
Nature of Liquid Crystals 

Many organic compounds a r e  known t o  exhibit  

intermediate phases between the c rys ta l l ine  s o l i d  

and the i so t rop ic  l iqu id ,  These intermediate 

- phases a r e  called l iquid  crystalline phases o r  

mesomorphic phases. Liquid c rys ta l l ine  phase6 may 

be thermotropic o r  lyotropic.  The former are  

those i n  which the mesomorphism i s  brought about by 

purely thermal processes, i ,e . ,  by heating the  

sol id  or  cooling the i so t rop ic  l iqu id ,  and a re  

observed i n  pure compounds (or  t h e i r  mixtures). 

!I!he l a t t e r  a re  those i n  which mesomorphism is . 
induced by sui table solvents, We s h a l l  be concer- 

ned here only with thermotropic l i qu id  c rys ta l s ,  



1 Eriedel c lass i f i ed  thermotropic l iquid  

c rys ta l s  i n t o  th ree  types based upon the mole- 

cular  arrangements i n  them. They a re  (1 ) nematic, 

(2 )  cholestexic,  and ( 3 )  srnectic. 

Nematic l i qu id  c r y s t a l s  

Nematic l i qu id  c rys ta l s  have a long range 

orientat ional  order but  d o  not have a long range - .r 

pos i t iona l  o r  t r ans la t iona l  order (see f i g .  1. 1) .  

The molecules tend t o  orient  themselves along a  

mean di rec t ion  G, cal led  the d i rec tor ,  but they 

can ea s i l y  s l i d e  past one another. mus the 

nematic ie a  f l u i d  phase. The degree of orienta- 

'. t i on  is  given by an order paramgter 't)' which i s  

defined as 

where 8 is the angle between the long molecular 

axis  and the d i rec tor .  !the angular brackets denote 

a s t a t i s t i c a l  average. !The value of r) i s  uni ty f o r  
\ 
\ 



P i .  1. I : Schematic r e p r e s e n t a t i o n  of molecular  o r d e r  i n  
t h e  crystalline, nematic and i s o t r o p i c  phases. 



a perfec t ly  ordered sample and i t  i s  zero f o r  a 

completely random orientat ion,  which describes the 

i so t ropic  phase. I n  the  nematic phase the  value 

of q l i e s  between sero and urdty, and it i s  strongly 

temperature dependent. X-ray s tudies  by de vriesL 

and chistyakov3 have indicated t h a t  some nematics 

a r e  composed of groups of  molecules, the  molecular 

centres being arranged i n  layers  i n  each group. 

Such groups are cal led  cybotactic gr  oupa. 

A nematic l iquid  c rys t a l  i s  op t i ca l l y  

uniaxial ,  pos i t ive  and strongly birefr ingent  . 
When a  t h i n  f i l m  of unaligned nematio sample is  

examined through a polar is ing microscope, complex 

opt ica l  pa t terns  can be seen. This i s  due t o  the 

col lec t ion  of d isc l ina t ions  i n  the  sample. I n  a n  

unaligned sample the d i rec to r  changes from point 

t o  point. A monodomain sample can be obtained by 

applying a mage t i c  f i e l d  or  by t rea t ing  the boundary .,, 

surface i n  a sui table  manner. If the long axes of '1 
\ 



the molecules are  p a r a l l e l  t o  t he  boundary surface,  

the sample is  sa id  t o  be homogeneously aligned. 

If they a r e  perpendicular t o  t he  surface,  the 

sample i s  s a i d  t o  be homeotropically aligned. 

Cholesteric l iquid  c rys ta l s  

Cholesteric l iqu id  c rys ta l s  have a nematic- 

l i k e  s t ructure  except t h a t  they a r e  composed of 

op t ica l ly  ac t ive  molecules. As  a consequence,the 

s t ruc ture  is he l i ca l  with the screw a x i s  normal t o  

the  d i rec tor  (pig. 1.2). Because of the  he l ica l  "‘ 

s t ructure ,  the choles t e r i c  phase has some characteri-  

s t i c  propert ies  l i k e  se lec t ive  r e f l e c t i o n  of circu- 

l a r l y  polarised l i g h t ,  very high op t ica l  rotatory 

power, e tc .  Thermodynamically the  choles ter ic  phase 

i s  not very d i f ferent  from the nematic phase. 

Smec ti c l iquid  cry8 t a l s  

Smectic l iqu id  c rys ta l s  have a lamllar  



Figure 1.2: Schematic represen ta t ion  of t h e  h e l i c a l  
rjtructure i n  a c h o l e s t e r i c  l i q u i d  c r y s t a l .  



s t ructure  wdth a well  defined l aye r  spacing. 

Based on the arrangement of molecules i n  each 

layer ,  smectics a r e  c lass i f ied  i n t o  d i f fe ren t  

kinds - smectic A, smectic B ,  smectic 0 ,  etc .  

I n A o u r  s tudies  here, we are  concerned only w i t h  

the smectic A phase. 

I n  smectic A the long axes of the molecules 

a r e  normal t o  the layers  with the molecular centres 

randomly dis t r ibuted  i n  each l aye r  (see f i g .  1.3). 

The binding between the  layers  i s  very weak and 

hence they can s l i d e  eas i ly  giving r i s e  t o  f l u id i ty .  

However, the v i scos i ty  i s  higher i n  the  smectic A 

phase than i n  the nematic phase. 

Generally the  sequence of phases tha t  occur 

i n  a thermotropic compound i s  a s  shown below. 

Crystal t--3 smectic c-, nematic i so t rop ic  

On cooling a sample it goes over f r o m  a l e s s  

ordered s t a t e  t o  a more ordered s t a t e .  But recent ly 



FIGURE 1.3 

structura of smectic A phase 



it has been found tha t  some compounds 

exhibi t  a second lower temperature nematic phase 

which has been referred t o . a s  the reentrant  nematic 

phase. 

!Fhe charac te r i s t i c  fea ture  of a  mesogenic 

compound is t h a t  i t  i s  composed of geometrically 

anisotropic molecules. For a  long time it was 

generally believed tha t  only c  omp ounds with long 

r o d  shaped molecules exhibit  mesomorphism. Very 

recent ly Chandrasekhar e t  a17 discovered t h a t  f l a t  

disc- like molecules a l so  show l iquid  orys ta l l ine  

phases. These mesophases have a columnar s tructure;  

the  f l a t  molecules a r e  stacked one upon another i n  

columns, the  d i f fe ren t  c o l m s  forming a two- 

dimensional l a t t i c e  l i k e  a r ray  ( f ig .  1.4). 

The study of l iquid  c rys ta l s  is very in te-  

re s t i ng  as some o f  t h e i r  properties a r e  qu i te  diffe-  

r e n t  f r o m  those of- ordinary l iqu ids .  Surface tension is 



Figure 1 .4 :  Schematic representati on o f  columnar phase 
of disc- like molecules. 



one such property which may be expected t o  r e f l e c t  

the anisotropic nature of l iquid crystals .  The 

present thes i s  deals w i t h  the experimental s tudies  
I 

conducted by the author on the  surface propert ies  

of nematic and smectic A l iquid  crys ta ls .  

Ear l i e r  experimental s tudies  on the surface tension 
of l iqu id  c rys ta l s  

llhe surface tension ( y)  of l iquid  crys ' ta ls  

has been the subdect of a number o f  experimental 

investigations.  However the r e su l t s  obtained by 

the d i f ferent  workers a r e  qui te  confl ict ing.  One 

of t he  e a r l i e s t  s tudies  were those o f  Jaeger. * He 

used the maximum bubble pressure method i n  an 

atmosphere of nitrogen and measured the surface 

tension of f i v e  l iquid  crys ta l l ine  compounds as a 

function of temperature. The compounds were - 
p-azoxyanis ole, p-azoxyphenet ole, anisaldazine and 

ethyl  p-e thoxybenzalamino-a-me thy1 cinnamate , which 

a re  nematic, and e thy l  p-azoxybenzoate, which is 



smectic, He found t h a t  i n  every case the value of  

y i n i t i a l l y  decreased with the increase of tempe- 

ra tu re  i n  the meaophase and suddenly rose t o  a  maxi- 

mum a t  the  t rans i t ion  point ( ~ i g .  1.5, 1.6 and 1.7). 

I n  the case of  ethyl-p-aeoxybenzoate, he found t h a t  

the value of y decreased rapidly a f t e r  the smectic A - 
i so t rop ic  t rans i t ion  ( T ~ ~ )  t o  a steady value and 

\- ., 
about' 50'0 above TAI, again showed an increasing 

trend ( ~ i g . l . 7 ) ~  

I n  1938 Ferguson and lCennedyg measured the  

surf  ace tension of p-aeoxyani so le ,  p-azoxyphene t ole 

and anisaldazine as a function of temperature by a 

d i f f e r en t  method. They carried out t h e i r  experiment 

both i n  the nematic and i so t ropic  phases. Br ief ly ,  

the method adopted by them consists  i n  forcing a 

thread of the  l iquid  c rys t a l  along a horizontal  

cap i l l a ry  tube and adjusting the  pressure a t  one 

end of the l i q u i d  column u n t i l  the surface of the 

l i qu id  a t  the open end of the tube i s  plane. The 
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Figure 1.5: Surface tens ion  - temperature c h a r a c t e r i s t i c s  

of PAA obtained by e a r l i e r  workers (After  references  



Figure 1.6: Surface tension- temperature c h a r a c t e r i s t i c s  o f  

PAP obtained by e a r l i e r  workers (After  reference 8 , 9  & 11). 



o SCHWARTZ&MOSELEY 
JAEGER'S DATA 

F i g u r e  1.7: Surface tens ion- tempera ture  c h a r a c t e r i s t i c s  of 
# 

ethyl-p-azoxybenz o a t e  obtained by Schwarts and Moseley 

(open c i r c l e s )  and J a e g e r  ( b l a c k  c i r c l e s ) .  



planar i ty  of the meniscus is  tes ted  by illuminating 

it  by a lamp and watching i t  with a lens.  By 
, 

measuring the pressure required t o  make the meniscus 

plane a t  the f r ee  end, the surface tension could b e  

estimated. I n  the case of anisaldazine (pig. 1.8) 

they found t h a t  the surface tension decreases wi th  

temperature i n i t i a l l y  but starts increasing as the  

nematic-is otropic t r ans i t i on  i s  approached giving 
i 

r i s e  t o  a pos i t ive  slope f o r  the surface tension ( y )  

temperature (T) oharacter is t ic .  I n  the i so t ropic  

phase it regains the monotonically decreasing trend. 

In  the case o f  PAA, the behaviour is s imilar  t o  

tha t  of anisaldazine i n  the nematic phase, but i n  

the  i so t ropic  phase, the surface tension continues 

t o  increase fo r  a  shor t  range o f  temperature and 

l a t e r  assumes the  decreasing trend. As  a r e s u l t ,  

the slope of the y - I  oharacter is t ic  curve becomes 

pos i t ive  as the N-I  t r ans i t i on  i s  approached and 

continues t o  be so  i n  the  i so t rop ic  phase f o r  a  shor t  



Figure 1.8 

Surf ace t e n s i  on-t emp era ture  charac t  e r i s  ti c 
curve f o r  ani saldazine (After  Perguson and 

9 Kennedy ) 



range of temperature (Fig. 1.5). These r e su l t s  a r e  

unusual when cornpaxed w i t h  the behavi our of i so t ropic  

l iqu ids  f o r  which surface tension decreases conti- 

nously with increasing temperature. 

Later ~ a g ~ i a r "  measured t h e  surface tension 

o f  PAA i n  t he  nematic phase. He used a t h i n  f i l m  

of the l iqu id  c rys t a l  s t retched over a hole d r i l l e d  
\. 

i n  a supporting surface* ;;he surfaces of the 

suspended f i l m  became curved under the  influence of 

the gravity. By using a microscope, the  curva-hre 

of the  upper an8 lower surfaces of the f i l m  and i t s  

thickness were measured. Be calculated the  surface 

tension using the expression 

where R1 and R2 are the  r a d i i  o f  the  curved surfaces 

a t  the  centre  of each of the surfaces,  p is the densi ty 

of the  l i qu id  c rys t a l  forming the f i l m ,  g is the gravi- 

t a t i o n a l  accelera t ion  and t i s  the thiclmess of t he  



f i l m  a t  i t s  centre. By enclosing the fi lm i n  an 

e l ec t r i ca l l y  ,heated c ompirtment Naggiar was ab le  

t o  carry out h i s  experiment a t  a number of tempe- 

ratures .  The y-T charac te r i s t i c  obtained by him 

i s  a s t ra igh t  l i n e  which i s  not i n  agreement with 

the resu l t s  o f  Ferguson and Kennedy [pig. 1.5). 

Naggiar d i d  not make any 'measurement i n  the i s o t r o -  

p ic  phase. 

Naggiarts r e s u l t  on P M  was confirmed by 

Schwarts and ~ o s e l e ~ '  i n  1947. They measured the 

surface tension of PAA, PAP and e thyl  p-azoxybenzoate 

using a r ing type du Nouy tensiometer. They carr ied  
\ C 

out t h e i r  experiments both i n  the  mesomorphic and 

i so t rop ic  phases. The y - I  charac te r i s t i cs  obtained 

by them f o r  PAA and PAP 'were s t r a igh t  l i n e s  which 
and also of 

again contradict  the r e s u l t s  of Jaeger Ferguson , L 
and Kennedy ( ~ i g .  1.5 and 1 .6). Another experimental 

12 data  on PAA i s  by Gorskii and Sakevitch . They used 

the maximum bubble pressure method and measured the  



surface tension of PAA, only i n  the  nematic phase 

up t o  125'C. They have found a-monotonic decreasing 

trend i n  the  y-!I! character is t ic .  !Lbey have not made 

any measurement i n  the v ic in i ty  of t he  t r ans i t i on  

temperature which is the mos t  i n t e r e s t i ng  region. 

In  the case of ethyl p-azoxybenzoate, 'Schwartz 

and ~ o s e l e ~ ' '  have s ta ted  t h a t  i t  was not possible 

t o  carry out the measurements i n  t he  smectic phase, 

because of i t s  high viscosity.  However, i n  the 

i so t ropic  phase, they found t h a t  the  surface tension 

increased with the temperature up t o  about 30°C 

above the t r ans i t i on  temperature, a f t e r  which they 

found a monotonically decreasing trend. This r e s u l t  

i s  qui te  contrary t o  Jaeger l s  r e s u l t s  a s  can be seen 

f rom the comparison o f  the two curves i n  Fig. 1.7. 

Thus, as already pointed out, the d i f f e r en t  

determinations gave confl ict ing resu l t s .  In  pa r t i-  

cular  the  measurements of Naggiar, and Schwarts and 



Moseley a r e  a t  variance with t h e  e a r l i e r  da ta  o f  

Perguson and Kennedy, s o  much s o  that doubts have 

been c a s t  on the  v a l i d i t y  of the  measurements of 

Ferguson and Kennedy. For example, ~ r a ~ ' ~  has 

remarked t h a t  the anamolous behaviour observed by 

Ferguson and Kennedy may be due t o  t h e .  drawback of  

t h e  method used by them i n  dealing with l i q u i d  

c r y s t a l s  a s  they a r e  composed of an iso t ropic  mole- 

cules .  

The reason f o r  the  lack  o f  unanimity i n  the  

r e s u l t s  may be p a r t l y  due t o  the  l i m i t a t i o n s .  of the  

methods, p a r t i c u l a r l y  when they a r e  applied f o r  the 
-. - 

study of l i q u i d  c r y s t a l s  as Gray has pointed ou t ,  

and p a r t l y  due t o  the lack of precautionary measures 

t h a t  need t o  be taken i n  s e t t i n g  up t h e  experiment. 

Liquid c r y s t a l s  a r e  of geometrically 

an iso t ropic  molecules. Hence the surface tension 

may depend upon the o r i en ta t ion  o f  t he  molecules a t  

the  f r e e  surface.  j 4  So the method used t o  study the 



surface tension should be such t h a t  the or ienta t ion  

of molecules i n  the f ree  surface is not affected by 

the sol id which i s  i n  contact with the l iquid c rys ta l .  

Secondly, as has been pointed out by Croxton and 

Chandrasekhar, ' the thermodynamic equilibrium o f  

the l iqu id  surface with i t s  vapour i s  very , essen t ia l  

t o  observe the  t rue  behaviour of surface tension. 

White' has demonstrated t h i s  aspect experimentally. 

Some l iquid  metals (e.g., zinc and copper) show a 

posi t ive  slope i n  the y- I charac te r i s t i cs  when the  

experiment i s  done under equilibrium condition. By 

del ibera te ly  allowing continuous vapourisation, 

White could reverse the s ign  of t h e  slope i n  the 

y-T charac te r i s t i c  o f  zinc. It i s  no t  clear  whether 

the e a r l i e r  workers inves t iga t ing  the  surface tension 

of l iquid  cryqtale  had taken s u f f i c i e n t  care about 

these points.  

Iheore t ica l  background 

I n  1 979, Croxton and chandrasekharl pointed 



out f o r  the first time t h a t  the y-T c h a r a c t e r i s t i c  

of a nematic l i q u i d  c r y s t a l  can be expected t o  

develop a pos i t ive  s lope i n  the v i c i n i t y  of t h e  N-1 

t r a n s i t i o n  point .  The p o s s i b i l i t y  of a d iscont i-  

nu i ty  i n  the y-T c h a r a c t e r i s t i c  a t  t h e  t r a n s i t i o n  

point  i s  a l so  an t i c ipa ted  by them. Later  Parsons 17 

has also predicted t h e  p o s s i b i l i t y  of d iscont inui ty  

a t  the  N-I t r a n s i t i o n  poin t  with y having a higher  

value i n  the i s o t r o p i c  phase. 

From thermodynamic considerations i t  can be 

shown1* t h a t  the  gradient  of the y-T curve is r e l a t e d  

t o  the  excess entropy pe r  u n i t  a rea  developed a t  t h e  

su r f  ace. Let us  consider the  Helmholtz; f r e e  energy 

of a c l a s s i c a l  s ing le  component system, 

having a f r e e  plane sur face  of a rea  A. The in f in i-  

tes imal  change i n  Helmholtz f r e e  energy dF a r i s i n g  

from small changes i n  temperature, volume and a r e a  



is given by the t o t a l  d i f f e r en t i a l  

Since 
0 

where S is  the  entropy, P i s \ . t he  ,pressure  and y is 

*t;he surface tension, we have from ( I )  

Since we a r e  concerned here primari ly with the 

thermodynamics of t he  surface region of the  system, 

we may assume tha t  the  bulk propert ies  remain 

essen t ia l ly  unmodified by extensi on8 of the surface 

area.  !then equation (2) can 'be expressed i n  terms 

of the  surface excess quant i t ies :  

A t  constant temperature (3) gives 



Fs = YA (4)  

Equation (4 )  has t h e  t o t a l  d i f f e r e n t i a l  

dFs = y d A  + A d y  (5) 

- S s d I  = A d y  

or 

where se is  the  excess entropy per  u n i t  a r e a  of 

su r face  region. It represents  t h e  a d d i t  iondl entropy 

per  u n i t  a rea  possessed by a system with sur faces  

over and above t h e  amount t h a t  the  same quant i ty  of 

t h e  f l u i d  would possess  under the  same condit ions of 

temperature and pressure  i n  t h e  body of a l a r g e r  

quant i ty  of t h e  f l u i d .  If s, and are t he  
t h e  

$ 

ent ropies  of the  surface and ulk,  respec t ive ly ,  P 
equation (6) can be wr i t t en  as 



Croxton and Chandrasekhar emphasized t h a t  

the poss ib i l i t y  ex i s t s  of the  l iqu id  c rys ta l s  deve- 

loping an excess orientat ional  order a t  the f r e e  

surface and i n  oonsequence, sa may be l e s s  than s $ *  

I n  these circumstances d y / d ~  can have a posi t ive sign. 

These authors argued tha t  i n  nematics such a  s i t u-  

a t ion  can a r i s e  i n  the v ic in i ty  of  the  nematic- 

i so t rop ic  t r ans i t i on  on e i t h e r  s ide .  More recent ly  

~rox ton"  hasar tended the  theory t o  smectic l i qu id  

c rys t a l s ,  and has predicted a pos i t ive  s ign f o r  

d y / d ~  i n  the case of smectics a l s o .  This theore- 

t i c a l  background and the conf l ic t ing  experimental 

r e s u l t s  obtained by e a r l i e r  workers prompted the  

author t o  take up a systematic experimental study 

of the surface tension of l iqu id  c rys t a l s ,  which 

forms the subject matter of t h i s  thes i s .  
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