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P R E F A C E  

This t h e s i s  descr ibes  the  r e s u l t s  of 

experimental s t u d i e s  conducted by t h e  author on 

the surface p roper t i e s  of l iqu id  c rys ta l s .  The 

sur face  p roper t i e s  s tudied are:  ( i )  t he  s u r f a c e  

tension ( y )  of nematic and smectic R l i qu id  c r y s t a l s  

a s  a function of temperature, and ( i i )  the  su r face  

ordering a t  the  f r e e  surface of the  i s o t r o p i c  phase 

of nematogens. These a r e  some of the  p roper t i e s  

which r e f l e c t  the an iso t ropic  nature  o f  l i q u i d  

c rys  t a l a .  

I n  chapter I, a s h o r t  descr ipt ion i s  given 
, 

of the d i f f e r e n t  types of thermotropic l i q u i d  c r y s t a l s .  

T h i s  i s  followed by a discussion of the  e a r l i e r  experi- 

mental work on the  surface tension o f  l i q u i d  c r y s t a l s .  

A b r i e f  t h e o r e t i c a l  background which i s  p a r t l y  responsible 

f o r  the author s undertaking the present i n v e s t i g a t i o n s  

\ 
i s  a l s o  given here. 



The r e s ~ l l t s  obtained by the  e a r l i e r  

workers were not unanimous. Jaeger,  and 

Ferguson and Kennedy observed p o s i t i v e  slopes i n  

t h e  surface tension ( y )  - temperature (I ) charac ter i-  

s t i c s  of some nematic compounds, while Baggiar as 

we l l  .as Schwartz and Moseley d i d  not  observe such 

a behaviour f o r  the  same compounds. Similar contra-  

d i c t i o n s  were found i n  the  r e s u l t s  o f  Jaeger,  and 

Schwartz and Moseley f o r  e t h y l  p-azoxybenzoate which 

shows smectic A and i s o t r o p i c  phases. 

The reason f o r  the lack of unanimity may be 

p a r t l y  due t o  t h e  l i m i t a t i o n s  of the  methods used 

by the  e a r l i e r  workers, p a r t i c u l a r l y  when appl ied 

t o  l i q u i d  c r y s t a l s  (as  hag indeed been emphasized 

5 by Gray ), and p a r t l y  due t o  the l ack  of precaut ionary 

measures t h a t  have t o  be t ~ k e n  i n  conducting the  

experiment. 

Liquid c r y s t a l s  a r e  composed of an i so t rop ic  



iii 

', 
molecules and t h e  surface tension may depend on 

the  o r i en ta t ion  of the molecules6 a t  the  f r e e  surface.  

So the method chosen f o r  t h e  study of surface tens ion  

of l iqu id  c r y s t a l  should be such t h a t  t h e  or ien ta-  

t i o n  of the  molecules a t  the f r e e  surface i s  no t  

influenced by the so l id  i n  contact  with the l i q u i d  

c r y s t a l .  I n  f a c t  the so l id  sur face  i n  contact  with 

t h e  l i q u i d  c r y s t a l  has a  g r e a t  influence on the 

o r i en ta t ion  of the  molecules a t  t h e  i n t e r f a c e ,  t h e  

study of which i s  o f  prime importance i n  t h e  d i sp lay  

technology. Kobayashi and h i s  coworkers7 have s tudied 

p roper t i e s  l i k e  anchoring and a l i m e n t  o f  l i q u i d  

c r y s t a l s  on t r ea ted  subs t ra t e s ,  and a l so  the  modifi- 

ca t ion  of t h e  order parameter i n  the  v i c i n i t y  of a 

t r e a t e d  surface.  Here we a r e  i n t e r e s t e d  i n  the 

p roper t i e s  of the  f r e e  sur face  of l iqu id  c r y s t a l s  

and hence we wish t o  avoid the inf luence o f  the  s o l i d  

s u r f  ace. 

Secondly the method should be su i t ab le  f o r  even 



highly  viscous l i q u i d s ,  as l i q u i d  c r y s t a l s  a r e  

general ly  viscous,  and i n  p a r t i c u l a r ,  smectics 

a r e  highly viscous. Because of t h e  high v i scos i ty  

Schwarts and lIoseley4 and l a t e r  Churchill and 

8 Bai ley  and a l s o  Gannon and ~ a b  er3  found t h a t  they 

could not obtain  reproducible measurements ' i n  the  

smectic phase. 
\. 

Croxton and ~handrasekhar  ' O have pointed out 

t h a t  the  thermodynamic equil ibrium of the  l i q u i d  

su r face  with i t s  own vapour is most e s s e n t i a l  t o  

observe the  t r u e  na ture  of the  y-!I! c h a r a c t e r i s t i c  

curve. Indeed White' ' has demonstrated t h i s  experi-  

mentally. Some l i q u i d  metals (e. g., zinc and copper) 

show a p o s i t i v e  slope i n  the  y-T c h a r a c t e r i s t i c  when 

the  experiment is done under equilibrium condit ion.  

By de l ibe ra te ly  allowing continuous vapourisation,  

White could reverse t h e  s i g n  of the  slope i n  the y-I1 

c h a r a c t e r i s t i c  o f  zinc. It is not  c l e a r  whether t h e  

e a r l i e r  workers took t h i s  precaut ion i n  t h e i r  experiments 



on l i q u i d  c r y s t a l s .  

It can be shown1* on thermodynamic grounds t h a t  

the  gradient  ( d y / d ~ )  of t he  y-T cha rac te r i s t i c  i s  

r e l a t e d  t o  t h e  excess entropy (s,) per uni t  a rea  a t  

the  sur face  of a  l iqu id  as 

d y  - = - s  = - (so - s p )  
dl! e  

where cr and $ r e f e r  t o  the  sur face  and the bulk 

s t a t e s  respect ively.  .If t h e r e  i s  an  excess sur face  

order we have a  s i t u a t i o n  where so < s and the 
P 

s lope d y / d ~  becomes pos i t ive .  I n  1973 Croxton and 

chandrasekharl0 emphasized t h a t  such a s i t u a t i o n  can 

a r i s e  i n  the  case of nematic l i q u i d  c rys ta l s  i n  t h e  

v i c i n i t y  of nematic- isotropic t r a n s i t i o n  temperature 

(!'PNI) because of excess o r i e n t a t i o n a l  order deve- 

lop ing  a t  t h e  surface.  This t h e o r e t i c a l  background, 

toge ther  with the c o n f l i c t i n g  r e s u l t s  of the  e a r l i e r  

workers prompted the author t o  take up a  systematic 



equil ibrium study of the  su r face  tension of l i q u i d  

c r y s t a l s .  

In  chapter  I1 a b r i e f  summary of the  t h e o r i e s  

of l i q u i d  c r y s t a l s  i s  given. Croxton .and Chandrasekhar 
10 

have discussed the q u a l i t a t i v e  f o r m s  o f  t h e  y-T 

c h a r a c t e r i s t i c s  of nematic l i q u i d  c r y s t a l s  on t h e  

b a s i s  of an expression f o r  d y / d ~  which they have 

obtained by s t a t i s t i c a l  methods. They predic t  the 

p o s s i b i l i t y  of a p o s i t i v e  s lope i n  the v i c i n i t y  of 

N- I  t r a n s i t i o n  and a d i scon t inu i ty  i n  the value of 

y a t  TNI. ~ a r s o n s ' ~  has a l s o  discussed t h e  s t a t i s t i c a l  
9 

mechanical theory of sur face  tension of nematic l i q u i d  

c r y s t a l s  and has predicted a  d iscont inui ty  i n  t h e  

value of y  a t  TNI. Later  croxton14 extended t h e  

theory t o  smectics and predic ted  a  pos i t ive  s lope 

throughout the  smec t i c  phase. Our experimental 

r e s u l t s  a r e  found t o  be i n  q u a l i t a t i v e  agreement 

with these  t h e o r e t i c a l  predic t ions .  

I n  chapter 111, we descr ibe  the  experimental 
I 



technique used f o r  the  measurement of y i n  our 

experiments. After a  b r i e f  discussion of the d i f f e-  

r e n t  methods which a r e  i n  common use,  we describe 

the  Pendant d r o p  method which appears t o  be probably 

t h e  i d e a l  one f o r  l iqu id  c r y s t a l s .  After  a  c a r e f u l  

considerat ion of i t s  merits  and s u i t a b i l i t y  f o r  l i q u i d  

c r y s t a l s ,  i t  was decided t o  use t h i s  method. 

I n  t h i s  method, 'a drop of the  l i q u i d  i s  suspen- 

ded from the t i p  o f  a g lass  c a p i l l a r y  tube. A photo- 

graph of the drop i s  taken when i t  i s  i n  s t a t i c  equi- 

librium. Since the equation governing the  drop shape 

involves (i) the  surface tension (y) ,  ( i i )  t he  d i a-  

meters of the drop a t  some se lec ted  planes, ( i i i )  t h e  

dens i ty  ( P ) o f  t h e  l i q u i d  forming t h e  drop and 

( i v )  the  g r a v i t a t i o n a l  acce le ra t ion ,  y can be calcu- 

l a t e d  by taking a few measurements on the photograph 

of the  drop, provided the o the r  parameters a r e  known. 

Some of the main advantages o f  t h i s  method a r e  - 



v i i i  

1 The r e s u l t s  a r e  independent of t h e  angle 

of contact  and hence t h e r e  i s  no inf luence 

of t h e  s o l i d  i n  contact  with the l iqu id  

c rys  t a l e  

2 The r e s u l t s  a r e  not  influenced by the viscous 

drag a s  i t  i s  a s t a t i c  method. 

'3 Measurements can be made without d i s tu rb ing  

t h e  surface physically.  

The apparatus was designed and constructed with 

g rea t  ca re  taking i n t o  account the  various f a c t o r s  

t h a t  have t o be borne i n  mind i n  order t o  observe t h e  

t r u e  behaviour of t h e  y-'P c h a r a c t e r i s t i c s  of l i q u i d  

c r y s t a l s .  Capil lary tubes with pe r fec t ly  c i r c u l a r  

c ross  sec t ions  were se lec ted  f o r  the  drop formation. 

2he drop was formed i n s i d e  a massive a i r- t i g h t  copper 

chamber which was f i l l e d  wi th  pure and dry ni t rogen.  

AS t h e  chamber was a i r- t i g h t  t h e  thermodynamic equ i l i-  

brium of the l i q u i d  c r y s t a l  drop with i t s  vapour was 

ensured. The experiment was ca r r i ed  out by tak ing  



\ photographs o f  a s ingle  drop a t  d i f f e ren t  steady 

temperatures a f t e r  ensuring t h a t  t h e  drop w a s  i n  

pe r fec t  s t a t i c  equilibrium. It was necessary t o  wait 

f o r  about 30 minutes t o  a t t a i n  a s teady temperature. 

Before taking the  photograph, i t  was ascertained 

v i s u a l l y  t h a t  the drop was s t a t iona ry  fo r  a t  l e a s t  

15 minutes and a l s o  t h a t  the temperature was constant 

during t h i s  i n t e r v a l .  A complete experiment on a 

s ing le  drop, wherein photographs were taken a t  about 25 
I 

d i f fe ren t  temperatures took about 20-24 hours. I n  some 

cases ,  where t h e  measurements were done over a wide 

range of temperature, the dura t ion  of the  experiment 

w a s  about 48 hours. 

The experimental s e t  up w a s  e a r l i e r  checked 

thoroughly f o r  ge t t ing  r e l i a b l e  r e s u l t s  by measuring 

the  surface tens ion  o f  water and benzene. The r e s u l t s  

obtained were within 1 $. of the standard reported values. 

Hence the accuracy of t he  present  measurements is 

reckoned t o  be wi th in  t h i s  limit. 



The values of y were calculated from We photo- 

graphs using the method adapted by Andreas e t  a l l  

and  improved by Ryong Joon Roe e t  a l .  16 By consi- 

dering the excess of pressure i n s i d e  the pendant drop, 

Bashforth and b dams'^ have derived the fundamental 

equation which defines the  shape o f  the drop. Based 

on t h i s  equation, Andreas e t  a 1  found out a method f o r  

the  ca lcu la t ion  of y. They have shown t h a t  y can be 

calculated using the  equation 

where . p is t h e  densi ty  of the  l iqu id  f onging t h e  drop, 

de i s  t h e  maximum or equa to r i a l  diameter of t h e  drop. , 

g i s  t h e  g rav i t a t iona l  acce le ra t ion  and H i s  a fac to r  

which depends on t h e  drop shape. The drop shape i s  

defined by a r a t i o  S = d,/de, where ds is  t h e  diameter 

a t  a height equal t o  de f r o m  the  ver tex of the drop. 

A t ab le  of S vs. I/H can be prepared by numerical 

in t eg ra t ion  of t h e  fundamental equation which def ines  
\ 

t h e  drop shape. 



Ryong Joon Roe e t  a1 improved the method of 

ca lcu la t ion  by  constructing f i v e  t a b l e s  of S vs. 1 / 8  

by defining f i v e  r a t i o s  Sn = dn/de (n  = 8,9,. . .12)  

which cha rac te r i se  the  drop shape. Here, d, a r e  t h e  

diameters of the  drop a t  heights  % = d, from the 

ver tex of the drop. For a p a r t i c u l a r  arop,  the  diffe-  

r e n t  values o f  Sn should give same value of I/H 

provided the  drop i s  i n  s t a t i c  equil ibrium a t  t h e  t ime 

of taking t h e  photograph. Hence while ca lcu la t ing  y 

from the  photographs, only those photographs were 

considered, f o r  which the d i f fe rence  i n  I D  values 

was within 1%. Others were discarded. Actually very 

few photographs had t o  be discarded l i k e  t h i s .  'Phe 

diameters on the photographs were measured ca re fu l ly  

using a comparator with which an accuracy of 0.001 mm 

could be achieved. 

I n  this way y-T c h a r a c t e r i s t i c s  of f i v e  nematic 

and t w o  smectic A compounds were s tudied.  



x i i  

I n  chapter I V  we repor t  t h e  r e s u l t s  obtained on 

f i v e  nematic l i q u i d  c r y s t a l s  - (i) p-azoxyanisola? (PAA), 

( i i )  p-azoxyphene t o l e  (PAP), ( i i i )  anisaldazine , 

( i v )  4-me thoxybenzylidene-4 ' -butylani l  i ne  (MBBA) and 

(v)  4'-n-pentyl-4-cyanobiphenyl (5C.B). I n  all t h e  f i v e  

cases  experiments were repeated and reproducibze r e s u l t s  

were obtained. 
c. 

I n  the  first f o u r  cases we observe a  p o s i t i v e  

s lope i n  the  y-2 c h a r a c t e r i s t i c s  i n  the v i c i n i t y  of 

t h e  N-I t r a n s i t i o n .  I n  the  case of SCB, we observe a 

p o s i t i v e  slope throughout our  range of measurements 

(about 1 2 ° p r i o r  t o l n I )  i n  the nematic phase. The 

pos i t ive  s lope p e r s i s t s  f o r  a c e r t a i n  range of ternpe- 

r a t u r e  i n  t h e  i s o t r o p i c  phase a l so .  We f i n d  t h a t  t h e  

y - l  curves obtained by Ferguson and i(ennedy2 f o r  PAA, 

PA9 and anisaldazine m e  s i m i l a r  t o  the curves obtained 

i n  t h e  present  inves t iga t ions  . A recent inves t iga t ion  

of the  y-T curve f o r  PAB by Brown and ~ a n n ' ~  who used 

the  l i g h t  s c a t t e r i n g  technique also agrees wel l  with our 



x i i i  

r e s u l t s .  Similar ly  a recent  y-T curve obtained 

f o r  5CB by Gannon and &berg using t h e  Wilhelmy p l a t e  

method i s  very  c lose ly  s i m i l a r  t o  the one obtained by 

us  fo r  t h i s  compound ( ~ i g u r e  1 & 2 ) .  

Our r e s u l t s  a r e  i n  q u a l i t a t i v e  agreement with the  

theoretical.  predict ions  of Croxton and Chandrasekhar 

and a l s o  of Parsons. As our experiments were conducted 

under thermodynamic equilibrium and a s  t h e  r e s u l t s  a r e  

f r e e  from t h e  inf luence of v i scos i ty  and angle of 

contact ,  the  r e s u l t s  unambiguously i n d i c a t e  t h e  deve- 

lopment of excess o r i en ta t iona l  order  at  the  f r e e  

surface of nematogens. I n  some cases  it  develops 

near the  N-I t r a n s i t i o n  point  and i n  some other cases 

it develops much e a r l i e r  i n  the  nematic phase. I n  

most o f  t he  cases i t  p e r s i s t s  i n  the  i s o t r o p i c  phase 

a l s o  f o r  a c e r t a i n  range of temperature. 

In  chapter V we report  t h e  r e s u l t s  obtained f o r  

two smectic l i q u i d  c rys ta l s :  ( i )  n-p-cyanobenzylidene- 

p-n-octyloxyaniline (CBOOA) and ( i i  ) e thyl-p-azoxybenzoate. 



Fig. 1 : . Surface tension-temperature oharacteristio curve for 
5CB (present investigations) 

TEMPERATURE (OC) 

Pig.  2 : Surface tension-temperature oharacteri % t i c  curve f o r  
9 5CB ( W o n  and Faber ). 



x i v  

I n  both the cases experiments were repeated and 

reproducible r e s u l t s  were obtained. After t h e  e a r l y  

e f f o r t s  of Jaeger,  ' t he re  was no o the r  succ.essful' 
* 

measurements of y i n  the  smectic phase. Schwarte and 

4 
Moseley. , l a t e r  dhurchi l l  and ~ a i l e ~ ~  as a l s o  Gannon 

9 and Faber found t h a t  they could not ge t  keproducible 

r e s u l t s  i n  the smectic phase. Hence our success 

c l e a r l y  i n d i c a t e s  t h e  super io r i ty  o f  t he  pendant drop 

method i n  dealing with highly viscous l iqu ids .  

I n  the  y-IP c h a r a c t e r i s t i c s  of both the compounds 

we obs'erve a p o s i t i v e  slope throughout the smectic 

phase and a l s o  f o r  a c e r t a i n  range of  temperature i n  

t h e  i s o t r o p i c  phase a lso.  These r e s u l t s  a r e  i n  ve ry  

good agreement with the t h e o r e t i c a l  expectaions. 14 

I n  the las t  chapter we descr ibe  the  experimental 

s t u d i e s  made on the  op t i ca l  r e f l e c t i v i t y  of the  f r e e  

su r face  of two nematogens - ( i )  4 '-n-pentyl-4-cyano- 

biphenyl ( 5 ~ )  and ( i i )  4 '-n-heptyl-4ocyanobiphenyl ' ( ~ c B )  



i n  the i s o t r o p i c  phase, which provides a d i r e c t  

evidence of the  ex is tence  of a surface o r i en ta t iona l  

order. 

The p r i n c i p l e  of the  method i s  i l l u s t r a t e d  by a 

simple model cons is t ing  of a l a y e r  o f  homeotropically 

al igned molecules of thickness z on the  i s o t r o p i c  bulk 

l iqu id .  It can be ahown t h a t  the o p t i c a l  r e f l e c t i v i t y  
%-  

(Ro) of such a l a y e r  increases  a s  the  thickness  of the  

surface l a y e r  ( 7 )  decreases and assumes t h e  maximum 

value a t  z = 0. The experimental r e s u l t s  f o r  both t h e  

compounds show t h a t  the  r e f l e c t i v i t y  (R) increases  a s  I 

the temperature increases  above TNI and assumes a 

steady value a t  about 1 O C  above TNI before  it s t a r t s  

decreasing s l i g h t l y  probably due t o  ( f )  the  increased 

thermal f l u c t u a t i o n s  of the  surface and ( i i )  the 

decreasing value of the  r e f r a c t i v e  index. 

A ~ ~ a l i t  a t i v e  c ompari son of the experiment a1 

and t h e  t h e o r e t i c a l  r e s u l t s  c l e a r l y  ind ica tes  t h e  

existence of an ordered l aye r  at  the f r e e  su r face  i n  



the  i so t rop ic  phase whose thickness  decreases a s  the 

temperature increases.  A quan t i t a t ive  comparison of 

the  r e s u l t s  i s  not s ign i f i can t  here  as the model assumed 

i s  oversimplified, We hope t o  improve t h e  technique 

of t h e  experiment a s  well a s  t o  develop a more r e a l i -  

s t i c  model before we t r y  t o  draw q u a n t i t a t i v e  conclu- 

sions.  

a.., 

The r e s u l t s  reported i n  chapters I V  and V have 

been published i n  t h e  following papers. 

1 Experimental determination of the  sur face  
tens ion  of nematic l i q u i d  c r y s t a l s  
(S. Krishnaswamy and R. ~ h a s h i d h a r )  . 
I n t .  Liquid Crystals  Conf, , Bangalore, December 9 
1973, Pramana Suppl. No.1, p.247, 

2 Experimental s tud ies  of t h e  sur face  tens ion  of  
nematic l i q u i d  c rys ta l s  . ( ~ ~ ~ r i s h n a s w a r n y  and 
~ . S h a s h i d h a r )  - Mol.Cryst.Liq.Cryst. 2, 253 (1976). 

3 Measurement of the sur face  tension of CBOOA. 
(s. Krishnaswamy and R. ~ h a s h i d h a r )  
Mol. Cryst. Liq. Cryst. 38, 353 (1977). 

4 Experimental' determination of the  sur face  tension 
of t w o  l i q u i d  c rys ta l s .  (S.~rishnaswamy) -- Proc. 
I n t  , Liquid Crystals Conf . , Bangalore 1 979, 
Ed. S.Chandrasekhar, Heyden, London (1980) ~ ~ 4 8 7 .  
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