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Résumé - A p a r t i r de ca lcu ls Hartree-Fock en méthode du champ auto-cohérent 
sur le polyacétylène t rans , le polyparaphënylène et le po lypy r ro le , nous 
voyons émerger une représentat ion théorique cohérente des mécanismes de con
duct ion dans les polymères organiques dopés. Nous mettons en évidence l ' i m 
portance pr imordia le des modi f icat ions géométriques survenant sur les chaînes 
polymériques su i te au t r ans fe r t de charge. Nous démontrons que ces modi f ica
t ions font apparaître des états électroniques nouveaux dans la bande i n t e r d i t e 
qui jouent un rô le essent ie l dans le mécanisme de conduct ion. Des ca lcu ls 
MNDO sur des chaînes de polyacétylène trans indiquent que les géométries des 
défauts de type s o l i t o n e t polaron dépendent fortement de leur é ta t de charge. 

Abstract - From Hartree-Fock s e l f - c o n s i s t e n t - f i e l d ca lcu la t ions on t rans-po ly -
acety lene, polyparaphenylene, and po lypyr ro le , a coherent theore t i ca l descr ip
t i o n emerges f o r the physics of conducting doped organic polymers. The impor
tance o f the geometric modi f icat ions that occur on the polymer chains upon 
charge t rans fe r i s st ressed. These modi f icat ions are shown to lead to the 
appearance of e lec t ron ic states in the gap that play a major ro le in the con
d u c t i v i t y mechanism. MNDO ca lcu la t ions on t rans-polyacety lene chains ind icate 
that the geometries of s o l i t o n or polaron defects vary s i g n i f i c a n t l y w i th 
t he i r charge s t a t e . 

I - INTRODUCTION 

In recent years, a number of conjugated organic polymers have been discovered that 
can be made e l e c t r i c a l l y conductive through doping wi th e i the r e lect ron acceptors 
or donors. Polymers w i th doped der iva t ives reported to have conduc t i v i t i es larger 
than 1 S/cm include polyacetylene / l / , polyparaphenylene 12.1, po lypyrro le / 3 / , and 
various polyphenylene chalcogenides / 4 / . 

Doped organic polymers display phenomena in some ways s im i l a r to conventional semi
conductors and were therefore described t h e o r e t i c a l l y i n ear ly works as usual doped 
inorganic semiconductors wi th r i g i d band models. However, these polymers possess 
h igh ly an isot rop ic in te rac t ions which can lead to c o l l e c t i v e i n s t a b i l i t i e s t yp i ca l 
of quasi-one-dimensional mate r ia l s , such as Pe ie r l s -F ro l i ch modes. Furthermore, 
because these polymers are organic compounds, i t can be ant ic ipa ted that e lec t ron ic 
exc i ta t ions or charge-t ransfer processes w i l l markedly a f fec t the atomic geometry, 
j u s t as in t yp i ca l organic molecules ; important e f f ec t s due to electron-phonon 
coupling are therefore expected. 

These charac te r i s t i cs have led to the development of a r i ch class of fasc ina t ing 
concepts (where non l inear i t y is a fundamental i ng red ien t ) , in order to properly des-
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c r i b e  the physics o f  doped organic polymers, as exempl i f ied i n  the paper by Brazovski 
i n  these Proceedings / 5 / .  These concepts invo lve  e.g. the  formation o f  defects o r  
e x c i t a t i o n s  such as so l i tons ,  po l  arons , o r  b i  pol arons and can be very i n t e r e s t i n g l y  
connected w i t h  r e l a t i v i s t i c  f i e l d  theory models / 6 / .  

I n  trans-polyacetylene, Su, Schr ie f fe r ,  and Heeger /7/ have shown t h a t  the  pecul ia-  
r i t y  o f  the double-well p o t e n t i a l  w i t h  minima o f  the same energy can lead t o  s o l i t o n  
formation and r e l a t e d  l a t t i c e  deformation. On t h e  basis of the s o l i t o n  model, many 
unusual p roper t ies  have been p red ic ted  f o r  trans-polyacetylene (PA), i n c l u d i n g  a 
conduc t i v i t y  mechanism through charged s o l i t o n s  ca r ry in?  no sp in  /7,8/. Recent 
s tud ies have ind ica ted  t h a t  a t  low (homogeneous) doping l e v e l ,  s i n g l e  charges 
appearing on the trans-PA chain are accomodated as polarons r a t h e r  than s o l i -  
tons /9-11,6/. k t  h igh  doping l e v e l ,  polarons should recombine t o  lead  t o  charged 
s o l i t o n s  /6,9/. Bredas, Chance ,and S i  1 bey /9/ have t r e a t e d  w i t h i n  the same t h e o r e t i  - 
ca l  model trans-PA and polyparaphenylene (PPP) ; the l a t t e r  i s  a system t h a t  does n o t  
possess a degenerate ground s t a t e  b u t  nevertheless d isp lays t ranspor t  p roper t ies  
very s i m i l a r  t o  doped polyacetylene /2 / .  I n  trans-PA, they have p red ic ted  t h a t  a 
b a r r i e r  e x i s t s  t o  the recombination o f  polarons i n t o  charged s o l i t o n s  up t o  c 3% 
(homogeneous) doping l e v e l  /9/.  The existence o f  t h a t  b a r r i e r  has now been v e r i f i e d  
exper imenta l ly  up t o  2. 1% /12/. I n  PPP, they have suggested the appearance o f  b ipo-  
larons (doubly charged defects t h a t  ca r ry  no sp in )  a t  h igh doping leve ls .  Conducti- 
v i t y  through motion o f  b ipo larons i n  PPP i s  cons is ten t  w i t h  the absence o f  any s i -  
gni'f icant Paul i  s u s c e p t i b i l i t y  i n  the m e t a l l i c  regime o f  SbF5 doped PPP /13/. 

Unfortunately, most o f  the t h e o r e t i c a l  work on doped organic polymers has so f a r  
been constructed i n  the framework o f  very crude methods such as Huckel-type models. 
Despite i t s  usefulness i n  a t t a i n i n g  phys ica l  i n s i g h t  i n t o  complex systems, the 
Hiickel Hamil ton ian has several drawbacks : ( i  ) i t  i s  n o t  se l f - cons is ten t .  No d i s t i n c -  
t i o n  i s  poss ib le  between neu t ra l ,  p o s i t i v e l y  charged and nega t i ve ly  charged defects. 
(V ia per tu rba t i ve  treatments o r  us ing Pariser-Parr-Pople Hami 1 ton i  ans, d i s t i n c t i o n  
can be made between neu t ra l  and charged defects b u t  n o t  among charged defects)  ; 
( i i )  on ly  IT e lec t rons  are e x p l i c i t 1  taken i n t o  account ; the o framework, very 
important f o r  the geometry, i s  usuayly poor l y  described ; ( i i i )  a func t iona l  depen- 
dence has t o  be assumed f o r  the geometry o f  the defects (e.g. a tanh funct ion f o r  a 
s o l i t o n  de fec t ) .  Furthermore, the dopant i s  usua l l y  neglected. 

I t i s  thus o f  prime importance t o  be able t o  go beyond these models and t o  study 
i n  a r e l i a b l e  way, poss ib ly  from f i r s t  p r i n c i p l e s ,  the geometric and e l e c t r o n i c  mo- 
d i f i c a t i o n s  t h a t  appear upon doping o f  organic polymers. I n  t h i s  paper, we present : 
( i  ) ab i n i  t i o  Hartree-Fock sel f - cons is ten t - f i e1  d (SCF) geometry op t im iza t ion  calcu- 
l a t i o n s  on the e l e c t r o n i c  s t r u c t u r e  o f  undoped and h i g h l y  L i  and/or Wa doped poly-  
paraphenylene and po lypy r ro le  chains. (We do n o t  inc lude here our  PA ca lcu la t ions  
t h a t  are already r e l a t i v e l y  o l d  /14/).  We demonstrate t h a t  charge t r a n s f e r  induces 
dramatic geometric modi f icat ions on the polymer chains. These modi f icat ions i n  t u r n  
lead t o  the appearance o f  e l e c t r o n i c  s ta tes  i n  the gap t h a t  are p red ic ted  t o  p lay  a 
major r o l e  i n  the conduc t i v i t y  mechanism ; ( i i  ) semi-empir ical Hartree-Fock SCF- 
MNDO (Modi f ied Neglect o f  D i f f e r e n t i a l  Overlap) ca lcu la t ions  o f  the geometry o f  neu- 
t r a l  , p o s i t i v e  and negative so l  i tons and p o s i t i v e  and negative pol arons i n  trans-PA. 
It i s  shown t h a t  the  geometry o f  each defect  s t rong ly  depends on i t s  charge s t a t e  
and t h a t  the  l a t t i c e  r e l a x a t i o n  around the defect  i s  s p a t i a l l y  less  extended than 
the p o l a r i z a t i o n  c loud (SDW o r  CDW) t h a t  the  defect  induces. 

I 1  - ELECTRONIC STRUCTURE OF UNDOPED AND HIGHLY DOPED POLYPARAPHENYLENE AND POLY- 
PYRROLE CHAINS 

Calcu lat ions are performed i n  the framework o f  the Res t r i c ted  Hartree-Fock (RHF) 
SCF-LCAO-MO ab i n i t i o  technique, a t  minimal STO-3G basis  s e t  l e v e l .  Because of 
computational const ra in ts ,  we are f o r c e d  t o  deal w i t h  model polymer chains, t h a t  are 
taken t o  be p-quaterphenyl (Pi)P) f o r  PPP and u,crl-quaterpyrrole (QPy) f o r  po lypy r ro le  
(PPy). The geometry i s  opt imized f o r  the undoped chain and fo r  the  h i g h l y  L i  and/or 
Na doped chain. Pos i t i ons  o f  the dopant atoms are f i x e d  i n  analogy w i t h  what i s  
known i n  graphi te  i n t e r c a l a t i o n  compounds /15/. 



A - Polyparaphenylene 

I n  the undoped case, opt imized bond lengths and bond angles are i n  close agreement 
w i t h  experimental data (see r e f .  16). The very l a r g e  37.8' t o r s i o n  angle between 
adjacent r i n g s  agrees very we l l  w i t h  the 42O value f o r  gaseous biphenyl.  The 
maximum C-C bond length d i f fe rence  i s  0.123 8, s l i  g h t t y  1  arger  than i n  PA (s 0.1 A) .  

I n  the L i  doped case, we add two dopant atoms t o  PQP, each L i  be ing loca ted  1.85 a 
above the  middle o f  an i n n e r  r i n g  /16/. We now a l low f o r  d i f f e r e n t  re laxa t ions  o f  
bond angles and lengths, between the i n n e r  and ou te r  r ings .  We are then i n  a pos i -  
t i o n  t o  determine the e x t e n t  o f  the  in f luence  o f  the L i  atoms. The ca lcu la t ions  
p r e d i c t  a  charge t r a n s f e r  toward the chain o f  the order  o f  0.64 e per L i ,  most o f  
the charge (78%) being t r a n s f e r r e d  t o  the inner  r i n g s .  This s t r o n g l y  suggests t h a t  
i n  longer  chains, the  charge t r a n s f e r r e d  t o  and the in f luence  o f  the  dopant on next- 
nearest-neighbor r i n g s  w i l l  be very small .  Note t h a t  since we take i n t o  account 
charge t r a n s f e r  from two c lose L i  atoms, t h i s  mimics the  s i t u a t i o n  where a b ipo la ron  
i s  poss ib ly  present on the chain. Charge t r a n s f e r  causes d r a s t i c  mod i f i ca t ions  o f  
PQP geometry, the chain becoming near l y  coplanar. The inner  r i n g s  acquire a s t rong 
qu ino id  character .  The same i s  t r u e  f o r  the ou te r  r ings,  however t o  a l e s s e r  
ex ten t  since the charge t rans fe r red  t o  them i s  smal ler .  The maximum C-C bond 
length d i f fe rence  i n  the i n n e r  r ings  becomes 0.063 8. 

The in f luence o f  the geometric modi f icat ions on the e l e c t r o n i c  s t r u c t u r e  i s  such 
t h a t  the l e v e l  corresponding t o  the h ighest  occupied molecular o r b i t a l  (HOblO) o f  
the undoped chain i s  pushed up i n  energy whereas the  l e v e l  correspondinn t o  the 
lowest unoccupied MO (LUMO) i s  pushed down i n  energy by a s i m i l a r  amount. As i n d i -  
cated by valence e f f e c t i v e  Hamil tonian (VEH) ca lcu la t ions  /17/, the s h i f t  i s  o f  the 
order o f  0.45 eV. Impor tant ly  enough, the o ther  l e v e l s  remain a t  almost the same 
energies as i n  the undoped case. We t h w  obnave vehy natwL&y t h e  a,vpeuance 0 6  
,two ntata i n  t h e  gap due t o  t h e  chage. LtamdQh and t h e  g e o r n d c  rnodi6icduv~, 
impfied 179 t h e  ~ ' ~ o ~ ~ d t i o n  0 4  a  bipoRuon on t h e  chain. These s ta tes  i n  the gap can 
then be r e f e r r e d  t o  as b ipo la ron  s ta tes  and are f u l l y  occupied (empty) i n  the case 
o f  n(p)-type doping. Two o ther  s ta tes  ( i m p u r i t y  s ta tes )  corresponding t o  a mixture 
o f  L i  2s and C r  o r b i t a l s ,  are present between the  h ighest  b ipo la ron  s t a t e  and the  
conduction band (CB) edge. 

In the  case o f  Ra doping, the  charge t r a n s f e r  i s  almost complete (0.93 e per Na) 
w i t h  80% o f  the  charge going t o  t h e  i n n e r  r ings .  The chain becoms coplanar. The 
inner  ~ i n g s  are almost pure ly  qu ino id  w i t h  1.352 8. and 1.371 a double bonds and 
1.462 A s i n g l e  bonds ; note t h a t  the  maximum C-C bond length d i f f e r e n c e  i s  l a r g e r  
than i n  the L i  doped case. Due t o  these st ronger  geometric modi f icat ions,  the  
b ipo la ron  s ta tes  move c l o s e r  t o  the  center  o f  t h e  gap, being 0.7 eV away from the 
band edges. The Na 3s i m p u r i t y  s ta tes  appear w i t h i n  the conduct ion s ta tes  and no t  
w i t h i n  the gap. 

VEH polymer ca lcu la t ions  on polymer chains having L i  o r  Na doped i n n e r  r i n g s  geome- 
t r y  ind ica tes  t h a t  the  o r i g i n a l  3.5 eV PPP band gap does n o t  c lose as i n  PA. It 
decreases t o  1.7 eV f o r  the L i  doped s t r u c t u r e  and 1.0 eV f o r  the Na doped one. The 
VB and CB edges move symmetr ical ly w i t h  respect t o  the gap center .  

We can thus draw the f o l l o w i n g  p i c t u r e  f o r  the evo lu t ion  o f  the band s t r u c t u r e  e.g. 
upon Na doping o f  PPP, F ig.1.  At  low doping l e v e l ,  b ipo la ron  s ta tes  are formed i n  
the gap, 0.7 eV above (below) the VB (CB)  edge. As doping l e v e l  increases, b ipo la-  
ron s tates over lap and lead t o  the formation o f  bands. Possible motion o f  b ipo la -  
rons i n  these bands leads t o  a conduc t i v i t y  mechani sm wi thout  sp in.  This p i c t u r e  
i s  consis tent ,  as noted e a r l i e r ,  w i t h  the absence o f  any s i g n i f i c a n t  Paul i  suscepti-  
b i l i t y  i n  the m c t a l l i c  regime o f  SbFj doped PPP /13/. I f  h igher  doping l e v e l s  could 



C3-376 JOURNAL DE PHYSIQUE 

be achieved, we then  conceive b i p o l a r o n  bands merging w i t h  t h e  VB and CB.Conductivi- 
t y  w i t h  s p i n  then occurs  due t o  t he  p a r t i a l l y  f i l l e d  c h a r a c t e r  o f  t h e  CB. 

F i g .  1 - E v o l u t i o n  o f  t h e  band s t r u c t u r e  upon Na dop ing o f  PPP : a)  undoped ; 
b )  low dop ing l e v e l  ( f o r m a t i o n  o f  b i p o l a r o n  s t a t e s  i n  t h e  gap) ; c)  h i g h  doping 
l e v e l  ( f o r m a t i o n  o f  b i p o l a r o n  bands) ; d )  very  h i g h  dop ing l e v e l  (merging o f  b i p o l a -  
r o n  bands w i t h  V3 and CB). 

B  - P o l y p y r r o l e  

Ca l cu la t i ons  on q u a t e r p y r r o l e  (QPy) i n d i c a t e  t h a t  L i  doping does n o t  l e a d  t o  any 
charge t r a n s f e r  whereas Na doping does. T h i s  r e f l e c t s  t h e  s m a l l e r  e l e c t r o n  a f f i -  
n i t y  o f  PPy w i t h  r e s p e c t  t o  PPP. Note however t h a t  no successful  n - type doping o f  
PPy has been r e p o r t e d  so f a r .  

The undoped QPy c h a i n  i s  cop lanar  w i t h  a  maximum C-C o r  C-N bond l e n g t h  d i f f e r e n c e  
o f  0.111 A  : w i t h i n  a  r i n g ,  rC,C = 1.363 A, rC-C = 1.424 A, rC-,, = 1.385 A;between 

r i n g s  : rC-C = 1.474 A. Th i s  geometry leads t o  a  VEH band gap o f  4.0 eV, a  b i t  

l a r g e r  than the  3.2 eV es t ima te  f o r  n e u t r a l  PPy /18/.  When dop ing w i t h  Na, one Ida 
atom i s  l o c a t e d  1.98 A above each o f  t h e  i n n e r  r i n g s .  The charge t r a n s f e r  i s  
0.94 e  p e r  Na and, as p r e v i o u s l y ,  charge ma in l y  goes (80%) t o  t h e  i n n e r  r i n g s .  
Geometric m o d i f i c a t i o n s  i n  t h e  i n n e r  r i n g s  a re  such t h a t  a long  t h e  carbon pa th  
( resemb l i ng  a  c i s -po l yace ty lene  backbone), t h e  C-C s i n g l e  and double bonds a re  
i n te rchanced  w i t h  r e s p e c t  t o  t he  undoped case. C-N bonds e longa te  t o  1.428 A .  
An a n a l y s i s  of t h e  f r o n t i e r  o r b i t a l s  i n d i c a t e s  t h a t  t h e  mod i f i ca t i ons  upon p- type 
doping would be very  s i m i l a r ,  a t  l e a s t  a long t h e  carbon path .  Geometric mod i f i ca -  
t i o n s  i n  t h e  o u t e r  r i n g s  a re  smal l ,  i m p l y i n g  a  s m a l l e r  ex tens ion  f o r  a  b i p o l a r o n  
d e f e c t  than i n  PPP. 

T V L  contxant PPP, t h e  6hidz2 (~vLth henpeot t o  t h e  undopd c u e )  0 6  t h e  HOMO and 
LUMO tev& t o  ~OUI I  bipotahon Ataten i n  .the gap axe not n,imZax. VEH c a l c u l a t i o n s  
p r e d i c t  t h e  two s t a t e s  appear r e s p e c t i v e l y  a t  0.45 eV above t h e  VB edge and 0.9 eV 
below t h e  CB edge. Th i s  asymmetry i s  a l s o  i l l u s t r a t e d  v i a  VEH c a l c u l a t i o n s  on a  
polymer hav ing  t h e  geometry o f  t h e  Ha doped i n n e r  r i n g s  o f  QPy. The band gap 
decreases f rom 4.0 eV t o  1.4 eV w i t h  t h e  VB movi'ng up b y  1.0 eV and t h e  CB down by  
i . 6  eV. Tak ing t h i s  asymmetry i n t o  account,  t h e  same o v e r a l l  p i c t u r e  f o r  t h e  band 
s t r u c t u r e  e v o l u t i o n  upon Na dop ing can be g i ven  f o r  PPy as f o r  PPP i n  F i g .  1. Thus, 



F i g .  2 - L a t t i c e  p o l a r i z a t i o n  ( n e t  charges p e r  CH u n i t )  f o r  a  nega t i ve  po la ron .  
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/3 

a t  h i g h  doping, mot ion  o f  b i p o l a r o n s  i n  the  b i p o l a r o n  bands can l e a d  t o  a  conduc t i -  
v i t y  mechanism w i t h o u t  s p i n .  I t  i s  remarkable t o  no te  t h a t  t h i s  i s  f u l l y  cons is -  
t e n t  w i t h  t h e  obse rva t i on  t h a t  i n  e l e c t r o c h e m i c a l l y  c y c l e d  h i g h l y  conduct ing  PPy, 
no ESR s i g n a l  i s  ob ta ined  /19/ .  
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I n  summary, we see emerging f o r  a l l  the  polymers we have cons idered up t o  now t h e  
same t h e o r e t i c a l  d e s c r i p t i o n .  A t  low dop ing l e v e l s ,  s t a t e s  appear i n  t he  gap as a  
r e s u l t  o f  t he  presence o f  charged d e f e c t s  w i t h  r e l a t e d  l a t t i c e  deformat ion ,  such 
as po larons,  s o l i t o n s  and b i p o l a r o n s .  I m p u r i t y  s t a t e s  can a l s o  be p resen t  i n  the  
gap, depending on t h e  dopant.  A t  h i g h  doping l e v e l s ,  b roaden ing o f  t h e  s t a t e s  i n  
t he  gap can l e a d  t o  t h e  fo rma t i on  o f  b i p o l a r o n  bands (PPP, PPy) o r  s o l i t o n  bands 
( t r ans -PA) .  Flot ion o f  doubly charged b i p o l a r o n s  o r  charged s o l i t o n s  produces 
a  c o n d u c t i v i t y  mechanism w i t h o u t  sp in .  C o n d u c t i v i t y  w i t h  s p i n  can occu r  a t  h i g h e r  
doping l e v e l s ,  when s o l i t o n  o r  b i p o l a r o n  bands merge w i t h  t h e  CB and VB. 
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We have performed Hartree-Fock SCF-f;1NDO complete geometry o p t i m i z a t i o n s  on t r a n s -  
PA cha ins  c o n t a i n i n g  40 o r  41 carbons. I n  t h i s  case, t h e  dopant i s  n o t  e x p l i c i t l y  
taken i n t o  account.  Our goal  i s  t o  i n v e s t i g a t e  t h e  dependence on charge, o f  t h e  
geometr ies o f  s o l i t o n  and po la ron  d e f e c t s  i n  trans-PA. Note t h a t  f o r  a  cha in  
w i t h o u t  de fec t s ,  MNDO o p t i m i z a t i o n  r e s u l t s  i n  a  bond l e n g t h  a l t e r n a t i o n  
A r 0  = 0.105 /20/, i n  c l ose  agreement w i t h  exper imenta l  es t ima tes  /21/.  

As p r e v i o u s l y  p o i n t e d  ou t ,  no d i s t i n c t i o n  i s  p o s s i b l e  between n e u t r a l ,  p o s i t i v e  
and nega t i ve  spec ies  i n  t h e  Hiickel f r a m w o r k .  However, i t  must be s t r e s s e d  t h a t ,  
i n  t he  CH3+ c a t i o n  o r  CH3. r a d i c a l ,  t h e  carbon atom tends t o  be i n  sp2 h y b r i d i z a -  
t i o n ,  t h e  n o r b i t a l  b e i n g  empty (ha l f - occup ied )  i n  t h e  c a t i o n  r a d i c a l ) .  On the  4 con t ra ry ,  i n  t h e  CH3- an ion,  t h e  carbon p r e f e r s  t o  adopt an sp h y b r i d i z a t i o n .  
There fore ,  t h e r e  i s  no reason t o  expec t  t h a t ,  e.g. t he  p o s i t i v e  and nega t i ve  
s o l i t o n s  shou ld  be i d e n t i c a l .  

The MNDO c a l c u l a t i o n s  show t h a t  a l l  t h r e e  s o l i t o n s  are  d i f f e r e n t  /20/ .  F o r  t he  
n e u t r a l  s o l i t o n ,  t h e  e v o l u t i o n  o f  t he  bond l e n g t h  a l t e r n a t i o n  can be f i t t e d  by a  
tanh f u n c t i o n  w i t h  h a l f w i d t h  1  = 3 ; i .e. t h e  r e v e r s a l  o f  t he  phase o f  t h e  bond 
l e n g t h  a l t e r n a t i o n  takes (21 + 1 = )  7 carbons. T h i s  i s  h a l f  t h e  va lue p r e d i c t e d  
w i t h  an Huckel model and i n  much c l o s e r  agreement w i t h  t h e  Par iser -Par r -Pop le  
c a l c u l a t i o n s  o f  Fukutome and Sasai /22/ .  Wi th  t h e  n e u t r a l  s o l i t o n  t h e r e  i s  asso- 
c i a t e d  a  damped s p i n  d e n s i t y  wave (SDW) whose w i d t h  i s  l a r g e r  (1 = 5 )  than the  
k i n k  i t s e l f ,  a l s o  i n  agreement w i t h  Fukutome and Sasai /22/ .  

The p o s i t i v e  s o l i t o n  i s  more extended (1 = 5)  than the  n e u t r a l  one. It i s  i n t e r e s -  
t i n g  t o  no te  t h a t  t he  screen ing of t h e  p o s i t i v e  charge i s  accompl ished by  p o l a r i -  
z a t i o n  o f  a l t e r n a t e  n bonds y i e l d i n g  a  marked o s c i l l a t i o n  o f  charge f rom s i t e  t o  
s i t e  ( a l l  + charges on one s i d e  o f  t he  cha in ,  a l l  - charges on the  o t h e r  s i d e )  
which decreases i n  magnitude as one ge ts  f u r t h e r  f rom t h e  d e f e c t  c e n t e r  (see 
F i g .  2 i n  Ref .  20) .  Note t h a t  t h i s  can have s i g n i f i c a n t  impact  on the mot ion  o f  
s i m i l a r  d e f e c t s  on ne ighbo r i ng  cha ins  and l e a d  t o  s t r o n g  c o u p l i n g  between PA 
chains.  Th i s  damped CDW a l s o  has a  w i d t h  l a r g e r  (1  - 8 )  than t h a t  o f  t h e  l a t t i c e  
k i n k .  

The nega t i ve  s o l i t o n  i s  much more compact ( 1  a 2 )  and i s  n o t  very  w e l l  f i t t e d  by a  
tanh f u n c t i o n .  Th i s  compactness c o u l d  be e x p l a i n e d  by t h e  h i g h e r  i n t r i n s i c  
energy o f  t h i s  d e f e c t  i n  which n e g a t i v e l y  charged carbons a re  f o r c e d  i n t o  sp2 
h y b r i d i z a t i o n .  The assoc ia ted  CDW i s  however t h e  same ( 1  = 6) as f o r  t h e  p o s i t i v e  
s o l i t o n .  

Tu rn ing  now t o  po larons,  we f i n d  t h a t  t h e  nega t i ve  po la ron  has a  l a r g e r  depress ion 
o f  t he  bond l e n g t h  a l t e r n a t i o n  i n  t h e  midd le  o f  t h e  d e f e c t  ( A r  midd le  = 0.32 Are) 
than t h e  p o s i t i v e  po la ron  ( A r  m idd le  = 0.50 Are). As i n  t h e  case o f  s o l i t o n s ,  t he  
nega t i ve  po la ron  i s  nar rower  and b o t h  p o s i t i v e  and nega t i ve  de fec t s  l e a d  t o  s i m i l a r  
l a t t i c e  p o l a r i z a t i o n s .  Due t o  the  c e n t e r  o f  i n v e r s i o n  symmetry o f  t he  po laron,  t he  
l a t t i c e  p o l a r i z a t i o n  i s  q u i t e  d i f f e r e n t  f rom the  s o l i t o n  case. The f o u r  midd le  
s i t e s  c a r r y  charges o f  same s i g n  ; o s c i l l a t i o n  o f  charge s i g n  f rom s i t e  t o  s i t e  
s t a r t s  f rom t h e  t h i r d  s i t e  away from t h e  midd le  o f  t h e  d e f e c t  and, very  i n t e r e s t i n g -  
ly, t h e  l a r g e s t  charges a r e  ob ta ined  on t h e  s i x t h  and seventh s i t e s  away f rom t h e  
midd le  (see F i g .  2 ) .  S t rong  c o u p l i n g  between PA cha ins  i s  a l s o  expected i n  t h e  case 
o f  po l  arons . 
Although t h e  r e s u l t s  presented i n  t h i s  s e c t i o n  may be m o d i f i e d  i f  t h e  dopant i s  
e x p l i c i t l y  taken i n t o  account,  t hey  a re  f u l l y  r e l e v a n t  i n  cases e .g .  of  charge 
i n j e c t i o n  processes. 
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