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-- I n  S i t u  Studies o f  Electrochemical  Charge 
Transfer  Processes i n  Conducting Polymers 

A.J. Heeger 
I n s t i t u t e  f o r  Polymers and Organic So l i ds  

Department o f  Physics 

U n i v e r s i t y  o f  C a l i f o r n i a  

Santa Barbara, C a l i f o r n i a  93106 

Abstract  

- -  I n  s i t u  techniques are descr ibed f o r  s tudy ing t h e  
charge t r a n s f e r  doping react ions i n  conduct ing polymers. 

The development o f  such techniques and t h e i r  unique a p p l i -  

c a t i o n  t o  conducting polymers has made i t  poss ib le  t o  

determine t h e  nature o f  t he  charge storage s ta tes  as w e l l  

as t o  monitor t h e  k i n e t i c s  o f  t he  charge t r a n s f e r  reac t i on .  
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290 A. J .  HEEGER 

INTRODUCTION 
The discovery o f  e lectrochemical  doping o f  conduct ing 

polymers’ has opened t h e  way f o r  t he  development o f  a 
number o f  new and unique techniques f o r  s tudy ing charge 
t r a n s f e r  processes i n  such systems. Electrochemical  doping 

o f f e r s  two s p e c i f i c  advantages: 
1) Precise c o n t r o l  over t h e  dopant concentrat ion 

through external  s e t t i n g  o f  t he  open-c i r cu i t  

vo l tage o f  t he  c e l l  ( w i t h  r e s o l u t i o n  o f  changes 
a t  t h e  PPM Level). 

2) 9 situ measurements c a r r i e d  o u t  du r ing  t h e  
doping process. 

I n  t h i s  paper we focus on the  fi situ measurements; i n -  

c lud ing  s p e c t r o s ~ o p y ~ ’ ~  and magnetic proper tie^.^ Such 
measurements have played a unique r o l e  i n  t h e  development 
o f  t he  f i e l d  o f  conducting polymes. They a l l o w  determina- 
t i o n  o f  t he  k i n e t i c s  o f  d ~ p i n g , ~  and the  nature o f  t he  

charge storage s t a t e  a t  d i l u t e  c o n ~ e n t r a t i o n s . ~ ’ ~ ’ ~  The 
continuous c o n t r o l  o f  t he  dopant concentrat ion makes poss i -  

b l e  p rec i se  determinat ion o f  t h e  concentrat ion dependence 

o f  t he  re levan t  phys ica l  propet ies.  This  i s  p a r t i c u l a r l y  
important,  f o r  example, i n  i n v e s t i g a t i n g  t h e  nature o f  t he  
evo lu t i on  o f  such systems from semiconductor t o  metal4 as 
the  dopant concentrat ion i s  increased. 

EXPERIMENTAL 
The techniques u t i l i z e d  i n v o l v e  an electrochemical  

c e l l  w i t h  t h e  polymer under study as one e lect rode,  a 
counter electrode, and appropr ia te e l e c t r o l y t e .  The de- 
t a i l s  o f  t he  c e l l  design depend on t h e  s p e c i f i c  use. For 

example, i n  t h e  case o f  -- i n  s i t u  o p t i c a l  s tud ies the  c e l l  i s  
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CHARGE TRANSFER IN CONDUCTING POLYMERS 29 I 

designed to minimize light scattering and to optimize light 
through-put (rectangular cell, semi-transparent, electrode, 
etc.) For fi & electron spin resonance studies, the 
cell must fit inside a microwave cavity. 

-- In Si tu Opto-electrochemical S p e c t r o ~ c o p y ~ ' ~  
A Pyrex cell was designed and constructed so that the 

visible to near ir spectra o f  ,a conducting polymer (e.g. 
polyacetyl ene, polythiophene) could be recorded fi & 
throughout the electrochemical doping and/or undoping 
process. A schematic diagram is shown in Fig. 1; the glass 
cell consists of two arms joined at the bottom containing a 
lithium-metal strip in one arm and the polymer sample on 
conducting glass in the other arm. The electrolytic solu- 
tion, 0.5M LiC104 in propylene carbonate, extended into 
both arms, completing the internal circuit. The arm o f  the 

Fig. 1. Diagram o f  apparatus used for in situ visible-ir 
absorption measurements during electrochemical doping. 
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292 A. J.  HEEGER 

c e l l  which contained t h e  polymer f i l m  was const ructed o f  
rectangular  t ub ing  i n  order  t o  minimize sca t te red  l i g h t ,  t o  

prevent divergence o f  t he  beam, and t o  minimize the  r a t i o  

o f  the e l e c t r o l y t e  t o  polymer volumes. To mainta in  long- 
term s t a b i l i t y  o f  t h e  c e l l ,  bo th  arms were c a r e f u l l y  

sealed, w i t h  t h e  w i  r e  contacts  extending through the  seal  s. 

The c e l l  con ta in ing  t h e  polymer was 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  area was i n  the  beam 
throughout t h e  doping-undoping cycle,  thus a l l o w i n g  quant i -  

t a t i v e  i n  s i t u  comparison o f  t he  spect ra f o r  each vo l tage 

(i. e. each dopant concentrat ion).  The vo l tage across t h e  
c e l l  i s  then changed t o  t h e  next  des i red value, and t h e  

c e l l  i s  a l lowed t o  come t o  equ i l i b r i um.  Dur ing t h i s  t ime, 

the  monochromator i s  s e t  a t  Amax, and t h e  s t reng th  o f  t he  

band-gap t r a n s i t i o n  a(w) i s  monitored by t h e  computer along 
w i t h  the  c e l l  current .  I n i t i a l l y ,  a f t e r  stepping the  

external  vol tage, c u r r e n t  f lows and then decays s t e a d i l y  

w i t h  t ime as the  c e l l  appraoches equ i l i b r i um.  Corres- 
pondingly, t he  absorpt ion c o e f f i c i e n t  changes cont inuously  

a f t e r  a vo l tage step and approaches a steady value charac- 

t e r i s t i c  o f  t h e  new dopant concentrat ion.  By moni tor ing 

the  approach t o  e q u i l i b r i u m  through a(T) one can o b t a i n  

d i r e c t  i n fo rma t ion  on the  k i n e t i c s  o f  t h e  charge t r a n s f e r  

react ion.  A f t e r  these parameters had reached steady s ta te ,  

a spectrum i s  taken. 

4 -- I n  S i t u  E lec t ron  Spin Resonance 

A schematic diagram o f  t h e  electrochemical  c e l l  used 
f o r  situ ESR measurement i s  sketched i n  F igure 2. To 
f i t  i n t o  (and be compatible w i th )  t h e  microwave cav i t y ,  t h e  

polymer sample (e.g. trans-(CH)x) the  e l e c t r o l y t e  and the  
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CHARGE TRANSFER IN CONDUCTING POLYMERS 293 

c -  

Fig. 2. Diagram of electrochemical cell used for in situ 
esr measurements. 

counter electrode must be assembled inside a 3 mm ESR tube. 
The glass can be sealed across the electrical contacts 
which are connected externally to a variable voltage 
supply. The ESR tube (electrochemical cell) is mounted 
with the tip inside the microwave cavity o f  a standard ESR 
spectrometer. To avoid having the metal counter-el ectrode 
and Nickel mesh inside the cavity, the counter electrode is 
mounted above the polymer film. The glass capillary tube 
(around the platinum wire leading to the polymer electrode) 
is included to minimize background currents. 
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294 A. I. HEEGER 

EXPERIMENTAL RESULTS: 
AND POLY(THIOPHENE)2' 

-- I N  SITU SPECTROSCOPY OF TRANS-(CH), 

Figure 3 shows a se r ies  o f  absorpt ion spectra f o r  
polyacetylene taken dur ing t h e  doping c y c l e  a t  d i f f e r e n t  
app l i ed  voltages. I n  each case the  c e l l  was al lowed t o  
come t o  d i f f u s i o n  e q u i l i b r i u m  as descr ibed above. As 
doping proceeds, a s i n g l e  mid gap absorpt ion appears, 

centered near 0.75-0.80 eV, w i t h  an i n t e n s i t y  which i n -  
creases monotonical ly i n  p r o p o r t i o n  t o  t h e  dopant concen- 
t r a t i o n .  These data were obtained w i t h  1 M  Li'ClOi i n  

propylene carbonate; t h e  se r ies  o f  curves correspond t o  
p-type doping; i . e .  t o  successively h ighe r  degrees o f  

ox ida t i on  o f  t h e  polymer t o  form [(CH)+y(CIO;)y], 

ENERGY ( a V )  

Fig.  3. Absoprt ion spectra taken du r ing  the  doping c y c l e  

a t  d i f f e r n t  voltage: Curve 1 -- 2.2 V (YO).  Curve 2 -- 
3.28 V (ycO.003). Curve 3 -- 3.37 V (y=0.0065). Curve 
4 -- 3.46 V ( ~ 0 . 0 1 2 ) .  Curve 5 -- 3.57 V ( ~ 0 . 0 2 7 ) .  Curve 

6 -- 3.64 V ( ~ 0 . 0 4 7 ) .  Curve 7 -- 3.73 V ( ~ 0 . 0 7 8 ) .  
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CHARGE TRANSFER IN CONDUCTING POLYMERS 295 

Figure 4 shows corresponding spect ra f o r  polythiophene 

(PT). As t h e  doping proceeded (again us ing t h e  Li+(C104)- 
i n  propylene carbonate as e l e c t r o l y t e )  v i a  t h e  o x i d a t i o n  

reac t i on  

(PTlx + xyLiC104 + [(PT)+y(CIO,)y]x + xyL i  

t he  i n t e n s i t y  o f  t he  in terband t r a n s i t i o n  decreased con- 
t i nuous ly  and the absorpt ion peak s h i f t e d  toward h igher  

energy. I n  add i t i on ,  two new absorpt ion features appeared 

i n  the  i r  below the gap edge wi th i n t e n s i t i e s  which i n -  

creased as t h e  dopant l e v e l  increased. The lower-energy ir 
peak remains a t  a constant energy (4 0.65 eV), w h i l e  t h e  
higher-energy one s h i f t s  toward h igher  energy as t h e  dopant 

l e v e l  i s  increased. A t  4.3 V, t h e  frequency-dependent 
absorpt ion i s  c h a r a c t e r i s t i c  o f  t h e  f r e e - c a r r i e r  spectrum 

o f  t he  m e t a l l i c  s ta te ,  s i m i l a r  t o  t h a t  found i n  h e a v i l y  

doped ( e i t h e r  chemical ly o r  e lect rochemical ly )  po l y -  

- 

0 I I I 
0 I 2 3 4 

Fig.  4. PT spectroscopy data. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
55

 2
0 

Fe
br

ua
ry

 2
01

3 



296 A. 1. HEEGER 

acetylene. 

A t  d i l u t e  doping l e v e l s ,  t he  spect ra o f  Figures 3 and 

4 i n d i c a t e  t h e  format ion o f  l o c a l i z e d  s ta tes  i n  the  gap. 
For trans-(CH),, t he re  i s  a s i n g l e  s t a t e  l oca ted  near the 
center  o f  t he  energy gap; f o r  polythiophene, t h e  two peaks 
i n d i c a t e  the format ion o f  two l e v e l s  symmetric about the  
gap center. I n  e i t h e r  case, t he  charge i s  s to red  i n  these 

l o c a l i z e d  s ta tes  o f  t h e  n -e lec t ron  system o f  t h e  polymer. 
These l o c a l i z e d  s ta tes  form as a r e s u l t  o f  charge t r a n s f e r .  

EXPERIMENTAL RESULTS: I N  SITU ELECTRON S P I N  RESONANCE4 OF 
- TRANS- (CH), 

I n  Figure 5, we p l o t  t h e  e l e c t r o n  s p i n  c o n t r i b u t i o n  t o  

the  magnetic s u s c e p t i b l i t y  (x) o f  t r a n ~ - [ N a + ( C H ) - ~ l ~  as a 
f u n c t i o n  o f  i t s  e lectrochemical  p o t e n t i a l ,  p ( referenced t o  

thermo- 

+0.8 eV 
n x vs. 

Y 

Na metal). Note t h a t  both x and p are i n t r i n s i c  

dynamic var iab les.  The abrupt increase i n  x a t  p = 
( r e l a t i v e  t o  Na) and the  observat ion o f  hys te res i s  
p are i n d i c a t i v e  o f  a f i r s t  order  phase t r a n s i t i o n .  

Data were taken by f i r s t  s e t t i n g  t h e  external  

and moni tor ing the  cu r ren t  w h i l e  a l l o w i n g  t h e  c e l l  
vo l tage 

t o  come 
t o  e q u i l i b r i u m  ( t y p i c a l l y  12 t o  36 hours). A t  equ i l i b r i um,  
the  measured external  vo l tage i s  t h e  open-ci r c u i  t vol tage, 

which i s  by d e f i n i t i o n  the  electrochemical  p o t e n t i a l  o f  t h e  

doped polymer referenced t o  t h a t  o f  t h e  Na counter e lec-  

t rode. A f t e r  a l l ow ing  the  c e l l  t o  come t o  equ i l i b r i um,  the  
ESR s igna l  was recorded us ing s igna l  averaging t o  o b t a i n  
the  necessary s ignal - to-noise r a t i o  from the  t h i n  f i l m  
samples. The data were i n t e g r a t e d  twice t o  o b t a i n  the  sp in  
c o n t r i b u t i o n  t o  the  magnetic s u s c e p t i b i l i t y  (x). An NBS 
ruby standard was at tached t o  the  ou ts ide  o f  t h e  esr  tube 
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CHARGE TRANSFER IN CONDUCTING POLYMERS 291 

2.0 

1.5- - 
m - 
\ 

2 
1.0- 

0 
1 

X 

0.5 

- 

- 

I 1 
I 

01 
3 2 

/.LL(eV) 

Fig.  5. Spin s u s c e p t i b i l i t y  o f  [Na+(CH)-Y], as a f u n c t i o n  

o f  t he  chemical p o t e n t i a l  o f  t h e  doped polymer (referenced 

t o  Na metal). The r e s u l t s  were obta ined by e s r  measure- 

ments c a r r i e d  ou t  ~IJ - dur ing  electrochemical  doping; 

o - f i r s t  cyc le  doping, o - f i r s t  cyc le  undoping, A - 
second cyc le  doping, A - second c y c l e  undoping, 0 - t h i r d  

cyc le  doping. 

Y 

(near the  sample) f o r  c a l i b r a t i o n  o f  t h e  absolute magnetic 

s u s c e p t i b i l i t i e s .  Symmetric es r  l i n e s  and accurate x 
values were obtained s ince the  sample th ickness (E 0.5 pm) 
was much l e s s  than t h e  microwave s k i n  depth, even a t  t h e  

h ighest  concentrat ion.  
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298 A. J.  HEEGER 

The data o f  F igure 5 a re  q u a l i t a t i v e l y  s i m i l a r  t o  the  
r e s u l t s  f o r  x vs. y obtained from chemical doping6 o f  

[Nay(CH)-yIx. I n  both cases, t h e  two regimes are c l e a r l y  
def ined w i t h  a sharp t r a n s i t i o n  between them. I n  the  
chemical doping experiment.6 d e t a i l e d  measurements o f  t he  

temperature dependence demonstrated t h a t  t he  weak narrow 
l i n e  belowthe t r a n s i t i o n  obeyed Cur ie ' s  law (x 1/T) 
i n d i c a t i v e  o f  a d i l u t e  concentrat ion (* 1.5 x per  
carbon) o f  l o c a l i z e d  magnetic s ta tes,  whereas the  l a r g e  
suscepti b i  1 i ty above the  t r a n s i t i o n  was temperature inde- 
pendent i n d i c a t i v e  o f  t h e  Paul i  s u s c e p t i b i l i t y  (x ) o f  a 

metal. 
P 

CHARGE STORAGE I N  CONDUCTING POLYMERS: SOLITONS, POLARONS 
AND BIPOLARONS 

As a r e s u l t  o f  t he  P e i e r l s  i n s t a b i l i t y ,  t h e  dominant 
"e lec t ron i c "  exc ia t i ons  i n  conduct ing polymers are i n -  
he ren t l y  coupled t o  chain  distortion^.^ Thus q u i t e  

general l y  , one a n t i c i p a t e s  t h a t  so l  i tons, p o l  arons and 

bipolarons w i l l  be t h e  e x c i t a t i o n s  o f  major importance i n  

t h i s  c lass  o f  one-dimensional polymer semiconductors. I n  
p a r t i c u l a r ,  a f t e r  charge t r a n s f e r  ( a t  d i l u t e  dopant concen- 
t r a t i o n s )  the  charge w i l l  be s to red  i n  t h e  l o c a l i z e d  e lec-  
t r o n i c  s ta tes associated w i t h  the  s t r u c t u r a l  d i s t o r t i o n s .  

For polyacetylene, trans-(CH)x, t h e  degenerate ground 
s t a t e  leads t o  s o l i t o n s  as the  impor tant  e x c i t a t i o n s  and 

the dominant charge storage species.'-'' The s u s c e p t i b i l -  
i t y  r e s u l t s  shown i n  Fig. 5 (and presented ea r le r6  f o r  

chemical charge t r a n s f e r  doping) demonstrate w i thou t  am- 
b i g u i t y  t h a t  f o r  dopant l e v e l s  below the  f i r s t - o r d e r  

t r a n s i t i o n ,  charge i s  s to red  predominantly i n  a non- 
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CHARGE TRANSFER IN CONDUCTING POLYMERS 299 

magnetic con f igu ra t i on .  This conclusion combined w i t h  t h e  

r e s u l t s  o f  i n f r a r e d  studies12 on doped and photoexc i ted 

trans-(CH)x demonstrate t h a t  doping occurs v i a  t h e  forma- 
t i o n  o f  sp in less charged s o l i t o n s ,  and t h a t  these s o l i t o n s  
dominate the  phys ica l  p roper t i es  a t  a l l  concentrat ion below 

the  sharp t r a n s i t i o n  t o  the  t r u l y  m e t a l l i c  s t a t e  (charac- 
t e r i z e d  by a f i n i t e  dens i t y  o f  s ta tes  a t  t he  Fermi energy 

and an associated Paul i  s p i n  s u s c e p t i b i l i t y ) .  

The ~ situ spectroscopy data shown i n  F igure 3 are 
f u l l y  cons i s ten t  w i t h  t h i s  conclusion. The format ion o f  a 

s i n g l e  s t a t e  a t  the center  o f  t he  energy gap (see Fig.  5a) 
i s  a cen t ra l  p r e d i c t i o n  o f  t he  theory. 

For polythiophene, the  ground s t a t e  degeneracy i s  
l i f t e d . 3  As a r e s u l t  s o l i t o n  p a i r s  are "conf ined" i n t o  

b i po 1 arons . 7y11c'13-15 This  confinement and the  associated 

i n t e r a c t i o n  between t h e  two e l e c t r o n i c  s ta tes  leads t o  a 

s p l i t t i n g  o f  the mid-gap s t a t e  i n t o  a symmetric p a i r .  The 

- -  i n  s i t u  spectroscopy r e s u l t s  f o r  polythiophene are i n  
d e t a i l e d  agreement w i t h  charge storage i n  b ipo larons sub- 

sequent t o  charge t r a n s f e r .  

CONCLUSION 

- -  I n  s i t u  s tud ies o f  t he  charge t r a n s f e r  doping re-  

act ions have played an important r o l e  i n  c l a r i f y i n g  the  

chemistry and physics o f  conduct ing polymers. For t h i s  
growing c lass  o f  polymers, t he  coupl ing o f  e l e c t r o n i c  

e x c i t a t i o n s  t o  nonl inear  conformat ional  d i s t o r t i o n s  i s  an 

i n t r i n s i c  and important f ea tu re  o f  conduct ing polymers. 
This coupl ing and the  degenerate ground s t a t e  lead t o  t h e  

novel so l  i t o n  e x c i t a t i o n s  i n  trans-(CH)x. Genera l i za t i on  

o f  these concepts and a p p l i c a t i o n  t o  t h e  l a r g e r  c lass  o f  
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conjugated polymers has been an obvious goal o f  t he  f i e l d .  

The experimental evidence o f  e lect ron-hole smmetry and weak 
confinement i n  polythiophene makes t h i s  polymer a nea r l y  

i dea l  example o f  a model systemin which t h e  ground s t a t e  

degeneracy has been l i f t e d .  The study o f  b ipo larons ( o r  
conf ined charged s o l i t o n s )  i n  poly(thiophene) has demon- 

s t r a t e d  t h a t  t he  concepts c a r r y  over i n  d e t a i l  and t h a t  a 

q u a n t i t a t i v e  understanding o f  t h e  r e s u l t i n g  phenomena i s  

poss ib le  even f o r  r e l a t i v e l y  complex systems. 
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