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I. ABSTRACT 

The  p r o c e d u r e s  a n d  t h e  b a c k g r o u n d s  fo r  t h e  f o r m a t i o n  of m o n o d i s p e r s e d  

col loidal  p a r t i c l e s  a r e  r e v i e w e d ,  a l o n g  wi th  t h e  p e r s o n a l  v iew of t h e  a u t h o r ' s  

own,  b y  c l a s s i f y i n g  a wide  v a r i e t y  of t h e  s y s t e m s .  Th i s  a r t i c l e  c o n s i s t s  of 

t he  s i ze  d i s t r i b u t i o n  c o n t r o l  fo r  u n i f o r m  col loidal  s y s t e m s  w i th  t y p i c a l  

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

h a b i t  c o n t r o l  of  m o n o d i s p e r s e d  p a r t i c l e s .  
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II. INTRODUCTION 

The p rob l ems  of how to g e t  m o n o d i s p e r s e d  colloidal  p a r t i c l e s  (i.e., p a r t i c l e s  

un i fo rm in s ize ,  s h a p e  and  composi t ion)  and  how to co n t ro l  t h e i r  d e f i n i t e  

c r y s t a l  h a b i t s  a r e  of o b v i o u s  i m p o r t a n c e  no t  on ly  in t he  f ie ld  of p h y s i c a l  

c h e m i s t r y  dea l i ng  wi th  dynamic  b e h a v i o r  a n d  s t ab i l i t y  of  p a r t i c u l a t e  s y s t e m s ,  

b u t  a lso  in i n d u s t r i e s  i n c l u d i n g  c a t a l y s t s ,  ce ramics ,  p i g m e n t s ,  p h a r m a c y ,  

p h o t o g r a p h i c  emuls ions ,  e tc .  

The major  s i g n i f i c a n c e  of  m o n o d i s p e r s e d  p a r t i c l e s  may be a t t r i b u t e d  to t he  

u n i f o r m i t y  in p h y s i c o - c h e m i c a l  p r o p e r t i e s  of i n d i v i d u a l  p a r t i c l e s  in a 

d i s p e r s i o n  s y s t e m ,  wh ich  al lows us  to d i r e c t l y  c o r r e l a t e  t he  p r o p e r t i e s  as  a 

whole  s y s t e m  wi th  t h o s e  of each  pa r t i c l e  and  f ac i l i t a t e s  t h e  t h e o r e t i c a l  

a p p r o a c h .  The i n d u s t r i a l  i m p o r t a n c e  seems  to be due  to t he  p o t e n t i a l  

c a p a b i l i t y  fo r  t he  p r e c i s e  c o n t r o l  of t h e i r  own p r o p e r t i e s .  

Complying wi th  so many sc i en t i f i c  a n d  p r a c t i c a l  d e m a n d s ,  g r e a t  e f f o r t s  

h a v e  b e e n  d e v o t e d  to t h e  p r o b l e m s  r e g a r d i n g  the  p r e p a r a t i o n  of well d e f i n e d  

colloidal  p a r t i c l e s  o v e r  t h e  l a s t  s e v e r a l  d e c a d e s .  Spec i f ica l ly ,  i t  has  b e e n  

s h o w n  b y  Mati jevi6 and  his  c o w o r k e r s  ( ref .  1-8) t h a t  n u m e r o u s  colloidal  

d i s p e r s i o n s  of d i f f e r e n t  metal  ( h y d r o u s )  oxide p a r t i c l e s  which  a re  un i fo rm in 

s ize ,  s h a p e  and  compos i t ion  can  be p r e p a r e d  b y  h o m o g e n e o u s  p r e c i p i t a t i o n  in 

c lo sed  s y s t e m s ,  w h e r e a s  B e r r y  e t  al. ( ref .  9-11) and  Moisar and  Klein ( ref .  

12) o p e n e d  t h e  way of  p r e c i s e l y  c o n t r o l l e d  p r e p a r a t i o n  of m o n o d i s p e r s e d  

s i l ve r  ha l ides  by  t h e  c o n t r o l l e d  doub le  j e t  t e c h n i q u e  in o p e n  s y s t e m s  in t h e  

e a r l y  1960's. 

On t h i s  s u b j e c t ,  s e v e r a l  r e v i e w  a r t i c l e s  a r e  now avai lable ;  fo r  i n s t a n c e ,  by  

O v e r b e e k  (ref .  13) and  t h e  a u t h o r  ( ref .  14) in a d d i t i o n  to t h o s e  by  Mati jevi6 

c i t ed  a b o v e  ( ref .  1-8).  From t h e s e  a r t i c l e s ,  r e a d e r s  will no t ice  r e m a r k a b l e  

a d v a n c e  in t h e  f ie ld ,  b u t  a lso  will f i nd  t h a t  a g r e a t  many f a c t o r s  h a v e  a 

d e c i s i v e  i n f l u e n c e  on t h e  p r e p a r a t i o n  of  m o n o d i s p e r s e d  colloidal  p a r t i c l e s ,  

d e p e n d i n g  on the  i n d i v i d u a l  c a se s .  I n d e e d ,  many k i n d s  of t r i a l s  a n d  

s c r u p u l o u s  t e c h n i q u e s  a r e  normal ly  n e e d e d ,  so fa r ,  to r e a c h  a f a i r l y  un i fo rm 

s y s t e m .  

In v iew of t h e s e  s i t u a t i o n s ,  i t  s eems  to be h i g h l y  d e s i r a b l e  to r e s o l v e  t h e  

g e n e r a l  r e q u i r e m e n t s  fo r  t he  p r e p a r a t i o n  of  un i fo rm and  well d e f i n e d  colloidal  

p a r t i c l e s  wh ich  could  lead us  to a s y s t e m a t i c  u n d e r s t a n d i n g  of  t h e  v a r i o u s  

c a s e s  a p p a r e n t l y  u n r e l a t e d  to each  o t h e r .  

Thus ,  t h e  p r e s e n t  a r t i c l e  is  an  a t t e m p t  to g ive  c o n s i s t e n t  i n t e r p r e t a t i o n s  

to t h e  fo rma t ion  of well  d e f i n e d  colloidal  p a r t i c l e s ,  spec i f i ca l ly  un i fo rm in 

s ize  and  s h a p e  b y  r e f e r e n c e  to t he  c u r r e n t  examples .  



III. SIZE DISTRIBUTION CONTROL 

A. R e q u i r e m e n t s  fo r  m o n o d i s p e r s e  col loidal  s y s t e m s  

T h e r e  a r e  s e v e r a l  g e n e r a l  c o n d i t i o n s  to o b t a i n  m o n o d i s p e r s e  col loidal  

s y s t e m s  a s  fol lows: 

1. S e p a r a t i o n  b e t w e e n  n u c l e a t i o n  a n d  g r o w t h .  Fig.  l a  is  t h e  well k n o w n  

LaMer d i a g r a m  (ref .  15). The  c o n c e n t r a t i o n  of s o l u t e  (monomers )  i s  bu i l t  u p  

in S t a g e  I, fo r  i n s t a n c e ,  by  slow d e c o m p o s i t i o n  of i n e r t  c o m p o u n d s  g e n e r a t i n g  

t he  m o n o m e r s ,  o r  f o r m a t i o n  of some s p a r i n g l y  so lub l e  c omp le xe s  a s  p r e c u r s o r s  

of  t h e  p r e c i p i t a t e s ,  or  o t h e r  m e a n s .  D u r i n g  t h i s  s t a t e ,  no p r e c i p i t a t i o n  t a k e s  

p lace .  When t h e  s o l u t e  c o n c e n t r a t i o n  C r e a c h e s  C*mi n t h e  n u c l e a t i o n  s t a g e  

( S t a g e  II) s e t s  in. In  t h i s  s t a g e ,  C s t i l l  k e e p s  c l imb ing  fo r  a while  a n d  t h e n  

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

n u c l e a t i o n .  When C r e a c h e s  C*mi n a g a i n ,  t h e  n u c l e a t i o n  comes  to a n  e nd .  

F ina l ly ,  t h e  g r o w t h  s t a g e  ( S t a g e  III) e n s u e s  u n t i l  t h e  c o n c e n t r a t i o n  of s o l u t e  

is  l owered  c lose  to t h e  s o l u b i l i t y  l eve l  Cs. 
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Fig.  1. (a) The  LaMer model  fo r  m o n o d i s p e r s e d  p a r t i c l e  f o r m a t i o n  (Cs: 
s o lub i l i t y ;  C,rain:  min imum c o n c e n t r a t i o n  fo r  n u c l e a t i o n ;  C,max:  maximum 
c o n c e n t r a t i o n  fo r  n u c l e a t i o n ;  I: p r e n u c l e a t i o n  pe r iod ;  II: n u c l e a t i o n  pe r iod ;  III: 
g r o w t h  p e r i o d )  ( ref .  15). (b) P r e c i p i t a t i o n  r a t e  for  n u c l e a t i o n  a n d  g r o w t h  a s  
a f u n c t i o n  of s o l u t e  c o n c e n t r a t i o n ,  w h e r e  t h e  g r o w t h  c u r v e  is  t h e  one  fo r  a 
g i v e n  a m o u n t  of  s e e d  p a r t i c l e s .  

If  t h e  n u c l e a t i o n  r a t e  i s  no t  h i g h  e n o u g h  (and  t h u s  t h e  s o l u t e  

c o n c e n t r a t i o n  C l i n g e r s  b e t w e e n  C*mi n a n d  C ' m a x ) ,  g r o w t h  of t he  p a r t i c l e s  

m u s t  o c c u r  a t  t h e  s ame  t ime.  In  s u c h  a c a s e ,  a m o n o d i s p e r s e  d i s p e r s i o n  may  

no t  be  o b t a i n e d .  T h u s ,  d e f i n i t e  s e p a r a t i o n  b e t w e e n  t h e  n u c l e a t i o n  a n d  t h e  

g r o w t h  s t a g e s  is  t h e  f i r s t  r e q u i r e m e n t  fo r  u n i f o r m  p a r t i c l e  f o rma t ion .  
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On t h e  o t h e r  h a n d ,  Fig.  l b  i s  a d i a g r a m  fo r  p r e c i p i t a t i o n  r a t e  v e r s u s  

s o l u t e  c o n c e n t r a t i o n .  If  t h e  n u c l e a t i o n  r a t e  s o a r s  a s  s h a r p l y  a s  n u c l e a t i o n  

c u r v e  a imimed ia t e ly  a f t e r  C e x c e e d s  C*mi n or  if t h e  s lope  of t h e  g r o w t h  

c u r v e  is  a s  low a s  t h e  s o l u t e  c o n c e n t r a t i o n  a t  t h e  i n t e r s e c t i o n  wi th  t h e  

n u c l e a t i o n  c u r v e  b e i n g  c lose  to C,rain,  t h e  r e q u i r e m e n t  will be idea l ly  met.  

N e e d l e s s  to s a y ,  t h e  mos t  idea l  s i t u a t i o n  is  t h e  c o m b i n a t i o n  of a s t r o n g  

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

T h i s  i s  w h y  t h e  g r o w t h  r a t e s  of  m o n o d i s p e r s e d  p a r t i c l e s  a r e  m o s t l y  v e r y  low. 

However ,  in  a g e n e r a l  c a s e  l ike n u c l e a t i o n  c u r v e  b, t h e  r e q u i r e m e n t  would 

be  s a t i s f i e d  o n l y  w h e n  C is  l imi ted  to t h e  l eve l  s l i g h t l y  a b o v e  C,rain,  s i n c e  C 

c a n  so o n  g e t  b a c k  below C*mi n fo l lowing  a s h o r t  n u c l e a t i o n  pe r i od .  T h u s ,  

t h e  l o n g  s t a y  a t  a t o o - h i g h  s u p e r s a t u r a t i o n  a b o v e  C*mi n m u s t  be a v o i d e d  fo r  

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

One of t h e  e x t r e m e  m e a s u r e s  to s e p a r a t e  g r o w t h  f rom n u c l e a t i o n  may  be 

t h e  " s e e d i n g "  a s  s h o w n  b y  Z s i g m o n d y  fo r  go ld  col lo ids  ( ref .  16), w h e r e  s e e d  

c r y s t a l s  a r e  i n t r o d u c e d  in to  a monomer  s o l u t i o n  u n d e r  a r e l a t i v e l y  low 

s u p e r s a t u r a t i o n  below C*mi n.  

In  t h e  a u t h o r ' s  op in ion ,  t h e  same  e f f e c t  may  be  r e a l i z e d  by  pH down fo r  

h y d o l y s e s  of  meta l  i ons ,  d i l u t i o n  wi th  s o l v e n t ,  a d d i t i o n  of c h e l a t i n g  a g e n t ,  o r  

a q u i c k  c h a n g e  of  t h e  t e m p e a t u r e  i m m e d i a t e l y  a f t e r  a l imited n u c l e a t i o n ,  

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

in to  t h e  lower  s u p e r s a t u r a t i o n  below C*mi n ( " s u p e r s a t u r a t i o n  q u e n c h i n g " } .  

2. I n h i b i t i o n  of c o a g u l a t i o n .  Once p a r t i c l e s  a r e  in d i r e c t  c o n t a c t ,  t h e y  

o f t e n  a d h e r e  to e a c h  o t h e r  i r r e v e r s i b l y ;  in  some c a s e s ,  t h e y  a r e  s u b j e c t  to 

" c o n t a c t  r e c r y s t a l l i z a t i o n "  ( re f .  17). I n  t h e  l a t t e r ,  p a r t i c l e s  in  c o n t a c t  a r e  

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

t h e  p a r t i c l e s  o n t o  t h e  c o n t a c t  p o i n t s .  T h u s ,  a s  a r u l e ,  i n h i b i t i o n  of 

c o a g u l a t i o n  is  n e c e s s a r y  fo r  t h e  p r e p a r a t i o n  of  m o n o d i s p e r s e d  p a r t i c l e s .  

a) Use  of  t h e  e l e c t r i c  d o u b l e  l a y e r .  As a t y p i c a l  m e a s u r e  a g a i n s t  

c o a g u l a t i o n ,  it  i s  well  k n o w n  t h a t  t h e  e l e c t r i c  d o u b l e  l a y e r s  of  c h a r g e d  

p a r t i c l e s  e x e r t  r e p u l s i v e  f o r c e  a g a i n s t  e a c h  o t h e r  w h i c h  is  a f u n c t i o n  of z e t a  

p o t e n t i a l  a n d  t h e  Debye  l e n g t h .  A c c o r d i n g l y ,  p r e c i p i t a t i o n  f rom a 

h o m o g e n e o u s  s o l u t i o n  is  n o r m a l l y  c a r r i e d  o u t  in  a r a n g e  a w a y  f rom t h e  p o i n t  

of  z e ro  c h a r g e  a n d  in  a low ionic  s t r e n g t h .  

b) Use  of ge l  n e t w o r k .  I f  a g e l - l i k e  p r e c u r s o r  p r e c i p i t a t e s  fo l lowed b y  

n u c l e a t i o n  of t h e  f ina l  p r o d u c t  t h e r e o n ,  all p a r t i c l e s  g r o w i n g  f rom t h e  n u c l e i  

a r e  e x p e c t e d  to be  p i n n e d  down  on  t h e  s u b s t r a t e  so  t h a t  t h e  i n t e r a c t i o n  

a m o n g  t h e m  will be  minimized .  T h i s  e f f e c t  a p p e a r s  to be  i n v o l v e d  in  some 

h e t e r o g e n e o u s  s y s t e m s  ( re f .  18,19) a s  will be  d i s c u s s e d  l a t e r  in de ta i l .  

c) Use  of  p r o t e c t i v e  a g e n t s .  One of t h e  mos t  e f f e c t i v e  w a y s  to s t a b i l i z e  

l y o p h o b i c  col loidal  p a r t i c l e s  may  be  t h e  u s e  of p r o t e c t i v e  a g e n t s ,  i n c l u d i n g  
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lyoph i l i c  p o l y m e r s ,  s u r f a c t a n t s  a n d  c o m p l e x i n g  a g e n t s ,  w h ic h  a r e  a d s o r b e d  on 

t he  p a r t i c l e s ;  it  i s  b e l i e v e d  t h a t  s t a b i l i z a t i o n  o c c u r s  ma in ly  t h r o u g h  a 

r e p u l s i v e  f o r c e  d u e  to t he  Coulombic  r e p u l s i o n  a n d / o r  t h e  osmot ic  p r e s s u r e  

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

of  t he  i n d i v i d u a l  p a r t i c l e s  ( re f .  20). 

Thie le  a n d  Van L e v e r n  ( ref .  21) e v a l u a t e d  t h e  a b i l i t y  in s t a b i l i z a t i o n  of 

col loidal  gold fo r  m a n y  k i n d s  of  p r o t e c t i v e  col lo ids ,  d e f i n i n g  t he  " p r o t e c t i v e  

v a l u e " .  T h e y  f o u n d  p o l y a c r y l i c  ac id  h y d r a z i d e ,  g e l a t i n  a n d  

p o l y - N - v i n y l - 5 - m e t h o x a z o l i d o n  to be  t h e  mos t  p o w e r f u l  p r o t e c t i v e  a g e n t s .  

3. Choice  of g r o w t h  modes .  A col loidal  p a r t i c l e  g r o w s  b y  a s e q u e n c e  of 

monomer  d i f f u s i o n  t o w a r d  t h e  s u r f a c e  a n d  t h e  r e a c t i o n  of m o n o m e r s  on t h e  

s u r f a c e ,  a s  s h o w n  in Fig.  2a. Here,  C b is  t he  bu lk  c o n c e n t r a t i o n  of 

m o n o m e r s ,  C i is  t h e  monomer  c o n c e n t r a t i o n  a t  t h e  i n t e r f a c e ,  C e i s  t he  

s o l u b i l i t y  of t h e  p a r t i c l e  a s  a f u n c t i o n  of i t s  r a d i u s  a n d  ~ is t h e  t h i c k n e s s  of  

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

B r o w n i a n  mot ion  of t h e  p a r t i c l e  ( ref .  22). 

a) 
/ 
/ 
/ 
/ 
/ 

¢ 
> 
/ 

diffusion Zbulk 
layer ~solution 

Ce 

b) 

• / f  
• / 

° ! 

I ! 

\ \ / , ]  
- -  / 

Fig.  2. (a) The  p ro f i l e  of  s o l u t e  c o n c e n t r a t i o n  in  a d i f f u s i o n  l a ye r .  (b) The  
d i f f u s i o n  l a y e r  a r o u n d  a s p h e r i c a l  pa r t i c l e .  

Fig. 2b is  t h e  s c h e m e  of  t h e  d i f f u s i o n  l a y e r  a r o u n d  a s p h e r i c a l  p a r t i c l e  

d e l i n e a t e d  f rom a more  m a c r o s c o p i c  v i e w p o i n t ,  w h e r e  r i s  t h e  p a r t i c l e  r a d i u s  

a n d  x is  t h e  d i s t a n c e  f r o m  t h e  c e n t e r  of  t h e  pa r t i c l e .  The  to ta l  f lux  of  

m o n o m e r s ,  J,  p a s s i n g  t h r o u g h  a s p h e r i c a l  s u r f a c e  wi th  r a d i u s  x w i th in  t he  

d i f f u s i o n  l a y e r  i s  w r i t t e n  b y  F i c k ' s  f i r s t  law as :  
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j = 4~x2D dC , (1) 

w h e r e  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a n d  C i s  t h e  m o n o m e r  c o n c e n t r a t i o n  a t  x. 

J i s  c o n s t a n t  i r r e s p e c t i v e  o f  x, i n a s m u c h  a s  t h e  d i f f u s i o n  o f  m o n o m e r s  t o w a r d  

t h e  p a r t i c l e  i s  in  a s t e a d y  s t a t e .  T h u s ,  t h e  i n t e g r a t i o n  o f  C(x) f r o m  r + 6 to  

r w i t h  r e g a r d  to  x g i v e s :  

j = 4~,Dr(r+6) 
6 (c b - c i) (2) 

Then the diffusion process is followed by the surface reaction written as: 

J = 4wr2k(C i - C e) , (3) 

where a simple first-order reaction is postulated and k is the rate constant. 

It follows from Eqs. 2 and 3 that: 

C. -C 
i e D II+ ) (41 

C b - C i - kr 

a) p . i f f u s i o n - c o n t r o l l e d  g r o w t h .  I f  D << k r  in  Eq.  4, i t  f o l l o w s  t h a t  C i = 

C e.  I n  t h i s  c a s e ,  t h e  p a r t i c l e  g r o w t h  i s  c o n t r o l l e d  b y  t h e  m o n o m e r  d i f f u s i o n  

( " d i f f u s i o n - c o n t r o l l e d  g r o w t h " ) .  R e p l a c i n g  C i i n  Eq.  2 w i t h  Ce,  o n e  o b t a i n s  

t h a t :  

4~DrIr+6) (C b - C e) (5) J= 6 

J is related, on the other hand, with dr/dt as: 

4wr 2 dr 
J =-~---~ , (6) 

m 

where V m is the molar volume of the solid; therefore, dr/dt can be written as: 

dr °e) (7) ~= 

Eq. 7 means that dr/dr is lowered with an increase in r. In other words, the 

size distribution becomes narrower with particle growth if (C b - C e) can be 

regarded virtually constant. In fact, the following relation is readily derived 

from Eq. 7: 

6 
&r = I + ~ , (8) 

r 

where &r is the s t andard  deviation of the size d i s t r ibu t ion  and r is  the mean 

par t ic le  radius .  We are  able to choose such a condition in some given 

s y s t e m s  a s  wil l  b e  s h o w n  l a t e r .  



b) R e a c t i o n - c o n t r o l l e d  g r o w t  h . I f  D >> k r  in Eq. 4, t h e n  C b = C i a n d  t h e  

g r o w t h  r a t e  is  l imi ted  b y  t h e  s u r f a c e  r e a c t i o n  of  m o n o m e r s .  T h u s ,  one  

o b t a i n s  f r o m  Eqs .  3 a n d  6 t h a t :  

d r  
d t  - kVm(C b - C e)  (9) 

Eq. 9 m e a n s  t h a t  d r / d t  is  i n d e p e n d e n t  of  t h e  p a r t i c l e  s i ze  a n d  t h a t  a r  

r e m a i n s  c o n s t a n t  t h r o u g h o u t  t h e  g r o w t h .  As a c o n s e q u e n c e ,  t h e  r e l a t i v e  

s t a n d a r d  d e v i a t i o n ,  ar/~, is  r e d u c e d  in t h e  c o u r s e  of  g r o w t h .  T h i s  is t h e  

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

t w o - d i m e n s i o n a l  d i f f u s i o n  to  f o r m  a n  a m o r p h o u s  sol id  o r  w h e n  t h e  

t w o - d i m e n s i o n a l  g r o w t h  r a n g e  of  e a c h  n u c l e a r  s t e p  on  a m i c r o c r y s t a l  is  f a i r l y  

l imi ted  b y  t h e  f a s t  n u c l e a t i o n  on  t h e  s u r f a c e .  The  l a t t e r  c a s e  i s  t h e  so  

ca l led  " p o l y n u c l e a r - l a y e r  g r o w t h "  ( r e f .  23). 

H o w e v e r ,  if  t h e  t w o - d i m e n s i o n a l  g r o w t h  of  t h e  n u c l e i  o n  t h e  s u r f a c e  of  a 

p a r t i c l e  is  e x t r e m e l y  r a p i d  a s  c o m p a r e d  to t h e  t w o - d i m e n s i o n a l  n u c l e a t i o n  

r a t e ,  t h e  who le  s u r f a c e  of  t h e  p a r t i c l e  will be  c o v e r e d  w i t h  a n e w  sol id  l a y e r  

i n i t i a t e d  b y  a s i n g l e  n u c l e u s .  T h i s  r e a c t i o n  mode  is  r e f e r r e d  to a s  

" m o n o n u c l e a r - l a y e r  g r o w t h "  ( r e f .  23). I n  t h i s  s p e c i a l  c a s e ,  d r / d t  is  

p r o p o r t i o n a l  to t h e  s u r f a c e  a r e a  of  t h e  p a r t i c l e  as :  

d r  
d-t = k ' r 2  (10) 

T h u s ,  t h e  s i ze  d i s t r i b u t i o n  m u s t  g e t  b r o a d e r  w i t h  t h e  p r o g r e s s  of  p a r t i c l e  

g r o w t h .  F r o m  Eq.  10, o n e  may  n o t i c e  t h a t  t h i s  m e c h a n i s m  is  p o s s i b l e  (if a t  

all) o n l y  in t h e  v e r y  e a r l y  s t a g e  o f  p a r t i c l e  g r o w t h  s i n c e  o t h e r w i s e  r r e a c h e s  

i n f i n i t y  in  a f i n i t e  t ime (i.e.,  r - 1  = r~  1 - k ' t ) .  

4. G i b b s - T h o m s o n  e f f e c t .  S t r i c t l y  s p e a k i n g ,  t h e  t e r m  C b - C e in Eqs .  7 

a n d  9 is  no t  i n d e p e n d e n t  of  t h e  p a r t i c l e  s i ze ,  i n a s m u c h  a s  C e is  a f u n c t i o n  of  

t h e  p a r t i c l e  r a d i u s  b a s e d  o n  t h e  G i b b s - T h o m s o n  e q u a t i o n :  

12%1 
C e = C , . exP / r - - '~ ]  • (11) 

where C. is the solubility of the solid with infinite dimensions, ¢ is the 

specific surface energy, R is the gas constant and T is the absolute 

temperature. 

If 2¢Vm/rRT << 1, C e is approximated as: 

C e • C® 1 + r--~--- I . (12) 

C b is written likewise as: 

• c l + r ~ l ,  (13) 
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w h e r e  r* is  t h e  p a r t i c l e  r a d i u s  in equ i l ib r ium wi th  t h e  bulk  solu t ion .  

In t he  ca se  of a t yp i ca l  d i f f u s i o n - c o n t r o l l e d  g r o w t h  wi th  t he  i n f in i t e  

d i f f u s i o n  l a y e r  {~ -- ~ in  Eq. 7), a combina t ion  of Eqs.  7, 12 and  13 y ie lds :  

d r  KDll 1 I (14) 
d t  - 7 r l 

where :  

2aDV2C 
m - (15) KD" RT 

Under a constant r* ,  one obtains from I~q. 14 that: 

gO ar  2 1 d{Ar) . (16) 
dt " - ~ ( ~  - r-S) ' 

r 

w h e r e  a r a t h e r  n a r r o w  s ize  d i s t r i b u t i o n  is  a s s u m e d ,  while Ar is  t he  s t a n d a r d  

d e v i a t i o n  of t h e  s ize  d i s t r i b u t i o n  and  7 is  t h e  mean p a r t i c l e  r a d i u s .  

A c c o r d i n g l y ,  i t  fol lows t h a t  

r d lAr l  > 0 f o r  ~-~ < 2 
d t  

(17) 
d ( a r )  t 0 f o r  ~-~ • 2 

d t  - " " 

Thus ,  if  r / r *  is l e s s  t h a n  2, ar  t e n d s  to i n c r e a s e ;  i .e. ,  t h e  s ize  d i s t r i b u t i o n  

becomes  b r o a d e r  u n d e r  low s u p e r s a t u r a t i o n .  This  seems  to be the  u n d e r l y i n g  

p h y s i c a l  mean ing  of t he  G i b b s - T h o m s o n  e f f e c t  r e p o r t e d  by  Wey and  S t r o n g  

( ref .  24), making  t h e  s ize  d i s t r i b u t i o n  b r o a d e r  e v e n  in d i f f u s i o n - c o n t r o l l e d  

g r o w t h .  

On the  o t h e r  h a n d ,  Ar t e n d s  to d e c r e a s e  fo r  r / r *  > 2; i.e.,  t he  s ize  

d i s t r i b u t i o n  becomes  n a r r o w e r  wi th  t he  p r o g r e s s  of g r o w t h  w h e n  t h e  

s u p e r s a t u r a t i o n  is k e p t  h igh  e n o u g h  as  c o m p a r e d  to t h e  so lub i l i t y  of t he  

p a r t i c l e s  of t h e  mean size.  This  is  in a c c o r d  wi th  t he  a f o r e m e n t i o n e d  g e n e r a l  

t r e n d  of  d i f f u s i o n - c o n t r o l l e d  g r o w t h  w h e r e  t he  G i b b s -T h o ms o n  e f f e c t  was 

i g n o r e d .  These  s i t u a t i o n s  may be  r ead i l y  u n d e r s t o o d  wi th  t he  d iag ram of  

Fig. 3. T h e r e f o r e ,  t he  bulk  c o n c e n t r a t i o n  of  so lu te ,  C b, shou ld  be se t  as  

h igh  as  j u s t  below t h e  c r i t i ca l  s u p e r s a t u r a t i o n  in o r d e r  to p romote  

m o n o d i s p e r s i t y  in d i f f u s i o n - c o n t r o l l e d  g r o w t h .  

In  t he  case  of s imple  f i r s t - o d e r  r e a c t i o n - c o n t r o l l e d  g r o w t h ,  d r / d t  may be 

w r i t t e n  f rom Eqs .  9,12 a n d  13 as:  

d r  
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w h e r e :  

2akV2C 
m ~ (19) 

i 
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I 
Fig.  3. [ d ~ / d t ] / K  D or  [ d l n ( A r ) / d t ] / K  D a s  a f u n c t i o n  of r fo r  
d i f f u s i o n - c o n t r o l l e d  g r o w t h  wi th  t h e  i n f i n i t e  d i f f u s i o n  l aye r ;  t h e  s ize  
d i s t r i b u t i o n  is  b r o a d e n e d  fo r  r < 2r*,  while  n a r r o w e d  fo r  r > 2r*.  

S imi lar ly ,  d ( a r ) / d t  is  g i v e n  as :  

dIArl KRAr 
(20). 

dt - ~2 
r 

Thus, d{Ar)/dt is positive for any r so that some broadening of distribution 

takes place all the time in the simple reaction-controlled growth due to the 

Gibbs-Thomson effect. In addition, since dAr)/dt is independent of r*, the 

broadening effect is inevitable, no matter how high the supersaturation is. 

5. Reserve of monomers. In order to reconcile the two conflicting demands 

of a m o d e r a t e  s u p e r s a t u r a t i o n  a n d  an  ample  q u a n t i t y  of  m o n o m e r s  fo r  h i g h  

y ie ld  of p r o d u c t ,  monomer  r e s e r v o i r s  s h o u l d  be  bu i l t  in  in i n d i v i d u a l  

s y s t e m s .  For  i n s t a n c e ,  c o m p l e x i n g  a g e n t s  s u c h  a s  c i t r i c  ac id ,  EDTA, 

t r i e t h a n o l a m i n e ,  e tc . ,  s h i e l d  a l a r g e  a m o u n t  of  m u l t i v a l e n t  meta l l ic  c a t i o n s .  

T h u s ,  i f  one  of t h e s e  c o m p l e x e s  is  e m p l o y e d  a s  a so lu t e ,  t h e  too h i g h  

s u p e r s a t u r a t i o n  a n d  t h e  e x c e s s i v e  ionic  s t r e n g t h  wi th  m u l t i v a l e n t  c a t i o n s  c a n  

be  m o d e r a t e d  a t  t h e  s ame  t ime.  T h e s e  e f f e c t s  p r e v e n t  b o t h  c o n c u r r e n t  

n u c l e a t i o n  a n d  c o a g u l a t i o n  in  t h e  g r o w t h  s t a g e  w i t h o u t  l o w e r i n g  t h e  p r o d u c t  
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yield  t h r o u g h  c o n s t a n t  r e l e a s e  of t he  metal  ions .  In  t he  same man n e r ,  

t h ioace t amide  w o r k s  as  a r e s e r v o i r  of s u l f u r  fo r  t h e  p r e p a r a t i o n  of metal  

su l f ides ;  monomer d r o p l e t s  r e l e a s e  t he  monomers  in to  t he  a q u e o u s  medium in 

an emuls ion  po lymer i za t i on  s y s t e m s  and  w a t e r  s o l v e n t  s e r v e s  as  a r e s e r v o i r  

of h y d r o x i d e  ions  fo r  t h e  h y d r o l y s i s  of metal  ions  in an a q u e o u s  so lu t ion  a t  

low pH. If  h y d r o l y s i s  h a s  to be c a r r i e d  ou t  in t he  n e u t r a l  pH r a n g e  b e c a u s e  

of t he  h i g h  so lub i l i t y  p r o d u c t  of  t he  solid,  some b u f f e r  s y s t e m  may be 

r e q u i r e d  to keep  t h e  h y d r o x i d e  c o n c e n t r a t i o n  at  an a d e q u a t e  level .  Thus ,  

t h e  b u f f e r  s y s t e m  is a r e s e r v o i r  of h y d r o x i d e .  F u r t h e r m o r e ,  a solid 

p r e c u r s o r  a c t s  as  a r e s e r v o i r  of t h e  so lu te  in a h e t e r o g e n e o u s  s y t e m s ,  w h e r e  

i t  p r e c i p i t a t e s  in a d v a n c e ,  fol lowed by  t h e  t r a n s f o r m a t i o n  or  t he  

r e c r y s t a l l i z a t i o n  to yie ld  t h e  f ina l  p r o d u c t .  

Hence,  some r e s e r v o i r  of monomers  is  most ly  i n d i s p e n s a b l e  fo r  a 

m o n o d i s p e r s e  sy s t em.  The c o n c r e t e  examples  will be s h o w n  in t he  nex t  p a r t .  

B. Typica l  m o n o d i s p e r s e  s y s t e m s  

In t h i s  a r t i c l e ,  m o n o d i s p e r s e  s y s t e m s  a r e  c l a s s i f i ed  in to  t h e  h o m o g e n e o u s  

s y s t e m  or  t h e  h e t e r o g e n e o u s  one  a c c o r d i n g  to t h e  n u m b e r  of p h a s e s  in a 

sy s t em.  E s s e n t i a l l y ,  t he  h o m o g e n e o u s  s y s t e m  c o n s i s t s  of one  p h a s e ,  w h e r e  

t he  monomer  r e s e r v o i r  is  normal ly  bu i l t  in in t h e  form of  so lu te .  

P r e c i p i t a t i o n  of t he  f ina l  p r o d u c t  t a k e s  p lace  d i r e c t l y  (at l ea s t  o u t w a r d l y )  

f rom t h e  h o m o g e n e o u s  so lu t ion .  A l a r g e  n u m b e r  of  r e a c t i o n s  be long  to t h i s  

c a t e g o r y ,  s u c h  as:  1) t h e  r e d o x  r eac t ion ;  2) p r e c i p i t a t i o n  by  poor  s o l v e n t s ;  3) 

d i r e c t  r e a c t i o n  of  ions;  4) r e a c t i o n  of  che l a t e s ;  5) decompos i t ion  of 

c o m p o u n d s ;  6) h y d r o l y s i s  in o r g a n i c  media; and  7) h y d r o l y s i s  in a q u e o u s  

media.  

The h e t e r o g e n e o u s  s y s t e m  is composed  of  more t h a n  one  p h a s e  (most ly  

two) p r i o r  to t he  p r e c i p i t a t i o n  of t h e  f inal  p r o d u c t .  The monomers  a r e  

r e s e r v e d  in one  or  each  of them,  w h e r e a s  t h e  p r e c i p i t a t i o n  of t h e  f ina l  

p r o d u c t  t a k e s  p lace  in  one  of t h e s e  p h a s e s .  Var ious  c h a r a c t e r i s t i c  s y s t e m s  

a r e  i n c l u d e d  in  t h i s  c a t e g o r y ,  s u c h  as:  1) p h a s e  t r a n s f o r m a t i o n  t h r o u g h  

a q u e o u s  media; 2) r e c r y s t a l l i z a t i o n  t h r o u g h  a q u e o u s  media; 3) emuls ion  

po lymer iza t ion ;  4) r e a c t i o n  in microemuls ions ;  a n d  5) r e a c t i o n  in ae roso l s .  

Typica l  examples  of t h e s e  m o n o d i s p e r s e  s y s t e m s  a r e  summar ized  in t h e  

fol lowing s e c t i o n  a long  wi th  some e l u c i d a t i o n s  which  were  t r i e d  as  to t h e  

b a c k g r o u n d s  of  t h e  i n d i v i d u a l  c a se s .  

1. Homogeneous  s y s t e m s  

a) Redox r eac t ion .  Zs igmondy  ( ref .  25) o b t a i n e d  m o n o d i s p e r s e d  gold (Au) 

sols  b y  r e d u c i n g  c h l o r o a u r i c  acid  wi th  f o r m a l d e h y d e .  He a lso  f o u n d  t h a t  

m o n o d i s p e r s e d  gold  col lo ids  w e r e  r e a d i l y  p r o d u c e d  by  u s i n g  F a r a d a y ' s  gold  

sols  (ca. 3 nm in mean s ize)  as  s e e d  c r y s t a l s  wi th  h igh  r e p r o d u c i b i l i t y  ( ref .  

16). 
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Takiyama ( ref .  26) and  T u r k e v i c h  e t  al. ( ref .  27) i mp ro v ed  Z s i g m o n d y ' s  

method  by  r e d u c i n g  c h l o r o a u r i c  acid  wi th  sodium c i t r a t e  and  o b t a i n e d  

s p h e r i c a l  gold p a r t i c l e s  of 200 • in mean d i ame te r  wi th  h igh  un i fo rmi ty .  The 

c i t r a t e  a p p e a r e d  to work  as  a p r o t e c t i v e  a g e n t  a g a i n s t  coagu la t ion  by  

a d s o r p t i o n  of the  gold s u r f a c e s .  In add i t i on ,  t h e  e x t e n s i v e  e x p e r i m e n t a t i o n  

fo r  t he  p r o p e r  c o n d i t i o n s  of t e m p e r a t u r e  and  c o n c e n t r a t i o n  of t he  r e a c t a n t s  

seems  to be bas i ca l ly  an e n d e a v o r  to avoid  the  c o n c u r r e n t  nuc l ea t i on  d u r i n g  

g r o w t h .  

Watillon e t  al. ( ref .  28,29) o b t a i n e d  h i g h l y  m o n o d i s p e r s e d  se len ium (Se) 

p a r t i c l e s  (40 ~ 500 nm) by  r e d u c i n g  s e l e n i o u s  acid wi th  h y d r a z i n e  (ref .  28} 

or  h y d r o x a m i n e  ( ref .  29) in t h e  p r e s e n c e  of f o r e i g n  nuc le i  of gold.  

S a p i e s z k o  and  Mati jevid ( ref .  30) p r e p a r e d  s p h e r i c a l  n icke l  (Ni) p a r t i c l e s  

wi th  a n a r r o w  s ize  d i s t r i b u t i o n  by  r e d u c i n g  a Ni-EDTA complex wi th  h y d r o g e n  

p e r o x i d e  in h igh ly  bas ic  media a t  250°C. Similar n icke l  p a r t i c l e s  were  also 

o b t a i n e d  wi th  h y d r a z i n e  in p lace  of h y d r o g e n  pe rox ide .  In t h e s e  s y s t e m s ,  

decompos i t i on  of EDTA a n d  r e d u c t i o n  of N 2+ ions  took place  a t  t he  same time. 

Ottewill  and  Woodbr idge  ( ref .  31) o b t a i n e d  m o n o d i s p e r s e d  s i l ve r  b romide  

(AgBr) by  r e d u c i n g  BrO2 wi th  n i t r o u s  acid a t  pH 3 in t he  p r e s e n c e  of s i l ve r  

ions .  

McFadyen  and  Mati jevid ( ref .  32) p r e p a r e d  m o n o d i s p e r s e d  c u p r o u s  oxide 

(Cu20; 0.3 ~ 1.6 pro) by  r e d u c i n g  a c u p r i c  t a r t r a t e  complex wi th  g lucose .  A 

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

Chiu and  Meehan (ref .  33) p r e c i p i t a t e d  un i fo rm s u l f u r  (S) p a r t i c l e s  by  

ox id iz ing  h y d r o g e n  su l f ide  in a q u e o u s  so lu t i ons  wi th  air .  The g r o w t h  

k i n e t i c s  were  f o u n d  to be a d i f f u s i o n  c o n t r o l  so t h a t  the  s ize  d i s t r i b u t i o n  is  

c o n s i d e r e d  to have  g o t t e n  n a r r o w e r  as  the  s u l f u r  pa t i c l e s  g rew.  

J o e k e s  {ref. 34) o b t a i n e d  m o n o d i s p e r s e d  f e r r i c  h y d r o x i d e  {Fe(OH) 3) 

p a r t i c l e s  f rom i ron  p e n t a c a r b o n y l  ox id ized  wi th  h y d r o g e n  p e r o x i d e  in 

e t h a n o l  so lu t ions .  In t h i s  r eac t ion ,  e t h a n o l  worked  as  a s t a b i l i z e r  of 

t he  p a r t i c l e s  a g a i n s t  coagu la t ion .  

Many k i n d s  of complex ing  a g e n t s  a r e  f r e q u e n t l y  employed  in t he  

a b o v e  r e a c t i o n s  to mode ra t e  t he  s u p e r s a t u r a t i o n  and  to s t ab i l i ze  t he  

g e n e r a t e d  p a r t i c l e s .  

b) P r e c i p i t a t i o n  by  poor  s o l v e n t s .  LaMer a n d  Dinegar  ( ref .  15) 

p r e c i p i t a t e d  m o n d i s p e r s e d  s u l f u r  (S) p a r t i c l e s  f rom e t h an o l  so lu t i ons  

of s u l f u r  which  was s lowly d i l u t ed  up  to t h e  c r i t i ca l  s u p e r s a t u r a t i o n  wi th  

wa te r .  This  s y s t e m  is no t  p e r f e c t l y  h o m o g e n e o u s ,  s ince  un i fo rm d i lu t ion  is  

no t  a c h i e v a b l e .  In  fac t ,  t he  c o n c e n t r a t i o n  of s u l f u r  in t h e  e t h a n o l  so lu t ion  

and  t h e  a d d i t i o n  r a t e  of w a t e r  w e r e  f o u n d  to have  a c ruc ia l  i n f l u e n c e  u p o n  

t h e  u n i f o r m i t y  of t h e  p a r t i c l e s .  
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As a ru le ,  in s u c h  a q u a s i - h o m o g e n e o u s  sy s t em,  one  of t he  fol lowing 

c o n d i t i o n s  shou ld  be s a t i s f i ed :  1) t he  d i s s o l u t i o n  r a t e  of t he  nucle i  which  

h a v e  p r e c i p i t a t e d  d u r i n g  t h e  add i t i on  of t he  poor  s o l v e n t  is h igh  e n o u g h  to 

k e e p  the  s y s t e m  v i r t u a l l y  h o m o g e n e o u s  un t i l  t he  c r i t i ca l  s u p e r s a t u r a t i o n  as  a 

whole  s y s t e m  is r e a c h e d ;  o r  2) t he  g r o w t h  r a t e  is so low t h a t  sole ly  

n u c l e a t i o n  o c c u r s  d u r i n g  t h e  add i t i on  of t h e  poor  s o l v e n t  by  the  local h igh  

s u p e r s a t u r a t i o n  and  no nuc l ea t i on  t a k e s  p lace  in the  s u b s e q u e n t  g r o w t h  s t a t e  

owing  to  t he  s t r o n g  d e p e n d e n c e  of t he  nuc l ea t i on  r a t e  on s u p e r s a t u r a t i o n .  

In  add i t i on ,  v i g o r o u s  ag i t a t i on  is recommended~ which  i n s u r e s  t h e  

r e p r o d u c i b i l i t y  by  qu ick ly  d i s s i p a t i n g  the  local s u p e r s a t u r a t i o n  in t h e  domain 

w h e r e  t he  poor  s o l v e n t  is a d d e d .  

c) Direct  r e a c t i o n  of ions .  If  t he  nuc l ea t i on  r a t e  is so low as  to g ive  a 

p e r f e c t  h o m o g e n e o u s  so lu t ion  on  mixing t h e  r e a c t a n t s ,  o r  if e i t h e r  of t he  

above  r e q u i s i t e s  fo r  q u a s i - h o m o g e n e o u s  s y s t e m s  is fulfilled~ the  d i r e c t  

r e a c t i o n  of ions  can  be u s e d  fo r  ou r  p u r p o s e .  

Ginell e t  al. ( ref .  35) p r e p a r e d  m o n o d i s p e r s e d  s i l v e r  c h l o r i d e  (AgC1) 

p a r t i c l e s  by  mixing ammonium c h l o r i d e  and  s i l ve r  n i t r a t e  in 95% e thano l .  The 

p a r t i c l e s  w e r e  s t ab i l i zed  by  the  n e g a t i v e  c h a r g e s  on t h e i r  s u r f a c e s  wi th  t he  

a d s o r p t i o n  of c h l o r i d e  in an  e x c e s s  of ch lo r ide .  

Herak e t  al. ( ref .  36) p r e c i p i t a t e d  m o n o d i s p e r s e d  lead ioda te  (Pb(I03)2)  

p a r t i c l e s  of a b o u t  100 nm by  the  slow a d d i t i o n  of a d i lu te  p o t a s s i u m  ioda te  

so lu t ion  to a d i lu te  lead n i t r a t e  so lu t ion .  They  o b t a i n e d  m o n o d i s p e r s e d  

p a r t i c l e s  of l a n t h a n u m  ioda te  (La(I03)3) as  well in t he  same way (ref .  37). 

Wilhelmy and  Mati jevid ( ref .  6,38) o b t a i n e d  m o n o d i s p e r s e d  s p h e r i c a l  f e r r i c  

p h o s p h a t e  (FeP04) p a r t i c l e s  from a mixed so lu t ion  of f e r r i c  p e r c h l o r a t e  (8.0 x 

10-4M) a n d  p h o s p h o r i c  acid  (3.0 x 10-2FI) a g e d  at  40°C for  24 hr .  

Uni form s p h e r i c a l  p a r t i c l e s  of a luminum p h o s p h a t e  (AI(OH)2H2PO4; 

c r y s t a l l i n e )  w e r e  a lso  p r e p a r e d  f rom acidic  so lu t i ons  c o n t a i n i n g  AI(N03) 3 a n d  

Na2HPO 4 a g e d  a t  an  e l e v a t e d  t e m p e r a t u r e  (98°C) ( ref .  39). 

In  t he  l a s t  two c a s e s j  some h y d r o l y s i s  p r o c e s s  is  o b v i o u s l y  i n v o l v ed  

a c c o r d i n g  to t h e  f ina l  compos i t ion  (ref .  39) a n d / o r  t he  a n a l y s i s  of t h e  

i n t e r m e d i a t e  complexes  ( ref .  38). 

d) React ion  of c h e l a t e s .  Chiu p r e p a r e d  m o n o d i s p e r s e d  m i c r o e r y s t a l s  of  

lead su l f ide  (PbS; c u b e s ;  ~100 ~) ( ref .  40)~ c u p r i c  su l f ide  (CuS; hexagona l  

b i p y r a m i d s ;  ~200 ~) ( ref .  41) a n d  z inc  su l f ide  (ZnS; mu l t i f ace t ed  s p h e r e s ;  0.1 

~ 0.4 pro) ( ref .  42) by  i n t r o d u c i n g  h y d r o g e n  su l f ide  g a s  in to  so lu t i ons  of  

EDTA complexes  of t h e  c o r r e s p o n d i n g  metal  ions  fo r  s e v e r a l  minu te s  a t  room 

t e m p e r a t u r e .  

EDTA a p p e a r s  to p r e v e n t  bo th  n u c l e a t i o n  and  coagu la t ion  d u r i n g  t h e  

p a r t i c l e  g r o w t h  by  s h i e l d i n g  the  metal  ions .  Meanwhile,  t h e  EDTA complexes  

may l i b e r a t e  metal  ions  by  d e g r e e s  wi th  t h e  p r o g r e s s  of p r e c i p i t a t i o n .  The 



u s e  of s u c h  complexes  o r  c h e l a t e s  seems  to be one  of t he  most  p r o m i s i n g  

t e c h n i q u e s  to p r o d u c e  u n i f o r m  p a r t i c l e s ,  s i n c e  i t  is  r e l a t i v e l y  e a s y  to meet  

e v e r y  r e q u i r e m e n t  for  m o n o d i s p e r s e  s y s t e m s .  

e) Decompos i t ion  of c o m p o u n d s .  LaMer a n d  B a r n e s  ( ref .  43) o b t a i n e d  

m o n o d i s p e r s e d  s u l f u r  (S) p a r t i c l e s  b y  d e c o m p o s i t i o n  of sod ium t h i o s u l f a t e  

wi th  ac id .  The  p a r t i c l e s  w e r e  so h i g h l y  u n i f o r m  t h a t  t h e y  were  u s e d  as  a 

m a t e r i a l  to t e s t  t h e  l i g h t  s c a t t e r i n g  t h e o r y  ( ref .  44-47}. 

Tak iyama  (ref .  48) p r e p a r e d  m o n o d i s p e r s e d  s p i n d l y  p a r t i c l e s  of b a r i u m  

s u l f a t e  (BaSO 4) b y  d e c o m p o s i n g  a Ba-EDTA complex wi th  h y d r o g e n  p e r o x i d e  

(Fig. 4a). In  t h i s  r e a c t i o n ,  t h e  in i t i a l  c o n c e n t r a t i o n  of t he  complex was f o u n d  

to be  t h e  d e c i s i v e  f a c t o r  in  s e p a r a t i n g  n u c l e a t i o n  a n d  g r o w t h .  
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Fig. 4. (a) BaSO 4 p a r t i c l e s  p r e c i p i a t e d  b y  d e c o m p o s i t i o n  of Ba-EDTA complexes  
wi th  H202 (ref .  48). (b} CdS p a r t i c l e s  o b t a i n e d  f rom a mixed s o l u t i o n  of 
Cd(NO3) 2 a n d  t h i o a c e t a m i d e ,  t h e  l a t t e r  of w h i c h  is d e c o m p o s e d  b y  HNO 3 ( ref .  
49). 

Matijevi& a n d  Wilhelmy ( ref .  49) s u c c e e d e d  in  t h e  p r e p a r a t i o n  of 

e x c e e d i n g l y  m o n o d i s p e r s e d  cadmium s u f i d e  (CdS) b y  d e c o m p o s i n g  

t h i o a c e t a m i d e  w i th  ac id  in  t h e  p r e s e n c e  of cadmium ions .  The  p a r t i c l e s  we re  

s p h e r i c a l  a n d  c r y s t a l l i n e  (Fig. 4b).  T h e y  u s e d  s eed  c r y s t a l s  of cadmium 

s u l f i d e  to p r o m o t e  t h e  m o n o d i s p e s i t y  a n d  f o u n d  t h e  k i n e t i c s  to be  a 

p o l y n u c l e a r  l a y e r  r e a c t i o n  c o n t r o l  f rom t h e  a n a l y s i s  of N ie l s en ' s  c h r o n o m a l s  

( ref .  23). T h u s ,  t h e  r e l a t i v e  s t a n d a r d  d e v i a t i o n  of t h e  s ize  d i s t r i b u t o i n  m u s t  

h a v e  b e e n  r e d u c e d  d u r i n g  g r o w t h .  

T h e y  a lso  p r e p a r e d  u n i f o r m  p a r t i c l e s  of z inc  su l f i de  (ZnS; c r y s t a l l i n e  

s p h e r e s )  ( ref .  50), l ead  s u l f i d e  (PbS;  t e t r a g o n a l  ga l ena )  ( ref .  51), cadmium 

z inc  s u l f i d e  (CdS/ZnS;  a m o r p h o u s  s p h e r e s  a n d  c r y s t a l l i n e  s p h e r e s )  ( ref .  51), 

a n d  cadmium lead  s u l f i d e  ( C d S / P b S ;  c r y s t a l l i n e  p o l y h e d r a }  ( ref .  51) in  a 

s imi la r  m a n n e r .  The  r e a s o n  f o r  t h e  f o r m a t i o n  of c r y s t a l l i n e  s p h e r e s  will be  

d i s c u s s e d  l a t e r  (see  P a r t  IV). 
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Gobet  and  Matijevi& (ref .  52) p r o d u c e d  m o n o d i s p e r s e d  p a r t i c l e s  of cadmium 

s e l e n i d e  (CdSe) and  lead s e l e n i d e  (PbSe) by  decompos i t ion  of s e l e n o u r e a  in 

so lu t ions  of t h e  c o r r e s p o n d i n g  metal  sa l t s .  While bo th  were  c r y s t a l l i n e ,  CdSe 

p o w d e r s  showed  n e a r l y  s p h e r i c a l  m o r p h o l o g y  w h e r e a s  PbSe  c o n s i s t e d  of t he  

p a r t i c l e s  of cub ic  symmet ry .  

Haru ta  and  his  c o w o r k e r s  ( ref .  53) o b t a i n e d  s p h e r i c a l  p a r t i c l e s  of 

mo lybdenum and  coba l t  s u l f i d e s  wi th  n a r r o w  s ize  d i s t r i b u t i o n  by  h y d r o l y s i s  

of t h ioace t amide  p romo ted  wi th  h y d r a z i n e  in so lu t i ons  of  ammonium 

o r t h o m o l y b d a t e  and  coba l t  (II) a ce t a t e ,  r e s p e c t i v e l y .  The p a r t i c l e s  which  

were  o b t a i n e d  w e r e  of no d i s t i n c t  c r y s t a l  s t r u c t u r e  as  shown by  X - r a y  

d i f f r a c t i o n  a n a l y s i s .  These  mate r ia l s  a r e  of  g r e a t  i m p o r t a n c e  as  

h y d r o d e s u l u r i z a t i o n  c a t a l y s t s .  

Janekovi& and  Mati jevid ( ref .  54) p r o d u c e d  un i fo rm r h o m b o h e d r a l  cadmium 

c a r b o n a t e  (CdCO3) p a r t i c l e s  by  mixing a u r e a  so lu t ion  (~10M), p r e h e a t e d  

b e f o r e h a n d  at  80"C for  24 hr .  wi th  an  equa l  volume of  d i lu te  so lu t ion  (2 x 

10-3M) of cadmium sa l t  a t  room t e m p e r a t u r e .  The c a r b o n a t e  ions  which  had  

b e e n  bui l t  up  by  p r e h e a t i n g  the  u r e a  so lu t ion  b r o u g h t  a b o u t  a s ing le  b u r s t  

of nuc l ea t i on  on mixing wi th  t he  so lu t ion  of cadmium sa l t  and  g r a d u a l  g r o w t h  

e n s u e d .  Thus ,  a l t h o u g h  the  s t a r t  of p r e c i p i t a t i o n  is r a t h e r  i n h o m o g e n e o u s  in  

t h i s  s y s t e m ,  no f u r t h e r  nuc l ea t i on  o c c u r s  a f t e r  t he  ini t ia l  one  due  to t h e  low 

s u p e r s a t u r a t i o n  of  c a r b o n a t e  ions  in t he  g r o w t h  s t age .  Urea  may p lay  some 

ro l e s  fo r  t he  fo rmat ion  of un i fo rm r o h m b o h e d r a l  p a r t i c l e s  as  a s t ab i l i z e r  and  

a h a b i t  modif ie r  as  well as  a r e s e r v o i r  of  c a r b o n a t e  ions .  

They  a lso  p r e p a r e d  un i fo rm and  h i g h l y  p o r o u s  cadmium oxide (CdO) (ref .  

54) p a r t i c l e s  by  ca lc ina t ion  of t h e  un i fo rm cadmium c a r b o n a t e .  Af t e r  t h i s  

hea t  t r e a t m e n t ,  t h e  CdO p a r t i c l e s  s t i l l  r e t a i n e d  the  o r ig ina l  s h a p e  of  t he  

CdCO 3 b u t  wi th  h igh  p o r o s i t y .  

S a p i e s z k o  a n d  Mati jevid ( ref .  55) p r o d u c e d  d i sk l ike  p a r t i c l e s  of hemat i t e  

(a-Fe203)  wi th  a n a r r o w  d i s t r i b u t i o n  by  d e c o m p o s i n g  a t r i e t h an o l ami n e  

complex of f e r r i c  ions  in so lu t i ons  of h i g h  pH wi th  h y d r o g e n  p e r o x i d e  a t  

250"C. 

Ottewill  and  Woodbr idge  ( ref .  56) d e c o m p o s e d  s i l ve r  ha l ide  complexes  in 

a q u e o u s  so lu t i ons  by  d i lu t ion  wi th  w a t e r  and  o b t a i n e d  m o n o d i s p e r s e d  s i l v e r  

b romide  (AgBr) and  s i l ve r  iod ide  {AgI) p a r t i c l e s .  These  s y s t e m s  a re  no t  

r i g o r o u s l y  h o m o g e n e o u s  s ince  t h e  h o m o g e n e o u s  d i lu t ion  was  no t  r ea l i zed  in 

t h i s  method.  Thus ,  t h e y  a r e  bas ica l ly  t h e  q u a s i - h o m o g e n e o u s  s y s t e m s  so t h e  

mean s ize  and  t h e  s ize  d i s t r i b u t i o n  were  s t r o n g l y  a f f e c t e d  by  t h e  d i lu t ion  

and  t h e  ag i t a t i on  r a t e s .  The s h a p e  of  t h e  p a r t i c l e s  was  d i f f e r e n t  a c c o r d i n g  

to pAg {pAg • - log[Ag+]) .  At h i g h  pAg~ t h e  s h a p e  of  AgBr was  o c t a h e d r a l ,  

w h e r e a s  a t  low pAg, it was  cubic .  This  will be  d i s c u s s e d  l a t e r  in t h e  s ec t ion  

on c r y s t a l  h a b i t  c o n t r o l  {Part  IV). 
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In t h o s e  s y s t e m s ,  t h e  slow r e a c t i o n s  of decompos i t i on  of chemical  

c o m p o u n d s  were  u t i l i zed  to p r e p a r e  un i fo rm p a r t i c l e s .  Some o r g a n i c  

c o m p o u n d s  s u c h  as  EDTA, t r i e t h a n o l a m i n e ,  t h ioace tamide ,  s e l e n o u r e a ,  u rea ,  

e tc . ,  may p r o t e c t  t he  p r o d u c t  p a r t i c l e s  a g a i n s t  coagu la t ion  by  a d s o r p t i o n  to 

t h e i r  s u r f a c e  a n d  by  s h i e l d i n g  ionic s p e c i e s  in add i t i o n  to t he  role  of  

monomer r e s e r v o i r s  wh ich  g r a d u a l l y  r e l e a s e  monomers  to keep  a mo d e ra t e  

s t a t i o n a r y  c o n c e n t r a t i o n  below the  c r i t i ca l  s u p e r s a t u r a t i o n  in t h e  g r o w t h  

s t age .  

f) H y d r o l y s i s  in o r g a n i c  media. S t 6 b e r  e t  al. ( ref .  57) p r e p a r e d  ex t r eme ly  

un i fo rm and  s p h e r i c a l  s i l ica (SiO 2) p a r t i c l e s  by  h y d r o l y s i s  of t e t r a a l k y l s i l i c a t e  

and  s u b s e q u e n t  c o n d e n s a t i o n  of sil icic ac id  in a lcohol ic  so lu t i ons  c o n t a i n i n g  

w a t e r  and  ammonia a r o u n d  room t e m p e r a t u r e .  Ammmonia w o r k s  as  a c a t a l y s t  

of t he  h y d r o l y s i s  and  a modif ier  to make t h e  p a r t i c l e s  s p h e r i c a l .  The mean 

s ize  r a n g e s  f rom 0.05 to 2 pm and  a n y  mean s ize  can  be c h o s e n  from t h i s  

r a n g e  by  c h a n g i n g  the  compos i t i ons  of w a t e r  a n d / o r  ammonia and  the  k ind  of 

a lcohols .  

Uni form p a r t i c l e s  s u c h  as  t i t an ium dioxide (TiO 2) ( ref .  58-60), bar ium 

t i t an ium oxide (BaTiO 3) ( ref .  61), z inc  oxide {ZnO) {ref. 61} and  z i rconiu im 

dioxide (ZrO 2) ( ref .  61-63) have  a lso  b e e n  g e n e r a t e d  by  h y d r o l y s i s  of t he  

c o r r e s p o n d i n g  metal  a lkox ides  in a lcohol  so lu t ions .  A s - p r e p a r e d  metal  oxide 

p a r t i c l e s  by  t h i s  t e c h n i q u e  a re  normal ly  a m o r p h o u s  and  h y d r a t e d ,  w h e r e a s  

t h e y  a re  c r y s t a l l i z e d  by  ca lc ina t ion  wi th  t he  r e l e a s e  of H20. 

A method  of t h i s  k ind  has  s e v e r a l  a d v a n t a g e s ;  i.e.: 1) t he  s imple and  r ap id  

r e a c t i o n  a r o u n d  room t e m p e r a t u r e ;  2) t he  e a s y  a c h i e v e m e n t  of h igh  p u r i t y  of 

t h e  p r o d u c t  b e c a u s e  i t  is f r e e  f rom i n o r g a n i c  an i o n s  of all k inds ;  and  3) t h e  

h igh  yield  of t h e  p r o d u c t  due  to t h e  a l lowance fo r  t he  u p p e r  limit of  the  

s t a r t i n g  mater ia l  c o n c e n t r a t i o n  (~10-1M). 

g) H y d r o l y s i s  in a q u e o u s  media. Demchak and  Matijevi6 ( ref .  64) 

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

chromium h y d r o x i d e  (Cr{OH) 3) by  h y d r o l y s i s  of chromium ions  in ac id ic  

a q u e o u s  media  in 1969 (Fig. 5a). The novel  g e n r e  of t he  p r e p a r a t i o n  of 

un i fo rm metal  ( h y d r o u s )  oxide p a r t i c l e s  has  b e e n  e x t e n s i v e l y  d e v e l o p e d  by  

Mati jevid a n d  his  c o w o r k e r s  s ince  t h e n  (ref .  1-8). 

Fol lowing t h e  f i r s t  p r e p a r a t i o n  of t he  m o n o d i s p e r s e d  chromium h y d r o x i d e  

sol, a n u m b e r  of un i fo rm p a r t i c l e s  of metal  ( h y d r o u s )  oxide were  p r o d u c e d  in 

h o m o g e n e o u s  s y s t e m s ;  e .g . ,  a luminum h y d r o x i d e  [AI(OH)3; a m o r p h o u s  s p h e r e s ]  

( ref .  65-67),  boehmi te  [=-AIOOH; c r y s t a l l i n e  c l u s t e r s ]  ( ref .  67), hemat i t e  

[=-Fe203;  c r y s t a l l i n e  e l l i p so ides ,  c u b e s ,  s p h e r e s  and  doub le  s p h e r e s ]  ( ref .  

68-72),  bas ic  i ron  su l f a t e  [Fe3(SO4)2"H20; c r y s t a l l i n e  (hexagonal )  t r u n c a t e d  

c u b e s  and  ob la te  s p h e r o i d s ]  ( ref .  73), t i t an ium dioxide [TiO2; c r y s t a l l i n e  

( ru t i le )  s p h e r e s ]  ( ref .  74), bas ic  t h o r i u m s u l f a t e  [Th(OH)2SO4'H20; 
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Fig. 5. (a) Cr(OH) 3 p a r t i c l e s  o b t a i n e d  b y  a g i n g  a n  ac id ic  so lu t i on  of c h r o m e  
alum a t  75"C fo r  24 h r .  ( ref .  64). (b) Fe3(SO4)2(OH)5.2H20 p a r t i c l e s  o b t a i n e d  
b y  a g i n g  a n  ac id ic  s o l u t i o n  of Fe(NO3) 3 a n d  (NH4)2SO 4 a t  80"C fo r  1.5 h r .  
( ref .  73). 

a m o r p h o u s  or  p o l y c r y s t a l l i n e  s p h e r e s ]  ( ref .  75), ga l l ium h y d r o u s  oxide 

[ a m o r p h o u s  s p h e r e s  a n d  c r y s t a l l i n e  r o d s ]  ( ref .  76,77), m a n g a n e s e  d ioxide  

[6-MnO 2] ( ref .  78) a n d  z i r c o n i u m  dioxide  [ZrO2; a m o r p h o u s  S p h e r e s ]  ( ref .  79). 

The  u n i f o r m  a n d  a c i c u l a r  p a r t i c l e s  of a k a g e n e i t e  (~-FeOOH) p r e p a r e d  in t h e  

e a r l i e r  s t u d i e s  b y  Watson  e t  al. ( ref .  80,81) a p p e a r  to be  c l a s s i f i e d  in to  t h i s  

c a t e g o r y .  As a n  a p p l i c a t i o n  of  t h e  t h e  m e t hod ,  u n i f o r m  p a r t i c l e s  of 

m a g h e m i t e  [7 -Fe203 ;  c r y s t a l l i n e  s p i n d l e s ]  w e r e  a l so  p r e p a r e d  b y  c o n v e r s i o n  

f rom h e m a t i t e  of t h e  same s h a p e  t h r o u g h  a s e q u e n c e  of r e d u c t i o n - r e o x i d a t i o n  

p r o c e s s e s  ( ref .  82). Most  of  t hem w e r e  p r e p a r e d  b y  h e a t i n g  d i l u t e  

s o l u t i o n s  (10 .4  ,- 10-2M) of meta l  s a l t s  o v e r  50 to 150"C a t  low pH ( 1 . 0 -  4.0) 

fo r  s e v e r a l  h o u r s  o r  d a y s .  

The  c o a g u l a t i o n  i s  p r e v e n t e d  main ly  b y  t h e  r e p u l s i v e  f o r c e  of t h e  e l e c t r i c  

d o u b l e  l a y e r  e x e r t e d  f rom t h e  p o s i t i v e l y  c h a r g e d  s u r f a c e s  of  e a c h  p a r t i c l e  in  

t h e  low pH r a n g e ,  w h i c h  is  e f f e c t i v e  a t  low ionic  s t r e n g t h .  

The  s u r f a c e  r e a c t i o n s  of t h e s e  h y d r o l y s e s  a r e  g e n e r a l l y  slow so t h a t  t h e y  

o b e y  t h e  r e a c t i o n  c o n t r o l  k i n e t i c s ;  no rma l ly ,  t h e  p o l y n u c l e a r - l a y e r  g r o w t h .  

T h u s ,  t h e  a b s o l u t e  s t a n d a r d  d e v i a t i o n  of s ize  d i s t r i b u t i o n  is  k e p t  n e a r l y  

c o n s t a n t  t h r o u g h o u t  t h e  g r o w t h  s t a g e ,  w h e r e a s  t h e  r e l a t i v e  s t a n d a r d  

d e v i a t i o n  a g a i n s t  t h e  mean  p a r t i c l e  r a d i u s  is  r e d u c e d  b y  g r o w t h .  Also, t h e  

low g r o w t h  r a t e  b a s i c a l l y  f a v o r s  t h e  s e p a r a t i o n  b e t w e e n  n u c l e a t i o n  a n d  

g r o w t h .  Th i s  s e p a r a t i o n  is a c h i e v e d  b y  t h e  p r o p e r  cho ice  of pH, t e m p e r a t u r e  

a n d  a n i o n  s p e c i e s .  

The  low pH u s e d  in  t h e s e  s y s t e m s  is  p a r t i c u l a r l y  i m p o r t a n t  in  o r d e r  to 

k e e p  a r e l a t i v e l y  low s u p e r s a t u r a t i o n  w i th  h y d r o x i d e  ions  w h i c h  a r e  

c o n s t a n t l y  f u r n i s h e d  b y  d i s s o c i a t i o n  of w a t e r  a s  t h e i r  r e s e r v o i r .  

Also, h i g h  t e m p e r a t u r e s  a r e  n o r m a l l y  emp loyed  fo r  t h e s e  s y s t e m s .  Th i s  is,  

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

more  i m p o r t a n t  is  t h a t  some s p e c i f i c  complexes  of  low s o l u b i l i t y  a r e  o f t e n  

g e n e r a t e d  as  p r e c u r s o r s  of  t h e  p r e c i p i t a t e s  a t  e l e v a t e d  t e m p e r a t u r e s .  T h u s ,  

i t  is  no t  n e c e s s a r i l y  s u r p r i s i n g  t h a t  d i f f e r e n t  p r o d u c t s  p r e c i p i t a t e  a t  t imes  

m e r e l y  b y  t h e  d i f f e r e n c e  in t e m p e r a t u r e  in  o t h e r w i s e  i d e n t i c a l  s y s t e m s  ( ref .  

73,83). 
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F u r t h e r m o r e ,  t h e  c o u n t e r i o n s  to meta l  i ons  a r e  k n o w n  to p l a y  a d e f i n i t e  

role  t h r o u g h  t h e  f o r m a t i o n  of t h e i r  p r e c u r s o r  complexes .  For  i n s t a n c e ,  

m o n o d i s p e r s e d  a m o r p h o u s  c h r o m i u m  h y d r o x i d e  p a r t i c l e s  a r e  g e n e r a t e d  f rom 

c h r o m i u m  s a l t s  of s u l f a t e  a n d  p h o s p h a t e ,  whi le  no p r e c i p i t a t i o n  o c c u r s  if 

c h l o r i d e ,  n i t r a t e  or  p e r c h l o r a t e  i s  u s e d  i n s t e a d  u n d e r  t he  same  c o n d i t i o n  ( ref .  

64,84,85). S u l f a t e  a n d  p h o s p h a t e  fo rm m a n y  k i n d s  of mixed c omple xe s  wi th  

c h r o m i u m  a n d  h y d r o x i d e  ions .  As fo r  s u l f a t e ,  [Cr2(OH)2SO4) 2+ a n d  Cr(OH)SO 4 

a r e  b e l i e v e d  to be t h e  u n i t s  of  t h e  p r e c u r s o r  comp le xe s  ( ref .  85). The  

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

p o l y m e r i z a t i o n  or  t h e  c o n d e n s a t i o n  of t h e s e  p r e c u r s o r  c omp le xe s  wi th  a 

r e l e a s e  of s u l f a t e  ions .  The  b u l k y  mixed c o m p l e x e s  may  no t  be  s u i t a b l e  to 

form a c r y s t a l  s t r u c t u r e  d u e  to t h e  s t e r i c  h i n d r a n c e  a n d / o r  t h e  lack  of 

k i n e t i c  e n e r g y .  Th i s  s e e m s  to be t h e  r e a s o n  w h y  t h e  u n i f o r m  s p h e r i c a l  

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

S imi la r ly ,  u n l e s s  e i t h e r  s u l f a t e  or  p h o s p h a t e  ions  a r e  u s e d  a s  c o u n t e r i o n s  

to a l u m i n u m  ions ,  t h e  p r o d u c t  i s  no t  s p h e r i c a l  a l u m i n u m  h y d r o x i d e  b u t  i s  in  

t h e  form of a rod ,  n e e d l e  or  u n i q u e  c l u s t e r  ( ref .  65-67}. T h u s ,  a n i o n s  a r e  

h i g h l y  r e s p o n s i b l e  fo r  t h e  m o r p h o l o g y  a s  well. As for  t h e  a l u m i n u m  

complex es ,  A14{OH)10SO 4 is  well  k n o w n  a s  t h e i r  f u n d a m e n t a l  u n i t  ( ref .  86). 

The  r e a c t i o n  mode is  s imi la r  to t h a t  of c h r o m i u m  h y d r o x i d e  so t h a t  t h e  

r e s u l t a n t  p a r t i c l e s  a r e  a m o r p h o u s  too {ref.  65-67} b u t  an  a p p r e c i a b l e  a m o u n t  

of  s u l f a t e  i s  i n c o r p o r a t e d  in t h e  a s - g r o w n  a l u m i n u m  h y d r o x i d e  p a r t i c l e s  in 

c o n t r a s t  wi th  c h r o m i u m  h y d r o x i d e  w h i c h  is  f r e e  of  s u l f a t e  i ons  ( ref .  65,85}. 

In  t h e  c a s e  of b a s i c  i r o n  s u l f a t e  (Fe3(SO4)2(OH) 5) (Fig.  5b),  t he  c omple xe s  

s u c h  a s  Fe(OH) 2+, Fe2(OH)~ + a n d  FeSO + a r e  c la imed to be r e s p o n s i b l e  fo r  

p a r t i c l e  f o r m a t i o n  ( ref .  83). S ince  t h e s e  c o m p l e x e s  i n i t i a t e  n u c l e a t i o n  in t h e  

fo rm of m o n o m er  or  d imer ,  t h e y  a p p e a r  to h a v e  a h i g h  d e g r e e  of f r e e d o m  a n d  

k i n e t i c  e n e r g y  e n o u g h  to fo rm a c r y s t a l  s t r u c t u r e .  In  f ac t ,  t h e y  a r e  k n o w n  

to be of h e x a g o n a l  c r y s t a l  s y m m e t r y .  In  t h i s  c a s e ,  s u l f a t e  ions  a r e  bu i l t  in  

a s  a c o m p o n e n t  of  t h e  c r y s t a l  l a t t i ce .  

A n i o n s  o t h e r  t h a n  s u l f a t e  a n d  p h o s p h a t e  u s e d  fo r  t h e  h y d r o l y s i s  of  f e r r i c  

i ons  a t  low pH n o r m a l l y  g i v e  h e m a t i t e  ( a -Fe203) .  However ,  t h e  s h a p e  of t h e  

u n i f o r m  h e m a t i t e  v a r i e s  wi th  a n i o n  s p e c i e s ;  e .g . ,  n i t r a t e  a n d  p e r c h l o r a t e  g i v e  

e l l i p s o id s ,  w h e r e a s  c h l o r i d e  y i e l d s  c u b e s ,  s p h e r e s ,  e l l i p so ids ,  or  d o u b l e  

e l l i p s o id s .  However ,  r od l i ke  ~-FeOOH is  a l so  p r o d u c e d  in a r e l a t i v e l y  h i g h e r  

c o n c e n t r a t i o n  r a n g e  of Fe 3+ on a g i n g  of f e r r i c  c h l o r i d e  s o l u t i o n s  ( ref .  68). 

A f t e r  all, t h e  cho ice  of  c o u n t e r i o n s  is  of  g r e a t  i m p o r t a n c e  fo r  t h e  h y d r o l y s i s  

of  meta l  i o n s  b e c a u s e  some of t h e m  g i v e  no p r e c i p i t a t e ,  whi le  o t h e r s  

d e c i s i v e l y  d o m i n a t e  t h e  c o m p o s i t i o n  a n d  t h e  h a b i t u s  of  t h e  f ina l  p a r t i c l e s .  

All p r o c e d u r e s  d e s c r i b e d  a b o v e  in  t h i s  s e c t i o n  a r e  b a s e d  on  b a t c h  

s y s t e m s .  However ,  a m e t h o d  is  now a l so  a v a i l a b l e  for  t h e  c o n t i n u o u s  
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p r e p a r a t i o n  of un i fo rm metal  ( h y d r o u s )  oxide p a r t i c l e s  by  f o r c e d  h y d r o l y s i s  

( ref .  87). A l though  t h e  c o n d i t i o n s  fo r  un i fo rm pa r t i c l e  fo rmat ion  in t he  

c o n t i n u o u s  s y s t e m  a r e  e s s e n t i a l l y  t he  same as  t h o s e  in t he  b a t c h  t e c h n i q u e ,  

t he  f o r m e r  seems  to be of more p r ac t i c a l  s i g n i f i c a n c e  fo r  i n d u s t r y .  

Final ly ,  it  shou ld  be n o t e d  t h a t  t h e r e  is some p o s s i b i l i t y  of i n v o l v e m e n t  of 

p h a s e  t r a n s f o r m a t i o n  or  r e c r y s t a l l i z a t i o n  in t he  fo rmat ion  of some metal  ox ides  

a p p a r e n t l y  p r e c i p i t a t e d  f rom h o m o g e n e o u s  so lu t ions ;  e .g . ,  it  was f o u n d  t h a t  

rod l ike  ~-FeOOH p a r t i c l e s  p r e v a i l e d  on s h o r t  a g i n g  of f e r r i c  ch l o r i d e  in an  

acidic  a q u e o u s  medium b u t  on p r o l o n g e d  h e a t i n g  a -Fe203  was p r o d u c e d  as  

t he  main p r o d u c t  u n d e r  c e r t a i n  c o n d i t i o n s  ( ref .  68}. 

2. H e t e r o g e n e o u s  s y s t e m s  

a) P h a s e  t r a n s f o r m a t i o n  t h r o u g h  a q u e o u s  media. In  t h i s  s y s t em,  a solid 

p r e c u r s o r  d i f f e r e n t  f rom t h e  f inal  p r o d u c t  in composi t ion  p r e c i p i t a t e s  

b e f o r e h a n d  f rom a h e t e r o g e n e o u s  so lu t ion  and  t h e n  it is  d i s s o l v e d  to yie ld  

t he  more s t a b l e  and  un i fo rm f ina l  p a r t i c l e s .  

Sugimoto and  Mati jevid ( ref .  18) p r e p a r e d  m o n o d i s p e r s e d  cub ic  p a r t i c l e s  of 

coba l t o - coba l t i c  oxide (Co304; 0.1 ~ 0.2 pro) wi th  sp ine l  s t r u c t u r e  by  

h y d r o l y s i s  of coba l t  (II) wi th  pa r t i a l  ox ida t ion  of Co 2+ ions  o v e r  90"C t h r o u g h  

100"C for  s e v e r a l  h o u r s ,  s t a r t i n g  f rom an a q u e o u s  so lu t ion  of ca. 10-2M Co(II) 

a c e t a t e  a t  pH 7.3. A g r e e n  coba l t  h y d r o x i d e  gel  p r e c i p i t a t e d  a t  f i r s t  and  

t h e n  t h e  f ina l  p a r t i c l e s  fo rmed  t h e r e o n .  The oxida t ion  of Co 2+ ions  is c a u s e d  

by  o x y g e n  d i s s o l v e d  in t he  so lu t ion  and  t h u s  i t  is ex t r eme ly  p r o n o u n c e d  by  

b u b b l i n g  o x y g e n  or  air .  The c o u n t e r i o n s  (ace ta te )  work  as  a b u f f e r  of pH 

and  a lso  as  a c o m p o n e n t  of the  p r e c u r s o r  complexes  for  t he  Co304 (ref .  88). 

Too h igh  pH (over  8} g a v e  no p r e c i p i t a t i o n  of  Co304 on the  Co(OH) 2 gel  so 

t h a t  a spec i f i c  coba l t  a c e t a t e  complex f r e e  of OH- {such as  CoAc +} may be 

r e s p o n s i b l e  fo r  t h e  p r e c i p i t a t i o n  of t he  Co304 solid.  The Co(OH) 2 gel  s e r v e s  

as  a ge l  n e t w o r k  to hold each  Co304 pa r t i c l e  to p r e v e n t  coagula t ion .  

Sugimoto  and  Mati jevid ( ref .  19) p r e p a r e d  m o n o d i s p e r s e d  s p h e r i c a l  

magne t i t e  (Fe304} as  well by  pa r t i a l  oxida t ion  of f e r r o u s  h y d r o x i d e  gel  wi th  

n i t r a t e .  The un i fo rm magne t i t e  was  o b t a i n e d  in s l i g h t  e x c e s s  of Fe 2+ while 

t he  mean size c r i t i ca l ly  d e p e n d e d  on t h e  Fe 2+ c o n c e n t r a t i o n  in ex ce s s ,  o r  pH. 

F i r s t ,  t h e  Fe(OH) 2 gel  p r e c i p i t a t e d  on mixing f e r r o u s  s u l f a t e  wi th  

p o t a s s i u m  h y d r o x i d e .  Then  v e r y  f ine  magne t i t e  p a r t i c l e s  ((0.1 pro) b e g a n  to 

form on t h e  gel  by  t h e  i n t r o d u c t i o n  of p o t a s s i u m  n i t r a t e  which  is a mild 

ox id iz ing  a g e n t  of f e r r o u s  ions .  In  the  e a r l y  s t ag e ,  t h e y  i n c r e a s d  in n u m b e r  

w h e r e a s  no a p p r e c i a b l e  g r o w t h  took place  w i t h o u t  coagu la t ion  among them, 

owing to t h e  gel  n e t w o r k .  In  t he  c o u r s e  of d i s s o l u t i o n  of t he  gel  n e t w o r k  

wi th  an  accumula t ion  of t he  p r i m a r y  p a r t i c l e s ,  t h e y  s u d d e n l y  s t a r t e d  

coagu la t ion  to form c l u s t e r s  as  t h e  nucle i  of t h e  s e c o n d a r y  p a r t i c l e s  

c o n s i s t i n g  of a l imited n u m b e r  of p r i m a r y  p a r t i c l e s .  The s e c o n d a r y  nuc le i  



p r o m p t l y  g a t h e r e d  the  n e i g h b o r i n g  p r i m a r y  p a r t i c l e s  wi th in  t he  i nd iv idua l  

a t t r a c t i o n  f i e lds ,  p r e s u m a b l y  by  magne t i c  a t t r a c t i o n  in ad d i t i o n  to v a n  d e r  

Waals f o r c e s  a t  pH c lose  to t he  i soe l ec t r i c  po in t .  The r e s i d u a l  gel  n e t w o r k  

might  p r e v e n t  coagu la t ion  among the  i so la ted  s e c o n d a r y  p a r t i c l e s  to g ive  

m o n o d i s p e r s e d  s p h e r i c a l  magne t i t e  p a r t i c l e s .  The fo rmat ion  p r o c e s s  fol lowed 

by  e l e c t r o n  m i c r o s c o p y  and  i t s  s chemat i c  mode] a re  shown in Figs .  6 and  7, 

r e s p e c t i v e l y .  

83 

c 

e q i 

2~m 

Fig. 6. T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  fo r  Fe304 fo rmat ion  in a s y s t e m  
c o n s i s t i n g  of  2.5 x 10-2M f e r r o u s  h y d r o x i d e  and  5 x 10-3M ex ces s  
c o n c e n t r a t i o n  of FeSO 4 a g e d  a t  90"C for:  a) 0; b) 15; c) 30; d) 45; a n d  e) 120 
min. ( ref .  19). 



8 4  

~^  n ~ . . . . .  n h e r e )  

)2nH2 0 

(fine cube) 

Fig.  7. The schema t i c  model of  t h e  fo rma t ion  of  Fe304 s p h e r i c a l  pa r t i c l e s .  

The coagu la t i on  of t h e  p r i m a r y  p a r t i c l e s  a p p e a r s  to be a g a i n s t  t he  g e n e r a l  

r u l e s  fo r  t h e  fo rma t ion  of m o n o d i s p e r s e d  p a r t i c l e s .  However ,  if t he  

c l u s t e r i n g  of t h e  p r i m a r y  p a r t i c l e s  is r e g a r d e d  as  t h e  nuc l ea t i on  of t he  

s e c o n d a r y  p a r t i c l e s ,  t h i s  s y s t e m  is s t i l l  in compl iance  wi th  t he  ru l e s .  

I t  is  not  s u r p r i s i n g  t h a t  t he  p a r t i c l e s  o b t a i n e d  a re  s p h e r i c a l  b u t  

c r y s t a l l i n e ,  c o n s i d e r i n g  the  fo rma t ion  p r o c e s s .  In  add i t i on ,  t he  p a r t i c l e s  a r e  

s u p p o s e d  to be p o l y c r y s t a l s  composed  of a s u b s t r u c t u r e  of  t he  p r i m a r y  

p a r t i c l e s .  The smooth  s u r f a c e  of  each  p a r t i c l e  was  a t t r i b u t e d  to t he  r a p i d  

c o n t a c t  r e c r y s t a l l i z a t i o n  of t h e  c o n s t i t u e n t  p r i m a r y  p a r t i c l e s  ( ref .  17). The 

mean s ize  of  t he  p a r t i c l e s  is  s t r o n g l y  d e p e n d e n t  on t h e  e x c e s s  c o n c e n t r a t i o n  

of f e r r o u s  ions  or  pH, r a n g i n g  f rom 0.03 to 1.1 pro. This  may be due  to t h e  

d r a s t i c  c h a n g e  in  t h e  r e p u l s i v e  f o r c e  of  t h e  e l e c t r i c  doub le  l a y e r  a b o u t  t h e  

i s o e l e c t r i c  p o i n t  b e t w e e n  the  g r o w i n g  s e c o n d a r y  p a r t i c l e s  a n d  t h e  

n e i g h b o r i n g  p r i m a r y  ones .  Similarly,  m o n o d i s p e r s e d  s p h e r i c a l  f e r r i t e s  of 

n icke l  ( ref .  89), coba l t  ( ref .  90) a n d  c o b a l t - n i c k e l  ( ref .  91) were  a lso  o b t a i n e d .  

The g e l - t r a n s f o r m a t i o n  method  is app l i cab l e  to o t h e r  i ron  oxides .  For  

i n s t a n c e ,  un i fo rm s p i n d l e - t y p e  hemat i t e  (a-Fe203)  was  p r e p a r e d  f rom f e r r i c  

h y d r o x i d e  gel  in t he  p r e s e n c e  of p h o s p h a t e  and  c h l o r i d e  ions  ( ref .  71). In  

t h i s  case ,  h o w e v e r ,  t he  pos i t i ve  role  of t h e  gel  as  a s u b s t r a t e  of t h e  f ina l  

p r o d u c t  is  no t  d e f i n i t e  s ince  similar  hemat i t e  p a r t i c l e s  w e r e  o b t a i n e d  as  well 

in a h o m o g e n e o u s  s y s t e m  in t h e  p r e s e n c e  of  t h e  same an i o n s  ( ref .  71). 

Hamada a n d  biat i jevid ( ref .  69) p r e p a r e d  un i fo rm p a r t i c l e s  of cub ic  

hemat i t e  (a-Fe203)  by  h y d r o l y s i s  of f e r r i c  c h l o r i d e  in a q u e o u s  so lu t i ons  of  



a l c o h o l  (10-50%} a t  100"C f o r  s e v e r a l  d a y s .  I n  t h i s  r e a c t i o n ,  a c i c u l a r  c r y s t a l s  

o f  ~ -FeOOH p r e c i p i t a t e  f i r s t  a n d  t h e n  t h e y  d i s s o l v e  to  f o r m  t h e  c u b i c  

h e m a t i t e .  T h e  i n t e r m e d i a t e ,  ~-FeOOH~ a p p e a r s  to  w o r k  a s  a r e s e r v o i r  o f  t h e  

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

t h e  h e m a t i t e .  S i n c e  ~ -FeOOH a s  a n  i n t e r m e d i a t e  a n d  t h e  c u b i c  s h a p e  o f  t h e  

h e m a t i t e  a r e  n o t  p e c u l i a r  to  t h e  a l c o h o l / w a t e r  m e d i u m  ( r e f .  68) ,  a l c o h o l  m a y  

f a v o r  t h e  u n i f o r m  p a r t i c l e  f o r m a t i o n  a s  a p o o r e r  s o l v e n t  in  t e r m s  of  t h e  

d i e l e c t r i c  c o n s t a n t  to  g i v e  r i s e  to  a s i n g l e  b u r s t  o f  n u c l e a t i o n  o f  h e m a t i t e ,  

a p a r t  f r o m  t h e  s u b s e q u e n t  g r o w t h  p r o c e s s .  

b)  R e c r y s t a l l i z a t i o n  t h r o u g h  a q u e o u s  m e d i a .  B e r r y  a n d  h i s  c o w o r k e r s  ( r e f .  

9 - 1 ] )  o b t a i n e d  m o n o d i s p e r s e d  s i l v e r  b r o m i d e  (AgBr )  a n d  s i l v e r  c h l o r i d e  (AgC1} 

b y  s i m u l t a n e o u s  s low i n t r o d u c t i o n  o f  s i l v e r  n i t r a t e  a n d  t h e  c o r r e s p o n d i n g  

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

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

o f  t h e  g e l a t i n  s o l u t i o n  w h e r e  t h e s e  r e a c t a n t  s o l u t i o n s  a r e  j u s t  i n j e c t e d .  I n  

t h e  m e a n t i m e ,  t h e  p r i m a r y  n u c l e i  a r e  d i s p e r s e d  b y  a g i t a t i o n  i n t o  t h e  b u l k  

s o l u t i o n  r e g i o n  w h e r e  r e l a t i v e l y  l a r g e  s t a b l e  n u c l e i  g r o w  a t  t h e  e x p e n s e  o f  

t h e  s m a l l e r  u n s t a b l e  n u c l e i  b y  s o  c a l l e d  O s w a l d  r i p e n i n g  ( r e f .  92,93}. T h u s ,  

in  t h i s  o p e n  s y s t e m ,  a n u c l e a t i o n  p h a s e  o f  t h e  p r i m a r y  n u c l e i  a n d  a b u l k  

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

p r e c i p i t a t i o n  p r c o e s s ,  a s  s h o w n  in  F ig .  8. I n  t h e  e a r l y  s t a g e ~  t h e  n u m b e r  o f  

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

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

s t a b l e  n u c l e i  h a v e  b e e n  b u i l t  u p  in  t h e  b u l k  p h a s e ,  t h e y  b e c o m e  a b l e  to  

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

n u c l e i .  F r o m  t h i s  momen tp  t h e  g r o w i n g  p a r t i c l e s  c e a s e  to  i n c r e a s e  in  n u m b e r p  

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

s i m p l y  a s  a m o n o m e r  s o u r c e .  I n  o t h e r  w o r d s ~  two  d i s t i n c t  s t a g e s  o f  t h e  

n u c l e a t i o n  {i.e.,  a c c u m u l a t i o n  o f  t h e  s t a b l e  n u c l e i }  a n d  g r o w t h  a r e  o b s e r v e d  in  

t h e  b u l k  p h a s e  w h i c h  i s  a n a l o g o u s  to  t h e  u s u a l  h o m o g e n e o u s  s y s t e m s .  T h i s  

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

g e l a t i n  p l a y s  a d e f i n i t e  r o l e  a s  a p r o t e c t i v e  co l lo id  to  p r e v e n t  c o a g u l a t i o n  

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

s t r e n g t h .  

I n  a d d i t i o n ~  t h e  s i l v e r  b r o m i d e  p a r t i c l e s  o b e y  t h e  d i f f u s i o n - c o n t r o l l e d  

g r o w t h  m e c h a n i s m  w i t h i n  p B r  2.6 - 3 . 5  ( p B r  • - l o g [ B r - ] ;  [ B r - ]  : e x c e s s  

c o n c e n t r a t i o n  o f  b r o m i d e }  (refo 94) ,  w h e r e  we c a n  t a k e  a d v a n t a g e  o f  t h e  

s p e c i f i c  r e d u c t i o n  in  s i z e  d i s t r i b u t i o n .  
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Fig. 8. Schemat ic  model of t h e  d o u b l e - j e t  p r e c i p i t a t i o n  of p h o t o g r a p h i c  
emuls ions .  

F u r t h e r m o r e p  if  t h e  bulk  c o n c e n t r a t i o n  of so lu t e  is  k e p t  as  h igh  as  j u s t  

below t h e  c r i t i ca l  s u p e r s a t u r a t i o n  t h r o u g h o u t  t h e  p r e c i p i t a t i o n  by  r a i s i n g  the  

a d d i t i o n  r a t e s  of bo th  s i l ve r  n i t r a t e  and  ha l ide  so lu t ions  with t he  p a r t i c l e  

g r o w t h ,  t h e  b r o a d e n i n g  of t he  s ize  d i s t r i b u t i o n  by  the  G i b b s -T h o ms o n  e f f e c t  

is e x p e c t e d  to be minimized in the  pBr  r a n g e  of d i f f u s i o n  c o n t r o l  (see  P a r t  

I I I -A-4) .  In  fact~ s u c h  an e f f e c t  has  b e e n  p r a c t i c a l l y  ap p l i ed  to t h e  

m a n u f a c t u r e  of s i l v e r  ha l ides  ( ref .  95,96). 

c) Emulsion po lymer iza t ion .  P o l y s t y r e n e  la t i ces  p r o d u c e d  by  emuls ion  

po lymer i za t i on  may be long  to a g r o u p  of  most  t yp i ca l ly  m o n o d i s p e r s e d  

col loids .  They  h a v e  b e e n  wide ly  u s e d  as  i n t e r n a l  s t a n d a r d s  fo r  e l e c t r o n  

m i c r o s c o p y  ( ref .  97,98), ma te r i a l s  fo r  t h e  s t u d y  of  l i gh t  s c a t t e r i n g  (ref .  99, 

100)~ s p e c i m e n s  fo r  t he  s t u d y  of  i n t e r a c t i o n s  among colloidal  p a r t i c l e s  ( ref .  

101~102), etc.~ b e c a u s e  of t h e i r  exce l l en t  un i fo rmi ty .  

A c c o r d i n g  to  Hark ins  ( re f .  103) and  Smith and  Ewar t  ( ref .  104) r ad ica l  

po lymer i za t i on  of  monomers  s l i g h t l y  d i s s o l v e d  in t h e  w a t e r  p h a s e  of  a O/W 

emuls ion  is  s t a r t e d  b y  an  i n i t i a t o r  s u c h  as  po t a s s ium p e r s u l f a t e  a n d  t h e n  t h e  

o l igomer  r a d i c a l s  a r e  a b s o r b e d  in to  the  micel les  of t he  emuls i f i e r  swol len  wi th  

monomers  due  to t h e  h y d r o p h o b i c  a l ipha t i c  h y d r o c a r b o n  c h a i n s  of  t h e  

o l igomers ,  fol lowed by  po lymer i za t ion  of  t h e  monomers  in t he  micelles.  This  is  

t h e  n u c l e a t i o n  s t a g e  of emuls ion  po lymer iza t ion .  The po lymer  nucle i  c o n t i n u e  

to g r o w  wi th  t h e  monomers  s u p p l i e d  f rom t h e  monomer d r o p l e t s  s t ab i l i zed  by  

t h e  emuls i f i e r  t h r o u g h  t h e  w a t e r  p h a s e  of  t h e  emuls ion.  Dur ing  t h i s  g r o w t h  

s tager  t h e  micel les  of t he  emuls i f i e r  a r e  d e c o m p o s e d  to form an  a d s o r b e d  

s u r f a c t a n t  l a y e r  on t h e  po lymer  p a r t i c l e s  which  s t ab i l i z e s  them. 

Decomposi t ion  of  t he  micel les  f r e e  f rom ol igomer  r ad i ca l s  may take  p lace  a t  
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the  same time and  t h i s  a p p e a r s  to be a key  to p r o d u c e  un i fo rm p a r t i c l e s  

owing  to t he  a b s e n c e  of nuc l ea t i on  s i t e s  in  t h e  g r o w t h  s t age .  In  t h i s  

mechan i sm,  t h e  monomer  d r o p l e t s  work  a s  a monomer r e s e r v o i r  {Fig. 9). 
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Fig. 9. Schemat ic  model of emuls ion  po lymer iza t ion .  

V a n d e r h o f f  and  his  c o w o r k e r s  ( ref .  105} f o u n d  t h a t  t he  volume of t he  

i n d i v i d u a l  p a r t i c l e s  of  a p o l y s t y r e n e  la tex g r e w  at  a r a t e  p r o p o r t i o n a l  to t he  

mean p a r t i c l e  r a d i u s  to t h e  2.0 - 2.5 power .  This  l eads  to n a r r o w i n g  of t h e  

r e l a t i v e  w id th  of s ize  d i s t r i b u t i o n  d u r i n g  g r o w t h .  

Some m o n o d i s p e r s e  l a t i ces ,  s u c h  as  an ionic  p o l y s t y r e n e  (ref .  106-108}, 

ca t ion ic  p o l y s t y r e n e  ( ref .  109}, p o l y m e t h y l m e t h a c r y l a t e  ( ref .  110)~ 

s t y r e n e / a c r y l a m i d e  c o p o l y m e r s  ( ref .  111,112), e tc . ,  we re  a lso  s y n t h e s i z e d  in 

t he  a b s e n c e  of emul s i f i e r s .  In  t h e s e  c a s e s ,  t he  ionic o l igomers  may be 

f u r t h e r  p o l y m e r i z e d  in t h e  w a t e r  p h a s e  to form solid nuc le i  by  a g g r e g a t i o n  

due  to t he  h y d r o p h o b i c  long h y d r o c a r b o n  cha in s t  fol lowed by  t h e i r  g r o w t h  

wi th  t he  a b s o r p t i o n  of monomers  t h r o u g h  the  a q u e o u s  medium. Even  t h o u g h  

some o l igomer iza t ion  may h a p p e n  in t h e  a q u e o u s  medium in t h e  g r o w t h  s t a g e ,  

t he  o l igomers  will be  a b s o r b e d  soon by  the  po lymer  p a r t i c l e s .  The ionic 

g r o u p s  on t h e  s u r f a c e s  of i n d i v i d u a l  po lymer  p a r t i c l e s  may s tab i l i ze  them 

a g a i n s t  coagu la t i on  of  each  o t h e r .  

The " s e e d i n g "  t e c h n i q u e  is r e c o m m e n d e d  for  emuls ion  po lymer i za t ion  as  

well to a c h i e v e  h igh  p r o d u c t  un i fo rmi ty .  However ,  a t o o - h i g h  c o n c e n t r a t i o n  
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of e m u l s i f i e r  a d d e d  to s t a b i l i z e  t h e  s e e d  p a r t i c l e s  r e s u l t s  in  r a t h e r  

p o l y d i s p e r s e  p a r t i c l e s  s i n c e  i t  p r o v i d e s  t h e  s y s t e m  wi th  f r e e  micel les  as  

n u c l e a t i o n  c e n t e r s  ( ref .  105,113). 

R e c e n t l y ,  U g e l s t a d  e t  al.  h a v e  p r o d u c e d  l a r g e  (0.5 - 100 pro) 

m o n o d i s p e r s e d  po lym er  s p h e r e s  of p o l y s t y r e n e  a n d  i t s  c o p o l y m e r s  ( ref .  114) 

a n d ,  in  a d d i t i o n ,  n o n s p h e r i c a l  b u t  u n i f o r m  c o p o l y m e r  l a t i c e s  of 

p o l y l s t y r e n e / p o l y a c r y l a t e  a n d  p o l y m e t h y l m e t h a c r y l a t e / p o l y a c r y l a t e  ( ref .  115) 

b y  emu l s ion  p o l y m e r i z a t i o n  of t h e  m o n o d i s p e r s e d  po lymer  s e e d s  swol len  wi th  

t h e  monomers .  

P e n d l e t o n  e t  al.  ( re f .  116) o b t a i n e d  m o n o d i s p e r s e d  c a r b o n  p a r t i c l e s  (~-0.1 

pro) b y  h e a t  t r e a t m e n t  o r  chemica l  d e h y d r o c h l o r i n a t i o n  of a u n i f o r m  

p o l y v i n l y i d e n e  c h l o r i d e  l a t ex  p r e p a r e d  b y  emu l s ion  p o l y m e r i z a t i o n  ( ref .  117). 

Spec i f i ca l ly ,  t h e  c a r b o n  p a r t i c l e s  o b t a i n e d  b y  h e a t i n g  a t  700°C in  a n i t r o g e n  

a t m o s p h e r e  w e r e  h i g h l y  p o r o u s  a n d  u n i f o r m  b u t  we re  s u b j e c t  to c o n s i d e r a b l e  

s h r i n k a g e .  

d) R e a c t i o n  in  m ic r oem u l s i ons .  B o u t o n n e t  e t a l .  ( ref .  118) o b t a i n e d  

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

p l a t i n u m  (Pt) ,  r h o d i u m  (Rh),  pa l l ad ium (Pd)  a n d  i r i d ium (I r )  b y  r e d u c i n g  t h e  

c o r r e s p o n d i n g  s a l t s  in  w a t e r  pools  of  W/O m i c r o e m u l s i o n s  wi th  h y d r a z i n e  o r  

h y d r o g e n  gas .  Rapid  r e d u c t i o n  of  t h e  meta l  i ons  was a r e q u i s i t e  t o  o b t a i n  

t h e  m o n o d i s p e r s e d  p a r t i c l e s .  The  mean  p a r t i c l e  s ize  r a n g e d  f rom 3 to 5 nm 

wi th  a n a r r o w  s ize  d i s t r i b u t i o n  w i t h i n  10% in  r e l a t i v e  s t a n d a r d  d e v i a t i o n .  

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

Nagy  e t  al.  ( ref .  119,120) p r e p a r e d ,  a s  h i g h l y  a c t i v e  c a t a l y s t s  fo r  

h y d r o g e n a t i o n ,  u n i f o r m  a n d  v e r y  f ine  n i c k e l  b o r i d e  a n d  i r o n  b o r i d e  p a r t i c l e s  

in  W/O m i c r o e m u l s i o n s  of t h e  C T A B / w a t e r / n - h e x a n o l  s y s t e m  b y  r e d u c i n g  t h e  

c o r r e s p o n d i n g  meta l  i ons  w i th  sod ium b o r o h y d r i d e .  

K u r i h a r a  e t  al. ( re f .  121) o b t a i n e d  u l t r a f i n e  u n i f o r m  gold  (Au) p a r t i c l e s  b y  

r a d i o l y t i c  b o m b a r d m e n t  of HAuCl 4 in  w a t e r  poo l s  of W/O m i c r o e m u l s i o n s  wi th  a 

353 nm l a s e r  p u l s e .  

Gobe e t  al. ( re f .  122) c a r r i e d  o u t  h y d r o l y s i s  of mixed s o l u t i o n s  of f e r r o u s  

a n d  f e r r i c  ions  w i th  ammonia  in  W/O m i c r o e m u l s i o n s  to o b t a i n  u l t r a f i n e  

u n i f o r m  p a r t i c l e s  of m a g n e t i t e  (Fe304) .  S imi lar ly ,  m o n o d i s p e r s e d  u l t r a f i n e  

p a r t i c l e s  s u c h  as  s i l v e r  c h l o r i d e  (AgCI) ( ref .  123), b a r i u m  c a r b o n a t e  (BaCO 3) 

( ref .  124). s t r o n t i u m  c a r b o n a t e  (SrCO 3) ( ref .  125), ca lc ium c a r b o n a t e  (CaCO 3) 

( ref .  126) a n d  s i l ica  (SiO 2) ( ref .  127) h a v e  b e e n  p r o d u c e d  b y  u s i n g  a v a r i e t y  

of chemica l  r e a c t i o n s  in  W/O mic roemul s ions .  Fig.  10 i s  a n  e l e c t r o n  

m i c r o g r a p h  of  u l t r a f i n e  SiO 2 p a r t i c l e s  o b t a i n e d  b y  h y d r o l y s i s  of 

t e t r a e t h o x y o r t h o s i l i c a t e  w i t h  ammonia  in a W/O mic roemul s ion  of 

p o l y o x y e t h y l e n e  (6) n o n y l p h e n y l  e t h e r / w a t e r / c y c l o h e x a n e  s y s t e m  ( ref .  127). 



89 

i ~m 

Fig.  I0. U l t r a f i n e  SiO 2 p a r t i c l e s  o b t a i n e d  b y  h y d r o l y s i s  of  
t e t r a e t h o x y o r t h o s i l i c a t e  in  a W/O m i c r o e m u l s i o n  of N p - 6 / w a t e r / c y c l o h e x a n e  
s y s t e m  ( ref .  127}. 

In  t h i s  s y s t e m ,  a l k y l s i l i c a t e  a n d  ammonia  a r e  s e p a r a t e d  in  t h e  oil a n d  

w a t e r  p h a s e s ,  r e s p e c t i v e l y ,  so t h a t  t h e  d i r e c t  mix ing  of t h e  two r e a g e n t s  is  

a v o i d e d .  In  a d d i t i o n ,  t h e  h y d r o l y s i s  r e a c t i o n  is  so  slow a s  to g i v e  no 

a p p r e c i a b l e  p r e c i p i t a t e  on t h e i r  mix ing  a n d  to f a v o r  t h e  s e p a r a t i o n  b e t w e e n  

n u c l e a t i o n  a n d  g r o w t h .  T h e s e  a r e  p r e s u m a b l y  w h y  t h e  h i g h l y  u n i f o r m  s i l i ca  

p a r t i c l e s  we re  p r o d u c e d .  

In  t h e  m ean t im e ,  u l t r a f i n e  p a r t i c l e s  of p o l y s t y r e n e  (200 - 400 A) w e re  

p r e p a r e d  b y  p o l y m e r i z a t i o n  in O/W m i c r o e m u l s i o n s  ( ref .  128,129), w h e r e a s  

t h o s e  of !0o lyacry lamide  (<500 ~) a n d  i t s  c o p o l y m e r s  in W/O m i c r o e m u l s i o n s  

( re f .  130-135).  

G e n e r a l l y ,  t h e  m o n o d i s p e r s e d  p a r t i c l e s  p r e p a r e d  in m i c r o e m u l s i o n s  h a v e  

t h e  c h a r a c t e r i s t i c s  of  v e r y  smal l  mean  s ize ,  n a r r o w  s ize  d i s t r i b u t i o n  a n d  h i g h  

s t a b i l i t y  in t h e  s y s t e m s .  However ,  t h e  d e t a i l e d  m e c h a n i s m  fo r  t he  f o r m a t i o n  

of m o n o d i s p e r s e d  f ine  p a r t i c l e s  in  W/O m i c r o e m u l s i o n s  is  y e t  to be r e s o l v e d .  

For  i n s t a n c e ,  t h e  m a s s  of  e a c h  p a r t i c l e  o b t a i n e d  by  t h i s  m e t h o d  is  n o r m a l l y  

m u c h  g r e a t e r  t h a n  t h e  q u a n t i t y  of  t h e  monomer i c  s p e c i e s  d i s s o l v e d  in  

i n d i v i d u a l  w a t e r  pools .  T h i s  f a c t  m e a n s  t h a t  e a c h  w a t e r  pool i s  no t  e n t i r e l y  

i s o l a t ed  b u t  r e p e a t s  v e r y  r a p i d  a s s o c i a t i o n  a n d  d i s s o c i a t i o n  wi th  e a c h  o t h e r .  

T h u s ,  t h e  monomer ic  s p e c i e s  a r e  f r e e l y  e x c h a n g e d  a m o n g  them;  h o w e v e r ,  t he  

r e s u l t i n g  p a r t i c l e s  a r e  m o n o d i s p e r s e d .  

I t  s e e m s  to t h e  a u t h o r  t h a t  e x t e n s i v e  n u c l e a t i o n  ma y  o c c u r  in  w a t e r  poo ls  

in  t h e  e a r l y  s t a g e  of p r e c i p i t a t i o n  s i n c e  p a r t i c l e  g r o w t h  is  s t r i c t l y  l imited by  

s t r o n g  a d s o r p t i o n  of  t h e  s u r f a c t a n t  w h i c h  is  t i g h t l y  c o n d e n s e d  a b o u t  t h e  

w a t e r  pools  (~50 ~) in t h e  fo rm  of  r e v e r s e d  mice l les .  When a s u f f i c i e n t  

n u m b e r  of  n u c l e i  a r e  bu i l t  u p  so  a s  to be  ab le  to a b s o r b  t h e  monomer i c  

s p e c i e s  b y  t h e i r  own  g r o w t h ,  no f u r t h e r  n u c l e a t i o n  may  t a k e  p lace  a n d  t h e  
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g r o w t h  s t a g e  e n s u e s  by  t h e  e x c h a n g e  of monomeric  spec i e s .  As a r e s u l t ,  t he  

so o b t a i n e d  p a r t i c l e s  a r e  v e r y  f ine ,  w h e r e a s  t he  s e p a r a t i o n  b e t w e e n  

n u c l e a t i o n  and  g r o w t h  is ideal ly  r ea l i zed  to p r o v i d e  the  p a r t i c l e s  wi th  

exce l l en t  un i fo rmi ty .  The coagu la t ion  among the  p a r t i c l e s  mus t  be p r e v e n t e d  

by  t h e  a d s o r p t i o n  of s u r f a c t a n t .  Thus ,  t he  w a t e r  pools  work  as  a monomer 

r e s e r v o i r  in add i t i on  to d i s p e r s e d  nuc lea t ion  s i t e s .  

e) React ion in ae roso l s .  Mati jevid and  his  c o w o r k e r s  a t t e m p t e d  h y d r o l y s i s  

of o r g a n i c  metal  d r o p l e t s  wi th  w a t e r  v a p o r  to p r o d u c e  m o n o d i s p e r s e d  metal  

ox ides  in c a r r r i e r  g a s e s  s u c h  as  helium. They  e v e n t u a l l y  s u c c e e d e d  in t h e  

p r e p a r a t i o n  of m o n o d i s p e r s e d  s p h e r i c a l  p a r t i c l e s  (~0.2 ~m) of t i t an ium dioxide 

(TiO2) ( ref .  136}, a luminum oxide (A1203) {ref. 137) and  TiO2/A1203 mixed 

p a r t i c l e s  ( ref .  138) by  h y d r o l y s i s  of t i t an ium a n d / o r  aluminum a lkoxides .  

Ti tanium s i l ica te  ( ref .  8) p a r t i c l e s  w e r e  a lso  o b t a i n e d  by  h y d r o l y s i s  of mixed 

d r o p l e t s  of t i t an ium e thox ide  and  s i l icon t e t r a c h l o r i d e  wi th  w a t e r  v a p o r .  Fig. 

l l a  is an e l e c t r o n  m i c r o g r a p h  of t h e  TiO 2 p a r t i c l e s  o b t a i n e d  in an  ae roso l  

( ref .  136). The same t e c h n i q u e  was  employed  fo r  t h e  p r e p a r a t i o n  of un i fo rm 

p a r t i c l e s  of p o l y s t y r e n e  and  i t s  d e r i v a t i v e s  ( ref .  139) and  

d i v i n y l b e n z e n e / e t h y l v i n y l b e n z e n e  c o p o l y m e r s  ( ref .  140) by  po lymer i za t ion  of 

t he  c o r r e s p o n d i n g  monomer d r o p l e t s  in heli lum c a r r i e r  gas  with a v a p o r i z e d  

in i t i a to r  (e.g. ,  t r i f l u o r o m e t h a n e s u l f o n i c  acid) .  

I 0  vm 

Fig. 11. (a) TiO 2 p a r t i c l e s  o b t a i n e d  by  h y d r o l y s i s  of t i t an ium e t h o x i d e  
d r o p l e t s  wi th  w a t e r  v a p o r  ( ref .  136). (b) Mixed po lyurea -TiO 2 p a r t i c l e s  
o b t a i n e d  by  r e a c t i o n  of h e x a m e t h y l e n e  d i i s o c y a n a t e  d r o p l e t s  wi th  
e t h y l e n e d i a m i n e  v a p o r  wi th  s u b s e q u e n t  e x p o s u r e  to t i t an ium e t h o x i d e  v a p o r  
a n d  h y d r o l y s i s  wi th  w a t e r  v a p o r  ( ref .  141). 

They  a lso  p r o d u c e d  m o n o d i s p e r s e d  p o l y u r e a  and  mixed p o l y u r e a - m e t a l  

oxide p a r t i c l e s  {ref. 141). The p o l y u r e a  p a r t i c l e s  were  o b t a i n e d  by  d i r e c t  

r e a c t i o n  of l iquid  d r o p l e t s  of d i i s o c y a n a t e  wi th  e t h y l e n e d i a m i n e  v a p o r  in  t he  

a b s e n c e  of a n y  o t h e r  a d d i t i v e s .  The p a r t i c l e s  o b t a i n e d  w e r e  f u r t h e r  t r e a t e d  

wi th  metal  a lkoxide  v a p o r ,  wh ich  on  s u b s e q u e n t  h y d r o l y s i s  in a w a t e r  v a p o r  

a t m o s p h e r e  r e s u l t e d  in mixed metal  o x i d e / p o l y u r e a  p a r t i c l e s .  For  i n s t a n c e ,  

t i t an ium dioxide  a n d  aluminum oxide were  i n c o r p o r a t e d  in t he  o r g a n i c  c o r e s  

by  h y d r o l y s i s  of t he  c o r r e s p o n d i n g  a lkoxide  v a p o r s  {Fig. l l b ) .  Thus ,  t h e s e  

mixed p a r t i c l e s  a r e  t h e  p r o d u c t s  of t he  combina t ion  of gas  p h a s e  

po lymer i za t i on  and  h y d r o l y s i s .  They  a re  r e a d i l y  d i s p e r s e d  in a q u e o u s  media. 



The  s ize  d i s t r i b u t i o n  a n d  t h e  mean  s ize  of  t h e  sol id  p a r t i c l e s  a r e  b a s i c a l l y  

d e t e r m i n e d  b y  t h o s e  of t h e  l i qu id  d r o p l e t s  of  t he  s t a r t i n g  m a t e r i a l s  in a e r o s o l  

s y s t e m s .  T h u s ,  sp ec i f i c  d e v i c e s  a r e  c o n c e n t r a t e d  on t he  g e n e r a t i o n  of 

u n i f o r m  l iqu id  d r o p l e t s ,  i n c l u d i n g  t h e  d e s i g n  of n e b u l i z e r s ,  h e t e r o g e n e o u s  

s e e d i n g  of AgC1 or  NaC1 {S inc l a i r -LaMer  m e t h o d  [ re f .  142-144]}, t e m p e r a t u r e  

c o n t r o l ,  e tc .  ( ref .  145-147}. In  o t h e r  w o r d s ,  t h e  f o r m a t i o n  of solid p a r t i c l e s  

i s  s imp ly  a s o r t  of c o n v e r s i o n  f rom t h e  l iqu id  d r o p l e t s .  The  c o a g u l a t i o n  

a m o n g  l iqu id  d r o p l e t s  is  minimized  b y  t h e  s p a t i a l  s e p a r a t i o n  f rom e a c h  o t h e r  

a n d  t h e  q u i c k  so l id i f i ca t i on  in  t h e  l a m i n a r  flow of c a r r i e r  ga s .  

IV. CRYSTAL HABIT CONTROL 

It  is  no t  o n ly  of a c a d e m i c  i n t e r e s t  b u t  of  i n d u s t r i a l  i m p o r t a n c e  a s  well to 

c o n t e m p l a t e  t h e  m e c h a n i s m  of h a b i t  f o r m a t i o n  of u n i f o r m  colloidal  p a r t i c l e s ,  

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

col loidal  p a r t i c l e s ;  e .g . ,  c a t a l y t i c  a c t i v i t y ,  p h o t o g r a p h i c  s p e e d ,  m a g n e t i c  

p r o p e r t i e s ,  e tc .  I n d e e d ,  t h e r e  a r e  m a n y  i n t r i g u i n g  p r o b l e m s  lef t  to be 

s o lved .  

For  i n s t a n c e ,  we h a v e  s e e n  in t h e  p r e c e d i n g  s e c t i o n s  no t  a few c o n f l i c t i n g  

e x a m p l e s  of s p h e r i c a l  p a r t i c l e s  wi th  d e f i n i t e  c r y s t a l  s t r u c t u r e s ,  s u c h  a s  CdS 

{ref. 49}, ZnS {ref. 50), CdSe {ref. 52), AI{OH}2H2PO 4 {ref. 39}, a - F e 2 0 3  {ref. 

68}, TiO 2 ( ref .  74}, Fe304 {ref. 19}, e tc .  As for  Fe304,  t he  m e c h a n i s m  h a s  

b e e n  c l e a r l y  e l u c i d a t e d  f rom e l e c t r o n  m i c r o s c o p y  t r a c i n g  t h e  f o r m a t i o n  

p r o c e s s ;  i.e., t h e  p r o m p t  c o a g u l a t i o n  of f ine  p r i m a r y  p a r t i c l e s ,  fol lowed by  

c o n t a c t  r e c r y s t a l l i z a t i o n  w i t h i n  t h e  i n d i v i d u a l  s p h e r i c a l  p a r t i c l e s  {ref. 19}. 

T he  p o l y c r y s t a l l i n e  s u b s t r u c t u r e  was  a l so  f o u n d  fo r  s p h e r i c a l  h e m a t i t e  

{a-Fe203} p r e c i p i a t e d  f rom h o m o g e n e o u s  s o l u t i o n s  of f e r r i c  c h l o r i d e s  {ref. 6}. 

S p h e r i c a l  h e m a t i t e  is  n o r m a l l y  g e n e r a t e d  in  a r e l a t i v e l y  h i g h  pH r a n g e  wi th  

low f e r r i c  c h l o r i d e  c o n c e n t r a t i o n  w h e r e  ~-FeOOH s c a r c e l y  p r e c i p i a t e s .  Th i s  

f a c t  s u g g e s t s  t h a t  t he  h i g h l y  h y d r a t e d  a n d  p o l y m e r i z e d  ba s i c  f e r r i c  c h l o r i d e  

c o m p l e x e s  a n d / o r  f e r r i c  h y d r o x i d e  c o m p l e x e s  may  r e l e a s e  w a t e r  mo le c u l e s  

fo l lowing  d e p o s i t i o n  on to  t he  s u r f a c e s  of t h e  g r o w i n g  h e m a t i t e  p a r t i c l e s  to 

f o rm  v e r y  f i n e  s u b c r y s t a l s  j u s t  on  t h e  same  s p o t s  w i t h o u t  a n y  e x t e n s i v e  

t w o - d i m e n s i o n a l  d i f f u s i o n .  Th i s  h y p o t h e s i s  cou ld  be e x t e n d e d  to a g e n e r a l  

c a s e  in  w h i c h  some c r y s t a l l i z a t i o n  t a k e s  p lace  w i t h i n  o r i g i n a l l y  a m o r p h o u s  

p a r t i c l e s  d u r i n g  t h e i r  g r o w t h .  In  o t h e r  w o r d s ,  t h e  g r o w i n g  p a r t i c l e s  c o n s i s t  

of  a d o u b l e  s t r u c t u r e  of  a c r y s t a l l i n e  co re  c o v e r e d  wi th  a n  a m o r p h o u s  she l l .  

The  t h i c k n e s s  of t h e  she l l  may  r a n g e  f rom a lmos t  z e ro  to t h e  fu l l  r a d i u s ,  

d e p e n d i n g  on t h e  n a t u r e  of  t h e  sol id  s p e c i e s  a n d  t h e  e n v i r o n m e n t .  In  a n y  

c a s e ,  a n u m b e r  of  n u c l e i  fo r  t h e  c r y s t a l l i z a t i o n  m u s t  be d i s p e r s e d  w i t h i n  t h e  

a m o r p h o u s  sh e l l  of  t h e  p a r t i c l e  whi le  t h e  s u b c r y s t a l s  will g row  on  i n d i v i d u a l  

n u c l e i  w i th  r a n d o m  o r i e n t a t i o n  u n t i l  f i na l l y  t h e y  comple t e  a p o l y c r y s t a l l i n e  
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s p h e r i c a l  pa r t i c l e .  The c o n t a c t  r e c r y s t a l l i z a t i o n  may o c c u r  a t  t h e  same time 

among the  s u b c r y s t a l s  to make the  p a r t i c l e  r i g id  and  compact .  The model is  

d e p i c t e d  in Fig. 12. This  mechan i sm may exp la in  t he  t r a n s i t i o n  f rom 

a m o r p h o u s  to c r y s t a l l i n e  of t h e  s p h e r i c a l  mixed p a r t i c l e s  of ZnS/CdS s imply  

by  e l eva t i on  of t he  t e m p e r a t u r e  of p r e p a r a t i o n  which  e n h a n c e s  t he  

c r y s t a l l i z a t i o n  p r o c e s s  ( ref .  51). The r o u g h  s u r f a c e s  of t h e  c r y s t a l l i n e  

ZnS/CdS p a r t i c l e s  r e v e a l  t h e i r  p o l y c r y s t a l l i n i t y .  The same mechan ism is a l so  

c o n c e i v a b l e  fo r  t h e  s p h e r i c a l  p a r t i c l e s  of CdS (ref .  49) a n d  ZnS ( ref .  50) 

s ince  s u c h  a r o u g h  s u r f a c e  is r e t a i n e d  fo r  CdS as  well U n d e r  c e r t a i n  

c o n d i t i o n s .  

~ AMORPHOUS SHELL 

/ CRYSTALLINE CORE 

nucleus 

Fig. 12. Schemat i c  model of  s p h e r i c a l  c r y s t a l  fo rmat ion .  

On t h e  o t h e r  h a n d ,  t h e  c u b i c  hemat i t e  p a r t i c l e  r e p o r t e d  in  re f .  68 and  69 

is  c o n s i d e r e d  to be a s ing le  c r y s t a l  f rom i t s  c h a r a c t e r i s t i c  h a b i t u s .  I t  is  

normal ly  p r o d u c e d  by  r e c r y s t a l l i z a t i o n  f rom p-FeOOH p r e c i p i a t e d  b e f o r e h a n d  

in  a q u e o u s  or  a l c o h o l / w a t e r  s o l u t i o n s  of f e r r i c  ch l o r i d e  of low pH (<2). The 

slow p r o c e s s  u n d e r  low s u p e r s a t u r a t i o n  l imited by  t h e  so lub i l i t y  of p-FeOOH 

a p p e a r s  to be in f a v o r  of  t he  d e v e l o p m e n t  of  t h e  s ing le  c r y s t a l  s ince  t h e  

s u r f a c e  r e a c t i o n  of  c r y s t a l l i z a t i o n  can  r e a d i l y  follow the  d e p o s i t i o n  of t h e  

p r e c u r s o r  complexes .  The c r y s t a l l i z a t i o n  p r o c e s s  mus t  be  p r o m o t e d  a t  h i g h  

t e m p e r a t u r e  (~150"C). In  add i t i on ,  s ince  f e r r i c  c h l o r i d e  so lu te  complexes  of  

low molcular  w e i g h t  s u c h  as  FeCI(H20)I + and  FeC12(H20)4 + seem to be dominan t  

u n d e r  t h e s e  c o n d i t i o n s  ( ref .  166-168), t h e y  mus t  a lso  f a v o r  t h e  fo rma t ion  of 

t h e  s i ng l e  l a t t i ce  s t r u c t u r e  wi th  t h e i r  h i g h  k ine t i c  e n e r g y  fo r  s u r f a c e  

d i f f u s i o n  a n d  r e a r r a n g e m e n t ,  a n a l o g o u s  to t h e  fo rma t ion  of t he  bas ic  i ron  

s u l f a t e  ( ref .  83). Alcohol is  k n o w n  to e n h a n c e  t h e  f e r r i c  c h l o r i d e  so lu t e  

complexa t ion  ( ref .  168}. 

F u r t h e r m o r e ,  i t  i s  well k n o w n  t h a t  spec i f i c  a d s o r p t i o n  of  ions ,  complexes ,  

o r g a n i c  c o m p o u n d s ,  e tc . ,  b r i n g s  a b o u t  a v a r i e t y  of m o r p h o l o g y  of  colloidal  

m i c r o c r y s t a l s  b y  r e s t r a i n i n g  or  somet imes  p r o m o t i n g  g r o w t h  of t he  f a c e t s  to 
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which  t h e y  a re  a d s o r b e d  ( ref .  148-151); fo r  i n s t a n c e :  1) d i sk l ike  hemat i t e  

p r o d u c e d  in t he  p r e s e n c e  of t r i e t h a n o l a m i n e  (ref .  55); 2) hexagona l  p a r t i c l e s  

of bas ic  i ron  su l f a t e  (Fe3(SO4)2(OH)5.2H20) wi th  c o r n e r s  and  e d g e s  r o u n d e d  

off  by e x c e s s  su l f a t e  ions  ( ref .  73); 3) o c t a h e d r a l  s i l v e r  b romide  o b t a i n e d  by  

a d s o r p t i o n  of b romide  (ref .  12) or  AgBr~ " - 1 ) -  complexes  ( ref .  152); 4) 

morpho log ica l  c h a n g e  of AgBr f rom o c t a h e d r o n  to c u b e  by  a d s o r p t i o n  of 

ammonia ( ref .  153); 5) e x t r a o r d i n a r y  s h a p e  of AgBr in r h o m b o d o d e c a h e d r o n ,  

i c o s i t e t r a h e d r a ,  t r i s o c t a h e d r a ,  t e t r a h e x a h e d r a ,  o r  h e x o c t a h e d r a  formed by  

a d s o r p t i o n  of o r g a n i c  c o m p o u n d s  (ref .  154-156); and  6) t he  s i l ve r  ch l o r i d e  

p a r t i c l e s  in o c t a h e d r o n  or  r h o m b o d o d e c a h e d r o n  in t he  p r e s e n c e  of o r g a n i c  

c o m p o u n d s  s u c h  as  d i m e t h y l t h i o u r e a  or  2 - ( c a r b o x y m e t h y l m e r c a p t o ) -  

benz imidazole  ( ref .  57) or  c a t i ons  s u c h  as  cadmium ions  ( ref .  158). However ,  

l i t t le  is  known a b o u t  t he  mechan ism of h a b i t  modif ica t ion  of m i c r o c r y s t a l s  

d e s p i t e  i t s  f u n d a m e n t a l  a n d  p r a c t i c a l  impor t ance .  Thus ,  t he  r e s t  of t h i s  

s ec t i on  is  to be d e v o t e d  to an  a t t e m p t  a t  f u r t h e r  i n s i g h t s  in to  t he  p r o b l e m s  

of h a b i t  fo rma t ion  of un i fo rm m i c r o c y r s t a l s  b o u n d  by  t h e i r  own typ ica l  f a ce t s .  

Gibbs ( ref .  159) s u g g e s t e d  t h a t  a p o l y h e d r a l  c r y s t a l  in equ i l i b r ium with  

the  s u r r o u n d i n g s  would a s s u m e  a s h a p e  wi th  the  minimum s u r f a c e  f r e e  

e n e r g y .  This  idea  was f o r m u l a t e d  by  Wulff ( ref .  160) as  follows: 

a l  a2 a i  kT P 
- -  = - -  = - - -  = - -  = - - -  = i n -  , ( 2 1 )  

r l  r2 r i  ~vm Po 

w h e r e  a i a n d  r i a r e  t h e  spec i f i c  s u r f a c e  e n e r g y  of t he  / th face  of t he  

p o l y h e d r a l  c r y s t a l  a n d  t h e  c e n t r a l  d i s t a n c e  to t he  face ,  r e s p e c t i v e l y ,  k is  t h e  

Bol tzmann c o n s t a n t ,  v m is t he  molecular  volume,  Po is t he  v a p o r  p r e s s u r e  of 

a c r y s t a l  of i n f in i t e  d imens ions ,  a n d  P is  t he  v a p o r  p r e s s u r e  of t he  

p o l y h e d r a l  c r y s t a l .  The v a p o r  p r e s s u r e s  a r e  r e p l a c e d  by  the  so lub i l i t i e s  or  

equ i l i b r ium a c t i v i t i e s  fo r  a c r y s t a l  in a so lu t ion .  This  is  t he  c o n c e p t  of t he  

"equ i l i b r ium form".  

Meanwhile,  Curie  ( ref .  161) c o n s i d e r e d  t h a t  a c r y s t a l  might  g row u n d e r  

s u p e r s a t u r a t i o n ,  ma in t a in ing  t h e  equ i l ib r ium form with  i t s  minimum s u r f a c e  

e n e r g y .  However ,  h is  h y p o t h e s i s  has  n e v e r  b e e n  v e r i f i e d  fo r  t h e  g r o w t h  of 

rea l  p o l y h e d r a l  c r y s t a l s  of l a r g e  d imens ions .  This  is p a r t l y  b e c a u s e  t h e r e  is 

v i r t u a l l y  no d i f f e r e n c e  in v a p o r  p r e s s u r e  or  so lub i l i t y  b e t w e e n  a l a r g e  

c r y s t a l  and  t h e  i n f i n i t e - s i z e d  one  (i.e. P -~ Po) so t h a t  Eq. 21 loses  i t s  

s i g n i f i c a n c e ,  a n d  p a r t l y  b e c a u s e  t h e  s h a p e  of a c r y s t a l  is d e t e r m i n e d  by  t h e  

d i f f e r e n c e  in g r o w t h  r a t e  of t h e  i n d i v i d u a l  f a c e t s  fo r  t he  r e a c t i o n - c o n t r o l l e d  

g r o w t h  ( the  g r o w t h  fo rm") .  
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C o n s e q u e n t l y ,  i t  h a s  b e e n  g e n e r a l l y  a c c e p t e d  t h a t  t h e  e q u i l i b r i u m  f o r m  i s  

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

t h e  r e c r y s t a l l i z a t i o n  w i t h i n  t h e  i n d i v i d u a l  m i c r o c r y s t a l s  i n  a c l o s e d  s y s t e m ,  

w h e r e a s  t h e  g r o w t h  f o r m  i s  a k i n e t i c  s h a p e  f o r m e d  b y  t h e  d i f f e r e n c e  in  

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

s u p e r s a t u r a t i o n .  T h u s ,  i t  s e e m s  to  t h e  a u t h o r  t h a t  t h e  c o r r e l a t i o n  b e t w e e n  

t h e  two  k i n d s  o f  c r y s t a l  f o r m s  h a s  s c a r c e l y  b e e n  d i s c u s s e d  a n d  t h a t  t h e y  

h a v e  b e e n  t r e a t e d  a s  c o n c e p t s  i n d e p e n d e n t  o f  e a c h  o t h e r .  T h e r e f o r e ,  t h e  

a u t h o r  ( r e f .  162} h a s  d e f i n e d  a t h e r m o d y n a m i c  q u a n t i t y ,  " s u r f a c e  c h e m i c a l  

p o t e n t i a l " ,  w h i c h  e n a b l e s  u s  to  d e a l  w i t h  n o n - e q u i l i b r i u m  f o r m s  a s  wel l  a s  

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

A. S u r f a c e  c h e m i c a l  p o t e n t i a l  

L e t  u s  c o n s i d e r  a s i m p l e  t e t r a d e c a h e d r a l  m i c r o c r y s t a l  b o u n d  b y  s i x  {100} 

f a c e s  a n d  e i g h t  {111} f a c e s  a s  i l l u s t r a t e d  i n  F i g .  13. T h e  e x t r e m e  s h a p e s  a r e  

t h e  o c t a h e d r o n  b o u n d  b y  {111} f a c e s  o n l y  a n d  t h e  c u b e  b o u n d  b y  {100} f a c e s  

o n l y .  H e r e  t e t r a d e c a h e d r o n  A i s  a n  i n t e r m e d i a t e  f o r m  b e t w e e n  t h e  o c t a h e d r o n  

a n d  t e t r a d e c a h e d r o n  M w h i l e  t e t r a d e c a h e d r o n  B c o r r e s p o n d s  to  a s h a p e  

b e t w e e n  t e t r a d e c a h e d r o n  M a n d  t h e  c u b e .  

"'" "'" e--'- "" 
r ~  i C 
, i i i I 

' ' ' ! J i J 
: . . . . . . . . . .  .I'," ~. . . . . . . . . . .  ' " 

[octahedron] tetradecahedron A [tetradecahedron M] tetradecahedron B [cube] 

Fig .  13. An  o c t a h e d r o n ,  t e t r a d e c a h e d r o n  A, M a n d  B a n d  a c u b e  ( r s f .  162).  

T h e  s u r f a c e  c h e m i c a l  p o t e n t i a l  (SCP)  o f  a {100} f a c e  o f  a t e t r a d e c a h e d r a l  

m i c r o c r y s t a l ,  P l 0 0  , i s  n o w  d e f i n e d  a s  a c h a n g e  o f  s u r f a c e  f r e e  e n e r g y  o f  t h e  

m i c r o c r y s t a l  b y  t h e  g r o w t h  o f  t h e  {100} f a c e  w i t h  o n e  mole  o f  t h e  c o m p o n e n t  

m o l e c u l e s  in  t h e  d i r e c t i o n  n o r m a l  to  t h e  {100} f a c e  w h e r e  t h e  c e n t r a l  d i s t a n c e  

to  t h e  {111} f a c e s  i s  f i x e d .  T h e  SCP o f  a {111} f a c e  i s  d e f i n e d  a s  wel l  i n  a n  

a n a l o g o u s  m a n n e r .  M e a n w h i l e ,  t h e  s u r f a c e  f r e e  e n e r g y  o f  a t e t r a d e c a h e d r o n ,  

G, i s  w r i t t e n  a s :  

G = Sl00al00 + S l l l a l l l  , (22) 

where $100 and $111 are the total surface area of the {100} and the {111} 

faces of the particle, respectively, and al00 and ~111 are the specific surface 

e n e r g i e s  o f  t h e  r e s p e c t i v e  f a c e s .  T h u s ,  ~100  a n d  P l l l  a r e  g i v e n  a s :  
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oG #G ov ] 
Pl00 |~'nn]rll 1 : = Vm(a-~lO0) / (7~100) , 

aG : V " 0G • . av . 
"111 = (,--~)r10 0 m~7~m'/,--:~m' ' 

(23) 

w h e r e  n is t he  mole n u m b e r  of t he  c o n s t i t u e n t  molecules  of t he  pa r t i c l e ,  r l00  

and  r l l  1 a r e  t he  c e n t r a l  d i s t a n c e s  to t he  {100} and  {111} faces ,  r e s p e c t i v e l y ,  

V m is t he  molar volume of t he  solid and  v is t he  volume of t he  pa r t i c l e .  

S100, S l l  I and  v a r e  g i v e n  as  f u n c t i o n s  of r l 00  and  r l l  1 so t h a t  Pl00 and  

P111 a r e  o b t a i n e d  as  f u n c t i o n s  of t he  c e n t r a l  d i s t a n c e s  and  the  spec i f i c  

s u r f a c e  e n e r g i e s .  The SCP 's  fo r  t he  {100} a n d  the  {111} f a c e s  a r e  

summar ized  in Table 1. 

TABLE 1 

S u r f a c e  chemical  p o t e n t i a l s  of {100} and  {111} f a c e s  fo r  t e t r a d e c a h e d r a  ( ref .  
162). 

Types of tetradecahedra ~i00 Vl l l  

Type A { l /V3 ~ r, J r l o o  ~ 2/V3) 
-2a,m + 2~r3a. H 2(vr3r,,, - r,oo)a,oo + 2(V3r,oo - 2r,,,)a,. 

v. v. 
~ , , ,  - ~,~ ~;,, - 0 5 ~ , , ,  - ,,~)~ 

2(3~f3r1,. - 7r=oo)a,co + 6(V3r,oo - r,.,)a,,, 

Type B (2/~r3 g r,./rmo ~ V3) 2r~co - 3(~/3rmoo - r,u) z ~-- ~ r , ~ -  r,,, r'. 

The chemical  p o t e n t i a l  of so lu te  in e q u l i b r i u m  with  a {100} face ,  p ,oo  is 

g i v e n  by: 

100 
~L = Pl00 + P-  ' (24) 

w h e r e  ~ .  is  t he  chemical  p o t e n t i a l  of  a p a r t i c l e  of i n f in i t e  d imens ions .  On the  

o t h e r  hand ,  p ,0o  and  ~ .  a r e  r e l a t e d  to t h e  a c t i v i t i e s  of  t he  e l e c t r o l y t e  or  t he  

so lub i l i ty  p r o d u c t s  as:  

100 RTInKI00 
PL = M° + sp 

p® = ~u" + RTInK:p , 

(25) 

(26) 

where p" is the standard chemical potential, K~ ° is the solubility product of 

a {100} face of the tetradecahedral particle, K~p is the solubility product of 

the infinite-sized particle, R is the gas constant and T is the absolute 

temperature. Similar relationships are obtained for a {111} face as well. 
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Thus ,  K ~  ° and  K ~  ° a r e  e x p r e s s e d  as  f u n c t i o n s  of Pl00 and  P l l l  

r e s p e c t i v e l y :  

KIO0 - 
= KspeXp(Pl00/RT) , s p  

Klllsp = KspeXp(Pl l l / I~r )  
(27) 

Eq. 27 means  t h a t  t h e  so lub i l i t y  or  t he  so lub i l i t y  p r o d u c t  of each  f a c e t  of 

t h e  t e t r a d e c a h e d r a l  m i c r o c r y s t a l  can  be ca l cu l a t ed  if t h e  s h ap e ,  s ize  and  

spec i f i c  s u r f a c e  e n e r g i e s  of t he  {100} and  {111} f a c e s  a r e  known.  The 

r e l a t i o n s  of Eq. 27 can  be app l i ed  to n o n - e q u i l i b r i u m  fo rms  as  well as  

equ i l i b r ium ones ,  as  has  b e e n  v e r i f i e d  fo r  t a b u l a r  g r a i n s  of AgBr (ref .  163). 

B. S tab le  f o r m s  

1. Equ i l ib r ium fo rms .  If  b o t h  the  {100} a n d  {111} f a c e s  coex i s t  wi th in  a 

t e t r d e c a h e d r o n  in e q u l i b r i u m  wi th  a common so lu t ion ,  SCP 's  of  t he  {100} and  

{111} f a c e s  a r e  equal :  

Pl00 = ~111 (28) 

A p p l y i n g  th i s  r e l a t i on  to Pl00 a n d  ~111 in Table 1, i t  fol lows fo r  bo th  t y p e s  A 

and  B tha t :  

r l l l  ~111 
= -  , (29) 

r l 0 0  a l00 

wh ich  c o n f o r m s  to  t h e  Wul f f - t heo rem in Eq. 21. In  t h i s  case ,  a (J a l l l / a l 0 0 )  

mus t  be in  t h e  r a n g e  of  1 / ~  < a < ~ d u e  to t he  geome t r i c  r e s t r i c t i o n  of  a 

t e t r a d e c a h e d r o n :  1/,/~ < p < ~ (p a r l l l / r l 0 0 ) .  

If  a ~ 1/4~, J* l l l  > Pl00 a lways  ho lds  fo r  1/4~ < p < ~ f rom Table 1. 

Thus ,  t h e  {100} f a c e s  c o n t i n u e  to g row wi th  t h e  d i s s o l u t i o n  of t he  {111} f a c e s  

un t i l  t h e  {100} f a c e s  d i s a p p e a r  to form a p e r f e c t  o c t a h e d r o n  {p = 1/¢~). 

If  a ~ 4~, P l l l <  Pl00 ho lds  fo r  1/4~ < p < ~/T. Thus ,  t h e  {111} f a c e s  g row 

at  t h e  e x p e n s e  of t h e  {100} f a c e s  un t i l  t h e  {111} f a c e s  v a n i s h  to form a 

p e r f e c t  c u b e  (p : 4~). A l though  t h e  l a s t  two c a s e s  do no t  s a t i s f y  t h e  Wulff 

formula ,  t h e y  comply  wi th  t h e  Gibbs  p r i n c i p l e  of  t h e  equ i l i b r ium form.  

The c h a n g e  of  t he  SCP 's  of t h e  {100} and  {111} f a c e s  is  s h o w n  as  a 

f u n c t i o n  of  p in Fig.  14 fo r  a c o n s t a n t  p a r t i c l e  volume w h e r e  f is  t h e  s u r f a c e  

chemical  p o t e n t i a l  r e l a t i v e  to Pl00 of  a c u b e  of  t he  same volume. Table 2 

summar i ze s  t he  SCP 's  of  t h e  equ i l i b r i um f o r m s  in t h e  r e s p e c t i v e  r a n g e s  of ~( i  

a l l l / a l O 0 ) .  
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Fig .  14. S u r f a c e  c h e m i c a l  p o t e n t i a l s  o f  {100} a n d  {111} f a c e s  o f  a 
t e t r a d e c a h e d r a l  m i c r o c r y s t a l  f o r  t h e  t h r e e  r a n g e s  o f  a. T h e  a r r o w s  i n d i c a t e  
t h e  d i r e c t i o n s  o f  d r i v i n g  f o r c e  ( r e f .  162}. 

TABLE 2 

Relationships between the equilibrium form and the surface chemical potential 
for the respective ranges of alll/al00 (ref. 162}. 

Equilibrium 
°iii/°i00 rlll/rlO0 forms 

Surface chemical potentials 
of equilibrium forms 

ulO0 Ulll 

-, . /~,00 ~ 1 / ~  I/v~ Oct. -co  2~,,, l .~/n, ,  
]/~/J -( i~111/~100 < ~/J alll/i/100 Telradec. 2alooFm/rmo 2a.l l . ' . , Ir .~ 
a. l laleo > "I3 "I3 Cub. 2alooV,.Irjoo - o o  

2. S t e a d y  f o r m s  

a} R e a c t i o n - c o n t r o l l e d  g r o w t h .  A m i c r o c r y s t a l  w h i c h  i s  g r o w n  u n d e r  

s u p e r s a t u r a t i o n  i s  e x p e c t e d  to  a s s u m e  a b a l a n c e d  s t e a d y  f o r m  b e c a u s e  t h e  

g r o w t h  r a t e  o f  o n e  k i n d  o f  f a c e t s  w h i c h  a t  f i r s t  g r o w  f a s t e r  t h a n  t h e  o t h e r  

will  s o o n  b e  l i m i t e d  b y  t h e  l o w e r e d  s u p e r s a t u r a t i o n  d u e  to  t h e  h i g h e r  

s o l u b i l i t y  o f  t h e i r  o w n  p r o j e c t e d  f a c e s  w i t h  a l o n g e r  c e n t r a l  d i s t a n c e  ( s e e  

F ig .  14b) .  T h u s ,  t h e  " s t e a d y  f o r m "  i s  d e f i n e d  a s  a k i n d  o f  g r o w t h  f o r m  

d y n a m i c a l l y  s t a b i l i z e d  b y  t h e  s t e a d y  g r o w t h  u n d e r  a s u p e r s a t u r a t i o n .  
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If  a p a r t i c l e  g r o w s  b y  a s t e a d y  r e a c t i o n  con t ro l ,  i t  is  n e c e s s a r y  fo r  t h e  

d e r i v a t i v e  of  p wi th  r e g a r d  to t ime to be  zero:  

~o = 0 . ( 3 0 )  

Meanwhile, I) is given by 

= rl00(p - rill) (311 

rl00 rl00 

Thus, it follows that: 

r111 
P = • (32) 

rl00 

Designating the steady state with an asterisk, Eq. 32 can be written as: 

k111(C-C'111) 
P* = (33) 

kl00(C-C*100) ' 

where kll I and kl00 are the growth rate constants of the {111} and the 

{100} faces, respectively, on the assumption of reaction-controlled growth, C 

is the solute concentration in the bulk solution and C~11 and C~o0 are the 

solubilities of the {111} and {100} faces of the steady form, respectively• The 

solutions of Eq. 33 for p* are graphically given by intersections of the 

following two functions of p: 

k100 
Yl = ~ ; (34) 

k111 

C-Cll 1 
Y2 - ( 3 5 )  

C-C100 

Eq. 35 is rewritten from Eq. 27 as: 

C/C= - exp(#111/RT ) 

Y2 = C/C® - exp(/~100/RT) ' (36) 

w h e r e  C= is  t h e  s o l u b i l i t y  of  a n  i n f i n i t e - s i z e d  p a r t i c l e .  

Examples  of  t h e  g r a p h i c  d e t e r m i n a t i o n  of p~ a r e  s h o w n  in  Fig.  15 

according to the range of a where it is assumed that C/C= -- 1.3, v -- 1 pm 3 

and #100 -- 150 erg/cm 2. 
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Fig.  15. Graphic  de terminat ion  of the  s t e a d y  forms for  the  three  r a n g e s  of a. 
Ar rows  ind ica te  the  d i r e c t i o n s  of  d r i v i n g  force  (ref .  162). 

In Fig. 15, the  i n t e r s e c t i o n s  of P1 and P2 as  well  a s  the  terminal  point  P3 

ful f i l l  the  n e c e s s a r y  condi t ion ,  ~ = 0. However ,  the  fo l lowing  condi t ion  is  

f u r t h e r  r e q u i r e d  for the  s t e a d y  form to be s table:  

d_~ < 0 (37) 
d p  " 

Thus ,  the  p v a l u e s  at  P1 and P3 are  e l ig ib le  for  the  s t e a d y  forms w h i c h  

s u f f i c e  the  ent i re  r e q u i r e m e n t s .  

For 1/J~ < a < ~ ,  all  p a r t i c l e s  in a s y s t e m  s t a y  at  a s ing l e  p* of  P1 

d u r i n g  the ir  g r o w t h  (Fig.  15b) and p* is  approx imate ly  g i v e n  as: 

1 k l l l  1 
p* =#~- f o r  ~ ~ - -  

k l00  43 ' 

1 k l l l  k l l  f o r ~  < < ¢~ , 
- k l 0  k l 0 0  

k l l l  
= 43 f o r  • J~ 

k l o 0  

(38) 

On the  o ther  hand ,  for  a • 1/ , /~  and a • ~ ,  two v a l u e s  of p* at  P1 and 

P3 are  f e a s i b l e  in some c a s e s  (1/4~- < k l l l / k l O 0  < 43) (Fig.  15a,c): p$ of P1 is  

a p p r o x i m a t e l y  g i v e n  as  k l l l / k l 0 0 ,  w h e r e a s  p* of P3 is  e q u a l  to 1/ , /~ 

(oc tahedron)  for = i 1/43" or ,/~ ( cube)  for  a • ,/~; i .e . ,  p a r t i c l e s  of  two 

d i f f e r e n t  s h a p e s  may coex i s t  in a s y s t e m  w h e n  k l l l / k l 0 0  fa l l s  in 1 / ~  < 

k l l l / k l 0 0  < ,/~. Thus ,  in  t h i s  c a s e ,  the  s y s t e m  is  not  p e r f e c t l y  uniform.  
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A l t h o u g h  e x p e r i m e n t a l  e v i d e n c e  f o r  s u c h  a d e d u c t i o n  h a s  n e v e r  y e t  b e e n  

g i v e n ,  i t  i s  p o s s i b l e  t h a t  t h e  s e p a r a t i o n  i n  m o r p h o l o g y  t a k e s  p l a c e  i n  a r e a l  

s y s t e m  b y  t h e  a b o v e  m e c h a n i s m .  

E x c e p t  f o r  t h e s e  s p e c i a l  c a s e s ,  p* o f  t h e  s t e a d y  f o r m  c a n  be  w r i t t e n  b y  

Eq.  38 f o r  r e a c t i o n - c o n t r o l l e d  g r o w t h .  T h i s  c o n c l u s i o n  c a n  be  e x t e n d e d  to  a 

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

s t e a d y  f o r m ;  i .e . :  

r l :  r 2 : r  3 - - - :  r i - - - :  r n = k l :  k2 :  k 3 - - - :  k i - - - :  k n , (39)  

w h e r e  r i a n d  k i a r e  t h e  c e n t r a l  d i s t a n c e  to  a n d  t h e  g r o w t h  r a t e  c o n s t a n t  o f  

t h e  f a c e s  o f  t h e  / t h  k i n d ,  r e s p e c t i v e l y .  

b)  D i f f u s i o n - c o n t r o l l e d  g r o w t h .  I f  a p o l y h e d r a l  m i c r o c r y s t a l  g r o w s  b y  a n  

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

q u i c k  e n o u g h  a s  c o m p a r e d  to  t h e  d i f f u s i o n  o f  s o l u t e  t o w a r d  t h e  i n t e r f a c e ,  t h e  

c o n c e n t r a t i o n  o f  s o l u t e  a t  t h e  i n t e r f a c e  m u s t  b e  v i r t u a l l y  in  e q u i l i b r i u m  w i t h  

e a c h  f a c e  o f  t h e  m i c r o c r y s t a l .  A c c o r d i n g l y ,  t h e  s t e a d y  f o r m  o f  a p o l y h e d r a l  

m i c r o c r y s t a l  w h i c h  g r o w s  b y  i d e a l  d i f f u s i o n  c o n t r o l  i s  e q u a l  to  t h e  

e q u i l i b r i u m  f o r m .  I n  o t h e r  w o r d s ,  C u r i e ' s  h y p o t h e s i s  r e f e r r e d  to  e a r l i e r  i n  

t h i s  c h a p t e r  i s  v a l i d  f o r  a c o l l o i d a l  m i c r o c r y s t a l  w h i c h  g r o w s  b y  t h e  i d e a l  

d i f f u s i o n  c o n t r o l  m e c h a n i s m .  T h i s  m o d e l  i s  i l l u s t r a t e d  in  F ig .  16 f o r  t h e  c a s e  

o f  a t e t r a d e c a h e d r a l  p a r t i c l e  i n  1 / ~  < ~ < 43.  

T h e r e f o r e ,  p*  f o r  d i f f u s i o n - c o n t r o l l e d  g r o w t h  i s  w r i t t e n  a s :  

1 1 
p* = ~ f o r  a • 4"~ ' 

a l l l  1 
= - -  f o r  ~ < ~ < 43 , (40) 

~ I00  

= 43 f o r  ~ • 43 . 

C C 
I I 
, I 
I l 
! e 

' l 
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cb 
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Fig .  16. C o n c e n t r a t i o n  l e v e l s  o f  s o l u t e  f o r  t h e  i d e a l  d i f f u s i o n - c o n t r o l l e d  
g r o w t h  o f  a t e t r a d e c a h e d r a l  p a r t i c l e  i n  a n o n - s t e a d y  s t a t e  a n d  t h e  s t e a d y  
s t a t e  f o r  1/4~" < ~ < 43.  T h e  t w o  k i n d s  o f  f a c e s  a r e  d e s i g n a t e d  b y  a a n d  b. 
T h e  a r r o w s  i n d i c a t e  t h e  d i r e c t i o n s  o f  m a s s  t r a n s f e r  o f  s o l u t e  ( r e f .  94}. 



Needless  to say ,  t h e  s t e a d y  form of a g e n e r a l  p o l y h e d r a l  p a r t i c l e  bound  

by s e v e r a l  k i n d s  of f a c e s  a f t e r  t he  ideal  d i f f u s i o n - c o n t r o l l e d  g r o w t h  can be 

wr i t t en  as: 

r l :  r2:  r 3 - - - :  r.i - - - :  r n  = a l :  a2: a 3 : - - - 1  a.i - - - :  an ' (41} 

where  r i and  ~i a r e  t he  c e n t r a l  d i s t a n c e  to and  the  spec i f i c  s u r f a c e  e n e r g y  

~f t he  f a c e s  of t he  / th  k ind ,  r e s p e c t i v e l y  

C. Examples  of t he  equ i l i b r ium form a n d  the  s t e a d y  form. 

As typ ica l  examples  of bo th  s t ab l e  fo rms  and  t h e i r  c o r r e l a t i o n ,  t he  

expe r imen ta l  r e s u l t s  on m o n o d i s p e r s e d  m i c r o c r y s t a l s  of s i l v e r  b romide  may be 

a p p r o p r i a t e  to r ev iew.  

The equ i l i b r ium form is a t t a i n a b l e  on ly  in a m o n o d i s p e r s e  colloidal  s y s t e m  

s ince  o t h e r w i s e  it is  imposs ib le  for  e v e r y  m i c r o c r y s t a l  to a r r i v e  at  

equ i l ib r ium wi th  so lu te  due  to Ostwald r i p e n i n g  (ref .  93,93}. Fig. 17 is an  

example of t he  equ i l i b r ium form as  a f u n c t i o n  of pBr r e a c h e d  f rom 

m o n o d i s p e r s e d  cub ic  and  o c t a h e d r a l  s i l ve r  b romide  m i c r o c r y s t a l s  by a g i n g  in 

3.5M ammoniacal  media a t  50"C ( ref .  162}. The ra t io  of r l l l / r l 0 0  was 

d e t e r m i n e d  by  m e a s u r i n g  t h e  r e s p e c t i v e  s u r f a c e  a r e a s  of t he  (111} and  the  

{100} f a c e s  by  d y e - a d s o r p t i o n  method .  In  t h i s  case ,  s ince  the  r l l l / r l 0 0  ra t io  

falls in 1 / ~  < r l l l / r l 0 0  < J~, the  equ i l ib r ium form s a t i s f i e s  t he  r e l a t i on  of 

C l l l / r l 0 0  = a l l l / a lO  O. Since  a d s o r p t i o n  of any  s p e c i e s  r e s u l t s  in t he  

r e d u c t i o n  of spec i f i c  s u r f a c e  e n e r g y  (ref .  148), t he  v a l u e s  of a l l l ,  a l00 and  

• 111/a100 a re  a l t e r e d  as  f u n c t i o n s  of e x c e s s  b romide  or  pBr (9 - l og  [Br- ] )  by  

a d s o r p t i o n  of b romide  to t he  r e s p e c t i v e  f aces .  

On t h e  o t h e r  h a n d ,  t he  ra t io  of r l l l / r l 0 0  can  be v a r i e d  in o p e n  s y s t e m s  

as well by  t h e  c h a n g e  of e x c e s s  c o n c e n t r a t i o n  of b romide  or  pBr.  The o p e n  

s y s t e m  for  a s i l ve r  b romide  d i s p e r s i o n  c o n s i s t s  of t he  c o n c u r r e n t  

i n t r o d u c t i o n  of s i l ve r  n i t r a t e  and  ha l ide  so lu t ions  in to  a well s t i r r e d  ge la t in  

so lu t ion .  Normally, t he  pBr is e l e c t r o n i c a l l y  r e g u l a t e d  t h r o u g h o u t  t he  

p r e c i p i t a t i o n  by  mon i to r ing  the  a c t i v i t y  of s i l ve r  ions  wi th  a s i l v e r  e l e c t r o d e  

( ref .  164). The a l t e r a t i o n  of i~111/~100 with  pBr  has  b e e n  exp la ined  in t e r m s  

~f t he  c h a n g e  in p e r i p h e r a l  s u r f a c e  e n e r g y  of t he  t w o - d i m e n s i o n a l  nuc le i  on 

the  r e s p e c t i v e  f a c e s  by  a d s o r p t i o n  of b romide  (ref .  12). This  is  e s s e n t i a l l y  

based  on the  S t r a n s k i  t h e o r y  (ref .  151) wh ich  p r e d i c t s  t he  r e d u c t i o n  of t he  

g r o w t h  r a t e  of {111} f a c e s  and  the  p romot ion  of t he  g r o w t h  of {100} f a c e s  

by a d s o r p t i o n  of so lu te  spec i e s .  Thus ,  t he  m i c r o c r y s t a l s  o b t a i n e d  a s s u me  a 

typ ica l  s t e a d y  form. 

Fig. 18 s h o w s  the  e l e c t r o n  m i c r o g r a p h s  of s i l ve r  b romide  p a r t i c l e s  in 

~ teady form o b t a i n e d  in 0.5M ammoniacal  so lu t i ons  of an  o p e n  s y s t e m  at  50"C 

with t he  v a r i a t i o n  of pBr  ( ref .  162}. In t h i s  case ,  t he  p a r t i c l e s  g row by  
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Fig. 17. Ratio of r l l l / r l 0 0  or  a l l l / ~ 1 0 0  of the  equil ibr ium form of AgBr as  a 
funct ion of pBr in an ammoniacal solution {ref. 162}. 

1 pm 
Fig. 18. Electron micrographs  of monodispersed AgBr microcrys ta l s  p r e p a r e d  
by  s imultaneous addi t ion  of AgNO 3 and KBr solut ions at  cons tan t  pBr in the  
p resence  of ammonia: (a) pBr = 1.40; (b) 1.90; (c) 2.30 (ref. 162). 
reac t ion  control  due to adsorp t ion  of ammonia on thei r  su r f aces  so tha t  the 
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s h a p e  is d e t e r m i n e d  b y  t h e  r a t i o  of r l l l / l : 1 0 0 ;  e .g. ,  r l l l / r l 0 0  = ~111/1:100 = 

k l l l / k l O  0 fo r  1/,f~ < ~ l l l / r l O 0  < ~ ( ref .  162). The r e s u l t  is  s h o w n  in  Fig. 

19 as  a f u n c t i o n  of pBr ,  w h e r e  t h e  r l l l / r l 0 0  r a t i o  of t h e  e q u i l i b r i u m  form is  

s u p e r i m p o s e d  fo r  c o m p a r i s o n .  Here,  r l l l  a n d  ~100 w e r e  d e t e r m i n e d  b y  

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

r e s p e c t i v e l y .  
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Fig. 19. Ratio of k l l l / k l 0 0  or  r l l l / r l 0 0  fo r  t h e  r e a c t i o n - c o n t r o l l e d  s t e a d y  
fo rm as  a f u n c t i o n  of pBr .  The  r a t i o  of r l l l / r l 0 0  fo r  t h e  e q u i l i b r i u m  form is 
s u p e r i m p o s e d  fo r  c o m p a r i s o n  {ref.  162). 

In  t h e  a b s e n c e  of ammonia ,  t h e  r 1 1 1 / r 1 0 0  r a t i o  of t h e  s t e a d y  form fa i l s  to  

a g r e e  w i th  ~ l l l / ~ 1 0 0 ( = K l l l / K 1 0 0 )  a s  s h o w n  in  Fig. 20 ( ref .  94). Th i s  is 

b e c a u s e  b o t h  t h e  {111} a n d  {100} f a c e s  g r o w  b y  d i f f u s i o n  c o n t r o l  in  t h e  pBr  

r a n g e  f rom 2.6 to 3.5 a s  a r e s u l t  of b e i n g  f r e e  f rom a d s o r p t i o n  of ammonia .  

T h u s ,  a t e t r a d e c a h e d r a l  p a r t i c l e  g r o w n  in  t h i s  pBr  r a n g e  is  c o n s i d e r e d  to 

a s s u m e  t h e  e q u i l i b r i u m  fo rm a s  i t s  s t e a d y  form.  

On t h e  o t h e r  h a n d ,  m o n o d i s p e r s e d  c u b i c  p a r t i c l e s  of AgC1 a r e  k n o w n  to 

g row b y  d i f f u s i o n  c o n t r o l  in  o p e n  s y s t e m s ,  p r o b a b l y  fo r  a n y  pC1 (ref .  165). 

Hence,  t h e  s t e a d y  fo rm of AgC1 a p p e a r s  to co inc ide  wi th  t h e  e q u i l i b r i u m  fo rm 

wi th  a l l l / a l 0 0  ~ V~. 
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V. CONCLUDING REMARKS 

Although studies on monodispersed particle formation have been so 

markedly advanced by the strenuous efforts of numerous researchers that we 

are now getting away from the sheer trial-and-error stage, establishing a 

new monodipserse system still appears to be an arduous task with a flavor of 

art. In this sense, there is no royal road to the goal, despite the growing 

demand for such uniform systems. Nevertheless, the author believes that 

t h e r e  a r e  some common r u l e s  b e h i n d  t h e  i n d i v i d u a l  p e c u l i a r i t i e s  a n d  t h a t  it  i s  

well  t imed  to p r e s e n t  h i s  p e r s o n a l  ou t look  on  t h i s  f a s c i n a t i n g  f ie ld  in  v iew of  

t h e  c u r r e n t  t r e n d s .  

T h u s ,  in  t h i s  r e v i e w ,  t h e  u n d e r l y i n g  p r i n c i p l e s  f o r  t h e  p r e p a r a t i o n  of  well 

d e f i n e d  m o n o d i s p e r s e d  col lo ids  a n d  t h e  f o r m a t i o n  of  c h a r a c t e r i s t i c  c r y s t a l  

h a b i t  h a v e  b e e n  c o n s i d e r e d  on a c o m p r e h e n s i v e  a n a l y s i s  of  t he  e x i s t i n g  

e x a m p l e s  f rom t h e o r e t i c a l  a n d  empi r i ca l  p o i n t s  of  v iew.  The  r e a d e r s  m u s t  

h a v e  f o u n d  t h a t  all  s y s t e m s  b a s i c a l l y  comply  wi th  t h e  p r o p o s e d  g e n e r a l  r u l e s .  
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However ,  the  g u i d e l i n e s  s e t  f o r t h  in t h i s  a r t i c l e  a r e  f a r  f rom s a t i s f a c t o r y  

to r e a c h  idea l ly  un i fo rm s y s t e m s  wi th  l i t t le  e x p e r i m e n t a l  e f fo r t ;  bu t ,  

hope fu l ly ,  t h e y  might  be of some he lp  to t h e  peop le  who a re  a c t u a l l y  i n v o l v ed  

in t he  d e v e l o p m e n t  of new m o n o d i s p e r s e  s y s t e m s  or g e n e r a l l y  i n t e r e s t e d  in 

t he  mechan ism of colloidal  p a r t i c l e  fo rmat ion .  
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