
THEORIES OF SURFACE TENSION OF LIQUID 

CRYSTALS 

There have been severa l  discussions of the  

theory of surface tens ion  of l i q u i d  c r y s t a l s .  

Some a r e  s t a t i s t i c a l  i n  t h e i r  approach and some 

phenomenological, A b r i e f  summary of these 
.. 
approaches w i l l  be presented i n  t h i s  chapter.  

S t a t i s t i c a l  theory 

1 I n  1 973, Croxton and Chandrasekhar discu- 

ssed the consequences of t h e  p o s s i b l e  development 

of excess o r i e n t a t i o n a l  order a t  the sur face  of a 

nematic l i q u i d  c r y s t a l ,  This has important con- 

sequences on the  temperature dependence of the  

surface tension y, The slope of the  y-T curve i s  

determined as a competition between o r i en ta t iona l  



order and s p a t i a l  d i sorder  which develops a t  t h e  

sur face  of the  l iqu id  c rys ta l .  A s  mentioned e a r l i e r  

dy/dT i s  r e l a t e d  t o  the  excess entropy p e r  u n i t  a rea  

a t  t h e  surface as 

d y / d ~  = - (s,- eg)  ( 1 )  

where a and $ represent  t h e  surface and the bulk 

s t a t e s  respect ively.  If a r e l a t i v e l y  higher order 

develops at the  surface compared t o  the  bu lk ,  d y / d ~  

takes  a p o s i t i v e  sign. 

They have discussed t h e  o r i en ta t iona l  cont r i-  

but ion t o  t h e  y-T c h a r a c t e r i s t i c  by c o n s i d e r i w  a n  

intermolecular p a i r  i n t e r a c t i o n  of the  form proposed 

where r lp is  the  separa t ion  of the  cen t res  of mass 

of the  *molecules, el  i s  t h e  r e l a t i v e  o r i en ta t ion  of \ 

', 



t h e i r  long axes and r, i s  a constant which i s  of 

the  order of the  molecular length.  

I n  t h e  bulk l i q u i d  they assume a s ing le  p a r t i c l e  

p o t e n t i a l  i n  the mean f i e l d  approximat ion 

where I) i s  the usual  o r i en ta t iona l  order parameter. '. 

To allow f o r  s p a t i a l  de loca l iza t ion  of the  i n t e r a c t i o n  
.) 

between the molecules and i t s  environment i n  the  v ic i-  

n i t y  of t h e  surface,  they modify ( 3 )  t o  

They r u l e  out the  p o s s i b i l i t y  of an o s c i l l a t o r y  dens i ty  

p r o f i l e  a t  the sur face  of a nematic and assume a simple 

p r o f i l e  of the form shown i n  fig.2.1 f o r  t h e  s i n g l e  

p a r t i c l e  d i s t r i b u t i o n  funct ion  gl (z )  which descr ibes  

t h e  s p a t i a l  d i s t r i b u t i o n  of the  cent res  of g rav i ty  

of the  molecules. !l!he funct ion g, (s) i s  r e l a t e d  t o  



Figure 2.1 

Schematic v a r i a t i o n  of the  s i n g l e  p a r t i c l e  
d i s t r i b u t i o n  of molecular cen t res  gl (z), t h e  
p o t e n t i a l  of mean fo rce  v ( z )  and i t s  gradient  
vp(s)/kg~ i n  the  v i c i n i t y  of the  nematic 

l i q u i d  c r y s t a l  surface.  (After  r e f .  1 ). 



t h e  s i n g l e  p a r t i c l e  p o t e n t i a l  (of mean fo rce )  

Y ( z )  as 

The s p a t i a l  modification of the  s ing le  p a r t i c l e  

p o t e n t i a l  as t h e  molecule passes  through t h e  col lec-  

t i v e  f i e l d  i n  t h e  t r a n s i t i o n  zone i s  described by a 

funct ion e ~ p ( - P ( z ) b ~ )  - I .  

The surface f i e l d  then  t u r n s  out t o  b e  

- v r ( z )  ( f i g .  2.1) which enhances the sur face  orienta- 

t i o n a l  order. By considering a  l o c a l  o r i  en ta t iona l  

p o t e n t i a l  

1 - expr- c V y ( z ) / k g I  

wbere c i a  a constant  governing the  s t rength  and 

range of the o r i en t ing  torque,  they f i n a l l y  a r r i v e  

a t  the following s i n g l e  p a r t i c l e  p o t e n t i a l  



where f o  and b1 a r e  c o e f f i c i e n t s  t o  be deter-  

mined and t h e  quant i ty  i n  the  square brackets  

represents  an ef fec t ive  order parameter. Thus the 

s t r u c t u r a l  de loca l i sa t ion  across  t h e  t r a n s i t i o n  zone 

diminishes the l o c a l  order while the  sur face  f i e l d  

enhances it .  

Us'ing t h e  standard s t a t i s t i c a l  thermodynamic 

r e l a t i o n s  they obtain  an expression f o r  t he  su r face  

excess entropy p e r  u n i t  a r e a  ( - d y / d ~ )  which involves  

g, (z) . I n  the absence of an accura te  and e x p l i c i t  

knowledge of gl (s) , nothing much can be sa id  ab out 

the  behaviour of d y / d ~ .  They have discussed only 

the formal aspects  of the  expression obtained f o r  

dy/dT i n  a q u a l i t a t i v e  way, which w i l l  be given a t  

the  end of t h i s  c h a ~ t e r .  

3 Later  Croxton elaborated t h e  theory of the  

s t a t i s t i c a l  thermodynamics of l i q u i d  c r y s t a l  su r face  

and obtained an expression f o r  y. 
\ 



In the bulk f l u i d ,  the  or ien ta t ion  of t h e  

d i r e c t o r  is a r b i t r a r y .  But a t  the  surface t h e  

d i r e c t i o n  of the d i r e c t o r '  % modifies because of  

s t r u c t u r a l  d i scont inui ty .  !be l o c a l  dens i ty  and 

t h e  o r i en ta t iona l  d i s t r i b u t i o n  both depend on the 

l o c a t i o n  of the  molecular cent res  r e l a t i v e  t o  t h e  

Gibb 's dividing sur face ,  located such t h a t  

Here z a x i s  i s  taken along the surface n o m a l  and 

the  o r i g i n  i s  located a t  t h e  Gibb 's dividing surface.  

PL represents  the  dens i ty  of t he  bulk l i q u i d ,  P, 
represents  the  dens i ty  of the  vapour and f, (z) 
represents  t h a t  of t h e  in te r face .  The d i r e c t i o n  of 

f i  
the  d i r e c t o r  n  i s  modified i n  the v i c i n i t y  of the  

sur face  f o r  purely geometrical reasons. 

Inside the bulk,  far from the surface,  the  



order parameter i s  defined by 

(8) 

where 8 i s  the molecular or ienta t ion  r e l a t i v e  t o  

the  d i r ec to r  and f ( 8 )  i a  the  o r i  entat ional  d i s t r i -  

bution function. Here a  thermal average i s  taken 

over the  s e t  of i n t e rna l  s t a t e s  charac te r i s t i c  of the 

bulk. However a t  the surface,  we have t o  take i n to  

consideration the effect o f  torque f i e l d s  and hence a 

more general order parameter q ( z ) ~  has t o  be consi- 

dered. It can be defined as 
742 

2 q ( s ) b  = 3 1 ( 3 ~ 0 s  e - ~ ) f ( e , z ) ~  * in  e d e  n  (9) 
0 

where f (0 ,  e)fi i s  the d i s t r ibu t ion  function for the  

molecules i n  the surface region. 

The surface tension may be expressed i n  terms 

of the l oca l  excess Helmholtz f r e e  energy per pa r t i c l e  

a,(s),h, 88 



Assuming a Van der  Waalts in te rac t ion  f o r  the p a i r  

p o t e n t i a l  and applying the mean f i e l d  approximation, 

the  integrand i n  (10) i s  evaluated fo r  p a r a l l e l  and 

perpendicular or ien ta t ions  of the  molecules a t  t h e  

f r e e  sur face ,  t o  get 

The f i r s t  two terms on the  r i g h t  hand s i d e  represent  

t h e  surface excess f r e e  energy of a disordered l i q u i d  

[qo = tl ( z ) ~  = 01, whi ls t  t he  subsequent t e z m  repre-  

sen t  the  modification of the  f r e e  energy due t o  

surface or ien ta t iona l  order 71 ( z ) A *  The coe f f i c i en t s  
n  

A ,  D,  B and E a r e  r e l a t ed  t o  the  pos i t iondl  and 



o r i e n t a t i o n a l  d i s t r i b u t i o n  functions o f  t h e  mole- 

cules  i n  the  surface. I n  the absence of any 

knowledge of these funct ions,  i t  i s  d i f f i c u l t  t o  

be more s p e c i f i c  about these  coef f ic ien ts .  The 

r e l a t i v e  magnitudes o f  these c o e f f i c i e n t s  decide 

as t o  a i c h  of t h e  two molecular o r i en ta t ions  

( p a r a l l e l  or  perpendicular o r  indeed s ome i n t e r-  

mediate o r i en ta t ion)  l eads  t o  a lower f r e e  energy. 

Unfortunately i t  cannot be ascer ta ined by t h e  formal 

r e s u l t s  of t h i s  theory. The expression (11) i s  very 

similar t o  the  q u a l i t a t i v e  proposals f o r  the  su r face  

v a r i a t i o n  of the  order parameter proposed by Croxton 

and ~handrasekhar , '  on the  b a s i s  of which they have 

predic ted  t h e  possible  f e a t u r e s  of the  y-T charac ter i -  
nematic 

s t i c  curves of l i q u i d  c r y s t a l  systems. 
L 

4 Parsons has a l s o  discussed t h e  s t a t i s t i c a l  

mechanical theory of surface tension of nematic 

l i q u i d  c r y s t a l s  on s imi la r  l i n e s .  H e  has  s impl i f ied  
\ 
', 



t h e  problem by using Fowler, Kirkwood and Buff 

approximation (FKB) f o r  the in te r face .  FKB approxi- 

mation implies - 

a t h e  vapour dens i ty  i s  neg l ig ib le ,  and 

b t h e  density of t h e  l iqu id  phase has the  bulk 

value up t o  the  Gibb's dividing surface.  

I n  add i t ion  t o  t h e s e ,  t h e  or ien ta t ions  8, and e2 

of t h e  i n t e r a c t i n g  molecules a r e  assumed t o  be 

uncorrelated and t h e  bulk two p a r t i c l e  d i s t r i b u t i o n  

funct ion  i s  assumed t o  be i so t rop ic .  Further the 

bulk order parameter q o  i s  assumed t o  remain con- 

s t a n t  up t o  the d iv id ing  surface,  Using Van der  

Wall 's i n t e r a c t i o n  f o r  t h e  p a i r  p o t e n t i a l ,  final. 

expressions f o r  y a r e  obtained f o r  p a r a l l e l  and 

perpendicular o r i e n t a t  ions of the  moleoules a t  the  

su r face  , general  it app ears i n d i c a t e  t h a t  

y,, i s  l e s s  than yL' A s  a consequence one i s  l e d  t o  

t h e  conclusion t h a t  t h e  molecules p r e f e r  a p a r a l l e l  



o r i e n t a t i o n  a t  the  f r e e  surface.  Further conclu- 

s ions  from t h i s  theory are:  

1 the  surface tens ion  f o r  such a  system w i l l  

show a discontinuous increase  across  the 

nematic- isotropic phase t r a n s i t i o n ,  and ' 

t h e  surface molecules a r e  s t rongly anchored 

i n  t h e  p a r a l l e l  configuration,  and a r e  

unl ike ly  t o  modify t h e i r  o r i en ta t ion  with 

temperature t o  any s i g n i f i c a n t  extent .  

The above conclusions seem t o  be i n  agreement 

with what i s  found i n  the  case of PAA. Optical  

r e f l e c t i o n  measwements5 have shown t h a t  the mole- 

cu les  of PAA i n  t h e  nematic phase l i e  i n  the plane 

of the  surface and t h e i r  o r i en ta t ion  i s  not a f fec ted  

by the change of temperature. Our own measurements 

have indica ted  a  discontinuous increase  o f  sur face  

t ens ion  across  the N-I t r a n s i t i o n  i n  t h e  case of 

PAA and 5CB as we s h a l l  s ee  i n  chapter I V .  However 



5 
i n  the  case of MBBA, it has been found t h a t  t h e  

long axes of the molecules a r e  inc l ined  at-about  

75' t o  the  surface,  which i s  i n  cont rad ic t ion  t o  the  

p red ic t ion  of t h i s  model. I n  a more recent pheno- 

6 menological approach, based on the  Landau form 7 

of the  f r e e  energy, Parsons concludes $hat p o l a r  

surface order favours a perpendicular alignment of 

t h e  molecules a t  the  surface and t h i s  may r e s u l t  i n  

t h e  tilt of the molecular a x i s  at the  surface.  

llhis phenomenological approach has been discussed 

b r i e f l y  i n  t h e  next section.  

Another s t a t i s t i c a l  approach t o  the  theory 
, \  

of surface t ens ion  of l i q u i d  c r y s t a l s  i s  that of 

8 Murakami who employs t h e  FKB approximations. 

Applying the standard s t a t i s t i c a l  procedures for 

t h e  sur face  tension and assuming a spec ia l  form f o r  

the  i n t e r a c t i o n  p o t e n t i a l  (whose v a l i d i t y  i s  not 

c l e a r l y  es tab l i shed) ,  he has ca lcu la ted  the jump 
1 
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i n  the  value of the  surface tension a t  the  t r a n s i-  

t i o n  temperature, i n  terms of an ad jus tab le  parameter. 

According t o  h i s  ca lcu la t ions  a very high jump i n  y i s  

expected at !CNI i n  the  case of MBBA, which does 

not agree with our exper,imental r e s u l t .  9 

Phenomenological theory 

A s  mentioned e a r l i e r  Parsons phenomenological 

approach i s  based on t h e  Landau form of the f r e e  

energy according t o  which t h e  f r e e  energy i n  t h e  

bulk i s  

where q i s  t h e  bulk order  parameter, a = a o ( ~ - ~ , )  

with a07 0 and Tc i s  t h e  'second order t r a n s i t i o n  

temperature ' ,  d ) 0 descr ibes  the  e x t r a  f r e e  

energy due t o  a d i s t o r t i o n  i n  q. The surface f r e e  

energy y(t1) i s  s i m i l a r l y  expanded as 



where yo is  the sur face  tension i n  We absence 

of ordering. y p  i s  taken t o  be p o s i t i v e  f o r  s t ab i-  

l i t y  reasons. Assuming q t o  be small and applying 

the  minimization condit ion f o r  t he  t o t a l  energy 

Parsons shows t h a t  t h e r e  i s  a  sur face  excess order 

'/2 which decays i n t o  the  bulk,  over a d is tance  (d/a) . 
He a l s o  shows t h a t  the  surface f r e e  energy i s  

lowered by the o r i en ta t iona l  order a t  t h e  surface.  
I 

Hence, the  sur face  tension may increase  discontinuously 

a t  the  t r a n s i t i o n  with  a higher value i n  t h e  i s o t r o p i c  

phase. This conclusion agrees with the e a r l i e r  

one t h a t  w a s  a r r ived  a t  by h i s  s t a t i s t i c a l  approach. 

However the  s t a t i s t i c a l  model favours a p a r a l l e l  

alignment of  molecules a t  the f r e e  sur face  f o r  t h e  

energy t o  be minimum. For s m a l l  deviat ions  from 

t h i s  or ien ta t ion ,  the  surface energy can be  w r i t t e n  as 

h 
) 0, n is  the or ien ta t ion  of the  molecule where y 

4 
and K i s  the normal t o  t h e  sur face .  



If one end of a molecule has a highly polar  

end group, t h a t  end w i l l  tend t o  poin t  i n  the 

d i r e c t i o n  of the more polar  medium, i . e .  , i n t o  the  

bulk. 'Phis br ings  about the  po la r  order a t  the  

sur face ,  which favours a perpendicular o r i e n t a t i o n  

of t h e  molecules a t  t h e  surface.  PhenomenologicaUy 

t h e  s i t u a t i o n  i s  described by a polar  order  para- 

h h 

meter $ =  p n , with p 1 .  When p # 0 , 6  and -n 

are not  equivalent s t a t e s  near the surface. Now 

the  expression,  f o r  y can be writ t e n  as - 

y i s  t h e  cont r ibut ion  from t h e  polar  order. Plini- 
P 

A 
misation of ( l 5 ) w i t h  r e spec t  t o  n K = cos 8 gives 

A 
For yp > yQ, 8 = 0. Hence n w i l l  be along t h e  

A 
sur face  normal K. The su r face  symmetry i s  un iax ia l  



i n  t h i s  case. For  yp ( yp, 9 w i l l  have a n  

intermediate value between 0 and 1 and hence t h e  

molecular or ien ta t ion  may be a t  an  angle  t o  t he  

su r face ,  as  i n  the case of  MBBA. If ype yQ the  
A 

tilt may not be observable and n may appear- t o  

be i n  the plane of the sur face ,  as i n  t h e  case of  

PAA 

It may a l s o  be mentioned i n  t h i s  context  

t h a t  Gannon and I?aber1' have discussed a simple 

phenomenological theory  of surface tension of 

nematic l iqu id  c r y s t a l s  which i s  very s imi la r  t o  
\ 

t h a t  of parsons: involving only one ad jus table  para- 

meter. Their experimental r e s u l t s  on 5CB and 8CB 

appear t o  be i n  p a r t i a l  agreement with the  theory. 

The discrepancies between .the theory and the  experi- 

mental r e s u l t s  have been a t t r i b u t e d  t o  the poss ib le  

amectic l i k e  order a t  the  surface.  



y-T c h a r a c t e r i s t i c s  of nematic and smectic 
l iqu id  crys  t a l a  

I n  t h i s  s e c t i o n  we present  the qual i ta-  

t i v e  forms of the  y-T curves of nematic and 

smectic l iqu id  c r y s t a l s ,  first proposed by Croxton 

and Chandrasekhar f o r  nematics and l a t e r  extended 

t o  smectics by Croxton. 

Smectic A l i q u i d  c r y s t a l  has both trans-  

l a t i o n a l  and o r i e n t a t i  ondl orders. McMillan 2 

has proposed the following mean f i e l d  s ing le  

p a r t i c l e  p o t e n t i a l  by general is ing t h e  Maier- Saup e 

model of the  nematic - 

ui(e,, cos ei) = u {t, + Qa: cos (-) 
d '""' 3 

where q and cr a r e  t h e  o r i e n t a t i o n a l  and t r a n s l a t i o n a l  

order parameters respec t ive ly ,  a i s  a constant 

charac ter i s ing  a p a r t i c u l a r  molecular species and ii 



i s  a  c o n s t d t  which depends on the  molar volume. 

Here, 

a = q = 0 represents  t h e  i so t rop ic  phase, 

a = O , q  & 0 represents  the  nematic phase, and 

a 0, q f 0 represents  t h e  smectic phase. 

Assuming both a and r) t o  be d i f f e r e n t  a t  t he  sur face  

a s  compared t o  t h e i r  bulk values, Croxton ge t s  

A 

where y i s  the  cont r ibut ion  t o  the surface tens ion  

a r i s i n g  from surface excess o r i en ta t iona l  order.  

The t o t a l  sur face  tens ion  i s  however the  sum of the  

o r i en ta t iona l  and configurat ional  p a r t s .  

The temperature de r iva t ive  o f  the  o r i en ta t iona l  

su r face  excess entropy i s  t o  the same degree of 



approximat ion 

A t  the temperatures o f  i n t e r e s t  u ( 10 kgT.  Hence 
- \. - 1) i s  always negati<e a t  these temperatures. 

The qua l i t a t ive  forms of the y-T curves f o r  nematic 

and smectic l iquid  c rys t a l s  are discussed on the 

bas i s  of  the equations 1 8  and 19. 

Nematic l iquid  c rys ta l s  

The nematic phase i s  characterised by a = 0 

and q # 0. So the  equation (18) takes the  form 

and (19) becomes 



The nematic order parameter i n  the v i c i n i t y  o f  the 

surface i s  determined sole ly  by a  competition bet- 

ween the disordering e f f e c t  of the  decreasing densi ty 

across the  l iquid  vapour in te r face  and an ordering 

ef fec t  .due t o  the development o f  a surface torque 

f i e l d ,  For  a  su f f i c i en t ly  large enhancement of t he  

surface o r i e n t a t i ~ n a l  order (T) ,,(z)) over the bulk 
n  

order (T)), the slope (dy/dl) becomes posit ive.  I n  

some systems, the surface orientat ional  order may 

undergo a large  enhancement just a f t e r  the c r y s t a l  

nematic t r ans i t i on  and just  before the nematic- 

isot ropic  t rans i t ion .  A t  higher temperatures, the 

spa t i a l  delocal isat ion of the surface may r e su l t  i n  

the usual monotonic decrease of surface tension with 

temperature. The schematic y-T curve f o r  such a  

system is a s  shown i n  f igure 2 , 2 .  



Fig.2.2: Q u a l i t a t i v e  fo rm of the  y-'P 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  system showing p r e t r a n s i t  ion 
phenomena (surface  enhancenent of l o c a l  order parameter) 
and a  negative d i scon t inu i ty  y a t  TNI ( ~ f t e r  r e f .  3) .  



I n  some systems, t h e  enhancement i n  the  

su r face  o r i en ta t iona l  order which ,develops before  

TNI may remain f o r  a c e r t a i n  thermal range i n  t h e  

isotropic phase a l so .  A s  a consequence t h e  y-T 

c h a r a c t e r i s t i c  may develop a p o s i t i v e  slope jus t  

before  TNI and may extend i n t o  the i s o t r o p i c  phase 

f o r  a c e r t a i n  range o f  temperature. The schematic 

y-T c h a r a c t e r i s t i c  f o r  such a system i s  a s  shown 

i n  f i g .  2.3. On the b a s i s  of equations (20) and (21),  

i t  can  be concluded t h a t  the  systems showing p o s i t i v e  

s lopes  j u s t  above TNI must a l s o  have pos i t ive  d i s -  

t' 
c o n t i n u i t i e s  i n  t h e  value o f  y and vice  versa. 

However i n  both the cases ,  t h e  monotonic decreasing 

trend w i l l  be regained a t  higher  temperatures. 

Our experimental y-T curves f o r  d i f f e ren t  s y s t e m  

appear t o  be  i n  q u a l i t a t i v e  agreement with the 

p red ic t ions  o f  this model as can be seen i n  

chapter  I V .  



Fig.2.3: Q u a l i t a t i v e  form of t h e  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  system showing pos t  t r a n s i t i o n  
phenomena (residuum of sur face  enhancement o f  l o c a l  
order parameter i n  the i so t rop ic  phase) and a pos i t ive  
d iscont inui ty  y a t  TNI (After r e f .  3). 



Smectic A l i qu id  c r y s t a l s  

!he smectic phase i s  character ised by a # 0, 

q # 0. Corresponding t o  a pronounced layer ing  i n  

t h e  v i c i n i t y  of the  surface,  the  s i t u a t i o n  may be 

such t h a t  ~ ( s )  7 a and q,(z) > 11. Again a 
n m 

p o s i t i v e  slope i s  ant ic ipa ted .  A t  the  r e l a t i v e l y  

low range of temperatures a t  which t h e  smectic 

phase i s  s t ab le ,  the  sharp densi ty  d iscont inui ty  

a t  the  surface implies s t rong  surface f i e l d s .  As  

a r e s u l t  pos i t ive  slope may be expected throughout 

the  smectic phase, Again, d i s c o n t i n u i t i e s  i n  t h e  

magnitude and the slope of the  surface tension may 

occur as i n  nematics, a t  t h e  t r a n s i t i o n  tempe- 

r a t u r e s .  A s  we s h a l l  see i n  chapter  V ,  our experi-  

mental r e s u l t s  a r e  again i n  q u a l i t a t i v e  agreement 

with t hese  predict ions .  
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