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Abstract .  E lec t ron- t rans fer  reac t ion  ra tes  are compared w i t h  
t h e o r e t i c a l l y  ca lcu la ted  values f o r  several react ions i n  the b a c t e r i a l  
photosynthet ic  reac t i on  center. A second aspect o f  the theory,  the 
c ross- re la t ion ,  i s  i 1 l u s t r a t e d  using p ro te in -p ro te in  e lec t ron  t rans fe rs .  

I. I n t r o d u c t i o n  

Studies o f  e lec t ron - t rans fe r  react ions f o r  a v a r i e t y  o f  inorgan ic  and 
organic reac t ions  have establ ished var ious fac to rs  as i n f l u e n c i  ny the  
reac t ion  rates.  I n  p a r t i c u l a r ,  q u a n t i t i e s  such as the standard f r e e  
energy o f  react ion,  A G O ,  the reorgan iza t ion  parameters f o r  the  v i b r a t i o n a l  
( X i ) ,  and so l va t i ona l  (A,) chanyes, the  sekarat ion distance r, and the  
work terms (e.g., coulombic i n t e r a c t i o n s ) ,  a f f e c t  the reac t ion  rate.  The 
experimental evidence and comparisons w i t h  theo re t i ca l  re1 a t i  onshi ps and 
c a l c u l a t i o n s  were presented i n  a recent review [l]. I n  add i t ion ,  o ther  
factors,  such as the mutual o r i e n t a t i o n  o f  the reactants, when the l a t t e r  
are nonspherical , the nature o f  the ma te r ia l  between the reactants ,  and 
the e l e c t r o n i c  energy l eve l s  o f  the donor and acceptor, are expected t o  
i n f l uence  the  r a t e  i n  the case o f  "nonadiabat ic"  Ll] react ions (de f ined 
l a t e r ) .  Various theo re t i ca l  ca l cu la t i ons  on some o r  a l l  o f  these o the r  
f a c t o r s  (many r e f e r r e d  t o  i n  Ll]) have been made, thouyh the experimental 
data on them are, f o r  the most part,,presently scanty. Another f a c t o r  
i n f l u e n c i n g  the  e lec t ron - t rans fe r  r a t e  i s  present i n  s u f f i c i e n t l y  v iscous 
media, more prec ise ly ,  i n  media w i t h  slow d i e l e c t r i c  re laxa t i on  times. It 
has been found f o r  react ions which are i n t r i n s i c a l l y  very f a s t  and f o r  
which, a t  the  same time, the r a t i o  Xi/Xo i s  s u f f i c i e n t l y  small [2]. 
(References t o  the  data are c i t e d  i n  L l ] .  A de ta i l ed  t reatment,  which 
inc ludes the  dependence on Xi/Xo i s  given i n  [Z].) 

The a r t i c l e  mentioned e a r l i e r  [l] inc luded a review o f  var ious 
e lec t ron - t rans fe r  react ions o f  b i o l o g i c a l  i n t e r e s t .  I n  the  present 
communication we s h a l l  descr ibe some o f  t he  r e s u l t s  f o r  the ra tes  o f  
reac t ions  i n  the  photosynthet ic  b a c t e r i a l  reac t i on  center and f o r  p ro te in -  
p ro te in  e lec t ron  t rans fers .  I n  p a r t i c u l a r ,  a comparison i s  made o f  
p red ic ted  and experimental r a t e  constants. We consider, f i r s t ,  an example 
o f  the  a p p l i c a t i o n  o f  the t h e o r e t i c a l  c ross - re la t i on  [3] t o  reac t ions  o f  
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meta l lopro te ins  i n  order t o . i l l u s t r a t e  an aspect o f  the theory which has 
been f requent ly  tested w i th  pure ly  i noryanic o r  oryanic systems. 

11. 
Transfers 

App l i ca t i on  o f  the Cross-Kelation t o  Pro te in -Pro te in  E lec t ron  

I n  the  c ross- re la t ion  [3] the r a t e  constant k12 f o r  the  reac t ion  between 
two d i  f fe ren t  redox species, 

k12 
redl + ox2 j ox1 + red2 

i s  re la ted  t o  two self-exchange r a t e  constants kll and k2,: 

k l l  
redl + ox1 + ox1 + redl 

k22 
red2 + ox2 -3 ox2 + red, . 

The r e l a t i o n  i s  

112 
k12 = (k l l k22Kl2 f12)  (4) 

where K,, i s  the equ i l ib r ium constant f o r  react ion ( l ) ,  f 
func t i on  of kll, k,, and K12 given, f o r  example, i n  [l] (bFequently c lose  
t o  u n i t y ) ,  and the k ' s  appearing i n  ( 4 )  are corrected f o r  the var ious 
'work' terms, by a fac to r  l a b e l l e d  W12 i n  [l]. I n  the  case o f  
metal 1 op ro te i  ns the sel  f-exchange r a t e  constants k 
determined by NMK or  EPR li ne-broadeni ng studies. The cross-re1 a t i  on, 
(4), i s  compared i n  Table I w i t h  data i n  the l i t e r a t u r e ,  taken from [l]. 
(Extens ive references t o  the l i t e r a t u r e  f o r  such s tud ies and t e s t s  o f  the  
c ross - re la t i on  are a lso given i n  [l].) 

i s  a known 

and k,, are t y p i c a l  l y  

Considering the various approximations made i n  t h i s  a p p l i c a t i o n  o f  (4), 
and var ious uncer ta in t ies  i n  the data themselves, discussed i n  [l], t he  
agreement i n  Table I can be regarded as q u i t e  reasonable. I n  making such 
an app l ica t ion ,  the rates o f  both the  self-exchanges and the  
cross-react ions should be determined under pH cond i t ions  where both redox 
forms o f  each p ro te in  have the same number o f  protons. 
been the case f o r  a l l  o f  the reac t ions  i n  Table I ,  and, i f  so, the  
experimental r a t e  constants i n  those cases should be cor rec ted  
accordingly.) 

reac t ions  between reactants f i x e d  i n  a membrane, we consider f i r s t  some 
ava i l ab le  data on the dependence o f  t he  e lec t ron- t rans fer  r a t e  on the  
sep-aration distance between the  reactants.  

(Th is  may not have 

As a preamble t o  the considerat ion o f  absolute r a t e  constants f o r  

111. 

A knowledge o f  the dependence o f  the  r a t e  constant on the  separat ion 
d is tance between f i x e d  redox s i t e s  i s  needed f o r  understanding t h e i r  
e lec t ron - t rans fe r  r a t e  constants. In fo rmat ion  on t h i s  d is tance dependence 

Distance Dependence o f  t h e  Rate Constant 



TABLE I .  Comparison of Observed and Calcu lated Kate Constants f o r  
P ro te i  n-Prote in  Reactions 

k 12  ,ObSd k 12 ,cal cda 
Oxidant Reductant [M-l s- ' ]  CM-1 s-11 

Cytochrome c Azuri n 1.6 x 103  3 x 104 
P1 astocyani  n Cytochrome c 1.0 x 106 5 1 0 5 ~  
S te l  1 acyani n Cytochrome c 3.5 x 102 4 x 103 

Plastocyanin Cytochrome c-551 7.5 x i o 5  5 x 105' 
Cytochrome c Cytochrome c-551 6.7 x 104 1 1 0 5 ~  

Azu r i  n Cytochrome c - 55 1 6.0 x 106 8 x l O S c  

Unless otherwise indicated, the ca lcu la ted  r a t e  constants do not con ta in  
the W,, co r rec t ion .  

The W,, c o r r e c t i o n  i s  considerably l a r g e r  f o r  t h i s  reac t ion  than f o r  t h e  
o ther  systems considered and was inc luded i n  the  c a l c u l a t i o n  o f  k12. 

Calcu lated us ing  1.2 x l o 7  M-' 5 - l  f o r  t he  self-exchange r a t e  
constant and t0.28 V f o r  the reduct ion p o t e n t i a l  o f  the cytochrome c-551 
couple us ing data c i t e d  i n  [l], where i t  i s  a l so  noted t h a t  the net 
charge on the  p r o t e i n  i s  -2/-3. 

a 

References f o r  the r e s u l t s  are given i n  [l]. 

C 

comes from several  sources: ( i )  the unusual time-dependence o f  reac t i on  
ra tes  when there  i s  a d i s t r i b u t i o n  o f  separat ion distances o f  the 
reactants  i n  frozen o r  other s o l i d  o r  h i y h l y  viscous media, e.y., C4,51, 
( i i )  the c o n d u c t i v i t y  o f  f a t t y  ac id  s a l t  layers  o f  vary ing chain l eny th  
between two e lect rodes,  e.g. [6,7], ( i i i )  in t ramolecu la r  e lec t ron - t rans fe r  
ra tes i n  model compounds conta in ing a p a i r  o f  f i x e d  s i t e s  separated by 
more o r  l ess  r i g i d  organic bridges, e.g., [8-11], and ( i v )  in t ramolecu la r  
t r a n s f e r s  between the  metal center o f  a me ta l l op ro te in  and an inoryan ic  
redox complex at tached t o  various s i t e s  i n  the  p r o t e i n  C12,131. O f  these 
sources, t he re  are f a i r l y  extensive publ ished data on ( i )  and ( i i ) ,  w h i l e  
data are beginning t o  appear on ( i i i )  and ( i v ) .  The publ ished data f o r  
the  l a t t e r  two are too  few t o  est imate a d is tance dependence, al thouyh 
t h i  s s i  t u a t i  on w i  11 undoubtedly be remedied soon . 

Experimental data f o r  the r a t e  constant or, i n  the case o f  method ( i i )  , 
f o r  the c o n d u c t i v i t y  are usual l y  represented by an exponent1 a1 dependence 
on the separat ion distance r, e.g., c4-71, 

k ( r ) a  exPC-8(r-ro)I  (5) 

Values o f  B are  g iven i n  Table 11. A t y p i c a l  value i s  seen t o  be i n  the  
range 1.0 t o  1.2 A- ' ,  and we sha l l  use a value of 1.2 A'' when, as i n  
Table I ,  t he  i n te rven ing  mater ia l  between t h e  two redox s i t e s  i s  
"saturated",  i .e., nonconjugated. When a p o r t i o n  o f  the i n te rven iny  
ma te r ia l  i s  conjugated (e.g., aromatic) t h e  value o f  f o r  t h a t  pa r t  of 
the separat ion d is tance i s  expected t o  be lower. 

p roper t i es  o f  t h e  e lec t ron i c  wave funct ions,  as we l l  as the 
three-dimensional geometry, i s  expected t o  be somewhat more complicated 

A func t i ona l  form f o r  k ( r )  which takes i n t o  account the var ious nodal 



TABLE 11. Some Tenta t ive  Values o f  8 i n  the L i t e r a t u r e  

System Comment 

b i  phenyl -aromati csa 
biphenyl'-naphthalene 
b i  phenyl '-phenyl e thy l  ene 
b i  phenyl'-acKidi ne 
pyre ne+-TMP D 
b i  phenyl+-TMPDb 
b i  phenyl '-ci nnamoyl grp. 
Al/Cn/Hy, A1 o r  Au 
A1 /Cn/Mg 

1.2 
1.2 
1 .o 
1.1 
1.15 
1.15 

1.5 
1.0 

( <  1.0) 

f rozen media 
f rozen media 
f rozen media 
f rozen media 
f rozen media 
f rozen media 

s t e r o i d  br idyed 
conduction 
conduct ion 

Many aromatic acceptors were used and gave an averaye value o f  B = 
1.2 A" . 
TMPD denotes te t ramethy l  phenylenediamine. 

a 

than t h a t  given by (5) and t o  include, f o r  example, a pre-exponential t e r m  
which depends on r, e.g., [14]. However, (5) has been f requent ly  used i n  
t h e  l i t e r a t u r e  s ince the  present ly  ava i lab le  data do not  y e t  document the 
need t o  use a more compl icated expression. 

I V .  Expressions f o r  t h e  Rate Constant 

I n  apply ing ( 5 ) ,  or  an equat ion based on it, t o  the experimental data f o r  
reac t ions  between f i x e d  s i t e s  some cognizance should be taken o f  the 
nonspherical nature o f  the  reactants.  A d istance o f  p a r t i c u l a r  i n t e r e s t  
i s  t h a t  between the  c loses t  atoms ( o f  the two reactants)  t h a t  are s t rong ly  
coupled t o  t h e i r  respec t ive  redox s i tes.  This distance, denoted by d, i s  
used i n  the  fo l l ow ing  approximate expression f o r  the  reac t i on  r a t e  
constant k, an expression discussed more f u l l y  i n  [l]: 

-Bd ,-bG*/HT s-l kcl = 1013 e . 
r h  n the motion o f  t he  nuc le i  i s  t rea ted  c l a s s i c a l l y  ( k  = kc-), we have 
If: - -  

AG* = ?. 4 [I + $1 * 
I- --I 

where AG* and AGO are the  f r e e  eneryy b a r r i e r  and the  "standard" f ree  
energy o f  react ion when the  reactants  are a d is tance r apart .  S t r i c t l y  
speaking, the  pre-exponent ia l  f a c t o r  i n  ( 6 )  depends weakly on the  
temperature, being i n v e r s e l y  p ropor t iona l  t o  ,'i= i n  the case o f  a 
"nonadiabat ic"  reac t ion  (a reac t i on  f o r  which exp(-Bd) a l ) ,  e.y., 
discussed i n  [l]. 

(7) 

When the motion o f  the  nuc le i  i s  t reated, instead, quantum mechanically 
t h e  fo l l ow ing  expression f o r  t h e  r a t i o  o f  the quantum t o  the  c l a s s i c a l  



r a t e  constants can be used [l]. 
i n  t he  l i t e r a t u r e  f o r  kq and k c l  t h a t  are c i ted ,  f o r  example, i n  [l]: 

It i s  based on now standard expressions 

k 'Oth I v ( S  cosech y )  
4 
-I  

-hG*/RT 
f 

hu e k c l  
where u i s  some mean v i b r a t i o n  frequency f o r  the  re levant  nuclear motion 
(a  one-reactive-mode model has been used f o r  the  quantm ra te  constant i n  
( 8 ) ) ,  v i s  -AGo/hv, S i s  x/hv, y i s  hv/2KT, and 1, i s  a modif ied Bessel 
funct ion.  The r a t i o  kq/kc l  reduces t o  u n i t y  when hv/ZKT becomes 
small, and i s  o f  t he  order o f  u n i t y  even when hv/2KT = 1. For example, 
when -AGo/hv and x/hv are, respect ive ly ,  (1,2), (3,6), (5,10) and (10,20), 
t he  values kq/kc l  are 1.1, 1.1, 1.2 and 1.5 i n  the  case o f  y = 1. 
A G O  = 0 and the  above values o f  x/hv, the  corresponding values o f  
kq /kc i  are 1.3, 1.4, 1.6 and 2.3, respec t ive ly .  
-AGO = A ,  the  values o f  kq/kc l  are a l l  equal t o  0.87 f o r  the above 
values o f  x/hv. 
no t  too  small, t he  r a t i o  kq/kc l  i s  equal t o  f l tanh y ) / y  which i s  equal 
t o  0.87 f o r  y = 1.) 

For 

F i n a l l y ,  when 

( I t  can be shown tha t ,  when v = S and provided t h a t  v i s  

It i s  c h a r a c t e r i s t i c  o f  both the c l a s s i c a l  and the quantum expressions 
f o r  the  r a t e  constant t h a t  a maximum appears i n  k c l  and kq as a func t i on  
o f  inc reas ing  - A G O ,  when -AGO = x [l]. Further ,  the  a c t i v a t i o n  eneryy f o r  
the c l a s s i c a l  expression and, i n  e f f e c t ,  f o r  the quantum expression (g iven 
by (72) o f  [l]) i s  zero when -AGO = A. We use t h i s  r e s u l t  l a t e r .  

The d is tance d appearing i n  (6) was taken i n  [l] t o  be the actual  
separat ion d is tance o f  the centers o f  the  two c loses t  ( i n  the case o f  
aromat ics) carbon atoms o f  the two reactants,  minus some amount t o  a l l ow  
f o r  the extension o f  t he  t -e lec t ron i c  o r b i t a l s  beyond the carbon nuc le i .  
For concreteness a value of d = 3 A was used. 
o f  motion along the  reac t ion  coordinate i s  about l o i 3  s-l the reac t ion  i s  
"ad iabat ic "  when these aromatic carbons are a d is tance 3 A o r  less apart. 

Thereby, when the frequency 

V. React ion Rates i n  the  Bac te r ia l  Photosynthet ic  Reaction Center 

The reac t i on  step i n v o l v i n g  the e lec t ron  t r a n s f e r  from an 
e l e c t r o n i c a l l y - e x c i t e d  bac ter ioch lo rophy l l  dimer *(BChl), t o  a neighbor iny 
monomer BChl and pheophytin BPh has a l i f e t i m e  o f  about 5 ys L15-J a t  room 
temperature, w h i l e  the  t rans fe r  from BPh- t o  the  quinone has a l i f e t i m e  o f  
about 200 ps (about 100 ps below 100 K) [lS]. Both react ions are 
essent i  a1 l y  temperature- i  ndependent over t h i s  broad temperature ranye, and 
we sha l l  suppose, therefore,  t h a t  -6ti0 = x f o r  each. The values f o r  d f o r  
the *(BChl), + BChl and BPh- + Q react ions are about 1 A and 7 A, 
respec t ive ly ,  obta ined a f t e r  sub t rac t ion  o f  t h e  3 A, i n  each case, from 
distances est imated from the c rys ta l  s t r u c t u r e  data ( o f  Rps. v i r i d i s )  
[16]. Equation (6) then y i e l d s  the l i f e t i m e s  g iven i n  Table I I I .  

BChl- + BPh react ions,  as i s  the  x f o r  each reac t ion  o f  these la rye  
r e l a t i v e l y  r i g i d  molecules (data are summarized i n  [l]) , perhaps 
0.1-0.2 eV. The value o f  - A G O  f o r  the BPh- + Q react ion,  on the  o ther  
hand, i s  q u i t e  l a r g e  ( -  0.61 eV f o r  Rps. sphaeroides and - 0.47 eV f o r  
Rps. v i r i d i s ) ,  x f o r  a react ion i n v o l v i n y  u i s  expected t o  be l a r y e r  than 
A's f o r  reac t ions  i n v o l v i n g  only the l a r g e  molecules, p a r t l y  because of 

The value f o r  AGO appears t o  be q u i t e  small f o r  the *(BChl), + BChl and 



TABLE 111. Absolute Rates f o r  E lect ron Transfer Keactions i n  
Photosynthet ic Reaction Centers 

A G O  

Reacti ona [kcal  mol-'] T obsd 'cal cd 

c y t  cl' - BCh12+ -3.9 0.2 us 
BChl2 - BChl - BPh -5(?) 

BPh- - Q -12 100 t o  200 pse 

BPh- - QA, 0,- present 

BPh- - Q, 0 var ied  

* - 1 t o  4 psc 

increases 
f a c t o r  o f  2 

chanyes 
f a c t o r  o f  2 

'mi n 

- 0.2 eV 

- 0.2 evg * - 4 ps Porphyr in - Q - a  

0.02 11s 

>0.3 ps 

140 ps 

increases 
fac to r  o f  2 

chan yes 
f a c t o r  o f  2 

d 

- Y ps 'mi n 

- .  a Aster isks i n d i c a t e  e l e c t r o n i c a l l y  exc i ted states.  

The A G O  values are approximate. 

Assignment o f  t ime constants i s  uncertain. 

The value o f  Tcalcd i s  l a r g e r  than t h i s  value i f  smal ler  x ' s  are used, 
i.e., Tcalcd i s  about 1 ps when a = 1.2 kcal mol-'. 
Appendix I 1  o f  Ref. [l].) 

This i s  the approximate decrease i n  IAG'I due t o  the  presence o f  QB-. 

This i s  the approximate v a r i a t i o n  i n  ( A G O (  as Q i s  var ied.  

(See a lso 

e Value depends on temperature. 

t h e  change i n  C-0 bond length  accompanying the Q + Q' reac t i on  and p a r t l y  
because o f  the s m a l l e r - s i z e  o f  the Q molecule. 
i n f l uenc ing  reac t ion  rates,  e.g., (2) - (6)  there.) Calcu lated rates are 
given i n  Table 111. 

( C f  Ref. [l] f o r  f ac to rs  

Var ia t ion  o f  the  Q caused A G O  t o  vary by - 0.2 eV [17] and caused 
exper imental ly a v a r i a t i o n  i n  the  l i f e t i m e  f o r  t he  UPh- + Q reac t ion  o f  a 
fac to r  o f  two, w i t h  some randomness due t o  the somewhat d i f f e r e n t  
pos i t ions ,  shapes, o r  o r i e n t a t i o n s  of the d i f f e r e n t  0 ' s .  Ayain, when a 
second qui  none was present (presumably as U') , c r e a t i  ny a coulombic 
repu ls ion  w i th  the  o ther  0' newly formed i n  the  BPh- + Q react ion,  the 
r a t e  constant f o r  t he  l a t t e r  reac t ion  was smal ler  by almost a f a c t o r  o f  
two [18]. Theoret ica l  ca l cu la t i ons  f o r  t h i s  e f f e c t ,  taken from [l], are 
included i n  Table 111. 

The l i f e t i m e  f o r  t he  reduct ion of  the (UChl)2+ by fer r icy tochrome c-558 
i s  about 0.2 u s  a t  room temperature [lY]. The reduc t ion  o f  t h i s  (t3Chl)2+ 
i s  presumably by the  c loses t  ferrocytochrome c molecule. I n  the  
ca l cu la t i ons  i n  Table 111, an estimated edye-to-edye separat ion distance 
o f  (BChl)2+ t o  the c loses t  heme r i n g  o f  about 11 A was used, estimated 



from the  c r y s t a l  s t ruc tu re  data [16], and hence d = 8 A, us iny the  3 A 
c o r r e c t i o n  mentioned ea r l i e r .  The value of - A G O  i s  about 0.17 eV, and a 
value o f  x o f  about 13.5 kcal mol-' was estimatedt f o r  t h i s  react ion,  as 
discussed i n  [l]. The measured and ca lcu la ted  l i f e t i m e s  f o r  the  reac t i on  
are given i n  Table 111. 

There i s  a lso a study o f  model porphyrin-quinone systems [20), f o r  
which a p l o t  o f  r a t e  constant vs. - A G O  gave a maximum rate,  and f o r  which 
d could a lso be estimated. The d e t a i l s  are described i n  [l] and the  
r e s u l t  i s  included i n  Table 111. 

The experimental and theo re t i ca l  r e s u l t s  i n  Table 111 are seen t o  be i n  
q u i t e  reasonable agreement, cons ider ing the various approximations and 
u n c e r t a i n t i e s  present. Calcu lat ions u t i l i z i n g  the quantum expression i n  
(8), ra the r  than j u s t  the c lass i ca l  one i n  (7), give values [l] not  t o o  
d i f f e r e n t  from those i n  Table 111, a t  l e a s t  f o r  the approximate value o f  
hv assumed ( -  200 un-'). Hecent ca l cu la t i ons  employiny a frequency of 
333 cm" ( ins tead o f  the 200 un-l used i n  Ll]) ayain show t h a t  the  r a t i o  
of quan tm t o  c lass i ca l  ra te  constants a t  25 O C  i s  c lose t o  u n i t y  when 
x 4 6 kcal  mol-' (and A G O  = -3 kcal  mol-') f o r  the second en t r y  i n  
Table 111. The c lass i ca l  ra te  constant a t  25 "C i s  t y p i c a l l y  a yood 
approximat ion t o  the  quantum r a t e  constant a t  t ha t  temperature f o r  t h e  
f requencies used. The temperature c o e f f i c i e n t  o f  the reac t i on  can 
the re fo re  be found by consider ing the  r a t i o  k c l  (25 OC)/kq (0 K) ,  
c a l c u l a t e d  from (14) and (71), respec t ive ly ,  i n  [l]. I n  the  b a r r i e r l e s s  
case ( - A G O  = x )  t h i s  r a t i o  i s  found t o  be ,6- when S t i r l i n g ' s  
approximation i s  introduced i n t o  (71) ( T  i s  the temperature o f  the  
c l a s s i c a l  measurement, 2 5 O C  i n  t h i s  case) . For ba r r i e r l ess  reac t ions  t h e  
r a t i o  k c l  (25 OC)/kq (0  K)  i s  t y p i c a l l y  c lose  t o  un i t y  f o r  t he  
v i b r a t i o n a l  frequencies used. The above considerat ions a lso  show, we 
bel ieve,  the usefulness o f  the s tud ies  o f  the react ion r a t e  constant as a 
f u n c t i o n  o f  - A G O .  The l a t t e r  permi ts  one t o  locate the maximum i n  the  
p l o t ,  namely where A G O  = - A ,  and thereby the  AGO where the reac t i on  i s  
ban r ie r l ess  over a broad temperature range. It thereby prov ides one way, 
f o r  example, o f  es t imat in  x f o r  the  react ion,  and provides a lso  a d i r e c t  
measure o f  the f a c t o r  10ly eXp(-Bd) i n  (7). 

I n  t h e  ca lcu la t ions  i n  Table I11 we have adopted a value o f  B o f  about 
1.2 A'' as represent ing t o  a f a i r  deyree the data i n  Table 11. A value o f  
1.0 A" would have a l te red  the ca l cu la ted  r e s u l t s  i n  Table I11 r e l a t i v e l y  
l i t t l e .  There i s  some i n d i c a t i o n  t h a t  w i l l  depend on the o r b i t a l  energy 
o f  t he  donor and o f  the acceptor, e.y. [21], and, i n  p a r t i c u l a r ,  t h a t  it 
may depend on whether or  not a reac tan t  i s  i n  an exc i ted e l e c t r o n i c  s ta te ,  
e.g., [22). There i s  some ind i ca t i on ,  ' f o r  example, from data given i n  Ll] 
(Table I V  there),  t h a t  B may indeed be less  f o r  photoexci ted systems. 
However, i n  the case o f  the present Table I11 only one reac t i on  invo lves  a 
photoexc i ted molecule, and the value fo r  i t s  d i s  so small t h a t  c a l c u l a t e d  
l i f e t i m e  would be hard ly  a f fec ted  by us iny a somewhat smal ler  value f o r  
8 .  Some discussion o f  the dependence o f  8 on the o r b i t a l  eneryies i s  
g iven i n  (65)-(68) o f  Cl]. 

tTh is  rough est imate o f  x was made [l] usiny the x f o r  the  cytochrome c 
self-exchange react ion,  the b a r r i e r l e s s  r e s u l t  f o r  the *(BChl), - BChl - 
BPh react ions ( w i t h  t h e i r  x then est imated from x = - A G O  f o r  those s teps)  
and an a d d i t i v i t y  r u l e  for  a ' s  [3]. 



A second aspect o f  8 f o r  which more experimental data i s  des i rab le 
Because o f  the de loca l i zed  concerns the r o l e  o f  the in tervening mater ia l .  

nature assumed f o r  an e lec t ron i c  o r b i t a l  i n  an aromat ic reactant  i n  our 
computation o f  the  d is tance d, it would be cons is ten t  not  t o  inc lude i n  
the  separat ion d is tance any length occupied by a conjuyated molecule, a t  
l eas t  as a f i r s t  approximation. 

I n  conclusion, we would l i k e  t o  note t h a t  the recent  major breakthrouyh 
and focal  p o i n t  o f  the  present conference - the  determinat ion o f  the 
c r y s t a l  s t r u c t u r e  o f  Rps. v i r i d i s  L16] - has provided an essent ia l  and 
prev ious ly  miss ing i ng red ien t  required f o r  t he  t h e o r e t i c a l  ca l cu la t i on  of 
the reac t ion  ra tes  i n  the bac ter ioch lo rophy l l  r eac t i on  center.  
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