
C H A P T E R  I I 

EXPERIMENTAL TECHNIQUES 

The  resul t s  descr ibed  in th is  thes is  have  been  o b t a i n e d  using 

d i f f e r e n t  expe r imen ta l  techniques ,  viz., Xray d i f f r ac t ion ,  high pressure  

and  miscibility methods.  The  de t a i l s  of t h e  Xray  and  p re s su re  set 

ups a r e  discussed in this  c h a p t e r  while those  conce rn ing  miscibi l i ty 

t echn ique  a r e  discussed in c h a p t e r  111. 

2.1 XRAY DIFFRACTION 

Two types  of Xray d i f f r ac t ion  sys tems a r e  used  depending  upon 

t h e  requi rement .  F o r  low resolut ion expe r imen t s  a n d  in pa r t i cu l a r  

where  t h e  c o m p l e t e  p i c tu re  in rec iproca l  s p a c e  w a s  necessa ry ,  t h e  

photographic  t echn ique  was  used. All t h e  high resolu t ion  s t u d i e s  w e r e  

c a r r i e d  o u t  using a c o m p u t e r  cont ro l led  Guinier d i f f r a c t o m e t e r .  These  

t w o  t y p e s  of a p p a r a t u s  will be descr ibed  s e p a r a t e l y  in t h e  following. 

2.1.1. Diffractometer Set Up 

Fig.2.1 shows a s c h e m a t i c  view of t h e  s c a t t e r i n g  g e o m e t r y  used 

in t h e  exper iments .  

a) Source  a n d  D e t e c t o r  

A convent ional  Xray  G e n e r a t o r  (Enraf Nonius, Model 583) with 
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a f i n e  focus  t u b e  (Phillips P W  2213120, copper  t a r g e t )  was  used. T h e  

t u b e  w a s  genera l ly  o p e r a t e d  at 5 0  KV and  26 mA. The b e a m  f r o m  

t h e  Xray  t u b e  e n t e r s  t h e  monochromato r  a f t e r  passing th rough  a 

s h o r t  vacuum path.  The monochromator  input  s l i t s  w e r e  k e p t  w i d e  

o p e n  t o  avoid  spurious t r imming  of t h e  incoming beam.  A b e n t  q u a r t z  

c r y s t a l  monochromato r  c u t  fo r  (10 i l )  r e f l ec t ions  w a s  used  in t h e  

Johansson geomet ry .  The  c rys t a l  i s  o r i en ted  t o  s e l e c t  t h e  c h a r a c t e r i s t i c  
0 

C u  K a rad ia t ions  ( A  = 1.5405 1 A). The  monochromato r  s l i t s  a r e  f u r t h e r  

t r i m m e d  t o  e l i m i n a t e  t h e  K r ays  so  t h a t  highly m o n o c h r o m a t i c  
(3, 

K r a y s  e m e r g e  f r o m  t h e  ou tpu t  s l i t  of t h e  monochromato r .  T h e s e  
a, 

1 

rays ,  if unhindered,  g e t  focussed  on t h e  c i r c u m f e r e n c e  of t h e  Gu in ie r  

c i rc le .  The  d e t e c t o r ,  viz., a scint i l lat ion coun te r  (Bicron) l i e s  o n  t h e  

c i r c u m f e r e n c e  of t h e  Guinier  c i r c l e  f o r  a s y m m e t r i c  t r ansmis s ion  

mode. A p la t inum edged s l i t ,  which was  r a z o r  s h a r p  t o  e l i m i n a t e  

a n y  shadow e f f e c t s ,  was  used  t o  cont ro l  t h e  width  of t h e  b e a m  fa l l ing  

on t h e  counter .  T h e  ve r t i ca l  d ivergence  of t h e  s c a t t e r e d  b e a m  w a s  

con t ro l l ed  by a pa i r  of Soller  s l i t s  l oca t ed  in f r o n t  of t h e  d e t e c t o r  

moun ted  on a n  a r m  which moves  along t h e  Guinier  circle .  This  a r m  

w a s  dr iven  by a s t e p p e r  m o t o r  with a n  angu la r  resolut ion of 0.001 

of a degree .  I t  is e x t r e m e l y  impor t an t  t o  ensu re  t h a t  t h e  d i r e c t  b e a m  

d o e s  no t  hi t  t h e  de t ec to r .  This  was  achieved by a b e a m  s t o p p e r  posi- 

t ioned  suitably. 



b) Sample  Holder  and H e a t e r  Design 

Fig.2.2 shows t h e  s c h e m a t i c  d i ag ram of t h e  sample  holder. I t  

cons i s t s  of a copper  rod wi th  a na r row capi l la ry  bore  dr i l led  along 

t h e  axis  f r o m  t h e  t o p  end  t o  house t h e  Lindemann cap i l l a ry  which 

c o n t a i n s  liquid c rys t a l  samples.  (The  bo re  is a b o u t  0.6 m m  in  d i a m e t e r  

a n d  20  m m  long.) A pair  of s lo t s  a r e  c u t  on t h e  r o d  a long t h e  length  

d i ame t r i ca l ly  opposi te  t o  e a c h  o ther .  These  s lo t s  s e r v e  as t h e  e n t r a n c e  

a n d  e x i t  s l i t s  fo r  t h e  Xray  beam. One  of t h e s e  s l o t s  wi th  i t s  e d g e s  

t a p e r e d  t o  give a n  angle  of 20" at  t h e  axis of t h e  cyl inder  i s  r e f e r r e d  

t o  as e x i t  s l i t  of t h e  s a m p l e  holder. The  s t e m  at t h e  lower e n d  helps 

in f ixing t h e  s a m p l e  holder on  t o  t h e  goniorneter  base.  

A sec t ional  view of t h e  h e a t e r  (oven) used t o  h e a t  o r  coo l  liquid 

c r y s t a l  s amples  is given in Fig.2.3. Essentially, i t  h a s  a t h i c k  coppe r  

rod having a c a v i t y  c u t  a long  t h e  axis  t o  house  t h e  s a m p l e  holder. 

This  s ample  cav i ty  dimensions a r e  so  chosen t h a t  t h e  s a m p l e  holder  

f i t t e d  exac t ly  in to  it. Two ve r t i ca l  s lo ts  c u t  o n  t h e  cy l inde r  s e r v e  

as t h e  e n t r a n c e  and e x i t  s l i t s  (windows) for  t h e  Xray  beam.  A hole  

dr i l led  along t h e  axis  of t h e  coppe r  rod f r o m  t h e  top  e n d  houses  

o n e  of t h e  junctions of a chromel-alumel t he rmocoup le  s h e a t h e d  in 

a c e r a m i c  tube. The t i p  of t h e  junction s i t s  in t h e  c lose  p rox imi ty  

of t h e  sample  (in t h e  s a m p l e  holder) and  is f i xed  f i rmly  wi th  a n  adhe-  

sive. The  t e m p e r a t u r e  of t h e  sample  is varied by regula t ing  t h e  c u r r e n t  

passed  through a the rmofo i l  (MINCO) h e a t e r  wrapped  a r o u n d  t h e  
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S c h e m a t i c  d i ag ram o f  t h e  sample h o l d e r  
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Schematic diagram of the heater  assembly 



coppe r  rod. The thermofoi l  i s  sur rounded by a l aye r  of a s b e s t o s  pape r  

a n d  t h e n  by a the rma l ly  insulat ing hylam cylinder .  This  combina t ion  

s e r v e s  t o  r educe  t h e  h e a t  loss d u e  t o  radiation. The  windows on  t h e  

cyl inder  a r e  cove red  by thin myla r  s h e e t s  to p reven t  t h e  a i r  c u r r e n t s  

which c a n  be d e t r i m e n t a l  t o  t h e  t e m p e r a t u r e  s t ab i l i t y  of t h e  sample.  

A guiding sc rew threading  through t h e  body of t h e  h e a t e r  he lps  in 

holding t h e  s a m p l e  holder  f i rmly  with r e spec t  t o  t h e  h e a t e r .  C a r e  

i s  t aken  t o  see t h a t  t h e  windows on t h e  h e a t e r  body a r e  a l igned  pro-  

per ly  with r e spec t  t o  t h e  s l i t s  of t h e  sample  holder  and  a l so  t h a t  

t h e  t a p e r e d  s lo t  on t h e  s a m p l e  holder  is d i r e c t e d  t o w a r d s  t h e  d e t e c t o r .  

This  ensu res  t h a t  t h e  X r a y  b e a m  s c a t t e r e d  by t h e  s a m p l e  r e a c h e s  

t h e  d e t e c t o r  without  a n y  hindrance.  The m a t e r i a l  of t h e  oven  as 

well as t h e  s a m p l e  holder  i s  copper.  The t e m p e r a t u r e  un i fo rmi ty  

a c r o s s  t h e  i l luminated  por t ion  of t h e  sample  holder  is b e t t e r  t h a n  

5 mK. This  is ev iden t  f r o m  t h e  Xray d a t a  which show s h a r p  phase  

t r ans i t i ons  t o  within a f e w  mK. T h e  Xray set u p  a n d  t h e  o v e n  a r e  

housed in a c h a m b e r  c o v e r e d  b y  t h e r m a l  insulating shee ts .  

c )  T e m p e r a t u r e  Cal ibra t ion  

Most of our Xray  s c a t t e r i n g  expe r imen t s  requi red  t h e  m e a s u r e m e n t  

of t e m p e r a t u r e  of t h e  s a m p l e  t o  a high d e g r e e  of accu racy .  F o r  t h i s  

t h e  hot  junct ion of t h e  the rmocoup le  is ca l ib ra t ed  t o  give t h e  c o r r e c t  

t e m p e r a t u r e  of t h e  sample .  Seve ra l  compounds of high pu r i ty  a n d  

wi th  ve ry  sharp  mesophase- mesophase  t rans i t ions  w e r e  chosen.  T h e  



Block d iagram of t h e  expe r imen ta l  set up used  i s  shown in Fig.2.4. 

Light  f r o m  a He-Ne laser  (Spect raphys ics  5 mW) w a s  m a d e  t o  f a l l  

on  t h e  sample  loaded in to  t h e  Lindemann capi l la ry .  The  s a m p l e  i s  

cooled  slowly at  I-2OC/hour. The  pho tode tec to r  s y s t e m  c o l l e c t s  t h e  

l ight  t r a n s m i t t e d  by t h e  sample.  The  vo l t age  d r o p  a c r o s s  a f i x e d  

r e s i s t ance  of 1 Ki loohm caused  by t h e  c u r r e n t  o u t p u t  of t h e  d e t e c t o r  

was  measured  using a digi tal  mul t imeter .  A pa ra l l e l  connec t ion  f r o m  

th is  was  t aken  t o  one  of t h e  channels  of a mul t i channe l  r e c o r d e r  

(Linseis,  Model 2041) through a low vol tage  source .  Using th i s  s o u r c e  

as a n  off- set  con t ro l ,  smal l  in tens i ty  changes  o v e r  and  above  a l a r g e  

background in t ens i ty  could be easi ly moni tored .  T h e  t e m p e r a t u r e  

of t h e  sample  was  measured  using a the rmocoup le  in con junc t ion  

with a p rogrammable  digi tal  nanovo l tme te r  (Ke i th l ey  181). The v o l t a g e  

ou tpu t  of t h e  the rmocoup le  ( t h e r m o  e m f )  w a s  f e d  t o  a n o t h e r  c h a n n e l  

of t h e  mul t ichannel  recorder .  Thus both  in t ens i ty  a n d  t e m p e r a t u r e  

could be  simultaneously mon i to red  and recorded.  The  t e m p e r a t u r e  

corresponding t o  t h e  ab rup t  change  in in t ens i ty  on  t h e  s c a n  is t a k e n  

as t h e  t rans i t ion  t e m p e r a t u r e  (in mV). The  t r ans i t i on  t e m p e r a t u r e s  

(in mV) for  var ious  mesophase-mesophase t r ans i t i ons  w e r e  o b t a i n e d  

fo r  d i f f e ren t  compounds measu red  as descr ibed  a b o v e  and t h e s e  d a t a  

a r e  l is ted in Tab le  2.1. Also l i s ted  in t h i s  t a b l e  a r e  t h e  t r a n s i t i o n  

t e m p e r a t u r e s  f o r  t h e  s a m e  m a t e r i a l s  a s  d e t e r m i n e d  using a polar i s ing  

microscope  f i t t e d  with a p rog rammable  hot  s t a g e  ( M e t t l e r  F P 5 2 / F P 8 0 0 ) .  

T h e  plot  of t rans i t ion  t e m p e r a t u r e s  measu red  in t h e  Xray  set up  





TABLE 2.1 

Materials  used for  t h e  t e m p e r a t u r e  calibration of t h e  the rmocouple  

(of Xray s e t  up) and the i r  transit ion t empera tu res  measured by 

using t h e  Met t ler  hot stage. The corresponding e.m.f. of t h e  the rmo-  

couple a r e  also given 

Compound Transition Thermo e.m.f. 
t empera tu re  (in mV) at  
a s  observed t rans i t ion 
(in OC) measured using 
by Mett ler  t h e  op t i ca l  
hot  s t age  transmission 

method 

4'-n-Cyanobenzylidene-4-octyloxy- 107.63 

anil ine (CBOOA) 

p-Dohexyloxy azoxy benzene(H0AB) 124.55 5.060 

p-Azoxyphenetole (PAP) 

4-n-Butoxybenzylidene-4'-n- 

propoxy aniline 



(V, in mV) versus  t h e  t r ans i t i on  t e m p e r a t u r e s  as measu red  using t h e  

M e t t l e r  ho t  s t a g e  (T, in "C)  is shown in Fig.2.5. These  d a t a  w e r e  

f i t t e d  t o  a second d e g r e e  polynomial ,  T = a o + a l ~ + a 2 ~ 2  using a l e a s t  

s q u a r e  program.  The  c o n s t a n t s  of t h e  f i t  a r e ,  a. = 2.9095, a1 = 23.9586 

a n d  a2 = 0.0 166. 

d)  Measuring Elec t ronics  a n d  D a t a  Collect ion 

The  e l e c t r o n i c  cont ro l  of t h e  d i f f r a c t o m e t e r  is provided by a 

HP86B c o m p u t e r  wi th  128 Kby tes  physical memory .  The  t e m p e r a t u r e  

i s  measu red  by a Kei th ley  d ig i ta l  nanovo l tme te r  (Keithly 181). All 

t h e  in s t rumen t s  a r e  i n t e r f a c e d  t o  t h e  computer  by using e i t h e r  Hewle t t -  

P a c k a r d  I n t e r f a c e  Bus o r  a n  IEEE-488 card.  Pu l se s  f rom t h e  d e t e c -  

t o r  a f t e r  being f e d  through t h e  ampl i f ie r  a n d  desc r imina to r  r e a c h  

t h e  r a t e m e t e r  (Scalar)  w h e r e  t h e  in tens i ty  of t h e  X r a y  beam is exp re-  

s sed  as coun t s  per  second. The desc r imina ted  pulse o u t p u t  is f e d  

t o  a s t e p p e r  mo to r  con t ro l  (SMC) which a l so  mon i to r s  t h e  posi t ion 

of t h e  de t ec to r .  The  d a t a  co l l ec t ion  is done by a n  e l a b o r a t e  program.  

This  program con t ro l s  counting,  dura t ion  of coun t ing  t i m e ,  dr iv ing  

of s t eppe r  mo to r ,  d a t a  s t o r a g e  and d a t a  analysis.  

e )  A Typical  Exper iment  

T h e  block d iagram of t h e  expe r imen ta l  set up  used is shown 

in Fig.2.6. T h e  liquid c r y s t a l  s a m p l e  is f i l led i n t o  a Lindemann capi-  

l l a ry  t u b e  in t h e  mol t en  phase  using a microsyr inge  wi th  a f i n e  c o n t r o l  
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T e m p e r a t u r e  c a l i b r a t i o n  c u r v e  o f  t h e  t h e r m o c o u p l e .  T  i s  t h e  t e m p e r a t u r e  
i n  O C  as  m e a s u r e d  o p t i c a l l y  u s i n g  a  h o t - s t a g e  a n d  V t h e  t h e r m o  e . m .  f .  i n  
m V  c o r r e s p o n d i n g  t o  t h e  p h a s e  t r a n s i t i o n .  T h e s e  d a t a  w e r e  f i t t e d  t o  
a p o l y n o m i a l  t o  o b t a i n  t h e  c a l i b r a t i o n  c o n s t a n t s  as  d e s c r i b e d  i n  t h e  t e x t .  





a t t a c h m e n t .  A f t e r  tak ing  t h e  s a m p l e  in to  t h e  capi l la ry ,  t h e  capi l la ry  

is c u t  i n t o  a length  of 15-17 m m  (sample l eng th  -10 m m )  leaving 

su f f i c i en t  gaps  on e i t h e r  s ide  of t h e  sample. T h e  cap i l l a ry  was  t h e n  

t r u n c a t e d  and sea l ed  on bo th  ends  using a th in  f l ame .  It  w a s  ensured  

t h a t  t h e  s a m p l e  was  no t  o v e r h e a t e d  in this  process.  Any excess ive  

hea t ing  r e su l t ed  in a marked  darkening  of t h e  sample .  In such  a case, 

t h e  capi l la ry  was  d iscarded  and a f resh  sample  w a s  moun ted  again.  

The  capi l la ry  is t h e n  moun ted  carefu l ly  in t h e  s a m p l e  holder  so t h a t  

even  on gen t ly  tapping  t h e  s a m p l e  body, t h e  cap i l l a ry  r e m a i n e d  ve r t i ca l  

in position (along t h e  ax i s  of t h e  cylinder). The  s a m p l e  holder  (w i th  

t h e  capil lary)  i s  t h e n  pushed in to  t h e  cavity of t h e  oven. A f t e r  a sce r-  

ta in ing  t h a t  t h e  t w o  ve r t i ca l  s l i t s  on the  sample  holder  w e r e  properly 

al igned with r e f e r e n c e  t o  t h e  e n t r a n c e  and e x i t  windows of t h e  h e a t e r ,  

t h e  sample  holder  i s  f ixed  f i rmly  t o  t h e  oven wi th  t h e  he lp  of t h e  

guiding screw.  The  sample  was  t h e n  hea t ed  ini t ial ly t o  t h e  n e m a t i c  

phase  and  t h e n  cooled  very  slowly (I-Z°C/hr.) in t h e  p r e s e n c e  of 

a m a g n e t i c  f ie ld  (Bruker E lec t romagne t ,  B-E 25) of s t r e n g t h  2.4 Tesla.  

This  r e su l t ed  in a n  e x t r e m e l y  well al igned sample.  Having  t h u s  ob ta ined  

a well o r i e n t e d  s m e c t i c  A phase,  t h e  sample  a long  wi th  t h e  t e m p e r a-  

t u r e  cont ro l led  oven was  t r a n s f e r r e d  on t o  t h e  g o n i o m e t e r  head  of 

t h e  d i f f r ac tome te r .  The  posi t ion of t he  oven on  t h e  g o n i o m e t e r  i s  

ca re fu l ly  ad jus t ed  t o  e n s u r e  t h a t  t h e  monochromato r  e x i t  s l i t ,  t h e  

e n t r a n c e  and ex i t  windows of t h e  oven a r e  col l inear .  An in i t ia l  s c a n  

was  t a k e n  (along t h e  equa to r i a l  plane)  by changing  t h e  posi t ion of 



t h e  c o u n t e r  in s t eps  of 0.01" a n d  t h e  approx ima te  pos i t ion  ( 0 )  of 

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

around th i s  8 position by moving t h e  counter  in s t e p s  of 0.001". T h e  

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

f i t  p rogram.  The  value of 8 ob ta ined  in th i s  m a n n e r  w a s  c o r r e c t e d  

(discussed in t h e  n e x t  sub- sect ion) and  used in t h e  c a l c u l a t i o n  of 

l aye r  spacing [d = X/(2sin O ) ] .  The  on-line 8 r e f inemen t  at a n y  t e m p e r a-  

t u r e  requi red  abou t  5 minutes.  During this  period t h e  t e m p e r a t u r e  

of t h e  sample  w a s  ma in ta ined  t o  a cons tancy of *10 mK o r  b e t t e r .  

A typica l  ini t ial  s c a n  and r e f i n e  8 scan  a r e  shown in Figs.2.7a and  

2.7b. An on- line hard  copy provided t h e  c o m p l e t e  i n fo rma t ion  such  

as t e m p e r a t u r e ,  s c a t t e r i n g  angle ,  intensi ty max imum a n d  w a v e v e c t o r  

r e l a t e d  t o  any  scan.  The  precision of measu remen t  of w a v e v e c t o r  

is -2 x 10- 4 A-1 

f )  Wavevector  Cal ibra t ion  

I t  is possible t h a t  t h e  l aye r  spacing d e t e r m i n e d  as exp la ined  

e a r l i e r  may  d i f f e r  slightly f r o m  t h e  s tandard  va lue  (or  t r u e  value)  

d u e  t o  t h e  l imi ta t ions  imposed by t h e  e x p e r i m e n t a l  condi t ions .  In 

o r d e r  t o  accoun t  for  this  we  measu red  t h e  s c a t t e r i n g  a n g l e  fo r  a 

set of compounds exhibi t ing s m e c t i c  A phases f o r  which t h e  l aye r  

spac ings  were  known, e x a c t l y  under the  s a m e  cond i t ions  as t h o s e  

under which a normal  e x p e r i m e n t  is done.. F r o m  t h e  knowledge  of 

t h e  devia t ion  of e a c h  measu red  sca t t e r ing  ang le  ( A 0  = 8 ' - 8 )  f r o m  t h e  
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F i g u r e  2 . 7 ( a )  

I n i t i a l  i n t e n s i t y  s c a n  ( I  - 8 )  showing t h e  i n t e n s i t y  o f  t h e  

s c a t t e r e d  beam as a f u n c t i o n  o f  s c a t t e r i n g  a n g l e .  



8 (degrees ) 

FIGURE 2.7(b) 

Refine 1-8 scan. Rectangles are the data and the solid 

line is a computer fit of the data to the equation of a 

para bola. 



s t anda rd  value (el) ,  t h e  co r rec t ion  t o  t h e  measu red  8 w a s  d e t e r m i n e d  

f r o m  t h e  s t anda rd  in terpola t ion  technique.  The  m a t e r i a l s  c h o s e n  f o r  

ca l ibra t ion ,  t h e  s t a n d a r d  8 '  f r o m  known layer  a n d  t h e  

s c a t t e r i n g  angle  8 m e a s u r e d  f r o m  t h e  expe r imen t  a r e  l i s t ed  in T a b l e  

g )  Wavevector  Resolut ion 

The  l ine shape  obse rved  in a n  Xray s c a t t e r i n g  e x p e r i m e n t  i s  

given by t h e  convolut ion of t h e  s t r u c t u r e  f a c t o r  and  t h e  s p e c t r o m e t e r  

resolut ion function.  The  l a t t e r  includes broadening of t h e  p e a k  d u e  

t o  s l i t  width,  s a m p l e  s i z e  and  t h e  Darwin width of t h e  m o n c h r o m a t o r  

crystal .  In our e x p e r i m e n t s  t h e  resolut ion of t h e  i n s t r u m e n t  i s  a l s o  

inf luenced very much  by t h e  sample  mosaici ty.  Even a t  t h e  s m a l l e s t  

s l i t  width p e r m i t t e d  by t h e  s e t  up (10 1.1) a n  1-8 s c a n  ( in t ens i ty - sca t t e -  

r ing angle)  shows a peak  wi th  half width a t  half max imum of -0.01". 

The  wavevec to r  sp read  (dq) in t h e  equa to r i a l  d i r ec t ion  d u e  t o  

th i s  angular  width d@-0.01" a s  ca l cu la t ed  f rom t h e  equa t ion  

-3 " f o r  a typica l  s c a t t e r i n g  ang le  of - 0.88", i s  dq  = 1.4235 x 1 0  /A. 

In o the r  words th i s  s e t  up  pe rmi t s  us t o  reso lve  t w o  p e a k s  whose  

minimum sepa ra t ion  in q space  i s  1 . 4 x 1 0 - ~  . The  prec is ion  in 

t h e  de t e rmina t ion  of q i tself  a t  a n y  t e m p e r a t u r e  i s  i 2 x l 0 - ~  i-'. 



TABLE 2.2 

List  of t h e  compounds chosen for  wavevector calibration along 

with t h e  standard values of sca t t e r ing  angles, sca t t e r ing  angles  

measured and t h e  difference 

Standard Measured 
Compound 0' (in O) 8 (in O )  

CBOOA qb 1.2574' .1.1867 0.0707 

ii) 2q0 1 . 7 3 5 4 ~  1.6602 0.0752 



2.1.2 Xray Set-up (With f l a t  f i l m  photographic d e t e c t i o n  technique)  

In th i s  s ec t ion  w e  shal l  desc r ibe  t h e  s e t  up  used  f o r  low resolu t ion  

Xray  d i f f r ac t ion  exper iments .  T h e  sample  holder a n d  t h e  h e a t e r  used 

t o  ma in ta in  t h e  t e m p e r a t u r e  of t h e  sample  at a n y  des i r ed  va lue  a r e  

shown in Fig.2.8. The  h e a t e r  cons i s t s  of a c i r cu la r  c o p p e r  rod  having 

a r ec t angu la r  slot.  In o rde r  t o  f a c i l i t a t e  mounting b e t w e e n  t h e  pole 

p ieces  of a pe rmanen t  magne t ,  t h e  c e n t r a l  por t ion  of t h e  rod  was  

machined  t o  have  a r ec t angu la r  c ross- sec t ion .  N i c h r o m e  t a p e  wound 

on  t h e  b o t t o m  and top  c i r cu la r  p a r t s  was  used fo r  hea t ing  t h e  sample .  

A smal l  hole (about  0.6 m m  d i a m e t e r )  was dri l led a t  t h e  c e n t r e  of 

t h e  r ec t angu la r  port ion fo r  t h e  Xrays  t o  en te r .  T h e  c o n i c a l  ang le  

of t h e  e x i t  a p e r t u r e  ( 0 1 )  w a s  a b o u t  45". 

The  s a m p l e  holder cons i s t ed  of a long r ec t angu la r  c o p p e r  s t r i p  

which f i t t e d  e x a c t l y  in to  t h e  r ec t angu la r  s lo t  of t h e  h e a t e r .  T h e  

s t r i p  had  a hole ( 0 2 )  of 0.8 m m  d i a m e t e r  along t h e  wider  s i d e  through 

which a Lindeman capil lary t u b e  containing t h e  s a m p l e  could  b e  inser-  

ted .  The  s t r i p  a l so  had two  holes ( a t  r ight  angles  t o  t h e  ho le  in which 

t h e  s a m p l e  capi l la ry  is l oca t ed )  o n e  for  t h e  e n t r a n c e  of t h e  X r a y s  

and  t h e  o t h e r  (Oj) for  t h e  d i f f r a c t e d  Xray beam.  T h e  ho le  on  t h e  

e x i t  s ide  had a la rge  t a p e r  so  t h a t  i t  pe rmi t s  d i f f r ac t ion  c o n e  ang le  

of 45". Both t h e  e n t r a n c e  and t h e  ex i t  holes of t h e  h e a t e r  w e r e  cove-  

red  by thin mylar  s t r ips  t o  avoid a i r  cu r r en t s  a f f e c t i n g  t h e  s t ab i l i t y  



beam 

F i g u r e  2 .8  

S c h e m a t i c  d i ag ram o f  t h e  s a m p l e  h o l d e r  ( a )  a n d  t h e  h e a t e r  a s s e m b l y  ( b )  

used  f o r  t h e  Xray e x p e r i m e n t s .  



of t h e  sample  t empera tu re .  T h e  hea t e r  was  k e p t  b e t w e e n  t h e  pole  

p i eces  of a pe rmanen t  m a g n e t  of s t rength  0.4 T e s l a  such  t h a t  t h e  

s a m p l e  was  positioned at  t h e  c e n t r e  of t h e  pole- pieces  a n d  t h e  f i e ld  

w a s  no rma l  t o  t h e  inc ident  Xray  beam. The  h e a t e r  a n d  t h e  m a g n e t  

assembly  were  mounted  on  a s t a n d  of ad jus table  he ight  which  a l so  

had a provision f o r  prec ise  level l ing by means of t h r e e  secrews.  

A copper- cons tantan  the rmocoup le  was  i n s e r t e d  i n t o  t h e  h e a t e r  

f r o m  t h e  bo t tom such t h a t  t h e  junction was as c l o s e  t o  t h e  s a m p l e  

as possible. The  output  of t h e  thermocouple  w a s  f e d  t o  a d ig i ta l  

mu l t ime te r .  Cal ibra t ion  of t h e  thermocouple  was  d o n e  using s t a n d a r d  

samples  in t h e  manner  descr ibed  in t h e  preceding sec t ion .  

F o r  Xray  s tud ie s  s amples  w e r e  taken  in Lindemann g lass  capi-  

l la ry  t u b e s  and ends  of t h e  t u b e s  were  sea led  in a f lame.  The  t u b e  

was  mounted  in t h e  sample  holder  and was ba thed  in monochromat i c  

CuKa  X radia t ion  ob ta ined  f r o m  a Xray g e n e r a t o r  (Phillips W1730) 

in conjunction with a bent  q u a r t z  c rys ta l  monochromato r  (Car l  Ze i s s  

Jena) .  T h e  d i f f r a c t e d  Xray  b e a m  was  recorded on a f l a t  f i lm which 

w a s  loca t ed  at t h e  focus  of t h e  monochromator .  A typica l  exposu re  

t i m e  in t h e  s m e c t i c  A phase  a t  any t e m p e r a t u r e  w a s  a b o u t  10-15 

minutes.  During th i s  t i m e  t h e  t e m p e r a t u r e  of t h e  s a m p l e  could  be  

ma in ta ined  cons t an t  t o  within kO. I  "C. Af t e r  t h e  comple t ion  of t h e  

e x p e r i m e n t ,  t h e  t rans i t ion  t e m p e r a t u r e  of t h e  s a m p l e  w a s  r e m e a s u r e d  

a n d  found t o  be unal te red  within t h e  l imi ts  of e x p e r i m e n t a l  e r r o r  



ind ica t ing  the reby  t h a t  t h e  s a m p l e  did not  d e t e r i o r a t e  dur ing  t h e  

exper iment .  The d is tance  be tween  t h e  d i f f r ac t ion  spots  o n  t h e  f i lm  

was  measu red  using a precision c o m p a r a t o r  (Adam-Hilger  Ltd.). T h e  

d a t a  thus  ob ta ined  were  brought  t o  a n  abso lu t e  s c a l e  by using t h e  

(100) r e f l ec t ion  of p-decanoic acid. The  d value of t h e  r e f l ec t ion  

w a s  t aken  t o  be  23.1 i.3 The r e l a t ive  a c c u r a c y  in t h e  d e t e r m i n a t i o n  

of d va lue  using th i s  s e t  up was  iO.l°K o r  be t t e r .  

2.2 HIGH PRESSURE SET UP 

A s c h e m a t i c  d iagram of t h e  high pressure  op t i ca l  i s  

g iven  in Fig.2.9. T h e  body of t h e  ce l l  (Fig. 2.10) h a s  t h r e a d e d  openings  

o n  both sides i n t o  which t h e  two  plugs ( s e e  Fig.2.9) wi th  e x a c t l y  

ma tch ing  th reads  c a n  be f i t t ed .  On t h e  outs ide ,  t h e  plugs h a v e  a l a rge  

t a p e r e d  opening (70" outs ide  t a p e r )  which f a c i l i t a t e s  a wide  viewing 

ang le  without  a f f e c t i n g  t h e  s t r e n g t h  of t h e  plug. On t h e  inside,  t h e  

plugs have  sma l l  protrusions which a r e  m a d e  opt ica l ly  f l a t  by hand- 

lapping. These  plugs keep  t h e  s a m p l e  assembly  in position. T h e  c e n t r a l  

hole of t h e  upper plug is s ea l ed  by a n  opt ica l ly  polished sapph i r e  

rod which also f o r m s  a p a r t  of t h e  s a m p l e  assembly.  T h e  hole in 

t h e  ce l l  body fo r  t h e  pressure  connect ion  cons is t s  of t w o  s tages :  

a sma l l e r  hole which ex tends  f r o m  t h e  in ter ior  of t h e  body t o  a b o u t  

two- thirds of t h e  th ickness  and joins a l a rge r  hole bored f r o m  outs ide .  

T h e  th reads  of t h e  plug a lone  a r e  not  enough t o  hold t h e  plug t ight ly  

aga ins t  t h e  main body of t h e  cel l .  A thin c l e a r a n c e  b e t w e e n  t h e  plug 
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S c h e m a t i c  d i a g r a m  of  t h e  b a s i c  p a r t s  of t h e  h i g h  

p r e s s u r e  c e l l .  



and  t h e  sample  c h a m b e r  c a u s e d  by a slight l i f t ing  of t h e  plug by high 

pressure  leads  t o  a leak  of t h e  oi l  t o  t h e  outside. This  leak  i s  avo ided  

by placing around t h e  junct ion a neoprene '0' r ing  in con junc t ion  

wi th  a n  ant i- extrusion ring. T h e  sea l  at t h e  c e n t r a l  hole of t h e  plug 

i s  m a d e  with opt ica l ly  polished sapphi re  windows a n d  a s m a l l  washe r  

m a d e  of thin aluminium fo i l  - t h e  washer t o  fill  a n y  c r e v i c e s  on t h e  

s u r f a c e  of t h e  plug. T h e  sapphi re  windows a s  wel l  a s  t h e  '0' r ing  

a r e  held in position ini t ial ly by t h e  outer . spacer .  

Encapsulat ion of t h e  s a m p l e  

The  sample  assembly  is schemat ica l ly  r e p r e s e n t e d  in Fig.2.11. 

T h e  sample  is sandwiched be tween  two  sapphi re  rods  which f i t  snugly 

inside a f luran  tube.  F l u r a n  is a n  e l a s tomer  m a t e r i a l  which d o e s  n o t  

r e a c t  with liquid c r y s t a l s  and  at t h e  s a m e  t i m e  t r a n s m i t s  p re s su re  

exceedingly  well. I t  c a n  a l so  wi ths tand t e m p e r a t u r e s  up t o  270°C. 

An e f f e c t i v e  sea l  is r ea l i zed  by t ight ly wrapping a th in  s t e e l  w i r e  

a round t h e  tubing on t h e  saphhi re  windows. T h e  inner  s p a c e r  ( low 

pressure  sealer) ,  washer  a n d  t h e  spring (see  Fig.2.9) c e n t r e  t h e  b o t t o m  

sapphi re  (which is f r e e  as i t  is not  used t o  s ea l  t h e  c a p )  of t h e  s a m p l e  

assembly  and keep  i t  under  a l ight  tension. A t h i r d  sapphi re ,  which  

i s  comple te ly  i so la ted  f r o m  t h e  sample  assembly ,  s ea l s  t h e  b o t t o m  

end  of t h e  pressure  cell.  The  s p a c e  be tween th i s  t h i rd  sapph i r e  a n d  

t h e  bo t tom sapphi re  of t h e  sample  assembly is occup ied  by a g l a s s  

rod  reducing the reby  t h e  a m o u n t  of oil be tween  t h e s e  t w o  sapph i r e s  



Steel wire 

Figure 2.11 

Sample Assembly 



which o therwise  would have  dec reased  t h e  in tens i ty  of t h e  t r a n s m i t t e d  

light.  It must  a l s o  b e  ment ioned t h a t  all  t h e  sapphi re  rods  a r e  spec ia l ly  

c u t  such t h a t  t h e  C-axis  i s  perpendicular  t o  t h e  f a c e s  a n d  t h e n  polished. 

Heat ing  and cooling s y s t e m s  

The s c h e m a t i c  d i ag ram of t h e  heat ing and  cool ing  a s sembly  is 

shown in Fig.2.12. The  hea t ing  sys t em is made  of a n  a luminium cylin-  

d e r  whose in t e rna l  d i a m e t e r  is such  t h a t  t h e  p re s su re  ce l l  could  b e  

push- fi t ted in to  i t .  Thus i t  a l so  acts a s  a binding r ing fo r  t h e  p re s su re  

cel l .  Nichrome t a p e  is wound on mica  shee t s  (which s e r v e d  a s  e l e c t r i -  

c a l  insulators) which in t u r n  w e r e  wrapped a round  t h e  inside wall 

of t h e  aluminium cylinder .  The  e f f e c t i v e  hea t ing  c a p a c i t y  w a s  a b o u t  

200 wat t s .  A radia l  hole was m a d e  through t h e  a luminium cy l inde r  

t o  f a c i l i t a t e  t h e  tak ing  o u t  of t h e  pressure tubings f r o m  t h e  p re s su re  

ce l l  t o  t h e  outs ide .  A Chromel-Alumel t he rmocoup le  s h e a t h e d  in 

a c e r a m i c  t u b e  w a s  used t o  measu re  t h e  t e m p e r a t u r e  sensed  by t h e  

sample.  The  the rmocoup le  junction is in t roduced through a sma l l  

rad ia l  hole and is so  l o c a t e d  t h a t  i t s  junction just t o u c h e s  t h e  ce l l  

body. No holes a r e  m a d e  on t h e  cel l  body fo r  t h e  inser t ion  of t h e  

thermocouple  s i n c e  t h a t  would considerably weaken  t h e  ce l l  body. 

The re  will be however  a d i f f e r e n c e  in t h e  t e m p e r a t u r e  of t h e  s a m p l e  

a n d  t h a t  sensed  by t h e  the rmocoup le  junction. By a c c u r a t e l y  mapping  

th i s  gradient  at a l l  t e m p e r a t u r e s ,  t h e  problem w a s  overLome. T h e s e  

ca l ibra t ion  e x p e r i m e n t s  w e r e  pe r fo rmed  using a uni form hea t ing  o r  



Figure 2.12 

Schematic diagram of the heating and cooling assembly 

1 .  High pressure cell, 2. Heater, 3. Cooling unit. 



cooling r a t e  of 1°C/min. 

The  ce l l  was  cooled t o  room t e m p e r a t u r e s  o r  below using a cooling 

unit.  Above room t e m p e r a t u r e  cooling could be  d o n e  by mere ly  vary ing  

t h e  c u r r e n t  through t h e  hea t ing  e l emen t .  A cool ing  j acke t  i n t o  which  

t h e  ce l l  c a n  be  press- fi t ted i s  m a d e  using aluminium a s  t h e  m a t e r i a l . 8 ~  

su i tab ly  scooping o u t  t h e  inside m a t e r i a l  f r o m  t h e  j acke t  and  by closing 

t h e  t o p  of t h e  j acke t  with a n  aluminium s t r ip ,  w a t e r  c a n  be  passed 

i n t o  t h e  j acke t  through a nozz le  provided a t  t h e  e n d s  of t h e  jacket .  

In f a c t ,  t h e  j acke t  cons is ted  of t w o  'C '  shaped uni t s  l inked by a hinge. 

So  whenever  cooling was  necessa ry  i t  could b e  s l ipped through easi ly.  

A c i rcula t ing  t h e r m o s t a t  w a s  used t o  pump w a t e r  ( a t  a n y  des i r ed  

t e m p e r a t u r e )  i n t o  t h e  cooling jacket.  The w a t e r ,  as i t  pas ses  t h rough  

prac t ica l ly  t h e  e n t i r e  c i r c u m f e r e n c e  of t h e  cool ing  jacket ,  provides 

a very e f f i c i en t  way of cooling t h e  cell.  

High Pressure Plumbing System 

T h e  s c h e m a t i c  d iagram of t h e  high p re s su re  plumbing s y s t e m  

used in t h e  p re sen t  s tudy is shown in Fig.2.13. A hand pump (PPI,  

USA) is used t o  g e n e r a t e  t h e  pressure  in t h e  cel l .  F i n e  va r i a t ions  

of pressure  a r e  achieved by using a pressure  g e n e r a t o r  (HIP, USA) 

wi th  a sma l l  d isp lacement  capac i ty .  The  line pressure ,  which i s  nothing 

bu t  t h e  pressure  expe r i enced  by t h e  sample  is m e a s u r e d  by a Bourdon 

t y p e  (Heise)  gauge.  The  plumbing connect ions  a r e  m a d e  th rough  two-  

w a y  and  three- way valves. The  a d v a n t a g e  of using a th ree- way  va lve  
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o v e r  t h a t  of a T-joint is t h a t  t h e  in s t rumen t  which is c o n n e c t e d  

through t h e  valve c a n  be  i so la ted  f r o m  t h e  ma in  l ine  when n o t  in 

u se  by just closing t h e  valve. T h e  tubing used  was  m a d e  of s e a m l e s s  

s ta in less  s t e e l  m a t e r i a l  ( I D = 2 m m  and OD= 10 mm). The  va lves  as 

well  a s  t h e  tubing w e r e  chosen  t o  wi ths tand l ine  pressures  up t o  7 

kbar. 

T h e  sample  w a s  pressurised in a fair ly s t r a igh t fo rward  way: t h e  

"priming" o r  in i t ia l  pressur isa t ion  was  done  using t h e  hand pump. 

Pulling t h e  handle of t h e  pump up ra ises  t h e  piston a n d  d r a w s  oil 

f r o m  t h e  reservoi r  i n to  t h e  pump's  chamber .  Pushing t h e  hand le  down 

lowers  t h e  piston which compresses  t h e  oil and  sends  i t  t h rough  t h e  

s t e e l  oil l ine t o  t h e  cel l .  A f t e r  t h i s  priming ope ra t ion  p re s su re  cou ld  

b e  f ine- cont ro l led  using t h e  pressure  genera tor .  

Determination of the phase transition temperatures 

T h e  s c h e m a t i c  d i ag ram of t h e  expe r imen ta l  set up used t o  d e t e r -  

mine  t h e  t rans i t ion  t e m p e r a t u r e s  is shown in Fig.2.14. T h e  t r a n s i t i o n  

t e m p e r a t u r e s  w e r e  d e t e r m i n e d  a s  discussed in s ec t ion  2.1.1 of t h i s  

chap te r .  

Temperature calibration of the  cell  I. 

For  t h e  t e m p e r a t u r e  ca l ibra t ion  of t h e  ce l l  during t h e  h e a t i n g  

and  cooling modes ,  s e v e r a l  compounds,  non- mesomorphic  as wel l  ' 



Figure 2.14 

Schematic diagram of the experimental set up used for the high 
pressure experiments. 

1. He-Ne laser, 2. High pressure optical cell, 3. Photo detector, 
4. Photo detector bias power supply, 5. Multimeter for measuring 
intensity in terms of voltage, 6. DC standard source used for 
voltage offset, 7. Multimeter for measuring the thermocouple output, 
8. Multichannel recorder. 

Instruments indicated by primed numbers are used for microscopic 
observations. 



as mesomorphic,  have  been  used. 

a Hea t ing  mode. The subs t ances  as well as the i r  t r a n s i t i o n  t e m p e r a-  

t u r e s  as measu red  with t h e  polarising microscope  f i t t e d  w i t h  a pro- 

g r a m m a b l e  ho t s t age  ( M e t t l e r  FP52 /FP800)  a r e  l i s t ed  in Tab le  2.3. 

T h e  plot  of th is  t e m p e r a t u r e  aga ins t  t h e  t rans i t ion  t e m p e r a t u r e s  

as measu red  in ou r  expe r imen ta l  s e t  up is shown in Fig.2.15. The  

d a t a  w e r e  f i t t e d  t o  a s t r a igh t  l i ne  using a l inear  l ea s t  s q u a r e  program.  

The  va lues  of s lope and i n t e r c e p t  t hus  obta ined  a r e  1.000 and1.57l0C 

respect ively.  

b Cooling made.  As t h e  c rys ta l l i sa t ion  t e m p e r a t u r e  d e p e n d s  upon 

t h e  r a t e  of cooling, quan t i t y  of sample  t aken ,  etc. (i.e., d e g r e e  of 

supercooling is a funct ion  of expe r imen ta l  condit ions) ,  t h e  non-meso- 

morphic  compounds  canno t  be  used  for  t h e  t e m p e r a t u r e  ca l ib ra t ion  

of t h e  ce l l  during t h e  cooling mode. Fo r  t h i s  purpose,  only  liquid 

c rys t a l l i ne  t rans i t ions  which a r e  highly reproducib le  w e r e  used in 

t h e  cooling mode. The compounds  used a r e  l i s t ed  in T a b l e  2.4 along 

wi th  t h e i r  t rans i t ion  t e m p e r a t u r e s  a s  measured  using t h e  Met t l e r  

hot  s tage .  The  plot  of t h i s  t e m p e r a t u r e  versus t h e  t e m p e r a t u r e  mea-  

su red  using our set up is shown in Fig.2.16. The  va lues  of t h e  s lope 

a n d  t h e  i n t e r c e p t  obta ined  by a linear leas t  s q u a r e  f i t  of t h e  d a t a  

t o  a s t r a igh t  l ine a r e  6.985 a n d  -0.269"C respect ively.  



TABLE 2.3 

Materials  used f o r  t h e  t e m p e r a t u r e  ca l ibra t ion  of  t h e  high 

pressure ce l l  (hea t ing  mode)  and  the i r  t rans i t ion  t e m p e r a t u r e s .  

Actua l  Observed  
Subs tance  Trans i t ion  t e m p e r a t u r e  ("C) t e m p e r a t u r e  ("C)  

(by Met t le r )  (by pressure  ce l l )  

Azobenzol  Solid- Isotropic 

NPOOB Nemat ic- Iso t ropic  

C C H 4  Nemat ic- Iso t ropic  

Benzil Solid- Isotropic 

7 0 P D O B  Solid-Smectic  C 

S m e c t i c  A- Nemat i c  

Nemat ic- Iso t ropic  

CBNA Solid-Smectic  A 

S m e c t i c  A- Nemat i c  

Nemat i c- I sc t rop ic  

HOAB Solid-Smectic  C 

S m e c t i c  C- N e m a t i c  

Nemat ic- Iso t ropic  

PAA Sol id- Nemat ic  

Nemat ic- Iso t ropic  

P A P  Sol id- Nemat ic  

Nemat ic- Iso t ropic  



Actual Temperature ("C 

F i g u r e  2 . 1 5  

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

t h e  h e a t i n g  mode u s i n g  t h e  s u b s t a n c e s  l i s t e d  i n  T a b l e  2 . 3 .  



TABLE 2.4 

Temperature  calibration of t h e  high pressure cell  during cooling: 

Materials used and their  transition t empera tu res  

Actual t empe-  Observed ternpe-  
Substance Transit ion ra tu re  (OC) r a t u r e  (Oc) 

(by Mettler)  (by Pressure  cell)  

C-CH2 Isotropic-Nematic 48.4 

NPOOB Isotropic-Nematic 66.2 

Nematic-Srnectic A 60.1 

C-CH4 Isotropic-Nematic 79.0 

70PDOB Isotropic-Nematic 87.6 

Nematic-Smectic A 84.0 

CBNA Isotropic-Nematic 104.9 

Nematic-Smectic A 99.1 

HOAB Isotropic-Nematic 123.6 

94.3 

PAA Isotropic-Nematic 135.0 

PAP Isotropic-Nematic 165.0 



40 80 120 160 
Actual Tempemture ( " C )  

F i g u r e  2.16 

Tempera tu re  c a l i b r a t i o n  c u r v e  o f  t h e  h i g h  p r e s s u r e  c e l l  i n  t h e  

c o o l i n g  mode u s i n g  t h e  s u b s t a n c e s  l i s t e d  i n  T a b l e  2 . 4 .  



Pressure calibration of the cell 

In o r d e r  t o  a sce r t a in  t h a t  t h e  pressure  e x p e r i e n c e d  by t h e  s a m p l e  

i s  t h e  s a m e  as t h e  line pressure  read  on t h e  gauge ,  w e  c o n d u c t e d  

ca l ibra t ion  expe r imen t s  using p-azoxyanisole (PAA),  p e r h a p s  t h e  m o s t  

widely s tud ied  liquid crys ta l  under pressure. 7 - 1 6  T h e  nemat i c- i so t rop ic  

t rans i t ion  was  used  for  t h e  purpose. The  e x p e r i m e n t s  w e r e  c o n d u c t e d  

on  both increas ing  and decreas ing  pressure  c y c l e  and  i t  w a s  found 

t h a t  t h e  t rans i t ion  t e m p e r a t u r e  at  any  pressure  w a s  independen t  

of t h e  pressure  cycling. This  showed t h a t  t h e  s a m p l e  in t h e  c e l l  w a s  

exper ienc ing  hydros ta t ic  pressure.  

The  a c c u r a c y  of t h e  pressure  measu remen t  w a s  21.5 b a r  whi le  

t h e  t rans i t ion  t e m p e r a t u r e  w e r e  r ead  t o  an  a c c u r a c y  of k25  mK o r  

b e t t e r .  



REFERENCES 

1 A.J.Leadbetter,  J.C.Frost,  J.P.Gaughan, c . w . G ~ ~ ~  a n d  A. Mosley, 

J. d e  Phys., 40, 375 (1979) 

2 F. Hardouin, A.M.Levelut, J .J .Benattar  a n d  G.Sigaud, Solid 

S t a t e  Commun., 33, 337 (1980) 

3 P.E.Cladis and D. Cui l lon  ( P r i v a t e  communica t ion)  

4 A.N.Kalkura, R S h a s h i d h a r  and  M S u b r a m a n y a R a j  Urs,  J. d e  

Phys., 44, 51  (1983) 

5 A.N.Kalkura, "High P r e s s u r e  Opt ica l  S tud ie s  of Liquid Crystals" ,  

Ph. D. Thesis,  Univers i ty  of Mysore, 1982. 

6 S.Krishna P rasad ,  "High P res su re  Studies  of Liquid Crys t a l l i ne  

Transitions" , Ph. D. Thesis ,  Universi ty of Mysore,  1985. 

7 G.A.Hulett, 2.  Phys. Chem., 28, 629 (1899) 

8 N.A.Puschin and I.W.Crebenschtschikow, 2 .  Phys. Chem.,  57, 

270 (1926) 

9 J. Robbe rech t ,  Bull. Soc .  Chum.  Belg., 47, 597 (1938) 

10 N.A.Tikhomirova, L.K.Vistin and  V.N.Nosov, Sov. Phys . -Crys ta-  

Ilogr. (Engl. Trans.), 17 ,  878 (1973). 



I 1  S. Chandrasekhar ,  S-Ramaseshan,  A.S.Reshamwala, B.K.Sadashiva, 

R.Shashidhar and  V.Surendranath, Proc. Int. Liq. Crys t .  Conf., .  

Bangalore,  1973 - P r a m a n a ,  Suppl. 1, 1 17 (1 975). 

12 W. K l e m e n t  and  L.H.Cohen, Mol. Crys t .  Liq. Cryst. ,  27, 359  

(1974) 

14  W.Spratte and  G.M.Schneider, Ber. Bunsenges. Phys. Chem., 

80, 486 (1976) 

14 6. Deloche,  B.Cabane and  D. Je rome ,  Mol. Crys t .  Liq. Cryst. ,  

15, 197 (1971) 

15  V. Ya. Baskakov, V.K.Semenchenko and  N.A.Nedostup, Sov. 

Phys. Crys ta l logr .  (Engl. Trans.), 19, 1 12  (1 974); V.Ya.Baskakov, 

V.K.Semenchenko a n d  V.M.Byankin, Sov. Phys. J E T P  (Engl. 

Trans.), 39, 383 (1974). 

1 6  S.M.Stishov, V.A.Ivanov, and  V.N.Kachinskii, J E T P  Le t t .  (Engl. 

Trans.), 24, 297 (1977). 


