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Novel insights into photoisomerization of olefins 
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Depar tment  of C h e m i s t r y ,  U n i v e r s i t y  of Tsukuba,  Tsukuba,  I b a r a k i  305, J a p a n  

A b s t r a c t  - Aromat ic  o l e f i n s  l i k e  a n t h r y l e t h y l e n e s  (&-a undergo one-way 
i s o m e r i z a t i o n ,  which p r o c e e d s  s o l e l y  f rom t h e  c i s  t o  t r a n s  i s o m e r  i n  v e r y  
h i g h  q u a n t u m  y i e l d s  f a r  exceedl ;ng  u n i t y  t h r o u g h  a d i a b a t i c  c o n v e r s i o n  o f  
i n i t i a l l y  produced c i s  t r i p l e t  ( c ) t o  t r a n s  t r i p l e t  (3t*) p a s s i n g  t h r o u g h  
a p e r p e n d i c u l a r l y  t w i s t e d  c o n f o r m a t i o n .  T h i s  is i n  r e m a r k a b l e  c o n t r a s t  w i t h  
t h e  wel l  a c c e p t e d  b e h a v i o r  of s t i l b e n e s  and o t h e r  o l e f i n s .  The r e s u l t i n g  
3t*’s h a v e  e x t r a o r d i n a r i l y  l o n g  l i f e t i m e s  i n  t h e  o r d e r  o f  l o 2  u s ,  a n d  
t h e r e f o r e  c a n ,  i n  c o m p e t i t i o n  w i t h  t h e i r  r e l a t i v e l y  s l o w  d e c a y ,  u n d e r g o  
energy  t r a n s f e r  t o  t h e  c i s  i s o m e r  t o  r e g e n e r a t e  3c*, t h u s  a c c o m p l i s h i n g  a 
quantum c h a i n  process .  The c h a r a c t e r i s t i c  f e a t u r e  of  t h e  p o t e n t i a l  energy  
s u r f a c e  was c l a r i f i e d  w i t h  2-(ethenyl-2-d)anthracene (le-d) i n  which t h e r e  
i s  a n  e n e r g y  b a r r i e r  o f  11 k c a l / m o l  b e t w e e n  3c* a n d  3tk, The  mode o f  
i s o m e r i z a t i o n  of  a r o m a t i c  o l e f i n s ,  e i t h e r  one-way o r  two-way, is r e v e a l e d  
t o  be governed by t h e  t r i p l e t  energy  of  t h e  a r o m a t i c  group on one  e t h y l e n i c  
c a r b o n  a s  w e l l  as by t h e  s u b s t i t u e n t  on  t h e  o t h e r  e t h y l e n i c  c a r b o n ;  
d e c r e a s e  o f  t h e  t r i p l e t  e n e r g y  o f  t h e  a r o m a t i c  g r o u p  f a v o r s  t h e  one-way 
mode, and most  o l e f i n s  i n  t h e  s e r i e s  of ArCH=CHPh p r e f e r  t h e  two-way mode 
compared t o  t h e  c o r r e s p o n d i n g  o l e f i n s  i n  t h e  series of  ArCH=CHtBu. 

INTRODUCTION 

It is well-known t h a t  c i s  and t r a n s  i s o m e r s  o f  o l e f i n s  are v e r y  s t a b l e  a t  room t e m p e r a t u r e  
u n l e s s  exposed t o  l i g h t  and might  o n l y  s l o w l y  i s o m e r i z e  on h e a t i n g  a t  e l e v a t e d  t e m p e r a t u r e s .  
T h i s  is  due t o  a h i g h  energy  b a r r i e r  t o  be overcome on r o t a t i o n  of t h e  d o u b l e  bond s t a r t i n g  
f rom e i t h e r  i s o m e r ,  as s e e n  i n  a p o t e n t i a l  d i a g r a m  d e p i c t e d  i n  Fig.  1, where  a perpendicu-  
l a r ly  t w i s t e d  c o n f o r m a t i o n  (Op) is  maximum i n  e n e r g y  ( r e f .  1). 

However, on i r r a d i a t i o n  many o l e f i n s  undergo mutua l  i s o m e r i z a t i o n  between t h e i r  c i s  and t r a n s  
i s o m e r s ,  a l t h o u g h  t h e  c o n v e r s i o n  d o e s  n o t  p r o c e e d  100% t o  e i t h e r  i s o m e r  b u t  g i v e  a p h o t o s t a -  
t i o n a r y  m i x t u r e  of  b o t h  i s o m e r s  on  s t a r t i n g  f r o m  e i t h e r  i s o m e r  ( r e f .  1-8). The p h o t o i s o -  
m e r i z a t i o n  h a s  b e e n  e m p l o y e d  i n  r e s e a r c h  l a b o r a t o r i e s  as  w e l l  as  i n  i n d u s t r y  t o  p r o d u c e  
u s e f u l  i s o m e r s  f rom t h e i r  c o u n t e r p a r t s  which  are r e a d i l y  a v a i l a b l e .  A p r a c t i c a l  a p p l i c a t i o n  
is  m a n u f a c t u r e  of f i n e  c h e m i c a l s  l i k e  v i t a m i n  A ,  v i t a m i n  D ,  e tc  ( r e f .  9). 

The mechanism f o r  i s o m e r i z a t i o n  i n  t h e  t r i p l e t  and s i n g l e t  e x c i t e d  s ta tes  h a s  been e x t e n s i v e -  
l y  i n v e s t i g a t e d  by many w o r k e r s  w i t h  s t i l b e n e  a n d  i t s  d e r i v a t i v e s  ( r e f .  1-8,lO-12). An 
energy  d iagram wel l  a c c e p t e d  f o r  t h e  i s o m e r i z a t i o n  i n  t h e  t r i p l e t  m a n i f o l d  is d e p i c t e d  i n  
F i g .  2 ( r e f .  1-8). S e n s i t i z e d  e x c i t a t i o n  of  c i s  and t r a n s  i s o m e r s  of o l e f i n s  i v e s  c i s  t r i p -  
l e t s  (3c*) and t r a n s  t r i p l e t s  (3t*), r e s p e c t i v e l y .  However, n e i t h e r  3t* n o r  3c’ is s t a b l e  and 
b o t h  r e a d i l y  t w i s t  a round t h e i r  d o u b l e  bond i n t o  t h e  most  s t a b l e  t r i p l e t ,  a p e r p e n d i c u l a r l y  
t w i s t e d  t r i p l e t  (3p*). 3p* i s  v e r y  c l o s e  i n  e n e r  y t o  Op a n d  u n d e r g o e s  d e a c t i v a t i o n  t o  Op 

i n  t h e  g r o u n d  s t a t e  w i t h  a c e r t a i n  r a t i o .  T h e r e f o r e ,  a f t e r  i r r a d i a t i o n  f o r  a s u f f i c i e n t  
time, t h e  r e a c t i o n  r e s u l t s  i n  a p h o t o s t a t i o n a r y  s t a t e  c o m p r i s i n g  of a c e r t a i n  r a t i o  of b o t h  
i s o m e r s .  

t h r o u g h  i n t e r s y s t e m  c r o s s i n g .  Then, t h e  r e s u l t i n g  8 p c o l l a p s e s  t o  e i t h e r  c is  or t r a n s  isomer 

The above  e n e r g y  d i a g r a m  can  e x p l a i n  t h e  o b s e r v a t i o n s  t h a t  b o t h  of c i s - t o - t r a n s  and t r a n s - t o -  
c is  i s o m e r i z a t i o n  quantum y i e l d s ,  OC+t  and Ot+c ,  r e s p e c t i v e l y ,  are g e n e r a l l y  be tween 0 and 1 
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Fig .  1. C a l c u l a t e d  p o t e n t i a l  
energy  s u r f a c e s  of e t h y l e n e .  
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Fig .  2. Proposed p o t e n t i a l  
e n e r g y  s u r f a c e s  of  s t i l b e n e .  

( r e f .  2 , 3 a , 4 b , 5 b , 7 a , 8 ) .  To say s i m p l y ,  t h e  m u t u a l  i s o m e r i z a t i o n  b e t w e e n  t h e  t w o  i s o m e r s  
arises from t h e  t r i p l e t  e n e r g y  s u r f a c e ,  on which 3p* i s  t h e  most  s t a b l e  and t h e  d e a c t i v a t i o n  
t o  t h e  ground state o c c u r s  f rom 3p". The t r i p l e t  energy  d iagram of s t i l b e n e  is o r i g i n a t e d  
from modify ing  t h e  r e s u l t s  c a l c u l a t e d  f o r  e t h y l e n e ,  t h e  s i m p l e s t  o l e f i n ,  by M u l l i k e n  (Fig.  1) 
( r e f ,  1). For  e t h y l e n e ,  a l t h o u g h  t h e r e  i s  no d i s t i n c t i o n  between c is  and t r a n s  f o r m s  i n  t h e  
g r o u n d  as w e l l  as e x c i t e d  s t a t e s ,  p" i s  t h e  m o s t  s t a b l e  i n  t h e  e x c i t e d  s t a t e  a n d  a s o l e  
d e a c t i v a t i o n  f u n n e l  t o  Op. 

The c o n c e p t  borne  o u t  f o r  e t h y l e n e  and s t i l b e n e  ( r e f .  1 , 2 )  h a s  been t a k e n  t o  c o v e r  a l l  t y p e s  
of  o l e f i n s .  Nobody h a s  d o u b t e d  t h a t  e v e r y  o l e f i n  w o u l d  u n d e r g o  t h e  m u t u a l  i s o m e r i z a t i o n  
between i t s  c i s  and t r a n s  i s o m e r ,  u n t i l  w e  made a d r a m a t i c  f i n d i n g  of one-way i s o m e r i z a t i o n .  

ONE-WAY ISOMERIZATION OF AROMATIC OLEFINS 

During t h e  c o u r s e  of our  i n v e s t i g a t i o n  on i s o m e r i z a t i o n  of a r o m a t i c  o l e f i n s  ( r e f .  8 ,13 ,14) ,  
we found t h a t  t h e  o l e f i n s  s u b s t i t u t e d  by a 2 - a n t h r y l  group and a n o t h e r  group,  l i k e  a n  a l k y l ,  
p h e n y l ,  o r  2 - n a p h t h y l ,  on o n e  e t h y l e n i c  c a r b o n  a n d  t h e  o t h e r ,  r e s p e c t i v e l y ,  e x e r t  a r e a l l y  
d r a m a t i c  c h a n g e  i n  p h o t o c h e m i c a l  b e h a v i o r  ( r e f .  1 5 , 1 6 ) .  On d i r e c t  a s  w e l l  a s  s e n s i t i z e d  
i r r a d i a t i o n ,  t h e s e  o l e f i n s  underwent  one-way i s o m e r i z a t i o n  f rom t h e i r  c i s  t o  t r a n s  i s o m e r s ,  
w h e r e a s  no r e v e r s e  i s o m e r i z a t i o n  f r o m  t h e i r  t r a n s  t o  c i s  d i d  n o t  t a k e  p l a c e  e v e n  when t h e  
t r a n s  i s o m e r s  were e x c i t e d .  

Another f e a t u r e  of t h e  one-way i s o m e r i z a t i o n  i s  t h a t  t h e  quantum y i e l d  @c+t f a r  e x c e e d s  u n i t y  
and  i n c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of t h e  c i s  i s o m e r  t o  a t t a i n  a v a l u e  of t e n  o r  
t w e n t y  ( F i g .  3 ) ,  i n d i c a t i n g  c l e a r l y  t h a t  t h e  i s o m e r i z a t i o n  t a k e s  p l a c e  t h r o u g h  a q u a n t u m  
c h a i n  p r o c e s s  ( r e f  15-17) .  How d o e s  t h e  one-way i s o m e r i z a t i o n  t a k e  p l a c e ?  T h e r e  i s  no  
p a r t i c i p a t i o n  o f  p as  a n  i m p o r t a n t  i n t e r m e d i a t e ,  s i n c e  i t  w o u l d  g i v e  a m i x t u r e  o f  b o t h  
i s o m e r s .  Thus,  
3c't r e s u l t i n g  f r o m  e x c i t a t i o n  u n d e r g o e s  t w i s t i n g  a r o u n d  t h e  d o u b l e  bond t o  a t t a i n  3t" by 
p a s s i n g  t h r o u g h  a p e r p e n d i c u l a r  c o n f o r m a t i o n .  We d o  n o t  t h i n k  t h a t  a n  e n e r g y  minimum i s  
s i t u a t e d  a t  t h e  p e r p e n d i c u l a r  c o n f o r m a t i o n .  T h e r e f o r e ,  t h e  e x c i t e d  s t a t e  d o e s  n o t  stay a t  
t h i s  c o n f o r m a t i o n  f o r  a s u f f i c i e n t  l i f e t i m e  t o  be d e a c t i v a t e d  t o  t h e  ground s ta te ,  and t h i s  
c o n f o r m a t i o n  is o n l y  a s i m p l e  p o i n t  t o  be  q u i c k l y  passed .  In t h e  proposed  energy  d i a  ram,  
3tsr r e s u l t i n g  f rom t h e  t w i s t i n g  of 3c" undergoes  e i t h e r  u n i m o l e c u l a r  d e a c t i v a t i o n  t o  6t o r  
b i m o l e c u l a r  e n e r g y  t r a n s f e r  t o  Oc t o  r e g e n e r a t e  3c" w h i c h  a g a i n  g i v e s  3t'', t h u s  accom-  
p l i s h i n g  t h e  quantum c h a i n  process .  On t w i s t i n g  f rom jc" t o  3tK, t h e  t r i p l e t  s ta te  m o l e c u l e  
may overcome a n  energy  b a r r i e r  i n  an "across-a-r idge ' '  o r  "over-a-hump" f a s h i o n ,  depending  on 
t h e  s u b s t i t u e n t  on t h e  6 - e t h y l e n i c  c a r b o n .  To u n d e r s t a n d  t h e  one-way i s o m e r i z a t i o n ,  o n e  
m i g h t  s u p p o s e  t h a t  i n  t h e  t r i p l e t  s t a t e  t h e  e n e r g y  minimum w o u l d  n o t  b e  a t  t h e  e x a c t l y  
p e r p e n d i c u l a r  p o s i t i o n  b u t  s l i g h t l y  s h i f t e d  t o  t r a n s  s i d e  ( F i g .  5 )  ( r e f .  l 8 , 1 9 ) ;  h o w e v e r ,  
s u c h  a scheme c o u l d  n o t  e x p l a i n  t h e  observed  quantum c h a i n  p r o c e s s .  

3' +* 
We have proposed a p o t e n t i a l  energy  d iagram d e p i c t e d  i n  Fig.  4 ( r e f .  15,16). 
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F i g .  3. C i s - i s o m e r  c o n c e n t r a t i o n  F i g .  4. A p o s s i b l e  p o t e n t i a l  F i g .  5. An improbable  p o t e n t i a l  
e f f e c t  on Qc+t i n  c i s - l a  i s o m e r -  energy  s u r f a c e  f o r  one-way energy  s u r f a c e  f o r  one-way 
i z a t i o n  i n  benzene .  P h o t o l y s e s  i s o m e r i z a t i o n .  i s o m e r i z a t i o n .  
were performed w i t h  313 nm l i g h t  
and M i c h l e r ' s  k e t o n e  was used  a s  
s e n s i t i z e r .  

Angle of Twist /Degree 

I n  t h e  2 - a n t h r y l e t h y l e n e s ,  t h e  most  s t a b l e  t r i p l e t  i s  n o t  3pi' but3 >". T r a n s i e n t  a b s o r p t i o n  
s p e c t r o s c o p y  provided  v e r y  clear evidence .  The t w i s t e d  t r i p l e t  p of t h e s e  o l e f i n s  should  
e x h i b i t  an a b s o r p t i o n  as long-wavelength  as t h a t  due t o  a 2 - a n t h r y l m e t h y l  r a d i c a l  chromo- 
p h o r e ,  s i n c e  t h e  r e m a i n i n g  c h r o m o p h o r e ,  a n  a l k y l ,  b e n z y l ,  o r  2 - n a p h t h y l m e t h y l ,  s h o w s  a n  
a b s o r p t i o n  a t  s h o r t e r  w a v e l e n g t h s  t h a n  t h e  2 - a n t h r y l m e t h y l  r a d i c a l  (Fig.  6). However, t h e  
a b s o r p t i o n  of t h e  p l a n a r  t r i p l e t  3ti' s h o u l d  depend on t h e  s u b s t i t u e n t  on R-carbon and s h o u l d  
be  s h i f t e d  t o  l o n g e r  w a v e l e n g t h s  as t h e  s u b s t i t u e n t  becomes w e l l  c o n j u g a t e d .  Also,  3pi' i s  
v e r y  c l o s e  t o  Op i n  e n e r g y  a n d ,  t h e r e f o r e  round s t a t e  w i t h  a 
s h o r t  l i f e t i m e ,  f o r  example ,  60 n s  f o r  3151' of s t i l b e n e  ( r e f .  4a) ,  whereas%" is  f a r  f rom O t  
i n  energy  and is e x p e c t e d  t o  be a l i v e  f o r  a c o n s i d e r a b l y  l o n g  l i f e t i m e .  F i g u r e  7 shows t h e  
t r a n s i e n t  a b s o r p t i o n  s p e c t r a  o b t a i n e d  by l a se r  f l a s h  p h o t o l y s i s  (LFP) o f  t h e  o l e f i n s  
( r e f .  16).  F o r  e v e r y  o l e f i n  e x a m i n e d ,  LPF o f  i t s  c i s  a n d  t r a n s  i s o m e r s  a f f o r d e d  t h e  same 
a b s o r p t i o n s .  O l e f i n s  and c a r r y i n g  an a l k y l  group on t h e  6 - e t h y l e n i c  c a r b o n  e x h i b i t  a 
s t r o n g  a b s o r p t i o n  a r o u n d  450 nm a n d  a weak o n e  a t  550 nm. B o t h  t h e  a b s o r p t i o n s  d e c a y  w i t h  
t h e  same l i f e t i m e  i r r e s p e c t i v e  of  t h e  geometry  of t h e  s t a r t i n g  i somer .  On i n t r o d u c t i o n  of a 
phenyl  group (Ib) a t  t h e  R-e thylen ic  c a r b o n  i n s t e a d  of  t h e  a l k y l  group,  t h e  s t r o n g  a b s o r p t i o n  

is d e a c t i v a t e d  f a c i l e l y  t o  t h e  

6 :  5: CH-CH-R e : R-H 4: 

CH-CH-R 

is s l i g h t l y  s h i f t e d  t o  l o n g e r  w a v e l e n g t h s  and t h e  a b s o r p t i o n  a t  550 nm i n c r e a s e s  i n  i n t e n -  
s i t y ,  and a n o t h e r  a b s o r p t i o n  a p p e a r s  a t  l o n g e r  w a v e l e n g t h s  t h a n  600 nm. F u r t h e r m o r e ,  i n t r o -  
d u c t i o n  of a 2 - n a p h t h y l  g r o u p  (k) i n s t e a d  of t h e  p h e n y l  g r o u p  i n c r e a s e s  i n t e n s i t y  of  t h e  
a b s o r p t i o n  a t  550 nm, s h i f t s  s l i g h t l y  t h e  a b s o r p t i o n  i n  t h e  >600 nm r e g i o n  t o  l o n g e r  wave- 
l e n g t h s ,  and i n c r e a s e s  i t s  i n t e n s i t y  t o  such  a n  e x t e n t  t h a t  t h i s  a b s o r p t i o n  is  s t r o n g e r  t h a n  
t h o s e  of and a t  450 nm. The t r a n s i e n t  a b s o r p t i o n s  of  a l l  t h e s e  o l e f i n s e l r h i b i t e x t r a -  

,H 
H'c =LR 

3 *  3t* P 
F i g .  6 .  P i c t o r i a l  r e p r e s e n t a t i o n  of p l a n a r  3t" and p e r p e n d i c u l a r l y  t w i s t e d  

3p" c o n f o r m a t i o n s .  
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l l l l i l l l , l , l l  
1600 1400 1200 1600 1400 1200 
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Q U A N T U M  CHAIN PROCESS IN ONE-WAY ISOMERIZATION 

According t o  t h e  proposed  mechanism, t h e  quantum y i e l d  f o r  i s o m e r i z a t i o n  on t r i p l e t  s e n s i t i -  
z a t i o n  i s  e x p r e s s e d  by t h e  f o l l o w i n g  e q u a t i o n :  

@ ~ . $ ~ s  = O$$Fs(l t k q T ~ [ c i s ] )  

On d i r e c t  i r r a d i a t i o n ,  t h e  i s o m e r i z a t i o n  of  t h e  2 - a n t h r y l e t h y l e n e s  t a k e s  p l a c e  i n  t h e  t r i p l e t  
m a n i f o l d  b u t  n o t  i n  t h e  s i n g l e t  m a n i f o l d .  T h i s  i s  i n  r e m a r k a b l e  c o n t r a s t  w i t h  t h e  case of  
s t i l b e n e  ( r e f .  1 5 , 1 6 ) .  The  c i s  i s o m e r s  a s  w e l l  a s  t r a n s  i s o m e r s  o f  t h e s e  o l e f i n s  e x h i b i t  
s t r o n g  f l u o r e s c e n c e  d i f f e r e n t  i n  t h e  s p e c t r a l  s h a p e  a n d  l i f e t i m e  ( r e f .  1 5 , 1 6 , 2 1 , 2 3 ) .  The  
s i n g l e t  e x c i t e d  c i s  i s o m e r s  under  o e i t h e r  f l u o r e s c e n c e  e m i s s i o n  o r  i n t e r s y s t e m  c r o s s i n g  t o  

e m i s s i o n  Of and i n t e r s y s t e m  c r o s s i n g  O i s c  are shown i n  T a b l e  1, and t h e i r  sum f o r  e a c h  i s o m e r  
is n e a r l y  u n i t y .  The quantum y i e l d  f o r  i s o m e r i z a t i o n  on d i r e c t  i r r a d i a t i o n  is  shown by t h e  
f o l l o w i n g  e q u a t i o n :  

t h e i r  t r i p l e t  s tates,  i n  which 3 @  c ' s  i s o m e r i z e  ' t o  3t't's. The quantum y i e l d s  f o r  f l u o r e s c e n c e  

O$&f = O i s c ( l  t k q q [ c i s ] )  



Novel insights into photoisomerization of olefins 993 

Olef in @so Qisc Qf 

R=Ph (5) 
R=Z-Np (k) 
R = ~ B U  (la) 

0.08 0.10 0.17 0.11 0.59 0.87 0.47 0.91 
0.10 0.11 0.22 0.12 0.65 0.85 0.45 0.92 
0.52 0.38 0.59 0.46 0.41 0.50 0.88 0.76 

R=Me (lv 0.41 0.46 0.46 0.89 
R=H (&) 0.36 0.49 0.50 0.73 

Anthracene 0.58 0.75 0.25 0.77 

cis-la - 550 0.72 760 280 2 . 7 ~ 1 0 ~  
MK 1400 0.88 280 5.OxlOc 

cis-G - 4200 0.43 9800 190 5.2~10' 

cis-& - 3200 0.38 8400 90 9 . 2 ~ 1 0 ~  
BA 11000 1.6 190 5 . 8 ~ 1 0 ~  

BA 16000 1.4 90 1 . 7 ~ 1 0 ~  
________________________________________----------------------------------- 
Intcpt: Intercept. MK: Michler's ketone. 
BA: Biacetyl. 

Table 3. Isomerization quantum yields of 
on dye sensitized irradiation 

Methylene blue 34 0 0.52 
Thi on i ne 39 0 0.55 

Eosin Y 43-46 15 0.64 

Fluorescein 45-48 1.1 0.05 

Proflavine 51 1.9 0.46 

Rose bengal 39.5-42 3.7 1.0 

Erythrosin 43-45 24 1.0 

Acridine orange 49 0.56 0.10 

0 
0 
3.7 

23 
24 
2 2  
5.6 
4.1 

I t  ' I I  I 

3 10 I/-- i 

7t I 
1 8 ;  I 

28 32 36 40 44 
Triplet energy (ET) / L C I l  mol-' 

Fig.9.Estimationoftriple t 
energies (ET) of la-lcfrom 
the relation of ET- and 
quenching rate constants 
(kq) by azulene. 
1. anthracene (the filled circle 

was determined in this work); 
2. dibenzo[b,h]pyrene; 
3. 5-methyldibenzo[b,h]pyrene; 
4. 5,8-dimethyldibenzo[b,h]pyrene; 
5. dibenzo[ b ,g]pyrene. 

On d i r e c t  as  w e l l  as s e n s i t i z e d  i r r a d i a t i o n ,  t h e  q u a n t u m  y i e l d  l i n e a r l y  i n c r e a s e s  w i t h  
i n c r e a s i n g  c i s  isomer c o n c e n t r a t i o n  as d e p i c t e d  i n  F ig .  3. D i v i d i n g  t h e  s l o p e s  by t h e  i n t e r -  
c e p t s  a f f o r d s  k T v a l u e s ,  w h i c h  g i v e  t h e  kq  v a l u e s  when c o m b i n e d  w i t h  t h e  d e t e r m i n e d  T T  
v a l u e s  (Table  2): TThe kq v a l u e s  v a r y  f rom t h e  o r d e r  of  lo6 t o  lo8 dm3mol-1s-1 depending  on 
t h e  s u b s t i t u e n t s ,  a n  a l k y l S  ghenyl  These v a l u e s  mean t h a t  
t h e  e n e r g y  t r a n s f e r  f r o m  t o  dc i s  s l i g h t l y  e n d o t h e r m i c .  I t  i s  n o t  s o  u s u a l  t o  s e e  
s l i g h t l y  e n d o t h e r m i c  energy  t r a n s f e r  t a k i n g  p l a c e  e f f e c t i v e l y .  It  should  be emphas ized  t h a t  
t h i s  is s o l e l y  due t o  t h e  e x t r a o r d i n a r i l y  l o n g  3t" l i f e t i m e s ,  d u r i n g  which 3tit c a n  t r a n s f e r  
energy  t o  Oc i n  c o m p e t i t i o n  w i t h  u n i m o l e c u l a r  d e a c t i v a t i o n .  

The t r i p l e t  e x c i t a t i o n  e n e r g i e s  (ET) of  t h e  t r a n s  f o r m s  of  o l e f i n s ,  la, u, a n d  k c a n  b e  
e s t i m a t e d  f r o m  t h e i r  weak  p h o s p h o r e s c e n c e  ( i n  EPA a t  77K) as  42 .5 ,  41 .0 ,  a n d  3 9 . 8  k c a l / m o l ,  
r e s p e c t i v e l y ,  The t r i p l e t  e n e r g i e s  f o r  t h e  c i s  i s o m e r s  were e s t i m a t e d  by e x a m i n i n g  t h e  
e f f e c t  of t r i p l e t  d y e  s e n s i t i z e r s  w i t h  v a r y i n g  e n e r g i e s  as  l i s t e d  i n  T a b l e  3 ( r e f .  1 8 ) .  
T a b l e  3 shows t h a t  c is-& c a n  be s e n s i t i z e d  by s e n s i t i z e r s  w i t h  t r i p l e t  e n e r g i e s  h i g h e r  t h a n  
42 k c a l / m o l .  

and 2-naphthyl  ( r e f .  15,16,18) .  
t 
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To e s t i m a t e  t h e  t r i p l e t  e n e r g i e s  of t h e  t r a n s  i somers ,  t h e  r a t e  c o n s t a n t s  f o r  quenching of 
t h e i r  t r i p l e t  s t a t e s  by a z u l e n e  (ET 39.8 k c a l / m o l )  ( r e f .  24) w e r e  d e t e r m i n e d  s i n c e  t h e  
t r i p l e t  s ta tes  g e n e r a l l y  a r e  l e s s  e f f i c i e n t l y  quenched by azu lene  when t h e i r  e n e r g i e s  become 
c l o s e r  t o  t h a t  o f  a z u l e n e .  The o b s e r v e d  r a t e  c o n s t a n t s  f o r  3tit 's of l a - l c  a r e  p l o t t e d  
a g a i n s t  t h e  t r i p l e t  e n e r g i e s  a long  w i t h  t h e  quenching ra te  c o n s t a n t s  re o r t e d  f o r  t h e  w e l l -  
known t r i p l e t  s t a t e s  ( F i g .  9 ) ( r e f .  25).  The r e s u l t s  i n d i c a t e  t h a t  3tB l i e s  40 ,  38, and  37  
kca l /mol  above O t  f o r  &, @, and &, r e s p e c t i v e l y  ( r e f .  18). The R-subs t i tuent  dependence 
of t h e  t r i p l e t  energy i s  i n  good agreement w i t h  t h e  phosphorescence r e s u l t s .  

TRIPLET ENERGY SURFACES OF ONE-WAY ISOMERIZING OLEFINS 

I n  t h e  one-way i s o m e r i z a t i o n ,  3cit u n d e r g o e s  t w i s t i n g  a r o u n d  t h e  d o u b l e  bond t o  g i v e  3 t i i ;  
however ,  a p rob lem a r i s e s  w h e t h e r  t h e  t r i p l e t  e n e r g y  s u r f a c e  d e c r e a s e s  m o n o t o n i c a l l y  i n  
energy from 3ci' t o  3ti' o r  i nvo lve  an energy b a r r i e r  around t h e  perpendicular  conformat ion .  
To s o l v e  t h i s  problem, w e  i n v e s t i g a t e d  photochemical behavior of 2-v inylan thracene  (&) and 
i t s  d e u t e r a t e d  d e r i v a t i v e  ( k - d ) .  

On b e n z i l - s e n s i t i z e d  i r r a d i a t i o n  i n  benzene a t  7 OC, trans-&-d d i d  no t  e f f i c i e n t l y  i somer ize  
i n t o  t h e  c i s  isomer.  
The observed v a l u e s  a r e  ex t remely  low compared wi th  those  f o r  s t i l b e n e s  and s t y r e n e s  
( r e f .  2 ,  4b ,5b17a ,8 ) ,  and i n c r e a s e  wi th  tempera ture .  However, t h e  l i f e t i m e  of t h e  t r i p l e t  
s t a t e  was e s s e n t i a l l y  independent of tempera ture .  These f i n d i n g s  c l e a r l y  i n d i c a t e  t h a t  t h e  
t r i p l e t  trans-&-d i somer i zes  t o  t h e  t r i p l e t  cis-&-d i n  an a d i a b a t i c  way by overcoming an 
energy b a r r i e r  a t  t h e  pe rpend icu la r  conformation as t h e  t r a n s i t i o n  s t a t e .  This  novel  type  of 
photochemical i somer i za t ion  e f f e c t e d  by h e a t  can be termed as "across-a-ridge" o r  "over-a- 
hump" isomer i z  a t i o n .  

However, t h e  i somer i za t ion  was c l e a r l y  observed above 16 O C  ( r e f .  26 ) .  

> 1 O'C 

Z W D  
D Z L i  

The i s o m e r i z a t i o n  quantum y i e l d  @t+.c i s  expressed  by t h e  fo l lowing  equat ion:  

where  k r  and kd a r e  t h e  r a t e  c o n s t a n t s  f o r  C=C bond r o t a t i o n  l e a d i n g  t o  t h e  i s o m e r i z a t i o n  
between t h e  t r i p l e t  trans-&-d and c i s - k - d ,  and f o r  t h e i r  d e a c t i v a t i o n ,  r e s p e c t i v e l y .  The 
kr  and kd v a l u e s  must  be  t h e  same f o r  t h e  two  i s o m e r s .  @ST and @ET r e p r e s e n t  t h e  quantum 
y i e l d s  f o r  i n t e r s y s t e m  c ross ing  of s i n g l e t  e x c i t e d  s e n s i t i z e r  and f o r  energy t r a n s f e r  from 
t h e  t r i p l e t  s e n s i t i z e r  t o  t r a n s - k - d ,  r e s p e c t i v e l y .  

An assumption t h a t @  a n d @  a r e  independent of tempera ture  enab le s  us  t o  e s t i m a t e  k . 
Arrhenius  p l o t  of krSTled  t o E T l l  kca l /mol  a s  t h e  a c t i v a t i o n  energy and 5 x l0 l1  a s  t h e  ;re- 
exponen t i a l  f a c t o r .  (F ig  1 0 ) .  The l a r g e  a c t i v a t i o n  energy b a r r i e r  i n h i b i t s  t h e  t w i s t i n g  of 
C=C bond and, t h e r e f o r e ,  t h e  decay should occur from t h e  p l ana r  conformation of t h e  t r i p l e t .  
The p l ana r  t r i p l e t  i s  n e a r l y  42 kca l /mol  above t h e  ground s t a t e  a s  determined by i t s  
phosphorescence and t h e  quenching r a t e  cons t an t  by azulene  and pe ry lene .  
us  t o  draw p o t e n t i a l  energy s u r f a c e  of & a s  shown i n  F ig .  11. 

These r e s u l t s  a l low 

I-I-$LI--T-I - -1 

4 
3.0 3.2 3.4 3.6 

1 0 3 ~ 1 ~  

Fig .  10. A r r h e n i u s p l o t s  of r a t e  
c o n s t a n t s  f o r  C=C bond r o t a t i o n  
(k,) and d e a c t i v a t i o n  (kd). 

0 90 180 

Angle of Twist/Degree 

Fig .  11. A p o s s i b l e  p o t e n t i a l  
energy s u r f a c e  f o r  over-a-hump 
i somer i za t ion .  
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The l u m i n e s c e n c e  of  s i n g l e t  oxygen,  02  ( l A  ), produced on quenching  of  t h e  t r i p l e t s  of  
2 - a n t h r y l e t h y l e n e s  by oxy en h a s  provided  v a f u a b l e  i n f o r m a t i o n s  a b o u t  t h e i r  t r i p l e t  s ta tes ,  
n o t  o n l y  t h e  most  s t a b l e  st* b u t  a l s o  t h e  p r o f i l e  of t h e  t r i p l e t  p o t e n t i a l  e n e r g y  s u r f a c e s .  

G e n e r a l l y ,  t r i p l e t  s t a t e s  are quenched by oxygen ( r e f .  27). When t h e  t r i p l e t  t a k e s  a confor -  
mat ion  of  3p*, t h e  quenching  may t a k e  p l a c e  through a c c e l e r a t i o n  of i n t e r s y s t e m  c r o s s i n g  t o  
Op ( s p i n  exchange i n t e r a c t i o n )  w i t h  a rate c o n s t a n t  of (6-9)xlOg d ~ n ~ m o l - ~ s - ~  i n  benzene a t  
room t e m p e r a t u r e  (3/9 o f  t h e  d i f f u s i o n - c o n t r o l l e d  r a t e  c o n s t a n t ,  k d i f )  w i t h o u t  p r o d u c i n g  
s i n g l e t  oxygen s i n c e  3p" i s  v e r y  c l o s e  i n  energy  t o  Op. However, when t h e  o l e f i n  t r i p l e t  h a s  
a l a r g e  p o p u l a t i o n  of 3t*, t h e  quenching  by oxygen p r o c e e d s  t h r o u g h  e n e r g y  t r a n s f e r  w i t h  a 
rate c o n s t a n t  of (2-3)x109 d ~ n ~ m o l - ~ s - ~  ( k d i  /9 )  t o  produce  s i n g l e t  oxygen w i t h  a h i g h  e f f i -  
c i e n c y  s i n c e  3t* l i e s  i n  energy  f a r  above h. ( r e f .  4a,12,13c) .  T h e r e f o r e ,  t h e  d e t e r m i n a t i o n  
of  t h e  e f f i c i e n c y  f o r  s i n g l e t  oxygen 
a t  3t* ( r e f ,  28) .  

p r o d u c t i o n  p r o v i d e s  t h e  p o p u l a t i o n  of t h e  t r i p l e t  s ta te  

The quantum y i e l d s  f o r  s i n g l e t  oxygen p r o d u c t i o n  d e t e r m i n e d  f o r  t h e  2 - a n t h r y l e t h y l e n e s  are 
l i s t e d  i n  T a b l e  1 ( r e f .  23).  The  o b s e r v e d  v a l u e s  a r e  a l l  m o r e  t h a n  n e a l y  0.5, a n d  p a r t i c u -  
l a r l y  h i g h  f o r  t h e  t r a n s  i s o m e r s  a n d  c is- la ,  i n d i c a t i n g  t h a t  t h e  t r i p l e t  s t a t e s  o f  t h e s e  
o l e f i n s  t a k e  h i g h  p o p u l a t i o n s  of 3tg, p a r t i c u l a r l y  on e x c i t a t i o n  of t h e i r  t r a n s  i s o m e r s .  On 
e x c i t a t i o n  of  t h e  c i s  i s o m e r s ,  oxygen was found t o  r e d u c e  Oc+.t r emarkably  f o r  &, I f  3c* is 
n o t  l o c a t e d  a t  a n  e n e r g y  minimum b u t  a t  t h e  h i g h e s t  l e v e l  o n  a t r i p l e t  p o t e n t i a l  e n e r g y  
s u r f a c e  s i m p l y  d e c r e a s i n g  i n  e n e r g y  t o  3t*, 3c* w o u l d  n o t  h a v e  a l i f e t i m e  e n o u g h  t o  b e  
quenched by oxygen. 

The o b s e r v a t i o n  of t h e  a c r o s s - a - r i d g e  o r  over-a-hump i s o m e r i z a t i o n  i n  2 - v i n y l a n t h r a c e n e  & 
e n a b l e s  u s  t o  s u p p o s e  t h a t  t he  p e r p e n d i c u l a r  c o n f o r m a t i o n  of  t h e  t r i p l e t  l a  i s  l o c a t e d  10 
k c a l / m o l  h i g h e r  i n  energy  t h a n  3t* and a l s o  s e v e r a l  k c a l / m o l  h i g h e r  t h a n  7 (F ig ,  11). In 
cis-& t h e  bulky t - b u t y l  group i n d u c e s  r o t a t i o n  of t h e  a n t h r y l  group around t h e  s i n g l e  bond 
c o n n e c t i n g  t o  t h e  double  bond, r e s u l t i n g  i n  a less c o n j u g a t e d  t r i p l e t  similar t o  a n  a n t h r a -  
cene  t r i p l e t .  T h e r e f o r e ,  t h e  o b s e r v e d  h i g h  v a l u e  of @ A  f o r  cis-& seems t o  i n d i c a t e  t h a t  3ci' 
as well a s  t h e  r e s u l t i n g  3t" i s  quenched by oxygen t o  produce  s i n g l e t  oxygen. 

The r e l a t i v e l y  l o w  @ A  v a l u e s  f o r  cis-lJ a n d  cis-& i n d i c a t e  p a r t i c i p a r i o n  o f  t h e  s p i n  e x -  
c h a n g e  i n t e r a c t i o n  i n  t h e  q u e n c h i n g  by o x y g e n .  T h i s  c a n  b e  i n t e r p r e t e d  i n  terms o f  s o m e  
s t a b i l i z a t i o n  o f  1 , 2 - b i r a d i c a l o i d  t w i s t e d  g e o m e t r i e s  t h r o u g h  benzyl - type  c o n j u g a t i o n  w i t h  t h e  
phenyl  o r  2-naphthyl  group.  

FACTORS GOVERNING THE MODES OF ONE-WAY AND TWO-WAY 
ISOMERIZATION 

A s  d e s c r i b e d  a b o v e ,  t h e  2 - a n t h r y l e t h y l e n e s  u n d e r g o  t h e  one-way i s o m e r i z a t i o n .  The n e x t  
problem is  what  f a c t o r s  govern t h e  mode of i s o m e r i z a t i o n ,  e i t h e r  one-way o r  two-way. For 
two-way i s o m e r i z i n g  o l e f i n s ,  w e  have a l r e a d y  c l a s s i f i e d  t h e i r  t r i p l e t  p o t e n t i a l  e n e r g y  s u r -  
f a c e s  i n t o  t h r e e  t y p e s ,  c l a s ses  A ,  B ,  a n d  C ,  on t h e  b a s i s  o f  t h e  e f f e c t s  o f  a z u l e n e  a n d  
oxygen on t h e  p h o t o s t a t i o n a r y  i s o m e r  r a t i o  (F ig .  1 2 ) ( r e f .  13b). I n t r o d u c t i o n  of an a r o m a t i c  
group w i t h  a low t r i p l e t  energy  l i k e  a n a p h t h a l e n e  m o i e t y  s t a b i l i z e s  3t*, and i n c r e a s e s  t h e  
p o p u l a t i o n  of  3t", w h i c h  i s  e q u i l i b r a t e d  w i t h  3p*, a l t h o u g h  t h e  d e a c t i v a t i o n  s t i l l  t a k e s  
p l a c e  s o l e l y  f r o m  3p". The mechanism f o r  one-way i s o m e r i z a t i o n  of  t h e  2 - a n t h r y l e t h y l e n e s  i s  
t a k e n  t o  i n d i c a t e  t h a t  i n t r o d u c t i o n  of  a n  a r o m a t i c  group w i t h  a v e r y  low t r i p l e t  energy  l i k e  
an a n t h r a c e n e  m o i e t y  h i g h l y  s t a b i l i z e s  t h e  p l a n a r  t r i p l e t s  3t* and 3c*, p a r t i c u l a r l y ,  3t*. 
A s  a r e s u l t ,  a d e e p  energy  minimum a t  t h e  p e r p e n d i c u l a r  c o n f o r m a t i o n  t e n d s  t o  d i s a p p e a r .  

@CH=CH-R 

OCH=CH-R 
R :  -Me,-But 

Class A 

h k n e  ineffective 

Oxygen ineffective 

@CH=CH@ 

I 
0 x / 2  x 
Class B 

@CH=CH-R 

W C H - C H - R  
R:  -Me.-& 

W C  H=CHBut 

OgGCWCH.But  

effective 

inef fect ive 

class c 
etf ect  ive 

effective 

F i g .  12. 
C l a s s i f i c a t i o n  of  t r i p l e t  e n e r g y  
s u r f a c e s  of  a r o m a t i c  o l e f i n s .  
* * a  : e t h y l e n i c  t r i p l e t  Q e ,  

: a r o m a t i c  t r i p l e t  Qa. --- 
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T a b l e  4 .  Modes of  i s o m e r i z a t i o n  and t r i p l e t  l i f e t i m e s  of ArCH=CHR 

ET of A r H  

Phenyl  8 4 . 3  two-way two-way 
0.063 (<360)  

2-Naphthyl 60 .9  two-way two-way 
0.13 ( 4 2 0 ,  5 7 0 )  0 .14 ( 4 0 0 ,  500) 

3-Chrysenyl  56 .6  

8 - F l u o r a n t h e n y l  54 .2  

1 -Pyr en y l  48.2 

2-Anthryl  4 2 . 0  

one-way two-way 
0.36 (600)  0 . 1 4  (<400)  

one-way two-way 
25 ( 4 4 0 ,  580)  0 .47 ( 4 8 0 ,  600) 

two-way 
16 ( 4 8 0 ,  580)  

one-way one-way 
280 ( 4 5 0 ,  540)  190 ( 4 6 0 ,  620)  

G e n e r a l l y ,  t h e  t r i p l e t  energy  s u r f a c e s  of t h e  a r o m a t i c  o l e f i n s  c a n  be  drawn by a n  " e t h y l e n i c "  
t r i p l e t  Qe w i t h  a n  energy  minimum a t  t h e  t w i s t e d  geometry  and a n  "aromat ic"  t r i p l e t  Qa w i t h  
energy  minima a t  t h e  p l a n a r  e o m e t r i e s  ( r e f .  6a ,13b,29) .  For  s t i l b e n e ,  Qe d o m i n a t e s  a t  3p* 
( r e f .  6 a , 3 0 ) ;  h o w e v e r ,  a t  3tB Qe a n d  Qa i n t e r a c t  t o  r e s u l t  i n  s t a b i l i z a t i o n  o f  3t* t o  some 
e x t e n t .  I n  2-NpCH=CHtBu (3, t h e  n a p h t h y l  group much l o w e r s  Qa and s t a b i l i z e s  3t* t o  g i v e  
a n e a r l y  e q u i m o l a r  e q u i l i b r i u m  m i x t u r e  of 3t* and 3p''. I n t r o d u c t i o n  of a 2 - a n t h r y l  group on 
e t h y l e n e  as i n  2 - v i n y l a n t h r a c e n e  e x t r e m e l y  s t a b i l i z e s  Qa a t  a l l  t h e  c o n f o r m a t i o n s ,  and no 
a v o i d e d  c r o s s i n g  o c c u r s  e v e n  a t  t h e  p e r p e n d i c u l a r  c o n f o r m a t i o n .  T h e r e f o r e ,  t h e  t r i p l e t s  
main ly  p o p u l a t e  on t h e  a n t h r a c e n e  n u c l e u s  and t h e  t w i s t e d  geometry  i s  a t r a n s i t i o n  s t a t e  i n  
t h e  i s o m e r i z a t i o n .  The s i t u a t i o n  i s  n e a r l y  t h e  same when 2 - v i n y l a n t h r a c e n e  i s  s u b s t i t u t e d  by 
an a l k y l  group a t  t h e  t e r m i n a l  carbon.  

An a t t e m p t  h a s  b e e n  d o n e  t o  e x a m i n e  t h e  e f f e c t s  of  a romat ic  s u b s t i t u e n t s  w i t h  t h e  t r i p l e t  
e n e r g i e s  b e t w e e n  t h o s e  of  n a p h t h a l e n e  a n d  a n t h r a c e n e .  T a b l e  4 b r i e f l y  s u m m a r i z e s  t h e  
r e s u l t s  ( r e f .  31-36). I n  a s e r i e s  of a r o m a t i c  o l e f i n s  c a r r y i n g  an a l k y l  ( t - b u t y l )  g roup  a t  
t h e  B - e t h y l e n i c  c a r b o n ,  t h o s e  s u b s t i t u t e d  by a n  a r o m a t i c  group w i t h  t h e  t r i p l e t  e n e r g y  l o w e r  
t h a n  t h a t  of t h e  2-naphthyl  group (a, i.e., t h e  3-chrysenyl  0, 8 - f l u o r a n t h e n y l  (4a), and 
1 - a n t h r y l  d e r i v a t i v e  (a), b r o u g h t  a b o u t  t h e  c i s + t r a n s  one-way i s o m e r i z a t i o n  i n v o l v i n g  t h e  
quantum c h a i n  p r o c e s s  as observed  i n  t h e  quantum y i e l d s  0's which i n c r e a s e d  w i t h  i n c r e a s i n  
c i s - i s o m e r  c o n c e n t r a t i o n .  The t r i p l e t  s ta tes  of  t h e s e  o l e f i n s  are m o s t l y  a s c r i b e d  t o  3t! 
They e x h i b i t e d  t r a n s i e n t  a b s o r p t i o n  s p e c t r a  a t  l o n g e r  w a v e l e n g t h s  t h a n  t h o s e  of t h e  p a r e n t  
a r o m a t i c  h y d r o c a r b o n s  d u e  t o  t h e i r  c o n j u g a t i o n  w i t h  t h e  e t h y l e n i c  l i n k a g e .  H o w e v e r ,  i n  
a n o t h e r  se r ies  of a r o m a t i c  o l e f i n s ,  t h e  8 - e t h y l e n i c  c a r b o n  o f  w h i c h  i s  s u b s t i t u t e d  by a 
phenyl  group,  a l l  t h e  a r o m a t i c  g r o u p s ,  i n c l u d i n g  1-pyrenyl ,  h a v i n g  t r i p l e t  e n e r g i e s  h i g h e r  
t h a n  t h a t  of  t h e  a n t h r y l  group 3 - S t y r y l c h r y s e n e  

t h e  a b s o r p t i o n  a p p e a r e d  a t  s h o r t e r  w a v e l e n g t h s  t h a n  i t s  c o u n t e r p a r t  w i t h  a t - b u t y l  group 
(&). However  8 - s t y r y l f l u o r a n t h e n e  (4b) a n d  1 - s t y r y l p y r e n e  (6b )  s h o w e d  t h e  a b s o r p t i o n  
main ly  due  t o  %*. These r e s u l t s  i n d i c a t e  t h a t  t h e  e q u i l i b r a t i o n  be tween 3p* and 3t* depends  
on t h e  t r i p l e t  e n e r g y  of  t h e  l a r g e r  a r o m a t i c  group. 

I n  t h e  series of ArCH=CHtBu, t h e  a r o m a t i c  t r i p l e t  Qa t e n d s  t o  p r e d o m i n a t e  a t  t h e  3t* and 
t w i s t e d  c o n f o r m a t i o n s  w i t h  d e c r e a s i n g  t r i p l e t  energy  of t h e  a ry l  group.  On t h e  o t h e r  hand,  
i n  t h e  ArCH=CHPh series,  t h e  phenyl  group c o n s i d e r a b l y  s t a b i l i z e s  Qe t o  make it i n t e r a c t  w i t h  
Qa a t  t h e  t w i s t e d  geometry ,  even  i f  Qa is  s i g n i f i c a n t l y  s t a b i l i z e d ,  l e a d i n g  t o  t h e  avoided  
c r o s s i n g  between them. A s  a r e s u l t ,  t h e  t w i s t e d  c o n f o r m a t i o n  of  ArHC-CHR i s  more s t a b i -  
l i z e d  i n  t h e  case where R=phenyl t h a n  i s  i n  t h e  case where R=tB~.  T h e r e f o r e ,  t h e  p r e s e n c e  of  
a phenyl  group p u t s  a n  energy  minimum a t  t h e  t w i s t e d  c o n f o r m a t i o n  r e s u l t i n g  i n  e q u i l i b r i u m  
be tween 3t* and 3p* i n  ArCH=CHPh. 

The e q u i l i b r i u m  c o n s t a n t  K t p  ( = [ 3 p * ] / [ 3 t * ] )  b e t w e e n  3p* a n d  3t* i s  e s t i m a t e d  by s e v e r a l  
methods. A method o f t e n  employed i s  d e t e r m i n a t i o n  of t h e  rate c o n s t a n t  f o r  quenching  of t h e  

l e d  t o  t h e  two-way i s o m e r i z a t i o n  (Table  4). 
e x h i b i t e d  a t r a n s i e n t  a b s o r p t i o n  m o s t l y  a s c r i b a b l e  t o  3p* w h i c h  i s  e q u i l i b r a t e d  w i t h  
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t r i p l e t  s t a t e  by a z u l e n e  (Az). U s u a l l y ,  p l a n a r  t r i p l e t  s t a t e s  l i k e  3t* i s  e f f i c i e n t l y  
quenched by a z u l e n e  w i t h  a d i f f u s i o n  c o n t r o l l e d  r a t e  c o n s t a n t ,  kAz, (7-10)x109 dm3mol-1s-1 i n  
benzene a t  room t e m p e r a t u r e ,  when t h e y  have  a t r i p l e t  energy  s u f f i c i e n t l y  h i g h e r  t h a n  t h a t  of 
a z u l e n e  ( 3 9 . 8  k c a l / m o l ) .  On t h e  o t h e r  h a n d ,  3p* i s  n o t  q u e n c h e d  by a z u l e n e ,  s i n c e  3p* d o e s  
n o t  have  a t r i p l e t  energy  enough t o  e x c i t e  a z u l e n e .  T h e r e f o r e ,  a t r i p l e t  s ta te  composed of  
3t* and 3p* g i v e s  a quenching  rate c o n s t a n t ,  k8ks, be tween 0 and kAz depending  on t h e  r a t i o  
of  3t*,  

I n  t h e  s e r i e s  of ArCH=CHPh, w i t h  d e c r e a s i n g  t r i p l e t  e n e r g y  of t h e  aryl g r o u p ,  2-naphthyl ,  3- 
c h r y s e n y l ,  8 - f l u o r a n t h e n y l ,  a n d  1 - p y r e n y l ,  t h e  K t p  v a l u e  was r e d u c e d  i n  t h e  same o r d e r  as  
1.4-2.2 ( r e f .  1 2 ) ,  1 . 4 ,  0.5, a n d  <0.1. T h e s e  v a l u e s  r e f l e c t  d e c r e a s i n g  s t a b i l i t y  o f  3p* 
r e l a t i v e  t o  3,". 

Among t h e  a r o m a t i c  o l e f i n s  examined ,  1 - s t y r y l p y r e n e  (6b) e x h i b i t e d  i n t e r e s t i n g  b e h a v i o r  as a 
b o r d e r  b e t w e e n  t h e  two-way a n d  one-way modes ;  t h e  o v e r a l l  mode i s  two-way,  b u t  QC+t 
i n c r e a s e s  w i t h  i n c r e a s i n g  c i s - i s o m e r  c o n c e n t r a t i o n .  These  f e a t u r e s  i n d i c a t e  t h a t  t h e  d e a c t i -  
v a i o n  of t h e  t r i p l e t  s ta te  o c c u r s  f rom both  3p* and g i v e s  a m i x t u r e  of  Oc 
a n d  O t  and  t h e  l a t t e r  a f f o r d s  s o l e l y  O t  w i t h  c o n c u r r e n t  r e g e n e r a t i o n  o f  3c* by e n e r g y  
t r a n s f e r  t o  Oc. 

The f a c t s  t h a t  t h e  b o r d e r l i n e  t o  d i s t i n g u i s h  be tween t h e  two-way and one-way modes i s  found 
b e t w e e n  t h e  n a p h t h y l  (ET 6 1  k c a l / m o l )  a n d  t h e  c h r y s e n y l  d e r i v a t i v e  (ET 5 7 )  f o r  t h e  
ArCH=CHtBu s e r i e s  a n d  a t  t h e  p y r e n y l  d e r i v a t i v e  (ET 4 8 )  f o r  t h e  ArCH=CHPh s e r i e s  p r o v i d e  
p r o f i l e s  of  t h e  t r i p l e t  p o t e n t i a l  e n e r g y  s u r f a c e s  of t h e s e  o l e f i n s .  With d e c r e a s i n g  t r i p l e t  
e n e r g y  o f  t h e  a r o m a t i c  r o u p ,  3t* m a y  b e  m o r e  s t a b i l i z e d  i n  e n e r g y  t h a n  3p*; h o w e v e r ,  i n  
PyrCH=CHPh (6b) 3p* and ?t* are s t i l l  i n  e q u i l i b r i u m  and b o t h  are d e a c t i v a t e d  t o  t h e  ground 
s t a t e .  A s  d e s c r i b e d  p r e v i o u s l y ,  q u e n c h i n g  o f  t h e  t r i p l e t  s t a t e  o f  AnthCH=CHNp (lc) by 
oxygen a f f o r d e d  a r e l a t i v e l y  low y i e l d  of s i n g l e t  oxygen. T h i s  i n d i c a t e s  t h a t  even  s u b s t i t u -  
t i o n  by an a n t h r y l  group may b r i n g  a b o u t  a s h a l l o w  minimum a t  t h e  p e r p e n d i c u l a r l y  t w i s t e d  
geometry  on t h e  t r i p l e t  energy  s u r f a c e  so t h a t  t h i s  geometry  can  i n t e r a c t  w i t h  oxygen t o  be 
d e a c t i v a t e d .  

Moreover ,  b e h a v i o r  of t h e  t r i p l e t  s ta tes  was found t o  be  d i f f e r e n t  be tween 1- and 2-anthry l -  
e t h y l e n e s  t o  some e x t e n t .  Direct and s e n s i t i z e d  i r r a d i a t i o n  of  1-AnthCH=CHtBu (5a) and 1- 
AnthCH=CHPh (5b) r e s u l t e d  i n  t h e  one-way i s o m e r i z a t i o n .  The quantum y i e l d s  were h i g h e r  t h a n  
u n i t y  on s e n s i t i z e d  i r r a d i a t i o n .  However, t h e i r  quantum c h a i n s  are s h o r t e r  t h a n  t h e  c o r r e s -  
p o n d i n g  2 - a n t h r y l  d e r i v a t i v e s .  The  f o r m e r  t r i p l e t  s t a t e s  e x h i b i t  t h e i r  T-T a b s o r p t i o n  a t  
s h o r t e r  w a v e l e n g t h s  t h a n  t h e  l a t t e r ,  and t h e i r  t r i p l e t  e n e r g i e s  (40.7 and 38.8 k c a l / m o l  f o r  
- 5a and 2, r e s p e c t i v e l y  a t  t h e  t r a n s  p l a n a r  geometry)  were l o w e r  t h a n  t h o s e  f o r  t h e  l a t t e r .  
The s p i n  d e n s i t i e s  o f  t r i p l e t  a n t h r a c e n e  a r e  h i g h e r  a t  t h e  1 - p o s i t i o n  t h a n  a t  t h e  2 - p o s i t i o n .  
Accord ingly ,  t h e  c o n j u g a t i o n  i n  t h e  t r i p l e t  s ta te  be tween t h e  a n t h r y l  group and t h e  e t h y l -  
e n i c  p a r t  must  be l a r g e r  i n  t h e  1 - a n t h r y l  d e r i v a t i v e s  t h a n  is  i n  t h e  2 - a n t h r y l  d e r i v a t i v e s .  
The more e f f i c i e n t  c o n j u g a t i o n  i n  t h e  1 - a n t h r y l e t h y l e n e s  r e s u l t s  i n  more e n d o t h e r m i c  e n e r g y  
t r a n s f e r  f rom 3t* t o  Oc t h a n  2 - a n t h r y l e t h y l e n e s .  

F i n a l l y ,  i t  i s  t o  b e  n o t e d  t h a t  t h e  f i n d i n g  o f  one-way i s o m e r i z a t i o n  w h i c h  h a d  n e v e r  b e e n  
s u p p o s e d  t o  t a k e  p l a c e  e v e n  by t h e o r e t i c i a n s  h a s  n o t  o n l y  d e v e l o p e d  a n o v e l  a s p e c t  o f  t h e  
mechanism f o r  p h o t o i s o m e r i z a t i o n  b u t  a l s o  p r o v i d e d  a more g e n e r a l  v iew t o  c o v e r  t h e  conven- 
t i o n a l  two-way i s o m e r i z a t i o n  and t h e  new t y p e  of i s o m e r i z a t i o n .  T h i s  f i n d i n g  may a l s o  d e v e l o p  
n o v e l  a s p e c t s  o f  p h o t o c h e m i c a l  c h a n g e s  o f  b i o m o l e c u l e s  a n d  a m p l i f i c a t i o n  o f  e f f e c t s  o f  
photons  ( r e f .  37). It i s  v e r y  e n c o u r a g i n g  f o r  c h e m i s t s  t o  r e c o g n i z e  t h a t  a c o n c e p t  borne  o u t  
by p r e c i s e  works f o r  some s e e m i n g l y  t y p i c a l  compounds, may n o t  c o m p l e t e l y  c o v e r  a l l  compounds 
of  s imilar  t y p e  a n d  t h a t  e v e n  s l i g h t  v a r i a t i o n  o f  m o l e c u l a r  s t r u c t u r e  c a n  b r i n g  a b o u t  a n  
i n n o v a t i v e  concept .  
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