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STUDIES ON THE CONDUCTING POLYMER 
OF THIOPHENE 

Y.F. Khobragade and M.C. Gupta" 
Chemistry Department, Nagpur University 

Nagpur-440 010, Ind ia  

ABSTRACT 

Thiophene during chemical peroxidation catalysed by Cu2+ undergoes 
simultaneous polymerization and oxidation. The polymer is 
characterised by chemical ana lys i s ,  so lu t ion  v iscos i ty ,  Infra-red and 
UV-visible spectra.  UV-visible spectra ind ica te  the  presence of a 
band due t o  ?I- A *  t r ans i t i on  and an exciton band due t o  interband 
t rans i t ion .  The polymer is thermally s t a b l e  and the  temperature 
dependence of e l e c t r i c a l  conuctivity is used t o  understand the 
conduction mechanism which is found t o  'hopping' charge from s t a t e  t o  
s t a t e .  

INIXODUCTION 

The o r ig in  of the in tens ive  research e f f o r t s  aiming the synthesis of 
poly(thiophene) is i n  keeping with the emergence of the  widespread 
i n t e r e s t  f o r  conducting polymers i n  the  ear ly  par t  of the  198Os1,2 . 
The poly(thiophene) and der iva t ives  of poly(thiophene) a re  
e s sen t i a l ly  prepared by chemical and electrochemical methods. 
Recently, Perrine e t  a13 reported the  synthesis and the  occurrence of 
na tura l  quaterthienyl (compounds containing four bonded thiophene 
r ings) .  These are branched ouaterthienyl However, it is the l i n e a r  
chain quaterthienyl which is tound t o  be conducting when doped4. The 
chemical peroxidation method and simultaneous doping has the 
advantage of being a simple method f o r  the  synthesis of 
poly(thiophene1. I n  t h i s  communication, we report  the s tud ie s  on the 
poly(thiophene) prepared by chemical peroxidation of thiophene with 
spec ia l  reference to  the mechanism of conduction i n  poly(thiophene). 

* To whom a l l  correspondence should be made 
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156 KHOBRAGADE AND GUPTA 

EXPERIMENTAL 

596 Preparation of polymer 

0.012 mol thiophene and 0.01 mol perchlor ic  ac id  were mixed i n  25 ml 
a c e t o n i t r i l e .  The mixture w a s  cooled. To t h i s  mixture 10 m l  of 0.56 M 
aqueous so lu t ion  of ammonium persulphate containing 0.05 g of copper 
sulphate was added dropwise while s t i r r i n g  the so lu t ion  i n  a n  i n e r t  
atmosphere (N2 gas  was passed continuously during polymerization). 
The mixture was d i l u t e d  and f i l t e r e d .  The s o i l e d  powder obtained 
a f t e r  f i l t r a t i o n  w a s  d r ied  i n  hot a i r  oven. 

Elemental a n a l y s i s  

C, H elemental ana lyses  were ca r r i ed  out by Regional Sophisticated 
Instrumentation Centre,  CDRI, Lucknow on Carlo Erba Strum DP200 C,H,N 
element ana lyser .  

Sulphur was q u a l i t a t i v e l y  t e s t e d  i n  the  sample by converting i n t o  
sul pha te . 
The presence of counter i o n  C10- was confirmed by perchlora te  test  . 
I n t r i n s i c  Viscos i ty  

Solution v i scos i ty  of poly(thiophene) as prepared sample is measured 
i n  DW by Ostwald-Ubbelhode d i l u t i o n  viscometer at 28°C. Solu t ion  
v i scos i ty  a t  d i f f e r e n t  concentrations is used t o  determine the  
in t : r ins ic  v i s c o s i t y  by t h e  usua l  graphica l  method (by p l o t t i n g  ~ S P  /c 
as a func t ion  of c ) .  However, i n  these  measurements, t h e  standard 
devia t ion  inc reases  wi th  a decrease i n  concentration. Therefore, i n  
order t o  improve t h e  r e l i a b i l i t y  of measurement, t h e  ex t r apo la t ion  of 
t he  usual e q u a t i o n q s p / c  Vs c (y a ax + b) is  replaced with the  
ex t r apo la t ion  of t h e  l i n e a r  transformation8using G = AF + B, where 

7 
4 

and G = -Y- 
a -x 

and + % (index m and M denote the  lowest and the  h ighes t  value 
of t h e  i”nependent v a r i a b l e  x (concentration var iab le) .  The suggested 
transformation r e s u l t s  in approximately uniform e r r o r  d i s t r i b u t i o n  
and render ex t r apo la t ion  feas ib le ( [ t ) l  (usua l  graphicsl-lmethod) = 
0.224 dlp,-’and by r e f ined  g raph ica l  method 1111 

I n  Era-red spectra 

Inera-red spectra is  recorded on a Perkin E l m e r  577 spectrophotometer 
using KBr p e l l e t  technique a t  CDRI, Lucknow, India  i n  t h e  range 
403-4000 cm-1. 

= x 

0.20 d l g  1. 
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THE CONDUCTING POLYMER OF THIOPHENE 157 

W-vis ib le  spectra 

The UV-visible s p e c t r a  of t h e  polymer were recorded i n  DMF, DMSO, 
NMP, Acetone, using W-240 Shimadzu Automatic Recording double beam 
spectrophotometer a t  room temperature i n  t h e  range 190-700 nm. 

Thermal Gravimetric Analyis 

The thermal gravimetr ic  a n a l y s i s  was c a r r i e d  out on a Perkin Elmer 
E S 2  Thermal ana lyser  system i n  ni t rogen atmosphere a t  Regional 
Sophis t icated Instrumentat ion Centre, Nagpur Universi ty ,  w i t h  a 
heat ing rate 15 K ruin-1. 

Electrical Conduct ivi ty  Measurements 

Powder sample p e l l e t s  were used f o r  e l e c t r i c a l  conduct ivi ty  
measurements using a S y s t r o n i c s  Direct  Reading LCR Bridge Model 926 
as a funct ion of temperature a t  a hea t ing  rate 1 K min-1. Measured 
r e s i s t a n c e  was converted t o  conductance using c e l l  dimensions. 

RESULTS AND DISCUSSION 

Charac ter iza t ion  

The elemental a n a l y s i s  of t h e  polymer gave C = 44.06% (44.85) and H = 
2.32% (1.87). The t h e o r a t i c a l  values  ( i n  bracket)  have been 
ca lcu la ted  by consider ing qua ter th ienyl  u n i t  with one counter C l Q  
ion. 

The IR absorp t ion  spec t ra  of poly(thiophene) obtained by chemical 
peroxidat ion of thiophene, shown in Fig. 1. The group frequency C = S 
shows a n  i n t e n s e  bond a t  1640cm-land t h e  f i g u r e  display? four  s t r o n g  
absorpt ion bands a t  1330, 1210, 1115 and 1040cm- which a r e  
c h a r a c t e r i s t i c  bands of the doped p ~ l y ( t h i o p h e n e ) ~ .  Zhe band a t  785 
cm is assigned t o  t h e  out-o -plane C-H v i b r a t i o n  c h a r a c t e r i s t i c  of 
2,5-disubst i tuted thiolylene'. The ske le ton  v i b r a t i o n  assigned t o  C-S 
band occurs  i n  t h e  r e g i o n  600-700 0m-l anddue t o  C10- a t  1105 and 630 
cm-1. The former is masked by t h e  doped thiophene baftdslo. 

UV-visible spectra 

The W-vis ib le  s p e c t r a  for poly(thiophene) p e r c h l o r a t e  has been 
inves t iga ted  i n  d i f f e r e n t  s o l v e n t s  in order  t o  i d e n t i f y  t h e  bands. 
The W-vis ib le  s p e c t r a l  bands are recorded in Table 1. The absorp t ion  
s p e c t r a  are charac te r ized  by a t  least two bands i n  d i f f e r e n t  
so lvents .  

The band between 500-600 nm is an exc i ton  band-'. ?he exc i ton  band 
exhib i t s  bathochromic s h i f t  with an increase  in the  d i e l e c t r i c  
constant  of t h e  solvent. It has been r e p o r t e d l 2  t h a t  t h e  d i r e c t i o n  of 
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THE CONDUCTING POLYMER OF THIOPHENE 159 

TABLE-1 
W-vis ib le  absorpt ion bands of poly(thiphene1 percholara te  i n  

d i f f e r e n t  so lvents  

Solvent x max; 
( D i e l e c t r i c  cons tan t )  nm (eV) 

Trans i t ion  

a) DMSO 
( 4 6 . 6 8 )  

b)  DMF 
(36.71) 

c )  NMP 
(32.0) 

d )  Acetone 

370 (3.36) 
650 (1.91) 

380 (3.27) 
460 (2.71) 
590 (2.11) 

390 (3.19) 
470 ( 2 . 6 4 )  
590 (2.11) 

330 (3.77) 
370 ( 3 . 3 6 )  n - Tl* 

t h e  s h i f t  depends upon the  r e l a t i v e  magnitude of t h e  d i p o l e  moment of 
the  s o l u t e  molecules i n  t h e  exc i ted  and ground e l e c t r o n i c  states, 
respect ively.  When t h e  s o l u t e  molecules are exc i ted ,  they f i n d  
themselves i n  t h e  environment of t h e  s o l u t e  molecules or ien ted  
according t o  the  ground s ta te  condi t ion o r  exc i ted  s ta te  is a charged 
state. Izz1us, a bathochromic s h i f t  of t h e  exc i ton  band i n  a so lvent  of 
higher  d i e l e c t r i c  constant  shows t h a t  t h e  d ipole  moment of the s o l u t e  
i n  t h e  exc i ted  state is  h i  her  than i n  t h e  ground state.  
Poly(thiophene) can be viewed1? as an Sp2 px carbon chain,  i n  which 
structure is analogous t o  t h a t  of C i s  - ( C H I x ,  is s t a b i l i z e d  by 
he tero  atom. The s t r u c t u r e  can be represented by 

poly( t  hiophene) 
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160 KHOBRAGADE AND GUPTA 

However, t h e  more s t a b l e  form is trans-form as 

P e  poly( th iophene)  d i f f e r  from (CHIx by i ts  non-degenerate ground 
s t a t e  r e l a t e d  t o  t h e  non-energet ic  equiva lence  of i t s  two l i m i t i n g  
mesomeric forms, a romat ic  (benzenoid type)  and quinoid .  The 
t r a n s i t i o n ,  a r o m a t i c  t o  quinoid is t h u s  ass igned  t o  t h i s  e x c i t o n  
btind, s i n c e  t h e  t r a n s i t i o n  w i l l  enhance t h e  d i p o l e  moment i n  e x c i t e d  
s ta te  i n  t h e  same d i r e c t i o n .  Thus, e x c i t o n  band is due t o  "Aromatic -" Quinoid t r a n s i t i o n w h e r e i n  fl aromat ic  HOMO, i s  t h e  e l e c t r o n i c  s ta te  
extended over t h e  a r o m a t i c  r i n g s  and TI is s t r o n g l y  l o c a l i z e d  t o  
quinoid r i n g .  

Tt.e 370-390 band i s  ass igned  t o  IT 3 7 1 "  t r a n s i t i o n .  I n  t h i s  
t r a n s i t i o n  t h e  d i p o l e  moment o n  e x c i t a t i o n  w i l l  be l a r g e r  than i n  t h e  
ground s ta te  and w i l l  cause  a hypsochromic shift i n  a s o l v e n t  of 
h lgher  d i e l e c t r i c  cons tan t  as  observed from Table  1. 

Thermogravimetric A n a l y s i s  

T(:A of polymer sample as prepared by chemical  p e r o x i d a t i o n  of 
thiophene,  i n  n i t r o g e n  is shown i n  Fig. 2 and i n d i c a t e s  t h a t  t h e  
sample degrades i n  twosteps.  The f i r s t  mass loss starts a t  140°C and 
cont inues  up t o  380°C (Mass loss 36.11%) and t h e  second s t a g e  of 
dccomposition is i n  t h e  temperature  range  400-860°C (Mass l o s s  
51.53%). The i n i t i a l  mass l o s s  o f  36.11% may be due t o  t h e  loss of  
l o w  molecular massol igomer such as b i th iophene  ( T h e o r e t i c a l  m a s l o s s  
due t o  b i th iophene  39%) and loss of c o u n t e r  ion .  The second s t a g e  
mass l o s s  may b e  due t o  t h e  p y r o l y s i s  w i t h  e v o l u t i o n  of H p S  o r  
decomposition t o  and v o l a t o l i z a t i o n  o f  b i th iophene  formed dur ing  t h e  
degrada t ion  of  po ly( th iophene) l3  . The a c t i v a t i o n  energy o f  t h e  
thermal  degrada t ion  and decomposition of poly( thiophene1 i n  N 2  was 
c a l c u l a t e d  us ing  Sharp-Wentworth method14 and is found t o  be 55 and 
93 KJ mol-I f o r  first and second s t a g e s  of  degrada t ion ,  r e s p e c t i v e l y .  

The TG a n a l y s i s  show t h a t  t h e  product  c o n s i s t  of  b i th iophencwhich  
could  have been formed dur ing  p e r o x i d a t i o n  of  thiophene as 
i n t e r m e d i a t e .  The bith:ophene may be formed through a ,a ' -coupl ing ,  
a - f3  coupl ing  o r  @-8 - coupl ing.  Thus, there w i l l  be three i s o m e r i c  
bithopheno i n t e r m e d i a t e s  dur ing  polymer iza t ion  e i t h e r  a t  a -pos i t ion  
o r f - D o s i t i o n .  However, t h e  r e l a t i v e  react ivi t ies  are i n  t h e  r a t i o  of 
9i /S .  l5 Thus, t h e  a d d i t i o n  t o  p - p o s i t i o n  w i l l  be very less and t h e  
product  may havelow molecular  mass oligomer w i t h a  s h o r t  c h a i n  l e n g t h .  
The a d d i t i o n  t o  a w i l l  l e a d  t o  h igh  molecular  mass l i n e a r  product .  
T'ius, t h e  polymer w i l l  be a mixture  of isomeric b i t h i o p h e n e  low 
molecular mass ol igomer and l i n e a r  c h a i n  polymer. The b i th iophcne  and 
1 . 1 ~  molecular  mass oligomers  w i l l  v o l a t a l i z e  a t  low temperature  range 
(200-400"C) caus ing  t h e  loss i n  t h e  f i r s t  s t a g e .  
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162 KHOBRAGADE AND GUF’TA 

The r e s u l t s  of t he  chemical a n s l y s i s  and TG i nd ica t e  t h a t  t h e  
chemical peroxida t ion  of thiophene leading t o  polymerization proceeds 
v!a formation of t h ree  isomeric bithiophenes. Onlya-a’ coupling of 
bithiophene leads t o  a l i n e a r  chain polymer and have a l i n e a r  
qua ter th ienyl  u n i t  which has no r ing  a t tached  t o  more than two o thers  
and one counter ClO, i o n  a t t ached  t o  t h e  l i n e a r  qua ter th ienyl  un i t4 .  

E l e c t r i c a l  conduct iv i ty  

The temperature dependence of  t h e  e l e c t r i c a l  conduct iv i ty  da t a  ( i n  
the middle range of  temperature) f i t  t h e  Arrhenius type equation (1) 

. . . (1)  

in the  temperature range inves t iga ted .  The measured v a l u e s a r e  p lo t t ed  
semilogarithmically as a func t ion  of the  r ec ip roca l  of temperature 
in K as shown i n  Fig. 3. The conductivity increases  with temperture 
and the  a c t i v a t i o n  energy of conductivity is 0.06 eV (compare with 
91 = 0.04 eV f o r  Pyrro le ) l6  and DO= 1.67 x 10-60hm’-1 cm-l. The low 
coinduct iv i ty  is  due t o  the  occurrence of t h ree  isomeric 
bithiophenes. The low r e a c t i v i t y  of $ -coupled thiophene13 a l lows  
t h e i r  i n s e r t i o n  i n  polymer backbone causing low conduct iv i ty  and 
decrease i n  cha in  length  thereby  decreas ing  mean conjugation l eng th  
in the  polymer. This a 9  l i n k  i n  a chain modifies the e l ec t ron ic  
charge d i s t r i b u t i o n  which promotes branching and generate d i s t o r t i o n  
in adjacent  cha in l3 .  Thus , morphological d i so rde r  decreases  and the  
conduct iv i ty  a l s o  decreases.  From the  s t u d i e s  on poly(pyrro1e) it has 
been es tab l i shed  t h a t  i n  chemical peroxidation of he t e rocyc l i c  
compounds, a pos i t i ve  ho le  l i k e  state is crea ted  and as a r e s u l t  
polaronic energy bands are formed. These polarons a c t  as a charge 
c a r r i e r  a. Thus, conducting state i n  conducting organic  polymers i s  
described with a polaron la t t ice  model g iv ing  rise t o  m e t a l l i c  band 
s t r u c t u r e .  However, t h e  conduction of these  polarons is influenced by 
dopant l e v e l ,  p ro tona t ion ,  morphology of t h e  polymer; o r i e n t a t i o n  of 
t h e  conducting spec ies  and t h e  c r y s t a l l i n e  or amorphousatateof t he  
polymer. 

I n  order to understand mechanism of conduction over the  e n t i r e  range 
of temperature, the  temperature dependence of conduction da ta  are 
p lo t t ed  t o  va r ious  models f o r  conduction of charged spec ies  i n  
so l id s .  By analysing t h e d a t a ,  i t  is  found t h a t  i n  the  e n t i r e  
temperature range, t he  e l e c t r i c a l  conductivity can be expressed as 

a (T)  = uo exp (-Ea/2kT) 

o(T) a e x p  [ ( -  To/T)l/*] . . . (2) - 
-1/2 

lhus ,  when I n  a ( T I  is p l o t t e d  as a func t ion  of T , t h e  da ta  f i t t e d  
t o  a s t e r a i g h t  l i n e  as shown i n  Fig. 4. 

The equation (2 )  suggestsl1,l7the relevance of va r i ab le  range hopping 
(VRH)of polaron charge between the  neares t  neighbouring chains.  Thus 
i n  poly(thiophene) i t  can be s a i d  t h a t  charge polaron is l o c a l i z e d  t o  
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4 loO0/TlI(’l 

Fig. 3 Conductivity of poly (thiophene) perchlorate 0s 
a function of temperature 
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Fig.4 Temperature dependence of the conductivity 
of poly (thiophene) perchlorate 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



164 KHOBRAGADE AND GUPTA 

i n d i v i d u a l  c h a i n s  o r  states and t h e  charge motion is expla ined  by 
v a r i a b l e  range hopping mechanism. 

Conclusion 

10 chemical p e r o x i d a t i o n  of thiophene t h r e e  i s o m e r i c  b i th iophenes  are 
formed. The polymer sample prepared i s  thus  a mixture  of  branched 
cha in  ol igomers  and t h e  l i n e a r  cha in  polymer whose unit  i s  a l i n e a r  
q u a t e r t h i e n y l  in-which each thiophene r i n g  i s  connected with one 
c o i u n t e r  i o n  C104 . The temperature  dependence of  c o n d u c t i v i t y  shows 
t h a t  t h e  charged polarons  are l o c a l i z e d  t o  i n d i v i d u a l  c h a i n s  and t h e y  
hop from one s t a g e  t o  another  ( v a r i a b l e  range  hopping of polarons 
Srom one cha in  t o  a n o t h e r ) .  
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