
C H A P T E R  I 1  

COEXISTENCE OF TWO NEMATIC PHASES I N  MIXTURES OF 

ROD-LIKE AND DISC-LIKE COMPOUNDS 

2.1 INTRODUCTION 

When two nematogens, one with rod- l ike  and t h e  o t h e r  with p la t e-  

l i k e  molecules a r e  mixed toge the r ,  purely f o r  geometr ica l  reasons ,  

t he  p l a t e - l i k e  molecules can be expected t o  a l i g n  w i t h  t h e i r  s h o r t  
< 

axes perpendicular  t o  the  long axes  o f  t h e  rod- l ike  molecules. This  

can r e s u l t  i n  a  b i a x i a l  phase i f  both t h e  rod- l ike  and p l a t e- l i k e  

molecules a r e  themselves o r i e n t a t i o n a l l y  ordered i n  mutually or tho-  

gonal d i r e c t i o n s .  There have been many t h e o r e t i c a l  s t u d i e s  on the  

thermodynamics of mixtures  of rod- l ike  and p l a t e- l i k e  molecules.  

Most of these  t h e o r i e s  confirm t h e  occurrence o f  a  b i a x i a l  phase, 

even though t h e  pure  components composing t h e  mixture themselves 

e x h i b i t  only u n i a x i a l  phases. Alben (1973) and C a f l i s c h  e t  a l .  (1984) 

have made c a l c u l a t i o n s  based on a  l a t t i c e  model and obtained phase 

diagrams e x h i b i t i n g  a  b i a x i a l l y  ordered phase ( s e e  f o r  e . g . ,  F ig .  

2 . 1 ) .  Chen and Deutch (1984) developed a  s p e c i a l  l a t t i c e  model consi-  

de r ing  both short- range r epu l s ions  and long-range Van d e r  Walls l i k e  

a t t r a c t i o n s  and aga in  obta ined  phase diagrams s i m i l a r  t o  t h a t  shown 

i n  Fig.  2 .1 .  Rabin et  a l .  (1982) have a l s o  presented a  theory  of 

l i q u i d  c r y s t a l  mixtures  made up of rod- l ike  and p l a t e- l i k e  molecules. 

They cons ide r  continuous o r i e n t a t i o n s  unl ike  the  l a t t i c e  models which 

cons ider  d i s c r e t e  o r i e n t a t i o n s .  The phase diagrams obta ined  by them 

& 
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Figure 2.1 

Theoretically predicted phase diagram of mixtures of 

rods (with 1 = 5 )  and plates (with W =  3). i : isotropic, 

n(+) : positive uniaxial phase, n(-) : negative 

uniaxial phase, . b : biaxial phase, T* : effective 

temperature. (From Alben 1973). 



are once  a g a i n  similar t o  F i g .  2 .1 .  

Yu and  Saupe (1980)  have indeed  o b s e r v e d  a b i a x i a l  p h a s e  i n  

a n  a m p h i p h i l i c  s y s t e m  composed o f  po tass ium l a u r a t e ,  d e c a n o l  and 

w a t e r  i n  a c o n c e n t r a t i o n  and t e m p e r a t u r e  range  s e p a r a t i n g  two u n i a x i a l  

p h a s e s ,  o n e  composed of d i sc- shaped  m i c e l l e s  and  t h e  o t h e r  o f  rod-  

shaped m i c e l l e s  ( F i g .  . However, i n  t h i s  c a s e  t h e  s h a p e  o f  t h e  

m i c e l l e  i t s e l f  changes  w i t h  t e m p e r a t u r e  and  can  p resumably  t a k e  t h a t  

pf a  b i a x i a l  e l l i p s o i d  i n  t h e  range  o f  e x i s t e n c e  dr t h e  b i a x i a l  nema- 

t i c  phase .  

I n  any  c a s e  t h e  m i c e l l e s  a r e  n o t  r i g i d  s t r u c t u r e s  w i t h  i d e n t i c a l  

s h a p e s  and volumes.  However a l l  t h e  t h e o r e t i c a l  models  ment ioned  

e a r l i e r  a r e  a p p l i c a b l e  t o  r i g i d  molecu les .  We t h e r e f o r e  wanted t o  

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

t h e r m o t r o p i c  m i x t u r e  o f  r o d- l i k e  and d i s c - l i k e  l i q u i d  c r y s t a l l i n e  

compounds. Nematogens made up o f  r o d- l i k e  m o l e c u l e s  have been known 

f o r  a l o n g  t i m e  b u t  compounds w i t h  d i s c - l i k e  m o l e c u l e s  which e x h i b i t  

t h e  n e m a t i c  phase  were s y n t h e s i z e d  o n l y  r e c e n t l y  ( T i n h  e t  a l .  1979) .  

E a r l i e r  o b s e r v a t i o n s  had i n d i c a t e d  t h a t  t h e  d i s c o t i c  n e m a t i c  

(N i s  n o t  m i s c i b l e  w i t h  t h e  c l a s s i c a l  nemat ic  (N ) made up o f  rod-  D R 

l i k e  m o l e c u l e s  ( T i n h  e t  a l .  1979, 1981) .  Tinh e t  a l .  (1981)  s t u d i e d  

some m i x t u r e s  o f  t h e  d i s c o t i c  nematogen h e x a h e p t y l o x y b e n z o a t e  of 

t r i p h e n y l e n e  (C OHBT) w i t h  t h e  r o d- l i k e  nematogen b l s -hep ty loxyben-  
7  

z o a t e  (BHB) and  found t h a t  a 75 : 25 m l x t u r e  by w e i g h t  of C OHBT and 
7  

BHB d i r e c t l y  g o e s  o v e r  t o  t h e  i s o t r o p i c  phase  f rom t h e  c r y s t a l l i n e  



Figure 2.2 

Phase diagram o f  potassium l a u r a t e  and l -decanol -  

D20 system. NL : p o s i t i v e  u n i a x i a l ,  Nc  : negat ive  

u n i a x i a l ,  Nbx : b i a x i a l  phase (From Yu and 

Saupe 1980). 



s t a t e  w i t h o u t  g o i n g  t h r o u g h  any  mesophase.  Apar t  from t h e s e  r e s u l t s  

t h e r e  have been no  d e t a i l e d  s t u d i e s  on phase  d iagrams  o f  m i x t u r e s  

composed o f  compounds w i t h  r o d- l i k e  and d i s c - l i k e  m o l e c u l e s .  

We have f o r  t h e  f irst  time s t u d i e d  e x p e r i m e n t a l l y  t h e  phase  

d i a g r a m s  o f  two s u c h  s y s t e m s .  I n s t e a d  of t h e  b i a x i a l  phase  p r e d i c t e d  

by t h e  t h e o r i e s  ment ioned  above ,  we found t h e  c o e x i s t e n c e  o f  t h e  

two n e m a t i c  p h a s e s ,  i . e . ,  N which is r i c h  i n  t h e  r o d- l i k e  compound R 

and N which i s  r i c h  i n  t h e  d i s c - l i k e  compound. D 

Soon a f t e r  o u r  o b s e r v a t i o n  o f  t h e  c o e x i s t e n c e  o f  t h e  two u n i-  

a x i a l  p h a s e s ,  we were  g r a t i f i e d  t o  come a c r o s s  t h e  work of P a l f f y -  

Muhoray e t  a l .  (1984 ,  1985a,  1985b) which t h e o r e t i c a l l y  p r e d i c t s  

such  a  c o e x i s t e n c e .  I n  t h e  f o l l o w i n g  s e c t i o n  we t h e r e f o r e  g i v e  a n  

o u t l i n e  o f  t h e i r  t h e o r y .  

I n  t h i s  t h e o r y ,  t h e  Maier-Saupe pseudo p o t e n t i a l  e x p r e s s e d  

i n  a r o t a t i o n a l l y  i n v a r i a n t  form h a s  been g e n e r a l i s e d  t o  b i n a r y  mix- 

t u r e s .  The component o r d e r  p a r a m e t e r s ,  phase  d iagrams  and  c o e x i s t e n c e  

c u r v e s  have been d e t e r m i n e d .  T h i s  t h e o r y  a l s o  l e a d s  t o  i n d u c e d  b i a x i a -  

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

be u n s t a b l e  i n  compar i son  w i t h  u n i a x i a l  phase  s e p a r a t i o n .  The two 

c o e x i s t i n g  p h a s e s  a r e  found t o  be lower  i n  f r e e  e n e r g y  t h a n  t h e  b i-  

a x i a l  one .  

L e t  u s  c o n s i d e r  a  b i n a r y  m i x t u r e  c o n t a i n i n g  N 1  m o l e c u l e s  of 

s p e c i e s  1 and  N2 m o l e c u l e s  o f  s p e c i e s  2  c o n f i n e d  i n  a  volume V .  The 



single particle pseudo potential generalised to a two component mix- 

ture is 

Here fi, is the unit vector with components na specifying the 

orientation of a molecule of species 1 ,  p l  and p 2  are the number 

densities of the two species, y and u.. are isotropic and anisotro- 
i j XJ 

pic interaction strengths between molecules of species i and j. 

= 7 [3na (i) = 0 )  > is the order para- (i) ' n i  - ] and SaB 
"a6 B 
meter of species i where < > denotes the ensemble average. The single 

particle pseudo potential for molecules of species 2 is obtained 

by interchanging the indices in eqn. (2.1). The Helmholtz free energy 

density of the system is given by 

where d R  is an element of solid angle. The equilibrium order parameter 

s$) (i z 1,2) is obtained by minimising the free energy. Such a mini- 

misation leads to the self-consistent eqn. 



A proper  theo ry  o f  mix tu res  r e q u i r e s  eva lua t ion  o f  t h e  chemical poten- 

t i a l s .  Palffy-Muhoray e t  a l .  have ca l cu la t ed  t h e  chemical p o t e n t i a l s  

of  t h e  c o n s t i t u e n t  s p e c i e s  and examined t h e  p o s s i b i l i t y  of  coexis tence .  

The chemical p o t e n t i a l s  a r e  obta ined  by d i f f e r e n t i a t i o n  of  t h e  f r e e  

energy with r e spec t  t o  t h e  p a r t i c l e  number. If t h e  volume of t h e  

system is  V =  V I N 1  +V2N2, where Vi and Ni a r e  t h e  molecular  volume 

and t h e  number of molecules of s p e c i e s  i ,  t h e  chemical p o t e n t i a l  

of s p e c i e s  1 i s  obta ined  a s  

The chemical p o t e n t i a l  f o r  s p e c i e s  ( 2 )  i s  obta ined  by in t e rchang ing  

t h e  i n d i c e s  1 and 2. 

Two c o e x i s t i n g  phases with d i f f e r e n t  compositions occur  when 

t h e  chemical p o t e n t i a l  of  each s p e c i e s  is t h e  same i n  both t h e  phases ,  

a t  t h e  same temperature. 

The equi l ibr ium s t a t e  f o r  t h e  binary mixture a t  a g iven  tempera- 

t u r e  and composition is  e i t h e r  a s i n g l e  phase o r  two c o e x i s t i n g  phases,  

depending on t h e  g l o b a l  minimum of t h e  f r e e  energy. 

To l o c a t e  t h e  p o i n t s  of  coexis tence  t h e  a b s o l u t e  a c t i v i t y  



X l  = e x p ( p  l /kT)  o f  s p e c i e s  1 is p l o t t e d  v e r s u s  t h e  a b s o l u t e  a c t i v i t y  

$ :exp(u2 /kT)  o f  s p e c i e s  2 ,  t h e  compos i t ion  b e i n g  a p a r a m e t e r  a l o n g  

t h e  c u r v e .  These c u r v e s  may i n t e r s e c t  w i t h  e a c h  o t h e r  o r  w i t h  them- 

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

c o e x i s t e n c e :  a t  s u c h  a p o i n t  two phases  A and B w i t h  c o m p o s i t i o n s  

Y I A  and Y I B  have t h e  same a c t i v i t y  and chemica l  p o t e n t i a l  f o r  e a c h  

component. The s t r a i g h t  l i n e s ,  which a r e  t a n g e n t  t o  t h e  f r e e  e n e r g y  

d e n s i t y  v e r s u s  c o m p o s i t i o n  c u r v e s ,  and p a s s  t h r o u g h  two d i s t i n c t  

p o i n t s  i d e n t i f y  t h e  c o m p o s i t i o n s  where two phase  c o e x i s t e n c e  i s  p o s s i -  

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

r e p r e s e n t s  t h e  l o w e s t  p o s s i b l e  f r e e  energy  o f  t h e  s y s t e m  ( F i g .  2 . 3 ) .  

Palffy-Muhoray e t  a l .  found t h a t  i n  a b i n a r y  m i x t u r e  of r o d s  

and p l a t e s  t h e  f r e e  e n e r g y  d e n s i t y  o f  t h e  sys tem i n  t h e  two c o e x i s t i n g  

u n i a x i a l  p h a s e s  i s  lower  t h a n  t h a t  o f  t h e  b i a x i a l  p h a s e .  T h e i r  tempera-  

t u r e  c o m p o s i t i o n  phase  d iagram f o r  a b i n a r y  n e m a t i c  m i x t u r e  is shown 

i n  F i g .  2 .4 .  We see t h a t  u n l i k e  i n  t h e  p r e v i o u s  t h e o r e t i c a l  mode l s  

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

two u n i a x i a l  nemat ic  p h a s e s .  

Hashim e t  a l .  (1984)  have c a r r i e d  o u t  Monte C a r l o  computer  

s i m u l a t i o n  s t u d i e s  o n  s u c h  m i x t u r e s .  I n  t h e i r  model t h e  p a r t i c l e s  

are c o n f i n e d  t o  t h e  s i t e s  o f  a s i m p l e  c u b i c  l a t t i ce  and  f o r  a n  e q u i -  

molar  m i x t u r e ,  e a c h  r o d- l i k e  p a r t i c l e  h a s  s i x  p l a t e s  a s  n e a r e s t  n e i g h -  

b o u r s  and v i c e  v e r s a .  They have a r r i v e d  a t  t h e  r e s u l t  t h a t  t h e  e q u i-  

mola r  m i x t u r e  o f  r o d s  and  p l a t e s  s e p a r a t e s  i n t o  two u n i a x i a l  n e m a t i c  



Figure 2.3 

Free energy density plotted against Y1 the volume fraction 

of component 1 for mixtures with TNI = 1.0 and 
1 

V /V : 1.0. Uniaxial solutions are shown with solid lines 
1 2  

and the biaxial solution with the dashed line sl-s2. 

The double tangent construction joining points b ,  and b2 

shows that the coexistence of the uniaxial phases U+ 

and U with composition corresponding to b and b has a - 1 2 
lower free energy than the biaxial solution B. (From 

Palffy-Muhoray et al. 19858). 



Figure  2.4 

Temperature composition phase diagram f o r  mixtures 

with TNI l T ~ I 2  = 1 .0  and V / V  : 1.0. The curves a and b 
1 

1 2  

a r e  t h e  n e m a t i c- i s o t r o p i c  coexis tence  curves ,  c i s  

t h e  u n i a x i a l  n e m a t i c- u n i a x i a l  nematic coexis tence  curve.  

The b i a x i a l  s o l u t i o n  e x i s t s  below d but has  a h ighe r  

f r e e  energy a s  i l l u s t r a t e d  (From Palffy-Muhoray e t  

a l .  1985B). 



phases and does not form a biaxial nematic phase. 

We now present our experimental phase diagrams which support 

the theoretical model of Palffy-Muhoray et al. 

2.2 EXPERIMENTAL STUDY OF PHASE DIAGRAMS 

We have studied the detailed phase digrams of two systems. 

Both the phase diagrams have been studied only on cooling as the 

composition does not remain uniform once the mixture is allowed to 

crystallise. 

(a) System I is composed of the rod-like nematogen 4-(trans-4-n-propyl- 

~ ~ c l o h e x ~ l ) ~ h e n y l - ~ - n - p r o p y l  benzoate (3CHP3B) (procured from E.Merck) 

with a phase sequence K8g°C NR1860C I and the disc-like nematogen, 

hexaheptyloxybenzoate of triphenylene (C70HBT) (Tinh et al. 1981) 

with a phase sequence K 168OC ND 251°C I. (This compound was kindly 

sent to us by Prof. J.Billard.1 The structural formulae of the two 

compounds are as shown in Fig. 2.5. Typical textures exhibited by 

the NR phase of 3CHP3B and ND phase of C70HBT are shown in Fig. 2.6 

and Fig.2.7 respectively. 3CHP3B was chosen particularly because 
I 

it has an I-N transition temperature which is not very much lower 

than that of C OHBT, and also the chemical groups in the two compounds 7 
are not very different. 

The initial observation of the coexistence was made in a contact 

preparation. Later, quantitative studies were made by making mixtures 

with specific compositions using a Perkin-Elmer autobalance (Model 



Figure 2.5 

Struc tura l  formulae of C70HBT and 3CHP3B. 



Figure 2.6. The  n e m a t i c  t e x t u r e  o f  t h e  NR p h a s e  o f  

3CHP3A. C r o s s e d  l i n e a r  p o l a r i z e r s  ( ~ 1 1 5 0 ) .  

Figure 2.7. The  n e m a t i c  t e x t u r e  o f  t h e  N p h a s e  o f  D 

C?OHBT. C r o s s e d  l i n e a r  p o l a r i s e r s  ( x  450) 



AD-2). The components were thoroughly mixed i n  t h e  i s o t r o p i c  phase 

and t h e  mixture was mounted i n  t h e  i s o t r o p i c  phase between a s l i d e  

and c o v e r s l i p  without  any space r s .  The t r a n s i t i o n  tempera tures  were 

noted under a  L e i t z  p o l a r i s i n g  microscope (Model Ortholux 11-Pol 

BK)  i n  conjunct ion  wi th  a  M e t t l e r  h o t  s t a g e  (Model FP 52) .  

The phase diagram is  shown i n  Fig.  2.8. The I - N t r a n s i t i o n  

temperature is depressed very s t r o n g l y  on moving towards t h e  5 0 : 5 0  

mol $ r eg ion  from e i t h e r  end, i n d i c a t i n g  t h a t  t h e  two nematogens 

a r e  n o t  q u i t e  compatible.  With l e s s  than 5 mol $ o f  C70HBT, a s  t h e  

sample is cooled s lowly from t h e  I phase, t h e  NR phase s t a r t s  a s  

d r o p l e t s ,  g iv ing  r i s e  t o  a  very small  coexis tence  range of  I and 

N R .  On f u r t h e r  coo l ing  t h e  NR d r o p l e t s  grow and coa le sce  t o  form 

a uniform nematic phase. With 5 mol $ of C OHBT a uniform nematic 
7 

is  ob ta ined ,  a s  be fo re ,  on cool ing  from t h e  I phase.  This  has  a  more 

o r  l e s s  homeotropic t e x t u r e  (F ig .2 .9a ) ,  however on dec reas ing  t h e  

temperature f u r t h e r ,  t h e r e  i s  a foggy appearance a l l  over  t h e  sample 

a r e a  (Fig.2.9b)  before  t h e  sample c r y s t a l l i s e s .  

A s  t h e  concen t ra t ion  of  C OHBT is inc reased ,  t h e  NR d r o p l e t s  
7 

which appear  on coo l ing  from t h e  I phase do not  coa le sce  t o  form 

a uniform nematic.  There i s  a l a r g e  range of coex i s t ence  of  I and 

NR phases.  These NR d r o p l e t s  have a  d i s c l i n a t i o n  of  s t r e n g t h  + I  a t  

t h e  c e n t r e  (F igs .  2.10 and 2.11) (Dubois-Violet te  and Parodi  1969). 

With f u r t h e r  decrease  o f  temperature t h e  N phase starts appear-  . 
D 

i n g  i n  t h e  I phase sur rounding  t h e  NR d r o p l e t s  (F ig .  2.12a) r e s u l t -  



Figure 2.8 

Phase diagram of binary mixtures Of C.,OHBT and 3CHP313 (transi- 

tion temperatures determined on cooling) [System I]. 



Figure  2.9a. Hon~eotropic t e x t u r e  w i t h  5 no1 $ of C OHET 
7 

st RO°C.  Crossed l i n e a r  p o l a r i s e r s  (x  450) .  

Figure 2.9b. Same sample a r e a  a s  i n  Pig. 2.9a a t  7 1 . T ° C ,  
foqgy appearance a l l  over  t h e  sample a r e a  i n d i c a t i n g  tl- at 
a second phase is seiJarali .ng out  ( x  450) .  



Figure 2.10. N d r o p l e t s  i n  t h e  I p h a s e  e a c h  h a v i n g  R 
a p o i n t  d i s c l i n a t i o n  o f  s t r e n g t h  +1 a t  t h e  c e n t r e  

i n  a m i x t u r e  w i t h  30 mol $ o f  C  OHBT a t  92OC. C r o s s e d  
7 

l i n e a r  p o l a r i s e r s  (x 450).  

Figure 2.11. N d r o p l e t s  i n  t h e  I p h a s e  i n  a m i x t u r e  
R 

w i t h  30 mol % o f  C70HBT a t  91°C,wi th  a l o w e r  m a g n i f i -  

c a t : i o n .  C r o s s e d  l i n e a r  p o l a r i s e r s  ( x  215).  



Figure 2.12a. Same sample a rea  a s  i n  Fie;. 2.11. The 

N phase has s t a r t e d  appearing i n  the  I p h a s e  (x 215).  D 

Figure 2.12b. Same sample area  a s  i n  Fig. 2.12a. 

Coexistence of My! and ND phases (x 215) . 



i n g  i n  t h e  coex i s t ence  of t h e  NR and ND phases  (F ig .  2 .12b) .  The 

c o n t i n u i t y  o f  t h e  dark  brushes  a c r o s s  t h e  boundaries  between t h e  

two nematic  phases  can be c l e a r l y  seen by r o t a t i n g  t h e  p o l a r i s e r s  

(F igs .  2.13a and 2 .13b) .  Th i s  coex i s t ence  o f  t h e  two nemat ic  phases  

remains down t o  c r y s t a l l i s a t i o n .  

The phase sequence a s  i n d i c a t e d  i n  F igs .  2.12a-2.12b is r ep re-  

s e n t a t i v e  o f  t h e  behaviour  of  t h e  mix tures  having 5 mol $ t o  41.5 

mol % o f  t h e  d i s c o t i c  compouhd. The width of  t h e  I - N R  c o e x i s t e n c e  

r eg ion  d e c r e a s e s  w i th  i n c r e a s e  i n  concen t r a t i on  o f  C OHBT and w i t h  7 
40.0 mol %, t h e  two nematic  phases  make t h e i r  appearance i n  t h e  

I phase a lmos t  s imul taneous ly .  The NR phase s t a r t s  a s  t i n y  d r o p l e t s ,  

wi th  t h e  ND phase immediately surrounding it (F ig .  2 .14a) .  The growth 

o f  t h e  two phases  con t inues  t o g e t h e r  a s  t h e  tempera ture  i s  main ta ined  

(F igs .  2.14b and 2 . 1 4 ~ )  r e s u l t i n g  i n  t h e  coex i s t ence  ( F i g .  2 .14d) .  

With f u r t h e r  i n c r e a s e  ' i n  t h e  concen t r a t i on  o f  C70HBT, t h e  ND 

phase s t a r t s  appea r ing  f i r s t  from t h e  I phase.  The c o e x i s t e n c e  range  

o f  t h e  I - ND phases  i n  t h e s e  concen t r a t i on  r e g i o n s  is  v e r y  s m a l l  

i n  comparison wi th  t h e  I - N coex i s t ence  range i n  t h e  lower concen t r a -  R 

t i o n  r e g i o n s  o f  C OHBT. Lowering t h e  tempera ture  r e s u l t s  i n  a uniform 7 
ND phase (F ig .  2 .15a) .  With f u r t h e r  dec rease  i n  t empera tu re  t h e  NR 

phase s t a r t s  appea r ing  i n  t h e  form of  t i n y  d r o p l e t s  which do n o t  

grow very  l a r g e  ( F i g .  2.15b) and they  remain e s s e n t i a l l y  u n a l t e r e d  

down t o  t h e  c r y s t a l l i s a t i o n  tempera ture .  

Th i s  t ype  of  coex i s t ence  between ND and NR phases  c o n t i n u e s  



Figure 2.13a. Coexistence of NR and ND phases i n  

a mixture with 30 mol % of C OHBT a t  EU°C a s  seen 
7 

a t  a higher magnificat ion.  Crossed l i n e a r  po l a r i s e r s .  

Note the  con t inu i ty  of  dark brushes between the  two 

types of  nematics ( x  450). 

Figure 2.13b. Same sample area  a s  i n  Fig.  2.13a. 

Po l a r i s e r s  ro ta ted  i n  the  clockwise d i r ec t i on  by 45O 

(x  450).  



F i e r e  2.14a. NR drople t s  jus t  s t a r t i n g  t o  form,followed 

immediately by the  N phase i n  a  mixture with 40 mol f, of 
D 

C70HBT a t  88OC. Crossed linear pola r i se r s  (x 450). 

Figure 2.14b. Same sample apes a s  i n  F i g .  2.14a a t  a 

l a t e r  time. Both the  N and N phases a r e  growing (~1150) .  
F! D 



Figrire 2.14~ .  Same sample a r e a  a s  i n  F i g .  2 . 1 4 b .  There 

is 3 f u r t h e r  g r o w t h  of  b o t h  t h e  N and N p h a s e s  (x 1150). 
R D 

Figu re  2.14d. Same sample a r e a  a s  i n  F i g .  2 . 1 4 ~  a t  86OC. 

Coexistence of  N and N phases (x 1 \50 ) .  
R D 



Figure 2.15a. ND phase i n  a mixture w i t h  43 mol % of 

C 7 0 ~ ~ ~  a t  95.5OC. Crossed l i n e a r  po l a r i s e r s  (x  450). 

Figure 2.15b. Same sample area  a s  i n  Fig.  2.15a a f t e r  the  

appearance of the  NR phase a s  t i ny  d rop le t s  a t  85OC. 

Coexistence of NR and N phases (x 450). 



up t o  50 mol The c o n c e n t r a t i o n  r a n g e  o v e r  which we have 

t h e  c o e x i s t e n c e  o f  t h e  two nemat ic  phases  w i t h  t h e  N a p p e a r i n g  first R 

from t h e  I phase ,  i s  l a r g e r  t h a n  t h e  c o n c e n t r a t i o n  r a n g e  i n  which 

t h e  ND phase  a p p e a r s  first.  Beyond 50 mol % o f  C OHBT t h e r e  is  o n l y  
7 

one t y p e  of n e m a t i c ,  v i z . ,  t h e  ND phase .  The NR d r o p l e t s  i n  t h e  co- 

e x i s t e n c e  r e g i o n  below 41.5  mol % o f  C OHBT have a n  i n t e r e s t i n g  s t r u c -  
7 

t u r e  when t h e  sample  i s  t a k e n  between p l a t e s  c o a t e d  w i t h  s i l i c o n  

monoxide ( 3 0 ) .  T h i s  w i l l  be d i s c u s s e d  l a t e r .  

b )  The r o d- l i k e  compound used i n  t h e  second b i n a r y  sys tem (System 

11) is  1 , 4 , p h e n y l e n e  (2- methyl)  b i s ( 4 , n - b u t y l  b e n z o a t e )  (4PM4B) w i t h  

t h e  phase  sequence K 62.g°C N 140.3OC I ,  and t h e  d i s c o t i c  compound 

is  hexa-n-dodecyl a l k a n o y l o x y  t r u x e n e  (C12COOTRX) ( D e s t r a d e  e t  a l .  

1981) ( T h i s  compound was k i n d l y  g i v e n  t o  u s  by D r .  C.  D e s t r a d e . )  

The l a t t e r  e x h i b i t s  two e n a n t i o t r o p i c  columnar p h a s e s  and  one  monotro- 

p i c  columnar phase i n  a d d i t i o n  t o  t h e  nemat ic  phase  ND. The phase  

sequence o f  t h e  d i s c o t i c  compound is  

K 58.g°C ND 86.g°C Drd 109.2°C Dhd 24g°C I 

1 50°C 

Dhd 

where Drd and. Dhd r e p r e s e n t  t h e  r e c t a n g u l a r  d i s o r d e r e d  and  hexagona l  

d i s o r d e r e d  columnar phases  r e s p e c t i v e l y .  The ND phase  i n  t h i s  compound 

o c c u r s  between two columnar phases  u n l i k e  i n  C OHBT which h a s  o n l y  
7 

t h e  nemat ic  (ND) phase .  

I 

The s t r u c t u r a l  fo rmulae  o f  t h e  two compounds are shown i n  F i g .  

2.16. The t e x t u r e s  e x h i b i t e d  by t h e  ND p h a s e , t h e  Drd and  r e e n t r a n t  
f. 
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Dhd phases  o f  CI2COOTRX are shown i n  F ig s .  2.17 ,. 2.18 and 2.19 respec-  

t i v e l y .  -The phase diagram of  t h e  system I1 is shown i n  F i g .  2 .20a.  
1 

A s  i n  system I t h e r e  i s  a s t r o n g  r e d u c t i o n  i n  t h e  I - N  t r a n s i t i o n  

tempera ture ,  but t h e  NR+ND coex i s t ence  r e g i o n  o c c u r s  ove r  a ve ry  

sma l l  t empera ture  range  which is  soon fo l lowed by c r y s t a l l i s a t i o n .  

I n t e r e s t i n g l y  i n  t h i s  system t h e  s t r u c t u r e  o f  t h e  NR d r o p l e t s  

depends on t h e  amount o f  C12COOTRX. When t h e  pu re  r o d- l i k e  compound 

is cooled  from t h e  I phase  t h e r e  is  a ve ry  narrow range  o f  coex i s t ence  

between t h e  I and NR phase s  and t h e  NR d r o p l e t s  c o a l e s c e  ve ry  fast 

t o  form a uniform nemat ic  phase.  However t h e  NR d r o p l e t s  t h a t  J u s t  

begin t o  grow i n  t h e  I phase  seem t o  have f o u r  d e f e c t s  on t h e  N- I  

i n t e r f a c e ,  i n d i c a t i n g  t h a t  t h e  a n g l e  a t  t h e  i n t e r f a c e  i s  - 4 5 O  (Madhu- 

sudana and Sumathy 1983) .  Addi t ion  of small amounts o f  C12COOTRX 

i n c r e a s e s  t h e  c o e x i s t e n c e  range  o f  I and N and t h e  NR d r o p l e t s  R ' 
with  t h e  f o u r  d e f e c t s  can  be more e a s i l y  observed .  Fo r  example, F i g .  

2.21 shows t h e  N d r o p l e t s  ob t a ined  w i th  5 mol % o f  C12COOTRX. Lower- 
R 

i n g  t h e  tempera ture  r e s u l t s  i n  t h e  appearance  o f  t h e  ND phase i n  

t h e  su r round ing  I phase ,  b u t  t h i s  i s  soon fo l lowed by c r y s t a l l i s a t i o n .  

With abou t  10 mol % o f  CI2COOTRX t h e  NR d r o p l e t s  have t h e  b i-  

p o l a r  c o n f i g u r a t i o n  ( F i g .  2 .22a)  i n d i c a t i n g  a t a n g e n t i a g  boundary 
I 

c o n d i t i o n  of t h e  d i r e c t o r  a t  t h e  I - N R  boundary (Dubois- Vio le t te  

and Pa rod i  1969).  Some s m a l l e r  d r o p l e t s  i n  F ig .  2.22a have a da rk  

c r o s s  i n  t h e  c e n t r e  and a r e  d r o p l e t s  'wi th  t h e  b i p o l a r  c o n f i g u r a t i o n  

viewed end-on. Dec rea s ing  t h e  tempera ture  f u r t h e r  r e s u l t s  i n  t h e  



Figure 2.17. T h e  ND p h a s e  of  C COOTRX (x 215).  - 1 2  

Figure 2.18. T h e  Drd phase of C12COOTRX (x 215) .  



Figure 2.19. The r e e n t r a n t  D p h a s e  of CI2COOTRX ( ~ 2 1 5 ) .  h  d  

Figure 2.21. N d r o p l e t s  i n  a m i x t u r e  w i t h  5 mol % of  
R 

C COOTRX a t  1 2 7 O C ,  between c r o s s e d  l i n e a r  p o l a r i s e r s  
c iZ50, .  
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appearance o f  t h e  N phase fol lowed almost  immediately by c r y s t a l l i -  D 

s a t i o n  ( F i g s .  2 . 2 2 b - 2 . 2 2 d ) .  With f u r t h e r  a d d i t i o n  o f  CI2COOTRX, 

t h e  I - NR c o e x i s t e n c e  range  dec reases .  With about  46.5 mol % t h e  

NR d r o p l e t s  s t a r t  i n  t h e  I phase fol lowed immediately by t h e  ND phase 

(2 .23a ) .  Th i s  N phase t ransforms  t o  t h e  r e e n t r a n t  Dhd phase on f u r -  
D 

t h e r  c o o l i n g  (F ig .  2.23b) t o  g ive  a coex i s t ence  o f  t h e  Dhd and NR 

phases ( F i g s .  2 . 2 3 ~ - 2 . 2 3 e ) .  Th i s  i s  immediately fol lowed by c r y s t a l l i -  

s a t i o n  (F ig .  2 . 2 3 f ) .  A l l  t h i s  occu r s  w i t h i n  a sma l l  t empera ture  range 

and t h e  r a p i d  growth o f  t h e  s t a b l e  c r y s t a l l i n e  phase makes observa-  

t i o n s  d i f f i c u l t .  

With f u r t h e r  i n c r e a s e  i n  c o n c e n t r a t i o n  o f  CI2COOTRX t h e  ND 

phase s t a r t s  appea r ing  f i r s t  from t h e  I phase and cove r s  t h e  e n t i r e  

sample a r e a  (F ig .  2 .24a)  . F u r t h e r  dec rease  of  t empera ture  r e s u l t s  

i n  t h e  Dhd phase (2.24b)  fol lowed by t h e  coex i s t ence  o f  D and NR h d 

phases be fo re  c r y s t a l l i s a t i o n .  The NR d r o p l e t s  which appea r  on c o o l i n g  

t h e  Dhd phase a r e  n o t  s een  d i s t i n c t l y  and can be j u s t  d i s t i n g u i s h e d  

on obse rv ing  t h e  t r a n s i t i o n  very  c a r e f u l l y ,  wi thout  any p o l a r i s e r s .  

Up t o  8 5  mol % o f  t h e  d i s c o t i c  compound, t h e  Drd and t h e  h i g h e r  tempe- 

r a t u r e  D phases  p r e s e n t  i n  t h e  pure d i s c o t i c  a r e  suppressed .  
hd 

Around 85  mol % o f  CI2COOTRX, a l o n g  wi th  t h e  appearance  o f  

t h e  h igh  tempera ture  columnar phases  a n o t h e r  i n t e r e s t i n g  phase se- 

quence i s  observed.  The Dhd phase which appea r s  from t h e  I phase 

remains s t a b l e  f o r  about  50°C and s t a r t s  go ing  o v e r  t o  t h e  I phase 

on f u r t h e r  coo l ing .  Th i s  r e e n t r a n t  I phase is a g a i n  s t a b l e  f o r  abou t  



Figure  2.22a. N d r o p l e t s  w i t h  a  b i p o l a r  s t r - u c t u r e  i n  a  
R 

m i x t u r e  w i t h  20 mol % o f  CI2COOTRX a t  77OC, between 

c r o s s e d  l i n e a r  p o l a r i s e r s  (x 4 5 0 ) .  . 

Figure  2.22b. Same sample  a r e a  a s  i n  F i g .  2.22a a t  

50.7OC, N d r o p l e t s  !lave grown l a r g e r  and N phase  h a s  
R D 

j u s t  s t a r t e d  a p p z a r i n g  i n  t h e  i s o t r o p i c  phase  ( x  4 5 0 ) .  



Figure 2.222. Same sample a rea  a s  i n  F i g . 2 . 2 2 b  a t  50.6OC, 

growth of N phase almost. complete ( x  450). . 
, D 

Figure 2.22d. Same sample area a s  j.n Fig.2.22~ a t  50°C 

a f t e r  c r y s t a l l i s a t i o n  of both N and N phases ( ~ 4 5 0 ) .  
R D 



Figu re  2.232. NR d r o p l e t s  a p p e a r i n g  i n  t h e  I p h a s e  

a n d  i m m e d i a t e l y  s u r r o u n d e d  by t h e  ND p h a s e ,  i n  a 

m i x t u r e  w i t h  46 .5  mol I o f  Ci2COOTRX a t  50.3OC, 

c r o s s e d  l i n e a r  p o l a r i s e r s  ( x  450).  

F igu re  2.23b. Same s a m p l e  a r e a  a s  i n  F i g .  2 . 2 3 a .  The 
N D  p h a s e  is t r a n s f o r m i n g  t o  t h e  D p h a s e .  T h i s  p h o t o g r a p h  
h a s  been  t a k e n  1/2 a , r n i n u t e  a f t e r  2%e p h o t o g r a p h  i n  F i g . 2 . 2 3 a  
was t a k e n .  (x 459 ) .  



Figure 2 . 2 3 ~ .  Same s a m p l e  a r e a  a s  i n  F i g .  2 . 2 3 b .  

F u r t h e r  g r o w t h  of  t h e  Dhd p h a s e  c a n  be  s e e n .  T h i s  
1 

p h o t o g r a p h  h a s  been  t a k e n  1; m i n u t e s  a f t e r  t h e  pho to -  
L' 

g r a p h  shoxn  i n  F i g .  2 .23b  uas t a k e n  (x 450) .  

Figure  2.23d. Same s a r n p l e  area as i n  F i g . 2 . 2 3 ~ .  

G r o w t h  o f  Dhd p h a s e  a l m o s t  c o m p l e t e .  T h i s  p h o t o g r a p h  

was t a k e n  3 m i n u t e s  after t h e  p h o t o g r a p h  shown i n  

F i g .  2 . 2 3 ~  was taken  ( x  1153). 



Figure 2.23e. Same s a m p l e  a r e a  a s  i n  F i g .  2 . 2 3 d .  Coex i s-  

t e n c e  o f  N and  Dhd p h a s e s .  T h i s  p h o t o g r a p h  was t a k e n  
R 

3 m i n u t e s  a f t e r  t h e  p h o t o g r a p h  shown i n  F i g .  2 .23d 

was t a k e n  (x 450)  ( s e e  t i n y  d r o p l e t s  o f  NR s t i l l  

i n t a c t  ) . 

Figure 2.23f. Sane sarnp .1~  area a s  i n  Fig. 2 . 2 3 e  after 

c r y s l ; a l l i s a t i o n  o f  bo th  D 
h  d 

and  N p h a s e s  (x 1150). 
R 



Figure 2.24a. ND phase  i n  a m i x t u r e  w i t h  6 2 . 5  mol % 

o f  C COOTRX a t  42OC, c r o s s e d  l i n e a r  p o l a r i s e r s  ( ~ 4 5 0 ) .  
12 

Figure 2.24b. Same sainplz a r e a  as i n  F i g .  2.24a 

a t  35OC,' t h e  ND phase  h a s  t r a n s f o r m e d  t o  t h e  Dhcl 

phase  (x 1450). 
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, 

15°C and undergoes a t r a n s i t i o n  t o  t h e  ND phase on f u r t h e r  lower ing  

o f  t h e  t i m p e r a t u r e .  Th i s  ND phase t ransforms  t o  t h e  r e e n t r a n t  Dhd 

phase be fo re  c r y s t a l l i s a t i o n .  This  phenomenon o f  r e e n t r a n c e  o f  t h e  

I phase was first observed  (Des t rade  e t  a l .  1982) i n  a b i n a r y  mix ture  

o f  hexa-n-tet radecanoyloxy and hexa(4-n-dodecyloxy benzoyloxy t r u x e n e s ,  

both o f  which a r e  compounds w i th  d i s c- l i k e  molecules ,  The r e e n t r a n c e  

of t h e  I phase o b t a i n e d  i n  t h e  mix ture  of  system I1 is  on ly  t h e  second 

such o b s e r v a t i o n .  

We have rechecked t h i s  r een t r ance  o f  t h e  I phase i n  a c o n t a c t  

p r e p a r a t i o n  ( F i g .  2 .20b) .  The phase sequence could  be t r a c e d  even 

on h e a t i n g .  T h i s  t ype  o f  phase sequence is  however p r e s e n t  on ly  f o r  

a very  s m a l l  c o n c e n t r a t i o n  range and f u r t h e r  i n c r e a s e  i n  t h e  concent ra-  

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

observed wi th  t h e  pu re  d i s c o t i c  compound. 

I n  t h i s  system, i n  a d d i t i o n  t o  t h e  coex i s t ence  o f  two nematic  

phases ,  t h e  c o e x i s t e n c e  o f  a columnar and rod- l ike  nematic  phase 

have a l s o  been observed .  The tempera ture  range ove r  which t h e r e  is  

a coex i s t ence  o f  t h e  Dhd and NR phases  is  l a r g e r  t h a n  t h e  t empera tu re  

range ove r  which t h e r e  i s  t h e  coex i s t ence  o f  t h e  NR and ND phases .  

It should  however be remarked h e r e  t h a t  two c o e x i s t i n g  nemat ic  

phases have been found r e c e n t l y  (Caaagrande e t  a l .  19831. But t h i s  

i s  i n  a ve ry  d i f f e r e n t  kind o f  system where a s i d e  cha in  polymeric  

nematogen has  been mixed w i t h  c e r t a i n  monomeric compounds. The n a t u r e  

o f  t h e  phase diagram i n  such systems depends s e n s i t i v e l y  on t h e  chemi- 

4. 
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c a l  s t r u c t u r e  of t h e  monomeric compounds. 

Thus o u r  exper imenta l  s t udy  o f  t h e  phase diagrams o f  mix tures  

of rod- l ike  and d i s c - l i k e  compounds i s  i n  good agreement w i th  t h e  

p r e d i c t i o n  o f  Palffy-Muhoray e t  a l .  The i r  t heo ry  p o i n t s o u t  t h e  impor- 

t ance  of c o n s i d e r i n g  t h e  chemical  p o t e n t i a l s  and l e a d s  t o  t h e )  r e s u l t  

t h a t  two c o e x i s t i n g  u n i a x i a l  phases  have a lower f r e e  energy  than  

t h e  b i a x i a l  ~ o l u t i o n .  Th i s  i s  t h e  ca se  i n  t h e  two systems s t u d i e d  

by us .  The c o e x i s t e n c e  o f  t h e  two nematic phases  . e x t e n d s  ove r  a wider  

tempera ture  range i n  System I and t h e  r e s u l t  i s  t h e r e f o r e  c l e a r e r  

i n  t h i s  system. The t h e o r y  a l s o  l e a d s  t o  a n e a r l y  symmetr ical  nema t i c -  

nematic  coex i s t ence  boundary with r e s p e c t  t o  a composi t ion correspon-  

d i n g  t o  a sha l low minimum i n  t h e  I-N boundary ( s e e  F ig .  2 . .  But 

i n  System I s t u d i e d  by us  t h e  phase diagram has  a h i g h l y  assymmetric 

shape o f  t h i s  boundary, t h e  coex i s t ence  is  conf ined  o n l y  t o  composi- 

t i o n s  r i c h  i n  t h e  r o d- l i k e  compound. Th i s  i s  because o f  t h e  d ~ i f f e r e n c e  

i n  s i z e  o f  t h e  rod- l i k e  and d i s c- l i k e  molecules .  There is  a l s o  a 

l a r g e  d i f f e r e n c e  i n  t h e  molecular  weight  of t h e  two t y p e s  o f  compounds. 

I n  System I t h e  molecular  weight o f  t h e  d i s c- l i k e  compound i s  966 

and t h a t  of t h e  rod- l ike  compound i s  only  364. S i m i l a r l y  i n  Syssem 

I1 t h e  molecular  weight  o f  t h e  d i s c- l i k e  compound i s  161 1 whereas 

t h a t  o f  t h e  rod- l ike  compound is  on ly  444. 
\ 

I n  t h e  rod- r i ch  r e g i o n ,  t h e  number o f  d i s c s  a r e  few and t h e r e  

are s u f f i c i e n t  number o f  r o d s  t o  accommodate t h e s e  d i s c s  and g i v e  

r i s e  t o  a c o e x i s t e n c e  o f  t h e  two types .  As t h e  r o d s  are v e r y  much 
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s m a l l e r  i n  s i z e ,  more number o f  r o d s  are a l s o  r e q u i r e d  t.o g i v e  r i s e  

t o  t h e  c o e x i s t e n c e .  T h e r e f o r e  i n  r e g i o n s  r i c h e r  i n  t h e  d i s c o t i c  com- 

pound, t h e  c o e x i s t e n c e  o f  t h e  NR and  ND p h a s e s  c e a s e s  t o  o c c u r  as 

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

We now d i s c u s s  t h e  s t r u c t u r e  o f  t h e  , N R  d r o p l e t  i n  t h e  r o d- r i c h  

r e g i o n s '  o f  System I. 

2.3 STRUCTURE OF THE NR DROPLETS 

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

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

g l a s s  s u r f a c e s .  A s  ment ioned b e f o r e  when m i x t u r e s  o f  s y s t e m  I which 

e x h i b i t  t h e  c o e l i s t e n c e  o f  nemat ic  p h a s e s  a r e  c o o l e d  from t h e  I p h a s e ,  

t h e  N d r o p l e t s  a p p e a r  f i rst  and t h e  N phase  a p p e a r s  o n l y  on f u r t h e r  W- D 

cooling.When s u c h  a m i x t u r e  i s  t a k e n  between SiO c o a t e d  p l a t e s  o n l y  

t h e  ND phase  which is  s p r e a d  i n  a c o n t i n u o u s  manner h a s  a p l a n a r  

a l i g n m e n t  and  most  o f  t h e  N d r o p l e t s  which are i s o l a t e d  from o n e  R 

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

o f  t h e  d r o p l e t s .  Some o f  t h e  NR d r o p l e t s  which have a b i g g e r  s i z e  

a r e  h o m e o t r o p i c a l l y  a l i g n e d  ( s e e  F i g . 2 . 2 5 a ,  i n  t h e  pho tograph  t h e  

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

The ND phase  o f  C OHBT i s  known t o  g i v e  a p l a n a r  a l i g n m e n t  when glass 
7 

s l i d e s  w i t h  a n  o b l i q u e  d e p o s i t i o n  of SiO a r e  u s e d  ( V a u c h i e r  e t  a l .  

1981). The NR d r o p l e t s  w i t h  a d i a m e t e r  o f  2 5  pm e x h i b i t  t h e  f o l l o w i n g  

f e a t u r e s  when viewed between c r o s s e d  p o l a r i s e r s .  
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a )  When t h e  d r o p l e t  f i r s t  a p p e a r s  i n  t h e  I p h a s e ,  t h e  d a r k  b r u s h e s  

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

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

w i t h  t h e  o n s e t  o f  t h e  ND phase  t h e  b r u s h e s  d e v e l o p  a c u r v a t u r e  

which c a n  be e i t h e r  p o s i t i v e  o r  n e g a t i v e .  I n  F i g .  2 . 2 5 ~  t h e  

ND phase  h a s  j u s t  s t a r t e d  g o i n g  o v e r  t o  t h e  i s o t r o p i c  phase .  

Most o f  t h e  NR d r o p l e t s  s t i l l  have t h e  d a r k  b r u s h e s  curved  

' 

whereas  i n  some o t h e r s  which a r e  w e l l  s u r r o u h d e d  by t h e  I p h a s e  

t h e  d a r k  b r u s h e s  emerging from t h e  c e n t r e s  o f  t h e  d e f e c t s  a r e  

s t r a i g h t .  

b )  When t h e  sample  i s  viewed between c r o s s e d  c i r c u l a r  p o l a r i s e r s  

3 s p o t s  a r e  v i s i b l e  ( F i g .  2.25b), .  F i g .  2 .26a shows a  r e g i o n  

where a l m o s t  a l l  t h e  N d r o p l e t s  have a  p o i n t  d e f e c t  w i t h  s t r e n -  R 

g t h  +1 a t  t h e  c e n t r e  and F i g . 2 . 2 6 b  shows t h e  same sample  area 

between c r o s s e d  c i r c u l a r  p o l a r i s e r s .  One s p o t  c o r r e s p o n d s  t o  

t h e  +1 d e f e c t  a t  t h e  c e n t r e .  The o t h e r  two s p o t s  a r e  p r e s e n t  

on t h e  p e r i p h e r y  o f  t h e  NR d r o p l e t s  and a r e  d i a m e t r i c a l l y  oppo- 

s i t e  t o  e a c h  o t h e r .  The l i n e  j o i n i n g  t h e s e  s p o t s  makes a n  a n g l e  

o f  a b o u t  10° w i t h  t h e  normal t o  t h e  d i r e c t i o n  i n  which t h e  

N phase  is a l i g n e d .  D 

The NR d r o p l e t s  w i t h  a d i a m e t e r  2 1 0  p m a r e  h o r n s o t r o p i c a l l y  

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

glass s u r f a c e .  There  i s  a b r i g h t e n i n g  on t h e  p e r i p h e r y  o f  t h e s e  drop-  

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



Figure 2.25a. Coexistence o f  N and N,, phases i n  
R 

a mixture w i t h  30 mol % of  C OHBT a t  8 t l ° C .  Sample 
7 

taken between SiO coated p l a t e s ,  c rossed  l i n e a r  

p o l a r i s e r s  (x 4501, t h e  brushes i n s i d e  t h e  N drop- n 
l e t s  have e i t h e r  p o s i t i v e  o r  negat ive  cu rva tu re .  

F igure  2.25b. Same sample a r e a  a s  i n  F i g .  2.25a 

between crcissed c i r c u l a r  p o l a r i s e r s  ( x U ~ O ) .  



Figure  2 .25~ .  N ,  phase j u s t  going over  t o  t h e  I phase L 
a t  91.5OC i n  a mixture with 30 no1 5 o f  C CtIBT, 

7 
sarrple taken between SiO coated plate.5, c rossed  

l i n e a r  p o l a r i s e r s  (x 450) .  



Figure  2.26a. Cocxist.cnce of  N and N phases in- a  rnixl.ur-e 
R D 

with  30 molk of C OHBT a t  8 S 0 C ,  sample taken between SiO 
7 

coated p l a t e s ,  c rossed  l i n e a r  p o l a r i s e r s  (x  450 ) .  

F igu re  2.26b. Same sample a rea  a s  i n  F i g .  2.563 

between crossed  c i r c u l a r  poLar isers  (x  b 5 0 ) .  



( s e e  F i g .  2 . 2 5 a ) .  

L e t  u s  f i r s t  c o n s i d e r  t h e  N d r o p l e t s  w i t h  t h e  +1 d e f e c t s  a t  
R 

t h e  c e n t r e .  The m i x t u r e s  used i n  t h e s e  s t u d i e s  have a b o u t  80 mol 

% of t h e  r o d- l i k e  compound and t h e  NR d r o p l e t s  s h o u l d  have a n  even  

h i g h e r  p e r c e n t a g e  o f  t h e  l a t t e r  compound. The b i r e f r i n g e n c e  o f  t h e  

r o d- l i k e  compound is  p o s i t i v e  and i s  h i g h e r  i n  magni tude  t h a n  t h a t  

o f  t h e  d i s c o t i c  compound which is  - -0.08 (Mourey e t  a l .  1982) .  The 

s i g n  o f  o p t i c a l  a n i s o t r o p y  o f  t h e  N phase  can t h u s  be e x p e c t e d  t o  
R 

be p o s i t i v e .  O b s e r v a t i o n s  u s i n g  a s u i t a b l e  compensator  can  y i e l d  

t h e  d i r e c t o r  d i s t r i b u t i o n  w i t h i n  t h e  N d r o p l e t s .  A A p l a t e  was 
R 

used f o r  t h i s  purpose .  The q u a d r a n t s  o f  a d d i t i o n  have a  b l u e  c o l o u r  

and t h e  q u a d r a n t s  o f  s u b t r a c t i o n  have a  yel low c o l o u r  ( H a r t s h o r n e  

and S t u a r t  1934) .  NR d r o p l e t s  w i t h  d i a m e t e r  _> 5 p m a r e  t h e m s e l v e s  

c o l o u r e d  and i d e n t i f i c a t i o n  o f  t h e  b l u e  o r  ye l low c o l o u r  i s  d i f f i c u l t .  

T h e r e f o r e  s m a l l e r  d r o p l e t s  w i t h  d i a m e t e r  - 2  pm which a r e  e s s e n t i a l l y  

c o l o u r l e s s  were  chosen  and t h e  q u a d r a n t s  o f  a d d i t i o n  i n  r e l a t i o n  

t o  t h e  d i r e c t i o n  o f  t h e  s low a x i s  o f  t h e  A p l a t e  was n o t e d .  The 

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

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

. t o  t h e  s low a x i s  o f  t h e  A p l a t e  i n  t h e s e  r e g i o n s .  T h i s  shows t h a t  

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

The c u r v a t u r e  o f  t h e  d a r k  b r u s h e s  i n d i c t e s  t h a t  t h e  d i r e c t o r  i s  n o t  

s t r i c t l y  normal t o  t h e  i n t e r f a c e ,  b u t  makes a small a n g l e  w i t h  t h e  

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

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



t o  be a p p r o x i m a t e l y  l o 0 .  The c o n t i n u i t y  o f  d a r k  b r u s h e s  a c r o s s  t h e  

N R - N D  i n t e r f a c e  shows t h a t  t h e  d i r e c t o r  i s  a l s o  c o n t i n u o u s  a c r o s s  

t h e  boundary.  

F i g . 2 . 2 7 a  shows t h a t  t o p o l o g i c a l l y  t h e  d i r e c t o r  d i s t o r t i o n  

due t o  a  p o i n t  d e f e c t  o f  s t r e n g t h  +1 c a n  be a n n u l l e d  i n  t h e  f a r  f i e l d  

by a  d i s c l i n a t i o n  l o o p  o r  s i n g u l a r  r i n g  d e f e c t  o f  s t r e n g t h  -1/2, as 

t h e  d i r e c t o r  i s  a p o l a r .  G e n e r a l l y  i n  t h e  n e m a t i c  phase  t h e  p o i n t  

d e f e c t s  w i t h  s t r e n g t h  +I o c c u r  i n  t h e  b u l k  o f  t h e  sample  e i t h e r  i n  

a  c a p i l l a r y  o r  i n  s p h e r i c a l  d r o p l e t s  w i t h  a  normal boundary c o n d i t i o n .  

I n  t h e  s a m p l e s  s t u d i e d  by u s ,  t h e  c o e x i s t e n c e  o f  t h e  N and  N p h a s e s  
R D 

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

i n  a p o i n t  d e f e c t  a t  t h e  c e n t r e  o f  t h e  N d r o p l e t .  A s  t h e  ND phase  R 

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

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

s = -1/2 l y i n g  on t h e  p e r i p h e r y  o f  t h e  d r o p l e t .  Because  t h e  d r o p l e t  

i s  c o n f i n e d  between two g l a s s  p l a t e s  and t h e  l i n e  d e f e c t  l i e s  i n  

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

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

c i r c u l a r  p o l a r i s e r s  ( s e e  F i g . 2 . 2 5 b )  c o r r e s p o n d  t o  t h e s e  two a r c s  

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

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

t h e  p o i n t  d e f e c t  is  shown i n  F i g .  2.27b.  

One o t h e r  i n s t a n c e  where a s i m i l a r  c o n f i g u r a t i o n  h a s  been o b s e r-  

ved is i n  t h e  s m e c t i c  A phase .  T r e b i n  (1982)  h a s  g i v e n  s u c h  a n  i n t e r -  

p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  P e r e z  e t  a l .  ( 1 9 7 8 ) .  



Figure 2.27a 

Director distortion around a point defect of strength + l  

being annulled by a singular ring of strength - 1R. The 

singular ring intersects the paper at points A and B. 



Figure 2.27b , 

The d i r e c t o r  c o n f i g u r a t i o n  w i t h i n  and  o u t s i d e  t h e  N d r o p l e t  i n  a  p l a n e  R 
p a r a l l e l  t,o t h e  g l a s s  p l a t e s  and  c o n t a i n i n g  t h e  p o i n t  d e f e c t ,  i n  t h e  

s a m p l e s  s t u d i e d  by u s .  



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

a r rangement  c a n  be compensated by a s i n g u l a r  r i n g  c a r r y i n g  a t o p o l o g i-  

c a l  c h a r g e  o p p o s i t e  t o  t h a t  o f  t h e  r i n g  ( F i g .  2 . 2 8 ) .  The l a y e r  normal 

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

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

p l a n a r  l a y e r e d  a r rangement  i n  which t h e  l a y e r  normal  o r  t h e  d i r e c t o r  

f i e l d  is un i fo rm.  

T h i s  is  s i m i l a r  t o  t h e  samples  s t u d i e d  by' u s  where t h e  p o i n t  

d e f e c t  i n  t h e  N R  d r o p l e t  is  compensated by a s i n g u l a r  r i n g  because  

t h e N D  phase  h a s  a n  o v e r a l l  p l a n a r  a l i g n m e n t .  Ours is  t h e  first o b s e r v a-  

t i o n  o f  a  s i n g u l a r  r i n g  compensa t ing  a  p o i n t  d e f e c t  i n  a nemat ic  

sample .  More r e c e n t l y  L a v r e n t o v i c h  and T e r e n t e v  (1986)  have found 

t h a t ,  i n  a  n e m a t i c  s p h e r i c a l  d r o p l e t  suspended i n  a n  i s o t r o p i c  m a t r i x  

o f  g l y c e r i n  and  l e c i t h i n ,  a change i n  t e m p e r a t u r e  c a u s e s  a t r a n s f o r m a-  

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

i n  t h i s  c a s e  i t  is accompanied by t h e  f o r m a t i o n  o f  a  n o n- s i n g u l a r  

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

changes  i n  t h e  Frank  e l a s t i c  c o n s t a n t s .  

The d a r k  b r u s h e s  t h a t  emerge f rom t h e  l i n e  d e f e c t s  w i t h  s = -1/2, 

and p r e s e n t  j u s t  o u t s i d e  t h e  N d r o p l e t s ,  c a n  l i e  i n  d i f f e r e n t  r e g i o n s  R 

depend ing  on t h e  o r i e n t a t i o n  o f  t h e  p o l a r i s e r s .  

L e t  t h e  ND phase  have a n  o v e r a l l  p l a n a r  a l i g n m e n t  a l o n g  t h e  

x- a x i s  ( s e e  F i g .  2 .27b)  and l e t  a be t h e  a n g l e  made by t h e  r a d i u s  

v e c t o r  a t  a n y  p o i n t  P o u t s i d e  t h e  d r o p l e t  w i t h  t h e  x- a x i s ,  9 t h e  



Figure 2.28 

A h y p e r b o l i c  p o i n t  d e f e c t  o c c u r r i n g  i n  a smectic A 

phase  b e i n g  compensated  by a s i n g u l a r  r i n g  c a r r y i n g  a  

t o p o l o g i c a l l y  o p p o s i t e  c h a r g e  (From T r e b i n  1982). 



a n g l e  made by t h e  d i r e c t o r  w i t h  t h e  r a d i u s  v e c t o r .  4 i s  t h e  a n g l e  

made by t h e  d i r e c t o r  w i t h  t h e  x- a x i s  and i s  e q u a l  t o  a - 8  i n  t h e  f i r s t  

and t h i r d  q u a d r a n t s ,  and a +  8  i n  t h e  second and  f o u r t h  q u a d r a n t s .  

L e t  $ be t h e  a z i m u t h a l  a n g l e  made by t h e  p o l a r i s e r  w i t h  t h e  x- a x i s .  

The r e g i o n s  o f  t h e  s a m p l e ,  where 4 = $ o r  4 = $ + 90° are c r o s s e d  o u t  

by t h e  a n a l y s e r .  

L e t  u s  c o n s i d e r  t h e  f o l l o w i n g  3  c a s e s :  

1 When t h e  p o l a r i s e r  i s  p a r a l l e l  ( o r  p e r p e n d i c u l a r )  t o  t h e  x- a x i s  

( $  = O ) ,  r e g i o n s  w i t h  t h e  d i r e c t o r  a l o n g  t h e  x- a x i s  a r e  c r o s s e d  

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

t h e  sample  e x c e p t  w i t h i n  and j u s t  o u t s i d e  t h e  NR d r o p l e t s  whore 

t h e  d i r e c t o r  makes a n  a n g l e  w i t h  t h e  x- a x i s  i n  most  r e g i o n s  

( F i g .  2 . 2 9 ) .  

2  When t h e  p o l a r i s e r  makes a s m a l l  a n g l e  ( s a y  $ = -1 0 ° )  w i t h  t h e  

x- a x i s  two b r u s h e s  a r e  p r e s e n t  i n  t h e  ND r e g i o n  o u t s i d e  a n y  

NR d r o p l e t .  The e x a c t  p o s i t i o n  o f  t h e s e  b r u s h e s  depends  on 

8 .  I n  F i g .  2 .30a  t h e s e  b r u s h e s  c a n  be s e e n  j u s t  o u t s i d e  t h e  

NR d r o p l e t .  T h i s  can be compared w i t h  t h e  e x p e c t e d  p a t t e r n  

of  d a r k  b r u s h e s  ( F i g .  2.30b) o b t a i n e d  from t h e  d i r e c t o r  c o n f i g u-  

r a t i o n  shown i n  F i g .  2.27b f o r  $ = - l o 0 .  

3 When $=- 4 5 O ,  f o u r  d a r k  b r u s h e s  ( s e e  F i g .  2 .31a)  a r e  v i s i b l e  o u t -  

s i d e  t h e  NR d r o p l e t s .  Two o f  t h e  f o u r  b r u s h e s  l i e  v e r y  c l o s e  t o  

t h e  p e r i p h e r y  o f  t h e  NR d r o p l e t .  The e x p e c t e d  p a t t e r n  i s  shown 



Figure 2.29. C o e x i s t e n c e  o f  NR and N D  phases  w i t h  

t h e  N D  phase  a l i g n e d  a l o n g  x- a x i s  ( l o w e r  edge o f  

p h o t o g r a p h )  i n  a sample  w i t h  30 mol $ o f  C OHBT a t  7 
880C,  c r o s s e d  l i n e a r  p o l a r i z e r s ,  and I J J = O ~  ( x  450) .  



Figure  2.30a. Different area of the same sample 

a s  i n  Fig. 2.29,  crossed l i nea r  po la r i se rs ,  with 

(I - - 10" ( X  450) 



Figure 2.30b 

Pattern of dark brushes obtained from Fig. 2 . 2 7 b  for* = -100. 



Figure 2.31a. Same sample area  a s  i n  Fig. 2.30a, 

crossed l i nea r  po l a r i s e r s ,  J J ~  - 4 5 O  

(x 4 5 0 ) .  



Figure 2.31 b 

P a t t e r n  o f  d a r k  b r u s h e s  o b t a i n e d  f rom,Fig . ' .2 .27b ... f o r  

$ = -4T0. 



i n  F i g . 2 . 3 1 b  o b t a i n e d  from t h e  d i r e c t o r  c o n f i g u r a t i o n  g i v e n  

i n  F i g .  2 .27b  f o r  9 = -45 '  . 

A s  t h e  sample  i s  c o o l e d  t h e  +I d e f e c t  i s  found t o  move away 

from t h e  c e n t r e  o f  t h e  NR d r o p l e t s . V o l o v i k  and L a v r e n t o v i c h  (1983)  

have found i n  some s y s t e m s  a v a r i a t i o n  o f  t h e  boundary c o n d i t i o n  

o f  t h e  d i r e c t o r  from t a n g e n t i a l  t o  r a d i a l ,  i n  n e m a t i c  d r o p l e t s  suspen-  

ded i n  g l y c e r i n e ,  as a  f u n c t i o n  o f  t e m p e r a t u r e .  They f i n d  t h a t  f o r  

a n  i n t e r m e d i a t e  v a l u e  o f  t h e  a n g l e  made by t h e  d i r e c t o r  a t  t h e  i n t e r -  
I 

f a c e  t h e  + I  d e f e c t  c a n  move away from t h e  c e n t r e .  I n  t h e  s y s t e m  s t u d i e d  

by u s ,  a  s i m i l a r  change i n  t h e  a n g l e  made by t h e  d i r e c t o r  a t  t h e  

i n t e r f a c e  c a u s e s  a s h i f t  i n  t h e  p o s i t i o n  o f  t h e  + I  d e f e c t  i n  t h e  

NR d r o p l e t .  

F i g .  2 .32a  shows a sample  which e x h i b i t s  t h e  c o e x i s t e n c e  o f  

N and  ND p h a s e s  t a k e n  between SiO c o a t e d  p l a t e s  a t  88OC and  viewed 
R 

between c r o s s e d  l i n e a r  p o l a r i s e r s .  The +I d e f e c t s  a r e  s e e n  t o  be 

a t  t h e  c e n t r e s  o f  t h e  NR d r o p l e t s .  F i g .  2 .32b shows t h e  same sample  

a r e a  as i n  F i g .  2 .32a  when t h e  t e m p e r a t u r e  is  lowered  t o  80°C. The 

+ I  d e f e c t s  a r e  s e e n  t o  have moved away f rom t h e  c e n t r e s  o f  t h e  N R  

d r o p l e t s .  F i g .  2 .33a shows a n o t h e r  r e g i o n  w i t h  a similar s t r u c t u r e .  

T h i s  s h i f t  o f  t h e  +I d e f e c t  from t h e  c e n t r e  can be more c l e a r l y  s e e n  

w i t h  c i r c u l a r  p o l a r i s e r s .  F i g .  2 .33b shows t h e  same sample  a r e a  as 

shown i n  F i g .  2.33a viewed between c r o s s e d  c i r c u l a r  p o l a r i s e r s .  

2.4 CONCLUSION 

We have found t h e  c o e x i s t e n c e  o f  two n e m a t i c  p h a s e s ,  one  r e l a -  



Figure 2.32a. C o e x i s t e n c e  o f  N a n d  N p h a s e s  i n  a mix- 
t u r e  w i t h  30  mol % o f  C  OHB'? a t  ~ @ o c ,  s a m p l e  t a k e n  

7 be tween  S iO  c o a t e d  p l a t e s ,  c r o s s e d  l i n e a r  p o l a r i s e r s  
( x  i150). The p o i n t  d e f e c t s  a r e  l o c a t e d  a t  t h e  c e n t r e  
o f  t h e  N d r o p s .  

R 

Figure 2.32b. Same s a m p l e  a r e a  a s  i n  F i g .  2 .32a  
a t  8o0C,  t h e  + I  d e f e c t  i n  e a c h  d r o p  h a s  s h i f t e d  t o  
o n e  e n d  ( x  4 5 0 ) .  



Figwr: 2.33a. Another region of t h e  same sample a s  
i n  Fig. 2.32a a t  83.3OC with . t h e  ti 
defec t  s h i f t e d  from t h e  c e n t r e  o f  NR 
d r o p l e t s ,  between crossed  l i n e a r  p o l a r i s e r s  
( x  450).  



t i v e l y  r i c h  i n  r o d- l i k e  molecu les  and t h e  o t h e r  i n  d i s c - l i k e  mole- 

c u l e s ,  i n  m i x t u r e s  o f  nematogens w i t h  r o d- l i k e  and d i s c - l i k e  m o l e c u l e s  

i n  two s y s t e m s .  When t h e  m i x t u r e s  t h a t  e x h i b i t  t h e  c o e x i s t e n c e  i n  

System I a r e  t a k e n  between g l a s s  p l a t e s  c o a t e d  w i t h  SiO t h e  d i r e c t o r  

d i s t o r t i o n  due t o  t h e  p o i n t  d e f e c t  o f  s t r e n g t h  +1 p r e s e n t  a t  t h e  

c e n t r e s  o f  t h e  Nr d r o p l e t s  i s  found t o  be a n n u l l e d  by a  s i n g u l a r  

r i n g  d e f e c t  o f  s t r e n g t h  - 1 / 2 .  
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