
C H A P T E R  I V  

ELECTROMECHANICAL COUPLING IN CHOLESTERIC LIQUID CRYSTALS 

1 INTRODUCTION 

The c h o l e s t e r i c  l i q u i d  c r y s t a l  i s  a  c h i r a l  sys tem c o n s i s t i n g  

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

t w i s t s  a b o u t  a n  o r t h o g o n a l  a x i s  t o  form a  h e l i x  ( F i g .  l . l b  i n  

C h a p t e r  I )  w i t h  a p i t c h  ' P 1  i n  t h e  range  o f  a  few m i c r o n s .  

I n  p a r i t y  c o n s e r v i n g  s y s t e m s  t h e  C u r i e  ( o r  Von Neumann) 

p r i n c i p l e  ( f o r  e . g . ,  Boccara  1981) r e q u i r e s  t h a t  t h e  symmetry 

o f  p h y s i c a l  e f f e c t s  must  be c o n t a i n e d  i n  t h e  c a u s e s  which g i v e  

r i s e  t o  them. But i n  c h i r a l  s y s t e m s ,  which l a c k  m i r r o r  symmetry 

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

and  f o r c e s  (Pomeau 1 9 7 1 ) .  I n  c h o l e s t e r i c  l i q u i d  c r y s t a l s  t h e  coope- 
J 

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

r i s e  t o  a  macroscop ic  m a n i f e s t a t i o n  o f  t h e  same r e s u l t i n g  i n  u n u s u a l  

e f f e c t s  which a r e  c l e a r l y  o b s e r v a b l e .  One such  e f f e c t  - t h e  thermo-  

m e c h a n i c a l  c o u p l i n g  was obse rved  by Lehrnann i n  1900. He found 

t h a t  i n  small c h o l e s t e r f c  d r o p s  t a k e n  between two g l a s s  s u r f a c e s  

a t h e r m a l  g r a d i e n t  a l o n g  t h e  h e l i c a l  a x i s  g i v e s  r i s e  t o  a c o n t i -  

nuous r o t a t i o n  o f  t h e  s t r u c t u r e  a b o u t  t h a t  a x i s  ( s e e  F i g .  4 . 1 ) .  

The thermomechanical  e f f e c t  r e s u l t s  i n  a n  a n g u l a r  momentum d e n s i t y  

o f  t h e  d i r e c t o r  even  though  t h e  a p p l i e d  f o r c e  h a s  t h e  c h a r a c t e r  

o f  a p o l a r  v e c t o r .  



Figure 4 . 1  

Lehmann's diagrams illustrating the rotation 

phenomenon in open cholesteric droplets heated 

from below (From Chandrasekhar 1977). 



L e s l i e  (1968 ,  1979) and  o t h e r s  have worked o u t  d e t a i l e d  

hydrodynamic t h e o r i e s  o f  c h o l e s t e r i c s  and  o b t a i n e d  s o l u t i o n s  c o r r e -  

s p o n d i n g  t o  t h e  Lehmann e f f e c t .  de  Gennes (1975)  h a s  p o i n t e d  o u t  

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

similar e f f e c t .  We have used h i s  f o r m u l a t i o n  i n  o u r  d i s c u s s i o n .  

4.2 HYDRODYNAMICS OF CHOLESTERICS 

C o n s i d e r  a t r a n s p o r t  c u r r e n t  d e n s i t y  which can  be a n  e l e c t r i c  

c u r r e n t  d e n s i t y ,  a  h e a t  c u r r e n t  d e n s i t y  o r  a d i f f u s i o n  c u r r e n t  
-+ 

d e n s i t y .  The c o n j u g a t e  f i e l d  a s s o c i a t e d  w i t h  t h i s  c u r r e n t  is E . 
-+ 

F o r  t h e  t h r e e  c a s e s  ment ioned above ,  E = - V V  (where  V = e l e c t r i c a l  
-+ + v T  a n d  E = - V ll (where IJ is  t h e  chemica l  p o t e n t i a l  p o t e n t i a l ) ,  E = - - T 

\ 

o f  t h e  d i f f u s i n g  s p e c i e s )  r e s p e c t i v e l y .  The e n t r o p y  s o u r c e  i n c l u d-  

i n g  f l o w ,  r o t a t i o n  o f  t h e  d i r e c t o r  and t r a n s p o r t  is  g i v e n  by 

The q u a n t i t i e s  A - t h e  symmetr ic  p a r t  o f  t h e  v e l o c i t y  g r a d i e n t  
-+ 

t e n s o r ,  u1 - t h e  comple te  v i s c o u s  s t r e s s  t e n s o r ,  h - t h e  m o l e c u l a r  
-+ 

f i e l d  and N - t h e  r a t e  o f  change o f  t h e  d i r e c t o r  w i t h  r e s p e c t  t o  
-+ -f 

t h e  background f l u i d  a r e  a s  d e f i n e d  i n  C h a p t e r  I .  A ,  N and E a r e  
-+ -+ 

chosen  a s  f l u x e s  w h i l e  o f ,  h  and J a r e  t h e  c o n j u g a t e  f o r c e s .  

The phenomenological  e q u a t i o n s  between t h e  f l u x e s  and f o r c e s  

c a n  t h e n  be w r i t t e n .  Tak ing  i n t o  a c c o u n t  t h e  Onsager  r e c i p r o c a l  

r e l a t i o n s  a l s o ,  we can w r i t e  

N + + + + 
o1 - oclB+V n  (E x n ) @  + V2ng ( E x  nIcl - 1 a 



h e r e  a and hN d e n o t e  t h e  c o n t r i b u t i o n s  from t h e  hydrodynamics  
aB 

o f  n e m a t i c s  ( C h a p t e r  I - s e e  Eqns.  1 . 2 3  & 1 . 2 4 ) .  
O I I  and OL are 

t h e  c o n d u c t i v i t i e s ,  1-1 p2 and  v a r e  t h e  new   he no me no logical 

. , 
c o e f f i c i e n t s  r e l a t e d  by U - P 2  = v .  

A l l  t h e  t e r m s  i n  e q n s .  ( 4 . 2 )  - ( 4 . 4 )  which a r e  a s s o c i a t e d  

w i t h  t h e  c o u p l i n g  c o e f f i c i e n t s  p l ,  1.1 and v change s i g n  when t h e  2  

c o o r d i n a t e  sys tem i s  r e f l e c t e d  i n  a m i r r o r .  Then t h e  c r o s s  c o u p l i n g  

c o e f f i c i e n t s  must a l s o  change s i g n ,  i . e . ,  t h e y  can o n l y  have a 

non- zero v a l u e  f o r  c h i r a l  s y s t e m s .  S i n c e  t h e  handedness  o f  t h e  

h e l i x  changes  s i g n  under  a m i r r o r  r e f l e c t i o n  t h e  c o u p l i n g  c o e f f i -  

c i e n t s  must be p r o p o r t i o n a l  t o  q ,  where q = 2 l T / P  i s  t h e  wavevec to r  

o f  t h e  h e l i x .  I ts  s i g n  is  t a k e n  t o  be p o s i t i v e  ( n e g a t i v e )  f o r  

r i g h t  ( l e f t )  handed h e l i x .  T h i s  would o f  c o u r s e  mean t h a t  i n  a 

n e m a t i c  o r  i n  a compensated c h o l e s t e r i c  w i t h  q  = 0 t h e  c r o s s  coup l-  

i n g  d o e s  n o t  e x i s t .  

The Lehmann r o t a t i o n  i s  a consequence o f  t h e  c r o s s  c o u p l i n g  

between t h e r m a l  and  m e c h a n i c a l  e f f e c t s .  

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

which s h o u l d  g i v e  r ise t o  a similar e f f e c t .  



L e t  u s  c o n s i d e r  a c h o l e s t e r i c  sample w i t h  p l a n a r  t e x t u r e  

and  l e t  a r e l a t i v e  t h e r m a l  g r a d i e n t  o r  a n  e l e c t r i c  f i e l d  be a p p l i e d  

p a r a l l e l  t o  t h e  h e l i c a l  a x i s  and  we assume t h a t  t h e r e  i s  no hydro-  

dynamic f low,  i . e . ,  A = 0. The a n g l e  $ ( z )  between t h e  d i r e c t o r  

and a f i x e d  a x i s  x  c a n  be o b t a i n e d  from t h e  t o r q u e  b a l a n c e  e q u a t i o n .  

L e t  u s  f i r s t  c o n s i d e r  t h e  v i s c o u s  t o r q u e  

S u b s t i t u t i n g  f o r  t h e  0's from e q n s .  ( 4 . 2 )  when A = 0 ,  w e  have 

2 2 = ( a
2
- a  ) ( n  d -nxiiJ-vn E - v n  x E z  ( 4 . 5 )  

3 Y X  ' Y  z 

Now nx = c o s  $ and  n  = s i n  $ 
Y 

T h e r e f o r e  

/ 
v i s c o u s  (q -a 3 )  ( - d $ / d t )  - V E Z  
Z 

a 3 - a 2  = Y1 and  V l - I 1 2  = V .  

e l a s t i c  
The e l a s t i c  t o r q u e  r Z  i s  g i v e n  by 



hx and h can be obtained from the expression for the free energy . 
Y 

density 

K22 -+ -+ - - [ n . curl n + qo] 2 
Fd - 2 

We then have 

Therefore 

Again substituting n = cos $ and n = sin$ 
X Y 

Equating the elastic and viscous torques, 



+ -+ 
where E i s  t h e  component of  E normal t o  n ,  i . e . ,  E Z ,  and v is  1 
t h e  thermo- ( o r  e l e c t r o - )  mechanical coupl ing  c o e f f i c i e n t .  Eqn. 

(4 .13 )  can be i n t e g r a t e d  u s i n g  proper  boundary c o n d i t i o n s .  If 

t h e  anchor ing  energy f o r  az imutha l  o r i e n t a t i o n  i s  z e r o  2 4  - a z  - q o =  

a t  both t h e  boundar ies  and hence a  c o n s t a n t  i n  t h e  sample.  

V E t The s o l u t i o n  i s  then  o f  t h e  form (I = q z +  --+ c ,  where c  is  a  
0 Yl 

c o n s t a n t  o f  i n t e g r a t i o n .  The d i r e c t o r  r o t a t e s  w i th  a  c o n s t a n t  

a n g u l a r  v e l o c i t y  g iven  by vE /y l  . The angu la r  veLoci ty  is  p r o p o r t i o-  
-+ 

n a l  t o  t h e  r e l a t i v e  tempera ture  g r a d i e n t  o r  e l e c t r i c  f i e l d  E  and 
-+ 

t h e  s ense  of r o t a t i o n  should change when E i s  r eve r sed .  Also t h e  

s e n s e  o f  r o t a t i o n  should depend on t h e  handedness of  t h e  h e l i x ,  

i . e . ,  t h e  coupl ing  c o e f f i c i e n t  i s  p ropor t i ona l  t o  q .  

L e s l i e  concluded t h a t  t h e  r o t a t i o n  phenomenon observed by 

Lehmann is  a  consequence o f  t h e  c r o s s  coupl ing  term V.  

Lubensky (1972, 1973) developed a  hydrodynamic t h e o r y  of  

c h o l e s t e r i c s  v a l i d  f o r  s p a t i a l  d i s t o r t i o n s  whose wavelength i s  

> > P  t h e  p i t c h .  Again he concluded t h a t  t h e  symmetry o f  such  sys tems  

a l l o w s  f o r  a  thermomechanical e f f e c t  which couples  t h e  phase of  

t h e  l a y e r s  wi th  a  tempera ture  g r a d i e n t .  For a  c h o l e s t e r i c ,  t h e  

phase i s  determined by t h e  az imutha l  ang le  o f  t h e  d i r e c t o r  and 

one a g a i n  g e t s  s o l u t i o n s  corresponding t o  t h e  Lehmann r o t a t i o n .  

He a l s o  recognised  t h a t  such a  r o t a t i o n  would c r u c i a l l y  depend 

on t h e  boundary c o n d i t i o n s  (Lubensky 1973).  Mar t in  e t  a l .  (1972) 

developed a g e n e r a l  t h e o r y  o f  hydrodynamics o f  l a y e r e d  sys tems  



a p p l i c a b l e  t o  c h o l e s t e r i c s  a l s o  and g o t  s i m i l a r  s o l u t i o n s .  The 

Lubensky fo rmu la t i on  i s  s p e c i f i c a l l y  meant f o r  c h o l e s t e r i c s .  

The Onsager r e l a t i o n s  were n o t  used i n  t h e  t heo ry  of  L e s l i e .  

P r o s t  (1972)  used t h e s e  r e l a t i o n s  i n  t h e  L e s l i e  t heo ry  and i n  

t h i s  c a s e  t h e  thermo ( o r  e l e c t r o )  mechanical  c o e f f i c i e n t s  a r e  

found n o t  t o  c o n t r i b u t e  t o  t h e  en t ropy  produc t ion  i n  a n  u n d i s t o r t e d  

c h o l e s t e r i c .  T h i s  can be shown by u s i n g  Eqns. ( 4 . 2  - 4 . 4 )  which 
$ 

a l r e a d y  i n c o r p o r a t e  t h e  Onsager r e l a t i o n s .  

Le t  us  c o n s i d e r  t h e  te rms  a s s o c i a t e d  w i th  t h e  thermo ( o r  

e l e c t r o )  mechanical  p a r t s  i n  t h e  exp re s s ion  f o r  t h e  en t ropy  produc- 

t i o n ,  i . e . ,  i n  Eqns. ( 4 . 1 )  and ( 4 . 2 )  - ( 4 . 4 )  

Thus we  s e e  t h a t  t h e  c r o s s  coup l ing  c o e f f i c i e n t s  have a  r e a c t i v e  

and n o t  a d i s s i p a t i v e  c h a r a c t e r .  As mentioned e a r l i e r ,  i n  t h e  

o r i g i n a l  f o rmu la t i on  o f  L e s l i e ,  t h e  Onsager r e l a t i o n s  have n o t  

been used. The thermomechanical c o e f f i c i e n t s  would t hen  c o n t r i b u t e  

t o  t h e  en t ropy  p roduc t ion .  The ' v '  c o e f f i c i e n t  i n  t h e  model deve lo-  



ped by Lubensky ( 1 9 7 3 )  i s  a l s o  s e e n  t o  c o n t r i b u t e  t o  t h e  e n t r o p y  

p r o d u c t i o n .  

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

c o e f f i c i e n e  i s  o f  o b v i o u s  i n t e r e s t ,  b u t  t o  o u r  knowledge t h e  Lehmann 

e x p e r i m e n t  h a s  n e v e r  been r e p r o d u c e d  though t h e r e  have been s e v e r a l  

a t t e m p t s  t o  do t h e  same. F o r  example ,  a n  g t t e m p t  i n  o u r  own l a b o r a-  

t o r y  t o  r e p r o d u c e  t h e  Lehmann e x p e r i m e n t  d i d  n o t  s u c c e e d  (Chandra- 

s e k h a r  and  S u r e s h ) .  The r e a s o n  f o r  t h i s  n e g a t i v e  r e s u l t  is  t h a t  

i n  none o f  t h e s e  a t t e m p t s ,  t h e  a n c h o r i n g  e n e r g y  a t  t h e  boundary 

s u r f a c e s  was s u f f i c i e n t l y  weak. We can  indeed  make a n  e s t i m a t e  

o f  t h e  a l l o w e d  upper  l i m i t  o f  t h e  a n c h o r i n g  e n e r g y ,  f o r  t h e  r o t a -  

t i o n  t o  be p o s s i b l e .  

To s i m p l i f y  t h e  a rgument  l e t  u s  assume t h a t  t h e  upper  s u r f a c e  

a t  z = d  i s  f r e e  and h a s  z e r o  a n c h o r i n g  energy .  The lower  s u r f a c e  

a t  z = 0  which is  r e s t i n g  on t h e  g l a s s  p l a t e  h a s  a n  a n c h o r i n g  e n e r g y  

2 g i v e n  by W/2 s i n  9 0 ,  where @ i s  t h e  a n g l e  made by t h e  d i r e c t o r  

w i t h  r e s p e c t  t o  t h e  e a s y  a x i s .  The r e s t o r i n g  t o r q u e  a t  z = 0  due  

t o  t h i s  a n c h o r i n g  e n e r g y  is  W s i n  @o c o s  ( P o ,  which h a s  a  maximum 

v a l u e  a t  4 = ~ / 4 .  We c a n  t h e n  assume t h a t  t h e  s u r f a c e  a n c h o r i n g  
0 

c a n  be overcome i f  t h e  a n g l e  oo e x c e e d s  T/4 due t o  t h e  a c t i o n  

of  t h e  thermomechanical  c o u p l i n g  and t h e n  t h e  r o t a t i o n  becomes 

p o s s i b l e ,  though n o t  f r e e l y .  

L e t  u s  now estimate t h e  maximum a l l o w e d  v a l u e  of W by treat- 

I 



i n g  t h e  problem i n  t h e  s t a t i c  l i m i t .  The s u r f a c e  t o rque  ba l ance  

i s  g iven  by 

and t h e  bu lk  to rqueba lance  equa t ion  i n  t h e  s t a t i c  l i m i t  is  

we have a f r e e  s u r f a c e  a t  z = d ,  hence [ a $ V a ~ ] ~ = ~  = qo . The s o l u t i o n  

i s  then  

where 

The re fo re  u s ing  t h i s ,  a t  z = 0 ,  we g e t  

w = -  V E d  
s i n  $o cos $o 

A s  V has  t h e  dimension of  an ene rgy /un i t  a r e a  and a s  we noted 

e a r l i e r  y o ~ q  a dimensional  e s t i m a t e  f o r  V  is  (de  Gennes 1975) 
0 ' 

, v = xKZ2qo, where x can be assumed t o  be = 1 . Thi s  g i v e s  v - 10 
- 3 

-4 .. . . c g s  u n i t s .  If $ o  = T/4 we g e t  W " 10 cgs u n i t s .  Th i s  i s  e q u a l  

t o  a n  e x t r a p o l a t i o n  l e n g t h  L = K / W r 1 0  p m. For t h e  drops t o  r o t a t e  
2 2 

t h e  anchor ing  energy must be lower t han  t h i s .  To our  knowledge 

a measurement of  t h e  az imutha l  anchor ing  energy  is n o t  a v a i l a b l e ,  



b u t  f o r  t h e  p o l a r  a n g l e  8 , a s i l i c o n  monoxide c o a t e d  s u r f a c e  g i v e s  

a n  e x t r a p o l a t i o n  l e n g t h  o f  o n l y  - 0 . 1  p m (Berreman 1972, 1973; 

Wolff e t  a l .  1973) and  i t  i s  n o t  e a s y  t o  o b t a i n  s u r f a c e s  which 

g i v e  homogeneous a l i g n m e n t  w i t h  weak a n c h o r i n g .  We c o u l d  hence 

c o n c l u d e  t h a t  t h e  a z i m u t h a l  a n c h o r i n g  w i t h  a n  e x t r a p o l a t i o n  l e n g t h  

> I 0  p m i s  a l s o  d i f f i c u l t  t o  a c h i e v e  on a  s o l i d  s u r f a c e .  If t h e  

c h o l e s t e r i c  i s  i n  c o n t a c t  w i t h  s o l i d  s u r f a c e s  on b o t h  s i d e s ,  we 

can  e x p e c t  t h a t  t h e  a n c h o r i n g  e n e r g y  must be much weaker t h a n  

t h e  above e s t i m a t e  t o  o b t a i n  a n y  r o t a t i o n  o f  t h e  c h o l e s t e r i c .  

We b e l i e v e  t h a t  i n  none o f  t h e  e a r l i e r  a t t e m p t s  t o  r e p r o d u c e  Lehmann 

r o t a t i o n  t h e  a n c h o r i n g  was s u f f i c i e n t l y  weak f o r  t h e  s t r u c t u r e  

t o  r o t a t e .  

T h e r e  have been s e v e r a l  p a p e r s  s u g g e s t i n g  a l t e r n a t e  e x p e r i -  

m e n t a l  g e o m e t r i e s  t o  measure  t h e  c o u p l i n g  c o e f f i c i e n t .  We now 

g i v e  a b r i e f  o u t l i n e  o f  t h e s e .  

P r o s t  ( 1 9 7 2 )  s u g g e s t e d  t h a t  a p l a n a r  c h o l e s t e r i c  sample  

s u b j e c t e d  t o  a r o t a t i n g  magne t i c  f i e l d  a c t i n g  i n  a p l a n e  pe rpend i-  

c u l a r  t o  t h e  h e l i c a l  a x i s  would produce a  r o t a t i o n  o f  t h e  d i r e c t o r  

and r e s u l t  i n  a t e m p e r a t u r e  g r a d i e n t  a l o n g  t h e  h e l i c a l  a x i s .  How- 

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

- 6 g r a d i e n t  i s  o n l y  -10 deg/cm. 

P r o s t  (1972)  a l s o  p o i n t e d  o u t  t h a t  a c h o l e s t e r i c  sample  

f l o w i n g  i n  a c a p i l l a r y  t u b e  w i t h  t h e  h e l i c a l  ax is  a l o n g f t h e  t u b e  



would g i v e  r i s e  t o  a r o t a t i o n  o f  t h e  d i r e c t o r ,  due t o  t h e  permea- 

t i o n  p r o c e s s  ( H e l f r i c h  1969) .  The r o t a t i o n  a g a i n  r e s u l t s  i n  a 

t e m p e r a t u r e  g r a d i e n t  which i s  i n  p r i n c i p l e  measurab le .  Ranganath 

(1983)  h a s  p o i n t e d  o u t  t h e  p o s s i b i l i t y  o f  t b e  r e v e r s e  e f f e c t :  

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

r e s u l t s  i n  a pe rmea t ion  f low.  To o u r  knowledge,  s u c h  e x p e r i m e n t s  

have n o t  been t r i e d .  

Jayaram e t  a l .  (1983)  have s u g g e s t e d  t h a t  a t e m p e r a t u r e  

g r a d i e n t  normal t o  t h e  h e l i c a l  a x i s  imposed on a p l a n a r  a l i g n e d  

sample  o f  a c h o l e s t e r i c  l i q u i d  c r y s t a l  i n d u c e s  l a t e r a l  f l o w s  and 

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

t h e  e f f e c t  of  b o t h  t h e  thermomechanical  c o e f f i c i e n t s .  They p r o p o s e  

t h a t  t h e  d i s t o r t i o n  can  be d e t e c t e d  by o p t i c a l  s t u d i e s .  

The o n l y  c l a i m  o f  a n  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  thermo-  

m e c h a n i c a l  c o e f f i c i e n t  is  due  t o  Eber  and J a n o s s y  (1982,  1 9 8 4 ) .  

They have used a m i x t u r e  o f  two l i q u i d  c r y s t a l s  which shows a 

compensa t ion  t e m p e r a t u r e  Tc. The medium h a s  a l e f t- h a n d e d  h e l i c a l  

s t r u c t u r e  below T and t h e  p i t c h  i n c r e a s e s  t o  become w and r e v e r s e s  
C 

s i g n  a t  Tc,  i . e . ,  t h e  s t r u c t u r e  becomes r i g h t  handed above Tc. 

I n  t h e  e x p e r i m e n t ,  a h o m e o t r o p i c a l l y  a l i g n e d  sample  n e a r  Tc was 

s u b j e c t e d  t o  a t r a n s v e r s e  t e m p e r a t u r e  g r a d i e n t  (dT/dX). T h i s  r e s u l t s  ' 

i n  a t i l t i n g  o f  t h e  d i r e c t o r .  I n  a l i n e a r  a p p r o x i m a t i o n  t h e  t ilt  

a n g l e  is  g i v e n  by 



where L i s  t h e  t h i c k n e s s  o f  t h e  sample ,  K i s  t h e  bend e l a s t i c  
3 3 

c o n s t a n t .  a Assuming t h a t  t h e  thermomechanical  c o e f f i c i e n t s  a r e  

i n d e p e n d e n t  o f  t h e  magnitude o r  s i g n  of q  ( =  2ll /P) Eber  and J a n o s s y  

d e r i v e d  

where t h e  c o e f f i c i e n t  h = v/T. K22  is  t h e  t w i s t  e l a s t i c  c o n s t a n t .  

Eber  and J a n o s s y  have measured t h e  de format ion  by a n  o p t i c a l  t e c h n i -  

que and e s t i m a t e d  K dq/dT by a n  independen t  measurement.  Eqns.  2 2  

( 4 . 2 0 )  and ( 4 . 2 1 )  can t h e n  be used t o  c a l c u l a t e  X However t h e  
3 ' 

c r o s s  c o u p l i n g  t e rm which a r i s e s  due t o  t h e  h e l i c a l  a r rangement  

o f  t h e  c h o l e s t e r i c  s h o u l d  v a n i s h  when q  = 0 ,  i . e ,  a t  t h e  compensa- 

t i o n  t e m p e r a t u r e .  ( I n d e e d ,  t h e  t h e o r y  r e q u i r e s  t h a t  h 3~ q  and  

s h o u l d  change s i g n  w i t h  t h a t  o f  q . )  S i n c e  Eber  and  J a n o s s y  assumed 

t h a t  i s  independen t  o f  q  i n  d e r i v i n g  Eqns. ( 4 . 2 0 )  and ( 4 . 2 1 1 ,  
3 

t h e y  assume i n  e f f e c t  t h a t  t h e  thermomechanical  c o e f f i c i e n t  i s  

m o l e c u l a r  r a t h e r  t h a n  s t r u c t u r a l  i n  o r i g i n  (and  i n  t h a t  c a s e  

h3 can be expec ted  t o  be v e r y  small).  

* 

F u r t h e r ,  i n  a n a l y s i n g  t h e  d a t a  t h e y  have used t h e  t e m p e r a t u r e  

a t  which t h e  homeotropic  t e x t u r e  g o e s  o v e r  t o  t h e  f i n g e r p r i n t  

t e x t u r e  t o  e s t i m a t e  dq/dT. I n  a r e c e n t  l e t t e r ,  P l e i n e r  and Brand 

(1987) have p o i n t e d  o u t  t h a t  t h e  above method o f  measur ing  dq/dT 



c a n n o t  be v e r y  a c c u r a t e  s i n c e  t h e  d e r i v a t i o n  o f  t h e  formula  f o r  

e s t i m a t i n g  dq/dT d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  d e f e c t s  p r e s e n t  

i n  t h e  f i n g e r p r i n t  t e x t u r e .  Indeed  t h e  e s t i m a t e  o f  dq/dT by P l e i n e r  

and Brand would make t h e  v a l u e  o f  v - 0 .  They have a l s o  p o i n t e d  

o u t  t h a t  a n o n- l i n e a r  hydrodynamic t h e o r y  i s  n e c e s s a r y  t o  p roduce  

a n y  thermomechanical  e f f e c t s  i n  a  compensated c h o l e s t e r i c .  Thus 

t h e  thermomechanical  c o e f f i c i e n t  e x t r a c t e d  by Eber  and J a n o s s y  

from t h e i r  e x p e r i m e n t  is  s u b j e c t  t o  d o u b t s ,  and i n  a n y  c a s e  i t  

i s  n o t  o f  s t r u c t u r a l  o r i g i n .  

J a n o s s y  (1981a & b )  h a s  made a n o t h e r  i n t e r e s t i n g  o b s e r v a t i o n .  

He t o o k  a p l a n a r  a l i g n e d  c h o l e s t e r i c  sample  between two d i s c s ,  

and s l o w l y  r o t a t e d  o n e  w i t h  r e f e r e n c e  t o  t h e  o t h e r .  He t h e n  o b s e r-  

ved t h a t  small ( 1  - 2  1.1 m t h i c k )  d u s t  p a r t i c l e s  d r i f t e d  r a d i a l l y .  

F o r  one  s e n s e  o f  r o t a t i o n ,  t h e  p a r t i c l e s  c o n c e n t r a t e  n e a r  t h e  

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

away f rom t h e  a x i s .  He h a s  i n t e r p r e t e d  t h e  r e s u l t  i n  t e r m s  o f  

a ' d i f f u s o m e c h a n i c a l  c o u p l i n g '  i n  a n a l o g y  w i t h  one  o f  t h e  thermo- 

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

a s e c o n d a r y  f low o f  t h e  m a t e r i a l  w i t h  t h e  same c h a r a c t e r i s t i c  

f e a t u r e s  (Chandrasekhar  e t  a l .  1980)  and t h e  s e p a r a t i o n  between 

t h e  two is  n o t  c l e a r .  C a r e f u l  e x p e r i m e n t s  are n e c e s s a r y  f o r  a 

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

I n  v iew o f  a l l  t h e s e  s t u d i e s  we see t h a t  t h e  Lehmann e x p e r i -  

ment seems t o  be t h e  most  c o n v i n c i n g  d e m o n s t r a t i o n  o f  t h e  c r o s s  



c o u p l i n g  c o e f f i c i e n t  V . It c o u l d  a l s o  be used t o  check  t h e  depen-  

dence  of t h e  s e n s e  o f  r o t a t i o n  on t h e  s i g n  o f  E and o f  q f o r  a  

g i v e n  s y s t e m .  

We t h u s  a t t e m p t e d  t o  r e p r o d u c e  t h e  Lehmann e x p e r i m e n t ,  s o  

t h a t  a  measurement of t h e  c o u p l i n g  c o e f f i c i e n t  c o u l d  be made. 

The f i rst  t a s k  i s  t o  o b t a i n  f l a t  c h o l e s t e r i c  d r o p s  whose s t r u c t u r e  

can  r o t a t e  f r e e l y ,  i . e . ,  t h e  a z i m u t h a l  a n c h o r i n g  e n e r g y  a t  t h e  
, 

s u r f a c e  o f  t h e  d r o p s  must  be z e r o .  T h e r e f o r e  w e  s e e  t h a t  c h o l e s t e -  

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

f o r  o b s e r v i n g  t h e  Lehmann r o t a t i o n  phenomenon. On t h e  o t h e r  hand,  

o n e  can e x p e c t  t h a t  t h e  a z i m u t h a l  a n c h o r i n g  e n e r g y  a t  t h e  c h o l e s t e-  

r i c  - i s o t r o p i c  i n t e r f a c e  t o  be e s s e n t i a l l y  z e r o .  With t h i s  i d e a  

i n  mind we t r i e d  t o  sandwich c h o l e s t e r i c  d r o p s  between two g l a s s  

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

d i e t h y l e n e  g l y c o l ,  n u j o l  and w a t e r .  But i n  a l l  t h e  c a s e s  t h i s  

r e s u l t e d  o n l y  i n  s p h e r i c a l  d r o p s  which do n o t  have a  s u i t a b l e  

geomet ry .  We found t h a t  a c o n v e n i e n t  method of g e t t i n g  t h e  r e q u i r e d  

t y p e  o f  d r o p s  was t o  d i s s o l v e  i n  t h e  c h o l e s t e r i c  a small q u a n t i t y  

o f  Lixon by w e i g h t ,  which is  a non-mesomorphic epoxy compound. 

T h i s  r e s u l t s  i n  a l o w e r i n g  o f  t h e  c h o l e s t e r i c  - i s o t r o p i c  t r a n s i t i o n  

t e m p e r a t u r e ,  and a b road  two phase  r e g i o n .  Moreover,  one  c a n  form 

c h o l e s t e r i c  d r o p s  which no  l o n g e r  have a s p h e r i c a l  s h a p e ,  b u t  

have a f l a t t e n e d  a p p e a r a n c e .  More i n t e r e s t i n g l y ,  t h e y  a r e  s u r r o u n-  

ded by t h e  i s o t r o p i c  p h a s e  on a l l  s i d e s .  The r e a s o n  f o r  t h i s  c o n f i -  

g u r a t i o n  is  t h a t  t h e  epoxy compound h a s  a s t r o n g  a f f i n i t y  f o r  



g l a s s ,  i . e . ,  i t  w e t s  t h e  g l a s s  much more e f f i c i e n t l y  t h a n  t h e  

c h o l e s t e r i c  compound. The c h o l e s t e r i c  phase  h a s  a lower  c o n c e n t r a-  

t i o n  o f  t h e  epoxy compound t h a n  t h e  i s o t r o p i c  p h a s e ,  which would 

hence p r e f e r  t o  be c l o s e  t o  t h e  glass p l a t e s .  We can  a l s o  n o t e  

t h a t  t h e  i n t e r f a c i a l  t e n s i o n  between t h e  c h o l e s t e r i c  and i t s  own 

i s o t r o p i c  phase  i s  i i k e l y  t o  be <lo-' dyne/crn ( s e e  f o r  e . g . ,  F a e t t i  

and  P a l l e s c h i  1984) and hence t h e  e n e r g y  r e q u i r e d  t o  change t h e  

s h a p e  o f  t h e  d r o p  from t h e  s p h e r i c a l  s h a p e  is  n e g l i g i b l e .  F u r t h e r ,  

t h e  r e l a t i v e  d i f f e r e n c e  i n  d e n s i t y  between t h e  c h o l e s t e r i c  and 

i ts  own i s o t r o p i c  phase  is  a l s o  v e r y  s m a l l  (- 10") which e n a b l e s  

t h e  c h o l e s t e r i c  d r o p  t o  be s u r r o u n d e d  by t h e  i s o t r o p i c  phase  on 

a l l  s i d e s .  T h i s  r e s u l t s  i n  t h e  c o n f i g u r a t i o n  shown i n  F i g .  4 . 2 .  

I n  t h i n  c e l l s ,  w i t h  t h e  g l a s s  p l a t e s  s e p a r a t e d  by - 8 v m ,  we c o u l d  

e a s i l y  form c h o l e s t e r i c  d r o p s  w i t h  a l a t e r a l  d i a m e t e r  o f  2 0 - 5 0  

pm u s i n g  t h i s  t e c h n i q u e .  It i s  c l e a r  t h a t  t h e  gap  between t h e  

p l a t e s  is  t o o  small f o r  h a v i n g  a s t e a d y  t e m p e r a t u r e  g r a d i e n t  b e t-  

ween them. However, as ment ioned e a r l i e r ,  c r o s s  c o u p l i n g s  can 

be e x p e c t e d  f o r  any  t r a n s p o r t  c u r r e n t .  It is e x t r e m e l y  c o n v e n i e n t  

t o  a p p l y  a  D C  e l e c t r i c  f i e l d  t o  s u c h  t h i n  c e l l s .  Hence we c h o s e  

t o  l o o k  f o r  t h e  e l e c t r o m e c h a n i c a l  r a t h e r  t h a n  t h e  thermornechanical  

c o u p l i n g .  

4 . 3  ELECTROMECHANICAL EFFECT 

If VE i s  t h e  r e l e v a n t  c o u p l i n g  c o e f f i c i e n t  we c a n  w r i t e  

on t h e  b a s i s  o f  d i m e n s i o n a l  a rguments  



Figure 4.2 

Ver t i ca l  c ross  sec t ion  of the  f l a t t ened  

cho l e s t e r i c  d rop le t  surrounded by the  I phase 

between two g l a s s  p l a t e s .  



where n  i s  a  small number -1 and  V i s  a c h a r a c t e r i s t i c  v o l t a g e  

o f  t h e  m a t e r i a l .  I d e n t i f y i n g  i t  w i t h  t h e  redox  p o t e n t i a l  o f  t h e  

mesogen V I v o l t  = 1/300 e . s . u .  and u s i n g  K Z 2  - dyne we g e t  

I VE/q 1 - 3  x  c g s  u n i t s .  However, we must n o t e  t h a t  t h e  d i r e c t o r  

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

a n i s o t r o p y .  S i n c e  t h e  f i e l d  h a s  t o  be a p p l i e d  a l o n g  t h e  h e l i c a l  

a x i s  i n  t h e  p r e s e n t  e x p e r i m e n t ,  we have chosen m a t e r i a l s  w i t h  

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

o f  t h e  d i r e c t o r  due  t o  t h i s  c o u p l i n g .  We made a  b i n a r y  m i x t u r e  

o f  e t h o x y -  p h e n y l- t r a n s  - b u t y l  c y c l o h e x y l  c a r b o x y l a t e  (EPBC) and 

m e t h o x y - p h e n y l - t r a n s - p e n t y l  c y c l o h e x y l  c a r b o x y l a t e  (MPPC) i n  t h e  

r a t i o  o f  18 : 8 2  w e i g h t  % t o  g e t  a  room t e m p e r a t u r e  nemat ic  w i t h  

a  d i e l e c t r i c  a n i s o t r o p y  - -1. However t h e  n e g a t i v e  m a t e r i a l  c a n  

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

a  DC f i e l d  beyond a t h r e s h o l d  v o l t a g e  ( H e l f r i c h  1969) .  We checked 

t h a t  t h e  m a t e r i a l  used  by u s  d i d  n o t  e x h i b i t  s u c h  i n s t a b i l i t i e s  

up t o  a b o u t  8 v o l t s .  By d i s s o l v i n g  a  s m a l l  p e r c e n t a g e  o f  L ixon ,  

we c o u l d  get a  n e m a t i c - i s o t r o p i c  two phase  r e g i o n  a t  room tempera-  

t u r e .  The nemat ic  d r o p s  had t h e  b i p o l a r  c o n f i g u r a t i o n  (Dubois-  

V i o l e t t e  and P a r o d i  1969,  Candau 1973) c h a r a c t e r i s t i c  o f  a t angen-  

t i a l  boundary c o n d i t i o n  a t  t h e  i n t e r f a c e .  I n  o r d e r  t o  get c h o l e s t e -  

r i c  d r o p s ,  we added s u i t a b l e  c h i r a l  compounds t o  t h e  m i x t u r e .  

The l e f t- h a n d e d  h e l i c a l  a r r a n g e m e n t  w i t h  a p i t c h  -5 p m  ( a s  measured 



u s i n g  a  f i n g e r p r i n t  t e x t u r e  e x h i b i t e d  by a  th i rT  sample )  was o b t a i -  

ned by d i s s o l v i n g  5% by we igh t  o f  c h o l e s t e r y l  c h l o r i d e  i n  t h e  

sample  (System I ) .  S i m i l a r l y  d i s s o l v i n g  10% by we igh t  o f  me thy l  

b u t y l  benzoyloxy h e p t y l o x y  c innamate  y i e l d e d  a r i g h t  handed h e l i c a l  

a r rang ement  'w i th  t h e  same p i t c h  ( s y s t e m  1 1 ) .  The s t r u c t u r a l  f o r m u l a e  

and  t r a n s i t i o n  t e m p e r a t u r e s  o f  t h e  compounds a r e  g i v e n  i n  F i g .  

4 . 3 .  The handedness  o f  / the  h e l i c a l  a r rangement  was d e t e r m i n e d  
P 

u s i n g  a wedge-shaped sample  o f  t h e  c h i r a l i s e d  m a t e r i a l  ( w i t h o u t  

L i x o n ) .  The r e l a t i v e  movement o f  t h e  d a r k  b r u s h e s  n e a r  t h e  edge 

o f  t h e  wedge i n  r e l a t i o n  t o  t h a t  o f  t h e  a n a l y s e r  can  t h e n  be used 

t o  f i n d  t h e  s e n s e  o f  t h e  h e l i x .  

4.4 STRUCTURE OF THE CHOLESTERIC DROP 

S p h e r i c a l  c h o l e s t e r i c  d r o p s  were o b t a i n e d  i n  t h i c k  c e l l s  

(- 100 p m )  when t h e  l i q u i d  c r y s t a l  sample  was e m u l s i f i e d  w i t h  g l y-  

c e r i n e .  These  had t h e  c h a r a c t e r i s t i c  r a d i a l  X l i n e  o f  s t r e n g t h  

+2. Such a p a t t e r n  was f i r s t  s t u d i e d  by Robinson and War-d ( 1 9 5 6 ) .  

P r y c e  and Frank have g i v e n  a model ( q u o t e d  by Robinson e t  a l .  

1958)  t o  e x p l a i n  t h i s  c o n f i g u r a t i o n .  I f  we c o n s i d e r  t h e  s p h e r i c a l  

s u r f a c e  o f  t h e  d r o p ,  t h e  d i r e c t o r  o r i e n t a t i o n  is d e s c r i b e d  by 

a f a m i l y  o f  c i r c l e s  p a s s i n g  t h r o u g h  t h e  s i n g u l a r  p o i n t  P ( F i g .  

4 .  These  a r e  t a n g e n t i a l  t o  a l i n e  PQ p a s s i n g  t h r o u g h  P. I n  

t h e  n e x t  s h e l l  t h e  t a n g e n t  l i n e  PIQ' i s  such  t h a t  i t  makes a n  

a n g l e  6 w i t h  PQ. Every  i n t e r s e c t i o n  o f  a c i r c l e  on t h e  first s h e l l  

w i t h  a c o r r e s p o n d i n g  c i r c l e  on t h e  second s h e l l  makes a n  a n g l e  6 .  



Ethoxy phenyl t rans butyl cyclohexyl carboxylate 

Methoxy phenyl t mns pentyl cyclohexyl carboxylate 

Methyl but yl benzoyloxy heptyloxy cinnamate 

C holesteryl chloride 
K 9 7 O C  I 

F i g u r e  4 . 3  

S t r u c t u r a l  f o r m u l a e  a n d  t r a n s i t i o n  t e m p e r a t u r e s  o f  compounds u s e d  

i n  t h e  e x p e r i m e n t a l  s t u d i e s .  



Figure 4.4 

Fami ly  of c i r c l es  c o n s t r u c t e d  i n  a c c o r d a n c e  w i t h  P r y c e  a n d  

F r a n k ' s  model.  (From Robinson e t  a l .  1958) 



C o n c e n t r i c  s p h e r e s  have a sequence  of such  f a m i l i e s  making a n  

a n g l e  n 6  w i t h  t h e  f i rs t ,  and t h e  s i n g u l a r  p o i n t  moving o u t  a l o n g  

a r a d i u s  g i v e s  r i s e  t o  t h e  X l i n e .  A s  t h e  t h i c k n e s s  o f  t h e  c e l l  

i s  r e d u c e d  t h e  d r o p s  g e t  f l a t t e n e d  and t h e n  i t  i s  c l e a r  from F i g .  

4 . 5 a  t h a t  t h e  x l i n e  e x t e n d s  o n l y  i n  t h e  l a t e r a l  cu rved  r e g i o n  

o f  t h e  d r o p .  I n  t h i n  c e l l s  w i t h  d  " 8 pm, c h o l e s t e r i c  d r o p s  w i t h  

a  l a t e r a l  d i a m e t e r  o f  2 0 - 5 0  pm c a n  be formed. These a r e  h i g h l y  

f l a t t e n e d  v e r s i o n s  o f  t h e  s p h e r i c a l  d r o p s  d e s c r i b e d  e a r l i e r .  The 

d i r e c t o r  c o n f i g u r a t i o n  i s  s t r e t c h e d  such  t h a t  t h e  X l i n e  i s  now 

- c o n f i n e d  t o  t h e .  s m a l l  l a t e r a l  cu rved  r e g i o n ,  and h a s  a  l e n g t h  - d / 2 .  The d r o p s  a r e  s u r r o u n d e d  by t h e  i s o t r o p i c  phase  on a l l  

s i d e s  and s i n c e  t h e  d i r e c t o r  h a s  t a n g e n t i a l  a l i g n m e n t  a t  t h e  i n t e r -  

f a c e ,  t h e  c e n t r a l  ' f l a t 1  r e g i o n  o f  t h e  d rop  h a s  a n  e s s e n t i a l l y  

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

s u r f a c e .  However, i n  e a c h  h o r i z o n t a l  l a y e r ,  t h e  d i r e c t o r  h a s  a 

sp lay- bend  d i s t o r t i o n  and  we c a n  s e e  4  d a r k  b r u s h e s  emana t ing  

f rom Dhe X l i n e  f o r  s u i t a b l e  s e t t i n g s  o f  t h e  p o l a r i s e r  and  a n a l y s e r  

which a r e  set a t  s u i t a b l e  a n g l e s  t o  g e t  t h e  d a r k  b r u s h e s  ( F i g .  

4 . 5 b )  

4 .5  EFFECT OF A DC ELECTRIC FIELD ON THE CHOLESTERIC DROPS 

I n  t h e  e x p e r i m e n t  f l a t  c h o l e s t e r i c  d r o p s  were formed i n  

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

o f  a DC e l e c t r i c  f i e l d  t o  t h e  e l e c t r o d e s  n o t h i n g  happens  as t h e  

v o l t a g e  is  i n c r e a s e d  g r a d u a l l y  f rom 0 t o  2 v o l t s .  . A t  2  v o l t s  



a > Photograph  o f  t h e  c h o l e s t e r i c  d r o p l e t  showing 

t h e  X d e f e c t  l i n e  i n  a  n e a r l y  s p h e r i c a l  d r o p  

i n  a  sample  o f  t h i c k n e s s  2 150 r M ( c r o s s e d  po la -  

risers x 1000) .  Note t h a t  t h e  l i n e  d e f e c t  

e x t e n d s  o n l y  i n  t h e  curved  r e g i o n  o f  t h e  d r o p l e t .  

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

when E = 0 .  A n a l y s e r  r o t a t e d  by -20°  from t h e  

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

The d a r k  b r u s h e s  emanate  from t h e  s h o r t  X 

l i n e  n e a r  t h e  edge  o f  t h e  d r o p l e t  and s i g n i f y  

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

p l a n e s  ( x  1000) .  

c )  - h )  Pho tographs  o f  t h e  d r o p  shown i n  4.5b a t  d i f f e -  

r e n t  t i m e s  a f t e r  t h e  a p p l i c a t i o n  o f  a  v o l t a g e  

t o  t h e  c e l l .  ( c , g , e )  c o r r e s p o n d  t o  +2V and  

( d , f , h )  t o  -2V. 





t h e  d a r k  b r u s h e s  g e t  cu rved  s u c h  t h a t  a l l  o f  them have t h e  same 

c u r v a t u r e ,  u n l i k e  i n  t h e  f i e l d  f r e e  c a s e  ( F i g .  4 . 5 b ) .  T h i s  r e s u l t s  

from a r e a r r a n g e m e n t  i n  t h e  d i r e c t o r  c o n f i g u r a t i o n  and  i n d i c a t e s  

t h a t  t h e  r e o r i e n t a t i o n  o f  t h e  d i r e c t o r  is  e a s i e r  i f  i t  is  f a r  

away f rom t h e  X l i n e .  Then t h e  whole s t r u c t u r e  starts r o t a t i n g  

a p p a r e n t l y  w i t h o u t  a n y  f u r t h e r  de fo rmat ion  of t h e  d i r e c t o r  f i e l d  

( F i g .  4 . 5 ~ - 4 . 5 h ) .  These  r o t a t i n g  s t r u c t u r e s  a r e  i n d e e d  r e m i n i-  

s c e n t  of  t h e  d iagrams  s k e t c h e d  by Lehmann (1900,  s e e  a l s o  Chandra- 

s e k h a r  1 9 7 7 ) .  The a n g u l a r  v e l o c i t y  can be measured by o b s e r v i n g  

t h e  mot ion o f  t h e  d e f e c t  on t h e  p e r i p h e r y  o f  t h e  d r o p .  I n  o r d e r  

t o  min imise  t h e  e r r o r s  i n  measurement t h e  t ime  t a k e n  f o r  10 r o t a -  

t i o n s  was no ted  and  t h e  a v e r a g e  t ime  r e q u i r e d  f o r  one c o m p l e t e  

r o t a t i o n  o b t a i n e d .  The d e f e c t  a t  t h e  p e r i p h e r y  o f  t h e  d r o p  c o u l d  

be c l e a r l y  s e e n  up t o  3.5 v o l t s  and q u i t e  a c c u r a t e  measurements  

were p o s s i b l e .  

D e t a i l e d  o b s e r v a t i o n s  l e a d  t o  t h e  f o l l o w i n g  r e s u l t s :  

a )  A l l  t h e  d r o p s  r o t a t e  i n  t h e  same d i r e c t i o n  f o r  a g i v e n  s e n s e  

o f  t h e  f i e l d .  The l e f t  handed sys tem h a s  a c l o c k w i s e  r o t a t i o n  

when viewed a l o n g  t h e  f i e l d  d i r e c t i o n ,  and t h e  r i g h t  handed 

s y s t e m  h a s  a n  a n t i c l o c k w i s e  r o t a t i o n  when viewed a l o n g  t h e  

f i e l d  d i r e c t i o n .  When t h e  v o l t a g e  is  r e v e r s e d ,  t h e  c u r v a t u r e  

o f  t h e  d a r k  b r u s h e s  and t h e  s e n s e  o f  r o t a t i o n  o f  t h e  s t r u c -  

t u r e  r e v e r s e .  



b )  The a n g u l a r  v e l o c i t y  does  n o t  depend on t h e  r a d i u s  o f  t h e  

d r o p ,  which shows t h a t  t h e r e  i s  a r o t a t i o n  o f  t h e  s t r u c t u r e  

r a t h e r  t h a n  t h s t  o f  t h e  r i g i d  body o f  t h e  d r o p .  It i n c r e a s e s  

l i n e a r l y  w i t h  a p p l i e d  v o l t a g e  up t o  - 3.5  v o l t s  ( F i g .  4 . 6 )  

beyond which t h e  s t r u c t u r e  o f  t h e  d r o p  c h a n g e s  ( s e e  F i g s .  

4 . 7 a  & 4 . 7 b )  and  t h e  r o t a t i o n a l  v e l o c i t y  becomes a n o n- l i n e a r  

f u n c t i o n  o f  t h e  a p p l i e d  v o l t a g e .  

c )  Though t h e  a n g u l a r  v e l o c i t y  i s  r o u g h l y  s i m i l a r  i n  a l l  d r o p s ,  

some d r o p s  which t o u c h  e i t h e r  a  g l a s s  p l a t e  o r  a  d u s t  p a r t i -  

c l e  r o t a t e  w i t h  a  l o w e r  v e l o c i t y .  

d )  The e x t r a p o l a t e d  a n g u l a r  v e l o c i t y  t e n d s  t o  z e r o  f o r  V =  1 . 9  

v o l t s  ( s e e  F i g .  4 . 6 ) .  The l a s t  p o i n t  i n d i c a t e s  t h a t  t h e  

DC f i e l d  is  t o t a l l y  s c r e e n e d  up t o  1 .9  v o l t s  and t h e  r e d o x  

p o t e n t i a l  o f  a t  leas t  one o f  t h e  components i n  t h e  m i x t u r e  

i s  - 1 . 9  v o l t s .  

For  a d e f e c t  f ree sample ,  t h e  s o l u t i o n  c o r r e s p o n d i n g  t o  

t h e  Lehmann r o t a t i o n  i s  

where  v i s  t h e  e l e c t r o m e c h a n i c a l  c o e f f i c i e n t  and  E i s  t h e  e l e c t -  E 

r i c  f i e l d ,  y l  i s  t h e  r o t a t i o n a l  v i s c o s i t y  c o e f f i c i e n t  and @ i s  

-f 
t h e  a z i m u t h a l  a n g l e  o f  n .  However b e f o r e  we u s e  t h e  e x p e r i m e n t a l  

d a t a  t o  d e t e r m i n e  
VE, 

we have t o  n o t e  t h a t  t h e  l i n e  d e f e c t  which 
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Figure 4.6 

Plot of the rotational velocity of the structure as a function of 
applied voltage. Different symbols correspond to different drops. 
The slope of the straight line which corresponds to the drops with 
the fastest angular velocity is used in the calculations in the 
text. Between 3.5 volts and 5 volts there is a visible disturbance 
in the structure of the drops and measurements were not possible. 
At 5 volts and above the drop again has a uniform texture. 



Figure 4-73. Pi;otog:..aph c f  c h o l e s t e r i c  drop1r:ts of t h e  
l e f t  handed s y s t e n i  uh.:n E = -2 v c l t s  ( ~ 6 6 6 ) .  A n a l y s e r  
r o t a t e d  by -20° irom tie c r o s s e d  p o s i t i o n  i n  re l - l t , ion  
t o  t h e  co ia r i se~ . .  

J) - r.., . 3- 
. ~ . - 

. . c . 

I.'ieu~.e ' 4 . i b .  t ' t .~ t . . :~ . . :ap!~  si' t ' t e  same region  t h e  s a ~ n p l c  
8 s  i n  F i g .  2 . 7 ? ,  b ihcr~  a  C i e i d  F = -5 v o l t s  i:; a p p l i e d .  
( I ~ o ~ E  t h a t  t h e  s t r u c t u r s  wit .hin t h e  d r o p l e t  h a s  c h a n g e d . )  



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

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

large n e a r  t h e  X l i n e  and t h e  r e o r i e n t a t i o n  i m p l i e d  by t h e  mot ion  

o f  t h e  d e f e c t  r e q u i r e s  c o n s i d e r a b l e  energy .  On t h e  o t h e r  hand ,  

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

t o  t h e  ' p l a n a r 1  o r i e n t e d  f l a t  p a r t  o f  t h e  d r o p .  The e f f e c t i v e  

f r i c t i o n  c o e f f i c i e n t  5 ( p e r  u n i t  l e n g t h )  f o r  a  s low mot ion o f  a  

n e m a t i c  l i n e  s i n g u l a r i t y  w i t h  a  c o r e  h a s  b e e n . e s t i m a t e d  by Imura  

and  Okano (1973)  and de  Gennes ( 1 9 7 6 ) .  They have shown t h a t  

2 < ~ s  , w h e r e  s i s  t h e  s t r e n g t h  o f  t h e  d e f e c t  l i n e .  It is l i k e l y  

t h a t  t h e  X l i n e  o f  s t r e n g t h  2 would be c o r e l e s s  because  o f  t h e  

c o l l a p s e  o f  t h e  d i r e c t o r  i n  t h e  t h i r d  d imension ( d e  Gennes 1 9 7 5 ) .  

It i s  e a s y  t o  e x t e n d  t h e  fo rmal i sm o f  Imura and Okano ( 1 9 7 3 )  t o  

t h i s  c a s e .  

C o n s i d e r  a s t r a i g h t  d i s c l i n a t i o n  o f  i n t e g r a l  s t r e n g t h  i n  

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

t h e  d i s c l i n a t i o n .  L e t  t h e  d i s c l i n a t i o n  which l i e s  a l o n g  t h e  z - a x i s  

move a l o n g  t h e  x- a x i s  w i t h  a  c o n s t a n t  v e l o c i t y  u.  The moving d i s c l i -  

n a t i o n  d i s t u r b s  t h e  e q u i l i b r i u m  d i r e c t o r  f i e l d  a round  i t .  The 

d i r e c t i o n  o f  t h e  d i r e c t o r  changes  a t  e a c h  p o i n t  w i t h  t i m e  and  

a  v i s c o u s  t o r q u e  due t o  t h e  s u r r o u n d i n g  medium r e s u l t s .  Assuming 

t h a t  t h e  mot ion o f  t h e  d i s c l i n a t i o n  d o e s  no t  g i v e  r i s e  t o  f l u i a  

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

p r o c e s s  is  g i v e n  by 



~i ~ J Y ,  h2 dx dy ( 4 . 2 2 )  

T h i s  e n t r o p y  p r o d u c t i o n  i s  o b s e r v e d  as a f r i c t i o n  on t h e  moving 

d i s c l i n a t i o n .  The e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t  5 f o r  t h e  mot ion 

o f  t h e  d i s c l i n a t i o n  can  be o b t a i n e d  from ~i = T u  . 2  

The s o l u t i o n  f o r  t h e  d i s c l i n a t i o n  is g i v e n  by @ = sa + c ,  

where a = tan- '  ( y / x )  and f o r  a d i r e c t o r  making a n  a n g l e  9  w i t h  

t h e  z- a x i s  

-t 
n  = [ c o s  a s  s i n  0 ,  s i n  a s  s i n  8 ,  c o s  8  1 

-+ 
2 a 2  h = rB?: ( C O S ~ S  s i n e ) ]  + [ $ - ( s i n a s  s i n e ) ]  

2  

a 
+ [ C O S  el 2  

3 

2  2  a a , 2  ae , 2  
t i 2  = s i n  s (- a t  + (E 

T h e r e f o r e  

ae 2  "12 + l d x  dy TS' = y l  il [ s i n  9  s (= 

The s o l u t i o n  f o r  t h e  tilt o f  t h e  d i r e c t o r  a r o u n d  a d e f e c t  w i t h  

t h e  d i r e c t o r  f i e l d  c o l l a p s e d  i n  t h e  t h i r d  d imens ion  i s 9  = 2tan-I  ( r / R )  I s I  
2  2  where  r = x + y2 and R i s  t h e  range  o v e r  which t h e  l c o l l a p s e '  

h a s  o c c u r r e d  (Meyer 1973).  F o r  a d e f e c t  moving v e r y  s l o w l y  a l o n g  

t h e  x- a x i s  w i t h  v e l o c i t y  u ,  



a = t a n - '  ( y/x - u t  ) 

From e q n s .  ( 4 . 2 5 )  a n d  ( 4 . 2 6 )  we have 

and  

E q u a t i o n  ( 4 . 2 4 )  now becomes 

I + 
{(x - u t ) 2 + ~ 2 }  1 

R Z S  



I f  u  is  v e r y  s m a l l  

T h e r e f o r e  

The f r i c t i o n  c o e f f i c i e n t  5 i s  t h e n  a l i n e a r  f u n c t i o n  o f  I s I a n d  

i s  g i v e n  by 2  ny, 1 s 1 . 

4.6 ESTIMATION OF THE ELECTROMECHANICAL COUPLING COEFFICIENT 

We now make u s e  o f  t h e  e n t r o p y  p r o d u c t i o n  due  t o  t h e  mot ion  

o f  t h e  d i s c l i n a t i o n  i n  t h e  e n e r g y  ra te  b a l a n c e  e q u a t i o n  o f  a  c h o l e -  

s t e r i c  d r o p  w i t h  i t s  s t r u c t u r e  u n d e r g o i n g  a  'Lehmann r o t a t i o n ' ,  

where t h e  d e f e c t  is  assumed t o  have  a l e n g t h  = d / 2 ,  r i s  t h e  r a d i u s  

d$  of t h e  d r o p  and  u= ' ; i i :  i s  t h e  l i n e a r  v e l o c i t y  o f  t h e  d e f e c t .  

T h e r e f o r e  
i 

s i n c e  s = 2 ,  



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

d @  V ~ E  I n  t h e  a b s e n c e  o f  a  l i n e  d e f e c t  we r e c o v e r  t h e  e q u a t i o n  - - -. 
' i t -  Y 1  

The c h o l e s t e r i c  d r o p s  t h a t  we have s t u d i e d  do n o t  have t h e  i d e a l  

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

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

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

We have used eqn ( 4 . 3 2 )  i n  o u r  c a l c u l a t i o n s  o f  t h e  e l e c t r o -  

m e c h a n i c a l  c o u p l i n g  c o e f f i c i e n t  . Using t h e  s l o p e  o f  t h e  l i n e a r  

p a r t  o f  t h e  d @ / d t  v s .  V c u r v e ,  c o r r e s p o n d i n g  t o  t h e  d r o p s  w i t h  

t h e  f a s t e s t  a n g u l a r  v e l o c i t y  and Y = 0 .7  p o i s e  which is t h e  v a l u e  
1 

f o r  a t y p i c a l  room t e m p e r a t u r e  nemat ic  ( s e e  f o r  e . g . ,  d e  Gennes 

1975) we o b t a i n  a  v a l u e  o f  IVE 1 ' 0.28 c g s  u n i t s .  

The s i g n  o f  t h e  c o u p l i n g  c o e f f i c i e n t  can be de te rmined  by 

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

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

handed h e l i x  t h e r e  was a n  a n t i c l o c k w i s e  r o t a t i o n  when viewed i n  

a  d i r e c t i o n  o p p o s i t e  t o  t h e  f i e l d .  d @ / d t  i s  t h u s  p o s i t i v e ,  a t t r i -  

b u t i n g  a p o s i t i v e  s i g n  t o  V F u r t h e r  a s  t h e  sys tem h a s  a p i t c h  E ' 



5 p m ,  v E / q  h a s  a n e g a t i v e  s i g n  and  is  a b o u t  -2 x lom5 c g s  u n i t s .  

4.7 CONCLUSION 

We have d e v i s e d  a s i m p l e  t e c h n i q u e  t o  r e p r o d u c e  t h e  Lehmann 

r o t a t i o n  e x p e r i m e n t  under  t h e  a c t i o n  o f  a n  e x t e r n a l  DC e l e c t r i c  

f i e l d .  We have checked t h a t  t h e  phenomenon s a t i s f i e s  a l l  t h e  r e q u i -  

r e d  symmetry p r o p e r t i e s ,  v i z . ,  t h e  r o t a t i o n a l  v e l o c i t y  l i n e a r l y  
-+ 

depends  on E  and  V E ,  t h e  c o u p l i n g  c o e f f i c i e n t  .changes  s i g n  w i t h  

t h a t  o f  q .  The c h o l e s t e r i c  d r o p s  t h a t  we have s t u d i e d  do  n o t  have  

t h e  i d e a l  d e f e c t  f r e e  p l a n a r  c o n f i g u r a t i o n  assumed i n  d e r i v i n g  

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

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

i n  v i s u a l i s i n g  t h e  r o t a t i o n  o f  t h e  , s t r u c t u r e .  .We have a l l o w e d  

f o r  t h e  e n t r o p y  p r o d u c t i o n  i n v o l v e d  i n  t h e  mot ion  o f  t h e  d e f e c t  

l i n e  i n  a n  approx imate  manner and  t h i s  p e r m i t s  u s  t o  e s t i m a t e  

t h e  c o u p l i n g  c o e f f i c i e n t  v E .  I n  t h e  sys tem s t u d i e d  V E/q h a s  a  

n e g a t i v e  s i g n  e q u a l  t o  -2 x c g s  u n i t s  whose magni tude is s i m i -  

l a r  t o  t h a t  o f  t h e  e s t i m a t e  made by d i m e n s i o n a l  a rguments .  
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