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MECHANISMS OF THE SPECTRAL SENSITIZATION OF 
THE DIACETYLENE POLYMER1 ZATION 

CHRISTOPH BUBECK, BERND TIEKE AND 
GE RHARD WEGNE R 
Institut fur Makromolekulare Chemie, Universi- 
tat Freiburg, Stefan-Meier-StraRe 31, 
D-7800 Freiburg i. Br., West-Germany 

Abstract A short survey is given of experiments 
using surface active dyes in order to sensi- 
tize the photopolymerization of diacetylenes 
to visible light in Langmuir-Blodgett mul- 
tilayers. Among the different mechanisms dis- 
cussed, the preferred one is based on an elec- 
tron transfer between the photoexcited dye 
and the diacetylene moiety. 

1 .  INTRODUCTION 

The photopolymerization of pure diacetylenes is 
restricted to UV or high energy irradiation be- 
cause the monomeric diacetylene chromophore ab- 
sorbs in the UV-range only. To extend the spec- 
tral sensitivity substituents might be used that 
absorb visible light. However the choice of the 
substituents is limited by steric effects. The po- 
lymerization of diacetylenes occurs in the solid 
state only and is strictly lattice controlled. 
Therefore the substituent acting as the chromo- 
phore must not disturb the packing necessary to 
bring about the solid state reactivity. 

1,2 

Such steric problems can be overcome with 
Langmuir-Blodgett multilayers. It was shown that 
multilayers can be built up with amphiphilic 
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110 C. BUBECK, B. TIEKE and G. WEGNER 

d i a c e t y l e n e s  such as 

C1 2H25-CX!-C-C-C81i1 6-COOH 

p r e f e r a b l y  i n  t h e  form of t h e  Cd-sa l t .  3 , 4  

The m u l t i l a y e r  can  be polymerized by UV-irradia- 
t i o n  w i t h  r e t e n t i o n  of t h e  c r y s t a l l i n e  o r d e r  and 

l a y e r  s t r u c t u r e .  5 

The i n c o r p o r a t i o n  of t h e  s u r f a c e  a c t i v e  

dyes  i s  ach ieved  by adding  a small amount of t h e  
dye t o  t h e  s o l u t i o n  of monomer d i a c e t y l e n e s  p r i o r  

t o  t h e  sp read ing  a t  t h e  air-water i n t e r f a c e .  
F ig .  1 shows s c h e m a t i c a l l y  t h e  a r rangement  of t h e  
s u r f a c e  a c t i v e  dye i n  a monolayer.  

FIGURE 1 .  P a r t i a l l y  polymerized monolayer and 
an e l e c t r o n  t r a n s f e r  between t h e  s u r f a c e  ac- 
t i v e  dye and t h e  oligomer. 

S i n c e  t h e y  were p u b l i s h e d  recent ly6- ' ,  t h e  e x p e r i -  
ments des igned  t o  s t u d y  t h e  s e n s i t i z a t i o n  capa- 
b i l i t y  of a series o f  s u r f a c e  a c t i v e  d y e s  are h e r e  
o ~ l y  b r i e f l y  summarized. The a i m  o f  t h i s  pape r  i s  
t o  p r e s e n t  a r e f i n e d  d i s c u s s i o n  o f  t h e  mechanisms 

t h a t  account  f o r  t h e  s e n s i t i z a t i o n .  
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MECHANISMS OF THE SPECTRAL SENSITIZATION 111 

2. SENSITIZATION EXPERIMENTS 

S e v e r a l  s u r f a c e  ac t ive  d y e s  w i t h  o p t i c a l  abso rp -  

t i o n s  i n  t h e  r a n g e  between 4 0 0  and  600  nm have  

been  used  a s  s e n s i t i z e r s  o f t h e  pho topo lymer i za -  

t i o n  of d i a c e t y l e n e s  i n  m u l t i l a y e r s :  f i v e  d i f f e -  

r e n t  c y a n i n e  dyes  6 ‘ 7  as  w e l l  as  one a c r i d i n i u m  and  

one a n t h r a q u i n o n e  dye .  * The g e n e r a l  c h a r a c t e r i s -  

t i c s  of t h e  s e n s i t i z a t i o n  by t h e s e  d y e s  i s  q u i t e  

s imi l a r .  I r r a d i a t i o n  of  t h e  m u l t i l a y e r  i n  t h e  r a n g e  

of t h e  a b s o r p t i o n  band of t h e  dye  l e a d s  t o  a po ly -  

m e r i z a t i o n  of  t h e  d i a c e t y l e n e  u n i t s .  The a c t i o n  

spec t rum of  t h e  r e a c t i o n  ra te  c o r r e s p o n d s  e x a c t l y  

t o  t h e  dye a b s o r p t i o n  spec t rum.  T h i s  i s  t h e  p r o o f  I 

t h a t  t h e  d i a c e t y l e n e  p o l y m e r i z a t i o n  i s  s e n s i t i z e d  

by t h e  o p t i c a l  e x c i t a t i o n  of  t h e  dye .  

The polymer y i e l d  i s  r e l a t e d  t o  t h e  i n t e g r a l  

polymer a b s o r p t i o n  A ,  e v a l u a t e d  between 13500 and  

30500 cm-’ .  A t  t h e  b e g i n n i n g  of t h e  i r r a d i a t i o n  

t h e  t i m e  dependence o f  t h e  c o n v e r s i o n  o b e y s  a n  

e m p i r i c a l  l a w  A % t ( c + t ) - ’  I c b e i n g  a c o n s t a n t .  

l o n g e r  i r r a d i a t i o n  t i m e s  a maximum of  A i s  ob- 

s e r v e d .  

At 

Within  t h e  e x p e r i m e n t a l  e r r o r  Amax i s  t h e  

same f o r  t h e  d i f f e r e n t  s e n s i t i z e r  d y e s  d e s c r i b e d  

Amax above. Fur the rmore  I 

c o n c e n t r a t i o n  i n  t h e  r a n g e  between 0 . 0 2  and  3 

mole p e r c e n t .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  

s a m e  A v a l u e s  are o b t a i n e d  e i t h e r  by t h e  

s e n s i t i z e d  p o l y m e r i z a t i o n  or  by a d i r e c t  UV-exci- 

t a t i o n  of t h e  t r i p l e  bond sys tem.  Taking  i n t o  

a c c o u n t  t h e  lowest dye c o n c e n t r a t i o n  of 0 . 0 2  mole 

i s  i n d e p e n d e n t  of t h e  dye  

max 
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112 C. BUBECK, B .  TIEKE and G .  WEGNER 

p e r c e n t  used  so f a r ,  w e  conc lude  t h a t  one dye mo- 
l e c u l e  must b e  a b l e  t o  s e n s i t i z e  t h e  polymeriza-  
t i o n  of approximate ly  5000 monomer u n i t s  i n  order 

t o  r each  t h e  h igh  conve r s ion  observed .  
The quantum y i e l d  Q of t h e  s e n s i t i z e d  photo- 

po lymer i za t ion  is d e f i n e d  as t h e  number of mono- 
m e r  molecules  polymerized p e r  number of photons  
absorbed  by t h e  dye. A t  t h e  beginning  of t h e  con- 
v e r s i o n  Q i s  of t h e  o r d e r  of t o  lo-*. 

The i n t e n s i t y  of t h e  f l u o r e s c e n c e  of t h e  dyes  
s t r o n g l y  decreases as  t h e  polymer p roduc t  i s  
formed whereas t h e  a b s o r p t i o n  of t h e  dyes  dec rea -  
ses on ly  s lowly  due t o  a pho todegrada t ion  process. 
Two d i f f e r e n t  mechanisms may accoun t  f o r  t h e  f l u o -  
r e scence  quenching: f i r s t l y  a Forster t y p e  ene rgy  
t r a n s f e r  or  secondly  an  e l e c t r o n  hopping or  tun -  
n e l i n g  p r o c e s s  from t h e  dye t o  a n  a d j a c e n t  o l i -  

gomer cha in .  

3 .  SENSITIZATION MECHANISMS 

3 . 1  I N I T I A T I O N  REACTION 

The lowest e l e c t r o n i c  e x c i t a t i o n  e n e r g i e s  of mo- 
nomeric d i a c e t y l e n e s  are observed  a t  3 . 7  e V 9  and 
3 . 1 - 3 . 2  eVl0 f o r  t h e  s i n g l e t  and t r i p l e t  s ta tes ,  
r e s p e c t i v e l y .  S i n c e  t h e  o p t i c a l  t r a n s i t i o n s  of 
t h e  s e n s i t i z e r  dyes  are e x c i t e d  a t  c o n s i d e r a b l y  
lower quantum e n e r g i e s  a t r a n s f e r  of e l e c t r o n i c  
e x c i t a t i o n  ene rgy  from t h e  dye t o  t h e  d i a c e t y l e n e  
monomer i s  n o t  p o s s i b l e .  The re fo re  o t h e r  p o s s i -  
b i l i t i e s  have t o  be cons ide red .  We s u g g e s t  t w o  
p o s s i b l e  mechanisms. 
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MECHANISMS OF THE SPECTRAL SENSITIZATION 113 

F i r s t  w e  d e s c r i b e  a model t h a t  i s  based  on 

an e l e c t r o n  t r a n s f e r  between t h e  p h o t o e x c i t e d  dye 

and t h e  d i a c e t y l e n e  c r e a t i n g  r e a c t i v e  r a d i c a l - i o n  

s ta tes .  To s u b s t a n t i a t e  t h i s  p r o c e s s ,  t h e  know- 

l e d g e  of t h e  a b s o l u t e  p o t e n t i a l s  of t h e  v a r i o u s  

ground and e x c i t a t i o n  s ta tes  i s  c r u c i a l .  The 

h i g h e s t  occupied  molecular  o r b i t a l  of t h e  d i a c e t y -  

l e n e  monomer i s  l o c a t e d  -7 - 1 e V  below t h e  va- 
cuum l e v e l  as de termined  by ESCA.” T h e r e f o r e  t h e  

s i n g l e t  and t r i p l e t  e x c i t a t i o n  s t a t e s  of t h e  d i -  

a c e t y l e n e  monomer are expec ted  a t  t h e  p o t e n t i a l s  

- 3 . 3  e V  and -3.8 t o  - 3 . 9  e V .  However, t h e s e  l e v e l s  
are known o n l y  wi th  an  u n c e r t a i n t y  of - 1 e V  

due t o  t h e  expe r imen ta l  e r r o r  of t h e  ESCA d a t a .  

i- 

4- 

* 
The l e v e l  E of t h e  e x c i t e d  s t a t e  i o n i z a t i o n  

energy  of t h e  cyanine  dyes can  be  approximated  

from t h e  o x i d a t i o n  p o t e n t i a l  Eox and t h e  o p t i c a l  

e x c i t a t i o n  energy .  Using t h e  d a t a  of p o l a r o g r a -  

p h i c   investigation^'^ E 

r ies  of cyan ine  dyes t h a t  s e n s i t i z e  t h e  d i a c e t y -  

l e n e  po lymer i za t ion  h a s  v a l u e s  of E i n  t h e  r ange  

between - 2 . 7  e V  and - 3 . 3  e V .  T h e r e f o r e  it i s  f e a -  

s i b l e  t h a t  a n  e l e c t r o n  can be t r a n s f e r r e d  from 

t h e  pho toexc i t ed  cyanine  dye a c t i n g  as  donor  t o  

t h e  d i a c e t y l e n e  u n i t  by a t u n n e l i n g  o r  hopping 

p r o c e s s .  The s e n s i t i z a t i o n  by t h e  s u r f a c e  ac t ive  
an th raqu inone  and a c r i d i n i u m  dyes  can b e  e x p l a i n e d  

s i m i l a r l y .  Although r e l i a b l e  d a t a  on t h e  reduc-  

t i o n  p o t e n t i a l s  of t h e s e  dyes  i n  t h e  m u l t i l a y e r  

environment  a r e  n o t  a v a i l a b l e  a t  p r e s e n t ,  w e  
assume t h a t  t h e y  act  as e l e c t r o n  a c c e p t o r s  due t o  
t h e i r  l o w  l y i n g  g a s  phase  i o n i z a t i o n  p o t e n t i a l s .  

* 
i s  c a l c u l a t e d .  The se- 

* 
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114 C. BUBECK, B.  TIEKE and G.  WEGNER 

The r e a c t i v e  i o n - r a d i c a l  s ta tes  t h u s  created 
can i n i t i a t e  t h e  d i a c e t y l e n e  po lymer i za t ion .  By 
means of  ESR-inves t iga t ions  of d i a c e t y l e n e  s i n g l e  

c r y s t a l s  a t  l o w  t empera tu res  a m u l t i t u d e  of d i r a -  
d i c a l  and ca rbene  l i k e  c e n t r e s  were c h a r a c t e r i z e d  

as r e a c t i o n  i n t e r m e d i a t e s .  ’ 
of t h e s e  paramagnet ic  c e n t r e s  e x i s t  a t  n e u t r a l  o r  
i o n i c  c h a i n  ends  i s  n o t  known a t  p r e s e n t .  

However, whether  some 

A second model f o r t h e  s e n s i t i z a t i o n  mechanism 

might  c o n s i s t  of a t r a n s f e r  of v i b r o n i c  energy  

from t h e  dye t o  t h e  d i a c e t y l e n e . 7  Vib ron ic  quan ta  
are g e n e r a t e d  d u r i n g  t h e  r e l a x a t i o n  of t h e  photo-  
e x c i t e d  dye. A v i b r o n i c a l l y  e x c i t e d  monomer s t a t e  
a c t i n g  as  a p r e c u r s o r  s t a t e  of t h e  d i a c e t y l e n e  

15,16 po lymer i za t ion  w a s  p o s t u l a t e d  p r e v i o u s l y .  

However, t h i s  model i s  n o t  i n  accordance  w i t h  
s e v e r a l  o b s e r v a t i o n s .  

The S tokes  s h i f t  of t h e  dye can  be  astima- 
t e d  t o  be a rough measure f o r  t h e  p r o b a b i l i t y  
t h a t  v i b r o n i c  energy  i s  g e n e r a t e d .  I f  t h e  poly-  
m e r i z a t i o n  i s  i n i t i a t e d  v i a  t h e  exchange of v ib r6 -  

n i c  quanta  a c o r r e l a t i o n  should  e x i s t  between 
t h e  S tokes  s h i f t  o f  t h e  dye and t h e  quantum 
y i e l d  Q. Th i s  i s  n o t  observed .  8 

I n  a d d i t i o n ,  dyes t h a t  d e a c t i v a t e  r a d i a -  

t i o n l e s s l y  should  be s e n s i t i z e r s  as w e l l ,  because  
t h e y  c o n v e r t  t h e i r  whole e x c i t a t i o n  energy  t o  
v i b r o n s  and phonons. A p r e l i m i n a r y  r e s u l t  o f  

c u r r e n t  i n v e s t i g a t i o n s  i s  t h a t  a s u r f a c e  a c t i v e  
azo  dye t h a t  i s  n o n f l u o r e s c e n t  does n o t  s e n s i -  
t i z e  t h e  d i a c e t y l e n e  po lymer i za t ion .  ’ A conse-  

quence of t h e  model of a v i b r a t i o n a l  i n i t i a t i o n  
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MECHANISMS OF THE SPECTRAL SENSITIZATION 1 I5 

of  t h e  po lymer i za t ion  i s  t h e  e x p e c t a t i o n  t h a t  
a s e l f s e n s i t i z a t i o n  by t h e  polymer i s  p o s s i b l e ,  
i f  t h e  k r r a d i a t i o n  i s  performed i n  t h e  r ange  of 
t h e  main polymer a b s o r p t i o n  band. The polvmer ah- 

18,19  s o r p t i o n  a t  2 e V  i s  due t o  an e x c i t o n i c  s ta te .  
The und i s tu rbed  polymer does n o t  f l u o r e s c e .  There-  
f o r e  t h e  whole e x c i t a t i o n  ene rgy  decays  r a d i a t i o n -  

l e s s l y  i n t o  v i b r o n i c  energy .  To  e x c i t e  t h e  pos tu -  
l a t e d  v i b r o n i c  p r e c u r s o r  s ta tes  more quantum ene rgy  

t h a n  necessa ry  i s  p r e s e n t .  A s  d e s c r i b e d  below t h e  

e x c i t o n i c  s t a t e  o f  t h e  p o l y d i a c e t y l e n e  d o e s  n o t  
i n i t i a t e  f u r t h e r  po lymer i za t ion .  T h e r e f o r e  a s e l f -  
s e n s i t i z a t i o n  by t h e  e x c i t o n i c  s t a t e  of t h e  p o l y d i -  

a c e t y l e n e  does  n o t  ex i s t .  
Based on t h e s e  a rguments ,  w e  conclude  t h a t  

an i n i t i a t i - o n  r e a c t i o n  by t r a n s f e r  of v i b r o n i c  
energy  i s  improbable .  

3 . 2  CHAIN PROPAGATION REACTION 

Once t h e  po lymer i za t ion  i s  i n i t i a t e d  a s  des-  

c r ibed  above,  a c h a i n  p r o p a g a t i o n  r e a c t i o n  t a k e s  
p l a c e .  The growth of t h e  p o l y d i a c e t y l e n e  c h a i n  
i s  t h e r m a l l y  a c t i v a t e d .  2o I n  d i a c e t y l e n e  s i n g l e  
c r y s t a l s  t h e  k i n e t i c  c h a i n  l e n g t h  n w a s  d e t e r -  
mined.21 A t  t h e  beginning  of t h e  conve r s ion  n 

i s  i n  t h e  o r d e r  of 50 t o  100 u n i t s .  A t  h i g h e r  con- 
v e r s i o n s  v a l u e s  of n up t o  1000 w e r e  r e p o r t e d .  
S ince  t h e  k i n e t i c  c h a i n  l e n g t h  cou ld  n o t  be  de- 
te rmined  i n  t h e  m u l t i l a y e r s  so f a r ,  w e  assume 
t h a t  n i s  i n  t h e  same order of magnitude. The 
h igh  polymer y i e l d  p e r  s e n s i t i z e r  molecule  t h a t  
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I16 C. BUBECK, B.  TIEKE and G. WEGNER 

i s  o b t a i n e d  a f t e r  long  i r r a d i a t i o n  t i m e s  i s  
g r e a t e r  t h a n  n. T h e r e f o r e  t h e  dye molecules  must 
a c t  several t i m e s  as  a s e n s i t i z e r .  Consequent ly  
a r e g e n e r a t i o n  of t h e  dye i s  necessa ry .  One might  
t h e r e f o r e  c o n s i d e r  a back r e a c t i o n  of t h e  elec- 
t r o n  t r a n s f e r  a f t e r  an  ol igomer c h a i n  i s  formed. 

3 . 3  SELFSENSITIZATION 

As mentioned above,  it i s  e s s e n t i a l  f o r  an under-  
s t a n d i n g  of t h e  s e n s i t i z a t i o n  p r o c e s s  t o  know t h e  

e f f e c t  of t h e  a l r e a d y  formed o l igomer  c h a i n s  on 
t h e  p ropaga t ion  r e a c t i o n .  T h e r e f o r e  t h e  pho to res -  
ponse of pu re  monomeric and p a r t i a l l y  polymer ized  
m u l t i l a y e r s  were compared.22 I t  w a s  found t h a t  

t h e  s p e c t r a l  s e n s i t i v i t y  of a p a r t i a l l y  polyme- 

r i z e d  l a y e r  i s  c o n s i d e r a b l y  r e d s h i f t e d  w i t h  res- 
p e c t  t o  a monomeric l a y e r .  The a c t i o n  spec t rum 

of t h i s  e f f e c t I w h i c h  w e  c a l l  s e l f s e n s i t i z a t i o n ,  i s  
q u i t e  s imi la r  t o  t h e  a c t i o n  spec t rum of t h e  photo- 
c o n d u c t i v i t y .  23 I t  does  n o t  co r re spond  t o  t h e  poly-  
mer a b s o r p t i o n  band t h a t  was shown t o  b e  of an 

e x c i t o n i c  n a t u r e .  ' 
t h a t  t h e  band-to-band t r a n s i t i o n  and consequent-  
l y  mobile cha rge  carriers on t h e  o l igomer  c h a i n  
c o n t r i b u t e  t o  t h e  c h a i n  ' p ropaga t ion .  2 2  Since  t h e  
.rr-electron system of t h e  p o l y d i a c e t y l e n e  c h a i n  
i s  f u l l y  con juga ted ,  t h e  cha rge  carriers have an  
e x t r a o r d i n a r y  h i g h  m o b i l i t y , i n  t h e  o r d e r  of 10 

s - ' . ~ ~  They can  e a s i l y  r e a c h  t h e  c h a i n  c m  
end which i s  assumed t o  be a t r a p . 2 5  The elec- 
t r o n i c  s t r u c t u r e  of  t h e  c h a i n  end may be  changed 

2o Theref  ore w e  concluded  

5 
2 y 1  
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I17 MECHANISMS OF THE SPECTRAL SENSITIZATION 

from a n o n r e a c t i v e  t o  a r e a c t i v e  s t a t e .  T h i s  can 

r e i n i t i a t e  a c h a i n  growth.  

A more d e t a i l e d  p i c t u r e  of  t h e  cha rge  c a r -  

r ier  g e n e r a t i o n  i s  based  on t h e  Onsager t h e o r y  

f o r  t h e  geminate  recombina t ion  i n  one-dimensional  

systems.  26  A f t e r  t h e  o p t i c a l  g e n e r a t i o n  by t h e  

band-to-band t r a n s i t i o n ,  t h e  car r ie r  p a i r  r a p i d l y  

l o o s e s  i t s  i n i t i a l  e x c e s s  k i n e t i c  ene rgy  and be- 

comes the rma l i zed  a t  a mutual d i s t a n c e  b. I n  

p o l y d i a c e t y l e n e s  b i s  i n  t h e  r ange  between 5 0  and 

100 Now t h e  q u e s t i o n  a r i ses ,  whether  re- 

a l l y  f r e e  cha rge  c a r r i e r s  are  o p e r a t i v e  i n  t h e  

s e l f s e n s i t i z a t i o n  o r  on ly  t h o s e  t h a t  are  genera-  

t e d  w i t h i n  a d i s t a n c e  b/2 from t h e  c h a i n  end. 

I n  one-dimensional sys tems t h e  p r o b a b i l i t y  

f o r  t h e  occurance of f r e e  cha rge  ca r r i e r s  t h a t  

can e scape  geminate  recombina t ion  increases li- 
1 9 , 2 6  , 27 n e a r l y  w i t h  an a p p l i e d  e l ec t r i c  f i e l d .  

The re fo re  t h e  pho topo lymer i za t ion  of a PTS c r y s -  

t a l  was s t u d i e d  under  t h e  a c t i o n  of an e lec t r ic  
f i e l d  up t o  4 0  kV cm-’ a p p l i e d  a t  t h e  s u r f a c e  

a long  t h e  polymer c h a i n  d i r e c t i o n .  The c r y s t a l  

w a s  exposed t o  con t inuous  UV- i r r ad ia t ion  of 360  

nm. The po lymer i za t ion  w a s  monitored d u r i n g  t h e  

i r r a d i a t i o n  by t h e  t r a n s m i s s i o n  of  t h e  c r y s t a l  

a t  575 nm. I t  w a s  found f i r s t l y ,  t h a t  t h e  s e l f -  

s e n s i t i z a t i o n  e f f e c t  e x i s t s  t o o  i n  p a r t i a l l y  poly-  

merized PTS s i n g l e  c r y s t a l s  and second ly ,  t h e  

r e a c t i o n  r a t e  d i d  n o t  change i f  t h e  e l e c t r i c  

f i e l d  was swi tched  on or  o f f .  

This  r e s u l t  was used  t o  q u e s t i o n  t h e  c o n t r i -  
1 6  b u t i o n  of charge  car r ie rs  t o  t h e  s e n s i t i z a t i o n ,  

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

0:
41

 2
1 

Fe
br

ua
ry

 2
01

3 



118 

b u t  w i thou t  c o n s i d e r i n g  t h e  f o l l o w i n g :  f i r s t l y ,  a 
t r a n s m i s s i o n  exper iment  p robes  t h e  polymeriza-  

t i o n  of t h e  bu lk  o f  t h e  c r y s t a l  t h a t  i s  n o t  i n -  

f l u e n c e d  by t h e  e lectr ic  f i e l d ,  because  of t h e  

s u r f a c e  e l e c t r o d e  arrangement .  T h e r e f o r e  t h e  mea- 
s u r i n g  s e n s i t i v i t y  i s  l o w .  Secondly ,  w e  e x p e c t  

t h a t  t h e  p r o b a b i l i t y  t h a t  cha rge  carriers can  
r e a c h  t h e  c h a i n  end i s  n o t  f u r t h e r  enhanced by 

t h e  e lectr ic  f i e l d  i f  t h e y  are g e n e r a t e d  w i t h i n  

a d i s t a n c e  b/2 from t h e  c h a i n  end.  

C. BUBECK, B. TlEKE and G. WEGNER 

ACKNOWLEDGEMENTS 

He lp fu l  d i s c u s s i o n s  wi th  P r o f .  D r .  D. MZjbius, MPI 

Go t t ingen ,  D r .  G.  A.  Chamberlain,  S h e l l  R . L . ,  

D r .  D.  Bloor  and D r .  E. G .  Wilson,  QMC, are grate-  
f u l l y  acknowledged. T h i s  work w a s  suppor t ed  by 

t h e  S t i f t u n g  Volkswagenwerk, Deutsche Forschungs- 

gemeinschaf t  and t h e  Fonds d e r  Chemischen Indu- 

s t r i e .  

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

0:
41

 2
1 

Fe
br

ua
ry

 2
01

3 



MECHANISMS OF THE SPECTRAL SENSITIZATION 119 

REFERENCES 

1.  

2 .  

3 .  

4. 

5. 

6 .  

7 .  

8 .  

9 .  

10 .  

11 .  

12 .  

1 3 .  

14.  

G. Wegner, Molecular Metals, p.  209,  Ed. W. E. 
H a t f i e l d ,  Plenum P r e s s ,  N e w  York 1 9 7 9 .  
V .  Enkelmann and G .  Wegner, Angew. Chem., 
- 89, 432 ( 1 9 7 7 ) .  
B. T i e k e ,  G. Wegner, D. Naegele  and  H.  Rings-  
d o r f ,  Angew. Chem., - I n t .  Ed .  Engl .  - 1 5 ,  7 6 4  
( 1  9 7 6 )  . 

B.  T i e k e ,  G.  Lieser  and  G .  Wegner, J .Polym.Sci .  
Polym. Chem. Ed. ~~ 1 7 ,  1 6 3 1  ( 1 9 7 9 ) .  
G. Lieser ,  B. T i e k e  and  G.  Wegner, Th in  S o l i d  
F i l m s ,  68, 77 ( 1 9 8 0 ) .  
J. P. F o u a s s i e r ,  B. T i eke  and  G .  Wegner, 
Isr. J .  Chem., 1 8 ,  227 ( 1 9 7 9 ) .  
C.  Bubeck, B. T i e k e  and  G .  Wegner, B e r .  Bunsen- 
g e s . ,  Phys.  Chem. 8 6 ,  499 ( 1 9 8 2 ) .  
C .  Bubeck, K.  Weiss and  B .  T i e k e ,  Th in  S o l i d  
F i lms  , 99,  1 0 3  ( 1 9 8 2 ) .  
T. Takabe,  M. Tanaka and  J .  Tanaka,  B u l l .  Chem. 
SOC. J p n . ,  9, 1 9 1 2  ( 1 9 7 4 ) .  
K .  Kawaoka, Chem. Phys.  L e t t . ,  3 7 ,  5 6 1  ( 1 9 7 6 ) .  
J.  L.  Hardwick and  D .  A.  RamseyTChem. P h y s .  
L e t t . ,  48,  3 9 9  ( 1 9 7 7 ) .  
14. B e r t G l t .  J. L.  Fave and M. S c h o t t .  Chem. 

- _ _  - __  ___ -~ - 

- -  
Phys. L e t t . ,  62,  1 6 1  ( 1 9 7 9 ) .  
J .Knech t  and H. Bass le r ,  Chem. P h y s . ,  - 3 3 ,  
1 7 9  ( 1 9 7 8 ) .  
K .  P .  S e e f e l d ,  D.  Mobius and  H.  Kuhn, Helv.  
Chim A c t a ,  60, 2 6 0 8  ( 1 9 7 7 ) .  
R.  F. L a r g e i n  R.  J. Cox ( E d . )  P h o t o g r a p h i c  
S e n s i t i v i t y  ( P r o c .  Symp. Pho togr .  S c i . ,  Cam- 
b r i d g e  1 9 7 2 1 ,  Academic P r e s s ,  London 1 9 7 3 ,  
p.  241.  
R. Huber ,  M. Schwoerer ,  C .  Bubeck and  H. S i x l ,  
Chem. Phys.  L e t t . ,  53, 35 ( 1 9 7 8 ) .  
C .  Bubeck, H .  S i x l  and H .  C .  Wolf,  Chem. P h y s . ,  
3 2 .  231 ( 1 9 7 8 ) .  - ,  - - 
C .  Bubeck, H.  S i x l  and  W .  Neumann, Chem. P h y s . ,  
- 48, 269 ( 1 9 8 0 ) .  
Y .  Hor i  and L.  D.  K i s p e r t ,  J .  Am. Chem. SOC. ,  
1 0 1 ,  3 1 7 3  ( 1 9 7 9 ) .  
R. A. Huber,  M. Schworer ,  H.  Benk and  H .  S i x l ,  
Chem. Phys.  L e t t . ,  78,  416 ( 1 9 8 1 ) .  
W.Neumann and H .  S i x ,  - Chem. Phys . ,  58, 3 0 3  
( 1 9 8 1 ) .  

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

0:
41

 2
1 

Fe
br

ua
ry

 2
01

3 



120 C. BUBECK, B. TIEKE and G. WEGNER 

15. F. Braunschweig and H.  Bassler, B e r .  Bunsenges. 

16.  F. Braunschweig-and H .  B a s s l e r ,  Chem. Phys.  
Phys. Chem., 84, 177  ( 1 9 8 0 ) .  

Lett.. 90 .  41  119821. ~- 
17. K .  Weiss (Diplom T h e s i s ,  F r e i b u r g  1 9 8 2 )  . 
‘18. K.Lochner, B. Ra ine r  and H. Bass le r ,  Phys. 

19 .  R. R.  Chance and R . H .  Baughman, J. -. -. Chem. Phys . ,  
S t a t .  Sol .  ( b ) ,  76, 533  ( 1 9 7 6 ) .  

- 64, 3889  ( 1 9 7 6 ) .  
M. R. P h i l p o t t ,  Chem. Phys. L e t t . ,  50, 1 8  
( 1 9 7 7 ) .  

20. H. Niederwald,  H.  E i c h e l e  and M.  Schwoerer ,  
Chem. Phys. L e t t . ,  72, 2 4 2  ( 1 9 8 0 ) .  
H.  Niederwald,  K.-H. R i c h t e r ,  W. G u t t l e r  and 
M. Schwoerer,  Mol. C r y s t .  L iqu id  C r y s t . ,  
t h i s  i s s u e  ( 1 9 8 3 ) .  

21. G. Wenz and G. Wegner, M o l  C r y s t .  L iqu id  
C r y s t . ,  t h i s  i s s u e  ( 1 9 8 3 ) .  

22. C. Bubeck, B. T ieke  and G. Wegner, B e r .  Bun- 
senges .  Phys. Chem., 86,  495 ( 1 9 8 2 ) .  

23.  K .  Lochner,  H .  B a s s l e c  B. T i eke  and G .  
Wegner, Phys. S t a t .  Sol  ( b ) ,  88, 653  ( 1 9 7 8 ) .  

24. K .  J. Donovan and E.  G .  Wilson,  P h i l  Mag.3, 
44, 9 ( 1 9 8 1 ) .  

25.  A. S. S i d d i q u i  and E.  G.  Wilson,  J. Phys.  C ,  
12,  4237 ( 1 9 7 9 ) .  

26. R. Haberkorn and M. E.  Michel-Beyerle ,  
Chem. Phys. L e t t . ,  23, 1 2 8  (1973- j .  

- 44, 31  ( 1 9 8 1 ) .  
27.  K.  J. Donovan and E.G. Wilson, P h i l  Mag.B, 

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

0:
41

 2
1 

Fe
br

ua
ry

 2
01

3 


