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NEW STRUCTURAL PHASES OF POLYMER BATTERY ANODE MATERIALS: 
ALKALI-METAL-DOPED POLYACETYLENE AND PULYPHENYLENE 

L.W. SHACKLETTE, N.S. MUHTHY, and K.H. BAUGHMAN 
A1 1 i e d  Corporation, Corporate Technology 

Morristown, NJ U7960, USA 

Abstract  

New ordered phases o f  a lka l i -meta l  complexes o f  polyacety- 
lene and poly(p-phenylene) have been i d e n t i f i e d  by x-ray d i f f r a c -  
t i o n  studies and by quas i -equ i l ib r ium measurements o f  p o t e n t i a l  
vs. composition dur ing  electrochemical reduct ion w i t h  L i t ,  Na', 
and Kt  counterions. 

INTRODUCTION 

Polyacetyl  enel, polyphenylene2s3 and other conjugated poly-  
mers have been considered f o r  app l i ca t i on  i n  nonaqueous- 
e l e c t r o l y t e  secondary b a t t e r i e s  where they may func t i on  as e i t h e r  
anode or  cathode. We w i l l  present some important s t r u c t u r a l  
cha rac te r i s t i cs  of polyacetylene (PA) and polyphenylene (PPP) as 
they r e l a t e  t o  the  po ten t i a l  use o f  these polymers as anodes. I n  
t h i s  case, we w i l l  be concerned w i t h  p a r t i a l l y  reduced polymers 
f o r  which the i on - inse r t i on  reac t ion  may be represented by 

[PI, ' xyc' I- +xye> CP-YC,+Ix , 
-xye 

where P denotes the  polymer composit ional repeat u n i t ,  Ct the  
i nse r ted  cat ion,  y the  f r a c t i o n a l  charge per repeat u n i t ,  and x 
t he  degree o f  polymerization. 
PPP. 

One o f  the  most important considerat ions r e l a t i n g  t o  the  use 
o f  e lec t roac t i  ve polymers i n  b a t t e r i e s  concerns the  charge s to r -  
age capaci ty (maximum value o f  y ) .  
discrepancy f o r  polyacetylene i n  the  reported values o f  y obtain- 
ab le  w i t h  L i t  by chemical means4 (y = 0.3) and by electrochemical  
means5 We have been able t o  resolve t h i s  discrep- 
ancy by performing electrochemical reduct ions i n  more cathodic- 
a l l y  s tab le  e lec t ro l y tes .  Po ten t i a l  vs. composit ion curves are 
presented i n  Fig. 1 f o r  Li+, Na' and K+ i n s e r t i o n  i n  polyacety- 
lene. We have found t h a t  t he  maximum value o f  y f o r  L i +  coun- 
te r i ons  i n  PA i s  y = 0.18 - + 0.01. 

P i s  -CH- f o r  PA and -C6H4- f o r  

To date, there  has been a 

(y = 0.08). 

This value i s  supported by our 
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FIGURE 1 Li', Na', K+ i n s e r t i o n  and ex t rac t i on  i n  PA with 
e lec t ro l y tes  o f  l i t h i u m  tetramethylborate (a), sodium 
te t rae thy lbora te  (b), and potassium t r i b u t y l  (N-pyrrol- 
y l  )borate (c). 
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NEW STRUCTURAL PHASES OF PA AND PPP 203 

e lec t rochemica l  data and by elemental a n a l y s i s  o f  samples chemi- 
c a l l y  doped w i t h  l i t h i u m  b iphenyl .  
w i t h  t h e  1 i t e r a t u r e a  p robab ly  r e s u l t s  f rom s o l v e n t  c o i n s e r t i o n 6 ,  
which w i l l  r a i s e  t h e  apparent l i t h i u m  c o n t e n t  as determined by 
we igh t  increase. 

POLYACETYLENE STRUCTURE 

The remain ing d i sc repancy  

Having found a s t a b l e  e lec t rochemica l  system, we have been 
a b l e  t o  s tudy t h e  s t r u c t u r a l  e v o l u t i o n  o f  p o l y a c e t y l e n e  a t  va ry -  
i n g  degrees o f  reduc t i on .  As i l l u s t r a t e d  i n  Fig. 1, PA e x h i b i t s  
a s e r i e s  o f  p la teaus  i n  t h e  v o l t a g e  vs. p e r c e n t  r e d u c t i o n  curves 
f o r  L i+,  Na+ and K+. 
e l e c t r o n i c  d e n s i t y  o f  s t a t e s  o f  t h e  polymer, b u t  a r e  more l i k e l y  
t o  have a s t r u c t u r a l  o r i g i n .  Sharp p la teaus  i n  v o l t a g e  vs. com- 
p o s i t i o n  curves a r e  no rma l l y  i n d i c a t i v e  o f  mu1 t i p h a s e  s t r u c t u r a l  
e f f e c t s  as seen i n  t h e  e lec t rochemica l  i n t e r c a l a t i o n  o f  graph- 
i t e 7 ,  TiS28 and WO29. 

Since PA o r  PPP cha ins  a r e  o n l y  weakly bonded t o  form a 
three-d imensional  c r y s t a l  1 i n e  s t r u c t u r e ,  cons ide rab le  changes i n  
t h e  pack ing o f  these chains a re  p o s s i b l e  d u r i n g  i o n  i n s e r t i o n .  
I n  t h e  case o f  a l k a l i - m e t a l  i o n  i n s e r t i o n  i n  PA ( w i t h  t h e  excep- 
t i o n  o f  L i + ) ,  a channe l - l i ke  s t r u c t u r e  has been i d e n t i f i e d  f o r  
c h e m i c a l l y  prepared, h e a v i l y  doped m a t e r i a l  (y 2~ 0.17). I n  t h i s  
s t r u c t u r e  t h e  i n s e r t e d  i o n s  a r e  arranged i n  columns which a r e  
each surrounded by f o u r  p o l y a c e t y l  ene cha ins lo .  The p la teaus  
observed a t  low l e v e l s  o f  r e d u c t i o n  ( y  '2 0.05) a r e  i n d i c a t i v e  o f  
o t h e r  types o f  ordered s t r u c t u r e s  f o r  t hese  more d i l u t e  com- 
p o s i t i o n s .  

Because po lyace ty lene  complexed w i t h  potassium d i s p l a y s  t h e  
most d i s t i n c t  p la teaus  and forms t h e  most c r y s t a l 1  i n e  complexes, 
we have s t u d i e d  t h i s  m a t e r i a l  i n  d e t a i l .  Measurements o f  poten- 
t i a l  vs. composi t ion (F ig .  2) were taken w i t h  a computer 
c o n t r o l  1 ed incrementa l  -vol tage-step t e c h n i q u e l l .  The p o t e n t i a l  
o f  t h e  polymer e l e c t r o d e  vs. a K/K+ r e f e r e n c e  was stepped i n  25 
mV increments o r  decrements between p r e s e t  v o l t a g e  l i m i t s .  The 
c u r r e n t  a f t e r  each v o l t a g e  s tep  was a l l owed  t o  decay t o  a p r e s e t  
minimum corresponding t o  50 vA/cm2. 

I n  d i f f e r e n t  runs, samples were removed d u r i n g  K+ i n s e r t i o n  
w i t h  y va lues near 6%, 12% and 16% and x- ray d i f f r a c t i o n  da ta  
were obtained. ( E l e c t r i c a l  c o n d u c t i v i t i e s  were 170, 220, and 260 
S/cm, r e s p e c t i v e l y ) .  The x- ray da ta ,  which w i l l  be more f u l l y  
d iscussed e l  sewherel2, suggest t h a t  t h e  o r g a n i z a t i o n  o f  K+ i o n s  
i n  columns i s  preserved i n  t h e  more d i l u t e  composi t ions.  
However, t h e  spacing o f  i ons  w i t h i n  columns and t h e  number o f  
cha ins  per column i s  v a r i a b l e .  

A t  t h e  h i g h e s t  doping l e v e l s  obta ined,  t h e  s t r u c t u r e  o f  r e f .  
10 i s  observed where t h e  r a t i o  o f  PA cha ins  t o  columns o f  K+ i o n s  
i s  2. 

These f e a t u r e s  may r e f l e c t  a maximum i n  t h e  

Mer id iona l  x- ray d a t a  suggest a separa t i on  around 3.71 
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204 L. W. SHACKLETTE, N. S. MURTHY AND R. H. BAUGHMAN 

Y M 

FIGURE 2 Immediate open-circuit  voltage ( s o l i d  curve)  and i t s  
d e r i v a t i v e  (broken curve) a re  p l o t t e d  f o r  K+ i n s e r t i o n  
(bottom) and ex t rac t ion  ( top) .  
cate probable t r a n s i t i o n  points between the  growing o f  
one phase and the next.  Possible ordered compositions 
are  also p l o t t e d  according t o  t h e i r  predicted y value. 

Maxima i n  (dV/dyl i n d i -  
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NEW STRUCTURAL PHASES OF PA AND PPP 205 

between K+ i o n s  i n  a g i ven  column. 
comnensurate arrangement o f  i o n s  a long a g i ven  polymer cha in  as 
shown i n  Fig. 3. 

Such a spacing l e a d s  t o  a 

H H H H H  

H H H H H H  
~ c ~ ~ ~ c / ~ , c / ~ ~ c ' ~ , c / ~ ' c /  

k a  
FIGURE 3 A commensurate phase i d e n t i f i e d  f o r  h e a v i l y  reduced 

polyacety lene.  B lack d o t s  show t h e  p o s i t i o n s  o f  K+ 
i o n s  i n  a g i ven  i o n  column i n  r e l a t i o n  t o  one o f  f o u r  
ne ighbor ing  PA chains. 

S ince t h e r e  a r e  3 CH u n i t s  pe r  i o n  and 2 cha ins  pe r  i o n  column i n  
t h i s  phase we denote t h i s  compos i t i on  by (C3H3)2K,  i.e., y = 
0.167. Various p o s s i b l e  phases a r e  p l o t t e d  i n  Fig. 2 acco rd ing  
t o  t h e i r  p a r t i c u l a r  composit ion. X-ray d a t a  from samples taken  
a t  t h e  end o f  t h e  f i r s t  p l a t e a u  (y 2 6%) e x h i b i t  a l o n g  spacing 
o f  ca. 8.21 wh ich  suppor ts  t h e  "second stage"  s t r u c t u r e  o f  Fig. 4 
where t h e r e  a r e  3 polymer cha ins  per  i o n  column. Other "h ighe r  
stage'' compounds a re  l i k e l y  t o  be i d e n t i f i e d  by f u r t h e r  s tudy  
s i n c e  p r e l i m i n a r y  evidence suggests a l o n g e r  spacing (11.71) f o r  
samples taken near 5% reduc t i on .  Samples taken a t  y = 12%, 15%, 
o r  16% a l l  e x h i b i t  a l ong  spacing o f  6.0w and o t h e r  s h o r t e r  spa- 
c i n g s  c h a r a c t e r i s t i c  o f  t h e  " f i r s t  s tage"  s t r u c t u r e  o f  Fig. 4. 
The samples near  16% a l s o  e x h i b i t  a m e r i d i o n a l  l i n e  co r respond ing  
t o  a 3.721 spacing between K+ ions. As a l r e a d y  mentioned, t h i s  
spacing l eads  t o  a t h e o r e t i c a l  compos i t i on  o f  16.7% f o r  t h e  
c r y s t a l l i n e  reg ions  observable by x - ray  d i f f r a c t i o n .  Amorphous 
r e g i o n s  o f  t h e  sample may b e  doped t o  a l e s s e r  degree. 

p o s i t i o n s  near  6% and t h e  d e t a i l s  o f  t h e i r  e v o l u t i o n  a r e  y e t  t o  
be p r e c i s e l y  determined, t h e  p resen t  e lec t rochemica l  ev idence 
suggests t h a t  Kt i o n  i n s e r t i o n  i n  PA l a r g e l y  proceeds i n  two 
s teps  from v e r y  l i g h t l y  doped polymer (y <0.5%) th rough  an i n t e r -  
med ia te  phase (y 2 6%) t o  t h e  " f i r s t  s tage"  complex (y > 12%). 
The f l a t n e s s  o f  t h e  f i r s t  p l a t e a u  s t r o n g l y  suggests t h a T  a s i n g l e  
i n t e r m e d i a t e  phase hav ing a composi t ion near  y = 6% i s  k i n e t i -  
c a l l y  favored over  o t h e r  p o s s i b l e  phases. X-ray d i f f r a c t i o n  d a t a  
on "aged samples" suggest t h a t  o t h e r  l e s s  k i n e t i c a l l y  f avo red  b u t  
more thermodynamical ly  s t a b l e  phases can appear a f t e r  ag ing t imes  
o f  days o r  weeks. The "second stage"  complex i n  F ig.  4 appears 
t o  be one o f  t h e  thermodynamical ly  s t a b l e  phases. 
ma t ion  o f  t h e  " f i r s t  stage" complex i s  completed near  y = 12%, 
f u r t h e r  e v o l u t i o n  o f  t h i s  phase occurs w i t h  con t inued  K+ i n s e r -  
t i o n .  The extended t a i l  between ca. 12% and ca. 16% wh ich  
d i s p l a y s  l i t t l e  h y s t e r e s i s  (F ig .  l c )  i s  assoc ia ted  w i t h  t h e  con- 

A l though t h e  exact  s t r u c t u r e  o f  t h e  d i l u t e  phase(s) a t  com- 

A f t e r  f o r -  
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206 L. W .  SHACKLETTE. N. S. MURTHY AND R.  H. BAUGHMAN 

FIRST STAOt SECOND STAOL 
(cnnni2y (cnn,)su 

FIGURE 4 Proposed " F i r s t  Stage" S t ruc ture  where a ' (ca1c) = 6.041 
and a'(obs) = 5.9 8, and "Second Stage" s t ruc tu re  where 

along the  chain d i rec t i on .  K+ ions (black c i r c l e s )  are 
arranged i n  columns. 

t inuous compression o f  K+ ions i n t o  a1 ready establ  ished channels. 
Thus, a near ly  continuous evo lu t i on  i s  seen upon ion  i n s e r t i o n  
from the commensurate phase, (CqHq)zK, t o  the  comensurate phase, 
(C3H3)2K, and l i kewise ,  upon i o n  ex t rac t ion ,  the reverse evolu- 
t i o n  i s  seen from (C3H3)zK t o  (CqH4)zK and poss ib ly  t o  (C5Hg)zK. 
This f i l l i n g  o r  emptying o f  the  channels forces successively 
higher o r  lower reduc t ion  l e v e l s  f o r  each cha in  and hence the  
vol tage i s  much more r a p i d l y  varying than over the plateau 
regions where new s t ruc tu res  are being establ ished. The low 
hys teres is  observed over the t a i l  p o r t i o n  a l so  supports the idea 
t h a t  no major s t r u c t u r a l  reorgan iza t ion  i s  occur r ing  i n  t h i s  
range. I n  the region o f  y < 12%, i t  i s  l i k e l y  t h a t  t he  k i n e t i c  
l i m i t a t i o n s  i n  the  t ransformat ion from one phase t o  another w i l l  
cause the sequence o f  phases observed dur ing  i n s e r t i o n  t o  be d i f -  
f e ren t  from the sequence dur ing  ex t rac t ion .  P a r t i c u l a r l y ,  long  
spacings between K+ ions i n  a given channel (e.g., w i t h  (CgH5)zK) 
a re  most l i k e l y  t o  be observed dur ing i o n  e x t r a c t i o n  from an 
a1 ready establ ished channel. Such d i f f e r e n t  pathways on inser -  
t i o n  and ex t rac t i on  are l i k e l y  t o  cause a l a rge  p a r t  o f  the  
hys teres is  observed f o r  y < 12% (Fig. l c ) .  

b1 /2 (ca l c )  = 8.18 !i and b'/2(obs) = 8.201. View i s  

POLY (p-PHENYLENE) STRUCTURE 

We have a l so  inves t iga ted  the s t r u c t u r a l  evo lu t i on  o f  
polyphenylene (P i s  C6H4 i n  Eq. 1) dur ing  a lka l i -meta l  i on  inser -  
t i o n  and extract ion.  As may be seen i n  Fig. 5, PPP a l so  e x h i b i t s  
a ser ies o f  plateaus w i t h  L i +  and w i t h  K+ (no t  shown). It 
appears t h a t  the l i m i t i n g  reduct ion l e v e l  w i t h  PPP f o r  the coun- 
te r i ons  Li+, Na+, and K+ i s  0.50 e lec t rons  per phenyl r ing.  
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NEW STRUCTURAL PHASES OF PA AND PPP 201 

0 1  ' 1 ' 1 ' 1  ' ' I  

10 m 30 40 

Y l x )  

FIGURE 5 L i t  i n s e r t i o n  and e x t r a c t i o n  i n  poly(p-phenylene)  u s i n g  
an e l e c t r o l y t e  o f  l i t h i u m  t e t r a p h e n y l b o r a t e  i n  THF. 

b-16.08i 

2 x d(obr)= 1 6 . d  

FIGURE 6 Proposed s t r u c t u r e  f o r  PPP i n s e r t e d  by Kt 
maximum composi t ion,  y = 0.50. 

ions t o  t h e  
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208 L. W .  SHACKLETTE. N. S.  MURTHY AND R. H. BAUGHMAN 

X-ray d i f f r a c t i o n  studies on heav i l y  reduced PPP suggest the  
s t ruc tu re  i l l u s t r a t e d  i n  Fig. 6, where again a1 kal i -metal  atoms 
are  arranged i n  columns w i th  each column being associated w i t h  
two polyphenylene chains. I f  one assumes a commensurate arrange- 
ment o f  ions along ea h chain (a spacing o f  K+ ions matching t h a t  

l a ted  as described i n  Table 1 where the  number o f  chains per 
column var ies  from 2 t o  4. The t a b l e  i l l u s t r a t e s  the  exce l len t  
agreement between the compositions pred ic ted  by t h i s  model and 
the  i n f l e x i o n  po in ts  observed f o r  L i +  and Kt i n s e r t i o n  i n  PPP. 

o f  phenyl r ings, 4.35 a ), then a se r ies  o f  phases may be postu- 

TABLE 1: Possible Comnensurate Phases 
For A1 kal  i -Metal Doped Pol y( p-phenyl ene) 

y from y from L i +  y from L i +  y from K+ 
Theory Inse r t i on  Ex t rac t i on  I n s e r t i o n  

(1.00) Not Observed 
0.50 0.48 0.48 0.50 

(C6H4 )M 
(C6H4)2M 
(C6H4) 3M 0.33 0.35 0.34 0.37 
(C6H4)4M 0.25 0.25 0.20 0.25 

n6H4)mM denotes m Polymer Chains per Channel 

CONCLUSIONS 

Our electrochemical and x-ray d i f f r a c t i o n  data demonstrate 
t h a t  a lka l i -meta l  i n s e r t i o n  i n  PA and PPP proceeds a t  l e a s t  i n  
p a r t  v i a  a sequence o f  s to ich iomet r ic  phases. 
t ransformat ion from one phase t o  the  next causes the  appearance 
o f  plateaus i n  po ten t i a l  VS. composit ion curves obtained dur ing  
i o n  i n s e r t i o n  o r  extract ion.  
nuc lea t ion  and growth o f  p a r t i c u l a r  ordered phases and no t  t o  a 
homogeneous d i s t r i b u t i o n  o f  dopant. I n  other regimes where p la -  
teaus are not evident, continuous evo lu t i on  o f  nonstoichiometr ic 
phases i s  suggested. 
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