
C H A P T E R  I V  

THE SMECTIC Ad-SMECTIC A2 CRITICAL POINT 

4.1 INTRODUCTION 

The s m e c t i c  A phase  i s  cha rac t e r i zed  by a d i f f r a c t i o n  p a t t e r n  

which cons is t s  of a sharp  inner  ring ( t h e  s c a t t e r i n g  a n g l e  8 - 1  t o  2O) 

a n d  a d i f fuse  o u t e r  ring ( 8  - 10"). The  inner r ing co r re sponds  to t h e  

m e a n  th ickness  of t h e  layer ,  while  t h e  ou te r  r ing co r re sponds  t o  t h e  

a v e r a g e  d i s t a n c e  be tween  t h e  molecules  within t h e  p l a n e  of t h e  smec-  

t i c  phase. The  inner  ring i s  s h a r p  showing t h a t  t h e  l aye r  th ickness  

i s  well def ined  while t h e  d i f fuse  o u t e r  ring signif ies  t h a t  t h e  molecu la r  

order ing  within a layer  is liquid-like. The  layer th ickness  (d) i s  approxi-  

m a t e l y  equa l  t o  t h e  length of t h e  molecule (R) ( m e a s u r e d  in i t s  most  

ex t ended  conf igura t ion)  when t h e  cons t i t uen t  mo lecu le s  d o  n o t  possess 

a s t rongly  polar  group a t t a c h e d  t o  o n e  end. However ,  w h e n  t h e  mole-  

c u l e  possesses a s t rongly  polar  ( cyano  or  nitro) end  group,  e.g., 4'-n- 

octyl-4-cyanobiphenyl (8CB) (se? Fig.4.1a), t h e n  t h e  l a y e r  spac ing  

is genera l ly  found t o  b e  l a rge r  t h a n  t h e  length of t h e  molecule .  Madhu- 

1 sudana  and Chandrasekhar  p r e d i c t e d  theore t ica l ly  t h a t  in such  s t rongly  

te rminal ly  polar sys tems,  t h e  molecules  should be a r r a n g e d  in a n  

an t ipa ra l l e l  configurat ion.  A consequence  of th is  a n t i p a r a l l e l  nea r  

neighbour co r re l a t ion  i s  t h e  f o r m a t i o n  of a s m e c t i c  l aye r  whose  th ick-  

ness (d) is g r e a t e r  t h a n  t h e  l eng th  of t h e  molecule o r  a b i l aye r  s t ruc -  
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Figure 4 . 1  

(a) Chemical structure of an asymmetric molecule (8CB) and 

(b) schematic diagram of the molecular arrangement in partially 

bilayer smectic A phase (A ) exhibited by strongly polar 
d 

liquid crystalline materials like, viz., 8CB. 



t u r e  (Fig.4.lb). L e a d b e t t e r  et a12 showed t h e  e x i s t e n c e  of such  a bi layer  

s t r u c t u r e  wherein t h e  a r o m a t i c  c o r e s  over lap  in t h e  midd le  of a l a y e r  

a n d  t h e  a lkyl  cha ins  e x t e n d  outwards .  Thus wi th  t h e  syn thes i s  of 

ma te r i a l s  like 8CB i t  was  r ea l i zed  t h a t  ano the r  t y p e  of s m e c t i c  A 

phase,  viz., t h e  i n t e r d i g i t a t e d  t y p e  with d > R c a n  exis t .  However ,  

t h e  r ichness of t h e  va r i e ty  of s m e c t i c  A phases  w a s  r ea l i s ed  only 

when Sigaud et d i scove red  a phase t rans i t ion  b e t w e e n  t w o  t y p e s  

of s m e c t i c  A phases.  They found by ca lo r ime t ry  t h e  s i g n a t u r e  of 

a phase  t rans i t ion  b e t w e e n  t w o  polymorphic f o r m s  of s m e c t i c  A p h a s e  

whose opt ica l  t e x t u r e s  w e r e  identical .  Xray  s tud ie s4  showed  t h a t  

t h e  d i f f rac t ion  p a t t e r n s  cha rac t e r i s ing  t h e  t w o  t y p e s  of s m e c t i c  A 

phases  a r e  d is t inc t ly  d i f f e r e n t  - t h a t  of t h e  high t e m p e r a t u r e  

s m e c t i c  A phase  cons i s t ed  of t w o  ref lec t ions  which co r re sponded  

t o  d z R while t h e  low t e m p e r a t u r e  s m e c t i c  A phase  g a v e  a p a t t e r n  

consist ing of t w o  pa i r s  of s p o t s  corresponding t o  d rz R and  du2R. T h e  

f o r m e r  was r e f e r r e d  t o  as t h e  monolayer  (A ) phase  and  t h e  l a t t e r  1 

as t h e  bilayer (AZ) phase. In t h i s  nota t ion  t h e  s m e c t i c  A p h a s e  of 

compounds  like 8CB whose  l aye r  spacing (d) i s  such  t h a t  R< d<2R c a n  

now be des ignated  as Ad, t h e  part ial ly bi layer  phase. Subsequent ly ,  

t h r e e  m o r e  s m e c t i c  A phases  w e r e  discovered. T h e  an t iphase5  o r  

A phase  has  t h e  bas ic  local  s y m m e t r y  of a n  A2 phase,  b u t  in add i t i on  

groups of molecules  a r e  a r r a n g e d  with dipolar  heads  up o r  down, . 

s o  t h a t  o n e  c a n  look upon t h e  s t r u c t u r e  a s  cons is t ing  of a 'd ipolar  

wave '  within a layer .  Ano the r  phase ca l led  c r e n e l a t e d  s m e c t i c  A 



- 
phase  ( s imi lar  t o  A but  wi th  a d i f f e ren t  s y m m e t r y  ) w a s  d iscovered  

by ~ e v e l u t '  f r o m  X r a y  exper iments .  Very recent ly  t h e  i n c o m m e n s u r a t e  

s m e c t i c  A phase  (Aic) with both  Ad-like and  A - l ike  pe r iod ic i t i e s  
2 

7 was  seen  by R a t n a ,  Shashidhar and  R a j a  . T h e  e x i s t e n c e  of such  a n  

incommensura t e  A phase has  in f a c t  been  p red ic t ed  theo re t i ca l ly .  8,9 

The  s c h e m a t i c  r ep resen ta t ion  of t h e  molecular  a r r a n g e m e n t  in d i f fe-  

r e n t  polymorphic f o r m s  of A a r e  shown in Fig. 4.2. 

Pe rhaps  a m o r e  r ea l i s t i c  descr ip t ion  of t h e  s m e c t i c  A phase  

is t o  look upon i t  as consist ing of a density w a v e  in t h e  d i r ec t ion  

of t h e  d i r ec to r ,  t h e  periodici ty of t h e  modulat ion giving t h e  s m e c t i c  

layer  thickness.1° (Fig.4.3). Thus t h e  s m e c t i c  A phase  c a n  b e  looked 

upon a s  a n  or ien ta t ional ly  o rde red  liquid with a o n e  d imens iona l  dens i ty  

wave  along t h e  o p t i c  axis. The  Xray  d i f f rac t ion  p a t t e r n  f o r  such  

a sys t em gives  d i f f r ac t ion  spo t s  a t  a wavevec to r  co r re spond ing  t o  

q which is equa l  t o  2rr/d, w h e r e  d is defined as t h e  th i ckness  of t h e  

s m e c t i c  layer. We shal l  now de f ine  Xray  d i f f rac t ion  p a t t e r n s  c h a r a c t e r i -  

sing d i f f e r e n t  t y p e s  of A phases  in t e r m s  of w a v e v e c t o r s  in r e c i p o r c a l  

s p a c e  ( see  Fig.4.4). The  monolayer  ( A l )  phase  e x h i b i t s  a peak  at  

a wavevec to r  2q 2~r/!L In addi t ion ,  th is  phase exh ib i t s  d i f f u s e  s c a t t e r -  0 = 

ing, t h e  n a t u r e  and  position of which depends upon t h e  p h a s e  in t h e  

neighbourhood of t h e  A l  phase.  Most o f t en  th is  d i f f u s e  s c a t t e r i n g  

is c e n t r e d  around a wavevec to r  which is i n t e r m e d i a t e  b e t w e e n  q 0 

and  2q The  bi layer  s m e c t i c  phase  (A2) is c h a r a c t e r i s e d  by  peaks  0' 



Acre 

F i g u r e  4 . 2  

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

phases .  



Density 

Figure 4.3 

Schematic diagram of smectic A phase with its one-dimensional 

density wave along the average direction of the molecular axis 

(Ref. 10) 



F i g u r e  4 . 4  

Xray d i f f r a c t i o n  p a t t e r n s  i n  d i f f e r e n t  s m e c t i c  A p h a s e s .  X d e n o t e s  t h e  

l o c t i o n  o f  t h e  main Xray b e a n ,  
z 

d e n o t e s  t h e  e q u a t o r i a l  d i r e c t i o n ,  

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

condensed  Xray r e f l e c t i o n  w h i l e  t h e  broad r i n g  i n d i c a t e s  a d i f f u s e  

modu la t i on .  



a t  q0 a n d  2q0 such  t h a t  q =2n/2R and 2 q 0 = 2 n / k ,  i.e., cor responding  
0 

t o  monolayer  and b i layer  periodici t ies ,  t h e  peak  at  2q0 be ing  t h e  

second harmonic  of t h e  o n e  a t  q In t h e  case  of A p h a s e  t h e  conden-  0' d 

s e d  Xray r e f l ec t ion  is s een  at q'  - ZnlR',  w h e r e  R < R' < 2 2  and ,  gene-  0 - 

ral ly,  a d i f fuse  max imum c e n t r e d  around 2q In t h e  case of an t i -  
0'  

phase  (A") t h e  Xray  p a t t e r n  cons is t s  of a spo t  at 2q0 a n d  t w o  s p o t s  

displaced f r o m  Z-axis (op t i c  axis) in a perpendicular  d i r ec t ion  a n d  

s i t u a t e d  symmet r i ca l ly  abou t  t h e  q position. This a n t i p h a s e  as wel l  
0 

6 a s  t h e  r ecen t ly  obse rved  s m e c t i c  A c rene la t ed  phase  (Acre) a r e  

now known t o  be biaxial  a n d  t h e r e f o r e  c a n n o t  be t ru ly  c lass i f ied  

a s  s m e c t i c  A phases in t h e  sense  we have de f ined  ear l ie r .  We sha l l  

no t  be considering t h e s e  phases  in this  chap te r .  The  mos t  r e c e n t l y  

observed  incommensura t e  (A. ) phase  has a d i f f r ac t ion  p a t t e r n  c h a r a c -  
1C 

t e r i s ed  by t h r e e  d i f f r ac t ion  s p o t s  at qo, qb and  2q0, a l l  of t h e m  being  

col l inear  along t h e  Z-axis (Fig. 4.4). 

Most of t h e  above  ment ioned s m e c t i c  A polymorphism h a s  been  

successful ly expla ined  in t e r m s  of a phenomenological  mode l  i n t ro-  

duced  by P r o s t  and his coworkers .  8711-13 The  n a t u r e  o f t h e  Ad p h a s e  

and  i t s  re la t ion  t o  A a n d  A2  phases was addres sed  t o  t h e o r e t i c a l l y  1 

by Barois, P ros t  a n d  ~ u b e n s k ~ . ' ~  They used t h e  phenomenologica l  

model  in t h e  f r amework  of t h e  m e a n  f ield theo ry  t o  ob ta in  d i f f e r e n t  

t y p e s  of phase d i ag rams  a n d  Xray sca t t e r ing  intensi t ies .  In t h e  n e x t  

sec t ion ,  we  shall d iscuss  t h i s  t heo ry  in s o m e  d e t a i l  and  c o m m e n t  



o n  t h e  predic t ions  of t h e  theory.  

4.2 LANDAU THEORY OF FRUSTRATED SMECTICS 

A s  discussed by P ros t ,  t w o  o rde r  p a r a m e t e r s  a r e  r e q u i r e d  t o  

desc r ibe  t h e  p rope r t i e s  of s m e c t i c s  in which t w o  pe r iod ic i t i e s  a r e  

compe t ing  with e a c h  o ther .  F o r  this  reason such  s m e c t i c s  h a v e  been  

r e f e r r e d  t o  as Frustrated Smectics. The f irs t  o rde r  p a r a m e t e r  p ( r )  

is t h e  c e n t r e  of m a s s  dens i ty  of cons t i tuent  molecules.  T h e  second  

o r d e r  p a r a m e t e r  i s  PZ( r )  which  descr ibes  the  long r a n g e  h e a d  t o  ta i l  

conf igura t ion  of polar  mo lecu le s  along the  z-axis (i.e., n o r m a l  t o  

layers).  Fo r  t h e  A l  phase  P (r)=O, while in t h e  case of A2  bo th  z 

~ ( r )  a n d  P (r)  have  non- zero values. Barois, P r o s t  a n d  Lubensky a lso  
z 

find t h a t  for  c e r t a i n  range  of model  pa rame te r s  t h e r e  c a n  be  t w o  

bi layer  s m e c t i c  A phases  which they  have labe l led  as A2 a n d  A;. 

In t h e  A  phase  qo t h e  wavevec to r  at which a n  X r a y  r e f l e c t i o n  is 2  

s een  is of t h e  o rde r  of 2 d 2 R  w h e r e  as in A; phase ,  q i s  of t h e  o r d e r  

of 2n/R1 wi th  R <  R'  < 2R. Thus t h e  A '  phase  can  be  iden t i f i ed  w i t h  t h e  
2  

expe r imen ta l ly  obse rved  par t ia l ly  b i layer  s m e c t i c  A  p h a s e  (Ad). 

In t h e  absence  of c o m p e t i t i o n  be tween  t h e  t w o  o r d e r  p a r a m e t e r s  

~ ( r )  would develop  spa t i a l  modula t ions  along t h e  Z-axis a t  wavenumber  

K 2 = Z n / k  where  R is of t h e  o r d e r  of  t h e  length of t h e  molecu le  w h e r e a s  

PZ(r)  would desc r ibe  modu la t ion  a t  K =2rr /el, w h e r e  R '  i s  t h e  length  I 

a s soc ia t ed  wi th  a "pair of molecules" . To desc r ibe  t h e  a p p e a r a n c e  



of modulated o r d e r  Barois  et al. have  expressed t h e  o rde r  p a r a m e t e r s  

a s ,  

where  $(r) and  $(r) a r e  complex  f ie lds  : 

In t e r m s  of t h e s e  f ields,  t h e  Landau-Ginzburg f r e e  e n e r g y  of t h e  

model  in d-dimensions is 

where  r = a l ( T - T  ) and r = a ( T- T  ) m e a s u r e  t h e  t e m p e r a t u r e  
1 I c 2 2 2 c 

f r o m  t h e  non in t e rac t ing  m e a n  f ie ld  t ransi t ion t e m p e r a t u r e s  T l c  a n d  

T2c 
of t h e  f ie lds  J i  and  $2. 0 ,  is a der iva t ive  in t h e  p l ane  pe rpend i -  

-L 

2  2 
cu la r  t o  t h e  z-axis, para l le l  t o  n. The  I ( A + K  $1 l 2  a n d  I ( A + K : N ~ I  

2 2  2 2 
in equat ion  (4.3) f avour  q p = K l  a n d  q =K2 .  

P 

To s tudy t h e  m e a n  f ie ld  phase  d iagram of l inearly m o d u l a t e d  



phases  they  choose  q p  and  q para l le l  t o  n = e  a n d  sough t  spa t ia l ly  
P z 

independent  f ie lds  

which min imize  AFS. The  fol lowing phases  were  expec ted :  

1) t h e  n e m a t i c  phase  (N) with I$, 1 = I$ I = 0, 2 

2) t h e  monolayer  s m e c t i c  phase (A l )  wi th  1 1 = 0 I $2 I # 0, . 

q = K 2 ,  and  
P 

3) t h e  bi layer  a n t i f e r r o e l e c t r i c  s m e c t i c  phase  (A2) wi th  

1 
0 ,  I$ l fo  and  q p . 7  qp=qo.  

It  is t o  be  noted  t h a t  a n  an t i f e r roe l ec t r i c  s m e c t i c  A p h a s e  wi th  no  

long r ange  mass  dens i ty  modula t ions  ( I JI1 I # 0,  I = 0)  i s  n e v e r  s t a b l e  

( s ee  ref.  11) because  a non- zero I Jil 1 a lways  g e n e r a t e s  a non- zero 

lJ12 / via t h e  th i rd  o rde r  t e r m  in AFS. In addit ion,  t h e r e  a r e  an t iphases ,  

which will no t  conce rn  our  discussions in t h i s  s ec t ion ,  in which q 
P 

i s  no t  co l l inear  with qp. 8,15 

T h e  m e a n  f ie ld  f r e e  e n e r g y  densi ty of t h e  N phase  i s  zero :  

The  f r e e  ene rgy  dens i ty  of t h e  A phase is o b t a i n e d  by minimiz ing  1 



with  r e spec t  t o  191 t o  yield 

The  f r e e  ene rgy  densi ty of t h e  b i layer  A 2 phase i s  o b t a i n e d  by mini- 

wi th  r e spec t  t o  I $ ,  1 ,  $ 1 a n d  qo. The  minimiza t ion  wi th  r e s p e c t  

t o  q i s  s t ra ight forward ,  and  w e  ob ta in  
0 

To proceed  wi th  t h e  a lgebra ica l ly  complex  minimiza t ion  wi th  r e s p e c t  

t o  I a n d  1 91, they  in t roduced  r e sca l ed  variables 

s o  t h a t ,  



-- 
2 2 2 1 2  2 q = K ~ C O S  8 + - K  sin 8 
0 4 2 

x, therefore ,  measures t h e  degree  of order and 8 t h e  re la t ive  ampl i tude  

of and $ with small  0 corresponding t o  l a rger  $I. In t e r m s  of 

these  variables, t h e  f r e e  energy density becomes 

2 2 2 2 2  2 = x (y1cos 8 +  y2sin 8 + z  cos 8 sin 8) 

3 2 4 4 4 - 2x cos  8s in  8 +  x ( I  +6 Ul cos 8 + 6U2sin 8), (4.12) 

where 

Y I  and y2 a r e  t h e  t e m p e r a t u r e  variables, and z2 i s  t h e  incommen-  

surability pa ramete r  measuring t h e  degree of mismatch  between K 1 
1 and  (?)K2. The usual s tabi l i ty  requirements on four th  order  t e r m s  

require 6U > -1. The f r e e  energy density now becomes 
1,2 



2 2 2 2 
where  c = y c o s  9 +  y2sin29 + z c o s  9 sin 9 1 

2 b = -3cos 9 sin 9 ,  

Minimizing f wi th  r e s p e c t  t o  x ,  t hey  obta ined  

F o r  a given 9, f is a minimum e i t h e r  at x = i ( 8 )  = 0 o r  at 

1 2 112 x = i (9) = b ] [ - b  + (b  - 4ac)  ] when b2 - 4ac>0. (The  s m a l l e r  r o o t  
a )  

I 2 
XI[-] [-b-(b - 4 a c ) l n ]  cor responds  t o  a local max imum of t h e  f r e e  

(2a)  

energy.) F u r t h e r  t h e y  ob ta ined  

2 f[i(8),0] = 0 f o r  b < 4 a c  

4 2 ]x[-b + b(b - + 6ac(b2 - a c ) ~  f[x(9),91 = r- 
( 1 za3) 

2 f o r  b > 4 a c  (4.17b) 

Final ly,  Barois  et al. pe r fo rmed  a n u n e r i c a l  min imiza t ion  of 

equat ion  (4.17b) wi th  r e spec t  t o  9 , t o  l o c a t e  t h e  so lu t ions  cor responding  

t o  t h e  lowest  f r e e  energy.  The  p lo ts  of ' f r e e  ene rgy '  ve r sus  ' 9 '  a r e  

shown in Fig.4.5. We shall now discuss the  phase  d i a g r a m s  o b t a i n e d  

f r o m  t h e  theory .  
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F i g u r e  4 .5  

F r e e  e n e r g y  a s  a  f u n c t i o n  o f  s i n  0 ,  ( a )  I n  t h e  s t r o n g l y  f i r s t  o r d e r  r e g i o n  

a n d  ( b )  i n  t h e  v i c i n i t y  o f  t h e  c r i t i c a l  p o i n t .  I n  e a c h  f i g u r e ,  t h e r e  are  

t h r e e  c u r v e s  a t  c o n s t a n t  y b u t  d i f f ' e r i n g  y l .  In f i g u r e  ( a )  t h e  a b s o l u t e  
2 '  

minimum o f  c u r v e  1 c o r r e s p o n d s  t o  t h e  SA' p h a s e  a n d  t h a t  o f  c u r v e  3  t o  t h e  
2  

SA2 p h a s e .  C u r v e  2 w i t h  t w o  e n e r g e t i c a l l y  e q u i v a l e n t  min ima c o r r e s p o n d s  

t o  t h e  p h a s e  b o u n d a r y  w h e r e  t h e  SA a n d  SA' p h a s e s  c o e x i s t .  I n  f i g u r e  a ,  
-2 2  y ,  =-0.200, a n d  y  = -0.569 x  10 , - 1 . 0 6 9 ~ 1 0 - 3  a n d  -1.569 r i n  c u r v e s  

1 , 2  a n d  3 .  I n  f i g u r e  ( b ) ,  y = - 0 . 3 7 5 ,  a n d  y 2 = + 1 . 5 2 0 x 1 0 - 3 ,  - 3 . 1 1 8 0 ~ 1 0 - 3  a n d  

-8.480 x f o r  c u r v e s  1 ,  2 a n d  3 ( R e f .  1 4 ) .  



Phase Diagrams 

F o r  sma l l  incommensurabi l i ty  p a r a m e t e r  z2 and  s y m m e t r i c  e las-  

t i c  and fou r th  o r d e r  t e r m s  ( 6 U 1 = 6 U 2 ) ,  t h e  theo ry  p r e d i c t s  a phase  

d iagram shown in Fig.4.6. This  d iagram predic ts  t h e  e x i s t e n c e  of 

t w o  t r i c r i t i ca l  points ,  R and  P o n  both AlA2 and  NA2 p h a s e  

boundaries respec t ive ly ,  both boundaries  being f i r s t  o r d e r  as t h e y  

approach NA phase  boundary. If t h e  e l a s t i c  c o n s t a n t s  D l  a n d  9 
1 

a r e  d i f f e ren t  and  f avour  a n  e a s y  compression of  Q (i.e., 6 u 1  i n c r e a s e s  
1 

2 and  6U2 dec reases ) ,  then ,  a t  smal l  values of z , a new f i r s t  o r d e r  

phase boundary sepa ra t ing  t h e  A a n d  A3(Ad) phases  appea r s .  This  2 

theo re t i ca l  phase  d i ag ram is shown in Fig.4.7(a). T h e  t w o  phases  

A2 and  A3 a r e  dist inguished by d i f f e r e n t  values of 0 a n d  f r o m  e q u a t i o n  

4.1 1, d i f f e ren t  va lues  of  q F o r  smal l  values of 0 , q o  0' i s  of t h e  o rde r  

of K l ,  and QI is much  l a rge r  t h a n  Q 2. Therefore  t h e  A; p h a s e  with 

a small  0 c a n  be  ident i f ied  wi th  t h e  exper imenta l ly  obse rved  Ad phase ,  

a l though s t r i c t l y  speaking  $ 2  i s  non zero.  For e i n t e r m e d i a t e  b e t w e e n  

0 and  n/2,  t h e  ampl i tudes  of  Q1 and  Q2 a r e  c o m p a r a b l e  and  t h i s  l eads  

t o  t h e  usual A2 phase. F o r  t h e  purpose of t h e o r e t i c a l  desc r ip t ion  

we  shall be  r e f e r r i n g  t o  A a s  A3 in this  sec t ion .  T h e  discontinui-  
- d 

2 t i e s  in q2 a n d  sin 0 ac ross  t h e  new phase boundary a r e  r e l a t e d  f r o m  
0 

equat ion  (4. lo) ,  via  

The  new A2-A3  p h a s e  boundary is tangent ia l  t o  f i r s t  o r d e r  N-A2  



Fiqure 4.6 

Phase diagram in the y - y  plane for the values of 
1 2  

incommensurability parameter z2 = 0.25 and the potentials 

6ul = 8u = 0.  Solid (or dashed) lines correspond to 
2 

first (or second) order transitions (Ref. 14). 



Figure 4.7 

Phase diagrams in the y, -y2 plane for (a) the incommensu- 

rability parameter Z = 0.25 and the potentials 6u1 = 6 

and 6u2 = -0.857. (b) The incommensurability parameter 
2 Z = 0.45 and the potentials 6 u 1 = 6  and 6u2=-0.857. 

(See also legend of Fig. 4.6)(Ref.14). 



-- 
l i ne  at  P (Fig.4.7a) and  t e r m i n a t e s  at  a c r i t i c a l  p o i n t  c w h e r e  A q  2 

0 

goes  t o  zero.  C r i t i c a l  f luc tua t ions  s imilar  t o  t h e  o n e s  e n c o u n t e r e d  

at liquid g a s  c r i t i c a l  point a r e  e x p e c t e d  in t h e  v ic in i ty  of t h i s  c r i t i c a l  

poin t  c. The  p r e s e n c e  of c r i t i c a l  point c ind ica t e s  t h a t  t h e r e  i s  n o  

d i f f e r e n c e  in s y m m e t r y  b e t w e e n  A and  A; phases  wi th  d i f f e r e n t  
2 

r e l a t i v e  ampl i tudes  and $ 
2 ' 

When r h e  incommensurabi l i ty  p a r a m e t e r  z2 is f u r t h e r  i n c r e a s e d  

o r  6U1 inc reased  and  6U2 dec reased ,  t h e  theo ry  p red ic t s  a p h a s e  

d i ag ram shown in Fig.4.7b. In th is  d iagram a new f i r s t  o r d e r  A;-A1 

l ine  is s een  which t e r m i n a t e s  a t  a m e a n  f ield b i c r i t i ca l  point B ( w h e r e  

N-A1 and  N-A> l ines  mee t )  a t  o n e  end  and at  a t r i p l e  poin t  T at  

t h e  o t h e r  end  w h e r e  A,. A2 a n d  A> phases  coexist .  T h e  c r i t i c a l  poin t  

c marking  t h e  end  of t h e  A2-A; boundary cont inues  t o  ex is t .  

Thus t h e  t h e o r y  makes  seve ra l  in teres t ing  predict ions:  i t  p r e d i c t s  

a t r i c r i t i ca l  point  f o r  t h e  Al - A 7  and N - A 2  boundar ies  (Fig.4.6 1. 
L 

R e c e n t  high resolu t ion  Xray s tud ie s  of Chan et al. 16,17 h a v e  shown 

t h e  e x i s t e n c e  of a t r i c r i t i ca l  point on  t h e  AI - A  l ine. T h e s e  s t u d i e s  2 

have  a lso  shown t h a t  t h e  X r a y  co r re l a t ion  length  exponen t s  a s s o c i a t e d  

wi th  t h e  second o r d e r  .Al  - A 2  t r ans i t i on  a r e  i so t ropic ,  i.e., yll = yl. 
This is indeed e x p e c t e d  f r o m  theo ry  which p red ic t s  t h a t  t h e  A1A2 

t rans i t ion  should belong t o  t h e  Ising universal i ty class .  T h e  N - A 2  

t r i c r i t i ca l  point  is y e t  t o  b e  observed  exper imenta l ly .  P e r h a p s  t h e  

mos t  s t r ik ing  p red ic t ion  of t h e  theo ry  is concerning  t h e  o c c u r r e n c e  



of a m e a n  f ie ld  b icr i t ica l  point  involving N, A l  a n d  A i  p h a s e s  and  

a c r i t i ca l  point ,  where  t h e  f i r s t  o rde r  A -A1  l ine  t e r m i n a t e s .  Barois  
2 2 

et al. have p lo t t ed  qo versus  t e m p e r a t u r e  var iab le  y f o r  d i f f e r e n t  2 

va lues  of y l  in t h e  vicinity of t h e  c r i t i ca l  point c (Fig.4.8). This  

f i gu re  i s  s tr ikingly similar  t o  t h e  P-V (pressure-volume) liquid vapour  

d i ag ram seen  in t h e  vicini ty of liquid gas  c r i t i c a l  point.  A l though  

t h e  topological  f e a t u r e s  of s o m e  expe r imen ta l  phase  d iagrams18 exhi-  

bit ing t h e  A1 - N  - A  point w e r e  qual i ta t ive ly  s imi lar  t o  t h o s e  expec -  r e  d 

t e d  nea r  a b icr i t ica l  point ,14 a high resolut ion s t u d y  of t h e  phase  

d i ag rams  is y e t  t o  b e  c a r r i e d  out .   here have been  s o m e  a t tempts19,20  

t o  observe  t h e  A - A '  c r i t i ca l  point,  bu t  so f a r  t h e y  h a v e  b e e n  un- 2 2 

successful .  We shal l  summar i se  in s ec t ion  4.3 t h e  e a r l i e r  e x p e r i m e n t s  

conduc ted  t o  obse rve  t h e  A -A '  c r i t i ca l  point. This will  be  fo l lowed  
2 2 

in 54.4 by a discussion of our resu l t s  which have  l ed  t o  t h e  f i r s t  

observa t ion  of t h e  Ad -A2  c r i t i c a l  point. 

4.3 ATTEMPTS TO OBSERVE Ad-AZ TRANSITION 

T h e  f i r s t  observa t ion  of Ad-A2  t rans i t ion  in a s ingle  c o m p o-  

n e n t  sys t em was  r e p o r t e d  by Hardouin et a L 2 1  They  o b s e r v e d  t h a t  

both t h e  n e m a t i c  a n d  high t e m p e r a t u r e  s m e c t i c  A phases  of 4-n-heptyl-  

phenyl- 4'- cyanobenzoate (DB7CN) show t h e  coex i s t ence  of mass  dens i ty  

f luc tua t ions  at  two  incommensura t e  wavelengths.  Although Xray  s t u d i e s  

c lear ly  showed t h e  ex i s t ence  of A and  A2 phases,  a d e t a i l e d  s tudy  d 

of t h e  layer  spac ing  var ia t ion  ac ros s  t h e  A A t r a n s i t i o n  w a s  n o t  
d -  2 



P l o t  o f  qo a s  a  f u n c t i o n  o f  y f o r  d i f f e r e n t  y Note 
2 1 ' 

t h e  s i m i l a r i t y  between t h i s  diagram a n d  t h e  PV l i q u i d -  

vapour  d iagram ( R e f .  1 4 ) .  



repor ted .  R e c e n t l y  Hardouin et a1.13 repor ted  Xray  s t u d i e s  of  t h e  

1 l t h  and  12 th  m e m b e r s  of t h e  homologous series, a lkyloxy phenyl-4'-(4"- 

~ ~ a n o b e n z y l o x y )  b e n z o a t e  (nOPCBOB), and  also a X=0 .43  (mol. f r ac-  

t ion) binary mix tu re  of 1 1 OPCBOB/12OPCBOB. In a n o t h e r  s tudy 2 0 

t h e y  r e p o r t e d  Xray and d i f f e ren t i a l  scanning c a l o r i m e t r i c  s tud ie s  

of n = 7  t o  1 3  m e m b e r s  of t h e  homologous series, 4-n-alkyloxyphenyl-4'- 

(4"-cyanobenzoyloxy)benzoate (DBnOCN). The s t r u c t u r a l  fo rmulae  

of t h e s e  s y s t e m s  a r e  shown in Fig.4.9. They obse rved  a s t r o n g  DSC 

peak corresponding  t o  t h e  A - A  t rans i t ion  in D B 7 0 C N .  With increa-  
d 2 

sing chain  l eng th  t h e  s t r e n g t h  of t h e  DSC peak  b e c a m e  w e a k e r  until 

for  n =  13 m e m b e r  no  peak  w a s  observed. They a l so  a p p a r e n t l y  observed  

f r o m  their  Xray  s tud ie s  a jump in t h e  layer spac ing  a t  A d- A  transi-  2 

t ion for  D B 7 0 C N  ( s e e  Fig.4.10). Such a jump was  however  n o t  seen  

for  higher  m e m b e r s  of t h e  series .  Essentially a s imi l a r  r e s u l t  was 

seen  fo r  I IOPCBOB, 1 2 0 P C B O B  and t h e  y=0.43  ( m o l e  f r a c t i o n )  mix- 

t u r e  where in  a sma l l  jump in  layer  spacing was  s e e n  f o r  1 IOPCBOB, 

but  not  fo r  1 2 0 P C B O B  (4.1 1). Hardouin e t  al.  conc luded  t h a t  their  

resu l t s  sugges t  a t r i c r i t i ca l  o r  c r i t i c a l  behaviour f o r  t h e  A - A  transi-  d 2 

t ion  in t h e  t empera tu re- cha in  length phase d iagram.  However ,  more  

22 
r ecen t ly  Kr ishna  P r a s a d  et al. c a r r i e d  out  p r e c i s e  X r a y  measu re-  

m e n t s  on  DB7OCN and 11OPCBOB. These s tud ie s  w e r e  conduc ted  

with a very  high a c c u r a c y  in t h e  de terminat ion  of w a v e v e c t o r s  cha rac-  

ter iz ing  t h e  d i f f e r e n t  s m e c t i c  A phases. The  a c c u r a c y  in t h e  d e t e r m i n a-  

t ion of l aye r  spacing in t h e i r  measu remen t s  was  O.OSA whi le  t h e  



D BnOCN Series 

4 -n - alkoxyphenyl - 4- ( 4"- cyanobenzoyloxy ) benzoate 
( n  = 7 to 13) 

nOPCBOB Series 

II  4 - n- alkoxyphenyl - 4'- ( 4 - cyanobenzyloxy ) benzoate 
( n  = 11 and 12) 

Figure 4.9 

Chemical structures of the materials DBnOCN and nOPCBOB series. 



F i g u r e  4 .10  

Thermal  v a r i a t i o n s  o f  t h e  r educed  l a y e r  t h i c k n e s s  f o r  

t h e  DBnOCN s e r i e s  ( R e f .  2 0 ) .  



Figure 4.1: 

Thermal variation of the reduced layer thickness d/k in 

1 1 OPCBOB/ 120PCBOB binary mixtw?s : 

(a )  IIOPCBOB, !I = 36.4 i, (b) C.43 120PCBOB in IIOPCBOB, 
0 0 

!I = 36.9 A and (c) 120PCBOB,R= 37.6 A (From Ref. 20). 



t e m p e r a t u r e  c o n s t a n c y  was  1 OmK during e a c h  m e a s u r e m e n t .  Also, 

Krishna P rasad  et .I.** c o l l e c t e d  d a t a  a t  v e r y  c l o s e  i n t e r v a l s  of 

t e m p e r a t u r e  in t h e  vicini ty of t h e  exepc ted  Ad-A2  t r a n s i t i o n  w i t h  

a view t o  seeing if t h e r e  ex i s t s  a t r u e  jump in t h e  l a y e r  spac ing  v a r i a -  

t ion  a t  t h e  Ad-A2 t rans i t ion .  These  studies (shown in Figs. 4.12a 

and b) c lear ly  showed t h a t  t h e r e  was - no j u m p  in t h e  l a y e r  s p a c i n g  

a t  t h e  e x p e c t e d  Ad-AZ t r ans i t i on  of e i t h e r  of t h e s e  m a t e r i a l s  a l t h o u g h  

t h e  DSC signals  c l ea r ly  showed peaks a t  t h e  e x p e c t e d  t r ans i t i on .  

(The  jump in layer  spac ing  observed  by Hardouin et al.  19920 f o r  t h e  

s a m e  compounds is pe rhaps  a t t r i bu tab le  t o  t h e  f a c t  t h a t  t h e y  d id  

no t  have  enough d a t a  in t h e  vicinity of A A2 transi t ion.)  On t h e  d -  

basis of t h e s e  s tud ie s  Kr ishna  Prasad  e t  al. conc luded  t h a t  f o r  b o t h  

DB70CN and  l l O P C B O B  t h e r e  is, in fact, no  A A t r a n s i t i o n  a n d  d -  2 

t h a t  t h e  Ad phase  evo lved  continuously in to  t h e  A2 phase.  

Thus a l l  e a r l i e r  a t t e m p t s  t o  observe t h e  Ad-A2 c r i t i c a l  po in t  

(C.P.) w e r e  unsuccessful  and  i t  appea r s  t h a t  t h e  A d - A 2  t r a n s i t i o n  

itself has  probably n o t  been  observed  conclusively e i t h e r  in a s ing le  

componen t  sys t em o r  in mixtures.  W e  shall now d e s c r i b e  o u r  s t u d i e s  

which resul ted  no t  only in a c l e a r  observat ion of s u c h  a t r a n s i t i o n  

in a binary sys t em,  b u t  also led  t o  t h e  observa t ion  of a Ad-A2  c r i t i c a l  

point.  W e  shal l  discuss t h e s e  resu l t s  in s epa ra t e  sec t ions .  

4.4 RESULTS ON MIXTURES OF DB5-90BCB 

T h e  cons t i t uen t  compounds  a r e  4-n-pentylphenyl-4'-(4"-cyano- 



T ( " c )  

F i g u r e  4 . 1 2 ( a )  

Tempera tu re  v a r i a t i ~ n  o f  t h e  l a y e r  s p a c i n g  c o r r e s p o n d i n g  t o  

( 0 0 1 )  and  ( 0 0 2 )  r e f l e c t i o n s  i n  t h e  Ad a n d  A2 p h a s e s  

of  D B 7 0 C N .  The v e r t i c a l  a r r o w  i n  t h i s  f i g u r e  i n d i c a t e s  

t h e  t e m p e r a t u r e  a t  x h i c h  t h e  A - A  t r a n s i t i o n  i s  e x p e c t e d  
d 2 

from DSC r u n s  ( R e f .  2 2 ) .  



F i g u r e  4 . 1 2 ( b )  

Temperature v a r i a t i o n  o f  t h e  l a y e r  s p a c i n g  i n  t h e  A and 
d 

A2 phases  o f  11OPCBOB. The v e r t i c a l  a r r o w  i n d i c a t e s  t h e  

t e m p e r a t u r e  a t  which t h e  A - A t r a n s i t i o n  i s  e x p e c t e d  
d 2 

from DSC r u n s  ( R e f .  22 1. 



b e  n z o y l o x y ) b e n z o a t e  (DB5) and  4-n-nonyloxybiphenyl-4'-cyanoben- 

z o a t e  (9OBCB) whose chemica l  s t r u c t u r e s  a r e  shown in Fig.4.13 whi le  

t he i r  t rans i t ion  t e m p e r a t u r e s  a r e  l i s ted  in Tab le  4.1. The  compound  

9 O B c B  exh ib i t s  i so t ropic  n e m a t i c , A d  and (ribbon) phases  w h e r e a s  

DB5 exh ib i t s  isotropic,  n e m a t i c  and  A phases. T h e  c o m p l e t e  t e m p e r a -  2 

tu re- concen t r a t ion  (T-X) d i ag ram of t hese  sys t ems  i s  g iven  in Fig.4.14. 

Severa l  i n t e re s t ing  f e a t u r e s  a r e  observed in th i s  p h a s e  d i ag ram.  They 

a r e ,  

i)  a n  induced s m e c t i c  A phase  is s e e n  o v e r  a ve ry  na r row 1 

r ange  of t e m p e r a t u r e  be tween  A a n d  p h a s e s  fo r  a concen-  d 

t r a t i o n  r ange  44-58%. 

ii) t h e  phase  is suppressed  for  concen t r a t ions  beyond a b o u t  

59% leading t o  a d i r e c t  Ad-A2 transi t ion.  

iii) T h e  Ad-A2  t r ans i t i on  i s  s een  for m i x t u r e s  w i th  X b e t w e e n  

6 2  and 77 mol  %. 

i v) t h e  Ad phase  i tself  is suppressed a t  x ;r 78?6 beyond which  

a d i r e c t  N - A  t r ans i t i on  is seen. 
2 

v a n  induced s m e c t i c  C (C2) phase o c c u r s  at low t e m p e r a t u r e s  

o v e r  a c o n c e n t r a t i o n  r ange  22-54%. Thus f o r  t h e  c o n c e n t r a -  

t ion  range  50-55%, a very  rich va r i e ty  of m e s o p h a s e s  

a r e  observed  on cool ing  t h e  sample  f r o m  t h e  i so t rop ic  
- 

phase ,  viz., isotropic-  n e m a t i c -  s m e c t i c  Ad- s m e c t i c  A l  - C - 

s m e c t i c  A - s m e c t i c  C (C2). 
2 



I I 4 - n -pentylphenyl - 4'-( 4 -cyanobenzoyloxy) benzoate 

I 
4 - n - nonyloxybiphenyl - 4 - cyanobenzoate 

Figure 4.13 

Chemical structures of the materials DB5 and 90BCB. 



TABLE 4.1 

Transition t empera tu res  in "C (a t  1 bar) of t h e  compounds  

-U 

Substance  K C 



X ( Mole % )  

Figure 4.14 

Temperature-concentration diagram of DB5/90BCB system. X is mol % 

of DB5 in the mixture. The part of the phase diagram within 

the dashed rectangular box is shown in detail in Fig.4.22. 



T h e  iden t i f i ca t ion  of t h e  d i f f e ren t  phases w a s  d o n e  b y  Xray 

d i f f r ac t ion  as well as by observa t ion  of t h e  op t i ca l  t ex tu re s .  A typ ica l  

DSC run  showing t h e  s igna tu re s  o f  t h e  Ad-Al  a n d  Al  -? t r a n s i t i o n s  

is shown in Fig.4.15. W e  sha l l  now discuss in d e t a i l  t h e  r e s u l t s  of 

o u r  Xray  s tud ie s  conduc ted  f o r  two  mixtures,  viz., 52.6% a n d  65.6%. 

(These  s tud ie s  have  been  conduc ted  using t h e  se t- up d e s c r i b e d  in 

c h a p t e r  11) .  

a )  Results on 52.6% mixture 

This mix tu re  exhib i t s  t h e  following sequence  of t r a n s i t i o n s  on 

- 
cooling: I - N- A  - A I  - C-  A2-C2.  T h e  sample  loaded in to  a 0.5 m m  d 

Lindemann capi l la ry  was  h e a t e d  t o  t h e  n e m a t i c  phase  a n d  coo led  

slowly (3-4"C/hour) in a m a g n e t i c  f ield of -4 Kgauss t o  ob ta in  a mono- 

domain  s a m p l e  of s m e c t i c  A. The  Xray  d i f f r ac t ion  pho tog raphs  in 
- 

d i f f e r e n t  phases  (Ad, A l ,  C and A*) a r e  p re sen ted  in Fig.4.16. T h e  

A phase  is c h a r a c t e r i s e d  by a pair of condensed s p o t s  (4.16a) co r re -  d -1 

sponding t o  a per iodic i ty  q = 2 IT/%', where  2 < R' < 2 R  On approach ing  t h e  

? phase  suddenly Al  phase  appea r s  (Fig. 4.16b) whose  c h a r a c t e r i s t i c  

d i f f r ac t ion  p a t t e r n  cons i s t s  of condensed  spo t s  a t  2q0. T h e  l a y e r  
0 

spac ing  corresponding t o  t h e  pair of re f lec t ions  is 26.7 A whi l e  t h e  
0 

l eng th  of molecule  as measu red  for  t h i s  concen t r a t ion  i s  28.6 A show-  

ing the reby  t h a t  th is  is t h e  A phase. The p i c tu re  in Fig.4.16b a l so  
1 

0 

shows very  weak d i f fuse  s c a t t e r i n g  a t  low w a v e v e c t o r s  (d - 50 A). 

T h e  c o m p l e t e  ana lys is  of t h i s  d i f fuse  sca t t e r ing  w a s  no t  possible 





a) Ad phase (144°C) b) Al phase (143.5"C) 

C )  phase (142.6-C) 

Figure  4.16 

d) A2 phase (136°C) 

Photographs  showing t h e  Xray d i f f r a c t i o n  s p o t s  - 
c o r r e s p o n d i n g  t o  A 

d  ' A 1 ,  C ,  and A phases  e x h i b i t e d  
2 

by 52 .6% DB5/90BCAB m i x t u r e .  



b e c a u s e  of t h e  ve ry  weak n a t u r e  of t h e  d i f fuse  r e f l ec t ions  a n d  a l so  

because  of t h e  e x p e r i m e n t a l  d i f f icu l t ies  involved owing t o  t h e  f a c t  

t h a t  t h e  s m e c t i c  A1 phase  ex i s t s  only over a ve ry  na r row r a n g e  of 

t e m p e r a t u r e  (-0.7"C). On f u r t h e r  cooling a c l e a r  s i g n a t u r e  of  t h e  

r ibbon phase  (c) is  s e e n  (Fig .4 .16~) .  The  f e a t u r e  of t h e  phase  d i f f r ac-  

t ion  p a t t e r n  is t h e  non uni form in tens i ty  of s p o t s  which a r e  l o c t e d  

off  theZ-axis .  Decreas ing  t h e  t e m p e r a t u r e  f u r t h e r ,  a d i f f r a c t i o n  

p a t t e r n  (Fig. 4.16d) wi th  t w o  pairs  of condensed  s p o t s  i s  o b t a i n e d  

where in  e a c h  of t h e  pairs  of spots  corresponds t o  q0=2n//R a n d  2 q O =  

2 n / t  respec t ive ly ,  showing t h e r e b y  t h e  bilayer n a t u r e  of t h e  s m e c t i c  

phase  (AZ). On f u r t h e r  cooling,  C 2  phase  was found which e s sen t i a l ly  

had d i f f r ac t ion  p a t t e r n  s a m e  a s  t h a t  for  A2 phase  bu t  w i t h  lower  

l aye r  spacing va lues  ( indica t ing  t h e  t i l t  of molecules) .  The  v a r i a t i o n  

of l aye r  spacing wi th  t e m p e r a t u r e  is shown in Fig.4.17. d e x h i b i t s  

a s t e e p  inc rease  in t h e  Ad phase  on approaching t h e  A1 phase. 

b)  Results on 65.6% mixture 

The Xray  d a t a  fo r  t h i s  mix tu re  have  been  c o l l e c t e d  us ing  t h e  

photographic  s e t  up as well as c o m p u t e r  cont ro l led  Huber  X r a y  D i f f r a c-  

t o m e t e r  ( s e e  C h a p t e r  11). On cooling t h e  sample  f r o m  n e m a t i c  phase ,  

t h e  s m e c t i c  A p h a s e  is s e e n  a s  c h a r a c t e r i z e d  by t h e  d i f f r a c t i o n  d 

p a t t e r n  shown in f i g u r e  4.18a. Cooling fu r the r  A2 phase  i s  f o r m e d  

(Fig.4.18b). T h e  t r ans i t i on  be tween  Ad and  A2 phases  was  s e e n  opt i-  

ca l ly  a s  a r e a d j u s t m e n t  of foca l  conics. But t h e  m o s t  i m p o r t a n t  evi-  



F i g u r e  4 .17 

Temperature v a r i t i o n  o f  l a y e r  s p a c i n g  i n  A 
d  ' A , ,  C" and A p h a s e s  

2  
f o r  (001)  aod (002)  r e f l e c t i o n s  f o r  X = 52.6% m i x t u r e  o f  D B 5 .  



(a)- Ad phase (t = 147.1°C) 

Figure 4.18 

Photographs showing the Xray diffraction spots 

in A and A phases of 65.6% DB5/90BCB mixture. 
d 2 



d e n c e  for  t h e  ex i s t ence  of A - A  t rans i t ion  c o m e s  f r o m  t h e  a c c u r a t e  
d 2 

d a t a  given in Fig.4.19 which  g ives  variat ion of l a y e r  spac ing  c o r r e-  

sponding t o  t h e  f u n d a m e n t a l  re f lec t ions  in t h e  A a n d  A2 phases  .. d 

(i.e., q in A and % in Ad phase), on cooling t h e  s a m p l e  f r o m  A 
0 2 d 

t o  A phase. I t  is s e e n  t h a t  in  t h e  A phase t h e  l aye r  spac ing  i n c r e a s e s  2 d 

wi th  d e c r e a s e  in t e m p e r a t u r e .  The  s ignature  of t h e  A - A  t r a n s i t i o n  
d 2 

i s  a small  t w o  phase  region (-350 mK) in which t h e  modula t ions  c o r r e-  

sponding t o  both t h e  Ad a n d  A2 phases  coexist.  This  is as e x p e c t e d  

and  indeed s e e n  f o r  a n  e a r l i e r z 3  f o r  a f i r s t  o r d e r  t r ans i t i on  b e t w e e n  

t w o  s m e c t i c  phases of d i f f e r e n t  periodicities. O n e  c a n  a s s o c i a t e  a 
0 

jump in l aye r  spacing of a b o u t  2.6 A a t  the  A - A  t r ans i t i on .  Such  
d 2 

a s t rong  and c l ea r  s i g n a t u r e  of A - A  t rans i t ion  i s  a l so  e x p e c t e d  d 2 

f r o m  theo re t i ca l  considerat ions.  An essential ly s imi lar  behaviour  

is s een  for  t h e  l aye r  spac ing  var ia t ion  corresponding t o  t h e  s e c o n d  

ha rmon ic  r e f l ec t ions  2q a n d  2qb (Fig.4.20). Fig.4.21 shows  a DSC 
0 

run for  65.6% mix tu re  w h e r e  A
d
- A  t rans i t ion  i s  c h a r a c t e r i z e d  by 2 

a s t rong  sha rp  signal. Thus t h e  ex i s t ence  of f i r s t  o r d e r  A - A  t r ans i -  
d 2 

t ion  f o r  65.6% DB5 m i x t u r e  i s  c lear ly  establ ished.  

Essential ly s imi lar  behaviour was  seen  f o r  a l l  t h e  c o n c e n t r a t i o n s  

in t h e  r ange  64% t o  72%, t h e  r ange  over which A - A  t r a n s i t i o n  
d 2 

was  seen.  T h e r e  was  no  m a r k e d  d e c r e a s e  in t h e  jump fo r  l a y e r  spac ing  

a t  a n y  of t h e s e  c o n c e n t r a t i o n s  and  hence  a c r i t i ca l  point f o r  A d - A 2  

boundary w a s  no t  observed.  This w a s  probably because  of r e d u c t i o n  



F i g u r e  4 . 1 9  

Temperature v a r i a t i o n  o f  l a y e r  s p a c i n g  c o r r e s p o n d i n g  t o  ( 001 )  r e f l e c -  

t i o n s  i n  t h e  A and A p h a s e s  o f  65 .6% DB5 m i x t u r e .  The r e g i o n  between d  2 
t h e  v e r t i c a l  l i n e s  is t h e  two-phase r e g i o n  where in  t h e  d e n s i t y  rnodula- 

t i o n s  of bo th  t h e  Ad and A p h a s e s  c o e x i s t .  
2 



-- 

Coex is tence  

I region 

F i g u r e  4.2Q 

Thermal  v a r i a t i o n  o f  d i n  A a n d  A2 p h a s e s  of  X.65.6 mol.% 
002 d  

o f  m i x t u r e  of  DB 
5 





in t h e  r ange  of t h e  Ad p h a s e  with increasing X so t h a t  i n s t e a d  of 

a n  Ad-A2  c r i t i c a l  point,  a n  A - A  -N point is observed .  Although 
d 2 

no  de t a i l ed  Xray  m e a s u r e m e n t s  have been d o n e  on  N - A  boundary,  
2 

i t  is likely t h a t  t h i s  t rans i t ion  is f i r s t  order. A - A  t r ans i t i on  i s  
d 2 

a l so  f i r s t  order .  The re fo re  assuming N- A  t rans i t ion  as second o rde r ,  d 

a n  assumpt ion  which is just i f ied in view of l a rge  n e m a t i c  r a n g e  fo r  

t h i s  concen t r a t ion ,  t h e  N - A  l ine  ends  a s  a c r i t i ca l  e n d  po in t  (C.E.P.). d - 

T h e  topology of t h e  phase d i ag ram surrounding t h e  c r i t i c a l  e n d  point  

is shown on  en la rged  sca l e  in t h e  Fig.4.22. It  is s e e n  t h a t  Ad-A2 

and  N-A2 boundar ies  a r e  cont inuous  through t h e  N A  A poin t  whi le  d 2 

NAd approaches  obliquely, a f e a t u r e  which perhaps  ind ica t e s  t h a t  

i t  is a c r i t i c a l  end  point. Evidently fu r the r  s tud ie s  o n  NAd a n d  N A 2  

boundar ies  a r e  requi red  b e f o r e  t h e  ex i s t ence  of C.E.P. is e s t ab l i shed  

unambiguously. 

Thus  w e  have  seen  a c l e a r  A - A  t rans i t ion  in t h e  T-X dia- d 2 

g r a m  of DB5/90BCB s y s t e m ,  t h e  s ignature  of which  is s e e n  as a 

c o e x i s t e n c e  region shown by Xray d i f f rac t ion  e x p e r i m e n t s  wi th  a 

pronounced jump in t h e  l aye r  spacing a t  t h e  t rans i t ion .  However ,  

t h e  Ad-A2 c r i t i c a l  point  w a s  e lus ive  in th is  binary s y s t e m .  

4.5 STUDIES ON 1 1  OPCBOB-9OBCB BINARY SYSTEM 

I t  was  shown in t h e  previous sec t ion  t h a t  t h e  T-X d i a g r a m  of 

DB5/90BCB g ives  a n  Ad-A2 phase  boundary which d o e s  no t  t e r m i n a t e  

a t  a gas-liquid t y p e  of a c r i t i c a l  point.  With a view to obse rve  such  a 



X ( Mole "/, ) 

Figure 4.22 

Detailed temperature-concentration diagram in the vicinity 

of critical end point. X is mol % of DB5. 



c r i t i c a l  point  w e  proceeded t o  mix 9 0 B C B  w i t h  I l O P C B O B  ( a  com-  

pound fo r  which A phase continuously evolves  i n t o  a n  A2  phase). d 

This  r e su l t ed  in t h e  observat ion of t h e  Ad-A2 c r i t i c a l  point  in t h e  

T-X diagram. We shal l  now discuss t h e  resu l t s  of t h e s e  e x p e r i m e n t s  

in t h e  following. 

T- X diagram. 

T h e  s t r u c t u r e s  of 1 IOPCBOB and 9OBCB a r e  shown in t h e  Figs. 

4.10 and 4.13 r e spec t ive ly  a n d  t rans i t ion  t e m p e r a t u r e s  a r e  l i s t ed  in 

t h e  t ab l e s  4.1 (90BCB)  and 4.2 ( I  IOPCBOB). 9 0 B C B  is  a t r i - a r o m a t i c  

m a t e r i a l  wi th  only o n e  brldging dipolar group whose  longitudinal  compo-  

n e n t  opposes t h e  d i r e c t ~ o n  of t h e  c y s n o  end group. The  I I O P C B O B  

m a t e r i a l  is a l so  a t r i a r o m a t i c  compound,  but  i t  h a s  t w o  e s t e r  l inkage  

groups whose dipoles a r e  disposed oppos i te  t o  t h a t  of t h e  c y a n o  end 

group. 9OBCB exhib i t s  nema t i c ,  s m e c t i c  A a n d  r ibbon phases  (E) d 

while  l l O P C B O B  exhibirs  nema t i c ,  s m e c t i c  A a n d  s m e c t i c  A2. As d 

r e m a r k e d  e a r l i e r  t h i s  compound was  bel ieved t o  exh ib i t  a n  Ad-A2  

t rans i t ion ,  bu t  subsequent  a c c u r a t e  Xray  s tud ie s22  s h o w e d  t h a t  such  

a t rans i t ion  does  n o t  ex is t  and t h e  A phase  evo lves  cont inuous ly  d 

i n t o  t h e  A2 phase. T h e  c o m p l e t e  phase  d i ag ram of l l O P C B O B  and 

9OBCB s y s t e m s  is shown in Fig.4.23. This phase  d i ag ram h a s  been  

ob ta ined  on t h e  basis  of t e x t u r e s  observed  in a polar iz ing  microscope .  

Severa l  i n t e re s t ing  f e a t u r e s  a r e  observable  f r o m  th i s  phase  diagram:-  

i) With increas ing  concen t r a t ion  of 1 1 OPCBOB,  t h e  r a n g e  of 



TABLE 4.2 

Transition t empera tu res  (in "C) of llOPCBOB 

Material K *2 

11 OPCBOB 



Figure 4.23 x 
Temperature-concentration diagram for varying mole fraction of X 

of IlOPCBOB in the mixture. The first order transition line between 

Ad and A phases terminates at the critical point (CP). The phase 2 
diagram in the vicinity of CP is shown in the inset on an enlarged - 
scale. K : crystal, N : nematic, I :isotropic, C : tilted smectic A 

antiphase, and C2 : bilayer C phase. 



C" phase  dec reases  resu l t ing  f inal ly in the  suppress ion  of ? phase  

at  X-0.52. This leads  t o  a Ad, ?, A t r ip l e  point. 
2 

ii) For  concen t r a t ion  r a n g e  0.52 < x c0.642, a d i r e c t  A d- A  t r ans i -  2 

t i on  is s een  beyond which t h e  t rans i t ion  could no t  b e  obse rved  opt i-  

cally. As in t h e  case of DB5/90BCB, t h e  Ad-A2 t r ans i t i on  w a s  c l ea r ly  

s e e n  a s  a r ead jus tmen t  of a f o c a l  con ic  tex ture .  Such a t e x t u r a l  c h a n g e  

could be seen  regard less  of r a t e  of cooling o r  hea t ing .  F o r  concen-  

t r a t i o n s  X > 0.642, no  such  t e x t u r a l  changes  be tween  Ad and A phases  
2 

could  be  seen. 

iii) A b i layer  s m e c t i c  C phase  C 2  is observed f o r  b inary  m i x t u r e s  

ove r  a concen t r a t ion  r ange  0.2 t o  0.7. 

W e  sha l l .  now desc r ibe  t h e  resu l t s  of ou r  X r a y  s t u d i e s  which 

have  led t o  t h e  f i r s t  obse rva t ion  of A - A  cr i t ica l  point.  d 2 

Xray Results 
.., 

All t h e  mix tu re s  w e r e  freshly prepared and  sha rpness  of t h e  

t rans i t ion  t e m p e r a t u r e  was  used as a measure  of check ing  t h e  homo-  

gene i ty  of mixing. The  thoroughly mixed sample  w a s  t a k e n  i n t o  a 

Lindemann capi l la ry  whose e n d s  were  then  sealed.  T h e  cap i l l a ry  wi th  

t h e  sample  was  t h e n  loaded i n t o  a t e m p e r a t u r e  con t ro l l ed  oven  which 

in tu rn  was p laced  be tween  t h e  pole pieces of a n  e l e c t r o m a g n e t  of 

f ie ld  s t r eng th  2.4 Tesla. The  sample  was  hea t ed  t o  t h e  n e m a t i c  phase  

and  cooled very  slowly t o  t h e  A phase  in t h e  p r e s e n c e  of t h e  f ield.  d 



T h e  s t r o n g  magne t i c  field a n d  t h e  ve ry  slow r a t e  of cool ing  a d o p t e d  

n e a r  nema t i c- smec t i c  A t r a n s i t i o n  ensured t h a t  t h e  s a m p l e  was  
d 

ve ry  well a l igned and t h a t  t h e  d e g r e e  of mosaici ty of t h e  a l i g n m e n t  

w a s  a l so  ve ry  favourable  f o r  X r a y  exper iments .  The  s a m p l e  w a s  then  

cooled  a f e w  degrees  below n e m a t i c - s m e c t i c  A t rans i t ion .  T h e  s a m p l e  d 

a long with t h e  t e m p e r a t u r e  con t ro l l ed  oven was t h e n  t r a n s f e r r e d  

on t o  gon iomete r  head  of a c o m p u t e r  cont ro l led  Guinier  Xray  d i f f r ac to -  

m e t e r .  Once  t h e  a l ignment  of t h e  sample  was  ob ta ined  in A phase ,  
d 

t h i s  a l i gnmen t  was  r e t a ined  e v e n  a f t e r  removal  f r o m  t h e  m a g n e t i c  

field. T h e  expe r imen ta l  d e t a i l s  concerning t h e  X r a y  d i f f r a c t o m e t e r  

used have  a l r eady  been  desc r ibed  in chap te r  I1 and only  s o m e  r e l e v a n t  

c o m m e n t s  on  t h e  a c c u r a c y  of t h e  measu remen t s  will b e  m a d e  here.  

T h e  K a and  Ka l i nes  w e r e  s e p a r a t e d  using a ben t  q u a r t z  monochro-  
1 2 

m a t o r  used in Johansson g e o m e t r y  and  only K a  b e a m  w a s  used. A 
1 

typ ica l  e x p e r i m e n t  was  c a r r i e d  o u t  in t h e  following manner .  An in i t ia l  

s can  w a s  t a k e n  (along t h e  equa to r i a l  plane) by changing  t h e  posi t ion 

of t h e  coun te r  in s t eps  of 0.01" and  t h e  a p p r o x i m a t e  8 pos i t ion  of 

t h e  d i f f r ac t ion  peak w a s  obta ined .  A ref ined  8 s c a n  w a s  t h e n  t a k e n  

a round  this  8 position by moving t h e  counter  in s t e p s  of 0.001". The  

d a t a  w e r e  f i t t e d  t o  a second d e g r e e  polynomial by using a leas t- squares-  

f i t  p rogram.  T h e  va lue  of 8 ob ta ined  in this manner  w a s  used  in t h e  

ca l cu la t ion  of t h e  l aye r  spacing.  T h e  on-line 8 r e f i n e m e n t  at a n y  

t e m p e r a t u r e  requi red  abou t  5 t o  7 min. During t h i s  per iod  t h e  t e m p e r a -  

t u r e  of t h e  sample  w a s  ma in ta ined  t o  a cons t ancy  of * 1 0  mK. The  



0 

precision in t h e  l aye r  spac ing  measurement  i s  b e t t e r  t han  k0.05 A 

which  corresponds t o  a prec is ion  in wavevector  d e t e r m i n a t i o n  of 

2 x  . The resolut ion in t h e  z-direction ( equa to r i a l )  i s  e s t i m a t e d  

-3 " t o  b e  1 . 4 ~  10  /A. With th i s  set up w e  have c o n d u c t e d  de t a i l ed  X r a y  

s t u d i e s  on binary mix tu re s  of concent ra t ions ,  X=0.55 ,  0.571, 0.597, 

0.61, 0.642, 0.71 5, 0.8, and  1.0. The  Xray  d i f f r ac t ion  p a t t e r n  in t h e  

A phase  was  found t o  cons is t  of quasi-Bragg peaks  a t  w a v e v e c t o r s  d 

q '  and  2q' while  t h a t  in t h e  A2 phase showed peaks  at  qo a n d  2q0 0 0 

(Fig.4.24). We also s o m e t i m e s  observed,  depending o n  t h e  mosa ic i ty  

of t h e  al igned sample ,  d i f fuse  sca t t e r ing  c e n t r e d  a r o u n d  2q in  t h e  
0 

Ad phase. T h e  s igna tu re  of t h e  A - A t rans i t ion  w a s  a two- phase  
d 2 

region whose d i f f r ac t ion  p a t t e r n  consisted of both q a n d  qb as well 0 

a s  t h e  wavec to r s  cor responding  t o  t h e  second h a r m o n i c  (Fig. 4.24b). 

Fig.4.25a-h gives t h e  t e m p e r a t u r e  variat ion of qo a n d  qb, t h e  p r i m a r y  

wavevec to r s  in A a n d  Ad phases,  for  individual concen t r a t ions ,  2 

X=0.550,  0.571, 0.597, 0.619, 0.642, 0.715, 0.80 and  1.0 ( I IOPCBOB) .  

Fig.4.26 shows a consol ida ted  plot  of t h e  d a t a  f o r  a l l  t h e s e  c o n c e n t r a -  

t ions ,  r e s t r i c t ed  t o  a na r row range  of t e m p e r a t u r e  in t h e  v ic in i ty  

of t h e  expec ted  Ad-A2  t rans i t ion .  Fo r  a l l  x < 0.642 t h e  A - A  t r ans i -  
d 2 

t i on  is seen. Fig.4.25 a l so  shows d a t a  in t h e  t w o  p h a s e  region  (co- 

e x i s t e n c e  region). It  is s een  t h a t  t h e  variat ions of % and q in t h i s  
0 

region a r e  nothing bu t  cont inuat ions  of t h e  t r e n d s  in t h e  v a r i a t i o n  

of t h e  wavevec to r s  in t h e  A a n d  A2 phases, s o  m u c h  so, w e  c a n  d 

a s s o c i a t e  a jump in t h e  w a v e v e c t o r  a t  t h e  A - A  t rans i t ion .  d 2 



F i g u r e  4 . 2 4  -- -------- 

R a w  d i f f r a c t o m e t e r  s c a n s  t a k e n  a l o n g  t h e  e q u a t o r i a l  d i r e c t i o n  ( q l  = 0 )  

f o r  t h e  X = 0 . 6 0 8  m i x t u r e  showing t h e  Xray s c a t t e r e d  i n t e n s i t y ,  

I ( c o u n t s  p e r  s e c o n d )  a s  a f u n c t i o n  o f  t h e  s c t t e r i n g  a n g l e  ( 8 ) .  

( a )  Ad p h a s e  T = 121.5OC. The quas i- Bragg  p e a k s  a r e  a t  q '  a n d  2q6 ,  
0 

t h e  l a t t e r  one  is  s e e n  o v e r - r i d i n g  on t h e  d l f f u s e  s c a t t e r i n g  c e n t r e d  

a r o u n d  2q ( b )  Two p h a s e  r e g i o n  ( T  = 121.1°C) showing t h e  c o e x i s t e n c e  
0 '  

o f  q0 and  q;) a s  w e l l  a s  o f  2q0 and  2q;). ( c )  A 2  p h a s e  ( T  = 120.3OC) 

w i t h  t h e  d i f f r a c t i o n  p e a k s  a t  qo and 2 q  The i n t e n s i t i e s  o f  t h e  
0 '  

s e c o n d  ha rmon ic s  i n  ( a )  a n d  ( b )  have  been m u l t i p l i e d  by a  f a c t o r  

5 and  2 r e s p e c t i v e l y .  



Figure 4.25 (a) 

Variation of wavevectors qo and qb vs. temperature ( T )  for binary mixture 

X = 0 . 5 5  (mol fraction of 11OPCBOB). The data in the two phase region 

are shown by closed circles and the vertical lines represent approximately 

the width of two phase region. 



Figure 4.25 ( b) 

Variation of wavevectors qo and qb vs. temperature ( T I  for binary mixture 

X =  0.571. See also legend of Fig. 4.25(a). 



Figure 4 .25 (c )  

Var ia t ion  of  q and q h  v s .  temperature f o r  X n 0 . 5 9 7 .  (See a l s o  legend 

of F ig .  4.25a) 



Figure 4.25(d)  

va r i a t ion  of qo and qb vs.  temperature (T) f o r  x = 0 . 6 1 9 .  

(See a l s o  legend o f F i g .  4.25a)  



Figure 4 .25 (e )  

Var ia t ion  of qo and qb v s .  temperature (T) f o r  a  b inary  mix ture  

X = 0 . 6 4 2  rnol f r a c t i o n  o f  1 1  OPCBOB. 



Figure 4.25 ( f) 

Variation of q and q;) vs. temperature ( T I  for mixture Xz0.715 mol 
0 

fraction of 11OPCBOB. 



Figure 4.25(g) 

Variation of q and q;) vs. temperature ( T )  for binary mixture X = 0.80 
0 

mol fraction of 11OPCBOB. 



T ( O C )  

Figure 4 . 2 5 ( h )  

Var ia t ion  of  q and q t  v s .  temperature f o r  11OPCBOB. 
0 0 



F i g u r e  4 .26  

P l o t  o f  wavevec to r s  qo  and qh  v s .  t e m p e r a t u r e  ( T )  f o r  d i f f e r e n t  m i x t u r e s  

o f  llOPCBOB/gOBCB. The mole  f r a c t i o n  ( X )  o f  11OPCBOB i n  t h e  m i x t u r e s  

a r e  ( a )  0 . 5 5 ,  ( b )  0 . 5 7 1 ,  ( c )  0 . 5 9 7 ,  ( d )  0 . 6 1 9 ,  ( e )  0 . 6 4 2 ,  ( f )  0 . 7 1 5 ,  

( g )  0 . 8 0  and ( h )  1 . 0  o r  11OPCBOB. The c o r r e s p o n d i n g  t e m p e r a t u r e  scales 

a r e  i d e n t i f i e d .  The d a t a  i n  two phase  r e g i o n  a r e  shown a s  c l o s e d  

c i r c l e s  w h i l e  t h e  v e r t i c a l  l i n e s  r e p r e s e n t .  t h e  a p p r o x i m a t e  w i d t h  

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

two-phase r e g i o n s  and  a r e  o n l y  g u i d e s  t o  t h e  e y e .  The c r i t i c a l  p o i n t  

(CP) is i d e n t i f i e d  by t h e  v e r t i c a l  i n f l e x i o n  p o i n t  s e e n  f o r  X=0.642 

( p l o t  e l .  



It  is s e e n  f r o m  Fig.4.25a-d t h a t  t h e  magn i tude  of t h e  wave-  

v e c t o r  jump is a b o u t  0.0034 A' f o r  X10.55, 0.0032 - f o r  X.0.571, 

0.003 f o r  X = 0.597 and  0 . 0 0 2 5 / i - ~  f o r  X =0.619 a n d  t h e  cor respond-  

ing coex i s t ence  regions  being 0.41°C, 0.25", 0.21°, 0.14"C respect ive ly .  

It is c l ea r  t h a t  t h e  magni tude  of t h e  wavevec to r  jump d e c r e a s e s  

wi th  increas ing  X wi th  a n  accompany ing  d e c r e a s e  in t h e  wid th  of 

t h e  two-phase region,  unril at  X=0.642,  no jump is s e e n  wi th in  t h e  

resolut ion of ou r  expe r imen ta l  s e t  up. Instead,  a ' v e r t i c a l  i n f l ec t ion  

point '  is observed  fo r  th is  concen t r a t ion .  For X > 0.642, t h e  w a v e v e c t o r  

q '  evolves  continuously in to  q wi thout  any  jump. The  in f l ec t ion  poin t  0 0 

becomes  less  pronounced on approaching  1 IOPCBOB (i.e., X > 0.642). 

All t h e s e  f e a t u r e s  - t h e  shrinking of t h e  two phase  c o e x i s t e n c e  region 

a s soc ia t ed  wi th  t h e  f i r s t  order  A - A  t rans i t ion  and t h e  accompany ing  d 2 

d e c r e a s e  in t h e  d i f f e r e n c e  be tween  q and qb a t  t h e  t r ans i t i on ,  t h e  0 

ve r t i ca l  inf lec t ion  point becoming less  pronounced fo r  x > 0.642 - 

a r e  c lear ly  indica t ive  of rhe e x i s t e n c e  of a c r i t i c a l  point  a t  X =0.642. 

Fo r  higher va lues  of X, '4 phase  evolves  continuously in to  a n  A d 2 

phase  wi thout  a phase  transi t ion.  Thus  we h a v e  obse rved  t h a t  t w o  

s m e c t i c  A phases  (Ad and A ) with  d i f f e ren t  layer  pe r iod ic i t i e s  c a n  2 

coex i s t  along a l i ne  of f i r s t  o rde r  t rans i t ion  t e r m i n a t i n g  at  a c r i t i c a l  

point beyond which t h e  d is t inc t ion  be tween  t h e  t w o  phases  ceases 

t o  exist .  I t  is a l so  seen  t h a t  our  consol ida ted  q - T  p l o t  (Fig.4.26) 

is s tr ikingly s imi lar  t o  t h e  q -  T plot  p red ic t ed  t h e o r e t i c a l l y 1  (Fig. 4.8). 



S o  f a r ,  we  p re sen ted  t h e  d a t a  concerning  t h e  w a v e v e c t o r s  q 
0 

a n d  qb. As r e m a r k e d  ea r l i e r  t h e  X r a y  d i f f rac t ion  p a t t e r n  in t h e  Ad 

phase  cons is ted  of quasi  Bragg peaks  at wavevec to r s  q '  a n d  2qb. 
0 

In addi t ion  a d i f fuse  s c a t t e r i n g  is c e n t r e d  around 2q in  t h e  A phase.  0 d 

In t h e  case of a n  A2 phase  t h e  d i f f rac t ion  peaks  w e r e  found at q 
0 

and  2q positions. Although i t  was  e a s y  t o  ident i fy  t h e  peak at  2q0 0 

in A2 phase,  t h e  2qb peak in A phase  was much m o r e  d i f f i cu l t  t o  d 

d e t e c t  s ince  t h e  r e l a t ive  s t r e n g t h s  of t h e  peak a t  2q' wi th  r e s p e c t  0 

t o  t h a t  at qb peak was  e x t r e m e l y  smal l  ( < I % )  c o m p a r e d  t o  r e l a t i v e  

s t r e n g t h s  of qo and 2q0 (10%) in A2 phase. F o r  th is  reason i t  was  

n o t  a lways  possible t o  fol low t h e  2q '  peak  a s  a funct ion  of t e m p e r a t u r e  0 

fo r  a l l  concent ra t ions .  Also, t h e  problem caused  by t h e  c lose  proxi-  

mi ty  of d i f fuse  2q0 modula t ion  a f f e c t e d  t h e  a c c u r a c y  in t h e  d e t e r m i n a-  

t ion  of 2q' Considering t h e s e  f a c t o r s  t h e  d a t a  for  2qb d o  n o t  have  0' 

t h e  s a m e  precision as t h a t  of qo. Never the less  w e  h a v e  shown t h e  

d a t a  corresponding t o  2q '  a n d  2q0 as a funct ion  of t e m p e r a t u r e  f o r  
0 

d i f f e r e n t  concen t r a t ions  X = 0.55, 0.571, 0.597, 0.619. 0.71 5 a n d  1 l O P C B O B  

in Fig.4.27a-f. C lea r ly  t h e s e  p lo ts  show t h e  s a m e  f e a t u r e s  as shown 

by t h e  fundamen ta l  wavevectors .  

Calorimetric Studies 

I t  i s  well known f r o m  s tud ie s  on  binary liquid p - ~ i x t u r e s ~ ~  t h a t  

t h e  spec i f ic  h e a t  f l uc tua t ions  build up a s  t h e  c r i t i ca l  poin t  is app roa-  

c h e d  f rom t h e  c r i t i ca l  region side. In order  t o  see if s u c h  a n  e f f e c t  



F i g u r e  4 . 2 7 ( a )  
. .. 

P l o t  o f  2q0 and 2q '  v s .  t e m p e r a t u r e  (T) f o r  m i x t u r e  X.0.55 

mol f r a c t i o n .  The d a t a  i n  t h e  two-phase r e g i o n  a r e  shown by c l o s e d  

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

a ~ ~ r o x i m a t e l y  t h e  w i d t h  o f  t h e  t w o - ~ h a s e  r e g i o n .  



T ( O C )  

Figure 4.27!b)  

Plot of 2q0 and 2q: v s .  temperature (T) for mixture X = 0.571. 
-I 

(See also legend of Fig. 4.27a). 



Figure 4.27 ( c )  

Plot of 2q0 and 2qf vs. temperature (TI for X = 0.597. (See also 0 
legend of Fig. 4.27a). 



F i g u r e  4 . 2 7 ( d )  

P l o t  o f  2q0 a n d  2 q '  v s .  t e m p e r a t u r e  ( T )  f o r  m i x t u r e  X = 0 . 6 1 9 .  
0 

( S e e  a l s o  l e g e n d  o f  F i g .  4 . 2 7 a ) .  



Table 4.27(e) 

Plot of 2q0, 2q; versus temperature (T) for mixture X = 0.715 

(mol. fraction) 



Figure 4 . 2 7 ( f )  

P l o t  o f  2q0 and 2 q 1  v s .  temperature ( T I  f o r  11OPCBOB. 
0 



c a n  be seen  at leas t  qua l i t a t i ve ly  in our  sys t em,  w e  h a v e  t a k e n  DSC 

runs fo r  four  concent ra t ions ,  viz., 1.0, 0.715, 0.673 a n d  0.652, a l l  

of which lie in t h e  c r i t i ca l  region,  i.e., t h e  region w h e r e  A phase  
d 

evolves  in to  a n  A phase  continuously without  a p h a s e  t rans i t ion .  2 

These  raw runs a r e  shown in  Fig.4.28. (All t h e s e  runs  w e r e  t a k e n  

under  ident ica l  expe r imen ta l  condi t ions  - near ly  t h e  s a m e  q u a n t i t y  

of t h e  ma te r i a l  t aken  in t h e  DSC cups,  s ame  r a t e  of h e a t i n g  o r  cooling 

was  adop ted  a f t e r  equi l ibr ia t ing  t h e  sample  for  s a m e  per iod  of  t ime) .  

I t  i s  s een  t h a t  for  X=1.0, t h e  run (Fig. 4.28a) shows  only  a sma l l  

peak. But as X is app roached  t h e  s t rength  of t h e  DSC signal  increa-  c.p. 

ses and  a lso  t h e  signal g e t s  sharper .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  

c a l o r i m e t r y  shows a peak e v e n  fo r  concen t r a t ions  f a r  a w a y  f r o m  X 
c.p. 

In t h e  absence  of t h e  X r a y  d a t a ,  t h e s e  c a l o r i m e t r i c  r e su l t s  could  

h a v e  been  wrongly i n t e r p r e t e d  as indicat ing Ad- A2 t rans i t ion .  As 

discussed,  however,  our  Xray  s t u d i e s  show t h a t  f o r  a l l  t h e  fou r  s y s t e m s  

t h e r e  is no  Ad-AZ t r ans i t i on ,  bu t  only a cont inuous  evo lu t ion  of A 2 

f r o m  A In teres t ingly ,  t h e  t e m p e r a t u r e  at which t h e  DSC r u n s  show d' 

a peak  corresponds t o  t h e  po in t  of inf lec t ion  in t h e  q - T  plots.  I t  

i s  t hus  seen  t h a t  as X is app roached  t h e  s t r e n g t h  of t h i s  ' spurious '  
c.p. 

DSC signal  i nc reases  indica t ing  t h e  increase  of s p e c i f i c  h e a t  f l uc tua-  

tions. It is r e l evan t  t o  r eca l l  h e r e  t h a t  r e c e n t  high resolu t ion  AC 

c a l o r i m e t r i c  studies25 on  D B 7 0 C N ,  a compound which  a l so  shows 

a cont inuous  evolut ion of A phase  i n t o  A2 phase ,  shows a s t r o n g  
d 

spec i f i c  h e a t  signal,  b u t  wi th  a rounding a t  t h e  top. Thus t h e  DSC 



Figure 4.28 

DSC runs f o r  ( a )  llOPCBOB, ( b )  X = 0.715,  ( c )  X z 0 . 6 7 3 ,  and ( d )  X = 0.652 

systems, taken a t  0.5OC/min. cooling r a t e .  The s t r eng th  of the  s igna l  

increases  a s  CP i s  approached. 



r e su l t s  show a lbe i t  qua l i t a t i ve ly  t h a t  t h e r e  i s  a n  i n c r e a s e  of s p e c i f i c  

h e a t  e f f e c t  as t h e  c r i t i c a l  point  is approached.  C l e a r l y  high resolu t ion  

s tud ie s  a r e  requi red  t o  ana lyse  quant i ta t ive ly  t h e  pre- t rans i t ional  beha-  

viour near  c r i t i ca l  point.  

4.6 RECENT THEORETICAL STUDIES OF Ad-A2 CRITICAL POINT 

As remarked  in preceding  sec t ions  (4.2) t h e  phenomenologica l  

t heo ry ,  in t h e  f r amework  of mean  f ield approach.  p r e d i c t s  t h e  ex i s-  

t e n c e  of t h e  A
d
- A  c r i t i c a l  point.  Recent ly ,  P a r k  et a1.26 h a v e  deve -  

2 

loped  a more  r igorous approach,  i.e., a model nonl inear  e l a s t i c  Hamil-  

t on ian  t o  descr ibe  t h e  behaviour of d i f f e ren t  physical  p r o p e r t i e s  in 

t h e  vicinity of t h e  c r i t i ca l  point  (C). This  t h e o r e t i c a l  s tudy  h a s  been  

c a r r i e d  out  using seve ra l  approaches ,  viz., t h e  m e a n  f ield t h e o r y ,  

one- loop order  pe r tu rba t ion  t h e o r y  and t h e  &-expansion. T h e  mean- f ie ld  

t h e o r y  for  th is  model  is i den t i ca l  t o  t h e  mean- field t h e o r y  f o r  t h e  

liquid-gas t ransi t ion.  In one-loop per turba t ion  theo ry ,  c r i t i c a l  c o r r e c -  

t ions  t o  t h e  compress ib i l i ty  b e c o m e  impor t an t  below a n  upper c r i t i c a l  

dimension of 6. In addi t ion ,  t h e r e  a r e  i m p o r t a n t  c r i t i c a l  c o r r e c t i o n s  

t o  a th i rd  o rde r  v e r t e x  func t ion  be tween 6 and  8 dimensions  ind ica t ing  

devia t ions  f r o m  mean- field behaviours below 8 dimensions.  They d e t e r -  

mined  a f ixed point  in 6-E dimensions describing t h e  c r i t i c a l  point  

a n d  ca l cu la t ed  c r i t i c a l  exponen t s  t o  a f i r s t  o r d e r  in E . This f ixed  

point  exhibi ts  an i so t rop ic  sca l ing  with d i f f e r e n t  co r r e l a t ion  l eng th  

exponen t s  y a n d  y para l le l  and perpendicular  t o  t h e  d i r ec to r .  Sca l ing  II 1 



prope r t i e s  and  Xray sca t t e r ing  p a t t e r n s  in t h e  vicini ty of t h e  S 

c r i t i c a l  point a r e  a l so  considered.  The  approach of P a r k  et al.  l eads  

t o  a number  of t heo re t i ca l  p red ic t ions  which should be  val id in t h e  

vicini ty of t h e  A2-Ad c r i t i ca l  point  in 3 dimensions. T h e  m o s t  s a l i en t  

predic t ion  is t h a t  t h e  compress ional  e l a s t i c  c o n s t a n t  (B) should vanish 

a t  t h e  c r i t i ca l  point in e x a c t  ana logy with d ive rgence  of t h e  bulk 

compress ib i l i ty  a t  t h e  liquid-gas c r i t i c a l  point. Al though p re l imina ry  

experiments27 s e e m e d  t o  show a pronounced dip in B in  t h e  v ic in i ty  

of t h e  c r i t i ca l  point,  no  exponents  have  y e t  b e e n  eva lua t ed .  T h e  second 

t h e o r e t i c a l  predic t ion  is t h a t  t h e  spec i f ic  h e a t  a t  c o n s t a n t  p re s su re  

(Cp)  a s  well as B measured  a long t h e  c r i t i ca l  p re s su re  l ine  should 

yield a n  exponent  V I A .  Consequent ly  t h e  product  C .B i s  e x p e c t e d  
P 

t o  be  independent  of t e m p e r a t u r e  as t h e  c r i t i ca l  point  i s  approached.  

Ano the r  i n t e re r s t i ng  predic t ion  of t h e  theo ry  i s  t h a t  C m e a s u r e d  
P 

a t  c o n s t a n t  l aye r  spacing should have  a singulari ty w i t h  c h a r a c t e r i s t i c  

exponen t  a. All t h e s e  predic t ions  a r e  t o  be e x p e r i m e n t a l l y  ver i f ied .  

In conclusion, t h e  e x p e r i m e n t s  descr ibed  in t h i s  c h a p t e r  have  

proved t h e  e x i s t e n c e  of .A - A  c r i t i c a l  point  in t h e  t empera tu re -concen-  
d 2 

t r a t i o n  plane. The  s t ronges t  expe r imen ta l  ev idence  of i t s  e x i s t e n c e  

is t h e  d e c r e a s e  in t h e  discontinuity of t h e  w a v e v e c t o r  ( A q O )  at  t h e  

A - A  t r ans i t i on  wi th  a n  accompany ing  d e c r e a s e  in t h e  two- phase  
d 2 

region a s  t h e  c r i t i ca l  point i s  approached.  T h e  e x i s t e n c e  of such  a 

c r i t i c a l  point  i s  explainable o n  t h e  basis  of mean- field t h e o r y  as well 

a s  f l uc tua t ion  c o r r e c t e d  theory .  Evidently, f u r t h e r  high resolu t ion  



e x p e r i m e n t s  nea r  t h e  c r i t i ca l  point  a r e  needed b e f o r e  t h e  n a t u r e  

of t h i s  c r i t i c a l  point is ful ly e luc ida ted .  A t h e o r e t i c a l  ca l cu la t ion  

of both t h e  shape  of t h e  c o e x i s t e n c e  curve  a n d  t h e  func t iona l  fo rm 

AqO would a l so  b e  of cons iderable  i n t e re s t .  
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