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I. INTRODUCTION

The theory of electronic processes in liquids occupies
a very specific place in the general theory of chemical
kinetics. A comparison of various electronic processes
occurring in the liquid phase and in solids reveals a great
similarity of physical mechanisms. Yet, no such analogy
is normally found between gas-phase and liquid-phase
reactions. For example, we may consider the electron
exchange reaction between ions of the same sign. If we
compare the rate of charge transfer between ions in gases
with the rate of analogous oxidation-reduction reactions
in water, we find that charge transfer in gases not only
occurs significantly faster than in solutions, but also, and
this is less trivial, that the phenomenon of resonance
charge transfer is in general absent in solutions. It is
well known that charge transfer between similar ions dif-
fering only in valence state proceeds much faster in the
gas phase than reactions between unlike ions1. At the
same time, the reaction Fe2* + Fe*3·" -• Fe3* + Fe* a + is much
slower, in solutions, than a reaction like Fe** +FeOH** —•
-• Fe3* + FeOH+. On the other hand, it has been pos-
sible8"7 to apply the theory of F-centres and polarons,
which was developed for crystals4, in the study of the
absorption spectra and of the conductivity of solutions of
metals in liquid ammonia.
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The lack of similarity between gas-phase reactions and
electronic processes in liquids makes it very difficult to
apply the transition state theory effectively to the latter
processes. Indeed, this is easily verified by noting that
the potential energy surfaces for electronic reactions in
a condensed phase must be multidimensional, since we
assume that the electron interacts strongly with a very
large number of solvent molecules. This does not mean,
of course, that the rate of the process will not show activa-
tional features: the situation involves, on the one hand, the
Franck-Condon principle (i.e. the quasi-classical motion
of heavy atoms), and, on the other hand, fluctuation theory
(the Boltzmann formula). We are only considering the
actual calculation of activation energies by means of the
transition state theory. Furthermore, in the case of non-
-adiabatic reactions with multidimensional electronic
energy levels (i.e. potential energy surfaces) there is no
method of calculating the pre-exponential factor (the so-
- called transmission coefficient) similar to the Landau-
Zener method for one-dimensional levels, used to calcu-
late the rates of gas reactions. In this sense, the transi-
tion state theory hardly justifies its name of theory of
absolute reaction rates.

Lastly, we have one further reason for renouncing
the formal use of the transition state theory: it is the ab-
sence of any criterion whatsoever for its applicability,
which has the effect of creating the illusion that the method
is of universal applicability. Yet, we know from the most
general considerations that such criteria must exist. We
shall show below, using a concrete example (see Sec-
tions Π, 2 and Π, 3), that the absolute reaction rate theory
is applicable only at high enough temperatures. For-
mally, this shortcoming stems from the absence of a
sufficiently rigorous method of deriving the formulae of
the transition state theory. We are not only concerned
with the need for a quantitative criterion of the exactness
of a theoretical discussion: such a criterion, in conjunc-
tion with experimental data, would also throw light on the
mechanism of various reactions.

The physical analogy between various electronic pro-
cesses in liquids and in solids suggests the possibility of
applying to electronic processes in liquids the mathema-
tical formalism which has been developed to deal with
kinetic phenomena in solids (polar crystals, impurity
semiconductors, alloys, etc.). A very wide range of
contemporary problems in chemistry, electrochemistry,
and biochemistry could be solved by the application of
some of the techniques of the quantum theory of irrever-
sible processes. There are a number of problems, how-
ever, in which the difference between a liquid and an
ordered crystal can prove to be a fundamental one (see,
for example, Section II, 5). This is especially true of
the calculation of mobilities. In an ideal crystal, the
electrical conductivity is infinitely high in the absence of
thermal vibrations, whereas in liquids (as in any dis-
ordered system) the electronic electrical conductivity
remains finite even if the thermal motion of the atoms
is ignored. We shall show in Section Π, 5 that in this
case it is possible to apply (in a slightly modified form)
the quantum statistics used to describe disordered solids
(alloys, or impurity semiconductors).

In compiling the present article, we have relied mainly
on our earlier theoretical results, which we have compared
with the results of other workers. This restriction is due
to the fact that the method presented here differs very con-
siderably from the theoretical approach of other workers,

so that an attempt at unification would not be expedient.
However, the list of references includes a selection of re-
views5"8 and original papers by both experimental and
theoretical workers.

Π. THEORY OF HOMOGENEOUS REACTIONS

1. Model of a Liquid

Since the present review will be concerned mostly with
polar liquids, this Section is devoted exclusively to liquids
of this type. Non-polar liquids will be discussed to some
extent in Section II, 5 in connection with the study of elec-
tronic spectra.

A polar liquid can be completely described by specifying
the coordinates of all the dipoles in the medium. To sim-
plify the discussion, we shall adopt the following scheme:
let the position of the dipole be characterised by the coordi-
nate of the centre of gravity R{ (t) and by the angle Oi (£)
which defines the orientation of the dipole. The subscript
i denotes the number of the dipole, and t indicates that
both Ri and θ% are time-dependent. In accordance with
modern ideas on the liquid state, the variation of Ri and θ{
with time can be visualised as follows: the dipole re-
sides in a certain temporary equilibrium position R°i, 0°,
about which it executes small oscillations. The average
time interval between sudden changes of i?° and θ\ , rg,
can be calculated from diffusion data. Thus, for water
Tg — 10"9 s, whereas the libration frequency of the dipole
(describing changes of the angle θ% in the neighbourhood of
Θ?) is of the order of 1011 s"1. One of the most important
postulates of the theory states that the most fundamental
dynamic role is played by the librational oscillations of
the dipole, and not by its diffusional jumps. This assump-
tion can be explained as follows. A fairly accurate des-
cription would be obtained if the desired physical quantity
(say, the probability of electron transfer) could be calcu-
lated for fixed values of R\ and #°·, and the result averaged
over all RJ and θ\. Unfortunately, this procedure is far
from being generally possible. For example, in the pre-
sence of strong interaction between the electron and the
solution the distribution function of R\ and 0° , i.e. the pro-
bability of finding the dipole in the position R\ , θ°ί, is it-
self, obviously, a function of the distribution of the elec-
tronic charge density or of the quantum state of the electron.
In practice, this means that if we are interested only in
the probability of an electronic transition from some initial
state to a final state, we should first calculate the probabi-
lity for the conditions Rj = (jR?) nit at the beginning of the
transition and Ri = CR°)fm at the end of the transition, and
we should then sum the probabilities over all possible (,R$)fm
and average over (i?°)mit. We shall assume that the tran-
sition from an arbitrary state i?§ to a state of thermodyna-
mic equilibrium occurs faster than the time re between
electronic transitions. In this case it is no longer neces-
sary to average over R\ . Thus, for re >> Tg we can ignore
the effect of discontinuous changes in the coordinates R\
and θι, and consider only the librational oscillations of the
dipole as the total or intramolecular vibrations of the liquid.
Lastly, we shall make one further observation, of which we
shall make use in what follows. If the static dielectric
constant e s is calculated for a system of oscillating dipoles,
it is found to be independent of temperature. Thus, yet
another criterion for the applicability of our model is that
es should be an insensitive function of temperature. In
particular, for water e s = a/T, so that the relative change
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of es, Τ
], is not large at ordinary tempera-

tures. As for our fundamental criterion re » rg, we shall
merely state at this point that it is always satisfied in prac-
tice by the systems of interest, and that a more detailed
discussion (from a somewhat different viewpoint) will be
given in Section Π, 3.

Strictly speaking, the oscillations of dipoles in a liquid
are not of the harmonic type. However, the problem of
electronic processes is susceptible to fully quantitative
treatment and can be solved quantum-mechanically only in
the harmonic approximation. In this approximation the
model of the liquid takes the form of an assembly of har-
monic oscillators (phonons) whose Hamiltonian expressed
in normal coordinates is

(2.1)

In this formula the normal frequencies u#, should be treated
as empirical. In general, the electron can interact both
with optical and with acoustic phonons, but in polar sys-
tems only longitudinal phonons of the optical type 4 of low
dispersion (i.e. ω^ =* ω0) play a really important role.
Physically, either intramolecular vibrations of the dipoles
or librational oscillations can correspond to these types.
For example, for water we have the vibrations of theO-H
bond or of the H-H hydrogen bond, and also the librational
oscillations of the molecule as a whole. As will be evi-
dent from what follows, it is most rational to choose the
latter (librational) type of oscillation for water, with ω0 <*
a* 1011 s"1. If complex or hydrated ions are relevant to
the problem, it becomes necessary to consider several
optical vibration types. The presence of a small disper-
sion in the optical type does not affect the final results in
any way, but for purely computational reasons9 it is con-
venient to introduce a finite dispersion at an intermediate
stage and make this tend to zero in the final result.

The theory becomes particularly revealing if the model
used to describe the liquid is a continuum with macroscopic
specific polarisation P. Strictly speaking, such a model
can describe a real system satisfactorily only some dis-
tance away from the electron (or ion), but the formulae
obtained from this model offer some valuable though approxi-
mate numerical results. The Hamiltonian for this system
was first obtained by Pekar4 and Frohlich10, and we shall
not derive it here (see also Ref. 6). We shall only point
out that it is of the same form as Eqn. (2.1), but we must
set ω*. = u>0, and the normal coordinates q are found to be
related to the Fourier amplitudes of Ρ by the expression

P(r)

where V(—* °°) is the volume of the fundamental region of
periodicity of P, and

.-i-i. (2.3)

c0 denotes the optical dielectric constant (equal, for example,
to 1.78 for water). The parameter c plays a fundamental
role in the polarisation model. Its function can be illustrated
as follows. When expressing the potential energy of a
liquid, one should consider only that part which concerns
the motion of heavy particles, since the electronic part of
the polarisation follows their motion without inertia and
contributes a constant term to the energy. On the other
hand, the interaction between a slow electron in homogeneous

reactions and the electronic part of the polarisation can
also be assumed constant if one considers that the elec-
trons of the liquid molecule are moving immeasurably fas-
ter than the outer electron which is taking part in the reac-
tion. Therefore, this term also can be omitted if the
electron does not leave the liquid. The case of hetero-
geneous reactions, when the electron passes from the
liquid into the electrode, will be considered separately
(see Section ΠΙ, 1). The notion of calculating the poten-
tial energy of_the inertial part of the non-equilibrium
polarisation, Ρ hen, amounts to a calculation of the work
needed to form P^ert by slowly applying a fictitious elec-
trical induction D and then removing it instantaneously:

Up. =-^{DdE-\DdE=-\DdD-\DdD=£D.{2A)•'inert 4)1 J 4π j 4ηε. i 4ne0 J 8n x

ο D ο D

The value of D must, of course, be chosen so that the pola-
risation in the final state is equal to Phert· Since the first
stage (application of the induction) was carried out slowly,
we can use the equilibrium formula

_ p D , _
— " — " e l e c t r —

*i e" ~ * η —
: u — 4π

On inserting formula (2.5) into (2.4), we find

JP inert
2π

(2.5)

(2.6)

This expression was first obtained by Pekar4, and also by
Marcus u , who used an independent and somewhat more
complicated method. This deduction, based on non-equi-
librium thermodynamics, has one major shortcoming: the
quantum-mechanical Hamiltonian is found to depend on
temperature through es(T). In practice, this means that,
instead of a single statistical averaging of the final results,
we have performed a partial averaging at the Hamiltonian
stage. This procedure can be justified by using the con-
cepts expressed at the beginning of this Section. Indeed,
the condition that D should be applied slowly implies that a
preliminary averaging with respect to R° and θι is permis-
sible. Hence it is evident that formula (2.6) is also cor-
rect only if the condition re » rg is satisfied. In other
words, in all formal thermodynamic calculations es is to
be treated as a parameter which does not depend on tem-
perature.

2. Adiabatic Perturbation Theory

As was pointed out above, the characteristic feature of
a polar medium is that the interaction between an electron
and the medium (i.e. the phonons) is nota weak one. There-
fore, the familiar methods of the theory of small perturba-
tions are not suitable in this case for calculating the prob-
ability of electron transfer, if the solution is wanted in the
form of a power series of the electron-phonon interaction
constant. Physically, this means that several phonons
are emitted during the electron transfer process rather
than a single phonon. One of the methods of calculation
used in problems of this type relies on the so-called adia-
batic perturbation theory. We shall now describe the
physical concepts underlying this theory.

It is convenient to set up the Hamiltonian for the total
system in the form

H(x, q) = He(x) + Hs(q) + V(x, q) + H'(x, q) = H(x, q) + H' (x, q). (2.7)

Here He(x) is the total energy of an electron interacting
with a given external field (for example, with ions, with
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light, etc.); Hsiq) is the total energy of the liquid (in the
phonon model assumed here); V(x,q) is the electron-
phonon interaction energy. To make the treatment more
general, we have introduced the term H'{x,q), which is
small in comparison with H(x,q), as required by pertur-
bation theory. In a sense, this term can describe the
effect of, for example, neighbouring ions on an electron
situated close to some specific ion. Since the calculation
of H'{x,q) does not present particular difficulty, we shall
consider for the time being the Hamiltonian H(x,q). The
basic concept which we intend to use is that the rate of
motion of the electron is very much higher than that of the
heavy atoms of the liquid, i.e. of the phonons. Hence, as
"seen from" the fast electron, the atoms of the liquid can
be treated as immobile, and the problem becomes that of
an electron in a given field:

{He (x) + V (x, q)} ψα (*, q) = εα (q) ψο (χ, q), (2.8)

where a is the number of the electronic level, and the
energy €a{q) and the electron function ψ depend on q as a
parameter. If Hs( q) were to vanish, i.e. if the atoms of
the liquid were immobile, tya{x,q) would be an exact solu-
tion of the problem. However, allowance for the slow
motion of the atoms introduces the possibility of electron
transfer from one state a to another state a'. Therefore,
the exact solution of the problem takes the form of a super-
position of all states \f/a(x,q), with some "weighting" fac-
tors Xa{q) which are, of course, a function of q. Mathe-
matically speaking, we have expanded an exact ψ -function
into a series as a full set of orthogonalised functions

α

On substituting this expression into the wave equation for
H(x,q), after multiplying the left-hand side by ψβ{χ, q)
and integrating with respect to x, we obtain the following
equation for xa{q)'·

{Hs {q) + ε0 (?) - Ε} X0 (q) = V Ua (q) %a (?),

where

d1k

(2.10)

. (2.11)

Since is an operator for the rate of motion of
i dqk

heavy particles, the first term in (2.11) can be interpreted,
in a sense, as a mean velocity, and the second term as a
mean square velocity. Therefore, the operator L must
be treated as small in the adiabatic approximation (this
operator is sometimes called the non-adiabaticity opera-
tor). If we use the quasi-classical approximation for the
electron, we can show that L =* irn/M, where m is the mass
of the electron and Μ the mass of the heavy particles. In
the zeroth approximation, assuming L = 0, we obtain

dgl 2 ·

where the subscript η identifies the various quantum levels
of the slow subsystem. If the electron is initially in the
state a, Xpn(q) — δβα, i.e. the electronic state a with
L = W - 0 will not suffer any changes. The quantity

-ep(?) (2.13)

plays the role of potential energy for the heavy subsystem,
and admits of the following simple interpretation: the

first term represents the direct interaction of the heavy
particles; the second term represents the interaction of
the heavy particles with the blurred electron cloud (i.e.
the heavy particles "perceive" the fast-moving electron
only in a smeared out form). Therefore, the latter must
evidently depend on the electronic state β. Up{q) is called
the electronic energy level, or the potential energy surface.

If L or H' is finite, transitions can occur between the
different states Φ α } V = ψαΧαη and ψ α ν with probability
wan-~a'n'· Therefore, if we are interested only in the
change of electronic state, wcm-*a'n' must be summed
over n' and statistically averaged over η (we assume that
the heavy subsystem is initially in statistical equilibrium):

' - Σ - (2.14)

To calculate w it is necessary to know Xcm, i.e. to be
able to solve Eqn. (2.12). An approximate solution can be
obtained by expanding €a{q) in a power series of q around
the equilibrium value q® and retaining only the first two
terms:

(2.15)

The electronic energy level then has the form

Since by definition q<* corresponds to a minimum value of

Ua(q), it follows that q"0 = - ^ and
ftuk

This expression allows a simple physical interpretation:
before the electron is introduced, the liquid executes small
oscillations close to the unpolarised state q = 0 (see curve a
of Fig. 1); after introduction of an electron into the state a,
the liquid becomes polarised to the value q®, and the total
potential energy of the system is made up of the polarisation

energy of the liquid -κ energy of the elcc-

k

tron in the polarised liquid £«(#„), and the energy of the
oscillatory motion of the liquid close to its equilibrium

state £ - <7?o)2· It is evident from this picture that

k
the approximation (2.15) adoptedhere corresponds to the case
where it is permissible to ignore the changes in vibrational
frequency of the dipoles caused by the interaction between
the electron and the liquid.

(ah

Fig.l.
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In order to apply the perturbation theory to the continu-
ous spectrum, we shall assume that ω% =/>*Ω0, where pk
are integers and Ωο -• 0. Without reproducing the lengthy
calculations12"14, we shall quote the expression for the
probability of electronic transition per unit time:

β>α-Μ»' = —

(2.17)
We have introduced the following terminology: Va'a

is a matrix element of the perturbation, i.e. either La'a
or H'a'a, according to which of the two is the most signi-
ficant; zk = g (q ko - Qko)2 cosech ^ j ^ , ; Ii{z) is a Bessel
function of imaginary argument of order Z; lastly, the
prime in the summation denotes the choice of values of Ik
among all possible integral values such that

^ TucofeZ k = Ja' - Ja + mMQ,Q. The only assumption made
k ι

in the derivation of this formula was £<=-*<». The
"o

physical significance of this condition is that the times
considered are small enough to make (according to the un-
certainty principle) ΔΕ ~-τ- » #Ω0, i.e. such that there is
no noticeable dispersion of the energy spectrum. From
the exact formula (2.17) we can obtain an asymptotic ex-
pression for the case of very small dispersion of the fre-

quency spectrum (pk — Po = «Ο. Since we are

assuming that the type of dispersion plays no part, we
shall choose pkx = p0 and pk2 = p0 + 1 (k1 Φ k2). Under these
conditions, division of all k by k1 and k2 is arbitrary.
Using the asymptotic properties of Im(z), it is possible to
show that

2n\Va

(2.18)

The parameter Es = g Yfi'^Mko - Qko)2 has the significance

of a "reorganisation" energy (or "transpoiarisation"
energy) for the liquid as a result of the electronic transi-
tion and m0 = J%Ja> •

This formula assumes a particularly simple form at
high temperatures, when Έω0 < kT:

kT>nao,

where the activation energy Ea is given by

(2.19)

(2.20)

Thus, we have in fact arrived at a formula of the same
type as that of the transition state theory, but only in the
particular case of £Τ>7?ω0.

The advantage of the ω>& = ω^ model, i.e. the model in
which the motion of the dipoles can be characterised by a
single frequency, is that a single effective coordinate q
can be introduced in place of the many coordinates qk·
(One of u s l s has given a strict mathematical proof of this.)
In this case we are in fact dealing with one-dimensional
potential curves Ua(q), and we can therefore use the
Landau-Zener theory of adiabatic electronic transitions
if the motion of heavy particles (dipoles) is described
classically. Omitting the straightforward mathematical

derivations, we shall describe the physical results ob-
tained in the case of interest. The broken lines in Fig. 2
denote two electronic energy levels, corresponding to two
electronic states a and a', between which the transition
occurs. At the intersection (q*) of the two levels the
electronic state is doubly degenerate, i.e. the same energy
€a(Q*) = €a'{q*) corresponds to two distinct states a and
a'[this follows from Eqn. (2.13)]. However, when allow-
ance is made for the perturbation Va'a, this degeneracy
is removed and resonance splitting of the levels arises
at the point q*. (See the solid line in Fig. 2.) If the per-
turbation iFa'al2 is smaller than some critical value

IkTE \IVcrl2 = #ωο1—s*-]V2, we can suppose that the system,

initially at the level Ua, jumps non-adiabatically to the
level Ua', but only after several passages through the
intersection point. K, however, I Va'a I » I Vcr I, the
separation of the levels at the point q* will be large, and
transitions from the level Ua to the level Ua' will occur
in such a way that the system remains always at the
lowest level: these transitions are called adiabatic tran-
sitions. Calculations of the probability of transition per
unit time by the quasi-classical Landau-Zener method
lead to the high-temperature approximation formula (2.19)
for non-adiabatic transitions; in the case of adiabatic
transitions we obtain the formula

2n
(2.21)

where the activation energy Ea is approximately the same
as in Eqn. (2.20), i.e. it equals the distance from the point
of "intersection" of the levels to the minimum of the initial
level (Fig. 2).

In the discussion which follows we shall make use of
the above theory to investigate various concrete problems.

3. Theory of Oxidation-Reduction Reactions

This section deals with oxidation-reduction reactions
occurring in a liquid by an electronic mechanism, i.e. a
mechanism whose fundamental step does not involve either
breaking or forming chemical bonds. Such a reaction can
be represented schematically in the form

A - \ - D — * • A i t s . \ & . & Δ )

We shall classify all reactions into fast and slow. To
clarify the meaning of this classification, we shall con-
sider two ions taking part in a reaction of the type of (2.22).
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First of all, we introduce the concept of a reaction volume,
this being the region within which the ions A*1 and B*2

must be to enable electron transfer to proceed from A*1

to B*2. If the residence time of the ions in the reaction
volume (rg) is much greater than the time between elec-
tronic transitions (re), the reaction should be called fast
or proceeding by a diffusion mechanism. Since electronic
equilibrium between the ions can be established at each
"collision" (i.e. each time the ions fall into the reaction
volume), diffusion must be the rate-determining step. We
are assuming that the reaction volume is so small that the
residence time of the ions in this volume is of the same
order as the time between diffusional jumps (rg).

In this review we shall be concerned only with slow
reactions, i.e. with the case re » rg. These reactions
are characterised by the fact that electron transfer occurs
only after several "collisions" between the ions. On the
other hand, this is just the case where we can apply the
formulae of perturbation theory, which are correct at

times t « — — = Tg. Indeed, since the ions remain in
Waa'

the reaction volume for a time rg « ie, it can be assumed
that the probability of an electronic transition is directly
proportional to time, which is equivalent to ignoring
reverse transitions during the interval rg. It can be
shown16 that the specific rate constant of the bimolecular
reaction (2.22) is of the form

KAB = I w,(R)wMR)do> (2.23)

where wAB(-R ) is the probability of finding the ions A*1 and
B*2 at a distance R apart, we(R) is the probability of an
electronic transition from AZl to B*2. In view of the
assumption that rg « re, we can use the equilibrium dis-
tribution function of the ions (which at small distances has

the form e e>a'H ) in place of WAB. It is surprising to find
that the condition for a slow reaction obtained here corres-
ponds to the assumption Tg « re, which was made in
Section II. 1, if the diffusion coefficients of the ions AZl

and B*2 are of the same order of magnitude as the self-
-diffusion coefficients of the liquid molecules.

All slow reactions can be divided into two classes:
adiabatic and non-adiabatic. For the former, the quantity
we should be expressed by formula (2.21), when the result-
ing rate constant takes the form

where the transmission coefficient κ is of the form

w (2.24)

where vr i s the volume of the react ion region, and &F* i s
the free energy of activation, which is re la ted to the ac t i -
vation energy by the express ion

= Δ £ # — Τ AS*.

ft In
kT

(2.25)

(2.26)

(2.27)

Here Ea is given by formula (2.20), and Rr is the mean
distance between the ions in the reaction region.

For non-adiabatic reactions, expression (2.19) must be
used in place of we , and Va'a should be interpreted as an
exchange integral13. The result is the following formula
for KAB:

cr I*
(2.29)

Experimental data for the specific rate constants of
different reactions, computed by means of formula (2.28),
are given in the Table together with calculated values of
the corresponding transmission coefficients κ. The Table
shows that most of the reactions are non-adiabatic, with
χ ~ 10-3. Only four of the reactions are exceptional, and
proceed by an adiabatic mechanism.

We have recently attempted15 a numerical evaluation
of iCAB for the Fe^/Fe3* system. For Rr we used the
value17 6.8 A, and ω0 was assumed to be 1011 s"1, whilst
Es was calculated from the Born model. On the assump-
tion that the reaction is adiabatic, we obtained ifAB =
= 50 litre mole"1 s~\ AF* = 15.1 kcal mole"1, and ΔΕΦ =
= 11.5 kcal mole"1. By comparing these with the experi-
mental results, we find that the values obtained are in
reasonable agreement with experiment, despite the
coarseness of the approximation.

To conclude this Section, we shall give the quantitative
formulation of the criterion for a slow reaction. From
(2.23) and (2.28), the rate constant can be related to

(2.30)

(2.31)

Knowing the radius of the reacting ions, the radius υr

of the reaction volume can be readily evaluated. In par-
ticular, if we adopt a value of 7 A for Rr, and insert 10"9 s
for Tg in Eqn. (2.31), we obtain HAS « 2 xlO6 litre x
x mole"1 s"1.

4. Absorption of Light by Anions

The theory developed above can be applied to the study
of the absorption of light by halide ions. According to
the Franck-Condon principle, the light energy absorbed

TABLE.

KAB = — ν^

The condition rg « re leads to the inequality

Kl — Τ5Γ"
•ν.-re k T yr. (2.28)

System

Fe«+/Fe»+
Fe«+/Fe'+
FeOH«+/Fe'+
FeF»+/Fe»+
FeF»+/Fe»+
FeC!«+/Fe«+
F(SCN)»+/Fe*+
Fe(SCN^/Fe«+

EuCl«+/Eu«+

Eu*+/Eu»+

NpO+/NpO*+

MnO^/MnOj"

VOH«+/VO«+

Ce»+/Ce<+

Ratio constant,
litre mole"1 s' 1

0.87
8.1

1010
9.7
2.5
9.7

41.5
7.6

6.5·10"β ^
3.6-10-*

29

710

ICe
ΕΦ

~w1.9·10»β

Activation

energy E^,
kcal mole*

9.9
9.9
7.4
9.1
9.5
8.8
7.9
8.6

20.8
20,8

8.3

10.5

10.7

16.8

Tempera-
ture, °C

0
25

0
0
0
0

25
25

25

25
0

0

Transmission
coefficient, Κ

1.3·10"»
4.7-10-»
2.3-10-3
5.6·10-»
2.9· 1O-»
3.1-10-»
1.0·ΙΟ"»
0.6·10-»

~ 1
Λ

4.2·10-»

~ 1

7-10-»

~ 1
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Λωα is equal to the distance between energy levels at
fixed polarisation. To calculate the average value of Έωα,
it is necessary to average out Ufi{q) - Ua(<i) by means of
the quantum distribution function for a one-dimensional
oscillator18:

(2.32)

The result is

«ωβ = 7β — Jα + £ 5 = β(3(<7ο)— ε α fo0). (Ζ.οο)

Physically this means that, to find Ή~ωα, we must know
the ground level and the first excited level of the electron
at fixed initial equilibrium polarisation, defined by the co-
ordinate q®. The difference between these energies gives
the mean energy of the light absorbed by a halide ion. The
mean energy of the emitted light is found by an analogous
procedure:

Πω, = Jp — Ja — Es = β* fog) — εα fog). (2.34)

In addition to ^D3> it is interesting to calculate also the
width of the absorption band, i.e. the standard deviation of
the light energy absorbed:

D* = — (haaf = £ω0 coth ^gj- £ S )

or in the high-temperature approximation

D* = (2kTEs)
l/t.

(2.35)

(2.36)

The width of the absorption band varies with tempera-
ture as T 1 / 2. On changing the temperature from 10° to
50°, the width of the band increases, according to Eqn. (2.36),
by 1%, which agrees tolerably well with the experimental
value19 of 5%.

5. Theory of Electron Mobility

The problem of slow electrons in various liquids has
attracted considerable attention in recent literature. In
particular, the problem has been discussed extensively in
radiation chemistry27 and biological investigations28. Some
electrochemical papers which consider the possible kinetic
role of solvated electrons are beginning to appear. Not
surprisingly, systems in which the liquid is water present
the greatest interest. We shall therefore consider the
case of a polar medium in the first part of the present sub-
section, and we shall report a number of results for non-
-polar media in the second part.

The basic problem facing us when considering polar
liquids is the calculation of mobility. In order to throw
some light on the physical mechanism of electrical con-
duction in liquids, we shall begin by stating the theory of
electron mobility in polar crystals.

There is a large number of semiconductors whose pro-
perties cannot be described by the conventional band theory
They show a characteristic, activational dependence of
mobility upon temperature:

This phenomenon cannot be explained within the framework
of the normal band theory, since the thermal motion of
the crystal lattice increases the probability of scattering
of carriers, and should therefore lower the mobility. A
mobility which increases with temperature is observed in

substances with very small mobility values. For example,
for Fe 2 O s and NiO, M ^ 4 X 10"3 cm2 V"1 s" 1, and the mean
free path λ of current c a r r i e r s is found to be much smaller
than the lattice constant. Contrary to the band theory,
according to which the electrical conductivity depends on
the changes in the velocity of the free electron as a result
of scattering by lattice vibrations, Ioffe suggested 2 0 that
the transport process in semiconductors of this type should
be treated as the transition of an electron from a given
cell of the crystal to a neighbouring one. Since we know
that the theory developed in Section Π, 2 is applicable in
this case, it is obvious that the desired temperature depen-
dence can be obtained from formula (2.19) at high enough
temperatures. The difficulty, however, is that "band"
solutions a re found because of the translational symmetry
of the crystal, which pers i s t s even in the semiconductors
under discussion. A great deal of work 9» 2 1" 2 8 has been
devoted to the problem of the change in the mechanism of
electrical conduction, i.e. to the manner in which electrons
in bands (or delocalised) can be correctly assigned to
localised states. Unfortunately, lack of space prevents
us from giving rigorous derivation of the results of the
theory: we shall only point out that the cr i ter ia for the
applicability of the band and of the transfer mechanism of
conduction have been obtained from the above work. Cal-
culation shows that at low enough temperatures the mobility
decreases with increase of temperature, but begins to r ise
again exponentially with further increase of temperature:
we know that this corresponds to a change from the band
mechanism to the b a r r i e r (or "jump") mechanism. The
model we have described is correct only for the case of
strong binding, when the electron interacts strongly just
with the atom in whose neighbourhood it happens to be at
a given moment. In other words, the exchange integral
for two nearest-neighbour atoms is fairly small. This is
why the overall theory has been called the theory of small
polarons. (We are using the term polaron in its usual
meaning of an electron surrounded by a "coat" due to the
polarisation of the dipoles.) However, in the case of weak
interaction between the electrons and all the atoms of the
crystal (but strong interaction with the polarisation) we
must apply the theory of large polarons, developed by
P e k a r 4 .

In polar liquids the situation is much more complex;
the following cases are possible.

1. The mobility ar i ses by the large polaron mechanism,
i.e. the electron has a weak interaction with one solvent
molecule. Since the radius of the large polaron is much
greater than the average distance between neighbouring
liquid molecules, we can apply the continuum model of
the liquid, so that Pekar ' s original theory can be used
without any modification.

2. The mobility is determined by a band polaron of
small radius. This situation can ar i se when the correla-
tion length between liquid molecules (i.e. the distance of
short-range order) is greater than the mean free path of
the polaron.

3. Lastly, one more variant is possible, in which the
jump mechanism applies to polarons of small radius. In
this case the difference between liquids and crystals dis-
appears. To simplify the discussion, we shall quote the
expression for the mobility:

~^, (2.37)

where a is the average distance between liquid molecules,
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V is the exchange integral, and as before Es denotes the
energy of "transpolarisation". If the electron jump takes
place adiabatically, we can write

Formulae (2.37) and (2.38) are readily integrated using

the Einstein relation u = eD/kT if we introduce the diffu-

sion coefficient of the electron:

adiab > ^non-adiab = κ · ΚΔ.ύσ)
Xe *e

It is interesting to note that oxidation-reduction reac-
tions in liquids can give rise to an electronic contribution
to the electrical conductivity (in parallel with the ionic
component). This was first pointed out by Frumkin. Since
we have considered only slow reactions {re « rg) in Sec-
tion Π,3, it is obvious that the contribution of the electronic
component to the total electrical conductivity will be small.
Simple calculation shows that the electrical conductivity
is given by

^ Χ Β _ (2.40)

To conclude this Section, we shall discuss the behaviour
of electrons in non-polar liquids. The calculation of
mobility in this system presents considerable difficulty,
and we shall therefore confine ourselves to a study of the
energy spectrum of the electron. As will be shown below,
a knowledge of the spectrum offers also a qualitative un-
derstanding of the mechanism of electrical conduction in
non-polar liquids.

To simplify the calculation, we shall examine the one-
-dimensional model of a liquid29, i.e. a chain of identical
atoms distributed in a practically random fashion. Since
the concentration of electrons is assumedtobe very small,
the calculation can be made by the one-electron approxima-
tion. The Hamiltonian for this problem is of the form

i / w = _£.^ + 2 u ( ^-/?, · ) . (2.41)

where the first term is the kinetic energy of the electron,
and u(x - R{) is the interaction energy between the electron
and the ith atom of the liquid. The values of Rf can be
treated as random, but determined by a known distribution
function Φ ^ , . . . ,RN)· I n practice, of course, the form
of Φ is not known, since there is no theory of the liquid
state at present. We shall therefore, in what follows,
confine ourselves to a consideration of some plausible
models of the liquid state which offer a basis for discus-
sion. Thus, our problem is to determine the spectrum
of the Hamiltonian (2.41), averaged with respect to Φ, with
arbitrary values of the parameter R. The most conveni-
ent mathematical approach to this problem is the method
of Green functions, well known in quantum field theory and
in statistics. The mean density of levels is related to a
Green function by the expression30

(2.42)

Here Jm denotes the imaginary part of the spur of <G>, where
the angular brackets are used to indicate averaging with re-
spect to random values of R{. The Hamiltonian (2.41) is con-
veniently written in the form H= <H>+ V, where V = Η -
- <H> is the departure of Η from the value <ff>. Under cer-
tain conditions V can be assumed to be small, so that the prob-
lem can be solved by perturbation theory. The zeroth

approximation for V gives the usual spectrum of a one- dimen-
sional crystal in the strong binding approximation:

£«(/>) = eo + 2 </> cos p, (2.43)

(2.38) where e0 is the energy of the electron in an isolated atom
of the liquid, < J > is the mean value of the exchange inte-
gral, and/> is the quasi-momentum of the electron. The
function B0(p) is shown in Fig. 3 as a broken line. Allow-
ance for the perturbation V produces two effects in the
first approximation. First, it alters the form of the spec-
trum within the previous band (see Fig. 3, full line):

(2.44)

where <I2> = < (J - <J»2> is the dispersion of the ex-
change integral. Secondly, the state of quasi-momentum
p begins to relax in time, the relaxation time τ being
given by the formula

+ cosv). (2.45)
" '" |<y>sinp|v ' '

Analysis of formula (2.45) shows that the results obtained
from the perturbation theory are correct at sufficiently
low dispersions:

</2Χ<·Ο2. (2.46)

To give more real significance to the condition (2.46),
we can attempt a calculation, assuming that J(R) ~ e~R/Ro.
We shall also assume that correlation operates only be-
tween the positions of the two nearest atoms in the liquid.
Without explicitly stating the form of Φ(ϋ), we shall assume
that the deviation of R from its average value is small and
of the order of I. Condition (2.46) then reduces to the
requirement that

In practice, the following condition must also be satisfied:

P 3 ^ ^ · (2.48)

The inequality (2.48) follows directly from (2.43) and(2.45).
This condition means that the theory of perturbations is not
applicable near the band edge 3 0 . Using an improved form
of the perturbation theory, it can be shown that a shift of
the old band edge in the direction of expansion does in fact
occur, and that the form of the spectrum in the region of
the new band edge is as shown in Fig. 3 (dotted line close
to the new band edge):

(2.49,

It follows from this formula that the average width of
the band increases, due to the presence of dispersion, by
an amount of the order of (</ 2 >/< J> 2) 2 / 3, and that the

-χ -x/Z

HP)

ε« S*~

]^7"_——
α χ/ζ χ ρ

Fig.3.
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effective mass in the new band differs from the mass cal-
culated for the old band by formula (2.43):

(2.50)

The factor 3/2 in this formula appears because of the non-
-analytical variation of E(p) with the small parameter

/ [E(p) ~ e 2 / 3 ] .

The most interesting case is, of course, that of large
dispersion of the exchange integral [see Eqn. (2.47)]:

(2.51)

In this case perturbation theory is already inapplicable,
but it has been possible to carry out a partial summation
in the expression for the Green function. Retaining the
most significant terms, the following equation for the
electron spectrum was obtained:

, (2.52)

This equation also was derived on the assumption that
all the exchange integrals are uncorrelated, but the para-
meter e = </ 2 > / < J > 2 was treated as much larger than
unity. Eqn. (2.52) can be solved only if the binary dis-
tribution function of the atoms of the liquid is known. To
arrive at the final expressions, we have used the simple
model

|«-α|>/,
Φ (/?) =

where a is the average distance between the atoms of the
liquid. The result was the following formula for the spec-
trum:

(2.53)

where Eu and E\ apply to the upper and the lower band (see
full line in Fig. 4), and Jm denotes the maximum value of
the exchange integral, corresponding to the minimum dis-
tance between the atoms, flrrin = a - I. In the derivation
of (2.53) it was assumed that J{R) ~ e~R/Ro.

It follows from (2.53) that the distance between the
centres of the upper and the lower band is 2 I Jm l> and the
width of both bands is 2 I J(a) I, i.e. the value of the ex-
change integral calculated for an average distance a. To
make clear the physical significance of the result, we can
compare formulae (2.53) with the spectrum calculated for
the periodic chain shown in Fig. 5. This problem can
be solved exactly, and the resulting form of the spectrum
is (see broken curve in Fig. 4):

E°« = ε0 + V (Λ

Ε" = e0-/(./1

- 4V.COS* P. (2.54)

Here Jx is the exchange integral for particles 1 and 2,
J o for particles 2 and 3 (see Fig. 5). The distance be-
tween the centres of the bands E% and Ε] is 2V7f~+"7f =«
^ 2\Jl\, since \JX \ » \J0 I, and the width of each of the
bands is 2 \J0\. We see by inspection of formulae (2.53)
and (2.54) that the major contribution to the average spec-
trum of the electron at high dispersions is given by the

00 00 00
12 3 4 5 S

Fig. 5.

configurations of the atoms in which the closest approach
of two atoms of the liquid occurs. This situation is remi-
niscent of the fact that in the calculation of mobility it is
just these configurations which are the most important.
This somehow corresponds to an electronic jump between
two atoms. It is not hard to see that the temperature
dependence of the mobility is also in qualitative agree-
ment with the case of small polarons, discussed earlier
in this Section. Thus (2.45) requires that a low tempera-
tures the dispersion increases with increase of tempera-
ture, whilst τρ decreases; consequently, the mobility
u ~ erp/meff also decreases. On the other hand, at high
dispersions an increase in temperature must obviously
increase the frequency of the jumps, and therefore the
mobility.

ΠΙ. THEORY OF OXIDATION-REDUCTION REACTIONS

The simplest electrode reactions from the point of view
of a theoretical study are of the form

A* + e (in the electrode)-* A*~*, (*)

where Az and A*-1 are ions of charge ζ and ζ - 1 respec-
tively

An electrode process involves several steps. In what
follows, we shall be concerned exclusively withprocesses
in which the slow (and therefore the rate-determining) step
is discharge of the ion at the electrode. The phenomeno-
logical theory of slow discharge for reactions of the type
(*) at a metal electrode was developed by Frumkin 3 1 .

In the work of Levich, Vdovin, and Myamlin3 2»3 3, the
phenomenological slow discharge theory is extended to
cover reactions at semiconductor electrodes. The earl iest
attempts at deriving a microscopic theory of oxidation-
reduction reactions of the type (*) a re due to Randies 3 5

and Hush 3 6 . Gerischer 3 7 had discussed heterogeneous
reactions involving negligible changes in the inner coordi-
nation sphere of the ion. In his studies of oxidation-
reduction reactions at metal and semiconductor electrodes,
Gerischer has suggested that the activation energy ar i ses
mainly from the displacement of the atoms in the first
coordination sphere of the ion. This approach gives the
correct physical picture, but it failed to provide quantita-
tive results.
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Many more quantitative results were obtained by examin-
ing heterogeneous oxidation-reduction reactions not involv-
ing adsorption of reagents, formation or breaking of chemi-
cal bonds, and proceeding without any changes in the first
coordination sphere of the ion. This review will deal ex-
clusively with reactions of this type. The theory of these
reactions has been developed in papers by Marcus3 8"4 0,
and Dogonadze, Chizmadzhev, and Kuznetsov41"49. As
was stated at the beginning of this article, Marcus used
the thermodynamic method, which offers several advan-
tages coupled with the disadvantage of not allowing calcu-
lation of the exchange current.

In our previous papers4 1-4 9 we have used the approach
followed in the discussion of homogeneous reactions (see
Section Π). The main results of this work will now be
described.

1. Calculation of the Fundamental Ion-Discharge Step at
an Electrode and General Kinetic Relations

We shall consider a system consisting of an electrode,
a polar solvent, an ion A*, and an electron which can be
associated either with the electrode or with the ion. The
probability of electron transfer in this problem is deter-
mined by formula (2.19), in which V is to be intepreted as
an exchange integral and Js and Jf are given by the follow-
ing expressions

s = ε ζ _ 1 - βφ (R) - -xdv,

8nec

[Dl

(3.1)

(3.2)

where ez _,i is the energy of the electron in the isolated
ion Α2-1, φ(Β.) is the potential at the point where the ion
undergoing discharge is located, φ e is the potential of the
electrode, Uo is the depth of the potential well for the elec-
tron in the electrode (see Fig. 6), Jf is the level of the
electron in the electrode, andDOz Φοζ-ι) are the induc-
tions of the ions A* (A*"1). The quantities e s and Jf have
the same meaning as in the case of homogeneous reactions
(Section Π), but when dealing with heterogeneous reactions
we must include in Js the energy of the interaction of the
electron with the electronic polarisation of the solvent,
since this is not included in Jf and is not retained in the
electron transfer process. In Eqns. (3.1) and (3.2) the
subscript s indicates that the electron is in the solution

semiconductor

,η,,,,ηη,ώ

t

f

i

f

i

'solution

4

Fig. 6.

whilst/ indicates that the electron is in the electrode at
the energy level €/·.

These expressions for the probability of electron trans-
fer allow us to calculate the current flowing in the elec-
trode-solution system. The current density can be ex-
pressed in the form

where ή is the anodic current, generated by the passage
of the electron from the solution into the electrode, and ic

is the cathodic current. We shall invariably assume that
all the ions are discharged at the electrode independently
of each other. This implies that an expression for (say)
the anodic current can be obtained as follows. The proba-
bility of electron transfer from the solution to the energy
level €f of the electrode is multiplied by the concentration
of the appropriate ions, cz_i{x), at the particular point
in the solution, and by the probability of finding the energy
level of the electrode unoccupied, 1 - n(ef). The resulting
expression must then be integrated over all possible states
of the electron in the electrode and with respect to all the
coordinates of the ion in the solution. An expression for
ic can be obtained by a similar procedure:

ia = e\cz-1(x)dx [ wsf (x) [1 — n(ef)] p.deh (3.3)

ic = e^ Cz(x) dx ^ wf, η(ef) pfa, (3.4)
0

where ra(e/) is the distribution function of the electrons
over the energy levels in the electrode, and pf is the
density of energy states in the electrode. It must be
noted that the problem of calculating the current really
consists of two separate problems: the first problem is
to find the probability of an ion being at a distance χ from
the electrode, i.e. to evaluate cz(x) and cz -^x); the
second problem is to find wsf {uofs). The solution of the
second problem has been discussed in the previous para-
graph. To find the probability that an ion approaches to
a given distance from the electrode is a complex statis-
tical problem which is still not finally solved. We shall
therefore have to resort to one of the approximate theories,
such as the Gouy-Stern theory. Within the framework
of the theory developed in Section Π, 2 it can be shown
that the probability of the forward transition is related to
the probability of the reverse transition by the expression
wsf = wfsexp[(Js - Jf)/kT]. By using this expression, the
resulting current can be written in the form44

(3.5)

To simplify the subsequent calculations, we shall
assume that the currents are not large, so that the Boltz-
mann equilibrium distribution can be used to express cz.l

and cZ' For the same reason, we shall ignore depar-
tures from equilibrium within the electrode and use the
normal Fermi distribution function for n(e/). This pro-
cedure is always justifiable for metals and intrinsic semi-
conductors at low current densities, and it can also be
applied to impurity semiconductors if the current of
minority carriers through the semiconductor interface is
smaller than the limiting diffusion current of minority
carriers. The formulae can be easily generalised to allow
for departures from equilibrium in a semiconductor45»49,
which can be quite large at high currents and especially if
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the semiconductor is illuminated (see also ΙΠ, 5). In the
light of these assumptions, Eqn. (3.5) can be rewritten

= J C exp

- ( eF - ^o) - kT l n

kT
(3.6)

where e? is the Fermi level in the electrode and cz and
cz _ ι are the concentrations of the ions Az and A*"1 respec-
tively in the bulk of the solution at χ -» «; the potential
of the solution is taken to be zero. The quantity aZfZ -i =

= ^S_i— [DI~ ~ - γάυ is the hydration energy of the ions
8TT€S

 J OZ'Z X

ρ^ζ,ζ-ι i n t n e Bom approximation50.

Using (3.6), it is easy to derive an expression for the
equilibrium Galvani potential difference at the semicon-
ductor-solution interface44 from the condition that the
total current must vanish:

— a z) — e ^ + (eF — U9) +kT ln · (3.7)

It is evident from (3.7) that the equilibrium Galvani
potential depends on properties of the electrode (€F - Uo),
on properties of the ions {ez-lf Δα), on the concentration
of the ions, and on the properties of the solvent (Δα).

An expression for <p% can be obtained also by using a
thermodynamic cycle 4 2. The various stages of the cycle
are shown in Fig. 7. Under equilibrium conditions the
work done in stages 1,5, and 7 is zero. The work done
in stages 2 and 4 is

(3.8)μ _ 1 ; μ, = ·ψζ + kT In c2,

where ψζ-ι =kT inN + az - x; ψζ = kT lniV + az\ Ν is
the number of solvent particles.

Denoting by a.%. = βΛφ0 + Uo - e F the work of extraction
of the electron from the electrode, and equating to zero
the work expended in the entire cycle, we obtain

- μ Μ — βζ-ι + μζ — βφγ— <4 = 0, (3.9)

where c(p0 is the potential jump at the electrode-gas boun-
dary and <p% is the equilibrium Volta potential of the elec-
trode. The equilibrium Galvani potential at the electrode-
solution interface is

Formulae (3.8), (3.9), and (3.10) lead to the expression

(3.7).

We now introduce the overvoltage τη defined as

η = φβ-<Ρβ· (3.11)

Eqn. (3.6) can therefore be rewritten

i = ic(?-\). (3.12)

Furthermore, it follows from (3.12) that

(3.13)

It is obvious from the derivation of formulae (3.7), (3.12),
and (3.13) that these expressions are applicable both to
metal and to semiconductor electrodes.

The formulae derived here are quite general. To ob-
tain more concrete expressions, we make the following
approximation: the transition probability decreases very
steeply as the distance from the ion to the electrode in-
creases. The concept of an effective reaction region of
thickness I, within which discharge occurs, thus arises
quite naturally. The integral with respect to distance in
formulae (3.3) and (3.4) can then be approximated by the
product of I by the value of the integrand function at some
intermediate point χ = 6, which can be thought of as the
most probable distance over which discharge occurs. In
practice, the quantity δ can, of course, be identified with
the thickness of the Helmholtz layer.

2. Kinetics at Metal Electrodes

To obtain concrete expressions for the current at a
metallic electrode, it is necessary to carry out the inte-
gration with respect to the electronic states in the metal
in expressions (3.3) and (3.4). Since in a metal all the
states lying below the Fermi level are occupied, and all
those lying above the Fermi level are empty, the integra-
tion in (3.3) must be performed between the limits €F and
Uo, and that in (3.4) between 0 and e?. Calculation leads42

to the following expression for the anodic current

% «p (6) + kT In - ^ - + Es - «η \

iEJiT

(3.14)

where φ(δ) is the potential in the solution at the point δ (in
practice, the ψ±-potential). A similar calculation gives ic.

Eqn. (3.14) shows that the variation of lni a with η is not,
in general, of the Tafel form. However, if et\ is small
compared with Es, the squared expression in brackets can
be expanded and small terms of the second order can be

ignored (the quantity e<p'(6) + kTln0*'1 is usually much
cz

smaller than Es). The expression for the total current
then takes the Tafel form (provided that the potential jump
(p'(6)has its equilibrium value):

(3.15)

where the exchange current is equal to

Ά
7 j

!

β*

I

6

4

{

Fig. 7.

(3.16)

In this case the transfer coefficient a, defined by the ex-
pression

kT d ln i c
ο = — —

β dr\ '
(3.17)

equals 1/2.
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Brjtfnsted's r u l e . The Tafel formula is usually
derived by invoking a semi-empirical rule due to Br0nsted31,
according to which

Ε* (η) - Ε* (η = 0) = - β [Δ/ (η) - AJ (η = 0)].

where E* is the activation energy and AJ is the heat of the
reaction (in our case AJ is the difference between the
minima of the potential energy curves of the system in its
initial and final states). This expression is the equivalent
of Polanyi's rule,34, formulated for gas-phase reactions.
In the theory discussed here, Br0nsted's rule applies44»47»48

for βη < J4EskT, the constant β having the value 1/2 for
a metallic electrode. It must be noted, however, that
Br^nsted's rule is obeyed by our system only at low enough
overvoltages. When the overvoltage is appreciable, the
rule ceases to apply, because the current-voltage charac-
teristic deviates from the Tafel relation.

It is interesting to compare these theoretical results
with experimental data obtained relatively recently by
Frumkin and his coworkers63. Those workers investi-
gated the electrolytic reduction of anions at metallic elec-
trodes, and observed departures from the Tafel relation.
Of all the reactions investigated, only the reduction of
Fe(CN)3," behaves as required by the theory, but the quali-
tative nature of the agreement is evident from Fig. 8. The
theoretical curve is smoother than the experimental curve.
The greatest discrepancy between the two curves occurs
in the region of potentials where other effects can become
appreciable (for example, ion-pair formation). The par-
ticular feature of this reaction is that the Fe(CN)3" ion is
fairly large, whereas Es is relatively small. Therefore,
according to the theoretical predictions, deviations from
Tafel's formula should set in at not very high overvoltages,
as is indeed found to be the case in practice.

We must stress that the equilibrium potential does not
appear in the expressions for the current which have been
obtained: only departures from the equilibrium potential.
In other words, the formulae for the current do not include
quantities depending on the work function of the metal, and
therefore the reaction rate in this sense is independent of
the work function of the metal. Different electrodes are
characterised by their density of states and by the exchange
integral V rather than by their work function.

The expressions (3.14)-(3.16) for the current are derived
for reactions proceeding non-adiabatically. The study of
adiabatic electrode reactions involves a number of diffi-
culties arising from the presence of a continuous spectrum

of states in the solid. However, we may suggest (without
as yet any real proof) that these formulae will be applicable
to the adiabatic case with the usual substitution of V by Va

[see for example Eqn. (2.21)].

3. Kinetics at Semiconductor Electrodes

The basic physical mechanism of current flow at a
semiconductor electrode is the same as for a metallic
electrode. The most characteristic features of semicon-
ductor electrodes are that the Fermi level in a semicon-
ductor is situated in the forbidden gap, and that the filling
of energy levels by electrons is a sensitive function of
temperature and of the distribution of potential in the sys-
tem. A consequence of the first characteristic is that the
integration in (3.3) and (3.4) must be carried out over both
the conduction and the valence band of the semiconductor.
The resulting expressions will be called the electron cur-
rent (ie) and the hole current (i^) respectively. From
the second characteristic, it follows that in a semiconductor
the variation of current with potential and with temperature
will be determined not exclusively (or even mainly) by the
effect of these parameters on the transition probability, but
rather by their effect on the concentration of free carriers.

We can point out immediately that the procedure used to
derive formulae (3.12) and (3.13) makes it obvious that the
formulae are applicable to each of the components (elec-
trons and holes) of the total current44»49. We shall there-
fore quote only the expressions for cathodic currents. The
expressions for anodic currents are easily obtained by
using the formulae given above.

S e m i c o n d u c t o r with n o n - d e g e n e r a t e s u r -
face. We shall assume that the Fermi level does not
extend into either band, i.e. that the following condition is
satisfied (see Fig. 6):

(3.18)

(3.19)

(3.20)

In this case the integration in (3.4) gives47»49

AT

- β . -

where ie

n and i% are the electron and hole exchange currents,

— ( Δ ρ — « (<P S C -φ J ) . \0.41)

logi-

r-«p. (3.22)

Fig. 8.

The remaining symbols are illustrated in Figs. 6 and 9.

The second terms in (3.19) and (3.20) give the potential
dependence of the probability of electronic transition. Of
course, this quantity depends only on the difference in
potential between the electrode surface and the point where
the ion undergoing discharge is situated. The third terms
describe the potential dependence of the concentration of
ions in the reaction region (if^-effect). Lastly, the third
term in (3.20) describes the potential variation of the con-
centration of electrons close to the semiconductor surface.

B r ^ n s t e d ' s r u l e . It can be shown44»47»49 that with
semiconductor electrodes Br0nsted's rule can only be

770



Vol.34 No.10 RUSSIAN CHEMICAL REVIEWS October 1965

semiconductor
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Fig. 9.

applied, generally speaking, to the electron and the hole
current separately. The β coefficients are given by for-
mulae (3.21) and (3.22), and are not usually the same. In a
semiconductor with a non-degenerate surface, the inequali-
ties ββ < 2 < βρ are always satisfied. Only when Es is
large enough do we find ββ = βρ = i (i.e. just as in the case
of a metal electrode).

It is interesting to note that, in principle, the values
βρ > 1 and ββ « 0 are possible. The cases of strict
inequality correspond to the distribution of energy levels
shown in Fig. 10). The cases of equality denote that the
corresponding level is non-activated. These situations
can evidently be realised in the discharge of large ions,
for which the transpolarisation energy Es is relatively
small, and when the equilibrium bending of the bands is
large. Let us examine in greater detail the expressions
for the currents ie and ip. To simplify matters, we shall
ignore the i//x-effect and assume that r)g = 0. The quantity
i]k is determined by the properties of the semiconductor
surface. However, if the concentration of surface states
is large, we find44»50 that η*. =* η. This is precisely the
case of interest when the situation βρ > 1 and ββ < 0
occurs, because an unusual current-voltage relation is
observed. Thus, for r\k = η, say, the expression for ft
takes the form

(3.23)

and if βρ > 1 the current ft initially increases with increase
of η, but reaches a maximum and then begins to fall off.
It should be noted, however, that a curve of this type,
showing a maximum, can only be obtained if for any reason
the electron current vanishes or is very small. In the
opposite case the electron current can mask the effect,
since it will usually show a normal potential variation (it

υ ,. f

is very unlikely that the inequalities βρ > 1 and ββ < 0 can
both be satisfied at the same time). A similar effect can
take place for ββ < 0. The possibility of a maximum in
the electron or the hole current was envisaged in a qualita-
tive argument by Gerischer51. However, Gerischer con-
siders that this can occur only if the semiconductor surface
is degenerate. He gives51 only a qualitative discussion,
and does not derive the β coefficients.

T r a n s f e r c o e f f i c i e n t s . The coefficient a, intro-
duced by formula (3.17), is indistinguishable from β for a
metallic electrode (in the absence of the ψ^-effect). Such
is not the case with a semiconductor. When the system
comprises a semiconductor electrode, the following rela-
tions apply:

η, (3.24)

ρ (3.25)

In the absence of surface states, dr\k/^V « 1 and ae and a?
are equal to 1 and 0 respectively43»44. Surface states can,
on the one hand, affect the potential distribution in the sys-
tem and thus influence the electron exchange between the
solution and the bands of the semiconductor, and, on the
other hand, they can themselves exchange electrons with
the solution and thus contribute to the current. The former
effect can make the transfer coefficients differ appreciably
from 1 and 0, and be a function of the over voltage, which
should lead to departures from the Tafel relation47»49. The
latter effect leads to a change in the nature of the current-
potential relationship47»49 (from electronic to hole current)
as the surface states become gradually filled, if the con-
centration of surface states is high.

E x c h a n g e c u r r e n t s . The general expressions for
the exchange currents are extremely cumbersome44»47»49,
and there is no simple relation, in general, between i$ and
i%. However, if the condition \Δρ} e ± e((p<c- <pc) I « Es is
satisfied, the two exchange currents are related by the
simple expression47

kT J
(3.26)

Fig. 10.

where Δο is the half-width of the forbidden gap. This
expression coincides with the formula given by Dewald52.
It is evident from (3.26) that, in the absence of surface
states, the ratio of exchange currents is independent of the
impurity concentration in the semiconductor over a wide
range. If a large density of surface states is present, the
quantity φ°0 - φ% is practically constant, and the ratio of
currents becomes a function of impurity concentration.

D e g e n e r a t e s u r f a c e . If the Fermi level inter-
sects either of the bands, the surface of the semiconductor
assumes metallic properties. In this case the expression
for the current is similar to the analogous expression for a
metallic electrode, and the major part of the current is
carried by electrons located close to the Fermi level44»49.

In conclusion, we should stress the fact that the use of
semiconductors as electrodes in the study of electron trans-
fer processes between an electrode and a solution offers
some definite advantages over metallic electrodes. The
current at a semiconductor electrode is a function of semi-
conductor parameters such as the position of the Fermi
level in the forbidden gap, the equilibrium bending of the
bands, and the width of the forbidden gap. These para-
meters can be varied over wide limits, either by working
with different semiconductors or by controlling the bending
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of the bands for the same semiconductors. Therefore, a
semiconductor offers very wide possibilities for research
in this field. However, one serious disadvantage of semi-
conductors in this respect is that it is not always possible
to determine unambiguously some of the semiconductor
characteristics, and this can make the interpretation of
experimental results very difficult.

4. Kinetics of Electrochemical Reactions in the Metal-
Semiconducting Film-Electrolyte Solution System

In the study of various processes at metal surfaces one
often has to deal with metals whose surface is covered with
a natural oxide film. A considerable number of experi-
mental and theoretical papers ω~5 β have been devoted to
oxide films on metal surfaces. The interest in studies of
this type springs from the profound effect of oxide films
on the course of many catalytic, corrosion, and electro-
chemical processes. Most contemporary workers con-
sider that the semiconductor nature of oxide films must be
taken into account when discussing the effect of these films
on the above processes. Since we share this view, we
have examined46»49 a number of electrochemical processes
in the metal-semiconducting film-electrolyte solution sys-
tem.

In our discussion of the kinetics at a clean metallic
electrode (III, 2) and at a clean semiconductor electrode
(III, 3), we showed that there is an essential difference
between these systems as regards their electrochemical
behaviour. In a mixed metal-semiconductor-solution
system we can expect to find properties both of the metal-
lic and of the semiconductor electrode. Real oxide films
are very complex structures, and are difficult to discuss
theoretically. We have therefore considered46»49 a highly
idealised model, which, however, allows a qualitative
study of some of the properties of these systems.

The film is treated as a uniform semiconductor to which
the normal band theory can be applied. This limitation
excludes very thin films from our discussion. An oxida-
tion-reduction reaction of the type (*), satisfying all the
conditions laid down at the beginning of this chapter, is
proceeding at the surface of the film. It is assumed that
the composition of the film does not change during the re-
action, i.e. that the material ^* the film does not take part
in the reaction.

A direct study of the kinetics of reaction (*) has shown46

that the expressions obtained for a semiconductor elec-
trode are quite general and can be modified for the present
system by allowing for the difference between the energy
diagram of this system (Fig. 11) and that of the semicon-
ductor-solution system. The potential distribution in the
two systems is also different, so that different quantitative
results can be expected.

The expressions for the hole and the electron current
are given, as before, by formulae (3.19) and (3.20), with
the proviso that the values of eF - ep and c% - *•? now take
the form

(3.27)

(3.28)

where χ£; and ΧΜ are the work functions of the isolated
semiconductor and metal respectively, and <p°c is the equili-
brium potential at the film-solution interface.

Fig.11.

It follows from (3.27) and (3.28) that the properties of
the system depend on the potential distribution (values of
((HA - ψ%, Ήο Vg) and on the work function of the metal and
the semiconductor (xftiand x?c). The whole of the above
treatment is applicable to a uniform semiconductor under
conditions of small departures from equilibrium in the
semiconductor. The formulae can be generalised to in-
clude significant departures from equilibrium48»49. With
weakly non-uniform semiconductors the general expres-
sions remain valid, but the position of the bands at the
interface with the solution with respect to the Fermi level
(e£, e - £F) ceases to be defined by formulae (3.27) and
(3.28), and becomes a function of the physical structure of
the film.

The most significant feature of this system is that the
parameters which determine the current-voltage charac-
teristic (exchange currents and transfer coefficients)
depend on the thickness of the film. In fact, the transfer
coefficients [see Eqns. (3.21) and (3.22)] and the exchange
currents depend on ep} e - €F· The latter quantity is a
function of the potential distribution in the system and
therefore of the thickness of the film. For a uniform
semiconductor, it is possible to investigate in a general
way the variation of the exchange currents with film thick-
ness46»49. The expressions obtained46»49 for the exchange
currents show that the hole exchange current decreases
and the electron exchange current increases with increase
of φ°0 potential. Therefore, the problem becomes one of
determining the variation of φ% with film thickness at a
fixed value of <Pu- This relationship was investigated in
Ref. 53, where the potential distribution in the film is
examined under different conditions.

1. Consider the case of a uniform potential gradient in
the film, with φ% < φ%. As the thickness of the film
decreases, φ% increases and approaches the value of <?M,
so that the hole exchange current decreases while the elec-
tron current increases. If φ% > <p°u, the reverse is true.

2. If the fall of potential in the film is not monotonic,
the variation of φ% (and therefore also of ΐξ and of i%) with
film thickness may or may not be monotonic49. Not sur-
prisingly, the behaviour of the total exchange current i0 =
= iP +i% wiU be very complex, depending on the relative
values of the individual exchange currents. We must
stress that all the above effects will be appreciable only
with film thicknesses smaller than the Debye length in the
semiconductor.

The variation of the exchange currents and of the trans-
fer coefficients with film thickness becomes particularly
simple if the fall of potential in the film is linear. To
make the problem concrete, let (pu > <Pc and also
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\ep>e - ep I « 2^EskT. The exchange currents and the
transfer coefficients are then given by46

I n # ' = (const)"* + (χ °-χ ° Μ ) ± eq>M (3.29)

(3.30)

where d is the film thickness, δ is the thickness of the
Helmholtz layer, esc and en are the dielectric constants
of the semiconductor and of the Helmholtz layer. It is
obvious that for large film thicknesses (d » 5ex/€n) cup
andae will approach 0 and 1 respectively, i.e. the film be-
haves as an ordinary semiconductor. As the thickness de-
creases, ap increases and ae decreases. In the limit of
d = 0 we obtain ap, e = 1/2, i.e. the same result as for a metal-
lic electrode. The condition of linear potential gradient in
the film for small values of φ u (efM « kT) leads to xd« 1,
where κ is the Debye screening length in the semiconduc-
tor. If cpu is large, this condition becomes insufficient,
and one must proceed with some care.

It follows from what has been said that the current-
voltage characteristics of these systems are determined
by the energy diagram of the system and by the potential
distribution. Therefore, to obtain the variation of current
with voltage for any system we must know the energy dia-
gram and the potential distribution for the system. On
the other hand, it is possible to form an opinion of the elec-
tronic structure of the film by comparing the theoretical
relations derived from a definite model of the system with
experimental results.

5. Stationary Photoeffect in the Semiconductor-Electrolyte
Solution System

Methods relying on illumination of the electrode are
widely used in studies of electrochemical processes at
the semiconductor-solution interface. There are also
theoretical papers devoted to the photoeffect at the semi-
conductor-solution interface. The influence of illumina-
tion on the potential of a semiconductor electrode has been
examined60»61 by a combination of a thermodynamic argu-
ment and of the Tafel formula. This method leads to a
number of relationships containing experimentally deter-
minable parameters. The stationary photoeffect, con-
sidered in the light of the above adiabatic theory of elec-
tron transfer reactions, is of interest in this context.

Consider a reaction of the type of (*), proceeding at a
semiconductor electrode. In the absence of illumination,
both the net current in the external circuit and the indivi-
dual hole and electron currents must be equal to zero at
equilibrium. When the semiconductor is illuminated, the
latter requirement ceases to apply. The increase in
electron and hole concentration in the semiconductor re-
sulting from illumination produces an increase in the cur-
rents of both electron and hole transfer into the solution
at a given potential. Therefore the potentials φρ and ψ%
at which the hole and the electron current respectively
vanish are not equal to each other or to the equilibrium
potential of the system φ%. When the semiconductor is
illuminated, a steady state which we shall call a quasi-
- equilibrium state is established: in other words, we

assume that the quasi-Fermi levels for electrons (Φβ)
and for holes {Φρ) are constant over the entire space-
- charge region. Proceeding as in the derivation of for-
mula (3.12), it is possible to obtain4 5 '4 7 '4 9 the following
expressions for the currents in a semiconductor with a
non-degenerate surface not at equilibrium:

(3.31)

It follows that the potentials φ°ρ and <p% are related to the
quasi-Fermi levels by the expressions

e<fp.e = (3.32)

This result agrees with that obtained thermodynami-
cally by Brattain and Garrett6 0. When there is no net
current in the system (open circuit), a potential φη is set
up for which (see Fig. 12).

i* = —Λ (3.33)

Since the quasi-Fermi level for electrons lies above
the Fermi level when the semiconductor is illuminated,
we have φ\ > <pSc. For holes, φρ < / c . The quasi-
- Fermi levels for electrons and holes are related by the
expression 6 2

(3.34)
kT

where n0 and p0 are the electron and hole concentrations
in the bulk of the semiconductor.

The solution of the electrostatic problem taking account
of Eqns. (3.33) and (3.34) determines the deviation of the
potential from its equilibrium value in terms of the posi-
tions of the quasi-Fermi levels for electrons and holes.
To find the variation of the steady-state potential <pSt with
the intensity of illumination S, we have to introduce an
expression relating the position of the quasi-Fermi level
to S. We shall assume that the semiconductor is illu-
minated with light in the fundamental absorption region
and that the light is absorbed over a distance which is
small compared with the diffusion length of minority
carriers but not necessarily smaller than the Debye
length: we assume, in other words, that the diffusion
length of minority carriers is much greater than the Debye
length. Taking an «-type semiconductor as a concrete
example, we can write 62

(3.35)

where / is the number of hole-electron pairs generated
by the light in unit time and per cm2 of semiconductor
surface ( a quantity proportional to S), 1% = epo[Dp/Lp +
+ v%], Dp and Lp are the diffusion coefficient and diffu-
sion length of holes, and v? is the surface recombination
velocity.

At small departures from equilibrium, solution of
Eqn. (3.33) gives

kT kT

(3.36)
It is evident from Eqn. (3.36) that the photoeffect can have
either sign, according to the relative values of φ% - φ%
and Δ^ - Δβ. In particular, the photoeffect vanishes at
e((p°x - φ%) « (Δβ - Ap)/2 (since Δ ο « Es). If β(φ°κ - φ°)<
< (Δβ - Δ/>)/2, the photoeffect is positive. If the oppo-
site is true, the photoeffect is negative. Analogous ex-
pressions can be written for a £-type semiconductor.
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If the potential drop in the solution is ignored, expres-
sions for φ η can be obtained also for the case of high
illumination intensities48'49 (/ =* / | ) . To simplify the
problem, we shall assume that the condition t* « /§holds
true. Several different cases are possible.

1. (fg/f g)va » 1-

β(φ«- <Psc)/W— - I n (1 + ///?) = (Φ,-εΡ)/*7\ (3.37)

i.e. the potential is shifted by the same amount as the
quasi-Fermi level Φρ.

2.

*(φ»ι—<Psc)/W — l n O + P0

//V2) — (φ« — βρ)/Μ\ (3.38)

i.e. the potential shifts by the same amount at Φ β .

3. ί £ - i%.

e(<p8t—φ°3<.)~[Φβ —εΡ + Φ,— eF]/2. (3.39)

These results are readily understood by reference to
Fig. 12. The exchange currents determine the slope of
the lines with respect to the φ axis. In case 1 the left-
-hand line is very steep and the right-hand line is shallow.
Thus their intersection is close to φρ. In the second case
the opposite situation occurs and the straight lines inter-
sect close to <p%. In the third case the picture is symmet-
rical and the lines intersect in the middle.

Let us now consider, in a sense, the opposite problem.
We shall examine the variation of the current in the sys-
tem under illumination at a given potential. It is easy to
show that, for small light intensities [e{cp<* - φ*) « kT]
and small values of φ - φη, the current varies linearly
with φ - φ Λ, and the exchange current is equal to its dark
value. For appreciable intensities of illumination (/ ̂ / f ) ,
the expression for the total current is of the form 4 8 ' 4 9

i = i0

e" [exp {e(φ — φ8,)/*Γ} — exp {— e(φ — <PstW}]. (3.40)

This expression is correct only for small deviations of the
potential from φΛ. The effective exchange current i s

if = j / l f i f exp le (Φ, - ®P)/2kT]. (3.41)

It is evident from (3.41) that at high light intensities the
exchange current is greater than the dark exchange current.
This is not surprising, since the effective exchange current
is the current flowing in one direction in the absence of net
current in the external circuit. Under illumination this cur-
rent can be very significantly higher than the dark exchange
current.

The stationary photoeffect shows a distinct similarity to
other steady- state processes: two oxidation- reduction reac-
tions occur simultaneously at the semiconductor electrode
under conditions such that the concentrations of the oxidised
and the reduced form of both the first and the second species

remain constant in the bulk of the solution. When the semi-
conductor is illuminated, the potentials ψρ and φ% (at
which the electron and the hole currents vanish) take
on different values because the quasi-Fermi levels for
electrons and holes no longer coincide. As a result, a steady
state in which the total current is zero but the individual hole
and electron currents are finite is established in the system.
In a similar way, in a two- reaction system the potentials φ\
and(p° (φ° >φ°, say) at which the currents of the first and the
second reaction go through zero do not coincide. (Of course,
this difference does not arise from the difference in quasi-
- Fermi levels in the semiconductor, but is due to differences
in the concentration and in the nature of the ions.) Therefore,
we can again observe a state of zero net current but finite cur-
rents of the first and the second reaction:

The solution of this equation defines the stationary
potential <p« of the system. We shall not reproduce all
the equations (see Refs. 48 and 49); they are similar to
the corresponding equations for the stationary photoeffect.
For small values of φ\ - φ° and φ - φ Λ, the variation of
the current with φ - φΛ is linear, and the exchange cur-
rent equals the sum of the exchange currents of the first
and the second reaction. If φ° - φ% is large, the expres-
sions obtained are similar to (3.40) and (3.41) except for
the replacement of Φβ by φ\, Φ*> by φ\, and -Jifif by

Fig. 12.
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I. INTRODUCTION

The alkali metals are deposited on cathodes at potentials
so negative that hydrogen evolution makes them inacces-
sible in aqueous solutions, even when the electrodes con-
sist of metals with a high hydrogen overvoltage such as
lead or mercury. The highest potentials attainable under
ordinary experimental conditions are more positive than
the equilibrium potentials of the alkali metals by about 1 V.
However, if liquid mercury is used as cathode, the alkali
metals can be discharged at not too negative potentials
because the discharge potential is shifted towards more
positive values. This phenomenon is well known, and has
been used in industry for a long time and has been investi-
gated by physical chemists for over a hundred years. The
cause of this shift is the strong chemical interaction be-
tween the alkali metals and mercury, with formation of
amalgams. Electrolysis of aqueous solutions has produced
amalgams not only of the alkali and alkaline earth metals,
but also of ammonium and of some organic cations such as
tetramethylammonium 1>2.
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