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Various simple models of bimolecular reactions are discussed which provide a qualitative interpretation of the principal
aspects of the elementary act in the redistribution of atoms. The limitations imposed by the law of the conservation of
total angular momentum have been elucidated for processes involving the intermediate formation of long-lived complexes.
The limiting cases of the mechanisms of dislodgment and stripping have been examined for direct processes. The latter
mechanism is interpreted in terms of an optical model. A list of 38 references is included.
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1. INTRODUCTION

The Review discusses the most recent development of
the theory of bimolecular reactions, i.e. processes of the
type

X + Y->Z + U (l.l)

occurring in the gas phase. Since elucidation of the mech-
anism of this process is based in general on solving a
many-body (in the simplest case the three-body) problem,
the modern theory of bimolecular reactions is largely gov-
erned by progress in computational technique. Analysis
of the trajectories of the representative point has yielded
important results on the energy dependence of reaction
cross-sections, on the energy distribution function of the
reaction products, and on the angular distribution of elas-
tically and inelastically scattered particles. Another line
of research is based in large measure on models of the
mechanism of the redistribution of particles and on certain
hypotheses concerning the interaction of reactant molecules.

This approach enables the final results to be obtained with-
out complicated intermediate calculations, and thus permits
several redistribution processes to be interpreted (if this
is possible) in terms of relatively simple models. The
most widely used are discussed below.

These models are most conveniently classified accord-
ing to the extent to which the energy of the unstable molec-
ular system formed on collision is able to undergo redis-
tribution among the various degrees of freedom before the
reaction can be regarded as complete. On the basis of
these considerations the following classification is useful.

1. Reac t i ons involving an i n t e r m e d i a t e
complex . In these processes the mechanism of the re-
distribution of energy approaches a statistical process.

2. D i r e c t r e a c t i o n s . According to the way in
which the particles are redistributed, these are subdivided
into three subgroups—(a) rebound mechanism, (6) mecha-
nism of direct dislodgement, and (c) stripping or pick-up
mechanism.
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Several processes occurring by the above mechanisms
will be examined in the present Review. We shall not in
general be concerned with the rebound mechanism, since
the chief advances in this field have been achieved by taking
into account the simultaneous interaction of several atoms,
this requiring the use of computers. Reactions having a
rebound mechanism are usually considered in terms of the
transition stage theory, and several problems for thermal
reactions have been clarified in a previous review1.

2. STATISTICAL THEORY OF REACTIONS. EXCHANGE
OF ATOMS WITH FORMATION OF AN INTERMEDIATE
COMPLEX

Discussion of General Formulation

The chief assumption in the statistical theory of bimo-
lecular reactions is that the elementary act (1.1) takes
place in two independent stages. The first stage involves
formation of a complex or composite system XY*. In the
second stage the complex XY* breaks down along all pos-
sible channels, the probability Ρ of breakdown being cal-
culated from the statistical theory of unimolecular reac-
tions. It is clear that, for the assumed independence of
the two stages to be valid, the lifetime τ of the composite
system XY* should exceed substantially the characteristic
times of the intramolecular motions. An estimate of τ
can be obtained from the statistical theory of unimolecular
reactions, which has now been quite well developed2"4 and
enables the mean lifetime of an active molecule before
spontaneous breakdown to be calculated with satisfactory
accuracy.

Let us suppose that the initial states of the molecules
X and Υ are characterised by a set of quantum numbers i.
On formation of the complex the numbers i are supposed
to lose their significance, the activated molecule being
characterised by a new set of quantum numbers e. Further,
let the final products Ζ and U be characterised by the
quantum numbers/. The cross-section of the elementary
act is then written

Olf(Vi)= (2.1)

where δσ^ is the cross-section of formation of the com-
posite system XY* (or, as we shall call it, the capture
cross-section of X and Y) in the state e, and Pef is the
probability of its breakdown along the channel /. The
summation in Eqn. (2.1) is made over all states e which can
be formed from the initial state i. The symbol ν ι denotes
the initial relative velocity of the molecules X and Y.

The probability of breakdown P 6f is given by the nor-
malised partial rate of breakdown along the specified chan-
nel:

where
*,=

(2.2)

(2.3)

Here the summations with respect/ and i are made over all
channels in forward and reverse directions. The decom-
position rate constants kn(e) of the active molecule (XY*)e
are in turn calculated from the theory of unimolecular re-
actions.

In classical mechanics the differential capture cross-
section δσϊ€(ϋί) is given by the relation

(2.4)

where δι is the impact parameter, which satisfies the con-
dition 6i < 6^, while 6^ is the maximum impact parameter

at which capture takes place. In this formulation it is as-
sumed, of course, that formation of the composite system
does not involve surmounting a potential barrier, i.e. that
the first stage in the reaction takes place with zero activa-
tion energy. The relation (2.4) is conveniently expressed
in terms of the relative momentum Zj of the molecules X
and Y:

2n
δσ<ε {ν ι) = — UdU, pt =

Pi

(2.5)

Although the condition of capture is most simply formulated
by the requirement l\ < .1 \, it is useful to introduce into
(2.5), instead of l^, the total momentum J of the system of
colliding molecules, since it alone is a complete integral
of the motion. Henceforward for simplicity we shall dis-
cuss the collision of an atom A with a molecule BC, so that
the total angular momentum J is given by the vector sum

J (2.6)

in which j i denotes the intrinsic momentum of BC.
Transformation from the variable l^ to the variable J

(with j i fixed) is most simply accomplished by means of the
rules of vector addition5»6. As a result of this transfor-
mation the differential capture cross-section δσ^€ is writ-
ten

p\
(2.7)

where the explicit form of the function φ has been given in
a previous paper6. Here we note merely that φ vanishes
whenj ~> j\ + l\. In order to determine l\, we must for-
mulate the conditions of capture. If the capture of A and
BC takes place at sufficiently great distances, the main
contribution will be made by the isotropic polarisation in-
teraction W(R) = qiRf/R)8, and Ẑ  then depends on the rela-
tive kinetic energy of the fragments5 " 7 :

(2.8)

Ει = μυϊ/2 .

The energy Εχ is subject, of course, to the limitations
indicated below, which result from neglect of the contri-
bution made by short-range forces8.

We now specify the set of quantum numbers e, on the
assumption that the only integrals of motion of the compo-
site system are the total energy Ε and the total angular
momentum J 5 " 1 1 . Certain assertions must also be made
concerning the electronic states between which a statistical
redistribution of energy is possible. The probabilities of
non-adiabatic transitions between these states are supposed
to be sufficiently high for them not to limit the transfer of
the representative point from one potential surface to
another.

This last hypothesis cannot be regarded as valid for all
reactions in which an intermediate complex is formed.
Several ion-molecule reactions are now known whose very
small cross-section is ascribed to the low probability of
non-adiabatic transitions between the electronic states
linking the initial and final terms of the partners1 2.

The total cross-section σχ of reaction (1.1) can now be
rewritten

• t s
(£, J) (2.9)
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where ky and fe_x are the rates of the spontaneous break-
down of ABC* in forward and reverse directions. In cal-
culating the cross-section of reaction (1.1) into a specified
channel (e.g. in a state having specified vibrational or rota-
tional quantum numbers), we must replace k^iE, J) in the
numerator of (2.9) by the corresponding partial rate con-
stant. In most cases Eqn. (2.9) can be considerably sim-
plified, since the relative momentum Ιχ usually exceeds
appreciably the intrinsic angular momentum of the reactant
molecules. In this case we can put J — Ιχ = ΡΦχ, and
Eqn. (2.9) becomes

σ, = ̂  \ 2 hdh Κ (Ε, J)

kx (E, J) + ft_i (E, J)
= 2π

kx

kx (£, J) + kx (£, J)
(2.10)

Figure 1. Energy surface for reaction involving an
intermediate complex.

A reaction of this type can be represented diagramma-
tically by the movement of a representative point along
potential-energy surfaces (Fig. 1). The relative motion
of A and BC in the initial stage of capture takes place in a
plane perpendicular to the relative angular momentum Ιχ.
If the energy axis lies in the direction of the vector Ιχ, cap-
ture is represented by the trajectory described by the vec-
tor Λ^-BC, as it descends spirally into the "funnel" cor-
responding to the potential WA_BC· The representative
point then reaches a region of strong interaction, where
the redistribution of energy is described by statistical laws
(shaded region). Finally, the representative point begins
to rise along a second "funnel", which corresponds to the
potential W&B-C a n £ i whose axis lies in the direction of the
vector of the relative motion of the products If. The di-
rection of the vector If is related to that of the intrinsic
angular momentum jf of the fragment AB and to the-vector
Jby the conservation law J = lf+jf.

If the dependence of the rates of decomposition kL, k-L

on the total momentum J is neglected in the calculation of
σ,, formula (2.9) simplifies further to

(Ε) + k_x (£)
= σί°("<):

kx(E)

(E) + *~i (£)
(2.11)

where the first factor in the right-hand formulae gives the
total capture cross-section, while second factor is the
probability of breakdown in the forward direction.

Since the values of kn are proportional to the number η
of states in a channel, it is clear that the larger of the two
constants kl and k _x will be that which corresponds to the

exothermic direction of the reaction. Let us assume for
definiteness that reaction (1.1) is exothermic in the forward
direction. Let us suppose further that the total energy Ex

of the initial state satisfies the condition Ex « Q, where Q
is the heat of reaction. Then the inequality kx » k _x will
probably hold, and Eqn. (2.11) will give

(2.12)

Nevertheless, the cross-section σ_χ for the reverse reac-
tion will contain the ratio k ̂ {E,J)/k^E,J) « 1 following
the integral sign. This ratio is proportional to the ratio
of the number of open decomposition channels in reverse
and forward directions. Provided thatu^ <1ΐω, i.e. when
vibrations of BC cannot be excited on breakdown of the
complex ABC*, the energetic dependence of σ_χ on the total
energy of the partners AB and C near the threshold Q is
described by the formula8

σ_! = const (E — Q) v <. (2.13)

This threshold dependence of the rate is related funda-
mentally to the law of the conservation of angular momen-
tum. This can be seen from the argument that the first
stage of the reaction involves formation of the composite
system ABC*, the angular momentum of which is distribu-
ted within a certain range 0 < J < Zc. On decomposition

in the direction A + BC the maximum anular momentum j x

of the molecule BC is small, being determined by the ex-
cess of energy E-Q over the threshold. On the other hand,
Ιχ is also small for low values of Ex. This means that the
vector sum of jx and lx is small, certainly much smaller
than If. Thus only complexes having a small angular
momentum 0 <J < l\ are actually able to break down in the
direction A + BC. For complexes having l\ < J < Zc only
one type of decomposition is available—breakdown in the
reverse direction: ABC* -» AB + C.

Model Reaction A£ + A2 —- A3 + A

As illustration of the statistical theory of bimolecular
reactions we shall discuss an ion-molecule reaction of the
above type. An actual example of such a reaction is the
process

H+(£,. n ) + H 2 _ > H + + H f Q, Q = l , l eV ( 2 . 1 4 )

in which the H£ ions possess a specified vibrational excita-
tion (quantum number n) and a relative kinetic energy Ex.
The problem consists in calculating the cross-section σ of
this reaction as a function of η and £1.

Let us first consider the calculation of the total reaction
cross-section for the ground state η = 0. An estimate
based on a simplified form of the statistical theory13 (dis-
regarding the conservation of total momentum) shows that,
with energy Ex < 0.1 eV, the rate of breakdown of the com-
plex [H£]* in the forward direction substantially exceeds
the rate in the reverse direction. The cross -section of
the reaction should then coincide with the capture cross-
section σ°, which in turn is given by the general formula
(2.12) with the polarisation potential W{R) = -ae2/2R4 (in
which a is the polarisability of the neutral particle):

= 2ne
η4". £' = (2.15)

where μ is the reduced mass of the partners. An experi-
mental investigation of the formation of H3 ions (and of D3
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ions in the analogous reaction with deuterium) confirms
the diminution in cross-section with increase in energy,
the experimental absolute cross-sections being close to the
theoretical values over the energy range investigated15»16.

Let us now examine the dependence of σ on the vibra-
tional quantum number η of the H£ ion. In calculations
based on the general formulae (2.9) it must be borne in
mind that the initial angular momentum of this ion is quite
small if it is produced by ionisation of low-energy Kj mole-
cules. Therefore the simplified formula (2.10) can be
used to calculate σχ, and for η Φ 0 the contribution of E\ to
the total energy of the composite system [H£]* can in gen-
eral be neglected if E{ < nftoo* (where ω+ is the vibration
frequency of H£). The cross-section σλ is conveniently
written σχ = σ^Ρ{Εγ η ) , where P(E^ n) is to be interpreted
as the mean probability of reaction'along the given channel.
Different calculations of this factor 17>18 are difficult to
compare directly, since the second was based on a sim-
plified form of the theory13, and took no account of identi-
cal channels of decomposition.

remembered that the experiment giving the series (2.17)
was interpreted on the assumption that the Franck-Condon
principle applied to the ionisation of 1^. It is possible,
however, that this principle is not satisfied in the vicinity
of the threshold21.

In calculating the cross-sections of reactions between
an ion and a molecule we must take into account the com-
petition between the redistribution of particles and the
transfer of charge1 6 '2 2. An important aspect is that, as
the kinetic energy increases, the charge-transfer cross-
section diminishes more slowly than does the redistribu-
tion cross-section. Fig. 2 illustrates such competition in
the case of resonance charge transfer. Along path 1 either
the transfer of an electron by the tunnel effect or the for-
mation of a polarisation complex is possible. The rela-
tive efficiency of these processes is proportional to the
corresponding cross-sections, which in turn are deter-
mined by the critical values of the impact parameters.

charge transfer
with tunnel
transfer of
electron

formation of
polarisation
complex

y
/

J^ charge transfer ] /

^ redistribution | «

R+B+

£+27 H

Figure 2. Competition between charge transfer with
tunnel transfer of an electron, charge transfer with
complex formation, and redistribution with complex
formation.

Examination of the different cases of addition of the
angular momenta of molecules resulting from breakdown
of the composite system [HJ]* leads to the following esti-
mate for the relative efficiency of decomposition in the
forward direction with energy Ε ι = 0.04 eV17:

P(n = 0):P(n= l):P(n= 2):P(n •--= 3) :P(n = 4) = 1 :0.9:0.75 :0.62:0.52.
(2.16)

This agrees qualitatively with the initial terms in the ana-
logous series representing the experimental data1 9

14 0.5:0.4:0.5:0.0 . (2.17)

The discrepancy between theory and experiment, and in
particular the inability of the statistical theory to explain
the very marked decrease in probability of reaction for
η > 4, are perhaps due to the breakdown of the main as-
sumption of the theory, that a long-lived complex is formed
at sufficiently high energies, and to the disregard of the
effect of anisotropic interaction in determining the boun-
dary between open and closed channelst. It must also be

t Such anisotropy is most clearly apparent in reactions
between an ion and a molecule having a dipole20. In this
case the field of the ion retards the rotation of the mole-
cule, and in the limiting case completely orients it in
the direction of the line of collision, so that the classifi-
cation of channels into closed and open should allow for
interaction of the momenta l± and j j .
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Figure 3. Charge transfer as one of the paths of the
competing reactions (2.14) and (2.19). The broken
curve shows the calculated charge-transfer cross-
section, and the points represent experimental results.

Along branch 2 the relative efficiency of the two paths is
now determined by the distribution of energy in the com-
plex, depending mainly on the sign and magnitude of the
energy evolved during the redistribution. In particular
Markin and Tal' roze 2 3 investigated the reaction

^ № 5 + + Η (α)
(2.18)

Φ)

which satisfies this condition. The ratio ο^/σ-^ of the
cross-sections was found to diminish with increase in
energy, and the cross-section of reaction (a) became very
small at a relative energy of the ions of about 10 eV. This
immediately shows that the lifetime of the composite sys-
tem decreases with increase in energy, and ultimately the
very concept of an intermediate complex becomes devoid
of meaning.

Another example, from the work of Levental et al.2 4, is
illustrated in Fig. 3. The broken curve represents the
calculated cross-section cr c a l c of resonance charge trans-
fer

Η J_ H+ Ο 1 Q̂
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while the points give the experimental values of the cross-
sections a e x p for this process. The divergence between
the two curves is due to reaction (2.14), which "cuts out"
from the cross-section crcalc

 t n e internal region ax in such
a way that σ β χ ρ = OC3LIC - σχ.

3. THEORY OF DIRECT REACTIONS.
DIRECT DISLODGMENT

MECHANISM OF

Experimental investigation of reactions occurring in
molecular beams shows that many exchange reactions,
particularly those of alkali-metal atoms with halogen and
hydrogen halide molecules, do not involve the formation of
a long-lived intermediate complex: i.e. they take place by
a direct mechanism. Henceforward we shall take "direct
mechanism" to mean a mechanism of interaction of the
partners in which the residence time in a volume of molec-
ular dimensions is of the order of a few nuclear vibration
periods or less. Fig. 4 shows the various possibilities
for the redistribution of atoms in the simplest reaction
A + BC — AB + C which has a direct mechanism. In the
rebound mechanism A approaches BC, a chemical bond AB
is formed, and then the atom C is repelled from the result-
ing molecule AB. As already mentioned, this situation is
usually discussed in terms of the transition state theory.

Before collision

~ Ϊ

~ ΐ

ϊ

Interaction

rebound mechanism

K + I C H 3 ^ K I + C H 3

mechanism ot direct
dislodgment

flr+il—^Rrl·* + J)

stripping mechanism

Κ + 8r2-~KBr + Sr

After collision

w

I

Figure 4. Diagrammatic illustration of rebound
mechanism, mechanism of direct dislodgment, and
stripping mechanism.

If a mechanism of direct dislodgment operates, the atom
A dislodges the atom C from the molecule BC, is slowed
down, and remains combined with the atom B.

With a stripping mechanism the atom A interacts mainly
with atom B, and the interaction of A with C can often be
neglected. The resulting diatomic molecule is scattered
mainly in the direction of motion of the atom A.

Fig. 4 includes examples of reactions of the above types.
It is an extremely complicated theoretical task to calcu-

late the cross-sections of such processes. However, the
theory assumes a simple form when the time of interaction
r s t between the incident atom A and one of the atoms in the
molecule BC can be regarded as small in comparison with
the period of vibration of the initial molecule BC or the
final molecule AB (the so called impulse approximation) 2 5"2 T:

(3.1)

An analytical expression can be obtained for the reaction
cross-section if two additional conditions are introduced
besides (3.1): it must be postulated that the amplitude of
the pair scattering Α χ γ is far smaller than the interatomic
distances in the molecules:

= A/B,C (3.2)

and that the interaction potential Ό of three particles is
additive in character:

U = l/A B + i/BC + i/AC (3.3)

The pair potentials are completely arbitrary: the only
limitation imposed on them is due to condition (3.1). It
must be noted that the additive potential approximation (3.3)
permits no description of a potential b a r r i e r or a region of
breakdown, nor a region of transition from one surface to
another. Therefore the approximation (3.3) can be applied
only to reactions in which neither activation energy nor
non-adiabatic effects play a significant part.

Condition (3.1) imposes a lower limit of 5-10 eV on the
relative energy of the partners on collision. With such
energies the exchange

A+BC-.AB + C (3.4)

begins to be subject to competition by the dissociation

A + BC-A + B + C . (3.5)

The existing theory enables the reaction cross-sections for
exchange Qexch a n ^ dissociation cr^gg to be calculated with
the quantum character of the motion of the nuclei in the
intermediate and resulting molecules taken into account.
Here we shall give merely a brief account of the classical
form of the theory describing the broad features of the
energy dependence of the cross-section in the range above
the above lower l imit 2 5 .

Assuming for simplicity that the target molecule is at
res t before collision, we shall consider that a stable mole-
cule AB is formed if the relative energy 2?A.B °* * η β a *oms
A and Β after the dislodgment of C is less than the bond
energy D^B-

The starting point for deducing an expression for c r e x c n

is the formula for the differential cross-section of the loss
of energy ΔΕ by the atom A incident with energy Ε on the
stationary atom C. For a model of rigid spheres we have

da =
dAE

= £• (3.6)

The energy -EAB °i atom A after dispersions on C, expres-
sed in the system of the centre of mass A-B, is

CAQ = \iz — z\c) — , \o. ι)

Expressing dAE in Eqns. (3.6) in terms of dEpji, and equa-
ting the differential retardation cross-section da to the
differential capture cross-section, we find that

= nRl
dE, (3.8)

μΑΒ
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The total exchange cross-section is obtained from this by
integrating with respect

Oexch=rt/?U m i n [S«£)._UAB(£_ Δ £ • « . (3.9)

Hence it follows that, when Ε «s Dpj&nA/MAB» t n e exchange
cross-section is vR%. This is clearly the case: right
from the start the relative energy of A-C is such that every
dislodgment of C enables a stable molecule to be formed.
When Ε > •DABmA/*iAB> t h e exchange cross-section dimin-
ishes because the dissociation channel is opened:

°exch= —Γ
+ »«B) Z_AB ( m A —

(3.10)

When the energy has the value E* at which the expression
in square brackets vanishes, the exchange channel is com-
pletely closed, and every collision A + BC leads to the dis-
sociation of BC.

The concepts of a mechanism of direct dislodgment can-
not usually be applied, either to thermal reactions or to
processes in molecular beams, if the kinetic energy of the
partners does not exceed several tens of electron-volts.
Nevertheless, this mechanism represents an important
particular case in which a many-body problem reduces to a
problem of pair interactions. The more exact quantum
theory of reactions of direct dislodgment enables us to take
into account the effects of repeated scattering, a sudden
change in potential, preliminary rotational and vibrational
excitation of the target molecule, and the dependence of the
effective dissociation energy of the resulting molecule AB
on its rotational state 26>27. in particular, the quantum
distribution of momenta of atoms in the vibrational ground
state of the hydrogen molecule has been suggested to be
responsible for the rapid fall in the cross-section of the
reaction

AT* + H2 -^ ArH+ + Η (3.11)

in the energy range Ε > Ε*, where according to classical
views the cross -section of the process should have been
precisely zero. A mechanism of direct dislodgment pro-
vides an explanation for the slower fall (with increase in
energy) in the cross-section of the reaction

ArD+ + D

than in that of the reaction

Ar+ + Da -» ArD+ + D

(3.12)

(3.13)

as a consequence of initial vibrational excitation27. Fur-
thermore, a simple interpretation is given of the fact that
the cross-section of formation of the ion ArH* in the reac-
tion Ar + HD+ exceeds that for formation of the ion ArD\ 2 7

However, the interpretation of the above reactions of
direct dislodgment is not unambiguous. In many cases
reactions of this type can be successfully described in
terms of a stripping model12,28,29. Nevertheless, a mech-
anism of direct dislodgment should always be considered as
a possible mechanism at high collision energies, especially
as it permits of relatively simple theoretical treatment.

4. THEORY OF DIRECT REACTIONS.
STRIPPING

MECHANISM OF

Let us now discuss another type of reaction, taking
place by the so called stripping mechanism. This term
applies to reactions in which an incident atom A interacts
mainly with the atom in the molecule BC which is directly

involved in the exchange!. The interaction of A with C in
reaction (3.4) can be neglected, for example, in rapid col-
lisions where the time of interaction of A with Β is less
than the time required for substantial transfer of momen-
tum from Β to C. It is possible that processes of this kind,
together with those of direct dislodgment, play a part at
energies exceeding 5-10 eV. With ordinary thermal re-
actions (below 10000°K) the relation between the collision
time and the time of intramolecular vibrations is such that
there can be no question of impulse interaction of A with B.
Nevertheless, there exist certain types of reaction, even
at low energies, whose formal characteristics satisfy the
conditions of stripping. The cross-section of these reac-
tions is usually very large (σ » 100 A), and the resulting
diatomic molecule is scattered mainly ahead relative to the
direction of motion of the atom A. Since large cross-sec-
tions indicate that detachment occurs at large impact pa-
rameters (6 > 6-7 A), a model having a short-range poten-
tial (e.g. a rigid-sphere model) cannot be used to interpret
these reactions.

Examples of processes of this type are provided by the
reactions

M+X»-»MX + X (4.1)

where Μ is an alkali-metal atom and X a halogen atom. A
"spectator-stripping" model describes approximately the
kinetics of such reactions, the Μ atom stripping an X atom
from the Xg molecule, while the momentum of the other X
atom remains almost unchanged. A suggested interpreta-
tion of the dynamics of these reaction3 0"3 2 starts from a
mechanism of "harpooning", in which the first stage of the
process involves dissociative charge transfer, and the
second stage the formation of a bound ion-pair:

Μ + Xf* M+ + X~-> M+ + X" + Χ + Χ -• MX + * (4.2)

The first stage—charge transfer—is the only inelastic pro-
cess occurring at large distances, so that elastic proces-
ses make the chief contribution to scattering without redistri-
bution of particles. The fact that all non-elastic channel with-
out particle redistribution can be excluded from consideration
enables the reaction and the elastic scatteringto be described
relatively simply in terms of a so called optical model. This
model consists essentially in replacing the actual potential
W{RY -M)> which leads to elastic scattering, by a complex
potential SB(Λ^-Μ)» t n e imaginary part of which (in a quan-
tum treatment of the process of scattering) is responsible
for partial absorption of the scattered particles. This ab-
sorption, which is shown in a weakening of the beam of
incident particles, must be attributed, of course, to the
reaction. If the elastic scattering of particles can be in-
terpreted in terms of an optical model, therefore, it will
give direct information on the probability of reaction as a
function of the impact parameter. While describing reac-
tion as absorption of the initial particles, an optical model,
of course, will give no indication of the way in which energy
is distributed among the degrees of freedom of the reaction

% The distinction between a model of direct dislodg-
ment and a stripping model is most simply explained
by comparing the limiting energies E* of the incident
atom A at which the exchange channel is closed. For
the former case

£ =1 I I )D>

and for the latter

£* =
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products. In this sense it will give less information on the
reaction than will detailed dynamic models. However, it
possesses the advantage that it permits a simple interpre-
tation of elastic scattering in terms of an interaction poten-
tial and an interaction responsible for charge transfer.

An energy diagram illustrating dissociative charge
transfer is shown in Fig. 5. On the right are depicted the
terms of the molecule Xj and the ion X^ (internuclear dis -
tance r) when the intermolecular distance R is infinite. The
left-hand side of the diagram shows the terms as a function
of R. Term 1 corresponds to effective interaction of Xa
and Μ in the initial state with a fixed angle γ between the
vector R and the molecular axis r of the molecule Xj. At
great distances, which are of interest in the present problem,
this interaction Wc(β) is characterised by weak attraction.
When the centrigual energy is taken into account, however,
the effective potential WCjeff(S)= Wc(fi) + Ζ2/2μβ2 repres-
ents repulsion. The set of effective ionic terms W^{R)
corresponds to Coulombic attraction. For every value of
the energy e reckoned from the level of the separated sys-
tem Xgfc = 0) + Μ there is a corresponding term Wj(e,.R),
and Wei^e,R) = WfaR) + Ζ2/2μβ2. Among them Fig. 5
shows the boundary of the continuous spectrum 2 (e = e0),
term 3 corresponding to a vertical transition (e = e*), the
boundary of the Franck-Condon region 5 (e = e* - Ae), and
6 (e = e* + Δε), one of the terms of the continuous spectrum
4 (arbitrary e).

' ^ ^ / // / .<gr

^-—

Iff I

g
--]
Μ/λ

V

£"

fΒ 13

r
Figure 5. Electronic and vibrational terms involved
in the dissociative charge transfer M + Xg — M+ + X~ + X.

Interaction between covalent and ionic states can be de-
scribed in different ways. Firstly, we can speak of non-
adiabatic transitions between the covalent term and a con-
tinuous system of ionic terms. Secondly, we can speak of
a broadening of a covalent term immersed in a continuum
of ionic terms, and of conversion of a stationary into a
quasi-stationary state. The second interpretation is il-
lustrated in Fig. 5, where the covalent term I is shown
broadened within the Franck-Condon region.

Let us suppose that the breakdown of each vibrational
state of the molecule XJJ in the region R — R* can be con-
sidered independently, and that the relative motion of Xg
and Μ can be described by means of classical mechanics.
The first of these postulates permits a substantial sim-
plification of the general problem, by reducing it actually
to a two-body problem. The possibility of the independent
description of dissociations arises only if, during passage
through the Franck-Condon region, the interaction X2-M
does not induce vibrational transitions between the levels
of XJJ (condition that the collisions shall be adiabatic) and if
the interaction is sufficiently weak in absolute magnitude
for no overlapping of the broadened vibrational levels of the
X2 molecule to occur in the region R ^ R*. These condi-
tions can be written

(4.3b)

where T st denotes the characteristic time of traversal of
the Franck-Condon region, while Γ η is the mean width of
the vibrational level at R « R*. When conditions (4.3) are
satisfied, the probability of dissociation of every level can
be calculated by means of the formulae of the quasi-station-
ary adiabatic approximation

(4.4)

This approximation forms the basis of the so called optical
model in stripping reactions3 3"3 8. Formula (4.4) gives
the attenuation of a beam of elastically scattered particles
moving along the trajectory R = R(t). A rough estimate of
the exponential (4.4) yields

(4.5)

We can see that conditions (4.3) do not restrict the value of
this integral (4.5): the first factor on the right-hand side
is small, while the second is large. This means that, to
the approximation of independent vibrational states, a case
of considerable absorption is possible, i.e. a relatively
high probability of reaction. It is clear that, with suffi-
ciently large impact parameters, the relations (4.3) will
always be satisfied. However, the total contribution of
those collisions for which the condition of relatively strong
absorption Tnrst^ > 1 is satisfied as well as conditions
(4.3) will depend on the features of the interaction respon-
sible for charge transfer.

ω(Χ 2 ) Τ |
(4.3a)

P 2 V 6 8
A(Br-Sr)

Figure 6. Energy surface for the reaction
Κ + Br2 -* KBr + Br constructed by adiabatic mixing
of covalent and ionic terms ^,

Infringement only of the first of the two conditions (4.3)
implies that the channel of vibrational excitation can com-
pete with the dissociation channel. If only the second con-
dition is infringed, the probability of vibrational excitation
is low, but the mutual influence of different vibrational
states of the covalent electronic term must be taken into
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account in calculating the probability of transition. How-
ever, these conditions are not fundamental, in the sense
that an approximate solution of the problem can still be ob-
tained from a consideration of two interacting particles. If
neither of the conditions (4.3) is satisfied, the problem of
calculating the cross-section, both of elastic scattering
and of scattering accompanied by reaction, reduces to the
general three-body problem, where we need consider only
the one electronic term arising from the adiabatic mixing
of both covalent and ionic states. The principal charac-
teristics of the potential energy of a system for which a
covalent state and an ionic state are fundamental are illus-
trated in Fig. 6. Here we note the main features of the
motion of the representative point along a surface of this
type. The presence of a sharp break on the surface, cor-
responding to transition from a covalent state to an ionic
state of the partners, is very vividly illustrated by the
concept of an "electronic harpoon"3 0"3 2. The atom Μ ap-
proaches the molecule Xg, and at quite a large distance,
when the relative motion of the neutral pair Μ and Y^ can
still be regarded as free, an electron passes from the atom
Μ to the molecule X .̂ After the electronic "harpoon" has
linked the pair M+ and Xg by Coulombic attraction, rear-
rangement of the system is possible, resulting in formation
of the pair M+X" and X. The actual process of rearrange-
ment can take place in various ways. In particular, the
electronic term of the system Xg may correspond to an un-
stable state. If the time required for dissociation of the
ion were short compared with that during which the dis-
tance between M+ and Xg changed significantly, the angular
distribution of the particles and the energy distribution
could be calculated formally from the conservation laws for
momentum and for energy. In contrast to a true stripping
reaction, however, these relations should have also taken
into account the change in energy and relative momentum
of the pair X^ occurring on non-adiabatic transition of the
X2 molecule from a neutral to an ionic state. These ideas
have been used to interpret experiments on the reactions of
potassium, rubidium, and caesium atoms with bromine and
iodine molecules32. If dissociation of the ion cannot be
regarded as instantaneous, the general problem cannot be
divided into a set of two-particle processes, and its solution
requires explicit consideration of the interaction of three
particles. In this way we arrive at the general problem
mentioned in the Introduction.

REFERENCES

1. V. N. Kondrat'ev and Ε. Ε. Nikitin, Uspekhi Khim., 36,
2007 (1967) [Russ.Chem. Rev., No. 11 (1967)].

2. V. N. Kondrat'ev, "Kinetika Khimicheskikh Gazovykh
Reaktsii" (Kinetics of Chemical Gas Reactions), Izd.
Akad. Nauk SSSR, Moscow, 1958.

3. Ε. Ε. Nikitin, "Sovremennye Teorii Termicheskogo
Raspada i Izomerizatsii Molekul ν Gazovoi Faze"
(Modern Theories of the Thermal Decomposition and
Isomerisation of Molecules in the Gas Phase), Nauka,
Moscow, 1964.

4. R. A. Marcus, "Chemische Elementarprozesse",
Springer, Heidelberg, 1968.

5. J.C. Light, J.Chem. Phys., 40, 3221(1964).
6. E. E. Nikitin, Teor. Eksper.Khim., 1, 135(1965).
7. J. C. Light and J. Lin, J. Chem. Phys., 43, 3209 (1965).
8. E.E.Nikitin, Teor. Eksper.Khim., 1, 144(1965).
9. J. Lin and J. C. Light, J. Chem. Phys., 46, 2545(1966).

10. P. Pechukas and J. C. Light, J. Chem. Phys., 42, 3281
(1965).

11. P. Pechukas and J. C. Light, J. Chem. Phys., 44, 794
(1966).

12. L. Friedman, in "Ion-Molecule Reactions in the Gas
Phase", American Chemical Society, 1966.

13. Ο. Β. Firsov, Zhur. Eksper. Teor. Fiz., 42, 1307
(1962).

14. G. Gioumousis and D. P. Stevenson, J. Chem. Phys.,
29, 294 (1958).

15. C.F. Giese, J.Chem. Phys., 39, 738(1963).
16. V. L. Tal'rose and G. V. Karachevtsev, Adv. Mass.

Spectr., 3, 211 (1966).
17. E.E. Nikitin, Teor. Eksper.Khim., 1, 428(1965).
18. N. N. Tunitskii, G. E. Spezhakova, and M. V. Tikho-

mirova, Zhur. Fiz. Khim., 40, 1634 (1966) [Russ. J.
Phys. Chem., No. 7 (1966)].

19. A. Weingartshofer and Ε. Μ. Clarke, Phys. Rev. Let-
ters, 12, 591 (1964).

20. J. V. Dugan and J. L. Magee, J. Chem. Phys., 47, 3103
(1967).

21. D. D. Briglia and D. Rapp, Phys. Rev. Letters, 14,
980 (1964).

22. V. L. Tarrose,and E. L. Frankevich, Zhur. Fiz. Khim.,
34, 2709 (1960) [Russ. J. Phys. Chem., No. 12 (I960)].

23. M. I. Markin and V. L. Tal'rose, in "Elementarnye
Protsessy ν Khimii Vysokikh Energii" (Ele-
mentary Processes in High-energy Chemistry),
Nauka, Moscow, 1965.

24. J. J. Levental, T. F. Moran, and L. Friedman, J.
Chem. Phys., 46, 4666(1967).

25. J. C. Light and J.Horrocks, Proc. Phys. Soc, 84, 527
(1964).

26. G. K. Ivanov and Yu. S. Sayasov, Pis'ma ν Zhur. Ek-
sper. Teor. Fiz., 3, 40(1966).

27. G. K. Ivanov and Yu. S. Sayasov, Teor. Eksper. Khim.,
3, 172 (1967).

28. A.Henglein, see Ref. 12.
29. J. H. Futrell and F. P. Abramson, see Ref. 12.
30. J.L. Magee, J. Chem. Phys., 8, 687(1940).
31. D. R. Herschbach, Appl. Optics, Suppl. No. 2, 128

(1965).
32. D. R. Herschbach, in "Molecular Beams", Inter-

science, New York, 1966.
33. J. L. Rosenfeld and J. Ross, J. Chem. Phys., 44, 188

(1966).
34. H. Y. Sun and J. Ross, J. Chem. Phys., 46, 3306 (1967).
35. E.E. Nikitin, Chem. Phys. Letters, 1, 266(1967).
36. E.E. Nikitin, Teor. Eksper.Khim., in the press.
37. C. Nyeland and J. Ross, J. Chem. Phys., in the press.
38. B. C. Eu and J. Ross, J. Chem. Phys., in the press^

Institute of Chemical
Physics, Academy of
Sciences, Moscow USSR


