
C H A P T E R  I V  

DIELECTRIC STUDIES OF REENTRANT 

NEMATOCENIC SYSTEMS 

Part I. Studies on Strongly Polar Reentrant Mesogens 

4.1 INTRODUCTION 

F o r  a long t i m e  i t  w a s  presumed t h a t  t h e  genera l  s e q u e n c e  

of phase  t rans i t ions  occu r r ing  in a polymesomorphic m a t e r i a l  (on 

cooling) should b e  

Isotropic + N e m a t i c  + S m e c t i c  + Solid 

But  in 1975, c l a d i s '  r e p o r t e d  a n  exci t ing  d e p a r t u r e  f rom th i s  se- 

quence .  S h e  found t h a t  in c e r t a i n  mixtures  of n-p-cyanobenzyli-  

dene-p '-octyloxyanil ine (CBOOA) and p-[(PI-hexyloxybenzylidene)- 

aminolbenzoni t r i le  (HBAB) t h e  nema t i c- smec t i c  A t rans i t ion  t e m p e r a -  

t u r e  becomes  mult ivalued,  t h e  nema t i c  phase occurr ing  a t  h ighe r  

as well as a t  lower t e m p e r a t u r e s  re la t ive  t o  t h e  s m e c t i c  A phase .  

The  phase  d iagram fo r  t h i s  b inary  sys tem ob ta ined  by c l a d i s '  i s  

given in Fig.4.1. It is s een  t h a t  f o r  t h e  mixtures  in a c e r t a i n  c o n c e n-  

t r a t i o n  range,  t h e  sequence  of phase t rans i t ion  (on cooling) f r o m  

t h e  i so t ropic  phase is 

N e m a t i c  + S m e c t i c  A + N e m a t i c  + Solid 



NEMATIC 

Figure 4.1 

Isobaric phase diagram (T-X) for mixtures of CBOOA and HBAB 

(Ref. I ) 



T h e  lower  t e m p e r a t u r e  phase  was  l a t e r  des igna ted  as t h e  reentrant 

nematic phase. The a p p e a r a n c e  of a higher s y m m e t r y  p h a s e  at 

a lower t e m p e r a t u r e  compared  t o  a less  s y m m e t r i c  o n e  is no t  s p e c i a l  

t o  liquid crystals .  There  a r e  q u i t e  a few e x a m p l e s  in o t h e r  f i e l d s  

of condensed m a t t e r  physics. The  pressure  dependence  of t h e  ' ~ e  

mel t ing  t e m p e r a t u r e 2  i s  a n  e a r l y  example  of r e e n t r a n t  behaviour .  

S o m e  o t h e r  s y s t e m s  exhibi t ing t h e  r e e n t r a n t  phenomena a r e ,  s u p e r-  

conduc to r s  doped with m a g n e t i c  impur i t ies3  a n d  r a r e  e a r t h  s u p e r -  

conduct ing  ma te r i a l s  which o rde r  magnet ica l ly  at  a t e m p e r a t u r e  

below t h e  superconducting t rans i t ion .  

c l a d i s '  a l s o  measured  t h e  bend e l a s t i c  c o n s t a n t  (Kj3) f o r  

t h e  CBOOAIHBAB mixtures.  I t  showed a s imi lar  p r e t r a n s i t i o n a l  

i n c r e a s e  on e i t h e r  s ide of t h e  s m e c t i c  A phase. It was  t h e r e f o r e  

concluded t h a t  no  macroscopic  d i f f e rence  ex i s t s  be tween  t h e  n o r m a l ,  

i.e., high t e m p e r a t u r e  n e m a t i c  and  t h e  r e e n t r a n t  n e m a t i c  phases .  

~ u b s e ~ u e n t l ~ ,  Cladis  et al.4 found t h e  r e e n t r a n t  n e m a t i c  

(N ) phase  in a pure  compound at e l eva ted  pressures.  T h e  p r e s s u r e -  r e  

t e m p e r a t u r e  d iagram of 4-n-octyloxy-4'-cyanobiphenyl ( 8 0 C B )  i s  

shown in Fig.4.2. It shows t h e  following fea tures :  

i)  t h e  nema t i c- smec t i c  A phase boundary cu rves  t o w a r d s  

t h e  pressure  axis  resembl ing  t h e  a r c  of a n  ellipse. 

ii) t h e  r e e n t r a n t  n e m a t i c  phase  exis t s  in t h e  p re s su re  r a n g e  



TEMPERATURE ( O C )  

Figure 4 . 2  

P-T diagram of 80CB 
(Ref. 4 )  



1.6 - 1.8 kbar. 

iii) beyond a pressure  P (about  1.8 kbar)  t h e  s m e c t i c  A p h a s e  m 

c e a s e s  t o  ex is t  and  t h e r e  'is only a n e m a t i c  phase. 

F u r t h e r  high pressure  s t u d i e s  5,6 o n  CBOOA, m i x t u r e s  of 

4-n-octyloxy-4'-cyanobiphenyl/4-n-hexyloxy-4'-cyanobiphenyl ( 8 0 C B /  

6 0 C B )  and mixtures  of N-p-cyanobenzylidene-p-nonylaniline/N-p- 

cyanobenzylidene-p-heptylaniline (CBNAICBHA) a l so  r e v e a l e d  t h e  

e x i s t e n c e  of t h e  N phase  in t h e s e  systems.  r e  

Unti l  t h e  beginning of 1979, t h e  Nre phase  was  s e e n  e i t h e r  

in mix tu re s  at a tmosphe r i c  p re s su re  o r  in s ingle c o m p o n e n t  s y s t e m s  

at  high pressures. In ea r ly  1979, invest igat ions by t h e  Bordeaux  

and  by Madhusudana e t  a ~ . ~  re su l t ed  in t h e  o b s e r v a t i o n  

of t h e  r e e n t r a n t  n e m a t i c  phase  in single componen t  s y s t e m s  at 

a t m o s p h e r i c  pressure.  The  molecu la r  s t r u c t u r e s  of t h e  c o m p o u n d s  

in ,which Madhusudana et a le9  m a d e  this  observa t ion  a r e  g iven  in 

F igure  4.3. The  ma te r i a l s  i n  which Hardouin e t  a l a 7  a n d  Tinh  a n d  

~ a s ~ a r o u x ~  m a d e  this  obse rva t ion  a r e  4-n-octyloxy-benzoyloxy-4'- 

cyanos t i lbene  (T8) and  4-nonyloxybenzoyloxy-4'-cyanotolane r e s p e c-  

tively. The  molecular  f o r m u l a e  a n d  t h e  t rans i t ion  t e m p e r a t u r e s  

of t h e s e  ma te r i a l s  a r e  shown in Fig.4.4. I t  is i n t e r e s t i n g  t o  n o t e  

t h a t  t h e  t w o  sys t ems  s tudied  by t h e  Bordeaux group s h o w e d  n o t  

only t h e  r e e n t r a n t  n e m a t i c  phase  but  a l so  a r e e n t r a n t  s r n e c t i c  A 



trans-p-n-decyloxy-4-methyl-p'-cyanophenyl cinnamate 

(10 OMCPC) 

4-cyanophenyl- 3-  methyl- 4 ( 4 -  n-undecyI benzoyLoxy) benzoate 

(11 CPMBB) 

4-cyanophenyl- 3 -  methy[ -4 (4 -  n-dodecyl benzoyloxy) benzoate 

(12 CPMBB) 

F i g u r e  4 . 3  

Chemica l  s t r u c t u r e s  of ( 1 )  10 OMCPC, ( 1 )  11 CPMBB and  ( 3 )  12CPMB3 

( R e f .  9 ) .  



Figure 4.4 

The list of structural formulae and transition temperatures in O C  

of ( 1 )  4-n-octyloxy- benzoyloxy-4'-cyanostilbene (Ref. 7) and 

( 2 )  4-nonyloxy ben~oyloxy-4~-cyanotolane (Ref. 8). 



phase. 

T h e  observa t ion  of t h e  Nre phase  in pu re  compounds  at a tmos-  

phe r i c  pressure  in i t ia ted  a t r emendous  a c t i v i t y  in t h e  synthes is  

of r e e n t r a n t  nematogens .  lo"' Present ly  a l a r g e  number  of t h r e e  

phenyl  ring single componen t  sys t ems  a r e  known which exhib i t  

t h e  r e e n t r a n t  behaviour at a tmosphe r i c  pressure. A typica l  mo lecu la r  

s t r u c t u r e  of a t h r e e  phenyl  ring compound which i s  likely t o  show 

r e e n t r a n c e  would be 

w h e r e  R is t h e  end  chain,  X and Y a r e  t h e  bridging groups  and  

Z is t h e  s t rongly  polar e n d  group. When Z = C N ,  in o rde r  t o  ob ta in  

N r e  
phase,  t h e  longitudinal  component  of t h e  dipole m o m e n t  of 

"Xu l inkage mus t  b e  in t h e  s a m e  sense  a s  t h a t  of t h e  C N  e n d  group. 

The  d i rec t ion  of t h e  longitudinal  componen t  of  t h e  d ipole  of "Y" 

linkage does  no t  appea r  t o  have  any  e f f e c t  on  t h e  o c c u r r e n c e  of 

r e e n t r a n t  n e m a t i c  phase. (Fo r  t h e  l a t e s t  review, see Ref .  12.) 

For  Z = N 0 2 ,  t h e  Nre phase is observed l e s s  o f t e n  and  only  

when t h e  dipole m o m e n t  of "Xu opposes t h a t  of t h e  t e r m i n a l  NO 2 

group. This kind of molecular  s t r u c t u r e  has  g iven  r i se  to t h e  disco- 

ve ry  of t r iply r e e n t r a n t  phenomenon observed  by t h e  Bordeaux 

group13 in 4-nonyloxyphenyl-4'-nitrobenzoyloxy b e n z o a t e  ( D B 9 0 N 0 2 )  

whose  molecular  s t r u c t u r e  is shown in Tab le  4.1. When t h e  m a t e r i a l  





was  initially discovered,  t h e  sequence  of t r ans i t i on  r e p o r t e d  to 

be  shown by i t  a r e  also g iven  in Table  4.1. However  t h e  m o r e  r e c e n t  

e x p e r i m e n t s  by Shashidhar et al.14 showed t h e  e x i s t e n c e  of a n o t h e r  - 
s m e c t i c  A phase,  viz., A phase  in tervening  b e t w e e n  s m e c t i c  C 

2 

a n d  s m e c t i c  C 2  phases. 

As  pointed ou t  in t h e  preceding pa rag raph ,  t h e  r e e n t r a n t  

behaviour is general ly exh ib i t ed  by single c o m p o n e n t  s y s t e m s  w i t h  

a s t rongly  polar  t e rmina l  group. (Some e x c e p t i o n s  t o  th is ,  viz., 

t h e  occu r rence  of r e e n t r a n t  n e m a t i c  phase in t e rmina l ly  non-polar 

ma te r i a l s  have been r e p o r t e d  by Halle group. I5 ' l6  This  will b e  

discussed in P a r t  I1 of t h i s  chapter .)  It was  po in t ed  o u t  by Madhu- 

17 
sudana  and Chandrasekhar  t h a t  in such  s t rong ly  polar  s y s t e m s  

t h e  neighbouring molecules  favour  an an t ipa ra l l e l  conf igura t ion .  

These  co r re l a t ions  in t u r n  lead t o  a bilayer s t r u c t u r e .  S ince  i t  is 

well known18 t h a t  t hese  an t ipa ra l l e l  co r r e l a t ions  m a n i f e s t  t h e m s e l v e s  

in t h e  d i e l ec t r i c  p rope r t i e s  of t h e  medium, w e  have  u n d e r t a k e n  

de t a i l ed  d i e l ec t r i c  inves t iga t ions  on ma te r i a l s  exhib i t ing  d i f f e r e n t  

t ypes  of r e e n t r a n t  behaviour.  

4.2 MATERIALS 

T h e  s t ruc tu ra l  f o r m u l a e  and t h e  t r ans i t i on  t e m p e r a t u r e s  

of  t h e  ma te r i a l s  s tudied  a r e  given iri Tab le  4.2. They a r e  4- cyano-  

biphenyl-4"-n-octyloxybenzoate (80BCBP) ,  a m i x t u r e  o f  4-(4'-nonyloxy 
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TABLE 4.2 

S t r u c t u r a l  f o r m u l a e ,  t h e  s e q u e n c e s  a n d  t e m p e r a t u r e s  o f  t r a n s i t i o n s  in "C 

of t h e  c o m p o u n d s  s t u d i e d  

1 4-Cyanobiphenyl-4"-n-octyloxybenzoate (8 O B C B P )  

2 3 0  m o l  96 4- (4'- nonyloxy benzoy1oxy)-4 ' -cyano a z o  b e n z e n e  ( 9 0 B C A B )  

+ 
4<4 ' -oc ty loxy  benzoy1oxy)-4 ' -cyano a z o  b e n z e n e  ( 8 0 B C A B )  

3 4-Nonyloxy pheny l -$ ' -n i t ro  b e n z o y l o x y  b e n z o a t e  ( D B 9 0 N 0 2 )  



benzoy1oxy)-4'-cyano a z o  b e n z e n e  (90BCAB) a n d  4- (4'-octyloxybenzoy- 

1oxy)-4'-cyanoazobenzene (80BCAB)  and  f ina l ly  D B 9 0 N 0 2  . 8 0 B C B P  

exh ib i t s  t h e  n e m a t i c ,  s m e c t i c  Ad and  r e e n t r a n t  n e m a t i c  phases.  

P u r e  SOBCAB shows a r e e n t r a n t  n e m a t i c  phase  and  in add i t i on  

t h e  s econd  s m e c t i c  A phase ,  viz., A l  phase. T h e  s m e c t i c  A l  p h a s e  

in t h i s  m a t e r i a l  is  m e t a s t a b l e  and  i t  was n o t  possible  t o  m e a s u r e  

t h e  d i e l ec t r i c  c o n s t a n t s  in t h i s  phase  owing t o  c rys t a l l i z a t i on  s e t t i n g  

in. We t h e r e f o r e  had  t o  m a k e  a mixture  of 30 m o l e  % of 9OBCAB 

in 8 0 B C A B  which  g a v e  t h e  s a m e  sequence  of t r ans i t i on  a s  SOBCAB,  

but  g a v e  a s t a b l e  s m e c t i c  A phase. Final ly t h e  m a t e r i a l  D B 9 0 N 0 2 ,  
1 

a s  r emarked  ea r l i e r ,  shows perhaps  t h e  r i ches t  va r i e ty  of p h a s e s  

in a n y  single componen t  s y s t e m  seen  so  fa r .  Because  of t h e  f a c t  

t h a t  t h e  n e m a t i c  phase  r e e n t e r s  tw ice  ( s ee  t h e  s equence  of t h e  

t r ans i t i on  given in Tab le  4.1) and  t h e  s m e c t i c  Ad phase  r e e n t e r s  

once ,  t h i s  m a t e r i a l  is  popularly known a s  a t r ip ly  r e e n t r a n t  mesogen.  

4.3 RESULTS AND DISCUSSIONS 

We shal l  now desc r ibe  t h e  resu l t s  of ou r  d i e l e c t r i c  s t u d i e s  

o n  t h e  ma te r i a l s  de sc r ibed  in t h e  previous s ec t ion .  

a )  S t a t i c  

Fig.4.5 g i v e s  t h e  t e m p e r a t u r e  var ia t ion  of € 1 1  a n d  €1 



F i g u r e  4 . 5  

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

d 
2nts  €1 

a n d  o f  A E  i n  t h e  n e m a t i c ,  s m e c t i c  A and  r e e n t r a n t  n e m a t i c  p h a s e s  

o f  80BCBP. 



wi th  t h e  d i e l ec t r i c  an iso t ropy A E  in t h e  n e m a t i c ,  s m e c t i c  Ad a n d  

r e e n t r a n t  n e m a t i c  phases. I t  is s een  t h a t  on cool ing  f r o m  t h e  high 

t e m p e r a t u r e  n e m a t i c  phase,  E i nc reases  cont inuous ly  while E m o r e  I I  1 
o r  less  r ema ins  cons tant .  The  increasing t r e n d  of € 1 1  c o n t i n u e s  

through t h e  n e m a t i c - s m e c t i c  Ad (N-A ) t r ans i t i on  t h e r e  be ing  n o  
d 

discontinuity.  A t  t h e  s m e c t i c  A
d
- reen t r an t  n e m a t i c  (A - N  ) t r ans i -  d r e  

tion, € 1 1  shows a n  inc rease  while E: shows a sma l l  d e c r e a s e  a n d  con- 1 
sequent ly  A E  shows a pronounced inc rease  at t h e  A - N  t rans i t ion .  

d r e  

These  resul ts  would ind ica t e  t h a t  t h e  dipolar c h a n g e s  accompany ing  

t h e  Ad-Nre  t r ans i t i on  a r e  m o r e  pronounced t h a n  t h o s e  accompany ing  

t h e  N- A t rans i t ion .  The  inc rease  in E a t  t h e  Ad-Nre  t r ans i t i on  d I I 
i nd ica tes  a d e c r e a s e  in an t ipara l le l  co r r e l a t ions  on  going f r o m  t h e  

Ad t o  Nre phase. A s imi l a r  resul t  has been  obse rved  for  o t h e r  r e-  

e n t r a n t  sys t ems  as well. 19,20 

b) Dispersion 

Fig.4.6 g ives  typica l  loss cu rves  ( E  vs. f ) i n  t h e  n e m a t i c ,  ii 
s m e c t i c  A a n d  r e e n t r a n t  n e m a t i c  phases. It i s  c l e a r  t h a t  o n  t h e  

d 

whole t h e  m a x i m a  of loss cu rves  show a n  i n c r e a s e  with d e c r e a s e  

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

Of € 1 1  wi th t e m p e r a t u r e .  Typical  Cole-Cole p lo t s  ob ta ined  in N, 

Ad and N phases  a r e  shown in Figs.4.7 and  4.8. In a l l  t h e  t h r e e  r e  

phases,  well def ined  semic i r c l e s  a r e  s een  wi th  the i r  c e n t r e s  lying 

on  t h e  hor izonta l  ax i s  signifying t h e  s ingle r e l axa t ion  p rocess  in 
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Figure  4 . 7  

Representa t ive  Cole-Cole p l o t s  f o r  the  ( a )  nematic ( + 206.2OC, 

0 200.15°C) and ( b )  smect ic  A phase ( 179.5OC, + 167.7OC,* 157.25OC, 
d 

137.3OC, x 126.g°C and A 120.15°C) of  80BCBP. 



Figure 4.8 

The representative Cole-Cole plots in the reentrant nematic phase 

( A  113.95OC, x 106.35°C,o 100°C) of 80BCBp. 



a l l  t h e  t h r e e  phases. T h e  va lues  of re laxa t ion  f r e q u e n c i e s  (f ) ob ta i -  
R 

ned  f r o m  loss cu rves  a n d  Cole-Cole plots  at var ious  t e m p e r a t u r e s  

a r e  l i s ted  in Tab le  4.3. f R  va lues  could no t  b e  ob ta ined  f r o m  t h e  

loss c u r v e s  at t h e  higher t e m p e r a t u r e s  in t h e  n o r m a l  n e m a t i c  phase  

d u e  t o  t h e  high values of t h e  f requencies  involved.  In such  cases 

f R  va lues  a r e  ob ta ined  f r o m  Cole-Cole plots  only. A p lo t  of fR  

versus  1/T is shown in Fig. 4.9. T h e  fol lowing f e a t u r e s  a r e  s e e n  

f r o m  th i s  f igure.  

I )  The  ac t iva t ion  ene rgy  W in t h e  r e e n t r a n t  n e m a t i c  phase  

i s  higher  t han  in t h e  no rma l  nema t i c  phase. I t  may  be  r eca l l ed  

t h a t  t h e  f i r s t  observa t ion  of such  a d i f f e r e n c e  in W b e t w e e n  t h e  

t w o  n e m a t i c  phases w a s  by R a t n a  et al. S i n c e  t h e n  a s imi lar  

behaviour has  been  seen  in mos t  of  t h e  r e e n t r a n t  s y s t e m s  s tud ied  

so  far.20 The  d i f f e rence  in W in t h e  t w o  n e m a t i c  phases  c a n  b e  

a sc r ibed  t o  a d i f f e r e n c e  in t h e  molecular  assoc ia t ions  in t h e s e  phases. 

I t  is i n t e re s t ing  t h a t  a l though Xray s tud ie s  d o  n o t  show a n y  d i f fe-  

r e n c e  be tween  t h e  two  n e m a t i c s  on a s t r u c t u r a l  leve l ,  t h e  d i e l e c t r i c  

dispersion s tud ie s  do ind ica t e  pronouncedly d i f f e r e n t  mo lecu la r  

assoc ia t ions  in t h e  two  n e m a t i c  phases. 

2)  The  ~ r r h e n i u s  plot  in t h e  s rnec t ic  Ad phase  i s  n o t  l inear  

a t  all. In f a c t  i t  has a pronounced c u r v a t u r e  which  changes  cont i-  

nuously a s  t h e  Nre phase  is approached.  As a consequence ,  i t  i s  

no t  possible t o  a sc r ibe  a n y  meaningful  value of W in t h e  Ad phase. 



TABLE 4.3 

F r e q u e n c y  of re laxa t ion  ( f  ) as a funct ion  of t e m p e r a t u r e  in t h e  R 
n e m a t i c ,  s m e c t i c  A a n d  r e e n t r a n t  n e m a t i c  phases  of 80BCBP 

d 

T e m p e r a t u r e  F requency  of re laxa t ion  (in MHz) S.No. 
( O C )  

Mean f R  F rom loss  c u r v e  F rom Cole- Cole  

N P h a s e  

P h a s e  

N r e  
P h a s e  



Figure 4.9 

The frequency of relaxation fR vs. 1/T plot of 80BCBP 



Although such a change  of c u r v a t u r e  c a n  be e x p e c t e d  c l o s e  t o  ano-  

t h e r  approaching  phase (i.e., as a 'precursor  e f f e c t ' )  such  a d e p a r t u r e  

f r o m  l inear i ty  in t h e  e n t i r e  A r ange  of t e m p e r a t u r e ,  which in 
d 

f a c t  i s  very  l a rge  (-80°C), is e x t r e m e l y  surprising. Pe rhaps ,  a de t a i l ed  

s t r u c t u r a l  s tudy of t h e  A phase  in this  m a t e r i a l  would help us d 

t o  unders tand  t h e  reason f o r  t h i s  unusual behaviour. 

4.3.2. 30 Mole % of SOBCAB in 80BCAB 

Now we present  our  d i e l ec t r i c  m e a s u r e m e n t s  on t h e  b inary  

mix tu re  of 30  mole  % 9OBCAB/80BCAB. 

a )  S t a t i c  

F igure  4.10 shows t h e  t e m p e r a t u r e  var ia t ion  of t h e  d i e l ec t r i c  

c o n s t a n t s  E E and a lso  of A E  and  the  a v e r a g e  d i e l e c t r i c  c o n s t a n t  1 1 '  I 
E. A cont inuous  inc rease  of E with d e c r e a s e  in t e m p e r a t u r e  

w a s  found  throughout  t h e  n e m a t i c ,  s m e c t i c  A a n d  Nre phases. 
d 

However  near  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  A ( N  - A  t r ans i t i on  1 r e  

a pronounced d e c r e a s e  in II w a s  observed. This  is i n t e r p r e t e d  

as d u e  t o  t h e  s t rong  i n c r e a s e  in t h e  ant ipara l le l  c o r r e l a t i o n  in t h e  

s m e c t i c  A phase.  These  r e su l t s  a r e  in gene ra l  a g r e e m e n t  wi th  1 
20 t h o s e  of Legrand et al. o n  a n o t h e r  doubly r e e n t r a n t  s ingle  compo-  

n e n t  sys tem:  viz., 4-cyanobenzoyloxy-4'-octylbenzoyloxy-p-phenylene 



F i g u r e  4 . 1 0  

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

€1 and o f  E' and AE i n  N ,  Ad, N r e  and  A, p h a s e s  o f  30 mol  % 

90BCAB/80BCAB m i x t u r e .  



b) Dispersion 

T h e  typ i ca l  loss cu rves  at a f e w  t e m p e r a t u r e s  in t h e  n e m a t i c ,  

s m e c t i c  Ad, r e e n t r a n t  n e m a t i c  a n d  A l  p h a s e s  a r e  shown  in t h e  

Fig. 4.11. T h e  va r i a t i on  of t h e  max ima  of t h e  loss  c u r v e s  in a l l  

t h e  phases  r e f l e c t s  t h e  behaviour of E . T h e  s l igh t  d e c r e a s e  in I I 
t h e  m a x i m a  n e a r  N - A  t r ans i t i on  is a l so  c l e a r l y  seen.  T h e  r e p r e -  

r e  1 

s e n t a t i v e  Cole- Cole  plots  in a l l  phases a r e  shown in t h e  Figs.4.12 

and  4.13. T h e  f r equenc ie s  of re laxa t ion  ( fR)  ob t a ined  f r o m  loss  

cu rves  and  Cole- Cole  p lo ts  a r e  l i s ted  in t h e  T a b l e  4.4. T h e  p lo t  

of f R  versus  I / T  is  shown in Fig.4.14. This  p lo t  is  l i nea r  in t h e  

N and  in t h e  Ad phases  (WN- W ~ 0 . 4 4  eV). Howeve r ,  in t h e  Nre 
Ad 

phase,  t h e  p lo t  i s  non- linear a n d  changes  s lope  cont inuous ly  o n  

going towards  A In t h e  A l  phase,  t h e  Ar rhen ius  p lo t  i s  a s t r a i g h t  I '  

line. We shal l  now c o m p a r e  t h e  dispersion r e su l t s  on t h e  9 0 B C A B /  

8OBCAB m i x t u r e  (Fig. 4.1 4) wi th  t h o s e  on 8 0 B C B P  (Fig. 4.9). 

1) On t h e  whole W. a p p e a r s  t o  i nc rease  f r o m  A t o  N t o  
d r e  

A . This t r e n d  is  in acco rdance  wi th  ea r l i e r  m e a s u r e m e n t s  on  a n o t h e r  I 

doubly r e e n t r a n t  ma te r i a l ,  viz., 8CBBP. 2 0 

2) T h e  p lo t  of f R  versus  1/T is  l i nea r  in t h e  A phase  only  d 

when t h e  t e m p e r a t u r e  r a n g e  of t h e  phase i s  sma l l  (Fig.4.14). When 

t h i s  range  is  s o m e w h a t  l a rge  as in t he  case of 8 0 B C B P  (Fig.4.9), 

t h e  plot  changes  s lope  continuously,  t h e  s lope  increas ing  w i t h  d e c r e a -  





F i g u r e  4 .12  

The r e p r e s e n t a t i v e  Cole-Cole p l o t s  i n  t h e  ( a )  nemat ic  ( 197.25OC, 

x 193.25OC, 0 189.8OC) and ( b )  s m e c t i c  A d  ( 0 1 7 8 . g 0 ~ ,  x 173OC, 

I1 162.75OC) p h a s e s  o f  30 mol % 90BCAB/80BCAB m i x t u r e .  



Figure 4.13 

The representative Cole-Cole plots in the (a) Nre ( 0 156.6OC, 

A 138.4OC, 0 111.5°C) and ( b )  smectic A1 ( 88.5OC, x 77.85OC) 

phases of 30 mol 90BCAB/80BCAB mixture. 



TABLE 4.4 

Frequency of relaxation (f ) as  a function of temperature  for the R 
the binary mixture of 30 rno1°6 90BCAB/80BCAB in t he  nematic.  

smect ic  A reentrant nematic and smectic A phases. d' 1 

Temperature Frequency of relaxation (in MHz) 
S.No. 

( "C)  
M?an f 

From loss curve From Cole-Cole R 

N e m a t i c  P h a s e  

S m e c t  i c  A d  

R e e n t r a n t  N e m a t i c  

S m e c  t i c A 

88.50 0.0255 0.023 
86.1 0.02 1 0.020 
84.3 0.020 0.0187 
81.15 0.014 0.Q 134 
77.85 0.01 1 0.0101 
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The  f r e q u e n c y  o f  r e l a x a t i o n  f R  V S .  1 / T  p l o t  f o r  30 mol $ 

90BCAB/80BCAB m i x t u r e .  



sing t e m p e r a t u r e .  Exact ly  s imi lar  behaviour is s e e n  in t h e  Nre phase  

a l so  - a s t r a igh t  line plot  of f vs. 1/T when t h e  r a n g e  of Nre R 

is sma l l  (Fig.4.9) and a cont inuous  change  of s lope  when i t  is l a r g e  

(Fig.4.14). If t h e  change  of s lope  c a n  be r e g a r d e d  as a pre-transi-  

t ional  e f f e c t ,  t h e n  such a n  e f f e c t  should h a v e  been  less conspicuous  

fo r  a l a rge r  r ange  while t h e  oppos i te  s e e m s  t o  be  t h e  case observed  

exper imenta l ly .  A possible explanat ion  could b e  a s s o c i a t e d  wi th  t h e  

f a c t  ' t ha t  t h e  r e e n t r a n t  n e m a t i c  phase,  in gene ra l ,  is known t o  have  

t w o  t y p e s  of compet ing  s m e c t i c  f luc tua t ions  - viz., A -like and  1 

A -like, t h e  l a t t e r  being m o r e  prominent  at high t e m p e r a t u r e s  
d 

while t h e  f o r m e r  is s t rong  a t  low t empera tu re s .  I t  is conce ivab le  

t h a t  d i e l ec t r i c  dispersion i s  perhaps s trongly in f luenced  by t h e s e  

compe t ing  shor t  range  o r d e r  e f f e c t s  leading t o  a non- linear  behaviour 

of t h e  f R  vs. l / T  plot. 

Now we  present  t h e  resu l t s  of o u r  d i e l e c t r i c  i nves t iga t ions  

on  t h e  single componen t  s y s t e m  DB90N02 ,  a t r i p ly  r e e n t r a n t  meso-  

gen. 

a )  S t a t i c  

T h e  t e m p e r a t u r e  var ia t ion  of t he  s t a t i c  d i e l e c t r i c  c o n s t a n t s  

1 a n d  E a s  well a s  of t h e  d ie lec t r ic  an i so t ropy  A E  i s  shown in 1 



Fig. 4.15. It is s een  t h a t  e x c e p t  at  the  highest  t e m p e r a t u r e  N- A
d  

t rans i t ion ,  both E a n d  E a n d  hence  Ar exhib i t  a smoo th  va r i a t ion  I1 1 
th rough a l l  t h e  o the r  A -N transi t ions.  I t  t h e r e f o r e  a p p e a r s  t h a t  d 

t h e  d i e l ec t r i c  pe rmi t t i v i ty  i s  no t  at all  a f f e c t e d  by t h e  numerous  

A -N t rans i t ions  occu r r ing  in t h e  mater ia l .  On approach ing  t h e  
d 

A phase  r d e c r e a s e s  whi le  E i nc reases  causing t h e r e b y  a pronoun- 
1 I1 1 

c e d  d e c r e a s e  in A E .  Owing t o  diff icul t ies  in obta in ing  homogeneous  

o r i en ta t ion  in t h e  C phases  w e  have  not  m a d e  a n y  m e a s u r e m e n t s  

of A r beyond t h e  A phase.* 

b) Dispersion 

T h e  typica l  loss c u r v e s  a t  a few t e m p e r a t u r e s  in a l l  t h e  

phases  exhib i ted  by th i s  compound a r e  shown in Figs. 4.16-4.18. 

S ince  i t  was  possible t o  g e t  homeotropic  a l ignmen t  in t h e  C phases,  

d ispers ion  measu remen t s  w e r e  c a r r i e d  ou t  in a l l  t h e  lower  t e m p e r a -  

t u r e  phases. The  r ep resen ta t ive  Cole-Cole plots  at a f e w  t e m p e r a -  

t u r e s  in al l  t h e  phases a r e  shown in t h e  Figs. 4.19-4.21. I t  is c l ea r ly  

ev iden t  f r o m  t h e  loss cu rves  a n d  as well as f r o m  Cole- Cole  p lo t s  

t h a t  t h e r e  i s  possibly a second dispersion c lose  t o  t h e  d ispers ion  

discussed here,  but  a t  f r equenc ie s  higher t han  t h e  max imum f re-  

quency  (13 MHz) capabi l i ty  of o u r  ins t rument .  T h e  r e p r e s e n t a t i v e  

Cole- Cole  plots  c lear ly  show t h a t  t he  second dispersion s e p a r a t e s  
- * 

A f t e r  comple t ion  of t h e s e  s tud ie s  on D B 9 0 N 0 2 ,  i t  w a s  l e a r n t  t h a t  
Legrand et a1." have  a l so  s tudied  t h e  dielectric behaviour  of t h e  
s a m e  ma te r i a l .  Their r e su l t s  a r e  in good a g r e e m e n t  wi th  ours .  



Figure 4.15 

The t e m p e r a t u r e  v a r i a t i o n  of s t a t i c  d i e l e c t r i c  c o n s t a n t s  E 
I I and €1 and t h e  d i e l e c t r i c  a n i s o t r o p y  ( A E )  i n  t h e  d i f f e r e n t  p h a s e s  o f  DB90NO 

2' 
The a r r o w s  i n d i c a t e  t r a n s i t i o n  t e m p e r a t u r e s .  









Figure 4.19 

Representative Cole-Cole plots in the (a) nematic ( 0 202.15OC, 

+ 197.7OC), ( b )  srnectic A ( 0 180.2'C, + 160°C) and Nre ( X 151.2°C, 
d 

U 140.1°C) phases of DB90N02 . 



Figure 4.20 

Representative Cole-Cole plots in ( a )  A ( 0 134.4OC, X 125OC), 
d(re) 

( b )  Nre ( 0 124OC, X 121.5OC) and A 1  ( A 120.1°C) phases of DB90N02. 



Figure 4.21 

Representative Cole-Cole plots in (a) ? ( 0 1 17.40C1 X 1 1O0C1 101.5°C)1 

( b )  A2 ( 0 99.20C1 * 17.5OC) and C2 ( 950C1 x 91.7OC, A 88.7OC) 

phases of DB90N02. 



o u t  m o r e  at lower  t e m p e r a t u r e s  and as a consequence  b e c o m e s  

m o r e  pronounced. Our de t e rmina t ion  of f a t  h igher  t e m p e r a t u r e s  
R 

m a y  have  been  conceivably  a f f e c t e d  by t h e  over lapping  of t h e  two  

dispersion r eg imes  a t  t h e s e  t empera tu re s .  The  r eason  f o r  t h e  second 

dispersion in a l l  t h e  phases  is no t  c l e a r  t o  us. 

T h e  f R  va lues  ob ta ined  at  various t e m p e r a t u r e s  f r o m  t h e  

loss cu rves  a n d  a s  well  a s  Cole-Cole p lo ts  (cor responding  t o  t h e  

lower  f r equency  dispersion) a r e  l is ted in Tab le  4.5. f ve r sus  l / T  
R 

p lo t  i s  shown in Fig.4.22. T h e  ac t iva t ion  e n e r g i e s  (W) o b t a i n e d  

in a l l  t h e  mesophases  a r e  l i s ted  in t h e  Tab le  4.6. It i s  s e e n  t h a t  

t h e  W value  fo r  t h e  lowest  t e m p e r a t u r e  N phase  is s igni f icant ly  
r e  

higher t h a n  t h e  W va lue  of t h e  f i r s t  (or  higher  t e m p e r a t u r e )  N r e  

phase  which in tu rn  is higher  t h a n  t h a t  fo r  t h e  normal  n e m a t i c  

phase. Similarly W of t h e  r e e n t r a n t  Ad phase  i s  m o r e  t h a n  t h a t  

o f  t h e  normal  Ad phase. Amongst  t h e  four  A phases  t h a t  ex i s t  

f o r  t h i s  compound,  A l  h a s  t h e  highest  W while t h e  no rma l  Ad has  

t h e  lowest  value. 

Thus on t h e  whole, t h e  d i e l ec t r i c  an iso t ropy inc reases  smoo-  

th ly  with d e c r e a s e  of t e m p e r a t u r e  a s  o n e  goes  f r o m  N t o  A d to 

Nre. This  happens  regard less  of t h e  number  of t i m e s  t h e  n e m a t i c  

phase  r een te r s .  (The  d i e l ec t r i c  an iso t ropy d e c r e a s e s  only in t h e  

A l  phase.) This resu l t  would ind ica t e  t h a t  t h e  dipolar  changes  accorn-  

panying t h e  Ad-N or Ad-Nre t rans i t ions  should be ve ry  subt le .  



TABLE 4.5 

Frequency of Relaxation (fR) a s  a function of t e m p e r a t u r e  fo r  D B 9 0 N 0 2  

Tempera tu re  Frequency of relaxation (in MHz) 
S.No. 

( " 0  From loss cu rve  From Cole-Cole 
Mean f R  

N e m a t i c  P h a s e  

S m e c t  i c  A d  

R e e n t r a n t  N e m a t i c  

154.1 2.25 2.23 

151.2 1.975 1.975 

148.1 1.7 1.71 

145.15 1.46 1.47 

142 1.25 1.247 

140.1 1.15 1.155 

continued 



Tempera ture  F requency  of relaxat ion (in MHz) 
S.No. 

("C) F rom loss c u r v e  From Cole- Cole  
Mean f R  

S m e c t i c  A d ( r e )  

R e e n t r a n t  N e m a t i c  

3 0 124 0.438 0.438 0.438 

3 1 122.6 0.355 0.353 0.354 

3 2 121.5 0.305 0.30 1 0.303 

S m e c t  i c  A l  

3 3 121.0 0.290 0.293 0.292 

34 120.05 0.260 0.262 0.261 

3 5 119 0.240 0.239 0.240 

S m e c t  i c  

con t inued  



Frequency of relaxation (in MHz) 
Temperature Mean f 

S.No. 
("C) From loss curve From Cole-Cole 

S m e c t  i c  A 2  

S m e c t  i c  C 2  



F i g u r e  4 .22  

P l o t  o f  f r e q u e n c y  o f  r e l a x a t i o n  f R  VS .  1 / T  i n  t h e  d i f f e r e n t  

p h a s e s  o f  DB90N02. The  a r r o w s  i n d i c a t e  t r a n s i t i o n  t e m p e r a t u r e s .  



TABLE 4.6 

Act iva t ion  e n e r g y  ( \ V )  corresponding t o  t h e  low f r e q u e n c y  dispersion 

Of II in the d i f f e r e n t  phases  of D B 9 0 N 0 2  

W 
0.54 0.63 0.74 0.87 1.88 1.23 0.97 0.86 0.86 

(in eV) 



As regards  t h e  ac t iva t ion  ene rgy  W, WN i s  a lways  h ighe r  t han  
r e  

WN while WA < WN, t h e  ac t iva t ion  ene rgy  being de f inab le  only 
d 

when t h e  t e m p e r a t u r e  r a n g e  of t h e  phase is small .  When t h i s  r ange  

i s  la rge ,  t h e  plot  of f  versus  I /T  changes  s lope  cont inuous ly  and 
R 

no  single va lue  of W c a n  b e  a t t r i bu ted .  T h e  p rec i se  r eason  fo r  

t h i s  behaviour i s  not  y e t  c l e a r  t o  us. 

The re  have  been  s e v e r a l  t heo re t i ca l  a t t e m p t s  23-26 t o  explain 

t h e  o c c u r r e n c e  of t h e  r e e n t r a n t  nema t i c  phase. Al though qual i ta-  

t ive ly  successful ,  none of t h e s e  theo r i e s  h a v e  been  a b l e  t o  explain 

a l l  t h e  expe r imen ta l  f e a t u r e s  exhibi ted by r e e n t r a n t  mesogens.  

In t h e  nex t  sec t ion  w e  sha l l  br ief ly discuss t h e  t h e o r e t i c a l  app roach  

of Longa and d e  a n d  c o m p a r e  t h e  p red ic t ion  of t h e  theo ry  

wi th  expe r imen t s  with r ega rd  t o  t h e  d i e l ec t r i c  p r o p e r t i e s  of re-  

e n t r a n t  systems.  

4.4 SOME COMMENTS ON THEORETICAL WORK CONCERNING 

THE REENTRANT NEMATIC PHASE 

We discussed s o  f a r  t h e  d i e l ec t r i c  p e r m i t t i v i t i e s  of  s t rongly  

polar r e e n t r a n t  nema togen ic  sys tems.  The  f e a t u r e  t h a t  e m e r g e s  

f r o m  t h e  resul ts ,  regard less  of whether  t h e  m a t e r i a l  exh ib i t s  o n e  

o r  t w o  r e e n t r a n t  n e m a t i c  phases, i s  t h a t  A E  a l w a y s  i n c r e a s e s  cont i-  

nuously f rom t h e  high t e m p e r a t u r e  nema t i c  t o  t h e  lower t e m p e r a t u r e  

n e m a t i c  phase. As men t ioned  ea r l i e r ,  t h e r e  have  been  s o m e  theo re -  



t i c a l  a t t e m p t s  t o  explain t h e  origin of r e e n t r a n t  n e m a t i c  behaviour.  

They a r e  phenomenological  and  as well as molecular  app roaches .  

T h e  phenomenological  of Pershan  and  P r o s t  which  i s  a l so  

r e f e r r e d  t o  as op t imum dens i ty  model  m a k e s  t h e  hypothes is  t h a t  

r e e n t r a n t  n e m a t i c  phase occu r s  because  s m e c t i c  A phase  c a n  ex i s t  

only nea r  ' op t imum density. This  opt imum dens i ty  mode l  m a k e s  

t w o  i m p o r t a n t  predict ions.  

1 T h e r e  should be doubling of c r i t i ca l  exponen t  a s s o c i a t e d  

wi th  co r re l a t ion  length  a long a line t a n g e n t i a l  t o  t h e  pa rabo l i c  

(or  e l l ip t ica l )  A-N boundary. 

2 The  c o n s t a n t  dens i ty  l ines in P-T p lane  should be para l l e l  

t o  t h e  parabol ic  ax i s  of t h e  P-T boundary. 

Although t h e  f i r s t  predic t ion  has been  conf i rmed  by Xray  

s c a t t e r i n g  r e su l t s  of Kor t an  et al., 27,28 t h e  P-V-T s tud ie s  by Shashi-  

dhar  e t  al.29 o n  8OCB yielded resul t s  which a r e  in subs t an t i a l  dis-  

a g r e e m e n t  wi th  t h e  second predic t ion  of t h e  op t imum dens i ty  model .  2 3 

F r o m  t h e  molecular  point  of view, only a n  a p p r o x i m a t e ,  

qua l i t a t i ve  explanat ion  of r e e n t r a n t  behaviour h a s  been  possible. 

T h e  bas ic  i dea  underlying t h e  molecular  model  is t h a t  b e c a u s e  of 

t h e  an t ipa ra l l e l  co r r e l a t ions  t h e  molecules  f o r m  dimers ,  which a r e  

a s sumed  t o  be  somewha t  bulgy in t h e  middle (Fig.4.23a). O n c e  

t h e  s m e c t i c  phase  is fo rmed  t h e  bulgy p a r t s  a r e  lined up in a p lane ,  



Figure 4.23 

Schematic representation of (a) a dimer unit consisting 

of two antiparallel molecules, ( b )  the mechanism of 

destabilisation of the smectic A phase (Ref. 30). 



bu t  t h e  alkyl  cha ins  canno t  f i l l  t h e  res t  of t h e  space .  With increas ing  

d i m e r  f o r m a t i o n  (i.e., wi th  dec reas ing  t e m p e r a t u r e )  a n d  a l so  possibly 

wi th  t h e  s t i f fen ing  of t h e  end  chains,  t h e  packing becomes  so  un- 

f avourab le  t h a t  t h e  A phase  is des tabi l ized  and t h e  n e m a t i c  r e e n t e r s  
d 

(Fig.4.23b). The  e l e m e n t s  of t h e  model  were  proposed by C lad i s  6,30,3 1 

but  a m o r e  c o m p l e t e  t h e o r e t i c a l  discussion involving a t t r a c t i v e  

f o r c e s  a n d  ha rd  c o r e  repulsions has  been p re sen ted  by Longa a n d  

d e  ~ e u ~ ~  who showed t h a t  t h e r e  can  indeed be a lower  t e m p e r a t u r e  

n e m a t i c  phase. Qual i ta t ive ly  t h i s  i s  very  sa t i s f ac to ry .  However ,  

a n t i f e r r o e l e c t r i c  s h o r t  r ange  o r d e r  is a s t a t i s t i c a l  e f f e c t ,  and  t o  

look upon t h e  s y s t e m  as a sum of two  e x t r e m e  s i tua t ions ,  t h e  per-  

f e c t l y  pa i r ed  d i m e r  wi th  t h e  dipoles compensa ted  a n d  t h e  comple t e ly  

unpaired monomer  wi th  t h e  ful l  value of t h e  d ipole  m o m e n t  i s  

a r a t h e r  gross  approximat ion .  As emphas ized  by t h e s e  a u t h o r s  t h e m -  

selves
z6 t h e  q u a n t i t a t i v e  a s p e c t s  of t h e  model  should be t r e a t e d  

wi th  caut ion .  This  point h a s  been  discussed in d e t a i l  by Chandra -  

~ e k h a r . ) ~  In t h e  ca lcula t ions  of Longa and  d e  J e u ,  t h e  var ia t ion  

of t h e  d i m e r  concen t r a t ion  wi th  decreas ing  t e m p e r a t u r e  is t a k e n  

t o  b e  of f o r m  given in c u r v e  1 of Fig.4.24a, t h e  d i m e r  c o n c e n t r a t i o n  

increas ing  f r o m  abou t  40%- 70% in t h e  A phase. If t h i s  w e r e  so ,  

t h e  d i e l ec t r i c  an iso t ropy should d e c r e a s e  wi th  d e c r e a s e  of t e m p e r a-  

tu re .  This  point has  been i l l u s t r a t ed  in t h e  case of 8 0 C B / 6 0 C B  

mixture.32 The  ca l cu la t ed  A E drops rapidly with dec reas ing  t e m p e r a-  

t u r e  in t h e  A phase  in c o n t r a s t  t o  wha t  is obse rved  expe r imen ta l ly  



Figure 4.24 

(a) Curve 1 : The variation of the dimer concentration 

through N, A and Nre phases assumed in the model of Longa 

and de Jeu. 
26 

Curve 2: Variation of the dimer concentration derived 

from the experimental dielectric data for 8 0 ~ B :  60CB 
2 1 

mixture . 
( b )  Expected form of the dielectric anisotropy ( A € )  of the 

80CB : 60CB mixture calculated from curve 1 of (a). The 

calculated A€ decreases rapidly with decreasing temperature 

in the A phase, in contrast to what is found experimentally 

(Ref. 32). 



by R a t n a  et a12' (Fig.4.24b). In f a c t ,  t h e  e x p e r i m e n t a l  d i e l ec t r i c  

d a t a  r equ i r e  only a very sma l l  var ia t ion  of t h e  d i m e r  concen t r a t ion  

wi th  t e m p e r a t u r e ,  shown in c u r v e  '2 '  of Fig.4.24a. Ano the r  equally 

ser ious  d i f f icu l ty  has  been  encountered .  I t  h a s  been  shown exper i-  

men ta l ly  t h a t  t h e  l aye r  spac ing  in t h e  A phase  r e m a i n s  p rac t i ca l ly  d 

cons t an t .  33'34 In o rde r  t o  accoun t  for  th is ,  t h e  assumpt ion  has  

t o  be  m a d e  in t h e  theo ry  t h a t  al though t h e r e  is a n  enormous  varia-  

t ion  in t h e  d imer /monomer  ra t io ,  t h e  monomers  just  f l o a t  a round 

in t h e  s m e c i c  A l aye r s  wi thout  a f f e c t i n g  t h e  layer  spacing.  However  

t h i s  is con t r a ry  t o  wha t  is s een  exper imenta l ly  31735736 as i l l u s t r a t ed  

in t h e  s m e c t i c  A layer  spac ing  versus c o n c e n t r a t i o n  d iagram of 

a binary mix tu re  of CBOOA (which fo rms  a b i layer  s m e c t i c )  and  

4-n-pentylphenyl-4'-n-octyloxybenzoate (8.0.5) (which  f o r m s  a mono- 

laye r  ~ m e c t i c ) ~ ~  ( see  Fig.4.25). The re  is in f a c t  a s t r ik ing  va r i a t ion  

of  t h e  l aye r  spacing with concent ra t ion .  It c a n  t h e r e f o r e  be  conclu-  

ded  t h a t  t h e  occu r rence  of t h e  r e e n t r a n t  phase  involves  much m o r e  

sub t l e  s t r u c t u r a l  changes  t h a n  expec ted  f r o m  t h e  c u r r e n t  molecular  

t r e a t m e n t s  26937 of t h i s  phenomenon. Essential ly t h e  s a m e  conclusions 

h a v e  been  drawn by t h e  MIT group28 f r o m  high resolut ion Xray  

studies.  

Thus i t  is c l e a r  t h a t  t o  look upon t h e  s y s t e m  a s  a sum of 

t w o  e x t r e m e  s i tua t ions ,  viz., consist ing of i n t e r a c t i n g  d imers  and  

monomers ,  i s  t o o  s impl is t ic  a n  assumption.  I t  i s  pe rhaps  c o r r e c t  



- 

- 

- 

- 

- 

- 

- \ 

- \  - 
c -\ -- 

- C B O O A  7 
I I I 1 I 1 I I I 

mole fraction 

F i g u r e  4 .25  

CBOOA 

The  smectic A l a y e r  s p a c i n g  v s .  c o n c e n t r a t i o n  i n  a  b i n a r y  

m i x t u r e  o f  CBOOA a n d  8.0.5 ( R e f .  35). 



t o  s a y  t h a t  no  theo ry  of  r e e n t r a n t  nema t i c  phenomenon has  b e e n  

a b l e  t o  explain al l  t h e  expe r imen ta l ly  observed f e a t u r e s  of r e e n t r a n t  

mesogens.  

Part 11. S tudies  o n  Non-Polar R e e n t r a n t  Mesogens 

4.5 INTRODUCTION 

In t h e  previous p a r t ,  w e  discussed d i e l e c t r i c  r e su l t s  on  r e -  

e n t r a n t  nema togen ic  compounds  whose cons t i t uen t  molecules  possess 

a s t rongly  polar end  g roup  (cyano o r  nitro). F o r  s o m e  yea r s  i t  appea-  

r e d  t h a t  r e e n t r a n t  phenomenon is a special  f e a t u r e  of compounds  

wi th  t e rmina l  polar groups. The  r een t r an t  n e m a t i c  phase  was  a l s o  

observed  in mix tu re s  when one  of t h e  c o m p o n e n t s  of t h e  m i x t u r e  

had a t e rmina l  polar group. 31935738939 In principle,  r e e n t r a n t  phases  

c a n  occu r  in non-polar s y s t e m s  as well. F lonnie    ow ell^^ h a s  discu- 

ssed  th is  possibility in s o m e  de ta i l  by t r e a t i n g  t h e  molecules  as 

h a r d  rigid co res  with semif lex ib le  ta i l s  and i n t e r a c t i n g  via s e g m e n t a l  

ha rd  repulsions. In t h e  A phase  t h e  molecules a r e  s e g r e g a t e d  i n t o  

layers .  Dowell showed theo re t i ca l ly  t h a t  as t h e  t a i l s  b e c o m e  m o r e  

rigid a t  lower  t e m p e r a t u r e s ,  layering may b e c o m e  disadvantageous  

and  t h e  A phase  c a n  b e  destabi l ized.  Pe l z l  e t  a d 5  obse rved  f o r  

t h e  f i r s t  t i m e  t h e  r e e n t r a n t  n e m a t i c  phase  in a mix tu re  of t w o  

t e r m i n a l  non-polar compounds.  The  t empera tu re- concen t r a t ion  dia-  

g r a m  (T-X) h a s  been  reproduced in the  Fig.4.26. In th i s  s y s t e m  
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Figure 4.26 

The temperature-concentration (T-X) diagram of the binary mixture 

of the compounds A and R(Ref. 15) 



t h e  Nre phase  w a s  found in t h e  supercooled state and  c rys t a l l i zed  

a f t e r  format ion .  D ie l e  et a1.16 have  found a n o t h e r  binary s y s t e m  

of terminal- nonpolar  compounds  in which a s t a b l e  N phase  ex i s t s  r e  
4 1 in a l imi ted  concen t r a t ion  region. Very r ecen t ly  P e l z l  et al. repor-  

t e d  t h e  phase d i ag rams  of nine binary s y s t e m s  whose  componen t s  

a r e  of t h e  terminal- nonpolar  type.  In a l l  b inary  s y s t e m s  s tudied ,  

t h e  f i r s t  componen t  was  a nematogenic  compound while  t h e  second 

m a t e r i a l  exhib i ted  o n e  o r  m o r e  s m e c t i c  phases. 

It  is of i n t e r e s t  t o  c a r r y  o u t  d i e l ec t r i c  s t u d i e s  o n  r e e n t r a n t  

sys t ems  of terminal-nonpolar  compounds in o r d e r  t o  c o m p a r e  and  

c o n t r a s t  the i r  d i e l e c t r i c  p rope r t i e s  with t h o s e  of s t rongly  polar 

r e e n t r a n t  nematogens .  

In th is  s ec t ion  w e  p re sen t  t h e  resu l t s  of ou r  d i e l e c t r i c  s tud ie s  

on  a binary r e e n t r a n t  nerna togenic  mixture  of 4-n-heptyloxyphenyl-4- 

5; 2 
[4-ethyl-cyclohexar~oyloxy]benzoate ( 7 0 P E C B )  a n d  n-dodecyl-4- 

[4-e thoxybenzyl idene  amino]- a -methyl  c i n n a m a t e b 3  (IZEBAMC), 

both t h e s e  ma te r i a l s  being te rminal ly  non-polar. In addi t ion ,  we  

have  inves t iga ted  t h e  d i e l ec t r i c  proper t ies  of o n e  of t h e  cons t i t uen t s  

of t h e  mixture ,  viz., 12EBAMC. These  r e su l t s  a r e  a l so  p re sen ted  

here .  

4.6 MATERIALS AND PHASE DIAGRAM 

The binary phase d iagram of 12EBAMC in  7 0 P E C B  is shown 



in Fig. 4.27. T h e  chemica l  s t r u c t u r e s  of t h e  m a t e r i a l s  a r e  a l so  g iven  

in t h e  s a m e  f igure.  I t  i s  s een  t h a t  t h e  Nre phase  is exh ib i t ed  o v e r  

a very  nar row region  of concent ra t ion ,  viz.,-43-46 mole  % 12EBAMC/ 

70PECB.  We h a v e  s e l e c t e d  for  our  s tudy a 44 mol  % m i x t u r e  of 

l2EBAMC in 7 0 P E C B  which exhib i t s  a s t a b l e  Nre phase. T h e  t rans i-  

t ion  t e m p e r a t u r e s  of t h i s  mix tu re  a r e  

We have  a lso  s tud ied  t h e  compound IZEBAMC whose  t r ans i t i on  

t e m p e r a t u r e s  a r e  given below. 

4.7 EXPERIMENTAL 

T h e  d i e l ec t r i c  set up  used  in this  s tudy  h a s  a l r e a d y  b e e n  

descr ibed  in c h a p t e r  11. In t h e  case of t h e  r e e n t r a n t  n e m a t o g e n i c  

mix tu re  a m a g n e t i c  f ie ld  of 2.4 T w a s  used t o  ob ta in  t h e  a l i g n m e n t s  

requi red  fo r  t h e  m e a s u r e m e n t  of € 1 1  and 
However ,  in t h e  case 

of 12EBAMC which  does  n o t  have a n e m a t i c  phase,  i t  w a s  necessa ry  

t o  use su i t ab l e  s u r f a c e  t r e a t m e n t s  -- o c t a d e c y l  t r i e thoxy  s i l ane  

w a s  used for  homeo t rop ic  a l ignment  while polymide  resin (ZLI-2650) 

w a s  used for  p lanar  a l ignment .  



Figure 4.27 

The temperature-concentration (T-X) diagram of the binary mixture 

of the compounds A & B (Ref. 4 1 ) .  



4.8 RESULTS ON 44 MOLE % MIXTURE OF 12EBAMC IN 70PECB 

4.8.1. X-ray 

It  i s  of i n t e re s t  t o  know t h e  type  of s m e c t i c  A phase  in 

r e e n t r a n t  n e m a t i c  mix tu re  of non-polar m a t e r i a l s  under  discussion. 

Fo r  t h i s  purpose, a n  Xray  s tudy  was  ca r r i ed  o u t  in t h i s  l abo ra to ry  

by ~ . ~ . ~ a j a ~ ~  o n  t h e  binary mixture.  These  s tud ie s ,  conduc ted  

using t h e  photographic  t echn ique  descr ibed  e a r l i e r  ( c h a p t e r  III), 

showed t h a t  t h e  d/!L r a t i o  at t h e  highest t e m p e r a t u r e  in Ad phase  

was  1.03. This r a t i o  w a s  found t o  dec rease  wi th  d e c r e a s e  in t empera-  

t u r e  reaching  abou t  1.02 c l o s e  t o  Ad-Nre t rans i t ion .  ( !L value in 

t h i s  case is  t a k e n  by measur ing  t h e  length of individual  componen t s  

and  t h e n  ca lcula t ing  t h e  mole  f r ac t ion  of c o n c e n t r a t e d  mixture.) 

Thus i t  appea r s  t h a t  t h e  A phase  of t h i s  non-polar r e e n t r a n t  binary 

mix tu re  has  a very smal l  interdigi tat ion.  However  cons ider ing  t h e  

e r r o r s  in ca lcula t ing  t h e  molecular  length R , i t  i s  v e r y  d i f f icu l t  

t o  a s c e r t a i n  whe the r  i t  i s  a t ru ly  part ial ly b i layer  o r  monolayer  

phase. (We have  a lso  inves t iga t ed  A phase  of 12EBAMC, o n e  of 

t h e  cons t i t uen t s  of t h e  m i x t u r e  t o  inves t iga te  t h e  n a t u r e  of t h e  A 

phase  of t h i s  ma te r i a l .  These  r e su l t s  a r e  p re sen ted  later . )  

4.8.2. Dielectric 

We shall  now discuss d ie lec t r ic  r e su l t s  on  t h e  mixture .  

Fig. 4.28 shows t e m p e r a t u r e  var ia t ion  of 11 a n d  € in N,  A a n d  1 



Figure 4.28 

The temperature variation of the dielectric constants E I /  and €1 in 
the nematic, smectic A and reentrant nematic phases of  44 mol % 

mixture of 12EBAMC in 70PECB. 



N phases  while A  E var ia t ion  i s  shown in Fig.4.29. Seve ra l  f e a t u r e s  r e  

a r e  c l e a r  f r o m  t h e s e  f igures.  T h e  mixture  exh ib i t s  a sma l l  posi t ive 

A ~ i n  t h e  n e m a t i c  phase c lose  t o  t h e  N-I t r ans i t i on  b u t  wi th  d e c r e a s e  

in t e m p e r a t u r e ,  both ' Il and '1 increase ,  t h e  r a t e  of i nc rease  

Of '1 i s  very much s t e e p e r  t h a n  t h a t  of E . This  l eads  t h e r e f o r e  II 
t o  a change  of sign of A E  a t  abou t  mid- range of N phase. A t  t h e  

N-A t ras i t ion ,  I /  shows a sl ight  dec rease  bu t  o n  f u r t h e r  reduct ion  

of t e m p e r a t u r e ,  ' 11 i n c r e a s e s  now at a r a t e  f a s t e r  t h a n  t h e  r a t e  

of i nc rease  exhib i ted  in N phase. In f a c t ,  t h e  r a t e  of i nc rease  of 

' II with  d e c r e a s e  of t e m p e r a t u r e  in N phase  i s  rea l ly  t h e  s a m e  r e  

as t h a t  of '1 s o  much  so t h a t  A E  remains s a t u r a t e d  at a c o n s t a n t  

va lue  of -. -0.5 throughout  N phase. This i n t e r e s t i n g  behaviour r e  

of A €  is comple t e ly  d i f f e r e n t  f r o m  what  is gene ra l ly  s een  in s t rongly  

polar  r e e n t r a n t  s y s t e m s  ( see  e.g., par t  I). In t h e  case of l a t t e r ,  

i t  i s  usually observed  t h a t  A €  shows a cont inuous  i n c r e a s e  f r o m  

N-A-Nr, phases. To th i s  e x t e n t ,  d ie lec t r ic  p e r m i t t i v i t y  of non-polar 

r e e n t r a n t  s y s t e m s  behaves  d i f ferent ly .  

T h e  r eve r sa l  of s ign of A €  with d e c r e a s e  in t e m p e r a t u r e  

h a s  been  observed  e a r l i e r  in a f e w  compounds,  45746 A ,  changing  

f r o m  a re la t ive ly  weak pos i t ive  va lue  near  nema t i c- i so t rop ic  t ransi-  

t ion  t e m p e r a t u r e  t o  a w e a k  nega t ive  value at lower  t empera tu re s .  

It  t u r n s  o u t  t h a t  t h i s  r eve r sa l  is accompan ied  by t h e  o c c u r r e n c e  

of a s m e c t i c  A phase  a t  lower  t empera tu re s .  It  h a s  t h e r e f o r e  been  



Figure 4.29 

The temperature variation of AE of 44 mol % mixture of 12EBAMC 

in 70PECB 



argued,  45746 t h a t  t h e  s m e c t i c  l aye r  s t r u c t u r e  g ives  r i s e  t o  a pa ra l l e l  

co r r e l a t ion  of P t h e  t r a n s v e r s e  component  of t h e  d ipole  momen t ,  
t ' 

in addi t ion  t o  t h e  an t ipa ra l l e l  cor re la t ion  of t h e  longitudinal  compo-  

n e n t  PR, thus resu l t ing  in a cross-over of A €.Another  possible explana-  

t ion  w a s  given by Chandrasekha r  and  ~ a t n a ~ ~  w h o  d e m o n s t r a t e d  

expe r imen ta l ly  t h a t  t h e r e  c a n  b e  a sign reversa l  of A E  with  d e c r e a s e  

in t e m p e r a t u r e  in nema t i c s .  They showed t h a t  t h e s e  resu l t s  a r e  

expla inable  in t e r m s  of Maier  and  ~ e i e r ~ ~  m e a n  f i e ld  theo ry  a n d  

t h e r e f o r e  t h e  o c c u r r e n c e  of t h e  s m e c t i c  A phase  a n d  t h e  consequen t  

dipolar  co r re l a t ions  within t h e  s m e c t i c  l aye r s  is n o t  a necessa ry  

condi t ion  for  t h e  sign r eve r sa l  of Ac.The reason fo r  t h e  sign r eve r sa l  

of A E  in r e e n t r a n t  non-polar sys t em is a l so  probably expla ined  on  

t h e  basis of t h i s  Maier-Meier  t h e o r y  only. However  a n  e x a c t  t heo re-  

t i c a l  ca lcula t ion  is no t  possible s ince  various p a r a m e t e r s  n e c e s s a r y  

t o  m a k e  th is  ca l cu la t ion  a r e  no t  avai lable f o r  t h e  c o n s t i t u e n t  compo-  

n e n t s  of t h i s  non-polar r e e n t r a n t  mixture.  

4.9 EXPERIMENTAL STUDY ON COMPOUND B (12EBAMC) 

As r e m a r k e d  ea r l i e r ,  a l though Xray  s t u d i e s  on r e e n t r a n t  

n e m a t i c  mix tu re  (discussed above)  i nd ica t e  a d /R va lue  sl ight ly 

g r e a t e r  t han  1 in  t h e  A phase,  i t  was  not  possible t o  s a y  de f in i t e ly  

if t h e  A phase o f ,  non-polar r e e n t r a n t  mix tu re  i s  rea l ly  of t h e  A 
d 

o r  A l  t y p e  because  of unce r t a in ty  in e x a c t  d e t e r m i n a t i o n  of t h e  

molecu la r  length ( 2 )  in t h e  mixture .  Since f r o m  T-X d iag ram ( s e e  



Fig.4.27) i t  is c l e a r  t h a t  t h e  A phase  of compound B a p p e a r s  to 

be  t h ?  s a m e  as t h a t  of t h e  r e e n t r a n t  mixture ,  i t  is of i n t e r e s t  

t o  inves t iga te  t h e  n a t u r e  of t h e  A phase  of t h e  B co!npound, i.e., 

12EBAMC. The resul t s  of t h e s e  invest igat ions a r e  p r e s e n t e d  in 

th is  sect ion.  

4.1 0 RESULTS AND DISCUSSIONS 

4.10.1 X-ray 

Xray  s t u d i e s  conduc ted  by v . N . R ~ ~ ~ ' ~  showed t h a t  t h e  

A phase  of l2EBAMC is  def in i te ly  of Ad type .  H e  found t h a t  d l 1  

value  is a b o u t  1.13 a t  t h e  highest  t e m p e r a t u r e  which d e c r e a s e d  

t o  1.1 1 a t  t h e  lowest  t empera tu re .  This a p p e a r s  t o  be  t h e  f i r s t  

i n s t ance  of observa t ion  of A phase in a te rminal ly  non-polar m a t e r i a l .  d 

4.10.2 Dielectric 

We shal l  now p resen t  t h e  resu l t s  of d i e l ec t r i c  s t u d i e s  

on th is  mater ia l .  Fig.4.30 g ives  t h e  plot  of d i e l ec t r i c  c o n s t a n t s  

E 11 and  E in t h e  A phase  and  cis in  t h e  i so t ropic  phase  of 12EBAMC. 1 
The  t e m p e r a t u r e  var ia t ion  of A &  i s  also shown in t h e  f igure.  I t  i s  

s een  t h a t  E .  i nc reases  wi th  d e c r e a s e  of t e m p e r a t u r e  r ight  up t o  i s  

t h e  A-I t rans i t ion .  In t h e  s m e c t i c  A phase,  € ,J d e c r e a s e s  s t e e p l y  

with decreas ing  t e m p e r a t u r e  showing t h e  e x i s t e n c e  of pronounced 

dipole-dipole co r re l a t ions  in t h e  A phase. On t h e  o t h e r  hand,  & 1' 
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The t e m p e r a t u r e  v a r i a t i o n  o f  E 
is7 ' 1 1 '  €1 and o f  A €  f o r  12EBAMC. 



shows only a sma l l  i nc rease  with d e c r e a s e  of t e m p e r a t u r e  th rough  

mos t  of t h e  A phase. Pe rhaps  t h e  most  s t r ik ing  f e a t u r e  of t h e  

d i e l ec t r i c  resu l t s  is t h e  reversa l  in t h e  sign of  t h e  A ( see  Fig. 4.30) 

which occu r s  at - 73OC, i.e., a lmos t  in t h e  middle  of t h e  r a n g e  of 

t h e  A phase.  As f a r  as w e  a r e  aware ,  t h i s  a p p e a r s  t o  b e  t h e  f i r s t  

i n s t ance  of such  a r eve r sa l  in A E  being seen  in a pure ly  s m e c t o g e n i c  

ma te r i a l ,  i.e., showing a sequence  of t rans i t ions  K-A-I. T h e r e  h a s  

been  a n  ea r l i e r  o b ~ e r v a t i o n ~ ~  of t h e  r eve r sa l  of sign of A E  wel l  

within t h e  A phase ,  b u t  th is  occu r red  c lose  t o  t h e  A - A  t r a n s i t i o n  d d 2 

s o  much so  t h e  r eve r sa l  c a n  a lmos t  ce r t a in ly  be  a s soc ia t ed  w i t h  

t h e  l a rge  expans ion  of t h e  layer  spacing which a c c o m p a n i e s  t h e  

A - A  t rans i t ion .  I t  is r emarkab le  t h a t  in t h e  case of IZEBAMC d 2 

a reversa l  is s e e n  within t h e  A phase a l though t h e  l aye r  spac ing  
d 

hardly var ies  wi th  t e m p e r a t u r e  throughout  t h e  A phase.  T h e  r eason  

for  th is  i s  s t i l l  no t  c l e a r  t o  us. 

Thus t h e  d i e l ec t r i c  proper t ies  of t h e  t e rmina l ly  non-polar  

r e e n t r a n t  subs t ances  a p p e a r  t o  be  d i f f e ren t  f r o m  t h a t  of s t rong ly  

polar r e e n t r a n t  mesogens.  Fu r the r  s tudies  on o t h e r  non-polar r e-  

e n t r a n t  s y s t e m s  would be  of considerable i n t e r e s t  a n d  would pe rhaps  

help t o  unders tand  t h e  basic m e c h m i s m  responsible f o r  t h e  r e e n t r a n t  

n e m a t i c  phenomenon.  
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