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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 
^ ^ [ O S T INORGANIC M E C H A N I S T I C I N F O R M A T I O N is obtained from kinetic 
studies, and, partly as a consequence of increased utilization of fast reaction 
techniques, major progress in this area has been made during the past 
25 years. 

Although experimental kinetic parameters generally reflect the most 
energetically favorable pathway, other reaction pathways are always avail
able, and a change in reaction conditions (temperature, pressure, reaction 
matrix, structural modifications of the reactants, etc.) may alter the rela
tive significance of competing pathways. As the theory of reaction 
energetics has become increasingly sophisticated, so each available reaction 
pathway can be considered to represent a specific cross-section of a 
continuous multidimensional potential energy hypersurf ace connecting the 
ground-state reactants and products. Even with the advent of large, 
high-speed computers, the theoretical models must be simplified in some 
manner if the calculations are to become manageable. The approach 
taken in the selection of appropriate simplifications remains an area of 
active controversy. 

Theoretical models generally evolve from an effort to explain 
experimental results; however, the ultimate test of any theoretical model 
is its ability to predict new experimental results. This volume brings 
together the views of leading experimental and theoretical chemists regard
ing the current status of our understanding of the principles underlying 
the apparent mechanisms of inorganic chemical reactions. 

Major emphasis is placed on the reactions of metal complexes in 
solution undergoing either inner-sphere ligand substitution or electron 
transfer to and from the metal center. Such studies relate to the important 
selective role of metal catalysts in many areas of enzymatic, commercial, 
and modern synthetic chemistry. Clearly, this field has now matured to 
the point where basic theoretical considerations, although incomplete, 
can provide a logical framework for understanding the chemical reactivity 
of such systems and stimulate the investigation of (1) new and unique 
reaction pathways, (2) modified reagents, and (3) unorthodox matrices. 

Reactions involving nonmetallic species or nontraditional reactions 
of metal complexes (unusual oxidation states, reactions with different 
reaction partners, etc.) are less commonly studied but are becoming of 
increased interest as mechanistic inorganic chemistry has come of age. A 

ix 
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small sampling of such areas is included in this volume. Some of these 
studies have been stimulated by the emphasis on solar energy conversion, 
environmental contamination, nitrogen fixation, biological processes, or 
theoretical curiosity; but all such studies have added to our understanding 
of the relative energetics of competing pathways. 

The articles and discussion comments contained in this volume 
derive from a Conference on Inorganic Reaction Mechanisms. The organi
zation of the conference was stimulated both by an interest of the National 
Science Foundation in surveying the current status of this area and by a 
need expressed by some 100 researchers active in mechanistic investiga
tions whose opinions were canvassed by the organizers. 

The major goals of this conference were to provide a forum for the 
assessment of the current state of the various areas of mechanistic inorganic 
chemistry and to generate extensive dialogue among the participants that 
might facilitate the articulation of existing problem areas. T o this end, 
nearly half the conference was devoted to open discussion. Many of the 
concerns of the 130 active researchers who participated in this conference 
were expressed in the General Discussions following the papers or in 
informal discussions. This volume includes revised material from these 
oral discussions and short oral presentations. In addition, chapter nine 
was pieced together by revising three of the short oral contributions and 
one of the poster presentations. Therefore, there is no discussion follow
ing this chapter. 

In organizing this conference, the editors were generously and actively 
assisted by many faculty and staff at Wayne State University and by many 
conference participants. We are particularly grateful for the assistance 
rendered by the other members of the organizing committee: Ralph 
Wilkins, Norman Sutin, Richard Lindvedt, and Stanley Kirshner. Because 
so many were involved, a complete list of acknowledgments is impossible, 
but we wish to extend to all those who contributed so generously to the 
success of this conference our heartfelt thanks and appreciation. Finally, 
we acknowledge the financial support of the National Science Foundation, 
Dow Chemical Company, and Wayne State University. 

D A V I D B. R O R A B A C H E R 

J O H N F . E N D I C O T T 

Wayne State University 
Department of Chemistry 
Detroit, Michigan 

March 1982 

x 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

pr
00

1

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



1 

Substitution Reactions of Chelates 

DALE W. MARGERUM 
Purdue University, Department of Chemistry, West Lafayette, IN 47907 

The kinetics and mechanisms of substitution 
reactions of metal complexes are discussed with 
emphasis on factors affecting the reactions of 
chelates and multidentate ligands. Evidence for 
associative mechanisms i s reviewed. The substitu
t ion behavior of copper(III) and nickel(I I I ) com
plexes i s presented. Factors affecting the forma
t ion and dissociation rates of chelates are con
sidered along with proton-transfer and nucleo-
philic substitution reactions of metal peptide 
complexes. The rate constants for the replacement 
of tripeptides from copper(II) by triethylene-
tetramine decrease by 108 as methyl groups replace 
hydrogens in the second and th i rd amino acid r e s i 
dues of the tripeptides. This i s attributed to 
steric hindrance in the ligand-ligand displacement 
reactions. 

In recent years there has been a tendency to assume that 
the mechanisms of s u b s t i t u t i o n react ions of metal complexes are 
w e l l understood. In f a c t , there are many fundamental questions 
about s u b s t i t u t i o n react ions which remain to be answered and 
many aspects which have not been explored. The quest ion of 
a s soc ia t ive versus d i s s o c i a t i v e mechanisms i s s t i l l unresolved 
and i s important both for a fundamental understanding and for 
the predic ted behavior of the reac t ions . The type of e x p e r i 
ments planned can be affected by the expectat ion that react ions 
are predominantly d i s s o c i a t i v e or a s s o c i a t i v e . The s u b s t i t u t i o n 
behavior of newly charac ter ized ox ida t ion s tates such as copper-
( I I I ) and n i c k e l ( I I I ) are j u s t beginning to be a v a i l a b l e . A c i d 
c a t a l y s i s of metal complex d i s s o c i a t i o n provides important 
pathways for s u b s t i t u t i o n reac t ions . Proton- t ransfer react ions 
to coordinated groups can accelera te s u b s t i t u t i o n s . The main 

0097-6156/82/0198-0003$ 10.00/0 
© 1982 American Chemical Society 
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4 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

t o p i c of t h i s l e c t u r e concerns the mechanisms of chelate and 
multidentate ligand s u b s t i t u t i o n s , an area replete with f a s c i 
nating, important, and often unexpected r e s u l t s . 

D i s s o c i a t i v e versus Associative Mechanisms 

The success of the Eigen-Wilkins mechanism (1-4) i n corre
l a t i n g the c h a r a c t e r i s t i c metal ion water exchange rate constant 
with ligand s u b s t i t u t i o n rate constants has been impressive. 
The concepts are now incorporated i n many textbooks and the pre
d i c t i o n s have been very u s e f u l , but the emphasis has been on the 
d i s s o c i a t i v e nature of these reactions. In many cases a disso
c i a t i v e interchange (1^) mechanism (5) has been assumed f o r met
a l i o n s u b s t i t u t i o n s , with a consequent tendency to neglect the 
properties of entering ligands. Yet there has long been e v i 
dence that entering ligands can have very pronounced e f f e c t s on 
the rates of aquo metal i on s u b s t i t u t i o n reactions. A com
parison of rate constants f o r monodentate ligand s u b s t i t u t i o n 
reactions of t r i v a l e n t aquo metal ions shows a strong dependence 
on the nature of the entering ligand and suggests a s s o c i a t i v e 

3+ 3+ 3+ 3+ 
mechanisms (6). This i s the case f o r T i , V , Cr , Fe , 
3+ 3+ 

Mo and In and indicates that an associative interchange (I ) 
a 

mechanism i s l i k e l y . In recent years there has been a growing 
recognition of the importance of associative mechanisms, i n part 
due to the studies of a c t i v a t i o n volumes. 

Stranks and Swaddle (7) found a sizeable negative value 3 - 1 Φ (-9.3 cm mol ) f o r the a c t i v a t i o n volume (AV ) of H 90 exchange 3+ 
with CriH^O)^ . A negative a c t i v a t i o n volume i s c h a r a c t e r i s t i c 
of an associative or ass o c i a t i v e interchange reaction rather 
than a d i s s o c i a t i v e r e a c t i o n , because the volume of water i n the 
bulk solvent i s greater than the volume of a coordinated water 
molecule. Although the AV* value i s s l i g h t l y p o s i t i v e (8) f o r 

3+ 
the water exchange with CoiNH^),.!^ , the values are negative 
f o r the corresponding reactions of the pentaammine complexes of 
C r ( I I I ) (9), Rh(III) (9), and I r ( I I I ) (10) as shown i n Table I. 
This suggests an associative interchange (I ) mechanism f o r 

a 
these reactions. On the other hand an I , mechanism i s con-

Φ d 3 -1 s i s t e n t with the p o s i t i v e AV value of +7.1 cm mol found f o r 
2+ 

Ni( H 2 0 ) ^ (1_1). Recently Merbach and coworkers (12) have c i t e d 
evidence f o r a gradual changeover of mechanism from 1^ to 1^ f o r 
the water exchange reactions of divalent metal ions i n going 
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1. M A R G E R U M Substitution Reactions of Chelates 5 

from Mn(H 20) 6 to Ni(h* 20) 6 . I t appears that a s s o c i a t i v e 
mechanisms are quite common and not r e s t r i c t e d to t r i v a l e n t 
metal ions. I t i s cl e a r that we need to pay more at t e n t i o n to 
the e f f e c t of the entering ligand i n regard to i t s nuc l e o p h i l -

Table I 
A c t i v a t i o n Volumes f o r Ĥ O Exchange 

Complex AV , cm mol Ref. 

C r ( H 2 0 ) 6
3 + -9.3 (Z) 

C r ( N H 3 ) 5 H 2 0 3 + -5.8 (£) 
Co(NH 3) 5H 20 3 + +1.2 (8) 
Rh(NH 3) 5H 20 3 + -4.1 (9) 

I r ( N H 3 ) 5 H 2 0 3 + -3.2 (10) 

M n ( H 2 0 ) 6
2 + -5.4 (12) 

F e ( H 2 0 ) 6
2 + +3.8 (12) 

C o ( H 2 0 ) 6
2 + +6.1 (12) 

N i ( H 2 0 ) 6
2 + +7.2 (υ) 

i c i t y , s t e r i c e f f e c t s or 
s u b s t i t u t i o n reactions. 

other properties that i t may have i n 

Ten years ago Rorabacher (13) observed the s u b s t i t u t i o n 
rate constants f o r aquonickel(II) i o n with d i f f e r e n t amines 
(Table I I ) . There i s a decrease i n the rate constants by a 
factor of 14 i n going from ammonia to dimethylamine. I f n i c k e l -
( I I ) s u b s t i t u t i o n reactions are d i s s o c i a t i v e , then why i s the 
e f f e c t t h i s large? Is t h i s a s t e r i c e f f e c t with some associa
t i v e c o n t r i b u t i o n or i s i t an outer-sphere ef f e c t ? There has 
been s u r p r i s i n g l y l i t t l e i n v e s t i g a t i o n of the nature of the 
entering ligand so f a r as i t s bulk or i t s n u c l e o p h i l i c i t y i s 
concerned even f o r what have been generally considered as simple 
s u b s t i t u t i o n reactions. 
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6 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Table I I 
Rate Constant f o r the Formation 
of N i L ( H o 0 ) - 2 + from N i 2 + (13) 

D aq 

L k, M - 1s 

NH 3 4.5 X 10 3 

CH3NH2 1.3 X 10 3 

C 2H 5NH 2 8.7 X 10 2 

(CH 3) 2NH 3.3 X 10 2 

Copper(III) and N i c k e l ( I I I ) S u b s t i t u t i o n Reactions 

The sluggish s u b s t i t u t i o n properties of copper(III) and 
n i c k e l ( I I I ) peptide complexes have permitted the i s o l a t i o n of 
complexes with these oxidation states (14, 15). Thus, the t r i -
valent peptide complexes pass through a cation exchange r e s i n 
which r e a d i l y s t r i p s copper(II) or n i c k e l ( I I ) from the corre
sponding complexes. We now have a l i t t l e more information about 
the s u b s t i t u t i o n c h a r a c t e r i s t i c s of the t r i v a l e n t metal com
plexes. 

Figure 1 shows the reactions of the triply-deprotonated 
t e t r a g l y c i n e (H^G^) complex of copper(III) with acid (16). 
Protons add r a p i d l y to the free carboxylate group (K^) and to 
the peptide oxygen (K 0 1 J) to give structure I I I . The complex 
then undergoes a d i s s o c i a t i o n reaction with a f i r s t - o r d e r rate 
constant (k^) of 0.3 s 1, where a peptide nitrogen i s displaced 
from copper(III). Slower redox reactions are observed subse
quently and no more d i s s o c i a t i o n steps can be i d e n t i f i e d , but 

-3 -1 
t h i s places an upper l i m i t of 10 s f o r any a d d i t i o n a l d i s 
s o c i a t i o n rate constant. Other Cu(III)-peptide complexes also 
show r e l a t i v e l y l a b i l e reactions f o r the fourth e q u a t o r i a l l y 
coordinated peptide group and sluggish reactions f o r the rest of 
the in-plane coordination p o s i t i o n s . The copper(III) peptides 
are square-planar complexes with no evidence of a x i a l ligand 
coordination e i t h e r i n s o l u t i o n (17) or i n the c r y s t a l l i n e 
state (18). 
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8 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

N i c k e l ( I I I ) peptide complexes have a t e t r a g o n a l l y - d i s t o r t e d 
octahedral geometry as shown by e l e c t r o n spin resonance studies 
(19) and by reaction entropies f o r the N i ( I I I , I I ) redox couple 
(17). A x i a l s u b s t i t u t i o n s f o r N i ( I I I ) - p e p t i d e complexes are 
very f a s t with formation rate constants f o r imidazole greater 
than 10^ M 1 s 1 (20). On the other hand, equatorial s u b s t i t u 
t i o n of n i c k e l ( I I I ) i s r e l a t i v e l y slow except f o r the terminal 
peptide group. One way to observe equatorial s u b s t i t u t i o n i s to 
react the n i c k e l ( I I I ) peptide complex with strong a c i d . When 
t h i s i s done with N i (H^G^)", protons add r a p i d l y to the car-

boxylate group to give N i ^ ^ O l oG,)H and to the peptide oxygen 
I I I + 

to give Ni (H oG,)H 9 analogous with the reaction of 
I I I -

Cu (H_3G^) i n Figure 1. The two protonated n i c k e l ( I I I ) com
plexes then undergo s u b s t i t u t i o n reactions f o r the terminal pep
t i d e nitrogen with rate constants of 0.94 s 1 and 17 s , re
s p e c t i v e l y (21). I t i s i n t e r e s t i n g that the corresponding 
n i c k e l ( I I ) complexes have s i m i l a r but somewhat larger rate con
stants. Thus, Ni^ I(H_ 3G^)H" dissociates with a rate constant of 
5.6 s 1 and, i n 0.05 M HC10 A, the d i s s o c i a t i o n rate constant f o r 
the n i c k e l ( I I ) complex increases to 156 s 1 (22). However, the 
subsequent acid d i s s o c i a t i o n reactions of the n i c k e l ( I I ) - p e p 
t i d e s are r a p i d , whereas a d d i t i o n a l s u b s t i t u t i o n reactions of 
n i c k e l ( I I I ) peptides are sluggish. For the tetraglycinamide 
complex (G,a), the rate constant f o r the loss of N i ( I I I ) , due to -4 -3 redox decomposition reactions, equals (7.8 χ 10 + 5.8 χ 10 
[H +]) s (23). The redox decomposition prevents the observa
t i o n of a d d i t i o n a l s u b s t i t u t i o n reactions, but i t shows that 
s u b s t i t u t i o n s of the other three equatorial n i c k e l ( I I I ) - p e p t i d e 
coordination s i t e s are sluggish with rate constants generally 

-3 -1 less than 10 s 
Figure 2 shows the proposed mechanism (21) f o r the a c i d 

d i s s o c i a t i o n of Ni^^CH^G^a). The reactions of n i c k e l ( I I I ) can 
be followed by ESR since t h i s d^ e l e c t r o n i c state has one un
paired electron. Figure 3 shows the changes i n the room temper
ature ESR s i g n a l as the pH changes from 6.5 to 1.2 (21). Stop
ped-flow v i d i c o n spectroscopy (24) provides another convenient 
handle (Figure 4) to observe the conversion of one n i c k e l ( I I I ) 
complex to another p r i o r to the redox reaction i n which the pep
t i d e i s oxidized and n i c k e l ( I I ) i s formed (21). For the mechan
ism i n Figure 2 the values of the constants are k A < 0.02 s 
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M A R G E R U M Substitution Reactions of Chelates 

Figure 2. Proposed reactions of Ni(III)(H.sGia) with acid prior to redox decom
position. The substitution reaction for species Β to Ε has a rate constant k 4 = 

15.3 s"1. Other substitution steps have rate constants less than 10'3 s"1. 
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10 MECHANISTIC ASPECTS O F INORGANIC REACTIONS 

H(gauss) 
1 1 1 

3000 3100 

Figure 3. ESR spectral changes (25°C) for the Ni(lU)-Gka complex showing the 
effect of the coordination changes given in Figure 2. Key for pH values: , 

6.5 (A); , 3.0 (B); and , 1.2 (D or E). 

WAVELENGTH, nm 

Figure 4. Vidicon rapid scan VV-visible spectral changes on the addition of acid 
to Ni(HI)(H.sGka), corresponding to the coordination changes in Figure 2. Absorb-
once decreases with time for spectra recorded at 0.02, 0.09, 0.16, 0.23, 0.30, 0.37, 

0.42, and 0.49 s. 
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1. M A R G E R U M Substitution Reactions of Chelates 11 

Κ = 2.2 M and k- = 15.3 s . Thus, the r e a c t i v i t y of 
TTT + TTT + Ni A(H_ 3G Aa)H i s very s i m i l a r to that of Ni (H_ 3G A)H 2 , 

which also has a protonated peptide oxygen. The terminal pep
t i d e coordination p o s i t i o n ( i . e . , the fourth planar p o s i t i o n of 
the ligand) i s r e l a t i v e l y l a b i l e i n strong acid with h a l f l i v e s 
of only 40-45 milliseconds. However, n i c k e l ( I I I ) peptide com
plexes can be passed through Chelex ion exchange columns as i s 
the case with copper(III) peptides, i n d i c a t i n g that the remain
ing s u b s t i t u t i o n steps are slow. 

A x i a l s u b s t i t u t i o n rate constants have been determined by 
Haines and McAuley (25) f o r anions reacting with n i c k e l ( I I I ) -
cyclam and some of the constants are given i n Table I I I . The 
rate constants f o r the replacement of an a x i a l water molecule by 
a halide ion are i n the v i c i n i t y of 10 to 10 M s which i s 
rapid , but much slower than f o r a x i a l s u b s t i t u t i o n of n i c k e l -
( I l l ) - p e p t i d e complexes. The in-plane s u b s t i t u t i o n i s n a t u r a l l y 
slowed down by the presence of the macrocyclic l i g a n d , but, i n 
any case, the in-plane s u b s t i t u t i o n i s n e g l i g i b l e and the a x i a l 
s u b s t i t u t i o n i s f a s t . 

Table I I I 
A x i a l S u b s t i t u t i o n Rate Constants 
f o r Ni(III)Cyclam(H 20) 2' : > (25) 

Ligand S t a b i l i t y Constant, Formation Rate Constant, 
i f 1 M - V 1 

C l " 210 902 
Br" 50 210 
S C N " 2000 1160 

Factors A f f e c t i n g Formation Rate Constants of Chelates 

Rate constants f o r the formation of complexes from the 
aquometal ion and various chelating ligands are often predicted 
from the expected outer-sphere ass o c i a t i o n constant (K ) and 

M-H 0 0 S 

the c h a r a c t e r i s t i c water exchange rate constant (k 2 ). How
ever, as summarized i n Table IV, the observed formation rate 
constants are often s i g n i f i c a n t l y smaller than the predicted k f 

values and occasionally are much lar g e r . S t e r i c e f f e c t s can 
cause k̂ . values to be smaller f o r chelates as w e l l as f o r mono-
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12 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

dentate s u b s t i t u t i o n reactions. In some cases, such as the 
+ 2+ 

reaction of Hen with Cu , the rate-determining step i n the 
2+ a q 

formation of Cuen appears to be the proton t r a n s f e r step from 
3+ 

the monodentate CuenH complex (6). 
Table IV 

Some Factors which A f f e c t the Formation Rate Constant (k^) 
i n S u b s t i t u t i o n Reactions 

1. k^ may depend on the n u c l e o p h i l i c i t y of the 
reacting ligand i n an associative mechanism 

M—H 0 
2. k^ smaller than predicted from k 2 values: 

a. s t e r i c e f f e c t s 
b. c h e l a t i o n - c o n t r o l l e d s u b s t i t u t i o n 
c. l i m i t i n g proton-transfer rate 

M—H 0 
3. k^ l a r g e r than predicted from k 2 values 

a. i n t e r n a l conjugate base mechanism (H-bonding) 
b. stacking i n t e r a c t i o n s 

In a great many cases the f i r s t bond formation of chelates 
i s not the rate-determining step, but rather the chelate r i n g 
formation i s r a t e - l i m i t i n g . This che l a t i o n - c o n t r o l l e d sub
s t i t u t i o n (6) i s often recognized by smaller k^ values. How
ever, chelate-controlled s u b s t i t u t u i o n can occur even when k^ 
values are not smaller than predicted. Other factors which help 
to increase the rate of f i r s t bond formation are often not 
taken i n t o account. A c r i t i c a l review of the formation k i n e t i c s 
of aminocarboxylates suggests that most react by chelation-con
t r o l l e d s u b s t i t u t i o n , where r i n g closure rather than f i r s t bond 
formation i s the rate-determining step (6). 

One of the factors which can cause larger k^ values than 
normally predicted i s found i n the i n t e r n a l conjugate base 
mechanism of Rorabacher (26). This e f f e c t i s seen i n the r e l a 
t i v e rate constant of n i c k e l ( I I ) with ethylenediamine (3.2 χ 
10^ M 1 s 1 ) compared with ethylamine (7.9 χ ΙΟ 2 M 1 s 1 ) . 
The large increase i n k^ f o r ethylenediamine can be a t t r i b u t e d 
to an increased value caused by hydrogen bonding between a 
coordinated water molecule and the electron p a i r on one amine 
nitrogen which permits the adjacent p o s i t i o n on the metal ion to 
undergo s u b s t i t u t i o n . At l e a s t two donor groups i n the same 
ligand are needed f o r the ICB mechanism to permit one to hydro-
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1. M A R G E R U M Substitution Reactions of Chelates 13 

gen bond while the other donor group rotates f r e e l y to occupy an 
inner-sphere coordination p o s i t i o n . With ethylenediamine f i r s t 
bond formation i s the rate-determining step, but the rate i s 
accelerated by a l a r g e r outer-sphere a s s o c i a t i o n constant. 

Another f a c t o r which increases outer-sphere a s s o c i a t i o n and 
leads to an increase i n formation rate i s caused by stacking 
i n t e r a c t i o n s (27). In 1966 Wilkins (28) observed that the rate 

3 -1 -1 
constant f o r reaction 1 was 1.4 χ 10 M s while the rate 

N i ( H 2 0 ) 6
2 + + terpy + N i ( t e r p y ) ( H 2 0 ) 3

2 + + 3H 20 (1) 

N i ( t e r p y ) ( H 2 0 ) 3
2 + + terpy -> N i ( t e r p y ) 2

2 + + 3H 20 (2) 
constant f o r reaction 2 was 2.2 χ 10** M 1 s S i m i l a r i n 
creases i n the rate of second terpy a d d i t i o n was found f o r the 
Co(II) and Fe(II) complexes. Rablen and Gordon (29) measured 

2+ 
the water exchange rate constants f o r N i ( t e r p y ) ( H o 0 ) ^ and 4 - 1 4 found i t to be 5.2 χ 10 s , compared to a value of 3.4 χ 10 -1 2+ s f o r N i ( H 2 0 ) ^ . Hence, the water exchange rate constant 
cannot account f o r the increase i n the ligand s u b s t i t u t i o n rate 
constant by a f a c t o r of more than 100. Cayley and Marge rum 

2+ 
(27) observed that Ni(phen)(H 20) A reacting with ammonia or 
with a second 1,10-phenanthroline shows no enhancement, but that 
a rate enhancement fac t o r of 23 i s found f o r the reaction with 
b i p y r i d y l . The explanation i s that bipy associates with 

2+ 
Ni(phen)(H 20) A by a stacking i n t e r a c t i o n as shown i n Figure 
5. A second phen would stack even better than bipy, but i t 
would not be free to s u b s t i t u t e because i t i s not f l e x i b l e . 
The stacking increases the outer-sphere a s s o c i a t i o n and the 
e f f e c t increases as the number of rings which can overlap i n 
stacking increases (Figure 6). The stacking i n t e r a c t i o n s are 
also enhanced by methyl substituents on the aromatic rings and 
rate enhancements as large as 2100 have been observed. The 
stacking i n t e r a c t i o n i s a t t r i b u t e d to hydrophobic bonding and 
to p o l a r i z a t i o n e f f e c t s . The rates of reaction i n methanol-
water mixtures have much lower rate enhancements due to the loss 
of favorable stacking i n t e r a c t i o n as the hydrophobic bonding 
e f f e c t i s reduced. 

2+ 
Acid-Catalyzed Chelate Ring Opening of N i ( e n ) ( H 2 0 ) A The 

factors which determine the rate of chelate r i n g opening reac
tions and make the d i s s o c i a t i o n process so much slower than the 
corresponding monodentate d i s s o c i a t i o n rate are not w e l l es
t a b l i s h e d . Angular expansion of bond angles i n the chelate 
r i n g seems to be more important than hindered r o t a t i o n of the 
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MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

0H 2 

Figure 5. Stacking interaction proposed in the reaction between bipy and 
Ni(phen)(H20)k

2* immediately prior to the first bond coordination of bipy. 
(Reproduced, with permission, from Ref. 27. Copyright 1974, J. Chem. Soc, 

Chem. Commun.) 
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16 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

chelating ligand (6). A recent study of the acid d i s s o c i a t i o n 
2+ 

of Nien has shown that protonation of one of the ethylenedi
amine nitrogens can occur while i t i s s t i l l w i t h i n the f i r s t 
coordination sphere (30). That i s , even when the chelate r i n g 
has not opened s u f f i c i e n t l y to move the nitrogen donor out of 
the f i r s t coordination sphere, i t i s possible to protonate the 
donor atom. This protonation accelerates the d i s s o c i a t i o n re
action. 

Ahmed and Wilkins (31-33) found that the d i s s o c i a t i o n rate 
2+ 

of Nien increases by a f a c t o r of 20 when the pH i s lowered 
from 7 to 4 and then l e v e l s o f f from pH 4 to 2. The rate 
reaches a plateau because r i n g opening becomes the rate-deter
mining step. They observed some increase i n rate at higher 
a c i d i t y and we have explored t h i s i n much more d e t a i l (30). 
Figure 7 shows the e f f e c t of pH on the d i s s o c i a t i o n rate con-

2+ 
stant f o r Nien . (This f i g u r e i s a composite of data at 0.6 °C 
(32) and at 25.0 °C adjusted to one ordinate.) The a d d i t i o n a l 
increase i n the rate constant ( f o r the region labeled k^) below 
pH 1.5 was v e r i f i e d . The commonly accepted way i n which acid 
a s s i s t s the dechelation of a polyamine complex i s by protonation 
of a donor a f t e r solvent separates i t from the metal (34). How
ever, t h i s corresponds to the k ^ plateau i n Figure 7 and does 
not account f o r the increase as the a c i d i t y i s increased f u r 
ther. The mechanism proposed (6, 30) to explain the l a t t e r 
e f f e c t i s the addition of a proton to the amine nitrogen before 
the nitrogen leaves the f i r s t coordination sphere as shown i n 
Figure 8. The proton adds before or during the s o l v a t i o n of the 
metal i o n , thereby enhancing the d i s s o c i a t i o n rate by causing 
the chelate r i n g to open more r a p i d l y . 

Table V 
Rate Constants f o r the Solvent and Protonation Pathways 

i n Complex D i s s o c i a t i o n (30) 

Complex k l d , s l k 2 H,M" 1s" 1 k 2 H ^ k l d , M l 

0.108 0.056 0.52 

68 19 0.28 

5.76 0.54 0.09 

υ- 2 + Nien 
XT' 2+ 
N i e n 3 2+ NiNH 3

z 
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1. M A R G E R U M Substitution Reactions of Chelates 17 

PH 
Figure 7. Observed rate constants for the dissociation of Nien(HsO)f* as a 

function of pH. 

2̂H 
Figure 8. Proposed mechanism for the acid-catalyzed dissociation of Nien2* 
where a proton adds to an amine Ν while it is still in the first coordination sphere 
of the Ni ion. The species in parentheses may be transition states rather than 

intermediates. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

1

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



18 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

2+ 
Table V compares the k-, and k o l f rate constants f o r Nien , 2+ 2+ l d Z l i 2+ N i e n 3 and NiNH^ . The k l d value f o r Nien i s a f a c t o r of 53 

smaller than k ^ value f o r NiNH32+ showing the e f f e c t of che
l a t e r i n g opening i n slowing the d i s s o c i a t i o n step. However, 

2+ the r a t i o of k 0 1 I/k- , f o r Nien i s 0.52 which i s much larger 
ΖΆ Id 2 + 

than the r a t i o of 0.09 f o r NiNH^ . The r e s t r i c t i o n s imposed 
by the chelate r i n g opening may hold the donor i n the f i r s t co
ordination sphere making i t more susceptible to protonation. 

2+ 
The small e f f e c t seen f o r NiNH^ suggests that even here the 
ligand may be trapped by a cage formed from solvent molecules 
i n the second coordination sphere. The e f f e c t of the solvent 
cage i s a l e s s important factor than the e f f e c t of the chelate 
r i n g i n determining the r e l a t i v e rates of the solvent-separation 
and protonation pathways. 

The mechanism outlined f o r the k 2 j j path i n Figure 8 sug
gested that general acids might catalyze the rate and we found 
t h i s to be the case (30). The r e s u l t s i n Table VI are sur
p r i s i n g because a l l the carboxylic acids are more e f f e c t i v e than 
Ĥ O and the weakest a c i d , CH^COOH, i s the most e f f e c t i v e as 
seen i n the k ^ g values. This i s the opposite of normal general 
acid reactions where the rate increases with acid strength. On 
the other hand, no a c c e l e r a t i o n i s detected with pyridinium 
ion. I t appears that the carboxylic acids are associating with 

2+ 
Nien e i t h e r by hydrogen bonding i n t e r a c t i o n or by replacement 
of a water molecule (Figure 9). General acid c a t a l y s i s i s not 

2+ 
detected i n the d i s s o c i a t i o n of Nien~ . The most e f f e c t i v e 

2+ 
acids f o r Nien are those which are the best coordinating 
acids, where one part of the molecule coordinates (or hydrogen 
bonds) while the other donates the proton. Coordinating acids 
have also been found to a s s i s t proton-transfer reactions of 
metal-peptide complexes (22, 35-39). 
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1. M A R G E R U M Substitution Reactions of Chelates 19 

f 
H H — Q ^ / 

Ν Κ 

(α) 

Λ Ν 

J V 
R - C " ° 

(b) 

Figure 9. Possible general acid interaction with Nien2* by (a) hydrogen bonding 
to a coordinated HsO molecule or (b) carboxylic acid oxygen coordination to Ni. 
In both cases the proton of the carboxylic acid is available to be transferred to an 

amine Ν as proposed in Figure 8. 
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20 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Table VI 
Rate Constants f o r the Acid Pathway 

2+ 
i n the D i s s o c i a t i o n of Nien (30) 

Acid * K a κ 2 Η Β,π s 

CH3C00H 5.01 0.30 

C1CH2C00H 3.02 0.14 

C12CHC00H 0.87 0.08 

C13CC00H 0.66 0.10 

H / -1.73 0.056 

Proton-transfer Reactions of Metal-Peptides. Two path
ways found f o r the reactions of acids with deprotonated-peptide 
complexes (22, 35, 39) are depicted i n Figure 10. In one path 
rapid protonation of the peptide oxygen i s followed by metal-
N(peptide) bond cleavage and so l v a t i o n of the metal. The "out
side protonated" species i s a true intermediate and t h i s path i s 
not subject to general a c i d c a t a l y s i s because the rate-deter
mining step occurs a f t e r protonation. In the other path proton 
tr a n s f e r occurs by d i r e c t reaction with the coordinated peptide 
nitrogen. This path i s general-acid catalyzed. The proton 
t r a n s f e r and metal-peptide bond breaking occur simultaneously 
so the species shown f o r the inside protonation pathway i s not a 
true intermediate but i s e i t h e r the t r a n s i t i o n state or i s a 
v i r t u a l intermediate. One of the f a s c i n a t i n g properties of 
the general acid-catalyzed path i s shown by the Br^nsted p l o t i n 
Figure 11 (40). This p l o t has the shape of an Eigen-type Βτφη-
sted p l o t (41) i n which the alpha value changes from 1 to 0 as 
the d i f f u s i o n l i m i t i s reached. However, the rate constants f o r 
the slope of zero are as small as 10** M *s 1 rather than the 
d i f f u s i o n - l i m i t i n g value of ΙΟ 1^ M 1 s 1. Figure 11 gives data 
f o r the copper complex with singly-deprotonated t r i g l y c i n e , as 
shown i n eq 3, and s i m i l a r l y shaped Br^nsted p l o t s with 
C u n ( H _ 2 G 3 r and with Cu I ] C(H_ 3G 4) 2~ (40, 43). 

Cu I I(H_ 1G 3) + HB C u H G 3
+ + B" (3) 
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1. M A R G E R U M Substitution Reactions of Chelates 

OUTSIDE PROTONATION PATHWAY 

INSIDE PROTONATION PATHWAY 

Figure 10. Proposed mechanism for the proton-transfer reactions of metal-
peptide complexes. 

ι 1 1 1 1 Γ 

I ι ι ι ι ι ι I 
8 6 4 2 0 -2 

pKa(HB) 

Figure 11. Br0nsted plots for the proton transfer reactions of Cu-triglycine and 
Cu-tetraglycine complexes. Key: •, Cu(H.iGkf-; O, Cu(H.gGs)~; and · , Cu-
(H.tGs) (numbers refer to the acids: 1, CHsCOOH; 2, HCOOH; 3, ClCHtCOOH; 

4, ChCHCOOH; and 5, HsO+). 
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22 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

I t i s t r a d i t i o n a l to t r e a t H^0+ as an exceptional acid with un
usual proton-transfer rate properties which preclude i t from 
being included i n such a Br^nsted p l o t . In t h i s case H^0+ 

follows a trend which i s t y p i c a l of other strong acids 
(C12CHC00H and C1CH2C00H) and need not be considered as an ex
ception. This i s also true f o r many other reactions (35, 44) 
which we have studied f o r a wide range of acids. I f only the 
three l e f t hand points had been a v a i l a b l e to compare with the 
H^0+ value, then the l a t t e r point would have appeared to f a l l 
o f f an extrapolated Br^nsted p l o t and might have erroneously 
been assigned to an exceptional c l a s s . However, i n r e a l i t y the 
en t i r e curve has an abrupt change i n slope and can be accounted 
f o r by use of a modified Marcus theory (38, 44) of proton trans
f e r . The modification changes the value i n the Marcus theory 
from a simple work term required to bring the reactant together 
to a larger energy term which includes a d d i t i o n a l factors that 
are independent of the acid and base strength of the reactants. 
In t h i s case the larger term appears to a r i s e from the need 
to solvate the metal ion as shown i n Figure 10 f o r the in s i d e 
protonation pathway. The Marcus dependence i s given i n eq 4. 

AG* = WR + I (1 V |AG^ - C| S λ (4) C| £ λ 

C) <-λ 

C) > λ 

AG" = WR 

AG* = A G ^ + WR - C 

where C = AGJjg - Wp + WR 

In the present case the i n t r i n s i c b a r r i e r (λ/4) i s small 
and, therefore, the reactions have a strong dependence on the 
pK value of the reacting acids, which accounts f o r the abrupt a 
change of slope f o r the Br^nsted p l o t s i n Figure 11. However, 
as the terms increase, the rate constants plateau at lower 
values. Table VII summarizes some of the λ/4 and values f o r 
d i f f e r e n t metal-peptide reactions with acids. The values 
increase with the strength of the metal-peptide bond whereas 
the λ/4 values are unchanged. Thus, the proton-transfer rate 
constants appear to be unaffected by the need to solvate the 
metal ion as the peptide nitrogen bond to the metal breaks. 
In general, proton t r a n s f e r and other reactions of e l e c t r o p h i l e s 
with chelate complexes need further i n v e s t i g a t i o n . 
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1. M A R G E R U M Substitution Reactions of Chelates 23 

Table VII 
Modified Marcus Parameters f o r Proton-Transfer Reactions 

with Deprotonated Metal Peptide Complexes 

Complex Energy B a r r i e r (kcal mol ) 

λ/4 Ç 

Cu(H_ 3G 4) 2" 6.0 1.8 2.1 

Cu(H_ 2G 3)' 7.7 1.6 3.3 

Cu(H e lG 3) 10.4 1.1 3.2 

Ni(H_ 2G 3)" 10.6 2.0 3.8 

Nucleo p h i l i c s u b s t i t u t i o n reactions of t r i e n with copper-
( I l ) - t r i p e p t i d e complexes. I have long been fascinated by 
multidentate ligand s u b s t i t u t i o n reactions, p a r t i c u l a r l y by re
actions i n which one multidentate ligand replaces another. I 
now want to focus on s t e r i c e f f e c t s i n a reaction of t h i s type 
i n which triethylenetetramine ( t r i e n ) displaces a doubly-depro-
tonated t r i p e p t i d e ligand from copper(II) (eq 5) (45). 

I I - 2+ Cu ( H _ 2 t r i p e p t i d e ) + t r i e n Cutrien + t r i p e p t i d e (5) 

The rate i s f i r s t order i n each reactant (eq 6) and there are 
no observable concentrations of intermediate species. The coor-

2+ 
d [ C U t d t 6 n 1 = k [ C u n ( H _ 2 t r i p e p t i d e ) " ] [ t r i e n ] (6) 

dination of the t r i p e p t i d e complexes i s shown i n Figure 12. 
Other studies (46) with en and dien show that the s u b s t i t u t i o n 
reactions proceed from the carboxylate end through a series of 
mixed tripeptide-polyamine ternary complexes. However, the 
rate-determining step i s r e l a t i v e l y e a r l y i n the t r i e n displace
ment of the t r i p e p t i d e and subsequent reactions are rapid by 
comparison, so that intermediate ternary complexes are not seen 
i n the t r i e n reactions. In the observed rate the t r i p e p t i d e 
ligand i s completely displaced, but the rate of t h i s displace
ment i s greatly affected by the nature of the amino acid r e s i 
dues i n rings 2 and 3. As shown i n Table V I I I , rate constants 
f o r the t r i e n reactions change by eight orders of magnitude as 
hydrogens i n t r i g l y c i n e (G~ or GGG) are replaced by methyl sub-
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( 2 ) 

HzO 

(1) 

A 

H9H-

( 3 ) 

H2O 

Figure 12. Cu(II)-tripeptide complexes. 
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s t i t u e n t s i n the t r i p e p t i d e of aminoisobutyric a c i d (Aib^). 
Table IX shows that the s t a b i l i t y constants f o r the t r i p e p t i d e 
complexes i n v o l v i n g the two extreme cases, GGG and Aib^, d i f f e r 
by a f a c t o r of only 65, so that the large k i n e t i c e f f e c t of the 
methyl groups cannot be a t t r i b u t e d j u s t to changes i n copper-
peptide s t a b i l i t y . Furthermore, the proton-transfer rate con
stants f o r these complexes are l i t t l e affected by methyl sub-
s t i t u e n t s . I t i s only the n u c l e o p h i l i c s u b s t i t u t i o n reactions 
that are g r e a t l y affected. Methyl substituents i n the f i r s t 
chelate r i n g have only a small e f f e c t on the t r i e n s u b s t i t u t i o n 
rate constant as seen f o r the r e s u l t s with AAA versus GAA and 
AGA versus GGA. Methyl substituents i n the second chelate r i n g 
slow the t r i e n s u b s t i t u t i o n rate a great deal as seen f o r GAG 
vs. GGG and f o r GAibG vs. GGG. Methyl substituents i n the 
t h i r d chelate r i n g also slow the s u b s t i t u t i o n as seen f o r GGA 
vs. GGG and f o r GGAib vs. GGG. The e f f e c t of methyl groups i n 
both the second and t h i r d chelate rings i s cumulative so that 

g 
the reaction with Aib^ i s 10 times slower than the reaction 
with GGG. J 

The methyl groups s t e r i c a l l y hinder the t r i e n displacement 
reaction. There i s good evidence from e a r l i e r studies with 
ammonia, ethylenediamine, and diethylenetriamine that the reac
t i n g amine needs a foothold i n an equatorial p o s i t i o n f o r the 
displacement to proceed as shown by the mechanisms i n Figure 
13. Methyl groups i n the t h i r d r i n g simply make i t s t e r i c a l l y 
d i f f i c u l t f o r t r i e n to get a foothold and t h i s i s one of the 
reasons why the rate constant i s reduced by as much as four 
orders of magnitude when two methyl groups are i n the t h i r d 
r i n g . The rate-determining step i s proposed as the f i r s t che
l a t e r i n g closure reaction of t r i e n which coincides with the 
f i r s t peptide bond breaking from copper. Methyl groups i n the 
second peptide chelate r i n g apparently make i t d i f f i c u l t f o r 
t h i s r i n g to open i n the n u c l e o p h i l i c displacement reaction with 
t r i e n and, of course, methyl groups i n the t h i r d chelate r i n g 
may also be s t e r i c a l l y hindering t h i s step (k^ i n Figure 13). 
The pH dependence of the t r i e n reaction indicates that no pro
tons are added before the rate-determining step. Hence, t h i s 
step cannot come a f t e r the peptide bond breaks, because the 
metal-free peptide group must add a proton. Thus, the subse
quent displacement reactions of the donors i n the f i r s t chelate 
r i n g occur a f t e r the rate-determining step, which agrees with 
the lack of methyl group e f f e c t s i n t h i s r i n g . 

The r e s u l t s suggest that the five-membered peptide chelate 
r i n g , i n which the atoms are nearly coplanar, may be more sub
j e c t to s t e r i c e f f e c t s than i s the case f o r the gauche confor
mation of chelate rings of ethylenediamine and i t s C-methyl 
d e r i v a t i v e s . However, the corresponding n u c l e o p h i l i c displace
ment reactions have not been studied and i t i s too e a r l y to draw 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

1

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



26 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 13. Proposed mechanism for the displacement of the tripeptide from Cu(II) 
by trien. The rate-determining step (kg) is the opening of the second peptide Ν and 

its replacement by a trien N. 
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Table VIII 
Second-order Rate Constants (25.0°C) f o r the 

Reactions of Trien with C u ^ i H ^ t r i p e p t i d e s ) · 

Peptide Methyl Substituents k, M *s 
i n Chelate Ring 

c. f 1 2 3 7 
GGG 0 0 0 1.1 X 10 7 

GAG 0 1 0 1.3 X 10 5 

GGA 0 0 1 1.1 X 10 5 

AGA 1 0 1 6.0 X 10 4 

GAA 0 1 1 2.3 X 10 3 

AAA 1 1 1 1.7 X 10 3 

GGAib 0 0 2 5.6 X 10 2 

GAibG 0 2 0 7.0 X 10 1 

A i b 3 2 2 2 1.4 X 10" 1 

Table IX. 
S t a b i l i t y Constants of Copper(II) 

Tripeptide Complexes (47) 

Complex log β 

Cu(H_ 2G 3) -6.76 

Cu(H_ 2Aib 3)~ -4.95 

a R _ [Cu(H . L ) " ] [ H + ] 2 

Pi,-2,1 " 
[Cu 2 +][L~] 
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conclusions. The very large s t e r i c e f f e c t s observed i n the pep
t i d e displacement reactions c e r t a i n l y merit a d d i t i o n a l study. 

Summary 

Our knowledge and understanding of the k i n e t i c s and mech
anisms of s u b s t i t u t i o n reactions are l i m i t e d , p a r t i c u l a r l y i n 
the area of chelate and multidentate ligand s u b s t i t u t i o n s . 
There are e l e c t r o p h i l i c , n u c l e o p h i l i c and s t e r i c e f f e c t s i n the 
reactions of c l a s s i c a l complexes which need to be investigated 
and the areas of organometallic chemistry and c l u s t e r complexes 
are even more unexplored. The lack of knowledge of s u b s t i t u t i o n 
reactions i s r e a l l y quite s t r i k i n g and I hope my comments w i l l 
encourage more in v e s t i g a t i o n s of these important reactions. 
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General Discussion—Substitution Reactions of Chelates 
Leader: Cooper H . Langford 

DR. COOPER LANGFORD (Concordia U n i v e r s i t y ) : I would l i k e 
to comment on the s i g n i f i c a n c e of the apparent, and I think 
quite r e a l , success of the Eigen-Wilkins mechanism i n organizing 
a great deal of data. I t seems to me that the important point 
to be noted i s that t h i s mechanism underlines an important 
difference between the t y p i c a l behavior of octahedral complexes 
and the square-planar or tetrahedral systems. The leaving 
ligand i s a c r i t i c a l l y important one i n the octahedral complex 
and can't be overwhelmed by other groups. I f you w i l l , i n the 
octahedral complex, the leaving group determines the b a l l p a r k i n 
which you play, even i f the entering group may determine who 
wins the game. That c e r t a i n l y i s not true f o r tetrahedral 
cases, where v a r i a t i o n s i n the entering group can move you from 
one end of the league to the other. 

Now, i f we want to understand that, I suggest we begin to 
move in t o a t e r r i t o r y which i s under-explored. Something which 
we might c a l l the Ingold-Hughes-Tobe-Basolo-Pearson-Eigen-
Wilkins-Langford-Gray myopia has i m p l i c i t l y defined the reac
t i o n coordinate f o r s u b s t i t u t i o n reactions. That i m p l i c i t 
d e f i n i t i o n i s based on the emphasis that i s given to the r e l a 
t i v e r o l e of the entering and leaving groups, with the compar
a t i v e neglect of the other ligands. 

One of the conclusions that one may draw from the t a l k 
which Dr. Margerum has given us here i s the lesson from chelate 
systems, showing the very important r o l e played by other parts 
of the molecule i n determining what the reaction coordinate 
r e a l l y looks l i k e . This i s something that has interested us a 
good deal since we t r i e d some years ago to compare the d i f f e r 
ences i n the s u b s t i t u t i o n rates f o r the halopentaammine chromium 
complexes and the halopentaaquo chromium complexes. 

One s p e c i f i c question which I would l i k e to address to Dr. 
Margerum concerns the very i n t e r e s t i n g series of s u b s t i t u t i o n 
reactions f o r the polypeptide complexes that are of s i m i l a r 
s t a b i l i t y and yet e x h i b i t remarkably d i f f e r e n t s u b s t i t u t i o n 
rates. What would you say about the implications of that ob
servation f o r the formation processes of the copper polypeptide 
complexes? 

DR. MARGERUM: We are now looking at those k i n e t i c s . There 
i s a s i g n i f i c a n t e f f e c t on the rates of formation and rates of 
d i s s o c i a t i o n of these complexes i n the aquo replacement reac
t i o n s , but perhaps not as great as f o r the polyamine s u b s t i t u 
t i o n reactions. 

DR. RALPH WILKINS (New Mexico State U n i v e r s i t y ) : What i s 
the rate of the reaction of t r i e n with your copper macrocyclic 
tetrapeptide complex? Based on your mechanism i t should be 
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extremely slow i f you are worrying about ge t t i n g a foothold f o r 
the t r i e n . 

DR. MARGERUM: Yes. I didn't show those data but we have a 
system i n which a macrocyclic tetrapeptide i s coordinated to 
copper and we have looked at i t s reaction with t r i e n [Rybka, 
J . S.; Margerum, D. W. Inorg. Chem. 1980, 19, 2784]. The t r i e n 
w i l l not react u n t i l we protonate a group, even i n basic solu-

-3 -1 
t i o n s , and t h i s rate constant i s 10 s . So, i n order f o r the 
incoming t r i e n ligand to obtain a foothold, a solvent molecule 
must f i r s t replace one of the peptide groups. 

DR. WILKINS: You mean you have three groups of the macro-
cycle coordinated and one free? 

DR. MARGERUM: Right. The macrocyclic complex f i r s t adds a 
proton f o l l o w i n g which t r i e n reacts to form a mixed complex. 
The l a t t e r species then reacts with solvent to become further 
protonated before t r i e n replaces the c y c l i c peptide. 

DR. WILKINS: The other question i s as follows: I t seems 
quite c l e a r that the f i r s t bond formation step i s rate-determin
ing f o r many metal ions reacting with t e r p y r i d i n e i n aqueous 
s o l u t i o n . In f a c t , Robinson and White [ J . Chem. S o c , Faraday 
Trans. 1978, 2625] recently looked at n i c k e l reacting with PADA 
i n which they used a photochemical perturbation. They managed 
to b u i l d up a large amount of the intermediate with one end only 
of PADA coordinated and a c t u a l l y measured i n t r i n s i c a l l y the rate 
constant f o r r i n g closure. Although there was a s l i g h t amount 
of competition, the s u b s t i t u t i o n of the f i r s t donor atom i n t o 
the inner-coordination sphere i s rate-determining. 

Now, a couple years ago Brown, Howarth, Moore, and Parr 
3+ 

[J . Chem. S o c , Dalton Trans. 1978, 1776] looked at A1(DMS0) 6 

reacting with t e r p y r i d i n e . By using a very neat NMR method, 
they could unambiguously show that the f i r s t nitrogen donor atom 
going on was quite rapid — re q u i r i n g the use of the flow NMR — 
the second nitrogen s u b s t i t u t i o n was much slower, and the t h i r d 
nitrogen s u b s t i t u t i o n exhibited a h a l f l i f e of 20 minutes or so 
at much higher temperatures. I am i n t r i g u e d by that , and I 
wonder what you f e e l about the mechanism where the s u b s t i t u t i o n 
of the t h i r d donor atom i s so much slower than the f i r s t one i n 
the context of t h i s t a l k . 

DR. MARGERUM: I can't explain that. But i t i s an i n t e r 
e s t i n g observation. 

DR. RAMESH PATEL (Clarkson College): I have a question on 
the comparison you showed f o r manganese that seems to react by 
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1. M A R G E R U M Substitution Reactions of Chelates 33 

an a s s o c i a t i v e mechanism. Now, manganese has been a very popu
l a r candidate f o r the replacement of magnesium, which very 
c l e a r l y does react by a d i s s o c i a t i v e mechanism. In view of the 
importance of replacement of magnesium by manganese i n many 
b i o l o g i c a l processes, can you think of p o s s i b i l i t i e s i n which 
t h i s a s s o c i a t i v e f a c t o r can be used to an advantage to get 
ad d i t i o n a l information? 

DR. MARGERUM: As Merbach points out i n h i s paper — and, 
of course, that i s Merbach 1 s work which I quoted here — the 
s u b s t i t u t i o n behavior i s not gre a t l y d i f f e r e n t f o r manganese 
r e l a t i v e to the other d i v a l e n t metal ions, even though he c l e a r 
l y i d e n t i f i e d i t s mode of s u b s t i t u t i o n as an asso c i a t i v e phenom
enon. From that point of view, one might not have a great deal 
of luck. But I can't give you examples. 

DR. DAVID PENNINGTON (Baylor U n i v e r s i t y ) : In regard to 
t h i s question about the differences i n reactive behavior between 
manganese and magnesium, i t i s conceivable t h a t , w i t h i n the pH 
range where such s u b s t i t u t i o n s are measured f o r manganese, one 
i s dealing with a p a r t i a l l y hydrolyzed manganese species. I 
think Swaddle i n h i s t a l k l a t e r w i l l discuss the f a c t that there 
i s , perhaps, a difference i n the volumes of a c t i v a t i o n f o r the 
hexaaquo versus the hydroxopentaaquo complexes. 

DR. PATEL: I was r e f e r r i n g to the low pH region where such 
hydrolyzed species should not be s i g n i f i c a n t . 

DR. KENNETH KUSTIN (Brandeis U n i v e r s i t y ) : Some years ago, 
you studied reactions of the type MX + Y = MY + X and found some 
i n t e r e s t i n g e f f e c t s , such as chain reactions and phenomena of 
that s o r t . You also found that there was autocatalysis of such 
ligand s u b s t i t u t i o n reactions by, I b e l i e v e , t r i g l y c i n e . Has 
that turned up again? Are other t r i p e p t i d e s or polypeptides 
a u t o c a t a l y t i c ? How does that f i t i n with the base c a t a l y s i s 
concept? 

DR. MARGERUM: Yes, i t does turn up i n a number of i n 
stances. The example you are t a l k i n g about was an EDTA reaction 
with a copper t r i g l y c i n e i n which the released t r i g l y c i n e c a t a l 
yzed the s u b s t i t u t i o n of the EDTA. This resulted from the f a c t 
that the b i s - t r i g l y c i n e complex i s f a s t e r to undergo s u b s t i t u 
t i o n than i s the mono complex. The released t r i g l y c i n e formed a 
b i s complex and the EDTA then attacked that. 

This again i s a consequence of a s t e r i c e f f e c t i n s u b s t i t u 
t i o n which i s not very w e l l understood, but I think i s very 
evident. One of the s l i g h t discouragements about studying these 
systems i s t h a t , i f one gets i n t o a system that has general acid 
c a t a l y s i s , one has to vary the buf f e r concentration at each pH 
to f i n d out what i s r e a l l y happening. This s i g n i f i c a n t l y i n -

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

1

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



34 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

creases the amount of work which one has to do to reach the 
correct mechanistic conclusions. 

I f one encounters an a d d i t i o n a l e f f e c t , such as a s i t u a t i o n 
i n which the ligand that i s released also catalyzes the reac
t i o n , another e n t i r e series of experiments i s mandated. We went 
to computerized flow systems a number of years ago i n order to 
overcome some of these i n t r i n s i c problems. 

DR. DAVID RORABACHER (Wayne State U n i v e r s i t y ) : As Dr. 
Margerum has j u s t pointed out, the increase i n the number of 
experiments one needs expands dramatically as one encounters 
k i n e t i c contributions from other species i n the reaction mix
ture. We have recently encountered such a phenomenon i n our 
laboratory which merits some comment w i t h i n t h i s context. This 
phenomenon involves an e f f e c t of so-called i n e r t anions upon 
complex formation and d i s s o c i a t i o n k i n e t i c s which we f i n d very 
d i s t u r b i n g . The i m p l i c a t i o n of t h i s phenomenon i s that now, not 
only i s i t necessary to vary the concentration of the buffer 
along with the concentrations of reactants and products, but one 
must also vary the concentration of every other species i n the 
system. 

The systems with which we have been working involve aquo-
copper(II) ion reacting with a s e r i e s of c y c l i c and open-chain 
polythioether ligands, each with four or more donor atoms. We 
f i r s t noticed that, as one increases the concentration of " i n 
e r t " anions, such as CIO^, BF^, and CF^SO^, the s t a b i l i t y of the 
copper polythioether complexes also appears to increase [Sokol, 
L. S. W. L.; Ochrymowycz, L. Α.; Rorabacher, D. B. Inorg. Chem. 
1981, 20, 3189)]. K i n e t i c studies have revealed that, as one 
increases the perchlorate concentration, the formation rate 
constants increase s l i g h t l y while the d i s s o c i a t i o n rate constant 
e x h i b i t s a marked decrease. 

O r i g i n a l l y , we were unable to explain t h i s type of behavior 
i n any s a t i s f a c t o r y manner. But, some c a r e f u l e q u i l i b r i u m mea
surements i n our laboratory have f i n a l l y given us the clue as to 

2+ 
what i s happening. The Cu ion f i r s t forms a complex with the 
polythioether ligand f o l l o w i n g which the complex forms an asso
c i a t i o n with the anion. The r e s u l t i n g ternary complex appears 
to be a more stable species than the Cu(II) polythioether com
plex alone. 

The nature of the ternary species i s unclear but the addi
t i o n of perchlorate to the complex causes no detectable s h i f t i n 
the p o s i t i o n of the peaks i n the v i s i b l e spectrum. This may 
i n d i c a t e that the anion e f f e c t involves an outer-sphere a s s o c i 
a t i o n or i t may involve a weak a x i a l inner-sphere coordination. 

Whatever the nature of t h i s i n t e r a c t i o n may be, we f i n d 
t hat, i f we i n t e r p r e t the observed d i s s o c i a t i o n rate constant to 
a r i s e from the c o n t r i b u t i o n of two complex species, one having 
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an associated anion and one without, we obtain a l i n e a r r e l a 
t i onship when we p l o t the r e c i p r o c a l of the observed d i s s o c i a 
t i o n rate constants against the appropriate function of the 
perchlorate concentration. As a r e s u l t , we are able to resolve 
the two i n d i v i d u a l d i s s o c i a t i o n rate constants from the slope 
and intercept. 

I f t h i s should be a general phenomenon, i t i s something 
that we a l l need to look f o r . With systems which involve 
charged ligands, of course, the e f f e c t w i l l be g r e a t l y masked by 
i o n i c strength e f f e c t s since i t i s impossible to vary the anion 
without a l t e r i n g the i o n i c strength. Furthermore, i f the ligand 
being studied undergoes protonation, t h i s anion phenomemon w i l l 
be somewhat masked by the changes i n the protonation constants 
as a function of the i o n i c strength and the protonation con
stants w i l l have to be determined f o r each i o n i c strength stud
ied. I t i s obvious that i f one has several such phenomena con
t r i b u t i n g to the observed k i n e t i c s , the number of required 
experiments becomes rather immense. 

The existence of such anion e f f e c t s also implies that, i f 
one wishes to do temperature studies, one cannot simply s i t at a 
constant i o n i c strength and obtain meaningful a c t i v a t i o n para
meters, because the equilibrium constant i n v o l v i n g the associa
t i o n with the anion w i l l also change, of course, as one v a r i e s 
the temperature. Thus, i t i s necessary to resolve out each rate 
constant at each temperature and then do the temperature depen
dencies on i n d i v i d u a l rate constants. 

We also encountered the l a t t e r type of problem a number of 
years ago when we were doing solvent studies. Our studies 
involved the determination of the e f f e c t of solvent composition 
on the formation and d i s s o c i a t i o n rate constants f o r the reac
tions of solvated divalent metal ions (such as N i ( I I ) , C o ( I I ) , 
or Cu(II)) with ammonia to form the 1:1 complex. In a mixed 
solvent system, such as methanol-water, a large number of s o l 
vated metal ion species coexist including the species with s i x 
coordinated waters, the species with f i v e waters and one metha
no l , e t c . , as the solvent composition was varied from pure water 
to pure methanol. For the reactions i n v o l v i n g solvated n i c k e l 
or cobalt, we observed a maximum i n the formation rate constant 
at a solvent composition corresponding to the i n s e r t i o n of a 
si n g l e methanol i n t o the inner-coordination sphere. But the 
point at which t h i s maximum occurs changes with temperature. 
So, again, one has to resolve out a l l of the rate constants f o r 
each of the solvated species at each temperature and then deter
mine the temperature dependencies on these i n d i v i d u a l rate 
constants. To obtain such data, one must f i r s t determine the 
ligand protonation constants and the complex s t a b i l i t y constants 
for each solvent composition at each temperature studied as w e l l 
as the equilibrium constants f o r the various solvated species at 
each temperature. The amount of work required to resolve such a 
system properly i s obviously enormous. 
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Both the solvent e f f e c t s and the anion e f f e c t s represent 
extensions of the under-investigated areas which Dr. Margerum 
was t a l k i n g about. But these e f f e c t s are somewhat f r i g h t e n i n g 
from the standpoint of the amount of data that one i s going to 
have to c o l l e c t i n order to evaluate the contributions of these 
phenomena. I f several of these e f f e c t s occur at once, the prob
lem may become so immense that i t w i l l be impossible to resolve 
out a l l the c o n t r i b u t i n g parameters. But perhaps the most im
portant point to note i s that temperature studies c a r r i e d out 
under constant conditions of buffer concentration, anion concen
t r a t i o n , solvent composition, e t c . , y i e l d a c t i v a t i o n parameters 
which are v i r t u a l l y meaningless when such competing reactions 
are present. 

DR. JACK VRIESENGA (Syracuse U n i v e r s i t y ) : I would l i k e to 
put f o r t h the idea that mechanistic s u b s t i t u t i o n chemistry has 
reached an impasse. And the impasse r e a l l y derives from the 
lack of a v a i l a b l e techniques which are capable of determining 
s p e c i f i c stereochemistry on a short time scale. We have been 
working on one approach to circumvent t h i s d i f f i c u l t y , i n v o l v i n g 
the nmr of paramagnetic complexes. Thus f a r we have had a great 
deal of success i n being able to observe a large number of 
species and look at a l l the d i f f e r e n t isomers and a l l the d i f 
ferent isomerization rates. 

As a p a r t i c u l a r example, we have been looking at Co(II) 
complexes where we can vary the number of coordinated p y r i d i n e 
molecules and look at the inner-sphere solvent exchange rates i n 
methanol. We have observed both trans e f f e c t s and c i s e f f e c t s 
on solvent exchange rates which are quite dramatic, varying by 
orders of magnitude. On top of that, several strange phenomena 
have been observed. For example, where one would expect the 
trans bis-complex to be more st a b l e , the c i s complex i s a c t u a l l y 
more stable. In the case of t r i s complexes, the isomerization 
between c i s and trans ( i . e . , f a c i a l and orthogonal) isomers i s 
dominated by only c e r t a i n solvent exchange s i t e s . There are 
also i n d i c a t i o n s that we have a wide v a r i e t y of reaction i n t e r 
mediates, depending on which coordination s i t e i s l o s t . 

With the advent of techniques such as t h i s , I believe that 
i n the next ten years our understanding of s u b s t i t u t i o n k i n e t i c s 
i s going to take a giant step forward. We are going to be able 
to make observations which the organic chemist i s able to make 
now, that i s , take an instantaneous snapshot of the r e l a t i v e 
arrangement of the atoms i n the complex, and draw mechanistic 
conclusions based on stereochemistry. 

DR. WILLIAM WOODRUFF (University of Texas at Au s t i n ) : I'd 
l i k e to make a b r i e f comment i n a s i m i l a r manner which applies 
to both s u b s t i t u t i o n and e l e c t r o n t r a n s f e r reactions. By and 
large, I think mechanistic inorganic chemists lack the equipment 
to study reaction rates i n the subnanosecond time range. Yet 
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there are some very important reactions that take place i n that 
time frame: geminate recombinations, intramolecular e l e c t r o n 
t r a n s f e r s , etc. 

We need to be aware of the instrumentation that i s required 
to make such measurements. I t i s extremely expensive j u s t as 
the sophisticated nmr spectrometers are. However, studies need 
to be made on the important fundamental processes which occur 
w i t h i n that time domain. Therefore, i t i s e s s e n t i a l that many 
inve s t i g a t o r s l e a r n to employ the new technology. 

DR. LANGFORD: I would l i k e to make a small p i t c h f o r 
another complication i n our l i v e s , c o l l o i d a l media, which, as we 
s h a l l hear l a t e r on i n t h i s conference, are becoming f a i r l y 
fashionable i n other types of studies. The use of c o l l o i d a l 
media i s something that perhaps should also become a b i t more 
fashionable i n s u b s t i t u t i o n studies. There i s , i n f a c t , a sub
s t a n t i a l group of c l i e n t s f o r the r e s u l t s of such work, which, 
to the student of s u b s t i t u t i o n mechanisms, must sound l i k e a 
remarkable circumstance. This group of c l i e n t s includes the 
environmental and geochemists, who have been making very s i m p l i 
f i e d models of the nature of complex species i n natural water 
systems. The ligands with which they work are r e a l l y fearsome. 
The s i m p l i f i e d models are almost c e r t a i n l y wrong, but I don't 
think that point i s going to be w e l l understood u n t i l some ser
ious mechanistic work has been done. 

As an i l l u s t r a t i o n , we have c o l l e c t e d a few rate constants 
f o r the reaction of s u l f o s a l i c y c l i c a c i d with an i r o n complex of 
a simple s o i l organic m a t e r i a l , f u l v i c a c i d . We f i n d several 
k i n e t i c terms when i r o n ( I I I ) i s simply e q u i l i b r a t e d with t h i s 
material and some of the rate constants change when the samples 
have been f i l t e r e d . 

I f one wants to understand why such changes occur, one can 
look at a few of the basic e q u i l i b r i u m properties of such com
plexes. Figure 1 i l l u s t r a t e s the trends which occur when a 
sample i s t i t r a t e d with copper, monitoring three d i f f e r e n t para
meters. The black dots i n d i c a t e the r e l a t i v e amount of bound 
copper as indicated by free copper ions sensed with an ion-se
l e c t i v e electrode (X c of l e f t ordinate). The t r i a n g l e s repre
sent the change of the absorbance of the s o l u t i o n at 465 nm 
( r i g h t ordinate). The curve with the open c i r c l e s i s the r e l a 
t i v e quenching of the f u l v i c a c i d fluorescence (Q of l e f t o r d i 
nate). We see that we are able to probe several d i f f e r e n t types 
of s i t e s with d i f f e r e n t types of probes f o r t h i s multidentate 
system. 

I f one r e a l l y wants to understand j u s t how nasty t h i s sys
tem i s , one can look at what has been happening to the l i g h t 
s c a t t e r i n g of that same sample as one t i t r a t e s i t with copper. 
The r e s u l t i n g data i n d i c a t e that the metal i on induces aggre
gation. 
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The study of c o l l o i d a l systems may be a l i t t l e f r i g h t e n i n g , 
but I think i t also represents a very i n t e r e s t i n g area. 

350 

H.260 

4.0 6.0 8.0 10.0 
mmol C u ( l l ) / g FULVIC ACID 

12.0 

Figure 1. Trends in three experimentally observed parameters during a titration 
of fulvic acid with Cu(II) ion. Key: · , relative amount of bound Cu ion (Xc of 
left ordinate); Δ, absorbance of the solution at 465 nm (right ordinate); and O, 

relative quenching of the fulvic acid fluorescence (Qof left ordinate). 
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Pressure Effects and Substitution Mechanisms 

T. W. SWADDLE 
University of Calgary, Department of Chemistry, Calgary, Alberta, T2N 1N4 
Canada 

An attempt i s made to account quantitatively 
for the volumes of activation, ΔV*, of ligand sub
s t i tu t ion processes. Causes of the pressure– 
dependence of ΔV* include solvational change, for 
which a versat i le analysis i s developed. The 
pressure-independent ΔV* values of solvent ex
change reactions are good measures of the non-sol-
vational components of ΔV* for related net reac
tions. For water exchange, one can predict 
-7 ≤ ΔV* < 0 for Ia and 0 < ΔV* ≤ +7 for Id pro
cesses, with satisfactory correlation with inde
pendent mechanistic assignments. The molal v o l 
umes of the t ransi t ion states for series of water 
exchange reactions (M2+(aq), M3+(aq), M(NH3)5-

OH23+) are insensitive to the nature of M; the 

kinetic characteristics are governed mainly by 
initial, not t ransi t ion, state properties. 

I t i s customary to j u s t i f y the study of pressure ef fec ts 
on reac t ion rates on the grounds that i t can e luc ida te re 
a c t i o n mechanisms. A somewhat d i f f e r en t and, I t h i n k , more 
cons t ruc t ive viewpoint i s that pressure ef fec ts cons t i tu te 
important na tu ra l phenomena i n themselves, and that our compre
hension of r eac t ion k i n e t i c s i s incomplete i f i t does not 
enable us to understand the ef fec ts of pressure on r eac t ion 
ra tes . 

In t h i s s p i r i t , an attempt w i l l be made to account fo r the 
magnitude of pressure ef fec ts on l i gand s u b s t i t u t i o n r eac t ion 
ra tes . A t t e n t i o n w i l l neces sa r i l y be confined to a few simple 
model systems; two recent reviews (1 , 2) of pressure e f fec ts 
on react ions of t r a n s i t i o n metal complexes i n s o l u t i o n may be 
consulted for more comprehensive surveys of the f i e l d . 

0097-6156/82/0198-0039$07.00/0 
© 1982 American Chemical Society 
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K i n e t i c s i n R e l a t i o n to Thermodynamics 

A c e n t r a l theme of our work i n Calgary has been to seek 
connections between equilibrium and k i n e t i c p r o p e r t i e s — t h a t 
i s , between thermodynamic and extrathermodynamic qua n t i t i e s (3). 
An equilibrium constant Κ i s governed by 

(8 In K/8P) T = -AV/RT (1) 

where the volume of reaction AV may be independently measured 
by dilatometry, or from the algebraic sum of the p a r t i a l molal 
volumes V of products and reactants, which can also be deter
mined independently. 

AV = IV(products) - IV(reactants) (2) 

In k i n e t i c s , s i m i l a r r e l a t i o n s h i p s apply, but the volume 
of a c t i v a t i o n AV* can be determined only from the pressure 
dependence of the rate c o e f f i c i e n t k, since the p a r t i a l molal 
volumes V* of t r a n s i t i o n states are not d i r e c t l y ^ measurable. 
Conversely, however, equation 4 can y i e l d values of V*. 

(8 In k/8P) T = -AV*/RT (3) 

AV* = V* - IV*(reactants) (4) 

Some of our f i r s t p u b lications i n t h i s f i e l d (4 - 6) dealt 
with the l i n e a r c o r r e l a t i o n s that e x i s t between AV* and AV f o r 
reactions of the type 

M ( N H 3 ) 5 X ( 3 " n ) + + H 20 » M(NH 3) 50H 2
3 + + X n~ (5) 

where M = Co or Cr. We have recently repeated some of that 
work i n greater d e t a i l (7). I t was confirmed that AV* f o r re
action 5 can be markedly pressure-dependent when η = 1 or 2, 
i . e . , In k i s then not a l i n e a r function of P. However, In k 
i s s t r i c t l y a l i n e a r function of P, w i t h i n experimental un
c e r t a i n t y , f o r a l l single-path solvent exchange reactions 
studied to date (e.g., X n~ = h*20 i n eq. 5). This i s i l l u s t r a t e d 
i n Figure 1; the exchange of Ν,Ν-dimethylformamide (DMF) solvent 
on chromium(III) was chosen f o r the comparison simply because 
the 400 MPa capacity of our equipment was f u l l y e xploited. 

Pressure Dependence of Volumes of A c t i v a t i o n 

When, and how, does t h i s pressure-dependence of AV* arise? 
E m p i r i c a l l y , we f i n d four reaction types which give non-linear 
In k vs. Ρ p l o t s . 
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42 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

(a) Multi-step or incomplete reactions, e.g., bromide ion 
l i g a t i o n of Cr(DMF)^ i n DMF, i n which the ion p a i r i n g i s 
almost complete at ~ 0.1 mol kg * Br at atmospheric pressure 
but progressively less complete, leading to incompletion of the 
o v e r a l l r e a c t i o n , as the pressure i s rais e d . 

f a s t slow 
Cr(DMF), 3 + + Br" i n DMF <- ion p a i r <- Cr(DMF),Br 2 + + DMF 

6 5 (6) 

(b) Reactions proceeding by p a r a l l e l pathways of d i f f e r e n t AV*, 
as i n the exchange of water on i r o n ( I I I ) i n a c i d i c aqueous 
s o l u t i o n (8). Figure 2 shows that t h i s i s governed by a two-
term rate law 

k = k a + ̂ [Η+Γ 1 (7) 
i n which the acid-independent rate i s increased, and the i n 
versely-acid-dependent rate reduced, by applied pressure. In 
Figure 3, In k- and In k 9 are seen to be l i n e a r functions of P, 

3 - 1 
givi n g AVj* = -5.4 and AV * = +7.8 cm mol , re s p e c t i v e l y , but 
the combined rate represented by In k i s non-linear i n P, and 
at a c i d i t i e s around 1.5 mol kg" In k f i r s t f a l l s , then r i s e s 
with increasing pressure as the k 2 term i s progressively 
"squeezed out". From o p t i c a l measurements under pressure, we 

3 -1 
AV = +0.8 cm mol for the equilibrium 
F e ( H 2 0 ) 6

3 + t F e ( H 2 0 ) 5 0 H 2 + + H + (8) 

so that AV* f o r water exchange on F e ( H 2 0 ) 6
3 + and F e ( H 2 0 ) 5 0 H 2 + 

i s -5.4 and +7.0 cm3 mol respectively. 

(c) Reactions i n v o l v i n g stereochemical change i n chelate 
3+ 

complexes, as i n the trans-»cis isomerization of Co(en) 2(0H 2) 2 

(9) which has a large, p o s i t i v e , pressure-dependent AV* while 
stereoretentive water exchange on the trans-complex has a 
smaller, pressure-independent AV* (10). This suggests a "sweep
ing aside" of sol v a t i n g water during the reorganization of the 
chelate r i n g positions during isomerization, and might be re
garded as a s p e c i a l case of category (d). 

(d) Reactions i n v o l v i n g s i g n i f i c a n t s o l v a t i o n a l change between 
the i n i t i a l and t r a n s i t i o n s t a t e s , as i n reaction 5, i n which 
an a d d i t i o n a l χ molecules of water are needed to solvate the 
i n c i p i e n t 3+ and n- ions i n the t r a n s i t i o n state. One can regard 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 43 

Figure 2. Hydrogen ion dependence of the rate of exchange of H20 on Fe(III) 
in HgO. Conditions: 382.8 K; ionic strength, 6.0 mol/kg; and 0.1 (O) and 240 

M Pa (%). 
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MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 3. Pressure dependence of the acid independent and inversely acid 
dependent (k2) components of the rate coefficient for HtO exchange on Fe(HI) at 

382.8 K, ionic strength 6.0 mol/kg. 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 45 

AV* as the sum of an i n t r i n s i c p a r t , AV^ which i s made up of 
bond-making or -breaking and s i m i l a r terms, and a s o l v a t i o n a l 
p a r t , A V s o j * . ^ s o l * c a n ^ e s o * a r 8 e a s t 0 s w a m P ^ i n t * c o m " 
p l e t e l y ; t h i s may make the e x t r a c t i o n of information on the i n t i 
mate mechanism d i f f i c u l t , but conversely i t can provide s p e c i a l 
i n s i g h t s i n t o s o l v a t i o n a l f a c t o r s . 

Analysis i n terms of s o l v a t i o n a l change 

The key assumption to be made i n i n t e r p r e t i n g the pressure 
data i n terms of s o l v a t i o n a l change i s that neither the ligands 
i n the f i r s t coordination sphere of the complex nor the s o l -
vat ing solvent molecules are s i g n i f i c a n t l y compressible 
r e l a t i v e to bulk solvent (volume V ), the compression of which 
i s described by the modified T a i t equation 

( V 0
S - V p

S ) / V Q
s = ρ l o g 1 ( ) ( l + Ρ/Π) (9) 

i n which ρ and Π are empirical constants c h a r a c t e r i s t i c of the 
solvent (they can, however, be given a t h e o r e t i c a l basis (11)). 
The v a l i d i t y of t h i s assumption i s demonstrated by Stranks 1 

t h e o r e t i c a l c a l c u l a t i o n s (12), but can also be supported by 
reference to c o m p r e s s i b i l i t y data f o r i o n i c s o l i d s r e l a t i v e to 
those f o r l i q u i d s (the former being l e s s than 10% of the 
l a t t e r ) since the complex i on can be regarded, i n c r y s t a l f i e l d 
fashion, as a fragment of an i o n i c c r y s t a l l a t t i c e . Further, 
the molal c o m p r e s s i b i l i t i e s of aqueous ions are negative (e.g., 
about -0.07 cm3 mol" 1 MPa" 1for t y p i c a l M 2 +(aq) at 298 K ) , be
cause water taken i n t o the s o l v a t i o n a l s h e l l of the i o n loses 
some 90% of i t s c o m p r e s s i b i l i t y . I t follows that AV\ Q t* w i l l be 
v i r t u a l l y independent of pressure, but any s o l v a t i o n a l change 
w i l l lead to a s i g n i f i c a n t and pressure-dependent j * con
t r i b u t i o n . Equations 3 and 9 then lead (5) to eq 10 

In k = In k Q - PAV */RT - xVsp{(ÏI+P)ln(l+P/n) - Ρ} (10) 

i n which the curvature of the In k vs. Ρ p l o t resides i n the 
l a s t term. This term gives the si n g l e parameter x, the gain 
i n the number of s o l v a t i n g molecules, and, i n c i d e n t a l l y , i s 

2 
roughly proportional to Ρ at r e l a t i v e l y low pressures, so 
that a simple quadratic i n Ρ often gives a good empirical f i t 
of k i n e t i c data (13). 

Figure 4 shows that , f o r reaction 5 with M = Co or Cr, 
the zero-pressure volume of a c t i v a t i o n correlates with the 

3 -1 
s o l v a t i o n a l gain χ with a slope of -2.5 cm mol f o r both 
s e r i e s . The slope represents the volume change per mole of 
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MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 4. Correlation between ΔΥ0* and solvational change, χ (Eq. 10). Key for 
aquation of ammines: |, CrfNHrfgX*****; and · , Cr(NHs)sX^\ Conditions: 

25°C and slopes ~ —2.5. 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 47 

s o l v a t i n g water added to the outer (second, etc.) coordina
t i o n sphere or so l v a t i o n sheath. This compares w e l l with the 
re s u l t s of s t a t i c methods of estimating the mean volume change 

2+ 
per water molecule involved i n hydrating M ions i n water 
(-3.2 (14), -3.3 (15), -2.7 (16), -2.1 (17)). C l e a r l y , the 
t o t a l AV * i s -2.5 x, and f o r the Co(III) series t h i s almost 

S O I 
completely overwhelms AV^ * except i n the exchange case (18). 
The existence of these l i n e a r c o r r e l a t i o n s implies that A V i n t * 
i s roughly the same throughout each s e r i e s , being represented 
by the intercept at χ = 0; thus, the près sure-independent AV* 
values f o r solvent exchange give a good measure of AV^ n t* f o r 
each s e r i e s . The negative A V ^ * f o r the C r ( I I I ) s e r i e s re
f l e c t s a s s o c i a t i v e a c t i v a t i o n ; the very s l i g h t l y p o s i t i v e 
A V i n t * f o r the Co(III) complexes i s consistent with an 1^ 
mechanism. 

As a check on the v a l i d i t y of t h i s analysis based on 
eq. 10, one can compute the temperature dependence of Δν^* on 
the assumption ( c f . , compressibility) that the thermal expan
s i v i t i e s of coordinated or so l v a t i n g molecules are small com
pared with that of the bulk solvent, so that -(aAV Q*/8T) 
should be given by χ times the molar expansivity of water? 
For the d i r e c t aquation of Co(NHg),-S0^+, pressure e f f e c t s give 

3 -1 -1 
χ = 8, whence (ΘΔν ο*/8Τ) ρ should be about -0.06 cm mol Κ ; 
the measured value (7) i s -0.07 ± 0.03. 
Establishment of l i k e l y l i m i t s to AV* f o r water exchange 

I f we consider water molecules to be spheres of radius 
138 pm, then the molar volume of water i n a closest-packed array 

3 -1 
i s 9 cm mol , and, furthermore, the octahedral i n t e r s t i c e s 

3+ 
would be about the s i z e of a t y p i c a l M ion. Thus, f o r "hard" 
metal ions i n the "hard" solvent water ( i . e . , where the volumet
r i c e f f e c t s of covalent bonding are minimal), the volume change 
for an extreme d i s s o c i a t i v e (D) (19) process of water replace
ment i n an octahedral complex should be the molar volume of bulk 3 - 1 3 - 1 water less 9 cm mol , which i s j u s t over 9 cm mol (20). 

3 -1 
Indeed, Palmer and Kelm (21) found AV* = +9 cm mol f o r the 2- -replacement of Ĥ O i n aqueous ΰο(ΰΝ)^0Η2 by each of Br , I 
and NCS , the series of reactions which provides the c l a s s i c 
Haim-Wilmarth example of the D mechanism. 

For an associative mechanism (A) (19), the continued près-

American Chemicaf 
Society Library 
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MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

ence of the leaving group i n the t r a n s i t i o n state complicates 
matters, but i f the dominant feature i s a d d i t i o n of BLO to a 

3 -1 
vacant coordination s i t e one can expect AV* ~ -9 cm mol ; AV* 
fo r the aquation of P t ( d i e n ) C l + and P t ( d i e n ) B r + i s -10 and 

3 -1 
-9.5 cm mol , r e s p e c t i v e l y (22). 

For water exchange by an interchange mechanism (19), water 
i s t ransferred between the f i r s t and outer coordination spheres 
i n temporal i s o l a t i o n from bulk solvent. We have~ seen that 
water i n the outer sphere has a molar volume 2.5 cm less than 
for bulk water; thus, the maximum value of |AV*| f o r water ex-

3 -1 
change w i l l be (18 - 2.5) - 9 or about 7 cm mol . According 
to the "pressure-coordination r u l e " of Gutmann and Mayer (20, 
23), an increase i n primary coordination number i s always 
favored by increasing the pressure, despite any increase i n 
nearest-neighbor distances; conversely, applied pressure works 
to suppress any reduction i n primary coordination number. 
Thus, we can expect: 

3 -1 
— f o r a s s ociative interchange (I ), -7 < AV* < 0 cm mol 

a 3 - 1 
— f o r d i s s o c i a t i v e interchange (I^)> 0 < AV* < +7 cm mol 
To t e s t t h i s , we l i s t i n Table I a l l those water-exchange 

reactions of metal ions f o r which a p o s i t i v e AV* has been found. 
Table I 

Pressure-decelerated water exchange reactions and 
evidence f o r d i s s o c i a t i v e interchange i n 
corresponding net s u b s t i t u t i o n reactions 

ML(. i n ML^OH^ AV* f o r H^O-exchange Dependence of l i g a t i o n 
/cm3 mol rate on nucleophile -

N i ( H 2 0 ) 5
2 + +7.2 (25) very s l i g h t 

C o ( H 2 0 ) 5
2 + +6.1 (25) very s l i g h t 

F e ( H 2 0 ) 5
2 + +3.8 (25) n e g l i g i b l e ? 

F e ( H 2 0 ) 4 0 H 2 + +7.0 (8) R = 0.9 

C o ( N H 3 ) 5
3 + +1.2 (18) R = 0.5 

t - C o ( e n ) 2 0 H 2
3 + +5.8 (10) 

- R = r e l a t i v e rate of l i g a t i o n , NCS~/C1 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 49 

In the l a s t column, the Langford-Gray c r i t e r i o n (19) f o r the 
1^ mechanism f o r the corresponding net s u b s t i t u t i o n reactions 
i s shown to be met i n v i r t u a l l y a l l cases, although data f o r 
Fe ( I I ) are sparse. Where ap p l i c a b l e , Sasaki and Sykes' vers i o n 
(24) of the Langford-Gray c r i t e r i o n i s used, v i z . , that R, the 
rate of attack of NCS r e l a t i v e to CI , should be close to 
( i n p r a c t i c e , s l i g h t l y l ess than) un i t y i n an I , re a c t i o n , 

I I I 
disregarding i o n p a i r i n g . For the Co (^3)5 c a s e > Δ ν * f o r 

water exchange (and, indeed, AV^ n t* f o r reaction 5 i n general) 
i s j u s t barely p o s i t i v e , but f o r trans-Co (en) 2^^2^2^ + ^ * S 

closer to the predicted l i m i t f o r an 1^ process. 
In Table I I , markedly negative AV* values f o r water ex-

Table I I 

Pressure-accelerated water exchange reactions and 
evidence f o r a s s o c i a t i v e interchange i n 
corresponding net s u b s t i t u t i o n reactions 

ML- n + i n ML-OH^^ AV* f o r BLO-exchange Dependence of l i g a t i o n 
/cm3 mol" rate on nucleophile 

C r ( H 2 0 ) 5
3 + -9.3 (26) R = 55 

F e ( H 2 0 ) 5
3 + -5.4 (8) R = 19 

M n ( H 2 0 ) 5
2 + -5.4 (25) ? 

C r ( N H 3 ) 5
3 + -5.8 (27) R = 6 

R h ( N H 3 ) 5
3 + -4.1 (27) R = 0.6 

I r ( N H 3 ) 5
3 + -3.2 (28) 

change co r r e l a t e with Sasaki-Sykes c r i t e r i a f o r a s s o c i a t i v e 
interchange i n net s u b s t i t u t i o n reactions i n at l e a s t three 
instances (see (29) and (30) f o r commentaries on the Cr^^^iNH^)^ 
case). Data f o r the very f a s t reactions of Mn(II) are l i m i t e d , 
but the s e n s i t i v i t y of the rates to the nature of the nucleo
p h i l e may w e l l be s l i g h t , leading to an assignment of an 1^ 
mechanism even i f , as AV* suggests, a c t i v a t i o n i s a s s o c i a t i v e 
(20), 25); the problem here may l i e with the operational nature 
of the Langford-Gray and Sasaki-Sykes c r i t e r i a (30). For the 
Rh(III) case, various l i n e s of evidence suggest weak ass o c i a t i v e 
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50 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

a c t i v a t i o n (31), and the small R value might be related to the 
greater s t a b i l i t y of the S-thiocyanato linkage isomer f o r 
R h ( I I I ) , but the assignment of mechanism i n reactions of Rh(III) 
cations i s undoubtedly going to remain debatable f o r some time. 

The r e s u l t s of our recent study of water exchange on 
i r o n ( I I I ) (8), summarized above, strongly i n d i c a t e a change i n 
the mode of a c t i v a t i o n from associative to d i s s o c i a t i v e on re-

3+ 
moving a proton from FeO^O)^ . This conclusion i s not vulner
able to Langford's c r i t i c i s m of the mechanistic i n t e r p r e t a t i o n 
of AV* (32) (that changes i n the non-reacting metal-ligand bond 
lengths may influence AV* m a t e r i a l l y ) , since a l l the bonds 
concerned are Fe I ] C I-0. In ad d i t i o n , Table I I I shows that AV* 
values f o r water exchange and f o r net s u b s t i t u t i o n on the con-

2+ 
jugate base FeO^O^OH are the same w i t h i n the experimental 
uncertainty, as expected f o r a mechanism i n v o l v i n g a common 

2+ 
intermediate, Fe(H 90),0H (aq). The generally negative and 

3+ 
d i f f e r e n t AV* values f o r s u b s t i t u t i o n on FeCH^O)^ i t s e l f 
serve to confirm associative a c t i v a t i o n i n i t s reactions. 

A V V i c n A i o l " 1 ) 

Table I I I 
3+ 

for reactions of Fe (aq) with X n" 

x 1 1 " F e ( H 2 0 ) 6
3 + F e ( H 2 0 ) 5 0 H 2 + Ref. 

C l " -4.5 +7.8 (33) 

Br" -8 (34) 
NCS" -0 +7.1 (35) 

H 20 -5.4 +7.0 (8) 

Non-Aqueous Solvent Exchange Reactions 

I t i s u n r e a l i s t i c to t r e a t molecules of solvents such as 
Ν,Ν-dimethylformamide (DMF) as spheres i n estimating AV* f o r 
solvent exchange as f o r water. One can, however, a n t i c i p a t e 
that solvents which have unusually open structures because of 
extensive hydrogen bonding (notably water) w i l l lose a r e l a 
t i v e l y large f r a c t i o n of t h e i r molar volume V on coordination 
to a metal i o n , whereas f o r di p o l a r aprotic solvents t h i s 
f r a c t i o n w i l l be much l e s s , with p a r t i a l l y Η-bonded solvents 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 51 

such as alcohols coming i n between. Indeed, Table IV shows 
that |AV*|/V f o r solvent exchange decreases i n the order water 
> alcohols > d i p o l a r a p r o t i c solvents, at l e a s t f o r AV* values 
s u f f i c i e n t l y removed from zero. 

Nevertheless, the s t r i k i n g feature of Table IV i s that AV* 

Table IV 
3 -1 2+ AV*(cm mol ) f o r solvent exchange on M i n various solvents 

Solvent: H 20- Ch^OH- DMF- Ch^CN-

M = Mn 2 + -5.4 -5.0 -7.0 

F e 2 + 3.8 0.4 3.0 

C o 2 + 6.1 8.9 6.7 6.7 

N i 2 + 7.2 11.4 9.1 7.3 

AV (Ni )/V S 0.40 0.28 0.12 0.14 

- From 170 NMR (25) - From *H NMR (36) 
- From 1H NMR (37) - From 1 4N NMR (38) 

for solvent exchange varies r e l a t i v e l y l i t t l e with the solvent, 
but strongly with the metal. This lends c r e d i b i l i t y to attempts 
(20,25) to r a t i o n a l i z e trends i n AV* f o r solvent exchange on the 
basis of the d - o r b i t a l occupancy, since t h i s i s the f a c t o r most 
c h a r a c t e r i s t i c of each metal ion. Thus i t i s argued (20) that 
associative a c t i v a t i o n may be taken as "normal" i n octahedral 
complexes, but high i n t e r a x i a l ( i . e . , e l e c t r o n d e n s i t i e s 
work against the attainment of a 7-coordinate t r a n s i t i o n state 
because both the incoming and outgoing groups must move in t o 
i n t e r a x i a l space. We can, therefore, expect associative charac
t e r to become more evident as we go from N i ( I I ) Co(II) -> 
Fe(II) •* Mn(II) (high s p i n ) ; C o ( N H 3 ) 5 X ( 3 " n ) + -> C r ( N H 3 ) 5 X 3 ~ n ) + ; 
C r ( I I I ) to Mo(III) and W(III) (because 4d and 5d o r b i t a l e are 
more d i f f u s e than 3d); low spin Co(III) to Rh(III) and I r ( I I I ) ; 
etc. The degree of associative a c t i v a t i o n i n C r ( I I I ) and analo
gous high-spin F e ( I I I ) complexes might be expected to be s i m i -

3 l a r , both having t ~ configurations, except that the two e ^g & 
electrons of the i r o n ( I I I ) w i l l l a b i l i z e the departing ligand 
so that the associative character w i l l be somewhat reduced r e l a -
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t i v e to C r ( I I I ) . In general, these expectations are supported 
by observation. 

An A l t e r n a t i v e Approach to Accounting f o r AV* Values f o r 
Solvent Exchange Reactions 

Figure 5 provides a clue to a d i f f e r e n t , b a s i c a l l y non-
mechanistic, way of r a t i o n a l i z i n g known AV* values f o r solvent 
exchange and p r e d i c t i n g new ones rather p r e c i s e l y . There i s a 
reasonably good inverse l i n e a r c o r r e l a t i o n of AV* f o r water 

2+ 
exchange on M ions of the f i r s t t r a n s i t i o n series with the 
corresponding p a r t i a l molal volumes of the aqueous ions 
themselves; the slope i s about -1, and i t seems that t h i s would 

3+ 
also be true f o r the M (aq) ions of that s e r i e s . What t h i s 
means i s that the sum of AV* and \L i s e s s e n t i a l l y constant, 

M + 

or at l e a s t i n s e n s i t i v e to the nature of Μ , for a given series 
3 -1 

despite a wide range i n AV*. This sum i s -33 ί 2 cm mol for 2+ 3+ M (aq) and -66 ± 1 f o r M (aq), based on i n f i n i t e - d i l u t i o n 
i o n i c p a r t i a l molal volumes V M° (14, 39); f o r M(NH 3) 5OH 2

3 +(aq), 3 - I -i t i s 56 ± 2 cm mol based on i o n i c volumes V^ at [M] ~ 0.01 
mol L 1 (7). I t follows from eq. 4 that t h i s sum equals V* (the 
volume of the incoming water molecule can be ignored, being 
common throughout the series - i t i s , i n any event, included i n 
V j ^ f o r an interchange process). Thus, the molal volumes of the 
t r a n s i t i o n states w i t h i n a given series of solvent exchange reac
tions are e f f e c t i v e l y the same regardless of the i d e n t i t y of the 
c e n t r a l ion. 

This statement i s based on l i m i t e d data at present, but, i f 
l i t e r a l l y t rue, i t permits us to p r e d i c t AV* f o r solvent ex
change (and hence AV^ n t* for net ligand s u b s t i t u t i o n ) from 
values of V^, many of which are already a v a i l a b l e (39) ; i n 
p r i n c i p l e , only one AV* value per series need be measured. 
Even i f a l l we can l e g i t i m a t e l y say i s that V* i s much less 
s e n s i t i v e than AV* to the nature of the c e n t r a l metal ion 
w i t h i n a given series (and t h i s seems assured), we s t i l l 
have gained an important i n s i g h t - i t i s the properties of the 
i n i t i a l s t a t e , and not the t r a n s i t i o n s t a t e , that determine 
i n large part the k i n e t i c c h a r a c t e r i s t i c s of ligand s u b s t i t u t i o n 
i n a t r a n s i t i o n metal complex. This i s welcome news, as we can 
obtain f a c t u a l information regarding i n i t i a l states d i r e c t l y by 
numerous experimental techniques, whereas discussions of tran
s i t i o n state properties can never be better than hypothetical. 
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(-60) (-55) (-50) 

partial molal volumes 

of aqueous ions (H+-5.5) 

Figure 5. Correlation between AV* for solvent exchange and V° for ions of the 
first transition series. 
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These conclusions are independent of mechanistic cons id
erat ions of the usual k i n d , and indeed provide a r a t i ona l e for 
c e r t a i n AV* values near zero for solvent exchange without i n 
dec i s ive resor t to the I ^ / I ^ dichotomy. One can, however, 

i n t e rp re t the apparent constancy of V* to mean that the t r a n s i 
t i o n s tate of water exchange i s a r e l a t i v e l y unstructured high 
energy aggregate of water molecules held together by the cen
t r i p e t a l f i e l d of an "anonymous" n+ charge; only i n the low-
energy i n i t i a l s ta te do s t ructures c h a r a c t e r i s t i c of the par
t i c u l a r M ^ + e x i s t . Where such a s t ructure i s open ( r e l a t i v e l y 
p o s i t i v e V ^ ) , a s soc ia t ive a c t i v a t i o n i s p o s s i b l e ; where i t i s 
t i g h t l y packed (low V ^ ) , a c t i v a t i o n tends to the d i s s o c i a t i v e 

l i m i t . I t may be be t t e r , however, to speak only of a co l lapse 
or expansion, r e s p e c t i v e l y , of a s t ructured ground s tate on 
going to a r e l a t i v e l y unstructured t r a n s i t i o n s ta te . 
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General Discussion—Pressure Effects and Substitution Mechanisms 
Leader: Ramesh Patel 

DR. KENNETH KUSTIN (Brandeis U n i v e r s i t y ) : When a table or 
a chart contains only a c t i v a t i o n parameters, one loses s i g h t of 
what i s a c t u a l l y going on i n the system. When you r e c a l l that 
the solvent exchange rate constant f o r Mn(II) i s very large, I 
wonder i f i t i s possible that the negative volume of a c t i v a t i o n 
might have nothing to do with the s u b s t i t u t i o n process. I t 
might simply r e f l e c t the f a c t that the s u b s t i t u t i o n i s so rapid 
that i t overlaps with the formation rate of the ion p a i r , and 
you r e a l l y couldn't d i s t i n g u i s h the two steps i n that case. So 
what you might be seeing i s r e a l l y some squeezing down on the 
ion p a i r formation, rather than the s u b s t i t u t i o n i t s e l f , f o r a 
metal ion which i s s u b s t i t u t i n g at almost the d i f f u s i o n con
t r o l l e d l i m i t . 

DR. SWADDLE: We are measuring the volume of a c t i v a t i o n f o r 
solvent exchange i n a region where i t i s i n the NMR time frame; 
i n other words, where the NMR l i n e broadening i s exchange con
t r o l l e d , i . e . , k * 10 5 s" 1. 

I f one goes to s t i l l lower temperatures, one usuall y sees 
evidence f o r outer-sphere e f f e c t s , which i s what you are re
f e r r i n g to. In the cases which I have discussed here, e i t h e r 
one does not see any evidence f o r outer-sphere e f f e c t s or else 
one can choose to operate i n a region where the outer-sphere 
e f f e c t s are known to be unimportant. 

DR. RAMESH PATEL (Clarkson College): Couldn't one pick 
c e r t a i n systems i n which the ion p a i r i n g e f f e c t would be very 
large? One would then be able to make some comments about the 
influence of volume changes on ion p a i r formation f o r r a p i d l y 
exchanging systems. 

DR. SWADDLE: In the future, undoubtedly, we w i l l move in t o 
t h i s area. We have to do the easy things f i r s t . In the systems 
I have discussed, we have e s s e n t i a l l y a noncomplexing counter 
i o n , namely perchlorate, and see no evidence of ion p a i r i n g . 
Perhaps t h i s was not made cle a r . 

DR. DAVID RORABACHER (Wayne State U n i v e r s i t y ) : A point 
which i s frequently overlooked i s that the ca l c u l a t i o n s gener
a l l y applied f o r determining the extent of ion-pa i r (or outer-
sphere complex) formation i n s u b s t i t u t i o n reactions may be 
overly s i m p l i s t i c . There are many types of in t e r a c t i o n s which 
tend to perturb the extent of outer-sphere complex formation 
r e l a t i v e to the purely s t a t i s t i c a l c a l c u l a t i o n commonly made 
which takes i n t o account only the reactant r a d i i and e l e c t r o 
s t a t i c f a c t o r s . 
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In p a r t i c u l a r , there are a number of s p e c i f i c i n t e r a c t i o n s 
between outer-sphere species and the coordinated inner-sphere 
groups which can s i g n i f i c a n t l y enhance the extent of outer-
sphere complex formation. Dr. Margerum has elucidated the 
stacking i n t e r a c t i o n s which can occur between the aromatic rings 
of coordinated and outer-sphere ligands. S i m i l a r l y , the i n t e r 
nal conjugate base (ICB) mechanism, which we formulated a number 
of years ago, involves the formation of hydrogen bonds between 
outer-sphere nitrogen donor atoms and inner-sphere water mole
cules. Both of these phenomena increase the extent of outer-
sphere a s s o c i a t i o n and thereby promote complex formation of 
multidentate ligands. However, as Jack Vriesenga has shown i n 
a poster presentation at t h i s Conference, such outer-sphere hy
drogen bond formation may retard complex formation when uniden-
tate ligands are involved by making the lone donor atom un a v a i l 
able f o r inner-sphere i n s e r t i o n as long as i t remains t i e d up i n 
a hydrogen bond. The increase i n outer-sphere complex forma
t i o n combined with a decrease i n inner-sphere i n s e r t i o n might 
provide conditions of the type Dr. P a t e l suggests. 

In studies on solvent e f f e c t s i n v o l v i n g v a r i a t i o n i n the 
composition of two component mixtures, s i m i l a r types of outer-
sphere i n t e r a c t i o n s y i e l d p r e f e r e n t i a l s o l v a t i o n wherein the 
solvent composition of the outer-sphere may d i f f e r markedly from 
the bulk solvent composition. Supporting e l e c t r o l y t e species 
and buffer components may also p a r t i c i p a t e i n outer-sphere 
i n t e r a c t i o n s thereby changing the apparent nature (charge, bulk, 
l a b i l i t y ) of the reacting solvated metal ion or metal complex as 
perceived by a reacting ligand i n the bulk solvent. 

DR. ALBERT HAIM: (State U n i v e r s i t y of New York at Stony 
Brook): I guess you know as w e l l as I do, and as most people do, 
how d i f f i c u l t i t i s to f i n d evidence f o r a mechanism, whether i t 
i s d i s s o c i a t i v e or a s s o c i a t i v e or f a l l s i n between. You have 
measured volumes of a c t i v a t i o n , and have obtained information 
from them. You seem to be very c e r t a i n as to the conclusions 
that you can draw from the various numbers which you obtained. 
Suppose that one were a l i t t l e s k e p t i c a l about the value of 
these numbers and wanted to ask how they compared with other 
parameters that one can measure i n the same systems, such as 
entropies of a c t i v a t i o n , or energies of a c t i v a t i o n . From the 
point of view of volumes of a c t i v a t i o n , i s a p i c t u r e obtained 
which i s consistent with what one may derive from other measure
ments? 

DR. SWADDLE: The problem with entropies of a c t i v a t i o n i s 
that they are obtained i n conjunction with the enthalpies. Those 
of us who have worked i n NMR l i n e broadening can r e l a t e numerous 
s t o r i e s about entropies of a c t i v a t i o n which range a l l over the 
place, depending on exactly how one analyzes the data [See, 
e.g., Newman, Κ. E.; Meyer, F. K. ; Merbach, A. E. J . Am. Chem. 
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Soc. 1979, 101, 1470]. Perhaps the NMR case i s a p a r t i c u l a r l y 
extreme example, but the point i s that one has two compensating 
parameters i n temperature e f f e c t s . 

In the pressure e f f e c t , i t i s true that one also has two 
parameters, the log k at zero pressure (but that i s something 
one can measure) and the slope. The slope of that l i n e gives 
the volume of a c t i v a t i o n . So, even with rather poor data, one 
can measure the volume of a c t i v a t i o n quite accurately, w i t h i n 
f r a c t i o n s of a cubic centimeter per mole. 

Thus, from the point of view of the numerical i n t e g r i t y of 
these r e s u l t s , I stand by them. Of course, the i n t e r p r e t a t i o n 
i s , as always i n mechanistic studies, open to debate. 

DR. PATEL: In the ea r l y stages of some of t h i s work, due 
to c a l c u l a t i o n s on c r y s t a l f i e l d s t a b i l i z a t i o n energies, i t was 
thought that vanadium(III) and t i t a n i u m ( I I I ) could be very good 
candidates f o r an associative mechanism. Now, there has been 
some work done on these systems, having to do with enthalpies of 
a c t i v a t i o n , which seems to substantiate an asso c i a t i v e mechan
ism. 

What would you think about measuring volumes of a c t i v a t i o n 
f o r such systems and then t r y i n g to compare them with such 
cal c u l a t i o n s ? 

DR. SWADDLE: I would guess that the volume of a c t i v a t i o n 
f o r aquo-exchange on vanadium(III) or t i t a n i u m ( I I I ) would be on 
the order of about -7 cc per mole. 

DR. JACK VRIESENGA (Syracuse u n i v e r s i t y ) : You pointed out 
the dangers involved i n ex t r a c t i n g entropies and enthalpies from 
NMR data, not only as a r e s u l t of the cr o s s - c o r r e l a t i o n between 
the two, but also t h e i r c o r r e l a t i o n to other NMR parameters. I 
thought i t might be useful f o r you to comment on the e f f e c t of 
pressure on the other NMR parameters, besides the k i n e t i c con
t r o l ? For example, you commented about the ro l e played by the 
outer-sphere r e l a x a t i o n i n the i n t e r p r e t a t i o n of NMR r e l a x a t i o n 
data. How would t h i s be affected by pressure? 

DR. SWADDLE: Yes, that i s correct. As I stated, we have 
been c a r e f u l to work i n areas where at l e a s t 90 percent of the 
l i n e broadening i s c o n t r o l l e d by solvent exchange. I think John 
Hunt i s the person to comment on what happens to the other NMR 
parameters under pressure. I believe he has found some pres
sure-dependence of T 2 n |. 

DR. JOHN HUNT (Washington State U n i v e r s i t y ) : With regard 
to determining a c t i v a t i o n parameters from NMR data, i t i s mostly 
a matter of doing a good job of i t . I f one does a proper f i t of 
the data, using the complete Swift-Connick equations and s i g n a l 
averages over a long enough period of time, one can get quite 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 59 

r e l i a b l e enthalpies. The entropies are then no worse than 
usual. 

With regard to the pressure e f f e c t s , we have, as usual, 
been interested i n systems that are not simple. One system we 
have been looking at involves water-soluble porphyrins. Ac
t u a l l y , the only reactions we have studied thus f a r involve the 
i r o n ( I I I ) and manganese(III) tetra(4-N-methylpyridyl)porphyrin 
complexes. These complexes are i n the form of to s y l a t e s a l t s , 
which causes some problems. The rate constants are on the order 
of 10^ s 1 f o r a x i a l water exchange. The volumes of a c t i v a t i o n 
are +2 ce mol" 1 f o r F e ( I I I ) and -2 ce mol" 1 f o r Mn(III). We 
believe that there i s one water per metal ion i n these com
plexes, but I couldn't defend that p o s i t i o n very strongly. 

These systems do involve some i n t e r p r e t a t i o n of the e f f e c t 
of pressure on T^, but we think that our resolved volumes of 
a c t i v a t i o n are v a l i d . The signs are corre c t , and they are 
probably good to 1 or 2 ce mol 1 , which s t i l l allows one to keep 
the signs. I am not going to attempt to i n t e r p r e t these values. 
I thought Dr. Swaddle might understand why one gets a difference 
i n sign between the i r o n ( I I I ) and the manganese(III) systems. 
These are high-spin complexes and don't show any pressure-
dependence on the volume of a c t i v a t i o n , nor a temperature-
dependence. The actual numbers w i l l change a l i t t l e b i t . 

I promised Dr. Swaddle that we would look at n i c k e l and 
ammonia. We have made such a study i n 15-molar aqueous ammonia 
which i s a mixed solvent system. I t i s r e a l l y only necessary to 
obtain solvent interchange between the inner-sphere and the 
outer-sphere i n a case l i k e t h i s because outer-sphere formation 
i s d i f f u s i o n c o n t r o l l e d . In t h i s system we obtain a p o s i t i v e 
AV i n the range of 4 to 6 ce mol 1, a region of some uncer
t a i n t y because the blank data are not as good as we would l i k e 
to have. 

I n c i d e n t a l l y , one of the problems that always bothers me 
somewhat i s that I think one r e a l l y ought to use blanks, with a 
diamagnetic i o n , that resemble the s o l u t i o n one i s t r y i n g to 
i n t e r p r e t , rather than simply using water i t s e l f . Even though 
the e f f e c t s are r e l a t i v e l y small, one might le a r n something 
i n t e r e s t i n g about diamagnetic systems that way. 

DR. JAMES ESPENSON (Iowa State U n i v e r s i t y ) : I should l i k e 
to r a i s e a s l i g h t l y d i f f e r e n t aspect of s u b s t i t u t i o n reactions, 
an aspect which re l a t e s to a d i f f e r e n t kind of mechanism. This 
involves a change from the conventional h e t e r o l y t i c process of 
metal ligand bond cleavage to one dealing with homolytic bond 
cleavage. 

I have raised the question with regards to the iodochro-
mium(III) i on as tp whether the s u b s t i t u t i o n reaction can occur 
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60 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

by a homolytic pathway instead of, or as w e l l as, by a hetero-
l y t i c pathway (Scheme I ) . The h e t e r o l y t i c pathway i n t h i s 
p a r t i c u l a r case i s quite a favorable re a c t i o n , with a sizeable 
e q u i l i b r i u m constant, although i t occurs slowly. We can calcu
l a t e the value f o r the equi l i b r i u m constant f o r homolytic d i s 
s o c i a t i o n because the reduction p o t e n t i a l s are known. In t h i s 
case the equi l i b r i u m constant has quite a small value. I t i s 
10" 2 7 

As a consequence, even i f the reverse reaction occurred at 
the d i f f u s i o n c o n t r o l l e d rate (k S 1 0 1 0 M"1 S " 1 ) , the rate of 

-17 
homolytic d i s s o c i a t i o n should be immeasurably small (k- ύ 10 
s ); the unimportance of homolysis was confirmed some years ago 
[Schmidt, A. R. ; Swaddle, T. W. J . Chem. S o c , Dalton Trans. 
1970, 1927]. 

However, consider the corresponding s i t u a t i o n f o r a c l o s e l y 
r e l a t e d complex i n which, instead of an iodide ion bound to 
pentaaquo chromium, there i s an a l i p h a t i c fragment such as an 
a l k y l group. As one example, we may consider the hydroxyiso-
propyl chromium cation. Here the p o s s i b i l i t y f o r both homolytic 
and h e t e r o l y t i c s u b s t i t u t i o n e x i s t s (Scheme I I ) . With proper 
experiments, one can evaluate separately the rate constant 
values f o r cleavage by each of these pathways. 

The pathway corresponding to h e t e r o l y t i c metal ligand 
cleavage can be evaluated by suppressing the homolysis reaction 

2+ 
by add i t i o n of an excess of Cr , providing a measurement of the 
h e t e r o l y t i c chromium-carbon bond cleavage reaction. 

On the other hand, the homolysis reaction, an unfavorable 
eq u i l i b r i u m , can be drawn to the r i g h t by adding scavenging 

2+ 
reagents f o r Cr or carbon-centered r a d i c a l s . In that case we 
can measure the rate constant f o r homolytic d i s s o c i a t i o n , which 
i n t h i s p a r t i c u l a r instance i s 0.127 s \ accompanied by a large 
p o s i t i v e entropy of a c t i v a t i o n and a large enthalpy of a c t i v a 
t i o n . 

Since Meyerstein has measured the reverse reaction rate 
constant, i . e . , the combination rate constant between C r 2 + and 
the hydroxyisopropyl r a d i c a l , the r a t i o of those values affords 
the equilibrium constant f o r homolytic d i s s o c i a t i o n , 2.5 χ 

-9 
10 M i n the case of t h i s p a r t i c u l a r complex. 

By studying a series of complexes i n which the various sub
s t i t u e n t s on the alpha-carbon atom are va r i e d , we can look at 
the change i n the magnitude of the rate constant f o r homolytic 
d i s s o c i a t i o n as a function of these substituents. The values 
range from 3.5 χ 1θ" 5 s" 1 f o r CrCH 20H 2 + to -3 χ 10 2 s" 1 f o r 
CrC(CH 3)(CMe 3)0H 2 + or l i f e t i m e s from 7.5 hours to -3 ms. 
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2. SWADDLE Pressure Effects and Substitution Mechanisms 61 

Scheme I: C r ( H 2 0 ) 6
3 + + I" 

2+ ( H 2 0 ) 5 C r - r T + H 20) 
K h e t = 1.4 χ ΙΟ 4 M eq 

Khom = 1 0-27 M = k / k 

eq 1' -1 

C r ( H 2 0 ) 6
2 + + I* 

Scheme I I : ,2+ 

(H 20) 5Cr-C(CH 3) 2OH 2 + + hy) 

(H 20) 5CrOH^ + (CH3)2CHOH 

horn 2+ C r ( H 2 0 ) 6 " + -C(CH 3) 2i OH 

At 25.0°C: k het 3.3 χ 1θ" 3 + 4.7 χ 10" 3 [H +] s" 1 

ĥom = Q 227 s 1 (homolysis) 3 

AH* = 27.4 kcal/mol 

AS* = 29.4 c a l mol" 1 Κ" 1 

-1 = 5.1 χ 10^ M 1 s 1 (pulse r a d i o l y s i s ) ^ 

Keq,298 = 2 ' 5 X 1 0 ~ 9 M 

AG 2 9 g = 12 kcal/mol 

AH = 27 kcal/mol 

Bakac, Α.; K i r k e r , G. W.; Espenson, J . H., unpublished r e s u l t s 

^Cohen, H.; Meyerstein, D. Inorg. Chem. 1974, 13, 2434 
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In a q u a l i t a t i v e sense, the rate constants correlate with 
the change i n degree of s t e r i c hindrance provided by the i n 
creasing bulk of the substituents. We can r e l a t e those changes, 
which span a factor of 10^ i n the homolytic d i s s o c i a t i o n rate 
constant, to the free energy of a c t i v a t i o n f o r the homolytic 
cleavage of correspondingly substituted ethanes. There i s a 
sub s t a n t i a l c o r r e l a t i o n f o r every system except the benzyl com
plex (Figure 1). The slope of the l i n e i s 0.3. I f the c o r r e l a 
t i o n were exact, one would have expected a value of 0.5, there 
being a square root r e l a t i o n s h i p i n the rate constants, or a 
fact o r of 2 i n the free energies, because i n the ethanes we 
substitute symmetrically on both sides and i n the chromium 
complexes on one side only. 

These observations suggest that bond d i s s o c i a t i o n reac
t i o n s , occurring i n a homolytic fashion f o r t h i s family of 
complexes, are co n t r o l l e d l a r g e l y , i f not e n t i r e l y , by s t e r i c 
f a c t o r s , provided that one stays w i t h i n a family of complexes i n 
which s p e c i a l e l e c t r o n i c e f f e c t s , such as might be found i n the 
benzyl chromium i o n , do not play an important r o l e . 

Û G * c _ c 

Figure 1. Plot of AGM8* for the homolysis of organochromium cations vs. 
AG* for the homolysis of the correspondingly substituted ethanes (with OH replaced 
by CHS). Key for organochromium ions: O, CrC(RfR')OH2+; · , CrC(R,R')OR"2+; 

V, CrCH(CHs)t
2+; and +, CrCH2Ph2\ 
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Proton-Transfer Reaction Rates and Mechanisms 

EDWARD M. EYRING, DAVID B. MARSHALL, FRANK STROHBUSCH 
University of Utah, Department of Chemistry, Salt Lake City, UT 84112 

R. SÜTTINGER 
Institut für Physikalische Chemie der Universität Freiburg, D-78 Freiburg, 
Federal Republic of Germany 

Eight generalizations are given ar is ing from 
world-wide studies of proton transfer reactions i n 
aqueous media carried out over the past twenty– 
five years. Future directions of research on pro
ton transfer kinetics are predicted, and recent 
kinetic studies by the authors on proton transfer 
in nonaqueous media (methanol, acetoni t r i le , and 
benzonitrile) are reviewed. 

Inorganic s o l u t i o n chemistry often involves proton t rans 
fers to and from solvated metal ions as w e l l as to and from the 
acids and bases that complex metal i ons . E igh t genera l i za t ions 
are presented below that attempt to summarize the in s igh t s r e 
garding proton t ransfe r react ions that have emerged i n the past 
quarter century. The masterful reviews by Eigen (1_) and B e l l 
(2) provide much more extensive ana lys i s of most of these 
p o i n t s . 

E igh t Genera l iza t ions 

1. For thermodynamically favorable react ions ( K » l ) of 
the type 

A 1 + B 2 £ f Β α + A 2 Κ = k ^ , k f 2 1 0 1 0 M ' V 1 (1) 

i n v o l v i n g oxygen or n i t rogen acids w i th BLO, HLO + , or OH i n 
10 -1 -1 

aqueous s o l u t i o n a t room temperature, k^~10 M s and the 
rate constant i s smal ler by a fac tor o f 10^^ i n the reverse 
(unfavorable) d i r e c t i o n (1 ,2 ) . 

2 . E igen 1 s mechanism for proton t ransfe r react ions be
tween acids (AH) and bases (B) proceeds through a neu t ra l hydro-

0097-6156/82/0198-0063$06.00/0 
© 1982 American Chemical Society 
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64 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

gen bonded complex (AH...B) and an ion p a i r (A ... HB) 

AH + Β J AH...B J A"...+HB | A" + HB + (2) 

with these intermediates undetectable i n aqueous s o l u t i o n but 
observable i n polar organic solvents under s u i t a b l e conditions 
(3). 

3. Rate constants f o r the d i f f u s i o n - c o n t r o l l e d reaction 
between a proton and a species A i n water decrease (4) by a 
fac t o r of 0.3 to 0.5 f o r each p o s i t i v e charge added to the re-
actant A. Thus the rate constant f o r the reaction of a hydro-

2+ 
lyzed metal i on such as A£0H (aq) with a solvent proton w i l l 
decline with the increasing p o s i t i v e e l e c t r o s t a t i c charge of the 
hydrolyzed metal ion species. 

4. Intramolecular hydrogen bonding, s t e r i c hindrance, and 
l o c a t i o n of the mobile proton on a carbon atom ("carbon acids") 
can a l l act to decrease somewhat the reaction rates (5). 

5. Removal of the proton from an intramolecular hydrogen 
bond by a base occurs i n a two-step mechanism (a rapid e q u i l i b 
rium between Η-bonded and non-H-bonded forms followed by base 
catalyzed proton removal from the non-H-bonded form) rather than 
by d i r e c t attack of the base on the intramolecularly hydrogen 
bonded species (6). 

6. Nuclear reorganization or the r e h y b r i d i z a t i o n of the 
carbon i s a main factor i n the retardation of proton t r a n s f e r 
i n v o l v i n g carbon acids, and s o l v a t i o n changes have much les s 
impact (7). 

7. Proton t r a n s f e r between electronegative atoms i s 
fa s t e r the greater the e l e c t r o n e g a t i v i t y of the atoms between 
which the proton i s moving. Thus proton t r a n s f e r between n i t r o 
gen atoms i s slower and rate l i m i t i n g over a wider range of 
ApK than f o r proton t r a n s f e r between oxygen atoms (8). 

8. Proton exchange rates i n aqueous solutions are en
hanced by small amounts (0.5% V/V) of hydrophobic substances 
(e.g., methanol, dioxane) because of a consequent increase i n H-
bonded water structure i n the hydration s h e l l s through which the 
proton t r a n s f e r i s mediated (9). 
A m p l i f i c a t i o n of Generalized Conclusions 

In the follo w i n g a m p l i f i c a t i o n of these gen e r a l i z a t i o n s , 
some at t e n t i o n w i l l be given to co n t r o v e r s i a l aspects of these 
statements. I t i s i n t e r e s t i n g that an area of s c i e n t i f i c study 
such as proton t r a n s f e r k i n e t i c s could be an ac t i v e one f o r over 
25 years, p a r t i c u l a r l y because of r e l a x a t i o n techniques, and 
s t i l l be one f o r which i t i s d i f f i c u l t to make many generaliza
tio n s that workers i n the f i e l d can endorse without major re
servations . 

The f i r s t g e n e r a l i z a t i o n simply asserts that there are many 
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3. EYRING E T A L . Proton-Transfer Reaction Rates and Mechanisms 65 

reactions i n v o l v i n g acids, such as h y d r o f l u o r i c a c i d and water, 
fo r which the rates are d i f f u s i o n c o n t r o l l e d with rate constants 
of the order of 1 0 ^ M *s 1 i n aqueous s o l u t i o n f o r the com
bi n a t i o n of the ions. In f a c t , i t i s generally found that when 
the reacting partners i n reaction 1 have ΔρΚ > 0 ( i . e . , Κ » 1), 
the value of i s independent of ΔρΚ ( d i f f u s i o n controlled) as 
indicated by Bronsted p l o t s of log k^ vs. ΔρΚ having zero slope 
i n t h i s region. Conversely, when ΔρΚ < 0 ( i . e . , Κ « 1 ) , a p l o t 
of log k^ vs. ΔρΚ w i l l have u n i t slope. Such Bronsted p l o t s are 
discussed extensively by Eigen (_1) and are also considered by 
Margerum (10). 

The second statement has to do with the notion that i n the 
Eigen mechanism f o r proton t r a n s f e r there must be intermediate 
ion p a i r s . The reference to the unpublished work of Kreevoy and 
Liang (3) r e f l e c t s the impact of t h e i r studies on some of our 
own recent work surveyed below. In f a c t , there i s an extensive 
published l i t e r a t u r e concerning phenol-amine complexes i n which 
the existence of the intermediates i n equation 2 has been estab
l i s h e d i n d i f f e r e n t organic solvents. One of the oldest such 
papers i s that of B e l l and Barrow (11) going back to 1959. 
Others include Hudson and co-workers (12) i n 1972, and Baba and 
co-workers (13) i n 1969. 

The next g e n e r a l i z a t i o n , number 3 above, has to do with the 
notion that two simple cations w i l l react with one another l e s s 
r a p i d l y than a c a t i o n and an anion of corresponding s i z e would. 
Table I presents examples from the l i t e r a t u r e , where, i n every 
case, a proton reacts with species of d i f f e r e n t charge types, 
and there i s a steady decrease i n the rate of reaction as one 
proceeds from top to bottom i n that t a b l e . 

Table I I summarizes a temperature jump study (14) of the 
reaction of hydroxide ion with various intramolecularly hydrogen 
bonded malonic a c i d monoanions and points up the f a c t that, as 
the s t e r i c hindrance increases, a considerable strengthening i n 
the hydrogen bond occurs with a concomitant slowing down of the 
rate at which the reaction proceeds (g e n e r a l i z a t i o n number 4). 
At the time the authors did not foresee that i t would be pos
s i b l e to d i s t i n g u i s h between whether the hydrogen bond was bro
ken d i r e c t l y by the attacking base or whether, i n f a c t , there 
f i r s t had to be a collapse of the hydrogen bond i n t o an open 
form of the anion that would subsequently react with the base. 
Thus, they simply postulated the former mechanism ( d i r e c t a t 
tack) . 

Generalization number 5 r e f l e c t s the work of Hibbert and 
Awwal (6) who have concluded that i t i s the l a t t e r kind of mech
anism ( i n v o l v i n g the open form of the anion) that p r e v a i l s i n 
intramolecular hyrogen bond breaking reactions. This i s a 
p o i n t , however, on which there i s s t i l l room f o r equivocation. 
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Table I 

Experimental Rate Constants f o r Base 
Protonation I l l u s t r a t i n g the Influence 

of Ionic Charge on Protonation Reactions 
i n Aqueous Solution (25 C, μ = 0 M) 

H + + A ( n + ) - l k $ M n + 

Reactants k f, M s Method 

H + + HS" 7. .5 X 1 0 1 0 E-disp 
H + + N(CH,)„ 2, .5 X 1 0 1 0 NMR 
H + 

? 3 
+ CuOH ~ 1 X 1 0 1 0 Sound 

H + + (NH,) CoOH 2 + 1, .4 X 10 9 T-jump 
H + + Pt(en) 2(en ) J + 2, .6 X 10 8 T-jump 

Ref: Eigen, M.; Kruse, W.; Maass, G.; DeMaeyer, L. 
Progr. React. Kin. 1964, 2, 287. 

Note that the rate constant f o r d i f f u s i o n c o n t r o l l e d 
reactions between a proton and.a base decreases by 
a fa c t o r of 0.3 to 0.5 f o r each p o s i t i v e charge added 
to the base. 
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Table I I 

Experimental Rate Constant Data I l l u s t r a t i n g 
the Role of S t e r i c E f f e c t s i n Strengthening 

the Intramolecular Hydrogen Bond i n the 
Monoanion of 2,2-Disubstituted Malonic Acids 

i n Aqueous Solution (25 C, 0.1 M NaClO^) 

0 
It 

r 
+ OH f A 2" + H 20 

Substituents 
on 

Malonic Acid 
k f, M" 

•1 -1 s Ε * 
a 

AG*/ AH*/ A s t f " 

D i e t h y l 28 X 1 0 7 5 6 4.5 -5 +3 
Ethyl-n-butyl 16 X 1 0 7 6 6.5 5.5 -3 +6 
Ethylisoamyl 16 X 

1 0 7 6 6.5 5.5 -3 +6 
Ethylphenyl 14 X 1 0 7 6 6.5 5 -4 +2 
Di-n-butyl 14 X 1 0 7 6 6.5 5 -4 +6 
Di-n-heptyl 14 X 

1 0 7 6 6.5 5 -4 +6 
Di-n-propyl 13 X 

1 0 7 6.5 6.5 6 -1 +6 
Ethylisopropy 15.5 X 1 0 7 7.5 7 7 0 +12 
Diisopropyl 4.5 X 1θ' 8 7 7.5 +2 +16 

k Units: kcal/mol 
— Units: e.u. 

Ref: M i l e s , M. H.; Eyring, Ε. M.; Epstein, W. W.; Ostlund, R. E. 
J . Phys. Chem. 1965, 69, 467. 

Note that the primary e f f e c t of the a l k y l substituents i s 
s t e r i c , rather than e l e c t r o n i c , with only branching on the car
bon attached to the parent malonic acid e f f e c t i v e i n c l o s i n g the 
jaws to strengthen the intramolecular hydrogen bond. Taking the 
"melting" of one water molecule from the dianion to contribute 
5 e.u. to AS^, °ne may estimate the number of solvent molecules 
that must be removed i n the reverse reaction to form the a c t i 
vated complex. 
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Perlmutter-Hayman and Shinar (15, 16) have studied by tempera
ture-jump the reactions of bases with d i f f e r e n t acid-base i n d i 
cators having intramolecular hydrogen bonds. With Tropaeolin 0, 
d i r e c t attack of the base on the hydrogen bridge predominates 
according to t h e i r i n t e r p r e t a t i o n , whereas, f o r A l i z a r i n Yellow 
G, the observed r e l a x a t i o n i s ascribed c h i e f l y to d i f f u s i o n 
c o n t r o l l e d reaction between the base and that part of the i n d i 
cator present i n the open form. Thus, data e x i s t that lead one 
to doubt the ge n e r a l i t y of statement number 5. 

Statement number 6 has to do with carbon acids and i s sup
ported by reference (7). There are, i n f a c t , other references 
that suggest solvent plays a much more d i r e c t r o l e i n the ki n e t 
i c s of protonating carbanions than statement number 6 would im
p l y . For example, there i s evidence that nuclear reorganization 
and r e h y b r i d i z a t i o n of the carbon atom are too rapid to have 
much k i n e t i c importance when compared with solvent r e o r i e n t a 
t i o n . The strong dependence of carbanion protonation rates on 
the solvent supports t h i s view. These rates are t y p i c a l l y much 
fa s t e r i n organic solvents, such as DMSO, than i n water. A par
t i c u l a r reaction that was studied i n d i f f e r e n t solvents (17) i s 

C(N0 2) 3" + H + £ HC(N0 2) 3 (3) 

In cyclohexanol and i n isobutanol the rates are d i f f u s i o n con
t r o l l e d and 10 times f a s t e r than they are i n water, even though 
i n a l l solvents the same r e h y b r i d i z a t i o n occurs. A recent com
parison (18) of rates of protonation and methyl mercuration of 
del o c a l i z e d carbanions i n aqueous s o l u t i o n by Raycheba and Geier 
also addresses g e n e r a l i z a t i o n number 6. Only the methyl' mer-
curations are d i f f u s i o n c o n t r o l l e d and three to four orders of 
magnitude f a s t e r than the protonation. Thus, the wrong hydrogen 
bond structure around the carbanion i n water strongly i n h i b i t s 
proton t r a n s f e r , whereas attack of the methyl mercury ion i s not 
influenced because t h i s ion does not i n t e r a c t s i g n i f i c a n t l y with 
the hydrogen bonded network. 

In reference to statement number 7, Kresge's k i n e t i c 
studies (8) in d i c a t e that a proton t r a n s f e r from one oxygen to 
another would be f a s t e r than that from a nitrogen to another 
nitrogen. Some of Kresge's recent unpublished work (19) sug
gests that the tr a n s f e r of a proton from phosphorus to oxygen 
i s somewhat slower than the corresponding t r a n s f e r between n i 
trogen and oxygen. While there i s nothing p a r t i c u l a r l y the 
matter with statement number 7 as w r i t t e n , i t i s one that 
c l e a r l y i s going to undergo more elaboration. 

The l a s t of these eight statements has to do with the idea 
that, i f a very small amount of an organic solvent such as meth
anol i s introduced i n t o an aqueous s o l u t i o n , the rate of reac
t i o n ( i n v o l v i n g proton transfer) may speed up because of the i n 
creased hydrogen-bonded water structure. 
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Future Trends 

Table I I I suggests some of the proton t r a n s f e r k i n e t i c 
studies one i s l i k e l y to hear most about i n the near future. 
The very f i r s t entry, c o l l o i d a l suspensions, i s one that Pro
fessor Langford mentioned e a r l i e r i n these proceedings. In the 
re l a x a t i o n f i e l d , one of the comparatively new developments has 
been the measurement of k i n e t i c s of i o n t r a n s f e r to and from 
c o l l o i d a l suspensions. Yasunaga at Hiroshima U n i v e r s i t y i s a 
pioneer i n t h i s type of study (20, 21, 22). His students take 
materials such as i r o n oxides that form c o l l o i d a l suspensions 
that do not p r e c i p i t a t e r a p i d l y and measure the k i n e t i c s of pro
ton t r a n s f e r to the c o l l o i d a l p a r t i c l e s using r e l a x a t i o n tech
niques such as the pressure-jump method. 

Such studies engender i n t e r e s t i n quarters that one would 
not a n t i c i p a t e . For example, a c i v i l engineer at Stanford Uni
v e r s i t y recently sought information about the e l e c t r i c f i e l d 
jump (Ε-jump) r e l a x a t i o n technique. I t i s quite s u r p r i s i n g that 
t h i s l e a s t widely used of the r e l a x a t i o n methods would appeal to 
engineers as a means of measuring the k i n e t i c s of t r a n s f e r of 
heavy metals to and from c o l l o i d a l suspensions as i s done i n 
cl e a r i n g water. This, of course, i s a very p r a c t i c a l problem 
fo r which engineers can deduce i n t e r e s t i n g features from t h i s 
type of fundamental k i n e t i c measurement. 

As f o r studies of i c e , a search of the recent proton trans
f e r l i t e r a t u r e discloses that i c e i s one of the substances that 
s t i l l generates i n t e r e s t (23, 24) p a r t i c u l a r l y as i t r e l a t e s to 
membrane proton-transfer problems. S o l i d battery e l e c t r o l y t e s 
can also involve (25, 26, 27) proton t r a n s f e r s , although these 
are obviously very slow compared to the kinds of rates that we 
are used to considering i n aqueous inorganic s o l u t i o n s . 

Picosecond time regime k i n e t i c studies of proton t r a n s f e r 
are coming i n t o vogue (28, 29, 30), p a r t i c u l a r l y f o r i n t r a 
molecular processes that can be very f a s t . Bound to play an 
inc r e a s i n g l y important r o l e i n the e l u c i d a t i o n of proton trans
fers are the gas phase ion-solvent c l u s t e r techniques that 
reveal dramatically the r o l e played by solvent molecules i n 
these reactions (31, 32). 

Dr. Swaddle's discussion of volume measurements (33) i s 
an i n t e r e s t i n g one from our point of view, because we l a t e l y 
have b u i l t an e l e c t r i c - f i e l d - j u m p c e l l that would work at f a i r l y 
high pressures. Our reason f o r doing so may be amusing. We 
thought that perhaps i t would be possible to solvate ions, or 
at l e a s t ion p a i r s , using xenon as a solvent. This p o s s i b i l i t y 
had been suggested to us by the work of Peter Rentzepis (34). 
We discovered, to our chagrin, that while one can indeed d i s 
solve rather large molecules, such as lysozyme, i n l i q u i d xenon, 
none of the ion p a i r s that we t r i e d , i n c l u d i n g some very large 
ions i n which the charge was spread over a f a i r l y large sized 
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Table I I I 

Eight Areas f o r Future Research i n the Study 
of Proton Transfer K i n e t i c s 

1. C o l l o i d a l suspensions 
2. Ice 
3. S o l i d battery electrodes 
4. Picosecond time regime 
5. Gas phase ion-solvent i n t e r a c t i o n s 
6. Volumes of a c t i v a t i o n 
7. Solvent e f f e c t s 
8. Laser induced solvent i o n i z a t i o n 
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molecule, a c t u a l l y dissolve i n the l i q u i d xenon (35). So we are 
apparently never going to be doing Ε-jump studies at compara
t i v e l y high pressures i n l i q u i d xenon. But there i s no reason, 
i n p r i n c i p l e , why one could not perform e l e c t r i c f i e l d jump k i 
n e t i c studies over an extended range of pressures on many of the 
aqueous systems studied previously only at atmospheric pressure 
and thus deduce volumes of a c t i v a t i o n f o r proton t r a n s f e r and 
other rapid reactions i n v o l v i n g charge n e u t r a l i z a t i o n . 

Before t r e a t i n g the l a s t two topics i n Table I I I l e t us 
consider a r h e t o r i c a l question: I f indeed many of the problems 
r e l a t i n g to proton t r a n s f e r are reasonably w e l l solved from the 
point of view of someone who, l i k e Dale Margerum, goes ahead and 
measures k i n e t i c s of ligand exchange, are the k i n e t i c s of proton 
transfers i n homogeneous aqueous and non-aqueous solutions s t i l l 
going to be studied f o r other reasons? The obvious answer i s 
"Yes" since one w i l l use proton t r a n s f e r k i n e t i c s studies as a 
t o o l f o r i n v e s t i g a t i n g other properties of chemical systems. 

In p a r t i c u l a r , we have been very much interested i n using 
proton t r a n s f e r k i n e t i c s as a means of measuring how ion solva
t i o n changes as a solute equilibrium i s transferred from one 
organic solvent to some other organic solvent. The t o o l that 
we have used i n most of these studies has been the e l e c t r i c -
field-jump technique. The square, high voltage wave instrumenta
t i o n with spectrophotometric detection (36,37) i s very d i f f e r e n t 
from the dispersive Ε-jump apparatus with a Wheatstone bridge 
detector (38) that Ken Kustin taught me how to use i n Eigen 1 s 
laboratory over 20 years ago. In the present day instrument 
the exponential decay i n the photomultiplier voltage, a f t e r the 
high voltage has been taken o f f the sample c e l l , y i e l d s the 
chemical r e l a x a t i o n (or relaxations) of the chemical equilibrium 
(or e q u i l i b r i a ) . The time constant of the l a s t exponential 
decay i s the chemical information of i n t e r e s t i n such proton 
t r a n s f e r k i n e t i c studies. 

Proton Transfers i n Methanol, A c e t o n i t r i l e , and B e n z o n i t r i l e 

Methanol i s one of the easy solvents to work with using the 
e l e c t r i c - f i e l d - j u m p technique. The preparation of the solvent 
i s not nearly as arduous as i s that of some other solvents such 
as a c e t o n i t r i l e . In methanol we observed that p i c r i c a c i d anion 
protonates at the d i f f u s i o n c o n t r o l l e d rate whereas d i p i c r y l -
amine s t e r i c a l l y hinders the proton from recombining with i t . 
(39). 
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In another study (40) we found that protonation of pyridine 
i s d i f f u s i o n - c o n t r o l l e d with a one-to-one solute-methanol com
plex as the reactive species. Thus, while methanol plays essen
t i a l l y no ro l e i n the proton t r a n s f e r to dipicrylamine i n the 
f i r s t study, i t i s indeed i n t i m a t e l y involved i n the proton 
t r a n s f e r to py r i d i n e . 

Now l e t us consider the r e s u l t s of an Ε-jump study (14) of 
proton t r a n s f e r between p i c r i c a c id (A) and methyl red (B) 

k l - + 
AH + Β 2 A + HB (4) 

i n a c e t o n i t r i l e . The formula f o r methyl red i s 

y r-COOH 

Rates are found to be a fa c t o r of ten slower than d i f f u s i o n con
t r o l suggesting a requirement f o r solvent reorganization around 
the strongly solvated cations. 

Another proton t r a n s f e r studied by the Ε-jump technique i n 
a c e t o n i t r i l e (42) i s that between p-nitrophenol (AH) and t r i -
ethylamine (B). The e x t i n c t i o n c o e f f i c i e n t s f o r each of the 
species i n the following e q u i l i b r i u m have been measured by Kree-
voy and Liang (3): 

AH + Β £ AH...B £ A"...+HB J A" + BH + (5) 
λ = 306 nm 320 400 427 

One can be excited about a spectrophotometry Ε-jump study of 
t h i s system because, i n p r i n c i p l e , i t should be possible to mea
sure the r e l a x a t i o n times associated with each of the successive 
e q u i l i b r i a . The intermediates are sta b l e , but the r e l a x a t i o n 
data are consistent with the si n g l e equilibrium 

N(CH 3) 2 
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AH + B j> A + BH (6) 

regardless of the monitoring wavelength. The ion recombination 
9 -1 -1 

rate constant, ~9 χ 10 M s , i s 5 times slower than a d i f 
f u s ion c o n t r o l l e d rate. A requirement f o r solvent reorgani
z a t i o n around the cation i s again postulated. Thus, i n both 
cases i n v o l v i n g a c e t o n i t r i l e , solvent movement i s i n t i m a t e l y 
involved i n proton t r a n s f e r . 

Whereas i n a c e t o n i t r i l e the rate l i m i t i n g step i s an open
ing of the solvent s h e l l of a reactant, i n b e n z o n i t r i l e the back 
reaction of (5) between the protonated a c r i d i n e orange cation 
(BH ) and the 3-methyl-4-nitrophenolate ion (A ) to form the i o n 
p a i r i s d i f f u s i o n c o n t r o l l e d (although the o v e r a l l reaction to 
the neutral molecules i s an endothermic process). Because of 
i t s lower d i e l e c t r i c constant than a c e t o n i t r i l e , the e l e c t r o 
s t a t i c i n t e r a c t i o n s between reactants i n b e n z o n i t r i l e outweigh 
s p e c i f i c solvent e f f e c t s . In other words, i n b e n z o n i t r i l e a 
rate l i m i t i n g coupling of proton t r a n s f e r to the r e o r i e n t a t i o n 
of solvent dipoles does not occur and the measured rates are 
very f a s t . The ion recombination (I) + ( I I ) ·+ i n b e n z o n i t r i l e 
has a d i f f u s i o n c o n t r o l l e d s p e c i f i c rate ( t h e o r e t i c a l ) k = 

9 -1 -1 
(4.3 - 5.6) χ 10 M s and a measured (T-jump) s p e c i f i c rate 
k = (3.5 ± 0.8) χ 10 9 M"1 S " 1 at 0.1 M i o n i c strength. 

Table IV i s an attempt to summarize the r e s u l t s of these 
proton t r a n s f e r studies i n nonaqueous solvents. There i s no 
systematic trend i n what seems to be the rate l i m i t i n g step i n 
contrast to the a t t r a c t i v e Eigen-Wilkins g e n e r a l i z a t i o n f o r the 
mechanism of metal ion complexation. Obviously, many more pro
ton t r a n s f e r k i n e t i c studies i n nonaqueous solutions are needed 
fo r b e a u t i f u l generalizations to emerge. Whether inv e s t i g a t o r s 
w i l l have the patience to carry them out or not i s the only 
uncertainty. 
Proton Transfer i n IR Laser Excited Solvents 

Another s i t u a t i o n i n which an already well-studied proton 
t r a n s f e r reaction serves as a probe of a p h y s i c a l phenomenon has 
been suggested by Knight, Goodall and Greenhow (43, 44). They 
ionized water with s i n g l e photons of Nd:glass l a s e r i n f r a r e d 
r a d i a t i o n and measured an ion recombination rate constant f o r 
the reaction 

i n e x c e l l e n t agreement with that reported by Eigen and De Maeyer 
(45). One might at f i r s t wonder why, more than two decades 
a f t e r the c l a s s i c Eigen-De Maeyer experiments, someone would 
remeasure the k i n e t i c s of ion recombination i n water. The 

H +(aq) + 0H~(aq) H 20(£) (7) 
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Table IV 

Summary of the Relationships between Nonaqueous 
Solvent Properties and Rate L i m i t i n g Steps f o r 

Proton Transfer 

Solvent Type Solvents Rate L i m i t i n g Step 

Polar, P r o t i c Water, Methanol D i f f u s i o n together 
of reactants 

P o l a r , Aprotic A c e t o n i t r i l e Solvent reorganization 
Moderately Polar, B e n z o n i t r i l e D i f f u s i o n together 

Aprotic of reactants 
Low Polar, Aprotic Chlorobenzene Rotation of encounter Low Polar, Aprotic 

complex 

100 

Wavelength, microns 

Figure 1. The near IR absorption spectrum of anhydrous liquid hydrofluoric 
acid with a few of the many possible IR wavelengths obtainable from a neodymium-

doped glass laser superimposed. 
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i n t r i g u i n g aspect of such an experiment i n any neat solvent i s 
that the i on -c rea t i ng mechanism competes success fu l ly i n time 
w i t h the the rma l i za t ion of the near i n f r a r ed l a s e r energy de
pos i t ed i n the solvent v i b r a t i o n s . C l e a r l y , one ought to study 
other u l t r apure , au to ion i z ing solvents to see whether there i s 
something i n t r i n s i c a l l y p e c u l i a r about water, such as i t s hydro
gen bonded s t ruc tu re , that makes poss ib l e a long l i f e t i m e for 
the d e r e a l i z a t i o n of the thermal energy deposited by the l a s e r . 
As F igure 1 suggests, i t i s now easy to generate in f r a red pulses 
from a l a se r at a v a r i e t y of wavelengths and thus exc i t e a par
t i c u l a r solvent at many d i f f e r e n t i n f r a red wavelengths to see 
what impact that v a r i a b l e has on t h i s process of c rea t ing ions 
i n the pure so lven t . Hydrogen f l u o r i d e i s the most obvious of 
severa l au to ion iz ing solvents that an inorganic chemist could 
probe i n t h i s fash ion . 
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General Discussion—Proton-Transfer Reaction Rates and Mechanisms 
Leader: Ramesh Patel 

DR. RAMESH PATEL (Clarkson College): I t appears that 
studies on c o l l o i d a l systems may represent an extremely impor
tant area f o r the future. We have also been doing some c o l l o i 
d a l work, p a r t i c u l a r l y dealing with the s o l u t i o n chemistry that 
precedes the formation of very highly monodispersed c o l l o i d a l 
p a r t i c l e s . One such system with i r o n phosphate has been included 
i n the poster presentation. 

Yasunaga has studied c o l l o i d a l systems i n v o l v i n g titanium 
dioxide. What I f i n d very curious i f that he reports that the 
recombination rate of hydroxyl ions reacting with the titanium 
i s orders of magnitude smaller than what one finds i n other sys
tems, including i c e , of course, and other s o l u t i o n s . I was won
dering whether you have any comment. 

DR. EYRING: I have no explanation f o r i t e i t h e r , but i n 
f a c t , what you say i s true. 

DR. PATEL: One reason f o r much of the i n t e r e s t which pre
v a i l s i n t h i s area r i g h t now, e s p e c i a l l y with i r o n ' I I ) , has to 
do with the corrosion of s t e e l i n industry and also i n nuclear 
reactors. Normally one thinks of forming p r e c i p i t a t e s or par
t i c l e s by adding base to a s o l u t i o n and cooling i t down. I f 
i r o n ( I I I ) solutions are made more a c i d i c and i f you r a i s e the 
temperature, these conditions lead to the formation of very, 
very well-defined p a r t i c l e s . A very important event i n t h i s i s 
the proton t r a n s f e r k i n e t i c s that lead to the formation of the 
hydrolysis of many of these t r i v a l e n t ions. 

DR. THOMAS MEYER (University of North Carolina): F i r s t , do 
you have any comments to make about chemical reactions i n which 
proton t r a n s f e r accompanies electron transfer? Second, do you 
have any comments to make on s i t u a t i o n s where proton t r a n s f e r 
takes place between i n t e r f a c e s , e.g., from one solvent to anoth
er or perhaps from a solvent i n t o a membrane? 

DR. EYRING: C e r t a i n l y the l a t t e r of the two subjects you 
are t a l k i n g about i s one that i s of p a r t i c u l a r i n t e r e s t to us. 
We have invested a great deal of our recent e f f o r t on a tech
nique c a l l e d photoacoustic spectroscopy, which we i n i t i a l l y 
thought we could use f o r looking at reactions occurring at a 
surface. Up to t h i s p oint, however, we have been disappointed 
because, i n f a c t , the signal-to-noise r a t i o i s so bad that i t 
would take a very long time to obtain s a t i s f a c t o r y data. Thus, 
the reaction would have to be extremely slow before we would be 
able to say anything about i t from photoacoustic spectroscopic 
measurements. 
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DR. EPHRAIM BUHKS (University of Delaware): I would l i k e 
to ask your opinion about a possible i n t e r p r e t a t i o n of proton 
t r a n s f e r i n terms of nuclear tunneling e f f e c t s . Might i t be 
possible that as the energy of the v i b r a t i o n a l modes becomes 
very large, the c l a s s i c a l rate theory might not work? 

DR. EYRING: Well, I think we are a l l conscious of the f a c t 
that B e l l writes extensively on the subject of tunneling i n 
connection with proton t r a n s f e r . In f a c t , there i s a recent 
book that was published w i t h i n the l a s t year that i s on that 
p a r t i c u l a r t o p i c [ B e l l , R. P. "The Tunnel E f f e c t i n Chemistry"; 
Chapman and H a l l : London, 1980]. 

DR. NORTON (Colorado State U n i v e r s i t y ) : As a novice i n 
t h i s f i e l d , something that i s s t a r t i n g to worry me about metal
l i c systems i s the d i f f i c u l t y of d i s t i n g u i s h i n g between an 
orthodox proton t r a n s f e r as opposed to an e l e c t r o n t r a n s f e r 
followed by hydrogen atom tran s f e r i n the reverse d i r e c t i o n . Is 
t h i s ever a problem i n the kinds of more c l a s s i c a l systems you 
have been describing? 

DR. EYRING: I f i t i s , I am not aware of i t . One of the 
a t t r a c t i v e features about the e a r l y f a s t reaction studies of 
proton t r a n s f e r systems i s that they were comparatively simple. 
Some of the problems which have been mentioned today, such as 
perchlorate ions causing complications, are not present i n extra 
pure water to which Dr. Ken Kustin has added j u s t a trace of HF. 
I f you take a membrane or some other kind of a surface, the 
proton t r a n s f e r i s c e r t a i n l y a great deal more complex. 

My research group has not t r i e d to do i t . We have gone o f f 
on a tangent, where we went looking f o r a probe that would be 
use f u l f o r looking at surfaces k i n e t i c a l l y , and discovered, to 
our chagrin, that photoacoustic spectroscopy i s much more s u i t 
able f o r i n v e s t i g a t i n g the i n f r a r e d spectrum of polyacetylene. 
That happens to be an e x c i t i n g t o p i c , and there are indeed 
publications a r i s i n g from our work on photoacoustic spectro
scopy. But I must confess, i t i s a l i t t l e f r u s t r a t i n g to have 
become involved i n a f i e l d l i k e t h a t , f u l l y intending to use i t 
as a k i n e t i c t o o l , and then discovering that i t j u s t i s n ' t very 
s u i t a b l e . I t may be s u i t a b l e f o r making k i n e t i c studies at 
electrode surfaces. Bard at Texas has done some i n t e r e s t i n g 
experiments which suggest that i f one i s looking at a small 
difference between two b i g features, as may be the case at the 
surface of an electrode, perhaps photoacoustic spectroscopy may 
be used f o r k i n e t i c measurements. But f o r the kinds of sys
tems that we thought would be i n t e r e s t i n g , such as proton trans
f e r to and from a membrane, t h i s technique does not appear to be 
a promising k i n e t i c t o o l . 

DR. J . KERRY THOMAS (University of Notre Dame): Is there 
anything wrong with p u t t i n g a fluorescent probe that i s pH 
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dependent i n these systems? Fluorescence i s a very s e n s i t i v e 
method. I t i s used i n many membrane studies where monitoring of 
a s p e c i f i c process i s required. One could locate such a probe 
i n a selected p o s i t i o n and e s s e n t i a l l y use t h i s as a method f o r 
checking d i f f u s i o n i n that region. We do t h i s i n mic e l l e sys
tems, and i t i s a r e l a t i v e l y easy method. 

DR. EYRING: That i s d i s t i n c t l y possible. 
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Nucleophilic Substitution 

MARK J. PELLERITE and JOHN I. BRAUMAN 
Stanford University, Department of Chemistry, Stanford, CA 94305 

A variety of studies on nucleophilic d is 
placement reactions have been carried out i n the 
gas phase, utilizing pulsed ion cyclotron reso
nance (ICR) spectroscopy. Many of these reactions 
occur with conveniently measurable efficiencies 
(kobserved/kcollision) of 10-1-10-3. Using the 
measured reaction eff iciencies , and making esti
mates regarding the structure of the t ransi t ion 
state, a microcanonical version of unimolecular 
reaction rate theory, such as RRKM or QET, can be 
used to derive a value for the energy of the 
t ransi t ion state relat ive to the energy of the 
reactants. Thus, if the energies of the re
actants are known, an absolute value can be ob
tained for the energy of the gas-phase t ransi t ion 
state, and direct information about solvent free 
barrier heights. F i n a l l y , Marcus theory has been 
applied to some of these gas phase ionic re
actions. The results provide interesting i n 
sights into "intrinsic" react ivi ty i n ionic 
reactions. Presumably, this information can be 
contrasted to the behavior of similar reactions 
occurring in the solution phase to provide infor
mation on solvent effects. 

N u c l e o p h i l i c s u b s t i t u t i o n react ions are among the most 
wide ly s tudied react ions i n chemistry (1 ) . This i s due, i n 
p a r t , to t h e i r syn the t ic u t i l i t y , to the wide range of sub
s t ra tes and reactants , and to t h e i r r e l a t i v e l y c lean 
k i n e t i c behavior . In contras t to thermodynamically based 
s tudies of s t ruc ture and r e a c t i v i t y ( e . g . , Hammett co r re 
l a t i o n s of a c i d i t y ) , a s a t i s f a c t o r y understanding of k i n e t i c 
r e a c t i v i t y i n S^2 react ions has yet to be achieved, a l b e i t 
not for l ack of t a l en t or e f f o r t expended. 

0097-6156/82/0198-0081$06.50/0 
© 1982 American Chemical Society 
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At l e a s t a p o r t i o n of the problem l i e s i n our i n a b i l i t y 
to separate solvent-free from solvent-dependent q u a n t i t i e s . 
Even i n attempting to apply theories such as that of Marcus 
(2, 3), there remains considerable uncertainty when the analysis 
i s complete. 

Thus, we are l e f t with a set of important, challenging 
questions : 

1. Can we learn something from studying such 
reactions? 

2. Are there good descriptions which have reason
able g e n e r a l i t y and p r e d i c t i v e power? 

3. What do we mean by the statement: X i s a good 
nucleophile? 

4. Why i s X a good nucleophile? 

Our approach to these problems has been to study S^2 re
actions i n the gas phase. Ion-molecule studies have proven 
very e f f e c t i v e i n understanding equilibrium behavior of ions 
i n s o l u t i o n (4), and we think there i s great p o t e n t i a l i n the 
dynamic areas. As i t happens, we f i n d that Marcus 1 theory 
may be e s p e c i a l l y a p p l i c a b l e , i n that the process of i n t e r e s t 
i s a unimolecular one and obviates dealing with encounters, 
work terms, etc. Thus, we can r e a d i l y extract solvent free 
q u a n t i t i e s of i n t e r e s t . 

Methodology 

In order to answer the questions we have posed, we need 
to accomplish a number of things. F i r s t , we need to measure 
a reaction rate i n the gas phase. Second, we need a frame
work for i n t e r p r e t i n g the rate constant and r e l a t i n g the 
measurement to a p o t e n t i a l surface. Third, we need to acquire 
s u f f i c i e n t information to allow us to extract the value of a 
b a r r i e r height. Then, we can apply theories f o r i n t e r p r e t i n g 
these b a r r i e r heights i n terms of chemical structure. 

Rate Measurement. We have used pulsed ion cyclotron reson
ance (ICR) spectroscopy to study these gas-phase, ion-molecule 
reactions. The method has been described elsewhere i n con
siderable d e t a i l (5). B a s i c a l l y , ions are generated by pulsed 
electron impact and held i n a magnetic-electric f i e l d trap f o r 
times up to about 1 sec, during which they can react with a 
selected neutral gas maintained at a pressure of about 10 ^ 
Torr. A f t e r a c e r t a i n time has elapsed following ion forma
t i o n , the number of ions present at the m/e of i n t e r e s t i s 
detected (reactant or product), and, f i n a l l y , the ions are 
ejected from the c e l l . The process i s repeated, and the time 
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to detection i s varied. Thus, the process can be thought of 
as a sequence of one-point k i n e t i c determinations (concentra
t i o n of ions vs. time) at a f i x e d pressure. The pressure can 
be selected to give measurable rate constants and can be 
varied to provide a range of data. Because the concentration 

5 -3 
of ions i s so low (~10 cm ) the k i n e t i c s are pseudo f i r s t -
order. The bimolecular rate constant i s calculated by d i v i d i n g 
the pseudo f i r s t - o r d e r rate constant by the neutral reactant 
pressure. 

Because the c o l l i s i o n s between ions and molecules i n the 
gas phase are governed by p h y s i c a l (ion-dipole, ion-induced 
dipole) rather than chemical forces, i t i s possible to calcu
l a t e rather accurately the c o l l i s i o n rate constant (6, 7). We 
then express the e f f i c i e n c y of the reaction as the f r a c t i o n 
of c o l l i s i o n s which lead to products. 

P o t e n t i a l Energy Surface. The forces between ions and 
neutral molecules are a t t r a c t i v e at long (~10 8) distances, so 
that the ( r o t a t i o n l e s s ) p o t e n t i a l surface always has downward 
curvature. I f the surface has only a s i n g l e minimum as shown i n 
Figure 1 and i f the energy i s s t a t i s t i c a l l y d i s t r i b u t e d i n a l l 
a v a i l a b l e modes, we expect that exothermic reactions w i l l be 
e s s e n t i a l l y u n i t e f f i c i e n t , and thermoneutral reactions w i l l 
have e f f i c i e n c i e s of one-half (8). 

In order to i n t e r p r e t the observation of reactions which 
have low e f f i c i e n c i e s , we have suggested a double w e l l poten
t i a l surface model (8) i l l u s t r a t e d i n Figure 2. This i s the 
simplest model which i s consistent with a v a i l a b l e data. At the 
low pressures t y p i c a l l y used i n ICR, long c o l l i s i o n times en
sure that the system contains i t s i n i t i a l t o t a l energy through
out the reaction. The e f f i c i e n c y f o r an exothermic reaction i s 
given by k 2 / ( k _ 1 + k^). Passage over the c e n t r a l b a r r i e r ( k 2 ) 
i s slow even though e n e r g e t i c a l l y favorable, because the entropy 
associated with t h i s t r a n s i t i o n state i s r e l a t i v e l y low due to 
i t s tightness. The reverse decomposition t r a n s i t i o n state 
( k ^ ) i s e n t r o p i c a l l y more favorable because the p a r t i c l e s 
are separated to about 6 8 and have more r o t a t i o n a l entropy. 

Using unimolecular rate theory, the branching r a t i o k^/k^^ 
f o r decomposition of the chemically activated encounter complex 
can be computed f o r any energy i f the geometry and v i b r a t i o n a l 
frequencies f o r the t r a n s i t i o n states leading to the two 
channels are known (8, 9, 10). These can be estimated f a i r l y 
e a s i l y , since both t r a n s i t i o n states are w e l l characterized. 
The c a l c u l a t i o n i s s i m p l i f i e d by the c a n c e l l a t i o n of a l l 
properties of the encounter complex, since we are c a l c u l a t i n g 
only a r a t i o of rate constants. 
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Ε 

REACTION COORDINATE 

Figure 2. Proposed double-minimum potential surface for gas-phase nucleophilic 
displacement reactions. 
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The density of states f o r a t r a n s i t i o n state depends upon 
the non-fixed energy minus the c r i t i c a l energy. Taking the 
c r i t i c a l energy f o r the c e n t r a l t r a n s i t i o n state as an adjust
able parameter, we can c a l c u l a t e e f f i c i e n c i e s u n t i l we f i n d a 
match with experiment. We have already demonstrated that our 
c a l c u l a t i o n s f o r the decomposition t r a n s i t i o n state ( k _ p , using 
no adjustable parameters, are accurate (11). Thus, we determine 
i n t h i s way the energy at the top of the c e n t r a l b a r r i e r 
r e l a t i v e to that of the t r a n s i t i o n state f o r back d i s s o c i a t i o n 
to reactants. Note that we do not need to know the w e l l depth 
to c a l c u l a t e the e f f i c i e n c i e s and determine the difference i n 
energy between the two t r a n s i t i o n states. Deeper wells would 
give smaller rate constants (k ,,k 2) but t h e i r r a t i o would 
remain unchanged. 

We do need to determine the w e l l depth, however, i n order 
to evaluate the absolute b a r r i e r height. The w e l l depth 
corresponds to ΔΗ 0 f o r the reaction 

X" + RY -> X~-RY (1) 

In some cases (e.g., C l " + CH^Cl; Br" + CH^Br) these values are 
known experimentally (9-10 kcal/mol) (12, 13, 14). In others 
we can estimate the value i n a straightforward manner since the 
binding i s governed p r i m a r i l y by the p o l a r i z a b i l i t y and dipole 
moment of the neutral molecule rather than the structure of the 
ion. Thus, we assume ΔΗ i n reaction 1 to be dependent only on 
the structure of RY, and not on that of X . 

I n t r i n s i c B a r r i e r s 

The a c t i v a t i o n energy f o r a reaction i s affected by the 
exothermicity. As suggested long ago by B e l l , Evans, and 
Polanyi (15, 16), the t r a n s i t i o n state properties should re
f l e c t , i n p a r t , the properties of reactants and products, and 
some of the thermodynamic s t a b i l i z a t i o n of products w i l l appear 
i n the t r a n s i t i o n s t ate. This general suggestion i s given quan
t i t a t i v e expression i n the equations developed by Marcus (2). 
Murdoch (17) has shown that the Marcus equations follow from 
the L e f f l e r and Grunwald (18) suggestion that the t r a n s i t i o n 
state s t a b i l i z a t i o n i s l i n e a r l y r e l a t e d to changes i n re-
actant and product energies. 

The Marcus equations (2, 17) are 

ΔΕ* = [(AE) 2/16AE*] + ΔΕ* + 1/2 ΔΕ (2) 

α = [ΔΕ/8ΑΕ*] + 1/2 (3) 

where ΔΕ* i s the b a r r i e r at o v e r a l l free energy change ΔΕ, and 
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86 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

ΔΕ* i s the i n t r i n s i c b a r r i e r at ΔΕ = 0 (see Figure 3). Since 
eqs 2 and 3 are applicable only to elementary reactions, we 
apply them to that p o r t i o n of the p o t e n t i a l surface represent
ing passage from the reactant complex X *CH^Y to the product 
complex Y *CH^X. Thus, ΔΕ i s the energy difference between 
the two complexes. When the reactant and product neutrals 
have s i m i l a r p o l a r i z a b i l i t i e s and dipole moments, t h i s 
d ifference w i l l be very close to the o v e r a l l reaction exother-
m i c i t y . When i t i s not, we can e a s i l y make appropriate 
corrections. 

I t should be noted that a p p l i c a t i o n of the Marcus theory 
to these reactions i s much more straightforward than a p p l i 
cation to reactions i n s o l u t i o n . Since we are dealing with a 
sin g l e unimolecular step, namely, rearrangement of the re
actant complex to the product complex, we need not be concerned 
with the work terms (2) which must be included i n treatments 
of solution-phase reactions. These terms represent the work 
required to bring reactants or products to t h e i r mean separa
tions i n the activated complex, and include Coulombic and 
desolvation e f f e c t s . 

The i n t r i n s i c b a r r i e r , ΔΕ*, i s the b a r r i e r the reaction 
would have i f i t were thermoneutral. Thus, use of t h i s equa
t i o n allows us to separate q u a n t i t a t i v e l y the k i n e t i c ( i n t r i n 
s i c ) and thermodynamic contributions to a reaction's energy 
b a r r i e r . Following Marcus (2), we can regard the i n t r i n s i c 
b a r r i e r f o r a "cross" reaction as the mean of the b a r r i e r s 
f o r the component "exchange" reactions. Thus, f o r the cross 
reaction RX + Y~ RY + x", AE*(RX + Y~) i s assumed to be the 
geometric mean of the i d e n t i t y reactions: 

AE*(RX + Y") = MAE*(RX + X") + AE*(RY + Y" ) ] . 

We can measure some of these reactions (and ΔΕ*) d i r e c t l y , 
f o r example (8) CI + CH^Cl, using the procedure outlined 
above. For others, such as CH^O" + CH^Cl, we know the o v e r a l l 
exothermicity and can estimate the exothermicity of complex 
to complex reaction. Using the geometric mean assumption and 
the c e n t r a l b a r r i e r height determined from RRKM analysis of the 
experimental reaction e f f i c i e n c y , we can then evaluate ΔΕ* f o r 
a degenerate exchange reaction which proceeds too slowly f o r 
us to measure. For the reactions described here we f i n d 
M*(C1~ + CH3C1) = 10.2 kcal/mol, AE*(CH30~ + CH3C1) = 18.4 
kcal/mol (ΔΗ° = -42 kcal/mol), and AE*(CH 30" + CH30CH3) = 26.6 
kcal/mol. We have applied t h i s procedure to a l l of the reac
tions shown i n Table I. 
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The height of the c e n t r a l b a r r i e r to the exchange reaction 
X" + Ch*3X •* XCH 3 + X" we define as the i n t r i n s i c nucleo-
p h i l i c i t y of the species X toward a methyl center. This 
d e f i n i t i o n of i n t r i n s i c n u c l e o p h i l i c i t y provides a us e f u l way 
of describing r e a c t i v i t y i n S N2 reactions. For instance, 
w i t h i n t h i s framework n u c l e o p h i l i c i t y and leaving group a b i l i t y 
become equivalent. Also, we expect good nucleophiles to have 
low b a r r i e r s to reac t i o n , and poor nucleophiles to have large 
b a r r i e r s . We now explore some of the implications of t h i s 
model. 
Results and Discussion 

The rate constants, e f f i c i e n c i e s , and thermodynamic data 
used to extract i n t r i n s i c b a r r i e r s v i a the analysis outl i n e d 
above appear i n Table I . Sample input parameters f o r RRKM 
cal c u l a t i o n s have been published elsewhere. Table I I and 
Figure 4 contain the i n t r i n s i c b a r r i e r s f o r the systems we have 
examined. 

Table I I 
Selected I n t r i n s i c N u c l e o p h i l i c i t i e s 

X" AE*(X" + CH 3X)(kcal/mol) 

C l 10.2 

Br" 11.2 

F" 26.2 

CH30" 26.6 

t-BuO" 28.8 

CH 3C0 2" 18.4 

HCC" 37.4 

H" * 65.0' 

Theoretical ( r e f . 23). 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

4

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



90 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

ΔΕ 

60 

AO 
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20H 

#HCC" 
#t-BuO-

#AcO" 
•cr 

220 240 260 280 
MCA (kcal/mol) 

300~ 

•H-
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Figure 4. Plot of intrinsic barrier to degenerate exchange (intrinsic barrier for X" 
+ CHSX) vs. methyl cation affinity for selected nucleophiles. 
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4. PELLERiTE A N D B R A U M A N Nucleophilic Substitution 91 

As pointed out previously (19), the i n t r i n s i c b a r r i e r s are 
s e n s i t i v e to changes i n the RRKM input parameters. This s e n s i 
t i v i t y i s la r g e s t f o r the small polyatomic nucleophiles 
(HCC and CĤ O ) i n reactions with e f f i c i e n c i e s l a rger than 
M ) . l , f o r which the computed i n t r i n s i c b a r r i e r s to exchange 
were found to vary over a range of up to ± ~ 7 kcal/mol f o r the 
d i f f e r e n t RRKM models used. B a r r i e r s f o r t-BuO and F ex
change are much les s s e n s i t i v e to the model. In view of these 
r e s u l t s , the absolute values of the b a r r i e r s cannot be known 
with c e r t a i n t y . However, q u a l i t a t i v e trends are c l e a r , and 
these trends are the p r i n c i p a l object of subsequent discussion. 

Comparison of Exchange B a r r i e r s . Among the most i n t e r e s 
t i n g r e s u l t s we have obtained are the i n t r i n s i c b a r r i e r s f o r 
halide and alkoxide exchanges, shown i n Table I I . Note that 
the exchange b a r r i e r s f o r C l " + CH^Cl and Br + CH^Br are much 
lower than those f o r F or alkoxide exchange. This means ex
perimentally that the C l exchange reaction proceeds with a 
measurable rate i n our apparatus while the analogous exchanges 
F~ + CH3F and RO" + CH^OR are predicted to have i n t r i n s i c 
b a r r i e r s so large as to make them immeasurably slow. This pre
d i c t i o n has been v e r i f i e d experimentally f o r the case of the 
methoxide exchange reaction i n eq 4. No evidence f o r occurrence 

CD30" + CH3OCH3 -hh cD 3OCH 3 + OCH3" (4) 

of t h i s reaction to any detectable extent i n our ICR was found 
(8), implying an upper l i m i t to the reaction e f f i c i e n c y of 

-4 
~10 . In f a c t , there i s some evidence to suggest that even 
when methoxide displacement from dimethyl ether i s made s i g n i f i 
cantly exothermic by choosing OH and NH^ as nucleophiles, 
the reaction s t i l l does not proceed to any measurable extent 
(20). 

Comparison with Solution Behavior . This behavior i s 
s i m i l a r to that observed i n s o l u t i o n . Although C l + CH3C1 
exchange proceeds r e a d i l y i n both polar and nonpolar solvents, 
alkoxides do not react measurably with a l k y l ethers. In the 
past, t h i s large difference i n r e a c t i v i t y has been a t t r i b u t e d 
to d i f f e r e n t i a l s o l v a t i o n e f f e c t s , i n which the t r a n s i t i o n 
state f o r S^2 exchange i s assumed to be much less w e l l solvated 
than the reactants. Since alkoxides are better solvated than 
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C l , the d i f f e r e n t i a l s o l v a t i o n e f f e c t i s more pronounced f o r 
these cases and, hence, the b a r r i e r to exchange i s large. How
ever, our work pr e d i c t s and demonstrates q u a l i t a t i v e l y i d e n t i 
c a l behavior i n the gas phase as w e l l , and thus provides the 
f i r s t evidence that the low r e a c t i v i t y of alkoxides toward 
others i s at l e a s t , i n pa r t , an i n t r i n s i c property of the re
act i o n system and not due e x c l u s i v e l y to d i f f e r e n t i a l s o l v a t i o n . 

The concept of i n t r i n s i c b a r r i e r s provides i n s i g h t i n t o 
the poor leaving group a b i l i t y of alkoxides i n other S^2 re
actions as w e l l . For instance, the methoxide exchange component 
of the i n t r i n s i c b a r r i e r to the reaction X" + CH^OCHg •* XCH 3 + 
OCH^ i s so large that, regardless of the nature of X , the 
reaction i s predicted to be slow unless i t i s also extremely 
exothermic. C l , on the other hand, does not have t h i s problem 
since the i n t r i n s i c b a r r i e r to i t s reaction with CH^Cl appears 
to be much smaller; thus, C l functions as a good leaving group 
while CH^O does not. 

I n t r i n s i c N u c l e o p h i l i c i t y vs. Leaving Group A b i l i t y . As 
pointed out e a r l i e r , our d e f i n i t i o n of i n t r i n s i c n u c l e o p h i l i c i t y 
i n terms of b a r r i e r s to degenerate exchange reactions neces
s a r i l y implies that n u c l e o p h i l i c i t y and leaving group a b i l i t y 
are equivalent. This can be seen i n e i t h e r of two ways. F i r s t , 
i n the degenerate reaction X* + CH^X XCH^ + X", the species 
X functions both as a nucleophile and as a leaving group: 
hence, there i s no d i s t i n c t i o n between these "modes" of reac
t i v i t y . A l t e r n a t i v e l y , note that the i n t r i n s i c b a r r i e r f o r the 
reaction X + CH^Y + Y + CH^X i s the same i n the forward and 
reverse d i r e c t i o n s , since by considering the i n t r i n s i c b a r r i e r 
we have e f f e c t i v e l y made the reaction thermoneutral. Thus, any 
species which i s a good nucleophile i n the Marcus sense i s also 
a good leaving group, and poor nucleophiles are also poor leav
ing groups. This i s consistent with the c l a s s i c a l p i c t u r e of 
Cl as both a good nucleophile and good leaving group, but not 
with that of methoxide which i s generally considered a good 
nucleophile and poor leaving group. 

The r e s o l u t i o n of t h i s l a t t e r discrepancy l i e s i n the d i s 
t i n c t i o n between k i n e t i c and thermodynamic n u c l e o p h i l i c i t y . 
Although a reaction such as CH30" + CH^Cl -» C l " + CH3OCH3 has a 
very large i n t r i n s i c b a r r i e r , o v e r a l l the reaction i s also 
strongly exothermic. This large thermodynamic e f f e c t lowers 
the b a r r i e r to the point where the reaction proceeds r e a d i l y , 
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4. PELLERiTE A N D B R A U M A N Nucleophilic Substitution 93 

both i n the gas phase and i n s o l u t i o n . Thus, k i n e t i c a l l y meth
oxide i s a poor nucleophile, but strongly favorable thermodynam
i c s make i t r e l a t i v e l y r e a c t i v e with substrates such as CH^Cl. 

C o r r e l a t i o n with Methyl Cation A f f i n i t y . I n t r i n s i c b a r r i e r 
data f o r some of the other systems we have examined are shown 
i n Table I I and Figure 4. Note that the b a r r i e r s vary widely 
with structure. Some i n s i g h t i n t o the mechanism of t h i s v a r i a 
t i o n i s obtained by noting that the only thermodynamic para
meter which correlates w e l l with the purely k i n e t i c i n t r i n s i c 
b a r r i e r s i s the methyl ca t i o n a f f i n i t y (MCA) of the nucleophile 
X . This quantity i s defined i n eq 5 and i s e s s e n t i a l l y the 
h e t e r o l y t i c bond d i s s o c i a t i o n enthalpy of the X"CH^ bond. 

CH3X -> CH 3
+ + X" AH° = MCA(X") 

= D°(CH3 - X) - EA(X) + IP(CH 3) (5) 

A p l o t of i n t r i n s i c b a r r i e r vs. methyl ca t i o n a f f i n i t y f o r 
several systems examined appears i n Figure 4. In contrast to 
the e x c e l l e n t c o r r e l a t i o n shown i n t h i s f i g u r e , c o r r e l a t i o n s 
between i n t r i n s i c b a r r i e r and EA(X), D°(CH3 - X), or gas phase 
proton a f f i n i t y of X , are very poor. 

Note that the i n t r i n s i c b a r r i e r increases with methyl 
cation a f f i n i t y . Such a c o r r e l a t i o n between purely k i n e t i c 
and purely thermodynamic properties i s not s u r p r i s i n g i n view 
of t h e o r e t i c a l studies (21, 22) which have shown there to be 
s i g n i f i c a n t contributions to the S^L t r a n s i t i o n state from reso
nance structures such as the following: 

y ν 
Thus, formation of the t r a n s i t i o n state i n the S^2 exchange i s 
formally analogous to the process represented by the methyl 
cation a f f i n i t y ; we believe t h i s f a c t o r to be the o r i g i n of the 
observed c o r r e l a t i o n . The slope of the least-squares l i n e 
through the points i s about 0.5, which i s consistent with 
p a r t i a l charge development i n the t r a n s i t i o n s t a t e . However, 
at t h i s point we have no model which suggests that the r e l a 
t i o n s h i p must be ri g o r o u s l y l i n e a r . 
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Summary 

We propose that p o t e n t i a l surfaces for gas-phase 
S^2 react ions may be cor re la ted using Marcus r a t e - equ i l i b r i um 

theory. The r e s u l t i s a model for i n t r i n s i c n u c l e o p h i l i c i t y i n 
displacements at methyl centers , which, as demonstrated above, 
can be useful i n desc r ip t ions of i n t r i n s i c r e a c t i v i t y i n these 
systems. We are cu r r en t ly attempting to apply t h i s model to 
other systems, i n hopes of e l u c i d a t i n g ef fec ts of s t r u c t u r a l 
features such as charge d e r e a l i z a t i o n on r e a c t i v i t y . F i n a l l y , 
i n view of recent work along these l i n e s on react ions i n 
s o l u t i o n (3) , our model may be of p o t e n t i a l use i n b r idg ing the 
gap between gas-phase and s o l u t i o n behavior . 
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General Discussion—Nucleophilic Substitution 
Leader: H . Bernhard Schlegel 

DR. DAVID MITCHELL (Queen's U n i v e r s i t y ) : For some time, we 
have been interested i n t h e o r e t i c a l approaches to S^2 p o t e n t i a l 
energy surfaces. We have been p a r t i c u l a r l y influenced by Pro
fessor Brauman. I would l i k e to report some work that I have 
done, along with Professors H. Bernhard Schlegel of Wayne State 
U n i v e r s i t y and Saul Wolf of Queen's U n i v e r s i t y i n Kingston, on 
t h i s problem, p a r t i c u l a r l y i n r e l a t i o n to the a p p l i c a t i o n of 
Marcus theory. 

Figure 1 r e i t e r a t e s the double-well p o t e n t i a l and provides 
d e f i n i t i o n s of q u a n t i t i e s which Dr. Brauman has already men
tioned. In our case, h i s AE' becomes AE^ the energy difference 

w 
between the t r a n s i t i o n state and the reactants. AE i s the w e l l 
depth. We now see two d i f f e r e n t AE q u a n t i t i e s , AE which i s the 
c l u s t e r - t o - c l u s t e r or complex-to-complex energy change and AE°, 
which i s the energy difference between the separated reactants 
and the separated products. 

Our actual approach has been to c a l c u l a t e ab i n i t i o the 
structures and energies of these wells and the t r a n s i t i o n 
states. A l l the c a l c u l a t i o n s that I w i l l report here are at the 
4-31G s i n g l e determinant l e v e l , with complete geometry optimi
z a t i o n of a l l parameters. 

Our task, then, i s to t e s t whether or not the Marcus re
l a t i o n w i l l work, having obtained a l l of the p o t e n t i a l energy 
qua n t i t i e s that we need from t h i s f i g u r e . So I have rewritten 
the Marcus r e l a t i o n (eq 1) i n a s l i g h t l y d i f f e r e n t form than Dr. 
Brauman d i d , i n c l u d i n g here the d e f i n i t i o n of the i n t r i n s i c 
b a r r i e r f o r the cross-reaction as being the mean of the two 
degenerate exchange reactions. 

K y = * ( Δ Ε χ χ + Κ γ> + f * Μ 2 Φ Ν
 ( 1 ) 

x , y χ , χ y > y 8(ΔΕ + ΔΕ ) 
χ,χ y,y' 

We must f i r s t obtain the i n t r i n s i c b a r r i e r s . This we have 
done by c a l c u l a t i n g the ion-molecule c l u s t e r s and t r a n s i t i o n 
states f o r a large number of degenerate exchange reactions. 
Some of the b a r r i e r s , p a r t i c u l a r l y , are somewhat d i f f e r e n t from 
what Professor Brauman has reported. This may w e l l be a function 
of the r e l a t i v e l y small basis set that has been used, and addi
t i o n of p o l a r i z a t i o n functions, f o r example, could s i g n i f i c a n t l y 
a f f e c t t h e i r absolute magnitudes. S t i l l , the observed trend i s 
undoubtedly correct. Species such as hydride (57.3), ac e t y l i d e 
(50.4), and cyanide (43.8) have very high i n t r i n s i c b a r r i e r s ; a 
set of three oxygen nucleophiles, lower b a r r i e r s ; f l u o r i n e 
(11.7) and chlorine (5.5), the lowest of a l l . 
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PELLERITE AND BRAUMAN Nucleophilic Substitution 

Figure 1. Reaction coordinate for the gas-phase displacement reaction X" + 
CHSY -> XCHS + Y~ and definitions of the quantities in Eqs. 1-3. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

4

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



98 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Once we have obtained these b a r r i e r s , we are now able to go 
back, i n s e r t these values into the c r o s s - r e l a t i o n , and t e s t the 
predicted AE* against that a c t u a l l y obtained from the ab 

x>y 
i n i t i o c a l c u l a t i o n s . A p l o t of the Marcus r e l a t i o n s h i p f o r ten 
d i f f e r e n t cross-reactions gives an extremely good c o r r e l a t i o n 
with the t h e o r e t i c a l u n i t slope and a mean deviation of less 
than a k i l o c a l o r i e [Wolfe, S.; M i t c h e l l , D. J . ; Schlegel, H. B. 
J . Am. Chem. Soc. 1981, 103, 7694]. 

We were also curious to extend the Marcus r e l a t i o n a b i t 
further to see i f we could somehow eliminate the need to c a l 
culate two very expensive ion-molecule c l u s t e r s f o r each cross-
reaction required to obtain AE. As Professor Brauman pointed 
out, the energy difference between the t r a n s i t i o n state and the 
separated reactants can be used as a measure of the o v e r a l l 
e f f i c i e n c y of the reaction for s t r u c t u r a l l y s i m i l a r reactions. 
I f we could develop an expression f o r AE b alone, p o t e n t i a l l y 
we could eliminate having to ca l c u l a t e the c l u s t e r energies. 

An observation on our part i s that the sum of the w e l l 
depths f o r the two d i f f e r e n t sides of the cross-reaction turn 
out to be very s i m i l a r to the sum of the w e l l depths f o r the two 
i n t r i n s i c complexes as expressed i n eq 2. 

AE W + AE W = AE W + AE W (2) 
χ,y y>* χ,χ y,y 

Again, there i s not much scatter i n that data, with agreement 
w i t h i n a k i l o c a l o r i e or s l i g h t l y more. Whether t h i s would pan 
out experimentally, I am not sure, but I think i t i s probably 
worth a look. 

As a r e s u l t of t h i s behavior we can substitute back i n t o 
the Marcus equation and f i n d t h i s r e l a t i o n s h i p now i n terms of 
the ΔΕ , which i s the energy difference between the t r a n s i t i o n 
state and the reactants. As a second approximation, the o v e r a l l 
energy change, AE°, i s substituted f o r AE (the c l u s t e r - t o -
c l u s t e r energy difference) i n eq 1. This leads to the modified 
Marcus r e l a t i o n shown i n eq 3. 

2 
AE b = 2fc(AEb + AE b ) + ^ΔΕ° + , . (3) 

x>y x > x y»y 8 ( A E * + ΔΕ* ) 

χ,χ y>y 
This r e l a t i o n s h i p also turns out to give very good agree

ment with experimental data. There i s s l i g h t l y more s c a t t e r , 
with a mean deviation, I think, of about 1.4 k i l o c a l o r i e s 
[Wolfe, S., et a l . , op. c i t . ] . 

These r e s u l t s suggest that the Marcus equations can be 
applied quite s u c c e s s f u l l y to gas phase displacement reactions, 
as suggested by Professor Brauman. We are cur r e n t l y generating 
more cross reactions and intend to t e s t other rate-equilibrium 
r e l a t i o n s h i p s using our data. 
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4. PELLERiTE A N D B R A U M A N Nucleophilic Substitution 99 

DR. COOPER LANGFORD (Concordia U n i v e r s i t y ) : I have some 
very short notes here, which are, i n f a c t , a cautionary f i n a l 
note on the use of Marcus theory with respect to the t r a n s f e r of 
very large groups. Quite f r a n k l y , our studies were stimulated 
by reading the outrageous remarks at the beginning of John 
Alb e r y 1 s paper i n the l a s t volume of the Annual Review of Phys-
i c a l Chemistry [Albery, W. J . Ann. Rev. Phys. Chem. 1980, 31, 
227]. When people say outrageous things, i t i s more enjoyable 
to t r y to f i n d out i f there might be some way to show them wrong 

Analysis of rate constants, rate laws, and t h e i r paramet
r i c dependence on variables such as pressure and temperature 
y i e l d only information on the difference between the ground 
state and the t r a n s i t i o n s t a t e , according to t r a n s i t i o n state 
theory. However, I wish to argue that the c o r r e l a t i o n of rate 
constants with e q u i l i b r i a , l i n e a r free energy r e l a t i o n s h i p s 
(LFER), allows the development of information on the shape of 
the p o t e n t i a l functions and the number of degrees of freedom i n 
volved i n the reaction coordinate. According to Marcus theory 
(see A l b e r y 1 s review), the LFER slope, alpha, has the f o l l o w i n g 
properties. I f the slope i s near 1, the reaction i s endother-
mic, i f alpha i s near 0, the reaction i s exothermic, and i f AG^ 
i s near 0, then alpha i s near 0.5. 

However, students of s u b s t i t u t i o n reactions of octahedral 
complexes know that reactions with AG^ near 0 can have alpha 
approximately equal to 1. This i s evident, f o r example, i n 
A l b e r t Haim !s c o l l e c t i o n of data f o r the halopentaamines of 
c o b a l t ( I I I ) [Haim, A. Inorg. Chem. 1970, 9, 426]. 

How does t h i s happen? The answer i s e a s i l y envisioned i f 
the assumption i n Marcus treatments, that the relevant p o t e n t i a l 
surfaces cross only and always i n the harmonic parabolic region, 
i s dropped. When the crossing of p o t e n t i a l surfaces f o r reac
tant and product occurs i n the highly anharmonic region near the 
d i s s o c i a t i o n l i m i t , then AG° i s about equal to 0, but alpha i s 
closer to 1. Despite clever remarks i n A l b e r y 1 s review, t h i s 
l i m i t on the u t i l i t y of Marcus parabolic p o t e n t i a l s was recog
nized i n 1974 by Professor Swaddle. Swaddle considered reactant 
and product surface crossing i n the nearly l i n e a r anharmonic 
region, which he suspected might approximate associative l i g a n d 
s u b s t i t u t i o n . The alpha values prove to be near 0.5 f o r small 
AG i n the l i n e a r region, according to Swaddle's a n a l y s i s . 

One might ask how the Marcus case of crossing i n the har
monic region can a r i s e . In a sense, that i s the s u r p r i s i n g 
s i t u a t i o n . How can s i g n i f i c a n t reaction occur without reaching 
the anharmonic part of the p o t e n t i a l ? To think of t h i s , i t i s 
probably wise to remember that Marcus theory was f i r s t applied 
to e l ectron t r a n s f e r of the outer-sphere v a r i e t y . Albery an
swers by p o i n t i n g out that a reaction coordinate which i s con
structed from the i n t e r s e c t i o n of parabolic surfaces f o r several 
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100 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

degrees of freedom i s s t i l l p arabolic. A Marcusian r e a c t i o n , 
( i f I may use that terminology) i s constructed, perhaps, from 
r e l a t i v e l y small displacements along a number of nuclear degrees 
of freedom. Non-Marcusian reactions, which are common i n ligand 
s u b s t i t u t i o n processes, involve large displacements i n a small 
number of normal coordinates. 

Non-Marcusian l i n e a r free energy r e l a t i o n s h i p s ( i f I may 
again be permitted that barbarism) provide d i r e c t evidence f o r 
t h i s type of p o t e n t i a l surface i n octahedral ligand s u b s t i t u t i o n 
reactions. Both d i s s o c i a t i v e (e.g., the chloropentaamine of 
c o b a l t ( I I I ) ) and ass o c i a t i v e systems (e.g., chloropentaaquo 
chromium(III)) may have values of slopes f o r the l i n e a r free 
energy r e l a t i o n s h i p s i n d i c a t i n g non-Marcusian behavior. 

Thus we conclude that the p o t e n t i a l surfaces involve large 
displacements i n s p e c i f i c normal coordinates of the molecule, 
not small displacements on many coordinates. 

DR. WILLIAM TROGLER (Northwestern U n i v e r s i t y ) : I have a 
question about the status of s u l f u r nucleophiles. The c a l c u l a 
tions suggested that hydrosulfide ion was a very poor nucleo
p h i l e . I t has always puzzled me, at l e a s t i n organic chemistry, 
that s u l f u r i s such a great nucleophile. Have you done any 
experiments? 

DR. BRAUMAN: I am glad you asked that question. Mercap-
t i d e ions are frequently pictured i n organic chemistry as being 
i n c r e d i b l y reactive and having unusual properties. However, our 
experimental r e s u l t s i n d i c a t e that they f i t exactly on the p l o t 
which I showed. Thus, i n the gas phase, t h e i r behavior appears 
normal. 

I t i s mysterious to me why t h i o l a t e s look so good i n organ
i c chemistry i n s o l u t i o n . I think that i s something we have to 
understand b e t t e r , but i t appears not to be an i n t r i n s i c pro
perty of t h i o l a t e ions. Thiolates w i l l not displace each other, 
they are not good leaving groups, and so on, i n the gas phase. 
Their r e a c t i v i t y i s exactly what one would p r e d i c t . 

May I make some a d d i t i o n a l comments? There were three 
things I wanted to stress that I am not sure came across as w e l l 
as I would have l i k e d . One i s that I don't have an absolute 
p o s i t i o n on whether Marcus theory i s applicable to these reac
t i o n s . But i t i s obviously the correct way to s t a r t . What i s 
p a r t i c u l a r l y a t t r a c t i v e about what we are doing and what t h i s 
theory i s doing i s that we are dealing with a unimolecular 
process i n which one simply goes well-to-we11 through a t r a n 
s i t i o n state and doesn't have, f o r example, work terms and 
solvent reorganization contributions which are of great impor
tance i n s o l u t i o n but very d i f f i c u l t to evaluate. 

The second point i s that, at l e a s t f o r my experiments and 
the t h e o r e t i c a l approach which we take, we have not said any
thing about what the structure of the complex i s . In f a c t , I 
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4. P E L L E R I T E A N D B R A U M A N Nucleophilic Substitution 101 

have no supporting information from any experiment that I do. 
Although the t h e o r e t i c a l c a l c u l a t i o n w i l l t e l l us a st r u c t u r e , 
there are probably many structures of f a i r l y s i m i l a r energy that 
e x i s t . One should keep that i n mind i n looking at these 
things. For example, one should not decide a r b i t r a r i l y that a 
nucleophile i s nestled i n on the back sid e . That doesn't have 
to be true. 

The f i n a l comment I want to make i s that i f there i s any 
system which i s exceptionally d i f f i c u l t to c a l c u l a t e , i t i s a 
system which has too many electrons such as a negative i on. 
That i s one of the reasons why I l i k e to do these experiments. 

I f there i s a l i t t l e b i t of disagreement between the c a l 
c u l a t i o n and the experiment, that i s p e r f e c t l y f i n e . E s p e c i a l l y 
because of el e c t r o n c o r r e l a t i o n s , these are very d i f f i c u l t 
c a l c u l a t i o n s to do. I t i s hard to imagine anything much more 
d i f f i c u l t given the current state of a r t . And the "experimental 
r e s u l t s " have s u b s t a n t i a l uncertainties as w e l l i n some of these 
cases. 

DR. THOMAS MEYER ( u n i v e r s i t y of North C a r o l i n a ) : I f i n d 
t h i s conversation about the use of the Marcus theory remarkable. 
I almost understand i t s a p p l i c a t i o n to elect r o n t r a n s f e r . I 
would point out to you that there i t i s very c a r e f u l l y couched 
i n terms of free energies. Also, there i s a b i g difference 
between electron t r a n s f e r reactions, where there i s weak el e c 
t r o n i c coupling, and reactions i n v o l v i n g bond breaking. I f you 
go to quantum-mechanical treatments to do ele c t r o n t r a n s f e r 
c a l c u l a t i o n s , where weak e l e c t r o n i c coupling i s assumed, the 
Marcus type of algebraic r e l a t i o n s h i p can be derived i n a very 
simple fashion. But then to f i n d that the same r e l a t i o n s h i p s 
survive i n these cases where there i s strong v i b r a t i o n a l l y -
dependent e l e c t r o n i c coupling must be pure luck. 

DR. BRAUMAN: F i r s t of a l l , the difference between whether 
one uses AG or AE depends on whether one i s using a gas phase 
p o t e n t i a l surface or not. Marcus s p e c i f i c a l l y points out that 
one should use Ε and not G f o r t h i s type of reaction. In f a c t , 
i n t h i s case i t doesn't r e a l l y matter which one uses. Using 
free energy w i l l y i e l d the same r e s u l t because the entropies 
b a s i c a l l y don't change. So that wouldn't make any difference. 

Second, Marcus goes through a number of derivations of how 
one might get such a r e l a t i o n s h i p , and Murdoch has shown that, 
i f one simply makes some assumptions about l i n e a r s t a b i l i z a t i o n , 
these equations w i l l r e s u l t . You are absolutely r i g h t , i t 
doesn't have to be true. That i s why I say I view t h i s as a 
postulate. The c a l c u l a t i o n s , I think, are h e l p f u l i n that re
gard, because they suggest that the postulate might be r i g h t . 
But to have believed i t without i n v e s t i g a t i n g i t would be s i l l y . 
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DR. MEYER: In electron transfer one can describe the prob
lems i n terms of w e l l defined t h e o r e t i c a l models. In the type 
of reactions which you are t r e a t i n g , you have found t h i s nice 
empirical way to put things together but there i s no fundamental 
basis for i t . I t i s j u s t a way to keep track of experimental 
f a c t s . 

DR. H. BERNHARD SCHLEGEL (Wayne State U n i v e r s i t y ) : I would 
l i k e to comment on that. I have a suspicion that what i s at the 
root of the Marcus r e l a t i o n , e s p e c i a l l y considering Murdoch's 
d e r i v a t i o n , i s something akin to d i f f e r e n t i a l geometry. I t has 
nothing to do with chemistry; i t has to do with the geometry of 
surfaces and connecting these surfaces through t r a n s i t i o n 
states. So I think there i s something quite fundamental there. 
And perhaps there i s a l i t t l e b i t of luck involved i n the f a c t 
that with parabolas, or with i n t e r s e c t i n g Morse curves, we can 
come up with something that behaves s i m i l a r to the Marcus r e l a 
t i o n . 

DR. ALBERT HAIM (State U n i v e r s i t y of New York at Stony 
Brook) : The examples that you gave us on the n u c l e o p h i l i c reac
tions have to do with systems which one knows i n s o l u t i o n would 
be of the t y p i c a l S N2 type. What happens i f you go in t o the gas 
phase with systems which we know from s o l u t i o n would be t y p i 
c a l l y Sjjl? What observations do you make i n systems such as 
t e r t i a r y b u t y l , i f you can do that type of work? 

DR. BRAUMAN: Well, there i s good news and bad news. I f 
you take t e r t i a r y b u t y l , you get e l i m i n a t i o n . We have explored 
the stereochemistry i n other reactions, so we know that these 
are r e a l l y backside reactions. I f we take something l i k e 2,2,2-
b i c y c l o o c t y l or adamantyl halides ( i . e . , bridge-head compounds), 
they don't react. 

But something l i k e neopentyl w i l l react, and i t does seem 
to show some i n d i c a t i o n of s t e r i c incumbrance. Unfortunately, 
we haven't been able to explore, say, a range of primary-second
ary- t e r t i a r i e s to see how the rates would depend. That i s a 
very i n t e r e s t i n g problem, and I j u s t don't know the answer. But 
you can't r e a l l y see S ^ l reactions. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

4

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



5 

Electron Transfer in Weakly Interacting Systems 

NORMAN SUTIN and BRUCE S. BRUNSCHWIG 
Brookhaven National Laboratory, Department of Chemistry, Upton, NY 11973 

A recently proposed semiclassical model, in which 
an electronic transmission coefficient and a 
nuclear tunneling factor are introduced as 
corrections to the classical activated-complex 
expression, is described. The nuclear tunneling 
corrections are shown to be important only at low 
temperatures or when the electron transfer is very 
exothermic. By contrast, corrections for 
nonadiabaticity may be significant for most 
outer-sphere reactions of metal complexes. The 
rate constants for the Fe(H2O)62+-Fe(H2O)63+, 
Ru(NH3)62+-Ru(NH3)63+ and Ru(bpy)32+-Ru(bpy)33+ 
electron exchange reactions predicted by the 
semiclassical model are in very good agreement with 
the observed values. The implications of the model 
for optically-induced electron transfer in 

              mixed-valence systems are noted. 

The study of electron transfer reactions i n solut ion i s 
characterized by a strong interplay of theory and experiment* 
Theory has suggested systems for study, and experiments have 
suggested modifications to the theory* Although a number of 
theories have been proposed (1-13), there i s general agreement 
that the crux of the electron transfer problem i s the fact that 
the equil ibr ium nuclear configuration of a species changes when 
i t gains or loses an electron* In the case of a metal complex, 
th is configuration change involves changes i n the metal-ligand 
and in t ra l igand bond lengths and angles as we l l as changes i n the 
vibrat ions and orientations of the surrounding solvent dipoles . 
In view of these configuration changes, the rate constants for 
electron transfer reactions are determined by nuclear as w e l l as 
e lect ronic factors* The f i r s t factor depends on the difference 
i n the nuclear configurations of the reactants and products; the 
smaller th is difference, the more rapid the reaction* The second 

0097-6156/82/0198-0105$08.75/0 
© 1982 American Chemical Society 
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106 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

factor i s a function of the e l e c t r o n i c i n t e r a c t i o n of the two 
reactants; the larger t h i s i n t e r a c t i o n , the more rapid the 
electron transfer* 

Since the e l e c t r o n i c i n t e r a c t i o n of the two reactants 
becomes more favorable with decreasing separation, the most 
favorable configuration f o r electron transfer i s generally one i n 
which the two reactants are i n close proximity. Opposing t h i s 
i s the coulombic work required to bring similarly-charged 
reactants together, and ult i m a t e l y the electron-electron 
repulsions* Consequently, i n bimolecular reactions the electron 
transfer occurs over a range of separation distances, each with 
i t s own transfer p r o b a b i l i t y , and i t i s necessary to integrate 
with respect to the separation distance i n order to obtain the 
rate constant f o r the reaction: 

00 

ο 

In t h i s equation g(r) i s the equilibrium r a d i a l d i s t r i b u t i o n 
function f o r a p a i r of reactants (14), g(r)4wr2<ir i s the 
p r o b a b i l i t y that the centers of the p a i r of reactants are 
separated by a distance between r and r + dr, and kg^(r) i s the 
( f i r s t - o r d e r ) rate constant f or electron t r a n s f e r at the 
separation distance r* Intramolecular electron t r a n s f e r 
reactions i n v o l v i n g "floppy" bridging groups can, of course, also 
occur over a range of separation distances; i n t h i s case a 
d i f f e r e n t normalizing factor i s used* 

In the conventional Debye-Huckel treatment the equ i l i b r i u m 
r a d i a l d i s t r i b u t i o n function for a p a i r of reactants g(r) i s 
simply equal to exp(-w/RT) with w given by (15) 

Z 2 z3 e^ 
2D sr 

rexp(3o2^T) exp(3o3/y) ) -
— + — exp(-Br /μ) 

1 + 3σ2/μ 1 + $σ3νΐΓ 
(2) 

where Z2 and Z3 are the charges on the two reactants, D s i s the 
s t a t i c d i e l e c t r i c constant of the medium, 02(03) i s the sum of 
the r a d i i of reactant 2(3) and the main ion of opposite charge i n 
i t s ion atmosphere (the l a t t e r radius was assumed to be zero i n 
(15)), and 3 i s given by 

8πΝβ2 
1000 D skTJ 

1/2 
(3) 

Although more complex p a i r - c o r r e l a t i o n functions are a v a i l a b l e , 
the Debye-Huckel expression i s adequate f o r our present purpose* 
I t i s v a l i d when the work required to bring the reactants 
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5. SUTIN A N D BRUNSCHWIG Electron Transfer in Interacting Systems 107 

together i s predominantly coulomb!c and the i o n i c strength i s 
low. 

C l a s s i c a l Formalism 

In the c l a s s i c a l formalism i t i s assumed that bimolecular 
electron transfer occurs i n a precursor complex i n which the 
inner-coordination s h e l l s of the reactants are i n contact, that 
i s , r « σ • (a£ + 0 3 ) , where a£ and a3 are the hard-sphere r a d i i 
of the reactants (16). Under these conditions the 
ac t i v a t i o n - c o n t r o l l e d rate constant i s given by the product of 
K^, the equilibrium constant for the formation of the precursor 
complex, and ke^(o), the f i r s t - o r d e r rate constant for electron 
transfer w ithin the precursor complex: 

k β κΑ*β*<σ> (*a) 

(4b) 

w(o) - z 2 z 3 e 2 (5) 
D s o ( l + Βσ/Γ) 

The above expression for has been derived from free volume 
considerations (17) as w e l l as from the forward and reverse rates 
of d i f f u s i o n - c o n t r o l l e d reactions (18); the expression f o r w i s 
v a l i d when the r a d i i of a l l the ions are equal. The r e l a t i o n 
between the above formulation and eq 1 may be seen from the 
following considerations. I f most of the contribution to the 
observed rate comes from electron transfer over a small range of 
r values then 

k - ^ 5 2 or giôke^r") (6) 

where r i s the value of r corresponding to the maximum value of 
the integrand and or i s the range of r values over which the rate 
i s appreciable (19)« For t y p i c a l outer-sphere reactions 
σ ^ r = 6-8 R and, provided that the reaction does not border on 
the nonadiabatic, or ~ 2 SI Under these conditions the rate 
constants calculated from eq 4 and 1 w i l l not d i f f e r 
s i g n i f i c a n t l y . 

We next consider the expression for i n the c l a s s i c a l 
formalism. According to the Franck-Condon p r i n c i p l e , 
internuclear distances and nuclear v e l o c i t i e s do not change 
during the actu a l electron t r a n s f e r . This requirement i s 
incorporated i n t o the c l a s s i c a l electron-transfer theories by 
postulating that the electron transfer occurs at the i n t e r s e c t i o n 
of two p o t e n t i a l energy surfaces, one f o r the reactants 
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108 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

(precursor complex) and the other for the products (successor 
complex). This Is i l l u s t r a t e d i n Figure 1. The Franck-Condon 
p r i n c i p l e i s obeyed since the nuclear configurations and energies 
of the reactants and products are the same at the i n t e r s e c t i o n . 
I t i s further assumed that the electron transfer occurs with unit 
p r o b a b i l i t y i n the i n t e r s e c t i o n region, that i s , the reaction i s 
assumed to be adiabatic. In terms of the surfaces i n Figure 1, 
HAB> t n e e l e c t r o n i c coupling of the i n i t i a l and f i n a l s t a tes, 
i s assumed to be large enough so that the system remains on the 
lower p o t e n t i a l energy surface on passing through the 
i n t e r s e c t i o n region, but small enough so that i t may be neglected 
i n c a l c u l a t i n g the height of the p o t e n t i a l b a r r i e r 
( HAB « E t h ) * Under these conditions the rate constant for the 
conversion of the precursor to the successor complex i s 
independent of the magnitude of the e l e c t r o n i c coupling and 
depends only on the nuclear factor 

v n exp(-(AGi n + AG* u t)/RT) (7) 

where v n i s the e f f e c t i v e (nuclear) frequency with which the 
system crosses the b a r r i e r and AGj n and AG o u t are the 
contributions of the i n n e r - s h e l l and o u t e r - s h e l l (solvent) 
reorganizations to the free energy b a r r i e r . The e f f e c t i v e 
frequency (8) and the reorganization energies for an 
exchange reaction are given by 

v i n 2 A G j n + * o l l t 2 M W 
Δ<3η + < u t 

I I*i(Ad?/2) 2 

) 1/2 
(8) 

(9) 

Δα out 
( Δ β ) ' 

2a 2 2a 3 l D o P 

(10) 

In the above expressions v ^ n i s the average metal-ligand 
stretching frequency (300-500 cm"*), v

Q u t i s a n average solvent 
o r i e n t a t i o n frequency (the v i b r a t i o n a l spectrum of water e x h i b i t s 
a number of bands with a major band at ^ 1 cm""* and with 
a d d i t i o n a l bands at higher frequency; 30 cm""1 i s used as an 
average frequency (13)), f^ i s a reduced force constant equal to 
2 f i f i / ( f i + f i ) where f£ and ff are the force constants for the 
itη v i b r a t i o n i n the one reactant i n i t s i n i t i a l and f i n a l states 
( i . e . , i n i t s oxidized and reduced forms, and v i c e versa for the 
other reactant), Ad° • l d i ~ d i I where d^ and <§ are the corre
sponding equilibrium bond distances (the sum i s over a l l the 
v i b r a t i o n s of the reactants), D o p i s the o p t i c a l d i e l e c t r i c 
constant of the medium (equal to the square of the r e f r a c t i v e 
index), and, as before, r = σ = ( a 2 + a 3 ) , where a 2 and a 3 are 
the r a d i i of the reactants. 
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5. SUTIN A N D BRUNSCHWIG Electron Transfer in Interacting Systems 109 

NUCLEAR CONFIGURATION 

Figure 1. Potential energy plot of the reactants (precursor complex) and products 
(successor complex) as a function of nuclear configuration: E t h is the barrier for 
the thermal electron transfer, E O P is the energy for the light-induced electron 
transfer, and 2HAB is equal to the splitting at the intersection of the surfaces, where 
H A Β is the electronic coupling matrix element. Note that H A B < < Ε Λ in the 
classical model. The circles indicate the relative nuclear configurations of the 
two reactants of charges +2 and +5 in the precursor complex, optically excited 

precursor complex, activated complex, and successor complex. 
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110 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

The i n n e r - s h e l l and o u t e r - s h e l l d i s t o r t i o n s of the reactants 
leading to the activated complex are i l l u s t r a t e d i n Figure 2. 
The e l l i p s e s depict equipotential sections through the p o t e n t i a l 
energy surfaces for the precursor and successor complexes. The 
i n i t i a l d i s t o r t i o n of the precursor complex i s predominantly 
along the low-frequency solvent coordinate. When the solvent 
configuration appropriate to the activated complex has been 
reached, the system continues to ascend to the top of the b a r r i e r 
by d i s t o r t i n g p r i m a r i l y along the inner-sphere coordinate 
(defined by the steepest descent pathway). The electron transfer 
occurs at the top of the b a r r i e r and the system passes over the 
b a r r i e r with an e f f e c t i v e frequency v n to form the successor 
complex. 

Comparison of Observed and Calculated Exchange Rate 
Constants. The rate constants for the FeCl^O)^" 1" - F e O ^ O ^ ^ 
Ru(NH3)6 2 + - Ru(NH3)6 3 + and Ru(bpy)3 2 + - Ru(bpy)3 3 + exchange 
reactions calculated from eq 4,5 and 7-10 are compared with the 
observed values i n Table I . The agreement of the calculated and 
observed rate constants i s very good for the Fe(H20)$ 2 + -
Fe(H20)£3+ exchange but i s less s a t i s f a c t o r y f o r the Ru(NH3)£ 2 + -
Ru(NH3)5^+, and Ru(bpy)3 2 + - R u i b p y ^ 3 * exchanges. The slow rate 
of the Fe(H20)5 2 + - Fe(H20)£3+ exchange i s a consequence of large 
i n n e r - s h e l l and solvent reorganization b a r r i e r s . By contrast, 
the Ru(bpy)3 2 + - Ru(bpy)3 3 + exchange i s very rapid because of i t s 
n e g l i g i b l e i n n e r - s h e l l and small solvent reorganization b a r r i e r . 
The Ru(NH3)5 2 + - RuiNR^^3"** exchange i s intermediate i n 
character, but with the bulk of the b a r r i e r a r i s i n g from AG o u t. 

Semlclassical Formalism 

In the c l a s s i c a l activated-complex formalism nuclear tunneling 
e f f e c t s are neglected. In a d d i t i o n , the electron transfer i s 
assumed to be adiabatic. These assumptions are relaxed i n the 
semlc l a s s i c a l model. 

The frequencies relevant to the electron transfer process 
are shown i n Table I I . 

The difference i n the time-scales for e l e c t r o n i c and nuclear 
motions i s , of course, the basis of the Born-Oppenheimer 
approximation (and the Franck-Condon p r i n c i p l e ) . This 
approximation allows f o r the separation of nuclear and e l e c t r o n i c 
coordinates i n the wave equation and i s i m p l i c i t i n the 
c a l c u l a t i o n of the p o t e n t i a l energy surfaces i l l u s t r a t e d i n 
Figures 1 and 2. Such surfaces describe the e l e c t r o n i c energy of 
the system as a function of the nuclear coordinates. 
C l a s s i c a l l y , the rate of electron transfer i s determined by the 
rate of passage of the system over the b a r r i e r defined by the 
surfaces. In the se m l c l a s s i c a l model (13) a nuclear tunneling 
fa c t o r that measures the increase i n rate a r i s i n g from 
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Table II· C h a r a c t e r i s t i c frequencies for electron transfer 

e l e c t r o n i c 1015 - i o " s - i 
(delocalized o r b i t a l ) 

v i b r a t i o n a l Ι Ο " - 1 0 " s" 1 

(M-L, C-H, 0-H) 300 -- 3000 cm - 1 

o r i e n t a t i o n a l 1 0 " - 1 0 " s" 1 

(solvent dipoles) 3 -- 30 cm - 1 

quantum-mechanical tunneling through the b a r r i e r i s included* In 
add i t i o n , the p o s s i b i l i t y that the electron transfer may not 
occur even when the nuclear configurations of the reactants are 
appropriate ( f o r example, when the reactants are f a r apart or the 
electron transfer i s spin forbidden) i s allowed f o r by 
introducing an e l e c t r o n i c transmission c o e f f i c i e n t (13)* The 
rate constant f o r electron transfer w i t h i n the sem l c l a s s i c a l 
formalism i s thus given by 

k 4wNr2 

1000 exp w(r) 
RT K ( r ) r n V n ( r ) e x P 

_ (AG*n + AG* u t(r)) 
RT 

dr (11) 

where Γ η i s the nuclear tunneling factor and κ i s the e l e c t r o n i c 
transmission f a c t o r . These factors are considered i n turn. 

Nuclear tunneling. Nuclear tunneling i s important f o r a 
p a r t i c u l a r mode when hν > kT. Since v^ n > v o u t nuclear tunneling 
w i l l be more important for the inner-sphere than f o r the solvent 
modes. For the purposes of the present discussion we w i l l assume 
that nuclear tunneling of the solvent modes may be neglected, 
that i s , we assume that i t i s necessary for the solvent to 
acquire the nuclear configuration appropriate to the top of the 
ba r r i e r (activated complex) as a prerequisite for electron 
t r a n s f e r . This assumption i s probably v a l i d above 50 K. Because 
of nuclear tunneling i t i s not necessary for the inner-sphere to 
achieve the configuration of the activated complex; rather 
electron transfer may occur at any inner-sphere configuration. 
This i s i l l u s t r a t e d i n Figure 3. 

According to a recent model (13) nuclear tunneling factors 
for the inner-sphere modes can be defined by 

i n Γ η = (AG* n - AG* n(T))/RT 

where AG* n(T) i s a temperature-dependent i n n e r - s h e l l 
reorganization energy that approaches the c l a s s i c a l value AG? n at 
high temperature. A p a r t i c u l a r l y useful expression for AGf n(T) 
i s obtained using Holstein's saddle-point method (13,27). Use of 
t h i s expression leads to the follow i n g expression f o r the 
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5. S U T I N A N D B R U N S C H W I G Electron Transfer in Interacting Systems 113 

(dp-d,), inner 

Figure 2. Equipotential sections through the potential energy surface for an 
exchange reaction. The sections define ellipses if the surfaces are parabolic: the 
top left set refer to the initial state (precursor complex) and the bottom right set 
refer to the final state (successor complex). The dashed line indicates the reaction 
coordinate. Parameters P. and P, reflect the state of polarization of the solvent, 
and coordinates d. and d. reflect the inner-shell configurations of the two reactants 

(products). 

( d « - d , ) , inner 

Figure 3. Equipotential sections through the potential energy surface for an 
exchange reaction, as in Figure 2. The heavy horizontal line indicates the solvent 
configuration appropriate to the activated complex and is the solvent configuration 

at which inner-sphere tunneling takes place. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

5

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



114 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

first-order rate constant for an exchange reaction 

k 0 - κν η exp f- E i " tanh f ^ l n ] - *22&\ (12) 
e A I Nhv i n I 4RT J 4RTJ 

where Ε ι η ~ 4AG*n and E o u t ^ AAG^uf &n equivalent approach (13) 
leads to the following expression for Γ η 

(13) 

where A is a normalization factor, S m m is the square of the 
overlap (the Franck-Condon factor) of tne mth vibrational state 
of the reactants with the mth vibrational state of the products, 
and e m is the energy of the mtn vibrational level. (See Figure 
4; note that this formalism is very similar to one proposed in 
an early paper (28) on the basis of a perceived analogy between 
electron transfer reactions and ordinary electronic transitions.) 

The value of log Γ η for the Fe(H20)62+ - Fe(H20)63+ exchange 
(which features a relatively large inner-sphere barrier) is 
plotted as a function of 1/T in Figure 5. The nuclear tunneling 
factors are close to unity at room temperature but become very 
large at low temperatures. As a consequence of nuclear 
tunneling, the electron transfer rates at low temperatures w i l l 
be much faster than those calculated from the classical model. 

The value of log Γ η at 300 Κ for a (hypothetical) reaction 
having the same inner-sphere parameters as the Fe(H20)g 2 + -
Fe(H20)53+ couple is plotted as a function of AG° in Figure 6. 
The nuclear tunneling factors at fi r s t decrease and then become 
very large at high driving force. The dramatic increase in Γ η 

corresponds to the onset of the inverted free-energy region of 
the classical formalism (1). Although nuclear tunneling w i l l 
reduce the rate decreases predicted for the inverted region, 
substantial decreases are s t i l l expected. There is only meager 
experimental support for the predicted rate decreases (29,30) and 
this area is currently receiving much attention (31-35). 

The Effective Nuclear Frequency. When nuclear tunneling i s 
important we suggest that the individual frequencies should be 
weighted by their effective barriers, that i s , instead of eq 8 i t 
may be more appropriate to use eq 14 

' 3 0 hvin t 2 
E i n csch 2v i n + v o u t E o u t 

nvin 
. 2kT E i n csch 2v i n + E o u t 

1/2 

(14) 

in which E±n has been replaced by its quantum-mechanical analogue 
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S U T I N A N D B R U N S C H W I G Electron Transfer in Interacting Systems 1 

ο cr 
Lu 

NUCLEAR CONFIGURATION 

Figure 4. Illustration of inner-sphere tunneling in an exchange reaction. The 
reactants and products are assumed to have the same reduced force constant, and 
only the energy levels and wave functions for the lowest vibrational states of the 

reactants and products are shown. 

1000/T, Κ 

Figure 5. Plot of the logarithm of the nuclear tunneling factor vs. 1/Ύ for the 
Fe(HgO)6

2+-Fe(H20)6
3* exchange reaction. The slope of the linear portion below 

150 Κ is equal to E i n /4R (13;. 
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116 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

± Δ G°,kcal mol"1 

0 25 50 75 100 
, , , 1 I 

0 1.0 2.0 3.0 4.0 
±AG°,eV 

Figure 6. Plot of the logarithm of the nuclear tunneling factor vs. A G ° for an 
electron transfer reaction accompanied by a net chemical change. The following 
parameters were used to calculate log Γ Η: vin, 432 cm'1; AGIRT*, 8.34 kcal/mol; and 
AGOMÎ*, 0 at 300 K. The nuclear tunneling factors were calculated by modifying 
the expression for electron hopping in solids derived by Holstein (12). In general, 
substitution of an average frequency for the inner-sphere and solvent modes into 
the modified expression yields AG*(T) values that are in excellent agreement with 
those given by the full quantum-mechanical expressions with AG O A I* > 0 and G ° 

ί= 0. A detailed description of these calculations will be presented elsewhere. 
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5. S U T I N A N D B R U N S C H W I G Electron Transfer in Interacting Systems 117 

2 v i n E i n csch 2 v i n where ν^ η » NhVin/4RT » hVi n/4kT. I t should be 
noted that the e f f e c t i v e nuclear frequency tends towards the 
solvent frequency when nuclear tunneling by the inner-sphere 
modes becomes very important* However, i n most cases at room 
temperature v n approaches v i n . 

El e c t r o n i c Transmission C o e f f i c i e n t * The p r o b a b i l i t y that 
the electron transfer w i l l occur i n the i n t e r s e c t i o n region ( i n 
other words, the p r o b a b i l i t y that the system w i l l remain on the 
lower adiabatic surface on passing through the i n t e r s e c t i o n 
region) i s given by (36) 

2(1 - exp(-v e j l/2v n)) 
κ β (15) 

2 - exp(-v e £/2v n) 
where v e A > the frequency of electron transfer w i t h i n the 
activated complex, i s given by 

' e l 2HAB 
(Ein + Eout)RT 

1/2 
(16) 

(The v e j l defined here should not be confused with the 
el e c t r o n i c frequency i n Table I I which i s the frequency for 
a f u l l y d elocalized electron* When the i n t e r a c t i o n between the 
p o t e n t i a l energy surfaces i s very large then v e£ • v e£. 
Also, when nuclear tunneling i s important E^ n i n the denominator 
should be replaced by 2 v i n E i n csch 2\£η·) l z i s e v i d e n t f r o m e c l 
15 that κ • 1 (the electron transfer i s adiabatic) when 
Vei » 2 v n and that κ = ν β$,/ν η (the electron transfer i s 
nonadiabatic) when ν e % « 2 v n . In the nonadiabatic l i m i t the 
frequency factor i s an e l e c t r o n i c (v e*,) rather than a nuclear 
(vn) frequency, that i s , the rate constant for a nonadiabatic 
reaction i s 

4πΝΓ 2 

1000 exp w(r) 
RT ν βΑ( Γ)Γ η

 e x P . l ^ i n 
RT 

dr (17) 

The reason for the absence of the nuclear frequency from eq 17 i s 
that the slowest process i n a nonadiabatic reaction i s , by 
d e f i n i t i o n , the electron transfer; that i s , v e ^ « v n for a 
nonadiabatic rea c t i o n . 

The magnitude of the e l e c t r o n i c i n t e r a c t i o n between the 
reactants i s exceedingly important. I f H^g i s very small then 
the coupling of the i n i t i a l and f i n a l states of the system w i l l 
be very weak, the electron transfer w i l l be slow, and the 
reaction w i l l be nonadiabatic. The procedures used f o r 
estimating H^g or κ include the following: 

(a) Ab i n i t i o c a l c u l a t i o n s (4,37). 
(b) Approximate t h e o r e t i c a l models (38,39). 
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118 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

(c) I n t e n s i t i e s of charge-transfer bands: H A B be 
estimated from the i n t e n s i t y of the Intervalence charge-transfer 
band i n mixed-valence systems using the Hush r e l a t i o n (40) 

« 2.06 
H A B 8 8 max max Û Vjy2 

1/2 cnT 1 (18) 

where i s the molar a b s o r p t i v i t y at the absorbance maximum 
Vmax, and Avi/2 i s the f u l l width of the band at h a l f maximum. 

(d) Temperature dependence of the rate: κ can be estimated 
from the entropy of a c t i v a t i o n f o r the electron-transfer 
re a c t i o n . However t h i s procedure must be used with caution since 
nuclear tunneling contributions and the temperature dependence of 
the e l e c t r o s t a t i c work terms w i l l also tend to make the entropy 
of a c t i v a t i o n more negative. 

(e) The l i m i t i n g rate constant at high d r i v i n g force: 
normally k —• kd> the d i f f u s i o n - c o n t r o l l e d rate constant, as AG° 
becomes more negative. However i f κ i s small then k -* Κ^κν η as 
AG° becomes more negative (AG* 0). Thus κ can be obtained i f 
rate saturation below the d i f f u s i o n l i m i t i s observed. (Care 
must be exercised i n t h i s case, too, since rate saturation below 
the d i f f u s i o n l i m i t may be observed for other reasons, including 
a preequilibrium change on one of the reactants (41,42), 
s u b s t i t u t i o n c o n t r o l (43), etc.) 

Values of and κ obtained using the f i r s t three 
procedures are presented i n Table I I I . On the basis of Newton's 
ca l c u l a t i o n s (37), the Fe(H20)6 2 + - Fe(H20)6 3 + exchange at 
r = 6.4 A i s nonadiabatic. On the other hand, c a l c u l a t i o n s for 
the Cr(H20)5 2 + - Cr(H20)£ 3 + exchange performed by Hush (4) 
i n d i c a t e that t h i s exchange i s adiabatic. In contrast to the 
Fe(H20)g2+ - Fe(H20)5^+ exchange i n which the two oxidation 
states d i f f e r by an electron i n a t2g o r b i t a l , i n the 
Cr(H20)5 2 + - Cr(H20)6 3 + exchange the two oxidation states d i f f e r 
by an eg e l e c t r o n . Evidently the e l e c t r o n i c coupling i n the 
l a t t e r exchange, but not the former, i s considerably enhanced by 
mixing i n the o r b i t a l s of the intervening water molecules. Based 
on d i r e c t 4d - 4d overlap (37), the Ru(NH3)e 2 + - Ru(NH3)e 3 + 

exchange i s barely adiabatic (43,44) while the 
Ru(bpy)3 2 + - Ru(bpy)3 3 + exchange i s highly nonadiabatic1 
Presumably i t i s the d e r e a l i z a t i o n of the metal t2g electron 
density onto the π* o r b i t a l s of the b i p y r i d i n e ligands that 
makes the Ru(bpy)3 2 + - Ru(bpy)3^+ exchange so ra p i d . Estimates 
of the magnitude of the e l e c t r o n i c coupling provided by the 
IT* - π* i n t e r a c t i o n of the two reactants are consistent with 
t h i s i n t e r p r e t a t i o n (43). 

Table I I I also includes values of H ^ B and κ estimated from 
the properties of the intervalence band observed for 
mixed-valence diruthenium complexes. Coupling by the pyrazine i n 
these complexes i s very strong and i s p a r t i c u l a r l y s t r i k i n g when 
compared with the coupling provided by the through-space 
Interaction of two ruthenium centers at comparable r as 
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120 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

manifested i n the Ru(NH3)£2+ - Ru(NH3)6^+ exchange. Coupling of 
the ruthenium centers by the A ^ ' - b i p y r i d i n e group i s strong 
enough for the intramolecular electron exchange to be adiabatic. 
Introduction of a -CH2" group between the two pyridine 
rings reduces the coupling so that the electron transfer becomes 
nonadiabatic. 

For many purposes % R may be approximated by (38,39) 

HAB = HAB « Ρ ^ ' ί ™ » <19> 

where HJJp i s the value of % B at r • σ. The values of $' are 
~ 1.7 ir-t for the Fe(H20)6 2 + - Fe(H20)6 3 + exchange at r ~ σ (37), 

2.5 i " 1 f o r the C r ( H 2 0 ) 6
2 + - C r ( H 2 0 ) 6

3 + exchange at r - σ J£)9 

and ~ 1.0 for two p a r a l l e l aromatic rings such as anthracene 
and i t s r a d i c a l anion (39). 

An important conclusion that can be drawn from the above 
discussion i s that most outer-sphere electron transfer reactions 
of metal complexes are, at best, marginally adiabatic and that 
the reaction w i l l r a p i d l y become nonadiabatic with increasing 
separation of the reactants. In view of these considerations, 
eq 11 can be integrated to give (50) 

4πΝσ2 

exp 
20003» 

w(o) 
RT κ(σ)Γηνη(σ) exp (AG* n + AGo Ut(o)) 

RT U0) 

which i s v a l i d provided that σ » 1/$'. Inspection of eq 20 
shows that the e f f e c t i v e or f o r a nonadiabatic reaction i s 
1/2$'. Thus for $» » 1.7 i " 1 , or for a nonadiabatic reaction i s 
^1/5 that f o r an adiabatic reaction at comparable σ. 

We next reconsider the systems i n Table I i n the l i g h t of eq 
20. The r e s u l t s of the c a l c u l a t i o n s are presented i n Table IV 
which includes the c l a s s i c a l and experimental r e s u l t s . The rate 
constants f o r the Ru(NH3)$ 2 + - Ru(NH3)$ 3 + and Ru(bpy)3 2 + -
Ru(bpy)3^+ exchanges calculated from the s e m l c l a s s i c a l 
expressions are i n much better agreement with the observed values 
than are the rate constants given by the c l a s s i c a l expressions. 
On the other hand, the agreement with the observed value of the 
F e ( H 2 0 ) 6 2 + ~ F e ( H 2 0 ) 6 3 + exchange i s much poorer f o r the 
s e m l c l a s s i c a l c a l c u l a t i o n . However, good agreement can be 
obtained for t h i s system, too, i f the EXAFS value of Ad° (0.11 i 
(51)) rather than the c r y s t a l l o g r a p h i c value (0.14 & (20)) i s 
used. (Use of the smaller Ad° value lowers the i n n e r - s h e l l 
reorganization b a r r i e r leaving more room for nonadiabaticity; use 
of the c r y s t a l l o g r a p h i c value of Ad° leads to a calculated rate 
constant that i s much lower than the observed value i f κ ^ 10~ 2.) 
Unfortunately the smaller value of Ad° cannot be used with 
confidence at t h i s time since recent EXAFS measurements y i e l d a 
Ad<> value closer to the c r y s t a l l o g r a p h i c value (52). C l e a r l y the 
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122 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

l a s t word on the Fe^O^ 2"*" - FeiR^O^ 3" 1* exchange has not yet 
been w r i t t e n . 

Conclusions 

The above discussion shows that very good agreement of 
observed and calculated exchange rate constants can be obtained 
using the s e m l c l a s s i c a l formalism* In the bimolecular reactions 
discussed i n t h i s paper the reactants were treated as hard 
spheres and an outer-sphere mechanism was assumed. I f the 
e l e c t r o n i c i n t e r a c t i o n of the reactants i s very weak, then the 
coupling may be increased through interpénétration of the 
inner-coordination s h e l l s of the reactants (36,43,44); i n the 
l i m i t t h i s may give r i s e to an inner-sphere mechanism. Under 
eit h e r of these conditions the observed rates can be larger than 
those calculated from the outer-sphere model. 

The s e m l c l a s s i c a l formalism reduces to the c l a s s i c a l 
formalism when the electron transfer i s adiabatic and nuclear 
tunneling e f f e c t s are neglected. When these conditions are not 
s a t i s f i e d , the s e m l c l a s s i c a l formalism gives r e s u l t s f o r exchange 
reactions that are i d e n t i c a l over the e n t i r e temperature range 
with those given by the f u l l quantum-mechanical treatment (13)* 
The s e m l c l a s s i c a l formalism allows for the d i f f e r e n t time-scales 
c h a r a c t e r i z i n g the electron transfer process (Table I I ) i n a 
natural manner* The f a s t e s t motion, that of the electrons 
(ν£&)> defines the p o t e n t i a l energy surfaces for the reaction* 
The slower nuclear processes ( i n t h i s discussion, the solvent 
motion) take place on the surface and define a c l a s s i c a l b a r r i e r 
for the reaction AG o u t* By contrast, the f a s t e r nuclear 
processes (here, the inner-sphere motion) are not required to 
remain on the surface; rather they can tunnel through the b a r r i e r 
AGi n(T). F i n a l l y , the slower of the electron hopping (v e&) and 
the average nuclear ( v n ) frequencies becomes a prefactor i n the 
rate expression* 

Nonequilibrium e f f e c t s * In applying the various formalisms, 
a Boltzmann d i s t r i b u t i o n over the v i b r a t i o n a l energy l e v e l s of 
the i n i t i a l state i s assumed* The rate constant calculated on 
the basis of the equilibrium d i s t r i b u t i o n , kgq, i s the maximum 
possible value of k^* I f the electron transfer i s very rapid 
then the assumption of an equilibrium d i s t r i b u t i o n over the 
energy l e v e l s i s not v a l i d , and i t i s more appropriate to t r e a t 
the nuclear f l u c t u a t i o n s i n terms of a steady-state rather than 
an e q u i l i b r i u m formalism* Although a rigorous treatment of t h i s 
problem has not yet appeared, i n t u i t i v e l y i t seems that since the 
slowest nuclear f l u c t u a t i o n w i l l generally be a solvent 
orientâtional motion, k ^ w i l l equal keq when v o u t » k ^ and 

w i l l tend to v o u t when v o u t « kgq (a simple treatment 
gives l/kejt m 1/ v o u t + l / k ^ ) . These considerations are 
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5. S U T I N A N D B R U N S C H W I G Electron Transfer in Interacting Systems 123 

u n l i k e l y to be important for most bimolecular reactions since the 
reactions w i l l become d i f f u s i o n c o n t r o l l e d before they become 
subject to solvent r e o r i e n t a t i o n c o n t r o l . However, the above 
considerations w i l l be important i n c a l c u l a t i n g the 
a c t i v a t i o n - c o n t r o l l e d rate constants for reactions that are close 
to or at the d i f f u s i o n - c o n t r o l l e d l i m i t and i n c a l c u l a t i n g the 
rates of very rapid "intramolecular" electron transfer reactions. 

A nonequilibrium d i s t r i b u t i o n of nuclear configurations can, 
of course, be d e l i b e r a t e l y produced by o p t i c a l e x c i t a t i o n of the 
system. In t h i s case the state immediately formed possesses the 
inner-sphere and the solvent configuration of the i n i t i a l state 
but the e l e c t r o n i c configuration of the f i n a l state (Figure 1). 
Relaxation to the nuclear configuration appropriate to the f i n a l 
state requires both inner-sphere and solvent reorganization. The 
former w i l l occur r a p i d l y , the l a t t e r only r e l a t i v e l y slowly. 
Consequently, the i n i t i a l l y formed state w i l l f i r s t r e l a x to an 
intermediate state having the inner-sphere configuration 
appropriate to the f i n a l e l e c t r o n i c configuration, but with a 
solvent configuration which i s s t i l l appropriate to the i n i t i a l 
e l e c t r o n i c configuration. At t h i s stage solvent r e l a x a t i o n to 
the f i n a l state competes with back electron-transfer to the 
i n i t i a l s t a t e. The quantum y i e l d for the formation of the f i n a l 
state w i l l be approximately equal to v o u t / ( K V i n + v Q u t ) which i s 
« 1 when κ ~ 1. This type of explanation can account for the 
low y i e l d s (< 10%) of the e l e c t r o n i c isomer formed a f t e r o p t i c a l 
e x c i t a t i o n i n the intervalence band of c e r t a i n mixed-valence 
systems (53). Although formation of the f i n a l state w i l l be 
favored i f the e l e c t r o n i c coupling i s very weak (κ « 1), the 
i n t e n s i t y of the intervalence t r a n s i t i o n w i l l also be very weak 
under these conditions. 

To summarize, i n t h i s a r t i c l e we have discussed some aspects 
of a s e m l c l a s s i c a l electron-transfer model (13) i n which 
quantum-mechanical e f f e c t s associated with the inner-sphere are 
allowed f o r through a nuclear tunneling f a c t o r , and e l e c t r o n i c 
factors are incorporated through an e l e c t r o n i c transmission 
c o e f f i c i e n t or a d i a b a t i c i t y f a c t o r . We focussed on the various 
time scales that characterize the electron transfer process and 
we presented one example to i n d i c a t e how considerations of the 
time scales can be used i n understanding nonequilibrium 
phenomena. 
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General Discussion—Electron Transfer in Weakly Interacting Systems 
Leader: Robert Balahura 

DR. DAVID McMILLIN (Purdue U n i v e r s i t y ) : In view of a l l of 
t h i s , would you comment on the differences between the s e l f -
exchange rate constants f o r the cobalt hexaammine, t r i s e t h y l -

3+ 2+ 
enediamine, and sepulchrate complexes ( i . e . , Co(NH^), ' , 3+ 2+ 3+ 2+ Co(en) 3

 9 , and Co(sep) 9 )? I f tunneling can be f a i r l y 
e f f e c t i v e , what do you f e e l i s responsible f o r dramatically 
changing the self-exchange rate constant of cobalt i n these 
three c l o s e l y r e l a t e d amine complexes? 

DR. SUTIN: The cobalt systems that you mention d i f f e r 
from the i r o n and ruthenium systems I discussed i n that the 
elec t r o n t r a n s f e r i s also accompanied by a spin change: the 
c o b a l t ( I I I ) complexes are low-spin and the c o b a l t ( I I ) complexes 
are high-spin. Thus, the ele c t r o n t r a n s f e r i s spin forbidden 
and should not occur since H^g = 0 . I t becomes allowed through 
s p i n - o r b i t coupling which mixes the excited-state and ground-
state wave functions of the complexes. The extent of mixing of 
the wave functions i s very important f o r i t determines the de
gree of a d i a b a t i c i t y of the reaction. Recent c a l c u l a t i o n s show 
the a d i a b a t i c i t y f a c t o r f o r the cobalt hexaammine exchange to be 
very small [Buhks, E.; Bixon, M.; Jortner, J . ; Navon, G. 
Inorg.Chem. 1979, 18, 2014]. 

Another f a c t o r i n the cobalt systems i s that the el e c t r o n 
t r a n s f e r involves the e* antibonding o r b i t a l s . As a conse
quence, the nuclear configurations of the inner-spheres of the 
co b a l t ( I I ) and c o b a l t ( I I I ) complexes w i l l be very d i f f e r e n t . 
In the hexaammines the co b a l t ( I I ) - n i t r o g e n and the c o b a l t ( I I I ) -
nitrogen distances d i f f e r by 0.18-0.20 A . This may be compared 
with the f e r r o u s / f e r r i c couple, f o r which Ad = 0.14 8, or the 
hexaammine ruthenium couple, f o r which Ad i s only 0.04 8. 

In the cobalt system one thus has large inner-sphere 
b a r r i e r s and small a d i a b a t i c i t y f a c t o r s . In some systems the 
elec t r o n t r a n s f e r may proceed v i a the excited states of co-
b a l t ( I I ) or c o b a l t ( I I I ) present i n thermal e q u i l i b r i u m with the 
ground states. Although such excited-state reactions would be 
more ad i a b a t i c , the preequilibrium constants f o r forming the 
excited states are generally not very favorable. I think that 
each cobalt system i s unique i n regard to the mix of excited 
s t a t e s , inner-sphere b a r r i e r s , and a d i a b a t i c i t y . V a r i a t i o n s 
i n these factors could give r i s e to rather dramatic rate 
changes. 

DR. HENRY TAUBE (Stanford U n i v e r s i t y ) : These cobalt sys
tems now appear to be le s s i n t e r e s t i n g than we had o r i g i n a l l y 
believed. Much of the l i t e r a t u r e data upon which our i n t e r e s t 
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i n these systems was based now appear to be wrong. F i r s t l y , 
3+ 2+ 

the published self-exchange rate constant f o r Co(NH^)^ ' i s , 
I am quite c e r t a i n , i n c o r r e c t . I f you examine Stranks 1 paper 
c r i t i c a l l y , there i s no basis f o r dismissing the observed rate 
as being due to a term which has a simple f i r s t - o r d e r dependence 
on C o ( N H 3 ) 6

3 + [Biradar, N. S.; Stranks, D. R. ; Vaidya, M. S. 
Trans. Faraday Soc. 1962, 58, 2421]. We have now returned to a 
measurement of t h i s system. 

Secondly, the l i t e r a t u r e value f o r the c o b a l t ( I I ) - n i t r o g e n 
3+ 2+ 

distance i n Co(NH~), ' i s i n c o r r e c t . The difference between 3+ 2+ 3+ 2+ the CoCNHg)^ ' and Co(en)g * self-exchange rate constants 
can almost be accounted f o r simply by the Franck-Condon f a c t o r . 

As f o r the difference observed f o r the sepulchrate complex, 
that may have to do with s t r a i n i n the ligand. A student of 
mine has done some ca l c u l a t i o n s considering the f a c t that the 
ligand i t s e l f may change the preferred distance and change the 
frequencies. This could account f o r a large part of the d i f 
ference between the self-exchange rate constants f o r the sepul
chrate and trisethylenediamine complexes. 

DR. RICHARD PIZER (Brooklyn College): In Alan Sargeson fs 
laboratory, molecular-mechanics c a l c u l a t i o n s have been done, 
p r i n c i p a l l y by Dr. Rodney Geue, on the electron t r a n s f e r s e l f -

3+ 2+ 3+ 2+ exchange rate constants of Co(sep) ' , Co(en)~ ' , and 
3+ 2+ 

CoiNHg)^ ' . We see no difference between the behavior of 
the l a t t e r two complexes, supporting Dr. Taube*s viewpoint. 
These c a l c u l a t i o n s also support the notion that the f a s t elec
tron t r a n s f e r i n the sepulchrate couple i s due to release of 
i n t e r n a l ligand s t r a i n i n the t r a n s i t i o n state. 

DR. SUTIN: Various values f o r the cobalt-nitrogen d i s 
tances i n the hexaammines have been reported. Part of t h i s 
v a r i a t i o n i s almost c e r t a i n l y due to l a t t i c e (counter-ion) 
e f f e c t s . Recent l i t e r a t u r e values f o r the Co-N distances i n 
Co(NH^)^ are f a i r l y close, ranging only from 1.96 8 [Her-
l i n g e r , A. W. ; Brown, J . N. ; Dwyer, Μ. Α.; Pavkovic, S. F. 
Inorg. Chem., 1981, 20, 2366] to 1.98 8 [Iwata, M. Acta Cryst. 
*977, B33, 59]. I understand that Freeman has very recently 

2^ 
obtained a value of 2.16 8 f o r the Co-N distance i n Co(NH^), 

2* 6 

The difference between the Co-N distances i n Co(NH 0), and 3+ ο Co(NH 3) 6 thus appears to be about 0.18-0.20 A, which i s very 
s i m i l a r to the value reported by Stynes and Ibers [Stynes, H.C.; 
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Ibers, J . A. Inorg. Chem. 1971, 10, 2304] and to the Ad value 
f o r the sepulchrates reported by Sargeson [Sargeson, A. M. Chem. 
B r i t . 1979, 15, 23]. 

DR. EPHRAIM BUMS (University of Delaware): There i s a 
difference of three orders of magnitude between the s e l f - e x -

3+ 2+ 3+ 2+ change rate constants of Fe(H o0), ' and Ru(NH 0), 9 while 
ζ ο 8 

the r a t i o of t h e i r Franck-Condon factors i s 10 . The corres-
3+ 2+ 

ponding rate constant f o r Mn(ELO), 9 i s close to that f o r 
3+2+ 

FeiH^O)^ * despite the f a c t that the difference between t h e i r 
Franck-Condon factors i s 10** (these estimates being based on the 
difference i n metal-ligand distances). One cannot f i t the 12-
f o l d difference i n the C o ( H 2 0 ) 6

3 + , 2 + and C o ( N H 3 ) 6
3 + , 2 + s e l f -

exchange rate constants to the r a t i o of the Franck-Condon fac-
3 

tors which i s 10 . I would l i k e to suggest that there may be 
many aquo compounds of the t r a n s i t i o n metal ions i n which the 
self-exchange rate constants which have been reported do not 
represent outer-sphere processes. 

DR. SUTIN: I think that t h i s i s always a problem with ex
change reactions i n v o l v i n g aquometal ions. The manganese system 
bears out what Dr. Taube said: we have to be sure of the 
numbers which we are attempting to i n t e r p r e t . In t h i s regard, 
I believe that the manganese self-exchange rate constant which 
you referred to was not measured d i r e c t l y . 

There are only a few reactions i n v o l v i n g aquometal ions 
that can be confidently characterized as outer-sphere. One 

3+ 2+ 
example i n the Fe /V redox reaction, i n which the electron 
t r a n s f e r i s f a s t e r than the loss of water molecules from the 
metal centers. This i s the type of c r i t e r i o n f o r an outer-
sphere reaction with which one fee l s comfortable. 

3+ 2+ 
The mechanism of the Fe * exchange i s c e r t a i n l y open 

3+ 2+ 
to question; however, the s i m i l a r i t i e s of the Fe 9 and 3+ 2+ Φ Fe /V reactions (both of which e x h i b i t AS = -25 eu) suggest 
that there i s no dramatic mechanistic difference f o r elect r o n 
t r a n s f e r i n these two systems. Although such comparisons must 
be made with caution, I know of no strong evidence re q u i r i n g 

3+ 2+ 
the Fe ' exchange to be inner-sphere. 

DR. NOEL HUSH (University of Sydney): I t i s very pleasing 
to think that we now have a general d e s c r i p t i o n of outer-sphere 
elec t r o n t r a n s f e r which we may believe to be generally correct. 
I t i s also very s a t i s f y i n g that a large body of experimental 
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information i s thereby systematized and i t s general features 
understood. 

I think i t i s unique i n chemistry that such complicated 
reactions can be understood semiquantitatively i n quite simple 
p h y s i c a l terms. And I believe i t i s a great achievement that 
t h i s very accurate experimental information has been acquired 
and that i t i s possible to make such d i r e c t successful compari
son with theory. 

I t i s at t h i s stage that we should now begin to look i n t o 
the d e t a i l s and ask j u s t the sorts of questions that Dr. Sutin 
i s r a i s i n g — e.g., the importance of nuclear tunneling or of 
e l e c t r o n i c nonadiabaticity. These are, as we might say, the 
f i n e structure of the problem. 

F i r s t , i n considering the question of whether or not i n a 
p a r t i c u l a r case we do have an outer-sphere process, we need to 
know accurately such quantities as bond distances. I have 
brought some data ( s h o r t l y to be published) from Dr. J . K. 
B e a t t i e f s laboratory i n Sydney, which show that i n the 

3+ 2+ 
Οο(ΟΗ^)^ * complex ions the difference between the lengths 
of the c o b a l t ( I I ) - and c o b a l t i l l l ) - ! ^ bonds i s very large. 
This rules out, I would think completely, a dominant outer-
sphere mechanism f o r that system, because the observed rate 
i s j u s t too f a s t to be compatible with t h i s . The self-exchange 
reaction must almost c e r t a i n l y proceed most favourably v i a an 
inner-sphere mechanism. More data of t h i s kind are evidently 
needed. 

3+ 2+ 
As f o r the Οο(ΝΗ^)^ ' , exchange, which has been thought 

to be a problem f o r many years, I think Professor Taube1 s point 
i s correct. I t now appears that the rate i s not as slow as i t 
has previously been thought to be. Thus, i t may w e l l prove to 
be e x p l i c a b l e i n terms of the usual theory. 

On the question of obtaining estimates of the e l e c t r o n i c 
nonadiabaticity f a c t o r , you hinted a t , but I don ft think ex
p l i c i t l y mentioned, one approximate approach. That i s the 
method used by Dogonadze and German [German, E. D.; Dogonadze, 
R. R. Izv. Akad. Nauk SSSR, Ser. Khim. 1973, 2155; Chem.Abstr. 
1974, 80, 30998a], who compared the entropies of a c t i v a t i o n 
of a number of self-exchanges of d i f f e r e n t charge types, 1-2, 
2-3, 3-4 and so on. The l a r g e s t c o n t r i b u t i o n to the entropy of 
a c t i v a t i o n , apart from some small terms, comes from the work 
terms, which depend on the product of the charges, Z^Z^, times 
a d i e l e c t r i c f a c t o r . I f one p l o t s a c t i v a t i o n entropies f o r 
homogeneous t r a n s f e r i n water, one obtains roughly a s t r a i g h t 
l i n e . The slope corresponds to an average i n t e r - i o n distance 
of ca 7 8, which i s close to that u s u a l l y assumed. Although 
t h i s i s not conclusive, i t does strongly suggest that depar
tures from e l e c t r o n i c a d i a b a t i c i t y are f a i r l y small i n outer-
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sphere reactions. That i s , one does indeed generally have re
actions which are e s s e n t i a l l y e l e c t r o n i c a l l y a d i abatic. Of 
course, further work i s necessary to get accurate estimates of 
small nonadiabatic e f f e c t s . 

One f i n a l point should be noted. Theoretical discussions 
of electron t r a n s f e r processes have focused almost e n t i r e l y on 
outer-sphere processes. When we have an inner-sphere mechanism, 
or s u f f i c i e n t e l e c t r o n i c i n t e r a c t i o n i n a dynamically trapped 
mixed-valence complex to produce a large separation between 
upper and lower p o t e n t i a l surfaces, the usual weak-interaction 
approach has to be abandoned. Thus a d e t a i l e d knowledge of a 
p o t e n t i a l surface which i s not describable as an i n t e r s e c t i o n 
surface of perturbed harmonic surfaces, f o r example, i s re
quired. For t h i s purpose, d e t a i l e d c a l c u l a t i o n s w i l l be re
quired. The theory of these processes w i l l be l i n k e d more 
c l o s e l y to those of atom t r a n s f e r s , where the motion i s nor
mally e s s e n t i a l l y confined to a lower p o t e n t i a l surface. Recent 
t h e o r e t i c a l work i n my laboratory has been concerned with the 
l a t t e r [Cribb, P. H. ; Nordholm, S.; Hush, N. S. Chem.Phys. 1978, 
29, 31; i b i d . , 43; i b i d . 1979, 44, 315]. 

Reverting to outer-sphere processes, one should bear i n 
mind that the observed spread of reaction rates f o r these i s 
very large i n d e e d — i n f a c t , i t i s on the order of magnitude of 
the age of the universe i n seconds! So I think that Dr. Sutin 
i s doing very w e l l i n explaining i t . 

DR. SUTIN: When you say that I explain i t , I have, of 
course, drawn heavi l y on aspects of the models which you have 
contributed. 

DR. ARTHUR WAHL (Washington U n i v e r s i t y i n St. L o u i s ) : I 
would l i k e to make a few comments concerning the experimental 
evidence for e l e c t r o l y t e and solvent e f f e c t s on e l e c t r o n trans
f e r reactions. I might s t a r t by reminding you of some ol d work 
which was published i n 1967 showing the e f f e c t s of various 

3- 4-
cations on the rate of the Fe(CN)^ y self-exchange reaction 
[Campion, R. J . ; Deck, C. F. ; King, P., J r . ; Wahl, A. C. Inorg. 
Chem. 1967, 6, 672]. The cation e f f e c t was tremendous—spanning 
two or three orders of magnitude—and occurred at low concen
t r a t i o n l e v e l s . 

Many elect r o n t r a n s f e r reactions are, of course, studied 
at quite high e l e c t r o l y t e concentrations, and e f f e c t s of t h i s 
type, even with what are u s u a l l y i n e r t e l e c t r o l y t e s , can be 
important. We think t h i s e f f e c t i s due mainly to ion associa
t i o n , so that ion p a i r s , t r i p l e t s , e t c . , are involved as re
actants . 

S i m i l a r e f f e c t s occur f o r electron t r a n s f e r between 
cations, the reactions being catalyzed by anions. We have i n 
vestigated the oxidation of t r i s ( 4 , 7 - d i m e t h y l b i p y r i d y l ) -

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

5

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



5. S U T I N A N D B R U N S C H W I G Electron Transfer in Interacting Systems 131 

osmium(II) by the corresponding f e r r i c complex i n a c e t o n i t r i l e 
[Stalnaker, N. D. ; Solenberger, J . C ; Wahl, A. C. J . Phys. 
Chem. 1977, 81, 601]. Here the e f f e c t s of perchlorate and 
hexafluorophosphate ions are d i f f e r e n t . Both catalyze the re
action much more than one calculates from a c t i v i t y - c o e f f i c i e n t 
e f f e c t s . We postulate again that the e f f e c t s are due to ion 
association. An ion p a i r , having a smaller charge (+2) than 
the +3 reactant would react more r a p i d l y with the +2 reactant. 
This i n v e s t i g a t i o n has been extended by Tom Braga, who measured 
the temperature e f f e c t of the k i n e t i c s and made conductivity 
measurements to determine the equilibrium constants f o r ion 
a s s o c i a t i o n , K^, at a number of temperatures [Braga, T., Ph.D. 
D i s s e r t a t i o n ; Washington U n i v e r s i t y : St. Louis, 1979]. From 
data f o r the analogous c o b a l t ( I I I ) complex with perchlorate and 
hexafluorophosphate as anions, he found ass o c i a t i o n constants 
of about 900 and 300, with distances of closest approach of 5 
or 6 Â, respectively. These values seem reasonable. For the 
i r o n ( I I ) compound with the hexafluorophosphate or perchlorate, 
the ion association constants were too small to measure 
(< ~ 50). 

K i n e t i c measurements f o r the same osmium(II)-iron(III) 
reaction were made at a number of temperatures. At 25 C the 
intercept at zero e l e c t r o l y t e concentration i s about 5 χ 10** 
M 1 s 1(= k j ) . The slopes of the curves i n C10^ and PF^ are 
d i f f e r e n t . The products of the rate constant and the e q u i l i b -

10 9 
rium constant, k^K^, are 1.0 χ 10 and 2.5 χ 10 , respectively. 
D i v i s i o n of these values by the measured equilibrium constants 
gives the rate constants f o r reactions i n v o l v i n g ion p a i r s . 
The two k 9 values are e s s e n t i a l l y the same, about 1 χ 10^ M 1 

-1 z 

s , 20 times larger than k^ f o r the reaction between the 2+ 
and 3+ ions. 

The simple, c l a s s i c a l Marcus model gives predictions that 
are one to two orders of magnitude too large f o r both k- and 

Φ Φ 
k9. The temperature dependence i s quite small: ΔΗ ~ 0, AS = 

Φ 

-27 ± 10 eu, AS2 — -18 i 10 eu. These values seem reasonable. 
Further evidence f o r the ion- p a i r formation has come from 19 - 3+ F-NMR studies of the association of PF^ with the Cr(phen)^ 

complex [Triegaardt, D. M. ; Wahl, A. C , work i n progress]. An 
increase i n the l i n e width and a s h i f t i n the l i n e p o s i t i o n 

3+ 
with increasing [CrCphen)^ ], has been observed. The system 
i s i n the fast-exchange l i m i t , and the measured values depend 
on the degree of ion a s s o c i a t i o n and on the l i n e width of the 
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f l u o r i n e i n the ion p a i r . I f the same parameters determined 
from the conductivity measurements are used, the data at the 
lower concentrations can be represented quite w e l l , but the c a l 
culated curve f a l l s w e l l below the data f o r the higher concen
t r a t i o n s . To represent these data, d i f f e r e n t a c t i v i t y c o e f f i 
c i e n t corrections need to be made and the r e s u l t i n g e quilibrium 
constant values, although not uniquely determined, are roughly 
a few hundred, i n agreement with the conductivity r e s u l t s . 

We have investigated the ferrocene/ferrocenium ion exchange 
to determine the e f f e c t s of d i f f e r e n t solvents on electron-
t r a n s f e r rates. There i s probably only a very small work term 
and very l i t t l e i n t e r n a l rearrangement i n t h i s system. Thus 
the rates should r e f l e c t mostly the solvent reorganization 
about the reactants, the outer-sphere e f f e c t . We measured the 
exchange rates i n a number of d i f f e r e n t solvents and did not 
f i n d the dependence on the macroscopic d i e l e c t r i c constants 
predicted by the simple model [Yang, E. S.; Chan, M.-S.; Wahl, 
A. C. J . Phys. Chem. 1980, 84, 3094]. Very l i t t l e difference 
was found f o r d i f f e r e n t solvents, i n d i c a t i n g e i t h e r that the 
formalism i s inc o r r e c t or that the microscopic values of the 
d i e l e c t r i c constants are not the same as the macroscopic ones. 

In more recent work, we have investigated another exchange 
system, R u ( h f a c ) 3

0 , ~ [Chan, M. -S.; Wahl, A. C. J . Phys. Chem., 
submitted f o r p u b l i c a t i o n ] . For t h i s r eaction, we found the 
expected dependence on the macroscopic values of the d i e l e c t r i c 
constants. An exception occurs f o r chloroform i n which ion 
associa t i o n may be unusually large. L i and Brubaker have inves
ti g a t e d the chromium(0,l) biphenyl exchange and have found a 
s i m i l a r r e l a t i o n s h i p [ L i , T. T.-T; Brubaker, C. Η., J r . 
Organomet. Chem., i n press]. Thus, the predicted dependence 
does hold i n some cases, but i t does not hold i n others. 

DR. RICHARD DODSON (Brookhaven National Laboratory): For 
3+ + 

many years there has been discussion of whether the T l , T l 
electron exchange occurs i n a s i n g l e , two-equivalent step or 

2+ 
i n two successive one-equivalent steps i n v o l v i n g T l as an 
intermediate. In informal discussions accompanying t h i s 
Conference, i n t e r e s t has been expressed concerning t h i s type of 
system. I would l i k e to summarize some experimental evidence 
which seems to provide a compelling answer. 

The question i s : Does the electron exchange mechanism 
involve the reproportionation-disproportionation reaction rep
resented as i n reaction 1? The apparent answer i s that i t 

3+ + T1 J + T l J 2T1 2+ k (1) rep, d i s , rep 
does not. The observed exchange reaction i s many orders of 
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magnitude too f a s t to be accounted f o r by t h i s reaction i n 
2+ 

view of what has been learned about the properties of T l 
There are three pieces of work which speak rather d e c i s i v e l y 
to t h i s question. I ' l l o u t l i n e one of them and mention the 
other two. 

An important reaction i n our approach to the problem i s 
the reduction of t h a l l i c i on by ferrous i o n , as shown i n 
reaction (2), 

T l 3 + + 2 F e 2 + J T l + + 2 F e 3 + Κχ 2 (2) 

which was studied very b e a u t i f u l l y i n the e a r l y 1950* s by 
Ashurst and Higginson [Ashurst, K. G. ; Higginson, W. C. E. 
J. Chem. Soc. 1953, 3044]. They found that the progress of the 
reaction i s diminished as products accumulate and, s p e c i f i c a l l y , 
that i r o n ( I I I ) retards the reaction. And the conclusion was 
very persuasive that the reaction occurs i n two steps i n v o l v i n g 

2+ 
T l as an intermediate. Thus, the f i r s t step i s represented 
i n reaction (3). The second, and very rapid, step i s given 

T l 3 + + F e 2 + J T l 2 + + F e 3 + k p k _ r Κ χ (3) 

i n reaction (4). 

T l 2 + + F e 2 + + T l + + F e 3 + k £ (4) 

The rate parameters that can be extracted from the thermal 
k i n e t i c s , k^ and the r a t i o k^^/k^, are not quite enough f o r 
present purposes. Nevertheless, the f i r s t reaction of the 
Ashurst-Higginson mechanism can serve as the key to the 
problem. 

What we wanted eventually to obtain—and we used t h i s 
work to do so—were the s p e c i f i c forward and reverse rate con
stants f o r the reproportionation reaction, ^ r e p a n a < ^àis' ^e 

know k- experimentally. The value of k - would then define the 
2+ 

equilibrium properties of T l through the equilibrium constant, 
= k ^ / k ^ j . We know the r a t i o k _ j / k 2 so, i f we can measure k^, 

we can evaluate k The question then becomes: How can we ob-
2+ 

t a i n k 9? One approach i s to generate T l by pulse r a d i o l y s i s , 
2+ 

react i t with Fe , confirm the k i n e t i c s , and measure the rate 
constant. (For experimental reasons, we preferred t h i s approach 

2+ 3+ 
to a d i r e c t measurement of T l with Fe ). And t h i s we did 
[Schwarz, Η. Α.; Constock, D. ; Yandell, J . K. ; Dodson, R. W. 
J. Phys. Chem. 1974, 78, 488]. The r e s u l t was k 2 = 6.7 χ 10 6 
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M s . Together with the experimental value of k ,/k 2 t h i s 
5 -1 -1 

gives k , = 3.4 χ 10 M s . From the measured value of k-
-8 

we now have L = 4.1 χ 10 . Together with published oxidation 
17 

p o t e n t i a l s , we c a l c u l a t e Κ- 0 = 4 χ 10 . The e q u i l i b r i u m 
constant of the reproportionation reaction i s then Κ = 
K//K- 0 = 4 χ 10 ό ό . 

The disproportionation reaction rate constant of T l under 
our experimental conditions (1 M HC10,, 23 C) was measured by 
pulse r a d i o l y s i s as k,. = 1.9 x 10 M s . The repropor-

-25 
t i o n a t i o n rate constant i s now k = k,. Κ = 7 . 6 x 1 0 
_2 _2 r e P d i s r e P 

M s , which i s too slow to account f o r anything. A compa-
-4 - ι «i 

rable value of the exchange rate constant i s 1.2 χ 10 M s 
In view of the twenty orders of magnitude discrepancy, one con
cludes that reaction 1 cannot contribute s i g n i f i c a n t l y to the 
observed rate of exchange. 

The f i n d i n g of Stranks and Yandell [Stranks, D. R.; 
Yandell, J . K. J . Phys. Chem. 1969, 73, 840] that T l 2 + r a p i d l y 

+ 3+ 
exchanges with T l and T l must now be taken i n t o account. 
From t h e i r rate constants one calculates that i n an assumed 

+ 3+ 2+ 
T l , T l , T l e q u i l i b r i u m mixture, the rate contributed by 
these a d d i t i o n a l exchange reaction pathways i s s t i l l too slow 
by eight orders of magnitude, which seems s u f f i c i e n t f o r the 
argument. 

At about the same time that our study was being conducted, 
a s i m i l a r study, pursuing a s l i g h t l y d i f f e r e n t route, was made 
by F a l c i n e l l a , Felgate, and Laurence [ F a l c i n e l l a , B.; Felgate, 
P. D. ; Laurence, G. S. J . Chem. S o c , Dalton Trans. 1974, 1367; 

2+ 
i b i d . 1975, 1]. They used f l a s h photolysis to generate T l 3+ 3+ and studied i t s reactions with both Fe (to produce T l and 2+ 2+ + 3+ Fe ) and Co (to produce T l and Co ). From t h e i r r e s u l t s , 
they drew the same conclusions regarding the mechanism of the + 3+ T l , T l exchange. 

F i n a l l y , I should mention that the Ashurst-Higginson mech
anism, together with the r e s u l t s of Stranks and Yandell, implies 
that the a d d i t i o n of ferrous ion should accelerate the T l + , 

3+ 
T l exchange. We a c t u a l l y t r i e d t h i s experiment, i n work 
which preceded the pulse r a d i o l y s i s and f l a s h photolysis 
studies, and found that such i s the case [Warnqvist, B. ; Dodson, 
R. W. Inorg. Chem. 1971, 10, 2624]. The r e s u l t s again agree 
[Dodson, R. W. J . Radioanal. Chem. 1976, 30, 245]. 
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There i s much else which could be said about the proper
t i e s of t h a l l i u m ( I I ) i n aqueous s o l u t i o n , but there i s not time 
to cover those here. Perhaps an i n t e r e s t i n g point to mention, 
however, i s that i t i s a powerful o x i d i z i n g agent. In 1 M 
HC10 4, the formal p o t e n t i a l , Ε°', f o r the T l 2 + , + couple i s 
2.22 V. 
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Optical Charge-Transfer Transitions 

THOMAS J. MEYER 

University of North Carolina, Department of Chemistry, Chapel Hill, NC 27514 

A theoretical formalism i s available for 
understanding optical charge transfer processes 
in a variety of chemical systems (mixed-valence 
ions, donor-acceptor complexes, metal-ligand 
charge transfer chromophores, etc) where the ex
tent of charge transfer i s large and where elec
tronic coupling between the electron donor and 
acceptor sites i s re la t ive ly small. 

O p t i c a l charge t ransfe r (CT) i s commonly observed i n un-
symmetrical molecules or molecular complexes i n which there are 
s i t e s of d i s t i n c t l y d i f f e r e n t i o n i z a t i o n energies and e l ec t ron 
a f f i n i t i e s . The o r i g i n and proper t ies of o p t i c a l charge t r ans 
fer t r a n s i t i o n s provide the bas is for t h i s account. A conve
n ien t place to begin chemical ly i s w i th mixed-valence compounds 
and two examples are shown below (_l-3). In the f i r s t (eq 1 ) , 
the s i t e s of d i f f e r en t ox ida t ion s tates are held i n c lose 

( N H 3 ) 5 R u I I N Q H g N R u I I I ( N H 3 ) 5

5 + ^ 

( M 3 ) 5 R u i n N g ^ x 0 m u I 3 [ ( N H 3 ) 5

5 + (1) 

D I I I , ™ χ 3+ D ΙΙ,ηχτΝ 4- hv Ru (NH 3 ) 5 py , Ru (CN) 6 * 

R u H ( N H 3 ) 5 p y 2 + , R u I H ( C N ) 6

3 ~ (2) 

p rox imi ty by a b r idg ing l igand which can a lso serve to encourage 
e l e c t r o n i c i n t e r ac t ions by o r b i t a l mixing wi th metal o r b i t a l s . 
In the second (eq 2 ) , the e l ec t ron donor and acceptor s i t e s are 
held together by e l e c t r o s t a t i c a t t r a c t i o n . In systems l i k e 
these or i n c l o s e l y r e l a t ed mixed-metal systems, low energy ab
sorp t ion bands are frequent ly observed. 

0097-6156/82/0198-0137$06.00/0 
© 1982 American Chemical Society 
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Mixed-valence chemistry was reviewed i n the l a t e I960 1s 
both by Robin and Day (4) and by Hush (5). Their work provided 
the beginnings of a t h e o r e t i c a l background f o r understanding the 
properties of mixed-valence compounds incl u d i n g the low energy 
absorption bands which have been termed Intervalence Transfer 
(IT) or Metal-Metal Charge Transfer (MMCT) bands. 

Most of the mixed-valence systems mentioned by Robin and 
Day and by Hush were i n the s o l i d state. The problem of creat
ing d i s c r e t e chemical systems f o r which experiments could be 
c a r r i e d out e i t h e r i n s o l u t i o n or i n the s o l i d state was f i r s t 
attacked experimentally by Creutz and Taube (6). Their approach 
was to l i n k together the two metal s i t e s through a ligand 
bridge, which led to dimers and oligomers. 

For convenience, many of the examples c i t e d here w i l l come 
from our own work. In our work we have taken advantage of the 
synthetic f l e x i b i l i t y offered by the system shown below which 
i s based on the ligand 2,2'-bipyridine (bpy). Synthetic studies 

have shown that the bridging group can be any of a v a r i e t y of 
b i p y r i d i n e or diphosphine type ligands. 

"Localized" and "Delocalized" Systems 

In any mixed-valence compound, the f i r s t problem to be 
addressed i s one of d e s c r i p t i o n . Is the compound " l o c a l i z e d " or 
"delocalized"? In a l o c a l i z e d d e s c r i p t i o n the stationary state 
quantum mechanical s o l u t i o n f o r the odd ele c t r o n i s o s c i l l a t o r y 
i n nature and has the e l e c t r o n t r a n s f e r r i n g back and f o r t h be
tween the metal ion s i t e s . Spectroscopic data are a v a i l a b l e f o r 

i s l o c a l i z e d (7). On the other hand, making what appears to be 
a s l i g h t chemical modification, exchanging an oxo f o r a pyrazine 
bridging l i g a n d , leads to a d i f f e r e n t conclusion. For the 

3+ 
mixed-valence oxo-dimer, (bpy) 2ClRuORuCl(bpy) 2 , the e l e c t r o n i c 
d i s t r i b u t i o n of the odd ele c t r o n appears to be de l o c a l i z e d i n 
the same sense as the π electrons i n an aromatic molecule l i k e 
benzene, and molecular o r b i t a l theory provides an appropriate 
basis f o r dealing with e l e c t r o n i c structure. 

In the present treatment, a t t e n t i o n w i l l be focused on 
l o c a l i z e d systems. I t i s convenient to break the l o c a l i z e d 
c l a s s i f i c a t i o n down even f u r t h e r , where the basis f o r the d i s 
t i n c t i o n l i e s i n experimental observations. In the bpy dimer, 
where the bridging ligand i s pyrazine, the rate of ele c t r o n os
c i l l a t i o n between Ru(II) and Ru(III) s i t e s i s slower than the 
v i b r a t i o n a l timescale, at l e a s t f o r those v i b r a t i o n a l l e v e l s 

( b p y ) 2 C l R u n ( L ) R u i n C l ( b p y ) 2 
3+ 

the bpy dimer, where L = pyrazine 
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which are s i g n i f i c a n t l y populated at the background thermal 
energy (kT). I t i s these l e v e l s which are of importance i n de
f i n i n g the energy and shapes of CT absorption bands. Because 
the e l e c t r o n i c t r a n s i t i o n i s slow on the v i b r a t i o n a l timescale, 
i t i s possible to take advantage of the Born-Oppenheimer approx
imation i n de f i n i n g p o t e n t i a l surfaces and i n t r e a t i n g t r a n s i 
t i o n rates. This s i t u a t i o n corresponds to the so- c a l l e d "non
adi a b a t i c " l i m i t . However, i f the rate of elect r o n o s c i l l a t i o n 
i s s u f f i c i e n t l y rapid that i t approaches the v i b r a t i o n a l time-
sca l e , which appears to be the s i t u a t i o n f o r the Creutz and 
Taube dimer (below) (6), the problem i s much more d i f f i c u l t 
(see the discussion by Schatz (8,9) which appears i n t h i s same 
volume). 

(ra 3) 5RulQïRu(NH 3) 5
5 + 

For the 2,2*-bipyridine and rela t e d dimers, IT bands appear 
as broad structureless features i n the near i n f r a r e d (~7000-
10,000 cm ). The o r i g i n s of the t r a n s i t i o n s leading to the 
bands are i n opt i c a l l y - i n d u c e d electron t r a n s f e r from one side 
of the molecule to the other (eqs 1,2). Hush has pointed out 
that a close r e l a t i o n s h i p should e x i s t between o p t i c a l charge 
t r a n s f e r and thermal charge t r a n s f e r . In the thermal process, 
the electron i s trapped and only those systems which acquire 
s u f f i c i e n t thermal energy to penetrate or cross the b a r r i e r can 
undergo electron t r a n s f e r . 

The o r i g i n of the b a r r i e r to el e c t r o n t r a n s f e r i s v i b r a 
t i o n a l i n nature. The ele c t r o n becomes trapped at one s i t e as 
a consequence of changes i n molecular and medium structure and/ 
or v i b r a t i o n s with changes i n the ele c t r o n p o s i t i o n . As an ex-

3+ 
ample, a d d i t i o n of an ele c t r o n to FeO^O)^ leads to a s i g n i f 
i c a n t lengthening of the Fe-0 bond (Ar = 0.12&) i n the r e s u l t i n g 

2+ 
i o n , FeO^O)^ (10). By the same token, i n the medium sur
rounding the reacting ions, s i g n i f i c a n t changes can also occur; 
the estimated enthalpy of hydration f o r the gas phase i o n , 

3+ 
F e ( H 2 0 ) 6 (g), i s more exothermic by ~13 eV than f o r the +2 ion. 
Relationship to P o t e n t i a l Energy Surface Diagrams 

The e f f e c t of v i b r a t i o n a l trapping i s shown i n the energy 
diagram i n F i g . 1. The coordinate i n the diagram i s an a n t i 
symmetric combination of the coordinates f o r appropriate normal 
modes at the el e c t r o n donor and acceptor s i t e s . The r e s u l t i s 
the f a m i l i a r double w e l l energy surface. When summed over a l l 
of the contributing normal mode combinations, the i n t e r s e c t i o n 
between p o t e n t i a l energy surfaces gives the c l a s s i c a l energy of 
a c t i v a t i o n , at l e a s t i n the l i m i t of weak e l e c t r o n i c coupling 
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140 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 1. Potential energy vs. normal mode coordinate for symmetrical electron 
transfer, ΔΕ = 0. As shown, the diagram is in the classical (high temperature) 

limit where hm « k B T; E o p = JkA2 = x ; and E a = \Y(±/2f. 
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6. M E Y E R Optical Charge-Transfer Transitions 141 

between the electron donor and acceptor s i t e s . The p i c t u r e that 
emerges here i s straightforward. Rates of e l e c t r o n t r a n s f e r 
w i l l be determined by the s t a t i s t i c a l population of a c o l l e c t i o n 
of v i b r a t i o n a l l e v e l s at the r i g h t energies. The r i g h t energies 
are those which correspond to the i n t e r s e c t i o n s between energy 
surfaces i n F i g . 1. Of course, we have yet to put i n t o the pro
blem the actual electron t r a n s f e r step which leads to b a r r i e r 
crossing and introduces the necessary time dependence. This can 
be done exactly i n the l i m i t of weak e l e c t r o n i c coupling, the 
non-adiabatic l i m i t , using time-dependent perturbation theory 
and applying the Born-Oppenheimer separation of nuclear and 
e l e c t r o n i c motion (11,14). 

F i g . 1 also leads to some r e l a t i v e l y straightforward con
clusions about the r e l a t i o n s h i p s between o p t i c a l and thermal 
ele c t r o n t r a n s f e r . For a chemically symmetrical system (e.g., 
eq 1), the energy of the o p t i c a l t r a n s i t i o n should be r e l a t e d 
to the c l a s s i c a l v i b r a t i o n a l b a r r i e r (χ/4) as i n eq 3. Eq 3 
includes the separation of the v i b r a t i o n a l b a r r i e r i n t o i n t r a -

Eop = X = 4 E a = X o + * i ( 3 ) 

molecular (χ.) and medium components (χ ). For an unsymmetrical 
case (e.g., eq 2), the s i t u a t i o n i s more complicated. Now the 
i n t e r n a l energy difference between the ground and mixed-valence 
excited states (ΔΕ) must be included g i v i n g eq 4. 

Ε = χ + Δ Ε = χ . + χ + Δ Ε (4) op ι ο 
The energy of a c t i v a t i o n i s then given by eq 5. 

E 2 
Ε = |(1 + — ) 2 = u v °P A i n (5) 
a 4 V χ 4 ( £ o p " ^ 

Theoretical Limitations 

Eqs 3-5 provide a r e l a t i v e l y simple t h e o r e t i c a l basis f o r 
understanding o p t i c a l charge tra n s f e r and the r e l a t i o n s h i p be
tween o p t i c a l and thermal electron t r a n s f e r . One i m p l i c a t i o n 
i s that i f Ε and ΔΕ are known, i t should be possible to calcu-op ' r 

l a t e the energy of a c t i v a t i o n for the thermal process. I t i s 
possible to measure or to estimate ΔΕ by temperature dependent 
redox p o t e n t i a l measurements on the two component redox couples 
which are involved i n the CT step. However, there are three 
complications which l i m i t the v a l i d i t y of such equations: 

(1) The equations r e l y on the assumption of har
monic o s c i l l a t o r s and equal force constants i n both 
the reactant and product states. Deviations from 
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142 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

these assumptions i n r e a l systems can lead to devia
tions from calcula t e d band widths based on harmonic 
o s c i l l a t o r models and to the loss of the contribu
tions from entropie factors i n rate equations. 

(2) The assumption of weak e l e c t r o n i c coupling 
may not be v a l i d f o r v i b r a t i o n a l l e v e l s near the re
gion where the reactant and product surfaces i n t e r 
sect. I f the extent^of e l e c t r o n i c coupling i s s u f f i 
c i e n t (tens of cm ), the timescale f o r e l e c t r o n 
t r a n s f e r f o r v i b r a t i o n a l l e v e l s near the i n t e r s e c -
t i o n a l region w i l l approach the v i b r a t i o n a l timescale, 
e l e c t r o n i c and nuclear motions are coupled, and the 
Born-Oppenheimer approximation i s no longer v a l i d . 
Such timescale problems are of less importance f o r 
the o p t i c a l t r a n s i t i o n since i t involves v i b r a t i o n a l 
l e v e l s w e l l away from the i n t e r s e c t i o n region f o r 
both the ground and excited states. 

(3) Inherent i n point (2) above i s the f a c t t h a t , 
at the microscopic scale at which chemical reactions 
occur, processes are quantum mechanical i n nature and 
deviations from c l a s s i c a l predictions frequently 
occur. In order to deal with the problem of b a r r i e r 
crossing or penetration, i t i s necessary to determine 
p o t e n t i a l energy surfaces, to solve the Schrodinger 
equation i n order to obtain v i b r a t i o n a l energy l e v e l s 
and wave functions, and to c a l c u l a t e population d i s 
t r i b u t i o n s , and then to c a l c u l a t e v i b r a t i o n a l wave 
function overlaps which give t r a n s i t i o n p r o b a b i l i t i e s 
from reactant v i b r a t i o n a l l e v e l s to isoenergetic pro
duct v i b r a t i o n a l l e v e l s (ljL-15). For an IT or MMCT 
absorption band, there should be v i b r a t i o n a l s t r u c 
ture as i s often observed f o r e l e c t r o n i c t r a n s i t i o n s 
i n organic compounds and metal complexes. Vibra
t i o n a l structure i s not u s u a l l y observed f o r IT bands, 
apparently because the most important v i b r a t i o n s are 
u s u a l l y s k e l e t a l i n nature, occur at low energies, 
and are d i f f i c u l t to resolve experimentally. 

With the l i m i t a t i o n s above noted, l e t us return to the 
a p p l i c a t i o n of eqs 3-5 to IT t r a n s i t i o n s and to o p t i c a l charge 
tr a n s f e r (CT) i n general. These equations, i n f a c t , prove to be 
remarkably successful i n providing a basis f o r understanding 
o p t i c a l CT processes i n a number of chemical systems. I t was 
suggested above that the v i b r a t i o n a l term, χ, has both i n t r a 
molecular and medium contributions. From d i e l e c t r i c loss and 
related measurements, the c o l l e c t i v e v i b r a t i o n s of the medium 
occur at low frequencies f o r most solvents, the energy spacings 
between l e v e l s are small, and equations based on the c l a s s i c a l 
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6. M E Y E R Optical Charge-Transfer Transitions 143 

approximation should be v a l i d . The frequencies of intramolecu
l a r v i b r a t i o n s of importance could vary widely (~200-4000 cm * ) . 
In a l l cases, they are s u f f i c i e n t l y near kT (200 cm"1 at 25C) 
that t h e i r c o n t r i b u t i o n should be treated quantum mechanically. 
However, f o r r e l a t i v e l y low frequency v i b r a t i o n s near room 
temperature, the quantum mechanical and c l a s s i c a l r e s u l t s may 

2+/3+ 
not d i f f e r s i g n i f i c a n t l y as shown f o r FeO^O)^ s e l f - e x 
change (15). This r e s u l t a r i s e s , i n pa r t , because v i b r a t i o n a l 
wave function overlap increases markedly as the i n t e r s e c t i o n 
region between surfaces i s approached. At lower temperatures 
the s i t u a t i o n i s quite d i f f e r e n t and elect r o n t r a n s f e r i s dom
inated by v i b r a t i o n a l tunneling through l e v e l s below the i n t e r 
s ection region. 

Returning to χ , eq 6 i s a v a i l a b l e from d i e l e c t r i c continu
um theory. In eq 6, D and D g are the o p t i c a l and s t a t i c 
d i e l e c t r i c constants of the medium, E- and E. are the e l e c t r i c 

* f ι 

op s 

f i e l d vectors associated with the f i n a l and i n i t i a l charge d i s 
t r i b u t i o n s i n the absence of the medium, and the i n t e g r a t i o n i s 
over the volume element, dV. Integration of eq 6 f o r the case 
where the elect r o n donor and acceptor s i t e s are non-overlapping 
spheres and neglecting the volumes of the s i t e s , gives eq 7 
where a^ and a^ are the molecular r a d i i and d i s the i n t e r -
nuclear separation. 

1 2 op s 

Eq 7 calculates the energy difference a r i s i n g from the medium 
between the thermally e q u i l i b r a t e d mixed-valence ground state 
and a v i b r a t i o n a l l y nonequilibrium, mixed-valence excited state. 
The value of Ae depends on the nonequilibrium s t a t e : 1) For op
t i c a l charge t r a n s f e r , Ae = e, the u n i t e l e c t r o n charge. 2) For 
thermal e l e c t r o n t r a n s f e r between chemically symmetrical s i t e s , 
Ae = e/4. 3) For a chemically unsymmetrical e l e c t r o n t r a n s f e r 
(16), Δε = |(1 + 

Approaches f o r Experimental V e r i f i c a t i o n 

We are now i n a p o s i t i o n to search f o r experimental 
t e s t s of the t h e o r e t i c a l treatment as i t has been developed 
so f a r . By combining eqs 3, 6, and 7 f o r a symmetrical dimer, 
E^ should vary d i r e c t l y with (1/D Q -1/Dg) as shown i n eq 8 
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^ a l ~ a 2 ^ e That such r e l a t i o n s h i p s e x i s t has been shown f o r 

Eop = * i + ^r- ~ r x t f f " ê i ) 2 d v = 
op s 

op s 

several dimeric systems including (NH^)gRuN^^—^^NRu(NH^)^* 
(1,2), (C 5H 5)Fe(C 5H 4-C 5H 4)Fe(C 5H 5) + (17),and (bpy) 2ClRu(L)RuCl-
( b p y ) 2 ^ + where L i s a bridging diazine or phosphine ligand (18). 
Even here, s p e c i f i c solvent e f f e c t s which are not considered i n 
the continuum theory begin to appear, most notably f o r hydrox-
y l i c solvents. However, recent work of our own suggests that 
i t may be possible to make straightforward empirical corrections 
to the d i e l e c t r i c continuum model for such cases. 

A second t e s t involves the role of internuclear separation 
between the electron donor and acceptor s i t e s . Rearrangement 
of eq 8 leads to the p r e d i c t i o n of a -1/d dependence fo r Ε . 
In t h i s case, the experiment becomes an exercise i n synthetic 
chemistry. One approach has been to vary d by using a series 

3+ 
of related dimers, (bpy) 9ClRu(L)RuCl(bpy) 9 , where L i s varied 

Ν 
systematically (18,19) from to trans-N^^CH=CH-^N, 
(18,19); another has been to use a series of biferrocenium 
ions (17). In both cases the expected -1/d dependence was 
observed. However, f o r the Ru dimers, the assumption of non-
overlapping spheres i s inappropriate and the slope and intercept 
calculated f o r a p l o t of E Q ^ VS 1/d using eq 8 deviate from ex
periment. For these systems a more appropriate model i s prob
ably the dipole i n a sphere model developed by Cannon (20). 

Unsymmetrical Systems 

Turning to chemically unsymmetrical systems, r e c a l l that 
the s i t u a t i o n i s complicated by the appearance i n the equa
tions of the i n t e r n a l energy difference between the ground and 
excited s t a t e , oxidation state isomers, (eq 9). 

Eop = * i = X o + M = ( 9 ) 

X ± + « g 1 - - g ^ J G ^ - Î )2dV + ΔΕ 
op s 

Eq 9 can be tested several ways, again based on using a c l o s e l y 
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related series of chemical systems. One approach i s to measure 
fo r a series of s t r u c t u r a l l y r e l a t e d compounds i n which case 

a l i n e a r c o r r e l a t i o n should e x i s t between Ε and ΔΕ. Such ex-op 
periments have been su c c e s s f u l l y c a r r i e d out f o r the i o n - p a i r s , 
M n(CN) 6

4"", R u I H ( N H 3 ) 5 L 3 + (M = Fe, Ru, Os; L = pyridine or sub
s t i t u t e d p y r i d i n e ) , and f o r a series of donor-acceptor complexes 
(21): 

In these experiments, ΔΕ was obtained from temperature depend
ent redox p o t e n t i a l measurements f o r the i s o l a t e d , monomeric 
couples based on a thermochemical cycle. 

Another way of t e s t i n g eq 9 i s by using the same chemical 
system i n a series of solvents. C l e a r l y the s i t u a t i o n i s more 
complicated since there are two solvent dependences i n the ex
perimental measurement, one a r i s i n g from χ and one from AE. 
The l a t t e r can be approximated from redox p o t e n t i a l measurements 
i n the series of solvents of i n t e r e s t and l i n e a r p l o t s of Ε -ΔΕ 

op vs. (1/D - 1/D ) have been observed f o r mixed-valence ions op s 
(21,23), donor-acceptor complexes (21,22), and MLCT or LMCT 
t r a n s i t i o n s based on p o l y p y r i d y l complexes of Ru and Os (22,24). 
In these systems a d d i t i o n a l complications a r i s e , f o r example, 
from using ΔΕ^, which i s a free energy change, f o r AE; but i t 
i s beyond the purposes of the present discussion to consider 
such problems i n d e t a i l . 

In turning to cases where strong, s p e c i f i c i n t e r a c t i o n s 
with the solvent are expected, the p i c t u r e can change consid
erably and i t i s no longer obvious that d i e l e c t r i c continuum 
theory provides a reasonable basis f o r c a l c u l a t i n g χ . I t i s 
apparent that d i e l e c t r i c continuum theory can not be used to 
account f o r solvent induced v a r i a t i o n s i n AE but, as mentioned 
e a r l i e r , there i s hope that a combination of d i e l e c t r i c con
tinuum theory and the use of e m p i r i c a l l y determined solvent 
parameters can provide a framework f o r understanding solvent 
e f f e c t s . The importance of s p e c i f i c solvent e f f e c t s shows up 
dramatically f o r MLCT or LMCT t r a n s i t i o n s i n complexes such as 
shown below (21): 

[ ( N H 3 ) 5 R u n N C ^ Q i - M E + ] 3 + or [ ( M ^ R u ^ C ^ ^ N M e ^ 3 * 
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Concluding Remarks 

In c l o s i n g , there are at l e a s t three important thoughts to 
keep i n mind concerning the work that I have described here. 
The f i r s t i s that the close r e l a t i o n s h i p s between o p t i c a l and 
thermal ele c t r o n t r a n s f e r , at l e a s t under c e r t a i n l i m i t i n g con
d i t i o n s , i s s t r i k i n g and u s e f u l . I t shows a s a t i s f y i n g gener
a l i t y f o r two seemingly disparate types of processes. I t also 
allows f o r the c a l c u l a t i o n of ele c t r o n t r a n s f e r rate constants 
from s p e c t r a l measurements (25-26), which i s s t r i k i n g since 
i t suggests that information about chemical r e a c t i v i t y i s 
d i r e c t l y obtainable from s p e c t r a l measurements on a system at 
equilibrium. The second point i s one of gene r a l i t y . From our 
work i t appears that there e x i s t s a straightforward t h e o r e t i c a l 
basis f o r understanding charge t r a n s f e r processes i n a general 
way: i n mixed-valence ions, i n donor-acceptor complexes, i n 
charge t r a n s f e r t r a n s i t i o n s . I t should be po s s i b l e , f o r ex
ample, to take empirical solvent scales, based on the Kosower Ζ 
parameter or the parameter, and show the o r i g i n of t h e i r 
success and of t h e i r l i m i t a t i o n s based on a r e a l i s t i c t h e o r e t i 
c a l model. The t h i r d point may be the most important. Pro
vided with a t h e o r e t i c a l b a s i s , i t should be possible to ac
quire data on the solvent dependence of CT t r a n s i t i o n s which 
could lead to a r e a l advance i n our understanding of so l v a t i o n 
and the e f f e c t s of so l v a t i o n . 
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General Discussion—Optical Charge-Transfer Transitions 
Leader: John Malin 

DR. JOHN MALIN (Nat ional Science Foundation): I have been 
ruminating on a couple of poin ts r e l a t ed to s u b s t i t u t i o n a l and 
e l ec t ron t ransfe r chemistry. I have been s t ruck by the tremen
dous di f ference i n the l e v e l of s o p h i s t i c a t i o n between theoret
i c a l treatments of e l ec t ron t ransfer and what people know and 
can say about s u b s t i t u t i o n . I th ink Professor Swaddle brought 
out some hopeful thoughts. I t ' s going to be i n t e r e s t i n g to see 
what the theore t i c i ans can do for us i n understanding s u b s t i t u 
t i o n processes. 

I would l i k e to pose a quest ion for Dr . Meyer dea l ing w i th 
s p e c i f i c s o l v a t i o n , the problem being that very often when one 
i s dea l ing wi th medium effec ts one has a mixed so lven t . One 
doesn ' t know on a l o c a l sca le which of the two components (or 
three or η components) of the solvent i s r e a l l y i n t e r a c t i n g 
w i th the i o n p a i r or w i th the b inuc lea r complex or whatever. 
I 'm wondering i f there i s a way that one can get some kind of 
d iagnos t ic information about s p e c i f i c s o l v a t i o n i n a mixed s o l 
vent us ing intervalenoe t r ans f e r , 
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DR. MEYER: That i s a very i n t e r e s t i n g point and i t ' s one 
that obviously i s suggested by the strong solvent dependencies 
of these o p t i c a l t r a n s i t i o n s . In f a c t , J e f f C u r t i s 1 t h e s i s 
includes a l o v e l y experiment i n which he looked at metal-ligand 
charge tr a n s f e r i n mixed solvents, whose s t a t i c d i e l e c t r i c 
constants are about the same, but whose o p t i c a l d i e l e c t r i c 
constants are quite d i f f e r e n t so that the spectra were quite 
d i f f e r e n t i n the pure solvents. In mixtures of DMF and DMSO 
there was a large s h i f t i n the absorption maximum over the range 
0 to 10% DMSO i n DMF. Beyond that point the changes were small. 
These observations c e r t a i n l y suggest that s e l e c t i v e s o l v a t i o n 
i s occurring and that i t i s possible to probe the microenviron-
ment i n t h i s way. 

DR. JACK NORTON (Colorado State U n i v e r s i t y ) : This d i s 
cussion reminds me of the re l a t e d case of in f r a r e d band widths, 
which i s a subject that has perhaps been too much explored over 
the years. H i s t o r i c a l l y , f or the l i n e width to f a i l to depend 
on mole f r a c t i o n i n a l i n e a r way i s taken as evidence of a 
s p e c i f i c solvent i n t e r a c t i o n . 

DR. DAVID McMILLIN (Purdue U n i v e r s i t y ) : Can you detect 
the hydrogen bonding i n t e r a c t i o n s of an amine, f o r example, i n 
contrast to a polypyridyl? 

DR. MEYER: I suspect the answer i s yes, but the experi
ment has not been c a r r i e d out. 

DR. PAUL SCHATZ (University of V i r g i n i a ) : I think I know 
what Dr. Meyer meant i n his t a l k , but a l l mixed-valence systems 
have stationary states. For example, consider the ammonia mol
ecule. I t tunnels back and f o r t h between two umbrella forms, 

9 10 
perhaps 10 or 10 times per second. Nevertheless, the ammonia 
molecule has stationary states. 

DR. MEYER: Yes, I misspoke i n my comment about stationary 
states and t h e i r time dependence. 

DR. GLENN CROSBY (Washington State U n i v e r s i t y ) : I t ' s 
r e a l l y a question of how long you care to wait. In ammonia, 
as Dr. Schatz s a i d , i t ' s 10 picoseconds. So i f you care to 
wait a long time compared to that, ammonia i s a D^ molecule. 
I f you are on a sub-picosecond timescale, ammonia i s a C^v 

molecule. I t i s simply a matter of the timescale. 

DR. MEYER: With regard to the question of time dependence, 
a point that I was t r y i n g to make re l a t e s to the normalization 
of the timescale. Consider benzene as being d e l o c a l i z e d . 
Now consider the rate of electron o s c i l l a t i o n : i n a mixed-
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valence i o n , i f i t i s slow on the v i b r a t i o n a l timescale, we are 
at the nonadiabatic l i m i t and the Fermi Golden Rule applies. 
I f the rate of electron o s c i l l a t i o n i s allowed to increase, i t 
i s no longer possible to use the Born-Oppenheimer approximation 
and the problem i s d i f f i c u l t to solve. F i n a l l y , at the l i m i t 
of rapid electron o s c i l l a t i o n we reach the benzene-like case 
where molecular o r b i t a l theory can be applied to the e l e c t r o n i c 
structure. In a system i n which electron t r a n s f e r i s r e l a t i v e l y 
slow, the electron d i s t r i b u t i o n i s inherently time dependent. 

DR. SCHATZ: A l l mixed valence systems have stationary 
states. In any such state the p r o b a b i l i t y d i s t r i b u t i o n i s time 
independent. Hence, i t i s in c o r r e c t to say that a mixed 
valence state i s inherently time dependent. 

DR. ALBERT HAIM (State U n i v e r s i t y of New York at Stony 
Brook): Dr. Meyer considered p l o t s of o p t i c a l t r a n s i t i o n energy 
versus l / D ( o p t i c a l ) minus 1/D(static) f o r various types of 
systems, some of which were binuclear and c l e a r l y d e l o c a l i z e d . 
I f instead, one considers a ruthenium(II) pentaamine bound to 
N-methyl-4,4 ,-bipyridinium, i s t h i s i n any way d i f f e r e n t from 
the bridging s i t u a t i o n ? In some instances there was a s i m i l a r 
dependence f o r both the mononuclear systems and the binuclear 
systems. But some of these mononuclear systems d i d not seem 
to behave s i m i l a r l y . Is there any connection between whether 
that simple l i n e a r r e l a t i o n s h i p works or not and whether the 
system i s l o c a l i z e d or delocalized? 

DR. MEYER: In the metal-ligand charge t r a n s f e r t r a n s i 
t i o n s , the i n i t i a l wave function i s l a r g e l y ruthenium i n char
acter, perhaps 90 or 95 percent, with some ligand mixing. 
The excited state i s l a r g e l y ligand 7t* i n character, with some 
ruthenium character. We are looking at the o p t i c a l charge 
tr a n s f e r process which connects these two states. The evidence 
suggests that the metal-ligand case c i t e d here i s c l e a r l y not 
a del o c a l i z e d system i n the same sense as a mixed-valence com
pound might be. But s t i l l , the s i t e s are mainly of one o r b i t a l 
character or the other and i n d i f f e r e n t places i n the molecule. 
The charge t r a n s f e r process does respond to the solvent i n a 
systematic way consistent with the ideas we have used on the 
mixed-valence compounds. Presumably, i n other metal-ligand 
cases, where the extent of e l e c t r o n i c mixing i s greater, the 
same d i f f i c u l t i e s w i l l a r i s e as a r i s e f o r mixed-valence com
pounds . 

DR. MEYER: Dr. Schatz has led me to believe i n c e r t a i n 
things, and I want to ask him a question. I t occurs to me that 
the Landau-Zener equation cannot work except i n the nonadiabatic 
l i m i t . Do you have any comments on that? 

DR. SCHATZ: No. 
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DR. MARSHALL NEWTON: (Brookhaven National Laboratory): 
The Landau-Zener theory i n the weak-coupling regime may be de
ri v e d by perturbation theory, as Dr. Sutin mentioned e a r l i e r . 
The complete d e r i v a t i o n i s much more general than the perturba
t i o n theory, and allows one to include an a r b i t r a r y degree of 
coupling. Thus, one can go continuously from nonadiabatic to 
the adiabatic l i m i t s . 

DR. JOHN BRAUMAN (Stanford U n i v e r s i t y ) : I have a 
question about the empirical c o r r e l a t i o n s f o r quan t i t i e s l i k e 
charge t r a n s f e r band energies versus parameters such as the 
Kosower Z-value. There i s a very large l i t e r a t u r e of that type 
and there are many, many good c o r r e l a t i o n s f o r a v a r i e t y of 
parameters. You obtain s t r a i g h t l i n e s with your simple d i e l e c 
t r i c continuum model. I t seems to me, however, that one ought 
to be able to derive these types of r e l a t i o n s h i p s d i r e c t l y from 
the model. And i t doesn't seem to be very h e l p f u l to say that 
these r e l a t i o n s h i p s are simply empirical and, therefore, not 
worth the at t e n t i o n . What you want to do i s derive the equa
tions and see whether they, i n f a c t , a l l reduce to the same 
terms. 

DR. MEYER: I am very s e n s i t i v e to the points you are 
making and I should not have demeaned them i n the sense that I 
did . They are c l e a r l y very useful parameters. The basic prob
lem i s that the Kosower parameters are usefu l f o r some corre
l a t i o n s while a d i f f e r e n t parameter works better f o r other 
c o r r e l a t i o n s . There appears to be no fundamental understanding 
of the factors which d i s t i n g u i s h between the d i f f e r e n t types of 
cases. 

DR. BRAUMAN: They a l l c o r r e l a t e with each other. 

DR. MEYER: The c r i t i c a l point to recognize i s the f a c t o r 
ing. The energy expressions contain a AE term which has i t s own 
solvent dependence, and the electron t r a n s f e r part has i t s own 
solvent dependence. When you s t a r t breaking the problem down 
in t o i t s component p a r t s , instead of attempting to derive a 
sin g l e parameter f i t , i t may be possible to t r e a t the problem 
i n a general way. 

A d i f f i c u l t y which a r i s e s i n some of the co r r e l a t i o n s i s 
that there are s p e c i f i c solvent e f f e c t s which must be brought 
i n t o the problem e m p i r i c a l l y since there i s no a v a i l a b l e theory 
fo r dealing with them. 
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Observations on Atom-Transfer Reactions 
HENRY TAUBE 
Stanford University, Department of Chemistry, Stanford, CA 94305 

Some of the issues involved i n trying to un-
derstand atom transfer processes are i l lus t ra ted 
by a discussion of the observations on the reduc
t ion of perchlorate ion. No examples are known of 
oxygen removal from ClO4- under mild conditions by 
orthodox nucleophilic agents, and all the reac
tions which have been studied i n any de ta i l in
volve metal ions. The stability of the bond to 
oxygen, formed in the oxidized product, appears 
to be very important i n affecting rates. In all 
of the cases i n which reaction takes place at 
room temperature at a reasonable rate, the for
mation of an "yl" product--vanadyl, for example, 
when V2+(aq) i s the reducing agent--is possible. 
A rat ionalizat ion i s offered of the unsymmetrical 
coordination which i s characteristic of "yl" ions. 

The t i t l e ind ica tes a re turn on my par t to ac t ive research 
i n a c lass of redox react ions to which I devoted considerable 
a t t en t ion qui te e a r l y i n my career . Tracer experiments by 

Ha lpe r in (1) i n 1950 showed that when C10 3 " and C10 2 " i n a c i d i c 

aqueous s o l u t i o n react w i th S ( I V ) , r e s p e c t i v e l y 2.4 and 1.4 
of the oxygen atoms c a r r i e d by the oxidants appear i n the pro
duct s u l f a t e . We concluded from these and a d d i t i o n a l r e su l t s 
that the redox changes invo lve int imate contact of the reagents, 

and that oxygen t ransfer i n the steps ClO^ •+ ClO^ and 
CK>2 CIO i s e s s e n t i a l l y q u a n t i t a t i v e , the defect from com
p le t e t ransfer occur r ing i n the H0C1 stage. The f i r s t step 
can be understood then on the bas is that SO^ adds to an oxygen 

of CIO,. (S(IV) i n a c i d i c s o l u t i o n i s present l a r g e l y as S 0 9 ) ; 

0097-6156/82/0198-0151$08.25/0 
© 1982 American Chemical Society 
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s u b s t i t u t i o n on ClO^ , even i n a c i d , i s slow (vide i n f r a ) to 
produce 

:θ: :Ô: 
:ë:Cl:«:S:0: 

which then can decompose to C i e o + 8S0 9, or by involvement of 
2- + 

H 20, d i r e c t l y to Cl& 2 + QSO^ + 2H . These conclusions about 
mechanism though s a t i s f y i n g and i n accord with the observations, 
f a i l to engage the basic issue of how the reaction rate can be 
predicted from properties of the reactants. 

Before proceeding f u r t h e r , the sense i n which "atom trans
f e r " w i l l be used i n t h i s paper should be defined. The term 
implies that an atom o r i g i n a t i n g i n the o x i d i z i n g agent i s 
transferred to the reducing agent so that i n the activated com
plex both centers are bound to the atom being transferred. In 
using the term i n t h i s way, no p o s i t i o n i s taken on the question 
of whether the e n t i t y transferred i s i n an atomic s t a t e , or 
whether the reaction can be better understood as i n v o l v i n g elec
tron flow from reducing agent to the o x i d i z i n g agent concomitant 
with the motion of the ligand ion from the oxidant to the re-
ductant. This d i s t i n c t i o n i s meaningful only i f one point of 
view, as a f i r s t approximation, more r e a d i l y correlates a set of 
observations. The term "atom" i s used only to d i s t i n g u i s h the 
reactions being considered from the class i n which large bridg
ing ligands are transferred by remote attack (2). Many of the 
l a t t e r involve only weak e l e c t r o n i c i n t e r a c t i o n s i n the a c t i 
vated complexes and, f o r t h i s reason, are set apart from the 
cases where o x i d i z i n g and reducing centers are separated by 
s i n g l e atoms, so that e l e c t r o n i c coupling i n the activated com
plexes can be very large. In some of the examples which w i l l be 
considered, i t appears to be very large indeed. 

Atom t r a n s f e r reactions, as defined, are widely recognized 
as being extremely important, both i n the sense that they pose 
basic s i g n i f i c a n t questions, and, p a r t i c u l a r l y where carbon 
compounds are involved, as being extremely useful i n a p r a c t i c a l 
sense. Nevertheless, much more at t e n t i o n has been devoted to 
the class of redox reactions l o o s e l y described as i n v o l v i n g 
"electron t r a n s f e r . " The reasons f o r t h i s are quite under
standable. I t i s d i f f i c u l t to estimate electron d e r e a l i z a t i o n 
energies from f i r s t p r i n c i p l e s , at l e a s t when the i n t e r a c t i o n s 
are large. For many outer-sphere electron t r a n s f e r reactions, 
the e l e c t r o n i c coupling i s weak enough so that the energy of the 
activated complex i s l i t t l e affected by electron d e r e a l i z a t i o n , 
but strong enough to ensure that the reactions are adiabatic. 
This s i m p l i f i c a t i o n does not seem to apply to most of the reac
tions which we w i l l consider. 

The focus of t h i s paper i n terms of d e s c r i p t i v e material i s 
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7. TAUBE Observations on Atom-Transfer Reactions 153 

on oxygen atom t r a n s f e r , s p e c i f i c a l l y i n the reduction of ClO^ . 
This choice was made f o r several reasons. Perchlorate ion i s a 
strong reducing agent and there are many reactions which are 
favorable i n terms of AG°, but which, nevertheless, can be very 
slow. The rates of reactions d i f f e r enormously, ranging from 
those that are "too slow to measure" to some which proceed 
r e a d i l y under mild conditions. Those that have been measured 
show no obvious c o r r e l a t i o n with d r i v i n g force. I t seems l i k e l y 
that ideas of general import w i l l emerge from a study of the 
reactions. Such study i s i n progress i n my l a b o r a t o r i e s , though 
I must hasten to add that t h i s has not advanced f a r enough to 
be featured s i g n i f i c a n t l y here. But before dealing with the 
s p e c i f i c chemistry, i t seems appropriate to make a few general 
observations by way of preparation. 

Atom Transfer i n 2e Changes 

An important d i s t i n c t i o n i n redox reactions devolves on the 
question of whether reaction occurs by a l e or 2e change. 
One-electron changes can take place by inner-sphere or outer-
sphere mechanisms, but most 2e changes seem to involve atom 
tra n s f e r . When the ligands themselves are not e a s i l y oxidized 
or reduced, as i s the case f o r most ordinary saturated ones, 
2e changes c a l l f o r d r a s t i c reorganization of the f i r s t co
ordination spheres of the reacting p a r t n e r s — e . g . , Cl(VII) -
C1(V) - C l ( I I I ) - C1(I) - C l ( - I ) ; Sn(IV) - S n ( I I ) ; Pt(IV) -
P t ( I I ) ; V(IV) - V ( I I ) ; C0 2 - H 2C0 2 - H2CO - Ch^OH - CE^. When 
the changes i n the coordination spheres of the reaction partners 
are complementary, atom tr a n s f e r i s an economical way f o r re
action to be consummated, economical i n the sense that the c r i t 
i c a l events i n v o l v i n g the changes i n the coordination spheres 
at the two centers are correlated. The r e s u l t s described by 
Basolo and Pearson, et a l . (3, 5 ) , and by Martin, et a l . (4), 
on the oxidation of P t ( I I ) by Pt(IV) provides an elegant i l l u s -

2+ 
t r a t i o n of t h i s point. The reaction between Pt(NBL), and 2+ -trans-Pt(NH^)^Cl 2 involves also C l and can be represented 
as follows: 

- M i \/iv \ 4 v \ / n 
C l P t 1 1 C l P t 1 V C l C l P t l v C l P t 1 1 C l 

/\ / \ /\ /\ 
The simple motion of a bridging chloride from Pt(IV) to P t ( I I ) 
concomitant with motions of the e x t e r i o r chloride ions e f f e c t s 
the reversal of the oxidation states of the metal. S a t i s f a c t o r y 
though the i n s i g h t implied by the above may be, i t does not 
cover the important question of what the a c t i v a t i o n b a r r i e r to 
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the reaction i s , and how t h i s w i l l change from one system to a 
related one. Re c i p r o c i t y of the changes at the reacting center 
by no means guarantees a f a c i l e reaction. The process 

Θ3αβ~ + cio3~ -> ci$3~ + ecio3" 

i s extremely slow (though j u s t how slow i s not known). The 
b a r r i e r i s undoubtedly only p a r t l y e l e c t r o s t a t i c ; even i n the 
absence of such a b a r r i e r , as f o r example i n 

ci« 3" + cio2 = cie2 + ecio2~ 

reaction can be extremely slow (6). 

Nucleophilic S u b s t i t u t i o n i n Relation to Redox Changes 

Certain redox changes i n v o l v i n g atom t r a n f e r can u s e f u l l y 
be dealt with applying the ideas which have been developed f o r 
n u c l e o p h i l i c s u b s t i t u t i o n . There i s , i n f a c t , no sharp d i s t i n c 
t i o n between a 2e redox change i n v o l v i n g atom tran s f e r and an 
orthodox n u c l e o p h i l i c s u b s t i t u t i o n . This point i s i l l u s t r a t e d 
by the two reactions 

IBr + C l " = ICI + Br" 

BrCl + I " = IBr + C l " 

where the second only i s a redox process as o r d i n a r i l y defined. 
Orthodox n u c l e o p h i l i c s u b s t i t u t i o n implies that the nucleophile 
acts on a center which i s more e l e c t r o p o s i t i v e than the nucleo
p h i l e ; when the center i s more electronegative (Br more e l e c t r o 
negative than I) the reaction i s c l a s s i f i e d , following accepted 
conventions, as a redox change. 

This point was recognized quite e a r l y by Edwards (7) i n 
c o r r e l a t i n g the rates at which H 20 2 reacts with a series of 
nucleophiles. The Edwards equation 

log ^ = OfEn + βΗ 
ο 

where E^ and Η are properties of the nucleophile and or and β of 
the substrate, s u c c e s s f u l l y correlates orthodox s u b s t i t u t i o n by 
nucleophiles at carbon and at H 20 2 (most of the l a t t e r are 
c l a s s i f i e d as i n v o l v i n g redox changes). According to the an
a l y s i s , the difference between C and 0 as substrates resides i n 
α and β being larger i n magnitude f o r the l a t t e r . T y p i cal 
values f o r the former are 2.0 and 0.07; f o r H 20 2, α and β are 
6.31 and -0.394. The s p e c i f i c rates f o r the reactions of I and 
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7. TAUBE Observations on Atom-Transfer Reactions 155 

Br" with H 90 9 are, r e s p e c t i v e l y , 0.7 and 2.3 x 1θ" 5 M " 1 S " 1 , the 
rate r a t i o being 3 χ 10 . For s u b s t i t u t i o n at C, t y p i c a l r a t i o s 
are 10 to 100. In Edwards' a n a l y s i s , no allowance f o r the con
t r i b u t i o n to the rate by differences i n d r i v i n g force i s made. 
The value of -AG° f o r the reaction of I with H 20 2 i s greater 
than that of Br , the hypohalous acid and hydroxide i on being 
taken to be the products, by 15.8 k c a l mol f o r s u b s t i t u t i o n 
i n CH^OH, the difference i s about zero (8). I f i t were possible 
to f a c t o r out e f f e c t s a r i s i n g from differences i n d r i v i n g force, 
the rate pattern f o r n u c l e o p h i l i c s u b s t i t u t i o n at oxygen i n 
peroxides might prove to be l i t t l e d i f f e r e n t from that at car
bon. 

A p a r t i c u l a r l y important reaction of Ĥ Ô  i s oxygen ex
change between Ĥ Ô  and H^O, a reaction which has f o r many years 
been known to be slow enough to make f e a s i b l e d e f i n i t i v e oxygen 
tr a c e r studies on reactions of Ĥ Ô  i n aqueous s o l u t i o n . Ed
wards' c o r r e l a t i o n y i e l d s 10 *^s * as the s p e c i f i c rate f o r 
t h i s exchange. I t i s i n t e r e s t i n g to note that Anbar and Gutt-

-9 -1 
mann (9) measured t h i s rate as 0.5 χ 10 s at 60°. I f the 
a c t i v a t i o n energy i s assumed to be 30 k c a l , a reasonable e s t i 
mate i n view of the slowness of the exchange, the s p e c i f i c rate 
at 25C becomes 10 **s i n remarkably good agreement with 
Edwards' estimate. 
Reduction of CIO^ - General 

Unfortunately, the ideas on n u c l e o p h i l i c s u b s t i t u t i o n are 
not p a r t i c u l a r l y useful i n t r y i n g to understand the e x i s t i n g 
data on the reduction of CIO, . The reductions which have been 
studied involve metal ions. The mode of action of several such 
p o t e n t i a l reductants—Sn(II)and low spin Co(I), f o r example—can 
p r o f i t a b l y be viewed i n the l i g h t of ideas developed f o r nucleo
p h i l i c s u b s t i t u t i o n , but t h i s i s not obviously the case f o r many 
o t h e r s — T i ( I I I ) or C r ( I I ) , f o r example. 

Before introducing a discussion of the observations on the 
reduction of CIO^ , some properties of t h i s and re l a t e d species 
which are germane to the c e n t r a l issue w i l l be considered. Of 
paramount importance are data on the s t a b i l i t y of the species: 
how does the strength of the bond between halogen and oxygen 
vary with oxidation state? The e x i s t i n g data are summarized i n 
Table I. The ent r i e s p e r t a i n to the reaction: 
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156 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

xon + *>2 * xo n + 1 

values of AG° rather than of ΔΗ° being chosen because the former 
are more complete. 

One trend i n the data seems reasonable enough: the increas
ing strength of the XO bond i n the series CIO , BrO , 10 , the 
difference i n e l e c t r o n e g a t i v i t y increasing i n the same order. 
Less easy to r a t i o n a l i z e are the data on successive additions of 

to the same halogen. The increase i n bond strength i n the 
series CIO , C10 2 and ClO^" might at f i r s t sight seem anomalous 
because i t can reasonably be argued that an increasing content 
of the electronegative oxygen w i l l contract the lone p a i r or
b i t a l s on halogen and, thus, successively weaken the Cl-0 bond. 
By way of q u a l i t a t i v e r a t i o n a l i z a t i o n , compensating counter
v a i l i n g e f f e c t s can be found. Two such which have gained some 
currency i n discussions of t h i s kind are these: ( i ) lone p a i r 
repulsions w i l l decrease as the number of lone p a i r s on chlorine 
are decreased; ( i i ) the 3d o r b i t a l s become increasing stable as 
the oxidation number of the c e n t r a l atom increases. As to the 
l a t t e r p oint, bond distances are i n l i n e with the idea that the 
Cl-0 bond i n ClO^ has a great deal of double bond 
character. These arguments do not s u f f i c e to explain the f a c t 
that the 0 bond i n CIO^" i s weaker than i n ClO^ , a f a c t that 
i s e s p e c i a l l y s i g n i f i c a n t i n view of the f a c i l i t y with which 
ClO^ i s reduced r e l a t i v e to CIO^ . F i n a l l y , we draw a t t e n t i o n 
to the f a c t that there i s no ready simple explanation of the 
data shown i n the l a s t row of Table I. 

Table I 
Values of AG°(25C) for Reaction with 0 2~ 

C l Br 

X -» X0~ 22.5 16.6 3.8 
X0~ •> X0 2" 11.6 
X0 2" -> X0 3" -3.7 
(ΧΟ' -> X0 3~ 7.9 12.5 -23.8) 
XO ~ + XO," 0.1 24.6 19.1 3 4 
- Ref. 8, except f o r e n t r i e s i n bottom row, which are taken 

from r e f . 10. 
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7. TAUBE Observations on Atom-Transfer Reactions 157 

This discussion of the energetics of the halogenate ions 
i s i n no way a digression. In the f i r s t place, when the reac
t i o n coordinate w i t h i n a series i s the same, a connection be
tween d r i v i n g force and rate can be expected. In the second 
place, i t i s important to r e a l i z e that, i f we are unable to 
understand the equilibrium s t a b i l i t y i n a basic way, we are 
hardly i n p o s i t i o n to deal e f f e c t i v e l y with the s t a b i l i t i e s 
of the activated complexes. Increased concern with the s t a b i l 
i t i e s of t h i s important family of molecules, both at the ex
perimental and t h e o r e t i c a l l e v e l s , i s j u s t i f i e d . 

Also important f o r understanding the redox chemistry of 
the oxyanions i s t h e i r s u b s t i t u t i o n l a b i l i t y . This can be 
in f e r r e d from the rate of exchange of oxygen between the oxy
anions and water, and f o r the more highly oxidized members of 
the family t h i s i s v i r t u a l l y the only s u b s t i t u t i o n reaction 
which lends i t s e l f to d i r e c t study. As to perchlorate i on: 
s u b s t i t u t i o n takes place extremely slowly, so slowly that the 
rate of t h i s reaction has never been determined. Hoering, et 
a l . (11), report that there i s no exchange i n 63 days at 100C 
i n 9.5 M HC10,, and the s p e c i f i c rate can s a f e l y be set as 

- 8 - 1 
< 10 s . As i s the case with other oxyanions, the rate i s 
expected to decrease sharply with a c i d i t y , and thus the rate 
of exchange i n 1 M HCIO^ would be very slow indeed. I t i s 
remarkable that oxygen exchange f o r BrO^ , which reacts with 
reducing agents much more r a p i d l y than does CIO^ , i s also 
extremely slow. Appelman, et a l . (12), report less than 1% 
exchange between Br0^~ and h^O i n 0.06 M HNO^ a f t e r 19 days 
at 94C. The s u b s t i t u t i o n l a b i l i t y of C10^ (11) i s much greater 
than that of CIO^ , suggesting that the a c t i v a t i o n process f o r 
the two systems i s d i f f e r e n t . A p o s s i b i l i t y f o r ClO^ , which 
i s much less l i k e l y f o r CIO^ , i s attack by the incoming nucleo
p h i l e , here H^O, on c h l o r i n e , i n an S N2 process. Hoering, et 
a l . (11), have shown that, on t h i s b a s i s , a successful c o r r e l a 
t i o n of the rate of oxygen exchange with the rates of reduction 
by the halide ions i s achieved. In Table I I , t h e i r r e s u l t s are 
summarized. Since oxygen exchange must involve s u b s t i t u t i o n at 
ch l o r i n e , the success of the c o r r e l a t i o n implies that the h a l -
ides, i n being oxidized, also attack at chl o r i n e . In the ab
sence of evidence to the contrary, the redox reactions could 
also reasonably be taken as proceeding by attack at oxygen. 

Before considering the few systems i n which the rate of 
reduction of CIO^ has been measured, some general comments on 
i t s r e d u c i b i l i t y are i n order. Perchlorate ion i s r e s i s t a n t 
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158 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

to attack by electrons i n l i q u i d ammonia and i n water. This 
i s not altogether s u r p r i s i n g . On the one hand, the i n t a c t mol
ecule has no low-lying o r b i t a l s to accommodate the el e c t r o n ; 
on the other, the process 

CIO," + e" = C10 o + 0 2" 4 3 
cannot be expected unless some group i s a v a i l a b l e to s t a b i l i z e 
2- 2-

0 . Protons would, of course, s t a b i l i z e 0 but are incompat
i b l e with e or e Perchlorate r e s i s t s attack by orthodox 

am aq J 

n u c l e o p h i l i c reagents, at l e a s t under mild conditions. Espe
c i a l l y important among the n u c l e o p h i l i c reactions i s the process 

C1*0," + CIO " = C1*0 " + CIO," 4 3 3 4 

Table I I 
Nucleophilic Attack on ClO^ -

Rate Law: k[Nucl][H +][C10 3"] 

Nucl. k , , M" 1s" 1 k , -, M" 1s" 1 

obs* cal c 

H 20 1.6 X ΙΟ"9 

ci" £ 4.5 X ΙΟ"5 4.7 X 10" 5 

Br" £ 9.3 X ΙΟ"5 7.1 X 10" 5 

Γ £ 2.0 X 10" 3 1.8 X 1θ" 3 

- At 25C 

- Using log k/k Q = crE^ + βΗ and values of Ε β and Η 
as tabulated by Edwards. 

£ Ref. 13. 

which i s the analog i n atom tr a n s f e r to the " s e l f exchange" 
reactions f o r electron t r a n s f e r . Conceivably, an elaboration 
of the Marcus type of c o r r e l a t i o n also underlies atom t r a n s f e r 
processes, though i t may be d i f f i c u l t to formulate i f , as seems 
l i k e l y , many of these reactions do not conform to the weak over
lap l i m i t . For t h i s reason alone, i t i s important to have meas-
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7. TAUBE Observations on Atom-Transfer Reactions 159 

urements of rates such as these, slow though the reactions 
are. ( I t i s i n t e r e s t i n g to note i n passing that the oxochlorine 
system of species also provides access to an example of the l e 
atom tr a n s f e r process 

ci*o2 + cio 3" = ci*o3~ + cio2 

General experience, using perchlorate media f o r redox reactions 
2-

of other reagents, teaches that the reduction of ClO^ by S0 3 , 
P(OR) 3, S b ( I I I ) , or Sn(II) i s also extremely slow, so slow that 
complications a t t r i b u t a b l e to the reaction of CIO^ with these 
reagents has not been reported. Slow though these reactions 
are, they must occur at a f i n i t e r a t e , and i t would be both 
i n t e r e s t i n g and useful i f the rates were known. Much can un
doubtedly be surmised about the rates of reaction of CIO^ with 
" n u c l e o p h i l i c " reducing agents from the r e s u l t s which have been 
obtained with BrO^ as o x i d i z i n g agent (12), several of these 
reactions being rapid enough f o r convenient study. In the two 
cases among those studied i n which d e f i n i t i v e oxygen t r a c e r 
experiments are p o s s i b l e , namely with S(IV) and A s ( I I I ) as re-
ductants, i t was found that one atom of oxygen i s transferred 
to the reducing agent when i t i s oxidized by BrO^ . The spe
c i f i c r a t e , k, i n the rate law 

diBrO "] 
= k [ S 0 3

Z ] [Br0 4 ] 

-3 -1 -1 
i s 5.8 χ 10 M s at 25C, which seems remarkably rapid con
s i d e r i n g the charge types of the reagents. The reaction of 
S(IV) with BrO^" i s 24.5 k c a l mol" 1 more exothermic than that 
with ClO^ . I t i s reasonable to suppose that the reaction co
ordinates f o r the two reactions are s i m i l a r . I f i t i s assumed 
then that h a l f of the difference i n d r i v i n g force i s r e f l e c t e d 

2-
i n the rate, the s p e c i f i c rate f o r the reaction of SO~ with 
CIO, would be 10 M s which corresponds to a h a l f - l i f e f o r - 2- 3 ClO^ i n 1 M S0 3 (aq) of 2 χ 10 y r . The reaction i s probably 
more rapid than t h i s and the rate may w e l l be measureable i f 
a j u d i c i o u s choice of conditions i s made. 

The reaction of C10 3" with a number of the n u c l e o p h i l i c 
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160 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

reagents mentioned and with C l , Br , and I a l l proceed at 
rates which are rather conveniently measureable. In a l l the 
cases which have been studied, only the paths i n v o l v i n g also 
protons i n the activated complex have been uncovered. This 
comment takes on s i g n i f i c a n c e i n the l i g h t of the observations 
(12) made on the oxidation by BrO^~ or Br0 3~ of S(IV). In 
a c i d i c s o l u t i o n , the l a t t e r reacts more r a p i d l y than the former, 
but i n a l k a l i n e s o l u t i o n the reverse i s true. These observa
tions are consistent with the idea that reduction of BrO^ 
involves s u b s t i t u t i o n on oxygen, while reduction of BrO^ i n 
volves attack on Br. There i s no p a r t i c u l a r reason f o r protons 
to a s s i s t i n the former case; i n the l a t t e r , protons would be 

2-
useful i n weakening the Br(V)-0 bond 

\ :6: H 
S: -» :Br | :6:H | 

/ :0: ·' 

Since the r e l a t i v e r e a c t i v i t i e s of ClO^ and C10^ do not re
f l e c t the r e l a t i v e strengths of the Cl-0 bonds i n the two mole
cules, i t i s reasonable to suppose that a difference i n mecha
nism s i m i l a r to that proposed f o r BrO, vs. Br0« holds f o r the 
C10 4'-C10 3" case. 4 0 

Reduction of ClO^ by Metal Ions 

We turn now to the reduction of C10^ by t r a n s i t i o n metal 
ions, several of which are known to react under quite mild con
d i t i o n s . A l i s t i n g of a number of t r a n s i t i o n metal ion redox 
couples appears i n Table I I I . These are c l a s s i f i e d i n t o the 
categories: lanthanides and a c t i n i d e s , f i r s t row t r a n s i t i o n 
s e r i e s , second row t r a n s i t i o n s e r i e s . 

A survey of the rate data f o r the reducing agents which are 
featured i n Table I I I follows, but the rate data f o r the ruthe
nium couples are reserved f o r l a t e r discussion because they 
feature some points of s p e c i a l i n t e r e s t . In discussing the re
maining couples, we w i l l deal f i r s t with those systems i n which 
data on the rate of reduction of CIO, have been recorded. As 

4 
an exception to the behavior of several much stronger reducing 

3+ 
agents l i s t e d i n Table I I I , we have T i , which reduces ClO^, 
r a p i d l y enough so that an a n a l y t i c a l procedure f o r the deter
mination of CIO, i s based on t h i s process. For reaction at 
25C, μ = 1.0, the rate law: 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

7

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



Ta
bl

e I
II

 
A 

Ro
st

er
 o

f 
Re

do
x 

Co
up

le
s 

E°
 o

r 
E

f
a 

Co
nd

it
io

ns
 

Re
f,

 

e"
 +

 Y
b3

+ 
= 

Yb
2

+ 
-1

.1
5 

14
 

e"
 +

 E
u3

+ 
= 

Eu
2

+ 
-0

.4
3 

8 

e"
 +
 U

4
+ 
= 

U3
+ 

-0
.6

3 
1 
M 

HC
10

4 
15
 

2e
" 

+ 
4H

+ +
 U

0 2
+ 
= 
U3

+ 
+ 

2H
20
 

-0
.1

3 
1 
M 

HC
10

4 
16
 

e"
 +

 T
i(

IV
) 
= 

Ti
3

+ 
-0

.1
 

8 

e"
 +

 V
3

+ 
= 

V2
+ 

-0
.2

5 
8 

2e
" 

+ 
2H

+  +
 V

02
+  
= 
V2

+  
+ 

H 2
0 

0.
05
 

8 

e"
 +
 2

H+ +
 V

02
+ 
= 
V3

+ 
+ 

H 2
0 

0.
36
 

8 

2e
" 

+ 
4H

+ +
 V

0 2
+ 
= 
V3

+ 
+ 

2H
20
 

0.
68
 

8 

e 
+ 

Cr
3

+ 
= 

Cr
2

+ 
-0

.4
1 

8 

2e
" 

+ 
Cr

(I
V)
 =

 C
r2

+ 
>0

.9
b 

Co
nt

in
ue

d 
on

 n
ex

t 
pa

ge
. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

7

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



Ta
bl

e 
II

I 
(c

on
t.

) 
A 

Ro
st

er
 o

f 
Re

do
x 

Co
up

le
s 

E°
 o

r 
E f

a 
Co

nd
it

io
ns

 
Re

f,
 

e 
+ 

Ru
(N

H 3
) 6

3
+ 
= 

Ru
(N

H 3
) 6

2
+ 

0.
05
1 

0.
1 

M 
Na

BF
, 4 

18
 

e 
+ 

Ru
(N

H 3
) 5
H 2
03

+ 
= 

Ru
(N

H 3
) 5
H 2
02

+ 
0.
06
6 

μ 
= 

0.
2 

18
 

e 
+ 

Ru
(H

2
0)

6
3
+ =

 R
u(

H 2
0)

6
2

+ 
0.
23
 

20
 

e 
+ 

Ru
(b

py
) 2
py

OH
2
3
+ 
= 

Ru
(b

py
) 2
py

OH
2
2
+ 

0.
78
 

μ 
= 

0.
10
 

21
 

2e
" *
 +
 2

H+ 
+ 

Ru
(b

py
) 2
py

02
+ =

 R
u(

bp
y)

2
py

OH
2
2
+ 

0.
89
 

μ 
= 

0.
10
 

21
 

(a
) 

E°
 u

nd
er

st
oo

d 
un

le
ss

 c
on

di
ti

on
s 

gi
ve

n.
 

3+
 

(b
) 

Es
ti

ma
te

d 
on

 t
he

 b
as

is
 o

f 
th

e 
ob

se
rv

at
io

n 
(1

7)
 t

ha
t 

Cr
 

in
 a

ci
di

c 
so

lu
ti

on
 i

s m
uc
h 

le
ss

 
2+
 

3+
 

3+
 

ef
fi

ci
en

t 
in

 s
ca

ve
ng

in
g 

at
om

ic
 c

hl
or

in
e 

th
an
 i

s 
Co
 

, 
Ce
 

or
 e

ve
n 
Pr

 

(c
) 
Th

e 
el

ec
tr

oc
he

mi
ca

l 
re

su
lt

s 
ci

te
d 

in
 R
ef

. 
14
 a

re
 i

n 
go

od
 a

gr
ee

me
nt

 w
it

h 
th

os
e 

re
po

rt
ed
 b

y 
Ma

ts
ub

ar
a 

an
d 

Fo
rd
 (

18
).

  P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

7

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



7. TAUBE Observations on Atom-Transfer Reactions 163 

3+ 
- ] = [ T i 3 + ] [ C 1 0 4 " ] ( 1 . 8 9 χ 10~ 4 + 1.25 χ l ( f 4 [ H + ] ) 

has been reported (22), and these data, at l e a s t i n s o f a r as the 
f i r s t term i s concerned, are consistent with e a r l i e r ones ob-

2+ 
tained at 40C (23). The chemistry of V i s often studied i n 
ClO^ medium, but the reduction of CK>4 i s rapid enough so 
that, i n experiments over an extended period, allowance f o r i t 
must be made. At 25C and μ = 2.0, i n the rate law (V(II) •> 
V ( I I I ) ) 

- . ^ = k[v 2 +][cio 4-] 
k (hereinafter used to represent the c o e f f i c i e n t f o r the rate 
term [Reductant][CK> 4~], the rate being defined by 
d[reductant]. e x c e p t f o r c e r t a i n of the ruthenium systems, C l 

-7 -1 -1 
i s the reduction product) i s reported (24) as 5.3 χ 10 M s , 
and i s independent of [H +] over a l i m i t e d range. Deutsch (25) 
has recorded f o r k at 25C and μ = 1.0 a value of 7.6 χ 10 7 

M \ which i s i n s a t i s f a c t o r y agreement with that of Adin 
and Sykes. These data are consistent with those obtained by 
King and Garner (26) at 50C. The l a t t e r authors report f o r k 
the value 2.8 χ 1θ" 6 M" 1s" 1, and f o r the reaction of V ( I I I ) 
with CIO,", the value 3.0 χ 1θ"^ M" 1s" 1. In both cases a weak 

4 + 
dependency of k on [H ] i s mentioned, but i n view of the f a c t 
that the i o n i c strength was not kept constant, i t i s by no means 
ce r t a i n that a proton dependent term i s present. In f a c t , the 

3+ 
proton dependent term i n the reaction of C10 4 with T i also 
may not be r e a l . Ionic strength was maintained (22) using 
NaC10 4 to replace HC10 4 and spurious rate terms can a r i s e simply 
because the a c t i v i t y c o e f f i c i e n t s of the reactants do not remain 
constant i n such mixtures as the r a t i o of Na+/h*+ i s changed. 

3+ 
I t i s l i k e l y that U also reduces C10 4 at room temperature. 
Uranium(III) i s known to disappear more r a p i d l y i n 
a s o l u t i o n of HC10 4 than i n one of HC1. The observations by 
Sato (27) on t h i s point are consistent with the rate measure
ments of Peretrukhin, et a l . (28), f o r the reaction at 22C which 

3+ 
y i e l d e d , f o r the disappearance of U i n 0.5 M HC10,, the value 

-5 -1 
of 1.8 χ 10 s . However, since i n neither case are products 
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164 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

3+ 
s p e c i f i e d , i t i s , of course, possible that the oxidation of U 
by H + was being followed i n p e r c h l o r i c a c i d media. 

2+ 2+ Despite Eu being a stronger reducing agent than V , 
3+ 3+ 

V or T i , i t reacts with ClO^ much less r a p i d l y than does 
any member of the l a t t e r group. From Adin and Sykes 1 (24) 

2+ 
observations, k f o r the reaction of CIO, with Eu at 25C i s —8 -1 ™1 o+ less than 3 χ 10 M s . Even Yb (aq), which i s a very 
strong reducing agent indeed, reacts with CIO, slowly enough 

2+ -so that Yb can be prepared and studied i n ClO^ media without 
interference from the reaction of the reducing agent with CIO 4 
(29) . General experience with solutions of C r Z + i n aqueous per
chlorate suggests that k f o r the reduction of ClO^ i s l e s s than 
10~ 8 M ' V 1 at 25C. 

A s i g n i f i c a n t feature of the reaction k i n e t i c s o u t l i n e d i s 
that, f o r each reducing agent f o r which the reaction rate was 
measured, the activated complex f o r the dominant path contains 
only the reducing agent, perchlorate i o n , and no protons. In 
the absence of protons to s t a b i l i z e the oxide ion which i s re
leased, whether the reduction i s by a l e or 2e change: 

C10 4" + e" = C10 3 + 0 2" 

C10 4" + 2e" = C10 3" + 0 2" 

an important requirement must be that the oxidized metal product 
makes a strong bond to the oxide being released. Unusually 
strong metal to oxygen bonds are found i n the f , y l f f ions. A re
markable feature of the chemistry of metal ions i n the aquo or 
ammono system i s the abrupt change i n a c i d i t y which can occur at 
a c r i t i c a l stage i n the stepwise increase i n oxidation state. 

2+ 
Two examples w i l l s u f f i c e f o r i l l u s t r a t i o n . When V(H o0), i s 

3+ 
oxidized to VO^O)^ , nothing p a r t i c u l a r l y remarkable happens, 
and the increase i n a c i d i t y of the aquo ion i s perhaps a f a c t o r 5 3+ -3 of 10 , the d i s s o c i a t i o n constant of V(H o0), being about 10 

Ζ ο 
(30) . But on increasing the oxidation number by one more u n i t , 
the enhancement i n a c i d i t y i s very great indeed, there being 

2+ 
complete d i s s o c i a t i o n of two protons to y i e l d VO ( i . e . , V0 

2+ 
( H 2 0 ) 4 ). The behavior of the aquo uranium system i s even more 
s t r i k i n g . Here the change i n oxidation state from 4+ to 5"»* 
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7. TAUBE Observations on Atom-Transfer Reactions 165 

changes the a c i d i t y even more d r a s t i c a l l y . The d i s s o c i a t i o n 
4+ -2 

constant f o r U (aq) i s about 10 (30). Increasing the oxida
t i o n state by one more u n i t , i n the absence of s p e c i a l e f f e c t s , 
would lead to the expectation that perhaps one to two protons 
would be released. Instead, the oxidation leads to the complete 
release of four protons, U0^ + being the product. The sharp i n 
crease i n a c i d i t y i s a consequence of the f a c t that the metal 
ion exerts a s e l e c t i v e p o l a r i z a t i o n of the surrounding waters. 
Thus V(IV) selects one water molecule from the environment and 
int e r a c t s with i t p a r t i c u l a r l y strongly, leading to complete 
proton d i s s o c i a t i o n f o r that water, rather than gathering e l e c 
tron density evenly from the surrounding molecules. 

The basic d r i v i n g force f o r the formation of " y l " ions can 
be understood by taking p o l a r i z a t i o n e f f e c t s i n t o account. Thus 

z+ 

consider the two states f o r the species M ^H^ 1 

H0MZ*0H , ?0 M Z +0 

A Β To produce state Β from state A w i l l cost 

K a 

RT l n - ^ 
K 0 H 2 a + where the Κ * s are the association constants f o r H on coordi-

2-
nated 0 and on coordinated OH . However, the p o l a r i z a b i l i t y 2- -of the combination 0 + H ?0 i s greater than that of 20H (the 

2-
p o l a r i z a b i l i t y of 0 decreases enormously with the add i t i o n of 
the f i r s t proton, much less with the addition of the second), 
and state Β i s s t a b i l i z e d r e l a t i v e to A by a term 

2 

r 
where ΔΡ i s the p o l a r i z a b i l i t y of Β less that of A. The i n 
crease i n the second term r e l a t i v e to the f i r s t as ζ increases 
can be^very sharp. Not only does the p o l a r i z a t i o n term increase 
with ζ , but, as ζ increases, the radius r decreases and, f u r 
thermore, the factor 

K0H 
K 0H 2 
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166 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

becomes smaller. Thus, the abrupt appearance of the " y l f f form 
i n general terms can be understood i n terms of p o l a r i z a t i o n ef
f e c t s , the p o l a r i z a t i o n leading to non-equivalence or dispro-
po r t i o n a t i o n of the ligands i n the f i r s t coordination sphere. 
I t i s not unreasonable to suppose that the p o l a r i z a t i o n term on 
changing the oxidation number by one u n i t increases enough not 
only to account f o r the s t a b i l i z a t i o n of Β with respect to A, 

z+ 
but also with respect to M (OH), which might be the dominant 
form i n the absence of s e l e c t i v e i n t e r a c t i o n s . 

In applying these ideas, p o l a r i z i n g power and p o l a r i z a 
b i l i t y must be interpreted i n terms of the e l e c t r o n i c s t r u c 
tures of the c e n t r a l metal and the ligands. P o l a r i z i n g power i s 
not simply a function of z/r [thus note that the i o n i z i n g po
t e n t i a l of Ag i s 7.58 V (radius of Ag + 1 . 1 3 8 ) while that of Na 
i s 5.38V (radius 0.988)], nor i s the p o l a r i z a b i l i t y of the l i g 
and, i n the sense i n which i t i s important here, simply a func
t i o n of charge and s i z e (the y l ions are s t a b i l i z e d by m u l t i p l e 
bond formation and 71 bonds f o r oxygen tend to be stronger than 
for s u l f u r ) . To understand the chemistry of the y l ions, the 
e l e c t r o n i c structure of the c e n t r a l ion must be taken i n t o ac-

z+ 
count. In producing the m u l t i p l e bonded u n i t M 0 or l i n e a r 

z+ 
OM 0, the dy z and d z x o r b i t a l s are promoted i n energy, the 
r e s u l t i n g hierarchy of d - o r b i t a l energies being 

2 
ζ 
2 2 

x -y 
xy 

_The observations which have been made on the reduction of 
C10^ by metal ion reducing agents conform to the idea that 
those which react r e l a t i v e l y r a p i d l y can produce an " y l " o x i 
dized product. This i s true of T i ( I V ) , V(II) ( i f attack i s by 
a 2e change), V ( I I I ) ( i f attack i s by a l e or 2e change), 

2+ 2+ 
and U(III) ( i f attack i s by a 2e change). For Eu and Yb , 
the only accessible higher oxidation state i s the 3+, and the 
3+ ion does not lend i t s e l f to the formation of the " y l " bond. 
Chromium(II) as reducing agent c a l l s f o r s p e c i a l mention. On 

2+ 3+ 
the basis of the ideas introduced, the change Cr -> Cr i s 
not expected to lead to rapid reduction of C10^ : the r a t i o 
z/r f o r C r ( I I I ) i s not high enough to produce the " y l " bond 
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7. T A U B E Observations on A torn-Transfer Reactions 167 

and, furthermore, there i s a b a r r i e r a r i s i n g from e l e c t r o n i c 
d e s t a b i l i z a t i o n . The formation of an y l bond would c a l l f o r 
the promotion of two electrons, or i f the d , d against d 

y ζ zx 
s p l i t t i n g i s great enough, f o r d e s t a b i l i z a t i o n by el e c t r o n 
p a i r i n g . Chromium(IV) can presumably form an " y l " i o n , but, i n 
forming i t , a penalty i n electron d e s t a b i l i z a t i o n i s exacted, 
and t h i s may be a fac t o r i n accounting f o r the f a c t that the 
Cr(II)-Cr(IV) couple i s so weakly reducing. No such penalty i s 
exacted i n the case of Ti(IV) or V(IV). 

The observations on the reactions of ruthenium(II) com
plexes with ClO^ are i n accord with the idea that the formation 
of an " y l " i o n i n the product i s an important f a c t o r . The pro
nounced a c i d i t y of an ammineruthenium(IV) species was demon
strated by Rudd, et a l . (31), and the ch a r a c t e r i z a t i o n of Ru(IV) 
bearing an oxygen as an " y l " species has been convincingly 
completed by Meyer and coworkers (21, 32, 33). Quite e a r l y i n 
the rather recent resurgence of i n t e r e s t i n the chemistry of 
ruthenium i n the lower oxidation s t a t e s , i t was noted that both 
R u ( N H 3 ) 6

2 + and Ru(NH 3) 5H 20 2 + are incompatible with C10 4". The 
s p e c i f i c r a te, k, f o r the reaction of the l a t t e r i o n with CIO, 

-2 -1 -1 
was reported (34, 35) as 2.6 χ 10 M s . At the time t h i s 
work was done, i t was assumed that, once the f i r s t stage of re
duction had been achieved, the subsequent reduction of C10 3 

would be rapid. But, i n view of the f a c t that s u b s t i t u t i o n i n 
2+ -Ru(NH^)_H90 i s by no means instantaneous, CIO., may a c t u a l l y 

- 2 - 1 - 1 
accumulate. At any rate, 2.6 χ 10 M s i s an upper l i m i t 
f o r the rate at which the f i r s t reaction stage occurs. I f the 
net product i s C10 q , the s p e c i f i c rate f o r the rate determining 

-2 -1 -1 
step i s 1.6 χ 10 M s , and, i f i t i s C l , the s p e c i f i c rate 

-3 -1 -1 
becomes 3.3 χ 10 M s . In any event, t h i s rate i s slower 

2+ 
than expected f o r s u b s t i t u t i o n on RuiNH^^I^O where a s p e c i f i c 
rate i n the range 1 to 10 i s expected f o r a mononegative enter
ing group (18). This point takes on i n t e r e s t i n the context of 

2+ 
the r e s u l t s which have been reported f o r RuO^O)^ as the re
ducing agent. K a l l e n and Earley (36) have compared the s p e c i f i c 

2+ 
rate of the f i r s t step i n the reaction of RuO^O)^ with ClO^ 
(37) with the rate of s u b s t i t u t i o n i n t o the aquo ion by C l , 
Br , I . These rates are a l l s i m i l a r , ranging from 3.2 χ 
1θ" 3 M" 1s" 1 f o r C10 4" to 9.7 χ 1θ" 3 ϋ" V"1 f o r Br", and the ac-
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168 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

t i v a t i o n parameters AS* and AH* are very much a l i k e f o r the 
s e r i e s . In t h i s case i t appears that s u b s t i t u t i o n i s rate de
termining f o r the reduction of CK>4 . 

Reduction of CK>4 by Ru(II) i s not l i m i t e d to the rather 
strongly reducing complexes but i s reported also f o r 
Ru(bpy) 2pyH 20 2 + (38). Nor i s the a c t i v i t y l i m i t e d to Ru(II). 
In f a c t , i n an e a r l y study of c a t a l y s i s by ruthenium s a l t s of 
the reduction of ClO^ by H B r ^ (98C), the conclusion was 
reached (39) that a Ru(III) species i s responsible f o r attack 

2+ 
on ClO^ . Broomhead, et a l . (40), report that Ru(NH 3) 5Cl i s 
converted by 0.10 M HC10 4 to [Ru(NH 3) 4(0H)N0] 2 + i n a matter of 
hours on a steam bath. The corresponding reaction with 

3+ 
Ru(NH 3)^ i s much slower, suggesting that C10 4 occupies a 
normal coordination s i t e on being reduced by ruthenium. Osmium 
s a l t s are also known (41) to be c a t a l y s t s f o r the reduction of 
perchlorate, and experience with the chemistry of the osmium i n 
lower oxidation states shows that CIO, can be involved as an 

4 
oxidant. Osmium also makes very strong bonds to oxygen i n the 
higher oxidation s t a t e s , and an " y l " oxygen species may w e l l 
react f o r Os(IV) as an intermediate. 2 + 

I t has been reported (35) that Ru(NH 3)^ also reduces 
C10 4 , the i m p l i c a t i o n being that the open normal coordination 
s i t e i s not necessary f o r f a c i l e reaction. Though an attack by 
a t r a n s f e r of an atom of oxygen to a face of the octahedron, 0 

2-
being converted to 0 , would confer some s t a b i l i t y on the 
immediate product of the reaction, i t i s d i f f i c u l t to see how a 

2-
strong Ru(IV)-0 bond could be formed i n t h i s s i t u t a t i o n . The 
system i s being reinvestigated, a c e t o n i t r i l e being added to the 

2+ 
reaction s o l u t i o n so as to scavenge Ru(NH 3)^H 20 which may be 
present i n i t i a l l y , or which w i l l be formed by slow loss of NHq 

2+ from Ru(NH0)£ . We (42) now f i n d that the d i r e c t reaction of 
2 + 3 6 — 

Ru(NH 0). i s at l e a s t a f a c t o r of 20 slower than our e a r l i e r 
2+ 

r e s u l t s indicated. A contamination of 1% of Ru(NH3),.H20 i n 
the hexaammine used i n our e a r l i e r work would account f o r the 
published rates. 

The observations c i t e d do seem to support the point of view 
that, f o r f a c i l e reduction, i t i s important that an e s p e c i a l l y 
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7. T A U B E Observations on A torn-Transfer Reactions 169 

2-
stable bond to 0 be formed by the oxidized product. This con
c l u s i o n , even i f accepted, i s by no means tantamount to under
standing the reduction of perchlorate and, at best, represents 
the beginning of an understanding. The e l e c t r o n i c structures 
and how they a f f e c t the energy of a c t i v a t i o n must be understood 
much more completely i f we are to provide s a t i s f a c t o r y answers 

3+ 
to questions such as these. Why does V , which i s a much 2+ 2+ weaker reducing agent than V , react as r a p i d l y as does V ? 

3+ 
Why i s T i so much more reactive than either? Titanium(III) 
i s r e s t r i c t e d to a l e change and i n reducing ClO^ must leave 
chlorine i n the very unstable s t a t e , ClO^. Why are the Ru(II) 
species, though by f a r not the strongest reductants, so remark
ably reactive i n reducing ClO^ ? In converting Ru(II) to a 
ruthenyl(IV) species, there i s a spin change. The s t a b i l i t y 
gained by impairing electrons may compensate f o r the promotion 
of the dy z, d z x o r b i t a l s accompanying multiple bond formation, 
but there i s the p o s s i b i l i t y that the spin change i t s e l f can 
a f f e c t the reaction rate adversely. 

The foregoing discussion by no means covers the e n t i r e 
roster of metal ion species which are known to reduce ClO^ 
r e a d i l y . Considerable a t t e n t i o n has been devoted to the i n t e r 
a c t ion of ClO^ with a very reactive molybdenum species, but 
there i s disagreement about i t s i d e n t i t y (43-47). A d i f f i c u l t y 
i s that the Mo(IV) and Mo(V) species o r d i n a r i l y studied are b i -
or polynuclear, while the reactive species may a c t u a l l y be mono
nuclear. A p r i o r i , mononuclear Mo(IV) would appear to be a 
better prospect than Mo(V) f o r f a c i l e reaction with ClO^ . In 
the former case, replacement by ClO^ only of a coordinated 
water would be required, but, i n the l a t t e r , of a coordinated 

2-
OH or 0 i f a normal coordination s i t e i s to be used f o r re
duction. There are numerous examples of the reduction of ClO^ 
i n heterogeneous systems. The l i k e l i h o o d of understanding these 
on the short term i s very small, considering the d i f f i c u l t i e s 
we face even i n cases where the compositions of the activated 
complexes are known. 

Though the reduction of ClO^ i s only one of many atom 
tr a n s f e r processes that might be considered and i s f a r from the 
most important one, the foregoing discussion serves to show the 
need f o r a systematic experimental approach and does, perhaps, 
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i l l u s t r a t e the po in t that such a study can lead to ideas which 
can be useful i n a much wider context . 
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General Discussion—Observations on Atom-Transfer Reactions 
Leader: John Malin 

DR. JOHN MALIN (National Science Foundation): I wanted to 
ask Dr. Taube whether he thought that, i n the case of the reac
t i o n of vanadium(II) with perchlorate, the reaction might 
also be f a c i l i t a t e d by an attack at the t 0 o r b i t a l . Of 

y 2g 
course, the d r i v i n g force i s provided by the formation of vana-
dium(IV) oxo ion. 

DR. TAUBE: The number of d electrons i n the reducing 
agents does seem to be an important f a c t o r , and since above a 
c e r t a i n number both σ and π o r b i t a l s are populated, i n that 
sense at l e a s t o r b i t a l symmetry plays a r o l e . Perhaps the 

3+ 
most i n s t r u c t i v e jexample i s T i which has a sin g l e 7td electron and reduces CIO, with considerable ease. This i s to be con-4 
trasted with orthodox e l e c t r o p h i l i c donors, none of which appear 
to be very e f f e c t i v e . As pointed out i n the paper, Ti(IV) can 
make a stable " y l 1 ' ion because i t has low-lying nd o r b i t a l s to 

2-
accommodate the π bonds between the metal ion and 0 . When 
the number of d electrons increases, anti-bonding e f f e c t s l i m i t 
the s t a b i l i t y of the " y l " ion. An i n t e r e s t i n g example to study 
would be Co (I) which i s known to be a good e l e c t r o p h i l e , but 
because of the number of d electrons which would be l e f t even 
on 2e oxidation i s not expected to form a stable " y l " i o n . 

DR. JOSEPH EARLEY (Georgetown U n i v e r s i t y ) : Would you care 
to comment on the use of t i n ( I I ) as a reducing agent f o r 
perchlorate? 

DR. TAUBE: I don't think that Sn(II) w i l l reduce ClO^" at 
a l l r a p i d l y . In saying t h i s , I fm r e l y i n g on the experience 
with other reducing agents which are orthodox nucleophiles. 
Because only outer d o r b i t a l s are av a i l a b l e f o r π bonding, 
Sn(IV) i s n ' t expected to have the tendency that Ti(IV) has to 
make an " y l " i o n — t h a t i s a product i n which one oxide i s very 
t i g h t l y bound, even at the expense of loosening the binding to 
the metal of other ligands. 

DR. GILBERT HAIGHT (University of I l l i n o i s ) : Some of you 
may r e c a l l that I reduced perchlorate with t i n ( I I ) , but i n the 
presence of molybdates. And we came to the conclusion that mo
lybdenum (IV) was produced but i t was not the reducing agent f o r 
perchlorate; i t was c a t a l y t i c . Recently we've been able to 
make a tin(II)-molybdenum(IV) complex and add i t to p e r c h l o r i c 
a c i d . The t i n i s oxidized extremely r a p i d l y and the molybdenum 
i s not. So the molybdenum i s serving as a pathway f o r electrons 
to get through an oxygen bridge, and then i t holds the oxygen. 
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DR. TAUBE: A problem with the molybdenum c a t a l y s i s i s 
that the species which reacts r e a d i l y with ClO^ may be an un
st a b l e , p o s s i b l y mononuclear, species rather than one of the 
condensed forms which we o r d i n a r i l y encounter. P a f f e t t and 
Anson [ P a f f e t t , M. T.; Anson, F. C. Inorg. Chem. 1981 20, 3967] 
have shown that mononuclear Mo(V) reacts moderately r a p i d l y 
with C10^ . My guess i s that mononuclear Mo(IV) would be even 
more reactive. Mononuclear Mo(IV) i s probably a t y p i c a l " y l " 

2-
ion , that i s , i t has both HLO and 0 coordinated to i t . Mo(V) 

- 2-
on the other hand _ w i l l have OH and 0 as ligands L Replace
ment of Ĥ O by C10^ i s easier than replacement of OH . 

DR. HAIGHT: We are now about to t a c k l e the problem of 
d i s t i n g u i s h i n g between the r e a c t i v i t i e s of mononuclear and 
polynuclear molybdenum species. We added mononuclear molyb-
denum-tin(II) complexes to water and to perchlorate and our 
evidence r i g h t now i s that i t becomes a c l u s t e r very f a s t when 
you do t h i s . 

DR. EAKLEY: We had expected to f i n d ruthenium(III) dimers 
as products of the reaction of Ru(II) with perchlorate ion but 
we found none. We had expected ruthenium(II) to go to ruthen-
ium(IV) and the Ru(IV) to react with a second Ru(II) to form a 
dimer, but t h i s d i d not occur. 

DR. THOMAS MEYER (University of North C a r o l i n a ) : Wagner 
de Giovanni, i n my lab, i s studying the reaction between an oxo 
ruthenium compound and NO^ : 

(bpy) 2(py)Ru I V=0 2 + + N0 2" •> 

(bpy) 2(py)Ru H-ON0 2
+ +J2° (bpy) 2(py)RuOH 2

2 + + N0 3" 

When you carry out the reaction i n t h i s d i r e c t i o n you can ac
t u a l l y see the n i t r a t e complex b u i l d up i n the s o l u t i o n . The 

2 -1 -1 
rate constant f o r i t s formation i s about 10 M s The next 
step involves an aquation and the rate constant i s about 
0.1 s * I t i s a s t o i c h i o m e t r i c a l l y clean reaction y i e l d i n g n i 
t r a t e . The reaction provides a reinforcement of Dr. Earley's 
point. However, one other appealing aspect of t h i s reaction i s 
that the free energy change i s close to zero. The c r i t i c a l step 
i n the forward d i r e c t i o n i s attack of the coordinated oxo ligand 
on n i t r i t e . The s p e c i f i c rate constant f o r that step i s actu
a l l y p r e t t y large. Applying microscopic r e v e r s i b i l i t y takes us 
back to Dr. Earley's point that, f o r the reverse reaction, the 
slow step i s the s u b s t i t u t i o n and not the redox step. 
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DR. JAMES ESPENSON (Iowa State U n i v e r s i t y ) : Murmann's data 
[Murmann, R. K. Inorg. China. Acta 1977, 25 L43] on the exchange 
of the oxo oxygen of vanadium(IV) would c e r t a i n l y suggest that 
i t would be possible to prove whether or not the oxygen was 
r e a l l y transferred from perchlorate during i t s reaction with 
vanadium(II). Has that experiment a c t u a l l y been done? 

DR. RICHARD THOMPSON (University of Mi s s o u r i ) : I do not 
believe that experiment w i l l work. In ad d i t i o n to the presum
ably slow reduction of the perchlorate ion by vanadium(II), the 
V(II)-V(IV) reaction would be rapid enough to preclude the 

2+ 
generation of much VO [Newton, T. W. ; Baker, F. B. Inorg. 
Chem. 1964, 3, 569]. 

Another point to remember i s that some of the p r e c i p i -
18 

tations f o r 0 analysis can be very troublesome, and vanadium-
(IV) i s no exception. However, the work of Murmann, which you 
have c i t e d , has opened the p o s s i b i l i t y of t e s t i n g f o r oxygen 
atom t r a n s f e r to vanadium(II), provided the redox reaction i s 
rapid. 

DR. TAUBE: Murmann1s published exchange studies on V(V) 
are l i m i t e d to condensed species and the r e s u l t s are not a p p l i 
cable to an immediate product of oxidation, which presumably 
i s a mononuclear species. He has some s t i ^ l l unpublished re
s u l t s (K. Rahmoeller, as coworker) on V0 9 and finds oxygen 

-1 
exchange to be quite rapid with k ~0.03 s at 0°. The spe-

2+ 
c i f i c rate f o r exchange between VO and water at 0° i s 2.9 χ 
10 s * [Murmann, R. K. ; o p . c i t . ]. Both rates are so rapid 

3+ 2+ 
compared to the reactions of V or V with ClO^ as to i n v a l i 
date the oxygen tra c e r approach to determining the mechanism. 

DR. ESPENSON: Carboxylate r a d i c a l anion from r a d i a t i o n 
chemistry ought to be w e l l set up i n the formation of carbonate 
ion to meet j u s t t h i s requirement. Yet I'm under the impression 
that the carboxylate r a d i c a l anion doesn't react with perchlo
rate. 

DR. TAUBE: With unstable intermediates, there i s the 
problem of competing rates. My guess i s that, i f you could keep 
the carboxylate anion long enough, i t would reduce CIO. . The 

9 - 1 - 1 
s p e c i f i c rate i s c e r t a i n l y not 10 M s , but i t might be as 
large as f o r some of the other reagents f o r which measurements 
have been made. 

DR. ROBERT BALAHURA (University of Guelph) : When you make 
chromium(II) solutions by the Taube method, you usu a l l y f i n d a 
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l o t of chloride ion i n the s o l u t i o n . What do you envisage as 
the rel e a s i n g agent: chromium(I) or some combination of chrom
ium (I) and hydrogen? 

JDR. TAUBE: There are numerous examples of reduction of 
ClO^ at the surfaces of s o l i d s , i n c l u d i n g one from work i n my 
own laboratories done by Zabin [Zabin, Β. Α.; Taube, H. Inorg. 

2+ 
Chem. 1964, 3, 963]. When Cr reduces MnO^ i n the presence of 
ClO^ , there i s copious production of C l . The heterogeneous 
reductions are even le s s w e l l understood than the homogeneous, 
and f o r t h i s reason I have omitted them from my account. In the 
systems you r e f e r t o , there i s always a s o l i d phase present. 

What i s your experience on the d u r a b i l i t y of a chromium(II) 
s o l u t i o n a f t e r the reaction becomes homogeneous? 

DR. BALAHURA: We have analyzed chromium(II) solutions two 
or three times a week and they seem to be stable f o r about two 
weeks with the concentrations we're using (0.2-0.4 M). But we 
also have l i t h i u m perchlorate present to suppress some of those 
reactions. 

DR. KENNETH KUSTIN (Brandeis U n i v e r s i t y ) : You mentioned 
that perchlorate i s r e s i s t a n t to attack by the hydrated el e c 
tron. I think that i s even more remarkable when you r e a l i z e 
that a s i m i l a r l y u s u a l l y i n e r t anion, n i t r a t e , i s r a p i d l y 
attacked by the hydrated electron. Even though the hydrated 

2-
el e c t r o n has no place i n which to go, i t adds on, forming N0^ 
which hangs around long enough f o r the r a d i a t i o n chemists to 
monitor i t s decay mode. And that doesn't happen at a l l with 
perchlorate, which I do not understand. 

DR. REX SHEPHERD (University of Pittsburgh): About a year 
ago, we start e d to look at the reaction of hydrogen peroxide 
with (NHg),.Ru**I. complexes where L could be ammonia, water 
and other nitrogen bases. 

A c t u a l l y , Dr. Taube had t r i e d previously to measure the 
2+ 

rate of oxidation of Ru(NH^)^ by Ĥ Ô . As a secondary re
a c t i o n a f t e r the i n i t i a l o xidation of hexaammine by molecular 
oxygen and under h i s conditions i n a c i d s o l u t i o n , he obtained 
zero-order k i n e t i c s . We employed a phosphate b u f f e r , and were 
able to see the i n t r i n s i c reaction f o r peroxide and these 
ruthenium(II) complexes. There are two i n t e r e s t i n g r e s u l t s . 
The f i r s t i s that the rate saturates i n [ H 9 0 9 ] . The second i s 

Φ Φ that we found AH to be nearly independent of L and AS to be 
very negative (work i n c o l l a b o r a t i o n with Mr. CR. Johnson). 
The values obtained are shown i n Table I. 
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Table I 

K i n e t i c A c t i v a t i o n Parameters f o r the Oxidation of 
Ruthenium(II) Complexes by Hydrogen Peroxide 

2 Ru(NH 3) 5L 2 + + H 20 2
 2 3 2Ru(NH 3) 5L 3 + + 2H 20 

L AH* (kcal/mole) AS* (eu) 

NH 3 5.87 ± 1.27 -41.9 ± 4.3 

H 20 5.32 ± 0.36 -36.8 ± 1.2 

Ν NCH0 5.46 ± 0.48 -50.6 ± 1.6 
W 3 

Ref: K r i s t i n e , F. J . ; Johnson, C. R. ; O'Donnell, S.; Shepherd, 
R. E. Inorg. Chem. 1980, 19, 2280. 
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•u 2+ We hypothesized that AS « 0 could r e s u l t i f Ru(NH 3> 6 

were undergoing some type of d i s t r i b u t i o n process which allowed 
fo r seven coordination with peroxide attacking on a face to 
produce a chemical intermediate (Scheme I ) . This species could 
s u f f e r a number of possible fates: (A) the formation of the 
ruthenium(IV)-oxyl ligand plus water; (B) the formation of coor
dinated hydroxide with expulsion of hydroxyl; or (C) the f o r 
mation of coordinated hydroxyl with free hydroxide. The l a t t e r 
two pathways u l t i m a t e l y y i e l d the hydroxyl r a d i c a l . 

The completion of the mechanism i s the reduction of e i t h e r 
2+ 

hydroxyl or ruthenium(IV) by a second mole of Ru(NH 3)^ going 
on to product. We wanted to see i f we could f i n d anything that 
would t e l l us whether we had the case f o r ruthenium(IV) as op
posed to the hydroxyl r a d i c a l pathways. To accomplish t h i s we 
employed the organic r a d i c a l - t r a p p i n g reagents, PBN and DMPO. 

The r a d i c a l a d d i t i o n products are n i t r o x y l r a d i c a l s which 
are r e a d i l y characterized by means of t h e i r EPR spectra. We 
used both r a d i c a l trapping agents to carry out some of the stud
i e s . The PBN system i s less diagnostic because i t i s not as 
se n s i t i v e to trapping a l l the r a d i c a l species as DMPO. The data 
i n Table I I are f o r the DMPO trap. We also generated hydroxyl 
by means of two other reagents, Fe(EDTA) 2" and Ti(EDTA)(h^O)", 
which are alleged to make hydroxyl i n t h e i r reactions with Ĥ Ô . 

I f there's nothing i n the s o l u t i o n except the reactants, 
the trapping agent and the solvent, we f i n d that we trap a 
species which i s the same f o r a l l three reagents (the two con-

2+ 
t r o i s and Ru(NH 0), with H o0„) which i s s i m i l a r to that of the 

DO Ζ Ζ 
hydroxyl r a d i c a l adduct of DMPO. In the presence of alcohols or 
i n an acetone solvent we found evidence only f o r trapped hy
droxyl or f o r a k i n e t i c a l l y determined d i s t r i b u t i o n of hydroxyl 
and the r a d i c a l formed by hydrogen atom abst r a c t i o n from the 
solvent. 2+ 

F i n a l l y , we nave also investigated the RuiNH^)^ /ClO^ 
reaction reported by Endicott and Taube, and thought to involve 
Ό-atom tr a n s f e r [Endicott, J . F. ; Taube, H. Inorg. Chem. 1965, 
4, 437; Taube, Η., "Electron Transfer Reactions of Complex Ions 
i n S o l u t i o n , " Academic Press: New York, 1970]. In t h i s experi
ment we were unable to trap any r a d i c a l . So, presumably, the 
r a d i c a l pathway i s blocked and only the Ru(IV) pathway i s i n 
volved (Scheme I I ) . 
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Scheme I 

MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

R u ( N H 3 ) 6
2 + ^ = = i *Ru(NH 3) 6

2 + 

-1 

2+ *Ru(NH 3) 6" T + H 20 2 [ R u ( N H 3 ) 6 ( H 2 0 2 ) 2 + ] 

( N H 3 ) 6 R u I V 0 2 + + H 20 

[ R u ( N H 3 ) 6 ( H 2 0 2 ) 2 + ] — 2 ^ (NH o)^Ru I I 3 [0H 2 + + HO-

L » OH 

(NH 3) 6Ru I ] C IOH 3 + + OH" 

L-(NH 3) 6Ru 3 + + Η0· 

Scheme I I 

R u ( N H 3 ) 6
2 + + C10 4" ->-C103" + ( N H 3 ) 6 R u I V 0 2 + 

2+ 
(NH 3) 6Ru i v0 

I V 2 Ru(NH ) 
I V « 2 + 3 6 „ 2 R u ( I f f l 3 + + 

2H + 3 6 2 

(M 3) 6RuOH 3 + + OH" 

R u ( N H 3 ) 6
3 + + HO-
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Table I I 
Results of Radical Trapping Studies 

Fe = Fe(EDTA) 2' T i = Τi(EDTA)(H^O)" Ru = R u ( N H 3 ) 6
2 + 

Substrate 
H 2 0 2 + 

Reagent (Gauss) 
*H 
(Gauss) 

DMPO Radical 
Trapped 

H 20 Fe 15.07 15.07 HO-
T i 15.1 15.1 (15.3, 15.3)* 
Ru 15.05 15.05 

CH3OH Fe 
T i 
Ru 

16.0 
16.4 
16.2 

22.7 
22.6 
23.2 

HOChy 
(14.7, 20.7)* 

CH3CH2OH Fe 
T i 
Ru 

16.0 
16.2 
16.5 

22.8 
23.1 
23.9 

CH3CHOH 
(15.0, 22.5)* 

(CH 3) 3COH Fe 16.5 
[15.0] 

24.1 
[15.0Γ 

•CH9C(CH.)90H 
HO- J 

(CH 3) 2CO Fe 15.0 15.0 HO-
T i 15.0 

[16.1] 
15.0 
[23.8] 

HO-
•CH2CO(CH3) 

Ru 15.0 
[16.5] 

15.0 
[23.8] 

HO-
•CH2CO(CH3) 

0 +Ru 15.0 15.0 HO-

DMPO = / V 
α Η 3 7 ^ Ν Λ ι 
CH ? 

0 0 

Φ [ ] - Denotes minor species, 
* Janzen, E,; L i u , F. J . Mag. Res, 1973, 9, 510 (Values i n 

benzene) 
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8 
Some Comparisons Between the Energetics of 
Electrochemical and Homogeneous Electron-
Transfer Reactions 

MICHAEL J. WEAVER and JOSEPH T. HUPP 
Michigan State University, Department of Chemistry, East Lansing, MI 48824 

Some conceptual relationships between the 
kinetics of corresponding electrochemical and 
homogeneous redox processes are discussed and 
applied to experimental data for suitable outer
-sphere reactions i n order to i l lus t ra te the util
ity of electrochemical kinetics for gaining some 
fundamental insights into the energetics of elec
tron-transfer processes. I t i s pointed out that 
electrochemical kinetic and thermodynamic mea
surements, as a function of temperature and elec
trode potential , y i e ld direct information on the 
shapes of the potential-energy surfaces and free 
energy barriers for individual redox couples. 
Comparisons between kinetic parameters for corre
sponding electrochemical and homogeneous exchange 
reactions show reasonable agreement with the 
predictions of the conventional "weak overlap" 
model for several aquo redox couples, but exhibit 
substantial disagreement for couples containing 
amines and related ligands. These la t ter d is
crepancies may arise from the closer approach of 
the amine reactants to the electrode surface 
compared with the strongly solvated aquo com
plexes. A comparison is also made between the 
effects of varying the thermodynamic driving force 
upon the kinetics of related electrochemical and 
homogeneous reactions. I t i s shown that the 
apparent discrepancies seen between the predic
tions of the harmonic osc i l l a to r model and experi
mental data for some highly exoergic homogeneous 
reactions may be related to the anomalously small 
dependence of the rate constant upon overpotential 
observed for the electrooxidation of aquo com
plexes. This behavior seems most likely to be due 

0097-6156/82/0198-0181$09.00/0 
© 1982 American Chemical Society 
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182 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

to a marked asymmetry of the reactant and product 
free energy barriers for these half reactions. 

The k i n e t i c s of inorganic electrode reactions have long 
been the subject of experimental study. The advances i n method
ology, both i n the precise treatment of mass tr a n s f e r e f f e c t s 
and the evolution of electrochemical r e l a x a t i o n techniques, have 
allowed the k i n e t i c s of a wide v a r i e t y of electrode reactions to 
be studied. In ad d i t i o n , double-layer s t r u c t u r a l data are be
coming a v a i l a b l e f o r a wide range of metal-electrolyte i n t e r 
faces, which i s enabling the k i n e t i c s of electrode reactions to 
be explored q u a n t i t a t i v e l y i n a v a r i e t y of i n t e r f a c i a l environ
ments. However, electrode k i n e t i c s i s a r e l a t i v e l y underdevel
oped area i n comparison with homogeneous redox k i n e t i c s , not 
only i n terms of the a v a i l a b i l i t y of accurate k i n e t i c data but 
also i n the degree of molecular i n t e r p r e t a t i o n . 

Nevertheless, simple electrochemical processes of the type 

Ox + e" ( e l e c t r o d e , j Red (1) 

where both Ox and Red are s o l u t i o n species, form a valuable 
class of reactions with which to study some fundamental features 
of electron t r a n s f e r i n condensed media. Such processes i n 
volve the a c t i v a t i o n of only a si n g l e redox center, and the free 
energy d r i v i n g force can be continuously varied at a given tem
perature simply by a l t e r i n g the metal-solution p o t e n t i a l d i f f e r 
ence, <|>m, by means of an external p o t e n t i a l source. In addi
t i o n , electrode surfaces may exert only a weak e l e c t r o s t a t i c i n 
fluence upon the energy state of the reacting species, so that 
i n some cases they could provide a good approximation to the 
"outer-sphere, weak overlap" l i m i t described by conventional 
electron-transfer theory. The study of electrochemical k i n e t 
i c s , therefore, provides a unique opportunity to examine sepa
r a t e l y " the reaction energetics of i n d i v i d u a l redox couples 
("half-reactions") which can only be studied i n tandem i n homo
geneous s o l u t i o n . In t h i s paper, some re l a t i o n s h i p s between the 
k i n e t i c s of heterogeneous and homogeneous redox processes are 
explored i n order to i l l u s t r a t e the u t i l i t y of electrochemical 
k i n e t i c s and thermodynamics f o r gaining fundamental i n s i g h t s 
i n t o the energetics of outer-sphere electron t r a n s f e r . 

Electrochemical Rate Formulations 

S i m i l a r to homogeneous electron-transfer processes, one can 
consider the observed electrochemical rate constant, k , , to be 
related to the electrochemical free energy of reorganization f o r 
the elementary electron-transfer step, AG*, by 
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8. WEAVER AND HUPP Energetics of Electron-Transfer Reactions 183 

k Q b = A exp(-w p) exp(-AG*/RT) (2) 

where A i s a frequency f a c t o r , and ŵ  i s the work required to 
transport the reactant from the bulk s o l u t i o n to a s i t e s u f f i 
c i e n t l y close to the electrode surface ("precursor" or "pre-
electrode" state) so that thermal reorganization of the appro
p r i a t e nuclear coordinates can r e s u l t i n e l e c t r o n t r a n s f e r . 
Also, f o r one-electron electroreduction reactions [eq 1] AG* can 
u s e f u l l y be separated i n t o " i n t r i n s i c " and "thermodynamic" con
t r i b u t i o n s according to (1-3) 

AG* = AG* + a[F(E - E°) + w - w ] (3) îe 1 v ' s ρ 
where Ε i s the electrode p o t e n t i a l at which k ^ i s measured, E° 
i s the standard (or formal) p o t e n t i a l f o r the redox couple 
concerned, wg i s the work required to transport the product from 
the bulk s o l u t i o n to the "successor" state which i s formed im
mediately f o l l o w i n g e l e c t r o n t r a n s f e r , α i s the (work-corrected) 
electrochemical t r a n s f e r c o e f f i c i e n t , and AG* i s the " i n t r i n -

' îe 
s i c " free energy of a c t i v a t i o n f o r electrochemical exchange (3). 
This l a s t term equals AG* f o r the p a r t i c u l a r case when the pre
cursor and successor states have equal energies, i . e . , when the 
free energy d r i v i n g force f o r the elementary reaction [F(E - E°) + w - w 1 equals zero. The electrochemical t r a n s f e r c o e f f i -s p J ^ 
c i e n t , Of, r e f l e c t s the extent to which AG* i s a l t e r e d when t h i s 
d r i v i n g force i s nonzero; α therefore provides valuable i n f o r 
mation on the symmetry properties of the elementary el e c t r o n -
t r a n s f e r b a r r i e r (4). 

I t i s conventional (and useful) to define a "work-correct
ed" rate constant k that i s r e l a t e d to k . a t a given e l e c -, corr ob trode p o t e n t i a l by 

k = k , exp {[w + a(w - w )]/RT} (4) corr ob r L L ρ v s ρ J 

This represents the value of k Q^ that (hypothetically) would be 
obtained at the same electrode p o t e n t i a l i f the work terms ŵ  
and wg both equalled zero. For outer-sphere reactions, the work 
terms can be calculated approximately from a knowledge of the 
average p o t e n t i a l on the reaction plane φ^, since ŵ  = ΖΓφ^ 
and wg = (Ζ - Ι^φ^, where Ζ i s the reactant*s charge number. 
Eq 4 can then be w r i t t e n as 

k = k , exp{[(Z - ]/RT} (5) corr ob ^ 4 l v ' T r p J 
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184 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Usually φ i s i d e n t i f i e d with the average p o t e n t i a l across the 
d i f f u s e l a y e r φ^ as calculated from Gouy-Chapman theory using 
the d i f f u s e - l a y e r charge density obtained from thermodynamic 
data. In view of the usefulness of k . i t i s also convenient 

corr' 
to define a "work-corrected" free energy of a c t i v a t i o n AG* at a 
given electrode p o t e n t i a l , which i s re l a t e d to k by [cf. 
eq 2]: C O r r 

k = A exp(-AG*/RT) (6) corr r K e 
so that eq 3 can be w r i t t e n simply as 

AG* = AG* + «F(E - E°) (7) e îe 
Therefore the value of k measured at E°, i.e.. the "standard" 

corr ' ' 
rate constant, k , i s d i r e c t l y r e l a t e d to the i n t r i n s i c barr i e r AG* . C O r r 

îe 
In a d d i t i o n , temperature d e r i v a t i v e s of k can be meas-

corr 
ured which allows the enthalpic and entropie components of AG* 
to be obtained. Here an apparent d i f f i c u l t y a r i s e s i n that a 
multitude of d i f f e r e n t Arrhenius p l o t s may be obtained f o r an 
electrochemical reaction at a given electrode p o t e n t i a l ( i n 
e v i t a b l y measured with respect to some reference e l e c t r o d e ) , de
pending upon the manner i n which the e l e c t r i c a l v a r i a b l e i s 
co n t r o l l e d as the temperature i s va r i e d . However, two types of 
electrochemical a c t i v a t i o n parameters provide p a r t i c u l a r l y use
f u l information (5-8). The f i r s t type, which have been l a b e l l e d 
" r e a l " a c t i v a t i o n parameters (AH*, AS*) (5, 6 ) , are extracted 
from an Arrhenius p l o t of ^ c o r r

 a s a function of temperature. 
The s i g n i f i c a n c e of these q u a n t i t i e s i s analogous to that f o r 
the a c t i v a t i o n parameters f o r homogeneous self-exchange reac
t i o n s . Thus, AH* equals the a c t i v a t i o n enthalpy f o r conditions 
where the enthalpic d r i v i n g force, AH£C> f o r the electrochemical 
reaction 1 equals zero. S i m i l a r l y , AS* equals the a c t i v a t i o n 
entropy f o r the ( a l b e i t hypothetical) circumstance where the en-
t r o p i c d r i v i n g force AS£ C (the "reaction entropy" (9)) i s zero 
(6). The qu a n t i t i e s AH* and AS* are, therefore, equal to the 
" i n t r i n s i c " enthalpic and entropie b a r r i e r s , AHYfi and AS*e> 
res p e c t i v e l y , which together constitute the i n t r i n s i c free en
ergy b a r r i e r , AGYfi. However, although the a c t i v a t i o n free 
energy AG* determined at E°, w i l l equal AG*e [eq 7 ] , the enthal-
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8. WEAVER AND HUPP Energetics of Electron-Transfer Reactions 185 

p i c and entropie b a r r i e r s at E°, AH* and AS*, w i l l d i f f e r from 
AH* and AS* . This i s because, at E°, generally AS° # 0 (9), îe îe y ' 0 J rc -
and since AH° = TAS° , then also ΔΗ° Φ 0. 

rc r c ' rc 
Reasonable estimates of AH* and AS* at a given electrode 

p o t e n t i a l can be obtained from an Arrhenius p l o t measured at the 
required electrode p o t e n t i a l held constant at a l l temperatures 
using a "nonisothermal c e l l " arrangement with the reference 
electrode compartment maintained at a f i x e d temperature (8). 
These q u a n t i t i e s , which have been termed " i d e a l " a c t i v a t i o n pa
rameters AH* and AS*, can be i d e n t i f i e d with AH* and AS* since 

ι ι' e e 
the use of such a nonisothermal c e l l maintains the Galvani me
t a l - s o l u t i o n p o t e n t i a l d i f f e r e n c e , φ^, and, hence, the energy of 
the reacting e l e c t r o n , e s s e n t i a l l y constant as the temperature 
i s varied (8, 9). 

S i m i l a r l y , the reaction entropy, AS° f o r a given redox 
r c , 

couple can be determined from the temperature d e r i v a t i v e of the 
standard p o t e n t i a l , E°^ measured using a nonisothermal c e l l , 
i . e . , AS£ c = F i d E ^ / d T ) , since (dE^/dT) should approximately 
equal the desired temperature dependence of the standard Galvani 
p o t e n t i a l , (9). The reaction entropy provides a useful 
measure of the changes i n the extent of solvent p o l a r i z a t i o n f o r 
a si n g l e redox couple brought about by electron t r a n s f e r (9). 
Since AG£ c = F(E - E°), the corresponding enthalpic d r i v i n g 
force, AH° f o r the electrode reaction can be found from AH° = * r c , rc 
F(E - E°) + TAS£c. I t i s simple to show that the corresponding 
values of AH* and AH*, and AS* and AS* at a given electrode ι r' ι r ° 
p o t e n t i a l are rela t e d by (6) 

and 

AH* = AH* + o?TAS° (8) ι r rc 

AS*-= AS* + 0fAS° (9) ι r rc 
Consequently, a wealth of information on the energetics of 

electron t r a n s f e r f o r i n d i v i d u a l redox couples ("half-reac
ti o n s " ) can be extracted from measurements of r e v e r s i b l e c e l l 
p o t e n t i a l s and electrochemical rate constant-overpotential re
l a t i o n s h i p s , both studied as a function of temperature. Such 
electrochemical measurements can, therefore, provide information 
on the contributions of each redox couple to the energetics of 
the bimolecular homogeneous reactions which i s unobtainable from 
ordinary chemical thermodynamic and k i n e t i c measurements. 
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186 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Relationship Between Electrochemical and Homogeneous Reaction 
Energetics 

Consider the following p a i r of electrochemical reduction 
and oxidation reactions 

0x 1 + e"(electrode,0 m) j Red 1 (10a) 

Red 2 J 0 x 2 + e"(electrode,0 m) (10b) 

and the corresponding homogeneous cross reaction 

0χ χ + Red 2 l Red x + 0 x 2 (11) 

Providing that the i n t e r a c t i o n s between the reactant and 
the electrode i n the electrochemical t r a n s i t i o n s t a t e , and be
tween the two reactants i n the homogeneous t r a n s i t i o n s t a t e , are 
n e g l i g i b l e ("weak overlap" l i m i t ) , the a c t i v a t i o n b a r r i e r s f o r 
reactions 10 and 11 w i l l be c l o s e l y r e l a t e d . 

At a given value of (and, hence, electrode p o t e n t i a l E ) , 
the thermodynamics of reactions 10 and 11 are i d e n t i c a l since 
the energy required to transport the e l e c t r o n across the metal-
s o l u t i o n i n t e r f a c e i n the h a l f reactions 10a and 10b w i l l then 
cancel. The o v e r a l l a c t i v a t i o n free energy, AGg ^ 2, f o r reac
t i o n 11 can be considered to consist of separate contributions, 
AG* 1 and AG* 2 , a r i s i n g from the a c t i v a t i o n of Ox and Red, 
re s p e c t i v e l y . Although a multitude of d i f f e r e n t t r a n s i t i o n -
state structures may be formed, corresponding to d i f f e r e n t i n d i 
v i d u a l values of AG* ^ and AG* 2 , the predominant reaction 
channel w i l l be that corresponding to a minimum i n the a c t i v a 
t i o n free energy, (AG* , + AG* „) . (10). In the "weak over-

Ô J > h , l h,2'mm — 
la p " l i m i t , each p a i r of values of AG* ^ and AGg 2 s a t i s f y i n g 
the thermodynamic constraints of reaction 11 w i l l be i d e n t i c a l 
to the corresponding p a i r of electrochemical free energies of 
a c t i v a t i o n , AG* - and AG* 0 , f o r reactions 10a and 10b, respec-e, ι e,z 
t i v e l y , having the same t r a n s i t i o n - s t a t e structures. Therefore 
the energetics of reactions 10 and 11 are r e l a t e d i n the "weak 
overlap" l i m i t by 

(AG* + AG* )* = (AG* Λ + AG* 9 ) . = AG* (12) e , l e,z mm n , l n,2 min n , l z 
where (AG* , + AG* „) . refers to the p a r t i c u l a r electrode po-e , l e,2 mm r r 

t e n t i a l where the sum of AG* , and AG* ^ i s a minimum. Only 
e , l e,2 the sum (AG* Λ + AG* J) . can be determined experimentally n , l n,2 min 

f o r a given homogeneous reaction. In contrast, the values of 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

8

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



8. WEAVER AND HUPP Energetics of Electron-Transfer Reactions 187 

AG* and AG* 0 may be examined i n d i v i d u a l l y as a function of e, ι e,z 
the free energy d r i v i n g forces, AG® and AG®, f o r these two h a l f 
reactions, 10a and 10b, which equal F(E - E° 1) and F(E - E°), 
r e s p e c t i v e l y , where E° and E° are the corresponding standard 
electrode p o t e n t i a l s . 

This r e l a t i o n s h i p i s i l l u s t r a t e d schematically i n Figure 1. 
Curves 11 1 and 22* represent p l o t s of AG* against the reaction 
free energy F(E - E°) f o r a p a i r of cathodic and anodic h a l f 
reactions on a common scale of electrode p o t e n t i a l FE; such 
curves are generally expected to be curved i n the manner shown 
(vide i n f r a ) so that a shallow minimum i n the p l o t of (AG* - + 

e, ι AG* 9 ) versus FE w i l l be obtained. In p r a c t i c e , unless AG* i s e,z _ j e 
small (< 3-4 k c a l mol ), the slopes of these p l o t s , i . e . , the 
cathodic and anodic t r a n s f e r c o e f f i c i e n t s , are often to be found 
to be equal and close to 0.5 so that to a good approximation 
(11,12) 

^ , 1 2 = A G n \ l 2 ( 1 3 ) 

where AG* i s the value of AG* at the i n t e r s e c t i o n of the e,12 e 
(AG* - E) and (AG* 9 - E) p l o t s . [A previous claim (11) that e, ι e,z 
eq 13 i s applicable i n the "weak overlap" l i m i t when AG* - and 

e, ι AG* 9 e x h i b i t a quadratic dependence upon (Ε - E°) (1) i s not e ,z 
e n t i r e l y correct. The energy minimization condition 
{8(AG* + AG* 9)/8β = 0} employed i n the appendix of r e f . 11 e,ι e,z 
leads to eq 12, eq 13 only being obtained as a s p e c i a l case 
when the slopes of the (AG* - E) and (AG* 9 - E) p l o t s are 

e , l e ,z 
equal but of opposite sign at the i n t e r s e c t i o n p o i n t ] . 

For the s p e c i a l case where the cathodic and anodic h a l f -
reactions are i d e n t i c a l , since the two p l o t s of AG* - Ε must 
i n t e r s e c t at E° f o r the redox couple, then eq 13 can be w r i t t e n 
i n terms of the electrochemical and homogeneous i n t r i n s i c 
b a r r i e r s : 

2AG* = AG* (14) îe l h 
Relationships having the same form as eq 14 can also be w r i t t e n 
f o r the enthalpic and entropie contributions to the i n t r i n s i c 
free energy b a r r i e r s (10). Provided that the reactions are 
adiabatic and the conventional c o l l i s i o n model a p p l i e s , eq 14 
can be w r i t t e n i n the f a m i l i a r form r e l a t i n g the rate constants 
of electrochemical exchange and homogeneous self-exchange re
actions (13): 
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188 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 1. Schematic illustration of the general relationship between electro
chemical and homogeneous redox reaction energetics. Curve 1-1' is a plot of 
activation free energy, A G e * , vs. thermodynamic driving force, — FE, for an 
electroreduction [àG^^O^ + e" -» Redt)] reaction; and Curve 2-2' is a plot of 
A G e * vs. —FE for an electrooxidation [àG^2*(Redt — e" - » Ox2)] reaction (Reac
tions 10a and 10b, respectively). E j ° and È2° are the standard electrode potentials 
for these two redox couples. Curve 3-3' is formed by the sum (AGeti* + AG e , $ * ) E . 
The corresponding homogeneous activation barrier, àGhtîi*, is, in the "weak over

lap" limit, given by the minimum in this curve (Eq. 12). 
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8. WEAVER AND HUPP Energetics of Electron-Transfer Reactions 189 

( k s ) 2 k h ' e x (15) corr = corr 
(z e) 2 Zh 

h ex 
where ^ ε ^ Γ Γ i s t n e (work-corrected) rate constant f o r homo
geneous s e l f exchange, and Z g and are the electrochemical and 
homogeneous c o l l i s i o n frequencies, respectively. 

In the following sections, we s h a l l explore the app l i c a 
b i l i t y of such r e l a t i o n s h i p s to experimental data f o r some sim
ple outer-sphere reactions i n v o l v i n g transition-metal complexes. 
In keeping with the d i s t i n c t i o n between i n t r i n s i c and thermody
namic b a r r i e r s [eq 7], exchange reactions w i l l be considered 
f i r s t , followed by a comparison of d r i v i n g force e f f e c t s f o r 
relat e d electrochemical and homogeneous reactions. 
Electron Exchange 

Tables I and I I contain electrochemical k i n e t i c and re
lat e d thermodynamic parameters f o r several transition-metal 
redox couples gathered at the mercury-aqueous i n t e r f a c e . These 
systems were selected since the k i n e t i c s can be measured accu
r a t e l y under experimental conditions where the d i f f u s e - l a y e r 
p o t e n t i a l s , φ^, are small and/or could be estimated with c o n f i -
dence, y i e l d i n g trustworthy estimates of ̂ c o r r from the observed 
values, k Q^ [eq 5 ] , (Details are given i n ref s 11 and 14.) 
Also, the observed rates probably r e f e r to outer-sphere path
ways, and the rate constants f o r the corresponding homogeneous 
self-exchange reactions are av a i l a b l e or can be estimated from 
rate data f o r c l o s e l y r e l a t e d cross reactions (15). These 

h ex l a t t e r values, k * , which are also corrected f o r e l e c t r o s t a t i c ' co r r ' 
work terms (15), are given alongside i n Table I f o r comparison. 

h ex h ex 
Also included are estimates of k ' , k * ( c a l c ) , that were 

corr' corr ' 
obtained from the corresponding values of k c o r r using eq 15. 
[Values of 5 χ 10^ cm s 1 and 2 χ 1 0 1 1 M * s * were employed f o r 
Z e and Z^, res p e c t i v e l y , appropriate f o r a " t y p i c a l " reactant 
mass of 200 and radius 3.58. The estimate of Z^ given i n ref s 
11 and 15 (6 χ 10*** M * s *) i s inc o r r e c t due to c a l c u l a t i o n a l 
error.] . h ex I t i s seen that the values of k ' f o r the f i v e aquo corr 
couples i n Table I are uniformly larger than the corresponding 
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194 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

h ex values of k * (calc) by t y p i c a l l y 1 - 2 orders of magnitude, a l -corr , « , ι » , 
though the value of k c ^ X f o r F e

a < 1 (where "aq" denotes aquo 

ligands) i s over 1 0 ^ - f o l d l a r g e r than k j ^ ^ ( c a l c ) . Such discrep
ancies have been discussed previously ( 1 1 ) . The most general 
d e r i v a t i o n of eq 1 4 [and hence eq 1 5 ] involves the assumption 
that the s t a b i l i z a t i o n of the electrochemical t r a n s i t i o n state 
r e s u l t i n g from the proximity of the reactant to the electrode 
surface w i l l equal one h a l f of the corresponding s t a b i l i z a t i o n 
of the homogeneous t r a n s i t i o n state a r i s i n g from the approach of 
the two reactants ( 1 3 ) . In terms of the conventional model, 
t h i s w i l l occur when the distance R n between the homogeneous 
reactants equals the distance R e between the heterogeneous 
reactant and i t s e l e c t r o s t a t i c image i n the electrode ( 1 3 ) . The 
observation that kî*Iex > k ^ e X ( c a l c ) , and, hence, 2 A G * > A G * , 

1 2 1 2 ' ' i e i h ' 
i s expected f o r electrochemical outer-sphere reactions on t h i s 
basis since the reactant plus coordinated ligands w i l l be sepa
rated from the electrode surface by the "inner l a y e r " of solvent 
molecules ( i . e . , the electrode*s "coordination layer") so that 
generally R e > R . From the rate responses f o r C r

a q a n d E u
a q 

reduction at the mercury-aqueous i n t e r f a c e to systematic v a r i a 
tions i n the double-layer structure, i t has been concluded that 
at l e a s t two, and pos s i b l y three, water molecules l i e between 
the electrode surface and the metal cations i n the t r a n s i t i o n 
state ( 1 6 ) . 

A d d i t i o n a l i n s i g h t can be obtained by comparing the elec
trochemical and homogeneous a c t i v a t i o n parameters. Table I I 
contains values of 2 A G * , 2 Δ Η * . and 2 A S * f o r three aquo cou-

i e ' i e * i e ^ 
pies [ V 3 + / 2 + , E u 3 + / 2 + , and C r 3 + / 2 + ] f o r which work term cor-* L aq ' aq 9 aq J 

rections can be r e l i a b l y made as a function of temperature ( 8 ) . 
The values of A G * were obtained from the corresponding values 
of k c o r r using eq 6 , assuming that the frequency f a c t o r A equals 
Z e ( 5 χ 1 0 3 cm s " 1 ) . The i n t r i n s i c enthalpies of a c t i v a t i o n 
A H * were obtained from the slope of a p l o t of -R(ln k i e corr 
In T^) versus 1/T ( 8 ) and the corresponding i n t r i n s i c entropies 
of a c t i v a t i o n A S * from A S * = ( A H * - A G * )/T. Table I I also i e i e i e i e 
contains the i n t r i n s i c free energies ( A G Y ^ ) , enthalpies ( A H * N ) > 

and entropies of a c t i v a t i o n ( A S * q ) f o r the corresponding homo
geneous self-exchange reactions. These were s i m i l a r l y obtained 
from the work-corrected homogeneous rate constants. (See r e f 
1 5 f o r c a l c u l a t i o n a l d e t a i l s and data sources.) 
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8. W E A V E R A N D H U P P Energetics of Electron-Transfer Reactions 195 
Comparison of the corresponding electrochemical and homo

geneous reorganization parameters reveal that 2 A G | E > A G Y Q , 

which follows from the observation that k h , e X > k h , e X ( c a l c ) [eq 
corr corr ^ 

1 4 ] . This i n e q u a l i t y i n free energies i s p a r a l l e l e d by greater 
differences between 2 A H ^ E and ΔΗ*^> these being p a r t i a l l y com
pensated by values of 2 A S ^ E that are s i g n i f i c a n t l y less negative 
than ASY^. The c l a s s i c a l model of outer-sphere e l e c t r o n trans
f e r p r edicts that both AS* and A S * should be close to zero 

i e i h 
(within ca. 1 eu) ( 1 1 , 1 7 ) . Part, but probably not a l l , of the 
observed negative values of A S * can be ascribed to the i n f l u -

i e 
ence of nuclear tunneling and nonadiabaticity ( 1 7 ) ; these fac
tors may account e n t i r e l y f o r the observed small negative values 
of A S * E « The l a r g e r negative values of A S * ^ may a r i s e p a r t l y 
from the solvent ordering that probably attends the formation 
of the h i g h l y charged precursor complex from the separated cat-
i o n i c reactants ( 1 5 ) . Nevertheless, by and large the r e l a t i v e 
values of the electrochemical and homogeneous reorganization 
parameters are reasonably close to the expectations of the weak 
overlap model ( 1 3 ) . The observed differences are consistent 
with the a n t i c i p a t e d smaller extent of the reactant-electrode 
i n t e r a c t i o n s as compared with the homogeneous reactant-reactant 
i n t e r a c t i o n s i n the t r a n s i t i o n states f o r e l e c t r o n t r a n s f e r . 

The remaining four redox couples i n Table I , containing 
h ex 

amine and r e l a t e d ligands, e x h i b i t values of k C Q r r that are very 
d i f f e r e n t from the corresponding electrochemical estimates 
h ex 
k c£ r r(calc). S i m i l a r discrepancies between the experimental 
r e s u l t s and the predictions of eq 1 5 have been observed pre
v i o u s l y ( 1 8 - 2 0 ) , although corrections f o r work terms have seldom 
been made. A p u z z l i n g feature of these data i s the r e l a t i v e l y 
small v a r i a t i o n i n k s and hence k , e x ( c a l c ) f o r the three 

corr h Cex 
C o ( I I I ) / ( I I ) couples compared with k C o r r - These discrepancies 
may a r i s e from differences i n e l e c t r o n i c transmission c o e f f i 
c ients at the electrode surface and i n the bulk s o l u t i o n ( 1 8 ) , 
from a d d i t i o n a l contributions to the work terms not considered 
i n the Debye-Huckel and/or Gouy-Chapman models, or from unex
pected differences i n the o u t e r - s h e l l reorganization energies i n 
the surface and bulk environments ( 1 1 ) . 

Electrochemical and homogeneous reorganization parameters 
3 + / 2 + 

f o r Co(en)g are also given i n Table I I . The large d i s p a r i t y 
between the electrochemical and homogenous parameters i s high-
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196 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

l i g h t e d by a value of AH* e that i s close to zero. Since the 
i n n e r - s h e l l c o n t r i b u t i o n to AH* i s undoubtedly large (>5 k c a l 
mol ), t h i s r e s u l t indicates that the electrode i s markedly 
in f l u e n c i n g the t r a n s i t i o n - s t a t e structure. We have also ob
tained comparable electrochemical reorganization parameters f o r 

3+/2+ 
the Co(NH^)^ couple. Since there i s strong evidence that 
ammine complexes can approach the electrode surface more close
l y than the more strongly solvated aquo complexes (16), i t 
seems l i k e l y that t h i s unexpected electrochemical behavior of 

3+/2+ 
Co(en)^ a r i s e s from a s p e c i f i c influence of the i n t e r f a c i a l 
environment. 
Influence of the Thermodynamic D r i v i n g Force 

Given that the reorganization parameters f o r electrochemi
c a l exchange of various aquo redox couples are i n acceptable 
agreement with the corresponding homogeneous rate parameters on 
the basis of the weak overlap model, i t i s of i n t e r e s t to com
pare the manner i n which the energetics of these two types of 
redox processes respond to the a p p l i c a t i o n of a net thermody
namic d r i v i n g force. 

For one-electron electrochemical reactions, the harmonic 
o s c i l l a t o r ("Marcus") model (21) y i e l d s the f o l l o w i n g predicted 
dependence of AG* upon the electrode p o t e n t i a l : 

2 
AG* = AG*e ± 0.5 F(E - E°) + ^ ^ P " (16) 

i e 
where the plus/minus sign refers to reduction and oxidation re
actions, r e s p e c t i v e l y . The t r a n s f e r c o e f f i c i e n t Of [eq 7] i s , 
therefore, predicted to decrease l i n e a r l y from 0.5 with increas
ing electrochemical d r i v i n g force ± F(E - E°). The d e r i v a t i o n 
of eq 16 involves the assumption that the reactant and product 
free energy b a r r i e r s are parabolic and have i d e n t i c a l shapes, 
and that the reactions are adiabatic yet involve only a small 
"resonance s p l i t t i n g " of the free energy curves i n the i n t e r 
s ection region (21). 

A number of experimental t e s t s of eq 16 have been made 
f o r inorganic reactants (14, 22). Generally speaking, i t has 
been found that, OfO.5 at small to moderate overpotentials, i n 
agreement with eq 16. Tests of t h i s r e l a t i o n s h i p over s u f f i 
c i e n t l y large ranges of ov e r p o t e n t i a l , where the quadratic term 
becomes s i g n i f i c a n t , are not numerous. A p r a c t i c a l d i f f i c u l t y 
with multicharged redox couples i s that the extent of the work 
term corrections i s frequently s u f f i c i e n t l y large to make the 
e x t r a c t i o n of k , and, hence, AG* and a, from the observed 
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8. WEAVER AND HUPP Energetics of Electron-Transfer Reactions 197 

r a t e - p o t e n t i a l behavior, fraught with uncertainty. However, we 
2+ 2+ 2+ have recently obtained k i n e t i c data f o r Cr , Eu and V 

J aq' aq aq 
e l e c t r o - o x i d a t i o n over wide ranges of anodic overpotential 
(up to 900 mv) under conditions where the e l e c t r o s t a t i c work 
terms are small (14). The anodic t r a n s f e r c o e f f i c i e n t s , α , f o r 

a 
a l l those reactions were found to decrease with increasing anod
i c o verpotential, but to a greater extent than predicted by 
eq 16. This behavior contrasts that found f o r cathodic overpo-
t e n t i a l s , where the cathodic t r a n s f e r c o e f f i c i e n t s α remain 

c 
e s s e n t i a l l y constant at 0.5, even over regions of overpotential 
where detectable decreases i n a c are predicted by eq 16 (14, 
23). These aquo redox couples, therefore, e x h i b i t a markedly 
d i f f e r e n t overpotential dependence of the anodic and cathodic 
rate constants; t h i s contrasts with the symmetrical dependence 
predicted by eq 16. An example of t h i s behavior i s shown i n 
Figure 2 which i s a p l o t of AG* versus (E - E°) f o r C r 3 + ^ 2 + at r e aq 
the mercury-aqueous in t e r f a c e at both anodic and cathodic over-
p o t e n t i a l s . The s o l i d curves are obtained from the experimental 
data and the dashed l i n e s show the overpotential dependence of 
AG* predicted from eq 16. 

The p r e d i c t i o n corresponding to eq 16 f o r d r i v i n g force 
e f f e c t s upon homogenous k i n e t i c s i s (21) 

H,12 = AGîh,12 + ° · 5 Δ612 + î ê Â ë f ^ (17) 

where AG* i s the mean of the i n t r i n s i c b a r r i e r s f o r the i n , 12 
parent self-exchange reactions, [0.5(AG* h 1 + AG* h 2 ) ] , and AG° 2 

i s the free energy d r i v i n g force f o r the cross reaction. Equa
t i o n 17 has been found to be i n s a t i s f a c t o r y agreement with 
experimental data f o r a number of outer-sphere cross reactions 
having small or moderate d r i v i n g forces. However, there appear 
to be s i g n i f i c a n t discrepancies f o r some reactions having large 
d r i v i n g forces (where the l a s t term i n eq 17 becomes important) 
i n that the rate constants do not increase with increasing d r i v 
ing force to the extent predicted by eq 17; i . e . , the values of 
AG* j2 a r e l a r g e r than those calculated from the corresponding 
values of AG*h 1 2 and AG° 2 using eq 17 (15, 24-26). 

I t has been suggested that these apparent discrepancies 
could be due to the values of AG* and AG* - 0 that are ob-

h,12 in,12 
tained from the experimental work-corrected rate constants being 
i n c o r r e c t l y large due to nonadiabatic pathways (24-26), or to 
the presence of a d d i t i o n a l unfavorable work terms a r i s i n g from 
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τ 1 1 1 r 

E/mV vs. see. 
Figure 2. The electrochemical free energy of activation, AG e * , for Cr(OH,)6

3*/2+ 
at the mercury-aqueous interface, plotted against the electrode potential for both 
anodic and cathodic over potentials. Solid lines are obtained from the experimental 
rate constant-over potential plot in Ref. 14, using Eq. 6 (assuming A = 5 X 10s 

cm-s1). Dashed lines are the predictions from Eq. 16. 
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8. WEAVER AND HUPP Energetics of Electron-Transfer Reactions 199 

the solvent o r i e n t a t i o n required to form the h i g h l y charged pre
cursor complex (15). An a l t e r n a t i v e , or a d d i t i o n a l , explanation 
i s that the free energy b a r r i e r s are anharmonic so that the 
quadratic d r i v i n g force dependence of eq 17 i s inappropriate. 
I t i s i n t e r e s t i n g to note that the form of the discrepancies 
between the k i n e t i c data f o r the e l e c t r o o x i d a t i o n of aquo cat
ions and eq 16, and between the homogeneous rate data and eq 17, 
i s at l e a s t q u a l i t a t i v e l y s i m i l a r i n that both involve unex
pectedly small dependencies of the rate constants upon the 
thermodynamic d r i v i n g force. Moreover, the large majority of 
homogeneous reactions f o r which such discrepancies have been 
observed involve the oxidation of aquo cations (15, 24). How
ever, nonadiabaticity e f f e c t s cannot explain the asymmetry be
tween the (AG* - E) p l o t s at anodic and cathodic overpotentials 
(Figure 2). Also, any s p e c i f i c work term e f f e c t s should be 
d i f f e r e n t (and probably smaller) at the mercury-aqueous i n t e r 
face compared with homogeneous reactions between multicharged 
cations (11); yet any anharmonicity of the free energy b a r r i e r s 
should be s i m i l a r , at l e a s t on the basis of the weak overlap 
model. A q u a n t i t a t i v e comparison of the d r i v i n g force depen
dence of the k i n e t i c s of r e l a t e d electrochemical and homogeneous 
reactions should, therefore, shed l i g h t on the causes of the ob
served discrepancies f o r the l a t t e r , more complicated pro
cesses . 

One can generally express the free energy b a r r i e r s , AG*, 
f o r the p a i r of cathodic and anodic electrochemical reactions 
10a and 10b as [ c f . , eqs 7 and 16]: 

AG* - = AG* - + a,AG? (18a) e , l i e , l 1 1 
and 

AG* 0 = AG* 0 + a 0AG? (18b) e,z i e , 2 ζ 2 

where and a r e the t r a n s f e r c o e f f i c i e n t s f o r these two re
actions at a given electrode p o t e n t i a l . A s i m i l a r r e l a t i o n s h i p 
may be w r i t t e n f o r the free energy b a r r i e r , AGj^ ^> °* the cor
responding homogeneous cross reaction (11) [ c f . , eq 17]: 

Δ 6£,12 = A G t h , 1 2 + «12*12 ( 1 9 ) 

where i s a "chemical" t r a n s f e r c o e f f i c i e n t . Although and 
are determined only by the shapes of the free energy b a r r i e r s 

f o r the i n d i v i d u a l redox couples at a given d r i v i n g force, 
i s a composite quantity which i s determined not only by both 
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200 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

and o_ but also by the r e l a t i v e magnitudes of AG*. ,, AG*. - and 
AG* * l h > 1 l h ' 2 

n, 12 
Nevertheless, comparison of values of AG* ^ * o r a s e r i e s 

of r e l a t e d cross reactions having systematically varying d r i v i n g 
forces can y i e l d u s e f u l information. Figure 3 i s a p l o t of 
^ G h 1 2 ^ G i h 12 v e r s u s ^ G l 2 ^ G i h 12 f o r a s e r i e s o f c r o s s reac
t i o n s i n v o l v i n g the oxidation of various aquo complexes. (The 
values of AG* and AG*. , 0 were obtained from the measured homo-12 in,12 
geneous rate constants i n the same way as the homogeneous free 
energies of a c t i v a t i o n given i n Tables I and I I . D e t a i l s are 
given i n r e f . 15.) The graphical presentation i n Figure 3 has 
the v i r t u e that the values of AG* f o r d i f f e r e n t cross reac-

n, 12 
t i o n s are normalized f o r v a r i a t i o n s i n the i n t r i n s i c b a r r i e r s 
^ G i h 12* ^ e ^ r i v i n 8 force dependence of AGg ^ predicted by the 
Marcus model a l l f a l l on a common curve (shown as a s o l i d l i n e 
i n Figure 3) when presented i n t h i s manner (27). [Omitted from 

3+/2+ 
Figure 3 are reactions i n v o l v i n g C° aq since there i s evidence 
that the measured self-exchange rate constant does not corre
spond to an outer-sphere pathway (28).] I t i s seen that the 
experimental points deviate systematically from the Marcus pre
d i c t i o n s i n that the apparent values of [eq 19] are s i g n i f i 
c a n t l y smaller than predicted from eq 17 at moderate to high 
d r i v i n g forces. Figure 4 consists of the same p l o t as Figure 3 
but f o r a number of outer-sphere cross reactions i n v o l v i n g re-
ductants other than aquo complexes (27). In contrast to F i g 
ure 3, reasonable agreement with the Marcus p r e d i c t i o n i s ob
tained ( c f . , r e f . 27). The data i n Figure 3 are also shown i n 
Figure 5 as a p l o t of UG* 2 - AG* 1 2 ] versus -[0.5AG°2 + 
(AG®2)^/16AGY 1 2 ] . Since t h i s p l o t i s an expression of eq 17, 
the Marcus model predicts a slope of u n i t y (the s o l i d l i n e i n 
Figure 5). However, the experimental points (closed symbols) 
are almost uniformly clustered beneath t h i s predicted l i n e , and 
i n c r e a s i n g l y so as ~AG° 2 increases, again i n d i c a t i n g that 0f^2 

tends to be smaller than predicted. 
I t therefore seems f e a s i b l e that these anomalously small 

values of α^ 2 noted from Figures 3 and 5, have t h e i r primary 
o r i g i n i n the oxidation h a l f - r e a c t i o n s which uniformly involve 
aquo complexes. This p o s s i b i l i t y was explored by converting the 
e l e c t r o o x i d a t i o n data i n t o a form s u i t a b l e f o r d i r e c t comparison 
with the homogeneous data i n Figure 5 i n the following manner. 
As noted above, the free energy b a r r i e r AG* ^ ^ o r e a c n outer-
sphere cross reaction w i l l consist of contributions AG* - and 

n , l 
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8. W E A V E R AND H U P P Energetics of Electron-Transfer Reactions 201 

Figure 3. Plot of AG1£*/AGit n* against -àGjg°/AGi, lt* for homogeneous cross 
reactions involving oxidation of aquo cations. Reductants: · , Euaq *; A> Craq*; 
T, V^*; and M, Ruaq

2\ Key to oxidants and data sources: 1, Feaq
3+; 2, Ruaq'j 

3, NPaq«; 4, Vm»; 5, Euaq
3+; 6, Ru(NHs)6

3+; 7, W i M ' 8, Co(en)t;9 
Co(phen)s

3*; 10, Co(bpy)t (1-10 are from Ref. 15); 11, RufNHshisn3* (Ref. 25); 
12, Co(phen)^ (Ref. 24); 13, Co(phen)t (Ref. 32); 14 to 17 and 25 are from 
Ref. 33:14, Co(phen)8

3+; 15, RufNHJsisn3*; 16, Os(bpy)s
3+; 17, Ru(bpyU3*; 18 to 

22 are from Ref. 34:18, *Ru[4,4'(CHs)gbpy]s
2+; 19, *Ru(phen)t; 20, *Ru(bpyh2; 

21, *Ru(5-Cl phenh2*; 22, *Ru[4,7-(CHshphen\f; 23, *Os(5-Cl phen)f (Ref. 
35); 24, Ru[4,7-(CHs),phen]s

3+ (Ref. 36); 25, RufNHshpy3*. An asterisk (*) indi
cates the oxidant is a photoexcited state reactant. 
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3.0 2.5 2.0 1.5 
- A G 1 2 ° / A G 4 , 1 2 * 

1.0 0.5 

Figure 4. Plot as for Figure 3, but involving reductants other than aquo complexes. 
Key to reactions and data sources: · , Co(lIl)/(U) macrocycle oxidants (data are 
given in Figures 2, 5, 6, and Ref. 27); O, other nonaquo oxidants; 1, Ru(NHs)6py*+ 
+ Ru(NHs)6

2+; 2, Ruaq
s+ + Ru(NHs)e

2+; 3, Co(phen)^ + Ru(NHs)6
2*; 4, 

Co(bpy)t + Ru(NHs)e2+; 5, Co(phen)t + RufNHJspy2* (1-N from Ref. 15); 
6, horse heart ferricytochrome c + Ru(NHs)6

2* (Ref. 37); 7, Co(phen)s
3+ + horse 

heart ferrocytochrome c (Ref. 38); 8, Ru(NHs)kbpf + Ru(NHs)spf* (Ref. 24). 
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8. W E A V E R AND H U P P Energetics of Electron-Transfer Reactions 203 

AG* 2 from the oxidant and reductant, respectively. In the 
"weak overlap" l i m i t , AG* 1 and AG* 2 w i l l equal the free energy 
b a r r i e r s AG* and AG* 0 f o r the corresponding electrochemical e, ι e ,2 
reactions at an electrode p o t e n t i a l where the sum (AG* ^ + 
AG* 9 ) i s a minimum [eq 12 and Figure 1]. Estimates of AG* 0 

G > 2+ 2+ 2+ ' fo r Eu , Cr , and V oxidation as a function of the h a l f -aq' aq* aq 
reaction d r i v i n g force AG® [= -F(E - E®)] were obtained from the 
corresponding (AG* - E) p l o t s (see Figure 2 and r e f . 14) by as
suming that they have the same shape but replacing the value of 
AG* at AG® = 0 ( i . e . , àG*e) by 0.5 AG*h- [This procedure cor
rects f o r any differences between AG|e and 0.5AG*n (Table I I ) 
r e s u l t i n g from the l i m i t a t i o n s of the weak overlap model 
(eq 14) ]. The accompanying p l o t s of AG* ^ versus AG® f o r the 
reduction h a l f reactions involved i n Figure 5 were constructed 
using the experimental value of AG^ n ^ D v assuming that the 
harmonic o s c i l l a t o r model ap p l i e s , i . e . , by u t i l i z i n g eq 16 
w r i t t e n f o r homogeneous h a l f reactions: 

H,l ' ° · 5 A G îh,12 + ° · 5 Δ 6 ΐ + ( Δ Φ 2 / 8 AG?h,12 ( 2 0 ) 

These p a i r s of (AG* 1 - AG®) and (AG* 2 - AG®) curves were p l o t 
ted on a common d r i v i n g force ( i . e . , electrode p o t e n t i a l ) axis 
such that (AG® - AG®) = AG® 2, and the required estimates of 
AG£ , 0 f o r each cross reaction were then obtained from the sum n, 12 

(AG® + AG® 2 ) at the value of AG® where the quantity has a 
minimum value [eq 12]. These estimates of AG* 1 2 are p l o t t e d 
as open symbols i n Figure 5 f o r the reactions having moderate 
to large d r i v i n g forces (-AG®2 > 8 k c a l mol ), alongside the 
corresponding experimental values of AG* ^ 2 (closed symbols). 
I t i s seen that the "electrochemical" estimates of values of 
AG* 1 2 diverge from the s t r a i g h t l i n e predicted from the har
monic o s c i l l a t o r model to a s i m i l a r , a l b e i t s l i g h t l y smaller, 
extent than the experimental values. Admittedly, there i s no 
p a r t i c u l a r j u s t i f i c a t i o n f o r assuming that the reduction h a l f 
reactions obey the harmonic o s c i l l a t o r model. However, i t turns 
out that the estimates of AG* ^ are r e l a t i v e l y i n s e n s i t i v e to 
a l t e r a t i o n s i n the shapes of the (AG* ^ - AG®) p l o t s . 
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τ 1 Γ 

I I I I I I I I 
12 8 4 0 

- [ 1 / 2 A G 1 2 ° + (AGI2°) 2/16AG <,i2*], kcal · mol"1 

Figure 5. Plot of (AGlt* — AGi,it*) for homogeneous cross-reactions involving 
oxidation of aquo complexes given in Figure 3, against the thermodynamic driving 
force function — [0.5 AG12° + (AG19°f/16AGX, «*]. Closed symbols are obtained 
from homogeneous data; key to points as in Figure 3. Open symbols are corre
sponding points obtained from electrochemical kinetic data for oxidation of aquo 
cations. Reductants: Ο and · , Eu<J*; Δ and A, Craq

2*; V and • , *VV ond 
|. Ruaq

2\ 
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I t therefore seems reasonable that the deviations of the 
a c t i v a t i o n free energies f o r highly exoergic electrochemical and 
homogeneous reactions, i l l u s t r a t e d i n Figures 2 and 5, may a r i s e 
p a r t l y from the same source, i . e . , from values of f° r t n e 

oxidation h a l f reactions that are unexpectedly small. That i s 
not to say that other factors are not responsible, at l e a s t i n 
part, f o r these discrepancies. Nonadiabaticity, work terms, 
s p e c i f i c s o l v a t i o n , and other environmental e f f e c t s may a l l play 
important roles depending on the reactants. For example, there 
i s evidence to suggest that the true rate constant f o r outer-

3+/2+ 
sphere Fe 7 self-exchange i s s i g n i f i c a n t l y smaller than the 
d i r e c t l y measured value (29) ; t h i s can account f o r a good part 
of the unexpectedly slow rates of cross reactions i n v o l v i n g 
t h i s couple. 

I t remains to consider possible reasons f o r these apparent 
d e f i c i e n c i e s of the harmonic o s c i l l a t o r model f o r the oxidation 
of aquo cations. Some discussion of the electrochemical r e s u l t s 
has been given previously (14). I t was concluded that the most 
l i k e l y explanation f o r the observed d i s p a r i t i e s between the ex
perimental r e s u l t s and the predictions of eq 16 (Figure 2) i s 
that the reactant and product free energy b a r r i e r s f o r the aquo 
redox couples have markedly d i f f e r e n t shapes. Such an asymmetry 
of the free energy b a r r i e r s i s u n l i k e l y to a r i s e from inner-
s h e l l (metal-ligand v i b r a t i o n a l ) contributions, at l e a s t w i t h i n 
the confines of a c l a s s i c a l model. Thus, choosing even unrea
sonably large differences i n v i b r a t i o n a l force constants f o r the 
oxidized and reduced forms generates much smaller differences i n 
the shapes of the r e s u l t i n g anodic and cathodic T a f e l p l o t s than 
are observed experimentally (Figure 2; also see 14). Indeed, 
such c a l c u l a t i o n s performed for homogeneous reactions led to an 
e a r l i e r a s sertion that anharmonicity e f f e c t s were u n l i k e l y to 
account f o r the extent of the observed breakdowns i n the a p p l i 
c a b i l i t y of the Marcus cross r e l a t i o n s h i p [eq 17] as exempli
f i e d i n Figures 3 and 5 (24). A p l a u s i b l e , a l b e i t somewhat i n 
accessible, source of asymmetry i n the free energy b a r r i e r s 
could l i e i n major differences i n short-range solvent structure 
between the reduced and oxidized aquo complexes. There i s 
strong evidence that t r i p o s i t i v e aquo complexes induce extensive 
solvent ordering v i a f i e l d - a s s i s t e d hydrogen bonding with the 
aquo ligands, which i s p a r t l y dissipated upon reduction to the 
d i p o s i t i v e species (9, 30). This short-range r e o r i e n t a t i o n of 
water molecules may w e l l contribute unequally to the i n d i v i d u a l 
free energy curves f o r the oxidized and reduced species, thereby 
generating the required nonsymmetry. A r e l a t e d point i s that 
the reactant and product potential-energy b a r r i e r s w i l l be high
l y nonsymmetrical even when the free-energy d r i v i n g force, AG£ c, 

i s zero ( i . e . , at E°), as a r e s u l t of the e s p e c i a l l y large p o s i 
t i v e values of AS® r f o r the aquo redox couples (Table I ) . Thus, 
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the e l e c t r o o x i d a t i o n reactions w i l l be h i ghly exothermic (-AH° 
~ 15 k c a l mol ) even when AG® c = 0, and i n c r e a s i n g l y so at 
anodic overpotentials. In contrast, the electroreduction re
actions are endothermic (ΔΗ®€ > 0) w i t h i n the e n t i r e overpo
t e n t i a l range that i s accessible to experiment. 

Conclusions 

I t seems c l e a r that k i n e t i c as w e l l as thermodynamic data 
gathered f o r simple electrode reactions can contribute s i g n i f i 
cantly towards the development of our fundamental understanding 
of e l e c t r o n t r a n s f e r i n condensed media. In p a r t i c u l a r , de
t a i l e d studies of electrochemical k i n e t i c s , with due regard f o r 
work term corrections, can y i e l d information on the shapes of 
free energy b a r r i e r s , and also t h e i r enthalpic and entropie 
components, that are l a r g e l y inaccessible from studies of homo
geneous redox k i n e t i c s . The former can provide a d i r e c t means 
of detecting d e f i c i e n c i e s i n the a p p l i c a b i l i t y of the harmonic 
o s c i l l a t o r model which forms the kernel of most contemporary 
treatments of electron t r a n s f e r . 

Experimental comparisons between the k i n e t i c s of r e l a t e d 
electrochemical and homogeneous reactions i n s u i t a b l e cases can 
also y i e l d i n s i g h t s i n t o the d i f f e r e n c e s , as w e l l as s i m i l a r i 
t i e s , between these two major types of redox processes (3, 11, 
31). Unfortunately, there i s s t i l l a paucity of electrochemical 
k i n e t i c data on substrates other than mercury. However, recent 
advances i n the methods f o r preparing and c h a r a c t e r i z i n g clean 
metal surfaces, p a r t i c u l a r l y f o r s i n g l e c r y s t a l s , should allow 
the a c q u i s i t i o n of quantitative data f o r a much wider range of 
reactions and surface environments than h i t h e r t o a v a i l a b l e . I t 
i s hoped that a greater comparison of r e s u l t s f o r heterogeneous 
and homogeneous processes w i l l occur i n the future; t h i s should 
be to the b e n e f i t of both areas. 
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General Discussion—Some Comparisons Between the Energetics of 
Electrochemical and Homogeneous Electron-Transfer Reactions 
Leader: Stephen Isied 

DR. NOEL HUSH (University of Sydney): On the question of 
the c o r r e l a t i o n between the free energy of a c t i v a t i o n f o r the 

3+ 2+ 
homogeneous and the heterogeneous processes (e.g., Fe ' ), 
some years ago I suggested that there i s probably an important 
difference between these processes [Hush, N. S. Electrochim. 
Acta 1968, 13, 1004]. I f one uses the model i n which there i s 
an outer-sphere contribution a r i s i n g from the i n t e r a c t i o n with 
the d i e l e c t r i c and an i n n e r - s h e l l c o n t r i b u t i o n due to v i b r a 
t i o n a l modes, then i t i s reasonable to suppose that the inner-
s h e l l c o ntribution f o r the homogeneous process w i l l be twice 
that f o r the corresponding heterogeneous reaction. However, 
such a r e l a t i o n s h i p need not necessarily hold f o r the remaining 
terms. When we bring two ions together to separation R i n the 
homogeneous case, we have a term proportional to -1/R i n the 
free energy of a c t i v i a t i o n , which reduces the d i e l e c t r i c i n t e r 
a c t ion energy. But i n the case of reaction at a m e t a l l i c elec
trode, an analogous term w i l l be present only i f there i s an 
appreciable image e f f e c t . 

My conclusion (based on double-layer theory) was that, 
under the usual experimental conditions, the image term i s a l 
most e n t i r e l y screened o f f . When t h i s i s so, the d i e l e c t r i c 
c o n tribution to the a c t i v a t i o n free energy i s e s s e n t i a l l y the 
same for the homogeneous and the heterogeneous process. 

A number of years ago, John Hale made ca l c u l a t i o n s of the 
free energies of a c t i v a t i o n f o r transfers at m e t a l l i c electrodes 
using that assumption, and obtained quite reasonable agreement 
with experiment [Hale, J . Μ., i n "Reactions of Molecules at 
Electrodes," Hush, N. S., Ed.; Wiley-Interscience: New York, 
N.Y., 1971; Chapter 4]. So i f that i s the case, one would not 
expect to get a 1:2 heterogeneous :homogeneous r a t i o when the 
d i e l e c t r i c term was p a r t i c u l a r l y small. This may a r i s e f o r 
ce r t a i n classes of molecules i n which the dominant terms are the 
in n e r - s h e l l ones. But f o r the small aquo ions, f o r example, one 
might w e l l expect the r a t i o of reorganizational energy param
eters to d i f f e r from 1:2. Of course, a d e t a i l e d c a l c u l a t i o n may 
suggest some small contribution from image e f f e c t s under the 
usual experimental conditions of reasonably high i o n i c strength, 
but I do not think that t h i s has yet been domonstrated. 

DR. WEAVER : As I have shown i n Tables I and I I of my con
t r i b u t i o n , the a c t i v a t i o n free energies, and e s p e c i a l l y the 
a c t i v a t i o n enthalpies, f o r electrochemical exchange of aquo 
cations are s i g n i f i c a n t l y greater than one-half the correspond
ing a c t i v a t i o n energies of the homogeneous self-exchange re
actions. This i s q u a l i t a t i v e l y i n accord with the model you 
c i t e d which asserts that there i s no imaging i n the e l e c t r o 
chemical case. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

8

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



210 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Nevertheless, I think imaging remains s i g n i f i c a n t because 
there i s no way that the image i n a t r a n s i t i o n state can be en
t i r e l y screened by surrounding ions. One i s , i n a sense, get
t i n g two t r a n s i t i o n states because of the Franck-Condon b a r r i e r , 
and there i s no way that the surrounding ions can e n t i r e l y 
screen both the reactant and product t r a n s i t i o n states at the 
same time. Also, as I have pointed out i n my presentation and 
i n reference Π , the a c t i v a t i o n energy f o r the outer-sphere 
electrochemical exchange i s generally expected to be greater 
than one-half of the homogeneous a c t i v a t i o n energy even on the 
basis of the imaging model since the presence of the inner layer 
of solvent molecules w i l l make the distance between the reacting 
ion and i t s image i n the electrode greater than the contact 
distance between the reacting ions i n homogeneous s o l u t i o n . 

DR. HUSH: There i s thought to be a mystery as to why the 
3+ 2+ 

Eu ' self-exchange i s so slow i n aqueous s o l u t i o n . I believe 
the reason i s very simple. The coordination number and symmetry 
of the water molecules i n the f i r s t s h e l l around the two aquo 
ions i s completely d i f f e r e n t so the electron-exchange reaction 
i s i n h i b i t e d by the slow rate of d i s s o c i a t i n g a water molecule 
and reorganizing the inner-coordination sphere. I t i s quite 
unnecessary, I b e l i e v e , to invoke possible e l e c t r o n i c nonadia
b a t i c i t y to account f o r the observed slow k i n e t i c s . 

In the electrochemical case, t h i s ought to be r e f l e c t e d 
both i n slow exhange k i n e t i c s and also i n a value of the trans
f e r c o e f f i c i e n t s i g n i f i c a n t l y d i f f e r e n t from one-half. Dr. 
Vlcek o r i g i n a l l y a t t r i b u t e d the observed slow electrochemical 
rate to t r a n s f e r v i a excited e l e c t r o n i c states. I do not think 
that i s correct. I believe that slow k i n e t i c s of l i g a n d ex
change i n the f i r s t s o l v a t i o n s h e l l s are generally responsible 

3+ 2+ 
f o r the unusual features of the Eu * exchange rates. 

We c a r r i e d out some measurements some years ago i n order to 
measure the t r a n s f e r c o e f f i c i e n t i n DMF f o r t h i s couple at a 
mercury electrode [Hush, N. S.; Dyke, J . M. J . E l e c t r o a n a l . 
Interfac. Electrochem. 1974, 53, 253]. The deviation from 
one-half f o r the value so obtained was consistent with reason
able values f o r the free energy of a c t i v a t i o n of ligand exchange 
i n the inner-coordination spheres. 

Thus, i n my opinion, nonadiabaticity does not have to be 
invoked to explain the slow homogeneous and heterogeneous 
^ 3+,2+ 
Eu ' exchange rates. 

DR. WEAVER: I agree that the difference i n coordination 
3+ 2+ 

numbers between Eu and Eu could contribute importantly to 
the observed slow rates of e l e c t r o n t r a n s f e r . However, i t i s 
true to say, from our data, anyway, that the way i n which the 
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3+ 2+ 
alpha f o r the Eu ' couple depends upon the overpotential i n 

3+ 2+ 
aqueous media i s very s i m i l a r to the behavior of the Cr * and 

3+ 2+ 
the V ' couples as w e l l . 

DR. HUSH: The work of Anson showed that Parsons 1 and 
Passeron's experiments [Parsons. R. ; Passeron, E. J . E l e c t r o 
anal. Chem. 1966, 12, 524] on the dependence of alpha f o r 

3+ 2+ 
Cr * upon p o t e n t i a l were i n c o r r e c t [Anson, F. C ; Rathjen, 
N.; Frisbee, R. D. J . Electrochem. Soc. 1970, 117, 477]. 

DR. WEAVER: Anson only looked at the cathodic side which 
y i e l d s very l i t t l e change i n alpha with overpotential. The 
anodic side, as I showed, e x h i b i t s a very marked dependence of 
alpha on overpotential. 

DR. HENRY TAUBE (Stanford U n i v e r s i t y ) : Though I agree that 
present evidence points to the conclusion that the slow rate f o r 

3+ 2+ 
the aquo Eu ' exchange i s a t t r i b u t a b l e to differences i n 
so l v a t i o n between the two oxidation s t a t e s , I s t i l l f i n d i t very 
puzzling that these differences are greater f o r t h i s system than 

3+ 2+ 
for aquo Fe ' where the r a d i i are much smaller. When an ion 
gets large enough, s p e c i f i c s o l v a t i o n must lose i t s meaning. 
For Cs +, I imagine there are many solvent configurations about 
the metal ion which have approximately the same energy. 

DR. WEAVER: With regard to the assignment of the very slow 
3+ 2+ 

exchange rate f o r aquo Eu ' to nonadiabaticity or to s o l 
v a t i o n a l rearrangement, we f i n d that encapsulation of europium 
insi d e a 2.2.1- or 2.2.2-cryptand, forming a macrobicyclic 
ligand s h e l l around the i o n , r e s u l t s i n homogeneous s e l f - e x 
change rates approaching 10 M *s 1 i n contrast to ~10 M 1 s 1 

3+ 2+ 
f o r aquo Eu 9 [Yee, E. L. ; Weaver, M. J . , unpublished re
s u l t s ] . We don't believe that those r e s u l t s can be e a s i l y 
explained by elec t r o n tunneling since the f - o r b i t a l overlap i s 
l i k e l y to be smaller f o r the europium cryptate couple. 

DR. DAVID RORABACHER (Wayne State U n i v e r s i t y ) : We have 
2+ + 

recently obtained very s i m i l a r r e s u l t s f o r the Cu * couple. 
This i s one of the c l a s s i c redox couples i n v o l v i n g a large 
change i n coordination number, Cu(II) p r e f e r r i n g a tetragonal 
geometry while Cu(I) i s predominantly tet r a h e d r a l . For aquo 

2+ + 
Cu 9 , we have recently estimated that the self-exchange rate 
constant at 25 C i s ~2 χ ΙΌ" M~ 1s" 1. When complexed with ma
c r o c y c l i c t e t r a t h i a e t h e r (S^) ligands, however, the s e l f - e x -
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change rate constant increases by about eight orders of magni-
2 -1 -1 

tude to ~10 M s [Martin, M. J . ; Koenigbauer, M. J . ; Endi
c o t t , J . F.; Rorabacher, D. Β., unpublished r e s u l t s ] . When a 
macrocyclic pentathiaether (S-) ligand i s used, the s e l f - e x -

4 - 1 - 1 
change rate constant increases further to ~10 M s . 

We believe that these large changes i n rate constant are 
p r i m a r i l y a t t r i b u t a b l e to r e s t r i c t i o n s imposed upon the inner-
coordination sphere by the macrocyclic ligands. Presumably, the 
use of a s u i t a b l e macrobicyclic l i g a n d , such as you have used 

2+ + 
with europium, would induce even la r g e r changes i n the Cu 7 

self-exchange rate constant. We are planning to pursue such 
studies i n the near future. 

DR. EPHRAIM BUHKS (University of Delaware): Is there any 
experimental evidence i n d i c a t i n g the p o s s i b i l i t y of elec t r o n 
t r a n s f e r from the electrode i n t o the excited e l e c t r o n i c state of 
a t r a n s i t i o n metal ion? 

DR. WEAVER: Such a process i s possible but I don't know of 
any data which would provide d i r e c t evidence. At metal sur
faces, at l e a s t , excited e l e c t r o n i c states of nearby reacting 
ions might be expected to be quenched r a p i d l y . Semiconductor 
surfaces would provide more systems with which to search f o r 
such an e f f e c t . 

DR. ALBERT HAIM (State U n i v e r s i t y of New York at Stony 
Brook) : When you vary the free energy of reactions and go to 
very exoergonic reactions, you enter i n t o a region which i s 
sometimes c a l l e d the inverted region or the abnormal region. 
Has anything s i m i l a r been observed i n very h i g h l y exoergonic 
reactions i n electrochemical reductions or oxidations? 

DR. WEAVER: The major problem seems to be that when we 
t a l k about a f a s t reaction i n electrode k i n e t i c s , with rate 
constants i n the range 0.1 - 10 cm s , we are r e f e r r i n g to a 
process which has an a c t i v a t i o n energy equivalent to a homo
geneous reaction having a rate constant about 10 M s . We 
are not able to explore such a large range of rate constants 
and, hence, d r i v i n g force i n electrochemical processes because 
d i f f u s i o n becomes the o v e r a l l r a t e - l i m i t i n g step at much smaller 
rates than occurs i n homogeneous s o l u t i o n , two-dimensional d i f 
f usion being much less e f f i c i e n t than three-dimensional d i f 
f u s i o n . Therefore, i t i s extremely d i f f i c u l t to measure rate 
constants that correspond to a s u f f i c i e n t l y small a c t i v a t i o n 
b a r r i e r to inves t i g a t e the predicted onset of inver s i o n . 
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Four Aspects of the Distance Dependence of 
Electron-Transfer Rates 

EPHRAIM BUHKS-University of Delaware, Physics Department, Newark, 
DE 19711 
RALPH G. WILKINS-New Mexico State University, Department of Chemistry, 
Las Cruces, NM 88003 
STEPHAN S. ISIED-Rutgers University, The State University of New Jersey, 
Department of Chemistry, New Brunswick, NJ 08903 
JOHN F. ENDICOTT-Wayne State University, Department of Chemistry, 
Detroit, MI 48202 

In many biological systems, the electron 
transport chains involve some key steps in which 
electrons appear to move readily over large dis
tances between prosthetic groups located at rela
tively fixed sites in membranes or in proteins. 
Such long range electron transfer processes are 
difficult to investigate in detail using simple, 
well-defined substances. Approaches to the prob
lem of the distance dependence of electron trans
fer processes must include delineation of the 
theoretical concepts pertinent to such processes, 
identification of the important features of the 
processes manifested in well-defined biological 
moieties, and the modelling of selected aspects of 
these processes in "simple" coordination com
plexes. We have solicited four short essays from 
four different investigators to represent the 
approaches and concerns involved in dealing with 
long range electron transfer. In Part A, Buhks 
demonstrates how the temperature dependence of the 
electron transfer rate constant can be used to 
determine (i) the range of vibrational modes 
participating in electron transfer, (ii) the 
electron-phonon coupling, and (iii) the spatial 
separation between donor and acceptor centers. In 
Part B, Wilkins reports on the slow (k = 2.7 x 

0097-6156/82/0198-0213$06.25/0 
© 1982 American Chemical Society 
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214 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

                                 10-3 s-1) intramolecular disproportionation rate 
of a metastable (semi-met)O form of octameric 
hemerythrin. In the (semi-met)O form, each pro
te in subunit contains a mixed valence [Fe(II) 
-Fe(III)] binuclear iron s i te which, upon electron 
rearrangement within the octamer, leads to 
[Fe(II) ] 2 or [Fe(I I I ) ] 2 at each binuclear iron 
s i t e . The square antiprismatic packing arrange
ment, inferred for the octamers and the subunit 
structures, leads to an estimated 2.8-3.0 nm 
separation between adjacent binuclear iron s i tes . 
In Part C, Isied describes electron transfer 
between Ru(II) and Co(III) centers separated by 
polypeptide chains differing i n length and r i g i d 
ity. The observed electron transfer rate tends to 
decrease with an increase i n the number of amino 
acid residues i n the polypeptide linkage, and 
temperature dependencies are observed to vary 
considerably with the nature of the amino acids. 
In Part D, Endicott describes some studies of the 
intermolecular quenching of electronic excited 
states. The quenching rates may be useful as 
sensitive probes for the electronic coupling 
between d-orbital donors and acceptors. The 
inferred electronic matrix elements exhibit a 
distance dependence(kq V o 2 exp[-11R]; R in nm) 

similar to that predicted theoret ical ly, but the 
rapid decrease of the rate constant with increas
ing donor-acceptor separation can be modified by 
enhanced electronic interactions formulated as 
charge transfer forces involving coordinated 
ligands. 

Part A. Quantum-Mechanical Theory of Diffusion Independent 
Electron Transfer in Biological Systems 
by Ephraim Bunks (University of Delaware) 

A number of publications in recent years have demonstrated 
an active interest in the theoretical aspects of electron trans
fer (ET) processes in biological systems (1-9). This interest 
was stimulated by the extensive experimental information regard
ing the temperature dependence of ET rates measured over a broad 
range of temperatures (10-16). The unimolecular rate of cyto
chromes oxidation in Chromatium (10-12), for example, exhibits 
the Arrhenius type dependence and changes by three orders of 
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9. BUHKS ET AL. Distance Dependence of Electron-Transfer Rates 215 

magnitude over the temperature range 100-300K, while below 100K 
the mean l i f e t i m e (~10 ^s) i s temperature independent. On the 
other hand, one of the steps of charge separation i n bacterium 
photosynthesis, a step i n v o l v i n g ET from bacteriopheophytin to 
quinone, depends weakly on temperature (13). I t s mean l i f e t i m e 
(~10 *^s) decreases by a f a c t o r of 2 when the temperature i s 
decreased from 300K to 83K (14). This type of behavior, charac
t e r i s t i c of a c t i v a t i o n l e s s processes, was also observed f o r the 
back ET reaction from quinone to c h l o r o p h y l l , f o r which the mean 

«2 
l i f e t i m e (~10 s) increases by a fa c t o r of 3-4 as the tempera
ture i s increased from 150 to 300K, but i s temperature indepen
dent below 150K (15, 16). 

The t r a n s i t i o n p r o b a b i l i t y f o r multiphonon, nonadiabatic ET 
can be formulated i n terms of f i r s t - o r d e r perturbation theory, 
i . e . , by means of the Fermi golden r u l e , as (2) 

W = (2π/*)|ν|20(Δε) (1) 

In t h i s expression, V i s the one electron-two center i n t e r a c t i o n 
matrix element, and decreases exponentially with the distance R 
between donor and acceptor centers (1, 2, 6-9), 

V = V o e " a R (2) 

As estimated f o r molecular c r y s t a l s (8), V q = 10** cm * and α = 
10 nm 

The function G i n eq 1 i s the Franck-Condon f a c t o r which 
accounts f o r the contr i b u t i o n of nuclear degrees of freedom and 
represents the thermal average of the overlap i n t e g r a l s between 
nuclear wavefunctions with respect to conservation of energy, 
and i s given by (2, 3, 8, 9) 

0(As) = (2nH) _ 1
 β - Φ ( 0 ) Ο ί Δ ε ^ e * ( t ) d t (3) 

where 
2 

Ht) = /ρ(ω)| (ω)[(ν(ω) + l ) e i u , t + v(u>)e"iuit]du> (4) 

Ρ(ω) = ps(u>) + l k 6(u>-u>k) (5) 

Eq 3 takes i n t o account the contributions of: ( i ) continuum of 
normal v i b r a t i o n a l modes of a solvent characterized by a density 
of states ρ (ω) with reduced equ i l i b r i u m displacement Δ (ω); and s s 
(ii.) l o c a l v i b r a t i o n a l modes with corresponding frequencies {u^} 
and reduced displacements {Δ^}; Δε i s the energy gap between the 
f i n a l and i n i t i a l e l e c t r o n i c states f o r ET processes and v(u>) = 
[exp(]Au)/kgT) - 1] 1 i s the equilibrium phonon occupation number. 
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216 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

The temperature dependence of ET rates between cytochrome-c 
and the react i o n center i n Chromatium (Figure 1), f i t t e d to eqs 
3-5 (8), demonstrated t h a t , u n l i k e many redox reactions i n 
inorganic chemistry, ET i n b i o l o g i c a l systems i s characterized 
by large c o n f i g u r a t i o n a l changes of the high frequency mode (Hu^ 
~ 500 cm *) and modest co n f i g u r a t i o n a l changes due to coupling 
with the polar medium (Jiu> ~ 100-300 cm"1 f o r i c e ) . 

s 
In an (average) s i n g l e mode approximation, the Franck-

Condon f a c t o r , eqs 3-5, can be s i m p l i f i e d and i t takes the w e l l 
known form (2, 4, 7-9) 

G = (Hw)" 1exp(-S coth χ - p x ) I p ( S / s i n h x) (6) 

where 
χ = Ηω/21^Τ, S = (ΔΓ/2, ρ = Δε/*ω, 

and Ιρ i s the modified Bessel functions of order p. 
At high temperatures (Jlu) « 2k-T), eq 6 reduces so that the 

rate becomes, 

Vm = (27t/H) (47tE sk BT)" %|V| 2exp(-E a/k BT) (7) 

where the a c t i v a t i o n energy i s 

E a = (p - S ) 2 Hu)/4S (8) 

and E g = S]£u) i s the reorganization energy. At low tempera
tures (Jiu> » 21^Τ), eq 6 y i e l d s the tempe rature-independent 
Poisson d i s t r i b u t i o n , r e s u l t i n g i n the following expression f o r 
the r a t e , 

W L T = (27l/H)|V| 2e~ S Sp/(p!)tfu> (9) 

At s u f f i c i e n t l y large ρ t h i s may be recast i n the form of an 
energy gap law, 

W L T = (2T I / H ) | V | 2 (27ip)" % exp (-S-γρ) (10) 

where ν = ln(p/s) - 1. 
A t r a n s i t i o n temperature, T q , between the Arrhenius and 

tempe rature-independent rate forms may be defined by the equa
t i o n W H T ( T Q ) = W L T, and i s on the order of kgT o = ]4ω/4 f o r the 
strong coupling (S»l) case (7). For the s p e c i a l , a c t i v a t i o n -
less case, f o r which ρ = S, kgT o £ Ηω/2 (6). 
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10 
6 

10" 
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m 

10 % 
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ι 1 11 m ι 1 — I I I I I I I I I I III 

I m i l ι ι ι 11 ml 

10 % 10 1 10 * 
T E M P E R A T U R E (°K) 

10 % 

Figure 1. Theoretical fit of the temperature dependence of the rate of cytochrome 
oxidation in Chromatium. Experimental data are taken from Ref. 10. The details 
for the calculations are given in Ref. 8. Conditions: E 8 , 2000 cm'1; fio>0, 200 cm'1; 

ϋΔω, 200 cm'1; E c , 18500 cm'1;**** 500 cm'1; and V , 90 cm'1. 
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218 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

A c t i v a t i o n l e s s ET processes (1, 4, 6, 9) are described by 
two d i a b a t i c p o t e n t i a l energy surfaces crossing at the minimum 
of the i n i t i a l surface. This l i m i t i s characterized by a rate 
which decreases with increasing temperature at high Τ (negative 
apparent a c t i v a t i o n energy) 

WHT = (2n/H)|V| 2(47tE sk BT)" % (11) 

At low temperature, the a c t i v a t i o n l e s s ET processes become 
temperature independent (see Figure 2), 

WLT = (2n/Jl)|V| 2 (2πρ)" % (12) 

Eqs 2 and 12 can be applied to the data f o r a c t i v a t i o n l e s s 
ET processes to give a rough estimate of the electron exchange 
i n t e r a c t i o n and the s p a t i a l separation of donor and acceptor 
centers i n b i o l o g i c a l systems (1., 2, 6-9) : V = 4 cm 1 and 
R = 1.0 nm f o r pheophytin-quinone electron exchange; and 
V = 10 cm and R = 1.9 nm f o r ET i n the quinone-chlorophyll 
system. These estimates of donor-acceptor separation are i n 
good agreement with the r e s u l t s of magnetic measurements (17). 

Part B. Intramolecular E l e c t r o n Transfer Reactions i n the 
Respiratory P r o t e i n , Hemerythrin 
by Ralph G. Wilkins (New Mexico State U n i v e r s i t y ) 

Hemerythrin i s a r e s p i r a t o r y p r o t e i n i s o l a t e d from sipun-
c u l i d s (marine worms). A l l sipunculids examined have, i n the 
coelomic f l u i d , erythrocytes loaded with the p r o t e i n which i n 
most species so f a r examined i s octameric, but sometimes t r i -
meric (18, 19) and i n one instance dimeric and tetrameric (20, 
21). From the r e t r a c t o r muscle of Themiste z o s t e r i c o l a , the 
p r o t e i n has been characterized as a monomer (22). The monomer 
(23) and the subunits of the trimer (24) and octamer (25) are 
remarkably s i m i l a r i n t e r t i a r y s t r u cture, having a M.W. of about 
13,500 daltons. Each subunit contains one binuclear i r o n s i t e . 
There i s no porphyrin r i n g and the irons are coordinated only to 
amino acids, some of which, as w e l l as probably an oxy group, 
form the binding atoms (26). 

We have been i n v e s t i g a t i n g the oxidation-reduction re
actions of the binuclear i r o n s i t e i n the p r o t e i n matrix 
(27-32). The methemerythrin form contains both irons i n the +3 
oxidation state and can be reduced i n two steps (by d i t h i o n i t e 
ion (27, 31), reduced methylviologen, and photochemically using 
a riboflavin/EDTA mixture (28)) to the deoxy form i n which both 
irons are i n the +2 oxidation state. The intermediate (semi-
met),., i n which one i r o n i s +3 and the other i r o n +2, has been 
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9. BUHKS E T A L . Distance Dependence of Electron-Transfer Rates 219 

temperature (°K) 

Figure 2. Theoretical prediction for the temperature dependence of the electron 
transfer rate for activated and for activationless processes. Solid lines are calculated 
for a continuum of vibrational modes; dotted lines represent the single-mode 
approximation (6, S). Upper curve: ΔΕ, -2000 cm'1; P, 20; and S, 20. Lower 

curves: ΔΕ, -800 cm'1; P, 8; and S, 20. 
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220 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

thoroughly characterized (31) i n c l u d i n g EPR spectra at l i q u i d 
helium temperatures (30, 32). Another d i s t i n c t semi-met form i s 
obtained by one-electron oxidation of the deoxy form by 
Fe(CN) 6 (29). This, the (semi-met) 0 form, has s p e c t r a l and 
chemical behavioral differences from those of (semi-met) R (28, 
30, 31). The two forms, with p r o t e i n from Themiste z o s t e r i c o l a , 
undergo spontaneous s p e c t r a l changes (28, 31) and complete loss 
of EPR s i g n a l (30) by a f i r s t - o r d e r rate process, with a rate 
constant independent of p r o t e i n concentration. This change i s 
ascribed to a remarkable intramolecular disproportionation pro
cess w i t h i n the octamer: 

[ F e ( I I I ) F e ( I I ) ] 8 + [ F e ( I I ) F e ( I I ) ] 4 [ F e ( I I I ) F e ( I I I ) ] 4 (13) 

The structures are known f o r the octamer from Phascolopsis 
g o u l d i i and Themiste dyscritum (33, 34). The eight i d e n t i c a l 
subunits are packed as a "square donut" with four subunits i n 
each of two l a y e r s . The binuclear i r o n units are at corners of 
an almost regular square antiprism with distances of 2.8-3.0 nm 
between adjacent binuclear i r o n centers. The disproportionation 

-3 -1 
rate constant f o r reaction 13 i s 2.7 χ 10 s at 25C and 
pH 8.2. This value can, therefore, be assigned to e l e c t r o n 
t r a n s f e r over the 2.8-3.0 nm distances, making the reasonable 
assumption that the structure of octameric p r o t e i n from Themiste 
z o s t e r i c o l a i s s i m i l a r to those from the other proteins. A num
ber of redox reactions of the semi-met forms are c o n t r o l l e d by 
t h i s disproportionation (29, 31). Semi-met forms of hemerythrin 
from Phascolopsis g o u l d i i and Themiste dyscritum also dispropor
tionate and at rates comparable to those f o r semi-met from 
Themiste z o s t e r i c o l a (31). 

There i s c u r r e n t l y much i n t e r e s t i n electron t r a n s f e r pro
cesses i n metal complexes and b i o l o g i c a l material (1-16, 35). 
Experimental data f o r e l e c t r o n t r a n s f e r rates over long d i s 
tances i n proteins are scarce, however, and the semi-metheme-
r y t h r i n disproportionation system appears to be a rare authentic 
example of slow ele c t r o n t r a n s f e r over distances of about 2.8 
nm. Iron s i t e and conformational changes may also attend t h i s 
process and the tunneling distances from iron-coordinated h i s t i -
dine edges to s i m i l a r p o s i t i o n s i n the adjacent irons may be 
reduced from the 3.0 nm value. The f i r s t - o r d e r rate constant i s 
some 5-8 orders of magnitude smaller than those f o r e l e c t r o n 
t r a n s f e r i n v o l v i n g some heme proteins f o r which reaction d i s 
tances of 1.5-2.0 nm appear established (35). 

Although semi-met forms of myohemerythrin (the monomeric 
p r o t e i n from Themiste z o s t e r i c o l a muscle) can be obtained i n a 
s i m i l a r manner to the octamer (32), the intramolecular dispro
p o r t i o n a t i o n path i s obviously now unavailable to them. In 
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9. BUHKS ET AL. Distance Dependence of Electron-Transfer Rates 221 

agreement with t h i s , i t i s observed that (semi-metmyo)^ changes 
to (semi-metmyo)R and the l a t t e r disproportionates by second-
order r e v e r s i b l e k i n e t i c s : 

2 [ F e ( I I I ) F e ( I I ) ] χ [Fe(II)Fe(II)] + [ F e ( I I I ) F e ( I I I ) ] (14) 

The forward and reverse second-order rate constants f o r reaction 
14 are 0.89 M" 1s" 1 and 9.4 M" 1s" 1, re s p e c t i v e l y , at 25C and pH 
8.2, where most of these experiments were c a r r i e d out. F u l l 
d e t a i l s of these experiments (32) and discussion of a l l the 
r e s u l t s above are contained i n ref s (27-32). Since the p r o t e i n 
can be found i n a number of oligomeric forms (18-22), i t i s 
possible to study the e f f e c t of t e r t i a r y structure on the i n t r a 
molecular electron t r a n s f e r process. I t i s also apparent that 
the p r o t e i n matrix confers unique behavior on the i r o n binuclear 
s i t e , missing from simpler i r o n complexes. 

Part C. Dynamics of Electron Transfer Across Polypeptides 
by Stephan S. I s i e d (Rutgers U n i v e r s i t y ) 

Electron transport i n many b i o l o g i c a l systems takes place 
with the a i d of p r o t e i n molecules (MW è 5,000) having pr o s t h e t i c 
groups that are only a few percent by weight of the p r o t e i n . 
These pro s t h e t i c groups are usually one or more metal ions 
(e.g., Fe, Cu), a metalloporphyrin, a f l a v i n , or a quinone. 
These observations have led to many questions concerning the 
role of the p r o t e i n and the d i f f e r e n t polypeptides surrounding 
the pro s t h e t i c group i n the electron t r a n s f e r process. Further
more, the l o c a t i o n of these prosth e t i c groups w i t h i n the p r o t e i n 
( i . e . , how buried or exposed the p r o s t h e t i c groups are w i t h i n 
the protein) have also raised questions concerning the p a r t i c i 
pation of neighboring peptide side chains i n the electron trans
f e r pathway (36, 37). 

In order to probe these e f f e c t s , a number of studies on the 
k i n e t i c s of electron t r a n s f e r between small molecule redox 
reagents and proteins, as w e l l as pr o t e i n - p r o t e i n electron 
t r a n s f e r reactions, have been c a r r i e d out (38-41). The studies 
on reactions of small molecules with electron t r a n s f e r proteins 
have pointed to some s p e c i f i c i t y i n the electron t r a n s f e r pro
cess as a function of the nature of the ligands around the small 
molecule redox reagents, e s p e c i a l l y the hydrophobicity of these 

3+ 
ligands. Thus, fo r example, [Co(phen)^] and r e l a t e d redox 
reagents are thought to penetrate the hydrophobic surface of the 

2-
p r o t e i n much better than [Fe(EDTA)] reagents, and, therefore, 
to have access to d i f f e r e n t e l e c t r o n t r a n s f e r mechanisms (42). 

Although the above studies have been important i n probing 
some of the features of these p r o t e i n electron t r a n s f e r reac-
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222 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

t i o n s , they generally s u f f e r from the disadvantages associated 
with intermolecular e l e c t r o n t r a n s f e r i n small molecule redox 
centers. These disadvantages include the multiple elementary 
steps (eqs 15-17) involved, which can mask the d e t a i l s of the 
e l e c t r o n t r a n s f e r step (eq 16): 

A + Β ! AB K = T i f f l T (15) 

AB S t A"V (16) 

+ - k 3 
Α Β Product (17) 

In these reactions, Κ i s the equilibrium quotient f o r the f o r 
mation of the precursor complex, k i s the rate f o r e l e c t r o n 
t r a n s f e r w i t h i n the precursor complex, and k^ i s the rate of 
d i s s o c i a t i o n of the successor complex. 

Intermolecular reactions i n v o l v i n g proteins are further 
complicated since one i s dealing with large proteins containing 
n e u t r a l , a c i d i c , b a s i c , hydrophobic, and hydrophilic side 
chains. The m u l t i p l i c i t y of mechanisms possible i n such large 
molecules makes d e t a i l e d mechanistic studies very d i f f i c u l t . I t 
has long been acknowledged (44-47) that, i f one could i s o l a t e 
and study the intramolecular electron t r a n s f e r step (eq 16), 
many ambiguities i n the electron t r a n s f e r reaction could be c i r 
cumvented, and one could, therefore, study the factors that 
a f f e c t the rate of electron t r a n s f e r d i r e c t l y , uncomplicated by 
s u b s t i t u t i o n and other processes. 

In applying t h i s p r i n c i p l e to proteins, one would i d e a l l y 
l i k e to modify a p r o t e i n at one s p e c i f i c s i t e with a number of 
r e l a t e d , s u b s t i t u t i o n - i n e r t , inorganic redox reagents, and then 
study the intramolecular electron t r a n s f e r step as a function 
of a wide v a r i e t y of v a r i a b l e s (e.g., the redox p o t e n t i a l and 
hydrophobicity of the redox reagent). Such a study i s extremely 
d i f f i c u l t to carry out with large p r o t e i n s , and none has been 
reported thus f a r . We have, however, found out that horseheart 
cytochrome c i s amenable to modification at a s i n g l e s i t e by the 
[(NH^)^Ru ] group and such a d e t a i l e d study i s c u r r e n t l y under
way i n our laboratory (43). 

Electron-Transfer i n Simple Binuclear Complexes. In t r y i n g 
to understand the electron t r a n s f e r mediation e f f e c t s of peptide 
bonds and amino a c i d side chains on rates of electron t r a n s f e r 
i n simple systems that are amenable to d e t a i l e d i n v e s t i g a t i o n , 
we have designed and synthesized a series of complexes which 
contain w i t h i n a s i n g l e molecule two d i f f e r e n t o x i d i z i n g agents 
— b o t h of which are i n e r t to s u b s t i t u t i o n . The series of com
plexes we have synthesized i s represented schematically by the 
general structure I. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

9

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



9. BUHKS ET AL. Distance Dependence of Electron-Transfer Rates 223 

Peptide 

A v a r i e t y of amino acid and peptide moieties have been 
inserted i n between these two o x i d i z i n g agents, M and Mf. The 
s e l e c t i v e reduction of one of the two metal centers allows us to 
form precursor complexes which contain w i t h i n a s i n g l e molecule 
an o x i d i z i n g agent and a reducing agent—both i n e r t to s u b s t i t u 
t i o n . Rates of elec t r o n t r a n s f e r i n these precursor complexes 
can then be measured unaffected by s u b s t i t u t i o n or isomerization 
reactions not d i r e c t l y pertinent to the el e c t r o n t r a n s f e r step. 
I f one maintains the same environment around the metal i on 
center, no change i n the d r i v i n g force and inner and outer 
sphere reorganization energies around the donor and acceptor 
metal ions i s expected. This allows us to focus on the d e t a i l e d 
differences between the d i f f e r e n t amino acid and peptide b r i d 
ging ligands. 

The set of metal donor and acceptor ions that has so f a r 
proved useful f o r peptide synthesis i s the [(ΝΗ~)ςϋο***-] and 

I I 
the [(Oh^HNH^^Ru -] group as acceptor and donor, respec
t i v e l y . This same set of metal ions has previously been used to 
study e l e c t r o n t r a n s f e r i n a number of rela t e d organic bridging 
ligands (44-47) and i s represented by structure I I : 

[H 20(NH 3) 4Ru I I 

Amino Acid 
or 

Peptide - 0 - C o I H ( N H 3 ) 5 ] 5 + 

I I 

The Co(III)-Ru(III) complexes were synthesized as shown i n 
Scheme I (48, 49). These complexes were p u r i f i e d by chroma
tography and characterized by HPLC, elemental a n a l y s i s , UV-Vis 
spectra, and electrochemical properties. 

Intramolecular Electron-Transfer Rates. Experiments were 
ca r r i e d out under i n e r t atmosphere by reducing a known concen-

2+ 2+ 
t r a t i o n of the complexes with [Ru(NH 3)^] or Eu . The v a r i 
a t i o n of rate constants with temperature was studied over a 
range of twenty degrees at four d i f f e r e n t temperatures. The 
a c t i v a t i o n parameters AH^ and AS^ were obtained using eq 18: 

k = -AH*/RT AS*/R e e (18) 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

9

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



224 M E C H A N I S T I C A S P E C T S O F I N O R G A N I C R E A C T I O N S 

R 

(1) [(NH3)5Co(OH2)] 3 + + Ç NH3 — • 
Ο 

Ο 
II 

Ί3+ 

+ Ν Η 3 χ / C ,Co(NH3)5 
CH Ο 
I 
R1 

(2) 

Ο 
II 

π3+ 

" Ν Η 3 χ C. Co(NH3)5 
CH Ο 
I 
R1 

Mild Base 

Ο 
π 

Boc -NH x C N A = Active Ester or 
CH OA 
R2 

Symmetric Anhydride 

Ο R1 π 2+ 

Boc-NH C CH 0-Co(NH3)5 
\ / \ / \ / 

CH NH C 
ι II 
R2 Ο 

(3) 
95% Τ FA 

Ο R1 
+ NH3 C CH 0-Co(NH3)5 

CH NH C 
I II 
R2 Ο 

3+ 

(4) 
(CF3S03)HN 

Mild Base 

Ο 
II 

-C -OA 

CF3SO3HN 

Ο 
II 
-Q 

?2 
Ο 
II 

,CV 
, ,CH V ,NHX , ^ 
NH C CH 0-Co(NH3)5| 

II 1 ' 
Ο Ri 

3+ 

(5) 

1. trans-[Ru(NH3)4S03(OH2)] 
2. HBF4 m 

3. H2O2 

(04S)-Ru-N 

Ο 
II 

- C v 

NH 

R2 Ο 

P H W N H V Λ 
C CH 0-Co(NH3)5 
II I 

Ο R1 

(BF 4)3 

Ru = Ru(NH3)4 
Ç H 3 O 

Boc = CH3 -C -O-C-

C H 3 

Scheme I 
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The rate constants and a c t i v a t i o n parameters f o r a series of 
Co(III)-Ru(II) complexes separated by Gly, Phe, Pro, and GlyGly, 
GlyPhe, ProPro are shown i n Table I. This series of rate con
stants i s compared to the rate constant and a c t i v a t i o n para
meters f o r the parent compound ( I I I ) with an i s o n i c o t i n a t e 
bridging ligand. In the parent compound I I I , the ligands around 

the metal ions are i d e n t i c a l to those i n the rest of the s e r i e s , 
except with no amino acid or peptide separating the donor and 
acceptor metal ions. 

Influence of the Amino Acid Linkages on Intramolecular 
Electron-Transfer Rates. There i s a s i g n i f i c a n t drop i n the 

2 
rate (>10 ) when one amino acid i s intervening between the 
Co(III) and Ru(II) centers. The nature of the amino acid ( i . e . , 
r i g i d , f l e x i b l e , hydrophobic, hydrophilic) does not a f f e c t the 
rate constant or a c t i v a t i o n parameters s i g n i f i c a n t l y (Table I ) . 
A small increase i n the rate constant, however, between the two 
f l e x i b l e amino acids (Gly and Phe) and the r i g i d amino acid Pro, 
i s observed. 

Inserting the second amino ac i d between the cobalt and 
ruthenium centers further decreases the rate constant f o r i n t r a 
molecular electron t r a n s f e r s l i g h t l y . A l l the dipeptides stud
ied so f a r have lower rates of electron t r a n s f e r than the amino 
acid complexes. The rate constant f o r electron t r a n s f e r i n the 
f l e x i b l e dipeptides GlyGly and GlyPhe decrease by a fa c t o r of 
3-4 from that f o r the corresponding amino a c i d , while the rate 
constant f or the r i g i d dipeptide ProPro decreases by a fa c t o r of 
sixteen from the corresponding p r o l i n e amino a c i d . The r e s u l t s 
i n Table I suggest that the nature of the peptide material 
( i . e . , the amino acid side chains) may not be of great s i g n i f i 
cance i n determining the rate of electron t r a n s f e r . Large 
differences, however, are observed i n the temperature dependence 
of the rate of electron t r a n s f e r ( i . e . , i n the a c t i v a t i o n param
e t e r s ) . The f l e x i b l e dipeptide GlyGly has a much smaller tem
perature dependence than the other two dipeptides studied. 

I t i s too e a r l y to draw any conclusions about the insen-
s i t i v i t y of the rate constants to the nature of the dipeptide. 
Differences among the peptides seem to be revealed more i n the 
temperature dependencies of the rate constants f o r intramolecu
l a r e l ectron t r a n s f e r than i n the magnitude of the rate constant 
i t s e l f . Work i s i n progress on the synthesis of other d i - , 
t r i - , and tetra-peptides separating Co(III) and Ru(II) i n order 
to examine the temperature dependence of the intramolecular rate 

trans- [ H 2 0 ( O T 3 ) 4 R u I 3 C — ] C 0 — C o i A X ( N H 3 ) 5 ] 4+ 

I I I 
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226 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Table I. Intramolecular Electron Transfer Rates and Activation Parameters* 

k AH* AS* 
Complex Bridge SEC ~ 1 KCAL/MOL E.U. 

ProPro-lso 6.4 χ 10-6 18.6 -19.7 

GlyPhe-lso 8.6 χ 10~6 20.7 -12.2 

* Medium 1 M HTFA 
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9. BUHKS ET AL. Distance Dependence of Electron-Transfer Rates 227 

constant as a function of the structure and conformation of the 
peptide chain. A systematic study of the above rates and t h e i r 
temperature dependencies should allow systematic understanding 
of the e f f e c t s of the amino side chains on p o t e n t i a l electron 
t r a n s f e r pathways. 

Part D. Experimental Probes of the E l e c t r o n i c Component of 
Donor-Acceptor Interactions i n Bimolecular Reactions 
by John F. Endicott (Wayne State U n i v e r s i t y ) 

One expects the impact of the e l e c t r o n i c matrix element, 
eqs 1 and 2, on electron-transfer reactions to be manifested i n 
a v a r i a t i o n i n the reaction rate constant with: (1) donor-accep
tor separation; (2) changes i n spin m u l t i p l i c i t y between reac
tants and products; (3) differences i n donor and acceptor or
b i t a l symmetry; etc. However, simple electron-transfer reac
tions tend to be dominated by Franck-Condon factors over most of 
the normally accessible temperature range. Even f o r outer-

3+ 2+ 3+ 2+ sphere reactions of the Co(NH 3)^ ' and Co(OH 2)^ ' couples, 
reactions i n which each of the cobalt couples involves a (*A-

4 A8 
T^g) change i n spin m u l t i p l i c i t y , Franck-Condon factors 

account f o r ~80% of the observed a c t i v a t i o n b a r r i e r s (50). 
Despite t h i s dominance of Franck-Condon f a c t o r s , e l e c t r o n i c 
terms appear to make contributions of several orders of magni
tude to the observed rates of many simple e l e c t r o n t r a n s f e r 
reactions (50-54). The preceding essays have noted, e x p l i c i t l y 
or i m p l i c i t l y , the increasing importance of e l e c t r o n i c factors 
when donor and acceptor are held at r e l a t i v e l y large separa
t i o n s . I t i s c l e a r l y important to obtain a better understanding 
of the nature of the long range e l e c t r o n i c coupling between 
donor and acceptor, but the d e t a i l s of e l e c t r o n i c i n t e r a c t i o n s 
i n e lectron t r a n s f e r reactions are us u a l l y masked by Franck-
Condon e f f e c t s ; and purely t h e o r e t i c a l estimates of V f o r reac-

3+ 2+ 
tions as simple as the Co(NH 0), 9 self-exchange (55) may be a 
few orders of magnitude too small (50). In seeking a class of 
reactions more s e n s i t i v e to the nature of the e l e c t r o n i c matrix 
element, we have been examining e l e c t r o n i c energy t r a n s f e r (or 
excited state quenching) reactions of t r a n s i t i o n metal complexes 
(56, 57, 58). Among these, the most promising reactions appear 

ο 
to involve quenching of ( E ) C r ( I I I ) excited states with t r a n s i 
t i o n metal complexes. 
E l e c t r o n i c Energy Transfer: Co(III) Quenching of * C r ( I I I ) 

2 3 + 1 Most of our work has centered on the ( E)Cr(PP)^ /( A^)-
Co(III) reactions: 
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228 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

( 2 E ) C r ( I I I ) + ( 1 A 1 ) C o ( I I I ) ->q ( 4 A 2 ) C r ( I I I ) + (*X)Co(III) (19) 

[where PP represents p o l y p y r i d y l , i . e . , b i p y r i d y l , phenanthro-
l i n e , e t c . ] . A spin conservative quenching process could y i e l d 

3 5 
e i t h e r a t r i p l e t or quintet (e.g., *X = T- or T 9 ) excited 
state of c o b a l t ( I I I ) . i g Z g 

The quenching rate constants do not follow the expected 
e l e c t r o n t r a n s f e r patterns and no oxidized or reduced species 
have been detected. Furthermore, does not appear to be 
s e n s i t i v e to the donor-acceptor energy gap and the i n t r i n s i c 
reorganizational factors are small (56), i n d i c a t i n g that Franck-
Condon factors do not d i c t a t e the observed reaction patterns. 
This i s equivalent to taking the density of states function ρ ~ 

2 
1 and may be a consequence of the very narrow band Ε emission, 
the very broad band Co(III) absorptions, and large number of low 
energy Co(III) states. Thus, k^ v a r i e s from 4 χ 10** M" 1s" 1 to 
0.7 χ 10** M ^ 1 through a series of C o L ^ + quenchers (L = NH^, 
H^O, en/2, sepulchrate/6, PP/2), with the v a r i a t i o n being sys
tematic i n s i z e , 

k q = K Q V exp(-2aR) (20) 

where K q i s the ion p a i r a s s o c i a t i o n constant as i n eq 15, V i s 
an i n t r i n s i c frequency f a c t o r and α = 5 ±1 nm * (reactions at 
25C, 1M i o n i c strength). For the ( 2 E ) C r ( I I I ) / C o ( M j , 3 + reac-

1 2 - 1 
t i o n , ν - 3 χ 10 s . 

Since the quenching reaction 20 involves a forbidden 
t r a n s i t i o n i n the donor and the acceptor, a long-range, d i -
pole-allowed quenching mechanism i s forbidden; thus, the e f f e c 
t i v e distance f o r Forster quenching (59) i s < ~0.1 nm. Short 
range factors which would contribute to the e l e c t r o n i c matrix 
element include the e l e c t r o n exchange i n t e r a c t i o n (60) and any 
other component of a very weak donor-acceptor quasi-bonding 
i n t e r a c t i o n (53). In an exchange-allowed quenching mechanism, 
the Franck-Condon component i s u s u a l l y formulated as the donor-
acceptor s p e c t r a l overlap i n t e g r a l (60). That t h i s does not 
seem to contribute s i g n i f i c a n t l y to the reactions 19 we have 
investigated i s yet another demonstration that Franck-Condon 
factors do not make s i g n i f i c a n t contributions to these reac
t i o n s . 

The r e c i p r o c a l of or can be viewed as a mean o r b i t a l locus 
f o r the p a r t i c u l a r donor and acceptor. Thus, one might p r e d i c t -1 3 + 3 + α ~ 12-14 nm f o r low spin Co or Cr , and values of α = 
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9. BUHKS E T A L . Distance Dependence of Electron-Transfer Rates 229 

10-11 nm * have been estimated for a v a r i e t y of electron trans
f e r reactions (8, 53). Our experimental value of α = 5 ±1 nm" 
appears to be appreciably smaller than these estimates. How
ever, our estimate of α i s based on the c o l l i s i o n s of spheres of 
van der Waals r a d i i , and Newton (53) has pointed out that the 
strong distance dependence of V may require some interpéné
t r a t i o n of coordinated ligands. Allowing f o r such interpéné
t r a t i o n would probably increase the numerical value of a. On 
the other hand, the values of α determined from experimental 
measurements of k are somewhat buffered against t h i s element of 

q 
a r b i t r a r i n e s s i n choice of R by the strong, but opposing, depen
dence of Κ on R (noting that or i s based on v a r i a t i o n s i n 
k /K ) . 0 

q 0 -1 
Taken at face value, α ~ 5 nm implies some "expansion" of 

the e f f e c t i v e d - o r b i t a l radius of donor and/or acceptor. Nephe-
l a u x e t i c (61) e f f e c t s have been previously proposed to be impor
tant i n energy t r a n s f e r reactions of C r ( I I I ) complexes (62, 63) 
and some increase i n the e f f e c t i v e radius of the d-7l electrons 
of C r ( I I I ) might be p l a u s i b l e . (Assuming α 1 to be a simple 
average of R(Cr) and R(Co), the i m p l i c a t i o n i s a quadrupling of 

3+ 
the Cr gaseous ion radi u s ) . However, the information now 
ava i l a b l e does not allow us to separate the contributions of 
donor and acceptor. 

A c t u a l l y , the separation of donor and acceptor contribu
tions to the e l e c t r o n i c matrix element i s not l i k e l y to be 
simple. One might define the resonance exchange reactions, 

( 2 E ) C r ( I I I ) + ( 4 A 2 ) C r ( I I I ) t ^ ( 4 A 2 ) C r ( I I I ) + ( ^ C r d l l ) ' 
and k -

(*X)Co(III) + (1Α1)0ο(ΠΙ)· * ( 1 A 1 ) C o ( I I I ) + C ^ C o C l H ) 1 

However, there i s no reason to expect f o r the Franck-Condon i n -
dependent terms that V = (V^ V ) . For example, 

for V V [ n 3 ]j 
h [(Ε* + Ε*) RT Γ i n S' 

(53) (where Ε* and Ε* are the coordination sphere and solvent 
— m S 2 reorganizational energies), we would estimate v

a / ( v
0 ' ) ~ 2 χ 

1 0 1 2 s ' ^ k J m o l " 1 ) ' 2 f o r C o ( N H 3 ) 6
3 + while v d - 9 χ 1 0 1 3 s" 1 f o r 

the v i b r o n i c a l l y allowed (64) resonance t r a n s f e r of energy be-
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230 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

tween 2E and 4 A 2 C r ( I I I ) ( t h i s leads to k j - 10 7 M~ 1s' 1 i f a d = 

5.5 nm 1 and ~ 5x10^ M ^s 1 i f = 3.4 nm \ assuming = 

1.34 nm For the quenching reaction, we would estimate 
ν /V 2 - 3.5 x 1 0 1 2 s " 1 ( k J m o l ' 1 ) ' 2 , and ν = (v v , ) % only i f q o v ' ' q v a d J 

V 7 V -0.25. o o , 
In general, Ψ ( U M A ^ ) ^ and cr^R t ^ l ^ ^ d + a

a
R

a l · C o n s e " 
quently, the often proposed f a c t o r i n g of "non-adiabatic" com
ponents of elect r o n t r a n s f e r reactions (51, 65) cannot be gener
a l l y v a l i d . 

The P o s s i b i l i t y of An Enhancement of the P r o b a b i l i t y of Long 
Range Electron Transfer 

I t i s important to determine whether some s p e c i f i c donor-
acceptor i n t e r a c t i o n s can r e s u l t i n a reasonably large numerical 
value of V even f o r large donor-acceptor separations. A tenta-

2+ 
t i v e answer seems to be provided i n studies of the Co(NH 3)^X 
quenching of ( 2E)Cr(PP) 3 + (57, 58). Thus, k - 3-5 χ 10 6 

-1 -1 +̂ q 

M s f o r X = F, CN and f o r Co(NH 3) 6 , but the quenching rate 
constant increases with the heavier halides and pseudo-halides: 
k q = 6 χ 10 7, 1 χ 10 8, 1.6 χ 10 8, and 2 χ ΙΟ 8 M~V1 f o r X = C l , 
Br, N q, and NCS, res p e c t i v e l y . Furthermore, k i s about 5 times 
larger f o r c i s - than f o r trans-Co(N^jX^ complexes. These 
enhanced r e a c t i v i t i e s p a r a l l e l the o x i d i z a b i l i t y of X and are 
consistent with a donor-acceptor charge t r a n s f e r contribution to 
the i n t e r a c t i o n Hamiltonian. This Mulliken-type of i n t e r a c t i o n 
(66) would formally correct the ground state wave function by 
introducing a small c o n t r i b u t i o n from a charge t r a n s f e r excited 

2+ 
state (here the excited state would be the ion p a i r , {Cr(PP)~ , 

3+ 
Co(NH«)-(*X) }). Viewed i n t h i s manner, the enhanced quenching 

2+ 
rates of the Co(NH3)^X complexes are a t t r i b u t e d to a charge-
tr a n s f e r component i n the quasi-bonding donor-acceptor i n t e r a c 
t i o n . Experimentally, t h i s leads to a d d i t i o n a l components on the 
order of 1-4 k J mol" 1 i n V . 

ο 
In electron t r a n s f e r reactions, the most frequently en

countered, and most d i r e c t , analog of t h i s kind of charge trans
f e r i n t e r a c t i o n would involve a C-T excited state with an elec
tron transferred from the reducing agent to a ligand coordinated 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
00

9

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



9. BUHKS ET AL. Distance Dependence of Electron-Transfer Rates 231 

to the oxidant . This could be an important fac tor i n react ions 
of i r o n or ruthenium complexes i n v o l v i n g p o l y p y r i d y l , porphyr in , 
e t c . 

Summary 

Our s tudies of e l e c t r o n i c energy t ransfe r react ions are 
cons is ten t w i t h a s trong decrease i n the e l e c t r o n i c i n t e r a c t i o n 
matr ix element i n accordance wi th eq 2. However, these s tudies 
a lso ind ica t e that at l e a s t two p o t e n t i a l l y d i s t i ngu i shab le 
effects can r e s u l t i n constants l a rge r than one might n a i v e l y 
p r e d i c t using eq 2: 

1. Nephelauxetic or other coordinated l i gand 
ef fec ts which d e l o c a l i z e e l ec t ron densi ty may lead to 
a numer ica l ly smaller value of α than found for the 
free ions . 

2. S p e c i f i c donor-acceptor charge t rans fe r i n 
te rac t ions can lead to a r e l a t i v e l y large numerical 
value of the e l e c t r o n i c matr ix element, p o s s i b l y a t 
t r i b u t a b l e to an increase i n V , and, thus, to l a rge r 
rate constants than those pred ic ted by dis tance v a r i 
a t ions alone. 
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Further Developments in Electron Transfer 

R. A. MARCUS and PAUL SIDERS 
California Institute of Technology, Arthur Amos Noyes Laboratory of Chemical 
Physics, Pasadena, CA 91125 

The inverted region in electron transfer re
actions i s studied for the reaction of electroni
cally-excited ruthenium(II) t r i s -b ipy r idy l ions 
with various metal(III) t r i s -b ipy r idy l complexes. 
Numerical calculations for the diffusion-reaction 
equation are summarized for the case where elec
tron transfer occurs over a range of distances. 
Comparison i s made with the experimental data and 
with a simple approximation. The analysis reveals 
some of the factors which can cause a flattening 
of the ln kobs versus ∆Go curve in the inverted 
region. Ways of improving the chance of observing 
the effect are discussed. 

Some time ago i t was predicted (1, 2) that, i n a series of 
weak-overlap el e c t r o n t r a n s f e r reactions, the rate would f i r s t 
increase when AG° was made more negative, and then, when AG° be
came very negative, eventually decrease. Evidence f o r such an 
1 inverted e f f e c t 1 has been given i n a number of papers (3-11), 
but i n many other studies the reaction rate reaches a l i m i t i n g 
value, rather than a decreasing value, when -AG° becomes large 
(e.g., (12-18)). Possible explanations f o r the l a t t e r r e s u l t 
have been suggested: (a) alternate pathways f o r the reaction 
when AG° i s very negative [such as Η-atom tr a n s f e r (19, 20), 
e l e c t r o n i c a l l y - e x c i t e d product states (11, 20), or, when the 
reaction was observed v i a quenching of fluorescense, exciplex 
formation (21, 22)], (b) quantum mechanical nuclear tunneling 
(20, 23-27), (c) masking by d i f f u s i o n , and (d) reduction of the 
inverted e f f e c t [by electron t r a n s f e r over a distance (19)]. 

Quantum mechanical tunneling reduces the magnitude of the 
predicted e f f e c t but does not eliminate i t i n weak-overlap sys-

0097-6156/82/0198-0235$06.00/0 
© 1982 American Chemical Society 
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terns, as one sees, f o r example, i n some recent c a l c u l a t i o n s f o r 
an actual experimental system (20). Moreover, there i s a 1:1 
correspondence between the quantum mechanically calculated 
charge tr a n s f e r spectrum (emission or absorption vs hv) f o r a 
weak overlap redox system and the p l o t (eq 8 and 9 given l a t e r ) 
of k a c t versus the energy of rea c t i o n , ΔΕ (25), and hence i n a 
series of reactions of given AS 0, versus -AG0. Here, 
k a c t i s the a c t i v a t i o n - c o n t r o l l e d quantum mechanically calcu
l a t e d rate constant. Thus, the well-known existence of a maxi
mum i n the charge t r a n s f e r vs wavelength spectrum implies that 
there w i l l be a maximum i n the In k f i c t vs -AG p l o t when the 
electr o n t r a n s f e r i s a weak-overlap reaction. This correspond
ence removes any question that nuclear tunneling would eliminate 
the i n v e r s i o n , since that tunneling occurs to the same extent 
i n both the charge t r a n s f e r spectrum and the k a c t vs -AG 
p l o t s , and the former has a well-known maximum. I t also re
moves any argument that large anharmonicities i n p r a c t i c e 
eliminate the e f f e c t : the correspondence applies regard
less of whether the v i b r a t i o n s are harmonic or anharmonic, 
as long as the elect r o n t r a n s f e r i s a weak-overlap one. (The 
ef f e c t s of having a very strong-overlap e l e c t r o n t r a n s f e r re
main to be investigated.) 

In a recent paper, an approximate c a l c u l a t i o n was made of 
ef f e c t s (b) to (d) above (19), using an approximate a n a l y t i c a l 
s o l u t i o n f o r the d i f f u s i o n problem, f o r the case where the re
action occurs r e a d i l y over a short range of separation distances 
of the reactants. In the present report, we summarize the re
s u l t s of our recent c a l c u l a t i o n s on a numerical s o l u t i o n of the 
same problem. A more complete d e s c r i p t i o n i s given elsewhere 
(28). One a d d i t i o n a l modification made here to (19) i s to en
sure that the current a v a i l a b l e rate constant data at AG 0 = 0 
(Appendix) are s a t i s f i e d . 

Theory 

The d i f f u s i o n - r e a c t i o n equation f o r the p a i r d i s t r i b u t i o n 
function g ( r , t ) of the reactants, which react with a rate con
stant which at any r i s k ( r ) , i s given by (29-32) 

ΜΕΛΙ = l îifîV . k(r)e(t>t) (1) 
3t r Br 

where i s the inward r a d i a l f l u x density (per u n i t concentra
t i o n ) due to d i f f u s i o n and to any forced motion a r i s i n g from an 
i n t e r a c t i o n p o t e n t i a l energy, U ( r ) , assumed to depend only on 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
01

0

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



10. MARCUS A N D siDERS Developments in Electron Transfer 237 

the separation distance r. The magnitude of J f i s given by 

J r ^ + kgT dr 

-U/k^T _ U/k^T 
Ξ De B g | (ge Έ ) (2) 

where D i s the sum of the d i f f u s i o n constants of the two re
actants . 

The observed rate constant, k , , at time t i s then given 
by (31, 33) 0 D S 

kobs = C k ( r ) g ( r , t ) 4 7 i r 2 dr (3) 

The steady-state s o l u t i o n to eq 1 s a t i s f i e s 8g/3t = 0, i . e . , i t 
s a t i s f i e s 

( l / r 2 ) d ( r 2 J r ) / d r = k ( r ) g ( r ) (4) 

For the experimental conditions investigated thus f a r , the 
steady-state s o l u t i o n i s an excell e n t approximation to the solu
t i o n of eq 1 and we consider t h i s case. However, i n proposing 
some experiments i n the picosecond regime to enhance the chance 
of observing the inverted e f f e c t , we consider the time-dependent 
equation 1. 

The rate constant k ( r ) i s t y p i c a l l y assumed to depend expo
n e n t i a l l y on r , varying as exp(-orr). Theoretical estimates have 
been made f o r Of of 1.44 8 * when there i s intervening material 
between the reactants (34), and 2.6 8 1 when there i s not (35). 
A recent c a l c u l a t i o n f o r the hexaaquoiron self-exchange reaction 
yi e l d e d a = 1.8 X" 1 (36). Experimentally, the value i n f e r r e d 
i n d i r e c t l y f o r an elect r o n t r a n s f e r between aromatic systems i n 
r i g i d media i s about 1.1 8 1 (37). 

These values of α are s u f f i c i e n t l y large that k ( r ) f a l l s 
o f f r a p i d l y with r. When t h i s "reaction distance" i s small 
r e l a t i v e to the distance over which the function h(r) = g exp 
(U/kgT) changes s i g n i f i c a n t l y , i . e . , over which (h(r) - η(σ))/ 
(h(») - η(σ)) becomes appreciable, one can introduce an approxi
mate a n a l y t i c s o l u t i o n to eq 4 (28, 38, 39): 

1 1 -t 

(5) 
kobs k a c t k d i f f 

where, i n the present case, we have (from eq 3 with g(r) = 0 f o r 
r < σ) 
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-U/k Τ 
kact = -C k ( r ) e B 4 7 l r 2 d r ( 6 ) 

and where (40) 

k d i f f = ( 7 ) 

r 

Equation 5 was a c t u a l l y derived f o r the case where reaction 
occurs at some contact distance r = σ. A d e r i v a t i o n of eq 5 f o r 
the present case of a volume d i s t r i b u t e d rate constant k(r) i s 
approximate and i s given elsewhere (28). 

For k(r) we s h a l l assume at f i r s t , as i n (19), that the re
acti o n i s adiabatic at the distance of closest approach, r = σ, 
and that i t i s joined there to the nonadiabatic s o l u t i o n which 
varie s as exp(-ar). The adiabatic and nonadiabatic solutions 
can be joined smoothly. For example, one could t r y to gener
a l i z e to the present multi-dimensional p o t e n t i a l energy sur
faces, a Landau-Zener type treatment (41). For s i m p l i c i t y , 
however, we w i l l j o i n the adiabatic and nonadiabatic expressions 
at r = σ. We subsequently consider another approximation i n 
which the reaction i s treated as being nonadiabatic even at r = 
σ. 

The well-known perturbation theory expression f o r the 
non-adiabatic rate constant i s given by (25, 42-45) 

k(r) * ψ | V ( r ) | 2 (F.C.) (8) 
where (F.C.) i s the Franck-Condon fa c t o r and V(r) i s the elec
t r o n i c matrix element f o r the electron t r a n s f e r . (F.C.) i s 
given by 

-E /k Τ 
( F . C . ) = i Σ. f e 1 B |<i|f>|2Ô(Ef - Ε. + ΔΕ) (9) 

where i and f denote i n i t i a l and f i n a l (reactants* and pro
ducts 1) nuclear configuration states, including those of the 
solvent; AE i s the energy of reaction; and Q i s I^exp(-E^/kgT). 
The solvent w i l l be treated c l a s s i c a l l y (1) to avoid the quantum 
harmonic o s c i l l a t o r treatment of the polar solvent which i s 
sometimes used. (The l a t t e r y i e l d s a large e r r o r for AS° when 
AS 0 i s large (46)). The contribution of the polar solvent to 
the Franck-Condon factor i s (42, c f . 1) 
( F- C- S o l v e n t = (^ o u tk BT)^expl-(AG°" + (10) 

where AG 0 = AG° + E^ - EY and the superscript ν denotes (inner 
s h e l l ) v i b r a t i o n a l energy. 
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The matching of the adiabatic and nonadiabatic expressions 
fo r k ( r ) at r = σ y i e l d s a value f o r V(a) given by (28) 

ψ | V ( a ) | 2 ( 4 n \ k B T ) ^ ~ 1 0 1 3 s" 1 (11) 
and, f o r a reorganization parameter λ of about 70 kJ/mol, y i e l d s 
|V(a)| - 0.023 eV. This value and 

| V ( r ) | 2 = |V(a)| 2exp[-o(r - σ)] (12) 

were introduced i n t o eq 8 as our f i r s t approximation to V ( r ) . 
The series of electron tr a n s f e r reactions (14) f o r which we 

calculated rate constants involve quenching of the lowest ex-
2+ 

c i t e d e l e c t r o n i c state of Ru(bpy)^ . This *Ru(II) state i s a 
metal-to-ligand charge-transfer state (47, 48) i n which an ex
cess electron appears to be l o c a l i z e d on one of the b i p y r i d y l 
ligands (49), and t h i s e l e c t r o n may be transferred to a metal-
centered o r b i t a l on the oxidant, at l e a s t when an unexcited o x i 
dant i s formed. A c a l c u l a t i o n of the distance dependence of 
V(r) f o r t h i s p a r t i c u l a r t r a n s f e r would be de s i r a b l e , but lack
ing that the simple exponential form indicated i n eq 12 has been 
used instead. 

The actual numerical i n t e g r a t i o n of eqs 2 and 4 was per
formed by converting eq 4 to a p a i r of ordinary d i f f e r e n t i a l 
equations, then using a standard i n t e g r a t i o n routine (50) f o r 
int e g r a t i n g the l a t t e r , i n t e g r a t i n g outward from r = σ to large 
r u n t i l g(r) had i t s correct f u n c t i o n a l value at large r , g(r) ~ 
1 - c/r where c i s a constant. (This f u n c t i o n a l form i s the 
so l u t i o n of eqs 2 and 4 at r large enough that k ( r ) = U(r) = 0 
and f o r U vanishing more r a p i d l y than 1/r.) Because g(a) was 
unknown to a m u l t i p l i c a t i v e constant i n i t i a l l y , we a c t u a l l y 
performed the i n t e g r a t i o n f o r a function G(r) = g ( r ) c ^ , with c^ 
unknown and with a preassigned value f o r G(r) at r = σ. The 
terms c^ and c could be determined from the numerical values of 
G at large r, and then g(r) = G{n)/Cy The value of k Q b g was 
calculated from the t o t a l f l u x at r = »: 

k , = 4ztD l i m ( r 2 ̂ ) = 4/tDc (13) obs ^ v dr' 

Results 

Calculations were performed f o r the system studied by 
Creutz and Sutin (9) 
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240 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

*Ru(II)bpy 3 + M(III)bpy 3 -> Ru(III)bpy 3 + M(II)bpy 3 (14) 

where the bpy* s are various b i p y r i d y l s , M i s one of several 
metals, and the a s t e r i s k denotes an e l e c t r o n i c a l l y - e x c i t e d mole
cule. The question we address i s how, f o r a model which has the 
"experimental" rate constant at AG° = 0 ( k o b g ~ 4 χ 10 8 M" 1s" 1) 
(Appendix) and the observed d i f f u s i o n - l i m i t e d rate constant 
( k d i f f ~ 3.5 χ 10 M s ) (9), do the values predicted f o r k o b g 

at quite negative AG f s compare with those calculated from eq 5 
and with the experimental r e s u l t s ? Is the e f f e c t of electron 
t r a n s f e r over a range of distances s u f f i c i e n t l y large to explain 
the observed r e s u l t s ( i . e . , very l i t t l e f a l l - o f f of rate con
stant with increasing -AG 0 fs)? 

We use a λ^ η of 15.5 kJ/mol associated with a frequency of 
1300 cm"1 (20), and \ Q u t of 54 kJ/mol at r = σ (51). A l l c a l 
culations were performed with Τ = 298K. The dependence of \ Q u t 

on r (2) i s incorporated i n the c a l c u l a t i o n . An equi l i b r i u m 
Debye-Huckel expression f o r the ion-atmosphere-shielded Coulom-
b i c repulsion of the reactants i s assumed (52, 53), given by 

2 
U ( r ) " — E F ~ (1 + K a ) e 

f o r the case where the two reactants have the same radius. Here, 
κ i s the r e c i p r o c a l of the Debye-Huckel screening length, ε i s 
the s t a t i c d i e l e c t r i c constant, the z.e„ values are the i o n i c 

' ι ο 
charges of the reactants, and a i s the distance of closest 
approach of the ions i n the ion atmosphere to a reactant ion. The distance a i s r. + r , where r. i s the radius of a reactant - ι a' ι 
ion and r & i s the radius of the p r i n c i p a l i o n of opposite sign 
i n the i o n i c atmosphere. When r. è r , a l i e s between 2r. and r ι a* - ι 
r . , being 2r. when r. = r and being r. when r =0. Using the ι χ ι a ι a 
current approximate r a d i i we s h a l l , f o r concreteness, take a = 
3σ/4. (In eq 15 the reactants are assumed to have the same 
radius. A more general expression than eq 15 i s c i t e d i n 
ref . 28). At the p r e v a i l i n g i o n i c strength of about 0.52 M, 
κ 1 i s about 4.2. 8. Because of t h i s large i o n i c strength, U(r) 
i s quite small, even at r = σ, 

Using α = 1.5 J T 1 and, at f i r s t , V(o) = 0.023 eV, k a c t at 
AG° = 0 i s found to be 1.2 χ 1 0 1 0 M^s" 1 which i s s u b s t a n t i a l l y 
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10. MARCUS AND SIDERS Developments in Electron Transfer 241 

higher than the current experimental value (Appendix) of ca 4 χ 
8 -1 -1 

10 M s Assuming the v a l i d i t y of the l a t t e r , e i t h e r V(a) i s 
less than 0.023 eV, i . e . , the reaction i s not adiabatic at the 
contact distance r = σ, or λ i s higher than estimated, or eq 15 
underestimates U ( r ) . We consider f i r s t using a d i f f e r e n t V(a), 
namely, 0.0045 eV, which y i e l d s the current "experimental" rate 
constant at AG 0 = 0. (The same f i n a l r e s u l t s f o r the In k ^ g vs 
AG p l o t would be obtained, e s s e n t i a l l y , i f one used instead a 
d i f f e r e n t ϋ(σ), as long as there i s agreement of k at AG 0 = 
0.) a c t 

The numerical s o l u t i o n of eq 4 and the rate constant data 
9 -1 -1 

of Figure 1 agree at the data's maximum (~3.5 χ 10 M s ) when 
-6 2 ™1 

one chooses 3.0 χ 10 cm s f o r the sum of the D's of the two 
reactants. This D i s somewhat near those estimated rather i n 
d i r e c t l y (electrochemically) f o r the i n d i v i d u a l D fs of f e r r i c 
and ferrous phenanthroline complexes (~1.9 χ 10 ̂  and 3.7 χ 10 ̂  
2 -1 

cm s , respectively) (54). 
Since reaction may also y i e l d e l e c t r o n i c a l l y - e x c i t e d pro

ducts when AG° i s s u f f i c i e n t l y negative, we include t h i s re
ac t i o n , as we d i d i n (20). The mean e x c i t a t i o n energy used f o r 
the formation of the e l e c t r o n i c a l l y - e x c i t e d Ru(III) product i s 
1.76 eV (20). As has been explained elsewhere (20, 28), the 
formation of the other possible e l e c t r o n i c a l l y excited products 
i s , i n most cases at l e a s t , less probable. The same V(r) was 

3+ 
used f o r formation of e l e c t r o n i c a l l y excited Ru(bpy)^ as f o r 
formation of other products because the d e t a i l e d information 
necessary to make a d i s t i n c t estimate f o r V(r) was la c k i n g . 

We f i r s t compare the present numerical r e s u l t s f o r the 
s o l u t i o n of the steady-state eqs 3 and 4 with the approximate 
s o l u t i o n given by eqs 5, 6 and the experimental value f o r k ^ i f f * 
The r e s u l t s agreed to about three percent when AG° was varied 
from +0.6 to -3.0 eV. The experimental value f o r k d i f ^ and eq 7 
imply a value of D = 3.5 χ 10 ̂  cm2s 1, compared with the 3.0 χ 
-6 2 -1 

10 cm s found when eqs 3 and 4 were solved. Had the same D 
been used f o r both the exact (eqs 3, 4) and the approximate (eq 
5) s o l u t i o n s , t h e i r agreement f o r the rate constants would have 
been about 10% instead of 3%, which i s s t i l l very close. 

The r e s u l t s of sol v i n g eqs 3 and 4 are next compared with 
the experimental data i n Figure 1 (9), using V(o) = 0.0045 eV. 
The s o l i d l i n e refers to the formation of ground state products, 
and the dotted l i n e to the formation of an e l e c t r o n i c a l l y -
excited Ru(III) product. For further comparison with the s o l i d 
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242 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 1. Calculated and experimental rate constants for Reaction 14 vs. AG°. 
Key: , t-dependent Xout; — * — , fixed \out; , from Réf. 1 in which reaction 
occurred only at r = σ; and · · ·, current result (r-dependent Xout) for formation 

of an electronically excited product.  P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
01

0

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



10. MARCUS AND siDERS Developments in Electron Transfer 243 

l i n e , a c a l c u l a t i o n was made with λ ^ held f i x e d (54 kJ/ mol, ' out ' 
the value at r = σ) and i s given by the dash-dot l i n e . In order 
to obtain agreement with the s o l i d l i n e at AG = 0 , V(a) was 
reduced to 0.0039 eV i n c a l c u l a t i n g the dash-dot l i n e . The 
dashed l i n e i s the r e s u l t of a c a l c u l a t i o n (20) i n which re
action was treated as occurring a d i a b a t i c a l l y , but only at some 
contact distance σ, and i n which eq 5 was used, together with 
the experimental value f o r ^^ff The ^ Q U t value used f o r t h i s 
l a s t curve was again 54 kJ/mol, the present ^ Q U t ( a ) . 

In Figure 2 we give a comparison of the s o l i d l i n e of 
Figure 1 with that obtained using V(a) = 0.023 eV and a lar g e r λ 
(λ t (a) = 83 kJ/mol). A s l i g h t l y smaller D (2.7 χ 1θ" 6 cm 2s" 1) 
was required to make the l a t t e r c a l c u l a t i o n y i e l d the experi-

9 
mental value of the maximum observed rate constant, 3.5 χ 10 
M *s Both curves have the same k , at AG 0 = 0. 

obs 
Discussion 

The r e s u l t s comparing the exact eqs 3 and 4 with the ap
proximate eqs 5 and 6 show that the l a t t e r provide a good ap
proximation f o r the present conditions, at l e a s t . The r e s u l t s 
i n Figure 1 show that, to account f o r the experimental r e s u l t s 
at very negative AG ' s using the present value of ^- o u t 

(54 kJ/mol), i t i s necessary to postulate the formation of 
e l e c t r o n i c a l l y - e x c i t e d products. This was also the case i n an 
e a r l i e r r e s u l t (20). The sum of the two rate constants i n 
Figure 1 y i e l d s agreement with the data i n Figure 1 to a f a c t o r 
of about 2. I f , as f o r the dashed l i n e i n Figure 2, the value 
of λ were a c t u a l l y appreciably l a r g e r , the formation of ground 
state products alone would s u f f i c e to obtain agreement. (Clas
s i c a l l y , the maximum i n the k versus AG 0 curve occurs at 

Φ act 
AG = -λ and so i s s h i f t e d to more negative AG f s when ^ Q U ^ i s 
increased.) 

Returning to Figure 1, one sees that holding λ t f i x e d at 
i t s value at r = σ (dash-dot l i n e ) does not cause a large devia
t i o n from the more correct r e s u l t (r-dependent λ t , s o l i d l i n e ) 
i n the inverted region. A s i m i l a r approximation was used, of 
course, f o r the dashed l i n e , where a k(a) was used instead of a 
k ( r ) . 

We also have explored the s o l u t i o n of the time-dependent 
eq 1 to study the p l o t corresponding to Figure 1 when the obser
vati o n of fluorescence quenching i n reaction 14 i s made at short 
times. In these short-time c a l c u l a t i o n s we have assumed, f o r 
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s i m p l i c i t y , that reaction occurs only at r = σ. (Calculations 
are planned f o r the case i n which electron t r a n s f e r occurs over 
a range of distance.) Results f o r k ^ g i ^ ) a r e g i v e n f° r several 
times i n Figure 3, and curves are also given f o r the formation 
of e l e c t r o n i c a l l y - e x c i t e d products. The value of ^ ^ ( t ) i - s 

obtained as the slope at time t of a p l o t of [ M ( I I I ) b p y 3
+ 2 ] 1 

ln[*Ru(II)bpy 3J vs t . The r e s u l t s show the enhancement of the 
predicted inversion e f f e c t at small times, and an experimental 
study of t h i s or related systems at such times would be de
s i r a b l e , and may, i n f a c t , d i s t i n g u i s h between the p o s s i b i l i t i e s 
c i t e d e a r l i e r that V(o) < 0.023 eV or that λ > (15.5 + 54) 
kJ/mol; at short times there would be a double maximum i n the 
t o t a l rate constant versus AG 0 p l o t i n the f i r s t case and a 
sing l e maximum i n the second. 

The d e t a i l s of these short-time c a l c u l a t i o n s , made f o r the 
case that U(r) = 0, are given elsewhere (28). Searching f o r the 
inverted e f f e c t i n unimolecular systems (reactants l i n k e d to 
each other) would also be very desirable since t h e i r rates would 
not be d i f f u s i o n l i m i t e d . 

Appendix. 'Experimental 1 Rate Constant at AG 0 = 0 

The self-exchange rate constant f o r reaction 14, when M i s 
Ru and when an excited Ru(II) product i s formed, has been e s t i -

'8 -1 -1 
mated (55) to be about 10 M s The self-exchange rate con
stant f o r reaction 14, when M i s Ru and when the products and 
reactants are i n t h e i r ground e l e c t r o n i c s t a t e s , has been e s t i -

9 -1 -1 
mated (56) to be 1.2 χ 10 M s , which i s the observed rate 

2+ 3+ 
constant f o r the oxidation of Ru(bpy)^ by Ru(phen)^, f o r which 
AG° ~ 0.01 eV. Corrected f o r d i f f u s i o n (eq 5 ) , the k f o r the 

9 -1 -1 
l a t t e r i s 2 χ 10 M s . Sutin (57) has noted that the cross-
r e l a t i o n (1, 2) should be applicable to a nonadiabatic ele c t r o n 
t r a n s f e r i f the e l e c t r o n i c matrix element, V ( r ) , f o r the cross-
reaction i s equal to the geometric mean of the matrix elements 
fo r the self-exchange reactions. Assuming that that condition 
i s approximately s a t i s f i e d , the exchange rate constant f o r 
reaction 14 when AG° = 0 i s estimated to be the geometric mean, 
(20 χ 1 ) ^ χ 10 8 M" 1s" 1, i . e . , 4.5 χ 10 8 f f V 1 . Corrected f o r 

8 -1-1 
d i f f u s i o n using eq 5, t h i s becomes 4 χ 10 M s , the value 
given i n the t e x t . o 

I n t e r e s t i n g l y enough, the rate constant at AG = 0 f o r re
acti o n 14 when *Ru(II) and M(III) are replaced by * C r ( I I I ) and 
Ru( I I ) , r e s p e c t i v e l y , i s - 2 χ 10 8 M" 1s" 1 i n 1 M H 2S0 4 (10). 
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AG°(eV) 
Figure 2 . Calculated rate constants for Reaction 14 vs. AG° . Key: , taken 
from solid line in Figure 1, V(a) = 0.0045 eV, KuM = 54 kJ/mol; and , 

V(a) = 0.023 eV and KuM = 83 kJ/mol. 

AG° (eV) 
Figure 3. Time-dependent calculations of kohe(t) vs. AG° for various observation 
times. Key: - · - , 1 ps; - · · - , 5 ps; and · · · , kobefU for formation of an excited-

state Ru(III). 
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General Discussion—Further Developments in Electron Transfer 
Leader: P. P. Schmidt 

DR. THOMAS MEYER (University of North Ca r o l i n a ) : One 
experimentally v a l i d approach to t h i s problem of the inverted 
region begins with a systematic study of a seri e s of r e l a t e d 
metal bypyridine charge t r a n s f e r excited states. In these 
excited states there are ruthenium(III) or osmium(III) cores 
bound, i f you w i l l , to a ligand r a d i c a l anion. By making v a r i 
ations i n the other four ligands of these six-coordinate com
plexes i t i s possible to vary systematically the energy gap 
( i . e . , the spacing between the upper l e v e l surfaces) and to 
measure r a d i a t i o n l e s s decay rates from l i f e t i m e and quantum 
y i e l d measurements. The r e s u l t s show that good l i n e a r corre
l a t i o n s e x i s t between Zn and AE i n agreement with the weak 
v i b r a t i o n a l coupling l i m i t expression derived by Englman and 
Jortner [Englman, R.; Jortn e r , J . Molec. Phys. 1970, 18, 145; 
c f . , C u r t i s , J . C ; Bernstein, J . S.; Schmehl, R. H. ; Meyer, 
T. J . Chem. Phys. L e t t . 1981, 81, 48]. 

DR. LESLIE DUTTON (University of Pennsylvania): I am 
i n t r i g u e d by the f a c t that people have not taken B e i t z and 
M i l l e r ' s data more s e r i o u s l y [ B e i t z , J . V.; M i l l e r , J . R. 
J . Chem. Phys. 1979, 71, 4579]. M i l l e r showed that i t i s pos
s i b l e to f i n d a data set f o r s i m i l a r chemicals going two or 
three orders of magnitude over the hump. Why are those data 
being ignored? 

DR. SIDERS: The data of B e i t z and M i l l e r are very i n t e r e s t 
ing but I f e e l uncertain about t h e i r correct i n t e r p r e t a t i o n be
cause the measurements were f o r t r a n s f e r of an elec t r o n from a 
solvent trap rather than from a molecule. Also, there's l o t of 
sc a t t e r i n the data, although they do seem to show inv e r s i o n . 
F i n a l l y , the data were obtained i n a 2-methyl-tetrahydrofuran 
glass at 77°K, which may d i f f e r s i g n i f i c a n t l y from water at room 
temperature. 

DR. MARSHALL NEWTON (Brookhaven National Laboratory): I'd 
l i k e to ask a question about Hopfield's numbers. The alpha 
parameter from h i s 1974 paper [Hopfield, J . J . Proc. N a t l . 
Acad. S c i . , USA 1974, 71, 3640] was based not on the d i r e c t 
metal-metal i n t e r a c t i o n but rather was based on carbon-carbon 
overlap because i t was two carbons which were clo s e s t together 
i n h i s electron transport system. In contrast, Dr. Sutin gave 
some d i f f e r e n t numbers based on metal o r b i t a l s . Depending on 
whether one i s interested i n carbon-carbon overlap between two 
organic r i n g s , or i n d i r e c t metal-metal overlap, one might or 
might not opt f o r the Hopfield parameters. However, at the 
l e v e l of fuzziness which we have, i t may not make any d i f f e r 
ence, I r e a l i z e . 
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DR. SIDERS: The edge atoms on the rings of the t r i s - b i 
p y r i d y l complexes that we considered are a long way out from the 
c e n t r a l metal ions. For that reason we thought that an estimate 
such as H o p f i e l d 1 s , based on a carbon-carbon overlap, would be 
more appropriate than one based on a metal-metal overlap. 

DR. EPHRAIM BUHKS (University of Delaware): I would l i k e 
to mention b r i e f l y some recent work which demonstrates that 
quantum-mechanical c a l c u l a t i o n s r e a l l y can provide a basis f o r 
understanding the mechanism of slow electron exchange i n systems 

3+ 2+ 
such as Co(NH 3)^ * [Buhks, E.; Bixon, M.; Jortner, J . ; Navon, 
G. Inorg. Chem. 1979, 18, 2014]. 

The electron t r a n s f e r rate can be represented i n terms of 
a product of the electron exchange matrix element and Franck-
Condon f a c t o r s ; the l a t t e r takes into account the contributions 
of solvent p o l a r i z a t i o n and intram o l e c u l a r - v i b r a t i o n a l modes 
both of the acceptor and donor ions. These f a c t o r s , i n general, 
incorporate the contribution of the frequency change. The de
t a i l e d c a l c u l a t i o n , considering 30 v i b r a t i o n a l modes, demon
strates that the frequency change i s not very important f o r t h i s 
electron-exchange reaction. I t rather provides some small fac
t o r of 10 * or so. The most important term, which includes the 
exponential of the square of the change i n metal-ligand bond 
distances, i s responsible f o r the eight orders of magnitude 

3+ 2+ 
r a t i o between Franck-Condon factors f o r the Ru(NH^), ' and 

3+2+ 
Co(NH^)^ ' exchange. The other contribution which should be 
taken into account i s the electron exchange matrix element. 

3+ 
Electron exchange between the ground states of CoiNH^), and 

2+ 
Co(NH^)^ i s spin forbidden. For t h i s reason, the true elec
t r o n i c states should take in t o account a combination of the 
ground state with excited e l e c t r o n i c states f o r both Co(II) and 
Co( I I I ) . 

Thus, i n the c a l c u l a t i o n of the electron exchange matrix 
-4 

element, an ad d i t i o n a l factor of 10 appears due to the mixing 
of the ground states with excited states and t h e i r cross terms. 
Altogether, t h e o r e t i c a l l y , one can account f o r the 12 orders of 
magnitude difference i n the r e a c t i v i t y of the ruthenium and co
b a l t couples. 

An a d d i t i o n a l concern ari s e s i n regard to any differences 
which may e x i s t between the c l a s s i c a l theory and the quantum-
mechanical approach i n the c a l c u l a t i o n of the Franck-Condon 
factors f o r symmetrical exchange reactions. In f a c t , the d i f 
ference i s not very large. For a frequency of 400 cm * fo r 
metal-ligand t o t a l l y symmetric v i b r a t i o n a l modes, one can expect 
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10. MARCUS AND SIDERS Developments in Electron Transfer 251 

only one order of magnitude difference between rate constants 
calculated using c l a s s i c a l and quantum-mechanical models f o r 
systems e x h i b i t i n g such large changes i n metal-ligand distance 

3+ 2+ 
as exhibited by the Co(NH^)^ 9 couple [Buhks, E.; Bixon, M.; 
Jortner, J . ; Navon, G. J . Phys. Chem. 1981, 85, 3759]. On the 
other hand, i f one considers the v a r i a t i o n of a c t i v a t i o n energy 
with e l e c t r o n i c energy gap, one finds a very large discrepancy 
between the quantum-mechanical and c l a s s i c a l approaches f o r 
very exothermic reactions at room temperature (see Figure 1). 

A further exploration of the nuclear tunneling phenomena 
was presented i n the study of deuterium isotope e f f e c t s on 
electron-exchange reactions [Buhks, E.; Bixon, M. ; Jortner, J . 
J . Phys. Chem. 1981, 85, 3763]. The main cause of the isotope 
e f f e c t on the rate of electron exchange originates from the 
changes i n the metal-ligand v i b r a t i o n a l frequencies which are 
induced by a change of the mass of the ligand. The e f f e c t also 
depends on the changes i n the metal-ligand equilibrium config
urations accompanying electron t r a n s f e r and on temperature. For 
a system characterized by a sub s t a n t i a l change i n the metal-

3+ 2+ 
ligand distance, such as Co(NH^)^ * , kjj/kp changes from ~1.3 
at room temperature to ~30 at f a i r l y low temperatures, while i t 
i s u n ity i n the high temperature c l a s s i c a l l i m i t . In the tem
perature range 0°-70°C i t i s expected that Zn(k^/k^) should 
decrease as Τ I The deuterium isotope e f f e c t , k^/k^, e x h i b i t s 
a maximum f o r the symmetric electron exchange reactions, and 
decreases f o r a c t i v a t i o n l e s s and b a r r i e r l e s s reactions (see 
Figure 2). 

These predictions can provide an experimental t e s t of the 
mechanism f o r quantum-mechanical tunneling e f f e c t s on electron 
t r a n s f e r processes i n s o l u t i o n and i n glasses over a wide tem
perature range. 
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252 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Figure 1. Activation energy of electron-transfer process as a function of electronic 
energy gap of a reaction. E r = E g + E c is the total reorganization energy where 
E 8 is the classical solvent reorganization energy and E c is the reorganization energy 
of an intramolecular mode, = 2k BT, at room temperature. Curve 1 (Ec = 0) 
represents a classical case; curve 3 (EB = 0) represents quantum effects at room 
temperature; and curve 2 (EB = E c = BT/2) represents the interference of the 

two previous cases. 
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- 3 - 2 - 1 0 1 2 

AE/EC 

Figure 2. Deuterium isotope effect for electron transfer between ammine com
plexes as a function of the reduced electronic energy gap A E / E C where E r is the 
total reorganization energy E,. = E 8 + E c . Key for parameters: , ha>H/kBT 

- 2.0 and E 8 / E c = 0; , E 8 / E c = 1; and , E s / E c = 2. 
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1 1 

Mechanistic Studies of Electron Exchange 
Kinetics Using Ab Initio Electronic Structure 
Techniques 

MARSHALL D. NEWTON 
Brookhaven National Laboratory, Department of Chemistry, Upton, NY 11973 

The rate constant for the aqueous Fe2+-Fe3+ 

electron exchange reaction i s calculated as 

kex = ∫4πr2g(r)kel(r)dr, where kel i s the first– 
order rate constant for outer-sphere exchange 
when the Fe complexes are separated by r and 
g(r) i s the pair dis tr ibut ion function for the 
reacting inner-sphere complexes. A simple 
primitive model i s employed for g(r) and the 
effective contact distance (rmin) i s taken as 
5.5 Å, the value at which the staggered face-to
-face configuration of the "octahedral" complexes 
achieves van der Waals contact (via the water 
hydrogen atoms). The electronic contributions 
to kel(r) are obtained from large scale ab ini-
tio molecular orbi ta l calculations carried out 
for the diabatic states of the reactive ion 
pair . The calculated rate constant, kex, and 
associated activation parameters are in good 
agreement with experimental data extrapolated 
to zero ionic strength and correspond to a 
mechanism dominated by direct Fe-Fe overlap 
and characterized by a modest degree of nuclear 
tunnelling and non-adiabatic behavior. 

The theoretical aspects of electron transfer mechanisms i n 
aqueous solution have received considerable attention in the 
last two decades. The early successes of Marcus (1, 2), Hush 
(3, 4), and Levich (5) have stimulated the development of a wide 
variety of more detailed models, including those based on simple 
transi t ion state theory, as well as more elaborate semi-clas
s i c a l and quantum mechanical models (6-12). 

0097-6156/82/0198-0255$07.25/0 
© 1982 American Chemical Society 
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256 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Although many of these theories take formal cognizance of 
the c e n t r a l r o l e played by atomic and molecular o r b i t a l s i n the 
primary act of electron hopping, to date very few attempts have 
been made to evaluate q u a n t i t a t i v e l y the off-diagonal e l e c t r o n i c 
matrix elements, H A n, which a r i s e from these o r b i t a l s . For the AB' 
general case of non-orthogonal functions (S^g t 0), the p a r t i c u 
l a r form of the matrix element required i s 

H A B = ( " A B - V M ^ 1 - S A B 2 > ( 1 ) 

t 

where Η Α β = f Ψ^Η^ ψ ^ τ , S A f i = J Ψ Α Ψ ^ τ , h* e l i s the e l e c t r o n i c 
Hamiltonian f o r the whole system, and the wavefunctions ψ Α and 
ψβ characterize the reactant and product s t a t e s , r e s p e c t i v e l y 
(11). A quantitative determination of such matrix elements (to 
be elaborated below) i s of c r u c i a l importance because i t not 
only allows an absolute evaluation of the desired rate constants 
but also helps to reveal the q u a l i t a t i v e aspects of the mech
anism. In p a r t i c u l a r , questions regarding the magnitude of 
el e c t r o n i c transmission factors and the r e l a t i v e importance of 
ligands and metal ions i n f a c i l i t a t i n g e l ectron exchange between 
t r a n s i t i o n metal complexes can be assessed from a knowledge of 
ηΑΒ· 

In t h i s paper we demonstrate the f e a s i b i l i t y of applying 
the techniques of ab i n i t i o molecular quantum mechanics i n a de
termination of matrix elements and other e l e c t r o n i c properties 
which give i n s i g h t i n t o the mechanism of electron exchange re
actions. In add i t i o n , general k i n e t i c formalisms are adopted 
which permit the o v e r a l l rate constant to be calculated f o r 
bimolecular electron exchange reactions i n polar solvents. I n i 
t i a l accounts of some of t h i s work are given i n refs (11) and 
(13). 

The general approach i s i l l u s t r a t e d i n d e t a i l f o r the case 
of aqueous ferrous and f e r r i c ions, and the calculated rate con
stant and a c t i v a t i o n parameters are found to be i n good agree
ment with the av a i l a b l e experimental data. The formalisms we 
have employed i n studying such complicated condensed phase pro
cesses necessarily r e l y on numerous approximations. Further
more, some empirical data have been used i n characterizing the 
solvated ions. We emphasize, nevertheless, that (1) none of the 
parameters were obtained from k i n e t i c data, and (2) t h i s i s , as 
fa r as we are aware, the f i r s t such t h e o r e t i c a l determination 
to be based on f u l l y àb i n i t i o e l e c t r o n i c matrix elements, ob
tained from large scale molecular o r b i t a l (MO) c a l c u l a t i o n s . A 
molecular o r b i t a l study of the analogous hexaaquo chromium sys
tem has been c a r r i e d out by Hush, but the c a l c u l a t i o n s were of 
an approximate, semi-empirical nature, based i n part on experi-
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11. N E W T O N Mechanistic Studies of Electron Exchange Kinetics 257 

mental ESR data (4). A previous study of the MnO^ "-MnO^ sys
tem attempted to e x p l o i t the r e s u l t s of e a r l i e r ab i n i t i o MO re
s u l t s (14). However, the c a l c u l a t i o n of the necessary matrix 
elements apparently involved some d r a s t i c numerical approxima
tions . 

General Considerations 

Our basic goal i s to understand the k i n e t i c s of reactions 
of the type 

MX A + + MY k + MX (·«>+ + k Cb-1)+ ( 2 ) 

p q p q ' 
occurring i n polar solvents between t r a n s i t i o n metal complexes, 
MH a + and MY The o v e r a l l process summarized i n eq 2 i s of ρ q 
course a composite of many i n d i v i d u a l steps. Since our primary 

2+ 3+ 
focus i n the remainder of t h i s paper i s the Fe -Fe ele c t r o n 
exchange i n aqueous s o l u t i o n , we i l l u s t r a t e the various steps 
fo r the case a=2, b=3 i n eq 3, using the follo w i n g shorthand: 
(2+3*) = separated reactants; ( 2 3 f ) r Ξ the reactive p a i r charac
t e r i z e d by ion-ion separations between r and r+dr; the a s t e r i s k 
denotes a c t i v a t i o n or reorganization of solvent and/or inner-
sphere modes associated with the reactive ion p a i r ; and reac
tants (2+3 f) and products (3+2 f) are assumed to be d i s t i n g u i s h 
able by an i s o t o p i c l a b e l (denoted by the prime). 

(2+3·) * I - (23· ) r =5=§=fc (23')* =5=f=̂ = 
(d i f f u s i o n ) ( a c t i v a t i o n ) (electron 

t r a n s f e r ) (3) 
(32·)* (32·) =5===*= (3+2') r c r a 

(deactivation) ( d i f f u s i o n ) 

In order to make things a b i t more concrete at t h i s point 
we di s p l a y i n Figure 1 a s t e r i c a l l y favorable configuration f o r 
a reactive ion p a i r (11). Only the 3d atomic o r b i t a l s most d i 
r e c t l y involved i n the electron exchange are shown. The theo
r e t i c a l model developed here i s based on a so-called "outer-
sphere" mechanism, i n which the inner-sphere reactants preserve 
t h e i r i n t e g r i t y i n the course of the exchange reaction (aside 
from bond d i s t o r t i o n s associated with the a c t i v a t i o n step). The 

2+ 3+ 
difference i n equilibrium FeO distances i n the Fe and Fe 
complexes i s ~0.14 8 (based e i t h e r on cr y s t a l l o g r a p h i c data (15) 
or ab i n i t i o c a l c u l a t i o n s (13)) and leads to an appreciable 
inner-sphere contribution to the a c t i v a t i o n energy. 
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In general, the e f f e c t i v e o v e r a l l rate constant associated 
with loss of reactants can be expressed i n terms of the i n d i 
v i d u a l rate constants a-e i n eq 3 by use of the steady state 
approximation. Simpler expressions can be obtained i f the 
species related by d i f f u s i o n (a,b) and a c t i v a t i o n (c,d) pro
cesses are assumed to be i n thermal equilibrium. In such a case 
one finds straightforwardly that the e f f e c t i v e f i r s t order rate 
constant, ^ e ^ ( r ) > f° r e l e c t r o n t r a n s f e r at separation r can be 
wri t t e n as 

k f i l ( r ) = {c ( r ) / d ( r ) } e ( r ) (4) 

and the o v e r a l l bimolecular rate constant, k , can be w r i t t e n 
as 

kex = -C 4*r 2g(r)k e l(r)dr (*) min 
where 

4nr 2g(r) = a( r ) / b ( r ) (6) 

and g(r) i s the r a d i a l p a i r d i s t r i b u t i o n function f o r the re
activ e species (the rate constant f o r formation of ion p a i r s 
with separations i n the range r to r + dr i s a ( r ) d r ) ; g(r) can 
be expressed as 

g(r) = exp(-û(r)/kBT) (7) 

where u(r) i s the p o t e n t i a l of mean force between reactants 
(12). The expression f o r the o v e r a l l rate constant, k g x , 
c l e a r l y implies some sort of sphe r i c a l averaging of the reacting 
ions (Π, 12). This point i s considered i n more d e t a i l i n the 
next section where the d e f i n i t i o n of r . i s also discussed. 

m i n 
The assumptions of equilibrium i m p l i c i t i n eqs 4-7 are 

2+ 3+ 
j u s t i f i a b l e i n the case of the aqueous Fe -Fe reaction be
cause the rate constant f o r elect r o n t r a n s f e r between activated 
species (e) i s small by comparison with the re l a x a t i o n rate 
associated with the a c t i v a t i o n processes (11, 12), and because 
the f i r s t - o r d e r rate constant k ^ ( r ) i s small by comparison with 
the d i f f u s i o n rate constant b. C l e a r l y , neither of these as
sumptions need be v a l i d i n cases of more rapid electron t r a n s f e r 
(12). 

Eq 5 reveals at a glance the two major components of the 
desired rate constant: the primary electron-hopping rate 
constant, ^ e ^ ( r ) > which involves quantum and s t a t i s t i c a l mech
anics associated with both heavy atom and e l e c t r o n i c motion, on 
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11. N E W T O N Mechanistic Studies of Electron Exchange Kinetics 259 

the one hand, and the d i s t r i b u t i o n of reactive species as gov
erned by g ( r ) , which at some l e v e l involves a l l the s t a t i s t i c a l 
mechanical aspects of aqueous so l u t i o n s , on the other. Although 
our major i n t e r e s t l i e s i n the quantum chemical aspects of 
k e ^ ( r ) , a de t a i l e d consideration of both g(r) and ^ e ^ ( r ) i s 

c l e a r l y necessary f o r any meaningful determination of k^. Ac
cordingly, we discuss some aspects of the r a d i a l d i s t r i b u t i o n of 
reactants i n the next section before turning to a de t a i l e d f o r 
mulation of k ι(r). 

e l 
Radial D i s t r i b u t i o n of Reactants 

We confine our att e n t i o n to the l i m i t of zero i o n i c 
strength ( i . e . , an extremely d i l u t e s o l u t i o n of reactants) and 
make comparison with experimental data extrapolated to zero 
i o n i c strength (10, 11). Furthermore, a very simple p r i m i t i v e 
model i s employed i n which u(r) i n eq 7 i s expressed as 

S(r) = (2 ) (3)/(D sr) (8) 

where D i s the s t a t i c d i e l e c t r i c constant of bulk water. Such s 
a model for u(r) can c e r t a i n l y be improved, but eq 8 i s f e l t to 

2+ 3+ 
be useful f o r the i n i t i a l assessment of the Fe -Fe exchange 
k i n e t i c s presented here and i n ref (11). (In a recent study, 
Tembe, Friedman and Newton Q2) have investigated the use of 
much more elaborate models f o r u ( r ) , which can be extended to 
solutions of moderate i o n i c strength). 

Most previous studies have not employed the i n t e g r a l form 
of the rate constant, eq 5, because d e t a i l e d information regard
ing the r a d i a l dependence of k e ^ ( r ) was lackin g . Instead, var
ious non-integral forms were postulated, eq 9, which require the 
i d e n t i f i c a t i o n of some optimal reactant separation, r: 

kex = v ( r ) g ( r ) k e l ( r ) W) 

where v ( r ) i s the e f f e c t i v e volume of the reactive ion p a i r 
(16). In view of the r a d i a l symmetry assumed i n eq 5, one may 
further specify v ( r ) i n terms of an e f f e c t i v e width, Ar, 

v(?) = 4n? 2Ar (10) 

The most probable r value i s determined by the competition be-
2 

tween r g ( r ) , which generally increases with r , and k .. (r) which 
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260 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

i s dominated by the exponentially decaying matrix element, 
(11). In l i e u of other s p e c i f i c information, r i s generally 
considered to be the "contact" separation of the reactants 
(1-8). 

An e f f e c t i v e s p h e r i c a l model i s sometimes adopted (11, 17, 
18) i n which 

v ( r ) = (4/3)7lr 3 (11) 

In terms of eq 10, eq 11 implies Ar = r/3, which i n many actual 
s i t u a t i o n s leads to an exaggerated rate constant i f r i s con
strained to be the value of r which maximizes the integrand of 
eq 5 (12). Conversely, i f r i s determined by requirin g eq 9 i n 
conjunction with eq 11 to y i e l d the same value f o r k^ as that 
given by the correct expression, eq 5, the r e s u l t i n g r value 
w i l l be somewhat too large i n the sense that one w i l l tend to 
underestimate the value of the " e f f e c t i v e " e l e c t r o n i c matrix 
element, H^g(r). 

Interpénétration of Reactants. A d e t a i l e d s t r u c t u r a l ex
amination (Figure 1) reveals the inherent d i f f i c u l t i e s i n at
tempting to define a "contact" separation f o r reactants of the 
type considered here. In s p i t e of the deceptively high symmetry 
(e.g., the point group assumed i n Figure 1 and (13)), the 
hexahydrate ions are seen to be f a r from s p h e r i c a l . Thus, adop
t i n g van der Waals contact between the protons of the two reac
t i n g complexes as the c r i t e r i o n f o r contact (11) ( i . e . , ru*·*JJ 
= 2.4 8 (19)), we f i n d that apex-to-apex contact leads to a 
value of r ~7.4 8, somewhat longer than the t r a d i t i o n a l value 
of 6.9 8. whereas a staggered face-to-face approach, as i n 
Figure 1, y i e l d s contact at ~5.5 8 (11). Further s t r u c t u r a l 
analysis has suggested 4.5 8 as being a lower l i m i t f o r the 
closest possible contact of two hexa-hydrate complexes (12). 
Analysis of NMR re l a x a t i o n of a l k a l i ions caused by t r a n s i t i o n 
metal ions with S > 1/2 has also indicated that closest contact 
distances of aqueous ions are s u b s t a n t i a l l y smaller than those 
i n f e r r e d from contact of the envelopes of the inner hydration 
s h e l l s (20). 

The occurrence of s i g n i f i c a n t interpénétration of solvent 
s h e l l s has several k i n e t i c i m p l i c a t i o n s : c l e a r l y a l l r-depen-
dent contributions w i l l be affected, e s p e c i a l l y the exponential-

f 
l y varying matrix elements (H^g)· Another consequence of the 
non-spherical nature of the reactant species i s the need to con
side r a k i n e t i c s t e r i c f a c t o r which takes account of the re
duced s t a t i s t i c a l s i g n i f i c a n c e of interpenetrating structures 
as r o t a t i o n a l degrees of freedom become in c r e a s i n g l y r e s t r i c t e d 
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262 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

with decreasing r. Proper i n c l u s i o n of very short r values 
(e.g., as short as 4.5 8) would c e r t a i n l y require extensive 
modification of the expression f o r u(r) employed i n the present 
study (eq 8). One simple approach i s to incorporate a s t e r i c 
f a c t o r through the use of a switching function which varies from 
unity to zero as r approaches the minimum possible value (12). 
For present purposes we have chosen instead to keep eq 8 and to 
adopt 5.5 8 as an e f f e c t i v e lower l i m i t f o r r i n eq 5, based on 
the van der Waals contact c r i t e r i o n defined above (11). This 
cutoff value of r i s seen to be roughly halfway between the 
close s t contact estimate (>4.5 8) and the t r a d i t i o n a l " s p h e r i c a l 
contact" distance (~7 8), and i s to be interpreted as a com
promise between the extremes of t o t a l r o t a t i o n a l freedom and 
t o t a l suppression of r o t a t i o n a l freedom, thus allowing an i n i 
t i a l estimate of the e f f e c t s of interpénétration of reac
tants. Many of the features of the c a l c u l a t i o n s based on t h i s 
model (11) and reported below are found to be consistent with 
those obtained i n the more d e t a i l e d studies (12). 

Models f o r k £ ^ ( r ) 

Since various models f o r ̂ e ^ ( r ) based on t r a n s i t i o n state 
theory (TST), s e m i c l a s s i c a l theory (SCT), and quantum mechanical 
theory (QMT) have been thoroughly discussed i n the previous 
l i t e r a t u r e (6-12), we w i l l discuss them here only b r i e f l y , with 
emphasis on the manner i n which the ab i n i t i o matrix elements 
are calculated and incorporated i n t o the o v e r a l l formalisms. 

Coordinates and P o t e n t i a l Energy Surfaces. In any of the 
above formalisms one must i d e n t i f y the nuclear coordinates which 
contribute to the a c t i v a t i o n of the reactants. In the present 
case we confine our a t t e n t i o n to two " a c t i v e " modes — the s o l 
vent p o l a r i z a t i o n mode (<l s o^ v) a ^ d the antisymmetric combination 
of inner-sphere breathing modes (Q^) > a s * n Figure 2. I t i s 
formally possible to t r e a t both < l s o ^ v

 a n a* q^ n i n terms of a har
monic o s c i l l a t o r model (5). For a thermoneutral exchange reac-

2+ 3+ 
t i o n such as Fe -Fe , the reactant and product p o t e n t i a l 
energy surfaces can be represented as two e l l i p s o i d s which are 
i d e n t i c a l except f o r a ho r i z o n t a l displacement a r i s i n g from 
s h i f t s i n the equilibrium values of < l s o ^ v

 3 η α < q ^ i n going from 
reactants to products (Figure 2). These two surfaces i n t e r s e c t 
i n a l i n e whose lowest-energy point defines the a c t i v a t i o n 
energy, Ε , as indicated by the i n t e r s e c t i o n of the energy pro
f i l e s i n Figure 3. By res o r t i n g to d i e l e c t r i c continuum theory, 
one may express the solvent contribution to Ε as 
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. O L 

^solv 

ACTIVE 
MODES 

-"in 
Figure 2. Initial (ψλ) and final (φΒ) state potential-energy contours for the complete 
(two-mode) active space; the abscissa refers to the inner-sphere mode and the 
ordinate governs the low-frequency active solvent mode. The difference in fre
quencies leads to a curved reaction path. Equilibrium coordinate values for the 
reactant (φΑ) and product (φΒ) states are labeled q A and q B, respectively. For the 

case of qin, qB° - qA° = Aqin°, ay given by Eq. 16. 

PRODUCTS 

"DIABATIC 

2H' AB 

EADIABATIC 

Β 
REACTION COORDINATE 

Figure 3. Parabolic energy profiles of two diabatic states reactants; ψΒ, 
products) along the reaction path, displaying the crossing energy, E°<i<e6ai4c, and the 

splitting of the adiabatic states f ± H A B ' a t the crossing point). 
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Ε* 1 = (1/3271) (1/D -1/D ) J* (3 «. «. -D , . ) 2dT (12) solv v / v ' op ' s J reactants products 

where D and D are the o p t i c a l and s t a t i c d i e l e c t r i c con-
op s * 

stants, r e s p e c t i v e l y , of bulk water, and D and 
reacr>anr>s D , . are the e l e c t r i c displacement vectors which would be products r 

created i f the undistorted reactant and product charge d i s t r i b u 
t i o n s , r e s p e c t i v e l y , were placed i n a vacuum (1, 3, 5). For a 
model based on point charges i n two sp h e r i c a l c a v i t i e s , one can 
write 

E * Q l v ( r ) = ( l / 4 ) ( l / D o p - l / D s ) ( l / r * - 1/r) (13) 

where r * i s the common e f f e c t i v e c a v i t y radius of the two reac
t i n g complexes separated by r i n the activated ion-pair complex 
(Figure 1). * 

The inner sphere con t r i b u t i o n to Ε i s given by 

E* = (1/8)F. (Aq? ) 2 (14) i n m 
where i s the average breathing force constant f o r the two 
charge states (10) 

F. = 2 F 2 + F ? + / ( F ? + + F? + ) (15) i n i n i n i n m 

and Δ < 4 = 4 ( r ^ - r f I L
3 + ) (16) 

In view of the emphasis on interpénétration of reactants 
i n the previous s e c t i o n , one may w e l l wonder about the v a l i d i t y 
of using eq 13 f o r E g o^ v> since i t i s based on a model of non-
over lapping spheres. Accordingly, i n the s p i r i t of previous 
work by Cannon (21) i t i s of i n t e r e s t to implement eq 12 f o r an 
e l l i p s o i d model of the reactive ion p a i r i n which the e l l i p s o i d 
i s defined to have a volume equal to that of the space enclosed 
by the two overlapping spheres (12). The other parameter of the 
e l l i p s o i d can be defined by optimal matching to the shape of the 
overlapping spheres (12). The r e s u l t s reveal that the 2-sphere 
model i s rather s i m i l a r to the e l l i p s o i d a l model, with E s o ^ v 

from the l a t t e r being <1 kcal/mole greater than that from the 
2-sphere model over the whole range of relevant r values (12). 
Presumably, the e l l i p s o i d a l r e s u l t s are more r e l i a b l e at very 
short r values while the 2-sphere model should become more re
l i a b l e with increasing r. A l l r e s u l t s obtained below were based 
on the 2-sphere model. 
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11. N E W T O N Mechanistic Studies of Electron Exchange Kinetics 265 

T r a n s i t i o n State and Semi-Classical Models. The a c t i v a t i o n 
energy, Ε , defined above i n terms of p o t e n t i a l energy surfaces 
i s to be compared with the k i n e t i c d e f i n i t i o n 

E k i n = - k
B

d U n k e l ( r ) ) / d ( l / T ) (17) 

In the simple TST harmonic o s c i l l a t o r model, the two expressions 
fo r Ε are e s s e n t i a l l y i d e n t i c a l with k g ^ ( r ) given by 

k e l ( r ) = v e f f exp(-E*/RT) (18) 

where ν i s the e f f e c t i v e frequency associated with the reac
t i o n coordinate i n the activated complex ( i . e . , at the crossing 
of the d i a b a t i c surfaces i n Figure 3) as discussed i n (10) and 
(11). 

In the simple s e m i - c l a s s i c a l g e n e r a l i z a t i o n of TST, ele c 
t r o n i c and nuclear quantum mechanical e f f e c t s are included v i a 
an e l e c t r o n transmission f a c t o r , K ^ , and a nuclear t u n n e l l i n g 
f a c t o r , Γ . Since both κ , and Γ involve thermal averaging, JL η e l η 
Ε, . (eq 17) now becomes temperature-dependent and can d i f f e r K i n ^ 

appreciably from Ε based on p o t e n t i a l energy surfaces. In 
pr a c t i c e i t has been found useful to evaluate using the 
Landau-Zener model (22, 23), leading to the expression (11, 12) 

K e l = 2P 1 2°/(1 + P 1 2°) (19) 

where P 1 2° = 1 - exp(-γ) (20) 

and y = ( H ^ V e f f ) ( * X T ( E * o l v + E * n ) ) 1 / 2 (21) 

I t i s apparent that f o r s u f f i c i e n t l y weak e l e c t r o n i c coupling 
( i . e . , small H^) (and, hence, the o v e r a l l rate constant) 
becomes d i r e c t l y proportional to H^g2. 

The nuclear t u n n e l l i n g f a c t o r can be accurately estimated 
from a 1-mode model based on the high frequency inner-sphere 
breathing mode (10, 11) 

Γ η = ( s i n h ( y / 2 ) / ( y / 2 ) ) % exp{-4E* n/hv i n(tanh(y/4)-y/4)} (22) 
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266 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

where y = n V i n / k g T a n <* ν ^ η
 i s t n e a v e r a 8 e inner-sphere breath

ing frequency (based on F^^ i n eq 15). 

Wavefunctions and Non-Adiabatic Character. To the extent 
that simple TST provides a vi a b l e model, one can often avoid de
t a i l e d consideration of wavefunctions for the reactant and prod
uct species (ψ^ and ψ β ) , and the corresponding matrix element, 
HAB S t r i c t l Y speaking, even TST requires a knowledge of 

H^g since the height of the zeroth order crossing (E di a b a t i c i n 
Figure 3) i s reduced by iH^gl when adiabatic surfaces ( i . e . , 
eigenvalues of the e l e c t r o n i c Schrodinger equation) are con-
sidered (dashed l i n e s i n Figure 3). However, i f H^g < kgT, i t s 
e f f e c t on Ε can often be ignored. In the s e m i - c l a s s i c a l theory 
(SCT, eqs 19-22) and the quantum mechanical theory (QMT) to be 

t 
described below, H^g and the wavefunctions which determine i t 
play a more fundamental r o l e and require c a r e f u l a t t e n t i o n . 

As defined above, the d i a b a t i c states and t|fg correspond 
to the valence bond structures associated, r e s p e c t i v e l y , with 
reactants or products ( i . e . , = 2+,3+; ψρ = 3+,2+). When the 
reactants or products are i n t e r a c t i n g , and can mix be
cause H^g ± 0, and i n the case of the symmetric activated com
plex where a mirror plane b i s e c t s the M-M vector, the adiabatic 
states (which diagonalize the e l e c t r o n i c Hamiltonian) are given 
by 

Ψ ± = (ΨΑ ± Ψβ)/(2(1 ± S ^ ) 1 7 2 (23) 

I t turns out i n the present case to be most convenient to 
formulate the electron t r a n s f e r process i n terms of and t|jg 
rather than ψ + and ψ_. Aside from the simple valence-structure 
d e f i n i t i o n of and t|*g (see above), these " d i a b a t i c " functions 
have the advantage of varying smoothly and slowly with < l s o ^ v 

and q^ n- Hence "non-adiabatic" e f f e c t s due to the action of the 
nuclear momentum operators on ψ Α and t(fDcan be neglected (11). 

A D 

Of course, the degree of "non-adiabatic character" i n the elec
tron-exchange process i s an i n t r i n s i c property, independent of 
the wavefunction representation used to describe i t . For ex
ample, i n terms of ψ + and ψ_, an e l e c t r o n i c a l l y adiabatic pro
cess i s one which can be analyzed i n terms of a single adiabatic 
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11. NEWTON Mechanistic Studies of Electron Exchange Kinetics 267 

p o t e n t i a l energy surface: i . e . , the adiabatic surfaces i n our 
2-state model must be s u f f i c i e n t l y separated so that they exert 
no interference e f f e c t s on each other. The s p l i t t i n g of the 
adiabatic surfaces at the di a b a t i c crossing point (Figure 3) i s 
given by 

ΔΕ = 2H^ B (24) 
t 

where H^g i s defined i n eq 1. Hence, i t follows that a large 
**AB s u P P r e s s e s t n e influence of the upper state on ground state 
processes, leading to the adiabatic l i m i t . f 

On the other hand, i n the l i m i t of small H^g one i s dealing 
with an i n t r i n s i c a l l y 2-state process i n which most events are 
non-reactive or ! lnon-adiabatic f !: i . e . , the system upon entering 
the crossing region (Figure 3) most l i k e l y remains on the same 
"d i a b a t i c " (reactant or product) surface (or, equivalently, 
jumps from one adiabatic surface to the other) and only occa
s i o n a l l y passes from one d i a b a t i c surface to the other ( i . e . , 
r e a cts). In the SCT model defined above, the tendency toward 
non-adiabatic character i s r e f l e c t e d i n the departure of 
from un i t y as H^g i s reduced i n magnitude (eqs 19-21). 

Quantum Mechanical Theory (QMT) 

The Perturbation Theory Formalism. The quantum mechanical 
model employed here i s the conventional time-dependent pertur-
bation theory, v a l i d f o r s u f f i c i e n t l y small H^g, which leads to 
the f a m i l i a r Golden rul e expression when the f i n a l state mani
f o l d i s s u f f i c i e n t l y dense (ensured here by the presence of the 
solvent continuum) (6-11). Assuming a Boltzmann average over 
a l l i n i t i a l states ( i . e . , v i b r a t i o n a l states associated with 
ψ^) and a c l a s s i c a l solvent continuum ( i . e . , there i s no tunnel
l i n g associated with ^ 8 0 ^ ν ) > o n e obtains 

k , ( r ) = H! 2/hZj ( 7 t 3/E* _ κ ΏΤ) 1 / 2(Σ k ) (25) e l v AB A y v ' solv Β 1 v v A,w w v Aw ' rA , wB VA~B 
where 

k = |S |2exp[-E° /k DT 
VA WA VA WB VA 

- (Ε* Ί + ΔΕ° /4) 2/E* . κ ΏΤ] solv VA WB solv 
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268 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

and where and Wg re f e r to inner-sphere v i b r a t i o n a l l e v e l s i n 
the i n i t i a l (A) and f i n a l (B) states, (E° = v^hv^, E° = WghVg, 

= Vg = v£ n)> i s the inner-sphere p a r t i t i o n function, and 

AE° = E° - E° i s the v i b r a t i o n a l energy exchange between 
VA WB WB VA 

the " a c t i v e " inner-sphere and solvent modes i n the v^ -> Wg com
ponent of the t o t a l rate constant. The e l e c t r o n i c matrix e l e -
ment, H^g, which i s evaluated at an appropriate value of q^ n as 
described below, and the Franck-Condon f a c t o r s , |S | 2, a r i s e 

VA WB 
from a Condon f a c t o r i z a t i o n of the f u l l v i b r o n i c matrix e l e 
ments 

H v w = ^ < * w d * ( 2 6 ) 

Α Β Α ϋ Ίν Β 

where the χ 1 s are the v i b r a t i o n a l wavefunctions and the i n t e 
g r a tion i n general i s over a l l ac t i v e modes ( < l s o ^ v

 a n a < ^± n^ · 
We do not attempt a de r i v a t i o n of eq 25 here (see, e.g., 
ref ( 8 ) ) , but rather d i s p l a y j u s t enough d e t a i l to make c l e a r 
how the matrix elements a c t u a l l y calculated (see below) are re
lated to the formalism. We note that eq 26 includes both elec
t r o n i c and nuclear quantum mechanical e f f e c t s , as r e f l e c t e d i n 

» 2 the Hamiltonian (Η Α Ώ) and Franck-Condon (|S I ) matrix e l e -AB ν' ν^Νβ 
ments. The r e l a t i o n s h i p between eq 26 and the simple SCT ex
pressions, (eqs 19-22), has been discussed i n d e t a i l i n previous 
work (10, 11). 

In constructing the formalism which leads to eq 25 and re-
t 

veals the rol e of H^g, we must f i r s t define the e f f e c t i v e Hamil
tonian, H. Although the po l a r i z e d solvent makes important con
t r i b u t i o n s to the a c t i v a t i o n energy, we f i n d i t useful as a 
f i r s t approximation to include only the inner-sphere complexes 

t 
i n constructing a Hamiltonian f o r the purpose of c a l c u l a t i n g H^g 
(the neglect of long-range solvent e f f e c t s on H^g i s p a r t i a l l y 
j u s t i f i e d by examining the solvent c o n t r i b u t i o n to the e l e c t r i c 
f i e l d i n the important region between the two reactants (see 
Figure 3), using the same e l l i p s o i d a l model discussed above i n 
connection with Ε ^ ). Our Hamiltonian, H, i s then simply the 
time-independent Schrodinger Hamiltonian and includes the im
portant valence electrons of the reactive ion p a i r . The time 
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11. N E W T O N Mechanistic Studies of Electron Exchange Kinetics 269 

dependence i n the problem a r i s e s from the boundary conditions to 
be imposed. L e t t i n g Η = Τ + Η ,, where Τ i s the nuclear k i -° η e l * η 
ne t i c energy operator and H f i l i s the e l e c t r o n i c Schrodinger Ham
i l t o n i a n ( i n the Born-Oppenheimer sense), we employ the time-
dependent equation, Ηψ = i h 8t|*/8t, where the v i b r o n i c wave func
t i o n , ψ, i s represented i n our 2-state model as, 

Ψ = *l> A(e,q)X A(q,t) + tp B(e,q)x B(q,t) (27) 

Appropriate manipulations and i n t e g r a t i o n over e l e c t r o n i c co
ordinates (e), neglecting the act i o n of on and and 
omitting terms second or higher order i n off-diagonal matrix 
elements, leads to the following equation f o r the v i b r a t i o n a l 
wave functions, χ: 

( T n + H A A " i h ( 9 X A / a t > " -HAB*B ( 2 8 ) 

A zeroth-order s o l u t i o n of eq 28 appropriate f o r the case 
of weak in t e r a c t i o n s ( i . e . , small H^g) i s obtained simply by 
se t t i n g the right-hand side of eq 28 to zero. Since Τ β + H ^ 
i s time independent, t h i s procedure then defines zeroth order 
stationary s t a t e s , χ° ( i . e . , ( T n + H M ) v ^ = E° χ£ ), which, as 

A A A 
i s customary, may be approximated by harmonic o s c i l l a t o r wave-
functions. We may now imagine t h a t , i n e f f e c t , the r i g h t hand 
side of eq 28 i s "turned on" at some time t (say t = 0). 
Eq 28 i s now solved using time-dependent perturbation theory, 
where the χ 1 s i n eq 27 are expanded i n the usual manner, e.g., 

X A = Σ C ( t ) x j e x p i - i t E ^ / h ) (29) 

and the Fermi Golden rule expression f o r the rate constant (eq 
25) i s u l t i m a t e l y obtained (8). Thus, the "electron t r a n s f e r " 
p r o b a b i l i t y i s mapped onto the composite p r o b a b i l i t y of evolving 
from some state χ° of the φ. manifold to some state χ° of the 

Λ Ά Β 
ψ β manifold due to the weak coupling between the i n i t i a l and 
f i n a l s t a t e s , subject, of course, to conservation of energy. 

Determination of and ψ^. One of the main points of t h i s 
b r i e f exposition i s to pinpoint the terms which determine the 
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270 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

e l e c t r o n i c wave functions and i n the present approximate 
treatment. In p a r t i c u l a r , i n eq 28, which serves as the 
e f f e c t i v e p o t e n t i a l energy f o r nuclear motion when the system 
i s i n e l e c t r o n i c state ψ^, i s the expectation value of the elec
t r o n i c Schrodinger Hamiltonian. We obtain by assuming a 
sin g l e configuration molecular o r b i t a l wavefunction and mini
mizing the value of H ^ using standard s e l f - c o n s i s t e n t f i e l d 
(SCF) techniques (11). In a s i m i l a r fashion, i s determined 
v a r i a t i o n a l l y by minimizing Η Ώ Τ >. Once SCF solutions f o r the 

D D t 

d i a b a t i c states and are a v a i l a b l e , H^g i s straightforward
l y calculated using the same system Hamiltonian. Note that i n 
the present perturbation formalism H^g involves the f u l l Hamil
tonian and not simply some e f f e c t i v e 1-electron e l e c t r o s t a t i c 
operator, as i s often assumed (6-8). The present formulation 
includes a l l valence electrons of the reactants on an equal 
footing and makes no s p e c i f i c assumption about how much of the 
tr a n s f e r r i n g e l e c t r o n belongs to the metal ion and how much to 
the f i r s t s h e l l ligands. 

Charge Localized vs. Delocalized Wavefunctions. In the 
s p i r i t of the Condon approximation discussed above, we do not 
include the f u l l dependence of the purely e l e c t r o n i c matrix e l e 
ments on q. , but rather evaluate them where the d i a b a t i c curves 
cross (Figure 3). We have already noted that, f o r a symmetric 
exchange re a c t i o n , the crossing region i s characterized by a re
f l e c t i o n plane which interconnects and φρ. While such a sym
metric activated configuration leads to a simple expression f o r 
the charge-delocalized adiabatic states (ψ +, eq 23), i t i s i n 
t e r e s t i n g to note that the SCF procedure defined above s t i l l 
leads to the desired symmetry-broken charge-localized ( i . e . , 
2,3 or 3,2) d i a b a t i c s t a t e s , rather than ψ + or ψ_ (constraining 
the wavefunction to have the form of ψ + or ψ_ increases the 
state energies by ~1 eV (11)). This s t a t i c r e s u l t a r i s e s from 
the f a c t that overlap between and i s weak (1J.) and i s re
l a t e d to an i n t e r e s t i n g and analogous dynamical e f f e c t : when the 
charge-localized system i n i s "suddenly" brought i n t o the 
symmetric crossing region by a su i t a b l e f l u c t u a t i o n i n Q g 0^ v

 o r 

q^ n, the system would be expected to o s c i l l a t e between φ^ and 
ψβ and, given enough time, would eventually sweep out a "sym
metric" p r o b a b i l i t y d i s t r i b u t i o n . However, f o r weak overlap of 
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11. N E W T O N Mechanistic Studies of Electron Exchange Kinetics 271 

and ψρ, continued motion i n the q-coordinates would q u i c k l y 
destroy the symmetry before the above symmetrizing o s c i l l a t i o n s 
got st a r t e d ( i . e . , the dynamical system spends most of i t s time 
i n or ψρ). Hence, i n the case of weak overlap, the d i a b a t i c 
states and are more usefu l i n s p i t e of the occurrence of 
temporary symmetric configurations. , 

Recip r o c i t y . F i n a l l y , we note that the evaluation of H A R 

at the crossing (Figure 3) always guarantees that H^g = Hg^ even 
f o r non-thermoneutral reactions (since EAn and S A T > are Hermitian 

AB AB 
and H ^ = Hgg by construction). This ensures the proper re
c i p r o c a l r e l a t i o n s h i p between forward and reverse processes. 
A c t i v a t i o n Paramete rs 

When quantum e f f e c t s are included v i a SCT (eqs 19-22) or 
QMT formalisms, the a c t i v a t i o n parameters become more complica
ted than f o r the simple TST case (eq 18). I t i s convenient to 
preserve the form of eq 18, but now Ε must be replaced by a 

<&> 

temperature-dependent a c t i v a t i o n energy, Ε (Τ), which, accord
i n g l y , can be i d e n t i f i e d as an e f f e c t i v e a c t i v a t i o n free energy 
(10, 11) 

k e l ( r ) = V e f fexp(-AG*/k BT) (30) 

The corresponding entropy and enthalpy of a c t i v a t i o n can be de
fined as 

AS* = -8AG*/3T (31) 

AH* = AG* - TAS* (32) 

When t h i s approach i s extended to the o v e r a l l rate constant, 
k e x > expressed e i t h e r i n i n t e g r a l (eq 5) or non-integral form 
(eq 9 ) , a d d i t i o n a l contributions to the a c t i v a t i o n parameters 
a r i s i n g from the work done i n bringing the reactants together 
must, of course, be included, and the o v e r a l l a c t i v a t i o n param
eters are d i s t i n g u i s e d from the above qua n t i t i e s by the use of 
a dagger (AG , e t c . ) . 

Computational D e t a i l s 

The SCF molecular o r b i t a l c a l c u l a t i o n s were based on the 
s t r u c t u r a l model given i n Figure 1. Detailed discussions of the 
c a l c u l a t i o n s are given i n references (11) and (24). We sum-
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272 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

marize here some of the s a l i e n t features: (1) metal valence 
electrons were represented by a large Gaussian-type-orbital 
(GTO) basis set, including 3d- and 4s-type atomic o r b i t a l s ; the 
normal valence basis set was supplemented with several a d d i t i o n 
a l d i f f u s e o r b i t a l s so as to ensure an adequate sampling of the 
inter-reactant region which i s important f o r the necessary over
lap; (2) the metal nucleus and core electrons (ls-3p) were rep
resented by an ab i n i t i o e f f e c t i v e core p o t e n t i a l (25); (3) the 
f i r s t - s h e l l water molecules were represented e i t h e r by a) an 
appropriate c r y s t a l f i e l d p o t e n t i a l f o r a l l twelve i n n e r - s h e l l 
waters, based on point charges (11), or b) by e x p l i c i t i n c l u s i o n 
of a l l valence electrons on the s i x water molecules most i n t i 
mately associated with the electron t r a n s f e r (contained i n the 
dashed box i n Figure 1), with ab i n i t i o e f f e c t i v e p o t e n t i a l s 
being used f o r the oxygen Is electrons (26) ; by representing 
the ligands at these d i f f e r e n t l e v e l s , we made possible a t e s t 
of the r e l a t i v e importance of ligand-ligand (L-L) coupling vs 
d i r e c t metal-metal coupling (MM) i n the rate constant, k e ^ ( r ) . 

The matrix elements E^ were evaluated between r = 5.0 8 
and r = 8.0 8, with r ^ e 0 = 2.06 8 (11) or 2.03 8 (24). As noted 
above, a van der Waals contact value of 5.5 8 was adopted f o r 

•k -1 r . i n eq 5. The E. value was based on v. = 432 cm , mm ^ 9 i n q i n 7 

r F e Q = 2.13 8 (Fe Z ) and = 1.99 8 (Fe J ). 
Results and Discussion 

Matrix Elements (H^g). The calculated r e s u l t s are d i s 
played i n Figure 4 as a function of Γρ β···ρ β

 a n d , as expected, 
f a l l o f f i n a manner which i s roughly exponential. More spe c i f -
i c a l l y , we note that the numerical H A~ values can be f i t t e d to 

-1 
w i t h i n an accuracy of better than 1% or 2 cm over the range 
displayed i n Figure 4 (using the " c r y s t a l f i e l d " data) by the 
product of a f i f t h order polynomial and an exponential, 
exp(-ar), with ο ~ 0.9 8 1. We note that t h i s value of α i s 
somewhat larger than the value (~ 0.72 8 1 ) in f e r r e d semi-
e m p i r i c a l l y by Hopfield f o r the case of elect r o n t r a n s f e r be
tween two carbon atom £i o r b i t a l s (27). Calculations at 6.4 8 

2+/3+ 
for the Ru hexaammine system (11), analogous to those re-2+/3+ ' -1 ported here f o r hexaquo Fe , y i e l d an Η Δ π value of 67 cm -1 
to be compared with the corresponding value of 31 cm for the 
iron-water complex. 

A p a r t i c u l a r l y i n t e r e s t i n g feature of Figure 4 i s the s i m i -
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200 h 

175 h 

150 h 

125 h 

100 h 

75 h 

50 h 

25 h 

*β|=0.04 

JF, =0.003 

4.5 5.0 7.5 

Figure 4. Calculated Η Α Β ' values as a function of FeP^-Fe3* separation, based on 
the structural model given in Figure 1 and the diabatic wavefunctions ΦΑ and 
Curves 1 and 2 are based on separate models in which the inner-shell ligands are 
represented, respectively, by a point charge crystal field model [Fe(H20)s

2*-
Fe(HgO)6

s*] and by explicit quantum mechanical inclusion of their valence electrons 
[Fe(HtO)s

2*-Fe(HsO)s3*] (as defined by the dashed rectangle in Figure 1). The 
corresponding values of K e i , the electronic transmission factor, are displayed for 

various Fe-Fe separations of interest 
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274 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

l a r i t y of the magnitudes whether or not the ligand electrons 
are e x p l i c i t l y included. This supports the hypothesis (11) that 

2+ 3+ 
the mechanism of electron exchange between aqueous Fe and Fe 
ions i s dominated by d i r e c t metal-metal overlap, as opposed to 
electron coupling v i a the ligands. This model i s consistent 
with the r e s u l t s of population analysis c a r r i e d out on ab i n i t i o 
wavefunctions f o r the i n d i v i d u a l i n n e r - s h e l l comlexes, which i n -

2+ 
dicate that most of the "extra" e l e c t r o n i n the Fe complex 
resides on the metal (13, 28). Table I suggests that the mech-

2+/3+ 
anism f o r exchange i n the case of Ru hexaammine may be 
s i g n i f i c a n t l y d i f f e r e n t since the ligands appear to be much more 
involved i n the exchange process as a r e s u l t of the greater im
portance of ligand-to-metal charge t r a n s f e r . We emphasize, how
ever, that these r e s u l t s should only be considered as rough, 
q u a l i t a t i v e i n d i c a t o r s , since the Mulliken population analysis 
i s a rather ad hoc procedure not s t r i c t l y r e l a t a b l e to observ
able properties (29). 

Table I 
Percentage of "Exchanged E l e c t r o n " 

Residing i n Metal (M) and Ligand (L) O r b i t a l s 

reactants %M %L 

F e 2 + / 3 + ( H 2 0 ) 6 
b 71 29 

R u 2 + / 3 + ( H 2 0 ) 6 
c 56 44 

R u 2 + / 3 + ( N H 3 ) 6 
c 42 58 

Based on Mulliken population analysis of ab i n i t i o molecular 
o r b i t a l wavefunctions f o r inner-sphere complexes (28). 
High spin. 
Low spin. 

Returning to Figure 4, we note the two s i m i l a r r e s u l t s ob
tained at 5.0 % which ind i c a t e that the determination of H^g 
from SCF molecular o r b i t a l wavefunctions i s about the same 
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whether one uses d i a b a t i c (charge-localized) wavefunctions 
and ψβ i n conjunction with eq 1 or, a l t e r n a t i v e l y , adiabatic 
wavefunction (ψ +, eq 23), i n f e r r i n g H^g from one-half of the 
calculated energy s p l i t t i n g (eq 24) at the crossing point (see 
Figure 3). 

_ At points of i n t e r e s t i n the range 5.0 - 7.0 8, some values 
of are also included i n Figure 4, based on eqs 19-21. At 
the " s p h e r i c a l contact" distance of ~ 6.9 8, one i s i n the 
strongly non-adiabatic regime ( i . e . , « 1) whereas at the 
van der Waals cutoff distance of 5.5 8, which corresponds to the 
maximum of the i n t e g r a l i n the present implementation of eq 5, 

s t i l l departs appreciably from u n i t y , but by a fac t o r of 
only ~ 1/6. I t i s cle a r that the a b i l i t y of the reactive inner-
sphere complexes to interpenetrate can have a dramatic e f f e c t i n 
reducing the degree of non-adiabatic character i n the reaction. 

Calculated Rate Constants and A c t i v a t i o n Parameters. C a l 
culated r e s u l t s based on the three d i f f e r e n t models (TST, SCT, 
and QMT) are displayed i n Table I I and compared with experi
mental r e s u l t s (30) extrapolated to zero i o n i c strength (11). 

For convenience i n subsequent analysis of the a c t i v a t i o n 
parameters (see Table I I I ) the SCT r e s u l t s are based on the non-
i n t e g r a l expression f o r k g x (eq 9). In the case of the spher
i c a l v ( r ) , eq 11, r was determined such that the SCT and QMT 
re s u l t s f o r k were i d e n t i c a l . This l e d to a value of 6.08 8 ex 
for r (11). A more r e a l i s t i c procedure i s to adopt eq 10 f o r 
v ( r ) , s e t t i n g r equal to 5.5 8 (since the maximum of the i n t e 
grand i n eq 8 occurs a t t h i s "contact" value) and determining 
Ar once again by matching the SCT and QMT r e s u l t s . This pro
cedure yielded a value of 0.33 8 f o r Ar. Sharply peaked i n t e 
grands were also found i n the more d e t a i l e d study reported i n 
ref (12). The r and Ar values determined f o r the SCT model were 
employed as w e l l i n the TST c a l c u l a t i o n s . The temperature de
pendence of r and Ar as defined here i s very small and was 
neglected i n the c a l c u l a t i o n of a c t i v a t i o n parameters. 

The main inferences to be drawn from Table I I are as f o l 
lows. The accord between the QMT and experimental data i s seen 
to be very good. In general, a l l three models give rather good 
agreement with experiment, although the TST model, not sur
p r i s i n g l y , gives a lar g e r AH* value and a less negative AS* 
value than the other models due to omission of nuclear tunnel
l i n g and non-adiabatic e f f e c t s . Comparison of the SCT and TST 
r e s u l t s with the f u l l quantum r e s u l t s i n d i c a t e s , as expected, 
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that the sp h e r i c a l model f o r v ( r ) i s less s a t i s f a c t o r y than the 
a l t e r n a t i v e based on the van der Waal s "contact 1 1 value f o r r 
(5.5 8) and the i n f e r r e d value of 0.33 A for Ar. 

Table I I 
Calculated and Experimental Values of k and A c t i v a t i o n ex 2+ 3+ Parameters at 25C f o r the Aqueous Fe -Fe Reaction 

Source k AG* a AH* a AS* a 

ex 
(L/mole/sec) (kcal/mole) (kcal/mole) (cal/mole/deg) 

Theory 

QMT 0.04 19.7 9.8 -33.0 

c h l l d 0.04 19.7 10.4 -31.1 
SCT i 

(eq 10 e 0.04 19.7 9.4 -34.4 

f feq H d 0.2 18.8 13.3 -18.6 
TST « 

(eq 10 e 0.05 19.6 12.2 -24.7 

Experiment^ -0.1 -19 >10 >-30 

a The dagger refers to the o v e r a l l rate constant, ^ > i n con
t r a s t to the analogous starred quantities which were based on 
k e l ( r ) and defined by eqs 30-32. 

^ Quantum Mechanical r e s u l t s (based on eq 25 and eq 5). 
Semi-classical r e s u l t s (based on eqs 19-22). 

d r = 6.08 8. 
e r = 5.50 8, Ar = 0.33 8. 
* T r a n s i t i o n State Theory r e s u l t s (based on eq 18). 
g Based on o r i g i n a l data of ref (30); see also refs (10) and 

(11) where uncertainties i n extrapolated values are d i s 
cussed, and ref (12) where calculated dependence on i o n i c 
strength i s presented. 
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11. N E W T O N Mechanistic Studies of Electron Exchange Kinetics 277 

More i n s i g h t into the reaction mechanism i s given by the 
breakdowns i n Table I I I . The negative entropy has important 
contributions from bimolecular work, non-adiabatic e f f e c t s and 
nuclear t u n n e l l i n g . Nuclear t u n n e l l i n g (Γ = 3.5 (10, 11)) also 
reduces the e f f e c t i v e b a r r i e r by ~ 2.0 kcal/mole (cf., 6.4 
kcal/mole with the value of 8.37 kcal/mole f o r E i n (eq 14)). 

I f the model for v ( r ) based on eq 10 i s adopted^as being 
the more su i t a b l e one, then the e f f e c t i v e value of K

e ^ ( r ) *-s 

seen from Figure 4 to be - 0.17, as noted above. This value im
p l i e s that the e l e c t r o n i c coupling i s weak enough to j u s t i f y the 
use of perturbation theory i n defining the QMT model, eq 25. 
S i m i l a r l y , the expanded form of the exponential SCT formula f o r 
K e l ^e(* 2 ^ i s a c c u r a t e t 0 w i t h i n 5%. 

Table I I I 
Decomposition of A c t i v a t i o n Parameters 

based on the SCT Rate Constant, k 
' ex 

Contribution AG AH AS 
(kcal/mole) (kcal/mole) (cal/mole/deg) 

eq 11 eq 10 eq 11 eq 10 eq 11 eq 10 
Bimolecular 

eq eq 11 eq 10 
terms 4, .5 6. .1 -1. ,5 -1. .7 -20.3 -26.3 

b 
e l 1. ,9 1. .1 -0. 3 -0. 3 -7.4 -4.5 

Reorganization 
inner- 7. 6 7. ,6 6. 3 6. 3 -4.3 -4.3 
sphere ^ 

solvent 5. 6 4. 8 5. 8 5. 0 0.6 0.5 

Total 19. 7 19. 7 10. 4 9. 4 -31.0 -34.3 

Based on the 47tr (Ar)g(r) factor i n eq 9. 
b Based on eqs 19-21. 
Q 

Based on eqs 14 and 22. 
d Based on eq 13. 
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Conclusion 

We have demonstrated the f e a s i b i l i t y of accounting f o r the 
2+ 3+ 

el e c t r o n i c coupling i n the aqueous Fe -Fe system i n terms of 
information obtainable from large-scale ab i n i t i o molecular 
o r b i t a l c a l c u l a t i o n s c a r r i e d out f o r s u i t a b l y chosen model com
plexes. This e l e c t r o n i c information has been incorporated i n t o 
a comprehensive k i n e t i c formalism which allows quantitative 

2+ 3+ 
determination of the Fe -Fe k i n e t i c parameters. The formal
ism makes use of some empirical parameters based on s t r u c t u r a l 
and d i e l e c t r i c properties of the reacting system, but no k i n e t i c 
information. 

The upshot of the r e s u l t s presented above i s that a s u i t 
able QMT or SCT model which allows f o r interpénétration of re
actants, a l b e i t s t i l l w i t h i n the realm of "outer-sphere" ex
change, y i e l d s quite s a t i s f a c t o r y d e t a i l e d agreement with ex
periment and leads to a mechanism characterized by a modest, but 
nevertheless s i g n i f i c a n t , degree of quantum behavior i n both the 
el e c t r o n i c and nuclear aspects of the process, compactly repre
sented by Κ ι - 0.17 and Γ =3.5. The rather small value of 

e l η ^ 
masks some larger quantum e f f e c t s seen i n the separate ΔΗ 

and AS* terms (10, 1J.). The e f f e c t i v e width of encounter d i s 
tances (Ar) i s found to be appreciably smaller than that implied 
by the spherical model f o r v ( r ) . 

While a d i r e c t metal-metal i n t e r a c t i o n appears to account 
2+/3+ 

adequately f o r the aqueous Fe data, we have seen from 
Table I that the rol e of ligands may w e l l be much more impor-

2+/ 3+ 
tant f o r other related reactants such as the Ru hexaamines. 
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Inclusion of Solvent Effects in a Vibronic 
Coupling Model for Mixed-Valence Compounds 

Κ. Y. WONG and P. N. SCHATZ 
University of Virginia, Department of Chemistry, Charlottesville, VA 22901 

Solvent effects are included in a previous 
vibronic coupling model (PKS) of mixed-valence 
systems by including a second totally symmetric 
subunit normal coordinate. The antisymmetric com
bination is identified as a low frequency effec
tive solvent mode. It is still possible to obtain 
the ground vibronic manifold of the system by 
direct diagonalization. Application is made to 
the Creutz and Taube ion. It proves possible to 
account for the observed intervalence band con
tour, the change in bond length between oxidation 
states, and weak, diffuse low energy tunneling 
transitions. It is also shown that in the harmon
ic approximation no totally symmetric vibration of 
the Creutz and Taube ion is expected to contribute 
significantly to the intervalence band width un
less there is a large change in force constant be
tween oxidation states. This contradicts other 
analyses in the literature. The shift of inter-
valence band position with solvent is discussed in 
general using both direct diagonalizations and 
analytical formulas. 

A v i b r o n i c coupling model for mixed-valence systems has 
been developed over the l a s t few years ( 1.-5). The model, which 
i s exac t ly so lub l e , has been used to ca l cu la t e in tervalence band 
contours (1 , 3, 4, 5 ) , e l ec t ron t ransfer rates (4, 5, 6) and 
Raman spectra (5, 7, 8 ) , and the r e l a t i o n of the model to e a r l i 
er t h e o r e t i c a l work has been discussed i n d e t a i l (3-5) . As f o r 
mulated to date, the model i s "one dimensional" (or one-mode). 
That i s , e f f e c t i v e l y only a s ing le v i b r a t i o n a l coordinate i s 
used i n d i scuss ing the complete ground v i b r o n i c manifold of the 
system. This i s a severe l i m i t a t i o n which, among other th ings , 
prevents an e x p l i c i t treatment of solvent ef fec ts which are 

0097-6156/82/0198-0281 $06.00/0 
© 1982 American Chemical Society 
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282 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

known to be of great importance. I t i s the purpose of t h i s 
a r t i c l e to ou t l i n e a method f o r in c l u d i n g the solvent and to 
i l l u s t r a t e some of the consequences of such a treatment. 

Solution of the S t a t i c Problem 

We follow c l o s e l y previous expositions of the theory (4, 5) 
and include only the p a r t i c u l a r features needed f o r our present 
discussion. Let us imagine a mixed-valence system composed of 
two subunits, A and B, which are associated with formal oxida
t i o n states M and N, resp e c t i v e l y . We designate the correspond
ing e l e c t r o n i c Hamiltonian operators H ^ and H^, and i f the 

corresponding wave functions are and ψ^: 

<ι «ί ' < < 
I n i t i a l l y we hold a l l n u c l e i f i x e d so that the nuclear k i n e t i c 
energy operator (Τ β) i s zero. I f there i s no i n t e r a c t i o n 
(coupling) between subunits A and B, the Schrodinger equation 
f o r the composite system, ( H ^ + H ^ ) , i s : 

= <*ί + <>*. Ξ Wa*a ( 2 ) 

For s i m p l i c i t y , l e t us confine ourselves to the symmetrical 
case, A = B. Thus, we assume that centers A and Β are equiva
l e n t so that another degenerate s t a t e , ψ^, e x i s t s f o r which: 

( H e * l + H e > b = + "Χ Ξ V b ( 3 ) 

where t|>b = ψ£ ι|ξ and Wfe = Wa. 
We now allow nuclear motion and seek v i b r a t i o n a l wave 

functions corresponding to states ψ and ψ^. We assume through
out that the subunits have the same point group symmetry i n both 
oxidation states (M and Ν), and then i t i s only necessary to 
consider e x p l i c i t l y t o t a l l y symmetric normal coordinates of the 
two subunits (4, 5). Let us assume that there are two on each 
subunit, designated Q̂ , and Qg, Qg. We subsequently i d e n t i f y 

and Qg as the e f f e c t i v e intramolecular (c = core) and and 
Qg as the e f f e c t i v e solvent (s = solvent) t o t a l l y symmetric 
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12. W O N G AND SCHATZ Mixed-Valence Compounds 

normal coordinates. ( I f and Qg are dropped, we revert to 
the previous (1.-8) "one dimensional" (or one-mode) treatment 
with Q̂  = QA, Q£ Ξ Qg and ν ς = v_.) 

The v i b r a t i o n a l p o t e n t i a l energy of subunit A i n oxidation 
state M can be wr i t t e n 

< - W S + *£ ί + Q A 2 + ί <S+ ^ < ( 4 ) 

with analogous expressions f o r Ŵ , W? and wïL We define the 
0 0 N M N 

zero of energy by Ŵ  + Ŵ  = 0, and a r b i t r a r i l y assume that o x i 
dation state Ν i s lower i n energy. We choose coordinate o r i -

c s e s τΑ gins by s e t t i n g Q̂ >Q̂  a n d Qg'Qg t o z e r o a t t n e minima of VÇ and 
Ŵ , res p e c t i v e l y , so that = = 0. With £^ = £ C, Ξ £ S, 
and introducing the new coordinates, 

Q+ = (l/V2)(Q^ ± Qj) 

Qj = (l/V2)(Qj ± Qj) (5) 

we obtain 
2 2 

Wa = (1A/2)£C((£ + φ + % ( k j + k*)«£ + (£ ) 

+ (l/V2)£S(Qf + φ + « k j + kjj)«£ + Q* ) 
+ - + «*5 · kN ) Q+ Q- (6) 

The corresponding expression for Ŵ  i s obtained i f Q̂  and Q̂  are 
everywhere i n eq 6 replaced by (-Q̂ ) and (-Q^), respectively. 

c c c s s We now make the approximations, k^ = k ^ ^ k , k^ = k^ Ξ 
k s. In t h i s case, the Q+Q_ cross terms vanish and the problem 
i s separable with respect to Q + and Q_ modes. In p a r t i c u l a r , 
the p o t e n t i a l surfaces Ŵ  and Ŵ  are i d e n t i c a l i n the modes. 
This has the very important consequence, as we show i n more de
t a i l l a t e r , that no t o t a l l y symmetric mode of a mixed-valence 
compound can contribute to the intervalence bandwidth ( i n the 
approximation of equal force constants i n both oxidation 
s t a t e s ) . For the moment we therefore drop the terms i n Q + and 
define the dimensionless variables 
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q a = 2n(va/h)h (?_ 

λ α = ( β ι Λ φ - * &a (7) 
-1 /""of 

where Of = c or s, and ν = (2π) yk · Defining τ Ε ν /ν , the 
po t e n t i a l surfaces i n space become: 

Wa/hVc = + Χ<ξ) + (\ cq c + X\s%) 

Wb/hvc = W Q J + tq2) - ( X c q c + τ λ ^ ) (8) 

The corresponding v i b r o n i c wave functions are 
.c .,s x _ ... _c s 

\ 
where X m , and γ , χ are harmonic o s c i l l a t o r functions 

a a Ό n b 
centered, r e s p e c t i v e l y , at the minima of Wa and Ŵ , and the 
corresponding v i b r o n i c energies are: 

Ε = 'ha2 + Xk2)hvr + (in + %)hv + (n + ̂ )hv c <* C o c a c a s 
(m a, n a = 0,1,2...) (10) 

with an analogous expression f o r E^. 
Let us now imagine that i n t e r a c t i o n symbolized by ν 

occurs between subunits A and B. We regard t h i s i n t e r a c t i o n 
as a purely e l e c t r o n i c coupling and wri t e : 

v.. = <ψ.|νΑ Β|ψ.> ~ <ψ.|νΑ Β|ψ.>° Ε V°. 

( i , j = a,b) (11) 
where superscript zero indicates that the matrix element i s 
evaluated holding the n u c l e i f i x e d . Defining a new energy zero 
by V a a = V b b = 0 and l e t t i n g ε Ξ V a f e/hV c, the p o t e n t i a l sur
faces become: 

W l , 2 / h V c = % ( q c + T q s } ? [ ε 2 + ( V c + X \ % ) 2 ] k ( 1 2 ) 

Solution of the Dynamic Problem 

A complete set of v i b r o n i c energies (E^) and eigenfunctions 
(Φ^), the ground v i b r o n i c manifold, are associated with the 
po t e n t i a l surfaces of eq 12. These are obtained as solutions 
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12. WONG AND SCHATZ Mixed-Vralence Compounds 285 

of the v i b r o n i c Schrodinger equation: 
(Hel + V*k = Ek*k (13) 

where Η , and Τ i s the k i n e t i c energy oper
ator i n coordinates q c and q g. The s o l u t i o n of eq 13 i n the 
one-dimensional case ( i . e . , when q g Ξ 0) has been discussed i n 
d e t a i l previously (1, 4, 5 ) , and we do not repeat that discus
sion. We simply note that the same method of s o l u t i o n may be 
used i n the present two dimensional (or two-mode) case. Specif
i c a l l y , the eigenfunctions are w r i t t e n : 

where 

Ψ± = (1Λ/2)(Ψά ± %) (15) 
and χ + ^ and χ_ ^ are v i b r a t i o n a l functions determined by a p a i r 
of coupled d i f f e r e n t i a l equations. The χ+ are expanded i n the 
complete sets of harmonic o s c i l l a t o r functions, X ^ i ^ ) a n <* 
X^(q g)(n,m = 0,1,2...») so that: 

X±,k = Co Co ck,n,m X n ^ X ^ ( l 6 ) 

Eq 16 i s substituted i n t o eq 14 which i n turn i s s u b s t i t u t 
ed i n t o eq 13. The l a t t e r i s m u l t i p l i e d i n turn by 
ψ + and ψ_ and an i n t e g r a t i o n over e l e c t r o n i c coordinates i s 
performed. The r e s u l t i s an i n f i n i t e set of secular equations 
whose e x p l i c i t form w i l l be given elsewhere (9). An approximate 
s o l u t i o n i s obtained by computer di a g o n a l i z a t i o n using a strong
l y truncated b a s i s ; that i s , the sums over η and m are termina
ted at r e l a t i v e l y small values. In the one dimensional case 
(1-8), the use of d quanta (n = 0 to d-1) i n the basis produces 
a secular determinant of dimension 2d. In the present case, use 
of d quanta i n each of the two modes (n = 0 to d-1, m = 0 to 
d-1) produces a secular determinant of dimension d(d + 1). 
Thus, the demands on computer capacity increase sharply. In 
the work we report here, d = 11, so the matrix diagonalized i s 
132 x 132, which gives t o l e r a b l e accuracy f o r the parameters 
(ε, λ, ν , ν ) we use. 
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A p p l i c a t i o n to the Intervalence Band of the Creutz and Taube 
(C & T) Ion 

To i l l u s t r a t e some of the c h a r a c t e r i s t i c s of the two-mode 
model, we c a l c u l a t e the intervalence band of the Creutz and 
Taube (C & T) ion [(NH 3) 5Ru-pyr-Ru(NH 3) 5] 5 +(pyr = pyrazine)(10). 
Previously, we did t h i s with the one-mode model using two d i f 
ferent sets of parameters. F i r s t (1), with V £ Ξ v_ = 500 cm 1, 
we simply found those values of the parameters ε and λ which 
gave a best f i t of the band, namely, ε = -6.0, λ = 2.7. The 
comparison of t h i s c a l c u l a t i o n ( s o l i d curve) with experiment 
(dashed curve) i s shown i n Figure 1. This c a l c u l a t i o n p r edicts 
intense, low energy features which we r e f e r to as tunneling 
t r a n s i t i o n s (2, 4, 5). A subsequent search of the f a r i n f r a r e d 
spectrum revealed no t r a n s i t i o n s with anything l i k e the p r e d i c t 
ed i n t e n s i t y (11). Furthermore, λ can be e x p l i c i t l y r e l a t e d to 
the difference i n Ru-N bond lengths (Ar) i n the two d i f f e r e n t 
oxidation s t a t e s , namely (5), 

Ar = (\/2n)(h/3vjn L) % (17) 

where mT i s the mass of the ligand (NH 0 i n the case of the C & Τ 
ion ) . With λ = 2.7, Ar ~ 0.1 A whereas an estimate based on a 

2+ 3+ 
comparison of the Ru and Ru hexaammines (12) suggests Ar = 
0.04 A and hence λ = 1.1. Using t h i s value of λ and ε = -6.35 
(to get the correct p o s i t i o n f o r the band maximum), we obtain 
the dotted curve i n Figure 1. The predicted tunneling t r a n s i 
t ions have decreased i n i n t e n s i t y by more than an order of mag
nitude consistent with the absence of strong t r a n s i t i o n s i n the 
f a r i n f r a r e d . On the other hand, the pronounced asymmetry on 
the high energy side of the observed intervalence band ( F i g . 1) 
i s no longer accounted f o r . I t was suggested (5) that t h i s fea
ture might a r i s e from a second, weaker intervalence t r a n s i t i o n 
due to the combined e f f e c t s of s p i n - o r b i t coupling and low sym
metry perturbations (and t h i s p o s s i b i l i t y i s not precluded by 
our subsequent a n a l y s i s ) . 

We now show that the two-mode model can account f o r the 
observed intervalence band asymmetry of the C & Τ io n , the weak 
tunneling t r a n s i t i o n s and a Ar value of 0.04 X. We f i x the 
values ε = -6.0, λ = 1.1 (Ar = 0.04 Χ), ν = 500 cm"1. As a ' c v - 9 c 
rough guide i n choosing values of λ and ν , we hold the t o t a l 

s s 
reorganization energy (E^) constant. This energy i s the v e r t i 
c a l distance (Franck-Condon t r a n s i t i o n energy) from the minimum 
of one p o t e n t i a l surface to the i n t e r s e c t i o n with the other sur-
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12 16 20 
ENERGY (q QUANTA) 

24 

Figure 1. Intervalence band (dashed curve) of the Creutz and Taube ion at room 
temperature (10) scaled in intensity to the "best fit" of the model (stick spectrum 
and solid curve), which uses e = — 6, λ = 2.7, v. s s vc = 500 cm'1 . The corre
sponding model spectrum at 4.2 Κ is shown directly above on a vertical scale 
compressed by a factor of 2. The solid curves are synthesized from Gaussians 
taking all widths at half-height to be 2.4 v.. The labels 0-3 designate transitions 
from the ground and first three hot vibronic levels, respectively. These three hot 
vibronic levels are calculated to lie respectively 131, 362, and 613 cm"1 above the 
ground vibronic level. The stick spectra shown between 0 and 2 v. show the 
location and intensity of the calculated tunneling transitions relative to the stick 
spectra of the intervalence band. The dotted curve shows a fit using the parameters 
e = —6.35, λ = 1.1, v. = 500 cm'1, which has been scaled to the peak height of 
the dashed curve. The corresponding stick spectrum is not shown. Gaussian lines 
were used with all widths at half-height of 2.6 v.. Only a single tunneling transition 
is predicted, near v., which is shown by the dashed sticks whose heights have been 
magnified by a factor of 10. (Reproduced, with permission, from Ref. 5. Copyright 

1981, John Wiley & Sons, Inc.). 
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288 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

face, i n the strongly l o c a l i z e d l i m i t (ε = 0). From eq 8, 

Ε = Ε + Ε = 2λ2ην + 2λ2ην (18) t e s c e s s 
where E c and E g are, r e s p e c t i v e l y , the intramolecular and s o l 
vent reorganization energies. In the one-mode case, the best 
f i t i s obtained (Fig. 1) for ε = -6.0, λ =2.7 and so Ε = Ε = _2 c t c 
7290 cm . Holding Ε f i x e d at t h i s value and going to ε = -6, 

2 -1 
X c = 1.1 gives 2\ ghV g = 6080 cm . Figures 2-4 show three c a l 
culations based on t h i s c r i t e r i o n . A quite good f i t i s ob
tained ( F i g . 4) for \ g = 3.9, V g = 200 cm1. Furthermore, the 
tunneling t r a n s i t i o n s are quite weak. We stress that our c r i t e 
r i o n of constant E t i s rather a r b i t r a r y and hence the exact 
values of the parameters are not s i g n i f i c a n t . For example, i f 
we increased λ somewhat i n Figure 2, the f i t could be made ex-

s - i - i c e l l e n t and the lower value of V g (100 cm vs 200 cm i n 
F i g . 4) i s p h y s i c a l l y more reasonable. As a p r a c t i c a l matter, 
as λ i s increased, the c a l c u l a t i o n becomes in c r e a s i n g l y unre
l i a b l e because of the severely truncated basis set. The impor
tant point i s that i n c l u s i o n of a low frequency e f f e c t i v e s o l 
vent mode can n i c e l y r a t i o n a l i z e the observed c h a r a c t e r i s t i c s of 
the C & Τ ion. S i m i l a r improvements may be anticipated i n an
a l y z i n g intervalence bands i n other systems. 

T o t a l l y Symmetric Modes do NOT Contribute S i g n i f i c a n t l y to the 
Intervalence Bandwidth 

I t has recently been suggested by Hush (13) that the asym
metry on the high energy side of the C & T ion intervalence band 
can be e a s i l y r a t i o n a l i z e d by including contributions from to
t a l l y symmetric modes of the ion. Day (20) has interpreted the 
Hush treatment as suggesting the mode of eq 5 for t h i s r o l e . 
We now demonstrate that, to a good approximation, no t o t a l l y 
symmetric mode of the ion can contribute to the intervalence 
bandwidth. Noting the discussion below eq 6, we r e i t e r a t e that 
the p o t e n t i a l surfaces W and Ŵ  are i d e n t i c a l i n the Q + modes. 
I f we e x p l i c i t l y carry tnese terms through to eq 12, they w i l l 
appear i n i d e n t i c a l form on the r i g h t hand side for both Wj 
and Ŵ . This observation alone establishes our proposition. 
Regardless of the d e t a i l s of the dynamic coupling i n the Q_ 
modes (eq 14), i n a l l other modes the t r a n s i t i o n i s between 
i d e n t i c a l p o t e n t i a l surfaces, and v i b r a t i o n a l orthogonality 
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0.12 

ENERGY (q QUANTA) 

Figure 2. Experimental intervalence band (\0) and calculated contour for the 
Creutz and Taube ion. The parameters used in the calculation are c, —6.0; A c , 1.1; 
As, 5.51; vc, 500 cm'1; and v g, 100 cm1 at 300 K. The sticks show the relative 
calculated intensities, and the contour is obtained by replacing each stick by a 
Gaussian of FWHM — 1.4 vc. (Some of the vertical bars—in Figure 2 only— 
have been omitted for clarity.) The experimental peak height is normalized to the 
calculated value, which is arbitrary. The calculated relative intensities among 

Figures 2-4 are meaningful. 

0.30 

5 10 15 20 25 

ENERGY (q QUANTA) 

Figure 3. Experimental intervalence band (10) and calculated contour for the 
Creutz and Taube ion. The parameters used in the calculations are c, —6.0; A c , 
1.1; λ 8 , 2.6; vc, 500 cm'1; and vB, 450 cm'1 at 300 K. Notation and symbols as in 

Figure 2 except FWHM = 1.2 vc. 
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290 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

applies i n the Franck-Condon overlap factors which m u l t i p l y the 
e l e c t r o n i c t r a n s i t i o n moment i n t e g r a l . Thus, no change i n v i 
b r a t i o n a l quantum number can occur f o r a Q + mode when t r a n s i t i o n 
between Ŵ  and occurs. Hush (13), on the other hand, main
tai n s that t o t a l l y symmetric modes contribute because bond 
length changes accompany such t r a n s i t i o n s . But note that, i n 
f a c t , changes i n bond length have been e x p l i c i t l y included v i a 
the λ parameters. Nonetheless, W1 and W2 are i d e n t i c a l i n Q+. 

F i n a l l y , the question becomes: can some t o t a l l y symmetric 
mode other than contribute to the bandwidth—the contention 
of Hush (13). The answer again i s no. The reason i s that a l l 
the v i b r a t i o n s of the C & Τ ion can be c l a s s i f i e d as Q + or Q_. 
In our treatment, we i d e n t i f i e d as e f f e c t i v e solvent modes. 
But these can equally w e l l be i d e n t i f i e d as i n t e r n a l modes. 
More to the p o i n t , the g e n e r a l i z a t i o n of eqs 4-8 to include a l l 
the molecular modes i s obvious. Every Q + set behaves i n an 
i d e n t i c a l manner independent of a l l other sets. Thus, our pre
vious argument holds f o r any t o t a l l y symmetric mode of the 
mixed-valence system. 

The only mechanism by which Q + can contribute to the i n t e r -
valence bandwidth i s by a change i n force constant between the 
two oxidation states. We then see from eq 6 that terms contain
ing Q+Q- contribute. This case has been discussed previously 
(1). Our ca l c u l a t i o n s (9) show that t h i s i s a s i g n i f i c a n t 
source of broadening only i f the force constant difference i s 
unreasonably large [ ( 1 ^ - k

N ) / ( k
M
 + kjj) £ 0.3]. I t i s c l e a r 

that t h i s i s not the mechanism proposed by Hush, and we, there
f o r e , believe that h i s treatment (13) i s i n c o r r e c t . In summary, 
i n the harmonic approximation, assuming purely e l e c t r o n i c cou
p l i n g between subunits, no t o t a l l y symmetric mode can contribute 
to the intervalence bandwidth unless there i s a large change i n 
force constant between oxidation states. F i n a l l y , we r e i t e r a t e 
that, nevertheless, many intramolecular modes can, i n p r i n c i p l e , 
contribute to the intervalence bandwidth. Such modes must have 
symmetry Q . Our present two-mode treatment i s an e x p l i c i t 
example i f Q_ i s i d e n t i f i e d as an intramolecular mode. I t must 
not be thought, however, that the two-mode treatment i s simply 
a superposition of two one-mode cases. Coordinates q and q 

c s 
(though not Q + and Q + 0 are c l e a r l y coupled by the second term 
on the r i g h t hand side of eq 12. 
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The p o s i t i o n ^ of the intervalence band i s measured by the 
mean band energy E: 

Ê = Ja(E)EdE/Ja(E)dE (19) 

where a(E) i s the band contour as a function of photon energy, 
Ε = hv. In Figure 5 we show a p l o t of Ε vs t o t a l reorganization 
energy f o r various values of the e l e c t r o n i c coupling. The 
dashed l i n e i s simply Ε = Ê . (eq 18) which applies when ε = 0. 
The s o l i d l i n e s are calculated from an a n a l y t i c a l expression (9) 
which i s v a l i d i n both the l o c a l i z e d and delocalized l i m i t s , 
i . e . , when 2\ε\ϊιν^/Έ>^ « 1 or » 1 , respectively. These curves 
are not accurate i n the intermediate range. They a l l approach 
a s t r a i g h t l i n e p a r a l l e l to the dashed l i n e i f the system i s 
strongly delocalized (2\e\hv^/E^ « 1 ) . (This asymptote a c t u a l l y 
l i e s below the dashed l i n e by ~4kT f o r reasons d i s 
cussed elsewhere (9).) As d e r e a l i z a t i o n increases, the curves 
are seen to diverge sharply, l e v e l i n g o f f to l i m i t i n g values, 
Ε ~ 2|ε|ην^ Thus, great care must be exercised i n drawing con
clusions from the extrapolation of E g to zero. For example, 
i t i s customary to obtain Ε by p l o t t i n g Ε vs Ε using d i f f e r e n t 

c s 
solvents, then reading E c o f f the extrapolated s t r a i g h t l i n e 
intercept with the y-axis. I t i s cl e a r from Figure 5 that a 
serious error can r e s u l t i f ε i s appreciable. 

The s o l i d dots i n Figure 5 are obtained from our two-mode 
model by diagonalizing a 132 χ 132 matrix as discussed e a r l i e r 
and, hence, should be reasonably accurate over the e n t i r e range. 
In t h i s c a l c u l a t i o n , the parameters \ c and ε have been held 
f i x e d at 1.1 and -6, re s p e c t i v e l y , the C & Τ ion values. The 
re s u l t s agree with the a n a l y t i c a l c a l c u l a t i o n i n the del o c a l i z e d 
l i m i t but diverge strongly i n the intermediate region. The c a l 
c u l a t i o n predicts an e s s e n t i a l l y solvent independent band p o s i 
t i o n f o r the C & Τ io n , as i s indeed observed. 

Electron Transfer Rates 

Electron t r a n s f e r theories i n mixed-valence and related 
systems have been summarized elsewhere ((5) and references 
t h e r e i n ) . Conventionally, the electron t r a n s f e r rate i s calcu
la t e d perturbàtionally using the Fermi golden rule assuming that 
the e l e c t r o n i c perturbation (ε) i s small. The most d e t a i l e d 
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0.24 

5 10 15 2 0 25 

ENERGY (q QUANTA) 

Figure 4. Experimental intervalence band (10) and calculated contour for the 
Creutz and Taube ion. The parameters used in the calculation are c, —6.0; A c , 1.1; 
As, 3.9; v c , 500 cm'1; and ve, 200 cm"1 at 300 K. Notation and symbols as in Figure 

2 except FWHM = 1.2 vc. 

E f ( 10 * cm" 1 ) 

Figure 5. Mean band energy (E) vs. total reorganization energy [Eq. (18)]. The 
dashed curve is the equation, Ε = E t . The solid curves are calculated from an 
analytical expression (9). The solid dots are calculated from a diagonalization of 

the two-mode model secular determinant with e = —6.0, A c , = 1.1, and vc, = 
500 cm"1. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
01

2

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



12. WONG AND SCHATZ Mixed-Valence Compounds 293 

treatments are those of Jortner (14) and Buhks (15). Before 
a p p l i c a t i o n of the perturbation (ε), the surfaces i n t e r s e c t — t h e 
so-called nonadiabatic or di a b a t i c case. The problem then ba
s i c a l l y reduces to a c a l c u l a t i o n of v i b r a t i o n a l overlap i n t e 
grals between o s c i l l a t o r functions i n the two p o t e n t i a l wells 
(see (5) §IV.C2 f o r a s i m p l i f i e d example). As |ε| increases 
from zero, the two p o t e n t i a l surfaces separate, and a p o t e n t i a l 
b a r r i e r appears i n the lower (adiabatic) p o t e n t i a l surface. As 
|ε| grows l a r g e r , the conventional (perturbational) approaches 
f a i l . I t i s t h i s s i t u a t i o n — t h e so-called adiabatic c a s e — t h a t 
we b r i e f l y discuss here. 

I f we s t a r t with the two-mode model, the problem can be 
formulated as follows. I f the system s t a r t s i n one of the mini
ma of the lower p o t e n t i a l surface (Ŵ  of eq 12), what i s the 
tran s f e r rate to the other minimum? I f ε i s s u f f i c i e n t l y large 
that the perturbational (Fermi golden rule) approach i s i n 
applicable, i t does not at present seem possible to solve t h i s 
problem. Consequently, we return to the one-mode model. In 
t h i s case, a s o l u t i o n of the problem i s possible (6) using a 
method due to Weiner (16, 17). The d e t a i l s have been d i s 
cussed elsewhere (4, 5, 6), and we simply summarize the r e s u l t s 
i n Figure 6. The Fermi golden rule and Weiner methods agree f o r 
small |ε| but diverge i n c r e a s i n g l y as |ε| increases, the most 
pronounced difference occurring at low temperature. As an ex
ample, the parameters ε = -3, λ = 3 correspond roughly to the 

3+ 
ion , [(bpy^ClRu-pyr-RuClibpy^] (pyr = pyrazine), prepared by 
Meyer and coworkers (18). In t h i s case, we see from Figure 6 
that the Weiner method pre d i c t s f a s t e r rates than the perturba
t i o n approach, the difference being about a factor of 5 at room 
temperature and more than an order of magnitude at low tempera
ture. As might be expected, the two methods continue to diverge 
as |ε| increases. I f |ε| gets so large that the tr a n s f e r rate 
becomes comparable to ν , the Landau-Zener cor r e c t i o n ( ( 5 ) , eq 
155) may be applied. c 

In the one-mode model, i t seems reasonable to regard λ as 
a n e f f e c t i v e v i b r o n i c coupling parameter which describes both 
the solvent and intramolecular reorganization. Thus, using a 
sing l e value of λ to f i t an intervalence band should be a 
reasonable f i r s t approximation. And one might s i m i l a r l y hope 
that the use of t h i s λ value i n the Weiner method, when the 
el e c t r o n i c coupling i s strong, i s also reasonable. On the other 
hand, i d e n t i f i c a t i o n of such an e f f e c t i v e λ with a molecular 
bond length, as f o r example v i a eq 17, seems quite u n j u s t i f i e d . 
Eq 17 i s much more reasonable i n the two-mode model when λ i s 
i d e n t i f i e d as λ . 

c 
I t would c l e a r l y be of great i n t e r e s t to have experimental 

t r a n s f e r rates i n mixed-valence systems. We note the recent use 
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14-! 

0 200 400 
TEMPERATURE ( eK) 

Figure 6. Log of the transfer rate vs. absolute temperature as a function of the 
electronic coupling (t) for λ = 3, v. = ve = 450 cm'1. The values of —e are 
appended to the curves. The present calculations (—) are based on the Weiner method 
and an exact diagonalization of the model; the perturbational results (' · —· · ·) 
apply for small |c|. The Landau-Zener correction ( ) is discussed elsewhere 
(4-6). The dotted horizontal line at the top is the limiting transfer rate for a single 
harmonic potential well with classical frequency v. = 450 cm'1. All results are for 
W = 0 except the dotted line, e = — 0.1, W = 1, which was calculated using the 
Jortner treatment (14). (Reproduced, with permission, from Ref. 5. Copyright 

1981, John Wiley & Sons, Inc.). 
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of a d i e l e c t r i c r e l a x a t i o n method to measure such rates d i r e c t l y 
(19). 

Concluding Remarks 

We be l i eve that our present extension of the v i b r o n i c 
coupling model (PKS) to include an e f f ec t ive solvent mode i s a 
s i g n i f i c a n t improvement. I t should now be poss ib le to take ac
count of solvent ef fec ts e x p l i c i t l y and r e a l i s t i c a l l y . Fur ther 
more, an a n a l y t i c a l treatment i s poss ib le i n both the l o c a l i z e d 
and d e l o c a l i z e d l i m i t s (9, 15). We note that these treatments 
can a lso be appl ied to unsymmetrical mixed valence systems 
( i . e . , Α Φ Β or W Φ 0 ) . I t i s c l e a r l y poss ib le to formal ly ex
tend our two-mode model to any number of solvent and/or i n t r a 
molecular modes. However, d i r e c t numerical d i a g o n a l i z a t i o n , 
even i n the three-mode case, seems i m p r a c t i c a l i n view of the 
enormous bas is set requirements. But i t i s p o s s i b l e , i n a 
s t ra ightforward manner, to extend the a n a l y t i c a l treatments 
i n both l i m i t s to any number of modes—indeed, to the continuum 
case. These important matters have been e legant ly discussed by 
Buhks (15). In a subsequent paper (9) , we s h a l l present fur ther 
d e t a i l s of the two-mode model and w i l l discuss a n a l y t i c a l t r ea t 
ments i n l i m i t i n g cases fo l lowing the general methods of Buhks 
(15). 
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General Discussion—Inclusion of Solvent Effects in a Vibronic 
Model for Mixed-Valence Compounds 
Leader: Ephraim Buhks 

DR. THOMAS MEYER (University of North C a r o l i n a ) : Dr. 
Schatz 1 treatment, which involved p u t t i n g the solvent i n t o the 
problem and watching the shoulder appear at high energies, was 
very nice. However, we have some experiments with osmium 
compounds that e x h i b i t e l e c t r o n i c structure i n the IT region 
i n v o l v i n g d i f f e r e n t , well-resolved spin o r b i t states. For 
ruthenium, s p i n - o r b i t coupling i s much smaller but i s s t i l l 
present and could be the o r i g i n f o r some of the structure i n the 
IT region. 

DR. SCHATZ: Are you r e f e r r i n g to the s p i n - o r b i t coupling 
low-symmetry s p l i t t i n g ? Yes. Presumably both e f f e c t s could be 
operative. 

DR. JOHN BRAUMAN (Stanford U n i v e r s i t y ) : I have a general 
t h e o r e t i c a l question. I get uncomfortable when people perform 
c a l c u l a t i o n s on very complicated large systems without knowing 
what r e a l l y happens on small ones. There*s a wealth of i n t e r 
e s t i n g electron t r a n s f e r l i t e r a t u r e , i f you l i k e , which has to 
do with atoms c o l l i d i n g with other atoms and small molecules 
c o l l i d i n g with atoms and things l i k e that. These show cross 
sections which are hig h l y v a r i a b l e , t r a n s l a t i o n a l l y - e n e r g y 
dependent, and so on. What i s the status of c a l c u l a t i o n s i n 
that business? 

DR. SCHATZ: I think those systems are not simpler. Since 
the intervalence band i s at an order of magnitude lower energy 
than the i n t r a - u n i t e l e c t r o n i c t r a n s i t i o n s , one can use f i r s t -
order perturbation theory i n t r e a t i n g the former, but not the 
l a t t e r . I am assuming that other e l e c t r o n i c states do not mix 
i n s i g n i f i c a n t l y : i . e . , i t i s j u s t 2,3 and 3,2 as the ele c 
t r o n i c basis i n the Creutz-Taube complex, f o r example. I f other 
e l e c t r o n i c states mix i n , the model i s dead. 

DR. BRAUMAN: I guess what I'm saying i s that, i f you 
cannot t r e a t something as simple as CO^, I f i n d i t d i f f i c u l t to 
believe that you can t r e a t anything. 

DR. P. P. SCHMIDT, (Oakland U n i v e r s i t y ) : I !m working on 
l i t h i u m . That's a p r e t t y simple system, e s p e c i a l l y without i t s 
s i n g l e 2s electron. And yet i t ' s s t i l l complicated. There are 
several problems. One i s how to model the e f f e c t of the s o l 
vent and whether, i n f a c t , you want to throw away the modeling 
that has been used, namely the continuum approximation. I 
think the answer to that i s no, you don't want to throw i t away 
completely. But one of the notions which has been developing, 
and i s now being tested i n the thermodynamics of s o l v a t i o n and 
other problems, i s what i s c a l l e d the semi-continuum model. In 
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298 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

t h i s approach you make the c a v i t y bigger and bigger and put i n 
as much solvent as necessary to carry out the c a l c u l a t i o n s as 
accurately as pos s i b l e . 

Several approaches have been taken recently by a number of 
in v e s t i g a t o r s , i n c l u d i n g Sheraga's and Marshall's groups, i n 
developing p o t e n t i a l energy functions f o r the i n t e r a c t i o n be
tween various species. So with modern computational techniques, 
the answer to your question i s yes, i t w i l l be possible to look 
at some f a i r l y simple representative systems and to put i n a l l 
of those dynamics as w e l l as we can put them i n . At the mo
ment, agreement with theory i s much better with simple-minded 
models which j u s t take one step past the simple Born approxi
mation. The r e s u l t s with the fancy c a l c u l a t i o n s don't quite 
measure up, yet. However, I would say that i f the s p i r i t of 
Scheraga's work on pro t e i n s , with h i s model p o t e n t i a l s , can be 
duplicated, i t may be possible to do some r e a l l y f a n t a s t i c 
c a l c u l a t i o n s . 

DR. MARSHALL NEWTON (Brookhaven National Laboratory): I 
have one comment i n response to Dr. Brauman. You asked an 
obvious question. One of the obvious answers i s that there may 
be nothing r a t i o n a l about the way theories or experimental 
systems are chosen. 

But there i s a p o s s i b i l i t y of a d i r e c t answer to your 
question. The i d e a l gas phase prototype f o r activated charge 
t r a n s f e r does not involve atoms, where you don't have a counter
part f o r reorganizational degrees of freedom. But molecular 
hydrogen i n t e r a c t i n g with molecular hydrogen ions i s a beauti
f u l case where, i n f a c t , some of the experimental work has been 
done here at Wayne State U n i v e r s i t y [Lees, A. B. ; R o i , P. K. 
J. Chem. Phys. 1974, 61, 4444]. There have also been a number 
of dynamical, t h e o r e t i c a l studies [e.g., S t i n e , J . R. ; Mucker-
man, J . T. J . Chem. Phys. 1978, 68, 185] and ab i n i t i o calcu
l a t i o n s of the p o t e n t i a l energy surfaces. I don't know i f i t 
has yet been put a l l together, but that i s the kind of t e s t 
case which i s quite relevant. 

I t i s also assumed that , when people do t h i s i n a gas 
phase, they're often more interested i n determining how one 
resolves energy states than i n obtaining s p e c i f i c information. 
I t i s the b i g change i n the bond distance i n going from H^ to 

+ 
i t s i o n , H^ , which provides the analogue to the activated 
e l e c t r o n t r a n s f e r problem i n s o l u t i o n . Of course, t h i s analogy 
i s incomplete, since t h i s simple gas-phase system lacks a con
tinuum heat bath. 

DR. GLENN CROSBY (Washington State U n i v e r s i t y ) : I r e a l l y 
think that Dr. Schatz' answer was correct: the reason why you 
get away with t h i s kind of c a l c u l a t i o n i s p r e c i s e l y that higher 
e l e c t r o n i c states are removed f a r enough that you can ignore 
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12. WONG AND SCHATZ Mixed-Vralence Compounds 299 

them. In contrast, the Brauman systems are much more complica
ted, because they w i l l require the use of a r e a l l y extended 
basis set to mix i n excited states. There would be systems, of 
course — and t h i s may be the case f o r the osmium systems — 
where t h i s would not apply because then the s p i n - o r b i t coupling 
would be b i g enough that these states would get involved and 
then i t wouldn't be c l e a r what you could do. 

I have a question i n two parts: one i s about magnitude 
and the second one i s concerning i n t e n s i t y . F i r s t , are these 
low-lying, tunnel-type t r a n s i t i o n s on the order of about 100 
wave numbers or so? 

DR. SCHATZ: Depending on the values of ep s i l o n and 
lambda, they can have e s s e n t i a l l y any frequency or a vast range 
of i n t e n s i t i e s . So you can't make any simple general statement. 
For the Creutz-Taube i o n , they are on the order of 50-100 wave 
numbers. 

DR. CROSBY: I t seems to me i t would be possible to observe 
these i f they're o p t i c a l l y d i f f i c u l t , through electron tunnel
ing spectroscopy. 

Now the second question i s , what i s i t i n the c a l c u l a t i o n 
that changes the i n t e n s i t y so magnificently? 

DR. SCHATZ: The i n t e n s i t i e s vary f o r two reasons. F i r s t 
of a l l , i f the s p l i t t i n g i s small, both sub-levels have appreci
able population and so induced emission p a r t i a l l y cancels the 
i n t e n s i t y . As the s p l i t t i n g gets l a r g e r , f i r s t - o r d e r pertur
bation theory no longer works and things get a l l mixed togeth
er. F i n a l l y , as you l e t the s p l i t t i n g get l a r g e r and l a r g e r , 
you reach what I c a l l the del o c a l i z e d case. At that point the 
tunneling t r a n s i t i o n turns back i n t o j u s t the ordinary i n f r a r e d 
breathing v i b r a t i o n , which, i n f a c t , i s i n f r a r e d forbidden, and 
so the i n t e n s i t y goes back to zero. So there i s a complete 
c o r r e l a t i o n from one extreme to the other. 
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Parameters of Electron-Transfer Kinetics 

NOEL S. HUSH 
University of Sydney, Department of Theoretical Chemistry, Sydney, N.S.W. 2006, 
Australia 

Over the last two decades, there has been a 
considerable increase in experimental information 
about the rates of electron transfer processes, 
particularly in solution in ionizing solvents. 
The main features (enthalpies, free energies and 
entropies of activation) of a large class of these 
reactions have been broadly understood for about 
the same length of time. It is interesting to 
note that the results of very early calculations 
of outer-sphere reaction rates and their tempera
ture dependence frequently agree with recent more 
detailed estimates. In order to assess the appli
cability of different approaches, and thus to 
discriminate between them, it is desirable to have 
as much detailed information as possible about the 
relevant basic parameters. These include, for 
example, electron coupling or overlap energies, 
electron-phonon coupling strengths, vibrational 
frequencies, and spin coupling data. A brief 
survey is given of the types of experiment which 
may provide this information. With such data, 
discussions on matters such as the applicability 
of Golden Rule perturbation approaches, electronic 
adiabaticity, the role of nuclear tunnelling, 
etc., can be put on firmer ground, and some of 
the outstanding theoretical issues awaiting reso
lution are outlined. 

The theory of homogeneous e l ec t ron t ransfer processes, as 
w e l l as of the c l o s e l y - r e l a t e d e l ec t ron exchanges wi th m e t a l l i c 
e lec t rodes , has been the subject of considerable study. The 
proposal by Hush and by Marcus that these processes a re , for 
simple systems, e i t he r u sua l l y e l e c t r o n i c a l l y ad iaba t ic or 

0097-6156/82/0198-0301$09.00/0 
© 1982 American Chemical Society 
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302 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

nearly so, rather than being strongly dominated by electron 
t u n n e l l i n g p r o b a b i l i t i e s , i s now generally accepted. For homo
geneous transfers i n i o n i z i n g solvents at ordinary temperatures, 
the a p p l i c a t i o n of absolute reaction rate theory to exchanges 
proceeding v i a an outer-sphere mechanism leads to f a i r l y simple 
but general expressions f o r the free energy, enthalpy and en
tropy of a c t i v a t i o n (1-10). 

Overview of Progress i n C a l c u l a t i o n of Electron-Transfer Rates 

A f t e r more than two decades of i n v e s t i g a t i o n , i t i s p e r t i 
nent to ask to what extent the predictions of t h i s type of the
ory, and i t s agreement with experiment, have changed. The sys
tem which has received most study i s the aquo f e r r o u s - f e r r i c 
outer-sphere symmetrical exchange: 

F e 2 +
 + * F e 3 +

 } F e 3 + + * F e 2 + 

In Table I are l i s t e d the f i r s t c a l c u l a t i o n s (1961:8) 
of the enthalpy, entropy and free energy of a c t i v a t i o n at 298K. 
These are to be compared with the very recent (1980) c a l c u l a 
tions of Newton (11). 

Table I 
3+ 2+ 

K i n e t i c Parameters f o r Fe /Fe Self-Exchange i n Water at 298K. 
[Units: k c a l mole * or c a l deg * mole 

( F i r s t values l i s t e d from Hush (JD > 
values i n parentheses from Newton (11)). 

AG* AH* AS* 

cont r i b u t i o n from 
intramolecular modes 

5.0 (7.7) 5.0 (6.4) 0 (-4.1) 

contribution from 
medium modes 

7.3 (5.6) 7.3 (5.8) 0 (0.6) 

t o t a l 20.3 (19.7) 10.8 (10.4) -32 (-31.3) 

Experiment (11) -19 -10 >-30 

An i n t e r e s t i n g feature of t h i s comparison i s that the 
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13. HUSH Parameters of Electron-Transfer Kinetics 303 

v a r i a t i o n i n the contribution of 'inner 1 and 'outer' terms to 
the t o t a l values i s not large, and the t o t a l values are very 
close indeed and also i n reasonable agreement with experiment. 

Now there are quite a number of differences i n d e t a i l be
tween these c a l c u l a t i o n s . The more recent values from Newton, 
unlike the f i r s t , include i n t e r a l i a allowance f o r departures 
from e l e c t r o n i c and nuclear a d i a b a t i c i t y . There are also s i g 
n i f i c a n t conceptual differences between the assumed models. At 
f i r s t s i g h t , the o v e r a l l agreement of c a l c u l a t i o n s two decades 
apart might be taken to i n d i c a t e that the models used i n such 
c a l c u l a t i o n s are too approximate f o r i t to be possible to d i s 
t i n g u i s h between them. I do not, however, believe that t h i s i s 
so. I think that we can be reasonably confident that the gen
e r a l approach i s correct, but the challenge now i s , indeed, to 
f i n d r e l i a b l e means of t e s t i n g the d e t a i l e d assumptions. 

Contrasts i n the Predicted Free Energy Dependence of Reaction 
Rates 

A very s i m i l a r s i t u a t i o n e x i s t s with respect to cross-re
actions. We have known f o r a long time (3, 5, 8) that the abso
l u t e reaction rate approach leads to the p r e d i c t i o n that the 
free energy of a c t i v a t i o n of the process 

2 ^ χΖ-1 Z-l ^ . Ζ a + b £ a + b 

i s approximately the l i n e a r average of the aa and bb s e l f - e x 
changes, plus h a l f the o v e r a l l free energy, provided that t h i s 
i s not too large. In Table I I , the r e s u l t s f o r the f i r s t a ctual 
such c a l c u l a t i o n (5, 8) of the energetics of a c t i v a t i o n f o r a 
cross-reaction i s shown. This i s the plutonyl/plutonium ex
change : 

PuO^ + P u 3 + -> PuO^j + P u 4 + 

Table I I 
2+ λ+ + 44* K i n e t i c Parameters f o r Pu0 2 + Pu ·* Pu0 2 + Pu Cross-exchange 

Calculated from Theoretical Values f o r Constituent Self-exchange 
i n Aqueous Solution (5, 8) 

AH* AS* AG* (298K) 

c a l . : (f o r I = 0): 4.3 -45 17.7 
exp. : (fo r I = 1): 4.8 -40.4 ± 0.6 16.9 
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304 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

The agreement with experiment i s remarkably good and was 
gr a t i f y i n g at the time. However, we would now na t u r a l l y f e e l 
impelled to examine the basic assumptions more c l o s e l y before 
claiming too much for t h i s . I t may be asked why such a r e l a 
t i v e l y complex system was chosen: the answer i s that, at that 
time, i t was the only well-characterized system for which data 
were available. This highlights the very great advances that 
have been made i n measurement of electron transfer rates since 
that time. We now have (due, i n large part, to the excellent 
work of Taube (12), Meyer (13), Sutin (14, 15) and t h e i r c o l l a b 
orators) a great deal of information about both s e l f - and cross-
exchange reactions on which to draw for comparison with theory. 
The existence of t h i s body of data makes the further development 
of theory imperative and worthwhile. In what follows I s h a l l 
consider what I think are the major points to be resolved. 

At the ' c l a s s i c a l 1 l e v e l [that i s , one i n which the f r e 
quencies of active vibrations can be assumed small r e l a t i v e to 
kgT] i t i s usually stated [e.g., (16)] that the approaches of 
Hush and Marcus y i e l d e s s e n t i a l l y i d e n t i c a l r e s u l t s . This i s 
true for self-exchanges. However, i t i s only true within a cer
t a i n range of AG^, the o v e r a l l free energy, for cross-exchanges. 
The energy of a chemical system i s a functional of the f i r s t -
order electron density [ c f . , (17, 18)]. The o r i g i n a l Hush ap
proach employs a simple one-electron density functional to c a l 
culate the difference of free energy between the activated com
plex and the 'precursor' complex. Assuming Born-Oppenheimer 
s e p a r a b i l i t y , the elect r o n i c wavefunction ψ + 0^>r_2,~^ o f t n e 

t r a n s f e r r i n g electron i s : 

Ψ +(£ 1»£ 2
,- ) = V - l ' V - ^ l + ( :2 (-1 ,-2 ,- ) Φ2 

where r^ ,Γ^ are electron coordinates for centers 1 and 2 and R 
i s the internuclear separation. The elect r o n i c functions are 
centered on centers 1 and 2 and φ^ and φ^, respectively. The 
amplitudes and i n each state of the reaction path are as 
follows : 
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13. HUSH Parameters of Electron-Transfer Kinetics 305 

state C2 

i n i t i a l 0 1 

precursor c o l l i s i o n 
complex 

CIP C2P 
activated complex C 2 * 
successor c o l l i s i o n 

complex C l s C2s 
f i n a l 1 0 

The p r o b a b i l i t y density f o r the t r a n s f e r r i n g e l e c t r o n associated 
with the acceptor center 1 i n state i i s then: 

i c u l 2 = λ . ( 1 ) 

I f we write the change of environmental energy ( i . e . , inner-
sphere plus medium contributions) accompanying a v e r t i c a l t r a n 
s i t i o n from precursor complex to the upper p o t e n t i a l surface 
with e l e c t r o n i c wavefunction 

Φ" = ε 2(Γ 1,Γ 2,Κ)φ 1 - C 1 ( r 1 , r 2 , R ) * 2 (2) 

as χ (the "reorganization energy"), the formal t r a n s i t i o n - s t a t e 
electron d e n s i t i e s , λ*, and a c t i v a t i o n energies, AG*', are as 
follows, where AG^' i s the o v e r a l l free energy i n the range p-»s: 

àGQ/x λ* AG*'/Χ 

> 1 1 AG^ 

AG' (χ + AG') 2 

S i « i + — - 2 — ) χ 4χ 

£-1, ο ο 

This type of approach does not e x p l i c i t l y involve s p e c i f i c 
energy-nuclear configuration r e l a t i o n s h i p s [e.g., i n t e r s e c t i n g 
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harmonic hypersurfaces]. However, i n the range i n which the 
r a t i o of the o v e r a l l free energy, A G ^ (corrected f o r energies 
of precursor and successor state formation), to the reorganiza
t i o n energy, χ, i s w i t h i n the l i m i t s ±1, the above predictions 
are e s s e n t i a l l y the same f o r weak-interaction systems as those 
reached by the formally non-adiabatic approach of f i n d i n g the 
in t e r s e c t i o n point of two harmonic energy hypersurfaces (the 
c l a s s i c a l l i m i t of the saddle point method). This i s i l l u s 
t r a ted i n Figure 1, where a quadratic dependence on o v e r a l l free 
energy, w i t h i n these l i m i t s , i s seen to be predicted by e i t h e r 
approach. Thus, i n the range 1 ^ A G ^ / x è -1, i t i s correct to 
say that the Hush and Marcus approaches y i e l d e s s e n t i a l l y the 
same predictions f o r energetics of a c t i v a t i o n of exchange. This 
rests u l t i m a t e l y , as shown i n (10), on the formally i d e n t i c a l 
roles of the electron density parameter λ* and the Lagrange fac
to r Im I i n the respective approaches. 

Outside these l i m i t s , however, the two approaches r e s u l t i n 
d i f f e r e n t predicted k i n e t i c behavior of both exoenergetic and 
endoenergetic exchanges. I f the reaction i s assumed to proceed 
c l a s s i c a l l y with an energy b a r r i e r corresponding to the height 
of the reactant/product hypersurface i n t e r s e c t i o n point, the 
quadratic dependence of A G * on A G ^ i s predicted to p e r s i s t both 
for h ighly endoenergetic and exoenergetic reactions. The den
s i t y f u n c t i o n a l approach, however, predicts a c t i v a t i o n free 
energies of zero and A G ' f o r A G F / X <"1, >1> respect i v e l y [ c f . , 
Figure 1]. 

The reason f o r t h i s difference i s very simple. I t i s that 
the density f u n c t i o n a l approach calculates the rate f o r the 
adiabatic channel. For A G ^ ̂  χ, t h i s w i l l proceed v i a an a c t i 
vated complex with successor-state formal electron density pa
rameter λ* = 1; fo r A G Q <-χ, i t w i l l proceed v i a an activated 
complex with λ* = 0. By contrast, the rate predicted i n the 
c l a s s i c a l l i m i t of the saddle point method fo r e i t h e r a hi g h l y 
exoenergetic or endoenergetic process assumes ( e x p l i c i t l y or im
p l i c i t l y ) e l e c t r o n t u n n e l l i n g between upper and lower surfaces, 
i . e . , an e l e c t r o n i c a l l y non-adiabatic pathway. Thus, in s o f a r as 
the system does, i n f a c t , remain on a p o t e n t i a l surface a s s o c i 
ated with the e l e c t r o n i c wavefunction ψ +, an adiabatic channel 
w i l l dominate the exchange rate and the rates of strongly exo
energetic e l e c t r o n transfers of s i m i l a r types w i l l be predicted 
to approach a constant l i m i t i n g value. In p a r t i c u l a r , no " i n 
verse" rate/free energy r e l a t i o n s h i p would be expected. This 
appears to be more i n agreement with experiment than the pre
d i c t i o n of an "inverse" region. In the adiabatic channel, the 
successor (s) complex i n a strongly exoenergetic exchange w i l l 
be formed i n an excited v i b r a t i o n a l s t a t e , with excess energy 
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ional 

Figure 1. Relationship between activation free energy and overall free energy 
(values in units of electron-vibrational coupling energy χ) in high-temperature 
limit Key: , adiabatic density functional approach; and , nonadiabatic 
perturbational approach. (Work of forming precursor and successor states omitted.) 
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E v i b ( s ) 8 l v e n b y : 

E v i b ( s ) S ΔΕό - X <3> 
which deactivates to the f i n a l s t a t e at a rate assumed f a s t com
pared with electron exchanges i n the adiabatic channel. The 
extent to which e i t h e r l i m i t i n g assumption i s applicable i n the 
exoenergetic region cannot, however, be decided d e f i n i t e l y u n t i l 
more experimental and t h e o r e t i c a l information about energy trans
f e r rates i n s o l u t i o n i s a v a i l a b l e . 

Intervalence Transfer 

Where thermal electron t r a n s f e r can occur, there i s also 
always a corresponding o p t i c a l t r a n s f e r , which I have termed 
intervalence transfer (19-21). The p r i n c i p l e i s i l l u s t r a t e d i n 
a s i n g l e coordinate representation i n Figure 2. C l e a r l y , i t 
w i l l be possible to r e l a t e thermal to o p t i c a l transfer proba
b i l i t i e s , and, hence, to predict the rate of one process from 
parameters obtained f o r the others. The connection i s , i n f a c t , 
a very close one, as indicated schematically i n Figure 3. 

The intervalence tra n s f e r e x t i n c t i o n c o e f f i c i e n t , ε, i s 
proportional to a frequency-dependent conductivity, σ ω, with a 
maximum at ω^, approximately the intervalence band maximum. I f 
we extrapolate to zero frequency, the zero-frequency l i m i t of 
the frequency-dependent conductivity i s the thermal r a t e . This 
f a c t i s p a r t i c u l a r l y important when we consider such matters as 
nuclear t u n n e l l i n g . 

U n t i l quite recently there have not been many systems f o r 
which experimental information f o r both o p t i c a l and thermal 
processes were a v a i l a b l e . One such i s the Eu(II)/Eu(III) ex
change i n the wurtzite-type mixed-valence Eu^S^ l a t t i c e , with 
equal coordination numbers around each metal i o n . Môssbauer 
(22) and e l e c t r i c a l conductivity (23) data i n d i c a t e that χ f o r 
t h i s approximately symmetrical exchange i s ca. 0.22 eV, so that 
an intervalence transfer band i s predicted to e x i s t with a maxi
mum frequency of ca. 0.9 eV. This was, i n f a c t , observed (at 
300K) i n e a r l i e r work i n our laboratory; more rece n t l y , we have 
measured the s p e c t r a l c h a r a c t e r i s t i c s down to 10K. This enables 
an estimate of the frequency of the e f f e c t i v e phonon coupling 
mode to be made. 

Thus, as f a r as the o v e r a l l electron-phonon coupling energy 
i s concerned, we have reasonably good c o r r e l a t i o n here between 
o p t i c a l and thermal processes. Recently, owing p a r t i c u l a r l y to 
the work of Taube and of Meyer, there i s beginning to be an i n 
creasing body of data of c o r r e l a t i o n s of t h i s type, which are of 
great importance. 
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Reaction 
co-ordinate 

Figure 2. Intervalence band maximum (hvmax), thermal activation energy E * , and 
overall energy E0 for weak-interaction electron transfer. 

U) max. 

Ï 

σ (ω) 

ω 
Figure 3. Frequency-dependent conductivity W<»)] for electron-transfer process. 
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The E l e c t r o n i c I n t e r a c t i o n Term. A question raised e a r l i e r 
was: i s the magnitude of J s u f f i c i e n t l y small to j u s t i f y the 
weak-interaction assumption? This i s a question which can be 
answered, at l e a s t f o r mixed-valence complexes, by i n t e r p r e t a 
t i o n of the o s c i l l a t o r strength of the intervalence band. In 
Table I I I , some data (24, 25) f o r the intervalence band of the 
complex ion [Fe(II)Fe(III)(CN) ] 6 ~ , described i n i t i a l l y by 
Ludi, et a l . (26), are shown: 

Table I I I 
Parameters f o r Intervalence Transfer Band 
of [ ( C N ) 5 F e ( I I ) ( C N ) F e ( I I I ) ( C N ) 5 ] 6 ' (24, 25) 

E f f e c t i v e frequency, Hu>Q 4 6 Q ± 5 Q ^ - 1 

El e c t r o n - v i b r a t i o n a l coupling 7.8 ± 1 kK; 0.97 ± 0.13 eV 
energy, χ 

hv 7.8 ± 1 kK; 0.97 ± 0.13 eV max ' 
E 0 S O 

|C l p| 2 0.037 

1.5 kK; 0.19 eV 

In t h i s complex, the energy gap 2J separating upper and lower 
p o t e n t i a l surfaces i s estimated to be -0.19 eV. This i s e v i 
dently too large f o r the weak-interaction l i m i t to hold. In 
other systems, J may, i n f a c t , become so large that we have a 
sing l e minimum, with a stationary d e l o c a l i z e d e l e c t r o n i c ground 
state. 

The very simplest t h e o r e t i c a l approach, with l i n e a r e l e c -
tron-phonon coupling, i s i n terms of a two-center (a,b) one-
elect r o n Hamiltonian (27), with j u s t one harmonic mode, ω, as
sociated with each center. This i s ( i n second quantized nota
t i o n , with Η = 1): 

H = ( n a + n b ) E o a + i^ô + J ( c j c a + ο[%) 

Q?] + Σ gn.Q. 
X l . , ° 1 1 i=a,b 

(4) 
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In eq 4, E Q a i s the energy of an electron i n (|>a, and ô i s 
the difference E^-E ; ô i s , of course, zero f o r a symmetrical 
complex. The electron occupation number fo r s i t e i i s n^. The 
e l e c t r o n i c coupling i n t e g r a l i s J (assumed constant) and cî, c^ 
are electron creation and a n n i h i l a t i o n operators, r e s p e c t i v e l y 
(n^ = cîc^)· The l i n e a r electron-phonon coupling constant i s 
denoted by g, and i s the dimensionless normal mode coordinate 
f o r mode at s i t e i . The Hamiltonian can be re-expressed i n 
terms of coordinates 

q = "Λ: (Qi + Qo) " 2>/2 g/ω 
s V2 

1 ( 5 ) 

\ = f2 « 1 - V 
In terms of the new coordinates, the Hamiltonian can be re-ex
pressed as 

(6) 

+ (η - n, )q 

Typical p o t e n t i a l energies associated with such a Hamiltonian 
are shown i n Figure 4 as a function of the parameter θ = χ/2 J . 
The coordinate i s the antisymmetric combination. The symmetric 
mode c l e a r l y adds a term to the t o t a l energy independent of 
coupling. 

For a number of purposes, such a Hamiltonian and associated 
p o t e n t i a l energy can be u s e f u l — f o r example, i n discussing e l e c 
tron spin resonance (27, 28) and other properties where the 
o v e r - a l l electron-phonon coupling energy i s of most importance, 
and can be reasonably modelled i n terms of a s i n g l e ' e f f e c t i v e 1 

coupling mode. However, i n r e a l systems we w i l l expect that 
many modes are o p e r a t i v e — e . g . , both from p r e d i c t i o n and from 
the experimental r e s u l t s of Taube and of Meyer and t h e i r co
workers on the solvent dependence of frequency maxima of i n t e r -
valence bonds, we know that phonon modes of the medium (as w e l l 
as i n t e r n a l v i b r a t i o n a l modes) are u s u a l l y a c t i v e i n valence 
trapping. Thus, one would not expect the above Hamiltonian to 
be adequate f o r d e t a i l e d discussion of the phonon structure of 
intervalence bands. 
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Figure 4. Potential energies for above Hamiltonian for different values of Θ. The 
condition for appearance of a single minimum is θ (= χ/2 J) < 1. 
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The magnitude of the e l e c t r o n i c i n t e r a c t i o n term, J , i s 
also c r i t i c a l i n determining the degree of e l e c t r o n i c non-adia-
b a t i c i t y [such as Newton has been discussing] that may be pres
ent. The e l e c t r o n i c transmission c o e f f i c i e n t , K, can be ex
pressed as (21): 

2 3/2 
κ = (1 - e" a) , where a = — r (7) 

where u)j i s an e f f e c t i v e coupling frequency. C l e a r l y , κ i s very 
close to unity i f J i s large compared with k^T. How i s the 
approximate value of the e l e c t r o n i c coupling energy, J , to be 
obtained? 

There e x i s t systems i n which, i n p r i n c i p l e , J can be d i 
r e c t l y measured. An example i s the μ-οχο s i l i c o n pthalocyanine 
dimer studied by Hush and Cheung (29). I t i s found d i r e c t l y 
from the valence u l t r a v i o l e t photoelectron spectrum of the dimer 
that the energy gap, 2J, i n the r a d i c a l dimer monocation i s 
0.32 eV, and that, i n the gas phase, t h i s i s a deloc a l i z e d 
system (χ/23 <1). Measurements of t h i s kind are only e a s i l y 
made on i n i t i a l l y uncharged systems. 

I t should be mentioned that one has to be c a r e f u l i n de
f i n i n g the ' l o c a l i z e d ' states whose i n t e r a c t i o n ( i n the s i n g l e -
p a r t i c l e approximation) r e s u l t s i n the energy s p l i t t i n g . The 
Creutz-Taube ion [bis(pentaammine-ruthenium)pyrazine] (30) 
provides an example of t h i s . There i s good reason to suppose 
( i n s p i t e of many e a r l i e r arguments to the contrary) that t h i s 
i s a f u l l y d e localized mixed-valence system (27). In symme
t r y , the one-electron l e v e l s separated by energy gap 2J are c a l 
culated to have b^ u (bonding) and b ^ (antibonding) symmetry, 
respectively. These are shown i n Figure 5. In the lower h a l f 
of the f i g u r e , the sum and difference of these functions are 
shown. These are the ' l o c a l i z e d ' states. I t i s cle a r that 
neither i s a c t u a l l y l o c a l i z e d on one of the metal centers. They 
are both p a r t i a l l y delocalized onto the pyrazine r i n g , and are 
approximately non-bonding i n nature. Thus, i f we are to attempt 
to c a l c u l a t e the e l e c t r o n i c s p l i t t i n g f a c t o r f o r a given system, 
we may expect that i t w i l l u s u a l l y be too severe an approxima
t i o n to r e s t r i c t t h i s to an e l e c t r o n i c wavefunction based on two 
nu c l e i only. 

We have assumed here that J can be treated as a constant. 
In some types of c a l c u l a t i o n , the e x p l i c i t distance-dependence 
of the electron coupling i n t e g r a l must be taken into account. 
L i t t l e i s yet known of the appropriate form of such a depen
dence . 

For mixed-valence systems which are not de l o c a l i z e d , but 
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• · 0 · · 0 © 

Figure 5. One-electron representation of prr/oV orbitals involved in coupling in 
Creutz-Taube ion. Key: a, 2bJBU (doubly filled) and 2b S g (half-filled); and b, 

localized orbitals 2'*(2b2Vi ± 2bSg) (21). 
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which e x h i b i t dynamic valence trapping, i t i s possible to e s t i 
mate the value of J (assumed constant) from the o s c i l l a t o r 
strength of the intervalence absorption band. This i s a very 
important source of such data. However, we must add a note of 
warning. I f we were dealing with exact wavefunctions, then 
o s c i l l a t o r strength f o r an e l e c t r i c dipole-allowed t r a n s i t i o n 
could be expressed equivalently i n a number of f o r m a l i s m s — d i -
pole length, dipole v e l o c i t y , dipole a c c e l e r a t i o n , etc. The 
re l a t i o n s h i p of the f i r s t two f o r t r a n s i t i o n i->j with t r a n s i t i o n 
energy (E^-E^^) i s : 

J ι 
length v e l o c i t y 

For approximate wavefunctions, however, the various formulations 
give r i s e to d i f f e r e n t t h e o r e t i c a l p r e d i c t i o n s . This has been 
demonstrated i n d e t a i l , f o r example, by Hush and Williams (31) 
for large aromatic systems. Thus, when we wish to obtain exact 
values of J , we must be very c a r e f u l i n deciding which formalism 
to use. A f i n a l point here i s that the one-electron model does 
not take into account configuration i n t e r a c t i o n . Calculations 
f o r r e l a t i v e l y simple systems would be usefu l here. 

Nuclear Tunnelling 

E l e c t r o n i c non-adiabaticity can give r i s e to a fa c t o r κ 
which i s less than unity; the nuclear t u n n e l l i n g f a c t o r , Γ, on 
the other hand, i s always greater than or equal to unity. 

Does Γ d i f f e r s i g n i f i c a n t l y from un i t y i n t y p i c a l e lectron 
t r a n s f e r reactions? I t i s d i f f i c u l t to get d i r e c t evidence 
for nuclear t u n n e l l i n g from rate measurements except at very 
low temperatures i n c e r t a i n systems. Nuclear t u n n e l l i n g i s a 
consequence of the quantum nature of o s c i l l a t o r s involved i n 
the process. For the corresponding o p t i c a l t r a n s f e r , i t i s 
easy to see t h i s property when one measures the temperature 
dependence of the intervalence band p r o f i l e i n a dynamically-
trapped mixed-valence system. The second moment of the band, 
which i s a measure of the bandwidth, u l t i m a t e l y becomes inde
pendent of temperature below the Debye temperatures f o r a l l the 
modes involved i n electron-phonon i n t e r a c t i o n . Figure 6 shows 
a t y p i c a l example of t h i s behavior. 

How important, though, i s nuclear t u n n e l l i n g f o r thermal 
outer-sphere reactions at ordinary temperature? I f we work i n 
the Golden Rule formalism, an approximate answer was given some 
time ago. In harmonic approximation, one obtains from con
s i d e r a t i o n of the Laplace transform of the t r a n s i t i o n p r o b a b i l 
i t y (neglecting maximization of pre-exponential terms) the f o l 
lowing expressions f o r free energy (AG*) and enthalpy (ΔΗ*) of 
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Figure 6. Temperature dependence of half-width of intervalence transfer absorp
tion for l(NHs)sRu(4-cyanopyridine) Ru(NHs)s]s* mixed-valence (24, 25). 
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a c t i v a t i o n f o r a weak-interaction outer-sphere self-exchange 
(32): 

AG* = Ε* = |ϊ ΔΩ t a n h ( ^ ) A 
ifi — 4 - ^ 

ΔΗ* = Ε· - T(ff^) = | ^ 2 s e c h 2 ( ^ ) A 
In t h i s expression Δ and Ω are distance dispersion r e s u l t i n g 
from e l e c t r o n - v i b r a t i o n a l coupling, and frequency tensor (as
sumed i d e n t i c a l i n reactant and product s t a t e s ) , r e s p e c t i v e l y 
(work of formation of precursor and successor states i s 
omitted). I f we assume that the frequency tensor i s diagonal, 
then we have simply a sum of independent terms f o r a l l inner and 
outer contributing modes. At s u f f i c i e n t l y high temperature, the 
hyperbolic tangents become unity and we obtain the usual ( i n 
t h i s approximation) high-temperature expression: 

AG* = ΔΗ* = υ ΔΩΔ = χ/4 

The value of χ can be also w r i t t e n as 
Ν Ν Ν 

Χ = Σ χ = Σ = Σ S jfoL (10) 
k=l κ k=l Κ Κ k=l Κ Κ 

where the summation i s over a l l active modes with normal 
coordinate Q̂ . I t i s c l e a r that the nuclear t u n n e l l i n g f a c t o r , 
Γ(Τ), i s then a sum of the i n d i v i d u a l t u n n e l l i n g factors Γ^(Τ) 
fo r each mode ω^, i . e . , 

Ν 
Γ(Τ) = Σ Γ,(Τ) (11) 

k=l Κ 

In order to estimate the accurately ( i n the Golden Rule 
independent o s c i l l a t o r model), we need to take account also of 
the pre-exponential f a c t o r . Making use of the f a c t that we are 
considering, i n e f f e c t , the zero-phonon l i n e i n t e n s i t i e s , i t i s 
easy to show (26) that f o r ]4u>k > 2kgT, 

F k ( T ) = ^ c s c h ^ ] e x * I S k Î4Çf " t a n h ( 4 Ï ^ f ) } 1 ( 1 2 ) 

Typical values of Γ, (T) so calculated (26) f o r frequencies i n 
-1 

the range 100-400 cm and number of quanta Sfe involved i n 
coupling to that mode are shown i n Table IV. 
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Table IV 

Non-resonant Golden Rule Nuclear Tunnelling Factor r k(298) 
f o r Self-exchange. 

(Value corresponds to fac t o r f o r mode k 
with S k quanta excited (32)). 

u>k (cm" 1) V 2 5 10 15 20 25 

100 1 .006 1.008 1.011 1.014 1.017 1.020 

200 1, .028 1.042 1.066 1.090 1.115 1.141 

300 1, .075 1.123 1.210 1.303 1.403 1.510 

400 1, .152 1.275 1.509 1.786 2.114 2.502 

I t i s i n t e r e s t i n g to ca l c u l a t e the t u n n e l l i n g f a c t o r , using 
t h i s a n a l y t i c a l expression, f o r t y p i c a l outer-sphere ex
changes. We sel e c t the self-exchanges i n water Fe(II)(H^O)^/ 
F e ( I I I ) ( H 2 0 ) 6 and C o ( I I I ) ( N H 3 ) 6 / C o ( I I ) ( N H ^ . The contributing 
modes are taken to be an average intramolecular metal-ligand 
breathing frequency, and two solvent modes (33, 36), of f r e 
quency 170 cm 1 and 1 cm \ respectively. The corresponding 
solvent d i e l e c t r i c constants (298K) are taken as = 78.3, 
ε. Γ = 5.0, ε ο ρ = 1.78 [ c f . , refs (33, 36)]. With χ £ = (ε~* -

ε ό ρ ) ( χ 2 + V " 1 a n d Χ 3 = Κ * ' 8 i r " 1 ) ( x 2 + V " 1 ' W e h a V e 

( i n cm * ) : 

F e ( I I ) ( H 2 0 ) 6 / F e ( I I I ) ( H 2 0 ) 6 Co(II) (NH 3) 6/Co(III) ( N H ^ 

X l 
x2 

X 3 

11720 

5901 

3053 

16070 

6452 

3387 
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13. HUSH Parameters of Electron-Transfer Kinetics 319 

The average values of are taken here to be 431 and 396 cm 1 

for the i r o n and cobalt systems, respectively. From eq 12 we 
then obtain the nuclear t u n n e l l i n g factors shown i n Table V. 

Table V 
Non-resonant Nuclear Tunnelling Factor Γ(298) 

fo r Self-exchange i n Aqueous Solution 

Γ inner Γ outer Γ 

F e H ( H 2 0 ) 6 - F e m ( H 2 0 ) 6 3.46 1.12 3.88 

C o n ( N H 3 ) 6 - C o n i ( N H 3 ) 6 4.19 1.13 4.73 

These are e s s e n t i a l l y i n agreement with values calculated 
by less d i r e c t methods (36). What i s p a r t i c u l a r l y i n t e r e s t i n g 
i s the f a c t that, i f the Golden Rule assumptions are indeed 
appli c a b l e , the nuclear t u n n e l l i n g f a c t o r i s less than an order 
of magnitude f o r these important systems. In p a r t i c u l a r , i t i s 
not expected to be important i n determining the rate of a system 
which has t r a d i t i o n a l l y been thought to be anomalous: the cobalt 
hexaammine exchange. I t should be noted that work i n progress 
i n Professor Taube 1s laboratory (37) suggests that previous 
estimates of the rate of t h i s exchange are probably considerably 
too low, so that the anomaly may be only an apparent one. The 
t h e o r e t i c a l estimate of Jortner, et a l . (38), appears to be 
d e f i n i t e l y too low. 

The Golden Rule approach has been used f o r many years by 
Levich, Dogonadze, and co-workers (39, 40), who have stressed 
the difference between the roles of "quantum" (high-frequency) 
and " c l a s s i c a l " coupling modes i n discussing the theory of elec
tron t r a n s f e r , and by a number of subsequent workers (16, 41). 

For t y p i c a l outer-sphere exchanges at ordinary tempera
tures, i t seems probable that the o r i g i n a l assumption of Hush 
and of Marcus that b a r r i e r penetration i s a comparatively minor 
e f f e c t i s correct. Moreover, i t i s , i n a p a r t i c u l a r case, quite 
simple to c a l c u l a t e . The more general questions to which we 
do not yet have an answer are: how adequate i s the Golden Rule 
approach i n discussing t u n n e l l i n g , and, i n p a r t i c u l a r , what 
would be expected f o r systems s t r i c t l y remaining on one surface 
( e l e c t r o n i c a l l y adiabatic)? A number of fundamental issues i n 
volved here have been discussed i n a recent seri e s of papers 
(42-45). 
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Electron-Phonon Coupling Energies and Frequencies from Experi-
mental Data 

One experimental source of these e s s e n t i a l data ( f o r mixed-
valence systems) i s the intervalence t r a n s f e r absorption band. 
The moments of the envelope ( p a r t i c u l a r l y the f i r s t and second 
moments) can be interpreted to y i e l d values f o r χ and (from a 
study of temperature dependence) f o r an e f f e c t i v e coupling f r e 
quency. The study of e f f e c t s of solvent v a r i a t i o n can also lead 
to separation of χ in t o intramolecular and environmental com
ponents . 

Mention should be made here of recent attempts by Piepho, 
Schatz and Krausz (46) to give a general i n t e r p r e t a t i o n of 
intervalence bandshapes i n terms of a Hamiltonian equivalent to 
that of eq 6. They use v i b r o n i c eigenfunctions (following the 
method of s o l u t i o n of M e r r i f i e l d (47)) rather than adiabatic 
Born-Oppenheimer (ABO) functions. Thus, the aim i s to i n t e r p r e t 
an observed spectrum i n terms of one v i b r a t i o n a l coupling mode, 
which i s antisymmetric. Their analysis of the spectrum of the 
Creutz-Taube ion y i e l d s a value of θ of 1.215, i . e . , a rather 
weakly l o c a l i z e d ground state. Using t h e i r assumed unperturbed 
coupling v i b r a t i o n frequency (500 cm * ) , the resultant energy 
curves and v i b r a t i o n a l eigenvalues f o r the Creutz-Taube i o n 
are as shown i n Figure 7. 

The eigenvalues calculated e i t h e r by the M e r r i f i e l d or ABO 
method are nearly i d e n t i c a l . As can be seen, t h i s analysis 
leads to the p r e d i c t i o n of a number of low-lying i n f r a r e d ab
sorption bands f o r t h i s complex. In a discussion of the s t r u c 
ture of the Creutz-Taube i o n , I pointed out some time ago (27) 
that the evidence d e f i n i t e l y favors a we l l - d e l o c a l i z e d ground 
state (Θ < 1), and predicted that these i n f r a r e d bands would, 
thus, not be observed. In a recent p u b l i c a t i o n , Krausz, et a l . , 
report that a search f o r the bands indeed gave negative r e s u l t s , 
and withdraw t h e i r proposed i n t e r p r e t a t i o n of the spectrum (48). 

The d e f i c i e n c i e s of the Piepho-Krausz-Schatz modes are two
f o l d . F i r s t l y , only one coupling mode i s assumed. This i s un
l i k e l y to be r e a l i s t i c — t h e work by Meyer and coworkers on 
solvent e f f e c t s on intervalence bands indicates very c l e a r l y 
the multimode nature of coupling. Secondly, however, the model 
makes no allowance f o r coupling to symmetric modes. This means 
that, i n a delo c a l i z e d complex, t r a n s i t i o n from a bonding to an 
antibonding e l e c t r o n i c state cannot r e s u l t i n a change i n molec
u l a r geometry, i . e . , of bond lengths and angles. A simple mole
cular approach (27) shows that quite appreciable changes i n bond 
order w i l l be expected to accompany the intervalence t r a n s i t i o n ; 
c o r r e l a t i o n of these with bond length/angle changes and trans
formation to symmetric mode normal coordinates could then y i e l d 
the coupling constants f o r symmetric modes. This would appear 
quite n a t u r a l l y from an ab i n i t i o ( a l l electron) c a l c u l a t i o n , 
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Figure 7. Potentials for lower and upper surfaces in Creutz-Taube ion calculated 
by method of Piepho, Krausz, and Schatz, as function of dimensionless coordinate, 
y, with J = 0.4 eV, ω0 = 500 cm"1 and θ = 1.215. Eigenvalues in brackets are 

vibrational levels given in Ref. 46. 
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i n which ground and excited state geometries were separately 
optimized. Thus, fo r d e t a i l e d analysis of phonon str u c t u r e , 
the Hamiltonian eq 6 i s quite inadequate. I t can most simply be 
generalized, r e t a i n i n g the one-electron d e s c r i p t i o n , by i n c l u 
ding an a d d i t i o n a l term to allow f o r coupling to symmetric 
modes, with phenomenological coupling constants, perhaps calcu
l a t e d as suggested above from an approximate molecular o r b i t a l 
treatment. Coupling to symmetric modes, leading as i t does to 
distance dispersion, has a much greater r e l a t i v e e f f e c t on band
width than coupling to antisymmetric modes, which leads only to 
frequency dispersion. 

A s t r i k i n g e f f e c t of t h i s kind i s shown i n Figure 8, where 
the intervalence spectrum of the Creutz-Taube i o n , i n which the 
b i f u n c t i o n a l ligand i s pyrazine, i s compared with that of the 
corresponding ion i n which a low-symmetry perturbation i s i n t r o 
duced by s u b s t i t u t i n g OMe f o r one hydrogen of the r i n g 
(24, 25). The much greater width of the band i s calculated to 
be due mainly to distance dispersion induced by symmetric mode 
coupling. 

Evaluation of Coupling Strengths 

There are at l e a s t two ways i n which d e t a i l e d information 
about e l e c t r o n - v i b r a t i o n a l coupling strengths can be obtained 
fo r mixed-valence complexes. Both are based on the f a c t that 
such coupling w i l l be r e f l e c t e d i n modifications of the v i b r a 
t i o n a l spectrum. Thus, f o r example, coupling to antisymmetric 
modes i n a symmetric ion w i l l modify i n t e n s i t i e s and frequencies 
of the modes involved. 

Figure 9 shows the r e s u l t of a model c a l c u l a t i o n (using a 
mean-field approach) f o r a delocalized complex with θ = 0.60, 
i n which there i s equal coupling to each of four modes (θ^ = 
0.15), with ω ± = 350, 500, 700 and 1100 cm"1, r e s p e c t i v e l y (32). 
The frequency s h i f t s are calculated to be -66, -50, -54 and 
-76 cm 1, re s p e c t i v e l y , with r e l a t i v e induced i n t e n s i t i e s as 
shown. I t i s c l e a r that a de t a i l e d i n v e s t i g a t i o n of the v i b r a 
t i o n a l spectrum of mixed-valence systems should be rewarding. 

The second source i s resonance Raman spectra. The so-
c a l l e d A term of the p o l a r i z a b i l i t y tensor f o r one mode i n such 
a spectrum i s given i n a usual notation by (49): 

α 1 PP gn,gO (13) 
Λ -ν Λ + ΐΓ ev,g0 0 « ev 

where frequency differences of ground and excited states are 
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Figure 8. Intervalence spectrum of Creutz-Taube ion ( ) and of the corre
sponding ion with 1-methoxypyrazine ( ) instead of pyrazine (DtO solution, 

298 K). (24,25). 
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- A JL 0i .· , · - i — ι ϊ^τ*—ι ' r 1 r»—I 1 ι 11 το 160.0C 320.00 480.00 640.0C SCO.00 360.00 1120.00 
ω (cm ) 

Figure 9. Electron-transfer-induced IR absorption with equal coupling to four 
modes (see text). 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ch
01

3

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



13. HUSH Parameters of Electron-Transfer Kinetics 325 

ignored. The v i b r a t i o n a l overlap term i s 
< 0JV = exp(-A 2/2) 

δ β (14) 
<0 |v + 1> = — — j - <0 |v > 

g e (v+1)* g e 

where Δ i s the displacement. This can be generalized to a 
multimode d e s c r i p t i o n . Already there i s quite a s i z a b l e body of 
data accumulating on the resonance Raman spectroscopy of mixed-
valence systems (49, 50). Some show the long overtone progres
sion anticipated f o r very strong coupling (and hence large Δ) to 
a mode. Analysis of these w i l l y i e l d very u s e f u l d e t a i l e d 
information about coupling strengths. 

Methods discussed so f a r f o r determination of χ assume that 
two ions are present and that electron t r a n s f e r can be observed 
— a s , e.g., i n a mixed-valence system. What can be obtained f o r 
systems (e.g., F e ( I I I ) ( H 2 0 ) 6 / F e ( I I ) ( H 2 0 ) 6 ) where t h i s i s not 
possible? In such cases, i n p a r t i c u l a r , the study of photoemis-
sion from (single) ions or molecules i n s o l u t i o n w i l l become i n 
creasingly important. I f , i n the gas phase, one ionizes a mole
cule such as anthracene to form the r a d i c a l cation i n i t s ground 
sta t e , the difference between adiabatic and v e r t i c a l i o n i z a t i o n 
p o t e n t i a l i s a measure of the coupling of the hole to the i n t r a 
molecular v i b r a t i o n a l system (v. ). I f we i o n i z e from the 

J V A m n e r / 

molecule i n s o l u t i o n , the corresponding difference i s X i n n p r
 + 

X o u t e r , as shown i n Figure 10. inner 
I t w i l l not always be possible to obtain both gas- and 

solution-phase values [e.g., f o r an ion such as Fe(II)(h^O)^]. 
However, the solution-phase value should s t i l l y i e l d the o v e r a l l 
value of χ. Thus, one can, i n p r i n c i p l e , f i n d χ from a one-
center spectrum, as d i s t i n c t from the two-center intervalence 
spectrum. Inter e s t i n g work i n t h i s area, which w i l l lead to 
such determinations, has been pioneered by Delahay (51). 

I t i s a somewhat s u r p r i s i n g f a c t that information about 
v i b r a t i o n a l frequencies and bond lengths i n very common and 
important ions i s very sparse. C l e a r l y , many more such deter
minations are necessary. Only t h i s year, f o r example, have data 
become a v a i l a b l e which enable metal-ligand displacements on 
el e c t r o n removal f o r the aquo F e ( I I ) / F e ( I I I ) and Co(II)/Co(III) 
systems to be obtained. In view of the importance of these par
t i a l l y unpublished data, I have reproduced them i n Table VI. 
The values of Δ f o r the Fe and Co systems are 0.128-0.137, and 
0.208 8 respectively. The v a r i a b i l i t y of the Fe r e s u l t s points 
to the fac t that caution must be exercised i n using data ob
tained i n c r y s t a l l a t t i c e s f o r a s o l u t i o n environment. Spin-
p o l a r i z e d neutron d i f f r a c t i o n studies on the structure of solu-
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13. HUSH Parameters of Electron-Transfer Kinetics 327 

t i o n s h e l l s of ions i n s o l u t i o n may, i n the near future, help 
to resolve t h i s . 

F i n a l l y , I r e f e r back to the beginning of t h i s paper, where 
the assumption of ne a r - a d i a b a t i c i t y f o r electron t r a n s f e r s 
between ions of normal s i z e i n s o l u t i o n was mentioned. Almost 
a l l t h e o r e t i c a l approaches which discuss the electron-phonon 
coupling i n d e t a i l are, i n f a c t , non-adiabatic, i n which the 
perturbation Golden Rule approach to non-radiative t r a n s i t i o n i s 
involved. What major differences w i l l we expect from d e t a i l e d 
c a l c u l a t i o n s based on a t r u l y adiabatic model—i.e., one i n 
which only one p o t e n t i a l surface i s considered? [Such an ap
proach i s , f o r example, e s s e n t i a l f o r inner-sphere processes.] 
In work i n my laboratory we have, as I have mentioned above, 

Table VI 
Equilibrium Metal-Oxygen Distances 

and ( f o r Fe) Breathing Frequencies i n Aquo Complexes. 

F e ( H 2 0 ) 6
3 + : d(Fe(III)-0) = 1.986(7) 8 i n Fe(N0 3) 3-9H 20 (52) 

= 1.995(4) 8 i n CsFeS04«12H20 (53) 

v 1 ( F e ( I I I ) - 0 ) = 524 cm"1 i n CsFeS0 4-12H 20 (54) 

F e ( H 2 0 ) 6
2 + : d(Fe(II)-0 = 2.123(6) 8 i n 

[Fe(H 20) 6][Fe(II) c i t r a t e H 20]-
2H 20 (55) 

v^FeQD-O) = 378 cm"1 i n 
[ F e ( H 2 0 ) 6 ] [ S i F 6 ] (56) 

C o ( H 2 0 ) 6
3 + : d(Co(III)-0) = 1.873(5) i n CsCo(S04)·12Η20 (53) 

C o ( H 2 0 ) 6
2 + : d(Co(II)-0) = 2.081(1) i n Co(SiF6)·6Η20 (57) 

begun to inves t i g a t e these questions i n a very general way; t h i s 
has l e d , i n t e r a l i a , to some c r i t i c i s m of the concepts employed 
by Wiener (58), to which Professor Schatz has referred. Con
t i n u a t i o n of t h e o r e t i c a l work along these l i n e s , together with 
the g r e a t l y increased p o s s i b i l i t i e s f o r experimental deter
minations of quantities entering i n t o rate expressions, w i l l , 
one hopes, lead to gr e a t l y increased understanding both of el e c 
tron and of atom tr a n s f e r i n the foreseeable future. 
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General Discussion—Parameters of Electron-Transfer Kinetics 
Leaders: S. Isied, P. P. Schmidt, and E . Buhks 

DR. PAUL SCHATZ (University of V i r g i n i a ) : I f one t r i e s to 
get a d d i t i o n a l width, f o r example, i n the Creutz-Taube ion 
intervalence band by pu t t i n g i n a symmetrical mode, and one 
works through the arithmetic, one finds that there i s no inten
s i t y unless the force constants are d i f f e r e n t i n the two oxida
t i o n states. And, furthermore, unless they are very d i f f e r e n t , 
the amount of i n t e n s i t y obtained w i l l be very, very small. So 
I 1m personally very s k e p t i c a l of your c a l c u l a t i o n using the 
symmetrical modes to obtain a d d i t i o n a l width. I don ft think i t 
w i l l work. 

DR. HUSH: For an allowed e l e c t r o n i c t r a n s i t i o n (such as 
the intervalence t r a n s i t i o n i n a symmetrical d e l o c a l i z e d mixed-
valence complex), simultaneous e x c i t a t i o n of quanta of a l l sym
met r i c a l v i b r a t i o n a l modes i s formally allowed. Such e x c i t a t i o n 
w i l l r e s u l t i n a displacement of the upper with respect to the 
lower p o t e n t i a l surfaces f o r each mode. I t i s well-known that 
t h i s i s the most usual, major source of band broadening f o r 
allowed molecular e l e c t r o n i c t r a n s i t i o n s , e.g., those of organic 
molecules or complex ions. This may or may not be accompanied 
by s i g n i f i c a n t changes i n force constants. For a model of the 
2 - s i t e , one-electron system with l i n e a r e l e c t r o n - v i b r a t i o n a l 
coupling to a set of doubly-degenerate harmonic o s c i l l a t o r s , 
only the out-of-phase (antisymmetric) combination of modes con
t r i b u t e s to the polaron-type binding energy [Hush, N. S.; i n 
"Mixed-Valence Compounds," Brown, D. Β., Ed.; D. Reidel Pub
l i s h i n g Co.: Dordrecht, Netherlands, 1981; ρ 151]. When such a 
model i s used to describe the intervalence absorption spectrum 
of a symmetrical d e l o c a l i z e d mixed-valence complex, the only 
source of v i b r a t i o n a l band broadening ( i . e . , c o n t r i b u t i o n to 
the second moment of the absorption envelope) i s , indeed, f r e 
quency dispersion, which i s r e l a t i v e l y i n e f f i c i e n t . However, 
i n a r e a l d e l o c a l i z e d complex, such a t r a n s i t i o n involves, i n 
f a c t , e x c i t a t i o n of an ele c t r o n from a bonding to an antibonding 
molecular o r b i t a l . The d i s t r i b u t i o n of these o r b i t a l s over the 
molecular framework determines the change of interatomic bond 
orders accompanying the e l e c t r o n i c t r a n s i t i o n . These, i n turn, 
can be correlated by standard techniques (or by d i r e c t geometry 
optimization) with changes i n bond lengths - i . e . , with e x c i t a 
t i o n of quanta of symmetric v i b r a t i o n a l modes, a l l of which are 
formally allowed. Thus, f o r example, we would expect the equi
l i b r i u m Ru-N bond length to be d i f f e r e n t i n ground and excited 
s t a t e s , i n r e a l i t y . This would not be allowed f o r i n the sim
p l i s t i c model that Dr. Schatz has f o r some time been using f o r 
these systems. The minimal requirement i s to take account of 
the extended molecular nature of the e l e c t r o n i c wavefunctions. 
A more d e t a i l e d c a l c u l a t i o n would employ one of the standard 
ab i n i t i o methods fo r ground and excited state geometries of an 
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open-shell molecule. Once the calculated bond length changes 
accompanying the t r a n s i t i o n are c a l c u l a t e d , one could then 
transform to normal coordinates to obtain the displacement of 
each symmetrical normal coordinate. Although a many-electron 
c a l c u l a t i o n should be employed, i t i s probable that extended-
Huckel type c a l c u l a t i o n s may give reasonable estimates of normal 
coordinate changes. This has been found, f o r example, by 
P e t i c o l a s [ P e t i c o l a s , W. ; B l a z e j , D. C. Chem. Phys. L e t t . 1979, 
63, 604] i n h i s work on nu c l e i c acid excited state geometries. 
I have suggested a t e n t a t i v e analysis of the intervalence ab
sorption spectrum of the Creutz-Taube ion i n terms of coupling 
to one dominant symmetric and one dominant antisymmetric mode. 
Only a very small coupling to a symmetric mode i s required f o r 
t h i s i n t e r p r e t a t i o n . This i s i n q u a l i t a t i v e agreement with c a l 
culated bond order changes [Hush, N.S.; o p . c i t . ] . 

I have predicted that the very unusual low-frequency IR 
behavior f o r the Creutz-Taube ion calculated by Piepho, Schatz 
and Krausz [Piepho, S. B. ; Krausz, E. R. ; Schatz, P. N. J . Am. 
Chem. Soc. 1978, 100, 2996] on the assumption of only a n t i 
symmetric mode involvement i n e l e c t r o n - v i b r a t i o n a l i n t e r a c t i o n 
would not be found, and that i t was an a r t i f a c t of the method. 
The f a i l u r e of experiments designed to locate such IR bands has 
subsequently been reported by Krausz, et a l . 

DR. MICHAEL WEAVER (Michigan State U n i v e r s i t y ) : There i s a 
sense of s e l f - s a t i s f a c t i o n amongst some p a r t i c i p a n t s which i s 
d i s t u r b i n g me. There are s t i l l many features of electron-trans
f e r reactions, even f o r outer-sphere processes i n s o l u t i o n and 
at electrodes, that the contemporary theories do not e x p l a i n , or 
at l e a s t i n which there i s a marked discrepancy between theory 
and experiment. One of these i s that the frequency fa c t o r f o r 
elec t r o n t r a n s f e r i s not w e l l understood. One can obtain rea
sonable agreement between theory and experiment i f you happen 
to s e l e c t zero i o n i c strength, but the agreement i s often much 
poorer at the high i o n i c strengths u s u a l l y employed i n experi
mental work. Secondly, as I pointed out e a r l i e r , I don't think 
the dependence of redox r e a c t i v i t y upon the thermodynamic 
d r i v i n g force predicted by conventional theory i s i n s a t i s f a c 
tory agreement with experiment f o r a number of reactions. 

Although the t h e o r e t i c a l framework put forward twenty years 
ago by Marcus and Hush has been developed extensively, i t i s 
perhaps unfortunate that the impression has become widespread 
that they are e n t i r e l y successful. This, i n turn, tends to 
bring about the misapprehension that e l e c t r o n - t r a n s f e r k i n e t i c s , 
at l e a s t i n v o l v i n g coordination compounds, i s a "solved area". 
This has the e f f e c t of discouraging p o t e n t i a l new i n v e s t i g a t o r s 
and, hence, i n h i b i t i n g further progress. Research problems, 
such as understanding frequency factors f o r both intermolecular 
and intramolecular reactions, solvent e f f e c t s , the influences 
of the electrode material upon heterogeneous ele c t r o n t r a n s f e r , 
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332 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

and the energetics of inner-sphere e l e c t r o n t r a n s f e r , to name 
but a few topics at random, would seem to o f f e r considerable 
challenges to both experimentalists and theoreticians i n the 
next few years. 

DR. HUSH: For myself, i f I gave the impression of any 
f e e l i n g of s e l f - s a t i s f a c t i o n , i t was c e r t a i n l y i n the sense that 
I think we can say that there i s a glimmer of l i g h t i n the dark
ness. And i n chemistry we must be g r a t e f u l f o r the smallest 
spark. I have stressed also that our present t h e o r e t i c a l ap
proaches to rate c a l c u l a t i o n s have been almost e n t i r e l y confined 
to outer-sphere processes, and that the task of formulating re
l i a b l e theories f o r inner-sphere transfers w i l l be a formidable 
one. 

DR. RODERICK CANNON (University of East A n g l i a ) : I f d l i k e 
to hazard a guess that much of the progress i n understanding 
elec t r o n t r a n s f e r reactions w i l l come i n the future from 
studies on the s o l i d s t a t e , on the one hand, and from gas phase 
studies on the other. And I have f e l t , having reviewed the l i t 
erature f a i r l y r e cently, that both of those areas have been 
most neglected. 

I f d l i k e to mention very b r i e f l y one piece of work done by 
a colleague of mine, David Rosseinsky, of Exeter U n i v e r s i t y i n 
England, where he has studied, i n the s o l i d s t a t e , thermal and 
o p t i c a l e l e c t r o n t r a n s f e r i n the double s a l t of potassium man-
ganate and the permanganate. I !m not sure how many people even 
r e a l i z e that such an i n t e r e s t i n g compound e x i s t s . But he's 
been able to measure outer-sphere ele c t r o n t r a n s f e r between 
manganate and permanganate i o n , which, of course, i s the s o l i d 
state analog of one of the very f i r s t e l ectron t r a n s f e r reac
t i o n s ever studied i n s o l u t i o n . 

I think the very s i m p l i c i t y of the system, and the s i m p l i 
c i t y i n the study of the c r y s t a l s t r u c t u r e , suggests that people 
would do w e l l to look very c l o s e l y at the v i b r a t i o n a l spectrum 
of the c r y s t a l and at the d e t a i l s of the ele c t r o n t r a n s f e r i n 
that system. 

On the other hand, i f one looks at gas phase el e c t r o n 
t r a n s f e r we f i n d that i t ' s dominated by small molecules and non-
methyl molecules^ and the system i s quite remote from what we see 
i n s o l u t i o n (H^ ions, and so f o r t h ) . And I do wonder whether 
people w i l l turn t h e i r a t t e n t i o n to using, f o r example, organo-
m e t a l l i c complexes, many of which are v o l a t i l e and unstable i n 
the gas phase. 

Experiments with crossed molecular beams might e n t a i l a 
beam of ferrocene molecules against a beam of chloride ions i n 
the close outer-sphere ele c t r o n t r a n s f e r i n the gas phase. 
This should be a very s i m i l a r process to what we have seen i n 
so l u t i o n . I'd j u s t l i k e to leave the thought that these are 
two possible d i r e c t i o n s i n which future work w i l l go. 
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14 

Effect of Organized Assemblies on Chemical 
Reactions 

J. K. THOMAS 
University of Notre Dame, Chemistry Department, Notre Dame, IN 46506 

The action of organized assemblies is dis
cussed and the mode of interaction of organic and 
inorganic solutes with the assemblies indicated. 
The environments of the solutes in the assemblies 
are given, which immediately predict certain 
effects on reactions in the assemblies. Examples 
of several types of reactions, mostly photo-in
duced, are given and used to illustrate the ear
lier discussion. 

The l a s t decade has shown an inc reas ing i n t e r e s t i n the 
ef fec ts of organized assemblies on chemical r eac t ions , i n par
t i c u l a r on photochemical react ions (1 , 2, 3 ) . Reactions may be 
promoted by 1000-fold or more or retarded by the same extent . 
Moreover, react ions that do not occur i n simple homogeneous 
media often occur qui te r e a d i l y on, or i n , an organized assem
b l y . To date, most s tudies have concentrated on organic systems 
and, i n p a r t i c u l a r , on systems of i n t e r e s t to so l a r energy s to r 
age. The number of assemblies used i s qui te large and i t i s now 
opportune to o u t l i n e the nature of these systems i n more d e t a i l . 

Organized Assemblies 

The organized assemblies used are u s u a l l y organic i n na
tu re , although inorganic assemblies are r e c e i v i n g increased 
i n t e r e s t . F igure 1 shows, i n a diagrammatical sense, severa l 
organic assemblies that can be constructed from a simple organic 
surfactant molecule such as sodium l a u r y l s u l f a t e , NaLS, sodium 
d i i s o o c t y l su l fosucc ina te , AOT, or c e t y l t r i m e t h y l ammonium 
bromide, CTAB. Depending on the condi t ions of the system, these 
simple surfactants can be coaxed in to forming smal l spher
i c a l e n t i t i e s c a l l e d m i c e l l e s , large rod m i c e l l e s , b i l a y e r s , 
v e s i c l e s , microemulsions, and reversed m i c e l l e s . The reader i s 
refer red to references 1 and 3 for a f u l l e r d e s c r i p t i o n of these 
systems. However, for l a t e r d i scuss ion i t i s important to ex-

0097-6156/82/0198-0335$06.00/0 
© 1982 American Chemical Society 
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14. THOMAS Organized Assemblies 337 

amine the simple m i c e l l e i n more d e t a i l and take i t as a model 
fo r events on other systems. 

The surfactant molecule consists of a hydrophobic hydro
carbon t a i l and a polar head group. Above a s p e c i f i c concen
t r a t i o n i n water, the surfactant molecules c l u s t e r to form d i s 
crete m i c e l l e s . The hydrocarbon chains sequester together and 
are separated from the aqueous phase by a polar head group i n 
terf a c e . The simple p i c t u r e i s of an o i l drop i n water. The 
dimensions are small, i . e . , radius ~ 2θ8. I f the head group i s 
i o n i c , then a f r a c t i o n of the aggregate (N ~50 to 100) w i l l 
d i s s o c i a t e to give a large (20 to 30) p o s i t i v e or negative 
charge to the m i c e l l e surface. The m i c e l l e can be enlarged 
(200& or so) by reforming i t around a large o i l drop, thus form
ing a microemulsion. From here on, the term m i c e l l e w i l l be 
used e x c l u s i v e l y as a mode of describing reactions, the i n f e r 
ence being that other structures behave s i m i l a r l y . 

Other quite d i f f e r e n t assemblies can be formed, e.g., c o l 
l o i d a l s i l i c a , metal oxides, c o l l o i d a l metals, etc. They have 
many properties that are reminiscent of m i c e l l e s , while also 
having s p e c i f i c features of t h e i r own. These systems w i l l not 
be discussed. 

Nature of Reactions 

A m i c e l l e may s o l u b i l i z e two reactants, A and B, w i t h i n a 
small f r a c t i o n of the volume of the t o t a l system. The e f f e c t i v e 
concentrations of A and Β are increased and the reaction rates 
are correspondingly increased. Rate enhancements of 1000-fold 
are possible by means of t h i s e f f e c t . The m i c e l l e may s o l u b i 
l i z e one reactant while the other i s i n the aqueous phase. I f 
t h i s reactant i s charged, then the m i c e l l a r charge controls the 
reaction rate. The m i c e l l e may organize A and Β i n t o a s u i t a b l e 
configuration f o r optimum reaction and promote product separa
t i o n . F i n a l l y , the h i g h l y charged m i c e l l a r surface can i n f l u 
ence the energetics of a reaction to a quite remarkable de
gree. 

I n t e r a c t i o n with M i c e l l e s 

Organic molecules are s o l u b i l i z e d by the organic c o n s t i 
tuents of a m i c e l l e . In small micelles the molecules l i e close 
to the i n t e r f a c e , while i n large microemulsions considerable 
penetration i n t o the core i s observed (1). Inorganic materials 
are quite polar and have l i t t l e i n t e r a c t i o n with the organic 
components of the m i c e l l e . However, the m i c e l l e compterions, 
Na + or Br , are inorganic and t h e i r ions may be exchanged f o r 
more i n t e r e s t i n g species, e.g., T l , Ag , ruthenium(II), Cu , 
NO^", Γ , etc. 
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In some instances, a long hydrocarbon chain can be attached 
to an organometallic compound, e.g., ruthenium t r i s b y p y r i d y l or 
ferrocene, thus making a new surfactant which can be r e a d i l y 
used to form micelles or can be incorporated i n t o conventional 
micelles (4, 5). In other cases, a long chain crown ether can 
be constructed which w i l l form micelles with a metal i o n , 
incorporated i n t o the crown (6, 7). Most inorganic components 
enter in t o the m i c e l l a r surface region. However, a hydrophobic 
metallo-organic component, such as ferrocene or zinc tetraphenyl 
porphyrin, could enter the o i l region of a microemulsion. 

Environment of Reactants 

I t has been established by many studies (2) that the charge 
at the micelle-water i n t e r f a c e , or Stern l a y e r , i s high, and 
that e l e c t r i c f i e l d s of 10^ to 10^ volts/cm e x i s t i n t h i s 
region. The l o c a l m i c r o - d i e l e c t r i c constant of the region i s 
about 30 to 40, depending on the m i c e l l e (2, 8, 9), and t h i s 
a f f e c t s the physical properties (e.g., spectroscopic) of many 
molecules. The movement of molecules i s r e s t r i c t e d i n t h i s 
region due to the r e s t r i c t i v e nature of the head group-counter 
ion i n t e r a c t i o n (10). ^ 

The high surface charge on a micelle (10 v o l t s / a or 300m-
vo l t s / m i c e l l e ) can strongly p a r t i c i p a t e i n redox exchange reac
tions (11). For example, the equilibrium between anthraquinone 
sulfonate (AQS ) and duroquinone (DQ) and t h e i r reduced forms 

AQS" + DQ J AQS + DQ~ 

i s strongly on the DQ side i n water. In aqueous NaLS mi
c e l l e s , however, s o l u b i l i z a t i o n of DQ i n the micelle pushes 
the equilibrium to the l e f t and favors AQS . Electron t r a n s f e r 
from a solute to water to give hydrated electrons, e , occurs 
at much lower p o t e n t i a l s (ΔΕ ~ 3-4 eV) i n micelles than i n the 
gas phase. 

(Solute) ^ V (Solute cation) + e" m 'm aq 

The p h y s i c a l r e s t r a i n t s of the surface on a reaction are 
w e l l i l l u s t r a t e d by the reaction of Ag** protoporphyrin and 

2-
I r C l ^ which occurs r e a d i l y i n homogeneous s o l u t i o n . The re
ac t i o n i s strongly i n h i b i t e d i n NaLS or CTAB micelles and i s 
explained as being due to a sh i e l d i n g of the edge of the porphy
r i n r i n g by the m i c e l l e , such that e tra n s f e r i s retarded (12). 
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Ele c t r o n Transfer Reactions 

One of the most popular photo-promoted e l e c t r o n t r a n s f e r 
systems i s the trisbipyridylruthenium(II)-methyl viologen (MV + +) 
system which, on e x c i t a t i o n , produces Ru* 1* and reduced methyl 
viologen (MV +): 

R u 1 1
 + MV + + * V R u 1 1 1

 + MV+ 

The back reaction of the products to give the o r i g i n a l s t a r t i n g 
material severely reduces the quantum y i e l d of the process. 
However, the introd u c t i o n of a negatively charged assembly of 
NaLS promotes the reaction as both Ru** and MV + + are bound, and 
the product Ru i s maintained at the mice l l e while MV+ re
gresses to the aqueous phase (12 -15). The use of a Ru** 
de r i v a t i v e with a long hydrocarbon chain also a s s i s t s the re
action. I f a negatively charged s i l i c a c o l l o i d i s used i n place 
of the anionic m i c e l l e , and MV + + i s replaced with a d i a c i d de
r i v a t i v e such that the methyl viologen has no resul t a n t charge 

++ 2- + 2- I I I (MV R^ ), then a greatly enhanced y i e l d of MV ̂  and Ru 
i s produced (16). I t i s claimed that t h i s i s due to a higher 
negative charge on the SiO^ c o l l o i d compared to an NaLS m i c e l l e . 
This may not be the f u l l answer as the photoinduced ele c t r o n 
exchange between pyrene, P, and dimethylaniline, D, on CTAB mi
c e l l e s and other CTAB structures, e t c . , 

Ρ + D ̂ V Ρ* + D -> Ρ" + D + 

i s markedly dependent on the nature of the assembly surface 
(17), the assembly promoting the e tr a n s f e r to produce Ρ and 
D+, while retarding the back n e u t r a l i z a t i o n so that D can 
regress from the assembly. The l i f e t i m e s of the ions produced 
i n t h i s system are 10^ greater than those i n homogeneous media. 

A good example of energy storage that i s organized by an 
anionic m i c e l l e i s given by the photoinduced e tr a n s f e r from 
the dye 5,1l-dimethyl-5,11-dihydroindolo(3,2-b)carbazole (DI) 
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to C u + + on copper l a u r y l s u l f a t e micelles (17). E x c i t a t i o n of 
DI r a p i d l y leads to reduced C u + + , i . e . , Cu +. 

DI + C u + + ( m i c e l l e ) , ^ Cu +(micelle) + D I + 

<1 ms 
The cuprous ion i s r a p i d l y l o s t from the m i c e l l e and i s captured 
by Fe(CN) 6

3" i n the water bulk, 

Cu + + Fe(CN) 6
3" C u + + + Fe(CN) 6

4 ' 

This sequence of reactions i s not possible i n the absence of a 
mice l l e as the DI excited state i s too s h o r t - l i v e d to e f f i c i e n t 
l y t r a n s f e r to Cu + + . The mi c e l l e p o s i t i o n s C u + + and (DI)* i n 
close proximity f o r e f f i c i e n t r e action, and, subsequently, sepa
rates the products and prevents back reaction. The crown ether 
type surfactants can be used to s o l u b i l i z e a cyanine dye i n the 
organic p o r t i o n while a metal i o n , e.g., Ag +, i s incorporated 
i n t o the crown. E x c i t a t i o n of the dye leads to e tran s f e r and 
the formation of Ag° which i s stable over many days. The reac
t i o n i s impossible without the a i d of the m i c e l l e . Many s i m i l a r 
examples appear i n the l i t e r a t u r e and are summarized i n r e f e r 
ences 1. and 3. 

Energy Transfer 

The organization of two reactants i n close proximity by a 
mice l l e i s of great u t i l i t y i n energy t r a n s f e r studies. An or
ganic molecule can be placed i n a mi c e l l e and subsequently ex
c i t e d by l i g h t . Phosphorescence has been observed i n my system 
by t h i s technique (19-23). This i s unique to micelles as e f f i 
c i e n t phosphorescence i s only observed i n a low temperature 
matrix where quenching i s eliminated. M i c e l l e s protect the ex
c i t e d t r i p l e t state from such quenching, g i v i n g i t a long l i f e 
time and, hence, the p o s s i b l i t y of e f f i c i e n t phosphorescence. 
Inorganic ions, such as T l + , Ag +, e t c . , can be incorporated as 
counterions on anion micelles containing the excited t r i p l e t . 
Spin o r b i t coupling ensues and enhanced phosphorescence i s 
observed. The spin o r b i t coupling reaction i s too i n e f f i c i e n t 
to be observed i n homogeneous media. 

Energy t r a n s f e r from excited t r i p l e t s of naphthalene and 
3+ 3+ 

biphenyl to Eu and Tb have been measured i n NaLS micelles + 3+ 3+ when part of the Na counterions are replaced by Eu or Tb 
The rate constants f o r these reactions are quite low even i n 
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micelles (k ~ 10 to 10 M s ), and are too slow f o r observa
t i o n i n homogeneous media by our techniques. J J 

Photo-induced ele c t r o n t r a n s f e r from ferrocene, Fe , to 
CCl^ has been observed i n m i c e l l e s o l u t i o n at low concentrations 
of CC1 4, 

I I * I I I Fe + CC1 4 -> Fe x + CC1 3 + C l 

The extremely short l i f e t i m e of Fe* 1* (<10 1 0 s) i s overcome by 
I I * 

the close proximity of Fe and CCl^ on the m i c e l l e (24). 
Reversed M i c e l l e s 

Figure 1 shows a reversed m i c e l l e where the bulk solvent i s 
a hydrocarbon and the core i s a water pool surrounded by surfac
tant. These systems possess unique features as the p h y s i c a l 
properties of the water pools only s t a r t to approach those of 
bulk water at high water content when the pool r a d i i are >150A; 
pools with r a d i i as small as 1 5 8 can be constructed 0 1, 25). 
These systems have been used to investigate the nature of sev
e r a l inorganic reactions by stopped flow methods (26, 27). They 
have also been used to produce so-called naked ions, i . e . , ions 
that possess a minimum of aqueous s o l v a t i o n (28). The system 
strongly promotes many reactions, a f a c t a t t r i b u t e d to the un
usual nature of the water i n t h i s system. 

Conclusion 

Organized assemblies are useful to promote s p e c i a l i z e d 
features of a reaction, e.g., proximity e f f e c t s , surface energy 
e f f e c t s , or reactant organization. These features are useful i n 
energy storage. As more i s learned about these systems and 
t h e i r p a r t i c i p a t i o n i n reactions, i t may be possible to obtain 
precise information on the e f f e c t s of microscopic geometric 
arrangements of reactants on the subsequent course of reaction. 
Many assemblies are known; many others are a v a i l a b l e but have 
not been studied as yet. 
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General Discussion—Effect of Organized Assemblies on 
Chemical Reactions 
Leader: Guillermo Ferraudi 

DR. GUILLERMO FERRAUDI (University of Notre Dame): From 
your t a l k i t appears that an important aspect of micelles i s the 
modified r e a c t i v i t y imparted to excited states or chemical i n 
termediates. I f micelles are to be used to e x p l o i t t h i s phe
nomenon, the structure of the mice l l e should be c a r e f u l l y de
fined. Can you t e l l us something more about the s t r u c t u r a l 
properties of micelles? For example, i f t r i t o n X-100 i s used to 
form m i c e l l e s , a v a r i a t i o n i n conditions y i e l d s micelles with 
d i f f e r e n t shapes, d i f f e r e n t dimensions, etc. 

DR. THOMAS: Of a l l the actual structures given, the mi
c e l l e i s the smallest e n t i t y and the l e a s t well-defined. The 
chains on the core are arranged randomly, and the units are much 
l i k e drops of o i l . However, Raman spectra t e l l us there i s more 
order i n the m i c e l l e chains than i n a l i q u i d hydrocarbon such as 
dodecane [Thomas, J . Κ., ; Kalyansundaram, K. J . Phys. Chem. 
1976, 80, 1462]. 

However, one can change the structure i n a known fashion, 
m i c e l l e to rod, etc., with remarkable p r e c i s i o n [Thomas, J . K. 
Chem. Rev. 1980, 80, 283]. In actual f a c t , a sodium l a u r y l 
s u l f a t e m i c e l l e i s a very precise e n t i t y containing 71 ± 1 
u n i t s . A precise cooperative e f f e c t forms the m i c e l l e . I f you 
change the conditions of the s o l u t i o n , such as the s a l t con
centration, e t c . , then you can make other structures which are 
w e l l i d e n t i f i e d . 

I didn't use the t r i t o n X-100 example because i t i s a 
neutral e n t i t y . I t i s f i n e f o r an organic chemist, but in o r 
ganic e n t i t i e s can't i n t e r a c t with t h i s m i c e l l e . However, a 
t r i t o n X-100 mice l l e i s very w e l l studied because biochemists 
are interested i n using i t as a model membrane since i t makes 
bi g f l a t - d i s k m i c e l l e s . Biochemists consider i t as resembling a 
section of membrane, which can s o l u b i l i z e proteins. I t i s a 
good model f o r b i o l o g i c a l systems. 

DR. FERRAUDI: You also reported a type of e j e c t i o n of el e c 
trons from a m i c e l l e . I t would appear that such a process could 
be s i g n i f i c a n t f o r the storage of energy. 

DR. THOMAS: Photoionization of a molecule i n the mic e l l e 
leads to the cation of the molecule, which i s attached to the 
mice l l e [ D i c u i c i o , P.; Thomas, J . K. Adv. Chem. Ser. 1980, 
No. 184, 97]. I t i s conventional to use a negatively charged 
m i c e l l e so that the cation i s held to the e l e c t r o s t a t i c a l l y 
charged m i c e l l e . The elect r o n i s ejected i n t o the water, and i s 
observed as a hydrated electron. I t i s a very novel process, 
and works best i n mi c e l l e s . The major problem r e l a t i v e to 
st o r i n g energy i s that you have two very high energy species, a 
cation and an ele c t r o n , which are so reactive that they tear up 
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the system. I d e a l l y , one would l i k e to have a r e v e r s i b l e sys
tem. Hence, i t i s better to donate the electron to an acceptor 
which could then give you enough time to move the e somewhere 
else where i t could create useful chemistry, such as producing 
H 2. 

The reduction of the i o n i z a t i o n p o t e n t i a l i n micelles re
s u l t s from s o l v a t i o n e f f e c t s on the ca t i o n and on the el e c t r o n , 
and also the surface energy. These are s u f f i c i e n t to drop the 
i o n i z a t i o n p o t e n t i a l by as much as 4 v o l t s . 

DR. KENNETH KUSTIN (Brandeis U n i v e r s i t y ) : How can you d i s 
t i n g u i s h experimentally between a reaction on the surface of the 
mice l l e and one i n the i n t e r i o r of the micelle? 

DR. THOMAS : That i s a good question. F i r s t of a l l , one 
would attempt to make a de r i v a t i v e of one or both reactants 
which would favor t h e i r l o c a t i o n e i t h e r i n s i d e the mic e l l e or on 
the surface. For example, i f I wanted to work with pyrene, a 
simple organic molecule, I could r e a d i l y locate i t in s i d e the 
mic e l l e as i t i s a hydrophobic e n t i t y ; with microemulsion I 
could put i t r i g h t into the o i l center. However, i f I wanted to 
work on the surface I would use pyrene s u l f o n i c a c i d or pyrene 
b u t y r i c a c i d , e i t h e r of which would be located on the surface. 

The second step i s to work up the spectroscopy (e.g., NMR 
spectroscopy, fluorescence spectroscopy) of the system which 
should confirm the solute l o c a t i o n . 

DR. JOHN ENDICOTT (Wayne State U n i v e r s i t y ) : How well-de
fin e d i s the surface of the micelle? 

DR. THOMAS: That r e a l l y depends on the m i c e l l e , The s o l i d 
m icelles such as s i l i c a p a r t i c l e s , e t c . , are very well-defined. 
But the f l u i d micelles which I spoke about, are k i n e t i c e n t i 
t i e s . For example, we don't r e a l l y know how well-defined the 
surface i s , i n the sense that i t i s i n motion. I t does not have 
a d i s t i n c t boundary l i n e , as I drew i t . In actual f a c t , the 
monomer units are o s c i l l a t i n g i n t o and out of the m i c e l l e . 
However, the net e f f e c t i s to leave a permanent e n t i t y . I f you 
d i l u t e a s o l u t i o n of m i c e l l e s , they may a l l d i s s o c i a t e i n about 
0.1 seconds, whereas our reactions occur on time scales <10 ̂  
seconds. 

I t i s thought that the mi c e l l e surface i s undulating to 
some degree, so i t i s not a perfect e n t i t y . However, i t i s de
scribed w e l l by double-layer theory, which requires some order. 
I t i s not easy to describe a m i c e l l e as nobody has ever seen 
one; i t i s something that i s projected from a l l i t s properties. 

-8 -8 
I t i s small (10 -2x10 cm) and, of course, generally you can't 
i s o l a t e i t . 

Recently we have managed to i s o l a t e one by polymerizing i t 
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( i . e . , by u t i l i z i n g a surfactant with a monomer group on i t and 
then polymerizing the system). The product i s too small to see 
i n our electron microscope. Perhaps with a better e l e c t r o n mi
croscope we could see i t , as we can see a polymerized micro-
emulsion r~1008 [ A t i k , S. S.; Thomas, J . K. J . Am. Chem. Soc. 
1981, 103, 4279]. 

DR. ENDICOTT: With regard to the k i n e t i c nature of f l u i d 
m i c e l l e s , how meaningful i s the d i s t i n c t i o n between surface and 
i n t e r i o r ? 

DR. THOMAS: For a solute the meaningful thing i s the de
gree of contact with the aqueous phase. In a small mi c e l l e the 
solute i s close to or on the surface, and i t i s i n contact with 
the water. In a larger microemulsion the molecule i s i n the 
o i l , the other volume. However, depending on the solute, i t may 
penetrate further i n t o the mice l l e and you can then t a l k of the 
water or l i p i d side of the surface. We can control the l o c a t i o n 
by use of a co-surfactant [Thomas, J . K. Chem. Rev., op. c i t . ] . 

DR. JOHN MALIN (National Science Foundation): I know that 
people have been worried about the dynamics of micelles and mi
c e l l e formation and have studied these processes by NMR. I am 
wondering what the r e s u l t s of those studies have been. Without 
belaboring t h i s p o i n t , do you know the residence time of a sur
factant molecule i n a given mi c e l l e before i t transfers to a 
neighbor, or whether they fuse and come apart again? 

DR. THOMAS: The k i n e t i c parameters of micelles are very 
w e l l known, having been determined by temperature-jump relaxa
t i o n methods and various other techniques. There are several 
k i n e t i c events which can be described. F i r s t of a l l , the f a s t 
est event i s the exchange of the counter ion (e.g., the sodium 
counter i o n , i n sodium l a u r y l s u l f a t e ) . These ions exchange 

-8 
with a mean l i f e t i m e of about 10 seconds. Thus, the counter 
ions are whipping back and f o r t h i n t o the water. Depending on 
the type of surfactant you use, the monomer units (including the 
ent i r e hydrocarbon chain with the head group, etc.) move i n and 
out of the mice l l e i n times which are microseconds or longer. 
The slowest event i s the collapse of the micelle by d i l u t i n g i t 
i n a flow apparatus. This process requires long periods of time 
because the en t i r e e n t i t y has to unravel. 

For a while there was some confusion i n the l i t e r a t u r e : the 
NMR studies indicated a rapid process was occurring while the 
flow studies indicated something slower. We now understand that 
they were looking at d i f f e r e n t events. Reversed micelles behave 
d i f f e r e n t l y and fusion of the micelle i s an important f a c t o r i n 
solute exchange [Atik , S. S.; Thomas, J . K. J . Am.Chem. Soc. 
1981, 103, 3543]. 
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15 
Generation of Reactive Intermediates via 
Photolysis of Transition-Metal Polyhydride 
Complexes 

GREGORY L. GEOFFROY 
Pennsylvania State University, Department of Chemistry, University Park, PA 
16802 

The photochemical properties of several 
transition metal polyhydride complexes are de
scribed. Irradiation of [MoH4(dppe)2] (dppe = 
Ph2PCH2CH2PPh2) and [MoH4(PPh2Me)4] gives loss of 
Η2. Under N2 atmospheres the dinitrogen complexes 
[Mo(N2)2(dppe)2] and [Mo(N2)2(PPh2Me)4] are formed 
in near quantitative yield. Irradiation of 
[ReH3(dppe)2] with UV light leads to elimination 
of H2 with a 366-nm quantum yield of 0.07 ± 0.02. 
The i n i t i a l photoproduct is [ReH(dppe)2] or a 
solvated derivative, but this species is highly 
reactive and rapidly adds N2, CO, C2H4, C2H2, and 
CO2 to give adduct complexes. NMR evidence indi
cates that [ReH(dppe)2] undergoes rapid but rever
sible ortho metalation and insertion into the C-H 
bonds of benzene. Irradiation of the complexes 
[ReH5L3] (L = PMe2Ph, PMePh2, PPh3) and [ReH3-
(PMe2Ph)4] gives efficient loss of phosphine in 
the primary photochemical reaction. The 366 nm 
quantum yields for the [ReH5L3] complexes range 
from 0.13-0.18; the 366 nm quantum yield for 
PMe2Ph loss from [ReH3(PMe2Ph)4] is 0.4. Under an 
H 2 atmosphere, [ReH3(PMe2Ph)4] is converted into 
[ReH5(PMe2Ph)3] upon photolysis; the pentahydrides 
in turn lose another equivalent of phosphine to 

0097-6156/82/0198-0347$10.25/0 
© 1982 American Chemical Society 
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348 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

give the corresponding [ReH7L2] complexes. The 
heptahydrides are themselves photosensitive and 
react to give a mixture of [Re2H8L4] and [Re2H6L5] 
dimers. The dinuclear compound [Pt2H3(dppm)2] 
PF6, 4, (dppm = Ph2PCH2PPh2) and [Pt2H2Cl(dppm)2] 
PF6, 5, have been found to lose H2 when irradiated 
in either the solid state or in solution with 366 
nm quantum yields of 0.62 and 0.06, respectively. 
One mole of H2 is rapidly evolved upon photolysis 
of 4 in CH3CN solution and the photoproduct has 
been identified as [Pt2H(CH3CN)(dppm)2]PF6. 1H 
NMR data indicate a structure for the latter 
having a direct Pt-Pt bond with a terminal hydride 
bound to one Pt and the CH3CN ligand to the other. 
These experiments demonstrate the feasibility of 
H2 loss upon photolysis of dinuclear d i - and 
polyhydrides when at least one of the hydrides is 
bound in a terminal fashion. 

A number of s tudies have demonstrated that pho to lys i s of 
t r a n s i t i o n metal d i - and polyhydride complexes can lead to the 
generation of very reac t ive intermediates , genera l ly v i a photo
induced loss of H 9 ( 1 , 2 ) . Two such examples are shown i n eqs 1 
(3) and 2 (4-8) . Z 

[ I r H 3 ( P P h 3 ) 3 ] h ^ H 2 + [ I rH(PPh 3 ) 3 ] (1) 

H / 
I r ( P P h 3 ) 2 + H 2 ë V H - I r ( P P h 3 ) 2 

P P h 2 ( U > - P P h 2 

[M (n -C 5 H 5 ) 2 H 2 ] 5 V [M(H-C 5 H 5 ) 2 ] + H 2 (2) 

In the f i r s t example, pho to lys i s of thermally s table [ I r H 3 ~ 

( P P h 3 ) 3 ] leads to loss of H 2 and formation of [ I r H ( P P h 3 ) 3 ] . 

This species i s extremely reac t ive and does not p e r s i s t as such 
but ins tead undergoes the o r tho-meta l l a t ion reac t ion shown i n 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 349 

eq 1. This gives another dihydride complex which undergoes 
further photo-induced loss of h*2 to give [ I r ^ H ^ P P h p ( P P h 3 ) 2 l 
as the f i n a l product. Photolysis of the molybdenocene and 
tungstenocene dihydrides, eq 2, also leads to loss of H 2 and 
to the formation of the corresponding metallocenes. These are 
extremely reactive and e i t h e r add substrate molecules or decay 
by i n s e r t i o n i n t o C-H bonds of the coordinated C^H^ ligands. 
Green and coworkers (5-8) have shown i n a series of studies that 
photogenerated tungstenocene behaves as. an organometallic car-
bene and r e a d i l y i n s e r t s i n t o C-H bonds of a v a r i e t y of solvent 
molecules, e.g., eq 3 (5). 

[W(n-C 5H 5) 2H 2] + C 6H 6 5 V [W(H-C 5H 5) 2H(C 6H 5)] + H 2 (3) 

Photoinduced reductive e l i m i n a t i o n of h*2 from polyhydride com
plexes, Η χΜΙ β (χ > 3) can, i n p r i n c i p l e , lead to the generation 
of highly reactive compounds that should be capable of a c t i v a 
t i n g normally i n e r t substrates such as N 2, C0 2, and perhaps hy
drocarbons. M u l t i p l e H 2 loss can occur from polyhydride com
plexes having an even number of hydride ligands to give what may 
be c a l l e d doubly coordinatively-unsaturated complexes and hence 
an extremely reactive species. Photolysis of complexes with an 
odd number of hydride ligands can give coordinatively-unsatura
ted complexes that s t i l l have hydride ligands and, hence, cen
ters of r e a c t i v i t y . To t e s t these notions we have undertaken a 
series of studies of the photochemical properties of polyhydride 
complexes and summarize our r e s u l t s herein. 

Photoinduced E l i m i n a t i o n of H 2 from MoH 4(dppe) 2 

and MoH 4(PPh 2Me) 4 

We i n i t i a l l y i r r a d i a t e d the [MoH 4(dppe) 2] (dppe = Ph 2~ 
PCH 2CH 2PPh 2) and [MoH 4(PPh 2Me) 4] complexes under an N 2 atmos
phere (9), expecting to form the known b i s ( d i n i t r o g e n ) complexes 
i f photoinduced loss of a l l four hydride ligands were to occur. 
This expectation was r e a l i z e d , and high y i e l d s of trans-[Mo(N 2) 2 

(dppe) 2J and trans-[Mo(N 2) 2(PPh 2Me) 4] were obtained. For ex
ample, photolysis of a benzene s o l u t i o n of [MoH 4(dppe) 2] at 25°C 
f o r 12 h with 366-nm l i g h t under a continuous N 2 purge gave a 
93% y i e l d of trans-[Mo(N ?)^(dppe) 0], eq 4. The nondescript 
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350 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

[MoH 4(dppe) 2J + 2N 2 5 V
 2 H 2 + trans-[Mo(N 2) 2(dppe) 2] (4) 

spect r a l changes which obtain upon photolysis and the necessity 
of the N 2 purge i n order to drive the reactions have precluded 
accurate quantum y i e l d measurements, although the time scale of 
the photolysis indicates that the quantum y i e l d s are low. The 
conversion shown i n eq 4 has been observed to occur thermally 
(10) but at a rate much slower than that which obtains under 
photochemical conditions. We also found that photolysis of 
[Moh*4(dppe)2] under a CO atmosphere gives a mixture of c i s - and 
trans-[Mo(C0) 2(dppe) 2]. I r r a d i a t i o n under and C0 2 

atmospheres leads to complex arrays of products which have 
proven d i f f i c u l t to separate and characterize. 

An important question i s what happens i n the absence of a 
suit a b l e substrate that can trap the photogenerated intermedi-
a t e ( s ) : Are reactive species such as [Mo(dppe) 2J and [Mo(PPh 2-
Me)^] photo-generated and do they p e r s i s t i n solution? Photo
l y s i s of rigorously degassed benzene solutions of [MoH 4(dppe) 2] 
with 366-nm l i g h t gives a color change from yellow to brig h t 
orange over a period of several hours. This color change i s 
accompanied by a steady decrease i n i n t e n s i t y of the 1714-cm * 
VMo-H v i D r a t i ° n a n a* t n e δ = -3.6 ppm hydride resonance char
a c t e r i s t i c of [MoH 4(dppe) 2]. No new hydride resonances or 
metal hydride v i b r a t i o n s appear i n e i t h e r spectrum. The s i n g l e t 

31 
at 83.5 ppm i n i t i a l l y present i n the Ρ NMR spectrum of 
[MoH 4(dppe) 2] i n benzene-d^ s o l u t i o n also decreases i n i n t e n s i t y 
as the photolysis proceeds, and a new s i n g l e t at 80.2 ppm ap
pears and grows i n . 

Mass s p e c t r a l , gas chromatographic, and Toepler pump analy
ses of the gases above i r r a d i a t e d benzene solutions show the 
formation of H 2 with an average of 1.9 mole of h*2 released per 
mole of [MoH 4(dppe) 2] i r r a d i a t e d . Evaporation of solvent from 
these i r r a d i a t e d solutions gives an extremely a i r - s e n s i t i v e 
orange s o l i d which shows no metal hydride v i b r a t i o n s i n i t s 
i n f r a r e d spectrum and no hydride resonances i n i t s 1H NMR 

31 
spectrum. The Ρ NMR spectrum of t h i s compound i s complex, 
showing 12 separate resonances, including an intense peak at 
13.2 ppm a t t r i b u t a b l e to free dppe. Repeated attempts at 
r e c r y s t a l l i z a t i o n and p u r i f i c a t i o n of t h i s compound f a i l e d to 
give a pure product. Elemental analyses of compounds obtained 
from several d i f f e r e n t experiments did not agree w e l l with each 
other nor with any obvious formulation. 
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The observation of loss of 1.9 mol of HL per mole of 
1 

[MoH^Cdppe)^] i r r a d i a t e d and the accompanying i n f r a r e d , H, 
31 

and Ρ NMR s p e c t r a l changes are not inconsistent with the 
formation of [Mo(dppe) 9] upon i r r a d i a t i o n of [MoH,(dppe)9] i n 

31 
degassed s o l u t i o n . However, the Ρ NMR spectrum of the s o l i d 
material i s o l a t e d from these experiments c l e a r l y indicates that 
t h i s species, i f formed, i s not s u f f i c i e n t l y stable f o r i s o 
l a t i o n . We suspect that [Mo(dppe) 2], po s s i b l y solvated, may 
i n i t i a l l y be photogenerated but that i t subsequently decomposes 
or reacts with solvent when no other s u i t a b l e substrate i s 
a v a i l a b l e . Loss of H^ from [Mo^H^dppe^] presumably proceeds 
i n a stepwise fashion v i a i n i t i a l generation of [Moh* 2(dppe) 2]. 

In regard to the question of whether or not [Mo(dppe) 2] 
i s photogenerated from [MoH^dppe^], other workers (11,12) 
have concluded from a series of f l a s h photolysis studies that 
i r r a d i a t i o n of trans-[W(N 2) 2(dppe) 2] does give transient f o r 
mation of the analogous [W(dppe) 2] complex, p o s s i b l y as a s o l 
vated species. This l a t t e r complex subsequently reacts with 
N^ to regenerate trans-[W(N 2) 2(dppe) 2] and with CO and H^ to 
give [W(CO) 2(dppe) 2] and [WH 4(dppe) 2], res p e c t i v e l y . The f o r 
mation of [W(dppe) 2] i n these reported studies c l e a r l y makes 
[Mo(dppe) 2] a reasonable intermediate i n our experiments. 
Photogeneration of Reactive [ReH(dppe) 2 v i a Photoinduced Loss 
of H 2 from [ReH 3(dppe)J 

Although the chemistry of [ReH 3(dppe) 2] has not been ex
t e n s i v e l y examined, the complex i s known to be thermally quite 
stable [ c f . , (13)]. I t shows no tendency to lose H 2 when heated 
to 180°C i n an evacuated Carius tube (14) and i t w i l l not react 
to give the known [ReH(N 2)(dppe) 2J d e r i v a t i v e when heated under 
60 p s i of N 2 (15). In contrast to most metal hydrides, t r e a t 
ment of [ReH 3(dppe) 2] with HC1 gives simple protonation rather 
than loss of H 2, eq 5 (14). 

[ReH 3(dppe) 2] + HC1 [ReH 4(dppe) 2]Cl (5) 

Although [ReH q(dppe) 9] does not undergo thermal loss of 
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H^, i t does r e a d i l y occur upon photolysis to generate [ReH-
(dppe)^] as a very reactive photoproduct (13). As de t a i l e d be
low, t h i s species r a p i d l y adds substrate molecules (N^, CO, 
C^H^, C^H^, and CO^) and in s e r t s i n t o C-H bonds of benzene s o l 
vent and the phenyl groups of the dppe ligands. 

Photolysis of [ReH^dppe)^] i n Degassed Solution. I r r a d i a 
t i o n of degassed benzene solutions of the complex with 366-nm 
l i g h t gives a color change from yellow to gold with a corres
ponding i n t e n s i f i c a t i o n and s h i f t i n the absorption maximum 
from 320 to 310 nm. In the IR, as the i r r a d i a t i o n proceeds, 
the v M _ H (1860 cm'1) and δ Μ_ Η (850 cm"1) bands of [ReH 3(dppe) 2] 
decrease i n i n t e n s i t y and no new bands appear i n the metal hy
dride region. The production of H^ during photolysis was v e r i 
f i e d by mass sp e c t r a l and gas chromatographic analyses of the 
gases above i r r a d i a t e d s o l u t i o n s . In three separate experi
ments, the gases above exhaustively photolyzed (6-10 days) 
solutions were p e r i o d i c a l l y removed and quantitated by Toepler 
pump techniques, g i v i n g an average value of 0.94 ± 0.18 mol of 
H^ released/mol of complex i r r a d i a t e d . These r e s u l t s c l e a r l y 
demonstrate the e l i m i n a t i o n of H^ and suggest the stoichiometry 
shown i n eq 6. 

[ReH 3(dppe) 2] 4 V H £ + [ReH(dppe) 2] (6) 

The 366-nm quantum y i e l d of H 0 loss from [ReH~(dppe) 0] i s 0.07 ± 
0.02. L 

Although the stoichiometry of the reaction (eq 6) and the 
r e a c t i v i t y experiments d e t a i l e d below i n d i c a t e that the p r i 
mary photoproduct from [ReH 3(dppe) 2] i s almost c e r t a i n l y 
[ReH(dppe) 2] or a solvated d e r i v a t i v e , t h i s species has proven 
d i f f i c u l t to detect and characterize d i r e c t l y because of i t s 
high r e a c t i v i t y . As shown by the following s e r i e s of NMR and 
IR experiments, i t undergoes r e v e r s i b l e i n s e r t i o n i n t o the C-H 
bonds of both benzene solvent and the phenyl groups of the dppe 
ligands. The *H NMR spectrum of a C ^ s o l u t i o n of [Reh*3-
(dppe) 2] shows a steady decrease i n i n t e n s i t y of the δ -7.35 
[ReH 3(dppe) 2] resonance as the sample i s i r r a d i a t e d , but no new 
resonances appear anywhere i n the metal hydride region (δ 0 •> 
-30). Exposure of such solutions to N 2 does not y i e l d the 
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ô -9.5 resonance c h a r a c t e r i s t i c of the expected [ReH(N 2)-
(dppe)^] product (see below); yet the IR spectrum of the s o l i d 
material obtained a f t e r evaporation of solvent shows a strong 
VN=N at 2006 cm 1 c h a r a c t e r i s t i c of t h i s compound (16). The 
lack of a H NMR resonance f o r the product thus indicates that 
the dinitrogen complex a c t u a l l y formed i s the deuterated ana
logue, [ReD(N 2)(dppe)^], and thus i t s s o l u t i o n precursor must be 
[ReD(dppe) 2]. Further support f o r the [ReD(N 2)(dppe)^] f o r 
mulation comes from the presence of a weak band i n i t s IR spec
trum at 1330 cm 1 that i s not present i n the spectrum of [ReH^-
(dppe)^] and which may be a t t r i b u t e d to a V R e . D v i b r a t i o n . 

The other s i g n i f i c a n t features of the IR spectrum of t h i s 
material are the weak three-band pattern at 1542, 1557, and 
1575 cm c h a r a c t e r i s t i c of ortho-metalated arylphosphines 
(13, 17) and a weak broad band centered at 2260 cm The 
l a t t e r may be a t t r i b u t e d to an aromatic C-D s t r e t c h (C^D^, Vç_n= 
2277, 2267 cm"1; P(2,6-C 6H 3D 2) 3, v c _ D = 2254 cm"1) which i s pre
sumed to a r i s e from ortho-deuterated dppe ligands. Further e v i 
dence f o r the incorporation of deuterium i n t o the dppe ligands 
comes from the H NMR s p e c t r a l changes i n the ô 0-10 s p e c t r a l 
region. [ReH 3(dppe) 2J shows a broad s i n g l e t at ô 7.5, a m u l t i 
p l e t at ô 7.0, and a broad s i n g l e t at δ 2.1. The r e l a t i v e i n 
t e n s i t i e s of these resonances are i n the r a t i o of 2:3:1, and 
they are l o g i c a l l y a t t r i b u t e d to the dppe ortho, meta/para, and 
methylene protons, respectively. Upon photolysis of [ReH 3~ 
(dppe) 2J i n C^D^ s o l u t i o n , the δ 7.5 resonance completely d i s 
appears while the other resonances remain r e l a t i v e l y unchanged. 
At the same time, the solvent C^D_H resonance increases i n i n -

o ο 
t e n s i t y , thus i n d i c a t i n g H/D exchange between solvent and co
ordinated dppe. 

The r e s u l t s described above can be accounted f o r by the 
sequence of reactions outlined i n Scheme I. In s e r t i o n i n t o the 
C-D bonds of C^D^ presumably y i e l d s the seven-coordinate com
plex 1. This reaction must be r e a d i l y r e v e r s i b l e since the NMR 
and IR experiments d e t a i l e d above in d i c a t e that i t leads to H/D 
exchange to produce [ReD(dppe) 2] and C^D^H. The ready r e v e r s i 
b i l i t y of t h i s reaction presumably obtains because of severe 
s t e r i c crowding i n 1. i n which there are nine phenyl groups l o 
cated around the c e n t r a l Re atom. [ReH(dppe) 2] also undergoes 
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354 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

r e v e r s i b l e intramolecular i n s e r t i o n i n t o the C-H bonds of the 
phenyl groups of the dppe ligands, i . e . , ortho-metalation. I f 
H/D exchange with solvent has previously occurred to y i e l d 
[ReD(dppe) 2], t h i s reaction leads to incorporation of deuterium 
into the dppe ligands v i a the sequence of reaction shown i n 
Scheme I I . 

Scheme I 
[ReH 3(dppe) 2] 

Ν 
[ReH(N 2)(dppe) 2] <*—* [ReH(dppe) 2] 

Ok 
Η Τ Pv 

* \\/) 
dppe),,] sçfe H Re P' 

] \ + C 6 D 6 / ^ P 

\ï 6 > p ^ •C.DH 
H Re' Ρ ^ >- [ReD(dppe) 2] 

\ .P 
[ReD(N )(dppe) ] 

Scheme I I 

[ReH(dppe) 2] + t [ R e H ( D ) ( C ^ ) ( d p p e ) 2 ] 

[ReH(D)(C 6D 5)(dppe) 2] t [ReD(dppe) 2] + C ^ H 

Re [ReD(dppe) 2] «- H — R e Ρ «- ( ^Re 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 355 

Photolysis of [ReH^(dppe) 2] i n the Presence of Reactant Gases 

I r r a d i a t i o n of benzene solutions of [ReH^Cdppe)^] under 
N^, CO, and C^H^ atmospheres leads to the respective adduct com
plexes [ReH(N 2)(dppe) 2], [ReH(CO)(dppe) 2], and [ReH(D 2H 4)-
(dppe) 9] (Scheme I I I ) . These previously described compounds 

z 1 were i d e n t i f i e d p r i m a r i l y by comparison of t h e i r IR and H NMR 
spectra to reported values (16). 

Although the i n f r a r e d spectra of the [ReH(L)(dppe) 9] adduct 
-1 

complexes do not show the c h a r a c t e r i s t i c 1860- and 850-cm 
bands of [ReHg(dppe) 2], the 1H NMR spectra of the photoproducts 
show a quintet at δ -7.35 ( J p _ H = 17.8 Hz) i n d i c a t i v e of re
s i d u a l t r i h y d r i d e . A comparison of the r e l a t i v e i n t e n s i t i e s of 
the hydride resonances of [ReH^idppe^] and [ReH(L) (dppe) 2] 
indicates that approximately 50% conversion to the corresponding 
[ReH(L)(dppe) 2] complexes occurs during 20-24 h i r r a d i a t i o n . 
Increased conversion occurs with increased i r r a d i a t i o n time, but 
i t i s d i f f i c u l t to drive these photoreactions e n t i r e l y to 
completion. Adduct complexes prepared by t h i s method are i n 
v a r i a b l y contaminated with r e s i d u a l [ReHg(dppe) 2]. 

The [ReH(dppe) 2] intermediate can also be trapped by acety
lene. I r r a d i a t i o n of benzene solutions of [ReH^(dppe) 2] under a 
C 2H 2 atmosphere gives a slow color change from yellow to l i g h t 
brown, and a brown s o l i d can be i s o l a t e d by solvent evaporation 
from the i r r a d i a t e d s o l u t i o n s . This material shows a weak band 
i n i t s IR spectrum at 1690 cm 1 and a quintet at δ -4.35 (Jp_H 
= 20 Hz) i n i t s *H NMR spectrum, i n addition to a quintet at δ 
-7.35 due to r e s i d u a l [ReH^(dppe) 2]. The product i s thermally 
unstable and solutions darken considerably upon standing under 
N 9, eventually depositing an o i l y brown residue a f t e r several 

-1 
days. The IR band at 1690 cm implies the presence of an 
alkyne ligand i n the photoproduct, although Vç*=ç i n alkyne 
complexes vari e s considerably with the nature of the complex and 
with the alkyne substituents (18, 19, 20). The u p f i e l d hydride 
resonance at δ -4.3 i s i n the range of the hydride resonances of 
the other adduct complexes (15) and thus formulation of the 
product as [ReH(C 2H 2)(dppe) 2] i s indicated. 

The photogenerated [ReH(dppe) 2] intermediate i s also 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 357 

r e a d i l y scavenged by CO^. I r r a d i a t i o n of benzene solutions of 
[ReH^Cdppe)^] i n the presence of CO^ gives a slow color change 
from yellow to orange, and a br i g h t orange s o l i d can be i s o l a 
ted by evaporation of solvent from the i r r a d i a t e d s o l u t i o n s . 
The IR spectrum of t h i s material shows two new bands at 1554 
and 1356 cm 1 which are not present i n the spectrum of [ReH«-

13 
(dppe)^]. Su b s t i t u t i o n of CO^ i n the photolysis experiment 
gives an orange product with an i n f r a r e d spectrum which shows 

-1 12 13 
bands at 1515 and 1334 cm as expected f o r the C -> C sub
s t i t u t i o n , and thus CO^ has c l e a r l y been incorporated in t o the 
molecule. No v

R e _ j j v i b r a t i o n i s apparent i n the metal hydride 
region of the IR spectrum. A group of bands i s centered at 1960 
cm \ but these appear to be due to the coordinated dppe l i 
gands. The *H NMR spectrum of a benzene s o l u t i o n of the orange 
s o l i d shows no new u p f i e l d resonances, although the ever present 
quintet at δ -7.35 due to re s i d u a l [ReH q(dppe) 9] i s evident. 

13 1 13 The C{ H} NMR spectrum of the CO^ enriched product shows a 
single resonance at δ 171.9 which s p l i t s into a doublet with 
^C-H = "*"n t n e P r o t o n c o u p l e d spectrum. 

The product of the reaction with CO^ i s s e n s i t i v e to 
thermal s u b s t i t u t i o n of carbon dioxide. Storage of a benzene 
s o l u t i o n of the complex under an N^ atmosphere r e s u l t s i n a slow 
color change from orange to yellow. Removal of solvent from 
the yellow s o l u t i o n gives yellow c r y s t a l s of [ReH(N 2)(dppe)^], 
characterized by i t s strong v ^ = ^ at 2006 cm 1. This reaction 
appears to be quantitative as evidenced by the complete d i s 
appearance of the 1554- and 1356-cm 1 IR bands. S i m i l a r t r e a t 
ment of the orange product with gives [ReH^Cdppe)^]. The 
orange product slowly decomposes when heated to 80-100°C, and 
mass spe c t r a l and gas chromatographic analyses of the gases 
above decomposed samples show the presence of CO^. Quantita
t i v e Toepler pump analysis of the evolved gases upon decomposi
t i o n of the highest p u r i t y material that we have obtained gave 
a value of 0.97 mol of CO^ given off/mol of complex. 

The s p e c t r a l properties of the product i s o l a t e d from photo
l y s i s of [ReH 3(dppe) 2] i n the presence of C0 2 are most con
s i s t e n t with i t s formulation as a formate d e r i v a t i v e . S p e c i f i 
c a l l y , the IR bands at 1554 and 1356 cm 1 may be respectively 
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358 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

a t t r i b u t e d to the v(CO,J and v(C0 o) v i b r a t i o n s of a b i -
2'asym v 2'sym 

dentate formate ligand. For comparison, [RuHiO^CH)(PPh^)^], 
whose bidentate structure has been established by X-ray d i f 
f r a c t i o n (21), shows bands at 1565 and 1340 cm S i m i l a r l y , 
[IrClH(0 2CH)(PPh 3) 2] with a presumed bidentate structure has 
IR bands at 1550 and 1345 cm 1 (22). In contrast, complexes 
with unidentate formate ligands generally show the v(C0 o) 

- ζ asym 
above 1600 cm" (22, 23, 24). For example, addition of CO to 
the above-mentioned [IrClH(0 2CH) ( P P h ^ ] gives [IrClH(0 2CH)-
(C0)(PPhg) 2] with a unidentate formate li g a n d , and the corres
ponding IR bands are at 1687 and 1362 cm"1 (22). The IR spec
trum of [Re(0 2CH)(dppe) 2] shows no evidence f o r a V ^ J J v i b r a 
t i o n but does show a weak V~ „ band at 2825 cm 1 that i s not 

L - n 
present i n [ReHg(dppe) 2] and which may be at t r i b u t e d to the 
formate C-H v i b r a t i o n . 

The most d e f i n i t i v e evidence f o r the formate formulation 
fo r [Re(0 2CH)(dppe) 2] i s the doublet at δ 171.9 ( J C _ H = 202 Hz) 

13 
i n i t s C NMR spectrum. Both the chemical s h i f t and the 
coupling constant f a l l w i t h i n the ranges established f o r organic 
formates (25). The chemical s h i f t s of et h y l formate and formic 
a c i d , f or example, are δ 160.7 and 166.7, re s p e c t i v e l y (25). 

13 
The C-H coupling constants f o r the formate carbon generally 
l i e between 170 and 230 Hz with HC0 9 showing a coupling con
stant of 194.8 Hz (25). 1 

The rhenium dithioformate complex [Re(S 2CH)(C0) 2(PPh 3) 2], 
prepared by F r e n i , et a l . (26), v i a the reaction shown i n eq 7, 

[ReH(CO) 2(PPh 3) 3] + CS 2 £ 

[Re(S 2CH)(CO) 2(PPh 3) 2] + PPh 3 (7) 

has been characterized by X-ray d i f f r a c t i o n and shown to have 
the structure 2 (27). This complex i s i s o e l e c t r o n i c with [Re-
(0 2CH)(dppe) 2] and, thus, by analogy to [Re(S 2CH)(C0) 2(PPh 3) 2], 
the most reasonable structure f o r [Re(0 2CH)(dppe) 2] i s that 
shown i n 3. 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 359 

pph r ^ p 

^ R e ^ "CH JTRe^ 
o c ^ J p ^ | ^ o * 

!CH 

PPh 3
 P l ^ p 

2 3 

The formation of [ReCO^CH)(dppe)^] presumably proceeds v i a 
i n i t i a l a d d ition of CO^ to photogenerated [ReH(dppe) 2] to give 
an adduct complex s i m i l a r to those obtained with N^, CO, and 
C^H^ (eq 8). Hydride migration to CO^ would then generate 
the observed formate d e r i v a t i v e (eq 9). Both of these reac-

!ReH(dppe) 2] + C0 2 J [ReH(C0 2)(dppe) 2] (8) 

[ReH(C0 2)(dppe) 2 ] t [Re(0 2CH)(dppe) 2] (9) 
tions must be r e v e r s i b l e , however, since C0 2 i s r e a d i l y d i s 
placed by N 2 and H £ to y i e l d [ReH(N 2)(dppe) 2] and [ReH 3(dppe) 2], 
re s p e c t i v e l y , and C0 2 i s l i b e r a t e d upon thermal decomposition of 
[Re(0 2CH)(dppe) 2]. 

Photodissociation of PR 3 Ligands from [ReH 3(PR 3) 4] and 
{ReH 5(PR 3) 3] Complexes 

The above r e s u l t s l ed us to consider whether multiple hy
drogen migration to a bound C0 2 or N 2 ligand might occur i f the 
photogenerated intermediate possessed two or more hydrides. 
Photo-induced loss of H 2 from [ReH^(PR 3) 3], f o r example, would 
give [ReH 3(PR 3) 3] with three hydrides which could p o t e n t i a l l y 
t r a n s f e r . However, we have found that these pentahydrides do 
not undergo e l i m i n a t i o n of H 2 i n the primary photochemical event 
but, instead, e f f i c i e n t l y lose a PR 3 ligand. These compounds 
thus constitute the f i r s t class of monomeric d i - and polyhydride 
complexes i n which the dominant photoreaction has d e f i n i t e l y 
been shown to be something other than H 2 l o s s . The t r i h y d r i d e 
complex [ReH 3(PMe 2PH) 4] has also been examined and found to 
undergo e f f i c i e n t PR 3 e l i m i n a t i o n . These l a t t e r r e s u l t s are 
discussed i n view of those noted above f o r [ReH 3(dppe) 2] 
which loses H2-
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360 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Photo-induced Loss of PR^ from [ReH,. (PR,^) ] Complexes. 
[ReH^CPMe^Ph)^] i s thermally quite s t a b l e , showing no detectable 
reaction when heated i n a degassed isooctane s o l u t i o n f o r 15 h 
at 80°C. However, 366 nm photolysis of an isooctane s o l u t i o n of 
the complex r e s u l t s i n a rapid decrease i n i n t e n s i t y of i t s 
e l e c t r o n i c absorption band at 338 nm. However, as the photoly
s i s proceeds, the sp e c t r a l changes become more complex as sec
ondary photochemical and/or thermal reactions occur. I r r a 
d i a t i o n of concentrated solutions of the complex gives an i n i 
t i a l change from c o l o r l e s s to pale orange and the formation of 
an orange p r e c i p i t a t e , i d e n t i f i e d as [Re^HgiPMe^h)^] as i n d i 
cated by i t s 1H NMR spectrum which shows a quintet at δ -6.31 
ppm with J p _ H = 9.52 Hz. For comparison, [Re 2Hg(PEt 2Ph) 4] 
shows a quintet at δ -6.59 ppm with J p _ H = 9.28 Hz (28). Upon 
continued photolysis t h i s p r e c i p i t a t e redissolves to give a 
dark red s o l u t i o n . This c o l o r a t i o n p e r s i s t s u n t i l one mole of 
H 2 per mole of i n i t i a l [ReH,.(PMe^JPh)^] has been released. Ex
haustive photolysis then r e s u l t s i n a green c o l o r a t i o n and 
eventually, a f t e r 1.5 equivalents of H 2 have been evolved, a 
a white f l o c c u l e n t p r e c i p i t a t e deposits. Evaporation of solvent 
at t h i s point gives a green o i l which has a strong odor of free 
PMe Ph. 

^ 1 
The metal-hydride region H NMR spectrum of a sample that 

had been i r r a d i a t e d up to the point of the red c o l o r a t i o n i s 
shown i n Figure l a . This spectrum shows the formation of 
[ReH 7(PMe 2Ph) 2] ( ô

R e H"5.11 t , J p H = 20.2 Hz), a trace amount 
of [ReH 3(PMe 2Ph) 4] (ô R e H"6.74 qt, J p _ H = 20.2 Hz), and a broad 
sextet at Ô -8.23 ( J n „ = 10.8 Hz) which may be a t t r i b u t e d to 
the [Re 2H^(PMe 2Ph)^] dimer which has been s t r u c t u r a l l y charac
t e r i z e d by Caul ton, et a l . (29). The [ReH 7(PMe 2Ph) 2] and 
[ReH 3(PMe 2Ph) 4] products were i d e n t i f i e d by comparison to 
spectra of authentic samples. A doublet at δ 1.05 (Jp_g = 

2.9 Hz) due to uncoordinated PMe2Ph i s also present i n the 
spectrum but not shown i n Figure l a . 

The photoreaction i s markedly i n h i b i t e d by the presence of 
excess PMe2Ph. For example, photolysis of [ReH,.(PMe2Ph)3] 
i n the presence of a 100-fold excess of PMe2Ph gave no de
tectable reaction a f t e r 8 h although a s i m i l a r l y prepared con
t r o l sample without excess PMe2Ph showed su b s t a n t i a l reaction 
a f t e r 1 h i r r a d i a t i o n . 
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solution (b). 
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The generation of free PMê Ph and the suppression of the 
photoreaction by excess PMê Ph both point to loss of PMê Ph from 
[ReH^CPMe^Ph)^] in the primary photochemical event, eq 10. 

[ReH5(PMe2Ph)3] &V [ReH5(PMe2Ph)2] + PMe2Ph (10) 

However, the presumed [ReH^(PMe2Ph)2] intermediate must under
go further reaction to give the mix of products described above. 

The overall reaction is much cleaner when the irradiation 
is conducted in the presence of H 2 as evidenced by the UV-VIS 
spectral changes, Figure 2, which show a smooth, rapid de
crease in the 338 nm absorption band as the irradiation pro
ceeds. No suppression of the rate of reaction is observed 
under an H 2 atmosphere, in direct contrast to the situation 
found for those hydride complexes where the primary photore
action is H 2 loss. The i n i t i a l product of photolysis under an 
H 2 atmosphere is [ReH?(PMe2Ph)2] (eq 11). 

[ReH5(PMe2Ph)3] + H 2
 h¥ [ReH?(PMe2Ph)2] + PMe2Ph (11) 

Consistent with the spectral changes shown in Figure 2, [ReH^-
(PMe2Ph)2J shows no absorption maximum below 272 nm (Table I). 
*H NMR spectra from low conversion (~35%) photolysis experi
ments showed resonances attributable to [ReH,. (PMe^JPh)^], [ReĤ _ 
(PMe2Ph)2], a trace of [Re2H6(PMe2Ph)5], and free PMe2Ph. 
Furthermore, irradiation of 0.5 g of [ReĤ .(PMepJPh)̂ ] under an 
H 2 atmosphere, led to the isolation of a mixture of [ReH^-
(PMe2Ph)2J and [Re2H8(PMe2Ph)4]. The latter is a known thermal 
degradation product of [ReHy(PMe2Ph)2] (30) and this [ReH?-
(PMe2Ph)2J -> [Re2Hg(PMe2Ph)4] conversion has also been shown 
to be photoaccelerated (29). The quantum yield of PMe2Ph loss 
from [ReH5(PMe2Ph)3] under an H 2 atmosphere is 0.16 ± 0.02. 

As noted above, photolysis in degassed solutions does lead 
to evolution of H 2 and formation of [Re2H8(PMe2Ph)4] and [ R e ^ -
(PMe2Ph)<.]. An attempt was made to determine the mechanism of 
this transformation by carrying out crossover experiments with 
[ReH5(PMe2Ph)3J and [ReD5(PMe2Ph)3]. However, 10 min 366 nm 
photolysis of [ReD^(PMe2Ph)3] in hexane solution gave a 1:4:8 
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G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 

Figure 2. Electronic absorption spectral changes during 366-nm irradiation of 
isooctane solution of [ReHs(PMegPh)s] under an Ht atmosphere. 
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15. GEOFFROY Photolysis of Transition-Metal Polyhydride Complexes 365 

r a t i o of D^/HD/H^ as determined by mass spe c t r a l analysis of 
the gases above the i r r a d i a t e d s o l u t i o n . Photolysis of [ReH,.-
(PMe^Ph)^] i n cyclohexane-d^ gave <2% HD and no detectable D̂ . 
These two experiments indi c a t e that extensive scrambling of 
hydrogen between the hydride and PMe^Ph ligands occurs upon 
pho t o l y s i s , and thus these crossover experiments would not be 
meaningful. *H NMR spectra also demonstrated that photolysis 
of [ReH^iPMe^Ph)^] i n benzene-d^ leads to H/D exchange between 
solvent and ligand phenyl hydrogens. S u r p r i s i n g l y , the *H NMR 
spectra showed that exchange occurs almost e x c l u s i v e l y at the 
meta and para positions of the phenyl substituents. For ex
ample, 30 min 366 nm i r r a d i a t i o n of a benzene-d^ s o l u t i o n of 
[ReH^iPMe^Ph)^] showed nearly complete disappearance of the re
sonances i n the δ 7.00-7.08 ppm chemical s h i f t region due to 
the meta and para PMe^Ph hydrogens whereas the δ 7.55 ppm 
m u l t i p l e t due to the ortho hydrogens remained unchanged. These 
r e s u l t s are i n d i r e c t contrast to those obtained with [ReH^-
(dppe)^] which shows photoassisted H/D exchange with benzene-d^ 
e x c l u s i v e l y at the ortho positions of the dppe phenyl s u b s t i 
tuents (13). These r e s u l t s indicate an intermolecular exchange 
path f o r [ReH^iPMe^h)^] whereas exchange with [ReH^dppe^J 
i s intramolecular. 

The photochemistry observed for [ReH,. (PMePh^^] i s s i m i l a r 
to that discussed above f o r [ReH^iPMe^Ph)^], except that a l l 
reactions were c a r r i e d out i n benzene s o l u t i o n to increase com
pound s o l u b i l i t y . The UV-VIS spe c t r a l changes which occur 
upon 366 nm photolysis under an H^ atmosphere show a smooth de
crease i n i n t e n s i t y of the 327 nm absorption band as the 
[ReH 7(PMePh 2) 2] complex forms. A *H NMR spectrum of a sample 
i r r a d i a t e d i n degassed s o l u t i o n showed resonances a t t r i b u t a b l e 
to [ReH ?(PMePh 2) 2] (δ -4.72 t , J p _ H = 20.0 Hz), [ReH^PMePh^] 
(δ -5.50 q, J p _ H = 18.31 Hz), and [Re 2H 8(PMePh 2) 4] (δ -5.78 qt, 
Jp_jj = 8.85 Hz). A broad resonance at δ -7.59 i s also apparent 
and may be a t t r i b u t e d to [Re 2H^(PMePh 2)^] on the basis of i t s 
sp e c t r a l s i m i l a r i t i e s to [Re^H,(PMe 0Ph) c] (29). No resonances 

Ζ O Z D 
a t t r i b u t a b l e to [ReH^CPMePh^^] were observed i n t h i s spectrum. 
The 366 nm quantum y i e l d f o r PMePh9 loss from [ReH- (PMePh9) - ] 
i s 0.13 ± 0.02. 
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366 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

As indicated i n Figure l b , the product mixture obtained 
upon photolysis of [ReH,. (PPh^)^] i n degassed s o l u t i o n i s d i f 
ferent from that observed f o r the PMe^Ph d e r i v a t i v e . Reson
ances due to [Re 2H 8(PPh 3) 4J (δ -5.01 qt, J p _ H = 8.16 Hz) are 
observed but no u p f i e l d resonance which might be a t t r i b u t a b l e 
to [Re 2H^(PPh 3)^] i s seen nor i s there any evidence f o r [ReH^-
( P P h 3 ) 2 ] , Instead, a quintet at -7.56 ppm ( J p . H = 40.7 Hz) i s 
present. We a t t r i b u t e the l a t t e r to [ R e H ^ P P h ^ ] , although 
our 1H NMR data f o r t h i s compound d i f f e r s from that previously 
reported i n a review (31) of Re hydride complexes. However, 
following the recipe of F r e n i , et a l . (32), f o r the preparation 
of t h i s compound, we obtained a yellow m i c r o c r y s t a l l i n e product 
which shows a quintet at -7.56 ppm ( J D „ = 40.7 Hz) i n i t s 
1 
H NMR spectrum and a corresponding quartet at 24.4 ( J p _ μ =40.7 

31 
Hz) i n i t s Ρ NMR spectrum i n which the C^H^ hydrogens were 
decoupled. We are thus confident of the [ReH^iPPh^)^] formu
l a t i o n f o r t h i s compound and suggest that the data i n the review 
(31) i s i n error. Although d i f f i c u l t to resolve, the resonance 
patterns i n the δ 6-8 ppm region of the 1H NMR spectrum shown 
i n Figure lb indicate that l i t t l e , i f any, uncoordinated PPh^ 
i s present. This, of course, i s consistent with the presence of 
[ReH 3(PPh 3) 4]. As with the other [ReH 5(PR 3) 3] complexes, the 
rate of photoreaction i s suppressed by the presence of excess 
PPh 3 and clean UV-VIS s p e c t r a l changes occur upon photolysis 
under an H 2 atmosphere. Taken together, a l l these r e s u l t s 
point to PPh 3 e l i m i n a t i o n i n the primary photoreaction, and the 
366 nm quantum y i e l d f o r t h i s process i s 0.18 ± 0.02. 

Photoinduced D i s s o c i a t i o n of PMe2Ph from [ReH 3(PMe 2Ph) 4]. 
When i r r a d i a t e d i n the presence of h*2, [ReH 3(PMe 2Ph) 4] smoothly 
converts to the corresponding [ReH 7(PMe 2Ph) 2] complex v i a the 
intermediacy of [ReH 5(PMe 2Ph) 2], eq 12. 

[ReH 3(PMe 2Ph) 4] | V PMe2Ph + [ReH 5(PMe 2Ph) 3] 

]ζ PMe2Ph + [ReH ?(PMe 2Ph) 2] (12) 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 367 

This i s c l e a r l y i l l u s t r a t e d by the UV-VIS s p e c t r a l changes 
shown i n Figure 3. As the i r r a d i a t i o n proceeds, the 323 nm ab
sorption maximum of [ReH^iPMe^Ph)^] s h i f t s to 338 nm, the maxi
mum of [ReH^iPMe^h)^]. Continued photolysis then causes d i s 
appearance of a l l absorption bands below 270 nm as [ReH^iPMe^-
Ph) 9] forms. This sequence of reactions i s also evidenced by 

1 
the H NMR changes observed f o r 366 nm photolysis of {ReH^-
(PMe 2Ph) 4] under an atmosphere. These spectra show a pro
gressive decrease i n the δ -6.74 quintet due to [ReH^CPMe^Ph)^] 
and the growth of the δ -6.08 ppm quartet due to [ReH 5(PMe 2Ph^]. 
Free PMe2Ph i s also observed. The 366 nm quantum y i e l d f o r 
PMe2Ph loss from [ReH 3(PMe 2Ph> 4] i s 0.40 ± 0.05. 

Discussion of the [ReH^ÇPR^] and [ R e H ^ P R ^ ] Results. 
The r e s u l t s described above c l e a r l y demonstrate that photolysis 
of the [ReH 5(PR 3) 3J and [ReH 3(PR 3) 4] complexes studied gives 
r e l a t i v e l y e f f i c i e n t loss of a PR 3 ligand i n the primary photo
reaction, but not H 2 e l i m i n a t i o n . In the presence of H 2, the 
complexes are i n i t i a l l y converted to [ReH 7(PR 3) 2], although the 
l a t t e r i s thermally and photochemically unstable with regard to 
conversion to [ R e ^ C P R ^ ] (29, 30). The [Re 2H g(PR 3) 4] com
pounds i n turn can react with the photoreleased PR 3 to give the 
corresponding [Re^^CPR^,-] complexes, an example of which has 
been characterized by Caulton, et a l . (30). However, the extent 
of t h i s l a t t e r transformation appears to be dependent upon the 
nature of PR 3; as shown i n Figure l b , no evidence f o r a [Re2H^__ 

(PPh 3)^] dimer was obtained upon photolysis of [ReH^(PPh 3) 3]. 
The sequence of events which occur under an H 2 atmosphere i s 
summarized i n eqs 13-16. 

[ReH 3(PR 3) 4] [ReH 5(PR 3) 3] + PR 3 (13) 

[ReH 5(PR 3) 3] |Y [ReH ?(PR 3) 2] + PR 3 (14) 

2[ReH ?(PR 3) 2] - ^ 4 V [Re 2Hg(PR 3) 4] + 3H 2 (15) 

[Re 2H g(PR 3) 4] + PR 3 £ [Re 2H 6(PR 3) 5] + H 2 (16) 
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368 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

300 350 400 450 
X(nm) 

Figure 3. Electronic absorption spectral changes during 366-nm irradiation of an 
isooctane solution of [ReHs(PMetPh)i] under an Ht atmosphere. 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 369 

The reactions are more complicated when the i r r a d i a t i o n i s 
conducted i n the absence of H^. Here the products observed are 
[ReH 3(PR 3) 4], [ReH 7(PR 3) 2], [ R e ^ C P R ^ ] and [ R e ^ P R ^ ] with 
the r e l a t i v e amount of each varying s i g n i f i c a n t l y with the na
ture of PRg. The experimental evidence again points to PR^ loss 
i n the primary photoreaction, although net H^ loss does eventu
a l l y obtain as the [Re 2H g(PR 3) 4] and [Re 2H 6(PR 3) 5] dimers are 
produced. Scheme IV i l l u s t r a t e s one possible route to [ReH^-
( P R 3 ) 2 ] and the dimeric products. 

Scheme IV 

[ReH 5L 3] hv,-L >~ [ReH 5L 2] 

<3> <8> [ReH 5L 3] 

[ReH ?L 2] • ^ - ^ t R e2 H8 L4> *l > ^AV -3H„ -H„ 

<3> 
The photogenerated [ReH^iPR^)^] complex could undergo binu

cl e a r reactions with [ReH 5(PR 3> 3], 1-3 and 1-4 i n Scheme IV, to 
d i r e c t l y give the [Re^HgiPR^] and [ R e ^ C F R ^ ] dimers. Con
s i s t e n t with t h i s proposal i s the immediate observation of these 
dimers at the onset of photolysis and Norton's (38) studies of 
the dimerization of H^OsiCO)^ which proceeds by a s i m i l a r b i 
molecular pathway. Reaction of the photogenerated [ReH,. (PR,^] 
with H^, released i n the course of reactions 1-3 and 1-4, would 
y i e l d [ReH 7(PR 3> 2]. [ReH 7(PR 3) 2] thermally and photochemically 
decomposes to give the respective [Re 2H g(PR 3) 4] dimers which, i n 
turn, are known to react with excess PR 3 to y i e l d the [Re^^-
(PR 3)^] dimers (29, 30). In our hands, t h i s l a t t e r conversion 
occurs at room temperature immediately upon combining the re
agents . 
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370 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Another possible route to [ReH^PR^^] i s v i a the dispro
portionation of photogenerated [ReH 5(PR 3) 2] with [ReH 5(PR 3) 3], 
eq 17. 

[ReH 5(PR 3) 2] + [ReH 5(PR 3) 3] [ R e h y P R ^ ] + [ R e h y P R ^ ] (17) 

This reaction would also y i e l d [ReH 3(PR 3) 3] which could add the 
photoreleased phosphine to give [ReH 3(PR 3) 4], a product observed 
i n s i g n i f i c a n t quantity f o r L = PPh 3, eq 18. 

[ReH 3(PR 3) 3] + PR 3 + [ R e H ^ P R ^ ] (18) 

I t i s s i g n i f i c a n t that [ReH 3(PMe 2Ph) 4J loses PMe2Ph i n i t s 
primary photoreaction, whereas f o r [ReH 3(dppe) 2] the observed 
reaction i s c l e a r l y h*2 e l i m i n a t i o n (13). Note, however, that 
the quantum y i e l d s f o r these processes are v a s t l y d i f f e r e n t . 
E l i m i n a t i o n of h*2 from [ReH 3(dppe) 2] occurs with a quantum 
y i e l d of 0.07 whereas loss of PMe2Ph from [Reh* 3(PMe 2Ph) 4] 
occurs with φ = 0.4. We suspect that phosphine loss and H 2 

e l i m i n a t i o n are competitive photoreactions i n these rhenium 
hydride complexes, with phosphine loss the more e f f i c i e n t of 
the two. In the case of [Reh* 3(dppe) 2], the chelating dppe l i 
gands prevent net phosphine loss and the only observed reac
t i o n i s H 2 l o s s . 

Photoinduced E l i m i n a t i o n of H 2 from the Dinuclear Complexes 

[Pt 2H 3(dppm)JPF 6 and [Pt 2H 2Cl(dppm) 2]PF 6 

Since photolysis of monomeric d i - and polyhydride t r a n s i 
t i o n metal complexes often leads to eli m i n a t i o n of H 2 as the 
dominant photoreaction, the question ari s e s as to whether or 
not H 2 e l i m i n a t i o n w i l l occur from d i - and polynuclear hydride 
complexes i n which the hydride ligands are bound to d i f f e r e n t 
metals or bridge two or more metal centers. Such dinuclear 
e l i m i n a t i o n reactions could be important i n sol a r energy con
version schemes using soluble complexes f o r producing H 2 from 
H2° * — > — T h e f e w P ° l y n u c l e a r hydridocarbonyl c l u s t e r 
complexes which have had t h e i r photochemistry examined do not 
show H 2 loss but instead e i t h e r CO loss or metal-metal bond 
cleavage (37-40). In search of such H 2 e l i m i n a t i o n reactions 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 371 

we have examined the dinuclear hydride complexes [Pt 2H 3(dppm) 2]-
PF 6, 4, (dppm = Ph 2PCH 2PPh 2) and [Pt 2H 2Cl(dppm) 2]PF 6, 5, both of 
which have been w e l l characterized by Brown, Puddephatt, and 
co-workers (41, 42, 43). The studies reported herein show that 
both of these complexes r e a d i l y lose h*2 upon photolysis and 
demonstrate the f e a s i b i l i t y of such reaction from d i - and poly-
nuclear hydride complexes. 

Ph 2P 

Pt' 

Ph 2P N 

. C H 2 N ^ + 

PPiu 

'Pt. 

PPh„ 

'CH„ 

Degassed a c e t o n i t r i l e solutions of 4 show l i t t l e or no 
decomposition upon prolonged heating at 80°C, but photolysis 
(λ > 300 nm) of thoroughly degassed Ch^CN solutions of [ P t ^ -
(dppm) 2]PF^ gives v i s i b l e gas evolution and a rapid change from 
c o l o r l e s s to red. The UV-VIS sp e c t r a l changes which occur are 
shown i n Figure 4, and the maintenance of the i s o s b e s t i c points 
at 337 nm and 372 nm indicates a clean conversion to products. 
The red color a r i s e s as a r e s u l t of the weak v i s i b l e absorption 
by the photoproduct ( ε ^ 0 = 130 M 1 cm * ) . One mole of h*2 per 
mole of complex i r r a d i a t e d i s r a p i d l y evolved (~30 min), a l 
though prolonged photolysis (> 48 h) leads to secondary photo
chemical reactions and further slow evolution of H^. A t o t a l of 
1.42 moles of H 2 were evolved i n one 66 h experiment. Concen
t r a t i o n and cooling of CH^CN solutions i r r a d i a t e d to the point 
of evolution of 1 mole equivalent of h*2 gives a red s o l i d which 
has been characterized as [Pt 2H(CH 3CN)(dppm) 2]PF 6- (Anal. 
Calcd. f o r C 5 2 H 4 g F 6 N P 5 P t 2 : C, 46.39%; H, 3.57%. Found: 
C, 46.01%; H, 3.59%). The reaction shown i n eq 19 i s thus 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 373 

indicated and spectroscopic data imply structure 6 f o r the 
photoproduct. 

[Pt 2H 3(dppm) 2] + + CH3CN 5 V H 2 + [Pt 2H(Ch* 3CN)(dppm) 2] + (19) 

6 

The IR spectrum of 6 shows a ν Ώ. „ v i b r a t i o n at 2033 cm 1 , 
"~ r t " i i 

i n d i c a t i v e of a terminal rather than bridging hydride, and a 
weak v C N s t r e t c h at 2258 cm 1. The hydride resonance i n the 1H 

Ph 0P PPh 0 

Ζ ι ι Z 

H Pt Pt^ NCCH0 

ι a i b 3 

Ph 2P PPh 2 

CH^ 

NMR spectrum of 6 i n CD^CN s o l u t i o n appears at δ -8.9 as a 
3 1 2 

pseudoquartet due to coupling to the four Ρ n u c l e i ( Jp.jj 
3 

J D „ = 9 Hz) with two sets of 1/4 i n t e n s i t y s a t e l l i t e s from ' 195 1 coupling to the two inequivalent Pt atoms ( J p t _ H = 975 Hz; 2 a " J p t _ H = 73 Hz). As Puddephatt (44, 45, 46) has shown, t h i s 
b 

s a t e l l i t e pattern i s c h a r a c t e r i s t i c of a terminal hydride, 
whereas a 1:8:18:8:1 quintet pattern i s expected f o r a bridging 
hydride. This *H NMR resonance pattern i s s i m i l a r to that ob
served f o r [Pt 2H(CO)(dppm) 2]PF 6 (45) and [Pt 2H(dppm) 3]PF 6 (46) 
which have structures analogous to that proposed f o r 6. The *H 
NMR spectrum of 6 also shows a s i n g l e t at δ 1.95 due to the 
methyl group of the Ch^CN ligand. The [Pt 2H(CH 3CN)(dppm) 2] + 

photoproduct reacts with CO and H 2, both at 25°C and 1 atm 
pressure, to respe c t i v e l y y i e l d [Pt 2H(C0)(dppm) 2J (45) and 
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374 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

[Pt 2H 3(dppm) 2] +, providing further support f o r the proposed 
structure and also suggesting a r i c h d e r i v a t i v e chemistry f o r 
t h i s complex. 

Photolysis of 4 i n THF and acetone solutions gives s i m i l a r 
r e s u l t s although the photoproducts, which are presumably analo
gous to 6, are not as completely characterized. The sp e c t r a l 
properties of the red s o l i d i s o l a t e d from photolysis of THF 
solutions of 4 are consistent with the formulation [Pt 9H(THF)-

1 

(dppm) 2]PF 6. H NMR monitoring of photolysis of 4 i n CD 2C1 2 

solutions showed the formation of [Pt 2HCl 2(dppm) 2] + (δ -12 m) 
and [Pt 2H 2Cl(dppm) 2] + (δ -17 m) i n an approximate 7:3 r a t i o . 

H 2 loss also occurs when 4 i s i r r a d i a t e d i n the s o l i d -
s tate. White s o l i d samples of 4 i n vacuo or under N 2 r a p i d l y 
turn red upon exposure to sunli g h t , fluorescent room l i g h t , or 
UV i r r a d i a t i o n (λ > 300 nm). Mass spe c t r a l analysis of gases 
above i r r a d i a t e d s o l i d samples showed the presence of H 2; 
quantitative measurements gave an average value of 0.90 moles 
of H 2 evolved per mole of complex i r r a d i a t e d . The red s o l i d 
obtained from such s o l i d - s t a t e photolysis shows a broad IR band 
at 2145 cm 1 (Nujol), i n d i c a t i v e of a terminal hydride. Ex
posure of t h i s material to CO r a p i d l y gave the formation of 
[Pt 2H(CO)(dppm) 2]PF 6; reaction with H 2 slowly regenerated 
[Pt2Hg(dppm)2]PF£. These various r e s u l t s i n d i c a t e the s o l i d -
state reaction shown i n eq 20. 

[Pt 2H 3(dppn,) 2]PF 6 foUâ H 2 + [Pt 2H(dppm) 2]PF 6 (20) 
state 

The exact nature of the [Pt 2H(dppm)^]PF^ photoproduct i s pre
sently unclear although the 2145 cm IR band implies a termi
n a l , rather than bridging, hydride. 

S i m i l a r r e s u l t s obtain for photolysis of solutions of 5 
although the reactions occur much more slowly. Photolysis of 
5 i n THF gives a color change from c o l o r l e s s to yellow and 
evolution of H^. A yellow p r e c i p i t a t e can be i s o l a t e d from the 
photolyzed s o l u t i o n and t h i s material r a p i d l y reacts with CO 
i n CH 2C1 2 s o l u t i o n to give the known [Pt 2Cl(C0)(dppm) 2]PF 6 com
plex (43). A reaction analogous to that i n eq 19 i s thus i n d i 
cated but with [Pt 9Cl(THF)(dppm) 9]PF A as the photoproduct. 
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 375 

Photolysis of s o l i d samples of 5 also leads to evolution and 
an orange s o l i d , although the photoreaction i s not nearly as 
e f f i c i e n t as f o r [Pt 2H 3(dppm) 2]PF 6. 

The 366 nm quantum y i e l d s of H 2 loss from CH^CN solutions 
of 4 and 5 are 0.62 and 0.06, re s p e c t i v e l y , consistent with 
the q u a l i t a t i v e observations noted above. E l i m i n a t i o n of H 2 

from the t r i h y d r i d e complex i s presumably more e f f i c i e n t be
cause each Pt center i s l i g a t e d by two hydrides and concerted 
h*2 e l i m i n a t i o n can r e a d i l y occur from one metal. E l i m i n a t i o n 
of H 2 from [Pt 2H 2Cl(dppm) 2] + , which has the two hydrides i n 
terminal p o s i t i o n s on d i f f e r e n t Pt atoms i n the ground s t a t e , 
could occur v i a intramolecular hydride migration to give an 
activated intermediate with both hydrides bound to the same 
Pt atom, such as 7 or 8, followed then by concerted elimina
t i o n of H 0. 

7 8 

A l t e r n a t i v e l y , loss of H 2 from 5 could occur v i a an intermo
l e c u l a r pathway in v o l v i n g two molecules of 5, although bimolec
u l a r reactions have not been observed f o r the various monomeric 
hydride complexes which undergo photoinduced loss of H 2 ( 1 , 2), 
or v i a coupling of the two hydrides across the two metal 
centers of 5. 

This study has shown that H 2 e l i m i n a t i o n can be photo
induced from dinuclear complexes i n which at l e a s t one of the 
hydrides i s bound i n a terminal fashion. I t s t i l l remains to 
be determined whether H 2 e l i m i n a t i o n can occur from d i - and 
polynuclear complexes when both hydrides occupy bridging p o s i -
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tions or from dinuclear complexes where the hydrides are t e r 
minal, but no reasonable mechanism e x i s t s f o r simultaneously 
pl a c i n g both hydrides on the same metal. 

General Experimental Procedures 

I r r a d i a t i o n Procedures. Samples were i r r a d i a t e d with a 
450 w Hanovia medium pressure Hg arc lamp, a 100 w Blak-Ray 
B100A lamp equipped with a 366 nm f i l t e r , or on an o p t i c a l 
bench equipped with a water cooled lamp housing (Photochemical 
Research Associates, Inc., Model ALH215), a 100 w high-pressure 
Hg arc lamp (Osram HBO 100 w/2), a monochromator (Photochemical 
Research Associates, Inc., Model B102), and a thermostated 
c e l l holder. Quantum y i e l d s were determined using the l a t t e r 
apparatus, and l i g h t i n t e n s i t i e s were measured using f e r r i o x a -
l a t e actinometry (47). Samples were i r r a d i a t e d i n 1-cm quartz 
UV-VIS spectrophotometer c e l l s sealed to Kontes 4 mm quick-re
lease t e f l o n valves f o r attachment to a vacuum l i n e . Samples 
were degassed by several freeze-pump-thaw cycles and then 
placed under 1 atm of H^. Af t e r i r r a d i a t i o n at 366 nm, samples 
were transferred to 0.1-cm quartz UV-VIS spectrophotometer 
c e l l s , and the decrease i n i n t e n s i t y of the absorption band 
maximum was measured. A l l determinations were performed i n 
t r i p l i c a t e . Samples f o r NMR experiments were prepared e i t h e r 
i n standard NMR tubes sealed under vacuum or i n a degassable NMR 
tube equipped with a stopcock and a 17/25 female S ground glass 
j o i n t to allow solutions to be degassed and then placed under 
an H^ atmosphere. Gases above i r r a d i a t e d solutions were quanti-
tated by standard Toepler pump techniques and were analyzed by 
mass spectrometry. 

Spectral Measurements. The following instruments were em
ployed i n t h i s study: UV-VIS - Cary 17 or Hewlett-Packard HP 
8450A; IR - Perkin-Elmer 580; Mass Spectra - AEI-MS-902; 
NMR - Varian A-60A, JEOL PS-100 FT, Bruker WH 200. XH NMR 
spectra were referenced e x t e r n a l l y to TMS or i n t e r n a l l y to the 

31 
solvent, generally benzene. Ρ NMR spectra were referenced 
to external 85% H^PO^ and downfield chemical s h i f t s are re
ported as p o s i t i v e . 
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General Discussion—Generation of Reactive Intermediates via 
Photolysis of Transition-Metal Polyhydride Complexes 
Leader: Guillermo Ferraudi 

DR. GUILLERMO FERRAUDI (Notre Dame U n i v e r s i t y ) : I was 
puzzled by your photo-ejection of hydrogen. I wonder i f you 
have evidence or i f you can speculate as to whether that process 
i s a s i n g l e step or whether you expect to f i n d precursors f o r 
your reactive intermediate. 

DR. GEOFFROY: In the few cases i n which we have conducted 
mechanistic studies, using l a b e l i n g techniques the r e s u l t s have 
shown f a i r l y c onclusively that the hydrogen comes o f f i n a 
concerted fashion. The two hydride ligands simply come o f f 
coupled together as they leave the metal to produce hydrogen. We 
see no evidence f o r r a d i c a l s or the production of i o n i c species. 

DR. FERRAUDI: So one can think of the reaction as forming 
a three-atom arrangement at some poin t , with the rhenium and the 
two hydrogens forming a l o c a l i z e d type bond? 

DR. GEOFFROY: Right. 

DR. JACK NORTON (Colorado State U n i v e r s i t y ) : One i n t e r 
e s t ing r e s u l t that has j u s t appeared i s Ray Sweany!s report of 
photochemical hydrogen loss from i r o n tetracarbonyl dihydride 
[Sweany, R. L. J . Am. Chem. Soc. 1981, 103, 2410]. This system 
i s very close to the case i n which I claimed some years ago that 
t h i s process d i d not occur. F i r s t of a l l , do you have any 
possible explanations f o r the d i f f e r i n g behavior? Why i s 
Sweany's r e s u l t d i f f e r e n t from the r e s u l t of Tony Rest? Sec
ond, i f hydrogen eliminates i n a concerted process such as you 
have j u s t described, why don't other species such as cis-methyl 
groups do likewise? 

DR. GEOFFROY: Let me answer the l a s t question f i r s t . I 
don't f u l l y understand cis-methyl groups. When complexes con
t a i n i n g those have been i r r a d i a t e d , one generally doesn't ob
serve the formation of ethane. Instead, where the chemistry i s 
well-defined, i t looks as i f s o l v o l y s i s simply occurs to y i e l d 
r a d i c a l s . There are, however, some cases of d i a r y l complexes 
which, when i r r a d i a t e d , w i l l couple two phenyl ligands to give 
biphenyl as a product. 

Your f i r s t question i s one which we have discussed pre
v i o u s l y . You know that the report by Rest i s simply c i t e d i n a 
footnote somewhere. I t has never been presented i n d e t a i l . I 
think that what r e a l l y counts i s the s t a b i l i t y of the organo-
m e t a l l i c product which i s l e f t behind. C e r t a i n l y i r o n t e t r a 
carbonyl i s an organo-metallic fragment which i s produced i n 
many reactions of i r o n carbonyls. But, as you know, osmium 
tetracarbonyl i s apparently of such high energy that i t s forma-
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t i o n i s not favored, and the compound decomposes v i a other 
means. 

I should also add that we do not understand why photolysis 
induces loss of hydrogen from these dihydride complexes. When 
you look at the l i s t of compounds I showed, there were many 
d i f f e r e n t metals and many d i f f e r e n t ligand s e t s , with many 
d i f f e r e n t e l e c t r o n i c configurations. Hydrogen loss was observed 
i n a l l cases. Dr. Trogler has pointed out that there i s strong 
coupling between the excited states and the v i b r a t i o n s which 
lead to hydrogen l o s s . But we don't understand the excited 
s t a t e s , so I r e a l l y can't answer your question properly. 

DR. WILLIAM WOODRUFF (Un i v e r s i t y of Texas): I would l i k e 
to make a comment not so much on your paper as on mechanistic 
photochemistry i n general. I think most of us would agree that 
i f we are going to draw mechanistic conclusions, we r e a l l y need 
to know what the structures of the reactants and products are. 
One of the problems i n photochemistry i s that we generally do 
not know the structure of the reactant, which i s the excited 
s t a t e . There aren't very many s t r u c t u r e - s p e c i f i c probes i n 
s o l u t i o n , i n f a c t , none below about the m i l l i s e c o n d time scale 
where esr and NMR cease to be applicable. In our laboratory, we 
have been able to obtain the resonant spectra of excited s t a t e s . 
In two of the three kinds of systems that we have observed so 
f a r , the structures of the excited states are not predictable i n 
a straightforward way, e i t h e r from the ground state structures 
or from c a l c u l a t i o n s . 3 + 

For example, t r a n s f e r of the excited states of Ru(bpy)^ 
I I I -

to Ru (bpy) £ ( b p y ) cannot be predicted i n a c l e a r and 
straightforward way. 

DR. DAVID McMILLIN (Purdue U n i v e r s i t y ) : As you probably 
know, Wrighton has shown that i n c e r t a i n rhenium hydrides 
there i s a large deuterium e f f e c t on the excited state l i f e t i m e 
[Graff, J . L.; Wrighton, M. S. J . Am. Chem. Soc. 1981, 103, 
2225]. So perhaps the hydrogen i s s p e c i f i c a l l y reactive because 
a l o t of the energy gets channeled i n t o these high-frequency 
modes. 

DR. GEOFFROY: The compounds i n which Wrighton saw the 
deuterium isotope e f f e c t were metal c l u s t e r compounds which do 
not lose hydrogen upon i r r a d i a t i o n . Those are a s p e c i a l set of 
compounds. Some c o l l a b o r a t i v e work with which we are c u r r e n t l y 
involved includes a ser i e s of tungsten molybdenum tetrahydride 
complexes and tetradeuterides which photo-eliminate hydrogen and 
also luminesce. However, we do not see any e f f e c t on the lumi
nescence or the quantum y i e l d of loss of hydrogen as we replace 
hydrogen with deuterium. 
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DR. McMILLIN: When you were t a l k i n g about the dppe com
plex, you invoked the chelate e f f e c t . I t seems to me that 
opening and c l o s i n g the chelate r i n g would be a good channel f o r 
nonradiative decay. I don't see why that would help promote the 
production of hydrogen. I am wondering i f there might be some 
other s t r u c t u r a l factors i n v o l v i n g the t r a n s i t i o n state which 
could account f o r the observed behavior. 

DR. GEOFFROY : We obviously don't know why the photochem
i s t r y changes. We know that i t i s reasonable that phosphine 
d i s s o c i a t i o n does not occur when we have a chelating diphosphine 
ligand. But we don't understand why we see hydrogen loss i n 
t h i s system when we don't see i t i n the other cases. 

DR. MICHAEL BERGKAMP (Brookhaven National Lab): Do you 
have any d i r e c t evidence which indicates that when you i r r a d i a t e 
these compounds the chelate r i n g a c t u a l l y opens up and closes? 

DR. GEOFFROY: No. That i s pure speculation. 

DR. BERGKAMP: When you i r r a d i a t e these compounds at 366 
nm, do you know exactly what type of state you are i r r a d i a t i n g ? 

DR. GEOFFROY: The 366 nm i r r a d i a t i o n s are c l e a r l y into the 
lowest absorption band. I t i s often a t a i l i n these complexes. 
Unfortunately, the e l e c t r o n i c structures of these compounds, as 
with most a l l organo-metallic systems, are not well-understood 
or well-defined. We could i n t e r p r e t the absorption spectrum i n 
several d i f f e r e n t ways, and we could r a t i o n a l i z e why we see 
hydrogen, depending on how we i n t e r p r e t the absorption spectrum. 
No matter what we do, we can r a t i o n a l i z e hydrogen l o s s . But i t 
i s not very s a t i s f y i n g , because we do not know what the nature 
of the excited states i s . That i s an area which needs consider
able study, to define the e l e c t r o n i c structures of these kinds 
of compounds. 

DR. ANTHONY POË (University of Toronto): As Dr. Geoffroy 
mentioned, there i s a f a i r b i t of work being done on dinuclear 
metal-metal bonded carbonyls but rather less on metal c l u s t e r s 
[Geoffroy, G. L.; Wrighton, M. S., "Organometallic Photochem
i s t r y , " Academic Press: New York, 1979]. We have been i n t e r e s t 
ed f o r some time i n the thermal fragmentation of metal c l u s t e r s , 
and have recently looked at some photochemical reactions as 
w e l l . I would l i k e to present some r e s u l t s here today which are 
very preliminary. 

Previous r e s u l t s indicated that quantum y i e l d s f o r reac
tions of metal c l u s t e r s are low [Graft, J . L. ; Sanner, R. D. ; 
Wrighton, M. S. J . Am. Chem. Soc. 1979, 101, 273; T y l e r , D. R. ; 
A l t o b e l l i , M. ; Gray, H. B. i b i d . 1980, 102, 3022]. That seemed 
to us a s u r p r i s i n g observation. We also noticed when we looked 
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382 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

at the l i t e r a t u r e that almost none of the photochemical studies 
reported had investigated competing k i n e t i c pathways and we 
decided to study the dependence of quantum y i e l d s on concen
t r a t i o n s . I t seems a f a i r l y obvious thing to do, but i t hadn't 
been done previously. 

When we took ruthenium dodecacarbonyl and studied i t s 
photochemical reactions with t r i p h e n y l phosphine, we observed an 
increase i n the quantum y i e l d with increasing t r i p h e n y l phos
phine concentration. The p l o t i s curved and appears to be 
approaching a l i m i t i n g value of φ. This implies that there i s a 
reactive intermediate which can undergo competitive reaction, 
e i t h e r i n the forward d i r e c t i o n (where the rate term i s k^[L]) 
or i n the reverse d i r e c t i o n (where the intermediate reverts back 
to the reactant with a rate constant k ). Thus, 

r ' 
φ = φαίπΟ^Ι]/^ 

1 + k f [ L ] / k r 

The two k i n e t i c parameters (φ(ΐίιη) and k^/k^) can be re
solved quite e a s i l y by means of a simple inverse p l o t . The 
l i m i t i n g quantum y i e l d f o r L = PPh« i s quite s u b s t a n t i a l , having 
a value of about 0.15 ± 0.03. 

The l i m i t i n g quantum y i e l d s f o r L = PPh^ or P(OPh)^ are not 
dependent on whether the solvent i s cyclohexane or benzene. I f 
that i s generally true, then we f i n d that the competition para
meter i s very dependent on solvent. That may not be s u r p r i s i n g . 
I t also appears that the l i m i t i n g quantum y i e l d may a c t u a l l y be 
dependent on the nature of the ligand. That i s s u r p r i s i n g . We 
must study more ligands to determine whether that conclusion i s 
correct. There i s c l e a r l y a wavelength dependence as w e l l . 
Going from 436 nm to 313 nm, the quantum y i e l d f o r L = CO i n 
creases s i g n i f i c a n t l y . 

For the reaction of Ru 3(C0) 9(P-n-Bu 3> 3 with P-n-Bu^ under 
argon, we observe a decrease i n quantum y i e l d with increasing 
[P-n-BUg] with φ reaching a lower l i m i t i n g value of approx. 
0.01. Under carbon monoxide, we obtain a very low quantum 
y i e l d indeed. Thus, i n t h i s system, the photochemical fragmen
t a t i o n i s preceded e i t h e r by d i s s o c i a t i o n of phosphine or by 
d i s s o c i a t i o n of CO, and not by some other process. 

The whole question of what the intermediates are, how they 
react, how solvent-sensitive they are, and what determines the 
l i m i t i n g quantum y i e l d s i s unclear at t h i s time and there i s 
much systematic work yet to be done. 

DR. WILLIAM TR0GLER (Northwestern U n i v e r s i t y ) : I wish to 
make a b r i e f presentation of some r e s u l t s which r e l a t e to Dr. 
Geoffroy's t a l k . We have been employing a d i f f e r e n t approach to 
generate coordinatively unsaturated centers, u t i l i z i n g a reduc-
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15. G E O F F R O Y Photolysis of Transition-Metal Polyhydride Complexes 383 

t i v e e l i m i n a t i o n reaction. The system involves the oxalate 
ligand. I t i s well-known i n the photochemistry of Werner com
plexes containing oxalate that one can photoreductively e l i m i 
nate oxalate. The f e r r i o x a l a t e actinometer i s a c l a s s i c ex
ample. The photochemical reaction involves a one-electron 
reduction of the metal with oxalate, generating oxalate anion 
r a d i c a l as an intermediate, which can then t r a n s f e r a second 
elect r o n to another metal. 

The t r i c k i s to use a metal that can undergo a two-electron 
reduction. This was a c t u a l l y f i r s t observed by Blake and Nyman 
[Blake, D. M. ; Nyman, C. J . J . Chem. S o c , Chem. Commun. 1969, 
483] about a decade ago, when they did some work on the 
P t ( I ^ 3 ) 2 C 2 0 ^ complex. I t appeared that t h e i r r e s u l t s could be 
r a t i o n a l i z e d by formation of a Ρί(ΡΦ«)2 intermediate, which 
formally i s a species that possesses two vacant coordination 
s i t e s . 

We went back and looked at that system, because we thought 
i t had quite a b i t of promise. I t turns out that, with triphen
y l phosphine, platinum(O) w i l l attack the phosphorous phenyl 
bonds to produce red polymers which are phosphido-bridged p l a t i 
num species. But we were more interested i n the small a l k y l 
phosphines, because we expect those to make the metal center 
even more reactive (being s t e r i c a l l y unhindered and more b a s i c ) . 

These l a t t e r systems, i n f a c t , work very w e l l . For exam
p l e , when P t i P E t ^ ^ ^ O ^ ) i s i r r a d i a t e d at 313 nm, we quantita
t i v e l y extrude 2 moles of CO^ and generate a reactive PtCPEt^)^ 
fragment. Thus f a r , we have studied about 15 d i f f e r e n t reac
tions i n which t h i s type of intermediate i s generated. One of 
the simplest species which i l l u s t r a t e s t h i s point i s the 
Pt(H 2C=CH 2)(PEt^) 2 complex where the intermediate has been 
q u a n t i t a t i v e l y trapped as the zero valent ethylene complex. 

In summary, i t appears that we are able to i n i t i a t e much 
i n t e r e s t i n g chemistry by using photoreductive e l i m i n a t i o n of 
coordinated oxalate to generate a metal center having two vacant 
coordination s i t e s .  P
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One-Electron Reduction Product of 
Tris(2,2'-bipyridine)rhodium(III) 

CAROL CREUTZ, ANDREW D. KELLER, HAROLD A. SCHWARZ, 
NORMAN SUTIN, and A R D E N P. ZIPP 

Brookhaven National Laboratory, Chemistry Department, Upton, New York 11973 

The physical and chemical properties of 
Rh(bpy)32+ generated via flash-photolytic and 
pulse-radiolytic methods in aqueous solutions are 
reported and discussed. The reduction potential 
(~ -0.86 V vs SHE) and electron-exchange rate 
(≥ 109 M-1 s-1) for the Rh(bpy)33+/Rh(bpy)32+ 

couple suggest the formulation of Rh(bpy)32+ as the 
l igand-localized radical [RhIII(bpy)2(bpy-)]2+. 
By contrast, the u l t rav io le t -v i s ib le absorption 
spectrum, disproportionation chemistry, and the 
substitution lability of the metal center require 
that Rh(bpy)32+ have substantial metal-centered 
radical (4d7 Rh(II)) character. 

The most common oxidation state of rhodium in aqueous 
solution is low-spin 4d6 rhodium(III). The lower oxidation state 
rhodium(I) has been ex tens ive ly studied i n organic so lven t s . By 
cont ras t , i n aqueous so lu t ions few studies of the lower ox ida t ion 
s tates of rhodium have been made: Gray wi th Mann, S i g a l and 
others has mapped the chemistry of polynuclear rhodium(I) and 
rhodium(II) complexes conta in ing i s o n i t r i l e l igands ( Ι .» 2 . ) · 
Dimeric rhodium(II) complexes fea tur ing rhodium-rhodium s ing le 
bonds are known for a wide v a r i e t y of b r idg ing carboxylate 
d e r i v a t i v e s . Mononuclear rhodium(II) species have, however, for 
the most part r e s i s t ed c h a r a c t e r i z a t i o n . This i s a consequence 
of the fact that one-electron reduct ion of rhodium(III) r e s u l t s 
u l t i m a t e l y i n e i t he r dismutation of rhodium(II) to rhodium(III) 
plus rhodium(I) or to d imer i za t ion , as i l l u s t r a t e d by the work of 
Maspero and Taube (eq 1) ( 3 ) . 

R h ( H 2 0 ) 5 C l 2 + + C r 2 + > l / 2 [ R h ( H 2 0 ) 5 ] 2

4 + + C r C l 2 + (1) 

One of the few (perhaps the so le ) successful e f fo r t s to 
charac ter ize mononuclear rhodium(II) complexes i n aqueous media 

0097-6156/82/0198-0385$06.00/0 
© 1982 American Chemical Society 
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386 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

i s that of L i l i e , Simic, and Endicott who studied the products of 
one-electron reduction of rhodium(III) ammine complexes (4). 
Despite (and because of) the dearth of information concerning 
rhodium(II), the physical properties and r e a c t i v i t y of t h i s 
(presumably) low-spin 4d? metal center are of some i n t e r e s t . 
This paper describes the re s u l t s of our experiments with the 
one-electron reduction products of 
tris ( 2 , 2 , - b i p y r i d i n e ) r h o d i u m ( I I I ) and related complexes* The 
work was o r i g i n a l l y motivated by the fact that the 
2,2*-bipyridine complexes of rhodium(II) and ( I ) were implicated 
as intermediates i n a complex system e f f e c t i n g the photoreduction 
of water (5·. .6*7)· I t has since evolved as a study of some 
fundamental i n t e r e s t i n i t s own r i g h t . 

Production and Decomposition of Rh(bpy)o, 2 + 

Polypyridine rhodium(III) complexes (Rhl^ 3*) may be reduced by 
one-electron reductants. The reductants which have been 
suc c e s s f u l l y employed include *Ru(bpy)3 2 +, the luminescent 
charge-trans f e r excited state of Ru(bpy)3 2 + (J*>9) 
(*E3 2

 β -0.84 V, k = 0.6 χ 109 M"1 s" 1 at 25°C and 
μ » Ό.5 M), and e a q (£,10) (E° - -2.8 V, k » 8 χ 1 0 1 0 M - 1 s " 1 ) . 
The product with L β bpy has absorption maxima at 350 nm 
(ε - 0.4 χ 10* M"1 cm"1) and at 490 nm (ε - 0.1 χ 10 4 M*1 cm"1) 
(10,11). Before describing the properties of the one-electron 
reduction product of rhodium(III), we s h a l l r e l a t e i t s ultimate 
fate because t h i s r e s t r i c t s the experiments which may be ca r r i e d 
out. The reduction product Rh(bpy)3 2 + disproportionates (6) to 
y i e l d Rh(III) and Rh(I) (eq 2, L = bpy) 

2 R h L 3
2 + > R h L 3

3 + + RhL 2
+ + L (2) 

Analogous products are found (11) for the 4,4 f-dimethyl-2,2 ,-
bi p y r i d i n e d e r i v a t i v e (eq 2, L = 4,4'-(CH3)2bpy) and for 
Rh(bpy)2(H20) 2

2 +, the reduction product of Rh(bpy)2(OH) 2
+ (eq 3). 

2 Rh(bpy) 2(H 20)2 2 + ~ 2 g f> Rh(bpy) 2(0H) 2
+ + Rh(bpy) 2

+ (3) 

With L • bpy, the Rh(I) product has been extensively 
characterized: i t s nature i s a function of pH and t o t a l Rh(I) 
concentration (6,7). Four species, Rh(bpy)2 +, [Rh(bpy>2]2 , 
Rh(bpy) 2(H)(H 20 ) " 2 " F 7 and [Rh(bpy) 2]2H 3 +, have been detected (12). 
However, at pH > 8 and very low Rh(bpy)3 2 + or Rh(bpy)2(H 20)"2^ +, 
the disproportionation product i s purple Rh(bpy)2 + and the 
disproportionation k i n e t i c s are r e a d i l y followed through the 
growth of the absorption of t h i s species (ε ~ 10^ M"1 cm"1 at 
505 nm). For Rh(bpy)3 2 + a su r p r i s i n g r e s u l t i s obtained 
(6,7,10,11). Disproportionation of Rh(bpy)3 2 + does not proceed 
v i a the di r e c t second-order process eq 2 (k2 < 10* M"1 s " 1 ) . 
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16. C R E U T Z E T A L . Tris (2,2'- bipyridine) rhodium (III) 387 

Instead the formation of Rh(bpy)? + follows an exponential time 
p r o f i l e with k 0 b s « 1 to 2 s~S regardless of the i n i t i a l 
concentration of Rh(bpy)3 2 +. Much more rapid Rh(bpy)9 + 

production can, however, be obtained from mixtures of Rh(bpy)3 2 + 

and Rh(bpy)2(H20)22+; for such mixtures (which also contain 
Rh(bpy>3 3 + and Rh(bpy)o(0H)2 + i n large excess over the reduced 
species) the Rh(bpy)2 formation i s no longer exponential. 
Rather p l o t s of (ΔΑ505)"1 (the r e c i p r o c a l of the absorbance 
change at 505 nm) versus time are l i n e a r . These observations 
have led to the mechanism given i n eq 4-6 (6,7,11). 

R h ( b p y ) 3
2 + + H 20 — — R h ( b p y ) 2 ( H 2 0 ) 2

2 + + bpy (4) 
+2ff̂ " 

R h ( b p y ) 3
2 + + Rh(bpy) 2(OH) 2

+ ^ ^ R h ( b p y ) 3
3 + + R h ( b p y ) 2 ( H 2 0 ) 2

2 + (5) 

R h ( b p y ) 3
2 + + R h ( b p y ) 2 ( H 2 0 ) 2

2 + > R h ( b p y ) 3
3 + + Rh(bpy) 2

+ (6) 

At 25°C, k 4 = 1 s" 1, k 5 > 106 M"1 s" 1, K 5 - 2, and 
k$ « 0.3 χ 109 M"1 s" 1 at pH 8.1 and μ » 0.5 M and k4 = 0.6 β" 1 , 
k. 4 - 0.2 χ 109 M* 1s" 1, ke - 0.3 χ 109 M*1 s" 1 at pH 9 and 
μ s 0.01 M. As a consequence of t h i s reaction pathway, the 
l i f e t i m e of Rh(bpy)3 2 + i n the absence of Rh(bpy)2(0H)2+ i s about 
one second at room temperature. While t h i s i s a long l i f e t i m e by 
photochemical standards, i t i s s u f f i c i e n t l y short to r e s t r i c t the 
techniques applicable to the study of Rh(bpy)3 2 + to those with 
rather great time r e s o l u t i o n . Thus we have extensively employed 
f l a s h photolysis and pulse r a d i o l y s i s methods, always i n the 
presence of excess rhodium(III). 

The above value of k4 * 1 s~* for bpy loss from Rh(bpy)3 2 + 

may be compared with k4 s 3 s~* f o r bpy loss from the formally 
r e l a t e d Co(bpy)3 2 + (13,14). Recently obtained r e s u l t s i n d i c a t e 
that the rate constant for addition of bpy to Rh(bpy)2(H20)22+ 

(k_4 * 0.2 χ 109 M"1 s" 1) i s greater than that for the comparable 
c o b a l t ( I I ) reaction (13,14). The more-or-less comparable 
l a b i l i t i e s of Rh(bpy)3 2 = F" and Co(bpy)3 2 + are not unexpected i n 
l i g h t of data for rates of ammonia loss from the two metal 
centers which are also a v a i l a b l e : ammonia loss from rhodium(II) 
i s quite rapid (10 6 s" 1 to 102 s* 1 with loss from Rh(NH3)5 H20 2 + 

being much faster than from Rh(NH3)42+, etc.) (4) but somewhat 
slower than the comparable process for c o b a l t ( I I ) (15). Of 
course, here the r e l a t i v e a f f i n i t i e s of the two metals f o r NH3 
are not known and so cannot be taken into account. A further 
reason these comparisons lack great v a l i d i t y i s that, although 
these Co(II) complexes contain 3d^ metal centers, Co(bpy)3 2 + and 
Co(NH3) n

2 + are high-spin complexes i . e . the ground states are 
( t 2 g ) ^ ( e g ) 2 whereas 4d? species are expected to be low spin, 
(t2g)^(eg)l. Furthermore, as w i l l be seen shortly i t i s not 
cle a r that even "low spin 4d^" i s an adequate description of the 
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388 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

ground e l e c t r o n i c state of Rh(bpy>3 2 +. I t i s , however, apparent 
that these " R h ( I I ) M species are quite s u b s t i t u t i o n l a b i l e . 

Redox Properties of Rh(bpy)^2"1" 

Kew, DeArmond and Hanck have studied the Rh(bpy) 3
3 +/Rh(bpy) 3

2+ 
couple by means of rapid sweep (> 10 V s~*) c y c l i c voltammetry on 
platinum electrodes i n a c e t o n i t r i l e and found Εχ/2 for t h i s 
couple to be -0.83 V vs aqueous SCE i n t h i s solvent (16). In 
water (0.05 M sodium hydroxide, p y r o l y t i c graphite electrode) 
Rh(bpy)3 3 + i s reduced at a p o t e n t i a l i n the same range, but the 
process i s i r r e v e r s i b l e (7) as i s shown i n Figure 1. No 
oxidation peak i s observed - even at sweep rates as high as 
100 V s" 1 (7*17)· We had o r i g i n a l l y thought the reduction to be 
a one-electron process which was rendered i r r e v e r s i b l e by a rapid 
(kf > 10* s" 1) succeeding chemical reaction (7). We recently 
reexamined t h i s question. Having looked unsuccessfully i n 
pu l s e - r a d i o l y s i s experiments for a Rh(bpy)3 2 + reaction with a 
rate constant of 10^ s~* (11) or greater, we reinvestigated the 
magnitude of the current f o r the f i r s t reduction. Using 
C r ( b p y ) 3 3 + as a model for an η * 1 process (previously Ru(bpy)3 2* 
was used instead) the Rh(bpy)3 3 + reduction i n water was 
determined to correspond to η » 1.9 ± 0.1 electrons. The 
chemical reaction introducing the i r r e v e r s i b i l i t y i s now ascribed 
to a rapid reaction of Rh(bpy)3 + (presumably bpy loss for which 
k = 5 χ 10^ s" 1 (11)); analogous behavior — but at slower sweep 
rates — has been reported i n a c e t o n i t r i l e (16). Since the rapid 
Rh(I) reaction renders the Rh(bpy)3 3 : ,7Rh(bpy)3 2 + couple 
e f f e c t i v e l y i r r e v e r s i b l e , the electrochemical r e s u l t s obtained i n 
water cannot be used to extract information concerning the 
reduction p o t e n t i a l for the one-electron process. 

To estimate the p o t e n t i a l for the Rh(bpy)3 3 +/Rh(bpy)3 2 + and 
relate d couples i n aqueous s o l u t i o n , an e n t i r e l y d i f f e r e n t 
experimental approach has been used. As i s w e l l known, the rate 
constant for an electron-transfer reaction i s a function of the 
dr i v i n g force f o r the reaction (18,19,20). Under su i t a b l e 
conditions the magnitude of the rate constant can be used to 
estimate the d r i v i n g force (and vice versa). A more r e l i a b l e 
estimate can be obtained i f a set of rate constants for a 
homologous series of reductants (or oxidants) can be obtained 
over a range of d r i v i n g force. This i s the heart of the 
Rehm-Weller method (21) for estimating the reduction p o t e n t i a l s 
of excited molecules. As our homologous series of reductants, we 
have used the RuL3 3 +/*RuL3 2 + couples (22,23), where *RuL3 2 + 

i s the luminescent excited state of RuL3^ F. The electron 
exchange rate constants f o r these couples are very large 
(^11 ^ s"*) a n <* t n e p o t e n t i a l s span the range -0.77 to 
-1.10 V. Thus the reduction of Rh(bpy)3 3 + and related complexes 
by * R U L Q 2 + i s expected to be rapid i f the Εχ/2 for the 
Rh(bpy)3 3 +/Rh(bpy)3 2 + couple l i e s i n (or p o s i t i v e of) t h i s 
range. We have determined the rate constants (kq) for reduction 
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16. C R E U T Z E T A L . Tris (2,2'- bipyridine) rhodium (III) 389 

J L 

-0.4 -0.8 
V vs S.C.E 

1 Γ 

u ι ϋ 
0.0 -0.5 -1.0 

V vs N.H.E 

Figure L Cyclic voltammograms of Rh(bpy)s
s\ Top: on Pt in acetonitrile, v = 

46 V/s [adapted from Ref. 16]; and bottom, on pyrolytic graphite in aqueous 0.05 
M sodium hydroxide v = 50 V/s (Π). 
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390 MECHANISM ASPECTS OF INORGANIC REACTIONS 

of Rh(bpy>3 3 + and other polypyridinerhodium(III) complexes by 

several members of the *RuL32+ series. The most definitive 
r e s u l t s were obtained for the 4,4'-dimethyl-2,2'-bipyridine 
complex Rh(4,4'-(CH3)2bpy)3 3 + (24) for which the reaction studied 
i s shown i n eq 7. 

*RuL 3
2+ + Rh(4,4 ,-(CH 3) 2bpy)3 3 + kq RuL3 3 + + 

+ Rh(4,4'-(CH 3)2bpy) 32+ (7) 

The r e s u l t s obtained are shown i n Figure 2, a plot of log kq C 

(the logarithm of the d i f f u s i o n corrected second-order rate 
constant for eq 7) versus *E§2» the reduction p o t e n t i a l of the 
RuL3 3 +/*RuL3 2 + couple. An unusual and s i g n i f i c a n t feature of 
these data can be appreciated through comparison of these with 
r e s u l t s obtained (22) for oxidation of *RuL3 2 + by E u a q

3 + . 
These are also shown i n Figure 2. The slope of the l i n e drawn 
through the Eu^ 3" 1" points i s 8.5 V" 1. This i s the slope expected 
( a l b e i t r a r e l y observed) from the simple Marcus c r o s s - r e l a t i o n ; 
i . e . , a plot of log kq vs log Kq (where Kq i s the equilibrium 
constant f o r electron t r a n s f e r ) i s 0.50. For 
Rh(4,4'-(CH3)2bpy)3 3 +, the l o c a l slope f o r *E3^2 between 
-0.77 and ~ -0.9 V i s much greater than that found t o r E u a q

3 + . 
Only at more negative *E§ 2 values i s curvature to the 
"usual" slope of < 8.5 V ~ l seen. The extremely great s e n s i t i v i t y 
of kq C to *E3^2 seen at the less negative *E3^2 values i s 
due to endergonic electron transfer; the fact that net electron 
transfer from *RuL3 2 + to the rhodium(III) complex occurs i n 
t h i s region i s due to the r a p i d i t y of the "back" electron 
transfer between Rul^3"*" and Rh(4,4 f-(CH3)2bpy)3 2 + to form ground 
state RuL3 2 + and Rh(4,4 f-(CH 3)2bpy)3 3 +. The detailed sequence 
required (21) to describe the observed behavior i s shown below 
where Q - Rh(4,4 f-(CH 3)2bpy) 3

3 + and the v e r t i c a l l i n e s indicate 
species w i t h i n the solvent cage. 

ki2 k23 k34 
*RuL3 2 + + Q * *RuL32+|Q I — * RuL3 3 +|Q" * RuL33+ + Q* 

k21 

The separated reactants *RuL3 2 + and Q d i f f u s e together ( k j ^ ) t o 

form an ion pair ( * R U L 3 2 + J Q ) i n which electron transfer from 
*RuL3 2 + to Q takes place with a f i r s t - o r d e r rate constant k23-
The products RuL3 3 + and Q~ are thus produced i n close proximity 
(solvent cage, ion p a i r ) . They may then d i f f u s e apart ^34) or 
go back to reactants (k32) or undergo "back" electron transfer 
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16. C R E U T Z E T A L . Tris (2,2'-bipyridine)rhodium (III) 391 

Figure 2. The logarithm of kqC (the diffusion-corrected quenching rate constant) 
vs. — *E,;# (the reduction potential for the RuLs

s*/*RuLs
2* couple) for quenching 

(left side, Φ) by Rh(4l4'-(CHi)%bpy)jl* (24) and (right side, +) by EUaq*+ (22). 
(Copyright 1982, American Chemical Society.) 
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392 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

(k30) to form ground-state RuL3 2 + and Q. The l a t t e r reaction i s 
thermodynamically very favorable and i t i s i t s r a p i d i t y which i s 
responsible for the observation of net quenching *RuL32+ by Q 
( k 3 0 > k 3 2 ) . 

The curve shown i n Figure 2 for the Rh(4,4 f-(CH 3)2bpy)3 J + 

data was calculated (24) on the basis of a steady-state treatment 
for RuL3 3 +|Q" and * R U L 3 2 + | Q above, i . e . eq 8 

, k 1 2 k 2 3 ( k 3 0 + k 3 4 ) 
^ ^21 (^32 + *30 + *34> 

assuming the usual free energy dependence for k 23 and appropriate 
values for k3Q, k i 2 , k 2 i , and k34 (24,25). From t h i s treatment, 
the estimate E° - -0.97 V was obtained f o r the 
Rh(4,4 1-(CH 3) 2bpy) 3

3 +/Rh(4,4 f-(CH 3) 2bpy) 3
 2 + couple (24). 

S i m i l a r l y , E° estimates were obtained from quenching data f or 
other RhL3 3 + couples (24). In Table 1 these estimates (E°(Q/Q~)) 
are compared with Εχ/ 2 values obtained v i a rapid sweep c y c l i c 
voltammetry i n a c e t o n i t r i l e (Ei/2(CH3CN)). 

Table I . Reduction P o t e n t i a l s of RhLq 3 + Complexes 

L Ε!/2(0Η30Ν),ν Eo(Q/Q-,Ho0),V 
4,4 ,-(CH 3) 2bpy -0.94 (24) -0.97 (24) 

bpy -0.83 (16) -0.86 (24) 
phen -0.75 (26) -0.84 (24) 

Notably, for L = bpy and L - 4,4'-(CH3)2bpy E°(Q/Q") vs SHE i n 
water i s 0.03 V more negative than Εχ/ 2 measured vs aqueous SCE 
i n a c e t o n i t r i l e . The same observation has been made for the 
reduction p o t e n t i a l s of ruthenium couples: RuL33+/RuL32+ Εχ/2 
values measured i n water r e l a t i v e to SHE are 0.03 V more negative 
than those measured i n a c e t o n i t r i l e r e l a t i v e to aqueous SCE 
(22). From the r e l a t i v e l y good agreement between E°(Q/Q~) and 

E l / 2 (OH3CN) i n Table 1 we conclude that the re v e r s i b l e 
a c e t o n i t r i l e electrochemistry can be used to estimate the 
reduction p o t e n t i a l s of the RhL3 3 + complexes i n water. The 
complexes examined so far have potentials i n the -0.7 to -1 V 
range; thus RhL3 2 + i s a rather strong reducing agent. 

The r e a c t i v i t y of RhL3 2 + or RhL3 3 + toward outer-sphere 
oxidation or reduction i s a function of the i n t r i n s i c 
reorganization b a r r i e r for the couple as w e l l as the dr i v i n g 
force f o r the electron transfer (18,19,27). The i n t r i n s i c 
electron-transfer b a r r i e r , determined by the need f o r 
reorganization of metal-ligand and i n t r a - l i g a n d bond lengths and 
of the solvent p r i o r to electron t r a n s f e r , i s r e f l e c t e d i n the 
magnitude of the electron-exchange rate constant i . e . eq 9. 
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16. CREUTZ ET AL. Tris (2,2'-bipyridine)rhodium (III) 393 

RhL 3
2+ + RhL 3

3+ ^ RhL 3
3+ + R h L 3

2 + (9) 

The magnitude of t h i s rate constant ko for L - 4,4'-(CH3)2bpy 
comes from the treatment of the data i n Figure 2; the data 
require kg ^ 10 9 s~*. Simila r exchange rate constants are 
also implicated for the other R h L 3

3 + complexes we have studied — 
i n both water and a c e t o n i t r i l e . The requirement that kg be large 
f o r the 4,4 ,-(CH 3)2bpy complex can be appreciated q u a l i t a t i v e l y 
by inspection of Figure 2. Very large quenching rate constants 
(108 to ΙΟ 9 M~l s ~ l ) are observed even i n the region where the 
slope of the plot indicates endergonic electron transfer — thus 
the i n t r i n s i c b a r r i e r to the electron transfer must be small 
indeed (as was mentioned e a r l i e r , the b a r r i e r s f o r the 
*RuL 3

2 +/RuL 3
3 + couples are very small). 

In magnitude, the self-exchange rates for the R h L 3
2 + / R h L 3

3 + 

couples are of the same order as those for the *RuL 3
2 +/RuL 3

3 + 

couples. By contrast, the exchange rate constant f o r the formal 
f i r s t - t r a n s i t i o n series analogue, the ( t 2 g ) ^ ( e g 1 ) / ( t 2 g ) ^ 
C o ( t e r p y ) 2 2 + / C o ( t e r p y ) 2

3 + couple, i s - 10* M"l s* 1 (28). The 
Co ( t e r p y ) 2 2 + / C o ( t e r p y ) 2 3 + value i s much smaller than that f o r 
either the ground- or excited-state ruthenium polypyridine 
couples because s u b s t a n t i a l rearrangement of the metal 
inner-coordination spheres i s required for electron t r a n s f e r . 
Large d i s t o r t i o n s are generally expected f or couples i n which 
changes i n the electron population of the eg o r b i t a l s occur. In 
short, s u b s t a n t i a l i n n e r - s h e l l reorganization would also be 
expected f or a 4d^/4d^ rhodium(II)/rhodium(III) couple. By 
contrast the exchange rate constants implicated f o r the 
R h L 3

2 + / R h L 3
3 + couples are of the order observed and calculated 

for systems i n which metal-ligand and ligand-ligand d i s t o r t i o n s 
are n e g l i g i b l e and only solvent reorganization i s required (29). 
These considerations lead us to focus on the elementary 
question — 

What i s the nature of R h ( b p y ) 3
2 + 

Is i t a metal-centered or a ligand-centered r a d i c a l ? I t i s w e l l 
known that polypyridine metal complexes may be reduced at e i t h e r 
(or both) the metal center or the ligand center. For example, 
the sequential ligand reduction of M(bpy)o 2 +(M - F e ( I I ) , Ru(II), 
Os(II)) to [ M I I ( b p y ) 2 ( b p y - ) ] + , [M t l(bpy)(bpy-) 2], and 
[M I ] [(bpy") 3]" i s observed (30,31) v i a c y c l i c voltammetry i n 
nonaqueous solvents as three -» 170 mV-separated peaks at -1.2 to 
-1.3 V vs SCE. The r e d u c i b i l i t y of the ligand depends on the 
metal charge and Εχ/2 for the metal-bound bpy/bpy"" couple 
s h i f t s to less negative p o t e n t i a l s as the metal-center charge 
increases. Thus the f i r s t reduction of I r ( b p y ) 3

3 + , which occurs 
at -0.83 V vs SCE i n a c e t o n i t r i l e , though * 400 mV p o s i t i v e of 
the M I I ( b p y ) 3

2 + / [ M I I ( b p y ) 2 ( b p y ~ ) ] + p o t e n t i a l , i s ascribed to 
lig a n d , rather than metal, reduction (41). The 
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394 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

R u I I I ( b p y ) 3 3 + / [ R u I I I ( b p y ) 2 ( b p y - ) ] 2 + p o t e n t i a l , -0.81 V vs 
aqueous SCE i n a c e t o n i t r i l e (25,33) i s also consistent with t h i s 
model. (The species [ R u I I I ( b p y ) 2 ( b p y ~ ) ] 2 + i s *Ru(bpy)3 2 + 

which has recently been assigned as a l o c a l i z e d bound bpy" 
r a d i c a l on the basis of i t s resonance Raman spectrum (34).) The 
fact that nearly i d e n t i c a l Εχ/2 values are found for the 
reduction of I r ( b p y ) 3 3 + and Rh(bpy)3 3 + suggests that both involve 
the same reduction s i t e — the bound bpy. (By contrast, Εχ/2 
for metal-centered reduction of Co(bpy)3 3 + i s 40.30 V (28).) 
Furthermore, as discussed above, the electron exchange rate f o r 
RhL3 2 +/RhL3 3 +, > 10 9 M"1 s" 1, being comparable to that for the 
Ru L j 2 + / R u L 3 3 + couples, i s of the order expected for 
[ M I I Ï ( L ) 2 ( L ~ ) ] 2 + / [ M I I I ( L ) 3 ] 3 + couples i n which electron 
transfer between l i g a n d - rather than metal-centers occurs. 

The redox properties e l i c i t e d for Rh(bpy)3 2 + and i t s 
congeners are thus e n t i r e l y consistent with the description of 
these species as bound-ligand r a d i c a l s . On the other hand, the 
disproportionation reactions eq 2-6 are not known to be 
c h a r a c t e r i s t i c of ligand-centered r a d i c a l s , but are consistent 
with behavior expected for rhodium(II). Furthermore the 
su b s t i t u t i o n l a b i l i t y deduced for Rh(bpy)3 2 + and Rh(bpy)2 2 +, 
while consistent with that expected for Rh(II), i s orders of 
magnitude too great for R h ( I I I ) . F i n a l l y the spectrum observed 
for the intermediate Rh(bpy)3 2 + i s not that expected for 
[ R h I I I ( b p y ) 2 ( b p y " ) ] 2 + . The spectrum measured has an absorption 
maximum at ̂  350 nm with ε - 4 χ 10 3 M"1 cm""* and a broad maximum 
at ~ 500 nm with ε= 1 χ ΙΟ 3 Μ" 1 cm"1. The spectra of free and 
bound bpy r a d i c a l anions are quite d i s t i n c t i v e (23.35-38): very 
intense absorption maxima (ε 1 χ 10* to 4 χ 10* M"1 cm"1) are 
found at 350-390 nm and are accompanied by less intense maxima 
(ε - 5 χ 10 3 M"1 cm"1) at 400 to 600 nm. While the Rh(bpy)3 2 + 

absorption maxima are i n the rig h t regions for the bpy" 
chromophore, the i n t e n s i t i e s observed for these bands are much 
less than has been observed i n other systems. 

In summary, some aspects of the behavior of Rh(bpy)3 2 + 

suggest i t s formulation as [ R h I I I ( b p y ) 2 ( b p y " ) ] 2 + while others 
are more i n accord with i t s description as a rhodium(II) 
complex. I t may be that two el e c t r o n i c isomers i n chemical 
equilibrium i . e . , 

Rh I i :(bpy)3 2 + ^ [ R h m ( b p y ) 2 ( b p y - ) ] 2 + 

must be invoked. A l t e r n a t i v e l y , i t could w e l l be that the 
energies of the rhodium(II) e g o r b i t a l s and the lowest bpy π* 
o r b i t a l s are very close so that Rh(bpy)3 2 + cannot properly be 
considered as eith e r a ligand-centered or metal-centered 
r a d i c a l . Rather a molecular o r b i t a l description taking into 
account both resonance structures 
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16. C R E U T Z E T A L . Tris (2,2'-bipyridine) rhodium (III) 395 

RhH(bpy) 3 2+ < > [RhHI(bpy) 2 (bpy-)]2+ 

might then be requ i red . This question cannot be answered by the 
approach we have used. Techniques such as EPR or resonance Raman 
spectroscopy may resolve t h i s dilemma i n the future . 
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General Discussion—One-Electron Redaction Product of Tris (2,2'-
bipyridine)rhodium(ni) 
Leader: David Stanbury 

DR. DAVID STANBURY (Rice U n i v e r s i t y ) : Have you t r i e d to 
get at Rh(II) production from the other d i r e c t i o n — by o x i d i 
zing rhodium(I)? 

DR. CREUTZ: Not yet. I don't believe that can be done i n 
quite the same way. You w i l l notice that none of the reactions 
we used to reduce Rh(III) involved homogeneous reducing agents; 
that i s because we have not found any which work. We a n t i c i p a t e 
d i f f i c u l t i e s with Rh(I) oxidation as w e l l . Obviously, one would 
need conditions where oxidation of the Rh(I) to Rh(II) i s more 
rapid than oxidation of the desired R h ( I I ) . In pulse r a d i o l y s i s 
experiments i t might be possible to e x p l o i t oxidants such as 
(SCN)^ or Br^. But we haven*t yet attempted such experiments. 

DR. WILLIAM WOODRUFF (University of Texas): How about 
2+ 

considering a l i t t l e heresy i n the case of Rh(bpy) q ? For 
2+ 

*Ru(bpy) q , the metal-to-ligand charge-transfer excited state 
2+ 

of Ru(bpy)^ , we have evidence that the bpy r a d i c a l character 
i s l o c a l i z e d on one bpy, rather than d e l o c a l i z e d over a l l three. 
There i s a question as to the source of the d r i v i n g force f o r 
the l o c a l i z a t i o n of the ligand r a d i c a l on one ligand. One 
p o s s i b i l i t y would be that the d^ core, which i s degenerate, 
forces some degree of Jahn-Teller d i s t o r t i o n which induces 
r a d i c a l l o c a l i z a t i o n . 2 + 

Perhaps f o r Rh(bpy)^ there i s also a ligand centered 
reduction, but del o c a l i z e d i n t h i s case, since the metal ion i s 
d^. I am simply suggesting that the ligand centered r a d i c a l 
produced may be delo c a l i z e d over a l l three ligands. That might 
r e s u l t i n the absorption spectrum which you observe, and also 
r e s u l t i n a self-exchange rate which i s s i m i l a r to the ruthenium 
case. 

DR. CREUTZ: E i t h e r e l e c t r o n i c structure ( i . e . , l o c a l i z e d 
or d e l o c a l i z e d bpy ) w i l l account f o r the exchange rate. But_I 
don't believe there i s any reason f o r any of the Mibpy^Cbpy ) 
species to be del o c a l i z e d . I see no reason why the electron 
should not reside on one b i p y r i d i n e . 

DR. MORTON HOFFMAN (Boston U n i v e r s i t y ) : I would l i k e to 
present some of our r e s u l t s on the rhodium system. I would l i k e 
to focus on the fate of the rhodium(I) species and, i n p a r t i c u 
l a r , consider the path of the production of molecular hydrogen 
from water, which, of course, i s the basis of so many of these 
studies of reduced metal species. 
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398 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

As Dr. Creutz has mentioned, the p u l s e - r a d i o l y s i s technique 
can be used to reduce the rhodium(III) to rhodium(II) by the 
action of_various reducing r a d i c a l s such as the hydrated elec
tron, C0 9 r a d i c a l , or the 2-propanol r a d i c a l . Such reactions 

9 
are a l l very rapid with rate constants on the order of 10 
ΙΟ*** M 1 s With s u f f i c i e n t excess of rhodium(III), one 
observes pseudo-first-order decay of the reactive r a d i c a l , which 
i s e n t i r e l y consumed i n a very short period of time. 

We have found that the loss of the ligand from the rho-
dium(II) species that i s produced i s r e l a t i v e l y slow (k ~ 1 
s ), followed by the very rapid disproportionation reaction 

8 -1 -1 
(with k ~ 10 M s ) producing the rhodium(I) species. As Dr. 
Creutz has pointed out, t h i s species can e x i s t i n many d i f f e r e n t 
modifications i ncluding dimeric and hydride forms. The exact 
nature of these species i s unknown. 

We have examined the reduced species and have speculated 
upon the mechanistic pathways that can account f o r the genera
t i o n of hydrogen and the reduction of water [Mulazzini, Q. G., 
Emmi, S.; Hoffman, M. Z.; Venturi, M. J . Am. Chem. Soc. 1981, 
103, 3362; M u l a z z i n i , Q. G. ; V e nturi, M. ; Hoffman, M. Z. 
J. Phys. Chem., i n press]. From continuous r a d i o l y s i s experi
ments, we have determined the y i e l d s of hydrogen and rhodium(I) 
as functions of pH, i n i t i a l substrate concentration, and ab
sorbed dose. 

I t must f i r s t be noted that there i s a re s i d u a l hydrogen 
y i e l d formed by the r a d i o l y s i s using 2-propanol r a d i c a l as the 
reducing agent. The y i e l d of extra hydrogen increases above 
t h i s r e s i d u a l l e v e l at pH<7 with maximum H^ production occurring 
around pH 4.2. This i s exactly the pH region where the rhodi-
um(I) e x i s t s i n i t s c o l o r l e s s form, which can be formally ex
pressed as a rhodium(III)-hydride. 

I f one measures the y i e l d of hydrogen as a function of the 
ra d i a t i o n dose, there i s an induction period a f t e r which the 
G-value of H^ i s constant with time. The r e s u l t s i n d i c a t e that 
some intermediate has to b u i l d up i n concentration before hydro
gen evolution commences. As the i n i t i a l rhodium(III) concentra
t i o n i s increased, the hydrogen y i e l d goes down and the rho-
dium(I) concentration goes up with the sum of the G values 
remaining constant. That suggests that rhodium(I) and hydrogen 
are re l a t e d to each other i n a d i r e c t stoichiometric manner. 

As f a r as the uncatalyzed system i s concerned, i t doesn't 
appear that rhodium(I) i n a l l i t s various forms, i n c l u d i n g the 
rhodium(III)-hydride or even the rhodium(II) species, i s capable 
of generating hydrogen by i t s e l f . Rather, there must be subse
quent reactions i n v o l v i n g rhodium(I) and other species that 
u l t i m a t e l y produce the hydrogen. 

We would l i k e to suggest that the rhodium(III)-hydride 
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16. C R E U T Z E T A L . Tris (2,2'-bipyridine) rhodium (III) 399 

(rhodium(I) i n acid solution) can engage i n an e l e c t r o n t r a n s f e r 
reaction with the n o n - l a b i l i z e d rhodium(II) species, which has a 
l i f e t i m e of about 1 second, to produce a reduced rhodium hydride 
species (as w e l l as the rhodium(III) substrate), and i t i s t h i s 
l a t t e r species that a c t u a l l y goes on to generate the hydrogen. 

ft 7 -» 1 — ι 
We estimate a rate constant of 10 -10 M s f o r the electron-
t r a n s f e r reaction and an E° f o r the rhodium-hydride couple that 
i s s i m i l a r t o , or s l i g h t l y l ess negative than, the E° value f o r 
the substrate. Our mechanism i s summarized i n Scheme I. 

DR. JAMES ESPENSON (Iowa State U n i v e r s i t y ) : At t h i s con
ference we have heard presentations dealing with atom t r a n s f e r 
reactions, with photogenerated reactive complexes, and with 
rhodium(II) chemistry. I want to present some r e s u l t s on a 
rel a t e d study, i n v o l v i n g a d i f f e r e n t ligand system, representing 
work done i n c o l l a b o r a t i o n with Dr. Ursula Tinner. 7 

This system involves a mononuclear rhodium(II) d complex 
derived from the bis(dimethylglyoximato) chelating l i g a n d , the 
so-called rhodium(II) rhodoxime. That d species can be made by 
two d i f f e r e n t photochemical routes f l a s h - p h o t o l y t i c a l l y : e i t h e r 
from the metal-metal bonded rhodium(II) dinuclear complex, whose 
structure i s known [Caulton, K. G., Cotton, F. A. J . Am. Chem. 
Soc. 1971, 93, 1914], or, equally s u i t a b l y , from the organo-rho-
dium compound, such as the isopropyl complex [see Scheme I I ] . 

From both sources, the rhodium(II) mononuclear complex has 
a v a r i e t y of options open to i t . In the absence of other rea
gents, f o r example, i t simply dimerizes and forms the metal-
metal bonded species. However, i t i s quite a reactive species, 
and, among other things, i t abstracts halogen atoms, f o r ex
ample, from organic halides [Scheme I I I ] . 

One can set up to do t h i s using the competition between 
dimerization and halogen atom abstraction from RX to form the 
rhodium(III) halide complex. As a function of [RX], the product 
r a t i o i s quite e a s i l y evaluated. From that, one can get the 
rate constant r a t i o but, knowing independently the rate constant 
fo r dimerization, i t i s possible to extract from those data rate 
constants f o r reactions of the rhodium(II) complex with these 
organic halides. The rate constants obtained are l i s t e d i n 
Table I. 

I f one takes out of t h i s l i s t the polyhalomethanes and 
t r i e s to understand what the chemistry i s about, c e r t a i n l y a 
simple-minded view i s that t h i s i s simply a halogen atom ab
s t r a c t i o n reaction such as one finds i n a gas phase reac t i o n , 
l i k e sodium atom with organic halides. There i s a l i n e a r free 
energy c o r r e l a t i o n i n that the logarithms of the rate constants 
bear a l i n e a r r e l a t i o n to one another. 

F i n a l l y — and t h i s has to do with the nature of the bond 
strengths i n such metal-metal bonded systems — the dimer also 
thermally d i s s o c i a t e s . With a very reactive halogen atom donor, 
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400 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Scheme I 
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Rh(bpy) 3+ 
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16. C R E U T Z E T A L . Tris (2,2'-bipyridine) rhodium (III) 401 

Scheme I I I 

Sx 

Table I. 
Rate Constants f o r the Reaction of Rhodium(II) 

Rhodoxime with Organic Halides 

Sx ' M " l s " 1 

RX ( i n EtOH at 25°C) 

CHBr 3 4 χ 10 6 

CCI, 2.5 x 10 5 

PhCH 2Br 2.0 χ 10 5 

CH 2Br 2 1.5 χ 10 4 

i-C 3H ?Br 5.0 χ 10 3 

CHC1„ 1.5 χ 10 3 
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402 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

such as an o x i d i z i n g agent l i k e f e r r i c chloride or a number of 
other species, the rate l i m i t i n g step i s the monomer formation, 
and i t i s possible to evaluate the rate constant f o r that step 
[Scheme IV]. Therefore, the quotient of the thermal rate of 
monomer formation divided by the dimerization rate constant 
gives us 1.5 χ 10 ̂  M as the equilibrium constant f o r the d i -
mer-monomer equilibrium. Studies as a function of temperature 
also permit, therefore, the c a l c u l a t i o n of ΔΗ° = 21 kcal mol 1 

f o r the l a t t e r reaction. Ignoring s o l v a t i o n differences, t h i s 
value serves as an approximation of the metal-metal bond energy 
i n a d^-d^ dimer such as t h i s . 

Scheme IV 

k l 
D *->-2M 

M + F e C l 3
 f a s t > . ClRh(dmgH) 2PPh 3 + F e C l 2 

k = 5.4 χ 10" 2 s" 1 (EtOH, 25°) 

k l 
D V * 2M 

-1 

Κ = k,/k = 1.5 χ 10" 1 0 M eq 1 - 1 

ΔΗ° (= D R h_ R h) = 21 kcal mol" 1 
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Proton-Transfer Reactions i n Organometallic 
Chemistry 

RICHARD F. JORDAN and JACK R. NORTON 
Colorado State University, Department of Chemistry, Fort Collins, CO 80521 

The Brønsted acid-base behavior of transi
tion metal hydride complexes and their conjugate 
bases has been investigated. Deprotonation of 
transiton metal hydrides often results in large 
changes of coordination geometry. This, in turn, 
results in large intrinsic activation barriers for 
deprotonation and correspondingly small rate 
constants for proton transfer. Degenerate proton 
exchange reaction rate constants between transi
tion metal carbonyl hydrides and their conjugate 
bases are found to span a range of more than 106, 
CpCr(CO)3H exhibiting the largest "self-exchange" 
rate constant and hydrido-osmium tetracarbonyl 
complexes the smallest. There is a tendency for 
the rate of deprotonation to decrease with de
creasing acidity of the hydrido complex. 

Proton transfer reactions involving organic compounds have 
been the subject of extensive study Cl-7), and there has also 
been some investigation of proton transfer reactions involving 
coordinated organic ligands (8). Proton transfers involving 0-H 
bonds (e.g., from phenols to phenolate ions) are quite fast and 
frequently diffusion-controlled as are proton transfers involv
ing N-H bonds. In comparison, proton transfers involving carbon 
acids, such as nitromethane, are generally quite slow in both 
the forward and reverse directions. 

+ - + ^ ° " Β + CH3N02 J BH + CH2N02 J H2C=N^ . (1) 

The contrast is explained by the extensive electronic and struc
tural reorganizations that must take place when nitromethane and 

0097-6156/82/0198-0403$06.25/0 
© 1982 American Chemical Society 
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404 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

other carbon acids are deprotonated or when the corresponding 
anions are protonated. Oxygen and nitrogen are r e l a t i v e l y 
electronegative atoms and the lone p a i r s r e s u l t i n g from depro
tonation of 0-H and N-H bonds are correspondingly s t a b l e , where
as anions r e s u l t i n g from the deprotonation of carbon acids are 
stable only when there i s extensive d e r e a l i z a t i o n of the lone 
p a i r over more electronegative atoms as i l l u s t r a t e d f o r n i t r o -
methane anion i n reaction 1. This d e r e a l i z a t i o n w i l l , i n 
general, be r e f l e c t e d i n extensive s t r u c t u r a l differences be
tween carbon acids and the corresponding anions. 

I f we consider proton t r a n s f e r reactions i n v o l v i n g t r a n 
s i t i o n metal-hydrogen bonds, i t i s apparent that they should 
have more i n common with those of carbon acids than with those 
of oxygen or nitrogen acids. Transition-metal anions are gen
e r a l l y s t a b i l i z e d by considerable charge d e r e a l i z a t i o n onto 
π-acceptor ligands such as CO. The extent of the e l e c t r o n i c 
rearrangement required as transition-metal hydrides such as 
HCo(CO)^ and HMn(CO)^ are deprotonated can be gauged from the 
fac t that t h e i r carbonyl s t r e t c h i n g frequencies t y p i c a l l y change 
by over 100 cm 1 as a r e s u l t , r e f l e c t i n g a su b s t a n t i a l decrease 
i n C-0 bond order as π-backbonding increases. 

Transition-metal hydrides a l s o , l i k e carbon acids, undergo 
considerable s t r u c t u r a l change upon deprotonation. Whereas a 
nitrogen or oxygen lone p a i r i s stereochemically a c t i v e , and the 
molecular geometry, therefore, changes l i t t l e upon deprotona
t i o n , t ransition-metal "lone p a i r s " merely increase the formal 
d-electron configuration and are not stereochemically a c t i v e . 
The deprotonation of a transition-metal hydride, therefore, pro
duces considerable changes i n coordination geometry (9). The 
contrast i s i l l u s t r a t e d by the recently reported (10) X-ray 
structure of [Me^NH][Co(CO)^]. The C-N-C angles average 109°, 
e s s e n t i a l l y equal to those of 110° found i n Me^N i t s e l f (11), 
whereas the C-Co-C angles average 106°, considerably larger than 
the C(axial)-Co-C(equatorial) angles of 99.7° found i n the C 3 v 

symmetry HCo(CO), (12). The nitrogen i s thus t e t r a h e d r a l l y co-
ordinated i n both Me^NH and Me^N, whereas the coordination 
geometry of cobalt changes from a d i s t o r t e d t r i g o n a l bipyramid 
i n HCo(CO)^ to an approximately tetrahedral arrangement i n 
[Co(C0) 4]". 

Information Pertinent to Proton Transfer 

There i s very l i t t l e information on proton t r a n s f e r rates 
i n v o l v i n g M-H bonds against which to check the above p r e d i c t i o n . 
Walker, Kresge, Ford, and Pearson (WKFP) have recently reported 
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17. J O R D A N A N D N O R T O N Pwton-Transjer Reactions 405 

(13) a stopped-flow study of the deprotonation of several hy
drides by sodium methoxide i n methanol i n which they conclude 
that the rates "are remarkably small f o r a base as strong as 
methoxide i o n " and "are quite comparable to rates of reaction 
of n i t r o p a r a f f i n s with hydroxide i o n " . However, most of the 
hydrides studied were polynuclear. 

We believe that systematic information on the common mono
nuclear hydrides i s needed and have begun such an i n v e s t i g a t i o n . 
We have chosen a c e t o n i t r i l e as a solvent f o r several reasons: 
1) i t s high d i e l e c t r i c constant and strong s o l v a t i o n of a l k a l i 
metal cations make i t a good solvent f o r organometallic anions 
and minimize complications due to ion p a i r i n g i n s o l u t i o n ; 2) i t 
dissolves most transition-metal hydrides without reacting with 
them; 3) i t s low s e l f - i o n i z a t i o n constant (14) permits the use 
of a wide range of acid and base strengths; 4) the existence of 
accurate pK data f o r a wide range of nitrogen bases (15, 16) a 
allows straightforward determination of pKfl values f o r organo
m e t a l l i c hydrides by IR spectroscopy. We have used a c e t o n i t r i l e 
d i s t i l l e d from ?2^5 u n < * e r nitrogen and handled by standard 
vacuum l i n e techniques (21). 

Both k i n e t i c and thermodynamic data on organometallic hy
drides should be very u s e f u l . The r e l a t i v e rates of proton 
t r a n s f e r processes and other reactions determine a good deal of 
organometallic chemistry. For example, i n our synthesis of 
cis-0s(C0) 4(CH^)H, reactions 2-4, the comparative rates of 
methylation, reaction 2, and proton t r a n s f e r , reaction 3, de
termine the y i e l d of the desired monomethylated osmium complex 
versus that of unmethylated and dimethylated byproducts. 

[0s(C0) 4H]~ + CH3X -* 0s(C0) 4(CH 3)H + X" (2) 

[0s(C0) 4H]" + 0s(C0) 4(CH 3)H -> 0s(C0) 4H 2 + [Os(CO) 4CH 3]" (3) 

[Os(CO) 4CH 3]' + CH3X •* 0s ( C 0 ) 4 ( C H 3 ) 2 (4) 

With methyl t o s y l a t e as CH3X, the rates of reactions 2 and 3 
are approximately equal, whereas with methyl fluorosulfonate as 
Ch*3X, reaction 2 i s much f a s t e r (17). 

Thermodynamic data on the a c i d i t y of organometallic hy
drides should help i d e n t i f y s i t u a t i o n s where apparent reactions 
of a c i d i c transition-metal hydrides a c t u a l l y r e s u l t from t h e i r 
conjugate bases. A case i n which both species can react but 
give d i f f e r e n t products (as was pointed out by Prof. Espenson 
three years ago (18)) i s the addi t i o n of hydridocobaloximes, 
HCo(dmgH)2B, to o l e f i n s with electron-withdrawing substituents 
CH =CHX, reactions 5 and 6. 
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406 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

HCo(dmgH)2B + CH2=CHX -> CH3CHXCo(dmgH)2B (5) 

Co(dmgH)2B~ + CH2=CHX -» 5 XCH2CH2Co(dmgH)2B (6) 

The d i r e c t i o n of addition depends upon whether the hydridoco-
baloxime or i t s conjugate anion i s the reactive species (19, 
20). The fact that these reactions can both be observed sug
gests (but does not prove) that proton exchange between 
HCo(dmgH)2B and Co(dmgH)2B~ i s slow. 

Another way i n which a transition-metal hydride may con
ceivably i n t e r a c t with a substrate i s by rate-determining pro
ton tr a n s f e r to the substrate i t s e l f , reaction 7. 

M-H + S •* M" + SH + (7) 

An understanding of k i n e t i c a c i d i t y i s necessary i n order to 
di s t i n g u i s h such mechanisms from other ways i n which hydrogen 
may become attached to a substrate, e.g., hydrogen atom trans
f e r , reaction 8, and hydride t r a n s f e r , reaction 9. 

M-H + S + ·Μ + *SH (Β) 

M-H + S -» M + + SH" (9) 

I t should be both possible and p r o f i t a b l e to divide a l l reac
tions of transition-metal hydrides i n t o these three classes. 
Even concerted reactions, i n which the metal i n t e r a c t s with the 
substrate at the same time as i t s hydrogen ligand does, can 
us e f u l l y be divided according to which of the above hydrogen 
trans f e r reactions they most resemble. 

Proton Transfer i n Osmium-Tetracarbonyl Complexes 

A l l of our measurements of proton tr a n s f e r rates i n aceto
n i t r i l e have been done by various NMR techniques. One of the 
simplest has been used to measure the rates of tra n s f e r from 
c i s - 0 s ( C 0 ) 4 H 2 to Et^N and back again (21). Whereas a mixture of 
cis - 0 s ( C 0 ) 4 H 2 and K[0s(C0) 4H] shows two sharp resonances i n the 
hydride region of the *H NMR (Figure 1), the a d d i t i o n of Et^N to 
0s(C0) 4h* 2 gives resonances at the same two positions which, 
however, are quite broad at some temperatures (Figure 2). The 
resonances correspond to unreacted 0s(C0) 4h* 2 and to the 
0s(C0) 4H produced by i t s p a r t i a l deprotonation by Et^N. The 
l i n e width i s produced by the rapid operation of reaction 10 i n 
both d i r e c t i o n s . 
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17. J O R D A N A N D NORTON Proton-Transfer Reactions 407 

t • t • 
1.93 0.05 -9.03 -10.4 

Figure 1. The 100-MHz Ή NMR spectrum of cis-Os(COhH2(0.05 M), K[Os-
(CO)kH](0.08 M), and hexamethyldisiloxane (0.01 M) (used as an internal line 
width standard) in CD SCN. Chemical shifts are illustrated in B. The signal at M .93 

is due to residual solvent protons. 

-40 

ι 10.4δ 

Figure 2. The 100-MHz *H NMR spectra (hydride region only) of a CDSCN 
solution of 0.3 M cis-OsfCO^Hi and 1.5 M EtsN as a function of temperature. 

Chemical shifts are illustrated in 8. 
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408 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

c i s - 0 s ( C 0 ) 4 H 2 + Et 3 N J 1 0s(C0) 4H + Et NH (10) 
k 
r 

D i v i s i o n of the excess l i n e width, A(0s(C0) 4H 2) ( i . e . , the i n 
crease i n the 0s(C0) 4H 2 l i n e width due to reaction 10), by the 
concentration of Et^N gives the forward rate constant k^, and a 
s i m i l a r procedure gives k . 

7lA(Os(CO) 4H 2) 
C f = ïlt^NÎ (11) 

7lA(0s(C0) AH ) 
k r = ^ — (12) 

[Et 3NH ] 

The 0s(C0) 4H peak i s both smaller and, at a given temperature, 
broader, as equilibrium 10 l i e s f a r to the l e f t . 

The value of the equilibrium constant f o r reaction 10 can 
be calculated from k^/k^ from the r a t i o of the integrated i n 
t e n s i t i e s of the 0s(C0) 4H 2 and 0s(C0) 4H peaks, and from spec
trophotometry (carbonyl region IR) t i t r a t i o n of 0s(C0) 4H 2 with 
Et 3N. Fortunately, a l l three values agree quite w e l l . The Κ 
thus determined and the known pK of Et QNH + i n a c e t o n i t r i l e (15, 

a D 

16) give the value f o r the pK of 0s(C0),H 9 i n a c e t o n i t r i l e as 
l i s t e d i n Table I. a * Z 

In p r i n c i p l e , the NMR l i n e widths also r e f l e c t 0s(C0) 4H 2/ 
[0s(C0) 4H] proton exchange. (Et 3N/Et 3NH + proton exchange i s 
extremely rapid and t h e i r NMR spectra are completely averaged 
under a l l conditions.) However, the sharp l i n e s seen f o r the 
0s(C0) 4H 2/K[0s(C0) 4H] mixture show that such exchange i s ex
tremely slow. (IR studies (21) confirm that there i s l i t t l e 
contact ion p a i r formation with organometallic ions i n acetoni
t r i l e and suggest that a reaction which i s slow f o r K[0s(C0) 4H] 
w i l l also be slow f o r [Et 3NH] [0s(C0) 4H].) I t i s , however, 
possible to measure the rate of t h i s proton exchange by another 
technique, saturation t r a n s f e r (22). As shown i n Figure 3, i r 
r a d i a t i o n of the 0s(C0) 4H resonance causes a decrease i n the 
i n t e n s i t y of the 0s(C0) 4H 2 resonance. From M q , the i n t e n s i t y 
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410 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

M 0 

1.93 0.05 
t î 

-9.03 -10.4 

Figure 3. The 100-MHz NMR spectra at 40°C of a CDSCN solution of cis-
Os(CO)hHt (0.85 M) and K[Os(CO)hH] (0.34 M), with (MJ and without (M0) 
irradiation at the hydride resonance of K[Os(CO)kH] (indicated by the arrow in 
lower spectrum). Ratio M„: M0 = 0.7. Chemical shifts are illustrated in δ. The 
signal at hi.93 is due to residual solvent protons. Hexamethyldisiloxane (020 M), 

resonance W.05, is an internal intensity standard. 
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17. JORDAN AND N O R T O N Proton-Transfer Reactions 411 

of the Os(CO)^R^ s i g n a l without i r r a d i a t i o n , M^, i t s i n t e n s i t y 
a f t e r prolonged i r r a d i a t i o n , and the s p i n - l a t t i c e r e l a x a t i o n 
time of OsiCO)^^, the rate constant f o r proton exchange 
, Os-Os , _ . 
κ can be obtained. 

Os-Os 1 2 M (Os(CO),H ) 
[Os(CO)4H-] V 0 s ( C 0W ^ ( 0 . ( 0 0 ) ^ ) 1 ] ( 1 3 ) 

The experiment can also be performed i n the reverse d i -
Os-Os 

re c t i o n and k determined independently. However, as the 
time scale of t h i s rate measurement technique i s determined by 
T 1, and as the Tj of 0s(C0) 4H~ i s a great deal longer (240 sec
onds at 30C) than that of 0s(C0) 4H 2 (34.6 seconds) and i s sub
j e c t to considerable uncertainty, the value obtained from 
0s(C0) 4H i r r a d i a t i o n i s more r e l i a b l e . From a s i n g l e ex
periment, the two values agree reasonably w e l l ( f o r example, 
0.058 M" 1s" 1 versus 0.037 M" 1s" 1 at 30C), but the measured rate 
constant var i e s somewhat from experiment to experiment. Consid
ering the slowness of t h i s proton t r a n s f e r , the rate constant 
v a r i a t i o n may r e f l e c t varying degrees of adventitious c a t a l y s i s . 
As l i t t l e as 10 M of an impurity with the k i n e t i c b a s i c i t y of 
Et^N would explain the observed rate v a r i a t i o n . The a d d i t i o n 
of a small amount of ethanol (which i s not s i g n i f i c a n t l y depro
tonated by 0s(C0) 4H~) f a i l e d to a f f e c t the rate. 

We have also looked at cis-0s(C0) 4(CH 3)H/Et 3N proton trans
f e r by observing the collapse of the hydride quartet (Figure 4) 
(21) . The observed and calculated spectra are quite s i m i l a r to 
the 1957 ones - which have become standard textbook material -
of Grunwald, Loewenstein, and Meiboom fo r the deprotonation of 

CH 3NH 3
+ (23). 

Other Complexes 

F i n a l l y , we have measured the rate constants of proton 
t r a n s f e r reactions i n v o l v i n g (r) 5-C 5H 5)M(C0) 3H (M = Cr, Mo, W) 
by watching the coalescence of the cyclopentadienyl signals of 
the anion and of the neutral hydride (Figure 5) and by deter
mining the excess l i n e widths due to proton t r a n s f e r i n a mix-
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MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

A Β 

Figure 4. The hydride region 100-MHz *H NMR spectra observed for 0.31 M 
cis-Os(CO)k(CHs)H and 1.20 M EtsN in CDSCN as a function of temperature 
(5°C) where kt = 14 s'1 and calculated for the exchange rates (with respect to 

ch-Os(CO)h(CHs)H) shown. Key: A, observed; and B, calculated. 
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- 1 0 

-36 

Figure 5. The 100-MHz XH NMR spectra of a CDSCN solution of (V
S-C5H5)W-

(CO)sH (0.092 M) and [(v
5-C5H5)W(CO)sY (0.058 M) as a function of T. Only the 

region containing the cyclopentadienyl resonances is shown. Chemical shifts are 
illustrated in δ. 
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414 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

ture of (n5-C5H5)W(CO)3H and morpholine (21). A l l of these rate 
constants have been measured over a range of temperatures which 
give rates appropriate f o r the various methods of measurement. 
A c t i v a t i o n parameters and values of the rate constants extrapo
lated to 25C are given i n Table I , as are pK values a r i s i n g 

a 
from IR determination (checked by NMR when possible as above f o r 
Os(CO) 4H 2/Et 3N) of equilibrium constants f o r the deprotonation 
of the hydride complexes by various nitrogen bases. 

Conclusions 
These r e s u l t s suggest a number of generalizations: 
1) The equilibrium a c i d i t y decreases down a column i n the 

peri o d i c table (Cr>Mo»W). While t h i s generalization has been 
offered before (24, 25), there has been no previous quantitative 
measurement of the a c i d i t y of a l l three members of such a 
ser i e s . 

2) The k i n e t i c a c i d i t y (rate constant f o r metal-to-metal 
proton exchange) also decreases down a column (Cr>Mo»W) i n 
the pe r i o d i c table. This p a r a l l e l s the order of rates we have 
observed f o r the dinuclear el i m i n a t i o n of methane from 
( n 5-C 5H 5) 2Zr(CH 3) 2 and HM(CO) 3(r| 5-C 5H 5) (M = Cr, Mo, W) and 
suggests that the l a t t e r reaction involves proton t r a n s f e r . 

( n 5-C 5H 5) 2Zr(CH 3) 2 + HM(CO)3(n5-C5H5) -> 

(14) 

CH 4 + (n 5 -c 5H 5) 2zr *M(co)2(n5-c5H5) 
CH 3 

3) Replacement of a hydride ligand by a methyl s u b s t i t u 
ent decreases both the thermodynamic and the k i n e t i c a c i d i t y 
of the remaining hydrogen, while i t s replacement by an addi t i o n 
a l Os(CO) 4H u n i t increases the thermodynamic a c i d i t y but de
creases the rate of deprotonation. The same a d d i t i o n a l d e r e a l 
i z a t i o n that decreases the pK of 0s o ( C 0 ) o H o r e l a t i v e to that 

a 2 ο ζ 
of 0s(C0) 4H 2 presumably increases the e l e c t r o n i c rearrangement 
that must occur upon deprotonation and, therefore, decreases 
the rate of that process. 

4) The tran s f e r of protons from metal hydrides to metal 
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17. JORDAN AND NORTON Proton-Transfer Reactions 415 

anions i s much slower than tr a n s f e r to nitrogen bases of compar
able strength. For example, tra n s f e r from (iy*-C,-H,.)W(CO)3H 
to (n5-C5H5)W(CO)3~ (pK a of conjugate a c i d 16.1) i s 156 times 
slower than to morpholine (pK of conjugate acid 16.6); t r a n s f e r 

a 
from Os(CO) 4H 2 to 0s(C0) 4H" (pKfl of conjugate acid 20.8) i s over 
6,000 times slower than t r a n s f e r to triethylamine (pK^ of con
jugate a c i d 18.5). I t appears that the p r e d i c t i o n that proton 
tra n s f e r processes i n v o l v i n g metals would be slower than com
parable processes i n v o l v i n g nitrogen i s correct. 

An A l t e r n a t i v e Mechanism. Considering the f a c i l i t y of the 
electron t r a n s f e r reactions to which a great deal of t h i s sym
posium has been devoted, we have to worry whether our "proton 
t r a n s f e r " reactions may not r e a l l y be the r e s u l t of electron 
t r a n s f e r i n the reverse d i r e c t i o n followed by hydrogen t r a n s f e r . 
As Bergman (26) has recently reported that another hydride anion 
may act as a one-electron reducing agent, and as we have e v i 
dence i m p l i c a t i n g 0s(C0) 4H # as an intermediate i n a number of 
other reactions, the mechanism of reactions 15 and 16 has to be 
considered as an a l t e r n a t i v e to d i r e c t 0s(C0) 4H 2/0s(C0) 4H pro
ton exchange. 

0s(C0) 4H 2 + 0s(C0) 4H~ t r a n f f e r 0s(C0) 4H 2" + 0s(C0) 4H- (15) 

0s(C0) 4H 2" + 0s(C0) 4H- t r a J f e r 0s(C0) 4H" + 0s(C0) 4H 2 (16) 

The operation of t h i s a l t e r n a t i v e mechanism may explain why the 
rate of t h i s reaction appeared to vary from experiment to exper
iment, although a more l i k e l y explanation i s adventitious 
c a t a l y s i s . 

Directions f o r Future Work. The measurement of rates of 
proton t r a n s f e r from a s i n g l e acid to more bases d i f f e r i n g only 
i n thermodynamic base strength should allow the construction of 
Bronsted p l o t s of k i n e t i c versus thermodynamic a c i d i t y . The 
bases we have used at t h i s e a r l y stage of development of the 
subject have involved d i f f e r e n t proton acceptor atoms and cannot 
be so used (although comparison of the Et^N t r a n s f e r rates of 
0s(C0) 4H 2 and Os(CO) 4(CH 3)H suggests a Bronsted slope Of of about 
0.5). The slopes of such p l o t s should give valuable knowledge 
of the d e t a i l s of proton t r a n s f e r processes i n v o l v i n g metals. 

We intend to extend t h i s work to include the comparison of 
hydrides of d i f f e r e n t types. In contrast to organic acids, 
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416 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

where the protons are bound to oxygen, nitrogen, or carbon i n 
a few simple ways, a c i d i c inorganic hydrides are known f o r v i r 
t u a l l y a l l the t r a n s i t i o n elements and disp l a y great s t r u c t u r a l 
v a r i e t y . A p a r t i c u l a r l y f a s c i n a t i n g c l a s s , j u s t now becoming 
widely recognized, i s that of i n t e r s t i t i a l hydrides. An example 
i s [Rh^^(CO)^^H^_ n] n , where η ranges from two to four, one of 
many i n t e r e s t i n g structures f o r which we are indebted to the 
la t e Paolo Chini (27) . The hexagonal-close-packed rhodium 
framework i s i l l u s t r a t e d i n Figure 6. One, two, or three pro
tons occupy semi-octahedral holes (28, 29). The rate of de
protonation of such systems i s undoubtedly very slow and may 
r e f l e c t the rate at which i n t e r s t i t i a l hydrogens migrate to 
surface s i t e s . 
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2 interstitial H 

Figure 6. The hexagonal-close-packed rhodium framework of [RhÎS(CO)nH5.n]n~. 
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General Discussion—Proton-Transfer Reactions in Organometallic 
Chemistry 
Leader: Dennis Tuck 

DR. GREGORY GEOFFROY (Pennsylvania State U n i v e r s i t y ) : 
There was a recent paper [ V i d a l , J . L. ; Walker, W. E. Inorg. 
Chem. 1981, 20, 249] which indicated that hydridorhodiumtetra-
carbonyl i s much more a c i d i c than hydridocobalttetracarbonyl. 
This goes against your general statement that a c i d i t y decreases 
with increasing atomic number w i t h i n a group. Can you explain 
that? 

DR. NORTON: I read that paper with some care. I am a f r a i d 
I am not convinced by the r e s u l t . The cobalt and i r i d i u m re
s u l t s are believable. They have been c a r e f u l l y measured and 
they agree with the general trend. The rhodium r e s u l t i s not 
w e l l measured, and I am i n c l i n e d , therefore, to be suspicious of 
the f a c t that i t doesn't f i t the general trend. 

DR. GEOFFROY: Do you know anything about dihydridoruthe-
niumtetracarbonyl compared to dihydridoironcarbonyl? 

DR. NORTON: No. 

DR. HENRY TAUBE (Stanford U n i v e r s i t y ) : There i s i n the 
l i t e r a t u r e a d e s c r i p t i o n of bis-ethylenediaminedihydride os-
mium(IV) prepared by Malin [Malin, J . ; Taube, H. Inorg. Chem. 
1971, 10, 2403]. The i n t e r e s t i n g thing i s that the compounds 
you describe, i n which you have four carbon monoxides i n place 
of the two ethylenediamines and where the formal oxidation state 
i s lower, are a c t u a l l y much more a c i d i c than M a l i n 1 s dihydride, 
i n which the oxidation state of Os i s 4+. The comparison i s n ' t 
exact, because Malin*s work was done i n aqueous s o l u t i o n , and 
bases are not as strong i n aqueous s o l u t i o n as i n nonprotic 
solvents, but, nevertheless, i t t e s t i f i e s to the strong e l e c t r o n 
withdrawing power of something l i k e carbon monoxide. Malin 
observed no diminution i n the hydride nmr s i g n a l when hi s spe-

2+ 
c i e s , O s i e n ) ^ ^ , was dissolved i n 2M aqueous hydroxide. 

DR. NORTON: I t i s also worth noting that the osmium d i 
hydride i s a rather weak acid i f you compare i t to these others. 

DR. STEPHEN NEUMANN (Eastman Kodak Co.): In your observa
t i o n of the proton t r a n s f e r rates between the metal base and the 
amine base, do you have any f e e l i n g f o r whether the slower 
t r a n s f e r i s unique to the metal bases or whether i t has to do 
more with the bulk of the o v e r a l l base p a r t i c i p a t i n g i n the 
proton transfer? For instance, would a s t e r i c a l l y hindered 
amine show rates s i m i l a r to the metal bases. 

DR. NORTON: That i s a d i f f i c u l t question to answer at 
bottom. But I think the general trend i s c l e a r , namely that a l l 
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1 7 . J O R D A N A N D N O R T O N Proton-Transfer Reactions 421 

of the metal bases are slower than a l l of the comparable n i t r o 
gen bases. I t i s d i f f i c u l t to believe that t h i s phenomenon i s 
simply due to s t e r i c hindrance. I suppose that we should t r y 
p u t t i n g a s t e r i c a l l y hindered nitrogen base i n t o the system. I t 
i s f a i r to say, however, that many of these metal anions are not 
exceptionally hindered. For example, hydridoosmiumtetracarbonyl 
anion i s a t r i g o n a l bipyramidal species with minimal s t e r i c con
gestion. 

DR. JOHN BRAUMAN (Stanford U n i v e r s i t y ) : One of the points 
that i s i n t e r e s t i n g i n these proton t r a n s f e r reactions i s the 
observation that often hydrogen-bonded intermediates don't seem 
to be of much consequence as contrasted with oxygen or nitrogen 
lone p a i r bases. There i s a very long, involved, and sometimes 
confusing l i t e r a t u r e about c o r r e l a t i o n s of hydrogen bond 
strengths or hydrogen bonding with a c i d i t y , which i n v a r i a b l y 
break down i n p e c u l i a r s i t u a t i o n s . Is there any i n d i c a t i o n that 
you can see hydrogen bonding i n these metal hydrides? 

DR. NORTON: An excellent attempt to observe such hydrogen 
bonding was made recently by F a c h i n e t t i , et a l . [Calderazzo, F.; 
F a c h i n e t t i , G. ; Marchetti, F.; Zanazzi, P. F. J . Chem. S o c , 
Chem. Commun. 1981, 181]. They took hydridocobalttetracarbonyl 
and triethylamine, and c r y s t a l l i z e d out a species which one can 
only describe as the tetracarbonylcobaltate of protonated t r i 
ethylamine. They proposed some type of i n t e r a c t i o n between the 
hydrogen and a face of the cobalt tetrahedral complex, but i t 
was cl e a r that the i n t e r a c t i o n was almost e n t i r e l y with n i t r o 
gens. The conclusion I would draw i s that the complex appears 
to proceed d i r e c t l y to f u l l protonation of the amine without any 
observable evidence f o r a hydrogen bonded intermediate. 

DR. BRAUMAN: But there are much weaker bases, such as 
ethers, which might show i n f r a r e d changes i n the metal hydride. 

DR. NORTON: The metal-hydrogen stretches tend to be very 
broad. This would hamper such observations. I am aware of no 
reports of solvent dependence of metal-hydrogen stretches. 

DR. DENNIS TUCK (University of Windsor): There are some 
stable dimetal carbonyl species i n which the hydrogen bond 
a c t u a l l y holds the two anions together ( i . e . , HX^ species). 
Are these relevant to the k i n e t i c s you are looking at? 

DR. NORTON: We are expecting to look at such systems but 
haven't yet done so. C l e a r l y , the next step i s to begin looking 
at cases where the hydrogen i s bridging two metal systems. 

DR. JAMES ESPENSON (Iowa State U n i v e r s i t y ) : You have 
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422 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

talked about reactions i n which the metal hydride acts as a 
proton donor toward a Lewis base. Are there cases i n which the 
same metal complex can act as a hydride donor toward a Lewis 
acid? 

DR. NORTON: I am not aware of any cases where the same 
complex has been shown to act i n both ways. In general, one 
finds that metal hydrides tend to be f a i r l y good at e i t h e r one 
thing or the other. 

DR. THOMAS MEYER (University of North Carolina): I f e e l 
that you have glossed over something that i s a c t u a l l y very 
i n t e r e s t i n g , and that i s the whole question of the Bronsted 
r e l a t i o n s h i p . You have now observed a large number of systems, 
chromium, molybdenum, tungsten, which e x h i b i t t r i c a r b o n y l an
ions. Have you looked at rate constants f o r a l l those species 
with the same hydride? You would then have three bases, a l l 
with i d e n t i c a l structures. 

DR. NORTON: The answer i s , as yet, no. I think the ex
periment to do would be to take a weak base with a l l three of 
those hydrides as acids and look at the l i n e broadening. By 
varying the concentration of the weak base over an enormous 
range, one should be able to obtain the proton tr a n s f e r rate 
constants of a l l three of those hydrides to the same weak base. 
That i s the next experiment on our l i s t . 

DR. DALE MARGERUM (Purdue U n i v e r s i t y ) : You need to be 
car e f u l because you may not obtain a true Bronsted p l o t from 
what you have j u s t described. You don't want to make a p l o t 
where each system has a d i f f e r e n t rearrangement. You want to be 
ce r t a i n to have a common type of aci d or base with which you are 
reacting. The l i t e r a t u r e i s f u l l of inverse Bronsted r e l a t i o n 
ships i n which there has been a poor choice of reaction a c i d -
base p a i r s . Much confusion has been generated as a r e s u l t . 

DR. NORTON: Unfortunately, a l l of these systems tend to be 
rather d i f f e r e n t s t e r i c a l l y . That, as I understand i t , makes 
the whole concept t o t a l l y i n a p p l i c a b l e . But i n the case that 
Dr. Meyer has c i t e d , one would be varying only the c e n t r a l metal 
with a common base. Simply by varying the ce n t r a l metal, I 
don't think one would be changing the geometry that much. 

DR. MARGERUM: On the contrary, I think you are changing i t 
very much. You could use one of your acids and react i t with a 
series of d i f f e r e n t bases, a l l of which are s i m i l a r amine bases. 

DR. NORTON: That i s , i n f a c t , another set of experiments 
on our l i s t . I would presume from what you are saying that the 
proper approach would be to take a constant hydride with a 
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17. JORDAN AND NORTON Proton-Transfer Reactions 423 

sin g l e metal and a v a r i e t y of c l o s e l y r e l a t e d bases over a 
rather small pK^ range and measure the tra n s f e r rates. 

DR. MARGERUM: Right. Otherwise, you w i l l have d i f f e r e n t 
reorganizational terms or d i f f e r e n t work terms, a l l of which i s 
going to confuse your Bronsted r e l a t i o n s h i p . 

DR. WILLIAM TROGLER (Northwestern U n i v e r s i t y ) : You looked 
at exchange between the monohydride anion of osmium and the 
neutral dihydride. Have you ever studied the bimolecular s e l f -
exchange f o r a neutral dihydride? This could be followed by 
mixing one sample l a b e l l e d with deuterium and one with hydrogen. 

DR. NORTON: No. Bergman has seen one such case. I think 
t h i s reaction can take place only when there i s some type of 
base i n the medium to catalyze that e q u i l i b r a t i o n . I don't see 
i t as a completely non-acid-base phenomenon. 
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Reactivity of Coordinated Dioxygen 

JOHN F. ENDICOTT and KRISHAN KUMAR 
Wayne State University, Department of Chemistry, Detroit, MI 48202 

Contrasts between the reactivity of free and 
coordinated O2 are considered with a special focus 
on the reactions of transient dioxygen adduct, A = 

Co([14]aneN4)(OH2)O22+, observed in aqueous mix-
tures of O2 and Co([14]aneN4)(OH2)22+. The greater 
reactivity of A than O2 towards outer-sphere elec
tron transfer reagents is in part due to A being 
the stronger oxidant. The preliminary observations 
also suggest a smaller intrinsic barrier for elec
tron transfer to A than to O2. Reactions of A 
which result in formation of μ-peroxo adducts tend 
to be favored over outer-sphere electron transfer. 
The rate advantage of the pathways forming adducts 
appears to arise almost entirely from thermodynam
ic factors. The coordinated O2 of A is not a 
reactive radical with respect to hydrogen atom 
abstraction, addition to olefins, etc. The possi
bilities for oxygen atom transfer have only begun 
to be investigated. Some comparisons with the 
reactivity reported for μ-peroxo complexes are 
considered. 

Oxidations dependent on molecular oxygen are of fundamental 
importance to many chemical and biochemical processes . A 
large number of these processes require the presence of some 
transition metal ion to "activate" the oxygen. The initial step 
in many of these reactions is the coordination of 0^ and the 
nature of the coordinated dioxygen moiety has been of intense 
interest (1-12). Despite the extensive studies of the binding 
of 0 9 to transition metal complexes, relatively l itt le is known 

0097-6156/82/0198-0425$07.50/0 
© 1982 American Chemical Society 
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426 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

about the r e a c t i v i t y of coordinated 0^. In fac t there i s an 

element of p e c u l a r i t y to the " a c t i v a t i o n " of 0^ by coord ina t ion 

to metals , s ince the formation of even moderately s table com
plexes must reduce the net free energy a v a i l a b l e i n the ox ida 
t i o n process (see Table I for per t inen t thermochemical para
meters of 0^) . This paper w i l l focus on the chemical r e a c t i v i t y 

of coordinated 0 o . 

Table I 
Summary of Dioxygen Thermochemistry 

0 2 + 4H + + 4e~ î 2 H 2 ° E° = 1.23 V 

°2 + e " t °2~ E° = -0.15 V (pH 7) 

0 2 " + 2H + + e" 
t*2°2 

E° = 0.87 V (pH 7) 

H0 2 t Ο / + H + pK = 4.88 * a 

0 2 •> 20 · 49 k J m o l " 1 

H 2 0 2 -> 20Η· 146 k J m o l " 1 

(a) Parameters from re f . (4 ) ; Lat imer , W.M. "The Oxida t ion 
States of the Elements and t h e i r Po t en t i a l s i n Aqueous S o l u 
t i o n s " ; 2nd E d . , P r e n t i c e - H a l l : Englewood C l i f f s , N J , 1952; 
Sawyer, D . T . , G i b i a n , M . J . Tetrahedron, 1979, 35, 1471. 

Many c o b a l t ( I I ) complexes are very reac t ive towards d i s 
solved oxygen. The reasonably complex k i n e t i c behavior of these 
systems can u s u a l l y be in te rpre ted i n terms of a simple two step 
mechanism (8, 10): 

C o n L 5 + 0 2 l C o L 5 0 2 K 1 , k 1 , k - 1 (1) 

C o L 5 0 2 + C o I 3 [ L 5 J L 5 C o - 0 - 0 - C o L 5 * 2 , k 2 , k _ 2 ( 2 ) 

For a very large number of cobal t complexes i t i s poss ib le to 
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18. ENDICOTT AND KUMAR Reactivity of Coordinated Dioxygen 427 

isolate and purify the r e l a t i v e l y stable 1:2 μ-peroxo dimers. 
It i s often possible to manipulate reaction conditions, such as 
solvent or temperature, i n order to detect, or sometimes even 
is o l a t e , the more transient 1:1 adducts. Direct investigation 
of the chemistry of reactive 1:1 CoL^O^ adducts i s generally 
hampered by their very short lifetimes and, consequently, small 
concentrations. We have found some macrocyclic tetraamine com
plexes of cobalt(II) to react rapidly with 0^ to form r e l a t i v e l y 
intensely absorbing 1:1 adducts whose formation and decay may be 
monitored on a stopped-flow time scale. Thus for [l4]aneN^ = 
1,4,8,11-tetraazacyclotetradecane (cyclam), at 25C (μ = 0.1), 
= (8 ± 2) χ 10 3 M"1, k 1 = (5.0 ± 1.5) χ 10 5 M ' V 1 , K 2 = (8 ± 3) 
χ 10 5 M"1, and k £ = (4.9 ± 0.4) χ 10 5 M*^"1 (13). We have been 
using this system to explore the r e a c t i v i t y of the coordinated 
oxygen molecule. Enough information has been accumulated that 
we may make some preliminary comparisons between free 0^, mono-
meric dioxygen complexes, and peroxo bridged binuclear com
plexes . 

Possible Reactions of Coordinated Dioxygen 

Five classes of reactions of coordinated 0^ may be usefully 
distinguished: 

1. Outer-sphere electron transfer i n which formation of a 
chemical bond between the reductant and 0 2 i s s t e r i c 
a l l y d i f f i c u l t : 

M02 + S" + H + + M02H + S (3) 

2. Formation of metastable μ-peroxo complexes (also ad
duct formation, nucleophilic substitution, radical 
coupling, etc.) 

M02 + S- -» M02S (4) 

3. Hydrogen atom abstraction: 

M02 + SH -* M02H + S (5) 

4. Oxygen atom transfer: 

M02 + S MO + SO (6) 
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428 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

5. H e t e r o l y t i c or homolytic displacement: 

(7) 

(8) 

We have been seeking to i l l u s t r a t e each of these reactions 
c l e a r l y with a d i r e c t l y observed reaction of the Co([14]aneN,)-

Outer-Sphere Electron Transfer Reactions of 0^ Moieties 

A l l known dioxygen moieties r e a d i l y react with outer-sphere 
elec t r o n t r a n s f e r reagents, provided the thermochemical require
ments are met. A representative c o l l e c t i o n of data i s presented 
i n Table I I . These outer sphere reactions can be used to make a 
comparison of the i n t r i n s i c r e a c t i v i t i e s of the dioxygen moi
e t i e s . Thus, one may obtain free energy independent r e a c t i v i 
t i e s by cor r e c t i n g f o r the redox equilibrium constants, or one 
may correct for both the equilibrium constant and the counter 
reagent self-exchange rate constant (14) to obtain apparent 
self-exchange rate constants^ of the dioxygen moieties themselves 
( i . e . , for 0 2 + *0 2" J 0 2~ + * 0 2 , e t c . ) . While the data i n 
Table I I are s e l e c t i v e , they are, nevertheless, reasonably 
representative. Self-exchange parameters obtained from k i n e t i c 
data reported i n the l i t e r a t u r e are widely scattered (Table I I ) 
fo r both the 0 2/0 2 and p-superoxo/p-peroxo couples. Despite 
various problems of d e t a i l , the i n t r i n s i c b a r r i e r s to electron 
t r a n s f e r are generally la r g e r f o r the p-superoxo/p-peroxo reac
tions than f o r the 0 ?/0 9 reactions (~ 100 ± 5 kJ mol 1 compared 

-1 
to ~ 45 ± 5 kJ mol ). Much, but not a l l , of t h i s difference i n 
i n t r i n s i c b a r r i e r s must a r i s e from the differences i n charge 
type of the reactions considered. The remaining contributions 
may o r i g i n a t e i n s o l v a t i o n e f f e c t s since the changes i n 0-0 bond 
length accompanying el e c t r o n t r a n s f e r make r e l a t i v e l y small 
contributions (< 5 kJ mol" 1; 13,15,16) to the a c t i v a t i o n bar
r i e r . 2 + 

The reactions of the Co([14]aneN^)(0H 2)0 2 complex present 
us with some s l i g h t l y d i f f e r e n t problems. F i r s t of a l l , the 
reactions are k i n e t i c a l l y complex since reactions (3) occur i n 
competition with (2). One must therefore perform r e l a t i v e l y 
thorough k i n e t i c studies, varying counter-reagent concentrations 
over a_ s u f f i c i e n t range that the rate becomes pseudo-first order 
i n [S ], i n order to sort out the reactions of i n t e r e s t . A 
c h a r a c t e r i s t i c c o l l e c t i o n of data i s presented i n Figure 1. 

A matter of some concern has been the estimation of a re-

(0H 2)0 2 
2+ complex. 
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ENDICOTT AND KUMAR Reactivity of Coordinated Dioxygen 433 

"3 "3 5 ζ Γ 
CRu(NH 3^*D X104, M 

Figure 1. Competition kinetics for the Ru(NHs)6
2¥ reduction of Co([14]aneN4)-

(OH2)02
2\ Reactions at 25°C, pH 2, and μ = 0.1(NaClOh). Individual pseudo-

first-order rate constants were determined from the exponential (to four half-lives) 
decay of Co([14]aneN,,)(OH2)0absorbance at 360 nm. Reactions were per
formed by mixing a solution containing Ru(NH3)6

2* and Co([14]aneN\)(OH2)2
2*-

(1 X 10 3 M) with a solution saturated in 02 (1.2 χ 10~3 M) in an Aminco stopped-
flow system. 
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434 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

2+ + 
versible reduction potential for the Co([l4]aneN^)(0H 2)0 2 ' 
couple. Geiger and Anson (17) have observed an i r r e v e r s i b l e 

2+ 
oxidation of Co( [ l4]aneN^) (OH 2)0 2H at ~ 1 V and have argued 
that this i s a reasonable potential for the half-reaction (9): 
Co([14]aneN 4)(0H 2)0 2

2 + + H + + e" J Co([14]aneN 4)(OH 2)0 2H 2 + (9) 

We have found the outer sphere reductions to be nearly pH inde
pendent, which argues that protonation occurs after electron 
transfer and that pK a < 1 for Co([l4]aneN 4)(OH 2)0 2H 3 +. Con
sequently, we propose that the reversible couple i s : 

Co([14]aneN 4)(0H 2)0 2
2 + + e~ J Co([l4]aneN 4)(0H 2)0 2

+ (10) 

In order to estimate the potential for (10) we have com
bined kinetic data for several outer-sphere reductions of Co
i l 14]aneN 4)(0H 2)0 2

2 + with data for the Ru(NH 3) 4(phen) 3 + oxi
dation of Co([l4]aneN 4)(0H 2)0 2H 2 +. The cross-reaction rate 
constants, k^, are given i n Table II. In the pH range 1-4.5, 
the predominant peroxo species has been found to be Co([l4]-

2+ 
aneN 4)(0H 2)0 2H . The oxidation of this species decreased i n 
rate with increasing [H +]. From this acid dependence we i n f e r 
k a b ~ 10 8 M" 1 S" 1 for the Ru(NH 3) 4(phen) 3 +/Co([14]aneN 4)-
(0H 2)0 2H 2 + reaction, and we find E° - 0.22V, k f l a - 10 5 lfls"1 

for the Co([14]aneN 4)(0H 2)0 2
2 + , + couple (18). Thus the Co([l4]-

aneN 4)-dioxygen adduct has a smaller i n t r i n s i c b arrier to elec
tron transfer than the other dioxygen species reported (see 
Table I I ) . However, this adduct i s a r e l a t i v e l y weak oxidant. 

Studies of the simple electron transfer properties of 
coordinated dioxygen are i n a preliminary stage. The d e f i n i 
tion of r e a c t i v i t y patterns i s obscured by inconsistencies and 
the lack of key pieces of information, as indicated by the com
ments above. Nevertheless, there i s hope that some general fea
tures w i l l emerge: 

(i ) A l l the dioxygen species investigated exhibit appre
ciable i n t r i n s i c barriers to one electron transfer. 
The source of the i n t r i n s i c barriers i s not t o t a l l y 
clear, although a large solvation component i s often 
implicated. This feature can contribute to a prefer
ence for adduct formation when this pathway i s a v a i l 
able (see below). 
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18. ENDICOTT A N D KUMAR Reactivity of Coordinated Dioxygen 435 

( i i ) Even i n simple electron t r a n s f e r reactions, we seem 
to f i n d that there are two advantages of coordination 
by 0^. F i r s t , there i s a thermodynamic advantage of 
coupling adduct formation and electron t r a n s f e r ; t h i s 
advantage appears to or i g i n a t e i n the s t a b i l i t y of 
M-(>2 bonding i n t e r a c t i o n s . Second, the simple MÔ  
adducts may have a r e l a t i v e l y small i n t r i n s i c b a r r i e r 
f o r electron t r a n s f e r to the coordinated 0^ moiety. 

Adduct Formation 

Most known reactions of dioxygen species involve inner-
sphere pathways, or adduct formation. Our studies of the 

2+ 
inner-sphere reactions of Co([l4]aneN 4)(0H 2)0 2 have so f a r 
employed as p o t e n t i a l inner sphere reagents, S* = Co([14]aneN 4)-
( 0 H 2 ) 2

2 + , Co([15]aneN 4)(0H 2) 2
2 +, and F e 2 + (Table I I I ) . 

The k i n e t i c s of the reaction of C o ( N 4 ) ( 0 H 2 ) 2
2 + with Co

i l 14]aneN,) (0H 9)0 2 + have been reported i n d e t a i l (13) and i n -
2+ 

volve formation of an i s o l a b l e μ-peroxo complex (19). The Fe /-
2+ 

Co([l4]aneN 4)(0H 2)0 2 reaction also r e s u l t s i n formation of a 
new intermediate species, apparently the mixed metal μ-peroxo 

4+ 
complex, ((H 00)_Fe-0-0-Co([l4]aneN /)(0H o)] . This new species 

2+ 
has about a 1 s l i f e t i m e (aqueous s o l u t i o n , 25C, excess Fe ) 
and a unique absorption spectrum (Figure 2). The ultimate prod
ucts of t h i s reaction are Co([ 1 4 ] a n e N 4 ) ( 0 H 2 ) 2

3 + and F e 3 + (20). 
A few minutes a f t e r mixing the reactants, the product mixture 
contains a sub s t a n t i a l amount (> 60%) of Co([l4]aneN 4)(0H 2)-
0 2 H 2 + and some [H 20Co( [ 14]aneN 4) l ^ 4 * . 

The k i n e t i c advantage to the inner-sphere pathway i s n i c e l y 
i l l u s t r a t e d i n Figure 3 i n which the k i n e t i c data are treated as 
one would t r e a t outer-sphere electron t r a n s f e r reactions. Thus, 
fo r reactants designated with a and b subscripts, 

k a b = 1 0 1 1 exp(-AG^/RT) 

AGab = *(AGaa + Δ4> + ^Gab + <AGaV2/8(AGaa + <,> 
The use of outer-sphere parameters predicts a much larger ac
t i v a t i o n b a r r i e r (or smaller rate constant) than i s a c t u a l l y 
observed. I t appears that much of t h i s k i n e t i c advantage de
rives from differences i n the equilibrium constants f o r outer-
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18. ENDICOTT A N D K U M A R Reactivity of Coordinated Dioxygen 437 

Figure 2. Absorption spectrum of [HtO([14]aneN\)Co-0-0-Fe]4*. Determined 
point-by-point in 0.1 M HClOk and 0.2 M NaClOk at ~100 ms after mixing. 
Solutions initially contained 6 X 10A M Co([14]aneNi)(OHt)t

2*, 6.3 X 10r* M 
Ot, and 0.26 M Fe2*. 
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r ^ + ( A ^ b ) + ± A G g b ] k J m o | - 1 
4Xab 2 J 

Figure 3. Outer-sphere correlation of the rates of various reductions of Co([14]-
aneNk)(OH2)02

2\ Outer-sphere reductants (Φ) are: Co(sepf\ 1; Ru(NHs)6
2\ 2; 

and V2\ 3. Potentially inner-sphere reductants (O) are: Co([14]aneN\)(OH2)2
2\ 

4; Co([15]aneNt)(OH2)2
2+, 5; and Fe2*, 6. Values of A G A B ° and A G M , * appropriate 

for outer-sphere electron transfer have been used for both open and solid circles. 
The open square corresponds to use of the measured K ab for the reaction of 
Co([14]aneN>)(OH2)02

2* with Co([14]aneN0(OH2)2
2*. The solid line has been 

drawn with unit slope through the solid circles. 
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18. ENDICOTT AND KUMAR Reactivity of Coordinated Dioxygen 439 

sphere electron transfer and f o r adduct formation. For example, 
use of the measured equilibrium constant for the Co([l4]aneN,)-

2+ 2+ 
(0H 2)0 2 /Co([l4]aneN 4)(0H 2) 2 reaction does reduce the magni
tude of the deviation from the outer-sphere c o r r e l a t i o n (see 
Figure 3). In addi t i o n , parameters used i n the present analy
s i s suggest that the net i n t r i n s i c b a r r i e r to adduct formation 
i s smaller than the b a r r i e r to simple electron t r a n s f e r . 

Hydrogen Atom Abstraction 

We have made a few preliminary attempts to observe reac
t i o n (5). As yet we have found no evidence for such a t y p i c a l l y 

2+ 
r a d i c a l reaction of Co([l4]aneN,)(0H 9)0 9 . For example, we 

-1-1 
found no reaction with 2-propanol (k_ < 20 M s ), ascorbic 

2+ 
ac i d , or a l l y l a l c o h o l . Since the Co([l4]aneN^)(OH 2)0 2 adduct 
i s reasonably stab l e , one would expect to observe reaction (5) 
only when exceptionally stable r a d i c a l s (S*) are formed. We do 
have some preliminary in d i c a t i o n s that reactive r a d i c a l s are 

2+ 
formed i n the decomposition of Co([l4]aneN 4)(0H 2)0 2H . 
Oxygen Atom Transfer 

Our studies of reaction (6) are only j u s t commencing. 
Some of the very obvious and simple reagents have proved 
unreactive; e.g., Ρφ 0 (k. < 10 4 M* 1s" 1) and S0 o(k, £ 20 
-1-1 J o Ζ ο 

M s ). Consideration of reaction (6) suggests that these re
actions f a i l , despite the s t a b i l i t y of the O-Ρφ^ and SO^ prod
ucts, because the primary product cobalt species i s an unstable 
c o b a l t ( I I I ) - r a d i c a l complex, Co-(0*)- This, i n turn, suggests 
that oxygen atom tr a n s f e r could succeed i f accompanied by elec-

2-
tron t r a n s f e r . We have found a f a c i l e reaction with S 20^ , 
presumably a reaction of S 0 2

# ; however t h i s i s most l i k e l y an 
outer sphere electron t r a n s f e r reaction. 

An attempt to combine electron t r a n s f e r with atom t r a n s f e r , 
employing a Cu(C 9H,) + reductant, has resulted only i n formation 

2+ 
of Co([l4])aneN 4)(0H 2)0 2H , presumably by means of a pathway 
in v o l v i n g a μ-peroxo, mixed metal binuclear intermediate as 
described above (21). 

An a d d i t i o n a l constraint, m i t i g a t i n g against oxygen atom 
trans f e r i n Co-0 9 adducts, may be the requirement of proton 

I I I 2-
tran s f e r to s t a b i l i z e the Co ~(0 ) product. This constraint 
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440 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

would be eliminated i f the reaction produced a M=0 product. 
Such a pathway may be a p o s s i b i l i t y with the oxygen adducts of 

2+ 
chromium(II). Thus, the rapid Cr /O^ reaction (22) produces a 
product which p e r s i s t s f o r r e l a t i v e l y long time periods (23) and 
which i s strongly o x i d i z i n g towards simple electron t r a n s f e r 
agents (18, 23). At the present time the chromium systems are 
not w e l l characterized. 

H e t e r o l y t i c or Homolytic Displacement 

Metal i o n catalyzed s u b s t i t u t i o n s f o r the halide (or 
methyl) ligands of c o b a l t ( I I I ) complexes are w e l l documented 
(24, 25). Mercury(II) i s p a r t i c u l a r l y e f f e c t i v e i n ca t a l y z i n g 
such simple h y d r o l y t i c s u b s t i t u t i o n s on Co ( I I I ) . However, 

2+ 2+ Hg does not a f f e c t the decay of Co([14]aneN 4)(0H 2)0 2 during 
i t s short l i f e t i m e (k < 10 3 M" 1s" 1). 

The homolytic t r a n s f e r of coordinated 0 o, formally as 
2-

0 2 , seems l i k e l y to be a more e a s i l y observed process pro
vided the substrate can function as a two-electron donor. 
Summary Comments 

A large range of i n t r i n s i c r e a c t i v i t i e s has been i d e n t i 
f i e d f o r 0 2/0 2", M-(0 2")/M-(0 2

2'), and M-(0 2")-M/M-(0 2
2")-M 

couples. The factors contributing to the large i n t r i n s i c bar
r i e r s to elect r o n t r a n s f e r , or to t h e i r v a r i a t i o n , are not yet 

2+ + 
understood. The Co([14]aneN 4)(0H 2)0 2 * couple appears to have 
the smallest i n t r i n s i c b a r r i e r to elect r o n t r a n s f e r yet found 
among such dioxygen systems. Largely f o r thermochemical rea
sons, the inner-sphere pathway tends to be favored over the 

2+ 
outer-sphere pathway i n reactions of Co( [l4]aneN 4) (0h* 2)0 2 

Perhaps the most i n t e r e s t i n g of the inner-sphere pathways 
are those which r e s u l t i n the net t r a n s f e r of an oxygen atom. 
The factors governing the v i a b i l i t y of t h i s pathway are s t i l l 
speculative. For c o b a l t - 0 2 adducts, thermochemical considera
ti o n s suggest that oxygen atom t r a n s f e r should be accompanied by 
electron t r a n s f e r i n the reverse d i r e c t i o n . S i m i l a r l y , t h i s 
pathway should be enhanced f o r M0 2 complexes i n which the metal 
M can formally t r a n s f e r an elect r o n to the remaining 0-atom 
(e.g., Μ Π - θ " M I H=0). 

In contrast to the r e l a t i v e ease of reduction of Co ( [ l 4 ] -
2+ 4+ aneN^)(0H 2)0 2 , the μ-peroxo complex [H 20Co([14]aneN 4)] 20 2 i s 
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18. ENDICOTT A N D KUMAR Reactivity of Coordinated Dioxygen 441 

very d i f f i c u l t to reduce. One possible route to enhancing the 
r e a c t i v i t y of μ-peroxo complexes might be to l a b i l i z e the 
Co-CO^Co) bond (k_ 2) to f a c i l i t a t e formation of a reactive 
superoxo intermediate. One means of accomplishing t h i s l a b i l -
i z a t i o n i s s t e r i c , as i n a binuclear complex i n which the 
Co-0-O-Co bond angles are somewhat d i s t o r t e d . Thus i f reaction 
(2) i s unimolecular, as i n ( 2 1 ) , 

the percentage of oxygen bound can be quite large even i f * 
k* . We have i n i t i a t e d studies of a s i n g l y coupled bis-macro-
c y c l i c - d i c o b a l t complex (26) i n which k£ ~ 6 s > k^. In com
plexes such as c o f a c i a l porphyrins (27), where k ] ^ need not be 
accompanied by large conformational changes or water s u b s t i t u 
t i o n , both k^ and k ^ could be large, and k ^ could provide an 
e f f i c i e n t k i n e t i c pathway f o r dioxygen reduction v i a a superoxo 
intermediate. 

There are an amazing number of complex mechanistic issues 
connected with the r e a c t i v i t y of dioxygen complexes of t r a n s i 
t i o n metals. I t i s to be hoped that future studies of w e l l 
defined systems w i l l resolve some of these issues. 

Abbreviations 

[l4]aneN 4 = 1,4,8,11-tetraazacyclotetradecane 
[15]aneN^ =1,4,8,12-tetraazacyclopentadecane 
sep = sepulchrate = 

(S)-l,3,6,8,10,13,16,19-octaazabicyclo[6.6.6] eicosane 
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General Discussion—Reactivity of Coordinated Dioxygen 
Leader: David Stanbury 

DR. ANTHONY POE (University of Toronto): A somewhat re
la t e d feature i s shown by the reaction of Re 2(CO) 1 Q with t r i -
phenylphosphine under oxygen. This i s a slow reaction that 
goes very cleanly at 160-170C to form the substituted product 
Ηβ2(00)^(ΡΦ^)2· When one runs the reaction under oxygen, one 
s t i l l obtains v i r t u a l l y 100% y i e l d of the product, but copious 
quantities of triphenylphosphine oxide are formed at the same 
time. This means that the reactive intermediate, which i s 
present at steady-state concentrations, i s highly reactive t o 
wards o x i d i z i n g triphenylphosphine. We think i t i s an 
•Re(CO) ,.02 intermediate r a d i c a l species, which i s somewhat 
s i m i l a r e l e c t r o n i c a l l y to the system you were discussing. 

DR. ENDICOTT: In f a c t , the cobalt-cyclam-oxygen adduct 
can have a very short l i f e t i m e depending on the competition re
actions. I f the cobalt dioxygen adduct i s generated i n the pres
ence of greater concentrations of Co ([l4]aneN^), the interme
diate l i f e t i m e i s c l e a r l y shortened. The c l a s s i c a l studies made 
by Ralph W i l k i n s , for instance, were c a r r i e d out under condi
tions i n which intermediates only achieved small stationary 
state concentrations. 

We have attempted to f i n d conditions which w i l l allow us 
to watch the species b u i l d up, to i s o l a t e i t k i n e t i c a l l y , and 
to observe i t s reactions d i r e c t l y . That does not imply that the 
intermediate i s unreactive. The remarkable feature of the 
intermediate i n your rhenium system i s the apparently f a c i l e 
oxygen atom t r a n s f e r . 

DR. THOMAS MEYER (University of North Carolina): Does any
one have any further comments to make about Collman 1s [Collman, 
J . P.; Denisevich, P.; Konai, Y.; Marrocco, M. ; Koval, C ; 
Anson, F. C. J . Am. Chem. Soc. 1980, 102, 6027] observation 
of the rapid c a t a l y t i c reduction of 0^ i n c o f a c i a l porphyrins? 

DR. DAVID STANBURY (Rice U n i v e r s i t y ) : With regard to the 
problem of the e l e c t r o c a t a l y t i c reduction of oxygen, I have 
attempted to formalize some ideas regarding the constraints of 
thermodynamics i n order to elucidate the probable character of 
cobalt complexes which may catalyze the oxygen electrode v i a 
binuclear peroxo-bridged intermediates. The following gross 
mechanism i s presupposed: 

2 C o 1 1 ! + 0 2 χ C o 2
H I L 2 ( 0 2

2 " ) K Q 
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C o 2
m L 2 ( 0 2

2 " ) + 4H + + 2e~ J 2Co I I 3 [L + 2H 20 Εχ° 

C o 1 1 1 ! + e" J C o 1 1 ! E 2° 

The net reaction i s then 

0 2 + 4H + + 4e" j 2H 20 E 3° 

and, therefore, 

E 3° = 1.23 V = %(E1° + E 2°) + 6.42 χ 1θ" 3 In KQ 

where the conventions are 25C, aqueous s o l u t i o n , one atmosphere 
0 2, and the normal hydrogen electrode. Note that f o r the i d e a l 
electrode 

E3° = E2° = El° a n d Ko = 1 at™'1*1'1 

With an eye towards useful and i n t e r e s t i n g c a t a l y s t s rather than 
i d e a l c a t a l y s t s , we ask: what are the constraints imposed by a 
h a l f - c e l l operating at voltages greater than 0.69 V, the approx
imate E° value f o r O^/Ε^ΟΊ There seem to be two well-defined 
contraints. One i s that E 2° must not be much less than 0.69 V; 
i f i t were otherwise, then only a small f r a c t i o n of the c a t a l y s t 
would be i n the reduced state and av a i l a b l e f o r oxygenation. 
This constraint i s indicated by the v e r t i c a l l i n e i n Figure 1. 
The second constraint i s that the peroxo-bridged intermediate 
must be more stable than free hydrogen peroxide. This i s formu
lat e d by f i r s t d e f i n i n g K! 

2 C o I H L + H 20 2 £ 2 C o H L + 0 £ + 2H + Κ' 

such that K* = exp(38.93(2)(E 2° - 0.69)) and then defining KJJ Q 

as i n 

2 C o H I L + H 20 2 l C o 2
m L 2 ( 0 2

2 ~ ) + 2H + K ^ 0 

such that Κ.. Λ = Κ!ΚΛ . Note that K„ Λ i s a dimensionless 
Έ2°2 °2 Έ2°2 

quantity and i s thus an absolute measure of the a b i l i t y of the 
ca t a l y s t to s t a b i l i z e peroxide. Therefore, 1C. Λ must exceed 

V2 
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ENDICOTT A N D KUMAR Reactivity of Coordinated Dioxygen 445 

Figure 1. Thermochemical constraints on potential catalysts of the 09/H90 
couple. Ideal catalysts should fall into the shaded region, based on their abilities 

to stabilize peroxide (see text). 
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u n i t y f o r a use f u l c a t a l y s t . This constraint i s indicated i n 
Figure 1 by the h o r i z o n t a l l i n e . 

A t h i r d c o n s t r a i n t , which i s not quite as w e l l defined, 
a r i s e s from a consideration of rates of oxygenation. A reason
able estimate i s that a good rate w i l l impose an upper l i m i t 
of 5 k c a l on K n . This constraint r e s u l t s i n the diagonal 

U2 
l i n e i n Figure 1. 

These three constraints define the shaded area i n Figure 1. 
This area i s the place to look f o r i n t e r e s t i n g c a t a l y s t candi
dates . 

The recent data of M a r t e l l [ H a r r i s , W. R.; McLendon, G. L.; 
M a r t e l l , A. E.; Bess, R. C ; Mason, M. Inorg. Chem. 1980, 19, 
21] and of Endicott [Wong, C.-L.; Switzer, J . Α.; Balakrishnan, 
K. P.; Endicott, J . F. J . Am. Chem. Soc. 1980, 102, 5511] pro
vide hope that such candidates can be designed. Their data f o r 
a v a r i e t y of Co L complexes are presented i n Table I and are 
also p l o t t e d i n Figure 1. The p l o t shows an encouraging t r e n d — 
of increasing K„ Λ with increasing E r. Extrapolation leads 

Ή2°2 f 

d i r e c t l y i n t o the area of i n t e r e s t . I n c i d e n t a l l y , t h i s trend 
i s consistent with the notion of peroxide as a donor ligand. 

Although these data are encouraging, they should be viewed 
with some caution. In the case of M a r t e l l 1 s work, there i s con
siderable uncertainty as to the nature of the coordination en
vironments to which E 2° re f e r s . In the case of En d i c o t t 1 s 
data, various laboratories have reported d i f f e r e n t E2 0 values. 

An unanswered question i s : what a d d i t i o n a l constraints w i l l 
be imposed when a d e t a i l e d a n a l y s i s of E^° i s performed? 
Step E 1° includes the tr a n s f e r of 2 electrons and 4 protons 
and the cleavage of the 0-0 bond. The considerable mechanistic 
complexity here i s an area f o r future i n v e s t i g a t i o n . 

There i s one further caveat. The above arguments have been 
developed i n terms of a mononuclear c a t a l y s t . At the very l e a s t 
some entropy corrections w i l l be needed f o r comparison with b i 
nuclear c a t a l y s t s . [Note: These considerations were developed 
during postdoctoral work at Stanford U n i v e r s i t y with Professor 
Henry Taube.] 
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18. ENDICOTT AND KUMAR Reactivity of Coordinated Dioxygen 447 

Table I 
Thermodynamic Properties of Cobalt Complexes 

Reacting with Oxygen 

Ligand E f tV log 
log K' 

log 

TEP -0.156 12.83 -28.65 -15.82 
4-imDIEN -0.176 9.57 -29.33 -19.76 
EPYDEN -0.166 11.56 -28.99 -17.33 

PYDIEN -0.066 8.36 -25.61 -17.25 
PYDPT +0.114 4.7 -19.52 -14.82 
IMDPT +0.004 6.44 -23.24 -16.80 

2-IMDPT +0.094 5.28 -20.20 -14.92 

( h y s ) 2 +0.214 3.5 -16.14 -12.64 

(Pap) 2 +0.094 5.9 -20.20 -14.30 

[15]aneN 4 +0.65 5±1 - 1.35 > + 3.65 

[14]aneN 4 +0.42 6.8 - 9.17 - 2.37 
M e 2 [ 1 4 ] l , l l -
dieneN, 4 

+0.384 > 5 -10.39 > - 5.39 

M e 6 [ l 4 ] 4 , l l -
dieneN, 4 

+0.564 2.6 - 4.30 - 1.70 

Collman may w e l l have entered the "region of i n t e r e s t " with 
his face-to-face porphyrin; i t seems to be i n a region where 
the peroxide i s i n a considerably d i f f e r e n t s t a b i l i t y regime 
from anything that has been looked at so f a r . So i t i s quite 
conceivable he does have something s p e c i a l going on. 

DR. HENRY TAUBE (Stanford U n i v e r s i t y ) : Another i n t e r e s t i n g 
point about Collman 1s complex should be noted. Let us presume 
that a peroxide intermediate i s generated i n h i s case. In a l l 
of Dr. Endicott*s examples, the remarkable observation i s that 
i t i s very d i f f i c u l t to reduce the 0-0 bond k i n e t i c a l l y i n the 
binuclear μ-peroxo complexes. In Cullman*s case, t h i s reduction 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington. D. C. 20036 
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448 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

occurs at p o t e n t i a l s as p o s i t i v e as +0.7 V. That i s a purely 
k i n e t i c phenomenon which we would l i k e to understand. I think 
that t h i s difference i n behavior between Collman 1s system and 
the systems studied by Endicott and by M a r t e l l i s quite remark
able. 

DR. ALBERT HAIM (State U n i v e r s i t y of New York at Stony 
Brook): Dr. Endicott has discussed the reactions of bound ox
ygen. I would l i k e to comment on the outer-sphere reactions of 
free oxygen. 

In approaching t h i s problem I thought I would do something 
2+ 

us e f u l with the reaction between excited state Ru(bpy)^ 
2+ 

and paraquat (PQ ). I f you leave a l i t t l e oxygen i n the 
system, the paraquat radical^formed i n the quenching step reacts 
with oxygen and produces 0 2 . This i s a very nice way of gen-
e r a t i n g 0 2 r a d i c a l . The PQ / 0 2 reaction (rate constant of 

9 - 1 - 1 + 3+ about 10 M s ) competes e f f e c t i v e l y with the PQ /Ru(bpy) 3 

reaction. Consequently, following the e f f i c i e n t quenching of 
2+ 2+ + *Ru(bpy) 3 by PQ and the PQ - 0 2 reaction, one may observe 

d i r e c t l y the recombination of 0 2 and ruthenium ( I I I ) at 450 nm. 
The reaction rate may be studied as a function of pH to produce 
a k i n e t i c t i t r a t i o n curve. The l i m i t i n g reaction at high pH 

3+ 
involves Ru(bpy)^ and 0 2- The reaction rate slows i n propor
t i o n to the extent of protonation of 0 2- Using B i e l s k i ' s 
[ B i e l s k i , B. H. J . , Photochem. Photobiol. 1978, 28, 645] value fo r the pK of H0 o, we i n f e r that the 0 o reaction i s d i f f u s i o n a ζ ζ 
con t r o l l e d and the H0 2 species i s e s s e n t i a l l y unreactive. Thus, 
even i n acid s o l u t i o n , the l i t t l e b i t of 0 2 i n equilibrium with 
H0 2 c a r r i e s the reaction. The p o t e n t i a l s of the oxygen and 
ruthenium couples are s u f f i c i e n t to make s i n g l e t oxygen, so one 
must a c t u a l l y determine whether s i n g l e t or t r i p l e t oxygen i s 
produced. 

Let us reconsider the o r i g i n a l *Ru quenching reaction. Why 
i s paraquat required as a mediator i n order to bring about the 
e l e c t r o n t r a n s f e r from *Ru to oxygen to produce 0 2 which i s then 
followed by the reaction of 0 2 with ruthenium(III)? Why can f t 
t h i s reaction take place d i r e c t l y ? 

The explanation f o r t h i s i s found i n the 1973 report by 
Demas [Demas, J . N.; Diementi, D. ; H a r r i s , E. W. J . Am. Chem. 
Soc. 1973, 95, 6865.] i n which he noted that the reaction of *Ru 
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18. ENDICOTT A N D KUMAR Reactivity of Coordinated Dioxygen 449 

with oxygen does not produce CL. Rather oxygen quenches *Ru 
9 - 1 - 1 

with a rate constant ( i n aqueous solution) of 3.3 χ 10 M s 
But there i s no net reaction, only energy t r a n s f e r . Demas 
demonstrated that by putting traps i n methanol, not i n water. 
He obtained s i n g l e t oxygen i n high y i e l d s . The r e s u l t i n g i n t e r 
p r e t a t i o n i s that the reaction of *Ru with oxygen produces a 
s i n g l e t oxygen d i r e c t l y . 

In 1976 Dr. Sutin [ L i n , C.-T.; Sut i n , N. J . Phys. Chem. 
1976, 80, 77] placed a footnote i n one of hi s articles_sugges-
t i n g the p o s s i b i l i t y that *Ru reacts with 0^ to make 0^ , which 
then turns around and back reacts with ruthenium(III) to produce 
s i n g l e t oxygen. 

Drs. Stanbury and Taube [Stanbury, D. M. ; Mulac, W. Α.; 
S u l l i v a n , J . D.; Taube, H. Inorg. Chem. 1980, 19, 3735] have 
also commented on the Demas study. They have used a rate con
stant f o r the self-exchange i n v o l v i n g Ô -Ô  to ca l c u l a t e the 
rate constant f o r the *Ru oxygen reaction. They obtained a 

9 -1 -1 
value of ~2 χ 10 M s , which i s very close to the value of 

9 -1 -1 
3.3 χ 10 M s which Demas measured. They have noted that 
these r e s u l t s suggest that Demas1 arguments may not be very con
c l u s i v e . I would l i k e to suggest that i t i s not possible to 
d i s t i n g u i s h between the energy t r a n s f e r and the elect r o n trans-

2+ 
fe r mechanism f o r the reaction of *Ru(bpy)^ with 0^ without 
doing a complete k i n e t i c analysis of the systems with and with
out paraquat. 

The pertinent experiment i s to take the system where we 
know that we are making 0^ from the paraquat system and deter
mine what kind of oxygen we are obtaining from the recombina
t i o n reactions. We can then repeat Demas1 experiment i n aqueous 
s o l u t i o n and compare the r e s u l t s . Unfortunately, i t i s very 
d i f f i c u l t to f i n d soluble traps f o r s i n g l e t oxygen i n aqueous 
s o l u t i o n . So one has to u t i l i z e one of these "soups". The soup 
which I have used contains 0^, DPBF, D̂ O, paraquat, and a de
tergent. This composition was selected on the basis of a paper 
i n 1979 by L i n d i g and Rodgers [ L i n d i g , D. Α.; Rodgers, M. A. 
J. Phys. Chem. 1979, 83, 1683] i n which they studied the l i f e 
time of the s i n g l e t oxygen state i n aqueous s o l u t i o n by s o l u b i -
l i z i n g t h i s trap by means of an aqueous m i c e l l a r dispersion. 

The rate constant f o r the reaction of the trap with s i n g l e t 
oxygen i s very high. In D 20 the l i f e t i m e of the s i n g l e t oxygen 
i s r e l a t i v e l y long, 53 microseconds. Thus, the c r i t i c a l experi
ment consists of pla c i n g excited state ruthenium(II), paraquat, 
oxygen, and the trap i n D̂ O, and observing whether the trap d i s 
appears at the rate which L i n d i g and Rodgers reported or, a l t e r -
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450 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

n a t i v e l y , whether there i s no consumption. Then the experiment 
i s repeated i n the absence of paraquat. 

Fortunately, we obtained four measurements, two fo r each 
one of these systems. So I believe they are good r e s u l t s . 

In the case of the system containing paraquat, we are cer
t a i n that there i s 0^ . The reaction of 0^ and ruthenium(III) 
consumes the s i n g l e t trap. Therefore, we conclude that the re
a c t i o n produces s i n g l e t oxygen. Repeating Demas1 experiment, 
but now i n aqueous s o l u t i o n , the trap disappears at the rate 
which L i n d i g and Rodgers reported and i n the amount required 
fo r high y i e l d s of s i n g l e t oxygen i n t h i s reaction. 

So we conclude that the excited state ruthenium(II)-oxy
gen reaction produces s i n g l e t oxygen, as does the one i n v o l v i n g 
ruthenium(III) and 0^"* 

DR. KENNETH KUSTIN (Brandeis U n i v e r s i t y ) : I would l i k e to 
bring to your a t t e n t i o n a developing f i e l d which I believe 
should be getting more notice from mechanistic inorganic chem
i s t s , namely, the f i e l d of o s c i l l a t i n g reactions. Up u n t i l 
r ecently, the only o s c i l l a t o r s that had been discovered were 
discovered by serendipity. But now we are involved i n a speci
f i c program of t r y i n g to design new o s c i l l a t i n g systems based 
on chemical p r i n c i p l e s rather than r e l y i n g on accidental d i s 
coveries. And we appear to be having considerable success. 

Our progress i n t h i s f i e l d depends on two techniques that 
have not been mentioned previously at t h i s conference. F i r s t of 
a l l , those of us who learned something about r e l a x a t i o n w i l l 
appreciate the f a c t that one can use conventional equipment f o r 
carrying out r e l a x a t i o n experiments. When one has a complicated 
waveform, as i s the case i n o s c i l l a t i n g reactions, there i s 
s t i l l no reason why that waveform cannot be perturbed by, f o r 
example, i n j e c t i n g i n t o the system a pulse of some reactant and 
then observing the change (that i s , the relaxation) that ensues. 
This perturbation and the ensuing r e l a x a t i o n can then be ana
lyzed i n the t y p i c a l fashion. Thus, one can s t i l l use a concen
t r a t i o n jump experiment i n an operating system. 

The other technique which has poved valuable i n t h i s area 
i s computer simulation. When the k i n e t i c data become very com
p l i c a t e d , as with o s c i l l a t i n g reactions i n v o l v i n g two elementary 
steps, i t i s s t i l l p o ssible to obtain rate constants from the 
data by doing computer simulation. That i s a c t u a l l y not as out
landish as i t might appear. I t i s r e a l l y i n the same category 
as the Fourier transform approach. I think t h i s i s an area that 
w i l l make a considerable impact upon inorganic k i n e t i c studies 
i n the future. 
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19 
Inorganic Reaction Mechanisms—Past, Present 
and Future 

RALPH G. WILKINS 
New Mexico State University, Department of Chemistry, Las Graces, NM 88003 

Studies of inorganic reaction kinetics con
tinue to develop in sophistication and scope. A 
number of important issues and areas of study 
which have not been emphasized in previous papers 
in this volume are singled out for discussion. 
Of particular importance is the application of 
techniques for the generation and detection of 
short-lived transient species of mechanistic in
terest. A variety of combinations of laser flash 
photolysis or pulse radiolysis with resonance Ra
man, epr, rapid scan spectrophotometry, etc., give 
hope for the characterization of reactive inter
mediates of chemical significance. The further 
study of some slower substitution reactions has 
continued to reveal new reaction pathways and has 
demonstrated some weaknesses in established mecha
nistic dogmas. Studies of complexes containing 
ligands designed to play a specific role are bound 
to reveal new and interesting mechanistic prob
lems. Other classes of reactions continue to be 
elucidated. It remains surprising how little we 
understand about the reactivity of so simple a 
molecule as O2. 

Even a cursory examination of the l a s t few issues of a 
journal such as "Inorganic Chemistry" w i l l convince the reader 
of the e x c i t i n g 1 state of the a r t 1 of inorganic reaction k i n e t 
i c s , both i n the s o p h i s t i c a t i o n of the systems being examined 
and of the methods being used to measure rates. In t h i s ac
count, some areas of current and future i n t e r e s t w i l l be singled 
out, emphasizing those which have not been covered at the Con
ference . 

A s u b s t a n t i a l number of reactions and processes i n v o l v i n g 
inorganic and bioinorganic molecules are rapid or extremely 

0097-6156/82/0198-0453$06.00/0 
© 1982 American Chemical Society 
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454 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

rapid at room temperature and require s p e c i a l i z e d techniques 
f o r t h e i r measurement (1). Some that are current l y a v a i l a b l e 
and the reaction time range of t h e i r u t i l i t y are shown i n Figure 
1. I t can be seen that we are now down to picosecond 
observation times, which i s generally the l i m i t of i n t e r e s t to 
the chemist. An equally important development, I f e e l , i s the 
increasing v a r i e t y of monitoring methods which can now be li n k e d 
to the v e r s a t i l e flow and (simple) r e l a x a t i o n techniques. I t i s 
inappropriate to l i s t here a l l the recent developments, but im
portant developments have involved the l i n k i n g of flow methods 
to fluorescent and CD monitoring, to calorimetry, to NMR (2; 

3+ 
successive replacement of Al(DMSO)^ by the three donor n i t r o 
gens of t e r p y r i d i n e , can be unambiguously viewed,^ from the re
lease of coordinated DMSO, using stopped-flow F.T. H NMR) and of 
pulse r a d i o l y s i s combined with EPR, Resonance Raman (3) or rapid 
scan spectrophotometry (4); the streak camera recordings of 
tran s i e n t spectra i n 200 ps i n t e r v a l s demonstrated two d i s t i n c t 
transients i n a pulse r a d i o l y t i c study of the OH r a d i c a l reac
t i o n with Cr(en) 2(SCH 2C00) +). Important information on the 
structure and properties of transients can now be obtained, and 
t h i s approach i s l i k e l y to be exploited f o r some time to come. 
There i s also the p o s s i b i l i t y of using lowered temperatures to 
study reactions, with the advantages of slower rates and easier 
c h a r a c t e r i z a t i o n of intermediates. These were recognized e a r l y 
by a coordination chemist (5,6) but exploited more recently by 
biochemists (7,8). 
Rapid S u b s t i t u t i o n Processes 

As we have seen, an area of major importance and of con
siderable i n t e r e s t i s that of s u b s t i t u t i o n reactions of metal 
complexes i n aqueous, nonaqueous and organized assemblies (par
t i c u l a r l y m i c e l l a r systems). The accumulation of a great deal 
of data on s u b s t i t u t i o n i n n i c k e l ( I I ) and c o b a l t ( I I ) i n s o l u t i o n 
(9) has f a i l e d to shake the d i s s o c i a t i v e mechanism f o r s u b s t i 
t u t i o n and f o r these the statement "The mechanisms of formation 
reactions of solvated metal cations have also been s e t t l e d , the 
majority taking place by the Eigen-Wilkins interchange mechanism 
or by understandable variants of i t " (10) seems appropriate. 
Required, however, are more data f o r s u b s t i t u t i o n i n the other 
l a b i l e b i v a l e n t metal ions. For example, AV^ values f o r water 

2+ 2+ 
exchange of Mn^ and F e ^ suggest a degree of associative char
acter, which may show up as va r i a b l e rate constants f o r l i g a t i o n 
(11,12). The p r a c t i c a l d i f f i c u l t i e s i n measuring these rates 
may be circumvented by producing the b i v a l e n t complexes extreme
l y r a p i d l y i n s i t u by the reduction of the corresponding t e r -
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Figure 1. Upper limit of measurable relaxation times for various techniques. 
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456 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

valent complexes, using pulse radiolysis (13) or laser photolysis 
(14) methods. The subsequent dissociation of the bivalent 
complex ( i n the ps to ms region) can be monitored by conduc
t i v i t y methods. Combination of the dissociation rate constants 
with s t a b i l i t y constants w i l l give the desired formation rate 
constants. 

Transient Methods. The method of rapid generation of tran
sients (even possible i n picoseconds), and subsequent i n s i t u 
examination of some property of the transient, or of u t i l i z i n g 
i t s r e a c t i v i t y , has been a continuing theme i n this Conference. 
It w i l l continue to be exploited as f a c i l i t i e s for, and u t i l i t y 
of, the approach becomes even more recognized. For example, a 
wide variety of metal ions i n unusual oxidation states have been 
generated by pulse radiolysis methods, and the rates of t h e i r 
subsequent reactions (disproportionation, reaction with added 
substrate, etc.) determined (15,16). An interesting example of 
this i s i n the use of the dye pyridine-2-azo-p-dimethylaniline 
(PAD) to study metal complexing. The binding of this dye to 
proteins, mediated by metal ions, had been examined i n the early 
50' s (17). The value of PAD to examine the rates of reaction 
with a number of metal ions was recognized i n some of the 
e a r l i e s t temperature-jump experiments (18). Most recently, the 

2+ 
photochemical perturbation of the Ni -PAD system has been 
studied (19). One of the relaxation times observed, following 
photochemical perturbation of the system, can be assigned to the 
ring closure step (k^ç) of the unidentate complex (N-N = PAD): 

k k-, 
( H 2 0 ) 6 N i 2 + + J) -*1 ( H 2 0 ) 5 N i 2 + — N i l + H 20 f C ( H ^ N i 2 ^ ) + 

(unidentate 
complex) 

The value of k^^ indicates, as had been assumed, that formation 
of the chelate i s mainly controlled by the k^ step. Information 
on k^ c cannot be e a s i l y obtained from temperature-jump measure
ments, since at equilibrium the concentration of the unidentate 
complex i s quite small. These approaches cannot help but give 
insight into the details of chelation. 

Substitution i n Inert Complexes 

Simple methods can, and need to, s t i l l be employed, how
ever. The effects of added ions on the rates of complex ion re
actions, discussed by Wahl at this meeting, need to be further 
explored. In the substitution area, the observations of ion 
pair formation concommitant with the substitution reactions of 
M(NH 3) 5OH 2

3 + (M = Co, Rh and Cr) have been challenged (20). 

H 20 
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Even that most sacred of mechanisms, the S^ICB fo r base hydrol
y s i s , established a f t e r a long and f r u i t f u l r i v a l r y (21), i s 
under some attack, at l e a s t as a univer s a l mechanism (22-24). 
A concerted E2 mechanism i s suggested f o r the base hydrolysis 
of c i s - C o ( c y c l e n ) C l 2

+ . Proton t r a n s f e r from a coordinated N-H 
and cleavage of a Co-Cl bond are considered to occur synchro-

3+ 
nously (24). Is there a 5-coordinated intermediate Co(NH^)-

2+ 
i n induced reactions of Co(NH^)^X , and i f so what form does 
i t take i n order to explain puzzling competition r e s u l t s 
(25,26)? C l e a r l y more experiments are needed with a wider range 
and type of reactants. These may be d i f f i c u l t to conceive, 
carry out and i n t e r p r e t . One subject with p o t e n t i a l r a m i f i c a 
tions i n the metalloprotein area i s that re l a t e d to the remark
able enhancement of the l a b i l i t y of the M-OĤ  bond by M-coordi-
nated ligands. Coordinated H o0 i n F e ( I I I ) porphyrin complexes 

4 5 
i s some 10 -10 times more l a b i l e than that i n the aqua ted ion 
(27). Very s u r p r i s i n g , and needing more study, i s the e f f e c t 
of coordinated EDTA on the enhanced rates of s u b s t i t u t i o n of 
M(EDTA)H20" compared with M(NH 3) 5H 20 3 + f o r M = C r ( I I I ) , Ru(II) 
and Os(III) but not Co(III) nor R h ( I I I ) ! (28-30). Sometimes 
there are unexpected rewards f o r carrying out apparently routine 

3+ 
studies. The acid hydrolysis of Ru(NH 3) 5NH 2CH 2C00C 2H 5 behaves 
quite d i f f e r e n t l y from that of the Co(III) analog, i n that an 
unusual linkage isomerism i s observed (31). This i s a lesson 
that we should take to heart, f o r i t t e l l s us that we are f a r 
away from a complete understanding of many "simple" inorganic 
processes. 

Metallo-Enzyme Models 

There have been some b e a u t i f u l ligand syntheses, designed 
to form complexes with a s p e c i f i c purpose, often to simulate 
n a t u r a l l y occurring systems. Straight to mind, of course, comes 
the i r o n complexes which model the behavior of the oxygen-
carrying globins (32) and the i r o n - s u l f u r proteins (33). Two 
binuclear copper(II) complexes have been described, one with 
(34), and one without (35) bridging between the coppers. These 
are r e v e r s i b l y reduced to the corresponding binuclear copper(I) 
complexes by two monoelectronic steps which are simultaneous. 
I t i s c e r t a i n that these types of studies w i l l continue and that 
inve s t i g a t i o n s of the dynamic aspects of these model complexes 
are l i k e l y to follow those of the synthetic and thermodynamic. 
This i s the usual sequence, but too often there i s a consider
able time gap between the thermodynamic and k i n e t i c s studies. 
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Rapid Conformational Changes and E l e c t r o n i c Spin Relaxation 

One cannot help but be impressed by the explorations i n the 
past decade of the rates of rapid changes i n conformation and i n 
coordination number of metal complexes (36-42). For example, 
e q u i l i b r i a between i n c l u s i v e (metal ion completely enclosed) and 
exclusive (metal ion only p a r t l y surrounded by organic ligand) 
complexes of C s + with the cryptand 2:2:2 have been examined by 
Cs-133 NMR (42). Some of these processes are shown i n Table I. 
The rates of intersystem-crossing processes i n c e r t a i n C o ( I I ) , 
Fe(II) and Fe ( I I I ) complexes have also been measured (43-46) 
(Table I I ) . Recently, the f i r s t high spin £ low spin e q u i l i b r i a 
i n a Co(III) and i n a Mn(III) complex have been characterized 
(47,48) and rate measurements on these may be anti c i p a t e d . 
These rapid processes require the s p e c i a l i z e d techniques re
ferred to i n Figure 1. A s t a r t has been made by t h e o r e t i c a l 
chemists on the de s c r i p t i o n and c a l c u l a t i o n of the rates i n 
Table I I (49). I t i s a f a i r guess that the examination of such 
fundamental processes, important i n b i o l o g i c a l systems 
(46,49,50), w i l l be continued. What i s the spin-equilibrium 
function ( i f any) i n the i r o n proteins? 

Electron Transfer Reactions 

El e c t r o n t r a n s f e r reactions and theory have been high
l i g h t e d i n t h i s Conference. I t i s apparent that d e t a i l e d char
a c t e r i z a t i o n of the elect r o n t r a n f e r process both i n the ground 
and excited states w i l l be continued. The empirical and theo
r e t i c a l c o r r e l a t i o n s of redox rate parameters with known proper
t i e s of the donor and acceptor centers, the i n t e r s i t e distance 
fo r e l e c t r o n t r a v e l , and the nature of the medium (51) w i l l con
tinue to be amassed. Such r e s u l t s have been, and promise to be, 
important ingredients f o r success with bioinorganic systems 
(52-55). 

Photochemistry 

Some future d i r e c t i o n s i n inorganic photochemistry have 
been out l i n e d by Adamson (56). A pe s s i m i s t i c p i c t u r e of the 
p r a c t i c a l uses of so l a r energy conversion systems i s painted, 
but a rosy view of the academic future of the subject i s held. 
I t i s antic i p a t e d that there w i l l be further examination of 
thermally e q u i l i b r a t e d excited (thexi) s t a t e s — t h e i r l i f e t i m e s , 
and spectroscopic and s t r u c t u r a l p r o p e r t i e s — a n d an extension of 
present e f f o r t s to organometallics and metalloproteins i s also 
envisaged (56). The i n t e r p r e t a t i o n of spectroscopic data from 
excited states w i l l continue to be co n t r o v e r s i a l and require 
future experimentation (57). 
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Table I. Rate Constants f o r Some Rapid Stereochemical Changes 
i n Metal Complexes. 

System k f,s k r,s Conditions Technique Ref. 

Planar J tetrahedral 

C l 2 N i 
Ρ Ψ 2 

4.5xl0 5 6 x l 0 5 23°,CH3CN Photochem- 36 
i c a l per
turbation 

Square pyramidal J 
planar 

Ni(L)H 20 l Ni(L) + 1.5xl0 7 4.5xl0 6 20°,H20 
H 20 

L = 2,2,4-trimethyl-
10,ll-benzo-l,5-
diaza-8,13-dithia-
cyclopentadeca-1, 
10-diene 

Octahedral J Planar 

N i ( L ) ( H 2 0 ) 2 * 
Ni(L)H 90 j NiL + H 90 Z k Z 

r 
L = [12]aneN 4 

L = α,β,γ,δ-tetra 

(4-N-Mepyridyl) 

porphine 

5 J 6 coordinated 

EDTA 

Co(EDTA) 2" + H 20 + 

Co(EDTA)H 20 2" 3xlO c 

3.2xl0 5 25°,H20 

2.5xl0 5 25°,H90 

9xlO b 25°,H20 

Nanosecond 38 
la s e r photo
l y s i s 

NMR and T- 40 
jump 
Laser Raman 39 
T-jump 

Ult r a s o n i c 
absorption 

41 
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Table I I . Rate Constants f o r Intersystem-Crossing Processes i n 
Co(I I ) , Fe(II) and F e ( I I I ) Complexes. 

System ν s' 1 k , s - 1 Conditions Technique Ref. f ' r' 

2 E ( l s ) C o ( I I ) J 
4T(hs)Co(II) 

CH=N- N H C H3 

Ν Co 
CH=N 

1/2 
NHCBL 

^ ( l s i F e C l I ) J 
5A(hs)Fe(II) 

Fe(6-Mepy)(py) 9-
tren 

3.2xl0 6 9.1xl0 6 25°,CH3CN/ Laser 

4 x l 0 D 8xl0 c 

CH30H 

20°,Ho0 

Raman T-
Jump 

Laser 
Raman T-
jump 

43 

44 

2 T ( l s ) F e ( I I I ) J 
6 A ( h s ) F e ( I I I ) 

Fe acac^trien 

metmyoglobin 
hydroxide 

1.6x10* 3.2x10* 25°,H20 

3.9xl0 7 2.8xl0 7 1°,H20 

Ultras o n i c 45 
absorption 
and Laser 
Raman T-jump 

Laser Raman 46 
T-jump 
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Oxyions 
18 

The measurement of the l a b i l i t y of oxyions from 0 ex
change studies has not been p a r t i c u l a r l y popular, both because 
of the complexity of the systems (see, f o r example, the com
p l e x i t y of i s o t o p i c oxygen exchange between Ĥ O and V^^O^g^ and 
the pH e f f e c t (58) and the tediousness of the techniques (the 

18 -rapid exchange ( t - ^ ' msec-secs) of 0 between Ĥ O and 10^ 
needs to be studied by multi-mixer, chemical quenching tech
niques (59)). The burden of measuring the extent of exchange may 
be r e l i e v e d i n c e r t a i n instances by i n s i t u examination of NMR 
spectra, using isotope s h i f t s (60)). However, these are funda
mentally important reactions and steady progress i n rate meas
urements can be anticipated. Also l i k e l y to occur i s increased 
att e n t i o n to other aspects of the heteropolyanion f i e l d , such as 
large anion interconversions (61), complexing of metal ions by 

28-
oxyanions, e.g., A S ^ W ^ O ^ Q leading, i n t h i s case, to a l l o -
s t e r i c behavior (62) and reduction of heteropolyanions with 
production of both f i r m l y trapped and even d i s t r i b u t i o n of the 
added electrons (63,64). The mechanistic aspects of these 
c l u s t e r molecules have been neglected, but they occur i n large 
v a r i e t i e s and t h e i r behavior i s relevant to that of s o l i d - s t a t e 
l a t t i c e s . Work on these might represent the major increased 
i n t e r e s t of the 80 fs. 

Volumes of A c t i v a t i o n and Other Areas 

The values of the volumes of a c t i v a t i o n of inorganic pro
cesses are becoming incr e a s i n g l y useful i n assignment of mechan
ism as more and more data accumulate (65,66). However, ambig
u i t i e s i n i n t e r p r e t a t i o n s t i l l e x i s t (67-69), p a r t i c u l a r l y i n 
estimating the contribution of so l v a t i o n e f f e c t s (AV^ as 
d i s t i n c t from mechanistic e f f e c t s ( A V ^ i n t r ) (70). Other current 
controversies are also l i k e l y to lead to future studies. In
cluded i n these are the mechanisms of geometrical isomerism of 
planar complexes (Π,72) (a number of d i s t i n c t types have been 
promoted by various i n v e s t i g a t o r s ; 73), the importance of co-
valent hydration i n c e r t a i n reactions of complex ions of the b i -
p y r i d y l types (74,75), the i n t r i n s i c r e a c t i v i t y of the z w i t t e r -
ion ligand i n complex formation (76-78), and the nature of the 
intermediate i n induced reactions of c o b a l t ( I I I ) complexes 
(22,23,25,26). 
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Oxygen Chemistry 

Lest we become too complacent i n our assessment of the 
marked progress that has been made i n understanding inorganic 
r eac t ion mechanisms, we should consider the simple and very 
important redox systems: 

°2 + e " t °2~ E 7 = " ° - 3 3 v o l t s 

0 2 " + e" + 2H + J H 2 0 2 E° = +0.87 v o l t s 

The thermodynamics are f a i r l y w e l l charac ter ized (79,80) but , 
as so often happens i n chemistry, the rate aspects are much less 
w e l l understood. Only estimates from the a p p l i c a t i o n of Marcus 

theory for the 0 2 , 0 2 e l ec t ron t ransfer are a v a i l a b l e (81). 

Although the f e a s i b i l i t y of r eac t ion 1 (an important component 
of the Haber-Weiss mechanism for Fe(II)-mediated decomposition 
of H 2 0 2 ) 

°2 + H 2 ° 2 * °2 + 0 H ~ + 0 H ( 1 ) 

has been questioned (79,80,82) , the rate constant has been de
termined and i t s low value has e l iminated r eac t ion 1 as a po
t e n t i a l OH r a d i c a l source i n b i o l o g i c a l systems (83). 

Given the ingenui ty of the inorganic k i n e t i c i s t and the 
array of measuring equipment now a v a i l a b l e , answers to these and 
other problems w i l l su re ly emerge during the remainder of the 
century. 
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INDEX 

A 
Absorption spectrum, mixed metal 

μ-peroxo complex 437/ 
Acetonitrile 

proton transfers in 71-73 
solvent for transition-metal 

hydrides 405 
Acid interaction with nickel(II) 

ethylenediamine 19/ 
Acid-catalyzed dechelation of poly-

amine complex, mechanism 16-18 
Acidity 

metal hydrides in acetonitrile 409/ 
hydridorhodiumtetracarbonyl 420 

Actinide redox couples 16If, 162* 
Activated complex and solvent 

configuration 110,113/ 
Activation energy 85, 216 

definition 264, 265 
electron transfer process as function 

of electronic energy gap 
of reaction 252/ 

thermal 308,309/ 
Activation free energy 186 

definition 271 
exoergic electrochemical and homo

geneous reactions ...198/, 204/, 205 
and overall free energy relation

ship 306,307/ 
vs. thermodynamic driving force .... 188/ 

Activation parameters 271 
calculated based on TST, SCT, 

and WMT 276/ 
Co(III)-Ru(II) complexes sepa

rated by amino acids 226/ 
decomposition based on SCT 

rate constant 277/ 
electrochemical 184 
intramolecular electron transfer .... 223 
NMR data 58 

Activation volumes 461 
pressure dependence 40-45 
for solvent exchange 51/ 
for water exchange 4, 5/, 47-50 

Activationless electron transfer 
processes 218 

Adduct formation, dioxygen 
species 435-439 

Adiabatic density functional 
approach 306, 307/ 

Adiabatic electron transfer 108,117 
Adiabatic potential surface 293 
Adiabatic states, splitting 273/ 

Adiabatic surfaces at diabatic 
crossing point, splitting 267 

Adiabaticity factor 119/ 
cobalt hexaamine exchange 126 

Alkoxide 
and halide exchange, 

intrinsic barriers 91 
leaving group ability 92, 93 

Alkyl substituents, steric effects 67/ 
Amine base-metal base proton 

transfer 420 
Amino acid linkage influence on 

intramolecular electron transfer 
rates 225-227 

Aminoisobutyric acid 25, 27/ 
Ammine 

complexes 
deuterium isotope effect for 

electron transfer between .... 253/ 
electrochemical reorganization 

parameters 190,196 
and water exchange 46/ 

Ammineruthenium species 167 
Amplitudes, reaction path states .304, 305/ 
Anodic transfer coefficient 187,197 
Anthraquinone sulfonate and duro-

quinone, equilibrium 338 
Antisymmetric combination of 

inner-sphere breathing model 262-264 
Aqua—See Water 
Aqueous exchange—See Water exchange 
Aqueous reactions of Cr(III) and 

Co(III) amines 46/, 47 
Aquo cations, oxidation 200, 201/ 
Aquo compounds of transition 

metal ions 128 
Aquo ligands, hydrogen bonding 205 
Aquo redox couples, reorganization 

parameters 192/ 
Aquo-iron complexes 

Fe(II)/Fe(III) self-exchange, 
kinetic parameters 302/ 

rate constants I l l / , 120 
Aquo-uranium complex and aquo-

vanadium complex oxidation .. 164-165 
Arylphosphines o-metalation mecha

nistic scheme and IR spectrum 
analysis 353-354 

Associative interchange in substitu
tion reactions 48, 49 

Atom transfer reactions 151-179 
Atomic orbitals, electron transfer 

between t2j-3d 257, 260, 261/ 

469 
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470 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Autoionizing solvents 74 / , 75 
Axial substitution rate constants 

for Ni(III)cyclam(H20)2
3+ 11 / 

Β 

Backbonding, ττ 404 
Bacteriopheophytin-quinone elec

tron transfer and bacterium 
photosynthesis 215 

Band broadening, molecular elec
tronic transitions 330, 331 

Band energy vs. total reorganiza
tion energy 2 9 1 , 2 9 2 / 

Base protonation, rate constants 66 / 
Benzonitrile, proton transfer 7 - 7 3 
Bidentate formate ligand, vibrations .. 358 
Bimolecular rate constant 258 
Binuclear complexes, electron 

transfer 2 2 2 , 2 2 3 
Biological systems, quantum-mechani

cal theory of diffusion-inde
pendent electron transfer 2 1 4 - 2 1 8 

2,2/-Bipyridine 
dimers, intervalence transfer bands 139 
ligands 138 
Rh(II) complexes 3 8 5 - 4 0 2 
ring, electron transfer through 

7r*-orbitals 1 1 8 , 1 1 9 / 
Bipyridine-metal charge-transfer 

excited states 249 
Bipyridyl ligands 239 
Bipyridyl and Ni(phen)(H20)4

2+ 

substitution 1 3 , 1 4 / 
Bis(dimethylglyoximato) chelating 

ligand 399 
Bis(ethylenediamine) dihydride 

osmium(IV) 420 
[Bis(pentaammine-Ru)pyrazie]5+—See 

Creutz-Taube ion 
Bis(triglycine) complex 33 
Bond dissociation enthalpy, 

heterolytic 93 
Bond distances 

aquo complexes 327 / 
outer sphere mechanisms 129 

Bond energy, metal-metal, 
d 7 -d 7 dimer 402 

Bond length changes, electronic tran
sitions of mixed-valence 
complex 330, 331 

Born-Oppenheimer approximation .... 112 
Breathing frequencies, aquo 

complexes 327 / 
Bridging chloride from Pt(IV) 

toPt(II) 153 
Bridging ligand and charge transfer ... 137 
Bromate reduction 160 
Bromide ion ligation of Cr(DMF) e

3 + . . 4 2 

Bronsted plots of kinetic vs. 
thermodynamic acidity 415 

Bronsted plots for proton-transfer 
reactions of Cu-triglycine and 
-tetraglycine complexes 20, 21/ 

Bronsted relationships 422, 423 

C 
Cage formation from solvent 

molecules 18 
Carbanion protonation rates 68 
Carbon dioxide incorporation into 

[ReH3(dppe)2] 357,358 
Carbonyl derivative of [MoH 4-

(dppe)2] 350 
Carboxylate radical anion 

andC104 174 
Carboxylic acid oxygen coordination 

to nickel 19/ 
Catalysts of 0 2 / H 2 0 couple, thermo-

chemical constraints 444-446 
Cathodic transfer coefficients 187,197 
Cetyl trimethyl ammonium bromide 

(CTAB) micelles, simple 
surfactants 338 

Changes in coordination spheres 153 
Charge localized vs. delocalized 

wave functions 270, 271 
Charge transfer—See also Electron 

transfer 
bands, intensities 118 
excited state of Ru(bpy)32+ 397 
transitions, donor-acceptor 

complexes 145 
transitions, optical 137-150 
vs. wavelength spectrum 236 

Chelates 
factors affecting formation rate 

constants 11-28 
ring opening of Ni(en)(H204

2+, 
acid-catalyzed 13,16-20 

ring opening reaction of poly-
amine complex 16-18 

stereochemical change in complexes 42 
substitution reactions 3-28 

Chelation-controlled substitution 12 
Chemical reactions, effect of 

organized assemblies 335-346 
Chemical shifts of ethyl formate 

and formic acid 358 
Chloride ions as bridges 153 
Chlorite reaction with S 4 + 151, 152 
Chromium ion, reducing agent for 

C104" 167 
Chromium-aquox complex, electro

chemical free energy of 
activation 198/ 

Chromium-carbon bond cleavage 
reaction 60, 61 
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INDEX 471 

Chromium-DMF complex, Br" 
ligation 42 

Chromium(iI), reduction of Mn0 2 

in presence of C104" 175 
Chromium(III) ammines and water 

exchange 46/ 
Classical formalism for electron-

transfer model 107-110 
Cobalt complexes 

dioxygen adducts 
oxygen-atom transfer 440 
thermodynamic properties 447* 

ethylenediamine complex 
reorganization parameters .192-196 

hexaammine 
exchange 318,319 

rate constants 126 
slow electron 250 

reorganization parameters 196 
hexaaquo, metal-O distances and 

breathing frequencies 327* 
nitrogen distances in hexa

ammines 126,127 
pentaamine sulfate, equation 47 
peroxo, reactivity enhancement 441 
Rubidium amino acid 

complexes 223-226 
sepulchiate, self-exchange rate 

constants 126 
trisethylenediamine, self-exchange 

rate constants 126 
water bond lengths 129 

Cobalt(II) complexes 
rate constants for intersystem-

crossing processes 460* 
reactivity with 0 2 426 

Cobalt(III) ammines and water 
exchange 46/ 

Cobalt(III) quenching 227-230 
Colloidal media, use 37 
Colloidal suspensions, measurement 

ion transfer kinetics 69 
Colloidal systems involving 

titanium 78 
Compressibility data for ionic solids .. 45 
Computer simulation and oscillating 

reactions 450 
Conductivity, frequency dependent .... 309/ 
Configuration changes of species 

during electron transfer 105,106, 216 
Conformational changes 458 
Contact distance 255 
Coordinated dioxygen, reactivity ...425-450 
Coordinating acids and dechelation 

of polyamine complex 18,19/ 
Coordination 

Cu(II)/Cu(I) redox couples 211 
transition metal hydride 

deprotonation 404 

Coordination—(Continued) 
tripeptide Cu(II) complexes 23, 24/ 

Copper lauryl sulfate micelles 340 
Copper polypeptide complexes 31, 32 
Copper triglycine, EDTA reaction .... 33 
Copper<II) complexes 

peptide 6, 7/, 20, 21/ 
polythioether ligands 34 
pyridine, cis/trans effects 36 
tripeptide, nucleophilic substitu

tion reactions 23-28 
Copper(II)/Copper(I) self-exchange 

rate constant 211,212 
Copper(III) substitution reactions .... 6-13 
Corrosion of steel 78 
Coulombic repulsion of reactants, 

ion-atmosphere-shielded 240 
Coupling 272 

energies, electron-phonon 320-322 
integral, electronic 311,313,315 
strength, evaluation 322, 324-327 

Creutz-Taube ion 331 
intervalence band 286-292 
intervalence spectrum 323/ 
ppi/dpi orbitals involved in 

coupling 313,314/ 
tunnel-type transitions 299 
vibrational eigenvalues 320 

Cross-reaction 
energetics of activation 303 
intrinsic barrier for, definition 96 
[ReH5(PMe2Ph)3] and 

[ReD5(PMe2Ph)3] 362, 365 
Crossing energy 273/ 
Crown ether and micelle 

formation 338,340 
Cyclam 427 
Cyclam-Ni(III) complex, axial 

substitution rate constant 11* 
Cyclic voltammograms of 

Rh(bpy)3
3+ 389/ 

Cytochrome c oxidation rate 214 

D 

Debye-Hyckel treatment for electron 
transfer 106 

Degrees of freedom, nuclear 215 
Delocalization of metal T 2 g 

electron density 118 
Density functional approach 306, 307/ 
Deprotonation of transition-metal 

hydride 404 
Deuterium exchange 

[ReH5(PMe2Ph)3] 362, 365 
tungsten-molybdenum tetrahydride 

complexes 380 
Deuterium incorporation into dppe 

ligands 353, 354 
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472 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Deuterium isotope effects on elec
tron-exchange reactions 251,253/ 

DI—See 5,ll-Dimethyl-5,ll-di-
hydroindolo(3,2-i)carbazole 

Diabatic functions 266 
Diabatic states, energy profiles 273/ 
Dielectric constants 264 
Dielectric continuum theory 262, 264 
Dielectric interaction energy 209 
Diffusion-corrected quenching rate 

constant vs. reduction potential 
for ruthenium and rhudium 
complexes 390-391 

Diffusion-limited rate constant 240 
Diffusion-reaction equation for pair 

distribution function of reactants 236 
Diffusion in electrochemical 

processes 212 
5,1 l-Dimethyl-5,11-dihydroindolo-

(3,2-6)carbazole 339, 340 
Dimethylaniline/pyrene electron 

exchange 339 
Dimethylphenylphosphine dissocia

tion from [ReH3(PMe2Ph)4] .366,367 
Dinitrogen complex [ReD(N2)(dppe)2] 

formation 353, 354 
Dinuclear hydride complexes, photo

induced elimination of H 2 370-376 
Dioxygen 425-450 

adducts 
formation 

rate constants 436* 
reactions 435 

heterolytic or homolytic displace
ment reactions 440 

hydrogen-atom abstraction 
reactions 439 

oxygen-atom transfer 
reactions 439, 440 

advantage of coordination 435 
bound, reactivity 425-450 

complexes 
outer-sphere electron transfer 

reactivity 429*-432* 
moieties electron transfer 

reactions 427-435 
reactions, intrinsic barriers to 

electron transfer 428, 434 
reduction 

cofacial porphyrins 441,443 
superoxo intermediate, kinetic 

pathway 441 
thermochemistry, summary 426* 

Dipicrylamine structure and proton 
transfer 72 

Dipole-allowed transition, oscillator 
strength for electric 315 

Disproportionation reaction 
rhudium(I) species 398 
thallium(II) rate constant 134 

Dissociation rate of nickel(II) 
ethylenediamine 16,17/ 

Dissociation reactions of nickel(II)-
peptides 8 

Dissociative interchange in substitu
tion reactions 48, 49 

Distance dependence of electron trans
fer rates 213-233 

Donor-acceptor complexes, optical 
transmission energy 145 

Donor-acceptor interactions in bio-
molecular reactions, probes of 
electronic component 227 

Donor-acceptor separation 218 
Dye, photoinduced electron 

transfer 339,340 
Dynamics 

electron transfer across 
polypeptides 221-227 

micelles 346 

ε 

E 2 mechanism for base hydrolysis 
of cw-Co(cyclen)Cl2

+ 457 
Edwards equation 154,155 
Efficiency for exothermic reactions ...83, 85 
EFTA reaction with copper 

triglycine 33 
Eigen's mechanism for proton-

transfer reactions between acids 
and bases 63-65 

Eigen-type Bronsted plot 20,21/ 
Eigen-Wilkens mechanism 4,31 
Eigenfunctions 285 
Eigenvalues 

Creutz-Taube ion 320, 321/ 
Schrodinger equation 266 

Electric field jump (E-jump) 
relaxation technique 69, 71 

Electric field jump study of proton 
transfer between p-nitrophenol 
and triethylamine and between 
picric acid and methyl red 72 

Electrocatalytic reduction of 
oxygen 443, 444 

Electrochemical activation parameters 184 
Electrochemical exchange reactions, 

reorganization parameters ...192*, 193* 
Electrochemical free energy of activa

tion for chromium complex 198/ 
Electrochemical and homogeneous 

reaction energetics, relationship 
between 186-189 

Electrochemical kinetic data for aquo 
cations oxidation 204/ 

Electrochemical rate formulations .182-185 
Electrochemical transfer coefficient .. 183 
Electrode kinetics 182 
Electrode potential 186, 196 
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INDEX 473 

Electron charge, unit 143 
Electron coupling matrix element 109/ 
Electron density 

delocalization of metal 118 
and solvent exchange 51 

Electron donor and acceptor sites, 
non-overlapping 143 

Electron exchange—See also 
Electron transfer . 189-196 

Electron exchange kinetics using 
electronic structure techniques 255-279 

Electron exchange mechanism 
for Fe 2 + -Fe 3 + 274 

Electron exchange rate constant ...392, 393 
Electron exchange, pyrene/dimethyl-

aniline 339 
Electron occupation number 310 
Electron spin resonance (ESR) for 

nickel(III) complex 10/ 
Electron transfer—See also Charge 

transfer, Donor-acceptor inter
actions, and Electron exchange 

binuclear complexes 222, 223 
bipyridine ring through 

7T*-orbitals 118, 119* 
diffusion-independent, quantum-

mechanical theory 214-218 
enhancement 230, 231 
ferrocene 341 
frequencies 110* 
future research areas and 

developments . .235-253, 331-332 
hemerythrin, intramolecular 218-221 
and hydride transfer 415 
IR absorption 322, 324/ 
kinetics 331,332 
kinetics, parameters 301-332 
and micelles 339-340 
MnCV/MnCV 332 
model, semiclassical and classical 

formalism 107-122 
nuclear tunneling factor 114,116/ 
optical vs. thermal 141 
oxygen moieties 427-435 
polypeptides, dynamics 221-227 
process, frequency-dependent 

conductivity 309/ 
rate 291 

amino acid linkages 
influences 225-227 

calculation progress 302, 303 
distance dependence 213-233 
intramolecular 223 

rate constants 105-106 
rate constants, semiclassical 

formalism 112 
reactions 458 
ruthenium to rhodium complex .... 390 
weak overlap and inversion 

effect 235,236 

Electron transfer—(Continued) 
weakly interacting systems 105-135 

Electron transmission factor 265 
Electron tunneling spectroscopy 299 
Electron-hopping rate constant 258 
Electron-phonon coupling 215,216 

constant 311 
energies from experimental data 320-322 

Electronegative atoms, proton transfer 64 
Electronic absorption spectral changes 

during irradiation of 
[ReH5(PMe2Ph)3] and 
[ReH5(PMe2Ph)4] 363/, 367, 368/ 

Electronic component of donor-
acceptor interactions in bio-
molecular reactions 227 

Electronic coupling 
integral 311,313,315 
matrix elements 117-120 
phonon 215-216 

coupling constant 311 
coupling energies 320-322 

transfer rate 294/ 
Electronic energy transfer, 

Co(III) quenching 227-230 
Electronic Hamiltonian operators 282 
Electronic interaction term 310-315 
Electronic matrix elements for 

nonorthogonal functions 256 
Electronic nonadiabaticity 129,315 
Electronic spin relaxation 458 
Electronic state of Rh(bpy)3

2+ 387 
Electronic structure of bipyridine 397 
Electronic structure techniques, 

electron-exchange kinetics 
using 255-279 

Electronic transitions of mixed-
valence complex, bond length 
changes 330 

Electronic transmission 
coefficient 112, 117-122 

Electronic transmission factor for 
Fe-Fe separations 273/ 

Electronic wave function 
determination 269,270 
transferring electron 304 

Elimination 
H 2 from [Pt2H2Cl(dppm)2]+ 375 
methane from (eta5-C5H5)2Zr(CH3)2 

and HM(CO)3(eta5-C5H5) 414 
Energetics of activation 

cross-reaction 303-307 
Energetics of electrochemical and 

homogeneous electron-transfer 
reactions 181-212 

Energies, vibronic 284 
Energy 

activation 141 
barrier 85-88 
environmental change 205 
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474 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Energy—(Continued) 
gap 

electronic states for electron 
transfer processes 215 

ground and excited state 144 
law 216 
transition state and reactants 98 

mean band vs. reorganizational 291-292 
metal-metal bond in d 7-d 7 dimer ... 402 
profiles of diabatic states 273/ 
weak-interaction electron 

transfer 308,309/ 
Energy storage and micelles 344 
Energy transfer 

electronic, Co(III) quenching 
of *Cr(III) 227-230 

and micelles 340, 341 
rates in solution 306, 307/ 

Enthalpy 
activation 

definition 271 
weak-interaction outer-sphere 

self-exchange 317 
heterolytic bond dissociation 93 

Entropies of activation 129 
definition 271 
weak-interaction outer-sphere 

self-exchange 317 
Environment of reactants in micelles .. 338 
Environmental energy, change 205 
Equilibrium acidity 414 
Equilibrium constant for 

dimer-monomer equilibrium 402 
Equilibrium constant for precursor 

complex formation 107 
Equilibrium constant, K, equation .... 40 
Equilibrium radial distribution 

function 106 
Ethanes 

homolytic cleavage 62, 62/ 
Ethylamine-Ni(II) complex and 

Ethylenediamine-Ni(II) com
plex, rate constant 12 

Europium 
redox reaction 164, 390, 391/ 
redox reaction rate 210,211 

Europium(II)/Eu(III) exchange 308 
Exchange reaction 

comparison of semiclassical and 
classical calculations of rate 
constants for , 121* 

experimental reorganization 
parameters for 192*, 193* 

first-order rate constant 114 
potential energy surface 113/ 
rate constants 110, 111*, 120 
rate constants and thermo

dynamic parameters 191*, 290* 

F 
Fermi rule—See also Golden rule .215, 293 
Ferrocene/ferrocenium ion exchange 132 
Ferrocene, electron transfer 341 
Ferrous-ferric—See also Iron entries 
Ferrous-ferric outer-sphere 

symmetrical exchange 302 
First-order rate constant for an 

exchange reaction 114 
Flow methods 454 
Fluid micelles, kinetic nature 346 
Fluorescence—See also Quenching 
Fluorescent probe 79, 80 
Fluorine-19-NMR studies of associa

tion of PF e " with Cr(phen)3
3+ 

complex 131, 132 
Force constant for charge states 264 
Forces between ions and neutral 

molecules 83 
Formate and derivative formation of 

[ReH3(dppe)2] and 
[Re(02CH)(dppe)2] 357, 359 

Formation rate constants of chelates, 
factors affecting 11-28 

Formation rate constants for ligands 
reacting with Ni(phen)(H20)4

2+.. 15/ 
Formation of [Re(02CH)(dppe)2] 358, 359 
Formation of yl ions 164-165 
Forster quenching 228 
Franck-Condon factor 114,216 

contribution of polar solvent 238 
matrix elements 268 
principle 107 

Free energy 
activation 

chromium complex 197-199 
homogeneous and heterogeneous 

processes, correlation 209 
homolytic cleavage of substituted 

ethanes 62, 63/ 
intrinsic 183-184 
transfers at metallic electrodes .. 209 

barrier 
exchange reaction 108 
outer-sphere cross-reaction ...200-205 
thermodynamics 184 

electron-transfer step 182, 183 
halogen reaction with oxygen 156 
quadratic dependence on 

overall 306,307/ 
vs. nuclear tunneling factor 114,116/ 
vs. predicted reaction rates 303-308 
vs. rate constants for ruthedium 

complex reaction ...241, 242/, 245/ 
Frequencies 

aquo complexes breathing 327* 
effective nuclear 114,117 
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INDEX 475 

Frequencies—(Continued) 
electron transfer 110*, 309/, 331 
exchange reaction 108 
experimental data 320-322 
intramolecular vibrations 143 

Fulvic acid fluorescence, quenching .37, 38/ 

G 

Gas phase, SN2 reactions 2 
Gas-phase electron transfer 332 
Generation of reactive intermediates 

via photolysis of transition 
metal polyhydride complexes 347-383 

Golden Rule 
expression for rate constant 267 
nuclear tunneling factor for 

self-exchange 317-319 
Gouy-Chapman theory 184 

H 

Halide and alkoxide exchange, 
intrinsic barriers 91 

Halide-oxygen bond strength 156 
Halides, quenching rate constant 230 
Halogen atoms abstraction 

from RX 399, 402 
Halogen and oxygen bond strength 

vs. oxidation state 156* 
Hamiltonian 

2-center 310, 311 
1-e' 310,311 
potential energies associated 

with 311,312/ 
Hamiltonian matrix elements 268 
Hamiltonian operators, electronic .... 282 
Harmonic oscillator functions 284 
Harmonic oscillator model for 

oxidation of aquo cations 203, 205 
Hemerythrin, intramolecular electron 

transfer reactions 218-221 
Heterolytic bond dissociation enthalpy 93 
Hexagonal-close-packed Rh frame

work of complex 417/ 
Hexahydrate complexes, contact 

limit 260 
Homogeneous and electrochemical 

reaction energetics 186-189 
Homogeneous exchange reactions, 

reorganization parameters .192*, 193* 
Homogeneous reactions, intrinsic 

barriers 202,205 
Homogeneous self-exchange reactions, 

rate constants and thermo
dynamic parameters 190*, 191* 

Homolytic bond cleavage 54 
Homolytic cleavage of substituted 

ethanes 62, 63/ 

Homolytic displacement with 
bound 0 2 428, 440 

Homolytic dissociation, rate constant 60, 61 
Huckel-type calculations 330 
Hush approach 304 
Hydride brands 347-383 
Hydride migration to C 0 2 359 
Hydride resonances 350 
Hydride transfer vs. hydrogen 

atom transfer 406 
Hydridocarbonyl cluster complexes .. 370 
Hydridocobaloximes addition to 

olefins 405,406 
Hydridoosmiumtetracarbonyl anion .. 420 
Hydridorhodiumtetracarbonyl acidity 420 
Hydrofluoric acid, IR spectrum 74/ 
Hydrogen atom transfer vs. 

hydride transfer 406 
Hydrogen bonding 

with aquo ligands 205 
between H 2 0 and electron pair 

on amine nitrogen 12 
in metal hydrides 421 
and metal ion substitution 12 

Hydrogen fluoride as autoionizing 
solvent 74/, 75 

Hydrogen generation from Rh 
hydride species 400 

Hydrogen ion dependence of rate of 
exchange of water on Fe(III) ... 43/ 

Hydrogen molecule, photoinduced 
loss from polyhydride 
complexes 348-354 

Hydrogen peroxide 
reaction with nucleophiles 154,155 
reaction with Rh complexes 175-178 

Hydrogen photoinduced elimination 
from dinuclear complexes 370-376 

Hydrogen-atom abstraction by 
bound 0 2 427, 439 

Hydrogen-bond breaking reactions ...64, 65 
Hydrogen-deuterium exchange 

reaction 353, 354 
Hydrophobic bonding and stacking 

interactions 13 
Hydrophobic substances, effect on 

proton exchange rates 64, 68 
Hydrophobicity of ligands 221 
Hydroxyisopropyl chromium cation .60,61 
Hydroxyl radical formation 177 

I 
ICB 12,57 
Ice studies 69 
ICR 82 
Inert anions, effect on complex 

formation kinetics 34 
Inner- and outer-shell distortions 110, 113/ 
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476 M E C H A N I S T I C A S P E C T S O F INORGANIC REACTIONS 

Inner-shell ligands 273/ 
Inner-sphere 

contact distance 257, 260, 261/ 
contribution to E* 264 
and medium energy contributions .. 305 
modes, nuclear tunneling factors .... 112 

Inorganic reaction mechanisms ...453-465 
Insertion into C -D bonds of C 6 D e 353, 354 
Insertion into C - H bonds 352 
Intensities of charge-transfer bands ... 118 
Interaction term, electronic 310-315 
Intermolecular electron transfer 

in proteins 222 
Internal conjugate base (ICB) 

mechanism 12,57 
Internuclear separation 143,144 
Interpénétration of reactants 260-262 
Intersystem-crossing processes in 

Co(II), Fe(II), and Fe(III) 
complexes 460* 

Intervalence absorption spectrum of 
mixed-valence complex 330, 331 

Intervalence band 
and calculated contour for 

Creutz-Taube ion ...229/, 288 ,292/ 
of Creutz-Taube ion 286-288 
position, solvent effect 291 
width and symmetric mode 

contribution 288, 290 
Intervalence spectrum of [bis(penta-

ammine-Ru) 1 -methoxypyra-
zine]5+ 323/ 

Intervalence spectrum of 
Creutz-Taube ion 323/ 

Intervalence transfer 308-316 
Intervalence transfer absorption band 320 
Intervalence transfer bands 138 
Intramolecular disproportionation 

path for hemerythrin 220 
Intramolecular electron transfer 

rates 223-227 
reactions in hemerythrin 218-222 

Intramolecular Η-bond breaking 
reactions 65, 67*, 68 

Intramolecular hydride migration 375 
Intrinsic barrier for cross-reaction, 

definition 96 
Intrinsic barrier vs. methyl cation 

affinity for nucleophiles 90/, 93 
Intrinsic barriers 85-92 

to electron transfer for /i-superoxo/ 
μ-peroxo and 0 2 / 0 2 " 428-431 

for halide and alkoxide exchanges .. 91 
for homogeneous reactions 202, 205 
rate constants and efficiencies 89* 
structure effects 93 

Intrinsic free energy of 
activation 183, 184 

Intrinsic free energy barriers 187 

Intrinsic nucleophilicity 88* 
vs. leaving group ability 92, 93 

Inversion effect with electron 
transfer 235,236 

Iodochromium(III) ion substitution 
reaction 59-61 

Ion cyclotron resonance (ICR) 
spectroscopy 82 

Ion pair, sterically favorable 
configuration 257,261/ 

Ion recombination rate constant 73 
Ion solvation changes 71 
Ion-atmosphere-shielded Coulombic 

repulsion of reactants 240 
Ion-molecule reaotions, single-mini

mum potential surface 84/ 
Ion-pair formation 131 
Ionic charge influences on 

protonation reactions 66* 
Ionic strength 259 
Ionization potential in micelles, 

reduction 345 
IR behavior for Creutz-Taube ion .... 331 
IR laser-excited solvents, proton 

transfer 73 
IR spectra 

hydrofluoric acid 74/ 
platinum polyhydride complex 373 
rhenium polyhydride complex . .352-358 

Iridium polyhydride complexes 348 
Iron complexes, rate constants for 

intersystem-crossing processes .. 460* 
Iron redox couple electron-exchange 

mechanism 274 
Iron redox reactions in 

hemerythrin 218,220,221 
Iron tetracarbonyl dihydride, 

photochemical H 2 loss 379 
Iron-aquo complex at inner-sphere 

contact distance 257, 260, 261/ 
Iron-aquo complex, H'AB for 272 
Iron-hexaaquo complexes metal-O 

distances and breathing 
frequencies 327* 

Iron-hexaaquo exchange 318,319 
Iron-phenanthroline complex 241 
Iron-water complexes, rate 

constants I l l* , 120 
Iron-^-peroxo complex formation .... 435 
Iron(III), study of water exchange ...49, 50 
Iron(III)tetra(4-iV-methylpyridyl)-

porphyrin 59 
Irradiation procedures 376 
Isonicotinate bridging ligand 225 
Isotope labeling studies 380 
IT—See Intervalence transfer 

J 
Jahn-Teller distortion 397 
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INDEX 477 

κ 
Kinetic acidity 414 

metal hydrides in acetonitrile 409* 
Kinetic activation parameters for oxi

dation of Ru(II) complexes 176* 
Kinetic data 

for aquo cations oxidation 204/ 
for c/j-Os(CO)4H2 proton transfer 

reactions 408, 409*, 411 
Kinetic measurements 

for Os(II)-Fe(III) reaction 131 
for T l ion reduction 133 

Kinetic parameters 
for electron transfer 301-332 
for Fe 3 VFe 2 + self-exchange 

in water 302* 
of micelles 346 
for photochemical reactions with 

PPh 3 382 
for plutonyl/Pu exchange 303* 

Kinetic pathway for dioxygen reduc
tion via superoxo intermediate .. 441 

Kinetic study of rhodium complex 390-393 
Kinetics 

of electron transfer between small 
molecule redox reagents and 
proteins 221 

of inorganic electrode reactions ... 182 
of ion recombination in water 73, 75 
of proton transfer to colloidal 

particles 69 
of protonating carbanions 68 
of reactions in polar solvents be

tween transition-metal 
complexes 257 

in relation to thermodynamics 40 
Kosower Z-value 149 

L 
Landau-Zener model 265 
Landau-Zener theory 149 
Lanthanides redox couples 161*, 162* 
LaPlace transform of transition 

probability 315 
Laser superimposed 74/ 
Leaving group ability vs. intrinsic 

nucleophilicity 92,93 
Lifetime singlet oxygen 449,450 
Ligand effect on substitution reactions 5 
Ligand orbitals, exchanged electron .. 274* 
Ligand substitution rate constant 13 
Ligand-metal charge transfer 

(LMCT) transitions 145 
Ligand(multidentate) substitution 

reactions 3-28 
Ligands, hydrophobicity 221 
Ligands, inner-shell 273/ 
Linear free-energy relationships 99 

M 
Macrocyclic ligands 212 
Macrocyclic tetrapeptide complex .... 32 
Malin's dihydride 420 
Malonic acids substituent effect on 

H-bonding 67* 
Manganate/Mn04" outer-sphere 

electron transfer 332 
Manganese substitution behavior 33 
Manganese(II) solvent-exchange 

rate constant 56, 57 
Manganese(III) tetra(4-N-methyl-

pyridyl)porphyrin 59 
Marcus cross-relationship, breakdowns 

in applicability 201/, 204/, 205 
Marcus equation quantities, 

relationship between 87/ 
Marcus equations 85, 86 
Marcus model 196 
Marcus relationship plot for 

cross-reactions 98 
Marcus theory 

application to electron transfer .101,102 
proton transfer 22 
use with respect to transfer of 

large groups 99 
Matrix elements 272-275 
Mechanism 

of acid-catalyzed dechelation of 
polyamine complex 16-18 

for acid decomposition of Cu(III) 
tetraglycine 7/ 

for acid dissociation of 
Ni(III)(H-3G4a) 8,9/ 

for proton-transfer reactions of 
metal-peptide complexes 21/ 

of substitution reactions of metal 
complexes 3-38 

Mechanistic photochemistry 380 
Mercaptide ions 100 
Metal complexes 

acidities in acetonitrile 409* 
hydrogen bonding 421 
mechanisms of substitution 

reactions 3-38 
outer-sphere electron-transfer 

reactions 120 
rate constants for rapid stereo

chemical changes 459* 
Metal ions 

chemistry in aquo or ammonio 
systems 164 

reaction with terpyridine 32 
reduction of CIO 4' 160-170 

Metal orbitals, exchanged eleotron .... 274* 
Metal-bipyridine charge-transfer 

excited states 249 
Metal-ligand charge transfer 

in mixed solvents 147 
transitions 145 
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478 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Metal-to-ligand charge-transfer state .. 239 
Metal-ligand cleavage, homolytic vs. 

heterolytic 60-62 
Metal-metal bond energy in d7-d7 

dimer 402 
Metal-metal charge transfer bands ... 138 
Metal-O distances in aquo complexes 327/ 
Metal-peptides 

proton transfer reactions 20-23 
substitution reactions 6,7/ 

Metal-solution potential difference .... 182 
Metal-/*-peroxo complex formation .. 435 
o-Metallation reaction 348, 354 
Metallic electrodes, free energies of 

activation for transfers 209 
Metallocene formation 348, 349 
Metalloenzyme models 457 
Methane, elimination 414 
Methanol, proton transfers 71-73 
Methemerythrin 218 
Methoxide nucleophilicity vs. 

leaving group ability 92,93 
Methyl cation affinity for 

nucleophiles 90/, 93 
ci'j-Methyl groups and complex 

irradiation 379 
Methyl mercuration of delocalized 

carbanions 68 
Methyl nitrile 373 
Methyl red 72 
Methyl substituents, effect on 

Cu-tripeptide complexes 25, 27/ 
Methyl substitution of hydride 

ligand, acidity effect 414 
Methyl viologen-tris[bipyridyl-

ruthenium(II)] system 339 
Methylation of c/s-Os(CO)4(CH3)H .. 405 
Micelle 

and energy transfer 340, 341 
environment of reactants 338 
formation 335, 337 
kinetic parameters 346 
nature of reactions 337 
organic molecules, interaction with 337 
reversed 341 
structural properties 344 
surface reaction vs. interior 345 

Microemulsion formation 336, 337 
Mixed-valence complexes 137,138 

electron-vibrational coupling 
strengths 322,324-327 

intervalence absorption 
spectrum 330, 331 

localized and delocalized 
systems 138, 139 

solvent effects in vibronic 
coupling model 281-299 

Mixed-valence systems, stationary 
states 148 

MMCT 138 

Molal compressibilities of aqueous 
ions 45 

Molecular electronic transitions, 
band broadening 330, 331 

Molecular orbital calculations 271, 272 
Molecular orbitals and electronic 

transitions 330 
Molecular oxygen, bound, 

reactivity 425-450 
Molybdenocene dihydrides, 

photolysis 348,349 
Molybdenum ion reaction with CIO4" 169 
Molybdenum use as CIO 4' reducing 

agent 173 
Moments of envelope 320 
Multidentate ligand, substitution 

reactions 3-28 
Myohemerythrin, semi-met forms 220 

Ν 
Nephelauxetic effects in energy 

transfer 229 
Nickel(III) substitution reactions 6-13 
Nickel(III)-cyclam complex, axial 

substitution rate constants 11/ 
Nickel(III)-peptide complexes 8,9/ 
Nitrogen incorporation into 

[ReD(dppe)2] 353,354 
Nitromethane proton transfer 

reactions 403,404 
p-Nitrophenol and triethylamine 

proton transfer 72 
NMR 

See also Proton NMR, 3 1 P NMR 
broadening and entropies of 

activation 57 
parameters 58 

Nuclear configuration 
of cobalt complexes 126 
nonequilibrium distribution 123 
potential energy plot of reactants 

and products as function 109/ 
of species during electron 

transfer 105,106 
Nuclear coordinates 262-264 
Nuclear degrees of freedom 215 
Nuclear frequency 114, 117 
Nuclear tunneling 112-114,315-319 

effects 79 
factors 265 
factors for inner-sphere modes 112 
factors for self-exchange 318/, 319/ 
factors vs. 1/Γ for aquoiron 

exchange reaction 115/ 
Nucleophiles, sulfur 100 
Nucleophilic attack on CIO 3' 158/ 
Nucleophilic displacement reactions .. 84/ 
Nucleophilic reducing agents 159 
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INDEX 479 

Nucleophilic substitution 81-102 
reactions of trien with Cu(II)-

tripeptide complexes 23 
and redox changes 154,155 

Nucleophilicities, intrinsic 88* 
Nucleophilicity vs. leaving 

group ability 92,93 

Ο 

Olefins, hydridocobaloximes, 
addition to 405,406 

One-electron reduction product of 
tris(2,2'-bipyridine)Rh(III) ... .385-402 

Optical charge-transfer transitions 137-150 
Optical and thermal electron transfer 141 
Optical transfer—See also 

Intervalence transfer 
Optical transfer and nuclear 

tunneling 315 
Optical-thermal transfer probabilities 

relationship 308,309/ 
ίί-Orbital energies 166 
d-Orbital occupancy and W* for 

solvent exchange 51 
^Orbital overlap 118,119* 
Orbital symmetry and CIO4" 

reduction 172 
Orbitals, exchanged electrons in 

ligand and metal 274* 
Orbitals, Gaussian type 272 
Organic halides, rate constants for 

Rh(II) rhodoxime reaction 401* 
Organic molecules, interaction with 

micelles 337 
Organic organized assemblies 335, 336/ 
Organic radical-trapping reagents 177 
Organized assemblies 

effect on chemical reactions 335-346 
formed from organic surfactant 

molecules 336/ 
Organochromium cations 62/ 
Organometallic chemistry, proton-

transfer reactions 403-423 
Organometallic photochemistry, 

generation of reactive 
intermediates 347-383 

Oscillating reactions 450 
Oscillator strength for electric 

dipole-allowed transition 315 
Oscillator strength of intervalence 

band 310 
Osmium salts as reducing agent 

for CIO4" 168 
Osmium tetracarbonyl 379, 380 
Osmium-bipyridyl complexes, 

oxidation 130,131 
Osmium-bis(ethylenediamine 

dihydride) complex 420 

ris-Osmium-tetracarbonyl complex, 
methylation 405 

Osmium-tetracarbonyl complexes, 
proton transfer 406-411 

Osmium(II)-Fe(III) reaction 131 
Outer-sphere association constant 11-13 
Outer-sphere complex formation in 

substitution reactions 56 
Outer-sphere correlation of rates of 

reductions of cobalt complexes .. 438/ 
Outer-sphere electron transfer 

between MnOVMnO 4 " 332 
bound 0 2 427-435 
classical model 195 
metal complexes 120 

Outer-sphere processes 130 
Outer-sphere reactions 

of free oxygen 448 
thermal, and nuclear tunneling .315, 317 

Oxidation of aquo cations 200, 201/ 
Oxidation of Pt(II) by Pt(IV) 153 
Oxidation of Rh(I) to Rh(II) 397 
Oxidation of tris(4,7-dimethylbi-

pyridyl)Os(II) 130,131 
Oxo-Ru complex, reaction with NO 2 ' 173 
/A-OXO silicon phthalocyanine dimer .. 313 
Oxyanions, redox chemistry 151,152 
Oxygen 

See also Dioxygen 
bound molecular, reactivity 425-450 
chemistry 462 
electrocatalytic reduction 443,444 
removal from CIO4' 151 
thermodynamic properties of Co 

complexes reacting with 447* 
Oxygen atom transfer to F(II) 174 
Oxygen-atom transfer 151-179 

with bound 0 2 427, 439, 440 
Oxygen-exchange between H 2 0 2 

and H 2 0 155 
Oxyions 461 

Ρ 
3 1 P NMR spectrum of 

[MoH4(dppe)2] 350,351 
Pair distribution function of reactants 236 
Partial molal volumes of aqueous ions 

and SV* for water exchange 52 
Peptide-metal complexes 

proton-transfer reactions 18,19/ 
substitution reactions 6,7/ 

Perbromate ion as oxidizing agent ... 159 
Perchlorate concentration, effect on 

rate constant 34 
Perchlorate ion 

reducibility 152,153 
reduction 155-160 
reduction by metal ion 160-170 
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480 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Perchlorate ion—(Continued) 
substitution rate 152 

Perchlorate reaction 
with carboxylate radical anion 174 
with V(U) 163,174 

Perchlorate reduction, effect of elec
tronic structures of reductants .. 169 

Permanganate/MnO3" outer-sphere 
electron transfer 332 

Peroxide as donor ligand 446 
Perturbation theory expression for 

nonadiabatic rate constant 238 
Perturbation theory formalism 267-269 
pH effect on dissociation rate 

constant for Nien2 + 16,17/ 
Phenol-amine complexes 65 
Pheophytin-quinone electron 

exchange 218 
Phonon 

electron coupling constant 311 
electron coupling energies from 

experimental data 320-322 
modes of medium 311 
occupation number 215, 216 
structure, analysis 322 

Phosphide-bridged platinum species .. 383 
Phosphine loss in Re hydride 

complexes 369, 370 
Phosphines, elimination of PR 3 from 

rhenium hydride complexes ...359-370 
Photochemical H 2 loss from Fe 

tetracarbonyl dihydride 379 
Photochemical reactions, organized 

assemblies effects 335 
Photochemistry 458 
Photodissociation of PR 3 ligands from 

[ReH3(PR3)4] and 
[ReH5(PR3)3] complexes 359-370 

Photoejection of H 2 379 
Photoemission, study 325 
Photogeneration of reactive 

[ReH(dppe)2] 351-354 
Photoinduced dissociation of PMe 2PH 

from [ReH3(PMe2Ph)4] 366,367 
Photoinduced electron exchange 

between pyrene Ρ and 
dimethylaniline 339 

Photoinduced electron transfer 
from dye 339, 340 
from ferrocene to CG14 341 

Photoinduced elimination of H 2 

from dinuclear hydride 
complexes 370-376 

from molybdenum complexes ...349-351 
Photoinduced loss of H 2 from 

[ReH3(dppe)2] 351-354 
Photoinduced loss of PR 3 from 

[ReH5(PR3)3] 360-366 
Photoionization from gas and solu

tion phases, comparison 325, 326/ 

Photolysis 
of molybdenocene and tungsteno

cene dihydrides 348, 349 
of [ReH3(dppe)2] in degased 

solution 352-354 
of [ReH(dppe)2] in presence of 

reactant gases 355-359 
of [ReH5(PR3)3] and 

[ReH3(PR3)4] 367,370 
of transition metal polyhydride 

complexes 347-383 
Photon energy 291 
Picric acid 

anion protonation 71,72 
structure 72 

Platinum bis(triphenylphosphine) 
intermediate 383 

Platinum dinuclear hydride com
plexes, elimination reactions .371-376 

Platinum(II) oxidation to Pt(IV) 153 
Plutonyl/Pu exchange, kinetic 

parameters 303f 
Polarizability of O 2" 165,166 
Polarization effects and stacking 

interactions 13 
Polyhydride complexes, transition 

metal, generation of reactive 
intermediates via 347-383 

Polypeptide complexes, substitution 
reactions 31, 32 

Polypeptides, dynamics of electron 
transfer across 221-227 

Polypyridine-metal complexes 385-402 
Porphyrins 

cofacial, 0 2 reduction in 441,443 
water-soluble, and pressure effects .. 59 

Potential energies associated with 
Hamiltonian 311,312/ 

Potential energy 
reactants and products as function 

of nuclear configuration 109/ 
surfaces 83-85, 262-264 

diagrams for symmetrical 
electron 139-141 

for exchange reaction 113/ 
vs. normal mode coordinate for 

symmetrical electron transfer.. 140/ 
vibrational 283 

Potential surface 
adiabatic 293 
for gas-phase nucleophilic dis

placement reactions 84/ 
for ion-molecule reactions, 

single-minimum 84/ 
Potential-energy contours for 

complete active space 263/ 
Potentials for surfaces in 

Creutz-Taube ion 321/ 
Pressure data analysis in terms of 

solvational change 45-47 
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INDEX 481 

Pressure dependence 
of components of rate coefficient 

for water exchange on Fe(III) 44/ 
of hV* for reactions involving 

charge development 40, 41/ 
of volumes of activation 40-45 

Pressure effect 58, 59 
Pressure effects and substitution 

mechanisms 39-54 
Pressure-accelerated water exchange 

reactions and associative 
interchange 49* 

Pressure-coordination rule 48 
Pressure-decelerated water-exchange 

reactions and dissociative 
interchange 48* 

Pressure-jump method 69 
Probability density for transferring 

electron 305 
Probability of electron transfer 269 
Prosthetic groups 221 
Protein electron transfer reactions 221, 222 
Proton exchange rates effect of 

hydrophobic substances 64, 68 
Proton NMR spectra 

osmium tetracarbonyl hydride 
complexes 407/, 410/, 412/ 

platinum polyhydride complexes .. 373 
rhenium polyhydride complexes 352, 

353, 355, 360, 361/ 
Proton transfer 

to dipicrylamine 72 
in IR laser-excited solvents 73 
to and from a membrane 79 
in mixture of tungsten complex 

and moφholine 414 
in osmium tetracarbonyl 

complexes 406-411 
Proton transfer kinetics, future 

research 70* 
in methanol, acetonitrile, and 

benzonitrile 71-73 
pertinent information 404-406 
solvent properties and rate-limiting 

steps 74* 
Proton transfer rates between metal 

base and amine base 420 
Proton-transfer kinetic studies, 

future trends 69-71 
Proton-transfer reactions 

between acids and bases 63-65 
with deprotonated metal-peptide 

complexes 23* 
generalization 63-68 
of metal-peptide complexes, 

mechanism 21/ 
of metal-peptides 20-23 
in organometallic chemistry 403-423 
rates and mechanisms 63-80 

Protonation 
of ethylenediamine nitrogens 16 
of pyridine 72 
rates for carbanions 68 
reactions, ionic charge influences .. 66* 

Pyrene/dimethylaniline electron 
exchange 339 

Pyridine, protonation 72 

Q 
Quadratic dependence on overall 

free-energy 306, 307/ 
Quantum mechanical theory 

(QMT) 267-271,276* 
Quantum yield, [(PPh)3] effect 382 
Quantum-mechanical theory of dif

fusion-dependent electron trans
fer in biological systems 214-218 

Quantum-mechanical vs. classical 
approach 251 

Quenching 
of *Cr(III) by Co(III) 227-230 
of fulvic acid fluorescence 37, 38/ 
rate constant for halides 230 
rate constant vs. reduction potential 

for RuL3 3 7*RuL 3
2 + 

couple 391/ 
of *Ru(bpy)3

2+ by paraquat 448 
Quinone-chlorophyll electron transfer 215 

R 
Radial distribution function at 

equilibrium 106 
Radial distribution of reactants 259-262 
Radial flux density 236, 237 
Radial pair distribution function 258 
Radical-trapping reagents, organic .... 177 
Radical-trapping studies 179* 
Rate coefficient for water exchange 

on Fe(III) 44/ 
Rate constant 

for acid dissociation of 
nickel(III) complex 8,9/, 11 

for acid pathway in dissociation 
of Nien2* 20* 

for base protonation 66* 
bimolecular 258 
for bipyridine loss from Rh(bpy)3

2+ 387 
calculated base on TST, SCT, 

and QMT 276* 
for Co(III)-Ru(II) complexes 

separated by amino acids 226* 
for conversion of precursor to 

successor complex 108 
for Cu(III) tetraglycine acid 

decomposition 6, 7/ 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
27

, 1
98

2 
| d

oi
: 1

0.
10

21
/b

k-
19

82
-0

19
8.

ix
00

1

In Mechanistic Aspects of Inorganic Reactions; Rorabacher, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



482 MECHANISTIC ASPECTS OF INORGANIC REACTIONS 

Rate constant—(Continued) 
dependence on separation 

distance 237,238 
for dioxygen adduct formation 436* 
for dissociation of Nien(H 20) 4

2 + 

as function of pH 17/ 
and efficiencies used to extract 

intrinsic barriers 89* 
for electrochemical exchange and 

homogeneous self-exchange 
reactions 190*, 191* 

for electron transfer reactions ...105,106 
within precursor complex 107 
within semiclassical formalism... 112 

for exchange reactions 110, 111*, 
120, 121* 

for Fe 2 + /Fe 3 + electron exchange 
reaction 255 

for formation of aquonickel(II) ion 
with amines 6* 

for homolytic dissociation 60, 61 
for intersystem-crossing processes 

in Co(II), Fe(II) and Fe(III) 
complexes 460* 

* e l 258,262-267 
ligand-ligand vs. metal-metal 

coupling effect 272 
for metal-metal proton exchange .... 414 
of Ni(II) with ethylenediamine 12 
for rapid stereochemical changes 

in metal complexes 459* 
for reaction of Rh(II) rhodoxime 

with R X 401* 
for reactions of trien with 

Cu(II) tripeptides 27* 
for Rh(III) reduction to Rh(II) 398 
for ruthenium complex reaction 

vs. δ-Go 241, 242/, 245/ 
for solvent and protonation path

ways in complex dissociation 16* 
at 8-Go 235, 240, 244, 246 

Rate constant-overpotential plot 198/ 
Rate of electron transfer, amino acid 

linkages influences 225-227 
Rate formulations, electrochemical 182-185 
Rate law 

for BrO 4" reduction 159 
for T P reduction of CIO4" 160,163 
for V2* oxidation 163 

Rate measurement of gas phase, 
ion-molecule reactions 82, 83 

Rate theory, unimolecular 83 
Rate, intramolecular electron 

transfer 223 
Rates of electron transfer, 

distance dependence 213-233 
Rates and mechanisms for 

proton-transfer reactions 63-80 

Rates of reaction of CIO4" with 
nucleophilic reducing agents 159 

Rates of transfer from 
cw-Os(CO)4H2 to Et 3 N 406,408 

Reactant separation 259 
Reactants, interpénétration 260-262 
Reactants, radial distribution 259-262 
Reaction entropy for redox couple .... 185 
Reaction rates, contrasts in predicted 

free-energy dependence 303-308 
Reactions of coordinated 

dioxygen 427,428 
Reactions involving solvational 

change 42 
Reactions in micelles 337 
Reactivity of coordinated 

dioxygen 425-450 
Reciprocity 271 
Recombination in water, kinetics 73, 75 
Redox changes and nucleophilic 

substitution 154, 155 
Redox chemistry of oxyanions 151, 152 
Redox couple 

electrochemical, kinetic, and 
thermodynamic parameters 189-193 

energetics of electron transfer 185 
reaction entropy 185 
transition metal ion 160-162 

Redox properties of Rh(bpy)3
2+ ...388-393 

Redox reactions and 2e" changes 153 
Reducing agents, nucleophilic, 

rates of reaction of CIO4" 159 
Reduction of CIO4" 

general 155-160 
metal ions 160-170 

Reduction of ionization potential 
in micelles 345 

Reduction potential for cobalt 
complex 434 

Reduction potentials of rhodium 
complexes 392* 

Reduction product of tris(2,2'-
bipyridine)Rh(III) 385-402 

Reduction of Rh(III) to Rh(II) 398 
Rehm-Weller method for estimating 

reduction potentials of excited 
molecules 388 

Relaxation experiments and 
oscillating reactions 450 

Relaxation techniques 
electric field jump 71-73 
pressure-jump method 69 

Relaxation times for various 
techniques 455/ 

Reorganization energy 216,252/, 288 
for Co and Fe systems 318, 319 
definition 317 

Resonance exchange reactions 229 
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Resonance structures contribution to 
SN2 transition state 93 

Respiratory protein, intramolecular 
electron transfer reactions 218-221 

Reversed micelles 341 
Rhenium dithioformate complex ...358, 359 
Rhenium formate complex structure . 359 
Rhenium heptahydride bis(trialkyl-

phosphine) complexes 369, 370 
Rhenium pentacarbonyl dimer 

reaction with PPh3 443 
Rhenium pentahydride trialkyl-

phosphine complexes 367-370 
Rhenium trihydride complexes 

photoinduced loss of H 2 from ...351-354 
photolysis in presence of reactant 

gases 355-359 
Rhodium framework of 

[Rh1 3(CO)2 4H5-n]n- 417/ 
Rhodium hydride species and H 2 

generation 398,399 
Rhodium tris(bipyridine) ion 

characterization 393-395 
charge-transfer excited state 397 
production and decomposition .386, 387 
redox potentials 388-393 

Rhodium, oxidation state 385 
Rhodium(II) rhodoxime formation 399,400 
Rhodium(II) rhodoxime reaction 

with RX, rate constants 401* 
Rhodium(III) halide complex 

formation 399,402 
Rhodium(III) one-electron reduction 385 
Rhodium(III) reduction to Rh(II) 398 
Rhodium(4,4/-dimethyl-2,2'-

bipyridine) complex 390-393 
Ru-Oxo complex reaction with NO 2" 173 
Ruthenium dodecacarbonyl, 

photochemical reactions with 
triphenylphosphine 382 

Ruthenium spin-orbit coupling 297 
Ruthenium tris(bipyridine) activated 

complex 448,449 
Ruthenium trisbipyridyl 338 
Ruthenium-bipyridine complexes 

exchange reaction 118 
rate constants l l l r , 120 

Ruthenium-Co amino acid 
complexes 223-226 

rate constants 11 lr, 120 
Ruthenium-hexaammine complex 

reaction with CIO4" 178 
reaction with H 2 0 2 178 

Ruthenium-polypyridyl complexes ... 145 
Ruthenium(II) complexes 

reaction with CIO4" 167,168 
reaction with H 2 0 2 175-178 

Ruthenium(II)-bipyridyl complex 239, 240 
Ruthenium(III) excited state 

formation 245/ 

S 
Saddle-point method 112, 306 
Schrôdinger equation 282 

eigenvalues 266 
Hamiltonian 268,269 
vibronic 285 

Second-order rate constants for 
reactions of triene with Cu(II) 
tripeptides 23, 27* 

Self-exchange rate constant for 
Cu(II)/Cu(I) 211,212 

Self-exchange rates for Rh couples ... 393 
Self-exchange reactions 

nuclear tunneling factor 318*, 319* 
rate constant and thermo

dynamic parameters 190*, 191* 
Semiclassical formalism for electron 

transfer model 110-122 
Semiclassical theory (SCT) 265, 266 

rate constants 276*, 277* 
Semicontinuum model 297 
Semimethemerythrin dispropor

tionation system 220 
Separation distance 237 
Silica colloid 339 
Silver(II) protoporphyrin reaction 

with I r W " 338 
Singlet oxygen, lifetime 449,450 
Singlet vs. triplet oxygen 

generation 448,449 
Sipunculids 218 
SN1 reactions 82, 92,102 
SN2 nucleophilic attack on CIO3" 152 
SN2 potential energy surfaces 96 
SN2 transition state 93 
Sodium lauryl sulfate micelles 338, 339 
Solar energy conversion and 

dinuclear elimination 370 
Solubilization of reactants by 

micelle 337 
Solvation effect for SN2 exchange 91,92 
Solvation thermodynamics 297 
Solvational change between initial 

and transition states 42 
Solvational change, pressure 

data analysis 45-47 
Solvent combination to E* 264 
Solvent composition, effect on 

divalent metal ions 35, 36 
Solvent configuration for activated 

complex 113/ 
Solvent dependence of CT 

transitions 145 
Solvent effect on intervalence 

band position 291 
Solvent effects in vibronic coupling 

model for mixed-valence 
compounds 281-299 

Solvent exchange reactions and molal 
volumes of transition states 52 
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Solvent polarization mode 262-264 
Solvent properties and rate-limiting 

steps for proton transfer 74* 
Solvent-exchange 

rate constant for Mn(II) 56 
reactions—See also Water exchange 
reactions, nonaqueous 50-52 

Spatial separation between donor 
and acceptor centers 215, 218 

Spectral data for Rh(bpy)3
2+ 394 

Spectral data, photolysis of 
ReHx(PR3)x complexes 357, 364* 

Spherical contact distance 261, 262 
Spin multiplicity changes in 

donor-acceptor reactions 227 
Spin relaxation, electronic 458 
Spin-orbit coupling 126 

low-symmetry splitting 297 
Splitting of adiabatic states 273/ 
Splitting of adiabatic surfaces at 

diabatic crossing point 267 
Stability constants of Cu(II)-

tripeptide complexes 25,27* 
Stabilization of electrochemical 

transition state 194 
Stacking interaction in reaction 

between bipy and 
Ni(phen)(H20)4

2+ 13,14/ 
Stacking interactions 13 
Static dielectric constant of 

bulk water 259 
Static problem 282-284 
Steel corrosion 78 
Stereochemical change 

in chelate complexes 42 
in metal complexes 459* 

Steric effect in substitution 33 
Steric factor 262 
Steric hindrance 

and Η-bond strength 65, 67* 
in ligand-ligand displacement 

reaction 25, 27* 
Storage of energy 344 
Structural properties of micelles 344 
Substitution chemistry, instru

mentation requirements 36, 37 
Substitution mechanisms and 

pressure effect 39-54 
Substitution rate constants for 

aquonickel(II) ion with amines .. 5, 6* 
Substitution reactions 

associative interchange 49* 
of chelates 3-38 
dissociative interchange 48* 
dissociative vs. associative 

mechanisms 4-6 
factors affecting (kf) 12* 
homolytic vs. heterolytic 

bond cleavage 60-62 
outer-sphere complex formation .... 56 

Substitution reactions—(Continued) 
polypeptide complexes 31, 32 

Sulfosalicyclic acid reaction 
with Fe complex 37 

Sulfur nucleophiles 100 
Superoxo intermediate, kinetic path

way for dioxygen reduction 441 
Surface of micelle 345, 346 
Surfactant molecule 335, 336 
Symmetric probability distribution .... 270 
Symmetric vibrational modes 330 
Symmetrical electron transfer, poten

tial energy vs. normal mode 
coordinate 140/ 

Τ 
Tait equation 45 
Temperature dependence of 

cytochrome oxidation rate 
in chromatium 216, 217/ 

Temperature dependence of rate 118 
for activated and activationless 

processes 218,219/ 
Temperature effect on nuclear 

tunneling 114,115/ 
Temperature-dependent activation 

energy 271 
Temperature-jump study of hydroxide 

ion reaction with Η-bond malonic 
acid monoanions 65, 67* 

Terpyridine, reaction with metal ions 32 
1,4,8,11-Tetraazacyclotetradecane .... 427 
Tetraglycinamide complex 8 
Tetraglycine triply deprotonated 

complex 6-8 
Thallic ion reduction by Fe 2 + 133 
Thallium(II) disproportionation 

reaction rate constant 134 
Thermal activation energy 308, 309/ 
Thermal outer-sphere reactions 

and nuclear tunneling 315, 317 
Thermochemical constraints on 

potential catalysts of 0 2 / H 2 0 
couple 444-446 

Thermochemical parameters of 0 2 .... 426* 
Thermodynamic acidities of metal 

hydrides in acetonitrile 409* 
Thermodynamic driving force 

influence 196-206 
vs. activation free energy plot 188/ 

Thermodynamic free-energy barrier .. 184 
Thermodynamic parameters for 

electrochemical exchange and 
homogeneous self-exchange 
reactions 190*, 191* 

Thermodynamic properties of Co 
complexes reacting with 0 2 447* 

Thermodynamics, kinetics in 
relation to 40 
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INDEX 485 

Thiolates 100 
Time-dependent calculations of 

kobs vs. δ-Go 244, 245/ 
Tin(II), reducing agent for CIO4" 172 
Titanium, colloidal systems involving 78 
Titanium(III) reduction of CIO4" ...160,163 
Titration of fulvic acid with Cu(II) ion 38/ 
Toepler pump analysis of evolved 

gases 357 
Total reorganization energy vs. 

band energy 291, 292/ 
Transfer coefficient 196 
Transfer rate vs. absolute * as 

function of electronic coupling .. 294/ 
Transfer, intervalence 308-315 
Transition metal anions and charge 

delocalization 404 
Transition metal complexes, kinetics 

of reactions in polar solvents 257 
Transition metal hydride, 

deprotonation 404 
Transition metal ions 

aquo compounds 128 
redox couples 106-162 
reduction of CIO4" 160-170 

Transition metal polyhydride 
complexes 347-383 

Transition metal redox couples, 
electrochemical kinetic and 
thermodynamic parameters ...189-193 

Transition metals—See also Metals 
and entries under specific 
elements 

Transition probability, Laplace 
transform 315 

Transition state characterization 83, 85 
Transition state and reactants, 

energy difference between 98 
Transition state for SN2 exchange 91 
Transition state stabilization, homo

geneous vs. electrochemical 194 
Transition state theory (TST) 265, 266 

rate constants and activation 
parameters for Fe 2 +-Fe 3 + 

reaction 276* 
Transition state of water exchange .... 54 
Triethylamine and p-nitrophenol 

proton transfer 72 
Triethylenetetramine nucleophilic 

substitution reactions 23, 27* 
Tripeptide-polyamine ternary 

complexes 23, 24/ 
Triphenylphosphine, photochemical 

reactions with ruthenium 
dodecacarbonyl 382 

Tris [bipyridylruthenium(II) ]-methyl 
viologen system 339 

Triton X-100 micelle 344 

Trivalent metal complexes, substi
tution characteristics 6, 7/ 

Tungsten-molybdenum tetrahydride 
complexes 380 

Tungstenocene dihydrides 
photolysis 348,349 

Tunnel-type transitions for 
Creutz-Taube ion 299 

Tunneling in connection with 
proton transfer 79 

Tunneling transitions 286,287/ 

U 
Unimolecular rate theory 83 
Uranium as reducing agent for CIO4" 163 
Uranium-aquo complex oxidation 164,165 
UV-VIS spectral changes 

on acid addition to 
Ni(III)(H-3G4a) 8,10/ 

during irradiation of rhenium 
complexes 362, 363/, 367,368f 

during photolysis of platinum 
complexes 371, 372/ 

V 
Vanadium-aquo complex oxidation .. 164 
Vanadium(II) 

reaction with CIO4" 172 
as reducing agent for CIO 4' 163,174 

Vanadyl ion formation 164,165 
Van der Waals contact 255 
Vibrational coupling limit 249 
Vibrational eigenvalues for 

Creutz-Taube ion 320 
Vibrational energy exchange 268 
Vibrational force constants 205 
Vibrational modes in electron transfer 216 
Vibrational potential energy 283 
Vibrational trapping 139 
Vibrational wave function overlap .... 143 
Vibrational wave functions 269 
Vibrations of a bidentate formate 

ligand 358 
Vibronic coupling model for 

mixed-valence compounds ...281-299 
Vibronic energies 284 
Vibronic matrix elements 268 
Vibronic Schrodinger equation 285 
Vibronic wave function 269, 284 
Vidicon rapid scan UV-VIS spectral 

changes on acid addition to 
Ni(III)(H-3G4a) 10/ 

W 

Water—See also Aqua 
Water exchange, limits to S-V* 47-50 
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Water-exchange rate constant 11 
for Ni(terpy)(H20)3

2+ 13 
Water-exchange reactions 

and associative interchange 49* 
and dissociative interchange 48* 

Wave functions 
charge localized vs. delocalized 270, 271 
determination 269, 270 
and nonadiabatic character 266, 267 
overlap 143 

Work-corrected rate constant 183,184 

Y 
Yl bond, formation 165-167 
Ytterbium ion redox reactions 164 

Ζ 
Zinc tetraphenylporphyrin 338 
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