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Polyacetylene,  (CH)x, can be c o n t r o l l a b l y  doped p-type 
(oxidized)  o r  n-type (reduced) by simple electrochemi-  
cal procedures.  Cycl ic  v o l t a m e t r y  s t u d i e s  on f r ee -  
s tanding  f i lms  of *-(CH) show t h a t  can be re- 
v e r s i b l y  oxidized a t  -+3.6if vs .  L i  and r e v e r s i b l y  re- 
duced a t  -+1.4V vs. L i .  The spontaneous electrochemi-  
c a l  "undoping" of p- and/or  n-doped (CH)x, which occurs  
when appropr i a t e  combinations and conf igu ra t ions  of 
(CHI a r e  employed, permits  (CH)x t o  be used i n  t h e  
f a b r f c a t i o n  of l igh tweight  rechargeable  b a t t e r i e s  hav- 
ing  l a r g e  energy and l a r g e  power d e n s i t i e s .  C&-(CH)x 
can be r e a d i l y  isomerized t o  t h e  t rans- isomer by elec- 
t rochemical  p-doping followed by e lec t rochemica l  reduc- 
t i o n  t o  (CH)x. 

INTRODUCTION 

I n  t h i s  r e p o r t ,  we summarize some of our  s t u d i e s  which show 
t h a t  (CH) can be  e lec t rochemica l ly  p-doped (i.e., oxidized)  
o r  n-dopea ( i . e . ,  reduced) and t h a t  spontaneous electrochem- 
ica l  "undoping" r e a d i l y  occurs  under appropr i a t e  condi t ions .  
This permi ts  t h e  use of doped (CH)x i n  t h e  f a b r i c a t i o n  of 
high energy dens i ty ,  high power dens i ty ,  l igh tweight  re- 
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chargeable "organic" b a t t e r i e s  . 
RESULTS AND DISCUSSION 

Electrochemical p-type doping (oxidation) 

We have shown previously t h a t  (CH)x f i l m  can be doped readi- 
l y  t o  composition [CH(C104)o g645 I x  i n  a 0.5M so lu t ion  of 
(Bu N)(C104) i n  CH C 1  when i 
appfied po ten t i a l  i i f h r e n c e ,  between t h e  anode and cathode, 
of approximately 9V. I n  t he  present study, w e  have shown 
t h a t  doping may a l s o  be ca r r i ed  out conveniently t o  values 
greater  than 6% using a 0.3M so lu t ion  of LiC104 i n  propylene 
carbonate (PC) a t  an applied po ten t i a l  of -+3.8V vs.  a L i  
reference electrode during z. 1 hour. Other dopant anions 
such as (I3)-, (C104)-, ( A s F 4 ) - ,  etc. have been incorporated 
electrochemically$ 

When LiC104 i s  used instead of (Bu4N)+(A)- and L i  metal 
is  used as the cathode, t he  react ion occurring a t  the  anode is 

s used as the  anode with an 

(CH)x + (CH +Y )x  + xye' (1) 

and the  react ion at the cathode is  

(2) 
+ xyLi + xye- -t xyLio 

so  t h a t  the ove ra l l  doping react ion is  

(CH)x + xyLi+(C104)- + [(CH*)(ClO )-]  + xyLio. 
4 Y X  (3) 

It w i l l  be noted t h a t  the A- ion is not oxidized o r  reduced 
during the electrochemical reaction. It serves only as a 
negative counter ion t o  preserve e l e c t r i c a l  n e u t r a l i t y  i n  
the system. 

Clarke,' using very t h i n  fi lms of (CH) (polymerized d i r ec t -  
l y  on a platinum surface) i n  a c e t o n i t r f l e  containing 0 . 1 ~  
(Et4N)(BF ), showed t h a t  oxidation of (CH) occurred a t  a 
value of io'-+0.74V (vs. a standard calomef electrode,  SCE). 
We wished t o  a sce r t a in  i f  free-standing fi lms of (CH)x could 
also y i e ld  useful  information from cyc l i c  voltammetry 
s tudies .  
- cis-(CH)x having a s. 500A layer  of evaporated gold on one 
s ide w a s  used as the  electrode i n  a PC solut ion containing 
1 . O M  LiC104, o x i d a t i o n o f t h e  (CH)x occurred a t  a value of 
E0'-+3.6V vs. a l i thium reference electrode (-+O.3V vs.  SCE). 

Su sequent cyc l i c  voltammetry experiments by Diaz and 

We have found t h a t  when a free-standing f i lm  of 
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ELECTROCHEMISTRY OF (CH). [1343]/311 

This  va lue ,  no t  unexpectedly, d i f f e r s  from t h a t  ob ta ined  by 
Diaz and Clarke s ince  d i f f e r e n t  so lven t s  were used i n  t h e  
two experiments and co r rec t ion  f a c t o r s  are involved i n  con- 
v e r t i n g  from one re ference  e l ec t rode  t o  another .  Figure 1 
shows t h a t  f ree-s tanding f i l m  of (CH) can be  r eve r s ib ly  
oxidized (p-doped) and then reduced b a s  t o  (CH)x e l e c t r o -  
chemically. 

2 

FIGURE 1 
f i l m  (0.5cm2 x 0.Olcm) i n  1.OM LiC104/PC (scan rate-10 mf/ 
sec)  . 

Cyclic  voltammogram of f ree-s tanding &-(CH) 

From the  charge passed, as  determined by i n t e g r a t i n g  t h e  
a rea  under t h e  oxida t ion  and reduct ion  peaks, i t  w a s  found 
t h a t  t he  (CH)x w a s  doped t o  1 X  levels under these  condi- 
t i o n s ,  i n  agreement wi th  t h e  r e s u l t s  of Diaz and Clarke. 
The E o '  value (+3.9V vs. L i )  of a model compound such as f3- 
carotene which has  1 2  conjugated double bonds i s  very simi- 
lar  t o  t h a t  obtained above f o r  (CH) . 7  
i n  t h e  Eo' values  is undoubtedly r e f a t e d  t o  t h e  h igher  dop- 
ing  levels (-8%) obtained wi th  6-carotene. 

2 

The small d i f f e r e n c e  

The r eac t ion  given by equat ion (3) may a l s o  be regarded 
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312/[1344] P. J. NIGREY, A. G. MACDIARMID and A. J. HEEGER 

as a b a t t e r y  charging react ior i  t o  produce a doped polymer 
which could be u t i l i z e d  as a cathode-active b a t t e r y  material, 
t he  discharge r eac t ion  being t h e  reverse  of t h a t  given by 
equat ion (3). 
diagrammatically i n  Figure 2. 

The s imples t  b a t t e r y  conf igura t ion  i s  shown 

Li 

1 I 

FIGURE 2 
i n  a (CH)x/LiC104/Li rechargeable  s to rage  b a t t e r y  ce l l .  

Schematic r ep resen ta t ion  of t h e  discharge process  

2 It cons i s t s  b a s i c a l l y  of a piece of (CH) f i l m  (0.5cm x 
0.Olcm) immersed i n  a PC s o l u t i o n  of L i d o 4 .  The top  of t h e  
f i lm  is a t tached  by means of a w i r e  t o  t h e  p o s i t i v e  te rmina l  
of a ga lvanos ta t  (a constant  cu r ren t  d.c. power source) .  
The negat ive te rmina l  i s  a t t ached  t o  a l i t h ium metal elec- 
t rode imnersed i n  t h e  so lu t ion .  
b a t t e r y  was charged a t  1 mA f o r  s. 30 min. t o  give a f i l m  
of approximate conposi t ion [CH(ClO ) 1 . The o v e r a l l  
charge r eac t ion  is given by equati&1~[gf,~(y=O.O6). 

doped f i lm,  [CH(ClO )o  06]x, (0.5cmq x 0.8Ecm; 3mg), w a s  
3.7V and t h e  i n i t i a l  sho r t - c i r cu i t  cu r ren t  $1 c) ,  w a s  23 mA. 
The Isc value va r i ed  from 15mA t o  -2OOmA/cm ?n d i f f e r e n t  
ce l l  cons t ruc t ions ,  depending p r imar i ly  on t h e  d i s t ance  be- 
tween t h e  and t h e  L i  e l ec t rode .  The except iona l ly  
high cur ren t  dens i ty  i s  probably r e l a t e d  t o  t h e  l a r g e  e f fec-  
t i v e  su r face  area of  t h e  f i b r i l s  i n  t h e  f i lm,  approxi- 
mately 2 . 5 ~ 1 0 3  cm2 f o r  a p i ece  of  f i l m  l c m  x l c m  x 0.01cm3. 

Figure 3 shows t h e  change i n  vo l t age  during a cons tan t  
cur ren t  discharge of  0.55mA of a c e l l  cons i s t ing  of  a 
(0.5cm2 x O.Olcm,  3mg) p iece  of [CH(C10 ) 1, immersed i n  
a 1 . O M  s o l u t i o n  of LiC104 i n  PC. It sh$uhoge  noted t h a t  
the  vol tage  remains r e l a t i v e l y  cons tan t  during t h e  d ischarge  

I n  a t y p i c a l  experiment t h e  

The i n i t i a l  open c i r c u i t  v o l t a  e ,  (V ), of a 6% pre- 
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ELECTROCHEMISTRY OF (CH). [ 1345]/3 I 3 

process  even wi th  t h e  very small weight of f i l m  employed, 
and then decreases  r ap id ly .  The charge r e l eased  g ives  an 

4 .O 1- 
vs. Li 

1.0 I- 
"0 5 10 15 2 0  25  

TIME ( m i d  

FIGURE 3 
charge curve f o r  a (CH)x/LiC104/Li cel l .  

Constant cu r ren t  (0.55mA f o r  a 0.5cm2 f i lm)  d i s -  

energy dens i ty  of 176 W-hr/Kg. Empir ical  r u l e s  may be  ap- 
p l i e d  t o  o b t a i n  a rough estimate of t h e  expected energy den- 
s i t y  of a packaged b a t t e r y ,  ( inc luding  t h e  weight of elec- 
t r o l y t e ,  so lven t ,  and cas ing) ,  from an experimental  energy 
dens i ty  such as t h e  above, A reduct ion  f a c t o r  of s i x  g ives  
a reasonably conserva t ive  estimate and r e s u l t s  i n  a va lue  of 
-30 W-hr/Kg f o r  a completely packaged b a t t e r y  of t h e  above 
type.  This  i s  approximately t h e  same value  as that  found 
f o r  t h e  average l ead lac id  automobile b a t t e r y .  
t hese  energy d e n s i t i e s  a r e  i n t e r e s t i n g l y  l a r g e  even wi th  6% 
doped f i lm ,  they  a r e  not  t h e  maximum ob ta inab le .  Higher 
doping l e v e l s  are p resen t ly  be ing  s t u d i e d  i n  d e t a i l  w i th  
(C10 )- and o t h e r  dopant anions.  

c e l l s  are very high.  Thus i n i t i a l  V ?2?h$ and 
'disc a r  e (208mA) us ing  -18mg of [Cflfefbafge 3 were ob- 
serve9 wfien t h e  cu r ren t  w a s  passed througk !*%a2 r e s i s t o r  
having a r e s i s t a n c e  similar t o  t h a t  o f  t h e  c e l l  (-1On). 
These va lues  g ive  a power dens i ty  of -30,000 watts/Kg based 
on t h e  weight of  [CH(C10 ) ] i n i t i a l l y  employed and t h e  
weight of l i t h ium consumid01!6tge d ischarge  process .  
g ives  an approximate power dens i ty  f o r  a completely packaged 
b a t t e r y ,  us ing  t h e  empir ica l  reduct ion  f a c t o r  descr ibed  

Although 

4Power d e n s i t i e s  obtained from t h e  [CH(C10 ) ] / L i  

This  
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314/[1346] 

above, of -5,000 watts/Kg.8 This is approximately 25 times 
that of an automobile leadlacid battery. 

P. J. NIGREY, A. G. MACDIARMID and A. J. HEEGER 

Electrochemical n-type doping (reduction) 

We have shown previously that (CH), may be doped n-type to 
the metallic state by immersing it in a solution of lithium: 
sodium, or potassium naphthdide in tetrahydrofuran (THF) .4,J 
We now find that spontaneous electrochemical doping occurs 
with the concomitant production of an electric current when 
a strip of (CHI and a strip of Li are placed in a solution 
of LiC104 in THf and the two strips are then connected 
through an ammeter.6 
battery during the doping process, 
at the cathode is 

This configuration therefore acts as a 
The reaction occurring 

and at the anode 

so that the overall reaction is 

(CH)x + xyLi 
The reaction can be reversed, i.e,, the battery can be "re- 
charged" if an appropriate potential is applied. A n  exten- 
sion of the above experiment permits, for the first time, 
the n-doping of (CH)x with non-metallic species such as 
tetraalkylammonium or tetraphenylphosphonium cations when 
(Bu4N)(C10 ), (Bu N)(PF ) or (Ph4P)(C104) in THF or PC are 
substituteit for the LiCfO electrolyte. 

supported on a platinum grid in 0.5M LiPF 
mined by cyclic voltammetry. Figure 4 sgows (CHIx can be 
reduced at a value Eo'+l.4V vs. a Li reference electrode 
(--1.9V vs. SCE). The broad shoulders on the main cathodic 
and anodic peak near +1.5V appear to be due to traces of im- 
purities in the electrolyte. By integrating the area under 
the reduction peak, it was found that (CH)x was n-doped to 
-2% under these conditions. 

an essentially identical value. 
show that free-standing films of (CH) can be reversibly re- 
duced (n-doped) and then oxidized bacf: to (CH)x. 

The reduction potential of free-standing films of (CH)x, 
in THF was deter- 

The reduction potential of a 
model compound such as @-carotene (Eo'-+1.4V vs. Li) 7 , has 

These preliminary studies 
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ELECTROCHEMISTRY OF (CH). [ 1347]/3 15 

I .o 2.0 3.0 
E (v) vs. Li 

FIGURE 4 
supported on platinum grid in 0.5M LiPF6/THF (scan rate= 
IOOmV/sec). 

Cyclic voltammogram of free-standing Cis 

Batteries having p-doped (CH)x cathodes and n-doped 
(CH) anodes have also been constructed. The simplest cell 
of ttis type consists of two strips of (CHI 
solution of Lic104, (B~~N)(c~o~) or (BU~N)(PP~) in PC. These 
are attached to a d.c. power supply in the charging reaction. 
Simultaneous oxidation and reduction of the film attached to 
the positive and negative terminals, respectively, occurs to 

film in a 

+ (cH-O. 06 yield, for example, [ (CHM'06(A)-0.06]x and [MOeo6 11, 
respectively (where A-=(C104)- or (PF6)- and M+=Li+ or 

4- (Bu N) ) as given by equation (7) 4 
(A);*061x. (7 )  

M.06 1 I,+[ (CH + -0.06 2 ( CH)x+O. 06M+A- + [Mo , o6 (CH 

When the anode and cathode of a charged battery cell of this 
ty e are connected V (initial)=2.7V; I (initial)=-lOOmll/ 
cm9 [where M+ is (Bulfi)' and A- is (PF6)'3, are observed. 
The electrodes become spontaneously "undoped" and are ulti- 
mately reconverted to (CH) by the reverse reaction to that 
given by equation (7). Derailed studies of the energy den- 
sity and power density of these batteries in which (CH), is 
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used for both electrodes, using different dopant species are 

10 

in progress. 9 

Electrochemical Isomerization 

There is a considerable body of evidence" which suggests 
that C&-(CH)~ is isomerized to trans-(CH)x during chemical 
doping. 
ing followed by electrochemical "undoping" would result in 
isomerization of (CH)x. Since electrochemical doping is a 
simple and rapid method of doping and undoping, it repre- 
sents a potentially ideal method for studying the isomeriza- 
tion of C&-(CH)~. 
film of (CH)x supported on a platinum grid. The purpose of 
the grid was to provide a structural support in order to 
record infrared spectra before and after doping as well as 
to provide good electrical contact. The doping/undoping 
cycle was performed on the time scale of one complete cyclic 
voltmetry scan ( -6  minutes) using a 1.OM solution of 
LiClO in PC. Electrochemical oxidation was carried out by 
sweeptng the potential from +3.0V vs. Li to +4.1V followed 
by returning to 2.0V during which time the oxidized (CH)x 
(i.e., (CH+YIX) was reduced to neutral (CH)x. 
was washed in fresh PC followed by fresh dioxolane and then 
vacuum dried. 
the cyclic voltammetry studies show conclusively that the 
(CH) was converted completely from the *-isomer to the 
trang-isomer. 
viewed by transmitted light, changed from the initial cha- 
racteristic red color of the %-isomer to the characteris- 
tic blue color of the trans-isomer. From these preliminary 
studies it is apparent that electrochemical isomerization is 
a convenient and rapid method for converting cis-(CH)x to 
the trans-isomer at room temperature. 

We wanted to determine whether electrochemical dop- 

In this study, we used a free-standing 

The electrode 

The infrared spectra obtained before and after 

In addition, the color of the film, when 

CONCLUSION 

In conclusioA, it is apparent that the electrochemistry of 
(CH)x and presumably of other organic metals represent an 
extensive area for further research not only of fundamental 
scientific interest but of possible technological value. 
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