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I. INTRODUCTION

The calculation of equilibrium constants and rates,
based on the methods of quantum chemistry and statistical
thermodynamics, is one of the most important problems of
theoretical chemistry and hence is of considerable sig-
nificance not only for the development of chemistry but
also for its various practical applications.

For the solution of many problems in experimental
chemistry it is sufficient to know the relative values of
the equilibrium constants and rates in series of struc-
turally related compounds. Nevertheless, the absolute
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values of these quantities for reactions taking place under
different conditions is of considerable interest for present-
day theoretical chemistry. Although this problem has
already been solved in principle for some time, consider-
able difficulties are encountered in applying the theory

to specific problems. In the theory of reactivity there are
many problems, the solution of which requires newideas.
These ideas need not always be completely new; in some
cases, the modification of old methods may lead to con-
siderable progress. An example is provided by collision
theory (in chemical reactions), the development of which
has led in the last 15 years to the formulation of the
present dynamic theory of reactivity.
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The elementary quantum-chemical theory of reactivity,
which reduced chiefly to the construction of correlations
for experimental data, reached its greatest development
in the nineteen-fifties ! 78 and was for the most part
complete by the nineteen-sixties*. Even now, however,
this theory is useful for chemists. In the nineteen-
seventies, the development of the static theory of reac-
tivity is taking place in the following directions®: a) cal-
culations of the absolute values of equilibrium constants
and rates; b) the study of the structure of the potential
energy surfaces of reacting species; and c) calculations
of solvation energies (this last is extremely important,
since 95% of chemical reactions take place in solution).

In the second half of the nineteen-sixties, considerable
efforts were directed to the study and development of the
principle of the conservation of orbital symmetry,® which
met with considerable response in organic and then
inorganic chemistry. In this field, important results were
obtained, which made it possible to estimate qualitatively
the relative values of activation barriers and hence the
possibility of a given type of reaction.

In the first part of the present review, problems at
present common to the entire theory of chemical reactivity
are discussed. In the second part, various theoretical
studies in the field of reactivity are examined, An attempt
has been made to cover completely work on the calculation
of the absolute values of equilibrium constants or rates.
Very little work of this kind has been published up to the
present. Since the present review emphasises quantitative
work, almost no attention is paid to methods for the quali-
tative study of reaction kinetics, except for adiabatic
reactions taking place in the electronic ground state. Most
attention is paid to the theory of the equilibrium and
kinetics of reactions, and to various types of reaction
between reagents. Some catalytic reactions are also
included in the review.

II. GENERAL PROBLEMS OF THE THEORY OF
CHEMICAL REACTIVITY

1. Stationary Points of Potential Energy Surfaces

Points on the potential energy surface at which the first
derivatives with respect to the coordinates of all the atoms
are equal to zero are called stationary points '°, Stationary
points are of particular importance in the theory of chemi-
cal reactivity. For the subsequent treatment it is con-
venient to divide these into three groups, on the basis of
the properties of the matrix of the second derivatives of
the energy with respect to the coordinates, that is the
matrix of force constants. If all the eigenvalues of this
matrix are positive, the point is a local minimum and
corresponds to a stable conformation of the molecule. If
only one eigenvalue of the force constant matrix is
negative, the point is called a saddle point and corresponds
to an activated complex in the sense of the theory of abso-
lute reaction rates (see Part III). If more than one eigen-
value of the force constant matrix is negative, the corre-
sponding stationary point is of no interest for the theory of
chemical reactivity. For the description of equilibria it is
necessary to consider only points of the first type, and for
the description of the kinetics of processes, the points of
the first and second types should be known., The deter-
mination of these points until recently presented con-
siderable difficulties, which in practice could not be
overcome for molecules containing five or more atoms.
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The development of computer techniques and optimisa-
tion methods in recent years has led to the development of
new algorithms for finding local minima. The method of
successive optimisation of the coordinates '°, which has a
low efficiency, has been replaced by more effective
methods 125, The rate of convergence of the calculation
depends on the energy characteristics used to define the
stationary points. Methods based only on energy values,
in particular the simplex method !4'%, require considerable
machine time; on the other hand, methods based on the
use of second derivatives (of the energy with respect to
the coordinates) also have a low efficiency, since the
values of the second derivatives are calculated numerically
from the values of the first derivatives, and this increases
considerably the time required for the calculationg!? 713520526

The most effective methods are those which use only
the first derivatives of the energy. The simplest ol these,
the linearly converging method of steepest descent, is less
effective 2° than the quadratically converging methods of
variable metrics. The Fletcher—Powell algorithm?? has
been used by Bloemer and Bruner?!, and this algorithm
and those of Broyden?®, Goldfarb®, and Hoshino3° have
been used by Pancirf 26, The most effective method has
been found to be that of Murtagh and Sargent®, used by a
number of authors 16s19,23,26, By carrying out the optimisa-
tion of the geometry and the SCF procedure in a single
iteration cycle in the CNDO/2, INDO, and MINDO/2
approximations, thetime required for complete optimisa-
tion of the geometry has been decreased considerably '°.

In all cases, the determination of the stationary points
of the potential energy surface is based on some initial
approximation. The choice of this approximation presents
no difficulty for finding local minima, since in this case
the information on the structure of the molecule is usually
sufficient. In the case of saddle points, the situation is
more complicated (see Part III for the method for finding
these points). Moreover, in the determination of saddle
points it is impossible in the general case to employ
methods based on the use of only the values of the energy
or its first derivatives. Gardient methods are applicable
only for symmetrical molecules, and then only when the
eigenvector belonging to the negative eigenvalue satisfies
definite symmetry conditions 6. The calculation of the
matrix of the second derivatives of the energy, which
complicates the determination of stationary points, is
necessary in the case of saddle points: the analysis of the
eigenvalues of the force constant matrix is the only method
for determining the type of stationary point, and in addi-
tion the eigenvectors give information on the direction of
the reaction coordinate (see Refs. 26 and 32 for more
details). Unfortunately, the time required for the
optimisation of the geometry when the force constant
matrix obtained by semi-empirical methods of the CNDO
type are used is more than ten times the time required
for the solution of this problem by the method of variable
metrics %6,

2, Energy in the Hartree—Fock Method and Exact
(Non-relativistic) Energy: the Problem of Allowing for
Correlation Energy

Most quantum-chemical calculations are carried out in
the SCF approximation. It is therefore important to know
the extent to which SCF methods are suitable for the study
of chemical reactivity. For this purpose, qualitative
results obtained in this field, chiefly by non-empirical
methods, are examined below.
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One unsatisfactory feature of the SCF method is that
the probability density (the combined distribution of the
coordinates) of two electronsin this approximation is
equal to the product of one-electron functions. This
means that the motion of the electrons is regarded as
taking place independently, so that no allowance is made
for electron correlation. The difference between the
energy obtained by exact solution and the energy from the
SCF solution is called the correlation energy. The energy
of the exact solution is understood to be the lowest non-
relativistic energy in the Born—-Oppenheimer approximation,
and the energy of the SCF solution the lowest energy
possible within the framework of the SCF method.

From the viewpoint of chemical reactivity, the chief
disadvantage of the SCF approximation is the incorrect
description of a large part of the dissociation region of the
system. A classical example is the potential energy
curve for the hydrogen molecule (Fig.1). In this case it
is possible to describe the dissociation correctly 33 if
allowance is made for the interaction of the ground state
with the doubly excited state (16)?. In the case of the
molecules C, and N,, however, the correct description of
the dissociation requires the use of four or ten configura-
tions 3 respectively. Thus the solution of a problem of
this type must be carried out bythe method of configuration
interaction or some other method taking account of corre-
lation energy. The same unsatisfactory features of the
SCF method appear in the study of activated complexes.

E, atomic units
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Figure 1. Potential energy curves 3 (in atomic units)
for the H, molecule. Continuous line— exact solution,
broken line—SCF approximation,

In the general case, the use of the SCF approximation
to construct energy surfaces with “chemical accuracy”
is fairly limited. For one type of reaction, however, the
SCF approximation is satisfactory®. These are exo-
thermic reactions, which, according to Polanyi?®8, corre-
spond to a potential energy surface without any barriers or
activation energy. The problem of the activated complex
thus diappears in this case. Moreover, for ion~molecular
reactions of the type Li" + H,—~ H” + LiH the structure of
the potential energy surface is determined chiefly by
ion—quadrupole and ion~induced dipole interactions, which
can readily be taken into account in the SCF approxima-
tion %7,
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In the case of chemicalequilibria, it is possible to limit
the treatment to the study of fairly small regions around
the minima of the energy surfaces. It has been established
empirically %,% that the enthalpy of a reaction depends
little on the correlation energy if all the reagents are
systems with closed electron levels. The enthalpies of
reactions, however, are not determined with an accuracy
which would make it possible to carry out reliable statisti-
cal-thermodynamic calculations of the equilibrium con-
stants. For the correlation energy to be preserved in a
reaction, certain conditions must be fulfilled *°, namely:
a) the number of electron pairst should not change, and
b) the relative arrangement of neighbouring electron pairs
should alsobe preserved approximatelyi.

In reactions involving molecules with filled orbitals,
the first condition is often satisfied, but the second less
frequently. In other words, for the preservation of
correlation energy, not only in-pair interactions (in-pair
correlation energy), but also between-pair interactions
(between-pair correlation energy), are important. An
elementary example of a reaction in which both of these
conditions are fulfilled is the following 42:

H H H
\ND + HO == \N*'/ o, 1)
v Nu 1w’ i

Preservation of correlation energy is also to be
expected inso-called isodesmic reactions. This term
was introduced by Pople and coworkers % for reactions
in which the number of bonds of a definite formal type is
preserved, but the relative arrangement of the bonds is
changed. Condition (a) is always fulfilled for these reac-
tions. Condition (b) may be fulfilled to different extents;
for example, it is fulfilled to a sufficient extent in the

following cases %4:%:
H
O, @

H
-4 Mcf<® = Me
1
RO™ + HeOH T MeO~ + ROH , (3)

RCC™ 4+ HCGH === HCC™ + RCCH (4)

0 Ot o OH
Q- 0=0-Q- w
X X

The enthalpy of a reaction can often be determined
indirectly; for example, forthe reaction

NaCl — Na-+Cl (6)
none of the above conditions is fulfilled, Since NaCl is

anionic compound, however, it is possible in the SCF
approximation to study the process

(Na*CI) - Nat 4 CI-, (n

1To keep the subsequent discussion simple, an exact
definition of electron pair will not be given.

tFor example, for internal rotation in ethane. In this
case the potential energy curves obtained by the SCF and
PC methods are very similar 4.,
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for which both conditions are fu]ﬁlled Since the correla-
tion energies of Na, Cl, and Na’ + C1™ are well known,
this method % can be used to find the exact value of the
enthalpy of reaction (6). Thermochemical cycles are
used similarly to study so-called bond separation reac-

tions 43, These are isodesmic processes of the type
X—~Y—Z+Y - X—Y 4 2Z-Y, @)
or, for example,
CH,CHO 4 CH, — GH, + H,C0, 9)

which are not of interest in themselves, but which can be
used to obtain useful results.

A description of methods for the direct calculation of
correlation energy is beyond the scope of the present
review. Only a few brief points will therefore be made.
Mention may be made first of the simplest method 4, in
which a constant empirical value of the correlation energy
is associated with each bond, and the total correlation
energy is calculated as the sum of the individual contribu-
tions (just as dipole moments, heats of formation, etc. are
estimated empirically in chemistry), This method can
hardly give sufficiently accurate values of the correlation
energy, since it does not take account of in-pair inter-
action. Of semi-empirical methods, mention may be
made of that based on the many-electron theory of
Sinanoglu®®, in which allowance is made for the effective
paired correlation energy (the EPCE method *8,%°), and
the method proposed by Lie and Clementi®', in which
Wigner's equation? is used. The results which have
been published do not yet make it possible to discuss the
possibilities of these methods more fully. The results
obtained by the present authors®3 for the complex (H,),
show that the EPCE method may give useful infor mation
for the description of van der Waals interaction. An
advantage of both of the above methods is their relative
simplicity, but an unsatisfactory feature is the incorrect
description of the dissociation limits in most cases.

Many versions of non-empirical methods exist. In
some of these, however, allowance is made only for in-pair
correlation energy (calculations based on the theory of
geminals), or else the part played by correlation energy
is overestimated, and it is usually difficult to estimate the
error (the approximation of independent electron pairs,
IEP %°); other methods require a large expenditure of
machine time (PC SCF methods) with allowance for a large
number of configurations. A modified IEP approxima-
tion %% or simple versions of the configuration interaction
method$6,57 are therefore usually employed.

To conclude this section, brief mention may be made of
semi-empirical SCF calculations of the CNDO and INDO
types. Among those who use these methods, there is the
widespread opinion that correlation effects canbe taken
into account by empirical parameters, so that there is no
need to consider the estimation of the correlation energy.
In fact, the empirical parameters are chosen insuch a way
that the bond energy of the molecule is reproduced for the
equilibrium geometry. These semi-empirical methods,
however, are based on non-empirical versions of the SCF
method and therefore should exhibit all the weaknesses of
this approximation, for example the incorrect description
of the dissociation limits. It may be assumed, however,
that the study of energy surfaces by semi-empirical
methods is meaningful and that studies inthis field are
requlred since these surfaces may give at least useful

semi-quantitative information,
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3. Calculation of Thermodynamic Functions in Statistical
Thermodynamics

The quantitative estimation of the equilibrium constants
and rates of chemical reactions is based on statistical
thermodynamics. For the great majority of processes
taking place in the gaseous phase at temperatures not
exceeding 1000 K, involving normal molecules, radicals,
or ions (in contrast to van der Waals complexes), the
equilibrium constants (or rates)are determined chiefly
by the value of AH; (or AHf). The calculation of the
enthalpy change is of course a quantum-chemical problem.
Thus the problem of improving the rigid rotator~harmonic
oscillator (RR-HO) approximation is not the primary
problem, although from the physical viewpoint it is a crude
approximation. Thus the principal and very difficult
problem is the calculation of the enthalpy changes by the
methods of quantum chemistry. The value obtained
corresponds to 0 K and does not take account of zero-point
vibrational energy.

The calculation of the vibrational partition function
(since itis desired to avoid the use of experimental data)
can be carried out by the methods developed by Wilson and
coworkers 58 and El'yashevich®,; the zero-point energy is
of course again determined. The complete partition
functions can be used to calculate the values of the thermo-
dynamic functions at any temperature. The relationships
between the thermodynamic functions and the partition
functions, and methods for calculating the partition func-
tions from spectroscopic data, has been described in
textbooks and monographs 63, In the general case, an
appreciable contribution to the total partition function is
made by the translational, rotational, and in a number of
cases vibrational partition functions. Analysis of the
structure of the vibrational partition function shows that
with increase in the temperature and decrease in the fre-
quency of the normal vibrations, the magnitude of the
contribution from the vibrational partition function
increases. At temperatures not exceeding 1000 K, for
systems in which there are no vibrational modes having
frequencies (wavenumbers) smaller than 100 cm-?, the
contribution of the vibrational partition function is small.
This is a favourable feature, since the purely theoretical
calculation of the fequencies of the normal vibrations not
only is tedious and requires considerable skill, but also is
accompanied by extremely large errors.

Analysis of the literature shows that if the experimental
values of AH are used, the calculation based on the
spectroscopic data and the partition functions in the rigid
rotator-harmonic oscillator approximation leads to
extremely reliable equilibrium constants; the error often
does not exceed +10%. The results of calculations for
33 reactions in the gaseous phase and for reactions
between solids and gases have been published ¢, The
error in the determination of lgKp using the results of
theoretical calculations of partition functions based on
semi-empirical methods (CNDO/2, INDO, MINDOQ/2) has
been studied %5,°¢, The error introduced by the rotational
partition function is independent of temperature, whereas
the error due to the vibrational partition functionincreases
with increase in temperature (by 2-3 orders of magnitude
on going from 100 K to 2000 K).

In the general case, the results of the most reliable
recent calculations of AH; (or AHf) indicate that the
calculated values of the rotational and vibrational partition
functions (based on semi-empirical quantum-chemical
methods) are satisfactory. Nevertheless, it is appropriate
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to discuss the possibilities provided by various approxi-
mations which represent improvements on the RR-HO
approximation 87,

Statistical thermodynamics provides general equations
for calculating partition functions in the non-rigid
rotator —anharmonic oscillator NR-ANO approximation 8,
The rotational-vibrational spectra have been studied to the
extent required for the NR—ANO approximation for only a
small number of molecules, however. Nevertheless, for
this group of molecules,it is possible to reach definite
conclusions regarding the relationships between the
thermodynamic functions calculated in the two approxi-
mations. For example, for the entropy of water at
1000 K, Godnev ® gives the following data: RR-HO

approximation, S, = 55.52 cal.mole-* K-!; NR-ANO
approximation, S%y,, = 55.598 cal. mole~* K™}, The cal-

culations show that allowance for the anharmonicity and
non-rigidity of the molecule introduces small corrections
tothe value of the logarithm of the equilibrium constant®5,7°,

At the present time, for most molecules, calculations
of the thermodynamic functions based on experimental
data or on the methods of quantum chemistry are possible
in practice only in the RR-HO approximation. Compari-
son of the results of calculations carried out in the
RR-HO and NR—-ANO approximations show that the RR-HO
approximation is fully applicable, at least for rigid mole-
cules.

It would be extremely attractive to be able to determine
the molecular data appearing in the partition functions from
an analysis of the potential energy surfaces. It is not very
simple, however, to use the results of quantum-chemical
calculations to solve problems in molecular spectroscopy.
For the construction of the rotational-vibrational Hamil-
tonian it would be most convenient to have an analytical
expression describing the potential energy surface. Even
if this problem were solved, however, it is impossible to
find a general analytical solution of the corresponding
eigenvalue problem, and this makes the exact calculation
of the partition functions impossible. With the exception
of the simplest systems, energy surfaces at present cannot
be represented in analytical form.

The methods of quantum chemistry can be used to find
the first derivatives of the total energy, and this makes it
possible to carry out the approximate calculation of the
second derivatives at the stationary points (see PartII).

If however it is desired to take account, albeit partly, of
anharmonicity and rotational-vibrational interaction in the
calculation of the thermodynamic functions, it is necessary
for this purpose to findthe values of the derivatives of
third and fourth orders. Except for the case of diatomic
molecules, the possibilities provided by present-day
quantum chemistry for the solution of this problem are
extremely limited®?, At least a partial solution to this
problem was proposed by Simons and coworkers ™, who
introduced a new type of anharmonic potential. Theresults
obtained up to the present indicate that it is possible to take
account of anharmonicity and non-rigidity without com-
plicating appreciably the quantum-chemical calculations,
compared with the harmonic approximation.

In conclusion it may be noted again that the errors
introduced into the equilibrium constant Kp in the calcula-
tion of the entropy term in the RR-HO approximation are
at present much smaller than the errors in the calculation
of AH,. It is therefore necessary to pay particular atten-
tion to the development of reliable methods for estimating
the enthalpy term.
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II. EQUILIBRIUM AND KINETICS OF REACTIONS

1. Classification of Chemical Reactions

Not only from a formal viewpoint, but also from
physical considerations, it is convenient to divide reacting
systems into two groups: equilibrium and kinetic, A
more detailed classification of chemical processes can be
carried out according to the states of aggregation of the
reactants and reaction products. There are three types
of homogeneous processes: reactions in the gaseous (1),
liquid (2), and solid (3) phases. In addition, reactions
may be heterogeneous, that is they may take place at the
interface between two phases: liquid and gas (4), liquid
and solid (5), and gas and solid (6).

The subsequent treatment deals chiefly with homo-
geneous reactions taking place in the gaseous and liquid
phases, and processes of the fourth and sixth types are
discussed briefly.

2. Equilibrium in the Gaseous Phase

Calculations of the equilibrium constants of reactions in
gases are of considerable importance for the development
of the theory of reactivity. The quantum-chemical anal-
ysis of equilibria in the gaseous phase is facilitated by
two features: firstly, these processes can be sufficiently
effectively studied by the methods of chemical thermo-
dynamics, and secondly, the intermediate results of
quantum-chemical calculations for many reactions can
be compared with experimental data {molecular geometry,
frequencies of the normal vibrations, electronic spectra,
barriers to internal rotation, heats of formation, and
enthalpies of reactions).

Although the basic scheme for calculating Ky, in the
gaseous phase is clear, its application to problems of
chemical reactivity is still extremely limited. Various
gaseous equilibria have been studied 278 on the basis of
theoretical calculations of K with different potential
functions (empirical functions, or functions found from
the solution of the Schridinger equation). Except for the
case of diatomic molecules, the partition functions in the
RR -;HO approximation were used in all cases (see Section
I0.3).

In the determination of equilibrium constants by theo-
retical methods, the enthalpy of reaction is the most
complicated characteristic to calculate, The rotational
and vibrational partition functions have little influence on
the accuracy of the calculation of Kp. It can be shown that
an error of 3 kcal mole~?, allowed in the determination of
the enthalpy at low temperatures, leads to an error in
the equilibrium constant which is greater by two orders of
magnitude. The versions of the MO methods available at
present can hardly give enthalpy values even withthis
clearly inadequate accuracy of +3 kcal mole™!, In 1970,
the semi-empirical MINDO/2 method aroused great
expectations, but it was found in the general case that
this method also does not make it possible to calculate
AH f with the required accuracy 3.

Nevertheless, there are a large number of reactions
for which the NDO approximation can be used to carry
out sufficiently accurate calculations of equilibrium
constants. These calculations can be carried out directly
only by the MINDO/2 method, since the CNDO/2 and INDO
methods require modification®. (Examples can be found
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in papers 848 on the dimerisation of the radicals CH,,

NH,, HCO, and NF,.) In many cases the error of the
determination of the enthalpy of reaction is so great that it
makes it impossible to estimate equilibrium constants
reliably by semi-empirical methods. At present there is
no semi-empirical method which is sufficiently general and
could be used to find the enthalpies of reactions with the
required accuracy. The recently published MINDO/3
method & has not yet been thoroughly tested.

Some positive results have been obtained by semi-
empirical methods. The dimerisation of NF, represents
an equilibrium involving the isomerisation of the reagent;
this feature is encountered fairly frequently, but does not
usually attract attention. Tetrafluorohydrazine exists in
trans - and gauche -forms

ONF, 2 trans- NyF,

INF; 2 gauche-N,Fy ,
The values of AH; for reactions (10) and (11) were
obtained by the CNDO method 8 with modified values of
the parameters; for this purpose, a number of N and F
compounds having known properties were used. The

optimised molecular geometries and calculated frequencies
of the normal vibrations were used to calculate AHr, ASE,

and the equilibrium constants of reactions (10) and (11).
In the calculation of the entropy term, the existence of
two optical isomers ® of the gauche -form of N,F, was
taken into account. The values of AH®, AS®, and Kp for
the equilibrium 2NF; = N,F, were calculated from

Eqns. (12)-(14), in which the index “i” refers to reactions
(10) and (11) 88,8

(10)

(11)

K= K, (12)
i=1
0 — S -Ei’—AH"
Ao =3 2 A, (13)
i=1 P
KL K
23, I—é(ASg +Rln pr) . (1)

The values obtained show fairly good agreement with the
experimental data,

The study of the carbon systems Cp in the vapour over
graphite is of both theoretical and experimental interest,
The geometry has beendetermined experimentally only
for C, and C,; for n > 3, a linear arrangement of the
carbon atoms was first assumed 73, and for these systems
the values of AH, were calculated by the simple MO
method (as far as C,;). Later, it was established theo-
retically that rings are more stable than linear forms 9059,
The study of the potential energy surfaces of several of
these systems has shown, however, that the species Cn
have a more complex geometric structure at the stationary
points. As an illustration, Fig.2 gives the geometry of
the singlet ground state of C, at different stationary points
of the surface. Of the seven stationary points, three are
minima; the linear form corresponds to a saddle point.
The thermodynamic characteristics of the reaction
4C(graphite) = C,(gas) have been published 74,%2,

To conclude this section, mention may be made of a
systematic study ¢ of the applicability of the CNDO/2,
INDO, and MINDO/2 methods in the calculation of the
entropy term of equilibria. It was shown that the replace-
ment of the experimental molecular data by quantities
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determined by the methods of statistical thermodynamics
introduces into the value of lgKp (at temperatures below
1000 K) an error not exceeding 0.5%. This feature pro-
vides an optimistic estimate of the possibilities provided
by semi-empirical methods for the calculation of K, in the

gaseous phase,
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Figure 2. Configurations of the nuclei of the C, molecule
corresponding to stationary points situated on its energy
surface., For configurations in which the energy is a
minimum, their symmetry groups and geometric para-
meters are indicated.

3. Kinetics of Reactions in the Gaseous Phase

a) Static approximation

Static methods for studying chemical reactivity are
based on the theory of absolute reaction rates, formulated
by Eyring in the nineteen-thirties. In contrast to the case
of “dynamic” methods, it is assumed that the velocity of
the reacting species is so low that in the course of the
reaction, energy transfer between different degrees of
freedom can take place. The reactiontrajectory, and
hence the dependence of the geometry of the reacting
species on the time measured from the start of the
reaction, is replaced by the reaction coordinate, defined
as the “energetically most favourable” path by which it
is possible to go from the starting materials to the reac-
tion products as a result of a continuous change in the
geometry of the molecules. The change from reaction
trajectory to reaction coordinate is extremely significant.
The positions of the points on the reaction trajectory
depend on the initial conditions —the geometries and
momenta of the reacting species. Since these quantities
are usually unknown (more accurately, they should be
regarded as random quantities), it is necessary, in the
calculation by dynamic methods, to carry out a large
number of calculations for different initial conditions and
to treat these results statistically. The reaction coordinate
is independent of the choice of initial state of the system,
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and as a rule, only one reaction coordinate can be con-
structed for a given reaction. Thus the use of static
methods leads to considerable economy in the calculations.
It is necessary, however, to teke account of the assump-
tion that the reaction takes place sufficiently stowly. From
this viewpoint, the extent to which the static or dynamic
approximation corresponds to the conditions for the
problem being studied can be estimated.

As already noted, the description of the reaction
mechanism by static methods is independent of the initial
conditions (the relative arrangement of the atoms and the
momentum), Moreover, if various purely quantum-
chemical effects, for example the tunnel effect, are
neglected, it is sufficient, for the calculation of the rate
constant, to know only-the properties of the reacting
species and the system situated on the reaction coordinate
and exhibiting the highest energy. This system is called
the activated complex; the difference between the energy
of this complex and the energy of the original molecules
is called the activation energy. If the treatment is
restricted to qualitative or comparative conclusions, it
is possible to estimate the reactivity of molecules by
studying the properties of the starting materials. This
can be done by methods using the theory of reactivity
indices 7#%%  the theory of frontier orbitals 4%, and a
whole series of methods based on perturbation theory® 77101,
Finally, it is possible to make qualitative estimates of the
nature of a reaction without any calculations, merely on
the basis of symmetry considerations, as for example in
the simple version of the Woodward—Hoffman theory®»°2,
All these methods are static methods. The present
review, however; will deal chiefly with methods which can
be used (in principle at least) to carry out exact calcula-
tions of rate constants. These methods are based directly
on the theory of absolute reaction rates,

Although accurate data on the structures of the mole-
cules of the reacting substances are often available, there
is almost no information on the structure of the activated
complex, The determination of the geometry of the
activated complex or of all possible activated complexes
in the case where a given reaction can take place by
several mechanisms is therefore a fundamental problem
of the theory of absolute reaction rates. In the case of
unimolecular reactions for symmetrial molecules, the
study of activated complexes reduces to an analysis of the
stationary points of the potential energy surfaces. This
analysis can be carried out using programmes for the
automatic optimisation of the geometry (see Part II).

An example is provided by the calculation of the possible
structures of the excited singlet state of the cyclopropenyl
anion %, In this case the programme for optimising the
geometry gave the completely symmetrical structure (I)
and also structures (II)—(VI) having a lower symmetry.
System (VI) is a stable isomer; structures (III)-(V) are
activated complexes. Structures (I) and (II) are neither
stable isomers nor activated complexes.

H H H
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An analogous problem was examined by Dewar and
coworkers 1°471% and Komornicki and Mclver °7, who
did not, however, analyse the nature of the stationary
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points. If even qualitative information on the structure

of the activated complex is available, the correct struc-
ture of the activated complex can be obtained by optimising
the geometry '°8,

In most cases, there is of course no reliable informa-
tion on the structure of the activated complex, If however
a definite structure is taken as a basis, it is always
possible that there exists another activated complex, which
may correspond to a lower activated energy. In the
general case, it is in practice impossible to carry out a
rigorous analysis of the energy as a function of all the
internal coordinates of the molecule. It may be noted that
for a complete description of one of the simplest reactions
of the type AB + C = A + BC, involving only three par-
ticles, it is necessary to take account of three internal
coordinates, so that in this case it is necessary to study
a surface in four-dimensional space. The problem can
often be simplified by assuming that only one or two
internal coordinates of the molecule (bond lengths, valency
angles, or twisting angles) change in the course of the
reaction, while all the other coordinates remain constant,
This method has been used in many cases 109-118,

This method has two important disadvantages. Firstly,
it is assumed that only a small number of coordinates
change in the course of the reaction. This assumption
is never fully justified in practice, and it introduces an
error which cannot be calculated, even approximately.
Moreover, for many reactions it is impossible to describe
a mechanism involving changes in only two coordinates.
Secondly, when certain coordinates are distinguished, a
subjective factor is introduced into the calculation; a
definite reaction mechanism, not necessarily correct, is
assumed a priori.

The first of these unsatisfactory features was eliminated
soon after the development of methods for the automatic
optimisation of the geometry. When these methods are
used, allowance is made for thefact that the activated
complexes correspond to points situated on the reaction
coordinates; it is assumed that in the course of the
reaction the system is unstable with respect to one of the
internal coordinates, the so-called critical coordinate,
which may be, for example, a bond length in the case of
addition or dissociation, a valency angle in isomerisation
or a torsional angle in the study of barriers to rotation.
A series of calculations is then carried out, in which the
critical coordinate is varied in definite steps, and the
other coordinates are optimised.

This technique was used by Dewar 47116 and Mclver
and Komornicki!!?, The method is undoubtedly more
convenient than the methods mentioned earlier, since the
multi-dimensional problem is reduced to a one-dimen-
sional problem, and involves essentially modelling of the
most favourable reaction path. The coordinate of the
forward reaction determined in this way usually differs
from the coordinate of the back reaction, however, and
neither of them passes through the point corresponding to
the activated complex**?, This “chemical hysteresis”
naturally does not agree with experiment. A more sig-
nificant unsatisfactory feature is the arbitrary nature of
the choice of critical coordinate. In most cases this
choice is based on intuition, and the chemical hysteresis
may increase considerably if the choice of critical
coordinate is not successful. Moreover, many reactions
cannot be described satisfactorily in terms of one critical
coordinate.

These unsatisfactory features were eliminated in a
study 32 based on the classical idea that the reaction
coordinate is described by a point which changes along a

’
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path passing through one of the troughs of the potential
energy surface, The method of calculation is analogous
to that in which the critical coordinate is used. The
reaction coordinate is approximated successively by a
series of points xk. It is first assumed that these points
are equally separated from one another. The first
approximation of the (i + 1)th point x};+ , is determined
from the pth point and the direction of the gradient. The
position of the (p + 1)th point is then refined until the
conditions formulated in the work cited 32 are fulfilled.

If cjk is the ith component of the kth eigenvector, Ey the
kth eigenvalue of the force constant matrix, g’ the jth

component of the gradient at the uth point, and # the
number of the eigenvector parallel to the gradient,

the correction 7j to theith coordinate of the point xﬁ +, 18
given by the equation:

-1
ri=—y Ex'cuxS,
k#£n

(15)

where Sg = _ECjkg]f, This method makes it possible in

principle to calculate all reaction coordinates and to
obtain all activated complexes; the method does not
exhibit chemical hysteresis.

b) Dynamic approximation

Chemical reactions represent the sum of a whole series
of elementary processes taking place between atoms and
molecules, as a result of which the molecules of the
reagents interact with one another for a period of time,
forming so-called “collision complexes”, activated com-
plexes, or transition states. If the lifetime of this system
is sufficiently long (7 > 107'* s), the interaction of the
particles may lead to energy exchange between separate
degrees of freedom. In this case the subsequent course
of the elementary reactions depends chiefly on the proper-
ties of the “collision complex”, and the process can be
described within the framework of the theory of absolute
reaction rates. In those cases where 7 < 10-%2 s, the
course of the elementary process depends on the initial
state of the system, and its description requires non-
stationary methods. It is to be expected that “collision
complexes” having a long lifetime will be more probable
for systems having a large number of degrees of freedom
than for systems having a small number of degrees of
freedom.

The study of the dynamics of elementary chemical
reactions is almost always based on the Born—Oppenheimer
approximation. This problem therefore essentially breaks
down into two independent problems: a) solution of the
electronic Schrodinger equation and determination of the
potential energy functions, which depend on the coordinates
of the nuclei; and b) determination of the dynamic behav-
iour of the nuclei in the known potential field.

The solution of the first problem belongs to the field
of quantum chemistry. The calculation of the potential
energy surfaces raises a number of specific problems.
The calculation must be carried out with sufficient
accuracy, and the potential energy surface should provide
a correct quantitative description of all possible modes of
dissociation of the system, and for this it is necessary
that the total energy of the system be sufficiently well
determined for all internuclear distances.

At present, calculations of the ab initio type having the
required accuracy can be carried out only for relatively
small systems '8 (where the number of electrons does not
exceed 40), and potential energy surfaces (for the ground
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state or the most important lower electronic excited
states) have been found only for some of the simplest
systems 119127 Considerable attention is now being paid
to the problem of constructing model potentials inanalyti-
cal form !28-133,

For complex systems, calculation of the potential
energy surfaces is possible only by semi~empirical or
empirical methods. The use of these methods is particu-
larly attractive in those cases where it is possible to
determine the potential in analytical form. The potential
energy surfaces are most frequently calculated by the
LEPS method (London-Eyring-Polanyi-Sato)13¢713; the
DCM method (diatomic complexes in molecules)!37,138
proposed more than ten years ago!®®, has recently been
used successfully.

The study of the dependence of the dynamics of a
chemical reaction on the initial conditions and the form
of the potential surface is a problem in the field of the
quantum theory of scattering. In the stationary theory of
scattering, the wavefunction ¥/(7) of a system of reacting
particles is determined by solving the equation

1p(r)=q>(r)—SG(r,r’) V) () dr’ (16)

(the Lippman-Schwinger equation!4°), where V(') is the
potential energy of the interaction, ¢(7) the wavefunction
of the system of independent particles, and G(7,7’) the
corresponding Green's function. For the case of elastic
scattering, when the internal structure of the reacting
particles remains unchanged, the Green's function can
usually be found, so that the calculation of the scattering
process presents no fundamental difficulty. The situation
is more complicated for inelastic collisions. In this case
the calculation can generally be carried out only after a
number of crude approximations. The results obtained in
this field have been summarised in a number of mono-
graphs 1402141 gnd reviews 14,13, (The quantum theory

of scattering has also been used to study various elemen-
tary chemical reactions 144-155,)

The scattering problem, even in the case of three
particles, at present does not have an exact solution. One
possible way of overcoming this difficulty is to replace the
quantum-chemical description of the motion of the particles
by the classical description. In this case, however, it
must be borne in mind that certain quantum-mechanical
phenomena have no analogy in classical mechanics, for
example the tunnel effect or zero-point vibrational energy.
From general considerations it may be concluded that the
agreement between the results obtained by the two methods
should improve with increase in the kinetic energy and
mass of the interacting particles, and depends on the
nature of the potential surface.

The classical reaction trajectories can be found by
solving Hamilton®’s equations of motion

o _
aq, dt’
(17)
oH _
op;  dt’

where ¢j represents the generalised coordinates of the
reacting particles, pj the generalised momenta, and H is
Hamilton's function, which in the case of purely conserva-
tive forces has the significance of the total energy of the
system, These equations form a system of first order
differential equations, which (for given initial conditions)
can be solved by standard methods of numerical integra-
tion. The initial conditions are naturally determined by
the positions of the particles and their velocities. The
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vibrational and rotational states of the particles are also
taken into account in the initial conditions. The values of
the coordinates and momenta obtained from the solution

of the system of equations (17) can be used to determine
firstly the nature of the reaction and secondly the state of
the reaction products. In order to use these calculations
to interpret experimental data, it is necessary to find a
sufficiently large number of trajectories, corresponding to
different initial conditions and modelling the real conditions
statistically, A detailed analysis of the problem of the
collision of three particles was carried out by Karplus and
coworkers 156,

The application of the method of classical trajectories
to systems having a large number of particles presents no
fundamental difficulties 157 if the reaction takes place under
adiabatic conditions. A number of processes take place
under non-adiabatic conditions, however. Typical reac-
tions of this kind are, for example, reactions involving the
transfer of charge or of electronic energy, or spin-
forbidden reactions. In the case of non-adiabatic reac-
tions, the important regions are those in which several
potential surfaces are situated fairly close to one another;
this leads to considerable interaction between different
states, Examples of this type of interaction are non-
adiabatic electron~nuclear interactions or spin-orbital
coupling. Considerable attention has been and is being
paid to the calculation of these effects and the probabilities
of transitions between different surfaces!58716%; from these
studies it is possible to modify the method of classical
trajectories in such a way that it can be used to carry out
calculations for non-adiabatic reactions 61,

The method of classical trajectories is used to solve
the following problems:

a) for the theoretical estimation of various experi-
mentally observable quantities 162-64: the total reaction
cross-section (or reaction rate constant), angular dis-
tributions and energy distributions of the products, etc.;

b) to study the influence of the nature of the potential
surface and the states of the reagents on the reaction
cross-section 165 7169;

¢) for comparison with the results of calculations by
other methods !°~1?7 (in quantum mechanics, theory of
absolute reaction rates).

Finally, the method of classical trajectories has been

successfully used to study a number of reactionsi®?164,
178=-203

4, Equilibrium in Solution; Solvation Energy

The properties of molecules in the gaseous phase often
differ from the properties in the liquid phase. This
difference is due to the interaction between the molecules
of the solute and solvent. Depending on the nature of the
medium, it is convenient to distinguish two types of
interaction—specific and non-specific 2%, In non-specific
solvation, no allowance is made for the specific charac-
teristic features of the molecules of the solvent, which
is regarded as a uniform and isotropic medium, charac-
terised by various macroscopic constants, such as the
dielectric constant or refractive index, Within the
framework of this model, the energy of solvation is
defined by the following equation, derived by Born?2%:

(18)

where € is the dielectric constant of the solvent, g the
charge of the ion, and 7, the radius of the ion. The theory
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of the continuous model of a solvent was developed in more
detail by Onsager 2% and Kirkwood**’. These methods,
however, make it possible to estimate only the magnitude
of the solvation energy. Recently, several methods have
been proposed2°8-2!2_ based on specific allowance for
solvent effects directly in the Hamiltonian. These methods
make it possible to take account of the influence of the
solvent on those properties of the molecule which can be
studied by quantum-mechanical methods. The disadvan-
tages of the continuous model of a liquid have been dis-
cussed in detail®°4,

In specific solvation, allowance is made for the specific
characteristic features of the molecules of the solute and
solvent. Interactions of this type are studied using models
consisting of the molecules of the solute and an ordered
set of solvent molecules. These systems are regarded as
supermolecules, and studied by the methods of quantum
chemistry. In practice, this procedure involves anumber
of difficulties: 1) the arrangement of the solvent mole-
cules relative to the solute molecule is not known; 2) an
appropriate potential has to be chosen for calculating the
energy of interaction; and 3) usually, only the primary§
solvation shell is taken into account. These difficulties
can be considered in more detail,

1. The determination of the structure of the primary or
secondary solvation shells is very difficult. The experi-
mental data can be used to estimate in a number of cases??
only the number of solvent molecules in the primary sol-
vation shell. This problem is unlikely to be solved for
polyatomic molecules in the near future. The only possi-
bility remaining is to model the solvation shell theoreti-
cally. In principle, this can be done by three methods:

a) by using the Monte Carlo method to determine the most
stable structures consisting of a given number of solvent
molecules; b) to optimise, by a standard method, the
structure of the entire solvation shell consisting of a given
number of solvent molecules; and c) to study not the
entire solvation shell, but only the part interacting most
strongly with the solute molecule. All three methods

have advantages and disadvantages. The Monte Carlo
method is most appropriate, but even for small solute
molecules the use of this method involves a considerable
expenditure of machine time, even on modern fast com-
puters. The second method can give valuable information
onsolvation for the expenditure of much less machine time.
The third method can also be used for large molecules, but
it must be borne in mind that this method can be used only
to study some properties of the solvated molecule, for
example the spectra or the conformation.

2. In the selection of the interaction potential, the
entire structure of the molecules of the solute and solvent
must first be taken into account. For the calculation of
the energy of interaction it is possible to use all available
methods —empirical, semi-empirical, and non-empirical.
Brief mention may be made of some of the most promising
methods.

Ab initio methods have been used to study the struc-
tures of various models of solvation layers. Mention may
be made first of all of the work of Clementi and coworkers 214,
who studied the hydration of various ions (Li", Na*, K%,
F-, and C17). Here, the potential was determined by
calculations of the Hartree—Fock type, after which the
Monte Carlo method was used. It is very difficult to
compare theoretical calculations of solvation energies with

§The primary solvation shell consists of those solvent
molecules which interact directly with the solute molecule.
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experimental data. The calculated enthalpies of the com-
plexes of the ions with 1, 2, 3, etc. water molecules show
fairly good agreement, however, with mass-spectrometric
data 215,216, One method for the direct confirmation of
calculations of solvation energies is by comparing the
theoretical and experimental radial distrikution functions.
Best agreement in the case of water was obtained in a
study ?'” using a two-particle potential, defined in the
Hartree—Fock approximation with allowance for correlation
energy. For ion-H,O complexes, unfortunately, there are
no published experimentalestimates of the corresponding
partition functions.

The method of Clementi and coworkers?'4 is fairly well
founded from the physical viewpoint, but as a consequence
it is used at present only for the study of the hydration of
ions and small molecules. In the case of polyatomic sys-
tems, it is practically impossible to study the supermole-
cule either in the Hartree—Fock approximation or by the
Monte Carlo method.

In a study of the hydration of the Li’ ion, Kollman and
Kuntz 2!® estimated the total energy of the complexes
Li"+ 7,0 (n =2, 4, 6)fromthe Li"..OH,, Li%..(OH,)...(0OH,),
and OH,... OH, potentials. In this way, the authors cited
were able to avoid the need to examine the complex as a
whole. The electrostatic model (see below) was used to
take account of the H,O molecules in the secondary and
tertiary hydration shells. It was shown that the central
ion influences the arrangement of the molecules in the
tertiary hydration shell. The use of two-particle and
three-particle potentials for a definite geometry of the
solvation shell is at present the only available method for
calculating the solvation energy of polyatomic systems.
Complete allowance for the entire solvation shell and
solvate molecule is extremely complicated, and the cal-
culations have been carried out only for small systems,

Pullman and coworkers 2! developed a method in which
only part of the solvation shell is studied. This method is
based on the determination of the most stable complexes
containing a small number of solvent molecules. Various
properties of the solvated molecules, such as the confor-
mation or the spectra, can be interpreted using a complex
of this type. An example is provided by the results of
studies of the conformations of the histamine mono- and
dications by the PCILO method (see below)??°, The iso-
lated molecule exists in only one conformation—gauche in
the case of the monocation and {7ans in the case of the
dication. From ab initio calculations it was found that in
aqueous solution the monocation can exist in both the
gauche and tvans forms; in the case of the dication, the
gauche -isomer may accompany the frans-isomer. These
results agree with experiment,

Semi-empirical methods have been used to calculate the
solvation energies of ions and simple systems. In most
cases the solvation layer and the central ion were regarded
as a supermolecule. Good results were obtained for the
hydration of ions (ion—polar molecule interaction?21-224),
The study of solvation in non-polar systems at a semi-
empirical level is unlikely to succeed. It has recently
been shown that the results obtained in the study of the
conformation of molecules and the interactions between
molecules using the semi-empirical PCILO method show
good agreement with the results of calculations by abinitio
methods 25, The PCILO method is apparently the most
promising method for the study of the influence of the
solvent on the properties of solvated molecules.

In conclusion, brief mention may be made of a simple
method for estimating the energy of interaction for polar or
charged systems,based on theelectrostatic approximation 226,
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From the wavefunctions of two systems it is possible

to estimate the energy of their electrostatic interaction
and to determine their relative arrangement, corres-
ponding to the potential energy minimum. The
positions in a molecule most favourable for electrophilic
attack by a point particle carrying a positive charge are
often of interest. From the wavefunction (non-empirical
or semi-empirical) of the corresponding molecule, the
electrostatic potential at the point 7i can readily be
determined from the equation:

FAVEA)

Tn

Vi) =—APu- | (19)

drl + Z "Zg':
a Tai
where Xq(1) and Xg(1) are the AO; Prg is the element of
the density matrix corresponding to these AO; Zgq the
charge of the nucleus of the atom a; and 7y; and 7y,
represent respectively the distances from the point 7j to
the nucleus o and to the electron. By connecting points
at which the values of the potential are equal, it is possible
to obtain isopotential surfaces, which give a clear descrip-
tion of the possible directions of electrophilic attack.

3. Kollman and Kuntz?2'8 used the SCF method (abinitio)
to study the hydration of the Li* ion. It was shown that the
tetrahedral structure of the primary hydration shell is
energetically most favourable, and that the hydration
energy is 107 kcal mole~, The energy of the interaction
of the Li* ion with the water molecules of the secondary
and even the tertiary hydration shells is fairly high: in
the first case it is equal to 80 kcal mole-!, and in the
second case it amounts to almost 20% of the total hydration
energy (the experimental value is 228 kcal mole-!). Here
it must be borne in mind that the energy of the interaction
of the Li* ion with water is unusually high. In the case of
the hydration (or solvation) of neutral molecules, it is to
be expected that allowance for only the primary or second-
ary hydration (solvation) shells will not introduce a large
error into the calculation of the energy of hydration (or
solvation).

5. Kinetics of Reactions in Solution

The calculation of the rate constants of reactions in
solution is an extremely complex problem?227~23°, The
development of the theory of chemical reactions in the
gaseous phase 23! will obviously facilitate the successful
solution of this complex problem. In general, however,
the methods of studying reactions in the gaseous phase can
hardly be applied directly to the study of reactions in
solution. It is only in the case of relatively weak inter-
actions between the molecules of the reactants and the
activated complex on the one hand and the solvent on the
other hand that these methods can lead to correct semi-
quantitative results.

6. Catalytic Reactions

The methods of quantum chemistry used in catalysis can
be divided into two groups 232, The first group consists of
the methods of solid state physics 2327244, For catalysis,
information on the states of the electrons on the catalyst
surface (surface states) are most important, since their
symmetry and energy can give information on the course
of the adsorption. The bulk and surface states can be
studied without particular difficulty in the case of the ideal
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lattice of a semi-infinite crystal. Unfortunately, devia-
tions from the ideal lattice (for example in the surface
layer) and the presence of defects and chemisorbed mole-
cules introduce considerable difficulties.

The secondgroup consists of various methods in the
quantum chemistry of molecules. The most promising
methods for the solution of problems in catalysis are those
which take account of all the valency electrons (semi-
empirical methods of the CNDO and EHM type). The
methods of this group can be used to study small systems
comparatively easily, so that the catalyst is usually
modelled by a system consisting of several atoms. The
quality of the theoretical study of a catalytic process
depends on the reliability of the quantum-chemical
approximation and on the model of the catalytic reaction
used.

Chemical reactions in the presence of a catalyst usually
take place in several stages, the first of which is the
interaction of the molecules of the original reagents with
the catalyst (the formation of anadsorbate-catalyst
complex, A-C). This first stage has been studied by
many workers in different systems. Mention may be made
of several studies 2457258 of the adsorption chiefly of
diatomic molecules on the surfaces of transition metals
and oxides. The authors cited obtained a model of the
solid state by considering a part of a crystal consisting of
several tens of atoms (three-dimensional model) or a part
of the surface of the crystal (two-dimensional model), or
considered only one metalatom (or one molecule of the
oxide). Most calculations have been carried out by the
simplest version of the EHM.

Several procedures can be used in the study of a
catalytic reaction by the methods of quantum chemistry.
The most fully developed of these involves the calculation
of the potential energy surface for the system consisting
of the atoms of the adsorbate and catalyst. Because of the
complexity of the calculations, however, this approach
can be used only for the simplest reactions?5¢726°, For
the study of systems of chemical interest, it is possible to
use a simpler method involving the calculation of the
electronic structure, geometry, total energy, and various
other physical characteristics of A-C systems for assumed
inter mediate products and possible activated complexes?®6!,262
The reliability of the information on the catalytic process
obtained in this way depends to a considerable extent on
the choice of the model for the reaction, that is on the
assumptions regarding the intermediate products or acti-
vated complexes, The third and most economic method
is based onthe calculation of the electronic structure of
the complex A-C. The reactivity of this complex is
estimated using quantum-chemical indices of reactivity 263
or orbital symmetry conservation rules 264-267,

From the foregoing it follows that in the study of a
catalytic reaction by the methods of quantum chemistry,
the description of the catalyst presents the greatest
difficulty, A model of the catalyst, taking account of its
surface or bulk properties, should consist of a large
number of atoms, and this complicates the calculation
considerably. Moreover, in these models, allowance is
made for crystal lattice defects. Another no less impor-
tant problem concerns the quality of the quantum-chemical
approximation. Non-empirical methods are in practice
inapplicable to the solution of problems of catalysis,
because of the complexity of the systems. Even without
considering the problem of the parametrisation of semi-
empirical methods for transition metals, the use of these
methods to study the reactivity of systems containing a
model of the catalyst with a large number of atoms still
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lies beyond the computing facilities of most laboratories.
Thus at present the reactivity of a complex A-C can in
most cases be studied only by means of the EHM, which
suffers from a fairly large number of disadvantages. Even
this method, however, can be usedto study the potential
energy surface or any cross-section of this surface only
for the simplest catalytic reactions.

Thus the problems associated with taking explicit
account of the catalyst are related to the specific features
of the methods of quantum chemistry and difficulties of
computation. In this connection, in the study of a catalytic
reaction, the catalyst is taken into account implicitly as
a perturbation of the adsorbate. The reactivity of this
adsorbate can be studied by standard methods of quantum
chemistry.

The results of the theoretical analysis and the experi-
mental data, discussed in more detail elsewhere 2%,268,
indicate that the interaction of an adsorbate with a catalyst
is accompanied by the transfer of electron density from a
bonding MO of the adsorbate to a vacant MO of the catalyst,
and also froma filled MO of the catalyst to an antibonding
MO of the adsorbate. The degree of electron density
transfer is determined by the electronic structure of the
adsorbate and catalyst. When the transfer of charge is
approximately the same in both directions, the state of
the adsorbate is analogous to the excited state of the
isolated molecule, or the superposition of several
excited states. In charge transfer, the frontier orbitals
of the interacting systems usually play the most important
roles, so that it may be assumed that the state of the
adsorbate corresponds to the first excited state. An
example is provided by the interaction of a two-electron
adsorbate (for example H;) and a two-electron catalyst
(this model can be used to study the interaction of the
frontier orbitals of a many-electron adsorbate and a
many-electron catalyst) (Fig. 3a). If ¢A represents
a filled MO and ¢B a vacant MO of the adsorbate, and
B and YA represent filled and vacant MO of the catalyst
respectively (the superscripts A and B characterise the
symmetry of the MO), the MO of the complex A-C has
the form:

O = clot + iy,
®F = v - BB,
@ = vt —cho?,

BR_ B B
D, = ¢; 9B — cyPpB.

(20)

(c.;f‘)2 then provides a measure of the transfer of electron
density from the adsorbate to the catalyst (from the MO
@A to the MO ¥A), and (cB)? the transfer of electron
density from the catalyst to the adsorbate (from the

MO ¥ B to the MO ¢B). The difference (cA)* — (cB)
characterises the charge on the adsorbate, and the smaller
of the squares of these coefficients gives the degree of
excitation of the adsorbate. If one of the coefficients is
much greater than the other (see Figs, 36 and 3c), charge
transfer takes place in only one direction. In extreme
cases, when cA ~ 12, cA=1/N2andcB~1 cB=o,

a radical-cation is formed, and when cB'~ ¢B ~ 1//2 and
cf‘ ~1, cf‘ =~ 0, a radical-anion is formed.

It may thus be expected that the reactivity and various
other physical properties of the adsorbate in the complex
A-C corresponds qualitatively to the properties of radical-
ions or an excited state of the adsorbate. Here, the
following points should be borne in mind:

a) only “part” of the electron density is transferred
from the metal atom to the ligand,
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b) the donor and acceptor powers of the adsorbate
with respect to the metal atom are usually different, so
that quantitatively, the decrease in the population of the
bonding MO is different from the increase in the population
of the antibonding MO;
A
MO of adsorbate A MO of complex A-C MO of catalyst

d)e
Iy
¢® - A

3

C

Figure 3. Interaction of the molecular orbitals of the
adsorbate (A) and catalyst(C): a) for the formation of a
partly excited state of the adsorbate (cf o~ c,}}); b) for
localisation of the positive charge on the adsorbate

(cf > CE); c¢) fer localisation of the negative charge on
the adsorbate (cB > cA).
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c) charge transfer takes place not only from the
highest filled MO, but also from other orbitals, More-
over, there may be changes in the population of other
vacant MO (although the frontier orbitals probably play
the chief role in this process);

d) in this model, no allowance is made for the specific
characteristic features of the catalyst surface.

The potential at the catalyst surface, which may lead
to appreciable changes in the electronic structure of the
adsorbate, is of considerable importance in heterogeneous
catalytic processes. A strong electrostatic field may
lead to appreciable decrease in the strength of the bonds
of the adsorbate 2627, Moreover, allowance must be
made for the fact that the magnetic moments of the atoms
of the catalyst also influence the course of the reaction.

Comparison of catalytic and non-catalytic reactions.

Catalytic reactions Non-catalytic reactions
Reactions catalysed by electron-acceptor Reactions of radical-cations and reactions taking
systems (for example metal oxides) place in the source of a mass spectrometer
(cationic mass spectrometry)
Reactions catalysed by electron-donor Reactions of radical-anions and reactions taking
systems (for example alkali metals) place in the source of a mass spectrometer
(anionic mass spectrometry) (Ref.271)
Reactions catalysed by systems in which Reactions of electronically excited particles
the back-donation mechanism occurs (photochemistry)
(transition metal atoms and ions)
Reactions influencing the catalyst surface; Reactions in an external eiectric or magnetic field
the action of its force field

The mechanism of the effect of the catalyst on the
adsorbate described above have analogies in other fields
of chemistry (see Table). The analysis of catalytic
reactions can therefore be facilitated by studying these
processes, involving radical-ions (radical reactions,

Clgr Cls” <
S BRS B B
A A A
a
c
S+C sc 8
A
b

Figure 4. Section of the energy surface: @) for the molecule of a hypothetical substance S,
for the radical-cation S°, for the radical-anion S, and for the excited state S*; b) for the

catalytic reaction,
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cation and anion mass spectrometry) and molecules in
excited electronic states. In the theoretical study of
catalytic processes, the state of the adsorbate in the

A-C complex can be modelled either by an appropriate
radical-ion or by an excited electronic state?3?, depending
on the nature of the catalyst. This procedure makes it
possible to use more fully developed quantum-chemical
methods than in the case where explicit account is taken of
the catalyst. The quality of the results naturally depends
on the extent to which the model corresponds to the actual
state of theadsorbate interacting with the catalyst.

The similarity between catalytic processes on the one
hand and radical or photochemical reactions on the other
makes it possible to determine beforehand the appropriate
type of catalyst for carrying out the reaction. Fig. 4a
gives the cross-sections of the potential energy surface
of a molecule of a hypothetical substance S, its ions S* and
S-, and its excited state S*. It is assumed that the trans-
formation of the substance S can take place according to

the following scheme:
A

S-B
Ne .

It is assumed that analogous processes are possible for
other forms of the adsorbate. Comparison of the activa-
tion energies (see Fig, 4) shows that the decomposition of
the substance S (S*, S-, or S*) gives the products A for S
and S, B for S, and C for S*. If it is desired to use a
catalyst to obtain, for example, product B, it is necessary
to use a catalyst with strong electron-acceptor properties,
The cross-sections of the corresponding surface for the
S5-C complex for a catalyst of this type are shown in
Fig.46. If on the other hand the products of the catalytic
transformation of the substance S are known, it is possible
to determine, from the known reactivity of the radical-
ions and excited states of the adsorbate, how the catalyst
influences the adsorbate.
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