[Reprinted from the Journal of Physical Chemistry, 67, 853 (1963).)
Copyright 1863 by the American Chetnical Society and reprinted by permission of the copyright owner.

ON THE THEORY OF OXIDATION-REDUCTION REACTIONS INVOLVING
ELECTRON TRANSFER. V. COMPARISON AND PROPERTIES OF
ELECTROCHEMICAL AND CHEMICAL RATE CONSTANTS!

By R. A. Marcus?

Departments of Chemistry, Brookhkaven National Laboratory, Upton, New York, and Polytechnic Institule of Brooklyn, Brooklyn 1, New York
Received Oclober 11, 1962

Using a theory of electron transfers which takes cognizance of reorganization of the medium outside the inner
codrdination shell and of changes of bond lengths inside it, relations between electrochemical and related chemieal
rate constants are deduced and compared with the experimental data. A correlation is found, without the use
of arbitrary parameters. Effects of weak complexes with added electrolytes are included under specified con-

ditions.

each other, and a way of predicting results in one field from those in another. .
tion or reduction of a series of related reactants by one reagent is correlated with that of another and with that

The deductions offer a way of coordinating a variety of data in the two fields, internally as well as with

For example, the rate of oxida- .

of the corresponding electrochemical oxidation-reduction reaction, under certain specified conditions. These
correlations may also provide a test for distinguishing an electron from an atom transfer mechanism.

In recent years many rate constants of electron trans-
fer reactions in solution and at electrodes have been
measured,®* and some quantitative comparison of the
data in the two fields now seems appropriate. As a
guide we shall employ a theory formulated in earlier
papers.® This theory yielded an expression for the
rates of each of these processes, taking into considera-
tion the solvent reorganization occurring outside the
inner coordination shell of each reactant prior to. (and
necessary for) electron transfer.s*4

The theoretical rate constant for either process was
given by eq. 1-35:¢

k= ZG—AF"/RT (1)
Where . . .' . ' . v
AF* = w + m2\ 2)
and )
AFY 4 wP —
. me= — (1/2 + %") 3)

(1) Research performed in part under the auspices of the U, 8. Atomic
Energy Commission. Presented at the ‘‘Symposium on Mechanisms of
Electrode Reactions,” 142nd American Chemical Society National Meeting,
Atlantic City, 1962. For Part IV see ref. 5o. Related papers are listed
under ref. 5. A still more general proof of eq. 1 to 4 is given in part VI.5?

(2) Alfred P. Sloan Fellow. Visiting Senior Scientist at B.N.L. Present
address: Department of Chemistry, Polytechnic Institute of Brooklyn.

.(3) For detailed reviews of h reactions, see (a) N. Sutin,
Ann. Rev. Nuclear Sei., 12, 285 (1962), and (b) J. Halpern, Quart. Rev.
(London), 18, 207 (1861).

(4) For detailed summary of electrode kinetic data, see (a) N. Tanaka and
R. Tamamushi, “Kinetic Parameters of Electrode Reaction,” a report
p! ted to the Commission on Electrochemical Data of the Section of
Analytical Chomistry of I.U.P.A.C., at the International Congress of Pure
and Applied Chemistry, Montreal, 1961. Copies are obtainable from H.
Fischer, Departmeat of Electrochemiatry, Institute of Technology, Karls-
ruhe, Germany. (b) J. Jordan and N. A. 8talica, in **Handbook of Analytical
Chemistry,”” L. Meites,. Ed., McGraw-Hill Book Co., New York, N. Y.,
1963.

(5) R. A. Marcus (2) J. Chem. Phys., 24, 968 (1956); (b) O.N.R. Technical
Report No. 12. Project NR 051-331 (1957); (¢) Can. J. Chem., 87, 155
(1969); (d) **Trans. Symposium Electrode Processes,’” E. Yeager, Ed.,
John Wiley and Sons, New York, N. Y., 1961, p. 239; (e) Discussions Fara-
day Soc., 29, 21 (1960); eq. 8 below is actually obtained in ref. 5h, by simpli-
fying thoge in part IV; (f) unpublished results for the electrochemical case,
analogous to those in (). Equation 9 of the present paper, which is a con-
venient approximation to the results obtained in sections (ii) and (iii) of
ref. 5e, will be discussed in detail in part VI®® As will be pointed out in
ref. 5h, there is also a relatively minor reorganization term for the sur-
rounding electrolyte but one which does not alter the correlations in this
paper. For brevity, we have omitted it in the present paper. (g) Note on
eq. 1 to 3: in a notational change to conform with ref. 5e, w* and w in ref. 5¢
are now written as w and wP, respectively. The factor of '/1in eq. 8 of
ref. 5c is now incorporated in the present definition of Ao for the electrode
systein, and ¢’ has been replaced by its molar equivalent, the Faraday I,
The values of Z in the present puper are the' gus kinetic valucs. () J.
Chem. Phys., to bo submitted.

In eq. 1 Z is the collisionYfrequency of (hypothetical)
uncharged species in solution. It will be taken to be
~10% |. mole—! sec.~! and ~10* cm. sec.~! for homo-
geneous and electrochemical reactions, respectively.
w is the work needed: to bring the two reactants (or
reactant plus electrode) together and w® is the cor-
responding term for the products; AF® is the “stand-
ard” free energy of the elementary electron transfer
step in the prevailing elecirolyte medium. It is —nlFn,
for the electrode case. (n = number of electrons
transferred; 7, = activation overpotential.) A was
given by eq. 10 in ref. 5¢, which is reproduced in eq. 5
below.

More recently this theory was extended to include the
effect of changes (Ag;% below) in bond distances and
bond angles in the inner codrdination shell of each
reactant.’f Equations 1 to 3 were again obtained
with A now equal to ¥

A=+ A “)

Ao (Mouter) depends on the size and shape of the re-
actants. For spherical particles undergoing a homo-
geneous reaction, A, is given by eq. 5 below, and for a
spherical reactant undergoing #n electrochemical re-
action it is one-half that expression. A; (Ajaner) 1S given
by eq. 6 where %; and k,® denote the force constant of
the jth vibrational coérdinate in a species involved in the
reaction when that species is a-reactant and when
it is a product, respectively. -The summation is
over both reactants in the homogeneous case and over
the one reactant in the electrode one. A rather general
expression for the inner shell reorganization barrier is
given in ref. 5e, but this one suffices for the purpose of
this paper. A more general but formdl expression for
Ao, based on statistical mechanics rather than on a
dielectric continuum treatment, is given in part VL5t

1 1 1 1 1

No= (74— ~= — =) @me)? (5
(30 20 r)(Do,, 5) 0 ©
lc,-lcj" .
Yk + kP
a; and a, are the radii of the spherical ‘particles under-
going reaction, the inner codrdination shell -of each
particle being included in the estimation of @, and a,.

r Is the mean distance between the centers of the re-
actants in the activated complex. (We take r = q,

A =3 (Agsty* ©)
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4+ a@,.) In the electrochemical case a, and a; are equal
and r is twice the distance from the center of the re-
acting particle to the electrode surface. D, and Ds
are the square of the refractive index and static di-
electric constant, respectively.

For making the correlation described in this paper,
an essential feature of eq. 4 to 6 is that

Asoln = M + Aﬁ — A (7)

where A; depends on the properties of particle 1 (size,
force constants, difference of corresponding equilibrium
bond distances in reactant and product state) and not
on those of particle 2. Similarly, A\; depends only on
properties of 2. A isthertermineq.5. Intheelectro-
chemical case we find
Ar
Ael Al 2 (8)

where the value of \; in eq. 8 will be equal to or less
than that in eq. 7, according as the reacting species
can or cannot penetrate any bound layer of solvent
molecules adjacent to the electrode surface.*

Particularly pertinent to the following arguments is
eq. 9, obtained from eq. 2 and 3 when |(AF® + wP —
w)/A| is small (say, 1/4).

* ~ w,_____+ wp é A_Fo
AF* =~ 5 + n + 9 )

AF* ig then linear in AF® with a slope of 0.5. When w
and wP are small, A is seen to be four times the value of
AF* when AF® = 0, 7.e., 4(AF*)y say. Thus, the above
condition for linearity in AF® can be written as

|aAFo/(aF*)| < 1 (10)

a condition often fulfilled in practice.®! More generally,
the instantaneous slope of a plot of AF* vs. AF® is,
according to eq. 2 and 3, !/,3[1 + AF°/4(AF*),] when
the work terms are small.

Effect of Standard Free Energy of Reaction or of
Overpotential on Reaction Rate.—Two immediate
deductions may be drawn from eq. 9 when the work
terms can either be made small, say by using high
electrolyte concentration, or when they are essentially
constant in the following variations: In the oxida-
tion-reduction reaction of a series of related compounds
with a given reagent such that A is essentially the only
parameter varied, a plot of AF* ys. AF® and hence of
log & vs. log K should be linear with a slope of 0.5 for
AFs satisfying eq. 10. In the electrochemical case,
the corresponding plot of AF* ys. — nF 7, (or of —RT/
nF In k vs. electrode potential) should also be linear
with a slope of 0.5. Theg first deduction, predicted first
in ref. 5e, was recently confirmed experimentally for
the homogeneous oxidatjon of Fe(II) by a series of sub-
stituted I'e(phen);*® igns.” Again, the slope of the

(6) E.g.,in ref. 7, the intercept of Fig. 2 yields (AF*)o ~12 kecal. mole ~!.
(Ref. 7 gives AF ' but AF* = AFF — RT In hZ/kT = AF+ —2.8 keal.
mole™! when the standard state in AF ¥ is 1 mole liter—1.)88  Since the largest
|aPe| there was 12 keal. mole~, (10) is fulfilled. Again, in electrochemical
systems in which the transfer coefficignt is measured over an electrode po-
tential range of perhaps 0.2 volt from the equilibrium potential, and in
which the typical (AF*)e (value of AF* at 5, = 0) in Table I ia of the order
of 7 keal. mole -1, condition (10) is again fulfilled since |AF°/(AF")0| ~0.2 X
23/7. '

(7) M. H. Ford-8mith and N. Sutin, J. Am. Chem. Soc., 88, 1830 (1061).
The data satisfy condition (10).# It is assumed that in the first approxima-
tion the substituenta leave the k;'s and Ag)”'s unaltered. 8till more exten-

sive data supporting this predicted value of the slope have been obtained
by N. Sutin and collaborators (private’ communication).
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electrochemical plot of RT/aF In k vs. electrode po-
tential is the so-called electrochemical ‘‘transfer co-
efficient.” At appreciable salt concentrations trans-
fer coefficients have been found to be near 0.5 (0.4 to
0.6),% in agreement with the second deduction.

By analogy, we shall call the slope of the AF* vs.
AF° plot the ‘‘chemical transfer coefficient” of the
reaction.

Two deductions may also be made on the direct
relation between electrochemical and related chemical
rate constants:

Comparison of Isotopic Exchange Rate and Cor-
responding Electrochemical Exchange Current.—For
an isotopic exchange reaction between ions differing
only in valence state, AF® = 0, w = wP, and hence m
= —0.5 in eq. 3. In the “‘exchange current”’ of the
corresponding electrochemical system 5, = 0 by defini-
tion, and m = —0.5, if the work term w — wP is small.
The A\/'s and Ay’s in eq. 7 and 8 are all equal. According
to the remarks following eq. 8, it then follows that
dAex £ 2 )a (= or < according as the reactant can or
cannot penetrate the solvent layer adjacent to the
electrode). From a physical viewpoint, the factor of
two enters in the exchange system because two ions and
their solvation shells are undergoing rearrangement in
forming the activated complex while in the electro-
chemical system there is but one such particle. It
thus follgws that AFe* < 2AFy* when w and wP are
small in both the ex and el experiments. Irom eq. 1

we then expect that V'kex/10'! 2 kg/10%, where kox
and kg are in units of 1. mole sec.—! and cm. sec.”!,
respectively. Another factor tending to favor the
“> gign is the existence, if any, of inactive sites on the
electrode due, ‘say, to any strongly absorbed foreign
particles.

More recently it has been concluded theoretically
that under certain conditions neither the above deduc-

tion of this V/ ke</ke relation nor that of the 0.5 slopes
of the AF¥ plots should be affected if one or both of the
reactants form relatively weak complexes with other
ions.! (The AF*s are then those corresponding to the

(8) Data are largely but not entirely taken from ref. 4a, The transfer
coefficients are either those of the reduction process or are (1-transfer coef-
ficient of the oxidation step): Fe(ID)~Fe(III) in 1 M HiS0, 0.42,*P 0.62,°
0.61%; Fe(CN)s—¢-1in 1 M KCI 0.45,° 0.50,° and (graphite) 0.59; V(II)-
V(D in 1 M HCIO: 0.52,° 0.50 to 0.57,f and in 1 M HiS0 0.467; TI(I)-
TI(II} in 1 M HCIO0 0.5%; TI(IID)-TI(II) in 1 M HClO; 0.5.8

At lower supporting electrolyte concentration: Fe(II)-Fe(III) in 0.1 M
HCIO04, 0.78"; Cr(CN)e~%-¢ in 0.2 M NaCN 0.67.! (The exchange our-
rent in the latter system waa very itive to salt tration.)

Low values are: Ce(III)-Ce(IV) in 1 N Hi80, 0.25,° and Mn(II)-
Mn(III) in 15 N H;80, 0.28.%% (a) R. Parsons, *‘Handbook of Electro-
chemical Constants,’ Butterworths, London (1959); (b) K. J. Vetter,
*‘Electrochemische Kinetik,'* Springer-Verlag, 1861; (¢) M. D. Wijnen and
W. M. Smit, Rec. trav. chim., 79, 289 (1860); (d) A. Regner and J. Balej,
Collection Czechoslov. Chem. C 26, 237 (1961); (e) K. M. Joshi,
W. Mehl, and R. Parsons, *‘Trans. Symposium Eleotrode Processes,’”” E.
Yeager, Ed., John Wiley and Soms, New York, N. Y., 1961, p. 249; ()
J. E. B. Randles, Can, J. Chem., 87, 238 (1959); (g) H. Catherino and J.
Jordan, private communication; (h) J. Jordan and R. A. Javick, Electro-
chim. Acta, 6, 23 (1962); (i) P. Delahay and M. Kleinerman, J. Am. Chem.
Soc.. 82, 4509 (1960).

(9) R. A. Marcus (unpublished). The diti d in the deriva-
tion were that (i) for every pair of ting the corr ding
AP* for electron transfer between the pair is in the linear AF? region de-
soribed earlier; (ii) the added ions do not act as bridging groups to any ap-
preciable extent; and (iii) dissociation of any complex does not constitute
an important reaction ¢odrdinate at the intersection surface of ref. 5o, though
it can ocour before or later; sce, in part, ref. §h.

If A and B donote difforent reactants, AP and BP the corresponding
products, and X and Y any ions forming complexes with these species, con-
dition (i) is fulfilled only if the standard free energy of reaction of AXy +
BYn 2 APX,, + BPYy,, AP, satisfies condition (10) for every important
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TasLE 1 .

ComparisoN oF IsoTopic EXcHANGE AND ELECTROCHEMICAL RATE CoNsTANTS FOR ONE-ELECTRON TRANSFERS AT 25°

System Medium '\/k.x/w“ ko1 /104 . Eleotrode Referenco
Fe(CN )~ —4 1 MK+ (1 X 10-3) 1 X 10-8 Pt a
MnQ, 22 0.9 M Nat 2 X 10—¢ ~2 X 10-% Pt, see ref. 11 b
Fets+3 1 M HCIO, 9 X 10— 7 X 1077 . Pt ¢
Vi3 1 M HCIO, 4 X 107 4 X 1077 . Hg d
Eutr+3 1MCl- 6 X 108 3 X 108 Hg e
T+ + 1 M HCIO, 3 x 10-% 2 X 10-8 . Pt !
Co(NH;)s+2 +3 0.14 M H* <5 X 10~¢ ~5 X 1012 Hg g

Exchange data: ® Reference 10; °J. C. Sheppard and A. C. Wahl, J. Am. Chem. Soc., 79, 1020 (1957); ©J. Silverman and R. W.
Dodson, J. Phys. Chem., 56, 846 (1952); ¢ K. V. Krishnamurty and A. C. Wahl, J. Am.- Chem. Soc., 80, 5921 (1958); °D. J. Meier

and C. S. Garner, J. Phys. Chem., 56, 853 (1952); / E. Roig and R. W. Dodson; tbid., 65, 2175 (1961). ¢ See Appendix II.

Electro-

chemical data: ¢ Reference 8c; ° Reference 11; ¢ J. E. B. Randles and K. W. Somerton, T'rans. Faraday Soc., 48, 937 (1952); © Ref.
¢, J. E. B. Randles, Can. J. Chem., 37, 238 (1959), ref. 8i; ° Ref. ¢; note that the corresponding isotopic exchange data were insen-
sitive to (H +), so this comparison could bg made; ’ Ref. 8z. See Appendix I. All data are corrected to 25° and to the cited salt con-

centration listed under “Medium,” ¢ Sée Appendix II.
value is an upper limit for the one-electron transfer rate.

TasLe 11

ReraTive RepucTion Rates oF Co(NH;)X (III)

X \Asl Cr(dipy)a*? DME®
NH, 1 1 1
H,0 135 91 124
Cl- 1.6 X 10 1.5 X 10%

2 At E of 0.1 N calomel electrode.

pseudo-rate constants, ““constants’ which depend on the
concentrations of these other ions.)

A comparison of V' kee/10M and ke /10* on the basis of
the existing experimental data is given in Table I.
All rate constants are pseudo-rate constants, their use
being justified under the conditions cited.® The quali-
tative trend in both %, and k.. is seen to be the same,
and the values in the two columns are relatively close to
each other, considering the fact that approximations in
the theory enter exponentially (a fairer comparison
would be of AF..*/2 and AF,*), that stationary elec-
trodes (and their adsorption problems) were usually
necessary, and that the work terms may not have
been negligible. Other reactions for which the data
are more fragmentary are described in Appendix II.

Comparison of Chemical and Electrochemical Oxi-
dation-Reduction Rates of a Series of Related Re-
actants.—In this comparison we shall consider systems
in which a constant reagent is used in the chemical
system, and a constant electrode potential in the elec-
trochemical one, to oxidize or reduce a series of related
compounds. In a series of a given charge type, the
work terms are either exactly or roughly constant in
each of these two systems. Furthermore, if the AF*'s
are in the region where they would depend linearly on
AF®, then according to eq. 1 and 7 to 9 the ratio
ksoln/ke should be the same for each member of the

mn pair, i.e., if |APma®™/(AFma*¥)] € 1. If any of these complexes de-
composes in lesa than a vibrational peried, AFmp® is to be computed for
a “frozen’’ value of the unstable codrdinate, the same value for both sides of
the above equilibrium. There is some posaibility that for certain deductions
these conditions can be relaxed, a point which we shall investigate further.

(10) P. King, C. F. Deck and A. C. Wahl, 130th American Chemical
Society Nationsal Mesting, 1961, Abstracts, p. 30R, and private communica-
tion. The valuein Table Iisalongextrapolation which was made using their
equation describing data in the 0.0026 to 0.056 M KCl region. At 0.06 M

KCl and corrected to 25°, kox/10't was 1.6 X 104,

(11) Z. Galus and R. N. Adams, Paper presented at the ‘‘Symposium on
Mechanisms of Electrode Reactions,'” 142nd American Chemical Society
National Meeting (1962). These authors found that in a variety of elec-
trochemical reactions ko) averaged about 20-fold legs for a carbon paste elec-
trode than it did for a platinum one. Accordingly, their ko1 for MnOy~1.-?
(0.01 em. sec.~’), which was obtained with carbon paste, was increased by a
factor of twenty to obtain the value cited in Table I, so as to permit its com-
parison with the other systems. '

» Agsuming exchange proceeds via two one-electron transfers. Otherwise,

series: In both cases, the terms A,, AF?, and, at a
constant E, 7 (=E — E° will normally vary from
member to member. (A; refers to the constant re-
agent.) However, since AF° equals (—nFE" +
constant) in the series, one sees from eq. 7 to 9 that
these variations in A, AF°, and E° cancel when one
compares values of (AFgo1n* — AFq*), that i8 of ksota/Kel.
Vlcek!? has recently observed that the electroreduction
and the Cr(dipy)s*2 reduction!? of Co(NH;)s+* and Co-
(NH,)s(H;0)** had essentially the same FKsoin/ka for
both Co compounds (see Table IT). This experimental
result is in agreement with the above theoretical deduc-
tion. Presumably both E° and A, differed in the two
compounds. Extension of these comparative studies to
other Co compounds would of course be desirable.

Similarly, the ratio £%o10/kPsoln for each member of the
series oxidized or reduced by two reagents, a and b,
should be constant. This result was found experi-
mentally for the Co(NH;)sX (III) compounds reduced
by V(H,0)s*? and Cr(dipy)s*?, respectively, with X
being NH,, H,0, and Cl-141 (Table II). The restric-
tion to a given charge type will not be important if the
work terms are relatively minor. The comparison
involving V+2 should be accepted with some reserve
since the V(II) reaction is not necessarily an ‘‘outer
sphere’’ one, as Taube has pointed out.

Salt and Solvent Effects.—The above comparisons
suggest that some of the interesting phenomena ob-
served in isotopic exchange reactions should be looked
for in the corresponding electrochemical ones. For
example, traces of Cl— inhibit T1(I)-TI(III) isotopic
exchange but greater amounts catalyze it.’* Again,
substitution of water by isopropyl alcohol decreased
the rate of Fe(II)-Fe(III) exchange 10%-fold.” This
factor could be due to the enhanced coulombic repul-

(12) A. A. Vlcek, in "'Sixth International Conference on Codrdination
Chemistry,” B. Kirgchner, Ed., The Macmillan Co., New York, N. Y., 1961,
p. 590. . .

(13) A. M. Zwickel and H. Taube, Discussions Fareday Soc., 39, 42,
(1960). .

(14) A. M. Zwickel and H. Taube, J. Am. Chen. Sec., 88, 793 (1961).

(15) Condition (10) ia fulfilled for the V+2—Co(NHj)s*3 reaction, since
AP? = —8 keal. mole~!, AF* = 18 keal. mole—! whence (AF*)s ~(18 -
8/2) and |AF%/(AF*)4 ~1/3. An E° or Er/s for Cr(dipy)s***3 could not
be found, so that condition (10) was not checked for the Cr(dipy)s+*~Co-
(NHa)s*? reaction.. In the electr ical reduction of Co(NHa)sX (IID),
mosat of the transfer coefficients were near 0.5, though that for X = NH;s
was apparently 0.67.

(18) G. Harbottle and R. W. Dodson, J. Am. Chem. Soc., 78, 2442 (1951).
For other reforences to anions which inhibit TI(I)-TI(III) exchange, see N.
Sutin, ref. 3a.

(17) N. Butin, J. Phys. Chem., 64, 1766 (1960).
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sion. If not, the electrochemical exchange current
may be reduced 10*fold. S

Sutin has suggested® that it would also be interesting
to study the electro-reduction of Co(NH;):X (III)
when X is a fumarate methyl or phenyl ester, to see
whether this reduction resembles more closely a reduc-
tion by Cr(dipy)s*? or by V+2.  Hydrolysis of the ester
accompanies the reduction in the second case but not
in the first.

Cross-Reaction Rate Constants.—It follows from
eq. 1, 7, and 9 that when condition (10) is fulfilled the
forward rate constant k;, of the cross-reaction 11)

OX1 + REdz = REdl + OXz (11)
is given by (12).
ku o A /Icnanue_('”“ + wiP — wu —~ wn)/2RT (12)

where ky and ky, are the isotopic exchange rate con-
stants in systems 1 and 2, wy, and wy, are the correspond-
ing work terms, and K, and wys, wP,, denote the equilib-
rium constant and the work terms of (11).

Equation 12 was derived earlier’™® under a more
eestrictive assumption (4 = k®) and for negligible
rxponent. Even if any or all of the species in (11)
form weak complexes with other ions, (12) should still
hold for the pseudo k’s, provided (i) the conditions
listed earlier® prevail, (ii) the coulombic contribution
to wis + WP, — wy — wy is negligible for each ele-
mentary electron transfer, and (iii) the non-coulombic
one (see below) is either essentially the same for each
pair or vanishes. When the coulombic term is not
negligible, eq. 12 is to be used for each elementary
electron transfer; if a participating complex is very
unstable, K, for this step is that computed when a
coordinate is “frozen.”® '

For a somewhat more accurate comparison, k;; may
be estimated from ky; and %z using the complete equa-
tions 1 to 3, noting that \iz = (\y + An)/2. (However,
the generalization to weak complexes has not been
established for the case where condition (10) does not
hold.) When the work terms are negligible, eq. 1
to 3 yield

ki = \/kukazKuf (13)
where
In f = (lll 1{12)2/4 In (ku’On/Zz)

When reaction 11 is one in which the reactants are
aquo ions which interchange charges, one would expect
Wiz = WPy = Wy = wy. The work term in (12) then
vanishes. On the other hand, when (11) is a reaction
between:an ion with hydrogen bonding ligands and one
with organic ligands (e.g., Fe(H;0)s+? + Fe(phen);+?)
one would expect that the non-coulombic contributions
to the work terms will not cancel: wy; and wy, may have
attractive non-coulombic contributions and (w,, +
wy2®) repulsive ones. In this event two deductions may
be made: (i) %, will be less than V/ ke Ky and (ii)
when suitable ratios &is/k;; are taken, the non-coulom-
bic contribution to the work term can essentially
cancel in the ratio (e.g., if %, corresponds to the re-
action of Fe(phen);** or +? with Fe(H,0)¢+? or +3
and k3 corresponds to the reaction of Fe(phen);*3 or +2
with' another aquo-ion). '

(18) N. Sutin, private conmmunication.
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Deduction (i) may explain the results of a comparison?
of kiz and /kukzK), for the Fe+?—Fe(phen);+? system.
A value of a few keal. mole—! for (wy; + w12 — wn —
ws)/2 would suffice to explain the results. Deduction
(ii) was suggested by a comparison of k/k; with
V'knKis/kuKi; made by N. Sutin.® A variety of
experimental tests involving the cross-relations is now
in progress by Sutin and collaborators.®

Often in the literature the role of AF® (and hence of
K,) has been ignored in explaining the values of certain
rate constants. Equation 12 (or indeed eq. 1 to 3)
illustrates how important it can be for the present class
of reactions.

Ligand-Field Effects.—The influence of ligand-field
effects on the rate constants of oxidation-reduction
reactions and on other properties of complex ions has
been the subject of much interest. They are incor-
porated in the present theory; in particular they
influence k;, Ag° and AF°, Accordingly, the present
approach converts discussions of ligand-field effects
on kinetic problems into a discussion of the problem of
estimating k;, Ag;%, and AF°, Moreover, according to
eq. 1,7, 8, and 9, these effects cancel when certain cor-
relations of the experimental data are made: the cor-
relations embodied in chemital and electrochemical
transfer coefficients of 0.5, in the comparison of chemi-
cal and electrochemical exchange “currents;” and in the
comparison of cross and isotopic exchange rate con-
stants.

One vs. Two-Electron Transfers.—In some reactions
involving 2-electron oxidation-reduction reagents, it
has not been possible to decide whether the mechanism
proceeds via two successive one-electron transfers or
via one two-electron transfers. However, it is some-
times possible to distinguish between the two alterna-
tive mechanisms in a corresponding electrochemical
reaction. For example, the TI(I)-TI(III) electro-
chemical process has been found to proceed via two one-
electron transfers.®® TFrom the electrochemical rate
constants for the TI(I)-TI(II) and TI(III)-TI(I) re-
actions, we have computed in Appendix I a rate
constant which may be compared with the homoge-
neous rate constant. Agreement would be expected
only if the homogeneous rate constant proceeds .via
two one-electron transfers. The agreement in. Table I
for this comparison would appear to favor this mech-
anism for the homogeneous reaction. Had the value
for V/kes/10" been appreciably greater than that for
ke1/10* (or really appreciably more than 10-fold greater
since the electrode was Pt rather than Hg) one would
have obtained evidence for the one two-electron homo-
geneous reaction instead.

Concluding Remarks.—The above correlations offer
a possible way of systematizing and comparing experi-
mental data both on electrochemical and on chemical
electron transfer reactions. Some of the isotopic
exchanges discussed earlier may not involve electron
transfer and could involve atom transfer instead.
The extent of correlations such as those in Table I
may eventually provide a test of the mechanism, at
least in the cases of extreme discrepancy.

There are a variety of other reactions for which the
experimental electrochemical and isotopic exchange
rate constants could be compared, and of related re-
actions for which chemical and electrochemical trans-
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fer coefficients could be determined. Several recent
detailed surveys of the literature?4 should be very help-
ful for this purpose. More frequent collaboration
between electrochemists and chemical kineticists would
be useful for this purpose.
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Appendix I

An Analysis of the TI(I)-TI(III) System.—In ref.
8g the following % values were estimated at the formal
potential of TI(I) = TI(III) + 2e in 1 M HCIO,
at 25°

TIIIL) — TI(L) — e
TII) — TI(ID) + e

We shall designate A by appropriate subscripts and
let E;;° be the formal half-cell potential (in 1 A HCIO,
at 25°) of TI(1) = TI(§) 4+ (5 — ©)e (7 > 1). Equations
1,8, and 9 then yield, when the work terms are neglected

M T
= + i32, N2 = — (Eola - Eoza)

k™ = 1 X 10~% cm. sec.™!

kp® = 3.5 X 10~% ¢m. sec. ™}

—RT In k**/2% =

4 2
M F
—RT In /2% = % + —'2’3 me = E% — EY%,

since the transfer coeflicients are in fact 0.5,% so eq. 9
applies, and since the k’s were given at E°,, rather than
at the unknown £%; or £%,.

Noting further that (£%; — E%,)F is AF°, the “‘stand-
ard” free energy of reaction Al in the prevailing
medium

TI(III) + TI(T) = 2TI(II) (A1)
one obtains
A + At AR

4 + 2

However, it can be shown from eq. 1, 7, and 8 that the
forward rate constant of the homogeneous reaction
(Al), k°*, should be given by

—RT In Icazel klzcl/zcl’ =

OxipaTioN—RepucTioN REACTIONS INVOLVING ELECTRON TRANSFER 857

)\zzex + )\mex AFQ
8 t 2

Since A* £ 2 A¥ it then follows that to test the
theory V'k°*/Z should be compared with V/ ks*%:2%/ Z.

For this reason the geometric mean of ks and ki.™ was
used in Table I.

_RT In kex/Zsoln —

Appendix II

Comparisons in Other Systems.—Fragmentary in-
formation exists about electrochemical and chemical
exchange rates in a number of other systems.

Co(NH;)s+2+3.—Both the electrochemical and chemi-
cal rates are extremely small. The electrochemical
reduction of Co(NH3)s*? in 0.14 M HCIO, and 1.26 M
NaClO; at 25° has a rate constant of 2.1 X 10—¢

VD em. sec.~! when the formal applied potential E is
0 v5. 0.1 N calomel electrode® (D is the diffusion
coefficient). Taking the formal E°for the Co(NHj)e+% +2
system to be!® ~0.22 volt vs. 0.1 N calomel, the trans-
fer coefficient to be 0.67,'2 and D ~ 10~% cm.? sec.™!,
the value of k,/10* at n, = 0is found to be 2 X 10~12
If a transfer coefficient of 0.5 had been used, the value
would have been 9 X 1012

From isotopic exchange rate constants and equilib-
rium constants obtained at 65°,% one may estimate that
VE/10" < 5 X 10! in 0.14 M H+ at 65°. Pre-
sumably, therefore, VEE/101 << 5 X 10~ at 25°,
a result consistent with the above value of k°!/10*.

Ce(llI)-Ce(IV).—The value of kg/10¢ for this
system in 1 N H,80, at 25° is 8b ~ 10—%. Unfortu-
nately, the electrochemical transfer coefficient for oxi-
dation was apparently 0.75, a value so different from 0.5
that a comparison with the exchange data can be
questioned. (The magnitude of the chemical transfer
coefficient for the Ce(IV)-Fe(phen);+? system is of par-
ticular interest and is under current investigation.!®)
The value of V/ ke, /101 is 7 X 10—¢in 0.8 N H.SO, at
25°.21

Cr(II)-Cr(IIT).—The electrochemical exchange cur-
rent for this system has been measured at 20° in 1 M
KCl where hydrolysis is presumably appreciable.?? The
value of %,/10* is 1.0 X 10—°. From the isotopic
exchange rate data? at the lowest acid concentration
studied (0.2 M HCIO,, 0.8 M NaClOy), one may esti-

mate Vke/101 = 5 X 10~ at 20°.
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