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Applications of singlet oxygen reactions: 
mechanistic and kinetic investigations 
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A b s t r a c t  - Analy t i ca l  t o o l s  and methods f o r  mechanis t ic  and k i n e t i c  
i n v e s t i g a t i o n s  of s i n g l e t  oxygen r e a c t i o n s  a r e  p re sen ted  and t h e i r  
l i m i t a t i o n s  d iscussed  i n  view of t h e i r  a p p l i c a t i o n  i n  developmental 
work and complex b io log ica l  and biomimetic systems. 

INTRODUCTION 

p- a r e  among t h e  p r i n c i p a l  processes  which lead  t o  the  
degradation of organic  mater ia l  of a l l  kind under t h e  combined ac t ion  of l i g h t  
and oxygen. I n  a l a rge  number of photooxidation r eac t ions ,  t h e  r e a c t i v e  i n t e r -  
mediate i s  s i n g l e t  oxygen, which i s  most o f t en  produced by s e n s i t i z a t i o n ,  i . e .  
by energy t r a n s f e r  from an e l e c t r o n i c a l l y  exc i t ed  s e n s i t i z e r  molecule t o  mole- 
cu lar  oxygen. 
Inves t iga t ions  on t h e  noxious e f f e c t  of l i g h t  on b i o l o g i c a l  systems, i n  t he  
presence of a dye and of molecular oxygen (photodv namic ef  feet) , a r e  reported 
s ince  t h e  beginning of t h i s  century ( r e f .  l), and, 4 0  years  l a t e r ,  Tennent con- 
cluded t h a t  c e l l  de fec t s  observed upon i r r a d i a t i o n  i n  t he  presence of d i f f e r e n t  
dyes must be due t o  a "photocompound", an a c t i v e  agent  inducing t h e  photody- 
namic e f f e c t  ( r e f .  2 ) .  Kautsky suggested a l ready  i n  1931 t h a t  t h e  r eac t ive  i n -  
termediate  of dye-sens i t ized  photooxidat ions could be a metas tab le  a c t i v a t e d  
spec ies  of molecular oxygen, s ince  t h e  d i f f u s i o n  of some oxid iz ing  agent was 
necessary i n  o rder  t o  expla in  photooxidation when s e n s i t i z e r  and r eac t an t  were 
adsorbed sepa ra t e ly  on s o l i d  matr ices  ( r e f .  3 ) .  
U a l e t  oxvaen was discovered by a s t r o p h y s i c i s t s  i n  1 9 2 4 ,  but  it was almost 4 0  
years u n t i l  t h e  observed emission bands of t h e  chemiluminescence of t h e  reac- 
t i o n  of hydrogen peroxide w i t h  sodium hypochlor i te  could be a t t r i b u t e d  t o  
s i n g l e t  oxygen ( r e f .  4 , 5 ) .  I t  remained then t o  demonstrate t h a t  t h e  hydrogen 
peroxide/sodium hypochlor i te  system, t h e  s e n s i t i z e d  photooxidation and t h e  oxi- 
da t ion  by oxygen which has been exc i t ed  i n  an e l e c t r i c  discharge produced the  
same d i s t r i b u t i o n  of ox ida t ion  products f o r  a given reac tan t  ( r e f .  6,l). 
The l a s t  25 years  have witnessed an ex t raord inary  development of t h e  research 
on s i n g l e t  oxygen r e l a t e d  photooxidations i n  most d iverse  a reas  ( r e f .  8 ) ,  such 
as  atmospheric physics ,  spectroscopy, organic ,  inorganic  and polymer chemistry, 
a s  well  a s  environmental chemistry.  Important cont r ibu t ions  o r i g i n a t e  from l i f e  
sciences with research work on photo toxic i ty  and photodynamic therapy .  

' on a t echn ica l  s ca l e  i s  necessa- Development work on -zed photoo- 
r i l y  based on a d e t a i l e d  knowledge of reac t ion  mechanisms and, consequently, on 
a s e t  of methods of s p e c i f i c  and q u a n t i t a t i v e  a n a l y s i s .  This s p e c i a l i z a t i o n  i n  
t he  ana lys i s  of t h e  in te rmedia tes  of l i g h t  induced oxida t ions  has placed u s  on 
the  crossroads of very d ive r se  research  top ic s ,  and some of them a r e  taken a s  
examples i n  o rder  t o  demonstrate t he  s t a t e  of research i n  t h i s  domain. 

I ,  

SINGLET OXYGEN PRODUCTION BY SENSITIZATION 

The two lowest e l e c t r o n i c a l l y  exc i t ed  s t a t e s  of molecular oxygen a r e  s i n g l e t  
s t a t e s ,  t he  two e l ec t rons  i n  t he  l R g  o r b i t a l  having oppos i te  sp ins  ( r e f .  9 , l O ) .  
The energy d i f f e r e n c e  between t h e  t r i p l e t  ground s t a t e  and t h e  f i r s t  exc i ted  
s t a t e  (IA,)  i s  9 4 . 2  kJ*mol- l ,  and i s  156.9 kJ.mol-I between t h e  second exc i ted  

s t a t e  (IZ;) and t h e  ground s t a t e .  The e l e c t r o n i c  t r a n s i t i o n s  between t h e  

t r i p l e t  ground s t a t e  and t h e  e x c i t e d  s i n g l e t  s t a t e s  a r e  sp in- forb idden  
t r a n s i t i o n s .  Consequently, t he  corresponding molar absorp t ion  c o e f f i c i e n t s  of 
molecular oxygen a r e  e x t r e m e l y  weak, and t h e  product ion of s i n g l e t  oxygen by 
d i r e c t  e x c i t a t i o n  i s  of no importance. 
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, some chemica l  r e a c t i o n s ,  e l ec t r i c  d i s c h a r g e  and t h e  B e s i d e s  s e n s l t l z a t i o n  
p h o t o l y t i c  decompos i t ion  o f  ozone may b e  used  f o r  t h e  p r o d u c t i o n  of s i n g l e t  
oxygen ( r e f .  8 , l O ) .  S e n s i t i z a t i o n  can  be a p p l i e d  i n  a lmos t  any  r e a c t i o n  system 
and i s  r e l a t i v e l y  e a s y  t o  implement on a t e c h n i c a l  scale .  

Equat ions  (1) , ( 2 )  and (3)  summarize t h e  s e n s i t i z a t i o n  mechanism. 

, I  

e t  
3sens*  + 02 - Sens + 102 ( 3 )  

The s e n s i t i z e r  ( S e n s )  i s  e x c i t e d  by a b s o r p t i o n  o f  l i g h t  ( 1 ) .  Given t h a t  t h e  
l i f e t i m e s  o f  e x c i t e d  t r i p l e t  s t a t e s  are  much l o n g e r  t h a n  t h e  l i f e t i m e s  o f  
e x c i t e d  s i n g l e t  s t a t e s ,  s e n s i t i z a t i o n  i n  d i f f u s i o n  c o n t r o l e d  r e a c t i o n s  gene- 
r a l l y  t a k e s  p l a c e  v i a  t h e  t r i p l e t  s t a t e  of t h e  s e n s i t i z e r  ( 3 S e n s * ,  ( 3 ) ) .  
Depending on t h e  ene rgy  o f  3Sens* (ET), b o t h  e x c i t e d  s i n g l e t  s t a t e s  o f  oxygen 
can  b e  g e n e r a t e d ,  a n d  t h e  s e n s i t i z e r  i s  d e a c t i v a t e d  w i t h o u t  c h e m i c a l  

a l t e r a t i o n .  I n  p r a c t i c e ,  t h e  lx i  s t a t e  i s  r a p i d l y  d e a c t i v a t e d  i n  s o l u t i o n  

( r e f .  lo), and i n  t h e  f o l l o w i n g ,  w e  a r e  o n l y  i n t e r e s t e d  i n  t h e  IAS s t a t e  a s  t h e  
r e a c t i v e  i n t e r m e d i a t e ,  deno ted  I 0 2 .  

According t o  t h e  scheme o f  e q u a t i o n s  (1) t o  (3), t h e  quantum y i e l d  o f  s i n a l e t  
Oxygen p r o d u c t i o n  ( @ A )  by a g i v e n  s e n s i t i z e r  i s  e q u a l  t o  t h e  p r o d u c t  of t h e  
quantum y i e l d  o f  i n t e r s y s t e m  c r o s s i n g  ( o r  t r i p l e t  f o r m a t i o n ,  @is,=) and t h e  

e f f i c i e n c y  o f  t h e  energy  t r a n s f e r  t o  molecu la r  oxygen (Qet). 

' and k, b e i n g  t h e  r a t e  c o n s t a n t s  of t h e  n o n - r a d i a t i v e  and r a d i a t i v e  kist 
decay  of 3Sens*1 r e s p e c t i v e l y ,  and krd t h e  r a t e  c o n s t a n t  of o t h e r  pos- 
s i b l e  p r o c e s s e s  i n v o l v i n g  3Sens*  and  0 2  ( e . 9 .  s u p e r o x i d e  a n i o n  f o r -  
ma t ion ,  quench ing  o f  3Sens* by 0 2  l e a d i n g  t o  t h e  ground s t a t e  o f  bo th  
r e a c t a n t s ) .  

I n  e v a l u a t i n g  s i n g l e t  oxygen s e n s i t i z e r s  by  t h e i r  quantum e f f i c i e n c y  o f  s i n g l e t  
oxygen p r o d u c t i o n ,  t h e  d i f f e r e n t i a t i o n  and s p e c i f i c  d e t e r m i n a t i o n  o f  b o t h  f a c -  
t o r s ,  @isc and Qet, i s  i m p o r t a n t  f o r  t h e  fundamenta l  u n d e r s t a n d i n g  o f  p r imary  
and secondary  p r o c e s s e s  i n v o l v e d  i n  s e n s i t i z a t i o n  and ,  c o n s e q u e n t l y ,  f o r  t h e  
development of new s e n s i t i z e r s  f o r  d i f f e r e n t  domains o f  a p p l i c a t i o n s .  

The i n t e r s v s t e  m c r o s s i n a  auantum v i e l d  (Disc)  may be  de te rmined  by l a s e r  f l a s h -  
p h o t o l y s i s  expe r imen t s  u s i n g  e i t h e r  t h e  p a r t i a l  s a t u r a t i o n  method ( r e f .  11) o r  
t h e  ene rgy  t r a n s f e r  method ( r e f .  1 2 ) .  P r e p a r i n g  a p p l i c a t i o n s  i n  mic rohe te roge -  
neous  o r  h e t e r o g e n e o u s  media, w e  have  u s e d  p r e f e r a b l y  t h e  f i r s t  o f  t h e s e  
methods i n  o r d e r  t o  a v o i d  p rob lems  a r i s i n g  f rom l a r g e  c o n c e n t r a t i o n s  of 
quenchers  needed f o r  a q u a n t i t a t i v e  quenching o f  t r i p l e t  s t a t e s .  
The d i r e c t  B e t e r m i n a t  i o n  o f  bnt by t h e  ene rgy  t r a n s f e r  method ( r e f .  13) be ing  
r a r e l y  a p p l i e d  due  t o  e x p e r i m e n t a l  d i f f i c u l t i e s ,  Qet i s  u s u a l l y  c a l c u l a t e d  from 
s e p a r a t e l y  de t e rmined  @isc and @A v a l u e s .  

The e v a l u a t i o n  o f  t h e  p h o t o p h y s i c a l  p a r a m e t e r s  o f  t h e  hematoporphyr in  d e r i -  
v a t i v e  ( H P D )  i s  an  i n t e r e s t i n g  example d e m o n s t r a t i n g  d i f f e r e n t  methods of ana- 
l y s i s  and  t h e i r  l i m i t s .  HPD i s  s t i l l  t h e  most f r e q u e n t l y  used  s e n s i t i z e r  i n  

development o f  new s e n s i t i z e r s  d e s i g n e d  f o r  t h i s  a p p l i c a t i o n .  T h i s  s u b s t a n c e  
has  no d e f i n e d  chemica l  s t r u c t u r e  b u t  c o n s i s t s  of s e v e r a l  p o r p h y r i n s  e x h i b i t i n g  
r e l a t e d  chromophore c h a r a c t e r i s t i c s  ( r e f .  1 5 ) .  H P D  ( o f  P h o t o f r i n  I1 q u a l i t y  
( r e f .  1 4 ) )  e x h i b i t s  a r a t h e r  h i g h  quantum y i e l d  o f  s i n g l e t  oxygen p r o d u c t i o n  i n  

PhO t odv namic  t h e r a D v  o f  t umors  ( r e f .  1 4 )  and  i s  t a k e n  as a s t a n d a r d  i n  t h e  
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methanol (@A = 0 . 8 3 ) .  However, i n  p h y s i o l o g i c a l  s a l t  s o l u t i o n ,  HPD h a s  a v e r y  

l i m i t e d  s o l u b i l i t y  and i s  a r a t h e r  poor  s i n g l e t  oxygen s e n s i t i z e r :  @A h a s  a 
v a l u e  o f  0 . 1 2  a t  a c o n c e n t r a t i o n  o f  0 . 0 6  and  d e c r e a s e s  a s  t h e  HPD 
c o n c e n t r a t i o n  i n c r e a s e s  ( r e f .  1 6 ) .  Maximum v a l u e s  o f  @is= o f  a b o u t  0 . 5  i n  
p h y s i o l o g i c a l  s a l t  s o l u t i o n  and o f  0 . 9  i n  methanol have been c a l c u l a t e d  on t h e  
b a s i s  o f  r e s u l t s  o b t a i n e d  from t h e  p a r t i a l  s a t u r a t i o n  method and  assuming an 
average  molecu la r  weight  of 598.7 gamol-I ( r e f .  1 7 ) .  Thus, t h e  d i f f e r e n c e  of @A 
i n  methanol  and i n  p h y s i o l o g i c a l  s a l t  s o l u t i o n  r e f l e c t s  an  i m p o r t a n t  s o l v e n t  
deuendence  o f  @ i s c . a n d  0 f bZt. P a r a l l e l  s p e c t r o s c o p i c  s t u d i e s  show a n o t a b l e  
s h i f t  o f  t h e  S o r e t  band, an  i n c r e a s e  o f  i t s  molar  a b s o r p t i o n  c o e f f i c i e n t ,  a 
more d i s t i n c t  p r o f i l e  o f  t h e  Q bands  and  a s t e a d y  i n c r e a s e  o f  t h e  r e l a t i v e  
quantum y i e l d  of f l u o r e s c e n c e  (by  a f a c t o r  of  6 )  f o r  wa te r /me thano l  m i x t u r e s  
c o n t a i n i n g  from 0 t o  1 0 0 %  methanol  ( r e f .  1 7 , 1 8 ) .  These  changes  are  due  t o  a 
pronounced a g g r e g a t i o n  o f  t h e  s e n s i t i z e r  i n  aqueous  s o l u t i o n ,  which enhances  
i n t e r n a l  c o n v e r s i o n  f rom t h e  e l e c t r o n i c a l l y  e x c i t e d  s i n g l e t  s t a t e  and  t h u s  
d imin i shes  t h e  e f f i c i e n c i e s  o f  b o t h  f l u o r e s c e n c e  and i n t e r s y s t e m  c r o s s i n g .  

A s  t r i p l e t  s t a t e s  a r e  e f f i c i e n t l y  quenched by m o l e c u l a r  oxygen, many a u t h o r s  
assumed a @isc e q u a l  t o  @A and, t h u s ,  an e f f  i c i e n c v  o f t h e  e n e r a v  t r a  n s f e r  t o  

molecu l a r  oxvaen (Qet) e q u a l  t o  u n i t y .  For  i n s t a n c e ,  based  on an  i n d i r e c t  d e t e r -  
m i n a t i o n  of @ A  of  r o s e  bencjal, @isc h a s  been  u s u a l l y  t a k e n  t o  be 0 . 7 6  i n  
methanol ( r e f .  1 9 )  and  0 .86  i n  e t h a n o l  ( r e f .  2 0 ) .  I n  f a c t ,  @isc de te rmined  by 
t h e  p a r t i a l  s a t u r a t i o n  method i s ,  i n  b o t h  water and methanol ,  p r a c t i c a l l y  u n i t y  
( r e f .  21), hence ,  d i m i n i s h i n g  t h e  e f f i c i e n c y  o f  ene rgy  t r a n s f e r ,  Qet, t o  v a l u e s  
of 0 .76  i n  methanol and 0 .75  i n  w a t e r .  

The o b s e r v e d  s o l v e n t  dependence  o f  @isc of  HPD might  o r i g i n a t e  from e f f e c t s  
which conce rn  o n l y  a l i m i t e d  number o f  t h e  components i n v o l v e d  and ,  due  t o  
a g g r e g a t i o n a l  e f f e c t s ,  i s  an  e x c e p t i o n  t o  a g e n e r a l l y  a c c e p t e d  r u l e  t h a t  t h e  
quantum e f f i c i e n c i e s  o f  p r i m a r y  pho tochemica l  p r o c e s s e s  of s i m p l e  s e n s i t i z e r  
molecules  do n o t  v a r y  t o  a g r e a t  e x t e n t  a s  f a r  a s  t h e  s o l v e n t  change m a i n t a i n s  
t h e  p o l a r  o r  a p o l a r  s o l v e n t  c h a r a c t e r .  A s o l v e n t  dependence o f  @A may, hence,  

be  g e n e r a l l y  e x p l a i n e d  by  v a r i a t i o n s  of  Qet .  Redmond and  B r a s l a v s k y  compared 
e x p e r i m e n t a l l y  de t e rmined  @A v a l u e s  o f  a series o f  s e n s i t i z e r s  w i t h  t h e  a l r e a d y  
p u b l i s h e d  @isc of  t h e  same compounds ( r e f .  2 2 ) .  The c a l c u l a t e d  Qet l e a d  t o  a 
q u a l i t a t i v e  d i f f e r e n t i a t i o n  between ene rgy  t r a n s f e r s  from x x *  and n x * t r i p l e t s  
t o  molecu la r  oxygen, t h e  former  showing h i g h e r  v a l u e s  o f  Qet. Based on a r eac -  
t i o n  scheme which i n c l u d e s  t h e  s p i n  s t a t i s t i c a l  f a c t o r s  d e t e r m i n i n g  t h e  dyna- 
mics o f  t h e  quench ing  o f  3Sens*  by  m o l e c u l a r  oxygen ( r e f .  2 3 ) ,  v a r i a t i o n s  of 
Qet, due t o  changes  o f  t h e  ket/krd r a t i o  ( ( 4 )  and ( 5 ) )  , may be e x p l a i n e d  by 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  i n t e r s y s t e m  c r o s s i n g  be tween t h e  two e l e c t r o n i c  
c o n f i g u r a t i o n s  of t h e  s e n s i t i z e r - o x y g e n  e x c i p l e x e s  w i t h  s t r o n g  CT c h a r a c t e -  
r i s t i c s :  1(Senss+-.*-02) * and (Sens*+-*-02) * ( r e f .  2 2 )  . The e x t e n t  o f  t h i s  i n t e r -  
sys tem c r o s s i n g  may be  q u a l i t a t i v e l y  l i n k e d  t o  t h e  p o l a r i z a b i l i t y  of t h e  elec- 
t r o n i c a l l y  e x c i t e d  s e n s i t i z e r  molecule  which i s  g e n e r a l l y  assumed t o  be  lower 
i n  nx* t h a n  i n  nK* t r i p l e t  s t a t e s .  T h i s  i n t e r p r e t a t i o n  cannot  e x p l a i n  t h e  s t r o n g  
s o l v e n t  dependence  o f  @A of  f l u o r e n o n e  (@A(benzene)  /@A(methano l )  - 20, r e f .  

22 ,24 ,25)  , u n l e s s  t h e  lowes t  t r i p l e t  s t a t e  of f l u o r e n o n e  has  a s t r o n g  nx" cha- 
r a c t e r  i n  methanol,  f o r  which no expe r imen ta l  ev idence  h a s  been g i v e n  so f a r .  

Among t h e  many means o f  2~ determination ' , methods of d i r e c t  and  i n d i r e c t  ana ly -  
s i s  have t o  b e  d i s t i n g u i s h e d .  Methods o f  d i r e c t  a n a l y s i s  make u s e  o f  a p h y s i c a l  
q u a l i t y  o f  s i n g l e t  oxygen which can be  obse rved  w i t h  an  a p p r o p r i a t e  equipment;  
luminescence  ( r e f .  2 6 )  and c a l o r i m e t r i c  ( r e f .  2 7 )  measurements are  mos t ly  used  
a t  p r e s e n t .  L u m i  nescence  m ea su remen t s  a t  1270 nm under  c o  n '  t i n u o u s  e x c i t a t  i n  o 
are v e r y  conven ien t  f o r  t e c h n i c a l  e v a l u a t i o n s  of new s e n s i t i z e r s  as w e l l  a s  f o r  
fundamen ta l  i n v e s t i g a t i o n s .  I n  t h e  a b s e n c e  o f  a s i n g l e t  oxygen quenche r  o r  
a c c e p t o r ,  r e a c t i o n s  (1) t o  (3)  a r e  fo l lowed by 
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( 7 )  

The quantum y i e l d  o f  s i n g l e t  oxygen luminescence ,  @,, i s  t h e n  

@e = @A*@, ( 8 )  
where 0, = k,/ (k, + kd) ( 9 )  

i s  t h e  luminescence  e f f i c i e n c y ,  i f  t h e  quench ing  o f  s i n g l e t  oxygen by 
t h e  s e n s i t i z e r  (24)  i s  n e g l i g i b l e .  Note t h a t  k, << kd ( r e f .  2 6 ) .  

Fo r  a g i v e n  equ ipmen t ,  t h e  e m i t t e d  pho ton  f l u x ,  P,, i s  p r o p o r t i o n a l  t o  t h e  
obse rved  s i g n a l  S,, t h u s ,  

ae = P,/P, = c S,/P, ( 1 0 )  

I f  measurements w i t h  sample (Sens )  and  r e f e r e n c e  (R) s o l u t i o n s  a r e  made u s i n g  
i d e n t i c a l  a b s o r b a n c e s  a t  t h e  wave leng th  ( s )  o f  e x c i t a t i o n  ( A )  , hence ,  e n s u r i n g  
i d e n t i c a l  a b s o r p t i o n  f a c t o r s  (a = P,/Po = ( l - l O - A ) ) ,  t h e  equipment  s p e c i f i c  
p r o p o r t i o n a l i t y  f a c t o r  C remains  c o n s t a n t .  Fu r the rmore ,  k, and  kd a r e  r e s p e c t i -  
v e l y  t h e  same i n  e x p e r i m e n t s  w i t h  Sens  and  R, i f  t h e  same s o l v e n t  i s  u s e d .  
Consequent ly ,  t h e  f o l l o w i n g  e q u a t i o n s  can  be  a p p l i e d :  
- f o r  e x p e r i m e n t s  w i t h  i d e n t i c a l  s o l v e n t ,  A and  h,,,: 

(11) 
R R 

@A = @A se/s, 

- f o r  e x p e r i m e n t s  w i t h  i d e n t i c a l  s o l v e n t  and  A ,  b u t  d i f f e r e n t  k,,, f o r  Sens  and 
R: 

R 
@A = @A ( s e / s t )  (p:/p,) (12)  

- f o r  e x p e r i m e n t s  w i t h  i d e n t i c a l  A and hex,, b u t  d i f f e r e n t  s o l v e n t s  fo r  Sens  and 
R: 

R R 
@A = @A (Se/S,) (kE/k,) ('C:/'CA) (13)  

where 'CA = l / ( k e  + kd) o r  'CA = l / k d  (as k, << kd)  
i s  t h e  l i f e t i m e  o f  s i n g l e t  oxygen i n  a g i v e n  medium. 

From t h e  most r e c e n t  expe r imen t s ,  r e s u l t s  of  @A d e t e r m i n a t i o n  o f  1H-phenalen-l- 
one s h o u l d  be  men t ioned .  Taking  f l u o r e n o n e  as a s t a n d a r d  i n  C g D g  or CgH6 (11) 
and r o s e  b e n g a l  as a s t a n d a r d  i n  CD30D (12)  , t h e  same v a l u e  o f  0 . 9 8  ( k 0 . 0 5 )  h a s  
been  found  f o r  1s-phenalen-1-one i n  b o t h  s o l v e n t s ,  p l a c i n g  t h i s  k e t o n e  among 
t h e  most e f f i c i e n t  s i n g l e t  oxygen s e n s i t i z e r s  known ( r e f .  2 5 ) .  

E v i d e n t l y ,  @A d e t e r m i n a t i o n s  can  a l s o  b e  made by time reso l  ved  l u m i n e s c e n c e  
measurements, b u t  problems u s u a l l y  a r i se  from a n  i n f e r i o r  s i g n a l / n o i s e  r a t i o ,  
from t h e  r e p r o d u c i b i l i t y  of  t h e  i n c i d e n t  photon  f l u x  and from d i f f i c u l t i e s  w i th  
t h e  measurement of t h e  s i g n a l  i n t e n s i t y  a t  ze ro - t ime .  However, good r e s u l t s  can 
be  o b t a i n e d  when w e l l - i n v e s t i g a t e d  s e n s i t i z e r s  a r e  u s e d  as  r e f e r e n c e s  
( r e f .  1 3 )  . Moreover,  t i m e  r e s o l v e d  luminescence  measurements are  n e c e s s a r y  f o r  
an independen t  d e t e r m i n a t i o n  o f  'CA i n  o r d e r  t o  s o l v e  (13 )  f o r  a g i v e n  r e a c t i o n  
medium. 
Al though,  some a u t h o r s  have  c l a imed  k, t o  b e  s o l v e n t  i ndependen t  ( r e f .  2 8 , 2 9 ) ,  
s e v e r a l  r e s e a r c h  g r o u p s  r e p o r t e d  r e s u l t s  which can  o n l y  b e  i n t e r p r e t e d  w i t h  a 
c o n s i d e r a b l e  v a r i a t i o n  o f  k, ( r e f .  30 -32) .  For  i n s t a n c e ,  @A o f  r o s e  benga l  was 
de t e rmined  by  e x p e r i m e n t s  where s i n g l e t  oxygen i s  q u a n t i t a t i v e l y  t r a p p e d  by 2- 
f u r f u r y l  a l c o h o l  (vide i n f r a )  t o  b e  0 . 8 5  i n  a c e t o n i t r i l e  ( r e f .  3 3 ) ,  a h i g h  
v a l u e  i n d i c a t i n g  t h a t  t h i s  s o l v e n t  i s  a r e a c t i o n  medium o f  p r e f e r e n c e  f o r  many 
p r e p a r a t i v e  a p p l i c a t i o n s .  I n  a s imi l a r  expe r imen t  i n  me thano l ,  t h e  r e f e r e n c e  
v a l u e  ( 0 . 7 6 ,  r e f .  1 9 )  c o u l d  be d u p l i c a t e d ,  a n d  t h u s  t h e  r a t i o  
@A(acetonitrile)/@A(methanol) i s  1 . 1 2 .  P a r a l l e l  @A d e t e r m i n a t i o n s  were made by 
luminescence  measurements,  and  (13)  was a p p l i e d ,  t a k i n g  r o s e  b e n g a l  i n  CD3CN a s  
S e n s  a n d  t h e  same s e n s i t i z e r  i n  CD30D a s  R ( r e f .  3 4 ) .  A v a l u e  o f  
k, ( a c e t o n i t r i l e )  /k, (me thano l )  o f  1 . 4  was c a l c u l a t e d ,  a r a t i o  which i s  d e f i n i -  
t e l y  l a r g e r  t h a n  1. The combined u s e  o f  d i f f e r e n t  methods  o f  a n a l y s i s  of 
s i n g l e t  oxygen i s  b a s e d  on t h e  h y p o t h e s i s  t h a t  k, r e m a i n s  c o n s t a n t  f o r  a 
s o l v e n t  i n  i t s  pe rhydrogena ted  and  p e r d e u t e r a t e d  form, a h y p o t h e s i s  which i s  i n  
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a c c o r d  w i t h  t h e  i n t e r p r e t a t i o n  t h a t  k, depends  on t h e  s o l v e n t  p o l a r i z a b i l i t y  
( r e f .  3 1 , 3 2 ) .  

D e t e c t i n g  t h e  s i n g l e t  oxygen luminescence  a t  an  a n g l e  o f  90' w i t h  r e s p e c t  t o  
t h e  a x e s  o f  t h e  beam o f  t h e  monochromatic i n c i d e n t  l i g h t ,  t h e  equipment spe- 
c i f i c  p r o p o r t i o n a l i t y  f a c t o r  C depends  on t h e  abso rbance  o f  t h e  s o l u t i o n .  An 
e m p i r i c a l  f u n c t i o n  can  b e  found i n  comparing t h e  s i n g l e t  oxygen luminescence  
i n i t i a t e d  by t h e  same s e n s i t i z e r  a t  d i f f e r e n t  a b s o r b a n c e s ,  keep ing  one  a b s o r -  
bance v a l u e  as r e f e r e n c e  ( A R ) .  R e f e r r i n g  t o  (lo), w e  may w r i t e  

0, = C S , /{Po( l  - = C S,/{Po(l - T ) )  (15) 

and t h e n  
R 

S,/S, = ( C R / C )  (@,/@:) { (1 - T ) /  (1 - TR) ) 

when t h e  same i n c i d e n t  pho ton  f l u x  ( P O )  i s  a p p l i e d .  I f  @, i s  independen t  of 

[Sens]  a s  i s  t h e  case f o r  r o s e  benga l  and 1s-phenalen-1-one, a p l o t  of S,/S, = 

f( (1 - T ) / ( l  - TR) } shows t h e  p r o p o r t i o n a l i t y  f u n c t i o n  CR/C ( F i g .  1, r e f .  3 5 ) .  
I f  CD, depends on [ S e n s ] , t h e  same p l o t  i n c l u d e s  t h e  r e l a t i v e  v a r i a t i o n  of CD,, 
and concarat- can  be demons t r a t ed .  T h i s  i s  f o r  i n s t a n c e  t h e  
c a s e  f o r  methanol  s o l u t i o n s  o f  c h l o r o  a l u m i n i u m ( I I 1 )  s u l f o n a t e d  ph tha locyan ine  
(AlSPC), a n o t h e r  p o t e n t i a l  s e n s i t i z e r  f o r  PDT a p p l i c a t i o n s  ( F i g .  1 ) .  T h i s  
r e s u l t  c o i n c i d e s  w i t h  e a r l i e r  measurements,  e v a l u a t i n g  t h e  s o l v e n t  dependence 
of i t s  @A, f o r  which a d e c r e a s e  from 0 . 3  i n  pH 1 0  b u f f e r e d  aqueous s o l u t i o n  t o  
0 . 1  i n  methanol  w a s  found ( r e f .  3 6 ) .  We assume t h a t  b o t h  o b s e r v a t i o n s  a r e  due 
t o  an enhanced  a g g r e g a t i o n  o f  t h e  m u l t i p l y  cha rged  compound i n  t h e  o r g a n i c  
s o l v e n t  l e a d i n g  t o  a d e c r e a s e  o f  @A and, t h u s ,  o f  0,. 

R 

- 1.2 
ffi 
v 

a, 
0 
\ 
a, 
v) 

0 

AlSPC 

r o s e  benga l  

0.0 012 0 . 4  0.6 0.8 1 .o 1.2 

(1-T)  / (1-T ( R )  ) 
R F i g .  1. - P l o t  o f  S,/S, = f { ( l  - T ) / ( 1  - T R ) } ,  (see ( 1 6 )  and  t e x t ) .  

Methods o f  i n d i r e c t  s i n g l e t  oxygen a n a l y s i s  make u s e  o f  i t s  chemica l  r e a c t i -  
v i t y ,  and, i n  u s i n g  s p e c i f i c  a c c e p t o r s ,  t h e  decrease o f  b o t h  t h e  c o n c e n t r a t i o n  
of t h e  a c c e p t o r  A and t h e  c o n c e n t r a t i o n  of t h e  d i s s o l v e d  m o l e c u l a r  oxygen may 
be de te rmined  ( ( 3 )  and ( 1 7 ) ) .  

The w t u m  y i e l d  o f  t h e  chemica l  r e a c t i o n  of sin- , or, i s  d e f i n e d  as 

@r = 0 A . k  (18) 

kq b e i n g  t h e  r a t e  c o n s t a n t  o f  t h e  p h y s i c a l  quenching  o f  
where or = k,[Al/Ikd +(k, f kq) [A1 1 ( 1 9 )  

' 0 2  + A - 0 2 t A  ( 2 0 )  

by A ( 2 0 ) .  

kq 

I n  o r d e r  t o  a p p l y  a s i n g l e t  oxygen a c c e p t o r  f o r  q u a n t i t a t i v e  a n a l y s i s ,  t h e  
f o l l o w i n g  c o n d i t i o n s  must be  f u l f i l l e d :  
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- s p e c i f i c  r e a c t i o n  w i t h  l 0 2 ,  
- t h e  s t o i c h i o m e t r y  o f  ( 1 7 )  i s  known and  p r e f e r e n t i a l l y  1:1, 
- k , [ A ]  i s  t h e  dominant  r a t e  o f  consumpt ion  of  l 0 2 ,  k, b e i n g  p r e f e r e n t i a l l y  

h i g h e r  t h a n  l o 7  la rnol - las - l .  

Changing (18)  i n t o  

U@r = I (k, + k q ) / ( k r  @A) ) t {kd/ (k ,  @A) 1 ( 1 / [ A l )  ( 2 1 )  

t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  a, (22)  can  be  p l o t t e d  as l/@r = f ( l / [ A l ) ,  y i e l -  
d i n g  l / @ ~  from t h e  o r i g i n  i f  k, >> kqr  and  k, from t h e  s l o p e  as kd i s  known f o r  
t h e  r e a c t i o n  medium u s e d .  For  a 1:l s t o i c h i o m e t r y  o f  ( 1 7 ) ,  w e  can  wr i t e  

0, = ( l / P a )  ( d [ A l / d t )  = ( l / P a )  ( d [ 0 2 l / d t )  ( 2 2 )  

S p e c t r o p h o t o m e t r i c  a n a l y s i s  o f  t h e  a c c e p t o r  c o n c e n t r a t i o n  i s  most c o n v e n i e n t ,  
b u t  o n l y  i n  t h e  l a s t  few y e a r s ,  w a t e r  s o l u b l e  a c c e p t o r s  which change  t h e i r  
a b s o r p t i o n  s p e c t r u m  i n  ( 1 7 )  have  been  p u b l i s h e d .  They p e r m i t  t o  e x t e n d  t h i s  
k i n d  o f  a n a l y s i s  t o  a l a r g e r  r a n g e  o f  o r g a n i c  s o l v e n t s  and  water ( r e f .  3 7 ) .  
Among t h e  a c c e p t o r s  c i t e d ,  1,3-diphenylisobenzofuran (DPBF) i s  one o f  t h e  l e a s t  
s p e c i f i c ,  as t h i s  compound i s  known t o  react r e a d i l y  w i t h  r a d i c a l  s p e c i e s  which 
might be  p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e  ( r e f .  3 8 ) ,  and  0, d e t e r m i n e d  on t h e  
b a s i s  of  DPBF r e a c t i v i t y  a r e  u s u a l l y  o v e r e s t i m a t e d .  

The i n d i r e c t  s i n g l e t  oxygen a n a l y s i s  i s  t h e  method o f  c h o i c e  f o r  @, d e t e r m i -  
t n a t i o n s  i n  non-homogeneous r e a c t i o n  s y s t e m s .  For  [Sens ]  dependent  @A, lumines-  

cence  measurements might l e a d  t o  an  e r r o n e o u s  r e s u l t  due  t o  t h e  d i f f i c u l t i e s  i n  
e s t a b l i s h i n g  C (vide s u p r a ) ,  and c o r r e s p o n d i n g  e x p e r i m e n t s  s h o u l d  be  checked by 
s i n g l e t  oxygen t r a p p i n g .  Fo r  example,  @A d e c r e a s e s  by a f a c t o r  o f  2, as [ H P D ]  

i s  i n c r e a s e d  from 0 . 0 6  t o  0 . 6  g . 1 - l  i n  aqueous  s o l u t i o n  ( r e f .  1 6 ) ,  a concen- 
t r a t i o n  e f f e c t  which would b e  v e r y  d i f f i c u l t  t o  q u a n t i f y  by luminescence  measu- 
rement s . 
E v i d e n t l y ,  a l l  i n d i r e c t  methods o f  a n a l y s i s  q u a n t i f y  s i n g l e t  oxygen which i s  
a v a i l a b l e  f o r  d i f f u s i o n  c o n t r o l e d  c h e m i c a l  r e a c t i o n  w i t h  a chosen  a c c e p t o r .  
S e n s i t i z e r  m o l e c u l e s  migh t  t h e m s e l v e s  be e f f i c i e n t  q u e n c h e r s  or  a c c e p t o r s  of  
s i n g l e t  oxygen ( ( 2 3 )  and  ( 2 4 ) ) ,  hence  compet ing  w i t h  a n  added  a c c e p t o r  ( ( 1 7 )  
and  ( 2 0 ) ) .  k t q  ( 2 4 )  can  be e a s i l y  d e t e r m i n e d  by  t i m e - r e s o l v e d  luminescence  
measurements ;  f o r  t h e  d e t e r m i n a t i o n  o f  k ' ,  ( 2 3 )  , i n d i r e c t  a n a l y s i s  o f  s e l f -  
s e n s i t i z e d  o x i d a t i o n  i s  p o s s i b l e  i f  c o n d i t i o n s  o f  t o t a l  a b s o r b a n c e  can  be 
ensu red  d u r i n g  i r r a d i a t i o n  t i m e .  

Sens02 (23)  lo2 t Sens 

lo2 t Sens k q  o2 t Sens ( 2 4 )  

k'r 

1 

I n  many e v a l u a t i o n s  i n v o l v i n g  v e r y  complex s e n s i t i z e r  sys t ems ,  i n v e s t i g a t i o n s  
u s u a l l y  f o c u s  on a d e t e r m i n a t i o n  of  ( r e l a t i v e )  @,. S u r f a c e  w a t e r s  a r e  known t o  
be  media where l i g h t  i nduced  U t i v e  d e g r a d a t i o n  of  d i s s o l v e d  o r  d i s p e r s e d  
o r g a n i c  p o l  l u t a n t z  o c c u r s ,  a p r o c e s s  i n  which s i n g l e t  oxygen, s e n s i t i z e d  bv 
humic s u b s t a n c e s  , migh t  p a r t i c i p a t e .  These  s u b s t a n c e s  a r e  po lychromophor i c  
macromolecules  o f  unknown d e t a i l e d  s t r u c t u r e  and  m o l e c u l a r  w e i g h t ,  i n  which 
i n n e r  and  o u t e r  a r e a s  of  complexa t ion  and ,  hence ,  o f  quenching  ( r e f .  39 ,40 )  can 
be d i f f e r e n t i a t e d .  I n t e r f e r e n c e s  o f  t h e  a b s o r p t i o n  s p e c t r a  of  s e n s i t i z e r  and 
s i n g l e t  oxygen a c c e p t o r  c a l l  f o r  t h e  a n a l y s i s  o f  d i s s o l v e d  m o l e c u l a r  oxygen, a 
t e c h n i q u e  which h a s  been  d e v e l o p e d  i n  d e t a i l  i n  o u r  l a b o r a t o r y .  T h i s  method 
u s e s  2 - f u r f u r y l  a l c o h o l  a s  a s p e c i f i c  s i n g l e t  oxygen a c c e p t o r  ( r e f .  40 ,41)  f o r  
which t h e  1:l s t o i c h i o m e t r y  of  ( 1 7 )  h a s  a l s o  been  e s t a b l i s h e d  ( r e f .  42) . For  a 
s e r i e s  o f  aqueous  humic and  f u l v i c  a c i d s ,  v a l u e s  o f  @, i n  t h e  r a n g e  of  0 .02  t o  
0 . 0 4  have been  found ( r e f .  4 3 ) ,  r e s u l t s  which a r e  f o r  t e c h n i c a l  r e a s o n s  n o t  y e t  
r e p r o d u c i b l e  by luminescence  measurements.  
Ra the r  i m p o r t a n t  series o f  ( r e l a t i v e )  @, d e t e r m i n a t i o n s  have  been  made i n  t h e  
c o u r s e  o f  t h e  d e v e l o p m e n t  o f  i n s o l u b l e  s i n g l e t  o x y g e n  s e n s i t i z e r s  
( r e f .  1 0 , 4 4 , 4 5 , 4 6 )  . Luminescence measurements  a r e  o n l y  of r e s t r i c t e d  u s e  f o r  
immobi l i zed  s e n s i t i z e r  p a r t i c l e s  and  e x t e n d e d  s u r f a c e s  a n d  y i e l d  S, v a l u e s  
which a r e  d i f f i c u l t  t o  i n t e r p r e t  due t o  l a r g e  d i f f e r e n c e s  i n  s u r f a c e  s t r u c t u r e  

, ,  
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and s u p p o r t  r e a c t i v i t y  ( r e f .  4 7 ) .  Again,  b e c a u s e  o f  t h e  h e t e r o g e n e i t y  o f  t h e  
r e a c t i o n  sys t ems ,  w e  p r e f e r  0, d e t e r m i n a t i o n s  u s i n g  a n  oxygen e l e c t r o d e .  A s  
a n t i c i p a t e d ,  t h e  r e s u l t s  show maximum e f f i c i e n c i e s  f o r  i n s o l u b l e  s e n s i t i z e r s  of  
c o l l o i d a l  s i z e  ( r e f .  4 5 ) :  i n s o l u b l e  s e n s i t i z e r s  c o n s i s t i n g  o f  2% of r o s e  benga l  
c h e m i c a l l y  bound t o  f u n c t i o n a l i z e d  S i02  s u r f a c e s  show a n  e f f i c i e n c y  o f  approx i -  
ma te ly  50% o f  t h e  s t a n d a r d  s e n s i t i z e r  i n  s o l u t i o n .  

Lase r  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  on d e a e r a t e d  s u s p e n s i o n s  o f  t h e  same i n s o -  
l u b l e  s e n s i t i z e r s  show t h e  known T-T a b s o r p t i o n  s p e c t r u m  o f  r o s e  b e n g a l ,  b u t  
a l s o  t h e  spec t rum o f  t h e  r a d i c a l  c a t i o n  of  t h e  s e n s i t i z e r  ( r e f .  2 1 , 4 5 ) .  Th i s  
spec t rum becomes dominant i n  a e r a t e d  s u s p e n s i o n s  i n d i c a t i n g  a v e r y  c o m p e t i t i v 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  t o  oxygen ( 2 5 ) .  

e l t  
3 ~ e n s  t 02 - Sens+.  t 0;' (25)  

The o b s e r v e d  decrease o f  or f o r  i n s o l u b l e  s e n s i t i z e r  might  t h e r e f o r e ,  a t  l e a s t  
p a r t i a l l y ,  be  due  t o  e l e c t r o n  t r a n s f e r  r e a c t i o n ,  which i n  t u r n  i s  f a v o r e d  by a 
h i g h  l o c a l  s e n s i t i z e r  c o n c e n t r a t i o n .  A d e c r e a s e  o f  Qr can  a l s o  be  obse rved ,  
when r o s e  b e n g a l  s e n s i t i z e d  o x i d a t i o n s  are  c a r r i e d  o u t  i n  W/O microemuls ions ,  
where t h e  l o c a l  c o n c e n t r a t i o n  of  r o s e  b e n g a l  i s  i n c r e a s e d  due  t o  t h e  r e s t r i c t e d  
volume o f  t h e  aqueous  p h a s e  ( r e f .  4 8 ) .  A f u r t h e r  deve loDment  o f  i n s o l u b l e  

i z e r z  s h o u l d  t h e n  a l s o  b e  f o c u s s e d  on t h e  p r e p a r a t i o n  o f  s e n s i t i z e r s  w i th  
more d i l u t e  s u r f a c e  o c c u p a t i o n ,  t h e  s u r f a c e  f u n c t i o n a l i z a t i o n  n o t  a c t i n g  a s  a 
s i n g l e t  oxygen quenche r .  

, I  

SINGLET OXYGEN REACTIVITY 

S i n g l e t  oxygen i s  a r a t h e r  s p e c i f i c  r e a g e n t  whose t y p i c a l  r e a c t i o n s  a r e  c l a s -  
s i f i e d  as e n e - r e a c t i o n s ,  ( 2 t 4 )  c y c l o a d d i t i o n s ,  ( 2 t 2 )  c y c l o a d d i t i o n s  and  s u l f -  
o x i d a t i o n s  ( r e f .  8 , lO)  . 
Improvements i n  p r e p a r a t i v e  a p p l i c a t i o n s  o f  some o f  t h e s e  r e a c t i o n s  may be 
p o s s i b l e  i n  u s i n g  new s e n s i t i z e r s  and  d i f f e r e n t  s o l v e n t s  o r  s o l v e n t  m i x t u r e s ,  
o r  i n  i n t r o d u c i n g  new r e a c t o r  g e o m e t r i e s .  
Development o f  s e n s i t i z e d  p h o t o o x i d a t i o n s  on a t e c h n i c a l  s c a l e  i s  a lways  based  
on or d e t e r m i n a t i o n s  f o r  which s u b s t r a t e ,  p r o d u c t  and  oxygen a n a l y s i s  may be  
u s e d ,  On t h e  o t h e r  hand ,  p u b l i s h e d  t a b l e s  o f  k,, b u t  a l s o  o f  kq  v a l u e s  
( r e f .  4 9 ) ,  might  h e l p  t o  e v a l u a t e  Qr f o r  r e a c t i o n  sys t ems  o f  known s e n s i t i z e r s  
and  s o l v e n t s .  The s i m u l t a n e o u s  measu remen t s  o f  oxygen  c o n c e n t r a t i o n  and  
abso rbed  photon  f l u x  y i e l d  e x c e l l e n t  r e s u l t s  a s  l o n g  as p e r i o d s  o f  i r r a d i a t i o n  
remain w i t h i n  t h e  t i m e  l i m i t s  o f  t h e  s t a b i l i t y  o f  oxygen e l e c t r o d e s  ( r e f .  5 0 ) .  

The c o n c e n t r a t i o n  of t h e  a c c e p t o r  may be  an  i m p o r t a n t  p a r a m e t e r  i n  t h e  op t imi -  
z a t i o n  o f  a s e n s i t i z e d  p h o t o o x i d a t i o n .  However, maximum l i m i t s  might be  imposed 
by p o t e n t i a l  s e n s i t i z e r - s u b s t r a t e  i n t e r a c t i o n s  ( e . g .  ( 2 8 ) ,  r e f .  37 )  . I n  t h i s  
r e s p e c t ,  s u l f o x i d a t i o n  i s  p a r t i c u l a r l y  i n t e r e s t i n g ,  s i n c e  i n  i t s  sequence  o f  
p roduc t  f o r m a t i o n  ( ( 2 6 )  and  ( 2 7 ) )  a s econd  molecu le  o f  s u b s t r a t e  i s  i n v o l v e d .  
I n  f a c t ,  t h e  c o n c e n t r a t i o n  dependence of  t h e  o v e r a l l  s u l f o x i d a t i o n  i s  t h e  p r i n -  
c i p a l  argument f o r  t h e  proposed  sequence  ( r e f .  5 1 ) .  

k r  
I 0 2  t RSR' - RSO2R' 

RS02R' t RSR' 2 RSOR' (27) 

3Sens* t RSR' - Sens t 3RSR' (28)  

Mic roemuls ions  have  been  u s e d  i n  o r d e r  t o  e n s u r e  i m p o r t a n t  d i f f e r e n c e s  i n  
c o n c e n t r a t i o n .  I n  t h e  case o f  N-methyl p h e n o t h i a z i n e  ( M P T ) ,  t h e  s e n s i t i z e r -  
s u b s t r a t e  i n t e r a c t i o n  i s  o f  impor t ance ,  a l t h o u g h  ( 2 8 )  must b e  a v e r y  i n e f -  
f i c i e n t  p r o c e s s  ( E T ( M P T )  - 60 kca l .mo l - l ,  r e f .  5 2 ) .  Quenching  o f  t h e  s e n s i t i z e r  
t r i p l e t  by MPT and  t h e  c o r r e s p o n d i n g  ra te  c o n s t a n t  k, c o u l d  be de te rmined  by a 
S te rn -Volmer  a n a l y s i s  o f  s i n g l e t  oxygen  l u m i n e s c e n c e  ( r e f .  4 8 ) ,  a n d  t h e  
quenching  i s  most p r o b a b l y  due t o  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  ( 2 9 ) .  
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Ee s earc i l i t v  o f  macromolecules  and, more r e c e n t l y ,  on t h e  gho to -  
m i c  e f f e c t s  l a e d  t o  D h o t o t o x i c i t v  reemphas ized  t h e  s e a r c h  and  e v a l u a t i o n  

h on l ight s tab 

of  new p h y s i c a l  q u e n c h e r s  of  s i n g l e t  oxygen .  T ime- re so lved  and  s t e a d y - s t a t e  
s i n g l e t  oxygen luminescence  measurements are  used  i n  many l a b o r a t o r i e s  f o r  t h e  
d e t e r m i n a t i o n  o f  kq ( 2 0 ) .  T h i s  method o f  a n a l y s i s  i s ,  however, o n l y  a p p l i c a b l e ,  
when t h e  quenche r  h a s  no  c o m p e t i t i v e  chemica l  r e a c t i v i t y .  I f  kq and  k, are of 
t h e  same o r d e r  of magni tude ,  t h e  combined u s e  o f  l uminescence  measurements and 
i n d i r e c t  a n a l y s i s  by s i n g l e t  oxygen  t r a p p i n g  i s  a d v a n t a g e o u s ,  t h e  f i r s t  
y i e l d i n g  v i a  Stern-Volmer a n a l y s i s  (kq  + k,),  t h e  second d e t e r m i n i n g  k,. 

A n a l y t i c  a n d  k i n e t i c  i n v e s t i g a t i o n s  as ment ioned  above  h e l p  t o  u n d e r s t a n d  t h e  
mechanisms o f  s i n g l e t  oxygen  p r o d u c t i o n  and  r e a c t i o n s  a n d  p e r m i t  t o  draw 
c o n c l u s i o n s  f o r  t h e  development of  more e f f i c i e n t  s e n s i t i z e r s ,  r e a c t i o n  sys tems 
o r  q u e n c h e r s .  These  i n v e s t i g a t i o n s ,  however, do  n o t  f o l l o w  t h e  r e a c t i o n  up t o  
t h e  f i n a l  p r o d u c t ,  a l t h o u g h  much o f  t h e  d e v e l o p m e n t a l  work i n  p r e p a r a t i v e  
c h e m i s t r y  i s  c o n c e r n e d  w i t h  t h e  r e a c t i v i t y  o f  t h e  i n t e r m e d i a t e s  ( e . g .  
p e r o x i d e s )  a n d ,  h e n c e ,  w i t h  t h e  pDt i m i z a t i o n  o f  t h e  sub-t t h e r m a l  
x e a c t i o u .  
The s p e c i f i c i t y  o f  t h e s e  r e a c t i o n s  may be checked  i n  u s i n g  1(1702) f o l l o w e d  by 
170-NMR a n a l y s i s  o f  t h e  f i n a l  p r o d u c t  ( s )  . For  i n s t a n c e ,  2 - f u r f u r y l  a l c o h o l  i s  
n o t  o n l y  u s e d  a s  a s p e c i f i c  s i n g l e t  oxygen a c c e p t o r  ( v i d e  s u p r a ) ,  b u t  seemed 
a l s o  a p o t e n t i a l  s u b s t r a t e  f o r  t h e  p r o d u c t i o n  of  5-hydroxy-2(5H)-furanone-2 (A, 
r e f .  4 5 ) .  E a r l i e r ,  t h e  same p r o d u c t  w a s  i s o l a t e d  from t h e  s e n s i t i z e d  photo-  
o x i d a t i o n  o f  2 - f u r f u r y l  a l d e h y d e  ( r e f .  5 3 ) ,  a n d  t h i s  p r o c e d u r e  h a s  been  
p a t e n t e d  s i n c e  ( r e f .  5 4 ) .  170-NMR a n a l y s i s  r e v e a l s  t h a t  t h e  e n d o p e r o x i d e  of  
f u r f u r y l  a l c o h o l  (El) c a n  unde rgo  sN2 as w e l l  a s  S N ~  r e a c t i o n s  w i t h  t h e  
s o l v e n t ,  f i n a l l y  p r o d u c i n g  A and t h e  hydrope rox ide  C, r e s p e c t i v e l y .  The same 
method o f  a n a l y s i s  showed t h a t  t h e  s N 1  r e a c t i o n  c a n n o t  be  o b s e r v e d  w i t h  t h e  
endoperox ide  o f  2 - f u r f u r y l  a ldehyde  (Bg) , p r o b a b l y  due t o  t h e  d e s t a b i l i z a t i o n  
of  t h e  carboniumion i n  a p o s i t i o n  o f  t h e  c a r b o n y l  g r o u p .  Consequen t ly ,  A i s  
formed s p e c i f i c a l l y  by b o t h  sN2 and  f r a g m e n t a t i o n  r e a c t i o n s  o f  B2 ( r e f .  5 5 ) .  

, ,  

a. A + O H A e o  0 0 

OH Ho 0 0 0 0 

B B2 5; 

OUTLOOK 

T h i s  ove rv iew o f  t o d a y s  c u r r e n t  a n a l y t i c a l  methods i n  t h e  domain o f  s i n g l e t  
oxygen c h e m i s t r y  d e m o n s t r a t e s  t h a t  t o o l s  a r e  a v a i l a b l e  f o r  a d e t a i l e d  mechanis- 
t i c  i n v e s t i g a t i o n  on t h e  g e n e r a t i o n ,  chemica l  r e a c t i o n  and  p h y s i c a l  d e a c t i v a -  
t i o n  o f  s i n g l e t  oxygen. C o n s i d e r a b l e  r e s e a r c h  e f f o r t s  are  s t i l l  needed  f o r  t h e  
development o f  a n a l y t i c a l  methods and  t o o l s  d e s i g n e d  t o  b e  a p p l i e d  i n  micro- 
h e t e r o g e n e o u s  a n d  h e t e r o g e n e o u s  media, p a r t i c u l a r l y  i n  p h o t o b i o c h e m i s t r y .  
B e s i d e s  t h e  t e c h n i c a l  e v a l u a t i o n  of  s i n g l e t  oxygen s e n s i t i z e r s ,  o u r  work i n  
t h i s  domain i s  f o c u s s e d  on t h e  d i f f e r e n t i a t i o n  o f  t y p e  I and  I1 r e a c t i o n s  of  
s u r f a c e  bound s e n s i t i z e r s  ( r e f .  56)  . 
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