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Electron transfer reactions in coordination metal 
complexes. Structure-reactivity relationships 

S e b a s t i t i o  J. Formosinho 

Depar tamento de Qui'mica, U n i v e r s i d a d e  de Coimbra, 3049 Coimbra, P o r t u g a l  

A b s t r a c t  - The c u r r e n t  app roach  o f  Marcus t h e o r y  t o  i n t e r p r e t  e l e c t r o n  
t r a n s f e r  i s  q u e s t i o n e d .  A n o t h e r  app roach  based on an  e x p a n s i o n  o f  
c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e s  i s  p r e s e n t e d ,  and t h e  r a t e s  
a r e  e s t i m a t e d  i n  te rms  o f  t h e  f o l l o w i n g  pa ramete rs :  r e a c t i o n  energy ,  
f o r c e  c o n s t a n t s ,  e q u i l i b r i u m  bond l e n g t h s ,  t r a n s i t i o n  s t a t e  bond o r d e r  
and c a p a c i t y  t o  s t o r e  ene rgy .  The model can  i n t e r p r e t  s e v e r a l  anomalous 
f e a t u r e s  o f  t h e s e  r e a c t i o n s ,  namely e l e c t r o n - e x c h a n g e s  where t h e  Marcus 
t h e o r y  e s t i m a t e s  r a t e s  s e v e r a l  o r d e r s  o f  magn i tude  s l o w e r  and f a s t e r  
t h a n  e x p e r i m e n t ,  " c r o s s - r e l a t i o n s " ,  s o l v e n t  e f f e c t s ,  t h e  i n v e r t e d  r e g i o n  
and t h e  asymmetry  o f  t h e  T a f e l  p l o t s  o f  me ta l -aquo  i o n s ,  and can  assess  
t h e  n o n a d i a b a t i c  c h a r a c t e r  o f  some o u t e r - s p h e r e  p rocesses .  

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  p l a y  an  e s s e n t i a l  r o l e  i n  many p h y s i c a l ,  c h e m i c a l  and b i o l o g i c a l  
p rocesses .  The i n v e s t i g a t i o n  o f  t h e  mechanisms o f  t h e s e  r e a c t i o n s  r e s t s  e s s e n t i a l l y  on 
t h e  s y s t e m a t i c  i n v e s t i g a t i o n  o f  s t r u c t u r e - r e a c t i v i t y  r e l a t i o n s h i p s  t h a t  r e s u l t s  f r o m  t h e  
g e o m e t r i c  rea r rangements  w h i c h  accompany t h e  change i n  o x i d a t i o n  s t a t e s  o f  t h e  c o o r d i n a t i o n  
compounds. A l t h o u g h  many t h e o r i e s  have been proposed,  i t  i s  no  s u r p r i s e  t h a t  t h e  more 
s i m p l e r  ones such a s  Marcus t h e o r y  a r e  t h e  mos t  p o p u l a r . 1  I n  s p i t e  o f  t h e  g r e a t  success 
o f  t h e  t h e o r y  o f  Marcus i n  i n t e r p r e t i n g  s e v e r a l  o f  t h e s e  s t r u c t u r e - r e a c t i v i t y  r e l a t i o n s  
namely i n  t e r m s  o f  t h e  r e a c t i o n  e n e r g y  (AG), changes i n  e q u i l i b r i u m  bond l e n g t h s  ( l r e d - l o x )  
and m e t a l - l i g a n d  f o r c e  c o n s t a n t s  (fox and f r e d ) ,  s e v e r a l  p rob lems  rema in .  

A N O M A L O U S  FEATURES OF ELECTRON TRANSFERS 

Marcus t h e o r y  and r e l a t e d  approaches emphasize t h e  i m p o r t a n c e  o f  t h e  r e a c t i o n  e n e r g y  b a r r i e r  
o f  t h e  s o l v e n t  r e o r g a n i z a t i o n  a round  t h e  c o o r d i n a t i o n  compounds upon t h e  g a i n  o r  loss 
o f  an e 1 e c t r o n . l  T h i s  o u t e r - s h e l l  c o n t r i b u t i o n  i s  c o n s i d e r e d  o f t e n  t o  be l a r g e r  t h a n  t h e  
i n n e r - s h e l l  c o n t r i b u t i o n  due t o  t h e  changes i n  geomet ry  w i t h i n  t h e  c o o r d i n a t i o n  s h e l l  
( f i r s t - s h e l l  f o r  a s o l v a t e d  m e t a l  i o n ) .  The r e c e n t  f i n d i n g s  o f  N e l s o n  e t  a1.2 on t h e  
e l e c t r o n  t r a n s f e r  r e a c t i o n s  o f  s e v e r a l  a1 k y l  hydraz inesO/ '  w h i c h  have t h e  same e n e r g y  b a r r i e r  
i n  t h e  vapour  phase and i n  s o l u t i o n  t h e r e f o r e  comes a s  a s u r p r i s e .  A l t h o u g h  t h e s e  r e s u l t s  
r e v e a l  t h e  i m p o r t a n c e  o f  t h e  changes i n  geomet ry  o f  t h e  d i f f e r e n t  o x i d a t i o n  s t a t e s  o f  
t h e  a l k y l h y d r a z i n e s ,  t h e y  r e v e a l  a l s o  t h a t  t h e  o u t e r - s h e l l  r e o r g a n i z a t i o n  i s  n e g l i g i b l e .  
F o r  example, t h e  e s t i m a t i o n  o f  t h e  s o l v e n t  r e o r g a n i z a t i q n  a s c o r d i n g  t o  t h e  t h e o r y  o f  Marcus 
( e q ( 1 ) )  where y i s  t h e  s o l v e n t  p o l a r i t y  pa ramete r  (y=(nr -E-  ) w i t h  tIr t h e  r e f r a c t i v e  i n d e x ,  
E t h e  d i e l e c t r i c  c o n s t a n t ) ,  p n d  r t h e  d i s t a n c e  between t h e  c e n t e r s  o f  t h e  two  s o l v a t e d  
r e a c t a n t  s p e c i e s ,  l e a d s  t o  A G o u t  = 9 k J  mol-1 i n  a c e t o n i t r i l e 3 ,  w h i c h  i m p l i e s  e l e c t r o n  
t r a n s f e r  r a t e s  ca. 2x10-2 t i m e s  s l o w e r  i n  s o l u t i o n ,  c o n t r a r y  t o  t h e  e x p e r i m e n t a l  f i n d i n g s . 2  

The o u t e r - s h e l l  c o n t r i b u t i o n  o f  eq  (1) had been p r e v i o u s l y  c r i t i c i z e d  b y  s e v e r a l  a u t h o r s :  
t h e  s e l f - e x c h a n g e  p r o c e s s e s  f o r  f e r r o c e n i u m - f e r r o c e n g  i n  a v a r i e t y  o f  s o l v e n t s ,  f r o m  
methano l  t o  d i m e t h y l s u l f o x i d e ,  v a r y  o n l y  b y  a f a c t o r  o f  2 whereas eq  (1) p r e d i c t s  a ca. 
20 - f o l d  ~ a r i a t i o n ; ~  s e l f - e x c h a n g e  r a t e s  o f  h y d r a z i n e  do n o t  f o l l o w  eq  (1) a t  a l l ,  because 
t h e r e  i s  a modest  i n c r e a s e  i n  t h e  r a t e s  w i t h  d e c r e a s i n g  E ,  an o r d e r  o f  magn i tude  s m a l l e r  
t h a n  p r e d i c t e d  b y  t h e  t h e o r y  o f  M a r c ~ s . ~  I n  c o n t r a s t ,  t h e  m e t a l l o c e n e  s e l f - e x c h a n g e  
r e a c t i o n s 6  a r e  ca. l o 4  t i m e s  f a s t e r  i n  t h e  vapour  phase t h a n  i n  s o l u t i o n ,  a v a r i a t i o n  
t o o  l a r g e  ( ca .  2 o de s o f  ma n i  ude)  t o  be e a s i l y  i n t e r p r e t e d  b y  eq  ( 1 ) .  The t h e o r y  o f  
Marcus c o n s i d e r s  C0fa4f ' + and Fe 8.65 ' ' as anomalous i o n  p a i r s 1 ,  because t h e  measured 
s e l f - e x c h a n g e  r a t e s  a r e  a b o u t  and l o 3  t i m e s  f a s t e r  t h a n  t$ose c a l c u l a t e d .  I n  c o n t r a s t ,  
a c c o r d i n g  t o  Marcus t h e o r y  c a l c u l a t e d  t h e  r a t e s  f o r  Fe(phen)$+/  + a r e  ca. l o 5  t i m e s  f a s t e r  
t h a n  e ~ p e r i m e n t . ~  D isag reemen ts  o f  t h e  same magn i tude  have a l s o  been f o u n d  f o r  t h e  
i n t r a m o l e c u l a r  e l e c t r o n  exchanges o f  1 ,3-d i  cyanobenzene r a d i c a l  a n i o n  .3  Marcus8 p r e d i c t e d  
t h a t  v e r y  e x o t h e r m i c  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  s h o u l d  show an i n v e r t e d  e f f e c t  on t h e  
r e a c t i o n  r a t e s .  A f e w  cases9 r e v e a l  t h i s  e f f e c t  c l e a r l y ,  b u t  t h e  m a j o r i t y  o f  r e a c t i o n s  
do n o t  c o n f o r m  w i t h  t h i s  t h e o r y  i n  t h e  i n v e r t e d  r e g i o n .  I n  consequence s e v e r a l  c l a s s i c a l  
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and dynamical models have been proposed t o  i n t e r p r e t  the var ie ty  of energy-gap laws observed 
f o r  these reactions.10 Hupp and Weaver11 have reported the exis tence of strong 
anodic/cathodic asymmetries on the Tafel p lo ts  f o r  metal-aquo redox couples which cannot 
be interpreted within the framework of the theory of Marcus. The discrepancy amounts 
typ ica l ly  t o  calculated r a t e s  ca. 102 times f a s t e r  in the anodic region. The "cross-reaction 
re la t ions"  used t o  ca lcu la te  e lectron t r a n s f e r  ra tes  i s  possibly the most widely used 
and  tes ted equation in e lectron t r a n s f e r  theory.1 I n  s p i t e  of i t s  sucess there  a re  cases 
where disagreements of many orders of magnitude e x i s t .  l2 

In view of these "anomalous" fea tures  i t  seems wor th  exploring a l t e r n a t i v e  theore t ica l  
procedures t o  i n t e r p r e t  these react ions.  Since the e l e c t r i c a l  forces  decrease with 
increasing dis tance from the metal ion,  we wil l  admit t h a t  the geometric rearrangements 
which acompany the loss  or  gain of an electron a re  large in  the coordination s h e l l ,  b u t  
can be neglected f o r  the outer-shel l .  The inner-shell reorganization b a r r i e r  from Marcus 
theory ( e q . ( 2 ) )  $oes not follow t h i s  hypqthesis. For example, i f  lox'lred and foxffred 
eq ( 2 )  leads t o  AGin'O even though higher A G o u t  contr ibut ions can be calculated and a 
change in  the force constants require  a reorganization of the coordination s h e l l .  E q  ( 2 )  
implies a t r a n s i t i o n  s t a t e  bond length intermediate between those of the oxidized and 
reduced species ,  lo.x<1*<1red9 t h a t  i s  the t rans i t ion  s t a t e  cannot be characterized by 
a turning point of vibrat ion.  I f  one assumes t h a t  there  i s  an explosion in the  configuration 
a t  the t r a n s i t i o n  s t a t e ,  then l * > l o x , l r  d .  This geometric arrangement agrees with the 
requirements of potent ia l  energy surfaces  fLEPS sur faces) ,  b u t  does not follow the pr inciple  
of l e a s t  nuclear motion impl ic i t ly  assumed by Marcus theory.3 

THE INTERSECTING-STATE MODEL 

To estimate the bond extensions of the t rans i t ion  s t a t e  in an electron t r a n s f e r  reaction 
when l * > l o x $ l r e d ,  we will employ an in te rsec t in  - s t a t e  model (ISM).l3 The sum of the bond 
extensions a t  the t r a n s i t i o n  s t a t e ,  d=(l*- l r ) .+?l*- lp)s  i s  given by eq ( 3 ) ,  where a '  
i s  a constant (a '=0 .156) ,  1, and 1 the equilibrium bond lengths of reac tan t  a n d  product, 
n*  the t r a n s i t i o n  s t a t e  bond o r j e r ,  A G  the  reaction energy a n d  A an energy term 
measuring the t r a n s i t i o n  s t a t e  capacity t o  accommodate energy. The t r a n s i t i o n  s t a t e  
configuration can be found a t  the in te rsec t ion  of the reactant  and product potent ia l  energy 
curves (eq. ( 4 ) )  where f r  and f p  a r e  the force constants of reactant  and  product and x 
i s  the bond extension of the reactant .  The energy b a r r i e r  i s  then given by (eq. ( 2 ) ) .  
When f = f r = f p  and A>>IAGI, eqs ( 3 )  t o  ( 5 )  lead t o  the Marcus equation A G * = A G E  (l+AG/4AGo) 
where the i n t r i n s i c  energy b a r r i e r  i s  ~ G , = ( l / 8 )  f [ (a ' ln2 /n*) ( l r+ lp) ]2 .  

For a n  e lectron t r a n s f e r  one must average the bond lengths a n d  force constants  between 
the oxidized and reduced species ,  e.g. l r ' ( lox+lred)/2.  Furthermore, the in te rsec t ing-  
s t a t e  model i s  unidimensional a n d  when several bonds suf fer  a change in geometry, an 
e f fec t ive  force constant must be defined. Here we t r e a t  the metal-ligand vibrat ion a s  a 
local mode, and use eq ( 6 ) .  In the following calculat ions we will employ the procedure 
of Khan and  Bockris14 t o  estimate force constants from the metal-ligand symmetric s t re tch ing  
frequencies. 

ELECTRON EXCHANGE REACTIONS IN SOLUTION 

To t e s t  our hypothesis we have estimated the r a t e  constants f o r  several e lectron exchange 
react ions in water ( A G = O )  using eqs ( 3 )  t o  ( 6 )  and  the Transition S t a t e  Theory expression 

k = K ( k B T / h )  exp (-AG*/RT) ( 7 )  
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where K i s  an e l e c t r o n i c  f a c t o r  o f  a d i a b a t i c i t y .  Except where s t a t e d  we take  ~ = l .  Since 
t h e  m e t a l - l i g a n d  bonds do n o t  break d u r i n g  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n ,  we take  n* as t h e  
me ta l - l i gand  bond o r d e r  i n  reac tan ts  and produc ts ,  i .e . ,  i n  general  n*=l .  Table 1 presents  
the  r e s u l t s  o f  such c a l c u l a t i o n s  and makes a comparison w i t h  Marcus theory.15 A l l  t h e  
r a t e s  es t imated  f rom I S M  agree w i t h  exper iment w i t h i n  an o rde r  o f  magnitude. I n  c o n t r a s t ,  
f o r  t h e  r e a c t i o n s  o f  Table 1 t h e  theo ry  o f  Marcus g i ves  es t imates  which a r e  t o o  low o r  
t o o  h igh  by  severa l  o rde rs  o f  magnitude. When one compares t h e  two approaches one v e r i f i e s  
t h a t  t he  theo ry  o f  Marcus underest imates d r a s t i c a l l y  t h e  bond ex tens ions  and overes t imates  
t h e  e f f e c t  o f  t h e  f o r c e  cons tan ts ;  t h i s  i m p l i e s  a normal mode Qehav iour  w i t h  f = m f i .  For  
many s i t u a t i o n s  these two f a c t o r s  o n l y  p a r t i a l l y  compensate and AGin i s  underest imated. 
With the  added outer-she1 1 r e o r g a n i z a t i o n  reasonable agreement w i t h  exper im t i s  pb ta ined  
i n  many cases. However, i n  cases where l o x z l r  ( F e ( ~ h e n 3 ) ~ + / 3 '  and Fe(CN);-/'-), AGin-0 and 
t h e  c a l c u l a t e d  r a t e s  r e  t o o  h igh .  For Co(;4f$" t he  i n t e r n a l  energy b a r r i e r  g i ven  by t h e  
theo ry  o f  Marcus15 AGfn-62 kJ  mol-1, i s  ve ry  c lose  t o  t h a t  g i ven  by I S M  ( ~ G * = 7 1  kJ mol-1).  
Never the less  s ince  the  theo ry  o f  Marcus has another  impor tan t  o u t e r - s h e l l  c o n t r i b u t i o n ,  
28.5 kJ  mo l - i ,  t h e  o v e r a l l  b a r r i e r  i s  t o o  h igh  and t h e  r a t e  cons tan t  t o o  low. 

Es t ima t ion  o f  s o l v e n t  r e o r g a n i z a t i o n  a t  t h e  t r a n s i t i o n  s t a t e s  i n  terms o f  s o l v e n t  d i p o l e s  
i n t e r a c t i o n s  w i t h  t h e  metal  ion16 appears t o  be t o o  smal l  (ca  1-2 kJ mol-1)397 t o  be an 
impor tan t  c o n t r i b u t i o n  f o r  t he  o v e r a l l  energy b a r r i e r .  A l though some s o l v e n t  e f f e c t s  can 
be due t o  t h i s ,  t hey  a r e  more p robab ly  due t o  smal l  changes i n  t h e  v i b r a t i o n a l  f requenc ies  
w i t h  t h e  so lvents .  Al though, s o l v e n t  e f f e c t s  on r a t e s  amount t o  l e s s  than a f a c t o r  o f  
10, whereas o t h e r  s t r u c t u r a l  f a c t o r s  can cause changes o f  more than 1010, they  a re  wor thy  
o f  f u r t h e r  cons ide ra t i on .  

The change i n  a v i b r a t i o n a l  dJpole aqd consequent ly o f  a s t r e t c h i n g  f o r c e  cons tan t ,  i s  
p r o p o r t i o n a l  t o  g (n r )= (2 /a3 )  [ ( t l r - l ) / ( 2 n r + l ) ] ,  w i t h  fir the  r e f r a c t i v e  index  o f  t he  medium 
and a t h e  r a d i u s  o f  t h e  spher i ca l  c a v i t y  o f  t he  so l ven t  continuum sur round ing  t h e  d i p 0 1 e . l ~  
According t o  eqns ( 5 )  and (7 ) ,  I n  k should be p r o p o r t i o n a l  t o  g (nr ) /a3  ( s i n c e  g ( n r ) < < l ,  
c o r r e l a t i o n s  w i t h  g(nr)  o r  g ( n r ) 2  a re  bo th  acceptab le ) .  F igu re  1 presents  such an a n a l y s i s  
f o r  t h e  r a t e  cons tan ts  f o r  e lec t rochemica l  e l e c t r o n  exchange o f  Cp2Cot/o. Weaver and 
coworkers18 have analyzed these da ta  i n  terms o f  eq (1) and concluded t h a t  t h e  a l c o h o l s  
have an anomalous behaviour,  w i t h  r a t e s  ca. 50 t imes h ighe r  than expected. According t o  
F igu re  1 t h e  behav iour  o f  a l c o h o l s  i s  s i m i l a r  t o  o t h e r  so l ven ts ,  apparen t l y  w i t h  a s l i g h t l y  
sma l le r  s o l v e n t  c a v i t y  ( ~ 1 . 4  t imes w i t h  respec t  t o  a c e t o n i t r i l e ) .  

Table 1. Ca lcu la ted  r a t e s  cons tan ts  f o r  
e l e c t r o n  exchange reac t i on&  

k /M- l s - l  

exper imenta l  c a l c u l a t e d  
I S M  2 Marcus 

Fe( OH2)62+/3t 4.2 0.9 3x10-2f  
f 

Co(OH2 16 3.3 3 2x1043 - 2+/3+ 

105 2x104 1010 = 2+/3+ 
Fe ( phen 1 3 

Fe(CN)i-'3- Ir 9x102 3x102 8x105 

Mo(CN)j-l3- 3x104 2x104 
h 

CN- > 1 O l o  1 4x1010 20 - 

5 n * = l  except where s t a t e d  o therw ise ;  
b n*=1.54; 2 n*=1.7; I! n*=2.5; 
2 r e f .  7 except t he  l a s t  r e a c t i o n  
( r e f .  3 ) ;  f r e f .  15; 9 r e f . 7  w i t h  a 
f requency f a c t o r  o f  1013; L r e f .  3; I s-1. 

- L  2 

~~ 

0.16 0.18 0.20 0.22 0.24 

( a 3 w  g(n,) 

F igu re  1. Logar i thm- o f  t h e  observed r a t e  
cons tan ts  o f  e lec t rochemica l  r e a c t i o n  
Cp2Cot/o i n  va r ious  so l ven ts  ( r e f .  18) 
as a f u n c t i o n  o f  (a3 /2)  g (nr ) :  
1 a c e t o n i t r i l e ;  2 CH2C1 3 formamide; 
4 dimethyl formamide; 5 ?&3)2SO; 
6 methylformamide; 7 b e n z o n i t r i l e ,  8 dime- 
thy lace tamide;  9 acetone; 10 methanol; 
12 e thano l ;  13 propanol-1.  

Another i n t e r e s t i n g  problem i s  t h e  i n t $ r l i g a n d  t r a n g f e r  o f  t h e  e l e c t r o n  l o c a l i z e d  on a 
s i n g l e  l i g a n d  i n  t h e  complexes Fe(bpy)3 and Ru(bpy)3; t h e  a c t i v a t i o n  energy f o r  t h i s  
i n t r a m o l e c u l a r  process i s  ca. 12 kJ  m 0 l - ~ . ~ 9  A rough es t ima te  o f  t h i s  r a t e  can be made 
w i t h  f l ( f o x + f r e d )  = 1 .58~103  kJ  m 0 l - l  A0-2 and l o x + l r e d  = 3.94 A0.7 The t r a n s i t i o n  s t a t e  
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bond order can be assessed in  terms of a molecular orb i ta l  diagram f o r  the ligand having 
the reduction e lec t ron ,  2 ~ 2  3 ~ 2  a*l .  This r e s u l t s  from the in te rac t ion  of the metal 
d o r b i t a l s  with ligand u a n d  T*  o r b i t a l s ,  so each metal ligand bond has a bond order 
n=4.5/2=2.25. For the nonreducted ligand we will take n = l  f o r  the metal-ligand bonds ( t h e  
force constants and bond lengths a re  v i r t u a l l y  ident ical  t o  the  ammine complexes . Therefore 
n*=(2.25+1)/2=1.63. With t h i s  the estimated energy b a r r i e r  i s  13.5 kJ mol- , close t o  
the experimental value. 

1 

REACTION ENERGY EFFECTS 

Electron exchange react ions a r e  a convenient t e s t  of our model, because they allow absolute 
estimates of r a t e  constants ,  as shown in Table 1. For other  systems ISM i s  employed 
e s s e n t i a l l y  t o  help suggest mechanistic in te rpre ta t ions .  A n  important s t ruc tura l  e f f e c t  i s  
t h a t  of the reaction energy on k.  This can be assessed in  terms of eq ( 3 ) ,  once d i s  
estimated through eqs ( 5 )  a n d  ( 4 )  from the experimental A G *  values. 

An in te res t ing  case i s  e lec t ron- t ransfer  betweenl, several coordination complexes of 
C02~/Co3+, a s  f o r  these systems the "cross-reaction est imates  of Marcus theory a re  ca. 
lo5 times higher than experiment.20 Our studies12 shown in Figure 2 reveal a dependence 
of the reduced bond extension n=d/(lox+Ired) on A G ~ .  The in te rcepts  lead t o  n(o)=0.108, 
which corresponds t o  n * = l ,  typical  of outer-sphere react ions of metal -complexes where 
metalligand bonds have a single-bond character .  Figure 2 presents two slopes which 
correspond t o  two d i f f e r e n t  values of A .  Since x i s  comparable t o  I A G I ,  the  theory 
of Marcus i s  not val id  f o r  the AG-effect, thus explaining the f a i l u r e  of the 
crossrelat ionship.  Many other  outer-sphere react ions follow eq( 3) and x has been 
found f o r  several e lectron t r a n s f e r  react ions t o  be l i n e a r l y  dependent on AS*, as 
i l l u s t r a t e d  in Figure 3.Z1 

1 2 3 4 

(AG'/kJ mo?)*/104 

Fi ure 2 .  Plot  of n yersus 862 f o r  the 
tr;nsfer o$ Co(ter  zt with: 1 C o ( 9 i p e r ) F ;  
2 Co pher1)3'i 3 Co!iq ; 4 C q j ~ h e n ) 2 ~ .  
5 Co[hq)/Co[qq); 6 Colterp) /Co($en)3+;  
7 Fe aq)/Co a q ) ;  8 Fe(phen)$+/Co(aq) 
(adapted from ref .  1 2 ) .  

20 0 -40 -80 
t TAS 1 kJ mol-' 

Fiiure  3. Linear dependence of A versus 
AS 
1 Ce3+/V4+; 2 Fezt/T1 OH)Zt; 3 Crzt/Co3+; 

7 Eu2+/Co(NH3)6'; 8 Cr2+/Co(NH3)6 
(adapted from ref .  21 ) .  

f o r  outer-sphere react ions in water: 

4 Mn3+/V4+: 5 $rzt/Fe s +; 6 E U ~ + / ! ? ~ ;  

Figure 4 i l l u s t r a t e s  some electron t r a n s f e r  ra tes  calculated with d i f f e r e n t  x values.21 
The in te res t ing  conclusion i s  t h a t  ocurrence of an inverted region f o r  experimentally 
accessible  A G  requires  a low A ,  i . e . ,  a t r a n s i t i o n  s t a t e  with a low capacity t o  accommodate 
energy (not ice  t h a t  the inversion does not imply A G * = O ) ;  f o r  react ions in  solut ion 
with the same number of molecules in  the solvation shel l  a low x corresponds t o  very 
t i g h t  act ivated complexes. Furthermore strong inverted e f fec ts lob  a re  a l so  observed in 
the charge recombination react ions A-. . .Dt  + A . .  .D because there  i s  a strong decrease 
in  the capacity t o  s tore  energy of the t rans i t ion  s t a t e  due t o  the poor solvation of the 
products. I n  cont ras t ,  the  photoinduced charge separation in  the quenching of excited 
s t a t e s  A*. . .D + A- ... Dt which should have a high A ,  has no  inverted region. 

The r a t e  constants of heterogeneous electron t r a n s f e r  a r e  given by 
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where Z i s  the preexponential f a c t o r  taken a s  Z=lO4 cm s- l  and K an e lec t ronic  transmission 
factor .22 Work-corrected electron t ransfe?  r_ate$ can be studied in  the same manner as  
the ra tes  of homogeneous processes with 2AGhet-AGhom a n d  AG = F (E-Ef) where F i s  the  
Faraday, E the e lectrode potent ia l  and Ef the standard potent ia l .22 

Hupp and Weaver11 have reported a strong asymmetry on the  Tafel p lo ts  of metal-aquo ions 
on the cathodic and  anodic region. This e f f e c t  i s  n o t  in te rpre tab le  in terms of the 
differences in  the force constants of the oxidized and reduced species. Figure 5 i l l u s t r a t e s  
the Cr2+/3t system and shows t h a t  ISM can reproduce the experiment 1 data with d i f f e r e n t  
values of x.23 The standard entropy values (So(Ct--iq )=-292 and So(Cr$iq)=-84 J mol-1 K-1) 
allow one the estimate a high entropy of act ivat ion )or the cathodic reduction ASfatbO J 
mol-1 K - l  which corresponds t o  a high A ( A > > I A G I ) ;  in cont ras t  f o r  the anodic oxidation 
ASanS-210 J mol-l K - 1  i s  low and A i s  much lower (A-110 kJ mol-1). The curvature of 
the anodic p lo t  suggests t h a t  a t  higher po ten t ia l s  an inverted region might be observed. 
The d i f f e r e n t  values of A f o r  the forward and backwards react ions a re  interpreted in terms 
of a nonequilibrium s i tua t ion  a t  the t rans i t ion  s ta tes .23  

8 

4 

0 

-4  

~ 

-350  -250 -150 -50 0 100 

AG'/kJ mo? 

Fi ure 4. Calculated r a t e s  of e lectron 
t r k f e r  in  solut ion with x/kJ mol-1 
a )  290 and b )  145 c )  90. Other arameters: 

lr+lp=4AO, diffusion r a t e  1010 M-ls-1 
(adapted from r e f .  21). 

n*=1.54, f=2.9x103 kJ mol-1 AO- B , 

6t  
I I I I 

500 0 -500 -1000 
E / m v  

Figure 5. Tafel p lo ts  f o r  c r (OH~)g+ /~+ :  
- experimental p lo ts  ( r e f .  11). 
Calculated data  with f/lO3 kJ mol-1AO-2; 
0 cathodic reduction fr.3.67, fp=2.36 a n d  
a constant d=0.545 A O ;  o anodic oxidation: 
fr=2.36, fp=3.67, d(o)=0.545Ao and 
x=110 kJ mol-l (adapted from ref .  23 
with a correct ion of the A value). 

A CRITERION OF NONADlABATlClTY FOR OUTER-SPHERE REACTIONS 

Whereas r e l i a b l e  absolute values f o r  the ra tes  of electrochemical processes a re  d i f f i c u l t  
t o  estimate due t o  e lectrode double-layer and adsorption e f f e c t s ,  t h i s  does not happen 
with homogeneous react ions,  where i t  i s  possible t o  assess  the f a c t o r  K of eq ( 7 ) .  Although 
the majority of outer-sphere react ions a r e  ad iaba t ic  processes, the question of the 
ad iaba t ic i ty  of e lectron t r a n s f e r  has been a matter of considerable discussion,  par t icu lar ly  
f o r  ions involving f - o r b i t a l s . 2 4 ~ 2 5  Europium ions have even been suggested t o  be involved 
i n  strong nonadiabatic react ions ( ~ < l O - ~ ) . 2 4 b  

The r a t e  of e lectron exchange E u  +/ ' i s  3x10-5 M-1 s- l .24 A n  estimation of A G *  can be 
made with force constants h i + f r e d )  = 2 . 7 ~ 1 0 3  kJ mol-1 Ao-2) estimated from the 
vibrat ional  frequencies26 v(Eu{iq))=433 cm-l and ~ ( E u & ) ) = 3 4 0  cm-1. The bond lengths 
were estimated from the ionic  radius 1.4Ao; 1=4.8Ao . Since f o r  t h i s  reaction n * = l ,  ISM 
a1 lows the estimation of k=7x10-4 M-1 s- l  a n d  consequently ~ = 0 . 0 4 .  Therefore the reaction 
has a small nonadiabatic character .  

REACTIONS IN THE VAPOUR PHASE 

According t o  the view presented here t h a t  outer-shell reorganization does n o t  play a 
dominating role  in  e lectron t r a n s f e r s ,  these react ions wil l  have v i r t u a l l y  the same b a r r i e r  
in  the gas phase and in  so lu t ion ,  a s  found with the alkylhydrazines.2 However, a d i f f e r e n t  
s i tua t ion  occurs with the metallocenes6 which have ra tes  ca. 4 orders of magnitude higher 
in the gas phase. The question we address now i s  i f  such behaviour can be interpreted 
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i n  terms o f  a change i n  t h e  i n n e r - s h e l l  b a r r i e r ?  Such v a r i a t i o n s  cannot be i n t e r p r e t e d  
i n  terms o f  a change i n  f o r c e  cons tan ts  which r e q u i r e  a decrease by ca. an o rde r  of 
magnitude f rom s o l u t i o n  t o  vapour. As w i l l  be shown such v a r i a t i o n s  a re  i n t e r p r e t a b l e  
i n  terms o f  a change i n  n*. 

L e t  us cons ider  the  mo lecu la r  o r b i t a l s  f o r  ferrocene,28 r e s u l t i n g  f rom t h e  i n t e r a c t i o n  
o f  t h e  l igands ,  an$ t h f  3d5 45 an$ 4p i r o n  o r b i t a l s ,  w i t h  t h e  f o l l o w i n g  e l e c t r o n i c  
d i s t r i b u t i o n :  a 1  azu .2elu .2elg allg 2e2? Cons ider ing  t h a t  i n  t h e  t r a n s i t i o n  s t a t e ,  i n  
t h e  most f a v o u r a j l e  s i t u a t i o n ,  o n l y  5 e ec t rons  c o n t r i b u t e  f o r  t h e  TI system o f  each l i g a n d ,  
a c o n t r i b u t i o n  o f  4 p a i r s  o f  e l e c t r o n s  remains f o r  t h e  two i ron -cyc lopen tad ieny l  bonds. 
So t h e  bond o rde r  i s  n=2. I n  t h e  reduced species another  e l e c t r o n  occupied an an t i bond ing  
o r b i t a l ,  so n '=1.75. The average bond order ,  taken as the  bond o rde r  o f  t h e  t r a n s i t i o n  
s t a t e  i s  n"1.875. The r e l e v a n t  da ta  t o  es t ima te  t h e  r a t e  cons tan t  i s  1=4.17 A0 and 
d?f=2.4x103 kJ  mol-1 Ao-2.4 A t  375K t h e  es t imated  r a t e  i s  2x1010 M - 1  s - l ,  c l ose  t o  t h e  
vapour phase r a t e  f o r  t h e  thermoneutral  s i t u a t i o n ,  1 .3~1010  M - l  s - ~ . ~  

I n  l i q u i d  s o l u t i o n s  t h e  7 e l e c t r o n s  o f  t h e  l i g a n d s  can i n t e r a c t  w i t h  t h e  s o l v e n t  molecules29 
and an e l e c t r o n i c  s h i f t  f rom the  metal  cen te r  t o  t h e  l i g a n d  can occur.  So n1~1 .875 .  For 
example, f o r  Cp2Fet/0 N ie l sen  e t  a1.30 measured a r a t e  o f  1 . 6 ~ 1 0 6  M - 1  s - 1  i n  DMSO. With 
the  same f and 1 da ta  such r a t e  corresponds t o  n*=1.3. For  e lec t rochemica l  r e a c t i o n s  
n* i s  even smal le r ,  k=0.85 cm-1 s - 1  i n  DMS0,4 which corresponds t o  n*=1.18. 

REFERENCES 

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 

10. 

11. 
12. 
13. 
14. 
15. 
16. 
17. 

18. 
19. 

20. 

21. 
22. 

23. 
24. 

25. 
26. 
27. 

28. 

29. 
30. 

R.A. Marcus and N. S u t i n ,  Biochim. B io  h s. Acta, 811, 265 (1985).  
S.F. Nelsen, D.T. Rumock and M. Meat-NErY(Mautner), J. Am. Chem. SOC., 109, 1373 (1987).  
S.J. Formosinho, J. Chem. SOC. Pe rk in  Trans.2, i n  press.  
T. Gennett, D.F. M i l n e r  and M.J. Weaver, J. Phys. Chem., 89-, 2787 (1985).  
S.F. Nelsen and S.C. B lacks tock ,  J. Am. Chem. SOC., 107, 7189 (1985). 
J.R. E y l e r  and D.E. Richardson, J. Am. Chem. SOC., 107, 6130 (1985);  D.E. Richardson, 
C . S .  C h r i s t ,  P. Sharpe and J.R. Ey le r ,  J. Am. Chem. SOC., 109, 3894 (1987).  
S.J. Formosinho, Rev. Po r t .  Quim., 8, 38 (1986).  
R.A. Marcus, Discuss. Farada 
S. Nakabayashi, A.  Fujshim: and KTHonda,  J. Electroanal .YChem.,  140, 223 (1982);  
J.R. M i l l e r ,  L.T. Ca lca te r ra  and G.L. Closs,  J. Am. Chem. SOC., 106, 3047 (1984);  
M.P. I r v i n e ,  R.J. Har r ison ,  G.S. Beddard, P. Le igh ton  and J.K.M. Sanders, Chem. Phys., 
104, 315 (1986).  

0. Rehm and A.  Wel le r ,  Ber. Bunsen es. Ph s. Chem., 73, 834 (1969);  ( b )  T. K a k i t a n i  
and N. Mataga, Chem. Ph s., 2, 381 19985 ; Y. Ph s. Chem 90, 993 (1986);  P. S ide rs  
and R.A. Marcus, J. Am: Chem. Soc.,( lo3,)  7 e :  K r c u s  and P. S iders ,  J. 
Ph s Chem., 86, 622 1982 ; H. Rau, R .  Franck and G. Gre iner ,  J. Ph s. Chem 90,  h; JTGrimshdw and) E.K. Grimshaw, J. Chem. SOC. Pe rk in  Tra*<87r 
J.T. Hupp and M.J. Weaver, J. Ph s. Chem., 8- 
H.D. Burrows and S.J. Formo-rt. Quim, 8, 57 (1986) and re fe rences  t h e r e i n .  
A.J.C. Varandas and S.J. Formosinho, J. Chem. SOC. Faraday Trans. 2, 82, 953 (1986). 
S.U.M. Khan and J.0I.M. Bockr is ,  J. P h y .  Cyem. ,  87, 4012 (1983).  
N. Su t i n ,  Prog. I n o r  . Chem., 3, 441 1983 
E. Sacher and -Trans. Faraday SOC., 59, 396 (1963).  
M. Hordk and A. V i tek ,  " I n t e r p r e t a t i o n  and Processing o f  V i b r a t i o n a l  Spec t ra" ,  John 

SOC.,  29, 21 (1960); J. Chem. Ph s., 43, 2654 (1965).  

Wi ley,  Ch iches ter ,  1978, pp. 172-184. 
G.E. McManis, M. Neal Go lov in  and M.J. Weaver, J. Phys. Chem., 90, 6563 (1986).  
A.G. Mol ten, K. Hanck and M.K. DeArmond Chem. Phys. L e t t e r s y 7 9 ,  541 (1981);  f o r  f 
da ta  see J.T. Hupp and M.J. Weaver, J. Ph s. Chem., 89, 2795 ( 1 9 8 v .  
R.J. Campion, N. Purd ie  and N. Su t i n ,  'Inorg. CheK,  3, 1091 (1964);  R. Fa r ina  and 
R.G. W i l k ins ,  w, 1, 514 (1968).  
S.J. Formosinho, Rev. Po r t .  Quim., 8, 48 (1986).  
R.A. Marcus, J Ph s Chem 67, 853 (1963);  J.T. Hupp and M.J. Weaver, J. E lec t roana l .  
Chem., 152, lw' 
r F o r m o s i n h o ,  Rev. Po r t .  Quim., 28, 61  (1986). 
( a )  N. Su t i n ,  I no rg .  Biochem., 611 (1973);  G.M. Brown, H.J. Krentze in ,  M. Abe and 
H. Taube, Ino rg .  Chem., 18, 3374 (1979);  U. Furho lz  and A. Haim, m, 3, 3091 (1985);  
( b )  V.  Ba lzan i ,  F. Scandola, G. O r land i ,  N. Sabba t in i  and M.T. I n d e l l i ,  J. Am. Chem. 
SOC., 103, 3370 (1981).  
D.J. Meyer and C.S. Gamer, J. Phys. Chem., 2, 853 (1952).  
C.  Postmus and J.R. Fer raro ,  J. Chem. Ph s., 48, 3605 (1968).  
"Handbook o f  Chemistry and Phys ics" ,  C h t k i c a l  Rubber, Co, 52nd, 1972, F-177; Y.  Marcus, 
J. S o l u t i o n  Chem., 11, 271 (1983).  
See f o r  example, F.A. Cotton, "Chemical A p p l i c a t i o n s  o f  Group Theory", I n te rsc ience ,  
New York, 1964, p. 173. 
S.J. Formosinho, Tetrahedron, 43, 1109 (1987).  
R.M. N ie lson,  M.N. Go lov in ,  G.E. McManis and M.J. Weaver, J. Am. Chem. SOC., 9, 
1745 (1988).  


