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1. Introduction

Electron transfer processes of chemical interest are of various types:
certain homogeneous redox reactions, electron exchange reactions, clectrode
piocesses, solvated electron reactions, certain chemiluminescent processes,
intramolecular electron transfers, and electron transfers between ions in
solution and scmiconductor electrodes. The distinction between redox
reactions of the atom transfer type and those of the electron transfer type
should be noted.

This contribution will discuss theotetical and experimeatal tesults in
this field and will be based on several recent papers of the author (Ann,
Rev. Phys. Chem. 15, 155 (1964), J. Phys. Chem. 67, 853, 2889 (1963),
J. Chem. Phys. 43, 679 (1965)).

In the present paper, we outline the assumptions, aspects of the deri-
vation, and deductions of a theory of electrochemical and homogeneous
reactions of the redox type. The theory has been developed with increase
in generality in several recent papers [7]. The last of these [7e] encompasses
the others and is the one summarized here. Because of the techniques
devised [2] it became possible to present the theory of homogeneous reac-
tions and of electrochemical ones in a single formulation, thereby emphasiz-
ing their similatity, We shall follow this procedutre here. A variety of
applications of the theory has alteady been described [ 3).

2. Potential Energy Surfaces and Mechanism of Electron
Transfer

We consider an electron transfer between two “reacting” species. These
species consist of two dissolved ions (molecules) in the homogeneous case
and one such ion and electrode in the electrochemical one. Some insight
into the mechanism of electron transfer is provided by examination of the
behavior of the entire system on its potential energy surface [7¢, 7d}. The

sutface for the system of reactants and surrounding medium is a function
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of all the translational, rotational, and vibrational coordinates in this
system. Similarly, the surface for a system consisting of the products and
the medium is a function of these coordinates also.

In the absence of electronic coupling between the orbitals of the two
rcacting species, the two potential energy surfaces intersect. It is then not
possible for the system to go from one surface to the other, i.e., to undergo
electron transfer (Fig.1). A suitable coupling (Fig.2) removes the de-
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Fig. 1. R-reactants, P-products, no coupling between the states yg and pp
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Fig. 2. R-rcactants, P-products, coupling between the states ygand yp, e-exchange
energy

generacy at this intersection, in the usual quantum mechanical manner [4],
and the system may now go from one original potential enetgy surface to
the other by a fluctuation which permits it to pass through the “intersection”
region of coordinate space. If the coupling is strong enough the product is
thereby formed adiabatically from the reactant; otherwise the formation
occurs nonadiabatically. For an adiabatic process in reaction kinetics there
is continuous quantum mechanical equilibrium between clectrons and nuclei
and no abrupt electronic rearrangement. Such processes are primarily of
interest here,
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In summary, electron transfer can occur if thete is suitable electronic
coupling between the reacting species and if there is a suitable fluctuation
of coordinates (c.g. bond distances, orientation of solvent molecules, posi-
tion of ions in atmosphere, including those in the double layer) leading
from values appropriate to the reactants to ones appropriate to the products.

3. Assumptions

To calculate the rate of the reaction, it is convenient to introduce
several assumptions:

1. The rotational, translational and relevant vibrational coordinates of
both reacting species and of the molecules and ions in the medium ate
treated classically.

2. The probability of the system being in the intersection region and
having any specified molecular velocities is that computed from equi-
librium statistical mechanics. ,

3. Each reacting species in the activated complex has an inner coordina-
tion shell [5] not shared by the other reactant. Consequently, any “bridg-
ing” of the reactants is of the outer sphere type [6].

4. The potential energy of the entire system is the sum of intra and
inter particle terms [22], the second tcrm being a quadratic function of the
permanent charge distributions on the particles. (This particle description
is much more general than the usual one of polar media, which treats
solvent molecules as having only induced and permanent dipoles and which
was used in reference [74]. The entite electrode and the entire medium can
each be treated as a single particle [24].

5. The splitting of the doubly degenerate energy level at the intersection
surface is sufficiently small that the potential energy of the lowest electronic
state of the entite system differs but slightly from that at the original
intersection, for each point of the intersection region.

6. Reaction occurs primarily by the system passing over the barrier
rather than by a nuclear tunnelling motion through it.

7. The reaction coordinate /n the region near the intersection surface does not
involve the rupture of a chemical bond.

Assumption 1 is reasonable under the usual experimental conditions,
since the highest pertinent molecular frequency is usually a metal-ligand
one in the inner coordination shell of an ionic reactant [7], and available
data indicate this frequency to be typically 300~—500 cm~1. Assumption 2 is
the standard one in activated complex theory. Assumption 3 could be
removed by extending the theory. When assumption 5 is not fulfilled, 2
condition which could conceivably happen sometimes when inner type
bridging occurs (i.e. when assumption 3 fails), the theory could again be
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extended by caleulating independently the splitting of the two energy
levels, as a function of coordinates of the intersection surface, Assumption 6
will undoubtedly fail at sufficiently low temperatures. Assumption 7 can
be removed by calculating the adiabatic potential energy sutface for the
casc of bond ruptures. In the current literature of chemical kinetics such
calculations are presently of a semi-empirical nature, and we wish to avoid
computations based on adjustable parameters at present.

Supplementing these assumptions, it is convenient to introduce several
approximations which convert the equations for the reaction rate into a
rather simple functional form, a form particularly useful for theoretical
predictions of correlations among the experimental data:

(@) The partial dielectric (or, more precisely, electric) saturation appro-
ximation [24, c] for the entire medium outside the inner coordination shells
is valid, :

(1) The effective potential encrgy function for coordinates in the inner
coordination shell of each reactant is a quadratic function of the coordinate
displacements.

(II) In any given species, the force constant of any bond s may differ
when that species is a reactant, #;, as compared with wher it is 2 product,
£2. These two force constants are expressed in terms of symmetric and anti-
symmetric functions of them, namely of 2 & £5f (4! + £&f) and of (& £?)/
(&5 + £f), respectively, and it is shown ia ref, [7¢] that the second of these can
be neglected. This approximation simplifies the equations of reference
[7¢] considerably. '

Using these assumptions and approximations, and using the method of
equivalent equilibrium distribution described in reference [14] and further
refined in reference [7¢], one eventually obtains Eq. (3) for the rate constant
[84] of the electrochemical reaction (1) or of the homogeneous reaction @)
whete 1 and 2 denote different soluble redox couples.

Ox+n -— Red (1)
Oxy + Redy —  Red, + Ox, 2
ke~ Zyg exp(~ AF¥[R,T) 3)
where
electrochemical;

I L _MF(E-E)  [-nFE- E%) 4 wp — gr)2
AFt=——+ 3 z* ¥R ®
homogeneous: .

. ot wP A AFY (AFO'-}-WF-—w')z
% i
AF 2 tytant a2 )

Ry = & N,, where £ is Boltzmana’s constant and N, is Avogadro’s
number,
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#" = work required to bring reactants together until they are at the most
probable of the separation distances contributing effectively to reaction.

w? = corresponding quantity for the products, for the same separation
distance.

A, 2 = reorganization factors, described in reference [J] and, with more
generality, in reference [7¢]. They are independent of &, Egand AF®. Aas
well as A is a sum of the contributions from the inner coordination shell
(%) and of the contributions from the medium outside this coordination
shell (4,). 4, is dependent on the changes in bond distances and bond angles
and on the force constants of all the vibrational coordinates of each reacting
species in its reacting state and in its product staté. 1, is given for a dielectric
continuum treatment (D,, — squate of the refractive index, D, — static
dielectric constant) by

1 1 1\/1 1 2.
to= (3 + 2 = 7) (55~ 7)€
ay and a, are the radii of the spherical particles undergoing reaction includ-
ing the coordination shell and r = 4, - 4, is taken as the mean distance
between the centers of the reactants in the activated complex. In the
electrochemical case 4, = a,, and r is twice the distance from the center of
the reacting particle to the electrode surface. A formal statistical mechanical
expression for 4, is given in reference [7e].

# = number of electrons transferred,

F = Faraday,

E= potential of half-cell (American convention, sign bivariant),

E, = standard potential of half-cell,

AFY = the apparent standard frec energy of reaction [9], equal to #F
times the difference of standard potentials of the two redox systems, 1 and 2.

Z = collision number in solution (102 I molc~!sec™?) or, in the clectro-
chemical case, the collision frequency with the electrode (10* cm sec™).

y = an averaged probability of remaining on the lowest potential
energy surface per passage actoss the intersection region [1d] (y =1 for
an adiabatic reaction).

o = {Ar)[{d¢), where (Ar) is the average range of separation distances
contributing cflectively to reaction, and (4g) is the average range of
distances along reaction coordinate effectively occupied by the equivalent
equilibrium distribution. Explicit formal expressions for g are given in
reference [¢]. Typically, it is probably of the order of magnitude of unity;
an exception would occut if a low frequency orientation dielectric relaxation
coordinate were the major component of the reaction coordinate, thercby
making g less than onc. We shall take gy to be unity. Further work on its
cvaluation is in progress. In all cases, a weaker assumption suffices to pre-
dict the correlations below.
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Sometimes reactions (1) and (2) are preceded or followed by other
reactions, so that then neither Ox nor Red denote the stable species present,
merely those participating in the electron transfers (1) and (2). Then, &,
is the rate per unit concentration of these species rather than of the stable
ones, and »', wP, AFY, n FE,, ) and J refer to the free enetgy terms in-
volving such specxes and not to the stable ones.

4. Deductions

The characteristics of 2 most important for predicting correlations are:
(T) In a homogeneous reaction 2 is essentially an additive property[70] of
the two redox couples, 1 and 2.

A=A+ Aa (6)

{II) Let /. be the value of 2 for the homogeneous isotopic exchange

reaction:
Ox] + Red; = Oxj + Red; )

where the starred species denote isotopic labelling. If this reaction corres-
ponds to an electrode reaction (1) then

1
;vel = —z‘lex ] (8)

when the most probable distance of the reactant from the clectrode in the
pre-electrode layer equals twice that between the reactants in the homo-
geneous reaction.

As noted in reference [3], a very common condition experimentally is
that the last term in Eqs. (4) and (5) can be neglected. From the resulting
equation and the above properties of 2 and 4y one would then predict:

1. When the effect of £ on the work terms can be ignored the electro-
chemical transfer coefficient should be 1/2. The slope of the electrochemical
plot of (R, T'[nF) Ink, vs. electrode potential is called the electrochermcal
transfer coefficient.

2. The kg deduced from the electrochemical exchange current at
standard conditions should bear a simple relation to rate constant of the
homogeneous isotopic exchange reaction, £ for the case that the work
terms are small in both experiments.

k] Z = VEker|Zex )

3. In the comparison of the redox reaction of a series of reagents with a
given chemical agent and with an electrode at a given E, the ratio of rate
constants should be the same for each member of the series, regatdless of
whether or not the reaction is irreversible.

23 Chem. Elementarprozesse
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4, The “chemical transfer coefficient” [3] — defined as the slope of the
AF* vs, AF° plot in a series of homogeneous redox-reactions — should
be 1/2, a result which provides some insight into the electrochemical coefti-
cient when the work terms cannot be ignored.

5. The bimolecular rate constant &, of the cross-reaction of two redox

systems, 1 and 2,

is related to the rate constants of the isotopic exchanges in the two systems,
&, and k,,, and to the equilibrium constant K ,, as in (11), when the work
terms in AF}, — (AF}, + AF§)[2 cancel or can be ignored.

kis=VEi 1 k22 Kia (11)

When these work terms cannot be ignored, the appropriately corrected
form of (11) is given in Eq. (12) of reference [3]. A more elaborate equation
based on Eq. (5) itself, rather than on the approximate form of (5), is given
in Eq. (13) of reference [3].

Any numerical calculation of the rate constant £, itself requires a
knowledge of equilibrium bond distances and force constants in the cootdi-
nation shells of the reactant and the product, as well as of certain propertics
of the medium, for these contribute to 2. Some illuminating calculations
based on uncertain values of these constants have been given [6a, 17]
and provide some insight into the problem of 4 priori calculation of reaction
rates. In the present paper, we are particularly interested in corrclations,
however, for they arc independent of the present uncertainties of a priori
estimates of &,’s.

Eqs. (3) to (5) apply when each reacting species has 2 given inncr
coordination shell. However, sometimes a species may be present in several
forms which differ in their inner coordination shell. Again, fluctuations in the
number of strongly adsorbed ions on the electrode correspond to fluctuations
in the “inner coordination shell” of the electrode [5]. Subject to conditions
summarized in footnote 9 of refercnce [3], the above five deductions still
apply when these fluctuations in composition of the inner shells occur.

Comparison of the five deductions with the experimental data has been
given [3]. The agreement with the data may be considered encouragiog.
A considerable quantity of data supporting deduction 5 has since been
obtained [72].
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