
R E S U L T  A N D  D I S C U S S I O N
CHAPTER VI

4 .1  I n t e r f a c i a l  P o l y m e r i z a t i o n  P o l y a n i l i n e

F i g u r e  4 .1  S t r u c tu r e  o f  p o ly e le c t r o ly te ;
(a )  P o l y ( d ia l ly ld im e th y la m m o n iu m  c h lo r id e )  ( P D A D M A C ) ,
(b )  P o l y ( s o d iu m 4 - s ty r e n e s u l f o n a te )  ( P S S )  a n d
(c )  P o ly ( 4 - s ty r e n e s u l f o n ic  a c id - c o - m a le ic  a c id )  ( C o P S S ) .

P o ly e le c t r o ly te s  a r e  p o ly m e r s  w h ic h  p o s s e s s  e i th e r  p o s i t iv e  o r  n e g a t iv e  
c h a r g e  in  w a te r .  T h e r e  a re  tw o  k in d s  o f  p o lv e le c t r o ly te s ,  w e a k  a n d  s t r o n g  
p o ly e le c t r o ly te .  W e a k  p o ly e le c t r o ly te  c a n  b e  p a r t ia l ly  c h a r g e d  111 s o lu t io n  w h e r e a s  
s t r o n g  p o ly e le c t r o ly te  c a n  d i s s o c ia t e  c o m p le te ly .  P o ly e le c t r o ly te s  s h o w n  in  f ig u r e  4 .1  
(A  a n d  B )  a r e  s t r o n g  p o lv e le c t r o ly te s  th a t  w e re  u s e d  in  th is  w o r k  to  m a k e  p r im e r  
b e f o r e  f i lm  a s s e m b ly  o n  s u b s t r a te  a n d  to  c a p  o th e r  p o ly m e r s  h a v in g  c h a r g e s  b y  

e l e c t r o s ta t i c  in te r a c t io n .
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T h e r e  a r e  m a n y  m e th o d s  a v a i la b le  to  p o ly m e r iz e  a n i l in e  in to  p o ly a n i l in e .  In  
th is  w o r k ,  th e  in te r f a c ia l  p o ly m e r i z a t io n  w a s  u s e d  to  o v e r c o m e  th e  l im i ta t io n  o f  
p o ly a m l in e  th a t  is  in s o lu b le  in  w a te r .  P S S  c a r r y in g  n e g a t iv e  c h a r g e s ,  w e r e  u s e d  as  an  
io n ic  d o p a n t ,  t e m p la t e  a n d  c a p p in g  a g e n t  to  e n h a n c e  s o lu b i l i t y  a n d  d is p e r s e  
p o ly a n i l i n e  in  w a te r ,  f o l lo w in g  f ig u r e  4 .2 . K u o  a n d  W e n  ( 2 0 0 8 )  d e s c r ib e s  in  c h a p te r  
2  r e p o r te d  th a t  P S S  h e lp s  to  m in im iz e  th e  r e p u ls iv e  e l e c t r o s ta t i c  i n te r a c t io n  b e tw e e n  
th e  e q u a l ly  c h a r g e d  f u n c t io n a l  g r o u p s  o f  - S O jH  in  p o ly m e r  b a c k b o n e .  In te r f a c ia l  
p o ly m e r i z a t io n  c o n s i s t e d  o f  tw o  p h a s e s  w h ic h  a re  o r g a n ic  a n d  a q u e o u s  p h a s e s .  

O r g a n ic  p h a s e  c o n ta in  th e  a n i l in e  m o n o m e r s  d is s o lv e d  in  c h lo r o f o r m . A q u e o u s  p h a s e  
h a s  d ia m m o n iu m  p e r o x o d i s u lp h a te  ( A P S )  a s  s t r o n g  o x id iz in g  a g e n t  o r  in i t i a to r  a n d  
P S S  o r  C o P S S  3:1 o r  C o P S S  1:1 a s  c a p p in g  a g e n t.

A n i l i n e  m o n o m e r s  a re  p r o to n a te d  a t in te r f a c e  b y  P S S , C o P S S  3 :1  o r  C o P S S  
1 :1 , c a p p e d  a n i l in e  m o n o m e r  a n d  le a d  to  d is p e r s e  in  a q u e o u s  p h a s e .  W a te r  s o lu b le  
p o ly a n i l i n e  ( P A N I )  b e g in s  p o ly m e r i z a t io n  a t  in te r f a c e  w h e r e  c a n  s e e  b lu e  c o lo r  a n d  
a f te r  2 4  h o u r s  th e  c o lo r  w i ll  d is p e r s e  a n d  c h a n g e  to  d a rk  g r e e n  in  a q u e o u s  p h a s e  
s h o w n  in  f ig u r e  4 .3  a n d  s t r u c tu r e  o f  e l e c t r o s ta t i c  in te r a c t io n  P A N I - P S S  s h o w n  in  
f ig u r e  4 .4 . M o r e o v e r ,  it h a s  71-71 in te r a c t io n  b e tw e e n  b e n z e n e  r in g  o f  a n i l i n e  a n d  
c a p p in g  a g e n t.

* Aniline monomer polymer .Diammonium persulphate

F i g u r e  4 .2  S c h e m a t ic  o f  in te r f a c ia l  p o ly m e r i z a t io n  o f  p o ly a n i l in e .
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F i g l i r e  4 .3  In te r f a c ia l  p o ly m e r i z a t io n  p o ly a n i l in e .

F i g u r e  4 .4  P A N I  p o ly m e r iz a t io n .
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4 .2  E f f e c t  o f  A P S  C o n c e n t r a t i o n  o n  P A N I  P o l y m e r i z a t i o n

In  th is  e x p e r im e n t ,  r a t io  o f  o r g a n ic  p h a s e  to  a q u e o u s  p h a s e  is  3 0 :1 0 0 . F irs t ,  
w e  h a v e  to  f in d  th e  o p t im a l  c o n d i t io n  w h ic h  is  th e  A P S  c o n c e n t r a t io n  th a t  g iv e s  th e  
h ig h e s t  y ie ld  P A N I. W e  s y n th e s iz e d  P A N I  w ith  v a r io u s  c o n c e n t r a t io n s  o f  A P S  a t 15 
m M  o f  e a c h  c a p p in g  a g e n t  (P S S , C o P S S  3:1  a n d  C o P S S  1 :1 )  a n d  10 m M  a n i l in e  
m o n o m e r .  T h e y  in d ic a te d  th a t  A P S  c o n c e n t r a t io n  a n d  th r e e  c a p p in g  a g e n ts  h a v e  
e f f e c t  o n  P A N I . N o t  o n ly  d i f f e r e n t  c o n c e n t r a t io n  o f  A P S  p r o d u c e s  d i f f e r e n t  g r e e n  
c o lo r  P A N I  b u t  a ls o  d i f f e r e n t  c a p p in g  a g e n t  T h e  d i f f e r e n t  c o lo r  o f  P A N !  is  s h o w n  in  
ta b le  4 .1  ( d i lu te  15 t im e s )  a n d  c h a r a c te r iz e d  w ith  U V - v is  s p e c t r u m  in  f ig u r e  4 .5 .

T a b l e  4 .1  P A N I  s o lu t io n s  in  p r e s e n c e  o f  v a r io u s  c a p p in g  a g e n ts  a n d  
A P S  c o n c e n t r a t io n s

'  '  A P S  c o n c e n t r a t io n  

C a p p i n g  a g e n t
1 m M 2 m M  3  m M  4 m M  5  m M 1 0  m M

P S S 1A a W I  mmÊm\  ̂ S E P f g

C o P S S  (3 :1 ) ■ i l l แ 1 jglj 1

C o P S S  (1 :1 )
■ ฒ เ Û.
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F i g u r e  4 .5  U V - v is  s p e c t r a  o f  p o ly a n i l in e .

1.0

P S S  —* —  C o P S S  3:1  - * ~ C o P S S l : l

F i g u r e  4 .6  P lo t  o f  P A N I  a b s o r b a n c e  w ith  d i f f e r e n t  c a p p in g  a g e n t  a n d  v a n o u s  A P S
c o n c e n t r a t io n s .
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W e  u s e d  U V - v is  s p e c t r a  to  m a k e  th e  n e w  p lo t  s h o w n  in  f ig u r e  4 .6 . F o r  
e x a m p le ,  s p e c t r u m  in  f ig u r e  4 .5  a t  7 4 0  mil IS th e  h ig h e s t  a b s o r b a n c e  o f  p e a k  s o  w e  
m a d e  th e  n e w  p lo t  f r o m  th i s  v a lu e  w ith  r e f e r r e d  th e  h ig h e s t  a b s o r b a n c e  a s  th e  y ie ld .

A t  s a m e  P S S  c o n c e n t r a t io n  ( 1 5 m M ) , d i f f e r e n t  A P S  c o n c e n t r a t io n s  g a v e  
d i f f e r e n t  h ig h e s t  a b s o r b a n c e  o r  y ie ld  o f  P A N I. A t  1-5 m M  A P S  c a n  p r o d u c e  P A N I  
b e c a u s e  th e y  h a d  g r e e n  p e a k  a r o u n d  7 4 0  11111 b u t  10 m M  A P S  h a d  n o  p e a k  a n d  
p r o d u c e  P A N I. In te n s i ty  o f  g r e e n  c o lo r  o r  y ie ld  P A N I  c a n  o b s e r v e  a t  th e  h ig h e s t  
a b s o r b a n c e  o f  e a c h  p e a k  f r o m  U V - v is  s p e c t ru m . I t s h o w e d  th a t  1 -4  m M  A P S  h a d  

d a r k e r  s o lu t io n ,  r e s p e c t iv e ly ,  b e c a u s e  P S S  c a n  p r o to n a te  to  c a p  a n i l in e  m o n o m e r  a n d  
a l lo w  P A N 1 -P S S  to  d is p e r s e  in  w a te r .  C o n c e n t r a t io n s  m o r e  th a n  4  m M  A P S  ra p id ly  
d e c r e a s e d  a b s o r b a n c e  b e c a u s e  th e y  a re  m o r e  a c t iv e  th a n  c a p p in g  a g e n ts ,  P S S  c a n n o t  
c a p  a n i l in e  m o n o m e r  to  d is p e r s e  in  w a te r .  T h e  o p t im a l  A P S  c o n c e n t r a t io n  IS 4 m M  
b e c a u s e  It g iv e s  th e  h ig h e s t  y ie ld  o r  a b s o rb a n c e .

D i f f e r e n t  c a p p in g  g iv e s  d i f f e r e n t  y ie ld  a n d  d i f f e r e n t  o p t im a l  A P S  
c o n c e n t r a t io n  in d ic a t e d  in  f ig u r e  4 .6 . F o r  C o P S S  3:1 a n d  C o P S S  1:1 , 5 m M  A P S  is 
th e  h ig h e s t  y ie ld  s o  d i f f e r e n t  c a p p in g  o r  ra t io  o f  s u l f o n a te  to  m a le ic  g r o u p  h a s  
e f f e c te d  o n  y ie ld  o f  P A N I.

A P S  c o n c e n t r a t io n s  a n d  th r e e  k in d s  o f  p o ly m e r  w ith  d i f f e r e n t  r a t io  s u l f o n a te  
to  m a le ic  g ro u p  h a v e  e f f e c t  o n  P A N I  p o ly m e r iz a t io n .  F ig u r e  4 .6  s h o w e d  th a t  P S S  
h a d  h ig h e s t  a b s o r b a n c e  o r  y ie ld  a t  4  m M  w h ile  b o th  C o P S S  3 :1  a n d  1:1 h a d  a t  5 m M . 
T h e  100  p e r c e n t  s u l f o n a te  g r o u p ,  P S S , c a n  e a s i ly  p r o to n a te  a n d  c a p  a n i l in e  m o n o m e r  
to  p o ly m e r i z e  a n d  d is p e r s e  in  w a te r .  7 5  p e r c e n t  a n d  5 0  p e r c e n t  s u l f o n a te  g r o u p ,  

C o P S S  3 :1  a n d  1:1 r e s p e c t iv e ly ,  c a n  c a p  a n i l in e  to  p o ly m e r i z e  a ls o  b u t  th e y  h a v e  to  
u s e  m o re  c o n c e n t r a t io n  o f  A P S  to  p o ly m e r iz e  b e c a u s e  th e y  h a v e  c o m p e t i t i o n  
b e tw e e n  s u l f o n a te  a n d  m a le ic  g ro u p  s o  th e y  h a v e  to  h a v e  m o r e  A P S  c o n c e n t r a t io n  to  
a c t iv a te  s u l f o n a te  g r o u p  f o r  p r o to n a t io n  a t  in te r f a c e .  T h e r e f o r e ,  C o P S S  h a d  h ig h e s t  
y ie ld  a t h ig h e r  c o n c e n t r a t io n  th a n  P S S . A t  h ig h e s t  y ie ld  o f  e a c h  c a p p in g ,  P S S  h a d  
h ig h e s t  a b s o r b a n c e  a n d  th e n  C o P S S  3:1  a n d  1:1 , r e s p e c t iv e ly .  T h is  f ig u r e  in d ic a t e d  
th a t  th e  m o re  s u l f o n a te  g r o u p  h a s  th e  m o r e  y ie ld  h a s .
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In  th is  w o r k ,  w e  f ix e d  A P S  c o n c e n t r a t io n  a t 3 m M  b e c a u s e  n e x t ,  w e  w a n te d  
to  s tu d y  th e  e f f e c t  o f  th r e e  ty p e s  o f  c a p p in g  a g e n t  o n  P A N I  p o ly m e r iz a t io n .  W e  
d i d n ' t  u s e  4  m M  A P S  b e c a u s e  a f te r  4  m M  A P S  o f  P A N I - P S S  r a p id ly  d e c r e a s e d  s o  
w e  w a n te d  to  m a k e  s u r e  th a t  o u r  s o lu t io n  d i d n ’t  h a v e  e x c e s s  A P S  .
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4 .3  E f f e c t  o f  C a p p i n g  C o n c e n t r a t i o n  o n  PAIM I P o l y m e r i z a t i o n

T a b l e  4 .2  P A N !  s o lu t io n  a t  3 m M  A P S  w i th  v a r io u s  c a p p in g  c o n c e n t r a t io n

0.0 4...... ............  :----------------:........... .............T-------------------T----------------
0 5 10 15 20 25

c a p p i n g  a g e n t  c o n c e n t r a t i o n  ( m M )

—•—PANI-PSS — PANI-CoPSS 3:1 --«--PAM-CoPSS 1:1

F i g u r e  4 .7  P lo t  o f  P A N 1  a b s o r b a n c e  w i th  v a r io u s  c a p p in g  a g e n t  c o n c e n t r a t io n s  
a t  3 m M  A P S .
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P A N I  w a s  p o ly m e r i z e d  w i th  th r e e  k in d s  o f  c a p p in g  a g e n t  a t  3 m M  A P S  as  
s h o w e d  in  t a b le  4 .2 . P A N I  c a p p e d  P S S  ( P A N I - P S S )  s o lu t io n ,  c a n  b e  d i s p e r s e d  a n d  
s ta b i l i z e d  in  w a te r  b e c a u s e  o f  100  p e r c e n t  s u l f o n a te  g ro u p  o f  c a p p in g . F r o m  U V - v is  
s p e c t r u m ,  th e  n e w  p lo t  in d ic a te d  th a t  P A N I - P S S  h a d  th e  h ig h e s t  y ie ld  a t  10 m M . P S S  
c o n c e n t r a t io n  le s s  th a n  10 m M  h a s  lo w e r  s u l f o n a te  g ro u p  to  c a p  a n i l in e  m o n o m e r  to  
p o ly m e r iz e .  F o r  P S S  c o n c e n t r a t io n  h ig h e r  th a n  10 m M  h a d  lo w e r  a b s o r b a n c e  a ls o  
b e c a u s e  o f  P S S  v is c o s i ty .

A l th o u g h  p e r c e n t  s u l f o n a te  g r o u p  d e c r e a s e s ,  P A N I  c a n  b e  p o ly m e r i z e d  b u t  
th e y  g a v e  d i f f e r e n t  a b s o r b a n c e  o r  y ie ld  c o m p a r e d  w ith  P A N I - P S S  a t s a m e  
w a v e le n g th .  I t  m e a n t  th a t  P A N I p o ly m e n z a t io n  d e p e n d s  o n  p e r c e n t  s u l f o n a te  g ro u p  
o f  c a p p in g  a g e n t .  P A N I - C o P S S  3 :1 , 75  p e r c e n t  s u l f o n a te ,  c a n  d is p e r s e  in  w a te r  b u t  
l o w e s t  c o n c e n t r a t io n ,  2  m M . I t  is  n o t  e n o u g h  c h a r g e  to  c a p  a n i l i n e  m o n o m e r  to  
p o ly m e r i z e  a n d  d is p e r s e  in  w a te r  s o  it  w a s  p r e c ip i ta te .  T h e  h ig h e s t  y ie ld  o f  P A N 1 - 
C o P S S  3 : 1 I S  8 m M .

C o P S S  1 :1 , 5 0  p e r c e n t  s u l f o n a te ,  c a n  p o ly m e r iz e  P A N I  a ls o  b u t  a ll s o lu t io n s  
th a t  s h o w  in t a b le  2  c a n n o t  d is p e r s e  in  w a te r  a n d  b e c o m e  p r e c ip i ta te .  T h e  h ig h e s t  
y ie ld  o f  P A N I - C o P S S  1:1 w a s  10 m M . S o  th e s e  e x p e r im e n t s  in d i c a t e d  th a t  y ie ld ,  
d is p e r s io n  a n d  s ta b i l iz a t io n  o f  P A N I  d e c r e a s e  w h e n  p e r c e n t  s u l f o n a te  a n d  
c o n c e n t r a t io n  o f  c a p p in g  a g e n t  d e c re a s e .  In f ig u r e  4 .7  s h o w e d  th a t  P A N I - P S S  h a d  
th e  h ig h e s t  a b s o r b a n c e  a n d  th e n  P A N I - C o P S S  3:1 a n d  C o P S S  1 :1 , r e s p e c t iv e ly ,  
b e c a u s e  o f  p e r c e n t  s u l f o n a te  o f  c a p p in g  a g e n t .  I t  c o u ld  im p ly  th a t  P S S  is  th e  b e s t  
c o n d i t io n  to  s y n th e s i z e  P A N I.
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4 .4  E f f e c t  o f  p H  o n  P A N  I C o l o r  

T a b l e  4 .3  P A N I  in  d i f f e r e n t  p H

P A N I  p r e p a r e d  f r o m  in te r f a c ia l  p o ly m e r i z a t io n  in  th i s  w o r k  w a s  in  i ts  a c id ic  
fo rm . W e  a d ju s te d  P A N I  to  p H  7  b e f o r e  m ix in g  in  d i f f e r e n t  p H  o f  p h o s p h a te  b u f f e r  
b e c a u s e  w e  w a n te d  to  h a v e  s a m e  d i lu t io n  o f  P A N I. P A N I  c a n  c h a n g e  c o lo r  w i th  p H  
s h o w n  in  ta b le  4 .3 . I t  in d ic a te d  th a t  P A N I  s e n s i t iv e  to  p H  so  i t  c a n  u s e  a s  an  o p tic a l  
s e n s o r  e i th e r  to  d e te c t  a c id ic  o r  b a s ic  e n v ir o n m e n ts .  S e v e ra l  p a p e r s  h a v e  r e p o r te d  th e  
w a v e le n g th  s h i f t  o f  P A N I. P A N I  in  f o rm  o f  c o n d u c t in g  p o ly m e r  o r  e m e r a ld in e  s a l t  
b e c o m e s  e m e r a ld in e  b a s e  o r  n o n - c o n d u c t in g  f o l lo w in g  f ig u r e  4 .8 . W h e n  p H  
in c r e a s e s ,  p e a k  s h if t s  to  lo w e r  w a v e le n g th  o r  b lu e  s h i f t  th a t  r e la te s  to  b e n z e n o id  a n d  
q u in o id  re in s  a r o u n d  3 5 0  a n d  5 5 0  n m , r e s p e c t iv e ly .  I t is  b e l ie v e d  th a t  h ig h  p H  is 
lo w e r  c o n d u c t iv e  p o ly m e r  o r  n o n - c o n d u c t in g  b e c a u s e  c o n ju g a te  d o u b le  b o n d  o r  71-71* 
t r a n s i t i o n  is  s h o r te r .
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EMERALDINE SALT

EMERALDINE BASE

F i g u r e  4 .8  P A N I  in  fo rm  o f  e m e r a ld in e  s a l t  a n d  b a se .

F i g u r e  4 .9  P lo t  o f  P A N I - P S S  a b s o r b a n c e  a t d i f f e r e n c e  p H .

T h e  h ig h e s t  a b s o r b a n c e  o f  e a c h  p H  P A N I - P S S  s p e c t r u m  a t  5 3 4 .2 9 4  a n d  
7 9 5 .5 5 0  n m  p lo t  w i th  p H  s h o w n  in  f ig u r e  4 .9 . F ig u r e  4 .9 -4 .1 1  in d ic a te d  th a t  p K a  o f  
P A N I - P S S ,  P A N I - C o P S S  3:1 a n d  1:1 w a s  8 .8 , 8 .6  a n d  8 .2 , r e s p e c t iv e ly ,  s h o w n  เท 
f ig u r e  4 .9 -4 .1  1. p K a  d e c r e a s e s  w h e n  s u l f a n o a te  g r o u p  d e c r e a s e s  s o  P A N I - C o P S S  1:1 
h a s  th e  f a s t e s t  s e n s i t iv i ty  b e c a u s e  o f  th e  lo w e s t  p K a



A
bs

or
ba

nc
e 

Ç 
A

bs
or

ba
nc

e

39

0.8

-0.2 pH

re  4 .1 0  P lo t  o f  P A N I - C o P S S  3:1 a b s o r b a n c e  a t d if f e r e n c e  p H .

F i g u r e  4 .1 1  P lo t  o f  P A N I - C o P S S  1:1 a b s o r b a n c e  a t  d i f f e r e n c e  p H .



4 0

4.5 Effect of pH, Salt and Dipping Time on PANI Monolayer

W e  s tu d ie d  e f fe c t  o f  p H , d ip p in g  t im e  and  sa lt o n  P A N I  m o n o la y e r  to  
in v e s t ig a te  th e  a b so r b a n c e  th at P A N I can  s t ic k  o n  th e  su b stra te . A ll  su b str a te s  are  
c le a n e d  w ith  H O T  A M M O N I A  to  p r o v id e  c h a r g e  o n  it and  fa b r ic a te d  p n m e r  w h ic h  
is  P D A D  and  P S S  5 la y er  b y  la y er  to  m a k e  su re  and  p r o v id e  h y d r o p h ilic  th at P A N I  
s o lu t io n  ca n  s t ic k  o n  su b stra te .

0 .0 7

0 .0 6

0 .0 5

1  0 04
2  0 .0 3

0 .0 1  

0

Figure 4.12 M o n o la y e r  o f  P A N I -P S S  at pH  4.

A t p H  4 , f ig u r e  4 .1 2 ,  P A N I-P S S  ra p id ly  a d so rb ed  to  h ig h  a b so r b a n c e  at 3 0  
m in u te s  and th en  in c r e a se d  a l it t le  bit. It is  b e l ie v e d  that m o n o la y e r  w a s  sa tu ra ted  
w ith  P A N I at 75  m in u te s  b e c a u s e  it h ad  s te a d y  a b so r b a n c e  fro m  3 0  to  7 5  m in u te s . In 
th is  f ig u r e  s h o w e d  th at a b so r b a n c e  in c r e a se d  w ith  N a C l c o n c e n tr a t io n  b e c a u s e  N a C l  
can  m a k e  f i lm  g r o w th  and  sc r e e n  r e p u ls io n  o f  ch arge .

A

0 5 0  1 0 0  1 5 0  2 0 0
Dipping time (minutes)

- A — 0 .5  M N a C l  - m —  1 M N a C l  - * - 2  M N a C l
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0 .0 7

0 .0 6

0 .0 5  

I  0 .0 4

1  0 0 3
I  0 .0 2

0 .0 1

0

-0 .0 1
2 0 0

F ig u r e  4 .1 3  M o n o la y e r  o f  P A N 1 -P S S  at p H  7

Dipping time (minutes)
2 0 0

■ 4— 0 .5  M N a C l 1 M  N a C l - 4 - 2  M N a C l

Figure 4.14 M o n o la y e r  o f  P A N I-P S S  at pH  9.
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0 .0 4

0 .0 3
นุนิร ิ«i sนุ,OM

0 .0 2

0 .0 1

5 0  1 0 0  150
Dipping time (minutes)

2 0 0

-*— 0 .5  M  N a C l - 9 —  1 M  N a C l — â - 2  M  N a C l

F ig u r e  4 .1 5  M o n o la y e r  o f  P A N I-P S S  at p H  12.

F ig u r e  4 .1 2 - 4 .1 5  s h o w e d  th at a ll o f  p H  h a s  th e  s a m e  b e h a v io r  w h ic h  th e  b e st  
t im e  and  N a C l c o n c e n tr a t io n  w e r e  75  m in u te s  an d  2 M , r e s p e c t iv e ly . B u t a b so r b a n c e  
o f  ea ch  p H  w a s  d iffe r e n t  s h o w n  in f ig u r e  4  16. It in d ic a te d  th at p H  9 in  2 M  N a C l  
w a s  th e  b e s t  c o n d it io n  to  m a k e  m o n o la y e r . It is  b e l ie v e d  that at p H  9 h a d  th at lo w e s t  
c h a r g e  r e p u ls io n  b e tw e e n  p o s i t iv e  ch a r g e  o f  a n ilin iu m  an d  P D  A D  so  n e g a t iv e  ch a r g e  
o f  P S S  ca n  s t ic k  o n  p o s i t iv e  ch a rg e  o f  P D A D  ea s ily .
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2 4 6 8 1 0 1 2  14
p H

— ♦ — 0 .5  M  N a C l 1 M  N aC 'l - * - 2  M  N a C l

Figure 4.16 M o n o la y e r  o f  P A N 1 -P S S  at 75  m in u te s  .
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4.6 Effect of pH and Number of Layer on PANI Multilayer 

Table 4.4 PA N T f i lm s  w ith  v a r io u s  p H  and la y er s

PAN1-PSS PANI-CoPSS 3.1

W e  s tu d ie d  th e  e f f e c t  o f  p H  a n d  n u m b e r  o f  la y e r  on  PA N T s o lu t io n  o n  th e  
f i lm  g r o w th  as s h o w n  in  ta b le  4 .4 . P A N 1 -P S S  s o lu t io n  a p p ea red  c le a r  in  a ll p H  and  
sa lt  to  m a k e  m o n o la y e r  d e sc r ib e d  in to p ic  4 .5 . P A N T -C o P S S  3:1 an d  is  le s s  s ta b le  
th an  P A N 1 -P S S  and  w h e n  th e  p H  is  in c r e a se  d u e  to  th e  p r e s e n c e  o f  m a le ic  g rou p . 
P A N I - C o P S S  1:1 is  th e  w o r st  b e c a u s e  it p r e c ip ita te d  in all p H  and sa lt  h e n c e  it 
c a n n o t u se  to  m a k e  P A N I  f i lm s  w ith  th e  la y e r -b y - la y e r  s e l f -a s s e m b ly  te c h n iq u e . In 
th is  e x p e r im e n t P A N T io n ic  s tren g th  w a s  a d ju sted  to  1 M  N a C l to  m a k e  m u lt ila y e r  
a n d  f i lm  g r o w th  b e c a u s e  P A N I - C o P S S  3:1 ca n  s ta b i l iz e  in  th is  h ig h e s t  N a C l
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c o n c e n tr a t io n . P A N I m u lt ila y e r  f i lm s  o n  ta b le  4 .4  d ip p e d  5 m in u te s  o f  e a c h  la y e r  
in d ic a te d  th at P A N I -P S S  o f  all p H  can  s t ic k  w e ll  o n  th e  su b stra te  and c o lo r  dark er  
w ith  n u m b e r  o f  layer . U n lik e , P A N l-C o P S S  3:1 can  s t ic k  w e ll  at p H  4  b e c a u s e  
s o lu t io n  w a s  q u ite  s ta b le  an d  o th ers  s o lu t io n  c a n n o t s ta b i l iz e  s o  th e y  p r e c ip ita te d  and  
c a n n o t s tick . M o r e o v e r , P A N I -C o P S S  f i lm s  can  in v e s t ig a te  th at p H  h ig h e r  th an  4  h a d  
dark c o lo r  at th e  u p p er e d g e  o f  p r im er  b e c a u s e  P A N f  d id n ’t d isp e r se  in  w a ter  s o  it 
b e c a m e  h y d r o p h o b ic  an d  area  o f  su b stra te  w ith o u t  p r im er  is  h y d r o p h o b ic  h e n c e  it is  
p r in c ip le  o f  l ik e  d is s o lv e d  lik e .

0 .2

— ♦ — p H  4 m p H  7 -  p H  9 - « - - p H  12

F ig u r e  4 .1 7  M u lt i la y e r  P A N I -P S S  w ith  d iffe r e n t pH .

P A N I - P S S  m u lt ila y e r  in d iffe r e n t  p H  s h o w n  in  f ig u r e  4 .1 7  in d ic a te d  th at 8 -1 6  
la y e r -b y - la y e r  P A N I - P S S  all o f  p H  in c r e a se d  ra p id ly  and  lin ea r ly . It is b e l ie v e d  that 
at p H  9 w a s  th e  b e s t  to  m a k e  m o n o la y e r  d is c u s s e d  in  to p ic  4 .5  and  m u lt ila y e r  
b e c a u s e  it h a d  th e  h ig h e s t  a b so rb a n ce . M u lt ila y e r  P A N I -P S S  h ad  h ig h e r  a b so r b a n c e  
c o m p a r e d  to  m o n o la y e r  so  m u lt ila y e r  is  b e tter  to  m a k e  th e  f i lm s . P S S  is  th e  b e s t  n o t  
o n ly  to  s y n th e s iz e  P A N I  s o lu t io n s  b u t a lso  P A N ! f i lm s .
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U n lik e , P A N l- C o P S S  3:1 s h o w n  in  f ig u r e  4 .1 8  in d ic a te d  th at p H  4  w a s  th e  
b e st  c o n d it io n  to  m a k e  m u lt ila y e r  b e c a u s e  a b so r b a n c e  in c r e a s e d  l in e a r ly  and  it is  th e  
m o st s ta b le  a n d  h y d r o p h il ic  s o lu t io n . A t p H  7 , it can  s ta b i l iz e  s o lu t io n  b u t a d d ed  sa lt. 
p H  7  can  s t ic k  o n  su b stra te  at first b e fo r e  s o lu t io n  p r ec ip ita te . p H  9 and 12 s o lu t io n  
w a s  p r e c ip ita te  a lr ea d y  e v e n  w ith o u t  sa lt  s o  s o lu t io n  w a s  n o t s ta b le  a n d  c a n n o t m a k e  
f i lm s . It is  b e l ie v e d  th at m a le ic  g ro u p  and  sa lt are n o t s u ita b le  fo r  in te r fa c ia l P A N I  
p o ly m e r iz a t io n  and  m a k in g  f i lm s .

0 .1 5

g  0 .1 0
Ëร
น5Vi
<  0 .0 5

0 .0 0  4----------------- T----------------------- r----------------------- :------------------------T----------------------- 1
0 5  10 15 2 0  2 5

number oflayer
— • — p H  4  — พ —  p H  7

Figure 4.18 M u ltila y e r  P A N I -C o P S S  3:1 w ith  d iffe r e n t pH .

F or P A N l- C o P S S  1:1 w a s  p r e c ip ita te  all o f  pH  w ith o u t  sa lt s o  It c a n n o t s t ic k  
o n  th e  su b stra te  and  m a k e  P A N I  f i lm s . It is  c lea r  th at s ta b il ity , p o te n tia l  
p o ly m e r iz a t io n  P A N !  s o lu t io n  and  a b so r b a n c e  f i lm s  are in c r e a s e  w ith  p e rcen t  
s u lfo n a te  s o  P S S  is  g o o d  tem p la te , c a p p in g  and  s ta b i l iz in g  a g en t to  s y n t h e s iz e  P A N I  
A lth o u g h  P A N l- C o P S S  1:1 is  th e  w o r s t  in th is  part, it is  b e l ie v e d  th at it is  th e  b e st  to  
s y n th e s iz e  s i lv e r  n a n o p a r tic le s .
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4 .7  S y n t h e s i s  s i l v e r  n a n o p a r t ic le s

0 ร 0 $ 0
0 « ร  8 0 »

0 0 8 0 ธ ร0 ร 0 0 «

0 S i lve r  n it ra te « S o d iu m  b o ro h y d r id e

, 1. ' -  a 4 1 ,. P o lyan i l in e * a * S i lve r  n a n o p a r t ic le s

F ig u r e  4 .1 9  S y n th e s is  s i lv e r  n a n o p a r tic le s .

T y p ic a lly  P A N I  is  p rep ared  b y  o x id a t iv e  p o ly m e r iz a t io n  o f  a n il in e  w ith  
h y d r o c h lo r ic  a c id  b u t in th is  w o rk  p o ly m e r iz e  P A N I  w ith  su lfu r ic  a c id  b e c a u s e  w e  
w a n te d  to  u se  P A N I  s y n th e s is  s i lv e r  n a n o p a r tic le s  o r  c h lo r id e  fro m  h y d r o c h lo r ic  a c id  
c a n n o t s y n th e s iz e  s ilv e r  n a n o p a r tic le s  b e c a u s e  o f  p r e c ip ita tio n  in to  A g C l.

S i lv e r  n a n o p a r tic le s  n o r m a lly  u se  as a n tib a c ter ia l so  in  th is  w o rk  w e  w a n te d  
to  d e v e lo p  n o t o n ly  s e n s it iv i ty  P A N I  fa ster  bu t a lso  a n tib ac ter ia l o r  fo o d  s p o i le d  
s lo w e r .

S i lv e r  n a n o p a r tic le s  are s y n th e s iz e d  b y  r e d u c tio n  o f  s i lv e r  n itra te  in  th e  
p r e s e n c e  o f  P A N I as c a p p in g  a g e n t a n d  u s in g  so d iu m  b o r o h y d r id e  to  re d u c e  s i lv e r  
io n  to  b e c o m e  s i lv e r  n a n o p a r tic le s  (A g °  o r  A g ). A ll  P A N I  s o lu t io n s  u se d  to  
s y n th e s iz e  A g" w e r e  10 m M  b e c a u s e  o f  th e  h ig h e s t  y ie ld  s o  P S S , C o P S S  3:1 and  
C o P S S  1:1 w e r e  u se d  10 m M  a lso .

In ta b le  4 .5  in d ic a te d  th at n o t o n ly  P S S , C o P S S  3:1 and  C o P S S  1:1 ca n  u se  
to  s y n th e s iz e  A g ° , b u t a lso  P A N I. W e  v a r ie d  c a p p in g  v o lu m e  to  s y n th e s iz e  A g °  to  
in v e s t ig a te  s ta b ility , y ie ld  and  o p tim a l c o n d it io n  fo r  m a k in g  f i lm s . D iffe r e n t  c a p p in g  
a g e n ts  g a v e  d iffe r e n t  y ie ld ,  c o lo r  and p la sm o n  b a n d  w h ic h  ca n  o b s e r v e  o n  u v  
sp e c tr u m  a ro u n d  4 0 0  nm .
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T a b le  4 .5  S l iv e r  n a n o p a r tic le s  s o lu t io n s  w ith  d iffe r e n t c a p p in g  and  v o lu m e

W e  s y n th e s iz e d  s i lv e r  n a n o p a r tic le s  u s in g  w ith  a n d  w ith o u t  P A N I  to  
o b s e r v e  s ta b ility  and  d isp e r s io n  in w a ter  b e c a u s e  n o r m a lly  s ilv e r  n a n o p a r tic le s  
w ith o u t  c a p p in g  a g en t c o u ld  n o t s ta b i l iz e  in  w a ter  and th en  p r e c ip ita te  s o  th ey  c a n n o t  
b e  m a d e  f i lm s  w ith  la y e r -b y - la y e r  a s se m b ly  te c h n iq u e .

A ll  o f  P A N ! s o lu t io n s  h ad  to b e  a d ju sted  p H  to  7  b e fo r e  s y n th e s is  A g °  d u e  
to  th e  h ig h  a c id ic  o f  th e  rea c tio n  0 .1  M  a cid . A ll  o f  A g °  s o lu t io n s  w e r e  p H  8 -9  
b e c a u s e  s o d iu m  b o r o h y d r id e  is  s tro n g  r e d u c in g  a g en t. A ll o f  A g ()- P A N l- P S S  and  
A g " -P S S  s o lu t io n s  d id n ’t h a v e  any  p a r t ic le s  a g g r eg a te  and p r e c ip ita te  at th e  b o tto m  
o f  g la s s  th at m ea n  s u lfo n a te  g ro u p  can  s ta b i l iz e  o r  ca p  p a r t ic le s  to  d is p e r s e  in  
s o lu t io n . U n lik e , A g ° - P A N l-C o P S S  3:1 and A g ° - P A N l- C o P S S  1:1 can  s y n th e s iz e  
A g °  bu t th ey  h ad  s o m e  p a r t ic le s  a g g r eg a te . A g H- P A N l- C o P S S  3:1 s o lu t io n s  w e r e  
m o re  s ta b le  th an  A g ° - P A N I -C o P S S  1:1 b e c a u s e  P A N I - C o P S S  3:1 at p H  9 are m o re  
s ta b le  th an  P A N I -C o P S S  1:1. P S S , C o P S S  3:1 and C o P S S  1:1 w ith o u t  P A N I h ad



4 9

wide range of pH so Ag° capped with these polymers can stabilize solutions. Yield of 
all solutions indicated in figure 4.20.

0.0 0.2 0.4 0.6
Capping volume (ml)

A g -P A N I -P S S  — A g - P A N I - C o P S S  3:1
-Êr~  A g - P A N I - C o P S S  1:1 - H -  A g -P S S

A g - C o P S S  3:1 A g - C o P S S  1:1

F ig u r e  4 .2 0  Plot of silver nanoparticles solution absorbance with various types of 
capping agents.

This figure showed the highest yield of each solution that Ag-PANI-CoPSS 
3:1, Ag-CoPSS 3:1 and Ag-CoPSS 1:1 had the highest yield at 0.01 ml, and others at 
0.05 ml. Then we made monolayer film from all of these solutions to investigate 
optimal condition shown in figure 4.21-4.26. Before making monolayer film, we 
made primer PDAD/PSS 5 layer by layer to make sure that Ag° can stick on the 
substrate. Ag-PANI-CoPSS 1:1 was 0.1 ml and Ag-PSS 1:1 was 0.01 ml. The yield 
decreased when increasing the capping volume because competition of Ag-PANl- 
capping and PANl-capping or capping and yield before the highest yield is not 
enough capping that make Ag particles aggregated.
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0 .0 0 1  m l - * - 0 . 0 0 5  m l - * - 0 . 0 1  n il - M - 0 .0 5  m l
—* — 0.1  m l —# “  0 .3  m l """*"'" 0 .6  m l

F ig u r e  4 .2 1  P lo t  o f  A g ° - P A N I -P S S  m o n o la y e r  a b so r b a n c e  w ith  d ip p in g  t im e  and  
f i lm s  (a ) 0 .0 0 1 ,  (b )  0 .0 0 5 ,  (c )  0 .0 1 ,  (d )  0 .0 5 ,  ( e )  0 .1 ,  (f )  0 .3  and  (g )  0 .6  m l fo r  2 5  

m in u tes .

5 10  15 2 0  2 5
D ip p in g  t im e  ( m in u t e s )

—# — 0 .0 0 1  m l “* —0 .0 0 5  m l “ * “ 0 .0 1  m l - * - 0 . 0 5  m l
~~m~~0 . i m l —# —0 .3  m l —'— 0 6  Till

Figure 4.22 Plot of Ag°-PANl-CoPSS 3:1 monolayer absorbance with dipping time
and films (a) 0.001, (b) 0.005, (c) 0.01, (d) 0.05, (e) 0.1, (f) 0.3 and (g) 0.6 ml for 25
minutes.
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♦ —0 .0 0 1  m l —il— 0 .0 0 5  m l —ifc—0 .0 1  m l —>«—0 .0 5  m l
« - 0 . 1 m l  —# —0 .3  m l —♦ “" 0 .6  m l

F ig u r e  4 .2 3  P lo t  o f  A g ° - P A N l- C o P S S  1:1 m o n o la y e r  a b so r b a n c e  w ith  d ip p in g  t im e  
a n d  f i lm s  (a ) 0 .0 0 1 , (b )  0 .0 0 5 . (c )  0 .0 1 ,  (d )  0 .0 5 ,  ( e )  0 .1 ,  ( f )  0 .3  a n d  (g )  0 .6  m l fo r  25  

m in u tes .

—# —0 .0 0 1  m i —®— 0 .0 0 5  m l —# —0 .0 1  m l —« —0 .0 5  m l
0 .1  m l ...#  0 .3  m l ...." 0 .6  m l

Figure 4.24 Plot of Ag°-PSS monolayer absorbance with dipping time and films (a)
0.001, (b) 0.005, (c) 0.01, (d) 0.05, (e) 0 1, (f) 0.3 and (g) 0.6 ml for 25 minutes.
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0 6  ! เ  t r w %
«1 ’(พ f« Il 1! เฒฒaa

—♦ —0 .0 0 1  m l —« —0 .0 0 5  m l —sfe-0 .01  m l —» 0 . 0 5  m i
—« —0 .1  m l - * —0 .3  m l —*— 0 .6  m l

F ig u re  4 .2 5  P lo t  o f  A g ° -C o P S S  3:1 m o n o la y e r  a b so r b a n c e  w ith d ip p in g  t im e  and  
f i lm s  (a ) 0 .0 0 1 ,  (b )  0 .0 0 5 ,  (c )  0 .0 1 ,  (d ) 0 .0 5 ,  ( e )  0 .1 , ( f )  0 .3  and  (g )  0 .6  m l fo r  2 5  
m in u tes .

5 10 15 2 0  2 5
D ip p in g  t im e  ( m in u t e s )

- * - 0 . 0 0 1  m l —« —0 .0 0 5  m l - * - 0 . 0 1  m l - * < - 0 .0 5  m l
—* —0.1  m l —« —0 .3  m l —ร— 0 .6  m l

Figure 4.26 Plot of Ag°-CoPSS 1:1 monolayer absorbance with dipping time and
films (a) 0.001, (b) 0.005, (c) 0.01, (d) 0.05, (e) 0.1, (f) 0.3 and (g) 0.6 ml for 25
minutes.
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-+ -A g - P A N I - P S S  - * - A g - P A N I - C o P S S  3:1
A g - P A N I - C o P S S  1:1 A g - P S S
A g - C o P S S  3 1 -H * -A g - C o P S S  11

F ig u re  4 .2 7  P lo t o f  A g °  m o n o la y e r  o f  ea ch  h ig h e s t  y ie ld  a b so r b a n c e  
w ith  d ip p in g  tim e .

In th is  f ig u r e  4 .2 7 ,  A g -P A N T -C o P S S  1:1 and A g -C o P S S  1:1 h a d  h ig h e s t  
a b so r b a n c e  an d  th en  A g  h ad  C o P S S  3:1 and  P S S , r e s p e c t iv e ly . It in d ic a te d  th at 
p e rcen t s u lfo n a te  g ro u p  an d  P A N 1 h a v e  e f fe c te d  o n  f i lm s . T h e  a b so r b a n c e  in c r e a se d  
w h e n  p e rcen t s u lfo n a te  g ro u p  d e crea sed . M o r e o v e r , th is  f ig u r e  in d ic a te d  th at A g  w ith  
P A N 1 h a d  a h ig h e r  a b so r b a n c e  than w ith o u t  P A N I a n d  th e  b e st  c o n d it io n  to  m a k e  
s i lv e r  n a n o p a r tic le s  m o n o la y e r  IS P A N I -C o P S S  1:1.
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F ig u re  4 .2 8  T E M  im a g e  o f  s i lv e r  n a n o p a r tic le s  c a p p e d  w ith  (a )  P A N 1 -P S S ,  
(b ) P A N l-C o P S S  3:1 and  (c )  P A N I - C o P S S  1:1.

S i lv e r  n a n o p a r tic le s  c o u ld  b e  c h a r a c te r iz e d  b y  tr a n sm is s io n  e le c tr o n  
m ic r o s c o p e  or  T E M  s h o w n  in f ig u r e  4 .2 8  w h ic h  c o n f ir m e d  th at w e  can  s y n th e s iz e  

s i lv e r  n a n o p a r tic le s  c a p p e d  w ith  PANT in v a r io u s  c a p p in g  a g e n ts  in  n a n o s c a le  
a c u ta lly . B u t P A N I -P S S  and  P A N I -C o P S S  3:1 h ad  s o m e  p a r t ic le s  a g g r e g a t io n  and  
b e c a m e  la r g e  p a r t ic le s  s h o w n  in f ig u r e  4 .2 9 .  It c o n f ir m e d  th at P A N I - C o P S S  1:1 is  
th e  b e st  to  u se  as c a p p in g  a g en t fo r  s y n th e s is  s i lv e r  n a n o p a r tic e ls  th at can  d isp e r se  111 

w ater.

F ig u re  4 .2 9  T E M  im a g e  o f  S liver  n a n o p a r tic le s  c a p p e d  w ith  (a ) P A N I - P S S  and  
(b ) P A N I -C o P S S  3 :1 .
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