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the region of chemical transfer coefficients equal to 0.5
[i.e., in the region where jl1FO f I < (I1F*) AFo°'=0 in each
case].

(e) When the series of reactants in (d) is oxidized
(reduced) electrochemically at a given metal-solution
potential difference the ratio of the electrochemical rate
constant to either of the chemical rate constants in (d)
is the same for all members of the series, in the region
where the chemical and (work-corrected) electro­
chemical transfer coefficient is 0.5.

(f) The rate constant of a (chemical) electron­
exchange reaction, kex, is related to the electrochemical
rate constant at zero activation overpotential,3la kel, for
this redox system, according to Eq. (98) when the work
terms are negligible:

(98)

where Zsoln and Zel are collision frequencies, namely
about 1011 mole-I. secl and 104 cm seci •

When the work terms are not negligible, or do not
cancel in the comparison, the deductions which depend
on this condition refer to rate constants, to K I2 and to
an electrochemical transfer coefficient corrected for
these terms. Again, a minor modification of the transfer
coefficients from the value of t in (b) or (c) can also
arise from the antisymmetrieal force constant term (18 >
in Eqs. (87) and (AI4).

It is shown in Appendix VII that under certain
conditions these expected correlations apply to over-all
rate constants as well as to those involving only one
pair of reactants.

19. GENERALIZATION AND OTHER
IMPROVEMENTS

Some of the extensions or improvements in the
present paper, compared with the earlier ones in this
series, are the following:

(1) Use is made of a more general expression for the
reaction rate as the starting point.

(2) A more detailed picture of the mechanism of
electrode transfer is given for the electrochemical case.

(3) The derivation is now given for both electrode
and homogeneous reactions, and in a single treatment.

(4) The statistical-mechanical treatment of polar
interactions, based in Part IV on the interactions of
permanent and induced dipolar molecules in the
medium, was replaced by a more general particle
description of polar interactions, through the use of
the potential-energy function (37) and (65).

(5) The equivalent equilibrium distribution made
plausible in Part IV was proved more rigorously here.

(6) The functional form (68) for I1Fo*, obtained in
Part IV only by subsequently treating the medium as
a dielectric continuum, was derived here using a
statistical-mechanical treatment of nonequilibrium
polarization systems.

(7) The basic equation for krau. has been converted
to a simple form [e.g., (31) and (81)], a form used in
Part V, by neglecting the antisymmetrical function of
the force constants, a neglect which has only a minor
effect numerically.

(8) The symmetry arguments used in Part IV to
convert the kT/h and a portion of a I1F* term to the
Z factor in (31) have now been given more rigorously.

(9) The ion atmospheric reorganization term was
but mentioned in Part IV. It is now incorporated into
I1Fo*. The nonpolar contribution to w" and wP is also
formally included.

(10) The contribution of a range of separation
distances to the rate constant is included.

The results in the present paper may be compared
with earlier papers in this series. In Part I, I1Fo* was
computed for homogeneous reactions at zero ionic
strength, and dielectric continuum theory was used.
Equation (89) was obtained. The actual mechanism
of electron transfer was discussed there, but without
the detailed description which the use of many-dimen­
sional potential energy surfaces provides. The latter
was used in later papers of this series, a use which
added to the physical picture. The counterpart of
Part I for electrode systems was also derived and
applied to the data in a subsequent paper.2

In the earliest papers, the dielectric continuum
equivalent of the equivalent equilibrium distribution
was derived by a method apparently different from
that used in the present paper. The distribution
selected was the one which minimized the free energy
subject to the constraint embodied in Eq. (20), or
really embodied in the dielectric continuum counter­
part of (20). In Appendix IX this method is in fact
shown to yield the same result for the equivalent
equilibrium distribution as the functional analytic one
used in Appendix II. It is entirely equivalent.

APPENDIX I. NONADIABATIC ELECTRON
TRANSFERS

Several estimates are available for the probability of
nonadiabatic reactions, per passage through the inter­
section region of two potential energy surfaces, and
have been referred to and discussed in Ref. 7. In each
case the motion along the reaction coordinate was
assumed to be dynamically separable from the remain­
ing motions. (For conditions on separability see, for
example, Ref. 32 and references cited therein.) The
probability of electron transfer per passage through
the intersection region in Fig. 1 will depend in the first
approximation on the momentum PN conjugate to the
reaction coordinate qN, as, for example, in the Landau­
Zenerll equation. While the value of K is not so simply
represented in more rigorous treatments, we simply
write it as K(PN). In the above treatments the reaction
coordinate was assumed to be orthogonal to the others

;12 R. A. Marcus, J. Chern. Phys. 41,603 (1964).
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APPENDIX II. PROOF OF EQ. (13) FOR
THE CENTERED DISTRIBUTION

f'" ( gNNPN2
)gNNPN exp - -- dpN

o 2kT

Suppose, for possibly more general applications, that
there are n linear equations of constraint of the type
represented by (A3). Here, we are especially interested

f'" ( gNNPN2
)K(PN)gNNPN exp --- dpN

PN~O 2kT
K=-------------

(A4)

(A3)j=l,·",n.

x=w[J(x)/ J(w)]+y,

!f*YidV'= 0,

where Y belongs to M. In the present instance w= 1 is
such a function. On applying (A4) to the function
x= U*- Ur and using (A2) one sees that x=y, i.e.,
that x belongs to M and can so be written as a linear
combination of the functions Yi. In the present case,
M is one dimensional, the only Yi being Ur- UP, since
(A1) is the only equation of constraint. Thus, x, i.e.,
U*- Ur, equals Ur- UP multiplied by a real scalar,
and Eq. (13) is established.

APPENDIX III. DISTRIBUTION OF Yo' COORDI­
NATES IN THE ACTIVATED COMPLEX

Since U(l) is linearly dependent on the Pao of each
reactant, ur(l) +m[ur(l) - Up(l)] equals the U(l)
for a system in which each reactant has a Pa 0, Pa0*,

33 A. E. Taylor, Introduction to Functional Analysis (John
Wiley & Sons, Inc. New York, 1958), p. 138.

For any temperature and U*, this integral is a linear
functional of Yi. Although one can find functions, U,

other than Yi (and other than linear combinations of Yi)
for which f1*udV' vanishes at some temperature T,
the y/s are the only ones for which this integral is
specified to vanish for all T. That is, there are only
the n equations of constraint (A3) on the U* in 1*.
The space functions Y for which ff* Y dV' is real and
finite form a linear vector space over the field of real
scalars. Moreover, the integral, denoted by J ( Y), is a
linear functional on this space. For some subspace M
of it, the integral vanishes. The functions Yi( j = 1 to n)
form a basis for M. If there exists some function w for
which J (w) does not vanish, then an elementary
theorem33 of functional analysis shows that any func­
tion x can be written as

in the case n= 1,

We first note that U(2) in Eq. (65) does not depend
on PMo, the pO of the "medium," and so is insensitive
to the usual rotational and translational fluctuations of
the solvent molecules, unlike U(O) and U(l). Since
Uo* is given by (13), with 0 subscripts added, one term
in Uo* is ur(2) +m[ur(2) - Up(2)]. Since this can be
extracted from the integral in the denominator of the
above distribution function because of this insensitivity
to the V'o coordinates, it cancels a corresponding term
extracted from the numerator. The distribution func­
tion fo* then becomes (AS) :

exp(- {U(O) +ur(l) +m[Ur(l) - UP(l) ]}/kT)

! exp(- {u(o)+ur(l)+m[ur(l)- UP(l)]}/kT)dV'o

(AS)

(Al)

(A2)!f*U*dV'= !f*urdV'.

The centering is of both a horizontal type (horizontal
in terms of Fig. 1 or 2) and of a vertical type, repre­
sented by Eqs. (A1) and (A2), respectively:

!f*urdV'= !f*UpdV',

This K can depend on all the other coordinates, qi(i~N)
at the given value of qN characterizing the intersection
surface S. The denominator in the above equation is
easily shown to equal kT, and so to be independent of
the qi. In the discussions of K(PN) in the literature, the
derivation of the Landau-Zener equation, for example,
the reaction coordinate has been assumed to be recti­
linear; gNN is then a constant and the integral in the
numerator then becomes independent of the qi and may
be removed from the integral in Eqs. (1) and (2).

There appears to be no treatment in the literature for
nonadiabatic reactions involving many closely spaced
energy surfaces as in Fig. 2, covering the range of K(PN)
from 0 to 1. If K (PN) is sufficiently small, the transition
to each P surface from the initial R surface may be
assumed to be independent, as mentioned earlier, and
the reverse transition to the initial R surface during
this passage may also be neglected. In this case only
does the method of Levich and co-workers in this
connection become appropriate. (For references see
Ref. 7.) In this case the above K appears in the inte­
grand of Eq. (3) and care is taken to sum over all levels
in an appropriate fashion, as done by Levich et al.
(see Ref. 7 for bibliography). One can then evaluate
the K appearing in Eq. (33) and defined earlier. Usually,
however, we assume that K(PN) is close to unity (within
some small numerical factor, say) for the PN'S of
interest.

in mass-weighted configuration space, so that gNi van­
ishes for i~N (and so, therefore, does gNi) in the
kinetic energy. On recalling the derivation of Equations
(1) and (2)8 and on introducing the above assumptions,
the rate constant is given, one can show, by Eqs. (1)
or (2), but with the integrand multiplied by K:
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given by (66). Next, on multiplying the numerator
and denominator of (A5) by the exponential of the
-U(2)/kT corresponding to these Pao*,S and placing
it under the integral sign, we see that the distribution
function jo* is the same as that corresponding to the
Pa o*'s given by (66).

APPENDIX IV. SIMPLIFICATION OF EQ. (54) AND
THE EQUATION FOR krate

We introduce the quantities kjk and ljk defined in
(63) and (64). The first was chosen so as to have
dimensions of a force constant, and the second so as to
be dimensionless.

Principally, it is the diagonal stretching contributions
which are usually important. Purely for simplicity of
argument we confine our attention to the diagonal
terms. We denote the new force constants by j:, j.p,
and their symmetric and antisymmetric combinations
cited above by k. and 1•. In terms of k8 and 1., j: equals
k./ (1-1.) and j.p equals k8/ (1 + 18), To make use of
the symmetry of the resulting equations we use the
parameter e, equal to (m+!).

We obtain (A6) from (54) and (60):

.1F.*= H e-!)2l:). (.1q80) 2(1-1.) (1 +2el.)-2

+!kT2:: In[(1+2e18 )/(1+1.)J, (A6)
•

where .1F;* is defined as .1F*(R) - .1Fo*(R). Similarly,
we find (A7) by noting that it is obtained from (A6)
by replacing -m by m+l and interchanging rand p
subscripts (see Sec. 13)

.1F/P= He+!) 22::k8(.1q.0)2(1+1.) (1 +2el.)-2
•

+!kT2:: In[(1+2e18 )/(1-1.)J, (A7)

where .1Fi*p is .1F*p(R) - .1Fo*p(R).
In terms of e, Eq. (79) can be written as (AS), upon

introducing Eq. (68) for .1Fo* and its counterpart for
.1Fo*p[= (m+l)2A"J

where

where
Xi =!2::k8(.1q8 0) 2,

•

Furthermore, according to (79) .1F* equals .1F*P+
.1FRo,. Hence,

.1F*= H.1F*+.1F*) = H.1F*+.1F*p) +!.1FR0'.

On introducing (A6) and (A7) one finds

.1F*= !.1FRo'+X(e2+t) +X i O(1]4) +!kT2:: (4e18+1.2).
•

(A12)

On introducing (AlO) for e one finds that (A12)
becomes

.1F*= !.1FRo'+tX+ (1/4X) (.1FRo'+!Xi (18»2

+tkT[2::18L (kT/X) (2::18)2J+0(1]4). (A13)

The same expression obtains for electrode processes,
with the .1Fo, in .1FRo, replaced by ne(E-Eo').

In an isotopic exchange reaction which involves mere
interchange of charges in the electron transfer step, the
term (1.) vanishes by symmetry. In other reactions
there will be some tendency for it to vanish, for while 1.
increases on one reactant on going from State R to
State P (due to an increase of charge), it will tend to
decrease on the other. As a somewhat extreme case
involving no compensation, consider two reactants
one of which has vanishing 1. and also vanishing con­
tribution to Xi. (Hence, we include the possibility that
this "reactant" is an electrode.) For the other molecule
let the force constants k: and k.p differ by as much as
a factor of 2. Then one finds (1. )"'t. If X/X",! then
Xl(18)2/16X is only about 1% of A/4, the main term at
.1FRo,=O. When A/4 has its usual value of 10 to 20
kcal mole-I, say 10, and when the reactant has a
coordination number of six, then the kT term in (A13),
is estimated to be about 4% of the X/4 term at room
temperature.

We consider next the effect of nonvanishing (1.) on
the derivative (iMF"/a.1Fo'ho,x, at .1FR0'= 0, the
region of greatest interest. This derivative equals

(A9) (A14)

Most of the data are obtained in the vicinity of
.1FRo'=0.6,7 We consider this region first. Near the
point (l.=0, .1FRo,=O) one readily verifies from the
equations below that e is close to zero and that it
vanishes at that point. We let 1] denote e or 18 , and 0
denote the "order of." (1] is a small quantity in the
vicinity of this point.) One then finds from (A6) to (A8)

-2eX-!Xi(1.)+0(1]3) = .1FRo'+kT2::1., (AlO)
•

In the case cited above the Xi (1.)/4X term is about
+0.04. Thus, the derivative differs by only 8% for
this case. Hence, the (1.) term may be neglected when
e (and hence I.1FRo,/X I) is small. When I.1FRo,/X 1is
not small, one finds that (A13) should be replaced by
(A14a), to terms correct to first order in the 1.

.1F*= !.1FRo'+tX+t(.1FR°')2
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The term containing (1.) is still small: A fairly extreme
case is one where the activated complex resembles the
reactants (m=O) or the products (m=1). At each
extreme I t!.Fnol/A I is about unity, since the expression
for E( = - t!.Fn01/2A) is but slightly affected and since
IE I equals! when m is 0 or 1. In the interval

O~ I t!.Fnol/A I~1
the last term in (A14a) has a maximum at

I t!.Fnol/A I = (!)!.

At this point it equals about 1 kcal mole-I for the values
of (1.), Ai/A, and A/4 cited above. When one does not
neglect second and higher-order terms in I., and solves
(A6) to (A8) numerically in this region one obtains
the same result: The 1. terms may be neglected.

APPENDIX V. SMALLNESS OF (Ur(Q*) - Up(Q*) )*0

If (ur-up).o at any Q is expanded about its value
at Q. and if it can be shown that the linear term
suffices, it follows that (Ur-up).o averaged over fi*
equals the value at Q. plus the average of the linear
term. In virtue of (SO) the averaged linear term vanishes
and, in virtue of (20), the average of (Ur-Up).o
over f;* vanishes. Hence, (ur (Q.) - UP (Q.) ).0 also
vanishes.

To show by a posteriori calculation that the linear
term in the expansion suffices we make use of some
notation introduced after (54). After use of (37), of
the equality of (U/-Uop).o with Fo*-Fo*P, of (68),
of the definition of Ot and OiP, and of their quadratic
expansions about Qr and Qp, respectively, of the essen­
tial equality of the vibrational entropy of reactants
and products, and of the justifiable neglect of the
antisymmetrical functions (64) (Appendix IV) one
finds (A15) for any given Q.

(Ur- Up).o= - (2m+1)Ao(Q) -t!.F01

+!L:)ii(qLqri) (qi_qri)
i,i

-!L:)ii(qLqpi) (qi_ q/). (A15)
i,i

The quadratic term, kiiqiqi, is seen to cancel. A linear
expansion of Ao(Q) about Xo(Q*) is sufficient, for even
the linear term is small (compare Appendix VI) . Hence,
he linear term in an expansion of (ur (Q) - UP (Q) ).0

suffices. The vanishing of (ur(Q.) - Up(Q.) ).0 then
follows.

APPENDIX VI. JUSTIFICATION OF NEGLECT OF
axo/aqi IN THE DERIVATION OF EQ. (58)

It is shown here that the error in neglecting the
dependence of Ao on Q in deducing (58) from (56) is
minor.

Since the arguments in Appendix IV reveal that the
error in neglecting the antisymmetrical functions (64)
is minor, we may simplify the present analysis by

neglecting them. To this purpose all force constants
may be replaced by the symmetrical ones, kik , defined
by Eq. (63).

Let Ao be a column matrix whose components are
aXo/aqi:

Xo(Q) =>'o(Q.) + L(aAo/aqi) (q'-q.i) +...
i

=Ao(Q.)+AoT. (Q-Q.)+.... (A16)

The first variation in an expansion of Oi*(Q) about
Q. is found from (56)

00.*= oQT{(m+1)K(Q.-Qr)

-mK(Q.-Qp) -m(m+1)Ao], (A17)

where the elements of K are the kik'S.
On setting 00.* equal to zero, one obtains, instead

of (58);

Q.=m(m+1)K-IAo+ (m+1) Qr-mQp. (A18)

Equation (54) for t!.F* then becomes

t!.F*= (m2/2) [t!.QT+ (m+1) (K-lAo)T]

·K[t!.QT+(m+ 1)K-lAo]

+m2>'0(Q.)+!kTln Ihk* III kik I. (A19)

For present purposes it suffices to consider the case
where t!.Fo1 is small. An expression for t!.F*p can be
obtained from (A19) by replacing m by - (m+1)
and t!.Q by -t!.Q. On letting t!.F*-t!.F*p equal zero
(since t!.Fo1 is zero) the resulting equation is solved
for m, which is thereby found to be -!. A simple
numerical estimate then shows that the presence of the
K-IAo terms have negligible effect: Other than the In
term the rhs of (A19) is given by

i>'(Q.)+!t!.>'o+~AoT(KT)-I·Ao, (A20)

where t!.Aois the total change in Aowhen Qr is changed
to Qp. Typically Ao/4 is of the order of 5 kcal mole-I

and is inversely proportional to ion size. When the
mean bond length changes by as much as 0.15 A
(compare the probable Fe-O bond length difference in
Fe2+ and Fe3+ hydrates) and when the radius of the
reactant including inner coordination shell is 3 A, t!.>'0/4
is about !(0.15/3), i.e., about 0.25 kcal mole-I. The
third term in (A20) is even less. For example, if one
considers the stretching of bonds only, and if the
stretching ki/s for metal-oxygen bonds in a hydrated
cation are taken to be the same one finds

i7%AoT(KT)-IAo= (t!.Ao/Ai)2iA.. (A21)

(Similar remarks apply to other coordination com­
plexes.) Since Ai/4 is of the order of 10 kcal mole-I for
the cited case (A21) is about 0.006 kcal mole-I.

APPENDIX VII. CALCULATION OF t!.Fo* IN
CONTINUUM APPROXIMATION

When dielectric unsaturation and electric unsatura­
tion prevail there is, respectively, a linear response of
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where ei is the charge of Species i in this atmosphere,

34 R. A. Marcus, J. Chern. Phys. 38, 1858 (1963).

where aP and aE are the change in polarization and in
electric field at r. The effective dielectric constant
describing the response to this aE is V s (r) equal to
1+41lx(r). The quantities x(r) and Vs(r) can be
tensors.

Then, again, if P(r) is the charge distribution in the
ion atmosphere and, if one wishes, in the electrical
double layer at the electrode-solution interface, and if
p(r) is approximated by a continuum expression

p(r) = Lc;'°ei exp (- eiif;jkT) ,
i

the solvent polarization and of the charge density of
ions in an ion atmosphere to the charging of the central
ion (or ions), and not merely to a small change in its
charge. In real systems, some partial dielectric satura­
tion outside of the coordination shells may occur and,
at appreciable concentration of added electrolyte, the
response of the atmospheric ions is certainly nonlinear.
(The region of linear response of an ion atmosphere to
a charging of the "central ion" is confined to the
Debye-Htickel region.)

We introduce the partial saturation approximation,
wherein only a linear response to a small change in
charge of the central ion (ions) is assumed. The special
case of unsaturation is automatically included, there­
fore. We are interested, typically, in changes of magni­
tude, mfie, i.e., about t an electronic charge unit.
Equation (67) was derived for both the partially
saturated and for unsaturated systems, but in the
former case the definition of FOPm(r_p) and Fm(r-p) has
to be interpreted carefully.

To calculate Fm(r-p) appearing in (67) and to take
partial saturation into account, one considers two
charge distributions: (i) The original charge distribu­
tion of the reactants and the medium for the cited R.
(ii) A hypothetical charge distribution in which the
reactants' charge distribution is altered from (i) by
an amount m (Par 0- pap 0), in a hypothetical system
which has responded linearly to this change. To obtain
the properties of the hypothetical system in Fm(r-p) one
substracts the above two charge distributions on the
reactants and also substracts the portions of the re­
maining charge distributions, induced or otherwise,
which did not respond. One now has in this hypothetical
[m(r-p)] system reactants which have permanent
charges given by the distribution m (Par 0- pap0) and
are imbedded in a medium of solvent and atmospheric
ions which has linear "response functions" describing
the above response. For example, if we use a continuum
model, then the effective dielectric susceptibility of the
solvent is the proportionality constant x( r) in34

(A26)

(A23)x'(r) = [Lcicoei2 exp( -eiy;/kT) ]!.
i

c/-O is its concentration at infinity, and y; is the potential
at r relative to the value at infinity, then

ap(r) = - (LciCOei2e-ei'i/kT/kT)01/;(r).
i

when al=a2.
The difference of (A24) and (A25) is the value of

Fop- F when the atmosphere does not respond, and

Fopm(r-p) = - [(mfie) 2(1_~)+ (mfie) 2(1_~)J
2al V op 2a2 V op

On recalling that the Debye kappa is defined as the
square root of the proportionality constant of p(r)
and -y;(r) in linear systems, the quantity which plays
the same role in this hypothetical system is x' (r) .

_ (mAe)2[K'R+ exp[-x'(R-a)](1+K'2a2/2) J
D'sR l+K'a+ exp[-x'(R-a)]x'2a3/3R 1,

To calculate FOPm(r_p) we recall that this system
responds only via the electronic polarization of the
medium, and so K' vanishes for this system and x'(r)
becomes X'e(r), the proportionality constant replacing
x(r) in (A22). The medium in this hypothetical
system behaves as though it had a dielectric constant
V'op(r) equal to 1+41Txe.

If we take V'op to be approximately a constant, for
simplicity, then FOPm(r_p) is easily calculated. We
neglect dielectric image effects.29 POPm(r-p) is the sum of
the free energy of solvation of the central species when
they are far apart, plus the free energy change when
they are brought together in this "op" medium. The
former is given by the Born formula (it is not the free
energy of solvation of the bare ion, but of the coordi­
nated ion) and the latter by the Coulombic term.
Hence,

(mfie) 2

- V'op R ' (A24)

The Fm(r-p) term is the sum of its value when the ion
atmosphere does not respond

[
(mfie)2( 1) mfie( l)J (mfie) 2

- ~ 1-V's + 2a2 1-V's - V'sR ' (A25)

and the contribution due to their response via K' (r) ,
fiF*atm. On taking K' to be approximately a constant
near the central series the leading terms of the second
contribution are36

35 Since dielectric image effects are being neglected one may
m~rely use the ~xpressions obtained by G. Scatchard and J. G.
Kirkwood, PhYSIk. Z. 33, 297 (1932), for the contribution to the
free energy of interaction of a pair of ions with their atmosphere
due to a response described by >e. We may merely replace >e by
>e' and D. by D,' under the approximations stated.

(A22)aP(r) = -x(r) aE(r),
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In this way (90) and (92) of the text were obtained.

(A34)

(A33)

(A31)

(A30)

n

nm

n

m,n

m

On neglecting I1Fmno'2/4Amn in (81) as discussed
earlier one obtains (A3S) , using (A30) to (A34) :

kab=ZKab!L exp{ -[wmnr+WmnP+!(Am+An) J/2kTI
m,n

X (7rmP7rmr7rnP7rnr)!, (A3S)

where K ab is given by (A36) and is, in fact, easily
demonstrated to be the formal equilibrium constant of
the reaction in the given medium, expressed in terms
of the stoichiometric concentrations

Each kmn is given by a pair of equations of the type
(31), (81), where for A we write Amn and recall the
additivity of A

On using (A32) the I1Fo, for Step (A29) is seen to be

mn contributions, per unit stoichiometric concentra­
tions of Ar and of Br:

kab= L)mnr(Amr) (Bnr)/L)Amr) L(Bnr) ,

In virtue of their definition these F's depend on the
concentration of X/so The free energy of any reaction
(A32) in the prevailing medium is in fact Fm,r-Fmr:

AmT+L(m'i-mi)X,~Am,r. (A32)
i

m

then (A23) becomes

kab= Lkmnr7rmr7rnr.
m,n

where ( ) denotes concentration. If 7rmr and 7rnr denote
the probabilities that an Ar species exists as Amr and
that a Br one exists as Bnr, respectively, i.e., if

Let Fmr+FnT denote the free energy of the system
containing a labeled Amr and a labeled Bnr molecule
far from each other, fixed in the medium, under the
prevailing conditions. Let the corresponding property
be FmP+FnP when the two labeled molecules are AmP
and BnP. We subdivide Fmr+Fnr such that Fmr depends
on the properties of Amr and its environment alone. It
is therefore independent of the nature of Bnr. We note
that the 7r'S can be expressed in terms of these F's, if
we assume, as we do, that the complexes Amr and Bnr
have an equilibrium population,

exp( - Fmr/kT)
7rm

r
= L exp( _ Fmr/kT) ' etc.

(A29)

(A28)

kmn
r

Amr+Bnr~AmP+BnP.

_ (ml1e)2(1_~)_ (ml1e) 2

2a D'. 2D'.R·

Let n play the same role for the B system

was called I1F*sol. In (89) to (92) we have omitted
the prime superscripts for brevity.

In the case of electrode systems, there is only one ion,
but there is also the image charge of opposite sign in
the electrode.28

Instead of (A24) to (A26) one finds,

(electrode) Fop (_ )= _ (ml1e) 2(1-_1_)_(ml1e) 2
mT P 2a D'op 2D'opR

(A27)

and that Fm(T-P) is the sum of (A28) and of one-half
(A26) ,

Let the reactants and products be denoted by rand p
superscripts, respectively. A typical contribution to
the over-all redox reaction is (A29). Let it have a
bimolecular rate constant kmn for the forward step

n= (nl, n2, •", ni, ••• ).

The over-all second-order rate constant kab then in­
volves a weighted sum over the rates of all bimolecular

APPENDIX VIII. CORRELATIONS OF OVER-ALL
RATE CONSTANTS

Equations (31), (33), (81), and (82) describe the
rate constant for any reactants with intact, specified
inner coordination shells. I1Fo, there refers to the change
for those species. Consider now the rate constants ex­
pressed in terms of the stoichiometric concentration of
each redox reagent. The region of (81) linear in I1Fo,
is the most important one in terms of the correlations
made in Part V, and we restrict our attention here to
such cases for each elementary redox step (A29) below.
We consider only the case where the dissociation or
formation of any important complex does not contribute
appreciably to the reaction coordinate near the inter­
section surface: We make use of (81) and note that its
derivation was based on intact coordination shells in a
system near the intersection surface; the properties of
the "reactants" or "products" appearing in Eq. (81)
refer to those with such shells, even though they might
be unstable.

We consider the homogeneous case first. Let m
denote the totality of any ligands Xl, X 2, ••• in a
reacting member of the A redox system having mi
ligands of Type Xi,

m= (ml' m2, ••• , mi, ••• ).
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This equilibrium constant is, by definition,

L(AmP) L(BnP)/L(Am') L(Bn').
m n m 110

linearly on E, as in (74). FM P and FM' are independent
of the properties of A. They depend only on those of
the electrode and the electrical double-layer region

n

(A44)

(A43)

m

FmP+FMP- Fm'- FM'=ne(E- E.)

-kTln(AmP)/(Am'). (A45)

where Am is independent of E.
When electrochemical equilibrium exists (E equals E s

then), it does so for each m. Adding to the free energy
difference (A43) the mixing term, kT In(AmP)/(Am') ,
the result must equal zero at equilibrium. We thereby
obtain from (A43) the value of each Am,

Utilizing the fact that E. is related to Eo' according
to (75), where (Ox) now equals Lm(AmP) and (Red)
equals Lm(Am'), (A45) can be rewritten as

FmP+FMP- Fm'-FM'=ne(E-Eo') -kT In7rm
P/7rm'.

(A46)
From (A31) and (A46) one obtains:

exp[-ne(E-Eo')/kT) = exp[-(FMP-FM')/kT]

Lm exp( - FmP/kT)
X Lexp( _ Fm' /kT) (A47)

Equation (A45) is finally obtained for the free-energy
difference

(A41)

(A37)

(A38)kaa= L kmm,'7rm'7rm'p.
m,ml

kmm,r

Am'+Am,p~AmP+Am'"

m

X (7rmP7rm'7rm,p7rm,')i. (A39)

When the work terms can be neglected one finds

kab=ZKah!L exp( -Am/4kT) (7rmP7rm')i

kaa is obtained from (A35) by noting that Kaa is unity

m

kaa=Z L exp{ -[Wmm"+Wmm,P+HAm+Am,)]/kT}
mImI

From (A35) one can at once derive an expression
for the isotopic exchange rate constant. On considering
the A redox system a typical contribution to the
exchange will be (A37) when m and m' describe any
two complexes. The over-all rate constant, kaa, is then
obtained by multiplying kmm,' by 7rm'7rm'P and summing
over all m and m'. The result is given by (A38), and
is then counterpart of (A35) :

From (A40) and (A41) one then obtains

kab= (kaakbbKah )!.
For the over-all electrochemical rate constant of the

(A42) forward reaction in (73), ke1 , we have

On considering next the electrochemical case, let M
denote the electrode, M' describing its state before
electron transfer and Mp after. As in the text we assume
that the acquisition or loss of an electron by the elec­
trode has essentially no effect on the force constants
or equilibrium bond distances in any adsorbed layer of
ions or molecules. (To be sure, one or more electrons
on the electrode may be fairly localized when the
reacting species is near it, and this number changes
when the species gains or loses electrons.) We regard
different compositions of the adsorbed layer as corre­
sponding to different domains of the coordinates in
many-dimensional space.

The free energy of a system having a labeled Am'
molecule far from the electrode and fixed in position is
written as Fm'+FM', the corresponding term when the
molecule is AmP (and the electrode has lost n electrons
thereby) is FmP+FMP. The free energy of Reaction (73)
for the case where the reactant is Am' is then given by
(A43) , since the translational contribution for Am
cancels in computing FmP- Fm'. The change depends

(A48)

where km' is the rate constant for (Am') going to (AmP)
at the given E. For each m, the km' is given by an
equation analogous to (82), with ne(E- Eo') replaced
by ne(E-Eo') -kT In7rm

P/7rm' [compare Eqs. (77) and
(A46)]. One then obtains

ke1=Zel exp[-ne(E-Eo')/2kT]

XL exp[- (Wm'+WmP+!Am)/2kT] (7rmP7rm') i.
m

(A49)

The work terms naturally depend on E. When they
can be neglected one has

ke1 = Zel exp[-ne(E- Eo') /2kT]

XL exp( -Am/4kT) (7rmP7rm')!. (A50)
m

In the light of Eqs. (A40) to (A42) , (A49), and
(A50) , we see that the correlations (a) to (f) in Sec. 18
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1 (Ur+m(Ur- Up) +kT lnj*+a) of*dV'=O. (AS4)

we obtain (AS4) , where a and m are Lagrangian
mUltipliers:

Setting the coefficient of 01* equal to zero, and
evaluating a from (AS2) we find

f*= exp(- ~;) / 1 exp( - ~;)dV"

(AS3)

(AS1)

(AS2)

!1*dV*=1,

where U* equals Ur+m(Ur-Up). This equation was
also obtained by the method in Appendix II. Once
again, m is determined by the energy condition (AS2).

Minimizing (AS1) subject to the energy equation of
constraint (AS2) and to (AS3) ,

I(Ur-UP )1*dV*=O,

determined, is given by (AS1) to an additive constant

Fnon= If*UrdV'+kT11* Inf*dV'.

As we have seen in the text, the configurational
distribution of the V'i and V'o coordinates in the
activated complex is not one which is appropriate to
Surface R nor one appropriate to Surface P. That is,
it is appropriate to neither electronic structure (the
initial or final one) of a reacting species. Cognizance
of this nonequilibrium distribution of solvent molecules
was taken in Part I, using a dielectric continuum
treatment of systems possessing nonequilibrium dielec­
tric polarization. An expression for the free energy of
a system with arbitrary polarization was minimized,
subject to an energy equation of constraint, the di­
electric continuum counterpart of (20). In this Appen­
dix we show that this method, formulated now in terms
of statistical mechanics yields the same result as the
method used in Appendix II.

The configurational contribution to free energy of a
nonequilibrium system described by a potential energy
ur and a distribution function 1*, where 1* is to be

still hold, even when applied to over-all rate constants
but, as one sees from (A42) , (a) is now restricted to
the region of chemical transfer coefficient equal to !
[i.e., to!'"......1 in (96)].

APPENDIX IX. ALTERNATIVE DERIVATION
OF (13)
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Current Oscillations in Solid Polystyrene and Polystyrene Solutions*
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Application of a dc voltage across a plate of polystyrene gives rise to oscillatory currents which reach
considerably high negative values. The dependence of current intensity (maximum, minimum, and plateau
values) on various parameters (voltage, dimensions of samples and electrodes, nature of dissolved solute,
etc., as well as repetitive use) is treated. The pattern of oscillation is found to depend on all these parameters,
too. The length of the oscillation period decreases very quickly with increasing voltage. It depends also very
strongly on the nature and pressure of the surrounding gas.

1. INTRODUCTION

I N trying to measure the extremely low dark con­
ductivity of polystyrene we found a prohibitively

strong influence of air on the measured intensities of the
currents. The variation in current intensity which
usually follows any mechanical handling of a plastic
was also found to be strongly influenced by the presence
of air. In order to avoid the effect of air the "chamber"

* Performed under the auspices of the U. S. Atomic Energy
Commission, Contract NYO-2949-6.

which houses the investigated specimen was evacuated.
Upon evacuation the following effect was observed:
The current oscillates with a definite pattern reaching
high negative values although a dc voltage is applied. I

The period of oscillation as well as its pattern depends
strongly on the voltage. It depends also strongly on
the nature and pressure of the surrounding gas. These
oscillations present a serious obstacle in measuring

1 A. Weinreb, N. Ohana, and A. A. Braner, Phys. Letters 10,
278 (1964).


