
C H A P T E R  V I  

PRESSURE STUDIES ON 4-n-ALKOXYPHENYL-4'- 

( 4 "-NITROBENZOYLOXY ) BENZOATE HOMOLOGOUS S E R I E S  : 

PRESSURE INDUCED TRIPLY REENTRANT BEHAVIOUR I N  

A SINGLE COMPONENT SYSTEM 

6 . 1  INTRODUCTION 

A s  a r u l e ,  t h e  sequence  of t r a n s i t i o n s  e x h i b i t e d  by a polymeso- 

morphic  material as  i t  is  c o o l e d  from t h e  i s o t r o p i c  phase  i s  as f o l l o w s :  

I s o t r o p i c  -t Nematic -, Smect ic  A + S o l i d  

A r emarkab le  d e p a r t u r e  from t h i s  sequence was d i s c o v e r e d  by C l a d i s  
1 

i n  t h e  b i n a r y  sys tem o f  n-p-cyanobenzylidene-p'-octyloxyaniline 

(CBOOA) and  p-[pl-hexyloxybenzylidene)amino] b e n z o n i t r i l e  (HBAB). 

She found t h a t  f o r  some concen t ra t ion .3 ,  t h l  s m e c t i c  A t o  nemat ic  

(A-N) t r a n s i t i o n  was m u l t i v a l u e d ,  i .e. , when t h e  t e m p e r a t u r e  was 

v a r i e d  a t  a  f i x e d  c o n c e n t r a t i o n ,  t h e  m i x t u r e  e x h i b i t e d  a  nemat ic  

2 h a s e  a t  h i g h e r  a s  well as lower  t e m p e r a t u r e s  w i t h  r e s p e c t  t o  t h e  

s m e c t i c  A phase .  T h i s  phenomenon d e s i g n a t e d  a s  " r e e n t r a n c e M  ( t h e  

lower  t e m p e r a t u r e  nemat ic  b e i n g  t h e  r e e n t r a n t  n e m a t i c  phase )  i n  

a n a l o g y  w i t h  similar phenomena which a r e  a l r e a d y  known i n  condensed 

m a t t e r  p h y s i c s .  
6 

2-5 Two y e a r s  l a t e r  C l a d i s  e t  a l .  o b s e r v e d  a similar 

b e h a v i o u r  f o r  a s i n g l e  component sys tem a t  h i g h  p r e s s u r e .  Soon 



a f t e r w a r d s  p u r e  compounds ( s i n g l e  component  s y s t e m s )  e x h i b i t i n g  

t h e  r e e n t r a n t  n e m a t i c  p h a s e  a t  a t m o s p h e r i c  p r e s s u r e  were s y n t h e s i z e d  

a n d  t h i s  h a s  l e d  t o  a l a r g e  number o f  s t u d i e s .  

The compounds i n  which  t h e  r e e n t r a n t  n e m a t i c  b e h a v i o u r  was 

r e p o r t e d  f o r  t h e  first time a t  a t m o s p h e r i c  p r e s s u r e  were  4-n-oc ty loxy 

- benzoyloxy- 4 I - c y a n o s t i l b e n e  ( T ~  l 7  s y n t h e s i z e d  by t h e  Bordeaux 

g r o u p  a n d  t r a n s- p- n- d e c y l o x y-  a - methyl- pl- cyanophenyl  c i n n a m a t e  

( 1 OOMCPC s y n t h e s i z e d  a t  B a n g a l o r e .  Almost  s i m u l t a n e o u s l y  similar 

compounds were a l s o  s y n t h e s i z e d  by t h e  B e r l i n  g roup .9  The s t r u c t u r e  

a n d  t h e  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 s e  compounds are g i v e n  i n  F i g .  

6.1.. It was a l s o  o b s e r v e d  t h a t  i n  t h e  c a s e  o f  m a t e r i a l s  s y n t h e s i z e d  by 

t h e  Bordeaux and  B e r l i n  g r o u p s ,  t h e r e  e x i s t s  n o t  o n l y  a r e e n t r a n t  

n e m a t i c  p h a s e  b u t  a l s o  a r e e n t r a n t  s m e c t i c  p h a s e ,  i . e . ,  b o t h  T8 

a n d  4-nonyloxybenzoyloxy-41-cyanoazobenzene (90BCAB) show t h e  

s e q u e n c e  : 

Nematic + S m e c t i c  A + Nematic + S m e c t i c  A 

X-ray s t u d i e s l O ' l l  showed t h a t  t h e  h i g h e r  t e m p e r a t u r e  smectic A 

d 
p h a s e  is  i n  f a c t  o f  t h e  p a r t i a l l y  b i l a y e r  (A ) t y p e  (- > 1 )  w h i l e  

d R 

t h e  l o w e r  t e m p e r a t u r e  smectic p h a s e  is  o f  t h e  mono laye r  ( A  ) t y p e  
1 

( - 1 The s y n t h e s i s  o f  t h e &  compounds h a s  l e d  t o  a l o t  o f  i n t e -  

rest i n  t h e  s e a r c h  f o r  o t h e r  m a t e r i a l s  which  a re  l i k e l y  t o  e x h i b i t  

r e e n t r a n t  b e h a v i o u r .  ( F o r  a r e c e n t  r e v i e w  o f  t h e  m a t e r i a l s  e x h i b i t -  



7 
4- n  - octyloxybenzoyloxy - 4'-cyano sti lbene ( T ~ )  

t rans-p-n-decyloxy - d -me t  hy I -p'~cyanophenyl cinnamate 8 

(1O.O.MCPC) 

Fiqulre 6.1 

Chemical stlructulres 06 the  compounds exhibiting ~eent l rant  

nematic phase at at  mosphezic plressu~e. 



i n g  t h e  r e e n t r a n t  n e m a t i c  p h a s e  see Ref. 12) .  It is now r e c o g n i z e d  

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

wh ich  have  t h e  f o l l o w i n g  m o l e c u l a r  s t r u c t u r e  : 

Here R s t a n d s  f o r  t h e  a l k y l  o r  a l k o x y  g r o u p ,  X and  Y d e n o t e  t h e  

b r i d g i n g  g r o u p s ,  w h i l e  Z d e n o t e s  t h e  s t r o n g l y  p o l a r  g r o u p  (CN o r  

NO2). F o r  Z = CN ( i . e . ,  when t h e  t e r m i n a l  p o l a r  g r o u p  i s  a cyano  

g r o u p ) ,  t h e  r e e n t r a n t  n e m a t i c  p h a s e  i s  o b s e r v e d  when t h e  l o n g i t u d i -  

n a l  component o f  t h e  d i p o l e  o f  X i s  a d d i t i v e  w i t h  r e s p e c t  t o  t h e  

c y a n o  end  g r o u p .  The d i p o l a r  d i r e c t i o n  o f  Y d o e s  n o t  seem t o  h a v e  

a n y  b e a r i n g  on t h e  o c c u r r e n c e  o f  t h e  r e e n t r a n t  n e m a t i c  p h a s e .  On 

t h e  o t h e r  hand ,  when t h e  t e r m i n a l  p o l a r  g r o u p  i s  a n i t r o  g r o u p ,  

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

components  o f  b o t h  X a n d  Y a re  i n  o p p o s i t i o n  t o  t h e  d i r e c t i o n  o f  

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

l e a d s  t o  a v a r i e t y  o f  smectic A polymorphism which  h a s  been  d i s c u -  

s s e d  i n  C h a p t e r  111. I n  t h i s  c h a p t e r  we s h a l l  be i n t e r e s t e d  o n l y  

i n  t h e  r e e n t r a n t  b e h a v i o u r  of  s u c h  m a t e r i a l s .  

We saw t h a t  t h e  n e c e s s a r y  c o n d i t i o n  f o r  t h e  a p p e a r a n c e  o f  

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

p o s s e s s  a s t r o n g l y  p o l a r  c y a n o  o r  n i t r o  end  g r o u p .  ( E x c e p t i o n s  

t o  t h i s  r u l e  h a s  been  o b s e r v e d  v e r y  r e c e n t l y . 1 3  We s h a l l  be  d i s c u s s -  

i n g  t h e s e  cases i n  C h a p t e r  VII.) P a r t i c u l a r  m e n t i o n  c a n  be  made 



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

i n  f a c t  shown t h e  r i c h e s t  v a r i e t y  o f  s m e c t i c  A p h a s e s  known s o  

f a r  i n  a n y  l i q u i d  c r y s t a l l i n e  sys tem.  T h i s  m a t e r i a l ,  namely,  4-n- 

n o n y l o x y p h e n y l - 4  - (411-ni t robenzoyloxy)  b e n z o a t e  (DB9 . O . N O g )  which 

was f i r s t  s y n t h e s i z e d  by t h e  Bordeaux ~ r o u ~ ' ~  e x h i b i t s  t h e  f o l l o w i n g  

sequence  o f  t r a n s i t i o n s :  

The same m a t e r i a l  which was s u b s e q u e n t l y  s y n t h e s i z e d  by D r .  V .  

S u r e n d r a n a t h  i n  o u r  l a b o r a t o r y  showed a n  a d d i t i o n a l  A p h a s e ,  v i z . ,  

A - phase between t h e  and C p h a s e s ,  p r o b a b l y  because  t h e  m a t e r i a l  
2 2 

was o f  g r e a t e r  p u r i t y .  ( T h i s  w i l l  be d i s c u s s e d  i n  d e t a i l  l a t e r . )  

S i n c e  t h e  n e m a t i c  phase  r e e n t e r s  t w i c e  and Ad once  t h i s  mate- 

r i a l  h a s  been r e f e r r e d  t o  as a  t r i p l y  r e e n t r a n t  mesogenic  sys tem.  

It s h o u l d  a l s o  be ment ioned t h a t  t h e  o c c u r r e n c e  o f  r e e n t r a n t  poly-  

morphism a p p e a r s  t o  be e x t r e m e l y  s e n s i t i v e  t o  changes  i n  m o l e c u l a r  

l e n g t h .  It h a s  been obse rved  t h a t  al thoughDB9.0.N02 shows s u c h  a 

r i c h  v a r i e t y  o f  r e e n t r a n t  phase  t r a n s i t i o n s  ( 3  nemat ic  and 3 s m e c t i c  

A p h a s e s ) ,  i ts  lower  a s  well a s  h i g h e r  homologues shows o n l y  a  

s i n g l e  n e m a t i c  - s m e c t i c  A t r a n s i t i o n .  It i s  o f  c o n s i d e r a b l e  i n t e -  

rest t o  know how t h e s e  phase  t r a n s i t i o n s  behave a t  h i g h  p r e s s u r e .  

F o r  t h i s  p u r p o s e ,  we have c a r r i e d  o u t  a  p r e s s u r e  s t u d y  o f  t h e  s e v e n t h  

t o  t e n t h  homologues o f  t h e  DBn.O.NO s e r i e s .  I n  a d d i t i o n ,  we  have 2  



c a r r i e d  o u t  o p t i c a l  and  X-ray s t u d i e s  on DB9.0.N02. The r e s u l t s  

o f  t h e s e  i n v e s t i g a t i o n s  are p r e s e n t e d  i n  t h i s  c h a p t e r .  

6.2 MATERIALS 

The c h e m i c a l  s t r u c t u r e  o f  t h e  4 -n -a lkoxyphey l -  4 ' - ( 4 " - n i t r o -  

benzoy1oxy)benzoa te  (DBn.O.NO ) homologous ser ies  is  g i v e n  i n  F i g .  2  

6 . 2 ,  w h i l e  t h e  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 s t u d i e d ,  

i . e . ,  n  = 7  t o  10, a re  g i v e n  i n  T a b l e  6 . 1 .  A s  a l r e a d y  m e n t i o n e d ,  

DB9.0.NO h a s  been  s y n t h e s i z e d  i n  o u r  l a b o r a t o r y  by D r .  V .  S u r e n d r a -  2  

n a t h ,  w h i l e  t h e  o t h e r s  were k i n d l y  g i v e n  t o  u s  by P r o f .  G.Heppke, 

T e c h n i c a l  U n i v e r s i t y  o f  B e r l i n .  T a b l e  6 .1 shows t h a t  t h e  p h a s e  

s e q u e n c e s  are h i g h l y  s e n s i t i v e  t o  c h a n g e s  i n  t h e  c h a i n  l e n g t h .  

6.3 EXPERIMENTAL 

High p r e s s u r e  s t u d i e s  were c o n d u c t e d  u s i n g  a n  o p t i c a l  c e l l  

w i t h  s a p p h i r e  windows. The s a m p l e  was i s o l a t e d  f rom t h e  p r e s s u r e  

t r a n s m i t t i n g  f l u i d  by F l u r a n .  The t r a n s i t i o n  t e m p e r a t u r e s  were  

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

been  d e s c r i b e d  i n  C h a p t e r  11. P r e s s u r e  was measu red  u s i n g  a Heise 

g a u g e  w i t h  a p r e c i s i o n  o f  k1.5 b a r  a n d t e m p e r a t u r e  t o  k 2 5  mK. 

X-ray s t u d i e s  were c o n d u c t e d  u s i n g  t h e  p h o t o g r a p h i c  s e t  up  

d e s c r i b e d  i n  C h a p t e r  11. The s a m p l e  was t a k e n  i n  a Lindemann glass 

c a p i l l a r y  o f  d i a m e t e r  0.5 mm whose e n d s  a re  t h e n  s e a l e d .  It was 



( n =  7,8,9 and 10) 

I '1 
4-n- alkoxyphenyl-  4 - ( 4  - nitrobenzoyloxy) benzoate 

The moleculalr btlructu~e 06 the 4-n-alhoxyphenyl nit~obenzoy- 
loxy benzoate IDBn.O.NOp) homologou~ aelrier. 





c o o l e d  f rom t h e  n e m a t i c  p h a s e  a t  v e r y  s l o w  r a te  s o  as  t o  o r i e n t  

t h e  sample  u s i n g  t h e  m a g n e t i c  f i e l d  ( - 0.5 T I .  T e m p e r a t u r e  was 

m a i n t a i n e d  d u r i n g  a n y  e x p o s u r e  ( t y p i c a l l y ,  15-20 m i n u t e s )  t o  a 

c o n s t a n c y  o f  0.I0C o r  b e t t e r .  The r e l a t i v e  a c c u r a c y  i n  t h e  d e t e r m i n a -  

0 

t i o n  o f  t h e  l a y e r  s p a c i n g  is reckoned  t o  be k0.1 A .  

6.4 RESULTS AND DISCUSSION 

The scheme o f  p r e s e n t a t i o n  o f  t h e  r e s u l t s  i s  a s  f o l l o w s .  The 

h i g h  p r e s s u r e  s t u d i e s  on DB7.0.N02 a n d  DB8.0.N02 are p r e s e n t e d  

f o l l o w e d  by a d e t a i l e d  s t u d y  on DB9.0.NO which  i n c l u d e s  o p t i c a l  . 
2 

m i c r o s c o p y ,  X-ray and ' h i g h  p r e s s u r e .  T h i s  is  t h e n  f o l l o w e d  by t h e  

h i g h  p r e s s u r e  s t u d i e s  on DB.10.0.N02. F i n a l l y ,  t h e  t e m p e r a t u r e -  

c o n c e n t r a t i o n  d i a g r a m  f o r  t h e  b i n a r y  s y s t e m  o f  DB1O.O. NO2 a n d  

DB8.0.N02 i s  p r e s e n t e d  a l o n g  w i t h  t h e  h i g h  p r e s s u r e  s t u d i e s  on  

a 57 mol% m i x t u r e  o f  DB10.0.N02 i n  DB8.0.N02. 

Pressure Studies 

6.4. I DB7.0.N02 : The p r e s s u r e- t e m p e r a t u r e  (P-T) d i a g r a m  o f  t h i s  

compound i s  shown i n  F i g .  6 .3 .  ( I t  s h o u l d  be  m e n t i o n e d  t h a t  f o r  none  

o f  t h e  f o u r  compounds as  well f o r  t h e  57 mol % m i x t u r e  i n v e s t i g a t e d  

was i t  p o s s i b l e  t o  f o l l o w  t h e  n e m a t i c - i s o t r o p i c  (N- I)  t r a n s i t i o n  as 

a f u n c t i o n  o f  p r e s s u r e  b e c a u s e  o f  t h e  h i g h  T v a l u e s  e v e n  a t  a tmos-  N I 

p h e r i c  p r e s s u r e . )  It  is s e e n  t h a t  bo th  A1 - N a n d  ? -  A1 p h a s e  boun- 

d a r i e s  a re  l i n e a r ,  b u t  w i t h  d i f f e r e n t  s l o p e s  - t h e  dT/dP v a l u e  





f o r  t h e  A l  - N  boundary  is 2 4 . 3  OC/kbar w h i l e  t h a t  f o r  t h e  E - A l  

l i n e  is  12.S .OC/kbar .  C o n s e q u e n t l y ,  w i t h  i n c r e a s i n g  p r e s s u r e  t h e  

r a n g e  o f  A i n c r e a s e s  w h i l e  t h a t  o f  d e c r e a s e s  u n t i l  a t  a p r e s s u r e  
1  

o f  1 .12  k b a r  t h e  ? p h a s e  is  s u p p r e s s e d  b e c a u s e  o f  t h e  i n t e r s e c t i o n  - 
o f  t h e  c r y s t a l l i z a t i o n  l i n e  w i t h  t h e  C - A 1  boundary .  The l a c k  o f  

c u r v a t u r e  o f  t h e  A - N  boundary  c l e a r l y  r u l e s  o u t  t h e  e x i s t e n c e  
1  

o f  a r e e n t r a n t  n e m a t i c  p h a s e .  

6 . 4 . 2 .  DB8.0.N02 : F i g .  6 . 4  shows t h e  p r e s s u r e - t e m p e r a t u r e  d i a g r a m  

o f  t h i s  compound. It  is v e r y  much similar t o  t h a t  o f  t h e  l o w e r  

member d i s c u s s e d  ear l ie r .  The o n l y  d i f f e r e n c e  i s  t h a t  t h e  d i f f e r e n c e  

i n  dT/dP v a l u e s  f o r  C"- A 1  a n d  A ,  - N b o u n d a r i e s  (16 .1  a n d  26 .3  OC/ 

k b a r )  a r e  l e s s  t h a n  t h a t  i n  t h e  case o f  DB7.0.N02.As a r e s u l t ,  t h e  

C" p h a s e  is  s e e n  till h i g h e r  p r e s s u r e s  i n  DB8 .0 .N02 ,a l though  i t  u l t i -  

m a t e l y  gets  s u p p r e s s e d  a t - 2 . 5 4  k b a r .  Here a g a i n  t h e r e  is  no  e v i d e n c e  

o f  a r e e n t r a n t -  n e m a t i c  up t o  2 . 6  k b a r ,  t h e  maximum p r e s s u r e  s t u d i e d .  

Thus  p r e s s u r e  d o e s  n o t  i n d u c e  a n y  new p h a s e s  i n  e i t h e r  DB7.O.NO 
2 

o r  DB8.0.N02. 

6 . 4 . 3 .  DB9.0.N02: A s  m e n t i o n e d  ear l ie r  t h i s  compound was s y n t h e-  

s i z e d  by D r .  V . S u r e n d r a n a t h  i n  o u r  l a b o r a t o r y ,  and  p e r h a p s  b e c a u s e  

o f  greater p u r i t y  o f  t h e  material ,  a n  a d d i t i o n 1  p h a s e ,  v i z . ,  t h e  

14 
A2 p h a s e ,  n o t  r e p o r t e d  e a r l i e r ,  was i d e n t i f i e d  be tween C a n d  

C2 i n  o u r  s t u d i e s .  T h i s  is  conf i rmed  by o u r  m i c r o s c o p i c ,  X-ray 



P - T diaglram 04 D B 8 . 0 . N O q .  



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

o u r  o p t i c a l  m i c r o s c o p i c  s t u d i e s .  

a )  Microscop ic  s t u d i e s  on DB9.0.NO These  s t u d i e s  were  c a r r i e d  2-L - 
o u t  u s i n g  a L e i t z  Or thop lan  p o l a r i z i n g  mic roscope  and a M e t t l e r  

h o t  s t a g e  (FP82) w i t h  a t e m p e r a t u r e  c o n t r o l l e r  (FP800). F i g u r e s  

- 
6.5a-c  show t h e  t e x t u r e s  i n  t h e  C ,  A and C2 p h a s e s  r e s p e c t i v e l y  

2 

e v o l v e d  on c o o l i n g  t h e  f o c a l  c o n i c  t e x t u r e  o f  t h e  A phase .  The 
1 

changes  a r e  c l e a r l y  s e e n .  These  changes  a r e  s e e n  more c l e a r l y  when 

a h o m e o t r o p i c a l l y  a l i g n e d  A phase  i s  c o o l e d  ( F i g .  6 . 5 d - f ) .  Under 
1 - 

t h e s e  c o n d i t i o n s  C phase  shows i ts c h a r a c t e r i s t i c  t e x t u r e
1  

( F i g .  

6 .5d)  which d i s a p p e a r s  on t h e  fo rmat ion  o f  t h e  A phase  - a d a r k  
2 

f i e l d  b e i n g  s e e n  between c r o s s e d  p o l a r s  ( F i g .  6 . 5 e ) .  On g o i n g  o v e r  

t o  t h e  C2 phase  a t y p i c a l  S c h l i e r e n  t e x t u r e  is s e e n  ( F i g .  6 . 5 f ) .  
- 

Thus t h e  A2 phase  can  be c l e a r l y  d i s t i n g u i s h e d  from t h e  C and C2 

p h a s e s  by m i c r o s c o p i c  s t u d i e s .  It s h o u l d  however be ment ioned t h a t  

t h e  e x i s t e n c e  o f  A 2  a s  w e l l  a s  t h e  second ( o r  lower  t e m p e r a t u r e )  

N r e  
p h a s e  seemed t o  be s t r o n g l y  dependent  on t h e  p u r i t y  o f  t h e  

sample;  impure samples  f a i l e d  t o  show t h e s e  p h a s e s .  The same e f f e c t  

was s e e n  i n  samples  h e a t e d  r e p e a t e d l y  t o  h i g h  t e m p e r a t u r e s .  

b )  X-ray s t u d i e s .  The t h e r m a l  v a r i a t i o n  o f  t h e  l a y e r  t h i c k n e s s  

( d )  i n  t h e  d i f f e r e n t  p h a s e s  o f  DB9.0.N02 i s  shown i n  F i g .  6 .6 .  

S t a r t i n g  from t h e  h i g h e r  t e m p e r a t u r e  Ad p h a s e ,  w i t h  d e c r e a s e  i n  

t e m p e r a t u r e  d shows a c o n t i n u o u s  i n c r e a s e ,  d/R i n c r e a s i n g  
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f r o m  1 .24  a t  t h e  h i g h e s t  t e m p e r a t u r e  t o  a b o u t  1 .42  j u s t  b e f o r e  

t h e  o n s e t  o f  t h e  A ,  p h a s e .  T h i s  i n c r e a s i n g  t r e n d  is  s e e n  r i g h t  

t h r o u g h  t h e  A d - N  and  N r e  - A d i r e )  t r a n s i t i o n s .  E s s e n t i a l l y  a re  

similar b e h a v i o u r  was s e e n  e a r l i e r  a l so .  l 6  I t  s h o u l d  a l s o  be men t io-  

ned  t h a t  t h e  d i f f r a c t i o n  s p o t s  i n  t h e  N r e  p h a s e  was as s h a r p  a s  

t h o s e  i n  t h e  Ad p h a s e  s i g n i f y i n g  t h e  e x i s t e n c e  o f  s t r o n g  smectic- 

l i k e  l o c a l  o r d e r i n g  i n  t h i s  p h a s e .  A s  t h e  s e c o n d  o r  l o w e s t  tempera-  

t u r e  r e e n t r a n t  n e m a t i c  p h a s e  (which  e x i s t s  be tween A 
d ( r e )  

a n d  A1 

p h a s e s )  i s  a p p r o a c h e d  b o t h  q '  a s  well a s  2q r e f l e c t i o n s  c o r r e s p o n d -  
0 0 

i n g  t o  t h e  Ad(re) a n d  A 1  p h a s e s  were  o b s e r v e d  showing t h e r e b y  t h e  

e x i s t e n c e  o f  two  t y p e s  o f  s h o r t  r a n g e  o r d e r i n g  i n  t h i s  phase .As  

t h e  t e m p e r a t u r e  is  lowered  t h e  i n t e n s i t y  o f  q 1  d e c r e a s e s  w i t h  a n  
0 

accompanying  i n c r e a s e  i n  t h e  i n t e n s i t y  of 2q  A t  t h e  s e c o n d  r e e n -  
0 ' 

t r a n t  n e m a t i c -  A1 t r a n s i t i o n  t h e  q; s p o t s  become d i f f u s e .  A l s o  

t h e  d i f f u s e  q;) s p o t s  p r o g r e s s i v e l y  show a l a r g e  s p r e a d  a l o n g  X- 

d i r e c t i o n  a n d  f i n a l l y  a c o n s t r i c t i o n  is  s e e n  a t  t h e  m i d d l e  ( s e e  

F i g .  6 . 7 ) .  Thus  w e  o b s e r v e d  o f f  Z- ax i s  f l u c t u a t i o n s  i n  t h e  A p h a s e .  1  

( I t  must  be m e n t i o n e d  h e r e  t h a t  Hardou in  and ~ e v e l u t l ~  h a v e  made 

s imilar  o b s e r v t i o n s  i n  T8. )  These  d i f f u s e  o f f  Z- ax i s  s p o t s  c a n  

- 
b e  v iewed as  a p r e c u r s o r  t o  C phase .  It is r e l e v a n t  t o  reca l l  t h a t  

r e c e n t l y  Wang a n d  L.ubensky18 have  p r e d i c t e d  t h e  d i f f u s e  s c a t t e r i n g  

t h a t  i s  e x p e c t e d  i n  t h e  A 1  p h a s e  o n  a p p r o a c h i n g  d i f f e r e n t  t y p e s  

o f  p h a s e s .  A c c o r d i n g  t o  them,  on a p p r o a c h i n g  t h e  A 2  p h a s e  a d i f f u s e  

s p o t  c e n t e r e d  a r o u n d  q s h o u l d  be s e e n .  But  i f  t h e  a p p r o a c h i n g  
0 
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p h a s e  i s  r, t h e n  t h e  X-ray p a t t e r n  is e x p e c t e d  t o  show a d i f f u s e  

r i n g  c e n t r e d  a r o u n d  q  On t h e  o t h e r  hand on a p p r o a c h i n g  t h e  
0 ' 

p h a s e ,  two d i f f u s e  r i n g s  s p a c e d  on e i t h e r  s i d e  o f  q  are e x p e c t e d .  
0 

F i n a l l y ,  on  a p p r o a c h i n g  a n  incommensura te  s m e c t i c  A p h a s e ,  a ' d o u b l e  

s p o t  p a t t e r n '  c o n s i s t i n g  o f  condensed  2q d i f f u s e  s p o t s  c o r r e s p o n d -  
0  ' 

i n g  t o  q;) and a c o m b i n a t i o n  o f  2q0 a n d  q;) i s  p r e d i c t e d .  On t h e  

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

o n  e i t h e r  s i d e  o f  t h e  d i f f u s e  r i n g  a t  q  c o r r e s p o n d i n g  t o  t h e  compe- 
0 

t i t i o n  be tween r a n d  incommensura t e  phases .  

- 
I n  o u r  s t u d i e s  on  DB9.0.N02, we see C- l i k e  f l u c t u a t i o n s  i n  

t h e  A 1  p h a s e .  On f u r t h e r  r e d u c t i o n  o f  t e m p e r a t u r e ,  t h e  t y p i c a l  

X-ray p a t t e r n  o f  t h e  o r  r i b b o n  phase' '  i s  s e e n  ( s e e  F i g .  6.8) .  

The c h a r a c t e r i s t i c  f e a t u r e  o f  t h i s  p a t t e r n  is  t h e  p r e s e n c e  o f  two 

o f f  Z- ax i s  s p o t s  which  have  a symmet r i c  i n t e n s i t y .  It c a n  be  r e c a l l e d  

f rom t h e  work o f  Hardou in  e t  a1. l 9  t h a t  t h e r e  c a n  be a n  u n d u l a t i o n  

o f  t h e  l a y e r s .  They have  g i v e n  t h e  model o f  t h e  p h a s e ,  a c c o r d i n g  

t o  wh ich  t h i s  p h a s e  c a n  be d e s c r i b e d  a s  a r e g u l a r  s t a c k i n g  o f  b imole -  

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

F i n a l l y ,  on  c o o l i n g  t h e  f p h a s e  f u r t h e r  we o b s e r v e d  t h e  s u d d e n  

c o n d e n s a t i o n  o f  t h e  s p o t  a t  q  i n  a d d i t i o n  t o  t h e  condensed  2q 
0 0 ' 

T h i s  c o r r e s p o n d s  t o  t h e  A2  p h a s e .  Thus we have  c h a r a c t e r i s e d  t h e  

A p h a s e  s e e n  be tween F a n d  C p h a s e s  a s  t h e  s m e c t i c  b i l a y e r  (A2) 
2  

p h a s e .  I n  t h e  A2  p h a s e  a t e m p e r a t u r e  i n d e p e n d e n t  l a y e r  s p a c i n g  
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is  s e e n  b u t  on  g o i n g  o v e r  t o  C phase  t h e r e  i s  a d e c r e a s e  i n  l a y e r  2  

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

R e c e n t l y  F o n t e s  e t  have  pe r fo rmed  h i g h  r e s o l u t i o n  X-ray 

s c a t t e r i n g  s t u d i e s  on  DB9.0.N02. T h e i r  r e s u l t s  a re  similar t o  o u r s .  - 
They a l s o  c a r r i e d  o u t  d e t a i l e d  s t u d i e s  i n  t h e  C p h a s e .  They h a v e  - 
i n f e r r e d  t h a t  t h e  t r a n s i t i o n  f rom A 1  t o  C o c c u r s  v i a  t h e  deve lopmen t  

o f  a n  i n t e r m e d i a t e  smectic C p h a s e  w i t h  l i k e  p o l a r i z a t i o n  modula-  

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

A2  a n d  C p h a s e s  have  r e s o l u t i o n  l i m i t e d  p e a k s .  2  

e )  High P r e s s u r e  S t u d i e s  

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

on  DB9.0.N02. The p r e s s u r e- t e m p e r a t u r e  (P-T) d i a g r a m  o f  DB9.O.NO 2 

showing  a l l  t h e  p h a s e  b o u n d a r i e s  ( e x c e p t  t h e  N- I  p h a s e  bounda ry )  

i s  shown i n  F i g .  6 . 9 .  A s  m e n t i o n e d  e r l i e r ,  owing t o  t h e  l i m i t a t i o n s  

i n  t h e  maximum work ing  t e m p e r a t u r e  o f  t h e  h i g h  p r e s s u r e  c e l l ,  we 

d i d  n o t  m o n i t o r  t h e  N-I t r a n s i t i o n  t e m p e r a t u r e  as a f u n c t i o n  o f  

p r e s s u r e .  The f o l l o w i n g  f e a t u r e s  are  s e e n  f rom t h e  P-T d i a g r a m .  

i The Ad as well as t h e  A p h a s e s  are c o m p l e t e l y  bounded d ( r e )  

i n  t h e  P-T p l a n e ,  t h e  p h a s e  b o u n d r i e s  b e i n g  e l l i p t i c  i n  s h a p e  

s imi la r  t o  what  is  s e e n  i n  o t h e r  r e e n t r a n t  nema togens .  The 

maximum p r e s s u r e  of s m e c t i c  s t a b i l i t y  (P ) i s  1.10 k b a r  f o r  m 

t h e  A p h a s e  and  0.29 k b a r  f o r  t h e  A d ( r e )  p h a s e .  d  





ii The A1-Nre phase  boundary  i s  s t r a i g h t  t h r o u g h o u t  i n  c o n t r a s t  

t o  t h e  two Ad p h a s e s .  T h i s  r e s u l t  which i s  similar t o  t h o s e  

o b s e r v e d  e a r l i e r  i n  o t h e r  s y s t e m s  21122  i n d i c a t e s  t h a t  t h e  

p r e s s u r e  b e h a v i o u r  o f  t h e  A phase  s h o u l d  be r e l a t e d  t o  t h e  

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

iii Both C2 and  A2 p h a s e s  a r e  s u p p r e s s e d  a t  h i g h  p r e s s u r e s  because  

o f  t h e  i n t e r s e c t i o n  o f  t h e  c r y s t a l l i z a t i o n  l i n e  w i t h  t h e  - 
C2 - A2 a n d  A - C phase  b o u n d a r i e s  r e s p e c t i v e l y .  

2 

Thus t h e  P-T d i ag ram o f  DB9.0. NO2 shows t h a t  b o t h  t h e  Ad p h a s e s  

a re  u n s t a b l e  a t  h i g h  p r e s s u r e s .  T h i s  d i ag ram a l s o  shows d r a m a t i c a l l y  

t h a t  a l l  t h e  n e m a t i c  p h a s e s  t h e  h i g h e r  t e m p e r a t u r e  normal  n e m a t i c  

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

a t  h i g h  p r e s s u r e .  C o n s i d e r i n g  t h a t  i t  is  d i f f i c u l t  by Xray s t u d i e s  

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

l i k e  o r d e r i n g  from t h e  Ad p h a s e ,  t h e  p r e s s u r e  s t u d y  is h e l p f u l  

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

p r e s s u r e .  

6.4.4. DB10.0.N02 

F i g u r e  6 . 1 0  shows t h e  p r e s s u r e  - t e m p e r a t u r e  d i ag ram 

o f  DB10.0.N02. T h i s  P-T d i ag ram is i n  s e v e r a l  ways e v e n  more s t r i k -  

i n g  t h a n  t h a t  o f  DB9.0.N02 : we s h a l l  expand t h i s  f u r t h e r .  The mate- 

r i a l  e x h i b i t s  o n l y  N ,  A d ,  C" and C p h a s e s  a t  a t m o s p h e r i c  p r e s s u r e .  
2 
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However on i n c r e a s i n g  p r e s s u r e  s e v e r a l  new p h a s e s  a r e .  i n d u c e d .  

The A phase  a p p e a r s  a t  a p r e s s u r e  o f  0 . 2  k b a r ,  t h e  C2 - A boundary 
2 2  - 

f o r k i n g  o u t  o f  t h e  C 2 - C  l i n e .  With i n c r e a s i n g  p r e s s u r e  t h e  r a n g e  

o f  A2  i n c r e a s e s  a t  t h e  expense  o f  C u n t i l  f i n a l l y  a t  a b o u t  1.25 
2 

k b a r ,  t h e  C2 phase  is s u p p r e s s e d .  A second p r e s s u r e  induced  p h a s e  

- 
(A1) i s  s e e n  beyond a b o u t  0 .82 k b a r ,  t h e  A

d
- C  boundary s p l i t t i n g  - 

i n t o  C - A1 and A - Ad phase  b o u n d a r i e s .  [ T h i s  phase  h a s  been i d e n t i -  
1  

f i e d  as t h e  A p h a s e  by o p t i c a l  o b s e r v a t i o n  o f  i t s  t e x t u r e  a t  h i g h  

p r e s s u r e .  A compar ison o f  t h e  phase  d iagram w i t h  t h e  t e m p e r a t u r e -  

c o n c e n t r a t i o n  diagram ( F i g .  6 . 1 1 )  p e r m i t s  u s  t o  deduce t h a t  t h i s  

phase  i s  most l i k e l y  t o  be t h e  A ,  p h a s e . ]  On f u r t h e r  i n c r e a s e  o f  

p r e s s u r e  t h e  A - A  boundary f o r k s  o u t  a g a i n  - t h i s  t ime  a  n e m a t i c  
1  d  

phase  is  induced  - t h i s  i s  i n  f a c t  t h e  r e e n t r a n t  n e m a t i c  p h a s e .  

F i n a l l y  pe rhaps  t h e  most  d r a m a t i c  p a r t  o f  t h e  phase  d iagram is 

t h e  a p p e a r a n c e  o f  two r e e n t r a n t  nemat ic  p h a s e s  s e e n  i n  t h e  p r e s s u r e  

r a n g e  o f  1 . 2 6-  1 . 3 8  k b a r .  ( I t  must  be ment ioned t h a t  owing t o  t h e  

l i m i t a t i o n s  on t h e  maximum t e m p e r a t u r e  c a p a b i l i t y  o f  t h e  h i g h  p re-  

s s u r e  c e l l  ( 1 2 0 0 ° C )  w e  c o u l d  n o t  s t u d y  t h e  Ad - N o r  N - I p h a s e  

b o u n d a r i e s ) .  I n  t h e  p r e s s u r e  range  1.26 - 1 .38  k b a r ,  t h e  f o l l o w i n g  

sequence  o f  t r a n s i t i o n s  a r e  s e e n  on d e c r e a s i n g  t e m p e r a t u r e  ( a t  

a  c o n s t a n t  p r e s s u r e ) :  

N 

N + Ad -P Nre -P A + N  j A + C + A + C  
d ( r e )  r e  1  2  2 +  

T h i s  i s  n o t h i n g  b u t  t h e  sequence  o f  t r a n s i t i o n s  s e e n  i n  DB9.0.NO 2  



a t  a t m o s p h e r i c  p r e s s u r e .  Thus  we have s e e n  t h e  first i n s t a n c e  o f  

a p r e s s u r e- i n d u c e d  t r i p l y  r e e n t r a n t  b e h a v i o u r .  It i s  a l s o  s e e n  

t h a t  t h e  Ad p h a s e  gets bounded and shows a P o f  a b o u t  1 . 4  k b a r .  m 

A d ( r e )  a l s o  gets bounded a n d  shows a  P o f  a b o u t  1 .39  k b a r .  The m 

d i a g r a m  a l s o  shows t h e  e x i s t e n c e  o f  t h e  A , - N r e - A d  p o i n t .  A l though  

t h e  t o p o l o g y  o f  t h e  d i ag ram n e a r  t h i s  p o i n t  is  similar t o  t h e  o n e  

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

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

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

t e m p e r a t u r e s .  A l s o ,  as a l r e a d y  remarked,  t h e  i d e n t i f i c a t i o n  o f  

A ,  
p h a s e  is  somewhat t e n t a t i v e  a n d  n e e d s  t o  be c o n f i r m e d  by X-ray 

s t u d i e s  a t  h i g h  p r e s s u r e .  If c o n f i r m e d ,  t h e  A , - A  t r a n s i t i o n  s e e n  
d  

i n  DB10.0.N02 a t  h i g h  p r e s s u r e  would be t h e  first o b s e r v a t i o n  o f  

s u c h  a t r a n s i t i o n  i n  a s i n g l e  component l i q u i d  c r y s t a l l i n e  s y s t e m .  

Thus  we h a v e  shown t h a t  DB10.0.N02 e x h i b i t s  a n  u n u s u a l l y  

i n t e r e s t i n g  p r e s s u r e - t e m p e r a t u r e  d i ag ram.  Over a n a r r o w  r a n g e  o f  

p r e s s u r e  a l l  t h e  t r a n s i t i o n s  s e e n  i n  DB9.0.NO a t  a t m o s p h e r i c  p re -  
2  

s s u r e  are r e p r o d u c e d .  Comparing t h i s  w i t h  t h e  s i m p l e  P-T d i a g r a m s  

o f  DB7.0.N02 a n d  DB8.0.N02 i t  i s  c l e a r  t h a t  p h a s e  t r a n s i t i o n s  a t  

h i g h  p r e s s u r e  a re  e x t r e m e l y  s e n s i t i v e  t o  t h e  c h a n g e s  i n  m o l e c u l a r  

l e n g t h .  

6.4.5 Studies on mixtures of DB10.0.N02 a n d  DB8.O.NO 2 

We have  s o  f a r  d i s c u s s e d  t h e  e f f e c t  o f  p r e s s u r e  on p h a s e  



t r a n s i t i o n s  i n  t h e  d i f f e r e n t  homologues of  t h e  DBn.0.N02 series. 

I n  t h i s  s e c t i o n  we s h a l l  p r e s e n t  t h e  r e s u l t s  o f  o u r  s t u d i e s  on 

b i n a r y  m i x t u r e s  o f  DB8.0.N02 and DB10.O.NO2. 

C o n s i d e r i n g  t h a t  DB9 .O.  NO e x h i b i t s  t r i p l y  r e e n t r a n t  b e h a v i o u r  
2  

a t  a t m o s p h e r i c  p r e s s u r e  w h i l e  DB8.O.NO a s  w e l l  as  DB10.0.N02 show 
2 

o n l y  one  t y p e  o f  A-N t r a n s i t i o n ,  i t  i s  o f  i n t e r e s t  t o  s e e  t h e  r e s u l t  

o f  mix ing  DB8.0.N02 and DB10.0.N02. F ig .  6.11 shows t h e  t e m p e r a t u r e -  

c o n c e n t r a t i o n  (T-X) diagram o f  t h i s  b i n a r y  sys tem.  It i s  s e e n  t h a t  

t h e  A d -  N boundary c u r l s  t w i c e  towards t h e  c o n c e n t r a t i o n  a x i s  l e a d-  

i n g  t o  t h e  m u l t i - r e e n t r a n t  behav iour .  Also ,  f o r  a  c e r t a i n  c o n c e n t r a-  

t i o n  range  i t  shows a A d - A 1  boundary. A2  phase  is  i n d u c e d  and 

i s  found t o  be s t a b l e  o n l y  f o r  a  c e r t a i n  c o n c e r n t r a t i o n  r a n g e .  

F i n a l l y  i t  i s  c l e a r  t h a t  o v e r  a  c o n c e n t r a t i o n  r a n g e  o f  48 mol % 

t o  53 mol % t h e  sequence  o f  t r a n s i t i o n  is e x a c t l y  t h e  same as t h a t  

s e e n  i n  DB9.0.N02 a t  a t m o s p h e r i c  p r e s s u r e ( o r  i n  DB10.0.N02 o v e r  

a r e g i o n  o f  p r e s s u r e  1 . 2 6- 1 . 3 8  k b a r ) .  

F i n a l l y ,  i n  o r d e r  t o  s e e  i f  w e  can  i n d u c e ,  as we d i d  

i n  DB10.0.N02, a  m u l t i - r e e n t r a n t  behav iour  i n  t h i s  sys tem a l s o ,  

we have c a r r i e d  o u t  a h i g h  p r e s s u r e  s t u d y  o f  57 mol m i x t u r e  

o f  DB1O.O. NO2 i n  DB8.0.N02. The p r e s s u r e- t e m p e r a t u r e  diagram o f  

t h e  m i x t u r e  is  shown i n  F i g .  6.12.  The f e a t u r e s  o f  t h i s  d iagram 

a r e :  

1 t h e  A-N boundry c u r l s  t w i c e  towards  t h e  p r e s s u r e  a x i s  l e a d i n g  



Figure 6.1 1 

Tempe~ature-concentration diagram ( a t  1 bar)  ~ O T  binary m i x t u ~ e  

' 0 4  DB10.0.N02 and DBB.0.N02. X ia the  mol % 06 DRI0 .0 .N02  

in the  mixture. 



P- T  diagram 06 X = 5 1  mol % DB10.0.N02 in DBB.0.N02.  



t o  t h e  m u l t i - r e e n t r a n t  behav iour ,  

2 The Ad phase  gets bounded showing a P o f  a b o u t  0 . 2 5  k b a r  m 

w h i l e  Ad(re) gets bounded a t  0 .21 k b a r ,  

3 - A  p o i n t  is s e e n  a t  0 .13  k b a r ,  A ~ - N r e  d 

4 The A 1  - N boundary is l i n e a r  t h r o u g h o u t ,  
r e  

5 The C phase  g e t s  s u p p r e s s e d  under h i g h  p r e s s u r e .  2 

Thus t h e  P-T diagram o f  57% m i x t u r e  o f  DB10.0.N02 and DB8.0.N02 

i s  v e r y  s i m i l a r  t o  t h a t  o f  DB1O.O.NO e x c e p t  t h a t  a l l  t h e  f e a t u r e s  
2 

a r e  now reproduced  a t  lower  p r e s s u r e s .  

6 . 4 . 6  Comparison of e x p e r i m e n t a l  phasediagrams o f  DB9.0.NO a n d  
2 - 

DB1O.O.NO w i t h  t h e  t h e o r e t i c a l  d i a g r a m s  
2 

A m i c r o s c o p i c  t h e o r y ,  known a s  t h e  F r u s t r a t e d  Spin-Gas Model, 

h a s  been developed 24-26 t o  e x p l a i n  t h e  d i f f e r e n t  r e e n t r a n t  s e q u e n c e s  

o f  nemat ic  and s m e c t i c  A p h a s e s ,  v i z . ,  N - Ad - N ,  N -  Ad - N - A1 

and  N - Ad - N - Ad - N - A1.  We s h a l l  summarise t h e  most s a l i e n t  f e a -  

t u r e s  o f  t h i s  t h e o r y  i n  i ts  p r e s e n t  form. 

A s c h e m a t i c  r e p r e s e n t a t i o n  o f  a p a i r  o f  m o l e c u l e s  o f  DB9.0.NO 2 

( t a k e n  t o  be t y p i c a l  o f  r e e n t r a n t  mesogenic  s y s t e m s )  is shown i n  
0 

F i g .  6 .13 .  The r o d  shaped molecu les  a r e  a p p r o x i m a t e l y  30 A l o n g  
0 

and  5 A t h i c k .  They have a l o n g i t u d i n a l  e l e c t r i c  d i p o l a r  h e a d ,  



Schematic ~eplrebentation 06 moleculeb 06 the compound 

DB9.0.NOp. Altlrowb denote dipolalt head&, ~ectanglea 

lreplrebent altomatic colreb, open ci~cled indicate oxygen 
atom&, and clobed cilrcleb ma& the pobitionb 06 ca~bon 
atom4 in all-tltanb con6igu~ation 06 the aliphatic tai!. 
The molecufalr con6igulrationb 06 the pailts bhouing dominant 

(a)  tail-tail attltaction, olt (61 btelric hind~ance a)re d ~ o  hhown. 



a r i g i d  a r o m a t i c  c o r e  a n d  a s e m i - f l e x i b l e  a l i p h a t i c  t a i l .  The s p i n -  

gas model  embodies  i n t e r m o l e c u l a r  h i n d r a n c e ,  Van d e r  Waals a t t rac-  

t i o n  and  d i p o l e - d i p o l e  f o r c e s ,  t h e  l a s t  o f  t h e s e  b e i n g  most  impor-  

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

p a i r  p o t e n t i a l ,  2 4 , 2 7  

A 
where  r is  t h e  p o s i t i o n  o f  t h e  d i p o l e  o f  m o l e c u l e  i ,  Si i s  t h e  

i 

u n i t  v e c t o r  d e s c r i b i n g  t h e  d i p o l a r  o r i e n t a t i o n ,  a n d  r 
12 = r l  - '2 

A 
a n d  r l8  = r12/ 1 r12 1 . F o r  p u r e l y  d i p o l a r  f o r c e s ,  A B .  The a l t e r n a -  

t i v e  p o s s i b i l i t i e s  o f  dominan t  t a i l - t a i l  a t t r a c t i o n  ( F i g .  6 . 1 3 a )  

o r  s te r ic  h i n d r a n c e  ( F i g .  6 . 1 3 b )  are  i n c o r p o r a t e d  24127 i n  t h e  r a t i o  

B/A : B  < A f o r  n e t  h i n d r a n c e  ( f a v o u r i n g  t h e  a n t i f e r r o e l e c t r i c  t e r m )  

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

t e r m ) .  F l u c t u a t i o n s  t o w a r d s t h e  i s o t r o p i c  p h a s e  are i g n o r e d ,  namely ,  

h 
t h e  m o l e c u l e s  a re  t a k e n  a l i g n e d  a l o n g  t h e  Z d i r e c t i o n :  

i = *Z,  

o r  s i m p l y  Si = * I .  S c r e e n i n g  s u p p r e s s e s  i n t e r a c t i o n s  be tween f u r t h e r  

n e i g h b o u r s .  I n  t h e  c l o s e- p a c k i n g  o f  a l i q u i d ,  t h e  p o t e n t i a l  i n  

e q u a t i o n  ( 1 )  i n h e r e n t l y  c a u s e s  f r u s t r a t i o n  d u e  t o  s u b s t a n t i a l  cance-  

l l a t i o n s  o f  f o r c e s  be tween a m o l e c u l e  and  i t s  n e a r e s t  n e i g h b o u r s  

( F i g .  6 . 1 4 b , c ) .  

The m o l e c u l a r  t a i l s  p l a y  a c r u c i a l  r o l e .  A p a r t  f rom t h e  free 

e n e r g y  o f  t h e i r  e n t a n g l e m e n t  embodied i n  B/A, t h e i r  l e n g t h w i s e  

c o r r u g a t i o n  is  e s s e n t i a l ,  c r e a t i n g  e n e r g e t i c a l l y  p r e f e r r e d  p o s i t i o n s  

( " n o t c h e s n )  o f  m u t u a l  p e r m e a t i o n ,  i . e . ,  p o s i t i o n a l  f l u c t u a t i o n  



Fiquze 6.14 

Schematic ceprebentation 06 condiguzationb 06 a tlriplet 06 molecules. 

la) The atomic permeation pabitions 06 the dipole head&. Libzational 

permeation pobitionb aze i lh~tzated only in the uppez fight-hand 

colrnez. (bl  A 6iustzated con6iguzation: A zezo net dozce i a  belt 
by eithez 06 dipoles I and 3. (cJ  Anothelr 6ubtzated condigulration: 
A zelro net doice i b  belt by dipole 3. Condiguzation4 ( 6 )  and ( c )  alre 
thub not conducive to layezing. On the othez hand, (dl and (el aze 
con6iguzationb in which dzubtrationb i b  .relieved by pezmeation, 
teapectively conducive to intez-digitated paztial bilayez Ad and 
the monolayez A ,  amectic bpacing. 



a l o n g  t h e  Z- d i r e c t i o n ,  f o r  a n e a r e s t  n e i g h b o u r  p a i r  ( s e e  F i g .  6 . l 4 a ) .  

I n  a d d i t i o n  t o  d i s c r e t e  "a tomic t1  p e r m e a t i o n s  on  a l e n g t h  scale 
0 

R/n ( a  few A ) ,  where 4 1 n l 8,  small o s c i l l a t i o n s  are o f  c o u r s e  

R 
a l l o w e d  on  a s u b s c a l e  m6 << - . These  " l i b r a t i o n a l I 1  p e r m e a t i o n s  c a n  n  

be  a p p r o x i m a t e d  t o  o c c u r  i n  m d i s c r e t e  s u b n o t c h e s  w i t h i n  e a c h  n o t c h .  

I n d e k e u  a n d  B e r k e r  h a v e  o b t a i n e d  d i f f e r e n t  t h e o r e t i c a l  p h a s e  

d i a g r a m s  f o r  d i f f e r e n t  v a l u e s  o f  B/A, n ,  m and  6 . F i g u r e s  6 . 1 5 a 1  

6 .16a  and  6 .17a  show t h e  t h e o r e t i c a l  d i a g r a m s  f o r  two sets o f  v a l u e s  

f o r  B/A,n,m and  6 . The first o n e ,  v i z .  , F i g .  6 .15a  e v i d e n t l y  resem- 

b l e s  t h e  p re s su re- tem

p

er

a

- tu re  d i ag ram o f  90BCAB r e p o r t e d 2 8  earl ier  

( F i g .  6 . 1 5 b ) .  The t h e o r e t i c a l  d i ag ram shown i n  F i g .  6 .16a  when 

c o n s i d e r e d  f o r  a / k  v a l u e s  c 0 . 4 6 6  i s  e x a c t l y  similar t o  t h e  p r e s s u r e-  

t e m p e r a t u r e  d i a g r a m  o f  DB9.0.N02 ( F i g . 6 . 1 6 b ) .  On t h e  o t h e r  hand 

t h e  c o m p l e t e  t h e o r e t i c a l  p h a s e  d i ag ram ( F i g .  6 . 1 7 a )  c o n s i d e r e d  

o v e r  t h e  e n t i r e  r a n g e  of  a/R v a l u e s  is v e r y  similar t o  t h e  d i a g r a m  

o f  DB10.0.N02 ( s e e  F i g .  6 . 1 7 b ) .  

Thus  t h e  s p i n  gas model  i s  a b l e  t o  r e p r o d u c e  s a t i s f a c t o r i l y  

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

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

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

v i z . ,  N - Ad - N - Ad - N - A ,  - N - Ad - N - A 1 .  Such  a s e q u e n c e  

h a s  n o t  been  o b s e r v e d  e x p e r i m e n t a l l y .  



Fiaure  6.15 

R laJ Ooubly reentrant  phase d iagram obtained 60r a= 1.5, 

n = 5 ,  m = 3 ,  and 6 = 0.01 &in t h e  npin-gab mode(. n 

( 6 )  E xpei imenta l ly  obsczrved phabe d iagram 60r t h e  
compound 90BCAB exhibit ing t h e ,  doubly i een t ran t  

phenomena. ( F r o m  Red. 26). 



Figure 6.16 

Quadruply reent.zant phabe diagram obtained 60.2 B/A = 1.455, 
R n = 5, m = 3 ,  6.0.015 i. la) A tentative prebbure bcale ib given 6o.r 

the bake 06 comparibon with the experimentally observed phabe 
diagram. (From Red. 26). (b )  Experiments! P-T diagtam 06 

DB9.0.N02 exhibiting quadruple reent~ance. 
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