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Defect state calculations have been performed for polyace- 
tylene and polyparaphenylene in the framework of the Su, 
Schrieffer, and Heeger Hamiltonian. In polyacetylene, the 
study of the energetics of the separation of the radical 
(neutral defect )-ion(charged defect) pair induced upon 
doping indicates that the two defects tend to remain close 
to each other. This results in the formation of polarons 
whose binding energy is estimated to be of the order of 
0.05 eV. 
sistent with polaron formation. Interaction between 
polarons leads to the formation of charged solitons. In 
poly(p-phenylene), defects are always correlated in pairs. 
Upon doping, polarons are formed (binding energy - 0.03 
eV), with the relaxation of the lattice extending over 
about four rings. 
bipolarons (doubly charged defects) that yield conduc- 
tivity without Pauli susceptibility. 

Absorption spectra at low doping levels are con- 

Calculations suggest the possibility of 

*Fellow of the Belgian National Science Foundation 
(Aspirant FNRS ) 
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320 J. L. BReDAS et al. 

I. INTRODUCTION 

I n  the  pas t  few years ,  much i n t e r e s t  has been devoted 
world-wide t o  conjugated organic  polymers t h a t  can be made 
conducting upon doping with e l e c t r o n  donors o r  acceptors .  
Among these  systems are polyace ty lene l  , poly(p-phenylene) , 
poly(p-phenylene s u l f i d e ) , 3 ~ 4  and polypyrrole.5 
polyacetylene,  PA, has been the  most s tud ied  compound. 
A reason f o r  t h i s  is t h a t  the degenerate  ground state t h a t  
exists i n  a l l - t r a n s  PA suggests  the  presence of topologica l  
kinks o r  so-called s o l i t o n  defects.6'10 
s o l i t o n  model, many unusual p rope r t i e s  have been predic ted  f o r  
a l l - t r a n s  PAS inc luding  the  p o s s i b i l i t y  of a conduct iv i ty  
mechanism involving charged s o l i t o n s  t h a t  ca r ry  no spin. 
Other polymers, such as poly(p-phenylene), PPP, do not  
possess degenerate ground states and are the re fo re  not 
expected t o  accommmodate so l i t ons .  However, experimental  
t r anspor t  p rope r t i e s  of PPP and PA are very similar. I n  
order  t o  make a comparison between polyacetylene and 
poly(p-phenylene), w e  have app l i ed  t o  both systems the same 
t h e o r e t i c a l  model, based on the  approaches of Pople and 
Walmsley6 and Su, Schrief  f er , and Heeger. 

descr ibe  the  model and then apply it t o  the  s tudy of energet-  
ics of t he  sepa ra t ion  of p a i r s  of de fec t s  induced upon doping. 
I n t e r a c t i o n s  between holes  (polarons)  are descr ibed and the  
band s t r u c t u r e  evolu t ion  is presented f o r  a la t t ice  of 
ho les  and a latt ice of charged so l i t ons .  Experimental  da t a  
f o r  o p t i c a l  absorp t ion  of r a d i c a l  anions i n  f in i t e - cha in  
polyenes are used t o  demonstrate t h a t  dopant-induced o p t i c a l  
absorp t ion  i n  PA can be understood with a polaron model. I n  
Sect ion 111, we d e t a i l  the  model used t o  treat the  defec t  sta- 
tes i n  PPP, study the  ene rge t i c s  of p a i r s  of de fec t s ,  and 
f i n a l l y  compare PPP with PA. It must be borne i n  mind t h a t  
these  models a r e  based on a simple one e l e c t r o n  theory and 
neglec t  c o r r e l a t i o n  e f f e c t s  which can be important. In t e rcha in  
i n t e r a c t i o n s  and presence of t he  dopant ion are a l s o  neglected.  

So f a r ,  

On t h e  basis of t h e  

Sect ion I1 is devoted t o  polyacetylene.  We f i r s t  

11. DEFECT STATES I N  POLYACETYLENE 

I n  the  present  model, a l l - t r a n s  PA is Peierls d i s t o r t e d  
and two e n e r g e t i c a l l y  equiva len t  resonance forms can be der ived 
(Fig. 1). The Peierls d i s t o r t i o n  opens up a gap a t  t h e  Fermi 
l e v e l  of the  order  of 1.4-1.9 e V ,  making p r i s t i n e  PA semicon- 
duct ing  . 
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CHARGED DEFECT STATES IN DOPED POLYMERS 32 1 

DEFORMATION COORDINATE 

FIGURE 1 Sketch of p o t e n t i a l  energy curves f o r  polyacetylene 
showing two e n e r g e t i c a l l y  equiva len t  s t r u c t u r e s ,  and poly- 
paraphenylene showing two inequiva len t  s t ruc tu res .  

I n  order  t o  understand the  p rope r t i e s  of undoped and doped 
a l l - t r ans  polyacetylene,  a s o l i t o n  model has been developed by 
many authors.  We now b r i e f l y  summarize some of i ts  
c h a r a c t e r i s t i c s .  The s o l i t o n  model, based o r i g i n a l l y  on the 
ideas  of Pople and Walmsley, involves  the  presence of topologi-  
cal kinks along the  chains  extending aver  s e v e r a l  bonds. Going 
from the l e f t  t o  the  r i g h t  of the  de fec t ,  t he  phase of t he  bond 
l eng th  a l t e r n a t i o n  is reversed. As the s t r u c t u r e s  t o  the  l e f t  
and t o  the  r i g h t  of the de fec t  a r e  e n e r g e t i c a l l y  degenerate ,  the  
de fec t  is expected t o  be a b l e  t o  move almost f r e e l y  along t h e  
chain,  i n  t he  manner of a s o l i t a r y  wave. The s o l i t o n  d e f e c t  
carries s p i n  1 /2  when n e u t r a l  but no s p i n  when charged. The 
presence of such a defec t  in t roduces  a l oca l i zed  e l e c t r o n i c  
state at  mid gap. 

Numerical c a l c u l a t i o n s  used t o  s tudy the  ene rge t i c s  of 
t he  s o l i t o n  formation have usua l ly  been performed i n  the  
framework of Huckel theory with u bond compress ib i l i ty .  
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322 J. L. BRfiDAS er al. 
This is the case of the Su, Schr i e f f e r  and Heeger (SSH) 
ad iaba t ic  Hamiltonian. Bond-order bond-length rela- 
t ionships of the Coulson type can a l s o  be used.ll In  both 
approaches, parameters are chosen such as t o  reproduce the  
band width, the band gap, and the  dimerization pa t t e rn  and 
both approaches lead t o  the  same numerical resu l t s .  A 
cautionary note is i n  order regarding the extreme c rud i ty  of 
these theo re t i ca l  models - whether based on Pople and Walmsley 
o r  SSH approaches. Absolute energies obtained from the model, 
as w e l l  as geometries (defect extensions),  should be viewed 
qua l i t a t ive ly  with emphasis on trends and i n t e r n a l l y  cons is ten t  
comparisons. 

The energy of an i so l a t ed  s o l i t o n  defec t  can be 
optimized as a function of its width. We have used a bond 
order-bond length r e l a t ionsh ip  with a gap of 1.4 e V ,  a band 
width of 10 eV, and a degree of bond length  a l t e r n a t i o n  of 
0.14A. 
containing a t  least 110 carbon atoms. The optimal width of 
the s o l i t o n  is found t o  be -14 bonds (half width: a - 7), 
corresponding to  an energy f o r  the defec t  Ed = 0.45 e V  i n  
c lose  agreement with SSH results.8 This means t h a t  the energy 
t o  c rea te  a pos i t ive ly  charged s o l i t o n  is 0.25 e V  smaller than 
the  0.7 eV required by a v e r t i c a l  i on iza t ion  process. 
However, during the  doping process, the  t r a n s f e r  of an 
e l ec t ron  from the chain toward an acceptor molecule creates a 
radical-cation on the chain, Le., a charged defect and a 
neu t r a l  defect. 
of the separation of these two defects.  
bo l ic  tangent functions is  used t o  describe the bond alter- 
nation suppression between the two in t e rac t ing  defects.  We 
have s tudied  the separa t ion  of (1)  two neu t r a l  defec ts ,  (11) 
a charged and a neu t r a l  defec t ,  and (111) two charged defects. 
In  each case, the width of the defec ts  has been optimized. 
Results are presented i n  Fig. 2. 

When the two defec ts  are widely separated,  we na tu ra l ly  
obta in  the i so l a t ed  defect resu l t s .  As expected, two neu t r a l  
defec ts  formed by the breaking of a double bond tend not t o  
separate but t o  recombine, leaving no deformation on the chain 
( a  + 0). Two i d e n t i c a l l y  charged defec ts  repe l  each o ther  
leading t o  two i so l a t ed  charged so l i tons .  When the  two 
charged defec ts  are c lose  t o  each o ther ,  t he  deformation they 
provoke is very strong ( a  
separated the  corresponding energy is 0.5 e V  lower with 
respect t o  two v e r t i c a l  ion iza t ion  processes. 

A l l  ca lcu la t ions  have been performed on c y c l i c  polyenes 

It is then re levant  t o  study the energe t ics  
A product of hyper- 

13); when they are widely D
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CHARGED DEFECT STATES IN DOPED POLYMERS 

+ +  
1.0 1- - .. 

323 

SEPARATION 

FIGURE 2 Energet ics  of s epa ra t ion  of two de fec t s  on poly- 
ace ty lene  cha in  with . . i nd ica t ing  two r a d i c a l s  ( n e u t r a l  
s o l i t o n s ) ,  + + ind ica t ing  two ca t ions  (charged s o l i t o n s )  and 
+ . i nd ica t ing  a r a d i c a l  c a t i o n  (or  polaron f o r  small 
separa t ions) .  The quant i ty  R def ines  the ex ten t  of the cha in  
deformation due t o  the e f f e c t .  The u n i t s  f o r  t he  absc i s sa  
and R are number of carbon atoms. 

We now tu rn  t o  the i n t e r a c t i o n  between a n e u t r a l  and a 
charged defect. We f ind  t h a t  the  energy is smallest, 0.65 e V ,  
when the  two de fec t s  are i n  c lose  proximity, i.e., a 
polaron is formed. (Our conclusion t h a t  the r a d i c a l  and the  
ion a r e  a t t r a c t i v e  is cons i s t en t  with the t rends  pred ic ted  by 
Lin-Liu and Maki12 f o r  l a rge  defec t  pair separa t ions . )  With 
respec t  t o  a v e r t i c a l  i on iza t ion  process, at  0.7 e V ,  the  
polaron binding energy is - .05 e V ,  i n  c lose  agreement with 
Bishop's r e su l t s13  i n  the  continuum l i m i t .  The t o t a l  defor- 
mation is r e l a t i v e l y  small, extending only over - 15 bonds f o r  
two nearest-neighbor de fec t s  -a r e s u l t  which is a l s o  i n  
agreement with Bishop. I n  Fig. 3, we present  t he  d i f f e rence  i n  
the  band p i c tu re  when going from two i s o l a t e d  de fec t s  (two 
loca l i zed  states at  mid gap) t o  two i n t e r a c t i n g  defec ts .  I n  
the  lat ter the  e l e c t r o n i c  states interact leading t o  a bonding 
and an antibonding state wi th in  the gap. 

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
 0

2:
49

 2
3 

Fe
br

ua
ry

 2
01

3 



324 J. L. BReDAS et u1. 

t -  
- 
t 

FIGURE 3 Interact ion of charged and neu t r a l  s o l i t o n  i n  
polyacetylene. 
but i n t e r a c t  and s p l i t  as indicated when the separation 
approaches one bond. 

S t a t e s  appear a t  midgap fo r  i n f i n i t e  separation 

We now address the question of the in t e rac t ion  between two 
polarons. To study t h i s  interact ion,  we have considered two 
polarons with the charged defects located a t  fixed positions. 
The neutral  defects are gradually pulled away from the charged 
defects,  approach each other,  and f i n a l l y  recombine leaving two 
charged soli tons.  (FIG. 4) For two polarons widely separated 
(E - 2 x .65 e V  = 1.3 eV), t ha t  process leads f i r s t  t o  the for- 
mation of four i so l a t ed  defects  (E - 4 x .45 eV = 1.8 eV), 
before eventually the recombination of the two r ad ica l s  leaves 
only two charged so l i t ons  (E - 2 x 0.45 e V  = 0.9 eV). A t  2.0% 
(homogeneous) doping l e v e l  (charges about 50 sites apa r t ) ,  the 
ba r r i e r  indicated i n  Fig. 4 is s t i l l  of the order of 0.1 eV. 
The ba r r i e r  disappears a t  around 3% doping l e v e l  (charges about 
35 s i t e s  apa r t )  and a t  4% doping l e v e l  neu t r a l  defects  readi ly  
recombine, leading t o  a lattice of charged sol i tons.  

(homogeneous) doping levels ,  polarons are p re fe ren t i a l ly  
formed. Two proximal polarons can i n t e r a c t  leading t o  two 
charged soli tons.  (Note tha t  charge t r ans fe r  could a l s o  take 
place from a neutral  s o l i t o n  formed during the cis-trans iso- 
merization process. This leads t o  a charged soli ton.)14 A t  
higher doping levels ,  charged so l i t ons  are the dominant 
feature.  Looking a t  the band s t ruc tu re ,  we f i r s t  form bonding- 
antibonding states i n  the gap r e l a t ed  t o  the polarons, - 0.3 e V  
above (below) the top (bottom) of the valence (conduction) 
band. I n  the context of acceptor doping, the bonding states 

These r e s u l t s  indicate  tha t ,  within our model, a t  very low 
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CHARGED DEFECT STATES IN DOPED POLYMERS 325 

are half  occupied. Creat ion of p o s i t i v e  charged s o l i t o n s  l eads  
t o  empty states a t  mid-gap. Inc rease  i n  the doping l e v e l  
r e s u l t s  i n  the  broadening of the  states i n  the  gap and the  for-  
mation of bands. 
doping levels conduct ivi ty  could occur through charged s o l i t o n s  
(car ry ing  no spin) .  
valence band, c a r r i e r s  with sp in  can con t r ibu te  t o  the  conduc- 
t i v i t y .  A t  very high doping l eve l s ,  our ab  i n i t i o  Hartree-Fock 
ca l cu la t ions  on Li-doped polyacetylene show that bond-length 
a l t e r n a t i o n  is depressed, s o l i t o n s  are no longer  present ,  and 
conduct ivi ty  is due t o  the  c losure  of the P e i e r l s  gap. 

A s  a l ready  m e n t i ~ n e d , ~ , ~ ~ ~ ~ ~  a t  higher  

When the  s o l i t o n  band merges wi th  the  

A 

1.8 - 

1.6 - - - 5 

1 !‘4; 1.2 

1.0 - 
I I 

1 .o 0.5 0 

SEP */SEP + + 

FIGURE 4 I n t e r a c t i o n  between two rad ica l -ca t ions  (or  ho le s  o r  
polarons)  i n  polyacetylene. The ho r i zon ta l  a x i s  is the  r a t i o  
of the r a d i c a l  separa t ions  t o  the  charge separa t ions  so t h a t  
the r i g h t  extreme of the f i g u r e  r ep resen t s  the formation of two 
charged s o l i t o n s  from two polarons. Doping l e v e l s  as mole per 
cent  a r e  indicated.  

The midgap absorpt ion which appears a t  - 0.8 e V  when poly- 
ace ty lene  is d ~ p e d l ~ s ~ ~  has been taken as evidence f o r  t he  
generat ion of s o l i t o n s  on doping. Since our model shows t h a t  
the  formation of polarons is ene rge t i ca l ly  favored over s o l i -  
tons  at  low doping l eve l s ,  the ques t ion  arises as t o  whether 
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326 J. L. BRBDAS et ul. 

or  not polarons are responsible fo r ,  o r  contr ibute  to, the 
observed midgap absorption. A polaron i n  polyacetylene intro-  
duces three new t r ans i t i ons  as depicted i n  Fig. 5. Table I 
gives our calculated energies f o r  these t r a n s i t i o n s  
(normalized by the energy gap) fo r  radical-ion separations of 
1,3,5, and 7 bonds. Note tha t  the average absorption energy 
expected with the polaron model is a l s o  about midgap. 

I I 

FIGURE 5 Schematic representation of dopant-induced op t i ca l  
t r ans i t i ons  i n  polyacetylene fo r  so l i t ons  and polarons. 

Table I. Energies (Ed), defect l eve l  posi t ions (Ed), and 
t r a n s i t i o n  energies f o r  charged defects i n  poly- 
acetylene. The t r a n s i t i o n  energies - E l ,  E2, and 
E3- are normalized by the bandgap energy f o r  com- 
parison t o  experiments. 

1 652 k.434 0.20 0.62 0.81 

3 656 k.395 0.23 0.56 0.79 

5 -667 2.357 0.25 0.50 0.75 

7 . 680 k.318 0.28 0.45 0.73 

"Experiment". . . . . . . . . . . . . . . . . . 0.30 0.44 0.55 
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CHARGED DEFECT STATES IN DOPED POLYMERS 327 

We now consider  charged defec t  absorp t ion  observed i n  
model compounds 

s i v e  data19 

We choose the  diphenyl- 
polyenes (DPP), , s ince  the re  are r a t h e r  exten- 

Because we a r e  i n t e r e s t e d  i n  the  ex t r apo la t ion  of oligomer da t a  
t o  the  polymer, we must appropr i a t e ly  "correct"  the  DPP data. 
We accomplish t h i s  co r rec t ion  by def in ing  an e f f e c t i v e  con- 
juga t ion  length,  %ff = n + A, such t h a t  the absorp t ion  energy 
of DPP with n double bonds is equal t o  t h a t  of a polyene wi th  n 
+ A double bonds.20 The absorp t ion  energ ies  are p l o t t e d  versus  
l / ne f f ,  which according t o  theory and experiment should y i e l d  a 
roughly l i n e a r  re la t ionship.21 
We f ind  A = 2.7; i n  o ther  words, s t i l b e n e  (n = 1) absorbs a t  
about the same energy as o c t a t r i e n e  (n + A = 4). 
l a t i o n  t o  yrf = experiment 

with n = 1 t o  6. 

Resul t s  are shown i n  Figure 6. 

The extrapo- 
y i e lds  Eg = 1.8 e V ,  i n  good agreement wi th  

c/ n.ft : ~ 2 . 7  

I I I I 

l/n 

0.1 0.2 0.3 

FIGURE 6 
the  "ef fec t ive"  number of double bonds f o r  diphenyl polyenes 
( n e u t r a l  molecules and r a d i c a l  anions). 
through the neu t r a l  molecule da ta  represents  data f o r  
polyenes (with ex t r apo la t ion )  taken from the l i t e r a t u r e .  2o 

Opt ica l  absorpt ion energy versus  the  r ec ip roca l  of 

The s o l i d  l i n e  
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328 J. L. BREDAS et al. 

We a l s o  show i n  Fig. 6 t he  t r a n s i t i o n  energ ies  f o r  r a d i c a l  
anions as obtained by Hoi j t ink  and van der  Meij.19 
are roughly l i n e a r  with l/neff and e x t r a p o l a t e  t o  0.5, 0.8, 
and 1.0 eV. These data, a f t e r  normalizing by the  1.8 eV 
bandgap, are compared t o  theory i n  Table I. The r a d i c a l  
anions correspond t o  nega t ive ly  charged polarons,  i.e. t o  
donor doping of polyacetylene f o r  which a broad (- 1 eV wide) 
t r a n s i t i o n  centered a t  about 0.7 eV has been observed.18 
Thus the  ex t rapola ted  r a d i c a l  anion absorp t ion  data are q u i t e  
cons i s t en t  with the  experimental  observat ions f o r  donor doped 
polyacetylene.  We may conclude t h a t  polaron absorp t ion  
o f f e r s  a s a t i s f a c t o r y  explana t ion  f o r  the  midgap absorp t ion  
i n  doped polyacetylene and t h a t  t he  s o l i t o n  explana t ion  is 
nonun i q  ue . 

The data 

111. DEFECT STATES I N  POLYPARAPHENYLENE 

Polyparaphenylene c o n s i s t s  of benzene r ings  l inked  i n  para 
posi t ion.  Bonds lengths  wi th in  the  r i n  s are - 1.40R; bonds 
lengths  between the  r ings  are - 1.50A.29 The band gap is of 
the  order  of 3.5 eV.2 A resonance form can be der ived t h a t  
corresponds t o  a quinoid s t ruc tu re .  The major d i f f e rence  
with respect t o  a l l - t r a n s  polyacetylene is t h a t  t he  two forms 
are not e n e r g e t i c a l l y  degenerate ,  the quinoid s t r u c t u r e  being 
less s t a b l e  i n  energy (Fig. 1). When we d i scuss  de fec t s  i n  
PPP, it is important t o  recognize t h a t  t he  connec t iv i ty  i n  
PPP makes it very d i f f e r e n t  from polyacetylene.  For phys ica l  
values of t he  t r a n s f e r  i n t e g r a l s ,  we f i n d  t h a t  no midgap 
( E  = 0) s t a t e  is poss ib le  f o r  t he  de fec t  s t r u c t u r e s  
considered here. A s  a r e s u l t  de fec t s  w i l l  interact i n  p a i r s  
even i n  the  low concent ra t ion  l i m i t .  

Ca lcu la t ions  on PPP are performed i n  t h e  framework of a 
bond-order bond-length r e l a t i o n s h i p  of the Coulson type. 
Parameters are chosen such a s  t o  reproduce the  geometry of 
the  benzenoid S t ruc ture ,  t he  band gap (3.5 eV), and the  band 
width of the h ighes t  occupied n-orb i ta l  (3.2 eV).23 

(Fig. 7) IS derived d i r e c t l y  from polyacetylene.  We consider  
t h a t  the deformation toward a quinoid s t r u c t u r e  is maximum i n  
the  middle of the defec t  and gradual ly  decreases  toward the  
edge of the  de fec t  t o  lead  back t o  the  benzenoid s t ruc tu re .  
Such behavior can  be s imulated by a product of hyperbol ic  
tangent func t ions  (Fig. 7). The opt imiza t ion  of the energy 
f o r  a p a i r  of de fec t s  now depends on two f ac to r s :  the number 

The model we have chosen f o r  dea l ing  with pairs of de fec t s  
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CHARGED DEFECT STATES IN DOPED POLYMERS 329 

of r ings ,  N, over which the  defec t  extends and the  f a c t o r  
en te r ing  the hyperbolic tangent func t ion  which determines 
the  amplitude of the deformation i n  the  middle of the  defect .  

@-Q=Q=Q-Q-@ 

Extomlon of D d m l  

FIGURE 7 Deformation model f o r  polyparaphenylene chain 
based on product of hyperbol ic  tangent functions. 

Our r e s u l t s  descr ibe t h r e e  e f f ec t s :  F i r s t ,  f o r  two 
n e u t r a l  defec ts  ( r a d i c a l s ) ,  the  minimum of energy is, of 
course, obtained when they recombine, leaving no deformation. 
Second, fo r  a charged defec t  i n t e r a c t i n g  with a n e u t r a l  de fec t  
a polaron is formed whose binding energy is of the order  of 
0.03 e V  ( t o  be compared with 0.05 e V  i n  a l l - t r ans  
polyacetylene)  and whose ex tens ion  is over about 4 r ings.  
must be pointed out t h a t  t he  deformation assoc ia ted  with the  
polaron is r e l a t i v e l y  s o f t :  i n  the  middle of the  defec t  the  
bonds wi th in  the r ings  change by - 0.0258, while t he  bonds bet- 
ween the  r i n g s  by some 0.058,. 
introduces two states, bonding and anti-bonding, i n  the  gap - 
the  bonding state being - 0.2 eV above the top of the  valence 
band. Third, f o r  two pos i t i ve ly  charged de fec t s  (bipolaron)  
the  deformation is s t ronger ,  about twice as l a rge  as i n  the  
previous case, and the defec t  has a l a r g e r  extension,  of the  
order  of 5 r ings.  (Note t h a t  as no Coulomb repuls ion  has been 
introduced i n  these  prel iminary ca l cu la t ions ,  t h i s  c o n s t i t u t e s  
a lower l i m i t  t o  the width of the defec t . )  These two t rends ,  
l a rge  deformation and l a rge  defec t  extension,  can be 
understood by the  f a c t  t h a t  they both r e s u l t  i n  pushing up the  
bonding state i n  the gap, - 0.6 e V  above the  valence band 
edge, making the ion iza t ion  process easier. The ga in  i n  t o t a l  
energy obtained with respect t o  two v e r t i c a l  i on iza t ions  is of 
the  order  of 0.4 eV ( t o  be compared with 0.5 eV i n  the  case of 

It 

The presence of t he  polaron 
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330 J. L. BREDAS er ul. 

polyacetylene). A very important feature of these results is 
that they point out the possibility of formation of bipolarons 
in doped polyparaphenylene (Fig. 8). Similar behavior can be 
expected for cis-PA, which, like PPP, does not have a degen- 
erate ground state. 

FIGURE 8 Bipolaron on polyparaphenylene chain 

As the doping level increases, bipolaron states in the 
gap can broaden and lead to the formation of bands, as in the 
case of polyacetylene. 
motion of bipolarons, which can be viewed as pairs of corre- 
lated charged defects carrying no spin. This picture is sup- 
ported by the magnetic data of Peo et al.24 that indicate a 
very low Paul1 susceptibility in the metallic regime of 

Conductivity could then arise from the 

SbF; doped PPP. 
In summary, we want 

tions on charged defect 
indicate that these two 
similar than previously 
degenerate ground state 

to emphasize that our model calcula- 
states in all-trans PA and PPP 
conducting compounds are much more 
thought, despite the absence of a 
in PPP. At low doping levels, 

polaron formation is expected for both PA and-PPP with similar 
polaron binding energies and similar defect extensions. 
higher doping levels two polarons interact to produce two 
uncorrelated charged solitons in PA and a bipolaron or corre- 
lated charged soliton-antisoliton pair, in PPP. We must 
emphasize once more that all these calculations, as well as 
those of references 6-10, are based on a very crude 
one-electron model which neglects all electron correlation 
effects. These effects may play a substantial role in the 
energetics. 25 

At 
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