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Abstract We have used the NDO approximation t o  study the convergence 
o f  e l e c t r c n i c  proper t ies  o f  l i n e a r  polyenes, CZ,H2n+2, w i t h  increasing 
n. We have found tha t ,  i n  terms o f  the de loca l i za t i on  of the r-system, 
convergence occurs remarkably f a s t :  systems o f  7-214 have bond-lengths 
resembling the i n f i n i t e  polymer. For proper t ies  depending on o r b i t a l  
energies, convergence i s  less pronounced. However e x t r a p o l a t e d  values 
agree w i t h  resu l t s ,  a t  the same leve l  o f  approximation, f o r  the band 
s t ruc tu re  c ~ f  pol yacetylene. 

1. INTRODUCTION 

I n  recent years, there 1s growing i n t e r e s t  i n  the study o f  

the e lec t ron i c  s t ruc tu re  o f  organic polymers espec ia l l y  a f t e r  the d i s -  

covery o f  unusual p roper t ies  i n  the e l e c t r i c a l  conduc t i v i t y  o f a , c e r t a i n  

c lass  o f  these mater ia lsl .  As an example, the f a c t  t ha t  the conduc- 

t i v i  t y  o f  trans-pol yacetylene, (C ,H,)x, can be var ied  over t h i  r teen o r -  

ders o f  magnitude, by e f f e c t  o f  doping, has led t o  rad i ca l  proposal 

concerning the nature o f  the mechanism involved2.  However c o n t i n u o u s ,  

t heo re t i ca l  progress i n  the area has been hampered by the need o f t a k i n g  

in toaccount . theper iod ica l  s t ruc tu re  o f  those systems, wh i le  descr ib ing  

the e lec t ron i c  i n te rac t i ons  a t  a sa t i s fac to ry ,  from a quantum chemistry 

po in t  o f  view, l eve l .  Severa1 semlempirical band s t ruc tu re  schemes have 
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been proposed i n  the l i t e r a t u r e  ; there  is ,  however, s t i l l  a need,for  

a compreherisive and c r i t i c a l  eva luat ion  o f  the scope and a p p l i c a b i l i t y  

o f  those methods. At the a b - i n i t i o  l e v e l ,  on the o ther  hand, the few 

ca lcu la t io r is  presented6 i nd i ca te  t ha t  e lec t ron i c  c o r r e l a t i o n s  can be 

important t o  the po in t  o f  a f f e c t  the i n t e r p r e t a t i o n  o f  r e s u l t s .  As a 

consequence, i t  seems des i rab le  t o  examine the p o s s i b i l i t y  o f  i n f e r  the 

e lec t ron i c  proper t ies  o f  polymers based on ca l cu la t i ons  performed on 

the corresponding f i n i t e  chain molecules - t h e  ol igomers. 

I n  t h i s  work, we study the r a t e  o f  convergence o f  the degree 

o f  a l t e r n a t i o n  o f  s i ng le  and double bonds between carbon atorns i n  the 



fami l y o f  trans- isomers o f  1 i near  po l  yenes ( c ~ ~ H ~ ~ + ~ )  , wi t h  t h e  p ro -  

g r e s s i v e  increase on t h e  l e n g t h  o f  t h e  cha in .  I n  t h e  corresponding i n -  

f i n i t e  polymer, po lyace ty lene ,  t h i s  a l t e r n a t i o n  responds f o r  the  semi- 

conduc t i ve  p r o p e r t i e s  o f  the  m a t e r i a l .  As a m a t t e r  o f  f a c t ,  t h e  v e r y  

q u e s t i o n  o f  t h e  existente o f  t h i s  a l  t e r n a t i v e  on p o l y a c e t y  1 e n e  i s  o f  

h i s t o r i c a l  i n t e r e s t .  E a r l y  quantum chemis t ry  models, based on the  con- 

cep t  o f  r - e l e c t r o n  d e l o c a l i z a t i o n ,  p r e d i c t e d  i d e n t i c a l  bond leng ths  - 
and consequent m e t t a l  i c  c h a r a c t e r  - f o r  t h e  m a t e r i a l  7. P e i e r l  ' s  theorem 

f o r  one-dirnensional so l  i d s 8,  on t h e  o t h e r  hand, would lead t o  an i n s t a -  

b i l i t y  o f  the  system w i t h  regard t o  d i m e r i z a t i o n  - i n  t e r m s o f t h e  e l e c -  

t r o n i c  bands, a  gap would appear between va lence and conduc t ion  s t a t e s .  

The ques t ion  was s e t t l e d  a f t e r  the  syn thes is  o f  t h e  m a t e r i a l  

i n  t h e  6 0 ' s  and i t s  serniconductor charac te r  - w i t h  a g a p o f  1.4 e v 9 -  bave 

been e s t a b l i s h e d .  However, i t  i s  a  w e l l  known f a c t  i n  o r g a n i c  chemis t ry  

t h a t  conjugated - r -e lect rons systems a r e  d e l o c a l i z e d  i n  srnall molecules, 

and t h a t  the  degree o f  d e l o c a l i z a t i o n  increases w i t h  t h e  l e n g t h  o f  the  

- r -e lect rons backbone. Therefore,  i t  s t i l l  rernains t o  be exarnined the  

ques t ion  o f  how f a s t  the bond leng ths  i n  t h e  f a m i l y  o f  l i n e a r  polyenes 

would converge t o  the  va lues p r e d i c t e d  f o r  po l  yace ty lene 'O (1.35 8 and 

I Y ) .  1.44 8,  f o r  double and s i n g  

2. METHODOLOGY AND RESULTS 

Recent iy ,  ~ u k e ' '  

l e  bonds, r e s p e c t i v e  

has ob ta ined  g o o d  a g  reemen t between t h e  

photoemiss ion spec t ra  o f  l i n e a r  conjugated polymers and r e s u l t s  f o r  t h e  

d e n s i t y  o f  va lence s t a t e s  e x t r a p o l a t e d  frorn energy leve1 c a l c u l a t  i o n s  

f o r  the  16 carbon atoms corresponding o l igorners.  However, t h e  semi-em- 

p i r i c a l  scheme ernployed (CNDO/S3) i s  pararnetr ized t o  reproduce spec t ro -  

scopic  data and, t h e r e f o r e ,  was n o t  s u i t a b l e  f o r  conforrnat ional  s t u d i e s  

On t h e  o t h e r  hand, use o f  a b - i n i t i o  methods was n o t  recornrnended due t o  

the  s i z e  o f  t h e  systems t o  be examined. 

We have used then t h e  serniernpir ical approx imat ion  NDO, i n t h e  

vers ions  CND0/2 and INDO ( h e r e a f t e r ,  r e f e r r e d  a s  CN I N D O )  o f  ~ o ~ l e ' ~ .  

These schemes lead  t o  good r e s u l t s  f o r  t h e  e q u i l  i b r i u m  g e o r n e t r y  o f  

sirnple o r g a n i c  rnolecules. I n  o r d e r  t o  reduce t h e  number o f  v a r i a b l e s  t o  

be opt i rn ized,  a t  t h i s  s tage we kep t  cons tan t  t h e  t o t a l  l e n g t h  o f  two 

consecu t i ve  s i n g l e  and double bonds. 



I t  i s  w e l l  known t h a t  i f  t h e  d e l o c a l i z a t i o n  i s  complete,the 

bond l e n g t h s  become e q u i v a l e n t  ( I  .40 8 f o r  benzene). I n  case o f  p a r t i a 1  

d e l o c a l i z a t i o n ,  t h e  increase on t h e  l e n g t h  d  o f  double bonds i s  equal 

t o  t h e  decrease on t h e  l e n g t h  s  o f  t h e  s i n g l e  bonds. 

Our procedure was then, f o r  each n, t o  o p t i m i z e  t h e  v a r i a b l e  

z, where d  = 1.40 8 - x and s + d  =2.80 8.  We have adopted t h e  geometry 

o f  t h e  t r a n s  isomers, w i t h  t h e  ang les  o f  two consecu t i ve  C C  bonds be ing  

kep t  cons tan t  and equal t o  120' (F ig .  I )  . The r e s u l  t s  f o r  the bond l e n g t h s  

were i d e n t i c a l  f o r  t h e  methods CND0/2 and INDO, and a r e  presented on 

Ta b l e 1 . The r a t e  o f  convergence i s remarkabl y f a s t :  i n  terms o f  

e l e c t r o n i c  d e l o c a l i z a t i o n ,  and consequent r e l a x a t i o n  o f  bond leng ths ,  

t h e  n=4 o l igomer  has a l r e a d y  t h e  same p r o p e r t i e s  o f  t h e  po lyace ty lene .  

F ig.1 - Example o f  t h e  adopted geommetry f o r  t h e  l i n e a r  polyenes i n  t h e  

CNINDO c a l c u l a t i o n s .  I n  t h i s  case n=4. 

Table 1 - E v o l u t i o n  o f  the  leng ths  o f  double, d = 1.40-2, and s i n g l e ,  

s  = 1.40+x, bonds w i t h  the  inc rease  o f  t h e  c h a i n  f o r  l i n e a r  p o l  y e n e s  

'2nH2n+2 
Resul t s  a r e  f o r  the  rnethod CNINDO. Bond Lengths i n  8.  



Notwithstanding the f a c t  t ha t  the absolute values o f  t o t a l  

energies ca lcu la ted by the CNINDO method are  not  meaningful, one should 

note tha t  the increase i n  energy per add i t i on  o f  eachC,H,group i n  con- 

s tan t  (15.16 Hartrees f o r  INDO). The energy leve ls ,  howeve r ,  do n o t  

evolve i n  order t o  form a  compactness s t ruc tu re  tha t  c o u l d  r e s e m b l e  

bands. The separation Ac between the highest  occupied and lowest un- 

occupied leve1 s  a1 so evolve slowl y  (Table 2 ) .  These values must be com- 

pared w i t h  the e x c i t a t i o n  energy o f  the order o f  2.2 eV found exper i -  

mental ly  as the l i m i t i n g  value f o r  the ser ies o f  1 inear po~yenes13-14.  

In  the method above, however, we have not  included the re-  

laxa t i on  due t o  the terminat ion o f  the chain. To include those end e f -  

fec ts ,  we have repeated the c a l c u l a t i o n  using the MNDO" method, w i t h  

geometry opt imiza t ion .  A11 geometric parameters - bond lengths, and bond 

and dihedral  angles - were opt imized f o r  each case. The r e s u l t s  (Fig.2) 

i nd i ca te  t h a t  re laxa t i on  i s  conf ined t o  the terminal  bonds. There i s  

a rap id  damping o f  those e f f e c t s  a long the chain. Results o f  F ig .  2 re -  

inforce the idea tha t ,  i f  one disregards the terminal bonds, the o l i -  

gomer chains rapi 'dly converge t o  the geometry o f  the i n f i n i t e  polymer. 

B O N O  L C N G T H S  

C o r b o n i  . C o r b o n j  (i i 

Fig.2 - MNDO opt imized CC bond length r e s u l t s .  Convention 

Xn=4,  O n = 5 ,  8 n = 6 .  Points were connected t o  he lp  v isua l  

& = 2 ,  w = 3 ,  

zat  ion. 



As one would expect, the molecules a re  e s s e n t i a l l y  planar, i n  s p i t e  o f  
O the f a c t  t l i a t  the angles C = C - C  are  now o f  the order o f  125 . As a 

example, i11 Fig.  3 we present the opt imized geomet r y  and charge d i s -  

t r i b u t i o n  fo r  the n=4 oligomer, C,Hl,. As before, tne increase inenergy 

per add i t i on  of each C2H2 group i s  constant (now 10.43 ~ a r t r e e s ) .  The 

evo lu t i on  o f  AE i s  again slow (Table 2 ) .  

3. CONCLUSIONS 

Our ca l cu la t i ons  i nd i ca te  t h a t  d i f f e r e n t  p roper t ies  converge 

t o  the resuil ts o f  the i n f i n i t e  system i n  d i f f e r e n t  ways. Although geo- 

me t r i ca l  c h a r a c t e r i s t i c s  oF the polyacetylene a re  al ready present i n t h e  

n=4 o1 igomer, o r b i t a l  energies evolve a t  a much slower r a t e  t o  s t ruc-  

tures which could resemble bands. This conclusion i s  i n  agreement w i t h  

recent a b - i n i t i o  r e s u l t s  f o r  ol igomers w i t h  n S 4 16. 

- 1 
We have used polynomial expansions i n  n t o  ex t rapo la te  the 

values f o r  the gap energy, Eg, and f o r  the w id th  o f  the conduction band, 
11- 17  

A. Corresponding experimental values a re  Eg 1.4 eV and A 4 eV 

Since the semiempirical schemes we have used a re  parametrized t o  repro- 

duce geometrical data, one should no t  expect t o  ob ta in  good agreement 

fo r  r e s u l t s  which depend on the o r b i t a l  energies. Accordingly, ex t ra-  

po la t i on  w i t h  basis on a th i rd-degree polynomial, f o r  the C N  INDO re-  

su l t s ,  lead t o  Eg 6.7 eV and A a 14.4 eV. S im i l a r  ex t rapo la t i on  f o r  

the MNDO ca l c i i l a t i on  gives Eg a 6.4 eV. Even i f  these r e s u l t s  show tha t  

those methods are  not  appropr ia te  tú descr ibe e x c i t a t i o n  energies, i t  

i s  important f o r  the present study t o  note tha t  these values are  i n  

reasonable agreement w i t h  CNDO/2 band s t ruc tu re  r e s u l  t s  f o r  p o l  y -  

a ~ e t ~ l e n e ' ~ ' ' ~  (7.4 eV and 15.1 eV, respec t i ve l y ) .  

The f a c t  t ha t  the r a t e  o f  convergence o f  geome t r i c a  l par-  

ameters w i t h  the progressive increase o f  the length o f  the chain is re -  

markably f a s t  has important imp l ica t ions  f o r  the s tudyofconformat iona l  

defects on polyacetylene. Defects o f  t h i s  kind, which r e s u l t s  from a 

break o f  the regular  a l t e r n a t i o n  o f  s i ng le  and double bonds, have been 

associated t o  the charge c a r r i e r s  i n  dopped polyacety lene2. The sim- 

p l i c i t y  o f  the ca l cu la t i ons  here presented open now the p o s s i b i l i t y  f o r  

the study o f  those defects using f i n i t e  chains. 



F i g . 3  - MNDO r e s u l t ç  f o r  t h e  n=4 o l igomer .  a )  o p t i m i z e d  g e o m e t r y .  

b )  n e t  charge on d i f f e r e n t  atoms. 

Table 2  - E v o l u t i o n  o f  t h e  energy separa t ion  AE between t h e  h i g h e s t  

occupied l e v e l  and t h e  lowest  unoccupied l e v e l  w i t h  t h e  inc rease  o f  n. 

7  

1 0 . 2 6  

- 

3  

1 4 . 0 3  

8 . 5 3  

2  

1 6 . 4 2  

9 . 5 3  

AE 

4  

1 2 . 2 3  

7 . 9 8  

n 

INDO 

1 

2 1 . 3 4  

( e ~ )  MNDO I -- 

5  

1 1 . 3 3  

7 . 6 3  1 1  .5O 

6  

1 0 . 7 1  

7 . 4 6  
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Resumo 

A aproximação NDO f o i  usada para estudar a convergênc i a de 
propriedades e le t rôn i cas  dos pol ienos l ineares CZnHzn+ , com o aumento 
da cadeia. Em termos da desloca1 ização do sistema de e fé t rons  n ,  a con- 
vergência é notavelmente rápida:  pol ienos de n 4 já apresentam geome- 
t r i a  semelhante ao do polimero i n f i n i t o .  Convergência de propriedades 
que dependam das energias dos o r b i t a i s  ê menos pronunciada. Entretanto, 
a extrapolação dos valores encontradcs leva à boa concordância com :e- 
sul tados obt idos  por cá lcu los  de banda, no mesmo n íve l  de aproximaçao, 
para o pol iacet  i leno. 


