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A b s t r a c t  - One of t h e  main f u n c t i o n s  of c a r o t e n o i d s  i n  
p h o t o s y n t h e s i s  i s  t o  a c t  as a c c e s s o r y  l i g h t - h a r v e s t i n g  molecules .  
T h i s  paper  reviews t h e  c u r r e n t  s t a t u s  of r e s e a r c h  on t h e  mechanism 
of t h i s  s i n g l e t - s i n g l e t  energy t r a n s f e r  p r o c e s s .  Two e x c i t e d  
s i n g l e t  states S1 and S2 are d e s c r i b e d ,  
measurements t h e  energy l e v e l s  and l i f e t i m e s  of t h e s e  two s t a t e s  
have been determined fo r  a range of c a r o t e n o i d s .  The r o l e  of t h e s e  
two s ta tes  i n  t h i s  energy t r a n s f e r  p r o c e s s  i s  d i s c u s s e d .  

Based on f l u o r e s c e n c e  

The two major f u n c t i o n s  of c a r o t e n o i d s  i n  p h o t o s y n t h e s i s ,  t h a t  i s  a c c e s s o r y  l i g h t -  
h a r v e s t i n g  and p h o t o p r o t e c t i o n ,  r e f l e c t  t h e  p h o t o p h y s i c a l  p r o p e r t i e s  of t h e i r  e x c i t e d  
s i n g l e t  and t r i p l e t  s ta tes ,  r e s p e c t i v e l y  ( re fs .  1 , 2 ) .  T h i s  s h o r t  review w i l l  focus  
on t h e  l i g h t - h a r v e s t i n g  r o l e  of c a r o t e n o i d s  and i s  t h e r e f o r e  concerned w i t h  t h e i r  
e x c i t e d  s i n g l e t  s t a t e s .  
I n  t h e  l i g h t - h a r v e s t i n g  p r o c e s s  l i g h t  absorbed by t h e  c a r o t e n o i d s  i s  r a p i d l y  and 
e f f i c i e n t l y  t r a n s f e r r e d  t o  t h e  ch lorophyl l s ,making  it a v a i l a b l e  f o r  p h o t o s y n t h e s i s .  
T h i s  energy t r a n s f e r  i s  a s i n g l e t - s i n g l e t  exchange r e a c t i o n .  The two main i s s u e s  
t h a t  w i l l  be d i s c u s s e d  i n  t h i s  review a r e  ( a )  which e x c i t e d  s i n g l e t  s t a t e  of 
c a r o t e n o i d s  is involved  i n  t h i s  r e a c t i o n  and ( b )  what i s  t h e  mechanism of t h e  
s i n g l e t - s i n g l e t  energy t r a n s f e r  p r o c e s s ?  However, b e f o r e  t h e  l i g h t - h a r v e s t i n g  
r e a c t i o n s  are examined i n  d e t a i l  it i s  u s e f u l  t o  s e t  t h e  scene wi th  some g e n e r a l  
remarks about  c a r o t e n o i d s  and t h e i r  l o c a t i o n  w i t h i n  t h e  p h o t o s y n t h e t i c  a p p a r a t u s ,  
which w i l l  form t h e  background f o r  what f o l l o w s .  
Caro tenoids  and polyenes  p o s s e s s  two low-lying e l e c t r o n i c  e x c i t e d  s i n g l e t  s t a t e s  
( r e f s .  3 , 4 ) .  
r e s p o n s i b l e  f o r  many of t h e  s p e c t r o s c o p i c  and f u n c t i o n a l  p r o p e r t i e s  of t h e  
c a r o t e n o i d s .  The s t r o n g  a b s o r p t i o n  i n  t h e  n e a r  W or  t h e  v i s i b l e  r e g i o n  of t h e  
spectrum t h a t  i s  c h a r a c t e r i s t i c  of  c a r o t e n o i d s  r e p r e s e n t s  t h e  ' a l lowed '  t r a n s i t i o n  
f o r  t h e  11% (ground s t a t e )  t o  t h e  l l& s ta t e .  
d e c r e a s e s  as t h e  number of conjugated  double  bonds i n  t h e  c a r o t e n o i d  i n c r e a s e s ,  T h i s  
e f f e c t  i s  i l l u s t r a t e d  i n  Table  1 fo r  a s e r i e s  of b a c t e r i a l  c a r o t e n o i d s .  

These a r e  t h e  11E& ( S 2 )  and t h e  2 l$  ( S 1 )  s t a t e s ,  and t h e y  a r e  

The energy of t h i s  t r a n s i t i o n  

TABLE 1. 
l e v e l  of  c a r o t e n o i d s  on t h e  degree of c o n j u g a t i o n  ( n ) .  

The dependence of t h e  energy l e v e l  of t h e  l1 % energy 

Caro tenoid  ' n '  hmax (nm) i n  
petroleum e t h e r  

phytoene 3 
p h y t o f l u e n e  5 

neurosporene 9 
sphero idene  10 
s p i r i l l o x a n t h i n  13 

[ -caro tene  7 

285 
348 
400 
439 
455 
499 
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It i s  impor tan t  t o  remember t h i s  p r o p e r t y  of c a r o t e n o i d s  s i n c e  t h i s  e f f e c t  of  vary ing  
t h e  degree  of c o n j u g a t i o n ,  through a s e r i e s  of s t r u c t u r a l l y  r e l a t e d  c a r o t e n o i d s ,  upon 
t h e i r  photoph s i c a l  p r o p e r t i e s  has  been used r e p e a t e d l y  i n  t h e  exper iments  d e s c r i b e d  

c o n s i d e r a t i o n s ,  i s  a ' f o r b i d d e n '  s t a t e .  It has  been s t u d i e d  i n  d e t a i l  i n  s h o r t  
polyenes ( r e f s .  3 , 4 , 5 ) .  Evidence w i l l  be p r e s e n t e d  below which i n d i c a t e s  t h a t  t h i s  g 
s ta te  is  impor tan t  i n  t h e  s i n g l e t - s i n g l e t  energy t r a n s f e r  p r o c e s s  which o c c u r s  i n  
l i g h t - h a r v e s t i n g .  The o t h e r  impor tan t  f a c t  t h a t  needs t o  be a p p r e c i a t e d  i n  o r d e r  t o  
unders tand  how c a r o t e n o i d s  f u n c t i o n  i n  p h o t o s y n t h e s i s  i s  t h a t  t h e y  a r e ,  i n  g e n e r a l ,  
no t  ' f r e e , '  f l o a t i n g  around w i t h i n  t h e  l i p i d  i n t e r i o r  of t h e  p h o t o s y n t h e t i c  membrane, 
b u t  a r e  non-covalen t ly  bound t o  s p e c i f i c  p igment -pro te in  complexes ( r e f s ,  1 , 2 ) .  For 
example, i n  t h e  p u r p l e  bac ter ium Rhodobacter s p h a e r o i d e s  t h e  major ,  v a r i a b l e  antenna 
complex i s  composed of s i x a p  p a i r s  of a p o p r o t e i n s  t o g e t h e r  w i t h  18 molecules  of  
b a c t e r i o c h l o r o p h y l l  g and 9 molecules  of c a r o t e n o i d  ( r e f .  1). 
( i n t e g r a l  membrane p r o t e i n s )  form a ' s c a f f o l d i n g '  on which t h e  pigments ,  i n c l u d i n g  
t h e  c a r o t e n o i d s ,  are o r g a n i s e d  i n t o  a s o l i d - s t a t e  sys tem,  where t h e  s t r u c t u r e  i s  
opt imal  f o r  e f f i c i e n t  energy t r a n s f e r .  
e f f i c i e n c y  even a t  4 K ( r e f .  6 ) .  Very few, if any,  of t h e  photochemical  f u n c t i o n s  of  
c a r o t e n o i d s  i n  p h o t o s y n t h e s i s  would occur  if they were n o t  packaged, t o g e t h e r  w i t h  
t h e  c h l o r o p h y l l s ,  i n  t h e s e  well d e f i n e d  p igment -pro te in  complexes. 

below. The 2 B s t a t e  i s  lower l y i n g  than  t h e  l1% s t a t e  b u t ,  because of symmetry 

The a p o p r o t e i n s  

T h i s  energy t r a n s f e r  occurs  at  undiminished 

THE PROBLEM 

Carotenoids  have been c l e a r l y  demonstrated t o  be e f f i c i e n t  a c c e s s o r y  l i g h t - h a r v e s t i n g  
pigments f o r  n e a r l y  t h i r t y - f i v e  y e a r s  ( r e f .  7 )  and it i s  i n t e r e s t i n g ,  t h e r e f o r e ,  t o  
a s k  w h y , a f t e r  a l l  t h i s  t i m e , t h e  d e t a i l e d  molecular  mechanism of t h i s  p r o c e s s  has  
s t i l l  not  been u n r a v e l l e d .  I n  t h e  p a s t ,  c a r o t e n o i d s  had been thought  t o  be non- 
f l u o r e s c e n t  ( r e f .  1) .  T h i s  meant t h a t  t h e i r  e x c i t e d - s t a t e  l i f e t i m e  must be extremely 
s h o r t ,  If t h i s  was c o r r e c t  then t h e  time d u r i n g  which energy t r a n s f e r  could  occur  
b e f o r e  t h e  e x c i t e d  s t a t e  was l o s t ,  by way of o t h e r  f a s t ,  competing p r o c e s s e s ,  must 
a l s o  be v e r y  s h o r t .  How then  could  t h e  s i n g l e t - s i n g l e t  energy t r a n s f e r  p r o c e s s  be so  
e f f i c i e n t ?  The r e a l  problem i n  t h i s  f i e l d ,  u n t i l  q u i t e  r e c e n t l y ,  was having anyth ing  
t o  measure t h a t  would a l low t h e  mechanism of t h i s  p r o c e s s  t o  be i n v e s t i g a t e d .  Over 
t h e  p a s t  f i v e  y e a r s  o r  so t h i s  s i t u a t i o n  has  changed d r a m a t i c a l l y .  Caro tenoid  
f l u o r e s c e n c e  h a s  been c l e a r l y  demonstrated ( f o r  example, s e e  r e f .  8-10)  and k i n e t i c  
exper iments  w i t h  s u f f i c i e n t  time r e s o l u t i o n  ( p s e c  and f s e c )  t o  moni tor  d i r e c t l y  t h e  
energy t r a n s f e r  p r o c e s s  have begun ( r e f s .  11-14) .  
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Fig .  1. Fluorescence  e x c i t a t i o n  ( l e f t )  and emiss ion  ( r i g h t )  s p e c t r a  
o f  sphero idene  i n  n-hexane. 
emiss ion  was r e c o r d e d  a t  530 nm, w h i l e  for t h e  emiss ion  spectrum 
t h e  sample was e x c i t e d  a t  453 nm. 

For  t h e  e x c i t a t i o n  spectrum t h e  
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CAROTENOID FLUORESCENCE 

The e x c i t e d - s t a t e  l i f e t i m e s  of t h e  S1 and S2 states of c a r o t e n o i d s  a r e  e s s e n t i a l  
p i e c e s  of  i n f o r m a t i o n  when p o s s i b l e  mechanisms of carotenoid-to-chlorophyll s i n g l e t -  
s i n g l e t  energy t r a n s f e r  a r e  being cons idered .  One way t o  approach t h i s  problem is t o  
look for f l u o r e s c e n c e  from t h e s e  s i n g l e t  s t a t e s ,  Recent ly  a weak f l u o r e s c e n c e  h a s  
been d e t e c t e d  from a range  of  c a r o t e n o i d s  wi th  e i g h t  o r  more double  bands ( r e f s .  8- 
10,  15, 1 6 ) .  The y i e l d s  of t h i s  emiss ion  a r e  t y p i c a l l y  of t h e  o r d e r  of and i t  
c l e a r l y  arises from t h e  S2 s t a t e .  F i g u r e  1 shows e x c i t a t i o n  and emiss ion  s p e c t r a  f o r  
t h e  f l u o r e s c e n c e  from t h e  S2 s ta te  of t h e  b a c t e r i a l  c a r o t e n o i d ,  sphero idene  ( r e f .  
1 7 ) .  When t h i s  f l u o r e s c e n c e  i s  recorded  from a s e t  of  c a r o t e n o i d s  w i t h  an i n c r e a s i n g  
degree of c o n j u g a t i o n  ( n )  from n = 9 t o  n = 13 t h e  expec ted  r e l a t i o n s h i p  between ' n '  
and t h e  peak wavelength of t h e  emiss ion  i s  seen  ( r e f .  l 5 , 1 6 ) .  The f l u o r e s c e n c e  y i e l d  
($f )  of t h e  emiss ion  from S2 i s  an impor tan t  p i e c e  of i n f o r m a t i o n  s i n c e  t h e  y i e l d  i s  
a i r e c t l y  r e l a t e d  t h e  l i f e t i m e  ( Z  ) of S2 by t h e  f o l l o w i n g  e q u a t i o n .  

z 
Z n r  of = where 7 nr i s  t h e  n a t u r a l  r a d i a t i v e  l i f e t i m e  of S2 

Z nr can be e s t i m a t e d  by i n t e g r a t i n g  t h e  a b s o r p t i o n  p r o f i l e  of S2 and has  been 
c a l c u l a t e d  t o  be 10-9s ( r e f .  1 7 ) .  When t h i s  v a l u e  i s  used t o g e t h e r  w i t h q f  of lo-' 
t h e  a c t u a l  l i f e t i m e s  f o r  S2 can be determined t o  be of t h e  o r d e r  of 100-200 f s e c .  
T h i s  i s  v e r y  s h o r t  i f  t h e  S2 s t a t e  were t o  be t h e  only  p r o s p e c t i v e  energy donor for 
t h e  l i g h t - h a r v e s t i n g  r o l e  of c a r o t e n o i d s .  
However, i f  t h e  f l u o r e s c e n c e  i s  recorded  for c a r o t e n o i d s  wi th  a degree  of  c o n j u g a t i o n  
of l e s s  than  8 double  bonds t h e n  an emiss ion  i s  seen  w i t h  a much l a r g e r  S tokes  s h i f t  
and w i t h  a s i g n i f i c a n t l y  h i g h e r  y i e l d  than  t h a t  t y p i c a l  of an emiss ion  from S2. T h i s  
emiss ion  has  been shown t o  come from S1 ( r e f .  15-17). It is  i l l u s t r a t e d  i n  F ig .  2 
for phytof luene  which has  f i v e  conjugated  double  bands. I n  t h i s  F igure  a small 
emiss ion  can be s e e n ,  coming from S2 (small  S tokes  s h i f t ,  low y i e l d )  fo l lowed by t h e  
major emiss ion  band coming from S1 ( l a r g e  S tokes  s h i f t ,  h i g h  y i e l d ) .  The y i e l d  of 
t h e  S1 emiss ion  i s  0.05 f 0.01 which i s  e q u i v a l e n t  t o  a l i f e t i m e  o f -  2nsec for S1. 
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Fig.  2. F luorescence  e x c i t a t i o n  ( l e f t )  and emiss ion  ( r i g h t ,  b o l d )  
s p e c t r a  of phytof luene  i n  n-hexane. The e x c i t a t i o n  and emiss ion  
wavelengths  were 346 nm and 520 nm r e s p e c t i v e l y .  



1044 R.  J. COGDELL eta/ .  

20000 - 
15000 - 
10000 
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and S2 states of carotenoids and their lifetimes, as a function of the degree of 
conjugation (refs. 15-17). The results are illustrated in Figs, 3 and 4. 

measurements have now been used to determine both the energy of the S1 
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Fig. 3. A plot of the energy of the 0 - 0 transitions for the 
S1 + and S a states in the phytoene to lycopene series of 
carotenoids, recorded in n-hexane. 
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CONJUGATED DOUBLE BONDS 
Fig. 4. The logarithm of the S 1  decay rate, k ( s - l ) ,  as a function 
of the degree of conjugation of a series of 'mini-carotenoids.' 
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THE ENERGETICS AND KINETICS OF THE ENERGY TRANSFER PROCESS 

Figure  3 shows t h e  energy l e v e l s  of t h e  S1 and S2 s t a t e s  o f  a ser ies  of b a c t e r i a l  
c a r o t e n o i d s .  
(850nm) i n  a t y p i c a l  an tenna  complex. T h i s  i s  c l o s e  t o  t h e  e x t r a p o l a t e d  v a l u e  f o r  
t h e  % s t a t e  of sphero idene  ( n  = 1 0 ) .  
t r a n s f e r  r e q u i r e s  t h a t  t h e  energy of t h e  donor c a r o t e n o i d ' s  s i n g l e t  s ta te  is e q u a l  t o  
o r  above t h a t  of  t h e  a c c e p t o r  B c h l a ' s  s i n g l e t  s t a t e .  When n = 13, i . e .  w i t h  
s p i r i l l o x a n t h i n ,  t h e  l e v e l  of  t h e  S1 s t a t e  would be lower t h a n  t h a t  of t h e  lowes t  
e x c i t e d  s i n g l e t  s ta te  of  Bchla  and t h i s  may e x p l a i n  why i n  v i v o  t h e  e f f i c i e n c y  o f  
energy t r a n s f e r  from t h i s  c a r o t e n o i d  i s  l e s s  t h a n  50% ( r e f .  1) .  S i n c e  t h e  l i f e t i m e  
of t h e  S1 s t a t e  i s  l o n g e r  than  t h a t  of t h e  @ s t a t e ,  t h i s  would immediately make a 
s i n g l e t - s i n g l e t  energy t r a n s f e r  from S 1 ,  r a t h e r  t h a n  S2, more f a v o u r a b l e ,  because it 
would p o t e n t i a l l y  a l low more time f o r  t h a t  t r a n s f e r  t o  occur .  What now has  t o  be 
examined d i r e c t l y  a r e  t h e  k i n e t i c s  of t h e  format ion  and decay of t h e s e  two s i n g l e t  
s tates f o r  c a r o t e n o i d s ,  both i n  v i t r o  and i n  v i v o ,  i n  an an tenna  complex. 
The l i f e t i m e  o f  t h e  S1 s t a t e  of  i s o l a t e d  c a r o t e n o i d s  i n  v i t r o  has  been probed 
d i r e c t l y  on t h e  psec  t i m e s c a l e  by both  resonance R a m a n  spec t roscopy and by f l a s h  
p h o t o l y s i s  ( r e f s ,  11, 18, 19) .  It is clear from t h e s e  exper iments  t h a t ,  f o r  a range  
of c a r o t e n o i d s  w i t h  between 9 and 13 conjugated  double  bonds t h e  S1 s t a t e  lasts f o r  a 
few picoseconds.  If t h e  t i m e s c a l e  of  t h e  f l a s h  p h o t o l y s i s  experiments  i s  extended 
i n t o  t h e  f s e c  range t h e n  t r a n s i e n t s  can be seen  due t o  s;! and t h e  i n t e r c o n v e r s i o n  
between S2 and a .  The s i m p l e s t  i n t e r p r e t a t i o n  of  t h e  experiment  i l l u s t r a t e d  i n  Fig.  
5 i s  t h a t  i n i t i a l l y  f o l l o w i n g  e x c i t a t i o n  S, i s  formed. Then i n  about  200 f s e c  + 
decays i n t o  3 .  F i n a l l y ,  3 decays  back t o  t h e  ground s t a t e  i n  7-8 psec .  S i m i l a r  
r e s u l t s  have been o b t a i n e d  w i t h  sphero idene  by Shreve e t  a1 ( r e f .  1 4 ) .  
I n  v i v o ,  as y e t ,  t h e  r e s u l t s  are not  e n t i r e l y  c l e a r .  On t h e  psec t i m e s c a l e  two 
groups ( r e f s .  11, 18) have shown t h a t  t h e  decay of  t h e  b leaching  of t h e  c a r o t e n o i d ' s  
ground s t a t e  matches t h e  r i s e  time of t h e  b l e a c h i n g  of t h e  Bchla  ( i . e .  a r r i v a l  of t h e  
energy of  t h e  B c h l a ) .  T h i s  o c c u r s  on t h e  psec time range  and t h e r e f o r e  i m p l i c a t e s  
t h e  3 s t a t e  of t h e  c a r o t e n o i d .  However, on t h e  f s e c  t ime s c a l e  ev idence  has been 
p r e s e n t e d  t h a t  some of t h e  energy may be t r a n s f e r r e d  from 5 ( r e f s .  1 3 , 1 4 ) .  Using 
t h e  B800-850 complex from Rhodobacter s p h a e r o i d e s ,  Shreve & ( r e f .  14)  proposed a 

The energy of t h e  lowes t  e x c i t e d  s i n g l e t  s t a t e  of  Bchla  i s  12,500 cm-l 

C l e a r l y ,  e f f i c i e n t  s i n g l e t - s i n g l e t  energy 

Okenone/CS2 , A s 5 8 0 n m  

I I I I I I I I I 

0 1 2 3 4 5 6 7 8  

Time ( P S I  

Fig .  5. The k i n e t i c s  o f  okenone i n  CS e x c i t e d  and measured a t  
The e x c i t a t i o n  a t  580 nm was provided  by a 70 f s e c  

2 
580 nm. 
l a s e r  p u l s e .  
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k i n e t i c  model based upon t h e i r  f s e c  s t u d i e s  t h a t  involved  energy t r a n s f e r  t o  t h e  
Bchlg from both  S1 and S2. 
e s p e c i a l l y  where d i f f e r e n t  c a r o t e n o i d s  w i t h  d i f f e r e n t  degrees  of  c o n j u g a t i o n  can be 
bound i n t o  t h e  same p igment -pro te in  complex, f o r  example, as done by Frank e t  a1 
( r e f .  20) .  

C l e a r l y  now w h a t , i s  needed i s  more f s e c  s t u d i e s ,  

POSSIBLE MECHANISMS 

Two b a s i c  p h y s i c a l  mechanisms have been f r e q u e n t l y  d i s c u s s e d  t o  e x p l a i n  t h e  p r o c e s s  
of s i n g l e t - s i n g l e t  energy t r a n s f e r  from c a r o t e n o i d s  t o  c h l o r o p h y l l s .  These a r e  t h e  
F a r s t e r  'weak i n t e r a c t i o n '  mechanism, which is  b a s i c a l l y  resonance t r a n s f e r  and 
t y p i c a l l y  o c c u r s  over  d i s t a n c e s  of  10-20A, and t h e  Dexter  ' e l e c t r o n  exchange' 
mechanism, which r e q u i r e s  d i r e c t  c o n t a c t  of t h e  X - X  bond e l e c t r o n  s h e l l s .  It i s  n o t  
very  u s e f u l  a t  t h i s  s t a g e  t o  engage i n  a d e t a i l e d  a n a l y s i s  of  which of t h e s e  two, o r  
indeed  o t h e r  mechanisms, b e s t  e x p l a i n s  t h e  a v a i l a b l e  d a t a .  What is u r g e n t l y  needed 
i s  s t r u c t u r a l  i n f o r m a t i o n .  U n t i l  a h i g h  r e s o l u t i o n  p i c t u r e  i s  a v a i l a b l e  f o r  an 
an tenna  complex where t h e  r e l a t i v e  p o s i t i o n s  of t h e  c a r o t e n o i d  and c h l o r o p h y l l  
molecules  a r e  v i s u a l i s e d  i t  w i l l  be a lmost  imposs ib le  t o  d i s t i n g u i s h  between t h e s e  
p o s s i b l e  p h y s i c a l  mechanisms. I n  t h i s  r e g a r d  it is hopefu l  t h a t  t h r e e  r e s e a r c h  
groups now have three-d imens iona l  c r y s t a l s  of  b a c t e r i a l  an tenna  complexes which 
d i f f r a c t  X-rays t o  beyond 3A ( f o r  example s e e  ref .  2 1 ) .  It may be t h a t  by t h e  time 
o f  t h e  next  Caro tenoid  Symposium one o r  more of  t h e s e  s t r u c t u r e s  w i l l  be s o l v e d ,  the  
' b l a c k  box' w i l l  be opened up and a l l  i t s  i n t e r n a l  d e t a i l s  r e v e a l e d .  
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