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The following article was first prepared as the above Office of Naval
Research Technical Report, and is being reproduced here in its entirety,
The results were applied in subsequent papers on electrode kinetics [n,
and the Report itself has been widely cited in the literature,

Originally intended for journal publication, the article was never
submitted because of the efforts of the author towards generalization, The
generallzation was published some years later [2], but in some respects
the approach of the 1957 Technical Report |s more readable. The principal
general izations are the inclusion of inner coordination shell contr ibutions
and the use of statistical mechanics for inner and outer contributions [2,3).

The 1957 Report and a predecessor [4] had as their aims the treatment
of the outer shell contribution; thelr equation for the dlelectric con~
tinuum calculation of that contribution is the same as that in the later
publication [2]. The Report draws upon some derivations in ONR Technical
Report No. 11, and this latter Report is Included also, The generaliza-
tion of those results may be found in Ref, (5],

Elsewhere in this book we comment on more recent developments,
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ON THE THEORY OF OVERVOLTAGE FOR ELECTRODE PROCESSES POSSESSING ELECTRON
TRANSFER MECHANISM. 1.%

R, A, MARCUS
Department of Chemistry, Polytechnic Inst itute of Brooklyn, Brooklyn, N.Y.

ABSTRACT

A quantitative theory of overvol tage Is developed for electrode
processes possessing electron transfer mechanisms, The assumptions and
general approach of the theory are related to those used in the writer's
recent work on homogeneous oxidation reactions involving electron trans-
fers.

A simple expression 1s derived for the electron transfer rate
constant as a function of the activation overvol tage and other quenti-
ties. The latter include the ionic radii and charges, and the work re-
quired to transport the lfon to the electrode surface, From this ex-
pression for the rate constant, deductions can be made concerning salt
effects, temperaturs coefficients, transfer coefflicients, and the rela-
tion between exchange currents and the rates of isotopic exchange re-
actions In solution, Some recent data are briefly discussed from this
point of view and some suggestions made for further studies.

The theory and the final equation are free from arbitrary assump-

tions and adjustable parameters. Several possible refinements are noted,
INTRODUCTION

The detailed mechanisms of many electrode processes have been
studied in recent years using A.C. and D.C. methods [I]. Some of these
mechanisms consist only of a simple electron transfer, while in others
this step Is preceded or followed by chemical equilibria and by other
chemical reactions.

From such studies, similarities have been noted between the rate
with which certain species are oxidized or reduced by electrochemical
and by chemical means. Varlious authors [2] have Interpreted the rates

*
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of electrochemical electron transfers in terms of concepts related to
those used for electron transfers in chemica! reactions. A brief quali-
tative comparison of the relative rates of several isotopic exchange re-
dox reactions and of the corresponding electrochemical systems has been
given by the writer [3].

Recently, a quantitative theory has been developed for calculating
the rate constant of redox reactions involving an electron transfer in
solution [4,5]. It proceeded from first principles plus assumptions
which appear reasonable on 2 priori grounds. The general approach of the
theory and the final theoretical equations were free from arbitrary
assumptions and adjustable parameters. An analogous theory will be form-
ulated here for electron transfer el ectrode processes, As before, the
theory is not applicable to atom transfer mechanisms (hydrogen overvol t-
age, for exsmple),

The Electron Transfer Rate Constant

Equations describing any overall electrochemical process may in-
clude terms for the transport of ions to the electrical double layer
region at the electrode, for any chemical reactions of the electro-
chemically active species, for the work required to penetrate the double
liyer (if necessary), and for the actual electron transfer, Only under
certain conditions can these factors be disentangled in a relatively sim-
ple way and simple electron transfer rate constants defined: The double layer region
should be sufficiently thin that (1) no chemical reaction occurs in it
and (2) diffusion across it is sufficiently rapid so that the concentra-
tion of an ion at any point in the double layer is related to its con-
centration just outside it by the work required to transport it to that
point., At apprecisble salt concentrations the double layer thickness
appears to be only of the order of several Angstroms [6].

Under the above conditions, one can describe the entire electro-
chemical process by force-free differential equations [1] (containing
any chemical reaction terms [7], if necessary) outside of the double
layer region, while the boundary condition, at a boundary surface S
drawn just outside the double layer, contsins rate constants which
depend only on the electron transfer process itself, This boundary
condition is that the flux of any ion through this surface S equals its
net rate of disappearance by electron transfer,

If A and B represent the electrochemically active ion before and
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after its electron transfer with the electrode, the electron transfer

step may be written as
A + ne ——= B, {1)

where n is the number of electrons lost by the electrode, If c: and c;

denote the concentrations of A and B just outside the double layer, then
the electron transfer constants, kf and kb’ will be defined by the
relation

Net electron transfer rate per unit area = kf c:- kb c:. (2]

[Note: To avold confusion with references, equations sre referred to by
() in the body of the text.]

THEORY
Basic Assumpt ions

The basic assumptions employed here will be analogous to those made
in the oxidation-reduction reaction theory [4].

(a) 1In the actlivated state of resction (1) the spatial overlap be-
tween the electronic orbitals of the two reactants is assumed to be small,
In the present Instance the ''reactants'' are the electrodes and the dis-
charging lon or molecule (to be referred to as the ticantral ion''). This
assumpt ion has been discussed previously [4] and some prelliminary evi-
dence in favor of It was cited.

(b) The central ifon is treated as a sphere within which no changes
In interatomic distances occur during reaction (1) and outside of which
the solvent Is treated as a dielectrically unsaturated continuum, Some
discussion of this assumption has been given [4], For complex fons or
hydrated monatomic cations the sphere includes the first coordination
shell of the central atom [4,5a]. A preliminary suggestion has been
made for the effective size of unsymmstrical organic molecules and has
been discussed [Sb]. A refinement of the theory which takes changes, if
any, in interatomic distances Into consideration will be presented later.

Nature of the Actlvated Complex

It follows [4] quantum mechanically from the first assumption that
a successful electron transfer between the central ion and the electrode
proceeds via two successive intermediate states, X* and X, say. These
states have the same atomic configuration and the same total! energy, but
in X" the electronic conf iguration of the central ion is that of A and

in X, it is that of B. The electronic configuration of the electrode
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undergoes a corresponding change, deduced later [8],

By arguments similar to those employed In the redox theory [4), it
then follows that the actual electron transfer (the formation of X from
X’) must be preceded by a reorientation of the solvent molecules in the
vicinity of the discharging ion and nearby ares of the electrode. For
similar reasons, a change in ionic atmosphere in this region also precedes
the electron transfer., The new configuration of the solvent and ionic
atmosphers, which Is the same in x’ and in X, will prove to be intermediate
between that in the initial state and that in the final state. As such,
it is not that which is predicted by the charge distribution in X’ or by
that in X, That is, it is not in electrostatic equilibrium with either
charge distribution, and its properties cannot be described by the usual
electrostatic expressions, Instead, expressions which take this nonequili-
brium behavior Into sccount must be used, Recently, such equations have
been derived for electrode systems [9].

Once agaln [4], there are an infinite number of pairs of states, ™
and X, satisfying the constant energy-atomic configuration restriction,
snd we shall be Interested in determining the properties of the most
probable pair, I.e. the one with the minimum free energy of formation from
the initial state. This is done by minimizing the expression for this
freé energy of formation subject to the restriction that X' and X have the
same astamic configuration and the same energy.

Resction Schems

From the preceding discussion we may write for the mechanism of
reaction [1] the following scheme, analogous to that in Reference 4.

A =——— x* [3]

X 2 X [4]
X ————) B. [5]

Here, a central ion just outside the double layer is denoted in its
initial electronic state by A and in its final state by B, As noted
earlier, step (3) involves a suitable reorganization of configuration of

the solvent and ionic atmosphere, and (if necessary) a suitable
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penetration of the electrical double layer. Step (4) is the actus! elec-
tron transfer itself, and step (5) involves a reversion of configurstion
(of solvent and atmosphere) to one in equilibrium with the new charge on
the central ion. It also involves a motion away from the electrode, As
in the redox theory, the reverse of (5) occurs but it need not be con-
sidered in the computation of kf.

Steady-state considerations for c * and Cy lead to the relation [4]

ke =k, /10 + (14 k_y/k,) k_ /K] (6]

f

As discussed later, when the probability of electron transfer in the
lifetime of the intermediate state x* (10713 sec) is large, k. is about
half of kl. k, depends on the free energy of formation of x* from the
initial state in reaction (1). We proceed first to the calculation of this
free energy change and later to a discussion of the evaluation of the
rate constants, With this aim In view, we consider in the next section
the electrochemical system, the question of equilibrium (electrostatic

and electrochemical), and fluctustions therefrom,

Electrostatic éirElectrochemical Equilibrium

The electrochemical cell in which the reaction under investigation
occurs may be considered to consist of two half-cells, Joined with or
without a salt bridge. One of the half-cells will be taken to be re~
versible, and only at this electrode will there be electrochemical equi-
librium, At the other electrode, M say, where reaction (1) occurs, there
will nevertheless be electrostatic equilibrium because of the small re-
laxation time of the ionic double tayer [10]. The formation of X‘
represents a fluctuation from this equilibrium, In the following pages,
we shall, for brevity, denote '‘electrostatic equilibrium'' by '"equilibrium!
When "‘electrochemical equilibrium'' is intended, it will be explicitly
stated.

When an electron transfer occurs at M, completion of the electro-
chemical process requires the transfer of an equivalent number of elec-
trons at the reversible electrode and of an equivalent number of ions
from one half-cell to the other. This other transfer actually represents
a fluctuation from electrochemical equilibrium and accordingly involves
no free energy change, The fluctuation may occur before, after or during
reaction (1), but kf is the same in each case. For convenience of

computation, we can let it occur before or after, so that the initial,
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intermediate, and final states of the system in the reaction sequence (3)
»

to (5), designated by A, X , X and 8, have the same number of each type

of ionic species, except for the particular central ion undergoing elec-

tron transfer,

. »
Free Energy of Formation of State X
The electrostatic contribution, AF*, to the free energy of formation

of state x® from state A will be different from zero because of (1) the
work which may be required to transport the central ifon from a point just
outside the double layer to some particular point in it (if necessary),
and (2) the work required to reorient the solvent molecules and the lonic
atmosphere to a3 nonequilibrium configuration, for this position of the
central ion,

Let F:, F:. Fo and Fg denote the electrostatic free energy of the
electrode M and of its solution when the system Is in the state A, X*.
X and B,respectively. (Throughout, asterisks will be used to designate
the properties of x* and will be omitted in designating the properties
of X.) We have therefore for AF”,

A = FL - F (1]

'F: is given by the general expression (8) and Fy is given by a similar

equation, minus the asterisks [9a].

#» .y ’. » - '. »* - . » » _
Fo = (€ Ev "af k- B, (g B - Rja)l v

2 -V
+k‘r'z‘fc' lnc‘/c‘odv+x'{f’* ds [8]
where‘~v’(£) = electric field at point r exerted in a vacuum by all the
fonic charges in the state x” and by those electrode
charges which they would Induce in a vacuum
g’ (5) = electric field in state X’. 1t equals -§7¢r.
qf'(:) = Inner potential in state X*. (gﬂ Eq. (5) of Reference 9a).
a, = E-type: polarizabllity = (Dop-l)IM. [9)
T, = U~type polarizability = (Ds - Dop)/ti". “ [10]
<, (5) = concentration of ions of type | in states X and X.
c,° = average concentration of ifons of type i. It equals their
number n, in the solution divided by the latter's volume V.
P (r) = u~type polarization in states X* and x,

= potentlal drop at electrode-solution interface due to an
oriented solvent dipolar layer.
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The volume integrals In this equation are over the volume V, and the
surface Infegral Is over the surface of electrode M. In Egs. (9) and (10)
DS and Dop are the static dielectric constant and the square of the re-
fractive Index, respectively. The functions c‘(s) and gu(:) in state X*
are the same as those in state X because of the constant atomic configu-
ration restriction,

F: Is given by the same type of equation as (8), but with the equi-
librium relations for P (r) and c,(r) introduced. (cf Egs. (21) and (22)
of Reference 93?. Fg s given by a sjmilar equation, but the functlions
in the Integrand now refer to state B. _Eq. (8) and subsequent equations
treat X as being independent of the average electrode charge denslty,
However, in Appendix X Tt s shown that the final equations, Eqs. (25)
to (27), are unchanged even if X were a function of this quantity,

Restraint Imposed by the Constant Energy - Atomfc Confiquration Restriction
The free energy of formation of x* from state A consists of the

electrostatic contribution AF* and of a term, described later, assoclated
with the lTocalization of the center of gravity of the central ion in a
narrow region near the electréde {11}, The free energy of formation of
X from B contains an electrostatic term Fe - FeB, O0F say, and a center
of gravity term equal to that noted previously.

As In the redox theory, 1t follows from assumption (a) given earller
that no energy change and no configurational entropy change accompany
the formation of state X from X*. The electronic entropy change arising
from any possible change In the electronic degeneracy of the central lon
and of the electrode is zero or negllgible. Accordingly, X* and X have
the same free energy. '

The net free energy change in forming B from A 1s therefore

* A B *
Fy = Fy +(F° =F,)=a" - AF [11]

Independently, this free energy of reaction (1) can be written as
the sum of the following terms:

(a) The change in chemical potentials of lcns A and B and of the
electron in electrode M. This is ug - Ha = n uen, where n
Is the number of electrons transferred in reaction (4).

(b) the change in fres energy due to the transfer of a charge
(o® - @) from » solution of inner potentlal @, to a metal of
of inner potentlal ¢h. o* and ¢ denoting the charges of lons A
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and B, respectively. This term Is (e* - @) (‘P" - q)s), which we shall
denote by (e¥-e) &,

1f electrode M were In electrochemical equilibrium with the actual
concentrations of A and B Just outside the double layer, then the sum of
these two terms would be zero, The corresponding value of &p, denoted
by &9, equals the chemical potential term in (a) divided by - (e* - o).

Using this relation, the net free energy changs, (a) plus (b), then
becomes:

(e*-e) (& - &) = (¢* - ¢) n . 02

where n, Is the actlvation overvoltage defined by Eq. (12).
Equat ing this to expression (11), we obtain the equation of restraint
_Imposed by the constant energy - constant atomlc configuration restriction

AF* - OF = (e* - @) np 3]

This equation is the equivalent of éq. (19) of the redox theory [4].

It may be remarked that .(ua--uA) Is related to Its.standard value,
(ug-u:), and &p to its standard value, &°, by Eqs. (14) and (15),
where the f's denote activity coefficients and the cs’s denote concentra=~
tions Just outside the double layer.

e By = M0+ kT In (/0,0 (cp/e,S) s

(e-e*)(fp - &%) = ¥ In (f/f)cp/e) D)

‘Minimization of AF* Subject to Restraint Imposed by Eq. (12)
We minimize AF® with respect to arbltrary variations 6P“(r) and

~

s8F% = 0 el
This varlation Is performed subject to the condition of fixed number

of fons n; and subject to Eq. (12) at fixed Ny ‘
bny=J b, v =0 (17

Sar*-8aF = 0 [ve]

Introducing Eqs. (7) and (11) for AF* and AF into Eqs. (16) and (18),
we note that 6Fﬁ and arg equal zero since they are independent of 8P,
and 5c'. while bl-':' and 6F° are given by Eq. (20) of Reference 9a.
Introducing thase results into Eqs. (16) to (18), we obtain
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-J (5:- _I"u/ﬂu)- bgu v + ‘I J G 1n c|lc? + e cp‘.‘) bc, oV =0 [19)
j(g-g*)-ogudvn‘:e, (¢* - o) sey &V =0 [20]

Multiplying Eq. (20) by a constant m, the Lagrangian multipller, '
multiplying Eq. (17) by snother multiplier, - In 1, say, and adding to
Eq. (19), we obtaln :

['(-E&-mE*+m£+P/a. )-8P, d\l-c-}:j' [kr Inc/c°+e'(¢p+nq)*-ntp)
. -\nl,]sc, =0 (21]

This equation Is an ldentity for all arbitrary variations 5ru(5) and
oc"( r). so that the cosfficients of these quantities equal zero at each
point L

" »
zu=au(§'+m§-m5) ' [22]

c; =<y 1, exp [-e (o - mp*-np)/kT) [23)

8y Integratlng both stdes ofeq. (23) over the volume V and settlng
the LHS equal to N l, can ba determined,

1, =V/ [ exp [-e;(o" + mp*- mp)/k1] v [24]

Eqs. (22) to (24) describes the solvent and fonic conflgurattbn In
the palr of Intermediste states X* and X.

Equation for AFY

In order to compute AF* in the most direct manner, Eqs. (22) and (23)
for P and ¢, are first introduced into expressions for gp(:) and cp*(:),
(cf €Eq. (5) of Reference 9a). The resulting integral equations for these
potentials are then solved and E and E* computed from them F* is then
celculated from Eq. (8), F Is obtamed from an analogous equatlon, and
an expression for prF® is than derived,

However, we shall find it convenient to proceed more Indirectly
in the following manner which leaves the problem of solving the actual
Integral equations for the last step.

We first show (Appendix I) that there is a hypothstical equilibrium
system (1.0, equilibrium configuration of solvent and lonic atmosphere)
having the same P (r) and c,(r) as states x* and X, but having diffarent
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charges on the central ion and on the electrode. The various properties
of this hypothetical system are determined in Appendix 1. F: Is next ex-
pressed in terms of the electrostatic free energy of the hypothetical sys-
tem, F:. In Appendix III. In Appendix IV, F; is then related to F: and ﬁ:—
Fe‘ After obtaining expressions in Appendix V for E# and‘g, F: - Fe is
evalusted in Appendix VI. The final theoretical equations for AF*. Egs.
(25) to (27) below, are then deduced from this value of F: - Fe in
Appendices VI and VII, after utilizing some relations obtained In
Appendix VIII.

In this way it is shown that

AF‘ = w’ + ";—z’\ [25)
where m satisfies the equation
- (m + %) \ = (e -e) n, tW- W [26]
and where
x=(ae)’(';-,-';)(o' - 3) [27]
op 3

In these equations, Ae denotes (e* - e), the charge transferred to the
e[ectrode in reaction (l); a denotes the effective radius of the central
fon, discussed earlier; R/2 is the distance of the ion to the electrode
surface in the state X*: w’ and w denote the work required to transport
the central jon from the body of the solution to a distance R/2 from
the electrode surface when the fon is In its initial state, respectlively;
the remaining quantities have been defined previously,

We shall return later to a discussion of the work terms w and w in
Eqs. (25) and (26).

Rate Constants of Elementary Steps
(a) Estimation of k_  and ki

The rate constants k_  and k_ in reactions (3) and (5) are associated
with the disappearance of x* and of X, as a result of disorganization of
the solvent polarization or of a suitable motion of the central ion [4].

As shown previously [4], these constants are equal to each other and have
e value of sbout 10'> sec !,

(b) Estimation of k, and k-z

The ratlo ki/k_z 1s the equllibrium constant of reaction (4). exn
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(Ase[R). aS, being the electronic entropy change accompanying this re-
action. As noted earlier, this change is either zero or negligible, and
we have ko9 k_ . . Eq. (6) thus reduces to

ke = P k, | [28)

where p, a function of R defined by £q. (29), is the probability that a
successful electron transfer occurs during the lifetime of the intermedi-
ate state, 10 '3 sec,

p(r) = 1/(2 + ka/ks) [29]

When the overlap between the electronic orbitals of the lon and
electrode in the intermediate state is not too smell, then k, will be of
the same order or larger than ks and we will have

W

L] ot

"The evaluation of k, and p(R) for electron transfers between fons g
In solution was discussed previously, several methods being available [4].
A preliminary calculation for one system indicated that p was of the
order of magnitude of unity [12], but a more detailed estimate would be
desirable. 1In preliminary applications, we shall take p ~1/2. Its
value In various systems can be Inferred from the temperature-independent
factor in the experimental value of k., when the work terms w' and w are
small., If, because of any large repulsion between lon and electrode, R
is especlally large, then p will be correspondingly small,
(c) Evaluation of ke
We flrst pbserve that kf in Eq. (28) can be expressed in terms of
the equilibrium constant for the formation of x’ in reactlon (3).

ke = p (Ki/k_,) k_, [31]

If the reaction were confined to a plane, the value of ke could be
shown to be z, the collison frequency of an uncharged molecule with unit
area of the electrode, multiplied by the value of p exp (qAF*/kr) in that
plane [12a]. zw equalsv/ KT/2mm, which s about IO6 cm sec" at 25°c, for
an lon of mass 100 gn mole ™!,

Unl tke atom transfer processes, howsver, electron transfers st
electrodes can occur at various R's, rather than just at the plane of the
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electrode-solution interface. Taking this fact into consideration, Eq.
(32) can be deduced [13),

A Fit
. AF*/ kT

kf:Sx 10° p

Of the various terms appearing in Eq. (25), the values of the radli
a have been discussed elsewhere {4,5], The value of R is that which
maximizes p exp( -AF*/kT), When w* and w are zero (sufficiently high salt.

cm sec™' [32]

concentrations) or when they do not tend to increase AF%, R equals its
minimum value, This is 2a, if an oriented solvent layer at electrode-
solution interface does not hinder the approach of the ion. (cf Appendix
X.)

The term w* can be evaluated by solving the usual Poisson=-Boltzmann
equat ion when the central ion A is at a distance R/2 from the electrode,
solving It when the ion is in the body of the solution, and then intro-
ducing these solutions for the electrostatic potential into the appropri-
ate equations for the electrostatic free energy of the system (€qs. (39)
and (41) of Appendix I1), The difference In electrostatic free energy is
w*, Similarly, w can be computed from analogous equations for the cen-
tral ion B.

However, a considerably simpler though less rigorous procedure has
geéerally been assumed for calculating the work required to transport an
ion to some distance (R/2) from the electrode. The assumption is gen-
erally made that this work equals the charge on the central ion multiplied
by the difference in the value of the electrostatic potential at R/2 and
in the body of the solution (i,e., outside the double layer), this poten-
tia! being computed in the absence of the central ion. This particular

potential can also be inferred from measurements on the electrical double
layer by various methods [6,14]. In this way Frankiin (4] has obtained
a correlation between salt effects on hydrogen overvoltage, double layer
computations, and measurements on the electrical double layer,

APPLICATIONS OF THE THEORETICAL EQUATION

A detailed quantitative application of Eq. {32) for kf, using Refine-
ment (1) noted in the following section when necessary, will be presented
in a later paper., However, several preliminary remarks will be made here;

(1) Little information is available on salt effects fur simple

electron transfer systems, It would be particularly desirable to see
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what correlations exist between k. values (at n, = 0} and double layer
measurements in the presence of various salts. Judging from data on iso-
topic. exchange reactions, the use of electrochemically active ions which
do not readily form specific complexes with the salt, such as the cobalt
ethylenediamines, the cobalt amines, the manganate-permanganate fons and
other complex ions, e.g. the iron cyanides perhaps, rather than hydrated
metal cations, would be of especial interest. )

(2) When the temperature-dependent work terms w* and w are zero
(sufficient concentration of added salt), the temperature-independent
factor equals 5 x 10* p cm sec™!, Randles and Somerton [15] found values
for this factor usually in the range 10°> - 10® cm sec™', suggesting per-
haps that p has Its maximum value, 1/2, However, further studies on
temperature-independent factors using complex ions, such as those indi-
cated earller, and on the effects of added salt would be of particular
interest,

(3) When the work terms w* and w are zero, the transfer coefficlent
(defined as -[3 4n l/a(rboe/kT)]T, where | Is the electrical current den-
sity in the forward direction) is 0,50, Using platinum electrodes, Rubin
and Collins [16] found a value of about 0,42 for the Fe(CN)s~* system and
0.46 for the Mo(CN) g™ - Mo{CN),s~> couple when the concentration of added
potassium chloride was 0,1 M.

(4) The theoretical equation bears a very close relationship to
that obtained for isotopic exchange reactlons (4], In qualitative agree-
ment with the data [3]., This close relationship is preserved in the Re-
finement (1) discussed in the fol]owlng section, In a subsequent paper
it is planned to discuss this correlation in a quantitative way. How-
ever, more detailed experimental studies on the rates of simple electron
transfer electrode processes whose isotoplic exchange counterparts have
been investigated would be especially interesting.

The general sparsity of data on electrode kinetics of simple elec-
tron transfers can be ascribed to experimental difficulties in measuring
the very fast rates of these systems. Recent innovations in technique
and interpretation, such as those introduced in Reference 15 and those

summarized in Reference 1, have begun to remedy this situation,
REFINEMENTS

Some refinements of the theory described in this paper are noted
holow
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(1) Changes in Interatomic Distances within the Central Ion

When a particular interatomic distance within the central ion is
different in the two valence states, A and B, a change in this distance
will occur during reaction (1) and this will contribute to AF*, The
effect appears [5a] to be appreciable for hydrated metal cations such as
Fet? - Fe*> and small for others, such as MnO, - MnO,~2, Fe(CN)¢~> -
Fe(CN)¢~*. In unpublished work (cf [3]) we have computed it for the
electron transfers between ions in solution in terms of certain force
constants and of differences in interatomic distances. A similar cal-

culation will be described for electrode processes in a later paper.

(2) Quantum Limitation of the Image Force Theory

The electrical image force theory was employed in the derivation of
Eq. (25) for AF*., Recently the quantum limitation on the image theory
was estimated by Sachs and Dexter [17] and their results can be applied
here, We first note that AF# equals its value at R = ®» minus an amount
whose maximum value, which occurs at R = 2a, is half of this R, value
when the work terms are zero, The quantum |imitation causes no error in
the R_ value [17], while the error in the second ternLIs perhaps about 8%
when the distance from the ion to the electrode is 5 A [18], so that the
overall error is about 8% or less.

(3) Electrode Double Layer Containing Specifically Adsorbed Ions

Until now, we have omitted from consideration electrical double
layers in which some of the ions are specifically adsorbed on the elec-
trode, In the case of specifically adsorbed ions which do not form
specific complexes with the central ion itself, a rigorous analysis would
take into account the detailed manner in which the adsorbed ionic layer
was perturbed by the approach of the central ion, In the interest of
simplicity, a less accurate analysis will be undertaken here,

Let us consider the simplest case - one in which the adsorbed ions
are essentially not perturbed by the approach of the central ion, (This
assumption is indeed implied in current interpretations of measurements
of salt effects on hydrogen overvoltage [14]) We then may treat the ad-
sorbed ions as fixed in position, Let us regard each of these ions as

being a sphere having & surface density equal to its charge divided by
its area [19].

Under this condition, Eq. (8) still applies for the value of Fe*.
Since the positions of these ions are fixed, they cannot vary during the
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minimization process in Eqs. (16) to (18)., The ¢, there refer to the lons
in the diffuse portion of the electrical double layer. As a result, It

Is found that the subsequent equations, Eqs. (22) and (23) are still ap~
plicable. It is shown In Appendix IX that the final equations for AF*
also remain intact. The terms w and w* now represent the work required
to transport an ion of charge e and e#, respectively, in the presence of

the adsorbed layer,
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APPENDIX 1. PROPERTIES OF AN EQUILIBRIUM SYSTEM HAVING THE SAME c‘(;)
AND P (r) AS Xx#
~l &

The properties of an equllibrium system will be denoted In this Ap-
pendix by the superscript t.

At any point in a system having an equilibrium configuration, cl*(I)
and be(f)' the inner potential ¢ﬁ(£) depends on the charge density o*(s)
on every surface [20], on the ionic concentration c'*(r) and on the pol-
arizability a* according to Eqs. (5). (21) and (22) of Reference 9a:

3.e t
q,*(s-) =I#—,,‘—dv +_[‘hj+r,rds -_[‘a.*vcp*-v]—r_—:.-rde [33]

where B equals X on the electrode and equals zero in solution and where

.t
iC.
r

ci‘r satisfies the Boltzmann relation:

t t
-ei¢i /kT -9, /kT

e =0 e /le av . [34]

Introducing Eq. (22) of the present paper for f" into Eq. (5) of
Reference %a for @ and into an analogous equation for ®* we also find

y.e.c,
% +m o) = [ r;TL',.-i- v+ Viﬁiﬁ'ﬂ ds - [av(gt-mp*-mp) - ]-E_—'LT av+8 ,
(35)
where c, Is given by Eq. (23), o =a, +a, and the slectrode charge den-
sity is uniquely determined by the charges in solution and by the solvent
polarization,
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We note from Eqs. (23) and (34) that c,* depends on @t in the same
way that c,; depends on @* + m(P*<p) if we set ni* = n.. It then follows
from Eqs. (33) and (35) that (of and @* +m(p*-p) satisfy the same integral
equation 1f we set a* equal toqg, (1.e., Ds1 equal to Ds)’ and if on each
1 equal to g* +m(g*-g), (There is no freedom of

choice with the value of af on the electrode surface, since it Is uniquely

ionic surface we set g

determined by the magnitude and configuration of all the charges and di~
poles in solution [9a})

Since the potential function is unique, it follows that qﬁ =% +
n(q:'-q’), and accordingly, that E* = E* + n(E*-_) that c‘1b =c,; and P
(= ek ) equals a, (E* + mE# - mE), and therefore (by Eq, (22)) equals P

A corollary of the relation between the g's is:

et

+

= et + m{ e*-e) (35a]

where et is the charge on the central ion in the hypothetical system,
APPENDIX II, EVALUATION OF THE Fe OF AN EQUILIBRIUM SYSTEM

We shall have occasion to use an expression for the electrostatic
free energy of an equilibrium system, F:q. According to €q. (43) of
Reference 9a, it is given by

o=U
Fod = [ [©%dods , [36)
S 0=0
the integration being over all surfaces.
eq

The value of @ ' in an equilibrium system, consisting of a central
ion of charge q, of an electrode M, of mobile ions, and of a medium of

dielectric constant Ds’ is [21]

o =ol s gHT - vp [37)
where r and r; denote the distances from the field point to the center of
the ion and to the latter's electrical image, respectively, and where tppq
is the contribution from the mobile ions, together with that form the
electrode charges which they induce,

On the electrode surface, cpeq is a constant, X. Furthermore, on the
surface of the central ion, do equals dq/(4ma?) and also (it can be shown)

fon i

where R is the distance from the center of the fon to its electrical im-
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age., Remembering that r = a on the surface of the fon, we obtain from
these results and from Eqs. (36) and (37),

949 2
F°°q=m; '_‘[nqj;otppqdqu+§o—s-(;—-;-)+x‘£cds. (39]

When the lon is outside the double layer region, ¢pq Is the sum of

three independent contributions.

(1) wﬁtnﬁ' arising from a spherically symmetric ionic atmosphere
about the central fon,

(2) a contribution due to the electrode charge density induced by
this atmosphere, Since the atmosphere |Is concentric with the
central lon, spherically symmetric, and has a total charge of
~q, It can be shown that the same electrode charge density
would be induced by a point charge -q situated at the center
of the central lon, This contribution to the potentlal is
therefore q/D R. (cf Eq. (38) and Reference 9a.)

(3) P arising from the fons of the electrical double layer toget-
her with the electrode charges they induce.

Remembering that both watn? and ms are constant over the surface of

this lon, we obtain for a system in which the central lon is outside the
double layer,

q=q
eq _ q 2
Fo & = q'LO Ppem 9 + IPg + X £ ods + q2/20.a . (40]

q9=q
. q
Since ®
q£0 atm

dq = kT ¢n Yq' where Yﬁ is the electrostatic contribution

to the activity coefficient of the ion of charge q In the body of the
solution, Eq, (40) becomes

eq . 2
Fo ' = KT Ln Y, +a®g + { ods +q?/20a . [41]

APPENDIX III, RELATION BETWEEN F * and F:

Eq., (8) can be used for evaluating Fef If the equilibrium relation

jhf =a, E* and the t superscripts are added. Using the following rela-

tions established in Appendix I,
et

~

— f =
—gremeng) and gleEwemEsE) |

and using Eq. (8) for F_*, an analogous one for f,, Eq. (22) for p . It
follows that without any approximation
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Fe" = F: - m Fe*'Fe) +ﬂ.2ﬁllj‘[ae( E*'E)'(Ev*'.gv) '(Ev*'j"v) /amldv
(42]

APPENDIX 1v. RELATION BETWEEN F_', re" AND F* - F,

F: can be written as the sum of two terms:

(1) Fe*s, the electrostatic free energy when the central ion of

charge e‘r is just outside the double layer.
(2) w*, the electrostatic work required to transport this ion from
that position to one it occupies in the hypothetical state

(which is the same one it occupies in X* and in X).

S and FeA obey

It can be deduced from Eq. (41) of Appendix II that F
the equation [22]
ts
Fe

L . .t t2 -
Fe —(kTLny*-l-ecps ey +e IZaOs) (kT{,nYA

+ e*ms - efy + e#2/2a Ds) [43]

where v, and v, denote the electrostatic contribution to the activity co-
efficient of the central ion in the body of the solution, when it has a
charge e‘r and e*, respectively,

From Eqs. (42) and (43) we obtain for AF¥,

aF* = w' -l Fo*~Fe) "‘Ei%t.i)-f [og(E*-E)-(E*-E,) -(E*-E) #/am) v

+ kT Ln v /Y, + (e"-e*)(qos-x) + (ef‘-e*‘)lza b, . {aa]

In Appendix VI, (F *-F ) will be evaluated after determining E#{r)
and E(r) in Appendix V.

APPENDIX V, EVALUATION OF E¥(r) AND E(r)

Using Eqs. (1), (2) and (5) of Reference 9a, and remembering that
P.* =P, and p* = p, we obtain

~u
ITE';T.?F ds - [ a Wo*w)-v, E—_;’—.l- dv , [45]

where the first integral is over all surfaces. On the surface of the

o* -

centra) ion, g*-g equals (e*-e)/4ma?; on the electrode surface, its
value is dictated by [9a) this charge difference and by the functions
in the volume integral of Eq, (45).

Comparison of Eq. (45) with the equilibrium expression (33) shows



199

that ¥ qa+e is actually the potential which would be produced in an
equlllbrlum system whose central fon had a clarge (e#-e), whose volume
charge density was zero, and whose polarizability was c . We see that its
sv-value would be E *-E Using the relation which one obtalns between E 's
and E's in equillbrlum systems when the usual loriic approximation Is made
[23], we find

£ = (E0E)/(1 4 (e

and we note that the denomtnafor equals Dop'
Combining Eqs. (22) and (46) we obtain

P, =a (68 + MESEI/D] . | | a7

Introduclng this value of L into the general equation for the inner
. potential (Eq. (5) of Reference 9a) it can be shown that [24])

o*=4mo m o*t-g)/D
p . op,
B el D = B
- [ (aga )vo-9 ]-——l-r-:_. v +B . [49]

{Note: Eq. (48) s In Reference 24.) .' . o=
Comparison with the equilibrium expression (33) shows that o# is also

actualty equal to the potential In an equilibrium system whose polariza~

lety is (a 4Q ) and whose E -value is [E #4110, rr(E *-E )/D ] Using

the usual relatlou betweenjv's and E's In equlllbrlum lonlc systems

{23], we find

E*
B(r) = - WES LG - 5] - (50}

Eqs. (46) and (50) are the desired expresslohs for E# and E,
APPENDIX VI, EVALUATION OF Fe*-Fo AND PROOF OF EQ. (26)

Introducing expressions (46), (47) and (50) of Appendix V Into Eq.
(8) and Into an analogous one for ¥, It is found that

Fo*=Fo n-]'["" -E" -(zml)(sv*-sv)'(-ﬁl—--l,—'-)ldv +(°-°*)XA . [s1]
‘Dop D

This equation will be rewritten as:

o pwerAop op o 2ml L ;)I(Ev*-sv)‘dv+1’+w*-w [s2]
A ‘
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where T is defined by Eq, (53)

T = ......J‘ (E*2-E 7)dV = (wh+F, A w-F B) + (e-ed)x . (53]

Using Eq. (33) of Reference 9a, the integral in Eq. (52) can be
written as [25)]

a J(ESE) (525 )0V = = [ (4,44, (0%=0)ds . [54]

According to Eqs, (16), (29), and (30) of Reference 9a, and to the rela-
tion p* = p, we also have

R LR I [55)

The integral in (54) is to be evaluated over the electrode surface
and over that of the central ion, The electrode's contribution is zero,
since ¥,* =¥, on the electrode according to Eq. (55) (r = r; there),

The ion's contribution is readily evaluated with the aid of Eqs. (38) and
(55). We find:

w1 (ES*-E,) %V = (“”(ﬁ - ;'ﬂ - [56)

We thus obtain

Fr-F -Fer B o (m+%)(Ae)’(%-;:-)(%;-5]:) *whewsT o [57]

The LHS of Eq, (57) is simply AF#=AF.
In Appendix VIII (a) it is inferred that to a good approximation

T=0 . [58]

Using Eq. (13), Eq. (26) of the text Is thereby established.
In utilizing Eq. (57) for evaluating Fe*-Fq» We shall make use of
the following expression for Fes-FeA, deduced from Eq. (41).

B_.A
Fo Fe = (kT:,nYB-i-ews-ex +e?/28 Ds) -(kTLnYA+e"tpS-e*x +et?/2a Ds) .

[59]

APPENDIX VII. PROOF OF EQ. (25)

We obtain from Eqs. (44), (46), (56), (57) and (58)
aFn = ' - o) + 5qa0) (L - (gl g+ EE ) KT L0 Y vy, 4
op s s

-ar . (60)
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In Appendix VIII (b) it Is inferred that to 3 good approximation (the
game as that made in deduclng that T = 0),
wf - wt = nf wit=w) +%‘o—"%u-(ae)‘ +kT Ln Y*YamlvAlm-mT =0. (6t}
) s
Eq. (25) of the text then follows from Eqs. (60) and (61).

APPENDIX VI1I. PROOF OF EQS. (58) AND (6f)

(a) Proof of Eg, (58)

We evaluate separately the terms I(Ev*’-gv’)dvl&rbs. F,A-m*, ‘and
F 2w that appear n Eq. (53) for T.

Setting (534-5\’*) = (E*E)( E M5 ), we obtain from Eq. (33) of
aeference 9a {27],

sz [ (55 = 55 [ngmap ) (ema)es te2]

We note that ¢ Is glven [28] by Eq. (63) end that v is gliven by the
same equation 1f e Is replaced by e,

b= olE =T 40y - [e3]

In this equatlon (pr represents the potentlal due to the mobjle lons and
the electrode charges they induce, In the hypothetical system of Appendix
8 _

_Both ¢ * end §  are zero on the electrode surface, since (r-r;) and
"p‘l‘ vanish there (cf Reference 9a), Evaluating the integral in Eq. (62)
over the surface of the central lon, we find

#2.al 3 oo
‘éw'%;.f (Ev“:gvz)'w -2 ZD: %-% + l‘cl;nmp* :ﬂae as . (ed] -
fRemembertng that FOB-!N s the electrostatic free energy of an
equilibrium system when the central fon B occuples the same position as
in the intermediate state, we can compute this quantity using Eq. (39).
F.AM can be computed in a similar way.
In this way we filnd for T

q
citeg quet @ ° dq dS 4
ENRRE - LI sl (o

In the absence of added salt, these vp’s are zero s0 that T Is then
exactly zero, In the presence of added salt, an approximate solutlion



202

[29] of the Poisson-Boltzmann equation (solved in the presence of the
central ion) leads to the relation

@30 = 4(e) + (aeho(y) | [66]

where @,(r) is independent of q.
Introducing this expression Into Eq. (65) we obtain Eq. (67), where
we have set @,(r) equal to its value at the center of the ion, @,, say.

T=(m+3)(ae)%, . [67]

As noted above, rpp and hence @, equal zero when there is no added
salt, If, in the presence of excess salt, the fon is effectively out-
side the double layer, these quantities can again be simply evaluated,
utilizing the discussion following Eq. (39). Estimating @yem from the
v's, @, is found to be negligible, In intermediate cases, too, we judge
that the RHS of Eq. (67) is a smal! term [29], probably of the order of
(m+1/2)kT or less. Numerical computation shows that the term in Eq, (57)
involving (m+1/2)(Ae)?/2a Dop is extremely large in comparison with (m+

1/2)kT, and therefore we may set T = 0 in Eq. (57).

.(b) Proof of Eq. (61)
Calculating FeB and FeB-m by the method described In Appendix II and

subtracting we find

q=e
e? q q
W= (0 " -9, -9 ) ds . (o8]
ZDSR nj;n q’£0 o) S “atm ‘4ma
Analogous expressions can be written for w* and wf, and we obtain for
w*-w*—tr(w'-w),
t o4
ds
m+l)(Ae)? m, l+m _ a%e’ Py A
wtrtom( weow) + 70 R +KTLY, Y /Y, T - T = o i '%1?’_

e
-n ] oy (e2-2) o5 | [69]

The RHS of Eq. (69) equals zero in the absence of added salt. In the
presence of added salt we find with the aid of Eq. (66),

LHS of Eq., (69) = m;(Ae)'cp, . (70)

This term can be neglected in comparison with the m?(Ae)?/2a Dop which
appears in Eq. (60), for reasons indicated in Part (a).
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APPENDIX IX" MODIFICATION IN PROOF DUE TO PRESENCE OF FIXED, ADSORBED
"IONS IN THE ELECTRICAL DOUBLE LAYER

We consider here the modifications In the proofs of Appendlces II to
VIII which arlse when the double layer contalns the fixed, adsorbed ions
discussed In the Refinements section of the text., The results deduced In
Appendix I are unaffected. '

In Eq. (37) of Appendix II there will be an additional contributlion
to the potential arising from each flxed lon of the electrical double
layer, If U denotes the charge of the kth fixed lon and if " and 'rk‘
denote the distance from the kP fon and from its image to the field point,
then the contribution to the potential arising from all fixed fons ls, in
an equlllb:'lum polarization systenm,

the summation being over all fixed lons,
This can be shown to add the following terms to F°°q in Eq. (39):

.- )

q,=q, .. Kk .- 2 . e e
: k kP, day L O TN, o/ O 1 Bl
[ | dmrds+Igla-g) *EX e TR
k ion q,%0 K k2053 Ry 05 e B

' 949
+E 5N - =) (72]
k s 'k P
th 1

where a, is the radius of the k fixed ion; Rk' 'jk’ Rjk' Pk and P

denote the distance from this ion to its electrical image, to the j':h
fixed 1on, ‘to the latter's electrical Image, to the central fon and to
the latter's electrical image, respectively, The first term in Eq, (72)
describes the interaction of the mobile fons with the fixed lons,

In Eqs. (40) and (41), Qg now represents the potential In the body
of the solution due to all the lons, fixed and mobile, of the double
layer and so includes Eq. (71). Accordingly, 9% in Eqs, (40) and (41)
now Includes the last term of (72). The remaining three terms of (72)
should be added to Eqs. (40) and (41),

Eq. (42) of Appendix III relating F * and ;-e* Is unaffected,

Eq. (43) Of Appendix IV was deduced from Eq. (41), Because of a
cancellation of the newly added terms, Eq. (43) remains unchanged (ex-
cept. for the new significance of tps noted above). Accordingly, Eq. (44)
is also unchanged,
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The equations in Appendix V are unaffected.

The newly added terms, given by (71), cancel in Eq. (55) of Appendix
VI so that this equation and the remaining ones of this Appendix and of
Appendix VII are unchanged,

In Appendix VIII, the terms (71) are added to Eq. (63), and this in
turn causes the addition of certain terms to (64), The sum (72) is also
added to the expressions for FeB+w and FeA+w* (with q equal to e and to
e* respectively), Once again, there is a cancellation and the final
equations of Appendix VIII (a) and (b), (67) and (70) remain unchanged,

Accordingly, Eqs. (25) to (27) for AF* are unaltered,

APPENDIX X, EFFECTS OF A DEPENDENCE OF ¥ ON MEAN ELECTRODE CHARGE DENSITY

In the present paper, it has been assumed for simplicity that ¥, the
potential drop due to electrode-solvent and solvent-solvent interactions
at the interface, was independent of the mean electrode charge density,

o say. Recent work suggests, however, that the degree of orientation of
the solvent molecules next to the electrode (and hence X) may vary with
this quantity {30!, In this Appendix we examine the effects of a depend-
ence of X on g.

" The term X enters the various formulas In two ways: I: appears in
expressions for the potential in Eqs. (33), (35), (37) and (49), and in
expressions for the free energy, Eqs. (39), (40), (41), (43), (44), (S1),
(S3) and (59). 1In a previous paper [9a] we have considered the effects
of treating X as a function of g rather than as a constant., As discussed
there, when a few electrons are transferred In some process, the average
electrode charge density is affected only to a negligible extent, In
such cases, X is a constant for all states in the process. The arguments
made in the present paper using the expressions for the potential thus
remain entirely unchanged. It was also noted [9a] that in the free
energy expressions, a term, ijds, should be replaced for such processes
by

X'(3) +Xx'(3) [ads , (7

where X'* and X' are constant for a given o. It may be wverified that this
substitution leaves the final equations, Eqs, (25) to (27}, .mmchanged,
The first term of (71) always cancels out in any equation deduced for a
free energy change, Thus, in effect, X is replaced by X'. Since X dce;
not appear in the final equations, neither does X',
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Accordingly, we infer that any effect of a change in degree of
orientationrin the solvent layer next to the electrode is a more indirect
one, It migﬁt affect the ''dielectric constant” In the vicinity of the
electrode, particularly the contribution from orientation polarization,
But, we observe from Eq. (26), unless D_ Is close to Dops changes In the
former have very little effect on AF*, Again, it might affect to some
extent the distance of closest approach of the central ion, In some
studies of the equilibrium properties of the electrode double layer,
Grahame [30] has shown that a self-consistent interpretation of the data
can be obtained assuming such an effect, Extremely interesting infer-
ences were drawn about the behavior of the solvent in this region towards
ions of dlfferent size. It Is clear that an analogous study of the elec-
trode kinetics of simple electron transfers at varlous electrode charge
densitles should be very interesting. At certain charge densitles, it
appeared from the equilibrium studies, there is no oriented solvent
layer. The interpretation of kinetic data obtained under such conditions
would be correspondingly simplified,
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Changes in electronic energy and entropy of the metal can be ignored
in the path involving the minimum free energy of formation of X*, The
low specific heat of metals shows that such changes correspond to
large free energy increases,

Since then, a little more experimental! information has become avail-
able on entropies of activation of electron transfer reactions in
solution, These additional results tend to support the idea that p
is approximately equal to its maximum value, These data will be dis~
cussed in a subsequent communication,

We shall use £q. (31) to evaluate k¢. The probability that the ion
will be in state X* and in a region of unit cross-sectional area in
the interval R, R+dR, as compared with being in any unit volume, is
exp( -AF*/kT)dR. Multiplying this by f(vR)dvR, the probability that
the ion has a velocity component perpendicular to the electrode in
the range v,, v +dv., we obtain the contribution to k,/k_, from this

R* 'R R’

range dR dv Multiplying this term by the corresponding value of

R'

Kty vR/dR, and integrating over negative v,'s (motion away from

R
electrode) we find

]
~0F*/KT
k; = f(v,)vdv e .
! _‘J; RVRYR

Since f(va) equals exp(-mva/ZkT)/+}exp(-va’IZkT)dvR. we obtain the
formula given in the text upon in;:gration.

As before, Eq, (31) is used. We first note that if the probability
of reaction is very high, the probability that the ion will be iIn any
particular Iinterval (R,R+dR) depends on the recent history of the ion,
In particular, it is a function of the probability that the ion has
not undergone electron transfer shortly before reaching this dR,
While such condit ional probability considerations can play a role In
the fast electron transfers in the gas phase, in solution the prob-
ability of reaction before reaching any dR is so small (because of
4LF®) that the recent history is essentially one of no reaction, In
this case, the ch;nce of finding the ion in a state X¥* in a region
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of unit cross sectional area between R and R+dR, as compared with
finding the lon in 8 unit volume of solution, is given by the Boltz-
mann formula, exp{ -AF*/kT)dR,

The state X# characterized by this dR can disappear In several
ways, each contributing to k_,. The decay of atomic polarization of
the system to a random value contributes an amount 10'3 sec~' [4].
Again, X will disappear 1f the jon moves sufficiently far from this
R, since Fe* thereby changes appreciably. Presumably, this requires
the escape of the ion from its solvent cage. The corresponding con-
tribution will be [4] less than the preceding one, so that k.,, the
sum of these, Is about 10'3 sec”', Upon Integrating over R from -
to len' the distance of closest approach, we obtain

R
min
ke = 10 [ p(R) e BF*(R)/KTyp

-

In a typical case, AF#(R) decreases from its maximum value at
Rm' say (usually at R ,n) by a factor of e when R increases by 0.5 A
while p(R) probably changes by a smaller factor over this distance,
Thus, we can expand the exponent, (AF#/kT), about R, retaining terms
up to (R-R )? and Integrate over R from < to R From the clited
numerical behavior it can then be deduced that the Integral is essen-
gially equal to the value of p exp( -AF*/kT) at R multiplied by 0.5
A. Accordingly, we obtain Eq. (32) for k..

The related problem of collision frequencies in gas phase and
solution, for atom and electron transfer processes, will be discussed
elsewhere,
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systems discussed in the second paper of these authors Is open to
question,

H. Rubin and F. C. Collins, J. Phys, Chem,, 58 1954)958, The elec-
trode may have been contaiminated by the de Khot insky cement present,
since the exchange current deduced from these measurements Is much
less than that in Reference 15, However, such contamination perhaps
has only a minor effect on the transfer coefficient.

R. G. Sachs and D. L. Dexter, J. Appl. Phys., 21(1950)1304,

The approximate percent error in a computed energy change ( computed
on the basis of the image force theory) when an fon moves from In-
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20

21
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24

25

finity to 8 distance r from the electrode is inversely proportional
tor [17]. It is 8% or less when r Is 5 ﬂ, in 8 vacuum or in solu-
tion. The'calculated reduction in the value of AF* caused by this
approach of the lon to the electrode probably has a percent error of
this magnitude, but a more detailed estimate can be made.
Accordingly, the a(.a;) which appears in the various equations now in-
cludes the contribution from the adsorbed ions. This contribution
is, of course, the same in states X* and X since the ifons are fixed.
i.e., on the surface of the electrode M, of the central ion, and of
the fixed fons In the ""Refinement' section of the text.

cf €q. (26) of Reference 9a, In that equation the Integral over the
surface of the central lon contributes an amount given by Eq, (29)
there, while the integral over the electrode surface M contains
charges Induced by the central lon as well as charges induced by the
mobile lons, The contribution to the potential from the electrode
charges induced by the central ion Is given by Eq. (30) of Reference
9a, and from those induced by the mobile fons is included in cppq of
&. (37).

In applying Eq. (41) it is noted that the electrode charge In the
typothetical state whose Fo is F:s
smount -(e?-e*).

cf Eqs, (15) and (25) of Reference 9a. This approximation is ana-

exceeds that in state A by an

logous to that made in using Coulomb's Law, q ,q2/Dr, for the free
energy of inte-action of two charged spheres in a medium of dielec-
tric constant, D [9a).

We have made use of the following retation where ov* and o, are the
surface charge densities involved in Ev* and Sv, respectively, On

the surface of the central ion, they equal o* and g, respectively.

- j’(E #E ).V ! dv = j' Uv*.o" ds {48)
T dlav #v r I;-S' |5-5'|

Eq. (48) follows from Eq. (56) of Reference 9b when one introduces
the following values for the Sc‘ and therefore for the p' and o'
which appear there:

¢ = ®* o [ - » o = * o
::EC Ev sv’ P Py Py (=°) and ¢' Oy Ov.

(We have introduced primes into Eq. (56), to avoid confision with
other symbols in the present paper.)

In that equation we set Bi = 0 and therefore (by definition) Ec‘ =
~
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E i. We alsoset E! =EJ =€ - [ and make use of the relation
-V ~V oy -y v

p* = p,
In applying €q, (41), it is noted that the electrode charge in state

B exceeds that in state A by an amount -(e-e¥*),

In that equation we set Pi = 0 and therefore ( by definitlon_Ec‘ =§vi.
We also set E | =E*+E and EJ =E * -’i , and make use of the re-
~V -V ~C ~V v

oV
lation p¥# = p,
cf €9s. (16), (29) and (30) of Reference 9a, according to which one
finds

e )
v,=7 " + @,

v

Here, @" Is the potential which the mobile lons, whose distribution
is that of states X and X*, and the electrode charges they Induce,
exert In a vacuum,

According to the usual fonic approximation this specified mobile
charge distribution would create a potential qa”/Ds in @ medium of di-
electric constant Ds’ (cf Eq. (25) of Reference 9a.) Since this is
also the actual mobile ion distribution in the hypothetical equilib-
rium state of Appendix'I, in which it exerts a potential ¢DT, we have
¢ = D;?pf.

R. A. Marcus, unpublished work. It is assumed that the change in
equilibrium configuration of the mobile ions in the system, when the
central ion undergoes a change in charge Ae/2, can be treated by
Debye-Hucke! approximations, This would seem to be a reasonable as-
sumption since Ae is usually only equal to a unit charge,

In Eq. (65) this is equivalent to the assumption that e'(oe/Z)
®,/kT < 1, when e, is the charge of a mobile fon of type I,
D, C. Grahame, J, Chem, Phys., 25(1956)364; J, Am. Chem, Soc,, 79
(1957) 2093,



