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Fig. 1. Double potential barrier. V;,V, are the heights of the potential
barriers; V5 determines the position of the bottom of the potential well. E is
the energy; —a,—b, ¢, and d are the turning points. The arrows show the
directions of the incident, reflected, and transmitted waves.

Figure 1: Fig. 1. Double potential barrier. V;,V, are the heights of the potential
barriers; V5 determines the position of the bottom of the potential well. E is the
energy; —a, —b, c, and d are the turning points. The arrows show the directions
of the incident, reflected, and transmitted waves.
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The literature has repeatedly discussed the question of the possible existence,
on the potential-energy curve representing the profile of the path of a chemical
reaction, of a depression at the top of the activation barrier (see, for example,
(1)). On the other hand, it is known (for example, (%)) that, when particles
tunnel through two identical potential barriers, resonance effects arise if there
are quasistationary states in the potential well between the barriers.

It is therefore of interest to consider what consequences should follow from the
presence of a depression at the top of the activation barrier under conditions in
which tunnel effects may be expected, i.e., in the course of a chemical reaction
at sufficiently low temperatures.

Fig. 1. Double potential barrier. V;,V, are the heights of the potential barriers;
V3 determines the position of the bottom of the potential well. E' is the energy;
—a,—b, ¢, and d are the turning points. The arrows show the directions of the
incident, reflected, and transmitted waves.

For this purpose let us assume that the reaction coordinate (for example, in a
reaction of exchange by light H or D atoms) is described by the potential curve
V(z) shown in Fig. 1. The expression for the reaction-rate constant may be
written in the form (%)

k= B/Ooo G(E) exp (-%) dE, (1)
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where F is the energy; © = kT'; B is a pre-exponential factor, weakly dependent
on the temperature T'; and G(FE) is the transmission coefficient.

Assuming the conditions for the quasiclassical approximation to be satisfied, let
us find G(FE) for the potential field V(x) (Fig. 1). Suppose that a particle of
mass p and energy Vo < E < V, (V, < V; are the heights of the potential
barriers, and V5 determines the position of the minimum) is incident from right
to left. In the sense of the problem, in the region z < —a there is only a wave
going off to —oo; i.e., the wave function has the form

C i [
1/1=exp(/ pdx), 2
v \n )
where p = \/2u[E — V(z)], C = const. Continuing this solution into the region

x > d (for the rules of matching quasiclassical functions and their derivatives at
the turning points —a, —b, ¢, and d, see, for example, (*?)), we obtain

. 1
= \Cf exp (;/ pdx) { —4coso [26(7—1+T2) — ge’m*ﬁ)} —sh(ry — 1) sin a}
b d

C i [ 1
+—exp (/ pdx) coso [26(71”2) + fe*“l”'z)} —ich(ry — 1) sino p.
\/]3 h p ) ( 2 l)
3)

Here the following notation has been introduced:

1‘/b 1 +c
— |p| dx = 7, f/ pdx = o,
hJ, h ),

1
E/ |p| dz = 7.

Equating the second term in (3) to zero and regarding the penetrability as a
small quantity (e(172) <« 1), we obtain the condition for determining the
quasiclassical levels EO and their width I':

+c
1 V2u[EY —V(z)]dx = <n+1>7r (n=0,1,2,...);
h ), 2

h -
[ = & —(ritm) ch(ry, — 1), where T — “/ da {2u[ES — V(x)]} /2,
b

21 w
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The transmission coefficient is

1
G(E) = {ch2(7'2 -7 l46(T1+T2)) cos? o + sin® o’] } . (4)

ch2(7'2 -7

For a symmetric potential curve [V (4+z) = V(—z)], putting V; = V, = V,
T, = Ty = T, we obtain the known (?) result

Gy (E) = [4€*7 cos? o + sin” o] L. (5)

sym (

It follows from (5) that at a value of E coinciding with one of the quasilevels,
G(E) = 1. For AE < |EY|, from (4) and (5) we obtain, respectively,

G(E) = [ (r, = )] (@)
r? ,
Gsym(E) = m (5)

Far from resonance G(E) ~ e 2("*7) G (E) ~ 7.

Having investigated the behavior of G(E), let us now return to consideration
of formula (1). Suppose that the potential field V(x) has two identical barriers
with a potential well between them, in which there is one quasistationary level
E, with width I', and E|, is appreciably smaller than the barrier height V;,. For
a qualitative investigation of the role of the tunnel effect, we use the following
rough approximation for G(E):

G(E)=0 for 0<E<E;—T,

GE)=1 for Ey—T<E<E,+T, ©)
GE)=0 for Ej+T <E<V,,

GE)=1 for V,<E.

From (1), taking (6) into account, we obtain

T
k= Ble*VO/G |:1 1 2sh (6) e(Vo*Eo)/@:| , (7)

where B, = BO.

Let us consider the dependence of k on temperature.

sovietrxiv.org/items/ru-196201.74977 Machine Translation


https://sovietrxiv.org/items/ru-196201.74977

r Vo, — E
1) At sufficiently high temperatures, 2sh (6) exp (%) < 1and k =~

V
B exp (—60). The reaction proceeds by the classical path, over the

barrier. The role of the tunnel effect is negligibly small. The dependence
of k on © has a simple exponential form.

2) When the temperature is lowered, in some interval A©, depending, for a
given form of the potential curve V' (x), on the effective mass p, the relation

r —F
2sh (6) exp (%) ~ 1 will hold. In this case k(©) does not have

a simple exponential form. The over-barrier transition and the tunneling
transition (through the quasistationary state) will be equally probable.

r —F
3) At sufficiently low temperatures, when 2sh (6) exp (%) > 1, we

r
have k ~ 2B, sh (@) exp (—60). The predominant role will be played

by the tunneling transition through the quasistationary state. The isotopic

effect is weaker than in the usual tunnel effect (in the case of a single

Eo(py) — Eo(ps)
(C]

1. From comparison of items 1 and 3 it follows that, in the presence of

a quasistationary state, as © decreases the effective activation energy is

lowered (E, < V).

barrier), approximately by a factor exp [ ], where py >

r
4) In problems of chemical kinetics the condition (6) <« 1 is usually fulfilled

down to very low temperatures. Therefore the expression for k (see item
3) can be written in the form

o Blge%/@ — B™ oxp {-%(EO) - %] . (®)
™

Then the ratio of the reaction-rate constants for isotopes (for example, H, D) is

k(o) Blpg) w(ps) Eo() — Ey(pa) : .
k(i) B(m)w(ul)ex"{ o 2[7(Eo(ks)) <Eo<u1>>1}-

(9)
In (9) the pre-exponential factor is, in order of magnitude, equal to unity and
depends only weakly on the mass of the isotopes. For py > py, 2{7[Eq(ps)] —

E, —FE
T[Ey(p1)]} > 0 and o(4n1) 5 o(z) > 0. Hence it follows that, for values of
O satisfying the condition

Eo(p1) — Eo(ps)
2{7[Ey(pa)] — 7[Eo(11)]} ©

> 1, (10)
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it may turn out that k(uq) < k(uy). In this case there will be an inverse isotopic
effect, i.e., the reaction rate in the case of the heavier isotope is greater than for
the lighter one.

A calculation with the symmetric curve V(z) = V(—=x) of M-shaped form, with
Vi, =V, =V, =12keal, V3 = 6 kcal, OA = 0.3-10% ¢cm, and A—B =0.7-10"8
cm (Fig. 1), leads to the value of the quasilevel Ey(uy) = 9 keal and Ey(up) =
8.4 kcal, where p; is the mass of the hydrogen atom and pp is the mass of
deuterium. In this case the condition in item 2 is fulfilled for y = py already
at T ~ 300°K, whereas for 4 = up only at T' < 240°K. At T ~ 200°K, for H we
have 2sh (g) exp (%) =~ 30, while for D 2sh (g) exp (%) ~ 4,
For the chosen values of the parameters of V(z), even at very low temperatures

r r

I'/O =~ 0.2). The left-hand side in (10) is equal to unity at T ~ 100°K. At
T ~50°K

exp { Eolrs) g Eolp) —2[r(Ey(up)) — T(Eo(ﬂH))]} ~ 15
(see formula (9)).

Thus, at temperatures of 10-50°K, one may expect the manifestation of an
inverse isotope effect.

In conclusion I express my deep gratitude to Prof. N. D. Sokolov for numerous
discussions and a number of valuable comments.
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