weak intensities of tv,o ab orptions related to ~t1 and ~t1 • we arl! left with two 

fundamental and characteristi c absorptions of non-collecti\e types in the chiral and achiral 

liquid crystal pha e : one absorption is observed in the homeotropic orientation. which is 

a signed to the molecular reorientation around the short axi::. of molecule. r his molecular 

rotation is hindered b~ the nemati potential, hence shifted to the low Milt and kilt region 

from the Gllz and high MHz regime obsened in nom1al liquids .. 1 he second absorption i .... 

obscn ed in the planar orientation. '"'hich is as igncd to the molecular rotation around the long 

axis of molecule. The molecular rotation is not affected b) the nematic potential: therefore its 

characteristic frequency is observed in the high Mil t and Gl lL regime. 
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2.7.2. COLLECTIVE PROCESSES 

Besides the non-collective processes, the dielectric spectrum of the chiral smectic 

liquid crystals contains two additional collective processes connected with the director 

fluctuation. In the SmA * phase, there exists one process assigned to the tilt fluctuation of the 

director and known as the soft mode. The mechanism is usually observed in the kHz regime 

with strong temperature dependence. In the SmC* phase, beside director tilt fluctuations it is 

subjected to huge phase fluctuations; in other words the molecules collectively oscillate 

around the smectic cone in a way roughly similar to the motion of a snake rolling itself on 

long tree; this mode is called the Goldstone mode [157]. This process has a characteristic 

frequency which varies in the Hz to kHz region with weak temperature dependence. It is to be 

mentioned here that these two modes are thermally activated. 

2.7.2.1 GOLDSTONE MODE AND SOFT MODE 

The Goldstone mode (GM) and the soft mode (SM), can be examined by dielectric 

relaxation spectroscopy [158-161]. The Goldstone mode, as stated before, appears in the 

SmC* phase because of the phase fluctuations in the azimuthal orientation of the directors. 

The soft mode appears due to the fluctuations of the tilt angle of the molecular directors at 

much higher frequency, in the vicinity of the SmA'~ SmC' transition point. The GM dielectric 

increment (IlEa) is usually large compared to the SM increment (LlEs), so it is difficult to study 

the SM mode properties in the SmC' phase. Yet, this problem can be overcome by applying a 

DC bias field to the SmC' phase, the field should be strong enough to unwind the helical 

arrangement of the polarization vector. The SM can be studied almost separately by 

suppressing GM in this situation. Although GM dielectric increment is usually large 

compared to the SM increment but SM critical frequency is at least two order higher than that 

of GM. Moreover, according to the generalized Landau model [162] GM critical frequency 

remains almost independent of temperature whereas that of SM is strongly temperature 

dependent being associated with the tilt fluctuation of the directors. 

From Landau model concept of soft mode was first introduced to the SmA *-SmC* phase 

transition by Blinc and Zeks [ 163] for the case of a modulated structure and later modified by 

Carlsson et a/. [ 162] where phase transition is described in terms of two order parameters -

two-component tilt vector as primary order parameter and two-component in-plane 

polarization as the secondary order parameter. Two characteristics modes are observed in 

SmA *-SmC* second order phase transition where the continuous symmetry group of SmA * 



(D .r) is spontaneous!) broken in mC*(C2). Whereas the soft mode is a symmetry breaking 

mode. which critica lly slows down (softens) on approaching the phase transition from above, 

the Goldstone mode is zero frequency mode that tries to restore the broken symmetry. Thus 

soft mode splits into the phase (GM) and amplitude (SM) modes in SmC* near the transition. 

2.7.3 DIELECTRIC M EA UREMENTS 

Dielectric mea urements were made u ing an impedance analyzer (HP 4192A I 

HIOKI 3532-50) equipped with data acqui ition system through RS232 interface as shown in 

Figure 2. 15. The temperature was measured with the help of a thermocouple inserted in the 

sample holder block and regulated with accuracy of ±0.1 °C by a Eurotherm temperature 

control ler 

Figure 2.15. Experimemul set up of the dielectric spectrometl!r. 

(2216e). The dielect ric spectra were measured over the frequency range from 40 Ilz to 5 MHz 

or 10 I lL to 13 MI lz. Commercial cell (EIIC/A WA T). of thickness few ~-tm. were used in the 

form of a parallel plate capacitors made of indium tin oxide (ITO) coated glass plates which 

were pre-rubbed by polymer fo r achieving homogeneous (I IG) al ignment of the molecules. 

By applying sufficient DC bias lield homeotropic (l iT) al ignment o f the molecules were 

achie ed in the same cell. HG cell gives the £.L component \Vhen the measuring electric field 

was perpendicular to the nematic director and I rT ce ll gives the £ component. measuring field 

being parallel to the director as shOV\11 in Figure 2.16. On the other hand. custom built gold 

cel ls of thickness fe-v. ~-tm and effective area 1.3 x 0.7 sq. em were used for frequency 
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dependent complex dielectric permittivity measurements. To see the effect of cell thickness 

and al ignment layers. relaxation behaviour was also studied using ITO coated cells. pre

treated with polyimide for homogeneous and homeotropic alignment. 

ITO coated glass plates 

(a) (b) 

Figure 2. / 6(a). Homeotropic und {b) Homogeneou.\ a/ignme/11 of liquid c1ystals 

2.8 SPONTANEOUS POLARlZA TION (Ps) 

Unlike solid ferroelectrics, polarizat ion is the secondary order parameter in FLCs. 

From the appli cation poin t of view. the response time or sv. itching time (r) of an FLC device 

is the most significant parameter and is given by [70] 

ysin8 
1 =---

Ps E 
2.45 

where y is rotational viscos ity. 0 is tilt angle and E is the applied electric fie ld. Thus to 

achieve faster switching speed -r should be as low as possible. For a portable device of lov. 

power consumption applied field E should be low. Therefore. viscosity y and tilt angle 8 

should be low and P~ should be high. But a high value of Ps causes a currem flov. through the 

cell. which is undesirable . So a moderate level or Ps is required for a short switching time. 

There are number of methods to measure the magnitude of Ps. Three widely used 

methods for determining P., are ( i) Sawyer-Tower method [165], (ii ) reversa l current method 

using a triangular wavc ll66 j. (ii i) reverse fi e ld method[ 167]. Here. the reversal current 

method us ing a triangular wave is explained since it has some unique advantages - use of this 

waveform separates the capacitive contribution fro m interfering with current due to 

po larization re ersa l. Ex perimental set up for reversal current method using a triangular wave 
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is shown in Figure 2.17. Liquid crystal line compounds are not insulators. Hence. a liquid 

crystal cell can be regarded as a resistor 'R. and a capacitor ·c connected in parallel. The 

current I(t) induced in a ferroelectric liquid crystal cell by applying a potential V(t) is v.Titten 

as a sum of the following three contributions (168]: (i) di splacement current Ic due to charge 

accumulation in the capacitor. (ii ) the polarization realignment current Ip and (iii) ionic tlov. 

current I1. 

(
dJI ) dP V I = I t+ J,.+ I= C - + - +-
dt dt R 

2.46 

where P is the amount of charge induced by the polarization reversal in the cell on application 

of an electric field. Figure 2.18 shows the contribution of three components to the overall 

current response. 

Yo hag~ 
amplifi~r 

function 
generator 

c~u filled Hotstage 

,·· 
/ 

/ 

Figure 2.1 7. £-rperimemul se1 up Jo measure the \'alue o/P, 

· ...... 

In this measurement. current signal has been converted to voltage signal through a resistor(R). 

Since the time constant of the circuit is small. the current due to the charge accumulation is 

well resolved from the current peak due to the polarization reversa l. When P, is small, a large 

resistor or an amplifier must be u ed. In the reversal current method. however. the 

contribution of Ic and 11 appears as a straight line. In this respect, the subtraction of the base 

line is eas ier in this method. 
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A 

B 

c 

D 

E 

Figure 2.18. Schematic illustration of the reversal current method using a triangular wave to FLC, (A) 

applied triangular wave, (B) contribution due to charge accumulation !p (C) polarization realignment 

current lp (D) ionic current /1, (E) overall current profile. 

10 Hz, 20Vpp signal was used from HP 34401A function generator, amplified by 

F20A Voltage amplifier. HP 500 MHz Infinium/ Tektronix TDS 2012B storage 

oscilloscope was used to record the voltage drop. One has to be careful when the material is 

relatively conductive and an applied electric field of low frequency is used. Ionic flow 

possibly gives rise to a current peak, which is sometimes reminiscent to the switching current 

peak. 

The area under the polarization current peaks gives direct estimate of P, 

Ps = fVdt 
2AR 

2.47 

where, R is the resistance used to record the V -t curve and A is the effective area of the 

sample used. Area under the curve was determined from the stored image after creating 

appropriate base line using Microcal Origin software. 
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2.9 CRYSTAL STRUCTURE DETERMINATION 

The gathering knowledge of the structure of both molecular and non-molecular 

materials is one of the fundamental aims of scientists. The term 'structure' has many 

meanings; here it is. to be the relative positions of the atoms or ions which make up the 

substance under study and hence a geometrical description in terms of bond lengths and 

angles, torsion angles, non-bonded distances and other quantities of interest. This knowledge 

makes possible the pictorial representation of chemical structures of the liquid crystalline 

molecule. The knowledge of the molecular structure in the crystalline state is very helpful for 

proper understanding and interpretation of several physical properties of liquid crystals. The 

molecular conformation in the crystalline state predetermines the molecular organization in 

the mesomorphic state. Bernal and Crowfoot [169] in the early 1930's, made the first attempt 

to correlate the molecular arrangement in the mesomorphic state with the crystal structure of 

the mesogenic material. However, after that a very few studies had been done for many years 

in the crystal structure determination. In the late 70's, due to the introduction of computer 

programs for solving structures a large number of structures of liquid crystal forming 

compounds have been determined which are mostly nematogens [170-184]. Introductory 

investigation on the present information of the structure-property relationship is given by 

Bryan [185] and later by Haase and Athanassopoulou [186]. Crystal structures of a number of 

mesogenic compounds had also been reported from our laboratory in order to investigate the 

structure-property relationship [170-178]. From available results it can be stated, in general, 

that 

(i) the molecules of the liquid crystalline compounds on heating adopt an arrangement 

some what similar to that in the crystals. 

(ii) the long and narrow molecules are more or less parallel and interleave one another 

to form an 'imbricated packing' in a nematogenic crystal. 

(iii) the molecules are found to be packed in parallel layers in a smectogenic crystal. 

Though in large number of known cases the above features are true, but for the 

generalization precaution must be made since examples are also known where it is not true 

[186,187]. 
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Operation 

I. Select a suitable crystal 
and mount it for X-ray study 

Ill 
2. Obtain unit cell geometry and 

preliminary symmetry infonnation 

( 3. Measure intensity data 

Ill 
4. Data reduction (various corrections 

applied to data) 

Ill 
5. Solve the structure: 

(a) Patterson methods 
(b) Direct methods 
(c) Other methods 

Ill 
[ 6. Complete the structure- find all the atoms: 

Fourier and difference Fourier syntheses 

Ill 
1. Refine the structure model 

Ill 
8. Interpret the results 

'!V 

Information obtained 

abcc;xpy 
crystal system, space group 
infonnation on molecular 

list of: 
II k II a( I) 

list or:. 
h k I Fa(F) or 
hklPa(P) 

symmetry 

some or all non-H 
atom positions 

all atom positions 
(approximate) 

atom positions and 
displac-ement parameters 

molecular geometry, 
packing arrangement, 
etc .... 

Figure 2.19.j/owchartfor the steps involved in a crystal structure determination 

The schematic flow chart (Figure 2.19) shows the outline of crystal structure 

determination in a simplified form [188]. The steps involved are shown in boxes. To the right 

of each is listed the information obtained and to the left an indication of the time-scale 

involved in carrying out the operation. Some of these times vary considerably, depending on 

the quality of the sample being studied, the sources available for the work, the size and 

complexity of the structure and the skill of the crystallographer. 



60 

2.9.1 THEORY OF CRYSTAL STRUCTURE DETERMINATION 

In a crystal the constituent atoms or molecules are arranged in a regular and periodic 

manner with long· range positional and orientational order. One can build a unit cell, with 

edges given by three non coplanar vectors a, b, c and the angles a., p, y between the edges. 

Both photographically and with a diffractometer the unit cell geometry can be measured from 

a subset of the complete diffraction pattern. The key step is assigning the correct indices hkl 

to each of the observed reflections. From these and the measured Bragg angle for a few 

reflections, the six unit cell parameters can be calculated via the Bragg equation and modified 

versions of it appropriate to the geometry of the particular camera or diffractometer being 

used. In CAD4 diffratometer collection of intensity data are controlled by a computer. 

To locate the positions of the individual atoms in the unit cell, the intensity of the 

diffracted pattern must be measured and analysed. If fj be the amplitude scattered by the j-th 

atom at point ri and if there are N such atoms within the cell, then the amplitude of the 

radiation scattered from the array of planes represented by the Miller indices (hkl). is given by 

[189], 

N 

Fhkl = ~)i exp27ti(hx i + kyi + lzi) 
j=l 

2.48 

The quantity fj is called atomic scattering factor or form factor, Fhkt is known as the 

structure factor for the reflection hkl. I Fhkll is called the structure amplitude, is a pure 

number- number of electrons. The above equation may also be written as 

N 

FH = L fi exp (27tiH.r J 
j=l 

2.49 

Where the reciprocal lattice vector has been replaced by H 

As the atoms in the unit cell are at the positions of high electron density p(r), so FH 

can be expressed as 

FH = f p(r)exp (21riH.r ):w 
v 

where Vis the volume of the unit cell. Since p(r) is periodic in three dimensions, by 

Fourier transformation we have 

2.50 

2.51 
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From a large number of FH obtained by diffraction experiment, one could have 

directly derived the crystal structure by Fourier summation. However, from diffraction 

experiments one gets a set of diffracted intensities CIH) from different hkl planes. From these 

values we can get the magnitude of the structure factors I F H I , but not their phases $H and 

this constitutes the phase problem in crystallography. To overcome phase problem, four 

main methods, (i) Patterson method, (ii) Direct methods, (iii) Isomorphous replacement 

technique and (iv) Anomalous scattering method- are available. Only direct methods [190] 

will be discussed here, because the structures of liquid crystalline forming compound have 

been determined by this method. 

DIRECT METHODS 

This is a general name given to methods which seek to obtain approximate phases $H 

directly from the measured intensities Clobs) by probabilistic calculations. Direct methods 

involve selecting the most important reflections (those which contribute most to the Fourier 

transform), working out the probable relationships among their phases, then trying different 

possible phases to see how well the probability relationships are satisfied. For the most 

promising combinations (assessed by various numerical measures), Fourier transforms are 

calculated from the observed amplitudes and trial phases and are examined for recognizable 

molecular features. The direct methods are very efficient in solving crystal structures 

especially of low molecular weight organic compounds following the work of Herbert 

Hauptman and Jerome Karle for which they were awarded Novel prize in chemistry in 1985. 

Now several computer programs are available for determining crystal structures by 

direct methods viz., MULTAN[l91], SHELX [192], XTAL [193], SAP! [194], SIR[l95], 

NRCV AX [196], MITHRIL[197], DIRDIF [198] etc. Many books and monographs [189, 190 

199-202] are available where details of the above methods have been described. 

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

this thesis. Only the basic principles and working formulae will be discussed here. 

STRUCTUREINVARiANTSANDSEMUNVARIANTS 

One of the recurring difficulties in solving the phase problem involves defining the 

, origin of the unit cell properly with respect to the symmetry elements and all the contents of 

the cell. Shifting the origin arbitrarily does not affect the structure amplitudes (I Fhkll) but 

may change the phases ($H) drastically. Consequently, the selection of phases intimately 

associated with the choice of origin. There exists, however, certain combinations of phases 
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that do not vary regardless of the arbitrary assignment of cell origin. Therefore, a structure 

invariant is defined as a quantity that is independent of the shift of the origin of the unit cell. 

The intensities IH of reflections i.e. I FH 1
2 are structure invariants. However the 

structure factor itself is not structure invariant, otherwise the phase problem would not occur. 

This is because, for any shift in the origin by, say, ~r the phase of FH changes by - 27tH.~r 

radians while the amplitude remains invariant. Similarly it can be shown that I F8 1
2 is 

structure invariant. Though individual phases depend on the structure and choice of origin, 

some combinations of them is structure invariant. For example, if HJ+H2+H:!=O then $
81 

+ 

$8 z + $
83 

is structure invariant for every space group. It follows directly from the fact that 

the product F_HFKFH-K is an invariant. Since the moduli of the structure factors are invariant 

themselves, the angular part of F -HFKFH-K is also invariant i.e. $- H + $K + $H- K = $(H,K) 

= $3 is invariant. 

The structure seminvariants are quantities that do not change value on transfer from 

one permissible origin of a space group to another. The structure seminvariants are those 

linear combinations of the phases whose values are uniquely determined by the crystal 

structure alone, when the choice of origin is restricted within permissible values. It originates 

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

$2H is a structure invariant for any reciprocal vector H. For each space group they have to be 

derived separately. In any space group any structure invariant is also a structure seminvariant, 

but reverse is always not true. A complete theory is given in a series of papers by Hauptman 

and Karle [203-205] and by Schenk [201]. 

2.9.2 PROCEDURES FOR STRUCTURE DETERMINATION 

Single crystals are grown from a solution usually by a slow evaporation technique. 

Quality of single crystals are tested under polarizing microscope and crystals of suitable 

dimensions are used for data collection. Usually using CuKa/MoKa radiation, the intensity 

data are collected from the single crystal by computer-controlled CAD4 X-ray 

diffractometer. The intensity data are corrected for Lorentz polarization factors [189]. The 

intensities are converted into the structure factors on an absolute scale by determining the 

scale factor by the method introduced by A. J. C Wilson [206]. The temperature factors are 

also found to take into account the thermal vibrations of the atoms during the process. Then 

the following steps are taken: 
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1st. Estimation of normalised structure factors lEI's from IFobsl values 

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

starting phase determination, phase extension and refinement 

3rd. Calculation of figures of merit of different phase sets · 

4th. Production of E-map by Fourier method and their interpretation to get the trial 

structure consistent with the molecular structure 

5th. Refinement of structures through Fourier synthesis, difference Fourier 

synthesis and least-square refinement techniques. 

ESTIMATIONOFIEI'SFROMIFoBsl VALUES 

The phases of the structure factors in direct methods are estimated directly from the 

structure amplitudes so the decrease of the atomic scattering factor with increasing scattering 

angle has to be eliminated. The observed IF nl is therefore modified so that they correspond to 

the hypothetical diffracted waves which would be obtained if atoms were stationary point 

atoms at rest [201]. Normalized structure factors, En, are related to Fn in the following way: 

2.52 

The factor & simply takes care of the degeneracy of an Fn if it lies on a symmetry location in 

the reciprocal structure. Naturally the sign of En is the same as that of the corresponding Fn. 

TRIPLET PHASE RELATIONSHIPS, STARTING PHASE DETERMINATION, PHASE 
EXTENSION AND REFINEMENT 

The practical objective of direct method is to phase a sufficient number of reflections 

to give an identifiable Fourier representation of the molecule being studied. The number 

required will depend on various factors, among them the nature of the molecular system and 

how much is already known of its structure are important. Initially phases of only the 

strongest reflections are determined. Roughly, however, 10 reflections per atom in the 

asymmetric unit seem quite satisfactory and in some cases as few as three to five per atom 

have served. 
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The most commonly used phase relation is a three phase structure invariants based on 

the positivity of electron density criterion, as proposed by Hauptman and Karle [203, 204]: 

$H"' $K + $H-K 2.53 

For centrosymmetrical crystals the sign relation is expressed as 

S(H) "' S(K) S(H - K) 2.54 

Relation (2.53) is used to generate phases $H when the values of the phases on the 

right-hand side are known and it is used in a cyclic manner to propagate the phases to all the 

selected reflections. These relations are probability relations and the probability is high when 

the reflections have large lEI values in addition to satisfYing the criterion H + K + L = 0. 

These are called triplet or L2 phase relations. Probability of the phase of H being equal to the 

sum of the phases of-Hand H-K is given by the following relations. In centrosymmetric case 

[207]: 

2.55 

3 

here k(H,K) =2cr3cr;2/EHI/EKI/EH-KI 

N 

O'n = LZj 
j=l 

Zj being the atomic number of the t atom in a unit cell containing a total of N atoms. For 

3 I 

identical atoms cr3cr;2 = N -2. 

In non-centrosymmetric case [208]: 

P[~(H,K)] = exp{k(H,K)cos[~(ll,K)ll 
21ti

0 
{k(H,K)} 

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

2.56 

Now the question arises about deciding the phase of a particular reflection when there 

are several pairs of known phases, the estimate from each of which might be well different. 

The answer to this important problem was given by Karle and Hauptman [209] in 1956. They 

introduced the tangent formula 

:tk(H,K)sin(h +$H-K) B(H) 

tan$H "'" ( ) = ( ) L,k(H,K)cos $K +$H-K A H 
2.57 

K 
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In order to use the tangent formuia to obtain a new phase, the value of some phases 

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

known phases is called a starting set from which the tangent formula derives more and more 

new phases and refines them in a self-consistent manner. But in this way all phases cannot be 

determined with acceptable reliability. It is therefore useful at this stage to eliminate about 

10% of these reflections whose phases are most poorly defined by the tangent formula (2.57). 

An estimate of the reliability of each phase is obtained from a.(H): 

I 

a.( H)= (A(H) 2 + B(H) 2 }2 2.58 

when the relation (2.58) contains only one term, as it may in the initial stages of the phase 

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

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

between a.(H) and the variance is given by Karle and Karle [205], in 1966, as 

2.59 

From (2.58) it can be seen that a.(H) can ouly be calculated when the phases are 

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

phase structure Invariants [207]. The estimated a.(H) at the initial stage is given 

approximately by 
I 1(k(H,K)} 

a..sr(H)=L)(H,K) ((· )} 
K 10 k H,K 

2.60 

As the tangent phasing process is usually initiated with a few 'known' phases so to fix 

the origin and enantiomorphs is the first step in phase extension. This is done imposing the 

condition in terms of structure factor seminvariant phases. The selection of starting phases is 

critical to the success of the multisolution methods. The generator reflections are sorted by a 

convergence-type process by Germain, Main and Woolfson [210] which maximises the 

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

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

obtained. A few other reflections are also chosen to which different phase values are assigned 

(either numerically or symbolically) to create different starting points for phase extension 

through :E2 relations. The strength of convergence procedure is that it ensures, as far as 

possible, that the initial phases will develop through strong and reliable phase relationships. 

For each starting phase set, phases of all the selected strong reflections are generated and 

refined as explained in earlier section. Thus we get a multiple phase sets. 
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CALCULATION OF FIGURE OF MERIT OF THE GENERATED PHASE SETS 

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

according to some Figure-of-Merit (FOM), prior to computing a Fourier map (in this case E

map). Combining all weights from various FOM viz., Absolute Figure-of-Merit (ABSFOM), 

Relative Figure-of-Merit (RFOM), R-factor Figure-of-Merit (RF AC), Psi (zero) Figure-of

Merit (PSIO) etc. Combined Figure-of-Merit (CFOM) are calculated for each set. The most 

likely correct sets of phases are those with the highest value ofCFOMs [211]. 

E-MAP CALCULATION AND INTERPRETATION 

Using the best phase set, E-maps are calculated using equation (2.51) at a large 

number of grid points covering the entire unit cell. The complete interpretation of the maps is 

done in three stages: peak search, separation of peaks into potentially bonded clusters and 

application of simple stereochemical criteria to identify possible molecular fragments. The 

molecular fragments thus obtained can be compared with the expected molecular structure. 

The computer can thus present the user with a list of peaks and their interpretation in terms of 

the expected molecular structure quite automatically. It is also common practice to have an 

output of the picture of the molecule as an easy check on the structure the computer has 

found. 

REFINEMENT OF STRUCTURES THROUGH FOURIER SYNTHESIS, DIFFERENCE 
FOURIER SYNTHESIS AND LEAST- SQUARE REFINEMENT TECHNIQUE 

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

map three methods are used [189, 200] e.g., 1) Fourier synthesis, (2) Difference Fourier 

synthesis and (3) Least squares refinement. 

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

reveal the position of any atom that is not included in computing the structure factors using 

equation (2.48). The difference Fourier map is very useful for correcting the position of an 

atom used in structure factor calculation. This is also very useful in locating H-atoms towards 

the final stages of refinement procedure. 

An analytical method of refinement of great power and generality is that based on the 

principle of least squares. In brief, least-squares refinement consists in using the squares of 

the differences between observed and calculated structure factors as a measure of their 

disagreement and adjusting the parameters so that the total disagreement is a minimum. 
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An agreement between the calculated structures factors Fe and those observed, F0 , 

indicates the degree of refinement. The most common method of assessing the agreement is 

calculating the residual or reliability index of the form 

2.61 

the summation being over all the reflections. Evidently, the lower the value ofR, the better is 

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

2.62 

where the frequently used weight is, 

cr(F0) being the standard deviation ofF0 • 

After determining the structure with a reasonably low R-value various parameter of interest 

viz bond lengths, bond angles, torsion angles, non bonded distance etc., are determined using 

standard techniques. 



CHAPTER3 

INFLUENCE OF MOLECULAR CORE STRUCTURE, CHAIN 

LENGTH AND FLUORINATION ON THE PHYSICAL PROPERTIES 
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3.1. INTRODUCTION 

Structure of the molecules has well-defined effect on the physical properties of liquid 

crystals. Normally the lower homologues of a series are purely nematic, higher ones are 

purely smectic while the intermediate homologues exhibits both the mesophases. The physical 

properties of nematic liquid crystals are of great importance to researchers involved in 

developing various (electronic) liquid crystal display devices. In this context we have studied 

several partially fluorinated phenyl - bicyclohexyl and biphenyl-cyclohexyl compounds by 

optical polarizing microscopy (OPM), differential scanning calorimetry (DSC), X-ray 

diffraction and optical birefringence techniques for looking into the influence of molecular 

core structure, chain length and fluorination on their various physical properties like optical 

anisotropy, density, apparent length, intermolecular distance and order parameters. Because of 

the small size of fluoro substituent and high strength of the C-F bond, liquid crystals with 

fluorosubstituents show low birefringence, viscosity and conductivity and high chemical and 

thermal stability. As a result many liquid crystal compounds with fluoro substituents both in 

the cores and alkoxy chains were designed and synthesized in both achiral and chiral systems 

[212-217]. These materials also have wide- range nematic 

phase, large dielectric anisotropy and very good voltage holding ratio. Mixtures of these 

compounds are found to exhibit mesomorphism at ambient temperatures and have high bulk 

resistivity and low current consumption. All these features are important for liquid crystal 

displays (LCDs) with large information contents as in portable colour TV s and computer 

terminals. These materials are, therefore, expected to be useful in active matrix displays 

(AMDs) such as in TFT (thin-film-transistor) and MIM (metal-insulator-metal) systems [218-

221]. These compounds are also strong potential candidates for application in both vertically 

aligned nematic (VAN) and ferroelectric liquid crystal (FLC) devices [216]. Various physical 

properties of this series have, therefore, been investigated by many authors employing 

different experimental techniques, like phase transitions and thermal properties [218, 222], 

optical birefringence [223], order parameter [224], viscosity [225], spectroscopic [226], 

dielectric, and elastic properties [227-229]. 

In this context crystal and molecular structures of three such compounds were also 

determined from single crystal X-ray diffraction data and their structure-property 

relationships were explored [230-232]. Results of these studies on the first two compounds 

have been described in Chapter 4. 
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3.2. EXPERIMENTALS 

Phase behaviours of the compounds have been studied by optical polarizing 

microscopy (OPM). X-ray diffraction photographs of magenetically oriented samples are 

taken using a home-built high temperature camera [106]. The diffraction photographs have 

been scanned by a HP2200C scanner in 24 bit RGB colour format. Optical densities of the 

pixels are calculated from the colour values and subsequently converted to X-ray intensities 

with the help of a calibration strip prepared by exposing the film for several known time 

intervals: Intensity distribution data are then used to determine average intermolecular 

distance (D), apparent molecular length (l) in the nematic phase with an accuracy of ±0.02 

and ±0.1. The circular intensity distribution data along the outer diffraction feature of the X

ray photographs are used to calculate the orientational distribution function following 

Leadbetter and Norris [94] and orientational order parameters (<P2> and <P4>) were 

calculated from the distribution functions with an accuracy of ±0.02. Order parameters have 

also been calculated following Maier-Saupe theory [77]. Detailed procedures have been 

described in chapter 2. 

Densities of the compounds have been measured as a function of temperature using 

dilatometer which are accurate within ±0.00 I. Ordinary and extraordinary refractive indices 

(lle and Ilo) are measured for three different wavelengths 5461A (Green), 5780 A (Yellow) and 

6907 A (Red) using thin prism technique [233], with an accuracy of measurement ±0.001. 

From the measured refractive indices and density values, the principal polarizabilities are 

calculated following the methods of Vuks [122] and Neugebauer [123], which were 

developed respectively on the assumption of isotropic and anisotropic internal fields. 

Orientational order parameters are calculated using the relation <P2> = ( a.-a0 )/ (a 11- a.t). The 

value of (a[[- a.t), polarizability anisotropy of the medium in the perfectly ordered state, is 

calculated by Haller's extrapolation procedure [125], described in detail in chapter 2. 

3.3. RESULTS AND DISCUSSION 

Molecular formulae and structures of the investigated compounds along with their 

abbreviated names and transition temperatures (in °C) are given in Figure 3.3.1; 

crystallization temperatures are shown in parenthesis. In the abbreviated names the number at 

the beginning denotes the number of carbon atoms in the alkyl chain, 'c' and 'p' represent 

cyclohexyl and phenyl ring in the core, f(s) denote the number of fluorine atoms in the 

terminal phenyl ring. All the investigated compounds exhibit nematic phase, although the 



l. trans-4-propyl-trans -4'-( 4-fluorophenyl) 
bicyclohexane (3ccp-l) 

Cr 90.0 (71.0) N 158.0 I 
Cr 88.6 N 158.5 I [234] 

2. 4-propyl-4'-( 3, 4- difluorophenyl) 
bicyclohexane (3ccp-fl) 

F 

j-F 

Cr 46.0 (38.5) N 123.8 I 
Cr 46.0 N 124.1 I [222) 

3. 4-propyl-4'-( 3, 4, 5- trifluorophenyl) 
bicyclohexane (3ccp-ffl) 

4. 

Cr 66.0 (49.0) N 94.1 I 
Cr 64.2 N 93.4 I (235] 

4-pentyl-4'-(4-fluorophenyl) 
bicyclohexane (5ccp-l) 

Cr 68.0 (44.0) SmB 75.5 N 157.0 I 
Cr 68.0 SmB 75 N 157.0 I [236] 

5. 4-pentyl-4'-( 3, 4- difluorophenyl) 
bicyclohexane (5ccp-fl) 

Cr 47.0 (26.8) N 125.2 I 
Cr 45.2 N 125 I [218) 

F 

F 

F 

71 

6. 4- pentyl- 4'-(3,4,5-trifluorophenyl) 
bicyclohexane ( 5ccp-ffl) 

Cr 88.0 (57.0) N 102.4 I 
Cr 87.3 N 101.2 I [219] 

F 

F 

7. 3, 4- difluoro- 4'-( 4- propylcyclohexyl) 
- biphenyl ( 3cpp-fl) 

Cr 68.5 (46.4) N 97.9 I 
Cr 67.9 N 98.6 I [218] 

/ 
\_ j-F 

8. 3, 4- difluoro- 4'-( 4- pentylcyclohexyl) 
- biphenyl ( 5cpp-fl) 

Cr 56.0 (38.7) N 105.8 I 
Cr 55.1 N 108.2 I [218] 

/ 

9. 3, 4, 5- trifluoro- 4'-( 4- pentylcyclohexyl) 
- biphenyl ( 5cpp-ffl) 

Cr 33.0 (27.0) N 54.8 I 
Cr 30.4 N 58.1 I [219] 

l 

Figure 3.3.1. Molecular formulae, structures and observed transition temperatures ~C), literature values 
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5ccp-f shows, in addition, SmB phase within small temperature range, no studies have been 

made in that phase. Observed transitions agree well with reported data, except for 

5cpp-ff and 5cpp-fff, wherein clearing points are about 3 degree lower. In some cases small 

difference in transition temperatures is observed from texture and DSC studies. Also, 

transition temperatures obtained from X-ray and refractive indices studies are found to vary 

slightly indicating that sample geometry and thermal history have an effect on them. 

Moreover in all cases crystallization temperatures are found to be considerably less than 

melting points. Such small variation has also been reported before [237]. Temperature range 

of nematic phase (I'! T), change in enthalpy (L'!H) and entropy (L'!S) values at transitions are 

shown in Table 3.3.2. It is observed that thermal stability of nematic phase decreases with 

increasing rigidity of the core structure i.e. when cyclohexyl ring is replaced by phenyl ring 

[3ccp-ff=>3cpp-ff 33.8°C; 5ccp-ff=>5cpp-ff 31.3°C; 5ccp-fff=>5cpp-fff 17.6°C] and when the 

number of fluorine atoms in the benzene group is increased [3ccp-f=>3ccp-ff 1.7°C; 3ccp

ff=>3ccp-fff 40.2°C; 5ccp-ff=>5ccp-fff 53.0 °C and 5cpp-ff=>5cpp-fff 39.3°C]. However, only 

a slight variation of nematic range with chain length is observed. 

It is observed from the literature [212, 221, 237] that unsubstituted 4'-phenyl-4-

propyl-bicyclohexyl (3ccp) and para-substituted 3ccp, i.e. 3ccp-Cl, 3ccp-I and 3ccp-CN or 

para-substituted 5ccp-C3H7 and Scpp-C3H7 exhibit both smectic and nematic phases, whereas 

mono-, di- and tri-substituted 3ccp exhibit only a nematic phase (Table 3.3.1). However, 3cp

ff does not show mesogenity at all [212]. 

Table 3.3.1 
Phase transition temperatures (0C) 

of 3ccp-ff, 3ccp-fff and related compounds. 

Compound Phase sequence 
3ccp Cr 76 SmB 97 N 103 I 
3ccp-F Cr 88.6 N 158.5 I 
3ccp-C1 Cr 75.1 Sm 79 N 192 I 
3ccp-I Cr 119 Sm 139.2 N 189.2 I 
3ccp-CN Cr 73.1 Sm 81.1 N 238.9 I 
3ccp-ff Cr 45.6 N 123.8 I 
3ccp-fff Cr 64.7 N 93.7 I 
3ccp- OCF3 Cr 38.0 Sm 69.0 N 154 I 
Seep- C3H7 Cr 48.6 Sm 181 I 
5cpp- C3H7 Cr 29 Sm 160 N 170 I 
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Figure 3.3.2. X-ray diffraction photograph of ordinary nematic phase (Jeep-Iff). 

X-ray diffraction photographs show that the phases are ord inary nematic (not 

cybotactic nematic [I 06.117]) in all cases. a repre entati e photograph of the compound 

3ccp-fff is shown in Figure 3.3.2. 

Average intermolecular distances (0): 

The average intermolecular di stances (0 ), calculated from the outer diffraction peaks, 

are found to increase linearly with temperature from 5.52 to 5.74 A. 5.36 to 5.67 A, 5.53 to 

5.71 A, 5.45 to 5.64 A, 5.48 to 5.69 , 5.62 to 5.66 A, 5.37 to 5.51 A, 5.28 to 5.47 A and 5.23 

to 5.41 A in compounds 1 to 9 respectively indicating a decrease in the molecular packing, 

which have been shown in Figures 3.3.3 - 3.3.5. D values are found to increase systematically 

from mono to trifluoro derivatives (f => ff => fff) for all the compounds (Figure 3.3.3). It is 

further observed that 0 decreases when the comparatively flexible non-planar cyclohexyl ring 

is replaced by rigid planar phenyl ring [3ccp-ff=> 3cpp-ff. Sccp-ff =>5cpp-ff and Sccp-fff 

=>5cpp-fff] (Figure 3.3.4). effect is most pronounced in Sccp-ff and Scpp-ff systems. But no 

such systematic variation of D with chain length is observed (Figure 3.3.5). 
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5.6 
I A Scpp-ff Scpp-fff 

5.4 

-< 
0 5.2 
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Temperature 1°C 

Figure 3.3.3. E.ffecl ofjluorinalion and lemperafllre on !he a1·erage inlermolecu/ar dislance ( D) 
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5.8 
0 3ccp-fff • sccp-fff I 5.8 

0 3cpp-ff + 5cpp-ff I 
5.7 0 5.7 

5.6 a/ 5.6 
<><( <><( 

5.5 5.5 

/ Q Q 
SA SA 

5.3 5.3 

5.2 5.2 

10 30 50 10 90 110 130 150 10 30 50 10 90 110 130 150 
Temperature I °C Temperature I °C 

Figure 3.3.5. F..flect of chain length and temperature on/he m·erage inlermo/ecu/ar distance (D) 

It is further observed that the average intermolecular distances in the present 

set of compounds are considerably higher than in t\\ o cyanobiphen) Is {5CB and 7CB }(4.9-

5.0A0) [238] and in several alkylcyclohex) I isothiocyanatobenzenes {nCHBTs} (5.06-

5. 12A 0) [239]. Even three-ring benzoates uch as 4-pentylphenyl 2chloro-4-( 4-pent) I 

benz) lOX]) benzoate and 4-oct) I phenyl 2chloro-4-( 4-hex) I benz) lox) )benzoate ha\ ing a 

latera l chloro spacer group in the cent ra l phenyl ring are fo und to have lower D values (5.08-

5.09A 0 ) [240] compared to the present compounds. 

Effective molecular lengths (1): 

Effective lengths of the molecules (/) in the LC phase are found to be considerably 

higher than the ca lculated lengths of the molecules (L) in the most extended conformation. By 

optimizing the geometry of the molecules using the software H) perchem V6.03 [241 ]. L 

values were ca lculated for all and are found to be in good agreement with the model lengths 

of the molecules in all trans conformation ( 17.6 A in 3ccp and 20.14 A in Seep systems). I 

va lues are found to increase" ith the cha in length in all the systems (3ccp-f ~ Sccp-f, 3ccp-ff 

~ Sccp-ff, 3ccp-fff~5ccp-fff and 3cpp-ff ~ Scpp-ff) (Figure 3.3.6), so also \\hen the 

phenyl group is rep laced by the cyclohexyl group in the systems (3cpp-ff ~ 3ccp-ff, Scpp-ff 

~Sccp-ff and Scpp-fff ~ Sccp-fff) (Figure 3.3.7). The //L ratio is found to var) bemeen 

1.19 and 1.48 in the compounds suggesting the presence of some short-range anti-ferroelectric 

type associations bet'' een the neighboring molecules. Such associated d imers are found to 

exist al o in the crystalline state of the compounds 3ccp-ff, 3ccp-fff and Sccp-fff [230-232], 

described in chapter 4. As a consequence of increased steric hindrance, overlap of the 

dimeri zed molecules slightly decreases (//L ratio increases) when phenyl group is replaced by 

cyclohex) I group. 
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Figure 3.3.8. Effect of fluorination and temperature on effect ire molecular lengths(/) 

However. in one terminal fluorinated ester compounds this ratio in the smectic phase v.as 

reported to be about 1.0 [242]. Formation of dimers is generally observed in cyano 

compounds. for example in cyanobiphenyls (nCBs). however observed ratio is usually high 

(- 1.4) in all members of that series [238]. The effect of decreased overlapping has also been 

observed when an isothiocyanato group is replaced by a cyano group. For example. in 

nCHBTs this ratio varies be tv. een 1.04 and 1. 16 [239]. The cyanobiphenyls (nCBs) and the 

isothiocyanato benzene compounds (nCHBTs) are polar compounds. so also the present 

compounds (as di scussed be low). Thus it is seen that the polar molecules give rise to 

antiferroelectric-type associations between neighbou ring molecu les. No such association is 

observed in non-po lar systems from either X-ray [I 00. 243. 244] or dielectric stud ies 

[ 130.245.246] . 

While considering the effect of fluorination on apparent molecular length (f) it is 

observed that I is less in ff derivatives than in f and fff derivatives (shown in Figure 3.3.8). 

This indicates that the overlapping between neighbouring molecules in ff derivatives is more 

than f and fff derivatives. In all compounds I is fo und to decrease slightly with temperature. 

Th is again may be due to the change of molecular conformation or a change in the molecular 



Table 3.3.2 

Table of important data. Values in columns (6-15) are at 80°C 

Compounds N Mlcr-N• AScr-N• L.,.,, I IlL D n. n. <Pz> <Pz> p A a J.1 
Range MIN-I ASN-1 lA 
fc /kJmole-1 1Jmole-1K 1 

lA I A (for yellow light) (Rl) (XRD) lgcm-J x 1024 ID 

1(3ccp-t) 87_0 14.32 39.47 17.00 25.11 1.48 5.50 !.57 1.46 0.77 0.70 1.07 11.02 1.93 

0.31 0.71 

2(3ccp-ft) 85.3 12.85 40.35 17.64 22.61 1.28 5.48 !.58 1.51 0.70 0.73 1.00 4.93 3.21 
0.38 0.96 

3 (3ccp-fft) 45.1 15.98 46.92 17.00 24.44 1.44 5.60 !.55 1.46 0.60 0.61 1.05 7.85 3.72 
0.20 0.56 I --.1 

4(5ccp-t) 81.5 9.72. 28.51' 19.10 25.89 1.36 5.45 1.59 !.52 0.78 0.71 1.06 6.75 1.93 
QO 

0.27 0.64 
S(Sccp-ft) 98.4 16.76 52.39 19.38 23.80 1.23 5.55 1.58 1.48 0.72 0.77 0.98 8.01 3.12 

0.37 0.93 
6(5ccp-fft) 45.4 16.53 45.83 19.10 27.41 1.44 5.60 1.51 1.47 0.74 0.61 0.99 4.08 3.73 

0.17 0.44 
7(3cpp-ft) 51.5 14.05 41.34 17.25 21.90 1.27 5.41 1.60 1.47 0.63 0.62 1.05 9.08 3.66 

0.21 0.57 
8(5cpp-ft) 67.1 12.19 37.20 19.29 23.04 1.19 5.39 1.63 1.49 0.71 0.67 1.01 10.57 3.48 

0.45 1.19 
9(5cpp-fft) 27.8 10.45 34.12 19.10 24.80 1.30 5.60 - - - - 1.09 - 4.25 

0.04 0.11 

"Mlcr-SmB and AScr-SmB 
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overlap. Decrease in dimer concentration with temperature may also be responsible for this, 

because presence of both monomers and dimers has been observed in 5CB [221,247,248] and 

6CHBT [249,250] solutions in a non-polar solvent. 

Molecular dipole moments (Jl): 

The values of molecular dipole moment (J.l) has been calculated using the semi

empirical PM3 force field in software Hyperchem and are shown in the Table 3.3.2. Difluoro 

derivatives differ from mono and trifluoro derivatives in the direction of dipole moment along 

molecular axis, It is strongly tilted for ff compound, while in others it is concordant with 

molecular axis. It is observed that dipole moment (J.l) increases systematically as one moves 

from f => ff => fff derivatives in all systems. However increment is more in f =>ff derivatives 

than in ff ::::>fff derivatives and there is almost no change in dipole moment with chain length. 

Dipole moments of molecules usually do not change with chain lengths, this has been 

observed in I CB to 12CB when their diploe moments were measured by solution technique 

[251]. From the dielectric study, the molecular dipole moment (J.l) of3ccp-ffwas found to be 

2.64 D, inclined at an angle of 29.8° with the molecular axis [228], whereas, previously 

reported theoretical values are 3.32D [219] and 3.2D [229]. Thus the value obtained from our 

calculation (3.21 D) agrees with that reported by Klasen et al. [229]. 

Density (d): 

Variation of density with reduced temperature (T'= T/TNI) for all the compounds are 

shown Figure 3.3.9- 3.3.11. Density is found to decrease linearly with temperature in all the 

systems. Singly fluorinated compounds show stronger temperature dependence of density 

than ff and fff compounds. 

It is further evident that as the chain length increases (3ccp-f=> Sccp-f or 3ccp

ff::::>Sccp-ff or 3ccp-fff::::>Sccp-fff or 3cpp-ff::::>Scpp-ft) density decreases in all systems 

(Figure 3.3.9). Effect is most in 3ccp-fff::::>Sccp-fff system. Also when more flexibility is 

introduced in the core structure of the molecules, replacing phenyl ring by cyclohexyl ring, 

(3cpp-ff => 3ccp-ff or Scpp-ff ::::>Sccp-ff or Scpp-fff => Sccp-fft) reduction in density is 

observed (Figure 3.3.10) which is most prominent in Scpp-fff => Sccp-fff system. 
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Thus molecular packing is less effic ient. as expected. with increasing flexib ility either 

in chain or in core structure. For example, If densi ties are fitted linearly with temperatures by 

the least squares method, one gets as fitted coeffic ients. p0= 1.065, 1.045. 1. 111 , 1.078 g cm·3; 

p 1=-8.0x l0-l. -9.0x l0-l, -7.0xl0-l, -9.0xl0-l gcm-~K- 1 in the compounds 3ccp-ff, Sccp-ff, 

3cpp-ff a nd Scpp-ff, respectively. Thus at T*=0.86 the estimated vo lume expansion 

coefficients are fo und to be 7.39xl0-4, 9.17 x i0-1. 6.49 x i0-4 and 8.75 x i0-4 K-1
• respectively. 

Thus the coefficients are greater for greater chain length and for increased flexibility. 

Density in fff deri vati ves is found to be more than in ff derivatives in all systems -

3ccp, Seep and Scpp (Figure 3.3.11). Thi s is also found to be true in the crystal phase and the 

measured values are 1.145 g.cm-3 (3ccp-ff) [230] and 1.1 91 g.cm-3 (3ccp-fff) [23 1] and 

1. 184 g.cm-3 (Sccp-fff) [232]. described in chapter 4. 

Refractive indices (ne, 110 and na•· ): 

Temperature variations of the refractive indices measured at wave lengths 546 1 A, 

5780A and 6907 A, are shown in Figure 3.3.12 for the compound 3ccp-f as an example. for 

other compounds this is sho,,n in Figure 3.3.13 only for yell ow colour. since variations with 

wave length is simi lar. All the refractive ind ices exhi bit normal dispersive behaviour i.e. the 
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parameters decrease with increasing wavelength . This type of behaviour was reported earl ier 

in man) systems like nCBs [252]. ch iff s ba e [2~3.253.2 54]. benzo) lox) benzoates [255] 
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Figure 3.3. 13. Temperorure mriarion ojn, .. n .. and n.,, ofdi(j<!renr compounds f or yellcm colour (5 -'W .f) 

and isothiocyanatobenzenes (239). It is found that refracti ve indices of extraordinar.> ra) 

decrease qu ite fast with temperature whereas for the average refractive indices (n3,), 

calculated for uniaxial nematic phase as (2n0 + n~)/3 . the rate of decrement is less . Ordinar) 

refractive indices do not vary appreciabl+y "' ith temperatu re. The pre-transition effect is also 

observed very near to T 1• Refractive ind ices in the isotropic phase (n150) are found to be less 

than n3, with in the phase for the compounds 3eep-f, Seep-f, Seep-ff, Seep-fff, 3epp-ff and 

Sepp-ff but in compound 3eep-ff, 3cep-fff and Sepp-fff it is more (sho\\ n in Figure 3.3.13). 

Moreover. compounds 3ecp-fff and Sepp-fff (fff derivat ives) have different temperature 

dependence of n0 index. It decreases "ith decrea ing temperature. while for the f and ff 

substitution n0 changes in opposite way. The first behaviour is characteristic for strongly polar 

compounds for example 5CB and econd for \\eahJ) polar compounds like CS compounds 

(256). 

A po itive optical ani otrop) ( n) i obsened in all the compounds \\hich decreases 

with temperature as shown in Figure 3.3.14- 3.3.16. ~n va lues are found to be larger in ff 

ystem compared to f and fff ) stems in Seep and Sepp serie . hO\\ e' er in 3ecp series ff 

system possesses least value. Th is may be due to lo,, er chain length. The decrement rate with 
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temperature fo r the compounds 3ccp-f, Sccp-f, Sccp-fff is quite low when far from the Tc but 

near Tc it is very fast. The rate of decrement is low throughout for the compound 3ccp-ff and 

moderate for compounds 3ccp-fff, Sccp-ff, Scpp-ff and Scpp-fff. n values decrease when 

chain length increases except 3ccp-ff and 5ccp-ff system (Figure 3.3.15) but increase when 

flexible cyc lohexyl ring is replaced by rigid phenyl core (Figure 3.3.16). ~n values for these 

compounds are considerably larger than those observed in alkenyl /alkenyloxy bicyclohexane 

compounds [257,258], except in 3ccp-ff, Sccp-f and Sccp-fff where they are comparable. 

Whi le high optical anisotropy is required for UV based display etc (217] lo'v\ optical 

anisotropy is required for developing fast and high information content display devices [259], 

compounds Sccp-f and 5ccp-fff, having ~n in the range 0.067 to 0.034 will. therefore. be very 

suitable in this respect. As mentioned earlier. as an added attribute. compound 5ccp-f exhibit 

nematic phase over a wide temperature (8 1 .5°C). 

It is further noted that when extrapolated to 20°C, values of ~n become 0.091 and 

0.173 respectively in 3ccp-ff and 3cpp-ff. Klasen et al. [229] theoretically estimated these 

values as 0.097 in 3ccp-ff and 0.176 in 3cpp-ff. which are in good agreement with our 

experimental va lues. 

I 5cco-f t. Scco-ff 5cco-fff _I 3ccp-f t. 3ccp-ff 3ccp-fff 
0.16 ·'-----------------i 0.16 

= s 0.12 
>. 
c. 
f 0.08 
Q 
-~ = 0.0-t ~ 
~ 

-~ 0 
0 0.70 0.75 0.80 0.85 0.90 0.95 1.00 

Reduced Temperature (T*) 

so.l2 
;.-. 
c. e o.o8 
Q 
-~ 0.0-t 
~ 

-~ 0 
c. 
0 

0. 70 0. 75 0.80 0.85 0.90 0.95 1.00 

Reduced Temperature (T*) 

I Ll 5cpp-ff Scpp-fff 
~ 0.20 
= <l • 
~ 0.16 
c. e o.tz ~ 
Q 

-~ 0.08 
~ 

"i 0.0-t 
.!:! 

~ 0.00 

0.80 0.85 0.90 0.95 1.00 
Reduced Temperature (T*) 

Figure 3.3. 14. l ·ariation of .Jn wi1h reduced 1emperature fT. T T,'l) oj1he compounds withjluorinalion 



........ 
~ 0.16 

~0.12 
0 ,_ 
0 0.08 -
.~ 

; 0.04 -
~ 

t. 3ccp-f A 5ccp-f 

. 
M.t.t.t.t.t.t.t.t.t.t.t..c:..c:. : 

A : 

AAAAAAAAAAAAAA~ 
. . 

-~ 0.00 --~--~----~------- ---~ 
Q. 

0 0.75 0.80 0.85 0.90 0.95 
Reduced temperature (T*) 

1.00 

~ 0.16 -
'-' ;:.., 
g-0.12 
,_ 

-~ 0.08 
c 

..:: 0.04 ' 
(<:! 
<.1 

·g, o.oo 
0 0.75 

0 3ccp-fff • 5ccp-fff 

0.80 

I . . 
O::>ooo 0 ! 

o 0 t 
o : . .... , .. ~ 

. . 
0.85 0.90 0.95 1.00 

Reduced tempera ture (T*) 

85 

o 3ccp-ff • 5ccp-ff 
........ 
~ 0. 16 

~0.12 
0 

~ 0.08 
-~ 
; 0.04 

••• ••• 0 0 • .. • 
0 0 0 • : 

0 0 ·~ • ... 
• ----------·L -~ 0.00 

Q. 
0 0.70 0.75 0.80 0.85 0.90 0.95 1.00 

Red uced temperature (T*) 

o 3cpp-ff • 5cpp-fff 

~ 0. 16 
0 0 0 .._ Oo 

;:.., oo ' 
§-0.12 oo : ,_ .. ~ 

-~ 0.08 
.. : ... : 

c 

' ..:: 0.04 . 
(<:! . 
<.1 . 
·g_ 0.00 

. -----
0 0.75 0.80 0.85 0.90 0.95 1.00 

Reduced temperature (T*) 

Figure 3.3.15. Variation of L1n with reduced temperature (T• = TIT vJ of the compounds with chain length 

~ 0. 16 
'-" 

-
;:.., 
g. 0.1 2 ,_ - < 

-~ 0.08 ~ 

c 
ell 
~ 0.04 
-~ 
~ 0.00 

0.75 

t. 3ccp-ff A3cpp-ff o 5ccp-ff • 5cpp-ff I 
,----

A • ........ 0. 16 • • • • • • . 
A. ~ 

. 
• •• . 

.A I!J .. : A. ~0. 1 2 0 0 • A ' 0 0 ~ 0 0 ~ . ,_ 0 Do 
. 

t. . 0 0.08 . 
t. t. . . 

t. . -~ 
0 

Do • t. t. . . 
t. c . 

t. t..{ ..:: 0.04 0' ql . eo: . . '"' ' • . ·g_ 0.00 
. 

t ---
0.80 0.85 0.90 0.95 1.00 

0 0.75 0.80 0.85 0.90 0.95 1.00 

Reduced temperature (T*) Red uced temperature (T*) 

........ 0. 16 
c 
<l 
">: 0.12 
Q. 
0 ,_ 
0 0.08 
-~ 

~ 0.04 
(<:! 

'"' i. 0.00 

0 5ccp-fff • 5cpp-fff 

r . . . . . 
• • • l 

• .... i 
~. : 

Cb 0 o<oo 0~ 
. 
• 1.-. 

0 0. 75 0.80 0.85 0.90 0.95 1.00 

Reduced temperature (T*) 

Figure 3.3. 16. Variation of L1n with reduced temperature rT· = TIT,tJ of the compounds with core 



86 

Oae ~a., ~a" I .) 
·~ 

l3ccp-fff 

.., 
0 0 0 0 0 0 

0 
0 

o<( 
41 

~ 
"' 37 .. 0 

!:>t:. /:; /:; /:; /:; /:; /:; 

... 
..c 33 eo: 
lol 

·;: oooo 00 
eo: 29 0 

Q.. 

25 

40 so 60 70 80 90 100 
Tempera ture I °C 

Figure 3.3. 17. Variation of a~. a,, and a,11• with temperature for compound Jccp-fff for yell oil' light 

Polarizabilities ( ae, ~ and tx,11J: 

Using measured values of refractive indices and density molecular polarizabilities (ae. 

a 0 and a 3,) were calculated. following procedures as described in chapter 2. for all 

compounds for three wavelengths and their temperature variation for yel low light is shown in 

Figure 3.3.1 7 for compound 3eep-fff as a representative example. Similar variations are 

observed for other wavelengths and remain ing compounds. 

It is observed that like ~n, polarizability anisotropy (~a) is larger in ff system 

compared to f and fff systems in Seep and Sepp series, however in 3eep series ff system 

possesses least value as shown in Figure 3.3.18. ~a is found to decrease with temperature. 

nature of variation is similar to that observed in n. 
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Figure 3.3. 18. I 'ari01ion of Lla with reduced temperature ("()for di.fferenf compoundv. 

A di cussed in chapter I molecule in nematic phase have no positional correlation 

but the) do ha\e long range orientational ordering. E:\tent of ordering is usual!) qualified b) 

orientational order parameters (OOPs) \\ hich is uniaxial and is expressed by a traceless 

symmetric tensor of rank t\\ 0. Many physical properties like optical birefringence. dielectric 

anisotropy. threshold vo ltage for switching etc .. ""hich are important device parameters. 

depend upon the OOPs. Although by determining the orientational distribution functions 

from the azimuthal intensity distribution of the X-ray diffraction photographs one can, in 

principle. dete rmine different order OOPs. we have determined only the second and fourth 

order OOP viz. <P2> and <P~> . Temperature variation of OOPs determined from the 

polarizabilit) and X-ray data are shown in Figure 3.3.19. <P2> and <P~> values. calculated 

fo llO\ving Maier- aupe mean field theory [77]. ha\e also been sho\>\ n in Figure 3.3.19. <P2> 

va lues obtained from polarizability data are found to be slightly more than the mean field 

va lues but X-ra) order parameters are fo und to be close to the mean field values in a ll the 

systems. <P2> and <P4> va lues obtained from different techniques agree fa irl y ""ell in most 

of the compounds though in some compounds the agreement is not good. Difference in <P2> 

va lues obtained from two different techn iques ha al o been reported earlier [260-262]. Th is 

may be due to different averaging procedures involved in the two methods. Moreover. there 

may be error in the estimation of polarizabilit) values of the crystall ine state obtained by 

Haller's extrapolation method [ 125]. 

Moreover. the orientational behaviour of the nematic molecules may be divided into 

two parts. a long range and a hart range order. The M model reflects onl) long range 

ordering in the liquid crystalline phase. a hart range ordering also exists due to interaction 

with neighbouring molecules. Th is short range ordering persists even in the isotropic phase 

and this may be the reason for higher <P2> values than predicted from MS theory [3. 93]. 
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In Figure 3.3.20. the order parameter <P2>, obtained from refractive indices 

data. has been plotted as a function of reduced temperature for all the compounds of a series 

to see the effect of molecular structure on <P2>. X-ray data show similar trend. There is a 

decreasing trend of <P2> as one moves from f :=>fff:=>ff system. <P::!> values are found to 

increase ''hen cyclohex) I ring is replaced b) phen) I ring {3ccp-ff:=> 3cpp-ff}. {Sccp-ff 

:=>Scpp-ff} but not in {Sccp-fff :=>Scpp-fff} ca e (Figure 3.3.21 ). No systematic variation of 

<P2> with chain length is observed (Figure 3.3.22). 
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H. Ishikawa et a/. [224] observed that the splay elastic constant (k11 ) of compounds 

3ccp-f and 3ccp-ff are proportional to the square of the order parameter (S) as expected from 

theoretical consideration proposed by Kimura et a/. [263]. Dielectric anisotropy (L1c) 

parameter was also found to be proportional to the square of the order parameter although 

accord ing to Maier and Meier theory [1 34] a linear dependence is expected. Since in the 

optica l frequency region .i1E = n/ - n0
2
, it can be shown [ 124] that ne2

- n0~ (=.i1n2) - NS where 

is the number density. From Figure 3.3.23 it is observed that all the compounds shov .. 

perfect linear dependence . ./1n2 values are found to be highest in ff system compared to f and 

fff systems in Seep and Scpp series. But in Jeep se ries ff system possesses lowest value. this 

may be due to lower cha in length . .!1n2 values increase systematically when flexible 

cyclohexyl ring is replaced by rigid phenyl core (Figure 3.3.24). The values decrease \\hen 

chain length increases for f and fff systems but increase for ff systems (Figure 3.3.25). 
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3.4. CONCLUSIONS 

Fluoro-substituted derivatives, both in achiral and chiral systems, are found to be useful for 

various display applications. From thorough investigation of nine mono-, di- or tri-fluorinated 

phenyl bicyclohexyl or cyclohexyl biphenyl derivatives influence of molecular core structure, 

chain length and fluorination on their various physical properties have been in investigated. It 

is observed that: 

• thermal stability of nematic phase decreases substantially with increasing rigidity of the 

core structure (i.e. when a cyclohexyl ring is replaced by a phenyl ring) and with 

increasing fluorination of the phenyl ring. 

• average intermolecular distance increases, indicating a decrease in the molecular packing, 

systematically with increasing fluorination and with increasing flexibility in the core 

structure. Increasing temperature has similar effect on molecular packing. 

• Effective molecular length (l} is found to be higher than the most extended length of the 

molecules, suggesting the presence of antiparallel-type dimers. Although antiparallel 

association of molecules was observed before in polar compounds like cyanobiphenyls 

and isothiocyanatobenzenes, such association is observed, to the best of our knowledge 

first time, in fluorinated compounds. However, extent of overlap is intermediate between 

those of cyanobiphenyls and isothio-cyanatobenzenes. 

• I is found to increase with the chain length and with increasing flexibility in the core 

structure in all the systems. 

• l is also found to be less in ff derivatives than in f and ftf derivatives, indicating that the 

overlap between dimerized molecules in ff derivatives is more than in f and ftf 

derivatives. 

• In all compounds I is found to decrease slightly with temperature. 

• Molecular dipole moments (!l) increase systematically as one moves from f => ff => ftf 

derivatives in all systems. However increment is more in f ::>ff derivatives than in ff ::>ftf 

derivatives and there is almost no change in dipole moment with chain length. ll is . . 

substantially tilted in difluoro derivatives, while in mono- and trifluoro derivatives it is 

along the molecular axis. In ccp derivatives ll increases from 1.930 to 3.210 to 3.720 

while going from singly to triply fluorinated derivatives. 

• Density of the compounds decreases (i.e. molecular packing is less efficient) with 

increasing chain length and with increasing flexibility of the core. Also it decreases while 

moving from tri- to difluoro derivatives. 
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• Density is found to decrease linearly with temperature. Singly fluorinated compounds 

show stronger temperature dependence of density than ff and fff compounds. 

• Refractive indices (lle, n0 and nav ) exhibit normal dispersive behavior. 

• The optical anisotropy (Lln) is found to be larger in ff system compared to f and fff 

systems in 5ccp and 5cpp series, but the opposite behavior is observed in 3ccp series. It 

decreases with increasing chain length (except in 3ccp-ff and 5ccp-ff systems) but 

increases with increasing rigidity of core. With temperature iln decreases, decrement rate 

is different in different compounds. 

• Seep-f, having the lowest Lln (about 0.067 at 80°C) and nematic phase over a large 

temperature, is expected to be useful for high-information-content display devices. 

• Polarizability anisotropy (Lla), like tm, is larger in ff system compared to f and fff systems 

in Seep and Sepp series, however in Jeep series ff system possesses least value. It is also 

observed that contributions of increased chain length and enhanced core rigidity to Lla are 

additive. Lla is found to decrease with temperature, nature of variation is similar to that 

observed in Lln. 

• The orientational order parameters <P2> obtained from refractive indices measurements 

are found to be slightly more, whereas the X-ray order parameters are found to be close to 

the mean field values in all the systems. A decreasing trend of <P2> is observed as one 

moves from f=>fif=>ff system while it increases with increasing rigidity of the core. 

• Lln2 = 11e2 - n0
2 shows perfect linear dependence on orientational order parameter in all 

compounds as expected from theory. 



CHAPTER4 

X-RAY STRUCTURAL ANALYSIS IN 
THE CRYSTALLINE PHASE OF FLUORINATED AND 

NON-FLUORINATED COMPOUNDS 

Part of tlie work_ was presented at tfie XVII conference on LiquUf crystafs Cliemistry, Pliysics ant! 
}!ppfications 17-22 Septem6er 2007 }!ugustcrw, Powntf su6sequent[y pu6[zslietf in Cryst. 1?.§s. 7'eclino[ 42, 
1029- 1035, 2007; :M.o[ Cryst. Liq. Cryst., 490, 80-87, 2008; Liquid' Crystafs, 35, 1307-1312, 2008 ancf 
:M.o[ Cryst. Liq. Cryst., 503, 99-111, 2009. 
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4.1 INTRODUCTION 

Gathering knowledge about the crystal structures of molecules is one of the 

fundamental aims of scientists. From the determined structures one may get idea about the 

relative positions of the atoms or ions which make up the substance under study and hence a 

geometrical description and pictorial representation of chemical structures in terms of bond 

lengths and angles, torsion angles, non-bonded distances and other quantities of interest are 

possible. One may then try to correlate the structural properties of the material with its 

physical properties. It might be of interest to point out here that in 1956, the British chemist, 

Dorothy Hodgkin, described the structure of vitamin B 12 for which she received the Nobel 

Prize for Chemistry in 1964 which led to the successful synthesis of the vitamin in 1971. 

In a homologous series of thermotropic mesogens containing alkyl chains, type of 

liquid crystal phases formed depends on the chain length. Usually the lower homologues are 

purely nematic and the higher ones are purely smectic, whilst the intermediate homologues 

exhibit both the phases. These properties are expected to have a structural basis. Moreover, 

since liquid crystals may possess only long range orientational order, or long range one

dimensional or quasi-long range two dimensional translational symmetry, one expects that the 

molecular arrangement in the crystalline state will predetermine the molecular arrangement in 

the mesomorphic state [170,185,187,264]. Thus knowledge of molecular geometry and 

packing of the molecules in the crystalline state helps in explaining the observed phase 

behaviour that depends on the subtle balance of intermolecular interactions [170, 174-176,180, 

186,265-268]. In a typical nematogen, the long narrow molecules lie more or less parallel and 

are interleaved giving what was described by Bernal and Crowfoot [169] as an imbricated 

packing and that the transformation from the solid to the nematic phase is characterised by the 

breakdown of the positional order of the molecules but not of the orientational order. On the 

other hand the 'smectic precursors' are found to form layered structures in the crystalline state 

[185, 264]. Although this is true in majority of the reported crystal structures of the 

mesogenic materials but generalization of this observation should be made with caution 

[187,268]. These aspects are reviewed in detail by Haase and Athanassopoulou [186]. 

In Chapter 3 we described various physical properties of a number of partially 

fluorinated phenyl - bicyclohexyl and biphenyl-cyclohexyl compounds and discussed 

influence of molecular core structure, chain length and fluorination on their properties. 

However, we are not aware of any report about the crystal and molecular structures of these 

compounds. It was seen in the previous chapter that introduction of another fluorine atom in 

the phenyl ring of the compound 3ccp-ff resulted in substantial increase of melting point and 
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decrease of nematic phase stability [3ccp-ff: Cr 46.0 (38.5) N 123.8 I; 3ccp-fff: Cr 66.0 (49) 

N 94.1 I]. In order to investigate how the molecular structures of the two compounds differ in 

the crystalline state and their effect on observed phase behaviour, their crystal structures have 

been determined. We also wanted to probe whether antiparallel molecular association found 

to exist in the nematic phase are also present in the crystalline phases of the compounds. 

Compounds of the homologous series 4-(trans-4-alkylcyclohexyl) isothiocyanato

benzene (nCHBT) are also low melting polar nematic materials characterised by low viscosity 

and high chemical stability. Unlike the members of the homologous series of 4-alkyl-4-

cyanobiphenyls (nCB) and 4-(trans-4-alkylcyclohexyl) cyanobenzenes (nPCH), higher 

homologues (112:8) of which exhibit both nematic and smectic phases, members of the present 

series show only nematic phase even for n= 12. Since 6CHBT exhibits nematic phase even 

below room temperature (5-42.6°C) and since these compounds yield simple eutectic systems 

with various mesogenic compounds, they seem to be interesting components for display 

applications [269]. Various physical properties of this series have, therefore, been studied by 

many authors employing different experimental techniques [250;262, 270-276]. However, we 

are not aware of any report about the crystal and molecular structures of these compounds and 

therefore, location of the isothiocyanato group in relation to the benzene ring is not 

established definitively. In this background crystal structural analysis of the eleventh member 

of the series, C24H37N1S1 (IICHBT in short) having phase sequence Cr 39.4(48.1) N 53.6 I, 

was undertaken and an attempt was made to find the effect of the molecular geometry and 

packing in the crystalline state on its phase behaviour and different physical properties. 

Nematogenic cyanobiphenyls are of great interest because of their commercial use in 

liquid crystal devices (LCD) devices [16, 277]. Two biphenyl moieties- one having terminal 

cyano group, and the other possessing terminal· alkyl chain - when linked with carboxylate 

group give rise to an elongated core homologous series viz., 4-cyanobiphenyl-4' -n 

alkylbiphenyl carboxylate (nCBB, in short). These materials have also drawn much attention 

because they are first four-ring compounds higher homologues (n=8, 9) of which exhibit 

reentrant nematic (N,0) phase as well as two types of smectic A phases, the monolayer (SmA1) 

and the partially bilayer (SmAd) smectics. On the other hand, the lower homologues (n=4--7) · 

form only SmA1 and nematic phases [278,279]. Moreover, binary mixtures of four-ring nCBB 

compounds with two-ring nCB compounds exhibit induced or enhanced SmAd phase. 

Induction or enhancement of the Sm~ phase takes place in the form of an "island" or 

"semi-island" surrounded by nematic sea. Reentrant nematic phase is also induced in some 

cases [280]. Crystal structure of the sixth member of the series, 6CBB, was determined 
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previously in our laboratory and the packing of the molecules in the crystalline state was 

found to be precursor to the smecticA phase structure [178]. In this context, 3-D crystal 

structural analysis of the next member (7CBB) was undertaken in order to compare the 

structure of the two compounds vis-a· -vis their meso genic properties. It is worth to note here 

that observed phase sequence of7CBB is Cr 123 SmAt 136 N 350 I, and that of6CBB is Cr 

141.5 SmA1 158.7N 360 I (temperatures in °C) [278]. 

4.2. EXPERIMENTAL, STRUCTURE DETERMINATION AND 
REFINEMENT 

All the structures were solved by direct methods, however, methods of crystal growth, 

intensity data collection and data reduction and refinement of the structures were different for 

the two groups of compounds viz., 3ccp-ffand llCHBT, and 3ccp-fiiand 7CBB. 

Transparent plate shaped crystals of 3ccp-ff and II CHBT were grown from a solution 

of acetone and p-xylene and that of 3ccp-fii and 7CBB were obtained from a solution of 

dichloromethane and methyl alcohol by slow evaporation technique. A crystal with 

dimensions 0.05 x 0.65 x 0.75 mm3 and 0.50 x 0.60 x 0.1 mm3 approximately were used for 

data collection of 3ccp-ff and 11 CHBT on an Enraf - Nonius CAD-4 diffractometer with 

graphite - monochromated CuKa radiation in ro-29 scan mode. A total of 3657 for 3ccp-ff 

and 4772 for llCHBT unique reflections were measured within the range 0 $ h::; 20, -7::; k 

:s;O, -22::; I::; 22 and -6::; h::; 0, 0::; k::; 10,-63::; I::; 64 respectively. Of these, 2205 and 2299 

reflections respectively were above the significance level of 4cr(Fobs) and were treated as 

observed. The range of (sin 9)/1.. was 0.039 - 0.626A·1 (3.4° ::; 9 ::;74.8°) in both cases. Two 

reference reflections (2 1 1, 0 0 4) for 3ccp-ffwere measured hourly and showed 8% decrease 

during the 79 h collecting time, necessary correction was made. In case of 11 CHBT hourly 

monitoring of intensity of reflections ( II 9; II 6 ) showed no decrease· during the 79 h 

collecting time. Unit-cell parameters were refined by a least - squares fitting procedure using 

23 reflections within 36.11°::; 29::; 42.72° and 40.27::; 29::; 41.88° respectively. Corrections 

for Lorentz and polarization effects were applied in both cases. Absorption correction was 

performed with the program PLA TON [281 ], following the method of North et a!. [282] using 

'¥-scans of five reflections, with coefficients in the range 0.703 - 0.968 and 0.794 - 0.977 

respectively. 

The structures of 3ccp-ff and llCHBT were solved by the Direct Methods using the 

program GENT AN from the XTAL3.7 program system [283]. The positions of the hydrogen 

atoms were calculated using the known geometry around the carbon atoms. Full-matrix least-
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squares refinement on F, anisotropic for the non-hydrogen atoms and isotropic for the 

hydrogen atoms, restraining the latter in such a way that the distance to their carrier remained 

constant at approximately LOA, converged toR= 0.072, Rw = 0.061, (!!./cr) max= 0.20, S = 

0.97 in 3ccp-ffand R=0.066, Rw=0.051, (Mcr) max= 0.09, S=1.01 in llCHBT. A weighting 

schemes ofw = [1.0 + 0.01 *{cr (Fobs)} 2 + O.Oll{cr(Fobs)}]"1 and w =[0.8 + 0.01 *(cr(Fobs))2 + 

0.01/(cr(Fobs))]"1 respectively were used. The secondary isotropic extinction coefficient 

[284, 285] refined to g = 707(29) and g=211 (37) respectively. Final difference Fourier map 

revealed a residual electron density between - 0.37 and 0.28eA·3, and -0.37 and 0.34eA-3 

respectively. Scattering factors were taken from Cromer and Mann [286] and Tables for X-ray 

Crystallography [287]. The anomalous scattering of S was taken into account [288]. All 

. calculations were performed with XTAL 3.7, unless stated otherwise. 

On the other hand, a crystal with approximate dimensions 0.4 x 0.35x 0.25 mm3 for 

3ccp-fff and 0.5 x 0.5x 0.2 mm3 for 7CBB were used to collect three-dimensional X-ray data 

with graphite-monochromated MoKa radiation and a Bruker SMART CCD single crystal 

diffractometer. A total of 3331 unique reflections for 3ccp-fff were measured within the 

range- 6 ~ h ~ 6,- 12 ~ k ~ 12,-20 ~I~ 20 and 4589 reflections for 7CBB were measured 

within the range -20 ~ h ~ 20, - 6 ~ k ~ 6, -32 ~ I ~ 32 . Of these, 1398 and 2925 reflections 

were respectively above the significance level of 2cr (I) and were treated as observed. The 

range of (sin 9)/A. were 0.048 - 0.595A·' (1.95 ~e ~ 25.00') and 0.044 - 0.595 A-1 (1.80 ~e ~ 

25.00') respectively. 

Structure of 3ccp-fff and 7CBB were also solved by direct methods and difference 

Fourier synthesis. All the hydrogen positions were initially located in the difference Fourier 

maps and for the final refinement, the hydrogen atoms were placed geometrically and held in 

the riding mode. The last cycles of refinement included atomic positions for all the atoms, 

anisotropic thermal parameters for all non-hydrogen atoms and isotropic thermal parameters 

for all the hydrogen atoms. Full-matrix least-squares structure refinement against \F2
\ was 

carried out. The details of the data collection and refinement were done using the following 

packages: data collection and cell refinement: Bruker SMART [289]; data reduction: SAINT 

[289]; absorption correction: SADABS [289]; structure solution: SHELXS-86 [290]; 

refinement: SHELXL97 [290]; molecular graphics: CAMERON [291]. 

The crystal structures of the four compounds have been deposited at the 

Crystallographic Data Centre and allocated the deposition numbers CCDC 652602, CCDC 

679992, CCDC 637960 and CCDC 689871 respectively. 
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4.3 RESULTS AND DISCUSSIONS FOR FLUORINATED COMPOUNDS 
3ccp-ff and 3ccp-fff 

Important crystallographic data and refinement parameters are given in Table 4.3.1. A 

perspective drawing of the molecules with the atom numbering scheme are shown in Figure 

4.3.1. 

Table-4.3.1 
Important Crystallographic data and refinement parameters 

3ccp-ff 3ccp-fff 

Formula C,,H10F2 C,,H2,F, 

Formula Weight 320.5lg/mol 338.44g/mol 

T(K) 293(2) 293(2) 

Radiation).. 1.5418(A) (Cui<..) 0.71073 A (MoK..) 

Crystal System Monoclinic Triclinic 

Space group P21/n PT 

a 16.293(15) A 5.3715(14)A 

b 6.2777(7) A 10.559(3) A 

c 18.306(4) A 16.891(4) A 

a 90° 86.331(5) 0 

p 96.84(6)" 85.196(6)0 

r 90° 81.938(5)0 

v 1859.1(2) A' 943.9(4)A' 

z 4 2 

Du~ 1.145g/cc 1.19 glee 

F(OOO) 696 364 

Crystal Size 0.75x 0.65x 0.05mm 0.4 x 0.35x 0.25 mm' 

Independent reflections 3657 3331 

No. of observed reflections 2205 [F0.,>4cr( Fob,)] 1398 [I >2cr(I)] 

Refinement method full-matrix least-squares full-matrix least-squares 

onF on F' 

R (Observed reflection) 0.072 0.058 

Rw (Observed reflection) 0.061 0.086 
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Cl8 ccp-ff C6 

Fl 

F2 

Fl 

ccp-fff cs 
F3 

Figure 4.3. 1 Perspectil'e 1·iell' of 3ccp-JJ and 3ccp-ff.fmo/ecules with atom numbering scheme. 

Final positional coordinates with equivalent temperature fac tors. bond lengths and 

bond angles of the non-hydrogen atoms are listed in Tables 4.3.2 - 4.3.4. The average . 
aromatic bond length and the bond angle of 3ccp-ff in the phenyl ring are found to be 1.377 

(6) A and 120.0(4)0
, corresponding values in 3ccp-fff are 1.368 (6) A and 120.0 (4)0

. These 

va lues are in agreement with the geometry of the o ther phenyl moieties reported in literature 

[178,292]. The cyclohexyl groups in both the compounds are in chair conformation as was 

observed other mesogenic molecules [17-L267.293.294]. The alkyl chains are in all -trans 

conformation with mean bond distance 1.5 19 (8) A and bond angle 113.7 (5)0 in 3ccp-ff and 

1.520 (6) A and 111 .6(4)0 in 3ccp-fff respecti \'e ly as found in other mesogenic compounds 

[ 170,175.268 ]. C 1 - F 1 and C2 - F2 bond lengths are found to be l.35 1 ( 4) A and 1.353(5) A 

in 3ccp-ffclose to the observed values in 3ccp-fff[C1 - Fl : 1.344(5) A. C2- F2: 1.354(4) A 

and C6 - F3: 1.354(5) A]. The e are also close to values found in other fluorophenyl 

compounds i.e. 1.347(3) A [183] and 1.363(4) A [184]. 
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Table - 4.3.2 
Fractional co-ordinates and equivalent isotropic thermal parameters 

of the non-Hydrogen atoms with e.s.d's in parentheses. 

3ccp-ff 3ccp-fff 

Atom X y z U,.(A') Atom X y z u .. <A'l 

Cl .8766(2) -.0613(7) 1.0503(2) .063(2) 
Cl 0.417~) 0.6080(2) 0.608Qill_ O.Q78 

Fl .86962(15) -.0879(4) 1.12254(12) .0867(16) 
C2 0.626ml_ 0.5579(21_ 0.557'1ill_ O.Q75 

C2 .9099(3) -.2215(6) 1.0124(2) .070(2) 
C3 0.6526(6) 0.4839(2) 0.4839(2) 0.064 

F2 .9343(2) . -.3998(4) 1.05054(14) .117(2) 
Fl 0.3956(4) 0.6811(1) 0.6811(1) 0.118 

C3 .9212(3) -.2014(6) .9401(2) .065(2) 
F2 0.811QID 0.5845(1) 0.584~ 0.109 

C4 .8966(2) -.0159(6) .9018(2) .0521(19) 
F3 0.0242(4) 0.6312(1l_ 0.631~) 0.112 

cs .8618(3) .1430(7) .9405(2) .068(2) 
C4 0.4639(6) 0.4570(2) 0.4570(2) 0.058 

C6 .8514(3) .1218(7) 1.0143(2) .073(3) cs 0.2501J1) 0.5074(2) 0.507'\m_ 0.069 
C7 .9099(2) .0024(6) .8220(2) .054(2) 

C6 0.231ill) 0.5811(2) 0.581!ill O.Q75 

C8 .8461(3) -.1241(7) .7723(2) .063(2) 
C7 0.4910(6) 0.3752@ 0.3752(2) 0.063 

C9 .8618(3) -.1179(6) .6917(2) .062(2) 
C8 0.5147(8) 0.3787(2) 0.3787(2) O.Q78 

CIO .8659(2) .1088(6) .66149(19) .0516(19) 
C9 0.5506(8) 0.2970(2) 0.2970Gl_ 0.079 

C11 .9279(3) .2362(7) .7129(2) .068(3) 
CIO 0.341lli) 0.2435(2) 0.243~ 0.055 

Cl2 .9111(3) .2310(6) .7931(2) .066(3) 
C11 0.318.!.@l 0.2408(~ 0.2408(2) 0.074 

Cl3 .8848(2) .1147(6) .5814(2) .0510(19) 
Cl2 0.2838(8) 0.3227(2) 0.3227(2) O.Q75 

Cl4 .8272(3) -.0217(7) .5296(2) .069(3) 
Cl3 0.3746(6) 0.1617(2) 0.1617@ 0.056 

CIS .8469(3) -.0138(7) .4502(2) .072(3) 
Cl4 0.397§®. 0.1639(2) 0.163!10. O.Q75 

Cl6 .8450(2) .2137(7) .4199(2) .060(2) 
CIS 0.423~ 0.082'1ill_ 0.0829(2) O.Q78 

Cl7 .9034(3) .3487(7) .4711(2) .075(3) 
Cl6 0.2144(6) 0.0309(2) 0.0309(2) 0.057 

CIS .8846(4) .3411(7) .5508(2) .075(3) 
Cl7 0.1921(2) 0.0269(2) 0.026'1ill_ 0.073 

Cl9 .8651(3) .2165(7) .3405(2) .069(3) 
CIS 0.166@ 0.1081ln 0.1082(2) 0.074 

C20 .8514(5) .4288(10) .3018(3) .102(4) 
Cl9 0.2463("1') -0.0509(2) -0.0509(21 0.072 

C21 .8690(6) .4201(13) .2223(3) .112(5) 
C20 0.0323J2)_ -0.1038(3) -0.103ill1 0.089 

C21 0.0726(15) -0.1827(31 -0.1827(31 0.110 

' 
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Table - 4.3.3 
Bond lengths (A) of the non-Hydrogen atoms 

with standard deviations in parentheses. 

ccp-ff ccp-fff 

Atom Atom Bond length Atom Atom Bond length 

CI Fl 1.351(4) 
CI C2 1.361(6) 

CI C6 1.364(6) 
CI C6 1.367(6) 

CI C2 1.369(6) 
C1 FI 1.344(5) 

C2 F2 1.353(5) 
C2 C3 1.358(6) 

C2 C3 1.365(6) 
C2 F2 1.354(1]_ 

C3 C4 1.393(5) 
C3 C4 1.38415) 

C4 cs 1.383(6) 
F3 C6 1.354(5) 

C4 C7 1.507(5) C4 cs 1.38Jffi_ 
cs C6 1.388(6) 

C4 C7 1.51315) 
C7 cs 1.521(5) cs C6 1.355(6) 
C7 CI2 1.531(5) 

C7 cs 1.51515) 
cs C9 1.528(6) 

C7 CI2 1.51316) 
C9 CIO 1.531(5) cs C9 1.516(6) 

CIO Cll 1.522(6) C9 CIO 1.52816) 
CIO CI3 1.535(5) 

CIO en 1.529(5) 
Cll CI2 1.525(6) 

CIO CI3 1.521(5) 
CI3 CI4 1.517(6) 

Cll CI2 1.519(6) 

CI3 CIS 1.527(6) CI3 CI4 1.521(5) 
CI4 CIS 1.526(6) 

CI3 CIS 1.520(5) 
CIS CI6 1.531(6) 

CI4 CIS 1.509(6) 
CI6 CI7 1.514(6) CIS CI6 1.50916) 
CI6 CI9 1.528(6) CI6 CI7 1.518(5) 
CI7 CIS 1.526(7) CI6 CI9 1.521(5) 
CI9 C20 1.513(8) CI7 CIS 1.515(6) 
C20 C2I 1.516(9) 

CI9 C20 1.50716) 

C20 C2I 1.510(7) 
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Table - 4.3.4 
Bond angles(") involving non-Hydrogen atoms 

with standard deviations in parentheses. 

Jccp-ff JCC!-fff 

Atom Atom Atom Angle Atom Atom Atom Angle 

Fl Cl C6 121.4(4) C2 Cl Fl 120.8(4) 

Fl Cl C2 119.3(4) Fl Cl C6 121.4(4) 

C6 Cl C2 119.3(4) C2 Cl C6 117.7(4) 

F2 C2 C3 120.7(4) C1 C2 C3 121.7(4) 

.F2 C2 Cl 117.2(4) C3 C2 F2 120.5(4) 

C3 C2 Cl 122.1(4) Cl C2 F2 117.8(4) 

C2 C3 C4 120.1(4) C2 C3 C4 120.K4l 

cs C4 C3 117.2(3) C3 C4 cs 118.1(3) 

cs C4 C7 123.8(3) cs C4 C7 120.8(3) 

C3 C4 C7 119.0(3) C3 C4 C7 121.1(3) 

C4 cs C6 122.3(4) C4 cs C6 120.0(4) 

Cl C6 cs 119.1(4) Cl C6 F3 117.~4) 

C4 C7 CS 111.9(3) F3 C6 cs 120.4(4) 

C4 C7 Cl2 114.6(3) Cl C6 cs 122.1(4) 

CS C7 Cl2 108.6(3) C4 C7 Cl2 114.0(3) 

C7 CS C9 112.6(3) CS C7 Cl2 109.8(3) 

CS C9 CIO 113.1(3) C4 C7 CS 112.4(3} 

Cll CIO C9 108.6(3) C7 CS C9 112.7(4) 

Cll CIO Cl3 112.6(3) CS C9 CIO 113.0(4) 

C9 CIO Cl3 112.9(3) C9 CIO Cll 108.4(3) 

CIO Cll Cl2 113.7(4) C9 CIO Cl3 113.IDJ 

Cll Cl2 C7 111.3(3) Cll CIO Cl3 113.6(3) 

Cl4 Cl3 CIS 108.8(3) CIO Cll Cl2 113.3(3) 

Cl4 Cl3 CIO 113.9(3) C7 Cl2 Cll 112.6(4) 

CIS Cl3 CIO 112.4(3) CIO Cl3 C14 113.8(3) 

Cl3 Cl4 CIS 113.1(4) CIO Cl3 CIS 113.6(3) 

C14 CIS Cl6 112.2(4) Cl4 Cl3 CIS 107.90) 

Cl7 Cl6 Cl9 113.1(4) Cl3 Cl4 CIS 114.0(4) 

Cl7 Cl6 CIS 108.3(3) Cl4 CIS Gl6 114.0(4) -
Cl9 Cl6 CIS 110.9(4) CIS Cl6 Cl9 113.0(3) 

Cl6 Cl7 CIS 113.0(4) Cl7 Cl6 Cl9 112.8(3) 

Cl7 CIS Cl3 112.8(3) CIS Cl6 Cl7 108.6(3) 

C20 Cl9 Cl6 114.8(4) Cl6 Cl7 CIS 113.0(3) 

Cl9 C20 C21 112.5(5) Cl3 CIS Cl7 114.7{_4) 

Cl6 Cl9 C20 117.0(4) 

Cl9 C20 C21 114.0(5) 
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Geometry of the 3ccp-ff and 3ccp-fff molecules may be described in terms of four 

planes: the phenyl ring (1 ), the two cyclohexyl rings (2 & 3) and the plane of the alkyl chain 

( 4). The phenyl rings are highly planar and the three fluorine atoms are almost in the same 

plane. In 3ccp-ffthe dihedral angles between the planes (1 & 2), (1 & 3), (1 & 4), (2 & 3), (2 

& 4) and (3 & 4) are respectively 12'2.1°, 123.5°, 8.8°, 3.4°, 127.8° and 128.7°. In case of 

3ccp-fff the dihedral angles between the planes (1 & 2), (1 & 3), (1 & 4), (2 & 3), (2 & 4) and 

(3 & 4) are respectively 83.2°, 83.4°, 51.3°, 0.8°, 35.9° and 36.4°. Thus the two bicyclohexyl 

rings are almost coplanar in both the compounds as was observed in CCHs [293]. However, 

nearly perpendicular bicyclohexyl rings were also reported in CCNs [294]. The phenyl ring(1) 

and the propyl chain(4) are almost in the same plane in 3ccp-ff (dihedral angle 8.8°) whereas 

they were at an angle 51.3° in 3ccp-fff. In one crystalline modification of PCH8 and PCH9 

such small dihedral angle was observed [295], although a dihedral angle of about 90° was 

found in other crystalline modifications of the same compounds. Dihedral angles between the 

phenyl and nearby cyclohexyl rings are found to be 122.1° and 83.2° in 3ccp-ff and 3ccp-fff 

respectively which are very large compared to those reported for PCHs [295]. Thus molecular 

conformations are quite different in two systems. 

Length of the 3ccp-ff and 3ccp-fff molecules in the crystalline state are found to be 

17.30 A and 17.27 A respectively whereas the model length in all-trans conformation is 17.6 

A. Thus both the molecules are in their most extended conformation. 

Packing of the molecules in the unit cells are shown in Figure 4.3.2, which shows that 

in 3ccp-ff system molecules were found to be parallel to each other and also to one 

crystallographic axis. However in 3ccp-fff system molecules run almost parallel to each other 

but not parallel to any crystallographic axis. To get better idea about the nature of packing, the 

direction cosines of the molecular long axis, defined as the best fitted line through all the non

H atoms, have been calculated and are found to be 0.2435, - 0.1570 and 0.9571 for 3ccp-ff 

system. In other words, the molecules are inclined to the orthogonal X, Y and Z axes at angles 

75.9°, 99.0° and 16.8° respectively. For 3ccp-fff system the best fitted line through all the 

non-H atoms, have also been calculated and were found to be 0.3825, - 0.5230 and 0. 7616. 

That is the molecules are inclined to the orthogonal crystallographic axes at angles 67.5°, 

121.5° and 40.4° respectively. 
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(a) 

0 
c 

(b) 

Figure 4.3.2. Partial packing of3ccp -fJ molecule(a) and 3ccp-fffmolecule(b) in the unit cell 

Projections of the crystal structures of the molecules along the a and b axes are shown 

in Figures 4.3.3 - 4.3.4. It is evident that the molecules are packed with various degrees of 

overlapping with the neighbouring ones. Orientation of the molecules in adjacent layers is 

opposite to each other (Figure 4.3.4). Overlaps of the molecules in the neighbouring layers 

are in the phenyl-cyclohexyl groups in one side and in the cyclohexyl-alkyl chain part on the 

other side. This type of imbricated mode of packing is usually observed in crystalline phase as 

a precursor to nematic phase [185, 186, 296]. 
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(a) 

(b) 
Figure4.3.3. Crystal structure of3ccp-ff(a) and 3ccp-JJJ(b) projected along a-axis. 
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Figure4.3.4. Crystal structure of 3ccp-ff (a) and 3ccp-JJJ (b) projected along b-axis. 
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Table 4.3.5 

Selected intermolecular short contact distances 
less than 4.0 A 0 for 3ccp-ff 

Atom Atom Distance Atom Atom Distance 

F2 CS(a) 3.623 C20 C19(d) 3.8558 

F2 C6(a) 3.3275 C21 C14(d) 3.2978 

F2 C21(b) 3.7293 C21 C15(d) 3.349 

C3 C21(b) 3.9093 C21 C16(d) 3.8381 

C21 F2(b) 3.7293 cs C8(e) 3.5563 

C21 C3(b) 3.9093 cs C9(e) 3.8683 

Cll C17(c) 3.9489 C6 C8(e) 3.935 

C17 Cll(c) 3.9489 C6 C9(e) 3.935 

C20 C14(d) 3.9194 C18 F1(e) 3.9705 

C20 C15(d) 3.3273 C21 F1(t) 3.589 

C20 C16(d) 3.5786 C21 F2(t) 3.6186 

Subscripted atoms are at (a) x, y-1, z (b) -x+2 ,-y, -z+1 

(c) -x+2, -y+1 , -z+l (d) -x+3/2 ,-y+1/2 -z +l/2 
(e) -x+3/2 ,-y+l/2, -z +3/2 (t) x, y+l, z-1 

Table - 4.3.6 

Selected intermolecular short contact distances 
less than 4.0 A 0 for 3ccp-fff 

Atom Atom Distance Atom Atom Distance 

C1 F21al 3.442 F3 C13(bl 3.745 

F1 F2(a) 3.519 F3 C14(b) 3.437 

F3 Cl(a) 3.443 C8 F3 (~)_ 3.943 

F3 C2(a) 2.688 C9 F3 lbl 3.586 

F3 C3(a) 3.097 C10 F3 (b) 3.222 

F3 Fl(a) 3.867 C13 F3 lbl 3.745 

F3 F2(a) 2.379 C14 F3 lbl 3.437 

cs C2(a) 3.849 C19 C191cl 3.942 

cs C3(a) 3.399 C19 C20(c) 3.625 

cs F21al 3.675 C19 C21(c) 3.828 

C6 CUal 3.435 C20 C16(c) 3.979 

C6 C3(al 3.496 C20 C19(c) 3.625 

C6 F2(a) 2.922 C20 C20(c) 3.910 

F3 C8(b) 3.943 C21 C15(d) 3.843 

F3 C9(b) 3.586 F1 C21(e) 3.738 

F3 C101bl 3.222 
Subscripted atoms are at (a) x-1, y, z (b) -x,- y+l, -z+1 

(c) -x, -y+2, -z (d) -x+1, -y+2, -z (e) x, y -1, z 
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Intermolecular distance between the neighbouring molecules were calculated and 

several van der Waals interactions were observed. elected intermolecular distances. less than 

4.0 A, are shown in Tables ~.3.5 and 4.3.6 for the systems Jccp-ff and Jcc-fff respectively. 

a C 5 C 6 

C21 

b 
F2 

c 

d 

e 

Figure .u.s 

Different types of molecular 

associations obsetved in the 

crystal structure of3ccp-ff 

Meaning of the symmetry 

relations-

a: x. y- 1. z 

b: -x + 2, -y. -z+ l 

c: -x+2, -y+ l , -z+l 

d :- x+3/2,-y+ 112,-z+ 1/2 

e : -x + 3/2. -y + 112 -z +3/2 

and 

f: x, y+ 1, z- 1 
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In 3ccp-ff six different types of molecular associations are observed: (i) Pair of 

parallel molecules in head-to-head configuration overlaps completely (related by symmetry 

operation 'a' having pair length 19.75A) (ii) Pair of parallel molecules in head-to-tail 

configuration overlap almost completely (related by symmetry operation 'b' having associated 

length 19.95 A and related by symmetry operation 'c' having associated length 21.25 A). (iii) 

Pair of nonparallel molecules in head-to-tail configuration overlaps only in the alkyl group 

(related by symmetry operation 'd' having associated length 29A. (iv) Pair of non parallel 

molecules in head-to-tail configuration with almost complete overlap of the rigid part (related 

by symmetry operation 'e' having associated length 23.76 A) and (v) Pair of two translated 

molecules with no overlap at all (related by symmetry operation 'f having associated length 

36.61 A). These associated pairs of molecules have been shown in Figure 4.3.5. 

In 3ccp-fff also following five different types of molecular overlaps are observed 

between neighbouring molecules as shown in Figure 4.3.6: (i) Pair of parallel molecules in 

head-to-head configuration overlaps completely (related by symmetry operation 'a' having 

pair length 18.80 A) (ii) Pair of parallel molecules in head-to-tail configuration overlap 

partially (related by symmetry operation 'b' having associated length 25.26 A. (iii) Pair of non 

parallel molecules in head-to-tail configuration overlaps only in the alkyl group (related by 

symmetry operation 'c' having associated length 29.34 A and related by symmetry operation 

'd' having associated length 29.20 A) and (iv) Pair of two translated molecules with no 

overlap at all (related by symmetry operation 'e' having associated length 36.50 A). 

As discussed in Chapter 3, preliminary molecular modeling calculations using the 

software Hyperchem 6.03 for windows [241] was carried out using the semi-empirical PM3 

method. Almost similar molecular conformations with molecular lengths of 17.53 A (3ccp-ff) 

and 17.03 A (3ccp-fff) were obtained when the geometry of the molecule, as extracted from 

the crystal, was optimized assuming it as if in vacuo. A single point calculation on an isolated 

molecule of 3ccp-ff as extracted from the crystal data yielded a dipole moment (~) of 3.54 D 

with direction cosines - 0.43, - 0.73 and 0.53. Optimized geometry resulted in a slightly 

modified dipole moment of 3.21 D with same direction cosines. Thus in both cases the 

orientation of dipole of 3ccp-ff molecule is markedly different from the molecular backbone, 

inclination angle being 43°. 



a 

b 

C20 

c 

d 

e 

111 

C14 

Figure ·U.6 

Different types of 

molecular 

associations 

of 3ccp-fff 

Values of the relevant 

inter atomic distances 

and meaning of the 

symmetry relations a, b. 

c, d, and e are given in 

Table 4.3.6 

In case of 3ccp-fff single point energy calculation on an isolated molecule, as 

extracted fro m the crystal data. yie lded a dipole moment ()l) of 3.6 1 D with direction cosines 

-D.39. -D. 77 and 0.5 1. Optimized geometry resu lted in a slightl y different dipole moment of 

3.72 D but with completely different direction cosines - 0.08. -D.96 and 0.27. Ho\\e\·er, in 

both cases. orientation of the dipole is diffe rent from the backbone. being 40° and 16° 

respectively. Thus the molecu lar dipole moments of Jccp-ff and 3ccp-fff molecules in 

crystalline state geometry differ by about 0. 7 D. inclination angle being 43° and 40°: \\hereas 
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in optimized geometry difference in dipole moments is about 0.5 D, inclination angles are 

quite different being 43° and 16°. 

The calculated density in the crystalline state of3ccp-ffis found to be less (1.145 glee) 

than in 3ccp-ftf (1.19 glee). As discussed in chapter 3 measured density in the nematic state 

near Cr-N transition point is also found to be less in 3ccp-ff (1.03 glee) than in 3ccp-fff (1.08 

glee). It was also observed that apparent molecular lengths or fluctuation lengths(£) were 22.8 

A and 24.9 A respectively in 3ccp-ff and 3ccp-flf systems near Cr-N transition temperature. 

On the average these were respectively 1.27 and 1.4 times greater than the length of the 

molecules in the most extended conformations (L). This was explained assuming the 

existence of some sort of antiparallel molecular associations in both cases as was done in 

other polar compounds [170, 176,238,239 297-299]. However, overlapping of the associated 

molecules in 3ccp-ff is more than in 3ccp-flf. Existence of such association is supported by 

results of crystal structure analysis. In 3ccp-ff, the length of the pair related by symmetry 'a' 

is 19.75 A, it is unlikely that such head-to-head parallel pair of polar molecules would persists 

in nematic phase. Rather it is more likely that on melting, shift of the molecules of antiparallel 

head-to-tail configurations (related by symmetry operations 'b' and 'c' having lengths 19.95 

A and 21.25 A) along the molecular long axis may give rise to a fluctuation length of22.8 A 

in the nematic phase. On the other hand in 3ccp-fff, out of different types of associated pairs 

the one having partial overlap in antiparallel head-to-tail configuration related by symmetry 

operation b with length of25.26A0 may give rise to a fluctuation length of24.9A0 on melting. 

Since the magnitudes· of the dipole moments, estimated from molecular modeling, are 

found to be 3.21 D and 3.72 D of 3ccp-ff and 3ccp-fff molecules and they are inclined at 

angles 43°and 16° with the molecular long axes, overlapping of the associated molecules 

depends more on the orientations of the molecular dipoles than on their strength. In general it 

may be qualitatively said that the difference in molecular geometry and conformations, in 

values of the molecular dipole moments and their orientations, and in packing in the 

crystalline state are probable causes for the observed difference in melting points and nematic 

thermal stability of the two compounds. Results of structural and dielectric studies on 5ccp-flf 

also support this observation [232]. 
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4.4. RESULTSAND DISCUSSIONSFOR NON-FLUORINATED COMPOUND 
llCHBT 

Crystallographic data and refinement parameters of the two ring compound 11 CHBT 

have been presented in Table 4.4.1. A perspective drawing of the molecules with the atom 

numbering scheme are depicted in Figure 4.4.1. Positional coordinates with equivalent 

temperature factors, bond lengths and bond angles of the non-hydrogen atoms are recorded in 

Tables 4.4.2 - 4.4.4. 

Table 4.4.1 

Important Crystallographic data and refinement 

parameters (UCHBT) 

Formula C2, H,1 N, S, 

Formula Weight 371.68 gms/mol 

T<K) 292m 
Radiation, '1. 1.5418(A) (CuKa) 

Crystal System monoclinic 

Space group P21/c 

A 5.5539(1 1)A 

B 8.134I(JO)A 

c 51.494(5)A 

a 90.0° 

p 91.127(14)0 

y 90.0"" 

v 2325.8(6)A' 

z 4 

D"' 1.06lg/cc 

F(OOO) 816 

Crystal Size 0.50 x 0.60 x 0.1 mm' 

Independent reflections 4772 

No. of observed reflections 2299 

Refinement method full-matrix least-squares on F 

R (Observed reflection) 0.066 

Rw (Observed reflection) 0.051 



11~ 

C2 CJ 

ce C5 

Figure 4.4.1. Perspective view of II CHBT molecule with atom numbering scheme. 

Table -~A.2 
Fractional co-ordinate and equivalent i otropic thermal parameters of the 

non-Hydrogen atoms with e.s.d's in parentheses (llCHBT). 

Atom X ,, z _U.a(A 1) Atom \ ) z l"~(A z> 

C l 1.2720(9) - .0 194(6) .25123(9) .088(3) C l 6 .5589(9) -.0609(7) .39856( 10) .094(4) 

N13 1.3980(8) -.0202(6) .22798(8) . 122(3) C l7 .6013(10) .0583(8) .t20~6( 10) .096(4) 

C l4 1.5009(9) -.0488(6) .2097 1( 10) .099(4) C IS .41~9(9) .0~84{7) .t41 60(9) .088(3) 

S IS 1.6357(4) -.076 1 (2) . 1 8~ 1 6(~ ) .1776( 17) C l9 ..1~56( 10) . 1727(7) ..1630~(10) .09 1(4) 

C2 1.0684( I 0) .0748(8) .25341( 10) . 111 (4) C20 .2561 (9) . 1663(7) .48363( I 0) .088(4) 

C3 .9420(9) .0696(7 ) .27592( 10) . 100(4) C2 1 .2847(9) .29 11(7) .505 11( 10) .092(4 ) 

C4 1.0 119(7) -.0257(5) .29689(8) .075(3) C22 .0973(9) .2849(7) .52578( I 0) .090(4) 

cs 1.2210(8) -.1 184(6) .29422(9) .085(3) C23 . 1241 ( 10) .t096(7) .54691( 10) .096(4) 

C6 1.350 I (8) - . 1140(6) .27163( 10) .089(3) C24 -.0586( 10) .4030(7) .56793( II l 097(4 ) 

C7 .8608(8) -.0301(6) .32097(9) .086(3) C25 -.0322( 13) .5304(9) .5887 1(12) .116(5) 

CS .9267( 11 ) . 1027(7) .3 ~027( I 0) .098(~) C26 -.2127(16) .52 19( 12) .61008( 17) 134(6) 

C9 .7595( I I ) . 1045(7) .36352( I 0) .096(4) C ll .6844( 13) -. 1951(8) .35724(12) .II 0(5) 

C IO .7383(8) -.0616(6) .37667(9) .086(3) C l2 .85 13( 12) -.1966(7) .3341 8( II l .101(4) 

Table- ~A.3 
Bond len gt hs (A) of the non-H ydrogen atoms 

with s tandard deviations in parentheses( IICHBT). 

Atom Atom Bond length Atom Ato m Bond length 

C l C6 1.366(7) C IO C ll 1.502(8) 

C l C 2 1.372(7) C IO C l6 1.5 19(7) 

C l ~13 1.398(6) C l6 C l 7 1.502(8) 

N13 C l4 1.1 34(7) C l 7 C IS 1.519(7) 

C l4 S IS 1.543(5) C IS C l9 1.504(8) 

C2 CJ 1.368(7) C l9 C20 1.509(7) 

CJ C4 1.379(7) C20 C2 1 1.507(8) 

C4 cs 1.393(6) C2 1 C22 1.50~(7) 

C4 C7 1.511 (6) C22 C23 U93(8) 

cs C6 1.379(7) C23 C24 IA99(8) 

C7 CS 1.508(7) C24 C25 l.t9~(9) 

C7 C l2 1.5 17(8) C25 C26 1.504( II ) 

C8 C9 1.529(8) C ll C l 2 1.520(9) 

C9 C IO 1.5 17(7) 
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Table- 4.4.4 
Bond angles (") involving non-Hydrogen atoms 

with standard deviations in parentheses(ll CHBT). 

Atom Atom Atom An!!le Atom Atom Atom An,.le 

CI C6 cs 120.1(4) C24 C25 C26 115.716\ 

CIO C9 C8 113.2(5) C25 C24 C23 115.7(5) 

CIO Cll C12 114.215\ C3 C2 CI 119.3(5) 

Cll CIO C9 111.2(4) C3 C4 cs 116.714\ 

Cll CIO CI6 111.8(5) C3 C4 C7 120.214\ 

CI4 NI3 CI 168.415) C4 C7 CI2 114.4(4) 

CI6 CI7 CIS 113.9(5) cs C4 C7 123.H4\ 

CI7 CI6 CIO 117.7(5) C6 CI C2 120.H5\ 

CIS CI9 C20 115.0(5) C6 CI NI3 120.0(4) 

CI9 CIS Ci7 114.9(5\ C6 cs C4 121.2(4) 

C2 CI NI3 120.0(4\ C7 C8 C9 112.315\ 

C2 C3 C4 122.7(5) C7 C12 C11 111.7(5) 

C2I C20 CI9 115.3(4) C8 C7 C4 113.1(4) 

C22 C2I C20 115.615\ C8 C7 CI2 110.714\ 

C22 C23 C24 116.3(5) C9 CIO CI6 112.7(4) 

C23 C22 C21 115.6(5) NI3 CI4 SIS 176.1(5) 

The average aromatic bond length in the phenyl ring of 11CHBT is 1.376 A 

(maximum and minimum values being 1.393 and 1.366 A) and the bond angle is 120.0(3)0 

(maximum and minimum values being 122.7 and 116.7°). These values are in agreement with 

the geometry of the other phenyl moieties reported in Cambridge Structural Database [300]. 

In particular, the geometry of the phenyl fragment agrees well with that of 3ccp-ff and 3ccp

fff, also with that of the 4-cyanophenyl-4'-hexylbiphenyl carboxylate (6CBB) [178]; u,ro-bis 

(4-cyanobiphenyl-4'-yloxy)octane [180], 3-[4-(4'-ethylbiphenyl)]-1-propene [301] (average 

aromatic bond distance being 1.387, 1.382 and 1.368 A respectively). The cyclohexyl group 

is in chair conformation as was observed in 3ccp-ff and 3ccp-fff, and in other mesogenic 

molecules [172,174,183,267]. The alkyl chain is in all-trans conformation with mean bond 

distance 1.515(8) A and bond angle 112.6(5)0 as found in other mesogenic compounds 

[170,175,178,268,301]. Corresponding values in 3ccp-ff are 1.519(8) A and 113.7(5)0
, in 

3ccp-fff are 1.520(6) A and 111.6(4)0
. Length of the bond (C1-Nl3), by which the 

isothiocyanato group is connected to the phenyl ring, is found to be 1.398(6) A, close to the 

standard aromatic bond length. Observed bond lengths in the isothiocyanato group are 

1.134(7) A (N13-Cl4), 1.543(5) A (C14-S15) and the (Nl3-Cl4-S15) angle is 176.1(5l 

Corresponding values in a di-isothiocyanatocobalt(II) coordination compound [302] are found 
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to be 1.159 (7) (N-C) , 1.636 (7) (C-S) and 176.8 (6) (N-C-S) respectively. Thus the 

observed bond lengths in the isothiocyanato group are somewhat less than the values 

observed in an inorganic compound. However the isothiocyanato group and isothiocyanato 

anion are almost linear in both the cases as was observed in two other compounds [303,304]. 

The length of N-C bond is very similar to the length of triple bond. Antos e.t a/. [305] 

proposed the following resonance structure for the isothiocyanatophenyl group. 

jj~_ .. -0-" El) .. 0 -O=El) .. 
---u-.~=C .~ +-----+ _ ~ N-c-.~:+-----+ 2

'_ N=C .~ 

Thus results obtained from present study lead to the conclusion that the resonance structure 2 

is dominating the resonance hy bride. 

Geometry of the 11CHBT molecule may be described in terms of three planes: phenyl 

ring (1 ), the cyclohexane ring (2) and the plane of the alkyl chain (3). The phenyl ring is 

highly planar like in 3ccp-ff and 3ccp-fff; highest displacement of Cl from the plane being 

0.009 A. The atoms of the the isothiocyanato group are displaced downward from it by 0.06 A 
(N), 0.25 A (C) and 0.48 A (S). The Cl-Nl3-C14-S15 torsion angle is found to be 167.3°. The 

alkyl chain is in all-trans conformation and found to be planar. Root mean square 

displacement of the atoms from the plane is 0.04 A. Similar conformational behaviour of the 

alkyl chain had been observed by us before [174]. The dihedral angles between the planes are 

60.7° (1 & 2), 32.0 (2 & 3) and 90.4 (1 & 3). Thus the alkyl chain is almost at 90° to the 

phenyl ring. Dihedral angle between the phenyl and cyclohexyl ring is 60.7° which is 

comparable to those reported in PCHs [295]. (PCHs are synthesized n;:placing the NCS group 

of CHBTs by CN group). However when additional cyclohexyl group is introduced in the 

core the dihedral angle increases strongly, for example dihedral angle between the phenyl and 

nearby cyclohexyl rings in 3ccp-ff and 3ccp-fff (122.1 ° and 83.2° respectively). 

The calculated length of the 11 CHBT molecule in the crystalline state is found to be 

25.63 A whereas the model length in the most extended conformation form is 26.2 A. Thus, 

the molecules are in most extended conformations like in 3ccp-ff and 3ccp-fff. Molecular 

modelling calculations using the software Hyperchem was done in this case also. Almost 

simiiar molecular conformation with molecular length of 25.4 A was obtained when the 

geometry of the molecule, as extracted from the crystal, was optimized assuming it as if in 

vacuo. Dipole moment is found to be 4.38 D with components -2.30D, 0.45D and 3.70D 

along the three principal axes. Thus the dipole moment is inclined at angle 32.9° with the 

molecular axis. 
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Packing of the molecules of 11 CHBT in the unit cell is depicted in Figure 4.4.2 which 

shows that the molecules do not run parallel to any crystallographic axis but almost 

perpendicular to the ab-plane. To get better idea about the nature of packing, the direction 

cosines of the molecular long axis, defined as the best fitted line through all the non-H atoms, 

have been calculated and are found to be 0.40, -0.19 and -0.90. In other words, the molecules 

are inclined to the orthogonal X, Y and Z axes at angles 66.3, 79.1 and 26.4° respectively. 

Figure 4.4.2 Partial packing of II CHBT molecule in the unit cell 

Projections of the crystal structure of the compound 11 CHBT along the axes a and b 

are shown in Figures 4.4.3. From these figures it is evident that the molecules are packed in 

parallel manner in inter penetrating layers. Orientation of the molecules in adjacent layers is 

. opposite to each other. Thus either there i,s complete penetration of the alkyl chains of the 

molecules or almost complete penetration of the non-alkyl part of the molecules in two 

adjacent layers. Packing may also be described as molecules related by the centre of inversion 

are arranged in parallel manner and these pairs of parallel molecules are packed in inter

penetrating layers, penetration being in the chain part. This type of. parallel imbricated mode 

of packing was observed in 3ccp-ff and 3ccp-fff and is usually observed in crystalline phase 

as a precursor to nematic phase [185, 186,296]. 
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Figure 4.4.3. Crystal structure of II CHBT projected along the axes a and b 

Calculation of intermolecular distance between the packed molecules reveals 

existence of many van der Waals interactions. Selected contact distances, less than 4.0 A, are 

shown in Table 4.4.5. Four different types of molecular associations are observed: 

Table- 4.4.5 

Selected intermolecular short contact distances 
less than 4.0 A0(11CHBT) 

Atom Atom Distance Atom Atom Distance 
N\3 C5(a) 3.988 C3 C1(b) 3.731 

N\3 C6(a) 3.604 C3 N13(b) 3.833 

C14 C5(a) 3.829 C3 C6(b) 3.752 

C14 C6(a) 3.849 C6 C3(c) 3.621 

C8 S15(a) 3.702 C6 C4(c) 3.977 

C2 C1(b) 3.803 C5 C7(c) 3.893 

C2 C5(b) 3.695 C6 C7(c) 3.904 

C2 C6(b) 3.585 C26 S15(d) 3.736 

Subscripted atoms are at: (a) 3-x, l/2+y, 1/:Z..z (b) 2-x, 1/2+y, 1/2-z 
(c) l+x, y, z (d) x-2, 1/2-y, 1/2 +z. 
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S1s 
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S15 

a 

c 

d 

Figure .tA A . Different type~ of mokcular .hsoc tatJons obsen ed in the cry .. tal ,tructurc or 

II CIIBT. Values of the relevant mter atomic di,tance~ and meaning of the~) mmctr) rclattons a. 

b. c anu d are gi' en m Ta blc .tA.5. 

(i) Pair of molecule in head-to-tail configuration O\~rlaps onl) in th~: i::.lHhioc)anato phl.!n) I 

group (related b) S) mmctr) operation 'a' hm ing pair length -B.I A and ~) mmetr) operation 

'b' having pair length -+ 1.0 A). ( ii) \ 1olcculc or the pair in head-to-head configuration O\erlap 

almost complete!) (related b) s) mmctr) operat ion 'c' ha\ing associated lcngth 28.31 A ) and 

in other ca ·e there b no oYerlap at all (related b) S) mmetr) operation 'J' ha\ ing a'\sociated 

length 53.1 A). The e associated pair~ or molecules ha\ ~ been shO\\ n in Figure ~AA. 
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From previous X-ray measurements in our laboratory, apparent length of the 

molecules ([) was found to be 32.0 A when the compound goes to nematic phase on melting 

[239], compared to 26.2 A obtained from the model in most extended conformatioiL To 

explain this usually the idea of existence of anti parallel dimer is invoked. Although the length 

of the pair related by symmetry 'c' is nearer to the observed l value in the nematic phase, it is 

unlikely that such parallel pair of polar molecules would persists in nematic phase. Rather it is 

more likely that on melting, due to less steric hindrance, shift of the molecules of anti-parallel 

configuration along the molecular long axis will give rise to a configuration consistence with 

the observed structure in nematic phase. Such anti-parallel bimolecular association is found to 

exist in both solid and mesophases in cyanobiphenyls (nCB or nOCB) or other polar 

compounds [170,238,239,297,299,306]. No such association is observed in non-polar systems 

from both X-ray [100,243,244] and dielectric studies [130,245,246]. 
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4.5. RESULTS AND DISCUSSIONS FOR NON-FLUORINATED COMPOUND 
7C.BB 

Crystallographic data and refmement parameters of the four ring compound 7CBB 

have been presented in Table 4.5.1. A perspective drawing of the molecules with the atom 

numbering scheme are depicted in Figure 4.5.1. Positional coordinates with equivalent 

temperature factors, anisotropic thermal parameters, bond lengths and bond angles of the non

hydrogen atoms are recorded in Tables 4.5.2- 4.5.5. 

Table 4.5.1 

Important Crystallographic data and refinement 

parameters of7CBB 

Fonnula C33 H31 N1 02 

Fonnula Weight 473.59 g/mol 

T(K) 293(2) 
Radiation, A. 0.71073 (A) (MoKa) 

Crystal System Monoclinic 

Space group P21/c 

a 16.9546(53)A 

b 5.5912(18)A 

c 27.53 87(86)A 

a 90.0" 

13 93.986(6)" 

y 90.0" 

v 2604.26( 18)N 

z 4 

Dca~ 1.208 glee 

F(OOO) 1007.9 

Crystal Size 0.50 x 0.50 x 0.2 mm' 

Independent reflections 4589 

No. of observed reflections 2925 [I> 2cr(I)] 

Refinement method full-matrix least - squares on F" 

R (Observed reflection) 0.057 

Rw (Observed reflection) 0.142 
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N1 
C1 

Figure 4.5. / . Perspecti\·e \'iew of7CBB molecule with atom numbering scheme. 

Table 4.5.2 
Fractional co-ord inates and equi valent isotropic parameters of the non-Hydrogen 

atoms wi th e.s.d" s in parentheses (7CBB). 

Atom X .... z u.a(A 2) Atom A y z u.,,LA_1_ 
N l 0.97 133( 1-1 ) 0.56-1 50(45 ) 0.78808(8) 0.096 C l 7 0.47724( 12) 1.04380{37) 0.30520(7) 0.055 

C l 0.928 12( 1-1) 0.57812(-14 ) 0.75-1 50(9) 0.07 Cl8 0.42009( I 0) 0.86758(33) 0.29635(6) 0.0-12 

C2 0.872 19{12) 0.59513(41) 0.71248(7) 0.057 C l9 0.41 775( 11 ) 0.68736(36) 0.33115(7) 0.052 

C3 0.87025( 13) 0.4 1956(45 ) 0.67735(8) 0.07 1 C20 0 .-16877( I I) 0.68-1 3 7(3 7) 0.37246(7} 0.053 

C -1 0.8 1676( 13) 0.43620(42 ) 0.63737(8) 0.066 C2l 0.36378( 10) 0.87103(35) 0.25228(7) 0.0-14 

cs 0.7643 1( 11 ) 0.62-1 56(34) 0.63072(7) 0.044 C22 0.363 73( 13) 1.05 145( 43) 0.2 1803(8) 0.067 

C6 0.76708( 13) 0.79579(40) 0.66693(8) 0.065 C23 0.31045( 1-1) 1.05358(48 ) 0. 17762(8) 0.076 

C 7 0.820 15( 14) 0.78225(-13) 0.70713(8) 0.07 C24 0.25488( 13) 0.87675(49) 0.16908(8) 0.065 

C8 0. 70929( I I) 0.64270(34) 0.586 11 {7) 0.045 C25 0.25600( 14) 0.69676(49) 0.20244(9) 0.078 

C9 0.70825( 14) 0.-17245(40) 0.54961 (8) 0.068 C26 0.30863( 14) 0.69340(43) 0.24285(8) 0.07 

CIO 0.66027( 14 ) 0.-19358(42) 0.507 12(8) 0.07 C27 0. 19432( 16) 0.88295(63) 0.12610(9} 0.093 

Cl l 0.6 1207( I I) 0.68652(39) 0.50088(7) 0.053 C28 0. 11 84(2) 0.9982( 14) 0.1375( I) 0.081 

C l2 0.60949( 13) 0.85577(43) 0.53644(8) 0.066 C28A 0. 12 19(6) 0.8256(42) 0.1291(4} 0.062 

C l3 0.65788( 12) 0.83259(4 I) 0.57866(8) 0.062 C29 0.0502(5) 0.9958( 16) 0.0985(4) 0.07 

0 1 0.63630( I 0) 0.998 12(33) 0.43035(5) 0.085 C29A 0.0647( 10) 0.8943(67) 0.0854(6) 0.101 

02 0.56232(8) 0.70323(27) 0.45781(5) 0.062 C30 0.003 13( 17) 0.75475(55) 0.090 16( I 0) 0.088 

C l 4 0.58111 ( 12) 0.86 722(39) 0.42421 (7) 0.053 C31 -0.05609( I-I ) 0.75725(47) 0.04597(9) 0.076 

CIS 0.52487( I I) 0.86135(34) 0.38061(7) 0.045 C32 -0. I 08 1 0( 17) 0.54386(51) 0.04014(11) 0.093 

C l6 0.52876( 12) 1.0409 1 (3 8) 0.34621(7) 0.056 C33 -0.16337( 18) 0.547 18(6 1) -0.00522( II 0. 112 
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Table 4.5.3 
Anisotropic thermal parameters of the 

Non-Hydrogen atoms with the e.s.d's in parantheses. 

The temperature factor is of the form 

exp[-21t2(U11h2a*2+U22k2b*2+U331'c*2+2U12hka*b*+U13hla*c*+2Uz3klb*c*) 

Atom Uu Un u33 U23 U13 U1z 
N(l) 0.097(2) 0.111(2) 0.077(1) -0.017(1) -0.041(1) 0.009(1) 
C(l) 0.070(2) 0.076(2) 0.063(1) -0.013(1) -0.014(1) 0.006(1) 
C(2) 0.053(1) 0;067(1) 0.050(1) -0.012(1) -0.008(1) 0.008(1) 
C(3) 0.066(1) 0.076(2) . 0.070(2) 0.019(1) -0.019(1) -0.002(1) 

C(4) 0.070(1) 0.068(2) 0.059(1) 0.017(1) -0.013(1) -0.013(1) 
C(S) 0.045(1) 0.046(1) 0.042(1) -0.005(1) 0.001(1) 0.005(1)_ 
C(6) 0.076(1) 0.055(1) 0;062(1) 0.010(1) -0.016(1) -0.008(1) 

C(7) 0.087(2) 0.065(2) 0.056(1) 0.001(1) -0.020(1) -0.011(1) 
C(8) 0.045(1) 0.046(1) 0.043(1) -0.004(1) 0.001(1) 0.004(1) 
C(9) 0.087(2) 0.050(1) 0.064(1) 0.015(1) -0.021(1) -0.008(1) 

C(lO) 0.093(2) 0.057(1) 0.057(1) 0.006(1) -0.022(1) -0.012(1) 

COil 0.049(1) 0.061(1) 0.047(1) -0.008(1) -0.009(1) O.OOilll_ 
C(12) 0.062(1) 0.074(2) 0.059(1) 0.022(1) -0.010(1) -0.003(1) 

C(13) 0.065(1) 0.069(1) 0.050(1) 0.018(1) -0.007(1) -O.QIO(l) 

0(1) 0.087(1) 0.105(1) 0.061(1) -0.046(1) -0.024(1) 0.012(1) 

0(2) 0.0610(9) 0.0726(10) 0.0510(9) -.0132(8) -.0168(7) 0.0124_(8) 

C(14) 0.053(1) 0.059(1) 0.046(1) -0.005(1) -0.002(1) -0.003(1) 

C(15) 0.044(1) 0.049(1) 0.041(1) 0.001(1) 0.000(1) -0.004(1) 

C(l6) 0.060(1) 0.055(1) 0.053(1) -0.018(1) -0.005(1) 0.001(1) 

C07l 0.064(1) 0.052(1) 0.048(1) -0.010(1) -0.004(1) 0.009(1) 

C(18) 0.041(1) 0.043(1) 0.040(1) 0.005(1) 0.003(1) -0.003(1) 

C(l9) 0.053(1) 0.050(1) 0.053(1) -0.011(1) -0.008(1) 0.004(1) 

C(20) 0.054(1) 0.052(1) 0.051(1) -0.006(1) -0.006(1) 0.010(1) 

C(21) O.Q41(1) 0.051(!) 0.041(1) 0.005(1) 0.004(1) -0.002(1) 

C(22) 0.063(1) 0.074(2) 0.063(1) -0.012(1) -0.009(1) 0.020(1) 

C(23) 0.072(2) 0.095(2) 0.060(1) -0.005(1) -0.010(1) 0.030(1) 

C(24) 0.054(1) 0.097(2) 0.045(1) 0.005(1) -0.004(1) 0.001(1) 

C(25) 0.079(2) 0.089(2) 0.065(2) -0.023(1) -0.024(1) 0.008(1) 

C(26) 0.079(2) 0.069(2) 0.060(1) -0.020(1) -0.022(1) 0.013(1) 

C(27) 0.076(2) 0.147(3) 0.055(2) 0.003(2) -0.015(1) 0.006(2) 

C(28) 0.083(3) 0.085(4) 0.073(2) 0.013(2) -0.020(2) -0.001(2) 

C(28A) 0.052(7) 0.080(12) 0.053(7) 0.004(6) -0.011(5) 0.003(7) 

C(29) 0.069(3) 0.077(5) 0.062(4) 0.000(3) -0.010(3) 0.009(3) 

C(29A) 0.073(7) 0.174(18) 0.053(6) 0.030(9) -0.025(5) -0.020(8) 

C(30) 0.077(2) 0.109(2) 0.076(2) 0.023(2) 0.004(1) 0.027(2) 

C(31) 0.066(1) 0.083(2) 0.078(2) 0.004(1) 0.004(1) 0.017(1) 

C(32) 0.104(2) 0.080(2) 0.096(2) -0.002(2) 0.034(2) 0.000(2) 

C(33) 0.103(2) 0.132(3) 0.102(2) -0.034(2) 0.019(2) -0.032(2) 
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Table - 4.5.4 
Bond lengihs (A) of the non-Hydrogen atoms 

with standard deviations in parentheses(7CBB). 

Atom Atom Bond length Atom Atom Bond length 
C27 C28 1.492(6) c 15 C20 1.380(3) 

C27 C28A 1.277(13) c 15 c 14 1.48](3) 

C27 C24 1.512(4) c 15 C16 1.385(3) 

C29 C28 1.522(12) c 17 C16 1.379(3) 
C29 C29A 0.72(4) Cll c 12 1.365(4) 

C28 C28A 1.00(3) Cll c 10 1.357(4) 

C29A C30 1.32(3) c 14 01 1.191(3) 

C6 cs 1.381(3) C2 C7 1.370(4) 

C6 C7 1.379(4) C2 C3 1.377(4) 

c 18 C21 1.491(3) C2 C1 1.447(4) 

c 18 c 19 1.393(3) C22 C23 1.384(4) 

c 18 c 17 1.391(3) C24 C23 1.375(4) 

C21 C22 1.381(4) C24 C25 1.362(4) 

C21 C26 1.376(4) C3 C4 1.380(4) 

C8 cs 1.493(3) c 12 C13 1.382(4) 

C8 C9 1.384(3) C1 N1 1.142(4) 

C8 c 13 1.380(3) c 10 C9 1.383(4) 

02 Cll 1.410(3) C26 C25 1.377(4) 

02 c 14 1.356(3) C30 C31 1.523(4) 

cs C4 1.382(3) C31 C32 1.486(4) 

C19 C20 1.381(3) C32 C33 1.509(5) 

From Figure 4.5.1 it is seen that two carbon atoms (C28 and C29) of the alkyl chain of7CBB 

molecule are in considerable disordered condition. Major occupancy factors for the two atoms 

are 78% and 66%, respectively. No such disordering..-is observed in the lower homologue. 

6CBB or in any of the previous compounds reported here. 

The average aromatic bond lengths and bond angles in the phenyl rings are listed in Table 

4.5.6 for comparison. It is found that in the phenyl rings of 7CBB, average bond lengths are 

less by about 4cr compared to 6CBB values, however, average bond angles in both the cases 

are same. These values are in agreement with 3ccp-ff, 3ccp-fff and 11 CHBT, also with the 

geometry of the other biphenyl moieties reported in Cambridge Structural Database [300] and 

in other mesogenic compounds [180,292,301,307-309]. 
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Table4.S.S 
Bond angles(0

) involving non-Hydrogen 
Atoms with standard deviations in parentheses(7CBB). 

Atom Atom Atom Bond Atom Atom Atom Bond 
an~les angle 

C2 CI NI 179.0(3) CI9 CIS CI7 116.4(2) 
C2 C3 C4 119.7(3) CI9 C20 CIS 120.7(2) 
C3 C2 CI 119.8(3) C20 CIS CI4 123.1(2) 
cs C6 C7 121.9(3) C20 CIS CI6 118.3(2) 
cs C8 C9 121.8(2) C2I CIS CI9 121.5(2) 
cs C8 CI3 121.8(2) C2I CIS CI7 122.1(2) 
cs C4 C3 122.6(3) C2I C22 C23 121.7(3) 
C6 cs C8 122.3(2) C2I C26 C2S 122.4(3) 
C6 cs C4 116.3(2) C22 C2I C26 115.5(2) 
C6 C7 C2 120.5(3) C22 C23 C24 122.2(3) 
C7 C2 C3 119.0(2) C23 C24 C2S 116.0(3) 
C7 C2 CI 121.2(3) C24 C2S C26 122.2(3) 
cs cs C4 121.3(2) C27 C28 C29 118.2(6) 
C8 C9 CIO 122.2(3) C27 C28 C28A 57.7(7) 
C8 CI3 CI2 122.0(3) C27 C28A C28 81.1(13) 
C9 C8 C13 116.4(2) C27 C24 C23 122.5(3) 
Cll 02 CI4 117.6(2) C27 C24 C2S 121.4(3) 
Cll CI2 CI3 119.5(3) C28 C27 C28A 41.2(11) 
Cll CIO C9 119.3(3) C28 C27 C24 113.2(3) 
C12 Cll ClO 120.6(2) C28 C29 C29A 95.3(16) 
C14 CIS CI6 118.7(2) C28A C27 C24 123.2(6) 
CIS CI4 01 125.7(2) C29 C28 C28A 83.2(9) 
CIS CI6 C17 120.7(2) C29 C29A C30 96.6(18) 
CIS C2I C22 122.4(2) C29A C30 C3I 113.4(9) 
CIS C2I C26 122.2(2) C30 C3I C32 115.6(3) 
C18 C19 C20 122.0(2) C3I C32 C33 114.2(3) 
CIS CI7 CI6 121.9(2) 

The CO double bond and single bonds in carboxylate group are almost same in the 

two compounds as shown in Table 4.5.6. However, appreciably different values were 

observed in cholesteryl 6[4-(4-pentyloxyphenylethynyl) phenoxy] hexanoate [181], the 

respective bonds being 1.130(15) A and 1.367 A (mean value). A value of 1.385(2) A for the 

single bond was observed in a,ro-bis(4-cyanobiphenyl-4'-yloxy)octane [180]. The CN triple 

bond (C1-N1) is found to be 1.142(4) A and the angle C2-Cl-N1 is. 179.0(3)0
, and 

corresponding values in 6CBB are 1.137(5) A and 178.3(4)0
, respectively. Observed values in 

the above octane compound [180] are, respectively, 1.141(2) A and 178.9°, in 50CB these are 

1.132(3) A and 178.5° [170]. Thus the observed bond distances and angles in 6CBB and 

7CBB mostly agree with the values reported in other similar mesogenic materials .. 
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Table 4.5.6 

Comparison of selected bond lengths (A) and bond angles(') 

in 6CBB and 7CBB 

Average bond lengths Average bond angles 

Phenyl rings 6CBB 7CBB 6CBB 7CBB 

I 1.387(5) 1.378[4) 120.0(3) 120.0(3) 
2 1.389(5) 1.375(4) 120.0(3) 120.0(3) 
3 1.386(6) 1.385(3) 120.0(3) 120.0(3) 
4 1.386(6) 1.376(6) 120.0(3) 120.0(3) 

Bond lengths Bond angles (C-C-N) 

Cyanogroup 6CBB 7CBB 6CBB 7CBB 

C=N(C1-N1) 1.137(5) 1.142(4) 178.3(4)" 179.0(3)" 

Bond lengths 

Carboxyl group 6CBB 7CBB 

C=O (C13 =01) 1.197(3) 1.191(3) 
C- 0 (C13 - 02) 1.358(3) 1.356(3) 
C- 0 (03- C14) 1.412(3) 1.410(3) 

Geometry of the 7CBB molecules may also be described in terms of the four 

phenyl ring planes, and their numbering scheme is shown in Figure 4.5.1. All the phenyl 

rings are found to be planar (highest displacement of C8 from benzene ring 2 being 0.012 A) 

as was observed in 6CBB and in 3ccp-ff, 3ccp-fffand 11CHBT. The C1 and N1 atoms of the 

cyano group are displaced downward by 0.005 A and upward by 0.14 A respectively from the 

nearest phenyl ring 1. The atoms of the - COO group lie, as in 6CBB, closer to the plane of 

ring 3 than the ring 2. Like the two ring cyanobiphenyl compounds, the two biphenyl rings in 

7CBB are almost coplanar, which is not true in 6CBB. For example, in 4'- n- pentyloxy- 4-

biphenyl carbonitrile (50CB) [170] the dihedral angle between the two benzene rings is 0.8°, 

and in 3-[4-(4'-ethylbiphenyl)]-1-propene [301] it is 1.5°. It is observed that in 7CBB, the 

angles between the planes of the rings 1&2, 1&3, 1&4, 2&3, 2&4 and 3&4 are, respectively 

4.6°, 63.6°, 61.7°, 63.5°, 61.7°, and 2.3°. On the other hand, in 6CBB, the corresponding 

angles are respectively 33.2°, 79.9°, 62.2°, 46.7°, 84.6°, and 38.0°. Thus the rigid core 

geometry is quite different in the two molecules. However, this is not quite unusual. In 4-

cyanophenyl-4'-heptylbenzoate [268], where the two phenyl rings are linked by the spacer 

'll'bi)Xy:late group, the observed dihedral angle is 47.5°. Similar values are found in other 

benzoates [310-312], though coplanar benzene rings along with the carboxylate group 

been reported [313]. 
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The length of the 7CBB molecule in the crystalline state is found to be 28.47 A ( Nl

H29B) whereas the model length in the most extended form is 31.8 A. Disordering in alkyl 

chain and slightly bow-shaped nature of the molecule may be responsible for this difference 

in lengths. The corresponding lengths for 6CBB are 27.83 A and 30.6 A, respectively. 

For 7CBB molecules, packing in the unit cell is shown in Figure 4.5.2. The direction 

cosines of the molecular long axis, defined as the best fitted line through all the atoms, are 

found to be 0.61, -0.042, and 0.79. Thus the long axis of the 7CBB molecules is inclined to 

the orthogonal X, Y, and Z axes at angles 53.4°, 92.4°, and 37.8°, respectively. The 

corresponding direction cosines of the molecular long axis of 6CBB found to be 0.31, -0.58, 

and 0. 75, and the angles are 72°, 125°, and 41°, respectively. 

Figure 4.5.2. Partial packing of7CBB molecule in the unit cell 

Projection of the crystal structure of 7CBB along the a and b axes are shown in Figure 

4.5.3. From these figures it is evident that the pair of molecules related by the centre of 

inversion is arranged in parallel manner although the space group is P21/c. These pairs of 

molecules are packed in interpenetrating layers and within a layer the molecules are tilted. 

Thus packing of the 7CBB molecules in the 
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Figure 4.5.3. Crystal structure of7CBB projected along the axes a and b 

crystalline state is precursor to SmC phase structure rather than the observed SmA phase. In 

6CBB, however, the crystals belonged to P 1 and nature of packing was precurser to the 

SmA phase structure. Crystal to SmA transition in 7CBB should therefore be of 

'reconstitutive' nature [296], where in addition to the translational motion, a rotation about an 

axis other than the molecular long_ axis is also necessary for the transition. In 6CBB 

'displasive' type transition [296] was observed. 

Table 4.5.7 

Selected intermolecular short contact 

Distances less than 2. 7 A 0 for molecules related 

by symmetry -x +1, -y+2, -z+1of7CBB 

Atom Atom' Distance Atom ~tom' Distance 

C6 CIS 2.543 01 CI2 2.644 
C6 CI7 2.5S9 C7 C2I 2.607 

CIS C6 2.543 C7 C22 2.6SO 

C2I C7 2.607 CI2 02 2.634 

02 CI2 2.674 CI2 CI4 2.37S 

CI5 CI3 2.434 CI2 OI 2.644 

CI7 C6 2.5S9 CI3 CI5 2.434 

CI4 CI2 2.37S CI3 CI6 2.643 

CI6 CI3 2.643 C22 C7 2.6SO 

Atom' represents associated atom 
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Calculation of intermolecular distance of 7CBB reveals existence of several stronger 

van der Waals interactions compared to 6CBB. elected contact distances less than 2.7 A are 

shown in Table 4.5.7, all the short contacts are found to be in the rigid core portion of the 

molecules as shown in Figure 4.5.4. Length of such a ·dimer· is found to be 35.87 A. Ratio of 

the associated length to model length is 1.13 in 7CBB while that in 6CBB is 1.09. thus 

molecular overlap is slightly less in 7CBB compared to 6CBB. In 7CBB, the smectic layer 

thickness is observed to be 30 to 3 1 A. from X-ray study. suggesting monolayer SmA 1 

structure [271 ,296,314]. Centro-symmetrically related · dimers · in the crystalline state 

probably overlap more in mesogenic state after melting to correspond to the observed smectic 

layer spacing. 

Figure 4.5.4. Molecular association obserred in the crystal structure of7CBB. 

4.6 CONCLUSIONS 

Crystal and molecular structures of two three ring fluorinated compounds 3ccp-ff and 

3ccp-fff, one two ring compound containing isothiocyanato group 11CHBT and one four ring 

cyano compound 7CBB have been determined in order to probe structure-property 

relationship. The first three compounds exhibit only nematic phase, the fourth one also forms 

SmA1 phase. Al l the crystal structures were solved by direct methods using single crystal 

X-ray diffraction data at room temperature. 

It is observed that: 

• While ditluorinated 3ccp-ff crystallizes in monoclinic space group P2 1/n, tritluorinated 

3ccp-fff crystall izes in triclinic system with space group P 1; both the non-fluorinated 

compounds 11 CHBT and 7CBB crystalli ze in monoclinic space group P2 1/c. 

• Two carbon atoms of the alkyl chain are in disordered condition in 7CBB, no such 

disorder is observed in the other three compounds. not even in 6CBB. 
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• All bond lengths and bond angles agree well with values reported in Cambridge Structural 

Database and in other mesogenic compounds. 

• In 3ccp-ff, 3ccp-fff and llCHBT molecules are almost in their most extended 

conformations while in 7CBB length of the molecules in crystalline state is slightly less. 

• All the phenyl rings are found to be planar and the cyclohexyl rings are in chair 

conformation. 

• Dihedral angle between the phenyl and nearby cyclohexyl ring decreases ( 122.1° to 83 .2°) 

on the introduction of additional fluorine atom in the phenyl ring (3ccp-ff to 3ccp-fft) 

while it increases from 60.7° to 122.1° or 83.2° with additional cyclohexyl group in the 

core (11 CHBT to 3ccp-ff or 3ccp-fff). 

• From the results of 11 CHBT nature of the resonance structure of isothiocyanato group is 

established for the first time. 

• Parallel imbricated mode of moleculll!' packing is observed as precursor to nematic phase 

in 3ccp-ff, 3ccp-fff and 11CHBT compounds while packing of 7CBB molecules in 

crystalline is not strictly precursor to smectic A structure. Crystal to nematic transition is 

displacive type in first three compounds while that in 7CBB is reconstitutive type. 

• Calculation of intermolecular distances strongly suggests existence of molecular packing 

in a head-to-tail configuration in all cases. From X-ray study the apparent molecular 

lengths in nematic phase are found to be always greater than the molecular lengths in 

3ccp-ff, 3ccp-fff and 11 CHBT, so also the case for smectic layer spacing in 7CBB. This 

might result from antparallel molecular associations due to dipole-dipole interactions; 

however, tPe extent of overlap is found to depend more on the orientations of the 

molecular dipoles than on their magnitudes as a result of steric factors. Whatever might be 

the reason, conclusive evidence of existence of antiparallel bimolecular associations has 

been reported for the first time in both the crystalline and nematic phases for 

fluorobenzene systems and in crystalline system of isthiocyanato compounds. For 

cyanobiphenyls and isothiocyanates the existence of such molecular associations is 

nematic phase well established. 

• It is found that in 3ccp-ff and 3ccp-fff molecular geometry and conformation, values of 

molecular dipole moments and their inclination with long axes, packing and extent of 

overlap of the molecules in the crystalline state differ from each other. These differences 

may be responsible for the substantial difference in the melting points. Moreover, .the 

molecular volume of 3ccp-fff is greater than 3ccp-ff but the molecular geometry is more 

symmetrical. This results in better and efficient packing of the 3ccp-fff molecules both in 
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crystalline and nematic phase, which is evident from the fact that the density in both the 

phases is less in 3ccp-fffthan in 3ccp-ff. Possibly this explains the higher melting point in 

3ccp-fff than 3ccp-ff. On the other hand, the existence of larger overlapping cores in the 

nematic phase is expected to increase TNI· Since overlapping is more in 3ccp-ff than that 

in 3ccp-fff, the clearing temperature of the former is found to be more than the later. It 

may thus be concluded that increased melting point due to more efficient packing in the 

crystalline state and decreased clearing point due to less overlapping cores in the nematic 

state is the reason for substantially lower nematic range in 3ccp-fff than its bifluorinated 

analogue. 
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5.1. INTRODUCTION 

Ferroelectric liquid crystals are only known intrinsic polar fluid materials that possess 

the ferroelectric, electrooptic, piezoelectric and pyroelectric properties of solid polar dielectric 

materials with the physical flow characteristics of liquids. Moreover, some such compounds 

show antiferroelectric SmCA', ferroelectric SmC' and paraelectric SmA' phases making them 

attractive from both theoretical and application points of view. Liquid crystals with SmCA' 

and SmC' phases attracted many researchers because these materials are suitable for 

applications in various display devices [315-318]. Because liquid crystals with 

fluorosubstituents show low viscosity, low conductivity, and high chemical and thermal 

stability, many liquid crystals with fluorosubstituents both in the cores and alkoxy chains 

were designed and synthesized in both non-chiral and chiral systems [70,319-323]. 

In this chapter we present the results of investigation on the partially fluorinated chiral 

compound, (S)-4"-(6-perfluoropentanoyloxyhexyl-1-oxy)-2',-3'-difluoro - 4 - (1-methylheptyl 

oxycarbonyl) -[1,1 ':4',1 "]- terphenyl [acronym 5F6T(2',3'F)], which exhibits antiferroelectric, 

ferroelectric and paraelectric phases. The compound was synthesized by P. Kula eta! [324]. 

In the ferroelectric Smc' phase, chiral molecules are spontaneously tilted at an angle with 

respect to the layer normal. Due to chirality and polarity of the molecules, a macroscopic 

spontaneous polarization is observed in a direction normal to the tilt plane. The direction of 

the tilt and the spontaneous polarization slowly precess as one moves along the layer normal. 

As a result, a helical structure is formed, with a helical period of the order of the wavelength 

of visible light. In the antiferroelectric SmCA' phase, the molecules are also tilted but the 

direction of the tilt alternates when one moves from one smectic layer to the other. From 

frequency dependent dielectric study in the SmCA', Smc' and SmA' phases one can get idea 

about their collective mode relaxation behaviour. 

It was discussed in chapter 2 that two important relaxation modes, viz. Goldstone mode (GM) 

and soft mode (SM), are observed in FLC materials. The Goldstone mode shows up 

throughout the SmC' phase because of the phase fluctuations in the azimuthal orientation of 

the directors whereas the soft mode appears practically in the neighbourhood of the SmC' -

SmA' transition point because of the fluctuation in the tilt angles of the molecular directors. 

As the Goldstone mode dielectric increment is usually large compared to the soft mode 

increment it is difficult to study the soft mode properties in the SmC' phase. Yet, this problem 

can be overcome by applying a DC electric field to the Smc' phase, so-called the bias field, 

being strong enough to unwind the helical arrangement of the polarization vector. In such 



134 

situation the Goldstone mode is suppressed and the soft mode can be studied almost 

separately. In AFLC materials usually double relaxation processes with critical frequencies in 

kilohertz and megahertz range are observed. Low frequency mode (h), known as inphase 

antiferroelectric mode, is result of collective reorientation of the molecules in the same 

direction and the high frequency mode (PH), known as antiphase antiferroelectric mode, arises 

due to reorientation in the opposite direction [325,326]. 

Along with frequency dependent dielectric study spontaneous polarization (Ps), which 

is a measure of order parameter and on which the switching time of the FLC display devices 

depends, has also been measured. In addition, from small angle X-ray diffraction study nature 

of temperature dependence of layer thickness and tilt angle in different phases have been 

determined. 

5.2. EXPERIMENTAL PROCEDURE 

The Phase behaviour of the compound 5F6T(2',3'F) has been investigated by 

polarizing microscope equipped with the heating stage. The heating/cooling rate was 1.0 °C I 

min and the measurement accuracy was± 0.1 °C. Setaram 141 calorimeter was used for DSC 

study. X-ray diffraction photographs were taken using a home-built high temperature camera, 

orienting the sample by magnetic field [106,297]. The diffraction photographs, scanned by a 

HP2200C scanner in 24 bit RGB colour format, were analyzed to find the smectic layer 

spacings (d) using Bragg equation, d = n/J2sincp. Tilt angles (91) have been calculated using 

the relation 91 = cos"1 (dldA), where dAis the layer spacing at lowe~t temperature in SmA' 

phase [327]. 

Dielectric and electro-optical studies were performed using ITO coated homogeneous· 

cells (with sheet resistance of about 20 0/o).). Aligning layers (nylon 6, 100-120 nm) were 

spin coated on the ITO layers at 3000 rpm and baked at 180 °C for one hour and then rubbed 

uni-directionally. Cells of three different thicknesses (3.2 f.Lm, 5.2 f.Lm and 8.1 f.Lm) were used. 

Complex dielectric permittivity measurements were made using HP 4192A and Hioki 

3532-50 impedance analyzers, temperature was controlled within ± 0.1 °C using Eurotherm 

controller (2216e ). Automatic data acquisition arrangement was made using RS232 interface 

with a PC. Reversal current method [168] was used to measure spontaneous polarization (Ps), 

following procedure described elsewhere [328]. An oscilloscope (HP 500 MHz Infinium) was 

used to record the polarization peak. Details of experimental procedure have already been 

discussed in chapter 2. 
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5.3. RESULTS AND DISCUSSION 

5.3.1. OPM, DSC AND X-RAY STUDY 

The molecular structure of the investigated compound SF6T (2' 3' F) and phase 

transition temperatures (in °C) obtained from OPM study are presented in Figure 5.3.1. The 

molecule has chirality only at one end, it is partially fluorinated in the other end, also in the 

central phenyl ring. It was found to exhibit antiferroelectric phase (SmCA. ') over a relatively 

low temperature range (9.1 °C) but ferroelectric SmC' phase and paraelectric SrnA' phase over 

a wide temperature range, 21 .3°C and 20.4°C respectively. 

F F 

Cr 41.1 SmCA* 50.2 SmC* 71.5 SmA* 91.9 Iso 

Figure 5.3.1. Molecular structure and transition temperatures of5F6T (4' 3' F) 

Melting enthalpy of investigated compound is typical for these homologous series and 

is equal to 24.4 kJ/mol, transition from antiferroelectric to ferroelectric phase could not be 

observed on DSC thermogram, similar situation was observed for seventh homologue [7F6T 

(2'3'F)], for other homologues enthalpy of SmCA * to SmC* phase transition was on the level 

of 30 J/mol and was clearly visible on DSC curve. For ferroelectric to paraelectric SrnA' 

phase and SrnA * to Isotropic phase transitions enthalpy was typical and equal 300 J/mol and 

4.2 kJ/mol respectively. 

Photomicrographs of the observed textures in cooling sequence are shown in Figure 

5.3.2. Typical fan shaped texture is observed in SrnA • phase which is superimposed by an 

equidistant line pattern due to the helical superstructure at SrnA'- SmC* transition. In SmC* 

phase domains with equidistant line pattern is clearly visible which transforms into broken fan 

shape texture with helical pattern in SmCA * phase as described by Dierking [102]. Observed 

·phases were also confirmed by miscibility study. 
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SmA· to Smc · transition at 72 °C 

Smc · at 55 °C Smc · to SmCA • transition at 50 °C 

SmCA · a t 43 °C 

Figure 5.3.2. Observed textures of chiral smectic phases during cooling. 



137 

Effect of fluorination in the core structure of the molecule can be seen from Table 

5.3.1. When a fluorine atom is introduced in 2- position of the carbonyloxy group 

{5F6T~SF6T(2F)} substantial drop in the melting point(23.9'J is observed. A further drop of 

19.4° is observed on the introduction of additional fluorine atom {5F6T(2F)~SF6T(2,3F)}. 

Sample 
(Acronym) 

5F6T 

5F6T(2F) 

5F6T(2,3F) 

5F6T(2' ,3'F 

4F3R 

TPl 

Table 5.3.1 

Molecular structure and transition temperatures 

C,F11COO(CH1)o 0 --{ 

Cr 118.2°C SmcA•t38°C SmA'ts5.7°C I [3241 

F 

• C,FnCOO(CH,), 0 --{ ~ /;}---COO,C6fiu 

cr 94.3°C smcA· 112.5°C smc· 114°C SmA· 139.9°C 1 [3241 
CH! 

F F 

C;FnCOO(CH,), 0 ---{~ 

Cr 74.9°C smcA· 92.7°C smc•tot°C SmA· 119.3°C 1 [3241 

F F 

• 
C,FnCOO(CH>)6 0 --{ ~ ~ /;}---COO,C611u 

CH! 
Cr 41.1°C SmcA· 50.2°C Smc· 71.5°C SmA· 91.9°C 1 [3241 

Cr 79.8°C Smc· 134.1 °C I [ 345 I 
0 

.,f 
C,FoCHOC:;.._-{ 

I 
CH, 

• 
~~}---COO,HC,Hu 

CH, 
Cr 75°C I [356 I 
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But when the two fluorine atoms are introduced m the central phenyl ring 

{5F6T(2,3F)--+5F6T(2 ',3 'F)} observed drop in melting point is 33.8°. In other words drastic 

drop in melting point as large as 77.1 °, occurs on the latera l substitution of two fluorine atoms 

in the central phenyl ring compared to unsubstituted molecule {5F6T --+5F6T(2' .3 'F)}. 

However. in the above sequential fluorination stabi lity of Sme· phase increases from 0° {no 

Smc· phase in 5F6T} to 2 1.3° {5F6T(2 ',3 'F)} at the cost of the stabil ity o f SmcA• phase 

19.8° in 5F6T and 9. 1° in 5F6T(2',3' F) . Thus lateral fluorination in the core structure has 

pronounced effect on the phase behavior and stabi lity. 

Effect of rigidity of the core structure on the phase behavior can be seen by 

considering the example of 4F3 R molecule (Table 5.3.1 ). Here the biphenyl ring is connected 

to the third phenyl ring by the -coo group. however the end chains are more or less simi lar. 

Melting point is high, comparable to that of 5F6T(2.3F) ; only ferroelectric phase is observed 

over a considerable tem perature range(54.8°) : it goes direct ly to isotropic phase without 

exhibiting antife rroe lectric phase at temperatures below and paraelectric phase at above the 

ferroelectri c phase. It is interesti ng to note further that a terphenyl compound TP I 

(Table 5.3. 1) having chiral centers at both ends is not mesogenic at all. 

The X-ray di ffraction photographs observed in different phases are shown in Figure 

5.3.3 at three representative temperatures . Temperature variation of smectic layer spacing (d) 

is shown in Figure 5.3.4 . In SmA • phase layer spacing remains nearly constant. It shows a 

step jump at rnA • - Smc · transition and about 3.3% layer shrinkage is observed. However. 

no such shrinkage is exhibited at me• - me A* transition. W ithin both the me· and Sme/ 

phases layer thickness decreases wi th decreasing temperature. As a result, with increasing 

temperature tilt angle in mCA *phase decreases from 22.2° to 19.5°. in Smc· phase it also 

Smc· (66 °C) SmA* (79 °C) 

Figure 5.3.3. X-ray diffraction photographs in different chiral smectic phases. 
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decreases but near Smc· - SmA • transition the rate of decrement is quite high as shown in 

Figure 5.3.5. Thus from the point of view of layer shrinkage the material behaves like a 

regular ferroelectric, not de Vries type where virtually no layer shrinkage is observed at SmA • 

to Smc· transition [329,330]. 

36 
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Figure 5.3.4. Temperature variation of layer spacings in different chira/ smectic phases. 
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Figure 5.3.5. Temperature variations of rift angles in different chira/ smecric phases. 

onlinear increase of d with temperature had a lso been reported in both ferroelectric 

Smc · and antiferroelectric Smc ·A phases from X-ray d iffraction using synchrotron radiation 

[330]. Continuous layer expansion on lowering of temperature or almost temperature 

independent layer spacing (hence free from chevron defects) has also been observed in pure 

or FLC mixtures [33 1]. 
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To elucidate the structure of the molecule 5F6T(2',3'F), its geometry was optimized 

usmg PM3 molecular mechanics method in Hyperchem software package (241 ). The 

optimized structure of the molecule, direction of principal axes a long with the direction of its 

electric dipole moment is shown in Figure 5.3.6. Optimized length of the mo lecule is 39.5A. 

It shows comparatively lower dipo le moment ( 1.80 D), with components - 1.50, --0.56, 0.81 

D along the three principal moments of inertia axes. Corresponding moments of inertia are 

fou nd to be 51.6 xi0-46
, 18895.0 xl04 6 and 19173.0 xi0-46 kgm2

. 

Figure 5.3.6. 5F6T(2'.3'F) molecule in optimi=ed geometl)' along with of orientation of dipole moment 

with respect to principal inertial axes. 

5.3.2. FREQUENCY AND TEMPERATURE DEPENDENT 

DIELECTRIC STUDY 

Response of the material in an ac field was studied first in a dielectric cell of thickness 

5.2 )..lm. Temperature variation of real and imaginary parts of dielectric constant {t::' and t::") at 

some selected temperatures are shown in Figure 5.3. 7 which shows clear discontinuities at 

the transition points. 

In the observed frequency range and in planar orientation geometry, only collective 

mode relaxation behavior could be studied. However, onl y GM relaxation is observed in both 

ferro - and antiferroelectric phases. M is not observed in SmC* without bias field. When a de 

bias fie ld of 5V was applied, SM is observed near SmC*- SmA * transition in the temperature 

range 71-75 °C. No SM or antiphase azimuthal angle fluctuation mode (which is described 

as process 1 in reference (332]) is observed in SmCA*· probable reason for this \\ ill be 

described later. 
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Figure 5.3. 7(a). Real part(c') and (b)lmaginary part (c") of dielectric constants with fi·equency at different 
temperatures 

It is seen that GM crit ical frequency (fc) increases very slowly and SM critical 

frequency increases very fast with temperature. shown in Figure 5.3.8(a) . This is expected 

according to the general ized Landau model ofT. Carl sson et a! [ 162]. In the literature both 

temperature independent fc [333-337] and increase of fc with temperature [338,339) are 

reported in pure and FLC mixtures. 
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Since surface anchoring wi ll have influence on the reiCL'<ation behaviour of the 

molecules in the planar orientation, especially in thin cells GM critical frequencies are 

expected to depend on the cell thickness. To explore this we performed the rela'<ation 

experiment in two more cells wit h identical surface treatment but one with smaller thickness 

(3.2 11m) and other with larger thickness (8.1 J.lm). It is seen that the critical frequency 

decreases with the increase of thickness as shown in Figure 5.3.8(b), rate of decrement also 

follows same trend. For examples observed values are 1400Hz, 590Hz and 430Hz at 42°C in 

SmCA * phase and 2675Hz. 1182Hz and 980Hz at 69°C in SmC* phase in cells of thicknesses 

3.2 J.lm. 5.2 11m and 8.1 11m respect ively. Increase in GM relaxation frequency with decreasing 

cell thickness ind icates that the molecular motion is restricted in thin cell s due to strong 

surface interactions. Similar behaviour was observed in room temperature FLC mixtures 

[340.341 ]. 

Dielectric spectra was fitted to the Cole- Cole function [342.343] as detailed in chapter 

2, to remove the low frequency conducti vi ty effect and high frequency ITO effect and also to 

take into account the di stribution parameters(a). 

As a representative example, fitted absorption spectra in SmC* phase at 62°C in cell of 

thickness 5.2 11m is sho~n in Figures 5.3.9. Values of fitted parameters along ~ith GM. ITO 

and cr curves are also shown in the figure. Since real and imaginary parts of dielectric 

constants are re lated through Kran1ers-Kronig relation. Cole-Cole plot of the same data is also 

shown in Figure 9.3.10 to see how good is the fitting for t::' and t::". Observed values of 
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distribution parameter (a) (0. 13-0.19) signify that the OM relaxation process is not strictly 

Debye type, however. nature of ITO peak, was definitely De bye type. 

40 

Srn c ' (62"C) Expt. data 
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--GM curve 
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Figure 5.3.9. Fiued spectra in SmC* phase (6i1C). eel/ thickness 5.2 J-Im along with observed data. GM. ITO 
and a curve are also shown separately along with fitted parameters. 
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Figure 9.3. 1 0. Cole-Cole plot of fitted spectra in SmC* phase (6211C). eel/thickness 5.2 wn. 
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It is further observed that the dielectric increment (6.£) changes discontinuously at 

transitions (Figure 5.3.11 ). Although there is sharp decrease in 6.£ at SmCA * - SmC* 

transition, magn itude of 6.£ in SmCA * phase is very large ( - 72) which is usually of the order 

of one or at the most two as reported in literature for typical SmCA * [ 161,332,344] or for its 

variant like SmCA*(l/3) and SmCA*( J/2) [334]. Repetition of relaxation experiments with 

different cells confirmed above observation. It is not possible to give any definitive 

explanation for this, however, it may be thought that due to surface interactions under the 

confined geometry of thin dielectric cell (5.2 Jlm) the material is probably showing 

ferrielectric type behavior although in bulk it shows antiferroelectric phase. Absence of DSC 

signal and relaxation behavior related to anti-phase azimuthal angle fluctuation as well as 

continuous change in layer thickness and spontaneous polarization at SmC*- SmCA * 

transition (described below) support this view. It may be mentioned here that Panarin et a! 

[ 161] observed that in thin cells some ferrielectric subphases are suppressed by the surface 

interactions. 

Dielectric increment (L\E) within the ferroelectric phase is found to increase 

considerably with temperature, rate of increment is faster as Smc*- SmA • transition is 

approached. Such increase has been reported in several FLC compounds [334.335]. Increase 

of dielectric strength with temperature may be explained if one assumes stronger biquadratic 

coupling between tilt and polarization compared to bi linear one in the expression for free 

energy density in generalized Landau model [162]. But 6.£ should decrease near Tc in such 

situation which is not observed in the present study. 
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Figure 5.3. 11. Temperature variation dielectric increment (tj_t;.J (cell thickness 5.2 JUn). 
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pontaneous polarization (Ps), the secondary order parameter of an FLC compound, 

was measured as a function of temperature. Input triangular pulse and output signal across the 

liquid crystal cell captured in a digital oscilloscope are shown in Figure 5.3.12. As depicted 

in Figure 5.3.13, spontaneous polarization decreases slowly with temperature. are found to 

vary between 74.1 -118.7 nC/cm2
. Thus observed P is quite high. o discontinuity at mCA * 

- SmC* transition is observed. Similar behaviour was reported in other AFLCs (323). 

For comparison it may be pointed out that the compound 4F3R shows P~ about 41.7 

nC/cm2 near Cr- me· transition (345]. Compounds with similar backbone as that of 4F3R, 

only with different fluorinated carboxylate chain (Viz. C.tF9COO-(CH2)6 and C5F 11 COO

(CH2)6) exhibit Ps of about 50 nC/cm2 near Cr- me· transition but when longer fluorinated 

chain C8F17COO-(CH2)2 is introduced Ps increases to about 93 nC/cm2 [346]. On the 

introduction of another carboxylate group in between the phenyl group and the chiral centre in 

the above compounds Ps drastically increases to above 200 nC/cm2 [328.34 7]. Present 

investigated compound (C sF 11 COO(CH2)6-0-Ph-Ph(2', 3' F)-Ph-COO-CH(CH3)-C6H 13) 

showed Ps va lue 118.7 nC/cm2
. Thus both core structure and chain length have pronounced 

effect on the magnitude of spontaneous polarization. 

Figure 5.3. 12. Input and output .signuls captured in a digital oscilloscope at .J./"C 

It was noted in chapter 2 that switching time ('r) of a FLC device is given by [70] 

ysinO 
1:=--

p,E 
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For portable devices of low power consumption the applied voltage E needs to be low, 

hence low tilt(S), low viscosity(y) and high Ps are required for switching time to be low. But a 

high value of Ps causes a current flow through the cell, which is undesirable. So a low 

viscosity is desirable and a moderate level of Ps is required for a short switching time. 
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Figure 5.3.13. Variation of spontaneous polarization (Ps) with temperature. 

Line through the experimental points is guide to the eye only 

Rotational viscosity (y) in Smc" phase was determined using the following relation 

derived from generalized Landau model [162] 

1 1 (Ps)2 
y =: 41l:Eo f!.Eg{g 0 

Asg, Goldstone mode dielectric strength, fg, Goldstone mode relaxation frequency were 

determined from dielectric study and tilt angle (8) was obtained from X-ray measurements. 

Similar expression was used to find its value in SmCA *phase. Variation ofy with temperature 

is shown in Figure 5.3.14. It is observed that viscosity decreases quite fast with temperature 

in a non-linear manner, rate of decrement is different in antiferroelectric and ferroelectric 

phases. Applying Arrhenius law to the above rotational viscosity data, the activation energy 

Ea · 
can be calculated using the relation, y oc e lksT, where Ea is the activation energy for the 

molecular rotation on the cone when the AC electric field is applied to the FLC material, ks is 

the Boltzmann constant. Activation energy in SmC" was found to be 48.14 kJ/mole, from 

linear least squares fit of the plot of lny vs I 000/T curve shown in Figure 5.3.15 which is 

almost half of the value (97.09 kJ/mole) found in 4F3R[345] . Optimizing the geometry of the 



147 

5F6T(2',3'F) using Hyperchem it is found that its dipole moment is only 1.80 0, considerably 

less than the dipole moment of 4F3R (4.250 ). tronger dipole-dipole interaction between 

molecules of 4F3R may be responsible for higher activation energy. 
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Figure 5.3.14. Temperature variation of rotational viscosity of 5F6T(2 ',3 'F). 
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5.4. CONCLUSIONS 

Partially fluorinated compound, 5F6T(2'.3'F)]. which exhibits antiferroe lectric Smc.,·, 

ferroelectric me· and paraelectric rnA • phases. has been invest igated by OPM, DSC. X

ray diffraction and frequency dependent dielectric spectroscopy methods. Typical fan shaped 



148 

texture in SmA • phase, domains with equidistant line patterns due to helicoidal structure in 

Smc• phase and broken fan texture with sign of helical pattern in SmcA• phase are observed. 

Rigidity of the core structure and its lateral fluorination are found to have pronounced effect 

on the phase behavior and on the stability of the antiferroelectric and ferroelectric phases. X

ray studies reveal that the layer thickness remains almost constant in SmA * phase but within 
• • 

SmC and SmCA phases it decreases with decreasing temperature, a step jump is observed 

only at SmA•- Smc• transition which corresponds to about 3.3% layer shrinkage. As a result, 

tilt angle in SmcA• phase decreases slowly with increasing temperature, varies from 22.2° to 

19.5°, in Smc• phase it decreases from 18.8° to 5.5°, the rate of decrement is very sharp near 

Smc· - SmA • transition. From the point of view of layer shrinkage at SmA •- Smc· transition 

the compound behaves like regular ferroelectric, not de-Vries type. Molecular mechanics 

calculation reveals that the molecules possess a dipole moment of 1.80 D. Spontaneous 

polarization, determined by reversal current method, is observed to be quite high and varies 

between 74.1 - 118.7 nC/cm2
• Real and imaginary parts of dielectric constants, e' and e" show 

discontinuous change at transition temperatures. Only Goldstone Mode (GM) relaxation is 

observed in both ferroelectric and antiferroelectric phases. Fitted data shows that the GM peak 

is Cole-Cole type. Soft Mode (SM) is not observed in SmC* without bias field, but on 

application of bias field SM is observed near SmC*- SmA * transition. Temperature 

dependence of GM and SM is found to be consistent with the predictions of generalized 

Landau model. No SM or antiphase azimuthal angle fluctuation mode is observed in SmCA *. 

Due to surface interactions under the confined geometry of thin dielectric cell (5.2 

J.lm) the material is probably showing ferrielectric type behavior although in bulk it shows 

antiferroelectric phase, hence no SM or anti-phase antiferroelectric mode is observed. High 

value of e' in SmCA * absence of DSC signal and relaxation behavior related to antiphase 

azimuthal angle fluctuation as well as continuous change in layer thickness and spontaneous 

polarization at SmC*- SmCA * transition support this view. 

GM relaxation frequency is found to decrease with increasing cell thickness which 

indicates that the molecular motion is restricted in thin cells due to strong surface interactions. 

Rotational viscosity, calculated utilizing dielectric and X-ray data, is found to decrease quite 

fast in a non-linear manner, rate of decrement is different in ferro and antiferroelectric phases. 

In Smc• phase activation energy for the process is found to be 48.14 kJ/mole. 
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6.1. INTRODUCTION 

Since the discovery of the ferroelectric liquid crystal (FLC) compound 4-decyl

oxybenzylidene-4'-amino-2-methylbutyl-ciunamate (DOBAMBC) and antiferro-electricity in 

4-(1-methylheptyloxycarbonyl) phenyl 4'-octyloxybiphenyl-4-carboxylate (MHPOBC) 

[59,348], FLCs have been the subject of intense investigation not only for their intriguing 

properties for fundamental condensed matter research, but also for their application in fast 

switching flat panel displays, optical light modulators, optical signal processing and 

computing [316]. This family of materials combines the ferroelectric, electrooptic, 

piezoelectric and pyroelectric properties of solid polar dielectric materials with the physical 

flow characteristics of liquids. However FLC materials for optoelectronic applications must 

have the following spectrum of physical properties tailored to the specific application: broad 

temperature range from or below ambient temperature, rise time, birefringence, clarity, 

polarization, tilt angle, length of pitch, and thermal and UV stability [349,350]. In general, no 

single FLC compound can satisfy all the above requirements. For example, FLC compound 

_ DOBAMBC melts at 76°C [351] and the melting point for AFLC compound MHPOBC is 

84°C [352] and as such not useful for any consumer devices. Multicomponent mixtures are, 

therefore, formulated to optimize all the required properties for practical applications. For this 

one has to select proper host materials, which controls the temperature range and tilt angle; 

chiral dopants to control the switching speed and helical pitch and birefringence dopants to 

adjust the birefringence to the desired level [349]. While mixing materials one also has to 

keep in mind that physical properties of an individual material is often different in mixtures 

compared to its pure state because the intermolecular interactions are also different. Keeping 

these in view, several multicomponent FLC mixtures have been formulated which exhibit 

ferroelectric SmC* phase over a wide temperature range around room temperature. 

6.2. EXPERIMENTAL PROCEDURE 

For preparation of the mixtures two multi-component achiral base matrixes are used as 

hosts and three chiral compounds as dopants. For creating base matrixes non-chiral phenyl 

pyrimidine and biphenyl pyrimidine compounds were used to have tilted SmC phase at room 

temperature. Molecular structures of the mixing components are presented in Figures 6.2.1. 

Their phase behaviour and transition temperatures are given in Table 6.2.1. 
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(a) 

(b) 

Figure 6.2.1. Molecular structures of the components of hosts. 

Host 1: Three non"chiral phenyl pyrimidine compounds [Figure 6.2.1(a)) and one non-chiral 

biphenyl pyrimidine compound [Figure 6.2.1(b)) with composition as noted below were 

mixed to formulate host mixture 1 : 

(a) i) n=8, m=6, 30% ii) n=8, m=8, 27% iii) n=8, m=9, 10% 

(b) n=8, m=8, 33% 

Host 2: Only three non-chiral phenyl pyrimidine compounds of Figure 6.2.1(a) with 

following members and compositions were·mixed to formulate host mixture 2: 

(a) i) n=8, m=6, 35% ii) n=8, m=8, 30% iii) n =10, m=8, 35% 

It is evident from Table 6.2.1 that the overall mesophase stability and stability of 

individual phases are much larger in Host 1 compared to host 2. .I 

Following three different types of chiral compounds were used as dopants: 

Dopant 1 (DOP1): Non-mesogenic chiral terphenyl compound with chiral centers at 

opposite ends (Figure 6.2.2a). 

Dopant 2 (DOP2): Singly fluorinated chiral phenyl pyrimidine compound exhibiting very 

small range monotropic Smc* phase with chiral center at one end (Figure 6.2.2b). 

Dopant 3 (DOP3): Singly fluorinated chiral phenyl pyrimidine compound exhibiting 

moderate range enantiotropic Smc* phase with chiral centers at opposite ends (Figure 

6.2.2c). 
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(a) C4H9(CH:JC"HOC(O) 

(b) 

(c) H13C6C"H(F)CH20 -0---{)---OCH2C"H(F)C6H13 

Figure 6.2.2. Molecular structures of the dopants- DOP I (a). DOP2 (b), and DOP3(c). 

Six mixtures were formulated using the above two host mixtures and three dopants, 

compositions of the formulated mixtures were as follows: 

LAHS1: Hostl + DOPl: 80% + 20% 
LAHS2: Host2 + DOPl: 80% + 20% 
LAHS3: Host2 + DOP2: 80% + 20% 
LAHS4: Hostl + DOP3: 80% + 20% 
LAHS5: Host2 + DOP3: 80% + 20% 
LAHS6: Host2 + DOPl + DOP3: 80% + 10% + 10% 

Experimental procedure for measuring phase transition temperatures, X-ray 

photograph, dielectric and electro-optical study have already been discussed in chapter 5 in 

details. 

Optical tilt of molecules in smectic layers was determined by measuring the angle of 

rotation of the analyzer between two extinction conditions while the sample was observed 

under a polarizing microscope in switching condition under a square wave of very low 

frequency (about 10 mHz). Response time of the sample was determined by measuring the 

time delay of occurrence of polarization bump from the applied square pulse edge (20Vpp, 10 

Hz) while monitoring, in storage oscilloscope, the voltage across a resistor in series with the 

cell. Sample temperature was regulated by a Eurotherm controller 2216e within± 0.1 °C in all 

measurements. 



153 

6.3. RESULTS AND DISCUSSION 

Six room-temperature FLC mixtures have been formulated. Thermal and phase 

behavior of the hosts, dopants and the mixtures as obtained by optical polarizing microscopy 

and dielectric experiments are given in Table 6.2.1. Characteristics of the observed phases are 

discussed below: 

Table 6.2.1 
Transition temperatures and thermal stabilities of different phases 

ofthe hosts, dopants and mixtures. 

Sample Transition temperature Thermal stability(aT) 

Host I Cr <20 SmC 70 SmA 79.2 N 100.2 I >80(Meso) >50 (SmC) 9.2 (SmA) 21 (N) 

Host2 Cr <20 SmC 54.2 SmA 67.5 N 69.3 >49(Meso) >34.2(SmC) 13.3(SmA) 

I 1.8{N) 

DOPI Cr 75 I 

DOP2 Cr 63.4 N 70.8 I 

I 70.6 N 62.4 SmC' 59.6 Cr II (Meso) 2.8(SmC') 8.2 (N)§ 

DOP3 Cr 78 SmC 89 SmA 93.8 I 

I 93.5 SmA' 86 smc' 66 Cr 27.5(Meso) 7.5(SmA') 20(SmC')§ 

LAHSI Cr<20 SmC* 80.6 SmA* 81.1 N 87.0 >67(Meso) >60.6 (SmC ) 0.5 (SmA) 
(Host! +Dop I) I 5.9 (N) 
LAHS2 Cr <20 SmC* 58 SmA * 66 I >46(Meso) >38(SmC) 8(SmA) 
(Host2+Dop I) 
LAHS3 Cr <20 SmC* 59.8 N* 69.7 I >49.7(Meso) >39.8(SmC ) 9.9(N ) 
(Hosa+Dop2) 
LAHS4 Cr <20 SmC* 75.5 N 92 I >72(Meso) >55.5(SmC ) 16.5(N ) 
(Host! +Dop3) 
LAHS5 Cr <20 SmC* 60 SmA 70 N 72 I >52(Meso) >40(SmC) IO(SmA) 2(N) 
(Ilosa+Dop3l_ 
LAHS6 Cr <20 SmC* 43 SmA 73 I >53(Meso) >23{SmC) 30(SmA) 
(Host2+Dopi+Dop3) 

9Cooling data. For crystallization temperatures of the mixtures please see text. 

In all the mixtures either ferroelectric SmC* phase is induced or enhanced and it 

extends below room temperature. In order to check the possibility of supercooling of SmC* 

phase, the mixtures were cooled down to -40°C and then heated up in a custom built heater 

with accuracy of ± 1 °C. In all the mixtures transitions to partially crystalline or glassy state 

took place near 5°C or below. For example, in LAHS 1 the melting point was found to be 6°C 
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Figure 6.2.3. Overallmesophase thermal stability (a) and thermal stability of SmC" phase 

(b) in the mixrures. 

while it partially crystal lized below 5°C. For LA HS3 these temperatures were -2 and -4°C 

respecti vely.Overall mesophase stability and the stab ili ty of the mC* phase are shown in 

Figure 6.2.3. tabi lity temperatures were estimated considering the lowest temperature of 

SmC* phase as 20°C up to which dielectric studies were made in the mixtures. Mesophase 
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stability is found to be at maximum (>72°C) in mixture LAHS4 followed by LAHSl but the 

stability of the SmC* phase is maximum (60.6°C) in LAHSl followed by LAHS4. This is 

influenced by the broader stability of Hostl. Other mixtures have similar overall mesophase 

stability although considerably less than the previous ones. Stability of SmC' phase in LAHS6 

is very less compared to LAHS 1, other mixtures have similar Smc' phase stability although 

considerably less than that of LAHS 1, and LAHS4. If we compare the characteristics of the 

phase behaviour of different mixtures we observe the following: 

•:• Ferroelectric SmC* phase is induced over a wide temperature range when a non

mesogenic chiral compound is used as a dopant in two different hosts with tilted SmC 

phase. As expected, chirality of the dopant, not mesogeneity, is the key factor for 

induction of ferroelectric behaviour in a tilted smectic host (LAHS 1, and LAHS2). 

However, a considerable enhancement of SmC* phase is observed when a singly 

fluorinated compound possessing Smc' phase with chiral centers at one or both ends is 

used as dopant (LAHS3, LAHS4, and LAHS5). 

•:• It is interesting to note further that dopants with same core structure but having chirality 

at one or both ends have similar effect on induction and thermal stability of SmC* phase 

(LAHS3, and LAHS5). 

•:• Presence of the two dopants (DOPl and DOP2) with chirality at both ends reduces the 

thermal stability of SmC* phase drastically and increases thermal stability of smectic A* 

( SmA * ) phase similarly (LAHS2, and LAHS6). 

From X-ray SAXS and W AXS study the temperature variations of average 

intermolecular distance (D) and layer spacing (d) in the ferroelectric SmC' phase were 

determined [353]. Results of only two mixtures, LAHS2 and LAHS5, have been presented 

here. Variations of average intermolecular distance (D) with temperature are shown in Figure 

6.2.4. Mixtures of DOPl in Host2 (LAHS2) show slightly increasing trend in D with 

temperature. On the other hand, LAHS5 which is mixtures ofDOP3 in Host2 shows slightly 

decreasing trend. Temperature variations of layer spacing (d) in SmC' phase are shown in 

Figure 6.2.5. Layer spacings are found to differ marginally among the mixtures. This is 

expected behaviour since the weighted average length of the molecules in the mixtures varies 

from 30.3 to 31.1 A. In mixture LAHS2 it shows slightly decreasing trend and in LAHS5 it 

remains almost constant. 
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Figure 6.2.5. Temperature l"arim ions of layer spacings (d) in the ferroelectric phase 

Table 6.2.2 
pontaneous polarization of the mixtures at roo m temperatu re (20°C). 

67 

Mixture LAHS I LAHS 2 LAHS 3 LAHS4 I LAHS 5 LAHS 6 

Ps(nC/cm-) 58.0 52.4 18.2 62.2 144.9 12.9 

65 

Values of spontaneous polarization (P ) ofthe mixtures are found to vary widely (12.9 

- 62.2 nC/cm2) at room tem perature (Table 6.2.2 ). We have also studied temperature variation 

of P and these are shown for mixtures LA HS2 and LAHS5 in Figure 6.2.6. According to the 

mean-field model Ps should obey the relation Ps = Po(Tc- T)13, where Tc is the SmC*- SmA * 

transition temperature [354]. Measured data fitted nicely to above equation with T c = 58.2 ± 

0.02°C and ~=0.42±0.03 for LAHS2 and T c = 53.7 ± 0.8°C and ~=0.43±0 .05 for LAH 5. 

Since fitted ~ values deviate from the mean field value (0.5), the SrnC*- SmA * transition may 
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not be strictly second order in nature. Comparing Ps values ofthe mixtures it may be inferred 

that 

, Mixtures may be grouped into three major categories: relatively high Ps (mixtures 

LAH I, 2, 4. and 5). medium Ps (LAHS3) and low Ps (LAHS6). Mixtures '' ith 

dopants having chiral centres at both ends give rise to high P , mixture with dopant 

having one chiral centre resu lts in medium Ps and mi xture simultaneously containing 

the above two dopants results in low Ps. Hence the spontaneous polarization value for 

LAHS 6 is the smallest probably because of the compensation of polarization between 

two chiral compounds having opposite optical rotations. 

,. When a dopant having singly fluorinated chiral groups at one end is repl aced by a 

dopant with similar chirality at both ends, Ps increases by about 2.5 times (LAHS3 to 

LAHS5). a lthough their effect on induction and thermal stabilit) of SmC* phase is 

similar. 

> Polarization values of mixtures LAHS3. LAHS5. and LAHS6 are within acceptable 

limits for various applications [349]. 

Thus by choosing appropriate chiral dopant one can get optimum Ps value to get 

desired level of switching time as discussed in chapter 2 and 5. 
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Figure 6.2.6. Temperature variation of P~ in L.IHS2 (a) and LAHS5 {b) . 

. He an-field model filled curve is also shown 

Tilt angle (8) was also measured by electro-optic method in mixtures LAHS2 and LAHS6 

and found to be 24° and 18° respectively. From X-ray study tilt angle of the mixtures were 

fou nd to be 2 1.9°, 22.2°. 16.8°, 16.9°, I 0.0° and 18.2° respectively in mixtures LAHS I to 

LAHS6 [353]. It is observed that replacement of 50% of terphenyl dopant wi th chirality at 

both ends by singly fluori nated phenyl pyrimidene dopant also with ch iral ity at both ends 

(LAHS2~LAHS6) reduces the ti lt angle considerably. Reduced tilt angle is desi rable for fast 

switching of FLC devices as discussed in chapter 2 and 5. 

Though all the prepared mixtures exhib it ferroelectric SmC* phase, different types of 

dielectric responses were observed in frequency domain die lectric spectroscopy study. In 

SmC* phase. dielectric increment (ilE =Eo - E,,J increases with temperature in mixture LAHS I 

whi le it decreases in mixtures LAHS2 and LAHS3. In the remaining mixtures (LAHS4 to 

LAHS6) it first increases then decreases with temperature. As expected. in parae lectric SmA * 

phases, ilE fall s from those in ferroelctric SmC* phases. Exemplary absorption and dispersion 

curves for two mixtures are shown in Figures 6.2.7 and 6.2.8. 
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Figure I 0.2.9. Bias dependent dielectric spectra of LA HS I at 1211C. 

Table 6.2. 3 
C ritical frequencies of the Goldstone mode in the mixtu res at room temperature 

Mixture LAHS1 LAHS 2 LAHS 3 LAHS4 j LAHS5 LAHS 6 

Critical freq.(kHz) 6.5 4.1 1.4 10.6 I 9.5 0.7 

In the observed frequency range and in planar orientation geometry, only collective 

mode re laxation behavior of the mixtures could be studied [ 159]. As noted earlier Goldstone 

mode arises due to collective fluctuat ions in the azimuthal orientation of the molecu lar 

directors and soft mode relaxation behaviour appears in the dielectric spectrum due to the 

collective fluctuations in the tilt angles of the molecules. Goldstone mode (GM) relaxation 

processes are observed in all the present mixtures in mC* phase as shown in Figures 6.2.7 

and 6.2.8 fo r two mixtures. The critical frequencies ranges from 10.6 kHz in LAH 4 to 0. 7 

kHz in LAH 6 (Table 6.2.3) and found to have small temperature dependence as expected 

from generali zed Landau theory. Cri tical OM frequencies are large in some mixtures 

compared to the val ues usually observed in me· phases o f pure FLC compounds. Soft mode 

(SM) processes are also exhibited by mixtures LAHS2, LAHS5. and LAHS6. Mixtures 

LAHS I, and LAHS4 show another relaxati on process at frequencies lower than OM 

frequencies which might be a surface mode [355]. Mixture LAHS3 shows only OM process. 
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GM processes can be suppressed by applying various bias voltages: 20 V in LAHSl, LAHS2, 

and LAHS4; 15 V was sufficient in LAHS6, 10 Vin LAHS3 whereas 5 V was sufficient in 

LAHS5. Bias dependent spectra for LAHSl are shown in Figure 6.2.9 as a representative 

case. 

A close look into the absorption behaviour of the mixtures reveals that mixture LAHS3 

having dopant with chirality only at one end in a host containing shorter rigid core molecules 

exhibits only GM while mixtures having dopant with chirality at both ends in the same host 

exhibit both GM, and SM (LAHS2, LAHS5, LAHS6). On the other hand, mixtures having 

dopant with chirality at both ends but in a host containing longer rigid core molecules exhibit 

GM and Surface modes (LAHS1, LAHS4). 

Critical frequency of the Goldstone mode is found to be highest (10.6 kHz) in LAHS4 

containing long rigid core structured molecule in host mixture (Host 1) and singly fluorinated 

· molecule with chirality at both ends as dopant (DOP3). Next highest critical frequency (9.5 

kHz) is observed in LAHS5 where molecules with less rigid core structure are used in host 

mixture (Host 2), the dopant remaining same. However, when a non-fluorinated molecule but 

with chirality at both ends is used (DOP 1) in Host 1, critical frequency reduces to 6.5 kHz 

(LAHS1), which is 4.1 kHz less than that ofLAHS4. 

In mixture LAHS2 - containing molecules with less rigid core structure in host mixture 

(Host 2) and a doubly chiral non-fluorinated dopant (DOP1), critical frequency is reduced 

further to 4.1 kHz. In mixture LAHS3 where a singly chiral fluorinated molecule is used as 

dopant (DOP2) in Host 2, critical frequency reduced considerably to 1.4 kHz. Dopant of 

mixture of fluorinated and non-fluorinated molecules with chirality at both ends in Host 2 

resulted in the least critical frequency of 0. 7 kHz in mixture LAHS6. Thus it may be 

concluded that rigidity of the core structure, nature of chirality and extent of fluorination of 

the constituent molecules have pronounced effect on the collective mode relaxation behaviour· 

of the mixtures. 

6.4. CONCLUSION 

Six multi-component room-temperature FLC mixtures have been formulated using 

two different types of host mixtures and three different types of dopants. Phase behaviour of 

the mixtures is investigated using optical polarizing microscopy, dielectric spectroscopy and 

electro-optic methods. In all the mixtures SmC* phase is either induced or enhanced. Effect of 

host molecules and various dopants on the occurrence and thermal stability of different phases 

J.,.,_... "'""'-" A:o,.,•.eo-0 rb:rolhv nf tl)P. nnmnt is foun\,L ~~ (!JQ?ect~d. to be the key factor for 
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induction of ferroelectric behaviour in a tilted smectic system. On the other hand, a 

considerable enhancement of SmC* phase is observed when a singly fluorinated compound 

possessing Smc* phase with chiral centers at one or both ends is used as dopant. 

Values of spontaneous polarization are found to vary between 13-62 nC/cm2 at room 

temperature. It is observed that mixtures with dopants having chiral centres at both ends 

posses relatively high Ps compared to mixtures with dopant having one chiral centre. Mixture 

with two chiral compounds having opposite optical rotations is found to have minimum· 

spontaneous polarization. Minimum X-ray tilt (9) is observed in mixture LAHS5. Thus 

optimum value of switching time in mixture can be obtained by choosing proper host and 

chiral dopant thereby controlling e and Ps. 

Different types of dielectric absorption behaviour were observed in planar geometry of 

the FLC cells. Critical frequencies of GM are found to vary widely in the mixtures -from 10.6 

kHz to 0. 7 kHz. Rigidity of the core structure, nature of chirality and extent of fluorination of 

the constituent molecules are found to have pronounced effect on the collective mode 

relaxation behaviour of the mixtures. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 
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The nematic liquid crystals and ferroelectric liquid crystals are nowadays used 

virtually in all commercially available liquid crystal displays. Accordingly, studies on their 

structure-property relationships are extremely important. With this aim and objective, 

physical properties of some achiral and chiral liquid crystalline materials have been studied 

using OPM, DSC, X-ray diffraction, optical birefringence, dielectric spectroscopy and 

electrooptic methods. Crystal and molecular structures of some these mesogenic compounds 

in solid state have also been investigated. Finding optimized geometry by molecular 

mechanics calculation various physical properties have also been calculated. 

Nine phenyl bicyclohexyl or biphenyl cyclohexyl based fluorobenzene derivatives 

(3ccp-f, 3ccp-ff, 3ccp-fff, 5ccp-f, 5ccp-ff, 5ccp-fff, 3cpp-ff, 5cpp-ff, 5cpp-ffl), one 

isothiocyanatobenzene based compound (11 CHBT) and one four ring cyano compound 

(7CBB) have been studied in the achiral system all of which exhibit nematic phase. One 

partially fluorinated terphenyl based chiral compound [5F6T(2',3'F)], which exhibits 

antiferroelectric, ferroelectric and paraelectric phases, have also been investigated. In 

addition, using two different types of host mixtures and three different types of dopants six 

multi-component room temperature FLC mixtures (LAHSl to LAHS6) have been formulated 

and characterized. 

From thorough investigation of the nine mono-, di- or tri-fluorinated compounds influence 

of molecular core structure, chain length and fluorination on their various physical properties 

have been in investigated in detail. It is observed that: 

• thermal stability of nematic phase decreases substantially with increasing rigidity of the 

core structure (i.e. when a cyclohexyl ring is replaced by a phenyl ring) and with 

increasing fluorination of the phenyl ring. 

• average intermolecular distance increases, indicating a decrease in the molecular packing, 

systematically with increasing fluorination and with increasing flexibility in the core 

structure. Increasing temperature has similar effect on molecular packing. 

• Effective molecular length (I) is found to be higher than the most extended length of the 

molecules, suggesting the presence of antiparallel-type dimers. Although antiparallel 

bimolecular association was observed before in polar compounds like cyanobiphenyls and 

isothiocyanatobenzenes, such association is observed, to the best of our knowledge first 

time, in fluorinated compounds. However, extent of overlap is found to be intermediate 

between those of cyanobiphenyls and isothiocyanatobenzenes. 

It is further observed that in all the systems I increases with the chain length and with 

increasing flexibility in the core structure. I is also found to be less in difluoro derivatives 
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than in mono- and trifluoro derivatives, indicating that the overlap between dimerized 

molecules in ff derivatives is more than in f and ftf derivatives. In all compounds I is 

found to decrease slightly with temperature. 

• Molecular dipole moments (j.!) increase systematically as one moves from f:::} ff => ftf 

derivative in all systems. However increment is more in f =>ff derivative than in ff =>ftf 

derivative and there is almost no change in dipole moment with chain length. !-! is 

substantially tilted in difluoro derivatives, while in mono- and trifluoro derivatives it is 

along the molecular axis. In eep-f derivatives !-!increases from 1.93D to 3.21D to 3.72D 

while going from singly to triply fluorinated derivatives. 

• Density of the compounds decreases (i.e. molecular packing is less efficient) with 

increasing chain length and with increasing flexibility of the core. Also it decreases while 

moving from tri- to difluoro derivatives. Density is found to decrease linearly with 

temperature. Singly fluorinated compounds show stronger temperature dependence of 

density than ff and ftf compounds. 

• Refractive indices (ne, n0 and liav) exhibit normal dispersive behavior. 

• The optical anisotropy (&!) is found to be larger in ff system compared to f and ftf 

systems in Seep and Sepp series, but the opposite behavior is observed in 3eep series. It 

decreases with increasing chain length (except in 3eep-ff and Seep-ff systems) but 

increases with increasing rigidity of core. With temperature L'l.n decreases, decrement rate 

is different in different compounds. 

• Seep-f, having the lowest tJ.n (about 0.067 at 80°C) and nematic phase over a large 

temperature, is expected to be useful for high-information-content display devices. 

• Polarizability anisotropy (tJ.a), like t.n, is larger in ff system compared to f and ftf systems 

in Seep and Sepp series, however in 3eep series ff system possesses least value. It is also 

observed that contributions of increased chain length and enhanced core rigidity to t.a are 

additive. t.a is found to decrease with temperature, nature of variation is similar to that 

observed in t.n. 

• The orientational order parameters <P2> obtained from refractive indices measurements 

are found to be slightly more, whereas the X-ray order parameters are found to be close to 

the mean field values in all the systems. A decreasing trend of <Pz> is observed as one 

moves from f=>ftf=>ffsystem while it increases with increasing rigidity of the core. 

• &12 = n/ - no2 shows perfect linear dependence on orientational order parameter in all 

compounds as expected from theory. 
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From the determination of crystal and molecular structures of four compounds viz. 3ccp-ff 

and 3ccp-fff, 11 CHBT and 7CBB by direct methods it is observed that 

• While difluorinated 3ccp-ff crystallizes in monoclinic space group P2tln, trifluorinated 

3ccp-fff crystallizes in triclinic system with space group P T; both the non-fluorinated 

compounds 11CHBT and 7CBB crystallize in monoclinic space group P21/c. 

• Two carbon atoms of the alkyl chain are in disordered condition in 7CBB, no such 

disorder is observed in the other three compounds, not even in 6CBB. 

• All bond lengths and bond angles agree well with values reported in Cambridge Structural 

Database and in other mesogenic compounds. 

• Molecules of 3ccp-ff, 3ccp-fff and llCHBT are almost in their most extended 

conformations while in 7CBB length of the molecules in crystalline state is slightly less 

than the most extended model length. 

• All the phenyl rings are found to be planar and the cyclohexyl rings are in chair 

conformation. 

• Dihedral angle between the phenyl and nearby cyclohexyl ring decreases (122.1 ° to 83.2~ 

on the introduction of additional fluorine atom in the phenyl ring (3ccp-ff to 3ccp-fff) 

while it increases from 60.7° to 122.1° or 83.2° with additional cyclohexyl group in the 

core (11 CHBT to 3ccp-ff or 3ccp-fff). 

• From the structural results of 11 CHBT nature of the resonance structure of isothiocyanato 

group is established for the first time. 

• Parallel imbricated mode of molecular packing is observed as precursor to nematic phase 

in 3ccp-ff, 3ccp-fff and 11 CHBT compounds while packing of 7CBB molecules in 

crystalline is not strictly precursor to smectic A structure. Crystal to nematic transition is 

displacive type in first three coll)pounds while that in 7CBB is reconstitutive type. 

• Calculation of intermolecular distances strongly suggests existence of molecular packing 

in a head-to-tail configuration in all cases. Conclusive evidence of existence of antiparallel 

bimolecular associations has been reported for the first time in both the crystalline and 

nematic phases for fluorobenzene systems and in crystalline system of isthiocyanato 

compounds. For cyanobiphenyls and isothiocyanates the existence of such molecular 

associations is nematic phase well established. 

• It is found that in 3ccp-ff and 3ccp-fff molecular geometry and conformation, values of 

molecular dipole moments and their inclination with long axes, packing and extent of 

overlap of the molecules in the crystalline state differ from each other. These differences 

may be responsible for the substantial difference in the melting points. Moreover, the 
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molecular volume of 3ccp-fff is greater than 3ccp-ff but the molecular geometry is more 

symmetrical. This results in better and efficient packing of the 3ccp-fff molecules both in 

crystalline and nematic phase, which is evident from the fact that the density in both the 

phases is less in 3ccp-fff than in 3ccp-ff. Possibly this explains the higher melting point in 

3ccp-fff than 3ccp-ff. On the other hand, the existence of larger overlapping cores in the 

nematic phase is expected to increase T NI· Since overlapping is more in 3ccp-ff than that 

in 3ccp-fff, the clearing temperature of the former is found to be more than the later. 

It may thus be concluded that increased melting point due to more efficient packing in the 

crystalline state and decreased clearing point due to less overlapping cores in the nematic 

state is the reason for substantially lower nematic range in 3ccp-fff than its bifluorinated 

analogue. 

In the chiral compound, SF6T(2',3'F) typical fan shaped texture in SmA' phase, 

domains with equidistant line patterns due to helicoidal structure in Smc' phase and broken 

fan texture with sign of helical pattern in SmCA' phase are observed. Rigidity of the core 

structure and its lateral fluorination are found to have pronounced effect on the phase 

behavior and on the stability of the antiferroelectric and ferroelectric phases. X-ray studies 

reveal that the layer thickness remains almost constant in SmA * phase but within SmC' and 

SmCA' phases it decreases with decreasing temperature, a step jump is observed only at SmA' 

- SmC' transition which corresponds to about 3.3% layer shrinkage. As a result, tilt angle in 

SmCA' phase decreases slowly with increasing temperature, varies from 22.2° to 19.5°, in 

SmC' phase it decreases from 18.8° to 5.5°, the rate of decrement is very sharp near SmC' -

SmA' transition. Thus the compound behaves like regular ferroelectric, riot de-Vries type. 

Molecular mechanics calculation reveals that the molecules possess a dipole moment of I .80 

D. Spontaneous polarization is observed to be quite high and varies between 74.1 - Il8.7 

nC/cm2• Real and imaginary parts of dielectric constants, e' and e" show discontinuous change 

at transition temperatures. Only Goldstone Mode relaxation is observed in both ferroelectric 

and antiferroelectric phases. Fitted data shows that the GM peak is Cole-Cole type. Soft Mode 

is not observed in SmC* without bias field, but on application of bias field SM is observed 

near SmC*- SmA* transition. Temperature dependence of GM and SM is found to be 

consistent with the predictions of generalized Landau model. No SM or antiphase azimuthal 

angle fluctuation mode is observed in SmCA *. 

Due to surface interactions under the confined geometry of thin dielectric cell (5.2 

lim) the material is probably showing ferrielectric type behavior although in bulk it shows 

antiferroelectric phase, hence no SM or anti-phase antiferroelectric mode is observed. High 
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value of e' in SmCA * absence of DSC signal and relaxation behavior related to antiphase 

azimuthal angle fluctuation as well as continuous change in layer thickness and spontaneous 

polarization at SmC*- SmCA * transition support this view. 

GM relaxation frequency is found to decrease with increasing cell thickness which 

indicates that the molecular motion is restricted in thin cells due to strong surface interactions. 

Rotational viscosity is found to decrease quite fast in a non-linear manner, rate of decrement 

is different in ferro and antiferroelectric phases. In SmC' phase activation energy for the 

process is found to be 48.14 kJ/mole. 

All the FLC mixtures show ferroelectric SmC* phase at or below room temperature 

with a varying degree of overall mesophase thermal stability and stability of SmC* phase. 

Effect of host molecules and various dopants on the occurrence and thermal stability of 

different phases has been discussed. Chirality of the dopant is found, as expected, to be the 

key factor for induction of ferroelectric behaviour in a tilted smectic system. On the other 

hand, a considerable enhancement of SmC* phase is observed when a singly fluorinated 

compound possessing SmC' phase with chiral centers at one or both ends is used as dopant. 

In the mixture LAHS1 SmC' phase continues upto 80.6 °C, while in LAHS4 it is upto 75.5°C. 

LAHS I and LAHS5 will be easier to align in bookshelf geometry since they possess SmA' 

and N' phases at higher temperatures. 

Values of spontaneous polarization are found to vary between 13-62 nC/cm2 at room 

temperature. It is observed that mixtures with dopants having chiral centres at both ends 

posses relatively high Ps compared to mixtures with dopant having one chiral centre. Mixture 

with two chiral compounds having opposite optical rotations is found to have minimum 

spontaneous polarization. Minimum X-ray tilt (9) is observed in mixture LAHS5. Thus by 

choosing proper host and chiral dopant, 9 and Ps can be controlled to get faster switching 

time. 

Different types of dielectric absorption behaviour were observed in planar geometry of 

the FLC cells. Goldstone mode critical frequencies are found to vary widely in the mixtures -

from 0. 7 kHz to 10.6 kHz. Rigidity of the core structure, nature of chirality and extent of 

fluorination of the constituent molecules are found to have pronounced effect on the collective 

mode relaxation behaviour of the mixtures. 

All of the results incorporated in this dissertation have already been published in 

different international scientific journals, a list of which is given in Appendix B. 
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LIST OF SELECTED BOOKS AND MONOGRAPHS ON LIQUID CRYSTALS 

1. Molecular Structure and Physical Properties of Liquid Crystals, (Eds.) G. W. Gray, 
Academic Press (AP), 1962. 

2. The Physics of Liquid Crystals, (Eds.) P. G. de Jennes, OUP London, 1974. 

3. Liquid Crystals & Plastic Crystals Vols 1 and 2. Ed. G. W. Gray and P. A. Winsor, Ellis 
Hmwood Ltd., 1974. 

4. Introduction to Liquid Crystals. Ed. E. B. Priestley, P. J. Wojtowicz and P. Sheng, 
Plennum Press, 1975. 

5. Applications of Liquid Crystals. Ed. G. Meier, E. Sackmann and J. G. Grabmaier, Springer 
Verlag, 1975. 

6. Liquid Crystals, (Eds.) S. Chandrasekhar, CUP 1977. 

7. Liquid Crystals. Solid State Physics Suppl.14, (Ed.) L. Liebert, AP, 1978. 
8. Textures of Liquid Crystals, (Ed.) D. Demus and L. Richter, Verlag Chemie, 1978. 
9. The Molecular Physics of Liquid Crystals, (Eds.) G. R. Lukhurst and G. W. Gray, AP, 

NY,1979. 

10. Liquid Crystals and Biological Structure, (Ed.) G. H. Brown and J. J. Wolken, AP 1979. 

11. Liquid Crystals, Proceedings of the International Conference held at Bangalore, in 1979, 
(Ed.) S. Chandrasekhar, HEYDEN, London (1980). 

12. Handbook of Liquid Crystals, (Ed.) H. Kelker and R. Hatz, Verlag Chemie, 1980. 
13. Physical Properties of Liquid Crystalline Materials, (Ed.) W. H. de Jeu, Gordon and 

Breach Science Publishers, 1980. 

14. Polymeric Liquid Crystals, (Ed.) A. Ciferri, W. R. Krigbaum and Robert B. Meyer, AP, 
1982. 

15. Advances in Liquid Crystals Vol. 1~6, Ed. Glenn H. Brown, AP 1978-1983. 
16. Smectic Liquid Crystals, (Ed.) G. W. Gray and J. W. Goodby, Glasgow, Leonard Hill, 

1984. 
17. Thermotropic liquid crystals, (Ed.) G. W. Gray, Wiley, Chichester, 1987. 
18. Thermotropic Liquid Crystals, Fundamentals. (Ed.) G. Vertogen and W. H. de Jeu, 

Springer-Verlag 1988. 
19. Structure of Liquid Crystal Phases, Lecture Notes in Physics- Vol. 23, (Ed.) P. S. Pershan 

World Scientific 1988. 
20. Liquid Crystals: Nature's Delicate Phase of Matter (Eds.) P. J. Collings, (Princeton Press, 

Princeton, 1990. 
21. Liquid Crystals Application and Uses, Vol. 1-3. (Ed.) B. Bahadur, World Scientific, 1990-

92. 
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22. Thermophysical Properties of Liquid Crystals, (Ed.) A. L. Tsykalo, Gordon and Breach 
Science Publishers, 1991. 

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

24. Liquid Crystals, Second edn., (Eds.) S. Chandrasekhar, Cambrige University Press, 1992. 
25. The Physics of Liquid Crystals. 2nd ed., (Ed.) P. G. de Jennes and J. Prost, OUP 

(Clarendon) London, 1993. 
26. Liquid Crystals in the Nineties and Beyond, (Ed.) S. Kumar, World Scientific, 1995. 
27. The Suiface Physics of Liquid Crystals. (Ed.) A. A. Sonin, Gordon and Breach Science 

Publishers, 1995. 
28. Introduction to Liquid Crystals Chemistry and Physics. (Eds.) P. J. Collings and M. Hird, 

Taylor & Francis, 1997. 
29. The Optics of Thermotropic Liquid Crystals, (Ed.) S. Elston and R. Sambles, Taylor & 

Francis, 1998. 
30. Handbook of Liquid Crystals. Vol. 1 "Fundamentals", 2A "Low Molecular Weight Liquid 

Crystals I", 2B "Low Molecular Weight Liquid Crystals II", 3 "High Molecular Weight 
Liquid Crystals", (Ed.) D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess and V. Vill, 
WILEY-VCR, Verlag GmbH, Weinheim, FRG, 1998. 

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

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

33. Physical properties of liquid crystals, Eds. D. A. Dunmur, A. Fukuda and G. R. 
Luckhurst, INSPEC, London, 2001. 

34. Principles and Applications of Ferroelectric and Related Materials,(Ed.) M.E. Lines and 
A.M. Glass, Oxford University Press: Oxford, 2001. 

35. Textures of liquid crystals, (Eds.) I. Dierking, WILEY -VCH, GmbH & Co. KGaA, 2003. 
36. Relaxation phenomena - Liquid crystals, magnetic systems, polymers, high-TC 

superconductors, metallic glasses, (Eds.) W. Haase and S. Wrobel, (Springer-Verlag, 
Berlin-Heidelberg), 2003. 

37. Crystals That Flow: Classic Papers from the History of Liquid Crystals, (Ed.) T. J. 
Sluckin, D. A. Dunmur and'H. Stegemeyer, 2004. 
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LIST OF PUBLICATIONS 

l. X-ray diffraction and optical birefringence studies on four nematogenic difluorobenzene 

derivatives, .Biswas, S. Haldar. P. K. Mandai and W. Haase. Liquid Crystals. Vol. 34, 

No. 3. P. 365 - 372, March 2007. 

2. Crystal structure of a polar nematogen 4-(trans-4-undecylcyclohexyl) 

isothiocyanatobenzene, S. Biswas, S. Haldar. P. K. Mandai. K. Goubitz, H. Schenk and R. 

Dabrowski. Crystal Research and Technology, Vol. 42, No.10. P. 1029- 1035. June 2007. 

3. X-Ray Structural Analysis in the Crystalline Phase of a ematogenic Fluoro-Phenyl 

Compound, S. Haldar, S. Biswas, P. K. Mandai. K. Goubitz, H. Schenk and W. Haase, 

Molecular Crystals and Liquid Crystals. Vol. -l90. P. 80-87. January 2008. 

4. X-ray studies of the crystalline and nematic phases of 4'- ( 3, 4, 5- trifluoro- phenyl)- 4 -

Propylbicyclohexyl, S. Haldar, P. K. Mandai, . J. Prathap, T. N. Guru Row and W. 

Haase, Liquid Crystals. Vol. 35, o. 11 , P. 1307-1 3 12. November 2008. 

5. Novel synthetic route to liquid crystall ine 4. 4'-bis (n-alkoxy) azoxybenzenes: spectral 

characterisation, mesogenic behaviour and crysta l structure of two new members, P.Das, 

A.Biswas. A.Choudhury. P.Bandyopadhyay, S.Haldar, P.Mandal and S.Upreti. Liquid 

Crystals, Vol. 35, No.5, P. 541-548. May 2008. (Not presented in the thesis) 

6. Induction and enhancement of ferroe lectric SmecticC phase in Mul ti-Component room 

Temperature Mixtures, P.K. Mandai, S.Haldar, A.Lapanik and W. Haase. Japanese 

Journal of Applied Physics, 48, P. 011501-1-01150 1-6. January 2009. 

7. Structural analysis by X-ray diffraction of a polar mesogen 4-cyanobiphenyl-4'

heptylbiphenyl carboxylate, S. Haldar. P.K. Mandai, S. J. Prathap. T. N. Guru Row and R. 

Dabrowski, Molecular Crystals and Liquid Crystals, Vol. 503, P. 99- 111 , June 2009. 
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nematogenic lluorobenzene derivatives. S. Ualc.Jar, S. Barman. P. K. Mandai. W. Ilaase 

and R. Dabrowski . Molecular Crystals a11d Liquid Crystals. Vol. 528. P. 79-93. October 

2010. 

9. mectic layer spacing, average intermo lecular distance and spontaneous polarization of 

room temperature FLC mixtures. · . Haldar. D. inha. D. Go wami, P. K. Mandai. K.C. 

Dey and A. Lapanik. J1olecular Crystals and Liquid Crysta/.5. Vo l. 547. P. 25-32. June 

2011. 

10. X-ray diffraction and dielectric spectroscopy studies on a partially fluorinated ferroelectric 

liquid cry tal from the fa mily of terphenyl esters, S. Haldar, K.C. Dey. D. Sinha. P. K. 

Manda!. W. I raase and P.Kula. Liquid Crystal5, Vol. 39, P. 1196-1 203, October 2012. 

11. Effect of molecular conformation on the mesogenic properties of a partially fluorinated 

nematogcnic copound investigated by X-ray di ffraction and dielectric measurements. 
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