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ELECTRONIC STRUCTURE OF POLYACETYLENE" - FINITE MODELS OF CIS-FORM - 

T. YAMABE, T. ~ T S U I ,  K.  AKAGI, K.  OHZEKI, H, SHIRAKAWA** 
Department of Hydrocarbon Chemistry 
Faculty of Engineering 
Kyoto University 

Electronic and vibrat ional  s t ruc tures  of f i n i t e  c i s -  
polyenes a r e  investigated i n  order t o  e lucidate  t h e  
or ig in  and mechanism of enhanced I R  ac t ive  v ibra t iona l  
i n t e n s i t i e s .  The remarkable charge polar izat ion gene- 
ra ted by one- o r  two-electron t r a n s f e r  from t h e  
polyene segment t o  the  electron accepting dopant i s  
confirmed a s  t h e  or igin,  which is common t o  t r a n s  
and cis-form of (CH)x. 

INTRODUCTION 

High e l e c t r i c  conductivity of polyacetylene , ( C H ) x ,  espe- 
c f a l l y  upon the  doping by electron donating or e lectron 
accepting species,  has proved an inherent a v a i l a b i l i t y  
of ( C H ) X  as  an excellent organic conductive mater ia l  L1-31. 
Since opt ica l  properties of t h e  doped-( CH)x serve f o r  t h e  
understanding of t h i s  fascinat ing mater ia l  through t h e i r  
profound physico-chemical informations, t h e  extensive stud- 
ies based on spectroscopic approaches have been car r ied  out 
up-to-date [ 3-63. Among t h e  observed phenomena, t h e  occurrence 
of th ree  intense infrared ( I R )  absorption bands of t h e  doped- 
(CH)x has been t h e  focus of current a t ten t ion  ; The observat- 
ion of  these charac te r i s t ic  bands a r e  i r respec t ive  of not 
only t h e  dopant species of e lectron donor and acceptor but 
a l so  t h e  geometrical conformation of t rans-  and cis-forms 
[ 7 - 9 ] .  On t h e  other hand, t h e  evidence of similar behavior 
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for Promotion of Science. 
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1264 I 1581 T. YAMABE ef at. 

of the  doped @-carotene as  t h e  doped-(CH)x has  shed l i g h t  
on the  r e l i a b i l i t y  t o  use  f i n i t e  polyenes i n  grasp ing  t h e  
e s s e n t i a l  na tu re  of  (CH)x, t h a t  be ing  an i n f i n i t e  polyene 
[ 9-12]. 

I n  the  preceding paper  [13] ,  w e  have d iscussed  t h e  
e l e c t r o n i c  and v i b r a t i o n a l  s t r u c t u r e s  of n e a t  and doped 
trans-(CH)x by means of s e v e r a l  k inds  o f  f i n i t e  polyenes 
of trans-form, and s t r e s s e d  t h e  importance of  charge polar -  
i z a t i o n  i n  account ing f o r  t h e  enhanced I R  a e t i v e  v i b r a t i o n a l  
i n t e n s i t i e s  of trans-polyenes.  

s tudy is devoted t o  the  case  of  cis-(CH)x. For t h i s  aim, 
molecular o r b i t a l  (MO) c a l c u l a t i o n s  w i t h i n  MIND0/3 approxi-  
mation and v i b r a t i o n a l  ana lyses  have been executed on the  
b a s i s  of  f i n i t e  polyenes.  

I n  o rde r  t o  r e i n f o r c e  t h e  above argument, t h e  p re sen t  

MODEL SYSTEM AND METHOD OF CALCULATION 

The f i n i t e  polyenes wi th  C2h symmetry, C12H14, C12H14(+*), 
and C12H14(2+), a r e  used f o r  models, where t h e  c a t i o n  r a d i c a l  
and d i -ca t ion  a r e  regarded t o  be  genera ted  by one- and two- 
e l e c t r o n  t r a n s f e r  from polyene segments t o  t h e  e l e c t r o n  
accept ing  dopant,  r e spec t ive ly .  S ince  among two s t r u c t u r a l  
isomers of cis-(CH)x, t he  c i s - t r anso id  form is  known t o  be  
more s t a b l e  than t h e  t r ans -c i so id  form [14,15] ,  f i n i t e  
polyenes of c i s - t r anso id  form are  adopted a s  i n i t i a l  geo- 
metries i n  c a l c u l a t i o n  of  geometry opt imiza t ion  which w i l l  
be discussed l a t e r .  

MO c a l c u l a t i o n s  of c losed-she l l  and open-shel l  systems 
are performed us ing  RHF and UHF MIND0/3 methods, respec- 
t i v e l y .  The geometry opt imiza t ion  and c a l c u l a t i o n  of normal 
v iba r t ion  of f i n i t e  polyenes are c a r r i e d  out  by means of 
t h e  energy-gradient method. That is, t h e  equ i l ib r ium geo- 
metry i s  obta ined  wi th  t h e  metric op t imiza t ion  procedure 
[16] f o r  which t h e  g rad ien t  of p o t e n t i a l  energy is  calcu-  
l a t e d  by MIND0/3 ve r s ion  of i t s  SCF formalism [17] .  The 
normal coord ina tes  corresponding t o  normal v i b r a t i o n s  are 
given as the  e igenvec tors  of t h e  s e q u l a r  equat ion  [18,19],  

i, j = 1 , 2 , - - - -  , 3N ; K = cons t .  

Where W is  t h e  p o t e n t i a l  energy and X i  i s  t h e  mass- 
weighted Car t e s i an  coord ina te .  The masses ( i n  atomic u n i t )  
used f o r  atoms are 1.0078 f o r  H and 12.00 f o r  C.  The second 
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ELECTRONIC STRUCTURE OF POLYACETYLENE [I  159]/127 

d e r i v a t i v e s  of  t h e  p o t e n t i a l  energy are  o b t a i n e d  by t h e  
numerical  d i f f e r e n t i a t i o n  o f  p o t e n t i a l  g r a d i e n t s .  

d i f f e r e n t i a t i o n  of t h e  d i p o l e  moment, p, i n  t h e  e l e c t r o n i c  
ground s t a t e  a l o n g  each normal c o o r d i n a t e ,  Q i ,  by t h e  fol low- 
i n g  formula,  

The I R  i n t e n s i t y ,  A i ,  is c a l c u l a t e d  w i t h  t h e  numer i ca l  

Throughout t h e  p r e s e n t  c a l c u l a t i o n ,  t h e  o r i g i n  o f  C a r t e s i a n  
c o o r d i n a t e  system i s  chosen a t  t h e  c e n t e r  of t h e  g r a v i t y  o f  
f i n i t e  polyene.  

RESULTS AND DISCUSSION 

F i g u r e  1 shows t h e  op t imized  g e o m e t r i e s , o f  n e u t r a l ,  c a t i o n -  
r a d i c a l ,  and d i - c a t i o n  forms of  c i s - p o l y e n e s ,  t o g e t h e r  w i t h  
t h e  v a l u e s  of  n e t  cha rge  and r-bond o r d e r .  I t  i s  s e e n  t h a t  
t h e  c a t i o n i c  polyene c h a i n s  t e n d  t o  be  s h o r t e n e d ,  which may 
be due t o  t h e  c o n t r a c t i o n  o f  e l e c t r o n  c louds  a s s o c i a t e d  w i t h  
t h e  l o s s  of  one o r  two e l e c t r o n s .  S imul t aneous ly ,  t h e s e  
c a t i o n i c  polyenes e x h i b i t  more p o l a r i z e d  charge d i s t r i b u t i o n  
where t h e  p o s i t i v e  and n e g a t i v e  c h a r g e s  a l t e r n a t i v e l y  s p r e a d  
ove r  t h e  polyene c h a i n ,  i n  comparison w i t h  t h e  case o f  neu- 
t r a l  polyene.  T h i s  cha rge  p o l a r i z a t i o n  i s  found t o  b e  more 
remarkable  i n  t h e  d i - c a t i o n  form t h a n  t h e  c a t i o n - r a d i c a l  
form. 

It i s  worthy t o  n o t e  t h a t  t h e  l o s s  o f  one o r  two ele- 
c t r o n s  causes  n o t  only t h e  weakening o f  bond a l t e r n a t i o n  b u t  
a l s o  t h e  recombinat ion of  r - e l e c t r o n  p a i r i n g  which p a r t l y  
g i v e s  r i se  t o  t h e  t r a n s - c i s o i d  form i n  t h e  c i s  ( c i s - t r a n s o i d )  
polyene,  as  shown i n  F i g u r e  1. Th i s  r e s u l t  s u p p o r t s  o u r  
p r e v i o u s  p r e d i c t i o n  [ 2 0 ]  t h a t  t h e  i s o m e r i z a t i o n  from c is -  
t o  trans-(CH)x upon t h e  doping shou ld  proceed th rough  t h e  
con t inuous  i n t e r n a l  r o t a t i o n  o f  t r a n s - c i s o i d  po lyene  segment 
which is c o n s t r u c t e d  from t h e  c i s - t r a n s o i d  po lyene  segment 
l o c a t e d  between two doping s i tes  by v i r t u e  of  t h e  recombina- 
t i o n  o f  r - e l e c t r o n  p a i r i n g .  

F i g u r e  2 d e s c r i b e s  t h e  c a l c u l a t e d  v i b r a t i o n a l  f r e q u e n c i e s  
and r e l a t i v e  i n t e n s i t i e s ,  ( ap /aQi )2 ,  o f  n e u t r a l  po lyene ,  
C12H14, t o g e t h e r  w i t h  t h e  expe r imen ta l  I R  spec t rum of  c i s -  
(CH)x which h a s  been s y n t h e s i z e d  i n  o u r  l a b o r a t o r y  a c c o r d i n g  
t o  t h e  e s t a b l i s h e d  p rocedure  [21 ] .  I n  t h i s  f i g u r e ,  t h e  c a l c u -  
l a t e d  i n t e n s i t i e s  mainly due t o  t h e  c e n t r a l  and t e r m i n a l  
v i b r a t i o n a l  modes o f  t h i s  polyene a r e  d i s t i n g u i s h e d  w i t h  t h e  

Now l e t  us  c o n s i d e r  t h e  normal v i b r a t i o n  o f  c i s -po lyene .  
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1284 1 1601 

Net Chargo 

NEUTRAL 

C1 C2 c4 C5 ‘6 
+0.07 -0.01 +0.14 +O.OO +0.12 +0.07 

T. YAMABE er al. 

Net Charge 

#-Bond Order 

1.33 1.35 

Bond Length 
1 2  

(11 1.35 

C1 c 2  ‘4 c 5  ‘6 
+0.29 -0.13 +0.38 -0.11 +0.24 +0.04 

‘1*2 ‘ZC3 ‘3*4 ‘4*5 ‘5<6 ‘6*7 
0.80 0.56 0 .51  0.80 0.34 0.88 

c4 c5 ‘6 
-0.03 +0.04 +0.02 +0.02 +0.02 +0.02 I N i t  Charge 

.-Bond Order I ‘1% ‘2*3 ‘3% 4 %  ‘5<6 ‘6<7 
0.96 0.28 0.92 0.30 0 .91  0.30 

CATION-RADICAL 

c1-c2 c p 3  C3<( c4-c5 C5<( C6’C7 I 0.85 0.42 0.69 0.56 0.62 0.62 
r-Bond Order 

DI -CAT I ON 
1.36 1.46 

1 I  y.1.41 S 
Bond Length 3 ----- //.37 4 

r r ,  1.43 

I?IGURE 1 
C12H14(+-), and C12H14(2+) 

E le t c ron ic  and geometr ical  s t r u c t u r e s  o f  C12H14, 
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ELECTRONIC STRUCTURE OF POLYACETYLENE [ 1161]/129 

1500 cm-' 500 
1 I 1 1 
I 1 1 

Calc. - : Vibrations 
due to Central 
Segments 

trans 

Obs.  

C-n in'-piane def. 

+ 
C-C-C in-plane def. 

C-H out-of-plane def. 

FIGURE 2 C a l c u l a t e d  and observed I R  s p e c t r a  ( upper  : 
cis-Cl2H14 ; lower  : cis-(CH)x ) 

t h i c k  and t h i n  s t r a i g h t  l i n e s ,  r e s p e c t i v e l y .  T h i s  f i g u r e  
i n d i c a t e s  t h a t  t h e  c e n t r a l  v i b r a t i o n a l  f r e q u e n c i e s  and 
i n t e n s i t i e s  o b t a i n e d  h e r e  w e l l  reproduce t h e  g l o b a l  f e a t u r e  
of  t h e  observed spectrum, and t h a t  t h e  a s s ignmen t s  o f  v i b r a -  
t i o n a l  peaks a g r e e  w i t h  t h o s e  of  o t h e r  works [ 2 2 , 2 3 ] .  These 
r e s u l t s  promotes us t o  proceed t o  t h e  v i b r a t i o n a l  a n a l y s e s  
o f  c a t i o n i c  polyenes.  
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1 304 1 1621 T. YAMABE et at. 

Table 1 I R  Active Vibra t iona l  Frequencies (cm-1) and 
I n t e n s i t i e s  of C12H14, C12H14(+*), and C12H14(2+) 

F i r s t  Second Third 
Band Group 

['C-C + 'C-HIa ['C-HIa 

C 1 2 H 1 4  1879 (0.005) 
1835 (0.000) 
1770 (0.007) 

C12H14(+*) 1676 (0.277) 
1604 (0.784) 

C12H14(2+) 1740 (0.588) 
1596 (73.34) 
1531 (68.93)b 

1380 (0,001) 

1388 (0.566) 

1339 (0.380) 

1309 (0.048) 
1243 (0.062) 
1236 (0.284) 
1197 (0.332) 
1189 (0,124) 
1137 (0.040) 

1308 (0.073) 
1264 (0.018) 
1 2 4 4  (5.218) 
1217 (0.012) 
1200 (0.059) 
1165 (0.360) 

1285 (0.019) 
1254 (0.419) 
1213 (3.286) 
1200 (1.946) 
1182 (0.078) 
1140 (0.254) 

main assignment bsee t h e  body of t h e  manuscript  a 

Since the  t h r e e  I R  bands observed f o r  t h e  doped-(CH)x 
a r e  loca ted  a t  1397, 1288, and 888 cm-1 and these  bands a r e  
i r r e s p e c t i v e  of t r ans -  and cis-forms [ 9 ] ,  t he  corresponding 
normal v i b r a t i o n s  of c a t i o n i c  polyenes can be  s e l e c t e d  
tak ing  i n  mind t h a t  t h e  present  c a l c u l a t i o n  tends t o  over- 
estimate t h e  v i b r a t i o n a l  f requencies  i n  t h i s  region by ca .  
100 t o  200 cm-1 [13] .  The II? a c t i v e  normal v i b r a t i o n s  i n  
t h i s  region are  found t o  belong t o  bu mode f o r  c a t i o n i c  
polyenes wi th  C2h symmetry. Table 1 summarizes the  v ibra-  
t i o n a l  f requencies  and r e l a t i v e  i n t e n s i t i e s  of  bu-normal 
v ib ra t ions  which a r e  c l a s s i f i e d  i n t o  t h r e e  groups abbrevia ted  
a s  f irst ,  second, and t h i r d  groups. It may be  s t r a igh t fo rward  
to make main assignment f o r  t hese  v i b r a t i o n a l  groups. That 
i s ,  the  f i r s t  group i s  almost a t t r i b u t e d  t o  t h e  C-C s t r e t c h -  
ing  v i b r a t i o n  ( V C ~ C ) ,  t h e  second the  mixed v i b r a t i o n  
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ELECTRONIC STRUCTURE OF POLYACETYLENE [ 1163]/131 

(VC+ + ~ c - H )  i n c l u d i n g  t h e  C-C s t r e t c h i n g  and in-p lane  C-H 
bending v i b r a t i o n a l  modes, and t h e  t h i r d  t h e  ~ c - H .  These 
assignments  a r e  a l s o  r a t i o n a l i z e d  by F i g u r e  3,  which shows 
t y p i c a l  t h r e e  k i n d s  of v i b r a t i o n s  of C12H14(2+) polyene as  
w e l l  a s  t h o s e  o f  C12H14 polyene.  Note t h a t  a l though t h e  
v i b r a t i o n  of d i - c a t i o n  form a t  1531 cm-1 c i t e d  i n  Table  1 
has n a t u r e  of b o t h  VC=C and VC-C modes, i n  which t h e  c o n t r i -  
b u t i o n  of  t h e  l a t t e r  is  c o n s i d e r a b l y  l a r g e r  than  t h e  former,  
t h i s  v i b r a t i o n  i s  taken i n t o  t h e  c a t e g o r y  o f  t h e  f i r s t  group 
on t h e  b a s i s  of i t s  v i b r a t i o n a l  f requency.  

I t  is s e e n  from Table  1 t h a t  t h e  loss  of  one o r  two 
e l e c t r o n s  l e a d s  t o  t h e  lower-frequency s h i f t  of t h e  VC=C 
v i b r a t i o n s ,  w h i l e  t h e  (VC-C + ~ c - H )  and ~ C - H  v i b r a t i o n s  are 
n o t  s o  changed. It  i s  a l s o  c l e a r  t h a t  t h e  v i b r a t i o n a l  i n t e n -  
s i t i e s  i n  c a t i o n i c  polyenes a r e  l a r g e l y  enhanced, and t h a t  
t h e  d e g r e e  of  t h e  enhancement is  l a r g e r  i n  t h e  d i - c a t i o n  
form than  t h e  c a t i o n - r a d i c a l  form, e s p e c i a l l y  f o r  t h e  Vc=c 
v i b r a t i o n s .  The enhancement of  I R  a c t i v e  v i b r a t i o n s  t h u s  
o b t a i n e d ,  which i s  common t o  t h e  c a s e  of  t rans-polyene [ 1 3 ] ,  
i s  reasonably  expla ined  w i t h  t h e  aforementioned remarkable  
charge  p o l a r i z a t i o n ,  s i n c e  i t  g i v e s  r i se  t o  t h e  i n c r e a s e  of  

Neut ra l  D i  -ca t i o n  

1770 cm-1 1596 cm-1 

1380 cm-1 1339 cm-1 

FIGURE 3 R e l a t i v e  magnitude and d i r e c t i o n  o f  d i sp lacement  
v e c t o r s  i n  I R  a c t i v e  normal v i b r a t i o n s  o f  C12H14 and 
C12H14 (2+) 
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t h e  d i f f e r e n t i a t i o n  r a t e  of t he  d i p o l e  moment i n  terms of  
t h e  molecular displacement a long t h e  asymmetric normal 
v ib ra t ion .  

polyenes presented i n  Table 1 provides  a s p e c t r a l  f e a t u r e  
with r e spec t  t o  t h e  r e l a t i v e  i n t e n s i t y  and band width,  i .e.,  
t h e  f i r s t  band group (very s t rong  ; broad) ,  t h e  second ( 
weak ; sharp) ,  and the  t h i r d  ( s t rong  ; very broad).  This  is 
ev iden t ly  compatible with t h e  observed p a t t e r n  of I R  spectrum 
f o r  t h e  doped-(CH)x [8,9] ,  which concomitant ly  sugges ts  t h a t  
t h e  broadness of t h e  observed v i b r a t i o n a l  bands should be  
a t t r i b u t e d  t o  no t  only the  unresolvable  component-vibrations 
of va r ious  c a t i o n i c  polyene segments b u t  a l s o  those  of  each 
band group of one c a t i o n i c  polyene segment concerned here.  

I n  add i t ion ,  t he  v i b r a t i o n a l  s t r u c t u r e s  of c a t i o n i c  
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