
CHAPTER I

INTRODUCTION

Polymers have been used as insulating materials. Polymers were being 

discarded traditional role as electric insulators to take charge as conductors with a 

range of new applications. Scientists from many disciplines are combining expertise to 

study organic solid that exhibit remarkable conducting properties. A new class of 

polymers known as intrinsically conducting polymers or electroactive conjugated 

polymers has recently emerged. This materials exhibit interesting electrical and optical 

properties previously found only in inorganic materials. Electronically conducting 

polymers differ from all the familiar inorganic crystalline semiconductors [1],

The last few decades of the field materials science have been marked by the 

growing importance take by two classes of materials, organic polymers and inorganic 

semiconductors. Thus the lightness of weight, processability, and resistance against 

corrosion of organic polymers had led in many applications to the replacement of 

metals [2], Conducting polymers have unique properties that are interesting for new 

technology. Conducting polymers are good materials to be employed in the fabrication 

of electronic devices because their properties can be fine-tuned by external 

parameters during chemical synthesis within a certain band width [3],

1.1 C o n d u c t in g  p o ly m e r s

เท general, polymers are considered good insulator. Conducting polymers are 

classified as organic semiconductors. Conducting polymers are conjugated polymers 

consisting of alternating single and double bonds along their backbones. These 

conjugated sp2-hybridized carbons and p-electrons. These p-electrons form a 

delocalized tt-system, which gives rise to semiconducting properties [4], As is the case 

with polyacetylene, the simplest conducting polymer structure the electrical transport 

characteristics are obtain by placing the alternating carbon-carbon double bond 

structure directly on the backbone of the polymer [5]. The subsequent electrical
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c o n d u c t iv i t y  is m is ta k e n ly  v is u a liz e d  f r o m  r e s o n a n c e  s t r u c tu re s  a n d  t h e  m o b il i t y  o f  ท 

e le c t r o n s  as d e p ic t e d  fo r  p o ly a c e ty le n e .

Figure 1.1 T h e  d e lo c a l i z e d  71 s y s te m  o f  c o n ju g a te d  p o ly m e r s

C o n d u c t in g  p o ly m e r s  h a v e  r e c e iv e d  a t te n t io n  to w a rd s  n u m e ro u s  a p p lic a t io n s  

in e le c t r o n ic  a n d  o p t o e le c t r o n ic  d e v ic e s  s u ch  as l ig h t -e m it in g  d io d e s  (LED s) [6, 7], 

p h o t o v o lt a ic  c e l ls  (O PV s) [8] a n d  c h e m ic a l  a n d  b io - s e n s o r s  [1, 9],

1.2 Historical background of conducting polymers

A  t r e m e n d o u s  a m o u n t  o f  re s e a rc h  h a s  b e e n  c a r r ie d  o u t  in  t h e  f ie ld  o f  

c o n d u c t in g  p o ly m e r s .  T h e  h igh  le v e ls  o f  c o n d u c t iv i t y  in  p o ly m e r  w a s  o b s e r v e d  in  1977  

w h e n  a p o ly m e r  c h e m is t  H id e k i S h ira ka w a , an  in o rg a n ic  c h e m is t  A la n  M a c D ia rm id  a n d  

a p h y s ic is t  A la n  H e e g e r  p r e s e n te d  th e ir  d is c o v e r y  o f  t h e  s im p le s t  c o n d u c t in g  p o ly m e r ,  

p o ly a c e t y le n e  ( d o p e d  w ith  h a lo g e n s ) . T h is  d is c o v e r y  w a s  a w a rd  t h e  N o b e l P r iz e  in 

c h e m is t r y  in  2 0 0 0  “ fo r  t h e  d is c o v e r y  a n d  d e v e lo p m e n t  o f  e le c t r ic a l ly  c o n d u c t iv e  

p o ly m e r ” [10]. T h is  w o rk  r e in fo r c e d  th e  c o n c e p t  o f  o rg a n ic  m a te r ia ls  b e h a v in g  as m e ta l 

o r  s e m ic o n d u c to r s  [11], A n  im p o r ta n t  s te p  in  t h e  d e v e lo p m e n t  o f  c o n ju g a te d  

p o ly ( h e te r o c y c le s )  o c c u r r e d  in  1979  w h e n  D ia z  a n d  c o w o r k e r  o b ta in  p o ly p y r r o le  (PPy) 

as a f r e e  s ta n d in g  f i lm  b y  o x d a t iv e  e le c t r o p o ly m e r iz a t io n  o f  p y r ro le .  T h e  p o ly p y r r o le s  

a p p e a r e d  in  th is  f ie ld  as t h e  f ir s t  e x a m p le  fo r  c o n d u c t iv e  p o ly ( h e te r o c y c le s )  [12]. เท 

r e c e n t  y e a rs , t h e re  has b e e n  g ro w in g  in te re s t  in  re s e a rc h  o n  c o n d u c t in g  p o ly m e r .  S in c e  

th e n , an  a c t iv e  in te re s t  in  s y n th e s iz in g  o th e r  o rg a n ic  p o ly m e r s  p o s se s s in g  th is  p r o p e r t y  

h a s  b e e n  in it ia te d . A s  a re su lt ,  o th e r  c o n d u c t in g  p o ly m e r s  h a v in g  7โ e le c t r o n  c o n ju g a te d  

s t r u c tu re  s u ch  as p o ly a n i l in e  (PANI), p o ly p y r r o le  (PPy), p o ly ( p -p h e n y le n e ) ,  p o ly ( p -  

p h e n y le n e  v in y le n e )  a n d  p o ly t h io p h e n e  (PT) h a v e  b e e n  s y n th e s iz e d  fo r  e x p lo r in g  

th e m . T h e  c o n d u c t iv it y  o f  t h e s e  p o ly m e r s  c a n  b e  t u n e d  f r o m  in su la t in g  re g im e  to
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s u p e r c o n d u c t in g  re g im e , b y  c h e m ic a l  m o d if ic a t io n ,  b y  t h e  d e g re e  a n d  n a tu re  o f  

d o p in g . B e s id e s  th e s e , p o ly m e r s  o f fe r  t h e  a d v a n ta g e s  o f  l ig h tw e ig h t , f le x ib i l i t y ,  

c o r ro s io n - re s is t iv ity ,  h igh  c h e m ic a l  in e r tn e s s , e le c t r ic a l  in s u la t io n  a n d  t h e  e a s e  o f  

p ro c e s s in g  [13], T h e  f ie ld  o f  c o n d u c t iv e  p o ly m e r s  h a v e  b e e n  in  d e v e lo p m e n t  fo r  a 

lo n g  t im e , a n d  is m o re  in te re s t  in t h e  m a n y  a p p lic a t io n s  o f  p la s t ic  e le c t r o n ic s  ries.

Polyacetylene (PA)

H
Poly(p-phenylene) (PPP) Polypyrrole (PPy) Polythiophene (PT)

Figure 1.2 s t r u c tu r e  o f  s o m e  c o n ju g a te  p o ly m e r s

T h e  f ie ld  o f  c o n ju g a te d  p o ly m e r s ,  p o ly th io p h e n e s  a n d  th e ir  d e r iv a t iv e s  h a v e  

r e c e iv e d  s ig n if ic a n t  a t te n t io n  fo r  e le c t r ic a l  p ro p e r t ie s ,  a b i l i t y  t o  e x h ib it  e n v ir o n m e n ta l 

s ta b ilit ie s ,  t h e  e a s e  o f  d e r iv a t iz a t io n  a n d  a b i l it y  t o  b e  p o ly m e r iz e d  b y  v a r io u s  m e th o d s  

(Table 1.1).
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Table 1.1 s t a b i l i t y  a n d  p ro c e s s in g  a t t r ib u te s  o f  s o m e  c o n d u c t in g  p o ly m e r s

P o ly m e r C o n d u c t iv it y

(S /cm )

S ta b i l i t y  

(d o p e d  s ta te )

P ro c e s s in g

p o s s ib i l i t y

P o ly a c e t y le n e 103-1 0 s p o o r l im it e d

P o ly ( p -p h e n y le n e ) 1000 p o o r l im it e d

P o ly ( p -p h e n y le n e  v in y le n e 1000 p o o r l im it e d

P o ly p y r r o le s 100 fa ir g o o d

P o ly th io p h e n e s 100 g o o d e x c e l le n t

P o ly a n il in e 10 g o o d g o o d

1.3 Organic versus Inorganic semiconductors

O rg a n ic  m a te r ia ls  o f fe r  s e v e ra l m a jo r  a d v a n ta g e s  o v e r  in o rg a n ic  m a te r ia ls . S o m e  

p o t e n t ia l  b e n e f it s  are:

• Low weight. T h e  d e n s it ie s  p o ly m e r s  a re  m u c h  lo w e r  th a n  th o s e  o f  t r a d it io n a l 

m e ta ls  (1-2 g / c m 3 c o m p a re d  t o  3 -10  g / c m 3).

• Low cost. In o rg an ic  s e m ic o n d u c to r s  a re  se n s it iv e  t o  im p u r it ie s  a n d  m u s t  b e  

p r o d u c e d ,  h a n d le d  a n d  a s s e m b le d  in h ig h - te c h  c le a n  ro o m s . O rg a n ic  m a te r ia ls , 

o n  th e  o th e r  h a n d , m a y  b e  s y n th e s iz e d  in r e la t iv e ly  u n s o p h is t ic a te d  

la b o ra to r ie s  a n d  a re  m u c h  m o re  t o le r a n t  t o  c o n ta m in a t io n s .

• Tunability. T h e  a rt o f  o rg a n ic  c h e m is t r y  o f fe r s  an  in f in ite  a m o u n t  o f  c h e m ic a l  

m o d if ic a t io n s  o f  t h e  a c t iv e  m a te r ia ls , w h ic h  m a y  b e  f in e - tu n e d  t o  su it  e a c h  

d e s ire d  a p p lic a t io n .

• Flexibility. In o rg an ic  s e m ic o n d u c to r s  a re  s t if f  a n d  th e r e fo re  u s e le s s  fo r  f le x ib le  

d e v ic e s .  M a n y  o rg a n ic  s e m ic o n d u c to r s  a re  o n  th e  o th e r  h a n d  q u ite  f le x ib le  a n d  

u s e fu l fo r  f le x ib le  d e v ic e s .

• Solubility/Processability. M a n y  m o le c u la r  m a te r ia ls  a re  s o lu b le  in  c o m m o n  

o rg a n ic  s o lv e n t s  a n d  c a n  b e  a p p lie d  o n t o  t h e  s u b s t ra te s  b y  e v a p o ra t io n .
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1.4 Band theory of conjugated polymers

A  c o n d u c t in g  p o ly m e r s  a re  an  o rg a n ic  b a s e  p o ly m e r  t h a t  c a n  a c t  as a 

s e m ic o n d u c to r .  T h e y  a re  c o n ju g a te d . T h e y  a re  h a v e  e le c t r o n  d e lo c a l iz a t io n  a lo n g  th e ir  

p o ly m e r  b a c k b o n e .  It is g iv ing  o p t ic a l  a n d  e le c t r ic a l  p ro p e r t ie s .  W ith  r e s p e c t  to  

e le c t r o n ic  e n e rg y  le v e ls ,  h a rd ly  d if fe r  f r o m  in o rg a n ic  s e m ic o n d u c to r .  B o th  h a v e  th e ir  

e le c t r o n s  o rg a n iz e d  in  b a n d s  ra th e r  th a n  in  d is c r e te  le v e ls  a n d  th e ir  g ro u n d  s ta te  

e n e rg y  b a n d s  a re  e ith e r  c o m p le t e  f i l le d  o r  c o m p le t e ly  e m p ty .  T h e  b a n d  s t r u c tu re  o f  

a c o n ju g a te d  p o ly m e r s  o r ig in a te s  f r o m  t h e  in te ra c t io n  o f  71 -o rb ita l o f  re p e a t in g  u n its  

t h ro u g h o u t  t h e  c h a in  [14].

T h e  e n e rg y  b a n d  re s u lts  f r o m  t h e  b o n d in g  o r b i t a l  o f  m o le c u le  is k n o w n  as th e  

v a le n c e  b a n d , w h i le  t h e  c o n d u c t io n  b a n d  is a s a re s u lts  o f  t h e  a n t i- b o n d in g  o r b it a l  o f  

t h e  m o le c u le .  T h e  w id th  o f  in d iv id u a l b a n d  a c ro s s  t h e  range  o f  e n e rg y  le v e ls  is c a l le d  

b a n d  w id th .  T h e  v a la n c e  b a n d  (VB) re p re s e n t s  t h e  h ig h e s t  o c c u p ie d  m o le c u la r  o r b it a l  

a n d  t h e  c o n d u c t io n  b a n d  (CB) r e p r e s e n t  t h e  lo w e s t  u n o c c u p ie d  m o le c u la r  o r b it a l  

( L U M O )  [15]. T h e  gap  b e tw e e n  th e  h ig h e s t  f i l le d  e n e rg y  le v e l  a n d  lo w e s t  u n f i l le d  

e n e rg y  le v e l  is c a l le d  b a n d  gap  (Eg). T h is  b a n d  gap  is a range  o f  e n e rg ie s  b e tw e e n  

H O M O  a n d  L U M O . T h e  s iz e  o f  t h e  e n e rg y  b a n d  gap  w i l l  d e f in e  w h e th e r  t h e  c o n d u c t in g  

p o ly m e r s  is m e ta l,  s e m ic o n d u c to r  o r  in s u la to r  [15]. T h e  e le c t r o n ic  p r o p e r t ie s  o f  m e ta ls ,  

s e m ic o n d u c to r s  a n d  in s u la to r s  c a n  b e  d if f e r e n t ia t e d  w ith  r e fe re n c e  t o  e n e rg y  b a n d  

gap  as s h o w n  in figure 1.3 [16].
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Figure 1.3 S im p le  b a n d  p ic tu re  e x p la in in g  th e  d if f e r e n c e  b e tw e e n  a b  in s u la to r ,  a 

s e m ic o n d u c to r  a n d  a m e ta l

เท m e ta ls  is n o  ra n g e  o f  e n e rg ie s  w h ic h  is d e e m e d  u n a v a i la b le  t o  e le c t r o n s ,  

w h ic h  s im p ly  m e a n  th a t  f o r b id d e n  gap  o r  b a n d  gap  in  m e ta ls  is Eg = 0 eV . M e ta ls  h a v e  

a p a r t ia l ly  f i l le d  f r e e - e le c t r o n  b a n d  b e c a u s e  t h e  c o n d u c t io n  a n d  v a le n c e  b a n d s  

o v e r la p .  In su la to rs  h a v e  a b a n d  gap  w h ic h  is la rg e r  th a n  3 eV , t h e  e n e rg y  gap  b e tw e e n  

c o n d u c t io n  a n d  v a le n c e  b a n d s  is t o o  la rge . T h e  e le c t r o n  is n o t  a b le  t o  m a k e  th a t  ju m p  

t o  d e ta c h  f r o m  its  a to m , in  o r d e r  t o  b e  p r o m o te d  t o  t h e  v a la n c e  b a n d . In su la to rs  a re  

p o o r  e le c t r ic a l  c o n d u c t o r s  a t  a m b ie n t  te m p e ra tu re s .  เท s e m ic o n d u c to r s ,  t h e r e  is a 

s m a ll  e n o u g h  gap  (Eg = 0 .1 -3 .0  eV ) b e tw e e n  t h e  c o n d u c t io n s  a n d  v a le n c e  b a n d s , w h ic h  

a l lo w s  s o m e  e x c ita t io n  o f  c h a rg e  c a rr ie rs  t o  c o n d u c t io n  b a n d s . T h e  t h e r m a l o r  o th e r  

e x c ita t io n s  c a n  b r id g e  th e  gap . T h e  e le c t r o n s  c a n  ra is e  t h e ir  e n e rg y  a n d  d e ta c h  f ro m  

th e ir  a to m  b y  ju m p  t o  a h ig h e r  e n e rg y  le v e l  in t h e  c o n d u c t io n  b a n d s . T h e r e  a re  s e v e ra l 

m e th o d s ,  w h ic h  c a n  u se  t o  e x c ite  e le c t r o n s  in to  t h e  c o n d u c t io n  b a n d s . A n o th e r  

m e th o d  k n o w n  as d o p in g  is a ls o  u s e d  t o  g e n e ra te  t h e  ch a rg e  c a rr ie rs  ( e le c t r o n s  a n d  

h o le s )  [14].
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1.5 Doping process

C o n ju g a te d  p o ly m e r s  h a v e  a n a r ro w  b a n d  g ap s  (Figure 1.3). C o n ju g a te d  

p o ly m e r s  a re  in s u la to r  o r  p o o r  c o n d u c t iv i t y  d u e  t o  th e ir  e n e rg y  gap , d o p in g  c a n  th e s e  

s y s te m s  b e c o m e  h ig h ly  c o n d u c t iv e  a l lo w in g  fo r  n e w  o p t ic a l  t r a n s it io n  t o  b e  se e n . T h e  

d o p in g  p ro c e s s  is an  a d d it io n  o f  a d o p in g  a g e n t  in  t o  p o ly m e r  e x p e c t in g  t o  th e  

c o n d u c t iv i t y  o f  t h e  p o ly m e r .  D o p in g  o f  c o n d u c t in g  p o ly m e r s ,  w ith  a s s o c ia te d  c o n t r o l  

o f  t h e  e le c t r ic a l  c o n d u c t iv i t y  o v e r  t h e  f u l l  ra n g e  f r o m  in s u la to r  t o  m e ta l.  D o p in g  

p ro c e s s  c a n  b e  a c c o m p l is h e d  e ith e r  b y  c h e m ic a l  d o p in g  o r  b y  e le c t r o c h e m ic a l  d o p in g  

[17]. D o p in g  c a n  c h a n g e  b a n d  s t ru c tu re s  b y  e ith e r  ta k in g  e le c t r o n s  f r o m  t h e  v a le n c e  

b a n d  (p -d o p in g )  o r  a d d in g  e le c t r o n s  t o  c o n d u c t io n  b a n d  (ก -d o p in g ) . B o th  n - ty p e  

( e le c t r o n  d o n a t in g )  a n d  p - ty p e  ( e le c t ro n  a c c e p t in g )  d o p a n t s  h a v e  b e e n  u s e d  t o  in d u c e  

an  in s u la to r - t o - c o n d u c t o r  t r a n s it io n  in  e le c t r o n ic  p o ly m e r s .  D o p e d  c o n ju g a te d  

p o ly m e r s  a re  g o o d  c o n d u c t o r s  fo r  tw o  re a so n s :

1. D o p in g  p ro c e s s  in t r o d u c e s  ca rr ie rs  in to  t h e  e le c t r o n ic  s t ru c tu re . S in c e  e v e ry  

re p e a t in g  u n it  is a p o t e n t ia l  r e d o x  s ite , c o n ju g a te d  p o ly m e r s  c a n  b e  d o p e d  ก - 

t y p e  ( re d u c e d )  o r  p - t y p e  (o x id iz e d )  t o  a r e la t iv e ly  h igh d e n s ity  o f  c h a rg e  ca rr ie rs .

2. T h e  a t t r a c t io n  o f  an  e le c t r o n  in  o n e  u n it  t o  t h e  n u c le i in  t h e  n e ig h b o r in g  u n its  

le a d s  t o  c a rr ie r  d e lo c a l iz a t io n  a lo n g  t h e  p o ly m e r  c h a in  a n d  t o  c h a rg e  c a rr ie r  

m o b il it y ,  w h ic h  is e x t e n d e d  in to  t h re e  d im e n s io n s  th ro u g h  in te r - c h a in  e le c t r o n  

tra n s fe r .

H o w e v e r ,  l im it s  t h e  c a r r ie r  m o b il i t y  a n d  in  t h e  m e ta l l ic  s ta te  l im it s  t h e  e le c t r ic a l 

c o n d u c t iv it y .  In d e e d , re s e a rc h  d ir e c te d  to w a rd  c o n ju g a te d  p o ly m e r  w ith  im p ro v e d  

s t r u c tu r a l o r d e r  a n d  h e n c e  h ig h e r  m o b il i t y  is a fo c u s  o f  c u r re n t  a c t iv it y  in  t h e  f ie ld .  

C h a rg e  in je c t io n  o n t o  c o n ju g a te d , s e m ic o n d u c t in g  m a c r o m o le c u la r  c h a in s , o r  

“ d o p in g ” , le a d s  t o  t h e  w id e  v a r ie t y  o f  in te re s t in g  a n d  im p o r ta n t  p h e n o m e n a  w h ic h  

d e f in e  t h e  f ie ld .  T h e  d o p in g  c a n  b e  a c c o m p l is h e d  in  a n u m b e r  o f  w ays :



8

1.5.1 Chemical doping

T h e  f irs t  d is c o v e r y  o f  t h e  a b i l it y  t o  d o p e  c o n ju g a te d  p o ly m e r s  in v o lv e d  ch a rg e  

t ra n s fe r  r e d o x  c h e m is t ry ;  o x id a t io n  ( p - ty p e  d o p in g )  o r  r e d u c t io n  (ก -t y p e  d o p in g ) , as 

d e m o n s t r a te d  w ith  t h e  fo l lo w in g  e x a m p le s :

1. p-type

(7l-polymer)n + J ny (b) —► [(7t-polymer)+y(l3")y]n

2. ก - t y p e

(7T-po lym er)n  + [N a+(n a p h th a lid e ) ']y  — » [(Na+)y(7 t-po lym er)"y]ท  + (n a p h th a le n e )0

W h e n  th e  d o p in g  le v e l  is s u f f ic ie n t ly  h igh , t h e  e le c t r o n ic  s t r u c tu re  o f  

c o n ju g a te d  p o ly m e r s  a p p r o a c h e d  t o  t h a t  o f  a m e ta l.

1.5.2 Electrochemical doping

A lth o u g h  c h e m ic a l d o p in g  is an  e f f ic ie n t  a n d  s t ra ig h t fo rw a rd  p ro c e s s , it is 

n o r m a l ly  d if f ic u lt  t o  c o n t r o l .  C o m p le t e  d o p in g  t o  t h e  h ig h e s t  c o n c e n t r a t io n s  y ie ld s  

r e a s o n a b ly  h igh  q u a li t y  m a te r ia ls ;  h o w e v e r ,  a t t e m p t s  t o  o b ta in  in te rm e d ia te  d o p in g  

le v e ls  o f te n  r e s u lt  in  in h o m o g e n e o u s  d o p in g . E le c t r o c h e m ic a l d o p in g  w a s  o r ig in a te d  

t o  s o lv e  th is  p r o b le m . เท e le c t r o c h e m ic a l  d o p in g , t h e  e le c t r o d e  s u p p lie s  t h e  re d o x  

c h a rg e  t o  t h e  c o n d u c t in g  p o ly m e r ,  w h i le  io n s  d if fu s e  in to  (o r o u t  o f) t h e  p o ly m e r  

s t r u c tu re  f r o m  th e  n e a rb y  e le c t r o ly t e  t o  c o m p e n s a t e  t h e  e le c t r o n ic  ch a rg e . T h e  d o p in g  

le v e l  is d e te rm in e d  b y  t h e  v o lt a g e  b e tw e e n  th e  c o n d u c t in g  p o ly m e r  a n d  t h e  c o u n t e r ­

e le c t r o d e ;  a t  e le c t r o c h e m ic a l  e q u i l ib r iu m  t h e  d o p in g  le v e l  c a n  b e  a c h ie v e d  b y  se tt in g  

t h e  e le c t r o c h e m ic a l  c e l l  a t  a f ix e d  a p p lie d  v o lt a g e  a n d  s im p ly  w a it in g  as lo n g  as 

n e c e s s a ry  fo r  t h e  s y s te m  t o  c o m e  t o  e le c t r o c h e m ic a l  e q u i l ib r iu m  as in d ic a te d  b y  t h e  

c u r re n t  th ro u g h  th e  c e l l  g o in g  t o  Z e ro . E le c t r o c h e m ic a l d o p in g  is i l lu s t r a t e d  b y  t h e  

fo l lo w in g  e x a m p le s :

1. p-type

(Tt-polymer)n + [Li + (BF4')]solution —> [(7l-polymer)+y(BF4')y]n + ม (electrode)

2. ก - ty p e

(7T-po lym er)n  + L i( e le c t ro d e )  — > [(Li+)y (7 t-p o lym er) ‘y]ท  + [Li + (B F4")]soiütion
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P o ly m e r  d o p in g  le a d s  t o  t h e  fo rm a t io n  o f  c o n ju g a t io n a l d e fe c ts ;  s o lito n s ,  

p o la r o n s  a n d  b ip o la r o n s  in  t h e  p o ly m e r  ch a in . T h e  p re s e n c e  o f  lo c a l iz e d  e le c t r o n ic  

s ta te s  o f  e n e rg ie s  le s s  th a n  t h e  b a n d -g a p  a r is in g  f r o m  c h a n g e s  in  lo c a l  b o n d  o rd e r , 

in c lu d in g  t h e  fo rm a t io n  o f  s o l it o n s ,  p o la r o n s  a n d  b ip o la r o n s  h a v e  le d  t o  t h e  p o s s ib i l i t y  

o f  n e w  t y p e s  o f  c h a rg e  c o n d u c t io n .  Table 1.2 g ive  t h e  c h a rg e  a n d  sp in  c h a ra c te r is t ic  

o f  t h e s e  d e fe c ts  [18].

1.6 Solitons, polarons and bipolarons

Table 1.2 T y p ic a l p r o p e r t ie s  o f  s o l it o n s ,  p o la r o n s  a n d  b ip o la r o n

D e fe c t S p in C h a rg e

S o l it o n N e u t ra l V4 0

S o l it o n c h a rg e d 0 +e o r  -e

P o la ro n c h a rg e d Vi +e o r  -e

B ip o la ro n c h a rg e d 0 + 2e o r  -2e

S o l it o n s  a re  t h re e  c a to g o r ie s :  n e u t r a l s o l it o n ,  p o s it iv e  s o l it o n  a n d  n e g a t iv e  

s o l it o n .  A n  in te re s t in g  o b s e r v a t io n  a t  th is  p o in t  is t h a t  c h a rg e d  s o l it o n s  h a v e  n o  sp in ; 

w h i le  n e u t r a l s o l it o n s  h a v e  sp in  b u t  n o  ch a rg e . P o s it iv e ly  c h a rg e d  s o l it o n  o c c u r s  w h e n  

an  e le c t r o n  is r e m o v e d  f r o m  lo c a l iz e d  s ta te  o f  a n e u t r a l s o l it o n  b y  o x id a t io n . 

N e g a t iv e ly  c h a rg e d  s o l it o n  is p r o d u c e d  w h e n  an  e le c t r o n  is in s e r te d  b y  r e d u c t io n  [19].

P o la ro n s  a re  o b ta in e d  as a c o m b in a t io n  o f  a n e u t r a l a n d  a c h a rg e d  s o l it o n  o n  

t h e  s a m e  p o ly m e r  ch a in . F u r th e r  o x id a t io n  c a u s e s  m o re  a n d  m o re  p o la r o n s  t o  fo rm  

a n d  e v e n t u a l ly  t h e  u n p a ir e d  e le c t r o n  o f  t h e  p o la r o n  is r e m o v e d ,  o r  tw o  lo s e  p o la ro n s  

c a n  c o m b in e  t o  fo rm  d ic a t io n s  o r  b ip o la r o n s  [20],

The  n e u tra l p o ly m e r  has fu l l  v a le n c e  and  e m p ty  c o n d u c t io n  bands w ith  a

sepa ra te d  band  gap. F o rm a tio n  o f  p o la ro n  and  b ip o la ro n  gene ra tes n e w  e n e rg y  le ve ls

lo c a te d  a t m id  gap.
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B a n d  gap  v a lu e  is e x t r e m e ly  im p o r ta n t  fo r  c o n ju g a te d  p o ly m e r s  s in c e  it is 

d ir e c t ly  r e la te d  w ith  t h e  e le c t r o n  o r  h o le  a f f in it ie s , a b s o rp t io n  v a lu e s  a n d  

c o n d u c t iv it ie s  o f  p o ly m e r .  C o n ju g a te d  p o ly m e r s  w e re  c la s s if ie d  as t h e  lo w  b a n d  gap  

m a te r ia ls . L o w  b a n d  gap  p o ly m e r  a re  e x p e c te d  t o  h a v e  n -d o p in g  p r o p e r t y  w h ic h  

a l lo w s  th e ir  u sage  in  e n e rg y  s to ra g e  a p p lic a t io n s .  T h e re fo re ,  it is im p o r ta n t  t o  s tu d y  

t h e  fa c to r s  w h ic h  a f fe c t  t h e  b a n d  gap  v a lu e  o f  c o n ju g a te d  p o ly m e r s .

เท o r d e r  t o  f u n c t io n a l iz e  a p o ly m e r  h a v e  d e s ire d  e le c t r o c h e m ic a l  a n d  o p t ic a l  

p ro p e r t ie s .  B o th  t h e  v a le n c e  a n d  c o n d u c t io n  e n e rg ie s  c a n  b e  c o n t r o l le d  b y  t h e  e n e rg y  

gap  ( th e  r e la t io n  o f  t h e  e n e rg y  le v e ls  t o  o n e  a n o th e r )  o r  t h e  p o s it io n  o f  t h e  e n e rg ie s  

( o x id a t io n  o r  r e d u c t io n  p o te n t ia ls ) .  L o w  b a n d  gap  m a te r ia ls  w i l l  p r o v id e  a m e a n s  fo r  

s t a b le  ท- d o p e d  s ta te s  o n  t h e  in t r in s ic a lly  c o n d u c t in g  p o ly m e r  s y s te m s .

เท d e s ig n in g  lo w  b a n d  gap  s y s te m s , t h e  v a r ie t y  o f  m e th o d o lo g ie s  c a n  b e  u s e d  

t o  a c h ie v e  p o ly m e r s  w ith  b a n d  gap s le s s  th a n  2 eV . T h e re  a re  f iv e  b a s ic  a p p ro a c h e s  

th a t  h a v e  b e e n  u s e d  t o  r e d u c e  b a n d  gap; c o n t r o l l in g  b o n d - le n g th  a lte rn a t io n ,  c re a t in g  

h ig h ly  p la n a r  s y s te m s , in d u c in g  o r d e r  b y  in te rc h a in  e f fe c t s ,  r e s o n a n c e  e f fe c t  a lo n g  th e  

p o ly m e r  b a c k b o n e  a n d  u s ing  d o n o r - a c c e p t o r  e f fe c ts .

1.7 Structural design and synthetic methodologies for low band gap materials

1.8 Polythiophene

P o ly t h io p h e n e  is c o m p o s e d  o f  re p e a t in g  f iv e - m e m b e r e d  h e t e r o c y c l ic  

m o n o m e r ic  u n it . It is a ls o  c o n s id e r e d  o n e  o f  t h e  p ro m is in g  c la s s e s  o f  c o n d u c t in g  

p o ly m e r s  fo r  t e c h n o lo g ic a l  u s e d . T h is  is a t t r ib u te d  t o  its g o o d  e n v ir o n m e n ta l  s ta b i l i t y  

in  n e u t r a l fo rm , its s t r u c tu ra l v e r s a t i l it y  w h ic h  a l lo w s  th e ir  e le c t r o n ic  a n d  

e le c t r o c h e m ic a l  p ro p e r t ie s  t o  b e  m o d if ie d  b y  c h e m ic a l  m e a n s  a n d  its  c h a ra c te r is t ic s  

o f  h a v in g  n o n -d e g e n e ra te  g ro u n d  s ta te  fo r  t h e  tw o  lim it in g  s t ru c tu re s  o f  p o ly th io p h e n e  

a ro m a t ic  g ro u n d  s ta te  a n d  q u in o id a l  g ro u n d  s ta te  [2, 19], P o ly t h io p h e n e  h a s  an

e x c e l le n t  t h e r m a l s ta b i l i t y  (42%  w e ig h t  lo s s  a t  9 0 0  °c) a n d  g o o d  c o n d u c t iv i t y  (3 .4  X

10 4 t o  1.0 X  10"1 s / c m  w h e n  d o p e d  w ith  io d in e ) . D e s p ite  t h e  la c k  p ro c e s s a b i li ty ,
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e n v ir o n m e n ta l s ta b ilit y ,  t h e rm a l s ta b i l i t y  a n d  h ig h - e le c t r ic a l c o n d u c t iv i t y  o f  t h e  

p o ly t h io p h e n e  f i lm s  s t i l l  m a k e  it a h ig h ly  d e s ir a b le  m a te r ia l [4],

T h e  c o n ju g a te d  p o ly m e r  s y s te m s  p o ly th io p h e n e s  h a v e  a p o o r  s o lu b i l i t y  d u e  

t o  t h e  s t ro n g  7t-stack ing  in te ra c t io n  b e tw e e n  th e  a r o m a t ic  rings. T h e  s ta n d a rd  

p r o c e d u r e  o f  a t ta c h in g  lo n g , f le x ib le  c h a in s  o n t o  t h e  c o n ju g a te d  b a c k b o n e  o f  an  

in s o lu b le  p o ly m e r  c a n  im p ro v e  t h e  s o lu b i l i t y  b u t  it h a v e  d e le t e r io u s  e f fe c t s  o n  th e  

e le c t r ic a l  c o n d u c t iv i t y  o f  p o ly m e r s  in  th e ir  c o n d u c t in g  s ta te . A  s ig n if ic a n t  d is c o v e r y  

d e m o n s t r a te d  th a t  p o ly t h io p h e n e  b e lo n g s  t o  o n e  o f  f e w  c a se s  in  w h ic h  s u b s t itu t io n  

o f  h y d ro g e n  a t t h e  p -p o s it io n  b y  a lk y l c h a in  o r  e le c t r o n  d o n a t in g  g ro u p  w ith  f le x ib le  

c h a in  d o e s  n o t  a f fe c t  p o ly m e r  c o n d u c t iv i t y  o f  t h e  p o ly m e r ,  w h e r e a s  im p a r t  s o lu b i l i t y  

a n d  c o n s e q u e n t ly  e n h a n c e  p r o c e s s a b i l i t y  T h e  f le x ib le  s u b s t itu e n ts  s o lu b i l iz e d  th e  

p o ly t h io p h e n e  c h a in s  b y  th is  d is r u p t io n  o f  th e ir  in te rc h a in  s ta ck in g . T h is  in  tu rn  

fa c il it a te d  t h e  p r o c e s s a b i l i t y  o f  t h e s e  p o ly m e r s  [21-23], เท a d d it io n ,  in t r o d u c in g  

e le c t r o n  d o n a t in g  s u b s t i t u e n t  in to  t h io p h e n e  ring h a s  d e c r e a s e  p o ly m e r iz a t io n  

p o t e n t ia l  a n d  s ig n if ic a n t ly  e n h a n c e  p o ly m e r  e le c t r o a c t iv i t y  in s o lu t io n .  O x y g e n  d ir e c t ly  

a t ta c h e d  t o  t h io p h e n e  ring w a s  fu r th e r  s u d s ta n t ia l ly  s t a b i l iz e d  t h e  c o n d u c t in g  p - ty p e  

o f  p o ly m e r s  b y  s t a b i l iz a t io n  o f  t h e  p o s it io n  c h a rg e  in t h e  p o ly m e r  b a c k b o n e  [24],

1.9 Synthesis of polythiophene

M a n y  in te n s iv e  re s e a rc h  e f fo r ts , p o ly t h io p h e n e  is g e n e r a lly  p r e p a re d  b y  m e a n s  

o f  tw o  m a in  ro u te s  w h ic h  a re  t h e  e le c t r o c h e m ic a l  a n d  th e  c h e m ic a l  s y n th e s e s .

1.9.1 Electrochemical polymerization

In it ia ly , p o ly th io p h e n e  w a s  o b t a in e d  b y  e le c t r o c h e m ic a l  p o ly m e r iz a t io n  o f  

t h io p h e n e  m o n o m e r s .  T h e  s y n th e s is  o f  p o ly th io p h e n e s  b y  e le c t r o c h e m ic a l  o x id a t io n  

h a s  b e e n  w id e ly  u se d . P o ly t h io p h e n e  w a s  p re p a re d  fo rm  t h e  e le c t r o c h e m ic a l  

p o ly m e r iz a t io n  u s in g  a p o t e n t ia l  is a p p l ie d  a c ro s s  a s o lu t io n  c o n ta in in g  th io p h e n e .  

P o ly m e r  f i lm  w a s  p r o d u c e d  a t t h e  a n o d e  su r fa c e  a f te r  e le c t r o p o ly m e r iz a t io n .  T h e  

p o ly m e r  is d e p o s it e d  in  its o x id iz e d  c o n d u c t in g  fo rm  o n t o  e le c t r o d e ,  a l lo w in g  th e  

p o ly m e r iz a t io n  t o  p r o c e e d .  T h e  y ie ld  o f  p o ly m e r s  p r e p a re d  f r o m  e le c t r o c h e m ic a l
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p o ly m e r iz a t io n  is m o d e r a te  t o  lo w  y ie ld  a n d  th e ir  s t ru c tu re s  a re  n o t  w e l l- d e f in e d  [22], 

E le c t r o c h e m ic a l p o ly m e r iz a t io n  is p r o p o s e d  th e  p o ly m e r iz a t io n  p r o c e e d s  v ia  th e  

c o u p l in g  o f  tw o  r a d ic a l c a t io n s , fo rm e d  b y  t h e  o x id a t io n  o f  m o n o m e r  as o u t l in e d  in 

figure 1.4 [25],

Figure 1.4 E le c t r o c h e m ic a l p o ly m e r iz a t io n  o f  t h io p h e n e

E le c t r o c h e m ic a l p o ly m e r iz a t io n  is v e r y  u s e fu l m e th o d  fo r  p re p a r in g  p o ly m e r s  

s u c h  as p o ly th io p h e n e ,  p o ly ( 3 -m e th y lth io p h e n e ) ,  a n d  p o ly  (3 -p h e n y lth io p h e n e ) ,  

w h ic h  a re  in s o lu b le  a n d  in fu s ib le .  P o ly m e r s  a re  o b t a in e d  in t h e  fo rm  o f  p o w d e r  t h e y  

c a n n o t  b e  p ro c e s s e d  in to  a f i lm  o r  o th e r  u s e fu l fo rm s  [23].

1.9.2 Oxidative coupling polymerization

P o ly t h io p h e n e  a re  fo rm e d  in  t h e  o x id a t io n  o f  t h io p h e n e  m o n o m e r s  w ith  

a r s e n ic (V )p e n ta f lu o r id e  (A sF 5). D u e  t o  t h e  p o is o n o u s  p ro p e r t ie s  o f  

a r s e n ic (V )p e n ta f lu o r id e  th is  m e th o d  ha s  n o t  b e e n  w id e ly  a d o p te d .  A  m o re  c o n v e n ie n t  

m e th o d  w a s  d e v e lo p e d  b y  Y o s h in o  e t  a l [26] w h o  u s e d  iron ( lll)  t r ic h lo r id e  (F e C U ) as 

t h e  o x id iz in g  a g e n t  a n d  c h lo r o fo rm  as s o lv e n t  u n d e r  a n h y d ro u s  c o n d it io n  [25]. T h e  

y ie ld  o f  p o ly m e r s  p re p a re d  f r o m  th is  m e th o d  is r e la t iv e ly  h igh . T h e  o x id a t iv e  c o u p l in g  

o f  t h io p h e n e s  p r o v id e s  w ith  h igh  m o le c u la r  w e ig h ts  th a n  t h e  ro u te  d e s c r ib e  a b o v e . 

P o ly m e r  o b t a in e d  f r o m  th is  m e th o d  a re  s o lu b le  in  c o m m o n  o rg a n ic  s o lv e n t s  a n d  th e ir  

f i lm s  c a n  b e  fo rm e d  b y  s im p ly  c a s t in g  its  s o lu t io n  o n  a s o l id  s u b s t ra te . M a n y  3 -
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a lk y lt h io p h e n e  w a s  p re p a re d  b y  th is  m e th o d .  S u g im o to  a n d  c o w o r k e r  [26] e la b o r a te d  

t ra n s it io n  m e ta l h a l id e s  as o x id iz in g  a g e n t  fo r  p o ly m e r iz a t io n  o f  3 - h e x ly t h io p h e n e  a n d  

fo u n d  th a t  iro n  (III) c h lo r id e s  w e re  t h e  e f fe c t iv e  o n e  (Figure 1.5). T h e  f i lm s  w a s  

fa b r ic a te d  b y  c a s t in g  a s o lu t io n  o f  t h e  re s u lt in g  p o ly ( 3 -h e x y lt h io p h e n e )  o n  s u b s t ra te  

a n d  th e  re s u lt s  s h o w e d  s im ila r  c h a ra c te r is t ic s  t o  t h o s e  p r e p a re d  b y  t h e  

e le c t r o c h e m ic a l  m e th o d  [25],

R

Polymerization

(HT-HT) (HT-HH)

(TT-HT) (TT-HH)

Figure 1.5 T h e  o x id a t iv e  c o u p l in g  r e a c t io n  o f  3 - a lk y lth io p h e n e  b y  F e C l3

P o ly ( 3 - a lk y lth io p h e n e )  w a s  u n d o p e d  f r o m  t ra c e  o f  F e C l3 b y  e x t r a c t io n  w ith  

m e th a n o l,  b u t  th is  p o ly m e r  r e m a in e d  in  p a r t ia l ly  d o p e d  s ta te s . C o m p le t e ly  u n d o p e d  

p o ly m e r  w a s  o b t a in e d  b y  r e d u c t io n  w ith  a n  a q u e o u s  s o lu t io n  o f  h y d ra z in e . A m o u  [27, 

28] s tu d ie d  t h e  p o ly m e r iz a t io n  m e c h a n is m  a n d  p o ly m e r iz a t io n  c o n d it io n s ,  a n d  fo u n d  

th a t  a lo w e r  t e m p e ra tu r e  a n d  c o n c e n t r a t io n  w e re  e f fe c t iv e  f o r  in c re a s in g  t h e  H T  

c o u p lin g .
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1.9.3 Grignard coupling and other chemical polymerization

P o ly m e r iz a t io n  u s ing  a m e ta l- c a t a ly z e d  c ro s s - c o u p lin g  t e c h n iq u e  has b e e n  

e x t e n s iv e ly  in v e s t ig a te d . T h e  g e n e ra lly  a c c e p t e d  m e c h a n is m  o f  th e s e  re a c t io n s  is 1) 

o x id a t iv e  a d d it io n  o f  an  o rg a n ic  h a l id e  w ith  a m e ta l- p h o s p h in e  c a ta ly s t ,  2) 

t r a n s m e ta l la t io n  b e tw e e n  c a ta ly s t  a n d  re a c t iv e  o r g a n o m e ta l l ic  re a g e n t  (or 

d is p r o p o r t io n a t io n )  t o  g e n e ra te  a d io r g a n o m e ta l l ic  c o m p le x ,  a n d  3) r e d u c t iv e  

e l im in a t io n  o f  t h e  c o u p le d  p r o d u c t  w ith  r e g e n e ra t io n  o f  t h e  m e ta l- p h o s p h in e  c a ta ly s t . 

T h e  s y n th e s is  o f  r e g io re g u la r  H T -P 3 A T  w a s  r e p o r te d  b y  M c C u l lo u g h  a n d  c o w o rk e r s  [29] 

in  e a r ly  1992  (Figure 1.6). T h is  s y n th e t ic  m e th o d  [30-33] r e g io s p e c if ic a lly  g e n e ra te d  2 - 

b r o m o -5 - (b ro m o m a g n e s io ) -3 -a lk y lth io p h e n e  w h ic h  w a s  p o ly m e r iz e d  w ith  c a ta ly t ic  

a m o u n ts  o f  N i( d p p p )C l2 u s in g  K u m a d a  c ro s s - c o u p lin g  m e th o d s  t o  g iv e  P 3 A T s  w ith  98 - 

100%  H T -H T  c o u p lin g s .

RMgBr

Ni(dppp)CL2

Et20, 35°c 

75%

R Br2 /  AcOH /  15 c 

75%// 3
' ร /  or NBS /  AcOH /  CHCU 

70-85%

1. LDA / THF / -40°c /  40 ทาin

2. MgBr2.OEt2/ -60°c to -40°C/40 min

3. -40°C -5°c / 20 min

4. 0.5-1 mole% Ni(dppp)Cl2

-5°c 25°c /  18 h
45-70%

100%  H e a d -to -T a il PA T s

R Group %HT %yield

R: n-Dodecyl 99% 44%

R: n-Octyl 99% 65%

R: n-Hexyl 99% 58%

R: n-Butyl 99% 69%

Figure 1.6 T h e  M c C u l lo u g h  m e th o d  fo r  t h e  re g io s p e c if ic  s y n th e s is  o f  p o ly (3 -  

a lk y lt h io p h e n e )
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1.9.4 Solid state polymerization

T h e  p o ly ( 3 ,4 - e th y le n e d io x y th io p h e n e )  (PED O T ) w a s  p re p a re d  b y  t r a d it io n a l 

o x id a t iv e  p o ly m e r iz a t io n .  O x id a t iv e  p o ly m e r iz a t io n  o f  3 ,4 - e th y le n e d io x y th io p h e n e  

(ED O T) w ith  F e C l3 in  o rg a n ic  s o lv e n t s  g ive s  an  in s o lu b le  b lu e - b la c k  d o p e  p o ly m e r  

p o w d e r .  T h e  l im it a t io n s  o f  o x id a t iv e  p o ly m e r iz a t io n  m e th o d  c a n  b e  a s e r io u s  p r o b le m  

fo r  P E D O T  a p p lic a t io n s  as w e l l  as fo r  in - d e p th  in v e s t ig a t io n  o f  m o le c u la r  o r d e r  in th is  

c o n d u c t in g  p o ly m e r s .  It is g e n e r a lly  n o t  p o s s ib le  t o  o b ta in  a w e l l- d e f in e d  p o ly m e r  

s t ru c tu re . T h e  s y n th e s is  o f  c o n d u c t in g  p o ly m e r s  is c a r r ie d  o u t  v ia  p u re  c h e m ic a l  

p o ly m e r iz a t io n  ro u te s , w it h o u t  a d d in g  a n y  c a ta ly s ts .  A  p o s s ib le  s o lu t io n  fo r  th is  l ie s  in 

a s o l id - s ta te  p o ly m e r iz a t io n  (SSP) o f  a s t r u c tu r a l ly  p re -o rg a n iz e d  c r y s ta l l in e  m o n o m e r s .  

T h e  id e a  o f  SSP  o f  a s u it a b le  m o n o m e r  in  a w e l l- o r d e r e d  c r y s ta l l in e  s ta te  w a s  a lr e a d y  

r e a liz e d  in  t h e  1960s a n d  1970s w ith  p o ly d ia c e t y le n e s  a n d  (SN )X. S S P  is n o r m a l ly

c o n d u c t e d  b e tw e e n  t h e  g la ss  t ra n s it io n  t e m p e ra tu r e  a n d  th e  m e lt in g  p o in t  [34], SSP  

is a c a ta ly s t - f re e  c ro s s - c o u p lin g  r e a c t io n  w it h o u t  s o lv e n t .  T h e  SS P  h a s  m a n y  

a d v a n ta g e s :  lo w  c o s ts , lo w  o p e ra t in g  te m p e ra tu r e ,  w h ic h  le s s  s id e  re a c t io n , s im p lic it y  

in  p ro c e s s  a n d  e n v ir o n m e n ta l f r ie n d l in e s s .  A t  S S P  lo w  te m p e ra tu r e ,  ra te  o f  r e a c t io n s  

a re  s lo w  c o m p a re d  p o ly m e r iz a t io n  in l iq u id  p h a s e  b e c a u s e  o f  t h e  r e d u c e  m o b i l i t y  o f  

t h e  re a c t in g  s p e c ie s  a n d  t h e  s lo w  d if fu s io n  o f  t h e  b y - p ro d u c t  [35].

D B E D O T  P E D O T

Figure 1.7 S o lid - s ta te  p o ly m e r iz a t io n  o f  2 ,5 -d ib ro m o -3 ,4 - e th y le n e d io x y th io p h e n e  

(D BED O T)

M e n g  a n d  c o w o rk e r s  [35, 36] r e p o r te d  th e  f irs t  s o l id - s t a te  p o ly m e r iz a t io n  o f

2 ,5 -d ib ro m o -3 ,4 - e th y le n e d io x y th io p h e n e  (D B ED O T ) t o  g ive  P E D O T  th ro u g h  an  

u n p r e c e d e n te d  c a ta ly s t - f r e e  c ro s s - c o u p lin g  r e a c t io n  in s o l id  s ta te . T h is  p o ly m e r iz a t io n  

w a s  d is c o v e r e d  b y  c h a n c e  as a re s u lt  o f  p r o lo n g e d  s to ra g e  (2 y e a rs )  o f  t h e  m o n o m e r
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a t  r o o m  t e m p e ra tu r e  o r  h e a t in g  (5 0 -80  °c) (Figure 1.7). T h e  c o lo r le s s  c ry s ta l l in e  

D B E D O T  t r a n s fo rm e d  in to  a b la c k  m a te r ia l w it h o u t  a p p a r e n t  c h a n g e  o f  m o rp h o lo g y .  

S u rp r is in g ly , t h e  c o n d u c t iv i t y  o f  th is  d e c o m p o s it io n  p r o d u c t  a p p e a r e d  t o  b e  v e r y  h igh  

(u p  t o  80  s / c m )  fo r  an  o rg a n ic  s o lid .  T h e  m o s t  l ik e ly  e x p la n a t io n  fo r  t h e  o b s e r v e d  

t r a n s fo rm a t io n  w a s  p o ly m e r iz a t io n  w ith  fo rm a t io n  o f  b r o m in e - d o p e d  PE D O T .

M e n g  a n d  c o w o rk e r s  h a v e  c o n t in u e d  t o  s tu d y  s o l id  s ta te  p o ly m e r iz a t io n  (SSP) 

o f  o th e r  d ih a lo g e n - s u b s t it u te d  d e r iv a t iv e s  o f  3 ,4 - e t h y le n e d io x y th io p h e n e  (ED O T) 

(Figure 1.8), w h o s e  h a lo g e n  a to m s  a re  C l, Br o r  I, r e s p e c t iv e ly .  T h e  p o ly m e r iz a t io n  

re s u lt s  in d ic a te d  th a t  2 ,5 -d ib ro m o - 3 ,4 - e th y le n e d io x y th io p h e n e  (D BED O T) w a s  th e  m o s t  

re a c t iv e  m o n o m e r ,  a n d  p o ly m e r iz a t io n  r e a c t io n  o c c u r r e d  v ia  r a d ic a l c a t io n ic  

p o ly m e r iz a t io n  w h ic h  e le c t r o n  d o n a t in g  g ro u p  ( 3 ,4 - e th y le n e d io x y  g ro u p ) e n h a n c e d  th e  

s t a b i l i t y  o f  c a t io n  in te rm e d ia te  (Figure 1.9) [35].

/V-bromosuccinimide

i > CHCl3/AcOH, 8 h

Hg(OAc)2 

AcOH,12 h N-chlorosuccinimide

CHClj/AcOH, 8 h

0

\

0
/

XX 1). BuLi, THF

AcOHg ร x  ^HgOAc -78 °c — ». 0 °c,l h

2). \2, -78 ๐c  __ ^ 0 °c,12 h

\7, CH-CN, 2 h

4

Figure 1.8 S y n th e s is  o f  d ih a lo - 3 ,4 e th y le n e d io x y th io p h e n e  m o n o m e r s
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B r

Figure 1.9 M e c h a n is m  o f  t h e  in it ia t io n  o f  S S P  o f  D B E D O T

T h e  h ig h e s t  c o n d u c t iv i t y  b e lo n g s  t o  t h e  p o ly m e r  p r e p a 'e d  a t lo w e s t  

t e m p e ra tu r e  a n d  lo n g e s t  r e a c t io n  t im e , w h ic h  m a y  r e f le c t  a c h ie v e m e n t  o f  a h ig h e r 

d e g re e  o f  o rd e r . In d e e d , h e a t in g  a b o v e  t h e  m o n o m e r ’ s m e lt in g  p o in t  r e s u lt s  in 

d r a m a t ic a l ly  r e d u c e d  c o n d u c t iv i t y  (0.1 s / c m ) , w h ic h  r ise s  u p  t o  5.8 s/cm a f te r  d o p in g  

w ith  io d in e ,  a p p ro a c h in g  th e  v a lu e  o f  a n  F e C l3- s y n th e s iz e d  P E D O T  (7 .6 5 /cm ). N o t  v e ry  

s ig n if ic a n t, b u t  c e r ta in  in c re a s e  in  c o n d u c t iv i t y  o f  S S P -P E D O T  ( a b o u t  2  t im e s )  w a s  fo u n d  

o n  e x p o s in g  a s a m p le  t o  io d in e  v a p o r .

Table 1.3 C o n d u c t iv it y  d a ta  o f  S S P -P E D O T

C o n d u c t iv it y  ( s / c m )

R e a c t io n  t e m p e ra tu r e  (°c) 20 60 80 120

R e a c t io n  t im e 2 y e a rs 24  h 4 h 24  h

C ry s ta ls /  f ib e rs 80 33 20 -

P e l le t s  a s  s y n th e s iz e d 30 18 16 0 .1

P e l le t s  a f te r  l2-d o p in g 53 30 27 5.8

F ro m  th e  re p o r t ,  t h e y  c o n c lu d e d  th a t  h e a t in g  D B E D O T  in  t h e  s o l id  s ta te  gave  

h igh  c o n d u c t iv it y  a n d  r e la t iv e ly  w e l l  o r d e r e d  b r o m in e - d o p e d  PED O T . P o ly m e r iz a t io n  

o f  D B E D O T  a b o v e  th e  m e lt in g  p o in t  le a d  t o  a lo w e r  c o n d u c t iv e  p o ly m e r .  T h e  

t e m p e ra tu r e  d e p e n d e n c e  o f  t h e  c o n d u c t iv i t y  o f  S S P -P E D O T  re v e a ls  a s e m ic o n d u c t in g  

b e h a v io r .  H ig h ly  c o n d u c t in g  th in  f i lm s  o f  P E D O T  c a n  b e  e a s ily  fa b r ic a t e d  u s in g  th is  

m e th o d .

B a se d  o n  t h e  re s e a rc h  as l is te d  a b o v e ,  it s e e m s  th a t  t h e  sh o rra g e  o f  s u it a b le  

m o n o m e r s  a n d  d if f ic u lt y  o f  m a k in g  u n ifo rm  c o n d u c t iv e  f i lm  fu r th e r  re s t r ic ts  S S P ’ s w id e
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a p p lic a t io n s .  Y in  a n d  c o w o rk e r s  [37] h a v e  fo u n d  th a t  P E D O T  c a n  b e  o b t a in e d  b y  a c id -  

a s s is te d  p o ly c o n d e n s a t io n  f r o m  b ro m o -2 ,3 -d ih y d ro - th ie n o [3 ,4 -6 ] [ l,4 ] d io x in e  (BED O T) 

(Figure 1.9). U n d e r  t h e  e x p o s u r e  t o  a m b ie n t  a tm o s p h e r e ,  t h e  fo rm e d  P E D O T  is in  

d o p e d  s ta te  t o  s o m e  e x te n t ,  s h o w in g  p o o r  c o n d u c t iv i t y  o f  1CT6 s / c m  w h i le  im p ro v e d  

t o  0 .3 S / c m  a lo n g  w ith  fu r th e r  io d in e  d o p in g . S u c h  f in d in g  p r o v id e s  a n o th e r  a lte rn a t iv e  

fo r  t h e  s y n th e s is  o f  c o n ju g a te d  p o ly m e r s  th ro u g h  s im p le  a c id -a s s is te d -  

p o ly c o n d e n s a t io n .

DBEDOT

PEDOT

Figure 1.10 S y n th e s is  o f  t h e  m o n o m e r  a n d  p o ly m e r

A m o n g  t h e  d e r iv a t iv e s  o f  p o ly th io p h e n e ,  p o ly ( 3 ,4 - e th y le n e d io x y th io p h e n e )  

(PED O T ) is o n e  o f  t h e  m o s t  s u c c e s s fu l c o n d u c t in g  p o ly m e r s  b e c a u s e  o f  its  lo w  

b a n d g a p , e x c e l le n t  e n v ir o n m e n ta l s ta b ilit y ,  h igh  e le c t r ic a l  c o n d u c t iv i t y  a n d  e x c e l le n t  

o p t ic a l  t r a n s p a r e n c y  in  t h e  v is ib le  re g io n . T h e  e th e r  g ro u p s  a t p ,p ’ - p o s it io n s  o f  

t h io p h e n e  ring in  P E D O T  p r e v e n te d  t h e  fo rm a t io n  o f  a-|T lin k a g e s  d e f e c t  d u r in g  

p o ly m e r iz a t io n .  S u b s t it u t io n  o f  t h io p h e n e  ring b y  o th e r  s u b s t itu e n ts  a t  (3 p o s it io n  c o u ld  

le a d  t o  im p ro v e  s o lu b i l i t y  a n d  c o n d u c t iv e  p ro p e r t ie s .
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1.10 Literature reviews

N a v a rro  a n d  c o w o rk e r s  [38] h a v e  s y n th e z ie d  a n o v e l  h y d r o x y s u c c in im id y l e s te r  

d e r iv a t iv e  o f  E D O T  a n d  t h e  b is -E D O T  c o m p o u n d .  Its c o - e le c t r o p o ly m e r iz a t io n  w ith  

o ilg o ( o x y e th y le n e )d iE D O T  in p o t e n t io n s ta t ic  c o n d it io n  in a c e t r o n it r i le  le a d s  t o  a s t a b le  

f i lm . T h e  u s e  o f  th is  c o p o ly m e r  f i lm  fo r  t h e  im m o b il iz a t io n  o f  fe r r o c e n e -m o d if ie d  

o l ig o n u c le o t id e s  (O D N s) p r o b e s  s h o w s  a s e n s it iv e  a n d  s e le c t iv e  D N A  se n so r . T h e s e  

re s u lt s  s h o w  g re a t p ro m is e  fo r  t h e  d e v e lo p m e n t  o f  d ir e c t  D N A  h y b r id iz a t io n  

e le c t r o c h e m ic a l  se n so rs .

Figure 1.11 s t r u c tu r e  o f  E D O T  a n d  o ilg o ( o x y e th y le n e )d iE D O T

L e r ic h e  a n d  c o w o rk e r s  [39] h a s  b e e n  s y n th e s iz e d  a 3 ,4 - v in y le n e d io x y th io p h e n e  

(VD O T ) b y  r in g -c lo s in g  m e ta th e s is .  Its d im e r  w a s  p re p a re d  u s ing  o x id a t iv e  c o u p l in g  o f  

t h e  l it h ia t e d  d e r iv a t iv e  o f  V D O T . T h e  X -ra y  d a ta  fo r  d im e r  r e v e a le d  a m o re  c o m p a c t  

c r y s ta l s t r u c tu re  th a n  th a t  o f  B E D O T , c o n s is t e n t  w ith  s t ro n g e r  7 1 - in te rm o le cu la r  

in te ra c t io n .  T h is  p r o p e r t y  a s s o c ia te d  w ith  t h e  h ig h e r  o x id a t io n  p o t e n t ia l  o f  t h e  d im e r  

a n d  its p o ly m e r ,  su g g e s t in g  th a t  V D O T -b a s e d  e x te n d e d  ท- c o n ju g a te d  s y s te m s  s h o u ld  

e x h ib it  a b e t t e r  e n v ir o n m e n ta l  s t a b i l i t y  th a n  th e ir  E D O T  a n a lo g s .

E D O T o ilg o ( o x y e th y le n e )d iE D O T
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V D O T d im e r  o f  V D O T

Figure 1.12 S t ru c tu re  o f  V D O T  a n d  d im e r  o f  V D O T

ร น  a n d  c o w o rk e r s  [40] h a v e  p e r fo rm e d  t h e  s y n th e s is  a n d  e le c t r o c h e m ic a l  

p o ly m e r iz a t io n  o f  a n e w  E D O T -b a s e d  m o n o m e r  b a s e d  o n  3 ,4 - e th y le n e d io x y th io p h e n e  

m e th a n o l (ED TM ). T h e  n e w  m o n o m e r ,  n a m e d  3 - ( (2 ,3 -d ih y d ro th ie n o [3 ,4 -b ] [ l,4 ]d io x in -  

2 - y l) m e th o x y ) p r o p a n e - l- t h io l  (E D T M S H A ) w a s  d e v e lo p e d  f r o m  th e  s t r u c tu re  o f  ED TM , 

in  w h ic h  t h e  f u n c t io n a l  t h io l  g ro u p  is c o n n e c t  t o  t h e  E D T M  h y d ro x y l g ro u p  v ia  an  a lk y l 

lin k ag e . T h e  n e w  m o n o m e r  s u c c e s s fu l ly  p r o d u c e d  a s e lf - a s s e m b le d  m o n o la y e r  (SAM ), 

w h ic h  w a s  d e p o s it e d  o n  a g o ld  d is  c e le c t r o d e  a n d  th e  e le c t r o c h e m ic a l ly  p o ly m e r iz e d .  

T h e  S A M  fo rm a t io n  o f  t h e  n e w  c o n d u c t in g  p o ly m e r  f i lm s  e x h ib it e d  r e la t iv e ly  lo w  

o x id a t io n  p o t e n t ia ls  w ith  a w e l l  d e f in e d  r e v e r s ib le  a n d  s ta b le  e le c t r o c h e m ic a l  b e h a v io r  

c o m p a re d  t o  c o n v e n t io n a l  e le c t r o p o ly m e r iz e d  f ilm .

E D O T  E D T M  E D T M S H A

Figure 1.13 s t r u c tu r e  o f  ED O T , E D T M  a n d  E D T M S H A
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D e y  a n d  c o w o rk e r s  [41] r e p o r te d  t h e  s y n th e s is  o f  1 ,3 -d is u b s t itu te d  3 ,4- 

p r o p y le n e d io x y t h io p h e n e  (P ro D O T ) d e r iv a t iv e s ,  w h ic h  e x h ib it e d  e x c e l le n t  

c h a ra c te r is t ic s  fo r  e le c t r o c h r o m ic  a p p lic a t io n s .  F in e  tu n in g  o f  c o lo r  w a s  p o s s ib le  b y  

s im p ly  c h a n g in g  t h e  s iz e  o f  t h e  s u b s t itu e n ts  a t  t h e  1 ,3 -p o s it io n , w h ic h  is o n e  o f  th e  

m o s t  im p o r ta n t  a s p e c ts  o f  th is  s y s te m . T h e  b u lk y  s u b s t itu e n ts  u s e d  w e re  d e s ig n e d  t o  

in c re a s e  t h e  s o lu b i l i t y  o f  t h e  p o ly m e r s .

Figure 1.14 s t r u c tu r e  o f  1 ,3 -d is u b s t itu te d  P ro D O T  d e r iv a t iv e s

O s k e n  a n d  c o w o rk e r s  [42] h a v e  s y n th e s iz e d  3 ,4 - v in y le n e d ith ia th io p h e n e  

(VD TTs) a n d  d ith ie n o [2 ,3 -b ;2 ’ ,3 ’ -d ] th io p h e n e s  (DTTs) d e r iv a t iv e s ,  w e re  a c h ie v e d  

th ro u g h  t h e  re a c t io n  o f  1 ,8 -d ik e to n e  w ith  p h o s p h o r u s  d e c a s u lf id e  (P 4S 10)- T h e  re a c t io n  

c o u ld  b e  s h if te d  b e tw e e n  V D T T  a n d  D T T  b y  a d d in g  b a s e  o r  a c id . W h ile  a c id ic  

c o n d it io n s  fa v o u r  t h e  fo rm a t io n  o f  t h e  D T T  in  h igh  y ie ld s ,  u s e  o f  a b a s ic  m e d iu m  

s e le c t iv e ly  le a d s  t o  t h e  p r o d u c t io n  o f  V D T T  in  m o d e r a te  y ie ld .  P o ly m e r s  o f  t h e  V D T T s  

w e re  p re p a re d  u s ing  F e C l3. U n fo r tu n a te ly ,  a l l  a t t e m p t s  fo r  t h e ir  e le c t r o p o ly m e r iz a t io n  

fa ile d .  C o n s id e r in g  th e ir  g o o d  p h y s ic a l p r o p e r t ie s ,  s o lu b i l i t y  a n d  v a r io u s  fu n c t io n a l 

g ro u p , w h ic h  c o u ld  b e  fu r th e r  d e r iv a t iz e d .  T h e y  a re  u s e fu l b u ild in g  b lo c k s  fo r  th e  

p re p a ra t io n  o f  n e w  o rg a n ic  m a te r ia ls .

Z h a o  a n d  c o w o rk e r s  [43] r e p o r te d  a m e th o d  t o  s y n th s iz e  v a r io u s  s u b s t itu te d  

d io x y th io p h e n e s  b e a r in g  P ro D O T  a n d  E D O T  b y  C-FI a r y la t io n  p o ly c o n d e n s a t io n  

a p p ro a c h .  T h is  a p p ro a c h  is s te p  e c o n o m ic a l  b e c a u s e  it d o e s  n o t  r e q u ir e  th e  

p re p a ra t io n  o f  o r g a n o m e ta l l ic  in te rm e d ia te s .  It is a ls o  m o re  e n v ir o n m e n ta l- f r ie n d ly  

d u e  t o  t h e  r e d u c t io n  o f  to x ic  b y p ro d u c t  w a s te . T h e  re s u lt in g  m a te r ia ls  a re  p ro m is in g
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fo r  a p p l ic a t io n s  in c lu d in g  o rg a n ic  e le c t r o n ic s  a n d  c o n d u c t iv e  n a n o b io in te r f a c e  w ith  

c e l ls .

Figure 1.15 S y n th e s is  o f  p o ly d io x y t h io p h e n e s  b y  d ir e c t  C -H  a r y la t io n s

C h e n  a n d  c o w o rk e r s  [44] h a v e  r e s e a r c h e d  o n  t h e  s y n th e s is , c h e m ic a l  o x id a t iv e  

p o ly m e r iz a t io n  o f  3 ,4 - e th y le n e d it h ia th io p h e n e  (EDTT) a n d  s o l id - s ta te  p o ly m e r iz a t io n  

o f  2 ,5 -d ib ro m o -3 ,4 - e th y le n e d ith ia th io p h e n e  (D BED TT) a n d  2 ,5 -d iio d o -3 ,4 -  

e t h y le n e d it h ia t h io p h e n e  (D IEDTT) u n d e r  s o lv e n t le s s  a n d  o x id a n t - f r e e  c o n d it io n s .  A s -  

fo rm e d  p o ly ( 3 ,4 - e th y le n e d ith ia th io p h e n e )  (PED TT ) s y n th e s iz e d  f r o m  S SP  s h o w e d  

s im ila r  e le c t r ic a l c o n d u c t iv it y ,  p o o r e r  s ta b i li t y ,  b u t  b e t t e r  t h e r m o e le c t r ic  p r o p e r t y  th a n  

o x id a t iv e  p o ly m e r iz a t io n .  C o n tra s t in g ly ,  P E D T T  s y n th e s iz e d  f r o m  D IED TT  s h o w e d  h ig h e r  

e le c t r ic a l  c o n d u c t iv i t y  (0 .18  ร  c m '1) th a n  D B E D T T  w h ic h  s h o w e d  b e t t e r  t h e r m o e le c t r ic  

p r o p e r t y  w ith  h ig h e r  p o w e r  fa c to r  v a lu e .
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NBS, CHC lj/ AcOH (2/j, v/v)

0 °c, 6 h, 58%

NIS, CHC lj/ AcOH (2/j, v/v) 

0 °c to  r.t., 24 h, 41%

40 °c, 7 days

110 °c, 7 days

Figure 1.16 C h e m ic a l o x id a t iv e  a n d  s o l id - s t a te  p o ly m e r iz a t io n  o f  E D T T

Y in  a n d  c o w o rk e r s  [45] r e p o r te d  t h e  h ig h -p e r fo rm a n c e  P t - f re e  c o u n te r  

e le c t r o d e  (CE) b a s e  o n  P E D O T  f i lm  fo r  p la s t ic  d y e - s e n s it iz e d  s o la r  c e l l  (DSCs). P E D O T  

ha s  b e e n  s y n th e z ie d  v ia  a fa c i le  s o l id - s t a te  p o ly m e r iz a t io n  u s ing  D B E D O T  as th e  

m o n o m e r .  T h e  o p t im a l S S P -P E D O T  C E -b a s e d  r ig id  a n d  p la s t ic  D SC  p r e s e n te d  a p o w e r  

c o n v e r s io n  e f f ic ie n c y  o f  7 .04%  a n d  4 .65% , r e s p e c t iv e ly ,  w h ic h  a re  c o m p a r a b le  w ith  

t h e  v a lu e s  o b ta in e d  f r o m  th e  d e v ic e s  b a s e d  o n  a t h e r m a l ly  d e p o s it e d  P t (7 .35% ) a n d  

s p u t te r - d e p o s ie d  P t CE  (5.38% ). T h e  s u p e r io r  p e r fo rm a n c e  in d ic a te s  th a t  P E D O T  f i lm  

s y n th e s iz e d  a lo w - te m p e ra tu r e  SSP  is a p ro m is in g  C E  m a te r ia l fo r  h igh  - p e r f o r m a n c e  

P t - f re e  p la s t ic  DSCs.

P o ly  3 ,4 - e th y le n e d io x y th io p h e n e  (P E D O T ) re p re s e n t s  a c la s s  o f  c o n d u c t in g  

p o ly m e r s .  It has b e c o m e  o n e  o f  t h e  m o s t  s u c c e s s fu l c o n d u c t in g  p o ly m e r s  d u e  t o  a 

c o m b in a t io n  o f  p r o p e r t ie s  s u ch  as m o d e r a te  b a n d  gap , lo w  o x id a t io n  p o te n t ia l ,  h igh  

c o n d u c t iv it y ,  g o o d  o p t ic a l  t ra n s p a re n c y ,  e a s e  o f  d e r iv a t iz a t io n  w ith  v a r io u s  fu n c t io n a l
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g ro u p s  a n d  e x c e p t io n a l  e n v ir o n m e n ta l s ta b i li t y .  D e s p ite  a l l  t h e s e  a d v a n c e s , t h e r e  is 

s t i l l  a  m a jo r  p r o b le m  fo r  P E D O T  o n  its in s o lu b i l i t y ,  le a d in g  t o  d if f ic u lt ie s  in  fa b r ic a t io n  

p ro c e s s . T h u s  d e r iv a t iz a t io n  o f  t h io p h e n e  ring b y  o th e r  s u b s t itu e n ts  a t  t h e  p p o s it io n s  

c o u ld  le a d  t o  h ig h e r  s o lu b i l i t y  a n d  im p ro v e d  p h y s ic a l a n d  c h e m ic a l  p r o p e r t ie s  เท s o m e  

a t te m p t s  t o  s o lv e  th is  p r o b le m , n e w  m o n o m e r s  w e re  s y n th e s iz e d  b y  f u n c t io n a l iz a t io n  

o f  t h io p h e n e  d e r iv a t iv e s  c a rry in g  o th e r  f u n c t io n a l  g ro u p s . A n  a lte r n a :e  a p p ro a c h  t o  

o b ta in  d e r iv a t iz e d  p o ly m e r  w ith  h igh  c o n d u c t iv i t y  is t h e  w e l l- o r d e r e d  p o ly m e r  

s y n th e s is  o r  p o ly m e r iz a t io n  o f  a s t r u c tu r a l ly  p re o rg a n iz e d  c r y s ta l l in e  m o n o m e r  (SSP). 

T h is  re s e a rc h  w i l l  a im  a t fu n c t io n a l iz a t io n  o f  t h io p h e n e  d e r iv a t iv e s  a n d  t h e  s y n th e s is  

o f  n e w  p o ly t h io p h e n e  w i l l  b e  a t t e m p te d  f r o m  th e s e  m o n o m e r s  th ro u g h  S SP  o r  o th e r  

p o ly m e r iz a t io n s  fo r  im p ro v e d  e le c t r o n ic s  a n d  p ro c e s s a b i li ty .

1.11 Objective

T h e  g o a l o f  th is  p ro je c t  e m p h a s iz e s  t h e  s y n th e s is  o f  a n e w  se r ie s  o f  3 ,4- 

d ia lk o x y t h io p h e n e  d e r iv a t iv e  m o n o m e r s  a n d  s tu d y  th e  p ro c e s s e s  o f  p o ly m e r iz a t io n s  

o f  t h io p h e n e  d e r iv a t iv e  m o n o m e r s  th ro u g h  th e  s o l id - s t a te  p o ly m e r iz a t io n  o r  th e  

t r a d it io n a l o x id a t iv e  c o u p l in g  p o ly m e r iz a t io n ,  e x p e c t in g  e x t e n d e d  c o n ju g a t io n  le n g th  

in  t h e  r e s u lt e d  p o ly t h io p h e n e  c h a in  a n d  im p ro v e d  c o n d u c t iv i t y  a n d  o p t ic a l  p r o p e r t ie s  

o f  p o ly th io p h e n e .
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