¢

kI NE TICS OF ELECTROCHEMICAL PROCESSES

IV. QUANTUM-MECHANICAL THEORY. CALCULATION OF THE
PROBABILITY OF TRANSITION FOR NONADIABATIC REACTIONS
WITHIN THE HARMONIC APPROXIMATION (GE NERAL RE LA TIONSHIPS)

M. A. Vorotyntsev, R. R. Dogonadze, UDC 541.138
and A. M. Kuznetsov

Nonadiabatic transition between two multidimensional potential energy surfaces that have
parabolic shapes is examined. General expressions for the probability of transition for an
arbitrary form of the vibrational spectrum of the system in the initial and final states are
obtained. All of the degrees of freedom of the system are divided into classical and quan~
tum values in conformity with the magnitude of the vibrational quantum as compared with
kT. The general expressions were analyzed for the case in which entanglement of the co-
ordinates of the quantum and classical degrees of freedom as a result of the reaction {s ab-
sent in the system. The transition in a system in which all of the vibrational degrees of
freedom are classical is examined,

Introduction

The phenomenological theory of electrochemical processes was evolved in [1,2]. A number of quali-
tative assumptions regarding the form of the dependence of the probability (W) of an elementary act on the
(microscopic) heat effect (AJ) of the process, namely, the Arrhenius law

W=Be~?5, (B=1/kT) (1)

and the empirical Bronsted rule that the energy of activation (E a) depends on the heat effect (AJ) of the
process, in which the transition coefficient (the "symmetry factor," according to [3]) a¢(AJ) = dE,/dAJ is
constant over a wide range of AJ, were used in the construction of the theory. Expressions for the form of
these dependences for various models of the reacting system will be obtained in the present paper (and also
in a number of subsequent papers) on the basis of a quantum-mechanical examination. In the presentpaper,
this sort of examination will be made for the case of nonadiabatic reactions within the framework of the
harmonic approximation for the description of the system. A correlation of these results for the case of
adiabatic reactions and processes in which the harmonic approximation is inadequate will be given in sub-
sequent papers,

The concept of reaction channels [4] should be introduced during the successive constructon of the
quantum-mechanical theory of chemical reactions, For this, we will break down the complete Hamiltonian
of the system (H) into the Hamiltonian of the initial (final) channel Hi(Hf) and the perturbation Vi(V f),
which leads to transition to the final (initial) state *: : : ‘

H=HtVi=H+V,. : . - @) -

*It should be noted that perturbation in the channels (Vi, for example) leads to two different effects: distor-
tion of the structure of the reagents without transitions to the final state and transitions strict y to the final
state, To a certain approximation, perturbation Vi can be broken down into "diagonal” part Vf} (which
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For example, the states of Hamiltonian Hj for electron transfer reactions A%t + B%? — A,z‘fi + Bzﬂ’-1 cor-
respond to the electron in the vicinity of ion A (with allowance for the polarizing field of ion B), while the
state of Hy corresponds to the electron on fon B; the interaction of the transferring electron with ion B
plays the role of interaction Vj in this case, while interaction with A (or, more precisely, the "nondiagonal"
part of these interactions) plays the role of V. Hamiltonian H was similarly broken down for proton trans-
fer reactions and more complex processes, As is shown in the general theory of collisions of particles
with redistribution [4], the following general formula is valid for the probability (W) of transitien from the
initial state to the final state: :

W-TAWZ (¥ |5 W0 [*-8(E~E,), ' _ @
- .

where ¥ (¥ f) and E{(E f) are the wave functions and the energy levels for the initial (final) channels, and
Hi¥i = Ei¥i, and Hf ¥f =Ef £, ' - IR

The summation in formula (3) is made over all of the final states ¥ ¢ and Gibbs averaging (AviMi'=
o-'z‘:M.' exp(—BE); Q is the statistical sum) is performed over all the initial states; finally, S

1 . PR e P
T Vit Vyrme—V,
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For nonadiabatic reactions, when perturbations Vj and V¢ are sufficiently small (the corresponding levels
will be discussed in papers devoted to adiabatic reactions), one can replace 7 in formula (3) by Vj.

Harmonic Approximation

In examining reactions in polar media, we find that the interaction of the reagents is strong and should
() '

+ H{n) . Hf: = g}s) . }{}é); where .

be included in the channels of Hamiltonians Hj and Hy, such that Hj = Hy _

Hin) describes the state of the reagents [correspondingly, H(n) is the state of the: products], and Hi(s) (H(s) )
is the Hamiltonian of the polar medium with allowance for the field of the reagents (reaction products) in-
troduced into it. As shown in [5, 6], the polar medium can be described by an infinite set of harmonic . °
oscillators, and in a number of cases it can be assumed that the normal coordinates of the oscillators (q,,)_
and the vibrational frequencies (w ) of the polar mediu’m' are identical before and after the reaction:

PO LT

w i N @ S T Ty
. Hy —Z—z—ﬁﬁ)x[(Qx on) —’BE] +AJO . ‘ A . ‘ng 1‘

Here q,, is the shift in the equilibrium values of the normal coordinates of the medium as a result of the
reaction (for the initial state, the equilibrium values are taken as the reference origin in order to simplify
the formula), The harmonic approximation will be used to describe the intramolecular degrees of freedom’
of the reagents and products in the present paper:

. . : b LI LR | o .
HP=_-Y =2 2 31 ‘
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- PYRPY 1 , . . ; : : . o
H[ = ——— + -—2—‘2 g“ z‘z,,-f- g f;xd‘AJ.( ), (6)
A :

T 2m‘ az"

is responsible for deformation of the structure of the reagents) and "nondiagonal™ part V}‘d (which leads
to transitions between the distorted states in the channels): Vj = V{i + V{‘d. Interaction Vi~ (the pro- : e
nounced repulsion of the reagents at short distances, for example, is associated with it) will subsequently -

be included in channel Hamiltonian Hj, so that only "nondiagonal® portion V?d is implied by Vj in all of the -
following formulas, while states with allowance for Vg are implied by the initial and final states, A - ' .-
similar procedure is known as "the method of distorted waves" in the case of gas reactions. @




in which Tw= ZO»’O;@ is the orthogonal matrix (|| 6,g'll is the unit matrix). Thus matrix 1 oy pl is known
P P . . )

where g 17(g 3 ) are directly associated with the force constants for the corresponding valence and de-
formation bongs, x» are the Cartesian coordinates of the nuclei of the reacting particles, and m; is the
mass of the corresponding nucleus, The f; values characterize the shift in the equilibrium values of the
coordinates as a result of the reaction (the initial equilibrium values of the coordinates are taken as the
reference origin), while AJ 81‘) characterizes the difference between the final and initial equilibrium energies
of the reacting particles, Hamiltonian (6) should be diagonalized for the subsequent analysis, i.e., one
should introduce normal coordinates for the reagents and products. We will point out one of the possible
methods for this introduction: after the substitutions y; =x E‘[EE , one should effect the orthogonal trans-
formation [7] of coordinates z..=}:é Owy:; in this case, for the kinetic energy operator we have

Rt Kt 42 1 . that th o for th t
-y =} —, is selected in such a wa at the expression for the poten-
Z‘I 2me 9z > Z,,“ e Matrix Ilo.,,,sll is s v Xp o |

tial energy takes on a diagonal form: I guziz.= %} Gen(muma) ~"Yiy= 2;.. A2y, where Ay are the eigenvalues of
ER) n . ,

the matrix [7] llgs,,(mEM,.,)"v/2 l. Sim‘ilarly, the orthogonal (but, generally speaking, a different one) trans-
formation z.,,'=2,0,,g’y; diagonalizes form J gw#i%. Finally, substitutions qn = zn\/wn /i and an' =
t

= znv,/wn'/ﬁ , where wy = A, wy' = vA n' reduce Hamiltonians Hi(n) and Hf(n)

(n)= 1 2 A )
H, Z|'2 ﬁm;(qg 779—?- ’

(ﬂ)= i ) ’ s a’ ) i ’ (w)
H, g"z-&mn (q'l ‘-aq,," + ;In% tAl.,

to a form similar to (5):

where the f,, values are linearly related to fE in (6). Designatiné the equilibrium values of the dimension-
less normal coordinates by means of q ' = ‘fn /hw n and considering (5), we have for Hj and Hf

- =H‘=Zv—;;hw;(q.’—£}); H:aZ%hw,’[(m’—w’f—%,—]m&, o :
» Soum » L .

in which the summation is made both with respect to the degrees of freedom of the medium ¢ = %) and with
respect to the intramolecular degrees of freedom (# =¢£). In formula (7), AJ, is the difference in the
equilibrium energies of the entire system (the polar medium and the reacting particles) for the final and
initial states (for the ground electronic states). As seen from the derivation of formula (7), the normal co-
ordinates of the initial and final states are interrelated by linear expressions:

q,’=Z,a,;g., where a,,=f,- —-g-; Il'nwll==" "60’“ | ”2‘“ “, (8)

v

ke

to be quasidiagonal [7], since the degrees of freedom of the solvént are not "entangled," in the process of
reaction, with the intramolecular degrees of freedom, i.e., g.'=¢s gv = g axqi. In addition, in many cases

matrix || Ty E“ (and, consequently, matrix'ﬂ'a'.,’ g") is quasi-diagonal, i.e., the set of expressions (8) can be
broken down into several independent sets: :

Ib""'! 0 0..... Qu';"'"Qx

. ( ;. . . 'f;
@] = 0 o 0;2. e (g = Zalled ‘ o 9 {
0 0 o ... {¢¥ =2 . . . L

a9+ s e o o s e e s e s e

{the term "independent sets" means that there is not even one qg coordinate that would enter into more 3
than one of the equations of expression (9)]. We will call the degrees of freedom {a E(i)} that enter into +
one of the sets of expression (9) "interentangled." - -~ - @ - : - e -

.

660




e s

General Expressions

In [8, 9] it was shown that for a system described by Hamiltonians of channels (7)', expression (3) for

the probability of transition can be transformed to

W=A exp {—36[0°(A]), ¢."(A]); AT]}, . (10)
where A is only slightly dependent on heat effect AJ and reciprocal temperature g = 1/kT.
The index of the exponent in formula (10) has the form

_ . . .
(0,q.,8)=poAs+ )" {q.’ th—- ey (1-8) + (¢ ~gw')*th —; Bhw'0 } o (11)

in which, in place of 6 and q,, one must substitute 6 *(AJ) and ap (AJ), which are the solution of the sys-
tem of the following equations: '

9 th—-ﬁﬁwv(i — 07+ }ﬂpv(% —qm)th—ﬁﬁwp =0 for all v L A ‘ (122;') )
" .

- % oglt o) (g —gs) o
AJ_—_-Z T - i “(12b)
- ho,(1 — 0°) ch? 5 Bhw,'0" '

[the g3 and q#v* values are interrelated by expressions (8)]. The AJ value in formulas (11) and (12b),_ o

which is equal to AJ,+ 2 ( hw)’ —-—;-ﬁm.) will subsequently be called the heat effect of the process. : ,

An analysis of formulas (11) and (12) shows that in most cases of practlcal interest the index of the :-"
exponent in (10) is a linear function of reciprocal temperature 8 : : » g

H10°(AD, ¢(AN); All=pEAD+0@D, 0 ay
i.e., W depends on the temperature in accordance with the Arrhenius law with actlvatmn energy Ea. As '
will be seen from what follows, o is associated with subbarrier crossmg along several degrees of freedom

and will therefore be called the "tunneling factor."”

It is apparent from formulas (10) and (13) that there is a correlation between the principal kinetic _
parameters (Eg and o) of the process and its thermodynamic characteristic — the heat effect of the process
(AJ). It is convenient to use the transfer coefficient (the "symmetry factor" [13]) a¢(AJ) = dInW/BdAJ ’
as the characteristic of this sort of correlation It can be shown from expressions (10) -{(12) that - o

dln W dx[e (A7), g, (A); AT} -
paal . pdAT

So that below, the 0 * value will also be called the transfer coefflcxent

a(al)= - B(Al) o  as

In the general case, one can find the solutlon of equahons (12) and obtain the expression for W for

two values of the heat effect of the process (AJ), whent AJ= -—Z-—-hmv Qvo'*= —E,’ andAJ—Z—-—ﬁquu mE,

[ay, and q,,' are linked by expressions (8)]. In the first case, the minimum of the initial electronic term of
system U(q) is found on the surface of the final electronic term U'(q):

‘ 1 | v ‘ 1 . ’ | ’ ) ' '
v (q)=2—2—ﬁ&w-’; U(g)= 2—2—hm' (g, —gqw')*+AJ. (15)

t The Ep and Ep! values will subsequently be called the erergy of reorgamzatlon of the entlre system for -
the forward (reverse) process.




In this case, q; = 0, the transfer coefficient is 6*, the activation energy (Ea) and the "tunneling" factor
(o) revert to zero, and the probability of the transition reaches a maximum value:

W-r—g%t— =Y { ( Z—;- BAG, GG’ ) " cth —12— ﬁf!m.}.

(here L is the exchange integral [9]). In the second case, when the minimum of the final electronic term of
system U'(q) is found on the surface of the initial term U(q), for all degrees of freedom q}* = q,,', trans-
fer coefficient 6+ is one, ¢ reverts to zero, and the activation energy (Ep) coincides with the energy of re-
organization of the forward process, ie., Eg =Ey =AJ.

Using formulas (11), (12), and (14), one can show that transfer coefficient 6* is a monotonically in-
creasing function of heat effect AJ. When the change in AJ ranges from —Ey' to Ep, the transfer coeffi-
cient therefore increases monotonically from zero to unity, while activation energy Ej increases mono-
tonically from zero to E,. In this case, because of the activation factor, the probability (W) of the transi-
tion changes by a factor of approximately exp8E, i.e, by 17 orders of magnitude, when T = 300°K and Ep =
=1eV. For real processes, the condition =E¢' < AJ < Ey, i.e.,, 0 < * < 1, is practically always satisfied,
This circumstance is associated with the high total reorganization energies (Ey and E'), which usually
amount to several electron volts, We note that all of the degrees of freedom of the system make a contri-
bution to the total reorganization energies. If cleavage or the formation of rigid valence bonds occurs dur-
ing the reaction, these degrees of freedom make a contribution of '/,fiw.gw' of the order of the dissociation
energy for this bond to the reorganization energy, i.e., in this case E, and E.' will be particularly large.
Violation of the conditions ~Ep! < AJ < Epr and 0 < 6* < 1 should therefore be expected only for processes
during which neither cleavage nor the formation of rigid valence bonds occur. In this connection, a broader
range of heat effects (AJ)t than —~E,' < AJ < E will be examined only for this class of reactions, In all
of the remaining cases, we limited ourselves to an investigation of the interval “E,' < AJ < Ey, when § *
lies between zero and unity, The indicated result is in agreement with the experimental data for both chem-

“ical [10] and electrochemical [11] reactions.

~ Using formula (3), one can obtain the thermodynamic relationship between the rates of the forward (W)
and reverse (W') processes:

- AP 1—8—”‘.'

W=W’'e * =Wt/ el : (16)
where AF, is the free energy of the reaction, Then, according to (14), transfer coefficient a' for the re~ v
verse process is 1 — a; from (16) and (13) it is also seenthat o' = o and E,' =E, —AJ for thereverse proc-
ess, The "reaction paths" are therefore identical for the forward and reverse processes, i.e., the same
energy levels make the primary contribution to the transition probability (W and W').

We will now introduce the concept of "classical" and "quantum" degrees of freedom, which is impor-
tant for the subsequent analysis. We will call degree of freedom q, classical if the vibrational frequency
(wy) for it is low enough that '/,phw.<1 (fiw.<2kT). The reverse condition Y/:phw,>1 is satisfied for the
quantum degrees of freedom, The breakdown into classical and quantum degrees of freedom in the final
state is carried out in exactly the same way: /,ffio,/<1 or '/.phe,>1. We note that, in the general case,
expressions (8) link the classical degrees of freedom for the final state with both the classical and quantum
degrees of freedom in the initial state; the same also applies to the quantum degrees of freedom.

‘Thus all of the sets of linear expressions (9) can be broken down into three groups:  the "purely ciaS-‘

sical" setst g/= Za,‘q‘ (the vibrationalyfrequencies for all of the degrees of freedom entering into this set -

T However, one should bear in mind that, according to [1, 2], for electrochemical reactions the "macro-

scopic” transfer coefficient Qexp = kT(dIni/den) always lies between 0 and 1, even if @ (AJ) may go beyond 4
these limits. Physically speaking, this is associated with the presence of a continuous electronic spectrum '
in the electrode, - | sl R = S

% Here and in what follows it is convenient for descriptive purposes fo use the following symbols: sub- ..
seripts i and j will always pertain to the "purely classical" sets, and lejill is the corresponding matrix of .= .
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are sufficiently small in both the initial and final states: Y/.pAw,, /:8h0/<1 for all i, j); the "purely quantum"

sets q. =Z§i:.q. (all of the frequenmes are sufficiently hxgh- ’/,phm., '/zphm,’>1 for all s, t), and the
"mixed" sets ¢/= Zy,.q,. (there are both high and low vibrational frequencies). For the subsequent
L3

analysis it will not be particularly essential whether there are one or several "purely classical" sets in
the system, All of the "purely classical" sets are therefore conveniently united into one "purely classical"
. The concept of a "purely quantum subsystem" with bond matrix [[g¢gll -
is similarly introduced. At the same time it will be essential for us whether we can break down the entire
"mixed subsystem" into individual independent "mixed subsystems." In the general case, we will therefore
isolate several independent mixed subsystems with bond matrices [y (R(II and ||y (ﬂ(" Thus we will break
down the entire set of linear expressions (8) as follows:

g/ = Y ot 'q,’-—-Zﬁ,.q.; ¢ =Y wa?; o ==Z 1 o . an .
4 . L]

We note that a part of the subsystems may be absent in the general case. In the present paper we will
examine only the particular case in which there are only purely classical and purely quantum subsystems,
i.e., the case in which there is no "intermixing" of the classical and quantum degrees of freedom durmg the
reaction. The general case is considered in our next paper. '

Processes without ""Intermixing' of Classical

and Quantum Degrees of Freedom

As was pointed out above, in this case all of the degrees of freedom of the system can be broken down
into classical (q;, q ') and quantum (qg, g¢') values, and "entanglmg" of the classical and quantum degrees
of freedom does not occur during the process: . . ,

: q;’=2anq-, —Zﬂuq- ‘> T v"':(i'8)‘:vv

For example, redox reactions that proceed without cleavage of and formation of valence bonds with fre-
quencies ©=22kT/A, and a considerable number of proton transfer reactions fall into this class of reactions.
A large part of the degrees of freedom of the solvent [12] and the intramolecular degrees of freedom with
low vibrational frequencies w<2kT/A. enter into the classical subsystem in this case, and low-frequency
vibrations in complex ions [13] (including aquo complexes) also fall into this subsystem, The quantum sub-
system includes a small part of the degrees of freedom of the solvent {12] and also the high-frequency va- -

. ) . . . . . . - kT . e
lence and deformation vibrations in molecules and complex ions with frequencies 0> = (in particular,
the valence and deformatxon vibrations of the protons in molecules practically always satisfy this condi-

tion [14]).

Analysis of equatlons (12) [8 9] shows that the entlre range “of heat effects of the process (—Er' <
< AJ < Ey) is conveniently broken down into three ranges: "activationless" (-Ep' < AJ < —E,'; transfer
coefficient 6* is practically zero over the entire range), "normal" (~Ep' <A J < Eg¢; 6 * changes slowly
from zero to unity), and "barrierless" (E¢ < AJ < Ey; 6 * is practically constant and equal to unity). Here
Eo(E¢'") is the reorganization energy of the purely classical subsystem for the initial (final) state:

E.= Z‘—%hm‘qw’; E, = Z%fzm,’q”". The E¢ and Eq' values are ueually much smaller than the total re-
1 A o .

relationship (9); similarly, subscripts s and t and matrix |8 tsll of relationship (9) will correspond to the o

"purely quantum® sets; finally, k, I, and matrix [y || will always pertain to the "mixed" sets. In par- o e :

ticular, t/:pha; !/:phoy<1; 1/:phae,., ’/2ﬁfi(0t'>i therefore always hold true.
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organization energies E, and E,' but nevertheless prove to be extremely large (from 0.5 to several electron
volts) for real processes.t Most processes therefore actually occur in the normal range of heat effects In
this case, the following formula is valid for the transition probability (W):

We=Ae~tEa~c (19)

1 . 1 ’
Eu= Z,:'_z'ﬁm‘q“‘; o= ¥\ g+, g}, (20)

where the gq;* and qg* values are determined from the system of equations

g+ Yipu(a'~ga)=0 forall s o12)

(1-0)h0a+0" Y asto/ (¢/"~gu)=0  for all i
4

) : (21b)

It is easy to show with (20) and (21b) that the activation energy coincides with the distance between the mini-
mum of the initial term and the saddle point on the cross section of the surface of the potential energy of
the purely classical subsystemt :

1 1 :
U(g)=) 5 hoat  0'(a)= Y = ho/ (o ~gx')+AJ. (22)
i I} : '

We note that the terms of (22) are obtained from the electronic terms of (15) if all of the quantum degrees
of freedom are "frozen," i.e,, if it is assumed that all qq in the initial state are equal to zero and that in the
final state qt' = qy'. Tunneling factor o is directly associated with the overlap integral of the wave func-

tions of the unexcited states of the quantum subsystem Qéi) and @éf ) :

1O 100 e {HV o - det |6+ Y 8|} ” (23)

It is convenient to introduce the exchange integral for the entire quantum subsystem

o (')
Lqu an=<@o ILIDs "), . (24)

which is equal to the matrix element from the perturbation that leads to transitions and is calculated by
means of the wave functions of the ground state of both the electrons and the quantum degrees of freedom
of the vibrational subsystem, Equation (19) can then be rewritten as follows:

‘ W=Ac1 e~*h; ,
A=l ool (-2-,’;'--;%)' {ee t" (1-6°)8,+6° 2 o py e "} ™ (25)

The expression for W can also be written in a form simllar to the formula of the theory of absolute reac-
tion rates [15]:

w=ﬂlnqml[fﬂdqe—’”] f que-waw U'>- . o

However, it should be emphasized that, in contrast to [15], the 1ntegrat10n in formula (26) is performed only
with respect to the classical degrees of freedom, while the transition along the degrees of freedom with :
frequencies w> 2kT/Ai is essentxally a quantum transxhon.

t We note that accordmg to [12] almost all of the repolarization energy of the solvent enters as a term into :
Ec.

$ The expressions for Ea(AJ) in several concrete cases are presented below
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The transition process can be interpreted in the following wey: owing to the heat fluctuation of the

classical subsystem (with a probability proportional to e-ﬁ Ea) there arises a transition state with con-
figuration qi = qj*, in which the energies of the electrons and quantum vibrational subsystem for the initial
and final states prove to be equal; tunneling of the entire quantum subsystem from the unexcited initial state
to the unexcited final state occurs in the transition state with a certain probability % (the "transmission co-
efficient™)t ; if this transition has occurred, the classical subsystem relaxes (at a fixed state of the quantum
subsystem) to the final equilibrium state, Thus, prior "classical" stretching of the bonds does not occur
along the quantum degrees of freedom, so that the quantum vibrational subsystem in the normal range will
behave precisely like the electronic subsystem; these subsystems determine only the transmission coeffi-

cient (n), while, according to (26), the expression for the activation energy (Ea) is determined only by the
classical subsystem.

We will now examine strongly exothermic reactions, in which =E,' < AJ < -E¢', ie., an activation- -
less process. In this case, we will assume for simplicity that the vibrational frequencies in the classical
subsystem do not change too markedly during the transition. In this case, the activation energy (Eg) is
practically zero. The tunneling factor (¢), which was constant over the entire normal range, begins to
gradually decrease (up to zero when AJ =-Ey'). The decrease in ¢ is a consequence of the fact that the
transitions to the excited states of the quantum subsystem in the final state with energies approxlmately
equal to the difference Ey' — AJ begin to make the primary contribution in this range:

°=-2{q-"‘*’(q-"—q.o’)’th—-zi—Mm.”ﬂ'}, o R A' : (27)

where qg* and * are determined from the system of equations

. z 1 ne .
q-.‘*'z‘pu(%' = )th—z'ﬁﬁ(m 0°=0 . for a11 j’,' o o v \» (28a)
{ 1 fl ’ ‘n. ’ 3'
Z"z"‘ ¢ (q: “Qu) )
AJ=_’EQI— - ‘ S AN 2 . -
Y aelpe ('28b)i- .

We note that, although 6* « 1 over all of this range, nevertheless the substitutlon §*— 0 cannot be made -
in expressions (28) in view of Y;phe/>1 .

If all of the degrees of freedom do not "entangle" mthin the quantum subsystem, but the v1bratlonal
frequencies, generally speaking, change during the transition [i.., bond matrix IBtsll in (18) is diagonal, .
and, according to (8), Btg = StgVwg'/wg], then

| :cth?ibﬁqn.'e' 1 o |
o"‘Z =) —z| —t——— . © (29
: 1+.—-cm—-pnm.

where x.o-q..v is the shift in the s-th ethbrlum Cartesmn coordinabe mg is the mass correspond-

1@,

ing to this degree of freedom and @ * is determlned t‘rom the equation o

. - "h‘T fhose” oy | - |
CAl= —’Ec"— 2 —2—hﬁ).q.o’ .. - 1 H -—z-ﬁo).q.o”' 'E' m.m.’z,,’ S (30)
. -4 ' 0)‘/0).’+ tthhmale. o v ) ) ’

[the substitution coth !/28%0,’0'~1 should be made on passing to the normal range ip (29)].

T The expressions for % in the more general case were obtained in (14, 16]. .
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i.

It is convenient to use formula (16) for the probability of the reverse process (W') in investigating
the barrierless range of the process (large positive heat effects of the process: Eg < AJ < Er), when the
transfer coefficient (9 *) is close to unity. Since a'=1- o, the process, which is the reverse of the bar-
rierless process, occurs without activation, In this range, therefore, E, coincides with AJ; the transitions
of the quantum subsystem from the excited initial states to the ground final state make the primary contribu-
tion to probability W, so that ¢ gradually decreases as AJ increases. In this case, formulas (27)-(30) are
valid if the following substitutions are made in them: AJ— -AJ, E¢' =~ Eg, wg' ~wg, 0% —1= 6%,
dg =45 —Qgsp'» and BtS"ﬁst(wt/"’s') (inverse matrix),

Transitions in a Purely Classical System

When all of the vibrational degrees of freedom are classical, i.e., 0, o/<2k7T/# for all degrees of
freedom, formulas (19), (20), (21b), (22), (25), and (26), in which one should set ¢ equal to zero and Lquant
equal to L, prove to be valid not only in the range 0 < 8* < 1 (ie,,—Ep' = —E¢' <AJ < Eq =E,), but also
outside of this range. One can obtain simpler expressions for the activation energy for some particular
cases,

For some classes of reactions [12, 14], the degrees of freedom of the solvent do not become "en-
tangled" during the reaction either with one another or with the degrees of freedom of the reagents, and for
reactions in water one can assume [12] for qualitative examination that all of the degrees of freedom of the
polar medium are classical (in a more accurate examination [12] part of the degree of freedom of the sol-
vent proves to be quantum in nature, so that these degrees, according to (20), make a contribution to ¢
rather than to Ey). If there is no substantial change in the length and angles of the valence bonds of the re-
agents (extraspheral reactions) during the reaction, then

(E.+A))?
4E, k)

where E¢ is the reorganization theory of the solventt (or, more precisely, its classical part). Formula
(31) remains valid if, in addition to the solvent, there are intramolecular degrees of freedom that do not be-
come "entangled" during the transition, and wi = wi'; in this case, the reorganization energy of these de~
grees of freedom also enters into E¢. In the more general case, when the intramolecular classical degrees
of freedom do not become "entangled" during the reaction but their frequencies change (wi # wj'), ie.,

apq = S iYwi'/wj, then

E.= (31)

1 ,
?hm"m"qu :

El= 2 ’ ll
9 2 (-0 ort0a T’ (32

where 6 * is determined from the expression

1 .. (1-0")%0r—0"0/* ‘ 5
= —ﬁ i’ ! '3 . '
Al E 2 Wi Wy Qe [(1"9.) 0)(""9.0) lz]z (33)

Formulas (32) and (33) are 51mp11f1ed if all of the frequenmes change only shghtly (Iwi - wj'l« wi)s

e () [ () ren (e (52 )]

The expressions for E a(AJ) are also simplified in the case of a sharp change in vibrational frequencies dur-
ing the transition: suppose that, in addition to the degrees of freedom with invariable vibrational frequen-~
cies (in particular, the solvent) with total reorganization energy Eg, there are another two independent sub-
systems In the first of these the frequenmes increase sharply during transmon to the final state (wi «<

«<wy' for all 11 1), while in the second, the reverse condition wy, > wy,! for all i,, jz is satisfled In this |

case, the coordinates within each of these two subsystems may become "entangled" in an arbltra.ry manner.
Then : ,

T R e e

T According to (20), the dependence Ea(AJ) in the normal range also has the form of (31) for proton trans-
fer reactions ) .

ot o,
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., (EAE/~E+AI)
=E+— i ; (35)

Where
E E : 1 h 3 (E 4 E : 1 h ’ lﬁ)
l=. - "—‘2 (Dt.Quo 3 2 (‘)h Qho

is the reorganization energy for the first (second) subsystem in the initial (final) state. This situation is
typical, for example, for dissociation or substitution reactions [13, 16]. In this case, low wy, and wj, fre-

quencies correspond to the vibrations of "free" particles in the solution as a whole, while high frequencies -
(wh' and “’iz) correspond to vibrations along the valence bonds.
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