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THE EVOLUTION OF STRUCTURE DURING THE ALKALI METAL DOPING 
OF POLYACETYLENE AND POLY (p-PHENYLENE) 

R .H. BAUGHMAN, L .W . SHACKLETTE , N.S . MURTHY, 
G.G. MILLER, AND R.L. ELSENBAUMER 

A l l i e d  Corporation, Morristown, NJ 07960, USA 

Abstract  

The progression o f  phases which evolve dur ing  the  a l k a l i  
metal dopi ng o f  po lyacety l  ene and poly ( p-phenyl ene) i s  examined 
using newly developed s t ruc tu re  concepts, c r y s t a l  packing analy- 
s i s ,  and d i f f r a c t i o n  and electrochemical  data. A t  l e a s t  f o r  
a l k a l i  metals l a rge r  than L i t ,  a t  dopant concentrat ions above a 
few percent the  a l k a l i  metal ions  aggregate i n  columns w i t h i n  the  
host polymer l a t t i c e .  S t r u c t u r a l  va r ia t i ons  r e s u l t  f o r  polyace- 
t y lene  both from the  degree these columns are f i l l e d  and the  
chain-to-column r a t i o .  More l i m i t e d  phase v a r i a t i o n  r e s u l t s  f o r  
poly(p-phenylene), where 2,3, and 4 chain/column s t ruc tu res  are 
observed, but the  metal-metal spacing w i t h i n  the columns i s  f ixed. 
S t ruc tu ra l  models are presented f o r  the  2 chain/column complex o f  
poly(p-phenylene) and the  3 chainlcolumn complexes o f  K and Rb 
doped t rans  polyacetylene. 

INTRODUCTION 

Much o f  t he  important t heo re t i ca l  work on exp la in ing  the  
physics o f  h igh l y  conducting polymer complexes has focused on the  
proper t ies  o f  i s o l a t e d  polymer chains. 
convenient both because o f  the  t h e o r e t i c a l  d i f f i c u l t i e s  i n  
handl ing three-dimensional i n t e r a c t i o n s  and the  absence o f  
concrete c r y s t a l  s t ruc tu re  data f o r  the  polymer complexes. On 
t h e  other hand, it i s  c lea r  t h a t  c a r r i e r  t ranspor t  (both i n  the  
chain d i r e c t i o n  and i n  orthogonal d i r e c t i o n s  f o r  polymers having 
1 im i ted  conjugat ion lengths)  cannot be explained w i thou t  i nco r -  
po ra t i on  o f  three-dimensional s t ruc tu re  in fo rmat ion  i n  the  
t h e o r e t i c a l  models. 

The problem w i t h  d e r i v i n g  c r y s t a l  s t ruc tu res  i s  t h a t  there  
i s  so l i t t l e  useable d i f f r a c t i o n  data obtainable f o r  the  present ly  
ava i l ab le  samples o f  conducting polymers. This d i f f i c u l t y  i s  i n  
p a r t  due t o  i n t r a c r y s t a l l  i t e  disorder,  p o l y c r y s t a l l i n i t y ,  inhomo- 
geneous doping, and sometimes the coexistence o f  more than one 
phase o f  a polymer complex. 

This s i m p l i f i c a t i o n  was 
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254 R. H. BAUGHMAN et al. 

We w i l l  here focus on i d e n t i f y i n g  the  sequence o f  s t ruc tu res  
formed du r in  the doping o f  polyacetylene, PA, and po ly  
(p-phenylenes, PPP, w i t h  a l k a l i  metals. F i r s t  we w i l l  develop 
simple s t ruc tu ra l  concepts t h a t  f a c i l i t a t e  the  cons t ruc t ion  o f  
model structures.  Next we w i l l  use these concepts t o  propose 
models consistent w i t h  ava i l ab le  data. Systematic features i n  
the  nature and evo lu t ion  o f  s t ruc tu res  w i l l  be o f  s p e c i f i c  
i n te res t .  The models proposed should be viewed as t r i a l  s t ruc-  
tu res  consistent w i t h  the  present ly  ava i l ab le  data, b u t  w i t h  
uncer ta in t ies  r e s u l t i n g  from l i m i t a t i o n s  i n  t h i s  data. 
hoped tha t  these s t ruc tu res  w i l l  p rov ide  a foundat ion f o r  both 
theo re t i ca l  ca lcu l  a t ions  o f  three-dimensional p roper t i es  and 
f u t u r e  refinements o f  structure.  Although so l va t i ng  molecules 
are o f ten  incorporated i n  a lka l i -meta l  doped polymers, the pre- 
sent analysis and experimental data pe r ta ins  t o  the  so lvent - f ree  
polymer complexes. 

DEVELOPMENT OF SIMPLE STRUCTURAL CONCEPTS 

It i s  

It i s  important t o  r e a l i z e  tha t ,  w i t h  the  poss ib le  exception 
o f  l i th ium,  the  a l k a l i  metals occupy channels i n  the  polyacety- 
lene or  poly(p-phenylene) host l a t t i c e .  Random d i s t r i b u t i o n  o f  
a l k a l i  metal ions i s  precluded a t  a l k a l i  metal concentrat ions 
higher than a t  most a few percent by the  high s t r a i n  energ es 
required t o  open c a v i t i e s  between p a r a l l e l  polymer chains.I These 
s t r a i n  energies can be e l im ina ted  i f  the  a l k a l i  metal ions aggre- 
gate i n t o  columns o r  layers. Layer structures,  i n  which a l k a l i  
metal ions are i n  nearest-neighbor p rox imi ty  i n  a 2-D array, are 
excluded f o r  these polymers by unfavorable e l e c t r o s t a t i c  i n te rac -  
t i o n s  compared w i t h  those f o r  channel s t ruc tu res .  For the case 
o f  a l k a l i  metal complexes o f  PA and PPP i n  which so l va t i ng  
molecules are present, which i s  no t  d e a l t  w i t h  i n  the  present 
work, l aye r  s t ruc tu res  are feas ib le  i n  which the  so l va t i ng  spe- 
c ies  and the  a l k a l i  metal ions form a layer .  S im i la r l y ,  we show 
here s t ruc tu res  i n  which the  a l k a l i  metal columns form layers,  
bu t  the columns w i t h i n  these laye rs  are separated by polymer 
chai ns. 

Since we are dea l ing  w i t h  channel s t ruc tu res ,  we can 
designate the  s t ruc tu res  o f  the  a l k a l i  metal complexes i n  a q u i t e  
simple way by the number o f  polymer chains per a l k a l i  metal 
column (m) and the  number o f  chemical u n i t s  i n  a chain segment 
w i t h  the same length  as the  average a lka l i -meta l  separat ion i n  
the  a l k a l i  metal column (n). We w i l l  show f o r  K-doped PA and f o r  
Li-doped and K-doped PPP t h a t  m decreases w i t h  inc reas ing  dopant 
concentrat ion from 4 t o  3 and from 3 t o  2. Only the r e s u l t s  f o r  
m=4 are somewhat ambiguous. 
obtained. Non-integer values o f  m would r e s u l t  on ly  f o r  s t ruc-  
tu res  which have subunits conta in ing  d i f f e r e n t  chain-to-column 
r a t i  0s. 

Lower values than m=2 are no t  
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THE EVOLUTION OF STRUCTURE DURING THE ALKALI METAL DOPING 255 

In teger  values o f  n r e s u l t  f o r  comiensurate complexes i n  
which a l l  columns are equivalent. PA and PPP p rov ide  two extreme 
cases re levant  t o  format ion o f  commensurate complex s. I n  t rans  
PA the  cha in -d i rec t ion  separat ion o f  CH u n i t s  (1.24f, which i s  
over one-half the  monomer repeat l eng th )  i s  much shor te r  than t h e  
shor tes t  poss ib le  separat ion between metal ions  (M') i n  t he  
a l k a l i  metal column, wh i l e  f o r  PPP the  center-to-center separa- 
t i o n  between phenyls (4.351) i s  w i t h i n  25% o f  the  shor tes t  
observed M'. . .M+ separat ion t y p i c a l  o f  a1 k a l  i metal complexes. 
For example, the  shor tes t  M+. .M' separat ion i n  a l k a l i  
metal-TCNQ s a l t s  i s  3.50-3.6961 and the  sho t e s t  M'.. M' distances 

tively.! Hence, a metal-metal separat idn equal t o  the  chain 
repeat leng th  i s  h igh ly  favorab le  (and observed, i.e., n= l )  f o r  
PPP complexes, wh i le  the  smal lest  value o f  n which provides a 

Upper l i m i t s  on n are provided by the  requirement t h a t  there  i s  
no t  too much vo id  space i n  the  a l k a l i  metal columns, s ince i t  
costs i n te rcha in  van der Waals energy t o  make these columns. 
This energy cost should genera l l y  decrease w i t h  a decrease i n  t h e  
rad ius  o f  t he  a l k a l i  metal since, decreased dimension channels 
a re  usua l ly  required. Hence, n might tend t o  be increased a t  a 
p a r t i c u l a r  dopant l e v e l  f o r  a smal ler  rad ius  ion. Values o f  n 
between 3 and 5 c n be ob ained f o r  K- oped PA (M '... M+ separa- 
t i o n s  o f  3 x 1.24 I t $  = 3.72 t o  5 x 1 241 = 6 20/!), wh i l e  n=2 f o r  
PPP (M+ ... M+ separat ion o f  2 x 4.351 = 8.7061) appears t o  be too  
high. Hence, alkal i-metal-doped PA d isp lays  a v a r i e t y  o f  phases 
which are not found f o r  the  corresponding PPP complexes. 
According t o  the  present no ta t ion ,  the  simple commensurate phases 
o f  PA are designated (CnH")mM and the  corresponding phases o f  PPP 
a re  (C6H4)mM. 

Other c r i t e r i a  used i n  the  cons t rud t ion  o f  model s t ruc tu res  
are  t h a t  the s t ruc tu re  should have the  highest packing dens i ty  
cons is ten t  w i t h  non-overlapping van der Waals volumes and 
favorab le  arrangement o f  chains and co l  umns t o  minimize Made1 ung 
energy. The l a t t e r  cons t ra in t  means t h a t  a l k a l i  metal columns 
are we l l  separated by i n te rven ing  chains, the  over lap o f  
'TT - o r b i t a l s  (con ta in ing  negat ive charge) o f  neighboring chains i s  
minimized, t he  number o f  chains nearest-neighbor t o  each metal 
column i s  maximi zed, and carbon-metal nearest-nei ghbor i n te rac -  
t i o n s  are favored over hydrogen-metal nearest-neighbor in te rac-  
t ions .  Wi th in  these cons t ra in ts ,  the chains and dopant columns 
are arranged so as t o  reproduce the  observed d i f f r a c t i o n  spac- 
ings. The longest observed d i f f r a c t i o n  spacing provides the  
most use fu l  guide and the  shor te r  spacings are checked f o r  con- 
s is tency  a f t e r  the model has been formulated. For the  present 
model ons t ruc t i  ns we use he f o l l o w i n g  va d r Waals r a d i i :  

i n  MC6 nd MCg graph i te  complexes are 4.26 f i  and 4.9261, respec- 

s u f f i c i e n t l y  long  M+ ... M+ separat ion for '  polyacetylene i s  n= 
corresponding t o  a metal-metal separat idn o f  3 x 1.24 = 3.72 

H( l . l 7 j ) ,  C(1.701), K'(1.33 w ), and Rb+(1.451).B For  reasons 
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discussed ea r l i e r ,3  the  center o f  the  H i s  loca ted  1.041 from 
the  bonded carbon i n  t h  se r i g i d  atom ca lcu la t ions .  For PPP, the 

C-C-C bond angles. An average C-C bond length  o f  1.396 , a C-C-C 
angle o f  125.3', and a C-C-H angle o f  117.35' a re  used f o r  PA. 
This geometry provides the  o served separat ion o f  -HC=CH- u n i t s  

RESULTS AND DISCUSSION 

We have prev ious ly  reported the  s ruc tu re  o f  the  (CnHn)2M 
complex, where M i s  Na, K, Rb, o r  Csl,). This i s  a te t ragona l  
s t ruc tu re  shown i n  Figure 1, where each a l k a l i  metal column i s  
nearest neighbor t o  fou r  polyacetylene chains. 

R. H. BAUGHMAN et al. 

geom t r y  used i s  a 1.40 f i  i n - r i n g  carbon-carbon bond length, a 
1.50 f i  carbon-carbon bond between phenyls, and 120' f o r  -C-H and 

i n  t rans  polyacetylene (2.4 4 ).4 

f 

WRST STAQE SECOND STAQE 
(c,n,lp (C"n,)3M 

FIGURE 1 Chain-axis p ro jec t i on  f o r  the  (CnHn)2K and (CnHn)3K 
complexes. The Kt are black, the  carbons are  shaded, 
and the hydrogens are white. 

As shown i n  F igure  1, t h i s  s t ruc tu re  i s  i n  good agreement w i t h  
the guidel ines used t o  cons t ruc t  models: the  s t r u c t u r e  i s  c lose  
packed w i thout  the  existence o f  over lapping van der Waals vo l -  
umes, negative charges on the  chain are well-separated as are the  
a l k a l i  metal columns, and each a l k a l i  metal has maximum coor- 
d ina t i on  w i t h  carbon atoms. I f  the  a l k a l i  metal ions s i t  above 
the  midpoint o f  carbon-carbon bonds, a l o c a t i o n  which provides 
ca lcu la ted  carbon-metal d istances i n  very good agreement w i t h  
those i n  g raph i te  comp exes, each a l k a l i  metal i s  nearest neigh- 
bor t o  8 carbon atoms. J 
mensurate phases w i t h  d i f f r a c t i o n  and electrochemical  data !I on K- 

A comparison o f  t heo re t i ca l  compositions ca lcu la ted  f r com- 

doped samples suggests t h a t  t he re  e x i s t s  a range of compositions 
f o r  t h i s  tetragonal  phase: 
i n s e r t i o n  and from (C3H3)zK t o  (CgH5)zK on dopant extract ion.  

from (C4Hq)zK t o  (C3H3)zK on dopant 
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THE EVOLUTION OF STRUCTURE DURING THE ALKALl METAL DOPING 257 

T h i s  h y s t e r e s i s  i s  q u i t e  reasonable, s i n c e  u n f a v o r a b l e  k i n e t i c s  
f o r  changing t h e  chain-to-column r a t i o  (changing m) compared w i t h  
changing t h e  f i l l i n g  f a c t o r  o f  columns (changing n )  can p r o v i d e  
h i g h e r  n va lues and lower  m values a t  a g i ven  y f o r  dopant 
e x t r a c t i o n  compared w i t h  dopant i n s e r t i o n .  The maximum p r e d i c t e d  
dopant l e v e l  (y=0.167, co r respond ing  t o  (C3H3)zK) compares w e l l  
w i t h  values d e r i v e d  f rom ( 1 )  e lementa l  a n a l y s i s  (y=0.17), ( 2 )  t h e  
observed m e r i d i o n a l  spac ing (3.5 - 3.81) a t  maximum dopant l e v e l  
(y=O.16-0.18), and a n a l y s i s  o f  d i f f r a c t i o n  i n t e n s i t i e s  (y=0.16- 
0.17).2 The s t r u c t u r e  (CqH4)zM has a compos i t i on  (y=0.125). 
T h i s  i s  about equal t o  t h e  l owes t  dopant l e v e l  ob ta ined  from ana- 
l y s i s  o f  d i f f r a c t i o n  i n t e n s i t i e s  f o r  t h e  t e t r a g o n a l  phase d u r i n g  
dopant i n s e r t i o n  (y=0.13) and t h e  t r a n s i t i o n  p o i n t  between two- 
phase and con t inuous - t rans fo rma t ion  reg ions  i n  e lec t rochemi5a  
curves ( v o l t a g e  versus y )  d u r i n g  dopant i n s e r t i o n  (y=0.12) L, 
The same t r a n s i t i o n  occurs a t  y=O.lO on dopant e ~ t r a c t i o n , ~  a y 
v a l u e  which equals  t h e  p r e d i c t e d  compos i t i on  f o r  (C5Hg)zK. 

A major  q u e s t i o n  p e r t a i n i n g  t o  t h e  p r o p e r t i e s  o f  doped 
p o l y a c e t y l e n e  i s  whether o r  n o t  bond a l t e r n a t i o n  d i sappears  upon 
doping. We cannot e s t a b l i s h  on t h e  b a s i s  o f  t h e  p resen t  argu- 
ments whether o r  n o t  t h e  d i f f e r e n c e  i n  bond l e n g t h s  becomes t o o  
small  f o r  measurement. However, we can say t h a t  t h e r e  a r e  no 
arrangements o f  t h e  a l k a l i  meta l  atoms f o r  t h e  (CnHn)& s t r u c -  
t u r e s  f o r  which a l l  bonds a r e  e q u i v a l e n t  w i t h  respec t  t o  a l k a l i  
meta l  p r o x i m i t y .  Furthermore, t h e  equ iva lence  o f  CH groups i n  
undoped trans-PA i s  removed f o r  a l l  b u t  t h e  (CqH4)zM s t r u c t u r e .  
I f  t h e  a l k a l i  metal atoms a r e  coo rd ina ted  above t h e  m i d p o i n t s  o f  
carbon-carbon bonds, w i t h  r e l a t i v e  s h i f t s  i n  l o c a t i o n  of i o n s  i n  
columns on oppos i te  s ides  o f  a c h a i n  so as t o  m in im ize  i o n - i o n  

!! 

r e p u l s i o n  energ ies,  t en t h e  f bon s an CH u n i t s  are, 

Eal,bo,al,b 3 a n b a f A i , a l , ~ l , A 1 l  f o r  (CqHq)2M, and f a ~ , b o , b o , a ~ s b o l  
and [A1 ,B~ ,~o ,B1 ,A~ l  f o r  (CgH5)2M, where d i f f e r e n t  smal l  l e t t e r s  
rep resen t  d i s t i n g u i s h a b l e  bonds and d i f f e r e n t  c a p i t a l  l e t t e r s  

espec t i  v e l y  C a  6 -j and f o r  fC3H3f M, 

rep resen t  d i s t i n g u i s h a b l e  carbon atoms f o r  a p a r t i c u l a r  phase. 
The s u b s c r i p t  numbers denote t h e  number o f  a l k a l i  me ta l  i o n s  
coo rd ina ted  w i t h  a p a r t i c u l a r  carbon-carbon bond o r  c o o r d i n a t e d  
w i t h  bonds assoc ia ted  w i t h  a p a r t i c u l a r  CH u n i t  ( s u b s c r i p t s  on 
smal l  l e t t e r  and c a p i t a l  l e t t e r s ,  r e s p e c t i v e l y ) ,  The b a s i s  f o r  
d i s t i n g u i s h a b i l i t y  i s  t h e  p r o x i m i t y  o f  a l k a l i  meta l  i o n s  i n  t h e  
two columns su r round ing  each chain.  C o n s i d e r a t i o n  o f  more 
d i s t a n t  i on -cha in  i n t e r a c t i o n s  w i l l  f u r t h e r  i n c r e a s e  t h e  number 
o f  d i s t i n g u i s h a b l e  bonds and d i s t i n g u i s h a b l e  CH u n i t s .  

S ince  n i s  u n i t y  f o r  a l ka l i -me ta l -doped  PPP, t h e  sequence o f  
phases i s  much s i m p l e r  t h a n  f o r  t h e  case o f  a l k a l i - m e t a l  doped 
PA. P o s s i b l e  phases a r e  (C6H4)mM co r respond ing  t o  C6H4My where y 
i s  1.00, 0.50, 0.33, 0.25, and 0.20 f o r  m=1,2,3,4, and 5, respec- 
t i v e l y .  The maximum observed doping l e v e l  f rom e lementa l  analy-  
s i s  and f rom t h e  number o f  coulombs passed d u r i n g  e l e c t r o c h e m i c a l  
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258 R. H. BAUGHMAN el al. 

doping and dopant ex t rac t i on  i s  0.50,5 corresponding t o  the  2 
chain/column s t ruc tu re  (m=2). 
electrochemical curves ( L i  and ) a t  the  compositions expected 
f o r  the m=3 and m=4 structures. \  There i s  no evidence f o r  s t ruc-  
tu res  having m values greater than 4 ( 4  chains/column). 

We w i l l  now descr ibe p a r t i c u l a r  c r y s t a l  packing models 
developed f o r  (CnHn)3K, (CnHn)3Rb, and (C&)2K. 
few x-ray d i f f r a c t i o n  l i n e s  are observed f o r  the  above polyacety- 
lene complexes, s t r u c t u r e  eva lua t ion  i s  made pos i b l e  by the  

ments o f  the (CnHn)2M s t ruc tu re  as b u i l d i n g  blocks f o r  the  
(CnHn)3M s t ruc ture .  As shown i n  F igure  1, the model s t ruc tu re  
f o r  the more d i l u t e  phase i s  obtained from the  tetragonal  
(CnHn)2M phase by adding an add i t i ona l  plane o f  polymer chains 
between the  dopant-containing planes - analogous t o  the  change i n  
going from stage 1 graph i te  t o  stage 2 graphi te.  
polymer chain i s  nearest neighbor t o  two a l k a l i  metal columns i n  
the  (CnHn)2M structures,  one-half o f  the  polymer chains i n  the  
(CnHn)3M s t ruc tures  are coordinated w i t h  only one a l k a l i  metal 
column. Stagi  g has been reported prev ious ly  i n  acceptor-doped 
p ~ l y a c e t y l e n e . ~ ~ ~  Also, J. Tanaka has i n te rp re ted  the  obser- 
va t i on  o f  two i sobes t i c  po in ts  i n  the spec roscopy o f  Na-doped PA 

c i a t i o n  based on t h e i r  e lectrochemical  studies o f  Li-doped PA. 

T rans i t i ons  are observed i n  

Although very 

ex is ten  e o f  a l ong  d i f f r a c t i o n  spacing (8.0-8.2 R f o r  K and 
7.7-7.9 li f o r  Rb) t h a t  can r e a d i l y  be explained using the  key ele- 

While each 

as due t o  staging8 and M. F o u l e t i e r  e t  a l .  6 make the same asso- 

c a l c u l a t i o n  (8.1 8i f o r  K 
The long d i f  r a c t i o n  spacing from the  packing 

are i n  good agreement 
w i t h  the  observed spacings and 7.7-7.91 f o r  Rb). 
Depending upon sample preparat ion,  there  i s  d i f f i c u l t y  i n  unam- 
b i  guously separating d i f f r a c t i o n  1 ines a t  shor te r  spacings due t o  
the  (CnHn)3M phases from con t r i bu t i ons  due t o  undoped PA and 
(CnHn)2M. 
t i o n s  and r e l a t i v e  i n t e n s i t i e s  t h a t  are cons is ten t  w i t h  the pro- 
posed model f o r  (C?Hn)3M. Another compl icat 'on r e s u l t s  from the  

doped samples, appearing sometimes i n  a d i t i o n  t o  l i n e s  a t t r i -  

example, i n  PA e lec t rochemica l l y  doped t o  y=0.055) i s  l i k e l y  due 
t o  a metastable phase, s ince i t  disappears upon annealing (150°C 
f o r  2 hrs).  

The packing ca l cu la t i ons  f o r  the  ( C  H ) M s t ruc tu re  provide 
an orthogonal c e l l  I n  which t h  u n i t  ce l  parameters norma 

s e t t i n g  angle o f  e i t h e r  0 o r  90°. The separat ion o f  polymer 
layers  conta in ing  chains w i  h backbones normal t o  the  b ax i s  a re  

each complex corresponds t o  the b-axis repeat length. The 

Nevertheless, observed d i f f r a c t i o n  l i n e s  have posi-  

observation o f  a d i f f r a c t i o n  spacing a t  11.7 a i n  some of the K- 

buted t o  the  (CnHn)3M phase. This 11.7 1 l i n e  (observed, fo r  

B to 
and b=16.68 li f o r  Rb. As shown i n  F igure  1, a l l  chains have a 

succ ss i ve l y  5.941 and 2.25 B f o r  the  K-complex and 6.161 and 
2.1 8 l  f o r  the Rb complex. Twice the  sum o f  these numbers fo r  

the  chain d r e c t i o n  are a=5.94 f i  , b=16.37 In3 f o r  K and a=6.16 
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THE EVOLUTION OF STRUCTURE DURING THE ALKALI METAL DOPING 259 

r e 1  a t i  ve c o o r d i  nates o f  t h e  polymer cha ins  i n  t h e  cha i  n -ax i s  
d i r e c t i o n  a re  n o t  r e l i a b l y  es tab l i shed .  The close-packed model 
shown i n  F ig .  1 r e s u l t s  i f  t y p e  A c h a i n s  ( cha ins  c o o r d i n a t e d  t o  
two a l k a l i  meta l  columns have carbons a t  a c -ax i s  c o o r d i n a t e  

cha ins  ( cha ins  coo rd ina ted  t o  one a l k a l i  meta l  column). Due t o  
t h e  sma l le r  number o f  c o o r d i n a t i n g  a l k a l i  meta l  columns f o r  t h e  
t y p e  B chains, more o f  t h e  donated charge w i l l  be on t y p e  A 
cha ins  than  on t y p e  B chains.  

which i s  s h i f t e d  by 2.48 B / 4  r e l a t i v e  t o  carbons i n  t h e  t y p e  B 

FIGURE 2 Chain-ax is  p r o j e c t i o n  o f  t h e  proposed s t r u c t u r e  f o r  
(CgH4)2K. Atoms a r e  des igna ted  as i n  Fig. 1 

The s t r u c t u r a l  model proposed f o r  (CgH4)zK i s  shown i n  
F i g u r e  2. The longes t  observable x-ray d i f f r a c t i o n  spacing f o r  
t h i s  s t r u c t u r e  i s  c a l c u l a t e d  t o  be 7.991; t h e  (020) r e f l e c t i o n ,  
which i s  i n  good agreement w i  h t h e  l o n g e s t  observed spacing f o r  

mated as p lanar ,  w h i l e  d e v i a t i o n s  f rom p l a n a r i t y  a r e  expected due 
t o  t h e  r e p u l s i o n  o f  t h e  o r t h o  hydrogen atoms. From s t r u c t u r a l  
s t u d i e s  on a l k a l i  meta l  complexes o f  t h e  b iphen 1 anion, where 
t h e  ang le  between phenyl r i n g s  i s  7.2 t o  !3.7',lg-11 t h i s  
d e v i a t i o n  i s  n o t  o f  major  s i g n i f i c a n c e  f o r  t h e  pack ing  ana lys i s .  

The proposed s t r u c t u r e  f o r  (CgHq)2K i s  o r thoho  b i c  ( o r  
pseudo-ort orhombic), space group Pbam, w i t h  a=6.04!, b=15.981, 

potassiums i n  t h i s  c e l l .  The potass ium i s  sandwiched between 
phenyls  on p a r a l l e l  ne ighbor ing  cha ins  so t h a t  a p e r p e n d i c u l a r  t o  
t h e  two r i n g s  f rom t h e  c e n t e r  o f  HC-CH bonds i n t e r s e c t s  t h e  K 

PPP h e a v i l y  doped w i th  K(7.81 li ). The PPP backbone i s  app rox i -  

and c=4.35 w ( c h a i n  a x i s ) .  There a r e  f o u r  phenyls  and two D
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260 R. H .  BAUGHMAN eta!. 

s i t e ,  which i s  a center o f  symmetry. An a l t e r n a t i v e  s t ruc tu re ,  
i n  which the  K ions  s i t  above the  center o f  t he  phenyl r ings  does 
not provide a ca lcu la ted  long d i f f r a c t i o n  spacing which i s  i n  
agreement w i t h  the  observed value. The ca lcu la ted  s e t t i n g  angle 
o f  the  phenyls w i t h  respect t o  the  (010) plane i s  25.1°, which i s  
reasonably c lose t o  the  s e t t i n g  angle which we der ive  f o r  undoped 
PPP (31-33O) us ing  o l  i gomers as model compounds. The ca lcu la ted  
f r a c t i o n a l  c e l l  coordinates o f  the  center o f  the phenyl i s  
(0.357, 0.147, 0.000). 

The suggested coord ina t ion  of K w i t h  HC-CH bonds i n  PPP i s  
i n t e r e s t i n g  as i s  the suggested occurrence o f  a dimer structure.  
Ex t rapo la t ing  from r t u r a l  measurements on biphenyl and the  
biphenyl (-1) anion, f b s y f  charge t r a n s f e r  r e s u l t s  i n  dimensional 
changes from an aromatic s t ruc tu re  toward a qu ino ida l  s t ruc tu re .  
Hence, i f  the donated charge i s  l a r g e l y  present i n  bonds p a r a l l e l  
t o  the chain d i rec t i on ,  t h e  der ived coord ina t ion  o f  t he  K w i t h  
these bonds i s  reasonable. Note a lso  from the  s t ruc tu re  of the  
(CgH4)2K complex (Fig. 2)  t h a t  t h i s  coord ina t ion  produces a h igh  
molecular d ipo le  normal t o  the  chain d i r e c t i o n  and r e s u l t s  i n  
th ree  chemical ly-dist inguishable carbon atoms, i n  cont ras t  w i t h  
the two chemical ly-dist inguishable carbon atoms i n  the  undoped 
polymer. 

The p red ic t i on  o f  p roper t ies  based on these s t r u c t u r a l  
models w i l l  be the  subject  o f  f u  u re  comnunications. 

ava i lab le  composition range f o r  PA (K-doped between 0.005<y<0.125 
on dopant i n s e r t i o n  and 0.005<y<0.10 on dopant ex t rac t i on )  and 
f o r  PPP ( L i  or K-doped w i t h  y>O.O2) a change i n  dopant con- 
cen t ra t i on  r e s u l t s  i n  a change i n  the  r e l a t i v e  f r a c t i o n  of com- 
p o s i t i o n a l l y  d i f f e r e n t  phases. Therefore, a mult i-phase model i s  
necessary t o  exp la in  the changing proper t ies  o f  these mater ia ls  
over most o f  t h e i r  obtainable composit ion range. 

This work 
and re la ted  electrochemical data s show t h a t  over most of the 
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