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FOREWORD 

The ACS S Y M P O S I U
medium for publishin
format of the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

R E C E N T L Y , T H E S T U D Y O F T H E P H O T O C H E M I S T R Y and photophySlCS of 

nonhomogeneous systems has become one of the most active areas in 
organic photochemistry. The motivation for investigations of these systems 
has centered on the possibility of discovering new reactions unique to the 
nonhomogeneous environment, of controlling chemical reactivity as a 
function of the polarity or molecular associations enhanced or inhibited by 
the microscopic surface, o
of the ordered medium
dispersion in these three-dimensional structures. Aside from their basic 
chemical interest, these multidimensional systems are relevant to biosynthetic 
pathways and to mechanistic understanding of molecular catalysis. 

The symposium upon which this book is based was organized in order 
to show in a coherent fashion the wide variety of experimental approaches 
used to study organic transformations in nonhomogeneous media. I hope 
that the reader of this book can capture some of the scientific excitement of 
the symposium and will use it as a starting point for further investigations 
into this fascinating field. 

MARYE ANNE FOX 

The University of Texas—Austin 
Austin, Texas 

October 1984 
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1 
Surface Photochemistry: Temperature Effects 
on the Emission of Aromatic Hydrocarbons Adsorbed 
on Silica Gel 

P. DE MAYO, L. V. NATARAJAN, and W. R. WARE 

Photochemistry Unit, Department of Chemistry, The University of Western Ontario, London, 
Ontario, Canada N6A 5B7 

The emission of aromatic hydrocarbons, in particular 
that of pyrene, adsorbed on silica gel serves as a surface 
probe. The change
heat treatment in vacuu
resolved spectra, multiple exponential fluorescence decay, 
ground state association and shortened lifetimes for pyrene 
emission. Coadsorbed water or alcohols, after heat treat
ment, render the surface more homogeneous, as indicated 
by well resolved spectra, an approach to single exponential 
decay, longer lifetimes, diminished ground state association 
and even formation of dynamic excimers. For a decanol
-covered surface, cooling results in the disappearance of 
dynamic excimers, and a single exponential decay of pyrene 
with a life time of 600 nsec. Quenching studies have 
yielded an activation energy for diffusion on the dry silica 
gel surface of around 4 Kcal/mol. 

T h e p h o t o c h e m i s t r y a n d p h o t o p h y s i c s of m o l e c u l e s a d s o r b e d o n 
s o l i d s u b s t r a t e s h a v e h i t h e r t o r e c e i v e d l i t t le a t t e n t i o n a n d , c o m p a r e d 
w i t h t h e i r g a s p h a s e a n d s o l u t i o n c o u n t e r p a r t s , a r e v e r y p o o r l y u n d e r 
s t o o d . M a n y i n t e r e s t i n g q u e s t i o n s a w a i t e x p e r i m e n t a l a n d t h e o r e t i c a l 
i n v e s t i g a t i o n . F o r e x a m p l e , w h a t is t h e e f f e c t o f a n a s y m m e t r i c a l 
i n t e r a c t i o n w h e r e o n l y a p o r t i o n of a m o l e c u l e i n t e r a c t s w i th a s u r f a c e 
g r o u p a n d t h e r e m a i n d e r is e s s e n t i a l l y in t h e v a p o r p h a s e ? W h a t is 
t h e e f f e c t o f t h e a b s e n c e o f r a p i d l y t i m e a v e r a g e d i n t e r a c t i o n s s u c h a s 
o n e h a s in s o l u t i o n ? H o w fas t d o m o l e c u l e s m o v e o n a s u r f a c e a n d 
w h a t is the a c t i v a t i o n e n e r g y fo r d i f f u s i o n ? H o w d o e s t h e s u r f a c e i n 
f l u e n c e t he c o u r s e of a p h o t o c h e m i c a l t r a n s f o r m a t i o n , w h i c h m a y be 
e i t h e r i n t e r - o r i n t r a m o l e c u l a r 1 " 2 o r o c c u r v ia f r e e r a d i c a l s ? 3 ' 6 Th is 
p a r t i a l l is t of q u e s t i o n s is g i v e n to i l l u s t r a t e t h e c o n s i d e r a b l e p o t e n t i a l 
in s u r f a c e p h o t o p h y s i c s a n d p h o t o c h e m i s t r y f o r t h e e x h i b i t i o n o f u n i q u e 
p h e n o m e n a , f o r i n t e r e s t i n g m o d i f i c a t i o n s o f t h e b e h a v i o r of e x c i t e d 
s t a t e s a s c o m p a r e d w i th b e h a v i o r in o t h e r m e d i a , a n d fo r s t u d i e s o f 
m o l e c u l a r d y n a m i c s o n t h e s u r f a c e . 

T h e e x c i t e d m o l e c u l e is a u n i q u e s u r f a c e p r o b e . T h e d e c a y t i m e 
p r o v i d e s a c l o c k w h i c h c a n be u s e d t o s t u d y s u c h d y n a m i c s . S i n c e 
b o t h s i n g l e t s a n d t r i p l e t s a r e p o t e n t i a l p r o b e s , t h e t i m e s c a l e e x t e n d s 
f r o m s e c o n d s t o p i c o s e c o n d s . In a d d i t i o n , t h e n a t u r e of a n y p h o t o -
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2 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

c h e m i c a l p r o d u c t s m a y g i ve i n f o r m a t i o n a b o u t t r a n s l a t i o n a l r a d i c a l m o 
t i o n . T h e o c c u r r e n c e of p h o t o s e n s i t i z a t i o n a n d q u e n c h i n g m a y a l s o 
a l l o w o n e t o e x a m i n e q u e s t i o n s c o n c e r n i n g m o b i l i t y . 

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

T h e s u r f a c e of s i l i c a g e l c o n s i s t s o f s i l o x a n e b r i d g e s b e t w e e n 
t e t r a c o v a l e n t s i l i c o n a t o m s . T h e p r e s e n c e o f g e m i n a l , v i c i n a l a n d 
i s o l a t e d s i l a n o l g r o u p s , s o m e t i m e s t o g e t h e r w i t h t i g h t l y b o u n d w a t e r , 
r e n d e r t h e s u r f a c e i n h o m o g e n e o u s a n d p r o v i d e b i n d i n g s i t e s , v i a 
h y d r o g e n b o n d i n g , f o r t h e 7 r - e l e c t r o n s y s t e m s o r n o n - b o n d i n g e l e c t r o n 
p a i r s o f p o l a r g r o u p s o f a d s o r b e d m o l e c u l e s ( F i g . 1 , 2 ) . T h e n u m b e r 
o f s i l a n o l g r o u p s o n the s i l i c a g e l s u r f a c e d e p e n d s o n t h e t e m p e r a t u r e 
p r e t r e a t m e n t . W h e n s i l i c a g e l is h e a t e d in v a c u u m , a d s o r b e d w a t e r is 
r e m o v e d f i r s t a n d a t t e m p e r a t u r e s a b o v e 2 5 0 ° C t h e c o n c e n t r a t i o n o f 
p u r e l y p h y s i s o r b e d w a t e r is n e g l i g i b l e . A s t h e t e m p e r a t u r e is r a i s e d 
a b o v e t h i s p o i n t , t h e n u m b e
a p p r o x i m a t e l y 2 / Ί 0 0 Â 2 a
t e m p e r a t u r e r a n g e o f 5 0 0 t o 700 ° C t h e s u r f a c e c o n c e n t r a t i o n o f 
g e m i n a l hyd roxy l g r o u p s r e m a i n s r o u g h l y c o n s t a n t bu t t h e ab i l i t y t o 
r e g e n e r a t e s i l a n o l s by e x p o s u r e t o w a t e r v a p o r d e c r e a s e s r a t h e r 
s u d d e n l y . 

T h u s , h e a t i n g t h e s i l i c a g e l to t e m p e r a t u r e s a b o v e 5 0 0 ° C f o l l o w e d 
by r e h y d r a t i o n c h a n g e s t h e p r o p o r t i o n a n d d i s t r i b u t i o n of i s o l a t e d 
g e m i n a l s i l a n o l s i t e s . At h i g h e r t e m p e r a t u r e s o n l y i s o l a t e d s i l a n o l 
g r o u p s r e m a i n . 

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

E x a m p l e s t a k e n f r o m r e c e n t w o r k in o u r l a b o r a t o r i e s wi l l n o w b e 
g i v e n t o i l l u s t r a t e t h e s e p h e n o m e n a . In a l l c a s e s , t h e s a m p l e s w e r e 
e v a c u a t e d . D e t a i l s o f s a m p l e p r e p a r a t i o n a r e t o be f o u n d in t h e 
r e f e r e n c e s c i t e d b e l o w . 

E v i d e n c e f o r S u r f a c e I n h o m o g e n e i t y 
T h a t a l l b i n d i n g s i t e s a r e n o t e q u i v a l e n t w i th r e s p e c t t o t h e i r 

i n f l u e n c e o n t h e g r o u n d a n d e x c i t e d s t a t e b e h a v i o r o f a n a d s o r b e d 
m o l e c u l e is i n d i c a t e d by s e v e r a l d i f f e r e n t t y p e s of e v i d e n c e : ( a ) 
s p e c t r a l b a n d w i d t h , ( b ) c o m p l e x i t y of t h e f l u o r e s c e n c e d e c a y , ( c ) t h e 
i n f l u e n c e o f c o a d s o r b a t e s ( d ) t h e i n f l u e n c e of s u r f a c e t r e a t m e n t a n d 
( e ) g r o u n d s ta te a s s o c i a t i o n . T h e s e wi l l b e d i s c u s s e d in t u r n . 

P y r e n e a b s o r p t i o n a n d e m i s s i o n s p e c t r a e x h i b i t m u c h v i b r o n i c 
s t r u c t u r e . If p y r e n e is a d s o r b e d o n s i l i c a g e l p r e t r e a t e d s o a s t o 
h a v e o n l y i s o l a t e d s i l a n o l g r o u p s , t h e s p e c t r a a r e c o n s i d e r a b l y 
b r o a d e n e d w i th l o s s o f s t r u c t u r e a s c o m p a r e d to t h e s p e c t r a o b t a i n e d 
w h e n t h e s u r f a c e is e i t h e r "wet " o r c o n t a i n s p h y s i - a n d / o r c h e m i s o r b e d 
m e t h a n o l . 9 T h i s is i l l u s t r a t e d in F i g . 3 . T h u s , it w o u l d s e e m t h a t 
t h e i s o l a t e d s i l a n o l s p r o v i d e a v a r i e t y of s i t e s w i th d i f f e r e n t i n t e r a c t i o n s , 
a n e f f e c t w h i c h is m o d i f i e d by c o a d s o r b e d a l c o h o l s o r w a t e r . 

M o r e d r a m a t i c e v i d e n c e f o r a n i n h o m o g e n e o u s s u r f a c e is p r o v i d e d 
by t h e c o m m o n o b s e r v a t i o n of m u l t i e x p o n e n t i a l d e c a y . It i s , in f a c t , 
v e r y u n u s u a l t o o b s e r v e s i n g l e e x p o n e n t i a l d e c a y w h e n a r o m a t i c 
h y d r o c a r b o n s a r e a b s o r b e d o n s i l i c a g e l , q u i t e i n d e p e n d e n t l y o f 
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1. DE MAYO ET AL. Aromatic Hydrocarbons Adsorbed on Silica Gel 3 
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F i gure 1. T y p e s o f s i l a n o l f u n c t i o n s o n t h e s u r f a c e o f s i l i c a g e l . 
( a ) l o n e : ( b ) v i c i n a l ; ( c ) g e m i n a l a n d ( d ) b o n d e d 
w a t e r . ( R e p r o d u c e d by p e r m i s s i o n f r o m Pure and 
Applied Chemistry. 5 4 . 1 6 2 3 . 1 9 8 2 . ) 

Figure 2. B o n d i n g o f s i l a n o l f u n c t i o n s w i t h a r o m a t i c h y d r o 
c a r b o n s . ( R e p r o d u c e d by p e r m i s s i o n f r o m Pure and 
Applied Chemistry. 5 4 . Ί 6 2 3 . 1 9 8 2 . ) 
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4 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

F igure 3. E f f e c t of m e t h a n o l a d d i t i o n o n t h e e m i s s i o n s p e c t r a of 
p y r e n e a d s o r b e d o n s i l i c a g e l . T h e s i l i c a ge l w a s 
h e a t e d in v a c u u m to 7 0 0 e C f o r 4 h o u r s . 
1) Ο M e O H ; 2 ) 3 . 3 7 5 χ 1 0 * 5 ; 3 ) 7 . 5 χ 1 0 ~ 5 : 
4 ) 1 . 2 5 χ 1 0 ~ 4 ; 5) 3 . 7 5 χ 1 0 ~ 4 ; 6 ) 5 χ 1 0 ~ 4 ; 
7) 7 . 5 χ 1 0 " 4 . 

M e t h a n o l c o n c e n t r a t i o n s a r e in m o l e / g S i 0 2 . T h e 
e x c i t a t i o n w a v e l e n g t h : 3 3 2 n m . T h e p y r e n e c o v e r a g e 
is 0 . 0 5 m g / g S i 0 2 - ( R e p r o d u c e d by p e r m i s s i o n f r o m 
Canadian Journal of Chemistry. 6 2 , 1 2 7 9 , 1 9 8 4 . ) 
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1. DE MAYO ET AL. Aromatic Hydrocarbons Adsorbed on Silica Gel 5 

w h e t h e r o r n o t t h e y a r e e x c i m e r - f o r m i n g s p e c i e s in s o l u t i o n . It is 
a l s o q u i t e c o m m o n t o a c h i e v e r e a s o n a b l e f i t s ( a s m e a s u r e d by t h e 
r e d u c e d x 2 ) w i t h a f o u r p a r a m e t e r m o d e l : 

a l t h o u g h th is is in m a n y c a s e s o n l y a u s e f u l a p p r o x i m a t i o n to a t i m e 
e v o l u t i o n t h a t is m o r e c o m p l e x , a n d t h e n u m b e r o f p a r a m e t e r s is n o t a 
d i r e c t i n d i c a t i o n o f t h e n u m b e r o f e n v i r o n m e n t a l l y d i f f e r e n t p h o t o a c t i v e 
s p e c i e s . 

If t h e s u r f a c e is m o d i f i e d by c o a d s o r b e d a l c o h o l s o r w a t e r , t h e 
d e c a y t i m e s of p y r e n e a n d n a p h t h a l e n e , f o r e x a m p l e , l e n g t h e n d r a m a 
t i c a l l y a n d b e c o m e e s s e n t i a l l y s i n g l e e x p o n e n t i a l s . 9 W e i n t e r p r e t t h i s 
a s a c h a n g e to a h o m o g e n e o u
b e l o w , i n c r e a s e d m o t i o n d u r i n
to t h e c o l l a p s e o f d o u b l e e x p o n e n t i a l d e c a y to g i ve a s i n g l e e x p o n e n t i a l 
d e c a y f u n c t i o n . T h i s p h e n o m e n o n is i l l u s t r a t e d in F i g . 4 f o r n a p h 
t h a l e n e . 

A s h a s b e e n p r e v i o u s l y r e p o r t e d , w h e n p y r e n e is a d s o r b e d o n 
s i l i c a g e l t h e r e is e v i d e n c e f o r g r o u n d s t a t e a s s o c i a t i o n w h i c h is no t 
p r e s e n t in s o l u t i o n o r t h e v a p o r p h a s e , 9 " 1 3 bu t w h i c h h a s b e e n 
d e s c r i b e d a s b e i n g p r e s e n t w h e n p y r e n e is d i s s o l v e d in a p l a s t i c 
m e d i u m . 1 4 T h i s is a l s o a m a n i f e s t a t i o n o f s u r f a c e i n h o m o g e n e i t y -
s o m e s i t e s e n h a n c e t h e t e n d e n c y t o f o r m a g r o u n d s t a t e b i m o l e c u l a r 
c o m p l e x , w h e r e a s o t h e r s i t e s c o n t a i n i s o l a t e d p y r e n e m o l e c u l e s . T h e 
i n t e r a c t i o n d i f f e r e n c e s a r e s u f f i c i e n t t o y i e l d s i g n i f i c a n t s p e c t r a l sh i f t s in 
a b s o r p t i o n a n d t h e g r o u n d s t a t e c o m p l e x e m i t s w i t h t h e c h a r a c t e r i s t i c 
p y r e n e e x c i m e r f l u o r e s c e n c e . F i g . 5 s h o w s a t y p i c a l se t of s p e c t r a 
i l l u s t r a t i n g t h i s a s s o c i a t i o n a n d F i g . 6 p r e s e n t s e v i d e n c e t h a t t h i s 
o b s e r v a t i o n is n o t d u e t o m i c r o c r y s t a l f o r m a t i o n . 

P h o t o p h y s i c a l a n d p h o t o c h e m i c a l s t u d i e s h a v e p r o v i d e d c o n c l u s i v e 
e v i d e n c e f o r e x t e n s i v e m o t i o n o n a m i c r o s e c o n d o r e v e n s u b m i c r o -
s e c o n d t i m e s c a l e f o r e x c i t e d a n d / o r g r o u n d s t a t e m o l e c u l e s a d s o r b e d 
o n s i l i c a ge l s u r f a c e s . T h r e e l i n e s of a r g u m e n t h a v e b e e n p r e s e n t e d : 
( a ) A s i n g l e p h o t o s e n s i t i z e r m o l e c u l e c a n s e n s i t i z e m a n y m o r e m o l e 
c u l e s t h a n a r e in i t i a l y n e a r e s t n e i g h b o r s , ( b ) B o t h d y n a m i c a n d s t a t i c 
q u e n c h i n g of f l u o r e s c e n c e a r e o b s e r v e d . ( c ) S u r f a c e m o d i f i c a t i o n 
s t r o n g l y i n f l u e n c e s t h e d y n a m i c s o n t h e s u r f a c e a n d u n d e r t h e a p p r o 
p r i a t e c o n d i t i o n s d y n a m i c e x c i m e r f o r m a t i o n , a n a l o g o u s t o t h e b e h a v i o r 
in s o l u t i o n , is s e e n . 

T h e e v i d e n c e f r o m p h o t o s e n s i t i z a t i o n d e r i v e s f r o m t h e R o s e B e n g a l 
( R B ) s e n s i t i z e d d i m e r i z a t i o n o f a c e n a p h t h y l e n e . 1 ' 1 5 It is o b s e r v e d 
t h a t o n e RB m o l e c u l e c a n y i e l d , by r e p e a t e d e x c i t a t i o n , d i m e r i c m o l e 
c u l e s w i th a h i g h c o n v e r s i o n . T h i s r e q u i r e s t h a t d i m e r s m o v e a w a y 
f r o m t h e RB m o l e c u l e s a n d t h a t m o n o m e r s m o v e to o c c u p y t h e s e v a 
c a n t p l a c e s . E v i d e n c e h a s b e e n p r e s e n t e d 1 t h a t t h e RB m o l e c u l e s 
a r e f i r m l y f i xed to t h e s u r f a c e a n d t h u s t h e a c e n a p h t h y l e n e m o n o m e r s 
a n d d i m e r s m u s t b e u n d e r g o i n g e x t e n s i v e m o t i o n o n t h e s u r f a c e d u r i n g 

I F ( t ) « A l e + A 0 e 

E v i d e n c e f o r M o t i o n o n t h e S u r f a c e 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
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F igure 4· T h e d e c a y of n a p h t h a l e n e f l u o r e s c e n c e . E m i s s i o n 
w a v e l e n g t h is 3 3 3 n m ( a ) s i l i c a g e l h e a t e d in o p e n a i r 
f o r 4 h o u r s at 8 0 0 ° C ; ( b ) s i l i c a g e l w a s h e a t e d in 
v a c u u m f o r 4 h o u r s a t 8 0 0 ° C . ( R e p r o d u c e d by 
p e r m i s s i o n f r o m Canadian Journal of Chemistry. 6 2 , 
1 2 7 9 , 1 9 8 4 . ) 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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W A V E L E N G T H (nm) 

F i gu re 5. Ground s t a t e a s s o c i a t i o n of pyrene and pyrene "exc imer" 
emiss ion . E x c i t a t i o n and emiss ion opectra of pyrene 
on s i l i c a g e l ( ); e x c i t a t i o n (observed a t 390 nmï 
and emission ( exc i ted w i th 331 nm for a 0 = 1 sur face 
coverage sample ( . · · ) ; e x c i t a t i o n (0=1, observed a t 
480 nm) and emiss ion (0=3, exc i t ed wi th 345 nmj. 
(Reproduced by permiss ion from the Journa l of P h y s i c a l 
Chemistry , 86, 3781, 1982.) 

A Β 

WAVELENGTH ( N M ) 

F i gu re 6. E x c i t a t i o n spect ra of pyrene i n d i f f e r e n t s tates of 
a s s o c i a t i o n . A) E x c i t a t i o n spectrum of pyrene monomer 
(emission at 393 nm) . B) E x c i t a t i o n spectrum of pyrene 
dimer (emission a t 470 nm). C) E x c i t a t i o n spectrum of 
pyrene m i c r o c r y s t a l . 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



8 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

t h e t i m e of i r r a d i a t i o n . T h e d i m e r i z a t i o n is a l s o o b s e r v e d u p o n d i r e c t 
i r r a d i a t i o n . 1 It is k n o w n t h a t t h e c i s / t r a n s r a t i o is s e n s i t i v e t o t h e 
r e l a t i v e i m p o r t a n c e o f t h e p a r t i c i p a t i o n of t h e s i n g l e t a n d t r i p l e t in t h e 
d i m e r i z a t i o n . S i n c e t h e s i n g l e t , w h i c h y i e l d s t h e c i s d i m e r is p r e 
s u m a b l y s h o r t l i ved ( r < 1 n s e c ) , t h e c i s y i e l d is a m e a s u r e of n e a r e s t 
n e i g h b o r d i m e r i z a t i o n . T h e t r i p l e t y i e l d s b o t h c i s a n d t r a n s d i m e r s a n d 
i t is o b s e r v e d t h a t s u r f a c e m o d i f i c a t i o n by t h e c o a d s o r p t i o n o f d e c a n o l 
s t r o n g l y d e c r e a s e s t h e C / T r a t i o , 1 1 t h u s s u g g e s t i n g e n h a n c e d t r i p l e t 
d i m e r i z a t i o n , a t t r i b u t a b l e to e n h a n c e d m o l e c u l a r m o b i l i t y . H e r e w e a r e 
d e a l i n g w i th m o t i o n d u r i n g t h e l i f e t i m e o f t h e t r i p l e t , p r e s u m e d to b e , 
a s is f o u n d in s o l u t i o n , o f t h e o r d e r o f m i c r o s e c o n d s . 

P y r e n e e x c i m e r f o r m a t i o n p r o v i d e s a d d i t i o n a l e v i d e n c e . 1 1 If 
p y r e n e a n d d e c a n o l a r e c o a d s o r b e d , o n e c a n o b s e r v e t h e e x c i m e r - l i k e 
e m i s s i o n a t 4 7 0 n m g r o w i n g in w i th t h e s a m e k i n e t i c s a s is s e e n i n 
s o l u t i o n , i e . , 

- X ,
I p - c ( e L - e z ) 

T h i s is i l l u s t r a t e d in F i g . 7 . T h i s i m p l i e s m o t i o n d u r i n g t h e 
p y r e n e s i n g l e t l i f e t i m e , w h i c h is of t h e o r d e r o f s e v e r a l h u n d r e d 
n a n o s e c o n d s . F u r t h e r e v i d e n c e is s e e n i n t h e q u e n c h i n g e x p e r i m e n t 
t o be d e s c r i b e d b e l o w . 

D y n a m i c s o n t h e S u r f a c e 

T h e q u e s t i o n of d y n a m i c b e h a v i o r o f a d s o r b e d m o l e c u l e s wi l l n o w 
b e d i s c u s s e d in m o r e d e t a i l . In s o l u t i o n , s o c a l l e d S t e r n - V o l m e r 
b e h a v i o r is c o m m o n p l a c e , bu t it w a s s u r p r i s i n g t o o b s e r v e t h i s s a m e 
l i n e a r b e h a v i o r w h e n q u e n c h i n g w a s s t u d i e d in t h e a d s o r b e d s t a t e . 
B o t h q u a n t u m y i e l d r a t i o s a n d l i f e t i m e r a t i o s h a v e b e e n o b s e r v e d t o 
g i ve l i n e a r p lo t s a g a i n s t t h e s u r f a c e c o n c e n t r a t i o n of q u e n c h e r s . F o r 
e x a m p l e , f e r r o c e n e q u e n c h e s t h e d i m e r i z a t i o n of a c e n a p h t h y l e n e t h a t 
o r i g i n a t e s f r o m t h e t r i p l e t s t a t e . 1 F i g . 8 i l l u s t r a t e s t h i s l i n e a r 
S t e r n - V o l m e r p lo t o b t a i n e d f r o m a s t u d y o f t h e c i s a n d t r a n s d i m e r 
y i e l d a s a f u n c t i o n o f f e r r o c e n e c o n c e n t r a t i o n s . L i n e a r S t e r n - V o l m e r 
p l o t s h a v e a l s o b e e n o b s e r v e d f o r q u e n c h i n g o f p y r e n e m o n o m e r f l u o 
r e s c e n c e by h a l o n a p h t h a l e n e s . L i n e a r p l o t s o f b o t h l p / l p a n d f0/T 
h a v e b e e n o b s e r v e d , w h e r e f is t h e a v e r a g e l i f e t i m e c a l c u l a t e d f r o m 
e q . 1 : 

2 2 
A T + A T 

T * A T + A T ( 1 ) 

A 1 T 1 + A 2 T 2 

A r g u m e n t s have b e e n a d v a n c e d e l s e w h e r e t h a t t h e q u e n c h i n g of p y r e n e 
o n s i l i c a g e l by 2 - h a l o n a p h t h a l e n e s is d i f f u s i o n c o n t r o l l e d . 1 Th i s is in 
c o n t r a s t to t he b e h a v i o r in s o l u t i o n w h e r e t h e q u e n c h i n g is i n e f f i c i e n t . 
It w a s p o s t u l a t e d 1 t h a t o n t h e s u r f a c e t h e r a t e of s e p a r a t i o n of e n 
c o u n t e r p a i r s is s l o w e d to t h e p o i n t w h e r e t h e r a t e of q u e n c h i n g is 
d e t e r m i n e d by t h e e n c o u n t e r r a t e . C e n t r a l t o t h i s a r g u m e n t is t h e 
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F igure 7· E m i s s i o n d e c a y p r o f i l e of p y r e n e e x c i m e r a t λ = 4 7 0 n m 
c o a d s o r b e d w i th 1 - d e c a n o l ( p y r e n e 8 . 1 χ 1 0 " 6 m o l / g ; 
l - d e c a n o l , 1 . 8 χ 1 0 ~ 4 m o l / g o f s i l i c a g e l ) . 
( R e p r o d u c e d by p e r m i s s i o n f r o m t h e Journal of Physical 
Chemistry, 8 7 , 4 6 0 , 1 9 8 3 . ) 

Ο 1 2 3 x l O ' V i o l (dm)" 2 

[ F e r r o c e n e ] 

F igu re 8. S t e r n - V o l m e r p l o t o f t h e q u e n c h i n g o f a c e n a p h t h y l e n e i n 
c i s ( O ) a n d t r a n s ( O ) d i m e r f o r m a t i o n by 
f e r r o c e n e . ( R e p r o d u c e d by p e r m i s s i o n f r o m t h e 
Journal of American Chemical Society. 1 0 4 , 4 6 3 5 , 
1 9 8 2 ) . 
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o b s e r v a t i o n t h a t 2 - c h l o r o , b r o m o a n d i o d o n a p t h a i e n e s q u e n c h o n t h e 
s u r f a c e w i t h a p p r o x i m a t e l y t h e s a m e r a t e w h e r e a s in s o l u t i o n t h e r a t e s 
a r e : I > B r > C I , w i t h a r a n g e of a p p r o x i m a t e l y t e n . T h u s , t h i s 
q u e n c h i n g r e a c t i o n is a s s u m e d t o be a u s e f u l p r o b e of s u r f a c e d i f 
f u s i o n . 

In c o n n e c t i o n w i t h m o d e l i n g t h e d y n a m i c s o n s u r f a c e s t h e r e l a t e d 
s o l u t i o n m o d e l is of i n t e r e s t . 

If o n e h a s t h e s c h e m e : 

h v v A * * k 6 
A > A " ( A Q ) * - — > P r o d 

k l / \ k 2 k 5 

A + h V p A A + Q + h v £ 

T h e n i t f o l l o w s t h a t 

I p - A x e ± + A 2 e Δ ( 2 ) 

- X , t - \ 0 t 
I E « A 3 ( e 1 - e * ) ( 3 ) 

w h e r e 

2 λ ι , 2 = k l + k 2 + k 3 t Q 1 + k 4 + k 5 + k 6 

± [ ( ^ + k 2 + k 3 [ Q ] - k 4 - k 5 - k 6 ) 2 + 4 k 3 k 4 [ Q ] ] 1 / 2 

( 4 ) 

If k4 = 0 . o r If k4 « k 3 . o n e o b s e r v e s s i n g l e e x p o n e n t i a l d e c a y . 
A l s o . In g e n e r a l 

l j ' 1 + k q T 0 ( 5 ) 

i . e . , o n e e x p e c t s l i n e a r S t e r n - V o l m e r p l o t s f r o m i n t e n s i t y 
m e a s u r e m e n t s bu t n o t f r o m r / r 0 p l o t s e x c e p t in s p e c i a l c a s e s s u c h a s 
w h e n k3 » k4. 

If Q = A in t h e s c h e m e , t h e n o n e h a s t h e e x c i m e r c a s e . It 
s h o u l d b e n o t e d t h a t w h e n e x c i m e r k i n e t i c s a r e f o l l o w e d , t h e 
c o e f f i c e n t s of t h e t w o t e r m s in I Ε a r e e q u a l a n d o p p o s i t e in s i g n 
g i v i n g o n e j u s t o n e p r e e x p o n e n t i a l A 3 , a n d t h a t t h e d i f f e r e n c e o f 
e x p o n e n t i a l s i m p l i e s a " g r o w i n g i n " o f t h e e x c i m e r e m i s s i o n , p r o v i d e d 
t h a t a t t = 0 , [ A ^ l = 0 . O t h e r w i s e , o n e h a s 

- X , t - X , t 
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a n d o n e c a n o b s e r v e e i t h e r s i g n f o r A 5 . In a d d i t i o n , it is i m p l i c i t in 
th i s s i m p l e a n a l y s i s t h a t l p a n d l g c a n b e s e p a r a t e d e x p e r i m e n t a l l y . 
W i th t h i s b a c k g r o u n d it is p o s s i b l e to d i s c u s s t h e r e s u l t s o b t a i n e d w i th 
p y r e n e o n s i l i c a g e l w h e n the p y r e n e m o n o m e r a n d e x c i m e r e m i s s i o n 
is s t u d i e d . At a l l bu t q u i t e low t e m p e r a t u r e s o n e o b s e r v e s d e c a y 
b e h a v i o r w h i c h c a n b e r e p r e s e n t e d by E q . 2 . It is i m p o s s i b l e t o 
s e p a r a t e t h e e f f e c t s o f m u l t i p l e a b s o r p t i o n s i t e s , i . e . , s u r f a c e 
i n h o m o g e n e i t y , f r o m t h e e f f e c t of d y n a m i c e x c i m e r f o r m a t i o n a n d 
f e e d b a c k , t h e l a t t e r e f f e c t b e i n g r e s p o n s i b l e f o r t h e two c o m p o n e n t 
d e c a y in s o l u t i o n . H o w e v e r , if t h e s u r f a c e is d e c a n o l c o v e r e d , t h e n 
o n e o b s e r v e s e m i s s i o n in t h e e x c i m e r r e g i o n t h a t f i ts E q . 3 r a t h e r we l l 
a t r o o m t e m p e r a t u r e s u g g e s t i n g t h a t t h e d y n a m i c s a r e d o m i n a t e d by 
t h e g r o w t h o f t h e e x c i m e r p o p u l a t i o n , s t a r t i n g w i t h [ A £ ] = 0 a t t = 0. 
H o w e v e r , w h e n o n e c o m p a r e s t h e v a l u e s o f λ f o r t h e d e c a y in t h e 
m o n o m e r a n d e x c i m e r r e g i o n s , t h e λ ] a n d λ 2 v a l u e s d o n o t 
c o r r e s p o n d as r e q u i r e d by t he s i m p l e m o d e l . 

T h e m o n o m e r - e x c i m e
t e m p e r a t u r e o n b o t h d r y
c o a d s o r b a t e s h a v e b e e n a d d e d . O n d r y ( 7 0 0 ° ) s i l i c a g e l , w h e r e 

w e e x p e c t o n l y i s o l a t e d s i l a n o l g r o u p s to b e p r e s e n t , t h e f o l l o w i n g 
b e h a v i o r is o b s e r v e d : 

( a ) T h e l i f e t i m e l e n g t h e n s o n c o o l i n g bu t is s t i l l a d o u b l e 
e x p o n e n t i a l at 10 K. 

( b ) T h e Ι470Ί390 r a t i o ° f e m i s s i o n i n t e n s i t i e s i n c r e a s e s by 
l o w e r i n g of t e m p e r a t u r e . T h i s m a y b e d u e t o i n c r e a s e in 
t h e c o n c e n t r a t i o n o f g r o u n d s t a t e d i m e r s w h i c h a r e 
r e s p o n s i b l e f o r t h e e x c i m e r l i ke 4 7 0 n m e m i s s i o n . T h e r e d 
sh i f t in t h e e x c i t a t i o n s p e c t r u m c o r r e s p o n d i n g t o 4 7 0 n m 
e m i s s i o n i n c r e a s e s w i th d e c r e a s e o f t e m p e r a t u r e . 

( c ) O n e n e v e r o b s e r v e s A 4 / A 5 t o b e n e g a t i v e . 
( d ) T h e d a t a is r e p r o d u c i b l e a s o n e g o e s u p a n d d o w n in 

t e m p e r a t u r e . 
A t y p i c a l p lo t of f l u o r e s c e n c e i n t e n s i t y f o r t w o t e m p e r a t u r e s is 

s h o w n in F i g . 9 . 
Of g r e a t e r i n t e r e s t is t h e b e h a v i o r o f p y r e n e o n d e c a n o l c o v e r e d 

(~ m o n o l a y e r ) s i l i c a ge l a s t h e t e m p e r a t u r e is l o w e r e d . T h e f o l l o w i n g 
o b s e r v a t i o n s a r e r e l e v a n t : 

( a ) A 4 / A 5 * - 1 , t ha t is t h e e x c i m e r g r o w t h is o b s e r v e d a n d 
t h e s o l u t i o n b e h a v i o r is r o u g h l y d u p l i c a t e d . 

( b ) T h e o b s e r v e d s p e c t r a l r e s o l u t i o n of t h e p y r e n e v i b r o n i c 
s t r u c t u r e s s u g g e s t s a q u i t e h o m o g e n e o u s s u r f a c e . 

( c ) A t l ow t e m p e r a t u r e t h e m o n o m e r e m i s s i o n is q u i t e 
a c c u r a t e l y d e s c r i b e d by a s i n g l e e x p o n e n t i a l a n d t h e l i f e t i m e 
is - 6 0 0 n s e c . T h i s l o n g m o n o m e r l i f e t i m e is c o n s i s t e n t 
w i th t h a t o b s e r v e d in low t e m p e r a t u r e g l a s s e s . 1 6 ' 1 7 

( d ) T h e λ v a l u e s o b t a i n e d by a n a l y s i s o f t h e m o n o m e r a n d 
e x c i m e r d e c a y d o n o t c o r r e s p o n d , a s r e q u i r e d by t h e 
s o l u t i o n m o d e l . 

T h e d a t a r e l e v a n t t o t h e s e o b s e r v a t i o n s a r e p r e s e n t e d in T a b l e s 1 a n d 
2 . 

T h u s , t h e d e c a n o l c o a d s o r p t i o n a p p e a r s t o i n c r e a s e s i g n i f i c a n t l y 
t h e d y n a m i c e x c i m e r f o r m a t i o n bu t t h e r e s i d u a l s u r f a c e i n h o m o g e n e i t y 
s t i l l p r e v e n t s o n e f r o m o b s e r v i n g a l l t h e f e a t u r e s o f s o l u t i o n - l i k e 
b e h a v i o r . 
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rch 

U-C I I I 
570 500 450 400 

λ / n m 

F igure 9. E f f e c t of t e m p e r a t u r e o n t h e p y r e n e " e x c i m e r " i n t e n s i t y . 
E x c i t a t i o n w a v e l e n g t h : 3 4 5 n m . T h e p y r e n e 
c o n c e n t r a t i o n is 1 m g / g d r y S i 0 2 -
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Table I. Pyrene Monomer Decay Time on Decanol-Covered 
Si0 9 as a Function of Temperature 

T R A J L τ χ A 2 r 2 REMARKS 

2 9 3 0 . 0 5 2 2 8 0 . 1 3 5 6 6 λ Ε χ « 3 3 1 f 

λ Β 1 ί - 3 9 3 n m 

2 7 0 0 . 1 4 2 6 3 0 . 0 9 9 0 

2 5 0 0 . 1 3 3 7 5 0 . 0 6 1 5 2 

2 2 5 0 . 1 0 5 7 5 0 . 0 4 3 2 7 

2 0 0 — 5 4 0 — - S i n g l e e x p o 
n e n t i a l 

1 5 0 — 5 8 6 — -
8 0 — 6 2 3 — -
1 0 — 6 2 0 — -
8 0 — 6 1 3 — -

1 5 0 — 5 8 8 — -
2 9 3 0 . 0 9 2 3 7 0 . 1 3 8 6 0 

Note: Pyrene coverage i s 2.5 mg/g ^0^-

_3 
Decanol coverage i s 1 χ 10 mol/g SiO, 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
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Table II. Pyrene Excimer-like Emission on Decanol-Covered 
Si0 2 as a Function of Temperature 

Τ 
A l T l A 2 T 2 V A 1 REMARKS 

2 9 3 0 . 4 3 1 0 4 - 0 . 4 4 2 6 - 1 . 0 2 
λ Ε Χ - 3 7 0 

λ Ε Μ ~ n m 

2 7 0 0 . 4 5 1 6 6 - 0 . 3 9 3 7 - 0 . 8 7 

2 5 0 0 . 2 6 2 8 3 - 0 . 1 9 4 7 - 0 . 7 3 

2 2 5 0 . 0 2 2 4 8 5 0 . 0 1 8 1 2 4 — 
1 5 0 0 . 0 1 3 5 3 3 0 . 0 2 6 1 — 

8 0 0 . 0 1 6 5 5 0 0 . 0 2 3 6 0 — 
1 0 0 . 0 1 4 5 6 0 0 . 0 2 5 5 4 — 

2 5 0 0 . 3 1 2 6 0 - 0 . 2 2 4 7 - 0 . 7 1 

2 9 3 0 . 4 9 1 0 9 - 0 . 4 9 2 7 - 1 . 0 

Mote: Pyrene coverage i s 2.5 mg/g SiO, 

Decanol coverage i s 1 χ 10 mol/g SiO. 
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T h e r a p i d d e c r e a s e in t h e e x c i m e r - l i k e e m i s s i o n w i t h t e m p e r a t u r e 
o n d e c a n o l - c o v e r e d s i l i c a g e l , i l l u s t r a t e d in F i g s . 10 , 1 1 , is 
c o n s i s t e n t w i th a t e m p e r a t u r e c o e f f i c i e n t f o r p y r e n e d i f f u s i o n of 4 t o 6 
K c a l / m o l , bu t e x a c t c a l c u l a t i o n is m o d e l d e p e n d e n t a n d no t j u s t i f i e d at 
t h i s t i m e . N e v e r t h e l e s s , t h e q u a l i t a t i v e b e h a v i o r is r e a s o n a b l e . 

T h e q u e n c h i n g o f p y r e n e m o n o m e r e m i s s i o n by 2 - b r o m o n a p h t h a -
l e n e o n d r y s i l i c a ge l h a s a l s o b e e n s t u d i e d a s a f u n c t i o n of 
t e m p e r a t u r e . L i n e a r S t e r n - V o l m e r p lo t s a r e o b t a i n e d e i t h e r w i th f 0 / r 
o r w i th τ^/Τι a n d τ$/τ2 vs [Q] w h e r e [Ql is a s u r f a c e c o n c e n t r a t i o n . 
F i g . 12 i l l u s t r a t e s t h e f / f 0 p lo t . T h e r a t e c o n s t a n t s d e r i v e d f r o m 
t h e s e S t e r n - V o l m e r p lo t s g ive a r e m a r k a b l y g o o d A r r h e n i u s p lo t a s 
s h o w n in F i g . 1 3 , w i th a n a c t i v a t i o n e n e r g y o f - 4 K c a l / m o l . T h i s 
a c t i v a t i o n e n e r g y is i n t e r p r e t e d a s t h a t a s s o c i a t e d w i th d i f f u s i o n o f t he 
two m o l e c u l e s o n t h e s u r f a c e . In th i s c o n t e x t it is s i g n i f i c a n t tha t t h e 
e n e r g y is of t h e o r d e r o f h y d r o g e n b o n d e n e r g i e s . 

T h e A r r h e n i u s p lo t s f r o m τ  a n d r  d a t a g i ve a c t i v a t i o n e n e r g i e s 
a b o v e a n d b e l o w t h i s v a l u
a n a v e r a g e . T h e low t e m p e r a t u r
g e l a l s o a l l o w e d of t h e o b s e r v a t i o n of p y r e n e p h o s p h o r e s c e n c e ( F i g . 
14) ; t h e p h o s p h o r e s c e n c e d i s a p p e a r e d a t t e m p e r a t u r e s a b o v e 2 0 0 ° K. 

S u m m a r y a n d C o n c l u s i o n s 

T h e m o s t i n h o m o g e n e o u s s u r f a c e a s j u d g e d by t h e p y r e n e p r o b e 
is t h a t w h i c h r e s u l t s f r o m h e a t i n g in a v a c u u m a t h i g h t e m p e r a t u r e 
( 7 0 0 ° C ) . O n e s e e s m u l t i p l e e x p o n e n t i a l d e c a y , p o o r l y r e s o l v e d 
s p e c t r a , b i m o l e c u l a r g r o u n d s t a t e a s s o c i a t i o n a n d s h o r t e n e d l i f e t i m e s . 
If t h e s u r f a c e is p r e p a r e d by c o a d s o r b i n g a l c o h o l s o r w a t e r , a m u c h 
m o r e h o m o g e n e o u s s u r f a c e r e s u l t s , a s i n d i c a t e d by t h e a p p r o a c h o f 
t h e d e c a y to o n e c o m p o n e n t , l o n g e r l i f e t i m e s , a n d d i m i n i s h e d b i m o l e 
c u l a r g r o u n d s t a t e a s s o c i a t i o n . In a d d i t i o n , t h e s u r f a c e c o n t a i n i n g 
c o a d s o r b e d a l c o h o l s o r w a t e r a l l o w s m o r e r a p i d d i f f u s i o n a n d o n e is 
a b l e t o o b s e r v e d y n a m i c e x c i m e r f o r m a t i o n o n a t i m e s c a l e of s e v e r a l 
h u n d r e d n a n o s e c o n d s . 

Q u e n c h i n g s t u d i e s h a v e y i e l d e d a n a c t i v a t i o n e n e r g y f o r d i f f u s i o n 
o n t h e d r y s i l i c a g e l s u r f a c e of a r o u n d 4 K c a l / m o l . 
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Figure 11. E f fec t of l o w e r i n g t h e t e m p e r a t u r e o n t h e p y r e n e e x c i m e r 
f o r m a t i o n . T h e s i l i c a g e l is c o v e r e d w i th d e c a n o l 
( Ί χ 1 0 " 3 m o l / g S i 0 2 ) . P y r e n e i s e 2 . 5 m g / g S i 0 2 . 
E m i s s i o n s p e c t r u m of p y r e n e a t 2 0 0 ° K. T h e 
e x c i t a t i o n w a v e l e n g t h : 3 4 5 n m . 

Figure 12. E f fec t of t e m p e r a t u r e o n t h e q u e n c h i n g o f p y r e n e 
m o n o m e r e m i s s i o n by 2 - b r o m o n a p h t h a l e n e . 
S t e r n - V o l m e r p lo ts a t d i f f e r e n t t e m p e r a t u r e s . 
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3 6 0 h 

l n k q 

1 χ 1 0 3 Κ ' ] 

Figure 13. A r r h e n i u s p lo t o f q u e n c h i n g o f p y r e n e m o n o m e r e m i s s i o n 
by 2 - b r o m o n a p h t h a l e n e . 

F igure 14. P h o s p h o r e s c e n c e e m i s s i o n o f p y r e n e o n d e c a n o l c o v e r e d 

s i l i c a g e l s u r f a c e a t 6 0 ° K . T h e e x c i t a t i o n w a v e l e n g t h : 

3 6 0 n m . 
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Room Temperature Oxidations, Isotopic Exchanges, and 
Dehydrogenations over Illuminated Neat or 
Metal-Supporting Semiconductor Catalysts 

PIERRE PICHAT 

Institut de Recherches sur la Catalyse, CNRS, 69626 Villeurbanne, Cédex, France 

The possibi l i t ie f usin  photoni
excitation o
catalysts i  organi  synthesi  surveye
principally by considering the t i t l e types of 
reactions. It is first underlined thatthe effects 
of parameters, such as texture, defects, 
impurities, on the creation and separation of 
charges within ghe semiconductor should be taken 
into account, in addition to their catalytic 
influence, when choosing or modifying a solid, 
which increases the difficulties. In presence of 
O2 (air) , alkanes, alkenes and alcohols are 
oxidized to aldehydes or ketones. The selectivity 
depends on the molecule, the photocatal yst and 
the conditions, since unspecific attack and 
cleavages can occur. Aromatic rings withstand 
oxidation and alkyltoluenes are converted to 
alkylbenzaldehydes. At least in gas phase, these 
oxidations over semiconductor oxides involve 
dissociated adsorbed/surface oxygen species 
activated by photoproduced holes as inferred from 
photoconductance and oxygen isotope exchange 
measurements and from the replacement of O2 by NO. 
Group VIII metal deposition on semiconductors 
allows the extension of heterogeneous 
photocatalysis to reactions involving H2, either 
endergonic (dehydrogenations) or exergonic (acid 
decarboxylations), as well as hydrogen isotopic 
exchange. However, charge recombination caused by 
these deposits determines an optimal metal amount 
for each metal-semiconductor system. Various 
liquid alcohols, saturated or unsaturated (allyl, 
cinnamyl, c i tronel lo l , geraniol), are 
dehydrogenated without over-oxidation and with 
quantum yields in the 0.025-0.8 range for Pt/TiO2 

C u r r e n t address : Eco le Centra le de Lyon, Β.P. 163, 69131 Ecully 
Cedex, France. 
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samples. A C = C bond is partially reduced only 
when adjacent to the hydroxy. In situ 
hydrogenation with an alcohol as reductant can be 
performed. In solution high chemical yields are 
reached. Cyclopentane-deuterium exchange only 
gives rise to the monodeuterated compound, whereas 
polydeuteration occurs by thermally activated 
catalysis. In conclusion, practical applications 
of heterogeneous photocatalysis for organic 
syntheses pose a challenge. In view of the 
background reviewed in this Symposium, concerted 
efforts of specialists in organic chemistry, 
chemical engineers and industry, in connection 
with scientists already involved in this f ie ld, 
are now needed. 

Over the l a s t decade , i n t ens i v
i l l um ina t ed s o l i d semiconductor
energy ( s p e c i a l l y s o l a r energy ) to e l e c t r i c a l (photoregenerat ive 
c e l l s ) or c h e m i c a l energy ( 1 - 7 ) . U n l i k e the c o n v e r s i o n to 
e l e c t r i c i t y , the g e n e r a t i o n o f va luab le chemical compounds through 
photonic e x c i t a t i o n of semiconductors does not r e q u i r e e l e c t r o d e s ; 
a c c o r d i n g l y , numerous s t u d i e s have been concerned with the use of 
powdered or c o l l o i d a l semiconductors ( 6 _ , 7). Because o f t h e i r large 
surface area, these d i v ided s o l i d s enhance the photon capture and the 
contact with the r eac t an t s . The i r surface p roper t i e s can be m o d i f i e d 
by the methods u s u a l l y employed i n c a t a l y s i s , and severa l techniques 
e x i s t to i n v e s t i g a t e e l e c t r o n t r a n s f e r p r o c e s s e s and r e a c t i o n 
intermediates at t h e i r i n t e r f a ce s with gases or l i q u i d s . In a d d i t i o n , 
these d i v i d e d s e m i c o n d u c t o r s can be manu fac tu red by s i m p l e r and 
therefore much less expensive means than semiconductor e l e c t r ode s . 

Many reports have been wr i t t en on endergonic r eac t ions (AG > 0 ) , 
i n v o l v i n g an abundant r eac tant , such as water decomposit ion, and, to 
a l e s s e r e x t e n t , n i t r o g e n or ca rbon d i o x i d e r e d u c t i o n s . These 
r e a c t i o n s are o u t s i d e the scope of t h i s Symposium. Moreover, t h e i r 
y i e l d s , i n the absence of e l e c t r i c a l a s s i s tance o r o f a s a c r i f i c i a l 
compound are , as yet , very low. Dehydrogenations o f organic compounds 
are a l so endergonic at room temperature but with a smal ler change i n 
f r e e ene rgy , and c o n s e q u e n t l y they a re e a s i e r to p e r f o r m . Fo r 
example , the hydrogen p r o d u c t i o n from C1-C4 p r i m a r y or secondary 
a l i p h a t i c a l c o h o l s has been s t u d i e d ( 8 - l l ) . I f more complex a l coho l s 
or other dehydrogenable organic compounds o f i n t e r e s t were considered 
and s e l e c t i v e l y transformed, t h i s dehydrogenation method might have 
an impact i n organic s yn thes i s . 

On the o t h e r hand , o x i d a t i o n s o f o r g a n i c r e a c t a n t s at room 
temperature might a l s o be i n t e r e s t i n g ( a l t h o u g h i n t h a t case the 
r a d i a n t energy o n l y s e r v e s to overcome the energy o f a c t i v a t i o n ) , 
p r o v i d e d one p r o d u c t has a h i g h added v a l u e , and p r o v i d e d a 
reasonable quantum y i e l d and, above a l l , a h igh chemical y i e l d can be 
reached. Indeed s tud ies o f p h o t o c a t a l y t i c o x i d a t i o n s have p receded 
those on the storage of l i g h t energy, but more systematic researches , 
which w i l l bene f i t from the improved understanding o f p h o t o c a t a l y t i c 
processes , should be undertaken. A large v a r i e t y o f organic compounds 
have redox p o t e n t i a l s a l l o w i n g t h e i r o x i d a t i o n by s emiconduc to r 
o x i d e s i l l u m i n a t e d with photons corresponding to an energy at l eas t 
e q u a l to t h e i r band gap ( 12 ) . B e s i d e s , the use o f a i r and o f 
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i n e x p e n s i v e m a t e r i a l s , such as t i t a n i u m d i o x i d e , as w e l l as the 
absence o f p o l l u t i n g s p i l l s , c ons t i t u t e advantages o f t h i s o x i d a t i o n 
method . The e x p l o r a t i o n of i t s p o s s i b i l i t i e s should be envisaged i n 
c o n n e c t i o n w i th o t h e r p o t e n t i a l deve lopments fo r he te rogeneous 
p h o t o c a t a l y s i s , such as the p h o t o c a t a l y t i c degradation o f po l l u t an t s 
(13) and the r e c o v e r y o f p r e c i o u s and/or t o x i c meta l s i n d i l u t e d 
so lu t i ons (14). 

A f t e r some g e n e r a l remarks on the r e l a t i o n s between 
semiconductor p roper t i e s and t h e i r use as photocata lys ts , t h i s t e x t 
w i l l f i r s t deal with ox idat ions of organic compounds.The i n t e r a c t i o n s 
o f i l l u m i n a t e d semiconductors with gaseous O2 (and, for comparison, 
with gaseous NO) w i l l be then presented, whereas the l a s t p a r t w i l l 
cons ider metal/semiconductor photocata lys ts and the organic r eac t i ons 
they a l low. In t h i s p resenta t ion , the r e s u l t s of t h i s laboratory w i l l 
be h i g h l i g h t e d . 

G e n e r a l remarks on th
reac t i ons 

The n a t u r e of the semiconductor intervenes i n var ious r e spec t s . From 
the energet ic v iewpoint , the l oca t i ons o f the valence band and of the 
c o n d u c t i o n band r e s p e c t i v e l y determine the ox idat ions and reduct ions 
which are thermodynamically a l lowed, and the band gap i n d i c a t e s the 
l i g h t frequencies requi red for a c t i v a t i n g the semiconductor, i . e . for 
g e n e r a t i n g h o l e s i n the v a l e n c e band . As i n the rma l c a t a l y s i s , 
s u r f a c e / c a t a l y t i c p r o p e r t i e s , which c o n t r o l the s t r u c t u r e o f the 
adsorbed spec ies , depend on the chemical nature o f the s o l i d and on 
the p r e sence o f v a r i o u s d e f e c t s . Fo r i n s t a n c e , a c i d - ba se surface 
s i t e s ( s p e c i a l l y the cove rage i n OH g roups ) are c r i t i c a l f o r the 
a d s o r p t i o n o f o r g a n i c m o l e c u l e s which c o n t a i n a c i d i c or b a s i c 
f unc t i ona l groups. Defects , such as impur i t i e s (which can behave as 
s u b s t i t u t i o n a l doping l e ve l s ) and oxygen vacanc ies , can have the same 
r o l e as i n the rma l c a t a l y s i s i n f o rming a d s o r p t i o n s i t e s , but 
f u r the rmore they can ac t as recombinat ion centers of photoproduced 
cha rges and/or they can change the m o b i l i t y o f the charge 
c a r r i e r s . P r o f o u n d changes i n p h o t o c a t a l y t i c a c t i v i t y can thus be 
ob se rved a c c o r d i n g to the s t o i c h i o m e t r y and p u r i t y o f the 
semiconductor ox ide . 

The t e x t u r e o f the s e m i c o n d u c t o r powder i s a l s o v e r y 
important. The r o l e of the surface area i n determining the e x t en t o f 
c o n t a c t o f the s o l i d w i t h the gaseous or l i q u i d or d i s s o l v e d 
r e a c t a n t s i s e a s i l y u n d e r s t a n d a b l e . Pores s h o u l d be o f a s i z e 
comptabile with easy penet ra t ion of the reactants and recovery o f the 
products . However, both these factors have supp lementary e f f e c t s i n 
the case o f i l l umina ted s o l i d g r a in s . For porous m a t e r i a l s , at l eas t 
part o f the i n t e r n a l surface o f the pores cannot be d i r e c t l y reached 
by the l i g h t . For nonporous m a t e r i a l s , at a g i v e n wavelength the 
depth o f p e n e t r a t i o n o f the pho tons , which i s r e l a t e d to the 
absorpt ion c o e f f i c i e n t a, should be compared with the average s i z e o f 
the g r a in s . I f α v a r i e s i n the ΙΟ^-ΙΟ^πΓ* range, the Beer-Lambert law 
i nd i c a t e s that 99 °l o f the i n c i d e n t f l u x i s absorbed w i t h i n 20 to 
200 nm t h i c k n e s s . Fo r anatase (dens i ty 3.85 g cm"^) these p a r t i c l e s 
d i a m e t e r s c o r r e s p o n d to s u r f a c e a r ea o f about 78 or 7.8 m^g " * , 
r e s p e c t i v e l y ; i n o t h e r words , i n n e r r e g i o n s o f the p a r t i c l e s o f 
samples o f lower s p e c i f i c a r e a are not i l l u m i n a t e d (15). In t h i s 
r e s p e c t , the type o f photoreactor plays a r o l e ( f ixed-bed c a t a l y s t , 
s u s p e n s i o n , i l l u m i n a t i o n from one s i d e or a n n u l a r i l l u m i n a t i o n 
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e t c . . . ) . In a d d i t i o n , the rad ius of the semiconductor p a r t i c l e can be 
s m a l l e r than the w id th o f the space charge l a y e r which would be 
formed i n an i n f i n i t e sample o f the same semiconductor, and t h i s w i l l 
a f f ec t the charge sepa ra t i on . These l a t t e r e f f ec t s o f p a r t i c l e s i z e 
o n l y b e g i n to be t h e o r e t i c a l l y c o n s i d e r e d (16 ) . One should no t i c e 
that they can cause d i f f e rences i n pho toca t a l y t i c behavior . 

As a r e s u l t , though comparisons between v a r i o u s s e m i c o n d u c t o r s 
f o r a g i v e n p h o t o c a t a l y t i c r e a c t i o n are u s e f u l , the c l a s s i f i c a t i o n s 
thus der ived must not be regarded as d e f i n i t i v e , s ince the e f f ec t s of 
the t e x t u r e , o f the impur i t i e s and of other s t r u c t u r a l de fec t s , are 
even more c r u c i a l than i n thermal c a t a l y s i s . 

Although economical f ac tors are not o f primary importance i n the 
e a r l y stages of fundamental researches i f r e s u l t s obtained w i th r a r e 
m a t e r i a l s a l l o w our knowledges to p r o g r e s s , i t i s neverthe less o f 
i n t e r e s t to mention that indus t ry produces large q u a n t i t i e s o f some 
powder semiconductors , e i t h e r pure of modi f i ed , and, among them, the 
cheapes t are Έβ2θ^ and
convers ions have been c a r r i e
o f i t s h igher e f f i c i e n c y . Note that when prepared i n a flame reac to r 
i t i s nonporous. 

Pho toca t a l y t i c ox idat ions o f organic compounds 

The review w i l l be l i m i t e d to r e l a t i v e l y simple molecu les . Other, and 
gene ra l l y more complex examples, w i l l be found i n M-A. F o x ' s and K. 
Tokumaru's papers i n t h i s Symposium. 

A l k a n e s . D e t a i l e d s tud ies o f the pho toca t a l y t i c ox ida t i on o f C2-Cg 
a l k a n e s , l i n e a r or r am i f i ed , i n gas phase us ing a d i f f e r e n t i a l - f l o w 
p h o t o r e a c t o r w i t h a f ixed bed o f T i02 i have been reported (17-18 ) . 
Under such c o n d i t i o n s , which impl ies low convers ions (0.6 - 2.5 J ) , a 
h i g h s e l e c t i v i t y (55 -95 i n a l d e h y d e ( s ) and/or k e t o n e ( s ) as 
compared with t o t a l ox i da t i on to CO21 was found, and a quantum y i e l d 

(number of molecules ox id i zed for each quantum of r a d i a t i o n absorbed 
by the s e m i c o n d u c t o r ) o f 0 . 1 was i n d i c a t e d . T h i s s e l e c t i v i t y to 
p a r t i a l o x i da t i on products i s r emarkab l e w i th r e g a r d to c a t a l y t i c 
a l kane o x i d a t i o n s at h igh temperatures. The r e a c t i v i t y o f the carbon 
atoms fo l lowed the sequence C t e r t > C q u a t > C s e c > C p r i r a , the carbon 
atom which was p r e f e r e n t i a l l y , but not e x c l u s i v e l y , a t t a c k e d b e i n g 
that with the h ighest e l e c t r o n dens i ty together with the least s t e r i c 
o b s t r u c t i o n . It ensued tha t , u n f o r t u n a t e l y , a v a r i e t y o f a l d ehydes 
and ke tones was ob ta ined i f the alkane s t ruc tu re allowed i t (scheme 
I ) . To the a u t h o r ' s knowledge , no e q u i v a l e n t s t u d i e s have been 
h i t h e r t o publ ished for n e a t - l i q u i d a lkanes . 

A l k y l t o l u e n e s . We have s tud ied the ox ida t i on o f gaseous a lky l to luenes 
RC6H4CH3 (R - C 2 H 5 , ( CH3 ) 2 CH, (0113)30 i n a d i f f e r e n t i a l - f l o w 
p h o t o r e a c t o r with a f ixed bed of T1O2 (19 ) . The r a t i o 02/iydrocarbon 
s h o u l d not be too g r e a t , o t h e r w i s e the s u r f a c e coverage i n 
hydrocarbon l i m i t e d the convers ion . In a l l cases, the s e l e c t i v i t y i n 
RC5H4CHO was h i g h . For R = (0113)30, no CO2 was detected . Under the 
same c o n d i t i o n s , toluene y i e l d ed on ly t r a c e s o f b e n z a l d e h y d e . T h i s 
shows the s t a b i l i t y o f the a r o m a t i c r i n g and o f the methyl group 
d i r e c t l y attached to i t . 
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These o x i d a t i o n s are not c l a s s i c a l , s i n c e , u s u a l l y , the 
secondary or t e r t i a r y hydrogen atomsare p r e f e r e n t i a l l y e l iminated to 
g i v e r i s e to h y d r o p e r o x i d e s , which c o u l d mean t h a t the se l a t t e r 
intermediates are not formed i n the p h o t o c a t a l y t i c p r o c e s s . These 
o x i d a t i o n s can a l s o be pe r fo rmed w i th the n e a t - l i q u i d i n a s t a t i c 
photoreactor . The methyl group i s o x i d i z e d , whereas the o t h e r a l k y l 
group wi thstands o x i d a t i o n . However, part o f the photons requ i red to 
exc i t e T i 0 2 i s a lso absorbed by the a lkylbenzaldehyde, producing free 
r a d i c a l s i n the p r e s e n c e o f 0 2 . T h i s a c c e l e r a t e s the a l dehyde 
t rans format ion in to the corresponding a c i d . I f a h igh s e l e c t i v i t y i n 
a ldehyde i s sought f o r , t h i s imposes to operate e i t h e r with d i l u t e 
so lu t i ons or with a r eac to r avo id ing that the photons pass th rough a 
t h i c k l a y e r o f the l i q u i d . The a c i d fo rmat ion i s a l so enhanced by 
r a i s i n g the t empera tu re ; room tempera tu re appears as an optimum 
compromise between k i n e t i c s and s e l e c t i v i t y . Fo r n e a t - l i q u i d s , 
i n i t i a l quantum y i e l d s o f about 0.2 were found. 

A lkenes . Gas phase propen
T i 0 2 , Z r 0 2 , V 2 0 5 , ZnO, S n 0 2 , S b 2 0 4 , C e 0 2 , WO3 and a mixed Sn-O-Sb 
sample ( 20 ) . These s o l i d s were not a c t i v e i n the da rk at t h i s 
t e m p e r a t u r e . Under band-gap i l l u m i n a t i o n , on ly the V 2 05 sample was 
found i n a c t i v e . Unfor tunate ly , on ly one anatase sample had a quantum 
y i e l d s u f f i c i e n t f o r a p o s s i b l e p r a c t i c a l u s e . The s e l e c t i v i t y 
g r e a t l y depended on the p a r t i c u l a r specimen used. Among the p r o d u c t s 
o f p a r t i a l o x i da t i on , ethanal was genera l l y formed i n higher amounts 
than a c r o l e i n , the percentage o f acetone being s m a l l . Propene o x i d e 
was d e t e c t e d , p a r t i c u l a r l y at low convers ions , and, i n the case o f 
T i 0 2 , c o u l d be the p r i m a r y p r o d u c t r e s u l t i n g from the a t t a c k o f 
adsorbed propene by the a c t i v e oxygen spec ies . 

Under s i m i l a r c o n d i t i o n s , the p h o t o c a t a l y t i c ox ida t i on o f 2-or 
3 -methy l - l - butene and of 2-methyl-2-butene over T i 0 2 y i e l d e d carbonyl 
compounds as p a r t i a l o x i d a t i o n p r o d u c t s (IS). However, the 
s e l e c t i v i t y to a p a r t i c u l a r a ldehyde or ke tone was r educed by 
cleavages not only o f the double bond but a l so o f the C^-Cy bond. 

A l c o h o l s . The o x i d a t i o n o f 2 - p r o p a n o l p r i n c i p a l l y to acetone has 
been chosen to tes t the p h o t o s t a b i l i t y of pigments. The mechanism has 
been s tud ied i n d e t a i l , however mainly by performing t h i s r e a c t i on i n 
gas phase , e s s e n t i a l l y over T i 0 2 (21-24, ). Samples of other oxides 
l i k e V 2 0 5 , C r 2 0 3 , M n 0 2 , F e 2 0 3 , C03O4, NiO and CuO do not e xh i b i t a 
p h o t o c a t a l y t i c a c t i v i t y (23). Th i s gas (23, 25) or l i q u i d (24) phase 
ox ida t i on was extended to C 4 - C 5 a l i p h a t i c a l c o h o l s . In gas phase, the 
ease o f o x i d a t i o n f o l l o w e d the sequence : s econda ry > t e r t i a r y > 
p r i m a r y and o x i d a t i v e 0 α - 0 β s c i s s i o n was found f o r 2 - p r o p a n o l , 
2 -butano l , and 2 and 3-methyl-2-butanol (scheme I I ) . Whether or not 
t h i s s c i s s i o n i s r e l a t e d to the formation of an o l e f i n intermediate 
has been d i s p u t e d (23, 2_5). A l s o , though 3-methy 1 - 1 - b u t a n o l i s 
o x i d i z e d c h i e f l y to the c o r r e s p o n d i n g a l d e h y d e , a c e t o n e , 
2 - m e t h y l p r o p a n a l and e t h a n a l a re supposed to r e s u l t from the 
subsequent cleavage o f t h i s aldehyde (25). 

O x i d a t i o n o f e t h a n o l , 1- and 2 - p r o p a n o l was i n v e s t i g a t e d i n 
l i q u i d phase and i n aqueous so lu t i ons (24). The same apparent energy 
o f a c t i v a t i o n was found r e g a r d l e s s o f the a l c o h o l . However, the 
primary a l coho l s were found to r e a c t p r e f e r e n t i a l l y to 2 - p r o p a n o l 
when mixed to i t . Quantum y i e l d s i n the range 0 .1 -0 .5 at near room 
temperature have been repor ted . 
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NO, which s u p p l i e s oxygen atoms to T i 0 2 on forming N 2 and N 2 0, 
(26) can r e p l a c e 0 2 i n such o x i d a t i o n s as a l r e a d y mentioned. For 
example, 1-butanol was ox id i zed to butana l , 2-butanol to butanone and 
2 - m e t h y l - 2 - p r o p a n o l to ace tone ( 2 - m e t h y l propene b e i n g a l s o 
d e t e c t e d ) , w i t h the expec t ed order i n the ease of o x i d a t i o n , and a 
average quantum y i e l d of about 0.1 (27, 28). 

O x a l i c a c i d . I ts ox i da t i on to C0 2 i n aqueous s o l u t i o n was used as a 
t e s t r e a c t i o n to examine the p h o t o s e n s i t i v e p r o p e r t i e s o f T i 0 2 , 
F e 2 0 3 , Z n 0 | Z r 0 2 » Sb 2 04, Ce0 2 and WO3 powder samples i n the v i s i b l e 
as w e l l as i n the UV r e g i o n (29 ) . In f a c t , a l l o f these specimens, 
except Sb 2 04 and WO3, were p a r t i a l l y degraded i n the da rk i n an 
oxygenated 5 χ 10"^ M s o l u t i o n (pH : 2.34) and C0 2 was evo lved . The 
s l i g h t p h o t o s e n s i t i v i t i e s ob se rved i n the v i s i b l e p r e s e n t no 
p r a c t i c a l i n t e r e s t . Under UV - i l l u r a ina t i on , a quantum y i e l d o f ~ 0.35 
was found for the anatase sample which was the most e f f i c i e n t . The 
p r e sence o f d i s s o l v e d
cleavage. 

C o n c l u s i o n . As p o i n t e d out i n the i n t r o d u c t i o n , he t e rogeneous 
p h o t o c a t a l y s i s o f f e r s e c o n o m i c a l advantages f o r o x i d a t i o n s . The 
preceding paragraphs, by showing that at room t e m p e r a t u r e , a l k a n e s 
can be o x i d i z e d and a lky l to luenes transformed to a lkylbenzaldehydes , 
g ive an idea of the c a p a b i l i t i e s of t h i s method. Genera l ly , aldehydes 
or ke tones are the f i n a l degree o f o x i d a t i o n , p r o v i d e d t h a t the 
c o n d i t i o n s a v o i d p h o t o c h e m i c a l o x i d a t i o n s i n the presence of 0 2 ; 
t h i s u n d e r l i n e s the n e c e s s i t y o f r e s e a r c h e s on p h o t o c a t a l y t i c 
r e a c t o r s . However, depend ing on the m o l e c u l a r s t r u c t u r e o f the 
o x i d i z a b l e compound, the o x i d a t i o n can be u n s p e c i f i c and, 
f u r t h e r m o r e , undesired cleavages can occur as a r e s u l t o f the method 
e f f i c i e n c y . In th i s r e s p e c t , no s y s t e m a t i c s tudy o f the e f f e c t o f 
t e m p e r a t u r e , namely be low the ambient, on the s e l e c t i v i t y has been 
repor ted . Furthermore, a deeper understanding o f ox ida t i on c a t a l y s t s 
might he lp to design more s e l e c t i v e pho toca ta l y s t s , with neverthe less 
the added d i f f i c u l t y of ob ta in ing a h igh p h o t o s e n s i t i v i t y . F i n a l l y , 
by c o n s i d e r i n g m o l e c u l e s more complex than those c i t e d h e r e i n (see 
M.A. Fox ' s and K. Tokumaru's presentat ions i n t h i s Symposium) and by 
changing the cond i t i ons , a p p l i c a t i o n s might be uncovered. 

I n t e r ac t i on o f i l l umina ted η-type semiconductor oxides with 0? and NO 

Oxygen a d s o r p t i o n on semiconductor oxides has g iven r i s e to a large 
number o f s t u d i e s , m a i n l y by ESR ( 30 ) . Var ious ionosorbed species 
have been found depend ing upon the c o n d i t i o n s and the sample 
pretreatment. Continuous i l l u m i n a t i o n with photons of energy at l eas t 
equa l to the s em iconduc to r band gap shou ld change the equ i l i b r i um 
between gaseous oxygen and n e g a t i v e l y cha rged chemiso rbed oxygen 
s p e c i e s , s i n c e the c o n c e n t r a t i o n s o f bo th e l e c t r o n and holes are 
m o d i f i e d . T h i s e f f e c t i s very marked for the m ino r i t y c a r r i e r s Q ). 
As a r e s u l t , photodesorption and photoadsorpt ion phenomena have been 
r e p o r t e d ( 3_1_). In the f o l l o w i n g paragraphs we b r i e f l y show how we 
have t r i e d to g a i n i n f o r m a t i o n on the oxygen ac t i v e species at the 
s u r f a c e o f v a r i o u s i l l u m i n a t e d s e m i c o n d u c t o r o x i d e s , by u s i n g 
i s o t o p i c exchange experiments and photoconductance measurements. 
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02 and NO i s o t o p i c exchange over i l l u m i n a t e d semiconductor ox ide . 
O x y g e n i s o t o p e e x c h a n g e ( O I E ) , î î î t h e d a r k a n d a t t e m p e r a t u r e s 
gene ra l l y l a r ge l y above the ambient, has been employed to de t e rmine 
the l a b i l i t y o f a d s o r b e d / s u r f a c e oxygen o f var ious metal oxides i n 
connect ion with the c a t a l y t i c a c t i v i t y of these s o l i d s i n o x i d a t i o n s 
(32^). For i l l u m i n a t e d m e t a l o x i d e s , these OIE expe r iment s are 
p a r t i c u l a r l y r e l e v a n t , s i n c e OIE and o x i d a t i o n r e a c t i o n can both 
occur at room t e m p e r a t u r e , by c o n t r a s t w i th t h e r m a l l y a c t i v a t e d 
exchanges which o f t e n r e q u i r e higher temperatures than ox i da t i on s . 
The type o f OIE can be d e r i v e d from the changes i n the v a r i o u s 
i s o t o p i c species i n the gas phase and the compet i t ion between a g iven 
ox i da t i on and OIE enables one to know whether the same oxygen species 
are invo lved i n both r e a c t i o n s . 

Fo r i n s t a n c e , i l l u m i n a t i o n o f p reox id ized (treatment i n 16Q 9 at 
723 K) samples o f T i 0 2 ( 33 ) , S n 0 2 , ZnO and Z r 0 2 (34) , p r ev i ous l y 
exposed to 4 Pa * 8 0 2

 l n ^ n " e d a r k , caused immediatê~DIE, provided 
photons of an energy s u f f i c i e n
employed, whereas a V 2 05
the gas i s o t o p i c c o m p o s i t i o n p e r f e c t l y c o r r e s p o n d e d to an 
exchanee-type represented by the equation 

l 8 0 2 ( g ) + 1δο(β) £ ± 1 8 0 1 6 0 ( g ) + 1 8 0 ( s ) (1) 
where one adsorbed/surface oxygen atom i s exchanged at a t i m e , w h i l e 
the type i n v o l v i n g two such atoms fo r each exchange ac t d i d not 
intervene , i n cont ras t with most thermal ly a c t i v a t ed OIE (32). On the 
o t h e r hand , the same o r d e r o f a c t i v i t i e s was observed for seve ra l 
T i 0 2 spec imens ( 33 ) , as w e l l as for the Sn0 2 , ZnO and Z r 0 2 samples 
(34) i n both OIE and i s o b u t a n e o x i d a t i o n , chosen as an example o f 
a l kane o x i d a t i o n . In a d d i t i o n , c o m p e t i t i o n between OIE and t h i s 
r e a c t i o n was examined by in t roduc ing a mixture of * 8 0 2 a r l ( j isobutane 
over T i 0 2 i n the da rk (33) . On i l l u m i n a t i n g , a decrease i n gaseous 
i s o b u t a n e was observed, as expected, whereas OIE occurred only a f t e r 
the disappearance of the a l k a n e i n the gas phase ( F i g u r e 1 ) . From 
these r e s u l t s i t was c o n c l u d e d tha t the l a b i l e a d s o r b e d / s u r f a c e 
atomic oxygen species which took pa r t i n OIE , a l s o p a r t i c i p a t e i n 
isobutane o x i d a t i o n . 

Moreove r , the i s o t o p i c heteroexchange of oxygen i s a very 
s e n s i t i v e photoass is ted g a s - s o l i d r e a c t i o n . For example , i t i s much 
more a f f e c t e d by the t e x t u r e (33) or by the d o p i n g (3^5) o f T i 0 2 

samples than the o x i d a t i o n o f d i f f e r e n t o r g a n i c compounds i n gas 
(33, 35 ), l i q u i d or aqueous so lu t i ons (35). It can therefore be used 
to evaluate more p r e c i s e l y the e f f ec t o f va r ious treatments . 

Ana logous r e s u l t s were found with N* 8 0 (26). On UV - i l l umina ted 
T i 0 2 , heteroexchange occurred at room temperature with a much h igher 
i n i t i a l r a t e than i n the case o f * 8 0 2 ( F i g u r e 2 ) . In s tantaneous 
exchange w i th T i 0 2 s u r f a c e s p r e r e d u c e d i n H 2 at 723 Κ showed that 
i l l u m i n a t i o n renders l a b i l e surface oxygen atoms which have not been 
removed by such a treatment. However, a h igher i n i t i a l e f f i c i e n c y for 
p reox id ized samples i n d i c a t e d t h a t adsorbed a tomic oxygen s p e c i e s 
a l so p a r t i c i p a t e d . F i n a l l y , i n the presence o f 2-butanol the exchange 
o f N * 8 0 w a s s u p p r e s s e d , w h i l e butanone was formed. This phenomenon 
was s i m i l a r to the suppress ion o f OIE by isobutane. The r o l e of NO i n 
the o x i d a t i o n o f 2 - b u t a n o l and o t h e r b u t a n o l s ( v i d e supra) i s to 
r e p l e n i s h the cove rage o f T i 0 2 i n removab le a tomic s p e c i e s as 
e v i d e n c e d by the f o r m a t i o n o f N 2 0 and N 2 (26) . T h i s confirms the 
impo r t ance o f a tomic oxygen species i n the pho toca t a l y t i c r eac t i ons 
performed with gaseous oxygen. 
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Figure 1. Changes i n the 1 8 0 ^ θ / ^ 8 0 2 r a t i o and i n the isobutane 
c o n c e n t r a t i o n i n gas phase over T i 0 2 as a funct ion of 

i l l u m i n a t i o n time 

1001 

30 45 
t i m e / m in 

Figure 2. Changes i n the i s o t o p i c c o m p o s i t i o n o f gas phase 
oxygen and d e c l i n e s of ^ 0 isotope content o f gaseous 
oxygen or n i t r i c oxide as a f u n c t i o n o f i l l u m i n a t i o n 

time for preox id ized T i 0 2 samples. 
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^ ° 2 / ^ ° 2 e q u i l i b r a t e d or n o n - e q u i l i b r a t e d mixtures have 
been used by o t h e r r e s e a r c h groups to i n v e s t i g a t e the e f f e c t s o f 
i l l u m i n a t i o n p r i n c i p a l l y on ZnO and T i 0 2 (36, 37). In p a r t i c u l a r , 
i l l u m i n a t i o n can produce horaoexchange o f gaseous ^ 0 2 and * 8 0 2 

molecu les . For ins tance , over p r e o x i d i z e d ZnO t h i s exchange , which 
does not i n v o l v e adsorbed or l a b i l e s u r f a c e oxygen s p e c i e s , was 
induced by l o w - i n t e n s i t y i l l u m i n a t i o n w i th wave lengths £ 460 nm 
( i . e . < band-gap e n e r g y ) , so t h a t an o r i g i n a l l y n o n - e q u i l i b r a t e d 
mixture became e q u i l i b r a t e d . This phenomenon was a t t r i b u t e d to the 
l o c a t i o n o f e l e c t r o n s on c o o r d i n a t i v e l y unsaturated Zn c a t i o n and 
subsequent formation of O4 species on these s i t e s . For as long as the 
e l ec t rons remain so l oca ted , cond i t i ons e x i s t for turnover of severa l 
molecules of the gaseous mixture to ^ 0 1^0 on the same s i t e (_7, 37). 
T h i s example f u r t h e r demonst ra tes the i n t e r e s t of OIE for s tudying 
the r e a c t i v i t y of v a r i o u s l y pretreated oxide surfaces under d i f f e r e n t 
i l l u m i n a t i o n c o n d i t i o n s . 

Photoconductance of η-type semiconductor oxides exposed to 0? or NO. 
Pho toca t a l y t i c react ions invo lve the exchange o f e l ec t rons between an 
exc i t ed semiconductor and at l eas t one adsorbed r e a c t a n t or s u r f a c e 
s p e c i e s . C o n s e q u e n t l y , pho toconduc tance measurements appear as a 
d i s c r i m i n a t i n g method to i nve s t i g a t e these r e a c t i o n s . 

E l e c t r o p h i l i c g a s e s , such as 0 2 (38) and NO (27,28), decrease 
the pho toconduc tance o f p r e e v a c u a t e d η - type semiconductor ox ides . 
Wi th 0 2 t h i s e f f ec t was found for T i 0 2 , ZnO, Z r 0 2 , Ce0 2 , Sb 2 04, Sn0 2 

and WO3 samples (38). By con t r a s t , a V 2 05 specimen was i n s e n s i t i v e to 
exposure to 0 2 , " T n agreement w i th i n a c t i v i t y f o r 0IE and propene 
o x i d a t i o n . A l s o , an ana ta se sample , homogeneously doped with C r ^ + 

i o n s (0 .85 a t . J f ) , had a much lower pho toconduc tance than an 
equiva lent pure anatase sample, and furthermore was almost unaf fected 
by v a r y i n g the wave length at c o n s t a n t p h o t o n i c f l u x i n an 0 2 

atmosphere (35) . T h i s C r - d o p e d s o l i d e x h i b i t e d poor apt i tudes as 
o x i d a t i o n p h o t o c a t a l y s t , and , above a l l , f o r OIE as a l r e a d y 
m e n t i o n e d . Undoubted ly , the photoconductance v a r i a t i o n s i n 0 2 a l low 
one to p r ed i c t the e f f i c i e n c y o f η - t ype s e m i c o n d u c t o r o x i d e s fo r 
pho toca t a l y t i c ox idat ions with 0 2 . 

In a d d i t i o n , from the slope of these v a r i a t i o n s as a funct ion of 
0 2 p r e s s u r e i n a l o g - l o g p l o t , the n a t u r e o f the oxygen s p e c i e s 
c o n t r o l l i n g the adsorpt ion e q u i l i b r i u m between the semiconductor free 
e l e c t r o n s and the gas ( f o r g i v e n i l l u m i n a t i o n , t empera tu re and 
pressure range) can be deduced , p r o v i d e d the ways o f f o r m a t i o n o f 
the se oxygen s p e c i e s from gaseous 0 2 are assumed. For example, the 
predominance o f 

0 2 (g ) +± 0 2 (ads) 

0 2 (ads) + e" ^ Z * 0 2 (ads) 

g ives r i s e to a - 1 s lope , while a - l/2 slope can r e s u l t from 

1/2 0 2 (g) £ ± 0(ads) 

0 (ads) + e~ j ? 0 T (ads) . 
Other p o s s i b i l i t i e s e x i s t and should be d iscussed when i n t e r p r e t i n g 
the pho toconduc tance d a t a ( 38 ) . A l s o , note that the fact that one 
s p e c i e s governs the adsorpt ion e q u i l i b r i u m do not n e c e s s a r i l y imply 
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t h a t o t h e r s p e c i e s are not present , but can mean that they saturate 
the s u r f a c e . Moreove r , i f the s e m i c o n d u c t o r samples p r e v i o u s l y 
evacua ted under i l l u m i n a t i o n to remove the l a b i l e oxygen species 
under these c o n d i t i o n s , are exposed to organic compounds i n v o l v e d i n 
o x i d a t i o n s , as r e a c t a n t s or p r o d u c t s , the e f f e c t on the 
photoconductance i n d i c a t e s whether or not these compounds compete 
with O2 for e l e c t r o n capture . 

S imu l t aneous measurements of the p h o t o c a t a l y t i c a c t i v i t y A and 
o f the pho toconduc tance σ i n a s p e c i a l l y d e s i g n e d c e l l y i e l d 
i n f o r m a t i o n on the p a r t i c i p a t i o n o f the oxygen s p e c i e s i n the 
o x i d a t i o n p r o c e s s . For i n s t a n c e , i n the case o f i s o b u t a n e ( IS) 
ox ida t i on over T i02 i the fo l lowing r e l a t i o n s were found (39) : 

a = k 0 P Q I P ? S A = k A P82 P ? S
3 5 

The independence of σ on IS pressure conf i rms t h a t IS does not 
c a p t u r e nor r e l e a s e e l e c t r o n s
0.35 shows that IS reacts i n an adsorbed phase, s i n c e t h i s v a l u e i s 
v e r y c l o s e to the apparent o r d e r o f a d s o r p t i o n 0 .3 found for the 
surface coverage i n IS according to a Langmuir model i n the p r e s s u r e 
range i n v e s t i g a t e d (13-60 kPa) . The or-Pç^ r e l a t i o n s h i p corroborates 
t h a t OJ species c o n t r o l the adsorpt ion e q u i l i b r i u m for the pressures 
chosen, while 0 T s i t e s are sa tura ted . Since A i s unaf fected by oxygen 
pressure , i t i s deduced that the a c t i v e oxygen species are assoc ia ted 
with 0 T i o n - r a d i c a l s . 

C o n c l u s i o n . The photoconductance measurements are thus i n agreement 
w i t h the OIE expe r iment s conce rn ing the r o l e o f d i s s o c i a t e d oxygen 
species i n pho toca t a l y t i c ox idat ions i n gas phase. In the absence o f 
o t h e r e l e c t r o p h i l i c s u b s t a n c e s , t h i s can a l s o be the case f o r 
ox idat ions o f organic compounds e i the r as n e a t - l i q u i d s or d i l u t e d i n 
an o r g a n i c s o l v e n t . The r o l e of atomic oxygen species has a l so been 
s t r e s s e d i n s t u d i e s by Cunningham et a l . (21) d e a l i n g w i t h the 
i n t e r a c t i o n s o f v apo r s o f C3-C4 a l i p h a t i c a l c o h o l s w i t h v a r i o u s 
metal oxides ( p r i n c i p a l l y ZnO and r u t i l e ) . This a c t i v e s p e c i e s would 
r e s u l t from h o l e t r app ing at c o o r d i n a t i v e l y unsaturated 0^ " surface 
anions . 

The f o r m a t i o n o f 0Η· , Ηθ£ s p e c i e s and o f H2O2 for 
semiconductor oxides i n contact with aqueous so lu t i ons or exposed to 
water vapor has o f t e n been proposed (22,23, 40-42) . As metal oxide 
s u r f a c e s c a r r y OH groups and as the ox i da t i on o f organic compounds 
produces water, the formation o f the above species cannot be excluded 
even i n the absence of added water. 

Reactions over metal/semiconductor photocata lys ts 

P r e p a r a t i o n and c h a r a c t e r i z a t i o n of the metal d epos i t s . Pt depos i t 
was made by i m p r e g n a t i o n w i t h ^ P t C l ^ and r educt ion i n R^at 753 K. 
The Pt p a r t i c l e s i z e d i s t r i b u t i o n was d e t e r m ined by t r a n s m i s s i o n 
e l e c t r o n microscopy (TEM) (8, 9) (Figure 3) and H2, O2 chemisorptions 
and t i t r a t i o n s ( 43 ) . The Pt p a r t i c l e s i z e d i s t r i b u t i o n was narrow 
with a surface weighted mean diameter of c a . 2 mn, almost independent 
o f the Pt c o n t e n t between 0 .5 and 10 wt % (9), p r o v i d e d the 
p r e p a r a t i o n method, which i n c l u d e s a t r e a tment i n O2 b e f o r e the 
r educ t i on , was thoroughly fo l lowed. 
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N i was d e p o s i t e d by i m p r e g n a t i o n with n i c k e l hexamine n i t r a t e 
and r e d u c t i o n i n H 2 at 753 K. The Ni p a r t i c l e s i ze was assessed from 
magnetic measurements. For Ni contents from 0.1 to 14 wt %, the mean 
d i amete r v a r i e d from ca 6 .5 to 15 nm, which e x p l a i n s that the Ni 
p a r t i c l e s were d i f f i c u l t to d i s t i n g u i s h from the T i 0 2 g ra ins (Degussa 
P - 2 5 , 15-30 nm d i a . ) by TEM (10). However, on employing another T i 0 2 

spec imen (170 nm d i a . ) i t was poss ib l e to conf i rm by TEM the values 
deduced from magnetic measurements (44). N i cke l was chosen above a l l 
f o r e c o n o m i c a l r e a s o n s , but a l s o for i t s d i f f e r e n t c h a r a c t e r i s t i c s 
(ease o f o x i d a t i o n , la rger c r y s t a l l i t e s ) . 

Photoconductance measurements were used to determine the e f f e c t 
o f the m e t a l d e p o s i t s on the d e n s i t y o f the s emiconduc to r f r e e 
e l e c t r o n s . At 295 K, a f t e r an overnight evacuat ion i n the dark, a l l 
M/TÎ0 2 samples had a h i g h e l e c t r i c a l r e s i s t a n c e . U l t r a v i o l e t 
i l l u m i n a t i o n under vacuum caused important decreases (10, 45 ) .F igure 
4 shows the values of the t i t a n i a photoconductance σ at e q u i l i b r i u m . 
M e t a l d e p o s i t s d e c r e a s e
d e n s i t y o f free e l e c t r o n n s o f the η-type semiconductor. This e f f ec t 
can be exp l a ined by the alignment of the Fermi l eve l s o f T i 0 2 and o f 
the deposi ted meta l . The works funct ions of Pt and of Ni have v a l u e s 
o f about 5.36 and 5.03 eV, r e s p e c t i v e l y . Note that the former value 
can however be s l i g h t l y lower for small p a r t i c l e s (~ 280 Pt atoms i n 
the present c a s e ) . Va lue s o f 4 .6 or 5.5 eV have been found fo r a 
(110) r u t i l e s u r f a c e i n two d i f f e r e n t s t a t e s : argon bombarded or 
w e l l a n n e a l e d , r e s p e c t i v e l y (46 ) . From a d i f f e r ence i n conductance 
under vacuum at 298 Κ o f a l e a s t 3 o r d e r s o f magnitude for a pure 
T i 0 2 sample e i t h e r p reox id i zed i n 0 2 at 723 Κ or evacuated at 423 K, 
i t can be i n f e r r ed that the work f u n c t i o n o f these samples v a r i e d 
over a s i m i l a r range o f v a l u e s than t h a t o f the r u t i l e s i n g l e 
c r y s t a l . Therefore for non-preox id ized samples, an e l e c t r o n t r a n s f e r 
from the semiconductor to the metal p a r t i c l e s was poss ib l e (47). But 
the s i t u a t i o n changed i n the p r e sence o f H 2 . Whereas H 2 d i d not 
a f f e c t σ o f neat T i 0 2 , σ o f the P t / T i 0 2 samples increased when they 
were exposed to H 2 at 295 Κ (45). This i s cons i s tent with a decrease 
i n the work f u n c t i o n o f Pt Γ48 ) . A s i m i l a r e f f ec t o f H 2 for r u t i l e 
s i n g l e c r y s t a l s onto which do t s o f Pt (or Rh or Ru) f i lms had been 
e v a p o r a t e d has been r e c e n t l y f ound . The r e c t i f y i n g a i r - e x p o s e d 
meta l - s emiconduc to r e l e c t r i c a l contact became ohmic on f lood ing with 
H 2 at 1 atm p r e s s u r e (5j 4 9 ) . More g e n e r a l l y , the impor tance of 
s u r f a c e p r e p a r a t i o n o f T i 0 2 and t r ea tment o f the r u t i l e - s i n g l e 
c r y s t a l / P t evaporated f i l m for the behavior of the e l e c t r i c a l contact 
has been emphas ized ( 50 ) . In c h e m i s t r y t e rms , the h a l f - o r d e r 
dependence o f a on H 2 p r e s s u r e we ob se rved can be c o n s i d e r e d to 
r e s u l t from 

P t s - H + 0 2 " -> P t s + OH" + e" 

which symbolizes the mig ra t ion ( s p i l l o v e r ) o f H atoms from Pt to T i 0 2 

(45). 
These measurements cannot be used to q u a n t i f y the e l e c t r o n 

t r ans f e r from the semiconductor to the metal depos i t , but an estimate 
has been drawn from s t u d i e s o f oxygen p h o t o a d s o r p t i o n on P t / T i 0 2 

samples i n a p r e s s u r e range such t h a t n e a r l y a l l o f the f r e e 
e l e c t r o n s are c a p t u r e d to form adsorbed 0 2 i o n - r a d i c a l s . Increas ing 
Pt c o n t e n t s c o r r e s p o n d e d to d e c r e a s i n g amounts o f pho toadso rbed 
oxygen, which c o r r o b o r a t e s the e f f e c t o f deposited Pt on the T i 0 2 

f r e e e l e c t r o n d e n s i t y . Fo r T i 0 2 samples e vacua t ed at 423 Κ and 
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Figure 3. T r a n s m i s s i o n e l e c t r o n micrograph o f a 10 wt °/ P t / T i 0 2 

sample. 

F igure 4. Co r r e l a t i ons between the Pt(A, C) or Ni (Β) content and 
( i ) the l o g a r i t h m o f the pho toconduc tance a at 
e q u i l i b r i u m under vacuum (A, B) or ( i i ) the amounts o f 

oxygen photo-adsorbed (C) . 
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exposed to 0 2 at 295 Κ up to a f i n a l pressure of about 2.66 χ 10 2 Pa, 
average e l e c t r o n enrichments of c a . 0 .7 , 0.1 and 0.05 e l e c t r on per Pt 
atom were c a l c u l a t e d f o r the samples conta in ing 0 .5 , 5 and 10 wt °j[ 
Pt , r e s p e c t i v e l y (44). 

In c o n c l u s i o n , the e l e c t r o n t rans fe r from the semiconductor to 
the metal depends on the s ta te of both components, i . e . , namely , on 
the medium surrounding the sample and t h i s i s c e r t a i n l y an element to 
cons ider when us ing these s o l i d s as pho toca ta l y s t s . 

C y c l o p e n t a n e - d e u t e r i u m i s o t o p i c exchange i n gaseous phase (43 ) . 
W i thout me ta l d e p o s i t and under U V - i l l u m i n a t i o n , the exchange was 
l i m i t e d and occurred only i f the sample was p r e v i o u s l y cove red w i t h 
OD groups. In other words, i t was not p h o t o c a t a l y t i c and corresponded 
to the consumption o f OD groups. With deposited Pt and i n the d a r k , 
the exchange r e q u i r e d t empe ra tu r e s > 273 Κ and p o l y d e u t e r a t e d 
cyclopentane molecules were o b t a i n e d ( F i g u r e 5 ) . I t was i n f e r r e d , 
namely by r e p l a c i n g T i 0
took p lace on the metal p a r t i c l e s where the r e s i d e n c e t ime o f the 
chemiso rbed cyclopentane molecules enabled a mu l t i p l e exchange. With 
deposi ted Pt and under U V - i l l u m i n a t i o n , the exchange o c c u r r e d at 
lower t e m p e r a t u r e s , y i e l d i n g C5H9D ( a f te r an induct ion pe r iod , weak 
amounts o f m u l t i p l y exchanged molecu les p r o g r e s s i v e l y appear ) at a 
c o n s t a n t r a t e ( F i g u r e 5) . A n experiment c a r r i e d out with the same 
c a t a l y s t sample showed that , i n s u c c e s s i v e r u n s , a l a r g e amount o f 
C5H1Q was exchanged w i thou t decrease i n a c t i v i t y . It was concluded 
t h a t the exchange was pho toca t a l y t i c and that i t took place on T i 0 2 

where the short res idence time allowed on ly simple exchange fo r each 
a d s o r p t i o n a c t . In a d d i t i o n , an o p t i m a l Pt content , which w i l l be 
d iscussed l a t e r on, was found (Figure 6 ) . Although t h i s r e a c t i o n was 
chosen f o r m e c h a n i s t i c r e a s o n s , i t s e x t e n s i o n to a p p r o p r i a t e 
molecules might be use fu l when incomplete deute ra t ion i s d e s i r ed . 

A l c o h o l d e h y d r o g e n a t i o n i n l i q u i d phase (8-11, 51) . H 2 e vo l u t i on 
from aqueous methano l s o l u t i o n s w i th P t / T i 0 2 (or Pt and T i 0 2 ) had 
been r e p o r t e d ( 52 ) . Moreove r , i t was claimed that H 2 a l so r e su l t ed 
from water d e c o m p o s i t i o n ( 52 ) . From a s e t o f e xpe r iment s we have 
e s t a b l i s h e d t h a t i n t h a t case the d e h y d r o g e n a t i o n o f methano l 
accounts for the H 2 produced (8) . 

In the absence o f d e p o s i t e d m e t a l , the r a t e of H 2 generat ion 
from an a l c o h o l p r o g e s s i v e l y decreased, while T i 0 2 turned to a blue 
c o l o r . By con t r a s t , i n the presence o f a M/TÎ02 sample (M = Pt , Rh, 
N i ) , the d e h y d r o g e n a t i o n was p h o t o c a t a l y t i c (8 -10) . An optimal Pt 
c o n t e n t o f about 0 .5 wt % ( c a . 1 Pt p a r t i c l e per T i 0 2 g ra in ) was 
found (8) (Figure 6) and has been confirmed (11). For N i , the opt imal 
value i s about 5 wt Jf and the maximum i n i t i a l a c t i v i t y i s c a . 7 times 
lower than that obtained with P t / T i 0 2 (10). This emphasizes the fact 
t h a t d i r e c t compar i son o f the e f f e c t s o f var ious metals should be 
considered with care i f the meta l -content a c t i v i t y dependence has not 
been d e t e r m i n e d . The d i f f e r e n c e s between Ni and Pt can a r i s e from 
d i s t i n c t c a t a l y t i c p r o p e r t i e s . Most p r o b a b l y , they a l s o r e l a t e d to 
the m e t a l p a r t i c l e s i z e s . The r e v e r s e r e a c t i o n e x i s t s and as 
e x p e c t e d , i n c r e a s e s with the metal loading (9). The N i / T i 0 2 samples 
make c l e a r that zerovalent metal atoms are requ i red (10). A study o f 
the t empera tu re i n f l u e n c e i n d i c a t e d t h a t the r e a c t i o n rate can be 
c o n t r o l l e d by H 2 desorpt ion below room temperature (9). 
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F igure 5. Number of deuterium atoms exchanged per c y c l o p e n t a n e 
m o l e c u l e over a 5 wt Jf Pt/Ti02 sample : dotted l i n e s , 
a f t e r i l l u m i n a t i n g f o r 15 min at 263 K , s o l i d l i n e s 

a f t e r 2 # 5 min i n the dark at 343 K. 

P t / w t % 

Figure 6. I n i t i a l r a t e s vs Pt contents o f the Pt/Ti02 specimens 
f o r : l i q u i d methano l (A) or 1 - p ropano l (B) 
d e h y d r o g e n a t i o n at 298 Κ ; c y c l o p e n t a n e - d e u t e r i u m 
exchange i n gas phase at 263 Κ (C) ; oxygen i s o t o p e 
he te roexchange at 298 Κ ove r n o n - p r e o x i d i z e d (D) or 

p reox id ized (E) samples. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
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For n e a t - l i q u i d i t has been e s tab l i shed that the dehydrogenation 
r e p r e s e n t s a lmost c o m p l e t e l y the phenomena o b s e r v e d , s i n c e w i t h 
e t h a n o l and 1 - p r o p a n o l , 1.1 v a l u e s were found f o r the r a t i o s 
H2/ (a ldehyde + a c e t a l ) , which i s w i th in the experimental e r r o r s , and 
the f o rmat i on of CO2 molecules only amounted to 1 °l (ethanol ) or 4 % 
( 1 - p r o p a n o l ) o f the aldehyde + a ce ta l molecules (8) . Depending upon 
the c a t a l y s t and the a l c o h o l , quantum y i e l d s i n the range 0 .1 -0 .8 
were found for the fo l lowing a l coho l s whose order o f r e a c t i v i t y was 
MeOH > EtOH > 1-PrOH, 2-Pr0H, 1-BuOH 

However, about three times more of propanal than of acetone was 
obtained from an equ imo lecu la r m i x t u r e o f 1 and 2 - p r o p a n o l ; t h i s 
d i f f e r e n c e might a r i s e from c o m p e t i t i v e adsorpt ions ; i t seems to 
i n d i c a t e that free r a d i c a l s are not invo lved under these c o n d i t i o n s . 

Table I . Mean quantum
dehydrogenation

0.5 wt °l Pt/Ti02 ï i l l u m i n a t i o n time : 6 h ) . 

Products Φ 

Unsat. a i d . Sat . a l e . Sat . a i d . 

a l l y l a l coho l 0.025 79 4 18 
cinnamyl a l coho l 0.065 77 17 6 
c i t r o n e l l o l 0.14 100 0 0 
te t rahydrogeran io l 0.14 - - 100 
ge ran io l 0.35 75 24 1 

( c i t r a l ) ( c i t r o n e l l o l ) ( c i t r o n e l l o l ) 

The mechanism suggested (8) inc ludes the d i s s o c i a t i v e adsorpt ion 
o f the a l coho l on anatase bas i c s i t e s : 

^CHOH ->^CH0~ + H + 

and the i n t e r v e n t i o n o f h o l e s ( p o s s i b l y as 0H° or 0 T spec ies ) to 
abs t ract a H a atom ( h e t e r o l y t i c breaking) : 

^CHO" + p + - » ^ C O + H° 

The f o r m a t i o n o f H2, which i n v o l v e s e l e c t r o n s , would be favored by 
the metal c r y s t a l l i t e s 

H° + H + + e~ -> H 2 

T h i s dehydrogenat i o n method was r e c e n t l y extended to va r ious 
l i q u i d u n s a t u r a t e d a l c o h o l s ( a l l y l and c i n n a m y l a l c o h o l s , 
c i t r o n e l l o l , g e ran io l and, for comparison, t e t r ahydroge ran io l , chosen 
as model molecules) (53) (F igure 7) . The quantum y i e l d s are i nd i c a t ed 
i n Table I. For c i t r o n e l l o l (and t e t r ahydroge ran io l ) , i t was i n f e r r e d 
from the ^ / a l d e h y d e r a t i o s , equal to 1 w i th in experimental e r r o r s , 
that the dehydrogenat ion was by far the dominant phenomenon. In the 
p r e sence o f a c on juga t ed doub le bond , T a b l e I shows t h a t the 
corresponding saturated a l coho l and the s a t u r a t e d a l dehyde ( i s s u e d 
from i s o m e r i z a t i o n ) were a l s o d e t e c t e d , a l t h o u g h the amount o f 
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Figure 7. H2 generated from suspensions o f 70 mg 0.5 wt Jf Pt/Ti02 
i n 10 cm^ (A) a l l y l a l c o h o l , (B) cinnamyl a l c o h o l , (C) 
c i t r o n e l l o l , (D) t e t r a h y d r o g e r a n i o l , (E) g e r a n i o l as a 

funct ion of i l l u m i n a t i o n t ime. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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unsaturated aldehyde predominated markedly. On the cont ra ry , a double 
bond remote from the a l coho l funct ion and i n a d d i t i o n h i n d e r e d w i t h 
two methy l g r oups , such as i n c i t r o n e l l o l or i n g e r a n i o l , was not 
r e d u c e d . Expe r iment s with naked T1O2 showed that the Pt depos i t was 
not invo lved i n the i s omer i z a t i on . 

Under these c o n d i t i o n s i n v o l v i n g the absence o f oxygen , no 
s i g n i f i c a n t ove r - ox i da t i on was detected . 

Because of the low inc ident rad iant f lux (some 10"^ E i n s t e i n h " * 
cm~O , c o n v e r s i o n s below 1 % were obtained with pure a lcoho l s a f t e r 
i l l u m i n a t i n g for 10 h , desp i te r easonab le quantum y i e l d s . However, 
h i g h c h e m i c a l y i e l d s c o u l d be o b t a i n e d f o r comparable numbers o f 
photons and of molecules to transformed, i . e . with d i l u t e d s o l u t i o n s . 
For example, conversions o f ~ 50 or - 80 were found a f te r 2 or 6 h , 
r e s p e c t i v e l y , w i t h 6 χ 10 "^ mol c i t r o n e l l o l i n 10 cm^ n-heptane, 
us ing a 125 W Hg-lamp. 

These a l c o h o l d e h y d r o g e n a t i o n s can be used fo r i n s i t u 
hydrogéna t i on o f unsaturate
was found to evolve compare
u n s a t u r a t e d m o l e c u l e . Moreove r , when u s i n g an a l c o h o l w i t h a 
conjugated double bond, the presence o f a r educ ib l e compound a l l o w e d 
the s e l e c t i v i t y to the u n s a t u r a t e d a l dehyde to be increased ( for 
i n s t a n c e , i n c r e a s e i n a c r o l e i n p e r c e n t a g e f o r a l l y l a l c o h o l 
dehydrogenation i n the presence of d ipheny lace ty l ene ) . Unfortunate ly , 
at l e a s t for the Pt/ T i 0 2 samples employed, the hydrogénation was not 
s e l e c t i v e ; for ins tance , both the C-C double bond and the c a r b o n y l 
group o f c innama ldehyde were saturated by hydrogen abstracted from 
2-propanol . Besides the a d d i t i o n of an unsaturated compound d i d not 
render c a t a l y t i c the a l coho l dehydrogenation over naked T1O2. 

In c o n c l u s i o n , t h i s d e h y d r o g e n a t i o n method, beyond i t s 
fundamental ob j ec t i ve s , could be o f i n t e r e s t i n organic s yn thes i s . 

I n t e r p r e t a t i o n o f the optimum metal content for these r e a c t i o n s . As 
a l ready mentioned an optimum Pt content was found for dehydrogenation 
of l i q u i d a l coho l s and cyclopentane-deuter ium exchange i n gas phase . 
A l s o , w i t h P t / T i 0 2 samples which had not been preox id ized and which 
were a c c o r d i n g l y n o n - s t o i c h i o m e t r i c a c c o r d i n g to c o n d u c t i v i t y 
measurements, the same optimum content was found for the i n i t i a l ra te 
of OIE, whereas t h i s rate decreased as a f unc t i on o f Pt c o n t e n t f o r 
p reox id ized samples (44). 

I f the meta l had only a b e n e f i c i a l c a t a l y t i c r o l e necessary ( i ) 
to e v o l v e H2 ( o r HD), and ( i i ) to r e g e n e r a t e OD groups ( C 5 H i o ~ D 2 
exchange), the r e a c t i o n rates should increase w i t h i n c r e a s i n g m e t a l 
c o n t e n t s , po s s i b l y up to a l i m i t , and no increase should be expected 
i n the case o f oxygen isotope exchange. 

The maximum r a t e s ob se rved f o r a Pt content o f about 0 .5 wt % 
for ins tance , regard less o f the r e a c t i o n (Figure 6) , show that Pt has 
a l s o a d e t r i m e n t a l e f f e c t . T h i s cannot a r i s e from back - r eac t i ons , 
s ince i n i t i a l r e a c t i o n ra tes have been cons idered . This cannot r e s u l t 
from g e o m e t r i c a l f e a t u r e s e i t h e r , s i n c e ( i ) only about 6 % of the 
anatase surface was occu l ted by Pt for the h ighest content (10 wt , 
( i i ) the T1O2 a r eas between the Pt p a r t i c l e s remained l a r g e l y 
s u f f i c i e n t to a l l o w the a d s o r p t i o n o f s e v e r a l C5H10 or a l c o h o l 
molecules , as shown by TEM (Figure 3) , and ( i i i ) the m e t a l p a r t i c l e 
s i z e d id not vary for the contents employed. The OIE experiments show 
t h a t an optimum Pt c o n t e n t e x i s t s o n l y i f T1O2 i s s u f f i c i e n t l y 
non - s t o i ch i omet r i c to a l low an e l e c t r o n t r ans fe r to Pt . This tends to 
i n d i c a t e tha t the e l e c t r o n i c r o l e o f Pt i s at the o r i g i n o f the 
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optimum content . For low Pt contents , the decreased e l e c t r on dens i ty 
o f T i 0 2 i n the p r e sence o f 0 2 can reduce the e l e c t r o n - h o l e 
recombination i n t h i s m a t e r i a l , whereas for h i gh Pt c o n t e n t s (5 and 
10 wt the recombination at the much more numerous metal p a r t i c l e s 
can s i g n i f i c a n t l y compete with the r eac t i ons d r i v e n by the m i n o r i t y 
charge c a r r i e r s . On ly t h i s l a t t e r e f f ec t can occur for p reox id i zed 
T i 0 2 which has a Fe rmi l e v e l probably very c lose to that o f Pt and 
t h i s would e x p l a i n the d e c l i n e i n OIE r a t e f o r a l l the P t / T i 0 2 

preox id ized samples. 
The f a c t that only a low amount of metal depos i t i s requ i red to 

r ende r c a t a l y t i c r e a c t i o n s i nvo l v ing hydrogen over i l l umina ted T i 0 2 

i s advantageous to l i m i t back r e a c t i o n s c a t a l y z e d by the m e t a l , as 
w e l l as f o r e conomica l reasons. Conversely , t h i s r e s u l t i l l u s t r a t e s 
the l i m i t a t i o n s encountered when t r y i n g to mod i fy the s u r f a c e o f a 
semiconductor. 
O r g a n i c a c i d d e c a r b o x y l a t i o n . Bard et a l . (54 -57 ) i n i t i a t e d the 
i n v e s t i g a t i o n o f the e x e r g o n i
a c i d s (R = CH3, C 2 H 5 , C 3 H 7 , C4H9, C 3 H 7 C ( C H 3 ) 2 ) and o f a d i a c i d 
( h e x a n e d i o i c ) over T i 0 2 (or WO3) w i t h and w i t h o u t photodeposited 
P t ( l - 5 wt i n v a r i o u s media (aqueous and mixed aqueous/o rgan i c 
so lu t i ons (54-57), gas phase (58) ) . The main r e a c t i o n was 

RC0 2H - » C 0 2 + RH, 
while the formations of the alkane R-R and o f H 2 were a lso detected 

2RC0 2H - » 2C0 2 + R - R + H 2 

In a d d i t i o n , l i t t l e amounts of intermediate , oxygen-conta in ing 
compounds, such as e t h a n a l , methano l and e t h a n o l , were p r o d u c e d , 
which was not unexpected s i n c e a l k a n e s are o x i d i z e d under these 
cond i t i ons (vide supra ) . The maximum quantum y i e l d was about 0 . 1 . 
Much h i g h e r conversions were obtained i n the presence of 0 2 . In t h i s 
case, the Pt deposit seemed to p lay a minor r o l e , whereas i t was more 
important for deoxygenated s o l u t i o n s . 

T h i s b e n e f i c i a l e f f e c t was a t t r i b u t e d to ra te enhancements of 
r educt ion processes . With benzoic a c i d , t o t a l degradation of the r i n g 
to C 0 2 o c c u r r e d and the d e t e c t i o n o f s a l y c i l i c a c i d suggested the 
i n t e r v e n t i o n of 0H° r a d i c a l s (56). These r a d i c a l s were a lso proposed 
to e x p l a i n the o x i d a t i o n o f n - C x a l k a n e s (x = 6 , 7 , 9 , 1 0 ) and o f 
cyclohexane i n 1:1 v o l . water/4iydrocarbon two-phase mixtures ove r 10 
wt °j[ P t / T i 0 2 . T r a c e s o f a l c o h o l s (and o f 2 - , 4 - , 5-decanone with 
decane) were d e t e c t e d . No transformation occurred without 0 2 and i n 
the absence of H 2 0 the ra te was s u b s t a n t i a l l y decreased. The r o l e of 
Pt was a t t r i b u t e d to a greater ease of oxygen reduct ion ; however the 
ox ida t i on rate was only decreased by a f ac tor o f about 1.5 without Pt 
(59). 

S i m i l a r l y , w i th the same type o f p h o t o c a t a l y s t ( P t / T i 0 2 or 
F e 2 ° 3 ^ t n e d e c o m p o s i t i o n o f l e v u l i n i c ( 4 - o x o p e n t a n o i c ) a c i d i n 
oxygen-free aqueous s o l u t i o n has been inves t i ga ted i n d e t a i l (60) . In 
a d d i t i o n to the decarboxy lat ion r e a c t i o n , ox ida t i ve C-C s c i s s i o n s led 
to p rop ion ic and a ce t i c a c i d s ( f u r t h e r c o n v e r t e d i n t o methane and 
ethane) and reduct ive cleavages to acetone and e thana l . The formation 
of acetone was apparent ly f avoured by h i g h e r Pt c o n t e n t s (however 
p roduc t d i s t r i b u t i o n s r e f e r r e d to equal i l l u m i n a t i o n durat ions and 
not to equa l c o n v e r s i o n s ) . I t was sugges ted t h a t the v a r i e t y o f 
p r o d u c t s r e s u l t e d from the p re sence o f two f u n c t i o n a l g roups i n 
l e v u l i n i c a c i d . The quantum y i e l d was p r o b a b l y o f the o r d e r o f 5 χ 
Ι Ο " 3 . 
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In s h o r t , the proposed mechanism was based on the formation of 
R° r a d i c a l s (CHQ was detected by ESR (54) by capture o f photoproduced 
holes (RCOJ + h * - » R° + CO2), while 0 2 was considered to intervene i n 
e l e c t r o n c a p t u r e , and Pt i n the f o r m a t i o n of H2 from H° as i n the 
reac t i ons p rev ious ly d iscussed i n t h i s t e x t . 

C o n c l u s i o n . As expected , the depos i t i on o f a group VIII t r a n s i t i o n 
m e t a l onto an a p p r o p r i a t e s em iconduc to r p r e s e n t s a v e r y g r e a t 
i n t e r e s t , s ince i t al lows one to extend the domain o f he te rogeneous 
p h o t o c a t a l y s i s to r e a c t i o n s i n v o l v i n g H2, such as dehydrogenations 
and i s o t o p i c exchanges, because of the c a t a l y t i c p rope r t i e s o f these 
m e t a l s f o r e i t h e r r e c o m b i n i n g or d i s s o c i a t i n g H2. The ex is tence o f 
the s p i l l o v e r phenomenon enables a r e v e r s i b l e t r a n s f e r o f hydrogen 
atoms or protons between both photocata lyst components (61). However, 
these d e p o s i t s a c t as r e c o m b i n a t i o n c e n t e r s for the photoproduced 
charges. The r e s u l t i n g o p t i m a l m e t a l amount, which depends on the 
m e t a l , on the semiconducto
should be determined fo
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Semiconductor-Catalyzed Photoreactions of Organic 
Compounds 

KATSUMI TOKUMARU, HIROCHIKA SAKURAGI, TATSUYA KANNO, 
TAKAHIDE OGUCHI, HIROAKI MISAWA, YASUO SHIMAMURA, and 
YASUNAO KURIYAMA 

Department of Chemistry, University of Tsukuba, Sakura-mura, Ibaraki 305, Japan 

The actions of photoexcite
on organic compound
importance from both practical and basic aspects. 
Semiconductors like titanium dioxide and cadmium 
sulfide were shown to induce oxidation of olefins and 
aromatic hydrocarbons under oxygen, and also to sensi
tize isomerization of unsaturated systems. The mecha
nisms of these reactions are discussed. 

Recent ly , the photochemical a c t i o n of semiconductors have been 
a c t i v e l y i n v e s t i g a t e d . However, t h i s area a t t r a c t e d the i n t e r e s t of 
many workers nea r l y t h i r t y years ago (1 -5 ) . In those days, L a i d l e r 
Ç5), Ca l ve r t (6 ,7 ) , and Markham (8-10) s tud ied the a c t i o n of z i n c 
oxide under i l l u m i n a t i o n i n aqueous a l coho l s under oxygen producing 
carbonyl compounds and hydrogen peroxide . The i n t e r e s t i n those 
days can be seen by the appearance of an in t roduc to ry a r t i c l e by 
Markham i n J . Chem. Ed. i n 1955 (11). At near ly the same time, 
Mashio and Kato worked on the p h o t o c a t a l y t i c a c t i o n of t i t an ium 
d iox ide on ox ida t i on of a l coho l s (12,13) and hydrocarbons (14) i n an 
attempt to e luc ida te the mechanism by which p o l y ( v i n y l acetate ) 
f i b r e s dyed wi th the a i d of t i t an ium d iox ide became f r a g i l e dur ing 
use i n a i r under sunshine. They found that the i r r a d i a t i o n of 
t i t an ium d iox ide i n i t i a t e s au tox ida t ion of the subs t ra te s . In 
I960 ' s , when the manufacture of polypropylene by Z i e g l e r - N a t t a 
c a t a l y s t was s t a r t e d , degradation of the polymer was found to be 
acce l e ra ted by t i t an ium compounds remaining i n the polymer, which 
aga in a t t r a c t e d a t t e n t i o n to the p h o t o c a t a l y t i c a c t i o n of t i t an ium 
d iox ide (15-17). 

At the end of 1960 f s , Honda and Fuj ishima found that i n a 
photochemical c e l l employing t i t an ium d iox ide and plat inum e l e c 
t rodes , i r r a d i a t i o n of the t i t an ium d iox ide e lect rode r e su l t ed i n 
s p l i t t i n g of water in to hydrogen and oxygen (18,19) . Th is work has 
had an e x t r a o r d i n a r i l y s t rong impact for the research on the photo 
chemical a c t i o n of var ious semiconductors induc ing evo lu t i on of 
hydrogen from water as w e l l as new c a t a l y t i c r eac t i ons (20). 

For the a c t i o n of semiconductor p a r t i c l e s on organic compounds, 
Bard and h i s coworker reported that i r r a d i a t i o n of t i t an ium d iox ide 
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i n aqueous a c e t i c a c i d under oxygen l ed to the ox ida t i on of acetate 
anions to methane and ethane (21,22) . At nea r l y the same t ime, other 
groups i n i t i a t e d i n v e s t i g a t i o n s of the p h o t o c a t a l y t i c a c t i o n of 
semiconductor p a r t i c l e s on r e l a t i v e l y simple organic compounds l i k e 
a l coho l s and c a r boxy l i c a c i d s , with the hope of photochemica l ly 
producing hydrogen from water (23-25). 

At the end of 1970 1 s we attempted an i n v e s t i g a t i o n of the a c t i o n 
of semiconductor p a r t i c l e s on medium s i z e d organic compounds. In 
t h i s a r t i c l e , we would l i k e to descr ibe some of the work done i n our 
l abora tory on the p h o t o c a t a l y t i c a c t i o n of semiconductors on the 
ox i da t i on of o l e f i n s and hydrocarbons, and on the i somer i za t i on of 
unsaturated systems. 

P h o t o c a t a l y t i c Ox idat ion of O l e f i n s 

We found that e x c i t a t i o n of t i t an ium d iox ide or cadmium s u l f i d e 
powder suspended i n organi
d iphenylethy lene (DPE) under oxygen l e d to ox i da t i on of the o l e f i n s 
to t h e i r epoxides and carbonyl compounds (26). In a t y p i c a l run , 
semiconductor powder (ca. 5 mg) was suspended i n a s o l u t i o n (ca. 2 
ml) conta in ing an o l e f i n (ca. 0.3 mmol), and i r r a d i a t e d under oxygen 
atmosphere at room temperature with l i g h t of longer wavelengths than 
350 nm for t i t an ium d iox ide and than 430 nm for cadmium s u l f i d e . 
The products were separated by vpc or t i c for t h e i r i d e n t i f i c a t i o n 
and q u a n t i t a t i v e l y determined by vpc. For example, DPE gave benzo-
phenone and i t s epoxide, which was converted to 2 -methoxy -2 ,2 -d i -
phenylethanol i n methanol s o l u t i o n . 

P h . . R ' h V > °2 P h . P h . c _ c . R ' 
P h - C C - R " ~ ~ *^ P h ' C 0 + 0 S t " + P h - C v } S " CdS or 0 

TiO„ I* 
R' = H, R""= OMe Ph 2C(OMe)CH 2OH 

2 jMeOH 
R1 = R" = H, Me 

or 
Ph 2C(OH)CH(OMe) 2 

In aqueous a c e t o n i t r i l e , CdS - s ens i t i z ed i r r a d i a t i o n of DPE gave 
1 , 1 - d i p h e n y l e t h a n - l , 2 - d i o l a long wi th benzophenone, which i n d i c a t e s 
that the r e s u l t i n g epoxide i s hydro lyzed i n the s o l u t i o n (27). 

Some r e s u l t s are summarized i n Table I (27). F igure 1 schemat
i c a l l y dep ic t s the r e a c t i v i t y of the o l e f i n s examined with t h e i r 
o x i d a t i on p o t e n t i a l s , and i n d i c a t e s that genera l l y the unreact ive 
o l e f i n s are those with higher ox i da t i on p o t e n t i a l s , and the r e a c t i v e 
o l e f i n s are those with lower ox ida t i on p o t e n t i a l s . However, among 
the ox id i z ab l e o l e f i n s t h e i r r e a c t i v i t y i s not s imply governed by 
t h e i r ox i da t i on p o t e n t i a l s as w i l l be d iscussed l a t e r . 

The quantum y i e l d s for the consumption of DPE and 2 -methy1-1 ,1 -
diphenylpropene were obtained as at l e a s t 0.2 and 0 .1 , r e s p e c t i v e l y , 
i n T i 0 2 - s e n s i t i z e d oxygenation without c o r r e c t i n g the r e f l e c t i o n of 
the i nc i den t l i g h t on the semiconductor su r f aces . 

The above fac ts i n d i c a t e that on e x c i t a t i o n of the semiconduc
t o r s the o l e f i n s t r ans f e r an e l e c t r o n to the photogenerated p o s i t i v e 
ho le i n the i n i t i a t i o n process to give the o l e f i n r a d i c a l c a t i o n , 
and concur rent ly the e l e c t r o n exc i t ed to the conduct ion band i s 
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Table I. Semiconductor Photocata lyzed Oxygenation 
of Aromatic O l e f in s (a.) 

O l e f i n Semicon
ductor Solvent 

Time 
/h 

Conver 
sion/% 

- Carbonyl 
compds/% 

Epoxide 
or i t s 
deriv/% 

Ph 2C=CH 2 CdS MeCN-MeOH 6 27 15 26 Ph 2C=CH 2 

(1:1) 
p-MeOC 6H 4CH=CH 2 T i 0 2 MeCN 6 31 43 t race 
PhMeOCH 2 T i 0 2 MeCN 6 4 77 
Ph2C=CH0Me CdS MeCN-MeOH 7 100 12 69 

(1:1) 
Ph 2C=CMe 2 T i 0 2 MeCN 6 16 11 9 
trans-PhCH=CHPh CdS MeCN 12 5 + 5 
cis-PhCH=CHPh CdS MeCN 12 6 + 2 
cyc looctene T i 0 2 

norbornene T i 0 2 MeCN 6 3 27 
2-cyclohexenone T i 0 2 MeCN 8 No r e a c t i o n 
PhCH=CHCN T i 0 2 MeCN 8 No r e a c t i o n 
PhCH=CHC0Me T i 0 2 MeCN 8 No r e a c t i o n 
PhCH=CHC09Et T i 0 2 MeCN 8 No r e a c t i o n 

a . Y i e l d s are based on the o l e f i n consumed. 

T i C L CdS 

O x i d a t i o n p o t e n t i a l O x y g e n a t i o n 

Ph 2 C=CHOMe 

t -PhCH=CHPh 

c -PhCH=CHPh 
f 
M e O C . H . C H = C H . 

6 4 2 

P h 2 O C M e 2 

Me2OCMe 
P h 2 C = C H 2 

PhMeC=CH 2 

b i c y c l o [ 2 . 2 . 1 ] -
h e p t - 2 - e n e 

c y c l o h e x e n e 

c y c l o o c t e n e 

PhCH=CHCN 

PhCH=CHCOMe 

PhCH=CHC00Et 

c y c l o h e x e n o n e 

vs A g / A g N 0 3 ( 0 . 1 M) 

Figure 1. R e a c t i v i t y of o l e f i n s and t h e i r ox ida t i on p o t e n t i a l s . 
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t r ans f e r r ed to oxygen to g ive the superoxide an ion . These r e s u l t i n g 
spec ies subsequently i n i t i a t e free r a d i c a l cha in r e a c t i o n s . 

Fox and her coworkers observed t r ans i en t spectra a t t r i b u t a b l e 
to r a d i c a l ca t ions upon l a s e r e x c i t a t i o n of powdered semiconductor 
i n the presence of o l e f i n s (28-31) . 

Factors C o n t r o l l i n g the R e a c t i v i t y of O l e f i n s i n the Photocata lyzed 
Oxygenation 

To examine the e l e c t r o n t r ans f e r from o l e f i n s to the exc i t ed semi
conductor , photoe lect rochemica l measurements were undertaken. In a 
c e l l compris ing of two compartments d i v i ded by a g lass f r i t , a 
t i t an ium d iox ide working e l ec t rode was immersed i n an a c e t o n i t r i l e 
s o l u t i o n of an o l e f i n (0.2 M) i n one compartment, and a p lat inum 
counter e l ec t rode was put i n a c e t o n i t r i l e i n the other compartment; 
tetraethylammonium perch lo ra te (0.1 M) was used as a support ing 
e l e c t r o l y t e . A f t e r bubbl in
the t i t an ium d iox ide e l ec t rode was i l l u m i n a t e d (λ > 350 nm) under 
vo l tages vary ing between - 0 . 5 and 0.8 V vs Ag/AgN03 (0.1 M). Some 
o l e f i n s exh i b i t ed an increase of photocurrent with increase of the 
app l i ed p o t e n t i a l to give a nea r l y constant current around 0.5 V; 
however, some o l e f i n s d id not show any photocurrent at these 
p o t e n t i a l s (32). 

F igure 2 shows that the photocurrent measured at 0.5 V 
increases w i th decreas ing the ox ida t i on p o t e n t i a l s of the o l e f i n s 
examined; however, benzyl ideneacetone, e t c . with h igher ox ida t i on 
p o t e n t i a l s d i d not show any photocurrent (32). 

Although the absolute amount of the photocurrents i s governed 
by va r ious f ac to r s such as the ox ida t i on p o t e n t i a l s of o l e f i n s and 
the extent of adsorpt ion of o l e f i n s on the e l e c t r ode , the above 
f ind ings show that the r e ac t i v e o l e f i n s i n the p h o t o c a t a l y t i c 
oxygenation e x h i b i t photocurrents and the o l e f i n s which do not 
e x h i b i t photocurrents are unreact ive i n the p h o t o c a t a l y t i c oxygen
a t i o n . On the other hand, the o l e f i n s which e x h i b i t photocurrents 
are not always r e a c t i v e . For example, s t i l b e n e shows a h igher 
photocurrent than DPE, but i s not so r e ac t i v e as DPE. The e l e c t r o n 
t r ans f e r to the exc i t ed semiconductor takes p lace more e f f i c i e n t l y 
from s t i l b e n e than from DPE due to the lower ox ida t i on p o t e n t i a l of 
the former, but i n the subsequent free r a d i c a l r e a c t i o n s , s t i l b e n e 
i s l e s s r e a c t i v e than DPE (33). 

There fore , i t can be concluded that fo r the p h o t o c a t a l y t i c 
oxygenation to occur , the e l e c t r o n t r ans f e r from the o l e f i n to the 
p o s i t i v e hole has to take p l a ce , but the o v e r a l l r e a c t i v i t y of the 
o l e f i n s i s governed by the e f f i c i e n c y of f ree r a d i c a l processes as 
exempl i f i ed i n Table I I . 

In view of the above r e s u l t s , i n p h o t o c a t a l y t i c ox ida t i on of a 
s e r i e s of 4 - sub s t i t u t e d d ipheny le thy lenes , an increase i n r e a c t i v i t y 
wi th decreasing Hammett fs sigma constants (31) seems to a r i s e not 
only from the lowering of the ox ida t i on p o t e n t i a l s of the o l e f i n s i n 
t h i s sequence but a l so from the general trend o f the increase i n the 
r e a c t i v i t y of o l e f i n s toward peroxy l r a d i c a l s wi th i n c r e a s i n g the 
e l e c t r o n donating a b i l i t y of o l e f i n s (33). 

To get i n s i g h t i n t o the r e a c t i v i t y of o l e f i n r a d i c a l ca t ions 
toward oxygen, anodic ox ida t i on of o l e f i n s under oxygen was 
attempted. DPE was e l e c t r o l y z e d at 1.5 V vs SCE i n a mixture of 
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Table I I . R e a c t i v i t y of O l e f i n s i n Photocata lyzed 
Oxygenation 

O l e f i n 
E f f i c i e n c y 

O l e f i n E l e c t r o n 
t r ans f e r 

Rad i ca l chain 
ox ida t i on 

O v e r a l l 

PhCH=CHPh good poor medium 
Ph 2C=CH 2 medium good good 
PhCH=CHC0Me poor poor poor 
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a c e t o n i t r i l e and methanol (1:3 by volume) i n the presence of t e t r a -
ethylammonium perch lo ra te as a support ing e l e c t r o l y t e under oxygen. 
The e l e c t r o l y s i s c a r r i e d out to nea r l y 70% convers ion of the o l e f i n 
a f forded a 1,2-dimethoxylated product as the main product a long wi th 
a smal l amount of benzophenone, but 2 ,2 -d ipheny l -2 -methoxyethano l , 
which had been expected to a r i s e from oxygenation of the r a d i c a l 
c a t i o n i n methanol, was formed i n a very low y i e l d (27). These 
r e s u l t s i n d i c a t e that the DPE r a d i c a l c a t i o n i s not h i gh l y r e ac t i v e 
wi th oxygen. 

For generat ion of o l e f i n r a d i c a l c a t i on s , r e c e n t l y s eve r a l 
attempts have been made to use 9,10-dicyanoanthracene (DCA) as an 
e l e c t r o n accept ing s e n s i t i z e r under oxygen. On e x c i t a t i o n of DCA, 
the r e s u l t i n g DCA s i n g l e t e x c i t e d s ta te accepts an e l e c t r o n from an 
o l e f i n to g ive the r a d i c a l anion of DCA and the r a d i c a l c a t i on of the 
o l e f i n , and the former anion can t r ans f e r an e l e c t r o n to oxygen to 
g ive the superoxide an ion . For example, DCA - sens i t i z ed oxygenation 
of DPE was reported to g iv
i n v o l v i n g benzophenone as the main product a long wi th the c o r r e 
sponding epoxide and 1 , l -d ipheny l -2 -methoxyethano l , e t c . , and the 
products were proposed to a r i s e from the r e ac t i on between the o l e f i n 
r a d i c a l c a t i o n and superoxide anion (34-37) . 

Among o l e f i n r a d i c a l ca t ions s tud ied only adamantylideneadaman-
tane (ADA) i s e s t ab l i shed to react f a c i l e l y with oxygen to give an 
oxygen adduct which subsequently accepts an e l e c t r o n from ADA to 
g ive the corresponding dioxetane and to regenerate the ADA r a d i c a l 
c a t i o n , thus accompl ishing a cha in r e a c t i o n (38). 

There fore , i t seems reasonable to suppose that i n the semicon
ductor ca ta lyzed ox ida t i on of DPE, the r e s u l t i n g r a d i c a l c a t i o n of 
the o l e f i n cou ld react wi th the superoxide anion to give a peroxy-
e t h y l - l , 4 - d i r a d i c a l which subsequently reacts wi th the o l e f i n and 
oxygen through the free r a d i c a l cha in processes . 

Autox ida t i on of aromatic o l e f i n s i n i t i a t e d by a r a d i c a l cha in 
i n i t i a t o r l i k e a z o b i s i s o b u t y r o n i t r i l e (AIBN) or by p h o t o i r r a d i a t i o n 
under 1 atm oxygen usua l l y gives carbonyl compounds as the main 
products a long wi th epoxides, and the product ion o f the epoxides 
tends to increase with decrease of oxygen pressure (33,39) . Acco rd 
i n g l y , the product ion of a cons iderab le amount of the epoxide accom
panied by benzophenone i n the semiconductor photocata lyzed oxygen
a t i o n of DPE under 1 atm oxygen shows that i n the semiconductor 
c a t a l y s i s the r eac t i on might proceed through a mechanism s l i g h t l y 
d i f f e r e n t from the au tox ida t i on , po s s i b l y due to the p a r t i c i p a t i o n 
of the DPE r a d i c a l c a t i o n and superoxide anion i n p lace of n e u t r a l 
r a d i c a l s and oxygen i n the cha in i n i t i a t i o n s tep . 

Photocata lyzed I somer izat ion of Unsaturated Systems 

The s e n s i t i z i n g a c t i o n of semiconductor a f f ec t s i s omer i z a t i on of 
o l e f i n s . On e x c i t a t i o n of CdS or T1O2 i n the presence of t r a n s - or 
c i s - s t i l b e n e under argon, the i s omer i z a t i on occurred only from the 
c i s - to t rans - i somer ; the t rans - i somer s ca r ce l y underwent i somer 
i z a t i o n i n t o the c i s - i s o m e r . I r r a d i a t i o n under oxygen r e s u l t e d i n 
the oxygenation to give benzaldehyde and t r a n s - s t i l b e n e oxide , 
i r r e s p e c t i v e of the con f i gu ra t i on of the s t a r t i n g o l e f i n , a long wi th 
the i s omer i z a t i on from the c i s - to trans*-isomer (40). 

The i s omer i z a t i on tak ing p lace only from c i s - to t r a n s - s t i l b e n e 
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i s cons i s tent with the i s omer i z a t i on through the o l e f i n r a d i c a l 
c a t i o n . F igure 3 dep icts the energies of the r a d i c a l ca t ions of c i s -
and t r a n s - s t i l b e n e . In the ground s t a t e , c i s - s t i l b e n e i s n ea r l y 3 
kcal/mol (ca. 0.13 eV) h igher i n energy than the t rans - i somer (41). 
Since the ox ida t i on p o t e n t i a l s of t r a n s - and c i s - s t i l b e n e are 1.15 
and 1.23 V vs Ag/AgNU3 (0·^ M)> r e s p e c t i v e l y , the ca t i on r a d i c a l o f 
c i s - s t i l b e n e l i e s 0.21 eV higher i n energy than that of t r a n s -
s t i l b e n e . The i n e f f i c i e n t product ion of the c i s - i s o m e r from the 
t rans - i somer r u l e s out a p o s s i b i l i t y for the p a r t i c i p a t i o n of the 
t r i p l e t s ta te of s t i l b e n e (2.1 eV over the t r ans - i somer ) . Th is means 
that the p a i r o f the trans r a d i c a l c a t i on with the e l e c t r o n i n the 
conduction band of T1O2 (ca. - 0 . 6 V vs Ag/AgN0 3) or CdS (ca. - 1 . 1 V) 
l i e s i n the energies (ca. 1.8 and 2.3 eV, r e s p e c t i v e l y over the 
t rans - i somer ) not much exceeding the t r i p l e t s t a t e . 

Acco rd ing ly , i t i s reasonable to conclude that i n the photo
ca ta lyzed i s omer i z a t i on of o l e f i n s , the c i s r a d i c a l c a t i o n tw i s t s to 
the more s tab l e trans o
which subsequently rece ives an e l e c t r o n from the exc i t ed semicon
ductor to g ive the t r ans - i somer . S im i l a r i s omer i za t i on us ing CdS was 
reported r ecent l y (47). On the other hand, the " t r a n s " r a d i c a l 
c a t i on r e s u l t i n g from ox ida t i on of the t rans - i somer cannot i somerize 
to the l e s s s t ab l e c i s r a d i c a l c a t i o n . The formation of t r a n s -
s t i l b e n e oxide i r r e s p e c t i v e of the con f i gu ra t i on of the s t a r t i n g 
isomer can be a t t r i b u t e d to the r e ac t i on of the " t r a n s " r a d i c a l 
c a t i on wi th oxygen g i v i n g a peroxy l r a d i c a l c a t i o n which subsequently 
co l l apses to the t rans -epox ide . 

The behavior of s t i l b e n e r a d i c a l ca t ions i n the semiconductor 
c a t a l y s i s i s i n keeping with the r e s u l t o f photo i somer izat ion of 
other o l e f i n s l i k e (3-methylstyrene s e n s i t i z e d by e l e c t r o n acceptors 
l i k e c h l o r a n i l i n po l a r so lvents (48). The semiconductor photocata 
l yzed i s omer i z a t i on of s t r a i n e d cyclobutanes to s t r a i n e d dienes 
( i somer i za t ion of quadr icyc lene to norbornadiene and s i m i l a r 
react ions of complex cage compounds (49)) i s r e l a t e d to the o l e f i n 
i s omer i z a t i on d iscussed above. 

Pho toca t a l y t i c Oxygenation of Hydrocarbons 

I r r a d i a t i o n of powdered t i t an ium dioxide suspended i n s o l u t i on s 
conta in ing aromatic compounds and water under oxygen has r e cen t l y 
been shown to induce hydroxy la t i on of aromatic n u c l e i g i v ing 
pheno l i c compounds and ox ida t i on of s ide chains of the aromatic 
compounds (50-55). These react ions have been assumed to proceed 
through hydroxy1 and other r a d i c a l in te rmedia tes , but the mechanism 
for t h e i r generat ion , whether r eac t i ve free r a d i c a l s r e s u l t from 
ox ida t i on of water, from reduct ion of oxygen, or from ox ida t i on o f 
the substrates on the sur faces of the e x c i t e d t i t an ium d iox ide , has 
not been c l e a r . 

An attempt was made to revea l the mechanism for the formation 
of f ree r a d i c a l s upon i r r a d i a t i o n of t i t an ium diox ide i n the 
presence of benzene and to luene . Ca re fu l examination of the e f f e c t s 
of oxygen and water showed that the presence of oxygen i s e s s e n t i a l 
for the r e a c t i o n , and that under oxygen the ox ida t i on of water 
cont r ibutes to the aromatic hyd roxy l a t i on and the ox i da t i on of 
toluene as a substrate leads to ox ida t i on of i t s s ide cha in (56). 

Powdered t i t an ium diox ide (30 mg) was suspended i n an ace to -
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Figure 3 . Energies of s t i l b e n e r a d i c a l c a t i on s . 
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n i t r i l e s o l u t i o n (2 ml) conta in ing benzene or toluene (16 vol%) and 
vary ing amounts of water (0-8 vol%), and i r r a d i a t e d with l i g h t longer 
than 350 nm for 15 h at 20°C with and without oxygen. 

F igure 4 dep ic t s t y p i c a l r e s u l t s o f the ox i da t i on of benzene 
under oxygen and without oxygen wi th va ry ing concentrat ions of water. 
As F i g . 4 c l e a r l y shows, only a t race amount of phenol was produced, 
even i n the presence o f water without oxygen, whi le under oxygen the 
y i e l d of phenol i s s t i l l low i n the absence of water, but increases 
with i n c r e a s i n g concent ra t ion of water. For the r e ac t i on of toluene 
under c a r e fu l removal of oxygen, on ly t race amounts o f ox i da t i on 
products were produced even i n the presence of water, as was found 
for benzene. 

I t i s no t i ceab l e that i n the ox ida t i on o f toluene under oxygen 
( F i g . 5) o - , m-, and p - c r e s o l s r e s u l t i n g from nuc lea r hydroxy l a t i on 
of the substrate are produced i n very low y i e l d s i n the absence of 
water, but tend to increase with i nc r ea s ing concent ra t ion o f water; 
on the cont ra ry , benzaldehyd
ox ida t i on of the s ide cha in are produced i n much h igher y i e l d s than 
c r e so l s i n the absence of water, but t h e i r y i e l d s do not vary with 
water concent ra t i on . 

The above r e s u l t s wi th benzene and toluene show that the 
presence o f oxygen i s necessary for the formation of ox i da t i on 
products , but the presence of water alone i s not enough to induce 
the ox ida t i on of the subs t ra te s . These facts i n d i c a t e that water 
can be ox id i zed to hydroxy l r a d i c a l s by the photogenerated p o s i t i v e 
holes wi th concurrent removal of e l ec t rons i n the conduction band by 
oxygen, presumably adsorbed on the semiconductor sur faces . The 
r e s u l t i n g hydroxy l r a d i c a l s w i l l hydroxylate the aromatic n u c l e i . 

or CH Χ X 

ρ -Η 
C 6 H 5 C H 3 • (C 6 H 5 CH 3 ) • C 6 H 5 C H 2 ' 

°2 
• • C 6 H 5 CH 2 OH, C 6H 5CHO 

H + 

0 2 • 0 2 · • H0 2 · 

Under oxygen i n the absence of water, toluene w i l l t r ans f e r an 
e l e c t r o n to the p o s i t i v e ho l e , concurrent ly with e l e c t r on t r ans f e r 
from the conduction band to oxygen, to give a toluene r a d i c a l 
c a t i o n . On the other hand, i n the presence of water, both toluene 
and water w i l l t r ans f e r an e l e c t r o n to the p o s i t i v e h o l e s . The 
r e s u l t i n g toluene r a d i c a l c a t i on may subsequently lose a proton 
a f f o rd ing a benzy l r a d i c a l , which w i l l be ox id i zed wi th oxygen or 
the superoxide anion to benzy l a l coho l and benzaldehyde, as proposed 
fo r the react ions of Fenton 's reagent wi th toluene (57). 

There fore , i t i s reasonable to conclude that upon i r r a d i a t i o n 
of t i t an ium dioxide under oxygen, the e l e c t r o n t r ans f e r from water 
to the p o s i t i v e hole mainly r e s u l t s i n hydroxy l a t i on of the aromatic 
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Figure 5. Ox idat ion of toluene i n a c e t o n i t r i l e under oxygen; 
p roducts : benzaldehyde ( φ ) , benzy l a l c o h o l ( φ ) , o - c r e s o l ( Ο ) , 
m-creso l ( Q ) , p - c r e s o l ( φ ) . 
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n u c l e i and the e l e c t r o n t r ans f e r from toluene mainly leads to 
ox ida t i on of i t s s ide cha in , and that oxygen cont r i bu tes to these 
reac t ions by concur rent ly accept ing an e l e c t r o n from the conduction 
band of semiconductor. 

T i tan ium d iox ide photocata lyzed ox ida t i on of neat t e t r a l i n was 
p r ev i ous l y reported to g ive i t s hydroperoxide (14). Re inve s t i g a t i on 
showed that t e t r a l o l and te t r a l one are a l so formed i n a c e t o n i t r i l e 
po s s i b l y through e l e c t r o n t r ans f e r from t e t r a l i n to the p o s i t i v e 
holes (27). 

Concluding Remarks 

Semiconductors act as photocata lys t s on var ious organic compounds. 
The e s s e n t i a l features of the mechanism are becoming c l e a r . 
However, how the i n i t i a t i o n steps proceed, p a r t i c u l a r l y how the 
species on the semiconductor sur face react wi th water and oxygen, 
i s not yet we l l understood
gated i s the mechanisms through which the r e s u l t i n g r a d i c a l ca t ions 
of the substrates undergo t ransformat ion to products . 
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4 
Single Potential Step Electrogenerated 
Chemiluminescence 
A Nonradiative Method for the Production of Excited States 

WILLIAM G. BECKER 

Department of Chemistry, Portland State University, Portland, OR 97207 

Two methods of electrogeneratin
gle potential step g
ed. Both anodic and cathodic mechanisms are initiated 
by a heterogeneous electron transfer. Electrogenerated 
chemiluminescence (ECL) is observed during the reaction 
of aromatic radical ions (R-•) with the dissociative 
ion peroxydisulfate (S 2O 8

2 -). The ECL spectra that 
arise from these reactions agree with the fluorescence 
spectra of the corresponding aromatic compounds. The 
cyclic voltammetric reduction waves in the presence of 
S2O8

2- were generally of the catalytic type, with R re
generated by the following chemical reaction with per
oxydisulfate. Formation of R* and ECL is primarily 
caused by the R -•/R+• reaction, with R+• generated via 
oxidation of R by SO4

-• (a product of the reduction of 
S 2 O 8

2 - ) . The relative ECL efficiencies qualitatively 
depend upon the stability of the aromatic radical cat
ion. A tertiary reactant system further illustrates 
the importance of radical cations to the reductive sin
gle potential step ECL mechanism. 

Since i t s d iscovery in 1964 e lectrogenerated chemiluminescence (ECL) 
has been an ac t i ve area of chemical research . The l i gh t p ro 
ducing mechanism common to a l l ECL systems cons i s t s of an ox idat ion 
and reduct ion , followed by charge a n n i h i l a t i o n to produce the exc i t ed 
state of an emitt ing compound. 

D D + ' + e" (anode ox idat ion ) (1) 

A + e~ •> A~" (cathode reduct ion) (2) 

A~* + D + ' •> A* + D or A + D* (charge a n n i h i l a t i o n ) (3) 

The reagents A and D can be, but are n e c e s s a r i l y , the same compound. 
The exc i ted states produced by th i s methanism can have e i the r s i ng l e t 
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or t r i p l e t sp in m u l t i p l i c i t y depending on the energet ics of the 
charge a n n i h i l a t i o n step . These exc i ted states w i l l undergo the same 
decay react ions as photoexcited s ta tes . Most of the ea r l y ECL r e 
act ions were studied i n apro t i c so lvents and involved sequent ia l 
cathodic and anodic p o t e n t i a l steps to produce r a d i c a l anions and 
cat ions as intermediates . 

Recent ly , the d i s s o c i a t i v e oxalate ion has been u t i l i z e d as a 
powerful reducing reagent i n s ing l e p o t e n t i a l step ECL mechanisms. 
These react ions have been shown to occur in both aqueous and non
aqueous media (2 ,3 ) . In th i s scheme the ox id ized form of D reacts 
with an oxalate ion to produce the unstable r a d i c a l anion C204~"'. 
Decomposition of t h i s intermediate y i e l d s carbon d iox ide and the 
strong reducing reagent C O 2 " * . The C O 2 " ' can t rans fe r an e l ec t ron to 
A thus generat ing the reduced form of A in the v i c i n i t y of the anode 
where ox ida t ion of D i s taking p lace . The charge a n n i h i l a t i o n r e 
ac t i on then y i e l d s an exc i ted state which can emit i t s cha r ac t e r 
i s t i c f luorescence . A l t e r n a t e l y
can be s u f f i c i e n t l y energet ic to generate D* d i r e c t l y . The term 
" ox i da t i v e r educ t i on " has been used to descr ibe the mechanisms by 
which these e l e c t r on t rans fe rs take p lace . 

D D + * + e" (4) 

D + * + C201* 2"" D + C201+-' (5) 

C201+"* CO2 + C02""* (6) 

C 0 2 ~ ' + A + CO2 + Α " · (7) 

A"* + D + * A* + D or A + D* (8) 

C 0 2 " * + D + - C 0 2 + D* (9) 

The most e f f i c i e n t ECL from t h i s mechanism occurred when A and D are 
the same compound. In non-aqueous media polyaromatic hydrocarbons 
such as rubrene and 9 ,10-d iphenylanthracen^ have y i e lded ECL by t h i s 
mechanism (3). In aqueous media, Ru(bpy)3 + (bpy = 2 ,2 ' b i p y r i d i n e ) 
has been used (20. A n a l y t i c a l a p p l i c a t i o n of anodic s ing l e p o t e n t i a l 
step ECL has been suggested for determinat ion of oxalate concentra 
t i o n i n ur ine samples (4) . 

Th is report concerns the analogous " r educt ive o x i d a t i o n " ECL 
mechanism which has now also been examined. The p r i n c i p a l Reagent i n 
t h i s scheme is the d i s s o c i a t i v e anion peroxyd isu l f a te (S2O8 " ) . Th is 
anion i s a two e l e c t r on oxidant whose reduct ion po t en t i a l s (vs. SCE) 
i n aqueous s o l u t i on have been estimated to be (5): 

S208 2 " + e" + SOi42"" + SOi**' E° < 0.35V (10) 

S 0 i + - + e" S 0 4
2 " E° > 3.15V (11) 

_ 2-The intermediate SO4 · , formed during the reduct ion of S2O8 , is 
therefore an exceedingly strong o x i d i z i n g agent. I n i t i a l r educt i ve 
ox ida t i on ECL studies employed po l ypy r i d ine - t ype complexes of 
C r ( l l l ) , Ru ( l l ) and O s ( l l ) as l i g h t emi t t ing reagents (6 ,7 ) . In t h i s 
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scheme the o v e r a l l r e ac t i on process i s the two e l e c t r on reduct ion of 
S2O8 " mediated by a t r a n s i t i o n metal complex. The by-product of 
t h i s process i s the c h a r a c t e r i s t i c l i g h t emission from the exc i ted 
s tate t r a n s i t i o n metal complex. 

S 2 0 8
2 " + 2e~ -JL> 2S04 2 " + hv (12) 

ECL is obtained from these systems only when the p o t e n t i a l of the 
working e lect rode i s s u f f i c i e n t l y negative that reduct ion of the 
t r a n s i t i o n metal complex occurs . In a l l cases peroxyd isu l fa te w i l l 
a l so be reduced at th i s p o t e n t i a l . However, the S2C>8 ~ which reacts 
at the e lectrode does not p a r t i c i p a t e in the ECL mechanism. Rather , 
i t i s the r eac t i on of the reduced form of M with S 2 0s " that i n i t i 
ates the luminescence process . The f i r s t two steps of th i s reduct ive 
ox ida t i on ECL mechanism have therefore been proposed to be (6̂ ) : 

M + e~ + M~ (13

ΜΓ + S 2 0 e 2 " + SOit 2" + SOit"* (14) 

The s t rong ly o x i d i z i n g SOi+~ ' species can now generate the metal 
complex exc i ted state v i a two d i f f e r en t paths. Both paths are ener 
g e t i c a l l y f e a s i b l e . In the f i r s t case, r eac t i on of SO^" ' with M w i l l 
give M + . The h i gh ly energet ic e l e c t r on t rans fe r from M~ to M* can 
then produce M*. 

SOiT- + M + SOi| 2" + M + (15) 

M"~ + M*1" M + M* (16) 

A l t e r n a t e l y , r eac t i on of SOi^* with M~" produced at the e lect rode can 
y i e l d M* d i r e c t l y . 

SOI*"' + M~ SOI+2- + M* (17) 

In both of these mechanisms the i n t e n s i t y of ECL is dependent on the 
concentrat ions of me^al complex and pe roxyd i su l f a t e . However, i n the 
case of the Ru(bpy)3 +-S 2C>8 ~~ system, the metal complex exc i ted state 
i s a lso quenched by pe roxyd i su l f a t e . The quantum e f f i c i e n c y of t h i s 
quenching has been reported to equal two (8). Upon further examina
t i o n , s teady - s ta te and l i f e t i m e measurements of t h i s quenching p r o 
cess revealed ground state i o n - p a i r i n g between Ru(bpy)3 + and S 2 0s 
in CH3CN/H2O so lvents (9^). The photoexcited state of t h i s i o n - p a i r 
possesses an unusual ly long l i f e t i m e which shows a d i r e c t dependence 
on solvent composit ion. As a r e su l t of t h i s quenching process there 
e x i s t s an optimum peroxydisu l fa te concentra t ion and solvent composi
t i o n for which the reduct ive ox ida t i on ECL i n t e n s i t y i s at a^maximum. 
A 1:1 (v/v) mixture of CH3CN/H2O conta in ing 1 mM of Ru(bpy)3 + has a 
maximum ECL i n t e n s i t y at 18 mM S 2 0e ~. The estimated maximum 
e f f i c i e n c y of ECL by reduct ive ox ida t ion can be obtained by examina
t i o n of the o v e r a l l r e ac t i on (equation 12). The maximum coulombic 
e f f i c i e n c y of th i s r eac t i on would be two cathodic e lect rons consumed 
per exc i ted state generated. The optimized reduct ive ox ida t ion ECL 
from Ru ( bpy )3 2 + has a coulombic y i e l d near un i t y (7) . 
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Further examination of " r educt ive o x i d a t i o n " ECL us ing 
polyaromatic compounds in non-aqueous media has revealed three 
s i g n i f i c a n t features of the luminescence mechanism (10). F i r s t , the 
c y c l i c voltammograms fo£ the reduct ion of the polyaromatic compounds 
in the presence of S2O8 ~" were of a h i gh ly c a t a l y t i c type. Second, 
the e f f i c i e n c y of ECL was q u a l i t a t i v e l y dependent on the s t a b i l i t y of 
the aromatic r a d i c a l c a t i on rather than of the aromatic r a d i c a l 
anion. T h i r d , the importance of the aromatic r a d i c a l c a t i on ion in 
the mechanism for the formation of exc i ted states was i l l u s t r a t e d 
us ing a t e r t i a r y reactant system. The r e su l t s of these studies are 
summarized below. 

The c y c l i c voltammogram of rubrene (1 mM in 2:1 v/v CH3CN/ben-
zene, 0.1 M TBABFi*) d i sp layed r e ve r s i b l e one e l e c t r on waves for both 
ox ida t ion and reduct ion at a plat inum e lect rode (Figure 1). In 
cont ra s t , the e lec t rochemica l reduct ion of the t e t r a - n - b u t y l a m -
monium peroxyd isu l fa te (20 mM) cons i s t s of a broad, drawn-out wave 
beginning at - 0 . 3 V (vs
measured from th i s proces
rubrene concentrat ions employed. Add i t i on of rubrene (1 mM) to a 
s o l u t i o n conta in ing 20 mM S2O8 ~ and 0.1 M TBABF4 r e su l t ed in 
d r a s t i c a l l y d i f f e r en t e l ec t rochemica l behavior . The reduct ion wave 
of rubrene became i r r e v e r s i b l e and had a peak current tha£ was 18 
times la rger than the peak current i n the absence of S2O8 "" (F igure 
2b). The rubrene reduct ion peak p o t e n t i a l showed a scan rate 
dependence, s h i f t i n g to more negative values with inc reas ing scan 
r a t e . Upon scan r e y e r s a l , an anodic wave was not observed at scan 
rates up to 10 V s" . Furthermore, c y c l i c voltammograms which were 
run at scan rates of 2 mV s" d id not show the " S " shaped curve that 
would be expected from a simply c a t a l y t i c system. Changing the 
r e l a t i v e concentrat ion of S2O8 ~ to achieve a 100:1 excess with 
respect to rubrene had no ef fect on the shape of the c a t a l y t i c wavê  
and therefore ru led out any explanat ion based on dep le t ion^of S2O8 
near the e l ec t rode . This behavior in the presence of S2O8 ~ i s 
genera l l y c h a r a c t e r i s t i c of a c a t a l y t i c process in which there i s a 
fast fo l lowing i r r e v e r s i b l e r e a c t i o n . 

RUB + e" RUB" 

RUB"* + S208 2 " + RUB + S208 3 " 

(18) 

(19) 

The presence of a scan rate dependence under such h i gh ly c a t a l y t i c 
c o n d i t i o n s , however, i s contrary to a mechanism in which the fo l low
ing r e ac t i on i s a s ing l e e l e c t ron t rans fe r (11 ). Instead, a mech
anism in which the fo l lowing r eac t i on i s a two e l e c t ron ox ida t ion by 
S2O8 ~ to generate RUB +* and two SO4 ~ near the cathode would be t te r 
exp la in the observed c y c l i c voltammetry. In th i s mechanism the 
c a t a l y t i c current would be larger (two c a t a l y t i c e l ec t rons for each 
i n i t i a l RUB reduct ion) and the pe r s i s t ent scan rate dependence might 
be a t t r i bu t ed to the rate determining fo l lowing r eac t i on (eq. 19). 

RUB"' + S208 2"" •> RUB +* + 2 SOi* 2 - (20) 

RUB +* + 2 e" RUB" (21) 
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Figure 1. C y c l i c voltammograms (0.1 V s " ) at a Pt d isk e lectrode 
in 2:1 CH3CN-benzene (v/v) conta in ing : (a) support ing e l e c t r o l y t e 
(0.1 M TBABFi| ) , (b) 1.0 mM RUB and 0.1 M TBABFi+. 
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Figure 2. C y c l i c voltammograms (0.1 V s " 1 ) at a Pt d isk e l ec t rode 
in 2:1 CH3CN-benzene (v/v) con ta in ing : (a) 0.1 M TBABFi* and 20 mM 
(TBA>2S208, (b) s o l u t i o n (a) with 1.0 mM RUB, (c) r e l a t i v e ECL 
i n t e n s i t y vs . p o t e n t i a l for s o l u t i on (b). 
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Repeated c y c l i n g through the RUB reduct ion wave resu l ted in a de
crease i n s i ze of the c a t a l y t i c cu r rent . This occurred even when the 
s o l u t i o n was s t i r r e d between c y c l e s . This behavior impl ies that a 
b lock ing or f i lm ing of the e lect rode occurred during the r educt ion 
process . Repeated c y c l i n g over the ox ida t ion wave removed the f i l m 
and reac t i va ted the e l ec t rode . The e l ec t rochemica l reduct ion of 
9 ,10-diphenylanthracene (DPA), 1 ,3 ,6 ,8 - tet raphenylpyrene (TPP), an
thracene (ANT), f luoranthene ^FLU) and 2 , 5 - d i p h e n y l - l , 3 , 4 - o x a d i a z o l e 
(PPD) in the presence of S^Oe " a l l showed s i m i l a r cathodic waves. 
As in the case of Ru(bpy)3 + , luminescence was not observed at po 
t e n t i a l s more po s i t i v e than the f luorophore R e d u c t i o n wave where only 
the small amount of d i r e c t r e d u c t i o n of S2O8 ~ appears (Figure 
2 c ) (12). The s i m i l a r i t y between the i n t e n s i t y - p o t e n t i a l p r o f i l e and 
the reduct ion voltammogram ind ica tes that the mechanism which leads 
to luminescence i s i n t imate ly assoc iated with the e l e c t r o r educ t i on of 
the f luorophore . 

S ing le p o t e n t i a l ste
reduct ion of RUB, D£A, TPP, ANT, FLU and PPD in the presence of a 
20:1 excess of S2O8 "". The ECL spectra agreed with the photoexcited 
f luorescence spectra in a l l cases. The r e l a t i v e ECL i n t e n s i t i e s were 
determined by i n t eg r a t ing the luminescence i n t e n s i t y from a plat inum 
cathode for p o t e n t i a l steps of 15 s du ra t i on . These r e su l t s are 
summarized in Table 1. It is i n t e r e s t i n g to note that r e l a t i v e ECL 
i n t e n s i t i e s do not co r r e l a t e with the s i ze of the c a t a l y t i c current 
or the exothermic i ty of e l e c t ron t r ans f e r . Rather i t appears that 
the s t a b i l i t y of the organic r a d i c a l c a t i on is the important factor 
in determining the e f f i c i e n c y of ECL (13). RUB, the compound which 
gave the highest ECL i n t e n s i t y , was the only f luorophore to show a 
r e v e r s i b l e ox ida t ion in the presence of (TBA)2S20e. DPA and TPP had 
r eve r s i b l e ox idat ions i n pure e l e c t r o l y t e s o l u t i o n , but when 
(TBA)2S20e was added the ox idat ion voltammograms became i r r e v e r s i b l e . 
The reason for the i n s t a b i l i t y of these r a d i c a l cat ions in the 
presence of (TBA)2S208 i s not known at th i s time. Acco rd ing ly , the 
ECL i n t e n s i t i e s from these f luorophores were s i g n i f i c a n t l y 
d imin ished . ANT and FLU did not give r e ve r s i b l e e l ec t rochemica l 
ox idat ions i n the s o l u t i o n employed. The ECL i n t e n s i t i e s from these 
f luorophores were a lso corresponding ly sma l l . F i n a l l y , in the case 
of PPD, ox ida t ion occurred on the edge of the solvent l i m i t (14). 
The s ing le p o t e n t i a l step ECL i n t e n s i t y for th i s f luorophore was 
extremely low. 

2 The t e r t i a r y reactant system of PPD, thianthrene (TH), and 
S2O8 ~ in CH3CN demonstrates the importance of the r a d i c a l c a t i o n to 
the reduct ive ox idat ion ECL mechanism. This system i s i n t e r e s t i n g in 
that both PPD and TH have access ib l e exc i ted s t a t e s . A l s o , PPD can 
only be reduced to a s tab le r a d i c a l anion and TH can only be ox id ized 
to a stable r a d i c a l c a t i on w i th in the e l ec t rochemica l l i m i t s of the 
so lvent . The c y c l i c voltammogram of a CH3CN s o l u t i o n conta in ing PPD, 
TH and e l e c t r o l y t e i s shown in Figure 3. The E 0 ' s of these couples 
are separated by 3.42 V, making ECL "energy s u f f i c i e n t " only for TH 
( E 0 j 0 = 3.31 eV for TH s i ng l e t s and E 0 > 0 = 4.00 eV for PPD 
s i n g l e t s ) . Upon add i t i on of (TBA)2S20e (30 mM), the c y c l i c voltammo
gram of th i s system showed a c a t a l y t i c wave for PPD reduct ion that 
was i d e n t i c a l to that observed in the absence of TH (Figure 4 ) . A 
cathodic p o t e n t i a l step of th i s t e r t i a r y system resu l t ed i n ECL that 
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Table I. Experimental Results from S2O8 Cata lyzed Reductions. 

E ° ( R / R + ' ) a E ° ( R / R - ' )
(V) 

RUB +0.89 -1 .47 2.28 18.0 10.2 
DPA +1.28 -1 .88 3.04 20.0 0.16 
TPP +1.19 -1 .83 3.00 24.8 0.14 
ANT +1.2 e -1 .96 3.21 16.0 0.03 
FLU +1.6 e -1 .77 3.01 15.8 0.10 
PPD f - -2 .13 4.00 12.4 t race 
T H f +1.29 - 3.31 - -

a Ε = average of peak p o t e n t i a l of the cathodic and anodic waves 
measured at a Pt d isk versus SCE in 2:1 CH3CN-benzene conta in ing 
0.1 M T B A ( B F i * ) , ν = 50 mV s . 

b Energy of the lowest s ing l e t exc i ted state measured from the 
over lap of the photoabsorption and photoemission spect ra , 

c Peak^ca ta l y t i c reduct ion current from so lu t ions conta in ing 20 mM 
S2O8 ~ and l^roM fluorophore d iv ided by peak d i f f u s i o n a l current 
without S2O8 ~. 

d Re l a t i ve integrated i n t e n s i t y for a 15 s cathodic step to 100 mV 
negative of the peak p o t e n t i a l , 

e Onset of i r r e v e r s i b l e anodic wave, 
f Values measured in CH3CN. 
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i.o 0.0 
V vs. SCE 

Figure 3. C y c l i c voltammograms (0.1 V s " ) at Pt d i sk e l ec t rode 
in CH3CN conta in ing : (a) support ing e l e c t r o l y t e (0.1 MTBABF4), 
(b) 3.0 mM PPD, 3.0 mM TH and 0.1 M TBABF4. 

1.0 0.0 
V vs . SC Ε 

Figure 4. C y c l i c voltammograms (0.1 V s " 1 ) at a Pt d isk e lectrode 
in CH3CN conta in ing : (a) supporting e l e c t r o l y t e (0.1 M TBABF4), 
(b) 3.0 mM PPD, 3.0 mM TH, 20 mM (TBA)2S2(>8 and 0.1 M TBABFt*, (c) 
r e l a t i v e ECL i n t e n s i t y vs . p o t e n t i a l for s o l u t i o n (b). 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



66 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

had an i n t e n s i t y in excess of 35 times that measured in the absence 
of TH. Furthermore, the ECL spectrum was that of TH and not PPD 
f luorescence . The photoluminescence of t h i s s o l u t i o n was dominated 
by PPD f luorescence ( λ β χ = 300 nm), as would be expected from the 
la rger f luorescence quantum y i e l d of PPD (Φ = 0.89 for PPD and Φ = 
0.036 for TH) (15). There fore , the ECL mechanism for t h i s system can 
only be explained by the formation of TH + * and cannot be a t t r i bu t ed 
to TH quenching of PPD luminescence. The only species i n s o l u t i o n 
capable of o x i d i z i n g TH was SO^"* . Thus the mechanism for t h i s 
system would be: 

PPD + e~ PPD" 

PPD"' + S2Û8 2 " + PPD + SOt* 2- + S ( V 

TH + SOit"- ΤΗ + · +

ΤΗ + · + PPD"' *TH* + PPD 

(22) 

(23) 

(25) 

D i r ec t formation of exc i ted s tates by r eac t i on of S0t|~' with r a d i c a l 
anions generated at the e lectrode does not appear to be an important 
step i n the reduct ive ox ida t ion ECL of polyaromatic f luorophores . 
From the above cons ide ra t i ons , the general mechanism which best 
descr ibes reduct ive ox ida t i on ECL in the presence of S2O8 ~ would be: 

A + e" A " -

A"* + S2Û8 2 " + A + SOI, 2" + SOit" 

2_ D + SOit"- D + - + SO4 

+ D + - U * + D or A + D* 

(26) 

(27) 

(28) 

(29) 

The reagents A and D can be, but are not n e c e s s a r i l y , the same 
compound. 

Cu r r en t l y , research in th i s area invo lves the use of s i ng l e 
p o t e n t i a l step ECL in a n a l y t i c a l a p p l i c a t i o n s . In p a r t i c u l a r , 
ox ida t ive reduct ion ECL from the Ru(bpy)3 + - S 2 0 s "~ system appears to 
be s e n s i t i v e and s p e c i f i c enough to use in competit ive p ro te in 
b inding react ions (16). The ECL i n t e n s i t y shows a l i n e a r r e s p o n s e ^ 
for aqueous concentrat ions of Ru(bpy)3 + i n the region between 10" 
and 10" M. Studies i nvo l v ing s ing l e p o t e n t i a l step ECL from 
polyaromatic compounds in multiphase systems are a lso in progress. 
Env is ioned a n a l y t i c a l app l i c a t i ons of these schemes inc lude the 
de tec t i on of trace amounts of carc inogenic f luorophores in water. 
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Controlled Organic Redox Reactivity on Irradiated 

Semiconductor Surfaces 
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Photoexcitation of n-type semiconductors 
renders the surface highly activated toward 
electron transfer reactions. Capture of the 
photogenerated oxidizing equivalent (hole) by 
an adsorbed oxidizable organic molecule 
initiates a redox sequence which ultimately 
produces unique oxidation products. Furthermore, 
specific one electron routes can be observed on 
such irradiated surfaces. The irradiated semi
conductor employed as a single crystalline elec
trode, as an amorphous powder, or as an optically 
transparent colloid, thus acts as both a reaction 
template and as a directed electron acceptor. 
Recent examples from our laboratory will be 
presented to illustrate the control of oxidative 
cleavage reactions which can be achieved with 
these heterogeneous photocatalysts. 

The recent recognition that the surfaces of n-type 
semiconductors become effective redox catalysts when irradiated with 
light has captured the attention of a wide range of scientists 
interested in solar energy conversion and has spawned innumerable 
studies by electrochemists, physical chemists, and solid state 
physicists in the last decade. Most of these investigations have 
concentrated on detailed depictions of the semiconductor or the 
interface formed as the semiconductor is brought into contact with a 
metal, with another semiconductor, or with a liquid phase 
electrolyte. 

Somewhat less attention has been directed toward characterizing 
chemical redox reactions which can be stimulated by the initial 
surface photoexcitation and most of these have been directed at a 
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s i n g l e fundamentally important r e a c t i o n , namely water s p l i t t i n g to 
form hydrogen (a combustible fuel ) and oxygen. By comparison, u n t i l 
r e c e n t l y , the mechanist ic i n v e s t i g a t i o n of organic r eac t ions 
i n i t i a t e d i n p a r a l l e l fashion has been almost completely over looked. 
For the l a s t severa l years we have studied the 
semiconductor-mediated photoc jpmica l ly induced ox ida t i on of a 
v a r i e t y of organic compounds. Even our p re l im ina ry r e s u l t s have 
convinced us that the exc i ted semiconductor surface provides a 
unique environment for c o n t r o l l i n g the chemical fate of 
intermediates formed by photoinduced e l e c t r o n t r an s f e r . We present 
i n t h i s a r t i c l e a summary of severa l recent react ions which 
i l l u s t r a t e how a des i red r e a c t i o n pathway from an ox id ized 
intermediate can be s p e c i f i e d on the surface of the i r r a d i a t e d 
semiconductor. 

Bas ic P r i n c i p l e s of Charge Separat ion 

A semiconductor i s charac te r i ze
There e x i s t two sets of c l o s e l y spaced energy l e v e l s or bands, one 
(the valence band) which i s e l e c t r o n i c a l l y f u l l y occupied by the 
cons t i tuent e l ec t rons assoc iated with each atom of the mate r i a l and 
one (the conduction band) which i s e l e c t r o n i c a l l y vacant . The 
energy d i f f e r ence between the top of the valence band and the bottom 
of the conduction band, c a l l e d the band gap, de f ines the wavelength 
s e n s i t i v i t y of the m a t e r i a l . When such a semiconductor, as an 
e l ec t rochemica l h a l f c e l l , i s brought in to contact with a l i q u i d 
phase e l e c t r o l y t e conta in ing a redox couple , e l e c t r o n i c 
e q u i l i b r a t i o n occurs , e s t a b l i s h i n g a common occupancy (Fermi) l e v e l . 
O r d i n a r i l y , the Fermi l e v e l l i e s j u s t below the conduction band i n 
the bulk of a negat ive ly -doped (η - type ) semiconductor and the 
e q u i l i b r a t i o n process r e s u l t s i n a bending of the bands from the 

V B -

VB 

CB-

CB 

O/R 

A Β 

Figure 1. Band St ructure i n a η-type Semiconductor A. S o l i d 
State . B. In contact with a l i q u i d phase redox couple (0/R). 
EL =energy of the conduct ion band. V e r t i c a l l i n e i n d i c a t e s 
s o l i d - l i q u i d i n t e r f a c e . CB= conduction band; VB = va lence band. 
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surface toward the bu lk . In an η-type m a t e r i a l , t h i s band bending 
causes a sharp energy l e v e l r i s e as one moves along a s i n g l e energy 
l e v e l from the bulk toward the surface and hence toward the 
i n t e r f a c i a l reg ion between the s o l i d and l i q u i d phases. 

When the semiconductor i s exc i ted with a photon of energy 
greater than or equal to i t s band gap, an e l e c t r o n i s promoted from 
the valence band to the conduction band. The vacancy, or ho l e , 
created by the e x c i t a t i o n i s a strong oxidant whose chemical 
behavior can be reasonably approximated by an ox ida t i on couple 
poised at the valence band edge p o t e n t i a l . I n t r i n s i c band bending 
of the semiconductor causes e l ec t rons i n the i n t e r f a c i a l reg ion to 
move toward the bulk to f i l l the ho l e , thus causing a migrat ion of 
the o x i d i z i n g hole to the surface of the semiconductor. At the 
i n t e r f a c e , an ox id i z ab l e substrate can then f i l l the photogenerated 
ho le and become a surface adsorbed ox id ized spec i e s . 

The e l e c t r o n i c e x c i t a t i o n a lso promotes an e l e c t r o n to the 
conduction band, where i
a po ten ia l governed by th
p a r a l l e l f a sh ion , reduced products can accumulate at a metal 
countere lect rode which has c o l l e c t e d the photogenerated e l ec t rons 
from the conduction band. 

A s i m i l a r s i t u a t i o n a lso i s encountered i n a m in i a tu r i z ed 
photoe lectrochemica l c e l l , i . e . , on a meta l l i z ed semiconductor 
powder, F igure 2. Here, the i n d i v i d u a l p a r t i c l e can be thought of 
as two e l ec t rochemica l h a l f c e l l s which have eventua l l y co l l apsed 
onto each other as the conductive wire connecting them became 
shorter and sho r t e r . The o x i d i z i n g and reducing s i t e s are thus 
found i n c lose s p a t i a l prox imity and the p o t e n t i a l for subsequent 
chemical r e ac t i on between the i n i t i a l ox ida t i on and reduct ion 
products i s e x c e l l e n t . In f a c t , so long as the r e spec t i ve rates of 
the ox ida t i on and reduct ion h a l f r eac t ions d i f f e r apprec iab ly , i t 
may be unnecessary to m e t a l l i z e the semiconductor powder i n order to 

F igure 2 . E l e c t r o n - h o l e separa t ion on a m e t a l l i z e d (M) semi 
conductor (SC) powder. 
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i n i t i a t e chemical r e a c t i v i t y . The powder suspension thus becomes a 
" reagent " which can be handled convenient ly i n l a bo ra to r i e s not 
equipped for d e t a i l e d e l ec t rochemica l i n v e s t i g a t i o n s . 

S e l e c t i v i t y i n Photoe lect rochemica l React ions 

By v i r t u e of the r e l a t i v e l y h igh p o s i t i v e p o t e n t i a l s assoc ia ted 
with the valence band edges of commonly encountered semiconductors, 
s u b s t a n t i a l o x i d i z i n g power i s created upon photoexc i t a t i on of 
common semiconductor suspensions. A wide v a r i e t y of organic 
f unc t i ona l groups may p o t e n t i a l l y funct ion as redox p a r t i c i p a n t s on 
i r r a d i a t e d semiconductor powders, and studies have begun to appear 
i n the l a s t few years which i n d i c a t e that indeed a wide range of 
hydrocarbons and heteroatom-conta in ing substrates can be ox id ized i n 
unusual ways on these photoact ivate

Although i t i s c l e a r that photoinduced redox exchange can occur 
e f f i c i e n t l y at the surface of an i r r a d i a t e d semiconductor powder, 
t h i s redox chemistry w i l l not f ind extensive use unless i t provides 
access to new chemical t ransformations which are i n a c c e s s i b l e with 
convent iona l reagents or to an improved s e l e c t i v i t y i n 
m u l t i f u n c t i o n a l molecules or i n mixtures of reagents . 

Tbe heterogeneous surface of an i r r a d i a t e d semiconductor powder 
provides severa l p o t e n t i a l ways by which s e l e c t i v i t y can be 
i n f l u enced . F i r s t , s ince e l e c t r o n exchange occurs on ly with those 
molecules found at the s emiconduc to r - e l e c t ro l y t e i n t e r f a c e , d i r e c t e d 
ox i da t i on (or reduct ion ) w i l l be governed by adsorpt ion 
c h a r a c t e r i s t i c s , with p r e f e r e n t i a l r e a c t i v i t y occur r ing for those 
substrates or that f unc t i ona l group which i s p r e f e r e n t i a l l y 
adsorbed. Second, the semiconductor surface provides a r e a c t i o n 
m i l i e u i n which the ox id ized and reduced products of the 
photoinduced e l e c t r o n exchange are generated as adsorbed species 
with minimal phys i c a l s epa ra t i on . The i r b imolecu lar chemical 
r e a c t i o n may therefore be expected to occur with greater f a c i l i t y 
than i n homogeneous s o l u t i o n , where the d i r e c t i v e template e f f e c t of 
the surface i s absent. F i n a l l y , s ince the semiconductor i n t e r f a ce 
becomes an e f f e c t i v e e l e c t r o n donor or acceptor only when 
photoexc i ted , i t may prove pos s i b l e to cons t r a in e l e c t r o n exchange 
at low l i g h t f lux to s ing l e e l e c t r o n processes . That i s , a f t e r 
donating or accept ing a s i ng l e e l e c t r o n , the i n d i v i d u a l 
semiconductor p a r t i c l e ( exc i ted by a s ing l e photon) loses complete ly 
i t s reducing or o x i d i z i n g power, render ing i t unable to complete 
m u l t i e l e c t r o n exchanges unless the redox product i s s u f f i c i e n t l y 
chemica l l y and p h y s i c a l l y pe r s i s t en t on the surface to await a 
subsequent p h o t o e x c i t a t i o n . 
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Adsorpt ion Cont ro l 

I t has long been recognized by e lect rochemists that c o n t r o l l i n g 
the chemical composit ion of the double l aye r formed at the surface 
of a poised e l ec t rode should a l low s p e c i f i c e l ec t rochemica l 
r eac t i ons of molecules contained t h e r e i n . On semiconductor powders 
suspended i n nonaqueous s o l u t i ons of a substrate of i n t e r e s t , a 
s u b s t a n t i a l a d s o r p t i o n / s o l u b i l i z a t i o n d i f f e r e n t i a l w i l l occur as the 
d i e l e c t r i c of the l i q u i d phase i s a l t e r e d . For example, when 
t i t an ium d iox ide powder i s suspended i n a c e t o n i t r i l e conta in ing 
d ipheny le thy lene , and the r e s u l t i n g suspension i s i r r a d i a t e d with 
long wavelength u l t r a v i o l e t l i g h t , an impress i ve ly c l ean ox ida t i ve 
cleavage i s observed, eqn (1 ) . 

T i 0 2 

CH3CN 
Q) (100%) 

I f , however, the same r e ac t i on i s attempted i n methanolic s o l u t i o n , 
no o l e f i n ox ida t i ve cleavage i s de tec ted , and solvent ox ida t i on 
dominates the observed chemical process . Presumably, the po lar 
so lvent p r e f e r e n t i a l l y b inds to the oxide sur face , e f f e c t i v e l y 
negating the adsorpt ion of the less po la r hydrocarbon. The observed 
r e a c t i v i t y i s then r e s t r i c t e d to molecules held at the sur face , 
i . e . , to solvent o x i d a t i o n . 

In s i m i l a r f a sh ion , i t has r e c e n t l y been reported that a 
chemica l l y s i g n i f i c a n t d i f f e r ence i n o x i d i z a b i l i t y ^ i n primary and 
secondary a l coho l s i s observed on i r r a d i a t e d T i O ^ . For example, 
eqn (2) , e xce l l en t y i e l d s of aldehyde are obtained from primary 
a lcoho l : 

TiO */Pt 
n - C 7 H 1 5 C H 2 O H 1 2 > n - C ^ C H O 

V 
(2) 

Since gas phase i o n i z a t i o n p o t e n t i a l s i n d i c a t e that secondary 
a l coho l s should be more e a s i l y ox id ized than primary a l c o h o l s , the 
r e l a t i v e r e a c t i v i t y cannot be governed by thermodynamic f ac tors 
assoc ia ted with primary e l e c t r o n exchange. A l o g i c a l exp lanat ion 
for the order ing of the r e a c t i v i t y may r e l a t e to the p r e f e r e n t i a l 
adsorpt ion of the primary a l coho l on the metal oxide sur face . 

The Semiconductor Surface as a_ React ion Template 

In p r i n c i p l e , the arrangement of r e a c t i v e intermediates 
generated by e l e c t r o n - hole p a i r capture by two redox couples on 
the semiconductor surface may al low for d ivergent r e a c t i o n paths 
when the same r e a c t i v e intermediates are generated on the i r r a d i a t e d 
surface and i n an i s o t r o p i c environment. I f a p a r t i c u l a r r e a c t i v e 
intermediate i s qu i te s t ab l e , the o v e r a l l chemistry observed may be 
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i d e n t i c a l on the surface of t h i s heterogeneous photocata lys t and i n 
homogeneous s o l u t i o n . For example, the ox ida t i ve cleavage of 
1-methoxynaphthalene, eqn 3, 

0CH o 

T i o 2 * , o 2 

CH3CN 

vNC-®- CN 

C 0 2 C H 3 

C0 2 H 
(3) 

0 2 ,CH 3 CN 

gives i d e n t i c a l products when the r a d i c a l c a t i on formed by s ing l e 
e l e c t r o n ox ida t i on i s generated on i r r a d i a t e d T i 0 2 or by e l e c t r o n 
t r ans f e r to a d i s so l ved e l e c t r o n acceptor (p -dicyanobenzene) . The 
s i m i l a r i t y i n r e a c t i v i t
s t a b i l i t y of the r a d i c a
on the surface u n t i l i t i s captured by oxygen or superoxide, 
i n i t i a t i n g a sequence which u l t i m a t e l y leads to carbonyl compounds. 

In con t r a s t , the analogous 1-methylnaphthalene gives a 
complete ly d i f f e r e n t product i f the r e ac t i on i s conducted i n 
homogeneous s o l u t i o n compared with that found on the i r r a d i a t e d 
s o l i d pho toca ta l y s t . Exc l u s i v e s ide cha in ox ida t i on i s observed, 
eqn 4, 

T i 0 2 * , 

CH 3CN 

CN 

CH3CN 

C0CH o 

CO H 
CHO (4) 

i n s o l u t i o n , whereas a r i ng cleavage p a r a l l e l to that gbserved with 
the methoxylated analogue i s found on i r r a d i a t e d T i 0 2 . Th is r e s u l t 
i s understandable i f the so lvent acts as a weak base enveloping the 
h i g h l y a c i d i c r a d i c a l c a t i o n formed by s ing l e e l e c t r o n exchange i n 
s o l u t i o n . The a lpha-methylnaphthyl r a d i c a l thus generated by 
deprotonat ion can be e f f i c i e n t l y scavenged by oxygen, i n i t i a t i n g a 
r a d i c a l chain process i n which the alpha-hydrogen i s s p e c i f i c a l l y 
i n v o l v e d . On the semiconductor, however, the f as te r r e a c t i on with 
adsorbed oxygen or with photogenerated superoxide apparent ly 
dominates the observed chemistry , l ead ing to ox ida t i ve c leavage. 

A p a r t i c u l a r l y graphic example of the d ivergent chemical 
r e a c t i v i t y of common r a d i c a l c a t i o n i c intermediates generated under 
d i f f e r e n t experimental cond i t i ons i s found i n the chemistry of 
d ipheny le thy lene . With t h i s system, eqn 5, 
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ox idat ive cleavage i s observed on i r r a d i a t e d TiO^ i n the presence of 
oxygen, ox ida t i ve d ime r i z a t i on i s a t ta ined at a poised metal 
e l e c t r o d e , and c y c l o d i m e r i z a t i o n i s found with a homogeneously 
d i spersed s ing l e e l e c t r on ox idant , the t r i a ry l amin ium i o n . A l l 
three pathways are thought to invo lve the same intermediate , i . e . , 
the r a d i c a l c a t i on formed by one - e l ec t ron ox ida t i on of 
d ipheny le thy lene . It i
conducting redox reac t ion
provide a new dimension i n mechanist ic chemistry . 

Surface Cont ro l of the Number of E l e c t r o n s i n ja Redox React ion 

Semiconductor powders whose valence and conduction band edges 
s t r add le the ox ida t i on and/or r educt ion p o t e n t i a l s of a redox couple 
of i n t e r e s t can ne i the r accept or donate e l ec t rons to the substrate 
i n the ground s t a t e . Upon pho toexc i t a t i on , however, these surfaces 
become h i g h l y e f f e c t i v e s i t e s for e l e c t r on exchange. A f t e r the 
primary e l e c t r o n t r a n s f e r , however, they resume t h e i r o r i g i n a l poor 
c a t a l y t i c redox r e a c t i v i t y . Since a wide range of organic 
substrates are known to react v i a m u l t i e l e c t r o n exchange i n 
convent iona l p reparat ive e l ec t rochemica l c e l l s , i t might be poss i b l e 
to induce novel r e a c t i on pathways from the i n i t i a l l y formed 
one - e l ec t ron redox product . 

A case i n point invo lves the e l ec t rochemica l ox ida t i on of 
v i c i n a l d i a c i d s . A standard synthe t i c method for the preparat ion of 
carbon-carbon double bonds occurs by the b i s - d eca r boxy l a t i on of such 
d i a c i d s . Even r e l a t i v e l y s t r a i n e d , s y n t h e t i c a l l y i n a c c e s s i b l e 
double bonds have been introduced i n t h i s way, e . g . , eqn 6. 

A p a r a l l e l e l e c t r o o x i d a t i o n of c i s - or 
t r a n s - c y c l o h e x e n e - 4 , 5 - d i c a r b o x y l i c ac ids would thus be expected to 
produce 1 ,4-cyclohexadiene, eqn 7. 

α:;ΐ ψ ο 
Oxidat ive a romat izat ion of t h i s product might reasonably lead to 
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benzene. When the ox ida t i on was conducted by i r r a d i a t i n g an 
aerated suspension of t i t an ium d iox ide powder, however, the 
b i s - d e c a r b o x y l a t i o n product could not be detected . Instead, the 
monodecarboxylation product was obtained i n reasonable chemical 
y i e l d as the so le i s o l a b l e product , eqn 8. 

C 0 2 H n o * ί Τ ν ° 0 2 Η 

2 - > I J (8) 
O H 1 M aq. \ / 

HNO 
°2 

This r e a c t i o n course can be understood i f we consider the 
mechanisms for the two d i f f e r e n t products formed i n eqns 7 and 8. 
In the anodic o x i d a t i o n , the top route i n eqn 9, 

<Lr>r\ CO H " C V H + ^ ^ 0 2 H — C0 2 H 
2 (9) 

v T i o * Η ζ >ι· T i 0 9 -
2 - C O ^ I ^ t 

-H+ C0 2 H U 2 "CO Η 
the f i r s t e l e c t r on i s removed to produce a carboxy r a d i c a l , a 
species well-known from the Kolbe e l e c t r o l y s i s to r a p i d l y lose C0 2« 
Th i s bond cleavage thus provides a beta-carboxy r a d i c a l . This 
species i s more r e a d i l y ox id i zed than i s i t s p recursor , s ince a 
second ox ida t ion can convert i t to an anch imer i ca l l y s t a b i l i z e d 
c a t i o n . Thus, the second step shown i n the top mechanism of 
equat ion 9 occurs r a p i d l y compared with the f i r s t . The f i r s t two 
steps may be considered there fore to occur s imultaneous ly , i . e . , by 
a two e l e c t r on o x i d a t i o n . It i s not poss ib l e to avoid the second 
ox i da t i on at a poised e l ec t rode because the appl ied p o t e n t i a l cannot 
be switched o f f at a rate comparable to that of the second e l e c t r o n 
t r a n s f e r . The ca t i on formed by the two e l e c t r on ox ida t i on then 
rearranges e l e c t r o n i c a l l y , e x p e l l i n g the second molecule of C0 2 and 
forming the observed o l e f i n i c product . 

With the semiconductor ox ida t i on c a t a l y s t , however, the surface 
becomes ac t i va ted only upon pho toexc i t a t i on . At low l i g h t 
i n t e n s i t i e s , the p o s s i b i l i t y that many holes are formed i n the 
valence band i s remote, so that the i r r a d i a t e d semiconductor powder 
becomes an e f f e c t i v e one - e l ec t ron ox idant . Now i f the same 
chemistry ensues on the photochemical ly ac t i va ted T i 0 2 sur face , then 
the r eac t i on w i l l proceed as i n the bottom route of eqn 9. Thus, 
the carboxy r a d i c a l i s formed, producing an a l k y l r a d i c a l a f t e r loss 
of carbon d i o x i d e . Since the semiconductor cannot continue the 
ox i da t i on a f te r the f i r s t s tep , the r a d i c a l p e r s i s t s , eventua l l y 
r ecaptur ing the conduction band e l e c t r o n , e i the r d i r e c t l y or through 
the i n t e r ven t i on of an intermediate r e l a y , perhaps superoxide. The 
r e s u l t i n g anion would be r a p i d l y protonated to product . 
P r e f e r e n t i a l adsorpt ion of the d ica rboxy la te s t a r t i n g mater i a l 
(compared with the mono-carboxylate) ensures the i s o l a b i l i t y o f th i s 
p o t e n t i a l l y ox i d i z ab l e product , at l ea s t at low f r a c t i o n a l 
convers ion . Note that t h i s route does not cons t i t u t e a net change 
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i n ox ida t i on l e v e l , but i s ra ther a redox -cata lyzed d i smutat ion . 
React ions i n which an e l e c t r on t r ans fe r (E) i s followed 

s e q u e n t i a l l y by a chemical r e ac t i on (C) and a second e l e c t r on 
t r ans f e r (E ) , are c a l l e d ECE processes . We can now see that both 
the top and bottom routes of eqn 9 invo l ve ECE pathways. The top 
route , however, invo lves an ox ida t i on as the second e l ec t rochemica l 
s tep , whi le the bottom route i s charac te r i zed by a reduct ion i n the 
second stage of the e l e c t r o n exchange sequence. 

The r o l e of oxygen i n th i s chemical t ransformat ion can be 
addressed i f the r e ac t i on shown i n F igure 8 i s conducted as a 
deoxygenated aqueous a c i d i c suspension. Under these c o n d i t i o n s , 
monodecarboxylation can s t i l l be de tec ted , eqn 10, 

f Y ° 2 " Γ Γ * Η
 ( 1 0 ) 

\ ^ S o o H
2

but i t i s accompanied by extensive hydrogénation of the C-C double 
bond of the reactant and product . Since plat inum i s an exce l l en t 
hydrogénation c a t a l y s t i n the presence of gaseous hydrogen, t h i s 
product argues for the photoe lectrochemcia l formation of hydrogen by 
concomitant proton r educ t i on . Since no hydrogénation can be 
detected i n the presence of oxygen, i t i s c l e a r that oxygen i s 
necessary for the cathodic h a l f r e a c t i on i n the photoe lectrochemica l 
convers ion . 

I f a s a c r i f i c i a l e l e c t r o n donor rep laces the ox id i z ab l e 
d i ca rboxy l a te i n the r e a c t i o n mixture of eqn 10, the i r r a d i a t e d 
powders can serve as e f f e c t i v e hydrogénation c a t a l y s t s , p rov id ing an 
e f f e c t i v e , safe source of hydrogen gas at low, but chemica l ly 
e f f e c t i v e , concent ra t i ons . 

The example shown i n eqn 8 i s but the f i r s t of many p o t e n t i a l 
photoe lectrochemica l conversions which might d i f f e r subs tan t i ve l y 
from analogous convent ional anodic ox i da t i ons . Further 
i n v e s t i g a t i o n s of t h i s area are c u r r e n t l y being undertaken i n our 
research group. 

Summary 

We have shown how the band s t ruc tu re of photoexcited 
semiconductor p a r t i c l e s makes them e f f e c t i v e ox ida t i on c a t a l y s t s . 
Because of the heterogeneous nature of the p h o t o a c t i v a t i o n , 
s e l e c t i v e chemistry can ensue from p r e f e r e n t i a l adso rp t ion , from 
d i r e c t e d r e a c t i v i t y between adsorbed r e a c t i v e in te rmed ia tes , and 
from the r e s t r i c t i o n of ECE processes to one e l e c t r o n routes . The 
extens ion of these experiments to ca ta lyze chemical reduct ions and 
to address heterogeneous redox reac t ions of b i o l o g i c a l l y important 
molecules should be s t ra i ght fo rward . In f a c t , the use of 
sur face -modi f ied powders coated with c h i r a l polymers has r e c e n t l y 
been reported to cause asymmetric i nduc t i on at p r o c h i r a l redox 
cen te r s . As more semiconductor powders become r o u t i n e l y 
a v a i l a b l e , the importance of these photocata lys ts to organic 
chemistry i s bound to i nc r ea se . 
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Triplets 
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Phenothiazine derivative
chemical industry; they
-stuffs, antioxidants and in pharmaceutical preparations. This appli
cation is due to the discovery of their neuroleptic activity (1) 
(e.g. Chlorpromazine), but allergic skin reactions and ocular opa
city are known to occur during therapy. 

Assuming that these side effects might be primarily initiated 
by light induced electron or energy transfers, investigations on the 
conditions where such transfers take place with high efficiency and 
with some specificity are of fundamental interest. Phenothiazine and 
its N-alkylated derivatives have also been of interest as electron 
donating substrates in early investigations of photochemically in
duced charge separation (2-5), necessary for a successfull photoche
mical energy conversion. Besides phototoxicity, which might involve 
oxygen, and energy conversion, just two examples of model investiga
tions, phenothiazine derivatives are convenient probes in micelles 
and mixed aggregates, model systems themselves for preparative ap
plications (6) as well as biomimetic environments (7). 

Phenothiazine 

Phenothiazine is readily oxidized when irradiated in solution with 
chlorinated hydrocarbones 08). The reaction has been shown to be an 
electron transfer generating the phenothiazine (PTH) radical cation 
(ΡΤΗ+') and the halogen anion as shown in equation 1. 

hv , 
PTH + RC1 • PTH + R* + Cl (1) 

Photooxidation may lead to a similar electron transfer yielding PTH+* 
and superoxide, 

hv . 
PTH + 02 • PTH+' + 0"' (2) 

7Current address: Laboratoire IMRCP, ERA 264, Univ. Paul Sabatier, F-31062 Toulouse, France 
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i n f a c t , the neu t r a l phenoth iaz iny l r a d i c a l (PT*) , produced by subse
quent deprotonat ion of PTH + * (Equation 3) , has been i d e n t i f i e d by ESR 
spectroscopy (9). 

PTH + " • PT" + H + (3) 

The corresponding ESR s i gna l has a l so been assigned to the n i t r o x i d e 
d e r i v a t i v e of phenothiaz ine (10) which i s thought to be generated by 
i n s e r t i o n of s i n g l e t oxygen ( 1 θ 2 ) (Equation 4) in to the N-H-bond 
(Equation 5) and subsequent homolysis of the hydroperoxide (Equation 
6 ) . 

PTH + 0 2 • PTH + 0 2 (4) 

OOH O* 

However, the r e s u l t s of the s e n s i t i z e d oxygenation do not support 
such a sequence of r eac t i ons (vide i n f r a ) . 

In a d d i t i o n to the p o s s i b i l i t i e s of e l e c t r on t rans fe r (Equation 
2) and energy t r ans f e r (Equation 4 ) , e l e c t r o n t rans fe r to s i n g l e t 
oxygen (Equation 7) and subsequent deprotonat ion (Equation 3 ) , or 
hydrogen t rans fe r to s i n g l e t oxygen (Equation 8) (8) are to be taken 
in to cons i de r a t i on and make an attempt of a d i f f e r e n t i a t i o n between 
those postu la ted mechanisms extremely d i f f i c u l t . 

PTH + 1 0 2 • PTH + * + 0~ # (7) 

PTH + i o 2 • P T * + m'2 (8) 

The i d e n t i f i c a t i o n of the major products of the photoox idat ion of 
phenothiaz ine upon i t s d i r e c t e x c i t a t i o n does not support the idea of 
a N-hydroperoxy intermediate (Equation 5) (11) . In f a c t , phenoth ia -
z i ne -5 - ox i de (A) which has been f i r s t i d e n t i f i e d by comparing Rf v a 
lues i n t h i n l ayer chromatography of i s o l a t e d and separate ly prepared 
samples (11) represents the best evidence of a s i n g l e t oxygen r e a c 
t i o n (Equation 9) (12). 

Ο 
t 

Η 
A 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



6. BRAUN ET AL. Phenothiazine Triplets 81 

Other i s o l a t e d products cons i s t of the 3H-phenothiaz ine-3-one d e r i v a 
t i v e s Β (13), C and D (11) , the formation of which may be expla ined 
by a r a d i c a l hyd roxy l a t i on of PT " . 

Β C 

Since superoxide reduces r e a d i l y qu ino id s t ruc tu res (e .g . B) (14), 
product C (7 -hydroxy-3H-phenothiazine-3-one) may have a s i m i l a r gene
s i s , and 7 - (10 -phenoth iaz iny l ) -3H -phenoth iaz ine -3 -one (D) represents 
one of the many pos s i b l e recombination products s t a r t i n g from PT* . 

D 

Dye s e n s i t i z e d photoox idat ion of phenothiaz ine should r evea l 
whether i n a d d i t i o n to r e a c t i o n 9 any compet i t ive s i n g l e t oxygen r e 
a c t i o n (Equation 5) or e l e c t r o n t r ans f e r process (Equation 7) i s o c 
cur i n g . Rosenthal and Poupko (15) reported that r a d i c a l formation 
could be observed by ESR spectroscopy dur ing a methylene b lue s e n s i 
t i z e d photoox idat ion of phenoth iaz ine ; the s i g n a l was suppressed, 
however, upon a d d i t i o n of DABCO. Since t h i s quencher does not e f f ec t 
ESR spect ra of severa l commercial ly a v a i l a b l e n i t r o x i d e s , thus , i n d i 
c a t ing that a n i t r o x i d e intermediate (Equation 6) does not e x i s t 
(16), i t was claimed that s i n g l e t oxygen undergoes an e l e c t r o n t r a n s 
f e r r e a c t i o n (Equation 7 ) , the product of which (PT* a f t e r r e a c t i o n 
3) i s no longer detectab le when the s i n g l e t oxygen i s quenched. 

Benzophenone (BP) s e n s i t i z e d photoox idat ion of phenothiaz ine 
leads mainly to the formation of products A and Β (17) . In view of 
the many data a v a i l a b l e from the l i t e r a t u r e and from our own e x p e r i 
ments the pub l i shed i n t e r p r e t a t i o n needs, however, some r e v i s i o n : 
provided 3H-phenothiazine-3-ones are not products of a s i n g l e t oxygen 
r e a c t i o n wi th ground s ta te phenothiaz ine ( c f . methy lphenothiaz ine ) , 
formation of products A and Β i m p l i e s two d i f f e r e n t ox ida t i on 
mechanisms. Since s i n g l e t oxygen s e n s i t i z a t i o n by benzophenone 
(Equations 10 to 12) i s known to be very i n e f f i c i e n t , r e a c t i o n 
sequence (10), (13), (14), and (9) 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



82 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

1 h v 1 
QBP • ^BP (10) 

-i ISC ~ 
Χ Β Ρ • ^BP (11) 

^BP + 0 2 • *BP + X 0 2 (12) 

^BP + *PTH • ^BP + ^PTH (13) 

^PTH + 0 2 • *PTH + O (14) 

seems l o g i c a l . For product B, e i t h e r r e a c t i o n 13 could be p a r a l l e l e d 
by r e a c t i o n 15 

^BP + PTH • BP"* + P T H + ' (15) 

l ead ing i n oxygen saturated benzene to superoxide (Equation 16), or 
r e a c t i o n 7 i s s u c c e s s f u l l y competing with r e a c t i o n 9. 

BP"" + 0 2 • BP + 0~* (16) 

Cons ider ing r eac t i ons 3 and 17, both ways are lead ing f i n a l l y to p r o 
duct Β by r a d i c a l h y d r o x y l a t i o n . 

Ο " - + H + ^ = ς ρ H0 2 (17) 

It i s evident t h a t , for the r e a c t i o n sequences proposed, the q u a n t i 
t a t i v e ana l y s i s of product Β as a f unc t i on of added DABCO cannot be 
used as a d e c i s i v e argument i n favour of or against a s i n g l e t oxygen 
mechanism. Moreover, the increase of the ra te of phenothiazinone f o r 
mation wi th the concent ra t ion of p r o t i c so lvent where s i n g l e t oxygen 
i s quenched e f f i c i e n t l y supports the g iven i n t e r p r e t a t i o n . 

In c o n c l u s i o n , no d i f f e r e n t i a t i o n regard ing r eac t i ons 2 and 7 
can be drawn from the a v a i l a b l e data . Many experimental d i f f i c u l t i e s 
a r i s i n g from the rather great number of products found due to the de 
p rotonat ion of PTH + " ( r e ac t i on 3) can, however, be reduced i n taking 
simple N - a l ky l a t ed phenothiaz ine d e r i v a t i v e s as model compounds. In 
a d d i t i o n , the use of microheterogeneous systems (m ice l l e s , microemul -
sions) as a r e a c t i o n environment, favour ing charge sepa ra t ion , might 
be advantageous for the d i f f e r e n t i a t i o n between e l e c t r o n and energy 
t r ans fe r r e a c t i o n s . 
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N-Methyl -phenothiaz ine 

T r i p l e t s of N-methyl -phenothiaz ine (^MPT) are found to reduce almost 
q u a n t i t a t i v e l y C u 2 + but to t r ans fe r t h e i r energy to N i 2 + and C o 2 + 

(18). Experiments i n s o l u t i o n (ethanol/water: 1/2) and i n aqueous 
Cu(LS)2 m i c e l l e s show that the e l e c t r o n t r ans fe r i n f u n c t i o n a l i z e d 
organized media i s extremely e f f i c i e n t . The r a te constant of e l e c t r o n 
t r ans fe r (Equation 18) i n s o l u t i o n has been measured 

^MPT + C u 2 + • ΜΡΤ + · + C u + (18) 

to be 1.0(±0.1) χ 10 9 M"" 1 s" 1 (18) and i s , thus , ^40 times slower than 
that estimated i n Cu(LS)2 m i c e l l e s . Energy t r ans f e r to N i 2 + and C o 2 + 

(Equation 19), r e s p e c t i v e l y , i s slower by about a f ac to r of 100; 
tab le I shows the correspondin

?MPT + C o 2 + • *MPT + C o 2 + (19) 

a f a s t e r t r i p l e t quenching i n app rop r i a t e l y f u n c t i o n a l i z e d m i c e l l e s 
by about a f ac to r of 600. 

Table I . Rate constants of the energy t r ans f e r from ^MPT (^10 M) 
to N i 2 + and C o 2 + i n s o l u t i o n (ethanol/water: 1/2) and 
aqueous l a u r y l sulphate m i c e l l e s (18). 

N i 2 + (5xlO" 3M) 7 .7 (±0 .1 ) χ 10 6 M " 1 s " 1 

N i ( L S ) 2 (2xlO" 2M) 2 .1 (±0 .1 ) χ 10 7 s " 1 

C o 2 + (5x10"%) 1.4(±0.1) χ 10 7 M " 1 s " 1 

Co (LS ) 2 (2xl0" 2 M) 4 .2 ( ±0 .1 ) χ 10 7 s"" 1 

^PTH reduces E u J (E ° = - 0 , 4 V) at a r a t e comparable to that of r e a c 
t i o n 19, but only t r i p l e t quenching i s observed when M n 2 + i s used as 
a quencher. The r a te constants of the l a t t e r r e a c t i o n i n s o l u t i o n and 
aqueous m i c e l l a r systems correspond to energy t r ans f e r r a t e constants 
measured with N i 2 + and C o 2 + (Equation 19, Table I ) . 

In cont ras t to the e l e c t r o n t r ans f e r r eac t i ons i n ques t i on , the 
e f f i c i e n c y of which i s p r i m a r i l y determined by the d i f f e r ence of r e 
dox p o t e n t i a l s of the exc i t ed donor molecule and the acceptor and, 
hence, by the v a r i a t i o n i n f ree energy (21), e f f i c i e n c i e s of exother 
mic energy t r ans f e r s depend s o l e l y on the l o c a l concent ra t i on of an 
appropr iate quencher. 

I f MPT i s s o l u b i l i z e d i n aqueous CTAB m i c e l l e s together with a 
hydrophobic quencher, s t a t i s t i c a l and prox imity e f f ec t s w i l l i n f l u 
ence the e f f i c i e n c y and ra te of the energy t r ans f e r i n the same d i 
r e c t i o n . Thus r e a c t i o n 20 i s enhanced i n the conf ined space of a CTAB 
m i c e l l e by a f ac to r of ^10 (19) . 
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^MPT + t r a n s - s t i l b e n e • *MPT + ^ t r a n s - s t i l b e n e (20) 

In both cases , where the quencher i s i d e n t i c a l with the counter ion or 
where the quencher i s hydrophobic , confinement of the r e a c t i o n space 
to the m i c e l l e s i z e induces both an enhancement of the observed r e a c 
t i o n as w e l l as a r educ t i on of the r e a c t i o n order from two to one. 

The observed r e v e r s i b l e energy t r ans fe r (Equation 21) p laces the 
energy of ^MPT at ^255 k J . m o l " 1 (19) . 

3 1 1 3 
jMPT + Q naphthalene — ^ QMPT + ^naphthalene (21) 

Since t r i p l e t N-methyl -phenothiaz ine reduces NO3, the redox p o t e n t i a l 
of ^MPT must be <-l V and has been estimated to be - 1 . 8 V (20) . The 
e l e c t r o n t r ans f e r r a t e observe
c e l l a r systems i s 3.5x10
cond i t i ons r epor ted , about a f ac to r of 10^ slower than r e a c t i o n 18. 

^MPT + N0~ • MPT + " + NO2"* (22) 

This i s i n agreement w i th the p r e d i c t i o n s based on the Marcus theory 
(21) , that the r a te of r e a c t i o n should be cons iderab ly below the d i f 
f u s i o n - c o n t r o l l e d l i m i t due to the r e l a t i v e l y smal l decrease i n f ree 
energy i n the r educ t i on of NO3. 

It i s i n t e r e s t i n g to note that the ra te of r e a c t i o n 22 i s en 
hanced i n c a t i o n i c m i c e l l a r systems with respect to an ion ic m i c e l l a r 
systems but remains slower by a f ac to r of 10 than i n homogeneous s o 
l u t i o n (water -ethanol ) . Th i s has been in t e rp r e t ed i n terms of r e a c 
t i o n energet ics a t t r i b u t i n g to QMPT and ̂ MPT s o l u b i l i z e d i n m i c e l l a r 
systems higher redox p o t e n t i a l s than i n homogeneous s o l u t i o n (20). 
Table I I shows, however, that the ground s ta te redox p o t e n t i a l of N-
methyl -phenothiaz ine i s found smal ler i n m i c e l l a r aggregates (SLS) 
and the substance hence a be t t e r reductant under these cond i t i ons 
(22) . 

Table I I . Standard redox p o t e n t i a l s of MPT i n s o l u t i o n and 
i n m i c e l l a r aggregates. 

[MPT] System E° Remarks 

Ι Ο " 3 EtOH/H 20 (2/1) 0.62 [ L iC10 4 ] : 4 .8x lO " 2 M 

1 0 - * 1 0 _ 1 M SLS i n H 2 0 0.43 

The d i f f e r ence of these redox p o t e n t i a l s i s too b i g to be expla ined 
by a complexation with the sur factant aggregate (23). A d e t a i l e d s t u 
dy of the dependence of the redox p o t e n t i a l of MPT from the nature 
and the concent ra t ion of the sur factant leads to the conc lus ion that 
MPT +* i s i n t e r a c t i n g with the an ion ic sur factant system, i n t e r a c t i o n 
most pronounced with the monomeric sur factant e n t i t i e s (24). 
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Experimental evidence fo r t h i s i n t e r p r e t a t i o n ' s g iven by ESR 
spectroscopy, and the UV spect ra i n d i c a t e that MPT * i s l o c a l i z e d i n 
a h i g h l y po l a r reg ion of the aggregate, that i s now the an ion ic head 
groups of the su r f ac t an t . 

S i m i l a r t r i p l e t energies (18) and ground s ta te donor cha rac te 
r i s t i c s of MPT and PTH i n s o l u t i o n imply that t r i p l e t redox p o t e n t i 
a l s of the two substances must a l so be c l o s e . 

Based on these r e s u l t s of model e l e c t r o n and energy t r ans f e r 
r eac t i ons JMPT must produce superoxide by both d i r e c t (Equation 23), 
as w e l l as proton a s s i s t e d t r ans f e r (Equation 24). 

^MPT + 0 2 • MPT"1"* + 0~* (23) 

° ο / ο - · - - ° ·  < ® 

Î j W r + 0 2 + Η + • MPT"1"* + ΗΟ* (24) 

0 2 / Η 0 · = -0.05 (25) 

Indeed, photoox idat ion of MPT i n water/ethanol (1/2) l eads , as ex 
pected from s i m i l a r experiments w i th PTH (v. supra ) , to a complex 
mixture of products . The main components of the mixture have been 
separated and i d e n t i f i e d ( 2 2 ) . 3 -Hydroxy-10 -methyl -phenothiazine (E) 
i s not formed i n a s i n g l e t oxygen r e a c t i o n ( 2 6 ) ; i n analogy to the 
products from the photoox idat ion of d i r e c t l y e xc i t ed phenoth iaz ine , 
the formation of Ε may be expla ined by a recombination of the p r o 
ducts of r e a c t i o n 23, 

(25) 

CH3 CH3 
Ε 

fol lowed by proton s h i f t and reduct ion of the intermediate hydroper 
oxide (Equation 25). The chemical y i e l d s of Ε and F (10 -methy l -phe -
noth iaz ine-5 - ox ide ) are p r a c t i c a l l y the same (23% at 60% conversion) 
i n d i c a t i n g the h igh e f f i c i e n c y of e l e c t r o n t r c n s f e r when compared 
wi th s i n g l e t oxygen product ion (Equations 26 and 27). 
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2 

(26) 

(27) 

Hovey a l so found the ESR s i g n a l corresponding to MPT +" when i r r a d i a 
t i n g MPT s o l u b i l i z e d i n aqueous SDS m ice l l e s (27). He deduces from 
r e a c t i o n 28 y i e l d i n g 5% of benzy l su l f ox ide that s i n g l e t oxygen i s 

MPT + 'C10~ + PhCH

— M P T + PhCH 2SOCH 2Ph + KC10 4 

formed from the energy of recombination of MPT +" and 0~* (Equation 29). 

MPT + ' + 0~* • MPT + 1 0 2 (29) 

However, no recombination products according Equat ion 25 have been 
looked for and, thus , su l f ox ide product ion due to s u l f i d e ox ida t i on by 
an intermediate 10-methyl -phenothiaz ine -3 -hydroperoxide cannot be ex
c luded. 

In a d d i t i o n to products Ε and F , 16% (at 60% conversion) of 9 -
methy l -carbazo le G has been i s o l a t e d . Carbazole formation impl ies a 
loss of S0 2 from sul fone H and subsequent r i n g c losure (Equation 30). 

(30) 

Sulfone product ion i t s e l f i s not a s i n g l e t oxygen r e a c t i o n (26); the 
r e a c t i o n requ i res most probably an e l e c t r o n i c a l l y e xc i t ed phenoth ia 
z ine intermediate s ince superoxide and MPT do not react i n model r e 
act ions us ing K 0 2 and crown ethers i n p y r i d i n e . 

Our hypothesis i s based on the observat ion that the photoox ida 
t i o n upon d i r e c t e x c i t a t i o n of F y i e l d s G as we l l as a hydroxylated 
su l f one , too (28). Aga in , t h i s r e a c t i o n must invo lve oxidants other 
than s i n g l e t oxygen, for no r e a c t i o n has been observed between the 
l a t t e r and ground s ta te 10 -methy l -phenoth iaz ine -5 -ox ide (F) . 

Superoxide product ion cannot be achieved by r e a c t i o n 31, a hypo
thes i s s i m i l a r to that formulated with r e a c t i o n 7: 

MPT + 1 0 2 • MPT +* + 0"* (31) 

We have confirmed e a r l i e r r e s u l t s (26) where s i n g l e t oxygen, produced 
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by Rose Bengal s e n s i t i z a t i o n , reacts w i th ground s t a te MPT only to 
y i e l d the corresponding su l f ox ide F (Equation 27). S ince redox poten 
t i a l s of PTH and MPT are about the same, e l e c t r o n t r ans f e r (Equation 
7) does not seem a p l a u s i b l e exp lanat ion of the ESR s i gna l s observed 
(15); i n v e s t i g a t i o n s i n m i c e l l a r systems g ive evidence of a prominent 
e l e c t r o n t r ans f e r r e a c t i o n to the Rose Bengal t r i p l e t s o x i d i z i n g the 
phenothiazine d e r i v a t i v e present (v ide i n f r a ) . E l e c t r o n t r ans f e r 
would then imply a s i m i l a r r e a c t i o n sequence as postu la ted for the 
benzophenone s e n s i t i z e d ox ida t i on of phenothiaz ine ( r eact ions 10, 11, 
15, 16) , however, l a s e r pho to l y s i s experiments necessary for the de 
t e c t i o n of a s i m i l a r e l e c t r o n t r ans fe r r e a c t i o n between methylene 
blue t r i p l e t s and 10-methyl -phenothiaz ine have not been reported so 
f a r . 

MPT + 1 0 2 • MPT + 0  (32) 

MPT reacts somewhat more s lowly w i th s i n g l e t oxygen than PTH. The 
combined ra te constants of p h y s i c a l quenching (e .g . Equat ion 32) and 
chemical r e a c t i o n (e .g . Equat ion 27) have been c a l c u l a t e d from photo 
o x i d a t i o n experiments i n bromobenzene/methanol (2/1) to be 1.2x10^ 
M " 1 s " 1 fo r MPT and 4 . 2 x l 0 7 M " 1 s " 1 for PTH (26). Hovey has c a l c u l a t e d 
a ra te constant of p h y s i c a l quenching fo r MPT i n chloroform of 
2.9x10^ M~^s~^ (27). Experiments i n aqueous methanol or aqueous m i 
c e l l a r systems show slower ra te constants of the chemical r e a c t i o n , 
most probably due to the more e f f i c i e n t d e a c t i v a t i o n of s i n g l e t oxy
gen by the so lvent ( k d ( H 2 Q ) - 2 . 3 x l 0 5 s " 1 ) . 

Photoox idat ion of MPT i s , however, acce l e ra ted i n 0/W microemul -
s i o n s ; t h i s might be due to l o c a l concentra t ion and o r gan i za t i on e f 
f ec ts (24) a c c e l e r a t i n g d ismutat ion as proposed by Foote and Peters 
(12) fo r the formation of su l f ox ides (Equation 27). 

P o s s i b i l i t i e s i n the a p p l i c a t i o n of microheterogeneous systems 
for the enhancement of e l e c t r o n t r ans f e r r eac t ions and the s t a b i l i z a 
t i o n of charged intermediates suggest a vast domain of i n v e s t i g a t i o n s 
us ing i o n i c su r f ac tan t s . No enhancement of charge separat ion has been 
found subsequent to r e a c t i o n 23, when an ion i c m i c e l l e s are used. Th i s 
i nd i c a t e s that the back t r ans f e r of the e l e c t r o n i s f a s t e r than the 
expu ls ion of the superoxide anion from the aggregate. The s t a b i l i t y 
of MPT +* towards the a d d i t i o n of charged nuc l eoph i l e s present i n the 
aqueous bulk phase increases from c a t i o n i c to neu t r a l to an ion ic m i 
c e l l a r systems; the rate constants change from f i r s t to second order 
and imply a h igh l o c a l concent ra t ion of charged mucleophi le i n the 
Stern and i n the Gouy-Chapman space of c a t i o n i c aggregates (29). A 
s i m i l a r n u c l e o p h i l i c a d d i t i o n of superoxide pass ing the m i c e l l a r i n 
te r f ace i s p r a c t i c a l l y imposs ib le as found by e l e c t r on t r ans fe r ex 
periments us ing h y d r o p h i l i c and hydrophobic acceptors (14) . 

Chlorpromazine 

Rosentha l , B e r c o v i c i and Fr imer (26) report that the dye s e n s i t i z e d 
photooxidation of Chlorpromazine (I) leads to 2-chloro-phenothiazine-
5-oxide ( J ) ; since upon shorter i r r a d i a t i o n times 2-chloro-phenothia-

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



88 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

zine (K) has been i s o l a t e d as a minor product of p h o t o l y s i s , Κ has 
been proposed as an intermediate (Scheme 33). 

Κ J 

Whereas the formation of J f i t s i n to the i n t e r p r e t a t i o n g iven for the 
r e a c t i o n of w i th PTH and wi th MPT, the f i r s t step imply ing d e a l -
k y l a t i o n of the 1 0 - p o s i t i o n i s open to mechanis t ic specu l a t i ons . 

(34) 
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The f ac t s that s i n g l e t oxygen i s needed for t h i s d e a l k y l a t i o n process 
and that the r e a c t i o n i s about 10 times f a s t e r then the su l f ox ide 
product ion do not support the postu la ted hydroxy l a t i on i n the a - p o s i 
t i o n (26). Hydrogen ab s t r ac t i on at that p o s i t i o n would produce a 
h i g h l y s t a b i l i z e d r a d i c a l intermediate (Scheme 34). 

Pe roxy l a t i on i n v o l v i n g a N-peroxide intermediate (30) (Scheme 35) 
would lead to the dea lky l a ted d e r i v a t i v e K. Exper imental cond i t ions 
used (26) would a l low the d e t e c t i on of the h i g h l y s t a b i l i z e d immonium 
ion by spectrophotometr ic a n a l y s i s . However, no such intermediate has 
yet been repor ted . 

(35) 

Neg lect ing semantic d i f f e rences fo r the d e s c r i p t i o n of an i n t e r 
mediate (St ructures 36) not yet c h a r a c t e r i z e d , we may assume that the 
p h y s i c a l quenching of s i n g l e t oxygen by phenothiaz ine proceeds v i a 

(36 ) 

o" 
a b 

some charge t r ans f e r i n t e r a c t i o n (31,32) producing a charge d e f i 
c iency at the phenothiaz ine moiety (Equation 37). 

(36 ) (37) 
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Since no d e a l k y l a t i o n i s observed i n the r e a c t i o n of MPT with 
s i n g l e t oxygen, an intermediate l ead ing to a r e a c t i o n sequence as 
postu la ted i n Scheme 35 (30,33) does not seem r e a l i s t i c . 

E f f i c i e n t p h y s i c a l quenching of s i n g l e t oxygen by phenothiaz ine 
d e r i v a t i v e s might then invo lve a charge t rans fe r complex ( s t ruc tu re 
36a), and depending on subs t i tuents l i nked to an a l k y l cha in i n 10-
p o s i t i o n , anchimeric e f f e c t s may lead to s t a b i l i z a t i o n of the charge 
d e f i c i e n c y at the phenothiaz ine moiety by i r r e v e r s i b l e fragmentation 
(34). Thus, d e a l k y l a t i o n of chlorpromazine might fo l low Scheme 38, 
and the f a c t that corresponding 3-amine d e r i v a t i v e s do not dea lky l a t e 
supports t h i s i n t e r p r e t a t i o n . 

(38) 

H 

Unfor tunate ly , p repara t ive experiments of Iwaoka and Kondo (35) 
are of no d i r e c t r e l a t i o n to mechanis t ic i n v e s t i g a t i o n s ; the use of 
a low pressure mercury lamp provides no s e l e c t i v i t y as far as e x c i t a 
t i o n of substrate or products i s concerned. However, the f ac t that 
pho to l y s i s i n strong a c i d s o l u t i o n decreased the b l each ing r a te would 
i n d i c a t e the absence of an anchimeric e f f ec t and the r e s u l t s of t h e i r 
i n v e s t i g a t i o n s by f l a s h pho to l y s i s are i n agreement wi th the e l e c t r on 
(Equation 2) and energy t r ans f e r (Equation 4) r eac t ions upon d i r e c t 
e x c i t a t i o n . 

Pursuing the idea that p h y s i c a l quenching e f f i c i e n c y and d e a l 
k y l a t i o n might depend on mesomeric and anchimeric charge s t a b i l i s a 
t i o n , a s e r i e s of phenothiaz ine d e r i v a t i v e s i s c u r r e n t l y under i n 
v e s t i g a t i o n i n order to determine r a te constants of p h y s i c a l quen
ching and chemical r e a c t i o n . 

Iwaoka and Kondo were a l so i n t e r e s t ed i n the t r ans i en t s of the 
phenothiazine d e r i v a t i v e s Κ to Ρ i n s o l u t i o n and aqueous m i 
c e l l e s ( 36) . 
From NMR s p e c t r a l patterns of the aromatic protons they deduce that 
L , 0 and Ρ are incorporated in to SDS aggregates, whereas M and Ν are 
attached to the double l a ye r . The i r f l a s h pho to l y s i s r e s u l t s as w e l l 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



6. BRAUN ET AL. Phenothiazine Triplets 91 

as those of Hoffmann, Tagesson and U l b r i c h t (37) do, however, not 
support t h i s i n t e r p r e t a t i o n , s ince no d i f f e r ence i n r a d i c a l c a t i o n 
s t a b i l i t y has been found. Furthermore, high y i e l d s of photoinduced 
r a d i c a l c a t i on formation are expla ined for a l l compounds by e f f i c i e n t 
e l e c t r o n e j e c t i o n from the aggregate. 

12 - ( 10 T - Pheno th i az iny l ) -Dodecy l - 1 -Su l f ona t

In cont ras t to the ammonium compounds c i t e d above, the 12 - (10 t - pheno -
t h i a z i n y l ) - d o d e c y l - l - s u l f o n a t e (Q) i s a s tab le sur factant molecule 
forming aggregates over a wide pH range by i t s e l f or with SLS. I^s 
CMC has been determined by di f ferent^methods to be approx. 5x10 M 
with an aggregat ion number of 4.2x10 (38). Var ious experiments imply 
that aggregate formation begins at concentrat ions far below the g iven 
CMC. The redox p o t e n t i a l (0.45 V),_is p r a c t i c a l l y independent of c on 
c e n t r a t i o n fo r a range from 5x10 to 5x10 M and d i f f e r s i n s i g n i f i 
cant l y from that of MPT i n aqueous SLS m i c e l l e s . 

Q 

ι 
(CH2)12 

SQ3Na 

From Table I I I , the t r i p l e t l i f e t i m e i s seen to increase s t rong ly 
upon inc r ea s ing the concent ra t ion of Q, e s p e c i a l l y above the CMC v a 
lue . The higher v i s c o s i t y of the m i c e l l e medium impedes the quenching 
of t r i p l e t s by impur i t i e s anjj i on s ; the t r i p l e t l i f e t i m e i s then go
verned by the slow e x i t of Q from the m i c e l l e and i s seen i n t h e i r 
p r i m a r i l y f i r s t - o r d e r decay. 

Upon inc r ea s ing the l a se r i n t e n s i t y , the t r i p l e t decay takes on 
a new form wi th the appearance of a s h o r t - l i v e d component superimpo
sed on the l o n g - l i v e d decay. When the e x c i t a t i o n pu lse i n t e n s i t y was 
v a r i ed i n the range of 5-100 mJ, the slow decay process was found to 
be independent of the i n t e n s i t y , and the amount of t r i p l e t , 2ps a f te r 
the l a se r pu l s e , was a l so i n v a r i a n t once s a t u r a t i o n had been achieved 

An a d d i t i o n a l f eature observed upon m i c e l l i z a t i o n i s an increase 
i n the r e l a t i v e y i e l d of r a d i c a l c a t i o n p roduct ion . From Table IV can 
be seen that at low concent ra t ion of Q, the amount of r a d i c a l c a t i o n 
produced i s e s s e n t i a l l y n i l and that t r i p l e t p roduct ion i s u n i t y . 
Above CMC the r a d i c a l c a t i o n product ion becomes comparable to the 
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Table I I I . L i f e t imes and y i e l d s of t r i p l e t s of Q 
so lu t i ons of d i f f e r e n t concentrat ions 

i n aqueous 
of Q (38). 

/ \ a) τ (μβ ) *1SC 

2 . 55x l0~ 5 68 1.0 b) 

6 . 3 7 x l 0 " 5 70 1.0 b) 

l . l O x l O " 4 82 0.78 

2 .22x l0~ 4 88 0.40 

5 .00x l0~ 4 322 0.15 

9 . 1 0 x l 0 " 4 448 0.093 

1.15x1ο-"3 

2 . 3 9 x l 0 " 3 686 0.058 

a) L i f e t imes determined fo r l o n g - l i v e d component at low l a s e r 
i n t e n s i t y 

b) T r i p l e t quantum y i e l d assumed as un i t y at t h i s concentrat ions 
(38) 

t r i p l e t p roduct ion . A r e l a t i v e enhancement i n r a d i c a l c a t i on produc
t i o n has been observed by Iwaoka and Kondo (35,36) i n aerated m i c e l 
l a r systems, cond i t ions t o t a l l y d i f f e r e n t from those reported here . 
The concent ra t ion of r a d i c a l ca t ions produced by p h o t o i o n i z a t i o n was 
found to increase nea r l y l i n e a r l y with l a s e r i n t e n s i t y , i n d i c a t i v e 

Table IV. L i f e t imes and y i e l d s of the r a d i c a l c a t i o n of Q i n 
aqueous s o l u t i o n of d i f f e r e n t concentrat ions of Q (38) 

[Q] τ 1/2 
Φ a) 
*CAT 

2 . 5 5 x l 0 " 5 0.8 ms 8 x l 0 " 4 

6 . 3 7 x l 0 " 5 3 x l 0 " 4 

l . l O x l O " 4 900 ms 0.048 

2 . 2 0 x l 0 " 4 5 x l 0 2 s 0.17 

5 . 0 0 x l 0 " 4 

9 . 1 0 x l 0 ' 4 1.19x l0 5 s 

0.33 

0.34 

1 .15x l0 " 4 

2.385x10" 3 1.80x l0 5 s 

0.25 

0.1 

a) Determined from r e l a t i v e y i e l d s of t r i p l e t and c a t i o n i c spe -
c i e s . 
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of a monophotonic process . Under d i l u t e cond i t i ons t h i s process i s 
b iphoton ic i n nature . The net e f f ec t of m i c e l l e formation i s then to 
enhance the r a d i c a l c a t i o n y i e l d wi th a subsequent decrease i n the 
y i e l d of t r i p l e t s produced. 

The fa te of the r a d i c a l c a t i o n produced i s a l so i n t e r e s t i n g . As 
has been observed p r e v i o u s l y , the s t a b i l i t y of the r a d i c a l c a t i o n i s 
g r e a t l y enhanced i n the m i c e l l a r environment (18,29) . This system de
monstrates t h i s c l e a r l y by cons ide r ing the v a r i a t i o n i n h a l f - l i f e of 
the r a d i c a l c a t i o n with concent ra t i on . The increase i n l i f e t i m e above 
CMC exempl i f ies the s t a b i l i z i n g features of the m i c e l l e . The e^q de 
cay process i s exper imenta l ly observed. The loss of the r a d i c a l c a 
t i o n of Q must then be c o n t r o l l e d by the r a t e of i t s e x i t to the s u r 
face of the aggregate, as has been observed for MPT +" i n other amphi-
p h i l i c environments (29): even at pH 10, the m i c e l l a r e f f ec t i s 
strong enough to prevent f a s t degradat ion by hydroxide i ons . 

I t i s proposed tha
ber of r a d i c a l ca t ions before the forces ho ld ing the m i c e l l e together 
are negated by the r e p u l s i v e forces between c a t i o n s . On the bas i s of 
t h i s assumption, i t would seem the maximum number of r a d i c a l ca t ions 
per m i c e l l e i s 22 i n a system conta in ing a m i c e l l e concent ra t i on of 
4 . 4 x l 0 ~ 7 M (29). 

D i r e c t pho to l y s i s of aqueous aggregates of Q i n the presence of 
oxygen produces about 10 times more r a d i c a l cat ions than t r i p l e t s . 
Never the less , p repara t ive pho to l y s i s y i e l d s only minute t races of 
secondary products a t t r i b u a b l e to e l e c t r o n t r ans fe r and subsequent 
r e a c t i o n s . Th is means then that the back t rans fe r of the e l e c t r o n 
from superoxide to the r a d i c a l c a t i o n of Q i s much f a s t e r than the 
e j e c t i on of superoxide from the an ion ic aggregate, and energy t r a n s 
f e r to produce s i n g l e t oxygen and i t s subsequent r eac t i ons are at the 
o r i g i n of the formation of the corresponding su l f ox ide R as the major 
product . 

F i gure 1 shows a p l o t of Φ~£ = f([Q]~^) as der ived from Equa
t i o n 39, 

J _ . k r * N + » ( k r + V . _ 2 _ ( 3 9 ) 

* ° x \ 2 ' k r \ 2 ' k r W l 

where Φ ο χ i s the quantum y i e l d of oxygen consumption, Φχ 0 the quan
tum y i e l d of s i n g l e t oxygen p roduc t i on , 2 

k d 
α and (40) k r + k q 

k^, k r and k^ are the r a te constants of the d e a c t i v a t i o n by the s o l 
vent , of the chemical r e a c t i o n and the p h y s i c a l quenching of s i n g l e t 
oxygen by a g iven acceptor , r e s p e c t i v e l y . 
Assuming that p h y s i c a l quenching i s n e g l i g i b l e compared to the che 
m ica l r e a c t i o n of Q wi th s i n g l e t oxygen (kq<<k r), the i n t e r c e p t of 
the s lope po ints to an eva lua t ion of the quantum y i e l d of s i n g l e t 
oxygen product ion (Φΐ 0 = 0 .095) , whereas the r a t e constant of the 
chemical r e a c t i o n can 2 be c a l c u l a t e d from the s lope ( k r = 1.4x10^ 
M - V 1 ) . 
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F igu re 1. Quantum y i e l d s of photoox idat ion upon d i r e c t exc i ta 
t i o n of Q shown i n a p l o t der ived from Equat ion 39. 

The Rose Bengal s e n s i t i z e d photoox idat ion of Q produces the 
corresponding su l fox ide R wi th almost q u a n t i t a t i v e y i e l d and can be 
e a s i l y analyzed by Equat ion 39 for concentrat ions not exceeding 
5xl0"~3 M of Q (F igure 2) . The quantum y i e l d of ox i da t i on e x t r apo l a 
ted from the l i n e a r part of the p l o t i s 0.25 and, thus , only 1/3 of 
the quantum y i e l d of s i n g l e t oxygen product ion by Rose Bengal i n 
aqueous s o l u t i o n (39). The c a l c u l a t e d r a t e constant of the chemical 
r e a c t i o n i s 8.1x10^ M^^s " 1 ; i t i s a f a c to r of 15 smal ler than found 
upon d i r e c t e x c i t a t i o n , the d i f f e r ence might be due to an enhanced 
d e a c t i v a t i o n of s i n g l e t oxygen when pass ing the m i c e l l a r double layer 
( k q = 1 .6x l0 7 M - 1 s ~ 1 ) . 
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F i gure 2. Quantum y i e l d s of the Rose Bengal s e n s i t i z e d photo
ox ida t i on of Q shown i n a p l o t der ived from Equat ion 39. 

At concentrat ions of Q greater than 5x10 M the p l o t (F igure 2) 
deviates s t rong ly towards smal l Φ ο χ . At these sur factant concent ra 
t i o n s , Rose Bengal might be in teg ra ted i n to the o rgan iza tes , and 
charge t rans fe r i n t e r a c t i o n s with the phenothiaz ine moiety might com
pete succe s s f u l l y with the s i n g l e t oxygen producing energy t r an s f e r . 
In f a c t , l a s e r pho to l y s i s experiments w i th deoxygenated samples y i e l d 
only smal l concentrat ions of Rose Bengal t r i p l e t s , and no s i g n a l of 
the r a d i c a l c a t i o n of the s e n s i t i z e r can be detected . 

In c o n c l u s i o n , the study of energy and e l e c t r o n t r ans f e r p r o 
cesses i n v o l v i n g phenothiazine d e r i v a t i v e s provides a good opportu 
n i t y to show the use fu l lness of microheterogeneous systems for mecha
n i s t i c i n v e s t i g a t i o n s . The chromophore might a l so serve as a probe 
for the c h a r a c t e r i z a t i o n of microheterogeneous media ( p o l a r i t y , v i s 
c o s i t y , s o l u b i l i t y of oxygen . . . ) , and s u i t a b l e d e r i v a t i v e s are c u r 
r e n t l y used for i n v e s t i g a t i o n s on mixed aggregates and adsorpt ion 
e f f ec t s on corresponding i n t e r f a c e s . 
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Photosensitized Water Reduction Mediated 
by Semiconductors Dispersed in Membrane Mimet ic 

Systems 

YVES-M. TRICOT, RAFAEL RAFAELOFF, ÅSA EMEREN, and JANOS H. FENDLER 
Department of Chemistry, Institute of Colloid and Surface Science, Clarkson University, Potsdam, 
NY 13676 

Colloidal semiconducto
and coated by catalyst
vesicles and polymerized surfactant vesicles. 
Sodium bis-2-ethylhexylsulfosuccinate (AOT) was used to 
form reversed micelle-entrapped water pools in isooctane. 
Platinized CdS, in situ generated in those water pools, 
sensitized water photoreduction by thiolphenol dissolved in 
the organic phase. 
Colloidal 30-50 Å diameter CdS particles were also in situ 
generated in 800-1000 Å diameter single bilayer vesicles 
prepared from dihexadecylphosphate (DHP), dioctadecyl 
dimethylammonium chloride (DODAC) and from the 
polymerizable surfactant [C1 5H3 1CO2(CH2)2]2N+(CH3)CH2 

C6H4CH=CH2, CI- (1). Band gap excitation of the 
vesicle-embedded CdS resulted in weak fluorescence which 
could be quenched by electron donors and acceptors. 
Electron transfer was also examined by laser flash 
photolysis. Visible-light excitation of in situ 
rhodium-coated DHP-, DODAC- and 1-entrapped CdS 
particles led to sustained hydrogen production at the 
expense of sacrificial electron donors. Generation of CdS 
in polymerized 1 offered a number of advantages. 
Optimization of These systems and their potential in 
artificial photosynthesis are described 

The goal of artificial photosynthesis is to lay the foundation- for efficient 
and economically viable conversion of sunlight to chemical energy. 
Considerable advances towards this goal have been made by different 
laboratories around the world (1-4). One general approach has involved the 
separate studies of sacrificial reduction and oxidation half cells. Hydrogen 
has been generated in reduction half cells, following light harvesting by a 
sensitizer (S), electron transfer through relays (R), and catalytic water 
reduction at the expense of a sacrificial electron donor (D), 

Sacrificial photosensitized water reduction has been extensively 
investigated both in homogeneous solutions and in the presence of organized 
assemblies (micelles, microemulsions, polyelectrolytes, polymers, vesicles and 
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even clay particles) (5.6). Organized assemblies mimic the functions of the 
thylakoid membrane. THey provide compartments of potentially controllable 
microenvironments for the sensitizers, relays, electron donors and catalysts 
and allow vectorial charge separations. Typical ly, ruthenium complexes and 
porphyrins have been used as sensitizers, viologens as relays (Figure 1A), 
ascorbic acid, thiols and E D T A as electron donors, and colloidal platinum 
and palladium as catalysts. 

Although this approach continues to be used and improved upon, 
replacement of the sensitizer and the relay by dispersed colloidal 
semiconductors has gained widespread popularity (Figure IB) (4). Colloidal 
semiconductors, like their more robust solid-state analogs, are characterized 
by their band gap, the energy difference between the filled valence band 
(VB) and the vacant conduction band (CB). Photoexcitation of the 
semiconductor (SC) at a wavelength corresponding to the band gap results in 
the promotion of an electron from the valence to the conduction band, and 
hence in charge separation: 

SC - J u l > e " +

Electron (e") and hole (h +) recombinations, in the absence of quenching, 
result in radiationless transition (i.e., emission of heat) and, in some cases, 
in fluorescence (i.e., emission of ugnt): 

Δ 
e" + h + < ^ ; (2; 

hv 
Charge carriers escaping to the surface of the semiconductors can transfer 
an electron to an acceptor (A) or accept one from a donor (D): 

e" + A > A " (3) 

h + + D > D + (4) 

at the semiconductor interface. Advantage has been taken of these 
interfacial electron transfers for mediating catalytic photosensitized water 
reduction (Figure IB). Colloidal dispersed T i O CdS, CdSe, Fe O , , SrTiO 
and their mixtures have been used as semi conductors either in i h e absence 
of in the presence of sensitizers. Sacrif icial electron donors used have 
included E D T A , thiols and alcohols and Pt, Pd and Rh have been used as 
catalysts. 

There are a number of advantages of using colloidal, semiconductors in 
arti f icial photosynthesis. They are relatively inexpensive. They have broad 
absorption spectra and high extinction.coefficients at appropriate band gap 
energies. Nevertheless, they can be made optically transparent enough to 
allow direct flash photolytic investigations of electron transfers. They can 
be modified by derivatization or sensitizer adsorptioa Importantly, 
electrons produced by band gap excitation can be used directly without 
relays for catalytic water reduction (Figure IB). 

Unfortunately, colloidal semiconductors also suffer from a number 
of disadvantages. They c are notoriously difficult to form reproducibly as 
small (smaller than 200 A in diameter) monodispersed particles. Such small 
particles are needed for obtaining high surface areas and achieving 
efficient electron transfer to catalysts and/or other molecules adsorbed at 
the semiconductor interfaces. However, a minimal size is necessary to 
obtain semiconductor properties and spatial separation of the electron 
from the hole. A size range of 40 - 60 A has been suggested to be ideal 
for the use of colloidal semiconductors in photochemical solar energy 
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conversion (7). Semiconductors are equally difficult to maintain in solution 
for extendecT times in the absence of stabilizers which bound to affect 
their photoelectrical behavior unpredictably. Their modification, and their 
coating by catalysts are, at present, more of an art than science. 
Furthermore, the lifetime of electron-hole pairs in semiconductors is 
orders of magnitude shorter than the excited state lifetime of typical 
organic sensitizers. This is due to a very fast undesirable electron-hole 
recombinatioa Quantum yields for charge separations in colloidal 
semiconductors are, therefore, disappointingly low. 

Incorporation of colloidal semiconductors into polyurethane films (8) 
and Nafion membranes (9) were reported to have overcome some of these 
disadvantages. Research in our laboratories is focussed upon the 
utilization of membrane mimetic systems for realizing the full potential of 
colloidal semiconductors. We Ijave developed methologies for the in situ 
formation of small (ca, 40 A diameter) and uniform catalyst-coated 
colloidal semiconductors in reversed micelles (10), surfactant vesicles (11) 
and polymerized surfactan
aggregate-stabilized semiconducto
separation and hydrogen generation is the subject of the present report. 

Semiconductors in Reversed Micelles 

Colloidal CdS was in situ generated in reversed micelles formed by sodium 
bis-2-ethylhexyi sulfosuccinate (AOT). Aqueous C d C l ^ or C d ( N O J 2 was 
added to isooctane solutions of the surfactant to obtain a water το A O T 
ratio of 20 (10). Exposure to controlled amounts of gaseous H S resulted 
in CdS formaTToa Excess H S was removed by Argon bubbling The onset 
of absorption of this optically clear CdS colloidal dispersion was 
approximately 500 nm (Figure 2), which is slightly blue-shifted compared to 
the band gap of 520 nm (2,40 eV) of bulk crystalline CdS (4). Such shifty 
in band gap have been shown to occur in CdS particles smaller than 100 A 
in ^iamet^er (13-15). At ^00 nm, the extinction coefficient was 900 ± 100 
M" cm" , based on C d atomic absorption determinations. Dynamic 
light-scattering measurement prior and subsequent to H S exposure 
revealed only # slight increase in the apparent radius of trie water pool 
from 60 to 75 \ 

A O T reversed micelle-entrapped, colloidal T iO particles were prepared 
by mixing anhydrous isooctane solutions of Ti-tetraisoprop oxide 
(Ti(OC H ) ) with A O T / H Ο dispersions in isooctane having a ratio of 1Q 
H O r/er A O T molecule. Fast hydrolysis resulted in T i O formation. 
Particular care had to be taken to avoid uncontrolled growth4>f the T i O 
particles. Due to the dynamic exchange between aggregates, initially 
dispersed T i O ? could form bigger particles by encountering other small 
particles, until they reached a point where they had a very low probability 
of colliding with each other. In 0.1 M A O T solution in isooctane and 1.0 M 
H O , 2 χ 10" M colloidal T i 0 2 remained stable and optically clear for 
several days. A t higher T i O concentrations, the turbidity increased with 
time and T iO particles eventually precipitated 

Reversed micelle-entrapped, colloidal CdS showed the characteristic 
weak fluorescence emission (Figure 2), previously observed in homogeneous 
solutions (16-19), However, the maximum emission intensity corresponded to 
full band gap emission (approximately 500 nm) and was not red-shifted as 
observed in homogeneous solution (17). This discrepancy might arise from 
the mode of preparation (H S instead of Na 2 S), or from the specific effect 
of surfactant aggregates. Alternatively, this can be the result of a size 
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Figure 1. Basic features
Homogeneous solution, wit
electron donor, D, and metal catalyst. (B) Cata lyst -coated. 
colloidal semiconductor dispersion, obviating the need for electron relay. 

Figure 2. (Top) Stern-Volmer plots for the quenching of the fluorescence 
of colloidal CdS in AOT-entrapped water pools in isooctane by R M V Z + 

( φ ) , M V 2 + ^ Π ) and PhSH (Q). (Bottom) Absorption and emission spe
ctra of colloidal CdS in AOT-entrapped water pools in isooctane. The 
shoulder observed at 400 nm is due to a spectrometer artifact. 
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distribution of the colloidal CdS particles, which could produce different 
band gap energies and hence, different fluorescence spectra (13-15). 
Replacing C d C l by C d ( N O j did not change the fluorescence 
characteristics o r colloidal CdS. Fluorescence intensities of these solutions 
decayed biexponentiaily with lifetimes oL 2.4 and 28.5 nanoseconds. 
Addition of 2.3 χ 10" M methylviologen, MV \ decreased the fluorescence 
lifetime of the Jong-lived component to 18.7 nanoseconds. Similarly, 
addition of M V 2 + and a surface-active viologen, C H =C(CH )COO 
(CH ) (C H N + ) CHV Br", I" (RMV Z + ) , as well as PhSH, tjuenchetl the 
émission intensity (Figure 2). Apparent Stern-Volmer constants for 
quenching the fluorescence of colloidal CdS by M V , RMV and PhSH are 
2.6 χ K r M ~ * 4.6 χ 10 M ,- and 11,6 Μ , respectively. The low quenching 
constant o^P r i SH arises from local concentration effects. Polar quenchers, 
such as M V 2 + and R M V Z + , are locally concentrated in the water pool / A O T 
interface, whereas PhSH is homogeneously dissolved in isooctane. Due to 
the very fast electron-hole recombination, the quenching mechanism must 
be, at least in part, of stati
concentration of quencher at the CdS particle surface. The Stern-Volmer 
appearance of the quenching data in Figure 2 may be, therefore, 
coincidental. In fact, a different behavior is observed in surfactant vesicles 
(vide infra). 

To be active in H -production, a catalyst had to be incorporated in the 
system and depositecr on the semiconductor surface. Platinization was 
carried out by adding aqueous Κ P t C l solutions to the reversed micelle 
entrapped, colloidal CdS and i r r a d i a t i n g b y a 450 W Xenon lamp under A r 
bubbling for 30 minutes, Platinization was monitored absorption 
spectrophoto metrically. 

Irradiation of degassed, reversed micelle-entrappec^ platinized CdS by 
visible light (450 W Xenon lamp, λ < 350 nm) resulted in hydrogen formation 
upon addition of 1.0 χ 10" 3 M PhSH, and it could be sustained for 12 h. 
This was the consequence of electron transfer from PhSH to the positive 
holes in the colloidal CdS, which diminished electron-hole recombinations 
(Figure 3). 

The reversed micelles had the specific advantage of providing a means 
for charge separation by continuously removing the product (PhSSPh) from 
the semiconductor, located in the water pool, to the organic solvent. 
However, due to water pool exchanges, the semiconductor particles could 
interact with each other, which limited the concentration of semiconductor 
tolerable by the system. A better insulation of inner compartment was 
provided by aqueous surfactant vesicles. 

Semiconductors in unpolymerized and polymerized surfactant vesicles 

CdS particles were in situ generated from C d 2 + and FLS in vesicles 
prepared from negatively charged dihexadecylphosphate, EmP, positively 
charged dioctadecyldimethylammonium chloride, D O D A C , and positively 
charged polymerizable [C H . 1 C 0 0 ( C H J J N + ( C H J C H 9 C . H . C H = C H ΟΓ 
L Sizes and sites of CdS pa r t i c l e s 2 w er e controlled bynhë amount o| C d z + 

adsorbed and by the method of preparation. Positively charged C d 2 + ions 
were readily attracted, of course, to the negative surfaces of anionic DHP 
vesicles. Adsorption of C d 2 + ions to cationic vesicles ( D O D A C and 1) was 
achieved by complexation with E D T A . In anionic DHP vesicles, up To one 
C d ion per three surfactant molecules could be adsorbed. For cationic 
vesicles, up to one Cd/EDTA complex per four surfactant molecules could 
be adsorbed, the difference arising presumably from steric hindrance. 
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CdS particles were generated selectively inside, or outside, or on both 
sides of anionic DHP vesicles^ After nucleation, CdS particles grew by 
encounter with neighboring C d Z + J o n s or with other CdS particles. In most 
experiments, a ratio of one C d z + ion per ten surfactant molecules was 
maintained. Electron micrographs showed CdS particles to be in the 30 - 50 
A size range (11a). 

Band gap excitation (λ < 500 nm) of colloidal CdS in anionic DHP 
vesicles resulted in characteristic weak fluorescence, due to electron-hole 
rec^mbinatioa The quantum yield of fluorescence was estimated to be ca. 
10" . Excitation at 330 nm gave fluorescence maximum at approximately 
500 nm. Most surprisingly, detectable fluorescence was produced only from 
colloidal CdS which was^ generated inside of QHP vesicles (prepared by 
sonicating D H P with Cdz+ and by removing C d 2 + from the outer vesicle 
surfaces by ion exchange chromatography prior to forming CdS) and also 
when the sonication pH was higher than 6. No fluorescence was observed 
on CdS generated from C d  added to already formed vesicles, regardless of 
the pH and of the added C d
CdS on the outside of vesicles can "age" either by aggregation with other 
colloidal CdS particles during vesicle-vesicle collision, or by 
dissolution/recrystallization from C d z + and S ions in the outside aqueous 
solution (13). This aging could result in a decrease of the fluorescence 
quantum yield, although the mechanism of this effect is not clear. Colloidal 
CdS particles, when formed inside of the vesicles, are isolated from the 
outside bulk and hence are protected against these aging processes. Their 
fluorescence was very reproducible and independent of the anions (which 
were excluded from the vesicles). The quenching of CdS fluorescence by 
methylviologen, MV + , a m em bra ne-impermeable electron acceptor, is shown 
in Figure 4. The highest quenching efficiency was obtained when both MV + 

and CdS ^vere located inside of the vesicles. Lower quenching occurred 
when MV and CdS were symmetrically distributed on bpth sides of the 
anionic vesicles, and no quenching was observed when MV was externally 
added, regardless of the location of CdS. This confirmed that only "inside" 
CdS fluoresced and, that M V Z + did not diffuse through the DHP membrane. 
Observation of a time-dependent fluorescence quenching indicated a gradual 
relocation of CdS particles deeper inside the hydrocarbon part of the 
membrane. 

Fluorescence quenching by M V Z + is the consequence of electron transfer 
from the conduction band of excited CdS to MV , with formation of radical 
cation M V + # (Figure 5). Due to the very short ( < 1 ns) lifetime of the 
electron - hole pair in CdS, only adsorbed M V Z + on the CdS surface was 
able to capture an electron. This is reflected in the non Stern-Volmer 
behavior of the quenching of colloidal CdS by co-entrapped MV + . In other 
configurations, the quenching apaears to be Stern-Volmer, but it is again 
misleading since not all the MV + participates in the quenching process. 
Direct evidence of this electron transfer was substantiated in anionic 
vesicles by laser flash photolysis (Figure 5). 

CdS fluorescence was also observed in cationic D O D A C and 1 vesicles, 
albeit with much less intensity than that found in DHP vesicles. The 
preparation pH influenced the CdS fluorescence in all vesicles. 
Interestingly, CdS fluorescence was somewhat stronger in unpolymerized 
than polymerized vesicles prepared from 1. This was not a consequence of 
the uv irradiation applied to polymerize tne vesicles, since such irradiation 
had no effect on CdS fluorescence in nonpolymerizable surfactant vesicles 
(such as DHP or D O D A C ) . However, this effect correlated with the ability 
of E D T A to act as a sacrificial electron donor in hydrogen production 
experiments (vide infra). 
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Figure 3. An idealized model for the CdS-sensitized water photo reduction 
by PhSH in A O T reversed micelles in isooctane, VB = valence band, C B 

= conduction band. 

10 χ M V Z + concentration, M 

F i gu r ed . Quenching of CdS (2 χ 10"^ M) fluorescence in DHP (2 χ 
10" M) vesicles by MV in d i f f e rent locations: (Êk) : CdS and 
MV only inside; ( Q ) : CdS and M V Z + are on boths ides ; 30 min. 
after CdS formationjTu)) ι same samples, 8 days after CdS formation; 
i/\J' : CdS inside only, M V 2 + outside only; ( A ) :. CdS on both sides, 
MV outside only, λ = 330 n m, λ = 500 η m. 
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In the presence oï a suitable electron donor, catalyst-coated, vesicle 
stabilized, in situ-generated colloidal CdS particles produced hydrogen in 
deaerated solutions under visible-light irradiation (λ < 350 nm). In anionic 
D H P vesicles, rhodium was used as catalyst, whose precursor, R h , was 
co-adsorbed with C d 2 + on the surface of the vesicles. Reduction of Rrr 
to Rh° could be achieved either by uv irradiation in deaerated solutions 
prior to addition of the electron donor, or by visible-light irradiation in the 
presence of the electron donor. A slight induction period was observed in 
the latter case, but after 2 h of irradiation the same amount of hydrogen 
had been produced, and the rate was the same. Figure 6 shows the 
hydrogen production rate -from PhSH as sacrif icial electron donor in D H P 
vesicle-stabilized, rhodium-coated, colloidal CdS. Various catalyst 
concentrations were used, and the maximum efficiency was obtained with 8 
χ 1 0 ° M R h , with 2 χ 10 M CdS generated on both sides of 2 χ 10~ 3 M 
D H P vesicles. Several blanks demonstrated that the presence of all 
components of the system were necessary to observe hydrogen production. 
Hydrogen production coul
the PhSH had been consume
found to be optimal. The site of CdS generation (formed from C d z +

 0 n the 
inside or at the outside surface) was not very critical for hydrogen 
production. However, lower rates of hydrogen production with poorer 
reproducibility were usually obtained on irradiating CdS particles generated 
from C d adsorbed only on the outside surfaces of D H P vesicles. A 
reproducibility better Jthan 10% w a s obtained in systems prepared by 
e r ad i ca t ing Çd +

f Rh + and DHP. A perfectly homogeneous mixing of 
C d and Rh on the surfaces of the vesicles was easily obtained when 
those ions were cosonicated with the surfactant. Addition o l E D T A to 
cationic vesicles containing already (non-adsorbed) C d + and Rh + resulted 
in the formation of Rh-coated CdS exclusively on the outer surface. The 
hyorogen production efficiency in this system was the same as in systems 
prepared by cosonicating C d Rh , E D T A , and the cationic surfactants 
( D O D A C or 1). 

Hydrogen production from PhSH in colloidal, rhodium-coated CdS 
located selectively in the inside of DHP vesicles, was reproducible and had 
about the same efficiency that symmetrically distributed CdS particles, at 
equivalent CdS concentration. It seemSj therefore, that homogeneously 
distributed CdS particles contributed to hydrogen production even if they 
did not exhibit a detectable fluorescence. 

Figure 7 illustrates the mechanism of photosensitized Η formation from 
PhSH in rhodium-coated colloidal CdS in nonpolymerized rationic vesicles. 
The proposed position of the CdS particle (partially buried in the vesicle 
bilayer) is supported by the following observations, the last two made 
specifically in D H P vesicles: 9 

(a) CdS particles generated from externally adsorbed C d + ions did 
not precipitate, even after months; therefore, they had to remain 
bound to the vesicle interface. 

(b) CdS fluorescence was efficiently quenched by PhSH, which was 
located in the hydrophobic membrane; therefore, the colloidal 
CdS particles had a direct contact with the inner part of the 
membrane. 

(c) The CdS particle retained access to the surface where it 
originated, since entrapped polar electron acceptors such as 
MV +

f while unable to penetrate the DHP membrane, could also 
quench the fluorescence of inside-generated CdS particles. 
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. O Sri iftS 

Figure 5. An idealized mechanism of photoinduced electron transfer 
from CdS conduction band to methylviologen (MVz+)9 resulting in 
formation of methylviologen radical cation (MV + ) , The colloidal CdS 
particle, as represented, was generated at the inside surface of the D H P 
vesicle. Its exact location is based on fluorescence quenching ex

periments (Figure 5). Insert: oscilloscope trace showing the formation of 
M V by the absorbance change at 396 nm, after a laser pulse at 355 nm. 

to 
Irradiation time, h 

Figure 6· Hydrogen production at 25°C in deaerated solutions as a 
function of catalyst (rhodium) concentration during the first two 
hours of irradiation using 350 nm cut-off and water filters. Plotted 

are the amount of hydrogen produced in 25 ml D H P vesicle 
solution .and measured in the gas phase (16 ml) by G C : 2 χ 10" M DHP, 
2 χ 10" M CdS symmetrically distributed on both sides of the vesicles, 
and 10" M PhSH as electron donor; pH approximately 7 at so ni cation 
and during photolysis. Concentrations of the catalyst, reduced by uv 
irradiation prior to visible light photolysis: ( φ ) : Rh 1.2 χ 10 Μ; ( Ο ) 
: Rh 0.8 χ 10"* Μ: ( Π ) : RHfiA χ 10"* M; ( • ) no Rh ; ( Q ) no Rh and 
no CdS (only PhSH); ( ζ ) ) : R h J + (unreduced) and no CdS (with PhSH). 
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However, this quenching decreased with time, showing a gradual 
penetration of the CdS towards the middle of the bilayer. 

(d) CdS particles generated at the vesicle interiors remained on their 
original side of the membrane, since externally added quencher 
such as M V 2 + and Rh , while adsorbed on the outside surface of 
D H P vesicles, did not quench "inside" CdS fluorescence, even 
after several weeks, 

A different situation was encountered on using polymerized vesicles 
prepared from 1_ as hosts for the catalyst-coated colloidal semiconductors. 
Polymerization of 1_ vesicles was shown to result in pulling together some 20 
styrene headgroups"at the vesicle surfaces, thereby creating clefts of some 
15 A diameter (20). These relatively aqueous clefts were proposed to be the 
site of CdS particles (Figure 8). The observed behavior of E D T A in the 
photolysis of Rh-coated CdS particles embedded in 1̂  vesicles were in 
accord with this interpretation. In nonpolymerized 1̂  vesicles, E D T A was 
unable to act as a sacrif icial electron donor; no photosensitized hydrogen 
formation was observed ( l ib)
from 1̂  efficient photosensitized hydrogen formation was observed from 
E D T A (12). This effect is rationalized in terms of improved access of 
E D T A to the CdS surface in polymerized vesicles, due to surface 
irregularities (Figure 8). The observed increase in fluorescence intensity of 
CdS in polymerized vesicles as compared to that in their nonpolymerized 
counterparts also supports this rationalizatioa Controlled degrees of 
vesicle surface polymerization provide, therefore, a means for improving the 
efficiencies of electron donors. It should be pointed out, however, that 
E D T A is not an ideal electron donor since in high concentrations it 
destabilized the vesicles. 

In an attempt to overcome the problem of accumulation of the oxidized 
electron donor, we have incorporated a recyclable surface-active electron 
donor in D O D A C vesicles (12). This electron donor contains a sulfide 
moiety which dimerizes upon light-induced oxidation. Simultaneously, 
hydrogen is evolved via vesicle-stabilized, catalyst-coated, colloidal CdS 
particles. The dimer could be chemically reduced for additional hydrogen 
formation. Figure 9 is an idealized view of this cyc l ic process (12). 

Conclusion 

Our initial efforts to develop the use of surfactant aggregate-stabilized, 
catalyst-coated, colloidal semiconductors in arti f icial photosynthesis are 
promising. In situ generation of the particles provides an unprecedented 
control over their morphologies. Colloidal semiconductors embedded in 
reversed micelles, vesicles or polymerized vesicles show remarkable 
long-term stabilities and diminish electron-hole recombination rates. These 
systems have the potential of decreasing photocorrosion and separating 
charges. Subsequent to optimization of the hydrogen generating systems, 
sacrificial nitrogen and carbon dioxide reductions can be accomplished 

Our ultimate goal is to combine oxidation and reduction half cells in a 
bilayer vesicle which would efficiently split water upon solar irradiation. 
Figure 10 represents a highly idealized system. It would require the 
immobilization of CdS (or other suitable semiconductors) particles in 
polymerized vesicles in such a way that they span the bilayer. Coating the 
opposite sides of the vesicle-embedded semiconductor by catalysts would 
result in cycl ic water splitting. The hydrogen and oxygen formed could then 
be harvested in compartments separated by the bilayer (Figure 10). 
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Figure 7. An idealized model for CdS sensitized photo reduction of 
water by PhSH in aqueous D O D A C or D O D A B vesicles. The exact 
position of the colloid represented here as generated on the outside 
surface of the vesicles, is based on fluorescence quenching ex
periments performed in anionic DHP vesicles, assuming similar inter* 
actions of the CdS particles with both types of vesicles. 

Figure 8. An idealized model for CdS sensitized photo reduction of 
water by E D T A in polymerized 1_ vesicles. The location of the 

particle is represented as similar tô that in unpolymerized vesicles, 
but should not be taken for granted in this case, however. 
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Figure 9. An idealized model for the cyc l ic oxidation-reduction 
process using thiol-functionalized surfactant, incorporated into D O D A C 
vesicles together with Rh-coated colloidal CdS, for sustained hydrogen 
generation under visible light irradiation in one part of the cycle. 

Figure 10. An hypothetical model for a cycl ic water splitting system, 
based on a semiconductor particle immobilized in a polymerized mem
brane and having access to both aqueous solutions on each side of the 
membrane. Specific and selective coating by catalysts leads to simul
taneous and separate hydrogen and oxygen generation on each side 
of the polymerized membrane. 
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Organic Photochemical Reactions in Monolayers and 

Monolayer Systems 

DIETMAR MÖBIUS 
Max-Planck-Institut für Biophysikalische Chemie (Karl-Friedrich-Bonhoeffer-Institut), Abt. 
Molekularer Systemaufbau, Am Faßberg, D-3400 Göttingen, Federal Republic of Germany 

Organic photochemical reactions in monolayer organi
zates are strongl
lar mobility in thes
-water interface where molecular relaxation is possible, 
can be followed by measuring the enhanced light re
flection in the spectral range of the absorption band of 
the involved species. In monolayer systems, photoinduced 
electron transfer processes have been studied by fluor
escence techniques. 

The organization of molecules at interfaces provides an excellent pos
sibility of control of the chemical reactivity. In particular at the 
air-water interface, the most important parameters like intermolecu-
lar separation, geometrical coordination of the reacting molecules 
and the molecular mobility can be controlled or at least modified by 
variation of the external conditions like surface pressure, tempera
ture, subphase and monolayer composition. 

The complex monolayer organizates formed by stepwise transfer of 
monolayers from the air-water interface onto solid substrates (Lang-
muir-Blodgett technique) are characterized by a strongly reduced mo
lecular mobility. However, by gaining the third dimension as compared 
to the monolayer at the air-water interface, more complex systems can 
be built where the interacting components are appropriately arranged 
to meet the spatial and energetic requirements of the intended 
function (1-3). 

One prominent aspect of the investigation of photochemical re
actions in organized media is the environmental control of the re
action kinetics and product distribution (4). The increased knowledge 
may be used to construct more efficient catalysts since the amount of 
reacting monolayer-bound material is very small on the absolute scale. 
Therefore, a high turn-over including control of substrate binding 
and product release could be a way of using the potential of the mo
nolayer structure. Another important aspect is the use of photochemi
cal reactions in producing rapid changes in surface pressure (π-jumps) 
as a tool of studying the dynamics of various phenomena involving 
structural changes in monolayers (5, 6). This is a 2-dimensional ana-

0097-6156/85/0278-0113S06.00/0 
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l o g o f t h e v a r i o u s jump t e c h n i q u e s u s e d i n s t u d y i n g e q u i l i b r i a o r f a s t 
r e a c t i o n s i n s o l u t i o n . 

M o n o l a y e r s a t t h e A i r - W a t e r I n t e r f a c e 

Many p h o t o c h e m i c a l r e a c t i o n s l i k e p h o t o i s o m e r i z a t i o n o r p h o t o p o l y m e r i -
z a t i o n l e a d t o changes i n t h e a r e a r e q u i r e m e n t s o f t h e m o l e c u l e s a t 
t h e a i r - w a t e r i n t e r f a c e . Even t h e t o p o c h e m i c a l p o l y m e r i z a t i o n o f d i a -
c e t y l e n e compounds i n t h e o r g a n i c s o l i d s t a t e where a w e l l d e f i n e d c o 
o r d i n a t i o n o f t h e m o l e c u l e s i n n e c e s s a r y ( 7 ) , when c a r r i e d o u t w i t h 
a d e q u a t e l y s u b s t i t u t e d a n a l o g s i n m o n o l a y e r s and m o n o l a y e r a s s e m b l i e s , 
may l e a d t o doma in f o r m a t i o n ( 8 , 9) due t o s m a l l s t r a i n imposed on t h e 
m o n o l a y e r by m i n u t e changes o f t h e m o l e c u l a r s t r u c t u r e . D i f f e r e n t t o 
t h e s i t u a t i o n i n r i g i d , d e n s e l y p a c k e d m o n o l a y e r s on s o l i d s , r e l a x 
a t i o n may o c c u r a t t h e a i r - w a t e r i n t e r f a c e i f s u c h r e a c t i o n s a r e 
c a r r i e d o u t u n d e r c o n s t a n t s u r f a c e p r e s s u r e and p a r t i c u l a r a m b i e n t 
c o n d i t i o n s ( 1 0 ) . T h i s a d d i t i o n a
z a t i o n w i l l r e d u c e s t r e s s i n t h e s y s t e m s and s h o u l d l e a d t o l a r g e r 
homogeneous a r r a y s as compared t o s y s t e m s on s o l i d s . 

P h o t o i s o m e r i z a t i o n R e a c t i o n s . R e v e r s i b l e p h o t o i s o m e r i z a t i o n r e a c t i o n s 
have been s t u d i e d i n m o n o l a y e r s by f o l l o w i n g t h e s u r f a c e p r e s s u r e 
change a t c o n s t a n t a r e a o r t h e change i n a r e a p e r m o l e c u l e a t c o n 
s t a n t s u r f a c e p r e s s u r e . The p h o t o i s o m e r i z a t i o n may a l s o l e a d t o a 
change o f t h e m o l e c u l a r c h a r g e d i s t r i b u t i o n a n d / o r r e o r i e n t a t i o n o f 
t h e m o l e c u l a r d i p o l e s t h a t may be a t t r i b u t e d t o t h e m o l e c u l e s a t t h e 
a i r - w a t e r i n t e r f a c e t h e r e b y c a u s i n g a change o f t h e i n t e r f a c i a l p o 
t e n t i a l . T h i s p a r a m e t e r h a s been u s e d t o s t u d y t h e k i n e t i c s o f t h e 
d a r k r e a c t i o n f o l l o w i n g t h e e x p o s u r e o f a m o n o l a y e r o f t h e a m p h i p h i -
l i c a n t h o c y a n i d i n e AC a t t h e a i r - w a t e r i n t e r f a c e ( 1 1 ) . I n F i g u r e 1, 
t h e s i m u l t a n e o u s changes i n s u r f a c e p r e s s u r e π ( t o p ) and s u r f a c e p o 
t e n t i a l Δν ( bo t t om) a r e shown w h i c h a r e o b s e r v e d on r e p e a t e d 1s e x 
p o s u r e s o f a m o n o l a y e r o f t h e a n t h o c y a n i d i n e AC w i t h b l u e l i g h t a t a 
s u r f a c e p r e s s u r e o f 10 mN/m. 

The a c t i o n s p e c t r u m o f t h e p h o t o c h e m i c a l l y i n d u c e d s u r f a c e p o 
t e n t i a l change h a s been e v a l u a t e d . I n c o m b i n a t i o n w i t h t h e o b s e r v e d 
dependence o f t h e r a t e o f t h e d a r k r e a c t i o n on t h e b u l k pH o f t h e 
aqueous s u b p h a s e a r e a c t i o n scheme was e s t a b l i s h e d i n a n a l o g y t o t h e 
p r o c e s s e s o b s e r v e d w i t h t h e a n t h o c y a n i d i n e a n a l o g w i t h o u t t h e o c t a -
d e c y l c h a i n i n s o l u t i o n . 

The r e a c t i o n s o b s e r v e d w i t h t h e a n t h o c y a n i d i n e s y s t e m were r e 
v e r s i b l e . The r e l a x a t i o n p r o c e s s e s i n m o n o l a y e r s f o l l o w i n g a c h e m i c a l 
c h a n g e , h o w e v e r , may l e a d t o a r e a r r a n g e m e n t o f t h e e n v i r o n m e n t w h i c h 
p r e v e n t s t h e b a c k r e a c t i o n . An examp l e f o r t h i s b e h a v i o r i s t h e p h o 
t o c h e m i c a l c i s + t r a n s i s o m e r i z a t i o n o f t h e t h i o i n d i g o d e r i v a t i v e T I a t 
t h e a i r - w a t e r i n t e r f a c e where t h e t r a n s + c i s b a c k r e a c t i o n i s n o t o b 
s e r v e d , a l t h o u g h t h e c i s i s o m e r i s p h o t o c h e m i c a l l y f o rmed f r o m t h e 
t r a n s i n c h l o r o f o r m s o l u t i o n b e f o r e s p r e a d i n g (4, 1 2 ) . The c i s + t r a n s 
i s o m e r i z a t i o n h a s b e en s t u d i e d i n m i x e d m o n o l a y e r s w i t h a r a c h i d i c 
a c i d ( A A ) , m o l a r r a t i o T I : A A = 1 :3 , a t c o n s t a n t s u r f a c e p r e s s u r e (12) 
by m e a s u r i n g t h e enhanced l i g h t r e f l e c t i o n f r o m t h e a i r - w a t e r i n t e r 
f a c e ( 1 3 ) . The change o f t h e l i g h t r e f l e c t i o n measured a t 550 nm a t 
an a n g l e o f i n c i d e n c e o f 45° w i t h l i n e a r l y p o l a r i z e d l i g h t ( s - p o l a r i -
z a t i o n ) upon i l l u m i n a t i o n o f t h e m o n o l a y e r i n t h e s p e c t r a l r a n g e o f 
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t h e c i s T I a b s o r p t i o n ( 4 5 0 - 5 0 0 nm) i s shown i n F i g u r e 2 . 
A l t h o u g h t h e p h o t o r e a c t i o n a t c o n s t a n t s u r f a c e p r e s s u r e h a s b e en 

c a r r i e d o u t i n a s m a l l p a r t o f t h e t o t a l m o n o l a y e r a r e a , t h e r e i s no 
m i x i n g o f t h e f o rmed t r a n s T I w i t h t h e s u r r o u n d i n g c i s T I due t o c o n 
v e c t i o n o r d i f f u s i o n d u r i n g t h e e x p e r i m e n t as e v i d e n c e d by t h e c o n 
s t a n t s i g n a l a f t e r t h e end o f e x p o s u r e . 

The r a t e c o n s t a n t f o r t h e c i s + t r a n s p h o t o i s o m e r i z a t i o n c a n be 
c a l c u l a t e d f r o m t h e o b s e r v e d t i m e d e p e n d e n c e . The r a t e c o n s t a n t s o b 
t a i n e d a t v a r i o u s m o n o l a y e r s u r f a c e p r e s s u r e s u n d e r i d e n t i c a l c o n d i 
t i o n s o f i l l u m i n a t i o n a r e p l o t t e d v s s u r f a c e p r e s s u r e i n F i g u r e 3 . 

The r a t e c o n s t a n t f o r t h e p h o t o i s o m e r i z a t i o n d r o p s w i t h i n c r e a s 
i n g s u r f a c e p r e s s u r e , l e v e l l i n g o f f b e tween 20 and 30 mN/m. T h i s d e 
pendence i s a t t r i b u t e d t o t h e d e c r e a s e i n m o l e c u l a r m o b i l i t y due t o 
t i g h t e r p a c k i n g o f t h e m o n o l a y e r head g r o u p s and s t r o n g e r i n t e r a c t i o n s 
b e tween t h e l o n g h y d r o c a r b o n c h a i n s when t h e s u r f a c e p r e s s u r e i s i n 
c r e a s e d . The s p e c t r o s c o p i c method f o r t h e e v a l u a t i o n o f t h e r a t e c o n 
s t a n t u s e d h e r e i s more d i r e c
s u r e a t c o n s t a n t a r e a o r t h e change i n a r e a a t c o n s t a n t s u r f a c e p r e s 
s u r e w h i c h r e q u i r e a d i f f e r e n t s u r f a c e b e h a v i o r o f t h e i s o m e r s . The 
method o f m o n o l a y e r enhanced l i g h t r e f l e c t i o n f r o m t h e a i r - w a t e r i n 
t e r f a c e p r o v i d e s a c o n v e n i e n t t o o l t o s t u d y t h e e n v i r o n m e n t a l e f f e c t s 
t h a t m o d i f y i n t e r f a c i a l r e a c t i o n s . 

P h o t o c h e m i c a l G e n e r a t i o n o f an I n t e r f a c i a l Shock Wave. B o t h t h e a n 
t h o c y a n i d i n e and t h e t h i o i n d i g o m o n o l a y e r s showed a d e c r e a s e i n s u r 
f a c e p r e s s u r e a t c o n s t a n t a r e a d u r i n g t h e p h o t o i s o m e r i z a t i o n r e 
a c t i o n . A d i f f e r e n t b e h a v i o r i s o b s e r v e d w i t h m i x e d m o n o l a y e r s o f t h e 
s u r f a c e a c t i v e s p i r o p y r a n SP and o c t a d e c a n o l (OD) , m o l a r r a t i o 
SP :0D = 1 :5 , on i l l u m i n a t i o n w i t h UV r a d i a t i o n . The i s o m e r i z a t i o n o f 
t h e s p i r o p y r a n t o t h e m e r o c y a n i n e MC c a u s e s an i n c r e a s e i n s u r f a c e 
p r e s s u r e a t c o n s t a n t a r e a ( 5 , 1 4 ) . T h i s i s shown i n F i g u r e 4 , where 
t h e sudden r i s e i n s u r f a c e p r e s s u r e π upon r e p e a t e d 0 . 5 s e x p o s u r e s 
(as i n d i c a t e d by t h e a r r o w s ) c a n be s e en t o o c c u r i n a w i d e s u r f a c e 
p r e s s u r e r a n g e ( 1 5 ) . The k i n e t i c s o f t h e r e l a x a t i o n p r o c e s s f o l l o w 
i n g t h e s u r f a c e p r e s s u r e i n c r e a s e depends on t h e s u r f a c e p r e s s u r e . 

The f a s t i s o m e r i z a t i o n o f t h e s p i r o p y r a n t o t h e m e r o c y a n i n e p r o 
v i d e s a p o s s i b i l i t y o f g e n e r a t i n g an i n t e r f a c i a l s h o c k wave . The 
methods u s e d so f a r i n s t u d y i n g t h e t r a n s m i s s i o n o f waves i n mono
l a y e r s and t h e a d j a c e n t b u l k p h a s e s r e q u i r e m e c h a n i c a l (16) o r e l e c -
t r o c a p i l l a r y (17) e x c i t a t i o n o f t h e i n t e r f a c e w h i c h i n v o l v e s t h e d i s 
p l a c e m e n t o f t h e aqueous b u l k p h a s e . I n a d d i t i o n , t h e r a n g e o f f r e 
q u e n c i e s a c c e s s i b l e t o t h e i n v e s t i g a t i o n o f i n t e r f a c i a l waves by t h e 
c o n v e n t i o n a l t e c h n i q u e s i s v e r y l i m i t e d . The f a s t p h o t o c h e m i c a l g e 
n e r a t i o n o f an i n t e r f a c i a l s h o c k wave i s s t r i c t l y o c c u r r i n g i n t h e 
m o n o l a y e r and p r o v i d e s a l a r g e r s p e c t r u m o f f r e q u e n c i e s w h i c h c a n be 
f u l l y e x p l o r e d o n l y a f t e r t h e d e v e l o p m e n t o f a p p r o p r i a t e d e t e c t i o n 
m e t h o d s . 

One way o f d e t e c t i n g a s u r f a c e s h o c k wave i s t h e o b s e r v a t i o n o f 
a phase t r a n s i t i o n i n a d e t e c t i o n m o n o l a y e r i n c o n t a c t w i t h t h e g e 
n e r a t i o n m o n o l a y e r . I n t h e c a s e o f a c y a n i n e dye m o n o l a y e r w h i c h u n 
d e r g o e s a phase t r a n s i t i o n f r o m monomer i c t o a g g r e g a t e dye c h a r a c t e r 
i z e d by a s t r o n g and n a r r o w a b s o r p t i o n band s h i f t e d t o l o n g e r waves 
w i t h r e s p e c t t o t h e monomer i c a b s o r p t i o n band ( 1 3 ) , t h e s h o c k wave 
c a n be f o l l o w e d by m o n i t o r i n g t h e l i g h t r e f l e c t i o n f r o m t h e a i r - w a t e r 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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Time / min 

F i g u r e 1. S i m u l t a n e o u s change a t c o n s t a n t m o n o l a y e r a r e a i n s u r f a c e 
p r e s s u r e π ( t o p ) and s u r f a c e p o t e n t i a l Δν ( bo t t om) f o l l o w i n g Is e x 
p o s u r e s o f a m o n o l a y e r o f t h e a n t h o c y a n i d i n e AC as i n d i c a t e d by t h e 
a r r o w s . S u b p h a s e : 1 0 " 2 N H2SO4. 

0 
1 2 3 4 5 

Time / min 

F i g u r e 2 . T ime dependence o f enhanced l i g h t r e f l e c t i o n a t 550 nm o f 
a m i x e d m o n o l a y e r o f t h e t h i o i n d i g o c i s - T I and a r a c h i d i c a c i d ( A A ) , 
m o l a r r a t i o T I : A A = 1 :3 , on i l l u m i n a t i o n w i t h b l u e l i g h t as i n d i c a t e d 
by t h e a r r o w s . S u b p h a s e : b i d i s t i l l e d w a t e r ; s u r f a c e p r e s s u r e : 10 mN/m. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
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10 20 30 

Surface pressure / m N m'1 

F i g u r e 3 . R a t e c o n s t a n t s o f c i s t r a n s p h o t o i s o m e r i z a t i o n o b t a i n e d 
f r o m e n h a n c e d r e f l e c t i o n measurements v s . s u r f a c e p r e s s u r e o f m i x e d 
m o n o l a y e r s o f t h e t h i o i n d i g o T I and a r a c h i d i c a c i d ( A A ) , m o l a r r a t i o 
T I : A A = 1 :3 . S u b p h a s e : b i d i s t i l l e d w a t e r , 22° C . 

Time 

F i g u r e 4 . F a s t s u r f a c e p r e s s u r e jumps a f t e r 0 . 5 s e x p o s u r e s w i t h UV 
r a d i a t i o n o f a m i x e d m o n o l a y e r o f t h e s p i r o p y r a n SP and o c t a d e c a n o l 
(OD) , m o l a r r a t i o SP :0D = 1 :5 , a t c o n s t a n t m o n o l a y e r a r e a . S u b p h a s e : 
b i d i s t i l l e d w a t e r , pH = 6 . 2 . 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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i n t e r f a c e i n t h e r a n g e o f t h e a g g r e g a t e band ( 5 ) . When t h e phase t r a n 
s i t i o n i s f a s t compared t o t h e r i s e t i m e o f t h e s h o c k wave t h e t i m e 
dependence o f t h e r e f l e c t i o n s i g n a l c h a r a c t e r i z e s t h e shape o f t h e 
s h o c k wave and y i e l d s i n f o r m a t i o n on t h e damp ing o f t h e v a r i o u s f r e 
q u e n c i e s f o r m i n g t h e s h o c k wave i n i t i a l l y . The p h o t o c h e m i c a l s y s t e m 
t h e r e f o r e p r o v i d e s a u n i q u e t o o l t o i n v e s t i g a t e t h e i n t e r f a c i a l p r o 
p a g a t i o n o f s h o c k waves and t h e d y n a m i c s o f s t r u c t u r a l changes i n t h e 
i n t e r f a c i a l r e g i o n . 

P h o t o p o l y m e r i z a t i o n . The p h o t o p o l y m e r i z a t i o n o f a p p r o p r i a t e d i a c e t y -
l e n e compounds w i t h U V r a d i a t i o n a t t h e a i r - w a t e r i n t e r f a c e s h o u l d be 
p o s s i b l e w i t h o u t i n d u c i n g l a r g e d e f e c t s s i n c e t h i s t y p e o f r e a c t i v e 
compounds i s known t o u n d e r g o t o p o c h e m i c a l t r a n s f o r m a t i o n f r o m mono
mer t o p o l y m e r i n t h e o r g a n i c s o l i d s t a t e . The b e h a v i o r o f v a r i o u s 
l o n g c h a i n c a r b o x y l i c a c i d s c o n t a i n i n g t h e d i a c e t y l e n e g r o u p h a s b e en 
s t u d i e d a t t h e a i r - w a t e r i n t e r f a c
o r q u a r t z p l a t e s b u i l t u
s y s t e m s , t h e f o r m a t i o n o f d oma ins has b e e n o b s e r v e d , and one mayor 
t a s k h a s been t o f i n d t h e a p p r o p r i a t e c o n d i t i o n s f o r f o r m a t i o n o f 
p a r t i c u l a r l y l a r g e homogeneous a r e a s . 

The p h o t o p o l y m e r i z a t i o n has been f o l l o w e d by m e a s u r i n g t h e l i g h t 
t r a n s m i s s i o n o f t h e m o n o l a y e r a t t h e a i r - w a t e r i n t e r f a c e i n a d o u b l e 
p a s s i n s t r u m e n t i n v o l v i n g l i g h t r e f l e c t i o n a t a m i r r o r u n d e r n e a t h 
( 1 8 ) . The p a r t i c u l a r s p e c t r o s c o p i c f e a t u r e o f t h e p o l y m e r i z i n g mono
l a y e r s a r e a " r e d b a n d " w i t h maximum a t 530 nm and a band a t 650 nm 
( " b l u e b a n d " ) w h i c h d i s a p p e a r s when t h e r e a c t i o n i s c o m p l e t e d . The 
a l t e r n a t i v e t e c h n i q u e o f m e a s u r i n g t h e enhanced l i g h t r e f l e c t i o n h a s 
been u s e d t o s t u d y t h e p h o t o p o l y m e r i z a t i o n o f m o n o l a y e r s o f t h e d i a -
c e t y l e n e c a r b o x y l i c a c i d DA ( 1 9 ) . The r e f l e c t i o n s p e c t r a o b t a i n e d f r o m 
t h e a i r - w a t e r i n t e r f a c e a f t e r i n c r e a s i n g e x p o s u r e t o U V r a d i a t i o n a r e 
shown i n F i g u r e 5 . The DA m o n o l a y e r has no a b s o r p t i o n band i n t h e v i 
s i b l e r a n g e b e f o r e e x p o s u r e ( c u r v e 1 ) , and t h e band w i t h maximum 
530 nm ( " r e d b a n d " ) grows i n d u r i n g t h e r e a c t i o n ( c u r v e s 2 t o 6 ) . 

The measurement o f enhanced l i g h t r e f l e c t i o n p r o v i d e s d i r e c t i n 
f o r m a t i o n c o n c e r n i n g i n t e r m e d i a t e s , p r o d u c t s and t h e k i n e t i c s o f t h e 
p h o t o p o l y m e r i z a t i o n a t t h e a i r - w a t e r i n t e r f a c e . 

M o n o l a y e r A s s e m b l i e s 

M o n o l a y e r a s s e m b l i e s d i f f e r f r o m t h e s i m p l e L a n g m u i r - B l o d g e t t m u l t i 
l a y e r s i n t h e d e t a i l s o f t h e s t r u c t u r e . I n s t e a d o f d e p o s i t i n g mono
l a y e r s o f one t y p e o n l y , t h e m o n o l a y e r s a t t h e a i r - w a t e r i n t e r f a c e 
a r e changed be tween t h e s i n g l e s t e p s , i m m e r s i o n and w i t h d r a w a l o f t h e 
s o l i d s u b s t r a t e , r e s p e c t i v e l y . V a r i o u s i n t e r a c t i n g m o l e c u l a r s p e c i e s 
c a n be a r r a n g e d i n t h e d e s i r e d g eome t ry by u s i n g t h e w e l l - k n o w n mo
n o l a y e r s o f f a t t y a c i d s , e s t e r s , a l c o h o l s o r amines as m a t r i c e s f o r 
t h e i n t e r e s t i n g m o l e c u l e s . I n o r d e r t o e n s u r e t h e g e o m e t r y , t h e m o l e 
c u l a r m o b i l i t y must be s t r o n g l y r e d u c e d . T h i s r i g i d e n v i r o n m e n t a l s o 
p r e v e n t s l a r g e s t r u c t u r a l changes i n t h e c o u r s e o f c h e m i c a l r e a c t i o n s . 
T h e r e f o r e , t h o s e r e a c t i o n s a r e p a r t i c u l a r l y s u i t e d f o r m o n o l a y e r s y 
s tems t h a t do n o t r e q u i r e e x t e n d e d m o t i o n o f m o l e c u l a r p a r t s . 

P h o t o i s o m e r i z a t i o n . M i x e d m o n o l a y e r s o f t h e t h i o i n d i g o d e r i v a t i v e T I 
d i s c u s s e d b e f o r e and a r a c h i d i c a c i d ( A A ) , m o l a r r a t i o T I : A A = 1 : 3 , 
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c a n be t r a n s f e r r e d t o g l a s s p l a t e s . When t h e c i s T I i s t r a n s f e r r e d , 
t h e t h i o i n d i g o c a n be i s o m e r i z e d t o t h e t r a n s f o r m by i r r a d i a t i o n 
w i t h l i g h t o f t h e w a v e l e n g t h 480 nm. A s e r i e s o f a b s o r p t i o n s p e c t r a 
o f s u c h a m o n o l a y e r i l l u s t r a t i n g t h e s p e c t r a l changes d u r i n g t h e p h o -
t o r e a c t i o n i s shown i n F i g u r e 6 ( 1 2 ) . The a b s o r p t i o n d e c r e a s e s b e 
tween 460 nm and 495 nm and i n c r e a s e s i n t h e r a n g e s f r o m 370 nm t o 
460 nm and 495 nm t o 570 nm. The i n c r e a s e i n t h e i n t e g r a t e d a b s o r p t i o n 
i s p a r t l y due t o d i f f e r e n t o r i e n t a t i o n s o f t h e t r a n s i t i o n moments f o r 
t h e c i s as compared t o t h e t r a n s T I . The o b s e r v a t i o n o f i s o s b e s t i c 
p o i n t s i s e v i d e n c e f o r a s i m p l e p h o t o c h e m i c a l t r a n s f o r m a t i o n o f t h e 
c i s t o t h e t r a n s T I . The r e v e r s e p h o t o i s o m e r i z a t i o n h a s n o t b e en o b 
s e r v e d i n t r a n s f e r r e d m o n o l a y e r s . As c a n be s e en f r o m m o l e c u l a r mo
d e l s , t h e c i s + t r a n s i s o m e r i z a t i o n i s p o s s i b l e e ven when t h e l o n g 
c h a i n s a r e r i g i d l y f i x e d , s i n c e t h e r o t a t i n g ch romopho r e m o i e t y r o 
t a t e s s i m u l t a n e o u s l y a r o u n d t h e b e n z e n e - o x y g e n bond and t h e c e n t r a l 
C-C bond i n t h e e x c i t e d s t a t e
d i t i o n s , i t i s d i f f i c u l
z a t i o n i s n o t o b s e r v e d . A c l a r i f i c a t i o n o f t h i s q u e s t i o n r e q u i r e s a 
more d e t a i l e d i n v e s t i g a t i o n o f t h e s t r u c t u r e o f t h e m i x e d m o n o l a y e r s . 

P h o t o i n d u c e d E l e c t r o n T r a n s f e r . M o n o l a y e r o r g a n i z a t e s a r e p a r t i c u 
l a r l y s u i t e d f o r t h e i n v e s t i g a t i o n o f p h o t o i n d u c e d e l e c t r o n t r a n s f e r , 
s i n c e t h e m o l e c u l e s a r e f i x e d and t h e d i s t a n c e b e tween t h e p l a n e s a t 
w h i c h t h e d o n o r and t h e a c c e p t o r m o l e c u l e s , r e s p e c t i v e l y , a r e l o c a t e d 
c a n be w e l l d e f i n e d . T h e r e f o r e , c o m p l e x m o n o l a y e r s hav e b e e n a r r a n g e d 
i n o r d e r t o s t u d y t h e d i s t a n c e dependence o f e l e c t r o n t r a n s f e r i n 
t h e s e s y s t e m s ( 2 , 2 0 ) . T h i s s t r a t e g y has a l s o been u s e d t o e l u c i d a t e 
t h e r e l a t i v e c o n t r i b u t i o n s o f e l e c t r o n i n j e c t i o n and e n e r g y t r a n s f e r 
mechan i sms i n t h e s p e c t r a l s e n s i t i z a t i o n o f s i l v e r b r o m i d e ( 2 1 ) . 

When t h e m o l e c u l e s o f t h e e l e c t r o n d o n o r D and t h e a c c e p t o r A 
a r e f i x e d a t t h e same i n t e r f a c e , t h e d i s t a n c e be tween D and A may 
v a r y a r o u n d an a v e r a g e v a l u e due t o t h e s t a t i s t i c a l d i s t r i b u t i o n o f 
t h e m o l e c u l e s i n t h e m i x e d m o n o l a y e r s . T h e r e f o r e , p a r t i c u l a r p a i r s o f 
D and A a r e i n a more f a v o u r a b l e s i t u a t i o n w i t h r e s p e c t t o e l e c t r o n 
t r a n s f e r t h a n t h e a v e r a g e . I f t h e e x c i t e d s t a t e o f t h e d o n o r c a n 
r e a c h a p a r t i c u l a r p a i r by e x c i t o n h o p p i n g , t h e p r i m a r y e x c i t a t i o n o f 
an u n f a v o u r a b l e d o n o r m o l e c u l e may end i n t h e e l e c t r o n t r a n s f e r a c t . 
T h i s e n e r g y d e r e a l i z a t i o n e n h a n c e s t h e quantum y i e l d o f p h o t o i n d u c e d 
e l e c t r o n t r a n s f e r as e v i d e n c e d by t h e i n c r e a s e o f f l u o r e s c e n c e q u e n c h 
i n g when t h e d e n s i t y o f t h e d o n o r m o l e c u l e s i s enhanced a t c o n s t a n t 
a c c e p t o r d e n s i t y ( 2 2 ) . T h i s e f f e c t h a s b e e n f o u n d i n s y s t e m s o f m i x e d 
m o n o l a y e r s o f t h e c y a n i n e dye CY as d o n o r and m i x e d m o n o l a y e r s o f t h e 
v i o l o g e n d e r i v a t i v e SV as a c c e p t o r , u s i n g a m i x t u r e o f a r a c h i d i c a c i d 
(AA) and m e t h y l a r a c h i d a t e (MA ) , m o l a r r a t i o AA:MA = 9 : 1 , as m a t r i x . A 
t y p i c a l r e s u l t i s shown i n F i g u r e 7 ( b a r s ) , where t h e r e l a t i v e f l u o 
r e s c e n c e i n t e n s i t y o f t h e d o n o r i s p l o t t e d v s . t h e d o n o r d e n s i t y a t 
c o n s t a n t a c c e p t o r d e n s i t y . 

The s i t u a t i o n i s d i f f e r e n t when d o n o r and a c c e p t o r m o l e c u l e s a r e 
l o c a t e d a t d i f f e r e n t i n t e r f a c e s , t h a t a r e s e p a r a t e d by a f a t t y a c i d 
m o n o l a y e r o f w e l l d e f i n e d t h i c k n e s s . T h e r e a r e no l o n g e r c l o s e p a i r s 
o f d o n o r and a c c e p t o r w i t h a h i g h p r o b a b i l i t y o f e l e c t r o n t r a n s f e r as 
i n t h e " c o n t a c t " c a s e . C o n s e q u e n t l y , no change i n r e l a t i v e f l u o r e s 
c e n c e i n t e n s i t y w i t h i n c r e a s i n g d o n o r d e n s i t y i s e x p e c t e d , c o n t r a r y 
t o t h e f o r m e r c a s e . I n d e e d , i n s y s t e m s w i t h a s p a c e r m o n o l a y e r o f 
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DA: C 5 H 1 1 - C E C - C E C - ( C H 2 ) 8 - - C O O H 

Wave leng th / nm 

F i g u r e 5 . E n h a n c e d r e f l e c t i o n s p e c t r a o f a m o n o l a y e r o f t h e d i a c e -
t y l e n e c a r b o x y l i c a c i d DA b e f o r e ( c u r v e 1) and a f t e r i n c r e a s i n g e x 
p o s u r e t o U V r a d i a t i o n : 5 m i n ( 2 ) ; 15 m i n ( 3 ) ; 30 m i n ( 4 ) ; 60 m i n 
( 5 ) ; 90 m i n ( 6 ) . S u b p h a s e : 3 x 1 0 " 4 M C d C l 2 and 5 x 1 0 " 5 M N a H C 0 3 ; s u r 
f a c e p r e s s u r e : 10 mN/m. 

ο 10-
x 

Έ 8-
o 

Wavelength / nm 

F i g u r e 6 . A b s o r p t i o n s p e c t r a o f a m i x e d m o n o l a y e r o f t h e t h i o i n d i g o 
c i s T I and a r a c h i d i c a c i d ( A A ) , m o l a r r a t i o T I : A A = 1 : 3 , on a g l a s s 
p l a t e a f t e r v a r i o u s t i m e s o f i r r a d i a t i o n w i t h 480 nm l i g h t . The a b 
s o r p t i o n d e c r e a s e s i n t h e r a n g e be tween 460 nm and 495 nm and i n 
c r e a s e s due t o f o r m a t i o n o f t r a n s T I a t 550 nm. The s p e c t r a were 
t a k e n b e f o r e and a f t e r 10 s , 19 s and 30 m i n o f i r r a d i a t i o n . 
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F i g u r e 7 . P h o t o i n d u c e d e l e c t r o n t r a n s f e r i n m o n o l a y e r s y s t e m s w i t h 
t h e c y a n i n e dye CY as d o n o r and t h e v i o l o g e n d e r i v a t i v e SV as a c c e p 
t o r . R e l a t i v e f l u o r e s c e n c e i n t e n s i t y o f t h e d o n o r m o n o l a y e r v s . 
d o n o r d e n s i t y a t c o n s t a n t a c c e p t o r d e n s i t y . B a r s : Dono r and a c c e p t o r 
a t t h e same i n t e r f a c e , d e n s i t y o f Α, σ ( Α ) = 0 .01 n m - 2 . C i r c l e s : d o 
n o r and a c c e p t o r a t d i f f e r e n t i n t e r f a c e s , d i s t a n c e 2 . 3 nm, 
σ ( Α ) = 0 . 4 3 n m " 2 . 
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thickness 2.3 nm, t h i s i s found as shown i n F igure 7, c i r c l e s (23). 
This r e s u l t , on the other hand, can be in te rp re ted as evidence for 
the absence of c lose p a i r s , i . e. the absence of contacts between the 
donor and the acceptor monolayers. The f luorescence quenching, t h e r e 
f o re , must be a t t r i b u t e d to long d i s tance e l e c t r o n t r a n s f e r , presum
ably v i a e l e c t r o n tunne l ing across the i n s u l a t i n g f a t t y a c i d mono
l a y e r . 

Conclusions 

Photochemical processes i n monolayers at the a i r -wate r i n t e r f ace can 
be c o n t r o l l e d e x t e rna l l y by v a r i a t i o n of the var ious parameters l i k e 
matr ix compos i t ion , subphase compos i t ion , temperature and surface 
pressure . When the product of the r eac t ions has a d i f f e r e n t area per 
molecule , the surface pressure may change at constant monolayer area . 
An i n t e r f a c i a l shock wave has been generated i n t h i s way. This t e c h 
nique permits the i n v e s t i g a t i o
processes and the t ransmiss ion of mechanical s i gna l s i n monolayers. 

Monolayer systems are cha rac te r i z ed by a very l i m i t e d molecular 
m o b i l i t y and high degree of o rder . Photoinduced e l e c t r on t r ans fe r 
processes have been inves t i ga ted i n these systems i n order to e v a l u 
ate the in f luence of energy d e r e a l i z a t i o n on the quantum e f f i c i e n c y 
of the e l e c t r o n t r ans f e r step and the range of long d i s tance e l e c t r on 
t r a n s f e r . 

S t r u c t u r e s : 
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T I : 

S P : 

M C : 

DA : 

CY: 

C f i H r 

Cl8H37 Q 
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I I 
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Photolabeling of Neurotransmitter Receptor Sites 
in the Brain 

D. I. SCHUSTER1, R. B. MURPHY1, R. A. ASHTON1,2, K. THERMOS1, L. P. WENNOGLE1, 
and L. R. MEYERSON2 

1Department of Chemistry, New York University, New York, NY 10003 
2Department of CNS Research, Medical Research Division of American Cyanamid Company, 
Lederle Laboratories, Pearl River, NY 10965 

The principles of photoaffinit  labelin f
binding sites of
reviewed, in term  genera  proble
characterization of neurotransmitter and drug receptor 
sites in mammalian brain. Selected examples from the 
literature are used to illustrate the design of compounds 
for the purpose of labeling of specific receptor sites 
located in cell membranes, and the pharmacological and 
biochemical methods of analysis utilized in such studies. 
Two examples of such studies from the authors' 
laboratories are described, one involving photolabeling of 
serotonin uptake sites in human platelets and rat brain by 
2-nitroimipramine, and the other utilizing chlorpromazine 
to label dopaminergic sites in bovine and canine striatal 
tissue preparations. In both instances, specific protein 
fractions are labeled, according to gel electrophoretic 
analysis. 

The study of biologically active macromolecules using photoexcited 
reagents was introduced into biochemistry by Westheimer and his co
workers in the early I9601s (1,2)f and has since developed into one 
of the most important techniques for studying the interaction of 
ligands with active sites on the surface of macromolecules such as 
receptors and enzymes (3-6), The basic idea is to incorporate into 
the ligand a moiety that can be activated on exposure of the ligand 
to light while the ligand is complexed at the binding site, to 
produce a highly reactive chemical intermediate that will bind 
covalently to functional groups on the macromolecule in the 
immediate vicinity of the binding site, causing irreversible 
attachment ("labeling") of the ligand to the enzyme or receptor 
molecule. This is schematically illustrated in Figure 1. This method 
has been shown to have considerable advantages over affinity 
labeling using highly reactive ligand-based reagents, in that pho
toaf f inity labels are chemically inert until activated by light, and 
therefore can be used in critical preliminary experiments (see 
below) without danger of irreversible attachment to the binding 
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NONSPECIFIC LABELING 

Figure 1. Schematic d e p i c t i o n of p h o t o a f f i n i t y l a b e l i n g of 
b i o l o g i c a l l y a c t i v e macromolecules. 
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s i t e s , as wel l as other p ro te ins and l i p i d s present i n the b i o l o g i 
c a l p repara t ion . In genera l , p h o t o a f f i n i t y l a b e l s have much greater 
s p e c i f i c i t y than a f f i n i t y l a b e l s , and have been u t i l i z e d much more 
f requent ly i n s tud ies of b i o l o g i c a l l y a c t i v e s i t e s . 

The i n i t i a l s tudies us ing the s o - c a l l e d " p h o t o a f f i n i t y 
l a b e l i n g " technique invo lved p u r i f i e d enzyme systems, where the 
pho to l ab i l e group was d i r e c t l y attached to the macromolecule p r i o r 
to p h o t o l y s i s , as i n d iazoacety lchymotryps in where the d i a zoace ty l 
group was attached to a se r ine res idue at the ac t i v e s i t e (1,2) , In 
most l a t e r a p p l i c a t i o n s the pho to l ab i l e moiety i s attached to a 
substrate or l i g and of the b i o l o g i c a l l y a c t i v e system, and the 
method has become a powerful method for i n v e s t i g a t i n g the normal ly 
r e v e r s i b l e i n t e r a c t i o n between a v a r i e t y of pharmacological agents 
and t h e i r b ind ing s i t e s (3-6)» 

I d e a l l y , the photogenerated intermediate should be h i gh l y 
r e a c t i v e and r e l a t i v e l y i n d i s c r i m i n a t e i n i t s behavior , such that 
attachment can occur t
i . e . , i n s e r t i o n can occur i n to C-H bonds as we l l as n u c l e o p h i l i c 
cente r s . The technique has the p o t e n t i a l of i d e n t i f y i n g such b ind ing 
s i t e s and g i v i n g in format ion about t h e i r molecular s t r u c t u r e , as 
w i l l be i l l u s t r a t e d below. We w i l l be p a r t i c u l a r l y i n t e r e s t ed here 
i n c h a r a c t e r i z a t i o n of b i o l o g i c a l receptor s i t e s which are a c t i v a t e d 
on attachment of an appropr iate l i g and to give a p a r t i c u l a r phys i o 
l o g i c a l or b iochemica l response, e . g . , opening of a channel fo r i on 
t r anspo r t , a c t i v a t i o n of an enzyme such as adenylate c y c l a s e , e t c . , 
r e s u l t i n g i n propagation of a nerve impulse, muscle c o n t r a c t i o n , 
r e l ease of a hormone, or some other p h y s i o l o g i c a l response. 

A f u l l d e s c r i p t i o n of the use of photogenerated reagents i n 
b iochemistry and molecular b i o l ogy , i n c l ud ing d e t a i l e d experimental 
procedures and d i s cus s i ons of the p i t f a l l s a ssoc ia ted with t h i s 
technique, i s presented i n a recent monograph by Bayley (6 ) # 

C r i t e r i a for S i t e - s p e c i f i c P h o t o a f f i n i t y Labe l ing 

In order to achieve photo labe l ing of s p e c i f i c s i t e s , c e r t a i n 
requirements have to be met ( 4 , 5 ) « I f a l i g and i s chemica l l y modi
f i e d to al low p h o t o a c t i v a t i o n , i t must be e s t ab l i shed that the 
i n t e r a c t i o n of the modif ied l i g and with i t s r e cogn i t i on s i t e on an 
enzyme or a receptor mimics that of the unmodified l i g a n d . T h i s can 
be determined i n enzymatic systems by not ing whether the photoprobe 
i s a subst rate fo r the enzyme i n quest ion , and i n some receptor 
systems by seeing whether a p h y s i o l o g i c a l response induced by the 
unmodified l i g and i s observed with the photoprobe. For example, i n 
s tud ies of the i n s u l i n r ecep to r , az idobenzoyl groups were 
s p e c i f i c a l l y introduced in to the B-29 l y s i n e and B-1 phenyla lanine 
r e s idues , which have been shown to be part of the reg ion of i n s u l i n 
which induces b ind ing and hormonal a c t i v i t y ; these modif ied i n s u l i n s 
r e ta ined 65% and 75%9 r e s p e c t i v e l y , of the a c t i v i t y o f i n s u l i n (7_)# 

In many systems, the b ind ing of the p o t e n t i a l photo labe l to the 
receptor system under i n v e s t i g a t i o n i s s tud ied by determining the 
extent to which the photo labe l competes for the b ind ing s i t e with 
known r ad io l i g ands for that s i t e . Thus, enkephal ins i n which 
a r y l a z i d o moiet ies were incorporated were shown to i n h i b i t the 
b ind ing of [ 3 H]-enkephal inamide and [ 1 2 5 I ] - l a b e l e d enkephal in to 
c e l l membranes ( 8 , 9 ) » I n s tud ies of muscar inic c h o l i n e r g i c b ind ing 
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s i t e s , az ido groups were introduced in to the b e n z i l i c a c i d moiet ies 
of 3 - q u i n u c l i d i n y l and N - m e t h y l - 4 - p i p e r i d y l b e n z i l a t e s , and these 
photoprobes were found to be potent competitors for the b ind ing of 
the t r i t i a t e d unmodified compounds to muscar in ic receptors i n r a t 
cortex homogenates (10). In cases where the photoprobe i s a l so 
r a d i o l a b e l e d , which i s an advantage for ana l y s i s of the r e s u l t s of 
the photo labe l ing r e a c t i o n , as d iscussed below, i t i s poss i b l e to 
study d i r e c t l y the i n t e r a c t i o n of the probe with the receptor system 
of i n t e r e s t . Thus, [ 3 H ] - p - a z i d o b e n z y l c a r a z o l o l was synthes ized as a 
l a b e l i n g reagent for beta -adrenerg ic r e cep to r s , and i t was poss ib l e 
to d i r e c t l y determine by standard procedures the ra tes of a s s o c i a 
t i o n and d i s s o c i a t i o n of t h i s l i g and to beta -adrenerg ic receptor 
s i t e s i n f rog e ry throcyte membranes, as wel l as the s p e c i f i c i t y of 
displacement of t h i s l i g and from such s i t e s us ing a s e r i e s of known 
l igands for t h i s and other receptor systems (11,12), Thus, the rank 
order of potency of drugs i n d i s p l a c i n g the t r i t i a t e d l i g a n d , 
i n c l u d i n g enantiomeric s p e c i f i c i t y
a f f i n i t i e s of the drugs

I f one can d i r e c t l y use a p rev ious ly cha rac te r i zed high a f f i n i 
ty receptor l i g and as a p h o t o a f f i n i t y l a b e l , a number of the above 
problems can be avoided. Notable examples of t h i s approach to study 
of receptor s i t e s i n mammalian b r a i n inc lude l a b e l i n g of benzodiaze
pine ( e . g . , val ium) receptors by [ 3 H] - f l un i t r azepam (13) and of 
dopamine receptors by [ 3H]~dopamine (14), Other examples of t h i s 
type inc lude the photo l abe l ing of ribosomes by puromycin (15 ) » i n a c -
t i v a t i o n of s t e r o i d isomerisases us ing photoexcited a ,3~unsaturated 
ke tos te ro ids (16), photo incorpora t ion of c y c l i c nuc leo t ides i n to 
receptors i n a v a r i e t y of t i s sues (17,18)» and p h o t o c r o s s - l i n k i n g of 
p ro te ins to n u c l e i c ac id s (19-21), O f ten , the photochemical 
mechanisms invo lved i n such l a b e l i n g s tud ies are obscure. In these 
s tud i e s , where the ends ( i . e . , i r r e v e r s i b l e photo labe l ing ) j u s t i f y 
the means, the absence of a r a t i o n a l mechanist ic exp lanat ion of the 
observed photochemical t ransformat ion does not seem to create a 
problem. Indeed, the exact s i t e of attachment of the photo labe l i n 
these complex macromolecules i s r a r e l y determined, so that the 
chemistry invo lved i n the process remains unknown. I t i s c l e a r , 
however, that the r eac t i ons occu r r ing on photoexc i t a t i on of l i gands 
at t h e i r b ind ing s i t e s often have no r e l a t i o n s h i p to r e ac t i ons which 
occur with the same l i gands f r e e l y d i f f u s i n g i n s o l u t i o n , and t h i s 
must be a t t r i b u t e d to the prox imity of the photoexcited s ta te and 
der ived intermediates to s p e c i f i c s i t e s on the macromolecular s u r 
face . 

In order to achieve s p e c i f i c l a b e l i n g of a b ind ing s i t e , the 
chemica l ly r e a c t i v e intermediate generated upon photoexc i t a t i on 
should have a very short l i f e t i m e , i n order to assure covalent 
a s s o c i a t i o n at a ra te comparable to d i f f u s i o n away from the b ind ing 
s i t e . The l a t t e r could lead to nonspec i f i c l a b e l i n g at s i t e s remote 
from the b ind ing s i t e , which i n heterogeneous systems (such as 
homogenates der ived from b r a in d i s s e c t i o n s and most c e l l u l a r prepa 
r a t i ons ) could we l l invo lve other macromolecules present i n the 
system. Such nonspec i f i c i nco rpo ra t i on has been termed 
pseudophotoaf f in i ty l a b e l i n g (22) > and i s wel l documented, 
p a r t i c u l a r l y i n examples us ing a r y l az ides as photo labe l s (3.). One 
i n d i c a t i o n that pseudophotoa f f in i ty l a b e l i n g has taken p lace i s when 
the extent of i nco rpo ra t i on of r ad io l abe l ed l i g and s u b s t a n t i a l l y 
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exceeds the extent of i n a c t i v a t i o n of the b ind ing s i t e i n the 
presence as wel l as the absence of a competit ive i n h i b i t o r (22), 
I n c l u s i on of a scavenger can sometimes reduce such e f f e c t s (6 ,72) , 

Cont ro l experiments must be c a r r i e d out i n which the extent of 
i nco rpo ra t i on of photo labe l and of i n a c t i v a t i o n of the b ind ing s i t e 
i s determined (a) when the puta t i ve l a b e l i s i r r a d i a t e d i n the 
absence of the c e l l u l a r p repa ra t ion , which i s then added and 
subjected to the usual incubat ion and workup procedures, and (b) on 
i r r a d i a t i o n of the b i o l o g i c a l p reparat ion i n the absence of the 
l a b e l , fo l lowed by a d d i t i o n of the l a b e l , i ncuba t i on , and workup. 
Cont ro l (a) would i n d i c a t e whether on i r r a d i a t i o n of the l a b e l a 
l o n g - l i v e d intermediate i s generated which can r eac t n o n s p e c i f i c a l l y 
with the b i o l o g i c a l p r epa ra t i on . For example, ketenes produced by 
Wolff rearrangement of photoexcited d i azoacy l moiet ies or l o n g - l i v e d 
s t a b i l i z e d f ree r a d i c a l s might show such e f f e c t s . The second c o n t r o l 
provides a measure of the extent of i n a c t i v a t i o n of the b i o l o g i c a l 
p reparat ion under the i r r a d i a t i o
and obv ious ly should b
study of photo l abe l ing of op iate receptors i n v o l v i n g the use of 
d i a zoace ty l and az ido d e r i v a t i v e s of f entany l which showed high 
a f f i n i t y for such r e cep to r s , r e ac t i ons were c a r r i e d out us ing short 
term ( l e ss than 3 min) i r r a d i a t i o n at 254 nm (23)» However, i t was 
shown that receptor preparat ions exposed to such l i g h t for only 5 
min l o s t 50% of t h e i r b ind ing a c t i v i t y . Thus, i f one i s forced to 
use short wavelength l i g h t i n such s t u d i e s , the i nco rpo ra t i on of the 
photo labe l (which should be able to absorb most o f . the i nc iden t 
l i g h t ) must be p a r t i c u l a r l y r ap i d and e f f i c i e n t to compete with 
photodegradation of the b i o l o g i c a l p r epa ra t i on . Indeed, one must 
i n t e r p r e t r e s u l t s i n such cases with extreme cau t i on . I d e a l l y , 
i r r a d i a t i o n cond i t i ons should be u t i l i z e d which do not lead to such 
photodegradation, and t h i s means us ing a l a b e l which absorbs at long 
wavelengths, p re f e rab ly > 350 nm. Carbene precursors have been 
introduced which absorb at long wavelengths and which a l s o minimize 
competit ive r e ac t i ons such as Wolff rearrangements. These inc lude p-
to luenesu l fony ld iazoaceta tes (24), t r i f l uo rod i a zop rop i ona t e s (25) and 
3 - a r y ] ~ 3 - t r i f l u o r o m e t h y l d i a z i r i n e s (26) . S i m i l a r l y , n i t r o a r y l a z i d e s 
which absorb at long wavelengths are genera l ly p re fe r red as n i t r ene 
precursors to unsubst i tuted a r y l az ides ( J O . 

I t should be ev ident from the mate r i a l presented above that 
when known l i gands for b ind ing s i t e s have been chemica l ly modif ied 
to produce p o t e n t i a l p h o t o a f f i n i t y l a b e l s , i n most cases these 
l a b e l s are precursors to carbenes and n i t r e n e s . Because of the s ide 
r e ac t i ons of carbenes which compete with i n s e r t i o n , a r y l az ides are 
gene ra l l y thought to be p re fe rab le to d iazo compounds as 
photo labe ls ( JO, a lthough as i nd i ca t ed above these problems can be 
circumvented us ing sub s t i t u t ed diazo compounds. However, rear range 
ment of a r y l n i t r enes to azepines i s a known process , and t h i s can 
a l so r e s u l t i n attachment to nuc l eoph i l e s remote from the b ind ing 
s i t e (4 ,27,28) , Nonetheless , the l i t e r a t u r e i nd i c a t e s that the 
major i ty of a p p l i c a t i o n s of p h o t o a f f i n i t y l a b e l i n g c a r r i e d out to 
date invo lve n i t r ene p recurso r s , and that these l a b e l s are 
remarkably e f f e c t i v e (3~6,27,28 ) « Because of the d i f f i c u l t y i n 
performing adequate mechanist ic s tud i e s i n these heterogeneous s y s 
tems, the quest ion of the involvement of t r i p l e t or s i n g l e t s ta tes 
of carbenes and n i t r enes i n these r e ac t i ons remains completely open, 
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as does the nature of the s i t e s ( e .g . , amino a c i d res idues ) which 
are captured (4,27,28), U n t i l the ac tua l s i t e s of attachment of the 
l a b e l s are c h a r a c t e r i z e d , t h i s quest ion w i l l remain unreso lved . 

Methods of A n a l y s i s of Photo labe led Receptor S i t e s 

Success i n photo labe l ing the a c t i v e s i t e on a b i o l o g i c a l l y a c t i v e 
macromolecule can be assessed i n some cases by l o s s or r educt ion of 
that a c t i v i t y . In the case of enzymes, t h i s can be r e a d i l y d e t e r 
mined by comparing the a c t i v i t y of the modif ied vs . the nat ive 
enzyme towards t y p i c a l subs t ra te s . In the case of r ecep to r s , the 
a b i l i t y to bind t y p i c a l r ad i o l abe l ed l i gands should be reduced or 
e l iminated f o l l ow ing success fu l mod i f i c a t i on of the b ind ing s i t e by 
i r r e v e r s i b l e attachment of a photo l abe l . Th i s has been seen, for 
example, i n photo l abe l ing of enkephal in and muscar in ic a c e t y l c h o 
l i n e receptor s i t e s (8,10) , In such s t u d i e s , the membranes a f te r 
i r r a d i a t i o n i n the presenc
ex tens i ve l y to remove an
for a v a i l a b l e receptor s i t e s with the r ad i o l i g and used i n the 
b inding assay (which can be a problem because of the high l i p o p h i l i -
c i t y of many receptor l i g a n d s ) . The washed membranes are then 
subjected to the usual c e n t r i f u g a t i o n and homogenization procedures 
to produce the preparat ion (usua l ly as a homogenate) used i n the 
r ad i o l i g and b ind ing assay under p rev ious l y e s t ab l i shed c o n d i t i o n s . 
As we have found i n our s tud ies of dopamine r ecep to r s , there can be 
problems assoc ia ted with t h i s approach because of d i f f i c u l t i e s i n 
washing the membranes f ree of the unbound r ad i o l abe l ed reagent . 
Indeed, when membrane-associated receptors are exposed to 
photo labe ls i n the dark, a s i g n i f i c a n t decrease i n the extent of 
b ind ing of the r a d i o l i g a n d used i n the ana l y s i s can often be 
observed (11,29,30) . Th i s i s most l i k e l y due not to dark r e ac t i ons 
of the photo labe l with the recep to r , but ra ther to the f a i l u r e to 
completely wash the receptors f ree of the r e v e r s i b l y bound 
hydrophobic l a b e l i n g reagent . When r educ t i on i n b ind ing a c t i v i t y of 
the receptor system i s observed, i t should be demonstrated (as was 
done i n the study of the enkephal in receptor system) (8) that known 
s p e c i f i c receptor l i gands compete for the b inding s i t e with the 
photo l abe l , thus reducing the extent of i n a c t i v a t i o n due to photo
l a b e l i n g . T h i s e f f ec t depends, however, on the r e spec t i v e r a t e s of 
a s s o c i a t i o n and d i s s o c i a t i o n of the l i gands and the r ecep to r , s ince 
a slow o f f - r a t e of the photo labe l may not al low e f f e c t i v e compet i 
t i o n for the b ind ing s i t e by known receptor l i g ands . We be l i eve t h i s 
i s a problem with some p o t e n t i a l l a b e l i n g reagents for dopamine 
receptors synthes ized i n our l abora tory (30), I f the photo labe l i s 
r a d i o l a b e l e d , the a s s o c i a t i o n and d i s s o c i a t i o n k i n e t i c s of the pho
t o l a b e l and the receptor should be determined (10,11,13,29) » 
However, i f on ly non - r ad io l abe l ed mate r i a l i s a v a i l a b l e , these k i n e 
t i c s are not e a s i l y determined. Thus, there i s a d i s t i n c t advantage 
to having r ad i o l abe l ed p h o t o a f f i n i t y l a b e l s , which i n the case of 
t r i t i u m - l a b e l e d compounds can be obtained e i the r by d e r i v i t i z a t i o n 
of commercial ly a v a i l a b l e r eceptor l i g an d s , by n o n - s p e c i f i c exchange 
of t r i t i u m for protons (usua l l y on aromatic r ings ) or by organic 
s y n t h e s i s . For 1 2 5 I - l a b e l e d compounds, the l a t t e r i s u sua l l y r e 
qu i red , although 1 2 5 I can be convenient ly introduced under ox ida t i ve 
cond i t i ons i n t o s u i t a b l y a c t i v a t e d aromatic systems. 
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The most common methodology used for a n a l y s i s and i d e n t i f i c a 
t i o n of the s i t e s on the receptor to which the photo labe l has been 
i r r e v e r s i b l y ( i . e . , c ova l en t l y ) attached as a r e s u l t of exposure to 
UV i r r a d i a t i o n invo lves ge l e l e c t r o p h o r e s i s . In t h i s procedure, the 
receptors must f i r s t be separated from the l i p i d environment of the 
membranes by s o l u b i l i z a t i o n i n a buffer conta in ing a detergent , most 
commonly sodium dodecyl su l f a t e (SDS). Th i s buffer often conta ins 
var ious protease i n h i b i t o r s to prevent protease - induced degradat ion 
of l abe l ed p ro te ins and 2 -mercaptoethanol to reduce d i s u l f i d e 
br idges . E l e c t r o p h o r e s i s i s u sua l l y done on polyacry lamide s lab ge ls 
(PAGE) prepared by standard procedures ( 3 1 ) , Samples are p laced i n 
the var ious we l l s of the p l a t e , with one lane reserved fo r molecular 
weight standards , and a running buffer i s used to separate the 
components of the mixture accord ing to molecular weight on passage 
of current through the g e l . The var ious bands on the ge l can be 
v i s u a l i z e d by standard s t a i n i n g procedures. When r ad i o l a be l ed photo
l a b e l i n g reagents are
r a d i o l a b e l in to var iou
s l i c i n g the ge l and measuring the r a d i o a c t i v i t y i n each s l i c e by 
l i q u i d s c i n t i l l a t i o n techniques , or by f luorograph ic a n a l y s i s i n 
which the ge l a f t e r a d d i t i o n of a f l u o r i s exposed to x - ray f i l m . 
Depending on the s p e c i f i c a c t i v i t y of the photo labe l (Ci/mmol), the 
exposure time may vary from a few hours to severa l months, so i t i s 
advantageous to use l a b e l with as high s p e c i f i c a c t i v i t y as can be 
convenient ly obtained and handled. Thus, I 2 5 I ( t y p i c a l a c t i v i t y on 
the order of 1 , 0 0 0 Ci/mmol) i s pre fe rab le to 3 H ( t y p i c a l a c t i v i t y of 
tens of Ci/mmol) as the r a d i o l a b e l . 

A p a r t i c u l a r l y n ice example of the a p p l i c a t i o n of t h i s 
methodology i s shown by the work of Lefkowitz and h i s group ( 1 2 ) , i n 
which beta -adrenerg ic r ecepto r s i n f rog e rythrocyte membranes pa r 
t i a l l y p u r i f i e d by a f f i n i t y chromatography were incubated with 1 2 5 l -
p -aminobenzy lcarazo lo l ( 1 ) i n the presence and absence of competing 
adrenerg ic l i g a n d s , fo l lowed by c r o s s - l i n k i n g of the l a b e l to the 
receptor through the f ree amino moiety us ing the b i f u n c t i o n a l 
reagent SANAH ( 2 ) upon exposure to UV l i g h t . As can be seen i n 
Figure 2 , the l a b e l i s s p e c i f i c a l l y incorporated in to a 5 8 kDalton 
band, which i s a l so the major band l abe l ed when an unpur i f i ed r ecep 
tor p reparat ion i s u t i l i z e d ( 1 1 ) , Furthermore, the s p e c i f i c i t y of 
l a b e l i n g i s c h a r a c t e r i s t i c a l l y beta -adrenerg ic i n that l a b e l i n g i s 
s t e r e o s p e c i f i c a l l y i n h i b i t e d by the (-) enantiomers of a l p r e n o l o l 
and i s o p r o t e r e n o l , which have much higher beta - receptor a f f i n i t i e s 
than the corresponding (+) isomers. Phentolamine and h a l o p e r i d o l , 
which are c h a r a c t e r i z i n g agents for a lpha -adrenerg ic and dopaminer
g i c systems, r e s p e c t i v e l y , are i n e f f e c t i v e i n p r o t e c t i n g the 5 8 
kDalton receptor component from l a b e l i n g by [ 1 2 5 I ] - PAMBC. There i s 
now a cons iderab le body of work which i nd i ca t e s that t h i s p r o t e i n i s 
indeed a p r i n c i p a l component of the beta -adrenerg ic r ecep to r , and 
work i s underway to ob ta in i t s molecular s t ruc tu re us ing the s t a n 
dard techniques of b iochemistry and molecular b io logy ( 3 2 ) I t should 
perhaps be e x p l i c i t l y noted that these membrane-bound receptors are 
not c r y s t a l l i n e , so that x - r ay c r y s t a l l o g r aphy , which has proved to 
be of great value i n as s i gn ing s t ruc tu r e s to enzymes and other 
p r o t e i n s , i s of no use i n receptor b iochemist ry , at l e a s t thus f a r . 
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[ , 2 5 l ] ρ - A M I N O B E N Z Y L C A R A Z O L O L 

( [ , 2 5 l ] P A M B C ) 

1 

N - S U C C I N I M I D Y L - 6 ( 4 ' A Z I D O - 2 ' - N I T R O P H E N Y L A M I N O ) 

H E X A N O A T E ( S A N A H ) 

2 

Resu l t s of Current S tud ies Invo lv ing Receptor C h a r a c t e r i z a t i o n 

We have been invo lved for seve ra l years i n a program to understand 
the nature of the i n t e r a c t i o n s at the molecular l e v e l between neuro
t r ansmi t te r s and t h e i r receptor s i t e s i n the b r a i n , and the 
mechanism of a c t i o n of c l i n i c a l l y a c t i v e drugs which i n h i b i t t h i s 
i n t e r a c t i o n i n neuronal systems. Such s tud ies have s i g n i f i c a n c e with 
respect to understanding the bas ic pathology invo lved i n mental 
d isease s t a te s such as depress ion and sch i zophren ia , and i n a i d i n g 
i n the design of s p e c i f i c drugs to t r ea t these i l l n e s s e s . The r e 
s u l t s of two such s tud ies employing p h o t o a f f i n i t y l a b e l i n g w i l l be 
b r i e f l y summarized. 

Pho toa f f i n i t y Labe l ing of Se ro ton in Uptake S i t e s Using 2~ 

Nitro imipramine 

Se ro ton in (5 -hydroxytryptamine, 5~HT) (3) i s a neurotransmitter 
found i n ' the per iphery as we l l as the c e n t r a l nervous system. 
Fo l low ing r e l ea se from storage v e s i c l e s i n se rotonerg ic neurons, 5"" 
HT d i f f u ses across the synapt ic c l e f t where i t i s recognized at 
appropr iate b ind ing s i t e s , u l t i m a t e l y generat ing a response i n the 
r e c e p t o r - c o n t a i n i n g c e l l by a complex process which need not concern 
us here . Subsequently, the neurotranmitter can be i n a c t i v a t e d 
enzymat ica l ly ( e . g . , ox i d i z ed to 5 - hydroxy indo leace t i c a c i d by the 
a c t i o n of monoamine oxidase and aldehyde reductase) or can be recap -
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tured at p r e j unc t i ona l s i t e s . Th i s route , known as reuptake, i s an 
important way i n which the l e v e l of neuronal a c t i v i t y i s c o n t r o l 
l ed (33) t In the per iphery , 5-HT i s known to be taken up by p l a t e 
l e t s i n the c i r c u l a t o r y system, where i t i s s t o r ed , t ranspor ted and 
eventua l ly r e l eased (34 ) » P l a t e l e t s do not have the machinery for 
producing 5-HT d i r e c t l y . Prev ious s tud ies have e s tab l i shed that the 
pharmacological p roper t i e s of the 5-HT reuptake s i t e i n the CNS and 
on p l a t e l e t s are v i r t u a l l y i d e n t i c a l , q u a l i t a t i v e l y as we l l as 
q u a n t i t a t i v e l y (35,36), The ease of i s o l a t i n g and p u r i f y i n g p l a t e l e t s 
makes them an e xc e l l e n t model system for i n v e s t i g a t i n g 5~HT uptake 
s i t e s i n normal as wel l as diseased subjects (36,37) . 

P l a t e l e t s a l so possess a high dens i ty of s i t e s for r e c o g n i t i o n 
of t r i c y c l i c an t idepress i ve agents, such as imipramine (IMI, 4a) , 
which i n h i b i t the uptake of b iogenic amines such as 5-HT in to p l a t e 
l e t s as wel l as synaptosomes (38,39), The c h a r a c t e r i s t i c s of [ 3H]-IMI 
b ind ing s i t e s i n human p l a t e l e t s and human b ra in are nea r l y i d e n t i 
c a l (40,41), I t has bee
4b) i s a potent i n h i b i t o r of 5-HT uptake and IMI b ind ing i n human 
p l a t e l e t s and r a t b r a i n , and i n general 2-NI and IMI have s i m i l a r 
pharmacological p roper t i e s (42). The components of the 5-HT uptake 
s i t e have not been i d e n t i f i e d , and a study was undertaken to l a b e l 
such s i t e s us ing 2-NI as a p h o t o a f f i n i t y l a b e l , us ing human p l a t e 
l e t s as wel l as neuronal preparat ions (43 ) » 

Scatchard analyses of equ i l i b r i um b ind ing of [ 3 H]-2-NI to human 
p l a t e l e t membranes were markedly c u r v i l i n e a r (43),These curves could 
be d i s sec ted i n t o a high a f f i n i t y component (Κ β = 1 .34 - 0.69 nM), i n 
agreement with an e a r l i e r r epor t (44 ) , and one or more s i t e s of lower 
a f f i n i t y . The UV absorpt ion spectrum of 2-NI r evea l s a maximum 
at 392 nm (ε 7,800) , so that long wavelength l i g h t which does not 
damage the membrane preparat ions could be u t i l i z e d i n these s t u d i e s . 
The output of a 550-watt Ace-Hanovia lamp cou ld be f i l t e r e d to 
exclude wavelengths below 340 nm, and the var ious preparat ions i n 
Pyrex t e s t tubes were i r r a d i a t e d for 20 min at 0°C i n the presence 
of [ 3 H]-2-NI , f o l l ow ing which the preparat ions were concentrated , 
b r i e f l y son icated and then s o l u b i l i z e d i n an SDS buffer p r i o r to 
polyacry lamide ge l e l e c t r opho re s i s (31),The f luorograms i n F igure 3 
show that there was no measurable i r r e v e r s i b l e i nco rpo ra t i on of 
r a d i o a c t i v i t y i n samples which were not exposed to UV l i g h t , whi le 
i r r a d i a t i o n r e s u l t e d i n e f f i c i e n t and s e l e c t i v e i nco rpo r a t i on of 
r a d i o a c t i v i t y i n t o a 30 kDalton band. A f te r sub t r ac t ing background, 
20-25$ of the r a d i o a c t i v i t y i n the ge l was l oca ted i n t h i s band, 
although Coomassie s t a i n i n g revea led that t h i s band represents only 
a very small f r a c t i o n of the t o t a l membrane p r o t e i n . The i nco rpo r a -
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Figure 2. S p e c i f i c i t y of p h o t o a f f i n i t y c r o s s l i n k i n g of 1 2 5 - I ~ p -
aminobenzylcarazo lo l (1) to a p u r i f i e d beta -adrenerg ic receptor 
p repa ra t i on . Arrows to the l e f t i nd i c a t e p o s i t i o n s of iod inated 
molecular weight standards . Taken with permiss ion of the copy
r i g h t owners from r e f . 12. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



9. S C H U S T E R E T A L . Photolabeling of Neurotransmitter Receptor Sites 135 

t i o n of [ 3 H ] -2 -NI into the 30 kDalton band of human p l a t e l e t mem
branes was blocked by 10 μΜ IMI, as shown i n F igure 4, but IMI 
enhanced i nco rpo ra t i on of r a d i o a c t i v i t y i n other bands, confirmed by 
t r i c h l o r o a c e t i c a c i d p r e c i p i t a t i o n s t u d i e s , perhaps as a r e s u l t of 
changes i n membrane f l u i d i t y (45,46), The dose-response e f f e c t s of 
three 5-HT uptake i n h i b i t o r s (IMI, f l uoxet ine and c i ta lopram) on 
equ i l i b r i um b ind ing of 2-NI and inco rpo ra t i on of [ 3 H ] -2 -NI in to the 
30 kDalton band were compared i n human p l a t e l e t s and r a t l i v e r 
p repa ra t i ons . Th i s r e l a t i o n s h i p i n the case of IMI i s c l e a r l y 
i l l u s t r a t e d i n F igure 5. However, s i g n i f i c a n t r educt ions i n drug 
potency i n i n h i b i t i n g i r r e v e r s i b l e i nco rpo ra t i on as compared to 
equ i l i b r i um b ind ing of [ 3 H ] -2 -NI were observed (43)» 

S i g n i f i c a n t photo incorporat ion of [ 3 H ] -2 -NI in to membrane homo-
genates der ived from human cor tex , r a t cor tex , r a t hypothalamus, 
and r a t hippocampus was a l so observed. In a l l cases a 30 kDalton 
band was i r r e v e r s i b l y l a be l ed i n y i e l d s of 1.5-5. % of t o t a l s p e c i 
f i c a l l y and r e v e r s i b l y boun
pharmacological p r o f i l
t i o n of [ 3H ]~2-NI were determined us ing t h i r t e e n s e l e c t i v e 5-HT 
uptake i n h i b i t o r s and fourteen compounds s e l e c t i v e for other 
neurotransmitter systems, us ing preparat ions of human p l a t e l e t s , r a t 
l i v e r and human cor tex . Every 5-HT uptake i n h i b i t o r b locked l a b e l i n g 
of the 30 kDalton band, i n most cases to upwards of 90%, whi le on ly 
small i n h i b i t o r y e f f ec t s (usua l ly l e s s than 30%) were seen f o r most 
of the other drugs. In genera l , there i s a good c o r r e l a t i o n between 
the a b i l i t y of drugs to i n h i b i t r e v e r s i b l e l a b e l i n g and 
photo labe l ing of the 30 kDalton band, with c o e f f i c i e n t s of 0.979 i n 
r a t l i v e r and 0.866 i n p l a t e l e t s . However, 5-HT not on ly d i d not 
block photo l abe l ing of the 3 0 kDalton band by [ 3 H ] -2 -NI but a c t u a l l y 
enhanced photo labe l ing i n a dose-dependent manner, even though 5~HT 
i s an potent i n h i b i t o r of r e v e r s i b l e b inding of t h i s l i g and to 
p l a t e l e t and r a t l i v e r homogenates. 

There seems l i t t l e doubt from these observat ions that [ 3 H ] -2 -NI 
i s l a b e l i n g a 30 kDalton subunit of the 5~HT uptake and t ranspor t 
complex, presumably a po lypept ide . The r eg iona l d i s t r i b u t i o n of 
b ind ing and l a b e l i n g p a r a l l e l s the d i s t r i b u t i o n of known high 
a f f i n i t y IMI b ind ing s i t e s (47)j and the pharmacological p r o f i l e of 
i n h i b i t o r s of b inding and l a b e l i n g i s as expected fo r the 5-HT 
uptake system. However, the quant i t a t i ve d i sc repanc ies between the 
a b i l i t y of three s e l e c t i v e 5-HT uptake i n h i b i t o r s (IMI, f l uoxe t ine 
and c i ta lopram) to i n h i b i t b ind ing and to protect the t i s sue aga inst 
photo labe l ing suggests that the 30 kDalton p r o t e i n i s not i t s e l f the 
IMI b inding s i t e but i s a second heretofore u n i d e n t i f i e d un i t which 
may be coupled t o , but i s d i s t i n c t from, the IMI b ind ing s i t e . Thus, 
although the l abe l ed p r o t e i n has a high a f f i n i t y fo r 5-HT uptake 
i n h i b i t o r s , that a f f i n i t y i s not as high as that of the IMI b ind ing 
p r o t e i n i t s e l f (40,42,44) . Thus, the e f f ec t of 5-HT, which a c t u a l l y 
promotes r a the r than i n h i b i t s photo labe l ing of the 30 kDalton pep
t i d e , can be expla ined i f t h i s component i s a l i o s t e r i c a l l y coupled 
to the se ro ton in b ind ing s i t e i n such a manner that b ind ing of 5-HT 
to i t s s i t e increases the a f f i n i t y of the 30 kDalton p r o t e i n for 
[ 3 H ] -2 -NI or leads to an increase i n the number of a v a i l a b l e s i t e s 
fo r l a b e l i n g . Further s tud ies should c l a r i f y the r e l a t i o n s h i p 
between the two s i t e s . 

Some a d d i t i o n a l bands at 16, 17, 35, and 37 kDaltons are l abe l ed 
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Figure 3. E f f e c t of UV l i g h t ( 3^0 nm) on inco rpo ra t i on of 
[ 3 H] -2 -n i t ro imip ramine i n to human p l a t e l e t membranes, as shown by 
SDS-PAGE and f luorography. 
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F igure 4. Photo labe l ing of human p l a t e l e t membranes with [ 3 H] -2 -
NI i n the presence or absence of 10 M imipramine. P ro te ins were 
separated by SDS-PAGE, s l i c e s were s o l u b i l i z e d i n NCS/toluene and 
counted by s c i n t i l l a t i o n spectrometry. 
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F igure 5. Dose response i n h i b i t i o n by imipramine of photo labe l ing 
of the 30 KDalton f r a c t i o n i n human p l a t e l e t membranes i n the 
presence or absence of vary ing concentrat ions of imipramine as 
i n d i c a t e d , fol lowed by s o l u b i l i z a t i o n and SDS-PAGE/fluorography. 
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i n human p l a t e l e t but not i n r a t b r a in homogenates, and the pa t te rn 
of i n h i b i t i o n of l a b e l i n g of these bands i s complex. T h i s r a i s e s the 
p o s s i b i l i t y that the 5-HT uptake systems i n the p l a t e l e t and the CNS 
are not i n f a c t i d e n t i c a l i n a l l r e spec t s . F i n a l l y , i t should be 
noted that the photochemistry invo lved i n ' p h o t o l a b l e l i n g of p ro te ins 
by 2-NI remains obscure. Photoexcited aromatic n i t r o compounds are 
known to undergo hydrogen ab s t r a c t i on r eac t i ons and reduc 
t i o n (48,49); so that i n t e r a c t i o n of photoexcited 2-NI with C-H 
bonds on amino a c i d moitiés at or near the b ind ing s i t e , fo l lowed by 
r a d i c a l coup l ing , i s a p l a u s i b l e exp lanat ion for the covalent 
attachment of 2-NI to the b ind ing p r o t e i n (50) · However, one can not 
exclude other mechanisms which may have " l i t t l e or no analogy to 
s o l u t i o n photochemistry of n i t r oa romat i c s . 

P h o t o a f f i n i t y Labe l ing o f S t r i a t a l Dopaminergic Receptor S i t e s by 
Chlorpromazine 

A p r i n c i p a l i n t e r e s t i n our l abora to ry i s the molecular c h a r a c t e r i 
z a t i on of CNS receptor s i t e s of the neurotransmitter dopamine (DA, 
5 ) . These s i t e s are s t rong ly imp l i ca ted i n the biochemical e t i o l o gy 
of sch izophren ia and Pa rk inson ' s Disease , as we l l as other d iseases 
of the CNS (50,51) . Thus, the rank order of c l i n i c a l potency of 
a n t i p s y c h o t i c drugs (neuro lept i cs ) c o r r e l a t e s with the a f f i n i t y of 
these drugs for dopaminergic s i t e s (52,53)* I t i s a l so we l l 
e s tab l i shed that Pa rk inson ' s disease i s d i r e c t l y r e l a t e d to d e t e r i o 
r a t i o n i n dopaminergic neurotransmiss ion i n the corpus s t r i a tum , 
which i s a b r a i n r eg ion r i c h i n dopamine receptor s i t e s (54 ) , The 
use of L-DOPA, the b i o s y n t h e t i c precursor of dopamine, i n treatment 
of pa t i en t s with Pa rk inson ' s d isease i s one of the best examples of 
b iochemica l l y d i r e c t e d medical treatment. 

We are us ing a number of methodologies to cha r ac t e r i z e these 
dopaminergic s i t e s , one of which i s p h o t o a f f i n i t y l a b e l i n g . There 
are a number of problems assoc ia ted with such an endeavor. F i r s t of 
a l l , pharmacologica l s tud ies i n d i c a t e that there i s more than one 
type of DA receptor i n the CNS, the exact number being a quest ion of 
cons iderab le debate (55,56), The dens i ty of DA receptors as de t e r 
mined by r a d i o l i g a n d b ind ing assays i s on ly on the order of a few 
hundred femtomoles per m i l l i g r am of p r o t e i n i n the optimal reg ion 
(corpus s t r ia tum) and even l e s s i n other macroscopic areas ( f r o n t a l 
co r t ex , mesolimbic system, e t c . ) (55), As there i s no d i r e c t phys i o 
l o g i c a l response assoc ia ted with these CNS receptors ( e . g . , muscle 
c o n t r a c t i o n , v a s o d i l a t i o n ) as ide from s ing l e un i t e l e c t r ophys i o l ogy , 
the only p r a c t i c a l way of s tudying them convenient ly i s through 
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r a d i o l i g a n d b ind ing assays . F i n a l l y , most dopaminergic l i gands i n 
c l ud ing DA i t s e l f b ind to other types of receptors s i t e s , such as 5~ 
HT, adrenerg ic and nor -adrenerg ic s i t e s , so that there i s a problem 
of s p e c i f i c i t y , although some progress has been made r e c e n t l y i n 
developing h i g h l y s p e c i f i c dopaminergic receptor l i gands (57,58) , 
Thus, i t i s c r i t i c a l to e s t a b l i s h that the s i t e s i n a g iven neuronal 
p repara t ion that are i r r e v e r s i b l y photolabeled us ing a compound 
der ived from a dopaminergic l i g and are indeed dopaminergic i n na 
t u r e . I t should perhaps be mentioned that the cons iderab le success 
achieved i n recent years i n c h a r a c t e r i z i n g c h o l i n e r g i c and be ta -
adrenerg ic receptor s i t e s i s i n no smal l part due to the 
ex t raord inary abundance of such s i t e s i n e a s i l y obta inab le non-
neuronal t i s s u e s , namely the e l e c t r i c organ of Torpedo c a l i f o r n i c a 
and r e l a t e d e l e c t r i c f i s h ( cho l i ne r g i c receptors ) and f rog and 
turkey e ry throcytes (beta -adrenerg ic r e c e p t o r s ) . The p r a c t i c a l prob
lems assoc ia ted with th
tor s i t e s i n the b r a i n remai

We have synthes ized seve ra l carbene and n i t rene precursors 
based on a v a r i e t y of dopaminergic receptor l i g ands , and have c a r 
r i e d out some pre l iminary pharmacological and photo l abe l ing s tud i e s 
with these p o t e n t i a l p h o t o a f f i n i t y l a b e l s (59)» Although the r e s u l t s 
are moderately encouraging, the l ack of s p e c i f i c i t y of these com
pounds toward neuronal dopaminergic s i t e s remains a se r ious problem. 
The s tud ies which w i l l be summarized below (29) u t i l i z e chlorproma^ 
zine (CPZ, 6 ) , which was the f i r s t drug that was found to be e f f e c 
t i v e i n treatment of sch izophren ia and whose use r e v o l u t i o n i z e d the 
p r a c t i c e of p sych ia t ry (60 ,61) . Th i s compound i s s t i l l the most 
commonly used a n t i p s y c h o t i c drug. We chose CPZ for out i n i t i a l 
attempts at DA receptor l a b e l i n g s ince i t had been shown that pho
t o e x c i t a t i o n of CPZ leads to a v a r i e t y of r e ac t i ons a t t r i b u t a b l e to 
cleavage of the C - C l bond. Thus, CPZ can be i r r e v e r s i b l y attached to 
a v a r i e t y of p ro te ins and n u c l e i c ac id s on photoexc i t a t i on , ( 6 2 , 6 3 ) , 
i n c l u d i n g ca lmodul in , a smal l p ro te in (17 kDaltons) found i n neuro
na l t i s sues (64) , 

Although the a f f i n i t y of CPZ for DA receptors i s wel l 
known (55)^ complete pharmacological c h a r a c t e r i z a t i o n of CPZ i n the 
CNS has been l a c k i n g . We have r e c e n t l y c a r r i e d out such a study 
us ing homogenates of" canine s t r i a tum and [ 3H]-CPZ with s p e c i f i c 
a c t i v i t y 39 Ci/mmol (New England Nuc lea r ) , and demonstrated that 
there i s a very high a f f i n i t y s i t e with a d i s s o c i a t i o n constant of 
0.98 ± 0.24 nM and a maximum binding capac i ty of 197 ± 15 fmol/mg 
p r o t e i n (29), The a b i l i t y of a large number of dopaminergic and non-
dopaminergic drugs to d i sp l a ce [ 3H]-CPZ revea led a pharmacology not 
at a l l t y p i c a l of dopaminergic s i t e s , suggest ing that the high 
a f f i n i t y s i t e may i n fact represent a s p e c i f i c phenothiazine b ind ing 
s i t e . At concentrat ions above 10 nM, CPZ binds to yet a d d i t i o n a l 
s i t e s and i t s behavior becomes quite complex. I d e a l l y , then, one 
should use CPZ as a p h o t o a f f i n i t y l a b e l at concentrat ions l e s s than 
10 nM, but that turns out to be i m p r a c t i c a l because of the very low 
extent of i n co rpo ra t i on of r a d i o a c t i v i t y i n to the neuronal p re 
pa ra t i on as measured by SDS-PAGE and f luorography, even a f te r expo
sure of the ge l fo r severa l months. We were there fore forced to use 
CPZ at r e l a t i v e l y high concentrat ions i n order to get measurable 
i nco rpo ra t i on i n t o the membrane p repara t ions , l ead ing not unex
pected ly to complex r e s u l t s . 
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I n i t i a l l y ( 6 5 ) t we u t i l i z e d a d i g i t o n i n - s o l u b i l i z e d bovine 
s t r i a t a l p reparat ion whose pharamacology has been cha rac te r i z ed ( 6 6 ) 
and [ 3 H]-CPZ at a concent ra t i on of 42 nM under cond i t i ons i n which 
CPZ would not assoc ia te with ca lmodul in ( 6 7 ) . Gel f i l t r a t i o n of the 
photolysate (F igure 6 ) , which separates f r a c t i o n s i n order of 
decreas ing molecular weight, revea led a high molecular mass f r a c 
t i on (> 2 0 0 kDaltons) which was not observed i n c o n t r o l s when the 
two components (CPZ and the s t r i a t a l preparat ion ) were i r r a d i a t e d 
separate ly before a d d i t i o n of the other component. A low molecular 
mass f r a c t i o n was seen i n the photo lysate as wel l as the c o n t r o l s . 
Thermal denaturat ion of the photolyzed mixture leads to no l o s s of 
the high mass component and s i g n i f i c a n t l o s s of the low mass f r a c 
t i o n , i n d i c a t i n g the high mass f r a c t i o n represents i r r e v e r s i b l e 
l a b e l i n g whi le i n the low mass f r a c t i o n the l a b e l i n g i s l a r g e l y 
r e v e r s i b l e . The inco rpo r a t i on of r a d i o a c t i v i t y i n t o the high mass 
components was s i g n i f i c a n t l y reduced when i r r a d i a t i o n s were c a r r i e d 
out i n the presence of (+ ) -butaclamol
l y a c t i v e enantiomer o
the ( - ) - i somer o f fered much l e s s p r o t e c t i o n . PAGE a n a l y s i s of the 
high mass f r a c t i o n revea led a 61 kDalton component which was not 
present i n the low mass f r a c t i o n (Figure 7 ) . Attempts to fu r the r 
cha rac t e r i z e photo l abe l ing of the 61 kDalton component were f r u s 
t ra ted by experimental problems assoc ia ted with the low a c t i v i t y of 
the [ 3H]-CPZ and the f a i l u r e to ob ta in s a t i s f a c t o r y r e s o l u t i o n on 
ge l s i n the presence of t e s t l i g an d s . Thus, we can on ly surmise that 
the 61 kDalton band may represent a component of the s o l u b i l i z e d DA 
receptor s i t e , a lthough t h i s remains to be e s tab l i shed with c e r t a i n 
t y . 

Better r e s u l t s were obtained more r e c e n t l y i n s tud ies us ing 
higher a c t i v i t y [ 3H]-CPZ and canine s t r i a t a l homogenates (29). Us ing 
co ld CPZ ( 1 0 nM), i t was e s t ab l i shed that the a b i l i t y of a standard 
dopaminergic assay l i g a n d , [ 3 H ] - s p i r o p e r i d o l , to bind to the 
i r r a d i a t e d (> 3 0 0 nm) p repara t ion was reduced by up to 40% compared 
to non i r r ad i a t ed c o n t r o l s . I r r a d i a t i o n of the membrane p repara t ion 
under the same cond i t i ons i n the absence of CPZ r e s u l t e d i n no 
reduc t i on i n s p e c i f i c b ind ing of [ 3 H ] - s p i r o p e r i d o l . Us ing hot CPZ 
( 1 0 0 nM), the pa t te rn of i r r e v e r s i b l e i nco rpo ra t i on was determined 
us ing SDS-PAGE, as shown i n F igure 8 , which compares i r r a d i a t e d with 
n o n - i r r a d i a t e d preparat ions . The dens i tometr ic scan of the 
fluorogram revea l s major peaks at 1 2 0 , 5 7 , 3 4 , and 3 2 kDaltons which 
were not observed on SDS-PAGE a n a l y s i s of the unphotolyzed samples. 
A number of pharmacological agents were tes ted for t h e i r a b i l i t y to 
protect the preparat ion aga inst photo labe l ing by CPZ at concent ra 
t i ons i n the micromolar range which would be s u f f i c i e n t for s a t u r a 
t i o n of t h e i r r e s p e c t i v e receptor s i t e s . None of the c l a s s i c DA 
antagonists used, with the except ion of co ld CPZ, were p a r t i c u l a r l y 
e f f e c t i v e i n b lock ing photo l abe l ing of the 5 7 and 3 4 kDalton bands, 
while i nco rpo ra t i on of hot CPZ in to the 3 2 kDalton band was blocked 
n o n - s e l e c t i v e l y by a l l the l i g ands . The l a t t e r e f f ec t was concluded, 
from a n a l y s i s of UV absorpt ion spec t r a , to be a l i g h t screening 
e f f ec t not r e l a t e d to receptor occupancy. At lower concentrat ions 
l i g h t screening should not be a problem, but then the l i gands would 
not be expected to sa tura te t h e i r r e spec t i ve b ind ing s i t e s . Thus, i t 
i s not c l ea r whether the canine s t r i a t a l membrane components l abe l ed 
by [ 3H]-CPZ at a concent ra t ion of 1 0 0 nM represent por t ions of the 
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Figure 6. Gel f i l t r a t i o n on Sephadex G-200 of [ 3H]-CPZ photo-
l y z e d i n the presence of a d i g i t o n i n - s o l u b i l i z e d bovine s t r i a t a l 
homogenate. Open t r i a n g l e s represent s p e c i f i c a c t i v i t y of f r a c 
t i o n s obtained from photolyzed samples and s o l i d squares are data 
from n o n i r r a d i a t e d c o n t r o l s . Taken with permission of the 
pub l i s h e r and authors from r e f . 65. 
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Figure 7a. Gel e l e c t r o p h o r e s i s of (A) high molecular mass f r a c t i o n 
from Figure 3. Reproduced w i t h permission from Ref. 65. 
Copyright 1982. 
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Figure 7b. Gel e l e c t ropho re s i s of (B) low molecular mass 
f r a c t i o n from F igure 3. Reproduced wi th permiss ion from 
Ref. 65. Copyright 1982. 
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Figure 8. E f f e c t of UV l i g h t on b ind ing of [ 3H]-CPZ to canine 
s t r i a t a l homogenates. Fluorogram of i r r a d i a t e d ( l e f t ) and non-
i r r a d i a t e d samples ( r i ght ) a f t e r SDS-PAGE a n a l y s i s . Taken from 
the Ph. D. Thes i s of K. Thermos. 
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dopamine receptor or an alternative pharmacological entity. In this 
connection, Lilly et al. (69) have reported the molecular size of 
the canine striatal D-2 receptor subtype to be 123 kDaltons using 
target size analysis, while Kuno et al. (70,71 ) observed that 
irradiation of 5 μΜ [3H]-dopamine in the presence of membrane prepa
rations of rat striatum and frontal cortex at 0°C for 120 min led to 
predominant incorporation (SDS-PAGE analysis) into a band at 57 
kDaltons, which they concluded from protection studies to be a 
subunit of the D-1 class of dopamine receptors. It is noteworthy 
that the two most prominent bands labled by CPZ in our experiments 
correspond in mass to these suggested dopaminergic receptor compo
nents. 

It is clear at this point that successful photolabeling of 
dopaminergic receptors will require ligands which show greater 
selectivity and higher affinity for such receptors compared to other 
sites in striatal tissu d othe  brai  tissue  containin
dopaminergic sites. Th
the best of circumstance  developmen
labels with high specific activity, to allow for eventual separation 
of receptor components, which implies labels containing 1 2 5 I . The 
synthesis and pharmacological characterization of such materials is 
now underway in our laboratory. 

Conclusion 

Although considerable progress has been made in identification of 
receptor components using the photoaffinity labeling technique, the 
only system in which the detailed molecular structure has been 
elucidated to date is the nicotinic cholinergic receptor (73)· I f c 

seem to be only a matter of time before such information is also 
available for beta-adrenergic receptors (74), In both cases, these 
represent receptors in special tissues (see above) outside the 
central nervous system. The full molecular characterization of 
neurotransmitter receptor sites in mammalian brain, which will be a 
great aid in understanding the biochemical basis of mental illness 
and the mechanisms of action of psychoactive drugs, remains a major 
research goal. 
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Liquid-Crystalline Solvents as Mechanistic Probes 
The Properties of Ordered Chiral Media That Influence Thermal and 
Photochemical Atropisomeric Interconversions of 1,1'-Binaphthyl 

SRINIVASAN GANAPATHY and RICHARD G. WEISS 
Department of Chemistry, Georgetown University, Washington, DC 20057 

We have investigate
bute to solvent-induce  partia
mization of 1,1'-binaphthyl (BN). Only 
photochemical interconversions of BN conducted in 
cholesteric mesophases influenced the steady state 
concentration of atropisomers. Thermal equilibrium 
in cholesteric media or photochemical interconver
sions in chiral isotropic solvents did not alter 
appreciably the atropisomeric ratio of initially 
racemic BN. Solvent order accelerates the rate of 
BN thermal racemization. A discussion of the physi
cal properties of the solvents and BN responsible 
for the observations is presented. 

The role of liquid-crystalline solvents in affecting the 
rates and specificities of solute reactions is not clear. In 
some cases, no detectable influence of solvent order has been 
reported (2_-6) while in others, seemingly quite similar, large 
effects are found (1,7-16). In the extreme, different labora
tories have published conflicting claims for the same reaction 
performed in the same solvent (2 ,17-19). The need for care in 
performing these experiments and in analyzing results from them 
cannot be emphasized too strongly. 

In an attempt to discern the factor(s) most responsible for 
ordered solvent induced alterations of reaction rates and speci
ficities, we have investigated the influence of cholesteric 
liquid-crystalline and other optically active media upon the 
induction or loss of optical activity in the atropisomers of 
1,lf-binaphthyl (BN, equation 1). We find that optical induction 
is negligible from thermal (ground-state) isoraerizations (usually 
<0.1%) but is larger for excited-state isomerizations conducted 
in cholesteric mesophases (up to 1.1%). The factors responsible 
appear to be the geometry and polarizability of the BN triplet 
state and rather specific solvent-solute Interactions in ordered 
NOTE: This chapter is Part 15 in a series. 
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o p t i c a l l y - a c t i v e phases. Other l ead ing candidates such as the 
presence o f c h i r a l centers w i th in unordered so lvent molecu les , 
c i r c u l a r l y p o l a r i z e d l i g h t , h igh v i s c o s i t i e s and low so lvent 
p o l a r i t i e s cannot e x p l a i n the da ta . 

Experimental 

Ins t rumentat ion . Absorpt ion spect ra (uv -v i s ) were recorded 
on a Cary 14 or a Perk in -E lmer 552 spectrophotometer us ing 1 cm 
quartz cuvettes f o r i s o t r o p i c s o l u t i o n s or quartz p l a t e s 
separated by v a r i e d widths o f Te f l on spacers for l i q u i d -
c r y s t a l l i n e samples. Chromatographic analyses were performed on 
a Perk in -E lmer 3920 Β dua l f l a m e - i o n i z a t i o n gas chroraatograph 
equipped wi th an M-2 e l e c t r o n i c i n t e g r a t o r and a 7 ' χ 1/8" 10% 
SE-30 on Anakrom column (g lpc) or a Waters high performance 
l i q u i d chroraatograph us ing a 10μ Rad-Pak Β s i l i c a column (10 cm χ 
0.8 cm) and both constant wavelength (254 nm) and r e f r a c t i v e 
index de tec to r s ( h p l c ) . For p repara t i ve hp lc separa t ions , two 
1* χ 7.8 mm 75-125 μ p o r a s i l columns were used i n s e r i e s . 
O p t i c a l r o t a t i o n s , accurate w i t h i n ±0.003° , were measured on 
Perk in -E lmer 241 and 141 po la r imeters us ing a 1 dm c e l l . A l l 
repor ted r o t a t i o n s (from which r e s i d u a l r o t a t i o n s from so lvent 
Impur i t i e s have been subtracted) are the d i f f e r ence between s o l u 
t i o n and pure so lvent measurements. Uncorrected s t eady - s t a t e 
emiss ion spect ra were obtained from room temperature samples on a 
Perk in -E lmer MPF-2A or Spex F l u o r o l o g spectrof luoronieter . 
M e l t i n g po in t s and t r a n s i t i o n temperatures are co r r e c t ed . 
E lementa l ana lyses were performed by Guelph L a b o r a t o r i e s , Guelph, 
Onta r i o , Canada. 

M a t e r i a l s . Benzene was spectrograde (Baker) or reagent grade 
(Baker, d i s t i l l e d s h o r t l y before use ) . Hplc grade so lvents were 
used as r ece i ved . 5a -Cho l e s t an -33 -y l nonanoate (CHN), mp 
80.5-81.0°C ( l i t : (9) mp 81 .2 °C ) , was a v a i l a b l e from previous 
work (20) . 5a -Cho l e s t an -33 -y l acetate (CHA) was synthes ized by 
the method of Nerbonne (9 ) , mp 110-111°C ( l i t : (21) mp 109°C) . 
C h o l e s t e r y l nonanoate (CN) from A l d r i c h was p u r i f i e d by column 
chromatography ( s i l i c a ; benzene as eluant) and r e c r y s t a l l i z a t i o n 
from 2-butanone/95% ethano l to y i e l d an enan t i o t r op i c c h o l e s t e r i c 
phase (K = c r y s t a l , c - c h o l e s t e r i c , i - i s o t r o p i c ) : T ^ c 

79-80°C; Tc+± 92.50°C ( l i t : t K > r 77.5°C (22) , 76.3°C (23); T c > i 

92.0°C (22), 92.1°C (23^). 

(1) 

R-(-)-BN 
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Cho l e s t e ry l o l ea te (CO; A l d r i c h , 97%) contained i m p u r i t i e s 
which absorb s t rong ly below 320 nm. Even a f t e r p u r i f i c a t i o n (see 
below) i t developed extraneous absorpt ions unless s tored and 
handled i n the absence o f a i r and below room temperature. The 
p u r i f i c a t i o n procedure has been descr ibed (10) . The i s o l a t e d 
m a t e r i a l e xh i b i t ed an enan t i o t r op i c phase ( T ^ > c 41-42°C and Ί0+± 
55.0°C [ l i t : ( 2 4 ) mp 50 .5 °C ] ) and no d i s c e r n i b l e absorpt ion above 
300 nm. Cho l e s t e ry l c h l o r i d e (CCI) from A l d r i c h was 
r e c r y s t a l l i z e d from 95% e thano l , mp 96.5-99°C ( l i t : (9) 95 -96 °C ) . 

5<x-Cholestan-33-yl dimethylamine (CA) was prepared from 
r e d u c t i o n o f the Sch i f f 1 s base o f d imethyl amine and 
5a -cho les tan -3 -one (25 ) . A f t e r 4 r e c r y s t a l l i z a t i o n s from ether , 
an 8% y i e l d o f CA, mp 107-108°C ( l i t : ( 2 6 ) mp 106°C) and [ o t ] D

3 5 

+24±3° (CHCI3) ( l i t : (26) [ o t ] D
2 0 +23±2° (CHCI3) ), was obta ined . 

Ca l cu l a t ed fo r C29H53N: C , 83.79; H, 12.85. Found : C, 84 .11 ; 
H , 12.10. 

Racemic BÎJ was synthes ize
K y r i m i s (27) o r purchased (ICN) . A f t e r sub l imat ion and two 
r e c r y s t a l l i z a t i o n s from benzene/abs. e thano l , both samples were 
>99.5% pure by hp l c analyses and d i sp l ayed mp 145.5-147.5°C 
( l i t : ( 2 8 ) 144.5-145.0°C) . Racemic BN was reso lved i n the s o l i d 
s t a t e by the h e a t i n g - c o o l i n g - r e c r y s t a l l i z a t i o n c y c l e s suggested 
by Wi lson and Pincock (29) . The u l t imate m a t e r i a l e xh i b i t ed 
[ a ] D

2 9 +220° (benzene) ( l i t : ( 3 0 ) [ a ] 5 7 8
2 3 268° (benzene) ) 

corresponding to c a . 90% o p t i c a l p u r i t y o f the S(+) atropisomer . 
Narrow molecular weight range polybutadiene ol igomers from 

Pressure Chemicals C o . , PBD-500 (mol. wt. avg. 420) and PBD-2500 
(mol. wt. avg. 2350), were passed through a s i l i c a column and 
s tored at -30°C under N2 i n the dark u n t i l being used. Hie f r a c 
t i o n s were transparent above 355 nm. 

I r r a d i a t i o n procedures . Mesophase s o l u t i o n s and neat s o l i d 
samples o f BN were prepared and sealed under N2 or vacuum i n Kimax 
c a p i l l a r y tubes . I s o t r o p i c samples were e i t h e r degassed 
(freeze-pump-thaw techniques) and sealed i n pyrex tubes or 
saturated w i th N2 i n pyrex tubes . N i t rogen was bubbled through 
the l a t t e r s o l u t i o n s dur ing i r r a d i a t i o n pe r i od s . When the r -
mostatted, samples were placed i n a temperature c o n t r o l l e d ( ± 1 ° ) 
water bath . A l l samples were i r r a d i a t e d with a 450 W Hanovia 
medium pressure Hg a rc and were stored at -30°C u n t i l t h e i r 
fu ther use. U s u a l l y , a "dark" sample was prepared and t rea ted i n 
an i d e n t i c a l f a sh ion to the i r r a d i a t e d samples except that i t was 
sh i e l ded from the l i g h t . BN from each tube was recovered by 
e i t h e r column chromatography ( s i l i c a or alumina and pentane 
e luant ) at 4°C fol lowed by so lvent removal at 0°C and reduced 
pressure or by hp lc (ti-hexane) at room temperature fol lowed by 
so lvent removal a t 0°C and reduced pressure . Neat s o l i d samples 
were d i s s o l v e d i n one o f e i t h e r benzene, te t rahydro furan or 
to luene and were f rozen u n t i l ana lyzed. 

Thermal racemizat lons o f S(+)-BN i n mixture C . So lu t ions o f 
S(+)-BN and the mesophase components (Table I) were prepared i n 
ether . The ether was removed s lowly at 20-25°C by reducing the 
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pressure g radua l l y to 0.25 t o r r over 90 min. A f te r being 
s t i r r e d at 0.25 t o r r fo r 90 min. more, the mesophase was 
saturated with N2 and t r ans f e r r ed to a t i g h t l y stoppered 1 cm 
cuve t t e . The cuvette was thermostated for 1-2 h p r i o r to 
reco rd ing k i n e t i c da ta . A l i quo t s (200-300 mg) were withdrawn 
p e r i o d i c a l l y over s eve ra l hours and were f rozen immediate ly . The 
BN from each a l i q u o t and from the e q u i l i b r a t e d mixture (32 h at 
22.5°C) was i s o l a t e d by p repara t i ve hp lc (hexane). The e luate 
peaks corresponding to BN were c o l l e c t e d i n i c e - c o l d f l a sk s (The 
t o t a l e l u t i o n time o f each sample was l e s s than 10 min. ) and the 
so lvent was removed at 0°C under reduced pressure . The BN r e s i 
dues were d i s s o l v e d i n benzene jus t p r i o r to t h e i r a n a l y s i s . 
Analyses were conducted s e q u e n t i a l l y fo r o p t i c a l r o t a t i o n s , 
u l t r a v i o l e t absorpt ions (from which concentrat ions were 
c a l c u l a t e d ) , and r o t a t i on s a f t e r BN racemizat ions (which y i e l d e d 
r e s i d u a l c h o l e s t e r i c e s t e r c o n t r i b u t i o n s ) . 

Thermal racemizat ions o f S(+)-BN i n I s o t r op i c phases. 
Samples of o p t i c a l l y a c t i v e BN i n PBD ol igomers were prepared i n 
dim l i g h t as descr ibed above. Benzene s o l u t i on s o f S(+)-BN were 
prepared d i r e c t l y . Each i s o t r o p i c s o l u t i o n was t r ans f e r r ed to a 
thermostated (22 .8°C ) po la r lmeter tube and r o t a t i o n s at seve ra l 
wavelengths were recorded as a func t i on o f time a f t e r a c a . 1 h 
e q u i l i b r a t i o n p e r i o d . A f t e r s eve ra l hours , the temperature was 
r a i s e d r a p i d l y to 43.5°C and r o t a t i o n s were measured as a func
t i o n o f t ime. F i n a l l y , a f t e r no fu r ther changes i n r o t a t i o n were 
d i s c e r n i b l e , the temperature was lowered to 22.8°C and an i n f i 
n i t y r o t a t i o n was taken. 

Resu l ts 

Severa l l i q u i d - c r y s t a l l i n e mixtures have been employed i n 
t h i s work. They and seve r a l o f t h e i r p h y s i c a l c h a r a c t e r i s t i c s 
a re c o l l e c t e d i n Table I . As expected, the bulky BN molecules 
d i s t u r b mesophase order caus ing t r a n s i t i o n temperatures to be 
lowered. Monotropic c+K t r a n s i t i o n s are approximate s ince 
they depend upon the r a te o f coo l i ng and other f a c t o r s . 

Another man i f e s t a t i on o f BN d i s r u p t i o n of so lvent order can 
be obtained from changes i n the p i t c h band whose wavelength i s 
d i r e c t l y p r o p o r t i o n a l to the d i s tance between c h o l e s t e r i c " l a y e r s ' 
w i th p a r a l l e l c ons t i t uen t molecules (31) . At 18°C, the p i t c h 
band o f e i t h e r neat mixture £ or conta in ing 1% BN i s i n the 
i n f r a r e d r eg ion , beyond the l i m i t of our spectrophotometer. 
Increased BN load ing moves the p i t c h band p rog re s s i ve l y through 
the v i s i b l e and i n t o the u l t r a v i o l e t r eg ion : with 1.5% BN, the 
p i t c h band maximum occurs at 880±50 nm; with 3% BN, the maximum 
s h i f t s to 430±50 nm. 

S i g n i f i c a n t l y , _BN e x c i t a t i o n and emiss ion spec t ra i n mixture 
_B (monotropic phase) at room temperature are r e d - s h i f t e d wi th 
respect to those obtained i n hexane: for A e x c ^ t 290 nm, the 
emiss ion maxima were 362 nm (mixture B) and 359 nm (hexane); fo r 
λ emiss ion 365 nm, the e x c i t a t i o n maxima were 302 nm (mixture B) 
and 292 nm (hexane). A very smal l so lvent s h i f t was observed i n 
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the wavelength maxima for the BN absorpt ion spectra (293 nm i n 
mixture JB and 291 nm i n hexane) . However, as i n the e x c i t a t i o n 
spec t r a , the absorpt ion spectrum i n mixture JB t a i l e d s i g n i f i 
c a n t l y f a r the r i n t o the red than d id the spectrum i n hexane. 

The p rope r t i e s o f the PBD ol igomers have been summarized by 
us p rev ious ly (11) . The most important of these for our work are 
the bulk v i s c o s i t y (13.1 cp for PBD-500 and 506 cp for PBD-2500 
a t 25°C) and the d i e l e c t r i c constant (est imated to be near that 
o f benzene (11 ) ) . 

Table I . C h o l e s t e r i c mesophases and t h e i r t r a n s i t i o n 
temperatures. 

C h o l e s t e r i
Mixture Mixture

Des ignat ion (by wt %) t y p e a (by^7t %) ( °C ) ( ° C ) ( °C ) 

50/50 CHN/CHA m 0 <35 60-59 
53 

65/35 CN/CHA 

70/30 CN/CC1 

60/25/10/4 
C0/CN/CA/CHA 

m 0 <35 
m 2 <35 

e 0 50-51 78 
m 0 -21 
e 2 - 50 70-71 
m 2 -21 

e 0 <17 61-62 
e 0.5 <17 59 
e 2.0 <17 52 

e 0 80 
e 0.5 -49 76 

e 2 <20 51.5 

a) e =» enan t i o t r op i c , m - monotropic; b) K =» c r y s t a l , 
c s c h o l e s t e r i c , i - i s o t r o p i c ; c) t r a n s i t i o n s are c+K fo r 
monotropic phases. 

Sample p repara t ion and e q u i l i b r a t i o n for fo l lowing the the r 
mal racemizat ion of S(+)-3N i n mixture £ or the PBD ol igomers 
e n t a i l s s i g n i f i c a n t (>40%) l o s s of o p t i c a l a c t i v i t y . 
F o r t u n a t e l y , the i n i t i a l r o t a t i o n o f our S(+)-BN was high ( [ α ] ρ 
+220° ) and al lowed us to fo l low the k i n e t i c s over at l e a s t two 
h a l f - l i v e s . Rate cons tant s , k , could be extracted from raw data 
us ing a standard f i r s t - o r d e r treatment (equat ion 2 ) . Since the 
equ i l i b r i um constants between R- and S-BN are very near one i n 
o p t i c a l l y - a c t i v e media and are exac t ly one In a c h i r a l s o l v en t s , 
we can take k^g - k - kgR (see equat ion 1 ) . The a Q , a t , and α» 
represent , r e s p e c t i v e l y , r o t a t i o n s at an a r b i t r a r i l y de f ined i n i -
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t i a l t ime, at t minutes the r ea f t e r , and when no fu r ther r o t a 
t i o n a l changes can be de tec ted . The a n a l y t i c a l procedure wi th 
mixture £ as so lvent invo lved i s o l a t i o n of p a r t i a l l y raceraized _BN 
from a l i q u o t s taken at var ious i n t e r v a l s . Since the amount o f 
recovered BN v a r i e d from a l i q u o t to a l i q u o t , equat ion 2 for mix
tu re £ was modi f ied to rep lace observed r o t a t i on s w i th s p e c i f i c 
r o t a t i o n s . Upper l i m i t s to so lvent component i m p u r i t i e s (CO, CN, 
CHA) i n these samples were determined from r e s i d u a l r o t a t i o n s 
a f t e r a l l ow ing the po lar imeter s o l u t i o n s to remain at room tem
perature for per iods which ensure >99% racemizat ion o f JBN. Th i s 
method i n d i c a t e d that no more than c a . 10% of the i n i t i a l r o t a 
t i o n cou ld have been due to r e s i d u a l s o l ven t . 

at-o<oo 
An - - 2 k t (2) 

α 0 - α » 
Representat ive r a t

and benzene us ing equat ion 2 are shown i n F igure I . The same 
type o f p l o t for data from mixture C_ ( F i gure 2) shows much more 
s c a t t e r . I n t r i n s i c a l l y , each of the po ints i n t h i s F igure i s very 
d i f f i c u l t to o b t a i n . In f a c t , data from three separate runs con 
ducted on three d i f f e r e n t days have been used i n order to 
decrease somewhat the exper imental u n c e r t a i n t y . Rate contants 
obtained from the s lopes o f these and other p l o t s are c o l l e c t e d 
i n Table I I . The agreement between our ra te constant i n benzene 
and that of C o l t e r and Clemens (32) i s e x c e l l e n t . 

Table I I . Rate constants for thermal r acemizat ion of 0.5% 
(by weight) S(+)-BN i n va r ious s o l v e n t s . 

Solvent Temperature 10^k a 

C O (min- 1 ) 

benzene 23.0 3.67±0.01 
43.8 53.8±0.8 (50 .7 b ) 

PBD-500 22.8 4.75±0.02 
43.5 67±2 

PDB-2500 22.6 4.68*0.08 
43.3 59±3 

mixture £ 22.5 -23.0 15±2 

a) Average r a t e contant from determinat ions o f r o t a t i o n s at 589, 
546, 436, and 365 nm. E r r o r s are one standard d e v i a t i o n . 

b) From C o l t e r and Clemens (32) at 43.9°C. The ra te constant 
reported by these authors i s 101.4 min~l for racemizat ion 
( i . e . , 2k - k R S + k S R ) . 
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F igure 1. " C i s " and " t r a n s " t r a n s i t i o n s ta te geometries for 
i n t e r conve r s i on o f atropisomers of BN with r ep re sen ta t i on 
along 1-1 f bond. 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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F i gu re 2. P l o t s o f ln[ (at-otco)/(a0-otoo)] from data at 365 nm 
versus time for the thermal raceraizat ion of S(+)-BN i n 
benzene ( · ) , PBE>-500(A), and PBD-2500(o) at 23.0°C. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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The raonotropic nature of mixture A created foreseen d i f 
f i c u l t i e s i n i t s use as a medium for thermal or photochemical JBN 
r e s o l u t i o n s (9): s p o r a d i c a l l y , some mesophases of mixture A 
s o l i d i f i e d dur ing experiments. Mixture _B at raonotropic phase tem
peratures was wel l -behaved and i t s BN so l u t i on s could be kept for 
hours without no t i c eab l e change. 

In each mesophase mixture , the dominant atropisoraer a f t e r 
photo or thermal r e s o l u t i o n experiments was S(+) . The so le 
except ion occurred dur ing i r r a d a t i o n of a 3% _BN s o l u t i o n i n mix
ture £ . Since the sample s o l i d i f i e d p a r t i a l l y dur ing the e x p e r i 
ment, the mechanism by which the R(- ) atropisoraer arose i s 
unc l ea r . The thermal l a b i l i t y of the atropisomers toward i n t e r -
convers ion and the po s s i b l e c o n t r i b u t i o n of c h o l e s t e r i c con 
taminants i n recovered Βΐϊ samples make an accurate assessment of 
a t rop i somer ic excess a formidable t a sk . Extreme care was taken to 
handle a l l s o l u t i o n s conta in in
which preclude s i g n i f i c a n
h a l f - l i f e for r acemizat ion i s c a . 10 h i n normal i s o t r o p i c 
so lvents ; a l l manipu lat ions were conducted at 4°C or below. 
S ince some o f the c h o l e s t e r i c molecules are dex t ro ro ta to ry and 
others are l e v o r o t a t o r y , only minimum l i m i t s o f t h e i r con
taminat ion (assuming that only one spec ies i s present i n each j*N 
so lu t ion ) cou ld be c a l c u l a t e d from r e s i d u a l r o t a t i o n s a f t e r 
a l l ow ing BN to raceraize for s eve ra l days . Resu l ts from an inde 
pendent a n a l y s i s , a f e r r i c c h l o r i d e c o l o r t e s t (33) , confirmed 
the conc lus ions from the p r i o r analyses that r o t a t i o n s of s o l u 
t i o n s o f recovered BN contained only a smal l percentage c o n t r i b u 
t i o n from r e s i d u a l c h o l e s t e r i c i m p u r i t i e s . Rotat ions i n Tables 
I I I and IV are co r rec ted for the c h o l e s t e r i c c o n t r i b u t i o n s . 

Although the a t rop i somer ic excesses i n the mesophases are 
d i f f i c u l t to reproduce e x a c t l y , a c l e a r pa t te rn has emerged: 
pho to re so lu t i on produces much g reater o p t i c a l a c t i v i t y i n BN than 
thermal r e s o l u t i o n . 

A d d i t i o n o f a ^ a . 10% concent ra t i on of CA to a mesophase 
s o l u t i o n (mixture E) o f J3N quenches completely i t s photo reso lu 
t i o n . CA quenches s i n g l e t s ta tes o f BN i n n-hexane at a nea r l y 
d i f f u s i o n - c o n t r o l l e d r a t e ( k q - 1 0 1 ( r " i r 1 s ~ J t " assuming τ Β Ν = 3 ns 
(34 -36 ) ) . Thus, even In a very v i scous medium l i k e c h o l e s t e r i c 
mixture IS, s t a t i c and dynamic quenching should preclude formation 
o f BN t r i p l e t s . 

I r r a d i a t i o n at room temperature of BN i s o t r o p i c s o l u t i o n s 
con ta in ing la rgecon c en t r a t i ons of o p t i c a l l y a c t i v e molecu les , 
CN or CA, l e d to no measurable r e s o l u t i o n . When heated i n an 
o p t i c a l l y a c t i v e so l vent , ( - ) - 2 - m e t h y l - l - b u t a n o l , recovered BN 
remained racemic. On the other extreme, i r r a d i a t i o n of c r y s t a l s 
o f o p t i c a l l y a c t i v e BN at room temperature produced no 
measureable r acemiza t ion . When r e c r y s t a l l i z e d very s lowly at 
room temperature from ( - ) - 2 - m e t h y l - l - b u t a n o l , _BN d i sp l ayed no 
measureable o p t i c a l a c t i v i t y . 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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Table IV. Attempted thermal r e s o l u t i o n of 2% j*N i n c h o l e s t e r i c 
mesophases. 

React ion Temperature time [a ]57g(solvent) a t rop i somer ic 
So lvent ( ° C ) (h) excess (%)b 

mixture A 40 1 0° (ether) 0 
40 1 0° (ether) 0 
40 2 0 .8 ° ( e the r ) 0.4 

mixture Β 40 0.75 0.2° (ether) 0.1 

mixture C 20 2.5 0.2° (THF) 0.1 
30 24 0.2° (benzene) 0 0.1 
50 26 0.2° (benzene) 0 0.1 
18* 10 0.2° (benzene) 0 0.1 

mixture Ε 20 5 0.1° (benzene) 0 <0.1 

( - ) - 2 - m e t h y l -
l - b u t a n o l d 50 4.25 0° (benzene) 0 0 

a) 1% BN; b) c a l c u l a t e d us ing [a] va lues at 578, 546, 436 and 365 nm; 
e r r o r estimated to be ±0.2%; c) r o t a t i o n s observed at 36°C; d) 
3x10~ 2 M BN. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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D i s cus s i on 

The most favored conformation for BN i s c a l c u l a t e d to have a 
tw i s t angle θ for the naphthyl r i ng s of 75-105° (37) . From x - r ay 
da t a , θ i n the o p t i c a l l y a c t i v e and racemic c r y s t a l l i n e forms i s 
102-103° (3_8, 39) and 68° (3_9, 40 ) , r e s p e c t i v e l y . 

The a b i l i t y to separate atropisomers of _BN r e s u l t s from 
severe s t e r i c i n t e r a c t i o n s which i n h i b i t the two naphthyl r ings 
from becoming coplanar (Θ - 0° or 180 ° ) . In the l e s s favored 
" c i s " t r a n s i t i o n s t a t e , s t rong i n t e r a c t i o n s between hydrogens on 
Cg and Cg f c reate a c a l c u l a t e d a c t i v a t i o n energy fo r i n t e r conve r 
s i o n which exceeds 35 k c a l mol*" 1 (41) . This va lue i s probably 
near the co r r e c t one s ince the c a l c u l a t e d a c t i v a t i o n energy fo r 
the " t r a n s " t r a n s i t i o n s t a t e which b r ings the hydrogens on C2 and 
Cg* and on C2" and Cg to l e s s than the sum of t h e i r van der Waals 
r a d i i (20.2 k c a l mol*"
f o r racemizat ion (32) ar

CNDO/S c a l c u l a t i o n s (42) p r e d i c t that the f i r s t exc i t ed 
s i n g l e t s ta te o f J5N w i l l remain non-p lanar . Although some con
format iona l r e l a x a t i o n does occur i n Ï-BN (35, 43) on a picosecond 
time sca le (44) , i t does not appear to lead to a t rop i somer ic 
e q u i l i b r a t i o n at room temperatures. 

Our spect roscop ic s tud i e s of JiN i n mixture J5 and i n hexane 
support our content ion that ground s ta te conformers are forced by 
c h o l e s t e r i c mesophases toward extremes o f θ ( i . e . , c l o s e r to 0° 
o r 180° than i n hexane s o l v e n t ) . As the two naphthyl groups 
become more cop lanar , t h e i r π -over lap i nc r ea se s . Consequently, 
the 0-0 t r a n s i t i o n s i n absorpt ion (and exc i t a t i on ) occur at 
longer wavelengths (lower energies) (43) . For the same reasons , 
the c h o l e s t e r i c so lvent compresses exc i t ed s i n g l e t s o f BN, 
caus ing t h e i r f luorescence spect ra to be r e d - s h i f t e d with respect 
to those i n hexane. 

Compell ing evidence f o r e q u i l i b r a t i o n from 3 B N , wi th an 
attendant smal l a c t i v a t i o n b a r r i e r has been provided by I r i e and 
coworkers (45 ) . They c l a im that E a * 1.9 k c a l mol " " 1 . However, 
a t lower temperatures, a conformational r e l a x a t i o n process wi th a 
9.3 k c a l mol"" 1 b a r r i e r i s i d e n t i f i e d . It i s a s c r i bed to a motion 
which br ings twisted 3 BN to a near ly p lanar ( a ch i r a l ) s t ruc tu re 
(45) . The l a t t e r a c t i v a t i o n b a r r i e r i s much more compatible wi th 
the measured ra te constant for photoracemizat ion at room tem
perature ( k r - 2.4x10^ s " 1 (46)) than the former which has been 
s e l ec t ed by I r i e et a l . (4 5 ) . To compl icate matters f u r the r , a 
t r i p l e t cha in process dominates at h igher concentra t ions o f BN 
(46) . 

I t i s i n t e r e s t i n g to speculate upon the a c t i v a t i o n b a r r i e r 
f o r racemizat ion from the s i n g l e t s t a t e . In order for racemiza
t i o n to occur , i t must compete k i n e t i c a l l y with uniraolecular 
d e a c t i v a t i o n pathways l i k e f luorescence and intereystem c r o s s i n g . 
The s i n g l e t l i f e t i m e of BN i s ca . 3 ns (34-36) so that i f 10% of 
the s i n g l e t s were to racemize, the ra te constant f o r t h i s process 
would be c a . 3x10^ s"" 1 . From the Arrhenius equat ion and tak ing 
the preexponent ia l f a c to r A = 1 0 1 3 s"" 1, E a i s c a l c u l a t e d to be no 
more than 6 k c a l mol" " 1 . Given the absence of measurable s i n g l e t 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
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der ived racemizat ion at room temperature, E a must exceed t h i s 
v a lue . 

I t i s u n l i k e l y that a t r i p l e t cha in mechanism i s important i n 
our photo reso lu t ion experiments conducted i n l i q u i d - c r y s t a l l i n e 
media. In sc rupu lous ly oxygen-free te t rahydro furan , the ^BN 
l i f e t i m e , 3χ, i s ca. 10~5 s a n < j the rate constant for energy 
t r ans f e r of a t r i p l e t of one atropisomer to the ground s ta te of 
another , k e t , i s c a . 10 8 M~ 1 s~ 1 (46) (or only 10"*2 of k ^ i f f , the 
r a t e constant for s e l f - d i T f u s i o n ) . We can estimate an upper 
l i m i t to k ^ i f f - 3x10? M~1 s""* at room temperature i n l i q u i d -
c r y s t a l l i n e media from the ra te constant for f luorescence 
quenching o f p l a t e - l i k e pyrene s i n g l e t s by pyrene i n a 
59.5/24.9/15.6 mixture o f CO/CCl/CN (47_) . Using a 2% ( *8x l0~ 2 

M) load ing o f BN, a reasonable est imate o f the ra te o f cha in pro 
pagat ion i n the l i q u i d - c r y s t a l l i n e phases i s 10"" 2 x3xl0 7 x8xl0~* 
=* 2.4x10* s " 1 . S ince th
c r y s t a l l i n e media i s probabl
observed i n te t rahydro furan ( i . e . , l/^τ > 10^ s~* due to pseudo 
ze ro -o rde r quenching by r e s i d u a l oxygen and t race so lvent 
impur i t i e s ) , the a b i l i t y o f ^BN to energy t r ans f e r to BN before 
decaying unirao lecular ly i s s l i m . However, we cannot e l im ina te 
completely the presence o f the cha in t r ans f e r mechanism. 

Reso lu t ion attempts i n c h o l e s t e r i c phases. Hie body of data 
c o l l e c t e d to date c l e a r l y i n d i c a t e s that un less s p e c i f i c s o l u t e -
so lvent i n t e r a c t i o n s occur , the stereochemistry o f r e ac t i ons w i l l 
be l i t t l e a f f ec ted by c h i r a l s o l v en t s , whether they be raacrosco-
p i c a l l y ordered or i s o t r o p i c (48-50) . In f a c t , the low o p t i c a l 
a c t i v i t y i n products from i r r a d i a t i o n s i n c h o l e s t e r i c so lvents 
may a r i s e from the a b i l i t y o f a c h i r a l mesophase to produce c i r 
c u l a r l y po l a r i z ed l i g h t from normal i n c i den t r a d i a t i o n (51 ) . 

In s p i t e o f these problems, i n d u c t i o n or disappearance o f 
o p t i c a l a c t i v i t y i n products a f fords a s e n s i t i v e measure o f the 
degree to which c h o l e s t r i c l i q u i d - c r y s t a l l i n e or other c h i r a l 
so l vent s i n t e r a c t wi th r e a c t i n g s o l u t e s . When abso lute r o t a t i o n s 
are l a r ge , as they are for BN (30) even smal l i n t e r a c t i o n s can be 
detec ted . On a molecular l e v e l , these i n t e r a c t i o n s can be con
s ide red d ias te reomer ic and a r i s i n g v i a d i f f e r e n t i a l s o l v a t i o n 
(52) o f the _R or £ form o f BN by enant i omer i ca l l y pure ne ighbors . 
The macro order imposed by a c h o l e s t e r i c phase may r e s u l t i n more 
complex i n t e r a c t i o n s . It i s these which we seek to probe. 

Thermal experiments w i th BN i n c h o l e s t e r i c phases. So lvent -
so lu te i n t e r a c t i o n s and, s p e c i f i c a l l y , whether the so lvent mole
cu l e s exert aggregate e f f e c t s upon a r e ac t ing so lu te can be 
probed from the k i n e t i c s o f racemizat ion of o p t i c a l l y a c t i v e BN . 
The r e s u l t s i n Table I I show a c l e a r ra te a c c e l e r a t i o n for r a ce 
m i z a t i o n conducted i n the c h o l e s t e r i c phase o f mixture £ . One 
p o s s i b l e exp lanat ion , that changes i n the d i e l e c t r i c constant o f 
our so lvents induce changes i n the r a t e , can be dispatched 
e a s i l y : the d i e l e c t r i c constant o f mixture £ ( ε ~ 3-6 (5£, 54)) 
i s much lower than that o f dimethylfοrmamide ( ε 36.7) although at 
23°C the r a t e constant f o r racemizat ion i n mixture C (1.5x10"*^ 
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min " 1 ) i s higher than i n dimethylformamide ( l . l x l O " 3 m i n " 1 

(32)) . V i s c o s i t y , another experimental parameter, changes with 
r e a c t i o n r a t e oppos i t e l y to the expected. It i s known that h igh 
v i s c o s i t i e s slow molecular r o t a t i o n s (55-57); our r e s u l t s i n d i 
cate that a 4 0 - f o l d increase i n v i s c o s i t y (between PBD-500 and 
PBD-2500) has no measurable e f f e c t upon the racemizat ion r a t e . 
Furthermore, i n c h o l e s t e r i c mixture which i s much more v i scous 
than PBD-2500 (58-60) , r acemizat ion proceeds more r a p i d l y . 

Aggregate order of a c h o l e s t e r i c mesophase i s descr ibed c r u 
de ly as a l a y e r - l i k e arrangement i n which the long axes of the 
cons t i t uen t molecules w i t h i n a " l a y e r " are (on average) p a r a l l e l 
to one another . The d i s t ance between " l a y e r s " and the twis t 
angle between them determines the p o s i t i o n o f the p i t c h band (31, 
61 ) . Changes i n both the p i t c h bands and t r a n s i t i o n temperatures 
demonstrate that i n t r o d u c t i o n o f BN guest molecules i n t o a cho
l e s t e r i c matr ix has a l a r g
that t h i s can be a t t r i b u t e
cannot be accomodated e a s i l y by the c h o l e s t e r i c mat r i x . Previous 
i n v e s t i g a t i o n s by others (62-64) and us (11, 65) i n d i c a t e that 
p l a t e - l i k e or r o d - l i k e guests have a much smal ler d i s t u r b i n g 
i n f l u ence upon l o c a l memosphase order than do g l obu l a r gues t s . 
In i t s attempt to force BN i n t o a shape which i s more amenable to 
i t s raacrostructure, the mixture Ĉ  may compress the tw is t angle Θ. 
Although t h i s would increase the i n t e r n a l energy o f JBN, i t would 
decrease the so lvent f ree energy. Thus, the energy requ i red to 
a t t a i n the " t r a n s " t r a n s i t i o n s ta te (Θ » 180°) would be lower i n 
mixture £ than i n i s o t r o p i c so lvents of comparable p o l a r i t y and 
v i s c o s i t y (F igure 3 ) . The bathochromic s h i f t s observed i n the 
e x c i t a t i o n and emiss ion spec t r a of BN i n mixture _B are completely 
cons i s t en t wi th t h i s hypothes i s . We have observed a completely 
analogous d e c e l e r a t i o n e f f e c t upon i s omer i z a t i on r a t e s when a 
p l a t e - l i k e reac tant adopts a g l obu la r t r a n s i t i o n s t a t e (11 ) . 
P incock _et a_l. (68) f i n d that thermal racemizat ion o f BN can be 
ca ta l yzed (probably fo r the same reasons as those g iven above) by 
carbon-b lack and other g r a p h i t e - l i k e p a r t i c l e s i n t o which BN can 
i n t e r c a l a t e . 

F igure 4 shows the ground-s tate energies o f R- and S-BN to be 
almost i d e n t i c a l even though the mesophase so lvents are c h i r a l . 
We a r r i v e at t h i s c onc lu s i on from the l a ck of more than a s l i g h t 
a t rop i somer ic excess ( c a . 0.1% i n a l l but one anomalous 
experiment) a f t e r e q u i l i b r a t i o n of racemic BN i n the c h o l e s t e r i c 
phases a t s eve r a l temperatures ( T a b l e l V ) . The l a ck o f change i n 
the r a t i o o f atropisomers i n the c h o l e s t e r i c phases i s cons i s t en t 
w i th our obse rva t ion that l i q u i d - c r y s t a l induced c i r c u l a r 
dichroisra spec t ra (67) o f J3N i n c h o l e s t e r i c mixture Jj are due to 
a macroscopic property o f the so lvent : the LCICD spect ra d i s a p 
pear when mixture JJ i s heated to an i s o t r o p i c temperature. 

Photochemical experiments wi th BN i n c h o l e s t e r i c and o p t i c a l l y 
a c t i v e i s o t r o p i c phases. Photoinduced in te r conve r s i ons of BN 
atropisomers are i n compet i t ion wi th thermal ly induced racemiza 
t i o n at the temperatures o f our experiments. Thus, the observed 
r o t a t i o n s r e f l e c t lower l i m i t s to the a c t u a l a t rop i somer ic pho-
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0.04 

-0 .4H 

- 0 . 8 J 

- 1 . 2 J 

-1.64 

F igure 3. P l o t o f ln[ ( [a] t - [ a ] o o ) / [ a ] 0 - [ a ] o o ) ] versus time 
fo r the thermal racemizat ion of £ ( + ) - B N i n c h o l e s t e r i c mix
tu re £ at 23.0°C. Data from three independent k i n e t i c runs 
represented by 0, · , and A are f i t t e d to a s i n g l e l i n e . 
Each data po in t represents the mean of a set o f data po in t s 
obtained from at l e a s t three d i f f e r e n t wavelengths (589, 
436, and 365 nm). E r r o r bars i n d i c a t e one standard 
d e v i a t i o n s . 
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F i gu re 4. Hypothe t i ca l p o t e n t i a l energy curves o f BN along 
the coord inate for at roptsomer ic i n t e r c o n v e r s i o n i n a cho
l e s t e r i c l i q u i d - c r y s t a l l i n e phase ( ) and an i s o t r o p i c 
phase ( ) . 
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t o s t a t i ona ry s t a t e s . A part o f the s ca t t e r a s soc ia ted with 
r e p l i c a t e d experiments may be due to d i f f e r ences i n the l i g h t 
f lux bathing the samples. 

The absence o f o p t i c a l a c t i v i t y i n BN i s o l a t e d a f t e r i t s 
i r r a d i a t i o n i n a benzene/CN s o l u t i o n (Table III ) i s completely 
c o n s i s t e n t wi th the need for macroscopic order as we l l as a 
c h i r a l environment. However, i n another phototransformat ion, the 
synthes i s o f hexahel icene i n c h i r a l i s o t r o p i c s o l v en t s , 0.2-2.0% 
enantiomeric excesses were found (68 ) . 

Dynamic c o n s t r a i n t s Imposed by the c r y s t a l l i n e l a t t i c e o f 
racemic BN can be overcome by heat . However, the a c t i v a t i o n 
energy fo r s o l i d s ta te atropisomerism i s estimated by Wi lson and 
Pincock to be c a . 60 k c a l mol"" 1 (69) . In s p i t e o f the fact that 
the r e a c t i v e t r i p l e t s t a t e o f BN l i e s c a . 60 k c a l mol*" 1 above 
i t s ground s t a t e (70) , our attempts to photoracemize or photore-
so lve fu r ther c r y s t a l s
unsuccessful . . Althoug
dea l from t h i s r e s u l t , i t i s tempting to speculate that much of 
the e x c i t a t i o n energy i s d i s s i p a t e d throughout the l a t t i c e before 
i t can be l o c a l i z e d i n the t o r s i o n a l motion s p e c i f i c to isomer 
i n t e r c o n v e r s i o n . Since our lamp i s capable of e x c i t i n g only a 
sma l l percentage o f molecules at any one time, the t o t a l l a t t i c e 
never f inds I t s e l f with s u f f i c i e n t energy to a l low a s o l i d - s o l i d 
t rans fo rmat ion . If t h i s conjecture i s c o r r e c t , s o l i d s t a te 
atropisomerism i s a cooperat ive phenomenon. 

The l a ck o f pho to re so lu t i on from i r r a d i a t i o n s o f BN i n an 
i s o t r o p i c hexane/CA s o l u t i o n or i n c h o l e s t e r i c mixture £ i s 
somewhat s u r p r i s i n g . I r i e _et a l . (71^, 72) have shown that o p t i 
c a l l y a c t i v e t e r t i a r y amines quench the exc i t ed s i n g l e t s t a te s o f 
BN atropisomers a t two d i f f e r e n t r a t e s . The d i s p a r i t y between 
them i s g rea tes t i n non-po lar so lvents (hexane) and d imin ishes to 
zero In po la r ones ( a c e t o n l t r l l e ) . The quenching mechanism 
Involves formation of a s i n g l e t exc lp l ex which, presumably, Is 
s t e r l c a l l y most s p e c i f i c and holds the quencher and quenchee most 
c l o s e l y In non-po la r s o l v e n t s . Although I t Is we l l - e s t a b l i shed 
that ^BN i s the photoreact lve s ta te when I t Is uncomplexed, the 
fate o f _BN i n c h i r a l exc lp l exes has not been determined. Ne i ther 
our rough lower l i m i t to a d l a b a t l c In te rconvers ion on the exc i t ed 
s i n g l e t p o t e n t i a l sur face ( v ide ante ) nor the s i n g l e t e x c i t a t i o n 
energy (a lower l i m i t (3 5) est imated from the over lap po int o f 
normalized absorpt ion and f luorescence spect ra In hexane (34 ) ) , 
88 k c a l raol*"1, prec ludes In te rconve r s i on . Ye t , we f i nd that 
racemic _BN remains so when I t s exc i t ed s i n g l e t s are quenched by 
CA i n both i s o t r o p i c and a n i s o t r o p i c media of low p o l a r i t y . We 
have not i nve s t i g a t ed the fate of ^BN with CA. Presumably, I t Is 
quenched a l s o and In a fash ion which e i t h e r respects the 
i n t e g r i t y o f the o r i g i n a l atroplsomer or Is I n s ens i t i v e to the 
c h i r a l i t y o f CA. The cond i t i on s o f our experiments a l low for 
quenching o f the major i ty o f the s i n g l e t s ta tes o f _BN by CA. 

The photo reso lu t i on o f BN proceeds most e f f i c i e n t l y In c h i r a l 
media without s i n g l e t quenchers and with macroscopic o rder . 
Severa l f a c t o r s may con t r i bu te to the n e c e s s i t y o f long-range 
o rder . One o f these i s the a b i l i t y o f c h o l e s t e r i c media to 
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r e f l e c t s e l e c t i v e l y one component of c i r c u l a r l y unpo lar ized l i g h t 
and transmit the other (73) . Mani fes ta t ions o f macroscopic order 
inc lude observat ion of LCICD spect ra (67) and the i n d u c t i o n of 
o p t i c a l a c t i v i t y i n photoreact lve , a c h i r a l so lu tes (74 ) . 

That both phenomena a r i s e as a consequence of macroscopic 
so lvent order and not int imate s o l v e n t - s o l u t e i n t e r a c t i o n s i s 
c l e a r : Saeva and O l i n (75) have shown that so lute LCICD spect ra 
can be observed i n twisted nematic phases on ly ; Nakazaki _et a l . 
(76) f i n d an excess o f one enantioraer of hexahel icene i s produced 
photochemical ly from a c h i r a l precursors i n twisted nematic 
phases; no LCICD spect ra or o p t i c a l i n d u c t i o n occurs i n untwisted 
nematic phases and the handedness of the twist can be c o r r e l a t e d 
w i th the s i gn o f the LCICD and the pre fer red product enantiomer. 
Furthermore, i s o t r o p i c phases of c h o l e s t e r i c mixtures d i s p l a y no 
d i s c e r n i b l e LCICD spect ra (12, 67) and the enantiomeric excesses 
i n products o f pho to l ab i l
zero (51 ) . 

The enantiomeric excesses i n c h i r a l products reported from 
c i r c u l a r l y po l a r i z ed i r r a d i a t i o n of a c h i r a l r eactants i n a c h i r a l 
so l vent s are u sua l l y l e s s than 0.2-0.3% (77, 79 ) . The l a r g e s t 
enantiomeric excess reported i s 1.6% for an unre lated rearrange
ment (80) . Furthermore, i t i s known that c i r c u l a r l y po l a r i z ed 
i r r a d i a t i o n o f BN i n dichloromethane y i e l d s very low (<0.2%) 
a t rop i somer ic excesses (81 ) . There fore , the 1.1% at rop i somer ic 
excess o f BN observed upon i r r a d i a t i o n o f s o l u t i o n s i n mixture A 
cannot be a sc r i bed to c i r c u l a r l y p o l a r i z e d e x c i t a t i o n s . 

P o s s i b l e exp lanat ion for increased c h i r a l r e c o g n i t i o n from 
experiments w i th so lvent order and i r r a d i a t i o n . The n e c e s s i t y of 
both macro-solvent order and i n t e r conve r s i on v i a an exc i t ed s ta te 
o f _BN i n order to observe the l a r g e s t a t rop i somer ic excesses 
i n d i c a t e s that a combination of f a c t o r s , working i n conce r t , may 
be r e spons ib l e . In t o to , these must r e s u l t i n a g reater i n t e r 
a c t i o n energy (and, there fore s p e c i f i c i t y of i n t e r a c t i o n ) between 
so lvent molecules and exc i t ed BN. 

D i spe r s i on energ i e s , En , between two molecules may be 
approximated by London 1 s express ion (82) (equat ion 3) i n which I 
and α are the i o n i z a t i o n p o t e n t i a l and p o l a r i z a b i l i t y , respec 
t i v e l y , o f BN and a so lvent molecule (S ) , and r i s the d i s t ance 
between them. Severa l v a r i a b l e s con t r i bu te to changes i n Εη· Any 
one o f them may dominate. A l a ck of knowledge o f experimental 
p r ope r t i e s for BN, and t h e i r s o l u t i ons r equ i res that our a rgu 
ments concerning these v a r i a b l e s remain q u a l i t a t i v e . The i o n i z a 
t i o n p o t e n t i a l s o f the c h o l e s t e r i c so lvent components are h igher 
than that o f BN. In t h i s equat ion , both α and r are t reated as 
s c a l a r q u a n t i t i e s . The shapes of BN and the c h o l e s t e r i c molecules 
and t h e i r e l e c t r o n i c d i s t r i b u t i o n s c l e a r l y i n d i c a t e that some 
o r i e n t a t i o n s between them w i l l be favored over o the r s . Th i s 
means that no s i n g l e r va lue can represent the true nature of the 
d i s t ance dependence between an and a BN. The r~6 dependence 
r equ i r e s that and BN be very c l o se i f d i s p e r s i o n forces are 
n o n - n e g l i g i b l e . A d d i t i o n a l l y , more than one S_ molecule may 
i n t e r a c t separate ly with the naphthyl r ings o f BN (52, 83 ) . 
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_ 3 "S«BN I S I B N 

E D 2 r6 I S + I B N
 ( 3 ) 

To compare d i s p e r s i o n energies between £ and e i t h e r ground 
s t a t e or t r i p l e t BN, α, I , and r must be d i scussed . In a l l 
l i k e l i h o o d r should be t reated as a sum of vectors or t h e i r 
expecta t ion va lue <r>. E i t h e r should d i f f e r s l i g h t l y when £ 
i n t e r a c t s w i th ground-state and t r i p l e t BN: <r> i s probably not 
very d i f f e r e n t s ince the o rde r ing of the c h o l e s t e r i c matr ix 
should be a primary in f l uence upon the l o c a t i o n of BN. On the 
other hand, the d i s t r i b u t i o n of l o c a t i o n s at which a BN i s i n 
contact with an £ may be narrowed when the so lute i s i n an 
exc i t ed s t a t e . I f t r ue , a change i n Ep (due to a factor r e l a t ed 
to r but d i f f e r e n t fro
power dependence upon
between ground and exc i t ed s ta te BN may change Ep s i g n i f i c a n t l y . 
S ince I3 * I B N - E T (where E T * 2.5 eV i s the t r i p l e t e x c i t a 
t i o n energy (70)) and I s > I B N , the term I S I B N / ( I S + I B N ) must be 
smal le r when BN i s a t r i p l e t than when i t i s a ground-state 
s i n g l e t . However, the decrease caused i n Εβ may be more than 
compensated for by an increase i n <*3βΝ over ot B N or a decrease i n 

The va lue o f α i s dependent upon the d i s t o r t i o n o f e l e c t r o n 
c louds from t h e i r "normal" shape. In quantum mechanical terms, α 
Is a f unc t i on o f the second power of d , the change In the average 
d i s t ance between a nucleus and an e l e c t r o n under the Inf luence o f 
an ex te rna l e l e c t r i c f i e l d (84 ) . Since the t r i p l e t s ta te p laces 
an e l e c t r o n In a more l o o s e l y bound ant i - bond ing o r b i t a l , i t 
should be much more e a s i l y d i s t o r t e d than e l ec t rons i n bonding 
o r b i t a l s o f the ground s ta te which do not protrude e f f e c t i v e l y as 
f a r Into space. The f i r s t exc i t ed s i n g l e t ( *L a ) of naphthalene 
has a measured p o l a r i z a b l l l t y ( ca . 27Â*) which Is much l a r ge r 
than the ground s t a te ( ca . 17Â^ ) (85 ) . A very l a rge increase In α 
Is c a l cu l a t ed to occur a long the long molecular ax i s upon e x c i t a 
t i o n (86) . Un fo r tunate ly , corresponding data do not e x i s t for BN 
t r i p l e t s and the extent to which naphthalene can be taken as a 
model o f JBN i s unc lea r . Even with t h i s u n c e r t a i n t y , the data 
suggest that α w i l l be s i g n i f i c a n t l y l a r ge r than <* Β Ν · 
Furthermore, i t the long axes o f the BN naphthyl groups l i e 
p a r a l l e l to the long ax i s o f the c h o l e s t e r i c so lvent molecules 
( a long which the l a r ge s t p o l a r i z a b l l l t y vector obta ins (87) ) , the 
e f f e c t o f BN e x c i t a t i o n on Ep w i l l be much l a rge r than pred ic ted 
by the average ( sca l a r ) a . 

S i m i l a r l y , the r e a c t i o n f i e l d , R (88-90) , a s soc ia ted with a 
group o f so lvent molecules with c h o l e s t e r i c phase order Is much 
l a r g e r when operat ing on a t r i p l e t of BN: R inc reases with 
i n c r e a s i n g a . The l i m i t a t i o n s of the Onsager model to the very 
a n i s o t r o p i c environment experienced by ^BN preclude a reasonable 
q u a n t i t a t i v e d i s c u s s i o n . The so lute c a v i t y Is not s p h e r i c a l ; ^BN 
may be descr ibed be t t e r for the purposes o f e l u c i d a t i n g i t s 
i n t e r a c t i o n s w i th neighbor ing so lvent molecules as a quadrupole 
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(i.e., a sum of two dipoles (91)); the solvent dielectric is ani
sotropic instead of homogeneous (53) . In spite of this, it Is 
obvious that %N will be more sensitive to the reaction field 
than will ground-state BN. The effect of solvent molecule align
ment as exhibited by ctiôTesteric phases should increase the reac
tion field over that experienced by a solute in an isotropic 
medium. Thus, the greater chiral recognition between solvent and 
3BN may be related to the larger reaction field and dispersion 
energy. 
In conclusion, we believe that our ability to observe higher 
atropisomeric excesses from irradiations of BN in cholesteric 
mesophases than from thermal isoraerizations can be traced to the 
larger interaction energies associated with the excited state 
species and its environment. The cumulative effect of these 
interactions Is manifested more specifically on a reactive solute 
when the solvent molecule
are isotropically dispersed

Acknowledgments. We wish to thank Drs. Niel Glaudemans and Kent 
Rice of National Institutes of Health for their gracious help and 
for allowing us to use their electronic polarimeters. Dr. Miklos 
Kerteez is thanked for several enlightening discussions. Mrs. 
Kay Bayne is thanked for her expert help in preparation of the 
manuscript. The National Science Foundation (Grant No. 
CHE 83-01776) is acknowledged for its support of this work. 

Literature Cited 

1. Part 14: Hrovat, D.A.; Liu, J.H.; Turro, N.J.; Weiss, R.G. 
J . Am. Chem. Soc., in press 1984. 

2. Eskenazi, C.; Nicoud, J.F.; Kagan, H.B. J . Org. Chem. 1979, 
44, 995. 

3. Dondoni, Α.; Medici, Α.; Colonna, S.; Gottarelli, G.; Samori, 
B. Mol. Cryst. Liq. Cryst. 1979, 55, 47. 

4. Bacon, W.E.; Brown, G.H. Mol. Cryst. Liq. Cryst. 1971, 12, 229. 
5. Dewar, M.J.S.; Mahlovsky, B.D. J. Am. Chem. Soc. 1974, 96, 460. 
6. Cassis, E.G., Jr.; Weiss, R.G. Photochem. Photobiol. 1982, 

35, 439. 
7. Seuron, P.; Solladie, G. J. Org. Chem. 1980, 45, 715. 
8. De Maria, P.; Lodi, Α.; Samori, B.; Rusticelli, F.; Torquati, 

G. J. Am. Chem. Soc. 1984, 106, 653. 
9. Nerbonne, J.M.; Weiss, R.G. J . Am. Chem. Soc. 1979, 101, 402. 
10. Anderson, V.C.; Craig, B.B.; Weiss, R.G. J . Am. Chem. Soc. 

1981, 103, 7169. 
11. Otruba, J.P., III; Weiss, R.G. Mol. Cryst. Liq. Cryst. 1982, 

80, 165. 
12. Anderson, V.C.; Weiss, R.G. J . Am. Chem. Soc., in press 1984. 
13. Hrovat, D.A.: Liu, J.H.; Turro, N.J.; Weiss, R.G. J . Am. 

Chem. Soc., 1984, 106, 5291. 
14. Aviv, G.; Sagiv, J.; Yogev, A. Mol. Cryst. Liq. Cryst. 1976, 

36, 349. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



168 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

15. Liebert, L.; Strzelecki, L.; Vacogne, D. Bull. Soc. Chim. Fr. 
1975, 2073. 

16. Kunieda, T.; Takahashi, T.; Hirobe, M. Tetrahedron Lett. 
1983, 5107. 

17. Saeva, F.D.; Sharpe, P.E.; Olin, G.R. J. Am. Chem. Soc. 1975, 
97, 204. 

18. Verbit, L.; Halbert, T.R.; Patterson, R.B. J. Org. Chem. 
1975, 40, 1649. 

19. Pirkle, W.H.; Rinaldi, P.L. J. Am. Chem. Soc. 1977, 99, 3510. 
20. Nerbonne, J.M. Ph.D. Thesis, Georgetown University, 

Washington, DC, 1978. 
21. North, B.E.; Shipley, G.G.; Small, D.M. Biochem. Biophys. 

Acta 1976, 424, 376. 
22. Gray, G.W. J . Chem. Soc. 1956, 3733. 
23. Ennulat, R.D. Mol. Cryst. Liq. Cryst. 1969, 8, 247. 
24. Davis, G.J.; Porter

Cryst. Liq. Cryst.
25. Dodgson, D.P.; Haworth, R.D. J. Chem. Soc. 1952, 67. 
26. Borch, R.F.; Beinstein, M.D.; Durst, H.D. J. Am. Chem. Soc. 

1971, 93, 2897. 
27. Sakellarios, E.; Kyrimis, T. Chem. Ber. 1964, 57, 324. 
28. Badar, Y.; Ling, C.C.K.; Cooke, A.S.; Harris, M.M. J. Chem. 

Soc. 1965, 1543. 
29. Wilson, K.R.; Pincock, R.E. J. Am. Chem. Soc. 1975, 97, 1474. 
30. Browne, P.Α.; Harris, M.H.; Manzengo, R.Z.; Singh, S. J. 

Chem. Soc. C 1971, 3990. 
31. Baessler, H.; Labes, M.M. Mol. Cryst. Liq. Cryst. 1970, 6, 

419. 
32. Colter, A.K.; Clemens, L.M. J. Phys. Chem. 1964, 68, 651. 
33. Kates, Μ., In "Laboratory Techniques in Biochemistry and 

Molecular Biology"; Work, T.S.; Work, E . , Eds.; Elsevier: 
Amsterdam, 1972; Vol. 3, p. 360. 

34. Berlman, I.B. "Handbook of Fluorescence Spectra of Aromatic 
Molecules," 2nd Ed.; Academic Press: New York, 1971; p. 352. 

35. Post, M.F.; Langelaar, J . ; Van Voorst, J.P.W. Chem. Phys. 
Lett. 1975, 32, 59. 

36. Luo, X.-J . ; Beddard, G.S.; Porter, G.; Davidson, R.S. JCS, 
Faraday Trans. I 1982, 78, 3477. 

37. Gamba, Α.; Rusconi, Ε.; Simonetta, M. Tetrahedron 1970, 26, 
871. 

38. Pauptit, R.A.; Trotter, J. Can. J. Chem. 1983, 61, 69. 
39. Kress, R.B.; Duesler, E.N.; Etter, M.C.; Paul, I.C.; Curtin, 

D.Y. J. Am. Chem. Soc. 1980, 102, 7709. 
40. Kerr, K.A.; Robertson, J.M. J . Chem. Soc. Β 1969, 1146. 
41. Carter, R.E.; Liljefors, T. Tetrahedron 1976, 32, 2915. 
42. Bigelow, R.W.; Anderson, R.W. Chem. Phys. Lett. 1978, 58, 

114. 
43. Post, M.F.M.; Eweg, J.K.; Langelaar, J . ; Van Voorst, J.D.W.; 

Ter Maten, G. Chem. Phys. 1976, 14, 165. 
44. Teschke, O.; Eisenthal, K.B.; Shank, C.V.; Ippen, E.P. J . 

Chem. Phys. 1977, 67, 5547. 
45. Irie, M.; Yoshida, K.; Hayashi, K. J. Phys. Chem. 1977, 81, 

969. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



10. GANAPATHY AND WEISS Liquid-Crystalline Solvents 169 

46. Yorozu, T.; Yoshida, K.; Hayashi, K.; Irie, M. J. Phys. Chem. 
1981, 85, 459. 

47. Anderson, V.C.; Craig, B.B.; Weiss, R.G. J. Am. Chem. Soc. 
1982, 104, 2972. 

48. Faljoni, Α.; Zinner, K.; Weiss, R.G. Tetrahedron Lett. 1974, 
1127. 

49. Morrison, J.D.; Mosher, H.S. "Asymmetric Organic Reactions"; 
Prentice-Hall: Englewood Cliffs, N.J., 1971; pp. 411ff. 

50. Mason, S.F. "Molecular Optical Activity and the Chiral 
Discrimination"; Cambridge University Press: Cambridge, 1982; 
Secton 10.3. 

51. Hibert, M.; Solladie, G. J. Org. Chem. 1980, 45, 5393. 
52. Gottarelli, G.; Hibert, M.; Samori, B.; Solladie, G.; Spada, 

G.P.; Zimmermann, R. J. Am. Chem. Soc. 1983, 105, 7318. 
53. Kelker, H.; Hatz, R  "Handbook of Liquid Crystals"; Verlag 

Chemie: Weinheim, 1980
54. Baessler, H.; Labes
55. Brey, L.A.; Schuster, G.B.; Drickamer, H.G. J. Am. Chem. Soc. 

1979, 101, 129. 
56. Wilhelmi, B. Chem. Phys. 1982, 66, 351. 
57. Rothenberger, G.; Negus, D.K.; Hochstrasser, R.M. J . Chem. 

Phys. 1983, 79, 5360. 
58. Benicewicz, B.C.; Johnson, J.F.; Shaw, M.T. Mol. Cryst. Liq. 

Cryst. 1981, 65, 111. 
59. Sakamoto, K.; Porter, R.S.; Johnson, J.F. Mol. Cryst. Liq. 

Cryst. 1969, 8, 443. 
60. Porter, R.S.; Griffen, C.; Johnson, J.F. Mol. Cryst. Liq. 

Cryst. 1974, 25, 131. 
61. Adams, J.E.; Haas, W.E. Mol. Cryst. Liq. Cryst. 1971, 15, 27. 
62. Schnur, J.M.; Martire, D.Ε. Mol. Cryst. Liq. Cryst. 1974, 26, 

213. 
63. Martire, D.E. In "The Molecular Physics of Liquid Crystals"; 

Luckhurst, G.R.; Gray, G.W., Eds.; Academic Press: New York, 
1979; Chapter 11. 

64. Oweimreen, G.A.; Martire, D.E. J. Chem. Phys. 1980, 72, 2500. 
65. Otruba, J.P., III; Weiss, R.G. J. Org. Chem. 1983, 48, 3448. 
66. Pincock, R.E.; Johnson, W.M.; Haywood-Farmer, J. Can. J. 

Chem. 1976, 54, 548. 
67. Saeva, F.D. In "Liquid Crystals. The Fourth Sate of Matter"; 

Saeva, F.D., Ed.; Marcel Dekker: New York, 1979; Chapter 6. 
68. Laarhoven, Wm. H.; Cuppen, Theo. J.H.M. JCS Perkin II 1978, 

315. 
69. Wilson, K.R.; Pincock, R.E. Can. J. Chem. 1977, 55, 889. 
70. Kira, Α.; Thomas, J.K. J. Phys. Chem. 1974, 78, 196. 
71. Irie, M.; Yorozu, T.; Hayashi, Κ. J. Am. Chem. Soc. 1978, 

100, 2236. 
72. Yorozu, T.; Hayashi, K.; Irie, M. J. Am. Chem. Soc. 1981, 

103, 5480. 
73. de Gennes, P.G. "The Physics of Liquid Crystals"; Clarendon 

Press: Oxford, 1974; Chapter 6. 
74. Nakazaki, M.; Yamamoto, K.; Fujiwara, K. Chemistry Lett. 

1978, 863. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



170 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

75. Saeva, F.D.; Olin, G.R. J. Am. Chem. Soc. 1976, 98, 2709. 
76. Nakazaki, M.; Yamamoto, K.; Fujiwara, K.; Maeda, M. JCS, 

Chem. Commun. 1979, 1086. 
77. Moradpour, Α.; Nicoud, J.F.; Balavoine, G.; Kagan, H.; 

Tsoucaris, G. J . Am. Chem. Soc. 1971, 93, 2353. 
78. Kagan, H.; Moradpour, Α.; Nicoud, J.F.; Balavoine, G.; 

Martin, R.H.; Cosyn, P. Tetrahedron Lett. 1971, 2479. 
79. Berstine, W.J.; Calvin, M.; Burkhardt, O. J. Am. Chem. Soc. 

1973, 95, 524. 
80. Zandomeneghi, M.; Cavazza, M.; Festa, C.; Pietra, F. J. Am. 

Chem. Soc. 1983, 105, 1839. 
81. Hayashi, K.; Irie, M. Japan. Kokai 78 18549, 20.2.78; Chem. 

Abst. 1978, 89, 6151j. 
82. London, F. Z. Physik. 1930, 63, 245. 
83. Solladie, G.; Zimmermann, R. Angew. Chem., Int. Ed. Eng. 

1984, 23, 348. 
84. Eyring, H.; Walter

John Wiley: New York, 1944; pp. 118-123. 
85. Mathies, R.; Albrecht, A.C. J . Chem. Phys. 1974, 60, 2500. 
86. Marchese, F.T.; Jaffe, H.H. Theor. Chim. Acta 1977, 45, 241. 
87. Shivaprakash, N.C.; Abdoh, M.M.M.; Srinivasa; Prasad, J.S. 

Mol. Cryst. Liq. Cryst. 1982, 80, 179. 
88. Mataga, N.; Kubota, T. "Molecular Interactions and Electronic 

Spectra"; Marcel Dekker: New York, 1970; pp. 377ff. 
89. Onsager, L. J. Am. Chem. Soc. 1936, 58, 1486. 
90. Wilson, J.N. Chem. Rev. 1939, 25, 377. 
91. Stien, M.-L.; Claessens, M.; Lopez, Α.; Reisse, J. J. Am. 

Chem. Soc. 1982, 104, 5902. 

RECEIVED January 10, 1985 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



11 

Photochemical and Thermal Reactions of Hydrophobic 
and Surfactant Stilbenes in Microheterogeneous M e d i a 

P. E. BROWN, T. MIZUTANI, J. C. RUSSELL, B. R. SUDDABY, and D. G. WHITTEN 
Department of Chemistry, University of Rochester, Rochester, NY 14627 

A wide number of surfactant and hydrophobic trans-stil
bene derivatives
ranging from detergen
inclusion complexes and microemulsions. Phenomena that 
have been investigated include fluorescence and trans
cis photoisomerization yields which provide considerable 
information concerning the microviscosity and degree of 
organization of the medium investigated as well as a 
number of ground state processes. The ground state re
actions investigated include formation of charge
-transfer complexes with organic cations such as methyl 
viologen and other processes including oxidation and 
bromination. These phenomena in each case involve in
teraction of the hydrophobic stilbene chromophore with 
relatively hydrophilic reagents. Observation of the 
rate and extent of these processes provide some indica
tion of the degree of hydrophobic-hydrophilic compart
mentalization occurring in the media and "protection" 
of hydrophobic species. The broad spectrum of results 
obtained for these phenomena in the several media in
vestigated provide insights into the type of "solubil
ization" provided by different media. 

The reactivity of molecules bound to surfaces, located at various 
kinds of interfaces, solubilized in microheterogeneous media, or 
incorporated as "guests" in various "hosts" as inclusion complexes 
has been the subject of much recent study. Indeed the structure of 
the medium, the nature of "solubilization sites" and reactivity in 
these environments have all been the focus of independent or inter
related investigations (1-12). Photochemistry has played a major 
role in these studies both in terms of studies of the media and also 
in terms of modified or controlled reactivity (1,5,8,9). In the 
course of these investigations numerous questions have arisen; many 
of these have developed from differing pictures of solute-environ
ment interactions which are furnished by different studies using 
different molecules as "probes" (5,10-12). Controversies arising 
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from these s tud ies have been most pronounced i n i n v e s t i g a t i o n s i n 
vo l v ing detergent m i c e l l e s ; however the problems or quest ions encoun
tered wi th m ice l l e s extend to other media i n c l u d i n g , fo r example, 
l i p i d b i l a y e r s , microemulsions and i n c l u s i o n complexes (13-15). In 
t h i s paper we summarize a body of work from our l a bo r a t o r i e s i n v o l v 
ing one chromophore—trans - s t i lbene—which we have incorporated i n t o 
a v a r i e t y of sur fac tant and hydrophobic molecules and whose r e a c t i v 
i t y we have i nve s t i g a t ed i n a number of d i f f e r e n t media. In these 
s t u d i e s , as i n others p rev ious l y mentioned, we have used r e a c t i v i t y 
of the s t i l b e n e probe both as a t o o l to i n v e s t i g a t e s o l u t e - e n v i r o n 
ment i n t e r a c t i o n s i n var ious media and to demonstrate the type of 
c o n t r o l or mod i f i c a t i on of r e a c t i v i t y which can be obtained by the 
var ious media. Our s tud ies have revea led that the d i f f e r e n t k inds o f 
trans - s t i l bene molecules used i n t h i s study experience a wide v a r i e t y 
of environments with a consequent array of va ry ing r e a c t i v i t y i n d i f 
ferent organized media. The r e s u l t s o f these s tud ies provide some 
i n t e r e s t i n g bases for conc lus ion
extend to many other c l a sse

The " S t i l b e n e Probe" and I ts R e a c t i v i t y 

Of the numerous chromophores s tud ied over the l a s t t h i r t y years , 
trans - s t i l bene i s probably one of those whose photochemistry and 
photophysics has been most thoroughly i nve s t i g a t ed (16-25). Although 
i n t e r e s t i n the photochemistry and photophysics of trans - s t i l bene 
(TS) was undoubtedly s t imulated due to i t s being an ethylene analog 
having st rong c h a r a c t e r i s t i c absorpt ion i n the r e l a t i v e l y long wave
length u l t r a v i o l e t , i t has developed that TS has an a t y p i c a l and i n 
many ways p e c u l i a r exc i t ed s t a t e behav ior . These " p e c u l i a r i t i e s " 
appear both i n the exc i t ed s i n g l e t and t r i p l e t s t a t e s ; i n t h i s regard 
i t i s i n t e r e s t i n g to compare TS wi th the corresponding double bond-
methylated analog 1,2-diphenylpropene. A l a rge number of i n v e s t i g a 
t i ons have e s t ab l i shed that the exc i t ed s t a t e p o t e n t i a l sur faces fo r 
r o t a t i o n about the o l e f i n i c bonds have p r o f i l e s for TS approximately 
as descr ibed i n F igure 1 (22). In contrast 1,2-diphenylpropene has 
a p o t e n t i a l sur face fo r both s i n g l e t and t r i p l e t e xc i t ed s tates 
which c l o s e l y resembles those for e thy lene . Consequently i t 
has been found that the photochemistry and photophysics of 1 , 2 - d i 
phenylpropene i s qu i te uncompl icated; on e x c i t a t i o n to e i t h e r s i n g l e t 
or t r i p l e t e xc i t ed s ta tes of e i t h e r isomer one observes photo i somer i 
z a t i on as the only detectab le photoprocess (19). It i s evident that 
t h i s photobehavior i n both s e n s i t i z e d and d i r e c t e x c i t a t i o n processes 
can be descr ibed by r ap id decay of the i n i t i a l l y formed exc i t ed 
s tates to a common intermediate o f twisted geometry which has approx
imately a 1:1 decay r a t i o for both t r i p l e t s and s i n g l e t s to give 
ground s t a te cis and trans i somers . In cont ras t TS f luoresces upon 
d i r e c t e x c i t a t i o n and for both s i n g l e t s and t r i p l e t s there i s e v i 
dence that the exc i t ed s ta te capable of ob ta in ing t r anso id geometry 
can be s e l e c t i v e l y quenched to produce TS i n the ground s ta te (19,21, 
23) . For the exc i t ed s i n g l e t s t a t e i t i s c l e a r that the f luorescent 
s ta te o f approximately t r anso id geometry undergoes compet i t ive decay 
by f luorescence or by c ro s s ing a smal l energy b a r r i e r to reach the 
twisted i s omer i z a t i on precursor s t a t e (22). c i s - S t i l b e n e under ex 
c i t a t i o n does not produce the f luorescent t r an so i d s i n g l e t ; a lthough 
i t s photochemistry i s compl icated by the c y c l i z a t i o n process (19) 
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ANGLE OF TWIST 

Ε 

Ε 

trans " 9 0 ° " ois 

Figure 1. P r o f i l e s of the exc i t ed s t a t e p o t e n t i a l sur faces for 
r o t a t i o n about the o l e f i n i c bonds for 1,2-diphenylpropene and 
s t i l b e n e s . 
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i t s i s omer i z a t i on (the major process) occurs by r ap i d popu la t ion of 
the same twisted form produced from the trans. A c t i v a t i o n of e i t h e r 
TS or c i s - s t i l b e n e v i a t r i p l e t s e n s i t i z a t i o n produces a common i n t e r 
mediate; however i n cont ras t to 1,2-diphenylpropene, t h i s i n t e r m e d i 
ate has a s u f f i c i e n t l y long l i f e t i m e to be quenched by species having 
low energy t r i p l e t s ta tes (azulene, oxygen, etc . ) (19,22) i n processes 
which i n some cases r e s u l t i n s e l e c t i v e formation of ground s t a t e TS. 
The l i f e t i m e of the s t i l b e n e t r i p l e t i s dependent on v i s c o s i t y and 
s u b s t i t u e n t s . 

Due to the rather unique features descr ibed above the s t i l b e n e 
chromophore i s a p a r t i c u l a r l y i n t e r e s t i n g one as a probe e s p e c i a l l y 
s e n s i t i v e to e f f e c t s of medium or the "microenvironment . " For ex
ample, i t i s found that i n c o r p o r a t i o n of TS in to a r i g i d g lass r e 
s u l t s i n an increase i n the f luorescence y i e l d to almost un i ty wi th 
a concomitant decrease i n the trans to ois i s omer i z a t i on e f f i c i e n c y 
(22). In v iscous media one sees intermediate behavior (20,22) . The 
photo i somer iza t ion of ois
creases i n v i s c o s i t y an
t r a s t to that o f TS (22). As w i l l be developed i n more d e t a i l l a t e r , 
another feature of TS which makes i t e s p e c i a l l y a t t r a c t i v e fo r m i c ro 
heterogeneous media composed of hydrocarbon components which are 
l a r g e l y l i n e a r polymethylene u n i t s , i s that the chromophore i t s e l f 
i s a r e l a t i v e l y r o d - l i k e molecule whose molecular dimensions and 
packing behavior a l low i t to be incorporated i n such media i n such a 
way as to presumably provide minimal d i s r u p t i o n and yet s imultaneous
l y a chromophore absorbing at r e l a t i v e l y long wavelengths. F i n a l l y , 
i n a d d i t i o n to i t s photochemical and photophys ica l p r o p e r t i e s , TS 
o f f e r s both the c l a s s i c a l r e a c t i v i t y of a r e l a t i v e l y e l e c t r on r i c h 
aromatic hydrocarbon and an o l e f i n . Thus i t has been found that TS 
forms donor -acceptor (CT) complexes which strong e l e c t r o n i c acceptors 
(11,14) and undergoes c h a r a c t e r i s t i c r eac t ions of alkenes such as 
e l e c t r o p h i l i c a d d i t i o n wi th reagents i n c l u d i n g bromine and other 
halogens (26-32) . 

The s p e c i f i c probes that we have used i n our i n v e s t i g a t i o n s have 
inc luded TS i t s e l f and a v a r i e t y of hydrophobic and sur factant trans-
s t i l b ene s having the s t ruc tu re s shown below (SNA, MSNA and MSM) . 

SNA 

MSNA 

MSM 
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These molecules were i n general synthes ized as o u t l i n e d i n scheme I . 
In genera l , the s o l u t i o n photochemistry of the s i n g l e cha in d e r i v a 
t i v e s , SNA, has been found to be remarkably s i m i l a r to that of TS. 
In non-v iscous organic so lvents the f luorescence e f f i c i e n c y of most 
SNA d e r i v a t i v e s i s comparable to that of TS as are the y i e l d s of 
trans to cis photo i somer iza t ion (33,34). The double cha in d e r i v a 
t i v e s , MSNA and MSN, show s u b s t a n t i a l l y h igher f luorescence y i e l d s 
(0.2 ± 0.02) i n non-v iscous so lvents with a corresponding decrease 
i n the trans to cis i s omer i z a t i on e f f i c i e n c y (34). In the s e n s i t i z e d 
i s o m e r i z a t i o n , the MSN d e r i v a t i v e s i nve s t i g a t ed thus far show only 
photo i somer izat ion but there i s an increase i n the t r i p l e t l i f e t i m e 
by a f a c to r of 2; however there i s no change i n the decay r a t i o of 
the i s omer i z a t i on precursor and the sum of the benzophenone s e n s i 
t i z e d i s omer i z a t i on e f f i c i e n c i e s of 4S4 i s approximately u n i t y . When 
water i n s o l u b l e SNA or MSNA molecules are spread as a f i l m , e i the r 
pure or i n mixtures with i n s o l u b l e f a t t y a c i d s , at the a i r -wa te r 
i n t e r f a c e , i t i s found tha
compression to those of pure f a t t y a c i d with an i n d i c a t e d area per 
molecule of the sur fac tant s t i l b e n e s very c l o se to that of a l i n e a r 
f a t t y a c i d (ca. 20 2 Â/molecule) (35). Th is suggests s t rong ly that 
the TS chromophore i n these molecules o f f e r s s u i t a b l e molecular 
dimensions to pack i n to a c r y s t a l l i n e - l i k e array of l i n e a r p a r a f i n 
cha ins . 

The Media Under I n v e s t i g a t i o n 

Our i n i t i a l i n t e r e s t as far as the TS probes synthes ized above i s 
concerned was wi th the i n c o r p o r a t i o n of the s t i l b ene s i n t o o r i ented 
supported m u l t i l a y e r assemblies (35,36) . However, s ince these mo l 
ecules are sur fac tants having hyd rophob i c -hyd roph i l i c r e l a t i o n s h i p s 
s i m i l a r to detergents and b i l a y e r - f o r m i n g l i p i d s , i t became c l e a r 
that they might be equa l l y i n t e r e s t i n g as probes to incorpora te i n t o 
m i c e l l e s , v e s i c l e s and microemuls ions. Much of the work descr ibed i n 
t h i s paper w i l l dea l with these three media and the use of var ious 
s t i l b e n e probes to determine s imultaneous ly something about the me
dium under i n v e s t i g a t i o n as w e l l as i t s " s o l u b i l i z a t i o n " p r o p e r t i e s . 
In a d d i t i o n , s ince s eve ra l of the s t i l b e n e probes synthes ized show 
l i m i t e d water s o l u b i l i t y but are obv ious ly hydrophobic , i t appeared 
that they might be good candidates for i n co rpo r a t i on i n t o reagents 
such as cyc l odex t r in s or amylose d e r i v a t i v e s which are known to en 
trap r e l a t i v e l y smal l hydrophobic molecules to form host -guest i n c l u 
s i on complexes. We have found that t h i s a b i l i t y to form i n c l u s i o n 
complexes i s e s p e c i a l l y t rue of s eve ra l of the sur fac tant and hydro 
phobic s t i l b ene s with amylose and our r e s u l t s i n t h i s area w i l l be 
d iscussed and compared with those obtained i n the aqueous sur fac tant 
media mentioned above. 

The R e a c t i v i t y of S t i l bene Probes i n Detergent M i c e l l e s 

trans-Stilbene, the hydrophobic 4S4 and the whole range of sur factant 
trans - s t i l bene d e r i v a t i v e s can a l l be incorporated i n to a v a r i e t y of 
aqueous detergent s o l u t i o n s , i n c l u d i n g c a t i o n i c , an ion i c and n e u t r a l 
s u r f a c t an t s . In most cases the s t i l b e n e component would not be s o l 
uble i n water by i t s e l f so i t i s c l e a r that s o l u b i l i z a t i o n i s o c c u r 
r i n g v i a a s s o c i a t i o n of the s t i l b e n e d e r i v a t i v e with e i t h e r detergent 
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Route IA Route IB 
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Scheme I . Synthes is of Sur factant S t i l b enes 
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monomer or aggregates. In almost every case c l e a r monomeric s t i l b e n e 
absorpt ion and f luorescent spec t ra are obtained for the s t i l b e n e de 
r i v a t i v e thus s t a b i l i z e d i n m i c e l l e media. Table I l i s t s f luorescent 
quantum y i e l d s obtained for s eve ra l s t i l b e n e d e r i v a t i v e s comparing 
homogeneous methylcyclohexane and aqueous sodium dodecy l su l f a te (SDS) 
s o l u t i o n s . S i m i l a r data have been obtained i n most cases when neu 
t r a l or c a t i o n i c sur fac tants have been s tud i ed ; i n general the major 
conc lus ion that can be drawn from the f luorescence y i e l d s i s that the 
photophysics of the s t i l b e n e chromophore i s r e l a t i v e l y l i t t l e a f f e c t 
ed by i n c o r p o r a t i o n of the hydrophobic or sur factant s t i l b ene s i n to 
m i c e l l a r aggregates. Although photo i somer iza t ion has been l e s s t h o r 
oughly s tud ied i n m i c e l l a r media, i t seems c l e a r that i n genera l 
there i s l i t t l e change upon tak ing the var ious s t i l b e n e s from homoge
neous organic so lvents to aqueous detergent s o l u t i o n s . For example 
w i th S4A the trans to cis photo i somer iza t ion i n aqueous SDS i s 0.44 
compared to 0.48 i n methylcyclohexane. The decay r a t i o determined 
( f r a c t i o n cis isomer formed
with a va lue of 0.52 obtained i n methylcyclohexane. In genera l the 
r e s u l t s are cons i s tent w i th a very s l i g h t e f f e c t i v e increase i n v i s 
c o s i t y on going to the m i c e l l a r media but otherwise with no s i g n i f 
i c an t changes. From these data i t i s c l e a r that the microenvironment 
of the s t i l b e n e chromophore i s genera l l y f l u i d but l i t t l e can be s a i d 
regard ing whether the environment i s hydrophobic , h y d r o p h i l i c or 
i n t e r f a c i a l . 

I t has been found that a d d i t i o n of the organic c a t i o n , methyl 
v io logen ( M V 2 + , N , N T - d i m e t h y l - 4 , 4 " - b i p y r i d i n i u m ) , to s o l u t i on s of 
s t i l b e n e , pyrene and other aromatic or heteroaromatic d e r i v a t i v e s 
can lead to formation of donor -acceptor complexes which are d i s t i n 
guished by s p e c t r a l changes i n the absorpt ion of the aromat ic , new 
bands ( f requent ly weak) to the red of the aromatic t r a n s i t i o n s and 
quenching of the aromatic f luorescence (11,14,37) . For s t i l b e n e 
i t s e l f wi th M V 2 + the e q u i l i b r i u m constant for formation of the com
p l ex i s extremely smal l ( K a c e t o n i t r i i e

 = 15) (11) . In the case of 
s t i l b e n e d e r i v a t i v e s the complex i s most e a s i l y detected by f l u o r e s 
cence quenching and a measure of the o v e r a l l e q u i l i b r i u m constant can 
be obtained by p l o t t i n g the f luorescence i n t e n s i t y r a t i o (I Q/I) vs. 
the concent ra t ion [MV 2 + ] . Table I I compares these constants for 
TS and seve ra l hydrophobic and sur fac tant s t i l b e n e d e r i v a t i v e s i n 
SDS m i c e l l e s . Two features of the constants determined are notewor
thy . F i r s t of a l l the o v e r a l l e q u i l i b r i u m constants measured i n the 
m i c e l l a r media are much l a r ge r than those obtained i n a s imple homo
geneous s o l u t i o n . Furthermore there seems to be very l i t t l e v a r i a 
t i o n between the constants measured for d i f f e r e n t molecules having 
the s t i l b e n e chromophore i n qu i te d i f f e r e n t s i t e s . The o v e r a l l v a r 
i a t i o n between TS (the l a rges t ) and 4S4 (the smal lest ) i s only a f a c 
tor of 2 .5 . The reason that the values are l a r g e r than those ob
ta ined i n homogeneous s o l u t i o n i s r e a d i l y apparent; i t has been p r e 
v i o u s l y shown that M V 2 + i s s t rong ly a s soc i a ted wi th an ion i c m i c e l l e s 
or v e s i c l e s i n aqueous s o l u t i o n . Therefore the two r e ac t an t s , s t i l 
bene molecule and M V 2 + , are e f f e c t i v e l y " concent ra ted " i n to a very 
smal l p o r t i o n of the t o t a l volume i n the microheterogeneous medium. 
In f a c t , i t i s f a i r l y easy to co r rec t the f luorescence quenching con 
s tants by cons ide r ing that both of the reagents are r e s t r i c t e d only 
to the p o r t i o n of the s o l u t i o n a c t u a l l y occupied by the sur factant 
m i c e l l e . When t h i s i s done the values l i s t e d as K" are obta ined . 
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I n t e r e s t i n g l y for a t y p i c a l sur factant s t i l b e n e S6A the va lue ob
ta ined i s very c lose to that measured i n pure a c e t o n i t r i l e . In a 
somewhat con t r a s t i ng s i t u a t i o n the value obtained for 4S4 i n aqueous 
SDS i s roughly one - four th that obtained i n a c e t o n i t r i l e . The r e s u l t s 
obtained here have cons iderab le s i g n i f i c a n c e wi th regard to the 
s t ruc tu re and s o l u b i l i z a t i o n p rope r t i e s of the SDS m i c e l l e s . Based 
on seve ra l widely he ld tenets (1-4) i t might be supposed that the 
s t i l b e n e chromophores would be conf ined to an environment very c l o s e 
l y resembling l i q u i d hydrocarbon whi le the p o s i t i v e l y charged M V 2 + 

would be a s soc i a ted e i t h e r with the an ion i c head groups or at l e a s t 
the water - sur fac tant i n t e r f a c i a l r e g i on . I f such were the case and 
the detergent m i c e l l e cons i s ted of r i g i d l y compartmentalized r eg ions , 
i t would be expected that a s s o c i a t i o n constants should be much lower 
i n the m i ce l l e s than i n homogeneous s o l u t i o n and that fu r the r the 
molecules having s t i l b e n e i n a more "hydrophobic " s i t e would show 
lower a s s o c i a t i o n constants . The fact that a s s o c i a t i o n constants 
genera l l y are comparable t
suggests that there i s ver
MV + i n the m i c e l l e s . I t does appear that any sequester ing observed 
i s more or l e s s i n l i n e wi th what one would i n t u i t i v e l y expect ; how
ever the o v e r a l l e f f e c t i s not very l a rge and s t r i k i n g r e s u l t one 
observes i s that even for the most hydrophobic s t i l b e n e , 4S4, there 
seems to be l i t t l e sequester ing of hydrophobic reagents from hydro -
p h i l i c ones. The r e s u l t s obtained here o f f e r an i n t e r e s t i n g cont ras t 
to those obtained i n " swo l l en " m i c e l l e s and v e s i c l e s which w i l l be 
d iscussed below. 

A c h a r a c t e r i s t i c "ground s t a t e " r e a c t i o n of s t i l b e n e and other 
alkenes i s e l e c t r o p h i l i c a d d i t i o n . This r e a c t i o n has been very w e l l 
s tud ied and although there are some mechanist ic cont rove r s i e s at 
present (38-40), both the c l a s s i c a l "bromonium" and s i n g l e - e l e c t r o n -
t r ans f e r mechanisms p r ed i c t that cons iderab le separa t ion o f charge 
develops on proceeding from s t a r t i n g mate r i a l s towards the t r a n s i t i o n 
s ta te (38-40) . In fact i t has been found that the rates of bromina-
t i o n o f TS are qu i te so lvent dependent with a sharp increase i n r e 
a c t i o n rates observed with increase i n so lvent p o l a r i t y proceeding 
from hydrocarbon so lvents to a l coho l s or water (26-32) . We have 
examined the brominat ion rates of TS and s eve r a l sur fac tant and 
hydrophobic s t i l b e n e s i n d i f f e r e n t homogeneous s o l u t i on s and i n SDS 
m i c e l l e s . Rate data obtained i n t h i s study are l i s t e d i n Table I I I . 
As far as the comparison of r e a c t i v i t y i n m i c e l l e s and homogeneous 
s o l u t i ons i s concerned, i t i s c l e a r that the r e a c t i v i t y observed for 
the d i f f e r e n t s t i l b en e s i n aqueous SDS i s cons i s t en t i n each case 
with the s t i l b e n e occupying an extremely po la r s i t e . In fact the 
rates obtained are f a s t e r than those for 50% aqueous ethanol i n 
each case. The d i f f e rences observed i n rates for d i f f e r e n t compounds 
s tud ied are more a t t r i b u t a b l e to d i f f e r i n g s u b s t i t u t i o n e f f ec t s 
( a l k y l groups enhance rates such that the r e a c t i v i t y i n homogeneous 
s o l u t i o n i n the m ice l l e s i s 4S4 > S4A > TS) than to any k ind of d i f 
ferences i n the microenvironment. The fact that only a s i n g l e r e a c 
t i o n ra te constant i s obtained i n each case suggests e i t h e r that the 
d i f f e r e n t s t i l b e n e s r e s ide i n a unique environment i n the m i c e l l e s 
o r , perhaps more l i k e l y , that the s t i l b e n e l o c a t i o n i s changing but 
on a time sca l e more r a p i d than the rate of the brominat ion process . 

The important r e s u l t of our s tud ies of the brominat ion of d i f 
ferent s t i l b e n e d e r i v a t i v e s i n the m ice l l e s i s that the r ap i d rates 
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Table I I . Stern-Volmer Constants for Quenching of SNA and MSNA 
Fluorescence by MV2 i n 0.028 M SDS at 25°C. 

Compound Κ 
sv K T 

TS 2450 13.9 
S4A 2150 12.2 
S5A 2200 12.5 
S6A 2440 13.8 
S7A 2120 12.0 
S10A 
S12A 1870 10.6 
S16A 1020 5.8 
6S4A 1840 10.4 
4S6A 1780 10.0 
2S8A 1490 8.3 
4S4 960 5.3 

Table I I I . Bromination of S t i l benes i n SDS M i c e l l e s 
or Et0H:H 2 0= l : l ( v/v ) 

Compound Medium k 2 ( M X s l ) 

TS SDS (5.4 + 1.8) χ 103 
4S4 SDS (9.3 ± 0.9) χ 10 4 

S4A SDS (8.9 ± 1.0) χ 10 4 

S10A SDS (7.3 ± 0.8) χ 10 4 

4S6A SDS (4.9 ± 1.0) χ 10 4 

TS Et0H-H 2 0 210 ± 40 
S4A Et0H-H 2 0 490 ± 40 
4S4 Et0H-H 2 0 1140 ± 270 
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and l ack of i n d i c a t i o n of d i f f e r e n t environments f o r d i f f e r e n t s t i l 
benes provide once again a p i c t u r e of the m i c e l l a r s o l u b i l i z a t i o n 
s i t e for the TS chromophore being one i n which l i t t l e sequester ing 
from po la r reagents and s t rong evidence of a h igh " m i c r o p o l a r i t y . " 
The p i c t u r e one obta ins i s c e r t a i n l y not cons i s tent wi th the hydro 
carbon TS located i n an environment l i k e l i q u i d hydrocarbon but much 
more i n accord w i th the p i c t u r e i n which the chromophore l i e s e i t h e r 
at an i n t e r f a c i a l s i t e or i n an environment which i s both f r e e l y 
a c ce s s i b l e and r i c h i n water. 

Swollen M i c e l l e s vs.Simple Detergent M i c e l l e s 

In cont ras t to simple detergent m i c e l l e s , s o - c a l l e d "swol len m i 
c e l l e s " c o n s i s t i n g of detergent and water-immiscible l i n e a r a l c o h o l 
such as 1-pentanol , 1-hexanol or 1-heptanol i n water as the p r i n c i p a l 
so lvent have been found to have d i f f e r e n t s o l u b i l i z a t i o n p rope r t i e s 
and perhaps o f f e r qu i te d i f f e r e n
the sur factant s t i l b ene s i t has been found that f luorescent y i e l d s 
increase very s l i g h t l y as the l i n e a r a l c o h o l i s added up to an a l 
coho l/sur factant mole r a t i o of 4 or 5 :1 . However whi le f luorescence 
i s not apprec iab ly a f f e c t ed , i t i s found that complexation wi th M V 2 + 

i s v i r t u a l l y e l iminated for s eve ra l of the sur fac tant s t i l b ene s (11, 
33) . In fact one can observe that the f luorescence quenching, by 
which the process i s most convenient ly measured, i s r a p i d l y a t t e n 
uated by a d d i t i o n o f the l i n e a r a l c o h o l . Very s i m i l a r r e s u l t s have 
been observed wi th both pyrene and va r ious sur factant pyrene d e r i v 
a t i v e s wi th M V 2 + (41_) . In t h i s case i t i s found that a d d i t i o n of the 
a l c o h o l both reduces the f luorescence quenching and changes the band 
shape of the f luorescence spectrum of the pyrene (4JJ . S ince the 
i n t e n s i t y r a t i o s of the va ry ing v i b r o n i c components of pyrene f l u o 
rescence are a good measure of so lvent p o l a r i t y (42) , i t i s i n s t r u c 
t i v e to look at the changes which occur as l i n e a r a l coho l s are added. 
In the case of adding 1-heptanol to SDS m i c e l l e s , one observes that 
the apparent " m i c r o p o l a r i t y " o f the medium decreases sharp ly (4_1) . 
A l l of t h i s then i s cons i s tent with a p i c t u r e i n which the a l c o h o l 
a d d i t i o n gives more d e f i n i t i o n or compartmental izat ion to the m i c e l l e 
and leads to the development of d i s t i n c t l y d i f f e r i n g s o l u b i l i z a t i o n 
s i t e s . Here we begin to see evidence of a true compartmenta l izat ion 
s i m i l a r to what one might expect by the s o - c a l l e d " H a r t l e y " model or 
t r a d i t i o n a l concept of the m i c e l l e . A d d i t i o n a l s tud ie s of these phe
nomena are cont inu ing i n our l a bo r a t o r i e s using other r eac t ions w i th 
the s t i l b ene s and other "probe" molecules . The "swol len m i c e l l e s " 
could be regarded as way s t a t i o n s en route from simple m i c e l l e s to 
an o i l i n water microemuls ion. We have s tud ied ex tens i ve l y some of 
these o i l/water microemulsions us ing the s t i l b e n e and other probes; 
i t i s beyond the scope of t h i s paper to go i n t o these s tud ies i n de 
t a i l ; however i n general one f inds fo r the o i l/water systems where 
d i s c r e t e d rop le ts occur , the var ious s t i l b e n e chromophores experience 
moderately hydrophobic s i t e s cons i s t en t wi th the s t i l b e n e r e s i d i n g 
" i n s i d e " the o i l d rop let p o r t i o n . The quest ion of water pene t r a t i on 
i n t o the drop le t and s u r f a c e - i n t e r i o r e q u i l i b r a t i o n i s one which 
needs to be fu r ther explored and c l a r i f i e d . 

Detergent and Phospho l ip id B i l a y e r V e s i c l e s (Liposomes) 

I t has been known for some time that t y p i c a l phosphol ip ids form a 
v a r i e t y of microheterogeneous s t ruc tu re s when d i spersed i n aqueous 
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s o l u t i o n ; these d i spe r s i ons upon s o n i c a t i o n can be induced to convert 
to f a i r l y monodisperse smal l un i l ame l l a r v e s i c l e s c o n s i s t i n g of a 
c losed b i l a y e r s t ruc tu re conta in ing water i n an i n t e r i o r compartment 
as w e l l as the e x t e r i o r so lvent or bulk water (47,48) . R e l a t i v e l y 
s i m i l a r s t ruc tu re s can be formed from a number o f 2 -cha in detergents 
such as d icety lphosphate (DCP) or dioctadecyldimethylammonium bromide 
(DODAB) (43,44) . These " l iposomes" or v e s i c l e s are o smot i ca l l y a c 
t i v e and can, i n common with m i c e l l e s , s o l u b i l i z e a v a r i e t y of d i 
verse reagents . C l e a r l y h y d r o p h i l i c reagents such as ino rgan ic ions 
are normal ly assoc ia ted wi th the water, or i f i o n i c and at oppos i te 
charge to the sur fac tant head group, with the ve s i c l e -wa te r i n t e r f a c e 
(45,46). On the other hand, more hydrophobic reagents are b e l i e ved 
assoc ia ted w i th s i t e s i n the v e s i c l e " i n t e r i o r . " Although water can 
penetrate the b i l a y e r w a l l of d i f f e r e n t kinds of sur fac tant v e s i c l e s 
with r e l a t i v e ease, i t i s genera l l y accepted that at temperatures 
below the "phase t r a n s i t i o n temperature" the v e s i c l e s e x i s t i n a ge l 
form i n which the hydrocarbo
u l a r , s e m i c r y s t a l l i n e f ash io
from d i f f e r e n t sur fac tants undergo a phase t r a n s i t i o n at component-
dependent temperatures which i s commonly assoc ia ted wi th a "me l t i ng " 
of the hydrocarbon chains to form a more l i q u i d or l i q u i d c r y s t a l l i n e 
array (43). The s tud ies descr ibed h e r e i n have a l l been c a r r i e d out 
at temperatures below the phase t r a n s i t i o n temperature and thus under 
cond i t i ons where the hydrocarbon chains should be r e l a t i v e l y ordered . 
Table I compares the f luorescence quantum y i e l d s for TS and the v a r 
ious s t i l b e n e d e r i v a t i v e s mentioned e a r l i e r i n s eve r a l d i f f e r e n t b i 
l aye r systems as w e l l as i n the reference homogeneous s o l u t i o n . The 
data tabu lated are i n s t r u c t i v e i n s eve r a l ways: f i r s t , comparing the 
f luorescence y i e l d obtained i n the v e s i c l e systems with those meas
ured e a r l i e r i n m i c e l l e s , i t i s c l e a r that for a l l o f the sur fac tant 
s t i l b e n e s f luorescent y i e l d s are much higher i n a l l three v e s i c l e 
media than i n aqueous SDS. The second po int i s that whi le the f l u o 
rescent y i e l d s are a l l h i ghe r , there are some notab le d i f f e rences 
between d i f f e r e n t s t i l b en e s and the d i f f e r e n t media. Regarding 
media, i t i s c l e a r i n genera l that the h ighest f luorescence y i e l d s 
are obtained i n the phospho l ip id DPL. DPL ( d i pa lm i toy l l e c i t h i n ) i s 
a z w i t t e r i o n i c l i p i d which should experience minimum head group r e 
p u l s i o n and thus perhaps the h ighest order of the three sur fac tant 
systems. For the " i n t r a c h a i n " s t i l b e n e s 6S4A, 4S6A, 2S8A and 4S4 the 
quantum y i e l d s i n DPL approach the l i m i t i n g value of u n i t y . The p i c 
ture then obtained with these probes i s one i n which the s t i l b e n e 
chromophore i s e f f e c t i v e l y " l o c k e d " from the t w i s t i n g process which 
i n f l u i d media competes w i th f luorescence . Even for the other two 
v e s i c u l a r media, these s t i l b e n e s show h igh quantum y i e l d s i n d i c a t i v e 
of a r e l a t i v e l y ordered and r e s t r i c t i v e s t r u c t u r e . The other s t i l 
benes shown i n the tab le show r e l a t i v e l y h igh quantum y i e l d s but ones 
which i n d i c a t e that an apprec iab le f r a c t i o n of the molecules can un 
dergo i s o m e r i z a t i o n . Table IV l i s t s values for i s omer i z a t i on of sev 
e r a l of the sur fac tant and hydrophobic s t i l b ene s and the d i f f e r e n t 
v e s i c u l a r media at 25° together wi th c a l c u l a t e d "decay r a t i o s " which 
together give a good p i c t u r e of the " r e s t r i c t i v e n e s s " of the s u r 
rounding medium. These data show a sharp reduct ion i n the i s o m e r i z a 
t i o n y i e l d s i n the v e s i c u l a r media, e s p e c i a l l y for the " i n t r a c h a i n 
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s t i l b e n e s ; " for the l a t t e r compounds both the i s omer i z a t i on y i e l d s 
and the decay f ac to r are reduced s u b s t a n t i a l l y below those obtained 
i n f l u i d media or i n SDS m i c e l l e s . Here the d i f f e r ence between the 
s t i l b e n e s at the end of an a l k y l cha in and those w i t h i n the cha in i s 
most pronounced. This probably r e f l e c t s the l i k e l i h o o d that the f o r 
mer molecules have a v a i l a b l e more paths to permit i s omer i z a t i on than 
the l a t t e r i n c l u d i n g displacement from the plane of a s i n g l e mono
l a y e r . 

As mentioned above i n the d i s c u s s i o n of r e a c t i v i t y i n m i c e l l a r 
media, the var ious sur fac tant s t i l b ene s form donor-acceptor complexes 
wi th M V 2 + which can be detected by quenched f luorescence of the s t i l 
bene chromophore as w e l l as by the appearance of a co lo red CT band i n 
the v i s i b l e . Somewhat analogous behavior i s observed with the same 
s t i l b e n e s i n v e s i c l e s which are composed at l e a s t p a r t i a l l y of a n i o n 
i c su r f a c t an t . We have p r ev i ous l y shown that M V 2 + b inds s t rong ly to 
v e s i c l e s composed o f su r f ac tants such as d icety lphosphate (DCP). In 
f a c t , i n t e r e s t i n g l y enough
ing M V 2 + to DCP i s l a r g e l
the b ind ing of M V 2 + need not be a coulombic or ion-exchange phenom
enon but rather that i t i s more l i k e l y a "hydrophobic e f f e c t " (45,46). 
The quenching of f luorescence of the var ious s t i l b e n e chromophores by 
M V 2 + shows a somewhat d i f f e r e n t behavior not observed for SDS m i 
c e l l e s . The most s t r i k i n g e f f e c t i s the l e v e l i n g o f f of the quench
ing which occurs at values o f I ° / I ~ 2 i n s eve ra l cases . This c l e a r l y 
i n d i c a t e s that only some of the s t i l b e n e s incorporated i n the v e s 
i c l e s are su scep t i b l e to quenching by M V 2 + ; the most a t t r a c t i v e ex 
p l ana t i on for these r e s u l t s i s that on ly those s t i l b e n e s i n the o u t 
er l aye r of the b i l a y e r system are "quenchab le . " In general i t i s 
found (Table V) that the quenching constants ( cor rected as i n the 
case of the m i c e l l e s for the reduced volume i n which the reactants 
are constra ined) are s l i g h t l y lower than those obtained i n m i c e l l e s 
and somewhat more dependent on the s p e c i f i c s t i l b e n e d e r i v a t i v e used. 
Thus we f i nd quenching constants are smal le r for the i n t r a c h a i n s t i l 
benes and for those i n which the number of methylene groups between 
the carboxy l and s t i l b e n e groups i s g rea te r . That the quenching i s 
due to formation of a complex between M V 2 + and the s t i l b e n e chromo
phore i s i n d i c a t e d by our f i n d i n g that e q u i l i b r i u m constants measured 
by f luorescence quenching a r e , w i t h i n experimental e r r o r , the same as 
those determined by spectrophotometr ic (Benesi -Hi ldebrand) techniques 
(34). It i s tempting to a sc r i be the d i f f e rences i n measured e q u i l i b 
r ium constants as due to d i f f e r ence i n "mean" l o c a t i o n of the s t i l 
bene chromophore i n the organized assembly. Thus we would suggest 
that M V 2 + should r e s ide r e l a t i v e l y near the w a t e r - l i p i d i n t e r f a c e 
such that there would be an e f f e c t i v e concent ra t i on grading i t from 
the " s u r f a c e " to the hydrophobic b i l a y e r i n t e r i o r . The f a l l o f f i n 
e q u i l i b r i u m constants g iven i n Table V would then be a t t r i b u t e d to a 
bury ing of the s t i l b e n e chromophore i n p rog r e s s i ve l y more hydrophobic 
s i t e s . In t h i s regard i t i s i n t e r e s t i n g to note that trans-stilbene 
i t s e l f has the h ighest e q u i l i b r i u m constant and that the hydrophobic 
4S4 has a value cons iderab ly lower than that for TS. This i s the 
reverse o f what i s observed i n homogeneous s o l u t i o n and i n f e r s that 
TS and 4S4 may occupy qu i te d i f f e r e n t s i t e s i n the d i f f e r e n t v e s i c 
u l a r media. In t h i s regard i t should be noted that 1 , 4 - d i p h e n y l - l , 3 -
butadiene shows even l a r ge r values for complex formation constants 
than does TS (34). This might imply that both TS and the diene are 
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Table V. Corrected Stern-Volmer Constants ( K g v ) for Quenching of 
SNA and MSNA Fluorescence by M V 2 + i n 0.005 M DCP and 

0.005 M DCP/DPL V e s i c l e s at 25°C. 

~Z " K 1 (DCP) K f (DCP/DPL) Compound s ν sv 
TS 19.2 + 1.7 6.4 + 0.6 
S4A 12.8 + 0.8 4.6 + 0.3 
S5A 4.6 + 0.4 3.7 ± 0.3 
S6A 6.2 + 0.2 4.5 + 0.3 
S7A 4.9 + 0.4 2.5 ± 0.2 
S10 A 7.3 + 0.7 2.9 ± 0.1 
S12A 11.7 + 1.1 2.2 + 0.2 
6S4A 7.8 + 0.5 3.1 + 0.2 
4S6A 7.2 + 0.8 2.9 + 0.2 
2S8A 6.6 + 0.7 3.0 + 0.2 
4S4 3.8 + 0.2 2.4 + 0.2 
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near the l i p i d - w a t e r i n t e r f a c e and not a l i gned wi th the hydrocarbon 
chains i n an ordered r eg ion . This r e s u l t may be s i g n i f i c a n t and sug 
gests cau t i on i n us ing molecules such as TS or DPB as e s t ab l i shed 
"probes" which can be assumed to a l i g n themselves with the polymeth-
y lene cha ins . I t i s tempting to suggest that 4S4, which behaves very 
s i m i l a r l y to the i n t r a c h a i n s t i l b e n e s , i s a much be t t e r type of probe 
molecule and that the "hydrophobic capp ing" present i n 4S4 favors i t s 
i n c o r p o r a t i o n as a "we l l r e c e i v e d " guest i n to the b i l a y e r s t r u c t u r e . 

Bromination of the s t i l b e n e s can a l so be c a r r i e d out very e a s i l y 
i n c e r t a i n b i l a y e r v e s i c l e media and we have s tud ied t h i s process i n 
both DCP and DPL. In many respects the r e s u l t s obtained i n the b r o 
minat ion study c o r r e l a t e very n i c e l y w i th those p rev ious l y mentioned 
for formation of the complex between M V 2 + and the s t i l b e n e chromo
phore. The rates observed i n DCP are much f a s te r than those observed 
i n DPL; there are d i s t i n c t d i f f e rences for d i f f e r e n t members of 
the s e r i e s i n v e s t i g a t e d . The genera l l y slower rates i n DPL point 
once aga in , as suggeste
DPL throughout the b i l a y e r . The d i f f e r e n t r a te constants obtained 
i n t h i s study can be a t t r i b u t e d to two general s i t e s for r e a c t i o n i n 
each case. As mentioned above, the rate of the brominat ion r e a c t i o n 
can be a s soc i a ted genera l l y w i th the " m i c r o p o l a r i t y " o f the medium 
and a l so of course with the e f f e c t i v e concent ra t ion of bromine. As 
the s t i l b e n e chromophore i s l oca ted genera l l y f a r the r from the l i p i d -
water i n t e r f a c e , r e a c t i v i t y i s slower (rate constants decrease from 
2600 M 1 s 1 to 2 M " 1 S " 1 ) and the ra te constants r e f l e c t perhaps a 
gradient of water concentrat ions across the monolayer. I t should be 
expected that bromine i s reasonably so lub le i n the hydrophobic po r 
t i ons of the b i l a y e r due to i t s h igh s o l u b i l i t y i n hydrocarbons and 
other organic so lvents (47) . However one might argue that i n a r e 
g ion approaching hydrocarbon c r y s t a l i n s t r uc tu r e that bromine might 
show a somewhat lower s o l u b i l i t y . In e i t h e r case, i t i s c l e a r that 
i n the l a t t e r s i t u a t i o n the development of a h igh degree of charge 
separa t ion i n the t r a n s i t i o n s t a te would be r e l a t i v e l y unfavorable 
and consequently occur wi th a slower r a t e . Once again the d i f f e r ence 
between TS and the hydrophobic 4S4 i s s t r i k i n g and suggests that 
these two molecules occupy qu i te d i f f e r e n t s i t e s i n the b i l a y e r . 

Host-Guest I nc lu s i on Complex Formation between Surfactant S t i l benes 
and Amylose 

A t o t a l l y d i f f e r e n t k ind of microheterogeneous medium i s that formed 
by the i n c o r p o r a t i o n of a smal l " guest " molecule in to a " gues t -
c a v i t y " i n the formation of an i n c l u s i o n complex. Among the most 
common types of i n c l u s i o n complexes s tud ied are those formed w i th 
var ious smal l molecules or ions as guests and z e o l i t e s , cyc lodex -
t r i n s , cryptâtes and crown ethers as hosts (11,15,48-54) . Our pa r 
t i c u l a r i n t e r e s t i n th i s , area has been focused l a r g e l y on complexes 
formed us ing common amylose or carboxymethylamylose as hosts (55-60). 
A number of s tud ies have e s t ab l i shed that l i n e a r amylose and r e l a t ed 
molecules can form h e l i c a l c o i l s which can encapsulate s m a l l , u sua l l y 
r e l a t i v e l y hydrophobic molecules . In contrast to cyc l odex t r in s which 
o f f e r a r e l a t i v e l y r i g i d c a v i t y of f i x ed dimensions (17,61-66) , the 
amylose c a v i t i e s are r e l a t i v e l y f l e x i b l e and apparent ly can accom
modate a wider v a r i e t y of molecular s i z e s and shapes. We have con 
centrated our s tud ies on molecules which are reasonably hydrophobic 
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or sur factant and thus , among the molecules we have s tud ied are the 
var ious hydrophobic and sur fac tant s t i l b e n e s . 

Our s tud ies thus far have focused on TS, S4A, S6A, S12A and 
6S4A. We have found for the s t i l b e n e s , as i n the case where the 
s t i l b e n e i s sequestered i n other forms of microheterogeneous media, 
complex formation can be detected i n enhanced f luorescence quantum 
y i e l d s and reduced i s omer i z a t i on e f f i c i e n c i e s . Indeed for the s t i l 
benes l i s t e d above, we f i n d a very good c o r r e l a t i o n between hydropho-
b i c i t y and the extent or ease of complex format ion. Thus TS i t s e l f 
forms no complex whatsoever and a d d i t i o n of 1% amylose to s o l u t i ons 
of TS i n 1:1 d imethylsu l fox ide/water r e s u l t s i n no changes i n i t s 
photochemistry or photophys ics . The other hydrophobic s t i l b ene s 
l i s t e d above a l l form complexes with the extent of complex formation 
being S4A < S6A < S10A < 6S4A. Our r e s u l t s with the l a s t o f the 
aforementioned compounds have been the most i n t e r e s t i n g . For t h i s 
compound i t i s found that s o l u b i l i t y i n water or wate r/d imethy l su l -
foxide i s very l i m i t e d ; i
that i s s o l u b i l i z e d tends to e x i s t mainly as H-aggregates. We f i nd 
that the a d d i t i o n of amylose decomposes the aggregates with a r e s u l t 
ant increase of monomer; however the monomer occu r r ing i s very l a r g e 
l y i n the form of the amylose complex. Wi th in the amylose complexes 
the f luorescence y i e l d i s increased to near ly un i ty and i s omer i z a t i on 
i s almost completely suppressed. It i s i n t e r e s t i n g then to note that 
the i n t r a c h a i n s t i l b e n e i n the amylose complex apparent ly experiences 
an environment very s i m i l a r to that i n a phospho l ip id v e s i c l e below 
the phase t r a n s i t i o n temperature. The photochemical r e a c t i v i t y i s 
c l e a r l y profoundly modif ied by i n co rpo r a t i on i n t o the amylose complex. 

In a d d i t i o n to having i t s unimolecular photochemical r eact ions 
modi f i ed , i t turns out that exc i t ed s ta te quenching processes i n v o l v 
ing amylose - incorporated s t i l b e n e s are a l so e f f ec ted s t r o n g l y . For 
example i od ide i on has been p rev ious l y shown to quench TS i n p a r t i a l 
l y aqueous s o l u t i on s wi th the rate constant , kq = 2.2 χ 1 0 1 0 K"1 s""1 

(67). P re l iminary s tud ies i n d i c a t e that amylose i n c o r p o r a t i o n sub
s t a n t i a l l y reduces , but does not e l i m i n a t e , quenching of the s t i l b e n e 
chromophore s i n g l e t . Thus we f i n d that Stern -Vo l lmer quenching con 
s tants are 2.5 and 0.5 for 6S4A i n the absence and presence of amyl 
ose, r e s p e c t i v e l y . Using l i f e t i m e s estimated from f luorescence e f f i 
c i enc i e s we obta in kq values of 4.4 χ 10 8 M - 1 s""1 and 1.3 χ 1 0 1 0 

M - 1 s " 1 i n DMSO-water i n the presence and absence of amylose. Thus 
quenching i s reduced about 30 - f o ld for i od ide by amylose i n c o r p o r a 
t i o n of the s t i l b e n e chromophore. While i t i s somewhat unce r ta in as 
to what p r e c i s e l y the nature of the quenching of s t i l b e n e by iod ide 
i s , i t i s reasonable to assume that the reduced quenching constants 
imply a more d i f f i c u l t approach of the i od ide i o n to the complexed 
s t i l b e n e than to the f r e e . We are c u r r e n t l y exp lo r ing many aspects 
of r e a c t i v i t y of amylose - incorporated chromophores. We f i n d for ex 
ample that amylose i s able to ex t rac t t o t a l l y i n s o l u b l e hydrophobic 
s t i l b e n e molecules i n to water and we are p re sent l y t r y i n g to obta in 
c r y s t a l s t r u c t u r a l data on the complex molecule . The dynamics of 
complex formation and d i s s o c i a t i o n are c u r r e n t l y under i n v e s t i g a t i o n . 

Summary 

Studies presented here show that the var ious s t i l b e n e probes we have 
prepared and examined i n d i f f e r en t microheterogeneous media show a 
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wide range of reactivity which in turn provides useful information 
about the "solvent properties" of the different media. Other studies 
using stilbenes and other molecules to probe media such as reverse 
micelles and microemulsions are currently under way; in general 

it is safe to conclude that the stilbenes and other linear chro-
mophores such as alpha, omega diphenylpolyenes probably are reason
ably non-perturbing probes for the hydrocarbon or interfacial por
tions of several microheterogeneous media. While these rod-like 
hydrocarbon molecules are perhaps as inoffensive a series of probes 
as one can imagine (and sti l l incorporate easily monitored and envi
ronment-sensitive reactivity), it is clear that small structural 
changes can produce dramatic effects on both binding sites and reac
tivity. 
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Photosensitized Electron-Transfer Reactions 
in Organized Systems 
The Role of Synthetic Catalysts and Natural Enzymes 
in Fixation Processes 

I. WILLNER 

Department of Organic Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel 

Charged colloids
organized environments that control photosensitized 
electron transfer reactions. Effective charge separa
tion of the primary encounter cage complex, and subse
quent stabilization of the photoproducts against back 
electron transfer reactions is achieved by means of 
electrostatic and hydrophobic interactions of the 
photoproducts and the organized media. 

Chemical utilization of the photoproducts has been 
accomplished by the introduction of synthetic cata
lysts or natural enzymes into the photochemical systems. 
With Ru(NH3)5Cl2+ as electron acceptor and catalyst 
the photocleavage of acetylene (C2H2) to methane is 
observed. This process is a 6-electron reduction pro
cess and offers a model for the N2-fixation reaction. 
Also, by the introduction of the enzyme ferredoxin 
reductase, a photochemical NADPH regeneration cycle has 
been established. The NADPH has been utilized in the 
reduction of ketones to alcohols in the presence of a 
secondary enzyme, alcohol dehydrogenase. 

Induced disproportionation of photochemical single 
electron transfer products to two electron charge 
relays occurs in water-oil two phase systems. This 
process is a result of opposite solubility properties 
of the comproportionation products in the two phases. 

Mimicking photosynthesis by means of a r t i f i c i a l systems seems a 
promising route f o r s o l a r energy conversion and storage (l_-2) . One 
p o s s i b l e c y c l e that i s being e x t e n s i v e l y examined i n recent years 
(_3-4) i s di s p l a y e d i n F i g u r e 1. I t i n v o l v e s a l i g h t absorbent, S, 
that upon e x c i t a t i o n induces a t r a n s f e r of an e l e c t r o n to an 
e l e c t r o n acceptor, A, lea d i n g to the photoproducts S and A . Sub
sequent o x i d a t i o n of an e l e c t r o n donor, D, r e c y c l e s the s e n s i t i z e r , 
and r e s u l t s i n the conversion of l i g h t energy to chemical p o t e n t i a l , 
stored i n the products A and D + (eq. 1). 
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A + D < , h,V > A + D + (1) 
back 
r e a c t i o n 

The photoproducts A and D + can then be u t i l i z e d i n chemical routes, 
e.g. the reduced photoproduct A"" can be used f o r the r e d u c t i o n of 
water to hydrogen, and f i x a t i o n of carbon d i o x i d e or n i t r o g e n to 
organic f u e l s or ammonia. The o x i d i z e d photoproduct D + might be 
u t i l i z e d i n o x i d a t i o n processes such as e v o l u t i o n of oxygen from 
water. Thus, one might envisage a v a r i e t y of coupled photochemical-
chemical processes that d r i v e endoergic r e a c t i o n s converting abundant 
m a t e r i a l s to f u e l s or u s e f u l chemicals (eq. 2-4). 

H 2 0 " " * H 2 + h°2 ( 2 ) 

C0 2 + H

N 2 + 3H 20 -» 2NH3 + lh02 (4) 

The design of such a r t i f i c i a l photosynthetic systems s u f f e r s from 
some ba s i c l i m i t a t i o n s : a) The recombination of the photoproducts A 
and S + or D + i s a thermodynamically favoured process. These degra-
d a t i v e pathways prevent e f f e c t i v e u t i l i z a t i o n of the photoproducts 
i n chemical routes, b) The processes o u t l i n e d i n eq. 2-4 are m u l t i 
e l e c t r o n t r a n s f e r r e a c t i o n s , w h i l e the photochemical r e a c t i o n s are 
s i n g l e e l e c t r o n transformations. Thus, the design of c a t a l y s t s 
a c t i n g as charge r e l a y s i s c r u c i a l f o r the accomplishment of subse
quent chemical f i x a t i o n processes. 

S i g n i f i c a n t progress i n the development of such a r t i f i c i a l 
photosynthetic systems, p a r t i c u l a r l y aimed at the p h o t o l y s i s of 
water, has been reported i n recent years. Several approaches to 
r e s o l v e the problems involved i n c o n t r o l l i n g the photoinduced e l e c 
t r o n t r a n s f e r process as w e l l as the development of c a t a l y s t s f o r 
m u l t i - e l e c t r o n f i x a t i o n processes w i l l be discussed i n t h i s paper. 

C o n t r o l of charge separation of the photoproducts. 
The p h o t o s e n s i t i z e d e l e c t r o n t r a n s f e r process i n v o l v e s two successive 
steps (eq. 5): In the primary event an encounter cage complex of the 
photoproducts i s formed. This can e i t h e r recombine to y i e l d the 
o r i g i n a l r e a c t a n t s or d i s s o c i a t e i n t o separated photoproducts. The 
separated photoproducts can then recombine by a d i f f u s i o n a l back 
e l e c t r o n t r a n s f e r r e a c t i o n to form the o r i g i n a l r e a c t a n t s . We have 
introduced two conceptional approaches as a means f o r a s s i s t i n g the 
separation of the encounter cage complex and f o r the s t a b i l i z a t i o n 

S + k ^ — t [ S * - - A"] -* S + + A~ (5) 

of the photoproducts against the degradative recombination processes 
(5-6). These two approaches i n v o l v e the o r g a n i z a t i o n of the photo
chemical system i n i n t e r f a c i a l systems that c o n t r o l charge separation 
by means of e l e c t r o s t a t i c or hydrophobic i n t e r a c t i o n s of the i n t e r 
face w i t h the photoproducts (Figure 2). E l e c t r o s t a t i c i n t e r a c t i o n s 
that c o n t r o l charge separation are exemplified i n F i g u r e 2(a) using 
a n e g a t i v e l y charged i n t e r f a c e as o r g a n i z a t i o n medium. In t h i s 
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system, a p o s i t i v e l y charged s e n s i t i z e r , S , that i s adsorbed onto 
the i n t e r f a c e , and a n e u t r a l e l e c t r o n acceptor, serve as the photo-
r e a c t a n t s . Photoinduced e l e c t r o n t r a n s f e r r e s u l t s i n the encounter 
cage complex of the photoproducts. Although the photoproducts have 
opposite e l e c t r i c charges and e x h i b i t mutual a t t r a c t i o n s , the h i g h l y 
charged i n t e r f a c e i s expected to r e p e l the negative counterpart of 
the cage complex. Consequently, charge separation of the intermediate 
encounter complex i s a s s i s t e d . The recombination of the separated 
photoproducts v i a the d i f f u s i o n a l mechanism i s a l s o retarded owing 
to the r e p u l s i o n of the negative photoproduct, A" from the o x i d i z e d 
species which i s associated w i t h the charged i n t e r f a c e . S i m i l a r l y , 
hydrophobic-hydrophylic boundaries capable of c o n t r o l l i n g the charge 
separation process are exemp l i f i e d i n F i g u r e 2(b). Using t h i s 
approach, the photosystem i s s o l u b i l i z e d i n the aqueous media, w h i l e 
the reduced photoproduct i s designed to e x h i b i t hydrophobic charac
t e r . Consequently, e x t r a c t i o
water phase i n t o the o i
s e paration and to r e t a r

We have examined two types of organized media that e f f e c t i v e l y 
c o n t r o l the charge separation and back r e a c t i o n s of the intermediate 
photoproducts. These i n c l u d e , (a) charged c o l l o i d s i . e . S1O2 and 
ZrÛ2 c o l l o i d s that introduce e l e c t r o s t a t i c i n t e r a c t i o n s between the 
photoproducts and i n t e r f a c e (7-10), and (b) w a t e r - i n - o i l microemul-
sions that provide aqueous-oil two phase systems capable of c o n t r o l 
l i n g the r e a c t i o n s by proper design of the hydrophobic-hydrophilic 
balance of the photoproducts (6). 

The s i l a n o l groups of the S1O2 c o l l o i d are i o n i z e d i n b a s i c 
media (pH > 7.5). Consequently, a d i f f u s e double l a y e r i s produced 
i n the v i c i n i t y of the c o l l o i d p a r t i c l e s , and the n e g a t i v e l y charged 
c o l l o i d i s c h a r a c t e r i z e d (11) by an e l e c t r i c a l surface p o t e n t i a l of 
ca. -170 mV. S i m i l a r l y , ZrU2 c o l l o i d s are p o s i t i v e l y charged i n 
aqueous a c i d i c environments (pH = 4.2-4.5). We have synthesized 
two n e u t r a l , w a t e r - s o l u b l e , e l e c t r o n acceptors: d i - ( 3 - p r o p y l s u l f o -
n a t e ) 4 , 4 , - b i p y r i d i n i u m , PVS°, ( 1 ) , and d i - ( 2 - p r o p y l s u l f o n a t o ) - 2 , 2 T -
b i p y r i d i n i u m , DQS°, ( 2 ) . The p h o t o s e n s i t i z e d r e d u c t i o n of these two 
e l e c t r o n acceptors w i t h Ru(bipy)§+ as s e n s i t i z e r and t r i e t h a n o l a m i n e , 
TEOA, as e l e c t r o n donor, has been examined i n aqueous S1O2 c o l l o i d s 
(pH = 9 . 8 ) and compared to the s i m i l a r r e a c t i o n s i n a homogeneous 
aqueous phase (Table I) (7 ,_9) . The quantum y i e l d of PVS° r e d u c t i o n 

i n the presence of the e l e c t r o n donor i s 8 - f o l d increased i n the S1O2 
c o l l o i d as compared to that i n a homogeneous phase. S i m i l a r l y , the 
r e d u c t i o n of DQS° proceeds i n the S1O2 c o l l o i d i n the presence of 
TEOA (2x10" 3 M) w i t h a quantum y i e l d of φ=2.4χ10"2 w h i l e no r e d u c t i o n 
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F i g u r e 1. Conversion of l i g h t energy to chemical p o t e n t i a l by 
means of p h o t o s e n s i t i z e d e l e c t r o n t r a n s f e r r e a c t i o n s . 

F i g u r e 2. Charge sep a r a t i o n and s t a b i l i z a t i o n of photoproducts 
i n organized environments: a) A p p l i c a t i o n of the e l e c t r o 
s t a t i c i n t e r a c t i o n s w i t h charged S1O2 c o l l o i d s , b) Use of 
hydrophobic-hydrophilic i n t e r a c t i o n s i n w a t e r - i n - o i l 
microemulsions. 
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Table I . E f f e c t s of S i 0 2 c o l l o i d on charge separation of the primary 
encounter cage complex and recombination r a t e s of PVS T and 

DQST 

P V S T (SiO?) DQST (SiO?) 
[NaCl] = [NaCl] = 
0.1M pH= pH= G «4M 

Horn. pH=9.8 pH=8.2 pH=9.8 Horn? 9.8 7.8 pH=9.8 
.s 0.38 0.38 0.37 0.38 - c 0.26 0.20 0.16 

, s - 1 ) d 7 . 9 x l 0 9 5.7xl0 7 3 . 9 x l 0 8 4 . 3 x l 0 8 -° l x l O 7 2 x l 0 8 8 x l 0 8 

a. Homogeneous phase. No S1O2 c o l l o i d i n c l u d e d , pH=9.8. 
b. Quantum y i e l d f o r the sep a r a t i o n of the encounter cage complex of 

photoproducts (equation 7). Determined by the absorbance of PVS T 

at λ=602 nm and bleachin
c. No separation of th

a homogeneous aqueous phase. Therefore, no d i r e c t d i f f u s i o n a l 
recombination r a t e constant could be estimated. Note however, 
that at high i o n i c s t r e n g t h and low pH media, where the Si02 
c o l l o i d e l e c t r i c surface p o t e n t i a l i s low, the recombination 
r a t e constant i s almost d i f f u s i o n c o n t r o l l e d (k^ - 1 0 9 M .s~ ). 

d. Determined by f o l l o w i n g the bleaching of photoproduced PVS T at 
λ=602 nm ( ε , * 12500 M~l cm"-'-) and f o l l o w i n g the recovery of 
bleached Ru(bpy)§ at λ=452 nm, f o r DQS' (ε^£ 14500 M cm" ) . 

of DQS° occurs i n homogeneous media ( 9 ). To account f o r the increased 
quantum y i e l d s under steady s t a t e i l l u m i n a t i o n i n the presence of 
S1O2 c o l l o i d , we have c h a r a c t e r i z e d the processes i n v o l v e d i n the 
pho t o s e n s i t i z e d e l e c t r o n t r a n s f e r r e a c t i o n s : i ) quenching of the 
e x c i t e d species (equation 6 ) , i i ) quantum y i e l d s f o r the separation 
of the primary encounter cage complex (equation 7) and i i i ) the 
recombination r a t e of the separated photoproducts (equation 8 ) . The 
p h y s i c a l data f o r these r e a c t i o n s are summarized i n Table 1. 

*Ru(bpy)3 + A q > [Ru(bpy)3 ···ΑΤ] (6) 

[Ru(bpy)3 + · · ·ΑΤ] > Ru(bpy)^ + + A~ (7) 

R u i b p y ) ^ + A T b > Ru(bpy)^ + + A (8) 

The quenching r a t e constants ( k q ) 07,9) of the e x c i t e d s e n s i t i z e r 
by PVS° and DQS° i n the S i 0 2 c o l l o i d are 1. 5 x l 0 9 and 4 x l 0 8 M - 1 ^ - 1 

r e s p e c t i v e l y . I n a homogeneous aqueous phase the quenching r a t e 
constants correspond to 1 . 5 x l 0 9 M^.s f o r PVS° and 5.9xl0 8M .s"" 1 

f o r DQS°. Thus, the higher quantum y i e l d s i n the S1O2 c o l l o i d cannot 
be a t t r i b u t e d to the quenching process. Table 1 shows that the 
escape y i e l d s of photoproducts from the primary cage s t r u c t u r e as 
w e l l as the recombination r a t e s of the separated photoproducts are 
s t r o n g l y a f f e c t e d by the Si02 c o l l o i d . 

I t i s evident that the i n i t i a l encounter complex of DQS T i s 
non-separable i n a homogeneous aqueous phase and the photoproducts 
degrade i n the cage s t r u c t u r e . However, the S1O2 c o l l o i d a s s i s t s the 
separation of photoproducts from the cage s t r u c t u r e (φ 3=0.26). 
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A second s i g n i f i c a n t e f f e c t of the S1O2 c o l l o i d i s observed on the 
back r e a c t i o n r a t e constants. In a homogeneous phase the recombina
t i o n r e a c t i o n of PVS T and DQST w i t h the o x i d i z e d s p e c i e s , 
Ru(bpy)^ + , i s d i f f u s i o n c o n t r o l l e d . I n the presence of the S1O2 

c o l l o i d t h i s back e l e c t r o n t r a n s f e r process i s s u b s t a n t i a l l y r e t a r 
ded and ca. 200-fold slower than i n the homogeneous phase. The 
f u n c t i o n s of the S1O2 c o l l o i d i n charge separation and r e t a r d a t i o n 
of back r e a c t i o n s are a t t r i b u t e d to e l e c t r o s t a t i c i n t e r a c t i o n s of 
the photoproducts and the charged c o l l o i d i n t e r f a c e (Figure 3 ) . 
The p o s i t i v e l y charged s e n s i t i z e r i s bound to the c o l l o i d i n t e r f a c e . 
The i n i t i a l encounter cate complex formed upon e l e c t r o n t r a n s f e r i s 
s t i l l p o s i t i v e l y charged and a s s o c i a t e d w i t h the p a r t i c l e . Yet, the 
n e g a t i v e l y charged component, DQST, i s r e p e l l e d by the i n t e r f a c e 
and ejected from the cage s t r u c t u r e . The separated photoproducts 
are s t a b i l i z e d against d i f f u s i o n a l back e l e c t r o n t r a n s f e r r e a c t i o n s 
since DQS" or PVS T i s r e p e l l e d b  th  charged c o l l o i d t  which th
o x i d i z e d photoproduct, Ru(bpy)§
of the degradative pathway
allows the e f f i c i e n t subsequent o x i d a t i o n of TEOA, by Ru(bpy)3 +, 
and consequently high quantum y i e l d s are observed under steady 
s t a t e i l l u m i n a t i o n . The e l e c t r o s t a t i c f u n c t i o n s of the S1O2 c o l l o i d 
i n these r e a c t i o n s have been confirmed by a l t e r i n g the pH and i o n i c 
s t r e n g t h of the c o l l o i d media. A c i d i f i c a t i o n of the c o l l o i d environ
ment r e s u l t s i n p a r t i a l n e u t r a l i z a t i o n of the s i l a n o l groups, and 
decrease of the c o l l o i d surface p o t e n t i a l . S i m i l a r l y , i ncrease of 
the i o n i c s t r e n g t h reduces the d i f f u s i o n a l double l a y e r surface 
p o t e n t i a l (7_,9) . A c c o r d i n g l y , r e d u c t i o n i n the charge separation 
y i e l d s of the cage complex as w e l l as enhanced back r e a c t i o n r a t e s 
are observed at lower pH values and high i o n i c s t rength c o n d i t i o n s 
of the S i 0 2 c o l l o i d (Table I ) . The a p p l i c a t i o n of the S i 0 2 c o l l o i d 
i n c o n t r o l l i n g the p h o t o s e n s i t i z e d e l e c t r o n t r a n s f e r process i s 
l i m i t e d to b a s i c aqueous s o l u t i o n . We should, however, note that 
we have used p o s i t i v e l y charged Zr02 c o l l o i d s f o r e f f e c t i n g s i m i l a r 
e l e c t r o s t a t i c i n t e r a c t i o n s i n a c i d i c environments (pH=4.5) (10). 

Hydrophobic i n t e r a c t i o n s as a means f o r c o n t r o l l i n g charge 
separation and back e l e c t r o n t r a n s f e r r e a c t i o n s have been demon
s t r a t e d i n a two phase system of a w a t e r - i n - o i l microemulsion (6). 
We have examined the p h o t o s e n s i t i z e d r e d u c t i o n of a s e r i e s of , 
4 , 4 l - b i p y r i d i n i u m s a l t s , C nV 2 +, Q ) , (where n=l-16) w i t h Ru(bpy)§ 
as s e n s i t i z e r and (NHi+^EDTA as e l e c t r o n donor i n a water-in-toluene 
microemulsion media. Under steady s t a t e i l l u m i n a t i o n the quantum 
y i e l d of CnV~i* formation s t r o n g l y depends on the a l k y l c hain l e n g t h 
of the e l e c t r o n acceptor (Figure 4 ) . I t improves as the hydro-

Ν -C H n M2n+l (b) R 

(c) R 

(a) R CH 3 (d) R 

C 4H 9 (e) R 

C 6 H 1 3 ( f ) R 
3 
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p h o b i c i t y of CnV~!" i s increased and reaches an optimal value f o r 
n=8-16. The f u n c t i o n s of the water-in-toluene microemulsion i n 
c o n t r o l l i n g the process were v e r i f i e d by f o l l o w i n g the quenching 
r e a c t i o n , cage s t r u c t u r e s e p a r a t i o n and back e l e c t r o n t r a n s f e r 
(Table I I ) . I t can be seen that f o r n=l no charge separation occurs. 
For n=4 charge separation i s i n e f f i c i e n t and the recombination r a t e 
i s very r a p i d . With the long chain e l e c t r o n acceptor (η ^ 8) the 
separatio n of the cage s t r u c t u r e i s e f f e c t i v e and the back r e a c t i o n 
r a t e constant i s ca. 10-fold slower as compared to Ci+V"*". The s o l u b i 
l i t y p r o p e r t i e s of the reduced photoproduct CnV"t* i n water-organic 
two phase systems depends on the a l k y l c hain length: w h i l e Ci-Ci+V*" 

Table I I . Charge separation y i e l d s and recombination r a t e s i n the 
p h o t o s e n s i t i z e d r e d u c t i o n of C nV 2 i n water-in-toluene 

microemulsions (6) 

c v 2 + 

η 
Φ «_. x l O 3 

separatio n 
k^^a^xlÔ^ sec ^ mole ^ 

0 6 

26 

36 

8 

40 

0.7 

50 

0.33 

54 

1.2 

T s t e a d y s t a t e ί ο " 5 0.8 2.5 7.5 8.1 7.2 

a. Determined by f o l l o w i n g the disappearance of C nV+ at λ=602 nm 
(ε=12.500 M"1 cm- 1). 1 n 

q — I — _1_ 
b. L i g h t i n t e n s i t y 7.56x10"° einsteins.5, · min 
are r a t h e r s o l u b l e i n water and i n s o l u b l e i n toluene, the a m p h i p h i l i c 
e l e c t r o n acceptors CsV* -CigV* are extracted from the aqueous en
vironment i n t o the organic phases. Therefore, the enhanced quantum 
y i e l d s of the long chain photoproducts, CnV"Î" (n=8-16) , are assigned 
to hydrophobic i n t e r a c t i o n s of the intermediate photoproducts w i t h 
the w a t e r - o i l microemulsion medium (Figure 4). The primary encounter 
cage complex f o r CnV"t" where η ^ 8 i s associated w i t h the hydropho
b i c i n t e r f a c e boundary. E x t r a c t i o n of the hydrophobic component, 
CnV+, i n t o the o i l phase a s s i s t s the separation of the cage complex 
and the separated photoproducts are subsequently s t a b i l i z e d against 
the d i f f u s i o n a l back r e a c t i o n s by means of the two phases. These two 
e f f e c t s r e s u l t i n high quantum y i e l d s under steady s t a t e i l l u m i n a t i o n . 

M u l t i - E l e c t r o n Charge Relays 
Transformation of s i n g l e e l e c t r o n t r a n s f e r products i n t o m u l t i -
e l e c t r o n charge r e l a y s i s a b a s i c requirement f o r accomplishing 
complex f i x a t i o n r e a c t i o n processes (equations 3 and 4). A p o s s i b l e 
way to achieve such transformations i s the d i s p r o p o r t i o n a t i o n of a 
s i n g l e e l e c t r o n t r a n s f e r product to the corresponding doubly reduced 
species (equation 9). The comproportionation e q u i l i b r i u m constant 
(K^) i s determined by the r e d u c t i o n p o t e n t i a l s of the two species 
involved i n the process (equation 10). U s u a l l y , E 2 < E l and con
sequently the d i s p r o p o r t i o n a t i o n e q u i l i b r i u m l i e s overwhelmingly 
towards the s i n g l e e l e c t r o n t r a n s f e r product. Yet, t h i s s i t u a t i o n 
i s v a l i d i n a homogeneous phase only, and might be r a t h e r a l t e r e d 
i n a two phase system (Figure 5). Assuming that the e l e c t r o n 
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l/2H2 

•DOS7 

Pt 

F i g u r e 3. Functions of the S i 0 2 c o l l o i d i n c o n t r o l l i n g the 
pho t o s e n s i t i z e d e l e c t r o

Figure 4. Functions of the w a t e r - i n - o i l microemulsion i n charge 
s e p a r a t i o n and s t a b i l i z a t i o n of photoproducts against back-reactions. 

2Mt 
Organic Τ 
Phase 

Water _ y M 2 + ^ S 

F i g u r e 5. Induced comproportionation of an amph i p h i l i c e l e c t r o n 
acceptor i n a w a t e r - o i l two phase system. 
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acceptor e x h i b i t s a d e l i c a t e hydrophilic-hydrophobic balance, where 
the o x i d i z e d form A 2 + i s s o l u b l e i n an aqueous media, w h i l e the 
mono-reduced product A*, i s hydrophobic i n nature and extracted 
from the aqueous s o l u t i o n i n t o organic phases. Under such c o n d i t i o n s 
d i s p r o p o r t i o n a t i o n of A* i n the organic phase i s accompanied by 
r e e x t r a c t i o n of A 2 + to the aqueous phase. Consequently, a two 
phase system and the proper design of hydrophilic-hydrophobic 
balance of the d i s p r o p o r t i o n a t i o n products provides an organized 
environment f o r induced comproportionation of a s i n g l e e l e c t r o n 
t r a n s f e r product to the doubly reduced charge r e l a y . I t i s a l s o 
evident from t h i s c y c l e , that continuous r e d u c t i o n of A 2 + w i l l 
u l t i m a t e l y form the doubly reduced s p e c i e s , Α Σ, that f u n c t i o n s as 
an e l e c t r o n s i n k . 

2A+ A + A 2 + (9) 

ΓΑ
K d = + 2 d

[ A ' ] (where ΔΕ°=Ε°-Ε°) 

We have found (12) that the e l e c t r o n acceptor, N , N f - d i o c t y l - 4 , 4 ? -
b i p y r i d i n i u m , (3d), C s V 2 + , and i t s r e d u c t i o n products meet the 
c o r r e c t hydrophobic-hydrophilic balance f o r an induced d i s p r o p o r 
t i o n a t i o n of CsV"!", (4) to N j N ' - d i o c t y l b i p y r i d i n y l i d e n e ( 5 ) , i n 
organic-water two phase systems (equation 11). The e l e c t r o n acceptor 
(2d), undergoes two successive one-electron r e d u c t i o n processes to 
N , N T - d i o c t y l - 4 , 4 ' - b i p y r i d i n i u m r a d i c a l c a t i o n , CsV"!", and N,Nf-
d i o c t y l - 4 , 4 f - b i p y r i d i n y l i d e n e , C 8V, ( 5 ) , (equation 12), (Ei=-0.47V 
and E2=-0.90V, vs. NHE r e s p e c t i v e l y ) . The comproportionation cons
tant f o r CQV^ i n homogeneous aqueous phase i s K^=5.5xl0 - 8. Thus, 
the d i s p r o p o r t i o n a t i o n e q u i l i b r i u m of CQV^ i n a homogeneous aqueous 
phase l i e s overwhelmingly towards the s i n g l e e l e c t r o n r e d u c t i o n 
product. The e l e c t r o n acceptor, C8V 2 +, i s s o l u b l e i n water and 
i n s o l u b l e i n organic media such as toluene or e t h y l a c e t a t e . In t u r n , 
the one e l e c t r o n r e d u c t i o n product, CsV*, i s hydrophobic i n nature 
and extracted i n t o organic phases from aqueous environments. The 
consequence of the opposite s o l u b i l i t y p r o p e r t i e s of C8V 2 + and i t s 
r e d u c t i o n products i n the organized two phase system on the d i s -
p r o D o r t i o n a t i o n of CQV' i s shown i n F i g u r e 6. The e l e c t r o n acceptor, 
CsV , i s photoreduced i n water using Ru(bpy)§+ as s e n s i t i z e r and 
(ΝΗ^)3EDTA as e l e c t r o n donor. The photoproduct, CsVt, i s extracted 
from the aqueous phase to the organic phase and the a b s o r p t i o n 
spectra of the photoproducts i n the organic phase i s d i s p l a y e d i n 
F i g u r e 6. A f t e r a short i l l u m i n a t i o n time of the aqueous phase, 
the absorption spectrum of the photoproduct i n the organic phase 
resembles that of CQV^. However, when the absorption spectrum of 

i n a homogeneous phase, where d i s p r o p o r t i o n a t i o n i s n e g l i g i b l e , 
i s subtracted from the experimental a b s o r p t i o n spectrum of the 
photoproducts present i n the organic phase, an absorption p a t t e r n 
of a second component at λ=400 nm i s observed (Figure 6(b) ). This 
absorption band i s i d e n t i c a l to that of N j N ' - d i o c t y l b i p y r i d i n y l i -
dene, CQV, that i s produced e l e c t r o c h e m i c a l l y (13). (The sub
t r a c t i o n procedure i s based on the f a c t that C8V does not absorb 
at λ=602 nm (ε=12.500 ΜΓ 1 c m - 1 ) . Therefore, the a b s o r p t i o n of C8V-
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can be subtracted from, the composite spectrum using the r e s p e c t i v e 
c o n c e n t r a t i o n f a c t o r ) (14). 

2C RV t g—-» C V + C V 2 + (11) 

(12) 

Thus i t i s evident that i n the two phase system the doubly reduced 
photoproduct, C 8V, i s formed i n con j u n c t i o n w i t h the ph o t o s e n s i t i z e d 
one e l e c t r o n t r a n s f e r process (12, 14). I n a d d i t i o n , prolonged 
i l l u m i n a t i o n r e s u l t s i n the accumulation of the doubly reduced 
product, C 8V, at the expense of the s i n g l e e l e c t r o n t r a n s f e r product, 
CQV~^ (Figure 6(c) ). These r e s u l t s are c o n s i s t e n t w i t h the induced 
d i s p r o p o r t i o n a t i o n mechanism o u t l i n e d i n F i g u r e 5. Due to the 
opposite s o l u b i l i t y p r o p e r t i e s of the d i s p r o p o r t i o n a t i o n products 
i n the two phases, C 8 V 2 + i s r e e x t r a c t e d i n t o the aqueous phase and 
the doubly reduced comproportionation product, C 8V, i s accumulated 
i n the organic phase. The q u a n t i t a t i v e spectroscopic e s t i m a t i o n of 
[C8V"Î~] and [C 8V] i n the organic phase allowed us to estimate the 
comproportionation constants of C8V"t i n v a r i o u s organic-water two 
phase systems (14). For example, i n e t h y l a c e t a t e we have estimated 
a value of Κ^=3χ10 - 1 M f o r the d i s p r o p o r t i o n a t i o n e q u i l i b r i u m of 
C8V"*~. This value i s ca. 10? higher than the comproportionation 
constant of the s i m i l a r process i n an homogeneous aqueous medium. 

I t i s evident that a s i n g l e e l e c t r o n t r a n s f e r photoproduct i s 
transformed i n t o a doubly reduced charge r e l a y i n two phase systems. 
The primary processes i n the n a t u r a l photosynthetic apparatus 
i n v o l v e s i n g l e e l e c t r o n t r a n s f e r r e a c t i o n s that proceed i n hydro-
p h o b i c - h y d r o p h i l i c c e l l u l a r microenvironment. Thus, we suggest 
s i m i l a r induced d i s p r o p o r t i o n a t i o n mechanisms as p o s s i b l e routes f o r 
the formation of m u l t i - e l e c t r o n charge r e l a y s , e f f e c t i v e i n the 
f i x a t i o n of CO2 or N 2. 

The subsequent chemical u t i l i z a t i o n of the two e l e c t r o n charge 
r e l a y has a l s o been accomplished (12, 14). The el e c t r o c h e m i c a l 
r e d u c t i o n of C 8V 2 +, Qd ) by means of c y c l i c voltammetry shows two 
r e v e r s i b l e , one e l e c t r o n , r e d u c t i o n waves at Ei=-0.47V and E 2= 
-0.90V (vs. NHE) corresponding to the formation of C 8 v t and C 8V 
r e s p e c t i v e l y (equation 12). A d d i t i o n of meso-1,2-dibromostilbene 
(6) does not a f f e c t the r e v e r s i b i l i t y of the f i r s t r e d u c t i o n wave. 
Yet, the r e o x i d a t i o n wave of C 8V i s depleted upon a d d i t i o n of £ 
implying a chemical r e a c t i o n of C 8V w i t h the dibromides. Introduc
t i o n of meso-1,2-dibromostilbene, (§) , i n t o the organic phase of an 
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ethylacetate-water two phase system, that i n c l u d e s Ru(bpy)§ as 
s e n s i t i z e r , C 8 V 2 + as e l e c t r o n acceptor and (NHi+) 3EDTA as e l e c t r o n 
donor, r e s u l t s upon i l l u m i n a t i o n i n the q u a n t i t a t i v e formation of 
t r a n s - s t i l b e n e (7) i n the organic phase (equation 13). 

Br Br H 

Ph 
6 

2e 
Ph 

+ 2Br (13) 

The e l e c t r o c h e m i c a l s t u d i e s r e v e a l that the a c t i v e species i n 
debromination i s the two e l e c t r o n r e d u c t i o n product, CsV. Yet, the 
primary photochemical process i s a s i n g l e e l e c t r o n t r a n s f e r r e a c t i o n 
that y i e l d s CsVÎ. In view of our previous d i s c u s s i o n , we suggest 
the c y c l e presented i n
debromination of 6. I
aqueous s o l u t i o n i s accompanie y 8

aqueous phase i n t o the organic phase. Induced d i s p r o p o r t i o n a t i o n of 
C8V"t" y i e l d s the doubly reduced sp e c i e s , CsV, that i s the a c t i v e 
reductant i n the debromination process. The d i s c u s s i o n suggests 
that a s i m i l a r process should be prevented i n a homogeneous phase 
si n c e the formation of C 8V i s not favoured. Indeed, i l l u m i n a t i o n 
of ê and the p r e v i o u s l y described photosystem i n a homogeneous 
dimethylformamide s o l u t i o n does not lead to the formation of t r a n s -
s t i l b e n e ( 7 ) , d e s p i t e the e f f e c t i v e formation of C 8V . 

C a t a l y s t s f o r Chemical U t i l i z a t i o n of the Photoproducts 

Heterogeneous and Homogeneous C a t a l y s i s 
For chemical u t i l i z a t i o n of the e l e c t r o n t r a n s f e r photoproducts 
i n c l u s i o n of c a t a l y s t s seems to be e s s e n t i a l . These c a t a l y s t s might 
f u n c t i o n as charge storage s i t e s f o r the complex m u l t i - e l e c t r o n 
t r a n s f e r f i x a t i o n processes, and/or might p a r t i c i p a t e i n the 
a c t i v a t i o n of the substrates towards the chemical r e a c t i o n s . I n the 
n a t u r a l photosynthetic system enzymes f u n c t i o n as c a t a l y t i c s i t e s 
f o r the complex f i x a t i o n processes. We might envisage two a l t e r 
n a t i v e approaches i n developing c a t a l y s t s f o r the chemical u t i l i z a 
t i o n of the photoinduced e l e c t r o n t r a n s f e r products: ( i ) One 
p o s s i b i l i t y i n v o l v e s the development of s y n t h e t i c c a t a l y s t s that 
mimic. the fu n c t i o n s of enzymes w i t h respect to charge storage 
and s u b s t r a t e a c t i v a t i o n c a p a b i l i t i e s , ( i i ) The second approach 
might i n v o l v e the i n t r o d u c t i o n of n a t u r a l enzymes i n t o a r t i f i c i a l 
chemical systems (provided that the enzymes are s t a b l e i n t h i s 
a r t i f i c i a l environment). 

Most of the past e f f o r t s f o r the u t i l i z a t i o n of the photopro
ducts i n subsequent chemical r e a c t i o n s were d i r e c t e d towards the 
p h o t o l y s i s of water to hydrogen and oxygen (15-19). I n the course 
of our st u d i e s using charged c o l l o i d s as a means f o r c o n t r o l l i n g 
the charge separation and recombination r e a c t i o n s , we have designed 
an a d d i t i o n a l ^ - e v o l u t i o n system (_9,20). As stated p r e v i o u s l y the 
ne g a t i v e l y charged S1O2 c o l l o i d a s s i s t s the separation of the photo-
produced N , N , - d i p r o p y l - 2 , 2 f - b i p y r i d i n i u m r a d i c a l anion , DQS*. and 
s t a b i l i z e s the intermediate photoproducts, DQS7, and Ru(bpy)§ 
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Figure 6. Absorption spectra of the components i n the organic phase 
obtained a f t e r e x t r a c t i o n of photogenerated CgV+ from the aqueous 
phase: a) Composite spectrum of CgV+ and C3V i n e t h y l a c e t a t e a f t e r 
i l l u m i n a t i o n of the system f o r 10 minutes; b) Spectrum of C3V i n 
e t h y l a c e t a t e obtained a f t e r s u b t r a c t i o n of CgV*.spectrum from the 
composite spectrum ( a ) . I n s e r t i s enlarged absorption spectrum of CgV. 
c) Spectrum of the photoproducts when toluene i s used as the organic 
phase i n the two phase system. Spectrum recorded a f t e r i l l u m i n a t i o n 
f o r 15 minutes corresponds to CgV as major product. 

F i g u r e 7. P h o t o s e n s i t i z e d debromination of meso-1,2-dibromo
s t i l b e n e , ( 6 ) , i n a two phase system. 
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against the back-electron t r a n s f e r process (Figure 2). The reduced 
photoproduct, DQST, (E°=-0.75V vs. NHE) mediates the e v o l u t i o n of 
hydrogen i n the presence of Pt c o l l o i d . I t should be noted that i n 
t h i s system H 2 i s evolved from the b a s i c aqueous S i 0 2 c o l l o i d 
(pH=8.5-10.2). This might f a c i l i t a t e the complementary 0 2 - e v o l u t i o n 
process. The s i m i l a r H 2 - e v o l u t i o n cannot be accomplished i n a 
homogeneous phase since no separated photoproducts are obtained. 
Thus, the S i 0 2 - c o l l o i d provides an organized medium that s t a b i l i z e s 
the e l e c t r o n t r a n s f e r products and allows the subsequent e v o l u t i o n 
of hydrogen (Figure 2). 

Recently we have attempted to pursue m u l t i - e l e c t r o n f i x a t i o n 
processes as models f o r N 2 or C0 2 f i x a t i o n . In nature, the N2-
f i x a t i o n enzyme, nitrogenase, e x h i b i t s n o n - s p e c i f i c i t y p r o p e r t i e s , 
and acetylene competes f o r n i t r o g e n as the f i x a t i o n substrate (21). 
The f i x a t i o n process of acetylene to methane and of n i t r o g e n to 
ammonia (euqations 14 an
both i n v o l v e the cleavag
i n v o l v e 6 e l e c t r o n s i n the f i x a t i o n mechanism. Thus, i t seems that 
the photocleavage of acetylene to methane might o f f e r a good model 
f o r development of N 2 - f i x a t i o n c y c l e s (22). 

Ruthenium ( I I ) pentamine, Ru(NH3)5H 20 2 i s known to bind acetylene 
(23) as w e l l as n i t r o g e n (24). We have t h e r e f o r e examined the 
ph o t o s e n s i t i z e d r e d u c t i o n of acetylene using Ru(bpy)§+ as s e n s i t i z e r , 
t r i e t h a n o l a m i n e , TEOA, as e l e c t r o n donor and Ru(NH3)sCl 2 + as 
e l e c t r o n acceptor and c a t a l y s t f o r the f i x a t i o n process (22). 
I l l u m i n a t i o n of t h i s system w i t h v i s i b l e l i g h t r e s u l t s i n the f o r 
mation of methane (Figure 8 ) . S i m i l a r l y , methylacetylene (C^CECH) 
and e t h y l a c e t y l e n e (CH3CH2-C^CH) are photocleaved to methane and 
ethane or propane r e s p e c t i v e l y . In t u r n doubly s u b s t i t u t e d acetylene 
substrates e.g. dimethylacetylene are n e i t h e r photocleaved nor 
reduced. 

Several mechanistic aspects involved i n the photocleavage of 
acetylene to methane have been e l u c i d a t e d (Scheme 1). The primary 
event i n v o l v e s the photoreduction of Ru(NH3)5Cl 2 + by *Ru(bpy)§+ 

followed by aquation of the reduced product to Ru(NH 3)5(H 20) 2* 
(equations 16 and 17). This photoproduct adds acetylene i n a " s i d e 
on" complex that has been i s o l a t e d and c h a r a c t e r i z e d (equation 18). 
Nevertheless, the π-acetylene complex appears to be i n e r t towards 
r e d u c t i o n or cleavage to methane i n the presence of reducing agents. 
Yet, upon i l l u m i n a t i o n of the π-acetylene c o o r d i n a t i o n compound i t 
undergoes a transformation to a new complex that i s a c t i v e i n 
methane e v o l u t i o n i n the presence of reducing agents i n c l u d i n g 
R u (NH3) 5(H 20) 2 +. The photoinduced a c t i v a t i o n of the π-bonded 
acetylene complex has been followed s p e c t r o s c o p i c a l l y and i s 
a t t r i b u t e d to a π-σ acetylene l i g a n d rearrangement (equation 19). 
The σ-acetylene complex undergoes subsequent r e d u c t i v e cleavage to 
methane (equation 20). The photoinduced σ-π acetylene bond 
rearrangement c l e a r l y e x p l a i n s the l a c k of r e d u c t i v e cleavage of 
dimethylacetylene s i n c e t h i s transformation i s not p o s s i b l e . The 

N 2 + 6e + 6 H + — » 2NH3 

HC=CH + 6 i + 6H+—*+> 2CH L4 

(14) 

(15) 
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Scheme I -

R u ( b i p y ) 2 + + R u ( N H 3 ) 5 C l 2 + R u ( b p y ) 3
+ + R u ( N H 3 ) 5 C l + (16) 

R u ( N H 3 ) 5 C l + + H 20 — * R u ( N H 3 ) 5 ( H 2 0 ) 2 + + C l " (17) 

H 

R u ( N H 3 ) 5 ( H 2 0 ) 2 + + HCECH — * R u ( N H 3 ) 5 ( fij ) 2 + (18) 

H 

H ι 
Ru(NH 3) 5( jjj ) 2 + (NH

• Η 
Η 2 

[(HN) Ru=C=C ] 
Η 

5 R u ( N H 3 ) 5 ( H 2 0 ) 2 + + (NH 3) 5-Ru-C5CH + 1 + 6H +~*6Ru(NH 3) 5 ( H 2 0 ) 3 + 

+ 2CH 4 (20) 

photocleavage of acetylene to methane i n v o l v e s 6 e l e c t r o n s and 
protons. Thus, the f e a s i b i l i t y of accomplishing the i s o e l e c t r o n i c 
f i x a t i o n of n i t r o g e n to ammonia by s i m i l a r means i s conceivable and 
remains a challenge. 

Enzymatic c a t a l y s i s 
A d i f f e r e n t approach f o r u t i l i z a t i o n of the photoproducts i n chemical 
routes i n v o l v e s the i n t r o d u c t i o n of n a t u r a l enzymes as c a t a l y s t s i n 
the photochemical system. In nature, dihydronicotinamide adenine 
d i n u c l e o t i d e (NADH) and dihydronicotinamide d i n u c l e o t i d e phosphate 
(NADPH) p a r t i c i p a t e as reducing c o f a c t o r s i n a v a r i e t y of enzymatic 
r e d u c t i o n processes. Thus, the development of photochemical NADH 
and NADPH regeneration c y c l e s i s a n t i c i p a t e d to a l l o w a v a r i e t y of 
re d u c t i o n processes by i n c l u s i o n of subst r a t e s p e c i f i c NAD(P)H 
dependent enzymes. 

Several chemical routes have been developed f o r the regenera
t i o n of NADH and NADPH (25, 26). We have developed (27) a photo
chemical system f o r regeneration of NADPH (Figure 9). 4 , 4 f - B i -
p y r i d i n i u m r a d i c a l c a t i o n s reduce NADP + to NADPH i n the presence 
of the enzyme f e r r e d o x i n reductase, FDR. I l l u m i n a t i o n of a system 
composed of the s e n s i t i z e r Ru(bpy)§+, ethylenediamine t e t r a a c e t i c 
a c i d , the e l e c t r o n acceptors d i m e t h y l - 4 , 4 f - b i p y r i d i n i u m , (methyl 
viologen,MV 2 +) and NADP̂ " and the enzyme f e r r e d o x i n reductase (FDR) 
leads to the q u a n t i t a t i v e formation of NADPH. A d d i t i o n of 2-buta-
none and the second enzyme a l c o h o l dehydrogenase (from T. B r o c k i i ) , 
ALDH, r e s u l t s i n the formation of (-)2-butanol and NADP+. 
Continuous i l l u m i n a t i o n of t h i s system r e s u l t s i n the accumulation 
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Figure 8. Rate of photocleavage of acetylene (C2H2) and methyl-
acetylene (C3Hi4) as a f u n c t i o n of i l l u m i n a t i o n time, 
a) Methane (CH^) from acetylene and c) ethane (C2Hg) from 
methylacetylene using meso-Zn-tetramethylpyridinium porphyrin 
as s e n s i t i z e r , b) Methane (CH4) from acetylene and d) ethane 
(C2H6) from methylacetylene w i t h Ru(bpy)§+ as s e n s i t i z e r . 

r - r ν Ί 

OH 

( N H 4 ) E D T A ^ V _ R u ( b p y ) ^ M A M V * ^ N A D P * ^ C H 3 Ô 

j j " 
£ C H 2 C H 3 

FDR I lALOH 

F i g u r e 9. Photoreduction of 2-butanone using two coupled enzymes 
and the NADPH regeneration c y c l e . 
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of (-)2-butanol at the expense of the s a c r i f i c i a l e l e c t r o n donor 
EDTA (Figure 10). In t h i s process two enzyme ca t a l y z e d sub-cycles 
are o p e r a t i v e : The primary c y c l e represents the photo-regeneration 
of NADPH, w h i l e the subsequent c y c l e describes the chemical use of 
NADPH i n the f i x a t i o n of a ketone to an a l c o h o l . The net r e a c t i o n 
accomplished i n t h i s c y c l e i s the r e d u c t i o n of 2-butanone by EDTA 
(equation 20). This process i s endoergic by ca. 33 k c a l m o l ~ l of 
EDTA consumed. 

CH CO " ° 
R-N^ + CH CCH CH + 2H 0 RNHCH9C0 + CH 0 + HCO + (20) 

N ^ C O " 5 1 5 1 I I I 5 

OH 
CH^—C—CH2CH3 

Η 

A major aspect to conside
systems i s the s t a b i l i t y of enzymes i n the a r t i f i c i a l chemical 
environments. Table I I I summarizes the turnover (TN) numbers f o r 
the d i f f e r e n t enzymes and c o f a c t o r s involved i n the re d u c t i o n of 
2-butanone. I t i s evident that the enzymes e x h i b i t high s t a b i l i t y 

Table I I I . Turnover Numbers (TN) of the components involved i n the 
pho t o s e n s i t i z e d r e d u c t i o n of 2-butanone. 

R u ( b p y ) 2 + MV 2 + FDR b NADP+ ALDH° 

TN 530 40 24000 40 6000 

a. No l o s s of system a c t i v i t y could be detected a f t e r determination 
of these turnover numbers. 

b. F.W. ^ 40,000; Cf. M. Shin, Methods i n Enzymology 23, 441 (1971). 
c. F.W. - 40,000; Cf.R.J. Lamed and G. Zeikus, Biochem. J . , 

195, 183 (1981). 

towards denaturation and that the r a t e of product formation i s not 
a f f e c t e d even a f t e r prolonged i l l u m i n a t i o n times. The s t a b i l i t y of 
the system and the o p t i c a l p u r i t y of the product (-)2-butanol (100%) 
demonstrate an e f f e c t i v e method f o r production of o p t i c a l l y a c t i v e 
a l c o h o l s . C e r t a i n l y , such p h o t o s e n s i t i z e d f i x a t i o n c y c l e s based on 
the regeneration of NAD(P)H- might be g e n e r a l i z e d . By proper 
s u b s t i t u t i o n of the secondary NAD(P)H-dependent enzyme r e d u c t i o n of 
va r i o u s other substrates i s conceivable. Some of these p o s s i b i l i t i e s 
e.g. production of amino a c i d s and C 0 2 ~ f i x a t i o n are now being 
examined i n our l a b o r a t o r y . 

Conclusions 
D i f f e r e n t aspects involved i n the design of a r t i f i c i a l photosynthe
t i c systems have been discussed. Charged c o l l o i d s and w a t e r - o i l 
microemulsions provide e f f e c t i v e organized media f o r c o n t r o l l i n g 
p h o t o s e n s i t i z e d e l e c t r o n t r a n s f e r processes. Development of 
c a t a l y s t s capable of u t i l i z i n g the photoproducts i n chemical routes, 
p a r t i c u l a r l y i n m u l t i - e l e c t r o n f i x a t i o n processes i s of major 
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F i g u r e 10. Rate of 2-butanol formation at d i f f e r e n t time i n t e r 
v a l s of i l l u m i n a t i o n . I n i t i a l (NHi+) 3EDTA c o n c e n t r a t i o n 2x10 M 
a) A d d i t i o n of (NH4)3EDTA, 2xl0" 2M, b) and c) A d d i t i o n of 
(NH 1 +) 3EDTA, 1.7xlO- 2M. 
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importance. The induced d i s p r o p o r t i o n a t i o n of a s i n g l e e l e c t r o n 
t r a n s f e r product to a two e l e c t r o n charge r e l a y i n a w a t e r - o i l two 
phase system seems a general p r i n c i p l e worth developing. Two 
d i f f e r e n t approaches i n developing c a t a l y s t s have been discussed. 
One approach i n v o l v e s the i n t r o d u c t i o n of homogeneous and hetero
geneous s y n t h e t i c c a t a l y s t s . The other a l t e r n a t i v e suggested the 
i n t r o d u c t i o n of n a t u r a l enzymes i n t o the photochemical systems. 
The photocleavage of acetylene to methane using the homogeneous 
c a t a l y s t R u ( N H 3 ) 5 C l 2 + i m p l i e s the f e a s i b i l i t y of designing homo
geneous c a t a l y s t s f o r m u l t i e l e c t r o n f i x a t i o n processes. Other 
r e a c t i o n s , such as Ν 2 and 002-ίixations remain f u t u r e challenges. 
S i m i l a r l y , i n t r o d u c t i o n of n a t u r a l enzymes as s p e c i f i c c a t a l y s t s 
i n a r t i f i c i a l photosynthetic systems seems to be of broad a p p l i c a 
b i l i t y . I n t r o d u c t i o n of NADH and NADPH dependent enzymes f o r the 
prep a r a t i o n of amino a c i d s , C 0 2 ~ f i x a t i o n i n t o sugars as w e l l as 
red u c t i o n of keto s u b s t i t u t e

We thus r e a l i z e tha
photosynthesis by mean  processe
The progress i n recent years i s encouraging us to continue 
pursuing these c h a l l e n g i n g g o a l s . 
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Intrazeolite Photochemistry: Use of 
β-Phenylpropiophenone and Its Derivatives as Probes 
for Cavity Dimensions and Mobility 

J. C. SCAIANO, H. L. CASAL, and J. C. NETTO-FERREIRA 1 

Division of Chemistry, National Research Council of Canada, Ottawa, Canada K1A 0R6 

The photochemistry of β-arylpropiophenones has been 
examined in Silicalit d othe  zeolites  Th  channel 
structure of Silicalit
ing by the β-pheny  group  β-phenylpropiophenon
leads to a dramatic enhancement of the phosphorescence. 
Ring substitution can have a very different effect on 
the phosphorescent properties depending on its size, 
polarity and ring position. Oxygen quenching studies 
are consistent with the presence of at least two types 
of inclusion sites. 

Z e o l i t e s are c r y s t a l l i n e a l u m i n o s i l i c a t e s that have found a wide 
v a r i e t y of a p p l i c a t i o n s i n i n d u s t r y and i n the l a b o r a t o r y (1-6)* 
D i f f e r e n t compositions and c r y s t a l l i z a t i o n procedures y i e l d z e o l i t e s 
w i t h pores or channels. A new c l a s s of z e o l i t e s w i t h low A 1 2 0 3 

content has been developed r e c e n t l y (7,8); these are being used 
e x t e n s i v e l y as c a t a l y s t s . S i l i c a l i t e (>99% S i 0 2 ) belongs to t h i s 
new c l a s s of dealuminized z e o l i t e s and has been reported to co n t a i n 
no A l ( 8 ) . The framework s t r u c t u r e of dealuminized z e o l i t e s con
s i s t s of a t e t r a h e d r a l arrangement of f i v e S i 0 2 u n i t s . The channel 
system of S i l i c a l i t e i s formed by n e a r - c i r c u l a r zig-zag channels 
defined by 10 oxygen centers c r o s s - l i n k e d by e l l i p i c a l s t r a i g h t 
channels (see Figure 1 i n r e f . 8); the average f r e e diameter of 
these channels i s ca. 6Â. 

As a r e s u l t of the absence of AlO j u n i t s i n the c r y s t a l l i n e 
l a t t i c e , S i l i c a l i t e has no io n exchange p r o p e r t i e s . This c h a r a c t e r 
i s t i c makes S i l i c a l i t e hydrophobic; while z e o l i t e s are commonly used 
to e x t r a c t water from organic substances, S i l i c a l i t e s e l e c t i v e l y 
e x t r a c t s organic m a t e r i a l s from aqueous s o l u t i o n s (9)· 

Photochemistry on su r f a c e s , s o l i d s , i n c l u s i o n compounds and 
other organized media continue to be the subject of considerable 
a t t e n t i o n (10-15). Z e o l i t e s o f f e r a new p o s s i b i l i t y i n the study of 
photoprocesses i n ordered media, and the study of guest-host 
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r e l a t i o n s h i p s i n these systems can help i n the understanding of the 
c h a r a c t e r i s t i c s of the a c t i v e s i t e s i n these powerful c a t a l y s t s . 

In e a r l i e r work from t h i s l a b o r a t o r y (14,15), we have shown 
that s e v e r a l aromatic ketones show phosphorescence when included i n 
the channel s t r u c t u r e of S i l i c a l i t e . In p a r t i c u l a r , the behaviour 
of β-phenylpropiophenone i s v i r t u a l l y i d e n t i c a l to that of aceto-
phenone; by c o n t r a s t , i n homogeneous s o l u t i o n i n benzene at room 
temperature the two ketones show very d i f f e r e n t behaviour (16). 
While acetophenone has a t r i p l e t l i f e t i m e of a few microseconds, the 
t r i p l e t of 6-phenylpropiophenone l i v e s only ca. 1 ns (16-19). This 
d i f f e r e n c e has been demonstrated to r e f l e c t quenching of the c a r -
bonyl t r i p l e t by the β-phenyl r i n g . The geometry of the S i l i c a l i t e 
channels does not a l l o w f o r molecular motions i n v o l v i n g l a r g e s i d e 
groups. In g e n e r a l , the predominant motions of included molecules 
i n v o l v e r o t a t i o n along a molecular a x i s roughly p a r a l l e l to the 
channel a x i s (20). This r e s t r i c t i o n to molecular motion i s r e f l e c t 
ed i n the long t r i p l e t l i f e t i m
i n S i l i c a l i t e (τ ~ 0.14
excess of f i v e orders of magnitude from the value i n s o l u t i o n , i s 
b e l i e v e d to r e f l e c t motional r e s t r i c t i o n s that prevent the t r i p l e t 
s t a t e from a c h i e v i n g the conformation required f o r i n t r a m o l e c u l a r 
quenching. We have now examined t h i s question i n more d e t a i l by 
using a v a r i e t y of s u b s t i t u t e d 8-phenylpropiophenones (Chart I ) . In 
t h i s report we review our e a r l i e r f i n d i n g s i n the case of 8-phenyl
propiophenone and analyze our new r e s u l t s f o r the various molecules 
i n Chart I . In a d d i t i o n , a few p r e l i m i n a r y r e s u l t s i n z e o l i t e s 
other than S i l i c a l i t e are a l s o presented. 

Experimental 

The compounds stud i e d ( 1 - ^ ) have been described p r e v i o u s l y ( 19). 
S i l i c a l i t e (S-115), w i t h p a r t i c l e s i z e s of 1-2 urn, was obtained 

from Union Carbide Canada and c a l c i n e d at 450-550°C f o r 12 hours. 
The chemical composition, according to X-ray fluorescence 
measurements showed S i (>99.5%), A l (<0.5%) and traces (<0.01%) of 
Ca and K. 

I n c l u s i o n of the d i f f e r e n t ketones i n S i l i c a l i t e was achieved 
as described p r e v i o u s l y (14,15), using 2,2,4-trimethylpentane ( i s o -
octane) as a solvent f o r the ketones. In our study of s u b s t i t u e n t 
e f f e c t s we have used 120 mg of ketone per gram of S i l i c a l i t e i n a l l 
i n c l u s i o n attempts. The q u a n t i t i e s used would y i e l d samples i n 
which up to 60% of the v o i d volume of S i l i c a l i t e (0.19 mL/g) could 
be occupied. The a c t u a l y i e l d s (and therefore the e f f i c i e n c y of 
i n c l u s i o n ) were determined by m i c r o a n a l y s i s , and the r e s u l t s are 
l i s t e d i n Table I . 

Phosphorescence spectra (uncorrected, f r o n t face) were recorded 
on a Perkin-Elmer LS-5 fluorescence spectrometer using a pulsed 
e x c i t a t i o n source (~10 us) and gated d e t e c t i o n . The instrument was 
c o n t r o l l e d by a P-E 3600 data s t a t i o n . The samples were t y p i c a l l y 
e x c i t e d at 313 nm using the instrument's monochromator and an a d d i 
t i o n a l i n t e r f e r e n c e f i l t e r . E x c i t a t i o n and emission bandpasses were 
2 nm. T y p i c a l l y the emission spectra were recorded using a 50 us 
delay f o l l o w i n g e x c i t a t i o n and a 20 us gate. The samples were con
t a i n e d i n c e l l s made of 3x7 mm2 S u p r a s i l t u b i n g , under a continuous 
stream of N 2, 0 2 or 0 p/N 2 mixtures of known composition. 
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Figure 1. Phosphorescence emission s p e c t r a o f : 
A) β-phenylpropiophenone ( I ) ; B) 8-(4-methylphenyl)propiophenone 
( J £ ) ; and C) 8-(4-cyanophenyl)propiophenone i n S i l i c a l i t e . 
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Results and Discussion 

Photochemistry of β-Phenylpropiophenone. The short l i f e t i m e of 
t r i p l e t β-phenylpropiophenone i n s o l u t i o n has been recognized f o r a 
number of years (16-19); t h i s e f f i c i e n t d e a c t i v a t i o n makes t h i s 
ketone p a r t i c u l a r l y photostable (21)* In e a r l i e r s t u d i e s we have 
shown that the e f f i c i e n c y of i n t r a m o l e c u l a r quenching i s c o n t r o l l e d 
by the a b i l i t y of the ketone to achieve conformation la, (16). 

l a 

Intramolecular quenching seeems to require an η,π* t r i p l e t , 
s i n c e the l i f e t i m e of β-phenyl-p-methoxypropiophenone i n non po l a r 
solvents (which has a low l y i n g π,π* s t a t e ) i s ~60 ns, compared to 
ca. 1 ns f o r J (19). 

C r y s t a l l i n e β-phenylpropiophenone i s not phosphorescent at room 
temperature. S i m i l a r l y , adsorption on s i l i c a g e l does not lead to 
s i g n i f i c a n t phosphorescence. I t would thus appear that a channel 
s t r u c t u r e i s e s s e n t i a l . In f a c t , channel (or pore) dimensions a l s o 
appear to be q u i t e important; f o r example, when β-phenylpropio-
phenone i s adsorbed on Mordernite, a z e o l i t e w i t h ~9A pores, no 
luminescence can be detected (15). 

Examination of molecular models i n d i c a t e s that β-phenylpropio-
phenone can r e a d i l y adopt a conformation whose k i n e t i c diameter i s 
comparable to that of benzene, which i s known to be included i n the 
channels of S i l i c a l i t e . 

In the next Section we explore the p o s s i b i l i t y of using 
s u b s t i t u t e d 8-phenylpropiophenones as 'molecular c a l i p e r s ' . 

S u b s t i t u t e d 8-phenylpropiophenones on S i l i c a l i t e . We have r e c e n t l y 
shown that the l i f e t i m e of 8-phenylpropiophenone t r i p l e t s i s rather 
i n s e n s i t i v e to s u b s t i t u t i o n i n the β-phenyl r i n g (19). We have 
suggested that t h i s i n s e n s i t i v i t y r e f l e c t s the f a c t that t r i p l e t 
decay i s predominantly c o n t r o l l e d by molecular motion; i . e . by how 
r a p i d l y a molecule can achieve a conformation s u i t a b l e f o r 
in t r a m o l e c u l a r d e a c t i v a t i o n . 

When we a p p l i e d ketones J-JX to S i l i c a l i t e using the i n c l u s i o n 
technique described e a r l i e r we observed phosphorescence i n only a 
few examples, see Table I . Elemental a n a l y s i s of the samples 
revealed a c l e a r c o r r e l a t i o n between t h e i r carbon content and the 
r e l a t i v e phosphorescent i n t e n s i t y . The behaviour observed can be 
adequately analyzed by separating the ketones i n three main groups: 

(a) I and show high luminescent i n t e n s i t y and t h e i r carbon 
content suggests that at l e a s t 60% of the ketone a p p l i e d has 
been incorporated to the S i l i c a l i t e s u b s t r a t e . 
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Table I 0 Composition and Phosphorescence of the samples examined. 

Guest 
% 

expected 

C 

found a 

R e l a t i v e 

Inten s i t y * 5 

T,ms 

I 10.3 7.6 41 0.14 
I I 10.3 2.3 0 

I I I 10.3 1.8 0 
IV 10.3 6.2 105 0.14 
V 10.3 1.9 0 

VI 9.6 2.5 0 
VII 8.8 2.9 1 0.18 

V I I I 9.8 2.2 6 0.15 
IX 9.6 2.8 3 0.18 

None -

a. - % C determined by m i c r o a n a l y s i s 
b. - C a l c u l a t e d as I m a x / i n s t r u m e n t s c a l e f a c t o r 
c - The r e l a t i v e emission i n t e n s i t y of empty, c a l c i n e d S i l i c a l i t e i s 

-0.5 at 405 nm and 0 at 420 nm. 

(b) I I , I I I and V show no phosphorescence and very poor i n c l u s i o n 
(note the low carbon content). These three molecules are 
s u f f i c i e n t l y l a r g e that we b e l i e v e they do not enter the 
channel s t r u c t u r e of s i l i c a l i t e . The f r a c t i o n that does 
inco r p o r a t e presumably remains on the s u r f a c e , or i n s i t e s 
where the conformation required f o r decay i s r e a d i l y achieved. 

(°) Xi> XIi> X i i l a n d i X show weak or no phosphorescence and 
g e n e r a l l y poor i n c l u s i o n ; however, these ketones can be 
expected to f i t i n the channel of S i l i c a l i t e (IX may be a 
b o r d e r l i n e case). Why do they f a i l to inc l u d e and phosphoresce 
e f f i c i e n t l y ? We b e l i e v e that t h i s i s determined by a 
combination of the s i z e and h y d r o p h i l i c p r o p e r t i e s of each 
s u b s t r a t e . Thus, the 4-hydroxy d e r i v a t i v e (VI) i s probably too 
po l a r to have much a f f i n i t y f o r the hydrophobic S i l i c a l i t e . 
P o l a r i t y i s c l e a r l y a f a c t o r f o r a l l the members of t h i s group, 
w h i l e s i z e may play a r o l e i n at l e a s t the case of IX. 
S i m i l a r s i z e e f f e c t s (as to i n c l u s i o n ) have a l s o been observed 
f o r o r t h o - and para-xylene (22). 

Figure 1 shows r e p r e s e n t a t i v e phosphorescence sp e c t r a f o r I , IV 
and V I I I i n S i l i c a l i t e . In a l l cases emission peaks at -420 nm, 
and, except f o r the small d i f f e r e n c e s i n the degree of v i b r a t i o n a l 
r e s o l u t i o n the three spectra are i d e n t i c a l . 

S i t e Inhomogeneity. In a l l cases where we observed phosphorescence 
emission from ketones i n S i l i c a l i t e the decay of t h i s luminescence 
was non-exponential. In t h i s respect, i t should be noted that 
' l i f e t i m e s ' given i n Table I and i n e a r l i e r papers i n t h i s s e r i e s 
r e f e r to the f i r s t observable l i f e t i m e f o l l o w i n g a 10 us e x c i t a t i o n 
pulse and a 20 us delay. A l l values are comparable and probably 
r e f l e c t a s i m i l a r degree of i m m o b i l i z a t i o n . Non-exponential decays 
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are common f o r other luminescent probes adsorbed on surfaces (23)« 
I t i s known that S i l i c a l i t e i n p a r t i c u l a r , and z e o l i t e s i n 

general contain s e v e r a l d i f f e r e n t s i t e s (24); the inhomogeneity of 
adsorption s i t e s i s l a r g e l y r e sponsible f o r the non-exponential 
decay law. Figure 2 i l l u s t r a t e s the decay observed i n the case of 
β-phenylpropiophenone i n S i l i c a l i t e . 

Quenching experiments have a l s o demonstrated that some cl a s s e s 
of s i t e s are more r e a d i l y a c c e s s i b l e than others to oxygen and to 
the ketones; the l a t t e r seem to show some degree of cooperative 
e f f e c t i n t h e i r binding to the z e o l i t e (15). 

In s e v e r a l examples we have stud i e d the e f f e c t of adding oxygen 
to the sample while monitoring the emission i n t e n s i t y . Figure 3 
i l l u s t r a t e s t h i s e f f e c t f o r β-phenylpropiophenone on S i l i c a l i t e at 
ca. 40% l o a d i n g . Quite c l e a r l y the e f f i c i e n c y of quenching i s a 
f u n c t i o n not only of the oxygen concentration i n the gas i n 
e q u i l i b r i u m with the z e o l i t e  but a l s f th  valu f th  dela
time ( t ^ ) used f o r monitorin

I t i s probably appropriat
Stern-Volmer type of a n a l y s i s of luminescence data obtained using 
modern gated spectrometers (such as the Perkin-Elmer LS5) f o l l o w s 
d i f f e r e n t mathematical expressions than those used f o r data obtained 
under continuous i r r a d i a t i o n c o n d i t i o n s . This i s true even f o r 
homogeneous systems where the e x c i t e d s t a t e decays w i t h simple mono-
exponential behaviour. 

I f we assume that the time gate (t ) used when monitoring the 
luminescence i s considerably s h o r t e r than the delay ( t ^ ) used, and 
than the t r i p l e t l i f e t i m e (τ τ), then 

10 = Ig e _ t d / T T (1) 

where l£ i s the i n t e n s i t y at time zero i n the absence of quencher 
and l{! at time ' t ^ ' , a l s o i n the absence of quencher. I f we add a 
quencher i n concentration [Q], and which quenches w i t h a rate 
constant k^, then 

I t - Ig e ^ T ; d (2) 

Thus, the equivalent of the conventional Stern-Volmer equation 
becomes : 

l 2 k T Q ] t H 

- 1 - e-^ d (3) 

or, i n l o g a r i t h m i c form 

Lt 

We note that the expressions above have been derived f o r a 
homogeneous system, where only one t r i p l e t l i f e t i m e i s i n v o l v e d ; 
even here a Stern-Volmer type p l o t based on data from gated 
spectrometers i s not expected to f o l l o w "conventional" Stern-Volmer 
behaviour. 
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Figure 2. Luminescence (£n I) i n t e n s i t y of 3-phenylpropiophenone 
i n S i l i c a l i t e as f u n c t i o n of time. 
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Figure 4 shows three r e p r e s e n t a t i v e p l o t s f o r fi-phenylpropio-
phenone of l n ( l { ! / I t ) vs. the oxygen mole f r a c t i o n f o r d i f f e r e n t 
values of the time delay, t ^ . The a b s c i s s a represents the mole 
f r a c t i o n of oxygen i n oxygen-nitrogen mixtures i n e q u i l i b r i u m w i t h 
the sample at a t o t a l pressure of 1 atm., and i s a convenient 
v a r i a b l e i n experiments of t h i s type. Quite c l e a r l y the p l o t s are 
not l i n e a r ; f u r t h e r , even the i n i t i a l slopes are not l i n e a r l y 
p r o p o r t i o n a l to the value of t ^ . This seems f u l l y c o n s i s t e n t w i t h 
our e a r l i e r suggestions from c o - i n c l u s i o n and other oxygen quenching 
experiments that S i l i c a l i t e has s e v e r a l classes of i n c l u s i o n s i t e s 
(14,15), and that these d i f f e r i n the l i f e t i m e of the t r i p l e t (see 
F i g . 2 ), as w e l l as i n t h e i r a c c e s s i b i l i t y to oxygen. S i m i l a r 
arguments have been used to e x p l a i n quenching p l o t s i n u r a n y l -
exchanged z e o l i t e s (25). Equation 4 can be modified r e p l a c i n g the 
concentration term f o r a_.X(0 2), where X ( 0 2 ) i s the mole f r a c t i o n of 
oxygen, and a i s a parameter that measures the a c c e s s i b i l i t y of 
oxygen molecules to th

1° 

If we f u r t h e r assume that k„ has the same value f o r the 
—_q 

d i f f e r e n t s i t e s , the d i f f e r e n c e s and v a r i a t i o n s i n slopes i n p l o t s 
of t 2 1 . l n ( l 0 / l t ) vs. X (0 2) must be due to changes i n the 
a c c e s s i b i l i t y parameter a_. Figure 5 shows a p l o t of the same data 
as i n Figure 4, i n the form i n d i c a t e d above. 
Quenching by butadiene. Dienes are known to be e x c e l l e n t quenchers 
of carbonyl t r i p l e t s (25); i n homogeneous s o l u t i o n the rate 
constants f o r t r i p l e t quenching f r e q u e n t l y approach the d i f f u s i o n 
c o n t r o l l e d l i m i t . 

We have observed that butadiene quenches the phosphorescence 
from β-phenylpropiophenone very e f f i c i e n t l y . For example f o r t (j=20 
us we observed: 

- Oxygen l g / I t - 9 at X(0 2) - 1 . 0 
- Oxygen l { ! / I t = 3 at X(0 2) = 0.1 
- Butadiene l£/I t > 30 at X(C^H 6) = 0.1 

Thus, s i n c e oxygen and butadiene are quenchers of s i m i l a r 
e f f i c i e n c y i n homogeneous s o l u t i o n , we conclude that the l o c a l 
c o ncentration of butadiene at the i n d i v i d u a l adsorption s i t e s i s 
much higher than that of oxygen under s i m i l a r gas phase 
conce n t r a t i o n s . A c c e s s i b i l i t y i s n a t u r a l l y a f u n c t i o n of the 
pr o p e r t i e s of the molecule i n a d d i t i o n to i t s s i z e . 

Comparison w i t h I i n other z e o l i t e s . The same procedure f o r 
i n c l u s i o n was used w i t h β-phenylpropiophenone on S i l i c a l i t e and on 
molecular sieves (MS) 3A, 5A, 10X and 13X. No emission was observed 
on MS-3A or MS-5A, while the emission on MS-10X and MS-13X (under 
nitrogen) was 9% and 54% of that i n S i l i c a l i t e . 

The i n t e n s i t y of emission was independent of the observation 
time f o r S i l i c a l i t e and MS-10X ( f o r at l e a s t a few hours). However, 
i n the case of MS-13X the phosphorescence i n t e n s i t y decays q u i c k l y 
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Figure 3. Time dependence of the phosphorescence i n t e n s i t y of 
tf-phenylpropiophenone (* e m-450 nm) wi t h varying c o n d i t i o n s . 
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Figure 4. "Stern-Volmer" quenching p l o t of the phosphorescence 
emission of Β-phenylpropiophenone according to eq. 4. 
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Figure 5. Same data as Figure 4 but p l o t t e d f o l l o w i n g eq. 5. 
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w i t h time. In one p a r t i c u l a r observation the h a l f - l i f e was ~80 
seconds. A s i m i l a r , but even more dramatic e f f e c t could be achieved 
by exposing the sample to the u n f i l t e r e d beam from a 200 Watt Xenon 
lamp. Quite c l e a r l y , even the weak beam from the e x c i t a t i o n source 
i n the spectrometer i s enough to induce s u f f i c i e n t change f o r the 
luminescence to disappear. Whether these changes r e s u l t from sub
s t r a t e r e l o c a t i o n , quencher generation or photodecomposition of J. i n 
the a c t i v e s i t e s i s unclear at t h i s point (although the l a s t 
p o s s i b i l i t y i s favored) and i s the subject of current work. 

No luminescence was observed from ketones I I , I I I , IV and JJ on 
MS-13X. 

Conclusion 

The r e s u l t s reported here and i n e a r l i e r p u b l i c a t i o n s i n t h i s s e r i e s 
suggest that c a v i t y s i z
dominant r o l e i n the photochemistr
ketones included i n zeolites
and p o l a r i t y of various s u b s t i t u t e d 8-phenylpropiophenones seem to 
determine the e f f i c i e n c y of i n c l u s i o n and u l t i m a t e l y of lumines
cence. The same f a c t o r s , r e l a t i n g to s i z e and m o b i l i t y can be 
expected to play an important r o l e i n the use of z e o l i t e s as 
c a t a l y s t s f o r other r e a c t i o n s , whether these are photochemical or 
thermal processes. In t h i s sense s t u d i e s with β-phenylpropio-
phenones may lead to considerable i n f o r m a t i o n on adsorption s i t e s 
and on the freedom (or la c k of i t ) of molecular motion as w e l l as on 
the a c c e s s i b i l i t y of these s i t e s to other r e a c t a n t s . Recent work 
from Turro's l a b o r a t o r y has shown that pyrene aldehyde can be used 
to probe the nature of i n c l u s i o n s i t e s i n various z e o l i t e s (27); 
dibenzyl-ketones were a l s o used as probes on porous s i l i c a (28)· 

Pre l i m i n a r y studies w i t h other types of z e o l i t e s (such as 
MS-13X) seem to i n d i c a t e that photochemical change may play a f a r 
more important r o l e i n these systems as compared w i t h S i l i c a l i t e . 
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Polymer-Based Sensitizers for the Formation 
of Singlet Oxygen 

JERZY PACZKOWSKI and D. C. NECKERS 1 

Department of Chemistry, Bowling Green State University, Bowling Green, OH 43403 

We outline herein the synthesis and photochemical properties 
of a new series of polymer-based rose bengals. These deri
vatives, soluble in non-polar solvents in contrast to 
(P) -rose bengal, 1 - 2 * are based on the recently described 
new chemistry of rose bengal.3 The electronic absorption 
spectra of these polymeric derivatives suggest the possibi
lity of aggregation of the rose bengal (RB) molecules. This 
is indicated by changes in the absorption spectra with the 
loading of rose bengal on the polymer. Singlet oxygen for
mation from these polymeric sensitizers in methylene 
chloride solution (the polymers are soluble in this solvent) 
suggest that Φ102 is dependent on the number of RB units 
attached to the polymer chain. At low concentrations of RB 
the quantum yield of singlet oxygen formation increases with 
concentration of RB and reaches a maximum value when 1 RB is 
attached per 30 units of the polymeric chain. Subsequent 
increases in the RB content cause a sharp decrease in Φ102. 
Electronic absorption spectra and quantum yields of singlet 
oxygen formation by monomeric RB benzyl ester (the form of 
rose bengal in the polymer) suggest that hydrogen bonding 
between rose bengal moieties and protic solvents lead to a 
blue shift in the absorption maximum and an increase in the 
quantum yield of singlet oxygen formation. 

*As a matter of convention, P -rose bengal refers to 
rose bengal immobilized on insoluble crosslinked 
styrene-co-divinylbenzene beads. All other polymers 
referred to are not crosslinked and hence soluble in 
various solvents. 

1 Author to whom correspondence should be directed. 
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The synthesis, use, and basic photochemical properties of the first 
heterogeneous sensitizer for singlet oxygen formation were outlined 
in 1973. This sensitizer, called @- rose bengal by Neckers and 
Schaap, was important because i t led to singlet oxygen formation in 
solvents in which rose bengal was not soluble. 1' 2 Polymer bound 
photosensitizers have a number of practical advantages over soluble 
sensitizers. There is decreased interaction or self-quenching of 
one dye molecule with another when the dyes are bound to a poly
meric backbone, and the chrompphores may be "site-isolated". 
Polymeric sensitizers are also functional in solvents where the dye 
itself is non-functional, and there is greater stability of the dye 
bound sensitizer (it does not bleach). An added advantage is that 
the polymeric sensitizer can be easily separated from the reaction 
mixture by either filtration or sedimentation. 

There are three genera
sensitizer. In the first, the sensitizer is covalently bound to 
crosslinked polymer beads or specially functionalized silica 
gels.1""2, 4-5 These polymeric sensitizers are generally prepared 
via chemical reaction of the sensitizer with functionalized poly
mers. In the second, the sensitizer is immobilized by absorption 
of the sensitizer on the solid support. This technique is 
generally applied with silica gel as the support.6/7 It is a con
venient method, but the sensitizer is easily eluted by polar 
solvents. In the third approach, the sensitizer is incorporated 
into a polymeric thin film. This is accomplished by dissolving the 
sensitizer and the polymer in a solvent and depositing the 
polymer/sensitizer solution on a flat surface. The number of sen
sitizers which may be used in heterogeneous form is quite large. 8 

Various compounds are used as singlet oxygen sensitizers. 
These include the xanthene dyes like rose bengal (RB), eosin—a 
xanthene analog, (rhodamine B), victoria blue, l-amino-4-hydroxyan-
thraquinone, hematoporphyrin, tetraphenylporphin, tris(2,2'-
bipyridine) ruthenium (II), malachite green, methylene blue, 
chlorophyllin and many other compounds.2/8"11 The only thing these 
compounds have in common is that they a l l absorb in the long wave
length region of the visible spectrum. The ability of excimers and 
exciplexes to decay to yield triplets, quench oxygen, and generate 
singlet oxygen are important considerations in sensitizer design. 1 2 

Rose bengal is a uranine analog and was first synthesized by 
Gnehm 11 years after Baeyer discovered fluorescein.^ It is sold 
at dye grade as 90% the di-sodium salt of 
3,4,5,6-tetrachloro-2,4,5,7-tetraiodouranine and in purified form 
by DyeTel, Inc. 1 4, Scheme 1. It is nucleophilic at C-21, but has 
no nucleophilicity at the C-6 phenoxide.15 Consequently, (1) was 
reacted with chloromethylated polystyrene beads in a Merrifield 
manner16 to produce a polymeric analog of the dyes tuf f. 
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Scheme I. Structure and Properties of Rose Bengal Derivatives 

Rl R2 Xmax(nm) δρ9 $ST9 Φ ΐ θ 9
9 fiST29 

1 uranine* 
2 eosin 
3 erythrosin 
_4 rose bengal 

Η 
Br 
I 
I 

Η 
Η 
Η 
Cl 

491 
514 
525 
548 

0.93 
0.63 
0.08 
0.08 

0.03 
0.3 
0.6 
0.76 

0.1 
0.4 
0.6 
0.76 

0.03 
0.32 
0.69 
0.86 

*Uranine is the disodium salt of fluorescein. 
The systematic name of fluorescein in its quinoid form is Benzoic 
acid, 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-. The systematic name of 
fluorescein in its lactoni
Spiro[isobenzofuran-1(3H),9

Polymer rose bengal, or Sensitox I, was derived from this con
cept. It was, in the words of an immortal reviewer, a "citation 
classic". 1 7 

The original polymer-based xanthene dyes were prepared from a 
commercial chloromethylated polystyrene/divinylbenzene copolymer 
trade-named "BioBeads". BioBeads were originally manufactured for 
gel permeation chromatography applications. But with the 
appearance and general acclaim of Merrifield's publications on 
"Solid Phase Synthesis"18 workers at BidRad, obviously familiar 
with the ion exchange literature, chloromethylated these 
crosslinked beads with chloromethyl ether and stannic chloride to 
obtain the precursor polymer for both Merrifield's studies and our 
own. 

Though (Jy-rose bengal was first reported in 1973 and Sensitox 
I appeared on the market in 1976, essentially nothing was known 
about the fundamental chemistry of rose bengal until the studies of 
Lamberts and Neckers. 3' 1 3' 1 5 These studies were important in 
establishing that rose bengal could be converted using standard 
organic chemistry to derivatives of rose bengal whose photoche
mistry was previously unknown but which behaved, more or less, in a 
normal photochemical fashion. 

Until the beginning of this work, l i t t l e was known about the 
effect of the polymer on the behavior of the sensitizer, rose 
bengal. In this paper we shall establish that the polymer is 
indeed an extremely important component of the chemistry of poly
meric derivatives of rose bengal. 

The initial polymer rose bengal was prepared from chloro
methylated polystyrene/divinylbenzene beads using the following 
reaction: 

The results of several control experiments made i t clear that 
polymer rose bengal was an authentic singlet oxygen sensitizer. 1'< 
Photooxidation of typical singlet oxygen acceptors in non-polar 
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solvents (a condition where rose bengal itself is not soluble or 
effective) showed that polymer rose bengal produced the same pro
ducts as did other known sources of singlet oxygen. These reac
tions were inhibited by singlet oxygen quenchers. 19 Nevertheless, 
the quantum yield of singlet oxygen formation from these polymer 
beads in methylene chloride was low (0.43) when compared with the 
quantum yield of singlet oxygen formation from rose bengal 
dissolved in MeOH (0.76). Other studies 2 0 indicated that Sensitox 
I does not form singlet oxygen as efficiently as do other polymer-
based sensitizers, though Sensitox I does have a major advantage -
i t does not bleach. 

The first detailed kinetic study of sensitized photcoxidation 
was reported by Schenck2! in 1951. His group developed a procedure 
which was based on the quenching of a l l formed dye triplets by oxy
gen and the trapping of a l l the formed singlet oxygen with a very 
reactive acceptor.22 Halofluoroscein dyes like rose bengal and 
eosin are efficient photosensitizer
yields of triplet formation
related in these systems to the number and atomic weight of heavy 
atoms present in the molecule, and rose bengal is by far the most 
efficient and most common sensitizer in the halofluoroscein series. 

Because rose bengal itself is soluble only in polar solvents, 
its effectiveness as a singlet oxygen sensitizer is quite 
restricted. Polymer rose bengal, which took advantage of the 
hydrophobicity of the polystyrene backbone to carry rose bengal 
into non-polar solvents, is a very convenient sensitizer because i t 
circumvents this solubility problem. It is also stable to oxida
tive bleaching, though the yield of singlet oxygen is somewhat 
lower than is the yield of singlet oxygen from the soluble sen
sitizer. 

The principle spectroscopic and photochemical properties of 
rose bengal derivatives recently synthesized by Lamberts and 
Neckers3fl3r15 are shown in Table I. These new derivatives cover 
the gamut of solubility, and are soluble in every solvent from 
water to pentane. In methylene chloride and chloroform the quantum 
yields of singlet oxygen are somewhat lower than they are in metha
nol, e.g., Table I. 

It was our intention when this new work began to outline, more 
fully, the effect of the polymeric structure on the effectiveness 
of rose bengal as a photosensitizer and to compare the behavior of 
the polymer-bound dye to the behavior of the dye - free - in solu
tion. In the present paper, therefore, we report on the photoche
mical and spectral properties of new singlet oxygen sensitizers 
based on soluble polystyrenes. These new derivatives are referred 
to as Ρ -RB. 

Polymer-bound rose bengals were obtained in soluble form from 
the reaction of poly(styrene-vinylbenzyl chloride) with rose 
bengal in DMF. The ratio of styrene units to vinylbenzyl chloride 
units (60% meta, 40% para) was 3:1 in the copolymer as originally 
synthesized. In order to obtain polymer-based rose bengals con
taining differing concentrations of rose bengal on the chain back
bone, differing amounts of rose bengal were allowed to react with 
equivalent amounts of the copolymer. The yields of the obtained 
polymers, the percent of chloromethyl groups which corresponds to 
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the number of RB moieties in the reaction mixture, and the wave-
number of the carbonyl ester absorption of the obtained polymers 
are given in Table II. 

Because of the substantial excess of chloromethyl groups in the 
polymer relative to the quantity of added rose bengal (Table II) f 

i t could be assumed that a l l of the RB becomes attached to the 
polymer chain. The previous elegant work of Lamberts and Neckers3 

demonstrated clearly that the esterif ication of RB with benzyl 
chloride formed the benzyl ester only. There was no reaction at 
the C-6 phenoxide. Thus, we assumed that only polymeric ester 
derivatives of rose bengal were formed in this reaction. 

The resultant polymeric rose bengals are soluble in solvents 
like methylene chloride and chloroform, but are not soluble in MeOH 
with the exception of Ρ -RB- 1520 which is soluble in a mixture of 
MeOH/CH2Cl2 (1:1). In addition a l l of the polymers show the typi
cal carbonyl absorptio

In order to obtain a
styrene and vinylbenzyl chloride, a mixture of 60% meta isomer and 
40% para isomer was used for the polymerization. The molecular 
weight of this polymer was 107,000 and the molecular weight distri
bution of the starting polymer is shown in Figure la. 

All of the rose bengal polymers were synthesized without pro
tection from light and oxygen. The molecular weight distribution 
for P-RB-51 obtained after reaction with RB is shown in Figure lb. 
Examination of both gps curves la and lb indicated that partial 
decomposition of the starting copolymer had occurred in its reac
tion with RB. The molecular weight distribution curves show that 
only part of the P-RB-51 had a molecular weight approximate to that 
of the starting copolymer. 

In order to compare the influence of light and oxygen on the 
final P-RB, subsequent polymer syntheses were carried out in the 
dark under nitrogen. The molecular weight distribution curve in 
this latter case was very close to the molecular weight distribu
tion curve of the starting copolymer (Figure Id). In other words, 
when the reaction of chloromethylated polystyrene was carried out 
with rose bengal in the presence of both light and oxygen, the 
polymer decomposed during the chemical process (we assume by a RB 
photoinitiated reaction). This degradation is likely the result of 

Both the polymer which had been prepared in the absence of oxy
gen and light, and the polymer which had been functionalized in the 
presence of oxygen and light were irradiated at 566 nm at room tem
perature (5 hr). The Ρ -RB-51 obtained by reaction in the 
absence of light was irradiated an additional 10 hours at refluxing 
methylene chloride temperature (40°). The molecular weight distri
bution curve for P-RB-51 (which was not protected from light during 
preparation) is shown after irradiation for this length of time in 
Figure lc. P-RB-51 prepared under anaerobic conditions in the 
absence of light was stable over the entire time of radiation. 
This indicated that the polymer degradation process was likely sen
sitized by monomeric rather than polymeric rose bengal. 
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Table I. V i s i b l e Absorption Spectra and Quantum Y i e l d s of 
Si n g l e t Oxygen Formation of Rose Bengal D e r i v a t i v e s 

R l R 2 λ rmax LnmJ Solvent ^A0 2 

Na Na 558 MeOH 0.76 
CH 2Ph Na 564 MeOH — 

CH 2Ph H 564 MeOH — CH 2Ph 
496;407 CH 2C1 2 — 

CH 2Ph TEA* 563 MeOH 0.74 
569 CH 2C1 2 0.67 0.67 

TEA TEA 557 MeOH 0.72 

Et TEA 
563 CH 2C1 2 0.71 

Et H 564 MeOH 0.76 
496;407 CH 2C1 2 0.61 

Et Ac 494;400 MeOH — 

494;395 CH 2C1 2 0.61 

TEA* = triethylammonium 

Table I I . The Y i e l d s , %-CH 2Cl which Correspond to the 
Number of Rose Bengals Added to the Reaction Mixture 

of Ρ - C H 2 C I , and the cm - 1 of C=0 i n P-RB. 

Polymer Y i e l d % of CH2C1 C=0 
[g] group 

P-RB-51 0.85 1.65 1725.0 
P-RB-102 0.95 3.30 1725.0 
P-RB-152 0.77 5.00 1725.0 
P-RB-305 1.03 10.0 1741.4 
P-RB-450 1.15 15.0 1728.1 
P-RB-610 0.90 20.0 1738.3 
P-RB-1520 1.05 50.0 1739.8 
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Figure 1. High-Pressure GPS ( y - s t y r a g e l columns) ο£ Polymers 
la - s t a r t i n g polymer-poly(styrene vinylbenzyl chloride) copolymer 
lb-P-RB-51 obtained without protection from l i g h t and oxygen 
lc-P-RB-51 after i r r a d i a t i o n at 566 nm (5 hr) 
ld-P-RB-51 obtained with protection from l i g h t and oxygen 
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Electronic Absorption Spectra 

Figure 2 shows the electronic spectra in the visible region of the 
analyzed polymers in methylene chloride solution, and the spectral 
data is shown in Table III. 

These polymers separate into three groups which have different 
electronic absorption properties. The first is P-RB-51, the lowest 
in rose bengal content. This polymer has an Αλχ/Αλ2 ratio which is 
very similar to the ratio of Αχχ/Αχ2 for KB (Figure 2). The 
second group of polymers P-RB-102, P-RB-152, and P-RB-305 has a 
ratio of the two absorption maxima, Α,χ/Αλ2, which is very similar 
to, but lower than that of either P-RB-51 or RB. The last group of 
polymers shows a reduction in the ratio of Αλχ/Αλ2· * n this case, 
the amount of RB attached to the polymer is much larger by com
parison. 

In order to measur  th  quantitativ  propertie f th  electro
nic absorption spectra
at the \obx W 5 i S calculated
amount of RB used in the synthesis, and this is shown in Figure 3. 

Ihere are two different types of behavior apparent from Figure 
3. At low concentrations of RB on the polymer support, the absorp
tion of a lmg/1 polymer solution increases with the content of RB 
regularly. The second area is that between P-RB-305 and P-RB-451 
where the absorption for a lmg/1 solution dramatically decreases. 
Finally at the higher concentrations of RB on the polymer backbone, 
the increase in absorption of a lmg/1 solution is apparent again, 
though i t does not grow as rapidly as in the lower RB cases. In 
the case of the first four polymers, the distance between the rose 
bengals is large - these are effectively "site isolated" rose 
bengals (statistically P-RB-51 has one RB for every 100 styrene 
units and P-RB-305 has one rose bengal for every 30 styrenes). Vfe 
can assume at the low concentrations of aye on the polymer chain 
that the absorption spectra would resemble that of rose bengal in 
dilute solution, e.g., Figure 3. 

The situation is completely different when the distance between 
the rose bengal chromophores on the polymeric backbone is dimi
nished. There is then the possibility of aggregation of the rose 
bengals along the polymer chain allowing one dye molecule to 
influence another. In the higher concentration cases, both the 
form of the absorption curve and the molar absorptivity (as 
measured for a 1 mg/1 solution) no longer appear as that of simple 
rose bengal. 2 5^ 2 6 

Every polymer, no matter what the rose bengal concentration, 
shows a maximum absorption for the rose bengal moiety at 571-2 nm 
when the spectrum is taken in a non-polar solvent such as methylene 
chloride. RB benzyl ester, on the other hand, shows a maximum 
absorption at 564 nm in MeOH. This phenomenon is explained by a 
relatively large influence of hydrogen bonding solvents on the 
absorption maxima. The absorption maximum of RB benzyl ester 
(essentially a monomeric rose bengal polymer unit) in different 
solvents was measured. The positions of the absorption maxima, as 
a function of solvent, are shown in Table IV. 

Data in Table IV suggests that the red shift of the P-RB maximum 
is a typical solvent effect, and that the hydrogen bonding between 
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Figure 2 . Ihe Electronic Spectra in the Visible Region of P-RB 
Samples 
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Table III. Ihe Electronic Absorption Data in the 
Visible Region of Analyzed Polymers 

Polymer A**lmg/l λ Imax λ 2max Α λ ] Α λ 2 
A3min 

P-RB-51 4.63 . io--3 571.0 529.0 3.165 541.0 

P-RB-102 6.33 . io--3 572.0 532.0 2.685 544.0 

P-RB-152 9.11 . 10" -3 572.0 532.0 2.418 544.0 

P-RB-305 22.35. 10" -3 572.0 532.0 2.674 544.0 

P-RB-450 11.0 . 10" -3 572.5 532.0 1.935 546.0 

P-RB-610 11.5 . 

P-RB-1520* 18.2 . 10" -3 570.0 531.0 2.057 541.0 

*1he electronic absorption in mixture of methanol and 
methylene chloride (1:1). 

**This is the absorption of a 1 mg sample at λ πβχ. 

20 

15 

_10 

S 5 

1 --

/ I 

--

d — 

Figure 3. Calculated Absorption of Img P-RB as a Function of the 
Amount of RB Attached to Polymer 
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Table IV. λ 

Different

Solvents λ max Solvents λ max Solvents λ m x Solvents λ n a x 

DMF 572 DMF-1SMF (90:10) 571 Acetone 570 Œ2Cl2-MeOH 
(96:4) 

DMF-MeOH 
(50:50) 

568 

DMF-ÎWF 
(50:50) 

568 

Acetone- 566 
H20 (50:50) 

568** 

CH2Cl2-MeOH 
(50:50) 566 

DMF-MeOH 
(25:75) 

565 
M4F*** 566 

Acetone- 565 
MeOH (50:50) 

MeOH* 564 

*From [191; ** saturated solution, RB benzyl ester is insoluble 
pure C H ^ l ^ *** N-MethylformantLde. 
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the RB benzyl ester and protiç solvents leads to a blue shift of 
the maximum absorption of the benzyl ester 2 7' 2 8. Small differences 
between the position of the maximum of P-RB (571-2nm) and a 
saturated solution of RB benzyl ester in methylene chloride-MeOH 
(568 nm) result from the presence of methanol, the effect of 
polymer inicroenvironment2', and RB-RB interactions. 

Quantum Yields of Singlet Oxygen Formation of Soluble Polymeric 
Rose Bengals in Solution 

The intermediacy of singlet oxygen in photosensitized oxidations 
was originally postulated by Kautsky.30,31 The sequence of events 
involves excitation of the sensitizer, intersystem crossing, energy 
transfer from the triplet to molecular oxygen, and reaction of the 
formed singlet oxygen with the substrate. 

k2 

Sens ^ 3sens (2) 

3sens + 0 2
 k3 ̂  0 2 + Sens (3) 

A + ! θ 2

 k4 y A02 (4) 
*°2 k5 ^309 (5) 

The quantum yields of singlet oxygen formation from Polymeric 
Rose Bengals (P-RB) in solution were obtained using the actino-
metric method described by Schaap, Thayer, Blossey and Neckers2. 
The steady state treatment of the kinetic scheme given (Equations 
1-5) yields the following result (6). 

*<A02) = *(lo 2) k 5 + k 4 M 

where δχ 0 is the quantum yield for singlet oxygen formation, and 
^ADo* is 2the quantum yield of product formation. If a relatively 
reactive acceptor is used in high concentrations, then K4 [A]»k5 
and the reaction is zero order in [ A ] , i.e., δ#) 2

 = φ(0 21). 
Since a l l photcoxidation reactions were carried out under similar 
experimental conditions in solution both for oxidations sensitized 
by RB and reactions sensitized by Ρ -RB, the ratio of the rate of 
photcoxidation with RB and the rate of photcoxidation with P-RB is 
equal to the ratio of the quantum yield for singlet oxygen for
mation with RB to that of the quantum yield for singlet oxygen for
mation with P-RB; (7). 
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V ( A 0 2 ) R B Φ ( Α 0 2 ) * Β 
= ( 7 ) 

V ( A 0 2 ) p . R B
 Φ ( Α 0 2 ) ρ . Κ Β 

The quantum yield of singlet oxygen formation is: 

V ( A 0 2 ) P - R B ( 8 ) 
* ( A 0 2 ) p _ R B = * ( A 0 2 ) R B 

Gollnick has reported that the quantum yield <6IQ for R B in 
MeOH is 0 . 7 6 . Therefore the quantum yield of singled oxygen for
mation for Ρ - R B is: 

V ( A 0 2 > P - R B ( 9 ) 

δ(Α02)ρ_κΒ = 0 . 7 6 _ 
V ( A Û 2 > R B 

The photcoxidation or 2,3-diphenyl-p-dioxene was used to define the 
quantum yield of singlet oxygen formation. 

The conversion of II to IV was monitored by gas chromatography. 
Irradiation under identical conditions of a mechanically stirred 
methylene chloride solution of II with Ρ - R B gives the results 
shown in Figure 4. 

The data shown in Figure 4 indicated a different rate of 
singlet oxygen formation for the synthesized polymers. The calcu
lated quantum yields of singlet oxygen formation are plotted 
against the amount of rose bengal used in the synthesis of the 
polymer in Figure 5. 

It is clear that as the amount of rose bengal attached to the 
polymeric support increased in the regime where the polymer can be 
called "lightly functionalized", the quantum yield of singlet oxy
gen formation increases also, reaching a maximum value for the 
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50 ,70, 
TIME [mm ] 

Figure 4. Photcoxidation of 2r3-diphenyl-p-dioxene with P-RB 
(Photcoxidation with P-RB-1520 was carried out in 50% MeOH and 
50% CH2CI2 Solution) 

(X2 

0 4 0 8 1,2 m RB [|] 

Figure 5. Quantum Yield of Singlet Oxygen Formation as a Function 
of the Amount of RB Attached to a Polymer 
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polymer functionalized with one rose bengal for every 30 styrene 
units (P-RB-305; δχ 0 = 0.38). The quantum yield for singlet oxy
gen formation decreases as additional rose bengals appear on the 
polymer chain. 

There are two reasonable explanations for this behavior in the 
so-called lightly functionalized regime. First, i t could be 
suggested that singlet oxygen might be quenched by the polystyrene. 
This quenching might either lead to a chemical product, as for 
example, the formation of the tertiary hydroperoxide on the polymer 
backbone, or be physical quenching of the singlet oxygen by the 
polymer. If polymer quenching were important, then i t would be 
anticipated that a moncmeric model of the polymeric backbone might 
also retard the reaction. To confirm the latter point, the quantum 
yield for singlet oxygen formation from rose bengal benzyl ester in 
MeOH in the presence and absence of added excess quantities of the 
polystyrene model, cumene  was measured  The results are clear
cumene does not quench
RB-benzyl ester =
conditions and I ο.71 in the presence of a large excess of 
cumene). 

A second explanation, and one we confirmed experimentally, is 
that there is a substantial effect of solution viscosity on the 
apparent quantum yield of singlet oxygen formation in the case of 
the polymeric sensitizers. Thus, the polymers used in our experi
ments were studied such that the apparent rose bengal concentration 
was kept constant in the cell. To do this, much more polymer con
taining a lower loading of rose bengal was required than was 
required for polymers of higher loading. Thus, an 8.2 mg equiva
lent of rose bengal in a 25 ml solution required 180 mg of P-RB-51; 
94.2 mg of P-RB-102; 65.8 mg of P-RB-152 and 35.2 mg. of P-RB-305. 
As the loading of the polymer is increased, the actual amount of 
polymer required to achieve a fixed concentration of rose bengal in 
the solvent became less. More polymer is dissolved in the solution 
in the lower loading case, hence the solution is more viscous. 

That the photcoxidation is actually being controlled by solu
tion viscosity was confirmed by measuring the quantum yield of 
singlet oxygen formation from solutions of RB-benzyl ester con
taining the same quantity of standard polystyrenes whose molecular 
weight is gradually increased in a mixed solvent system; methylene 
chloride/MeOH (4:1). The relative viscosity of P-RB and RB benzyl 
ester solutions containing polystyrene standards could be calcu
lated. Results are shown in Figure 6. 

Both curves have similar shapes and i t is clear that the pho
tcoxidation process is controlled by the diffusion of oxygen into 
the rose bengal sites in the polymer solution. These results 
suggest that when a small amount of rose bengal is attached to the 
polymeric backbone (P-RB-51, 102; 152; 305) the quantum yield of 
of singlet oxygen formation is essentially the same (about 0.38). 

Polymeric rose bengal derivatives are soluble in non-polar 
solvents such as methylene chloride. Ihe maximum quantum yield of 
singlet oxygen formation is 0.38. Whereas with the rose bengal 
benzyl ester, which can be studied in methanol solution, the quan
tum yield for singlet oxygen formation reaches 0.72 in that 
solvent. In order to check how the solvent effects singlet oxygen 
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formation, we measured the quantum yield for singlet oxygen for
mation from RB-benzyl ester in methylene chloride/MeOH mixtures. 
Results are shown in Figure 7. Hydrogen bonding between the rose 
bengal benzyl ester and MeOH influences the quantum yield. This 
effect is particularly distinct in the range of solvent con
centrations between 40 and 80% MeOH. Since the RB benzyl ester is 
insoluble in pure methylene chloride, the direct measurement of the 
quantum yield in the pure solvent is impossible, but likely the 
quantum yield approximates the quantum yield in 80% methylene 
chloride - 20% MeOH (δ1() = ο.37). Figure 5 shows that the quan
tum yield of singlet oxygen formation is affected differently at 
high loadings of rose bengal than at low loadings. The highest 
value of the quantum yield of singlet oxygen formation is observed 
for P-RB-305 (δ = 0.38). The quantum yield then subsequently 
decreases as the amount of rose bengal attached to the polymer 
increases. This phenomeno
interactions are influence
Studies of these phenomena are currently in progress. 

Experimental Section 

Rose bengal, dye content 92%, was purchased from Aldrich and was 
used as received. Solvents used for preparation of solutions for 
quantum yield measurement were spectroscopic grade and were 
purchased from Aldrich. 

Infrared spectra were obtained using a Nicolet 20DX Fourier 
Transform Infrared spectrometer and electronic absorption spectra 
using a Varian Cary 219 instrument. Quantum yields were measured 
with Bausch and Lamb high-intensity monochromator with an Osram 
HBO-200L2 super pressure mercury lamp. GLC analysis was performed 
on a Hewlett-Packard 5800 gas chromatograph fitted with a glass 
capillary column (0,20mm I.D., length 12 m) containing a 
crosslinked methyl silicone film (film thickness 0,33 nm) and a 
flame ionization detector. High-pressure gel permeation chroma-
tog rams (GPS) were run on a Waters Associates instrument with UV 
detection and y -styragel columns having pore sizes of 155, 104, 
and 500 A arranged in series. 

Synthetic Procedures; Purification^pf Monomers 

Commercial monomers were washed three times with 2% NaQH and four 
times with distilled water. The monomers were dried over anhydrous 
CaCl2 and were distilled under vacuum before use. 

Polymerization of Poly(styrene-vinylbenzyl chloride) Copolymer 

In order to obtain poly(styrene-vinylbenzyl chloride) copolymer, a 
mixture of 10.4g (0.1 mol) styrene, 7.6 g (0.05 mol) vinylbenzyl 
chloride (mixture of 60% meta isomer and 40% para isomer) and 90 mg 
benzoyl peroxide was used. Polymerization was carried out in 
degassed (three cycles of freeze-thaw under high vacuum) sealed 
ampules at 60°C The polymer was precipitated with excess metha
nol, filtered, and dried. 
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Figure 6. Quantum Yield of Singlet Oxygen Formation as a Function 
of Viscosity 
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Figure 7. Quantum Yield of Singlet Oxygen Formation for RB Benzyl 
Ester in Mixture of MeOH and CH2CI2 as a Function of MeOH 
Concentration 
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Polymer Bound Rose Bengal (P-RB) 

To 1.07 g of poly(styrene vinylbenzyl chloride) copolymer in DMF 
was added respectively: 51 mg RB for P-RB-51, 102 mg RB for 
P-RB-102, 152 mg RB for P-RB-152, 305 mg RB for P-RB-305, 450 mg RB 
for P-RB-450, 610 mg RB for P-RB-610 and 152 mg RB for P-RB-1520. 
Ihe mixtures were stirred magnetically and heated (80°) for 24 
hours. The reaction mixtures were then cooled to ambient tem
perature. All the polymers were precipitated by addition of an 
excess of distilled water. They were then purified by precipi
tating from DMF solution by excess of methanol and washed con
tinuously with methanol until the final filtrates were colorless. 
The polymers were dried in a vacuum. 

2,3-Diphenyl-p-dioxene was prepared according to the method of 
Sunmerbell and Berger, and the solid thus obtained was recrysta-
lized twice from ethanol  93-94°

Rose Bengal benzy
described by Lamberts  previou  publication^-

Quantum Yield Measurements of Singlet Oxygen Formation 

For quantum yield measurement procedure was as follows: P-RB solu
tions in 25 ml CH2CI2 were prepared so that the amount of RB 
attached to the polymer corresponded to 8.2 mg of RB in solution. 
In order to obtain these solutions we used: 180 mg P-RB-51; 94 mg 
P-RB-102; 65.8 mg P-RB-152; 35.2 mg P-RB-305; 27.6 mg P-RB-450; 
22.6 mg P-RB-610 and 13.8 mg P-RB-1520 (solution of P-RB-1520 pre
pared in mixture 50% MeOH and 50% CH2CI2). To the polymer solution 
was added 172 mg of 2,3 diphenyl-j>-dioxene. Ihe solution (2.5 ml) 
in a rectangular cell was irradiated with a high intensity 
monochromator at 566 nm. The solution was stirred, and a con
tinuous flow of oxygen over the surface of the solution was main
tained throughout the irradiation. The formation of the 
photcoxidation product ethylene glycol dibenzoate (IV) was followed 
by analysis of the solution by GLC at 225°C $(1Q ) was calculated 
from the ratio of the rate of formation IV for P-R̂  compared to the 
rate for RB and using the known quantum yield for RB δ(χ0 ) = 
0.76) according to equation 9. 2 

The same procedure was used to measure singlet oxygen formation 
from RB benzyl ester under different conditions. The following 
solutions (25 ml) were prepared: 

1. 8.2 mg RB benzyl ester, 172 mg 
2. 8.2 mg RB benzyl ester, 172 mg 
3. 8.2 mg RB benzyl ester, 172 mg 
4. 8.2 mg RB benzyl ester, 172 mg 
5. 8.2 mg RB benzyl ester, 172 mg 
6. 8.2 mg RB benzyl ester, 172 mg 

In order to describe the influence 
solutions (25 ml) were used: 

II in MeOH 
II, 172 mg cumene in MeOH 
II in 20% MeOH and 80% CH2Cl2 
II in 40% MeOH and 60% CH2CI2 
II in 60% MeOH and 40% CH2CI2 
II in 80% MeOh and 20% CH2C12 
of viscosity, the following 
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1. 8.2 mg RB benzyl ester, 172 mg 11,100 mg polystyrene m.w.200,000 
2. 8.2 mg RB benzyl ester, 172 mg 11,100 mg polystyrene m.w. 110,000 
3. 8.2 mg RB benzyl ester, 172 mg 11,100 mg polystyrene m.w.35,000 

Solutions were prepared in 20% MeOH and 80% CH2c -̂2 Mixture. 
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Steric Compression Control 
A Quantitative Approach to Reaction Selectivity 
in Solid State Chemistry 
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Department of Chemistry, University of British Columbia, Vancouver, Canada V6T 1Y6 

The solid stat
related α, β-unsaturate
with their crystal and molecular structures as 
determined by X-ray diffraction methods. It is 
suggested that the observed changes in reactivity 
are caused by differences in the packing arrange
ments near the reaction site which either sterically 
impede or allow certain key atomic motions along the 
reaction coordinate. Computer simulation of these 
motions coupled with calculations of the resulting 
non-bonded steric compression energies support the 
theory. Steric compression also explains the case 
of a molecule which fails to undergo [2+2] photo-
cycloaddition when irradiated in the solid state 
despite an almost perfect crystal lattice alignment 
of the potentially reactive double bonds. The 
packing diagram suggests that photodimerization 
would lead to unfavorable steric interactions 
between the reacting molecules and their stationary 
lattice neighbors. Computer simulation of the early 
stages of the photo-dimerization coupled with 
estimates of the resulting steric compression 
energies corroborate the theory. 

I t i s w e l l e s t a b l i s h e d , i n a q u a l i t a t i v e sense, that chemical 
r e a c t i o n s o c c u r r i n g i n c r y s t a l s are subject to r e s t r i c t i v e f o r c e s , 
not found i n s o l u t i o n , which l i m i t the allowable range of atomic 
and molecular motions along the r e a c t i o n coordinate. This o f t e n 
leads to d i f f e r e n c e s , e i t h e r i n the product s t r u c t u r e s or the 
product r a t i o s , i n going from s o l u t i o n to the s o l i d s t a t e . This 
was f i r s t demonstrated i n a systematic way by Cohen and Schmidt i n 
1964 i n t h e i r studies on the s o l i d s t a t e photodimerization of 
cinnamic a c i d and i t s d e r i v a t i v e s ( 1 ) . This work led to the 
formulation of the famous topochemical p r i n c i p l e which s t a t e s , i n 
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e f f e c t , that r e a c t i o n s i n c r y s t a l s tend to be l e a s t motion i n 
character. 

I n 1975, Cohen introduced the concept of the r e a c t i o n c a v i t y 
i n s o l i d s t a t e chemistry ( 2 ) . The r e a c t i o n c a v i t y was defined as 
the space occupied by the r e a c t i n g species and bounded by the 
surrounding, s t a t i o n a r y molecules. Cohen viewed the topochemical 
p r i n c i p l e as r e s u l t i n g from the preference f o r chemical processes 
to occur with minimal d i s t o r t i o n of the r e a c t i o n c a v i t y , e i t h e r i n 
the formation of voids w i t h i n i t or extrusions from i t (Figure 1). 

The next advance i n the understanding of the forces which 
u n d e r l i e the topochemical p r i n c i p l e was due to McBride ( 3 ) . He 
introduced the concept of l o c a l s t r e s s to e x p l a i n the d e t a i l s of 
the mechanisms by which d i a c y l peroxides decompose i n the s o l i d 
s t a t e . McBride showed that l e a s t motion can be overcome i n these 
cases by a n i s o t r o p i c s t r e s s e s equivalent to many tens of k i l o b a r s 
of pressure exerted b
trapped i n unfavorabl

Most r e c e n t l y , G a v e z z o t t  (4)  analyze y 
c e r t a i n s o l i d s t a t e processes i n terms of the volume of the 
c o n s t i t u e n t molecules and the s i z e and l o c a t i o n of the empty and 
f i l l e d spaces i n the c r y s t a l l a t t i c e . With a statement that w i l l 
be seen to be d i r e c t l y p e r t i n e n t to the r e s u l t s of our i n v e s t i g a 
t i o n , he concludes that "a p r e r e q u i s i t e f o r c r y s t a l r e a c t i v i t y i s 
the a v a i l a b i l i t y of free space around the r e a c t i o n s i t e " . 

What i s l a c k i n g at t h i s point i n theories r e l a t i n g l a t t i c e 
r e s t r a i n t s and chemical r e a c t i v i t y i s the i d e n t i f i c a t i o n of 
s p e c i f i c s t e r i c i n t e r a c t i o n s which a l t e r r e a c t i v i t y and an estima
t i o n of t h e i r magnitude. This requires an extensive database of 
s t r u c t u r e - r e a c t i v i t y information f o r a s e r i e s of c l o s e l y r e l a t e d 
compounds. This we have from our studies on the s o l i d s t a t e 
photochemistry and X-ray c r y s t a l l o g r a p h y of a large number of 
v a r i o u s l y s u b s t i t u t e d b i c y c l i c dienones of general s t r u c t u r e ]^ 
( 5 ) . In t h i s s e r i e s , we r e c e n t l y observed a photorearrangement 

which d i d not conform to the normal r e a c t i v i t y observed f o r these 
systems i n the s o l i d s t a t e and which could not be accounted f o r 
using t r a d i t i o n a l s t e r e o e l e c t r o n i c arguments. In t h i s paper we 
demonstrate that i n a l l l i k e l i h o o d , t h i s change i n r e a c t i v i t y i s 
caused by s p e c i f i c c r y s t a l packing e f f e c t s near the r e a c t i o n s i t e 
which are unique to the compound which behaves abnormally. We 
suggest the term s t e r i c compression c o n t r o l f o r t h i s e f f e c t and 
estimate i t s magnitude using non-bonded r e p u l s i o n energy c a l c u l a 
t i o n s . We a l s o demonstrate that the concept of s t e r i c compression 
c o n t r o l can be a p p l i e d to bimolecular r e a c t i o n s ([2+2] photocyclo-
a d d i t i o n s ) i n the s o l i d s t a t e . 

Enone Photorearrangements. As w i l l be seen, the s t e r i c 
compression i s associated with the s u b s t i t u e n t s attached to the 
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α,β-unsaturated double bond i n b i c y c l i c dienones of general 
s t r u c t u r e J,. We therefore s e l e c t compounds for comparison i n 
which R 5 i s constant and equal to methyl throughout the s e r i e s . 
Table I o u t l i n e s the eight compounds, ter te» studied; each has had 
i t s molecular and c r y s t a l s t r u c t u r e determined by X-ray 
d i f f r a c t i o n methods (6-11). 

Table I . Reactants, Hydrogen A b s t r a c t i o n Distances and S t e r i c 
Compressions i n S o l i d State Photorearrangements 

Enone R l R 2 R 3 H..CŒ H. · C β S t e r i c Compression AccomH..CŒ H. · C β 
panying P y r a m i d a l i z a t i o n 

(Â) (Â) c a Cp 

te C H 3 C H 3 H 
U i C H 3 C H 3 OH ye ye
te C H 3 C H 3 OH C H 3 2.86 2.81 yes yes 
te H C H 3 H OH 2.82 2.78 yes no 
te H C H 3 OH H 2.74 2.85 yes yes 
te H H H OH 2.92 2.84 yes yes 
te C H 3 C H 3 H OAc 2.74 2.70 no yes 
te C H 3 C H 3 OAc H 2.79 2.84 yes yes 

Yes i n d i c a t e s a hydrogen-hydrogen contact upon p y r a m i d a l i z a t i o n 
of <1.9 Â. In some cases, more than one contact i s developed. No 
i n d i c a t e s no contacts <2.2 Â. The exact values are not given as 
they vary with methyl group r o t a t i o n (see t e x t ) . Enone does 
not react when photolyzed i n the s o l i d s t a t e . 

The s o l i d s t a t e photochemical r e s u l t s are summarized i n 
Figure 2. With two exceptions (JJ*, and X%), the s o l i d s t a t e 
p h o t o r e a c t i v i t y c o n s i s t s of a l l y l i c hydrogen t r a n s f e r to the 
β-carbon atom of the enone double bond followed by cl o s u r e of the 
r e s u l t i n g b i r a d i c a l species £ o r 2, (whether path A leading to £, 
or path Β leading to £ i s f o l l o w e d , depends upon the dienone 
conformation adopted i n the s o l i d s t a t e ( 5 ) ) . In c o n t r a s t , 
c r y s t a l s of dienone are photochemically i n e r t and, most 
remarkably, i r r a d i a t i o n of dienone i n the s o l i d s t a t e leads, 
v i a a l l y l i c hydrogen t r a n s f e r to the enone α-carbon atom, to 
b i r a d i c a l ^ (path C). That the photochemical r e a c t i o n s of enones 
terUl a r e t r ^ e s o l i d s t a t e processes and not the r e s u l t of 
photochemistry o c c u r r i n g i n l i q u i d regions of the c r y s t a l was 
shown by the f a c t that i r r a d i a t i o n of enones te"te i n s o l u t i o n 
a f f o r d s e x c l u s i v e l y i n t r a m o l e c u l a r [2+2] pho t o c y c l o a d d i t i o n . The 
reasons f o r the s o l i d s t a t e / s o l u t i o n r e c t i v i t y d i f f e r e n c e s have 
been discussed ( 5 ) . 

There i s considerable current i n t e r e s t over the question of 
what f a c t o r s govern the α versus β r e g i o s e l e c t i v i t y of hydrogen 
atom a b s t r a c t i o n by the carbon-carbon double bonds of photoexcited 
a,β-unsaturated ketones (12-14). In s o l u t i o n , a b s t r a c t i o n by the 
β-carbon i s normally p r e f e r r e d , and t h i s i s the r e g i o s e l e c t i v i t y 
followed i n s i x of the eight enones studied i n t h i s work. This 
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can be a t t r i b u t e d to the preference f o r forming a resonance-
s t a b i l i z e d r a d i c a l center next to the carbonyl group (J, and J) 
rather than a r a d i c a l which i s not conjugated with the carbonyl 
group (£)· 

P o s s i b l e O r i g i n s of Abnormal R e g i o s e l e c t i v i t y . What i s the reason 
f o r the reversed r e g i o s e l e c t i v i t y i n the case of enone JJJ,? One 
po s s i b l e explanation i s that the acetate group (R^) of enone 
favors the formation of b i r a d i c a l 4 (path C) through i n t e r a c t i o n 
w ith the r a d i c a l center produced on the adjacent carbon atom. 
However, i t i s now g e n e r a l l y accepted that bridged 1,3-dioxolan-
2- y l r a d i c a l s are not formed i n 1,2-acyloxy r a d i c a l rearrangements 
(15-16). A l s o , i f such a species were d i c t a t i n g the pref e r r e d 
formation of b i r a d i c a l i n the case of enone then enone JJ^ 
should behave s i m i l a r l y  but i t doe  not  I  a d d i t i o n  l i 
(R 1-CH 3, R2

:sR3=H and R^OAc
behaves normally, i . e .
when photolyzed i n the s o l i d s t a t e . Using s i m i l a r l o g i c , other 
explanations which r e l y on the d i f f e r e n c e between acetate and 
hydroxyl (e.g., hydrogen bonding c a p a b i l i t y ) can be dismissed. 

A second p o s s i b l e explanation f o r the anomalous behavior of 
compound \% i s that the a l l y l i c hydrogen being abstracted i n t h i s 
case i s much c l o s e r to the enone α-carbon atom than to the 
β-carbon. That t h i s i s not so i s evident from the carbon-hydrogen 
distances summarized i n Table I . These values, which are taken 
from the X-ray c r y s t a l l o g r a p h i c work (6-11), show no trend between 
ground st a t e a b s t r a c t i o n distance and preferred r e a c t i v i t y . For 
example, enone \& reacts at C a even though the hydrogen atom being 
abstracted i s c l o s e r to Οβ. 

S t e r i c Compression C o n t r o l . A clue to the explanation we 
favor came from an i n s p e c t i o n of the c r y s t a l packing f o r enones 
J ^ - J J i . I t appeared that the change i n h y b r i d i z a t i o n of C a or Co 
from s p 2 to s p 3 , which n e c e s s a r i l y accompanies hydrogen t r a n s f e r 
to these atoms, would force the methyl groups at these centers 
i n t o close contacts with c e r t a i n hydrogen atoms on neighboring 
molecules and thus s t e r i c a l l y impede the r e a c t i o n . For the same 
reason, t w i s t i n g about the carbon-carbon double bond, which i s 
believed to accompany p h o t o e x c i t a t i o n of a, β-unsaturated ketones 
i n s o l u t i o n (13, 17-18), i s u n l i k e l y to be important i n the s o l i d 
s t a t e f o r enones JA"JJl e T n e s t e r i c hindrance to p y r a m i d a l i z a t i o n 
i s represented s c h e m a t i c a l l y i n Figure 3. The packing diagrams 
i n d i c a t e d that s t e r i c hindrance to p y r a m i d a l i z a t i o n ( s t e r i c 
compression) was present i n a l l eight compounds st u d i e d . For 
enones J J ^ 1£ and ^ J i , s t e r i c compression occurs upon 
p y r a m i d a l i z a t i o n at both C a and Cq. The only exceptions to t h i s 
trend were the C methyl group of compound \& and the Cβ methyl 
group of enone whose p y r a m i d a l i z a t i o n appeared to be unimpeded. 
This formed the basis of our working hypothesis, namely that i t i s 
the v oid space surrounding the C a methyl group of enone }&, which 
allows r e a c t i o n and p y r a m i d a l i z a t i o n at t h i s center i n co n t r a s t to 
the s t e r i c compression which would attend r e a c t i o n and 
p y r a m i d a l i z a t i o n at Co. 
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Figure 1. The r e a c t i o n c a v i t y before r e a c t i o n ( f u l l l i n e ) and 
i n the t r a n s i t i o n s t a t e (broken l i n e ) f o r e n e r g e t i c a l l y 
favorable (a) and unfavorable (b) r e a c t i o n s . Adapted w i t h 
permission from Ref. 2. Copyright 1981, Verlag Chemie. 

Figure 3. S t e r i c compression r e s u l t i n g from p y r a m i d a l i z a t i o n at the 
β-carbon atom. The s u b s t i t u e n t s have been omitted f o r c l a r i t y . 
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Computer Simulation of P y r a m i d a l i z a t i o n . This hypothesis was 
t e s t e d by computer s i m u l a t i o n of the p y r a m i d a l i z a t i o n at e i t h e r C a 

or Co of a s i n g l e molecule surrounded by i t s s t a t i o n a r y l a t t i c e 
neighbors. Using the X-ray c r y s t a l s t r u c t u r e - d e r i v e d coordinates 
of enones l a r J J i as a s t a r t i n g p o i n t , the methyl groups attached to 
C and Co were rotated downwards by i n t e r v a l s of 11°, 22°, 33°, 
4 4 ° and 5 5 ° keeping a l l other coordinates unchanged. At each 
i n t e r v a l , any new i n t e r m o l e c u l a r hydrogen-hydrogen contacts of 
l e s s than 2.2 Â i n v o l v i n g the methyl groups undergoing p y r a m i d a l i 
z a t i o n were noted. The distance of 2.2 Â was s e l e c t e d because 
t h i s i s the distance below which the non-bonded r e p u l s i o n energy 
betweeen hydrogen atoms becomes s i g n i f i c a n t (vide i n f r a ) . 

The r e s u l t s confirmed our working hypothesis. P y r a m i d a l i z a 
t i o n at C a of enone ]£, and Co of ] ^ l e d to no s i g n i f i c a n t s t e r i c 
compression (contacts >2.2 Â), whereas p y r a m i d a l i z a t i o n i n a l l 
other cases led to ne  contact  averagin  (at t h e i  minimum) 
1.6±0.3 Â. These r e s u l t
example, Figure 4 show
a f t e r p y r a m i d a l i z a t i o n at C Q . The s t e r i c compression accompanying 
f u l l 5 5 ° p y r a m i d a l i z a t i o n i s i n d i c a t e d by the dotted l i n e s and 
c o n s i s t s of hydrogen-hydrogen contacts of 1.71 and 1.87 Â; 
p y r a m i d a l i z a t i o n at C a i s unimpeded. 

S t e r i c Compression Energies. An estimate of the s t e r i c 
compression energies accompanying p y r a m i d a l i z a t i o n may be reached 
using one or more of the s e v e r a l semi-empirical equations which 
r e l a t e interatomic distance and non-bonded r e p u l s i o n energy. Two 
of the b e t t e r known equations are the Lennard-Jones 6-12 p o t e n t i a l 
f u n c t i o n (19) and the Buckingham p o t e n t i a l as parameterized by 
A l l i n g e r f o r h i s MM2 force f i e l d program (20). These two 
functions are p l o t t e d g r a p h i c a l l y i n Figure 5 f o r i n t e r a c t i o n s 
i n v o l v i n g hydrogen atoms. Using t h i s p l o t we can estimate the 
s t e r i c compression energy f o r enone \& f u l l y pyramidalized at 0β 
(contacts of 1.71 and 1.87 Â). This amounts to 11.7 kcal/mole 
(MM2) or 12.7 kcal/mole (6-12). 

Methyl Group R o t a t i o n . Methyl group r o t a t i o n , which can be r a p i d 
i n the s o l i d s t a t e , can obviously a l t e r the s t e r i c compression 
contacts. I n i t i a l l y , the computer s i m u l a t i o n of p y r a m i d a l i z a t i o n 
was c a r r i e d out keeping the methyl groups i n t h e i r o r i g i n a l , 
ground st a t e r o t a t i o n a l o r i e n t a t i o n s . Having determined the 
minimum int e r m o l e c u l a r contacts attending p y r a m i d a l i z a t i o n , we 
then rotated the i n t e r a c t i n g methyl groups i n both d i r e c t i o n s by 
30° and redetermined the contacts. The r e s u l t s of such a computer 
experiment f o r r o t a t i o n of the pyramidalized Comethyl group of 
enone \& are given i n Figure 6 which i s a p l o t of i n t e r m o l e c u l a r 
hydrogen-hydrogen contact versus angle of r o t a t i o n . This shows 
that r o t a t i o n of t h i s methyl group i n e i t h e r d i r e c t i o n does not 
r e l i e v e the s t e r i c compression caused by p y r a m i d a l i z a t i o n . For 
example, r o t a t i o n i n the p o s i t i v e d i r e c t i o n , while s l i g h t l y 
r e l i e v i n g the 1.71 Â contact, s t r o n g l y decreases the 1.87 Â 
contact. R o t a t i o n i n the opposite d i r e c t i o n i s no b e t t e r ; the 
1.71 Â contact i s decreased s l i g h t l y while the 1.87Â i s r e l i e v e d . 
In a d d i t i o n , a t h i r d contact, 2.20 Â, which i s unimportant at 0°, 
becomes a s i g n i f i c a n t at approximately -20°. A s i m i l a r r o t a t i o n 
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Figure 4. Stereodiagrams of enone lg, before (above) and a f t e r 
(below) p y r a m i d a l i z a t i o n at the β-carbon atom. The s t e r i c 
compression contacts which develop are shown by the dotted 
l i n e s . 

1.5 1.7 1.9 2.1 2.3 2.5 2.7 

Η β..·Η Contact 
Figure 5. Hydrogen-hydrogen non-bonded r e p u l s i o n energies 
versus distance for MM2 (dotted l i n e ) and 6-12 ( s o l i d l i n e ) 
p o t e n t i a l f u n c t i o n s . The energies at 1.71 and 1.87 Â are 
shown. 
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s i m u l a t i o n was c a r r i e d out f o r the non-pyramidalized methyl group 
f o r the i n t e r a c t i n g p a i r i n the case of enone Again, r o t a t i o n 
was found to be i n e f f e c t i v e i n r e l i e v i n g the hydrogen-hydrogen 
s t e r i c compression contacts. Methyl r o t a t i o n was tested f o r a l l 
e i g ht enones s t u d i e d . Although the hydrogen-hydrogen contacts 
v a r i e d with r o t a t i o n (as above), i n no case d i d r o t a t i o n a l t e r the 
conclusions reached on the basis of the 0° r o t a t i o n contacts. 

Mechanistic I n t e r p r e t a t i o n » We i n t e r p r e t the s t e r i c compression 
r e s u l t s k i n e t i c a l l y i n terms of the r e l a t i v e a c t i v a t i o n energies 
f o r hydrogen atom t r a n s f e r . I t i s w e l l e s t a b l i s h e d that hydrogen 
a b s t r a c t i o n i s the r a t e determining step i n other hydrogen 
t r a n s f e r - i n i t i a t e d photorearrangements such as the N o r r i s h type I I 
r e a c t i o n (21-25). The s i t u a t i o n i s summarized i n Figure 7. In 
the absence of any s t e r i
β-carbon has a lower
the α-carbon atom f o y
compression accompanying hydrogen t r a n s f e r to both C a and Co 
r a i s e s both a c t i v a t i o n energies, but maintains the ordering of Co 
below C a (enones J<&» Ul> \$L> U, a t u* S t e r i c compression 
at C a but not Co (enone l&) increases the normal a c t i v a t i o n energy 
d i f f e r e n c e r e s u l t i n g i n a b s t r a c t i o n by Cg being even more favored 
than before. In the anomalous case of enone however, s t e r i c 
compression occurs only at Co w i t h the r e s u l t that a b s t r a c t i o n by 
Co has a higher a c t i v a t i o n energy than a b s t r a c t i o n by C a thus 
accounting f o r the observed change i n r e g i o s e l e c t i v i t y . An 
a d d i t i o n a l i n t e r e s t i n g point concerns the photochemical i n e r t n e s s 
of enone O r i g i n a l l y t h i s u n r e a c t i v i t y was as c r i b e d s o l e l y to 
the unusually long hydrogen a b s t r a c t i o n distances involved (Table 
I ) , but i t now can be seen to be due i n a d d i t i o n to the s t e r i c 
compression which would accompany a b s t r a c t i o n at e i t h e r carbon. 

At t h i s p o i n t , while the main features of the theory are 
c l e a r , i t i s not worthwhile to t r y to c a l c u l a t e the a c t u a l 
a c t i v a t i o n energy d i f f e r e n c e s f o r each enone based on the 
hydrogen-hydrogen contacts accompanying p y r a m i d a l i z a t i o n i n each 
case. The main reasen f o r t h i s i s the r e l a t i v e l y large (but 
normal) experimental e r r o r s i n determining the hydrogen atom 
coordinates from the room temperature c r y s t a l l o g r a p h i c data. As 
i s apparent from Figure 5, compression energy i s a very s e n s i t i v e 
f u n c t i o n of distance below 2 Â. Neutron d i f f r a c t i o n studies would 
permit more accurate q u a n t i f i c a t i o n of the theory. 

S t e r i c Compression I n h i b i t i o n of [2+2] P h o t o c y c l o a d d i t i o n . 
Following the pioneering work of Schmidt and co-workers on the 
s o l i d s t a t e photodimerization reactions of the cinnamic acids 

(26), a very large body of evidence 
CH ο has accumulated which demonstrates 

^ Λ ψ Α . that i n t r a m o l e c u l a r [2+2] 
ί Τ Η 8 (Ε = CO CH ) photocycloaddition i s the v i r t u a l l y 
^ • ^ V r *v 2 3 i n e v i t a b l e r e s u l t of a c r y s t a l 

C H 3 C H 3 packing arrangement which o r i e n t s 
l a t t i c e neighbors so that the 
p o t e n t i a l l y r e a c t i v e double bonds l i e 
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2.20 A contact 

1.71 A contact 

1.87 A contact 
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Figure 6· Hydrogen-hydrogen contacts versus angle of r o t a t i o n 
f o r the pyramidalized methyl group of enone ^g,. Of the nine 
t o t a l contacts, only the three shown are below 2.2 Â. 

Steric Compression 
at C a Only 

Steric Compression 
at Both Carbons 

Steric Compression 
at 0β Only 

No Steric 
Compression 

Figure 7. R e l a t i v e a c t i v a t i o n energies f o r hydrogen t r a n s f e r t o 
C a or Cg as a f u n c t i o n of s t e r i c compression accompanying 
p y r a m i d a l i z a t i o n . 
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i n a p a r a l l e l arrangement at center to center distances of 4.1 Â 
or l e s s (27-34). We were thus very s u r p r i s e d to observe the 
complete l a c k of photochemical r e a c t i v i t y of enone when 
i r r a d i a t e d i n the s o l i d s t a t e . Compound 8 c r y s t a l l i z e s i n a 
l a t t i c e arrangement which i s i d e a l f o r i n t e r m o l e c u l a r [2+2] photo
c y c l o a d d i t i o n (Figure 8) (35). The p o t e n t i a l l y r e a c t i v e double 
bonds are ori e n t e d i n a head to t a i l f ashion and are p a r a l l e l , 
d i r e c t l y above one another and only s l i g h t l y o f f s e t along the 
double bond a x i s (0.52 Â); the center to center distance i s 3.79 
Â. Nevertheless, p h o t o l y s i s of s i n g l e c r y s t a l s of fo r up to 40 
hours at -16° to -18°C (to prevent melting) with a L i c o n i x Helium-
Cadmium 325 nm CW l a s e r showed l e s s than 1% r e a c t i o n by c a p i l l a r y 
gas chromatography. That t h i s lack of r e a c t i v i t y i s not an 
i n t r i n s i c property of enone was shown by the f a c t that i t s 
s o l u t i o n phase i r r a d i a t i o  th  wavelength lead
t i a l l y q u a n t i t a t i v e y i e l d
i n t r a m o l e c u l a r [2+2] c y c l o a d d i t i o n

What i s the source of t h i s remarkable la c k of r e a c t i v i t y i n 
the s o l i d state? The packing diagram shown i n Figure 8 reveals 
the probable answer. As the p o t e n t i a l l y r e a c t i v e molecules X and 
X s t a r t to move towards one another i n the i n i t i a l stages of [2+2] 
phot o c y c l o a d d i t i o n , each experiences i n c r e a s i n g l y severe s t e r i c 
compression of two of i t s methyl groups (dotted l i n e s ) . The key 
feature of t h i s s t e r i c compression i s that i t i s developed, not 
between the p o t e n t i a l reactants X and X ( a f t e r a l l , a c e r t a i n 
amount of s t e r i c compression between reactants must always accom
pany bond formation between them), but between X and Ϋ and X and 
Y. Thus molecules Y and Ϋ act as s t a t i o n a r y impediments to photo
d i m e r i z a t i o n i n e x a c t l y the same way as the s t a t i o n a r y l a t t i c e 
neighbors i n h i b i t e d hydrogen a b s t r a c t i o n i n the case of enones 

Computer Simulation of Photodimerization. These ideas were te s t e d 
by computer s i m u l a t i o n of the s o l i d s t a t e [2+2] photocyclo
a d d i t i o n . Two mechanisms were considered: (1) Molecules X and X 
move toward each other i n 0.24 Â increments along the double bond 
center to center vector (dual motion mechanism) and (2) molecule X 
remains f i x e d while molecule X moves toward i t i n 0.48 Â i n c r e 
ments along the center to center vector ( s i n g l e motion mechanism). 
In both cases, the coordinates of molecules Y and Ϋ were l e f t 
unchanged during the h y p o t h e t i c a l d i m e r i z a t i o n . The new hydrogen-
hydrogen contacts were then determined at each stage of the 
di m e r i z a t i o n s . By v i r t u e of the symmetry of the system, a l l four 
hydrogen-hydrogen contacts are i d e n t i c a l , and the contacts 
developed by moving X toward X are the same as those developed by 
moving X toward X. 

The r e s u l t s are shown g r a p h i c a l l y i n Figure 9. This i s a 
p l o t of the t o t a l s t e r i c compression energy (MM2) versus double 
bond center to center distance f o r both the dual motion and s i n g l e 
motion d i m e r i z a t i o n pathways. In both cases, the s t e r i c 
compression accompanying d i m e r i z a t i o n i s of s u f f i c i e n t magnitude 
to account reasonably f o r the lack of d i m e r i z a t i o n . For example, 
at a center to center distance of 2.35 Â (dual motion mechanism), 
the hydrogen-hydrogen contact i s 1.9 Â and the t o t a l MM2 r e p u l s i o n 
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Figure 8· Stereo packing diagram of compound Molecules X 
and X are r e l a t e d throug
X along a_ generates Y
Ϋ. 

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 

Center to Center Double Bond Distance (A) 

Figure 9. MM2 s t e r i c compression energy versus double bond 
center to center distance f o r s i n g l e and dual motion photo
d i m e r i z a t i o n pathways. 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



254 ORGANIC PHOTOTRANSFORMATIONS IN NONHOMOGENEOUS MEDIA 

energy i s 13.2 kcal/mole. This corresponds to a p r e - d i m e r i z a t i o n 
geometry i n which 2p - 2p o r b i t a l overlap i s sm a l l . This i s based 
on Roberts' c a l c u l a t i o n s of the overlap i n t e g r a l S ^ versus 
distance f o r 2ρ-σ and 2p-π bonding (36). Using these data, we 
estimate that at a center to center separation of 2.35 Â ( o f f s e t 
0.33 Â), the ρ-orbital overlap between molecules X and X i s l e s s 
than 20% of maximum. Further movement of X and X towards each 
other becomes p r o h i b i t i v e l y expensive owing to the f a c t that the 
hydrogen-hydrogen r e p u l s i o n energy r i s e s very stee p l y below 1.9 Â 
(Figure 5). As i n the case of enones ^a j " l J i , these o v e r a l l conclu
sions are not a l t e r e d when r o t a t i o n of the i n t e r a c t i n g methyl 
groups i s taken i n t o account. 

A f i n a l point concerns the i n t e r e s t i n g p r e d i c t i o n that at 
center to center distances above 2.1 Â the dual motion photo
d i m e r i z a t i o n i s l e s s s t e r i c a l l
pathway. This can be
an i d e a l i z e d drawing of the packing arrangement f o r compound g, 
showing the methyl-methyl i n t e r a c t i o n s . Simply put, the sum of 
the four i n t e r a c t i o n s developed i n moving both reactants toward 
each other by a distance d i s l e s s than the sum of the two much 
more severe i n t e r a c t i o n s which r e s u l t when one of the reactants i s 
moved toward the other by a distance 2d. 

Summary. We have shown that the course of both unimolecular and 
bimolecular s o l i d s t a t e chemical r e a c t i o n s can be infl u e n c e d 
profoundly by c e r t a i n s p e c i f i c s t e r i c i n t e r a c t i o n s which develop 
between he r e a c t i n g molecules and t h e i r s t a t i o n a r y l a t t i c e 
beighbors. We suggest the term s t e r i c compression c o n t r o l f o r 
t h i s e f f e c t and p r e d i c t that i t w i l l f i n d general u t i l i t y i n 
understanding chemical processes i n the s o l i d s t a t e . Our r e s u l t s 
provide strong support f o r Cohen's r e a c t i o n c a v i t y (2) and 
Gavezzotti's volume a n a l y s i s (4) view of s o l i d s t a t e s p e c i f i c i t y . 
We are i n the process of t e s t i n g the concept of s t e r i c compression 
c o n t r o l using a wide v a r i e t y of s o l i d s t a t e systems. 

Figure 10. I d e a l i z e d packing diagram f o r compound S t e r i c 
compression between four methyl groups develops as [2+2] photo
d i m e r i z a t i o n proceeds. A l l s u b s t i t u e n t s other than those 
involved i n the hydrogen-hydrogen i n t e r a c t i o n s have been omitted 
f o r c l a r i t y . 
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Organic conductors can naturally be subdivided into two types: 
single crystals and polymers. The former have experienced a rapid 
development from semiconductors (1950's - I960's) (1) to metals 
(1970's) (2) to superconductors (1980's) (3). Highly conducting 
organic polymers (except "pyropolymers" and composites) have had a 
shorter history. 

Whereas the mechanisms responsible for metallic conductivity as 
well as the loss of conductivity at lower temperatures in single 
crystals are now understood (4), the same cannot be said for poly
meric conductors because there is s t i l l some controversy centered 
around the nature of the transport process and change carriers (5) 
For that reason and due to spatial requirements, this article will 
deal only with polymeric conductors and will emphasize poly-
(heterocycles), particularly poly(thiophene). 

The only certainty, insofar as requirements to observe high 
conductivities in polymers is concerned, is that the polymers must 
be partially oxidized or reduced ("p-doped" or "n-doped", respect
ively). It is therefore not an unreasonable assumption that any 
polymer with an extended π system will be a good candidate for the 
achievement of activated (semiconductor) or non-activated (metal) 
conductivity upon doping (6). Clearly, the simplest π-conjugated 
polymer is poly(acetylene) (Figure 1) and has therefore been the 
most extensively studied. The reasons for popularity of a polymer 
in this highly specialized area of research are ease of preparation 
and "form" (7) (film, fiber, or powder). The l a t t e r can be over
whelming; f o r example, po lyacety lene has e x i s t e d f o r decades as 
b lack , amorphous powder and was, in f a c t , doped i n the I960's (8) 
but a t t r a c t e d l i t t l e a t t e n t i o n because not much cou ld be done with 
an i n t r a c t a b l e ( n o n - f i b r i c a b l e ) " b r i c k dust" . When Shirakawa d i s 
covered the process to produce the same polymer i n f i l m form, the 
a t t e n t i o n i t a t t r a c t e d was phenomenal. 

0097-6156/85/0278-0257$06.00/0 
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*=(·),(-),(+) 

X = NH , NMe , S , 0 

F igure 1. Examples of conduct ing polymers and spec ies r e s p o n s i 
b l e f o r charge s torage . Top, po ly(acety lene) and sol H o n : 2nd, 
poly-p-phenylene and b i p o l a r o n : 3 rd , poly-rj»-phenylene s u l f i d e ; 
4 t h , p o l y ( h e t e r o c y c l e s ) and b i p o l a r o n . B ipo larons in po ly( furan) 
have not y e t been e s t a b l i s h e d . 
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Since p o l y ( p y r r o l e ) and po ly( th iophene) (PT) can be prepared in 
f i l m form by a simple procedure, they a l s o f u l f i l l the above re 
quirements f o r p o p u l a r i t y . However, i t i s c l e a r , p a r t i c u l a r l y from 
spect roscop ic i n v e s t i g a t i o n s , that the nature of the charge storage 
(and c a r r i e r s ) i n the p o l y ( h e t e r o c y c l e s ) i s d i f f e r e n t from p o l y -
(acety lene) ( 9 ) . 

The t o p i c s to be covered in t h i s a r t i c l e are: (a) b r i e f review 
of p o l y ( h e t e r o c y c l e s ) , (b) d e s c r i p t i o n of the l a t e s t r e s u l t s on 
p o l y ( t h i o p h e n e ) , and (c) d e s c r i p t i o n of p o l y ( i s o t h i a n a p h t h e n e ) , 
(PITN). 

B r i e f Review of P o l y ( h e t e r o c y c l e s ) 

These polymers, p a r t i c u l a r l
v e n i e n t l y prepared from
f a r , f u r a n , p y r r o l e , th iophene, and var ious methylated d e r i v a t i v e s 
have been polymerized by t h i s procedure (10). The anodic p o l y 
mer i za t ion apparent ly a l s o works f o r r e l a t i v e l y e l e c t r o n r i c h 
aromatic compounds such as a n i l i n e and azulene (11). 

In the case of the five-membered h e t e r o c y c l e s , p o l y m e r i z a t i o n 
occurs predominantly through the 2,5 p o s i t i o n s and when the 3,4 
p o s i t i o n s of p y r r o l e are blocked by methyl groups, number average 
molecular weights on the order of 1000 have been obta ined (12) . Of a l l 
the h e t e r o c y c l e s , unsubst i tuted pyrco le y i e l d s the most h i g h l y 
conduct ing polymer [= 200 S/cm (S = Ω ) ] . S ince the po lymer i za t ion 
i s performed under o x i d a t i v e c o n d i t i o n s , the as-formed polymer i s 
p-doped with the counter ion corresponding to the anion of the 
support ing e l e c t r o l y t e . These doped f i l m s are c o n s i d e r a b l y more 
s t a b l e to the atmosphere than t h e i r p o l y ( a c e t y l e n e ) counterpar ts . 
However, when they are connected to the cathode of a b a t t e r y , they 
can be "dedoped" (brought to a neutra l s t a t e ) and converted to an 
unstable form. Th is convers ion u s u a l l y occurs with a concomitant 
change i n c o l o r (from b l u e - b l a c k to brown or o range-red) , i n d i c a t i n g 
that these polymers are a l s o e lec t rochromic (13). 

The bandgap f o r p o l y ( p y r r o l e ) i s = 3eV (= 410nm), f o r p o l y -
(thiophene) i t i s = 2eV (= 620nm) and f o r p o l y ( a c e t y l e n e ) i t i s = 
1.6eV (= 780nm). From these numbers one could imagine that p o l y -
(acety lene) and PT would be wel l s u i t e d f o r s o l a r energy convers ion 
dev ices . However, whi le the bandgap of p o l y ( a c e t y l e n e ) i s the best 
of the three polymers to match the s o l a r spectrum, from a 
t h e o r e t i c a l p o i n t of view, i t appears as though t h i s mater ia l may be 
doomed to have very low s o l a r energy convers ion e f f i c i e n c y because 
the photogenerated c a r r i e r s can form i n t r i n s i c l o c a l i z e d gap s t a t e s 
( s o l i t o n - a n t i s o l i t o n p a i r ) at a c a l c u l a t e d rate of = 1013 sec . 
In f a c t , the observed e f f i c i e n c y of a l i q u i d j u n c t i o n p o l y -
(acety lene) s o l a r c e l l i s very low (14) . 

At the molecular l e v e l , s tud ies of the doping mechanism in the 
p o l y ( h e t e r o c y c l e s ) reveal that very short l i v e d r a d i c a l c a t i o n s 
( "po larons") immediately decay (combine) to form d i c a t i o n s ( " b i -
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p o l a r o n s " ) ; i . e . , charge storage appears to invo lve d i c a t i o n s ra ther 
than r a d i c a l c a t i o n s ( 9 , 1 5 ) . Whether b ipo larons w i l l be as d e t r i 
mental to the e f f i c i e n c y of s o l a r c e l l s based on p o l y ( h e t e r o c y c l e s ) 
as are s o l i t o n s to s o l a r energy convers ion dev ices based on po ly -
(acety lene) remains to be e s t a b l i s h e d . 

Recent Results on Poly(th iophene) 

Unl ike p y r r o l e , thiophene can be coupled through the 2,5 p o s i 
t i o n s by a non-e lectrochemica l approach i n v o l v i n g Gr ignard i n t e r 
mediates (16) . Carefu l p u r i f i c a t i o n of s t a r t i n g mater ia l s ( i n t h i s 
case 2 ,5-d i iodoth iophene) al lowed the i s o l a t i o n of an e l e c t r i c a l l y 
i n s u l a t i n g sample of PT with a molecular weight of ca 4000 and c lean 
i r and uv-v i s spect ra as wel l as elemental a n a l y s i s corresponding to 
the empi r i ca l formula CiogHg-jIS/.g
on the average, f o r ever
(17) . E l e c t r o n i c and i n f r a r e d spectroscopy revea led that the 
"chemica l l y coupled" PT was c leaner ( p r a t i c a l l y no absorpt ion below 
the bandgap) than a sample of dedoped e l e c t r o c h e m i c a l l y polymerized 
thiophene. 

S ince the i o n i z a t i o n p o t e n t i a l of thiophene i s r e l a t i v e l y h igh , 
the e l e c t r i c f i e l d s requ i red f o r i t s anodic po lymer i za t ion are 
ra ther steep (= 20V vs SCE). In a d d i t i o n , the s imp les t support ing 
e l e c t r o l y t e f o r t h i s operat ion i s L i B F . and d e p o s i t i o n of Li at the 
cathode ( u s u a l l y Pt) i s a l s o e n e r g e t i c a l l y unfavorable . Recent ly , 
Druy (13) reported that s u b s t i t u t i o n of 2 , 2 ' - b i t h i o p h e n e f o r t h i o 
phene gave b e t t e r q u a l i t y f i l m s , probably due to the lower i o n i z a 
t i o n p o t e n t i a l of the dimer r e l a t i v e to thiophene. An a d d i t i o n a l 
improvement c o n s i s t e d i n r e p l a c i n g the Pt counter e l e c t r o d e by Al 
( 9 ) . Spectroscopy revealed that dedoped PT f i l m s produced with the 
above improvements were i n d i s t i n g u i s h a b l e in q u a l i t y from the 
chemica l l y coupled PT. 

With these e x c e l l e n t f i l m s on hand we were able to do h i g h l y 
s o p h i s t i c a t e d experiments of in s i t u doping and dedoping whi le 
performing another measurement such as e l e c t r o n i c spectroscopy (9) . 
The r e s u l t s of such experiments showed that charges, in PT, are 
s tored as d i c a t i o n s ; a f i n d i n g that p a r a l l e l s observat ions on p o l y -
( p y r r o l e (15) . 

E l e c t r o n sp in resonance experiments reva led that samples of the 
chemica l ly coupled polymer had very few sp in defects (= 65 ppm per 
carbon) . P re l im inary r e s u l t s of epr experiments dur ing i n s i t u 
doping seem to corroborate the proposal of charge storage~~in the 
form of weakly conf ined b ipo la rons because doping, p a r t i c u l a r l y a t 
high dopant c o n c e n t r a t i o n s , shows almost no paramagnetism ( s p i n l e s s 
c a r r i e r s ) (18) . 

S o l i d State Photoef fects 

The technique of photoinduced spectroscopy has been used very 
e f f e c t i v e l y to probe the l i f e t i m e and nature of s ta tes in the gap of 
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po lyacety lene (19"25_); i . e . , both the l a t t i c e d i s t o r t i o n and the 
a s s o c i a t e d e l e c t r o n i c s t r u c t u r e of these photogenerated spec ies were 
i n v e s t i g a t e d by record ing the small changes i n spectroscopy ( i r , 
epr) that occur dur ing p h o t o e x c i t a t i o n ( 1 9 - 2 5 J . Frequency depen
dence of the photogenerated s i g n a l s revea led that s o l i t o n s cou ld be 
generated by photons with ηω < Ε (Ε i s the semiconductor energy 
gap). S i m i l a r l y , e l e c t r o n sp in reSonaSce measurements dur ing photo-
e x c i t a t i o n revea led the s p i n l e s s nature of the photogenerated 
spec ies (25). Because the c h a r a c t e r i s t i c features of the i n f r a r e d 
spectrum of the charged photogenerated spec ies were found to be in a 
one-to-one correspondence with the s p e c t r a l features of an inde
pendently doped sample of t rans-(CH) , a p r i n c i p a l c o n c l u s i o n was 
that in both cases the charge was sxored in the form of s p i n l e s s 
charged s o l i t o n s . 

Coupl ing of e l e c t r o n i
changes can be an i n t r i n s i
G e n e r a l i z a t i o n of t h i s idea and a p p l i c a t i o n to the l a r g e r fami ly o f 
non degenerate ground-stage, conjugated polymers was done f o r the 
f i r s t time with po ly( th iophene) (26) . 

The photoinduced absorpt ion experiments on a 0.3 wt.% po ly -
(thiophene) on KBr were c a r r i e d out by H. S c h a f f e r 2 7 us ing an IBM 
Instruments IR/98 vacuum F o u r i e r - t r a n s f o r m in ter fe rometer modi f ied 
to a l low an externa l beam of an Ar l a s e r (ηω = 2.41 eV) to 
i r r a d i a t e the sample s imultaneous ly with the probing i n f r a r e d beam. 
The observed spectrum, which i s a d i f f e r e n c e spectrum (spectrum due 
to l a s e r i r r a d i a t i o n minus dark spectrum), c o n s i s t s Of four 
r e l a t i v e l y narrow l i n e s at 1020, 1120, 1200, and 1320 cm plus a 
very broad band peaking at ^3600 cm . The c l o s e correspondence of 
the four narrow peaks with those-,reported by Hotta (27) (1330-1310, 
1200, 1120-1080, 1030-1020 c m " 1 ) , i s s t rong evidence t h a t the 
e l e c t r o n i c s t r u c t u r e of the photoinduced spec ies i s the same as that 
of the doped m a t e r i a l . Results of s i m i l a r experiments c a r r i e d out 
by M o r a e s 2 6 on the same KBr suspension of neutra l po ly( th iophene) 
us ing e l e c t r o n sp in resonance as a probe, revea led that contrary to 
the case of (CH) , a sp in bear ing spec ies was generated; s t r o n g l y 
imply ing the formation of r a d i c a l c a t i o n s ( p o l a r o n s ) . In t h i s 
context , the broad band with a maximum at 0.45 eV (3600 cm ) can be 
ass igned to the lowest-energy e l e c t r o n i c t r a n s i t i o n of these photo
generated, d e l o c a l i z e d r a d i c a l c a t i o n s (po larons) (26) . 

S ince we had shown e a r l i e r 1 8 that the spec ies generated upon 
(dark) doping were d e l o c a l i z e d c a t i o n s ( p o l a r o n s ) , one can conclude 
from the above experiments t h a t in po ly( th iophene) i r r a d i a t i o n 
generates both c a t i o n s and c a t i o n r a d i c a l s ; i n sharp c o n t r a s t to 
what i s observed in ( Ε Η ) χ . 

F i n a l l y , another set of p r e l i m i n a r y experimetns sowed that 
Schottky b a r r i e r s and diodes could be prepared from PT f i l m s or 
pressed p e l l e t s . E f f i c i e n c y of photoenergy convers ion by these 
devices i s c u r r e n t l y under intense i n v e s t i g a t i o n by M. Isogai (28) 
in our group. 
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Recent Results on Po ly( i soth ianaphthene) 

PITN has r e c e n t l y been prepared i n our group by severa l 
chemical and e lec t rochemica l procedures (29). The reason f o r i t s 
c r e a t i o n i s best exp la ined with Scheme I , below. 

Scheme I 

I f both resonance forms l a and l b were i s o e n e r g e t i c , then there 
would be no bond a l t e r n a t i o n " ™ the hydrocarbon backbone of PT and 
the polymer would probably e x h i b i t m e t a l l i c c o n d u c t i v i t y without the 
need to dope. In r e a l i t y , as shown in Scheme I , the two forms are 
not i s o e n e r g e t i c and the r e s u l t i n g bond a l t e r n a t i o n in resonance 
form l a of PT, g ives r i s e to the observed bandgap of ca 2eV. 

On the other hand
would produce the near l
because the gain i n a r o m a t i c i t y of the benzene r i n g T n 2b i s ex
pected to outweigh the loss of thiophene a r o m a t i c i t y in 2a. The 
r e s u l t would be a m e l i o r a t i o n of bond a l t e r n a t i o n ( " P e i e r l s d i s t o r 
t i o n " of the backbone) with a concomitant decrease in bandgap. 

Recent r e s u l t s of in s i t u doping spectroscopy (F igure 2) as 
wel l as c y c l i c voltammetry by N. Co laner i and M. Kobayashi in our 
l abora tory showed that indeed the bandgap of PITN i s ca one eV lower 
than that of PT. An i n t e r e s t i n g " f a l l o u t " of t h i s r e s u l t i s that 
upon doping, the absorpt ion moves in to the i n f r a r e d reg ion and the 
mater ia l becomes a t ransparent (depending on sample t h i c k n e s s ) , 
ye l low conductor; i . e . , PITN i s a high c o n t r a s t e lec t rochromic 
m a t e r i a l . The energy gap i s now low enough so that Schottky b a r r i e r 
experiments showed Ohmic, ra ther than diode behav ior , as was ob
served with PT. 

E l e c t r o n microscopy revea led that the morphology of 6% CI 
doped PITN depends on the subst rate on which i t i s depos i ted and 
that i t i s a r e l a t i v e l y "open" s t r u c t u r e , although not as open as 
p o l y ( a c e t y l e n e ) . Se lec ted area e l e c t r o n d i f f r a c t i o n on the same 
sample showed the mater ia l to be p a r t i a l l y c r y s t a l l i n e ( three d i f 
f r a c t i o n r ings cou ld be seen). 

Contrary to PT, the f u l l y dedoped PITN i s b l u e - b l a c k and i s a 
semiconductor; an observat ion which i s in agreement with the small 
energy gap of t h i s new polymer. 

Conclus ions and Outlook 

We have presented evidence to prove the s t r u c t u r e of e l e c t r o -
chemica l l y g e n e r a l l y po ly( th iophene) from di th iophene both by inde
pendent synthes is and spectroscopy. Diodes and photodiodes were 
f a b r i c a t e d from l i g h t l y doped chemica l ly and e l e c t r o c h e m i c a l l y 
synthes ized PT. 
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l a l b 

ΔΕ l b > ΔΕ l a 

ΔΕ 2a s 2b; ΔΕ 2a > 2b ? 

Scheme I 

τ ι 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 

ENERGY (eV) 

Figure 2. In s i t u e l e c t r o n i c spectroscopy of PITN. S o l i d l i n e 
at 2.5V i s a 6% C T doped sample and the 3.5V l i n e corresponds to 
the same sample, f u l l y doped. Voltages are \is_ L i . 
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Using phys i ca l organic chemical r a t i o n a l i z a t i o n s , we were able 
to modify the e l e c t r o n i c s t r u c t u r e of a p o l y ( h e t e r o c y c l e ) . The 
r e s u l t was p o l y ( i s o t h i a n a p h t h e n e ) ; a polymer which i s a l ready a 
semiconductor in the neutra l (undoped) s t a t e . In the f u l l y doped 
s t a t e , PITN i s a t ransparent conduct ing polymer. 

Our r e s u l t s with PITN are very encouraging to the development 
of an organic semimetal (zero gap semiconductor) s ince a r e l a t i v e l y 
minor m o d i f i c a t i o n al lowed to reduce the energy gap w i t h i n a fami ly 
of p o l y ( h e t e r o c y c l e s ) by 1 eV (23 K c a l ) . Further m o d i f i c a t i o n s by 
annulat ion and s u b s t i t u t i o n ( e l e c t r o n donor or acceptor) are ex
pected to f u r t h e r reduce the energy gap of a PT-based polymeric 
conductor. We are c u r r e n t l y a c t i v e l y engaged in the p r e p a r a t i o n of 
such neutra l organic conductors . 
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Photochemical Reactions in Oriented Systems 
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Modification of chemica
strained and/or organize
of attention recently. Results fro  ou  laboratory i  this 
direction which include a study of photochemical reactions 
in solid state and in cyclodextrins are presented here. A 
study of solid state photochemical behavior of coumarins 
has provided information regarding subtler aspects of topo
chemical postulates of photodimerization. Results pertain
ing to geometrical criteria for photodimerization and 
"chloro" as a crystal engineering group are discussed. As 
a part of an attempt to correlate chemical reactivity with 
molecular packing in the solid state, photooxidation of 
diarylthioketones in the solid state has been investigated. 
The observed differences in the reactivity of these crys
tals are rationalized in terms of crystal packing. Though 
cyclodextrins have been extensively studied, very few pho
tochemical reactions involving molecules complexed to 
cyclodextrins have been examined. In this connection, the 
utility of cyclodextrins in bringing about selectivity in 
photochemical reactions through the study of excited state 
behavior of olefins and aryl alkyl ketones has been demon
strated in our laboratory. 

The photochemistry and photophysics of organic molecules i n the c r y s 
t a l l i n e s t a t e and i n the organized assemblies has a t t r a c t e d c o n s i d e r 
able a t t e n t i o n (1-4). C o n t r o l of stereo and regiochemistry i n photo
chemical r e a c t i o n s through the use of constrained media such as mole
c u l a r and l i q u i d c r y s t a l s , monolayers, m i c e l l a r assemblies, i n c l u s i o n 
complexes and s i l i c a g e l surfaces has opened new v i s t a s i n photochem
i s t r y . During the l a s t few years our group has been i n v e s t i g a t i n g 
the environmental perturbations on photochemical r e a c t i o n s (5-19). 
Such stud i e s have been concerned wi t h s o l i d s t a t e , m i c e l l a r and i n 
c l u s i o n complexes. The goal i s to achieve s e l e c t i v i t y i n photochem
i c a l r e a c t i o n s using these unusual environments and to understand the 
features c o n t r o l l i n g such s e l e c t i v i t y . This a r t i c l e which summarizes 
some of our r e s u l t s i s d i v i d e d i n t o two p a r t s : the f i r s t part deals 
w i t h photochemical d i m e r i z a t i o n of coumarins and photooxidation of 
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thioketones i n the s o l i d s t a t e . In the second p a r t , s e l e c t i v i t i e s 
obtained i n the photochemical r e a c t i o n s of o l e f i n s and a r y l a l k y l 
ketones using c y c l o d e x t r i n complexes are described. 

S o l i d State Photochemistry 

Photodimerization of Coumarins i n the S o l i d State. Studies by 
Schmidt and his-co-workers on cinnamic acids have demonstrated that 
photodimerization i n the s o l i d s t a t e are s t r i c t l y c o n t r o l l e d by the 
packing arrangement of the molecule i n the c r y s t a l s (20,21). Schmidt 
has drawn a t t e n t i o n to the f a c t that not only must the double bonds 
of the r e a c t i v e monomers of cinnamic a c i d be w i t h i n 4.2 Â they must 
al s o be al i g n e d p a r a l l e l f o r d i m e r i z a t i o n to occur. F o l l o w i n g the 
i n i t i a l observation w i t h methyl m-bromo-cinnamate wherein the reac
t i v e double bonds are rot a t e d w i t h respect to each other by 28° a few 
examples have been reported which support the p a r a l l e l i s m requirement 
f o r photodimerization (22,23)
a l s o been reported wher
bonds has not been adhered to and yet photodimerization occurs (24-
27). I t i s c l e a r that a reexamination of the s u b t l e r aspects of the 
topochemical postulates i s e s s e n t i a l . I n s p i t e of growing i n t e r e s t i n 
organic r e a c t i o n s i n the c r y s t a l l i n e s t a t e , the u t i l i t y of such reac
t i o n s as a s y n t h e t i c t o o l i s l i m i t e d by the d i f f i c u l t y of achieving 
the d e s i r e d type of c r y s t a l s t r u c t u r e i n any given case, f o r the 
f a c t o r s that c o n t r o l the c r y s t a l packing are not f u l l y understood. 
Therefore, scope undoubtedly e x i s t s f o r "engineering 1 1 organic c r y s 
t a l s . In t h i s connection we have embarked on a systematic c r y s t a l -
l o g r a p h i c and photochemical study of a large number of s u b s t i t u t e d 
coumarins. A study of a large number of coumarins (28 i n t o t a l ) pro
vided an opportunity to derive information regarding various aspects 
of photodimerization i n the s o l i d s t a t e . Of these, r e s u l t s p e r t a i n 
ing to p a r a l l e l i s m c r i t e r i a f o r photodimerization and " c h l o r o " as a 
c r y s t a l engineering group are presented here. 

S o l i d s t a t e photodimerization of 7-methoxycoumarin i s p a r t i c u 
l a r l y important i n connection with the p a r a l l e l i s m c r i t e r i a f o r pho
t o d i m e r i z a t i o n i n the s o l i d s t a t e . The c r y s t a l s of 7-methoxycoumarin 
are t r i c l i n i c w i t h a = 6.834(3), b = 20.672(4), c = 12.600(7) Α, α -
108.19(3), β = 95.23(4), γ - 95.22(3), space group Ρτ and Ζ = 4. X-
ray c r y s t a l s t r u c t u r e a n a l y s i s shows that the p o t e n t i a l l y r e a c t i v e 
double bonds of the monomer molecules w i t h i n the asymmetric u n i t are 
rot a t e d by 65° w i t h respect to each other although the center to cen
ter d istance between the double bonds i s 3.83 Â (Figure 1). However, 
the dimer y i e l d w i t h i n twenty-four hours of i r r a d i a t i o n of the c r y s 
t a l l i n e 7-methoxycoumarin was 90%. The s t r u c t u r e of the dimer was 
confirmed to be syn h e a d - t a i l by X-ray s t u d i e s . We note from the 
progress of the d i m e r i z a t i o n with respect to time of i r r a d i a t i o n that 
7-methoxycoumarin behaves very much l i k e the ones i n which the reac
t i o n i s topochemical. I t was observed that there was no p e r c e p t i b l e 
evidence f o r i n d u c t i o n period i n the coumarins ( i n c l u d i n g 7-methoxy
coumarin) which are b e l i e v e d to be topochemically favorable f o r d i 
m e r i z a t i o n whereas s i g n i f i c a n t i n d u c t i o n period was noti c e d i n cases 
where the photoreaction o r i g i n a t e d at d e f e c t s . However as seen i n 
Figure 1 the two double bonds, although w i t h i n the r e a c t i v e d i s t a n c e , 
are not s u i t a b l y juxtaposed f o r d i m e r i z a t i o n . Therefore, presence of 
a c e r t a i n degree of inherent o r i e n t a t i o n a l f l e x i b i l i t y of the mole-
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Figure 1. D i s p o s i t i o n of the Reactive Double Bonds C(3)-C(4) 
and C(3')-C(4') of 7-Methoxycoumarin i n the Asymmetric U n i t . 
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cules i n the c r y s t a l l a t t i c e has to be invoked to e x p l a i n the topo
chemical nature of d i m e r i z a t i o n . Two dimers namely a n t i head-head 
and syn h e a d - t a i l could r e s u l t i f the r o t a t i o n of the molecules i s 
allowed i n the c r y s t a l l a t t i c e . Formation of a n t i head-head dimer 
would req u i r e a t o t a l r o t a t i o n of 115° whereas the syn h e a d - t a i l 
would r e q u i r e 65°. 

I t i s q u i t e l i k e l y that the uv r a d i a t i o n absorbed by the r e a c t 
ing molecules i s s u f f i c i e n t to allow the molecules to undergo the 
requ i r e d r o t a t i o n provided the motion i s co-operative and extends 
through the c r y s t a l . However, i t seems e s s e n t i a l to postu l a t e an 
inherent f l e x i b i l i t y w i t h i n the c r y s t a l l a t t i c e f o r these molecules 
to undergo r o t a t i o n as t h i s would all o w us to understand the l a r g e 
y i e l d of the dimer. Therefore, i n order to estimate the inherent 
o r i e n t a t i o n a l f l e x i b i l i t y of the molecules i n the c r y s t a l l a t t i c e , 
l a t t i c e energy c a l c u l a t i o n s were c a r r i e d out using a computer program 
WMIN developed by Busing (28). Much to our s u r p r i s e the energy c a l 
c u l a t i o n s revealed the presenc
ground s t a t e f o r both th
t o t a l r o t a t i o n of about 20° i n the d i r e c t i o n to generate syn head-
t a i l dimer i n the ground s t a t e i s p o s s i b l e without much increase i n 
the l a t t i c e energy (ΔΕ ~ 9.8 k c a l mole ) from the minimum energy 
p o s i t i o n as determined by X-ray c r y s t a l l o g r a p h y . With the increase 
i n a t t r a c t i v e forces between the r e a c t i v e molecules upon e x c i t a t i o n , 
one may expect that the motion of the molecules so as to achieve a 
maximum π overlap w i l l become p o s s i b l e . We propose that r o t a t i o n , i n 
a d d i t i o n to that i s a v a i l a b l e i n the ground s t a t e as i n d i c a t e d by the 
l a t t i c e energy c a l c u l a t i o n s , to generate the syn h e a d - t a i l dimer i s 
achieved due to the i n t e r a c t i o n of the e x c i t e d and ground s t a t e mole
c u l e s . In summary, the mechanism of photochemical d i m e r i z a t i o n of 
7-methoxycoumarin involves a t o t a l r o t a t i o n of 65°, w i t h i n the c r y s 
t a l l a t t i c e . Thus i t i s demonstrated that topochemical d i m e r i z a t i o n 
of n o n - p a r a l l e l double bonds i s p o s s i b l e once the freedom f o r motion 
becomes a v a i l a b l e due to e x c i t e d s t a t e i n t e r a c t i o n between molecules. 

An aspect of our d e t a i l e d study on photodimerization of cou
marins i n the s o l i d s t a t e concerns understanding the f a c t o r s that 
a f f e c t the molecular packing and i d e n t i f y i n g the groups that may be 
of value i n b r i n g i n g about the p h o t o r e a c t i v i t y . Substituents such as 
hydr o x y l , methyl, c h l o r o , acetoxy and methoxy were u t i l i z e d to e n g i 
neer the c r y s t a l s of coumarins towards p h o t o r e a c t i v i t y . Of these 
acetoxy and chloro were found to be u s e f u l engineering groups. 
Results p e r t a i n i n g to chloro are discussed below. 

The important points that emerge from the studies on the f i v e 
chlorocoumarins i n the s o l i d s t a t e are the f o l l o w i n g , (a) A l l chloro 
s u b s t i t u t e d coumarins ( 7 - c h l o r o , 6-chloro, 4-chloro, 4-methyl 7-
chl o r o and 4-methyl 6-chloro coumarins) undergo d i m e r i z a t i o n i n the 
s o l i d s t a t e . While four of these give syn head-head dimer as the 
photoproduct, 4-chlorocoumarin gives a mixture of a n t i - h e a d - t a i l and 
syn h e a d - t a i l i n poor y i e l d s (~ 25%). (b) Two of them namely 4-
chloro and 4-methyl 6-chloro coumarins e x h i b i t s i g n i f i c a n t i n d u c t i o n 
period f o r d i m e r i z a t i o n suggesting that the d i m e r i z a t i o n i n these 
cases i s non-topochemical i n nature, (c) Consistent with t h e i r 
photochemical behavior, the packing arrangements, as revealed by 
X-ray c r y s t a l l o g r a p h i c a n a l y s i s , are favorable f o r d i m e r i z a t i o n only 
i n the c r y s t a l s of 6-chloro, 7-chloro and 4-methyl 7-chloro coumarins 
(Figure 2 ) . Syn head-head dimers are the d i r e c t consequence of these 
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Monoclinic 

a - 4.037 A b « 9.759 À c = 10.922 A 
β" 90.73* Ζ » 2 

Figure 2. Packing Arrangement of (a) 7-Chlorocouraarin and 
(b) 4-Methyl 7-chlorocoumarin. 

Figure 2 continued 
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Figure 2. Packing Arrangement of (c) 4-Chlorocoumarin and 
(d) 4-Methyl 6-chlorocoumarin. 
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packing arrangements. Double bonds i n 4-chloro and 4-methyl 6-chloro 
coumarins, according to X-ray c r y s t a l l o g r a p h i c analyses, are not 
s u i t a b l y o r i e nted f o r d i m e r i z a t i o n . I t i s noteworthy t h a t , whereas 
coumarin does not undergo d i m e r i z a t i o n i n the s o l i d s t a t e , a l l the 
f i v e chlorocoumarins undergo photodimerization. I t i s s i g n i f i c a n t 
that i n the three cases the perpendicular distance between the 
c l o s e s t neighbors vary from 3.45 to 4.45 Â while i n coumarin c r y s t a l s 
i t i s as l a r g e as 5.67 A. 

Although the use of " c h l o r o " as an e f f e c t i v e s t e e r i n g device was 
o r i g i n a l l y recognized by Schmidt, no systematic study was reported 
(29,30). Therefore, i t was f e l t that the systematics i n the mode of 
packing i n c r y s t a l s t r u c t u r e s c o n t a i n i n g chloro group attached to 
aromatic rings i s worthy of i n v e s t i g a t i o n . The experimental informa
t i o n f o r our a n a l y s i s was taken from Cambridge C r y s t a l l o g r a p h i c Data 
Base ( V e r s i o n , December 1981). Out of a t o t a l of 132 s t r u c t u r e s , 
only 22 d i d not contain any Cl...CI i n t e r a c t i o n w i t h i n Cl...CI d i s
tance of <4.2 A. In th
The geometrical parameter
3. When χ = 0.0°, the atoms C^ and a r e * n c * s c o n f i g u r a t i o n , 
whereas χ = 180.0° corresponds to trans c o n f i g u r a t i o n . Figure 3 
shows a p l o t of vs 60 points l i e on the l i n e w i t h + Θ2 -
180° and i n these cases the arrangement of the molecule i s s i m i l a r to 
β-type packing. 66 points are on the l i n e with - Θ2 and t h i s con
d i t i o n simulates the packing s i m i l a r to α-type arrangement. I t i s 
noteworthy from Figure 4 which portrays the p l o t of Ν (number of 
i n t e r a c t i o n s ) vs d ( C l . . . C I distance) that when χ = 0° most of the 
Cl...CI distance l i e w i t h i n a narrow range of 3.8-4.0 A whereas the 
range i s broad (3.5-4.2 A) when χ = 180°. The observed smaller width 
f o r χ = 0°, may be a t t r i b u t e d to the a d d i t i o n a l i n t e r m o l e c u l a r i n t e r 
a c t i o n s between c l o s e neighbors. One may conclude from the r e s u l t s 
discussed above that when there i s chloro s u b s t i t u t i o n , the c h l o r i n e 
atoms of the neighboring molecules i n the c r y s t a l l a t t i c e tend to 
come c l o s e r to one another w i t h i n a distance of about 4.2 A and t h i s 
propensity of the c h l o r i n e atoms to come c l o s e r would be of p r a c t i c a l 
value i n c r y s t a l engineering. The r e s u l t s presented above on c h l o r o 
coumarins and the a n a l y s i s of the packing arrangement of 132 com
pounds from Cambridge Data Base s u b s t a n t i a t e s the use of chloro group 
as a s t e e r i n g agent during the s o l i d s t a t e photodimerization. Fur
ther work to e s t a b l i s h the g e n e r a l i t y of chloro as a " c r y s t a l e n g i 
neering" group i s under progress. 

Gas S o l i d Reaction: Photooxidation of Thioketones 

Another problem of considerable i n t e r e s t i n our l a b o r a t o r y i s the 
c o r r e l a t i o n of s o l i d s t a t e chemical r e a c t i v i t y w i t h moelcular pack
i n g . In t h i s connection the photochemical o x i d a t i o n of d i a r y l t h i o 
ketones i n the s o l i d s t a t e was i n v e s t i g a t e d . Thioketones i n general 
are r e a d i l y o x i d i z e d i n s o l u t i o n to the corresponding S-oxides and/or 
ketones and the rate and product d i s t r i b u t i o n of o x i d a t i o n are con
t r o l l e d by t h e i r inherent e l e c t r o n i c and s t e r i c features (31,32). A 
number of examples are known i n which substances vulnerable to a t t a c k 
by oxygen i n s o l u t i o n or i n the melt i s i n d e f i n i t e l y s t a b l e as the 
c r y s t a l l i n e s o l i d . Therefore, i t was of i n t e r e s t to i n v e s t i g a t e the 
p h o t o - o x i d i z a b i l i t y of thioketones i n the s o l i d s t a t e . Thioketones 
i n v e s t i g a t e d and the r e s u l t s obtained are summarized i n Table I . As 
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Θ1 - DEGREES 

Figure 3. Mode of Packing i n Chloro S u b s t i t u t e d Aromatic 
Organic C r y s t a l s w i t h i n 4.2 Â. 
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Figure 4. Histograms of Cl...CI i n t e r a c t i o n s vs. number of 
contacts. 
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may be seen from Table I , not a l l the thioketones are r e a c t i v e i n the 
s o l i d s t a t e and the d i f f e r e n c e i n t h e i r behavior between s o l u t i o n and 
the s o l i d s t a t e i s noteworthy. For example, 4,4'-dimethoxythiobenzo
phenone i s the most r e a c t i v e of a l l r e q u i r i n g 30 mts. of i r r a d i a t i o n 
i n s o l u t i o n whereas i t i s very s t a b l e i n the c r y s t a l l i n e s t a t e . This 
i n d i c a t e d that the e l e c t r o n i c p r o p e r t i e s of the thioketones are not 
c o n t r o l l i n g t h e i r r e a c t i v i t y i n the s o l i d s t a t e . 

In order to c o r r e l a t e the r e a c t i v i t y p a t t e r n of the thioketones 
with t h e i r molecular packing, a systematic c r y s t a l l o g r a p h i c i n v e s t i 
g ation of a few thioketones, r e p r e s e n t a t i v e examples of r e a c t i v e and 
unreac t i v e thioketones, was c a r r i e d out. C r y s t a l packings along the 
channel a x i s f o r a r e a c t i v e and an unreactive thioketones are shown 
i n Figure 5. S i m i l a r features are preserved i n the other thioketone 
c r y s t a l s a l s o . I t i s observed that i n r e a c t i v e thioketones there i s 
a channel along the shortest c r y s t a l l o g r a p h i c a x i s w i t h the t h i o c a r -
bonyl chromophore d i r e c t e d along the channel  Further  t h i o c a r b o n y l 
S...S i n t e r m o l e c u l a r distanc
cases are ~ 3.9 Â. On th
ketones the packing arrangement do not reve a l any such channel pass
ing through any of the c r y s t a l l o g r a p h i c a x i s . Further, the t h i o c a r 
bonyl S...S contact distances between the adjacent l a y e r s are much 
l a r g e r (~ 4.5 Â) than i n r e a c t i v e thioketones. The measured channel 
cross s e c t i o n a l area f o r the thioketones are tabulated i n Table I. 
For the r e a c t i v e thioketones, the channel cross s e c t i o n a l area i s 
f a i r l y l arge whereas f o r the unreactive thioketones e i t h e r there i s 
no channel or the channel i s too s m a l l . As t y p i c a l examples, p r o j e c 
t i o n of the c r y s t a l packing on a plane perpendicular to the channel 
a x i s f o r M i c h l e r s ' thione and 1-phenyl naphyl thioketone are shown i n 
Figure 6. 

For the o x i d a t i o n to be e f f i c i e n t , oxygen, independent of the 
r e a c t i v e s t a t e , should be able to d i f f u s e i n t o the successive l a y e r s 
of thioketones. As pointed out above, absence of channel i n 
Mi c h l e r ' s thioketone and 4,4'-dimethoxythiobenzophenone might be 
res p o n s i b l e f o r t h e i r p h o t o s t a b i l i t y . On the other hand, presence of 
channel i n thiobenzophenone, 4-phenyl-thiobenzophenone and 1-phenyl 
napthyl thioketone makes them s u s c e p t i b l e f o r o x i d a t i o n . A simple 
mechanism that could be v i s u a l i z e d f o r t h i s o x i d a t i o n i n v o l v e s a t t a c k 
of oxygen at the exposed e x c i t e d t h i o c a r b o n y l chromophore at the 
c r y s t a l surface to form a monolayer of the carbonyl compound. As the 
carbonyl compound i s formed, d i s o r i e n t a t i o n of the reacted l a y e r may 
occur so as to al l o w the oxygen to d i f f u s e i n t o the next l a y e r where 
the process i s repeated. The presence of th i o c a r b o n y l chromophore at 
the c r y s t a l surface i s not the s u f f i c i e n t c o n d i t i o n f o r the o x i d a t i o n 
to occur as i n a l l the f i v e cases i n v e s t i g a t e d , presence of t h i o c a r 
bonyl chromophore at the c r y s t a l surface could be i d e n t i f i e d . There
f o r e , i t i s necessary that the th i o c a r b o n y l groups be so arranged 
that o x i d a t i o n of one molecule exposes another close neighbor to 
oxygen molecule. This i s evident from the d i f f e r e n c e i n r e a c t i v i t y 
between the f i v e thioketones whose s t r u c t u r a l d e t a i l s have been 
obtained. Thus the observed d i f f e r e n c e s i n the r e a c t i v i t y of the 
c r y s t a l s can be r a t i o n a l i z e d on the basis of the c r y s t a l packing. 

Photochemical Reactions i n C y c l o d e x t r i n s 

C v c l o d e x t r i n s are c y c l i c o l i g o s a c c a r i d e s c o n t a i n i n g s i x or more D(+) 
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Figure 5. Packing Arrangements of (a) p-Phenylthiobenzophenone 
and (b) ρ,ρ'-Dimethoxythiobenzophenone. 
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Figure 6. P r o j e c t i o n of C r y s t a l Packing on a Plane Perpendicu
l a r to the Channel Axis (a) Phenyl naphthyl thione and (b) 
Mic h l e r s thione. 
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glucopyranose u n i t s connected by α-(1,4)-linkages. C y c l o d e x t r i n s 
have been very r i g i d , s p a t i a l l y r e s t r i c t e d hydrophobic c a v i t i e s which 
have been shown to i n f l u e n c e r e a c t i o n s i n v o l v i n g l a r g e changes i n 
geometry (33-37). Though c y c l o d e x t r i n s have been e x t e n s i v e l y s t u d 
i e d , very few photochemical r e a c t i o n s of molecules complexed to 
c y c l o d e x t r i n s have been examined (38,39). The s p e c i f i c o b j e c t i v e of 
our program i s to demonstrate that c y c l o d e x t r i n s can non-covalently 
i n f l u e n c e photochemical r e a c t i o n s . In t h i s connection, we have been 
i n v e s t i g a t i n g the photochemical behavior of polyenes and a r y l a l k y l 
ketones whose s o l u t i o n behavior has been w e l l understood (40-42). 

The Type I I r e a c t i o n s of a r y l a l k y l ketones having a γ hydrogen 
have been e x t e n s i v e l y i n v e s t i g a t e d (42). The intermediacy of a 1,4-
b i r a d i c a l i s now w e l l e s t a b l i s h e d f o r t h i s r e a c t i o n . The a,α-di
methyl s u b s t i t u t e d phenyl a l k y l ketones undergo α-cleavage (Type I 
r e a c t i o n ) i n a d d i t i o n to Type I I process. Because of the a n t i c i p a t e d 
s e n s i t i v i t y of these reactions to the environment the photochemistry 
of phenyl a l k y l ketones
tain e d with a few of th
s o l u t i p n and i n s o l i d s t a t e ) along wi t h those i n organic solvents are 
provided i n Table I I . The f o l l o w i n g important points emerge from 
these s t u d i e s : (a) c y c l o d e x t r i n s i n f l u e n c e the r e l a t i v e y i e l d s of 
Type I I and Type I products. Type I I r e a c t i o n i s favored over Type I 
by c y c l o d e x t r i n s . (b) Ratios of products derived from c y c l i z a t i o n 
and cleavage v i a Type I I process are a l s o a l t e r e d by c y c l o d e x t r i n 
c a v i t y i n comparison to organic s o l v e n t s . 

I t i s known that f o r phenyl a l k y l ketones both the Type I and 
Type I I r e a c t i o n s occur only from t r i p l e t s t a t e . The r a d i c a l p a i r 
formed from α-cleavage undergo d i s p r o p o r t i o n a t i o n r e s u l t i n g i n Type I 
products or recombine to regenerate the ground s t a t e ketone. The 
l a t t e r process reduces the e f f i c i e n c y of Type I product formation. 
We suggest that the c y c l o d e x t r i n c a v i t y provides an environment 
wherein recombination of the geminate r a d i c a l p a i r (from Type I) i s 
favored and t h i s r e s u l t s i n lower y i e l d of products from Type I 
process r e l a t i v e to Type I I . Experiments are underway to t e s t t h i s 
cage e f f e c t with other examples. 

The quantum y i e l d f o r Type I I r e a c t i o n and the r a t i o of products 
derived from e l i m i n a t i o n and c y c l i z a t i o n are known to be s e n s i t i v e to 
the environment. Solvents that are reasonable Lewis bases prevent 
r e v e r s i o n of t r i p l e t generated b i r a d i c a l s to ground s t a t e ketone. In 
the process, they s l i g h t l y r a i s e the c l e a v a g e / c y c l i z a t i o n r a t i o and 
change the stereochemistry of c y c l i z a t i o n . These e f f e c t s are e x p l i 
cable by a mechanism i n v o l v i n g hydrogen bonding of the hydroxybirad-
i c a l to the s o l v e n t . The c a v i t y of the c y c l o d e x t r i n c o n s i s t s of 
ether linkages capable of hydrogen bonding to the intermediate 1,4-
b i r a d i c a l . The r e s u l t s presented i n Table I I suggest that t h i s may 
not be the only f a c t o r c o n t r o l l i n g the E/C r a t i o . We a t t r i b u t e the 
v a r i a t i o n i n the E/C r a t i o to the s t e r i c c o n s t r a i n t s o f f e r e d by the 
c a v i t y of c y c l o d e x t r i n wherein the 1 , 4 - b i r a d i c a l s are l o c a t e d . While 
buterphenone and valerophenone are small and f i t completely i n s i d e 
the c a v i t y and the r e s u l t i n g 1 , 4 - b i r a d i c a l s do not experience any 
c o n s t r a i n t s during c l o s u r e to c y c l o b u t a n o l , the b i r a d i c a l s from α,α-
dimethyl buterophenone and a,α-dimethyl valerophenone experience 
considerable s t e r i c c o n s t r a i n t s upon c l o s u r e . This e f f e c t i s f a i r l y 
l a r g e i n the l a s t compound. We b e l i e v e that t h i s f a c t o r may be 
r e s p o n s i b l e f o r the decreased e f f i c i e n c y of cyclobutanol i n α, a-
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dimethyl a r y l a l k y l ketones. CPK molceular models r e v e a l that α 
s u b s t i t u t i o n forces the molecule to move c l o s e r to the rim of the 
c a i v t y and thus experience s t e r i c c o n s t r a i n t s during c l o s u r e to 
cyclobutanol (Figure 7 ) . S u b s t i t u t i o n at γ-position should enhance 
the s t e r i c c o n s t r a i n t s which i s found to be the case with α,α'-
dimethyl γ-methoxy valerophenone. E f f o r t s are underway to examine 
other model systems and to understand the features c o n t r o l l i n g the 
r e a c t i o n s i n c y c l o d e x t r i n s . 

Results obtained upon e x c i t a t i o n of c y c l o d e x t r i n complexes of 
s t i l b e n e , cinnamic a c i d esters and β-ionone are presented i n Table 
I I I and Figure 8. I t i s i n t e r e s t i n g to note that there i s s i g n i f i 
cant d i f f e r e n c e i n the behavior of these molecules i n s o l u t i o n and 
when complexed to c y c l o d e x t r i n . While i n organic solvents upon 
d i r e c t e x c i t a t i o n the photostationary s t a t e of s t i l b e n e i s h e a v i l y 
favored towards c i s - s t i l b e n
complexes of e i t h e r c i s
i n a photostationary s t a t e enriched i n t r a n s - s t i l b e n e . This behavior 
i s observed to be common w i t h α, β and γ-cyclodextrins. This impres
s i v e d i f f e r e n c e i n the photostationary s t a t e composition between 
organic solvents and c y c l o d e x t r i n s i s probably due to the i n f l u e n c e 
of the c y c l o d e x t r i n c a v i t y on the decay r a t i o of the t w i s t e d s t i l 
bene. Based on CPK molecular models one can v i s u a l i s e the s t r u c t u r e 
of the c y c l o d e x t r i n complexes of c i s and trans s t i l b e n e s as shown i n 
Figure 9. I t i s i n f e r r e d from t h i s model that the decay of the 
t w i s t e d s t i l b e n e to c i s geometry w i l l be r e s t r i c t e d by the c a v i t y . 
This e f f e c t a r i s e s due to the i n t e r a c t i o n between the phenyl r i n g and 
the rim of the c y c l o d e x t r i n c a v i t y . Indeed when the phenyl r i n g i s 
replaced by a smaller group such as cinnamate esters the behavior i n 
s o l u t i o n and i n c y c l o d e x t r i n are i d e n t i c a l (Table I I I ) . 

Impressive d i f f e r e n c e i n the behavior of β-ionone was observed 
between s o l u t i o n and c y c l o d e x t r i n complexes (Figure 8). While i n 
organic s o l v e n t s β-ionone gives r i s e to products a r i s i n g from geo
metric i s o m e r i z a t l o n and 1,5-hydrogen m i g r a t i o n , i n c y c l o d e x t r i n 
(aqueous medium) only 1,5-hydrogen migration occurs. This must be 
due to the r e s t r i c t i o n imposed by the c a v i t y on the r o t a t i o n of the 
double bond. CPK molecular models of β-ionone-cyclodextrin complex 
suggest that the r o t a t i o n of 7-8 double bond i s hindered i n the 
c a v i t y independent of how β-ionone i s accomodated i n s i d e the hydro
phobic c a v i t y (Figure 8). S e l e c t i v i t y demonstrated here has wider 
i m p l i c a t i o n both i n terms of s y n t h e t i c methodology and i n under
standing the mechanism of i s o m e r i z a t i o n of r e t i n a l . 
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J j

Figure 7. Schematics of Type I and I I re a c t i o n s of A r y l a l k y l 
ketones i n C y c l o d e x t r i n s . 

Figure 8. E x c i t a t i o n of β-Ionone i n C y c l o d e x t r i n s . 
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t Twisted 

Figure 9. Schematics of Isomerization of O l e f i n s i n Cyclodex
t r i n s . 

Table I I I Photostationary State upon I r r a d i a t i o n of S t i l b e n e and 
Cinnamic Acid Esters i n Organic Solvents and i n C y c l o d e x t r i n s . 

O l e f i n Medium Photostationary State Composition (%) 

c i s trans Phe a 

(a) S t i l b e n e Benzene 93 7 
P-CD/H20 5 90 5 
a-CD/H20 8 92 -y-CD/H20 4 91 -

(b) Methyl Cinnamate Benzene 45 55 -
Methanol 45 55 -p-CD/H20 42 58 -

(c) E t h y l Cinnamate Benzene 50 50 -
Methanol 51 49 -P-CD/H20 50 50 — 

a: Phenanthrene 
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Photoassisted Sonosynthesis of 
l,2,3,4-Tetrakis(methylthio)hexafIuorobutane 

MADELINE S. TOY and ROGER S. STRINGHAM 

Science Applications International Corporation, Sunnyvale, CA 94089 

The synthesis o
thio)hexafluoro-n-butan
photoassisted sonication, after the numerous 
attempts through the various methods had failed. A 
successful method described here consists of 
reacting trans-1,4-bis(methylthio)hexafluoro-2-bu-
tene in an excess of methyl disulfide with an added 
appropriate gas (hexafluoropropane) to increase and 
control the pressure in the reaction vessel. The 
heterogeneous mixture was then subjected to the 
combined photolysis and sonication at 50°C. The 

19FNMR and mass spectral data of the product and 
the by-product 1,2,4-tris(methylthio)-3-H-hexafluo-
ro-n-butane were presented. 

Th is work s tud ies the synthes is of po lymethy l th io adducts of 
hexaf1uorobutadi ene. The polymethyl th i operf1uoroalkanes wi11 
then be explored f o r t h e i r o x i d a t i o n products , p e r f l u o r o a l k a n e -
p o l y s u l f o n i c a c i d s . The i n t e r e s t i n the m u l t i f u n c t i o n a l s u l f o n i c 
a c i d s i s based on the oxygen reduct ion k i n e t i c s of t r i f l u o r o -
methane s u l f o n i c a c i d on plat inum being s i g n i f i c a n t l y h igher than 
i n phosphoric ac id ( 1 , 2 ) . The improved performance i s p o s s i b l e 
due to the higher oxygen s o l u b i l i t y and the lower adsorpt ion of 
CF 3 S0r* anions on Pt ( 3 - 5 ) . The CF S(LH i s a l so thermal ly 
extremely s t a b l e to a t Igast 350 C ( 6 ) , t>ut has the drawback of a 
low b o i l i n g po int at 162 C (7). Due~To the operat ion temperature 
of the present phosphoric a c i d fuel c e l l at 150 to 200 C, the 
p o s s i b l e p o t e n t i a l of the higher molecular weight p e r f l u o r o a l k a -
n e p o l y s u l f o n i c ac ids becomes apparent. The l a t t e r would not only 
reduce the vapor pressure of the monobasic a c i d , but a l so 
increase i t s f u n c t i o n a l groups (>2) f o r the fue l c e l l e l e c t r o l y t e 
a p p l i c a t i o n s . 

The known synthes i s of p e r f l u o r o a l k a n e p o l y s u l f o n i c ac ids has 
been l i m i t e d to the general formula H0 3 S(CF 2 ) S0 3 H by Ward (8) 

0097-6156/85/0278-0287506.00/0 
© 1985 American Chemical Society 
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through the h y d r o l y s i s and the ox idat ion of « , ω - b i s (methyl t h i o ) -
per f luoroa lkanes (Eq. 1) : 

600 ps i 
1/2 nCF,=CF 9 + CrUSSCH. > C H - S ( C F 9 ) n S C H , (1) 

350° C d u o 

When we reacted hexaf luoro-2-butyne and methyl d i s u l f i d e , the 
r e a c t i o n proceeded r e a d i l y i n good y i e l d to form the isomer ic 1:1 
adducts [ i . e . , c i s - and t r a n s - 2 , 3 - b i s ( m e t h y l t h i o ) h e x a f l u o r o - 2 -
butene i n equal mole r a t i o ]  but the formation of the methy l th iο 
adducts with hexaf luorobutadien
with the previous a l k y
r e a c t i o n ( E q . 2, where k _ 1 / k 2 [RSSR] i s r e l a t i v e l y l a r g e ) 
proceeding to a very poor y i e i d of the adduct (10) : 

k 9 [RSSR] 
RS* + C H ^ C H R ' ^ U - R S C H ^ H R ' - > RSCr^CrHR' )SR + RS- (2) 

k - l 

k' k' [RSSR] 
RS. + HC=CR' = = b RSCH=CR' — j> RSCH=C(R')SR + RS · (3) 

K -1 

In c o n t r a s t , Heiba and Dessan (10) a l so observed and exp la ined 
that the a d d i t i o n of RS # rad ica 'P ' to the a c e t y l e n i c bond (Eq. 3, 
where k' . / k ' ^ R S S R ] i s very smal l) was much l e s s r e v e r s i b l e than 
i t s a d d i t i o n n o the o l e f i n (Eq. 2 ) . Our r e s u l t s of CrUSSChL 
r e a c t i n g with hexaf luoro-2-butyne and not with hexaf luorobuta
diene are i n agreement with Heiba and Dessan. One i n t e r p r e t a t i o n 
f o l l o w i n g the same trend suggests , that the sonic i r r a d i a t i o n i n 
Eq. 4 may have funct ioned i n decreas ing the r e v e r s i b i l i t y of 
C H 3 S S C H 3 a d d i t i o n to CF 2 =CFCF=CF 2 d u r i n g p h o t o e x c i t a t i o n 
(resembling Eq. 2, except where kf «/^[CrUSSChL] i s g r e a t l y 
reduced to favor the adduct formation)". 

Our several attempted add i t ions of CH 3 SSCH 3 to CFp=CFCF=CF2 

r e a c t i o n s by p h o t o l y s i s a l o n e w i t h p r i o r e m u l s i T i c a t i o n , 
s o l u t i o n p h o t o l y s i s , s o n o l y s i s s i n g l y , and thermolys is up to 
230 C f o r 24 hours were u n s u c c e s s f u l ; but the combined p h o t o l y s i s 
and u l t rasound provided a convenient path to synthes ize the 
t r a n s - 1 , 4 - b i s(methylth io)hexaf1uoro-2-butene ( I , the t r a n s - 1 , 
4-adduct) as the major product in the presence of t r a c e amount of 
the other 1:1 adducts and minor quant i ty of ol igomers (Eq. 4) 
(11): 
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CF 2=CFCF=CF 2 + XS.CH 3 SSCH 3 

UY 
CH 3 SCF 2 C=CCF 2 $CH 3 + 

t r a n s - I (major product) 

C H 3 S ( C 4 F 6 ) n S C H 3 + 

ol igomers (minor) 

CH 3 SCF 2 C=CCF 2 SCH 3 + CH 3 SCF 2 CF 2 CF=CFSCH 3 (4) 

c i s - I ( t race) c i s - and t r a n s - I I ( t race) 

The four 1:1 adduct product
and t r a n s - I and the othe
were l a t e r i d e n t i f i e d as c i s - and t r a n s - l , 4 - b i s ( m e t h y l t h i o ) h e x a -
f l u o r o - l - b u t e n e ( I I ) . Subsequently, we subjected t r a n s - I and 
CH 3 SSCH 3 to very high pressure at 16,000 atm and 200 C f o r 24 
hours . There was c e r t a i n disappointment in the products , which 
were c i s - and t r a n s - I I ins tead of the des i red saturated adduct. 
A p o s s i b l e exp lanat ion f o r the high pressure experiment was that 
the t r a n s - I i somen zed with complete bond migrat ion from the 
i n t e r n a l to the terminal o l e f i n i c bond (12). Th is r e s u l t 
suggests that the t race amount of c i s - and t r a n s - I I i n Eq. 4 may 
be formed by a s o n i c a t i o n e f f e c t , which creates l o c a l i z e d very 
high pressure and temperature. These l o c a l i z e d s i t e s are formed, 
because the very high i n t e n s i t y waves passing through a l i q u i d 
cause l o c a l v a p o r i z a t i o n of the l i q u i d in a process c a l l e d 
a c o u s t i c c a v i t a t i o n . T h i s phenomenon i n v o l v e s the r a p i d 
formation growth and implos ive c o l l a p s e of gas vacuoles w i t h i n 
the l i q u i d , which generates l o c a l i z e d hot s p o t s , l a s t i n g only a 
few nanoseconds. During these short p e r i o d s , some photoexc i 
t a t i o n may have i n i t i a t e d c e r t a i n uncommon a c t i v a t e d s p e c i e s . 
The r e s u l t s were the formation of new products d i s t i n c t from 
photochemical and thermal processes . 

Boudjouk and co-workers reported the rate enhancements by 
s o n o l y s i s on a number of heterogeneous r e a c t i o n s such as Wurtz 
t y p e c o u p l i n g o f o r g a n i c h a l i d e s (13) and o r g a n o m e t a l 1 i c 
c h l o r i d e s (14) i n the presence of l i t h i u m w i r e , c y c l o a d d i t i o n of 
a c t i v a t e d o l e f i n s i n the presence of z i n c powder (15) and the 
Reformatsky r e a c t i o n (16) r e q u i r i n g n e i t h e r f r e s h l y prepared z i n c 
powder (17) nor a c T î c a t a l y s i s ( 1 8 ) . S i g n i f i c a n t r a t e 
a c c e l e r a t i o n s of the Barb ie r reac t ion ΓΤ9) , the synthes is of the 
t h i o amides (20), the l i t h i u m aluminum Tïydride reduct ion of a r y l 
h a l i d e s (21) , and the s i l i c o n - s i l i c o n double bond formation from 
d i m e s i t y l a T c h l o r o s i l a n e and l i t h i u m wire (22) a l s o po int to the 
cons iderab le s y n t h e t i c p o t e n t i a l of s o n o l y s i s . S u s l i c k and 
co-workers reported the chemical uses of s o n i c a t i o n i n the 
homogeneous systems on metal carbonyls to i n i t i a t e c a t a l y s i s and 
to form unusual products , which were not analogous to e i t h e r 
p h o t o c h e m i c a l o r thermal r e a c t i o n s , such as the l i g a n d 
a s s o c i a t i o n product F e ^ ( C 0 ) 1 ? from FeiCOi^ and f i n e l y d i v i d e d 
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i r o n (23-25) . Ultrasound-promoted reac t ions were a l so a p p l i e d to 
the syntheses and rate enhancements of f l u o r i n a t e d compounds such 
as p e r f l u o r o a l k y l i od ides i n the presence of z i n c and carbon 
d iox ide to give p e r f l u o r o a l k a n o i c ac ids (26 ,27) . 

Experimental 

M a t e r i a l s and Apparatus. Hexaf luorobutadiene, hexaf luoropropane, 
and 1,2-dichloro-1,1-di f1uoroethane were purchased from PCR, 
methyl d i s u l f i d e and ch loroform from A l d r i c h , and deuterated 
ch loroform from S t o h l e r . These reagents were checked by i n f r a r e d 
s p e c t r o s c o p y and used as r e c e i v e d , e x c e p t f o r the methy l 
d i s u l f i d e , which was r e d i s t i l l e d . 

A s o n i c a t o r (Model W-370) was purchased from Heat Systems-
U l t r a s o n i c with a cup horn attachment. The horn was the resonant 
body, which v i b r a t e d
served as a second stag
tapped t i tan ium d i s r u p t e r horn was immersed i n c i r c u l a t i n g water 
at 50 C dur ing s o n i c a t i o n . 

Standard vacuum manipulat ions were a p p l i e d . Pressures were 
measured with a Heise gauge (0-100 cm Hg absolute with 500 
increments) to accuracy of 1 mm Hg. The amount of v o l a t i l e 
reactant was determined by P-Y-T measurements, assuming idea l gas 
b e h a v i o r . A s e a l e d q u a r t z r e a c t i o n v e s s e l c o n t a i n i n g the 
reactants was v e r t i c a l l y suspended in the water i n the horn cup. 
A 200-watt high pressure mercury arc lamp was the outs ide 
i r r a d i a t i o n source , which was focused with a quartz condensing 
l e n s . Th is lens gathered about 40% of the emitted u n f i l t e r e d 
l i g h t pass ing through the water l e v e l i n the horn cup and i n t o 
the r e a c t a n t s ; whi le the reactants in the 1 mm wal l th i ck quartz 
sea led tube were under s o n i c a t i o n . With the i d e n t i c a l c o n d i t i o n s 
but s u b s t i t u t i n g Pyrex f o r quar tz , no r e a c t i o n products were 
found. 

The UV-absorpt ion c h a r a c t e r i s t i c s of the reagents descr ibed 
below are at the ground s t a t e . The CH3SSCHo absorbs U Y - l i g h t 
below 300 my and i s a strong absorber ( e . g . , tne molar e x t i n c t i o n 
c o e f f i c i e n t s of 250 1/mole-cm at 240 my and of 1500 1/mole-cm at 
210 my) (28 ,29) . Hexaf luorobutadiene absorbs UY below 260my with 
the molar e x t i n c t i o n c o e f f i c i e n t such as 130 1/mole-cm at 240πιμ 
(30) ; whereas the UV-absorpt ion of t r a n s - I i s below 220 my and i s 
a very weak absorber with the molar e x t i n c t i o n c o e f f i c i e n t of 
0.044 1/mole-cm at 200 my. CH 3 SSCH 3 i s apparent ly the dominant 
UY-absorber and i t may have g r e a t l y reduced or t o t a l l y screened 
o f f the a v a i l a b l e U Y - i r r a d i a t i o n f o r t r a n s - I . However, these 
e x t i n c t i o n c o e f f i c i e n t s are f o r ground s ta te s p e c i e s . When they 
a r e p h o t o e x c i t e d w i t h i n t h e l o c a l i z e d h i g h p r e s s u r e and 
temperature s i t e s due to s o n i c a t i o n , t h e i r values are l i k e l y to 
be d i f f e r e n t . 

The HNMR and 1 9FNMR were recorded on a Nico l et spectrometer 
operat ing a t 282 MHz and 35°C. The 1 9 F chemical s h i f t s o f the 
products are converted to 6-va lues u p f i e l d from f l u o r o t r i c h l o r o -
methane by us ing the va lue of 61.9 ppm f o r 1 , 2 - d i c h l o r o - l , 1 - d i -
f l u o r o e t h a n e . The l a t t e r compound CH 2C1CF ?C1 was added as an 
i n t e r n a l s tandard . The FNMR data o f the products show AB 
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patterns i n d i c a t i n g r e s t r i c t i v e r o t a t i o n , as the geminal F-F 
coup l ing constant was p r e v i o u s l y reported at J(4A,4B) 

<i> (2) m (jo <«•> 
= 230.0 Hz f o r (CF . ) 9 CFCFHCF 0 SCH q , where chemical s h i f t s of F and 

(3) J 1 L 6 

F were 88.6 and 203.8 ppm from CFC1 3 r e s p e c t i v e l y (31,32). 
The mass spectra were determined on a LKB 90UU Model GC/MS 

instrument. The elemental a n a l y s i s was obtained by a YG-model 
ZAB double focus ing high r e s o l u t i o n mass spectrometer . The 
i n f r a r e d spectra were measured on a Perk in-E lmer 567 s p e c t r o 
photometer and with a chromatographic i n f r a r e d ana lyzer (CIRA 
101). The u l t r a v i o l e t spectra were determined by a UV-v is ib le 
spectrophotometer (H i tach i Perk in Elmer Model 139). 

Procedure. Trans-I wa d b  u l t r a s o n i  p h o t o l y s i
method and separated
mixture as p r e v i o u s l y descr ibe
added to an excess of CH 3 SSCH 3 i n a quartz tube with a quarter 
inch (outs ide diameter) neck, which was attached to the vacuum 
mani fo ld and evacuated at -196 C us ing a l i q u i d n i t rogen bath . 
An appropr ia te amount of hexafluoropropane was then condensed on 
top gf the f rozen mixture of I and CH 3 SSCH 3 i n the quartz tube at 
-196 C. At ambient temperature the pressure i n s i d e the quartz 
tube was checked to be about 100 p s i . The quartz tube was cooled 
again to -196 C, evacuated and sealed under vacuum. The vacuum-
s e a l e d q u a r t z tube was warmed to ambient t e m p e r a t u r e and 
suspended v e r t i c a l l y with the l i q u i d - l i q u i d interphase in the 
quartz bulb under the water l e v e l in the cup horn of the 
s o n i c a t o r . The immisc ib le c o l o r l e s s l i q u i d s e a s i l y homogenized 
under u l t rasound and were s imultaneously subjected to u l t r a v i o l e t 
i r r a d i a t i o n f o r 6 hours . The temperature of the c i r c u l a t i n g 
water in the cup horn was maintained at 50 C. At the end of the 
r e a c t i o n t ime, the mercury lamp and the s o n i c a t o r were turned o f f 
and the sealed quartz tube was removed from the horn cup. The 
homogeneous l i q u i d in the tube was cooled to -196 C and the tube 
was opened. The l i q u i d content was vacuum d i s t i l l e d to remove 
the excess methyl d i s u l f i d e . The convers ion of I to the main 
product l,2,3 , 4 - t e t r a k i s ( m e t h y l t h i o ) h e x a f l u o r o - n - b u t a n e ( I I I ) and 
by-product 1,2,4-tri s(methy l th io)-3 -H-hexaf luoro-n-butane ( IV) 
was e l u c i d a t e d by GC-mass spectroscopy to be about 50% y i e l d of 
III and 40% of IV. The two isomeric r a t i o s of III and IV v a r i e d 
with experynental c o n d i t i o n s . 

The FNMR ( C F C U ) of III shows two peaks f o r each isomer. 
Isomer A: 684.0 [ c o a l e s c e d AB s y s t e m , r e l a t i v e peak a r e a 
4,4F,CF2(1)], 157.2 [broad s i n g l e t , r e l a t i v e peak area 2,2F, 
CF(2)]. Isomer B: 082.3 [ center AB system, J(1A,1B)= 220 Hz, 
r e l a t i v e peak area 4, 4F, C F ^ l ) ] , 152.7 [broad s i n g l e t , r e l a t i v e 
peak area 2,2F ,CF(2)]. The""GC-mass spect ra l data of III show two 
s p e c i e s , which fîàve d i f f e r e n t e l u t i o n times but with i d e n t i c a l 
parent ions at m/e value 350 (CgF5H]oS4+) and a l s o with the same 
mass fragments. These r e s u l t s i n d i c a t e that there are two 
isomers in I I I . 

Mass spec t roscop ic weight of the two isomers of I I I : C a l c d . 
f o r C8F6Hi 2S 4: 349.9726. Found: 349.9726. 
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The ^FNMR ( C F C 1 J of IV e x h i b i t s four peaks f o r each 
isomer. Isomer Α: δ 87.3 [center AB system, J(1A,1B)=228 Hz, 
r e l a t i v e peak area 2 ^ , 0 1 ^ ( 1 ) ] , 161.3 [ s e p t e t , J(2,5)=18 Hz, 
r e l a t i v e peak area 1, I F , C F ( 2 ) ] , 193.6 [doublet of q u a r t e t s , 
J(3,5)=56 Hz, r e l a t i v e peak "area 1 , 1 F , C F ( 3 ) ] , 86.0 [center AB 
system, J(1A,1B)=228 Hz, r e l a t i v e peak area 2 , 2 F , C F p ( 4 ) ] . Isomer 
Β:ό84.1 [coa lesced AB system, r e l a t i v e peak a r e a ^ ^ F j C F ^ l ) ] , 
165.7 [complex s i n g l e t , r e l a t i v e peak area 1 , 1 F , C F ( 2 ) ] , 195.4 
[doublet of s e x t e t , J(3,5)=54 Hz, r e l a t i v e peak a r e a 1 , l F , C F ( 3 ) ] , 
84.4 [center AB system, J(1A,1B)=231 Hz, r e l a t i v e peak area 
2 , 2 F , C F £ ( 4 ) ] . The GC-mass spect ra l data of IV show two s p e c i e s , 
which Tiave d i f f e r e n t e l u t i o n times but with i d e n t i c a l parent ions 
at 3 0 4 ( C 7 F 6 H . Q S 3 ) and the same mass fragments. These r e s u l t s 
i n d i c a t e tnal: tnere are two isomers i n IV. 

Mass spec t roscop i  weight f th  tw  isomer f IV  C a l c d
f o r C 7 F 6 H 1 Q S 3 : 303.9849

Resul ts and D iscuss ion 

I t was o r i g i n a l l y thought that the s o n i c a t i o n approach would 
promote m i s c i b i l i t y at the i n t e r f a c e of the heterogeneous system 
and a l so would r a i s e the e l e c t r o n i c s ta tes of a small p o r t i o n of 
the reactants above t h e i r ground s t a t e , which would h o p e f u l l y 
enhance the a d d i t i o n r e a c t i o n . We l a t e r found, that only the 
simultaneous p h o t o e x c i t a t i o n and u l t r a s o n i c i r r a d i a t i o n p lus the 
a d d i t i o n of an appropr ia te gas ( e . g . , hexaf luoropropane) , which 
increased the pressure in the reac t ion v e s s e l , formed the f u l l y 
saturated products . The added pressure above the l i q u i d phase i s 
another parameter requ i red to form the des i red saturated product 
and should have a f f e c t e d the temperature and pressure at the 
l o c a l i z e d 'hot spots ' c reated by s o n i c a t i o n . 

Under photoass i s ted sonosynthes is , the process of i n i t i a t i o n 
may be cons idered to i n v o l v e two s t e p s , the f i r s t being the 
homolyt ic S—S bond-breaking in CH~SSCH~ to y i e l d a p a i r of 
methy l th io f r e e r a d i c a l s CH 3S* 

UV 
CH Q SSCH Q ))) > 2 CH^S' (5) 

and the second the i r r e v e r s i b l e decomposition of CH 3 SSCH 3 by 
d i s p r o p o r t i o n a t i o n at a much lower rate 

CH 3 SSCH 3 ))) » CH3SH + CH2=S (6) 

where the thioformaldehyde i s l i k e l y to polymerize or to form an 
adduct in the presence of CH 3S- r a d i c a l s , 

2CH 3S- + nCH2=S > C H 3 S ( C H 2 S ) n S C H 3 (7) 

where n=l or g r e a t e r . Our unpubl ished r e s u l t s have shown 
o l igomer i c products , which conta in no f l u o r i n e . The methanethiol 
(Eq. 6) i s decomposed to form hydrogen atom and CH?S« r a d i c a l . 
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UY 
CH-SH M ) » CrLS* + Η· (8) 

6 <<

 J 

The product formations or terminat ions invo lve the a d d i t i o n of 
CH 3$» r a d i c a l s from CH 3 SSCH 3 to the o l e f i n i c bond of I 

UY 
CH 3 SCF 2 CF=CFCF 2 SCH 3 + CH 3 S$CH 3 - — ) ) ) » 

I 

CD *(2) *b) Li) 

CH 3 SCF 2 CF(SCH 3 )CF($CH 3 )CF 2 SCH 3 (9) 

and CH 3S» r a d i c a l and hydrogen atom from CH 3 SH. 

I + CH3SH ))) > CH 3 SCF 2 CF(SCH 3 )CFHCF 2 SCH 3 (10) 

IV 

Another of our unpubl ished r e s u l t s has shown (Eq. 10) the 
presence of only the product IV by r e a c t i n g an equal mole r a t i o 
of I and ChLSH in the presence of an excess of ChLSSCrU. 
A l t h o u g h the a c t i v a t e d i n t e r m e d i a t e s p e c i e s c a u s e d By tne 
combined p h o t o e x c i t a t i o n and u l t r a s o n i c i r r a d i a t i o n are s t i l l 
unknown, the proposed r e a c i t o n sequence (5-10) i s shown to be 
c o n s i s t e n t with the observed products . 

The two diastereomers of III with the two s i m i l a r asymmetric 
carbon (*) are separable by gas chromatograph and suggested to be 
the d l - racemic mixture and the meso-form. The two diastereomers 
of IV, c o n t a i n i n g two d i s s i m i l a r asymmetric carbon (*) , are a l s o 
separable by gas chromatograph and suggested to be the two 
racemates ( d l - I V and d ' l ' - I V ) , although the actual r e s o l u t i o n of 
the o p t i c a l isomers was not c a r r i e d out . The diastereomers under 
GC-mass spectroscopy show the same parent ions but have d i f f e r e n t 
e l u t i o n t imes, which i n d i c a t e the presence of i somers , s i m i l a r to 
the p r e v i o u s l y reported c i s - and t r a n s - or geometric isomers 
( 9 , 3 3 ) . 
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raonodecarboxylation, 76-77 
oxidation, 75-77 

Cyclopentane-deuterium isotopic 
exchange i n gaseous phase, 34,35f 

D 

Dealkylation of chlorpromazine, 88-90 
Debromination, 1,2-dibromostilbene i n 

a two phase system, 201,202f 
Decanol, effect on emission of pyrene 

adsorbed on s i l i c a g el, 11,13-18 
Decarboxylation, v i c i n a l diacids, 75 
Decay r a t i o s , stilbene 

derivatives, 182-84 
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Dehydrogenations 
alcohols 
mean quantum yields and product 

d i s t r i b u t i o n , 36 
mechanism, 36 

organic compounds, 22 
semiconductor catalysts, 21-39 

Deoxygenated aqueous acidic 
suspension, 77 

Detergent and phospholipid bilayer 
vesicles, 182-86 

Detergent micelles vs. swollen 
micelles, 181 

Deuterium isotopic exchange i n gaseous 
phase, cyclopentane, 34,35f 

Diaryl thioketones i n the s o l i d state, 
photooxidation, 273,275-76 

1,2-Dibromostilbene i n a tw
debromination, 201,202

9,10-Dicyanoanthracene, oxidation, 48 
Die l e c t r i c constant of solvent, effect 

on rate of racemization of BN, 160 
Dimerization, conditions, 268 
p_, p_f -Dimethoxythiobenzophenone, 276,277f 
1.1- Diphenylethylene, oxidation, 44,74-75 
1.2- Diphenylpropene, potential surface for 

singlet and t r i p l e t excited 
states, 172,173f 

Dispersion energies, between solvent 
molecules and BN, 166 

Dopaminergic receptor s i t e s , 138-43 
Dose-response i n h i b i t i o n , photolabel

ing of the 30 kDalton fraction i n 
human plat e l e t membranes, 135,137f 

Dye-sensitized photooxidation 
chlorpromazine, 87-88 
phenothiazine, 81 

Ε 

Electrogenerated chemilumines-
cence (ECL) 

applications, 66 
charge annihilation, 57-58 
intensity, 59 ,63 ,64t 
single potential step, 57-66 

Electron and energy transfer 
chlorpromazine, 87-91 
MPT, 8 3 - 8 7 
phenothiazine t r i p l e t s , 7 9 - 9 5 
12-(10 f-phenothiazinyl)dodecyl-

1-sulfonate, 91-94 
Electron-hole separation, metallized 

semiconductor powder, 71-72 
Electron transfer from semiconductor 

to metal, 34 
Electronic absorption spectra, 

polymer-based Rose Bengals, 230-34 

Electronic d i s t r i b u t i o n s , BN and 
cholesteric molecules, 165-66 

Electronic spectroscopy, 
poly(isothianaphthene), 262,263f 

Electrooxidation, cyclohexene-4,5-
dicarboxylic acid, 75-77 

El e c t r o p h i l i c addition, stilbene and 
other alkenes, 179 

Ele c t r o p h i l i c gases, effect on 
photoconductance of n-type 
semiconductor oxides, 30 

Electr o s t a t i c interactions, control of 
charge separation of 
photoproducts, 192-93,194f 

Emission and absorption spectra, 
pyrene, 2,4f 

Emission decay  pyrene excimer  8,9f 

photolabeling, 127,130 
Enones 

cr y s t a l packing, 246 
methyl group rotation, 248,250,251f 
photochemical reaction 

pathways, 245,247f 
photorearrangements, 244-46,247f 
re g i o s e l e c t i v i t y , origins of 

abnormality, 246 
st e r i c compression resulting from 

pyramidalization, 246,247f 
Enzymatic c a t a l y s i s , for chemical 

u t i l i z a t i o n of 
photoproducts, 204-6 

Enzymes, natural, i n f i x a t i o n 
processes, 191-208 

E s t e r i f i c a t i o n of Rose Bengal with 
benzyl chloride, 227 

Excimer emission, pyrene, 5,7f 
Excitation and emission spectra 

BN, 150-51,161 
pyrene, 5,7f 

F 

Fermi levels 
semiconductor, 70-72 
TiU2, alignment with deposited 

metal, 32 
Ferrocene, quenching of acenaphthylene 

in dimer formation, 8,9f 
F i r s t excited singlet state, BN, 159 
Fixation processes, synthetic 

catalysts and natural 
enzymes, 191-208 

Fluorescence 
c o l l o i d a l CdS i n anionic dihexa-

decylphosphate vesicles, 104 
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Fluorescence—Continued 
photoinduced electron 

transfer, 119,122 
quantum yi e l d s , stilbene 

derivatives, 177,178t 
quenching of stilbene, Stern-Volmer 

constants, 184-86 
reversed micelle-entrapped c o l l o i d a l 

CdS, 101,103 
trans-stilbene, 172 
stilbene chromophores, quenching by 

methyl viologen, 184 
stilbenes i n vesicle media and 

micelles, 182 

G 

Gel electrophoresis, analysis of 
photolabeled receptor s i t e s , 131 

Gel f i l t r a t i o n , 
chlorpromazine, 140,141f 

Ground state association, pyrene, 5,7f 

H 

Halofluoroscein dyes, as 
photosensitizers, 226 

Hammett's sigma constants, effect on 
r e a c t i v i t y of o l e f i n s , 46 

Heterogeneous reactions, rate enhance
ments by sonolysis, 289-90 

High-affinity receptor ligands, use as 
photoaffinity labels, 128 

Histograms, Cl-Cl 
interactions, 273,274f 

Homogeneous and heterogeneous 
catalysts, for chemical u t i l i z a 
t i o n of photoproducts, 201,203-4 

Host-guest inclusion complex formation 
between surfactant stilbenes and 
amylose, 186-87 

Hydrocarbons 
absorbed on s i l i c a g el, multiex-

ponential decay, 2,5 
photocatalytic oxygenation, 49,51-53 

Hydrogen abstraction distances, s o l i d 
state photorearrangements, 245 

Hydrophobic-hydrophilic boundaries, 
control of charge separation 
of photoproducts, 193 

Hydrophobic and surfactant stilbenes 
i n microheterogeneous 
media, 171-88 

Hydroxylation, benzene i n 
a c e t o n i t r i l e , 51,52f 

3-Hydroxy-10-methylphenothiazine, 
photooxidation of MPT, 85 

I 

Illuminated neat and metal-supporting 
semiconductor catalysts, 21-39 

Illuminated η-type semiconductor 
oxides, interaction with O2 and 
NO, 27-31 

Inclusion complex formation between 
surfactant stilbenes and amylose, 
host-guest, 186-87 

I n t e r f a c i a l shock wave, 115,118 
β-Ionone i n cyclodextrins, excitation 

of, 28l,282f 
Irradiated semiconductor powder, 

heterogeneous surface, 72 
Irradiated semiconductor surfaces, 

controlled organi  redo

BN isotrop i c solutions, 155 
pla t i n i z e d CdS, 103 
procedures, mesophase solutions and 

neat s o l i d samples of BN, 149 
T i 0 2 , 43-44,49-53 
T1O2 powder suspended i n 

a c e t o n i t r i l e , 73 
Isomerization 

o l e f i n s i n cyclodextrins, 28l,283f 
stilbene, 48-49 

Isotopic exchange 
i n gaseous phase, 

cyclopentane-deuterium, 34,35f 
over illuminated semiconductor 

oxide, 28-30 
semiconductor catalysts, 21-39 

Κ 

Ketones i n S i l i c a l i t e , 
phosphorescence, 211—13,215t 

L 

Light energy, conversion to chemical 
potential, 191,194f 

Liposomes, 182-86 
Liq u i d - c r y s t a l l i n e mixtures, BN effect 

on pitch band, 150 
Liq u i d - c r y s t a l l i n e phase chain 

propagation, BN, 160 
Liq u i d - c r y s t a l l i n e solvents, effect on 

rates and s p e c i f i c i t i e s of solute 
reactions, 147 

Luminescence in t e n s i t y , 
β-phenylpropiophenone, 216,219f 
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M 

Marcus theory, 84 
Mesophase order, BN effect on, 150 
Mesophases 

cholesteric, and their t r a n s i t i o n 
temperatures, 151 

and neat s o l i d samples of BN, 
i r r a d i a t i o n procedures, 149 

Metal complex excited state, ECL, 
quenching by peroxydisulfate, 59 

Metal deposits, preparation and 
characterization, 31-34 

Metallized semiconductor powder, 
electron-hole separation, 71-72 

Metal-semiconductor photocatalysts, 
reactions, 31-39 

7-Methoxycoumarin, 
photodimerization, 268-7

1-Methoxynaphthalene, oxidation, 74 
9-Methylcarbazole, MPT oxidation, 86 
Methyl group rotation, 

enones, 248,250,251f 
1-Methylnaphthalene, oxidation, 74 
N-Methylphenothiazine (MPT) 

electron and energy transfer, 83-87 
quenching, 83 

Methyl viologen 
effect on formation of donor-

acceptor complexes i n stilbene 
solutions, 177 

quenching of CdS 
fluorescence, 104,105f 

quenching of stilbene chromophore 
fluorescence, 184 

Micelles 
photoisomerization of stilbenes 

i n , 177 
r e a c t i v i t y of stilbene probes 

i n , 175,177-81 
simple detergent, vs. swollen 

micelles, 181 
use i n electron and energy transfer 

of MPT, 83-86 
M i c e l l i z a t i o n , 12-(10'-phenothiazinyl)-

dodecyl-1-sulfonate, 91-93 
Mixed monolayer 

spiropyran and octadecanol, 115,117Γ 
thioindigo and arachidic 

acid, 114-20 
Mode of packing, chloro-substituted 

aromatic organic 
c r y s t a l s , 273,274f 

Molecular weight d i s t r i b u t i o n , Rose 
Bengal copolymer of styrene and 
vinylbenzyl chloride, 227,229f 

Monodecarboxylation, cyclohexene-4,5-
dicarboxylic acid, 76-77 

Monolayers and monolayer 
systems, 113-22 

Multielectron charge relays, 197-201 
Multiexponential decay, hydrocarbons 

adsorbed on s i l i c a gel, 2,5 
Muscarinic acetylcholine receptor 

s i t e s , 130 
Muscarinic cholinergic binding s i t e s , 

photoaffinity labeling, 127-28 

Ν 

Naphthalene 
decay time, 5,6f 
p o l a r i z a b i l i t f f i r s t excited 

solutions, i r r a d i t a i o n 
procedures, 149 

Neurotransmitter receptor s i t e s i n the 
brain, photolabeling, 125-42 

Nickel (Ni) 
deposit, preparation and 

characterization, 32 
work function, 32 

Nitrene precursors, i n photoaffinity 
labeling, 129,139 

N i t r i c oxide (NO) isotopic exchange 
over illuminated semiconductor 
oxide, 28-30 

2-Nitroimipramine, incorporation into 
human pl a t e l e t membranes, 133,136f 

0 

Oil-in-water microemulsions, accelera
tion of photooxidation of MPT, 87 

Olefin(s) 
correlation of photocurrents with 

oxidation potentials, 46,47f 
i n cyclodextrins, isomerization 

of, 28l,283f 
oxidation potentials, 44-46 
photocatalytic oxidation, 44-48 

Olefin radical cations 
generation, 48 
r e a c t i v i t y toward oxygen, 46,48 

Optically active and cholesteric 
isot r o p i c phases, photochemical 
experiments with BN, 161 

Optimum metal content, reactions over 
metal-semiconductor 
photocatalysts, 38-39 

Organic acid decarboxylation, 39 

In Organic Phototransformations in Nonhomogeneous Media; Fox, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



I N D E X 305 

Organic compounds 
photocatalytic oxidations, 24-27 
recent advances, 257-64 
semiconductor-catalyzed 

photoreactions, 43-53 
Organic photochemical reactions i n 

monolayers and monolayer 
systems, 113-22 

Oriented systems, photochemical reac
tions i n , 267-83 

Oxalate ion, ECL mechanisms, 58 
Oxalic acid, photocatalytic 

oxidations, 27 
Oxidation 

adamantylideneadamantane, 48 
alcohols, 73 
cyclohexene-4,5-dicarboxylic 

acid, 75-77 
9,10-dicyanoanthracene, 4
1,1-diphenylethylene, 44,74-75 
1-methoxynaphthalene, 74 
1-methylnaphthalene, 74 
ole f i n s , 44-46 
organic reactants, 22 
toluene i n a c e t o n i t r i l e , 51,52f 

Oxidative reduction, ECL 
mechanisms, 58 

Oxygen 
isotopic heteroexchange, 28-30 
photoadsorption on Pt-TiU2, 32 

Ρ 

Packing arrangements 
chlorocoumarins, 270-73 
p_-phenylthiobenzophenone, 276,277f 

Peroxydisulfate anion, ECL 
mechanisms, 58-66 

Phenothiazine 
applications of derivatives, 79 
electron and energy transfer, 79-82 
i r r a d i a t i o n with chlorinated 

hydrocarbons, 79 
photooxidation, 79-82 
radical cation, 79 
t r i p l e t s , electron and energy 

transfer, 79-95 
Phenothiazine-5-oxide, photooxidation 

of phenothiazine, 80 
12-(10 1-Phenothiazinyl)dodecyl-

1-sulfonate 
electron and energy transfer, 91-94 
mi c e l l i z a t i o n , 9 1 - 9 3 

r a d i c a l cation production, 91 -93 
redox potential, 91 
t r i p l e t l i f e t i m e , 91-92 

β-Phenylpropiophenones 
photochemistry, 214 

β-Phenylpropiophenones—Continued 
as probes for cavity dimensions and 

mobility, 211 
substituted, on S i l i c a l i t e , 214-15 

£-Phenylthiobenzophenone, packing 
arrangements, 276,277f 

Phospholipid and detergent bilayer 
vesicles, 182-86 

Phosphorescence emission 
ketones i n S i l i c a l i t e , 211,213f 
β-phenylpropiophenone, Stern-Volmer 

quenching, 216,218,219-20 
pyrene on decanol-covered s i l i c a 

gel surface, 15,l8f 
z e o l i t e s , 218,221 

Photoaffinity labeling 
advantage  a f f i n i t

scheme, 125,126f 
serotonin uptake s i t e s , 132-37 
s i t e - s p e c i f i c , 127-30 
s t r i a t a l dopaminergic receptor 

s i t e s , 138-43 
Photoassisted sonosynthesis, i n i t i a 

tion process, 292 
Photocatalytic oxidations 

hydrocarbons, 49,51-53 
ol e f i n s , 44-46 
organic compounds, 24-27 

Photocatalyzed isomerization, 
unsaturated systems, 48-49 

Photochemical and thermal 
atropisomeric interconversions 
of BN, 147-66 

Photochemical generation of an i n t e r -
f a c i a l shock wave, 115,118 

Photochemical reactions 
i n cyclodextrins, 276,279-83 
in enones, 245,247f 
in oriented systems, 267-83 

Photochemistry, 
β-phenylpropiophenone, 214 

Photocleavage of acetylene and 
methylacetylene as a function of 
illumination time, 203-4,205f 

Photoconductance, η-type semiconductor 
oxides exposed to 0 or NO, 30-31 

Photocycloaddition, s t e r i c compression 
i n h i b i t i o n , 250,252,253f 

Photodimerization 
chlorocoumarins, 270-73 
computer simulation, 252-54 
coumarins i n the s o l i d state, 268-73 
7-methoxycoumarin, 268-70 

Photoelectrochemical reactions 
adsorption control, 73 
s e l e c t i v i t y , 72 

Photoexcitation, c o l l o i d a l 
semiconductors, 100 
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Photogenerated intermediate, i n 
photoaffinity labeling, 127 

Photoinduced electron transfer 
from CdS conduction band to methyl 

viologen, 104,107f 
fluorescence quenching, 119,122 
monolayer organizates, 119,122 

Photoinduced spectroscopy, 
polyacetylene, 260-61 

Photoisomerization 
c i s - to trans-stilbene, 174 
in monolayers, 114-15,118-19 
quantum yi e l d s , stilbene 

derivatives, 182-84 
stilbenes i n micellar media, 177 

Photolabeling, neurotransmitter 
receptor s i t e s i n the 
brain, 125-42 

Photooxidation 
MPT, 85 
phenothiazine, 79-82 
12-p( lO'-phenothiazinyDdodecyl-

1-sulfonate, 93,95f 
Rose Bengal derivatives, 237,239f 
thioketones, 273,275-78 

Photopolymerization, diacetylene 
compounds, 118 

Photorearrangements, 
enones, 244-46,247f 

Photoreduction with two coupled 
enzymes, 2-butanone, 204-6 

Photoresolutions i n various media, 
BN, 155,156t 

Photosensitized debromination of 
1,2-dibromostilbene i n a two phase 
system, 201,202f 

Photosensitized electron transfer 
reactions i n organized 
systems, 191-208 

Photosensitized water reduction 
mediated by semiconductor d i s 
persed in membrane mimetic 
systems, 99-110 

Pitch band of l i q u i d - c r y s t a l l i n e 
mixtures, BN effect on, 150 

P l a t e l e t ( s ) , use in studying serotonin 
uptake s i t e s , 133-37 

Platelet membranes, photolabeling with 
2-nitroimipramine, 135,136f 

P l a t i n i z a t i o n , reversed micelle-
entrapped c o l l o i d a l CdS, 103 

Platinum (Pt) 
deposit, preparation and 

characterization, 31 
work function, 32 

Platinum-titanium dioxide (Pt-TiÛ2) 
alcohol dehydrogenation, 34, 36-38 
organic acid decarboxylation, 39 
oxygen photoadsorption, 32 

P o l a r i z a b i l i t y of f i r s t excited 
singlet, naphthalene, 166 

Polyacetylene, photoinduced 
spectroscopy, 260-61 

Polyheterocycles, 259-60 
Polyisothianaphthene, 262-64 
Polymer-based sensitizers for the 

formation of singlet 
oxygen, 223-41 

Polypyrrole, 259 
Polystyrene, quenching of singlet 

oxygen, 237 
Poly(styrene-co-vinylbenzyl chloride) 

polymerization, 238 
Polythiophene, 260 
Potential surface for singlet and 

t r i p l e t excited states 

Pseudophotoaffinity labeling, 128-29 
Pyramidalization of enones 

computer simulation, 248 
s t e r i c compression 

energies, 248,249f 
Pyrene 

absorption and emission 
spectra, 2,4f 

adsorbed on s i l i c a gel, effect of 
decanol and temperature on 
emission, 11-18 

decay time, 5 
excimer emission, 5,7f,8,9f 
excimer formation, effect of 

temperature, 15-17 
excimer intensity, effect of 

temperature, 11,12f 
ground state association, 5,7f 
monomer-excimer behavior on s i l i c a 

gel, 11-14 
phosphorescence emission, 15,l8f 

Q 

Quantum yiel d s , singlet oxygen forma
tion of Rose Bengals, 234-41 

Quenching 
acenaphthylene by ferrocene, 

Stern-Volmer pl o t , 8,9f 
BN, 155 
CdS fluorescence by methyl 

viologen, 104,105f 
carbonyl t r i p l e t s by butadiene, 218 
excited se n s i t i z e r i n S1O2 

c o l l o i d , 195 
fluorescence of c o l l o i d a l CdS, 

Stern-Volmer plots, 101,102f 
metal complex excited state by 

peroxydisulfate, 59 
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Quenching—Continued 
pyrene monomer emission by 

2-bromonaphthalene, 15,17f,l8f 
pyrene monomer fluorescence by 

halonaphthalenes, Stern-Volmer 
plot, 8 

singlet oxygen by 
phenothiazine, 89-90 

singlet oxygen by polystyrene, 237 
singlet states of BN, 164 
stilbene fluorescence, Stern-Volmer 

constants, 177,179,184-86 

R 

Racemization, BN, 152,159-6
Radical cation production, 

12-(10'-phenothiazinyl)
dodecyl-1-sulfonate, 91-93 

Radiolabeled photoaffinity labels, 130 
Radioligand binding assays, use i n 

studying dopamine receptors, 139 
Rate enhancements by sonolysis, 

heterogeneous reactions, 289-90 
Rate of formation at different time 

intervals of illumination, 
2-butanol, 206,207f 

Reactants, s o l i d state 
photorearrangements, 245 

Reaction cavity for energetically 
favorable and unfavorable 
reactions, 244,247f 

Receptor characterization 
studies, 132-42 

Redox potential(s) 
MPT i n solution and in micellar 

aggregates, 84-85 
12-(10'-phenothiazinyl)dodecy1-

1-sulfonate, 91 
Redox reaction, surface control of the 

number of electrons, 75-77 
Redox r e a c t i v i t y , irradiated semicon

ductor surfaces, 69-77 
Reductive oxidation, ECL 

mechanisms, 58-66 
Regioselectivity of enones, origins of 

abnormality, 246 
Reuptake, use i n control of neuronal 

a c t i v i t y , 133 
Reversed micelle-entrapped c o l l o i d a l 

CdS, preparation and 
characterization, 101-3 

Room temperature oxidations, semicon
ductor catalysts, 21-39 

Rose Bengal(s), polymer based 
singlet oxygen formation, 223-41 
synthesis and photochemical 

properties, 223-41 

Rose Bengal-sensitized dimerization, 
acenaphthylene, 5,8 

Rose Bengal-sensitized 
photooxidation, 12-(10'-pheno
th i a z i n y l ) dodecyl-1 -sulfonate , 94 

Rubrene, c y c l i c voltammograms at a Pt 
disk electrode, 60,61-62 

S 

Semiconductor(s) 
band structure, 70-72 
Fermi l e v e l , 70-72 
η-type, i n photocatalytic 

reactions, 23-24 

,
Semiconductor catalysts 

illuminated neat and metal 
supporting, 21-39 

room temperature oxidations, 
isotopic exchanges, and 
dehydrogenations, 21-39 

Semiconductor-catalyzed 
photoreactions, organic 
compounds, 43-53 

Semiconductor oxides, n-type 
interaction with 02 and NO, 27-31 
photoconductance, 30-31 

Semiconductor p a r t i c l e , radius, 24 
Semiconductor powder 

adsorption of organic molecules, 23 
irradiated, heterogeneous 

surface, 72 
metallized, electron-hole 

separation, 71-72 
Semiconductor surface as a reaction 

template, 73-75 
Serotonin, photoaffinity labeling of 

uptake s i t e s , 132-37 
Sil a n o l functions, s i l i c a gel 

surface, 2,3f 
S i l i c a (S1O2) c o l l o i d s 

control of charge separation and 
back reactions of 
photoproducts, 193 

control of photosensitized electron 
transfer process and H2 
evolution, 196,198f 

S i l i c a gel, effects of heating, 2 
S i l i c a l i t e , inhomogeneity of adsorp

tion s i t e s , 216 
Single potential step electrogenerated 

chemiluminescence, 57-66 
Singlet oxygen 

formation 
quantum y i e l d measurements, 240-41 
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Singlet oxygen—Continued 
Rose Bengals, 223-41 

photooxidation of phenothiazine, 80 
quenching by polystyrene, 237 
reaction with MPT, 87 
sens i t i z e r s , compounds used as, 224 

Singlet states of BN, quenching 
of, 164 

Si t e - s p e c i f i c photoaffinity labeling, 
c r i t e r i a , 127-30 

Solid state atropisomerism, activation 
energy, c r y s t a l l i n e l a t t i c e of 
racemic BN, 164 

Solid state photochemistry, 
at β-unsaturated 
cyclohexenones, 243-54 

Sonolysis, rate enhancement f 
heterogeneous reactions

S t a b i l i z a t i o n and charge separatio
photoproducts, 192-93,194f 

Stereodiagrams, enones before and 
after pyramidalization, 248,249f 

Steric compression 
control of s e l e c t i v i t y i n s o l i d 

state chemistry, 243-54 
enones, 246-50 
i n h i b i t i o n of 

photocycloaddition, 250,252,253f 
Stern-Volmer behavior, adsorbed 

molecules, 8-10 
Stern-Volmer constants, quenching 

of stilbene 
fluorescence, 177-80,184-86 

Stern-Volmer plot 
quenching of acenaphthylene i n dimer 

formation by ferrocene, 8,9f 
quenching of fluorescence of 

c o l l o i d a l CdS, 101,102f 
quenching of phosphorescence 

emission of 
β-phenylpropiophenone, 216,218-20 

quenching of pyrene monomer fluores
cence by halonaphthalenes, 8 

Stilbene(s) 
characteristics , 174-75 
and cinnamic acid esters, photo

stationary state upon 
i r r a d i a t i o n , 28l,283t 

fluorescence, 172 
hydrophobic and surfactant, 

i n microheterogeneous 
media, 171-88 

isomerization, 48-49 
potential surface for singlet and 

t r i p l e t excited states, 172-173f 
Stilbene probes, r e a c t i v i t y , 172-81 
Stilbene r a d i c a l cations, 

energies, 49,50f 
Stilbene t r i p l e t , l i f e t i m e , 174 

S t r i a t a l dopaminergic receptor 
s i t e s , 138-43 
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