EFFECT OF ELECTRONIC-STATE MODULATION BY PHONON FIELDS
ON THE KINETIC PARAMETERS OF NONADIABATIC
ELECTRON-TRANSFER REACTIONS

A. M. Kuznetsov UDC 541.138

The kinetic parameters of nonadiabatic electron transfer in a polar medium are
calculated in terms of the Pekar model without using the Condon approximation.

It is shown that the distortion of electronic states arising from electron inter-
action with medium polarization can substantially influence the values of both
the transmission coefficient and the activation energy. The effect was examined
as a function of the electron's donor and acceptor properties, the reaction's
free energy, and the electron transfer distance.

According to the Franck—Condon principle, nonadiabatic electron transitions from ion
A®* to ion B%2 will occur with appreciable probability under the condition that the electron's
energy levels in ions A and B are approximately the same. In reactions occurring in polar
media, equalization of the electronic energy levels is accomplished via medium-polarization
fluctuations. It has been shown in [1, 2] that these polarization fluctuations produce a
modulation of the electronic states. 1In particular, the electronic resonance integral was
estimated in [2] in the Condon approximation, and it was shown that calculations including
this modulation can lead to results strongly differing from those obtained when this effect
is disregarded. Yet the distortion of the potential-energy surfaces that is caused by mod-
ulation of the electronic states had not been taken into account in [2]. It is the aim of
the present work to study these effects in more detail. Here we shall limit ourselves to the
case where the phonon spectrum (i.e., the vibration spectrum of medium polarization) is en-
tirely classical.

Then, according to Kubo and Toyozawa [3], the expression for the probability of non-
adiabatic electron transfer occurring in unit time can be written symbolically in the clas-
sical limit as

Wiy~ F_;_ [ aPIV,(P) 12 expl—U. (P)/KT16 (U(P) =T, (P)), (1

where Uj (P) and Uf(P) are the potential-energy surfaces of the initial and final state as
functions of inertial medium polarization P(r) (in essence they are free-—energy surfaces of
the system), Vi(P) is the electron resonance integral, which is a functional of P(r), integra-
tion is performed over all possible realizations of P(r) and p=1/kT.

To calculate the transition probability via reaction (1) one must know the electronic
wave functions, ¢: and ®s, of the initial and final reaction channel for arbitrary fluctuations
of inertial medium polarization P(r).Hence we shall attempt to calculate the transition prob-
ability by the variational method. 1In the case of strong binding with the medium, the chief
contribution to the multidimensional integral in (1) is made by a narrow neighborhood of some
configuration P*(r) (the transition configuration) where the expression under the integral sign
has a maximum [3]. It had been shown in [2] in terms of the Condon approximation, but ne-
glecting distortion of the potential-energy surfaces owing to this modulation of the elec-
tronic states, that the polarization P*(r) [4, 5] corresponds to the transition configuration:

P*(r) =(1-0") Poi(r) +6°Po (r), (2)

where 0% is the Brgnsted symmetry factor, and Pu(r) and Po(r) are the equilibrium values of
polarization in the initial and final state which are linked to the electrostatic inductions
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TABLE 1. Kinetic Parameters for a Symmetric
System in the Condon Approximation

P/S v g E,/E}
0 0,613 0,376 0811
0,5 0,725 0,418 0,864
1 0,786 0,439 0,893
2 0,850 0,459 0,925

-04 0,547 0,359 0,795

TABLE 2. Kinetic Parameters for a Symmetric System Obtained
while Including Modulation of the Overlap Integral (going be-
yond the Condon approximation)

0 AEg
p/8 | 2a,R v B E /Ey exp(—- kT) 8/8, W/W,
0 1 0,599 0,360 0812 9,560 1,493 14,276
4 0,541 0,301 0,825 8,200 6,270, 51,46
8 -0,515
1 1 0,783 0,433 0,893 12,900 1,543 19,91
4 0,774 0414 0.895 12,31 6,10 75,10
8 0,761 0,388 0,902 10,500 45,78 480,8
2 1 0,849 0,455 0,925 14,670 1,573 23,08
4 0,846 0,445 0,926 14,36 6,35 91,10
8 0,840 0,427 0,929 12,90 46,52 6005

TABLE 3. Kinetic Parameters for an Asymmetric System in the
Condon Approximation

AFﬂ

Pys PyS I Vi Ki & n E,/E}
~15 0,809 0,306 0,639 0,125 0,566

-1 0,748 0,435 0,547 0,211 0,679

0 0 -0,5 0,684 0,532 0,460 0,293 0,756
+0,5 0,532 0,684 0,293 0,460 0,852

+1 0,435 0,748 0,211 0.547 0,884

-1,5 0,835 0,733 0,548 0,334 0,843

-1 0,819 0,751 0,511 0,369 0,863

1 1 -0,5 0,803 0,769 0,475 0,403 0.879
+0,5 0,769 0,803 0,403 0,475 0,905

+1 0,751 0,819 0,369 0,511 0,916

-0,2 0,497 0,309 0,340 0,212 0,706

3 3 -0,1 0,477 0,393 0,324 0,263 0,729

-0, ~0,

+0,1 0,394 0,477 0.263 0,324 0,765

+0,2 0,309 0,497 0,212 0,340 0,780

-2 0780 | 0515 | 0510 | 0277 0,786

-1 0,707 0,642 0,389 0,409 0,858

0,5 0 0 0.625 0,748 0273 0,547 0,905
+0,5 0,580 0,796 0,247 0,619 0,923

+1 0,531 0,843 0,163 0,695 0,939

—0,554 0,9 0,597 0,798 0,117 0,468

0 0,860 0,631 0,725 0,165 0,588

0 1 +0,8156 08 - 0,677 0,625 0,237 0,707
+2,05 0,7 0.741 0,481 0,349 0,815

A
D,(r), Da(r—-R), p¥ (r, Pu) and DP(r—R, Py), set up by ions A and B and by the electron localized
at ion A and at ion B via the relations

Pau(r)= - [Da(®)+D (r, Po) +Dj (r~R) | =

=Py, (r) +Py; (r), ®
P, (r) = Zc;[DA(r) +D (=R, P,,) +Dy (r—R) ] =P (1) +P,2(r), - (4)

where c¢=1/e,—1/e, 1s the parameter of polaron theory.
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Using (3) and (4) we also can write P*(r) as

P*(r) =P, (r) +Py" (v), )

where
P, (r) = (c/4nm) [Da(r) + (1—6°) D™ (r, Pyy) 1, (6)
@))

Py’ (r) = (c/4n) [Ds (r—R) +6'D” (r—R, P,) 1.

Thus, in this approximation the fully defined polarization fluctuation described by re-
lations (2) to (7) corresponds to the transition configuration. One can see from (6) and (7)
that, if we disregard the constant terms that are proportional to Dx and Ds, the polarization
near each of the ions differs from the equilibrium polarization only in intensity; the fluc-
tuation intensities near ions A and B are interrelated and governed by symmetry factor 6%,

Natural generalizations of relations (6) and (7) are
Py (r)=(c/4m) [Da(r) +£D.” (r, Pu)) ], (8)

Ps (r) = (c/4n) [Ds (r—R) +nD, ™ (r—R, Py) ], )
where £ and n are independent variables.

Relations (8) and (9) imply that among all the many diverse polarization fluctuations,
in a first approximation we admit variation of the independent, spherically symmetric inten-
sity fluctuations of the polarization near each of the ions. The values of parameters &%
and n*, corresponding to the transition configuration will be found from the condition that
the expression under the integral sign in (1) have a maximum.

Thus, all the many diverse variables describing the polarization variation here are re-~
placed by two (£ and n). The calculation can of course be further complicated by introducing

a larger number of variables, but in the present paper we limit ourselves to the above approx-
imation.

In looking for the electronic wave functions of the initial and final reaction channel
we shall limit ourselves in the present work to the two-level approximation for basic states
9 and Pus [1l]. 1In the following we shall drop suffixes y and 4. We shall use the direct
variational method of [6] to calculate @a and ¢s. We select the spherically symmetric func-
tions

Pi(r) =g, (r) =(a*/n)" exp [—ou(§, n)1], (10)

@ (r) =¢a(r) = (as/n) " exp [—as (&, n) |r—R]|]
as functions to be varied.

We have P(r)=P,(r)+Ps(r); therefore, with (8) and (9) the expressions for the potential-
energy surfaces of the initial and final state can be written down as [6]

Ui (8, n)=F;(E, n)+U (& n)+/s (12)
where B
U (&, 1) =(c/8n) & j @r[D,™ (r, Po) I+ (c/Br)n* [ dr[DS” (r—R, Poy) I*+

+(c/4n) & [ DY (x, Po) DS (1—R, Py) — (c/hn) j d*r[Da(r) +Ds (r—R) 17,

(13)
Fo(m) =K~ (c/4m)t [ arD (1, Po) DS (1) = (ae'/e.) [ d'rlul*/r— (14)

—(cl4m) jd’rD.‘B’ (=R, Po)) D, (1) —(22¢%/e.) 5 drlg?/Ir=R],
Fi (8 n)=K,~(c/4n)n j @D (=R, P, )D& (1) — (15)

—(2,€%/e,) j d’rlg*/Ix—R|—(c/4n) & j' @D (r, Po) D{® (r) —(z.6%e,) j.d‘”’rl @l2/r,
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TABLE 4. Kinetic Parameters for a Symmetric System in the
Condon Approximation Obtained while Including the Mutual
Effect of the Ion Fields on Energies and Wave Functions of

the Electronic States

P/S 20.4R v 13 E,/ Eg
4 No solution
6 0,352 , 1,252
0
8 0,402 0,323 0,953
10 0,414 0,328 0,886
2 0,492 0,349 2,834
4 0,530 0,377 1,206
1 6 0,551 0,380 1,057
8 0,575 0,383 1,009
10 0,594 0,386 0,983
6 No solution
~0,1 8 0,355 0,297 1,006
10 0,382 0314 0,884

TABLE 5. Kinetic Parameters for a Symmetric System in the
Condon Approximation Obtained while Including the Mutual
Effect of the Ion Fields, Only on the Energies of the Elec-
tronic States

P/ 20pR ¥ & E,/E
2 No solution
4 0,239 0,3215 1,567
0 6 0,313 0,3207 - 1,001
8 0,354 0,3242 0,913
10 0,382 0,3225 0,878

where K, and K, are the kinetic energies of the electron when it is in states ¢: and @;, i.e.,
K= (h*/2m) jdarIanI’; K;=(h2/2m)j d*rl Vel (16)
Inductions D& (r) and DI (r) and the corresponding equilibrium quantities D™ (r,P,) and

D.” (r—R,P,) are functionals of wave functions ¢ and © [6]:

D, (r)=—¢ j ozl (x) 12 (r—x) /I r—x]?, (17)

D.” (r)=—e [ d'lp; (x) I* (c—x) /lr—x]", (18)
The corresponding expressions for the equilibrium quantities are obtained by merely writing
@i and ¢, for @i and @r.

Quantities ai (£, n) and af(£, n) (see (10)) characterizing the reciprocal radius of elec-
tron localization in the initial and final state are regarded as parameters to be varied, and
for arbitrary £ and n they are determined from the equations:

OF Jov=0; 0F,/6y,=0, (19)

where symbols Yi = aj/aj, and yf = af/afo have been introduced, while ai, and af, are the
values of af and of in the initial and final equilibrium configuration, respectively.

The equilibrium configurations are determined by the equations:

oUJoE=0; aUJon=0; oU,Jot=0; oU,/dn=0, (20)
whence, with (11) to (19), we obtain:
Bor=1; 10=0,
(21)
Eor=0; nos=1.
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In order to estimate the importance of the different effects we shall limit ourselves
in the further calculation to seeking the maximum of the function under the integral sign in
(1) and the values of the function in this point while neglecting any change in width of the
region of integration that provides the chief contribution to the integral when we allow for
particular effects. Moreover, we write the electronic resonance integral approximately as

Vi(P)=V (P)Sy(P), (22)

where
Su(P)=[ d'rgu(r)es (1), (23)

and we shall neglect any dependence of V on P.

Then the equations for determining the location of the maximum (£*, n*) in the function
under the integral sign in (1) are

ETd1n S (g, v) /dg—dU(E, n)/dE=0, (24)

Ui(gs 7])=U!(E1 'fl)‘ (25)

It must be pointed out that in (24) we have to calculate the total derivatives with re-
spect to & while taking into account that n according to Eq. (25) depends on &, while y{ and
Yf according to Eqs. (19) depend on £ and 7.

The results of the calculation for different particular cases are reported in Tables 1
to 5. Table 1 shows the results obtained in the calculation for a symmetric system (identi-
cal ions: z:=2;, Ji=J;) with different values of the parameter P/S=16z/5ce, where any depen-
dence of overlap integral Sif on £ and n was disregarded (the Condon approximation), i.e.,
neglecting the first term in Eq. (24), and where the mutual effect of the fields set up by
ions A and B and by the polarization fluctuations near ions A and B also were disregarded,
i.e., neglecting the term containing the product £+n in (13) and neglecting the last two terms
in (14) and (15). For a symmetric system one evidently has &% = n* and yi(E*) = ye(n*) = v.
In the case being discussed, yi depends only on £, and yf depends only on n.

One can see from Table 1 that inclusion of electronic-state modulation by th% phonon
field has the effect that activation energy E; is lower than activation energy E, calculated
without including this effect (i.e., for yi = v§ = 1). This depression of the activation
energy is larger for smaller parameters P/S. The effect of electronic-state modulation by
the phonon field is particularly noticeable in the values of y and £*, which strongly differ
from the corresponding onmes (y = 1 and &% = */, = p*) obtained without including this modula-
tion; moreover, y and £* decrease with decreasing P/S, and for P/S < -0.5 there is no solu-
tion in the region of positive values of Y, which practically implies delocalization of the
electron in the transition configuration.

Table 2 reports results which illustrate the effect produced by the dependence of Sif on
€ and n, on the position of the maximum (£*, n*) (non-Condon behavior) and on the kinetic
parameters in a symmetric sSystem; these results were calculated with the same assumptions as
the ones of Table 1, except that now the first term in Eq. (24) was taken into account. One
can see when comparing the results of Tables 1 and 2 that in the approximation discussed here,
a dependence of Sjf on £ and n has little effect on the position of the maximum at small elec-
tron transfer distances (ZapR = 5mce®R/8H® < 4), i.e., the Condon approximation works well at
these distances. The effect produced by the dependence of Sif on & and n increases, of course,
with increasing transfer distance, and it must be taken into account at ZaPR = 8.

One can see from (8) and (9) that quantities £ and n in the classical limit considered
here are true analogs of the complex quantity 6 [1]. One can readily see when neglecting the
effect of modulation of the electronic wave functions on the shape of the potential-energy
surfaces that the conditions governing applicability of the Condon approximation are described
by inequalities of the type of (25) in [2].

We notice that y is smaller, i.e., the degree of delocalization of the electron in the
transition configuration is larger, the larger the distance of electron transfer.

Table 3 reports results for a calculation that was performed with the same assumptions
as made in obtaining the results of Table 1, but now for an asymmetric system (different ions).
In the model adopted, strictly speaking, the quantities AF, (the free energy of the reaction)
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and Pi/S, Pf/S are no absolutely independent parameters; but one still can see from Table 3
that for asymmetric systems, modulation of the electronic states by the phonon field can have

a highly significant effect on activation energy.

Table 4 reports results of a calculation for symmetric systems which was performed while
including the mutual effect of the fields set up by the ions and by the polarization fluctu-
ations around them (i.e., allowing for terms proportional to nvEn) but disregarding the first
term in (24) (i.e., disregarding modulation of the overlap integral Sif). It is important
to note that as before we have used the two-level approximation and spherically symmetric
wave functions, but unlike the earlier case, parameters vyj and yf in these functions now are
functions of the two variables £ and n, i.e., we included a spherically symmetric "distortion"
of the state on one ion by the field produced by the second ion and by the polarization around
it. :

One can see from Table 4 that depending on the transfer distance between the ions, the
activation energy calculated while allowing for modulation of the electronic states can be
smaller as well as larger than that calculated without including this effect. The mutual
effect of the two ion fields is felt at rather large distances between them (compare Tables
1 and 4). The mutual effect of the fields also results in disappearance of the solution in
the physical region (y > 0) when the ions come sufficiently close. But one must remember
the fact that at small distances polarization of the states may occur, so that it becomes
necessary to use more complicated functions for @ and 91 .

Finally, Table 5 reports the results of a simplified calculation for a symmetric system
differing from the calculation of Table 4 only in that the mutual effect of the ion fields
on the state energies has been included while the effect on their wave functions was disre-
garded, i.e., the interaction with the "foreign' ion has been regarded as coulombic inter-
action of a point charge with an external field. One can see then comparing Tables 4 and 5
that this approximation is better the larger the distance between the ions.

It follows from the above discussion that modulation of the electronic states by the
phonon field can have a substantial effect on the kinetic parameters of an electron trans-—
fer reaction, and this effect must be taken into account in theoretical discussions of proces-—
ses involving weakly bound, solvated, and trapped electrons. The method outlined above can
be modified to include more complicated effects such as polarization of the electronic states,
multiparameter polarization fluctuations, changes in the internal structure of the reactants,

etc.
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