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I. GENERAL CONSIDERATIONS 
For decades the detailed chemistry of inorganic reactions in aqueous media has 

been limited to  observations of their stoichiometry. Interpretation has usually 
involved thermodynamic considerations and has neglected time dependence 
entirely. Here and there authors guardedly made statements to  the effect that 
in some particular systems equilibrium is slow in being attained and that a 
judicious choice of catalysts is necessary to  speed the attainment of equilibrium. 
In  all other cases the assumption was made that reactions involving ions occurred 
rapidly and went on to  completion. The simple stoichiometry of gaseous chem- 

This work was supported by the U. S. Atomic Energy Commission and the National 
Science Foundation. 

* Present address: Stanford Research Institute, Stanford, California. 
157 



158 ZWOLINSKI, MARCUS, AND EYRING 

ical systems served admirably as the basis for development of our knowledge of 
the theory of chemical kinetics. Later, organic chemistry attracted kineticists 
in droves. Only a few hardy souls remained to  marvel a t  the complexities and 
subtleties of inorganic reaction systems in solution. More recently the develop- 
ment of new techniques of kinetic observation, such as those involving the 
polarograph, the oscilloscope, measurements with both stable and radioactive 
isotopes, and recording spectrophotometers, has led to a concerted attack on 
the solution chemistry of inorganic systems. This review is limited to  a compre- 
hensive view of inorganic oxidation-reduction reactions in aqueous systems- 
especially those involving an electron transfer between the reactants. It is 
nevertheless hoped that this effort may stimulate interest in this somewhat neg- 
lected field of chemical theory-inorganic kinetics. 

11. OXIDrZTION-REDUCTION REACTIONS INVOLVING ELECTRON TR.4NSFEH 

Classical definitions of oxidation and reduction reactions in terms of oxygen 
content were in time broadened to include all reactions in which materials either 
gain or lose electrons. 

In  most reactions, obviously, a redistribution of electrons occurs. In  many 
cases this electron loss (oxidation) or electron gain (reduction) might be inter- 
preted by the assignment of fractional oxidation states to  chemically bound 
elements. In  systems where chemical change results in the formation of new 
covalent bonds, interpretation is made not in terms of integral numbers of elec- 
trons, but in terms of changes in atomic electron densities, namely, electrone- 
gativity values. Such concepts are discussed in recent texts by Ingold (41) and 
Moeller (54) and will not be pursued further here. This review will deal only with 
oxidation-reduction systems which are clearly characterized by a complete 
electron transfer between an oxidant (electron acceptor) and a reductant (an 
electron donor) and will not be concerned with acidity and basicity in the sense 
proposed by G. N. Lewis. 

In  the past ten years extensive experimental research has been done on a class 
of oxidation-reduction systems involving electron transfers with no chemical 
change, i.e., the standard free-energy change is zero-the reacting species being 
identical with the products. As an example, consider the ferrous-ferric reaction 
in aqueous solution (the asterisk denotes a second isotope, either radioactive or 
stable). 

Fe+z + Fe*+3 ---f Fe*+2 + Fe+s AFO = 0 (1) 

All ionic symbols used in this report omit specific reference to  solvation. These 
“electron-exchange” reactions serve as a useful model for extending our general 
knowledge of inorganic oxidation-reduction systems. 

The reader is referred for background information to the excellent discussion 
by Taube (68) of the labile and inert ionic complexes, Uri’s (73) thorough re- 
view of inorganic free radicals in solution, and Baxendale’s (7) discussion of 
oxidation-reduction reactions involving hydrogen peroxide. Partial listings of 
electron-exchange reactions have been given by Gryder (30) and by Meyers and 
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Prestwood (53). Haissinsky (32) included a few electron-exchange processes in 
his general review on isotopic or atom-exchange reactions. While this manu- 
script was in preparation there appeared a brief discussion by F. Duke (20) of 
the nature of electron-exchange reactions. 

In  addition to  electron-exchange reactions, some attention will be directed to  
inorganic oxidation-reduction systems in which AFO # 0, i.e., the electron trans- 
fer occurs in systems whose reactants and products are chemically identifiable. 
The question of one- or two-electron steps in the course of oxidation and re- 
duction was recently discussed by Westheimer (80) and will be excluded from 
this review. The weight of modern evidence, experimental as well as theoretical, 
seems to  favor the concept that only one electron is transferred at  a time in the 
kinds of reactions to be discussed in this paper. 

111. EXPERIMENTAL INFORMATION 
A .  KINETIC ANALYSIS 

Rate measurements, as a function of acidity and anion concentrations and 
augmented by thermodynamic data on equilibrium constants, permit one, in 
some cases, to  unravel the steps contributing to the overall kinetics. Silverman 
and Dodson’s (66) paper on the electron-exchange reaction between the two 
oxidation states of iron in acid aqueous solutions provided an interesting an- 
alysis. The radioactive ferric isotope Fe66 was used in this study. They found 
that the reaction velocity was first order in both oxidation states of iron. How- 
ever, the variation of the velocity as a function of acid concentration and chlor- 
ide concentration suggested that four simultaneous reaction paths for ferrous 
ion were involved: ( 1 )  the unhydrolyxed ferric ion, Fe+3, ( 2 )  the FeOH+2 ion, 
and the two chloride complexes (3)  FeC1+2 and (4)  FeC12+l. These particular 
oxidation-reduction reactions are unique in that the reactants and products are 
identical except for negligible isotope effects. This implies an equilibrium con- 
stant of unity and thus equal specific rate constants for the forward and reverse 
reactions. 

B. CLASSIFICATION OF REACTIONS 

It proves convenient to  group all kinds of oxidation-reduction reactions in 
the fields of chemistry and biology in two classes, based on the existence or 
absence of thermodynamically stable intermediates in the chain of events 
leading from the initial to the final state of the reaction. Reactions not admitting 
of stable intermediates are defined as Class I and are obviously limited to  a 
single step, i.e., a dismutation of the activated complex. The Class I1 oxidations, 
which admit of the existence of thermodynamically stable intermediates, are not 
basically different from any other chemical kinetic systems proceeding by a 
series of primary and secondary steps. This particular scheme has been em- 
phasized by Weiss (77) in his interpretation of oxidation-reduction phenomena. 
It is obvious that the rate-determining step of a Class I1 reaction will be entirely 
analogous to  a Class I reaction; thus any mechanism which can be derived for 
Class I will equally well apply to  Class 11, supplemented by the previously 
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14.3 [ -33 
Slow 

9.9 -26 
7.4 -18 
8.8 -24 
9 .7  -20 
9.1 -20 
9 .6  -22 
7 .7  -40 

24.0 +25 
8.3 -24 
10.7 -24  

Fset 

TABLE 1 
Class I reactions; cations 

Reaction 

Reaction 1 A E  1 ASt 

Rate Law 

I-I- 
Separation Method 

Extraction 
Extraction 

Precipitation 
Precipitation 
Precipitation 
Precipitation 
Precipitation 
Precipitation 
Extraction 
Extraction 
Extraction 
Ion exchange 
Optical activity 

Solvent 

** Fitted value. 

TABLE 2 
Class I reactions; anions 

Yn04*Mn04-. , , . . . . . . . . . . . . 

Fe (CN) c"Fe (CN ) 8-1, . . . . . . . 

Complete within 36 eec. 
Complete 
Complete within 5 sec. 
b' = 650 moles/l.-see. 
Complete within 4 br. 
Complete within 6 hr. 
Complete within 4 min. 
Complete within 1 min. 

k' - 108 molea/l.-sec. 
Complete within 5 aec. hfo(CNs)-LMo(CN)s-a, . , , . . 

jeparation Method 

Extraction 
Precipitation 
Extraction 
Extraction 
Diffusion 
Electrophoresis 
Ion exchange 
Precipitation 

Precipitation 
Precipitation 
__a__ 

- 
P 

1.0 - 
- 
0.65 
0.55 
0.65 
0.55 
0.5 
0.5 
6.18 
6.18 
1.0 
2.5 - 

RCd./ 
mole 

23.5 - 
- 
16.7 
12.2 
15.3 
15.1 
14.2 
14.9 
18.0 
16.5 
14.3 
17.2 - 

cal./tnak 

16.8 - 
- 
16.7.' 
16.1 
15.1 
13.1 
15.1 
18.1 
19.1 

14.6 
16.0 - 

Solvent 

4 M KOH - 
2 M NaOH 
9.16 X NaOH 
10-1 M HC1 
HzO 
HnO 
1 A4 HC1 
Neutral 
0.05 M NaOH 
HYO 
0.01 &f "4ClOi 

__ 
TWl- 
pera- 
ture 

"C. 
0 

-1 
1 

25 
25 
25 
25 

- 

4 
2 

- 
Refer- 
ence 

mentioned secondary steps. Class I reactions are listed in tables 1 and 2, re- 
spectively, the choice depending on whether both reactants are cations or anions. 
All the electron-transfer reactions where the identity of the reactant species is in 
doubt or where the standard free-energy change is not zero are listed together 
as Class I1 reactions in table 3. Additional kinetic information is required to  
reveal whether the reported Arrhenius energies of activation refer to the overall 
reaction consisting of a series of primary and secondary steps as emphasized by 
Weiss (77) or to  a single chemical transformation. The reactions of Class I1 
involving different oxidation states of the same element, as, for example, the 
thallium, tin, europium, antimony, and uranium systems, will probably become 
identified with the Class I reactions once the chemical species involved in the 
electron transfer are identified. 
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Eu+"Eu+' 
T'e(OHd-Sn" 
I'e-a-Np'' 
I'e+LHQ- 
U'LLT'' 
1 ?+lTlOH+' 
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20 8 
22 6 
35 0 
20 2 
33 4 
18 4 

Reaction , A E  

TABLE 3 
Class 11 reactions ____ , " I 

cal./ 
d e l . -  
mole 
- 33 
-84 
- 16 
-32 

-3 
+4 

+53 
$31 

-1 
+50 

+51 

Separation 
Method 

Precipitation 
Precipitation 
Precipitation 
Precipitation 
Precipitation 

- 
- 
- 

Precipitation - 
- 

" 2 1 0 4  1 6.0 
HC1 ~ 10.0 
-4bsolute alcohol ~ - 
HCI ~ 6-12 
HCI ~ 2 . 0  

l dbr ~ Other Orders 

HClOl 1 -  

HClOi ~ 1.0 
HClOi 1 -  

HC1 >1 
HClOi 1 3 . 0  
HClOi t -  

I 
kca1.l ~ 

mule 

23 9 - 
23 3 - 

35 9 (H+j'(Cl-)9 
1 8 3  1 - 

21 0 1 (CP) 

I 

C. EXPERIhlENTAL DETAILS 

207 i - 
19.2 (Hf jp  

23.6 (")-a 
20 0 - 
12 .4  - 

3 . 8  1 - 

For Class I reactions where the reacting species are identical with the products 
(AFO = 0), unless some other than chemical characteristic of the system, such 
as optical activity (23) (see table 2),  can be found to  follow the change, radio- 
active tracers must be employed. This can be easily visualized: if ferrous ions 
interact with ferric ions, and only ferrous ions are "tagged" with a radioactive 
tracer, then the amount of radioactivity appearing in the ferric form after a 
given period of time will be proportional to the number of times a ferrous ion 
gave up its electron and became a ferric ion. This technique was introduced by 
Hevesy and Zechmeister (36) in 1920, who found complete exchange between 
plumbous and plumbic ions in boiling glacial acetic acid. The availability of 
radioactive isotopes of many elements in the last decade has placed a consider- 
able body of experimental information in our hands. 

The majority of the reactions reported herein have been studied by radioactive 
tracer techniques. This means that one of the reacting species was prepared from 
the radioactive isotope and the other from an inactive isotope of the same ele- 
ment. The appropriate concentrations, a and b ,  of these reactants are then mixed 
to make a solution of known ionic strength and pH. Aliquots are withdrawn 
from the solution from time to time and the two different valence forms of the 
element are separated. The amount of activity appearing in the originally un- 
labeled form is then an indication of the progress of the reaction. Analytically 
this is given by the expression 

first derived by McKay (50), in which x is the activity of the originally inactive 
material a t  time t and x, is the same quantity when the exchange is complete. 
The rate of the electron exchange is given by 

R = ktaubp 
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where k' is the specific reaction rate constant, and CY and fl  are the orders of the 
reaction with respect to  the components a and b ,  respectively, expressed in 
number of equivalents of exchangeable atoms. The order of the reaction is 
found by independent variations of the concentratioiis of the reactants a and b. 
If the reaction system admits of more than one electron-exchange reaction, i.e., 
several different chemical species are participating in the electron exchange, 
then R is the overall rate expression for electron exchange and can become a 
relatively complicated function of several rate constants, equilibrium constants, 
and anion and acid concentrations. Several typical examples are taken up by 
Meyers and Prestwood (53). 

Since most of the electron-exchange reactions are quite rapid, special pre- 
cautions must be taken in the choice of a method of separation for the two oxida- 
tion states of the element in order to  minimize exchange effects during the 
separation. For this reason, the separation technique is specified for each reac- 
tion system listed in the tables. The separation technique becomes especially 
critical for very fast reactions such as those invol\+ng anions as reactants. The 
separation procedure which involves precipitation of one of the reactants is the 
one considered most likely to induce exchange because of surface effects. Such 
effects were tested for in all reactions studied by this method and mere taken 
into account in calculating values. It has been shown (58) that these effects will 
not change calculated rates provided the effects are reproducible. 

D.  SUMM.4RY OF KINETIC DATA 

In reviewing the data on electron-exchange reactions listed in tables 1 and 3, 
t,he following detailed information has been included to  serve as a background 
for the theoretical discussions to  follow: the Arrhenius energy of activation 
(AE N AH' + RT, since AV* is negligible for reactions in solution), the entropy 
of activation (AS:), the observed free energy of activation a t  25OC. (AFdby), 
the  supporting aqueous electrolyte medium (a point of importance when the 
anion effect is discussed in the next section), and the ionic strength ( p ) .  The rate 
information for practically all Class I reactions involving cations was obtained 
from a detailed analysis of the corresponding overall reactions; thus, the quoted 
Arrhenius energies refer t o  the rate-determining step in each case. (For details 
of these analyses the reader is referred to  the original references listed.) A column 
of calculated free energies of activation (AF:a,c) for electron transfer is included 
in table 1 for all reactions characterized by negative entropies of activation. 
These values mere calculated on the basis of the electron tunnelling hypothesis 
advanced by the authors (47). In table 3,  where the detailed mechanism of the 
overall reaction is less certain, the reported Arrhenius energies of activation 
represent apparent instead of true energies of activation. Where effects of foreign 
anions and pH were studied, the orders observed are given in a separate column. 
The antimony system, with an admitted ninth-order dependence on chloride-ion 
concentration, will bear further investigation. 
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Iv. THEORETICaL INFORMATION 

h. SURVEY O F  PAST WORK 

One of the more difficult facts to explain about electron-exchange reactions 
is how two highly charged ions can overcome their mutual repulsion and ap- 
proach closely enough to  form an activated complex. The charge of some cations 
involved in these reactions is occasionally reduced by hydrolysis of the hydrated 
cation, forming a hydroxyl intermediate, or by ion-pair formation (73) with some 
anion (most frequently a halide ion). However, the reactants in these cases are 
still cations, even with reduced charges. The electrostatic repulsive force be- 
tween such cations when forced t,ogether closely enough to form an activated 
complex is usually quite large. The coulombic repulsion between ions of charge 
pa and q b  at  a distance Tab will be paqbeZ/rab. Suppose a ferrous ion is made to ap- 
proach within 2 A. of a ferric ion. The coulombic repulsion alone will amount to  

(4) 
2 X 3 X (4.8 X X 6.02 X loza = 994 kcal.,mole 

2 X lo-* x 4.186 X 1Olo 

In  addition, i t  will require a considerable amount of energy to  adjust the hydra- 
tion shells of the two ions. Some amount of ingenuity has been expended in ex- 
plaining why these reactions proceed despite such seemingly unfavorable energy 
requirements. 

The first suggestions which were made in this direction were rules of thumb, 
designed to  predict which reactions would be fast and which would be slow. One 
of these was Shaffer’s equivalent change principle (63, 64), which states that 
oxidation-reduction reactions in solution will be fast only if  the donor and ac- 
ceptor molecules each exchange a like number of electrons. Thus, reactions like 

A+? + B+ + A+ + B+2 ( 5 )  

(6) 

and 

A+3 + B+ + A+ + B+3 

will be fast, whereas reactions of the type 

Af3 + 2B+ -+ A+ + 2Bf’ 

will be slow. According to  Shaffer, the slow velocity of the last type of reaction 
is due to the necessity for a three-body collision to  initiate the reaction. The 
catalytic effect on slow reactions like reaction 7 of substances such as dyes or 
manganese compounds is explained by Shaffer as being due to  their ability to  
react in one-electron stages. The equivalence principle applies, of course, t o  all 
electron-exchange reactions where *4 = B. 

Remick (60, 61) supplemented the equivalence theory of Shaffer by the ad- 
ditional consideration of “potential humps.” This idea had been introduced by 
Bancroft and Magoffin (3, 4). According to Remick, oxidation-reduction re- 
actions in which two electrons are exchanged would not have to surmount an 
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energy barrier, whereas the velocity of those reactions in which only one electron 
is exchanged is inversely proportional to the height of the barrier, which in turn 
he assumed was related to  the E.M.F. of the reaction. This particular rule has no 
bearing on the limiting case of electron exchange (A = B), where the E.M.F. 

is of course zero. Sufficient evidence has been accumulated in recent years to  
indicate that these unfamiliar oxidation states, such as Mg+, Sn+*, Cr+', are 
not of unusually high energy value as Remick believed, but rather are present 
in sufficient concentrations in aqueous solution to  provide an easier path for the 
electron exchange in some instances (56). 

Gershinowite (27) has correlated Conant's (16, 17) data on the kinetics of 
oxidation-reduction reactions of quinones and amines by defining an E.M.F. for 
the equilibrium between reactants (i) and activated complexes: 

F' - F ,  = -n3(E: - Eo,) (8) 

where F' and F ,  represent the free energies of species i in the activated and ground 
states, respectively, and Ed and Ea, the E.M.F.'S for the same states. The Ei's 
can only be related to Eo's for compounds which are members of a homologous 
series and when each member of such a series reacts with the same oxidant or 
reductant , 

Weiss (77) also supplemented the equivalent change principle by extending 
Shaffer's concept of catalysis of electron-exchange reactions by dyes. Weiss 
noted that reactions of the type represented by equation 7 would he fast in 
which A existed also in a valence state intermediate between the ones in which 
A exists as reactant and as product. This is consistent with the assumption of 
the principle of compulsory univalent oxidation. 

Another contribution of Weiss to  the theory of oxidation-reduction reactions 
is the suggestion (78) that these may proceed by coupling with another system 
of suitable EO. One such system suggested by Weiss is the molecular oxygen- 
oxygen ion system; this reaction is visualized as follows: 

M+" + 0 2  3 M+"+' + 02- 
M + n + 1  + 0 2 -  -+ AI+" + 02 

(9) 

(10) 

Another sybtem involves the hydroxyl ion 

M+" + OH 3 M+)l+l + OH- 

+ OH- --+ M+n + OH 

(11) 

(12) 

Many of the authors cited in the previous section have tested for an oxygen effect 
on the rates of elertron-exchange reactions; usually none was found, or where one 
was found it arose from the slow oxidation of the reactant ion of lower valence. 
Nevertheless, such tests are not decisive in rejecting the possibility of the exist- 
ence of an equilibrium such as shown in equations 9 and 10, since a sufficient 
amount of oxygen may always exist in solution to  establish such an equilibrium. 
The situation with respect to an equilibrium such as shown in equations 11 and 
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12 and corresponding equilibria with the halide ions is clearer. Uri (74) has 
pointed out that in these cases i t  is more likely that an ion-pair will be formed. 

~ + n + l  + OH- -+ M O H + ~ ~  (13) 

It is true that such ion-pair formation occurs quite frequently in Class I1 re- 
actions. I n  this respect this suggestion reduces to the one of Weiss (77) referred 
to  previously. On the other hand, the reaction according to  equation 12 would 
require an intramolecular charge transfer of the following kind: 

1 e- 
7 7  

M+n+l + OH- --t [AI+"+' . . . OH-] + MOH+" (14) 

Such a charge transfer bears some resemblance to the light-absorption studies 
reviewed by Rabinomitch (59). These spectral changes have been called electron- 
transfer spectra; a t  the present time it is not known whether such changes occur 
in the course of oxidation-reduction reactions when there is no external source 
of electromagnetic radiation. 

Adamson (1) has presented an interesting correlation of exchange half-time 
as a function of the magnetic susceptibilities of the reactant ions. This function 
is the product of the sum and the difference of the magnetic susceptibilities, i.e., 
( K ~  + K B ) ( K A  - K ~ ) .  The smaller this product, the faster the exchange reaction 
seems to  proceed. Adamson does not give any particular reason for this cor- 
relation. 

Theoretical discussions of electron-exchange reactions based on the electron 
tunnelling hypothesis have recently been given independently by Weiss (79) 
and by Marcus, Zwolinski, and Eyring (47). A discussioii, based on electron 
exchange between two nuclei as in the hydrogen molecule-ion and involving the 
Franck-Condon principle, was given by Libby (46). Other contributions to the 
theory of oxidation-reduction reactions involving electron transfers, such as the 
role of intermediates proposed by Duke (19, 20) and the bridged activated com- 
plexes of Taube and coworkers (69-71), will be covered under the appropriate 
headings below. 

B. AKION AND SOLVEXT EFFECTS AKD THE BRIDGED ACTIVATED COMPLEX 

One manner in which the high repulsion energy of two cations can be reduced 
is by the introduction of an anion between them. This has been proposed by 
several authors (15, 33, 37, 46, 70, 71). The effect of the introduction of a uni- 
valent anion c on the repulsion energy e2(p,g,/r,b - p ,  'r,, - qb/rbc)  can be shoyn 
by the follov-ing oversimplified calculation: suppose a ferrous ion is located 2 A .  
from a chloride ion, which in turn is located 2 ,I. from a ferric ion; the potential 
energy for the linear complex is now attractive: 

?] = -308 kcal./mole (4.8 X X 6.02 X loz3 2 X 3 2 
_..____ 

X 4.186 X 10'0 [T - 2 2  - - 

Since we are primarily interested in relative values, here, as in the previous cal- 
culation, we chose to omit the dielectric constant of the solvent. This calculation 
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is certainly not accurate, but serves to indicate the tremendous change in the 
electrostatic repulsive energy that occurs when a suitable anion is introduced 
into the activated complex. 

Before proceeding to  examine the role of anions and solvent molecules, an 
enumeration of possible mechanisms of electron transfer may be instructive. 
Disregarding the effect of solvent and anions, the following reactions require 
consideration : 

1 .  Reactions between oppositely charged particles 
A+ + B- Ft [A+ * .  3 B-] -+ h + B (15) 

Such reactions are rarely, if ever, slow, because the electrostatic attraction makes 
it easy to  acquire the activation necessary to  approach near enough for the elec- 
tron to  pass across the intervening space within the duration of most collisions. 

2. Reactions between a n  ion and a neutral particle 

(9  A+ + B --+ LA4+ * .  . B]* -+ A + B+ 

A + B- -+ [A . * * B-I* -+ A- + B 

(16) 

(17) 
Such reactions are reasonably common in gaseous systems provided the ioniza- 
tion potentials of the two particles are almost equivalent. They are commonly 
referred to as charge transfers and have been thoroughly discussed by Massey 
(48). Their importance in radiation chemistry has been assessed by Burton and 
Magee (13). In  reference to electron transfers in oxidation-reduction systems, 
Weiss (79), Gorin (29), and Duke (21) proposed mechanisms involving neutral 
intermediates as given above to  explain the reaction of like-charged ions. In  
principle one other possible reaction between an ion and a neutral particle can 
be written, 

or 

(ii) A + 13+ --+ [A . * B+]* + A- + B+' (18) 

involving further ionization of the reductant. Such a case was brought up by 
Weiss (79). The formation of oppositely charged products is highly unlikely. 
This reaction represents an earlier suggestion of Weiss on mechanisms in oxida- 
tion-reduction systems where A is molecular oxygen and B+ is a cation, i.e., 
the oxygen effect. 

3. Reactions between like ions 
AP + Ba + [AP . . . Bq]f -+ Ap-1 + Bq+' (19) 

where for either cations or anions, p = &l, f 2 ,  1 , and q = & I ,  f 2 ,  + . . , 
respectively. Reactions between ions of similar charges, i.e., where p = q,  are 
to  be excluded, for in such reactions electron transfers are usually strongly endo- 
thermic. Cases where the species are equivalent, A B, and the charges on the 
ions dissimilar, p # q, are the common electron-exchange reactions given in 
tables 1 and 2. 
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Electron transfers by way of intermediates call for consideration (see also 
Duke (20)). 

4. Electron solvation 
Denoting the solvent by the symbol S, the electron-transfer mechanism can 

be written as 
A + S = A+ + S- 
S- + B .--) [S- + Bl' --+ S + R- (20) 

where the equality sign denotes an equilibrium condition and the activated com- 
plex defines the rate-determining step. If this is true, then the solvent can be 
regarded as a new oxidant once the equilibrium is established and the situation 
reduces to  one of the direct electron-transfer reactions considered above. Although 
electron solvation in liquid ammonia solutions occurs readily, i t  is rather un- 
likely that electron attachment will occur in aqueous solution without reducing 
the water (46). As examples we may cite the reducing action on water of in- 
organic salts like Co"(CN)6' or electronically excited Ce+3 (35). A case that 
comes to  mind is Platzman and Franck's recent analysis of the absorption spectra 
of halide ions in water (57). In  calculating the positions of the absorption bands 
of the aqueous halide ions, they proposed a rather unique intermediate with a 
half-life of less than sec. The light absorption removes one of the outer p 
electrons on a halide ion into a discrete quantum state where it is bound in the 
resultant field of the halogen atom, of the immediate neighboring water molecules 
of hydration, and of the external polarized dielectric. Thus, this represents a dis- 
tinct situation m-hich one can hardly regard as electron solvation. 

Cases are certainly known where a sufficiently powerful oxidizing agent will 
undergo reduction by decomposing water, leading to the evolution of oxygen, 
e.g., in an aqueous solution of CO+~.  

5.  The anion effect 
In  view of the importance that the anion effect has assumed in studies of oxida- 

tion-reduction systems, it seems desirable to discuss it in some detail. Several 
proposals have been made about the particular role that the anions play. We 
briefly mention systems where the anion is actively engaged in the reaction 
scheme as a reductant. Such systems have been investigated by Duke and his 
coworkers (19, 2 2 ) ,  who found that for the Ce+4-T1+1 reaction in the presence of 
chloride and the Fe+3-Sn+2 reaction in the presence of iodide, the halide ions set 
up an intermediate oxidation-reduction system. They in turn are oxidized and 
then reduced. 

For electron-exchange reactions in particular, the anion effect has been inter- 
preted in terms of a catalytic effect and a bridge transfer mechanism; the former 
is due to  Libby (45) and the latter is primarily due to  Taube and coworkers 
(69, 70, 71). These suggestions have many points of similarity. 

(a) Catalytic effect 
Certain anions, particularly halide ions, catalyze electron-exchange reactions; 

for example, marked chloride catalysis was found in the europous-europic re- 
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action and in the ferrous-ferric system. Libby also demonstrated catalysis by 
fluoride ion of the cerous-ceric electron exchange (37). In several studies where 
detailed kinetic analyses of this effect were carried out, thermodynamically 
stable ion-pairs or halide complexes were identified. The exchange with these 
ion-pair species represents essentially a new path along which the reaction may 
proceed, and the usual kinetic parameters can be evaluated for these paths just 
as they are evaluated for the path involving the unassociated ions (74). 

A particularly good example of this provision of different reaction paths is the 
halide catalysis of the ferrous-ferric exchange. When this reaction is carried 
out in perchlorate solutions, Fef2 exchanges with Fe+3 and with FeOH+2, the 
latter arising from the hydrolysis of Fe+3 u-hich can be determined from the 
hydrogen-ion effect on the rate of exchange (66). When chloride is added to  the 
reaction mixture, Fe+2 also exchanges with both and FeC1: (66). In  turn, 
when fluoride is added to the reaction mixture, Fe+2 exchanges with both FeF+* 
and FeFf (40). Similar analyses of the rate have not yet been carried out for the 
fluoride catalysis of the cerous-ceric exchange (37) and for the chloride catalysis 
of the thallous-thallic exchange (34). The latter offers an interesting example of 
the reaction velocity being lowered by an initial addition of the bridge-building 
anion, the velocity then increasing again upon continuing addition of chloride. 
A closer examination of experimental conditions is warranted. 

To avoid complexing of the “exchange” species and to  simplify the kinetic 
analyses, many investigators have resorted to  the use of perchlorate salt media. 
A large number of the cation electron-exchange studies listed in table 1 were 
carried out in perchlorate solutions. Here direct electron transfers were ob- 
served, as is also true for the anion reactions listed in table 2. N o  catalysis by 
the perchlorate ion has ever been observed (66). It is interesting to  note that 
Bonner (2), in a recent study of the Cr+2-Cr+s exchange in perchloric acid solu- 
tion, found no evidence of chloride catalysis as reported by Taube (71). 

The distinction between Class I and Class I1 reactions can be advantageously 
made a t  this point. Thus, consider the two expressions for the rate of reaction 

R = k’[Euf’][E~+~][Cl--] = k”[E~f’][EuCl+~] (21) 

If a substantial amount of the trivalent europium is present as EuCl+’-, we must 
consider the equilibrium 

EuA3 + C1- % EuC1+Z : K (22) 

[Eu+’]~ [Eu+~] + [EuCl+’] = [Eu+~] + K[Eu+~][C~-] (23) 

Further, for the total trivalent europium, [Eu+~]~ ,  we write 

thence 

[E~+~lo 
1 + K[Cl-] 

[Eu’~] = 

whence 
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Clearly, k’/( l  + K[Cl-]) will not behave like a simple rate constant unless 
K[Cl-] << 1. Thus, until K is known, this chemical reaction cannot be put into 
the category of Class I. 

(b) Bridge transfer mechanism 
The bridge transfer mechanism was invoked by Taube and his associates in 

an effort to  provide a more detailed mechanism for theprocess of electrontransfer 
between an oxidant and a reductant. The essential feature of the bridged ac- 
tivated complex is that an added group, whether neutral or charged, is coordi- 
nated in a symmetrical fashion between the oxidant and the reductant, pro- 
viding a more “accessible path for the flow of electrons.” It also serves to ex- 
plain the anomaly that exists for electron exchanges where the reactant species 
are chemically dissimilar but identical with the products. For instance, consider 
the following reaction: 

Fe+? + Fe*OH+2 -+ FeOH+2 + Fe*+? (26) 

Consider, as a possible activated complex, [Fef2 . . . (HO)-’ * . . Fe+8]*. It may 
be supposed that coincident with a solvation-desolvation process which makes 
the Fe* and Fe*+ interchangeable energetically the hydroxyl radical moves to  
the left, accepting an electron from Fe++ at  the same time that it abandons its 
electron to  the Fe+++ on the right. The complicated maneuvering which must 
precede the actual electron transfer should not obscure the fact that the electron 
only jumps when there will be no free-energy change unless, as rarely happens, 
energy is exchanged with the radiation field. When the preparation for electron 
transfer involves only a small free energy of activation, the process is apt to  be 
immeasurably fast. 

Experimental studies indicate that the effectiveness of various ligands in 
speeding electron exchange by bridge formation runs parallel to their effective- 
ness in complex formation (70). Increased availability of electron pairs in the 
outer electronic shell of key elements of the ligand facilitates bridging. Taube 
and Myers (70), by judicious selection of an oxidation-reduction system, demon- 
strated directly the formation of a bridged activated complex. They studied the 
oxidation of Cr+2 with oxidizing agents of the type CO(NH,)&+~ and found 
a quantitative transfer of X to the reducing agent. hlthough Cr+2 is labile to  
substitution, both the cobalt reducing agents used and the resulting Cr+3 com- 
plexes preserve their identity for periods of time long compared with the rate 
of oxidation of Cr+2. Therefore, a group combined with Cr+3 could not have 
combined with it after the act of oxidation. For the system in which X- is C1-, 
it was shown that the group transfer occurs without exchange with the free radio- 
active chloride ion in solution. Taube carefully points out that although bridge 
formation will provide an easier path for an electron transfer, the transfer of 
the bridging group is not an essential feature. Whether a group transfer occurs 
or not, he believes, will depend on the substitution ability of the reactant ions 
before and after the electron transfer. The latter is only true, however, when a 
net chemical change occurs, as in the chromium-cobalt system cited above. 

7- 7 
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The equivalence of speaking of catalytic effect or bridge formation by an ion 
is obvious. The complexing establishes more favorable conditions energy-wise, 
i.e., a new reaction path, to accelerate the overall process leading to  electron 
transfer. 

C. THE ENTROPY OF ACTIVATION 

A previous paper by the present authors (47) pointed out that there are two 
possible reaction paths for electron exchange: one with low activation energy 
(-7-15 kcal./mole) and a relatively large negative entropy of activation (low 
frequency factor) ; the other with a high activation energy (-20-35 kcal./mole) 
and an equivalently large positive entropy of activation (high frequency factor). 
One of the reactions (cerous-ceric) is able to  proceed by either path; for all other 
reactions one or the other of these paths is definitely favored. The total entropy 
change for a reaction involving charged species in solution can be attributed to  
a t  least six factors, which may be represented by equation 27 : 

AS& = AS$ + ASR + ASf + R In K~ + AS3 + AS& (27) 

where AS$ = translational loss, 
 AS^ = rotational loss, 
ASa = rearrangement of coordination shell, Le., internal degrees of 

freedom, which includes changes in polarization of the medium 
(the electrostriction effect) and in the orientation effect if the 
reactants possess permanent dipoles, 

R In K~ = transmission coefficient (tunnelling contribution where R is the 
molar gas const ant), 

ASf = electrostatic effects (Debye-Huckel), and 
A S b  = temperature coefficient of dielectric constant a t  constant ionic 

strength p .  

It can be shown (28) that 

For probable values for the radius of the activated complex ( T ~ )  and values of 
the ionic strength ( p )  encountered in electron transfer, this entropy ratio is ap- 
proximately unity. Thus, these contributions cancel each other within the limits 
of applicability of the Debye-Huckel and the Born equations. Most electron- 
exchange studies mere made in a range of ionic strength values where the simple 
Debye-Huckel law does not apply and where this entropy cancellation is in- 
complete. However, since two classes of bimolecular reactions are being com- 
pared, the relative and not the absolute entropy values are of more significance. 

For any two reactions taken from the two classes defined on the basis of the 
positive and negative entropies of activation, the translational loss and the rota- 
tional loss are of the same order of magnitude and therefore these cannot account 
for the large differences found in the entropy of activation. There remain the 
entropy due to  rearrangement of the coordination shell and the contribution of 
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the transmission coefficient. It is assumed that the latter contribution has to  be 
significant; otherwise, the entropy of hydration certainly cannot explain the 
entropy difference of 60 units observed for the two groups of reactions. 

The positive entropies of activation can be explained on the basis of a high 
electronic transition probability between the two reactant ions so that the con- 
tribution of the term R ln K~ is small. This means that parts of the hydration 
spheres of these ions have to be rearranged to a greater extent, and t,he magni- 
tudes of the positive entropies show that from six to ten molecules of water are 
unfrozen in the formation of each activated complex. This assumes that each 
freeing of a water molecule from a solvation layer liberates 5 E.u., as in melting. 
I n  such cases the high positive activation entropy is associated with a correspond- 
ingly high energy of activation to give a moderate value of the free energy of 
activation. 

It might be supposed that the negative entropies of activation could be ex- 
plained by the reverse mechanism-the freezing of water onto the activated 
complex. However, inasmuch as the reactants already have maximum amounts 
of hydration, i t  appears unlikely that the activated complex with a smaller 
surface could hydrate to a greater extent. On the basis of this analysis, the 
magnitudes of the observed negative entropies of activation are best accounted 
for as extremely small electronic transmission coefficients. 

D. THE FRANCK-CONDON PRIKCIPLE AND ELECTROS TRANSFERS I N  SOLUTION 

The limitations that the Franck-Condon principle imposes on radiationless 
electronic transitions in or between molecular ionic aggregates in solution was 
recognized only recently. Discussions of this point have been given by Franck 
(25 ) ,  Libby (46), and by the authors (47) in connection with electron-exchange 
reactions. The latter in particular have shown how the application of this prin- 
ciple leads to  an adiabatic process for electron-exchange reactions in solution 
requiring electron tunnelling. The Franck-Condon principle states that the 
motion of nuclei is negligible during the time required for an electron transfer. 
The actual electron transfer is always considered to  be a fast process; even so, 
the rate of a reaction involving an electron transfer may he quite slow, since the 
probability term for electron penetration through the electroiiic barrier may be 
much less than unity (K? << 1). Therefore, one common misinterpretation of the 
Franck-Condon principle when applied to electron-exchange reactions in solu- 
tion is that after an electron is transferred from one hydrated ion to another 
hydrated ion, the hydration spheres of the two ions are “wrong” for their new 
charges and have to  readjust slowly. It was this readjustment of hydration 
spheres subsequent to  electron transfer which was thought to  require an energy 
of activation. 

The Franck-Condon principle implies that, since the nuclei do not move dur- 
ing an electronic transition, the electronic states of the reactants must be made 
equal before electron transfer can occur. Conservation of energy requires energetic 
equality of the electronic states of the activated complex during electron transfer. 
It stands to  reason that in preparation for electron transfer some rearrangement 
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of the electronic structures of the interacting complex ions will take place, and 
that this process is one which may require a considerable amount of energy. 
Marcus, Zwolinski, and Eyring (47) have designated this part of the free energy 
of activation required for reaction as AF!. 

When any electron is transferred from one part of an activated complex to  
another, without absorption of radiation, the total energy (as stated previously) 
must be conserved. This means that the energy required to remove an electron 
from its initial position must be exactly supplied by the energy of binding the 
electron to  its final position. Thus, for the kind of symmetrical reactions here 
considered, the half-transferred electron must be unable to  distinguish between 
the system it is leaving and the one it is approaching. Further, since during the 
electron’s swift passage the atoms have no time to  move, i t  follows that both 
of the ions which are parties to  a transfer in the activated complex must re- 
organize to  the identical best intermediate configuration before the electron can 
start its journey. A corollary of these considerations is that the more different 
the structures of the oxidized and the reduced states of the ions are, the greater 
is the reorganizational free energy which will be required to form the intermediate 
configurations of the activated state. 

The difference that one would expect in the rate of exchange between 
Fe(CN)6-3 and Fe(CN)e-4 on one hand, and Fe(aq)+* and Fe(aq)+3 on the other 
hand, is thus primarily given by differences in the factor AF!. The magnitude 
of this term seems to be governed by the amount of similarity of structure in 
the coordination shells of the two reactant ions. Thus, the octahedral structure 
of the complex cyanides is the same for the two oxidation states, resulting in a 
very small AFT,while the structures of the two hydrated ions are probablydifferent 
in the two oxidation states, resulting in an appreciable value of AFT. Among the 
exchange reactions of oxyanions these two cases are represented by the hIn04-*- 
Mn04- reaction (38) (fast ; similar structure) and the AsO~-~-ASO,-~ reaction 
(81) (slow; dissimilar structure). The fact that the electron exchange among 
complex ions like Mn04-*-Mn04- is still governed by the remaining two terms 
of the electrostatic model postulated by the authors (the probability factor 
-RT In K~ and the electrostatic repulsion term AFiep, together with a small 
value of AF!) is demonstrated by the recent finding (65)  that the exchange rate 
in this system is measurable, though very fast. The fact that A f l  depends pri- 
marily on the first coordination shell, and not on hydration per se, is emphasized 
by the fast exchange in the cationic system Os(bipy),+*-Os(bipy),fs (23). The 
anomaly in the cobalt-ammine systems, where the structures differ in the two 
reactant ions, will be discussed in the following section. 

The importance of complex formation in oxidation-reduction reactions is seen 
to  be a double one. In  the first place there exists the possibility that the charge 
product of the two reactant ions can be reduced by using a complexing agent 
of opposite charge. The other effect of complexing is the one on the activation 
free energy of rearrangement, AF!. When both ions are complexed, the effect 
on AF: is of a larger order of magnitude, essentially determining whether the 
reaction will be very fast or very slow, corresponding to  similarity or dissimilarity 
of the complex structures of the two ions. 
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E. T H E  ELECTRON TUXNELLING HYPOTHESIS 

That the probability for penetration of an electron through a barrier could be 
a determining factor in regulating electron-exchange reactions in solution was 
recognized by Libby (46) and more fully developed by Weiss (79) and by Marcus, 
Zwolinski, and Eyring (47). The probability of particles penetrating potential 
barriers is a fundamental peculiarity of quantum theory. To estimate the specific 
rate constant, k’, the authors calculated the number of encounters per second 

kT A S ~ I R  - A X ~ I R T  k o = ~ , - e  e 
h 

between reacting ions which achieved the favorable configuration a t  which the 
electrons transfer. This factor should then be multiplied by K , ,  which is the prod- 
uct of the average chance of an electron penetrating the barrier per electronic 
vibration into the number of these electronic vibrations per above ionic collisions. 
Because the probability of an electron being able to  transfer is much greater if 
there is very close matching of energy for the initial and final states, the ap- 
proximation was made of neglecting the transfers on all but the most favorable 
try. The results should probably be increased by a factor of a few times unity 
from this cause. Thus, the rate constant is found to be k’ = k O ~ e .  

The relationship between ko and K~ in terms of potential energy profiles is 
shown in figure 1. For each point along the atomic reaction coordinate there 
exists a whole set of values of the potential energy of the transition electron, 
varying with position along the electronic coordinate. Thus, one must find a 
“best” distance along both coordinates where the rate of electron transfer will 
be fastest. To achieve this, the rate constant is maximized so that it represents 
the best possible compromise between close approach of the reactant ions with 
a high energy of activation, as compared with reaction at  large interionic distances 
with an accompanying large resistance to  electron transfer. 

Since the term K. is probably close to  unity, the apparent overall free energy 
of activation becomes 

AFipp = -RT In K ,  + AFjeP + AF! 

In  this first approximation only two factors are assumed to contribute to the 
free energy of activation of k o :  namely, AFTep arising from the Coulombic inter- 
action of the charges on the two reacting ions and the term, AFjep, representing 
the energy required for rearrangement of the coordination shells of the inter- 
acting ions as discussed in the preceding sections. The activity coefficients of the 
ions and the activated complex which represent the contribution of external 
factors to the free energy of activation are included in the AF:ep. In  any one case 
AF!eD would be very difficult to  calculate. We tried taking it as a constant for all 
reactions. Although various kinds of collisions may contribute in some degree to  
electron transfer, the important ones will be those for which the apparent free 
energy, A F : ~ ~ ,  is a minimum. 

Before the limiting value of AFipp can be found, an explicit expression has to  
be used for V ,  the height of the electronic potential barrier. The authors used a 
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simple electrostatic model. If one approximates the shape of the electronic po- 
tential barrier by a triangular barrier, the probability for an electron t o  pene- 
trate this barrier can be represented by the Gamow factor (18, 55) 

(31) - ( 8 r r G b / 3 h )  [Zm(V-TV)li 
K ,  = e 

where V = the height of the electron barrier, 
W = the kinetic energy of the electron, 
rd = the width of the barrier a t  the height of penetration, and 
m = the electron mass. 

Proceeding in this manner, the following explicit expression was found for tbe 
critical intercationic tunnelling distance (r,fb) in the activated complex 

FIG. 1 .  
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where p ,  q = the surface electrostatic charges, 
Z* = the positive charge on the central atom of the reductant, 

ro = the radius of the classical orbit of the exchanging electron in the 

D = the dielectric constant. 
reductant ion, and 

On the basis of this relation, the correlative features of the electrostatic model 
for electron-exchange reactions have been discussed previously (47). These con- 
cern the effect on the speed of electron-exchange reactions of the principal and 
orbital quantum number of the exchanging electron, the dielectric constant of 
the medium, the charge product of the two reacting ions, and the oxidation state 
of the central ion. 

To compare this model with experimental data for the purpose of correlating 
apparent total free energies of activation ( A F i p p )  with the observed values, 
the empirical constant AF! needs to be evaluated. The ferrous-ferric reaction 
yielded a value of 8.1 kcal./mole. Assuming this value to be a constant for all 
those reactants whose primary coordination shells consist of water molecules, 
total free energies of activation were calculated for the cation reactions in table 
1. Table 1 includes results of calculations on some recent experimental studies not 
included in the earlier publication. Considering the crudeness of the model and 
the approximations made, the agreement between calculated and observed values 
is interesting. Among the Class I cation reactions listed in table 1, the neptunium 
reaction (NpOz+-Np02+2) and the iron reaction (Fe+Z-Fe+3) have only water 
in their coordination shell. Here the calculated free energy of activation checks 
the experimental value within 0.3 kcal. 

The assumption used in the estimation of AF!, that the primary coordination 
shell is composed solely of water molecules, is badly vitiated when that shell 
consists solely of ligands other than water. For instance, in the Co(en)3+2- 
C0(en)~+3 system, the ligand is ethylenediamine. In  these cases AF! is modified. 
In  the particular case of the cobalt reaction the value of AF! is complicated by 
the fact that the configuration of the coordination shell is different in the di- 
valent and in the trivalent complexes, as is evident from the difference in the 
carbon-nitrogen bond lengths (1 1, 67). 

The nature of the activated complex must be considered for electron-transfer 
reactions of the type Fe+2-FeC1+2, in which a group which is a member of the 
primary coordination shell, in this case chloride, is transferred from one central 
ion to  another in order to insure AFO = 0. The quantity AF: measures the energy 
which is needed to  make the electronic states of both reactant ions alike except 
for charge prior to  electron transfer. The atomic arrangement must now be as 
nearly symmetrical as is economical with respect to  both kinds of ligands- 
water as well as the group which is a member of the reacting ion pair and which 
is to  be transferred. This process may take more or less energy than the re- 
arrangement of water molecules alone. In  the case of transfer of a hydroxyl 
group, it seems to  take less energy. From an examination of the data reported 
in table 1 the various groups which may take part in electron-transfer reactions 
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may be arranged in the following approximate order of increasing AF::  OH, 
HzO, F, C1, en, NH, (see also 10, i o ,  71). The transfer of two groups in general 
takes more energy than does the transfer of one. This is exemplified by the Fe+?- 
FeC12+l and Fe+2-FeF2+1 reactions, in which the rate is slower than predicted. 

This kind of group exchange is necessary for a Class I reaction if the products 
are to  be identical with the reactants. Consider the model shown in figure 2 for 
the structure of the activated complex. Here two polyatomic hydrated complex 
ions form the activated complex by sharing two or more coordinated groups 
through formation of bonds f l  and f 2 .  The shared groups XI and X2 may be 
either water molecules, small ions, or radicals and need not necessarily be identi- 
cal. On dissociation of the activated complex, scission of the dl  and d z  bonds can 
occur, leading to  the formation of the correct product species to  insure AFO = 0 
for the overall process. 

FIG. 2. Model for the structure of the activated complex 

Although this model for the activated complex for electron-transfer reactions 
has many features in common with the bridged activated complex proposed by 
Taube, prime emphasis is placed on the perturbing effect of the coordinating 
groups in determining the shape and height of the electronic potential barrier. 
Only in this sense is it meaningful to speak of the coijrdinating groups providing 
a more accessible path for electron transfer. 

F. SECOND METHOD FOR TRANSITION PROBABILITIES I S  NON-ADIABA4TIC REACTIONS 

Besides barrier 1eakageTv-e may treat electron transfer by the method of crossing 
potential surfaces (24, 42, 79, 83, 84). 

Figure 3 indicates qualitatively the nature of the process under consideration. 
Thus the oxidizing and reducing ions must collide with each other. This cor- 
responds to moving toward the left, as indicated by the arrows in figure 3. As 
the ions approach each other, the total number of solvating ions m + n will 
change. In  three-dimensional space there are not enough degrees of freedom 
to indicate the change in m + n ; rather, figure 3 is the reaction rate section in 
many-dimensional space chosen to keep AF$, as low as possible. Although 
AF;,, is sharply defined only at  stationary points, this diagram should not lead 
to  misunderstanding. Besides colliding, the ions in the course of reaction adjust 
the relative number of solvating ions, m - n, from a negative number through 
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FIG. 3 .  The surface for AFiPp for the reaction 

M+B(H20)ar + N+(p+l)(H,O), + > f + ( p + ” ( H ~ O ) m  i- X+P(H?O), 

Here r is the distance between the two isotopic ions, and ni and n are the numbers of co- 
ordinated molecules. 

zero t o  a positive value. In  a successful collision the electron jumps near the 
line m - n = 0. If a t  this line the electron fails to  jump, then the potential sur- 
face instead of descending into the valley for products will continue to  rise uni- 
formly onto a higher surface, which is indicated in the vertical section on the 
extreme right of figure 3. 

An order of magnitude calculation will now be given. Thus, when the prob- 
ability of electron transition per collision is small, as in this case, we can write 

where 2E1, is the smallest distance betn-een, and 1 s1 - s? 1 is the difference of 
slopes of, the crossing potential surfaces at n - m = 0. Here the mean velocity, 
D, of moving along the reaction coordinate across the line m - n = 0 is a = 
421;T/Tm:. If the reduced massml is estimated as half the mass of an iron atom, 
as i t  would be were two iron atoms colliding, the average velocity, 6, can be cal- 
culated. Since the free energies of activation are around 11 kcal., this suggests 
that the rate of energy rise, s l ,  for the lower surface is about 11 kcal. per 0.5 a. 
If s2 is taken to be equal t o  - SI, I SI - sz 1 is about 2 v. per ,$ngstrom unit. Sow, 
in order that K~ shall have the value 5 X estimated from experiment for 
reaction 1 (66), me require that the resonance energy for the electron between 
the initial and final positions, El*, should have the value of 7 cal. per mole. Elz 
can readily be calculated from a potential surface for electron displacement. 
However, this discussion should suffice to show how estimates of K, can be re- 
fined by this method. 
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G. COMMENTS ON ELECTROLYSIS O F  MAGNESIUM 

Water plays a rather special role as a complexing agent in these reactions. 
One consequence of this special role is lack of knowledge about the amount and 
the structure of hydration of cations. Another is the disappearance of the separa- 
tion between coordination and solvent effects, since now complexing agent and 
solvent are the same. An instructive example of the effect of hydration is the 
electrolysis of magnesium. When magnesium is oxidized anodically (56) ,  one 
would expect only Mg+e ions to be formed, because univalent magnesium ions are 
unstable. Yet more magnesium is lost from the anode than can be accounted for 
by assuming the formation of Mg+z only. This means that some Mg+ ions must 
be formed. It is also noted in this experiment that a quantity of hydrogen is 
formed a t  the anode which corresponds to the reaction 

Mg+ + HzO -+ MgOH+ + >5H2 (34) 
Other oxidizing agents than water were found to produce similar reactions. The 
small but finite lifetime of the unipositive magnesium ion was indicated by these 
two facts: as much as 20 per cent of the reducing activity remained after the 
end of the electrolysis, and the reducing activity could be collected in a separate 
vessel when a flow system was used for the electrolysis. The tremendous effect 
of hydration is evident here; the difference of 250 kcal. in ionization potential 
between the two different oxidation states of magnesium is overcome by the 
large hydration energy of the dipositive ion (671 kcal.). Yet the unipositive ion 
must also be stabilized by hydration to  a great extent in order to exist as long as 
it does. 

A schematic diagram of the process in configuration space would look much 
like figure 4. In  that diagram the position a corresponds to  the solid magnesium 
atom of the electrode, which may go to  any of the five possible positions to  the 
extreme right. If mater is present, the ions start adding a hydration layer as they 

DISTANCE 
Fro. 4. Schematic diagram in configuration space of the electrolysis of magnesium 
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cross the Helmholtz double layer a t  the points d and c. Actually, there will be 
a rounding off of the surface a t  the activated state. If material is present in solu- 
tion to  combine with Mg+ across the low barrier f as fast, as i t  is formed across 
the c, Mg+ will be formed somewhat faster than Mg++. This effect of environ- 
ment on the state of ionized magnesium is particularly interesting in the case 
of chlorophyll. 

V. REFERENCES 
(1) hDAhisox, A. W.: J. Phys. Chem. 66, 858 (1952). 
(2) ASDERSOX, A., ASD BONNER, N. A.: J. Am. Chem. SOC. 76, 3826 (1954). 
(3) BANCROFT, W.  D. ,  . ~ S D  MAGOFFIN, J. E.: J. Am. Chem. SOC. 67, 2561 (1935). 
(4) BANCROFT, W. D., A N D  MAGOFFIN, J. E.: J .  Am. Chem. SOC. 68, 2187 (1936). 
(5) BARB, W. G., BAXENDALE, J. H., GEORGE, P., AND H a ~ c ~ a v E ,  K. R . :  Trans. Faraday 

(6) BAXENDALE, J. H.,  HARDY, H.  R. ,  AND SCTCLIFFE, L. H . :  Trans. Faraday Soc. 47, 

(7) BAXENDALE, J. H . :  Advances in Catalysis 4, 31 (1951). 
(8) BONNER, S .  A,, ASD POTRATZ, H. A.: J. Am. Chem. SOC. 73, 1845 (1951). 
(9) BOSNER, X. A.: J. Am. Chem. Sac. 71, 3909 (1949). 

Sac. 47, 462, 591 (1951). 

963 (1951). 

(10) BROWN, H .  C.: J. Phys. Chem. 66, 852 (1952). 
(11) BROWS, H.  C.:  J. Phys. Chem. 66,868 (1952). 
(12) BROWNE, C. I., CRAIG, R. P., A N D  DAVIDSON, N.:  J.  Am. Chem. Sac. 73, 1946 (1951). 
(13) BURTON, M . ,  A N D  MAGEE, J. L . :  J. Phys. Chem. 66, 842 (1952). 
(14) COBBLE, J. W., A N D  ADAMSON, A. W.: J. Am. Chem. SOC. 72, 2276 (1950). 
(15) COHEN, D. ,  STJLLIVAX, J. C., ASD HISDMAN, J. C.:  J.  Am. Chem. SOC. 76, 352 (1954). 
(16) COX.AXT, J. B., A N D  PRATT, J. F.: J. Am. Chem. SOC. 48, 2468, 3178, 3220 (1926). 
(17) CONAST, J. B.: Chem. Revs. 3, 1 (1926). 
(18) CONDON, E. U.: Revs. Mod. Phys. 3, 43 (1931). 
(19) DUKE, F. R. ,  ASD PISKERTON, R .  C.: J. Am. Chem. SOC. 73, 3045 (1951). 
(20) DUKE, F. R. :  Record Chem. Progr. (Kresge-Hooker Sci. Lib.) 16, 55 (1954). 
(21) DUKE, F. R . :  J. Am. Chem. SOC. 70, 3975 (1948). 
(22) DUKE, F. R.,  A N D  BORCHERS, C. E.: J .  Am. Chem. SOC. 76, 5186 (1953). 

(24) EYRING, H . ,  WALTER, J . .  A N D  KIMBALL, G.  E.: Quantcina Chemis t ry .  John Wiley and 
Sons, Inc., Xew York (1944). 

(25) FRARCK, J.: Paper presented a t  the American Chemical Society and American Physical 
Society Joint Symposium on Electron Transfer and Isotopic Reactions, So t r e  Dame, 
Indiana, June, 1952. 

(23) DWYER, F. P. ,  A K D  GY.kRF.&S, E. c . :  Nature 166, 481 (1950). 

(26) FURMAN, S. C. ,  ASD GARSER, C. S.: J. ,4m. Chem. SOC. 74, 2333 (1952). 
(27) GERSHISOTITZ, H. :  J. Chem. Phys. 4, 363 (1936). 
(28) GLassrosE, S., LAIDLER, K. J., A N D  EYRING,  H.:  The Theory of Rate Processes, p. 323 

(29) GORIN, 11. H.:  J. Am. Chem. SOC. 68, 1787 (1936). 
(30) GRYDER, J .  W.: Trans. S .  T. h a d .  Sei. [2] 12, 18 (1949). 
(31) GRYDER, J .  W., ASD DODSOS, R .  W.: J.  -4m. Chem. SOC. 73, 2890 (1951). 
(32) HAISSISSKY, 11.: J. chim. phys. 47, 957 (1950). 
(33) HAISSISFIY, 11.: J. chim. p h p .  48, 9 0 s .  9/10, C11 (1951). 
(34) HARBOTTLE, G. ,  A S D  D O D S O S ,  R .  
(35) HEIDT, I,. J . ,  A N D  MCMILLAN, ;i. F.: Science 117, 75 (1953). 
(36) HEVESY, G. ,  A N D  ZECHMEISTER; L.: Z. Elektrochem. 26, 151 (1920). 
(37) HURNIG, H .  C., A N D  LIBBY, W.  F.: J .  Phys. Cheni. 66, 869 (1952). 
(38) HORNIG, H.  C. ,  ZIhfhfERU.&S, G. L., h S D  LIBBY, JV. F.:  J .  Am. Chem. SOC. 72, 3808 

(39) HUIZENGA,  J.  R. ,  A N D  MAGNUSSOS, 1,. €3.: J.  Ani. Chem. Soc. 73, 3202 (1951). 
(40) HUDXS,  J.,  A N D  WAHI., A .  C.: J .  Am. Cheni. SOC. 76, 4153 (1953). 

e t  seq. hlrGraw-Hill Book Company, Inc., Sew Tork (1941). 

J. Am. Chem. SOC. 73, 2442 (1951). 

(1950). 



180 ZWOLINSKI, MARCUS, AND EYRING 

(41) INGOLD, C. K .  : Structure and Mechanism in Organic Chemistry. Cornel1 University 

(41a) JOHNSON, C. E.: J. Am. Chem. Soc. 74, 959 (1952). 
(42) LANDAU, L.: Physik. Z. Sowjetunion 2, 46 (1932). 
(43) LEWIS, W. B., CORYELL, c. D . ,  A N D  IRVISE, J. W.: J.  Chem. SOC. 1949, Suppl. Issue 

(44) LIBBY, W. F.: J. Bm. Chem. Soc. 62, 1930 (1940). 
(45) LIBBY, W. F . :  -4bstracts of Papers Presented before the Division of Physical and 

Inorganic Chemistry a t  the 115th Meeting of the American Chemical Society, San 
Francisco, California, March, 1949. 

(46) LIBBY, W. F.: J. Phys. Chem. 66, 863 (1952). 
(47) MARCUS, R .  J., ZWOLINSSI, B. J . ,  A N D  EYRING, H.:  J. Phys. Chem. 68, 432 (1954). 
(48) MASSEY, H .  S. W.: Repts. Progr. in Phys. 12, 248 (1949). 
(49) MCCALLUM, K.  J . ,  A N D  HOSHOWSKI, S. A , :  J .  Chem. Phys. 16, 2% (1948). 
(50) MCKAY, H. A. C.:  Nature 142, 997 (1938). 
(51) MEIER, D .  J.,  ASD GARSER, C. S.: J. Phys. Chem. 66, 853 (1952). 
(52) MEYER, E .  G., A N D  KAHS, M.:  J .  Am. Chem. SOC. 73, 4950 (1951). 
(53) MEYERS, 0. E., AND PRESTWOOU, R.:  Chap. 1 in Radioactivity Appl ied  to Chemistry ,  

edited by A.  C. Wahl and N. A .  Bonner. John Wiley and Sons, Inc., New York 
(1951). 

Press, Ithaca, New York (1953). 

No. 2,  S386. 

(54) MOELLER, T.: Inorganic Chemis t ry .  John Wiley and Sons, Inc., New York (1952). 
(55) MOTT, N .  F., A N D  SSEDDON, I. N. :  Wave Mechanics and i t s  Appl icat ions.  Clarendon 

(56) PETTY, R .  L . ,  DAVIDSON, A .  W., ASD KLEISBERG, J . :  J. Am. Chem. SOC. 76,363 (1954). 
(57) PLATZMAN, R.,  A N D  FRANCK, J . :  L.  Farkas Memorial Volume,  p. 21. Research Council 

(58) PRESTWOOD, R .  J., AND WAHL, A .  C.: J. Am. Chem. Soc. 71, 3137 (1949). 
(59) RABINOWITCH, E.: Revs. Mod. Phys. 14, 112 (1942). 
(60) REMICK, A. E.:  J. Am. Chem. SOC. 69, 94 (1947). 
(61) REMICK, A.  E.: Record Chem. Prog. (Kresge-Hooker Sei. Lib.) 9, 95 (1948). 
(62) ROSA, E.:  J. Am. Chem. SOC. 72, 4339 (1950). 

(64) SHAFFER, P. A , :  J.  Phys. Chem. 40, 1021 (1936). 
(65) SHEPPARD, J. C., A N D  WAHL, ,4. C.: J. rim. Chem. SOC. 76, 5134 (1953). 
(66) SILVERMAN, J.,  . ~ N D  Dousos,  It. W.: J. Phys. Chem. 66, 846 (1952). 
(67) SYRKIN, Y. K., A N D  DYATKIS.~, 31. E.: Structure of Molecules, p. 385. Interscience 

Publishers, New Tork (1950). 
(68) TAUBE, H.: Chem. Revs. 60, 69 (1952). 
(69) TAUBE, H.,  ASD KING,  E. I,.: J. Am. Chem. SOC. 76, 4053 (1954). 
(70) TAUBE, H., ASD MYERS, H. :  ,J. Am. Chem. Soc. 76, 2103 (1954). 
(71) TAUBE,  H., MYERS, H. ,  ANI)  RICH, R .  I,.: J. Am. Chem. soc.  76,4118 (1953). 
(72) THOMPSON, R .  C.: J .  Am. Chem. SOC. 70, 1045 (1918). 
(73) URI, 3. :  Chem. Revs. 60, 375 (1952). 
(74) URI, N . :  J. Phys. Chem. 66, 867 (1952). 
(75) WAHL, A. C. . ~ S D  DECK, C. F.: J. Am. Chem. Soc. 76, 4054 (1954). 
(76) WEISS, J . :  Trans. Faraday SOC. 31, 15-47’ (1935). 
(77) WEISS, J . :  J. Chem. SOC. 1944, 309. 
(78) WEISS, J.: J. Chem. Phys. 19, 1066 (1951). 
(79) WENS, J . :  Proc. Roy. SOC. (London) A222, 128 (1954). 
(80) WESTHEIMER, F. H.: In T h e  Mechanism of E n z y m e  Act ion ,  edited by W.  D.  McElroy 

(81) WILSON, J. N., ASD DICKINSON, R. G. :  J. Am. Chem. SOC. 69, 1358 (1937). 
(82) WOLFGANG, R .  L.: J. Am. Chem. SOC. 74, 6144 (1952). 
(83) ZENER, C.:  Proc. Roy. SOC. (London) A140, 660 (1933). 
(84) ZEKER, C.:  Proc. Roy. SOC. (London) A137, 696 (1933). 

Press, Oxford (1948). 

of Israel, Jerusalem (1952). 

(63) SHAFFER, P .  A.: J. Am. Chern. SOC. 66, 2169 (1933). 

and B. Glass, p. 321. Johns Hopkins Press, Baltimore (1954). 


