
INTRODUCTION 

1 Liquid c r y s t a l s  ( a l s o  known as mesophases) a r e  

s t a t e s  of ma t t e r  i n  which t h e  degree of molecular  

o rde r ing  i s  i n t e r m e d i a t e  between those  of a c r y s t a l l i n e  

s o l i d  and an i s o t r o p i c  l i q u i d .  They poseess  many of t h e  

mechanical p r o p e r t i e s  of a l i q u i d  l i k e  h igh  f l u i d i t y ,  

i n a b i l i t y  t o  suppor t  s h e a r ,  e t c .  A t  t h e  same time, t h e y  

a r e  a i m i l a r  t o  c r y s t a l s  i n  t h a t  they  e x h i b i t  a n i s o t r o p y  

i n  t h e i r  o p t i c a l ,  magnetic and e l e c t r i c a l  p r o p e r t i e s .  

Liquid  c r y s t a l l i n i t y  may be  induced by p u r e l y  thermal  

e f f e c t s  and is known as thermotropic mesomorphism. 

Liquid  c r y s t a l l i n e  phases  a r e  a l s o  formed i n  s o l u t i o n s  

of amphiphi l ic  molecules i n  water or  i n  o t h e r  p o l a r  

s o l v e n t s  over  a range of concent ra t ions .  These a r e  

c a l l e d  l y o t r o p i c  l i q u i d  c r y s t a l s .  

The molecules o f  mesogenic compounds a r e ,  i n  

genera l ,  geomet r i ca l ly  a n i s o t r o p i c .  U n t i l  r e c e n t l y ,  it 

w a s  be l i eved  that  f o r  mesomorphism t o  occur ,  the molecules  

must be l o n g  and rod l i k e .  But very r e c e n t l y ,  Chandraeekbar 
2 e t  a1 have es tab l i shed ,  f o r  t h e  first time, that simple 

d i m  ehaped molecules may alw, form s t a b l e  mraophasrr. 



On the basie  of B a y  and op t i ca l  s tudies ,  they have 

progoaed a s t ruc tu re  f o r  these d i sc  l i k e  mesogens i n  

which molecules are arranged i n  columns. 2he d i f f e ren t  

columns form a two dimensional l a t t i c e  l i k e  array a8 

ahown i n  f igure  1.1. Tbse  columnar e t ructure ,  hae 

mbeequently be en confirmed by prec ise  Xray s t u d i e s  of 

Lerelut.' I n  this thes i s ,  we are concerned only with 

thermotxapic l i q u i d  c rys ta l s  camposed of elongated o r  

rod l i k e  molecules. 

A 
Following P r i  edel' thermotr opic l iqu id  crys  t a l a  

composed of rod l i k e  molecules a r e  c l a s s i f i ed  broadly 

i n t o  three types: (a )  nematic, (b)  cholester ic ,  and 

( c )  smectic. 3 

Nematic: A simplified p ic ture  o f  t he  arrangement 

of the rod l i k e  molecules i n  the nematic phase i s  shown 

i n  f igure  1.2a. T h i s  phase i s  characterised by a high 

degree of a r ien ta t iona l  order of t h e  molecules without 

any long range t r ans la t iona l  o r  pos i t iona l  ordering. In 

other words, t he  molecules tend t o  align themselves with 

t h e i r  long axis  p a r a l l e l  t o  some preferred d i rec t ion  
A 

usually denoted by a u n i t  vector n , called the d i rec tor .  

'Phis preferred d i rec t ion  var ies  from point  poin t  i n  

the  medium, but a homogeneously aligned specimen is 







op t i ca l ly  uniaxial ,  pos i t ive  and strongly b i re f r ingent  . 

CJlholesteric; Cholesteric nesophase i s  b a s i c a l l y  

a l s o  o f  the nematic type except t h a t  i t s  s t ruc ture  has 

a screw ax i s  miperimposed normal t o  t h e  preferred mole- 

cular  direct ion ( f igure  1.2b). This h e l i c a l  e t ruc tu re  

imparts cer ta in  unique propert ies t o  the cholester ic  l i k e  

the  exceptionally high opt ica l  ro ta tory  power, s s l e a t i v e  

r e f l ec t ion  of a  c i r c u l a r l y  polarised l i g h t ,  etc.  Themno- 

dynamically, t h i s  phase i s  often considered t o  be  

p r a c t i c a l l y  iden t i ca l  t o  the nematic phase. I n  f a c t ,  a 

nematic liquid c r y s t a l  i s  J u s t  a cholester ic  of  i n f i n i t e  

p i t ch  and there  i s  no phase t r ans i t ion  between nematic 

and cholester ic  phases i n  a  given material  when heated. 

Smectic : I n  smectics, the  molecules a r e  arranged 

i n  well  defined layers .  Smectics a r e  c l a s s i f i ed  i n t o  

several  types depending on the order within a l aye r  and 

on t h e  in te r layer  correlat ions.  For example, i n  smectic A 

( f igu re  1 . 2 ~ ) ,  t h e  molecules a r e  normal t o  the l a y e r  with 

t h e i r  centres irregularly spaced i n  a  ' l iqu id  l i k e '  

fashion. Smectic C, on the other hand, i s  a  t i l t e d  form 

of smectic A wherein the molecules a r e  t i l t e d  with respect  

t o  the  layer  normal ( f igure  1 . 2 d ) .  Two d i s t i n c t  types  



of smectic B phase have been ident i f ied :  i n  the f i rs t ,  

molecules are  not only normal t o  the layer  but a l so  hexa- 

gonally close packed within t h e  layer l i k e  a  3-dimensional 

c rys ta l ,  while the o t h e r  i s  a stack of in t e rac t ing  'hexatic ' 
layers with in-plane ah a r t  range pos i t iona l  cor re la t ion  

and a long range three dimensional s i x  f o l d  'bond- 

or ientat ional  ' order. Smectic P consis ts  of weakly 

correlated layers  i n  which the  t i l t e d  molecules a r e  

packed s o  tha t  the molecular long axis  form a hexagonal 

net  i n  a plane perpendicular t o  them giving a  s t r u c t u r e  

of  monoclinic symmetry. A number of higher order smectics 

l i k e  G, H ,  ... etc .  are known but considerable ccmf'usia 

e x i s t s  i n  regard t o  t h e  s t r u c t u r a l  c l a s s i f i c a t i o n  of t h e  

more ordered smectic modifications. 

Sequence of phase t r ans i t ions  

Some typica l  examples o f  mesophase t r ans i t ions  i n  

the thermotropic l iqu id  c rys ta l s  a re  given below. The 

sequence o f  the t r ans i t ions ,  on heating, i s  from t h e  

smectic phaaes t o  the nematic and f i n a l l y  t o  the ifsotropic 

phase of maximum dieorder. I n  other words ,  as  the 

temperature increases ,  ordering of the  molecule decreases. 

This i s  what is expected, generally f rom the  p r inc ip le  of 

thermodynamics. A l l  t he  t ransi t ions  l i ~ t e d  below, 



except one, are enantiotropic, i. e.,  they take place 

reversibly on heatillg and oooling. But i t  is t o  be noted 

that  the temperature a t  which the mesophase orystal l iae6 

is always lower than the  melting point ,  i. e., meeopha8a 

norsally eupercools. I n  the  oase o f  terephthal-bis-a-butyl 

ur i l ine ,  the ~ w c t i c  R phase ocours only during cooling 

and hence is  moaotropio i n  character. 

118.3'C 135.36C - eolid <-3 nematic <-> isotropic 

47.G°C 49.8OC 61.2OC 
aolid I r----3 s o l i d  I1 -3 smectic A C-> nematic 

J. 
i so t ropic  

74.4OC 95.4"~ 124.2.C 
s o l i d  <-> smectic C 4- nema%ic C-----3. iosotropic 

36.0°C 3 0 . 4 ° C  42.4'0 
sol id  4-> smectic G 4-) emectic P <-> s ~ ~ e c t i o  B 

t 
50.ooa 

72.8'~ 6 0 . 3 ' ~  5 1 . 8 * ~  .1 
isotropic q- nematic 6-> smectic A rrmectic C 



5. Zerephthal-bis-n-but ylaniline ( IIBBA) 

1 13.0°C 144.1°C 172.5'~ 
eolid ,- smectic G smectic a ,+ a l ~ e c t i c  A 

I 
199,6*C 

296.5'0 
[HEATING] 

4 
isotropic <-- n e m t i o  

236.5'0 199.6'~ 172.5'0 
ieotropic -> nematic ,-3 smectic A --> rrmectio C 

I 
144.1°a 

59.8'C 
[ COOLING] 

J 
s o l i d  f---- smectic H - smectic GC 

4 

This thes is  describes the resul ts  o f  a variety of 

experiments conducted on the phase t ransi t ions i n  l iquid 

orystals  a t  high pressures. 

Uthough the first high pressure s tudies  on l iquid 

crystaleqwere carried out aa early as 1899 by Hulett,  6 

within a decade of  the,dirrcovery of the l iquid  oryetale, 

there were only two more pressure studies i n  the  next 

mvanty ye~rs, one by Puschin and ~rebenschtschikow~ i n  

1926, and the other by ~ o b b e r e c h t ~  i n  1938, both on 

But, since 1970, there has been a oonsiderable growth o f  

ac t iv i ty  i n  t h i s  f i e ld  and a number of new and in teres t ing  



9 phenomena have been discovered, v i  z., pressure induced 

mes omorphiam, lo suppreesion of  mesophases , change 

i n  the character of the t r a n s i t i o n  e i t h e r  from first 

order t o  a second crder ( t r i c r i t i c a l  behaviour) 11,12 0. 

from monotropic t o  enantiotropic,  reentrant  behaviour, 14 

odd-even behaviour o f  d P / d ' ~  f o r  successive members of 

homologoue aer ies  of compounds, l 5  etc .  These r e s u l t s  

a r e  of fundamental importance and involve s ign i f i can t  

thermodynamical and s t r u c t u r a l  implications. This thes i s  

preaents the  r e s u l t s  of our experimental investigatioare 

.which throw fu r the r  l i g h t  on some of these aspects. 

!he study of l iqu id  crystals  under pressure 

presents oer ta in  problems which a r e  not normally encoun- 

tered  i n  the study of the so l id  s t a t e .  For inatanccs, 

l i qu id  c rys ta l s  have ra the r  high chemical reac t i v i  @ 

and hence reac t  not  only with materials t h a t  a r e  normally 

used as containers but  a l s o  with a l l  pressure t ranemit t ing 

media, l i qu id ,  s o l i d  or gas. Hence special  oare should 

be taken t o  prevent the  contamination of the  l iqu id  

c r y s t a l l i n e  sample e i the r  by container material  or by 

pressure transmitt ing medium. Further, l i qu id  c r y s t a l l i n e  

t r a n s i t i o n s  are  generally charac te r i sed  by low heats and 

therefore somewhat d i f f i c u l t  t o  detect.  A h i& preseure 

c e l l  f o r  the  study of l i q u i d  crystals  has therefore  t o  be  



designed a f t e r  taking in to  account a l l  the  above consi- 

derations. 

IChe s tudies  described i n  the present t h e s i s  have 

been carr ied out using three d i f fe rent  pressure equip- 

ment, namely, (1 ) 200-ton hydraul ic  press  incorporating 

the p is ton  cylinder device f o r  DTA experiments, ( 2 )  Optical  

c e l l  with sapphire windows f o r  the detect ion o f  the  phage 

t r a n s i t i o n  by l i g h t  transmission technique, and (3) diamond 

anvi l  c e l l  fo r  opt ica l  s tudies  fo r  pressures beyond four 

ki lobar .  

The 200 ton hydraulic press'6 and the  diamond 

anv i l  c e l l  17s18 being f a c i l i t i e s  already e r i s t i n g  i n  

the laboratory,  a re  described only b r i e f l y ,  while the  

high pressure opt ical  c e l l  (sapphire c e l l )  which ha8 been 

designed, fabricated and assembled by the author i s  

described i n  d e t a i l  i n  chapter 11. The c e l l  is made of 

hardened s t e e l  which can be closed on both s ides  by two 

s t e e l  plugs with a cen t ra l  hole for  opt ica l  observations. 

These plugs keep the  sample assembly i n  posit ion.  The 

cen t ra l  hole of t h e  upper cap i s  sealed by an op t i ca l ly  

polished aapphire rod which a l s o  forms a p a r t  o f  the  

sample assembly. A t h i n  sect ion o f  t he  sample is sand- 

wiched between t h i s  sapphire rod and a second one which 



i s  es sen t i a l ly  f r e e  as  i t  i s  not used t o  s e a l  t h e  cap. 

These two sapphire cylinders sandwiching the sample f i t  

snugly inside a f lu ran  tube and an e f fec t ive  s e a l  i s  

rea l i sed  by t i g h t l y  wrapping a th in  s t e e l  wire round 

t h e  tubing a t  the  two ends. The inner  spacer (low 

pressure sea le r ) ,  a washer and a spring center the  b o t t  om 

sapphire of the  sample assembly and keep i t  under a 

l i g h t  tenaion. The t h i r d  sapphire rod which i s  completely 

i so la t ed  from the sample assembly s e a l s  t h e  bottom end 

of the  pressure c e l l .  A g l a s s  r o d  i s  kept i n  the space 

.between this t h i r d  sapphire r o d  and t h e  bottom sapphire 

rod of the  sample assembly .to prevent the  o i l  from f i l l i n g  

$b space and cut t ing down the in tens i ty  o f  the  transmitted 

l i g h t ,  The special  fea tures  o f  the opt ica l  c e l l  ares 

( 1 )  Preaeure i s  d i r e c t l y  applied t o  the  sample without 

the need of any pressure i n t e n s i f i e r ,  ( 2 )  The sample i s  

prevented from direct contact  with the pressure trans-  

mit t ing oil by a f lu ran  tube,  (3) Fluran being an elastomer 

mater ia l ,  transmits pressure very well but does not  permit 

the o i l  t o  seep t h r o u e  it ,  (4)  only very s m a l l  quant i ty  

of the samples a r e  required f o r  a s e t  of experiments, 

( 5 )  control  and maintenance of sample thickness using 

washers, and (6 )  temperatures can be read t o  an accuracy 

of - +0.025°C. Usin& t h i s  opt ica l  c e l l ,  we have car r ied  



out de ta i led  invest igat ions  on d i f fe rent  kinds of phase 

t r ans i t ions  occurring i n  l iqu id  c rys ta l s ,  and t h e  r e s u l t s  

of these invest igat ions  are described i n  chapters I11 - VII. 

Reentrant Behavi our 

Qs indicated e a r l i e r ,  when a thernotropic l i q u i d  

c r y s t a l  i s  heated, t r ans i t ions  take place from a well  

ordered s o l i d  phase t o  a l e s s  ordered phase l i k e  smectic 

or nematic and f i n a l l y  t o  the i so t ropic  phase of maximum 

disorder. But, recently,  Cladis, l9 while working with 

the mixtures of N-p-cyanobenzylidene-p-n-oc ty laxyani l ine 

(CBOOA) and p-[ (p-hexyloxyb enzylidene)amino]beneonitrile 

(HBAB) made the i n t e r e s t i n g  discovery tha t  i t  i e  possible  

t o  obtain  a nematic phase on e i the r  heating o r  cooling 

a smectic A phase. She noticed t h a t  smectic A - nematia 

t r a n s i t i o n  temperature o f  the mixtures becoma multi-  

valued with increasing concentration of HBAB. The 

sequence of phase t r a n s i t i o n  on cooling i s  

i so t rop ic  nematic + smectic A - nematic. 

Thus the  nematic phase occurs again a t  a lower temperature 

than the smectic A phase. This lower temperature nematic 

phase has been designated as the ' reentrant  nematic' 

phase i n  analogy w i t h  other  sirnil= e f fec t s  observed in 



condeneed matter physics. 20,21 &om the  measurement 

of bend e l a s t i c  constant K of HBAB/CBOOA mixtures, 33  
C l a d i s  has shown t h a t  t h e r e  i s  no macroscopio di f ference 

between the two nematic phases. 

Subsequently, C l a d i s  e t  a l l 4  observed f o r  the 

f irs t  time the  reen t ran t  phenomenon i n  a pure  compand, 

viz. , 4 '-n-octyloxy-4-cyanobiphenyl (8 OCB ) a t  h igh  

pressures.  A s imi la r  behaviour has a l s o  been observed 

i n  Q 3 O U ,  mixtures of 8 OQB and 6 OCB and a l s o  CBNA and 

CBHA, all at high pressures.  22,32 

More recently,  the  reentrant  behaviour has also 

been observed i n  pure compounds a t  atmospheric p r e s m r e ,  

f o r  fhe  f i rs t  time, by Madhusudana e t  a lZ3  i n  our 

labora tory  and a lao  by Hardouin e t   EL^^^ i n  France a t  

about the same time. 

m e  reentrant  phenomenon i n  l i q u i d  c rys t a l s  both 

a t  elevated pressures and a t  room pressure  i s  one of the  

r a r e  examples where a phase t r a n s i t i o n  takes  place from 

an apparently more ordered (smectic) s t a t e  a t  a h i a e r  

temperature t o  an apparently l e s s  ordered (lower tempe- 

r a t u r e  nematic) s t a t e .  This i n t e re s t ing  observat ion 

has therefore  opened up an  e n t i r e l y  new f i e l d  of i nves t i-  

ga t ion ,  r e su l t ing  i n  a tremendous surge of a c t i v i w  i n  



the f i e l d  of synthesis of more such compounds. Tinh 

and Gasparowc, 25 Heppke e t  a l ,  26 ~ r s  and ~ ~ d a s h i v a  31 

and others have synthesised several  reentrant  c ampounds 

i n  qu i t e  a short  time. 27-30 

I n  s p i t e  of the  r e l a t ive ly  l a rge  number of compounds 

t h a t  a r e  now known t o  exhib i t  the reentrant  nematic phase 

a t  atmospheric pressure, there  has been o n l y  a single 

pressure study on a room pressure reentrant  nematogen 32 

s o  f a r .  We have car r ied  out detai led and preoise pressure 

s tudies  on eight room pressure reentrant  nematogens 

synthesised by S a d a s h i ~ a ~ ~  and more recent ly  b y  U r s  and 

Ssdashiva. 31 The r e s u l t s  of these invest igat ions  form 

the subject  matter o f  chapter 111. 

The ccmpounds s tudied a r e  t h e  l l t h  and  12 t h  

members o f  4 d i f f e ren t  homologous s e r i e s ,  vie.,  

( 1 ) 4-cyanophenyl-3 '-methyl-4 (4"-alkylbeneoylox y) 

benzoate8 (CPMBB) , ( 2 )  4-cyanophenyl-3 '-methyl-4 @ (4"- 

alkyloxycinnamoyloxy)benzoate (CPMCB), (3) 4-cyanophenyl- 

3 '-methyl4 (4n-alkyloqy-cx-methylcinnamoyloxy)beneoate \ 

( BMaMCB ) and (4)  4-cyanophenyl-3 '-methoxy-4 ' (4"-alkyloxy- 

a-me thy1cinnamoyloxy)benzoate ( GPMeCahCB). Two of these 

(1 1 WMCB and 1 1  CPMaMCB) exhibit  enantiotropic reentrant  

nematic phase while the others show monotropic reenetrant  

nematic phase. 



ma important r e s u l t s  obtained are  - 

( i )  Por a l l  the  compounds, smectic A - nematic (A-N) 

phase boundary is e l l i p t i c  i n  shape. 

( i i )  There ex is t s  a maximum pressure P, up t o  which 

smectic A phase ex is t s .  

( i i i )  Por two compounds, v i z . ,  12  CPMCB and 12 CPMaMCB, 

the  smectic A - reentrant  nematic t r a n s i t i o n  which 

i a  monotropic a t  1 bar  becomes enantiotropic at  

high pressures, This i s  the f i r s t  observation of 

such a ohange i n  character o f  a t r ans i t ion  invol- 

ving the reentrant  nematic phase. 

( i v )  P, i s  sens i t ive  t o  change i n  molecular length  - 
the  addit ion o f  an a lkyl  end group increases  t h e  

value of P, dras t i ca l ly .  The addit ion of a lateral 

group on the other hand, does not a f fec t  P, s o  much. 

(v) 2, i s  re la ted  t o  the  range of the  nematic phase 

a t  1 bar (=H) and hence the nematic ordering a t  

atmospheric pressure. A p l o t  o f  log P, vs. B i s  a 

s t r a i g h t  l i n e  and the  data i s  expressible as 

Pm = Po exp(-m~), The constants 'Pot  and 'mt 

have been evaluated by a l e a s t  square f i t  of the 

data  points  t o  a s t r a i g h t  l ine .  A s imi lar  p lo t  



has a l s o  been made f o r  a number o f  reentrant  compounds 

f o r  which the Pm values a r e  known and these data a l s o  

f a l l  on a s t r a i 6 h t  l i n e ,  but with a d i f f e ren t  slope 

( i .e . ,  with d i f fe rent  Po and m values). It is very 

i n t e r e s t i n g  t o  see tha t  d a t a  for  a l l  three phenyl ring 

compounds f a l l  on one l i n e  while those f o r  the compounds 

with 2 phenyl r ings f a l l  on the second l ine .  It ha8 

therefore  been concluded that  for  a reentrant  nematogen 

t h e  maxirmun pressure of smectic s t a b i l i t y  i s  uniquely 

r e l a t ed  t o  the nematic range R and hence the s t a b i l i t y  

. of the  nematic ordering, the constant o f  proport ional i ty  

being dependent on t h e  molecular s t ruc ture .  It i s  a l s o  

noted t h a t  Po f o r  the  two phenyl r ing  compounds is much 

h i&er  than t h a t  f o r  3 phenyl r ing  substances, showing 

thereby tha t  the  s t a b i l i t y  of smectic A phase i n  the  

former i s  higher. This i n  turn  implies t h a t  the  forma- 

t i o n  o f  reentrant  #nematic phase i s  nore favoured i n  

compounds with three phenyl r ings ,  a f a c t  which i s  wel l  

supported by the experimental observations. 

There have been some attempts t o  give theore t i ca l  

explanaU ons f o r  the experimental r e s u l t s  obtained on 

t h e  reentrant  phen~menon, especially the shape o f  t h e  

smectic A - nematic phase boundazy i n  the pressure- 

temperature plane, and t o understand the  thermodynamics 



of the smectic A - reentrant  nematic t r ans i t ion ,  Pershen 

and have shown t h a t  the smectic A - reentrant  

nematic phase t r ans i t ion  follows from the  Landau theory 

if one assumes the existence of an optimum density f o r  

smectic ordering. Recent high resolut ion Xray sca t t e r ing  

experiments of Kortan e t  alY5 strongly support t h i s  

concept o f  'optirmun density1.  Similarly, extending t h e  

McMillanls treatment o f  t h e  smectic A phase, Luckhurst 

and ~ i i m i m i ~ ~  have developed the molecular theory f o r  t h e  

reentrant  nematic - smectic A mesophases. A thermo- 

-dynamic model o f  the  reentrant  nematic and smectic A 

t r ans i  t ion  has been developed by and indepeMently 

by Klug and ~ h a l l e ~ , ~ ~  the b r i e f  ou t l ine  o f  which i a  

given i n  chapter I V .  They have shown t h a t  m e  can ge t  

the general equation of the  A N  phase boundary by F i r s t  

expressing the difference i n  the Gibbe f r e e  energy bet- 

ween the nematic and smectic A phase i n  ter- of tempe- 

r a t u r e  and pressure and then equating i t  t o  zero. The 

general equation thus obtained, turns o u t  t o  be t h e  

equation t o  a conic. Using the or ig ina l  data of C lad i s  

on 8 OCB as well as on the  mixtures o f  CBNA and CBHA, 

Clark has shown that  the  bes t  f i t  of the experimental 

data i s  obtained with an e l l i p s e  and has calculated the 

various thermodynamic parameters. I n  chapter IV, we 



have made an  attempt t o  f i t  our experimental data 

points  t o  an e l l i p s e  by the method of l e a s t  square f i t .  

It is found t h a t  the f i t  i s  very good f o r  a l l  the  

compounds studied. It is therefore confirmed t h a t  f o r  

a l l  reentrant  compounds, i r respec t ive  o f  t h e  f a c t  

whether they show reent ran t  nematic phase a t  room 

pressure o r  at elevated pressures, the  smectic A - 
nematic phase boundary is  e l l i p t i c a l  i n  shape. Further,  

we have a l s o  evaluated the r a t ios  o f  various thermo- 

dynamic parameters l i k e  A a/dp,  ~ $ / A c  eto. which 
P' 

determine the phase boundary. These are tabulated i n  

d e t a i l  i n  chapter IV.  

39 Recently Chen and Lubensky have proposed an 

i n t e r e s t i n g  application of t h e  concept o f  L i f s h i t e  

point t o  the NBC point: a t r i p l e  point  where nematic- 

smectic A (N- A), smectic A - smectic C (A-c), and 

nematic - smectic C (N-C) phase boundaries i n t e r s e o t  

i n  a phase diagram. The f irst  observation of the NAG 

point  was by Johnson e t  a140 who on the bas i s  of 

d i f f e r e n t i a l  scanning calorimetry measurements and 

op t i ca l  microscopy observations reported t h a t  the  

temperature-c oncentrat ion diagram of binary mixtures of 

heptyl  and octyl-oxy-p I-pentyl phenyl thiobenaoate 



( 7 ~ 5  and 5 ~ 5 )  shows a  p o l y c r i t i c a l  NAG point.  They 

have a l s o  presented a  phenomenological Landau type 

theory which q u a l i t a t i v e l y  describes the  observed phaae 

diagram. Sigaud e t  a14' have a l s o  discovered a binary 

system which exhib i t s  an NAG point with a s l i @ t l y  

d i f f e r e n t  topology. As mentioned e a r l i e r ,  Chen and 

Lubensky termed t h e  NAO point  as a  L i f s h i t z  point .  

42 However, de Hoff e t  a1 on the basis of p rec i se  a&. 

calorimetry experiments and Safinya e t  a l ,  43 on the  

b a s i s  of high reso lu t ion  Xray s tud ies ,  have concluded 

t h a t  t h e  NAG point  i s  de f in i t e ly  not a  L i f s h i t z  po in t ,  

but i s  ins tead a m u l t i c r i t i c a l  point. An NAC po in t  

has never been observed s o  f a r  in a s ing le  component 

system and we have car r ied  out pressure s tud ies  on a 

number of compounds with a view t o  observing such a 

poin t  i n  the P-T diagram of a  s ing le  component l i q u i d  

c r y s t a l l i n e  system. I n  chapter V, we present  t h e  

r e s u l t s  of our pressure  s tud ie s  on two compounds, vis , ,  

N- (4-n-pentyloxybenzy1idene)-4 I-n-hexylaniline (50 .6)  

and 4- (4-n-decyloxybenzo y1oxy)benzylidene-4 'e 

(10 BBCb).lhperirnents were conducted on 50.6 with a 

diamond anvi l  c e l l  and t h e  data  were brought t o  an 

absolute s c a l e  by conducting a  ca l ib ra t ion  experiment 

u d n g  a DTA c e l l .  It i s  seen that  t h e  temperature range 



of smectic A which i s  about 8.g°C a t  one b a r  diminishes 

with inoreasing pressures and becomes as emall  as 0 . 7 ' ~  

a t  4 kbar. A t  higher pressures,  t he  range of t h e  A phase 

decreases even f u r t h e r  bu t  the  r a t e  of decrease i s  very 

slow. A t  8 kbar, t h e  maximum pressure  up t o  which we 

have studied t h e  compound t h i s  range i s  about 0.4'C. Had 

the  r e so lu t ion  of our experimental s e t  up been l e s s  than  

what i t  i s  a t  p re sen t ,  we might have concluded t h a t  C-A 

and A-N phase boundaries i n t e r s e c t  a t  about 4 kbar. 

However, the  p rec i s ion  of o u r  data shows t h a t  t h i s  is 

.not i n  f a c t  the  case. We can the re fo re  only i n f e r  t h a t  

the  NAC point  f o r  this canpound w i l l  probably occur a t  

a presaure higher than 8 kbar. Purther, i t  may be 

mentibned t h a t  spec i a l  ca re  w a s  taken i n  DTA experiment 

t o  see  i f  A-N t r a n s i t i o n  shows a t r i c r i t i c a l  behaviour 

s ince  a t r i c r i t i c a l  point  should precede the NAG po in t  

i f  it i s  a Li f sh i tzspo in t .  It  was observed that t h e  

f i rst  order  character  of t h e  A-N t r a n s i t i o n  diminishes 

with increas ing pressure  up t o  about 4 kbar,  but  beyond 

t h i s  pressure ,  the  change i s  hardly  detectable .  The A-M 

t r a n s i t i o n  remains first order,  though weakly s o ,  right 

up t o  8 kbar.  

I n  the  case of IOHBCA experiments were conducted 

using t h e  high pressure  o p t i c a l  c e l l  with l i g h t  t rans-  



misaion as the  probe to  de tec t  the  phase t r a n s i t i o n .  

It is qu i t e  i n t e r e s t i n g  t o  see t h a t  the  range of smectic C 

which i s  i n i t i a l l y  13'0 a t  1 bar ,  decreases q u i t e  rap id ly  

with the increase  of pressure and f i n a l l y  t h e  C phase i s  

completely bounded a t  0.52 kbar, thus r e s u l t i n g  i n  a EIN - 
C - A point  a t  0.52 kbar and  86.0°C. Experiments were 

a l s o  conducted using DTH c e l l  t o  determine the  nature 

of the t r a n s i t i o n  and i t  i s  found t h a t  RN - C and C - A 

t r ans i t i ons  a r e  e s s e n t i a l l y  continuous i n  nature  while 

RN - A t r a n s i t i o n  i s  d e f i n i t e l y  of f i rs t  order. I n  other 

words, it appears t h a t  the  two second order  phase bounda- 

r i e s ,  v i ~ .  , RN - C and C - A culminate and continue as a 

first order RN - A phase boundary. We have thus observed 

a new kind o f  m u l t i c r i t i c a l  point ,  namely, RN - C - A 

point  i n  t h i s  compound. 

Bs regards t o  t h e  topology o f  t h e  P-T diagram is  

concerned, i t  has been observed t h a t  RES - C and RN - A 

l i n e s  a r e  not  continuous through the REI - O - A point .  

The 0 - A l i n e  which i s  s t r a i g h t  t i l l  very c loee t o  t h e  

RN - C - A poin t  and approaches i t  s l i g h t l y  obliquely.  

The RN - A phase boundary appears t o  have a curvature  

r i g h t  from the  RN - C - A point .  On t h e  bas i s  of topology 

alone, i t  is  hard t o  make any d e f i n i t i v e  conclusion 

regarding the  nature of t h i s  point .  F'urther experiments 



l i k e  measurements sf e l a s t i c  const ants  , high resolu- 

t i o n  Xray s tud ies ,  etc.  a r e  required t o  be conducted a t  

high pressures i n  order t o  provide more information 

concerning the nature of t h i s  point .  

Aa mentioned e a r l i e r  i n  the chapter, smectic C 

phase i s  a t i l t e d  form of smectic A, the moleculee within 

the layer  being t i l t e d  with respect t o  t h e  l aye r  normal. 

It has long been recognized t h a t  the  temperature v a r i a t i o n  

of the tilt angle i n  the smectic C phase depends very 

much on the type of  the phase t h a t  e x i s t s  immediately 

a f t e r  it a t  a higher temperature. If the higher tempe- 

ra tu re  phase i s  smectic A, then the t i lt  angle is r a t h e r  

small and shows a strong temperature dependence. On t h e  

other hand, when a smectic C phase precedes a nematio 

phase, then the tilt angle i s  independent of temperature. 

Very recently,  de ~ r i e s ~ ~  has made an in te rea t ing  observa- 

t i o n  that  i n  the case of n-pentyl-4(4 I-n-decyloxybenzylidene- 

amino)cinnamate (PBC), the  tilt angle i n  the smectio C 

phase which i s  about 15', does not depend on the  tempe- 

r a t u r e  although the  smectic C phase precedes the smectic A 

phase. He has observed t h a t  t h i s  tilt angle remains 

p rac t i ca l ly  the  same not only a t  t h e  smectic C - smectic A 

t r ans i t ion ,  but even a f t e r  i t ,  i . e . ,  even i n  the smectic A 

phase. Hence it i s  qu i t e  in t e res t ing  t o  study the pressure 



behavi our of t h e  compounds exhibit ing these three  kinds 

of smectic C phases, with a view t o  examine the way 

the  preseure a f f e c t s  these phases. I n  all, we have 

e tudi  ed 4 compounds. They are ( 1 ) Q-n-yentyloxyphenyl- 

4 ' on-decyloxybenzoate (50 PDOB ) and 4-n-hep tyloxyphenyl- 

4'-n-decyloxybenzoate (70 PDOB) i n  which the  tilt angle 

18  s t rongly temperature dependent and goee t o  sero  a t  the 

emectic (3 - emectic A t rans i t ion ,  ( 2 )  Nonyloxybensoic 

acid @OBI) i n  which t h e  tilt angle i s  temperature 

independent, and (3) PDiBO discussed e a r l i e r .  me result8 

' of theee s tudies  car r ied  out ueing e i the r  a diamodl mil 

c e l l  (in conjunction with a D'EA o e l l  f o r  preeeure deter-  

e n a t i o n )  or t h e  high pressure op t i ca l  c e l l ,  a r e  discussed 

i n  ohapter VI. The r e ~ l u l t s  show 01earl;y t h a t  i n  a l l  the  

caeas, the  smectic C phase i s  suppressed a t  high preesures 

showing thereby that a t i l t e d  s t ruc tu re  is somehow not 

favoured at  high pressures. Further, i t  is worth noting 

t h a t  the suppression of smectic C phase ocaurs regardlee8 

of t h e  nature of the emectic C phase a t  one bar. High 

preseure Xray s tudies  a r e  required t o  underrtaad the  r o l e  

of preasure dependence of layer  spacing on the a t a b i l i t y  

of e m e t i c  C phases. 

In  chapter VII, we have discussed the pressure 

s tudies  on 7 ~ 5 ,  E s ~  and - t h e i r  mixtures with a view t o  



s tudy ing  the e f f e c t  of adding a heavy atom, namely, 

su lphur  i n  t h e  e s t e r  l i n k a g e  group on the  s t a b i l i t y  of 

va r ious  mesophases under p ressu re ,  and a l s o  i f  p o s s i b l e  

t o  observe t h e  'NAGt po in t  e i t h e r  i n  pure compounds or  

i n  t h e i r  mixtures under p r e s s u r e .  b mentioned e a r l i e r ,  

t h e  temperature-c o n c e n t r a t i  on diagram of t h e  b i n a r y  

mixtures  of 7 ~ 5  and 835 shows t h e  'NAG' p o i n t .  555 

has  a monotropic smect ic  C phase and a nematic phase,  

while  885. e x h i b i t s  the  smect ic  A and nematic phases  i n  

a d d i t i o n  t o  t h e  smect ic  C and a h igher  o r d e r  smect ic  

.phase  both  of which a r e  monotropic i n  c h a r a c t e r .  When 

t h e s e  two compounds a r e  mixed t o g e t h e r ,  t h e  range of 

smect ic  A phase p r o ~ e s s i v e l y  decreases  and f i n a l l y  f o r  

a mixture of 42% mole f r a c t i o n  o f  7 ~ 5 ,  i t  is completely 

suppressed,  thereby forming t h e  'NAG' p o i n t .  I t  is  well 

known' t h a t  most of  the e f f e c t s  l i k e  t r i c r i t i c a l  behaviour ,  

r e e n t r a n t  phenomenon, e t c .  observed i n  b i n a r y  mixtures  

by vary ing  t h e  concen t ra t ion ,  45'19 can a l s o  b e  observed 

i n  a s i n g l e  component l i q u i d  c r y s t a l l i n e  system by 

changing p ressu re .  ' *' 46 * 47' j4 We have t h e r e f o r e  c a r r i e d  

ou t  p r e s s u r e  s t u d i e s  on 7 ~ 5 ,  8 ~ 5  as wel l  a3 t h e i r  b i n a r y  

mixtures  with concen t ra t ion  c l o s e  t o  42$ (v ie . ,  35$, 4014 

and 4 5 s  mole f r a c t i o n  of 7 ~ 5 ) t o  s e e  i f  w e  can ge t  NAC 

p o i n t  a t  high p ressu res .  I t  i s  observed t h a t  i n  a l l  t h e  



oasee, the range of the smectic A phase, inatead o f  

deoreaai ng, increases with pressure. Thi8 increase i n  

the s t a b i l i t y  of smectic A phase is accompanied by the 

decrease i n  the  range of smectic C phase wNoh is  f i n a l l y  

bounded a t  high preseures, The suppression of the  srnectio 6 

phase i n  755 takes place at  a pressure o f  1.61 kbar and 

i n  the case o f  B s ~  it i s  at a muoh higher preeeure, vis . ,  

4.1 kbar presumably because of i t s  higher s t a b i l i t y  at 

1 bar. Thus, it has not been possible t o  observe the WAC 

point  i n  835 under pressure. It must a l so  b e  pointed 

out that Cladis e t  a148 have also carr ied out p r e s m r e  

s tudies  up t o  2 kbar on 8 ~ 5  which has a monolayer srnectic A 

phaee with a view t o  seeing i f  i t  exhib i t s  the  reentrant  

behaviour. They have observed tha t  .the A-N phase boundary 

i e  l i n e a r  throughout and hence no reent ran t  behaviour ie 

observed. Our s tudies  car r ied  up t o  a presssure of 4 kbar 

a l s o  ahow tha t  the  A-N phase boundary i s  unusually 

s t r a i g h t  and does not show any sign of curvature towards 

the pressure a x i a .  Therefore, we can conclude t h a t  the  

b i l aye r  smectdc k i s  essen t i a l  f o r  the reent ran t  nematic 

phase t o  appear. I n  the  case of  binary mixtures of 755 

and B s ~  a lso ,  the range af smectic A phase increases mono- 

ton ica l ly  with pressure, the  r a t e  of increase depending 

on the concentration (composition). I n  the  case of 

mixture w i t h  0.45 mole f r ac t ion  of 7 ~ 5 ,  wherein there is no 



smectic A phase, t h e  smectic C - nematic t r a n e i t i o n  

which i s  enantiotropic t o  start with, changes i t s  

character andkbecomes monotropic beyond a pressure of 

0.22 kbar. To our knowledge, t h i s  i s  the f i rs t  instance 

o f  smectic C - nematic t r ans i t ion  showing a change i n  

character from enantiotropic t o  monotropic. Our. f a i l u r e  
- 

t o  observe the NAG point  e i t h e r  i n  7S5 and 8 ~ 5  or i n  

t h e i r  binary mixtures under pressure indica tes  t h a t  the 

monolayer smectic A phase cannot be bounded by applying 

pressure. On the  other hand, pressure appears t o  have 

-the e f fec t  of increasing t h e  s t a b i l i t y  of such a aono- 

l ayer  smeutic A phase. 

It may be reca l led  t h a t  i n  ohapter IV we have 

evaluated t h e  ratios o f  t h e  various thermodynamic para- 

m e t q s ,  via.,  ~ a / ~ p ,  etc.  associated with the  

A-N phase boundary which i a  e l l i p t i c a l  i n  shape, f o r  

several  reentrant  nematogens, But the  determination of 

the  individual  parameters req~l  ires an accurate knowledge 

of any one of these parameters, via., thermal expansian 

(a),  isothermal compreiesibility ($ )  and the  spec i f i c  hea t  

(ap).  The piesothermal o r  heat of compression method 49,50 

provides the bas i s  f o r  a prec ise  determination of thermal 

expansion d i r e c t l y  as a funct ion o f  prese~ure. It is t o  be 

noted t h a t  t o  obtain ' a '  t o  a comparable acuuracy by  a 



conventional technique l i k e  p i e ~ a n e t r y  , one would have 

t o  determine the volume change t o  an acouracy of 1 i n  loo4 

which ie extremely d i f f i c u l t  t o  achieve i n  a high 

preesure experiment. I n  appendix I, we have discusred 

the r e s u l t s  of our  piexothermal s tudies  on 8 OCB as a 

function of pressure along 4 d i f fe rent  isotherms i n  t h e  

v ic in i ty  of smectic A - nematic t rans i t ion .  Tfiese experi- 

ments were conducted a t  the LaboratoJr e de Physique, 

Universi t e  Marie Curie and Pier re  h r i e ,  Par i s .  The 

basic pr inc ip le  of the methd i s  t o  measure t h e  quanti ty 

of heat l ibera ted  by a known volume o f  the sample under 

a pressure var ia t ion.  52 This heat  is measured as an 

e.m.f. using a s e t  of 500 thermocouples which are 

e l e c t r i c a l l y  i n  se r i e s  bu t  thermally i n  parallel. From 

our s tudies ,  i t  i s  found tha t  ' a 1  exhibi ts  an anomaly 

a t  the  A-N t rans i t ion .  The height of t he  peak which is 

a measure of t h i s  anomaly decreases with increasing 

temperatures and a t  the highest  temperature studied,  

viz.,  77.6*C, there  i s  hardly any anomaly. Generally 

it i s  far more d i f f i c u l t  t o  achieve a f ine  va r i a t ion  of 

pressure than o f  temperature, and hence t o  t h a t  extent ,  

t he  experimental value of a, par t icu lar ly  c lose  t o  A-N 

pkase boundary d o  not have the required precis ion t o  

make a good estimate of the exponent ' y '  associated with 



the pressure va r i a t ion  of ' a t ,  Nevertheless, we have 

made an a t t eup t  t o  f i t  a l l  the  data  po in ts  t o  the  equation 

of t h e  type 

Y 
a = a, + pr a, + A I P ~ ~  f o r  P<P ,  

and 
I I Y 

a = a, + P, a, + ~ 1 ~ ~ 1  f o r  P >Po 

9 1 

where ao, a l ,  a0 and a l  are all adjustable  parameters, 

P i s  t h e  pressure corresponding t o  A-N t r a n s i t i o n  and 
0 

*r 
= ( P - POI /P is  the  reduced pressure. !he base 

l i n e s  with respect  t o  which the  expansion coe f f i c i en t s  

have been evaluated f o r  t h i s  f i t t i n g  cons is t  o f  two 

l i n e a r  p a r t s ,  one i n  the nematic and t h e  other  i n  the  

smectio A phases. The da ta  points  a t  pressures  f a r t h e s t  

from Po have been used t o  obta in  these two l i n e a r  base 

l i n e  parts which i n t e r s e c t  a t  the A-N t r a n s i t i o n  pressure 

. This appears t o  ' y i e ld  a reasonably good f i t  over the  

e n t i r e  range of pressure invest igated,  giving a value of 

t he  exponent y = 0.22. It may a l so  be mentioned t h a t  an 

in t eg ra t ion  of ' a '  versus pressure curve e s s e n t i a l l y  leads  

t o  a term which should be a function of entropy. mu8 i t  

i s  not surpr i s ing  t h a t  t he  trends of our a versus pressure  

curve with increasing temperatures resemble general ly C 
P 

versus temperature curves with increasing pressure  obtained 



f o r  t h e  same compound b y  Garland e t  al. 53,54 . 

Some of the  r e s u l t s  discussed i n  t h i s  t h e s i s  have 

been published i n  the  fo l lowing paperst.  

1 The search f o r  a L i f s h i t  z point  i n  a single 
component l i q u i d  c r y s t a l l i n e  system: A high p r e s s u r e  
s t u d y  o f  50.6 ( i n  c  o l lab  o r a t i o n  wi th  B. Shashidhar and 

S. Chandrasekhar) - Mol. Cryst.Liq. Oryst. %(Let t .  ) 
(1980) 101. 

2 Piesothermal  s t u d i e s  i n  t h e  v i c i n i t y  of the smectic A - 
nematic t r a n s i t i o n  i n  4 I-n-oc tyloxy-4-cyanobiphenyl 

(8 OCB) ( i n  c o l l a b o r a t i o n  with B. Shashidhsr ,  L. Ter 

Minassian and B.R.Ratna) - J. de  Phys. qZ (Lettres) 
(1982) 5-239. 

3 High p r e s s u r e  s t u d i e s  on polymorphic l i q u i d  crystals 
( i n  c o l l a b o r a t i o n  wi th  2. Shashidhar, G. Venkatesh, 

D. Denus and  weis is sf log) - Mol. Gryst. Liq. Cryst. 

3. (1982) 275. 

4 High p r e s s u r e  s t a d i e s  on r e e n t r a n t  nematogem 
( i n  c o l l a b o r a t i o n  wi th  R. Shashidhar and M. S o u r s )  - 
J. de Physique ( i n  p r e s s )  

5 A new m u l t i c r i t i c a l  po in t  i n  a s i n g l e  component 

l i q u i d  c r y s t a l :  High p r e s s u r e  s t u d y  o f  DOBBCA 
(In c o l l a b o r a t i o n  wi th  R. Shashidhar and S. Chandrasekhar) - 
Mol. Cryst.Liq.Cryst. L e t t e r s  ( submit ted) .  



6. Effect of pressure on the s t a b i l i t y  of smectic C 
phase ( i n  collab o r a t i  on with K. Shas hidhar, 
G. Venkatesh, Mary Neubert and JoPo Perrato)  - 
t o  be presented at  the  Ninth Internat ional  Liquid 
a r y s t a l  Conference, Bangalore, December 1 982. 

7. Pressure studies on 7 ~ 5 ,  E s ~  and t h e i r  mixtures 

( i n  collaboration with B. Shashidhar) - t o  be 

pc esented a t  the  Ninth Internat ional  Liquid Crystal 
Conference, Bangalore, December 1982. 

8. The thermodynauics o f  t h e  e l l i p t i c a l  phase boundaries 

of the  reentrant  nematogens ( i n  collaboration with 
R. Shashidhar) - t o  be presented a t  t h e  Ninth I n t e r  
nat ional  Liquid Crystal  Conf ereme,  Bangalore, 
December 1982. 
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