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Nuclear reorganization barriers to electron transfer 
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Abs t r ac t  - The nuc lea r  b a r r i e r  t o  e l e c t r o n  t r a n s f e r  a r i s e s  from t h e  
need f o r  r e o r g a n i z a t i o n  of i n t r amolecu la r  and so lven t  i n t e r n u c l e a r  
d i s t a n c e s  p r i o r  t o  e l e c t r o n  t r a n s f e r .  For r e a c t i o n s  wi th  
r e l a t i v e l y  sma l l  d r i v i n g  f o r c e  ("normal" free-energy reg ion)  t h e  
nuc lea r  f a c t o r s  and r a t e s  i n c r e a s e  as i n t r i n s i c  i n n e r - s h e l l  and 
ou te r - she l l  b a r r i e r s  dec rease ;  t h i s  i s  i l l u s t r a t e d  by d a t a  f o r  
t r a n s i t i o n  me ta l  complexes i n  t h e i r  ground e l e c t r o n i c  s t a t e s .  By 
c o n t r a s t ,  i n  t h e  i n v e r t e d  free-energy r eg ion ,  rates and nuc lea r  
f a c t o r s  dec rease  wi th  dec reas ing  " i n t r i n s i c "  b a r r i e r s ;  t h i s  i s  
i l l u s t r a t e d  by d a t a  f o r  t h e  decay of cha rge - t r ans fe r  e x c i t e d  
s t a t e s .  Seve ra l  approaches t o  t h e  e v a l u a t i o n  of t h e  o u t e r - s h e l l  
b a r r i e r  a r e  explored  i n  a n  i n v e s t i g a t i o n  of t h e  d i s t a n c e  dependence 
of t h e  nuc lea r  f a c t o r  i n  in t r amolecu la r  e l e c t r o n - t r a n s f e r  
processes .  

One-e lec t ron- t ransfer  r e a c t i o n s  a r e  a t  t h e  h e a r t  of b i o l o g i c a l  energy t r a n s d u c t i o n  and many 
e l ec t rochemica l ,  photochemical,  and thermal  r e a c t i o n  sequences.  For e l e c t r o n  t r a n s f e r  
between a gaseous atom and i t s  i o n ,  t h e r e  i s  no energy  b a r r i e r  t o  the exchange. However, f o r  
t h e  cor responding  p rocess  i n  s o l u t i o n  o r  o t h e r  condensed media, a n  i n t r i n s i c  b a r r i e r  t o  t h e  
exchange develops  a s  a consequence of t h e  r a d i c a l  d i f f e r e n c e  between e l e c t r o n  mass ( v e l o c i t y )  
and t h a t  c h a r a c t e r i s t i c  of t h e  atoms i n  t h e  molecules  sur rounding  t h e  r e a c t i o n  p a r t n e r s  
( r e f .  1-7); e l e c t r o n  motion i s  many o r d e r s  of magnitude more r a p i d  than  nuc lea r  motion. 

For conc re t eness ,  cons ide r  t h e  t r a n s f e r  of a n  e l e c t r o n  between i r o n ( I 1 )  and i r o n ( I I 1 )  i n  
water  dep ic t ed  i n  Fig. 1. The s i x  water molecules  complexed t o  t h e  Fe ( I1 )  have longe r  Fe-0 
d i s t a n c e s  than  those  conplexed t o  t h e  Fe ( I I1 ) .  In a d d i t i o n ,  t h e  d i p o l e s  of t h e  " o u t e r s h e l l "  
water  molecules  s o l v a t i n g  t h e  F e ( H 2 0 ) ~ ~ '  and Fe(H 0 ) ~ ~ '  ions a r e  more s t r o n g l y  o r i e n t e d  i n  
t h e  v i c i n i t y  of t h e  more h i g h l y  charged Fe(H 0 3 p .  As i s  i l l u s t r a t e d  i n  Fig. 2 ,  t h e  sudden 
t r a n s f e r  of an e l e c t r o n  from t h e  F e ( H 2 0 ) ~ ~ '  :?the F e ( H 2 0 ) ~ ~ +  ( b o t h  r e a c t a n t s  i n  t h e i r  
equ i l ib r ium c o n f i g u r a t i o n s )  would y i e l d  product Fe(H2 0 ) ~ ~ '  and Fe(H20)62+ i n  non-equilibrium 
environments. Although such  a " v e r t i c a l "  t r ans fo rma t ion  can  be accomplished i n  a 
photo-induced e l e c t r o n  t r a n s f e r  (hv = A ) ,  thermal  e l e c t r o n - t r a n s f e r  r e a c t i o n s  proceed by a 
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Reactants Produc ts  
Fig. 1. I l l u s t r a t i o n  of t h e  change i n  t h e  e q u i l i b r i m  nuc lea r  c o n f i g u r a t i o n s  of 
t h e  inner -coord ina t ion  s h e l l s  of t h e  r e a c t a n t s  ( r e p r e s e n t e d  by t h e  d i f f e r e n c e  i n  
t h e  r a d i i  of t h e  ox id ized  and reduced forms of t h e  redox couple) and t h e  change i n  
t h e  average  o r i e n t a t i o n s  of t h e  s o l v e n t  d i p o l e s  t h a t  r e s u l t  from t h e  t r a n s f e r  of an  
e l e c t r o n  i n  a n  exchange r eac t ion .  
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Fig. 2. P l o t  of t h e  f r e e  energy  of t h e  r e a c t a n t s  (R, le f t -hand  parabola)  and 
p roduc t s  (P ,  r ight-hand parabola)  as a f u n c t i o n  of nuc lea r  c o n f i g u r a t i o n  ( r e a c t i o n  
coord ina te )  f o r  a n  electron-exchange r e a c t i o n .  The s p l i t t i n g  a t  t h e  i n t e r s e c t i o n  
of t h e  curves  i s  ~ H A B ,  where HAB i s  t h e  e l e c t r o n i c  coupl ing  ma t r ix  element.  
is t h e  v e r t i c a l  d i f f e r e n c e  between t h e  f r e e  e n e r g i e s  of t h e  r e a c t a n t s  and products  
a t  t h e  equ i l ib r ium nuc lea r  c o n f i g u r a t i o n  of t h e  r e a c t a n t s .  Thermal e l e c t r o n  
t r a n s f e r  occur s  a t  t h e  n u c l e a r  c o n f i g u r a t i o n  a p p r o p r i a t e  t o  t h e  i n t e r s e c t i o n  of t h e  
r e a c t a n t  and product curves .  

X 

lower energy  pa th  i n  which i n n e r - s h e l l  and o u t e r - s h e l l  n u c l e i  r e a r r a n g e  t o  an  i n t e r m e d i a t e  
c o n f i g u r a t i o n  i n  which t h e  energy of t h e  e l e c t r o n  is t h e  same a t  e i t h e r  redox s i t e .  "Sudden" 
e l e c t r o n  t r a n s f e r  can now occur  wi th  energy  conserva t ion .  The requirement f o r  nuc lea r  
r e o r g a n i z a t i o n  p r i o r  t o  thermal  e l e c t r o n  t r a n s f e r  g i v e s  r i s e  t o  AG* = '14, t h e  free-energy 
b a r r i e r  t o  t h e  e l e c t r o n  exchange. This  b a r r i e r  and i t s  dependence on r e a c t a n t  p r o p e r t i e s ,  
r e a c t a n t  s e p a r a t i o n ,  and t h e  n a t u r e  of t h e  sur rounding  medium form t h e  s u b j e c t  of t h i s  paper.  

Within a s e m i c l a s s i c a l  framework ( r e f .  4-7),  t h e  f i r s t - o r d e r  r a t e  cons t an t  k f o r  
i n t r amolecu la r  e l e c t r o n  t r a n s f e r  between e l e c t r o n  donor and accep to r  is t h e  product of an 
e l e c t r o n i c  t r ansmiss ion  c o e f f i c i e n t  K & ,  a nuc lea r  v i b r a t i o n  f requency  v ,  t h a t  t akes  t h e  
a c t i v a t e d  r e a c t a n t s  on t o  p roduc t s ,  and t h e  n u c l e a r  f a c t o r  K ~ :  

(For  b imolecular  r e a c t i o n s  t h e  same framework i s  a p p l i c a b l e  once t h e  b imolecular  r a t e  
cons t an t  $ ( I T 1  s-') has  been conver ted  t o  a f i r s t - o r d e r  r a t e  cons t an t  by i n c o r p o r a t i n g  t h e  
s t a b i l i t y  cons t an t  KA ( T I )  f o r  format ion  of t h e  p recu r so r  complex from t h e  s e p a r a t e d  
r e a c t a n t s  ( r e f .  5 1 ,  i.e. k ( s - ' )  = b / K  
eva lua ted  from KA = (4nNu26r/1000) expf~w(u) /RT] ,  where u is t h e  sum of t h e  van d e r  Waals 
r a d i i  of t h e  two r e a c t a n t s ,  6 r  is t h e  range of s e p a r a t i o n  d i s t a n c e s  over which t h e  ra te  is 
a p p r e c i a b l e  and w is t h e  work r equ i r ed  t o  b r i n g  t h e  two r e a c t a n t s  t oge the r . )  

The e l e c t r o r t r a n s f e r  r e a c t i o n  i s  a d i a b a t i c  ( K ~ E  IJ 1)  when t h e  p r o b a b i l i t y  of a c t i v a t e d  
r e a c t a n t s  go ing  on t o  products  i s  h igh  and nonad iaba t i c  ( ~ ~ 1  C 1) when t h e  p r o b a b i l i t y  is 
low. The r e a c t i o n  a d i a b a t i c i t y  is determined  by t h e  magnitude of t h e  reac tan t -product  
e l e c t r o n i c  coup l ing  HAB; t h e  s p l i t t i n g  of t h e  reac tan t -product  "curves" ( ~ H A B ,  s e e  
Fig. 2) de te rmines  K & .  For nonad iaba t i c  r e a c t i o n s  i t  is convenient  t o  cons ide r  t h e  
product of t h e  e l e c t r o n i c  f a c t o r  K &  and t h e  nuc lea r  v i b r a t i o n  f requency  v n  ( r e f .  4 , 5 ) :  

In t h e  a p p l i c a t i o n s  t r e a t e d  h e r e  KA is 

Provided t h a t  t h e  f ree-energy  s u r f a c e s  are harmonic wi th  i d e n t i c a l  "reduced" f o r c e  c o n s t a n t s  
( r e f .  4 , 5 ) ,  t h e  c l a s s i c a l  n u c l e a r  f a c t o r  K~ is g iven  ( r e f .  1,2,4-7) by eqs  3-5: 

K = exp(-AG*/RT) ( 3)  

AG* = ( A  + AGo)2/4A ( 4) 

' = ' i n  + 'out ( 5)  
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When t h e  f r e e e n e r g y  change f o r  t h e  r e a c t i o n  AGO i s  z e r o  ( a s  i n  a n  exchange r e a c t i o n ) ,  
AG* = X/4 where X i s  comprised of bo th  " f a s t "  i nne r - she l l  (Xin) and "slow" o u t e r - s h e l l  
(Aout) r e o r g a n i z a t i o n s  ( eq  5 ) .  
from bo th  meta l - l igand  and i n t r a l i g a n d  bond d i s t a n c e  and bond ang le  changes. Des igna t ing  t h e  
reduced and ox id ized  p a r t n e r s  of a redox couple  (e.g. Fe(H20)6'+ and F e ( H p o ) ~ ~ + )  a s  2 and 3, 
r e s p e c t i v e l y ,  t h e  i n n e r s h e l l  r e o r g a n i z a t i o n  energy f o r  t h e  couple  ( r e f .  4-7) is 

For t r a n s i t i o n  me ta l  complexes X i n  c o n t a i n s  c o n t r i b u t i o n s  

0 0  

w h g r e y i  i s  a reduced f o r c e  cons t an t  f o r  t h e  i th  inne r - she l l  v i b r a t i o n ,  (dp - d 3 ) i  = 
Adi i s  t h e  d i f f e r e n c e  in t h e  equ i l ib r ium bond d i s t a n c e s  i n  t h e  two o x i d a t i o n  states,  and 
t h e  sunmation is over  a l l  t h e  i n t r a m o l e c u l a r  v i b r a t i o n s  ( f o r  t h e  Fe(€$O)62+/3+ system, over  
t h e  12 meta l - l igand  bonds i f  on ly  t h e  b r e a t h i n g  motions of t h e  two o c t a h e d r a l  r e a c t a n t s  a r e  
cons idered) .  Here a d i e l e c t r i c  continuum model ( r e f .  1 ,8 ,9)  w i l l  be used t o  e v a l u a t e  
A o u t :  
d i e l e c t r i c  continuun w i t h  a p o l a r i z a t i o n  made up  of two p a r t s ,  a r e l a t i v e l y  r a p i d ,  e l e c t r o n i c  
and a s lower ,  vibrational-orientational p o l a r i z a t i o n .  For t h e  s p e c i a l  case of two s p h e r i c a l  
r e a c t a n t s  of r ad ius  % and aa sepa ra t ed  ( cen te r - t c -cen te r )  by t h e  d i s t a n c e  r ( r  > a2 + a 3 ) ,  
lou t  i s  g iven  by eq 7 ( r e f .  1 , 8 , 9 )  where Doe and D, a r e ,  r e s p e c t i v e l y ,  t h e  o p t i c a l  and 
s t a t i c  d i e l e c t r i c  c o n s t a n t s  of t h e  bulk so lven t .  Although eq 7 is only  v a l i d  when r > 
(a, + a 3 ) ,  i t  has  o f t e n  been used f o r  r 5 (a2 + a3) .  

The medium o u t s i d e  t h e  i n n e r c o o r d i n a t i o n  s h e l l s  of t h e  r e a c t a n t s  is t r e a t e d  a s  a 

- 

- -  

Fig. 3 shows s e c t i o n s  through t h e  p a r a b o l i c  b a s i n s  ob ta ined  by p l o t t i n g  t h e  f r e e  e n e r g i e s  of 
t h e  r e a c t a n t s  and products  as a f u n c t i o n  of t h e  nuc lea r  c o n f i g u r a t i o n  of t h e i r  inner -  and 
ou te r - coord ina t ion  s h e l l s .  The s t r a i g h t  l i n e  j o i n i n g  t h e  R and P minima i s  t h e  r e a c t i o n  
coord ina te ;  t h i s  l i n e  i s  t h e  a b s c i s s a  f o r  t h e  p l o t  i n  Fig.  2. The dashed l i n e  i s  t h e  pa th  of 
s t e e p e s t  descen t  from t h e  a c t i v a t e d  complex t o  t h e  R and P minima; t h i s  pathway is r e l e v a n t  
t o  t h e  d e s c r i p t i o n  of t h e  d e t a i l e d  dynamics of t h e  r eac t ion .  Ev iden t ly  t h e  r e o r g a n i z a t i o n  
f i r s t  occu r s  a long  t h e  s lower ,  s o l v e n t  mode wi th  t h e  c o n t r i b u t i o n  from t h e  f a s t e r ,  
i n n e r s h e l l  mode i n c r e a s i n g  a s  t h e  ac t iva t e+complex  c o n f i g u r a t i o n  i s  approached. 
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Fig.  3. Sec t ions  through t h e  p a r a b o l i c  b a s i n s  ob ta ined  by p l o t t i n g  t h e  f r e e  
e n e r g i e s  of t h e  r e a c t a n t s  R and products  P i n  an  exchange r e a c t i o n  (AGO = 0) as a 
f u n c t i o n  of t h e  nuc lea r  c o n f i g u r a t i o n s  i n  t h e i r  inner- and ou te r - she l l s .  A 
q u a d r a t i c  dependence of t h e  f r e e  energy  on t h e  nuc lea r  c o n f i g u r a t i o n  coord ina te s  is 
assumed. A c u t  a long  t h e  s t r a i g h t  l i n e  j o i n i n g  t h e  R and P minima y i e l d s  Fig.  2. 

FREE-ENERGY R E G I M E S  

In  Fig. 2 ,  a n  exchange r e a c t i o n  was cons idered .  When a d r i v i n g  f o r c e  o r  n e t  f ree-energy  
change i s  i n t roduced  (AGO < O ) ,  t h e  i n t e r s e c t i o n  of t h e  r e a c t a n t  and 
t h e  l e f t  ( r e f .  1-7). In t h e  s c - c a l l e d  "normal" f r e e e n e r g y  r eg ion  ( 
d e c r e a s e s  and t h e  n u c l e a r  f a c t o r  i n c r e a s e s  a s  t h e  d r i v i n g  f o r c e  f o r  
favorable .  When A G o / X  = 1 t h e  r e a c t i o n  i s  AG* = 0 and K~ = 1. However, 

i n v e r t e d  r eg ion ;  h e r e  AG* i n c r e a s e s  and i n c r e a s i n g  d r i v i n g  force .  The 
when t h e  d r i v i n g  l o r c e  1s i n c r e a s e d  even  

l a r g e r  A G o .  I O I =  

> l ) ,  t h e  system e n t e r s  t h e  

p r o f i l e  which emerges when t h e  d r i v i n g  f o r c e  i s  inc reased  a t  cons t an t  X is shown i n  Fig. 4 ;  
t h e  r a t e  and n u c l e a r  f a c t o r s  are maximal when A G  X and f a l l  symmetr ica l ly  a t  smaller and 
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It i s  i n s t r u c t i v e  t o  cons ide r  t h e  s i t u a t i o n  i n  which A G O  i s  he ld  cons t an t  and A i s  v a r i e d  
( f o r  example, by changing t h e  s o l v e n t  o r  t h e  donor-acceptor s e p a r a t i o n ) .  
maximal, K~ = 1, when A = A G O  . When A > j A G ’ i ,  i n c r e a s i n g  X dec reases  K~ and t h e  r a t e .  

normal and i n v e r t e d  f r e e e n e r g y  r eg ions  ( r e f .  1,13-15). Consequently,  whi le  diminished 
r e a c t a n t  s e p a r a t i o n  o r  s o l v e n t  p o l a r i t y  promote r a p i d  e l e c t r o n  t r a n s f e r  i n  t h e  normal 
f r e e e n e r g y  r eg ion ,  t h e  oppos i t e  i s  t r u e  i n  t h e  i n v e r t e d  reg ion .  
Fig. 5. 

Again t h e  ra te  i s  

By c o n t r a s t ,  when 
f a c t o r  responds op e l y  t o  changes i n  t h e  i n t r i n s i c  b a r r i e r s  A i n  and A o u t  i n  t h e  

> ‘ A ,  I n c r e a s i n g  X n c r  a s e s  K~ and t h e  rate. Thus t h e  nuc lea r  

‘Ihis i s  i l l u s t r a t e d  i n  
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Fig. 5. I l l u s t r a t i o n  of t h e  o p p o s i t e  e f f e c t s  of A changes on t h e  magnitude of t h e  
nuc lea r  f a c t o r  i n  t h e  normal and i n v e r t e d  f ree-energy  r eg ions .  The A changes can 
a r i s e ,  f o r  example, from changes i n  “ s o l v e n t  p o l a r i t y ”  o r  donor-acceptor s e p a r a t i o n  
( r e f .  13-15). 

Equat ions  3-5 a r e  classical  expres s ions ;  they  a r e  v a l i d  i n  t h e  high-temperature l i m i t ,  i .e . ,  
when hv << 2kT f o r  a l l  of t h e  modes t h a t  undergo r eo rgan iza t ion .  Nuclear t unne l ing  e f f e c t s  
a r e  impor tan t  when hv > ZkT, t h a t  i s ,  a t  low tempera ture  o r  when a high-frequency mode i s  
involved. Nuclear t unne l ing  c o r r e c t i o n s  a r e  not  important f o r  t y p i c a l  exchange r e a c t i o n s  a t  
room tempera ture ,  and a r e ,  i n  gene ra l ,  small i n  t h e  normal reg ion .  However, such e f f e c t s  can 
be v e r y  l a r g e  i n  t h e  i n v e r t e d  r e g i o n ,  p a r t i c u l a r l y  when high-frequency modes a r e  involved  
( r e f .  3,5-7,lO-12), and r e s u l t  i n  t h e  logar i thm of t h e  r a t e  cons t an t  depending on t h e  f i r s t  
power of t h e  d r i v i n g  f o r c e  (energy-gap law of r a d i a t i o n l e s s - t r a n s i t i o n  theo ry )  r a t h e r  t han  on 
t h e  second power p r e d i c t e d  by t h e  c l a s s i c a l  theory .  
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The o r g a n i z a t i o n  of t h e  remainder of t h e  a r t i c l e  i s  as fo l lows .  F i r s t  w e  cons ider  
b imolecular  exchange r e a c t i o n s  (AGO = 0).  
i n  br idged  systems and m e t a l l o p r o t e i n s  (normal r eg ion ) .  F i n a l l y  we cons ide r  t h e  s p e c t r a  and 
l i f e t i m e s  of  metal-to-ligand cha rge - t r ans fe r  e x c i t e d  s t a t e s  ( i n v e r t e d  r eg ion ) .  The emphasis 
throughout i s  on  t h e  dependence o f  X o u t  on t h e  s i z e  and shape  of t h e  system and on t h e  
d i s t a n c e  s e p a r a t i n g  t h e  redox s i t e s .  

Next we d i s c u s s  in t r amolecu la r  e l e c t r o n  t r a n s f e r  

EVALUATING CONTRIBUTIONS TO THE NUCLEAR FACTOR 
Inner-shell barriers 
When bo th  s t r u c t u r a l  (X-ray, EXAFS) and v i b r a t i o n a l  ( I R ,  Raman) d a t a  are a v a i l a b l e  f o r  bo th  
p a r t n e r s  i n  a redox couple ,  X i n  c an  be  c a l c u l a t e d  from eq 6. 
t r a n s i t i o n  metal coup les  ( r e f .  16) range from ca. 0 ( R u ( N H ~ ) ~ ~ + / ~ + )  t o  > 2.5 e V  
( C o ( N %  )62+/3+).  The s t r u c t u r e s  of such  complexes a r e  ex t remely  s e n s i t i v e  t o  popu la t ion  of 
t h e  metal an t ibond ing  o d  o r b i t a l s ,  t h e  d - o r b i t a l s  d i r e c t e d  toward t h e  coord ina ted  atoms. A 
dramat ic  i l l u s t r a t i o n  of t h i s  s t r u c t u r a l  s e n s i t i v i t y  and t h e  r o l e  i t  p lays  i n  de te rmining  
e l e c t r o r r t r a n s f e r  r a t e s  i s  provided by t h e  po lypyr id ine  couples  i n  Table  1. 

Values ob ta ined  f o r  

M(bpy)F  + M(bpy)iRfl )+ _j M(bpy)iRfl )+ + M ( b p y ) r  ( 8 )  

TABLE 1. V a r i a t i o n  o f  e l e c t r o n  self-exchange rate c o n s t a n t s  (eq  8) wi th  
e l e c t r o n i c  c o n f i g u r a t i o n  ( w a t e r ,  25 'C; bpy = 2 ,2 ' -b ipy r id ine ;  r e f .  17 ,18) .  

Couple d- populat  i on Ad', A k ,  K1 s-' 

Although Ad' v a r i e s  markedly,  c o r r e l a t i n g  wi th  t h e  t r a n s f e r  of an  "an t ibonding"  e l e c t r o n  i n  
t h e  exchange, t h e  r a d i i  of t h e  r e a c t a n t s  are e s s e n t i a l l y  cons t an t  (because  of t h e  r e l a t i v e l y  
l a r g e  bulk  of t h e  bpy o r  t e r p y  l i gand) .  
r e a c t a n t  c o n t a c t ,  r = % + aa = 2 a ,  A o u t  w i l l  be cons t an t  f o r  t h e  series. 
t h a t  K &  does no t  v a r y ,  changes i n  t h e  self-exchange r a t e  should  r e f l e c t  only v a r i a t i o n  i n  

X i n .  This hypo thes i s  i s  t e s t e d  i n  Fig.  6. Although some d e v i a t i o n s  from a s imple  

Thus, assuming t h e  e l e c t r o n  exchange occurs  a t  
Then, provided 

30 

I 

10 

0 1 2 

Aim eV 
Fig. 6. P l o t  of Rn(kex/KAVnTn), where r n  i s  a n u c l e a r  t unne l ing  
c o r r e c t i o n ,  vs  X i n  f o r  t h e  exchange r e a c t i o n s  i n  Table  1. The numbering 
cor responds  t o  t h a t  used  i n  t h e  t ab le .  Changes i n  bond a n g l e s  and i n  i n t r a l i g a n d  
bond d i s t a n c e s  have been neg lec t ed  in c a l c u l a t i n g  X i n  and t h e  e f f e c t i v e  mass of a 
p y r i d i n e  i n  t h e  po lypyr id ine  was t aken  a s  32. See a l s o  r e f .  17. 
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c o r r e l a t i o n  a r e  expec ted ,  because only changes i n  t h e  meta l - l igand  bond l e n g t h s  are 
cons idered  and because  K &  may v a r y ,  i t  i s  ev iden t  t h a t  t h e  e i g h t  o r d e r s  of magnitude range 
i n  r a t e  c o n s t a n t s  i n  Tab le  1 arises predominantly from v a r i a t i o n s  i n  A i n .  

Outer-shell barriers 

(1)  A two-sphere model i n  b imolecular  r e a c t i o n s .  As noted  ea r l i e r ,  t h e  two-sphere d i e l e c t r i c  
continuum model eq 7 h a s  been used  widely because  of t h e  s i m p l i c i t y  (and success )  of t h e  
express ion .  Self-exchange r e a c t i o n s  f o r  r u t h e n i u m ( I I ) / ( I I I )  couples  have very  low 
i n n e r s h e l l  b a r r i e r s ;  f o r  RU(N€$)~ '+ /~+  Ado = 0.04 A and f o r  R ~ ( b p y ) ~ ' + / ~ +  Ado = 0.00 4 .  
The hexaammine and t r i s ( b i p y r i d i n e )  complexes do, however, have ve ry  d i f f e r e n t  s i z e s  ( a  = 3.4 
and 6.8 A , r e s p e c t i v e l y ) .  
couples  might b e  achieved  by s e q u e n t i a l l y  r e p l a c i n g  N b  l i gands  wi th  p y r i d i n e  o r  b i p y r i d i n e  
l i g a n d s  ( r e f .  19) .  E lec t ron  exchange i s  assumed t o  occur  a t  van d e r  Waals c o n t a c t ,  r = 
p, + aa = 2a so t h a t  eq 7 reduces  t o  A o u t  = 1 / (2a )  when t h e  s o l v e n t  i s  he ld  cons tan t .  
Thus i n  t h e  R u ( N % ) ~  ... R ~ ( b p y ) ~  s e r i e s ,  2a ranges  from 6.8 t o  13.6 4 ;  t h e r e f o r e  A o u t  
should  va ry  by a f a c t o r  of 2 and K A K ~  should  va ry  over f o u r  o r d e r s  of magnitude. 
F i g u r e  7 i l l u s t r a t e s  how s u c c e s s f u l  t h i s  s imple  t r ea tmen t  can be. 

Furthermore,  e x c e l l e n t  agreement i s  found between t h e  observed and c a l c u l a t e d  rate cons t an t s :  

k(obsd) k(ca1c)  

This sugges t s  t h a t  a s y s t e m a t i c  v a r i a t i o n  i n  lout f o r  ruthenium 

RU(NH3)62+/3+ 3.2 l o 3  5 104 M - ~  ,-l 
Ru( bpy)g 2+/3+ 4.2 x lo8 1 lo9 M-I ,-l 

In t h i s  series,  t h e  lo5 v a r i a t i o n  i n  exchange rate a r i s e s  p r imar i ly  from changing K~ by 
manipula t ion  of t h e  r a d i i  of t h e  r e a c t a n t s .  A l i m i t a t i o n  of t h i s  approach i s  t h a t  t h e  
center - to-center  s e p a r a t i o n  and t h e  r e a c t a n t  r a d i i  cannot be v a r i e d  independent ly .  This 
l i m i t a t i o n  i s  overcome by t u r n i n g  t o  b i n u c l e a r  br idged  systems i n  which t h e  l e n g t h  of t h e  
b r idge  can  be v a r i e d .  

2 0  
h < 
Y 1 
Y 

C 
W 

& 

15 

I I I I 

0.1 0 0.1 5 
1 / (2a ) ,  A-' 

Fig. 7 .  
R~~(bpy) ;+ '~+  s e r i e s ;  l i n e  c a l c u l a t e d  from eq 7 .  
3 ,  (NHgh,(bpy); 4 ,  ( N H ~ ) z ( ~ P Y ) ~ ;  5 ,  (bpy)g. ( r e f .  19) 

P l o t  of Ln(keX/KA) as a f u n c t i o n  of 1 / (2a)  f o r  t h e  Ru(NH3);+I3+ * * *  

1, (NH3)6; 2 ,  (NH3)5py; 

(2)  In t r amolecu la r  e l e c t r o n  t r a n s f e r  i n  br idged  systems. App l i ca t ions  o f  an  e l l i p s o i d a l  
model. Binuclear  br idged  sys tems a f f o r d  a n  e x c e l l e n t  oppor tun i ty  t o  probe t h e  d i s t a n c e  
dependence of K.. 

t h e  m e t a l - t w m e t a l  charge  t r a n s f e r  (HMCT) t r a n s i t i o n  ( eq  9) can be  determined a s  a f u n c t i o n  
of metal-metal  s epa ra t ion .  
systems ( A G O  = 0) a r e  used, t h e  d i s t a n c e  dependence of E o p  should  r e f l e c t  t h a t  of A o u t .  

In Class I1 mixed-valence complexes ( r e f .  20,21) t h e  p o s i t i o n  (Eop) of 

Provided t h a t  h i n  does  no t  va ry  and t h a t  symmetrical  b r idged  
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Thermal in t r amolecu la r  e l e c t r o n - t r a n s f e r  rates can be determined i n  j u d i c i o u s l y  designed 
mixed-metal sys tems,  a n  approach used by I s i e d  and coworkers ( r e f .  22,23).  

1 I I I 

- - 
0 

+/F - 

- cI J I I I_ 
- 

(N€$ )50s11-iso(proline)n-Ru 111 (NH3)5 + k (NH3 )~0s111-iso(proline)n-Ru11(NH~)5 (10)  

For t h e  mixed-metal sys tems,  A G O  i s  n o t  g e n e r a l l y  ze ro  and K &  i s  expec ted  t o  change wi th  r 
o r  n. These may be  r e so lved  
through s t u d i e s  of t h e  tempera ture  dependences of t h e  r a t e s .  The f r e e  energy of a c t i v a t i o n  
f o r  t h e  e l e c t r o n  t r a n s f e r ,  d e r i v i n g  from t h e  need f o r  nuc lea r  r e o r g a n i z a t i o n ,  i s  g iven  by 
eq 4. The a c t i v a t i o n  energy  and en t ropy  a s s o c i a t e d  wi th  t h e  nuc lea r  r e o r g a n i z a t i o n  can be  
ob ta ined  from t h e  f r e e  energy by u s e  of t h e  Gibbs-Helmholtz equat ion .  If  X i s  assumed t o  be 
tempera ture  independent ,  t hen  AH* and AS* are g iven  by ( r e f .  24) :  

'Ihe ra te  c o n s t a n t s  t h u s  r e f l e c t  a compl ica ted  set  of f a c t o r s .  

* (X +  AH")^ - ( TA SO ) A H  = 
4X 4x 

* ASo(X + AGO) 
AS = 

2x 

For eq 10, A S o  = 0 s o  t h a t  A G O  = AH'; a l s o  AS* - 0 and AG* fl AH*. 
k = (kgT/h) exp(-AHf/RT)exp(AS*/R) and v n  fl kgT/h, eq 12 and 13  o b t a i n  
( r e f .  15 ,22) .  
dependence; ~ e p .  can s i m i l a r l y  be  ob ta ined  from AS' ( r e f .  7 , 2 4 ) .  

Then, w i th  

Thus A and i t s  d i s t a n c e  dependence can  be ob ta ined  from A H #  and i t s  d i s t a n c e  

-AH' /RT = Rn K~ - (1 + 2AH0)/4RT (12)  

A s f / R  - Rn ~~g (13)  

For t h e  b inuc lea r  molecules  i n  eq 9 and 10 a n  e l l i p s o i d a l  c a v i t y  model appears  a more 
a p p r o p r i a t e  t r ea tmen t  of t h e  molecular  shapes  than  does t h e  two-sphere model used above. In 
t h e  e l l i p s o i d a l  c a v i t y  model charge  Ae i s  t r a n s f e r r e d  a d i s t a n c e  r a long  t h e  major a x i s  of a n  
e l l i p s o i d a l  c a v i t y  of i n t e r n a l  d i e l e c t r i c  cons t an t  D i n .  
c a v i t y  and i s  q u i t e  s e n s i t i v e  t o  t h e  d i s t a n c e  of t h e  redox s i t e s  from t h e  s u r f a c e  of t h e  
c a v i t y :  X o u t  i s  r e l a t i v e l y  l a r g e  when t h e  c a v i t y  s u r f a c e  i s  h igh ly  curved and t h e  redox 
s i t e s  a r e  l o c a t e d  nea r  t h e  "ends" of t h e  major a x i s  ( r e f .  9 ) .  

In Fig. 8,  t h e  d i s t a n c e  dependence of X o u t  i s  shown. Genera l ly  good agreement between t h e  
c a l c u l a t e d  and expe r imen ta l  v a l u e s  i s  found. However, t h e  e l l i p s o i d a l  model used ( r e f .  9 )  
does t end  t o  ove res t ima te  A o u t  a t  small r and unde res t ima te  X o u t  a t  l a r g e  r. 
d e v i a t i o n s  are be l i eved  t o  a r i s e  from s p e c i f i c  donor-acceptor i n t e r a c t i o n s  between t h e  ammine 
pro tons  and t h e  s o l v e n t  and from t h e  f a c t  t h a t ,  a t  l a r g e  r ,  t h e  e l l i p s o i d a l  c a v i t y  e longa te s  
e x c e s s i v e l y ,  exc luding  t o o  much s o l v e n t  from t h e  v i c i n i t y  of t h e  redox s i t e s .  The l a t t e r  
e f f e c t  i s  i l l u s t r a t e d  i n  t h e  right-hand s i d e  of Fig. 8. In  any even t ,  i t  i s  ev iden t  t h a t  
X o u t  i n c r e a s e s  by more t h a n  a f a c t o r  of 2 over t h e  d i s t a n c e  range  cons idered  (6-18 A ) .  

Xout  depends on t h e  shape of t h e  

These 

Fig. 8. Le f t :  Dis tance  dependence of A o u t  ( r e f .  23).  'Ihe s u a r e s  a r e  obta ined  
from MMCT band maxima i n  water  f o r  mixed-valence [ R u ( N H ~ ) ~ ] ~ L ' +  (L = pyrimidine 
(6.0 A )  ... 4 ,4 ' -  b i p y r i d y l a c e t y l e n e  (14.0 A ) .  
f o r  O s ( I I ) - t c r R u ( I I I )  e l e c t r o n  t r a n s f e r  ( eq  10) .  X o u t  w a s  ob ta ined  from t h e  
exper imenta l  X v a l u e s  u s i n g  X i n  = 0.18 eV; t h e  curve  was c a l c u l a t e d  from t h e  
e l l i p s o i d a l  c a v i t y  model ( r e f .  9 ) .  Right:  At  l a r g e  s e p a r a t i o n s  t h e  e l l i p s o i d a l  
model runs  i n t o  d i f f i c u l t y  because t h e  c a v i t y  exc ludes  too  much so lven t  from t h e  
v i c i n i t y  of t h e  charged s i t e s  r e s u l t i n g  i n  t o o  low a v a l u e  of A o u t  ( r e f .  9 ) .  

'he c i r c l e s  are ob ta ined  from A$ 
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Dis tance  dependence of nuc lea r  and e l e c t r o n i c  f a c t o r s .  The in t r amolecu la r  e l e c t r o n - t r a n s f e r  
ra te  c o n s t a n t s  determined f o r  eq 10 are summarized i n  Table 2. 

TABLE 2. Rate c o n s t a n t s  f o r  i n t r amolecu la r  e l e c t r o n  t r a n s f e r  i n  
( N %  )50s1Liso(proline)n-Ru111(NH3)5 a t  25 O C  ( r e f .  23) .  

n rr 8, k, s-l 

0 9.0 - > lo9 

2 14.8 3.7 lo4 

1 12.2 3.1 x l o 6  

3 18.1 3.2 x lo2  

4 21.3 50 

The a t t e n u a t i o n  of e l e c t r o r t r a n s f e r  r a t e s  w i t h  s e p a r a t i o n  d i s t a n c e  has  o f t e n  been a sc r ibed  
t o  t h e  d iminu t ion  of t h e  e l e c t r o n i c  f a c t o r .  When t h e  e l e c t r o n i c  o v e r l a p  g iv ing  r i s e  t o  HAB 
i s  assuned t o  dec rease  exponen t i a l ly  wi th  d i s t a n c e ,  eq 2 may be approximated as eq 2a 
( r e f .  7 )  

K e L  v n  = 1013 exp[-B(r - roll s-l (2a )  

where t h e  r e a c t i o n  i s  a d i a b a t i c  a t  r = ro, and v n  = 1013 s-’. Then 

A $ / R  = in K& = -B(r - ro)  (13a) 

Indeed t h e  d a t a  i n  Table 2 do e x h i b i t  a n  exponen t i a l  dependence of rate on d i s t a n c e :  

k = ko exp(-ar) (14)  

However, as shown i n  Fig. 9 ,  t h i s  d i s t a n c e  dependence i s  by no means a consequence of t h e  
e l e c t r o n i c  f a c t o r  a lone :  a ,  t h e  s l o p e  of En k v s  r i s  1.59 A - l ;  from t h e  p l o t  of A $ / R  v s  
r ,  B = 0.68 A-’ and from t h e  p l o t  o f  AHf/RT v s  r t h e  s l o p e  i s  0.91 21-l ( r e f .  23) .  Thus t h e  
d i s t a n c e  dependence of t h e  nuc lea r  f a c t o r  f o r  t h e  systems i n  Table  2 i s  even g r e a t e r  t han  
t h a t  of t h e  e l e c t r o n i c  f a c t o r  and t h e  assumption t h a t  t h e  a t t e n u a t i o n  of r a t e  w i th  d i s t a n c e  
arises e n t i r e l y  through t h e  e l e c t r o n i c  f a c t o r  can  be  i n  s e r i o u s  e r r o r .  
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Fig. 9. Dis tance  dependence of t h e  r a t e  c o n s t a n t s  ( l e f t )  and a c t i v a t i o n  parameters  
( r i g h t )  f o r  i n t r amolecu la r  e l e c t r o n  t r a n s f e r  ( e q  10) wi th  n = 1 (12.2 A )  ... 
3 (18.1 A ) .  See Table 2 and r e f .  23. 
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( 3 )  A one-sphere model f o r  i n t r amolecu la r  e l e c t r o n  t r a n s f e r .  
X O u t  through t h e  i n v e s t i g a t i o n  of  MMCT band e n e r g i e s  and through t h e  de t e rmina t ion  of A $  

The exper imenta l  e v a l u a t i o n  of 

f o r - t h e r m a l  in t r amolecu la r  e l e c t r o n  t r a n s f e r  was o u t l i n e d  above. A t h i r d  approach -- t h e  
c h a r a c t e r i z a t i o n  of t h e  dependence of ra te  on A G O  f o r  systems wi th  f i x e d  X -- i s  cons idered  
next ;  t h i s  approach e x p l o i t s  t h e  f a c t  t h a t  t h e  e l e c t r o n - t r a n s f e r  r a t e  a t t a i n s  i t s  maximum 
v a l u e  when - A G O  = A. 
t he  product K ~ V ~  can a l s o  be  ob ta ined  from t h e  maximum r a t e .  

For t h i s  purpose ,  t h e  r a t e  i s  expressed  as eq 15 and i t  i s  ev iden t  t h a t  

Th i s  s t r a t e g y  has  been u t i l i z e d  ( r e f .  25) f o r  e l e c t r o n  t r a n s f e r  i n  " ru thena ted"  cytochrome c 
d e r i v a t i v e s .  
i ron .  
an  a t tachment  po in t  f o r  o t h e r  me ta l  c e n t e r s ,  e.g. R u ( N H ~ ) ~ * + ~ ~ +  ( r e f .  26) .  When t h e  i r o n  
i s  removed from t h e  cytochrome, z i n c  may be inco rpora t ed  i n t o  t h e  heme si te.  This 
s u b s t i t u t i o n  i n t r o d u c e s  a pho toac t ive  redox co re  because t h e  long- l ived ,  porphyr in-centered ,  
s i n g l e t  and t r i p l e t  e x c i t e d  s t a t e s  of t h e  Zn d e r i v a t i v e s  a r e  bo th  powerful ox id i z ing  and 
reducing  agen t s .  
back- reac t ion  r a t e  c o n s t a n t s ,  a s e r i e s  of i n t r amolecu la r  e l e c t r o n - t r a n s f e r  rate c o n s t a n t s  may 
be ob ta ined  a t  cons t an t  r (Aout) as a f u n c t i o n  of A G O .  

systems a r e  shown i n  Fig.  10. 

From Fig. 10 i t  i s  concluded t h a t  K ~ V  

i m p l i c a t e  w ,  = lo1' s-l and B = 0.9 A-P; t h e  l a t t e r  va lue  i s  somewhat l a r g e r  t han  found f o r  
t h e  polypeptide-bridged s p e c i e s  i n  Fig.  9. I n t e r e s t i n g l y ,  t h e  va lue  of A f o r  t h e  cytochrome 
s e r i e s ,  1.3 eV, i s  comparable t o  X o u t  f o r  t h e  polypeptide-bridged systems a t  a similar 
me ta l - t c rme ta l  s e p a r a t i o n  d e s p i t e  t h e  f a c t  t h a t  t h e  redox s i t e s  a r e  exposed t o  more so lven t  
i n  t h e  polypept ide  systems. 

To model A O u t  f o r  t h e  d e r i v a t i z e d  m e t a l l o p r o t e i n  systems a s ing le - sphe re  model ( r e f .  31) 
can  be  app l i ed .  
where t h e  c a l c u l a t e d  dependence of X o u t  on  t h e  l o c a t i o n  of t h e  Ru(NH3)5 moiety on t h e  
p r o t e i n  s u r f a c e  i s  a l s o  given. 
sugges t ing  a s i g n i f i c a n t  X in c o n t r i b u t i o n  f o r  t h e  me ta l lop ro te in .  

Cytochrome C i s  a l a rge - rad ius  m e t a l l o p r o t e i n  which normally con ta ins  a heme 
The N-3 of t h e  imidazole  group i n  h i s t i d i n e  33 (a 16 A from t h e  i ron )  may be used a s  

Thus, through f l a sh -pho to lys i s  s t u d i e s  of t h e  e x c i t e d - s t a t e  l i f e t i m e s  and 

To d a t e  t h e  A G O  range  encompassed 
i s  > 1 eV and t h e  r a t e  c o n s t a n t s  range  from 2.0 s-l t o  3.3 x 10 6 1  s- . The d a t a  f o r  t h e s e  

= 3.3 x lo6 s-'. Add i t iona l  s t u d i e s  ( r e f .  28-30) 

The model a p p r o p r i a t e  t o  t h e  cytochrome c systems i s  o u t l i n e d  i n  Fig.  11 

For r.(M-M) = 18 A ,  XOut  i s  c a l c u l a t e d  t o  be 0.7 eV, 
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Fig. 10. Dependence of t h e  r a t e  cons t an t  f o r  i n t r amolecu la r  e l e c t r o n  t r a n s f e r  on 
d r i v i n g  f o r c e  f o r  s u b s t i t u t e d  cytochrome c d e r i v a t i v e s  (wa te r ,  25 "C). The curve  
was c a l c u l a t e d  from eq  15 w i t h  K ~ V ~  = 3.3 x lo6 s-l and X = 1.3 eV. 
from r e f .  25,27. 

Fig. 11. Single-sphere model f o r  i n t r amolecu la r  e l e c t r o n  t r a n s f e r  w i t h i n  a 
d e r i v a t i z e d  me ta l lop ro te in .  For t h e  cytochrome c d e r i v a t i v e s  s t u d i e d  i n  Fig. 10 ,  
r(ESM) = 18 A ,  t h e  m e t a l l o p r o t e i n  r a d i u s  i s  16 A ( i n s e r t )  and X o u t  = 0.7 eV. The 
curve  shows the  dependence of X o u t  on r(M-M) ob ta ined  when t h e  ruthenium i s  moved 
a long  t h e  s u r f a c e  of a 13 A c o n c e n t r i c  sphe re  thereby  vary ing  r(M-M) from 5 t o  
2 2  A .  
r e s i d u e s  on t h e  p r o t e i n  s u r f a c e ,  a n  approach which has  been used w i t h  myoglobin 
d e r i v a t i v e s  ( r e f .  281.) 

Adapted 

( I n  p r a c t i c e ,  r(M-M) i s  v a r i e d  by a t t a c h i n g  t h e  Ru(NH3)5 moiety t o  d i f f e r e n t  
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Although i t  has  o f t e n  been assumed t h a t  X o u t  v a r i a t i o n s  can be neg lec t ed  f o r  m e t a l l o p r o t e i n  
systems of t h i s  type ,  i t  i s  ev iden t  t h a t  X o u t  i n c r e a s e s  d rama t i ca l ly  wi th  t h e  s e p a r a t i o n  of 
t h e  redox si tes.  n u s ,  a s  f o r  t h e  mixed-valence and po lypro l ine  sys tems,  t h e  d i s t a n c e  
dependence of K~ ( th rough  Xout) must be  t aken  i n t o  c o n s i d e r a t i o n  when i n t e r p r e t i n g  t h e  
d i s t a n c e  dependence of t h e  e l e c t r o r r t r a n s f e r  r a t e  i n  m e t a l l o p r o t e i n  systems. 

( 4 )  A one-sphere model f o r  cha rge - t r ans fe r  band e n e r g i e s  - Solvent  dependences.  
ev iden t  from eq 7 and 13 t h a t  t h e  s o l v e n t  dependence of e l e c t r o n - t r a n s f e r  rates o r  of MMCT 
band e n e r g i e s  a f f o r d s  ano the r  expe r imen ta l  probe of lout o r  K ~ .  

dependence of MMCT bands has  been r a t h e r  widely explored  f o r  mixed-valence b inuc lea r  
complexes ( r e f .  21) .  
knowledge of X out i s  v i t a l  t o  unders tanding  abso rp t ion /emiss ion  s p e c t r a  and e x c i t e d - s t a t e  
l i f e t i m e s .  

It i s  

Indeed t h e  s o l v e n t  

?he magnitude of X o u t  i s  a l s o  impor tan t  i n  mononuclear systems where 

The s o l v e n t  dependences of c h a r g e t r a n s f e r  band maxima r e f l e c t  t h e  s o l v e n t  dependences of 
bo th  A G O  and A. Since ,  w i t h i n  a d i e l e c t r i c  continuum model, A G O  i s  a f u n c t i o n  of t h e  so lven t  
s t a t i c  d i e l e c t r i c  cons t an t  D, wh i l e  lout i s  a f u n c t i o n  of D,, Do , and D i n  ( t h e  
i n t r a c a v i t y  d i e l e c t r i c  c o n s t a n t ) ,  t h e  s o l v e n t  s h i f t s  of t h e  bang maxima r e f l e c t  a 
complicated s e t  of f a c t o r s .  Consequently emiss ive  sys tems,  f o r  which both  t h e  sum and 
d i f f e r e n c e  (S tokes  s h i f t )  of a b s o r p t i o n  (Eabs) and emiss ion  (Eem) band maxima can be 
determined, provide  t h e  s imples t  exper imenta l  p robes  of X o u t .  For Gaussian-shaped 
a b s o r p t i o n  and emiss ion  bands (and n e g l e c t i n g  ze ro -po in t  ene rg ie s )  eq 16a and 17a apply  
(F ig .  1 2 ) .  

\ \ ;i 
A G O  

Eabs = A G O +  

E,, = A G O -  X 
Fig. 12. A c l a s s i c a l  d e s c r i p t i o n  of meta l - to- l igand  cha rge - t r ans fe r  (MLCT) 
a b s o r p t i o n  and emission. The s p h e r i c a l ,  non-polar ground-s ta te  molecule undergoes 
MLCT t o  g i v e  a d i p o l a r  e x c i t e d  state.  
ground-s ta te  "minimum" and ,  emiss ion ,  from t h e  e x c i t e d - s t a t e  "minimum". A G O  i s  t h e  
f r e e  energy of t h e  e x c i t e d  s t a t e  minus t h a t  of t h e  ground s t a t e .  The ground- and 
e x c i t e d - s t a t e  energy s u r f a c e s  are assumed t o  have t h e  same f o r c e  c o n s t a n t s  
(A va lues ) .  

Absorption occurs  v e r t i c a l l y  from t h e  

When, as i s  commonly found i n  i n o r g a n i c  sys tems,  abso rp t ion  invo lves  a s i n g l e t - s i n g l e t  
t r a n s i t i o n  bu t  emiss ion  i n v o l v e s  a change i n  s p i n - m u l t i p l i c i t y  ( " t r i p l e t " - s i n g l e t )  , 
c o r r e c t i o n  f o r  t h e  s i n g l e t - t r i p l e t  s p l i t t i n g  A(S-T) needs t o  be made and i s  g iven  by eq 16b, 
17b when A i s  t h e  same f o r  t h e  s i n g l e t  and t r i p l e t  e x c i t e d  s t a t e s .  Here A G O  i s  t h e  energy of 
t h e  e m i t t i n g  t r i p l e t  s t a t e  w i th  r e s p e c t  t o  t h e  ground ( s i n g l e t )  s ta te .  
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Equations 16a-17b a r e  c l a s s i c a l  express ions .  However, when high-frequency modes (huin)  are 
p resen t  t h e  c o r r e c t i o n s  f o r  z e r c r p o i n t  e n e r g i e s  can  be apprec i ab le ,  even f o r  Gaussian-shaped 
bands (Xin /hu in  > 5) .  When X i n / h u i n (  1 t h e  most i n t e n s e  v i b r o n i c  component of t h e  
a b s o r p t i o n  o r  emiss ion  band i s  t h e  zero-zero t r a n s i t i o n .  The e n e r g i e s  of t h e s e  t r a n s i t i o n s  
a r e  r e l a t e d  by eq 16c and 17c f o r  t h e  case  of a c l a s s i c a l  and a high-frequency mode. 

Eabs(O,O) + Eem(O,O) 2AG' + A(S-T) ( 1 6 ~ )  

We now t u r n  t o  a s p e c i f i c  example, Ru(bpy)32+ ( r e f .  32) .  
emiss ion  bands a r e  s t r u c t u r e d  a s  a consequence of t h e  high-frequency i n t r a l i g a n d  modes 
( b i n  1350 cm-', Xin/hu 1) ( r e f .  33 ) .  'It~us eq 16c and 17c a r e  used. In orde r  
t o  model L o u t ,  R~(bpy)3 '+~f l s  t r e a t e d  a s  a sphere .  For such  a symmetric s p e c i e s ,  t h e  ground 
s t a t e  of t h e  molecule h a s  no d ipo le .  
a b s o r p t i o n  g i v e s  r i s e  t o  a p o l a r  e x c i t e d  s t a t e  when t h e  promoted e l e c t r o n  i s  l o c a l i z e d  on a 
s i n g l e  bpy l i g a n d  ( [RulI1(bpy), (bpy-) 1") : 

For Ru(bpy)32+, abso rp t ion  and 

However, me ta l - t c r l i gand  charge- t ransfer  (MLCT) 

I n  Fig. 13  t h e  exper imenta l  and c a l c u l a t e d  parameters  sugges ted  by eq 16 and 17 a r e  shown. 
In  c o n s t r u c t i n g  t h e  p l o t s ,  A(S-T) = 0.58 eV was used. With t h e  excep t ion  of t h e  bout 
c a l c u l a t i o n ,  on ly  t h e  s l o p e s  ( s o l v e n t  s h i f t s )  and no t  t h e  i n t e r c e p t s  of t h e  p l o t s  a r e  
s i g n i f i c a n t  because  t h e  v a l u e  of A(S-T) i s  u n c e r t a i n  and t h e  v a l u e  of A G O  i n  vacuum ( r e q u i r e d  
f o r  t h e  c a l c u l a t i o n  of A G O  i n  t h e  v a r i o u s  so lven t s )  i s  no t  known. 

The s o l v e n t  dependence of t h e  Ru(bpy)3'+ s p e c t r a  i s  q u i t e  smal l ;  t h i s  i s  expec ted  because t h e  
cha rge - t r ans fe r  d i s t a n c e  (3.4 A )  i s  r e l a t i v e l y  smal l  and t h e  "cav i ty"  r a d i u s  (6.8 A )  i s  
r e l a t i v e l y  l a rge .  Desp i t e  t h e  sma l l  s o l v e n t - s h i f t  range ,  good agreement between observed and 
c a l c u l a t e d  s h i f t s  i s  found: 
Z G o  v a l u e s  t r a c k  t h e  r e c i p r o c a l  o f  t h e  bulk d i e l e c t r i c  cons t an t ;  t h e  S tokes  s h i f t s  and 
c a l c u l a t e d  X o u t  v a l u e s  have similar s o l v e n t  dependences. Note t h a t ,  whi le  Xout i s  not a 
s imple  f u n c t i o n  of l / D o p  - l / D s  i n  a g e n e r a l  one-sphere model ( r e f .  3 1 ) ,  t h e r e  i s  a t r end  
toward i n c r e a s i n g  X o u t  a t  i nc reased  l / D o p  - l / D s  ( i n c r e a s e d  s o l v e n t  p o l a r i t y )  i n  
Fig. 13  ( r i g h t ) .  

'Ihe exper imenta l  v a l u e s  of (Eabs + Eem) and " c a l c u l a t e d "  

For R ~ ( b p y ) ~ ' + ,  i t  i s  concluded t h a t  X O u t  .. 0.095 eV i n  wa te r ,  w i th  
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Fig. 13. Comparison o f  exper imenta l  ( r e f .  33,34) and c a l c u l a t e d  ( s p h e r i c a l  c a v i t y ,  
r e f .  31) s o l v e n t  s h i f t s  f o r  R ~ ( b p y ) ~ ' + .  L e f t :  squa res ,  exper imenta l  v a l u e s  of 2AG0 
ob ta ined  from eq  16c, and l i n e ,  c a l c u l a t e d  v a l u e s  of 2AG0, p l o t t e d  vs  l / D s .  
R ight :  squa res ,  exper imenta l  v a l u e s  of lout ob ta ined  from eq 17c, and c i r c l e s ,  
c a l c u l a t e d  v a l u e s  of A o u t ,  p l o t t e d  vs  ( l /Dop  - l /Ds).  



1828 N. SUTIN eta /  

X O u t  be ing  even sma l l e r  i n  most o t h e r  s o l v e n t s  (0.072 e V  i n  methylene ch lo r ide )  -- i n  
r easonab le  agreement w i t h  o t h e r  work ( r e f .  33-37). 

The nuc lea r  f a c t o r  and e x c i t e d - s t a t e  l i f e t i m e s .  
s t a t e  by in t r amolecu la r  (bpy- t o  Ru( I I1 ) )  e l e c t r o n  t r a n s f e r  l i e s  i n  t h e  i n v e r t e d  reg ion .  

Ihe decay of t h e  Ru(bpy)3'+ MLCT e x c i t e d  

The re fo ie  t h e  R ~ ( b p y ) ~ ' +  e x c i t e + s t a t e  l i f e t i m e  i n  f l u i d  s o l u t i o n  should dec rease  wi th  
i n c r e a s i n g  A O u t  and dec reas ing  A G O  ( s e e  Fig.  5 ) .  Cons i s t en t  w i th  t h i s  expec ta t ion ,  t h e  
e x c i t e + s t a t e  l i f e t i m e  i s  s h o r t e r  i n  p o l a r  t han  i n  nonpolar  media when in t r amolecu la r  
e l e c t r o n  t r a n s f e r  i s  t h e  on ly  decay r o u t e  ( r e f .  33).  

When high-frequency inne r - she l l  modes, which g i v e  r ise  t o  s t r u c t u r e d  s p e c t r a ,  are a c t i v e  t h e  
c l a s s i c a l  r a t e  expres s ion  eq 2-5 i s  inadequate .  In s t ead ,  expres s ions  de r ived  from 
r a d i a t i o n l e s s - t r a n s i t i o n  theo ry  are a p p r o p r i a t e  and have found wide a p p l i c a t i o n  f o r  MLCT 
s ta tes  of a l a r g e  number of bpy and ?hen based complexes ( r e f .  32-37). 
high-frequency mode ( h v i n  - 1350 cm- 
(hwout << 2kT),  t h e  nuc lea r  f a c t o r  f o r  (nonad iaba t i c )  e l e c t r o n  t r a n s f e r  i n  t h e  i n v e r t e d  
r eg ion  i s  expressed  a s  eq 18 ( r e f .  12) .  (Note eq 18, t h e  two-mode expres s ion  f o r  t h e  r a t e ,  
cor responds  t o  eq 16c and 17c f o r  t h e  MLCT spectrum.) 

For t h e  case  of a 
> 2kT) and a low-frequency c l a s s i c a l  mode 

Y = P,n[(AG" - Xout)/Xin] - 1 

I n  t h i s  l i m i t ,  c l a s s i c a l  b a r r i e r  c r o s s i n g ,  even f o r  t h e  r e l a t i v e l y  slow so lven t  d i p o l e  
r e o r i e n t a t i o n  ( h v o u t ) ,  ceases  t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  rate;  i n s t e a d  t h e  
low-frequency modes s e r v e  t o  reduce  t h e  d r i v i n g  f o r c e  f o r  e l e c t r o n  t r a n s f e r  from abGI to f i gh  ""1 frequency t r a n s i t i o n  i s  from t h e  v = 0 l e v e l  of t h e  i n i t i a l  s t a t e  t o  t h e  v' = 

- X O u t  w i th  t h e  high-frequency mode s e r v i n g  t o  accep t  t h i s  energy. Thus t h  do i n a n t  

()AGO( - Xout) /hvin  l e v e l  of t h e  f i n a l  s t a t e .  

The behavior  of t h e  nuc lea r  f a c t o r  i n  t h i s  regime w i l l  be i l l u s t r a t e d  by t h e  series of 
ru thenium(I1)  complexes d i scussed  e a r l i e r  (F ig .  7 ) .  Although t h e  R u ( I I ) / ( I I I )  redox 
p o t e n t i a l s  va ry  over  almost 1 V ,  t h e  complexes have similar MLCT abso rp t ion  maxima 
(Table  3 ) .  
complexes can be s t u d i e d  by t r a n s i e n t  a b s o r p t i o n  spec t roscopy.  The e x c i t e d - s t a t e  l i f e t i m e s  
i n  t h i s  series range  from a microsecond t o  200 p icoseconds ,  a range  of n e a r l y  10,000 i n  
nonrad ia t ive  decay r a t e .  

Only Ru(phen)s2+ i s  s i g n i f i c a n t l y  emiss ive ,  bu t  t h e  MLCT s ta tes  of a l l  o f  t h e  

TABLE 3. Ground-state MLCT a b s o r p t i o n  maxima 
and MLCT e x c i t e + s t a t e  l i f e t i m e s  i n  water (25 "C). 

a r e f .  33. b re f .  36. Cre f .  38. d r e f .  39. 

Empi r i ca l ly ,  t h e  e x c i t e d - s t a t e  l i f e t i m e s  o r  n o n r a d i a t i v e  r a t e  c o n s t a n t s  c o r r e l a t e  w i th  t h e  
b imolecular  e l ec t ro r r exchange  r a t e s  i n  Fig.  7 ,  w i t h  t h e  molecular  volumes of t h e  complexes, 
and wi th  t h e  meta l -centered  redox p o t e n t i a l s .  The c o r r e l a t i o n  of l i f e t i m e  wi th  volume 
sugges t s  t h a t  t h e  r a t e  v a r i a t i o n s  may be  r e l a t e d  t o  v a r i a t i o n s  of A O u t  w i t h  t h e  " s i z e "  of 
t h e  complex wh i l e  t h e  c o r r e l a t i o n  w i t h  redox p o t e n t i a l  sugges t s  a sys t ema t i c  v a r i a t i o n  i n  

A G O .  To exp lo re  t h e  o r i g i n  of t h e s e  p a t t e r n s  we t u r n  t o  eq 18. Because emission d a t a  a r e  
no t  a v a i l a b l e  f o r  t h e  tetra- and pentaammine complexes, we u se  t h e  a b s o r p t i o n  d a t a  a lone :  
Eabs = A G O  - A o u t  - A(S-T) ( i . e . ,  Xin /hvin  5 1 i s  assumed f o r  a l l  of t h e  complexes). 
I n  a d d i t i o n  we u s e  a s i m p l i f i e d  t r ea tmen t  sugges ted  by eq 18: For a homologous series of 
complexes ( r e f .  33) such  a s  those  i n  Table  3 ,  K ~ V ~  and t h e  f i r s t  and l a s t  terms i n  
P,n(Kn) eq  18 a r e  expec ted  t o  va ry  less t h a n  t h e  c e n t r a l ,  " e f f e c t i v e  energy gap",  term. 
Thus eq  19 i s  suggested.  

Eabs and P,n(k,obsd) a r e  ob ta ined  from Table  3 ;  A(S-T) i s  t aken  as a cons t an t  (0.58 eV); 
changes i n  A i n ,  hvin, and y a r e  neg lec t ed ,  and XOut i s  ob ta ined  from model 
c a l c u l a t i o n s .  [For Ru( phen) , ( ed2+ ,  Ru(phen),(NH3),'+, and Ru(phen)(NH3)42+, A o u t  i s  
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c a l c u l a t e d  from t h e  averaged s p h e r i c a l  r a d i u s  (6.00, 5.80, 4.62 A )  approximation ( r e f .  1 9 ) ,  
wi th  t h e  p o s i t i o n s  and l e n g t h s  of t h e  e x c i t e d - s t a t e  d i p o l e s  being in t e rmed ia t e  between t h e  
v a l u e s  f o r  Ru(phen)32+ and Ru(NH3)5pz2+. 
band-width c o n s i d e r a t i o n s  ( r e f .  39).1 In Fig. 14,  t h e  measured n o n r a d i a t i v e  decay r a t e s  are 

For Ru(NH3)5pz2+, X o u t  was e s t ima ted  from 

p l o t t e d  a g a i n s t  t h e  c a l c u l a t e d  energy  gaps.  

Fig.  14. Fig. 15. 
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Fig. 14. 
MLCT s ta tes  of t h e  Ru(I1) complexes i n  Table  3 v s  [Eabs - 2XOut - A(S-T)], t h e  
e f f e c t i v e  energy gap f o r  Ru(II1)-L- t o  Ru(I1)-L e l e c t r o n  t r a n s f e r .  
s l o p e  of 7.49 (eV)- and i n t e r c e p t  28 ( v a l u e s  imp l i ca t ed  f o r  Ru(bpy)2-der iva t ives  
i n  r e f .  33) and i s  inc luded  as a q u a l i t a t i v e  comparison. 

Fig. 15. Ground- and e x c i t e d - s t a t e  mani fo lds  f o r  s i n g l e t  MLCT s t a t e s  showing t h e  
e f f e c t  o f  i n c r e a s i n g  X o u t  a t  cons t an t  Eabs. 
d i s p l a c e d  below t h e  cor responding  s i n g l e t  s ta tes  by a cons t an t  amount. 

P l o t  of t h e  observed ra te  c o n s t a n t s  f o r  t h e  n o n r a d i a t i v e  decay of t h e  

The l i n e  has  a 

The t r i p l e t  e x c i t e d  s t a t e s  are 

From Fig.  14 i t  i s  ev iden t  t h a t  t h e  Ru(I1) MLCT s t a t e  l i f e t i m e s  c o r r e l a t e  q u a l i t a t i v e l y  wi th  
t h e  e s t ima ted  e f f e c t i v e  energy-gap va lues .  Tne l i n e  i s  c a l c u l a t e d  from parameters  ( r e f .  33) 
ob ta ined  from p l o t s  of Iln(k,obsd) v s  Eem f o r  R ~ ( b p y ) 2 L 2 ~ +  d e r i v a t i v e s  i n  dichloromethane a t  
200 K ;  because of t h e  ve ry  d i f f e r e n t  exper imenta l  c o n d i t i o n s  and d a t a  t r ea tmen t  i t  provides  
on ly  a v e r y  q u a l i t a t i v e  b a s i s  f o r  comparison. 
R ~ ( p h e n ) ~  d a t a  p o i n t s  f a l l  q u i t e  c l o s e  t o  t h e  l i n e  wh i l e  t h e  R u ( N H ~ ) ~  and R u ( N H ~ ) ~  r a t e s  are 
only  about 30 times " too  l a rge" .  The agreement i s  e s p e c i a l l y  s t r i k i n g  s i n c e  we have used 
only  abso rp t ion  d a t a  here.  
g r e a t e r  i n  Fig. 14 than  i n  r e f .  33. 

While t h e  a p p l i c a t i o n  of t h e  f u l l  eq 18 ( o r  more complex t r e a t m e n t s ,  i n c l u d i n g  
i n t e r m e d i a t e f r e q u e n c y  modes and l i g a n d - f i e l d  s t a t e s )  would be d e s i r a b l e  ( b u t  i m p r a c t i c a l  
without d e t a i l e d  emission d a t a  sets f o r  a l l  of t h e  complexes) t h e  t r e n d  i n  Fig.  14 provides  a 
s e m i q u a n t i t a t i v e  exp lana t ion  f o r  t h e  l i f e t i m e - s i z e  c o r r e l a t i o n :  
maxima (Eabs va lues )  f o r  t h e  complexes a r e  s i m i l a r ,  X o u t  i n c r e a s e s  and A G O  dec reases  wi th  
i n c r e a s i n g  number of N% groups; t h u s  A G O  - X o u t  d rops  a long  t h e  series and t h e  
in t r amolecu la r  e l e c t r o r r t r a n s f e r  rates inc rease .  
r e f l e c t s  opposing changes i n  A G O  and X o u t  (F ig .  15) .  
e x c i t e d - s t a t e  l i f e t i m e  (and  p h o t o r e a c t i v i t y )  : 
e x c i t e d - s t a t e  l i f e t i m e  makes p o s s i b l e  a r i c h  b imolecular  e x c i t e d - s t a t e  photochemistry;  a t  t h e  
o t h e r ,  t h e  ve ry  sho r t - l i ved  Ru(NH3 )5 pz2+, t h e  only b imolecular  photochemistry d e t e c t e d  
invo lves  r e a c t i o n s  wi th  t h e  s o l v e n t .  

S u r p r i s i n g l y ,  however, t h e  Ru(phen)3 and 

&reove r  t h e  r a t e  and energy-gap range  encompassed i s  much 

Although t h e  abso rp t ion  

Here t h e  approximate constancy of Eabs 
Thus Eabs a l o n e  does not  de te rmine  

At  t h e  one extreme, Ru(phen)3'+, t h e  long  

CONCLUDING REMARKS 

The sources  and consequences of v a r i a t i o n s  i n  t h e  nuc lea r  f a c t o r  i n  e l e c t r o n - t r a n s f e r  
r e a c t i o n s  have been examined. I n  t r a n s i t i o n  metal sys tems,  v a r i a t i o n s  of t h e  i n n e r - s h e l l  
b a r r i e r  w i t h  o d  o r b i t a l  popu la t ion  g i v e s  r i se  t o  > 108-fold v a r i a t i o n  i n  self-exchange r a t e  
cons t an t s .  In  systems wi th  n e g l i g i b l e  inner -she l l  b a r r i e r s ,  s i z e  v a r i a t i o n s  a lone  can g i v e  
r ise  t o  a 1 6 - f o l d  v a r i a t i o n  i n  b imolecular  exchange r a t e .  
e l e c t r o n - t r a n s f e r  r a t e  on t h e  s e p a r a t i o n  o f  t h e  redox s i tes  a r i s e s  from t h e  dependence of 
b o t h  e l e c t r o n i c  and n u c l e a r  f a c t o r s  on d i s t ance .  The dependence o f  t h e  nuc lea r  f a c t o r  
( th rough  Aout) on d i s t a n c e  may b e  expe r imen ta l ly  eva lua ted  i n  b i n u c l e a r  s p e c i e s  i n  which 

Tne dependence of 
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t h e  redox s i t e s  a r e  bound a t  known d i s t a n c e :  MMCT band e n e r g i e s  i n  s e l e c t e d  sys tems g i v e  
X o u t  d i r e c t l y ,  as c a n  t h e  d r i v i n g f o r c e  c o r r e c t e d  t e m p e r a t u r e  dependence of  t h e  t h e r m a l  
r a t e  c o n s t a n t ,  o r  t h e  f r e e e n e r g y  dependence of t h e  r a t e  a t  f i x e d  d i s t a n c e .  It i s  concluded  
t h a t  i n t r a m o l e c u l a r  e l e c t r o n - t r a n s f e r  rates may v a r y  a thousand-fold o v e r  t h e  d i s t a n c e  r a n g e  
9-20 A as  a consequence of  changes  i n  t h e  n u c l e a r  f a c t o r  (Aout) a l o n e ,  t h u s  pos ing  a 
s e r i o u s  c o m p l i c a t i o n  i n  t h e  i n v e s t i g a t i o n  of  t h e  a t t e n u a t i o n  of  t h e  e l e c t r o n i c  f a c t o r  w i t h  
d i s t a n c e .  
t h e  i n v e r t e d  f r e e e n e r g y  reg ion .  
i n c r e a s i n g  s o l v e n t  p o l a r i t y  o r  d i m i n i s h i n g  m o l e c u l a r  s i z e .  The r e s u l t s  c o n s i d e r e d  h e r e  
u n d e r s c o r e  t h e  impor tance  of  a c c u r a t e  e x p e r i m e n t a l  o r  c o m p u t a t i o n a l  e v a l u a t i o n  of X o u t .  

The decays  of  many MLCT e x c i t e d  s ta tes  v i a  i n t r a m o l e c u l a r  e l e c t r o n  t r a n s f e r  l i e  i n  
'll-~us t h e i r  decay  rates i n c r e a s e  when lout i s  i n c r e a s e d  by 
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