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It is a common drawback and the reason for many contradictions among the
different theories of catalysis (acid-base-, electronic-, multiplet-, ligand field-, etc.)
that each concept about the mechanism of the catalytic reaction is throughout
onesided. Here we will try to formulate the determining characteristics of the
mechanisms (DCM) of catalytic reactions, which could now be regarded as a
good approximation of the essential features of the mechanisms. The concrete
meaning of the six DCM’s defined here is illustrated by possible mechanisms of
catalytic double bond isomerization of olefins and of the oxidation of CO. We have
shown that the subsequent systematic application of the DCM allows to system-
atization of the possible mechanisms of catalytic reactions, the evaluation of the
real potential of each experimental method for the determination of the mech-
anisms (the CO oxidation on Cr.0-~MoQ; as a concrete example) and the critical

evaruation of the individual theories of catalysis.

1. INTRODUCTION

The main goal of theories of catalysis is
to elucidate the laws which control the
dependences of catalytic phenomena on the
properties of catalytic systems (catalyst
and reactants). This is generally done by
developing special ideas about the mecha-
nisms of catalytic reactions, and these ideas
play a central role in works on the theories
(and generally on the laws) of catalysis.
It is an important drawback of the theories
(1-7) and generally of works discussing the
laws of catalysis (and the reason for many
contradictions) that their ideas about the
mechanisms are throughout onesided (2,
8, 9) because they are based only on some
of the properties of the catalytic system,
neglecting many others which may also be
of primary importance. There is at present
no gen,rally acceptable definition of the
essence of complete mechanisms. In this
paper we shall try: (i) to formulate what
are the characteristics of the mechanisms
of catalytic reactions which can now be
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regarded presently as the determining
(necessary and sufficient) characteristics
of mechanisms (DCM), (ii) to show that
the systematic consideration of DCM’s
gives a unified and fruitful basis:

For critical evaluation of the various
theories of catalysis (to discuss their sup-
positions, omissions and advantages and
the possibilities of their simultaneous
application).

For the evaluation of the real possibili-
ties and potential force of each experi-
mental method (this gives a guiding
principle for the research program on the
determination of the complete essence of
the mechanism of catalytic reactions).

It must be emphasized that our proposals
are not new in themselves; indeed, there
is much work of this kind already in the
literature, including examples of considera-
tion of some of our proposals (12, 13).
But here we will try to select the really
determining (necessary and sufficient) char-
acteristics of mechanisms and to show that
taking them systematically into considera-
tion in investigating the mechanisms and
general laws of catalysis has a large
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heuristic power. This is demonstrated below
by some specific examples.

2. THE DEFINITION OF THE DETERMINING
CHARACTERISTICS OF THE MECHANISMS
(DCM) or Cartavyric REACTIONS

On the basis of a critical analysis of the
acceptable ideas about the mechanisms of
catalysis we think that in defining the
DCM it is most reasonable to start with
the reaction-center model (RZ-model) of
catalytic reactions, in which the ideas de-
veloped in catalysis can be reasonably and
usefully combined in a single system.
According to this model we can distinguish
in a catalytic system a group of atoms of
the catalyst and the reactants (RZ-atoms
of the catalytic svstem) the rcommon
characteristic of which is their participa-
tion in local interactions during the cata-
lytic act, i.e., their chemical bonds are
temporarily or permanently changing (i.e.,
are destroyed, transformed, formed). All
the other atoms of the catalyst and re-
actants (outer RZ-atoms) influence the
catalytic reaction by their collective inter-
action with the reaction center.

On the basis of a systematic evaluation
(11) of the ideas behind various theories
and mechanisms existing in catalysis (1-9)
we think that at the present level the
following characteristics of states and in-
teractions in catalytic systems can be used
as the most reasonable and useful approxi-
mation to express the full essence of the
catalytic reaction, which we term the de-
termining characteristics of the mechanisms.
(DCM):

1st DCM. The chemical nature and the
geometry of the catalyst centers (Z,, Z,

. Z,) taking part intimately in the
catalytic reaction, i.e., the ensemble of the
active centers of the catalyst.

9nd DCM. The kind of motion in time
and space of the atoms of the reaction
center (for example associative, dissocia-
tive, synchronous, intramolecular mech-
anisms). This DCM reflects most directly
the cyclic character of catalytic mecha-
nisms.

3rd DCM. The orbital states of RZ-
atoms or in the more simple approximation
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the types of bonding (, o, ionic bonds, ete.)
between the active sites of the catalyst and
the intermediates of the reaction.

4th DCM. The influence of the outer re-
action-center atoms of the catalytic system,
especially the roles of the collective elec-
tronic properties of the catalyst and of
the substituent effects on the part of the
adsorbed reactants.

5th DCM. The influence of the distribu-
tion of fractional charges in the reaction
center in the course of the reaction, or in
a more simple approximation the charge
on the intermediate products of the reac-
tion (for example, carbonium-ionic and
oxonium-ionic mechanisms).

6th DCM. The energy profile of the
catalytic reaction, or the values of the
decisive minima and maxima of the energy
profile (heats of adsorption, energy of
activation) or in an even simpler sense the
nature of the rate determining step of the
reaction.

To give an impression of the concrete
meaning of these characteristics we have
schematically illustrated in Fig. 1. one of
the many possible mechanisms (a dissoci-
ative mechanism) of the double bond isom-
erization of olefins on a transition metal
oxide catalyst and in Fig. 2. one of the
possible mechanisms of CO oxidation on a
chromia—molybdena oxide catalyst. It can
be seen that for completely defining the
mechanism all the DCM’s must be known
in both cases, i.e., the type of active centers
(1st DCM), the kind of motion (2nd
DCM) of reactants (dissociative mech-
anism, reaction of atomically adsorbed
oxygen and adsorbed CO), the type of
bonding (3rd DCM), the role of collective
electronic interactions (4th DCM), the
partial charges of adsorbed species (5th
DCM) and the rate determining step (6th
DCM) of the reaction. It is clear that there
are some interdependences. Thus, Tor ex-
ample, the partial charge of the adsorbed
species is determined by the nature of the
centers, the type of bonding and the role
of collective electronic interactions, while
the energy profile of the reaction is de-
termined in principle by the combined effect
of all other characteristics, but in general
these interdependences are at present not
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Fia. l-iA possible mechanism (a dissociative mechanism) of the double bond isomerization of olefins on a

transition metaljoxide catalyst.

known exactly. Therefore we must now re-
gard the DCM’s as individual but not in-
dependent characteristics of mechanisms.
It is also important to emphasize that al-
though at present it is generally not possible
to determine all these characteristics in
each case (especially in their full sense),
their possible role must always be taken
into account in making conclusions or
generalizations in order to avoid the many
seemingly correct, but in reality erroneous,
conclusions,

3. TuE PossieLE Uses or THE DCM

The most plausible application of the
DCM is the systematization of the theo-

energy protile w

Fia. 2. A possible mechanism of CO oxidation on
a chromium oxide-molybdenum oxide catalyst for
illustrating the meaning of the determining charac-
teristics of mechanisms (DCM).

retically possible mechanisms of particular
catalytic reactions. In the case of the
double bond isomerization of olefins, for
example, there may occur associative (A),
dissociative (D), intramolecular (I) and
synchronous (Sy) mechanisms with respect
to the kind of motion (2nd DCM) of
hydrogen atoms (Fig. 3). In general, the
form of the motion of the hydrogen can
in each case be H*, H-, H?, i.e., the possible
intermediates of the reaction may have a
cationie, anionic or radical character (5th
DCM). Furthermore, the intermediate
products may be bonded to the catalyst by
different types of bonds (3rd DCM), for
example by w-bonds, ¢-bonds, intermolec-
ular forces anpd so on. The rate determining
step of the reaction (6th DCM) may be,
in general, any of the above elementary
steps and interactions or their combination.
For actual catalysts, the systematization
of the existing centers and their combina-

Fiac. 3. The possible mechanisms of the double
bond isomerization of olefins with respect to the
kind of motion (2nd DCM) of hydrogen atoms.
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Fie. 4. Schematic illustration of the connection between the DCM and catalytic phenomena,ythe:methods
of investigation and the properties of the catalyst and reactants.

tions in active ensembles (1st DCM) shows
which of the above described mechanisms
are formally possible in any given case. If
we wish to determine which of these
formally possible mechanisms is the actual
operating one, we must analyze the poten-
tialities of the various methods of inves-
tigation of the mechanisms for determining
the individual DCM. The connections be-
tween the various methods of investigation
(the majority of which bear upon catalytic
phenomena) and the individual DCM is
schematically illustrated in Fig. 4. As a
practical illustration, let us quote briefly
some results of the complex investigation of
the mechanism of CO oxidation on
chromia-molybdena (10):

The kinetic investigations show that the
reaction proceeds between adsorbed oxygen
and adsorbed carbon monoxide (2nd DCM)

and the rate determining step is the sur-
face reaction (6th DCM).

For the mixed oxides of different com-
position there is a correlation between the
catalytic activity and the bond strength
of surface oxygen to catalyst (characterized
by the reducibility of the samples), as well
as between the catalytic activity and the
electrical conductivity of the samples.
These correlations make it probable that
the splitting of the oxygen—catalyst bond
(2nd DCM) as well as the collective elec-
tronic interactions (4th DCM) are deciding
factors for the rate determining step” (6th
DCM) of the reaction.

It was found by pulse technique experi-
ments that the partial reduction of the
surface Increases the catalytic activity.
This effect makes it probable that incom-
pletely coordinated surface atoms are parts
of the active sites of the catalyst (1st
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DCM). The present results do not allow
us to distinguish clearly which of the metal
ions are the active centers for adsorption

of CQ, ie., Cr (as illustrated in Fig. 2) or

Mo.

On the basis of chemical analogies, it is
probable that the type of bonding (3rd
DCM) between the incompletely co-
ordinated transition metal ion and CO may
be similar to metal carbonyls. The mech-
anism of CO oxidation illustrated in Fig.
2 is in accordance with the cited resuits,
but it cannot be regarded as being proved.
By including in such a discussion other
suitable methods of investigation, it can
be generally shown which aspects of the
complete mechanisms are indicated by the
different methods and what is their con-
clusive force. It can be seen, too, what kind
of new investigations are needed to gain

complete information about the essence of
Such a qutamntm o‘phm’a]

discussion of the real poss1b111t1es of the
methods of investigation in determining the
mechanisms of catalytic reactions is the
second important application of the DCM’s.

the mechanisms.

The third possible application of the
DCM concept consists in the systematic

~F
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examination of the wvarious
catalysis by investigating which of the
determining aspeets of the full essence of
mechanisms of catalytic reactions are taken
into account or neglected by the individual
theories. Tt can he naqﬂv realized that the
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individual DCM’s are in connection not
only with the catalytic phenomena, but
that there also exist causal connections
between them and the different properties
of the catalyst and of the reactants, as
schematically illustrated in Fig. 4. The
ascertaining of these twofold causal con-
nections of the mechanisms is the basic aim
of the theories of catalysis. It is character-
istic of the different existing theories of
catalysis that they do not take into con-
sideration the role of all of the determining
characteristics of the mechanisms and of

the determining properties of the catalytic
system.

VWe can see, IOI' exampie lIl T,Ile case Ol
the mechanism illustrated in Fig. 2 that

in order to gain a complete knowledge of
the reaction mechanism and of the laws
of the catalytic oxidation of CO it is neces-
sary to consider all the different types of
interactions and elementary steps discussed
by the electronic (1, 4), ligand field (2, 3)
and kinetic theories (I, 7) or by the theo-
retically interpreted correlations between
the catalytic and the

catalyst bond strength (2, 5). The mech-
anism of the double bond isomerization of
olefins illustrated by Fig. 1 demonstrates
the necessity, the possibility and the dif-
ficulties, as well, of the simultaneous ap-
plication of the various theories of catalysis.
It can easily be recognized that the fol-
lowing interactions are decisive aspects of
the complete mechanism:

nvvoon

a nhv1+v .
oxXygen
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Abstraction of a hydrogen atom from
the allyl-position (3C) by a Lewis base
(surface oxygen of the ecatalyst), (2nd
DCM) and the addition of a hydrogen
atom to the *C vinylic carbon atom (acid-
base interaction, i.e., acid-base theory).

Formation of a coordinative bond (3rd
DCM) between the double bond of the
olefin and the coordinatively unsaturated
surface metal atoms (1st DCM), (ligand

£..1 ] | P |
field theory).

It is well known that the rates of cata-
Iytic reactions and their dependence on
partial pressures and temperature will be
fundamentally determined by the energy

profile (6th DCVI) of the reaction and
can be discussed by the kinetic theories.
One can easily realize, on the other hand,
that it is the first five DCM’s that by the
above-mentioned interactions determine the
energy profile. The actual nature of this
control can be discussed on the basis of the
individual uheories, tai{i‘ﬁg aivvays into con-
sideration that the regarded interactions
are only a part of the complete mechanism.

We believe that for such complex in-
vestigations the DCM concept gives at
present the most reasonable basis. Thus it
is possible to carry out systematic and
critical investigation concerning which of
the individual DCM’s are taken into ac-
count correctly in the different theories of
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catalysis, which of them are assumed and
which of them are neglected. In this way
we can find out the limitations of the
theories, the contradictions between them
as well as their connections and the pos-
sibilities of their joint application. It can
also be seen in what respect is needed a
new theoretical approximation of the laws
of catalysis. All these possibilities of the
application of the above formulated DCM
will be described in detail in separate
publications.
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