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Abstract

Using a. theory of electron transfers which takes cognizance of reorganiza-
tion of the medium odtside the inner coordination shell and of the ligands inside
it, relations between electrochemical and related chemical 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 conditions. The deductions offer a way of coordinat-
ing a variety of data in the two fields, internally as well as with each other, and
a way of predicting results in one field from those in another. For example, the
rate of oxidation or reduction of a series of related reactants by one reagent is
correlated wiﬁh that of another and with that of the corresponding electrochemical
redox reaction, under certain specified conditions. These corréiétiéns may also
provide a test for distinguishing an electron from an atom transfer mechanism.

In recent years many rate constants of electron transfer reactions in solution and

3,k

at electrodes have been measured, and some quantitative comparison of the data in

the two fields now seems appropriate. As a guide we chall employ a theory formulated
5

in earlier papers. This theory yielded an expression for the rates of each of these

Giivprocesses, taking into consideration the solvent reorganization occurring outside the
inner coordination shell of each reactant prior to\(and necessary for) electron

Sa~5d

transfer.
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Q The theoretical rate constant for either process was given by Egs. (1)-(3)5 ©558
| F*/ T |
k=7 e AF /R (1)
where AF = w+ mEA (2)
and m = - (%*- AF’;WP-“) (3)
2

In Eq. (i) Z is the collision frequency of (hypothetical) uncharged species in
solution. It will be taken to be ~ 10! 1 mole=! sec~ and ~10% cm sec-t

for homogeneous and electrochemical reactions, respectively. w is the work needed
to bring the two reactants (or reactant plus electrode) together and W is the
corresponding term for the products, ATF® is the "standard" free energy of the

elementary electron transfer step in the prevailing electrolyte medium, v It is

-nF 73. for the electrode case. (n = number of electrons transferred; 7& =
activation overpotential.) A was given by Eq. (10) in Ref. 5S¢, which is reproduced
in Eq. (5) below.

More recently this theory was extended to include the effect of changes
(Aq‘f’j , below) in bond distances and bond angles in the inner coordination shell

Se,f Egqs. (1) to (3) were agéin obtained with A now equal to:

A =X, +A, ()

) depends on the size and shape of the reactants. For spherical

of each reactant.

A, O

particles undergoing a homogeneous reaction, >\° is given by Eq. (5) below, and

outer

for a spherical reactant undergoing an electrochemical reaction it is one half that

expression, >\i(>\ ) is given by Eq. (6) where kj and kg denote the force

inner
constant of the Jth vibrational coordinate in a species involved in the reaction when
that species 1s a reactant and when it is a product, respectively. The summation is

G over both reactants in the homogereous case and over the one reactant in the electrode

one. A rather general expression for the inner shell reorganization barrier is given

in Ref. Se, but this one suffices for the purpose of this paper.
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a; and a, are the radii of the spherical particles undergoing reaction, the inner
coordination shell of each particle beingz included in the estimation of a,; and a,.
r is the mean distance between the centers of the reactants in the activated
complex. (We take r = a; + ay.) In the electrochemical case a, and a, are equal
and r is twice the distance from the center of the reacting particle to the elec-
trode surface. Dop and Ds are the square of the refractivg index and static
dielectric constant, respectively.

For making the correlation desccibed in this paper, an essential featufe of
£gs. (L)to (6) is that

Mg =Mt A=A, (7)

where >\1 depends on the properties of particle 1 (size, force constants,
difference of corresponding equilibrium bond distances in reactant and product
state) and not on thqse of particle 2. Similarly, A 2 depends only on properties
of 2. >\r is the r term in Eq. (5). In th; electrochemical case we find

)Y ST (8)

el
than
where the value of ;\r in Eq. (8) will be equal to or less / that in Eq. (7),

according as the reacting species can or camot penetrate any bound layer of

_ e
solvent molecules adjacent to the electrode surface.”®

Particularly pertinent to the following arguments'is 7q. (9), obtained from

Eqs. (2) and (3) when ‘) (AF° + W) /2 ) ’ is small (say, 1/ii).

* oo %—£+,->ﬁ+ A2F° (9)

AF

AF”" is then linear in AF® with a slope of 0.5. When w and WP are small,




® o . *

/x is seen to be four times the value of _\F when 5 F =0, i.e. L(AF )o say.
Thus, the above condition for linearity in ATF® can be written as:

| F/(AF) | €2 (10)

a condition often fulfilled in practice.6

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 redox reaction of a series
of related compounds with a given reageht such that ATF°® is essentially the only
parameter varied, a plot of z}FﬁEEE_ AF° and hence of log k vs log K

should be linear with a slope of 0.5 for A ¥°'s satisfying Eg. (10). In the

W* ]T
electrochemical case, the corresponding plot of AF vs = nf 73 (or of ir— in k

vs electrode potential) should also be linear with a slope of 0.5. The first

deduction, predicted first in Ref. Se, was recently confirmed experimentally for the
+3

3
the siope of the electrochemical plot of g; In k vs electrode potential is the

nomogeneous oxidation of Fe(II) by a series of substitubed Fe phen ions. Again,

so=called electrochemical "transfer coefficient." At appreciable salt concentra-
tions transfer coefficients have been found to be near 0.5 (0.L to O.’é},6 in ajree-
ment with the second deducticn.

By analogy, we shall call the slope of the A;F% 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 correspondirg electrochemical exchange current:

“or an isotopic exchange reaction between ions differing only in valence stuate,
(<] 3 i o
AF® =0, w=u and hence m = =0.5 in Eq. (3). In the "exchange current" of the

corresponiing electrochemical system 7a = 0 by definition, and m = -0.%, if the work
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erm w - W  is small., The >\1's and ;\2'5 in Eqs. (7) and (8) are all egual.

dccording to the remarks following Eq. (8), it then follows that

x

the solvent layer adjacent to thz clectrode). From a physical viewpoint, the

ox $ 2 ) o1’ (= or € according as the reactant can or cannot penetrate

factor of two enters in the exchange system because two ions and their solvation

shells are undergoing rearrsngement in forming the activated complex while in the

electrochemical system there is.but one such particle. It thus follows that

4

aﬂFex €2 AT | wher w and W are small in both the ex and el experiments. From

msanainm o
g

§ y 11 L , . .
Eq. (1) we then expect that A\Kex/lo > kel/lo , where k_ and k_, are in units

ot 1 mole sec

n

3 and cm sec-l, respectively. Another factor tending to favor the

»" sign isthe 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 condi-

tions neither the above deduction of bhi§J§;¥/ke1 relation nor that of the 0.5

slopes of the /. F~ plots should be affected if cne or both of the reactants

form relatively weak complexes with other ions.

9

(The A 7 's are then those

corresponding to the pseudo-rate constants, "constants" which depend on the

concentrations of these other ions.)

A comparison of w!kex/loll and kel/lOh on the basis of;eiisting experimental

data is given in Table I. All rate constants are pseudo-rate constants, their .

use being Justified under the conditions cited.

k

el
close to each other, considering the fact that approximations in the theory enter

7 The qualitative trend in both

and kex is seen to be the same, and the values in the two columns are relatively

exponentially {(a fairer comparison would be of ;ﬁF:X/Z and é;F:l), that stationary

electrodes (and their adsorption problems) were usually necessary, and that the

work terms may not have been negligible. Cther reaetiocns for which the data are

more fragmentary are described in Appendix I11.

Comparison of chemical and electirochemical redox rates of a series of related reactants.

In this comparison we shall consider systems in which a constant reagent is used




G;F in the chemical system, and a consﬁant electrode potential in the electrochemical
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 ggF*'s are in the region where they would depend
linearly on A F°, then according to Egs. (1) and (7)-to (9) the ratio ksoln/kel
should be the same for each member of the series: In both cases, the terms
P 15 JF° and, at a constant E, ") (« E = E°) will normally vary from member to
member. (/\\ 2 refers to the constant reagent. } However, since AF° equalsr
( - nFE® + constant) in the series, one sees from Eqs. (7) to (9) that these
variations in 4 ,, A F° and E° cancel when one compares values of (é‘F:oln' :AFZI),

12

that is of kso].n/k Vlecek has recently observed that the electroreduction and

el’
the Cr dipy§2 reductionts of CO(NH3)23 and CO(NHB)S(H20)+3 had essentially the
same ksoln/kel for both Co compounds. (See Table II.) This experimental result

is in agreement with the above theoretical deduction. Presumably both E° and A 1
differed in the two compounds. Lxtension of these comparative studies to other
Co compounds would of course be desirable.
Qs - b . . : s 34
Similarly, the ratio ksoln/ksoln for each member of the series oxidized or
reduced by two reagents, a and b, should be constant. This result was found

experimentally for the Co(NH3)5 X (III) compounds reduced by V(Hzo)g2 and Cr dipy;3,

: . -1, s
respectively, with X being NH3, H,0 and C1 1h,15 (Table II.) The restriction to
charge ‘
a giVen/typeiwill not be important if the work terms are relatively minor.lhe com=arise,
invelvin \/+ v

ﬁshould 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 suzgest that some of the interesting phenomena observed
in isotopic exchange reactions should be looked for in the corresponding electro-

chemical ones. For example,traces of Cl~ inhibit T1(I) - TL(IJI) isotopic

A . . .
1¢ Again, substitution of water by

17

exchange but greater amounts catalyze it.
isopropyl alcohol decreased the rate of Fe(II) -~ Fe(III) exchange 108 fold.
this factor could be due to the enhanced coulombic repuision. If not, the electro-

. . l ,
chemical exchange current may be reduced 10 fold.

N o :l' (i E . -

N, Sutin has suggested  chat it would also be interesting to study the electro-

reduction of Co(NHB): X (i11) when X is a fumarate methyl or phenyl ester, to see

or by V+2.

)
T

whether this reduction resembles more clesely a reducticn by Cr dipy3
lydrolysis of the ester accompanies the reduction in the second case but not in the
first,

Cross-reaction rate constants:

it follews from EZgs. (L), (7) and (2] that when condition (1G) is fulfilled

the forward rate constant klﬂ of the cross-reaction (11),
£

-
).J

Ox, + i'ied2 = Redl + Oxg,

-
Y

- P e\ /om
k ”JT e (wyp + Wy =Wy = Wy, )/2RT
127Vl 12 , )

where k and k are the isotopic exchange rate constants in systems 1 and ?
11 22 ’

w11 and w2? are the corresponding work terms, and K

equilibrium constant and the work terms of (11).

and wi w§2 denote the

12 2’

. . .. _5d 19
bg. (12) was derived earlier” under 2 more restrictive assunption (kﬁ = k§>
L
snd for neglipible exponent, Ever i7 any or all of the species in (11) form weak

oy lexes with other ions, (12)° should still hold for the pseudo k's, provided (i)

(¢
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the conditions listed earlier9prevail, (if) the coulombic contribution
to W5 + wﬁz - Wy " Wy, 1S negligible for each elementary electron transfeq,and(slﬂb

the noncoulombic 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,

‘12 for this step is that computed when a cooralnate is "frozen', %

For a somewhat more accurate comparison, k12 may be estimated {rom kll and k22

using the complete equations (1) %o (3), noting that n;\lg = ()‘ll + ;\22)/2.

(However,the generalization to weak complexes has not been establiched for the case
where condition (10) does not hold.) When the work terms are negligible, Egqs. (1)
to (3) yield:

kio = kg Koo Kip f (13)

where
= , 2,) , K 22
£ (In hlg) /i 1n (kll 22/4 )

When reaction (11) is one in which the reactants are aquo ions which interchange

8] . ~ .
charges, one would expect w]2 = w12 = wll = W,,. L[he work term in (12) then vaniches.
- 4y

Cn the other hand, when (11) is a reaction between an ion with hydrogen bonding

+3.

ligands and one with organic ligands (e.g. Fe(HqO)g2 + Te phen3 ) one would expect
£

that the noncoulombic contributicns to the work terms will not cancel: w and w

11 2¢
may have attractive noncoulcombic contributions and (w 12 + Wiz) repulsive ones, In
uls i v v : i) d

his event two deducitions may be made (i) k12 will be less than k%l o0 ? l2 an
con,rlbuuwo

(i1) wher suitable ratios k /k are taken, the noncoulombic/to the work term cun

essentizlly cancel in thae +3 op +2 +2 or +3
/ratlo (& 2. if k12 corresponds to ,he reaction of Fe ghen 3 with Fe(d. C\O .
and k13 corresponds to the reaction of fe phen33 or +2 with another aquoion).
3a s
Deduction (i) may erplcm.r the results of a comparison of klZ and ~/k 1 , %':l,;
for the Fe v2 Fe phen33 system. A value of a few kcal mole -1 for
D
u - J - v ) L i » ('.. y - - A 2:
( RTINS ?2)/5 would suffice to explain the results. Decuction (ii) was

TR

suggested by a comparison of k12/k13 with ,/kzz Klz/k33 Kl} made by N. Sutin.
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A variety of experimental tests involving the cross-relations is now in progress
by Dr.‘Sutin and collaborators.18~

Often in the literature the role of A F° (and hence of !&2) has been ignored
in explaining the values of certain rate constants. Eq. (12) (or indeed Egs. (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 rates constants of redox reactions
and on other properties of complex ions has been the subject of much interest. They

are incorporated in the present theory; in particular they influence kj s Aq,; and

N FC, Accordingly, the present approach converts discussions of ligand-field effects

on kinetic problems into a discussion of the problem of estimating kj’ ASQ3 and
(%)
AF°, Moreover, according to Egqs. (1), (7%/and (9), these effects cancel when certain

correlations of the experimental data are made: the correlations embodied in chemical

and electrochemical transfer coefficients of 0.5, in the comparison of chemical and

electrochemical exchange “currents", and in the compariscn of cross and isotopic
exchange rate constants.

One vs two electron transfers.

In some reactions involving 2-electr6n redox 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 sometimes possible to distinguish
between the two alternative meéhanisms in a corresponding electrochemical reaction.
For example, the T1(I) = T1(III) electrochemical process has been found to proceed
via two one-electron transfers? From the electrochemical rate constants for the
T1(I) = T1(II) and TL(III) - T1(I) reactions, we have computed in Appendix I a

rate constant which may be compared with the homogeneous 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

mechanism for the homogeneous reaction. Had the value for «/kex/loll been




appreciably greater than that for kel/loh (or really appreciably more than 10-fold

greater since the electrode was Pt rather than Hg) one would have obtained evidence

Jor the one two-electron homogeneous reaction instead.

Concluding remarks

The above correlations offer a possible way of systematizing and comparing
experimental data both on electrochemical and on chéﬁical electron transfer
reactions. Some of the isotopic exchanges discussed earlier may not involve
electron transfer and could involve atom transfer instead. The extent of corre-
lations 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 reactions for
which chemical and electrochemical transfer coefficients could be determined. Several
recent detailed surveys of the 1iterature3’h should be very helpful for this purpose.
Yore frequent collaborgtion bétween electrochemists and chemical kineticists would be

useful for this purpose.
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TABLE 1
G COMPARISON OF ISOTOPIC EXCHANGE AND ELECTROCHEMICAL RATE CONSTANTS

7OR ONE~ELECTRON TRANSFERS AT 25°C

R : 11 L ;
System Medium q/kex/lo kel/lO Electrode Ref.

Fe(CN)gB’-h 1 K | (1 x 07 1x 107 Pt a
Mnogl”Q 0.94 Na* 2 x 107% ~2 x 207 g;% iie b
pet2s*3 1M HC10) 9 x 1070 7 x 107/ ;t c
y*25+3 1MVHCth L x 1077 L x 1077 Hg d
Futes*3 M ¢1” 6 x 10" 3 %108 Hg e
k3 .
s *3 14 HC10, 3 x 1070 2 x 1070 Pt £
CO(NHB)(‘;Q’*3 0.1h ME <5 x 107 w5 x 1072 Hg g

* K3 3
Assuming exchange proceeds via two one-electron transfers. Otherwise, value
is an upper limit for the one-electron transfer rate.

Fxchange data: (a) Ref. 10 (b) J. C. Sheppard and A. C. Wahl, J. Am. Chem. Soc.
19, 1020 (1957); (c¢) J. Silverman and R. W. Dodson, J. Phys. Chem. 56, 8L6 (1952);
{d) K. V. Krishnamurty and A. C. Wahl, J. Am. Chem. Soc. 80, £921 (1958); (e)

D. J. Meier and C. S. Garner, J. Phys. Chem. 56, 853 (1952); (f) E. Roig and R.W.
Dedson, ibid 65, 2175 (1961). -

Electrochemical data: (a) Ref. 8c; (b) Ref. 11 ; (¢) J.E.B.Randles and K.W.
Somerton, [rans. Faraday Scc. L8, 937 (1952); (d) Ref. ¢, J.E.B. Randles, Can, J.
Chem. 37, 238 (1959), Ref. 8(1i); (e) Ref. c: note that the corresponding

isotopic exchange data were insensitive to (H ), so this comparison could be made;
(£) Ref. B8g. See Appendix I.

A1l data are corrected to 25°C anc to the cited salt concentration listed under
"Medium, "




TAZLE 11

RELATIVE REDUCTION RATRS OF CO(NHB)S X (I1I1)
X y*2 or dipy;Z DME”
NHB 1 1 1
H0 , 135 91 12k
c1” 1.6x10° 1.5x10° -

k

%at E of 0.1 N calomel electrode
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Appendix I. An analysis of the T1(I) - T1(III) system.
In Ref. 8g the following k's were estimated at the formal potential of

T1(I) = T1(III) + 2e in 1M HCth at 25°C

TL(IID)»T1(II) = e Vk;% =1x ]_O-5 cm sec™t
TL(I) *TL(ID + e lci% = 3,5 x 10~ cm sec~?

We shall designate X\ 's by appropriate subscripts and let Eij be the formal

half-cell potential (in 1M HC10, at 25°C)of T1(i) = TL(j) + (j-i)e (j>1i).
(z)(g)and b |
Equations /(9) then yield, when the work terms are neglected,

Aél‘ -
2 In iGy/2t = B :7321, D3z = = (B0y3 = Ep)

)\el

F .
el ,,el _ 12 7212.f _ - o o
RYInkpp/270 = g7 r )212“ By = Epps
since the transfer coefficients are in fact O.S?g so Eq. (9) applies, and since
t 2 ‘0 . \’0 [+] .
the k's were given at 213 s rather than at the unknown E23 or E12

ES,)F 1s ATFY, the "standard" free energy of

Ezy = EFip)

reaction (Al) in the prevailing medium,

Noting further that (

r(III) + T1(1) = 2. T1(II), (A1)
one obtains : .
. o el el
1 el el? 23 7 A o AFe
-3T 1n k&* k®1/z° = * -
32 12 L 2

(1 .
However, it can be shown from Eqs¢T7)and(8) that the forward rate constant
of the homogeneous reactionéQl), kX , should be given by
) ex + ex
CATR®
AT 1In Kk 23 ' 12 | - AF

2% ¢ 22\ it then 8 2

/ follows that to test the theory 4 keX/Z should be compared with{égé ki%/%.

For this reason the geometic mean of kg% and k?% was used in Table I.

ex/Zsoln

Appendix II, Comparisons in other systems.
“ragmentary information exists about electrochemical and chemical exchange rates

in a number of other systems:




\ \+2’+3.
Co(I\HB,6 :

Both the electrochemical and chemical rates are extremely small, he electro-
chemical reduction of CO(NH3)23 in 0.14h M HCth and 1.26 M NaCth at 25°C nhas a
=) qr- -1 , s . .
rate constant of 2.1 x 10 D cm sec ~ when the formal applied potential E is

0 vs 0.1 N calomel electrode.10 (D is the diffusion coefficient.) Taking the

+2,+3 15
> 7 system to be  ~0.22 volts vs 0.1 N calomel,
12 -5 2 -1
the transfer coefficient to be 0.67, and D ~ 10 ~ cm” sec ~, the value %f
o ef 0.
kel/loh at ’?a.= 0 is found to be 2 x 10™Y°, 1If a transfer coefficient/had been

used, the value would have been 9 x 10'12,

formal EO for the Co(NHB)

From isotopic exchange rate constants and equilibrium constants obbtained atb
20

: ] —~ - . < . ot .
65°C, one may estimate that kex/lOl* < 5x10 1 in 0.1L H H as 45°C,

Presumably, therefore, J keX/loll <L 5 x 167 at 25°C, a result consistent
L

with the above value of kel/lQ )

Ce(I11) = Ce{IV):

&b -8
The vszlue of kel/loll for this system in 1 N HZSOh at 25°C is w10 » Unfortun-

ately, the electrochemical transfer coefficient for oxidation was apparently 0.75,
a value so different from 0.5 that a cormparison with the exchange data can be

questioned.(hfhe magnitude of the chemical transfer coefficient for the Ce(lV) =

+2

3
value of‘JkeX/lOll-is 7,(.10"-6 in 0.8 N HZSOh at 25°c."l

. . ) . .. ) . 184
Fe phen system is of particular interest and is under gurrent investigation. )Tne

Cr(II) - Cr(III):

The electrochemical exchange current for this system has been measured at
20°C in 1 M KC1l where hydrolysis is presumably appreciable?2 the wvalue of kel/lob
: - 3 , .
is 1.0 x 10 ). From the isotoplc exchange rate dataz“ at the lowest acld concen-

tration studied (0.2 M HCth, 0.8 M NaCth), one may estimate-JkeX/lOll T 5 X lO"Z

at 20°C.
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apparent smallness, we have omitted it in the present paper.;(g) Note on Egs. (1) to
(3): In a notational/change to conform with ref, §e,.w* and w_in ref. S5c are now

written as w and w°, respectively. The factor of = in Eq. (8) of ref. 5S¢ is now
incorporated in the present definition of >\° for the <lectrode system, and "e" has

been replaced by its molar equivalent, the Faraday F. The values of Z in the
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present paper are the gas kinetic values.
E.g., in Ref. 7, the intercept of Fig. 2 yields (AF%)ONIQ keal mole™}

4+

(Ref. 7 gives AF*‘ 's but ATY = AP - RT In hZ/kT = AF ' - 2.8 keal mole™

when the standard state in AF*

is 1 mole liter’l)s.'a Since the largest IAF°‘

there was 12 kcal mole™!,; (10) is fulfilled. Again, in electrochemical systems in
which the transfer coefficient is measured over an electrode potential range of
perhaps 0.2 volts from the equilibrium potential, and in which the typical (AF*)O,
(value of AF% at ) = 0) in Table I is of the order of 7 keal mole t, condition
(10) is again fulfilled since )AF°/( a7 |~ o.2x23/1.

M. H. Ford-Smith and N. Sutin, J. Am. Chem. Soc. 83, 1830 (1961). The data

. L 6
satisfy condition @0).” It is assymed that in the first approximation the sub-
stituents leave the kj's and Ag;'s unaltered.

Data arc largely but not entirely“taken from Ref. li¢d).The transfer éoefficients
are

are either those of the reduction process or ,(1-transfer coefficient of the

oxidation steg: Fe(II)-Fe(I1D) in 1M H,SO, 0.2, 0.62,° 0.61°; Fe(CN);“’"3

s c .
in 1M KC1 0.L45,% 0.50,° and (graphite) 0.5,% V(I1)-v(IIr) in 1M HC10), 0.52,€ 0.50to

o

£ . £ o o\
0.57," and in 1 M Hgsoll 0.4673 TL(I)-TL(II) in 1 M HCth 0.5%; T1(III)-T1(WM) in
IM HCl0, 0,57, ' v . v .
L o |

At lower supporting electrolvte concentration: Fe(II)-Fe(III) in 0,1 M HC10),,
0.78115 Cr(CN)gB’-h' in 0.2. M NaCN 0.67-(The exchange current in the lat;ter'bsystem
was very sensitive to salt cdncent,ration-..)

Low values are: Ce(III) -~ Ce(IV) in 1N stoh,’ 0.25,b and Mn(II) - Mn(III)
0.28.3s°

in 15 N H SOZ

2

(a) R. Paréons, Handbook of Electrochemical Constants, Butterworths, London (1959);

I

(b) K. J. Vetter, Electrochemische Kinet.ik, Springer-Verlag (1961); (c) M. D. §ijnen
and W. M. Smit, Rec. trav. chim. 79, 289 (1960); (d) A. Regner and J. Balej,
Collection Czechoslov. Chem. Communs. 26, 237 (1969, (e) K.M.Joshi, . Mehl and

R. Yarsons, [rans. Symposium Electrode Processes, E. Yeager, Ed., John Wiley and
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82, 1509 (1960).
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R. A, Marcus (to be submitted). The conditions imposed in the derivation

: *
were that (i) for every pair of reacting complexes the corresponding AF

for electron transfer between the pair is in the linear AF°® region described
earlier; (ii) the added ions do not act as bridging groups to any. appreciable
extent; and (iii) dissociation of any complex does not constitute an important
reaction coordinate at the intersection surface of Ref. Se, though it can

occur before or later.

If A and B denote different reactants, A” and BY the corresponding products, and X .

aﬂ& ~ - . - - » .
Al any ions forming complexes with these species , condition (1) is fulfilled only if the

10.

11.

12.

standard free energy of reaction of A Xm + B Yn$ APXm‘-l- Bprn, AF;;y, satisfies
condition (J0) for every important mn pair, i.e. if IA,_I";;?( AF:ngo l § 2. If any of
these complexes decomposes in less than a vibrational period, AF;;:'Y is to be computed
for a “frozen" value of the unstable coordinate, the same value for both sides of the
above equilibrium. There is some possibility that for certain deductions conditions
(i) and (1% can be relaxed, a point which we shall investigate further.

P. King, C.F. Deck and A,C.Wahl, 139th A.C.S. National Meeting, (1961),

Abstracts, p. 30 R, and private communication. The value in Pable I is a long

extrapolation which I made uéing their equation describing data in the 0.0025

to 0.05 M KCl1 regipn. At 0,05 M KC1 and corrected to 25°C, ~ ke;/ldll was

1.6 x 107%,

Z. Galus and R. N, Adams, Paper preéented at the"Symposium on Mechanisms of

Electrode Reactions,” 1l;2nd A.C.S. National Meeting (1.962). These authors

found fhat in a variety of electrochemical reactions kel averaged about 20-fold

less for a carbon paste electrode than it did for a platinum one. Accordingly,

-1,

their k . for Mnoh '2(0.01 cm sec."l) ,which was obtained with carbon paste,

1
was increased by a factor of twenty o obtain the value cited in Table I, so as
to permit its comparison with the other systems.

A. A. Vlcek, in "Sixth International Conference on Coordination Chemistry",

S. Kirschner, Ed., Macmillan, few York (1961), p. 590.
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