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UNIVERSALITY OF REENTRANT NEMATIC-SMECTIC C-SMECTIC A 

AND NEMATIC-SMECTIC A-SMECTIC C MULTICRITICAL POINTS 

3.1 INTRODUCTION 

The n e m a r i c - s m e c t i c  A- s m e c t i c  C mul t i c r i t i ca l  point  o r  N A C  

point f o r  shor t ,  is of considerable c u r r e n t  i n t e re s t .  A number  of expe r i-  

m e n t a l  a s  well  as t h e o r e t i c a l  s tudies  have  been  c a r r i e d  ou t  t o  under-  

s t a n d  t h e  n a t u r e  of th is  in teres t ing  mul t ic r i t ica l  point.  The  s c h e m e  

of presenta t ion  of th is  c h a p t e r  is as follows. We shal l  f i r s t  d e f i n e  

t h e  NAC poin t  a n d  summar i se  the  s tudies  which have  shown t h a t  

t h e  topology of t h e  phase  d iagram nea r  t h e  NAC point  is universal .  

We shall t hen  desc r ibe  t h e  observat ion on a second mul t i c r i t i ca l  poin t ,  

namely ,  t h e  r e e n t r a n t  n e m a t i c - s m e c t i c  C - s m e c t i c  A point  (RN-C-A), 

which shows conclusively t h a t  NAC and RN-C-A poin ts  exh ib i t  t h e  

s a m e  universal  behaviour.  

3.1.1. MAC Multicritical Point 

T h e  NAC mul t i c r i t i ca l  point was  f i r s t  t heo re t i ca l ly  p r e d i c t e d  

a n d  l a t e r  found exper imenta l ly .  When i t  was  ini t ial ly sugges t ed  t h e  

t w o  proposed exp lana t ions  were  qu i t e  d i f f e ren t .  Chu  and McS,Iillan 
1 

(CM) proposed a model  wherein t h e  o rde r  p a r a m e t e r  of s m e c t i c  C 

was  nothing but  t h e  dipolar order  p a r a m e t e r  de f ined  in McMillan 's  



theory.2 T h e  o rde r  p a r a m e t e r  of s m e c t i c  A p h a s e  in t he i r  a p p r o a c h  

was  t h e  o n e  dimensional  dens i ty  wave  of Kobayashi ,  McMillan a n d  

d e  Gennes.' The  t i l t  of t h e  d i r ec to r  away f r o m  t h e  l a y e r  n o r m a l  

e n t e r s  th is  Civl model  s o m e w h a t  incidental ly through a g r a d i e n t  t e r m  

coupling t h e  t w o  o rde r  pa rame te r s .  The o t h e r  t h e o r e t i c a l  a p p r o a c h  

d u e  t o  C h e n  and ~ u b e n s k ~ ~  (CL) expec ted  t h e  NAC poin t  to be a 

kind of Li fsh i tz  point def ined  ea r l i e r  by Hornreich,  Luban  a n d  Sht r ik-  

5 m a n  f o r  magne t i c  systems.  In t h e  C L  model t h e  t i l t  of t h e  d i r e c t o r  

wi th  r e spec t  t o  t h e  l aye r  normal  i s  t h e  c e n t r a l  f e a t u r e  a n d  t h e  N A C  

point  is ob ta ined  when t h e  coe f f i c i en t  of t r a n s v e r s e  g r a d i e n t  t e r m  

in t h e  Landau-Ginzburg f r e e  ene rgy  expression b e c o m e s  nega t ive .  

The  C L  model  p red ic t ed  a phase  d i ag ram as shown in Fig.3.1. 

The  C L  model  makes  s o m e  impor tant  p red ic t ions  conce rn ing  

t h e  xray s c a t t e r i n g  behaviour and a l so  t h e  behaviour  of e l a s t i c  con-  

s t an t s .  It  p redic ts ,  ( I )  t h a t  t h e  xray  s c a t t e r i n g  in t h e  n e m a t i c  phase  

nea r  t h e  NAC point  should have  a q-4 dependence  in t h e  t r a n s v e r s e  
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d i rec t ion  r a t h e r  t han  t h e  usual q behaviour p r e d i c t e d  by t h e  CM 
1 

model ,  (2) t h a t  at t h e  N A C  point  t h e  e l a s t i c  c o n s t a n t s  K I  a n d  K 2  

should d iverge  a s  In< (where  6 is t h e  co r re l a t ion  l eng th  f o r  f l u c t u a t i o n s  

of s m e c t i c  order  p a r a m e t e r )  while K  should d ive rge  as 5 a n d  (3) 
3 

a f luc tua t ion  crossover  a t  t h e  NAC p o i n t - t h e  p re t r ans i t i on  f l u c t u a t i o n s  

in n e m a t i c  phase a r e  e x p e c t e d  t o  crossover f r o m  s m e c t i c  A l ike  t o  

s m e c t i c  C l ike  f luc tua t ions .  The  f i r s t  e x p e r i m e n t a l  obse rva t ion  of 

t h e  N 4 C  point  was  by Johnson et alO6 Using d i f f e r e n t i a l  s cann ing  



F i g u r e  3 . 1  

Phase  d i a g r a m  o f  t h e  s y s t e m  s h o w i n g  NAC p o i n t  p r e d i c t e d  by 

t h e  Chen & Lubensky  a o d e l .  ( a )  b e f o r e  a n d  ( b )  a f t e r  r e f i n e -  

ment ( r e f .  4 ) .  



c a l o r i m e t r y  and t h e r m a l  microscopy techniques,  t h e y  r e p o r t e d  t h a t  

t h e  t empera tu re- concen t r a t ion  (T-X) d iagram of oc ty loxy-  a n d  hepty-  

loxy-p-pentyl phenyl  thiol  b e n z o a t e  (8S5 and fS5) exh ib i t s  a NAC 

point  (Fig.3.2a). O n e  of t h e s e  compounds,  namely,  gS5 shows n e m a t i c ,  

s m e c t i c  A and s m e c t i c  C phases,  while  t h e  o t h e r  (7S5) s h o w s  only 

n e m a t i c  and  s m e c t i c  C phases.  Addition of 7S5 t o  8S5 d e c r e a s e s  

t h e  s rnec t ic  A r ange  and  f inal ly fo r  concen t r a t ions  above  42% of 

7S5 (mole  %), t h e  n e m a t i c  phase  d i rec t ly  goes t o  t h e  s m e c t i c  C phase  

resul t ing  in a NAC point.  D i f f e ren t i a l  scanning c a l r o m e t r y  e x p e r i m e n t s  

led  t o  t h e  following observat ions:  

a )  A-C t r ans i t i ons  a r e  cont inuous  and  do  n o t  show any p re t r ans i -  

t ional  e f f ec t s .  

b) A-N t rans i t ions  a r e  cont inuous  and show s t r o n g  p re t r ans i t i ona l  

e f f e c t s  which vanish as t h e  NAC point i s  a p p r o a c h e d  (Fig.3.2b) 

c )  N-C t r ans i t i ons  a r e  weakly  f i r s t  o rde r  a n d  show very  w e a k  pre- 

t rans i t ional  e f f ec t s .  T h e  NC t rans i t ion  e n t r o p y  vanishes  as t h e  

NAC point is app roached  (Fig. 3.2b). 

d)  T h e  point where  t h e  t h r e e  phase  t rans i t ion  boundar ies  (NA, N C  

a n d  AC) m e e t  is a mul t i c r i t i ca l  point. A t  t h a t  point  t h e  t h r e e  

phases  b e c o m e  indist inguishable.  

Johnson et a1.6 a l so  f o r m u l a t e d  a phenomenologica l  Landau  

theo ry  t o  g ive  a qua l i t a t i ve  descr ip t ion  of t h e  obse rved  phase  d i ag ram.  
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Figure 3.2a 

Isobaric temperature-concentration phase diagram of 8 ~ 5  and 

1 ~ 5 .  Solid circles represent phase transition temperatures. 

The solid squares represent the NC transition entropy (ref. 6 ) .  
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Figure 3.2b 

a) DSC traces of the nematic-smectic C transitions of several 8 ~ 5 / 7 ~ 5  

mixtures illustrating the rapid decrease of transition entropy as the 

multicritical point is approached. 

b) DSC traces of the nematic-smectic A transitions of several mixtures 

of 8 ~ 5  and 7 ~ 5 .  The traces show the weakening of the transitions 

as the multicritical point is approached. 

Numbers below the traces indicate the respective concentrations of 

8 ~ 5  and ?S5 in the mixtures (ref. 6. ) . 



Sigaud and coworkers7  independent ly  repor ted  a n o t h e r  s y s t e m ,  which 

showed t h e  NAC point ,  aga in  in t h e  T-X plane. T h e  compounds  used 

w e r e  4'-octyloxy-4-cyanobiphenyl (80CB)  and 2-p-n-heptyloxy amino  

f lurenone  (70NE).  The  topology of t h e  phase  d i ag ram (Fig.3.3) is 

appa ren t ly  d i f f e r e n t  f r o m  t h a t  of Johnson et T h e s e  e x p e r i m e n t s  

w e r e  fol lowed by a c c u r a t e  high resolut ion c a ~ o r i m e t r i c ~ ' ~  a n d  xray  

expe r imen t s ,  which p e r m i t t e d  explici t  compar i sons  w i t h  t h e  

t h e o r e t i c a l  predict ions.  

Recen t ly ,  Brisbin et a].'* h a v e  obta ined  high r e so lu t ion  phase 

d i ag rams  of four  binary liquid c rys t a l  s y s t e m s  exhib i t ing  t h e  NAC 

point  (Fig.3.4). It was  observed  t h a t  t hese  four phase  d i a g r a m s  exh ib i t  

r emarkab le  topological  s imi l a r i t i e s  in t h e  close vicini ty of t h e  NAC 

point.  The  a u t h o r s  provided q u a n t i t a t i v e  ev idence  t o  show t h a t  in 

s p i t e  of gross  d i f f e rences  in global  f e a t u r e s  universa l i ty  r u l e s  near  

t h e  NAC point. This was proved by considering re la t ionships  be tween  

t h e  p a r a m e t e r s  describing t h e  AN and  NC boundaries ,  viz., t h e  expo-  

n e n t  ri and t h e  ampl i tudes  A N A  and ANC, t h e  p a r a m e t e r s  be ing  def ined  

by t h e  following expressions,  

H e r e  X is t h e  mole  f r a c t i o n  of t h e  cons t i t uen t  having t h e  s m e c t i c  

A phase. XNAC 
and T~~~ r e f e r  t o  t h e  concen t r a t ion  a n d  t e m p e r a t u r e  
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Figure 3.3 

Isobaric temperature-concentration phase diagram of 70NE-80CB system 

(ref. 7 ) .  
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Figure 3 . 4  

High resolution temperature concentration phase diagrams of : 
a )  4-n-Pentyl-phenyl thi01-4~-nonylbenzoate ( 9 S 5 )  and 

4-n-pentyl-phenyl thiol-4 -heptyloxybenzoate ( 7 ~ 5 )  
b) 4-n-propionyl phenyl-trans (4-n-penty1)cyclohexane carboxylate (XC) and 

4-n-octyloxy phenyl-4'-n-octyloxy benzoate (808) 
c) 4-propionylphenytrans (4-n-penty1)cyclohexane carboxylate (XC) and 

4-n-pentyl-pentyl thi01-4~-heptyloxybenzoate (7S5) 
d) 4'-octyloxy-4-cyanobiphenyl ( 8 0 C B )  and 2p-n-heptyloxybenzylidene amino 

flurenone (TONE). 
The inset shows the diagram close to the NAC point (ref. 12). 



r e spec t ive ly  corresponding t o  t h e  N A C  point. 

T h e  resul t s  of f i t t ing  t h e  d a t a  of Brisbin et al. t o  e q u a t i o n s  

[ l a ]  a n d  [Ib]  with and wi thout  t h e  universal i ty cons t r a in t s  o n  q a n d  

t h e  ampl i tude  r a t i o  R = A  /A  a r e  given in Tab le  3.1. Solid l ines  NA NC 

in Fig.3.4 show t h a t  f i t s  cons t r a ined  t o  h a v e  universa l  va lues  a r e  

exce l l en t .  Goodness of t h e  f i t  is object ively ind ica t ed  by t h e  sma l l  

i n c r e a s e  of  x2 t h a t  accompany  t h e  applicat ion of universa l i ty  con-  

s t r a in t s .  Dashed l ines in t h e  f igu res  r ep resen t  t h e  bes t  - f i t  s lope(B)  - 
t e r m  in equa t ions  [ l a ]  and  [ l b l  wi th  t h e  cons t r a in t s  in e f f e c t .  Solid 

l ines  through t h e  A C  d a t a  r ep resen t  equat ions  of t h e  fo rm [ la]  and  

[ l b ]  wherein t h e  values B, X N A C  and T~~~ ob ta ined  f r o m  t h e  NA/NC 

f i t s  have  been  used, along with t h e  cons t r a in t  t h a t  %C is universa l  

fo r  al l  t h e  four  sys tems.  Again, t h e  f i t s  a r e  very good. Thus Brisbin 

et al. showed t h a t  with a s imple  choice  of t h e  sca l ing  axes ,  " the  

NAC d iag rams  exhib i t  quan t i t a t i ve  unversality". 

S ince  a l l  t h e  s tudies  desc r ibed  s o  f a r  w e r e  o n  binary s y s t e m s  

t h e  need  a r o s e  t o  observe  t h e  NAC point  in a single componen t  liquid 

c r y s t a l  s y s t e m  in t h e  p re s su re- tempera tu re  (P-T) p l a n e  t o  test t h e  

c o n c e p t  of universal i ty nea r  such  a point,  s ince  i t  i s  unlikely t h a t  

both  densi ty and  concen t r a t ion  f luc tua t ions  would produce  t h e  s a m e  

topological  d i s to r t i ons  of t h e  phase  d iagram.  With th i s  in view a s e r i e s  

of expe r imen t s  w e r e  conducted  by Shashidhar et al. on a n u m b e r  

of a sys tems.  Although t h e  ini t ial  exper iments13  w e r e  unsuccessfu l ,  



TABLE 3.1 

Best- fi t  p a r a m e t e r s  and va lues  of x2 fo r  f i t s  of d a t a  by e q u a t i o n s  

[ l a ]  and  [ Ib]  ( s ee  t h e  t e x t  fo r  detai ls) .  Numbers  in p a r e n t h e s e s  c o r r e-  

spond t o  computa t ions  c a r r i e d  o u t  excluding t h e  d a t a  f o r  7 0 N E / 8 0 C B .  

R = A NA/ANC (From ref .  12) 



t h e  NAC poin t  in single c o m p o n e n t  sys t em was  indeed  o b s e r v e d  14  

f o r  4-n-heptacyl phenyl-4'-(4"-cyanobenzoyloxy)benzoate (7APCBB). 

The  P-T d iag ram of 7APCBB showing NA, AC a n d  NC t r ans i t i ons  

up t o  600 b a r s  is shown in Fig.3.5. It  is seen  t h a t  a l l  t h e  t h r e e  boun- 

da r i e s  a r e  s t r a i g h t  initially but  t h e y  cur l  up d r a m a t i c a l l y  a s  t h e y  

approach  t h e  mul t ic r i t ica l  point  t h e r e b y  exhibi t ing p ronounced  singu- 

lari t ies .  

Shashidhar et al. improved t h e  resolut ion of t h e  high p re s su re  

set up and ob ta ined  high resolu t ion  d a t a  in t h e  i m m e d i a t e  vicini ty 

of t h e  NAC point.  These d a t a  a r e  shown in Fig.3.6. T h e  universa l  

T-X plot  of ~ o h n s o n ' ~  is shown in Fig.3.7 f o r  compar i son  w h e r e  t h e  

d a t a  for  a l l  t h e  fou r  binary s y s t e m s  ment ioned e a r l i e r  h a v e  been  

p lo t t ed  t o g e t h e r  a f t e r  su i t ab l e  normal iza t ion .  The  s t r ik ing  s imi l a r i t y  

be tween  t h e  t w o  Figures 3.6 a n d  3.7 i s  obvious. Shashidhar  et al. 

d e m o n s t r a t e d  quan t i t a t i ve  s imi l a r i t i e s  by f i t t ing  the i r  P- T  d a t a  fo r  

t h e  NA, N C  and AC boundaries  individually t o  t h e  fol lowing express ions  

which a r e  s imi lar  t o  those  of Brisbin et al.12 e x c e p t  t h a t  P r e p l a c e s  

X. 



Figure 3.5 

Pressure-temperature (P-T) diagram of 7APCBB showing NA, AC and NC 

transitions up to 600 bar. Solid lines are guides to the eye (ref. 14). 



Figure 3.6 

High resolution P-T diagram in the vicinity of the NAC multi- 

critical point in 7APCBB. The solid lines are computer fits 

of our data (see table . 3 . 2 )  with equations 2a-2c representing 

the NA, NC and AC phase boundaries respectively. The dashed 

line represents the line corresponding to the best-fit B term 

(ref. 1 4 ) .  



Figure 3.7 

The universal temperature-concentration plot of Johnson (see ref. 15) showing 

the data for four binary liquid crystal systems separately in Fig. 3 . 4 .  



T h e  computa t ions  were  c a r r i e d  o u t  with t h e  universa l  c o n s t r a i n t  

q N A =  $C b u t  fl was  l e f t  as a f r e e  pa rame te r .  T h e  r e su l t s  of t h e  

computa t ions  c a r r i e d  o u t  using t h e  high resolut ion P-T d a t a  r e p o r t e d  

in Fig.3.6 a r e  given in Tab le  3.2. I t  is c lear  by compar ing  w i t h  t h e  

t a b l e  of Brisbin et al. (Tab le  3.1) t h a t  t h e  exponen t s  q e v a l u a t e d  

in both t h e  c a s e s  a r e  s a m e  a l though t h e  ampl i tude  r a t i o  A N A / ~ N C  

c o m e s  o u t  t o  be  d i f f e ren t ,  -3.02t0.2 in this  c a s e ,  as c o m p a r e d  t o  

-5.96k1.3 of Brisbin et al. The  r emarkab le  f a c t  t h a t  t h e  q values  

ob ta ined  by Shashidhar et al. f r o m  t h e  P-T d a t a  of a single c o m p o n e n t  

sys t em a g r e e  exac t ly  with those  eva lua t ed  f r o m  t h e  T- X d a t a  of 

fou r  binary mix tu re s  of Brisbin et a1 i s  a s t rong  ev idence  t o  suppor t  

t h e  idea  t h a t  N A C  po in t  exhib i t s  universal  behaviour.  A n o t e w o r t h y  

f e a t u r e  is t h a t  t h e  scal ing a x e s  a r e  t h e  s a m e  as t h e  e x p e r i m e n t a l  

a x e s  (P a n d  T in t h e  case of Shashidhar e t  al., T a n d  X in  case of 

Brisbin et al.), r a t h e r  t han  a l inear  combinat ion  of t h e s e  variables.  

T h e  simplici ty of t h e s e  r e su l t s  m a y  perhaps b e  a s s o c i a t e d  w i t h  t h e  

absence  of coupling t o  dens i ty  and concen t r a t ion  f luc tua t ions .  

3.1.2 Reentrant Nematic-Smectic C-Smectic A Multicritical 

Point (RN-C-A) 

Shashidhar et al.  in the i r  e f f o r t s  t o  look f o r  a N A C  point  

in s ingle componen t  s y s t e m  observed  a new kind of m u l t i c r i t i c a l  

point.  16,17 P r e s s u r e  s tud ie s  were  c a r r i e d  ou t  by t h e m  on 4(4-n-decy- 

loxybenzoyloxy)benzy~idene-4'-cyanoaniline18 which exhib i t s  t h e  follow- 



TABLE 3.2 

Best-fit parameters  and values of 2 for  individual f i t s  

of high-resolution da t a  for t he  NA, NC and AC phase 

boundaries (of 7APCBB) with equations (2a)-(2c) 

respectively (of ref. 14) (See tex t  for detailed discu- 

ssions) (Ref. 14) 

0.003 + 0.001 

149.9 + 0.02"C 

304.5 + 0.1 bar 

0.575 + 0.02 

1.523 + 0.02 

0.1731 + 0.002 

-0.0574 + 0.0030 

-0.0025 + 0.0004 

1.056 

0.969 

0.91 1 



ing s e q u e n c e  of t ransi t ions,  

I so t ropic  + Nemat i c  + S m e c t i c  A + S m e c t i c  C 

J Crys ta l  +- R e e n t r a n t  n e m a t i c  

T h e s e  s tud ie s  led t o  t h e  f i r s t  observa t ion  of t h e  r e e n t r a n t  n e m a t i c -  

s m e c t i c  C- s m e c t i c  A mul t i c r i t i ca l  point.  The topology of t h e  d i ag ram 

n e a r  t h e  mul t ic r i t ica l  point  w a s  de t e rmined  wi th  high precision. 19 

T h e  global  phase d iagram is  shown in Fig.3.8 whi le  t h e  d a t a  c lose  

t o  t h e  RN-C-A point  a r e  shown in Fig.3.9. The  s t r ik ing  f e a t u r e  of 

t h i s  phase  d iagram exhibi t ing RN-C-A point was  t h a t  t h e  s ingular i t ies  

w e r e  conspicuously absent  on  t h e  NC and A-RN boundar ies  which 

w e r e  in f a c t  col l inear  a t  t h e  RN-C-A point. A t  a b o u t  t h e  s a m e  t i m e  

b inary  phase d iagrams exhib i t ing  RN-C-A point in t empera tu re- concen-  

t r a t i o n  p lane  were  r epor t ed  both by t h e  Bordeaux group2o a n d  t h e  

Ha l l e  group.21 Although none  of t h e s e  were  high resolu t ion  studies,  

i t  a p p e a r e d  t h a t  t h e  s ingular i t ies  w e r e  absent  in s o m e  cases (Fig.3.10) 

whi le  in s o m e  o t h e r  c a s e s  t h e y  w e r e  present  (Fig.3.11) though t o  -... 

a less  pronounced e x t e n t  c o m p a r e d  t o  NAC sys t em.  This  w a s  a n  e x t r e -  

me ly  puzzl ing result.  The  s y m m e t r i e s  of t h e  d i f f e r e n t  phases  which 

c o n s t i t u t e  t h e  RN-C-A poin t  and  t h e  NAC point  being t h e  s a m e  i t  

i s  t o  be expec ted Z2  t h a t  bo th  of t h e m  should belong t o  t h e  s a m e  

universa l i ty  c lass  and  hence  should exhib i t  t h e  s a m e  t y p e  of universal  . , 
behaviour wi th  r ega rd  t o  t h e  topology of t h e  phase  boundaries. This 

should be  t r u e  e v e n  though t h e  t e m p e r a t u r e  s e q u e n c e  of t r ans i t i ons  



Temperature ( "c ) 

F i g u r e  3.8 

P-T d i a g r a m  o f  DOBBCA s h o w i n g  t h e  d a t a  f o r  t h e  RN-C-A 

p h a s e s  up  t o  800 b a r .  The s e c t i o n  e n c l o s e d  i n  d a s h e d  l i n e s  is 

shown i n  a n  e n l a r g e d  s c a l e  i n  F i g .  3 .9  ( r e f .  1 9 ) .  



TEMPERATURE ( O  c ) 

Figure 3.9 

Enlarged section of the P-T diagram of DOBBCA in the vicinity o f  

the RN-C-A multicritical point. No singularities are seen on the 

RN-C or RN-A lines (Ref. 19). 





Figure 3.11 

Concentration-temperature diagram of 4-(6-cyanoethy1)-phenyl- 

4-n-dodecyloxy cinnamate + 4-( -cyan0 ethyl)-phenyl 4-n- 

octyloxy cinnamate showing RN-C-A point (ref. 2 1 ) .  



a r e  d i f f e r e n t  in t h e  case of t h e  t w o  mul t ic r i t ica l  points.  

To resolve  th i s  problem, high resolution e x p e r i m e n t s  to ob ta in  

a c c u r a t e  T-X d a t a  near  RN-C-A point  were  under taken .  In o rde r  

t o  m a k e  su re  t h a t  t h e  precision in t h e s e  s tudies  is su f f i c i en t  to ob ta in  

re l iab le  va lue  of 0 ,  expe r imen t s  w e r e  initially conduc ted  on a b inary  

s y s t e m  exhibi t ing NAC point. 

3.2 Expe r imen ta l  Technique of Making Binary Mixtures  

As r e m a r k e d  ear l ie r ,  e x p e r i m e n t s  were  ini t ial ly c o n d u c t e d  on 

a binary sys t em exhibi t ing t h e  N A C  point t o  p e r f e c t  t h e  t e c h n i q u e  

of achieving  very  high precisions in t h e  de t e rmina t ion  of c o n c e n t r a t i o n  

of mix tu re s  and t h e  t rans i t ion  t e m p e r a t u r e s  of t h e  phase  t rans i t ions .  

T h e  major  problem t h a t  w a s  encoun te red  in  th i s  r e g a r d  w a s  t h e  non- 

avai lab i l i ty  of suf f ic ien t  q u a n t i t i e s  of t he  ma te r i a l .  I t  i s  ev iden t ly  

no t  d i f f icu l t  t o  ach ieve  a prec is ion  of 0.01% o r  b e t t e r  in c o n c e n t r a t i o n  

when l a rge  quan t i t i e s  of m a t e r i a l  c a n  be weighed. In ou r  case, how- 

e v e r ,  t h e  quan t i t i e s  of t h e  subs t ances  avai lable w e r e  only  of 200- 250  

mg e a c h  and  with this  l imi t ed  quant i ty  i t  w a s  necessa ry  to m a k e  

at  l ea s t  25-30 individual concen t r a t ions ,  each  wi th  as h igh  a n  a c c u r a c y  

in concen t r a t ion  as possible. This was  achieved in t h e  fo l lowing way: 

a) Weighing. 

A Perkin-Elmer (ADII) ba l ance  was used fo r  weighing. The  

ba l ance  has  a n  a c c u r a c y  of 1 microgram.  C a r e  was  t a k e n  to moun t  



t h e  ba lance  on a massive suppor t ing  t ab l e  s o  t h a t  v ibra t ions  did n o t  

a f f e c t  t h e  balance. The cons t ancy  in t h e  reading of t h e  b a l a n c e  f o r  

a n y  given weighing depends on  a number  of f a c t o r s  l ike  t h e  c o n s t a n c y  

of room- tempera tu re ,  t h e  humidi ty  of t h e  a t m o s p h e r e  a n d  t h e  t i m e  

f o r  which t h e  ba lance  is a l lowed t o  equil ibriate .  T h e  e f f e c t  of t h e s e  

f a c t o r s  was  minimised by a c c u r a t e  control  of t h e  a m b i e n t  t e m p e r a -  

t u r e  and humidity and  wai t ing  fo r  long periods (genera l ly  2 to  3 hours)  

b e f o r e  any  reading was  t a k e n  fo r  e a c h  weighing. D e s p i t e  t h e s e  p recau-  

t ions  i t  was  observed  t h a t  t h e  ba lance  reading was  n e v e r  t ru ly  c o n s t a n t ,  

a n d  t h e r e  was  a very smal l  but  pe rcep tab le  dr i f t .  This  p rob lem w a s  

o v e r c o m e  by q u a n t i t a t ~ v e l y  analysing t h e  a m o u n t  of d r i f t  as a f u n c t i o n  

of t ime.  Typically, a f t e r  a wai t ing  period of a b o u t  2 hrs, t h e  d r i f t  

was  1 microgram per  hour. It  b e c a m e  even  less  a f t e r  w a i t i n g  f o r  

s t i l l  longer intervals .  The mapping of dr i f t  as a func t ion  of t i m e  

p e r m i t t e d  t o  g e t  t h e  e x a c t  we igh t  when e x t r a p o l a t e d  t o  z e r o  dr i f t .  

In t h i s  manner ,  i t  was  possible t o  obta in  a weighing a c c u r a c y  of t 1 

microgram even  when t h e  t o t a l  weight  of t h e  m i x t u r e  w a s  only  a b o u t  

8-10 mg. T h e  samples  w e r e  weighed on a ve ry  th in  g lass  covers l ip .  

C a r e  was  t aken  t o  see t h a t  t h e  samples  a d d e d  o n  t o  t h e  cove r s l ip  

a r e  at t h e  c e n t r e  of t h e  covers l ip  and  f o r m  a heap.  Even a s p e c k  

of t h e  sample  was  not  a l lowed t o  spill ou t s ide  t h e  heap  w h i l e  t h e  

s a m p l e s  w e r e  being added. 



b) Method of prepara t ion  of mix tu re s  and  de t e rmina t ion  of t r a n s i t i o n  

t e m p e r a t u r e .  

F o r  eve ry  concen t r a t ion  a new mix tu re  w a s  m a d e  in t h e  m a n n e r  

descr ibed  below. A f t e r  weighing on a coversl ip t h e  r equ i s i t e  a m o u n t s  

of cons t i t uen t  ma te r i a l s ,  t h e  covers l ip  along wi th  t h e  s a m p l e  w a s  

t r a n s f e r r e d  on t o  a t e m p e r a t u r e  cont ro l led  oven. T h e  two  m a t e r i a l s  

w e r e  mixed thoroughly at a t e m p e r a t u r e  well above  the i r  me l t ing  

t empera tu re s .  A drop  of t h e  mol t en  mixture  was  t r a n s f e r r e d  t o  a 

covers l ide  for  de t e rmina t ion  of t h e  t rans i t ion  t e m p e r a t u r e s .  T h e  mix-  

t u r e s  used in th is  way  w e r e  s t o r e d  in a n  e v a c u a t e d  a t m o s p h e r e  f o r  

any  fu tu re  work. T h e  homogenei ty  in mixing was  a s c e r t a i n e d  by t h e  

sharpness  of t h e  t rans i t ions  as seen  by a polarising microscope .  Gene-  

rally, a concen t r a t ion  g rad ien t  due  t o  bad mixing man i fe s t s  as a l a rge  

width in t h e  t rans i t ion  t e m p e r a t u r e  when v iewed optical ly.  In such  

a case t h e  mix tu re  was  d iscarded  and a f r e s h  m i x t u r e  w a s  made .  

All t h e  t rans i t ion  t e m p e r a t u r e s  w e r e  de t e rmined  using a polar iz ing  

microscope  (Le i t z ,  Orthoplan) equipped with a video recording  s y s t e m  , 

as well as s t i l l  photographic  a t t a c h m e n t .  This was  used  in con junc t ion  

wi th  a Met t l e r  hot  s t a g e  (FP52)  and  t e m p e r a t u r e  con t ro l l e r  (FP8OO). 

The  rough t rans i t ion  t e m p e r a t u r e  was  de t e rmined  by adopt ing  a h e a t i n g  

o r  cooling r a t e  of 1°C/min. All global  phase d i a g r a m s  shown in  t h i s  

thes is  w e r e  s tudied  wi th  this  r a t e  ( l °C /min ) .  However  fo r  high-resolu- 

t ion  work a r a t e  of 0.2"C/min, t h e  minimum r a t e  permiss ib le  w i th  

th is  sys t em,  was a l w a y s  used. T h e  t e m p e r a t u r e  reading  a c c u r a c y  



w a s  O.I°C. However,  w e  w e r e  a b l e  t o  achieve  a n  o rde r  of m a g n i t u d e  

h igher  a c c u r a c y  by t h e  fol lowing procedure. Using a d ig i t a l  t i m e r  

synchronously with t h e  M e t t l e r  sys t em,  i t  was possible t o  i n t e r p o l a t e  

a c c u r a t e l y  t h e  t e m p e r a t u r e s  of t h e  s t a g e  to a n  a c c u r a c y  of 1 0  mK. 

The re fo re ,  in our high resolu t ion  s tudies ,  t he  de t e rmina t ion  of  t r ans i-  

t ion  t e m p e r a t u r e  w a s  * I 0  mK while 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 i o n  

of concen t r a t ion  w a s  +0.01%. 

3.3 EXPERIMENTAL STUDIES ON NAC SYSTEM 

T h e  subs t ances  inves t iga t ed  for  t h e  s t u d y  of t h e  N A C  po in t  

a r e  4,4'-di-n-heptyloxyazoxybenzene (HOAB) a n d  4-n-octyloxyphenyl-4'- 

cyanobenzoa te  (80PCB) .  The  molecular  s t r u c t u r e s  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 t e s  of t h e s e  compounds  a r e  shown in Fig.3.12. O n e  of 

t h e  compounds,  HOAB exh ib i t s  s m e c t i c  C and  n e m a t i c  p h a s e s  whi le  

t h e  o t h e r  (80PCB)  exhib i t s  n e m a t i c ,  s m e c t i c  A a n d  a highly m e t a s t a b l e  

s m e c t i c  C phase. T h e  C phase  is just formed and within a b o u t  0.2"C 

t h e  crys ta l l iza t ion  t a k e s  ove r ,  when t h e  t rans i t ions  a r e  s e e n  op t i ca l ly .  

On mixing t h e s e  compounds  and  studying t h e  t r ans i t i on  t e m p e r a -  

t u r e s  for  a f e w  m i x t u r e s  wi th  l a rge r  concen t r a t ion  gap,  a p h a s e  dia-  

g r a m  shown in Fig.3.13 i s  obta ined .  T h e  n e m a t i c  phase  g e t s  bounded 

o n  both sides due  t o  i nc reased  t h e r m a l  s tab i l i ty  of s m e c t i c  A phase  

in t h e  in t e rmed ia t e  r ange  of concent ra t ions .  T h e  NAC point i s  l o c a t e d  

a t  97.6"C a n d  a c o n c e n t r a t i o n  of 12.2 mol % of  HOAB in t h e  mix tu re .  

Even f r o m  t h e  global  phase  d i ag ram (Fig. 3.13) s t rong  s ingu la r i t i e s  



HOAB 

4 , 4 '-  di - n - heptyloxy - azoxybenzene 

Sequence of t rclnsit ions 

4 - n- octy loxyphenyl-  4' - cyanobenzoate 

Sequence of trans1 t tons 

I - N -  s~ - Sc -K 
96' c 91 .7'C ( 5 2 . 7 ' ~  ) 5 2 . 5  O C  

( ) denotes that the t rans i t ion is monotropic 

Figure 3.12 

Chemical structure and sequence of 

transitions. 



X ( mole % )  

Figure 3.13 

Temperature-concentration diagram of HOAB/80PCB showing NAC 

point. Solid lines through the data are guides to the eye. 

X is mol % of 80PCB in the mixture. 



o n  t h e  NA, AC a n d  NC boundar ies  in t h e  vicini ty of t h e  N A C  point  

a r e  visible.The s m e c t i c  A- s m e c t i c  C boundry in p a r t i c u l a r ,  h a s  a 

v e r y  s t e e p  curvature .  The high- resolution d a t a  c o l l e c t e d  in t h e  imme-  

d i a t e  vicini ty of t h e  NAC poin t  a r e  shown in Fig.3.14. It  is c l e a r  t h a t  

ou r  high resolut ion t empera tu re- concen t r a t ion  d i a g r a m  is  s t r ik ingly  

s imi l a r  t o  t h e  universal d i ag ram of Johnson et al. (Fig.  3.7). We shall 

now e x a m i n e  t h e  phase boundar ies  quant i ta t ive ly  in t h e  p rox imi ty  

of t h e  NAC point. 

Using t h e  expressions [ la]  and  [I  b] and with universa l  c o n s t r a i n t  

nAN = qNC,  computa t ions  w e r e  c a r r i e d  out  keep ing  il, TNAC and 

'NAC as f r e e  pa rame te r s .  The  resul t s  of our  c o m p u t a t i o n s  c a r r i e d  

o u t  with high resolut ion d a t a  r ep resen ted  in Fig.3.14 a r e  g iven  in 

t a b l e  3.3. I t  is immed ia t e ly  c l e a r  t h a t  the  e x p o n e n t  il o b t a i n e d  fo r  

H O A B - 8 0 P C B  s y s t e m  is i den t i ca l  t o  t h e  universal e x p o n e n t s  of Brisbin 

et al.  (Table  3.1) in t h e  (T-X) p lane  and Shashidhar et al. ( T a b l e  3.2) 

in t h e  (P-T) plane. The  goodness of t h e  f i t  is ev iden t  f r o m  t h e  Fig. 3.14 - 

w h e r e  t h e  solid l ines d e n o t e  t h e  compute r  f i t s  of t h e  d a t a  w i th  

il, A and  B values given in t h e  t a b l e  3.3. Thus w e  h a v e  a s c e r t a i n e d  

t h a t  w e  c a n  ach ieve  in o u r  t e m p e r a t u r e - c o n c e n t r a t i o n  e x p e r i m e n t s  

ve ry  high precisions in t h e  de t e rmina t ions  of c o n c e n t r a t i o n  a n d  t rans i-  

t ion  t e m p e r a t u r e  which a r e  requi red  fo r  a n  a c c u r a t e  d e t e r m i n a t i o n  

of  and hence  our probing t h e  universal  behaviour n e a r  t h e  mul t i c r i t i -  

c a l  point. With th is  e x p e r i e n c e  we  set o u t  t o  i n v e s t i g a t e  t h e  r e e n t r a n t  



X ( mole % )  

F i g u r e  3 . 1 4  

High r e s o l u t i o n  T-X d i a g r a m  o f  HOAB/80PCB i n  t h e  v i c i n i t y  o f  NAC 

p o i n t .  X is  mole  % o f  8OPCB i n  t h e  m i x t u r e s .  S o l i d  l i n e s  a r e  c o m p u t e r  

f i t s  of  o u r  d a t a  ( s e e  t a b l e  3 . 3 )  w i t h  e q u a t i o n s  l a - l b  r e p r e s e n t i n g  

N A ,  AC and  NC b o u n d a r i e s  r e s p e c t i v e l y .  The d a s h e d  l i n e  r e p r e s e n t s  

t h e  l i n e  c o r r e s p o n d i n g  t o  t h e  b e s t - f i t  B t e rm.  



TABLE 3.3 

Best- fi t  p a r a m e t e r s  a n d  values of x2 f o r  individual f i t s  

of high- resolution d a t a  for  t h e  NA, NC a n d  A C  p h a s e  

boundaries  (of HOAB-80PCB binary sys t em)  wi th  equa t ions  

( l a )  and  ( I  b) respec t ive ly .  

97.6"C 

12.2 mol % 



n e m a t i c - s m e c t i c  C -  s m e c t i c  A point.  

3.4. STUDIES ON RN-C-A SYSTEM 

Befo re  proceeding  t o  p re sen t  ou r  r e su l t s .  on t h e  RN-C-A poin t ,  

l e t  us e x a m i n e  s o m e  of t h e  t empera tu re- concen t r a t ion  and  p re s su re -  

t e m p e r a t u r e  d i ag rams  r epor t ed  s o  f a r  which exhib i t  t h e  RN-C-A point .  

Fig. 3.15 shows t empera tu re- concen t r a t ion  d iagram due  to S igaud  

et a ~ . ~ '  and Fig. 3.16a shows p re s su re- tempera tu re  d i ag ram of DOBBCA 

d u e  t o  Shashidhar et a1.16 I t  is i n t e re s t ing  t h a t  t h e  m a t e r i a l  DOBBCA 

fo r  which P-T d i a g r a m  is s tudied  (Fig. 3.16b s t r u c t u r e  and  t r a n s i t i o n )  

is also one  of t h e  components  of T-X diagram shown in Fig.3.15. 

T h e  absence  of s ingular i t ies  near  RN-C-A point is c l ea r  f r o m  both  

t h e  d i ag rams  (Fig. 3.1 5 and  Fig. 3.16a). It is t o  be  poin ted  o u t  t h a t  

t h e  RN-C-A point  is l oca t ed  very  f a r  in t e m p e r a t u r e  s c a l e  f r o m  N-I 

t rans i t ion  (- 180°C) in P-T p lane  and (- 170°C) in t h e  T-X d i a g r a m  

of Sigaud et al. D u e  t o  th i s  l a r g e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  

T ~ - ~ ~  ( n e a r  RN-C-A) and TN-I,  i t  is conceivable  t h a t  t h e  Brazovsk i i  

f l uc tua t ions  which a r e  bel ieved t o  induce t h e  n e m a t i c- s m e c t i c  C 

t rans i t ion  f i r s t  o r d e r  might  be e x t r e m e l y  weak nea r  RN-C-A point .  

We shall e n u m e r a t e  th is  point in s o m e  de ta i l  in t h e  following. 

It i s  possible t o  desc r ibe  t h e  s m e c t i c  C phase  wi th  a c o m p l e x  

o rde r  p a r a m e t e r  whose  magn i tude  g ives  t h e  t i l t  ang le  b e t w e e n  t h e  

d i r ec to r  and  t h e  dens i ty  wave ,  and,  whose phase  co r re sponds  t o  az i-  

mutha l  ro t a t ion  of t h e  molecules  a b o u t  a d i rec t ion  which i s  no rma l  





Temperature ( " C )  

F i g u r e  3 .16a  

P-T d i a g r a m  s f  DOBBCA by S h a s h i d h a r  e t  a l .  ( r e f .  16)  



Chemical formuta of DOBBCA 

I 
4 ( 4  -n - decyloxy benzoyloxy ) benzylidene - 4 cyanoan i l ine 

Sequence o f t ransit ions 

( ) denotes that the trans1 tions a re  monotropic 

Figure 3.16(b)  



t o  t h e  layers. T h e  s y m m e t r y  of th is  order  p a r a m e t e r  d o e s  p e r m i t  

a second o rde r  phase  t rans i t ion  be tween  s m e c t i c  C a n d  n e m a t i c  phases. 

However  nema t i c- smec t i c  C t rans i t ion  is expe r imen ta l ly  obse rved  

t o  be  a lways  f i r s t  order .  T h e  reason fo r  t h i s  i s  q u i t e  i n t e re s t ing .  

I t  w a s  shown by ~ r a z o v s k i i ~ ~  t h a t  if a dens i ty  w a v e  is e s t ab l i shed  

w i t h  inf in i te  number  of possible c h a r a c t e r i s t i c  w a v e v e c t o r s  in a m a t e -  

r ia l ,  such a s y s t e m  will a l w a y s  exhib i t  only a f i r s t  o r d e r  phase  t rans i-  

t ion  due  t o  t h e  e f f e c t  of f luc tua t ions .  I t  was  poin ted  o u t  by  Swi f t  2 4 

t h a t  t h e  nema t i c- smec t i c  C t r ans i t i on  belongs t o  Brazovskii ' s  class .  

Thus  t h e  nema t i c- smec t i c  C t rans i t ion  is e x p e c t e d  t o  b e  a l w a y s  f i r s t  

o r d e r  even  though m e a n  f i e ld  theo r i e s  which o m i t  t h e  e f f e c t  of such  

f luc tua t ions  predic t  second o r d e r  behaviour. 

As r emarked  e a r l i e r  t h e  loca t ion  of t h e  nema t i c- smec t i c  C t r ans i-  

t ion  (near  RN-C-A) f a r  way in t e m p e r a t u r e  f r o m  t h e  nema t i c- i so t rop ic  

t r ans i t i on  c r e a t e s  a n  in t e re s t ing  si tuat ion.  Under  such  a cond i t ion  

t h e  Brazovskii f l uc tua t ions  c a n  be very weak a n d  t h e  n e m a t i c- s m e c t i c  

C t rans i t ion  c a n  become ,  in principle,  second order .  It  would  a l so  

h a v e  t h e  e f f e c t  t h a t  t h e  b a r e  co r re l a t ion  l eng th  would b e c o m e  very  

l a r g e  so  t h a t  t h e  c r i t i c a l  reg ion  would b e  t o o  sma l l  t o  b e  o b s e r v e d  

exper imenta l ly .  This  s i t ua t ion  is s imi lar  t o  t h e  mechan i sm which  

c a u s e s  a mean f ield- l ike behaviour in sp in- reor ienta t ion  t r a n s i t i o n s  

in magne t i c  sys tems.  2 5 

The  quest ion t h e r e f o r e  a r i s e s  whether  t h e  c r i t i ca l  r eg ion  in 



t h e  vicini ty of RN-C-A point  c a n  be  increased  by tuning t h e  Brazovskii  

f luc tua t ions ,  i.e., by bringing t h e  nemat ic- iso t ropic  t r ans i t i on  c lose r  

t o  RN-C-A point.  With th is  in  view w e  undertook t h e  s t u d y  of t e m p e r a -  

tu re- concen t r a t ion  d i ag rams  of s eve ra l  binary sys t ems  wi th  d i f f e r e n t  

s t r u c t u r e s  and  hence  d i f f e r e n t  t rans i t ion  t e m p e r a t u r e s .  R e s u l t s  on  

t w o  of t h e s e  s y s t e m s  a r e  g iven  in t h e  following. 

The  s y s t e m s  s tudied  w e r e  b inary  mixtures  of 4- cyanoethylphenyl-  

4 '-octyloxy c i n n a m a t e  (CEPOOC) and  4'-octyloxyphenyl-4-cyanoben- 

z o a t e  (8 OPCB) and 4-cyanoeth ylphenyl-4'-decylox y c i n n a m a t e  ( C E P D O C )  

and  CEPOOC.  The  chemica l  f o r m u l a e  of t h e  d i f f e r e n t  m a t e r i a l s  a r e  

shown in Figures  3.17 and 3.12 a n d  t h e  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 t a b l e  3.4. T h e  c o m p l e t e  binary c o n c e n t r a t i o n- t e m p e r a t u r e  

d i ag ram for  mix tu re s  of C E P O O C  a n d  8 0 P C B  is shown in Fig.3.18. 

T h e  compound C E P O O C  has  only n e m a t i c  phase while t h e  o t h e r  compo-  

n e n t  8 0 P C B  has  n e m a t i c ,  s m e c t i c  A and s m e c t i c  C phases.  But  i n t e-  

rest ingly,  when t h e y  a r e  mixed,  because  both of t h e m  possess s t rong ly  

polar  end  groups,  t h e  s m e c t i c  A - n e m a t i c  boundary cu r l s  pronouncedly  

wi th  increas ing  concen t r a t ion  of C E P O O C  leading  t o  t h e  exh ib i t i on  

of r e e n t r a n t  n e m a t i c  phase o v e r  q u i t e  a la rge  range  of concen t r a t ion .  

The  s m e c t i c  A- s m e c t i c  C boundary  drops very  s t eep ly  w i t h  e v e n  

a s l ight  addi t ion  of CEPOOC.  However  this boundary cu r l s  b a c k w a r d s  

a s  t h e  RN-C-A point  is app roached .  The RN-C-A poin t  i s  s e e n  at  

3 9 2 5 ° C  a n d  45.66 mol  % concen t r a t ion .  I t  is c l ea r  t h a t  a l l  t h e  t h r e e  



Chemical structures of CEPOOC and CEPDOC 

CEPOOC 
I 

4 - Cyano ethylphenyl - 4 - octyloxy cinnamate 

CEPDOC 

I 
4 - cyano . ethyl  phenyl - 4 - decyloxycinnamate 

Figure 3.17 



TABLE 3.4 

Transition temperatures in "C of CEPOOC and CEPDOC 

Substance K A N I Sc 

CEPOOC 40.3 - - 108.5 

CEPDOC 72.0 (59.1) 109.0 109.5 

- 

( ) denotes that  the transition is monotropic. 

For transition temperatures of 80PCB please see Fig.3.12. 



0 20 40 60 80 100 

CEPOOC X ( Mole '10 of BOPCB) 8OPCB 

Figure 3.18 

Complete temperature-concentration (T-X) diagram for binary mixtures 

of CEPOOC and 80PCB. X is mole % of 80PCB in the mixture. The solid 

lines are guides to the eye. 



phase  boundaries, r e e n t r a n t  n e m a t i c - s m e c t i c  A, r e e n t r a n t  n e m a t i c -  

s m e c t i c  C and s m e c t i c  C - s m e c t i c  A have  pronounced c u r v a t u r e s  

in t h e  neighbourhood of RN-C-A point ,  presumably because  of o u r  

bringing RN-C-A poin t  c lo se  t o  nemat ic- iso t ropic  t rans i t ion  t e m p e r a -  

t u r e  - this  is abou t  65°C in  th i s  case compared  t o  170" C in t h e  case 

of Siguad et al. (Fig. 3.15). 

The  c o m p l e t e  t empera tu re- concen t r a t ion  d iagram of t h e  b inary  

mix tu re s  of C E P D O C  and C E P O O C  i s  shown in Fig.3.19. Essen t i a l ly  

t h e  phase d i ag ram looks t h e  s a m e  as t h a t  f o r  C E P O O C / 8 0 P C B  (Fig. 

3.18), t h e  RN-C-A point  being observed  a t  60.34OC a n d  31.085 mol  

% concent ra t ion .  It  is now l o c a t e d  -45°C away  f rom t h e  corresponding  

nemat ic- iso t ropic  t r ans i t i on  in t h e  t e m p e r a t u r e  sca le .  The  f e a t u r e  

of t h i s  phase d i ag ram (Fig.3.19) is t h e  very high d e g r e e  of c u r v a t u r e  

of r e e n t r a n t  n e m a t i c - s m e c t i c  C l ine  on approaching  t h e  RN-C-A 

point.  In f a c t  t h e  r e e n t r a n t  n e m a t i c - s m e c t i c  C boundary cu r l s  back-  

wards  as RN-C-A point  is app roached  leading c lear ly  to a r e e n t r a n t  

n e m a t i c - r e e n t r a n t  s m e c t i c C  phase t ras i t ion ,  i.e., in t h e  c o n c e n t r a t i o n  

r a n g e  of 58-62% of C E P D O C ,  t h e  sequence  of t rans i t ions  on  cool ing  

f r o m  t h e  i so t ropic  phase  i s ,  i so t ropic-  n e m a t i c -  s m e c t i c  A-  s m e c t i c  

C-  r e e n t r a n t  n e m a t i c  - r e e n t r a n t  s m e c t i c  C-  crys ta l .  Such i n s t a n c e s  

of r e e n t r a n t  s m e c t i c  C h a v e  been  r e p o r t e d  before.  2 1 

High resolution s tudy in t h e  vicini ty of RN-C-A point. 

The  global  phase  d i ag rams  of cEPOOC/~OPCB (Fig.3.18) a n d  



0 
CEPCOC 

LO 60 

X (Mole "lo of CEPDOC) 

F i g u r e  3 . 1 9  

100 

CEPDOC 

C o m p l e t e  T-X d i a g r a m  f o r  b i n a r y  m i x t u r e s  o f  CEPOOC a n d  CEPDOC. 

X i s  m o l e  % o f  CEPDOC i n  t h e  m i x t u r e .  The s o l i d  l i n e s  s e r v e  a s  g u i d e s  

t o  t h e  e y e .  



CEPOOC/CEPDOC (Fig.3.19) w e r e  obta ined  with a prec is ion  in concen-  

t r a t i o n  -0.1 t o  0.2%. S i n c e  i t  is well known t h a t  t h e  t r u e  c r i t i c a l  

behaviour c a n  be probed only by a c c u r a t e  d a t a  in t h e  i m m e d i a t e  

vicini ty of mu l t i c r i t i ca l  point ,  we  ca r r i ed  o u t  a n  ex tens ive  s t u d y  

of t h e  region in t h e  c lose  p rox imi ty  of t h e  RN-C-A point .  As  d e s c r i b e d  

ea r l i e r ,  for  high resolut ion d a t a  co l l ec t ed  in t h i s  reg ion  t h e  a c c u r a c y  

w a s  -3.01 mol %, in concen t r a t ion  and -* lo  mK for  t r ans i t i on  t e m p e r a -  

tures .  The  high resolut ion d a t a  fo r  C E P O O C / 8 0 P C B  and  C E P O O C /  

CEPDOC s y s t e m s  a r e  p re sen ted  in Fig.3.20 and  Fig.3.21 r e spec t ive ly .  

I t  must  b e  pointed o u t  t h a t  typical ly t h e  s i z e  of a c i r c l e  shown in 

t h e  global phase d i ag rams  3.18 and 3.19 cons t i t u t e s  t h e  e n t i r e  reg ion  

of t h e  corresponding high resolut ion d iagrams p r e s e n t e d  in Fig. 3.20 

and Fig.3.21. C lea r ly  s ingular i t ies  a r e  seen fo r  a l l  t h e  t h r e e  phase  

boundaries. W e  have  p lo t t ed  t h e  high resolut ion d a t a  wi th  t e m p e r a t u r e  

a long t h e  x-axis and  c o n c e n t r a t i o n  along t h e  y-axis. T h e  c lose  s imi la-  

r i t y  of Fig.3.20 a n d  3.21 wi th  universal cu rves  of NAC o b t a i n e d  by 

Brisbin et a1.l' (Fig.3.4) a n d  Shashidhar e t  a .  (Fig.3.6) i s  s tr iking.  

We shall now ana lyse  t h e  s ingular i t ies  near  t h e  RN-C-A poin t  quant i-  

ta t ive ly .  I t  is r e l evan t  t o  r eca l l  he re  t h a t  t h e  r e m a r k a b l e  f e a t u r e  

of t h e  resu l t s  on NAC mul t i c r i t i ca l  point was  t h a t  t h e  sca l ing  a x e s  

w e r e  t h e  s a m e  as t h e  e x p e r i m e n t a l  a x e s  - P and T in t h e  case of 

s ingle componen t  s y s t e m 1 4  a n d  T and  X in t h e  c a s e  of b inary  sys t ems .  12 

In our computa t ions  on t h e  RN-C-A point we  have  used e s sen t i a l ly  

t h e  s a m e  express ions  a s  t h o s e  used by Brisbin et al.  f o r  t h e  N A C  



F i g u r e  3 . 2 0  

High  r e s o l u t i o n  T-X d i a g r a m  i n  t h e  v i c i n i t y  o f  t h e  RN-C-A m u l t i -  

c r i t i c a l  p o i n t  i n  t h e  80PCB + CEPOOC b i n a r y  s y s t e m  (X i s  rnol $ o f  

CEPOOC). The s o l i d  l i n e s  a re  c o m p u t e r  f i ts  o f  o u r  data t o  e x p r e s s i o n s  

f o r  t h e  A- R N ,  A-C a n d  C-RN p h a s e  b o u n d a r i e s  ( s e e  t e x t ) .  The  

d a s h e d  l i n e  r e p r e s e n t s  t h e  b e s t - f i t  B t e r m .  



F i g u r e  3.21 

H i g h - r e s o l u t i o n  T-X d i a g r a m  i n  t h e  v i c i n i t y  o f  theRN-C-A 

p o i n t  i n  t h e  CEPDOCcCEPOOC b i n a r y  s y s t e m  (X i s  mol  % o f  

CEPOOC). S e e  a l s o  l e g e n d  o f  F i g .  3 .20.  



s y s t e m  but  wi th  a s imple  90" ro t a t ion  of scal ing axes.  This  i s  n e c e s s a r y  

because  t h e  sequence  of t rans i t ions  nea r  t h e  RN-C-A point  i s  i n v e r t e d  

c o m p a r e d  t o  N A C  point  when t h e  t e m p e r a t u r e  is lowered ,  at a con-  

s t a n t  concent ra t ion .  In t h e  c a s e  of t h e  f o r m e r  t h e  n e m a t i c  p h a s e  

i s  t h e  lowest  t e m p e r a t u r e  phase  while in the case of l a t t e r  t h e  n e m a t i c  

phase  occu r s  a t  t h e  h ighes t  t empera tu re .  T h e  express ions  used  by 

us for  computa t ions  a r e  : 

- 

T h e  computa t ions  w e r e  c a r r i e d  ou t  as in t h e  case of Brisbin et al.  

wi th  t h e  universal i ty cons t r a in t  r) A-RN = Q ~ - ~ ~ ~  i~ i t se l f  being a f r e e  

p a r a m e t e r .  T h e  va lues  of t h e  exponent  r) , t h e  ampl i tude  A a n d  X 2 

f o r  t h e  d i f f e ren t  phase  boundar ies  A-RN, C-RN and  A-C, a r e  g iven  

fo r  t h e  two  binary s y s t e m s  in t a b l e  3.5. It  is c l e a r  t h a t  t h e  e x p o n e n t s  

rl a r e ,  within s t a t i s t i c a l  unce r t a in t i e s ,  exac t ly  s a m e  a s  t h e  un ive r sa l  

exDonents a s soc ia t ed  wi th  t h e  NAC ~ o i n t .  



TABLE 3.5 

Best- fi t  p a r a m e t e r s  and  va lues  of X2 obta ined  f r o m  indiv idual  f i t s  of 

o u r  high- resolution T-X d a t a  t o  t h e  expressions 3(a),  3(b) a n d  3(c). 

T ~ ~ - ~ - ~  (OC) 

'RN-C-A (mol  %) 

RN-C-A = A-RN 

A-C 

A ~ - ~ ~  

A ~ - ~  

2 
X A - R N  

2 
C-RN 

2 
A-C 



Thus w e  have,  by bringing t h e  RN-C-A point  c l o s e r  in t e m p e r a -  

t u r e  sca l e  t o  nemat ic- iso t ropic  t ransi t ion t e m p e r a t u r e ,  i n c r e a s e d  

t h e  exper imenta l ly  obse rvab le  c r i t i c a l  region. T h e  s ingu la r i t i e s  of 

phase  boundaries observed  in t h e  c r i t i ca l  region h a v e  t h e  s a m e  expo-  

n e n t s  as t h e  NAC s y s t e m  proving the reby  t h a t  t h e  RN-C-A a n d  N A C  

mul t i c r i t i ca l  poin ts  exhib i t  t h e  s a m e  universal behaviour.  

3.5. SUMMARY OF CURRENT THEORETICAL AND EXPERIMENTAL 

UNDERSTANDING OF THE RN-C-A AND NAC MULTICRITICAL. 

POINTS 

In t h e  light of d i f f e r e n t  t y p e s  of high resolut ion s tud ie s  c o n d u c t e d  

o n  sys t ems  exhibi t ing t h e  N A C  point ,  i t  is of i n t e r e s t  t o  c o m p a r e  

t h e  resul ts  of t h e s e  s tud ie s  with theo re t i ca l  predict ions.  We shal l  

f i r s t  e n u m e r a t e  on t h e  l a t t e r .  

3.5.1 Theoretical Predictions 

As ment ioned ea r l i e r ,  t h e  C h u  and McMillan model  w a s  based  

on  McMillants microscopic  t h e o r y 2  of t h e  s rnec t ic  C phase. This  t h e o r y  

c e n t r e d  around t h e  e l e c t r i c  dipole-dipole in t e rac t ions ,  t h e  dipolar  

or ien ta t ional  o rde r  bringing a b o u t  t h e  s m e c t i c  A- s m e c t i c  C t rans i t ion .  

Neglect ing t h e  f luc tua t ions  in t h e  o rde r  pa rame te r s ,  C h u  and  McMillan 

w r o t e  t h e  Landau f r e e  ene rgy  express ion  a s  



(iq,z + iqxx) 
w h e r e  J, =$ e i s  t h e  o rde r  p a r a m e t e r  descr ib ing  t h e  s m e c t i c  

0 

l aye r s ,  B =  B x i s  t h e  s m e c t i c  C dipolar  order ,  and  a=ao(T-TI) ,  e=eo(T-T2) ,  
0 

b and  f a r e  assumed t o  b e  posi t ive and t e m p e r a t u r e  independent .  

It  may b e  no ted  t h a t  in equa t ion  (4) bo  d o e s  n o t  o c c u r  by i tself  

in a n y  t e r m ,  but  a lways  in combinat ion  with Vo. This  imp l i e s  t h a t  

t h e  possibility of t h e  e x i s t e n c e  of a biaxial n e m a t i c  (i.e., t i l t  in t h e  

a b s e n c e  of layers ,  B f O  $J =O)is ru led  out. Minimising F wi th  r e s p e c t  
0 

t o  Vo and  Bo, t h e  a u t h o r s  o b t a i n e d  a phase  digram w h e r e  t h e  cont inuous  

NA,  NC and AC phase  boundar ies  m e e t  a t  a poin t  T N A C = T I = T Z .  

In addi t ion  t o  predic t ing  t h e  possibility of a NAC point ,  t h e y  a l so  

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

t h e  n e m a t i c - s m e c t i c  C p h a s e  transi t ions.  The t h e o r y  a l s o  found t h a t  

a l l  t h e  t h r e e  Frank e l a s t i c  c o n s t a n t s  K1, K2 and K j  d i v e r g e  as t h e  

para l le l  c o h e r e n c e  length  6, 1 .  This i s  in c o n t r a s t  to d e  C e n n e s ' s  

t h e o r y  26727 w h e r e  t h e  e l a s t i c  c o n s t a n t s  d iverge  as E3'2. A p a r t  f r o m  I I 
t h e s e ,  t h e  xray  s c a t t e r i n g  p ro f i l e  was  expec ted  t o  be  Loren tz i an  

throughout  t h e  n e m a t i c  phase.  Also, t h e  mass  dens i ty  f l u c t u a t i o n s  

w e r e  e x p e c t e d  t o  vary  smoo th ly  a c r o s s  t h e  N A C  phase  d i ag ram.  

4 In t h e  a l t e r n a t i v e  a p p r o a c h  by C h e n  and  Lubensky t h e  s m e c t i c  

C phase  is induced by t h e  t i l t  of t h e  n e m a t i c  d i r e c t o r  r e l a t i v e  t o  

t h e  layer  normal .  T h e  t i l t  which  i s  a n  addit ional  p a r a m e t e r  ( n o t  a n  

o r d e r  p a r a m e t e r )  o c c u r s  when t h e  coef f ic ien t  of t h e  t r a n s v e r s e  gra-  

d ien t  t e r m  becomes  negat ive .  In t h e  ordered  phase  t h e  f r e e  e n e r g y  

has  t h e  f o r m  



K iK.r where  m(r) = e p(K) is t h e  sca l a r  o r d e r  p a r a m e t e r ;  

P (K)  being t h e  Four i e r  t r a n s f o r m  of t h e  c e n t r e  of m a s s  dens i ty  p(r). 

~ ( r )  i s  periodic wi th  t h e  fundamen ta l  wavevec to r s  g iven  b y  q and  
A 

q c in t h e  s m e c t i c  A and  s m e c t i c  C phases respec t ive ly .  In t h e  

(Cl, T) space ,  equa t ion  ( 5 )  l eads  t o  a phase d i ag ram wi th  a n  N A C  

point  (in Fig.3.1) a t  (CI=O, T = T  ). All t h e  phase  t r a n s i t i o n s  a r e  
NAC 

continuous; however ,  t h e  a u t h o r s  point ou t  t h a t  owing t o  Brazovskii  

f luc tua t ions  23 t h e  NC t r ans i t i on  may  be  dr iven  f i r s t  order .24 T h e  

model  p red ic t s  t h a t  t h e  x ray  sca t t e r ing  in tens i ty  in t h e  n e m a t i c  phase  

nea r  t h e  NAC poin t  fa l l s  of f  in t h e  t r ansve r se  d i r ec t ion  as q'! Also, 1 
t h e  model p red ic t s  t h a t  a t  t h e  NA t rans i t ion  K2 a n d  Kg d i v e r g e ,  

bu t  K ,  does  not.  This i s  in a g r e e m e n t  with t h e  p red ic t ions  of  d e  

~ e n n e s . ~ ~  A t  t h e  N C  t rans i t ion ,  however,  t h e  C h e n  and Lubensky 

model  p red ic t s  a c 2  d ive rgence  fo r  a l l  t h e  e l a s t i c  c o n s t a n t s  which  

i s  in d i sag reemen t  with t h e  d e  GennesZ6 model  which  p r e d i c t s  a 

c3I2 divergence.  As s t a t e d  above ,  at t h e  NAC point  C 0 a n d  h e n c e ,  I= 
according  t o  t h e  C h e n  and Lubensky theory ,  t h e  NAC point  i s  a Lif-  

sh i t z  point.5 A t  t h i s  point t h e  a u t h o r s  ca l cu la t ed  t h a t  K3 d i v e r g e s  

as 5 while K and  K a r e  only slightly divergent .  II 2 1 

3.5.2. Expe r imen ta l  Studies - Phase  Diagrams.  

L e t  u s  now c o m p a r e  t h e  topology of t h e  N A C  phase  d i a g r a m  

ob ta ined  expe r imen ta l ly  wi th  those  p red ic t ed  by t h e  t w o  models .  



In t h e  f i r s t  expe r imen ta l  phase  diagram6 (iS5/855 s y s t e m )  which  

exhib i ted  a NAC point  in T-X plane,  t h e  AC a n d  NC l ines  (i.e., t h e  

C line) had a c o m m o n  s lope  at t h e  NAC poin t  while  t h e  NA l ine  

approached i t  obliquely. D e  Hoff et aL8 poin ted  o u t  t h a t  t h i s  is in 

d i sag reemen t  with t h e  predic t ions  of both t h e  t h e o r i e s  where in  t h e  

NA and NC l ines have  a c o m m o n  t angen t  wi th  t h e  AC l ine  coming  

in obliquely. However ,  in t h e  l a t e r  high resolu t ion  T-X d i a g r a m s  

of Brisbin ef a1.12 a n d  t h e  high resolut ion P-T d i a g r a m  o f  Shashidhar  

et al.,14 a11 t h e  phase  boundar ies  a r e  shown t o  exh ib i t  universal  singu- 

lari t ies .  The  explanat ion  given by Brisbin et a1.I2 f o r  t h e  non- observa-  

t ion  of such  s ingular i t ies  in t h e  i s 5 / 8 ~ 5  (which  t h u s  i s  

inconsistent  with t h e  universal  concept )  i s  t h a t  in t h i s  s y s t e m  t h e  

ampl i tude  of t h e  NC l ine d ive rgence  (ANC) i s  ve ry  small .  They  a l so  

r e m a r k  t h a t  t h e  lower  dens i ty  of d a t a  and prec is ion  of t h e  1 ~ 5 / 8 ~ 5  

expe r imen t s  may  be t h e  o t h e r  reasons  for  obta in ing  a non-universal  

topology. Our resu l t s  p re sen ted  in this c h a p t e r  show t h a t  t h e  s a m e  

universal  topology a s soc ia t ed  with NAC also holds n e a r  RN-C-A a s  

indeed expec ted  s i n c e  t h e  phases  involved in t h e  t w o  cases have  

t h e  s a m e  symmetry .  

3.5.3. High resolution xray, calorimetric and light scattering studies. 

We shall  now s u m m a r i s e  t h e  resu l t s  of i m p o r t a n t  high resolu-  

t ion  x r a y ,  c a l o r i m e t r i c  and  l ight  s c a t t e r i n g  e x p e r i m e n t s  which  have  

pe rm i t  t e d  expl ic i t  compar i sons  with theory.  



A) Xray  S c a t t e r i n g  Studies  

As r e m a r k e d  ea r l i e r  t h e  C h e n  and Lubensky m o d e l  de f ines  

t h e  NAC poin t  as t h a t  at wh ich  t h e  coe f f i c i en t  of t h e  g r a d i e n t  s q u a r e  

t e r m  in t h e  Landau-Ginzburg f r e e  ene rgy  expression b e c o m e s  zero.  

It  a l so  p red ic t s  t h e  NAC poin t  t o  b e  a m = 2  Lifsh i tz  point.5 S i n c e  

i t  has  a lower  margina l  d imensional i ty  of 3 in t e re s t ing  f l u c t u a t i o n  

e f f e c t s  should occur .  T h e  C h e n  a n d  Lubensky model m a k e s  t h e  impor-  

t a n t  predic t ion  t h a t  near  t h e  NAC point t h e  t r a n s v e r s e  m a s s  dens i ty  

f luc tua t ions  should have  a q4 dependence  r a the r  t h a n  t h e  conven t iona l  1 
f 1 0  Lorentz ian  (q ) behaviour. Ea r l i e r  high resolution e x p e r i m e n t s  con-  

d u c t e d  on t h e  NA s i d e  of t h e  phase  d iagram s e e m e d  t o  show d i sag ree-  

m e n t  with th is  prediction.4 It  w a s  found t h a t  t h e  t r a n s v e r s e  mass  

dens i ty  f luc tua t ions  a r e  a l w a y s  Lorentz ian .  However  s u b s e q u e n t  high 

resolut ion xray  s tudies1 '  c o n d u c t e d  for  a se r i e s  of c o n c e n t r a t i o n s  

on  t h e  NC s i d e  of t h e  phase  boundary showed s o m e  i n t e r e s t i n g  beha- 

viour. I t  w a s  observed  t h a t  f o r  concen t r a t ions  X > X 
N AC' 

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

in t h e  n e m a t i c  phase  a t  h igher  t e m p e r a t u r e s  i s  c h a r a c t e r i s t i c  of 

s m e c t i c  A f luc tua t ions  whi le  at  lower  t e m p e r a t u r e s  t h e  s c t t e r i n g  

was  c h a r a c t e r i s e d  by p re t r ans i t i ona l  s m e c t i c  C f luc tua t ions .  Thus 

t h e  p red ic t ed  f luc tua t ions  cross- over  f r o m  s m e c t i c  A- l ike  to s m e c t i c  

C-like w a s  indeed expe r imen ta l ly  observed  in t h e  n e m a t i c  phase .  

It was  a lso  obse rved  t h a t  t h e  pre t rans i t ional  s m e c t i c  C s c a t t e r i n g  i s  

highly non-Lorentzian which is in quan t i t a t i ve  a g r e e m e n t  w i t h  C h e n  

and Lubensky model. On t h e  basis of t hese  s tudies  i t  w a s  conc luded  



t h a t  t h e  Li fsh i tz  model  of C h e n  a n d  Lubensky g ives  a good desc r ip t ion  

of t h e  c r i t i ca l  s c a t t e r i n g  a s s o c i a t e d  with the  NC t r ans i t i on  f o r  t h o s e  

concen t r a t ions  which a r e  n o t  in t h e  immedia t e  v ic in i ty  of t h e  N A C  

point.  On t h e  o t h e r  hand, in  t h e  s a m e  concen t r a t ion  range ,  t h e  C h u  

and  McMillan model  was  found t o  be  qui te  unsuccessful.  However ,  

s o m e  serious d iscrepancies  r e m a i n e d  with r ega rd  t o  t h e  p red ic t ions  

of t h e  Chen  and Lubensky model  in t h e  i m m e d i a t e  vicini ty of t h e  

NAC point  like fo r  i n s t a n c e  concerning  proper l oca t ion  of t h e  cross-  

o v e r  l ine  and  t h e  n a t u r e  of t h e  f luc tua t ions  in t h e  c lose  v ic in i ty  

of t h e  NAC point. All t h e  x r a y  d i f f rac t ion  s tud ie s  desc r ibed  a b o v e  

w e r e  conduc ted  on 7 ~ 5  and  8.55 s y s t e m  which in f a c t  was  t h e  f i r s t  

s y s t e m  in which t h e  NAC point was  seen. Very r ecen t ly ,  however ,  

Mart inez-Miranda et a ~ . ' ~  h a v e  m a d e  high resolu t ion  xray  s t u d i e s  

of t h e  pre t rans i t ional  f l u c t u a t i o n s  above  t h e  NC p h a s e  boundary  in 

a n o t h e r  binary s y s t e m ,  viz., ?S5/80CB. These  s t u d i e s  h a v e  g iven  

s o m e  e x t r e m e l y  i m p o r t a n t  resul ts .  I t  was  found f r o m  t h e  x r a y  s tudy  

in n e m a t i c  phase t h a t  t h e  s m e c t i c  mass  density f luc tua t ions  a r e  a l w a y s  

wel l  descr ibed  by t h e  s imp le  Li fsh i tz  form proposed by C h e n  and  

Lubensky. Thus t h e  s tud ie s  by Mart inez-Miranda et al.  have  l o c a t e d  

t h e  Li fsh i tz  l ine a long which t h e  coef f ic ien t  of g r a d i e n t  s q u a r e  t e r m  

of Landau-Ginzburg f r e e  e n e r g y  expression vanishes. They a l s o  found 

t h e  e x t r e m e l y  in t e re s t ing  resul t ;  t h a t  t h e  Lifshi tz  l i ne  mi r ro r s  t h e  

A C  boundary (Fig.3.22). T h u s  on  t h e  whole t h e  xray  s c a t t e r i n g  r e su l t s  

a r e  in very good a g r e e m e n t  with t h e  Lifshi tz  point model  of C h e n  

a n d  Lubensky. 



X ( mole fraction of 80CB x l d 3 )  

F i g u r e  3 .22  

NAC phase  diagram o b t a i n e d  from t h e  p o l a r i s i n g  micro-  

s c o p e  s t u d i e s .  S o l i d  c i r c l e s ,  T N A ;  open s q u a r e s ,  
T~~ ; 

open c i r c l e s ,  T N C ;  s o l i d  s q u a r e s  d e n o t e  t h e  f l u c t u a t i o n  

c r o s s  o v e r  p o i n t s  a s  o b t a i n e d  by Xray s t u d i e s  ( s e e  

r e f .  2 8 ) .  



B. Ca lo r ime t r i c  s tud ie s  and c o m m e n t s  on t h e  o r d e r  of 

p h a s e  t r ans i t i ons  on approaching  t h e  NAC point  

The  e a r l i e s t  ca lo r ime t r i c  work on sys t ems  exhib i t ing  t h e  NAC 

poin t  is due  t o  Johnson et a ~ . ~  on 7 ~ 5 1 8 ~ 5  binary sys t em.  Subsequent ly  

m o r e  de t a i l ed  c a l o r i m e t r i c  s tudies  (AC c a l o r i m e t r y  and  ad iaba t i c )  

have  been c o n d u c t e d  9'29-31 on sys t ems  exhibi t ing NAC point.  These  

r e su l t s  will b e  summar i sed  in t h e  following : 

i) NA t r ans i t i ons  

d e  Hoff et a ~ . ~  and Anisimov et a130 h a v e  s tud ied  t h e  s p e c i f i c  

h e a t  changes  a s soc ia t ed  with t h e  NA t rans i t ions  fo r  t h e  7 S 5 / 8 ~ 5  s y s t e m  

a n d  4-n-hexyloxy phenyl-4'-n-octyloxybenzoate/4-n-hexyloxy phenyl-4'-n- 

decyloxy benzoa te  (6.0.3/6.0.ib) sys t em respect ive ly  (Figs. 3.23 a n d  

3.24). In both cases i t  w a s  obse rved  t h a t  t h e  a m p l i t u d e  of t h e  spec i f i c  

h e a t  anomaly  d e c r e a s e s  rapidly as t h e  NAC poin t  i s  app roached .  

Two a l t e rna t ive  exp lana t ions  for  t h e  d isappearance  of s p e c i f i c  h e a t  

anamoly  a s soc ia t ed  wi th  t h e  AN t rans i t ion  h a v e  been  proposed. D e  

Hoff et al?  have  a rgued  t h a t  t h e  d isappearance  of t h e  s p e c i f i c  h e a t  

anamoly  is probably not  r e l a t e d  t o  NAC point  at  al l ,  bu t ,  cou ld  be  

d u e  t o  a n  inc rease  of s m e c t i c  A b a r e  cohe rence  l eng th  which in t u r n  

i s  d u e  t o  e n h a n c e m e n t  of t h e  n e m a t i c  range. T h e  i n c r e a s e  in b a r e  

cor re la t ion  l eng th  in f a c t  h a s  been  seen  in Xray  expe r imen t s .  3 2 

Corade t sk i  and  ~ o d n e k ~ ~  h a v e  a rgued  t h a t  t h e  r e su l t s  of Anis imov 

e t  al .  and of d e  Hoff  et al. could b e  expla ined  as being d u e  t o  exis-  



NEMATIC 

Figure 3 . 2 3  

Specific heat vs. reduced tenperature at the NA transitions 

of pure B s ~  and five mixtures (15-42% 7 ~ 5 )  (ref. 9 ) .  



SmA 

Figure 3.24 

Heat capacity near the A-N transitions (ref. 30)  



t e n c e  of " reen t r an t  point" a t  o r  ve ry  c lose  t o  NAC point .  Th i s  t heo ry  

which t r e a t s  t h e  s m e c t i c  f l uc tua t ions  in t he  Orns te in- Zernike  approxi-  

m a t i o n  p red ic t s  a typical  phase  d i ag ram for  t h e  N A C  s y s t e m  as shown 

in Fig.3.25. It  i s  i n t e re s t ing  t h a t  t h e  theory  p r e d i c t s  (i) a c ros sove r  

l ine  (Q = Q line) a t  which  s m e c t i c  A like f luc tua t ions  c h a n g e  t o  
C 

s m e c t i c  C like f luc tua t ions  ( Q  < Q denoting S l i ke  and  Q > Qc de-  c A 

not ing  C l ike regions) and  (ii) t h a t  th is  crossover l ine  m u s t  b e  para l le l  

t o  t h e  nemat ic- iso t ropic  boundary. This has  no t  b e e n  r igorously t e s t e d  

in any  expe r imen ta l  sys t em so fa r .  

(ii) N C  t rans i t ions  

T h e r e  have  been s o  f a r  t h r e e  a c c u r a t e  s p e c i f i c  h e a t  measu re-  

m e n t s  on t h e  NC l ine  fo r  s y s t e m s  exhibi t ing NAC point ,  viz., 1 ~ 5 / 8 ~ 5 ,  
9 

--30 6.0.8/6.0.10 and ~ . S ~ / ~ O C B ~ ~  sys tems.  Chronological ly t h e  measure-  

m e n t s  of D e  Hoff e t  a1 p receded  t h e  others .  It w a s  obse rved  by  t h e m  

t h a t  t h e  t h e r m a l  behaviour nea r  NC l ine is marked ly  d i f f e r e n t  f r o m  

t h a t  n e a r  t h e  NA line. While t h e  NA t rans i t ions  w e r e  con t inuous  

exhib i t ing  s t rong f luc tua t ions ,  t h e  NC t rans i t ions  w e r e  s e e n  t o  exh ib i t  

f i r s t  o rde r  behaviour wi th  very  weak f luc tua t ions  (Fig. 3.26). d e  

Hoff et al. have  a l so  e v a l u a t e d  t h e  t rans i t ion  e n t r o p y  f o r  t h e  N C  

t rans i t ion  using A C  c a l o r i m e t r y  a n d  d i f ferent ia l  s cann ing  c a l o r i m e t r y  

techniques.  Such a combined technique  p e r m i t t e d  t h e m  t o  a c h i e v e  

a precision of t0.001 Ro in  t h e  de t e rmina t ion  of t r ans i t i on  e n t r o p y  

a ~ ~ '  Fig.3.27 shows t h e  p lo t  of  ASNC versus X ( concen t r a t ion )  of 



F i g u r e  3.25 

A t y p i c a l  phase  diagram o f  L C .  The s i n g u l a r  p o i n t s  

on t h e  NA l i n e  which d e t e r m i n e  t h e  b e h a v i o u r  o f  d i f f e -  

r e n t  q u a n t i t i e s  f o r  Q < QC ( A  r e g i m e ) ,  a r e  i n d i c a t e d .  

The shaded r e g i o n  shows t h e  r e g i o n  o f  n o n- L o r e n t z i a n  

b e h a v i o u r .  The f i g u r e  a l s o  shows a I f r e e n t r a n t  p o i n t "  ( R P )  

as w e l l  a s  a  t r i c r i t i c a l  p o i n t  (TCP) (Ref .  3 3 ) .  



F i g u r e  3 .26  
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of s e v e r a l  m i x t u r e s .  The z e r o  o f  t h e  o r d i n a t e  i s  d i f f e r e n t  

f o r  each c o n c e n t r a t i ; n  o f  7 ~ 5 ,  43 .5  - 80%. The b a s e l i n e  i s  
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a p p r o x i m a t e l y  1100 J / r c r ~ l O C  i n  each  c a s e  ( R e f .  9 ) .  



Figure 3.27 

NC transition entropy versus concentration. Solid lines are fits 

to the data at concentrations greater than 45%. Inset is an 

expansion of region enclosed by dotted lines. Each point repre- 

sents the average of 15 to 25 scans involving several samples 

(ref. 9 ) .  



7 ~ 5 / 8 ~ 5 ,  d e t e r m i n e d  a c c u r a t e l y  in t h i s  manner.  I t  i s  c l e a r  t h a t  

(AS)NC g o e s  t o  z e r o  very  c lose  t o  o r  at t h e  NAC point .  T h e  expe r i-  

men ta l  r e su l t s  of Anisimov et al. a r e  shown in Fig.3.28 a n d  Fig.3.29. 

T h e  spec i f i c  h e a t  anomoly  n e a r  t h e  NC t rans i t ion  f o r  t h e  32.5% (mol 

%) mix tu re  of <.0.8/6.0.10, i s  shown in Fig. 3.28 while  Fig.3.29 repro-  

d u c e s  t rans i t ion  e n t r o p y  for  t h e  NC t rans i t ion  as a func t ion  of concen-  

t ra t ion .  Thus t h e  resu l t s  of both Anisimov et al. a n d  De Hoff  et al. 

s e e m  t o  show t h a t  t h e  e n t r o p y  of NC l ine goes  t o  z e r o  at X 
NAC' 

t h e  var ia t ion  i tself  being s o m e w h a t  nonlinear very  c lose  t o  X 
NAC' 

T h e  mos t  r e c e n t  spec i f i c  h e a t  invest igat ion of NC t r a n s i t i o n  

in NAC s y s t e m  is d u e  t o  Gar land and ~ u s t e r ~ '  w h o  have  s tud ied  

1.95 mol% of 8 0 C B  in 7 ~ 5 .  This concen t r a t ion  is very  c l o s e  t o  N A C  

point  ( a t  2.74 mol%). They found t h a t  their d a t a  a r e  well d e s c r i b e d  

by Landau model  in which t h e  f i r s t  o rde r  n a t u r e  of t r a n s i t i o n  i s  very  

weak. Thus t h e y  concluded t h a t  t h e r e  should be a c l a s s i ca l  Landau  

t r i c r i t i ca l  point  f o r  t h e  N C  t r ans i t i on  a t  o r  very  c lose  t o  t h e  NAC 

point.  

(iii) A C  t r ans i t i on  

The  spec i f i c  h e a t 9  d a t a  on A C  t rans i t ions  in 7 ~ 5 1 8 ~ 5  s y s t e m  

a r e  shown in Fig.3.30. This a p p e a r s  t o  b e  t h e  mos t  exhaus t ive  spec i f i c  

h e a t  s tudy of AC l ine  fo r  a NAC sys tem.  Weak f l u c t u a t i o n  con t r i -  

butions a r e  s een  t o  c h a r a c t e r i s e  t h e s e  t ransi t ions.  To t h i s  e x t e n t  

t h e  spec i f ic  h e a t  behaviour of A C  t rans i t ion  r e sembles  t h a t  of NC 



Figure 3.28 

Heat capacity near the N-C transition in the pure 

608 (crosses) and 32.5% mixture (dots) (ref. 3 0 ) .  



F i g u r e  3.29 

N-C t r a n s i t i o n  e n t r o p y  and h e a t  c a p a c i t y  jumps 

n e a r  t h e  YAC p o i n t  ( r e f .  3 0 ) .  
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F i g u r e  3.30 

S p e c i f i c  h e a t  v s .  r educed  t empera tu re  n e a r  t h e  AC t r a n s i t i o n s  

o f  pure  B s ~  and f i v e  m i x t u r e s  ( 15-428 7.55). The a r r o w s  d e s i g-  

n a t e  NA t r a n s i t i o n s .  The 42% sample is  v e r y  c l o s e  t o  t h e  

NAC p o i n t  ( r e f .  9 ) .  



t rans i t ion  while  i t  a p p e a r s  to be d i f f e r e n t  f r o m  t h a t  of NA t rans i t ion .  

A compar ison  of magn i tudes  of spec i f i c  h e a t  jumps (AC ) a l o n g  t h e  
P 

, 
C line shows t h a t  while  AC as soc ia t ed  wi th  t h e  NC t r a n s i t i o n  i s  con-  

P 
s t a n t  ( t o  within e x p e r i m e n t a l  condit ions)  fo r  a l l  c o n c e n t r a t i o n s  up t o  

NAC point ( s ee  Fig.3.26), AC f o r  A C  diverges sharp ly  a s  t h e  N A C  point  
P 

is approached,  t h i s  being m o r e  pronounced for  c o n c e n t r a t i o n s  very  

c lose  t o  X NAC (Fig.3.30). The  analys is  of t h i s  d a t a  a l s o  a p p e a r s  

t o  show t h a t  fo r  a l l  concen t r a t ions  t h e  A C  line c a n  b e  d e s c r i b e d  

as m e a n  f ie ld  behaviour. Anisimov et h a v e  a rgued  t h a t  t h e  N A C  

point could a lso  b e  a t r i c r i t i c a l  point f o r  t h e  A C  line. 

In s u m m a r y  t h e  c a l o r i m e t r i c  d a t a  s e e m  t o  i n d i c a t e  t h a t  while  

NA is t ru ly  second o r d e r  r i gh t  up t o  NAC point ,  t h e  NC t r a n s i t i o n  which 

i s  f i r s t  o r d e r  away  f r o m  t h e  NAC point ,  is l ikely t o  h a v e  a t r i c r i t i c a l  

point a t  o r  very  c lose  t o  NAC point.  The  possibility t h a t  t h e  A C  l ine 

could a lso  h a v e  a t r i c r i t i c a l  point at  t h e  NAC point  c a n n o t  b e  ru led  

out .  Evidently,  f u r t h e r  s tud ie s  a r e  required t o  prove t h e s e  points .  

c )  Light S c a t t e r i n g  S tud ie s  

The f i r s t  d e t a i l e d  l ight  s c a t t e r i n g  expe r imen t  nea r  N A C  poin t  i s  

due  t o  Witanachi  et who s tud ied  t h e  behaviour of bend  e l a s t i c  

cons t an t s  a b o v e  t h e  NC t r ans i t i on  in f ~ 5 / 8 ~ 5  sys tem.  T h e y  found 

t h a t  t h e  n a t u r e  of d i r e c t o r  f l uc tua t ions  in 7 ~ 5 1 8 ~ 5  m i x t u r e s  i n d i c a t e  

t h a t  t h e  NC t r ans i t i on  n e a r  t h e  N A C  point exhib i t s  bo th  s m e c t i c  

layer  and  t i l t  f luc tua t ions .  These  r e su l t s  canno t  be a d e q u a t e l y  desc r i -  



bed  by a n y  of t h e  exis t ing  models. Solomon a n d  ~ i t s t e r ~ ~  h a v e  repor-  

t e d  l ight  s c a t t e r i n g  m e a s u r e m e n t s  of nema t i c  d i r e c t o r  f l u c t u a t i o n s  

n e a r  t h e  N A C  point in t h e  1 . ~ 5 1 8 ~ 5  sys tem.  They w e r e  a b l e  to a n a l y s e  

t h e  d a t a  a n d  c o r r e c t  f o r  t h e  e f f e c t s  of c u r v a t u r e  of phase  boundary  

a n d  e l u c i d a t e  t h e  evolu t ion  in t h e  cr i t ica l  behaviour  as t h e  N A C  

point  is app roached  both  f r o m  t h e  NA and  NC s ides  of t h e  m u l t i c r i t i c a l  

point.  Their resu l t s  on  NA and NC boundaries  a r e  r e p r e s e n t e d  in 

Fig.3.31 and  Fig.3.32. A n o t a b l e  f e a t u r e  of t h e  d a t a  o n  NA t r a n s i t i o n s  

i s  t h e  inc rease  in co r re l a t ion  length a s  NAC poin t  i s  app roached .  

As r e m a r k e d  e a r l i e r  ( s ee  sec t ion  3.5.1), t h e  d i f f e r e n t  t h e o r e t i c a l  

models  m a k e  d i f f e r e n t  predic t ions  concerning t h e  behaviour  of K 1  

a n d  K 2  a t  t h e  Li fsh i tz  point  and  along NC line. H o w e v e r  t h e y  a l l  

p red ic t  a s imi lar  d ive rgen t  behaviour of K a long  t h e  NA line. T h e  
3 

d a t a  of Solomon and  L i t s t e r  a r e  cons is ten t  w i th  p red ic t ions  of  C h e n  

a n d  Lubensky model  fo r  Li fsh i tz  point and N4 lines. Pe rhaps ,  t h e  

m o s t  s tr iking f e a t u r e  of t h e  d a t a  of Solomon a n d  L i t s t e r  i s  t h e  i n c r e a s e  

of K t o  a max imum value  at  a t e m p e r a t u r e  above  t h a t  of N C  t r ans i -  
3 

t i on  and i t s  d e c r e a s e  a s  t h e  t rans i t ion  is approached.  This  behaviour  

i s  a l so  c l ea r ly  visible in t h e  Xray  measu remen t s  of Mar t inez- Miranda  2 8 

shown in Fig.3.33. I t  mus t  a l so  be yemarked t h a t  m o r e  r e c e n t  expe r i-  

m e n t s  of Huang and ~0~~ w h o  have de t e rmined  bend e l a s t i c  c o n s t a n t s  

nea r  NAC point  by  F r e e d e r i c k s z  technique  have  a l so  shown a s imi l a r  

behaviour fo r  K This  e f f e c t  is however n o t  a n t i c i p a t e d  by a n y  of 
3' 

t h e  exist ing models  a n d  t h e r e f o r e  needs t o  be addres sed  t o  t h e o r e t i -  

cal ly.  



Figure 3.31 

q0 in the N-A samples. The key gives the mole 

fraction of 80CB in the mixtures (ref. 35). 



F i g u r e  3 . 3 2  

Nematic p h a s e  b e h a v i o u r  i n  t h e  N-SC s a m p l e s .  The o p e n  

c i r c l e s  a r e  t h e  l i g h t - s c a t t e r i n g  ( i n v e r s e  i n t e n s i t y )  d a t a  

which have  been s c a l e d  t o  a g r e e  w i t h  t h e  Xray  r e s u l t s  a t  

T  > TNC + 6 K ,  a n d  t h e  s o l i d  c i r c l e s  a re  t h e  X-ray d a t a  

measured  a t  q = O .  The a r r o w  i n d i c a t e s  t h e  L i f s h i t z  l i n e .  1 
The u p p e r  p a n e l  i s  t h e  XBOCB = 0.0176 s a m p l e ,  a n d  t h e  l o w e r  

p a n e l  is  t h e  0.0197 s a m p l e .  The s q u a r e  s y m b o l s  i n  t h e  

l o w e r  p a n e l  are  t h e  K d a t a  p o i n t s  ( r e f .  3 5 ) .  
2  



Figure 3.33 

Susceptibility, longitudinal and transverse correlation 

lengths as obtained by Xray scattering studies for the 

XBOcs = 0.0197 sample ; qO = 0.23195 (ref. 28). 

I I 



3.5.4. Disloction loop theory of NAC point 

Grins te in  a n d  ~ o n e r ~ ~  have  appl ied  t h e  r e n o r m a l i z a t i o n  group 

t echn ique  and  deve loped  a dislocat ion loop t h e o r y  of N A C  po in t  in 

t h r e e  dimensions. T h e  t h e o r y  m a k e s  s o m e  i m p o r t a n t  predictions:-  

Four  ( r a t h e r  t h a n  th ree )  phases  a r e  p red ic t ed  t o  m e e t  a t  a point  

w h e r e  AN and A C  phase  boundaries  c ros s  (Fig.3.34). T h e  n e w  phase,  

a biaxial n e m a t i c  (N') i n t e rvenes  be tween C and N phases  a n d  is 

supposed t o  be  i n t e r m e d i a t e  be tween  t h e m  in proper t ies .  I t  exh ib i t s  

t h e  o r i en ta t iona l  long r ange  o rde r  of C phase; t h a t  is, t h e  s m e c t i c  

l aye r s  a r e  t i l t e d  in a f ixed  d i rec t ion  r e l a t ive  t o  t h e  n e m a t i c  d i r ec to r .  

T h e  t rans la t ional  p rope r t i e s  of N' a r e  supposed to be  t h a t  of t h e  

nema t i c ,  i.e., t h e  l aye r s  a r e  e x p e c t e d  t o  have only s h o r t  r a n g e  positio-  

nal  o rde r  in c o n t r a s t  t o  C phase  which possesses quasi  long- range  

posi t ional  l aye red  order .  Thus  suf f ic ien t ly  c l o s e  t o  NAC poin t ,  NC 

t rans i t ion ,  which i s  f i r s t  o r d e r  f a r  f r o m  this  point  and  is c h a r a c t e r i z e d  

by simaltar leous o n s e t  of long range  o r i en ta t iona l  and  quas i  long- rang? 

posi t ional  o rde r ,  i s  p red ic t ed  t o  o c c u r  in two  s t a g e s  th rough  t h e  N '  

phase. The  s y s t e m  a c q u i r e s  o r i en ta t iona l  long r a n g e  o r d e r  at t h e  

NN' t rans i t ion  and  quasi  long- range positional.  o r d e r  at t h e  C N '  t r ans i-  

tion. Both t h e s e  t r ans i t i ons  a r e  continuous. N '  is t h e r e f o r e  a t h r e e  

dimensional  ana log  of 2D hexa t i c  phase  which s o m e t i m e s  s e p a r a t e s  

2D solid and  liquid s t a t e s ,  a l lowing a two- s tage ,  cont inuous  m e l t i n g  

process. T h e  t h e o r y  a l so  p red ic t s  t h a t  t h e  phase  bounda r i e s  pass  

through this  point  u n a f f e c t e d ,  i.e., t h e  AC a n d  NN' bounda r i e s  f o r m  



- 
CONCENTRATION 

F i g u r e  3 .34  

Phase  d iagram p r e d i c t e d  by t h e  d i s l o c a t i o n- l o o p  t h e o r y .  

Its c r u c i a l  f e a t u r e  is  t h e  NACN' p o i n t  which r e p l a c e s  t h e  

NAC p o i n t  ( r e f .  37). 



a single cont inuous  c u r v e  through t h e  NACN' poin t  while  AN and  

C N '  l ines should a l so  d o  t h e  same .  The c r i t i ca l  p r o p e r t i e s  of NACN'  

point  a r e  t h e r e f o r e  a s i m p l e  superposi t ion of t h o s e  of t h e  AN and ; , 

A C  t rans i t ions  and  fa l l  respec t ive ly  in to  t h e  universa l i ty  c l a s s  of 

i nve r t ed  XY t r ans i t i ons  and  s imple  xy transi t ions.  In t h e  l anguage  

of magne t i c  sys t ems ,  t h e  NACN'  point is t h e r e f o r e  a decoup led  t e t r a -  

c r i t i ca l  point. 

However  none  of t h e  expe r imen t s  on single c o m p o n e n t  s y s t e m s  

o r  mixtures,  using t echn iques  as var ied  a s  c a l o r i m e t r y ,  x r a y  a n d  l ight  

s ca t t e r ing ,  have  shown any  ev idence  of ex i s t ence  of N' phase.  Thus 

t h e  dislocat ion loop t h e o r y  h a s  fa i led  t o  bring e x p e r i m e n t s  and  theo ry  

c lose  t o  e a c h  o ther .  

It should a l s o  b e  po in t ed  t h a t  although i t  is now wel l  e s t ab l i shed  

t h a t  t h e  topology of t h e  phase  d iagram near  t h e  N A C  a n d  RN-C-A 

poin ts  exhib i t s  t h e  s a m e  universal  behaviour, t h e r e  is as y e t  n o  t h e o r y  

which explains a s  t o  why th i s  should be so. 

In s u m m a r y  m o r e  work is required t o  be  c a r r i e d  o u t  f o r  a 

c o m p l e t e  unders tanding  of t h e  NAC mul t ic r i t ica l  point.  A s t u d y  of 

t h e  sys t ems  exhib i t ing  t h e  RN-C-A point is a l s o  ve ry  impor t an t .Apar t  

f r o m  t h e  phase  d i ag rams  discussed in this  c h a p t e r  n o  high r e so lu t ion  
. . 

work s e e m s  t o  h a v e  been  d o n e  on any s y s t e m  exhib i t ing  RN-C-A 

point.  It  is i n t e r e s t i n g  t o  n o t e  f rom high resolu t ion  phase  d i a g r a m s  

(Figs. 3.20 and 3.21) t h a t ,  t h e s e  sys t ems  a r e  probably idea l ly  s u i t e d  



f o r  a n  a c c u r a t e  s tudy of t h e  mul t ic r i t ica l  point.  T h e  r e a s o n  f o r  th is  

i s  t h e  following: Genera l ly ,  considering t h e  topology of  NAC point  

(Fig.3.4), t h e  NA l ine  h a s  a ve ry  s t e e p  c u r v a t u r e  c l o s e  to N A C  point,  

a n d  t o  p robe  t h e  f l u c t u a t i o n  behaviour very c lose  t o  N A C  po in t  o n e  

would have  t o  go a l m o s t  t angen t i a l ly  t o  N A  boundary t o  s t u d y  a n y  

p a r a m e t e r  as a funct ion  of t e m p e r a t u r e  a t  a c o n s t a n t  concen t r a t ion .  

T h e  topology of t h e  RN-C-A s y s t e m  (Figs.3.20 a n d  3.21) w i t h  a 90' 

r o t a t i o n  o f  t h e  expe r imen ta l  sca l ing  axes  s impl i f ies  t h i s  p rob lem be- 

c a u s e  o n e  c a n  now approach  NAC poin t  f rom t h e  n e m a t i c  s i d e  wi thout  

having t o  worry a b o u t  s t r o n g  c u r v a t u r e  of phase  boundaries .  Thus 

such  sys t ems  a r e  in fact idea l ly  su i ted  for  a c a r e f u l  s tudy  of t h e  

biaxial  f l uc tua t ions  o r  of t h e  possible ex i s t ence  of t h e  biaxial  n e m a t i c  

e x t r e m e l y  c lose  t o  t h e  mul t i c r i t i ca l  point. Such e x p e r i m e n t s  a r e  

being undertaken38 and  should throw fu r the r  l ight  for  a c l e a r  unders tan-  

ding of t h i s  in teres t ing  mul t i c r i t i ca l  point. 
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