
CHAPTER I 

I N T R O D U C T I O N  



L I Q U I D  CRYSTALS 

L i q u i d  c r y s t a l s  a r e  s t a t e s  o f  matter i n  w h i c h  the m o l e c u l a r  

o r d e r  i s  i n t e r m e d i a t e  be tween  t h e  o r d e r e d  c r y s t a l s  a n d  t h e  

d i s o r d e r e d  l i q u i d s .  L i q u i d  c r y s t a l s  a r e  d i v i d e d  i n t o  two classes,  

v i z .  , the l y o t r o p i c  a n d  t h e  t h e r m o t r o p i c  l i q u i d  c r y s t a l s .  I n  

l y o t r o p i c  l i q u i d  c r y s t a l s  the change  i n  t h e  m o l e c u l a r  o r d e r i n g  i s  

b r o u g h t  a b o u t  by  v a r y i n g  t h e  c o n c e n t r a t i o n  o f  a s o l u t e  i n  a  

s o l v e n t  o r  a m i x t u r e  o f  s o l v e n t s .  I n  thermo t r o p i c  l i q u i d  c r y s t a l s  

t h i s  i s  a c h i e v e d  by v a r i a t i o n  o f  t e m p e r a t u r e .  L i q u i d  c r y s t a l l i n e  

p h a s e s  a r e  a l s o  c a l l e d  mesomorphic  p h a s e s  o r  m e s o p h a s e s  and  the 

compounds e x h i b i t i n g  s u c h  p h a s e s  a r e  known a s  mesogens .  

Thermotropic liquid crystals 

The f i r s t  r e c o r d e d  o b s e r v a t i o n  o f  thermo t r o p i c  l i q u i d  

I c r y s t a l s  h a s  b e e n  a t t r i b u t e d  t o  R e i n i  t z e r .  H e  n o t i c e d  t h a t ,  

c h o l e s t e r y l  b e n z o a t e  a t  1 4 5 ~ ~  " m e l t e d  n o t  i n t o  a  c l e a r  

t r a n s p a r e n t  b u t  a l w a y s  i n t o  a  c l o u d y  o n l y  t r a n s l u c e n t  l i q u i d "  and  

o n  f u r t h e r  h e a t i n g  a t  17  8 S ~  " t h e  c l o u d i n g  s u d d e n l y  v a n i s h e s " .  ' I t 

h a s  now been  e s t a b l i s h e d  t h a t  a l l  s u c h  i n t e r m e d i a t e  p h a s e s  a r e  

c h a r a c  t e r i s e d  by a n  o r i e n  t a  t i o n a l  o r d e r  o f  the m o l e c u l e s .  

O r i e n t a t i o n a l  o r d e r  c a n  o n l y  b e  d e f i n e d  w i t h  r e s p e c t  t o  

a n i s o  t r o p i c  p r o p e r  t ies  o f  m o l e c u l e s .  G e o m e t r i c a l  a n i s o  t r o p y  o f  

m o l e c u l e s  h a s  b e e n  f o u n d  t o  b e  a  n e c e s s a r y  b u t  n o t  a s u f f i c i e n t  

c o n d i t i o n  f o r  a  compound t o  e x h i b i t  l i q u i d  c r y s t a l l i n e  p h a s e s .  

T h u s ,  m o s t  o f  the mesogens have  a  l a t h - l i k e  s t r u c t u r e ,  and  t h e  

mesophases  e x h i b i  t e d  by these a r e  c a l l e d  c a l a m i  t i c  mesophases .  A 

mesophase  e x i s t i n g  above  t h e  m e l t i n g  p o i n t  i s  c a l l e d  



- enantiotropic and that which exists below the melting point is 

known as monotropic. The calamitic mesophases are divided into 

following categories. 

The nematic phase (N) 

The molecules in the nematic phase tend to be parallel to a 

common axis called the director and possess a long range 

orientational order (Figure 1). 

The cholesteric or the chiral nematic phase (N*) 

If the molecules are chiral then the ne;natic mesophase has a 

helical twist of the director. The screw axis is normal to the 

molecular long axes (Figure 2 ) .  The nematic phase can be 

considered 3s a cholesteric with an infinite pitch and the 

ch~lesteric phase can be regarded simply as a spontaneously 

twisted nematic. 

The smectic mesophases ( S )  

The molecules in the smectic phases possess an orientational 

and a lamellar order. In smectic A ( S A )  phase the molecules lie 

parallel to the layer normal. The smectic C (SC) phase is the 

tilted analogue of the SA phase. The molecular long axes are 

tilted with respect to the layer normal. This tilt direction is 

maintained through the layers. In the chiral smectic C (SC,) 

phase this tilt precesses around the layer normal, thus forming 

a helical structure. The compounds exhibiting this phase have to 



F i g u r e  1 :  S c h e m a t i c  r e p r e s e n t a t i o n  of t h e  m o l e c u l a r  
3 

a r r a n g e m e n t  i n  n e m a t i c  p h a s e  ( a f t e r  L e a d b e t t e r  ) .  

F i g u r e  2 :  S c h e m a t i c  r e p r e s e n t a t i o n  of t h e  m o l e c u l a r  a r r a n g e -  

ment  i n  c h i r a l  n e m a t i c  p h a s e .  ( a £  t e r  c h a n d r a s e k h a r L  ) .  



be chiral. In SAP SC and SC, phases the centres of mass of 

molecules are randomnly distributed in each layer. These layers 

are not well defined and are best considered in terms of a sinu- 

soidal density wave (Figures 3 and 4). The molecules have only a 

quasi- long range order and the dephasing length beyond which the 

layers cannot be distinguished is of the order of a centimeter. 2 

The N* and the SC, phases can also be obtained by introducing a 

small amount of chiral impurity in the N and the SC phases 

respectively. 

In recent years increasing number of higher order smectic 

phases have been discovered. These are classified according to 

the positional ordering of molecules present within the layers. 

To make a clear distinction between liquid crystal and a true 

(but disordered 1 crystal, ~eadbetter~ has suggested the following 

nomenclature: "when a structure has long-range order of molecular 

positions in three dimensions it is a crystal, despite the 

presence of various other kinds of disorder, and structures 

having less than this degree of positional order, but retaining 

some aspects of order a b ~ e  that possessed by an isotropic 

liquid, are properly called liquid crystals." The principal 

phase types which have been established are summarised in Table 

1 .  And the possible order in which mesophases can occur is shown 

in Table 2. 

B l u e  phases 

Blue phases appear in a narrow range of temperature 

(typically less than 0 . 5 ~ ~ 1  between the N* phase and the 



Wavef r on t s  

Figure 3: Schemat ic  r e p r e s e n t a t i o n  of t h e  m o l e c u l a r  a r r a n g e-  
3 

ment i n  s m e c t i c  A phase  ( a f t e r  L e a d b e t t e r  ) .  

Figure 4: Schemat ic  r e p r e s e n t a t i o n  of t h e  m o l e c u l a r  a r r a n g e-  
3 

ment i n  s m e c t i c  C phase  ( a f t e r  L e a d b e t t e r  ) .  



Table 1 

3 P r i n c i p a l  c a l a m i t i c  mesophases ( a f t e r  L e a d b e t t e r  ) 

I Disordered  c r y s t a l  I L i q u i d  c r y s t a l  I 
Layer  s t r u c t u r e s  I Smect ic  

Based on weakly Based on one- 
coupled o rdered  d i m e n s i o n a l  

l a y e r s  - ' t w o -  d e n s i t y  wave 
d imens iona l  ' ( l i q u i d  l a y e r s  ) 

systems 

Orthogonal :  'r 
molecu les  p a r a l l e l  
t o  c ,  p e r p e n d i c u l a r  E B 
t o  ab p l a n e  

D 
o t h e r  I 

T i l t e d :  a > b  H G 
molecu les  
p a r a l l e l  t o  
c, a t  a n g l e  
<n/2 t o  ab 
p lane  a < b  K J 

S~ c 

I 



Table 2 

Polymorphic v a r i a n t s  ( a f t e r  sackrnanns6 

Monomorphic Dimorphic Trirnorphic 

Tetramorphic  Pentamorphic Hexamorphic 



isotropic liquid (I) phase, provided the pitch of the N* phase is 

relatively short (~3000 A). Three blue phases have bsen 

identified, viz., BPI, BPI1 and BPIII respectively. These differ 

in their lattice structure. BPIII is also known as 'blue fog' an3 

no structural symmetry has be22 identified. 

Discotic liquid crystals 

In 1977, Chandrasekhar et alm4 reported disc shaped 

molecules, benzene hexa-n-alkanoates, which exhibited 

thermotropic mesophases. Since then a variety of discotic liquid 

crystals have been synthesised. The mesophases obtained with 

disc-like molecules are shown in table 3. There are two 

fundamental types, nematics (ND) and columnar (D). The ND phase 

is characterised by only a single order para-neter associated with 

the tendency of the discs to align parallel to each other. In the 

columnar phsse, the discs are stacked one on top of the 0th3r in 

columns. The stacking within a column can be ordered (Do) or 

disordered (Dd). The columns in turn can possess a hexagonal 

(Dho' Dhd ) or a rectangular (Dro, Drd) symmetry. 

Metallomesogens 

Probably the first known thermotropic metal containing 

liquid crystals were the alkali metal salts of the carboxylic 

acids, which form lamellar phases characteristic of soaps and 

the diary1 mercury derivatives5 which form smectic phases. The 

first transition metal complex exhibiting a mesophase was 

reported by Giroud and ~ i l l a r d . ~  Ohta et alS7 have synthesised a 



Table 3 

3 
P r i n c i p a l  d i s c o t i c  mesophases ( a f t e r  Leadbe t t e r  1 

I s o t r o p i c  

l i q u i d  

Nematic 

D 3 rde red  

c r y s t a l  

- 

Columnar s t r u c t u r e s  

Based on columns of molecules  

s t acked  i n  ordered  ( 0 1  o r  

d i so rde red  ( d l  manner; columns 

form two-dimensional l a t t i c e  

Hexagonal : 
Dho' Dhd 

Rectangular :  
Drd ;  ~2, /a ,P2/a ,C2/m 

Oblique : 
Dobd 



number of copper  B - d i k e t o n a t e s  and b a s e d  on o p t i c a l  and  Xray 

s t u d i e s  have i d e n t i f i e d  t h e  mesophases a s  d i s c o t i c  l a m e l l a r  

p h s s e s .  

Chandrasekhar  e t  a1.8 have r e p o r t e d  pa ramagne t i c  n e m a t i c  

p h a s e s  i n  a  number of copper  c h e l a t e s .    he^^ have a l s o  r e p o r t e d  a  

b i a x i a l  nemat ic  phase i n  a copper  complex. Metal lomesogens a r e  

g a i n i n g  impor tance  because  t h e y  o f f e r  u s e f u l  o p t i c a l ,  m a g n e t i c  

and e l e c t r i c a l  p r o p e r t i e s .  9  

Chiral smectic C (SC,) phase and ferroelectricity 

I n  1969, Saupe p r e d i c t e d  t h a t  t h e  tilt d i r e c t i o n  i n  SC 

phase  would s p i r a l  a b o u t  t h e  d i r e c t i o n  normal  t o  t h e  l a y e r  p l a n e s  

on p a s s i n g  t h r o u g h  t h e  l a y e r s  i f  t h e  n o l e c u l e s  were t o  be  c h i r a l .  

Helf r i c h  and  oh '  ' s y n t h e s i s e d  a n  o p t i c a l l y  a c t i v e  m o l e c u l e  which 

e x h i b i t e d  such a  phase .  M?yer e t  a l .  advanced symmetry 

argum?nts  f o r  t h e  e x i s t e n c e  of f e r r o e l e c t r i c i t y  i n  t i l t e d  s m e c t i c  

p h a s e s  comprised of c h i r a l  m o l e c u l e s .  The SC phas.2 h a s  ( i )  two- 

f o l d  r o t a t i o n  a x i s  p e r p s n d i c u l a r  t o  t h e  p l a n e  c o n t a i n i n g  t h e  

m o l e c u l e  ( d i r e c t o r )  a n d  t h e  l a y e r  normal  and ( i i )  a  r e f l e c t i o n  

p l a n e  normal t o  t h i s  two- fo ld  a x i s .  When t h e  medium c o n s i s t s  of  

c h i r a l  m3lecu les  t h e  r e f l e c t i o n  p l a n e  i s  e l i m i n a t e . 3 .  Thus w i t h i n  

e a c h  l a y e r  t h e  SC, phase  h a s  o n l y  a  t w o- f o l d  r o t a t i o n  a x i s .  T h i s  

a l l o w s  t h e  e x i s t e n c e  of  a  non- zero p o l a r i s a t i o n  p a r a l l e l  t o  t h i s  

a x i s .  S i n c e  t h e  p l a n e  d e f i n e d  by t h e  d i r e c t o r  and t h e  l a y e r  

normal  r o t a t e s  on p a s s i n g  t h r o u g h  t h e  l a y e r s  i n  S  
C *  

p h a s e ,  t h e  

p o l a r i s a t i o n  v e c t o r  which i s  p e r p e n d i c u l a r  t o  t h i s  p l a n e  a l s o  

r o t a t e s  t h r o u g h  t h e  l a y e r s  and t h e  n e t  p o l a r i s a t i o n  i s  z e r o  f o r  



the helical structure (Figures 5 and 6). However, when the helix 

is unwound a non-zero value for the polarisation is obtained. The 

direction of the polarisation vector can be defined as follows. A 

right hand screw acting along the two-fold axis, when turned in 

the direction of thz molecular tilt moves in the direction of 

positive polarisation' (Figure 7 ) . 

In 1980, Clark and ~a~erwalll demonstrated an electro- 

optical effect that utilised the ferroelectric property. Since 

then ferroelectric liquid crystalline phases have shown a 

potential as electrically active media in a variety of applica- 

tions such as displays, l light valves, l spatial light modula- 

optical processing ' and pyroelectric detectors. 19 tors, 

Ferroelectricity can also be exhibited by other tilted smectic 

phases composed of chiral molecules. The SC, phase is the most 

fluid phase to offer such a property and therefore gives the 

greatest potential for electrooptic device applications. 

/ 
Influence of molecular structure on mesomorphism 

The association between molecular structure and the meso- 

morphic properties has been very rigorously studied by Gray. 20 

Most of the mesogens have a characteristic geometrical shape 

described as rod-like or lath-like giving rise to anisotropic 

cohesive forces. However, if the intermolecular attractions are 

too strong the melting point of the crystals will be higher. And 

upon melting, the thermal motions may prevent an existence of any 

ordering of the molecules. Similarly, weak intermolecular forces 

can lower the melting point but the cohesive forces may be 



Figure 5: S c h e m a t i c  r e p r e s e n t a t i o n  of  t h e  m o l e c u l a r  a r r a n g e -  

ment i n  c h i r a l  smectic C p h a s e  w i t h  t h e  d i r e c t i o n  of  
7 6 s p o n t a n e o u s  p o l a r i s a t i o n  ( a f t e r  E s c h e r  1. 

Molec 

Figure. 6 :  Alignment  of  t h e  l o n g  a x i s  a n d  t h e  a v e r a g e  

d i p o l e  v e c t o ~  of a m o l e c u l e  i n  c h i r a l  smectic C p h a s e  

( a f t e r  ~ s c h e r 7 6  ) . - 



Layer normal 

Ti l t  a n g l e  
Di rector  

Ferroelectr ic 
po la r iza t ion  

Smect ic p lane 

Project ion of the 
l i q u i d  crysta l  
molecules on  
t h e  smect ic , 

p lane 

5 8 
Figure 7: ( a f t e r  Walba e t  a l .  1 .  



inadequate to maintain order in the fluid state. In both the 

cases crystal will directly melt into an isotropic liquid phase. 

Thus, for a liquid crystal to be formed, cohesive forces opera- 

ting between elongated molecules must be both anisotropic and of 

suitable magnitude. While correlating the structure to the meso- 

phase some of the parameters to be taken into consideration are: 

the overall shape of the molecules, the packing efficieny, the 

balance between the length and the breadth, the rigidity, the 

linearity, the anisotropy of polarisability and the directions as 

well as the magnitude of dipole moments of various groups within 

the molecules. Due to the rapidly increasing variety in the 

structures of rnesogens2l and only a qualitative understanding of 

intermolecular interactions, no concrete generalisations seem to 

be possible. For convenience, while discussing the structure- 

mesophase relationships a molecule such as shown below can be 

divided into three parts, viz., the hydrocarbon chain, the core 

and the chiral moiety. 

hydrocarbon 
chain 

core chiral moiety 

Effects on mesophases, in particular the SC, phase, due to 

variations in each part have been discussed separately. 



Variations in the hydrocarbon chain 

T h e s e  i n c l u d e  i n c r e a s i n g  o r  r e d u c i n g  t h e  number o f  m e t h y l e n e  

u n i t s  i n  t h e  c h a i n .  Gray  a n d  h i s  co-workers20  h a v e  shown t h a t  

p l o t s  o f  t h e  mesomorphic t r a n s i t i o n  t e m p e r a t u r e s  v e r s u s  t h e  a l k y l  

c h a i n  l e n g t h  f o r  a  v e r y  l a r g e  number o f  homologous series show 

smooth  c u r v e  r e l a t i o n s h i p  o f  o n e  k i n d  o r  a n o t h e r .  The  m e l t i n g  

p o i n t s  however show n o  r e g u l a r i t y .  The compounds e x h i b i t i n g  t h e  

SC* p h l s e  a r e  g e n e r a l l y  t h e  h i g h e r  homologues.  I n  many series o f  

compoun~ds t h e  t h e r m a l  s t a b i l i t y  o f  t h e  SC, p h a s e  i s  f o u n d  t o  

22-29 The i n c r e a s e  w i t h  i n c r e a s i n g  c a r b o n  a t ~ m s  i n  t h e  chai:. 

i n c r e a s e  p e r  m e t h y l e n e  u n i t  becomes less and  less a s  t h e  c h a i n  

l e n g t h  i n c r e a s e s .  However, t h e r e  a r e  examples  o f  some homologous 

series i n  which t h i s  t r e n d  i s  n o t  f o l l o w e d .  2 6 ' 2 8 ' 3 0  K e l l y  e t  

a l .  2 6  i n t r o d u c e d  a  d o u b l e  bond a t  t h e  t e r m i n a l  e n d  o f  t h e  c h a i n .  

T h i s  r e s u l t e d  n o t  o n l y  i n  t h e  d e p r e s s i o n  i n  t h e  m e l t i n g  p o i n t s  

b u t  a l s o  i n  t h e  r e d u c t i o n  o f  t h e r m a l  s t a b i l i t y  o f  t h e  S  C* p h a s e .  

J a n u l i s  e t  a 1 . 3 1  r e p l a c e d  t h e  hydrogen  a toms i n  t h e  c h a i n  by 

f l u o r i n e  a toms and  o b s e r v e d  a n  i n c r e a s e  i n  t h e  m e l t i n g  p o i n t s  a n d  

a  r e d u c t i o n  i n  t h e  t h e r m a l  s t a b i l i t y  o f  t h e  SC, p h a s e .  3 2  T h e r e  

a r e  examples  r e p o r t e d  i n  t h e  l i t e r a t u r e  28  ' 3 3  ' 3 4  w h e r e i n  t h e  v a l u e  

o f  t h e  s p o n t a n e o u s  p o l a r i s a t i o n  i n c r e a s e s  i n  some c a s e s  a n d  

d e c r e a s e s  i n  o t h e r s  a l o n g  a  homologous series.  

Variations in t h e  core 

When t h e  h y d r o c a r b o n  c h a i n  i s  l i n k e d  t o  t h e  c o r e  t h r o u g h  a n  

oxygen  a t o m  t h e  t h e r m a l  s t a b i l i t y  o f  t h e  SC, p h a s e  h a s  b e e n  f o u n d  

t o  i n c r e a s e .  3 5 ' 3 6  However, l i t t l e  change  i n  t h e  v a l u e  o f  s p o n t a -  



n e o u s  p o l a r i s a t i o n  i s  o b s e r v e d .  37  The enhancement  o f  t h e  t h e r m a l  

s t a b i l i t y  due  t o  oxygen l i n k a g e  c o u l d  b e  a t t r i b u t e d  t o  t h e  

i n c r e a s e d  l a t e r a l  d i p o l e  moment. Aqd t h i s  b e i n g  d i s t a n t  f rom t h e  

c h i r a l  c e n t r e ,  t h e  v a l u e  o f  s p o n t a n e o u s  p o l a r i s a t i o ~ ~  i s  u n a f f e c -  

t e d .  Ki tamura  e t  a1 .38  have  r e p o r t e d  a n  example  w h e r e i n  a mono- 

t r o p i c  SC, p h a s e  a n d  a n  e n a n t i o t r o p i c  SA p h a s e  obsserved i n  t h e  

a l k o x y  compound a r e  t o t a l l y  s u p p r e s s e d  i n  t h e  a n a l o g o u s  a l k y l  

compound which i s  found  t o  b e  non- mesogenic .  When a n  a l k o x y  g r o u p  

i n  a  compound e x h i b i t i n g  a  m o n o t r o p i c  SC, a n d  a n  e n a n t i o t r o p i c  SA 

p h a s e  w a s  r e p l a c e d  by a n  a l k a n o y l o x y  g r o u p ,  36 t h e  l a t t e r  e x h i -  
4 

b i t e d  e n a n t i o t r o p i c  SC, p h a s e  w i t h  a n  i n c r e a s e d  t h e r m a l  s t a b i l i t y  

a n d  a n  a d d i t i o n a l  f e r r o e l e c t r i c  p h a s e  be low t h e  SC, p h a s e .  The SA 

p h a s e  v a n i s h e d .  T h i s  change  g e n e r a l l y  b r i n g s  a b o u t  a n  i n c r e a s e  i n  

t h e  t h e r m a l  s t a b i l i t y  o f  t h e  SC, p h a s e .  36  A b i p h e n y l  g r o u p  i n  

p l a c e  o f  a  pheny l  o f f e r s  more r i g i d i t y  a n d  p o l a r i s a -  

b i l i t y  t o  t h e  c o r e .  The t h e r m a l  s t a b i l i t y  of  t h e  SC, p h a s e  i s  

found  t o  i n c r e a s e .  However a t  t i m e s  t h e  v a l u e  o f  t h e  s p o n t a n e o u s  

p o l a r i s a t i o n  i s  lowered .  3 2 * 3 9  I n  a n  e s t e r  c o n t a i n i n g  p h e n y l  a n d  

b i p h e n y l  r i n g s ,  t h e  t h e r m a l  s t a b i l i t y  o f  t h e  S,, p h a s e  i s  enhan-  
L 

c e d  when t h e  b i p h e n y l  m o i e t y  c a n  p a r t i c i p a t e  i n  t h e  c o n j u g a t i o n .  

The v a l u e  of s p o n t a n e o u s  p o l a r i s a t i o n  a l s o  i n c r e a s e s  i n  t h i s  

case. 37 

I n t r o d u c t i o n  of benzoyloxy  g r o u p  2 8  ? 4 0  * i n c r e a s e s  t h e  meso- 

p h a s e  t r a n s i t i o n  t e m p e r a t u r e s .  I n v e r s i o n  o f  c e n t r a l l y  s i t u a t e d  

e s te r  l i n k a g e  h a s  d r a m a t i c  e f f e c t s  upon t h e  p h a s e  

s e q u e n c e s .  2 2 , 2 3 , 3 6 , 3 7 , 4 2 , 4 3  i s  o b s e r v e d  t h a t  wheneve r  t h e  

c h i r a l  m o i e t y  i s  i n  c o n j u g a t i o n  w i t h  t h e  ester g r o u p ,  t h e  SC, 

p h a s e  g o e s  o v e r  t o  t h e  N* p h a s e  and  when it i s  n o t ,  t h e  SC, p h a s e  



g o e s  o v e r  t o  t h e  SA p h a s e  o n  i n c r e a s i n g  t h e  t e m p e r a t u r e .  T h i s  

o b s e r v a t i o n  h o l d s  good e v e n  when the c h i r a l  m o i e t y  i s  a t t a c h e d  to 

the c o r e  b y  a n  ester  l i n k a g e . 3 6  The r e v e r s a l  o f  -CH=N- l i n k a g e  

h a s  l i t t l e  e f f e c t  o n  t h e  mesomorphic  b e h a v i o u r .  3 8  When a n  e s t e r  

i s  r e p l a c e d  by a  t h i o e s  ter , the t h e r m a l  s t a b i l i t y  o f  t h e  SC, 

p h a s e  h a s  b e e n  found  t o  i n ~ r e a s e . ~  The r e p l a c e m e n t  o f  a n  es ter  

g r o u p  by  a n  azomethane  l i n k a g e  2 5  '38  ' 44  d o e s  n o t  show a n y  

d e f i n i t e  t r e n d  i n  t h e  t h e r m a l  s t a b i l i t y .  T a n i g u c h i  e t  a1.4' have  

s t u d i e d  t h e  e f f e c t  o f  r e p l a c i n g  c e n t r a l  -COO- l i n k a g e  u n i t  by a  

-CH20- g r o u p .  Upon t h i s  c h a n g e  t h e  SC, t h e r m a l  s t a b i l i t y  a s  w e l l  

a s  t h e  v a l u e  f o r  s p o n t a n e o u s  p o l a r i s a t i o n  seem to d e c r e a s e .  They 

have  a l s o  r e p o r t e d  a n  e x c e p t i o n  where  t h e  v a l u e  o f  s p o n t a n e o u s  

p o l a r i s a t i o n  h a s  doub led  by b r i n g i n g  a b o u t  t h e  same c h a n g e .  

When a n  a r o m a t i c  r i n g  f r o m  t h e  c o r e  i s  s u b s t i t u t e d  b y  a 

c y c l o h e x a n e  r i n g  2 2 p 2 6  t h e  p o l a r i s a b i l i t y  r e d u c e s  a n d  o f t e n  the 

Sc* p h a s e  d i s a p p e a r s  a 1  t o g e  t h e r .  A c h a n g e  f r o m  c i n n a m o y l o x y  t o  

a-me t h y l c i n n a m o y l o x y  m o i e t y  l o w e r s  t h e  mesophase t r a n s i  t i o n  tempe- 

r a  t u r e s .  4 6  I n  some c a s e s  t h e  v a l u e  o f  s p o n t a n e o u s  p o l a r i s a t i o n  

h a s  a l s o  b e e n  r e d u c e d  c o n s i d e r a b l y .  53 S i m i l a r l y  a - c h l o r o -  

c innamoy loxy  g r o u p  r e d u c e s  t h e  mesophase t e m p e r a t u r e s  and  t h e  

a- cyano g r o u p  i n c r e a s e s  t h e  m e 1  t i n g  p o i n t ,  however  r e d u c i n g  t h e  

t h e r m a l  s t a b i l i t y  o f  t h e  SC, p h a s e .  4 8  I n t r o d u c t i 2 n  o f  a  n i t r o g e n  

a t o m  i n  the p h e n y l  r i n g  a f f e c t s  t h e  SC, p h a s e  thermal s t a b i l i t y  

d e p e n d i n g  o n  t h e  p o s i t i o n  o f  t h e  n i t r o g e n  a tom i n  t h e  r i n g .  20 ' 49  

A l a t e r a l  s u b s  t i t u e n t  o n  b e n z e n e  r i n g  c a n  a f  f e c t  t h e  b r e a d t h  a s  

w e l l  a s  t h e  l a t e r a l  d i p o l e  o f  t h e  m o l e c u l e .  Hence  i t  c a n  p l a y  a  

m a j o r  r o l e  i n  d e t e r m i n i n g  t h e  t h e r m a l  s t a b i l i t y  a s  w e l l  a s  t h e  ' 



s p o n t a n e o u s  p o l a r i s a t i o n  o f  t h e  S * p h a s e .  I f  t h e  p o l a r  g r o u p s  
C  

a r e  accommcdated w i t h i n  t h e  r o t a t i o n a l  volume o f  t h e  m o l e c u l e  s o  

t h a t  t h e y  d o  n o t  i n c r e a s e  t h e  b r e a d t h  t h e n  t h e y  t e n d  t o  s t a b i l i s e  

t h e  smectic p h a s e s .  5 0  Thus ,  when a h y d r o x y l  g r o u p  i s  s u b s t i t u t e d  

on  t h e  benzene  r i n g  i n  s u c h  a  way t h a t  it c a n  form a n  i n t r a -  

m o l e c u l a r  hydrogen  bond w i t h  a  c a r b o n y l  group5
'  o r  n i t r o g e n  a t o m s  

o f  t h e  b e n ~ ~ l i d e n e a m i n o ~ ~ ' ~ ~  o r  b e n z a l a z i n e  g roup47  it i s  f o u n d  

t o  f a v o u r  t h e  SC, p h a s e  a s  w e l l  as i n c r e a s e  t h e  v a l u e  o f  s p o n t a -  

n e o u s  p o l a r i s a t i o n .  S a k u r a i  e t  a1.53 have  r e p o r t e d  a n  example  i n  

which  a  l a t e r a l  h y d r o x y l  g r o u p  i n  a  S c h i f f ' s  b a s e  i n t r o d u c e d  t h e  

Sc*  a n d  t h e  SA p h a s e s  i n  p l a c e  of  t h e  N* p h a s e  p r e s e n t  i n  t h e  

u n s u b s t i t u t e d  p a r e n t  compound. I n t r o d u c t i o n  of  two l a t e r a l  c y a n o  

g r o u p s  4 3  i n  t h e  p h e n y l  r i n g  i n c r e a s e s  t h e  m e l t i n g  p o i n t  a s  w e l l  

a s  t h e  t h e r m a l  s t a b i l i t y  o f  t h e  SC, p h a s e .  When a  h a l o g e n  i s  

i n t r o d u c e d  i n  t h e  p h e n y l  r i n g ,  3 7 v 4 3  t h c  v a l u e  o f  s p o n t a n e o u s  

p o l a r i s a t i o n  i n c r e a s e s .  However, i f  t h i s  h a l o g e n  i s  p r e s e n t  a t  

t h e  o r t h o  p o s i t i o n  t o  a  c a r b o n y l  g roup  t h e  v a l u e  i s  found t o  

d e c r e a s e .  3 7 ' 5 4  T h i s  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  c a r b o n y l  

a n d  t h e  h a l o g e n  g r o u p s  a r e  l i k e l y  t o  l i e  i n  o p p o s i t e  d i r e c t i o n s  

d u e  t o  e l e c t r o s t a t i c  r e p u l s i o n .  The e f f e c t  of  i n t r o d u c t i o n  o f  a 

f l u o r i n e  a tom a t  v a r i o u s  p o s i t i o n s  i n  compounds e x h i b i t i n g  t h e  SC 

p h a s e  h a s  been  s t u d i e d  by Gray e t  a l .  55 Chambers e t  a l .  56  h a v e  

i n v e s t i g a t e d  t h e  e f f e c t  of  mono-, d i - ,  a n d  t r i - f l u o r i n a t i o n  i n  

p h e n y l  b i p h e n y l  c a r b o x y l a t e s .  The SC p h a s e  i s  s e e n  t o  b e  a  p r e d o-  

m i n a n t  p h a s e  i n  t h e s e  compounds. 

V a r i a t i o n s  i n  t h e  chiral m o i e t y  

V a r i a t i o n s  i n  t h e  c h i r a l  m o i e t y  a r e  m a i n l y  d i r e c t e d  t o w a r d s  



enhancement  of  s p o n t a n e o u s  p o l a r i s a t i o n .  An i n c r e a s e  i n  t h e  

d i p o l e  a t  t h e  c h i r a l  c a r b o n  a tom i s  f o u n d  t o  r e s u l t  i n  a n  

i n c r e a s e  i n  t h e  v a l u e  o f  t h e  s p o n t a n e o u s  p o l a r i s a t i o n .  T h i s  h a s  

b e e n  o b s e r v e d  i n  compounds i n  which  a m e t h y l  g r o u p  i s  r e p l a c e d  by 

a  c h l o r i n e  a tom. 57 An ' e p o x y  g r o u p  i s  a l s o  f o u n d  t o  e n h a n c e  t h e  

v a l u e  o f  s p o n t a n e o u s  p o l a r i s a t i o n  a n d ,  a n  e t h o x y  g r o u p  i s  n o t  a s  

e f f e c t i v e .  5 8  5 9  When m e t h y l e n e  g r o u p s  are  i n t r o d u c e d  i n  be tween  

t h e  c h i r a l  c e n t r e  and t h e  c o r e  t h e  v a l u e  o f  s p o n t a n e o u s  p o l a r i -  

s a t i o n  i s  found  t o  d e c r e a s e .  5 2 ' 6 0  T h i s  i s  a t t r i b u t e d  t o  t h e  

weakening  o f  t h e  i n t e r a c t i o n s  be tween  t h e  c o r e  a n d  t h e  c h i r a l  

c e n t r e .  T h i s  however h a s  l i t t l e  e f f e c t  on mesomorphism. 6 1  The 

h e l i c a l  t w i s t  p r e s e n t  i n  t h e  SC, p h a s e  f l i p s  f rom o n e  h a n d e d n e s s  

t o  t h e  o t h e r  a l o n g  a  homologous series o b t a i n e d  by i n t r o d u c t i o n  

o f  m e t h y l e n e  u n i t s  be tween  t h e  c h i r a l  c e n t r e  and  t h e  c o r e .  6 2  The 

s i g n  of  o p t i c a l  r o t a t i o n  and  t h e  d i r e c t i o n  o f  s p o n t a n e o u s  p o l a r i -  

s a t i o n  a l s o  a l t e r n a t e s .  However, O t t e r h o l m  e t  a l .  2 4  h a v e  s y n t h e -  

s i s e d  some compounds where t h i s  odd- even e f f e c t  on t h e  s i g n  o f  

p o l a r i s a t i o n  r e l a t e d  t o  t h e  c h i r a l  c e n t r e  moving away f rom t h e  

c o r e  o f  t h e  m o l e c u l e  i s  n o t  o b s e r v e d .  Reduc ing  t h e  d i s t a n c e  

be tween  t h e  c o r e  and  t h e  c h i r a l  c e n t r e  r e s u l t s  i n  t h e  r e d u c t i o n  

o f  t h e  p i t c h .  6 3  T h i s  i s  d i s a d v a n t a g e o u s  b e c a u s e  h i g h e r  f i e l d  i s  

n e c e s s a r y  t o  unwind t h e  h e l i x .  Goodby e t  a1  . 6 4  h a v e  s t u d i e d  t h e  

damping m o t i o n  o f  t h e  c h i r a l  c e n t r e  a n d  i t s  e f f e c t  o n  p o l a r i -  

s a t i o n .  They o b s e r v e  t h a t  a s  t h e  t e r m i n a l  c h a i n  i s  e x t e n d e d  on  

t h e  e x t e r n a l  s i d e  o f  t h e  c h i r a l  c e n t r e  t h e  r o t a t i o n a l  m o t i o n  o f  

t h e  c h i r a l  g r o u p  i s  r e s t i c t e d  which r e s u l t s  i n  a n  i n c r e a s e  o f  

p o l a r i s a t i o n .  T h i s  damping a l s o  e n h a n c e s  t h e  s t e r i c  r e p u l s i v e  

e f f e c t s  and  d e p r e s s e s  t h e  l i q u i d  c r y s t a l  p h a s e .  Yosh ino  e t  a l .  65 



have s y n t h e s i s e d  compounds i n  which t h e  c h i r a l  moie ty  i s  f l a n k e d  

by two e s t e r  groups  and by a n  ester  and a n  e t h e r  l i n k a g e  r e s p e c -  

t i v e l y .  The v a l u e  of  s p o n t a n e o u s  p o l a r i s a t i o n  i n  t h e  l a t t e r  

compound was found t o  be  f o u r  t i m e s  t h e  v a l u e  of t h e  f o r m e r .  T h i s  

h a s  been e x p l a i n e d  by c o n s i d e r i n g  t h e  r e l a t i v e  o r i e n t a t i o n  of 

bond moments around t h e  c h i r a l  c a r b o n  atom. ~ e e l h a a r ~ ~  h a s  r e p o r-  

t e d  some o p t i c a l l y  a c t i v e  4-cyanocyclohexyl-4"-alkoxybiphenyls. 

A s  t h e  2- methylbutyl  group a t t a c h e d  t o  t h e  c y c l o h e x a n e  r i n g  i s  

r e p l a c e d  by methyl  i s o p r o p y l  e t h e r ,  i s o p r o p y l  a c e t a t e  and 

i s o p r o p y l  p e n t a n o a t e ,  t h e  v a l u e  of spon taneous  p o l a r i s a t i o n  i s  

found t o  i n c r e a s e .  For  t h e  l a s t  compound t h e  m e l t i n g  p o i n t  g e t s  

c o n s i d e r a b l y  d e p r e s s e d  and a  wide r a n g e  of SC, p h a s e  i s  

o b s e r v e d .  

Bone e t  a l S 6 '  have s y n t h e s i s e d  compounds u s i n g  a - p i n e n e  and 

R-menthol a s  t h e  o p t i c a l l y  a c t i v e  g r o u p s .  The s p o n t a n e o u s  

p o l a r i s a t i o n  has  been measured by u s i n g  t h e s e  a s  d o p a n t s .  For  t h e  

compound c o n t a i n i n g  a- p i n e n e  moie ty  e n a n t i o t r o p i c  S  phase  i s  C* 

o b s e r v e d ,  whereas menthol  s u b s t i t u t e d  compound i s  non- 

mesomorphic. The l a c k  of mesophase i s  a t t r i b u t e d  t o  t h e  b u l k y  

i s o p r o p y l  group.  However t h i s  i s  r e s p o n s i b l e  f o r  e n h a n c i n g  t h e  

v a l u e  o f  t h e  spon taneous  p o l a r i s a t i o n  due t o  i n c r e a s e d  s t e r i c  

h i n d r a n c e .  T h i r a n e s  and o x i r a n e s  have a l s o  been used  a s  o p t i c a l l y  

a c t i v e  g roups  i n  compounds e x h i b i t i n g  S  
C *  

p h a s e .  41 From t h e  

a n a l y s i s  of c ' ~  NMR and t h e  r e l a x a t i o n  t i m e s  of t h e  c a r b o n  a toms.  

Yoshizawa e t  o b s e r v e  t h a t  t h e  r o t a t i o n a l  f r e q u e n c y  o f  t h e  

c h i r a l  ca rbon  atom does  n o t  change much d u r i n g  t r a n s i t i o n  from SA 

t o  SC* phase .  However, t h e  m o b i l i t y  o f  t h e  p o l a r  g r o u p  a d j a c e n t  



/ !  
to the chiral carbon atom (carbonyl in this case) decreases 

remarkably during the phase transitions. Enantiomers have 

identical melting points. 69 The same appears to be true for 

mesomorphic transitions. 61,70 In SC* phase the compounds of 

opposite absolute configurations form helices of opposite twists 

(handedness) and have polarisation vectors pointing in opposite 

directions but of same magnitude.62 The racemates differ by a few 

degrees in the mesomorphic transition temperatures from the 

enantiomers and have non-helical and non-ferroelectric phases. 

Goodby and chin7' have reported that chirality can apparently 

induce additional ferroelectric phases to occur in pure compounds 

which need not be present in the racemic mixtuze. 

There have been attempts to understand the origin of 

58.72-76 polarisation in SC, phase at the molecular level. 

Polarisation is dipole moment per unit volume, however the 

spontaneous polarisation observed in the SC, phase is two orders 

of magnitude less than the sumnation of dipole m~ments of 

individualmolecules.This could be because it is only on an 

average that the dipoles ,~rient in the direction of the 

polarisation vector. The molecular rotation about the molecular 

long axis, i.e., the director is anisotropic in the SC, phase. 

Because of this rotational bias some orientations of a molecule 

are preferred over others. Therefore, a dipolar ordering takes . 

place. The extent of ordering is determined by the molecular 

structure and specifically by the rigid coupling between 

molecular dipoles and the chiral centre. 72774r75 However, this 

is only an assumption and there is not sufficient body of 



e x p e r i m s n t a l  d a t a  t o  e n s u r e  a f i r m  r e l a t i o n s h i p  ba tween m o l e c u l a r  

s t r u c t u r e  and  t h e  magni tude  o f  p o l a r i s a t i o n . 7 7  Walba e t  a l .  58 

have  p roposed  a  model which s u g g e s t s  t h a t  p o l a r i s a t i o n  o r i g i n a t e s  

f rom a n o v e l  k i n d  of m o l e c u l a r  r e c o g n i t i o n  r e l a t e d  t o  a  

d i a s t e r e o m e r i c  h o s t - g u e s t  c o m p l e x a t i o n .  They a l s o  show how t h e  

s i g n  o f  t h e  p o l a r i s a t i o n  c a n  b e  p r e d i c t e d  u s i n g  t h e  p roposed  

m o d e l . '  The d i r e c t o r  h e r e  i s  c o n s i d e r e d  a s  " t h e  a x i s  o f  minimum 

r o t a t i o n a l  i n e r t i a  f o r  each c o n f o r m a t i o n"  which i m p l i e s  a  z ig- zag  

model where  t h e  c o r e  i s  more t i l t e d  t h a n  t h e  c h a i n s .  Gray and  

McDonnell 78 p roposed  a  r u l e  r e l a t i n g  m o l e c u l a r  s t r u c t u r e ,  

a b s o l u t e  c o n f i g u r a t i o n  and t w i s t  s e n s e  f o r  t h e  c h o l e s t e r i c  phase .  

Goodby e t  a 1 . 7 3  i n  a d d i t i o n  t o  t h e  above f a c t o r s  c o n s i d e r  t h e  

i n d u c t i v e  e f f e c t  a t  t h e  c h i r a l  c e n t r e  and  r e l a t e  it t o  t h e  s i g n  

o f  p o l a r i s a t i o n  a s  shown i n  t h e  t a b l e s  4 and 5 .  P o s i t i o n  of  t h e  

c h i r a l  c e n t r e  i s  de te rmined  by t h e  number of  a toms it i s  removed 

f rom t h e  a r o m a t i c  r i n g  s t r u c t u r e  of t h e  c e n t r a l  c o r e  of  t h e  

compound, e . g . ,  i n  t h e  homolgous s e r i e s  

t h e  c h i r a l  c a r b o n  atom i s  n+2 a toms from t h e  c o r e .  About t h i r t y  

examples  have  been g i v e n  which f o l l o w  t h e s e  r u l e s .  I n  t h e i r  n e x t  

p a p e r  Goodby e t  a 1 .  7 3  p r e s e n t  compounds f o r  which t h e r e  i s  

i n v e r s i o n  o f  r u l e s  t o  a  c e r t a i n  e x t e n t .  The t w i s t  s e n s e  of  t h e  

h e l i x ,  t h e  r o t a t i o n  o f  t h e  p l a n e  p o l a r i s e d  l i g h t  a r e  now 

a s s o c i a t e d  w i t h  t h e  d i r e c t i o n  o f  p o l a r i s a t i o n  a s  f o l l o w s .  



Table 4 

d i p o l a r  abs .  p o s i t i o n  r o t a t i o n  h e l i x  spontaneous 
i n d u c t i v e  con f ig .  of c h i r a l  of plane-  t w i s t  p o l a r i s a t i o n  
e f f e c t  a t  c e n t e r  p o l a r i s e d  s ense  d i r e c t i o n  

c h i r a l  l i g h t  
c e n t e r  

(After Goodby e t  



Table 5 

d i p o l a r  abs. p o s i t i o n  spontaneous 
i n d u c t i v e  e f f e c t  con£ ig.  of c h i r a l  p o l a r i s a t i o n  
a t  c h i r a l  c e n t e r  c e n t e r  d i r e c t i o n  

7 3 
( A f t e r  Goodby e t  a l .  1 



p s ( - )  I ( - )  R . H  h e l i x  

p s ( + )  = d ( + )  = L.H h e l i x  

The a n g l e  made by  t h e  core i s  t h e  o p t i c  a n g l e  ( a )  a n d  t h a t  made 

b y  t h e  c h a i n s  i s  t h e  s t e r i c  a n g l e  ( 0 ) .  Two tilt o r i e n t a t i o n s  a re  

p o s s i b l e  i n  t h e  SC, p h a s e  o f  t h e  z ig- zag  s t r u c t u r e  ( F i g u r e  8 ) .  

"One h y p o t h e s i s  f o r  i n v e r s i o n  o f  i n i t i a l  g u i d e l i n e s  l i e s  i n  t h e  

change  i n  t h e  tilt o r i e n t a t i o n  o f  t h e  m o l e c u l e s .  The r i g i d  a r o -  

matic c o r e  i n  t h i s  c a s e  may be packed  i n  a  more u p r i g h t  o r i e n t a -  

t i o n  r e l a t i v e  t o  t h e  l a y e r  p l a n e s  t h a n  t h e  m o l e c u l e  as a  who le  

( a < 8 ) ,  i - e . ,  r e v e r s e  of  t h a t  p o s t u l a t e d  p r e v i o u s l y  ( a  > e l . "  

T h e r e  have  been r e p o r t s  o f  i n v e r s i o n  o f  s i g n  of  p o l a r i s a t i o n  

o n  c o o l i n g  t h e  f e r r o e l e c t r i c  p h a s e .  6 5 ' 7 9 - 8 2  T h i s  b e h a v i o u r  h a s  

b e e n  a t t r i b u t e d  t o  a  change  i n  t h e  c o n f o r m a t i o n  o f  t h e  m o l e c u l e  

a t  c e r t a i n  t e m p e r a t u r e .  A l s o  " a  change  of  i n t e r m o l e c u l a r  i n t e r a c -  

t i o n  when t h e  tilt e x c e e d s  some c r i t i c a l  v a l u e  which  may i n d u c e  a  

c h a n g e  o f  t h e  m o l e c u l a r  i n t e r a c t i o n  ( c o n f o r m a t i o n )  a n d  r e v e r s a l  

o f  t h e  s i g n  o f  p o l a r i s a t i o n . 6 5  T h i s  c h a n g e  h a s  a l s o  b e e n  b r o u g h t  . 

a b o u t  by d o p i n g  a  l i q u i d  c r y s t a l  e x h i b i t i n g  a n  SC p h a s e .  7 9  The 

t e m p e r a t u r e  a t  which t h e  p o l a r i s a t i o n  c h a n g e s  s i g n  i s  d e p e n d e n t  

upon t h e  c o n c e n t r a t i o n  of  t h e  c h i r a l  m a t e r i a l  i n  t h e  n o n - c h i r a l  

h o s t .  

Brand  and  C l a d i s  83 r e p o r t e d  a  new ' t r u l y  f e r r o e l e c t r i c  

p h a s e- s m e c t i c  X '  which p o s s e s s e s  a  n e t  pe rmanen t  p o l a r i s a t i o n  a n d  

c a n  b e  s w i t c h e d  i n  a  b i s t a b l e  way i n  a n  e lec t r ic  f i e l d .  U n l i k e  



Figure  8: Two p o s s i b l e  tilt o r i e n t a t i o n s  of a  m o l e c u l e  i n  
7 3 

c h i r a l  smectic C p h a s e  ( a f t e r  Goodby e t  a l .  1 .  



SI*, SGf and SC* the orientation of the director does not change 

in the SX phase when the field is turned off. This phase was 

observed in S(+)-4-(2'-methylbuty1)phenyl 4-n-octylbiphenyl-4- 

carboxylate. They further suggested 'helielectric' as a more 

appropriate name for those phases which are normally called 

'ferroelectric phases' since that describes the zero field ground 

state and distinguishes them from the 'truly ferroelectric 

phases' like the smectic X. Chandani et a1.84 reported an 'anti- 

ferroelectric phase' in 4-(1-methylhepty1oxycarbonyl)phenyl 4'- 

octyloxybiphenyl 4"-carboxylate. They designated it as S _ * .  
L A  

Perhaps this is similar to the phase observed by Levelut et al. 85 

in l(methy1)heptyl terephthalidene bis aminocinnamate which was 

designated as 'smectic 0 ' .  
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