. H

.In.analyzing experiments, this effect might be misinterpreted as being due to the absence
of a potential jump in the Helmholtz layer, especially when semiconductor/electrolyte bound-
aries are being studied. Another important conclusion is that, as follows from the substity-
tion of concrete parameters, the shift is always less than ¢o. Thus, when E,p4, ~ 1 eV, Eap
~—5 eV, Ep ~ — 2 eV (the surface level is in the center of the band) and x, ~ 1 A, then AEp~

_¢°/5 .

In conclusion, we should point out that the whole of the above treatment was one-dimen-'
sinal. However, the basic results also hold in the three-dimensional case, where the surface
states may be extended into surface bands. We will return to the complex question of the ef-
fect of nonuniformity in our next work.
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SEMICLASSICAL THEORY OF ADIABATIC AND NONADIABATIC
ELECTRON~TRANSFER BRIDGING REACTIONS

'A. M. Kuznetsov and Yu. I. Kharkats UDC 541.138

A semiclassical description of slow subsystems (solvents) has been used to calcu-
late the probability of electron transfer in systems with three intersecting ener-
| gy levels. Expressions are obtained for the activation energies and preexponential
i factors at high and low values of the Landau— Zener parameters, corresponding to
adiabatic and nonadiabatic electron transfer.

In theoretical studies of nonadiabatic electron-transfer processes taking place by a
bridging mechanism, the quantum-mechanical calculation of the transfer probability is gener-
ally performed using perturbation~theory formulas of second order with respect to the inter- f
actions between the reactants and the bridging species. - Calculations of this type have been
performed for a one-dimensional model in [1-3], in which quasiclassical wave functions were
used to describe the state of the slow subsystem.’ ' It was also assumed that relaxation of the
slow subsystem does not take place in the intermediate state in the course of a quantum-me-
chanical transition.  The result obtained in this way describes the probability Wif of a non-
adiabatic trapsitipn with alloyance for virtual transitions into all possible,vibratidnal.' '
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Fig. 2

levels of the intermediate electronic energy level Uy (corresponding to localization of the
electron on the bridging species); for levels of fairly arbitrary form, this probability.can _- - -
be written as . ’ o S T T

9 (AE:e/2) (A, /2)’-mepr("' E.) 20T o . R SRR IR
Wep (AE . df . “ﬁ — el il (1)
s (308U (B 8N\ BT Da) ST

where Z(B) is the statistical sum of the initial state; | Ejq and  Egf are resonance splittings
of the electronic energy levelsT at the points of intersection of the .levels in the zero ap-
proximation of the initial Uj and intermediate Uq states and the intermediate Uq and final Ug
states; m is the effective mass corresponding to motion along the reaction coordinate; B = . °
1/kT; E, = max (Ugq, Ugi) 1is the activation energy; Ugq and Uqi are the energles at the points

of intersection of the Ug and Ug levels and the Ugq and Uj levels; and the superscript aster-.

isks indicate that the values of the derivatives are taken at the points of intersection of
the corresponding levels (see Figs. 1 and 2). =~ > - T ‘ CoT -

In the particular casés of linear and parabolic énergywlevelé; Eq. (1) transforms into
the expressions obtained in [1,'2] within the 1imits of the symbols used. ‘In deriving Eq. (1)
it was essentially assumed that the slow subsystem 1s classical [4] and that |ugq — Vgl >kT.

As will be evident from what follows, Eq. (1) corresponds to the arrangement of energy
levels shown in Figs. 1 and 2.. A calculation on the basis of a harmonic approximation using .
the density-matrix method leads to a transition probability which is twice as high as that ob-
tained from (1) [5]. As will be seen from what follows, this result corresponds to the ar-
rangement of energy levels shown.in Fig. 3. .. ' ‘ : :

Calculations performed in [1-3, 5] show that the activation energy of electronic transi-
tions corresponding to the arrangement of levels shown in Figs. 1-3 is determined by the high-
~er of the points of .intersection of the intermediate level with the initial and final levels
(points Ugq in Figs. la and 2a, and points Ugy in Figs. 1b and 2b), and is considerably lower®
than the activation energy for direct electron transfer between the reactants (Uig). ‘ o

oy
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One important result emerging from the calculations in [1-3, 5] 1s that although the
formal expression for the transition probability contains a summation over all intermediate
energy levels, including those not satisfying the law of conservation of energy, the main con-
tribution to the transition probability is made by intermediate states whose energies are
equal to the energies of the corresponding initial and final states. Since the slow subsys-
tem is semiclassical, this result means that the transition of the system from the initial in-

of the electronic state in the vi-
[6]. The latter means that ex-
ransition probability both in the case of nonadiabatic and

cinity of the intersections of the Zzero-approximation levels
pressions can be obtained for the t
in the case of adiabatic reactions.

As shown in [6], transitions between different levels in a multilevel system can be re-
garded as being independent provided that certain conditions with respect to the slope of the
levels and their relative positions are met (one of these conditions is that the points of in-

tersection of the levels should be far enough away from one another). In the following, we
will assume that these conditions are met.

We will first consider the case where the levels are arr
initial state, the system is at level Uj.
the x axis, it reaches an intersection regi
sible. Transition into the final state is

anged as shown in Fig. la._Inthe
As the system moves in the positive direction along
on where transitions between the levels become pos-

along the x axis. It then reaches the turning point b and changes direction. As it moves back-
wards, the system can transfer tothe Uq level and then, by moving along this level, it can -
complete its transition to the level of the final state Us at the point Ugq. ' c

The probability of a transition between two levels in a sin
of intersection is defined by the Landau—Zener formula [7]: [1 - exp(—2my) ], where y=(AE/2)*/
W|U/~Uy|. " If the levels have slopes with the same sign at the point of intersection and the
direction of motion changes during the transition, a transition -between the levels can only -

take place by two trajectories (1 and 2 in Fig. 4), and the probability of this transition is
defined by the expression 2 exp (2ny) [1

change of direction (right‘tp left in Fig.

gle pass through their pointzf-

‘4), the transition i = f ig possible only by one S
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— exp(=2my)]. In the case of motion without a oo
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crajectory (3) and its probability is equal to {1 — exp(-271y)]. 1f, however, the slopes of,....
the levels have different signs at their point of intersection (Fig. 5), there are an infinite

number of possible trajectories, including multiple reflections, for transfer without a change
of direction (two such trajectories are shown in Fig. 5). In this case, the probability of a

transition without a change of direction [8] is f(y) =(1—e-?*) /( 1— 21_ e""") | while transfer _ v

with a change of direction is possible only by one trajectory (3) with a probability exp(~2my)- £
[1 — exp(—27my)]. In the more complicated case where the system has three levels (i,d, -
and £), the probability of an i + f transition is defined by more complicated expressions. For g
the arrangement of levels shown in Fig. la, , -

e~ e (1_8-2-‘114) j ('Ydl)

7% e = ’ ' ., . ‘ )
T = (e 1 ()] e @
' (MBS (AE4/2)? B S
Y " |dU‘ U T oo |40 _dUs 1™ @

“| dz dz i dz

In the case of 1b, yiq4 and y4f must be interchanged in (2). For the arrangement of levels"
gshown in Fig. 2a and b, ‘ : c o o

Wzl=j(xid) li—eXP_(_zn"{M) ]; Ww=/('!d;) [1—9Xp (_ZHTM) ]- L. ’ . . | (4) D

The average probability of a transition in unit time is defined by the expression' - :
W=dv| ! w @] | |
1y=AV¢ T(E) i ’ L . (5)

where T{ is the period of the vibrations in the initial. stété axid averaging with respect to
the energy E is carried out with the aid of a Gibbs distribution. T

Various limiting cases are possible depending on the spli:t:ting of the levels.
1) With small splittings: f o - ‘ R o |
2nqu<d, 2nye<d R (e B |
Eq. (2) takes the form R AR ’
W=ty 2y ‘ @)
and averaging of probability (7) leads to'avri"e'xpr»ession exactly the same as 1).

2) Let us consider the case where the parameter cofresponding to the higher of the in-
tersection points of thelevelshas a high value (yqf > 1 for Figs. laand 2a; vid > 1 for
Figs. 1b and 2b). Then, o

. . . . [ PV“___‘e-_g”“‘(ii__e;:nvgf); Wlb=e-iav¢(1_e—zlv¢,); ) : (8) N

Wuéki;e—gu?;;) ; “fzb=(1fe;m“’); R : | : 7. (8') .

; In these cases, the transition from the {ntermediate to the final level (vgf > 1) or fromthe

! initial to the intermediate level (yig > 1) takes place adiabatically. The transition prob-

: abilities defined by Eqs. (8) are low at both ‘low and high values of the parameters Yid and

: Ydf, while the transition probabilities defined by Eqs. (8') are low only at low Yid and Ygf-
Averaging probabilities (8) and (8') gives .. . © : _ ,

Y trexple (Ua—BEADRT] B o
R W" — - - Ve-’ﬂ‘ha (1_:-7”"{;. )’ ;o - ‘. S
T zGDzA . | Ty
Cw kTexp[—(U,,—AE,,/Z)kT] _ aeny,
W:a ".\\Z(kT)zﬂfl T (ivc | _), -
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Analogous expressions are obtained for W,;p and Wab.

As follows from expressions (9) and (9'), the activation energy of the process decreaseg
during the adiabatic transition, while the preexponential factor is determined by the param-
eters §id* characterizing the degree of nonadiabaticity of the passage of the system through
the region in the vicinity of the lower point of intersection of the levels.

Let us now consider the case where the 1e¥els are arranged as shown in Fig. 3. 1In this
case, the expression for Wif(E) is of the form

Wu(E)=f(Yia) -1 (Yas). (10)
1) At low y44 and Ydf values, when conditions (6) aremet, Eq. (10) takes the form
: ‘ Wy (E) =4nyu-bdnvae. : (11)

This expression differs from (7) by a factor of 2. Accordingly, the expression‘ﬁif for the
average transition probability in unit time differs from (1) only by this factor.

2) When one of the y parameters is small (for example Yig) and the other is large (vqf
>» 1), we obtain}

(2m)*kT (AEw/2)? exp(—E./kT)

W= . (12)
aU,  dUs 1 * ———
Z(kr)m]#——&—‘l VIU,—Uaql

Ea=max (Ua.—AE“/Z, Uu"‘AEq/Z).
'In this case, transfer from the Uj level to the Uq level takes place nonadiabatically,
whereas the transition between the Uy and Us levels is adiabatic.
3) Finally, when Yid > 1 and ygq >» 1, we have
_ kT exp(—EJ/kT)

Z(kT)2nh
Ei=max (Us—~AEW/2, Uy—AE4/2). : (13)

Here, the transitions at each point of intersection of the Ujg and Uyf levels take place
adiabatically.

It should be noted that in the mixed case.described by formula (12), we can expect that,
other conditions being equal, an adiabatic transition will be observed in the vicinity of the
higher point of intersection, since the effective velocity at this point, which is equal to
the thermal velocity, is considerably lower than the effective velocity at the lower point of
intersection, which is determined by the difference in the energies of these two intersects.

TIn deriving Eq. (10), account was taken of the fact that real systems involve multidimension-
al levels, so there is no need to allow for the contribution from trajectories (Fig. 3) in
which the system is first reflected from the turning point b on level U4 and then passes twice
through the minimum in this level and finally returns to the point of intersection Ugf of the
Ug and Uf levels, ‘ _ _ _ S S ;
iWhen Gibbs averaging is employed, the parameter Y generallyvchanges since the rate v enter-
ing into it is a function of the energy. 1In the inequalities y >»1 and Y >> 1, therefore, the
term v implies the thermal velocity. 1In averaging the expression for the probability of a
nonadiabatic transition with respect -to energy, it is assumed that the range of low, super-
threshold energy values in which the nonadiabatic expression is not applicable is very narrow.
(<«<kT) and does not make a significant contribution to the averaged probability." ‘
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. Finally, let us consider the situation represented in Fig. 6. In this case, we will as-
gume that the electronic matrix element of the interaction energy between the reactants Vig
is negligible, so that resonance splitting of the Uj and Ug levels can be disregarded in the
gbsence of a bridging species. According to a quantum-mechanical calculation of the transi=
tion probability by second-order perturbation theory, the presence of a bridging species will
result in the activation energy of the process being determined by the point of intersection
of the Uj and Ug levels.

The method set forth in the present article allows us to obtain both the above result
and the probability of an adiabatic transition, and also the corresponding criteria. In fact,
the transition probability Wif(E) at the energies below the point of intersection of the Uy
and Ug levels 1s exponentially small. At energies within the Uif < E < min(U4q4, U4f) range
(see Fig. 6), the probability Wif(E) is mainly determined by the Landau—Zener formula:

Wy (E)={(Y4), V (;4)
where : ‘ . _
| U, du
R (Ten (AE,/2)* kv (—dz‘ _—dz’ ) . as) -

At energies higher than ﬁa = min(Uiq, U4f), transfer into the final state by movement
along the intermediate level becomes possible. The probability of such a transition when the
splitting of the levels is small is determined by the formula

W =4nYia-brYas, ‘(16)

and is exponentially small with respect to the parameters 2nYy, 2nYa, and 2nfq when the
splitting of the levels is large. co o ST

On the basis of the above hypotheses, the splitting AEjf¢ of the zero-approximation levels
Ui and Uf (and consequently vif) is equal to zero according to first-order perturbation theory.
When we allow for the interaction with the bridging species, however, AEjf proves to be non-
zero, the minimum distance between the adiabatic levels being o

' ViV _ - . - .
o R €

Averaging expression (14) with respect to energy leads to the normal expression for the
transition probability in unit time between two levels [4] (the only difference being that
AE{f is defined by Eq. (17)]. At the limit of low vif values (nonadiabatic tramsition),.it
is of the form - oL - - ;. o

(kD) AE/2)* g

1 dU; dU] *
Z(k (__-—) 2%
CD () 2
* When vif > 1 (adiabatic transition),itﬁe transition.probability can be written as
kTexp[-i(U4;—e)/kT]
WU= ’
‘ - Z(kT)2xnh S ‘ _
| o= WPV | T, 5 . o
(Us—Uy) (F—-F’) dz 1. - .dz o :

: It is easy to ascertain that transfer into the final state by movement along the inter-
mediate level Uq does not make a significant contribution to the averaged transition probabil-
ity, since it is exponentially small compared with the probability defined by Eqs. (18) and
(19). Thus, in the case of a nonadiabatic reaction the transition probability is defined by
Eq. (18), which is the same as the corresponding formula obtained by Madumarov, while in the-
case of an adiabatic reaction Wif is defined by Eq. (19). , -

L It fol}ows from'the:treACment’in the pféséht article that the semiclassical method of
i calculation is suitable for finding the probabilities of electron-transfer processes taking
Place py‘gubyidging mechanism. In the case of nonadiabatic reactions, it gives "the 'same.

s
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results as quantum-mechanical calculations on the basis of perturbation theory. In addition,
it allows expressions to be obtained for the transition probability in adiabatic reactions,

-The authors wish to thank R. R. Dogonadze and M. A. Vorotyntsev fof_discussing the work,
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KINETICS OF ELECTRON TRANSFER REACTIONS BETWEEN MOLECULES OF
POLYCYCLIC AROMATIC HYDROCARBONS AND THEIR RADICAL ANIONS

Yu. I. Kharkats UDC 541,138

A comparison is made of the experimental data for electron transfer between mole-
cules of polycyclic aromatic hydrocarbons and their radical anions [1] with the

- quantum theory of charge transfer in a polar medium. An expression is derived for
solvent reorganization energy when electron transfer occurs between nonspherical

- reactants, which is described by a model based on triaxial ellipsoids.

In a recent study [1] an attempt was made to compare the experimental data for the kinet-
ics of electron transfer between molecules of polycyclic aromatic hydrocarbons and their radi-
cal anions R, + R; = R, + R,” with the Marcus theory of electron transfer [2]. In agreement
with the Marcus theory it was reckoned that in the absence of Coulombic interaction between
the reactants, the rate constant for the electron transfer could be represented as

k=A exp (—AG*/RT), (1)

AG*=E,/4+AG%/2+(AG®)?/4E,, - (2)

I : : ' E,=E*E, : ' : - (3
I E,=c*({/eop—1/ew) (rastsen=1/r). (4)

In expressions (1)-(4) the value of the preexponential coefficient A is identified with Z, the
number of collisions of the reactants in unit time, AG* and AG® are the free energy of activa-
tion and the free energy of reaction, E. 1s the total energy of reorganization of the system, |
consisting of the solvent reorganization energy Eg and the reorganization energy of the. chemi- |
cal bonds of the reactants Ei, a1 and a; are the radii of the reactants, r is the distance be~-
tween the reactant centers, €op and eg¢ are the optical and static dielectric constants of the ‘
solvent. The further development of the quantum theory of electron transfer reactions in '
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