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CHARGE STORAGE IN DOPED POLY(THI0PHENE): 
ELECTROCHEMICAL SPECTROSCOPY 

IN-SITU OPTO- 

T.-C. CHUNG, J. H. KAUFMAN, A. J. HEEGER AND F. WUDL 
Institute for Polymers and Organic Solids, University of 
California, Santa Barbara, California 93106 

Abstract An in situ study of the absorption spectrum during 
the electrochemical doping process has been carried out. In 
the dilute regime, the results are in detailed agreement with 
charge storage via bipolarons; weakly confined soliton pairs 
with confinement parameter y c: 0.1-0.2. At the highest doping 
levels, the data are characteristic of the free carrier 
absorption expected for a metal. 

INTRODUCTION 

Polythiophene (PT) can be viewed as an sp2pz carbon chain in a 

structure analogous to that of cis-(CH)x, but stabilized in that 
structure by the sulfur, which covalently bonds to neighboring 

carbons to form the heterocycle. 
are of current theoretical interest since the two structures 
sketched in Fig. 1 are not energetically equivalent. Thus, the 

coupling of electronic excitations to chain distortions (inherent 

in such linear conjugated polymers) will lead to polarons and bi- 

polarons as the dominant charged species. 1-4 

Polymers such as poly(thiophene) 

In this paper, we summarize the results of an in-situ study5 
of the absorption spectrum during the electrochemical doping 

process and as a function of the dopant concentration for doped 

polythiophene , [T+Y(Cl04->,] , where T designates the thiophene ring 
(see Fig. 1). In the dilute regime, the results are in agreement 
with charge storage in bipolarons (confined soliton pairs). 
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206 T.-C. CHUNG et al. 

FIGURE 1 a .  Chemical s t r u c t u r e  diagram of poly(thiophene) 
b. Two inequiva len t  s t r u c t u r e s  f o r  t h e  thiophene 

he terocycle  i n  poly(thiophene).  

-- IN-SITU SPECTROSCOPY (VISIBLE-NEAR IR) OF POLYTHIOPHENE 

A Pyrex c e l l  w a s  designed and cons t ruc ted  s o  t h a t  t h e  v i s i b l e -  

near i.r. spec t ra  of polythiophene could be recorded in-s i tu  

throughout the  electrochemical doping and/or undoping process.  

The c e l l  containing t h e  polythiophene w a s  r i g i d l y  mounted i n  

the  l i g h t  path so t h a t  a s i n g l e  a rea  w a s  i n  t h e  beam throughout 

t he  doping-undoping cyc le ,  thus allowing q u a n t i t a t i v e  in - s i tu  

comparison of t h e  s p e c t r a  f o r  each vol tage  ( i . e . ,  each dopant 

concentration).  

be obtained from r e f .  5. 

Deta i l s  of t he  experimental techniques can 

Figure 2 shows a series of absorp t ion  s p e c t r a  taken during 

the  doping cyc le  a t  d i f f e r e n t  applied vol tages :  

3 .65  V (y = 4 % ) ,  3 .7  V (y = 5.4%), 3 . 8  V (y = 9 . 6 % ) ,  3 .85 V 

(y = 12%), 3 . 9  V (y = 14%), 4.05 V (y = 20%). I n  each case 

the  c e l l  was allowed t o  come t o  quasi-equilibrium before  tak ing  

the  spec t ra .  

chemical measurements f o r  Vapp vs. Q i n  a p a r a l l e l  experiment 

using Electrochemical Voltage Spectroscopy. 

3 . 6  V (y = 2.8%),  

Doping l e v e l s  were obtained from d i r e c t  e l ec t ro -  

5 

As t h e  doping proceeded v i a  the  oxida t ion  r eac t ion ,  
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CHARGE STORAGE IN DOPED POLY(THI0PHENE) 207 

2.5 
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FIGURE 2 I n - s i t u  a b s o r p t i o n  curves  f o r  po ly th iophene  
dur ing  e l e c t r o c h e m i c a l  doping w i t h  (C104)-. 
The a p p l i e d  v o l t a g e s  (vs. L i )  are shown on 
t h e  l e f t .  The cor responding  c o n c e n t r a t i o n s  
were obta ined  from EVS measurements ( s e e  ref.) 
and are as fo l lows  ( i n  mole % p e r  thiophene 
r i n g )  : Vapp = 3.60 V ,  y = 2.8%; VaPp = 3.65 V ,  
y = 4%; Va p = 3.70 V ,  y = 5.4%; Vapp = 3.80 V ,  
y = 9 .6%;  eapp = 3.85 V ,  y = 12%; Vapp = 3.90 V ,  
y = 14%; Vapp = 4.05 V ,  y = 20%. 

t h e  i n t e n s i t y  of t h e  i n t e r b a n d  t r a n s i t i o n  decreased  cont inuous ly  

and t h e  a b s o r p t i o n  peak s h i f t e d  toward h i g h e r  energy.  

a d d i t i o n ,  two new a b s o r p t i o n  f e a t u r e s  appeared i n  t h e  i r  below 

t h e  gap edge w i t h  i n t e n s i t i e s  which i n c r e a s e d  as t h e  dopant 

level i n c r e a s e d .  

energy ( -0 .65  eV) whi le  t h e  h igher  energy one s h i f t s  toward 

h i g h e r  energy as t h e  dopant level i s  i n c r e a s e d .  A t  4.3 V ,  

t h e  frequency dependent a b s o r p t i o n  i s  c h a r a c t e r i s t i c  of t h e  f r e e  

carrier spectrum of  t h e  metallic s ta te ,  s imilar  t o  t h a t  found 

In  

The lower energy i r  peak remains a t  a c o n s t a n t  

i n  h e a v i l y  doped ( e i t h e r  chemica l ly  o r  e l e c t r o c h e m i c a l l y )  

po lyace ty lene .  6-8 

Better accuracy w a s  o b t a i n e d  by a n a l y z i n g  t h e  d i f f e r e n c e  
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208 T.-C. CHUNG el ai. 

spec t ra  from the  sample. Two examples a r e  shown i n  Figure 3a 

(Vapp = 3.65 V ,  y = 1% per  carbon) and Figure 3b (3.85 V ,  y = 

3% per carbon), I n  each case t h e  spectrum w a s  taken a t  the  

I I 
0.4 

0 

I- 
-a32 -0.4 J, 

z W 
0 - x o ' 3 P ? d  n 

d 3 ' 0.64m0.8 8 

-0.64 - 0.8 
0 I 2 3 4 

0' 0 

TIW lev) 

FIGURE 3 Difference spec t r a  obtained from t h e  d a t a  
of Fig. 2. 
a. Vapp = 3.65 V ,  y - 4% (o r  1% per  carbon) 
b. Va 
I n  e a c t  case t h e  n e u t r a l  po in t  spectrum (Vapp = 
2.50 V) was used as t h e  reference.  The 
dashed curves a r e  ex t r apo la t ions  which attempt 
t o  sepa ra t e  t h e  cont r ibu t ions  from the  two 
absorption peaks. 

= 3.85 V, y = 12% (or  3% pe r  carbon) 

appropr ia te  applied cel l  vol tage  (vs. Li), and the  n e u t r a l  

point spectrum (2.5 V ,  y = 0) w a s  used as the  re ference .  The 

two dopant induced i n f r a r e d  bands are seen c l e a r l y  wi th  peaks 

a t  awl = 0.65 e V  and 602  = 1.5 eV.  

e s s e n t i a l l y  independent of dopant concent ra t ion  whereas lzw2 

increases  with increas ing  frequency. 

2 and 3 ind ica t e s  t h a t  t h e  o s c i l l a t o r  s t r e n g t h  of t hese  two 

dopant induced ir absorption bands is comparable t o  t h a t  of 

t h e  mid-gap absorption i n  polyacetylene.8 v 9  

As noted above, .1Iwl is 

Examination of Figures 

We conclude, 
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CHARGE STORAGE IN DOPED POLY(TH1OPHENE) 2w 

t h e r e f o r e ,  t h a t  t h e s e  two a b s o r p t i o n  f e a t u r e s  arise from e lec-  

t r o n i c  t r a n s i t i o n s  between t h e  va lence  band and two l o c a l i z e d  

energy l e v e l s  which appear  i n  t h e  gap upon charge t r a n s f e r  

doping. 

The d i f f e r e n c e  s p e c t r a  of F i g u r e  3 show t h a t  t h e  o s c i l l -  

a tor  s t r e n g t h  which appears  below t h e  gap  edge comes p r i m a r i l y  

from t h e  in te rband t r a n s i t i o n .  

a c e t y l e n e  ,' s 9  the lo s s  of i n t e r b a n d  o s c i l l a t o r  s t r e n g t h  is  n o t  

uniform b u t  i s  g r e a t e s t  f o r  f r e q u e n c i e s  n e a r  t h e  band edge. 

I n  c o n t r a s t  t o  t rans-poly-  

DISCUSSION AND ANALYSIS OF RESULTS: BIPOTARONS I N  DOPED 
P OLY THI  OPHENE 

The absorp t ion  spectrum of n e u t r a l  polythiophene i s  remarkably 

s i m i l a r  t o  t h a t  of t r a n ~ - ( C H ) , , ~ , g  b u t  b l u e - s h i f t e d  by about  

0.4-0.5 e V .  Even t h e  f a m i l i a r  s t r u c t u r e  on t h e  l e a d i n g  edge,  

a t t r i b u t e d  by Meli t o  dynamical chain d i s t o r t i o n  fo l lowing  

e lec t ron-hole  p a i r  c r e a t i o n , 1 °  is e v i d e n t  i n  t h e  d a t a .  

similarities are s u g g e s t i v e  t h a t  polythiophene can b e  viewed 

as  similar t o  trans-(CH)*, b u t  w i t h  the ground state degeneracy 

l i f t e d  by a small amount due t o  the inequiva lence  of  t h e  two 

s t r u c t u r e s  w i t h  o p p o s i t e  bond a l t e r n a t i o n .  We emphasize t h e  

analogy between PT and (CH), i n  the diagrams of F i g u r e  4 where 

w e  redraw t h e  polythiophene backbone s t r u c t u r e ,  purposely 

l e a v i n g  out  t h e  s u l f u r  heteroatom. 

that of an sp2p, polyene cha in  c o n s i s t i n g  o f  f o u r  carbon a l l -  

- t r a n s  segments l i n k e d  through a +-l ike u n i t .  In  such  a 

s t r u c t u r e  t h e  ground state i s  n o t  degenera te  ( a s  ske tched  i n  

Figure  4 ) .  However, t h e  energy d i f f e r e n c e  p e r  bond, AE/R, 

might be expected t o  be small; i .e . ,  g r e a t e r  than z e r o  ( a s  i n  

trans-(CH),)but less than that of *-(CH),. 
consequence of t h e  l a c k  of  degeneracy is t h a t  the schematic PT 

s t r u c t u r e  of F igure  4 cannot  suppor t  s t a b l e  s o l i t o n  e x c i t a t i o n s  ,1-4 

s i n c e  c r e a t i n g  a s o l i t o n  p a i r  s e p a r a t e d  by a d i s t a n c e  d would 

These 

The r e s u l t i n g  s t r u c t u r e  i s  

An obvious 
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210 T.-C. CHUNG d al. 

A PHASE 

7 - r -  
B PHASE 

FIGURE 4 Schematic diagram of poly( thiophene)  back- 
bone s t r u c t u r e  l e a v i n g  o u t  t h e  s u l f u r  atoms 
( s e e  F ig .  1). The two c o n f i g u r a t i o n s  (A phase 
and B phase) are n e a r l y  (but  n o t  p r e c i s e l y )  
degenerate  as shown i n  t h e  diagram a t  t h e  
bottom of t h e  f i g u r e  where w e  p l o t  energy 
versus  t h e  d i s t o r t i o n  parameter ,  u (u = 0 when 
t h e  bond l e n g t h s  are equal ) .  

c o s t  energy -d(AE/L). 

t o  b ipolarons  as t h e  lowest  energy charge t r a n s f e r  c o n f i g u r a t i o n s  

in such a chain.  

This  l i n e a r  "confinement" energy l e a d s  

Although t h i s  d e s c r i p t i o n  of PT is  admi t ted ly  schematic ,  

t h e r e  i s  experimental  evidence t h a t  i t  r e p r e s e n t s  an e x c e l l e n t  

s t a r t i n g  p o i n t  f o r  a more d e t a i l e d  d e s c r i p t i o n  of t h e  doping 

processes  i n  t h i s  system. 

2 and 3) i n d i c a t e  an energy l e v e l  s t r u c t u r e  a t  d i l u t e  doping 

l e v e l s  as shown i n  Figure 5 w i t h 4 w l  = 0.60-0.65 e V  and.Kw2 = 

1.4-1.45 eV. 

peaks s i n c e  t h e  t r a n s i t i o n s  involved are between a l o c a l i z e d  

The o p t i c a l  a b s o r p t i o n  d a t a  (F igures  

We u s e  v a l u e s  €or  H q  and 4 ~ 2  j u s t  below t h e  
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CHARGE STORAGE IN DOPED POLY(THI0PHENE) 21 1 

FIGURE 5 Energy level diagram for poly(thiophene) at 
dilute doping concentrations. The spectro- 
scopic data of Figs. 2 and 3 imply the 
formation of the empty energy levels symmetric 
about the gap center. 

gap state and the valence band density of states. 

for the interband absorption can be estimated from the data of 

Figures 2 and 3 to be HUI = 2.1 eV. 

density of states of the valence and conduction bands is involved 
in the absorption so that the point of steepest slope in a ( w )  

(Fig. 2) or the crossover in the difference curves (Fig. 3)  is 

used. 
ment of the precise energies, the data from the dilute dopant 

concentrations yield 

The value 

In this case, the joint 

Although there is surely some uncertainty in the assign- 

where Eg The results expressed quanti- 
tatively in Eqn. 2 indicate the existence of electron-hole symm- 

etry in the doped polymer. Referring to Figure 5 ,  the two 
doping induced energy levels appear symmetrically with respect 
to the gap center at +-hwo = 0.40 i 0.05 eV. 
electron-hole symmetry implies that the schematic structure of 

2A0 is the energy gap. 

The existence of 
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212 T.-C. CHUNG ei al. 

and with the remarkable similarity of the shape of the absorption 

curves of neutral trans-(CH)x and neutral PT. 
In the heavily doped limit (Vapp = 4.3 V), all signs of the 

interband transition have disappeared, and the spectrum (Fig. 2) 
is dominated by the free carrier absorption in the infrared. In 

this regime, the optical properties of doped PT are those of a 
metal. The magnitude and spectral dependence of a(w)  are similar 
to those reported earlier9 *lo for Na-doped trans-(CH)x where 

electrical conductivities in excess of lo3 Q-1 - cm-l were in- 
ferred from the frequency dependent absorption in the ir and 
subsequently observed directly in dc  measurement^.^ Thus , metallic 
doped PT can be expected to be an excellent conductor. Although 
previous conductivity measurements on electrochemically synthe- 

sized (and doped) PT have yielded values as high as 100 f2-l - 
cm-lY8 the intrinsic values may in fact be much higher. 

CONCLUSION 

An in-situ study of the absorption spectrum during electrochemical 
doping has been carried out on polythiophene films polymerized 

electrochemically using dithiophene as the starting material. 

In the dilute regime, the results are in detailed agreement 
with charge storage in bipolarons; weakly confined soliton 

pairs with confinement parameter y = 0.1-0.2. 
doping levels, the visible-ir data are characteristic of the 
free carrier absorption expected for a metal. 

At the highest 

Previous studies of polyacetylene have demonstrated 

that the coupling of electronic excitations to nonlinear 
conformational changes is an intrinsic and important feature of 
conducting polymers. Although this coupling and the degenerate 

ground state lead to the novel soliton excitations in trans-(CH)x, D
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CHARGE STORAGE IN DOPED POLY(THI0PHENE) 213 

Figure 4 represents  an e s s e n t i a l l y  c o r r e c t  point of view. The 

s u l f u r  atoms s t a b i l i z e  the  polyene chains i n  the  conf igura t ion  

of Figure 4 through covalent bonding t o  neighboring carbon atoms. 

However, ev ident ly ,  the  s u l f u r  i s  only weakly i n t e r a c t i n g  with t h e  

n-electron system of the  polyene backbone. I f  t h i s  were not  t he  

case,  some of t he  t r ans fe r r ed  charge would r e s ide  on t h e  s u l f u r ,  

and the  electron-hole symmetry implied by Figures 2 and 3 would 

not be present.  

We ass ign  the  two energy gap states shown i n  Figure 5 t o  t h e  

two l e v e l s  expected from charge s torage  i n  bipolaron states i n  

doped PT.1-4 This assignment is based on th ree  f a c t s :  

The two t r a n s i t i o n s  imply formation of two l e v e l s  

symmetric with respec t  t o  the  gap center .  

'Ihe observation of only two t r a n s i t i o n s  i m p l i e s  t h a t  

t he  two l e v e l s  a r e  not occupied. I f  t he re  were 

e l ec t rons  i n  t h e  lower l e v e l  (as would be  t h e  case 

f o r  a "hole" polaron) then a t h i r d  absorption would be 

evident a r i s i n g  a s  a t r a n s i t i o n  between the  two 

loca l ized  l e v e l s .  This is not observed. 

Analysis of t he  d a t a  l eads  t o  (wo/Ao) c 0.35. This 

small value i s  incons i s t en t  with polaron formation 

f o r  which (wo/Ao) 2 0.707.',* 

'Ihe small value in fe r r ed  f o r  (wo/Ao) implies weak confinepent.  

Using the  r e s u l t s  obtained by Fesser ,  Campbell and Bishop (FBC)* 

i n  t h e i r  de t a i l ed  ana lys i s  of t h e  b ipolaron  problem, w e  can 

e x t r a c t  values f o r  t he  re levant  microscopic parameters. The 

confinement parameter is defined a s  y = Ae/XAo where Ae is  the  

constant ex te rna l  gap parameter, y is  the  dimensionless e lec t ron-  

phonon coupling constant appropr ia te  t o  t h e  two-fold commensurate 

case ,  and A, is the  f u l l  gap parameter (Ao = A e  + A t ) .  

Figure 4 of FBC, we obta in  y = 0.1-0.2 using t h e  experimental  va lue  

f o r  (wo/Ao) 2 0.35. This small  va lue  f o r  y, implying weak confine- 

ment, i s  cons is ten t  with t h e  poin t  of view expressed i n  Figure 4 

From 
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214 T.-C. CHUNG er al. 

generalization of these concepts and application to the larger 

class of conjugated polymers has been an obvious goal of the 
field. 
weak confinement in polythiophene makes this polymer a nearly 
ideal example of a model system in which the ground state 
degeneracy has been lifted. The study of bipolarons (or con- 

fined charged solitons) in poly(thiophene) presented in this 
paper has demonstrated that the concepts carry over in detail 

and that a quantitative understanding of the resulting phenomena 
is possible even for relatively complex systems. 

The experimental evidence of electron-hole synrmetry and 
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