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FACTORS GOVERNING THE STABILITY OF MICELLAR NEMATIC 
PHASES 

N. B O D E N ,  R.J. BUSHBY, K.W. JOLLEY+, M.C. H O L M E S ~  
and F. S I X L ,  S c h o o l  o f  C h e m i s t r y ,  The U r i i v e r s i t y ,  
Leeds LS2 9JT, England; 'Department of  Chemis t ry  and 
Biochemis t ry ,  Ma s e y  U n i v e r s i t y ,  P a l m e r s t o n  N o r t h ,  
N e w  Z e a l a n d ;  B S c h o o l  of P h y s i c s  a n d  As t ronomy,  
Lancash i r e  Po ly techn ic ,  P r e s t o n  PR 1 ZTQ, England. 

A b s t r a c t  The factors which govern  t h e  s t a b i l i t y  of 
l y o t r o p i c  micellar nemat i c  phases  are d e l i n e a t e d  arid 
t h e n  u s e d  t o  d e s i g n  mesogenv w h i c h  g i v e  r i s e  t o  
s t a b l e  N C  and  N D  p h a s e s  or1 d i s s o l u t i o n  i n  water. 
The r e l a t i o n s h i p  between phase behaviour  and t h e  s i z e  
and shape o f  t h e  micelles i i i  t h e  caes ium pentadeca-  
f l u o r o c t a n a t e / w a t e r  s y s t e m  i s  exami i ieu .  S m a l l  
d i s c o i d  mice l l e s  a re  shown t o  be s t a b l e  a t  h i g h  
c o n c e n t r a t i o n s  d u e  t o  t h e  p r e s e n c e  o f  a n e t  
a t t r a c t i v e  force.  I t  i s  a r g u e d  t h a t  t h i s  i:, t h e  
r eason  why t h e  nemat ic  phase  i i i  t h i s  sys t em is  d t a b l e  
ove r  an  e x c e p t i o n a l l y  wide range  o f  concer i t ra t io i i .  

I N T R O D U C T I O N  

Twen ty  y e a r s  a g o  ( 1 9 6 7 )  Lawsori a n d  F l a u t t '  d e m o n s t r a t e d  

t h a t  a s o l u t i o n  of s o d i u m  d e c y l s u l p h a t e  i n  w a t e r  

c o n t a i n i n g  s m a l l  amour i t s  of deca i io l  atid sodium s u l p h a t e  

e x h i b i t e d  a mic roscop ic  t e x t u r e  and response  t o  a n  a p p l i e d  

m a g n e t i c  f i e l d  q u i t e  a n a l o g o u s  t o  t h o s e  of t h e r m o t r o p i c  

riematics. These s o l u t i o i i s  were i n i t i a l l y  r e fe r r - eu  t o  ad 

l y o t r o p i c  riematic phases.  Twelve y e a r s  la ter  Charvolii l ,  

L e v e l u t  and  S a m u l s k i 2  showed t h a t  t h e s e  p h a s e 3  were 

s o l u t i o n s  o f  o r i e n t a t i o n a l l y  o rde red  a n i s o m e t r i c  micelles. 

There is  c u r r e n t l y  c o n s i d e r a b l e  i n t e r e s t  i r i  t h e  s t r u c t u r e  
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38 N. RODEN ef d. 

a n d  p r o p e r t i e s  o f  t h e s e  ' m i c e l l a r  n e m a t i c  p h a s e s ' ;  

e s p e c i a l l y  i n  s imilar i t ies  t o  and d i f f e r e n c e s  from thermo- 

t r o p i c  nemat ics .  A major  c o n s t r a i l i t  on t h i s  work i s  t h e  

complex i ty  o f  t h e  sys t ems  a v a i l a b l e  t o  e x p e r i m e n t a l i s t s .  

To d a t e ,  t h e s e  p h a s e s  h a v e  l a r g e l y  b e e n  fouricl t o  

o c c u r  o v e r  o n l y  n a r r o w  i n t e r v a l ; ;  o f  c o n c e n t r a t i o n  i n  a 

s m a l l  n u m b e r  o f  s . u r f a c t a n t / w a t e r  m i x t u r e s  u s u a l l y  

c o n t a i n i n g  e i t h e r  a long c h a i r )  a l c o h o l  o r  a n  i r io rga r i i c  

~ a l t , ~ , ~  I t  is, t h e r e f o r e ,  of v i t a l  i m p o r t a n c e  t o  

p repa re  nemat i c  phases  which are s t a b l e  o v e r  wide conceii- 

t r a t i o r i  and  t e m p e r a t u r e  i i i t e r v a l s ,  p r e f e r a b l y  i r i  A.rnple 

two componen t  s y s t e m s .  The f a c t o r s  w h i c h  g o v e r n  t h e  

s t a b i l i t y  o f  s u c h  p h a s e s  are f i rs t  d i s c u s s e d .  They a r e  

then  a p p l i e d  to t h e  d e s i g n  of novel  a m p h i p h i l i c  mesogens 

wh ich  g i v e  r i s e  t o  s t a b l e  u r i i a x i a l  NC ( c o l u m i l a r  o r  r o d -  

shaped micelles) and ND ( d i s c o i d  micelles) phapeo on d i a -  

s o l u t i o r i  i u  water. I t  i s  d e m o u s t r a t e d  t h a t  riematic 

p h a s e a ,  s t a b l e  o v e r  w i d e  i n t e r v a l 9  of c o n c e n t r a t i o t i  aiid 

t empera tu re ,  can  be prepared  f rom both ioriic aid uori-ioriic 

a m p h i p h i l e a  w i t h o u t  a d d i t i o n  of e i t h e r  s a l t  o r  a l c o h o l .  

The s i z e  of  t h e  micelled a t  h igh  concer i t ra t ior i  is shown to  

be c o n t r o l l e d  by t h e  i n t e r m i c e l l a r  frocei;. It is coricluued 

t h a t  i t  w i l l  n o t  be p o s s i b l e  t o  c o m p l e t e l y  a p e c i f y  t h e  

c r i t e r i a  for t h e  p r e p a r a t i o u  OF s t a b l e  m i c e l l a r  riematic 

phases  u n t i l  t h e s e  f o r c e s  are p r o p e r l y  utlderstood. 

PREPARATION OF YEMATIC P?-KSES 

The o b j e c t  i a  to  elimiiiate t h e  a l c o h o l  arid s a l t  aiid maxi- 

Iuise t h e  c o n c e n t r a t i o n  and  t e m p e r a t u r e  i n t e r v a l 2  o v e r  

w h i c h  t h e  n e m a t i c  p h a s e  i s  s t a b l e .  I t  i s  g e n e r a l l y  
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MICELLAR NEMATIC PHASES 39 

T 

intermediate . .. ..,:. phases 
:. columnar hexagonal 

isotropic micellar solution 

intermediate . .. ..,:. phases 
:. columnar hexagonal 

isotropic micellar solution 

FIGURE 1 Schematic phase diagram (volume f r a c t i o n  of  

amphiphi le  OA ver sus  tempera ture  T )  f o r  a conven t iona l  

l y o t r o p i c  mesogen i n  water. 

c o n s i d e r e d  t h a t  t h e  r o l e  of  t h e s e  a d d i t i v e s  i s  t o  

s t a b i l i s e  t h e  c h a r a c t e r i s t i c a l l y  small d i s c r e t e  mice l lev  

( t h e  a x i a l  r a t i o  i s  t y p i c a l l y  i n  t h e  r a n g e  2-4 I n  NC 
p h a s e s  and  0.25 t o  0.5 i n  ND p h a s e s )  a g a i n s t  ' e x p l o s i v e '  

g r o w t h  i n t o  i n f i n i t e  c o l u m n s / r o d s  ( c o l u m n a r / h e x a g o r i a l  

phases)  o r  b i l a y e r s  (lamellar  phase^).^-^ T h e i r  role is, 

however ,  more l i k e l y  t o  be c o n n e c t e d  w i t h  t h e  manner  i n  

which they  modify t h e  under ly ing  phase  behaviour (F igure  

1 ) c h a r a c t e r i s t i c  of conve i l t i o r l a1  l y o t r o p i c  amph iph i l i c  

mesogenv ( s o a p  and  s y r i t h e t i c  d e t e r g e n t s ) .  T h i s  c a n  be 

u n d e r s t o o d  by c o n s i d e r i n g  t h e  concen t r a t ion - t empera tu re  

domain where nematic phases  occur. Nematic phases  are t o  

be found i n t e r m e d i a t e  t o  i s o t r o p i c  micellar s o l u t i o n s  and 

smectic phases9 (Figure 21, i n  t h e  c o n c e n t r a t i o n  i n t e r v a l  

ca. 0.1 t o  0.5 volume f r a c t i o n  of a m p h i l i p h i l e  @ A ,  and  

be low ca. 350 K." The r o l e  of t h e  a d d i t i v e  seems t o  be 
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40 N. BODEN ei ul. 

CONVENTIONAL AMPHIPHILES 

monomer micelle nematic srn ec tic -- -- pliase 

a3 
'03 
cubic phase 

columnar- hexagonal 
nematic Nc phase phase \ 

\ Director 

lamellar phase 
nematic N, phase 

FIGURE 2 Schematic represer i ta t ion of p o s s i b l e  s t r u c -  

tures  o f  a g g r e g a t e s  and t h e i r  a s s o c i a t e d  mesophases  

formed by convent ional  amphiphi les  i n  water. The con- 

c e n t r a t i o n  of a m p h i p h i l e  s h o u l d  be r e a d  as i n c r e a s i n g  

from l e f t - t o - r i g h t  and top-to-bottom. 

t o  br ing t h e  r e l e v a n t  smectic t o  i s o t r o p i c  t r a n s i t i o n  l i n e  

i n t o  t h i s  c o n c e n t r a t i o n - t e m p e r a t u r e  domain. To o b t a i n  

ex tens ive  nematic phases it is  a l s o  necessary t o  c o n s t r a i n  

the  s t r u c t u r e  of t h e  aggregate  t o  a s i n g l e  kind a c r o s s ,  a t  

least, t h i s  concen t r a t ion  window. 

The shape and s i z e  of t h e  aggregate  depends upon both 

t h e  s t r u c t u r e  (geometry) o f  t h e  amphiphi le  and t h e  i n t e r -  

a g g r e g a t e  f o r c e s .  The i n f l u e n c e  of  t h e  l a t t e r  on t h e  

s h a p e  o f  t h e  a g g r e g a t e ,  t hough  n o t  n e c e s s a r i l y  i t s  s i z e ,  
can be suppressed by designing amphiphi les  which can only 
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MICELLAR NEMATIC PHASES 41 

hydrophobic 

Director 

columnar-hexagonal 
nematic Nc phase phase 

FIGURE 3 S c h e m a t i c  of s t r u c t u r e s  of a g g r e g a t e s  arid 

mesophases formed by d i s c o i d  amphiphi les  i n  water with 

volume f r a c t i o n  of amphiphile i nc reas ing  from l e f t - t o -  

r i g h t .  

form a g g r e g a t e s  of a p a r t i c u l a r  s t r u c t u r e .  Thus, t o  

o p t i m i s e  t h e  s t a b i l i t y  of  NC p h a s e s  i t  is  n e c e s s a r y  t o  

choose an amphiphile which can only assemble i n t o  columnar 

aggregates.  This  r e q u i r e s  a d i s c o i d  amphiphi le  cons i s -  

t i n g  of a hydrophobic c o r e  which i s  l a t t e r a l y  surrounded 

by h y a r o p h i l i c  g r o u p s  ( F i g u r e  3). An example  o f  such  a 

d i s c o  i d  me s o g e n  i s  2 ,3 ,6 ,7 ,10 ,11  -hexa-( 1 , 4 , 7 - t r i o x a -  

o c t y 1 ) - t r i p h e n y l e n e  ( F i g u r e  4 1, a b b r e v i a t e d  t o  

FIGURE 4 S t r u c t u r e  o f  2,3,6,7,10,11-hexa-(174,7- 
trioxaocty1)-triphenylene [TP6E02M I. 
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42 N. BODEN et a1 

3 20 3101 
crysta l  

I 

Y 
a, 300 
L 
3 
Q a 
L a, 290 
Q 

a, 
I- 280 

\ 

E 

2 70 

Cr,t + i c e  

Y 

260 c r y s t a l  + Ice 
l l l . 1  

0 0.5 1 .o 

WA 
FIGURE 5 Phase  d i a g r a m  of t h e  TP6E02M/2H20 s y s t e m .  

Nomenclature:  I ,  I , ,  12, i s o t r o p i c  micellar s o l u t i o n  

p h a s e s ;  NC, n e m a t i c  p h a s e  w i t h  n e g a t i v e  d i a m a g n e t i c  

a n i s o t r o p y  and c o l u m n a r  micel les ;  CH, c o l u m n a r  p h a s e  

with hexagonal arrarigement of aggrega te s  - t h e r e  is no 

l o n g  r a n g e  t r a n s i t i o n a l  o r d e r  a l o n g  t h e  a x e s  of t h e  

co lumns ;  C,, t ,  c o l u m n a r  r e c t a n g u l a r  phase  w i t h  t h e  

p l anes  of t h e  t r i pheny lene  rings t i l t e d  wi th  r e s p e c t  t o  

t h e  axes of t h e  columns. 
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MICELLAR NEMATIC PHASES 43 

TP6E02M.10911912 I n  water t h i s  a m p h i p h i l e  e x h i b i t s  a 

mesomorphism (Figure 5)  which is  q u i t e  analogous t o  t h a t  

of t h e r m o t r o p i c  mesogens w i t h  d i s c o i d   molecule^,'^ b u t  

w i t h  i n c r e a s i n g  volume f r a c t i o n s  of w a t e r  t a k i n g  on t h e  

r o l e  of i nc reas ing  l eng th  of t he  a l i p h a t i c  s i d e  chains.  

S i m i l a r l y ,  t o  op t imise  the  s t a b i l i t y  of ND phases i t  
i s  necessary t o  choose an amphiphile which can only form 

d i s c o i d  micelles o r  b i l a y e r  a g g r e g a t e s .  T h e r e  a re  two 

p o s s i b i l i t i e s ,  as depicted i n  Figure 6. The first is an 

a m p h i p h i l e  w i t h  a r i g i d  rod-shaped hydrophob ic  moiety.  

hydrcphilic 
'end-chals' 

Directa 

Nematic Phase 
f 

ND 

Lamellar Phase 

LD 

M o m r  'Mcelle' 

F I G U R E  6 S c h e m a t i c  o f  s t r u c t u r e s  o f  a g g r e g a t e s  and 

mesophases formed by rod-shaped o r  l a t h - s h a p e d  amphi-  

p h i l e s  i n  water with volume f r a c t i o n  of t he  amphiphile 

i nc reas ing  from l e f t - to - r igh t .  

The a m p h i p h i l e  caesium pentadecaf luoroc tanoate ,  a b b r e -  

v i a t e d  t o  CsPFO, is an example of  such an amphiphile. It 

h a s  a f a i r l y  r i g i d  rod-shaped f l u o r o c a r b o n  c h a i n  which,  

t oge the r  with t h e  low hydra t ion  energy of the  caesium ion, 

favours  the  formation of b i l a y e r  aggregates.  It forms an 

ND+ phase  o v e r  a wide r a n g e  o f  c o n c e n t r a t i o n  (0.225 t o  
0.632 w e i g h t  f r a c t i o n  CsPFO) and t e m p e r a t u r e  (285.3 t o  
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44 N. BODEN et al. 

W/A 

Q3 200 100 50  3 0  20  10 5 0 

440 - 

400 - 
380 - 

'-Tp(HI,I,K) HI+K 
I I I I I I I I I .  

0.5 1.0 

wA 

260 
0 

FIGURE 7 Phase  d i a g r a m  f o r  t h e  C S P F O / ~ H ~ O  sys t em.  

Nomenclature:  K ,  c r y s t a l ;  LD, l a m e l l a r  p h a s e ;  ND+, 
nematic phase with p o s i t i v e  diamagnetic an i so t ropy  and 

d i sco id  micelles; I, i s o t r o p i c  micellar s o l u t i o n ;  H I ,  

heavy i ce ;  Tcp, t h e  lamellar-nematic  t r i c r i t i ca l  point ;  

Tp(I,M,L), t h e  i s o t r o p i c  m i c e l l a r  s o l u t i o n  - n e m a t i c  - 
lamellar t r i p l e  point ;  Tp ( N , L , K ) ,  t h e  apparent  nematic 

- lamellar  - c r y s t a l  ' t r i p l e '  p o i n t ;  Tp(I,N,K), t h e  

i s o t r o p i c  mice l la r  s o l u t i o n  - nematic - c r y s t a l  t r i p l e  

p o i n t ;  Tp(HI,I ,K),  t h e  heavy  ice  - i s o t r o p i c  m i c e l l a r  

s o l u t i o n  - c r y s t a l  t r i p l e  p o i n t ;  K p ,  t h e  Kraft p o i n t ;  

Tc, 

* 

t he  s o l u b i l i t y  curve f o r  CsPFO. 

351.2 K )  ( F i g u r e  7) .14*15 The a g g r e g a t e s  are  d i s c r e t e  

d i s c o i d  micel les  i n  a l l  o f  t h e  t h r e e   phase^.'^'^^ The 

i s o t r o p i c  micel lar  s o l u t i o n  t o  n e m a t i c  t o  lamellar  
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MICELLAR NEMATIC PHASES 45 
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FIGURE 8 Phase  d i a g r a m  for t h e  3,6,9,12,15,18,21- 

Heptaoxydocosyl-(41-allyloxy)-4-biphenyloxyace~ate [by 

c o u r t e s y  o f  B. Liihmanri arid H. F inke lmann ,  Coll. and 

Polym. Sc i  264, 189 11986)l .  -if - 

sequence of t r a n s i t i o n s  is, the re fo re ,  q u i t e  analogous t o  

t h e  i s o t r o p i c  l i q u i d  t o  nematic t o  smectic sequence obser- 

ved for thermotropic mesogens with l a t h  shaped molecules. 

This  br ings us  n a t u r a l l y  t o  t h e  second s c e n a r i o  depicted 

i n  Figure 6. That is t o  use an amphiphile c o n s i s t i n g  of 

a f a i r l y  r i g i d  l a t h - s h a p e d  c o r e  t o  which is a t t a c h e d  
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46 N.  BODEN ef al. 

h y d r o p h i l i c  end-chains. An example of such a mesogen is  

~,6,9,12,15,18,21-Heptaoxydocosyl-~4~-allyloxy~-4-bipheny- 

l o x y a c e t a t e  which i n  water g i v e s  t h e  phase  behaviour  shown 

i n  F igure  8. i a  
The above r e s u l t s  demons t r a t e  t h a t  n e i t h e r  salt nor 

a l c o h o l  are  e s s e n t i a l  t o  s t a b i l i z e  n e m a t i c  p h a s e s .  

These  p h a s e s  c a n  be p r e p a r e d  u s i n g  e i t h e r  i o n i c  o r  non- 

i o n i c  a m p h i p h i l e s .  We h a v e  shown t h a t  t h e  g e o m e t r y  o f  

t h e s e  amphiphi les  governs t h e  shape of t h e  a g g r e g a t e s  they  

assemble  i n t o  i n  water. But t o  o b t a i n  nemat ic  phases  it 

is  a l s o  necessary  t h a t  some f a c t o r  be involved  to i n h i b i t  

t h e  g r o w t h  of t h e  micelles a t  h i g h  c o n c e n t r a t i o n s .  

I n d e e d ,  one  o f  t h e  most s i g n i f i c a n t  i m p l i c a t i o n s  of t he  

occurrence  o f  t h e s e  nemat ic  phases  is t h a t  small micelles 

are  s t a b l e  t o  f a r  h i g h e r  c o n c e n t r a t i o t i s  t h a n  h i t h e r t o  

recognised. It is  t h u s  v i t a l l y  i m p o r t a n t  t o  unders tand  

t h e  f a c t o r s  which  g o v e r n  t h e  s t a b i l i t y  of t h e s e  small  

micelles. 

RELATIONSHIP BETWEEN PHASE BEHAVIOUR AND MICELLE SHAPE AND 

SIZE 

The s h a p e  and  s i z e  of t h e  a g g r e g a t e s  i n  t h e  CsPFO/wa te r  

(2H,0) sys tem have been s t u d i e d ,  u s ing  small a n g l e  X-ray 

s c a t t e r i n g ,  a s  a f u n c t i o n  o f  c o n c e n t r a t i o n  (0.25 t o  0.65 

w e i g h t  f r a c t i o n  CsPFO) and  t e m p e r a t u r e  (293 t o  350 
K) .17919  The aggregates are found to be d i s c r e t e  d i s c o i d  

micel les  ( a x i a l  r a t i o  a / b  i s  i n  r a n g e  0.23 t o  0.55 w i t h  

a = 2.2 nm) a t  a l l  c o n c e n t r a t i o n s  s tud ied .  The v a r i a t i o n  

o f  t h e  mice l l e  s i z e  w i t h  c o n c e n t r a t i o n  ( F i g u r e  9 )  is  
q u a l i t a t i v e l y  t h e  same a t  a l l  tempera tures .  The average  
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MICELLAR NEMATIC PHASES 41 

I I I I I 

0 o 293K 

B II I Jl 
) B  

- 
I I I I I I I I 

I-N b/ . A \ 350K 

I 

FIGURE 9 Average aggrega t ion  number R as a f u n c t i o n  of 

weight f r a c t i o n  of c a e s i u m  p e n t a d e c a f l u o r o c t a n o a t e  a t  
f i x e d  t e m p e r a t u r e s .  The v e r t i c a l  arrows d e n o t e  t h e  

c o n c e n t r a t i o n s  a t  wh ich  t he  i s o t r o p i c  t o  n e m a t i c  a n d  

nematic to lamellar t r a n s i t i o n s  occur.  

agg rega t ion  number R i n i t i a l l y  i n c r e a s e s  w i t h  conceti tra- 

t i o n ,  r e a c h e s  a maximum a t  a weight f r a c t i o n  of CsPFO of 

a p p r o x i m a t e l y  0.45 (1.42 mol dm-3 CsPFO)  a n d  t h e n  de- 

creases. The aggrega t ion  number is seen  to  decrease w i t h  

i n c r e a s i n g  t e m p e r a t u r e  a t  a r a t e  w h i c h  i s  r o u g h l y  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  a x i a l  r a t i o  of the micelle, 

t h a t  is, i n  a manner which is dependent upon the r a t i o  of 

p l a n a r  t o  c u r v e d  i n t e r f a c e .  T h i s  h a s  t h e  e f f e c t  of 

weaken ing  t h e  c o n c e n t r a t i o n  dependence :  i n  f a c t ,  t h e  

v a r i a t i o n  is on ly  20 p e r  c e n t  a t  350 K. 

There is on ly  a small d i s c o n t i n u i t y  i n  t h e  va lue  of A 
a t  t h e  i s o t r o p i c  t o  n e m a t i c  t r a n s i t i o n ,  as p r e d i c t e d  by 
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48 N .  BODEN el al. 

G e l b a r t  and  c o - ~ o r k e r s , ~ ’ ~  b u t  none is  d e t e c t e d  a t  t h e  

nemat ic  t o  lamellar t r a n s i t i o n .  The va lue  of PI a long  t h e  

lower  boundary TNI of t h e  i s o t r o p i c  to  nemat ic  t r a n s i t i o n ,  

summarised i n  Table 1, dec reases  markedly w i t h  i n c r e a s i n g  

c o n c e n t r a t i o n .  Above 360 K ,  PI 2 75 a n d ,  a l t h o u g h  t h e  

micel les  are  s t i l l  d i s c o i d  i n  s h a p e ,  t h e  s t r e n g t h  of t h e  

a n i s o t r o p i c  i n t e r m i c e l l a r  i n t e r a c t i o n  is now t o o  weak t o  

seed a n e m a t i c  p h a s e  ( F i g u r e  7). We see t h a t  a l o n g  t h e  

TABLE 1 The a v e r a g e  a g g r e g a t i o n  number  il, d e n s i t i e s  

p and  r e d u c e d  d e n s i t i e s  pNI = a l o n g  t he  lower 

boundary TNI of t h e  i s o t r o p i c  to  nemat ic  t r a n s i t i o n  of 

CSPFO/~H~O s o l u t i o n s .  The a x i a l  ra t ios  a / b  have been 

c a l c u l a t e d  a s sumi r ig  t h e  micelle i s  a o b l a t e  e l i p s o i d  

w i t h  a = 2.2 nm. 

* 

0.625 0.410 350.0 75 15.19 1.72 
0.55 0.347 330.2 142 8.86 1.79 
0.45 0.262 312.8 170 4.33 1.67 
0.42 0.239 309.0 190 3.54 1.63 
0.35 0.186 299.9 200 2.67 1.32 
0.30 0.153 293.3 220 2.01 1.15 
0.28 0.144 290.8 270 1.51 1.18 
0.25 0.126 287.7 260 1.35 0.98 

0.455 
0.330 
0.302 

0.285 
0.278 
0.265 
0.239 
0.244 

a+ 7.5 p e r  c e n t .  
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MICELLAR NEMATIC PHASES 49 

* 
nemat ic  t o  i s o t r o p i c  t r a n s i t i o n  l i n e  t h e  va lue  of pNI is  

n o t  c o n s t a n t ,  bu t ,  f o r  t h e  assumed e l l i p s o i d  micelle, i t  
v a r i e s  f r o m  0.98 up t o  1.72 a s  t h e  w e i g h t  f r a c t i o n  of 

C s P F O  is i n c r e a s e d  f r o m  0.25 t o  0.625. These  v a l u e s  a r e  

c o n s i s t e n t l y  smaller than  t h e  va lue  of 4.07 ob ta ined  fo r  

a n  Onsage rZ0  h a r d  d i s c  model.21 T h i s  r e s u l t  is  h a r d l y  

s u r p r i s i n g .  Shor t  range o r i e n t a t i o n a l  c o r r e l a t i o n s  of t h e  

m i c e l l e s  a r e  a b s e n t ,  o r  r e l a t i v e l y  weak, i n  these 

s o l u t i o n s .  l 7  T h i s  means t h a t  t h e  micel les  are  o n l y  

l o o s e l y  p a c k e d  and  u n d e r g o  r e o r i e n t a t i o n  w i t h  l i t t l e  

s t e r i c  h i n d e r a n c e .  Thus ,  h a r d  p a r t i c l e  i n t e r a c t i o n  

models do n o t  seem appropr i a t e .  

To unders tand  t h e  v a r i a t i o n  of B wi th  c o n c e n t r a t i o n  

i t  is necessa ry  t o  ex tend  to  d isco id  micelles the r e c e n t  

t h e o r y  o f  G e l b a r t  and  c o - w o r k e r s  f o r  t h e  a g g r e g a t i o n  

behaviour of amphiphi les  i n t o  rod-shaped micelles.’ Only 
t h e  o u t l i n e  is g i v e n  h e r e ,  f u l l  d e t a i l s  are  p r e s e n t e d  

e l sewhere .  

The average  chemica l  p o t e n t i a l  c dri tmphiphi le  i n  a 

micelle (assumed t o  be monodisperse: xn = x )  of  s i z e  n is 

w r i t t e n  ( i n  u n i t s  of kT) as 7 

- 1 x -  1 1 G n  i-l; + I n  + l.18 + oI, + H x,. ( 1 )  

The first term r e p r e s e n t s  t h e  average  chemica l  p o t e n t i a l  
of a n  a m p h i p h i l e  i n  a micel le  wh ich  h a s  a p a r t i c u l a r  

o r i e n t a t i o n  and  i s  a t  a p a r t i c u l a r  p o s i t i o n  i n  s o l u t i o n .  

It is conven ien t ly  expres sed  as 
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50 N .  BODEN er al. 

where g o  is  t h e  average  chemica l  p o t e n t i a l  of an  amphi- 

l i p h i l e  i n  t h e  ' f l a t  c a p '  of t h e  mice l l e  and  6 i s  p r o p o r -  

t iona l  to t h e  d i f f e r e n c e  between t h e  chemical p o t e n t i a l  of 
an  amphiphi le  i n  t h e  'curved r i m '  and t h e  cap. The va lue  

o f  6 i s  d e t e r m i n e d  by t h e  i n t e r f a c i a l  t e n s i o n .  It  i s  

q u i t e  l a r g e  f o r  t h e  CsPFO/water  s y s t e m  and  t h e r e  is  a 

s t r o n g  tendency f o r  t h e  sys tem to  reduce  c u r v a t u r e  and fo r  

the  micelles to grow. The second term i u  t h e  e n t r o p y  of 

n i x i n g  c o n t r i b u t i o n ,  w i t h  X d e n o t i n g  t he  t o t a l  mole 

f r a c t i o n  of s u r f a c t a n t  i nco rpora t ed  i n t o  micelles. T h i s  

term is n e g a t i v e  and  i t  w i l l  d e c r e a s e  as  n i n c r e a s e s .  

C o n s e q u e n t l y ,  i t  a c t s  i n  o p o s i t i o n  t o  t h e  f i r s t  term and  

p r o v i d e s  a mechanism f o r  k e e p i n g  t h e  micel les  sma l l  i n  

d i l u t e  s o l u t i o n .  The t h i r d  term kI r e p r e s e n t s  c o n t r i -  

b u t i o n s  from t h e  trarislational and r o t a t i o n a l  deg rees  of 

freedom of t h e  micelle. I t  h a s  t h e  same func t io r l a l  form 

as  t h e  e n t r o p y  o f  m i x i n g  term and  r e i u f o r c e s  t h e  r o l e  of 

t h e  l a t t e r  i n  f avour ing  small micelles i n  d i l u t e  s o l u t i o n .  

The f o u r t h  fi Uf1 r e p r e s e n t s  the  c o n t r i b u t i o n  a r i s i n g  from 

t h e  e n t r o p y  loss due  t o  t h e  e s t a b l i s h m e n t  of l o n g  r a n g e  

o r i e n t a t i o n a l  o r d e r  of t h e  micelles a t  t h e  i s o t r o p i c  t o  

n e m a t i c  t r a n s i t i o n .  T h i s  term a c c o u n t s  f o r  t h e  small ,  

y e t  d e t e c t a b l e ,  i n c r e a s e  i t 1  t h e  s i z e  of t h e  micelle a t  
t h i s  t r a n s i t i o n  ( f o r  a sample  wi th  weight  f r a c t i o n  CsPFO 

o f  0.55 t h e  v a l u e s  o f  A a re  88 a t  TIN a n d  113 a t  TNI) .17  

Bu t  i t s  e f f e c t  i s  q u i t e  small  compared  w i t h  t h e  o v e r a l l  

e f f e c t s  of c o n c e n t r a t i o n  and t empera tu re  (F igure  9) .  The 

l a s t  term S T ~ n  r e p r e s e n t s  t h e  c o n t r i b u t i o n  a r i s i n g  from 

i n t e r a c t i o n s  between micelles. 

- 8  

1 

1 

F i r s t ,  w e  s h a l l  c o n s i d e r ,  i n  the  l i g h t  of Eq. ( 1 1 ,  

t h e  g r o w t h  i n  t h e  mice l l e  s i z e  o b s e r v e d  a t  low c o n c e n t -  

r a t i o n s .  Here the micelles are s u f f i c i e n t l y  f a r  a p a r t  to  
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MICELLAR NEMATIC PHASES 51 

n e g l e c t  t h e  i n t e r m i c e l l a r  i n t e r a c t i o n s  a n d  so o n l y  t h e  

f i rs t  t h r e e  terms need  be c o n s i d e r e d .  T h i s  leads t o  

fl a Xp (0  < p < 1.0) wh ich  i s  t o  b e  compared  w i t h  t h e  

o b s e r v e d  b e h a v i o u r  17 a X o ~ ~ p F o .  The  v a l u e  p = 0.4 

c o r r e s p o n d s  t o  q u e n c h i n g  of t h e  r o t a t i o n a l  d e g r e e s  o f  

freedom, bu t  no t  t h e  t r a n s l a t i o n a l  ones. It is d i f f i c u l t  

t o  d e c i d e  w h e t h e r  t h i s  r e s u l t  h a s  real  s i g n i f i c a n c e !  

N e v e r t h e l e s s ,  t h e  i n i t i a l  g r o w t h  of t h e  micelle w i t h  

i n c r e a s i n g  c o n c e n t r a t i o n  can be unders tood  i n  terms o f  t h e  

i n t e r p l a y  o f  t h e  i n t r a m i c e l l a r  i n t e r a c t i o n s  w h i c h  c a u s e  

t h e  micelle t o  grow, and t h e  v a r i o u s  en t ropy  terms a l l  of 

which oppose its growth. 

Next, w e  t u r n  o u r  a t t e n t i o n  to  t h e  d i m i n u t i o n  i n  t h e  

s i z e  of the  micelles which occcur s  a t  h igh  concen t r a t ions .  
Here t h e  t e r m  i n v o l v i n g  t h e  i n t e r m i c e l l a r  i n t e r a c t i o n  

becomes  i m p o r t a i i t .  I t  c a n  be shown t h a t  t h e  s i g n  of  

dn/dX i s  s o l e l y  d e t e r m i t i e d  by t h a t  of dX,,/dX. If t h e  

force between t h e  micelles is r e p u l s i v e ,  XI, becomes more 

p o s i t i v e  upon i i i c r e a s i t i g  X a n d  h e n c e  dXn/dX a n d ,  c o n s e -  

q u e n t l y ,  dn/dX are  p o s i t i v e .  C o n v e r s e l y ,  i f  t h e  i n t e r -  

mice l la r  force i s  a t t r a c t i v e ,  t h e n  o n  i i i c r e a s i r i g  X,  X,, 

must become more nega t ive  so tha t  dXn/dX and, consequent- 
l y ,  dn/dX a re  n e g a t i v e .  F i g u r e  9 shows  t h a t  a t  h i g h  

c o n c e n t r a t i o n s  dn/dXCsPFO is nega t ive ,  c o n s i s t e n t  w i th  a 

n e t  a t t r a c t i v e  f o r c e  b e t w e e n  t h e  mice l les .  I t  c o u l d  be 

a r g u e d  t h a t  t h e  same b e h a v i o u r  would  o b t a i n  f r o m  a 

r e p u l s i v e  force which  became less r e p u l s i v e  a t  h i g h e r  

c o n c e n t r a t i o n &  Th i s  behaviour  would be expec ted  i f ,  f o r  

e x a m p l e ,  d o u b l e  l a y e r  c o u l o m b i c  r e p u l s i o n s  e n h a n c e  the 

e x c l u d e d  vo lume  d i m e n s i o n s  o f  t h e  micelle:22 a t  h i g h e r  
c o n c e n t r a t i o n s  t h e  Debye l e n g t h  would decrease r e s u l t i n g  

i n  a s h o r t e r  r a n g e  r e p u l s i v e  f o r c e .  B u t  s u c h  a n  i n t e r -  
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52 N.  BODEN er a[. 

p r e t a t i o n  is  not  c o n s i s t e n t  with the  behaviour observed a t  

low c o n c e n t r a t i o n s  where t h e r e  is no e v i d e n c e  f o r  any  

i n i t i a l  rapid growth i n  fl as would be required.  Thus, i t  

seems reasonable t o  conclude t h a t  a t  high concen t r a t ions  

t h e  g r o w t h  i n  s i z e  of t h e  micel le ,  d r i v e n  by t h e  i n t r a -  

m i c e l l a r  i n t e r a c t i o n s ,  i s  suppressed by a n e t  a t t r a c t i v e  

i n t e r m i c e l l a r  f o r c e  which appears t o  become s t r o n g e r  with 

i n c r e a s i n g  c o n c e n t r a t i o n .  T h i s  a t t r a c t i v e  f o r c e  is  

r e s p o n s i b l e  f o r  t h e  s t a b i l i t y  o f  t h e  small  d i s c o i d  

micelles a t  high concen t r a t ions  and hence the  s t a b i l i t y  of  

t he  nematic phase over such a wide range of concentrat ion.  

This is t h e  f irst  observat ion of the  ex i s t ence  of an 

a t t r a c t i v e  f o r c e  between charged micelles. It is q u i t e  a 

s u r p r i s i n g  r e s u l t  as  t h e  micelles c a r r y  a n e t  n e g a t i v e  

charge (55 pe r  cen t ,  o r  more, of the counter ions are bound 

a t  t he  mice l l e / so lu t ion  in t e r f ace ) .  The coulombic repul-  

s i o n  would have been expected t o  have dominated t h e  i n t e r -  

m i c e l l a r  i n t e rac t ion .  The nature  of t h e  a t t r a c t i v e  f o r c e  

is u n c l e a r .  Sogami and have ,  however ,  r e c e n t l y  

p roposed  t h a t  t h e  cou lombic  i n t e r a c t i o n  i n  a m a c r o i o n i c  

s y s t e m  may become  a t t r a c t i v e  a t  l a r g e  p a r t i c l e  

s e p a r a t i o n s .  I t  i s  s u g g e s t e d  t h a t  t h e  i n t e r a c t i o n  i s  

med ia t ed  by t h e  unbound c o u n t e r i o n s  and g i v e s  r ise t o  a 

secondary minimum i n  the  i n t e r m i c e l l a r  p o t e n t i a l  e n e r g y  

curve. The p o s i t i o n  of  t h i s  minimum is determined by the 

Debye l e n g t h  of  t h e  macro ions  which would be  c o n s i s t e n t  

with the  range of i n t e r m i c e l l a r  s epa ra t ions  i n  t h e  CsPFO/- 

water system. 

The e f f e c t  of temperature on the size of the  mice l l e  

can be understood i n  terms of i t s  e f f e c t  upon the  arrange-  

ment of the Cs+ i ons  bound a t  the  m i c e l l e / s o l u t i o n  i n t e r -  

face.  The s i m p l e s t  cons ide r s  t h a t  t he  Cs+ i ons  
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MICELLAR NEMATIC PHASES 53 

a r e  d i s t r i b u t e d  between two binding sites. I n  t h e  lowes t  

e n e r g y  s i t e ,  t h e  Cs' i o n s  a r e  i n t e r p o s e d  be tween  n e i g h -  

bouring negat ively charged carboxylate  groups, w h i l s t  i n  

t h e  h i g h e r  e n e r g y  s i t e  t h e  i o n s  are i n  a r e l a t i v e l y  

d i f f u s e  l a y e r  a t o p  t h e s e  g roups .  The p r o p o r t i o n  o f  C s '  

i ons  i n  t h e  lower energy s i tes  i s  expected t o  decrease as 
t h e  temperature is  raised; thus,  t h e r e  w i l l  be a concomi- 

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

a m p h i p h i l e  by a n  amount which i s  greater  t h e  l o w e r  t h e  

cu rva tu re  of  t he  in t e r f ace .  The n e t  effect  i s  t o  reduce 

t h e  magnitude o f  t h e  p a r a m e t e r  6 i n  Eq. ( 2 )  and t h e r e b y  

effect  a r educ t ion  i n  t h e  s i z e  of  t h e  micelle. C lea r ly ,  

t h e  r e s u l t s  show t h a t  t he  value of 6 depends upon both t h e  

i n t e r f a c i a l  t ens ion  and the  detai led arrrangement of the  

counter ions a t  the rn i ce l l e / so lu t ion  in t e r f ace .  L i t t l e  is  

known about how the  l a t t e r  v a r i e s  with concen t r a t ion  and 

temperature,  y e t  i t  is  a s u b j e c t  of  v i t a l  importance f o r  

understanding the s t a b i l i t y  of micellar so lu t ions .  

CONCLUSION 

We have shown t h a t  t o  prepare s t a b l e  nematic phases i t  is 

e s s e n t i a l  t o  consider  both the  i n t r a -  and i n t e r - m i c e l l a r  

i n t e r a c t i o n s .  The i n t r a m i c e l l a r  i n t e r a c t i o n  determines 

t h e  shape  of t h e  rnicelle and a l s o  g o v e r n s  i t s  g r o w t h  i n  

d i l u t e  so lu t ion .  Both can be con t ro l l ed  by appropr i a t e  

d e s i g n  o f  t h e  a m p h i p h i l i c  molecu le .  The s i z e  of  t h e  

micelle a t  high concen t r a t ions  is c o n t r o l l e d  by the  i n t e r -  

m i c e l l a r  f o r c e .  I n  t h e  case o f  t h e  CsPFO/water s y s t e m  

t h i s  f o r c e  i s  a t t r a c t i v e  and i t  i s  r e s p o n s i b l e  f o r  t h e  

s t a b i l i t y  of  t h e  small d i sco id  micelles a t  high concent- 
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54 N. BODEN ef al. 

r a t i o n s  and  h e n c e  t h e  s t a b i l i t y  of t h e  n e m a t i c  phase .  

I t  i s  impor t an t  t o  e s t a b l i s h  whether t h e  n e t  i n t e r m i c e l l a r  

f o r c e  is  a t t r a c t i v e  i n  a l l  nemat ic  phase  forming  systems. 

It w i l l  n o t  be p o s s i b l e  t o  comple t e ly  s p e c i f y  t h e  cr i ter ia  
f o r  t h e  p r e p a r a t i o n  of s t a b l e  mice l la r  n e m a t i c  p h a s e s  

u n t i l  t hese  f o r c e s  are p r o p e r l y  understood. 
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