
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 19 February 2013, At: 14:21
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Ground State and Excited
State πElectron Structures
of Linear-Chain Conjugated
Model-Systems
Hans Sixl a
a 3. Physikalisches Institut, Universität Stuttgart,
Pfaffenwaldring 57, Stuttgart 80, 7000, Germany
Version of record first published: 17 Oct 2011.

To cite this article: Hans Sixl (1986): Ground State and Excited State πElectron
Structures of Linear-Chain Conjugated Model-Systems, Molecular Crystals and Liquid
Crystals, 134:1, 65-88

To link to this article:  http://dx.doi.org/10.1080/00268948608079578

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948608079578
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
21

 1
9 

Fe
br

ua
ry

 2
01

3 



Mo/. Cryst. Liq. C v ~ f . ,  1986, Vol. 134, pp. 65-88 
0026-894 1 /86/ 13444065$25 .OO/O 
0 1986 Gordon and Bmch Science Publishers S.A. 
Printed in the United States of America 

GROUND S T A T E  AND E X C I T E D  S T A T E  n-ELECTRON 
STRUCTURES OF LINEAR-CHAIN CONJUGATED 

MODEL-SYSTEMS 

HANS SIXL 

3 .  Phys ika l i s ches  I n s t i t u t ,  U n i v e r s i t a t  S t u t t -  
Ta r t ,  Pfaf fenwaldr ing  57 ,  7000 S t u t t g a r t  8 0 ,  
Germany 

Abs t r ac t  
g a t i o n s  o 
molecules 
e l e c t r o n i  

Recent o p t i c a l  spec t roscop ic  i n v e s t i -  
f l i n e a r - c h a i n  po lyd iace ty l ene  (PDA) 

a r e  i n t e r p r e t e d  wi th  r e s p e c t  t o  t h e  
c ground s t a t e  and e x c i t e d  s t a t e  s t r u c -  

t u r e s .  I t  w i l l  be demonstrated t h a t  PDA o l i g o -  
m e r  molecules r e p r e s e n t  a unique model s:ystem 
f o r  t h e  s tudy  of t h e  non-degenerate b u t a t r i e n e  
and a c e t y l e n e  (ynene) ground s t a t e  conf igu ra -  
t i o n s  and r a d i c a l  e l e c t r o n  s t r u c t u r e s  of  d i r a -  
d . ica l s ,  carbenes  and d i ca rbenes .  The o p t i c a l  
abso rp t ion  s p e c t r a  an?. emiss ion  snectra of  
s h o r t  cha in  PDA molecules  are ana lyzed .  Opt i -  
ca l  s p e c t r a  of long  matrix i s o l a t e d  c h a i n s  
show a l l  e s s e n t i a l  f e a t u r e s  of  e l e c t r o n - h o l e  
e x c i t a t i o n  and polaron  recombinat ion p r o c e s s e s .  
The p , - rad ica l  e l e c t r o n  d i s t r i b u t i o n  deduced 
from t h e  ESR-spectra i s  used i n  t h e  d i s c u s s i o n  
of n e u t r a l  and charged e lementary  e x c i t a t i o n s  
of t h e  PDP cha in .  

INTRODUCTIOtJ 

Up t o  date t h e  s o l i d  s t a t e  polymer iza t ion  r e e c t i o n  
o f  d i a c e t v l e n e s  r e p r e s e n t s  t h e  on ly  method of pre- 
p a r i n g  n e a r l y  p e r f e c t  macroscopic s i n a l e  c r y s t a l d ~ ~  
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66 H. sm 

In  t h i s  r eac t ion  a monomer s i n g l e  c r y s t a l  i s  com- 
p l e t e l y  transformed i n t o  a f u l l y  Dolymerized poly- 
mer c rys ta l .  The r e a c t i o n  mechanisms of t h i s  excep- 
t i o n a l  chemical r e a c t i o n  have been inves t iga t ed  i n  
de t a i l  by so l id  s ta te  spectroscopy.4’6 The most 
e s s e n t i a l  advantage of t h i s  system is  t h e  f a c t  t h a t  
a l l  r eac t ion  in te rmedia tes  are non-react ive a t  t e m -  
pe ra tu re s  below 80 K. 

chanisms are summarized as follows: 
(a )  In  the  p h o t o i n i t i a t i o n  r e a c t i o n  dimer (n = 2 )  

diradical molecules are produced. 
(b) Subsequent low temperature r e a c t i o n  s t e p s  are 

charac te r ized  by thermal chain a d d i t i o n  poly- 
merizat ion and by o p t i c a l  chain te rmina t ion  
r eac t ions  of t h e  r e a c t i o n  in te rmedia tes .  

(c) In  the  chain add i t ion  polymerization r e a c t i o n  
a t  temperatures above 100 K monomer molecules 
are added t o  t h e  r e a c t i v e  chain ends of  t h e  
intermediates .  

The most important f e a t u r e s  of t h e  r e a c t i o n  me- 

(d )  Chain terminat ion r e a c t i o n s  a t  low temperatures  
a r e  observed only by photoexci ta t ion  of t h e  
r eac t ion  in te rmedia tes .  I n  t h i s  r e a c t i o n  t h e  
r a d i c a l  e l e c t r o n  s t r u c t u r e  i s  removed. 

(e) All r eac t ion  in te rmedia tes  have a radical elec- 
t r o n  s t r u c t u r e  a t  least a t  one cha in  end. The 
in te rmedia tes  observed i n  the  polymerizat ion 
r eac t ion  are d i r a d i c a l s ,  dicarbenes and ca r -  
benes, which can be prepared with d i f f e r e n t  
chain lengths  ( 2  I n 5  1 4 ) .  D
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T-ELECTRON STRUCTURES 67 

The important re levance of  t he  polydiacety-  
l enes  ( P D A ' s )  wi th  r e spec t  t o  t h e  unusual e lectr i -  
c a l  and o p t i c a l  p r o p e r t i e s  exh ib i t ed  by t h e  whole 
class of polyconjugated molecules i s  based on se- 
v e r a l  a.dvantages, which render  them ideal model 
systems f o r  spectroscopy. Deta i led  information on 
bas i c  elementary e x c i t a t i o n s  such a s  k inks ,  a n t i -  
kinks,  polarons and exc i tons  i s  expected due t o  

following p r o p e r t i e s  of t h e  PDA systems. 
The p lanar  polymer backbone i s  f u l l y  conjuga- 
t e d  with s i n g l e ,  double and t r i p l e  
The conjugat ion length  of t h e  polymer cha ins  
i s  of t h e  order  of 1000 u n i t  cells . '  
A l l  polymer molecules a r e  p e r f e c t l y  o r i e n t e d  
and form macroscopic s i n g l e  c r y s t a l s .  
The phys ica l  p r o p e r t i e s  a r e  highly a n i s o t r o p i c  
due t o  the  in t e rcha in  d i s t ances  of abou t0  7nm. 
Therefore the  P D A ' s  r ep resen t  i d e a l  one-dimen- 
s i o n a l  model systems. 
The two poss ib l e  e l e c t r o n i c  ground s ta te  s t r u c -  
t u r e s  ( b u t a t r i e n e  and ace ty lene)  are non-de- 

ELECTRONIC CHAIN CONFIGURATIONS 

n-Bonds 

The b a s i c  e l e c t r o n i c  s t r u c t u r e s  of t h e  carbon back- 
bone a r e  shown i n  Fig.  1 for trimer molecules as 
example, which a r e  formed by t h e  add i t ion  of 
t h ree  monomer d iace ty lene  molecules. Figure l a  
shows the  d i f f e r e n t  types of e l e c t r o n s .  The spx 
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68 H. SDU. 

and sp2 e l e c t r o n s  are bound t o  a-bonds and form 
t h e  carbon zig-zag backbone s t r u c t u r e .  Due t o  t h e  
f i n i t e  length  of t h e  molecule t h e  hybridized radi- 
cal  e l e c t r o n s  (open circles) a t  t h e  ends of t h e  
molecule a r e  unbound. The pz- and p - e l ec t rons  a r e  
represented by f u l l  p o i n t s  and c rosses .  P a i r i n g  of 
t h e  pz-electrons and p - e l ec t rons  t o  n-bonds re- 

Y 

Y 
s u l t s  e i t h e r  i n  t h e  b u t a t r i e n e  
the  ace ty lene  s t r u c t u r e  (c) . 

s t r u c t u r e  (b)  o r  i n  

R,. . . .O 

R \ e .  . ., C-$-$-C, 
c -$ -$ - c, R (a)  

\. . . ./ c-c-c-c R 
R 

~~ 

0 . .  \ 
R 

R 

R\ 00  

c - c x -  C\ 
4 

R 
R 

R, c - c zc - c, R 
\. 4 

R 
c - CYC -c\ 

( C )  

butatr iene s t ruc tu re ,  

d i r ad ica l s  DR 

acetylene s t ruc tu re ,  

dicarbenes M: 

FIGURE 1 
molecule. 
The two p o s s i b i l i t i e s  i n  the pa i r ing  process of the  p -elec- 
t rons  t o  v-bonds ( th ick  bonds) lead t o  two d i f f e ren t  Etruc- 
t u re s  (b) and (c ) .  
All diacetylene molecules discussed i n  t h i s  contr ibut ion a re  
obtained as  react ion intermediates i n  the  so l id  s t a t e  poly- 
merization reaction. Therefore they a l l  carry unsaturated 
rad ica l  e lectrons and a re  observed i n  the spectra  e i t h e r  a s  
d i rad ica ls  or  dicarbenes. 

Electron configuration of a diacetylene t r imer  
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*-ELECTRON STRUCTURES 69 

The change from the butatriene to the acetylene 
structure implies (1) flipping of the n-bonds by 
one position and ( 2 )  disruption of a n-bond. Con- 
sequently the radical structure changes from a di- 
radical to a dicarbene. 

even 1 3 5  A 
p 

10 12 14 la' odd 

-\ 
0 

0 

0 

0 

0 
-\ 

0 

0 
\ \ \  

0 

8 

I 
z 
I- 

W z w 
c3 

Q 
d 

FIGURE 2 Soliton and antisoliton (kink and antikink) 
motion, generation and recombination in trans-(CH)i6 and a 
diacetylene tetramer molecule. The +electrons of the PDA 
system are fixed at the chain ends. 

The flipping of the n-bonds involves the 
motion of radical electrons as shown in Fig. 2 by 
comparison of short chain polydiacetylenes with 
the simplest conjugated polymer, which is given by 
the trans-polyacetylene. The butatriene-to-acety- 
lene and the reverse transition is involved with 
the recombination or generation of p,-radical elec- 
trons. In both cases we have to distinguish bet- 
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70 H. SIXL 

ween kinks and an t ik inks  (odd and even r a d i c a l  
e l e c t r o n s ) .  The kinks move only on odd carbon atom 
pos i t i ons .  The motion impl ies  a f l i p p i n g  of  t h e  TC- 

bonds. Due t o  symmetry t h e  t rans-polyacetylene 
s t r u c t u r e s  A and B are degenerate .  From our  ESR 

and o p t i c a l  experiments,  which are explained i n  
terms of a simple Eiickel-type theory ,  w e  know t h a t  
t h e  d iace ty lene  s t r u c t u r e s  a and b of  Fig.  2 a r e  
d i f f e r e n t  by an amount of A E  = 0.4eVper  u n i t  c e l l ?  
Therefore,  co ins  from a t o  b i n  Fiq.  2 ,  an energy 
of about n o  A E  e1.6 e V  is  requi red .  However, t h e  
formation of a n-bonc! (upon recombination of t h e  
r a d i c a l  e l e c t r o n s )  y i e l d s  an energy of c a  2 . 8  e V .  

Therefore owing t o  energy arguments, t h e  system 
w i l l  p r e f e r  t o  s t a y  i n  t h e  b u t a t r i e n e  s t r u c t u r e  a t  
s h o r t  chain l e n c t h s  and i n  t h e  ace ty lene  s t r u c t u r e  
a t  lonq chain lengths .  

For n >  6 t h e  product n A E  becomes l a r g e r  than 
E ~ .  In  the  heptamer s i t u a t i o n ,  shown i n  Fig.  3 ,  
t h e  bu ta t r i ene  s t r u c t u r e  i s  expected t o  be uns tab le  
aga ins t  a phase t r a n s i t i o n  t o  t h e  ace ty lene  s t r u c -  
t u r e .  Upon d i s r u p t i o n  of a n-bond a kink-ant ikink 
p a i r  is  generated.  The motion of t h e  two r a d i c a l  
e l e c t r o n s  t o  t h e  o u t e r  ends of t h e  oligomer cha in  
i s  determined by an energy ga in  of n A E  involved 
i n  the  butatr iene- to-acetylene t r a n s i t i o n .  There- 
f o r e  only the  ace ty lene  s t r u c t u r e  of t h e  P D A ' s  i s  
s t a b l e  i n  long chains .  This  f a c t  i s  w e l l  e s t ab -  
l i shed  by X-ray d i f f r a c t i o n  inves t iga t ions '  on t h e  
TS-PDA system. By means of o p t i c a l  and ESR absorp- 
t i o n  spectroscopy of t he  B i m e r ,  trimer, te t ramer  
etc.  r eac t ion  in te rmedia tes  a t  low tem2eratures  
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*-ELECTRON STRUCTURES 71 

w e  have been ab le  t o  demonstrate t h e  change of t h e  
e l e c t r o n i c  conf igura t ions  a t  n 2 6 .  

FIGURE 3 Butatriene-to-acetylene transition in long-chain 
polydiacetylenes. The radical electron structure changes 
from diradicals to dicarbenes. DR + Dc. 

Carbenes 

As shown in F i g u r e  1 t h e  r a d i c a l  e l e c t r o n  
s t r u c t u r e  of t he  chain ends i s  dependent on t h e  n- 
bond arrangement wi th in  t h e  cha ins .  Carbene states 
are obtained with t h e  ace ty lene  conf igura t ion  of 
t h e  cha ins  (Figure I c ) .  As shown by t h e  circle and 
t h e  f u l l  po in t s  t h e  two r a d i c a l  e l e c t r o n s  of every 
carbene are d i f f e r e n t .  Depending on t h e  bond angles  
two l i m i t i n g  s i t u a t i o n s  arise as shown i n  Figure 4 

(a )  and ( b ) .  

F i g u r e  4 ( a )  s c h e m a t i c a l l y  shows t h e  e l e c t r o n  
c o n f i g u r a t i o n  o f  t h e  c a r b o n  atom a t  t h e  c h a i n  end 
w i t h  an a n g l e  o f  120 '  c o r r e s p o n d i n g  t o  t h e  e x p e c t e d  
c o n f i g u r a t i o n  f o r  a p e r f e c t  " i n f i n i t e l y '  l ong  
polymer c h a i n .  The o r b i t a l s  shown i n  F i g u r e  4 
( a )  a r e  g i v e n  by a pz and a h y b r i d i z e d  s p 2  s t a t e ,  Y 
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12 

(a l 

lbl 

Icl 

F1GUF.E 4 

Single t  state confi-  
gurat ion of the  non- 
degenerate pz and spy- 
e lec t ron  o r b i t a l s  i n  
a bent carbene. 

2 

Triplet  s t a t e  configu- 
r a t ion  of t he  degene- 
r a t e  pz and py elec- 
t ron  o r b i t a l s  i n  a 
l i n e a r  car‘7ene. 

Approximate e lec t ron  
s t ruc ture  of the tri2- 
l e t  carbenes i n  PDA 
oligomer systems. 

which are obta ined  from t h e  double  bond when c u t -  
t i n 9  t h e  cha in .  Owing t o  t h e  fact ,  t h a t  t h e  a-elec- 
t r o n  states are lower i n  energy than  n - s t a t e s  t h e  
two r a d i c a l  e l e c t r o n s  a t  t h e  cha in  end w i l l  occupy 
t h e  s p 2 - s t a t e  wi th  a n t i p a r a l l e l  s p i n s  forming a 
s i n g l e t  ground s ta te  wi th  S = 0 .  

F igure  4 ( b )  schemat ica l ly  shows t h e  e l e c t r o n  

conf igu ra t ion  of t h e  carbene atom w i t h  an  ang le  of 
180°, which i s  t h e  state of h i g h e s t  symmetry wi th  
degenera te  p - and p , - s ta tes .  According t o  Hund’s 
r u l e  t h e  ground s ta te  s i t u a t i o n  then  i s  given by 
t h e  state of h i g h e s t  s p i n  m u l t i p l i c i t y ,  which i s  
t h e  t r i p l e t  s t a t e  wi th  S = 1 .  This  s t a t e  i s  g iven  
by s i n g l e  occupat ion of t h e  p, and p 
b i t a l s .  

Y 

e l e c t r o n  or- 
Y 
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*-ELECTRON STRUCTURES 13 

As shown by early experiments on the diacety- 
lenes’l the carbene ground state is a triplet with 
a bond angle of approximately 160’ as shown in Fi- 
gure 4(c). Adding a conjugated chain to the car- 
bene, we have to account for the delocalization of 
the pz-radical electron along the chain. Therefore 
the triplet S = 1 ground state of the diacetylene 
carbenes with one p,-radical electron and one sp2- 
radical electron is the favoured configuration 
even at an angle of approximately 160° as shown in 
Figure 4 (c) . 
Motion, Localization and Distribution of the p,= 
Radical Electrons 

The bes t  known 
cal electrons even at room temperature is the 
trans-polyacetylene (PA). The pz-radical electrons 
of the PA and PDA system are shown schematically 
in Figure 5 (a) and (b). They represent a phase 
boundary between two different structures, or a 
bond alternation defect.13 A change in the bond 
alternation is correlated with a change in the 
carbon bond lengths. Due to symmetry the structures 

system containing stable pz-radi- 
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14 H. S I X  

A and B are degenerate and t h e  e l e c t r o n  can move 
along t h e  chain i n  a l l  d i r e c t i o n s .  This leads t o  
motional narrowing of t h e  ESR l i n e  of t h e  t r a n s -  
PA radical e l ec t rons .  Eowever, t h e  s t r u c t u r e s  a 
and b of t h e  PDA system are non-degenerate with an 
energy d i f f e rence  of 0 . 4  e V  pe r  u n i t  cell . ' '  Due 
t o  enemy arguments t he  r a d i c a l  e l e c t r o n  is t he re -  
f o r e  forced t o  move a t  t h e  ou te r  end of t h e  r i g h t  
side of the  chain.  The r e s u l t i n g  l o c a l i z a t i o n  of 
t h e  e l ec t ron  a t  t h e  chain end then l e a d s  t o  a cha- 
r a c t e r i s t i c  hyperf ine s t r u c t u r e .  

FIGURE 6 
trons along the trans-PA and the PDAchains. In PDA chains 
the par t ic le  and the corresponding ant ipar t ic le  are  localized 
a t  the chain ends. 

Distribution of the odd and even p,-radical elec- 
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Z-ELECTRON STRUCTURES 15 

The p z - r a d i c a l  e l e c t r o n  d i s t r i b u t i o n  h a s  Seen 
c a l ~ u l a t e d . l ~ ~ ~ ~ T h e  r e s u l t  of  t h e  SSH-theoryl‘for P A  

are s o l i t o n s  and a n t i s o l i t o n s  shown i n  comDarison 
t o  t h e  r e s p e c t i v e  states i n  t h e  PDA system” i n  F i -  

gure  6 .  The p r o b a b i l i t y  d e n s i t y  o f  t h e  odd r a d i c a l  
e l e c t r o n s  i s  shown on t h e  l e f t  and t h a t  of t h e  
even r a d i c a l  e l e c t r o n s  i s  shown on t h e  r i g h t .  

OPTICAL ABSORPTION SPECTROSCOPY 

D i r a d i c a l  Series 

The o p t i c a l  abso rp t ion  s p e c t r a  ob ta ined  a f t e r  UV- 
i r r a d i a t i o n  a t  10 K and thermal  r e a c t i o n  are 
shown i n  F igure  7 .  The thermal  r e a c t i o n  times a t  
100 K are given i n  minutes.  The f i r s t  spectrum 
shows t h e  o p t i c a l  abso rp t ion  a f t e r  g h o t o i n i t i a t i o n  
by t h r e e  excimer laser p u l s e s .  Only t h e  dimer (n= 2) 
and some trimer ( n =  3 )  molecules  are produced pho- 
tochemica l ly .  I n  thermal  a d d i t i o n  r e a c t i o n  s t e p s  
longer  r e a c t i o n  i n t e r m e d i a t e s  ( n =  3,4,5,6) are ge- 
ne ra t ed .  The number of  d i r a d i c a l  (DRJ s t a t e s  i s  
l i m i t e d  t o  2 6 n  2 6 .  The i n d i v i d u a l  d i ca rbene  (DC,) 

a b s o r p t i o n s  wi th  n >  7 a l l  appear  a t  t h e  same spec-  
t r a l  p o s i t i o n .  I n  t h e  hexamer molecule t h e  b u t a t r i -  
ene and ace ty l ene  s t r u c t u r e  are roughly degene ra t e .  

Chain Termination Reac t ions  

I n  t h e  c h a i n  t e rmina t ion  r e a c t i o n  t h e  r a d i c a l  elec- 
t r o n s  are removed. Th i s  r e a c t i o n  shows a pronounced 
i so tope  e f f e c t .  The thermal  t e r m i n a t i o n  r e a c t i o n  
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76 H. SIXL 

WAVELENGTH A [nml 
700 800 500 400 

6 5  4 3 2 DR" 

J\ 240 min 

I 
1 I I 

15000 20000 25000 30000 

ENERGY Vhc [cm-'I 

FIGURE 7 Optical absorption spectra of a diacetylene cry- 
s t a l  a f t e r  photoinitiation and thermal reaction. 

2,3,4,5 and 6 are the dimer, trimer, tetrarner, pentamer and 
hexamer absorption of diradical intermediates. 

A l l  absorptions of the dicarbene intermediates En w i t h  n > 6  
are located a t  about the same spectral position. 

rate cons tan t  i s  reduced by a f a c t o r  of about te# 
upon deu te ra t ion  of t he  CH2-group, l i n k i n g  t h e  sub- 
s t i t u e n t s  R t o  t he  carbon backbone of t h e  cha in  
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*-ELECTRON STRUCTURES 77 

where R. = fCH2S03C6H4-CE3) = f C l i , R ’ ) .  

t h i s  r e a c t i o n  i s  i n t e r p r e t e d  a s  be ing  an  in t ra r ro-  
l e c u l a r  hydrogen t r a n s f e r  r e a c t i o n  f o l l o w i n g  t h e  
r e a c t i o n  schene on t h e  l e f t ,  below. 

T h e r e f o r e  

R 
\ 

.. 4 
C 

reactive chain end 
R 

H 

INTRAMOLECULAR 
HYDROGEN 
TRANSFER 

lkT Ih’ DR 

R DC 

non- reactive chain end 

I n  t h i s  r e a c t i o n  t h e  sp3 -hybr id i za t ion  of t h e  
CH2-group i s  changed t o  a sp2 -hybr id i za t ion  and 
t h e  r a d i c a l  e l -ec t rons  are completely removed. 

t u r e  o b t a i n s  a c e t y l e n i c  c h a r a c t e r  fo l lowing  photo- 
e x c i t a t i o n  accord ing  t o  t h e  r e a c t i o n  scheme on t h e  
r i g h t ,  above. Subsequent ly  t h e  r e a c t i o n  fo l lows  
t h e  sane r o u t e  as be fo re .  I n  case of  t h e  ca rbenes ,  
t h e  a c e t y l e n e  s t r u c t u r e  a c q u i r e s  L u t a t r i e n e  chs r -  
acter  f o l l o h i n s  p h o t o e x c i t a t i o n .  Th i s  i s  less  fav-  
o r a b l e  f o r  a t e r n i n a t i o n  o f  t h e  cha ins .  I t  i n p l i e s  
a low quantun y i e l d  of t h e  d i r a e i c a l  as corparec? 
t o  a h iqh  y i e l d  f o r  t h e  carbene  p h o t o c h e r i c a l  tern- 
i n a t i o n  r e a c t i o n .  Th i s  i s  i n  accordance w i t h  t h e  
r a t i o  o f  about  100  : 1 observed  e x p e r i r e n t a l l y  by 
Gross.  l 6  

I n  case o f  t h e  d i r a d i c a l s  t h e  b u t a t r i e n e  s t r u c -  
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78 H. SIXL 

The intramolecular  te rmina t ion  r e a c t i o n s  the re -  
f o r e  follow t h e  rou te  

hv ’ 
’On ACn - hv DRn - 

The chain terminat ion i s  a two s t e p  r eac t ion .  In  a 
f i r s t  s t e p  t h e  d i r a d i c a l s  (DR,) a r e  changed to  t h e  
asymmetric carbene (AC,). Upon te rmina t ion  of t h e  
second chain end t h e  AC-molecules are changed t o  
s t a b l e  oligomer molecules (SO,). The SO-molecules 
f i n a l l y  are thermally and o p t i c a l l y  s t a b l e .  

Opt ica l  Absorption Series 

The o p t i c a l  absorpt ion series of s h o r t  t rans-poly-  
acetylene and s h o r t  polydiacetylene molecules are 
shown f o r  comparison i n  Figure 8 .  The e x c i t a t i o n  
enerclies of t he  PA-molecules (oligomers) are taken 
from textbook.”The d a t a  f o r  PDA-molecules are t a -  
ken from our  spectra‘ ,  see e.g. Figure 7. Due t o  
the  d i f f e r e n t  lengths  of t h e  u n i t  cells  the  n-val- 
ues of t he  PA and PDA systems d i f f e r  by a f a c t o r  
of t w o .  

The ex is tence  of  a s i n g l e  PA-se r i e s  i s  due t o  
the  degenerate ground s ta te  of t h e  n-electron 
s t r u c t u r e s  i n  trans-PA. Due t o  t h e  non-degeneracy 
of t h e  ace ty lene  and b u t a t r i e n e  s t r u c t u r e  only t w o  
series are expected f o r  t h e  PDA system. The AC- 

series i s  lower i n  energy bu t  almost p a r a l l e l  t o  
t he  SO-series. This  i s  due t o  t h e  i d e n t i c a l  back- 
bone s t r u c t u r e .  However, i n  t h e  AC-molecules one 
chain end carries a carbene with a de loca l i zed  pz- 
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*-ELECTRON STRUCTURES 
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PA-CHAIN LENGTH n 
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. 
. DIMETHYL-POLYENES 

. . 0 .  

I 
I 

I 
I 1 

2 4 6 8 1 0  

PDA-CHAIN LENGTH n 

FIGURE 8 E x p e r i m e n t a l  data on t h e  absorption energies of  
short  oligomers of trans-PA1’ and PDA6 I 16 n = 2 , 3,4 . .  . corres- 
ponds t o  t h e  dimer, trimer, t e t r a m e r ,  ... units of fHC=CH+, 
and ;~RC-C~C!C-CR#~  01: +RC=C=C<R), . 

r a d i c a l  e l e c t r o n  and a s h o r t  bu ta . t r iene- l ike  cha in  
s e c t i o n .  The o p t i c a l  abso rp t ions  of t h e  d i r a d i c a l  
DR-molecules wi th  b u t a t r i e n e  s t r u c t u r e  are d i s t i n c t -  
l y  lower i n  energy as compared t o  those  wi th  ace ty-  
l e n i c  s t r u c t u r e .  

By a s imple Huckel c a l c u l a t i o n ”  of i n f i n i t e l y  
long cha ins ,  we are a b l e  t o  understand (a )  t h e  d i f -  
f e r e n t  convergence e n e r g i e s  of  t h e  b u t a t r i e n e  and 
ace ty l ene  s t r u c t u r e s  as w e l l  as (b)  t h e  h ighe r  sta- 
b i l i t y  of t h e  ace ty l ene  cha in  s t r u c t u r e  i n  t h e  
ground state conf igu ra t ion .  F igu re  9 shows a band 
s t r u c t u r e  c a l c u l a t i o n  on t h e  basis of t h e  Hiickel 
theory  t a k i n g  i n t o  account  t h e  d i f f e r e n t  bond 
l eng ths  i n  t h e  d i f f e r e n t  s t r u c t u r e s .  As seen from 
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80 H. SDU 

Figure  S t h e  band gap o f  t h e  b u t a t r i e n e  s t r u c t u r e  
i s  alxrost z e r o ,  whereas t h e  band qap of t h e  ace ty -  
l ene  s t r u c t u r e  i s  v e r y  l a r q e .  Th i s  corresponds t c  
low convergence energy of t h e  o p t i c a l  a b s o r r t i o n  
i n  cha ins  con ta in ing  b u t a t r i e n e  as compare2 t o h i q h  
convergence enerqy f o r  t h e  a c e t y l e n i c  s t r u c t u r e .  
I n  a d d i t i o n ,  it i s  obvious from F igure  9 t h a t  t h e  
e l e c t r o n s  of  t h e  f i l l e d  va lence  ban? are h i c h e r  i n  
enerqy i n  t h e  case o f  t h e  b u t a t r i e n e  c h a i n s t r u c t u r c .  
Therefore  t h e  PDA cha ins  g a i n  energy i l z  a b u t a t -  
r i ene - to -ace ty l ene  phase t r a n s i t i o n  (P ie r l s  t r a n -  
s i t i o n )  due t o  t h e  h ighe r  Cegree of bond a l ter-  
na t ion  obta ined  i n  t h e  ace ty l ene  cha in  s t r u c t u r e .  

ECeVI 

I 

FIGURE 9 
PDA chains.  
EV1 and q2 are t h e  two occupied valence bands. E c l  and Ec2 
a r e  t h e  two empty conduction bands of t h e  p,-electron system. 

Energy d ispers ion  of t h e  p,-electron system i n  D
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*-ELECTRON STRUCTURES 81 

Comparing t h e  d i f f e r e n t  series of  t h e  PDA-mole- 
c u l e s  wi th  t h e  PA series i n  F igu re  8 r e v e a l s  t h a t  
t h e  SO-nolecules,  which have no f r e e  r ac ' i ca l  elec- 
t r o n ,  a r e  c l o s e s t  t o  t h e  polyene a b s o r p t i o n s  o f  t h e  
PA-molecules. A l l  series a r e  t o o  low i n  energy.  
Th i s  nay be explainec!. by t h e  c h a i n  en6 s t r u c t u r e ,  
which, Cue t o  t h e  hydrocen t r a .n s fe r  r e a c t i o n ,  i n -  
creases the con juga t ion  l e n g t h  of t h e  SO-nolecules 
and t h e r e f o r e  lowers t h e  cor responding  e x c i t a t i o n  
e n e r g i e s .  

E x c i t a t i o n s  of Long Chains 

The e l e c t r o n i c  c o n f i g u r a t i o n  of t h e  e x c i t e d  s t a t e  
of long  SO-molecules can be approximated by two 
a l t e r n a t i v e  s i m p l i f i e d  schemes 

d i r a d i c a l  

b ipo la ron  e .. * -..- / \ =  . . 
0 

wi th  a non-polar o r  a p o l a r  ( n e u t r a l  b ipo la ron)  
dipole-active.configuration. The r a p i d  convergence 
of t h e  SO-systems (which have t h e  a c e t y l e n e  s t r u c -  
t u r e  of t h e  polymer) sugges t s  a l o c a l i z e d  e x c i t e d  
s t a t e  s t r u c t u r e  of t h e  o p t i c a l  e x c i t a t i o n  i n  PDA 
polymer cha ins .  Th i s  i s  c o n s i s t e n t  w i th  t h e  r a d i -  
c a l  e l e c t r o n  d i s t r i b u t i o n  shown i n  F igu re  6 w i t h  
an average ex tens ion  of  t h e  r a d i c a l  e l e c t r o n  wave- 
f u n c t i o n  of about  one PDA u n i t .  
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82 H. SlXL 

OPTICAL EMISSION SPECTROSCOPY 

Short  Chain Emission 

Apart from the  emission of d i ace ty l ene  monomer 
molecules, emission from s h o r t  PEA nolecule ' shas  been 
observed only i n  t h e  case  of t he  SO-molecules. Cha- 
r a c t e r i s t i c  f o r  t h e  monomer emission spec t r a  i s  a 
l a rge  bathochromic s h i f t .  This  s h i f t  ( v > > v  I ) i s  
due t o  l a r g e  conformational changes of t h e  mole- 
cu le s  a s  shown schematical ly  below. 

hv 

- 
hv' 

The s p e c t r a l  s h i f t  i s  much smaller ( v  ? v " )  i n  
the  spec t r a  of t h e  dimer, trimer, ... etc. SO-mole- 
cu le s .  This i s  due t o  minor changes of t h e  ground 
s t a t e  and exc i t ed  state equi l ibr ium p o s i t i o n s  of 
t he  carbon atoms a s  shown schematical ly  below. 

hv 

hv" 

- 

The major d i f f e rences  between t h e  n 2 2 oligomers 
and t h e  monomer d i ace ty l enes  arise from the  f a c t  
t h a t  t he  p -e lec t ron  system i s  exc i t ed  i n  t h e  mono- 

Y 
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*-ELECTRON STRUCTURES 83 

-'::I : A absorption - 60- emission 
3 

2 20- - 
'? ' O -  

0- I 
fluorescence 

Laser 

FIGURE 10 Absorption and fluorescence spectra (a) and 
fluorescence decay (b) of dimer PDA molecules. Excitation 
wavelength for the emission was 366 nm, the decay time is 
1 ns. 

E l e c t r o n s ,  Holes and Polarons  

P o s i t i v e  o r  nega t ive  charg ing  o f  conjugated  polymer 
systems ( a )  imp l i e s  d i s r u p t i o n  of  a n-bond (b) f o l -  
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84 H. SIXL 

lowed by l a t t i c e  r e l a x a t i o n  ( c )  as shown i n  t h e  
following s impl i f i ed  scheme 

In the  hole  formation process  a p,-electron i s  
removed from the  valence band of t h e  PDA cha in  and 
the re fo re  an unpaired r a d i c a l  e l e c t r o n  i s  l e f t .  
According t o  the  p r o b a b i l i t y  dens i ty  of Figure 6 

it i s  de loca l ized  t o  an average d i s t ance  of about 
one u n i t  c e l l .  This  implies  a local change of one 
u n i t  c e l l  t o  t he  b u t a t r i e n e  s t r u c t u r e  with a l t e r e d  
kond d i s t ances  and an approximate energy ga in  of 
5 0 , 4 e V  due t o  t h e  r e l a x a t i o n  of t h e  hole  t o  higher  * 

energ ies .  According t o  t h e  band s t r u c t u r e  of F i -  

gure 9 t he  l o c a l  bu ta t r i ene  s t r u c t u r e  a t  t h e  hole  
s i t e  implies  two s p l i t  o f f  states wi th in  the  acety-  
lene  band gap. The l o c a l  l a t t i c e  deformation due t o  
charging of t he  chain i s  t y p i c a l  f o r  polarons ( P  + 1 .  
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s-ELECTRON STRUCTURES 85 

I n  t h e  e l e c t r o n  formation p r o c e s s  a p,-electron i s  
added i n t o  t h e  conduct ion band of  t h e  PDA c h a i n .  
A t  t h e  s i te ,  where t h e  e l e c t r o n  e n t e r s  a p , -o rb i t a l  
t h e  corresponding carbon atom becomes s a t u r a t e d  and 
t h e r e f o r e  i s  unable  t o  main ta in  a n-bond w i t h  t h e  
a d j a c e n t  carbon atom. Consequently t h i s  atom i s  
l e f t  w i th  a p z - r a d i c a l  e l e c t r o n .  The l a t t i c e  a g a i n  
r e l a x e s  l o c a l l y  a t  t h e  e l e c t r o n  s i te  and s p l i t s o f f  
two e l e c t r o n  s ta tes  from t h e  CB and VB-band. D u e t o  
t h e  l o c a l  formation of t h e  b u t a t r i e n e  s t r u c t u r e  of 
approximately one u n i t  c e l l  an energy of 2 Q , 4 e V  

i s  g a i  

Evidence f o r  Electron-Hole and Polaron S t a t e s  i n  
PDA Systems 

Act ion s p e c t r a  of t h e  e l e c t r o n - h o l e  g e n e r a t i o n  pro-  
cess have been g iven  by d i f f e r e n t  a u t h o r s . 2 0 T h e  
band-gap of t h e  n -e l ec t ron  system of a lmost  i n f i n i -  
t e l y  long c h a i n s  i s  g iven  by about  2 . 5  eV.21 

The de layed  emiss ion  and e x c i t a t i o n  s p e c t r a  of  
s h o r t  cha in  PDA molecules  are shown i n  F igu re  1 1 .  
They are i n t e r p r e t e d l g  as  e l ec t ron -ho le  g e n e r a t i o n  
and P , P  -polaron recombinat ion luminescence. Th i s  
i n t e r p r e t a t i o n  i s  based on ( a )  t h e  s t r i k i n q  d i f f e -  
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86 H. SIXL 

rence of the exciton absorption and emission, (b) 
the luminescence lifetime, (c) the large bathochro- 
mic shift, (d) the spectral position of the absorp- 
tion and emission, which is consistent with the 
electron-hole excitation and photoinduced polaron 
absorption spectra, and (e) the excellent agree- 
ment with the theoretical expection. 

Wavelength h [nml 
Boo 800 400 

emission T = 4.2 K 
polymer 

15000 2oooO 25wO 
Energy vhc [ern-'] 

+ -  FIGURE 11 Electron-hole excitation and polaron P ,P -recom- 
bination spectra in PDA molecules. 
are correlated to a schematic band structure on the right. 

Absorption and emission 

Absorption, relaxation and emission are shown 
schematically in an energy level diagram. Accord- 
ing to the energy level diagrams of the polarons 
it should be possible to observe a short-lived. 
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*-ELECTRON STRUCTURES 87 

abso rp t ion  between t h e  t w o  s p l i t  o f f  gap states 
d u r i n g  t h e i r  l i f e t i m e s .  Th i s  photoinduced t r a n -  
s i e n t  abso rp t ion  has  been s u c c e s s f u l l y  observed  i n  
a l l  conjugated  systems under c o n s i d e r a t i o n .  22 

CONCLUSIONS 

It has  been shown i n  t h i s  c o n t r i b u t i o n  t h a t  l i n e a r -  
c h a i n ,  f u l l y - p l a n a r  PDA molecules  are ideal model 
systems f o r  t h e  spec t roscopy o f  e lementary  excita- 
t i o n s  and o f  t h e  d i f f e r e n t  ground s ta te  and r a d i -  
c a l  e l e c t r o n  s t r u c t u r e s  of  conjugated  systems.  
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