
CHAPTER II 
LITERATURE REVIEW

2.1 Sensor

B a tte r y -fr e e  rad io  fr e q u e n c y  id e n t if ic a t io n  (R F I D )  s e n s o r s  fo r  f o o d  q u a lity  
and  s a fe ty  w e r e  in v e s t ig a te d  b y  P o ty r a ilo  e t al. (2 0 1 2 ) .  T h e y  fo u n d  th at th e  e le c tr ic  
f ie ld  g e n e r a te d  in R F ID  s e n s o r  a n te n n a  w h ic h  h ad  s e n s in g  f i lm s  d e p o s it e d  on  it b y  
fo o d  c h a n g e d  p H  or q u a lity  led  to  c h a n g e d  c o n d u c t iv ity  and e le c tr ic ity .

Figure 2.1 T h e  e le c tr ic  f ie ld  g e n e r a te d  in  R F ID  s e n s o r  a n te n n a  e x te n d s  fro m  th e  
p la n e  o f  R F ID  sen so r .

Figure 2.2 E x a m p le s  o f  e m p lo y e d  R F ID  s e n s o r s  b a se d  o n  (A )  T e x a s  In stru m en ts, 
(B )  A v e r y  D e n n is o n , and  (C ) T a g S y s  R F ID  tag.
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F o r  e x a m p le ,  s e n s o r  a t t a c h e d  a t  th e  s id e  w a l l  o f  m i lk  c a r to n  c o u ld  d e te c t  
m i lk  s p o i l a g e  c h a n g in g  th e  io n ic  c o n te n t  a n d  c o n d u c t iv i ty  o f  m i lk  f o l lo w in g  f ig u r e
2 .3 . P r o g r a m  w o u ld  s h o w  g re e n  r e s u l t  a n d  b e c o m e  re d  w h e n  m i lk  s ta r te d  s p o i l in g  to  
v a lu e  th a t  a u to m a t ic  p r o g r a m  d e te r m in a t io n  s e t  u p  f o r  f o o d  s a f e ty  a n d  h u m a n  h e a l th .  
F is h  s p o i la g e ,  v o la t i le s  c o n t r ib u t in g  to  th e  o d o r  o f f  n e w ly  c a u g h t  f r e s h  f i s h  o r ig in a te  
f r o m  th e  d iv e r s e  m i c r o f lo r a  a n d  in c lu d e  C 6 - C 9  a lc o h o ls  a n d  c a r b o n y l  c o m p o u n d s ,  
w h e r e a s  v o la t i le s  th a t  c o n t r ib u te  to  th e  o d o r  o f  f i s h  d u r in g  s p o i l a g e  in c lu d e  e th a n o l ,  
t r im e th y la m in e ,  a m m o n ia ,  h y d r o g e n  s u l f id e  a n d  s o m e  o th e r s  th a t  w e r e  r e s u l ts  o f  
m ic r o b ia l  s p o i la g e .  V o la t i l e s  r e s p o n s ib le  f o r  th e  f i s h y  o d o r  w e r e  th e  r e s u l t  o f  
b a c te r ia l  m e ta b o l i s m  a n d  in c lu d e  a m m o n ia  a n d  v o la t i le  a m in e s  k n o w n  a s  to ta l  
v o la t i le  b a s ic  n i t r o g e n  c o m p o u n d .  S e n s o r  w o u ld  b e  a t t a c h e d  o n  th e  w r a p  o f  f o o d  
c o n ta in e r  to  l in k  w i th  p r o g r a m  a n d  d e te c t  c o n d u c t iv i ty  o r  e l e c t r i c i ty  c h a n g e d  b y  
fo o d .

Figlire 2 .3  (A )  a  m ilk  c a r to n  w i th  an  a t t a c h e d  R F I D  s e n s o r ,  (B )  a n d  (C )  f r o n t  p a n e l  
o f  w n t t e n  p r o g r a m  f o r  a u to m a t ic  d e te r m in a t io n  o f  th e  r e s o n a n t  p r o p e r t i e s  o f  th e  
s e n s o r  ร w i th o u t  th e  p o s i t io n in g  e f f e c ts  o f  s e n s o r s  r e la t iv e  to  th e  p ic k - u p  c o il.
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Figure 2.4 R F I D  s e n s o r  l a y o u t  f o r  d e m o n s t r a t io n  o f  m o n i to r in g  o f  f i s h  f r e s h n e s s :
(A )  s c h e m a t i c  o f  s e n s o r  p o s i t io n in g  in to  th e  h e a d s p a c e  o f  a  p la s t i c  c o n ta in e r  w i th  a  
f i s h  s a m p le  a n d  s e n s o r - r e s p o n s e  r e a d o u t  w i th  a  p ic k - u p  c o i l ;  ( B )  p h o to g r a p h  o f  R F ID  
s e n s o r s  a t t a c h e d  to  p la s t i c  c o n ta in e r  w i th  f i s h  s a m p le s .

2.2 Layer-by-layer Self-assembly

L a y e r - b y - l a y e r  a s s e m b ly  is  an  in t e r e s t i n g  te c h n iq u e  to  m a k e  th e  f i lm s  
b e c a u s e  it  is  a  s im p le  p r o c e d u r e ,  d o e s  n o t  r e q u i r e  a n y  o r g a n ic  s o lv e n t ,  u s e d  o n ly  
s m a l l  a m o u n t  o f  c h e m ic a l  a n d  u s e d  e l e c t r o s ta t i c  i n te r a c t io n  o f  m a c r o m o le c u le s .  F o r  
e x a m p le ,  s u b s t r a t e  w a s  a n io n ic ,  f i r s t  c h e m ic a l  a d s o r p t io n  w a s  c a t io n ic ,  s e c o n d  w a s  
a n io n ic  a n d  r e p e a te d  th is  u n ti l  n u m b e r  o f  l a y e r  w a s  r e q u i r e d .  It m e a n t  u s in g  
a l t e r n a te d  s e q u e n t ia l  o f  o p p o s i te  c h a r g e  to  m a k e  th e  f i lm .

D e c h e r  a n d  H o n g  ( 1 9 9 1 )  in v e s t ig a te d  th e  s e q u e n t ia l  a d s o r p t io n  o f  a n io n ic  
a n d  c a t io n ic  f r o m  a q u e o u s  s o lu t io n s .  T h e y  f o u n d  th is  m e th o d  c o u ld  b e  e x t e n d e d  to  
u s e  s y n th e t ic  p o ly e le c t r o ly t e ,  D N A , p r o te in s ,  c la y  p la te le t s ,  i n o r g a n ic  o r  m e ta l  
c o l lo id s ,  e tc . S o  it e n a b le s  to  c o n s t r u c t  h y b r id  f i lm s  c o n s i s t in g  o f  d i f f e r e n t  m a te r ia l .  
T h e  b u i ld - u p  o f  m u l t i l a y e r  a s s e m b l ie s  b y  c o n s e c u t iv e  a d s o r p t io n  o f  a n io n ic  a n d  
c a t io n ic  p o ly e le c t r o ly t e s  ( c y c l ic  r e p e t i t io n  o f  s te p  1 to  4 )  f o l lo w in g  f ig u r e  2 .5 . T o p  
p a r t  o f  f ig u r e  s h o w e d  th e  o v e r s im p l i f i e d  v ie w  o f  h o w  o n e  m ig h t  e n v is io n  th e  c h a r g e  
r e v e r s a l  o f  th e  s u r f a c e  o f  th e  s u b s t r a t e  o n  th e  m o le c u la r  le v e l  a n d  b o t to m  p a r t  o f  
f ig u r e  s h o w e d  th e  b u i ld - u p  o f  m u l t i l a y e r  f i lm s  a s  it  w a s  b e in g  c a r r ie d  o u t  b y  u s in g  
r e g u la r  b e a k e r s .  I t  w a s  n o t  im p l ie d  t h a t  th e  s y m b o ls  u s e d  f o r  th e  p o ly e l e c t r o ly t e s  
r e p r e s e n t  t h e i r  a c tu a l  s t r u c tu r e  in  s o lu t io n  o r  a f t e r  th e  a d s o r p t io n  T h e n  D e c h e r  el al.
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( 1 9 9 8 )  in v e s t ig a te d  s t r u c tu r e  o n  m u l t i l a y e r  c o m p o s e d  o f  s t r o n g  f l e x ib l e  
p o ly e l e c t r o ly t e s ,  th e y  f o u n d  th a t  s in g le  l a y e r  f i lm  o f  h ig h  f l e x ib i l i t y  o f  p o ly m e r  l ik e  
p o ! y ( a l ly l a m in e  h y d r o c h lo r id e )  ( P A H )  o r  p o l y s t y r e n e  s u l f o n ic  a c id )  ( P S S )  h a d  m o r e  
r o u g h n e s s  th a n  m u l t i l a y e r  f i lm  d u e  to  s u r f a c e  o f  s in g le  la y e r  w o u ld  b e  c o l la p s e d  in  
d ry  s ta te  b u t  th e  s m o o th n e s s  in c r e a s e d  w ith  n u m b e r  o f  la y e r  b e c a u s e  s o m e  p o ly m e r  
n e w ly  a d s o r b e d  l a y e r  p e n e t r a t e d  in to  in te rn a l  in te r f a c e ,  t r a p p e d  a n d  b e c a m e  s w o lle n  
s o  i t  m a d e  s u r f a c e  s m o o th e r .

Figure 2.5 S c h e m a t ic  f o r  th e  b u i ld - u p  o f  m u l t i l a y e r  a s s e m b l i e s  b y  c o n s e c u t iv e  
a d s o r p t io n  o f  a n io n ic  a n d  c a t io n ic  p o ly e le c t r o ly t e s  ( c y c l ic  r e p e t i t io n  o f  s te p  1 to  4 ).

2.3 Conducting Polymer

C o n d u c t iv e  p o ly m e r s  o r  i n t r in s ic a l ly  c o n d u c t in g  p o ly m e r s  ( I C P s )  a r e  o r g a n ic  
p o ly m e r s ,  s u c h  as  p o ly a c e ty le n e ,  p o ly p y r r o le ,  a n d  p o ly a n i l in e  w h ic h  a re  th e  m a in  
c la s s  o f  c o n d u c t iv e  p o ly m e r s ,  a n d  c o n d u c t  e le c t r ic i ty .  T h e y  c a n  o f f e r  h ig h  e l e c tn c a l  
p r o p e r t ie s  th a t  c a n  b e  f in e - tu n e d  u s in g  th e  m e th o d s  o f  o r g a n ic  s y n th e s i s .  S u c h  
c o m p o u n d s  m a y  h a v e  m e ta l l i c  c o n d u c t iv i ty .  C o n d u c t in g  p o ly m e r s  h a s  v a r ie ty  o f  
a p p l i c a t io n s  s u c h  as  o r g a n ic  s o la r  c e l l s ,  p r in t in g  e le c t r o n ic  c i r c u i ts ,  o r g a n ic  l ig h t -  
e m i t t in g  d io d e s ,  a c tu a to r s ,  e le c t r o c h r o m is m ,  s u p e r c a p a c i to r s ,  c h e m ic a l  s e n s o r s  a n d  
b io s e n s o r s .
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A m o n g  c o n d u c t iv e  p o ly m e r s ,  P A N I  h a s  g a in e d  m o r e  a t t e n t io n  c o n d u c t iv e  
p o ly m e r  b e c a u s e  o f  i ts  u n iq u e  p r o p e r t ie s  s u c h  a s  lo w  c o s t  m o n o m e r ,  e a s e  o f  
s y n th e s i s ,  g o o d  r e d o x  p r o p e r t ie s ,  tu n a b le  p r o p e r t ie s ,  h ig h  e n v i r o n m e n ta l  s ta b i l i ty ,  
s u b s ta n t ia l  th e r m a l  s ta b i l i ty ,  e le c t r i c a l  c o n d u c t iv e  s ta b i l i ty ,  a b i l i ty  to  r e t a r d  c o r r o s io n  
a n d  n u m e r o u s  a p p l ic a t io n  p o s s ib i l i t i e s  s u c h  a s  b a t te r ie s ,  c a p a c i to r s ,  e l e c t r o c h r o m ic  
w in d o w s  a n d  d is p la y s ,  a c tu a to r s ,  p h o to v o l t a i c  c e l l s ,  a n d  l i g h t - e m i t t i n g  
e le c t r o c h e m ic a l  c e l l s  b u t  th e  l im i ta t io n  is  in s o lu b le  in  n o n p o la r  s o lv e n t .

Figure 2 .6  P o ly a n i l in e  p o ly m e r iz a t io n .

2 .3 .1  P o lv a n i l in e
H u s h  ( 2 0 0 3 )  a n d  ln z e l t  ( 2 0 0 8 )  r e p o r te d  th e  P A N I  w a s  f i r s t  d e s c r ib e d  

in  th e  m id - 1 9 th  c e n tu r y  b y  H e n r y  L e th e b y , w h o  in v e s t ig a te d  th e  e le c t r o c h e m ic a l  a n d  
c h e m ic a l  o x id a t io n  p r o d u c ts  o f  a n i l i n e  in  a c id ic  m e d ia . H e  n o te d  th a t  r e d u c e d  f o n n  
w a s  c o lo r le s s  b u t  th e  o x id iz e d  f o r m s  w e r e  d e e p  b lu e .

T h e r e  w e r e  m a n y  te c h n iq u e s  o r  m e th o d  to  p o ly m e r i z e  p o ly a n i l in e  
s u c h  a s  w e t  s p in n in g ,  r e d o x ,  a to m  t r a n s f e r  r a d ic a l  ( A T R P ) ,  r e d o x ,  e le c t r o c h e m ic a l ,  
c h e m ic a l  o x id a t iv e ,  in  s i tu  p o ly m e r i z a t io n  e v e n  p o ly m e r i z e  b a s e d  o n  t e m p e r a tu r e  e tc .

2.3.I.1 Wet Spinning Polymerization
P o ly a m i in e  f ib e r  c o u ld  p r e p a r e  in  c o a g u la t io n  b a th  w e l l -  

k n o w n  a s  w e t  s p in n in g  m e th o d  b u t  th is  m e th o d  h a d  to x ic  o r g a n ic  s o lv e n t  in  
c o a g u la t io n .  T h e  lo n g  o r  s h o r t  f i b e r  g o t  f r o m  d i f f e r e n t  c o a g u la t io n  s o lv e n t  Z h a n g  et 
al ( 2 0 0 6 )  in v e s t ig a te d  w e t  s p in n in g  o f  p r e - d o p e d  p o ly a n i l in e  in to  a n  a q u e o u s  
s o lu t io n  o f  a  p o ly e le c t r o ly te .  T h e  le n g th ,  t h i c k n e s s  a n d  f ib e r  s h a p e  c o u ld  g e t  b y  v a r y  
c h e m ic a l  c o a g u la t io n  b a th ;  in o r g a n ic  s a l t ,  s m a l l  c a t io n ic  m o le c u le s ,  p o ly c a t io n s ,  a n d  
s m a l l  a n io n ic  m o le c u le s .  T h e y  f o u n d  th a t  s p u n  w i th  s m a l l  c a t io n ic  m o le c u le s  w o u ld  
g iv e  p o o r  q u a l i ty  f ib e r s  f o r  e x a m p le  p r o p y la m in e ,  a n d  h e x a d e c y l t r i m e th y l a m m o n iu m  
b r o m id e ,  s p u n  w ith  p o ly c a t io n s  w o u ld  g iv e  lo n g e r  f i b e r  b u t  s t i l l  l o w  q u a l i ty  s u c h  as
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p o ly ( a l ly la m in n e  h y d r o c h lo r id e )  ( P A H )  a n d  p o ly ( 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 ) .  T h e y  g o t  th e  lo n g e s t  f ib e r s  o f  th e  a q u e o u s  s o lu t io n s  w h e n  
th e y  s p u n  in to  p o ly ( s ty r e n e  s u l f o n a te  a c id )  s o d iu m  s a l t  (P S S )  a n d  p o ly ( m e th a c r y l i c  
a ic d )  b a s e d  o n  c o n ju g a te  o f  s t r o n g  a n d  w e a k  a c id  g r o u p ,  r e s p e c t iv e ly  b e c a u s e  th e y  
c o u ld  a b s o r b  o n to  th e  P A N I  s u r f a c e  b y  e l e c t r o s ta t i c  i n te r a c t io n  a n d  s ta b i l iz e  it. 
M o r e o v e r ,  th e y  f o u n d  t h a t  le n g th  o f  f ib e r s  a n d  s m o o th n e s s  i n c r e a s e d  w ith  
c o n c e n t r a t io n  o f  P S S . T h e  c o n d u c t iv i ty  o f  f ib e r s  w i th  v a ry  c o n c e n t r a t io n  o f  P S S  w a s  
h ig h e s t  a t  5 %  P S S  c o n c e n t r a t io n  o f  th e i r  e x p e r im e n t .

n a n o c o m p o s i t e  c o n ta in in g  P S S /P A N I  a rm s  T h e y  p r e p a r e d  s ta r  p o ly m e r  b y  f ir s t ,  
p o ly s ty r e n e  w a s  p r e p a r e d  th e n  u s e  it  to  m a k e  s ta r  s h a p e  w i th  a to m  t r a n s f e r  
p o ly m e r i z a t io n  a n d  in t r o d u c e  s u l f o n a te d  g r o u p ,  a n d  e v e n tu a l ly ,  p o ly a n i l i n e  w a s  
s y n th e s i z e d  a t  th a t  g ro u p . T h e y  f o u n d  th a t  s ta r  P S S /P A N I  w a s  h ig h ly  s ta b l e  in  
a q u e o u s  s o lu t io n  a n d  e x c e l le n t  s o lu b i l i ty  in  w a te r  d u e  to  p o ly ( s ty r e n e s u l f o n a te d )  
u s e d  as  s te r ic  s ta b i l i z e r  a n d  c o d o p a n t .

2.3.1.2 Atom Transfer Radical Polymerization
C h u  el al. ( 2 0 0 5 )  s y n th e s i z e d  c o n d u c t iv e  s ta r  p o ly m e r s

(tBSB*I)

Figure 2.7 S y n th e s is  o f  4 - a r m e d  s ta r b u r s t  p o ly a n i l in e /p o ly ( s ty r e n e s u l f o n a te )  
c o m p le x .
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2.3. J. 3 Redox Polymerization
S t r u c tu r e  a n d  m e c h a n ic a l  p r o p e r t ie s  o f  p u r e  a n d  d o p e d  

p o ly a n i l i n e  w e r e  in v e s t ig a te d  b y  S h a k ta w a t  et al. ( 2 0 1 1 ) .  T h e y  w e r e  s y n th e s i z e d  
p o ly a n i l i n e  b y  r e d o x  p o ly m e r iz a t io n .  A n i l in e  d is s o lv e d  in  h y d r o c h lo r i c  a c id ,  s t i r r e d  
a n d  a d d e d  d r o p w is e  d ia m m o n u im  p e r s u l f a te  ( A P S )  a t  0°c f o r  2  h o u r s  a n d  th e n  k e p t  
th e  s o lu t io n  f o r  2 4  h o u r s .  T h e y  f o u n d  th a t  d o p e d  p o ly a n i l in e  w i th  a c id  c o u ld  e n h a n c e  
e le c t r ic a l  c o n d u c t iv i ty ,  m e c h a n ic a l  f l e x ib i l i ty ,  s t a b i l i ty  a n d  p r o c e s s  p r o p e r t ie s  
b e c a u s e  it h a d  m o r e  d e n s e ,  c o m p a c t  a n d  o r d e r  s t r u c tu r e  th a n  p u r e  p o ly a n i l in e .  
M o r e o v e r ,  P A N I  c o u ld  c h a n g e  th e  s t r u c tu r e  a f te r  d o p in g , e le c t r i c a l  m e c h a n ic a l  a n d  
o p t ic a l  p r o p e r t ie s  w o u ld  c h a n g e  a ls o  f o l lo w in g  f ig u r e  2 .8 . I t  s h o w e d  th a t  (a )  w a s  
p o ly a n i l i n e  b e f o r e  d o p in g  in  a c id , (b )  w a s  p o ly a m l in e  f i r s t  s te p  d o p e d  “ b ip o l a r o n ” 
b u t  it  w a s  n o t  s ta b le  s o  le d  to  m o r e  s ta b le  in  “ p o la r o n ” f o r m  (c ).

(C)

Figure 2.8 P n n c ip a l  o f  P A N I  d o p in g :  ( a )  e m e r a ld in e  b a s e ,  (b )  in t e r m e d ia te  
d ic a t io n ic  s p e c ie s ,  a n d  (c )  e m e r a ld in e  sa lt.

T h e y  f o u n d  th a t  b o th  p u r e  a n d  d o p e d  p o ly a m l in e  h a d  m o d u lu s  
d e c r e a s e  f r o m  50°c to  150°c c h a n g e d  a m o r p h o u s  s ta te  to  r u b b e r y  s ta te  b e c a u s e  
w a r m  m a d e  m a te r ia l  e x p a n d e d  a n d  m o v e d  b o n d  a n d  s id e  c h a in  a f te r  150°c w a s
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p e r m a n e n t  c h a n g e .  T h e  p h a s e  t r a n s i t i o n  h a d  s h i f t  to  h ig h e r  t e m p e r a tu r e  a f t e r  d o p e d  
b e c a u s e  d o p a n t  s iz e  m a d e  s t r u c tu r e  m o r e  c o m p a c t  o r  le s s  v o id .

2.3.1.4 Electrochemical
W a n g  a n d  L e v o n  ( 2 0 1 2 )  p o ly m e n z e d  p o ly a n i l i n e  ( P A N I )  w ith  

v a r io u s  d o p in g  a g e n t  b y  e le c t r o c h e m ic a l  m e th o d . P o ly a n i l in e  w a s  p o ly m e r i z e d  o n  
g la s s  c a r b o n  ( G C )  e l e c t r o d e  w h ic h  w a s  h y d r o p h o b ic  th e n  a p p l ie d  v o l t a g e  to  in i t i a te  
a n d  g r o w th  p o ly a n i h n e  o n  i t  ( o v e ra l l  c y c le  w a s  6 0 ) . P A N I  o n  G C  e le c t r o d e  w a s  
r in s e d  in  w a te r ,  d ip p e d  p o ly e l e c t r o ly t e  s o lu t io n  a n d  a l t e r e d  th is  m e th o d  t h r e e  t im e s  to  
m a k e  m u l t i l a y e r  f i lm s . P A N T  o n  G C  e le c t r o d e  w a s  a p p l ie d  v o l t a g e  w i th  p H  s o lu t io n  
to  o b s e r v e  s e n s i t iv i ty .  T h e y  f o u n d  th a t  P A N T  d o p e d  w ith  s u l f u r ic  a c id  o n  G C  
e l e c t r o d e  h a d  d e g r a d a t io n  p e a k  a t  5 0 0 V  d u e  to  o x id a t io n  o f  th e  f i lm . P A N T  w i th in  
r a n g e  o f  p o te n t ia l  p o ly m e r i z a t io n  b e tw e e n  - 1 5 0 V  a n d  8 5 0 V  h a d  h ig h e r  g r o w th  ra te  
a n d  m o r e  r i s k  o f  p o ly m e r  d e g r a d a t io n  w h ic h  le d  to  le s s  c o n d u c t in g  P A N I  f i lm s  th a n  
r a n g e  b e tw e e n  - 2 0 0 V  a n d  9 0 0 V  f o r  in i t i a t io n  P A N I  o n  s u r f a c e  a n d  d e c r e a s e  to  - 1 5 0 V  
a n d  7 8 0 V  f o r  f i lm  g ro w th .  T h e y  in v e s t ig a te d  e f f e c t  o f  d o p a n t  o n  p H  s e n s i t i v i ty  o f  
P A N I  b e c a u s e  P A N I  b y  i t s e l f  h a d  p H  lo w e r  th a n  3 a n d  n o  c o n d u c t iv i ty ,  th e y  f o u n d  
th a t  h y d r o p h i l i c  s t r u c tu r e  o f  d o p a n t  c o u ld  p o ly m e r i z e  f a s t e r  th a n  h y d r o p h o b ic  
s t r u c tu r e  a n d  th e  f a s te s t  p o ly m e r i z a t io n  a s  d o p a n t  c o u ld  r e le a s e  tw o  p r o to n  s u c h  as  
s u l f u r ic  a c id . E f f e c t  o f  p o ly e le c t r o ly te ,  s t r o n g  p o ly e le c t r o ly t e  a c id  m a c r o m o le c u le  
c o u ld  c o m p e n s a t e  a ll  c a t io n ic  s i te s  o n  P A N I  e n o u g h  a n d  f o r m  c o m p le x  to  in c r e a s e  
s e n s i t i v i ty  o f  p H  a n d  s ta b i l i t y  o f  f i lm s  e s p e c ia l ly  p o ly s ty r e n e  s u l f o n ic  a c id .

2.3.1.5 Chemical Oxidative Polymerization
N o r m a l ly ,  S o lu b i l i ty  p o ly a n i l in e  c o u ld  in c r e a s e  b y  e i th e r  

d o p in g  w i th  a  s u i ta b le  d o p a n t  o r  m o d i f y  s ta r t i n g  m o n o m e r .  D o p in g  w i th  s u i ta b le  
d o p a n t  m a d e  s o lu b i l i ty  a n d  c o n d u c t iv i ty  in c r e a s e d .  M o d i f y  s ta r t i n g  m o n o m e r ,  
s u b s t i tu t e d  p o ly a n i l i n e  m a d e  s o lu b i l i ty  i n c r e a s e d  b u t  c o n d u c t iv i ty  d e c r e a s e d  f r o m  1 0 '
4- 1 0 '7 s /c m  b e c a u s e  s te r ic  h in d r a n c e  m a d e  p o ly a n ih n e  lo s t  p la n a r i ty .  B h a d r a  et ai.
( 2 0 1 0 )  s y n t h e s i z e d  w a te r  s o lu b le  s u l f o n a te d  p o ly a n i l in e  b y  u s in g  c h e m ic a l  o x id a t iv e  
p o ly m e r i z a t io n  b a s e d  o n  th e  i n c o r p o r a t io n  o f  an  a r o m a t ic  s u b s t i tu t io n  in  p o ly a n i l in e .  
F i r s t ,  th e y  p r e p a r e d  p o ly a n i l in e  ( P A N I )  in  o r d e r  to  s y n th e s i z e  w a te r  s o lu b le  s u l f o n a te  
p o ly a n i l i n e  (S P A N I ) .  P A N I  w a s  in v e s t ig a te d  g o o d  y ie ld  a n d  c o n d u c t iv i ty  b y  u s in g  
r a t io  o f  th r e e  c h e m ic a ls ;  a n i l i n e  m o n o m e r :  h y d r o c h lo r i c  a c id : a m m o n iu m  p e r s u l f a te
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u s e d  a s  o x id i z i n g  a g e n t  is  1: 0 .1 :  1 .T h is  s te p  to o k  t im e  a r o u n d  5 d a y s  to  g e t  it. W a te r  
s o lu b le  S P A N 1  w a s  s y n th e s i z e d  b y  u s e  P A N 1  f u m e d  in  s u l f u r ic  a c id . T h is  s te p  to o k  
t im e  a r o u n d  5 d a y s  a ls o . T h e y  s h o w e d  r e s u l ts  th a t  P A N I  h a d  th r e e  b a s ic  s t r u c tu r e s  
p e m i g r a n i l i n e  b a s e  (P N B ) ,  l e u c o e m e r a ld in e  b a s e  ( L E B )  a n d  E m e r a ld in e  b a s e  (E B )  
f o l lo w in g  f ig u r e  2 .9 . P N B  a n d  L E D  w e r e  in s u la t in g  f o r m  e v e n  a f t e r  d o p e d .  E B  h a d  
h ig h  c o n c e n t r a t io n  in  P A N I  a n d  S P A N I  s o  th e y  c o u ld  b e  c o n d u c t iv e  p o ly m e r .  
C o n d u c t iv i ty  o f  P A N I  (0 .0 7 3  s /c m )  h a d  h ig h e r  th a n  S P A N I  (0 .0 3 1  s /c m ) .  
C o n d u c t iv i ty  o f  S P A N I  d e c r e a s e d  d u e  to  i ts  s t r u c tu r e  h a d  m o r e  b ip o la r o n  th r o u g h  
e x t r a  p r o to n a t io n  a n d  e le c t r o n  d e n s i ty  d e c r e a s e  a t  p o ly m e r  b a c k b o n e .  T h is  m e th o d  
c o u ld  g e t  9 4 %  s u l f o n a t io n  d e g r e e  o f  S P A N I  a n d  s o lu b i l i ty  w a s  1 .25  g/1 o r  m o re  
h y d r o p h i l i c  th a n  P A N I  b e c a u s e  o f  s u l f o n a t io n  o f  a r o m a t ic  n n g .  M o r e o v e r ,  S P A N I  
h a d  h ig h e r  th e r m a l  s ta b i l i ty ,  s iz e  a n d  m o le c u la r  w e ig h t  b e c a u s e  o f  s u l f o n ic  a c id  
g ro u p .

Figure 2 .9  (a )  D i f f e r e n t  s t r u c tu r e s  o f  p o ly a n i l i n e  b a s e d  o n  o x id a t io n  le v e ls :  (I)  f u l ly  
o x id iz e d  p e m i g r a n i l i n e  b a s e  (P N B ) ,  ( I I )  fu l ly  r e d u c e d  l e u c o e m e r a ld in e  b a s e  ( L E B )  
a n d  (111) h a l f  o x id i z e d  e m e r a ld in e  b a s e  (E B ) . (b )  B ip o la r o n  f o r m a t io n  a f te r
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p r o to n a t io n  o f  E B , s u l f o n a t io n  o f  p o ly a n i l i n e  a n d  f o r m a t io n  o f  s ix - m e m b e r e d  s e l f -  
d o p e d  r in g  s t r u c tu r e ,  (c )  B ip o la r o n  to  p o la r o n  t r a n s i t io n .

P o ly a n i l i n e  c o a te d  p o ly s ty r e n e - p o ly ( s ty r e n e - c o - s o d iu m  4 -  
s ty r e n e s u l f o n a te )  m ic r o p a r t i c le s  a n d  f u r th e r  f a b r i c a t io n  o f  h o l l o w  p o ly a n i l in e  
m ic r o s p h e r e s  w e r e  p r e p a r e d  a n d  i n v e s t ig a te d  b y  รนท et al. ( 2 0 1 1 ) .T h e r e  w e r e  f o u r  
s te p s  in c lu d in g  p r e p a r a t io n  m o n o d is p e r s e d  P S , P S - P S S ,  p o ly m e r i z a t io n  P A N 1  o n  
c o r e  o f  P S - P S S  f o l lo w in g  f ig u r e  2 .1 0  a n d  P S - P S S  w a s  d is s o lv e d  w ith  c h lo r o f o r m  to  
g e t  h o l l o w  P A N I  m ic r o s p h e r e s ,  r e s p e c t iv e ly .  T h e y  f o u n d  th a t  P S  w a s  h ig h ly  
m o n o d is p r e s e d ,  s p h e r ic a l  s h a p e  a n d  s m o o th  s u r f a c e .  P S - P S S  b e c a m e  h a r d  u n i f o r m ly  
d is p e r s e d  w h e n  a m o u n t  o f  s o d iu m  4 - s ty r e n e s u l f o n a te  (S S S )  w a s  h ig h  b e c a u s e  lo n g  
c h a in  S S S  w a s  p r o b a b ly  w in d in g  w ith  e a c h  o th e r . (P S - P S S ) /P A N 1 , s u l f o n ic  g r o u p  o f  
P S S  c o u ld  e n h a n c e  in te r a c t io n  b e tw e e n  c o re  a n d  s h e ll  w i th  s t r o n g  e l e c t r o s ta t i c  
a t t r a c t io n  a n d  im p r o v e  s ta b i l i ty  a n d  c o n d u c t iv i ty  o f  c o m p o s i te  p a r t ic le s .  (P S -  
P S S ) /P A N I  w o u ld  h a v e  u n i f o r m  s u r f a c e  w h e n  a m o u n t  o f  a n i l i n e  h a d  e n o u g h  a n d  
c o u ld  w r a p p e d  a r o u n d  th e  c o re . H o l l o w  P A N I  m i c r o s p h e r e ,  m o r p h o lo g y  w o u ld  k e e p  
u n i f o r m ly  s p h e r ic a l  s h a p e  w h e n  P A N I  c o u ld  c o n n e c t  in  a ll p la c e  a n d  th ic k  e n o u g h . 
C o n d u c t iv i ty  o f  (P S - P S S ) /P A N 1  w a s  in c r e a s e  w i th  c o a t in g  P A N I  b e c a u s e  o f  
c o n n e c t io n  o f  c o n d u c t in g  p o ly m e r  w h i le  h o l lo w  P A N I  h a d  c o n d u c t iv i ty  q u i te  s a m e  
th e  p u r e  P A N I.

1/
jura lines
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Figure 2.10 M e c h a n is m  o f  th e  s y n th e s i s  o f  c o r e - s h e l l  ( P S - P S S ) /P A N I  p a r t i c le s  (รนท 
et a i  2 0 1 1 ) .
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Li e t al. (2012) were investigated effect of acidity on particle 
size. They synthesized polyaniline-poly(sodium 4- styrene sulfonate) (PSS) by 
oxidative polymerization. Aniline monomer in acid solution and PSS in APS in acid 
were prepared, mixed and kept It 24 hours to polymerization. They found that PANI- 
PSS/hydrochloric and PANl-PSS/camphorsulfonic acid had less stability in buffer 
solution (1,7 and 11) than PANI-PSS/acitic acid when they were kept for a long 
time. PANI-PSS/CHjCOOH had less 71-71* conjugated length than others shown in 
UV-vis plot which had blue shift and polaron structure more localized. Their 
experiment could summarize that synthesis PANI with strong and weak acid led to 
large and precipitate, and small and stable colloid, respectively. Figure 2 11 showed 
that at low pH, PSS had electric-neutral form in strong acid so It loose negatively 
charge to interact with aniline protonated and became larger size than high pH. At 
high pH PSS had more salt form, could interact and stick aniline protonated on Its 
chain, and became smaller size.

i n  Protonated antffoa เแ เ  styrenosuifonic anion on PSS

/ V  PSS main chain 3แแเ£ Ptoionattxi PANI aggravate PANI.PSS particle

Figure 2.11 Effect of pH and number of negatively charge group in PSS on the 
particle size of PAN1-PSS composite.
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2.3.1.6 In-si I I I  Polymerization
Rubinger et al. (2009) synthesized polyaniline blend PSS by 

varing degree of sulfonation of polystyrene sulfonate that they synthesized also. 
They found that the conductivity of polymer increase with sulfonation degree 
because the more homogeneous polymer was, the more charge carrier flowing is. 
Therefore, the conductivity could control by degree of sulfonation

2.3.1. 7 Polymerization based on Temperature
Conducting films from poly(sodiumstyrene sulfonate) and 

polyaniline with layer-by-layer technique were investigated by Tang el ai. (2009). 
They synthesized polyamline fiber at high temperature by mixed aniline in 
hydrochloric acid at 80°c then added potassium peroxydisulfate (KPS) quickly. After 
all dissolved kept solution at 0-3°C for 10 hours They found that if PAN1 was 
prepared at high temperature only, it could not grow because higher solubility. And if 
prepared PAN1 at low temperature only, it would have small quantity and crystal 
could not grow. All of these reasons, they prepared PAN1 by combination 
polymerization. Moreover, they found that the adsorptions were saturated after 5 
minutes for PSS and 15 minutes for PANI of the deposition. The films had 
orientation PANI on the substrate as compared with conventional PANI that led to 
get higher conductivity. The number of layer could increase with conductivity and 
increase rapidly when number of layer was more than 4 due to connection of 
conducting channel. The roughness films were decrease when increase number of 
layer because of compensation effect.

2.3.1.8 Interfacial Polymerization
Electrically conducting polyaniline nanofiber composite was 

prepared by interfacial polymerization and investigated by Hopkins et ai (2004). 
Interfacial polymerization consisted of two layer solutions which were organic layer 
and aqueous layer. Organic layer had aniline monomer dissolved in e c u  and 
aqueous layer had APS and PSS. It was believed that aniline monomer was 
protonated with polyacid or PSS at interface following figure2.12 and then formed 
head to tail coupling for low energy helical structure when polymerized into aqueous 
layer, solution became green solution PAM succeeded in 40-50 nanometers. They
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found that PSS could act as dopant, stabilization and charge carrier. Moreover, 
electrical conductivity increased with % weight PSS in PANI nanofiber.

Organic layer

Figure 2.12 Interfacial polymerization the top layer was an aqueous solution vyhile 
the bottom layer was organic layer.

Ratio of aniline monomer to PSS had effect on shape of 
polyaniline investigated by Kuo and Wen (2008). They synthesized polyaniline 
nanoparticles in aqueous PSS by interfacial polymerization route. Organic phase had 
aniline in chloroform and aqueous phase had PSS and APS. They found that 
polyaniline could disperse in aqueous phase because of strong electrostatic between 
anilinium and sulfanate group. Ratio aniline to PSS had effect on shape of PAN1, 
spherical particle PANI was observed at ratio 1/1, nanoparticle or short-rod PAN1 
and network PAN! were observed when ratio less than 1 and more than 1, 
respectively. Network PAN! was core of PAN1-PSS and shell of excess PSS. 
Nanoparticle was sphencal PANI which could not formed core-shell because fewer 
amount and lower viscosity of PSS so it could not lead to micelles.
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Figure 2.13 Polyaniline particle and network.

The effect of monomer concentration on interfacial synthesis 
of platinum loaded polyaniline nanocomplex using poly(styrene sulfonic acid) was 
investigated by Cho el at. (2011) who compared polymerization of polyaniline by 
interfacial and non-interfacial polymerization also. The way to enhance conductivity 
of conducting polymer or polyaniline was incorporate metal. In their work platinum 
(Pt) precursor well-known very expensive was used as oxidizing agent. Interfacial 
polymerization including aniline monomer in chloroform at lower phase and Pt-PSS 
in water at upper phase got green solution while purple solution got from non- 
interfacial polymerization including aniline monomer Pt-PSS without chloroform so 
it was not phase separate. They found that non-interfacial polyaniline synthesis had 
low conductivity because It had full oxidation state but high conductivity by using 
interfacial polyaniline synthesis due to It had half oxidation state. They varied 
concentration of aniline monomer; ANI:Pt = 4:1, 10:1 and 40:1, to observe current 
density and found that mole ratio ANI'.Pt = 10:1 had highest value because it had 
small particle size nanocomposite contributed to improve electrochemical properties.
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Morphology of them showed that roughness increased with monomer concentration 
and particularly, at over 20 concentration of monomer became thicker and straight 
fibril occurred because of secondary growth of polyaniline.

(a) Interfaciat synthesis

PAN iokitiùtt

(b) Non-interface! synthesis

B m
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Figure 2.14 Preparation process of (a) PANI-PSS-Pt in interfacial and (b) in non
interfacial synthesis.

Electrostatic was very useful for polymerization that Detsri 
and Dubas (2012) used to provided water-soluble polyaniline by interfacial 
polymerization because normally polyaniline could not soluble in water and became 
the limitation of layer-by-layer technique that they use to make thin films. They 
synthesized water-soluble polyaniline succeeded between two phase; aqueous and 
organic phase. Aqueous phase, poly(4-styrenesulfonate) sodium salt(PSS) used as 
anionic dopant and template ,and diammonium persulfate (APS) as oxidizing agent, 
this phase was prepared in hydrochloric acid. Organic phase, aniline in chloroform 
was prepared. Solution was kept it in 4°c for 24 hours. Water-soluble polyaniline 
blend PSS began at the interface first and then polymerized into aqueous. They found
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that they got highest yield at 50 mM PSS concentration but to make films with layer- 
by-layer technique at 10 mM PSS concentration had highest absorbance and 
conductivity because at 50 mM PSS concentration had excess in solution and 
become competition to absorb on substrate. They found many parameters affected to 
films growth such as film growth increased with concentration of NaCl, number of 
layer, conductivity increased with number of layer and thickness was highest at 10 
mM PSS concentration because of competition of excess polymer.

Aqueous phase:
Poly(sodtam Tstyrmsdfo 
Afttmediiat persulfate' KC1

Organic phase:
Aniline monomer, CHCIj

r c ,  24 hi*

Figure 2.15 The interfacial synthesis of polyaniline with PS as template.

2.4 Nanocomposites based oil Polyaniline

Gas sensing behavior of multi walled carbon nanotube polyaniline 
composite films was investigated by Srivastava et a i  (2009). They prepared 
polyaniline by in situ chemical oxidative polymerization and used polyaniline to 
prepare PAN1/CNT composite. They found that composite could enhance 
conductivity compared to pure polyaniline due to multi walled nanotube had higher 
surface area, gas absorption, sensitivity and stability and polyaniline was conducting 
polymer when they become composite had more gas absorption, sensitivity and 
charge transfer. Resistivity was increase with amount of hydrogen gas absorbed.

Gheno et al. (2011) investigated polyaniline had been grown among the 
graphene sheet. They synthesized polyaniline/graphite nanocomposites by intercalate 
aniline monomer through pores and galleries of graphite sheet exfoliate. Graphite
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nanosheets (GNS) were prepared by using intercalation, expansion and exfoliation. 
Then, pure aniline monomer was mixed with GNS after that, ethanol, HC1 and APS 
were added. They found that the volume of intercalated graphite increased three 
times compared with natural graphite flake. The uniform distribution of nanosheets 
retained after intercalation and expansion with strong acid and high temperature 
following figure 2.16. They showed the results that thermal stability was higher 
when nanocomposites had more graphite content and electrical conductivity 
increased too much when %wt of PANI increase. Particularly, conductivity increased 
ten times when compared with pure neat polyaniline.

Figure 2.16 SEM image (a) neat polyaniline (b) PANI/GNS nanocomposite.

Hussian et al. (2012) polymerized polyaniline/polypyrrole/polytlnophene and 
functionalized multiwalled carbon nanotube-based nanocomposites by using layer- 
by-layer in-situ technique. Functionalization of multiwalled carbon nanotubes (F- 
MWCNTs) was prepared by annealed and acid treatment raw MWCNTs. Polyaniline 
(PANI), polypyrrole (PPy) and polythiophene (PTh), respectively were synthesized 
on surface of F-MWCNTs following figure 2.17. They found that F-MWCNTs 
reinforcing matrix polymer had high specific surface areas which could provide large 
number of sorption sites to the monomer Polymer wrapped around MWCNTs and 
nanocomposites agglomerated when material had low F-MWCNTs concentration 
while high F-MWCNTs had no any agglomerate polymer according to figure 2.18.
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Nanocomposites had higher thermal stability than F-MWCNTs because the major 
weight loss was polymer degradation that covered on F-MWCNTs. Electrical 
conductivity of nanocomposites was higher (413 ร cm'1) than three of each polymer 
(PANI, PPY and PTh were 30, 10-40 and 1.23x1 O’4 ร cm"1, respectively) due to fine 
dispersion of F-MWCNTs in the polymer matrix.

Ill situ polymerization 
Functionalized carbon nanotubes

PA.Nl depostion

PTh depostion
PPy deposttun

P A N ! depositor!

r~------------------ 1i
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Layer-by-layer 
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PPy depostion 
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Figure 2.17 Fabrication of PANI/PPy/PTh/F-MWCNTs through layer-by-layer in 
situ polymerization.

Figlire 2.18 FESEM images of (a) PANI/PPy/PTh/F-MWCNTs (low CNTs 
concentration) and (b) PANI/PPy/PTh/F-MWCNTs (high CNTs concentration).
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Benjamin et a i  (2008) created surface patterning on silicon which had both 
hydrophobic and hydrophilic regions for polyamline and carbon nanotube deposition. 
There were two types of silicon substrate. One had -CH3 group at the edge and NH2 

group in the middle and another had -OH group in the middle. They found that 
polyaniline prefered the CH3 group to polymerize due to -CH3 group was 
hydrophobic that liked aniline monomer, like dissolved like principle, following in 
figure 2.19. Polyaniline covering on the -CH3 region occurred green color which 
showed the wavelength from UV-Vis spectra at 796 nm, indicating a protonation of 
imine site. The wavelength was shifted with changing color from green to blue at 602 
nm. Conductivity of polyamline on silicon substrate was 12.7±3.4 cr/s cm’1. Single- 
walled carbon nanotubes were treated with acid to create functional group for 
deposition on the functional group of-NHj and -OH and had either ester or amide 
linkage. Then polyaniline was polymerized on it and the result showed that 
polyaniline cover all surface due to it could polymerize on -CH3 group and surface 
of single-walled carbon nanotubes which was naturally hydrophobic and remained 
acid from nanotube treatment so polyaniline could polymerize on it, following figure 
2.20. The conductivity of composite was not different when compared with 
polyamline.
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Figure 2.19 Creation of pattern hydrophobic/hydrophilic silicon to allow the 
selective deposition of polyaniline.
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Figure 2.20 Patterned assembly of single-walled carbon nanotubes on silicon allows 
the creation of patterned carbon nanotube-polyaniline composites.
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