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ABSTRACT 

A theoret&al model is presented to account for the physical 

mechanism of energy transfer from antetina mol.ecules to the reaction 
? -- 

centers in photosynthesis. The energy transfer is described by a 

11 generalized transport equation or master equation". The solution 

of this equation for the proposed model gives a relationship between 
.- \ 

- , the antennae interaction energy and the transfer rate. The results 

a=e shown to be in agreement with inter-antenna transfer rates 
/ 

calculated from experimental fluorescence lifetimes. Previous theories 

awere based either on the Farster mechanism, which is valid for very 

small interaction energies, or an exciton model valid for very large ' 

interactions, but experimental results seemed -to indicake that the 

actual si'tuation was intermediate between these two The Fbrster i 
theory and the exciton model are shown to be limiting cases of the 

master equation. We show that the solution of the master equation 

proriides a useful formulation for the calculation of energy transfer 
- ,  

rates over a wide.range of interaction strengths. , . 
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I n  p h o t o s y n t h e s i s  l i g h t  is  c o l l e c t e d  by a n  a r r a y , o f  nan tenna  

m o l e c u l e s n ,  u s u a l l y  some form o f  c h l o r o p h y l l ,  and t h e n  t r a n s f e r r e d  t o  . 
* 

one o f  two r e a c t i o n  c e n t e r s .  There  a r e ' a b o u t  300 a n t e n n a  c h l o r o g h y l l  

f o r  e a c h  r e a c t i o n  C e n t e r  i n  p l a n t s * .  T h i s  energy  t r a n s f e r  p r o c e s s  t a k e s  

p l a c e  i n  t h e  o r d e r  o f  a nanosecond. A t  t h e  m o l e c u l a r  l e v e l  a nanosecond 

i s  a significant p e r i o d  o f  t i m e  when one c o n s i d e r s  t h a t  a b o u t  4 

\ 
10,000 m o l e c u l a r  v i b r a t i o n s  t a k e  p l a c e  i n  t h i s  i n t e r v a l .  1 

1 

- 
- lf . 

The s e t  o f  a n t e n n a e  a s s o c i a t e d  w i t h  e a e h  a c t i v e  & a c t i o n  

c e n t e r  i s  c a l l e d  a p h o t o s y n t h e t i c  u n i t  (PSU). 

A f t e r  t h e  energy  is t r a p p e d  by one  k i n d  o f  r e a c t i o n  c e n t e r  
: r 

( c e n t e r  I I ) ,  t h e  r e s u l t i n g  e x c i t e d  s t a t e  o f  t h e  t r a p  i s  used t o  

o x i d i z e  water and t h e  e l e c t r o n  i s  t r a n s p o r t e d  t o  a n o t h e r  r e a c t i o n  

c e n t e r  ( c e n t e r  I )  where i t  i s  used  t o  r e d u c e  NADP+ (oxfda ted  

n i c o t i n -  amide-adenine d i n u c l e o t i d e  phospha te )  t o  NADPH, 

af ter  a b s o r p t i o n  of a f u r t h e r  photon.  NADPH i n  

c o n j u n c t i o n  w i t h  ATP i s  t h e n  u t i l i z e d  i n  t h e  r e d u c t i o n  o f  ca rbon  
.-.--- 

d i o x i d e  t o  c a r b o h y d r a t e .  T h i s  l a s t  s t e p ,  c a l l e d  t h e  C a l v i n  c y c l e ,  
- t 

t a k e s  p l a c e  i n  t h e  a b s e n c e  of l i g h t  on a much l o n g e r  time s c a l e .  
, 3 ,  

T" 

B a c t e r i a  have o n l y  o n e  r e a c t i o n  c e n t e r  w i t h  a b o u t  50 a n t e n n a  
4 

b a c t e r i o c h ~ o r o p h y l l  p e r  c e n t e r .  
8 .  
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About 971 of t h e  l i g h t  q u a n t a  are t r a n s f e r r e d  t o  a  r e a c t i b  
. 

c e n t e r .  M O ~  o f  t h e  r e m a i n i n g  3% which i s  n o t  u t i l i z e d "  . 

photochemica l ly  i s  g i v e n  o f f  as f l u o r e s c e n e e .  

t - 
F i g .  1 i l l u s t r a t e s  t h e  major  t i m e  d i v i s i o n s  in p h o t o s ~ n t h e s i s .  

Two major  d i v i s i o n s  a r e  i n d i c a t e d :  t h e  s o - b a l l e d  ' ; l i g h t  and d a r k  , 
- - -  - - 

r e a c t i o n s . "  The f o r m e r  i n c l u d e s  t h e  t r a p p i n g  o f ' e n e r g y  by t h e  r e a c t i o n  . 
L .  

and t h e  p r o d u c t i o n  o f  o x i d i z i n g -  r e d u c i n g  a g e n t s .  ,- 

The l a t t e r  is i n v o l v e d  w i t h  t h e  p r o d u c t i o n  o f  c a r b o h y d r a t e  ( C a l v i n  c y c l e ) ,  . 
*i 

and f r e e  oxygen, t h e  end r e s u l t s  o f  p h o t o s y n t h e s i s .  

Fig .  3 o u t l i n e s  t h e  main s t e p s  i n  t h e  l i g h t  r e a c t i o n  o f  , 

p h o t o s y n t h e s i s .  

I n  e u c a r y o t i c  c e l l s  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  is l o ~ a l i z e d  i n  

c e l l u l a r  b o d i e s  c a l l . e d  c h l o r o p l a s t s .  These  a r e  e l l i p s o i d a l  i n  s h a p e ,  
f 

3 t o  10 microns  i n  1engt.h and 1 1,/2 micr n s  t h i c k .  C h l o r o p l a s t s  are t 
sur rounded  by a  c o n t i n u o u s  o u t e r  membrane. I n s i d e  is a sys tem o f  

f l a t t e n e d  v e s i c l e s  c a l l e d  t h y l a k o i d  d i s k s ,  L h i c h  a r e  u s u a l l y  a r r a n g e d  

i n  s t a c k s  c a l l e d  .&ana. T h i s  is  i l l u s t r a t e d  i n  F i g .  2.  'The l i g h t  

r e a c t i o n  t a k e s  p l a c e  i n  t h e  t h y l a k o i d  membranes, w h i l e  t h e  d a r k  
-------3c- 

r e a c t i o n  t a k e s  p l a c e  i n  t h e  s u r r o u n d i n g  cy top lasm i n s i d e  t h e  * 
c h l o r o p l a s t .  

~ v i d e d c e  t h a t  t h e r e  a r e  two k i n d s  o f  r e a c t i o n  c e n t e r s ,  o r  photo- 
\ 

s y s t e m s  comes from s t u d i e s  o f  t h e  quantum e f f i c i e n c y  o f  p h o t o s y n t h e s i s  

i n  p l a n t  c e l l s  as  a f u n c t i o n  o f  t h e  wavelength  o f  i n c i d e n t  l i g h t ,  

measured by O2 e v o l u t i o n .  Although t h e  e f f i c i e n c y  is un i fo rm o v e r  



" * b .  , - -,.'- - 0 - - - 'd - ,  
. . I d -  



Fig\ 2 The anatomy of a chloroplast - 



Fig. 3 Sinpl i f  ied flow chart of the *light reactian'li~ photosynthesis. 
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L' - 

most o f  t h e  s p e c t r u m ,  i t  d r o p s  s i g n i f i c a n t l y  i n  t h e  r e d  a t  wave leng ths  
s= 

4 
r 3  
. n( - 

Of 680 nm and a b o v e . .  It was shown by Emerson around 1957 t h a t  ifi t h e  

f a r - r e d  l i g h t  i s  supplemented w i t h  l i g h t  o f  a s h o r t e r  wave leng th ;  i . e .  

650 nm l i g h t ,  t h e  quantum e f f i c i e n c y  o f  oxygen p r o d u c t i o n  i s  sub- 

3 t a n t i a l l y  h i g h e r  t h a n  t h e  a v e r a g e  o f  t h e  sum o f  t h e  p r o d u c t i o n  from 

t h e  s e p a r a t e  beams. The enhancement o f  t h e  e f f i c i e n c y  o f  t h e  f a r - r e d  
c, \ 

-' . 
l i g h t  by s i m u l t a n e o u s  i l l u m i n a t i o n  Y i t h  s h o r t k r  w'avelength l i g h t  i s  

I - known as t h e  Emerson e f f e c t .  These f . i n d i n g s  s u g g e s t e d  t h a t  two 

d i f f e r e n t  l i - g h t  r e a c t i o n s  are . i n v o l v e d .  Four photons  a b s o r b e d  by 
- 

photosystem I1 r e s u l t  i n  t h e  s p l i t t i n g  o f  two water m o l ~ o u l e s  i n t o  

f o u r  hydrogen i o n s  and one oxygen molecu le .  .Photosystem I a l s o  t r  - "5" 
f o u r  pho tons  i n  t h e  p r o d u c t i o n  o f  t h e  two NADPH m o l e c u l e s  from t h e  - 
electFons-  produced by t h e  water s p i i t t i n g .  Thus e i g h t  pho tons  a r e  

- i n v o l v e d  i n  p h o t o s y n t h e s i s  l e a d i n g  t o  t h e  e v o l u t i o n  o f  one  oxygen 

molecu le .  

I n  1932, Emerson and Arno ld ,  u s i n g  s h o r t  p u l s e s  o f  i n c i d e n t  l i g h t  

found a p o i n t  was r e a c h e d  where t h e  amount o f  oxygen evo lved  d i d  

n o t  i n c F e a s e  w i t h  f u r t h e r  i n c r e a s e s  i n  f l a s h  i n t e n s i t y .  They de te rmined  

" t h a t  a t  t h e  s a t u r a t i o n  p o i n t  one  oxygen molecu le  was g i v e n  o f f  p e r  

2400 c h r o r o p h y l l  molecu les .  I n t e r p r e t i n g  t h i s  i n  terms o f  t h e  

two pho tosys tems  means 600 c h l o r o p h y l l s  are d i v i d e d  amongst t h e  two 
. , 

photosys tems .  The p u l s e  w i d t h  o f  t h e  f l a s h e s  must b e , s h o r t  enough f o r  

e a c h  r e a c t i o n  c e n t e r  t o  be o n l y  u t i l i z e d  o n c e  (<- s e c o n d ) .  The 
d 

p u l s ~  r e p i t i t i o n  r a t e  must a l s o  be small enough t o  a l l o w  t h e  d a r k  
/ 

enzymat ic  r e a c t i o n  t o - b e  completed and 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  t o  

r e c o v e r  which i s  about  one p u l s e  p e r  second .  /' 



The r e a c t i o n  c e n t e r s  are n o t  y e t  f u l l y  u n d e r s t o o d ,  They are , 
9 

d ,  

d e s i g n a t e d  i n  g r e e n  p l a n t s  a s  P700 f o r  t h e  r e a c t i o n  c e n t e r  o f  photo-  

" s y s t e m  I ,  and P680 f o r  r e a c t i o n  c e n t e r  11, b e c a u s e  o f  l i g h t  induced  

changes   in^ t h e  " i n  vivoI1 a b s o r p t i o n  spec t rum o b s e r v e d  a t  t h e s e  wave- 

l e n g t h s .  They are t h o u g h t  t o  be c h l o r o p h y l l - p r o t e i n  complexes .  
: 

D e t a i l e d  d i s c u s s i o n s  of t h e  two r e a c t i o n  c e n t e r s ,  p h o t o s y n t h e t i c  

l ~ n i t s ,  and t h e  c h e m i s t r y  o f  p h o t o s y n t h e s i s  can  be found i n  t h e  books 

by: R a b i n o u i t c h  and ~ o v i n d j e b  ( 1 9 6 9 ) ,  C l a y t o n  ( 1965,  1972,  1971 jm and 

t h e  a r t i c l e s :  ( L e v i n e ,  1 9 6 9 ) ,  ( G o v i n d j e e ,  1 9 7 4 ) .  

~ x c e l l e n t  e l e c t r o n  m i c r o g r a p h s  and mqre d e t a i l s  o f  t h e  a n a t o m i c a l  

s t r u c t u r e  ~ f ~ c h l o r o p l a s t s  ( t h e  c e l l u l a r  b o d i e s  which house  t h e  PSU'S) 

can  be  found i n  t h e  book by O.V.S .  H e a t h A 1 9 6 9 ) .  

T h i s  t h e s i s  w i l l  c o n c e r n  i t se l f  w i t h  t h e  t r a n s f e r  o f  e n e r g y  from 
k 

t h e  a n t e n n a  c h l o r o p h y l l  t o  t h e  t r a p .  



i )  membrane s t r u c t u r e  and pigments  ' 
t*.'i. 

. -\ 
4, 

The model o f  t h e  PSU t h a t  we w i l l  b e  u s i n g  is  i l l u s t r a t e d  i n  F i g .  
--I 1- 

4 .  It c o n s i s t s  o f  a n  a r r a y  of c h l o r o p h y l l  m o l e c u l e s  embedded i n  a - 

4 f l u i d  l i p i d  b i l a y e r  membrane. We w i l l  a l s o  *assume t h a t  t h e  l i p i d s  and 

t h e  g l o b u l a r  p r o t e i n s  i n  t h e  membrane have l i t t l e  i n f l u e n c e  on energy  
Z 

-? 

t r a n s f e r  between c h l o r o p h d l  m o l e c u l e s  o t h e r  t h a n  by a c t i n g  as a 

medium of  un i fo rm i n d e x  o f  r e f r a c t i o n ,  and p r o v i d i n g  a t h e r m a l  b a t h  

( K a t z ,  1973) .  

We.wil1 c o n s i d e r  t h e  a n t e n n a  c h l o r o p h y l l  as b e i n g  o f  o n e  t y p e ,  

c h l o r o p h y l l - a  (chl-a).  Other  p igments  such  a s  c h l o r o p h y l l - b ,  c a r o t e n -  

o i d s ,  and p h y c o b i l n s  a r e  also p r e s e n t  i n  g r e e n  p l a n t s  and a l g a e .  

These.  ,pigments . . a b s o r b  l i g h t  at s h o r t e r  wave leng ths  

and p a s s  t h e  e n e r g y  a l m o s t  i r r e v e r s i b l y  t o  t h e  c h l - a  a n t e n n a e .  

I n  t h i s  way t h e y  s e r v e  t o  e x t e n d  t h e  a b s o r p t i o n  spec t rum o f  t h e  p l a n t  
-. 

'over most o f  t h e  v i s i b l e  r e g i o n .  The a n t e n n a  c h l - a  can  t h e n  be  

e x c i t e d  e i t h e r - b y  d i r e c t  a b s o r p t i o n  o r  by e n e r g y  t r a n s f e r  from t h e s e  a 

o t h e r  p igments .  It has a l s o  been shown tha t  f l u o r e s c e n c e  from photo; 

sys tem I1 is i n d e p e n d e n t  o f  t h e  e x c i t i n g  wave leng th  i n  t h e  emiss ion  

s$ectrum s u g g e s t i n g  t h a t  t h e  f l u o r e s c e n c e  "is due t o  a  s i n g l e  s p e c i e s  

o f  c h l - a  m o l e c u l e s . .  . .n  (Mdller e t  al'. 1969; Goedheer ,  1972) .  We 

w i l l  d i s c u s s  PSU f l u o r e s c e n c e  i n  s e c t i o n  v i .  I n  b a c t e r i a ,  

b a c t e r i o c h l o r o p h l l  d o e s  t h e  q a l o g o u s  work o f  c h l - a .  



porphyr in  head 
l i p i d  molecule  

c h l o r o p h y l l  p h y t o l  c h a i n  

Fig. 4 Lipid bilayer mxlel. The l ip id  mlecules form bilayer 40A 

thick. TI& coiled up spherical proteins (6d diameter) are 

inmxsed about 208 in to  the lipid. The c h l o q h y l l  mlecules 

with their porphyrin head mke an angle of 48O to the mnbrane 

surface and their phytol chains are perpendicular t o  the 
- - 

surface. 
- - 



r* 

The l i p i d - p r o t e i n  membrane i s  e s s e n t i a l l y  t r a n s p a r e n t  a t  o p t i c a l  
r 

8 

/- wave leng ths  and w i l l  be a s s i g n e d  a n  a v e r a g e  real i n d e x  o f  r e f r a c t i o n  
J 

o f  n  = 1.45 (Bay and p e a r l s t e i n ,  1963; P e a r l s t e i n ,  1964) ,  t h e  

r e f r a c t i v e  i n d e x  o f  l i p i d - l i k e  m a t e r i a l s .  

i i )  +.he c h l - a  molecu le  

The c h l - a  molecu le  is. shown i n  F i g .  5.  The p o r p h y r i n  head i s  a 

cnromophore r e s p o n s i b l e  f o r  l i g h t  a b s o r p t i o n  i n  t h e  v i s i b l e .  The iong  
* 

hydrocarbon p h y t o l  c h a i n  i s  t r a n s p a r e n t  a t  o p t i c a l  w a v e l e n g t h s .  The 

p o r p h y r i n  head i s  free t o  move a t  t h e  p o i n t  d e s i g n a t e d  by the d o t t e d  

l i n e  j u s t  below t h e  C = 0 bond. Chl-a h a s  two main a b s o r p t i o n  bands ,  

i n  t h e  r e d  and  b l u e  r e g i o n s .  The t r a n s i t i o n  d i p o l e  moments f o r  t h e s e  
-- 
bands a r e  o r i e n t e d  p e r p e n d i c u l a r  t o  e a c h  o t h e r  i n  t h e  p o r p h y r i n  p l a n e  

( a l o n g  t h e  d o t t e d  l i n e s  i n  F i g .  5.  We w i l l  r e t u r n  t o  a more d e  
w 

d i s c u s s i o n  o f  t h e  a b s o r p t i o n  spec t rum i n  S e c t i o n  V.  We a r e  - 
p r i m a r i l y  i n t e r e s t e d  i n  s t r u c t u r a l  d e t a i l s  a t  t h i s  p o i n t .  



Fig. 5 S t r u c t u r e  of chl-a. The molecule is believed to  be anchored by 

the groupV (cyclapentanone ring)*to the waterlipid interface; 

the red transitim m t  points f;on ring I to  111, almg the 

yaxis, and rdes an angle of 35O w i t h  the & r e  surface. 



iii) o r i e n t a t i o n  o f  chl-a  ' in  t h e  membrane 

The spectrum o f  chl-a  " in  vivo" i s  more'complex than  t h a t  o f '  

ch l - a  i n  d i l u t e  s o l u t i o n .  I n s t e a d  of one 'main band a t  about  660 nm 

i n  s o l u t i o n ,  a  band wi th  components a t  673, 683, and 695nm i s  

observed i n  v ivo  (C lay ton ,  1965; Kreutz ,  1970).  We w i l l  r e t u r n  
\, 

t o  t h e  d i s c u s s i o n  of t h e  " i n  v ivof l  spectrum i n  chap te r  V I .  

%, What i s  impor tan t  f o r  r c o n s i d e r a t i o n  o f  ch,l-a o r i e n t a t i o n  i s  t h a t  

t h e  d ichro ism o f  t h e  " i n  vivo" spectrum i s  very weak except  f o r  t h e  

693 component, i . e .  t h e  d i c h r o i c  r a t i o  i.9 approximately one.  
- 

Dichro ic  r a t i o  D ,  i s  de f ined  a s  t h e  r a t i o  of  t h e  absorbance f o r g  

v e r t i c a l l y " g o l a r i = e d  l i g h t  t o  t h a t  f o r  h d r i z o n t a l l y  p o l a r i z e d  l i g h t .  

The -measurement o f  d ichro ism i s  dne o f  t h e  main , t e chn iques  f o r  d e t e r -  

mining 

A 

of t h e  

argued 
\ 

molecular  o r i e n t a t i o n .  , 

d i c h r o i c  r a t i o  o f  one " i n  vivo" would imply random o ~ i e n t a t i o n  

porphyr in  r i n g s  i n  t h e  membrane. However, Kreu tz ( l970 )  ' h a s  

t h a t  t h e  on ly  way t o  o b t a i n  t h i s  va lue  and s t i l l  have t h e  ch l -a  

anchohed by t h e  phy to l  c h a i n  i n  t h e  membrane i s  t o  have t h e  r ed  and 

a t  a n  a n g l e  of 35.3' wi th  t h e  membrane 

az imu tha l ly .  Then wi th  t h e  r ed  and b lue  - 
t r a n s i t i o n s  a t  r i g h t  a n g l e s  t o  each  o t h e r ,  t h e  p l ane  of the  p o r p h y r i n -  

head i s  i n c l i n e d  a t  an a n g l e  of 54.7' t o  t h e  membrane p l ane  (Kreutz ,  

1970) .  D i r ec t  measurements o f ' c h l - a  o r i e n t a t i o n  i n  a r t i f i c i a l  
r )  

-1 . & 



0 

membranes have a l s o  been made. Using l i p i d  b i l a y e r s ,  Steinemann e t  

a l .  (1972) measured t h e  r ed  t r a n s i t i o n  moment as being o r i e n t e d  a t  

35' 2' t o  t h e  membrane p lane  and t h e  b lue  t r a n s i t i o n  moment a t  
L 

*26O 3' t o  t h e  membrark p l ane  ( t h e s e  a r e  averaged v a l u e s  f o r  

t h r e e  d i f f e r e n t  l i p i d s ) .  They determined t h e  i n c l i n a t i o n  o f  t h e  
2, 

porphyrin p lane  a s  being 46 * 5' t o  t h e  membrane s u r f a c e .  About t h e  

same time, Cherry e t  a l .  (1971) d i d  similar measurements wi th  l i p i d  ' 

b i l a y e r s  and determined t h a t  t h e  r e d  and blue t r a n s i t i o n  moments o f  

ch l -a  make a n g l e s  of 36.5' and 26O r e s p e c t i v e l y ,  t o  t h e  membrane 

s u r f a c e .  Using. ' the assumption t h a t  t r a n s i t i o n  moments a r e  

pe rpend icu l a r ,  t hey  deduced t h a t  t h e  p lane  of t h e  r i n g  i s  i n c l i n e d  a t  

48' t o  t h e  membrane s u r f a c e .  Hoff (1974) u s i n g  l e c i t h i n  m u l t i l a y e r s  

measured t h e  o r i e n t a t i o n  o f  ' t h e  r e d  t r a n s i t i o n  moment a s  34.3 & 1.1' 

\'-to t h e  membrane and t h e  i n c l i n a t i o n  o f  t h e  porphyrin p lane  as 55.4 + l o  

w i t h  t h e  membrane p l ane  We w i l l  u s e  an a v e r a g e , v a l u e  of 35 L- 2O. 
< 
\ 

f o r  t h e  ang le  of t h e  r ed  t r a n s i t i o n  moment with t h e  membrane  lane. 

' The i n c l i n a t i o n  o f . t h e  porphyrin p lane  wiLl no t  e n t e r  i n t o  o u r  

3 c a l c u l a t i o n s .  

Steinemann i n  h i s  paper  a l s o  a rgues  t h a t  t h e  porphyr in  head i s  i n  

t h e  hydrocarbon reg ion '  o f  t h e  membrane r a t h e r  t han  i n  +he p o l a r  

r e g i o n .  i .e .  Fig.  A r a t h e r  t han  F ig .  8. 



Thi s  i n fo rma t ion  cannot  b e  deduced from d ichro ism measurements. 

The argument i s  based on t h e  f a c t  t h h t  t h e  l d g e r  p a r t  

o f  t h e  porphyr in  r i n g  i s  hydrophobic except  f o r  t h e  -COOCH3 and 
I 

C = 0 groups o f  t h e  cyclopentanone r i n g  (F ig .  5 )  "hich should-make 
- $ 

I 
, 

c o n t a c t  w i th  t h e  wa te r - l i p id  i n t e r f a c e .  

. - 
i v )  mean-spacing o f  t h e  ch l - a  an tennae  

Wolken and Schwertz (1953) u s ing  e l e c t r o n  microscopy measured an 

a v a i l a b l e  a r e a  of 22.2' and 246 f$ per  c h l o r o p h y l l  molecule  i n  t h e  

c h l o r o p l a s t s  o f  "Euglena G r a c i l i s N  and wPoteriochronmonas s t i p i t a t a . "  

Kreukz (1970)  u s i n g  X-ray d i f f r a c t i o n  measured a n  a r e a  of  

4 2 2 . 8 ~ 1 0  8 f o r  128 ch lo rophy l l  molecules  g i v i n g  a n  ave rage  of 

215 R~ pe r  c h l o r o p h y l l .  Thomas e t  a l .  ( ~ h d m ~ s ,  Minnaert  and E l b e r s ,  

1965) u s i n g  e l e c t r o n  microscopy measured a  r ange  of 90 t o  360 8 2 

- p e r  c h l o r o p h y l l  f o r , g r a n a - b e a r i n g  ch loroplas t ' s .    heir average  i s  240 g2 

pe r  chl.orophyl1. For our  model we choose a  r ange  of 200 t o  2508 2 

cor responding  t a  a  mean-spacing of 15 + 1 between 
\ 

db 

c h l o r o p h y l l  molecules  (Colbow, 1973) .  
.A 



v) Number of  Antenna' Molecules 

The next  t h i n g  we know i n  our  model i s  t h e  number o f  

an tenna  c h l o r o p h y l l  wi th  a  t r a p .  I n  s e c t i o n  I we d i s c u s s e d  

t h e  Emerson and Arnold experiment  which showed t h a t  2400 c h l o ~ o p k i y l l  
/ 

molecules  were i nvo lved  i n  t h e  e v o l u t i o n  of  one oxygen molecule.  

E igh t  photons were needed i n  t h i s  p r o c e s s ,  accord ing  t o  t h e  two , 

photosystem concept .  This  g i v e s  u s  a  va lue  of about  300 ch l - a  p e r -  

r e a c t i o n  c e n t e r ,  assuming a n  even d i v i s i o n  between photosystem I and 

11. However, i n  t h e  l i t e r a t u r e  one sometimes f i n d s  lower v a l u e s  being 

used wi thout  j u s t i f i c a t i o n ,  such  a s  100 (Borisov and 1 ' lna,1973) .  
i 

Schmid and Gaffron have r ecen t ly . r ep , ea t ed  &he Emerson and Arnold 

experiment  measuring \t?e amount of c1 4 ~ 2  f i x e d  p e r  s a t u p a t i n g  'b 
1 D 

f l a s h h h r n i d  and Gaff ron ,  1968, 1969, 1971 ) . They v i n d i c a t e d  t h e  : 
va lue  of  2400 f o r  normal,  h e a l t h y  p l a n t s ,  but  showed t h a t  t h e  s i z e  of  

t h e  PSU could  vary i n  d i s c r e t e  s t e p s  of  300 c h l o r o p h y l l  around t h e  - 
v a l u e  of 2400. Th i s  may be due t o  i n a c t i v e  r e a c t i o n  c e n t e r s .  

I n  c h l o r o p h y l l  d e f i e i e n t  mutan ts ,  u n i t s  a s  small a s  1/8 of  

t h i s  va lue  were found. I n  ch lo rophy l l - r i ch  a d u l t  p l a n t s  and a l g a e  

most o f  t h e  u n i t  s i z e s  were between 2000 and 2700. The re fo re  

c o n s i d e r i n g  t h e  v a r i a b i l i t y  of  u n i t  s i z e  and t h e  u n c e r t a i n t y  i n  

p a r t i t i o n i n g  o f  t h e  an tenna  c h l o r o p h y l l s  between t h e  two-photo- 

sys tems ,  we have chosen t o  cons ide r  a  range  of 2 5 0 t o - 3 5 0  an tenna  

1 
chl-a  pe r  r e a c t i o n  c e n t e r  i n  ou r  model c a l c u l a t i o n s .  



v i )  t h e  t r a p  o r  r e a c t i d n  c e n t e r  

-Q? 

E x c i t a t i o n  inb t h e  PSU can e i t h e r  be t r a p p e d  by a r e a c t i o n  c e n t e r  

o r  l o s t  a s  f l u o r e s c e n c e .  1nterconversion.processes s u c h  as  s i n g l e t  $0 

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

c h l o r o p h y l l  are c o n s i d e r e d  t o  be n e g l i g i b l e  . The quantum e f f i c i e n c y  
/ 
Yd 

l i f e t i m e  of f l u o r e s d e n c e  f o l l o w i n g  a p u l s e  o f  a b s o r b e d  t i g h t  are t h e  

main e x p e r i m e n t a l  measurements i n  t h e  i n v e s t i g a t i o n  o f  energy  t r a n s f e r  

i n  t h e  PSU 

J 
Changes i n  f l u o r e s c e n c e ,  induced  by a f f e c t i n g  t h e  o p e r a t i o n  o f  

t h e  r e a c t i o n  c e n t e r s  and t h e  e l e c t r o n  c a r r i e r  c h a i n ,  u s i n g ' p r e s s u  

c h e m i c a l s ,  changes  i n  oxygen c o n c e n t r a t i o n ,  l i g h t  p u l s e s ,  e t c . ,  are '1 
u s e d  t o  s t u d y  t h e  l i g h t  r e a c t i o n  o f  p h o t o s y n t h e s i s .  They are o f t e n  ma 

under  a s t e a d y - s t a t e  l i g h t  b i a s ,  which d e t e r m i n e s  a b a s e  f l u o r e s c e n c e  

l e v e l ,  b e f o r e  any  o f  the ,  induced  changes .  The f l u o r e s c e n c e  l i f e t i m e  

measurements t h a t  we refer t o  are made by o b s e r v i n g  t h e  decay  o f  

\ 
f l u o r e s c e n c e  a f t e r  an i n i t i a l  s h o r t  p u l s e  o f  l i g h t .  F l u o r e s c e n c e  

i n d u c t i o n  measurements are made o v e r  p e r i o d s  i n  t h e  o r d e r  o f  s e c o n d s ,  

w h i l e  f l u o r e s c e n c e  l i f e t i m e  measurements a r e  o f  t h e  o r d e n  o f  
a 

nanoseconds.  

The t r a p  i s . e s s e n t i a l l y  a p o t e n t i a l  w e l l ,  and i n  t h i s  model i s  

c o n s i d e r e d  as  i r r e v e r s i b l e ,  i .e .  energy  o n c e  t r a p p e d  d o e s  n o t  r e t u r n  



t o  t h e  a n t e n n a  c h l o r o p h y l l  

- 17- 
B 

T h i s  i s  borne o u t  " i n  v i v o w  by t h e  f a c t  t h a t  
- 

t h e  t r a p  a b s o r b s  l i g h t  d i r e c t l y  a t  a l o n g e r  wave leng th  ( l o w e r  e n e r g y )  

t h a n  t h e  a n t e n n a  c h l - a ,  680 nm f o r  PSI1 ( K a t z ,  1973). Hoch and 

Knox (1968)  e s t i m a t e  a v a l u e  of f o r  t h e  r a t i o  of o u t  t o  

p r o b a b i l i t i e s .  

The t r a p  i t s e l f  is  b e l i e v e d  t o  be a s p e c i a l i z e d  form o f  

d e s i g n d t e d  h e r e  as  "Pn ( f o l l o w i n g  C l a y t o n ,  1 9 7 2 ) ,  a g g r e g a t e d  

p r o t e i n .  I n  r e a c t i o n  c e n t e r  11, l9Pn i s  a s s o c i a t e d  w i t h  a n  

i n  jump 
. .~ ,/ 

Chl-a,  - 
w i t h  a  

/ 

C 

, u n i d e n t i f i e d  s u b s t a n c e  Z a c t i n g  a s  a n  e l e c t r o n  donor and a n  e l e c t r o n  

a c c e p t o r  Q ,  p o s s i b l y  a qu inone .    he l1Pl1 o f  r e a c t i o n  c e n t e r  I i s  

p r o b a b l y  a s s o c i a t e d  w i t h  p l a s t o c y a n i n  and a n  e l e c t r o n  a c c e p t o r  which 
,--- 

i s  p o s s i b l y  a  p t e r i d i n e - p r o t e i n  complex ( C l a y t o n ,  1971; Govind jee ,  

1974) .  I n  t h e  f o l l o w i n g ,  we w i l l  o u t l i n e  a p o s s i b l e  t r a p p i n g  

mechanism. The e l e c t r o n  a c c e p t o r  a s s o c i a t e d  w i t h  t h e  c h l o r o p h y l l ,  P ,  

w i l l  be d e s i g n a t e d  a s  " A n .  

P  c o u l d  r e c e i v e  a n  e x c i t a t i o n  quantum from t h e  a n t e n n a  pigments  

and t h e n  d o n a t e  a n  e l e c t r o n  t o  A :  

where P* d e n o t e s  P i n  t h e  s i n g l e t  e x c i t e d  s t a t e .  The r e s t o r a t i o n  o f  

t h e  s t a t e  "P,An m u s t . b e  completed b e f o r e  t h e  r e a c t i o n  c e n t e r  can 



. .  
per fo rm i t s  f u n c t i o n  a g a i n .  We s a y  t h a t  t h e  t r a p  i s  "open" i n  t h e  

t_ 

s t a t e  P,A b u t  c l o s e d  i n  any  o f  t h e  s t 2 i t e s  P+,A;  P,A-; o r  

' When a l l  t h e  t r a p s  a r e  open t h e  f l u o r e s c e n c e  f rom t h e -  a n t e n n a  

pigments  i s  a t  a minimum as t h e  t r a p s  compete w i t h  f l u o r e s c q n c e  f o r  

t h e  e x c i t a t i o n  and t h u s  quench t h e  f l u o r e s c e n c e .  With t h e  t r a p  c l o s e d  

t h e  f l u o r e s c e n c e  would be maximum. T h i s  h y p o t h e s i s  h a s  been borne  o u t  - 

by e x p e r i m e n t .  

3 i t h  t h e  t r a p s  "opent1 t h e  decay  t i m e  o f  f l u o r e s c e n c e  ( a s  measured 

' by p u l s e  f l u o r i m e t r y j  would be t h e  same a s  t h e  t i m e  needed f o r  t h e  

e x c i t a t i o n  t o  r e a c h  t h e  t r a p .  T h i s  c o n d i t i o n  is o b t a i n e d  

e x p e r i m e n t a l l y  by u s i n g  low l i g h t  l e v e l s  ( n o  s a t u r a t i o n ) .  Thus we 

make .the i d e n t i f i c a t i o n  between t h e  u n s a t u r a t e d  f l u o r e s c e n c e  l i f e t i m e  
-- 

measured e ~ p e r i m e n t a l l y r ~  and t h e  t r a p p i n g  time'tT. i .e .  't = f T 

Miiller e t  a l ,  ( 1 9 6 9 ) .  have shown t h a t  t h e  f l u o r e s c e n c e  l i f e t i m e  

r e a c h e s  l i m i t i n g  v a l u e s  f o r  b o t h  h i g h  and low l i g h t  i n t e n s i t i e s .  9 
.- 

r e p r o d u c e  h e r e  o n e  of t h e i r  cu&es d e m o i s t ~ a t i n ~  t h i s  f o r  n C h l o r e l l a n ,  

F i g .  6 .  The s a t u r a t i o n  v a l u e  i s  1.92 n s e c .  w h i l e  t h e  l i f e t i m e  
\ '. 

a p p r o a c h e s  a v a l u e  of a b o u t  0.35 n s e c .  f o r  low ' l i g h t  i n t e n s i t y .  

T ' T h e s e  f i n d i n g s  are c o n s i s t e n t  w i t h  t h e  assumed mechanism i n  which 

energy  absorbed  by c h l - a  i s  t r a n s f e r r e d  t o  t h e  t r a p p i n g  c e n t e r s  by a 



s i n g l e t  s ta te  r e s o n a n c e  mechanism. After r e c e i v i n g  a  quantum t h e  

t r a p s  a r e  u n a b l e  t o  a c c e p t  e n e r g y  u n t i l  t h e y  h a v e c o m p l e t e d  t h e  
1 

photochemica l  p r o c e s s .  I n  t h e  l i m i t  o f  v e r y  low l i g h t  i n t e n s i t y  t h e  i - 
t r a p s  are unoccupied on t h e  a v e r a g e ,  s o  t h e  e x c i t a t i o n  q u a n t a  a r e  

? 

t r a p p e d  ve ry  r a p i d l y  r e s u l t i n g s i n  a s h d r t  f l u o r e s c e n c e  l i f e t i m e .  A t  

h i g h  l i g h t  i n t e n s i t y ,  or u n d e r  c o n d i t i o n  o f  c h e m i c a l l y  p-oisoned t r a p s ,  

t h e  t r a p s  a r e  o c c u p i e d  o r  n o t  f u n c t i o n a l ,  s o  t h a t  e x c i t a t i o n  r e s i d e s  

i n  t h e  b u l k  c h l o r o p h y l l  f o r  l o n g e r  p e r i o d s  o f  t i m e ,  r e s u l t i n g a i n  

i n c r e a s e d  f l u o r e s c e n c e  l i f e t i m e .  Thu? t h e  o p e n - t r a p  s i t u a t i o n  

c o r r e s p o n d s  t o  t h e  f l u o r e s c e n c e  l i f e t i m e  measurements  a t  v e r y  low 

l i g h t  i n t e n s i t i e s .  

The, f i v e - f o l d  i n c r e a s e  o f  f l u o r e s c e n c e  w i t h  l i g h t  i n t e n s i t y  i s  

s t r o n g  e v i d e n c e  t h a t  & c o n s i d e r a b l e  p a r t  o f  t'he e n e r g y  is d e l i v e r e d  t o  

t h e  t r a p s  v i a  s i n g l e t  e x c i t e d  states. I f  t h e  e n e r g y  t r a n s f e r  was by 

t r i p l e t  s t a t e s ,  l i t t l e  f l u o r e s c e n c e  i n c r e a s e  would b e  e x p e c t e d ,  as 
r 
i 

f l u o r e s c e n c e  i s  t h e  r e s u l t  of r a d i a t i v e  decay  o f  s i n g l e t  e n e r g y  l e v e l s  'd 

( B o r i s o v  and Godik ,  1973 ; B o r i s o v  and I ' l n a ,  1 9 7 3 ) .  

.Measurements of  f l u o r e s c e n c e  l i f e t i m e  p r i o r  t o  M u l l e r  e t  a l .  

were done a t  u n s p e c i f i e d  e x c i t a t i o n  i n t e n s i t i e s  and t h e  r e s u l t s  r a n g e  

i n  v a l u e  from 0.6 t o  1.7 n s e c .  (J-EIller e t  a l . ,  1 9 6 9 ) .  ~ G l l e r  a r g u e s  

t h a t  t h e  l i m i t i n g  v a l u e s  were  n o t  obse rved  b e c a u s e  n o  c o n s i d e r a t i o n -  

was given t o  t h e  l e v e l  of t h e  e x c i t i n g  i n t e n s i t y .  
- , 

'0 



e 
They a l s o  conc lude  t h a t  t h e  s a t u r a t i n g  v a l u e  a p p e a r s  t o  be 

4' d 

u n i v e r s a l  i n  p l a n t s .  The "open- t rapn  v a l u e  i s  a l s o  t h e  same f o r  b l u e  
-- 

and r e d  a l g a e  (Coedheer ,  1972) .  We w i l l  a d o p t  t h e  v a l u e  o f  0 . 4 ' ~  0 .1  

n s e c .  a s  t h e  nopen- t rapn  f l u o r e s c e n c e  l i f e t i m e  and i n t e r p r e t  i t  -\ as 

t h e  t r a p p i n g  time o f  e x c i t a t i o n ! .  '. 
\ I 

'- - 

I I 1 -.Ad 
l o r  10) 1 0 '  Id 

r g . c m 2 . u c "  CXCITATIOY ~ T L N ~ I T Y  

F i g .  6 E x c i t a t i o n  i n t e n s i t y  dependence of t h e  f l u o r e s c e n c e  

l i f e t i m e  of  " C h l o r e l l a " .  From Mllller e t .  a l .  (1969) 

What we have d e s c r i b e d  a p p l i e s  o n l y  t o  P S I I .  The f l u o r e s c e n c e  
\ 

from PSI d e c a y s  a b o u t  t e n  times f a s t e r  t h a n  P S I I  and o n l y  r e c e n t l y  

have a c c u r a t , e  measurements been made (Al fano  and S e i b e r t ,  1974; B o r i s o v  

and I ' l n a ,  1 9 7 3 ) .  There  a l s o  seems t o  be  a n  a b s e n c e  o f  f l u o r e s c e n c e  

t h a t  v a r i e s  w i t h  t h e  s t a t e  o f  t h e  t r a p s  i n  P S I ,  and i t  h a s  been 

s u g g e s t e d  t h a t  energy  t r a n s f e r  t a k e s  p l a c e  v i a  t r i p l e t  s t a t e s  

( B o r i s o v  and  I ' l n a ,  -1973; Clay ton ,  1972) .  I n  s h o r t ,  t h e  b e h a v i o u r  o f  . 

PSI i s  n o t  as w e l l  u n d e r s t o o d  as t h a t  o f  P S I I .  
- 



v i i )  summary of model assumptions 

We have d e s c r i b e d  a  model f o r  photosystem I1 of  p l a n t  photo- 

s y n t h e t i c  u n i t s .  It i n c o r p o r a t e s  t h e  fo l l owing  assumptions based on 

t h e  exper imenta l  work d e s c r i b e d  i n  t h i s  s e c t i o n .  

t h e  ch l -a  molecules  a r e  randomly d i s t r i b u t e d  and make 

an  a n g l e  of 35' - + 2' wi th  t h e  membrane p l ane .  They have a  

mean spac ing  o f  15 t 1 

iii 1 

t h e r e  a r e  250 t o  350 an tenna  c h l o r o p h y l l  

t h e  t r a p p e d  e x c i t a t i o n  energy does  n o t  e scape  

i v )  t h e  l i p i d s  and p r o t e i n s  have no  e f f e c t  on energy 

t r a n s f e r  excep t  t o  provide  an  environment o f  c o n s t a n t  t empera ture  

and r e f r a c t i v e  index .  

,$- 
v )  a11 t h e  antenna molecules  are ch l - a  

v i )  t h e  f l u o r e s c e n c e  l i f e t i m e  i s  O.4iO. 1 nsec .  



111. EXCITATION TRANSFER " 

i)  c l a s s i f i c a t i o n  o f  molecular  i n t e r a c t i o n  s t r e n g t h  

1 

We w i l l  beg in  by rev iewing  t h e  t h e o r y  o f  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 .  

Fig.  8 i l l u s t r a t e s  a n  energy l e v e l  diagram (Franck- 

Condon diagram) f o r  a  m 0 b l e .  Only t h e  ground s t a t e  and t h e  

f i r s t - e x c i t e d  s ta te  w i t h  i t s  v i b r a t i o n a l  l e v e l s  are shown. 

Two parameters  a;e impor t an t  f o r  a  d i s c u s s i o n  o f  i n t e r -  molecular  

i n t e r a c t i o n  s t r e n g t h .  The f i r s t  i s  t h e  width o f  t h e  e l e c t r o n i c  band, 

I *  - 
\sometimes c a l l e d  t h e  FrancK-Condon bandwidth, symbolized b y b  g.  It 
b 
de te rmines  t h e  wid th  o f  t h e  e n t i r e  band system o f  t h e  s p e c t r a  o f  an 

i s o l a t e d  molecule  a s  well as t h e  S tokeq  s h i f t  between t h e  abso rp t ion  

and emiss ion  bands. b 5 has  a n  energy va lue  o f  about  3000 cm-l (-0.3 

e v ) ,  and i s  o f  t h e  same o r d e r  of magnitude a's t h e  energy of t h e  

v i b r a t i o n a l  quan ta ,  about  1000 cm" ( F o r s t e r ,  1967) .  The second 
t 

parameter  i s  t h e  v i b r a t i o n &  band-width hf , and i s > o f  the o r d e r  of 10 



Fig. 7 "F'ranck-Cordm" diagram for a diatanic mlecule, i l lustrating 

the el- 
I 

' C  band-width, 6 ,ad vibrational ban-+, h j  
1 



W i t h  

s t r e n g t h :  

i 1 

ii > 
iii > 

t h e s e  two parameters  we can d e f i n e  t h r e e  c a s e s  o f  coup l ing  

I ........... lu[ >> h$ >> hf . s t r o n g  

. >> l u \  >> h$' ........... .weak o r  i n t e r m e d i a t e  

A $ . > >  h 5' >> 11.11 ........... .very weak - - 
1' 

1 u l  is t h e  a b s o l u t e  va lue  of  # t h e  i n t e r a c t i o n  energy.  

For a s e m i - q u a n t i t a t i v e  d e r i v a t i o n  o f  t h e s e  coup l ing  s t r e n g t h  
,- . ?\ 

c r i t e r i a ,  see Simpson and Pe t e r son  (1957).  c> 

I \ - 
ii) S t rong  coupl ing :  

1 
\ 

I 

\ 4 

I n  t h i s  c a s e  t h e  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  energy  i s  g r e a t e r  

t hen  v i b r a t i o n a l  energy '  l e v e l s  w i t h i n  t h e  i n d i v i d u a l  molecules .  The 

t r a n s f e r  o f  e x c i t a t i o n  o c c u r s  very q u i c k l y  b e f o r e  any e s s e n t i a l  

n u c l e a r  motion can t a k e  p l a c e  (Born-Oppenheimer approximat ion) .  I n  . 
s t r o n g  coupl ing  t h e  s i t u a t i o n  may be desc r ibed  a s  fo l lows:  

If we have a n  a r r a y  o f  N i d e n t i c a l  molecules  and one of  them i s  

e x a t e d ,  ou r  system i s  N-fold degene ra t e  because we have N p o s s i b l e  

yave func t ions  o f  t h e  form: 

pT is t h e  wavefunction o f  

ground s t a t e  wavefunct ions.  

* $,= y,, yi a l l  wi th  t h e  same e igenvalue .  

t h e  e x c i t e d  molecule,  and y; are t h e  

However, t h e  i n t e r a c t i o n  energy  l u l  a c t s  

as a p e r t u r b a t i o n  and " s p l i t s n  t h e  degeneracy. A s e t  o f  s t a t i o n a r y  

s t a t e  e igen func t ions  f o r  t h e  pe r tu rbed  Hamiltonian can be w r i t t e n  i n  

t h e  form: 



Each s t a t i o n a r y  s t a t e  i n v o l v e s  e x c i t a t i o n  o f  a l l  m o l e c u l e s .  Thus t h e  

- 
e x c i t a t i o n  i s  c o n s i d e r e d  as b e i n g  d e l o c a l i z e d .  Time dependen t  

states can b e  c o n s t r u c t e d  from t h e  s t a t i o n a r y  o n e s  which behave as  

c o h e r e n t  waves of  e x c i t a t i o n  which sweep a c r o s s  t h e  l a t t i c e .  

The above d e s c r i p t i o n  is termed t h e  m o l e c u l a r ' e x c i t o n  c o n c e p t ,  

and arises o u t  o f  t h e  r e s o n a n c e  w i t h  n e i g h b o u r i n g  i d e n t i c a l  molecu les .  

The e x c i t o n  m i g r a t e s  w i t h  c o n s t a n t  g roup  v e l o c i t y  ( F r a n c k  a n d . T e l l e r ,  

1938). Also what h a s  been s a i d  a p p l i e s  o n l y  f o r  i d e a l  . c r y s t a l s .  - 
-% 

I m p u r i t i e s ,  l a t t i c e  i m p e r f e c t i o n s ,  and the rmal  d e g e n e r a t i o n  l e a d  t o  - 
s c a t t e r i n g  o r  a b s o r p t i o n  o f  e x c i t o n s  i n t o  many k  'it ates by e x c i t o n -  

phonon i n t e r a c t i o n .  Thus t h e  c o h e r e n c e ' o f  t h e  e x c i t o n  i s  d e c r e a s e d  s o  

t h a t  t h e  p r o p a g a t i o n  becomes more ' d i f f u s i v e  t h a n  wave- l ike .  The 

root-mean-square d i s p l a c e m e n t  is  t h e n  p r o p o r t i o n a l  t o  toe s q u a r e  r o o t  

o f  time r a t h e r  t h a n  d i r e c t l y  t o  t i m e  as w i t h  t h e  wave- l ike  e x c i t o n .  

I 

S t r o n g l y  coup led  s y s t e m s  have a b s o r p t i o n  s p e c t r a  which d i f f e r  

markedly  f rom t h e  s ing1e"component  s p e c t r a .  Absorp t ion  bands  are 

s p l i t  by t h e  e x c i t o n  i n t e r a c t i o n .  



We w i l l  now c o n s i d e r  a  diiner ( two molecules  s t r o n g l y  coupled)  and 
& 

c a l c u l a t e  t h e  t r a n s f e r  rate o f  e x c i t a t i o n  from one t o  t h e  o t h e r . ,  

Our d e r i v a t i o n  fo l l ows  ~8rs te r ' s  ( 1965) .  The Hanfiltonian f o r  th; 

dimer is 

' ga", 

where Vab  i s  t h e  i n t e r a c t i o n  p o t e n t i a l .  
% 

The e igen func t ions  o f  t h e  unper turbed  ~ a r n i l t o n i a n ,  Vab = 0 ,  a r e  
- 

O r ,  where t h e  prime i n d i c a t e s  t h e  e x c i t e d  s t a t e s .  

The i n t e r a c t i o n  p o t e n t i a l  couples  t h e  two p o s s i b l e  s t a t e s  o f  t h e  

system s o  t h a t  we can t h e n  write t h e  e i g e n f u n c t i o n s  as l i n e a r  " 

combinat ions:  

The c o e f f i c i e n t s ,  c o s  and s i n  , a r e  chosen s o  t h a t  a+ and @ a r e  - 
orthonormal .  The p a r a m e t e r d ,  howeveraremains a r b i t r a r y  and depends 

0 .  

(. 

on ' the  s t r e n g t h  o f  Vab.  If Vab = 0  then  X u i i l  be 0 ,  o r  V 2 ,  

d v i n g  @+ = q: dlL and (p- = f$& 4; We s h a l l  p r e s e n t l y  show t h a t  

uhen Vab is grea'ber t h s  %he b a n d u i d t h h  , .( becomes 11/4. T h i s  g i k s :  ' F - 
C 



A similar r e s u l t  i s  o b t a i n e d  w i t h  two i n t e r a c t i n g  f e r m i o n s .  Eqns 2 d , - 

and 3 are s t a t i o n a r y  s ta te  s o l u t i o n s .  ~dw we w i l l  c o n s i d e r  t h e  time - 
dependent  problem;  t h e  t i m e  e v o l u t i o n  o f  t h e  s y s t e m  from t o  * ' 

pa% , which i s  t h e  r a t e  o f  energ; t r a n s f e r  from m o l e c b l e s  l1a1l 
* 

C e x c i t e d  and "bl1 u n e x c i t e d ,  t o  llalt u n e x c i t e d  and,.I1bn e x c i t e d .  

J - 
a :& 

We wish t o  s o l v e  t h e  f o l l o w i n g  e i g e n v a l u e  e q u a t i o n :  

I n  o r d e r  t o  s p e c i f y d ,  i t  i s  s u f f i c i e n t  t o  s o l v e  t h e  e q u a t i o n :  

D i r e c t  s u b s t i t u t i o n  of Eqns 1 ,  2 ,  and 3 i n t o  5 g i v e s :  

( ~ i & i  - cosa&) u .+ 1 ~d a- w,L'J cask ri na = o 
( 6 )  

I 

Here U i s  t h e  r e s o n a n c e  i n t e g r a l  ( a ' b  I Vab ad ) and W a /  

is  t h e  .-. i n t e g r a l  < a 'b  I H ( a'b) which is  t h e  t o t a l  e n e r g y  of t h e  

c o n f i g u r a t i o n  0; qb: 



and f i n a l l y  

Having s p e c i f i e d x  we can  s o l v e  f o r  t h e  e i g e n v a l u e s :  

D i r e c t  s u b s t i t u t i o n  rewlts i n :  
1 - 



Therearetwolimitingcases: i )  a ( & ( < <  ( W ~ L - \ Z ~ ~ ~ \  , P ( = o ~ %  
2 c 

w i t h b (  = 0, we have: 

With& = =/2 t h e  s i t u a t i o n  is r e v e r s e d .  The e x c i t a t i o n  i s  e s s e n t i a l l y  

l o c a l i z e d  on one molecu le  o r  t h e  d t h e r ,  and  c o r r e s p o n d s  t o  t h e  ve ry  

weak c o u p l i n g  c a s e .  

P 
T h i s  is t h e  r e s o n a n c e ,  s t r o n g  couplin&,.case, where  t h e  wave f u n c t i o n s  

are t h e  gymmetric and an t i - symmet r ic  c o m b i n a t i o n s  o f  t h e  l o c a l l y  

e x c i t e d  ( u n p e r t u r b e d )  c o n f i g u r a t i o n s .  The e x c i t a t i o n  is d i s t r i b u t e d  

e q u a l l y  o v e r  b o t h  molecu les .  The e n e r g i e s  o f  t h e  two e x c i t o n  s t a t e s  

d i f f e r s  by 2U, whi& i s  c a l l e d  t h e  e x c i t o n  , s p l i t t i n g  e n e r g y .  



We can n0.w write t h e  t ime  dependent wave f u n a t i o n  a s :  

and i n  g e n e r a l  write t h e  fo l l owing  l i n e a r  combinat ion:  

For W+ = Y t h i s  r e p r e s e n t s  a  back and f o r t h  o s c i l l a t i o n  o f  t h e  - a 

e x c i t a t i o n  between both molecules .  If a t  t = 0 we assume molecule "ar1 9 

only  t o  be e x c i t e d ,  then from. Eqs. 2  and 3 we must have t h a t  

c+ = c o s d  and C = s i n  oC - 

i 
By d i r e c t  s u b s t i t u t d o n  of eqns 2 ,  3 and 10, 15 i n t o  eqn 1 4  we g e t :  

/ 

Next w e  want t o  c a l c u l a t e  t h e  e x p e c t a t i o n  va lue  of  t h e  stategat#: 

From Eqn 16 we g e t  



f 
The maximum v a l u e  o f  

( t h a t  is, n e a r  r e s o n a n c e  c o n d i t i o n .  To f i n d  t h e  time, tmax, a t  which  
\ 

fmax o c c u r s ,  we se t  t h e  first time d e r i v a t i v e  of Eqn 17 t o  z e r o  and s o l v e  

We d e f i n e  t h e  t r a n s f e r  r a te ,  as t h e  maximum e x p e c t a t i o n  v a l u e ,  

d i v i d e d  by tmaX and  o b t a i n  P 

8 

F o r  s t r o n g  c o u p l i n g  r ( =  r / 4 ,  t h e r e f o r e  ' t h e  t r a n s f e r  ra te  is: 

Which agrees w i t h  wha t  o n e  m i g h t  e x p e c t  f rom t h e  u n c e r t a i n t y  p r i n -  

c i p l e :  

I f  o u r  i n t e r a c t i o n  ( u  ( is d i p o l e - d i p o l e  i n  n a t u r e ,  t h e n  I&( cL 
4' 3 

a n d  f r o m  Eqn 21 we see t h a t  q& 6 !?,- . 



i i i )  weak c o u p l i n g :  

When t h e  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  is  

i n t e r m e d i a t e  be tween t h a t  af  t h e  e l e c t r o n i c  and  v i b r a t i o n a l  e n e r g i e s ,  

t h e  c o u p l i n g  i s  c a l l e d  weak. Here  o n l y  p a i r s  o f  v i b r o n i c  l e v e l s  Sre 
' 

- 
a t  r e s o n a n c e  w i t h  e a c h  o t h e r .  One c a n  p r o c e e d  as b e f o r e  a n d  d e s c r i b e  

t h e  s y s t e m  by i t s  s t a t i o n a r y  v i b r o n i c  e x c i t o n  s ta tes .  C r u d e l y  

* e 

s p e a k i n g  t h e  t r a n s f e r  r a t e ,  a-b, w i l l  t h e n  be  d e s c r i b e d  by Eqn 21 

m u l t i p l i e d  by t h e  Franck-Condon i n t e g r a l  o f  t h e  i n t r a m o l e c u l a r  

t r a n s i t i o n  be tween v i b r a t i o n a l  l e v e l s :  v  a n d  w .  

SW i s  t h e  o v e r l a p .  i n t e r g r a l  o f  t h e  wave f u n c t i o n s  o f  t h e  v i b -  

A* 

r a t i o n a l  l e v e l s  v ,  w a n d  i s  r e l a t e d  t o , t h e  i n t e n s i t y  o f  t r a n s i t i o n .  

The  p r o d u c t  USW may be  r e g a r d e d  as  t h e  i n t e r a c t i o n  e n e r g y  be tween 

t h e  v i b r o n i c  t r a n s i t i o n s  o f  m o l e c u l e s  a and b .  

A l though  i n  a n  i d e a l  c r y s t a l  t h e  v i b r o n i c  e x c i t o n  migrates w i t h  a 

c o n s t a n t  g r o u p > o c i t y ,  i t  moves more s l o w l y  a c c o r d i n g  t o , E q n  16. 

However,  b e c a u s e  o f  t h e  s h a r p e r  r e s o n a n c e  c o n d i t i o n ,  t h i s  c o h e r e n t  

p r o p a g a t i o n  i s  more s e n s i t i v e  t o  l a t t i c e  i r r e g u l a r i t i e s  a n d  phonons .  
J- 

T h i s  l e a d s  t o  e x c i t o n - p h o n o n  s c a t t e r i n g  wh ich  r a p i d l y  

d i f f u s e s  t h e  m o t i o n  o f  t h e  e x c i t o n  a f t e r  a few l a t t i c e  d i s t a n c e s .  



T h i s  c o n s i d e r a t i o n  w i l l  b e  i m p o r t a n t  f o r  d u r  model l a t e r  o n .  A 

d e t a i l e d  a n a l y s i s  o f  t h e  weak c o u p l i n g  c a s e  i s  d i f f i c u l t  

b e c a u s e  t h e  u s u a l  Born-Oppenheimer s e p a r a t i o n  o f  n u c l e a r  a n d  

e l e c t r o n i c  mot ion is  n o t  v a l i d  ( M e m i f i e l d ,  1963).  

The changes  i n  t h e  a b s o r p t i o n  s p e c t r a  o f  t h e  monomer molecu le  a r e  

l e s s  d r a s t i c .  The v i b r a t i o n a l  e n v e l o p e  i s  e s s e n t i a l l y  r e t a i n e d  and 

t h e  i n d i v i d u a l  v i b r a t i o n a l  bands  are s p l i t  i n  what i s  c a l l e d  Davydov 

s p l i t t i n g .  



i v )  Very-weak c o u p l i n g :  

I n  weak c o u p l i n g  we i g n o r e d  t h e  w i d t h  o f  t h e  v i b r a t i o n a l  bands 

assuming them t o  be  r e a s o n a b l y  s h a r p .  I f  t h e  i n t e r a c t i o n  e n e r g y  is  o f  
t B 

1,; t h e  o r d e r  o f  t h e  v i b r a t i o n a l  bandwith ,  hg , we Have t h e  t h i r d  c a s e  o f  

very-weak c o u p l i n g .  Thus,  two c o i n c i d i n g  l e v e l s  are n o t  c o m p l e t e l y  a t  

r e s o n a n c e  b u t  o n l y  p o r t i o n s  o f  them are. 

If t h e  c o u p l i n g  i s  s o  weak t h a t  t r a n s f e r  h a s  n o t  been 

accompl i shed  d u r i n g  t h e  l i f e t i m e  o f  t h e  v i b r o n i c  l e v e l ,  t h e  t r a n s f e r  

w i l l  n e c e s s a r i l y  b e  a f f e c t e d  by c o l l i s i o n  and v i b r a t i o n a l  e n e r g y  
/'- 

exchange w i t h  t h e  s u r r o u n d i n g s  s u c h  a s , w i t h  phonons. T h i s  l e a d s  t o '  

t h e  e s t a b l i s h m e n t  o f  the rmal  e q u i l i b r i u m  between t h e  v i b r a t i o n a l  

l e v e l s , o f  an e x c i t e d  molecu le  and i t s  s u r r o u n d i n g s .  Such times are o f  
b 

t h e  o r d e r  10-12 s e c  c o r r e s p o n d i n g  t o  a bandwidth o f  30 om-' as 

mehtioned earlier.  

From &n 17 we have: 

L f o r  t h e  p r o ,  b i l i t y  o f  energy  exchange between v i b r a t i o n a l  l e v e l  v  o f  

molecu le  a and, w o f  molecu le  b. For  small time t h i s  is : 



If a c o l l i s i o n  o c c u r s  

amount o f :  

a t  t = T t h e n  fa ,b '  w i l l  have i n c r e a s e d  by an 

Such a c o l l i s i o n  w i l l  d e s t r o y  a l l  phase  r e a c t i o n s  betQeen t h e  wave- 

f u n c t i o n s  o f  "an and "b", s o  t h a t  t h e  i n c r e a s e  i n  t h e  n e x t  t i m e  

i n t e r v a l  between c o l l i s i o n s  w i l l  be: 

where i s  t h e  mean time between c o l l i s i o n s .  The t r a n s f e r  r a t e  as 

d e f i n e d  b e f o r e  i s  t h e n :  

The t r a n s f e r  r a t e  i s  t h u s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e - i n t e r -  

'3 
a c t i o n -  energy  a s  opposed t o  t h e  f irst  power as&* t h e  s t r o n g  and weak 

c a s e .  I f  we e x p r e s s  t by t h e  c o r r e s p o n d i n g -  bandwidth  bF =.I/* we 

g e t :  

Very weak c o u p l i n g  l e a d s  t o  no r e c o g n i z a b l e  changes  i n  t h e  a b s o r p t i o n  

spec t rum.  



I n  t h e  very-weak c a s e  t h e  e x c i t a t i o n  i s  e s s e n t i a l l y  l o c a l i z e d  on 

one molecule.  I n d i v i d u a l  t r a n s f e r s  a r e  u n c o r r e l a t e d  and t h e  r e s u l t -  

i n g  energy p ropaga t ion  is  completely d i f fus ive . .  

D i f f u s i v e  motion of t h e  e x c i t a t i d n  i s  Markoff ian i n  n a t u r e .  T h i s  

mean8 each  s t e p  is independent  o f  t h e  p a s t .  D i f fu s ion  problems and 

random walk problems a r e  isomorphic  (Knapp,1965) w i l l  make u s e  - 

* ' - 
of  t h i s  f a c t  l a t e r  i n  developing o u r  model of t h e  motion o f  e x c i t a t i o n '  

i n  t h e  PSU. 

I For mo lecu le s 'w i th  con t inuous  s p e c t r a  o r  t hose  which show l i t t l e  

o r  no  v i b r o n i c  s t r u a t u r e ,  t h e  weak coupl ing  r e g i o n  i s  non- e x i s t a n t ,  

and t h e  mechanism o f  energy t r a n s f e r  goes  e s s e n t i a l l y  from very-weak 

t o  s t r o n g .  T h i s  can  be shown a s  fo l lows:  
F 

t 

/--.\- Consider  t h e  c r i t e r i a  f o r  weak coup l ing ,  
7 A t >  \ u \  > bf 

, 
where A$ i s  at  i t s  s m a l l e s t  t h e  energy between two v i b r a t i o n a l  l e v e l s ,  

and A# i s  t h e  width o f  t h e  l e v e l s :  



I f  t h e  d e n s i t y  o f  t h e  

t h a t  t h e  energy l e v e l  

t hen  hF can be  o f  t h e  

coup l ing  c r i t e r i a ,  i s  

s o  t h a t  ( u \  is  e i t h e r  

/ 

l e v e l s  becomes l a r g e  or  becomes l a r g e  s o  

p i c t u r e  l o o k s  l i k e :  

f 
same energy as A T .  There fo re ,  t h e  weak 

i n  e f f e c t ,  l lsqueezed-outll .  That is, &F C. A$, 
@ 

g r e a t e r  t han  h F o r  less than  t h a t  i f  J u l  

becomes l a r g e r  t h a n  t h a t  r e q u i r e d  f o r  very weak coup l ing ,  i t  is 

a l r e a d y  l a r g e  enough t o  produce t h e  s t r o n g  i n t e r a c t i o n .  

Thus f o r  polyatomic molecules ,  s o l u t i o n s ,  and many - 

c r y s t a l l i n e  s t a t e s ,  t h e  weak i n t e r a c t i o n  r e g i o n  i s  very  sma l l :  We w i l l  

s e e  a  q u a n t i t a t i v e  example o f  t h i s  l a t e r  i n  r ega rd  t o  o u r  PSU model. 

The mahter e q u a t i o n  approach t o  energy t r a n s f e r ,  which we w i l l  develop 

i n  t h e  next  s e c t i o n ,  w i l l  a l low us  t o  p r e s c r i b e  a  width t o  t h e  

i n t e r m e d i a t e  r e g i o n  o f  weak coupl ing .  It i s  t h u s  p o s s i b l e  f o r  t h e  
- 

very-weak coup l ing  t o  g i v e  r i s e  t o  a  r a t e  o f  energy t r a n s f e r  t h a t  i s  

f a s t e r  t han  t h e  thermal  r e l a x a t i o n  r a t e ,  1 /rrBlax. 

From Eqn 26 we s e e  t h a t  i f  ( u  1 is  d ipo le -d ipo le  , u  4 1 /R3, 

t hen  t h e  t r a n s f e r  r a t e  f o r  very-weak coup l ing  i s  p r o p o r t i o n a l  t o  

1 /R6. 



The very-weak c o u p l i n g  mechanism is sometimes r e f e r r e d  t o  a s  - - 
" i n d u c t i v e  r e s o n a n c e  t r a n s f e r n  meaning t h a t  a t r a n s i t i o n  c h a r g e  

d i s t r i b u t i o n  i s  i n d u c e d  i n  a n e i g h b o u r i n g  molecule  by t h e  near-zone 

e l e c t r i c  f i e l d  o f  t h e  o s c i l l a t i n g  c h a r g e  d i s t r i b u t i o n  of t h e  e x c H e d  

molecu le .  

v )  t h e  F s r s t e r  e q u a t i o n  

'L 

I n  t h e  c a s e  where t h e  e x c i t e d  s t a t e  o f  t h e  donor molecu le  h a s  

come t o  t h e r m a l  e q u i l i b r i u m  be'f ore t r a n s f e r r i n g  e n e r g y ,  t h e  very-weak 

mechanism i s  c a l l e d  t h e  F o r s t e r  mechanism a n d - i s  d e s c r i b e d  by t h e  

' F a r s t e r  e q u a t i o n .  The F a r s t e r  e q u a t i o n  i s  b a s i c a l l y  Eqn 26 w r i t t e n  

i n  terms of measurab le  s p e c t r a l  p a r a m e t e r s  s u c h  as t h e  i n t e n s i t y  and 

s h a p e  o f  t h e  a b s o r p t i o n  and f l u o r e s c e n c e  bands .  

One assumes a d i p o l e - d i p o l e  i n t e r a c t i o n ,  a Boltzmann d i s t r i b u t i o n  

+ o f  v i b r a t i o n a l  s t a t e s  ( t h e r m a l  e q u i l i b r i u m  a p p r o x i m a t i o n ) ,  and w i t h  

t h e  E i n s t e i n  r e l a t i o n s  f o r  a b s o r p t i o n  and  s p o n t a n e o u s  e m i s s i o n ,  one  

o b t a i n s :  - - ~  - 



where : v= wave numbers ( cm- ' ) 
( v ) =  molar  d e c a d i c  e x t i n c t i o n  c o e f f i c i e n t  

( v ) =  f l u o r e s c e n c e  spec t rum,  normal ized  quanta/crn'' 

N= number o f  molecu les  p e r  m i l l i m o l e  
- 

n =  i n d e x  o f  r e f r a c t i o n  

= n a t u r a l  f l u o r e s c e n c e  l i f e t i m e  o f  an i s o l a t e d  

molecule  

k= f a c t o r  r e p r e s e n t i n g  t h e  o r i e n t a t i o n  

o f  t h e  d i p o l e s  

R =  d i s t a n c e  between t h e  d i p o l e s  

Eqn 27 can  be w r i t t e n  as: 

6 where R i s  d e f i n e d  from Eqn 27.  - 

The d e t a i l s  o f  t h e  d e r i v a t i o n  o f .  Eqn 27 are g i v e n  i n  Appendix A .  

Eqn 27 a p p l i e s  o n l y  t o  p a i r w i s e  i n t e r a c t i o n s  w i t h  qadb t h e  

p a i r w i s e  t r a n s f e r  r a t e .  I n  a l a t t i c e  t h e  p r e s e n c e  o f  more t h a n  one  
* - 

n e a r e s t  ne ighbour  w i l l  a f  f e c t  Q i n  s a way as t o  i n c r e a s e  t h e  

t r a n s i t i o n  p r o b a b i l i t y .  Thus t h e  a c t u a l  n s f e r  rate w i l l  be QB = 

rt,,b x B where  B i s  t h e  number o f  n e a r e s t  n e i g h b o u r s  (Bay and 

P e a r l s t e i n ,  1963).  



P .  

Fig. 8 Summary of the characteristics of the intermolecular transfer , 
' 

of excitation energy. Tj is the nearest neighbour transfer 

time,\u\ is the interaction energy, R is tlie intexkolecular 
b 

spacing, A is the exciting wavelength. (adap'ted from Claytop, 
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I V .  THE MASTER EQUATION APPROACH 

i) i n t r o d u c t i o n  t o  master  e q u a t i o n s .  .- 
I 

% 

We have seen  t h a t  t h e r e  a r e  t h r e e  classes of s t r e n g t h s  f o r  

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  and each  has  i t s  own obse rvab le  effects, on 

t h e  ' abso rp t ion  s p e c t r a  o f ,  t h e  f r e e  molecule.  The c a l c u l a t i o ~  
:" 

of t r a n s f e r  r a t e  i n  terms o f  i n t e r a c t i o n  ene rgy ,  U ,  u s i n g  only  well 

d e f i n e d  s p e c t r a l  parameters  h a s  been f u l l y  formula ted  on ly  f o r  t h e  

F o r s t e r  c a s e .  The weak case h a s  t r a d i t i o n a l l y  proved 

very d i f f i c u l t  p r i m a r i l y  because t h e  Born- Oppenheimer s p e a r a b i l i t y  of  

n u c l e a r  and e l e c t r o n i c  motion i s  not  i n  g e n e r a l  v a l i d  ( M e r r i f i e l d ,  
9 

1963).  I n  t h e  s t r o n g  c a s e ,  d i r e c t  measurement o f  t h e  t r a n s f e r  r a t e  

i n  terms of coup l ing  energy  is  not  as y e t  e x p e r i m e n t a l l y  p o s s i b l e  . 
S t r o n g  coup l ing  e f f e c t s  a r e  u s u a l l y  s t u d i e d  by o b s e r v i n g  t h e  s p l i t t i n g  

- o f  s p e c t r a l  l i n e s  (Hochs t rasser  and Kasha, 1964).  

Knox and Kenkre have developed a u n i f i e d  approach  based on a  

"gene ra l i zed  master equa t ionw t h a t  a l l ows  one t o  c a l c u l a t e  t h e  t r a n s f e r  
7 

rate i n  terms o f  i n t e r a c t i o n  energy ov& ,a wide range of coup l ing  

s t r e n g t h s .  T h i s  r e l a t i o n s h i p  is g i v e n  i n  terms o f  wel l -def ined  

s p e c t r a l  p rope ' r t i es  o f  t h e  i s o l a t e d  molecule ,  

such a s  ha l f -wid th  of t h e  a b s o r p t i o n  band and t h e  S tokes  s h i f t .  The 

s t r o n g  and very-weak coup l ing  c a s e s  a r e  r e a d i l y  ob t a ined  i n  t h e  

app rop r i a t ' e . l im$ t s  o f  t h e  master-equat ion s o l u t i o n ,  w h i l e  a  cont inuous  

\ r e l a t i o n s h i p  between t r a n s f e r  rate and i n t e r a c t i o n  energy  i s  provided 



t h r o u g h o u t  t h e  i n t e r m e d i a t e  weak r e g i o n .  We w i l l  f i r s t  d i s c u s s  t h e  

p r i n c i p l e s  i n v o l v e d  and  d e r i v e  t h e  a p p r o p r i a t e  r e l a t i o n s h i p s .  Then i t  

w i l l  be a p p l i e d  t o  t h e  model o f  t h e  PSU p r e v i o u s l y  d i s c u s s e d .  o u r  

g o a l  i s  t o  come up  w i t h  a f i g u r e  g i v i n g  t h e  r a n g e  pf p o s s i b l e  

i n t e r a c t i o n  e n e r g i e s  betwe9n c h l - a  molcu les  i n  t h e  d U based on / 
e x p e r i m e n t a l l y  measured q u a n t i t i e s  s u c h  as t h e - -  u o r e s c e n e e  l i f e t i m e ,  

number o f  c h l o r o p h y l l  i n  t h e  PSU, o r i e n t a t i o n  and  mean s p a c i n g .  

I n  s t a t i s t i c a l  mechan ics  

s t a t i s t i c a l  e q u i l i b r i u m  under  

t h e  ap.proach o f  a  quantum s y s t e m  t o  

t h e  i n f l u e n c e  o f  a p e r t u r b a t i o n  i s  

d e s c r i b e d  by a p a r t i c u l a r  k i n d  o f  t r a n s p o r t  e q u a t i o n  c a l l e d  a master 

e q u a t i o n .  I t  is  a r e l a t i o n s h i p  a b o u t  t h e  t i m e  e ' o l u t i o n  o f  
' 

quantum s t a t e s  i n  terms o f  t r a n s i t i o n  p r o b a b i l i t i e s  between t h e s e  

s tates.  It is c a l l e d  a master e q u a t i o n  t o  d i s t i n g u i s h  i t  from trZans- 

p o r t  e q u a t i o n s  of  t h e  Boltzmann t y p e  used  i n  k i n e t i c  t h e o r y  o f  g a s e s .  

F i r s t  we w i l l  d i s c u s s  t h e  P a u l i  master e q u a t i o n  which h o l d s  o n l y  

f o r  l o w e s t  o r d e r  i n  t h e  p e r t u r b a t i o n  between s t a t e s .  We s h a l l  s e e  

t h a t  i t  is  a good d e s c r i p t i o n  o f  t h e  very-weak c o u p l i n g  c a s e ,  b u t  i s  

n o t  a p p l i c a b l e  when t h e  c o u p l i n g  i s  much s t r o n g e  

master e q u a t i o n  w i l l  t h e n  be  d i s c u s s e d  which i s  good t o  a l l  o r d e r s  of  

t h e  p e r t u r b a t i o n .  We w i l l  f i n a l l y  g o  on  t o  show how t h i s  g e n e r a l i z e d  

m a s t e r  e q u a t i o n  can  be used t o  d e s c r i b e  t h e  t r a n s p o r t  o f  e x c i t a t i o n  i n  
v 

t h e  PSU. 



ii) t h e  P a u l i  maste; equa t ion  

The P a u l i  Master &quat ion (PME) is: 
- 2 

It d e s c r i b e s  t h e  e v o l u t i o n  o f  t h e  p r o b a b i l i t y  o f  e x c i t a t i o n  a t  a  

/' molecule Pi a s  a  f u n c t i o n  of  t h e  p r o b a b i l i t i e s  o f  e x c i t a t i o n  a t  t h e  

o t h e r  molecules  ( P . )  and t h e  t r a n s i t i o n  p r o b a b i l i t y  r a t e s  Fij .  
J 

The equa t ion  is  Markoff ian i n  n a t u r e ,  meaning t h a t  t h e  

p r o b a b i l i t y ,  F i j ,  o f  e x c i t a t i o n  jumping from i t o  j i s  independent  

o f  i t s  p rev ious  l o c a t i h .  I n  o t h e r  words,  memory o f  p r ev ious  l o c a t i o n s  

is l o s t .  Th i s  is a p p l i c a b l e  - t o  o u r  model only i n  t h e  c a s e  o f  

very-weak energy coup l ing  where t h e  F o r s t e r  mechanism i s  applicable-,, (. 
Ld 

I n  t h i s  c a s e ' t h e  e x c i t a t i o n  can be cons idered  as l o c a l i z e d  on a  

p a r t i c u l a r  s i t e  and hops from one s i t e  t o  t h e  n e x t .  The jump t imes  

would t h e n  be  g iven  by t h e  F 8 r s t e r  formula t ion  and t h e  t r a p p i n g  time 

could  t h e n  be  worked o u t  by s o l v i n g  t h e  set o f  coupled PME Eqns f o r  

t h e  a r r a y  o f  molecules  (Knox, 1968).  

The ~ a r k o f f i a n  PME i s  however, e q u i v a l e n t  t o  a  random walk. 

Mon t ro l l  ha s  worked o u t  a n a l y t i c  e q u a t i o n s  f o r  random walks i n  one ,  

two, t h r e e  dimensions and t h e  r e s u l t s  a r e  e s s e n t i a l l y  t h e  same a s  

t h o s e  ob t a ined  from t h e  PME. 



Colbow (1973) has  a p p l i e d  t h i s  Markoffian model t o  t h e  PSU u s i n g  

t h e  F o r s t e r  fo rmula t ion  and  ont troll's random w a l k  equa t ions .  Th i s  

was based on a mean-spacing o f  15A and on new measurements f o r  

R0=65A. The r e s u l t s  were j u s t  l a r g e r  t h a n  t h e  thermal  r e l a x a t i o n  

time. T h i s  would j u s t i f y  t h e - u s e  o f  t h e  F o r s t e r '  f o rmu la t ion ,  a However 

t h e  r e s u l t s  wer'e s u f f i c i e n t l y  c l o s e  t o  t h e  i n t e r r n e d u t e  r e g i o n  t o  

war ran t  a c l o s e r  l ook .  The energy may t a k e  p l a c e  

s u f f i c i e n t l y  f a s t  s o  t h a t  t h e r e  i s  t h e  a p p l i c a b i l i t y  
. 

of  t h e  F d r s t e r  equa t ion  (Borisov and ~ ' l n a ,  1973; S e i b e r t  and ~ l f a n o , 1 9 7 4 ) .  

iii) gene ra l i zed  mas te r  e q u a t i o n s  

We w i l l  now proceed t o  deve lop  a s i n g l e  exp re s s ion  based on a . 

s i n g l e  d e f i n i t i o n  o f  t r a n s f e r  r a t e  which w i l l  c o n t a i n  t h e  s t r o n g  and 
'I 

very  weak r e g i o n s  a s  limits and a s c r i b e  a wid th  t o  t h e  i n t e r m e d i a t e  

r eg ion .  The first s t e p  i s  t o  g e n e r a l i z e  t h e  PME a s  fo l l ows  (Knox 

and Kenkre, 1974): 

Here t h e  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  time dependent.  The p r o b a b i l i t y  

of t r a n s i t i o n  depends on time less t h a n  t ,  i . e . )  on where t h e  e x c i t a -  
, . - 

t i o n  was be fo re  t .  u i j  connec t s  t h e  p r o b a b i l i t y  a t  a s i d e  j a t  t ime  

s i n  t h e  p a s t  t o  t h e  r a t e  change of p r o b a b i l i t y  a t  s i t e  i a t  t h e  



- - - q r e s e n t  time t .  T h i s  e q u a t i o n  i s  ; o n - ~ a r k o f f i a n  a n d  i s -  c a l l e d  t h e  
-- -- .- 

G e n e r a l i z e d  Master E q u a t i o n  (GME). 

By s u b s t i t u t i n g :  

i n t o  t h e  GME o n e  i m m e d i a t e l y  o b t a i n s  t h e  PME The d e l t a 7 f u n c t i o n  
t 

- means t h a t  t h e  t r a n s i t i ~ n y r o b a b i l i t ~  d e p e n d i o n  what  h a p p e n s  a t  time 

t ,  n o t  o n  a n y  p r e v i o u s  h i s t o r y .  The 

p o s s i b i l i t y  o f  e x c i t o n  o r  r e v e r s i b l e  

m o l e c u l e s .  

PME t h u s  e l i m i n a t e s  t h e  

r e s o n a n c e  c ~ u p l i n g  be tween 

Here  we p r e s e n t  a p h y s i c a l  r a t i o n a l e  f o r  g e n e r a l i z i n g  t h e  
7 

PME; a more r i g o r o u s  d e r i v a t i o n  o f  t h e  GME i s  found  i n  Appendix  

B, b a s e d  on ~ i o u v i l l e ' s  e q u a t i o n  f o r  t h e  d e n s i t y  m a t r i x  o f  t h e  s y s t e m .  

C 

A u s e f u l  

d e p e n d e n c e  o f  

a p p r o x i m a t i o n  i n  o u r  c a s e  i s  t o  a s sume  t h a t  t h e  time 

W i s  i n d e p e n d e n t  t h e  s i t& i and  j:  
i j 

* 
where  @ ( t )  i s  a t ime-dependen t  c o e f f i c i e n t .  The GME t h e n  r e d u c e s  t o :  

d P i ( t i / d t  = d t -  l ? .  P ( s I  - i j i P i ( s ) l  
J 1 J J  (2  



We w i l l  c a l l  4(t) t h e  memory f u n c t i o n .  The n a t u r e  o f  t h e  energy  

t r a n s f e r  i s  t h u s  de te rmined  by @ ( t )  as w e l l  as by t h e  r a t e s  F 
i j .  \ 

1 

It is i l l u s t r a t i v e  a t  t h i s  po&to s h o i  t h a t  b o t h  wave- l ike  ' 

( c o h e r e n t  e x c i t o n s )  and d i f f u s i o n  (Markoff i a n ,  rando; w a l k )  behav iour  

a r i s e  q u i t e  n a t u r a l l y ' f r o m  l i m i t i n g  forms o f  t h e  GME. 

9 

I f  we make a n e a r e s t  ne ighbour  approx imat ion  and assume a con- 

t inuum of  s i t e s ,  Eqn 2  can  be w r i t t e n ' , a s :  (Kenkre  and I n o x ,  1974) 

( s e e  Appendfx E f o k  d e t a i l s  o f  d e r i v a t i o n )  I f  we se t :  Q( t )  = c 2 e ( t )  

where 8Ct) i s  t h e  s t e p  f u n c t i o n ,  we o b t a i n  t h e  wave e q u a t i o n :  

and i f  we set Q ( t )  = ~ 6 ( t )  we g e t  t h e  d i f f u s i o n  e q u a t i p n :  

The c o n t e n t  of  t h e  wave and d i f f u s i o n  e q u a t i o n s  c a n  be  combined as t h e  

" t e l e g r a p h e r  'sn e q u a t i o n :  

which i s  o b t a i n e d  from t h e  GME by l e t t i n g  

a  form i n t e r m e d i a t e  between t h a t  o f e ( t )  and g ( t ) . .  



i v )  t h e  memory f u n c t i o n  f o r  molecular"  t r a n s i s t i o n s .  

4 ( t )  ' d e f i n e s  t h e  e x t e n t  i n  t i m e  i n  which t h e  p r o c e s s  can  be  

c o n s i d e r e d  non-Markoff ian.  What we now need i s  a  p r e s c r i p t i o n  
/ 

* 1 
f o r  c a l c u l a t i n g  @( t ) .  FOG m o l e p u l a r  t r a n s i t i o n s ,  Kenkre a4d pnox 

L./ 
(1974) d e r i v e  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  #(t  i n  t e r m s  o f  F 'b r s te r ' s  

- I e q u a t i o n :  (Appendix .C i 

. 
where f ( o )  i s  t h e  F b r s t e r  r a t e  e q u a t i o n  f o r  two m o l e c u l e s  g i v e n  i n  - 
t e r m s  o f  t h e  o v e r l a p  o f  t h e i r  f l u o r e s c e n c e  and a b s o r p t i o n  c u r v e s :  

where Fb) i s  t h e  e x t i n c t i o n  c o e f f i c i e n t  and vo i s  t h e  a v e r a g e  of 1 
t h e  a b s o r p t i o n  and f l u o r e s c e n c e  maximum. 

f ( b v )  i s  g i v e n  by t h e  same e q u a t i o n  as  f ( o )  b u t  t h e  peaks  are 

s h i f t e d  on t h e  f r e q u e n c y  scale by + Av/2 f o r  t h e  e m i s s i o n  and  -Av/2 

f o r  t h e  a b s o r p t i o n  



P h y s i c a l l y  t h i s  would r e p r e s e n t  a molecu le  t h a t  h a s  n o t  come t o  fu4.l 

t h e r m a l  ' e q u i l i b r i u m  b e f o r e  t r a n s f e r r i n g  e n e r g y  ( t h e r m a l  e q u i l i t i r i u m  

would imply t h e  f u l l  S t o k e s  s h i f t  v S ) ,  

I- 

Gueron e t  a l .  (1967) c o n s i d e r e d C t h e  c a s e  o f  t o t a l  o v e r l a p  i n  
f 

f o r m u l a t i n g  t h e i r  nbefore-relaxation>very-weak -8- coupl ingI1 c a s e .  

If t h e  peaks  a r e  s y m m e t r i c a l  o r  n e a r l y  s o ,  t h e  

denomina to r  i s  G u a l  t o  vo and c a n  b e  ~ e m o v k d  from t h e  i n t e g r a l .  

He may write ,/ 
/' 

/ 

-where Jo is t h e  o v e r l a p  df t h e  a b s o r p t i o n  and f l u o r e s c e n c e ,  J (Av)  i s  

t h e  s h i f t e d  o v e r l a p  of  t h e  a b s o r p t i o n  and " e f f e c t i v e "  emission peak,  

and k c o n t a i n s  t h e  r e m a i n i n g  t e r m s  from Eqns 111-27. 

The memory f 'unct ion t h e n  becomes: 



which is l i k e  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  e u r v e  r e p r e s e n t i n g  t h e  I - 
o v e r l a p  . i n t e g r a l  as a f u n c t i o n  o f  t h e  peak s h i f t .  

We w i l l  now d e r i v e  s p e c i f i c  forms f o r  4(t)  u s i n g  G a u s s i a n  and 
- "a/ - 

L o r e n t z i a n  l i n e  p r o f i l e s ,  and assuming  m i r r o r  image symmetry between 

a b s o r p t i o n  and f l u o r e s c e n c e .  

GAUSSIAN: A G a u s s i a n  p r o f i l e  is  g i v e n  by: 
- 

The o v e r - l a p  i s  then.: 

where  : va : wave number o f  t h e  a b s o r p t i o n  maximum 

= s t o k e s  s h i f t  = 2 ( v a  - vo)  vs - 
v 1 / 2  E half-width-at-half-maximum 

J? z j = 7 / v 1 , 2  

J( A v )  i s  t h e n  e a s i l y  d e f i n e d  as: 

*< 
The memory function:: is  t h e n  g i v e n  by: 

C 



. 
I f  we s e t  c o s (  A v t )  = ~ e ( e ~ & ' ~ ) ,  

t h e n  Ean 8 becomes 

s i n g  Eqn 7.4.32 from Abrahamowitch and S tegun  (1965)  and t h e  

we can i n t e g r a t e  Eqn 9 and o b t a i n :  

a 0, 
0.721 v y , t  

cos (Y, t) 



LORENTZIAN: A Lorentz ian  p r o f i l e  .. i s  g iven  by:  

The memory f u n c t i o n  i s  g iven  by: 

Using Eqn ' 3.724.2 from ~ b r a h a m a u i t c h  'and Stegun (1965 )  w e  get: 

k .  



Normalizing $(f) such t h a t  @ ( 0 )  = 1 .  , we f i n a l l y  o b t a i n :  

a 2. 
. a . 7 ; ~  1 gya t +p) = e- cos (Y, t) 

An impor tan t  parameter  i n # t ) i s  t h e  time c o n s t a n t  i n  t h e  exponen t i a l :  

- ag  = 0.85 v l j 2  % : Gaussian 

d l  = 2.0 V,/2 : Loren tz i an  

4 ( t )  i s  p l o t t e d  i n  F ig .  9 f o r  ch l -a  i n  e t h e r  u s i n g  a' va lue  of v , , ~  

= 188 oh-' , vS= 161 cm-l and t h e  Gaussian and Lorentz ian  

approximation f o r  t h e  main peak a t  660 nm. 

We s e e  t h a t  $(t) has  dropped about  80% when t = I/& an-essen- 

t i a l l y  z e r o  by t ~5 3 L 1 0 - ~ 3  s e c .  For a  S tokes  s h i f t  of vs = 184 

cm" t h e  c o s i n e  v a r i a t i o n  i s  no t  s i g n i f i c a n t .  



q &ction, (P ( f )  ,/plotted against time, ( r ioml i  zed 

to  uni/The Gaussian and the 

dashed line for l ine shows the 

slaw variation in Eqn . 10, 
&pared to the -ential &. 





bC is a measure  of how fast  t h e  l o c a l i z a t i o n  o f  exc  t a t i o n  t a k e s  L,, 
place. '  F o r  e x c i t a t i o n  lifetimes g r e a t e r  t h a n  I/* t h e ' e n e r g y  t r a n s f e r  

p r o c e s s  can  b e  c o n s i d e r e d  Markoff ian.  F o r  times much g r e a t e r  t h a n  

o r  f o r  v e r y  l a r g e d  , @( t ) ( t )  and  t h e  GME r e d u c e s  t o  t h e  PME 

d e s c r i b i n g  a random hopping o f  e x c i t a t i o n  a s  d i s c u s s e d  b e f o r e .  - 

Thermal r e l a x a t i o n  times have a lower  l i m i t  e s t i m a t e d  t o  be i n  t h e  

r a n g e  of a b o u t  3 ~ 1 0 - ' ~  s e c .  (Dexte r  and Knox, 1965) .  We see t h a t  

4 ( t )  h a s  dropped t o  z e r o  b e f o r e  t h i s ,  ( F i g .  9 ) ,  i n d i c a t i n g  

t h a t  the rmal  r e l a x a t i o n  d e s t r o y s  a11  phase  

r e l a t i o n s h i p  between t h e  e x c i t a t i o n  on  n e i g h b o u r i n g  m o l e c u l e s ,  t h u s  

e f f e c t i v e l y  randomiz ing  t h e  t r a n s f e r  p r o c e s s .  

I f  @( t )  i s  n o t  z e r o  f o r  t i m e s  g r e a t e r  t h a n  t h e  t h e r m a l  

r e l a x a t i o n  time we have a small and therefobea a 

na r row l i n e  w i d t h  ( s m a l l  v , , ~ )  ( b e c a u s e  of  t h e  F o u r i e r  t r a n s f o r m  

, p r o p e r t y ) .  i.e. 



T h i s  i s  p o s s i b l e  f o r - b y s t e m s  t h a t  have d i s c r e t e  s h a r p  v i b r a t i o n a l  

bands  such as a t o m i c  o r  simgle m o l e c u l e s ,  which means thAt  t h e  v i b r a -  

t i o n a l  q u a n t a  a r e  much g r e a t e r  t h a n  t h e  phonon e n e r g i e s ,  (kT), - - o r  t h e  c o i l i s i o n a l  e n e r g y .  Thus t h e y  d o  n o t  

c o u p l e  ve ry  w e l l  t o  t h e  " the rmal  b a t h "  a n d  the rmal  r e l a x a t i o n  o c c u r s  
- 

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

t h e  e x c i f o n s  o v e r  a l o n g e r  p e r i o d  o f  t ime .  l lSharper  peaks  i n '  t h e  

. s p e c t r a  would mean s m a l l e r  i n t e r a c t i o n s  w i t h  phonons and t h e  

environment  and a  c o r r e s p o n d i n g l y  ' l o n g e r  memory" (Knox and Kenkre,  

d1 
C h l o r o p h y l l  h a s  a c o n t i n u o u s  spec t rum.  T h e r e f o r e  i t  c o u p l e s  ve ry  

r e a d i l y  t o  t h e  env i ronment .  T h i s  is  r e f l e c t e d  i n  i t s 4 w i d e r  band w i d t h  
6 .  

and s h a r p e r  memory f u n c t i o n .  

-- 
v )  s o l u t i o n  o f  the,GME 

We have now d e r i v e d  and d i s c u s s e d  t h e  memory f u n c t i o n  @(t )  f o r  

t h e  GME,  (Eqn 2 )  , and w i l l  now proceed  t o  s o l v e  t h e  GME, by 

c a l c u l a t i n g  t h e  mean s q u a r e  d i s p l a c e m e n t  o f  e x c i t a t i o n  and  f i n a l l y  

o b t a i n  an  e x p r e s s i o n  r e l a t i n g  t h e  t r a n s f e r  r a t e . a n d  i n t e r a c t i o n  

f e n e r g i e s  f o r  Gauss ian  and L o r e n t z i a n ' l i n e  p r o f i l e s .  

I n  our  model we assume t h e  molecu les  have a n  a v e r a g e  s p a c i n g ,  

The me8n s q u a r e  d i s p l a c e m e n t  o f  t h e  e x c i t a t i o n  is:  



* 
where Pa i s  t h e  p r o b a b i l i t y  t h a t  t h e  e x c i t a t i o n  is on molecule  m. 

\ 

We d e f i n e  t h e  r a t e  o f  e x c i t a t i o n  a r a n s f e r ,  w ,  
9 ,  

a s  t h 6  i n v e r s e  of  t h e  t i m e  r e q u i r e d  for<,x2) t o  

b u i l d  up from z e r o  t o  t h e  v a l u e ,  a 2 .  T h i s  d b f i n i t i o n  w i l l  a p p l y  t b  
t h e  f u l l  r a n g e  o f  i n t e r m o l e c u l a r  c o u p l i n g  s t r e n g t h s  and is n o t  - 
r e s t r i c t e d  t o  p a i r w i s e  i n t e r a c t i o n s .  

D i f f e r e n t i a t e  Eqn 17 and s e t t i n g 1  P - 1  we f i n d  
L? ='-\' 

S u b s t i t u t i n g  t h e  GME: 

'a 

we o b t a i n  

I n t e r c h a n g i n g  dummy s u b s c r i p t s  i n  t h e  second term: 

4 

r i b  



. I  

we o b t a i n  
& 

' Next we assume t h a t  t h e  t r a n s f e r  is  homogeneous o r  i s o t r o p i c :  
.- 

Fn+x,n = Fn-x, n *  S h i f t i n g  t h e  " o r i g i n w  o f  t h e  w c o u n t w  s u c h  

t h a t :  Fn+,,,. = = F1 where 1 = m-n = x so  t h a t  Fn-x,n 
- di 

/ 
Our d o u b l e  sum becomes: 

We f u r t h e r ' i n t r o d u c e  t h e  assumpt ion  t h a t  t h e  f o r w a r d  r a t e  e q u a l s  t h e  

backward rate:  F1 = 
F-l . T h e r e f o r e  t h e  second t e rm becomes 

i d e n t i c a l l y  z e r o ,  l e a v i n g :  

, * 



We a r e  f i n a l l y  l e f t  w i t h :  

The r e s u l t  h a s  v a l i d i t y  i n  more t h a n  one -d imens ion  a s  c a n  be s e e n  by 

w o r k i n g  t h r o u g h  t h e  above  d e r i v a t i o n  making t h e  f o l l o w i n g  c h a n g e s :  

and  s i m i l a r l y  f o r  n .  

NOW a c c o r d i n g  t o  o u r  d e f i n i t i o n "  o f  t r a n s f e r  rate w = l / f ,  we c a n  

s o l v e  f o r  w by i n t e g r a t i n g  Eqn 18 

From Appendix C ,  t h e  t i m e  d e p e n d e n t  t r a n s i t i o n  r a t e s  o f '  t h e  G M E ,  
% g 

w ( t - s )  h a v e  t h e  f o l l o w i n g '  form:  m 

where  t h e  memory term $) i s  a time d e c a y i n g  o s c i l l a t o r y  f a c t o r  

\ s u c h  as Eqn 15 and U i s  t h e  i n t e r a c t i o n  e n e r g y  be tween  s i t e s  m and n .  



We h a v e  a l r e a d y  c h o s e n  t o  s e p a r a t e  o u t  t h e  time d e p e n d e n c e  i n  

T h e r e f o r e  we make t h e  f o l l  i d e n t i f i c a t i o n :  

where  we h a v e  d r o p p e d  t h e  c o s i n e  terms b e c a u s e  o f  t h e i r  n e g l i g i b l e  

c o n t r i b u t i o n  i n  o u r  c a s e .  .( and.(1 a r e  d e f i n e d  a s  i n - E q n  16. 
S *. 
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We w i l l ,  now p r o c e e d  t o  s o l v e  ~ q n  19 f o r  G a u s s i a n  and  
i 

L o r e n t z i a n  p r o f i l e s  f o r  n e a r e i t  \ n e i g h b o w  i n t e r a c t i o n  o n  a 
w 

s i u a r e  l a t t i c e .  I n  t h i s  case l e t  Pn = 1/4 .  

A )  GAUSSIAN PROFILE 

By summing o v e r  t h e  f o u r  n e a r e s t  n e i g h b o u r s :  
I 

. , 

and  s u b s t i t u t i n g  i n  Eqn  19 we g e t :  

wh ich  i s :  
- 
t' 



Using t h e  r e s u l t  f o r  t h e  i n d e f i n i t e  i n t e g r a l  (Abrahamowitch and 

S tegun  1965) :  . 

we o b t a i n :  

We now have a n  e q u a t i o n  f o r ,  w ,  t h e  n e a r e s t  n e i g h b o u r  t r a n s f e r  

r a t e  i n  t e r m s  o f  \ u \ , . t h e  i n t e r a c t i o n  energy .  + e n t e r s  as a '  

p a r a m e t e r  and i t s  v a l u e  i s  a  p r o p e r t y  o f  t h e  m o l e c u l e s  i n v o l v e d  We 
. ' 

w i l l  a p p l y  Eqn 21 W, o u r  PSU model w i t h q d e f i n e d  f o r  c h l - a  i n  e t h e r  

i n  t h e  n e x t  s e c t i o n .  But f i r s t  l e t  u s  s e e  whe the r  Eqn 21 g i v e s  t h e  

c o r r e c t  r e s u l t s  i n  t h e  l i m i t s  o f  s t r o n g  and weak c o u p l i n g .  



a )  very-weak c o u p l i n g  l i m i t :  )) luv$ 

Eqn 2  1 becomes : 

w =  

P r e v i o u s l y  we saw t h a t  (Eqn 111-26) 

Comparing t h i s  w i t h  Eqn 22 we c a n  make t h e  f o l l o w i n g  i d e n t i f i c a t i o n  

between and  t h e  Franck-Condon band-width,  bF: 

b )  s t r o n g  l i m i t :  'I <C IkI 

- +*A 
A S  e da 

&(%) w w ; 5 I -  > 

Eqn 21 becomes 
I 

Which i s  what we o b t a i n e d  i n  Eqn 111-21. Eqn 21 g i v e s  t h e  

c o r r e c t  r e s u l t s  i n  t h e  n fas tn  and "slown l i m i t s  of e n e r g y  t r a n s f e r  and 

p r o v i d e s  a  c o n n e c t i n g  formula  f o r  t h e  i n t e r m e d i a t e  r e g i o n .  



11) LORENTZIAN P R O F I L E  

'> 
We have a s  before :  , . 

s u b s t i t u t i n g  into'kEqn 19 g i v e s  

I n t e g r a t i o n  g i v e s  : 

I n  t h e  very-weak l i m i t  we g e t :  ( q  >> rk'/h) 
\, ' 

\ 

W= 
B x a  14' 
h'a 

w i t h  

I n  t h e  sCrong l i m i t  w e  g e t :  ( < << I U I  /*) 



The l i m i t s  a r e  c a l c u l a t e d  i n  t h e  same manner as  f o r  Eqn 21.  , 

&qns  21 and 23 are p l o t t e d  i n  F i g .  10  a s  i n t e r a c t i o n  

4 e n e r g y  a g a i n s t  /w. We c a n  s e e  t h e  c o n t i n u o u s  change f rom 

very-weak t o  s t r o n g  c o u p l i n g .  The a s y m p t o t i c '  l i m i t s  o f  s t r o n g  and 

very-weak c o u p l i n g  a r e  r e p r e s e n t e d  by d o t t e d  l i n e s ,  and t h e  

i n t e f m e d i a t e  r e g i o n  o f  weak c o u p l i n g  i s  i l l u s t r a t e d .  Note t h a t  i t  i s  

n o t  enough t o  s p e c i f y  w i n  o r d e r  t o  s a y  which o f  t h e  t h r e e  mechanisms 
a 

i s  i n  e f f e c t .  The r a t i o  q/vr d e t e r m i n e s  t h i s .  Energy t r a n s f e r  is 

fas t  o r  s low r e l a t i v e  t o  o( . 

We have n o t ' s p e c i f i e d  what form t h e  i n t e r a c t i o n  e n e r g y  w i l l  . 

t a k e ,  w h e t h e r  d i p o l a r ,  q u a d r u p o l e ,  e t c .  We have  s e e n  t h a t  i f  t h e  

i n t e r a c t i o n  i s  p o i n t  d i p o l e - d i p o l e  t h e n  t h e  t r a n s f e r  r a t e  v a r i e s  as 

R - ~  f o r  t h e  s t r o n g  c o u p l i n g  case, and a's R ' ~  f o r  t h e  v e r y  weak c a s e .  

We w i l l  now snow t h a t  t h e s e  r e s u l t s  are a l s o  o b t a i n e d  from t h e  GME 

s o l u t i o n s  (Eqns  21 and 23) i n  t h e  two limits. 

Futhermore  we w i l l  be a b l e  t o  d e t e r m i n e  t h e  e x p o n e n t ,  N ,  i n  t h e  

r e l a t i o n  W o C  RmN f o r  i n t e r m e d i a t e  c a s e s .  



Fig. 10 The so'lution o d the generalized master equation for 
Gaussian, G, and Lorentzian, L, absorption profiles, 

,./ 
corresponding to Eqns IV-21 and IV-23 The dotted - ' *  \ 

-L -x 

lines are the asymptotes for the limit? of strong 

and very-weak coup ling-. 





. .. f -2 

F i r s t  we assume t h a t  t h e  i n t e r a c t i o n  e n e r g y  L s  ' d i p o l e - d i p o l e .  

and e x p r e s s  t h e  t r a n s f e r  r a t e  as: 

The exponent  c a n  be e x p r e s s e d  as: 

By t a k i n g - t h e  l o g a r i t h m  o f  Eqn 21 and d i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  

I n  R we o b t a i n  f o r  G a u s s i a n  p r o f i l e  

and  s i m i l a r l y  f rom Eqn 23 f o r  L o r e n t z i a n  p r o f i l e  



The l i m i t i n g  b e h a v i o u r  ?or Eqns 25 and A 6  is as f o l l o w s :  

,?-, Q = 6  :very-weak c o u p l i n g  

The r e s u l t s  a g r e e  w i t h  e a r l i e r  d e r i v a t i o n s  p r e s e n t e d  i n  S e c t i o n  

131. The expon&t N a s  a f u n c t i o n  o f  q/u is p l o t t e d  i n  F i g .  1 1 .  



1 - J 
Fig.  I1 The R - ~  v a r i a t i o n  of t h e  t r a n s f e r  r a t e  a s  a f u n c t i o n  of 

P yfl, g iven  by t h e  GMJ3 t heo ry ,  Eqns IV-25 and IV-26 

assuming a  d ipo le -d ipo le  i n t e r a c t i o n  f o r  Gaussian,  G ,  

and Loren tz i an ,  L ,  abso rp t ion  p r o f i l e s  . 
b 



EXPONENT (R-*) 



We have p re sen t ed  a  method f o r  c a l c u l a t i n g  t r a n s f e r  r a t e  i n  term3 
- - 

of  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  energy by s o l v i n g  a - g e n e r a l i z e d  master ,  
2' 

equa t ion  f o r  e n e r g i  t r a n s p o r t  based on t h e  work o f  Knox and Kenkre 
1 

ve seen  t h a t  i t  a g r e e s  w i th  p rev ious  f o r m u l a t i o n s ' o f  t h e  - . 

problem i n  molecular  systems such a s  t h e  . I?ors te r  

a l u e  l i e s  i n  t h e  f a c t  t h a t  i t  connec t s  s t r o n g  and 

very-weak coup l ing  l i m i t s  a l l owing  one t o  e s t i m a t e  t h e  e x t e n t  o f  t h e  

weak coup l ing  r e g i o n  and t h e  t r a n s f e r  r a t e  i n  t h i s ~ r e g i o n .  

One begins  by c a l c u l a t i n g  t h e  memory f u n c t i o n  from Eqn 4 u s ing  

t h e  monomer spectrum of t h e  molecule i n  q u e s t i o n .  From t h i s  one 

e x t r a c t s  t h e  parameter  d . Eqn 18 can then  be . 
t h e  d e s i r e d  r e l a t i o n  between t r a n s f e r  r a t e  and 

T h i s  h a s  been done f o r  Gaussian and Lorentz ian  

r e s u l t s  a r e  g iven  by Eqns 21 and 23. 

The d e f i n i t i o n  of  t r a n s f e r  rate should  be 

t h e  r e c i p r o c a l  of t h e  time r e q u i r e d  f o r  t h e  RMS 

so lved  f o r  

i n t e r a c t i o n  energy.  

p r o f i l e s  and t h e  

k e p t  i n  mind.' It is  

di&lacement  o f  t h e  ' - 
e x c i t a t i o n  t o  r each  a  v a l u e ,  a ,  which we have chosen t o  be t h e  

mean spac ing  between neighbouring molecules.  Whether energy  t r a n s p o r t  

proceeds by d i f f u s i o n  o r  e x c i t o n s  depends on the va lue  yw n o t  j u s t  on w 
- 

i t s e l f .  If t h e  t r a n s f e r  r a t e  f a l l s  i n  t h e  r e g i o n  o f  very weak couplcing, 

t h e  energy t r a n s f e r  can be d e s c r i b e d  by t h e  F 8 r s t e r  theory .  I n ' t h e  
a 

s t r o n g  coup l ing  r e g i o n ,  w d e s c r i F s  t h e  v e l o c i t y  of an e x c i t o n  

which isb& .Thus ou r  d e f i n i t i o n  o f  t r a n s f e r  r a t e  i s  g e n e r a l  and is  a  

smooth cont inuous  f u n c t i o n  of  t h e  i n t e r a c t i o n  energy ,  (Eqns 21 and 23). 



.V. ' PIPPLICATION TO THE PSU 

i) " i n  v i t r o n   absorption^ spec t rum o f  c h l - a  and i t s  memory f u n c t i o n  

. %- 

We w i l l  now a p p l y  our  r e s u l t s  t o  t h e  model o f  t h e  PSU d e s c r i b e d  

, i n  S e c t i o n ,  11. 

F i r s t  we must d e t e r m i n e * t h e  p a r a m e t e r o ( ,  from t h e  monomer 

spec t rum o f  c h l - a .  

- ., 

. a -  ~ i g .  12 shows the a b s o r p t i o n  spectrum o f  a d i l u t e  s o l u t i o n  o f  
, 

c h l - a  i n  e t h e r .  The i n t e r p r e t a t i o n  o f  t h e  spec t rum i s  summarized a s  

f o l l o w s :  ( C l a y t o n ,  65;  S a u e r ,  1 9 7 0 ) .  The main a b s o r p t i o n  bands  a r e  

t h e  S o r e t  band around 400 nm and t h e  long-wave band a round  600 nm. 

These bands are t h e  r e s u l t  of s i n g l e t  e l e c t r o n i q  t r a n s i t i o n s  o f  t h e  

d e l o c a l i z e d  e l e c t r o n s  around t h e  p o r p h y r i n  r i n g .  S t u d i e s  o f  

d i c h r o i s m  have shown t h a t  t h e  d i p o l e  moments o f  these t r a n s i t i o n s  l i e  

i n  t h e  p l a n e  o f  t h e  p o r p h y r i n  r i n g  o f  t h e  c h l - a  molecu le .  The 

hydrocarbon p h y t o l  c h a i n  d o e s  n o t  a p p r e c i a b l y  a f f e c t  e i t h e r  t h e  band 

s h a p e  o r  t h e  p o s i t i o n  of. t h e  a b s o r p t i o n  bands  (Goedheer ,  1966) .  I n  

t h e  x +  t r a n s i t i o n  t h e  o r b i t a l  a n g u l a r  momentum o f  t h e  s i n g l e t  e x c i t e d  

s t a t e  c a n  b e  p a r a l l e l  o r  a n t i p a r a l l e l  t o  t h e  ground s t a t e .  The former  

r e s u l t s  i n  t h e  long-wave band, t h e ~ ~ l a t t e r  i n  t h e  S o r e t  band. 



The long-wave band i s  t h e  o n e  r e s p o n s i b l e  f o r  e n e r g y  . , 

t r a n s f e r  among c h l - a  a n t e n n a e  t o  t h e  r e a c t i o n  c e n t e r .  The S o r e t  band 

i s  n o t  d i r e c t l y  i n v o l v e d  i n  t h i s  p r o c e s s .  Energy a b s o r b e d  i n  t h e  " 

. S o r e t  band i s  r a p i d l y  d e g r a d e d  by i n t e r m o l e c u l a r  v i b r a t i o n s  and  

- rn t r a n s f e r r e d  t o  t h e  r e d  band.  No f l u o r e s c e n c e  c a n  b e  o b s e r v e d  
+ .  

. " .  

c o r r e s p o n d i n g  . - t o  t h e  S o r e t  band.  We w i l l  o n l y  c o n s i d e r  t h e  long-wave 

ban-d f rom now o n .  
-'L , 

. . 

The main t r k h s i t i o n  i s  a t  660 nm w i t h  a v i b r a t i o n a l  s a t e l l i t e  a t  

613 nm. The  t r a n s t t i o n  moments f o p  t h e s e  are o r i e n t e d  i n  t h e  

d i r e c t i o n  i n d i c a t e d  by t h e  y - a x i s  i n  F i g .  5 .  They are r e f e r r e d  t o  i n  

t h e  l i t e r a t u r e  as Qy(O+O) and Q Y ( 1-0 ) . The v e r y  weak peak? a t  575 

- nm and 530  nm are a l s o  t h e  r e s u l t  o f  s i n g l e t  T *  t r a n s i t i o n s  w i t h  s p i n  
B 

p a r a l l e l  t o  t h e  g round  s t a t e ,  b u t  h a v i n g  t h e  t r a n s i t i o n  moments 

o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  Qy bands  a l o n g  t h e  s h o r t e r  a x i s  

i n d i c a t e d  a s  x i n  F i g .  5. We w i l l  n e g l e c t  t h e s e - t w o  a s  t h e i r  

c o n t r i b u t i o n  i s  n o t  s i g n i f i c a n t  f o r  o u r  c o n s i d e r a t i o n s .  

" L4. Y 
/ 

I 
, I n  FTg. 19 we have  e n l a r g e d  t h e  ~ ~ ( 0 ~ 0 )  and  Q Y '  ( 6 0 )  b a n d s  and  

f i t > t e d  them w i t h  G a u s s i a n  and  L o r e n t z i a n  p r o f i l e s .  It  i s  r e a d i l y  
1 4% a p p a r e n t  t h a t l t h e  660 nm b a n d ,  Q (0-0) 14 v e r y  n e a r l y  G a u s s i a n  i n  

, P Y 

s h a p e .  The 613 nm b a n d ,  Qy(l+-0) i s  d i f f i c u l t  t o  f i t  b e c a u s e  oaf i t s  

small s i z e ,  s o  we h a v e  assumed i t  t o  be G a u s s i a n  a l s o .  The 

f l u o r e s c e n c e  s p e c t r a  i s  v e r y  n e a r l y  - a m i r r o r  image o f  t h e  660 and 613 

nm b a n d s .  ( G o e d h e e r , 1 9 6 6 ) .  The e m i s s i o n  maximum i s  l o c a t e d  a t  





/ 
Fig .  13  Gaussian (..........) and Loren tz i an  (---------- I 

l i n e  p r o f i l e s  f i t t e d  t o  t h e  red  a b s o r p t i o n  band of 

chl-a  in e t h e r .  (Data i s  from F ig .  12 )  
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668nm,and t h e  S t o k e s  s h i f t  i s  1 6 1 ~ m - ~ .  . T h i s  a d d s  f u r t h e r  w e i g h t  t o  t h e  

i n t e r p r e t a t i o n  o f  t h e  6 1 3  nm band as a v i b r a t i o n a l  s a t e l l i t e  t o  t h e  

660  nm a b s o r p t i o n - b a n d .  Our a s s u m p t i o n  o f  m i r r o r - i m a g e  f l u o r e s c e n c e  

* i n  d e r i v i n g  o u r  r e l a t i o n s h i p s  f o r  t h e  memory f ' unc t ion  4 ( t  ) and3 4 i s  
Y 

t h e r e f o r e  s a t i s f i e d .  

F o r  a s i n g l e  component  ( s i n g l e  ~ a u s s i a ;  o r  L o r e n t z i a n )  Eqn IV-16 

g i v e s  d. i m m e d i a t e l y .  The  h a l f - w i d t h  o f  t h e  660 nm band is  188 cm-' . 
T h e r f o r e :  

12 - 1  
% '= (0 .85)  x ( 1 8 8 )  x ( 3  x l o l o )  = 4 .794  x 10 s e c  

......... L o r e n t z i a n  

If we i n c l u d e  t h e  613  nm s a t e l l i t e  t h e n  we mus t  r e w o r k  Eqn IV-4 f o r  
-, 

two components .  T h i s  we have  done  n u m e r i c a l l y  and  t h e  r e s u l t s  a r e  

shown i n  F i g .  14  - f o r -  t h e  s p e c t r u m  shown i n  F i g .  1 3  f i t t e d  w i t h  two 

G a u s s i a n s .  4 ( t )  f o r  a s i n g l e  G a u s s i a n ,  s , o l i d  l i n e ,  i s  shown f o r  

c o m p a r i s o n .  "0 ( t )  f o r  t h e  

d o u b l e  G a u s s i a n ,  d o t t e d  l i n e ,  f a l l s  q u i c k l y  i n t o  l i n e  w i t h  t h e  s i n g l e  

component .  The s a t e l l i t e  d o e s  v e r y  l i t t l e  t o  c h a n g e  @ ( t )  o t h e r  t h a n  

f o r  a s m a l l  o s c i l l a t i o n  a t  t h e  b e g i n n i n g .  T h i s  would  n o t  change  t h e  

v a l u e  o f M  o b t a i n e d  f rom t h e  s l o p e  o f  F i g .  1 4 ,  s i g n i f i c a n t l y  from t h e  

s i n g l e  G a u s s i a n  v a l u e .  T h e r e f o r e  we w i l l  u s e  t h e  a b o v e  v a l u e s  f o r  

computed  f rom Eqn IV-16. 
fl- 



Fig. 14. Caparison of the menaory function @ for single 

c~nponent (660 nm ) and d d l e  -rent Gaussian 

absorption band (660 nmand 6 1 3 ~ ~ ) .  Data is fran 

Fig. 12. mrically calculated fran Equation 1V-2. 





Knowing& we can  now d e t e r m i n e  t r a n s f e r  r a t e  (w) as a  f u n c t i o n  o f  

i n t e r a c t i s n  e n e r g y  ( u )  from Eqn IV-21 f o r  Gauss ian  p r o f i l e s .  T h i s  q 

f u n c t i o n  i s  p l o t t e d  i n  F i g .  15.  The r e s u l t  f o r  a L o r e n t z i a n  w i t h  t h e  

same h a l f - w i d t h  i s  a l s o  p l o t t e d  from Eqn IV-23 f o r  compar i son .  I 

The c u r v e  c l e a r l y  i l l u s t r a t e s  t h e  e x t e n t  t o  which t h e  t r a n s f e r  

r a t e  i s  t h e  r e s u l t  o f  very-weak c o u p l i n g  g i v e n  by Eqn 111-26 and t h e  

s t r o n g  c o u p l i n g ,  Eqn 111-21 and c o n n e c t i o n  between t h e  two i n  t h e  

i n t e r m e d i a t e  o r  weak c o u p l i n g  r e g i o n .  

The a s y m p t o t e s  f o r  t h e  l i m i t s  o f  s t r o n g  and very-weak c o u p l i n g  

g i v e n  by Eqns 111-21 and 111-26,  which h a v e  been shown t o  be  t h e  

a p p r o p r i a t e  l i m i t s  -o f  Eqns IV-21 and IV-23, a r e  a l s o  p l o t t e d .  

A c h a r a c t e r i s t i c  o f  t h e  L o r e n t z i a n  p r o f i l e  i s  t h e  l a r g e r  

e x t e n t  o f  t h e  weak-coupling f o r  l a r g e r  i n t e r a c t i o n  e n e r g i e s .  Weak 

c o u p l i n g  f o r  Gauss ian  q u i c k l y  f a l l s  i n  l i n e  w i t h  t h e  f a s t  t r a n s f e r  

r a t e  abymptote .  For  d i p o l e - d i p o l e  i n t e r a c t i o n  t h e  l i m i t s = a r e  w d :  R - ~  

and R - ~  as g i v e n  by Eqns .  IV-25 and IY-26. 

Thus knowing t h e  s p e c t r a l  p r o p e r t i e s  o f  c h l - a ,  Eqn IV-21 

d e s c r i b e s  t h e  e x c i t a t i o n  t r a n s p o r t  o f  an a r r a y  o f  c h l - a  m o l e c u l e s  i n  a  

t h e r m a l  b a t h .  

* 



Fig .  15 T r a n s f e r  r a t e  v s .  i n t e r a c t i o n  energy as p r e d i c t e d  by 

t h e  GME s o l u t i o n ,  Eqn IV-21, f o r  t h e  660nm band of chl-a  

f i t t e d  w i t h  a Gaussian p r o f i l e ,  G .  (ag = 4.8 x loL2 set.-l) 

Curve L i s  a Loren tz i an  f i t ,  Eqn IV-23 f o r  comparison. 

( d l  = 1.13  x 1 0 ~ s c . )  Shaded r e g i o n  i n d i c a t e s  t h e  

range of  t r a n s f e r  r a t e s  deduced from t h e  exper imenta l  

f l uo rescence  l i f e t i m e s .  Mean-spacing v a l u e s  a r e  from Fig.  
- 

P 

16 and correspond t o  t h e  chl-a  s e p a r a t i o n  needed t o  

produce t h e  i n t e r a c t i o n  e n e r g i e s  on t h e  le f t -hand  a x i s  

assuming a d ipole-d ipole  approximation and t h e  d i p o l e  

o r i e n t a t i o n  of 35O w i t h  t h e  p l ane  used i n  t h i s  model. 



MEAN SPACING,R(#) 



i i 3  a p p l i c a t i o n  o f  t h e  GPlE t o  t h e  PSU model  

t 

E x p e r i m e n t a l l y  we a re  g i v e n  t h e  f l u o r e s c e n c e  l i fe t ime w h i c h  as we . 
h a v e  shown i s  a l s o  t h e  mean t r a p p i n g  time Tt ( S e c t i o n  11). If  o u r  e n e r g y  

t r a n s f e r  p r o c e s s  is  Markof f i a n ,  i n d i c a t e d  by t h e  f ac t  t h a t  4 ( t  ) would 

be  v e r y  small C o r  t a p p r o x i m a t e l y  e q u a l  t o  l /w ,  t h e n  t h e  e x c i t a t i o n  

hops  from s i t e  t o  s i t e  and rt i s  g i v e n  by :  

1 

Z t = < n ) l / w  ( n > f j -  (1) 

where <n) is  t h e  a v e r a g e  number o f  s t e p s  t a k e n  t o  r e a c h  t h e  trdp a n d  

tj is t h e  n e a r e s t  n e i g h b o u r  t r a n s f e r  time e q u a l  t o  l /w t h e  

r e c i p r o c a l  o f  t h e  t r a n s f e r  r a t e .  

M o n t r o l l  ( 1 9 6 9 )  h a s  worked o u t  a n  a s y m p t o t i c  e x p r e s s i o n  f o r  t h e  

' . random wa lk  on  a l a t t i c e  w i t h  one  t r a p  gi;ing t h e  a v e r a g e  number b f  

s t e p s .  The r e s u l t  f o r  two d i m e n s i o n s  is: 

where .N  i s  t h e  number o f  l a t t i c e  p o i n t s ,  i n  t h i s  c a s e  a n t e n n a  

c h l o r o p h y l l .  



The r e l a t i o n s h i p  g i v e n  by Eqns 1 and 2 is  o n l y  v a l i d  

if "/w > 10 a s  shown i n  F i g .  15. However we e x p e c t  t h a t  t h r e e  

f a c t o r s  would d e s t r o y  t h e  c o h e r e n t  n a t u r e  o f  e x c i t o n  t r a n s p o r t  

and l e a d  t o  a  d i f f u s i o n  o f  e n e r g y  r a t h e r  t h a n  wave- l ike  

p r o p a g a t i o n  a s  d i s c u s s e d  i n  Sect - ion 111. These  f a c t o r s  are: 

1 )  c h l o r o p h y l l  m o l e c u l e s  a r e  n o t  r e g u l a r l y  s p a c e d  b u t  randomly 

s p a c e d  w i t h  a mean s p a c i n g  o f  15 + 1 R 

2)  t h e i r  o r i e n t a t i o n  i s  l i k e l y  t o  v a r  somewhat from t h a t  gi \en P 
i n  S e c t i o n  11. d I 

I 

3 )  c h l o r o p h y l l  m o l e c u l e s  a r e  po lya tomic  and t h e r e f o r e  hav ing  a 

h i g h  d e n s i t y  o f  v i b r a t i o n a l  s t a t e s ,  l e n d  them,se lves  t o  a  h i g h  d e g r e e  

o f  exci ton-phonon s c a t t e r i n g  when immersed i n  t h e  " l i p i d - t h e r m a l  

ba th" .  

The e f f e c t  o f  randomness i n  s p a c i n g  and o r i e n t a t i o n  on t h e  

s c a t t e r i n g  o f  a x c i t o n s  was i n v e s t i g a t e d  by K .  K a t a s u r a  ( 1 9 6 4 ) .  For a 

one d i m e n s i o n a l  l a t t i c e  o f  d i p o l e s  w i t h  s t r o n g  c o u p l i n g ,  he c a l c u l a t e d  
I 

t h e  t i m e  dependence of t h e  RMS d i s p l a c e m e n t  - .  o f  e x c i t a t i o n  f o r  v a r y i n g  

d e g r e e s  o f  v a r i a n c e  i n  t h e  l a t t i c e  s p a c i n g  and  o r i e n t a t i o n  o f  t h e  

d i p o l e s .  He found t h a t  t h e  Re d i s p l a c e m e n t  o f  , e x c i t a t i o n  soon _ 

becomes depenqen t  on t h , e . s q u a r e  r o o t ,  o f  time as r e q u i r e d  f o r  d i f f u s i o n  , 

( S e c t i o n  111) . . 



I n  t h e  weak c o u p l i n g  r e g i o n  t h e  c o h e r e n t  p r o p a g a t i o n  i s  even mpre 

, s e n s i t i v e  t o  d i s r u p t i o n  ( F o r s t e r ,  We t h e r e f o r e  

assume t h e  v a l i d i t y  of t h e  random walk e q u a t i o n  f o r ~ u r  model 

F l u o r e s c e n c e  l i f e t i m e s  ( t r a p p i n g  t i m e s )  f o r  P.S. 11 of p l a n t s  

and a l g a e  a r e  t y p i c a l l y  ( S e e  S e c t i o n  11) 

0.4 + 0.1 n s e c .  . .- 

f o r  low l i g h t  l e v e l s  i m p l y i n g  t h a t  t h e  t r a p s  a r e  open f o r  e x c i t a t i o n  

( M u l l e r ,  Lumry, w a l k e r ,  1 9 6 9 ) .  

The number o f  a n t e n n a  c h l o r o p h y l l  i n  - P.S. I1 r a n g e  from abou t  

( S e c t i o n  11) 

With t h e s e  v a l u e s ,  t h e  a v e r a g e  number o f  t r a n s f e r s  needed t o  r e a c h  t h e  

t r a p  i s  by Eqn 2 



T h i s  t h e n  g i v e s  by Eqn 1 t h e  r a n g e  o-f t r a n s f e r  r a t e s  ( i n v e r s e  
.I 

t r a n s f e r  t i m e )  : 

- c 

T h i s  r a n g e  of  w co . r responds  t o  a  r a n g e  6f i n t e r a c t i o n  e n e r g y  p r e d i c t e d  
4 

by t h e  GME t h e o r y  from ' E ~  IV-21 o r  F i g :  15, a s :  

- I The lower  vaLue c o r r e s p o n d s  t o  t h e ,  assumpt'ion o f  250 a n t e n n a  

c h l o r o p h y l l ,  t h e  upper  v a l u e  t o  350 . 
* 

Now we w i l l  c a l c u l a t e  \ u l  i n d e p e n d e n t l y  from t h e  model 

a s s u m p t i o n s  o f  mean s p a c i n g , - o r i e n t a t i o n ,  and  t h e  c h l - a  a b s o r p t i o n  

spec t rum.  
. * 

Let  u s  suppose  t h a t  t h e  i n t e r a c t i o n  i s  e n t i r e l y  d i p o l e - d i p o l e  i n  
, . /1 . 

1 n a t u r e .  Then t h e  i n t e r a c t i o n  e n e r g y  is  e v e n  b y :  ( J a c k s o n ,  1962; a 

F o r s t e r ,  1965) 



where:  n  is t h e  r e f r a c t i v e  i n d e x  

- -. 
ma, rnb  are t h e  t r a n s i t i o n  d i p o l e  moments o f .  

m o l e c u l e s  a  and  b ( e s u )  

Rab is  t h e  v e c t o r  j o i n g  t h e  d i p o l e s  i n  (cm)  

A -. 
n <= B A R \  i s  t h e  u n i t  v e c t o r  a l o n g  Rab 

U i s  t h e  i n t e r a c t i o n e n e r g y  i n  (crn") 

- 

ake  \;a( = \zb \ and expand t h e  d o t  p r o d u c t s  we g e t :  
'1: a 

5 
k =  $ - 

( 4 )  y 

where  k = c o s e  - 3 ~ 0 s  + c o s y  

' 8 i s  t h e  a n g l e  be tween t h e  d i p o l e s  and  # , y a r e  t h e  a n g l e s  t h e  d i p o l e s  
_c____------ 1 

- - _____-- --1-- -- 
make w i t h  t h e  l i n e  j o i n i n g  t ~ - a • ˜ - + e l T o w s :  --- :------- I 



If t h e  t r a n s i t i o n  moments are a l l o w e d  t D  r o t a t e  a s m u t h a l l y  C 

m a i n t a i n i n g  a n  a n g l e  P w i t h  t h e  p l a n e  o f  t h e  membrane, t h e n  t h e  RMS 

1 a v e r a g e  o f  K 1 s  ( ~ p p e n d i x " ~ ) :  
\ 

, < 

\ 
A-. - I 

< k2> = s i n ' + ?  + 5 / 4  c o s 4  p - 

The t r a n s i t i o n  d i p o l e  moment i s  r e a d i l y  o b t a i n e d  f rom t h e  a b s o r p t i o n  *\ 

s p e c t r u m  ( M u r r e l l ,  1 9 6 3 ) :  

C 

where  : v: wavenumber (cm" ) 

B ( v )  : e x t i n c t i o n  c o e f f i c i e n t  (cm-'moles-' l i t r e )  J + .  

/ -I m: e l e c t r o n  mass t 

e :  e l e c t r o n  c h a r g e  

c:  s p e e d  o f  l i g h t  

1 M \  2:  d i p o l e  moment ( e s u )  

h: P l a n c k ' s  c o n s t a n t  

\ 
From' t h i s  we o b t a i n :  

where  va: a b s o r p t i o n  maximum 



+ I I 

4 
For  a  Gauss ian  l i n e  s h a p e  t h i s  becomes (Eqn Iv -5 )  1 

i 

f 
B P  

l M I 2  = ( 1 . 9 5 5  x 1 0 - 3 ' ) 5 ~  ( v ~ / ~ / v ~ )  

< '  

where:  y l I 2 :  h a l f - w i d t h  (cm-l ) a t  h a l f  maximum 

v, : a b s o r p t i o n  maximum (cm-l ) c, 

F m  : e x t i n c t i o n  c o e f f i c i e n t  a t  maximum ( ~ r n - ~ r n o l e s - ~  l i t r e )  A 

For  c h l - a  i n  e t h e r  we know t h e  f o l l o w i n g  (Colbow, 1973) - 

T h e r e f o r e  : 1 M\ = 2 .o7 x 10-35 e s u  

The i n d e x  o f  r e f r a c t i o n  n  as d i s c u s s e d  i n  S h c t i o n  I1 i s  1 .45 .  The 

2 o r i e n t a t i o n  o f  t h e  t r a n s i t i o n  moment P w i l l  be t a k e n  t o  be  35 ,a 4. 

# 2O as d i s c u s s e d  i n  S e c t i o n  11. The WS v a l u e  ,of K a v e r a g e d  o v e r  a l l  

p o s s i b l e  a z i m u t h a l  d i r e c t i o n s  i s  t h e n  from Eqn 5: 



T 

We s h a l l  now c a l c u l a t e  l u l  from. Eqn 4  f o r  a  r a n g e  o f  - 

R from 14 t o  16 R, t h e  assumed mean s p a c i n g  o f  c h l - a  i n  P S I 1  

from S e c t i o n  11. T h i s  v g l u e  w i l l  t h e n  be compared w i t h  t h a t  

c a l c u l a t e d  p r e v i o u s l y  from Xqn IV-21. 

We c a n  make-some e s t i m a t e  o f  t h e  e r r o r  i n v o l v e d  i n  u s i n g  t h e  
,- 

d i p o l e - d i p o l e  a p p r o x i m a t i o n .  Chang (1972)  h a s  worked o u t  a c o r r e c t i o n  

t o  t h e  d i p o l e - d i p o l e  approx imat ion  based on a n  e x a c t  c a l c u l a t i o n  o f :  

t h e  t r a n s i t i o n  monopoles. T h i s  i n v o l v e s  a t t e m p t i n g  t o  c a l c u l a t e  t h e  
1 

o r b i t a l  wavefunc t ions .  I n  t h e  r a n g e  of 15 1 9 t h e  r a t i o  o f  
f 

e x a c t  i n t e r a c t i o n  t o  d i p o l e - d i p o l e  c a l c u l a t i o n  f o r  . c h l - a  @ r a n g e s  from 

0.7 t o  1.4 depend4ng on t h e  o r i e n t a t i o n .  T h i s  means t h a t  \ u (  

a c a l c u l a t e d  from k q n  4  may d i f f e r  'by A 209. Eqn 4  i s  p l o t t e d  i n  

F i g .  16 - fo r  a  r a g e  of R f rom 10 t o  20 fi and a  K v a l u e  o f  0 .82.  

The 2 20% p o s s i b l e  v a r i a t i o n  i s  i n d i c a t e d .  The r a n g e  of \ u \  

c o r r e s p o n d i n g  t o  15 + 1  ~ ~ r e d i c t e d  by Eqn 4  and  hang's r e s u l t s  \ 
t 

i s  a b o u t  
I 

,. = I .  

1  u  = 10 t o  15 cm' 



(I 

Energy . v s .  c h l - a  s e p a r a t i o n  f o r  . d i p o l e - d i p o l e  i n t e r a c t i o n  F ig .  1'6 

'k given  by Eqn. V-4. Th o s s i b l e  '20% c o r r e c t i o n  f o r  t h e  

e x a c t  monopole c a l c u 1 a t i o h i . i ~  i n d i c a t e d .  

\. 



MEAN SPACING ~ ( 8 )  



Using t n i s  ' c a l c u l a t e d  i n t e r a c t i o n  e n e r g y  of ''10 t o  15 crn-l, we ' can  

s u b s t i t u t e  i n t o  t h e  GME s o l u t i o n ,  Eqn IV-21 t o  o b t a i n  t h e  n e a r e s t  ne ighbour  

t r a n s f e r  r a t e  ( w ) .  The answer i s  o b t a i n e d  d i r e c t l y  from Eqn IV-21 

o r  F i g .  15 a s :  
* 

We can t h e n ,  compare t h i s  t o  t h e  pa i r -wise  t r a n s f e r  r a t e  p r e d i c t e d  by 

t h e  F a r s t e r  Theory ,  Eqn 111-28, f o r  t h e  same r a n g e  o f  i n t e r a c t i o n  
,a 

energy .  Colbow (1973a)  de te rmined  t h e  t r a n s f e r  r a t e  between c h l - a  
, 

a n t e n n a  from t h e  F o r s t e r  Equa t ion  u s i n g  t h e  same mean-spacing and 

o r i e n t a t i o n  a s s u m p t i o n s  a s  i n  o u r  model and a  new v a l u e  f o r  Ro o f  

6 6  A based on s p e c t r o s c o p i c  measurements o f  c h l - a  i n  l i p i d  v e s i c l e s .  

(Colbow, 1973b) .  The r a t e s  o b t a i n e d  were:  

T h i s  r a n g e  i s  c l o s e ,  b u t  as e x p e c t e d  somewhat lower  t h e n  t h e  p r e d i c t i o n s  

o f  t h e  GME t h e o r y  a s  t h e  r a t e s  from t h e  F b r s t e r  Theory f a l l  i n  t h e  very-  

weak c o u p l i n g  r e g i o n  *but :near  t h e  i n t e r r p s d i a t e  r e g i o n  where t h e  

R - ~  r a t e  dependence a p p + i e s  as i n d i c a t e d  i n  F i g .  15. 

The GME t h e o r y  g i v e s  b e t t e r  agreement  t h  e x p e r i m e n t a l  d a t a .  T 
It a l s o  p r o v i d e s  a n  e x p r e s s i o n  usef 'u l  f o r  c a l c u l a t i n g  -- t r a n s f e r  r a t e s  

o v e r  a  wide r a n g e  of  i n t e r a c t i o n  s t r e n g t h s .  
t 

The r e s u l t s  a r e  summarized i n  t h e  accompanying t a b l e .  



m
ea

n 
sp

a
c

in
g

 o
f 

c
h

l-
a

 
a

n
te

n
n

a
 

d
ed

u
ce

d
 

fr
o

m
 

e
x

p
e

ri
m

e
n

ta
l 

m
ea

su
re

m
en

ts
 o

n
 

th
e

 a
v

a
il

a
b

le
 

a
re

a
 p

er
 

c
h

l-
a

 
m

o
le

c
u

le
 o

f 
2

0
0

~
2

 to
 2

5
0

~
' 

(W
ol

ke
n 

e
t.

 
a

l.
 

1
9

5
3

; 
K

re
u

y
z,

 
1

9
7

0
) 

-, 

c
a

lc
u

la
te

d
 

in
te

ra
c

ti
o

n
 e

n
e

rg
y

, 
(u

) 
, 

E
qn

 
V

-4
, 

u
si

n
g

 
e

x
p

e
ri

m
e

n
ta

l 
m

ea
su

re
m

en
ts

 
o

f 
m

ea
n 

sp
a

c
in

g
 a

n
d

 
o

ri
e

n
ta

ti
o

n
 f

o
r 

th
e

 
c

h
l-

a
 

m
o

le
c

u
le

s 

n
e

a
re

st
 n

e
ig

h
b

o
u

r 

tr
a

n
s

fe
r 

ra
te

 
(w

) 
p

re
d

ic
te

d
 b

y
 

th
e

 
F

b
rs

te
r 

th
e

o
ry

, 
E

qn
 

1
1

1
-2

8
, 

fo
r 

th
e

 
c

a
lc

u
la

te
d

 i
n

te
ra

c
ti

o
 

e
n

e
rg

y
 a

n
d

 
a 

v
a

lu
e

 
o

f 
R
o
 

=
 

6
5

.1
A

 

n
e

a
re

s
t 

n
e

ig
h

b
o

u
~

 

tr
a

n
s

fe
r 

ra
te

 
(w

) 
, 

p
re

d
ic

te
d

 b
y

 
th

e
 

s
o

lu
ti

o
n

 t
o

 t
h

e
 G
M
E
 

E
qn

 
IV

-2
1,

 
fo

r 
th

e
 

c
a

lc
u

la
te

d
 i

n
te

r-
. 

a
c

ti
o

n
 e

n
e

rg
y

 a
n

d
 

a 
v

al
u

t2
0

f 
d

ll
=

 
4

.8
~

1
0

 
s

e
c

 
fr

o
m

 
th

e
 c

h
l-

a
 

h
a

lf
-w

id
th

 
o

f 
th

e
 r

e
d

 a
b

so
rp

ti
o

i 
b

an
d

 

n
e

a
re

st
 n

ei
g

h
b

o
u

r 

tr
a

n
s

fe
r 

ra
te

 
(w

) 

d
ed

u
ce

d
 

fr
o

m
 

e
x

p
e

ri
m

e
n

ta
l 

fl
u

o
re

sc
e

n
c

e
 

li
fe

- 
ti

m
e

s 
u

si
n

g
 

th
e

 
ra

n
d

o
m

 w
al

k
 

as
su

m
p

ti
o

n
 a

n
d

 a
 

ra
n

g
e

 o
f 

25
0 

to
 

35
0 

a
n

te
n

n
a

 c
h

l-
a

 

C
o

m
p

ar
is

o
n

 
o

f 
th

e
 n

e
a

re
st

 n
ei

g
h

b
o

u
r 

E
ra

n
sf

e
r 

ra
te

s
, 

d
ed

u
ce

d
 

fr
o

m
 e

x
p

e
ri

m
e

n
ta

l 

m
ea

su
re

m
en

t,
 

w
it

h
 

th
o

se
 

p
re

d
ic

te
d

 b
y

 
th

e
 F

F
ts

te
r 

an
d

 
GM
E 

th
e

o
ri

e
s 

b
as

ed
 ,
o
n
 

th
e

 s
am

e 
in

te
ra

c
ti

o
n

 e
n

e
rg

y
 c

a
lc

u
la

te
d

 f
ro

m
 c

h
l-

a
 

sp
a

c
in

g
 a

n
d

 
o

ri
e

n
ta

ti
o

q
. 



/' 
iii) t h e  " i n  v ivof l  a b s o r p t i o n  spect rum 

The v a l u e  o f  t h e  i n t e r a c t i o n  e n e r g y ,  1253 cm-' , p r e d i c t e d  by 

o u r  model, d i s a l l o w s  s t r o n g  e x c i t o n  s p l i t t i n g  o f  t h e  a b s o r p t i o n  band . 

" i n  v i v o v .  The r e d  a b s o r p t i o n  band o f  c h l - a  " i n  v ivo"  may be 

s e p a r a t e d  i n t o  a t  l e a s t  t h r e e  bands w i t h  maxima a t  673 ,  683 and 695 nm 
f 

( R a b i n o v i t c h  and Govind jee ,  1969; C lay ton ,  1 9 6 5 ; . K r e u t z ,  1970) .  There  

i s  s t r o n g  e v i d e n c e  t h a t  t h i s  m u l t i p l i c i t y  of peaks  i s  due t o  
- 

c h l o r o p h y l l  a g g r e g a t i o n ,  r a t h e r  t h a n  i n t e r a c t i o n s  y i t h  l i p i d s  o r  

p r o t e i n s  (Rabinowitch and Govind jee, 1969 ; K r e u t z ,  1970 ; Katz ,  1973) .  

There  i s  g e n e r a l  agreement  t h a t  t h e  683 nm band i s  due t o  a  dimer 

( K r e u t z ,  1970; Clayt-1965) and t h e  695 nm band t o  a s t a c k e d  

c h l o r o p h y l l  polymer ( K r e u t z ,  1970; Ka tz ,  1973; McRae and Kasha,  1964) .  

Whether t h e  673 nm band i s  due t o  a  d i f f e r e n t  c h l o r o p h y l l  d imer  o r  

r e p r e s e n t s  a  monomer i s  a n  i m p o r t a n t  u n r e s o l v e d  q u e s t i o n  (Colbow, 

1 9 7 3 a ) .  I f  we c o n s i d e r  t h e  673 nm band a s  a monomer, t h e n  i n  o r d e r  t o  

produ'ce t h e  s h i f t s  t o  683 and 695 nm, i n t e r a c t i o n  e n e r g i e s  o f  218 and 

470 cm-' a r e  r e q u i r e d  r e s p e c t i v e l y .  T h i s  would c e r t a i n l y  be i n  t h e  
F ' 

r a n g e  of s t r o n g  c o u p l i n g  and would c o r r e s p o n d  t o  t r a n s f e r  r a t e s  

e s t i m a t e d  by Eqn. 111-15 o f  2 .6  x  1013 t o  5.6 x -10 '~sec" .  To 

a c c o u n t  f o r  t h e  obse rved  f l u o r e s c e n c e  l i f e t i m e s ,  t h e  t r a p p i n g  r a t e  o r  

t r a p p i n g  e f f i c i e n c y  would have t o  be  much smaller t h a n  the <- 

i n t e r - a n t e n n a  t r a n s f e r  r a t e  i n  o r d e r  t h a t  t h e  e x c i t a t i o n  cou ld  r e s i d e  

among t h e  a n t e n n a  l o n g  enough t o  f l u o r e s c e  wi th  t h e  m e a s u r ~ d  
r 

e f f i c i e n c y  o f  3%. T h i s  assumes h& s i n g l e  c h l o r o p h y l l  moiecu les  C- 



a r e  a r r a n g e d  un i fo rmly  i n  t h e  PSU a l l  hav ing  a s u f f i c i e n t l y  

s m a l l  s p a c i n g  r e q u i r e d  f o r  t h e  i n t e r a c t i o n  energy  t o  b e  g r e a t e r  

t h a n  100 cm-I. 

Robinson (1966)  d i s c u s s e s  s u c h  a model where s i n g l e  a n t e n n a  
f 

c h l o r o p h y l l  a r e  a r r a n g e d  un i fo rmly  w i t h  a mean s p a c i n g  o f  '1 18. 

The i n t e r a c t i o n  energy  is  o f  t h e  o r d e r  o f  100 cm'l, and t r a p p i n g  F-" 

t h e  r a t e  d e t e r m i n g  s t e p .  

I n  t h i s  c a s e  t h e  e x c i t a t i o n  soon r e a c h e s  a n  e q u i l i b r i u m  
T 

d i s t r i b u t i o n ,  where  t h e  p r o b a b i l i t F o f  l o c a t i n g  t h e  e x c i t a t i o n ,  on any 

one  o f  t h e  N s i t e s  o f  t h e  PSU i s  1 / N  ( s e e  S e c t i o n  111). T h i s  i s  

d i r e c t l y  opposed t o  t h e  t r a p p i n g  mechanism we have employed i n  o u r  

model d e s c r i b e d  i n  S e c t i o n  11. Here t h e  r a t e  o f  t r a p p i n g  i s  a s  f a s t  

o r  f a s t e r  t h a n  t h e  i n t e r - a n t e n n a  t r a n s f e r  r a t e  and p r o c e e d s  w i t h  
\ 

a lmos t .100% e f f i c i e n c y .  T h e r e f o r e  t h e  i n t e r - a n t e n n a  t r a n s f e r  is t h e  

-2 r a t e  d e t e r m i n g  s t e p .  Robinson 's  model i s  u n a c c e p t a b l e  a s  i t  i s  
L 

u n l i k e l y  t h a t  a l l  the .  a n t e n n a e  a r e  c l o s e  packed w i t h  a s p a c i n g  
* 

o f  118. T h i s  f i g u r e  is  based  _the volume o f  t h e  quantbsomre. 
t " 8 .\ 

Quantasomes a r e  morpholo&l uni t ' s  observed i n  c h l o r o p l a s t  

p r e p a r a t i o n s  under  t h e  e l e c t r o n  microscope and were  t h o u g h t  t o  be 
4 

p h o t o s y n t h e t i c  u n i t s .  However, t h e y  a r e  now c o n s i d e r e d  t o  be  

a r t i f a c t s .  ' ( B r a n t o n ,  1968) 
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A s u g g e d i b n  ( ~ o l b o w ,  1973 t h a t  i n c o r p o r a t e s  b o t h  e x c i t o n  

> 

. 4 

s p l i t t i n g  and  a low i n t e r a c t i o n  e n e r g y  ( s l o w  t r a n s f e r '  r a t e )  be tween 

a n t e n n a  m o l e c u l e s  i s  t o  l o c a t e  a c h l - a ' d i m e r  a t  e a c h  a n t e n n a  s i t e .  

( t w o  m o l e c u l e s  p e r  u n i t  b e l l ) .  F o r  a PSU o f  300 c h l o r o p h y l l ,  t h i s  
i. 

would i m p l y  a s p a c i n g  o f  2 3 . 5  8 .  'The  i n t e r a c t i o n  e n e r g y  be tween s i tes  
d 

c o u l d  t h e n  b e  low enough ,  ( 10 cm-'), t o  g i v e  a s l o w  t r a n s f e r  rate 

.. and  t n e  s t r o n g  c o u p l i n g  k i t h i n  t h e  d i m e r  would p roduce  t h e  e x c i t o n  

s p l i t t i n g .  I n  o r d e r  t o  t r e a t  tMs v a r i a t i o n  o f  t h e  m o d e l . p r o p e r l y ,  

t h e  i n t e n s i t y ,  w i d t h ,  and  S t o k e s  s h i f t  o f  t h e  r e d  a b s o r p t i o n  band o f  

t h e  d i m e r  would h a v e  to 'be ,known.  Colbow ( ,1973a) u s i n g  t h e  F o r s t e r  

t h e o r y  o b t a i n e d  a v a l u e  o f  9  n s  f o r  t h e  mean t r a p p i n g  time i n  a n  a r r a y  
--. 

o f  150 d i m e r s ,  & i c h  i s  t o o  l a r g e  by a f a c t o r  o f  10 .  One of! t h e  
I .  

r e a s o n s  may be  t h a t  t h e  n a t u r a l  l i fe t ime To o f  c h l - a \ b n o m e r s ,  (15.2 

n s )  , was u s e d  i n ' t h e  F o r s t e r  e q u a t i o n ,  Eqn. 111-19.  The C a t u r a l  L. 

l i fe t ime of  t h e  d i m e r  is p r o b a b l y  smaller a n d  c o u l d  be o b t a i n e d  from 

t h e  a b s o r p t i o n  s p e c t r u m  p a r a m e t e r s ,  i f  t h e y  were ,known .  A l s o  d i m e r s  

would n o t  p r o b a b l y  b e  a s  f r e e  t o  r o t a t e  a z i m u t h a l l y  as s i n g l e  c h l - a  

" a n t e n n a ,  s o  t h e  o r i e n t a t i o n  f a c t o r  k would be d i f f e r e n t .  



i v )  6 b n c l u s i o n  

- F o r  t h e  PW'S o f  g r e e n  p l a n t s  and  a l g a e ,  f o r  wh ich  o u r  model is  

i n t e n d e d ,  i t  a p p e a r s  t h a t  e n e r g y  is  t r a n s f e r r e d  among t h e  a n t e n n a  - 1 

i 
c h l o r o p h y l l  by " v i b r o n i c  e x c i t o n s t l  r e s u l t i n g  from t h e  "weak c o u p l i n g v  * 

8 

i n t e r a c t i o n  be tween t h e  v i b r a t i o n a l  l e v e l s  o f  n e i g h b o u r i n g  c h l o r o p h y l l  
6 

m o l e c u l e s .  The w a v e - l i k e  c h a r a c t e r  o f  t h e  e x c i t o n s  i s  r a p i d l y  

d e s t r o y e d  by t h e  v a r i a t i o n  o f  s p a c i n g  and o r i e n t a t i o n  o f  t h e  m o l e c u l e s  - 

* .  . 
i n  t h e  l i p i d  e n v i r o n m e n t .  T h i s  means t h a t  t h e  e x c i t i o n  mot ion  i s  n o t  - 

d e s c r i b e d  by a  s i n g l e  wave -vec to r  ( d i r e c t i o n a l i t y  o r  c o h e 6 c e )  . 
\ 

R a t h e r  i t  moves by d i f f u s i o n ,  w i t h  a s p e e d  faster  t h a n  t h e  d i f f u s i o n  
\ 

o f  e x c i t a t i o n  i n  t h e  v e r y  weak c o u p l i n g  c a s e .  \ 
We h a v e  a l s o  d e r i v e d  a n  e x p r e s s i o n ,  Eqn IV-21 ,  f rom GME t h e o r y  . 

r e l a t i n g  i n t e r a c t i o n  e n e r g y  and tran 'sfe ' r  r a t e  be tween a n t e n n a  m o l e c u l e s  

t h a t  g i v e s  r e s u l t s  i n  good ageement  w i t h  e x p e r i m e n t .  I t  i s ' a l s o  u s e f u l  
4 v 

o v e r  a wide r a n g e  o f  i n t e r a c t i o n  s t r e n g t h s .  
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APPENDIX A :  D e r i v a t i o n  o f  t h e  F o r s t e r  Equa t ion  

Cons ide r  two m o l e c u l e s ,  

i n i t i a l l y .  Both m o l e c u l e s  may 

T h e i r  t o t a l  v i b r o n i c  e n e r g i e s  

- i v e l y .  E x c i t e d  s ta tes  w i l l  be 

naw e x c i t e d  and n b n  u n e x c i t e d ,  

be  of Ne same ,- k i n d  o r  d i f f e r e n t  
I 

s h a l l  be c a l l e d  E, and EL r e s p e c t -  

deno ted  by prime marks.  We s h a l l  

f o l l o w  the 'development  w i t h  t i m e  o f  s i t u a t i o n s  r e s u l t i n g  i n  molecule  

"bn e x c i t e d  i n s t e a d  o f n a "  and where t h e  v i b r o n i c  e n e r g i e s  are t h e n  
1 E, and E L r e s p e c t i v e l y .  Such a p r o c e s s  can  be  d e s c r i b e d  a s  : 

1' 

de n o r m a l i z e  t h e  s t a t e s  a c c o r d i n g  t o  t h e  f o l l o w i n g  p r e s c r i p t i o n s :  

( D e x t e r ,  1953)  

f o r  t h e  i n i t i a l  s tates,  and:  

f o r  t h e  f i n a l  states. 



The i n t e g r a t i o n s  z r e  over  e l e c t r o n i c  and n u c l e a r  c o o r d i n a t e s  
i 

and V , ' are,- t h e  quantum members o f  in t ramolecular  v i b r a t i o n .  

With t h e s e  d e f i n i t i o n s  t h e  or thonormal iza t ion  r e l a t i o n s  f o r  
\ 

d i f f e r e n t  energy s t a t e d  a r e :  
4 

where we have used t h e  proper ty  of t h e  d e l t a  func t ion  
a 

*- 

The effpectation va lue  of any ope ra to r  is  , from t h e  normalizat ion 

. r e l a t i o n s :  

d e n s i t y  of t h i s  expect-  

a t i o n -  value on t h e  energy s c a l e  i e )  
a 

The expec ta t ion  value i t s e l f  f o r  any f i n a l  state energy i n t e r -  

va l  i s  obta ined  by i n t e g r a t i o n  over  t h i s  i n t e r v a l .  
/ 

I 



The c o r r e s p o n d i n g  time dependen t  wave f u n c t i o n  c a n  b e  w r i t t e n  

a s  a  l i n e a r  combina t ion  of t h e  i n i t i a l  and f i n a l  s t a t e s :  + r 

k 

We have i n t e g r a t e d  o v e r  a l l .  p o s s i b l e  f i n a l  s tates.  

Th5s is  a  s o l u t , i o n  of  t h e  t ime-dependant  S c h r o e d i n g e r  wave 
i 

e q u a t i o n  : 
/ 

where:  t\, is  t h e  u n p e r t u r b e d  h a m i l t o n i a n  

U is  t h e  i n t e r a c t i o n  p o t e n t i a l  

I I 
The coulomb i n t e r a c t i o n  between a and b , a n d m  b and a i s  

i n c l u d e d  i n  H, . T h e r e f o r e  chi, b and T&f are e a e n f u n c t i o n s  o f  /fo 

U is o n l y  t h e  r e s o n a n c e  i n t e r a c t i o n  between t h e  i n i t i a l  a n d  f i n a l  



S u b s t i t u t i n g  Eqn 1 i n t o  Eqn 2 and us ing  t h e  i n i t i a l  cond i t i ons :  

-. 

g i v e s  : 

He assume a l l  a long  t h a t  no dep le t i on  o f  t h e  o r i g i n a l  

s t a t e  occurs .  

Mul t ip ly ing  through by q* and i n t e g r a t i n g  us ing  t h e  o r tho -  

normal i ty  cond i t i ons  g i v e s  : 

The exponent,  

is t h e  energy d i f f e r e n c e  between t h e  i n i t i a l  and f i n a l  s t a t e s .  



The m a t r i x  e lement  (E: ,E:) i s  : - 

r-. 
.   here t h e  dependence on t h e  i n i t i a l  e n e r g i e s  E: and €:is dropped 

b e c a u s e  t h e s e  a r e  c o n s i d e r e d  t o  be c o n s t a n t .  ( see Eqn 1 ) .  

u(~,,E~] i s  t h e  d e n s i t y  of t h e  r e s o n a n c e  i n t e r a c t i o n  m a t r i x  i n  t h e  

(&,&) p l a n e  a c c o r d i n g  t o  o u r  n o r m a l i z a t i o n  p r e s c r i p t i o n .  
46 

To s o l v e  f o r  c(E,,E,~,~) i n t e g r a t e  Egn 3 u s i n g  t h e  

i n i t i a l  c d n d i t i o n :  c(E&, CI', o):o. T h i s  l e a d s  t o  

-= 

The e x p e c t a t i o n  v a l u e  f o r  t h e  s t a t e y A ~ l  (~.,€(;4) t h e n  becomes: 

S i n c e  t h i s  is  a d e n s i t y  i n  energy  s p a c e ,  we can i n t e g r a t e  
/ 

o v e r  t h e  f i n a l  s t a t e  e n e r g i e s  -. E, and Eb t o  o b t a i n  t h e  p robab i -  

l ity ,' PL' , t h a t  molecule  'bV i s  e x c i t e d ,  independen t  o f  t h e  f i n a l  

v i b r o n i c  e n e r g i e s  o f  bo th :  



For very-weak-coupling l i m i t  we can cons ide r  Eqn 1 

f o r  l a r g e  t imes ,  t+ M .  I n  t h i s  ca se  we use t h e  f a c t :  

So t h a t  t he  l i m i t i n g  va lue  of t h e  i n t e g r a l ,  Eqn 4 ,  becomes: 

? 9 _ 

Make t h e  fo l lowing  change of v a r i a b l e s :  



Eqn 5 becomes: 

The t ransfer  r a t e  i s  then: 

vle now turn t o  the problem of specifying u ~ o ) .  I f  we return t o  

the original energy parameters, &and Ea then k ~ ~ e c o m e s :  ---' 

E is the amount of energy transferred between the two molecules, 
% - 

therefore the f ina l  s t a t e  energies' are  expressed here i n  terms 

of the or iginal  s t a t e  energies and the t ransfer  energy E .  

For simplicity we make the Born-Oppenheimer approximation 

- 3  ; 
where )(* and)(4 are  the vibrational wave Punctions of the excited 

(L 

and unexcited molecule 1 . 4 and 4'are the electronic  wave functions 
1, 

The square o f o  the matrix element U(E,O) i n  Eqn 8 then becomes Eqn 10 
# 



f o r  e l e c t r o n i c a l l y  allowed i n t e r a c t i o n s ,  neg lec t ing  v i b r a t i o n a l  terms 

( i n t e r a c t i o n  Hamiltonion is  a  func t ion  of a  e l e c t r o n i c  coor-  
a 

., . , d i n a t e s  only  and thus  f a c t o r s  ou t  of  t h e  i n t e g r a l ) .  

where V i s  t h e  e l e c t r o n i c  i n t e r a c t i o n  energy and U i s  t h e  e l e c t r o n i c  

i n t e r a c t i o n  mat r ix  element.  &and&are t h e  v i b r a t i o n a l  over lap  

i n t e g r a l s :  

> 

The next  s t e p  i s  t o  spec,ify t h e  i n t e r a c t i o n  U .  We w i l l  r e s t r i c t  

i t  t o  d ipole-d ipole  interacti-on; 

-L 

where t h e  terms a r e  def ined  i n  S e c t .  V by Eqn V-3 and V-4. 

I n s e r t i n g  Eqn 11 and 10 i ? to  Eqn 7 g ives :  



where we have replacefcf t h e  t r a n s f e r  energy,  E by t h e  t r a n s f e r  R . #  

E f r e q u e n c y  ys 2yt , and t h e  i n t e g r a t i o n  o v e r  energy  to  i n t e g r a t i o n  
A 

o v e r  f r equency .  
v v 

I 

T h i s  is t h e  t r a n s f e r  rate f o r  molecu les  w i t h  t h e  i n i t i a l  

s t a t e s  EaPand Eb. We now i n t r o d u c e  t h e  c o n d i t i o n  o f  t h e r m a l  

e q u i l i b r i u m  i n  t h e  i n i t i a l  s t a t e  b e f o r e  energy t r a n s f e r  by t h e  
'2 

i n t r o d u c t i o n  o f  s u i t a b l e  Boltzmann f a c t o r s .  The t o t a l  t r a n s f e r  

t 
is t h e n  j u s t  t h e  i n ~ e k r a t i o n  o v e r  a l l  e n e r g i e s  we igh ted  by t h e s e  

f a c t o r s ,  which a r e  c o n t i n u o u s  f u n c t i o n s  g O (  E) f o r  t h e  e x c i t e d  

molecule  and g ' ( ~ )  f o r  - t h e  u n e x c i t e d  one.  THUS we g e t :  

The terms i n  t h e  c u r l y  b r a c k e t s  a r e  c l o s e l y  r e l a t e d  t o  s p e c , t r o s c o p i c  

t r a n s i t i o n  p r o b a b i l i t i e s  between t h e  ground s ta te  and e x c i t e d  

s t a t e s  o f  molecu les  a and b. The f i r s t  b r a c k e t  i s  p r o p o r t i o n a l  

t o  t h e  s p e c t r a l  d e n s i t y  o f  t h e  emiss ion  spect rum o f  molecule  a a t  

t h e r m a l  e q u i l i b r i u m  i n  i t s  e x c i t e d  s t a t e ,  i e )  t h e  f l u o r e s c e n c e  

spect rum.  The second  b r a c k e t  i s  p r o p o r t i o n a l  t o  t h e  s p e c t r a l  d e n s i t y  

o f  molecule  b. The i n t e g r a l  i n  Eqn 12 is t h e n  p r o p o r t i o n a l  t o  

t h e  o v e r l a p  i n t e g r a l  of t h e  f l u o r e s c e n c e  spec t rum o f  a w i t h  t h e  
\ 

a b s o r p t i o n  spec t rum o f  b.  



If fl~) and S(9)are t h e  e m i s s i o n  and . a b s o r p t i o n  i n t e n s i t i e s  

r e s p e c t i v e l y ,  t h e n  t h e  follow(ng r e l a t i o n s  can  be  d e r i v e d  from 
/ '\ 

t h e  E i n s t e i n  c o e f f i c i e n t s  f o r a b s o r p s n  and spon taneous  emmisssion.  

See  Dexter  (1953) f o r  a d e r i v q t i o n .  

.N' i s  t h e  molecu la r  'c is t h e  v e l o c i t y  o f  l i g h t ;  

Tcis t h e  i n t r i n s i c  i n  t h e  a b s e n c e  of  quenching 
\ 
I 

p r o c e s s e s .  I n s e r t i o n  o f  Eqn 1s i n t o  Eqn 12 g i v e s :  
1 

'. 

a c l a s s i c a l  w. T h i s  is t h e  F o r s t e r  e q u a t i o n .  It c a n  a l s o  be d e r  v e  

b a s i s  by c o n s i d e r i n g  molecule  b  as a d i p o l e  i n  t h e  " n e a r  zonen of  

t h e  o s c i l l a t i n g  e l e c t r i c  f i e l d  o f  d i p o l e  a.  (Hoch and Knox, 1968) 



APPENDIX 0 :  

,' 

DERIVATION OF THE GENERALIZED MASTER EQUATION 

The d e i v a t i o n  p r e s e n t e d  h e r e  is based on Zwanzig ( 1 9 6 4 ) .  

The master e q u a t i o n  t h a t  we a-oncerned w i t h  i s  a k i n e t i c  e q u a t i o n  
P 

f o w e  d i a g o n a l  e l e m e n t s  o f  a d e n s i t y  m a t r i x .  ( S c h i f f ,  1968) 

L e t  t h e  d e n s i t y  o p e r a t o r  be t. and i t s  m a t r i x  e l e m e n t s  i n  

f 
some r e p r e s e n t a t i o n ( b e  fmq* 

The t i m e  dependence o f  t h e  d e n s i t y  m a t r i x  i s  g i v e n  by 4 von ~ e u m a n n ' s  
, . 

4 

H i s  t h e  Hamil tonian.  A s  a m a t r i x  e q u a t i o n  t h i s  i s :  
'I 

We w i s h - t o  e x t r a c t  an e q u a t i o n  g i v i n g  t h e  time dependence o f  t h e . .  

d i a g o n l  e lements  o f  , which d o e s  n o t  c o n t a i n  aon-d iagona l  e l e m e n t s .  P 
." 
I ' - 

I n t r o d u c e  t h e  o p e r a t o r  C d e f i n e d  as t h e  commutator: 

Def ine  t h e  n L i o u v i l l e  o p e r a t o r n  as  t h e  o p e r a t i o n  of g o i n g  from 



I n  t h e  chosen r e p r e s e n t a t i o n  i t  t u r n s  a mat r ix  wi th  two s u b s c r i p t s  i n t o  
k= 

another  mat r ix ' and  i s  r ep re sen t ed  as a " t e t r a d i c n ,  (what a  dyad is . \I.. 
t o  second rank t e n s o r ) .  

With 8 def ined  a s  i n  Eqn 3 ,  t h e  e x p l i c i t  form o f  t h e  T e t r a d i c  is  

B 
- 

'P 
I n  L i o u v i l l e  o p e r a t o r  n o t a t i o n ,  von Neumann's equa t ion  is:  

It has t h e  s o l u t i o n :  

The t e t r a d i c  ope&or exp ( - i tL )  can a l s o  be w r i t t e n  i n  te rms  - 

o f  t h e  more f a m i l i a r  t ime evo lu t ion  o p e r a t o r  ,* exp(  -its),  g i v i n g  
' 's 

t h e  f o l l l o w i n g  u s e f u l  i d e n t i t y ,  v e r i f i e d  by d i f f e r e n t i a t i o n  

wi th  t ime and a p p l i c a t i o n  o f  Eqn 6: 



B y - a p p l y i n g  t h i s  t o  Eqn 8 we get t h e  He isenberg  s o l u t i o n :  

 he/ l a p l a c e '  t r a n s f o r m  o f  is denoted b y  g ( p )  : 4 
\ 

On. t r a n s f o r m i n g  Eqn 7 we g e t :  - 

which h a s  t h e  formal  o p e r a t o r  s o l u t i o n :  

A 
The advan tage  o f  i n t r o d u c i n g  r a t h e r  t h e n  working w i t h  H 

i s  t h a t  t h e  a n a l y s i s  i n  t e r m s  of t h e  Laplace  t r a n s f o r m  is s o  

3 imple  . ( Zwanzig , 1 g 64 ) 

To s e l e c t  t h e  d i a g o n a l  p a r t  o f  , d e f i n e  t h e  p r o j e c t i o n  

o p e r a t o r  D which i n  t e t r a d i c  form is: 



It obeys  t h e  fundamental  requirement I $  o f  p r o j e c t i o n  o p e r a t o k :  

The non-diagonal  p a r t  is s e l e c t e d  by ( 1 -D 1 . 
i h 

Thus t h e  d e n s i t y  o p e r a t o r  - s e p a r a t e s  i n t o  a d i a g o n a l  p a r t  7, and 

a non-diagonal p a r t :  p: 

; I n  j u s t  t h e  same way, t h e  Lap lace  t r a n s f o r m  s e p a r a t e s  i n t o  3 
d i a g o n a l  and non-diagonal  darts: 

. . 

- , 

Next we u s e  D and (1-D) Eqn 10 i n t o  two p a r t s :  



4. 
Solve  the second equa t ion  f o r  %L(p):  

-1- 

and s u b s t i t u t e  i n t o  t h e  f i r s t  one 

cr - 
I n v e r t  t h e  t ransform us ing  t h e  theorem t h a t  t h e  i n v e r s e  o f  a  product 4 

i s  a convolu t ion .  The r e s u l $  is: 

I n  most a p p l i c a  n s  of t h e  mas te r  equa t ion ,  t h e  d e n s i t y  ma t r ix  P /c 

i s  i n i t i a l l y  d i l g o n a l  , o r  f i ( 0 ) = b ~ h i s  i n i t i a l  cond i t i on  i s  

r e f e r r e d  t o  a s  t h e  assumption o f  random phases.,When i t  a p p l i e s  , 



Eqn 15 makes no r e f e r e n c e  t o  t h e  non-diagonal e lements  o f  . p  ̂
Thus t h e  master equa t ion  has  t h e  d e s i r e d  proper ty  o f  c o n t a i n i n g  

only  t h e  d iagonal  e lements  o f  . B 
When a more g e n e r a l  i n i t i a l  cond i t i on  a p p l i e s ,  a l l  of Eqn 15 

must be used.  Even so,--the non-diagonal e lements  e n t e r  on ly  i n  t h e  

. i n i t i a l  condi t ion. '  We w i l l  on ly  c o n s i d e r  t h e  d iagonal  e lements .  

Eqn 15 i s  expressed i n  a b s t r a c t  ope ra to r  n o t a t i o n .  We w i l l  

1 r e w r i t e  i t  i n  a more e x p l i c i t  s u b s c r i p t  n o t a t i o n .  For t h i s  we use  
L 

Eqns. B6 and B12 .  Chose a r e p r e s e n t a t i o n  t h a t  d i a g o n a l i z e s  t h e  

unperturbed Hamiltonian. 

Then t h e  unperturbed L i o u v i l l e  o p e r a t o r  is: 

then  

Also t h e  product DLD vanishes  f o r  any Hamiltonian. This  is seen  

' from t h e  d e f i n i t i o n s ,  which l e a d  t o :  



But because  o f  Eqn 6, Lmmqb v a n i s h e s  and we have:  

Eqn 16 s e r v e s  t o  e l i m i n a t e  t h e  f i ra t  term on t h e  r i g h t  o f  1 

Eqn 15. The r e a s o n  i s  t h a t :  D R f ' , =  a ~ b j  

L '  

The r e s t  o f  Egn 15 w i t h o u t  t h e  i n i t i a l  v a l u e  $,b) h a s  t h e  

e x p l i c i t  form: 

d t  Mr) 
4 

6 

it 0 - D )  R 
where: t )  b e e -  (1-0) R 

h 

Because 9,  i s  d i a g o n a l ,  Eqn 17 is: 

s o  
Because D t: t h e  k e r n a l  l/,,,, . can  be s i m p l i f i e d  t o  : B 

Next we u s e  t h e  r e s u l t :  

%,h* ~t)'- 0 id Ch 
E *rs WN*~. ft) = 0 



T h i s  is e a s i l y  proved by t h e  f o l l o w i n g  demons ta t ion :  

But from Eqn 6: 2-J@4 % @ I ) ~ & s &  - 5 L @ l ) & b  w M 

1. 
/ 

which p roves  o u r  a s s e r t i o n .  

C 

W d a l s o  n o t e  t h a t  behave v e r y  much l i k e  o r d i n a r y  

m a t r i c e s .  I n  f a c t  t h e i r  be  reduced t o  t h a t  of m a t r i c e s  

by t h e  f o l l o w i n g  t r i c k .  I n  r e p r e s e n t i n g  a n  o p e r a t o r  by a m a t r i x ,  

we p ick  some a r b i t r a r y  o r d e r i n g  o f  p a i r s  o f  s u b s c r i p t s  s o  t h a t  

t h e  p a i r ,  (m, n)  i s  d e n o t e d  b y 4  . I n  t h i s  way Eqn 20 becomes: 

and t h e  sum r u l e  becomes: wd = 0 
a I 

Eqn 19 becomes: 



Using t h e  sum r u l e  we can  write t h e  i n t e g r a n d  i n  Eqn 19a as:  

I. 

Thus Eqn 19a becomes: 

where wL. e i s  d e f i n e d  by Eqn 20a.  r 

v -+ 
5 

// I n  t h e  . r e p r e s e n t a t i o n  o f  t h e  unper tu rbed  Hamil tonian where <d 1 -4 , 
d 

2 
-r. 

< P \  a r e  e i g e n s t a t e s  o f  H t h e n :  

i s  t h e  d i a g o n a l  e iement  o f  f i n  t h e  r e p r e s e n t a t i o n  o f  Hleigen-  

s t a t e s .  It r e p r e s e n t s  t h e  p r o b a b i l i t y  of -occupancy o f  t h e  s t a t e  d . 
Thus Eqn 21 becomes: 

T h i s  is t h e  g e n e r a l i z e d  mas te r  equat ioG f o r  t h e  t r a n s p o r t  o f  \ 
e x c i t a t i o n  i n  t h e  f a m i l i a r  g a i n - l o s s  form. The p h y s i c a l  meaning 

o f  Eqn 22 i s  d i s c u s s e d  i n  S e c t .  IV. . 
A 



APPENDIX C: 
4. 

Der iva t ion  of t h e  memory Funct ion f o r  

Molecular t r a n s i s t i o d s  

I n  appendix-% we der ived  t h e  o p e r a t o r  form o f  t h e  memory 

f u n c t i o n ,  Eqn B20a: 

d l  now d e r i v e  a n  e x p l i c i t  form f o r  t h i d  equa t ion  f o r  molecular  

systems.  g i s  t h e  ~ i o ' ; v i l l e  o p e r a t o r  def ined by: 

h 

2 i s  an o p e r a t o r  and H i s  t h e  Hamiltonian . D is a p r o j e c t i o n  

o p e r a t o r  t h a t  s e l e c t s  t h e  d iagonal  p a r t  o f  whatever i t  o p e r a t e s  on: 

h 
where Ad i s  t h e  d iagonal  p a r t  o f  A;< 'I 

and $ i s  t h e  b a s i c  q u a n t i t y  i n  t h e  GME approach. 

It connec ts  t h e  p r o b a b i l i t y  a t  a  S i t e d a t  time i n  t h e  p a s t  t o  

t h e  r a t e  change of t h e  p r o b a b i l i t y  a t  s i t e  p i n  t h e  p r e s e n t  time t .  



We w i l l  s t a r t  from Eqn B17: 
d 

where f-is t h e  diagonal  p a r t  o f  t h e  d e n s i t y  mat r ix .  

~ q n  B20a can e a s i l y  b e  w r i t t e n ,  by d e f i n i t i o n  of  D a s :  

and by t h e  d e f i n i t i o n  of  L as: 

- 4 Ic 

Beciused;  W e t  R'  wi th  i0 diagonal  , t h e  commutator w i th  becomes ze ro  

and we a r e  l e f t  with: . , 

Next w e  no te  t h a t :  
I, 

Neglec t ing  h igher  o r d e r  terms we g e t  u s ing  Eqn B8 : 



Thi s  give's: I 

The r e s u l t  can be  completely w r i t t e n  i n  Matr ix  form a s :  
' 

. u$ing t h e  d e f i n i t i o n s  o f  t h e  elements  a s :  

from which we can def ineWdpin  Eqn B l i L  a s :  

2 a 
WdP (t) = 1 L I COS _IZ. PE 4 +i ( 4 )  



In spec t ion  of Eqn 2 shows t h a t  t h e  b a s i c  microscopic  form 

of W i s  o s c i l l a t o r y  and non-decaying. A i r r e v e r s i b l e  d e s c r i p t i o n  of  

e x c i t a t i o n  t r a n s p o r t  and t h e  p o s s i b l e  t r a n s i t i o n  t o  t h e  P a u l i  
3 

equat ion  n e c e s s i t a t e s  a  decaying memory, i n  o r d e r  t o  account  f o r  

t h e  l o s s  o f  coherence o r  phase c o r r e l a t i o n  between e x c i t a t i o n  
- _f 

a t  one s i t e  and an e a r l i e r  s i t e .  We should o b t a i n  a  d e l t a  func t ion  f 

i n  t h e  app rop r i a t e  l i m i t .  To obta4in a  decaying memory one r e q u i r e s  

a  coa r se  g r a i n i n g  o p e r a t i o n  r e p r e s e n t i n g  t h e  passage from micro- 

s cop ic  t o  macroscopic l e v e l  of d e s c r i p t i o n .  Coarse g r a i n i n g  means 

I t a k i n g  an  average over  smal l  r eg ions  of  t h e  s t a t e  space.  I f  t h e  

microscopic  s t a t e s  a r e d , p t h e n  t h e  macroscopic.coarse-grained 

s t a t e s  a r e  an average  o f d , p  i n  some small  r eg ion  o f  t h e  s t a t e  

space.  This  coa r se  -g ra in ing  i n  terms o f  molecular t r a n s i s t i o n s  

would mean averag ing  over  t h e  v i b r a t i o n a l  s t a t e s  o f  a  p a r t i c u l a r  

e l e c t r o n i c  t r a n s i t i o n .  



/ . .  
Ue can write t h e  c o a r s e - g r a i n e d  w as f o l l o w s :  .. '/ 

/ 

Compare t h i s  w i t h  Eqn 4 above.  

Using t h i s  w ,  t h e  GME would d e s c r i b e  t r a n s p o r t  i n  t h e  c o a r s e -  

g r a i n e d  space  o f  t h e  4' J3' s t a t e s .  

If u e  l e t :  14) = Id/> / 4 >  

which i s  a p p r o p r i a t e  when t h e  d e s c r i p t i o n  i s  i n  t e r m s  o f  a thermal. 

b a t h  whose s t a t e s  a r e  \a), t h e n  Eqn 9 becomes (Knox and Kenkre,  1974) , 

a 
where: 

d , a  = (E*- Lb) 1% 
n,a = C L / - E C ) / ~ ~  

4 . b  i s  t h e - e n e r g y  d i f f e r e n c e  o f  t h e  c o a r s e  g r a i n e d  system 

a n d w k i s  t h e  energy  d i f f e r e n c e s  o f  t h e  b a t h  s tates.  The t r a n s i t i o n  

p r o b a b i l i t y  w i t h  m e m ~ r y W ~ ' ~ r  is t h u s  s e e n  t o  emerge ( e x c e p t  f o r  t h e  

c o s a t )  f a c t o r )  as  t h e  ~ o u r i e r  t r a n s f o r m  o f  t h e  i n t e r a c t i o n :  

Thus t h e  decay ing  memory arises o u t  o f  t h e  b a s i c  o s c i l l a t o r y  

memory a t  t h e  mic roscop ic  l e x e l .  



The F 6 r s t e r  e q u a t i o n  i n v o l v e s  t h e  i n t e r a c t i o n  energy  i n  

c o a r s e  g r a i n e d  s p a c e  because  i t  a v e r a g e s  o v e r  a Boltzmann weighted 

d i s t r i b u t i o n  o f  s tates.  (Eqn A12) Knox and Kenkre (1974) s l i g h t l y  modify 

t h e  d e r i v a t i o n  p r e s e n t e d  i n  Appendix A s o  as  t o  include a c o s ( w t )  

f a c t o r  and i n t e g r a t i o n  o v e r  a l l  p o s s i b l e  03 as r e q u i r e d  by 

Eqn 6 (Summations become i n t e g r a l s  f o r  t h e  continuum o f  s t a tes  

assumed i n  t h e  d e r i v a t i o n  o f  t h e  i%rster e q u a t i o n . )  w r e p r e s e n t s  

a l l  p o s s i b l e  d i f f e r e n c e s  i n  e n e r g y  between states o f  t h e  " b a t h n .  

T h e i r  r e s u l t  is: 
fid 

where: F,(u) is t h e  F d r s t e r  e q u a t i o n  f o r  t h e  t r a n s i t i o n  

rate between molecu les  m and n  as  a f u n c t i o n  

o f  t h e  v a r i a b l e  c*, which r e p r e s e n t s  t h e  energy  

d i f f e r e n c e s  o f  t h e  s t a t e s  o f  t h e  " b a t h n ,  

A p h y s i c a l  i n t e r p r e t a t i o n  o f  w i n  t e r m s  o f  t h e  s t o k e s  s h i f t  h a s  

been g i v e n  i n  S e c t .  I V .  F,(o) r e p r e s e n t s  t h e  normal F S r s t e r  

e q u a t i o n .  F a c t o r i n g  o u t  t h e  time dependence ,Eqn I V - I  g i v e s :  

The u s e  o f  t h i s  e q u a t i o n  f o r  t h e  memory f 'unct ion i s  d i s c u s s e d  

i n  S e c t i o n  I V .  



APPENDIX D: The orientation. factor 

? 
We have the f oUowing re la t ion  between - two vectors.: 

. , 

where n is the unit vector g  the l ine  joining them: 

Set t icg \ q \= \s \= I the above relationship becomes: 

where the angles a re  show-n i n  the above diagram.The s i tua t ion  
\ 

can b e  (epresented i n  spherical polar coordinates a s  follows: 
\*, . 

\\ 



We wian t o  f i n d  t h e  RMS average of over  a l l  o r i e n t a t i o n s  o f  

azimutnal  ang le s  r c ? , , ~ ,  , f o r  f i x e d  po la r  a n g l e s  8, ,8, as fo l lows:  
' B  

Ye must w r i t e  +, 4,)  4, i n -  terms of  B,, 49.) W,)Ua t h e  po l a r  angle.. 

Immediately from t h e  diagram we have: 



To f i n d  a  r e l a t i o h s h i p  For c o s  4 we use  t h e  ~ d ' d i t i o n  Theorem f o r  
i 

S p h e r i c a l  ~a rmo-  j c s .  (Jackson,  s e c t  3.5) : - 

which for91= 1 w e  ob t a in :  

I 
Me l e t  81=8ar p and s u b s t i t u t e  i n t o  Eqn Dl: 

' The odd s i n e  and cos ine  terms w i l l  i n t e g r a t e  t o  ze ro .  

We a r e  l e f t  with: - 



which is: 

I 
where P .is t h e  a n g l e  p e r p e n d i c u l a r  t o  t h e  x ,y  (membrane p l a n e )  . 

I n  t e r m s  of t h e  "angle w i t h  t h e  p l a n e  we can write: 

We have  f i n a l l y  t h e  r e q u i r e d  r e s u l t :  



APPENDIX, E: D e r i v a t i o n  o f  t h e  Wave Equat ion from t h e  

+ ~ Gen+eralized Master  Equa t ion  

We wish t o  show t h a t  

h a s  t h e  form: 

L 

The summation i n  Eqn 1 f o r  n e a r e s t  ne ighbours  becomes: 

.ff we assume r e v e r s i b i l i t y  and i s o t r o p y ,  i . e .  

we g e t  

t h e  d i f f e r e n c e  form o f  t h e  second d i f f e r e n t i a l ,  s o  i n  t h e  

continuum limit we have: 



S u b s t i t u t i n g  i n  Eqn 1 w e  o b t a i n  

where Q =  @ F  

~f we l e t :  Q (t-S) = k Q Ct) 

where : 0 s < o  

'%, 
\ S ' P O  

t h e n  Eqn 3 becomes 

which i s  

- J' P ( x , t )  I, J ' P h t )  - - 
d t '  A x a  

T h i s  i s  t h e  wave e q u a t i o n  Q i t h  k = ( v e l o c i t ~ ) ~  

It i s  e a s i l y  s e e n  t h a t  s u b s t i t u t i n g  

p ~ t - 5 ) -  k S ( 6 )  
g i v e s  t h e  d i f f u s i o n  e q u a t i o n .  




