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A survey of topochemical reactions is given and the theory of their kinetics is dis-
cussed.

Kinetic analysis of solid-state reactions utilizing non-isothermal data obtained
by DTA, TG, DSC and other methods is receiving increasing attention [1]. This
interest is based above all on the widespread view that non-isothermal methods
lead to the acquisition of information on the main kinetic parameters much more
rapidly than by using isothermal methods.

In many cases this view may have a sound foundation. Nevertheless, the basic
assumption used to derive the equations of non-isothermal kinetics for solid-state
reactions, namely the approximation of the solid-state reaction kinetics by the
simple mathematical function (1 — «)" or «" is far from being always justifiable.
It therefore appears that the application of the great number of rapid non-isothermal
methods must be considered in many cases as an oversimplification in this research
field.

This is particularly the case with topochemical reactions that proceed by means
of nucleus formation and growth [2—5]. An exact kinetic description of such
processes is a most intricate problem, even under isothermal conditions [9]. Their
approximation by means of simple empirical functions may lead to serious errors.
in the calculated kinetic parameters. It is therefore of great importance and very
timely to investigate such processes by taking into account their topochemical
nature.

The objective of the present paper is to give a short introduction to the theory
of topochemical processes. It is well known that many solid-state reactions do not
take place over the total volume (or total surface) of the solid, but are localized
at distinct sites in the crystal. In accordance with this characteristic feature, such
reactions are designated “topochemical” reaction [6].

The localization of topochemical reactions is manifested by their starting from
distinct sites where the reactivity is highest. These sites are termed the “potential
centres”’ of the reaction. After the reaction has started at a definite site, it con-

* This paper was written from a series of lectures read by the author at the First All-Union
School on the Chemistry of Solids (Novotsherkask, September 1972).
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tinues to extend from this site to neighbouring parts of the crystal. This phenom-
enon is termed the autolocalization of the process.

Owing to this particular feature of topochemical reactions, in their kinetic
analysis it appears indispensable to consider not only the time relationship, as is
normally done in chemical kinetics, but also the spatial relationship. This, of
course, makes the problem much more difficult.

In the case of reactions taking place in liquids and gases, the rate of reaction is
a function of the reactant concentrations:

dn
— = k(n, ny, . ..
dt ( a b )

For heterogeneous reactions proceeding on the surface (e.g. catalytic reactions),
the rate of reaction is proportional to the concentrations of the reactants and to
the surface area Sz on which the reaction takes place, this area remaining con-
stant throughout the reaction:

dn
i = k(ng, ny, . ..) Sg

In contrast, in topochemical reactions the rate of reaction is proportional,
in addition to the concentrations of the reactants, to the surface (or layer) area in
which the reaction is localized (usually termed the reaction zone), this area chang-
ing in the course of the process [7—9]:

dn
d_t = k(na’ My o - ) q(s)

In the general case, the value of the reaction zone g(s) at a given moment ¢
may be estimated by means of the number of potential centres of the reaction
where the reaction had started at + = y, and the growth of the nuclei thus formed
during the interval (y — #).

In the general form:
t
dN
a0 = M [ o0t [(d—J ]dy
t t=y
0

where M is the shape factor allowing transformation from the volume of the prod-
uct nuclei to the value of the reaction zone, v (t, y) is a function describing the

growth of the nuclei, and

dN . . .
E] is the rate of nucleus formation in the potential
t=y

centres.

Two different approaches exist to the study of the kinetics of topochemical
reactions. One can derive equations describing the development of the reaction
zone with time and leading to the values of the specific rates of reaction, this being
indispensable to bring experimental data on topochemical reactions into confor-
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mity with the notions of common chemical kinetics. This branch of kinetics has
even received a special name “‘topokinetics”.

Another aim in the study of the kinetics of topochemical reactions is to throw
light on the physical-chemical causes that lead to the localization and autolocali-
zation of the process. In other words, attempts are made to explain why and where
the topochemical reaction starts in the crystal, why in some processes nucleus
formation dominates, while in other processes nucleus growth plays the decisive
role, what physical-chemical causes will lead to the autolocalization of the
process etc.
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Fig. 1. Rate of reaction vs. concentration of interstitial silver ions under the decompo-
sition of silver oxalate

As a first approach, the factors affecting the degree and character of localization
in topochemical reactions can be arranged into two groups. The first group includes
those factors that create potential conditions for the preferential localization of the
chemical reaction at a given site in the crystal. These preferential conditions for the
start of a topochemical reaction, i.e. increased reactivity, exist in the solid before
the actual reaction. The factors belonging to this group will be termed ““‘potential”
factors.

The second group consists of those factors that control the change in the degree
of localization in the course of the process, i.e. the probability that the process
starting at some point of the crystal will continue to develop at this same site or
close to it. Let us by agreement term this group of factors “dynamic™ factors.

Potential factors determining the unequal reactivities of the different regions in
the solid include the presence of defects in the crystals, comprising differences
between the surface and bulk properties of the crystal. Other factors belonging
in this group are: non-cquivalent reactivities at different points of the surface,
and effects of crystal defects and lattice defects on the breaking of bonds and on
transfer processes in the crystal,

Thus, the problem is reduced to the study of the effect of defects in the crystal
on reactivity. Such studies have been made in our laboratory for several years.
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Since their results have been published in detail in many papers specifically dealing
with this topic [10 — 15], we shall limit their discussion here to the main conclusions
drawn from these studies.

We have found that the nature of the effect of defects on the rate of topochemical
reactions depends upon the particular features of the reaction mechanism, and
have proposed a classification of thermal decomposition reactions into two groups.
In reactions belonging to the first group, the breaking of bonds during thermolysis
proceeds locally. In reactions belonging to the second group, for the thermolysis
to proceed it is necessary that charge be transferred over distances much longer
than interatomic distances. We have demonstrated that when the thermal decom-
position reaction belongs to the first group, its rate is mainly affected by defects
that change the ratio between the surface and the volume of the crystal (changes
in crystal habit, presence of various types of surface defects, dislocations and their
aggregations). Some examples of this type of dependence: experimental data on
the thermal decomposition of pyrite, indicating that the initial rate of reaction is
proportional to the external surface of the crystals [16]; results on the acceleration
of the dehydration of magnesium sulphate heptahydrate, connected with a change
in the habit of the crystals [17]); and experimental results on the effect of disloca-
tions in crystals on the rate of their thermal decomposition [11, 18]. When the
thermal decomposition reaction belongs to the second group, i.e. the elementary
act of the bond includes charge transfer over a distance much longer than the inter-
atomic distance, lattice defects (foreign ions, ion vacancies, interstitial ions, etc.)
begin to exercise the principal effect on the rate of reaction.

This takes place, for example, in the thermal decomposition of silver oxalate,
where one of the most important elementary stages is the transfer of intersitial
silver ions in the oxalate lattice to the sites where silver nuclei come into existence
and grow [19—21]). As a result, initialy the rate constant is linearly dependent
on the concentration of the interstitial ions (Fig. 1).

Similarly, the initial rate of thermal decomposition of ammonium perchlorate
depends on the concentration of point-like defects that may serve as proton donors
or acceptors [23-—26].

The relationships deduced between the nature of the effects produced by defects
and the mechanism of the thermal decomposition reactions led to the solution of
" several important questions in the field of solid-state chemistry.

They gave rise, for instance, to the development of methods for the governed
control of the rates of solid-state chemical reactions by using different methods
to create exactly those crystal defects to which the reaction in question is most
sensitive.

The thermal decomposition of magnesite, for example, proceeds (as for all
alkali metal carbonates) by local breaking of the oxygen-carbon bond [27].

According to our classification, therefore, this reaction, belongs to the first
group. Hence, if the task is to intensify the thermal decomposition of magnesite,
attention should be focused on creating defects in the magnesite crystals during
the manufacturing operations, disintegration, etc. In this case it would not serve

J. Thetmal Anal. 7, 1975



BOLDYREV: TOPOCHEMICAL REACTIONS, 1. 689

the purpose to create lattice defects by doping. On the othzr hand, in the task of
stabilizing silver acetylide, i.e. of reducing the rate of its thermal decomposition,
it is indispensable that electrons and interstitial silver ions be transferred over
distances much longer than interatomic distances. The main strategy for governed
control of thermal stability in this case will therefore consist in changing the
concentration of lattice defects in the silver acetylide, e.g. by doping that would
change the concentration of interstitial silver ions, or by hetero-phase additives
that are electron acceptors or donors [28].
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Fig. 2. Change in conductivity of silver oxalate crystals in the course of decomposition.
1 Change in conductivity 2. Change in oxalate conversion

The relationships also allow solution of the reverse problem in order to find
out how different defects affect the rate of thermal decomposition and to draw
conclusions on the mechanism of some topochemical reaction. This was how we
came to the conclusions that the most important stage in the thermal decomposi-
tion of silver oxalate is transfer of interstitial silver ions and their incorporation
in the growing silver nucleus [20}, that the mechanism of the thermal decompo-
sition of alkali metal permanganates includes the transfer of an electron from one
permanganate ion to another [22], that the most important stage in the thermal
analysis of ammonium salts is proton migration over distances much greater than
interatomic distances [23], etc.

Our results, as well as our mode of approach to the study of solid-state chemical
processes and to their governed control, have been successfully applied not only
in our laboratory, but also in the work of other researchers [9, 29 —32]. Never-
theless, however fruitful this approach has proved in studies on topochemical
reactions and in solving problems of their governed control. more detailed investi-
gations, carried out first in our laboratory and subsequently in other laboratories,
have demonstrated the obvious deficiencies of the method. In particular, it was
found that by limiting the estimation of reactivity in the crystal solely to the poten-
tial conditions of the localization of the process, reliable information is obtained
only as regards the initial stage of the reaction.
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If we attempt to follow the effect exerted by these factors on later stages of the
process, however, substantial errors may arise. The fact is that, in many cases,
a reaction starting at a certain site of the crystal may essentially change those
properties of the crystal on which the reactivity depends.

Among the many examples that might be cited, let us again turn to the thermal
decomposition of silver oxalate. As stated above, the rate of this process is initially
proportional to the concentration of interstitial silver ions (Fig. 1).

This relationship, however, does not hold good in the later stages. Fig. 2 shows
two curves taken in the course of thermal decomposition [33]. One of the curves
corresponds to the change in oxalate conversion (« vs. ), the other to the change
in conductivity (¢ vs. ). It is a known fact that conductivity in silver oxalate is
due to interstitial silver ions. The second curve may therefore be accepted as char-
acterizing the changes in the concentration of interstitial silver ions in the course
of the decomposition process.

A comparison of the two curves demonstrates that the conductivity (and con-
sequently the concentration of interstitial silver ions) decreases sharply during the
decomposition, but the rate of thermal decomposition continues to increase, owing
to the catalytic action of the solid product formed in the initial stage.

In an analogous manner, the external surface of potassium permanganate
crystals changes, owing to self-disintegration, during its thermal decomposition,
and the correlation between the rate of decomposition and the previous size of the
crystals is again limited to the initial stage only [34].

Hence, the reactivity of solids cannot be estimated merely from the potential
conditions leading to localization; dynamic factors responsible for the autolocali-
zation of the process must necessarily be taken into consideration too.

How can factors that may be responsible for autolocalization be characterized?
The usual means applied in such cases [8, 35] is to use the fundamental concepts
of phase transformations for a description of topochemical reactions [36—41].

According to this theory, the appearance of nuclei of the new phase may be
regarded as the result of heterophase configurational fluctuations [36—41].

The change in the free energy of formation of the new phase is a result, on the
one hand, of the chemical reaction and may be characterized by the product of
the number of moles and the difference between the chemical potentials of the
starting material and the reaction product. On the other hand, it is a result of the
energy of formation of the new interface.

If the system has reached supersaturation (and such systems are considered
mainly in the theory of phase transformations), these two terms have opposite
signs. Hence, the change in free energy in the course of nucleus growth will pass
through an extreme value, after which the nucleus will become stable. If the values
of the energy of formation of the critical nucleus and of the energy of activation
of the molecular interchange process between the nucleus and the medium are
known, the rate equation for nucleus formation can be written in the following
form:

v = ky e"BIRT . o~ ART
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The dependence of the rate on the values characterizing supersaturated systems
can have different forms. For crystallization from the melt, supersaturation may
be characterized by the degree of supercooling of the system. Since supercooling
is involved in the numerator of the exponent in the second power term, the changes
in the first and second factors of the above multiplication product on decrease of
will proceed in opposite directions. Hence, an extreme value will appear in the
rate of reaction vs. supercooling curve.

After their having reached the critical value, the growth of nuclei is considered
in the theory of phase transformations as a process leading to the formation of
two-dimensional nuclei on the surface of the growing crystal. The same train of
thought described above may be applied for two-dimensional nuclei, with the only
differences that (since in this case the growth of nuclei proceeds in two dimensions)
the form of the rate equation will be different and the extreme value on the rate
vs. supercooling curve will also be situated at a different place. Depending on the
degree of supersaturation in the system, therefore, different cases will be met:
(i) only nucleus formation occurs in the system, (ii) only nucleus growth proceeds
in the system, (iii) both nucleus formation and growth proceed in the system.

For other types of phase transformations, the changes in the two factors of
multiplication in the equations describing the formation and growth of nuclei
do not necessarily proceed in opposite directions as was found in the case of crystal-
lization from the melt. They may change in the same direction: in this case, no
extreme value will appear on the rate vs. supersaturation curve. However, the
temperature-dependence of the rate of reaction will be rather complicated in this
case too, and will differ from the Arrhenius-type dependence [42].

Hence, if the fundamental assumptions of the theory of phase transformations,
developed mainly for kinetics of simple processes like melting, condensation, solidi-
fication and crystallization, are compared to the situation arising in topochemical
processes, it will be found that the analogy between simple phase transformations
and topochemical reactions, if any, is far from always being complete.

In the theory of phase transformations, the central feature has been shown to
be the formation of a new phase from an already existing material present in the
medium (gas, liquid or solid) surrounding the nucleus, and the process is consid-
ered as controlled by this stage.

In the case of topochemical reactions, the rate of reaction is not necessarily
controlled by the process of formation of the new phase, but may also be controlled
by the decay of the starting solid [42]. In many cases both processes occur simul-
taneously and are interrelated, thereby making it difficult, or even impossible,
to consider topochemical reactions on analogy with condensation, separation or
crystallization from the melt.

In addition, another specific feature of solid-state reactions distinguishes them
from other phase transformations (e.g. crystallization from a solution or from
a melt), namely that the chemical stage (connected with a change in composition)
and the phase transformation stage (connected with a change in structure) may
be separated both in time and in space. This may be due to purely thermodynamic
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factors connected with minimization of free energy. Depending on the temperature
and the heat of mixing of the two solid phases in contact [43], this may occur at
definite values of the thickness and composition of the layer in which the reaction
takes place.

On the other hand, purely kinetic factors may be responsible for the appearance
of a transition layer separating the starting material phase from the reaction prod-
uct phase. These factors can, for example, be related to the rate of the chemical
reaction being higher than the rate of the phase transformation. This is the case,
for instance, in processes of dehydration of crystalline hydrates [44—46].

Finally, in the course of the solid-state chemical reaction, atoms or ions from
the product phase may migrate into the starting material phase [49] or vice versa.
This migration can also coniribute to the formation of a reaction layer of finite
thickness [48, 49] instead of a two-dimensional reaction zone. This three-dimen-
sional reaction layer, appearing instead of the two-dimensional boundary surface
between the initial phase and the product phase normally postulated in the theory
of phase transformations, must necessarily manifest itself both in the localization
[48,49] and autolocalization of solid-state processes and in the quantitative
expression describing the rate of solid-state chemical reactions.

The causes leading to autolocalization in topochemical processes therefore
require separate discussion.
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REsumé — On présente une étude d’ensemble sur les réactions topochimiques en discutant
la théorie de la cinétique.

ZUsSAMMENFASSUNG — Eine Ubersicht iiber die topochemische Reaktion wird gegeben und
die Theorie ihrer Kinetik ersrtert.

Pesrome —IpeactaBneHo 0603peHNe TONOXUMHYCCKUX PEAKUM ¥ OOCYKACHbI MX KHHETHYEC-
KHE¢ TCODHH.
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