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I. INTRODUCTION

Our work in the field of chemical kinetics was begun
about 1924 in the Electronic Chemistry Laboratory which I
at that time directed in the Leningrad Physicotechnical
Institute. My first coworkers were Kondrat'evand Khariton,
who were then quite young, andare now Academicians. Our
group of physicists was augmented with young people and by
the nineteen-thirties it had grown into the fairly large group
of the Chemical Physics Institute of the Academy of
Sciences of the USSR.

In 1925 we were concerned with the problem of the spon-
taneous ignition of gases capable of undergoing combustion
and exploding. From the viewpoint of chemical kinetics,
this problem was almost untouched. In any case it had
never been the centre of a research effort. This situation
was probably responsible for our rapid progress. Ina

T This review is based on a paper presented at the Symposium
on Chain and Radical Reactions on the 11th April 1966 in the
Scientists! Club, Moscow,
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period of 5-7 years we laid the foundations of the theory of
spontaneous ignition and established that there are two and
only two types of spontaneous ignition, namely: (1) thermal
spontaneous ignition; and (2) chain spontaneous ignition
(branched chain reactions).

I believe that this is the most important result which I
and my closest associates achieved in the course of my
long life.

Thermal spontaneous ignition results from the liberation
of heat in exothermic reactions and the production of a
thermal avalanche, since the heat liberated, and hence the
increase in the temperature of the gas, leads to anincrease
in the reaction rate, which in turn leads to an increase in
the liberation of heat and to a further increase in tempera-
ture, and so on.

Chain spontaneous ignition also results from the libera-
tion of energy in chemical reactions, not in the form of
heat, but at a stage before the energy is converted into heat.
This energy being liberated leads to an increase in the num-
ber of free atoms, radicals, and electronically-excited
particles with extremely high chemical activity, that is, to
the development of a so-called chain avalanche. Here the
increase in the temperature of the gas is a result, and not
the cause, of the spontaneous ignition.

All subsequent studies in this country and abroad con-
firmed these conclusions, not only qualitatively, but quan-
titatively. Even when nuclear explosions were discovered,
they were also found to be of the same two types — thermo-
nuclear and branched-chain. Formally, the theories were
also found to be similar, although they naturally differed
quantitatively.

II. THERMAL SPONTANEOUS IGNITION

The earliest work (on thermal explosion) began with the
development of a quantitative theory, which was subse-
quently verified by experiment. The history of our develop-
ment of the thermal theory of explosion is extremely
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curious. In addition to our early work on chemicalkinetics
in 1923-1926, Val'ter and I were concerned with the pro-
blem of the breakdown of dielectrics. As a result of this
work 1,2, we formulated the thermal theory of breakdown
due to the breakdown of thermal equilibrium between the
Joule heat being liberated and the heat removed from the
body of the dielectric to the electrodes.

The fortunate idea that all the conclusions from the
thermal theory of breakdown were applicable to the theory
of spontaneous ignition or - which is the same thing —
spontaneous explosion, came to us in 1927, Here the
liberation of heat was associated with a chemical reaction,
albeit a very slow one: &, =¢,W, where ¢, is the heat of
reaction and Wthe reaction rate calculated for the entire
volume of the vesselv. Thus W =vw, where w is the reac-
tion rate in unit volume. In the simplest example w =
= koa”e'E/ RT, where k&, is the pre-exponential term of the
reaction rate constarnt, E the activation energy, » = 1 for
unimolecular reactions and # = 2 for bimolecular reactions,
and a the number of parent molecules per unit volume (if w
is expressed as the number of molecules which have reacted
in unit time). Thus the quantity @, increases rapidly with
the initial temperature of the gas 7', according to the expo-
nential e Z/ET Jaw, The heat transfer Q, takes place
through the walls of the vessel. For convective heattrans-
fer we have @, = k(T' - T;)s, where T is the temperature of
the gas being heated by the reaction, 7', the temperature of
the walls, and s the surface area of the vessel. The form
of the expression is the same for conductive heat transfer.

Let us plot @, and @, as functions of temperature on the
same diagram. Let us consider the example where p is
constant and T is variable (Fig. 1) and that where T is
constant and p is variable (Fig.2). Curves I in both dia-
grams correspond to thermal equilibrium with an increase
in the temperature .of the gas by the small quantity AT.
Curves 3 in both figures, for which @, is always less than
@,, correspond to there being no thermal equilibrium, that
is, to the production of a thermal avalanche leading to spon-
taneous explosion, Curves 2, for which the heat-transfer
straight line touches the heat-production curve, separate
the two regions and determine in Fig. 2 the ignition tem-
perature T, at a given pressure or in Fig. 1 the ignition
pressure atagiventemperatureT . Atthe pointoftangency
@, =@, andg_?}=§%.

By solving these equations, we obtain the critical condi-
tion for explosion:
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Fig.1l. Dependence of g; and ¢, on T (see
text for explanation).
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Fig.2, DependenceofgandgonT
(see text for explanation).

where a is expressed as the number of molecules per unit
volume, and ¢ is the molar heat of reaction.

If 6 = 1, explosion will always take place, and if 6 <
< 1, no explosion will take place.

Since a ~ 10®(p/T), we can write the equation

koEevp”xi01®
Bop = —IREEP XD o—E/RTo — 1,
r NRksT#H"
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For a given vessel and a given heat-transfer coefficient «,
we obtain the following relationship between the critical
values of T, and p:

@)

The constant B is determined by the kinetic and thermal
constants and by the shape and dimensions of the vessel,
and the quantity A = 0.217E/#n. The theory was formulated
in this form in my paper 34 in 1928. In the same year our
colleague Zagulin published a paper % in which it was shown
for the example of the spontaneous ignition of CL,O, that
formula (2’) is confirmed experimentally.

log——&-——=;':—+3.

T;-H/n

From earlier kinetic experiments, carried out abroad,
it was known that the decomposition of CLO takes place by
abimolecular reaction with activation energy E ~ 25000 cal x
X mole~!, Knowing the value of A, Zagulin was able to
determine the value of E from explosion experiments, and
in this way he obtained the same value E = 25000 calmole~?,

In 1935 Rice and Allen® obtained analogous verification
for the example of the decomposition of azomethane. From
kinetic data it was established that the reaction is unimole-
cular and has an activation energy of 51 000 cal mole™. In
a study of the spontaneous ignition of azomethane, Rice and
Allen confirmed the correctness of formula (2’) and from
the value of A they found the activation energy E to be
50000 cal mole~1, in excellent agreement with the kinetic
data.

These experiments convinced everyone that the thermal
theory correctly takes account of the part played by kinetics
in spontaneous-ignition processes. For complete confi~
dence, however, it was necessary to show that, from a
knowledge of the kinetic and thermal parameters, we were
able, by applying the theory of thermal explosion, to calcu-
late theoretically the ignition temperature for various gas
pressures. This was achieved in our Institute by Frank-
-Kamenetskii?, who examined the case of conductive heat
transfer in a cylindrical vessel. The only change in the
value of the critical parameter §. in this example is that in
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formula (2) the coefficient k is replaced by 4\/r andv/s =
=7/2. Substituting the values of A, v, E, and ¢, Frank-
-Kamenetskii calculated the spontaneous-ignition tempera-
tures of azomethane, methyl nitrite, and dinitrogen mon-
oxide at various pressures. The calculated values were
found to be very close to the experimentally determined
spontaneous-ignition temperatures. This confirmed con-
clusively the quantitative reliability of the thermal theory of
explosion?.

Thermal explosion will always take place if 6 = 1; this
can be written in the form

Eet,
< E%TT . ®)
where f¢ is the thermal relaxation time of the system, that
is, the time required to cool by a factor of e a gas heated
by the reaction, C the heat capacity of the gas, and fy the
duration of the reaction, an arbitrary quantity which can be
readily determined by measuring the initial reaction rate

L )

b= ke ERT "
where a is the number of molecules per unit volume for the
If t'r > qEete

2

]
Eete , the fuel gas is always ignited
CRT%
thermally. The time ¢y for a given gas pressure, that is,
for a given number of molecules ¢ in unit volume, is in-
versely proportional to the reaction rate close to the explo-
sion temperature. Thus in order to determine whether an
explosion is thermal in character, it is sufficient to mea-
sure the initial reaction rate at a pressure only just less
than the explosion pressure, to measure or calculate the
relaxation time f¢, and to estimate, even approximately,
the value of the activation energy E. If the reaction rate
corresponds even approximately to the expression (3), the
explosion is undoubtedly thermal in character. If, however,
ty is found to be greater by one or several orders of mag-
nitude, this is a reliable indication that the ignition is not
thermal in character but is a chain process.

original fuel gas. , thermal ignition is im-

possible. If i, <

Until now we have restricted ourselves to simple uni-
molecular and bimolecular reactions. The theory can
readily be generalised to more complicated kinetic laws,
for example to autocatalytic reactions, chain reactions with
unbranched chains, etc. The problem here reduces basi-
cally to the problem of making allowance for the more com-
plicated kinetic laws.

We also studied experimentally the problem of the course
of a thermal explosion with time. It was found that thermal
explosion does not take place instantaneously, but after a
certain induction period (usually of the order of one second
or fractions of a second for non-autocatalytic reactions).
The problem was developed theoretically by Todes®,19, in
complete agreement with experiment. This examination
showed that the temperature of pre-ignition heating AT =

RT?

=__09 is reached comparatively slowly, but that explosion

takes place almost instantaneously when this temperature
has been reached. When the thermal spontaneous-ignition
temperature or pressure are much greater than the critical
values and we can neglect heat transfer, we obtain from
theory, for the induction period ¢;, the expression ¢; =
CRTE
Eq

=ty , in good agreement with experiment.

Let us now consider the idealised case of a purely adia-
batic thermal explosion, in which the heat transfer is equal
to zero, and fe = %, It can readily be seen from the cri-
terion that thermal explosion is possible at any value of I,
no matter how great, or, which is the same thing, at any
values of the reaction rate, no matter how small, We have
seen from the previous formula, however, that the induc-
tion period will then reach improbably high values. Thus
if for a given fuel gas with E = 40 kcal mole-! at a tempera-
ture T, = 600°K the induction period /; is equal to 1 s, the
value of ¢; at T, = 300°K will be greater by a factor of
exp }%‘ IT- - %.— , that is, the time required for thermal
explosior: to talxke place reaches millions of years. This it
of course, the same result as if the explosion were impos-
sible. I, however, the temperature is not 300° but 450°K
the induction period will be equal to 14 h. The problems
of predicting long induction periods for long relaxation
times, particularly in the case of solid explosives, is of
some practical importance. It should be noted that under
given conditions these extremely long induction periods in
practice retain their very precise value.

It should be noted that up to the mid nineteen-twenties
the problems of spontaneous ignition and flame propagation
had been examined by explosives experts, heat engineers,
and to some extent by physicists and mechanical engineers.
Since the time of van't Hoff, these problems had been of
little interest to physical chemists. As a rule, no account
was taken of chemical kinetics in problems of combustion.
Inits place there was introduced the concept of spontaneous-
-ignition temperature as a constant characteristic of each
fuel. We have shown above that the spontaneous-ignition
temperature is not a constant quantity. In our work, the
phenomenon of combustion was based on chemical kinetics,
complicated by the liberation of heat and by the existence of
an inverse relationship between increase in temperature
and kinetics. This was the first instance of a wider class
of phenomena, now known as macrokinetics, It was onthis
basis that it was subsequently possible to convert not only
the theory of spontaneous ignition but also the theory of
various forms of flame propagation into a chapter of chemi-
cal kinetics. This principle subsequently formed the basis
for the theory of flame propagation (B. Lewis, Ya. B. Zel'-
dovich, D. A. Frank-Kamenetskii, N. N. Semenov, and others),
the concentration limits of the ignition and propagation of a
normal flame (Zel'dovich), some problems of turbulent
flame propagation (in particular K.I. Shchelkin), problems
of the concentration limits of the detonation and combustion
of powders (A. F. Belyaev and O. 1. Leipunskii), etc. In
recent years we have developed a theory of the spontaneous
ignition of condensed explosives.

III. CHAIN SPONTANEOUS IGNITION

In contrast to thermal spontaneous ignition, the work
here began not from theory but from experiment. In 1926,
Khariton 11, who was occupied with problems of the extinc-
tion of the chemiluminescence of phosphorus vapour at low
oxygen pressures, unexpectedly discovered that at a certain
fairly low oxygen pressure, below a limiting pressure p,,
phosphorus vapour did not ignite. The vapour pressure of
phosphorus (over a piece of phosphorus in a vessel at room
temperature) and oxygen was so low (0.1-0.001 mmHg de-
pending on the conditions of the experiment) that there could
be no question of thermal ignition. This was also proved
by direct experiment.
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Moreover, phosphorus vapour undergoing combustion at
b> p, is extinguished immediately as soon as the oxygen
pressure falls, as a result of the oxidation of phosphorus,
to a pressure only just less than p,, although the apparatus
still contains oxygen and phosphorus. If a certain quantity
of inert gas (argon) is added at p < p,, a flash is produced.
Thus the limiting value of the partial pressure of oxygen p,
is for some reason decreased in the presence of argon.

These observations radically contradicted the theories
held at that time, since the rate of a reaction always de-
creases smoothly as the components are consumed, and
there seemed to be no reason for the reaction to stop sud-
denly.

The extent to which these results of ours appeared para-
doxical at that time can be seen from the criticism of the
famous scientist Bodenstein 12, who was the leader in world
chemical kinetics at that time. He wrote that Khariton's
experiments were erroneous, and asserted that the charac-
teristi¢ features of Khariton's apparatus caused a diffusion

stream of phosphorus oxide vapour from the reaction vessel.

This stream removed oxygen from the vessel, and when the
McLeod gauge (which was separated from the vessel by a
trap cooled with liquid air) showed a pressure p, the reac-
tion vessel in fact contained no oxygen. Later he wrote
that Khariton and Val'ta were trying, in their paper, to re-
introduce the ideas of the existence of so-called “false”
equilibria, which had been clearly shown to be erroneous
early in the nineteen-hundreds by many careful studies, in-
cluding his own. This paper was therefore incorrect, like
all earlier papers of this sort. In conclusion, Bodenstein
did not advise anyone to concern themselves with these
hopeless problems.

Bodenstein's criticism appeared convincing to my col-
leagues at the Physicotechnical Institute, and even to my
coworkers in my laboratory. Even I lived through not a
few unpleasant hours. Without delay, I undertook to verify
and continue Khariton's work, and with some numerical re-
finements confirmed his results 13-16,

I carried out a series of experiments in which the possi-
bility of a diffusion stream was eliminated completely; in
spite of this, allthe unusual phenomena reported by Khariton
and Val'ta were preserved.

Conclusive proof was thus obtained for one of the most
surprising phenomena in nature — the sharp transition
from the almost complete inertness of a substance to its
vigorous reaction, with a negligible change in its density. 1
would remind you that in our time the existence of a similar
phenomenon has made it possible to produce energy in
atomic reactors and to use atomic bombs.

Let us return, however, to late 1926 and the inoffensive
experiments with phosphorus. I made a thorough quanti-
tative study of the various regular features of the pheno-
menon of the lower pressure limit and its dependence on the
degree of dilution with inert gas, phosphorus vapour pres-
sure, and temperature. Shal'nikov and I discovered another
surprising phenomenon — the existence of critical vessel
dimensions. It was found that the critical pressure is in-
versely proportional to the square of the diameter d of a
spherical vessel. At this point we ceased to understand
anything at all. It appeared that the reactivity of phos-
phorus is determined not only by its density but also by what
seemed to be completely unrelated parameters — the
volume or dimensions of the reaction vessel. We then tried
to summarise all the data which we had obtained in the form
of an empirical criterion for the spontaneous ignition of

4

phosphorus vapour (analogous to that described above for
thermal explosion).

This criterion had the form

A) -
®y+ (0 } ¢ )
where A represents argon and the parentheses denote the
partial pressures of the corresponding gases. For cylin-
drical vessels, the value of the constant C was found to be
about 10-3 when the pressure is expressed in mmHg and
the diameter d of the vessel is expressed in cm.

We first suggested that the oxidation of phosphorus was
a Bodenstein chain reaction with alternation of the active
particles (herebiradicals) — OatomsandP,O, for example,
according to the scheme:
(1) O+ P,—>P,0.
(?) P,0+ 0,—P,0, + Oetc.

& (OXPY) [ 1+

PO, - P,Oy.

The oxides P,0, (probably also biradicals) were rapidly
oxidised further to P,O, and P,0,, with the liberation of a
large amount of energy. Even at this stage we introduced
a hypothesis which departed from that of Bodenstein. We
suggested that the active particles (for example O atoms),
may disappear at the walls of the vessel, by adsorption
(with subsequent heterogeneous reaction, for example O +
+0—0,). The left-hand side of the empirical expression
is then found to be proportional to the length of the chain v,
that is, to the number of elementary reactions (1) and (2)
between the initiation of the chain and its termination at the
walls of the vessel. In 1928 Trifonov?? in our laboratory
proved by direct experiment that in the photochemical
chain reaction H, + Cl, at a pressure of about 20 mmHg
chain rupture in fact takes place almost exclusively at the
walls of the vessel. The reaction rate and hence the
length of the chain here was found to be proportional to d2.

These unbranched reactions, however, take place at a
constant rate n,y, where 7, is the number of primary P,0
radicals or O atoms initiated in one second. Their num-
ber, like the length of the chain, changes smoothly with
pressure, sothatthis suggestion does not explain the exist-
ence of the lower limit of oxygen pressure (0,), = P,.

At this point an idea occurred to us.

What if, in addition to Bodenstein's unbranched chains
(Fig. 3), there also existed branched chains (occasional
branching as in Fig. 4 or multiple branching as in Fig. 5)?
In other words, let us assume that there is a certain mathe-
matical expectation § that at each step in the chain an
average of one new O atom is produced by the energy of the

Fig.3. Schematic representa-
tion of an unbranched chain re-
action,
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Fig.4, Schematic represention of a chain
reaction with occasional branching.

Fig.5. Schematic representation of
an intensively branched chain reaction.

oxidation of P,O, to P,O,,. If the branching is only occa-
sional, 6 is a small fraction. If then v = 1, each act of
chain termination will be compensated by the necessary
production of one new chain as a result of the act of branch-
ing. When v5 > 1 (for example, v6 = 2), however, the
number of chains will automatically increase with time,
and ignition will take place. Thus the condition v6 = 1 is
the criterion for the transition from a negligible rate of re-
action (with small value of no) to the vigorous reaction of
chain ignition.

Since for each starting material the value of § is con-
stant, the condition v = C is the condition for ignition; this
remained to be proved.

The mechanism of the branching was still not clear.
Soon afterwards, however, Leipunsky !® passed a beam of
slow electrons through phosphorus vapour burning at low
pressures, and showed that the kinetic energy of the elec-
trons increases considerably (up to 10 eV, that is, up to
energies which are almost double the energy of the disso-
ciation of oxygen into atoms). From this we concluded
that in the oxidation of P,O, to P,0,, electronically-excited
particles are produced, capable, on collision with an O,
molecule, of bringing about the dissociation of the latter
into two atoms, leading to energetic chain branching.

My paper was published in 1927. Almost immediately
I received a letter from Bodenstein, in which he withdrew
his objections and accepted our discovery; soonafterwards,
at a meeting of electrochemists, he did this publicly. 1
am very grateful to Professor Bodenstein for his criticism,
without which we would hardly have continued Khariton's
work, and also for his subsequent systematic support of my
work in this field.

A. F.Ioffe and all my colleagues in Leningrad accepted
our work and congratulated us on our discovery.

In 1928 I reported the preliminary results obtained by
Ryabinin *® and myself on the chain ignition of sulphur vapour
in oxygen, where the results obtained were analogous to
those of the experiments on the ignition of phosphorus, and
also Zagulin's results 2 on the chain ignition of H, + O, and
CO + O, mixtures (in the last two instances the lower limit
of p, for the mixture is observed only at a temperature

above a certain critical temperature, below which no igni-
tion takes place).

In 1928 Hinshelwood and Thompson 3! published the first
results of their study of the so-called upper limit for the
oxidation of mixtures of hydrogen and oxygen. Surprisingly,
spontaneous ignition did not take place at pressures in the
mixture greater than a certain limiting value p,, whose
magnitude decreased fairly rapidly with decrease in tem-
perature. By combining Zagulin's data on the lower limit
with Hinshelwood's data on the upper limit, it was possible
to draw, on pressure~temperature coordinates, the region
of spontaneous ignition in the form of a peninsula terminat-
ing in a sharp point (Fig.6). Unlike the lower limit, the
upper limit does not depend on the dimensions and state of
the walls of the vessel, so long as the upper limit is not tot
close to the point. Hinshelwood also found that the magni-
tude of p, was influenced considerably by an inert gas, whic
reduced the partial pressure of the H, + O, mixture at the
upper limit. The decrease in this partial pressure was
found to be close to the partial pressure of the inert gas, st
that with respect to total pressure the upper limit remainea
almost unchanged. The merit of Hinshelwood's work was
that he interpreted the phenomenon of the upper limit within
the framework of the theories of branched chain reactions.
He suggested that termination at high pressures is deter-
mined by the ternary collision of the active particle with a
molecule of oxygen and any other molecule M, in particular
the inert gas, whereas the branching, as in the situation
close to the lower limit, is determined by the binary colli-
sion of the active particle with oxygen. In this case, how-
ever, with increase in the total pressure of the mixture, the
chain termination will increase in proportion to the quantity
(0,)(M), whereas the branching will increase in proportion
to (0,), and at a certain total pressure p, the termination
will become equal to the branching. At p > p,, spontaneous
ignition is impossible. The temperature dependence of the
limiting value of 2, is related to the activation energy of the
branching process, since chain termination, which takes
place on ternary collisions, involves almost no activation
energy.

The chemical mechanism of the oxidation of hydrogen
became known only after Lewis 22 put forward his celebrated
scheme for this reaction. It was found that the branching
is associated with the reaction of an H atom with oxygen:

H + O, — OH + O followed by the rapid reaction O + H, —

— OH + H, whereas termination in the bulk is associated
with the reaction H + O, + M~ HO, + M. Under these con-
ditions HO, is a radical with low activity, incapable of pro-
pagating the chain. For many reactions taking place at
relatively low temperatures, where an important part is
played by the presence of oxygen atoms, chain termination
by the reaction O + O, + M— O; + M is possible, as shown
by Hinshelwood and Dalton 28,

P, mmHg

]

40

20

0 L 1 ]
440 460 480 SO0 520 T°C
Fig,.6. Range of ignition of hydrogen 20,
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Since chain termination may take place both at the walls
of the vessel and within the vessel (by ternary collisions),
I put forward in the early nineteen-thirties a quantitative
theory of the entire field of spontaneous reactions.

In 1929 my coworkers and I showed that an analogous
ignition peninsula is observed for the reaction CO + O,.2°
Similar regions of chain spontaneous reaction are charac-
teristic of many other oxidations, for example, the oxida-
tion of phosphine # (Fig.7) and silane 25 (Fig. 8).

Early in 1928, I published papers3s% on the two types of
spontaneous reaction. The theory of thermal spontaneous
reaction outlined above was described for the first time,
and the first ideas were put forward regarding chain spon-

taneous reaction and the development of the chain avalanche.

I propose to describe here the theory of branched chain
reactions in the form in which we put it forward several
years later 26-28,

It can readily be seen that when one type of active par-
ticle (atoms or radicals) is present, the kinetic equation
determining their concentration z is of the form

dn_

X =ng+(f—g)n,

(6)
where f# is the rate of the branching reaction, g» the rate
of chain termination, andn, the number of active centres
produced in one second as a result of thermal motion. At
constant concentrations of the original gases or at the start
of the reaction, when coinbustion can be neglected, f and g
are constant quantities, At low pressures, when the dis-
appearance of the active centres is determined by their
capture by the walls of the vessel, the value of g (for apro-
bability € of capture by the wall equal to 1) for cylindrical
vessels is given by the equation

25.2D¢
dap '

g:

P mmHg

e T

Fig.7. Range of ignition of phosphine 2
1) 57% PHy; 2) 43% PHy; 3) 22% PHy;
4) 10% PH,.

P, mmHg
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Fig.8. Range of ignition of silane 23:
1) 49% SiH,; 2) 39% SiHy; 3) 30% SiH,; 4) 14% SiH,.

where D, is the diffusion coefficient of the active centres at
p=1 mmHg, and d the diameter of the vessel. At very
low values of € we have g = ex#/d, where u is the thermal
velocity of the active particles. The values of g for inter-
mediate values can be found from papers published by
Lewis and myself. By treating the walls of a glass or
quartz reaction vessel with various substances or in other
ways, it is possible to vary the value of the limit p, over a
wide range (by a factor of up to 100) for a given diameter.

As a rule, in all chain reactions we are dealing with not
one but several (a minimum of two) active centres (for
example P,O and O), and hence we are dealing with not one
but two or several kinetic differential equations. Usually,
however, one of these active particles reacts much more
slowly than the other, and this makes it possible, with a
certain degree of approximation, to reduce the system of
differential equations to one differential equation, which
describes the change in the concentration of this leastactive
centre, whose concentration is much greater than that of
the others. Then, of course, the constant f becomes a
complex quantity including the reaction rate constants of
all the centres. By integrating Eqn. (6), we obtain:

et =B ) for (—g) =0, (7)
n=nt  for (f—g)= ®)
n =2 (1 — e for (f—g) = <0. )

The equality f = g is simply the criterion determiningthe
limit. For f> g, the concentration of active centres in-
creases exponentially with time. The reaction rate w =
= kn (where 1/k is the mean time required for the active
centre to react with the original molecule) increases
according to the same exponential law. The quantity of
substance x which has reacted at mom(;nt of time ¢ also in-

creases exponentially with time: x¢ = f widt. For infre-

quent chain branching we have & > f, ;nd for intensive
chain branching we have 2 =f. Subsequently, we shall
consider the development of chain branching at pressures
which are only slightly greater than the lower limit, since
at these pressures, as a result of the high thermal conduc-
tivity, the increase in the temperature of the mixture during
the reaction is small.

Close to the lower limit, 7 b— , where p, is the pres-

sure of the lower limit, and p, the original pressure of the
mixture above the lower limit.

1t follows from formula (7) that the reason for the chain
avalanche is the rapid increase in the number of active
centres capable of reacting. Even at low pressures, ex-
ceeding the lower limit by a factor of only 1.5-2, thevalue
of f is very large and varies from several tens to several
hundred reciprocal seconds. Thus the development of the
reaction with time takes place within tenths or even
hundredths of a second.

For f < g the reaction rate is always less than the quan-
tity #,¢ and soon reaches a steady value (in the absence of

or (for intensive

appreciable combustion) w = kn = kn"f

chain branching, when k& =~ f):

- o o
@/f—)  plpe—1t

(10)

where p, < p, (for f < g).
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Thus the characteristic feature for branched reactions
taking place under the limit is a rapid increase in rate,
which does not correspond to the increase for ordinary re-
actions, as the limit is approached (Fig.9). Forp /p,=1,
the rate naturally does not tend towards infinity, but
reaches values kny¢, that is, it begins to increase linearly
with time. The closer we are to the limit, the greater the
time required for the steady rate to be reached. Even for
% - 1=0.01, however, that is, when the value of p, is only

1% less than p,, the reaction rate will in practice reach a
steady state within one second.

In order to show clearly the change in the reaction rate
w and the quantity x of substance reacted as a function of
time, we can construct, for intensive chain branching with
ny = 103, f = 500, and different values of the ratio p,/p,,
corresponding curves for the quantity x, on a smaller scale
for f > g and on a much larger scale for f < g (Figs. 10
and 11).

It should be noted that the quantity »,, that is, the rate
of spontaneous initiation of the primary radicals, is rela-
tively very small. 1In actual fact, this process is asso-
ciated with the production of the primary active particles
— free atoms and radicals — from neutral molecules
under the influence of thermal motion. Almost no thermal
dissociation of the original molecules to give two free
atoms or radicals takes place at room temperatures. The
production of free radicals as a result of reaction between
the original molecules, for example, P, + 0,— P,0 + O or
H, + O, = 20H, has a much higher probability. Eventhese
processes, however, are associated with a fairly large
activation energy, so that n, is always small. It should,
however, be noted, that the growth of the chain avalanche
takes place so rapidly that the appearance of only a few
primary active particles is sufficient to lead to their pro-
duction in vast quantities within one second.

100m,

£ Ounsde..—.
a 05 0 1= &
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Fig.9. Dependence of w on p,/p, (for f < g).
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Fig,10, Dependence of x (quantity of substance
reacted) on { at various values of p,/2, (ny =
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Fig.11. Dependence of x on ¢ at various
values of p;/py (27p = 10° mole cm™ s7;

f<8.

It is possible in principle, however, to have instances
where even one active centre is produced very rarely. We
encountered such a case in a study, with Ryabinin1®, of the
ignition of sulphur. Above the lower limit here ignition
took place only rarely, and usually no ignition was observed.
When a weak discharge was passed through the cylinder
containing the oxygen, however, and the oxygen was then
passed into the vessel containing the sulphur, ignition was
always observed above the lower limit.

We would remind you that in atomic bombs a neutron
source is used for the same purpose.

Since the value of n, is always very small (at a pressure
b < p)), the reaction rate is equal to almost zero and con-
ditions for the development of a chain avalanche are not
created. At a pressure only slightly greater than p, the
reaction rate increases rapidly to extremely high values
within a fraction of a second.

The first experimental verification of the theory of
branched chain ignition was obtained in our Institute by
Koval'skii 3 for the example of the oxidation of detonating
gas (2H, + O,) at 485° and various p,/p, ratios (Fig. 12).
From this it was possible to determine the value of f and
hence the branching constant3l. The exponential growth
of the avalanche is confirmed up to a degree of conversion
of 20-30% (Fig. 12). The curves for high degrees of con-
version are distorted because of the decrease in the con-
centration of the original gases. A complete analysis of

P» mmHg
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Fig.12, Kinetics of the oxidation of a 2H, + O, mixture
at 485° and various initial pressures (mmHg):
1)8.2; 2)7.8; 3)7.4; 4)7.1; 5)6.8; 6)6.4; 7)6.1; 8)5.8.30
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the curves for the development of the chain avalanche was
made difficult by the lack of reliable data on the chemical
mechanism of the reaction. The experimental verification
of the theory became much easier after Lewis 22 put for-
ward his scheme for the oxidation of hydrogen.

When applied to a pressure near the lower limit, this
scheme for the oxidation of hydrogen, for which rigorous
experimental verification was subsequently obtained, can
be written in the form:

(1) OH+H,—»H,0+H,
(2) H4+0,—0H+-0- chain branching,
(3) O+H,~OH+H,

H+ wall
O+ wall }—)chain termination.
OH-+ wall

It is assumed that the chains are initiated by the reac-
tion H, + O, ~ 20H. The smallest reaction rate (particu-
larly when the mixture contains an excess of hydrogen) is
that of the reaction H + O, ” OH + O - 17 kcal. This is
the only endothermic step. From this it was concluded
that in mixtures with an excess of hydrogen over the
stoichiometric quantity, the highest concentration in the
course of the reaction will be attained by H atoms. By
using the method of quasi-steady concentrations for the
change in the concentration of H with time, we obtain the
expression:

—d—;—:{—]—=no+(2a2—a;)[H] = 1o + 2a, (1— :;,)'H"
where f = 2a, = 2,[0,]; g=a; n=[H]; and (1 - a}/2a,) =
= (1-Dy/b,).

We can also write a differential equation for the rate of
consumption of oxygen:

(11)

4100 — g+ y (OLH. (12)

By solving the system of differential equations (11)~(12),
we can calculate the entire course of the reaction from its
initiation to complete combustion. I published this work
in 1944.% Nalbandyan and Karmilova 33 in 1958 repeated
Koval'skii's experiments 30 on the study of the value of Ap
as a function of £, much more extensively and in much
more detail. From these experiments it was possible to
determine the constant %, for the branching reaction, and
then to compare with experiment all the theoretical rela-
tionships which I had obtained. The agreement was found
to be exceptionally good. Here it was also shown that the
ratio f/g = 2a,/a; is in fact equal to po/p,. It was also
shown %2 that in the reaction 2H, + O, at p,/p, = 0.5, the con-
centration (or partial pressure) of H atoms at 50% con-
sumption of the original oxygen should amount to 30% of
that of the original oxygen and hence to 60% of the reacted
oxygen, or 30% of the partial pressure of the water formed.
Correspondingly, at p,/p, = 0.25 the pressure of H atoms
at the maximum will amount to 80% of that for the original
oxygen, and at p,/p, = 0.7 to about 10% of that of the origi-
nal oxygen (Fig. 13). All these relationships are observed
at a temperature of about 500°, when there is almost no
equilibrium dissociation of water. This quite surprising
result could essentially have been obtained from our theory
ten years earlier.

When chain termination is neglected, the result of Lewis'
three elementary reactions can be expressed by the follow-
ing stoichiometric relationship: H + 3H, + O, = 3H + 2H,0 +
+ 13 kcal or 3H, + O, — 2H,0 + 2H. We see that the chemi-
cal energy liberated in the formation of water according to

8
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Fig.13. Dependence of [H] on 5 = E.%;_]o_[(_)’_] at various

values of py/ py. ¥

the reaction 2H, + O, is used up in the dissociation of H,,
thus maintaining the rapid development of the chain aval-
anche. At the end of the reaction, all the H atoms natu-
rally recombine on the wall of the vessel, forming H, or
H,O molecules. This is accompanied by the liberation of
an additional quantity of energy. A process taking place
with the build-up of an atomic H concentration equal to
twice the concentration of the original oxygen could inprin-
ciple be carried out in vessels with a large radius (for
example 10 m) with walls treated in such a way that the
value of € was very small. Here the pressure p, would be
negligibly small, of the order of several ten-thousandths
of a millimetre, and by carrying out the experiment at a
pressure of say 0.1 mmHg, chain termination at the walls
and within the vessel by ternary collisions H + H + M —

= H, + M could be neglected. Then the rate at which the
rapidly -formed atomic hydrogen disappeared as a result of
chain termination in the interior of the vessel and at the
walls would be so slow that at the end of the reaction we
would have in the vessel as many H atoms as water mole-
cules. This would make it possible to use this method of
preparing atomic hydrogen for all sorts of reductions, for
example, the reduction of oxides. The practical utilisa-
tion of this reaction is hindered by the fact that the pres-
sures in the system are too low. An increase in the pres-
sure to 10 mmHg, which would increase the quantity of
atomic hydrogen by a factor of 100, would require such
rapid rates of flow that the atomic hydrogen could not be
prevented from recombining by ternary collisions.

This surprising conclusion regarding the vast relative
concentrations of atomic hydrogen was confirmed experi-
mentally by Kondrat'eva and Kondrat'ev®. They deter-
mined the concentration of free atoms from the increase in
temperature recorded by a thermocouple placed in detonat-
ing gas burning at a pressure slightly greater than p , and
confirmed the theoretical conclusion that the concentration
of atomic hydrogen reaches 20—-30% of the original concen-
tration of oxygen in the mixture. Kondrat'ev's method,
however, was nevertheless not quite a direct method of
chemical analysis. The theory was subsequently confirmed
thanks to an idea of Voevodskii's. In ordinary chain reac-
tions the concentrations of atoms and radicals are too low
to permit their detection by the EPR method. In branched
chain reactions, however, where these concentrations are
incomparably greater, the EPR method canbe used success=~
fully, as proved experimentally by Voevodskii and co-
workers35, The method made it possible to determine not
only the quantity of free radicals, but also their chemical
composition. In 1960 Voevodskii showed that the concen-
tration of atomic hydrogen does in fact reach the values in-
dicated above.
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Subsequently, Kondrat'ev and Nalbandyan38, using the
same method, detected considerable quantities of atomic
oxygen in the H, + O, flame; the concentrations were found
to be greatest in mixtures poor in hydrogen. Soon after-
wards, the same authorss$” were able to record the EPR
signals of OH radicals in the hydrogen flame and to deter-
mine their concentrations at various compositions of the
mixture (Fig. 14). In the stoichiometric mixture the values
of [H] reach 10 molecules cm™8, that is, about 1 mmHg.
Earlier, it had been assumed (on the basis of the values for
the rate constant of the reaction O + H, — OH + H, given hy
Harteck and Kopsch38), that the concentration of O atoms
was much smaller, by about 2 orders of magnitude, than
that corresponding to the above observations. The value
for the rate constant of the reaction O + H, ~ OH + H, re-
cently determined by Azatyan %,4° by the method of limits,
shows good agreement with the observed concentrations of
atomic oxygen. The values of the concentration of OH
radicals measured by the EPR method also agree with the
value of the rate constant for the reaction OH + H, — H,O +
+ H, determined by Avramenko#! and Kondrat'ev42,

The EPR method was also applied to the oxidation of
carbon monoxide. Nalbandyan and coworkers 4347 made a
detailed study of rarefied carbon monoxide flames with oxy-
gen in the presence of small quantities of substances acting
as hydrogen donors. (Absolutely dry mixtures of CO and
O, containing no hydrogen donors are incapable of spontaneous
ignition.) H, and other donors were used as additives. In
complete accordance with the chain branching mechanism,
the combustion of CO in the presence of H, can be repre-
sented by the following scheme:

H,+0,-»20H (cbain initiation),
OH-+-CO—CO,+H,
H+0,-0H+0,
O+H,—»OH-+H,

H-+ wall } L
O+ wall }~ chain termination,
OH-+ wall

In a rarefied flame of this mixture in the presence of
small quantities of added H,, Nalbandyan and coworkers
were able to detect high concentrations of atomic oxygen,
hydrogen, and OH radicals, whose concentrations were
found to be in good agreement with the OH concentrations
previously measured by Kondrat'ev 41,42,48-50 from the elec-
tronic absorption spectra. Thus all the types of active
centre assumed to be responsible for chain branching inthis
system were identified.

When small quantities of H, were added, O atoms pre-
dominated inthe flame, and when large quantities of H, were

80 60 40 20 0 0%

Fig.14. Dependence of the concen-
trations of H, O, and OH onthe initial
composition of the hydrogen—oxygen
mixture 37,
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Fig.15. Dependence of the concentrations of
H, O, and OH on the initial concentration of
H, in the CO flame 5,

added, H atoms predominated in the flame (see Fig. 15,
which gives the concentrations of H, O, and OH for the
same CO + O, mixture containing different quantities of
added H,). The concentrations of H and O atoms were al-
ways much greater than the concentration of OH radicals 5.
In the Institute of Chemical Physics of the Academy of
Sciences of the USSR, Azatyan and coworkers %9,4% put for-
ward a method for determining the rate constants for the
reaction of atomic oxygen and hydrogen with the molecules
of various substances, making use of the decrease in the
lower limit of spontaneous ignition for the combustion of a
mixture of CO and O, in the presence of small quantities of
added H, or other hydrogen donors.

This method was used to determine the values of the rate
constants for all the fundamental elementary reactions in
rarefied flames of hydrogen and carbon monoxide. Using
these constants, it was possible to calculate by means of an
electronic computer the time dependence of the concentra-
tions of H,O and OH during the reaction and to compare the
results withthe experimentally observed (by the EPR method)
changes in the concentrations of all the active particles with
change in the flow velocity 52, The flow velocity can be re-
garded as a quantity corresponding to the reaction time.
Fig. 16 gives the calculated (on the left) and experimental
(on the right) values of the change in the concentrations of
O, H, and OH in the flame for a CO + O, + 6% H, mixture,
and shows that the curves are of similar shape. The dis-
crepancy of 20% in the absolute values of the concentrations
ought to be attributed primarily to the difference in the con-
ditions of reaction in a flow system (in which the experi-
ments were carried out) and the static system assumed for
the calculations. The discrepancy is evidently related
chiefly to the fact that no allowance was made for the dif-
fusion of atoms in the flow system.

lO"'ni, particles em™® lO""n,-, particles em®

? {0} 2
(0}

OHl10 O
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Fig, 16, Comparison of the time dependences of
the concentrations of O and H atoms and OH radi-
cals in the 2CO + O, + 6% H, flame, obtained by
calculation (on the left) and by experiment (on the
right). 52
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TABLE. H, + O, mixture, p =
= 2,96 mmHg, 7 = 993°K.

H o] OH
107 (n)) 6 (0.8 | 0.16
10™ (1 cheor 6.2 0.81] 0.45

The calculated and experimental values of the H, O, and
OH concentrations for an H, + O, mixture are given in the
Table % (for the same interval). Such good agreement is
probably accidental.

It is important to apply the EPR method to the study of
the mechanism of other branched reactions, such as the
combustion of phosphorus, sulphur, carbon disulphide, etc.
Work in this direction has only begun to develop in our
Institute.

I now wish to turn to work, carried out recently in our
Institute, which has extended considerably our ideas on
branched chain reactions and has shown that the number of
reactions with a branched-chain mechanism is much
greater than was previously supposed.

As already shown, branching is always associated with
utilisation of the energy of the chemical reaction. At an
early stage in the development of the chain theory 6,28,
imagined that branching takes place as a result of the for-
mation, in the course of the reaction, of energetically
excited particles, with an excess of vibrational or elec-
tronic energy, which could give up the excitation energy to
molecules of the starting materials, leading to their disso-
ciation into atoms and radicals.

Although these ideas gave a consistent and extremely
general explanation for the course of branched chain reac-
tions, the idea that excited particles take part in the
branching was in fact left aside and until recently was al-
most never discussed in the literature.

In fact, according to modern physical theories, the
simultaneous transfer of several quanta of vibrational
energy when particles collide is extremely improbable.

Although the transfer of energy from electronically-
-excited molecules is possible, the probability of formation
of electronically-excited particles in chemical reactions is
generally very low.

Moreover, as we saw for the example of the oxidation
of hydrogen, branching in this reaction takes place without
excited particles, by the reaction H + O, — OH + O followed
by O + H,—~ OH + H. Thus it would seem that branching
involving excited particles is impossible or unlikely. Never-
theless, in order to explain many phenomena observed in
chain reactions, particularly in fluorination, it has in
recent years become necessary to return again to the idea
that a part in branching is played by energetically-excited
particles, products of the exothermic elementary reactions
of chain propagation.

An important addition to the old ideas, however, is the
observation that the branching takes place not by the trans-
fer of energy from an excited product molecule to a mole-
cule of the original reagent, but by chemical reaction of
the excited product molecule with the formation of atoms
and radicals.

10

This chemical reaction may be either unimolecular de-
composition of the excited molecule or its bimolecular re-
action with a molecule of the original reagent.

I shall explain this with reference to several examples of
fluorination, studied in Shilov's laboratory 5 in our Insti-
tute.

One of the stages in chain fluorination is the reaction
R+4F,—RF+F,

This reaction is so exothermic that the heat of the reaction
sometimes exceeds the energy of the weakest bond in the
RF* molecule being formed. This molecule may therefore
undergo unimolecular decomposition with the formation of
atoms and radicals, leading to chain branching. For
example, in the reaction of fluorine with methyl iodide, the
chain is propagated according to the reactions

(2) F--CHyI->HF+CH,I,
(b) CHyl+-F,—CH,FI*+F ,

The energy of the C~I bond in the CH,FI* molecule is less
than the heat of reaction (b). The CH,FT* molecule may
therefore dissociate immediately after its formation:

CH,FI*~CHF+1
and the CH,F radical reacts further with F,:
CH,F4-Fy~ CHF, 4 F

When fluorine is mixed with methyl iodide, flames are pro-
duced immediately, even at very low pressures of the re-
agents. The probability of branching is apparently so high
that the range of spontaneous reaction extends over all
pressures attainable in practice.

The most important proof of this mechanism was pro-
vided by the discovery of high concentrations of I atoms in
the reaction zone by the EPR method. It was shown that
the concentration of I atoms reaches more than 10% of the
concentration of original F,.% At the same time there is
almost no increase in temperature in the reaction zone (the
reaction is carried out at very low pressures).

An interesting feature is that whereas in the gaseous
phase the reaction of CH,I with F, takes place very readily,
and iodine is liberated in accordance with the proposed
mechanism, fluorine does not liberate iodine from methyl
iodide in solution in an inert oil. This means that in the
reaction there is still in principle an upper limit, produced
by loss of energy from the excited CH,FI* molecules on
collision with surrounding molecules 3.

Thekinetics of the reaction of fluorine with methyl iodide
were recently calculated theoretically on an electronic
computer on the basis of elementary stages including the
proposed branching reaction, The data obtained for the
composition of the products at different reagent ratios
showed good agreement with experiment.

Another type of branching reaction is observed in the
addition of fluorine to alkenes. For example, in thefluori-
nation of tetrafluoroethylene, the C,F, radical produced by
the addition of an F atom to the alkene may undergo uni-
molecular decomposition with rupture of the C-C bond
according to the reactions

F-4-C,F(—~C,F;—CF34-CF,.

In actual fact, the overall heat of these two reactions is
positive and amounts to ~ 20 kcal mole-?, that is, the heat
of the first reaction is sufficiently great to ensure subse-
quent dissociation of the radical. This leads to branching,
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since the reaction of CF, with F, leads to the formation of
two new F atoms:
CF;+F,—CF3+F,

CFy+ F;—CFtF.

A flame is readily produced when fluorine is mixed with
tetrafluoroethylene. In accordance with the mechanism of
a chain-branched reaction, very large concentrations of F
atoms were detected in the reaction zone during the fluori-
nation of C,F,.

If the excitation energy of the radical formed by the
addition of the F atom to the alkene is insufficient to bring
about its decomposition, branching may take place as are-
sult of its subsequent reaction withF,. Thetwo successive
reactions lead to the accumulation of sufficient energy for
unimolecular decomposition of the resulting molecule, lead-
ing to branching.

Study of the gas-phase reactions of fluorine with tetra-
chléroethylene and dibromoethylene by the EPR method
showed that very high concentrations of F and Cl atomsare
formed in the reaction zone for the first compound, and
very high concentrations of F and Br atoms in the second,
confirming the suggestion that these reactions are branched
chain reactions.

When the excitation energy is insufficient for unimole-
cular dissociation of the bond, branching may take place by
the bimolecular reaction of an excited molecule of the re~
action product with a fluorine molecule. The mechanism
of formation of the radicals in the bimolecular reaction of
valency-saturated molecules is less usual than unimole-
cular decomposition of a molecule, so that I would like to
remind you of it at this stage.

In 1954, I suggested?® that the activation energy of the
endothermic reaction RX + IR — R + XI + R - ¢ is close to
the endothermicity ¢, and that its activation barrier is
close to zero.

In reality, examination of the reverse reaction, inwhich
two R radicals attack the XI molecule, indicates that its
activation barrier is probably even smaller than that for
the reaction R + XI @ RX + I, and we know that the activa-
tion barrier for reactions of radicals with moleculesusually
dces not exceed a few kilocalories per mole. From the
principle of detailed balance, it follows that the reaction of
two molecules with the formation of two radicals will also
have a low activation barrier.

These ideas were confirmed theoretically for the simp-
lest reaction of two hydrogen molecules:

Hy+H,-H+H,+H,

In addition, special experiments were carried out in our
Institute to record radicals directly by the EPR method for
those instances where the consumption of energy in the re-
action is small.

Molecular fluorine is an example of a molecule for which
bimolecular reactions of the type F, + HR — F + HF + R are
particularly favourable, since they do not involve the con-
sumption of a large amount of heat and may even be exo-
thermic. Most chain fluorination reactions are initiated
thus 57,

The activation energy of these reactions is apparently
always less than the excitation energy of the molecules
formed in the exothermic reactions of chain fluorination.
Thus the same bimolecular reaction involving the formation
of radicals from two molecules may also take place in the

branching. The excited molecules of the product may re-
act with F, without any additional activation energy, and
this makes chain branching possible.

The simplest example is the fluorination of hydrogen.
In this case, in the chain analogous to the Nernst chain for
the reaction of hydrogen with chlorine: F + H, — HF + H;
H + F,—~ HF + F + 98 kcal; the second reaction is exo-
thermic to the extent of 98 kcal; this is more than twice
the energy of the F—F bond.

The reaction
Fy+HFoF, [TF I . FoF L HE +F--38 keal, (44]

requires the consumption of 38 kcal, corresponding to the
dissociation energy of fluorine. It may be assumed that
the greater part of the HF* molecules formed in the ele-
mentary act H + F,  HF + F + 98 kcal will carry the
greater part of the energy of this reaction, for example,

60 kcal. This is much greater than the energy consump-
tion and corresponds to the activation energy of process (I).

Thus here branching takes place by the reaction of an
excited HF* molecule with F,. The results of experiments
confirm this suggestion. It was found that the range of
spontaneous reaction between hydrogen and fluorine is
bounded by clearly defined upper and lower pressure limits,
and this is one of the characteristics of a branched chain
reaction?s,

It should be noted that the reaction of fluorine with
hydrogen has always appeared puzzling, and different
authors have obtained extremely contradictory results.

Thus Eyring and Kassel % stated that although a mixture
of hydrogen and fluorine explodes readily, they were able
to prepare mixtures which were stable at room temperature
and a total pressure of the reagents equal to atmospheric
pressure.

Others (Grosse and Kirschenbaum ¢°) attributed these
results to experimental errors and showed that a mixture
of hydrogen and fluorine always ignites at room tempera-
ture.

Consideration of the mechanism of chain ignition indi-
cates that these contradictions are apparently due to the
fact that the first authors worked with mixtures inside the
ignition peninsula whereas the others worked outside this
peninsula. It should also be noted that chain termination
within the interior of the vessel takes place by reaction
with oxygen, so that the nosition of the upper limit depends
to a marked extent on the concentration of oxygen impurity
in the fluorine.

In all these examples it can be seen that the excited
molecules of the product do not transfer energy to the
original molecules., At the same time it is this energy
which is used directly in the chemical reactions leading to
the formation of atoms and radicals which begin new chains,
so that it brings about branching in this way. Thus the old
ideas of the important part played by excited molecules in
branching find application here. In this connection it may
be noted that in any exothermic reaction of an atom or
radical with a molecule, the molecule of the reaction pro-
duct initially has considerable vibrational excitation energy.
A number of instances have been recorded where the
greater part of the energy of the reaction is concentrated
in vibrational degrees of freedom of the molecule.

Data on the dissipation of vibrational energy show that
this process takes place fairly slowly according to the same
principle (of which mention was made earlier) — the low
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probability of multi-quantum transitions — and, which is
most important, for large vibrational quanta the transfer of
even one quantum usually requires 103-10% collisions.

Even in the light of the above discussion, however, we
would not expect that the probability of branching would be
close to unity, that is, that the chain branching would he
intensive. For a chain avalanche to develop, however, it
is sufficient that there be more than one branching in the
total length of the chain, that is, that the probability of
branching be greater than 1/v. Since the lengths of the
main chains in such reactions are very great, at leastfrom
hundreds to tens of thousands, this order of probability of
branching is sufficient to ensure a mechanism of develop-
ing chain avalanche.

The probability of branching is determined to a con-
siderable extent by the energy liberated in the elementary
reactions of chain branching. It is therefore not surpris-
ing that so many branched chain processes have been dis-
covered in gas-phase reactions of molecular fluorine, for
whichthe elementary reactions are particularly exothermic.
We may justifiably say that chain gas-phase fluorination is
almost entirely associated with the range of branched chain
reactions,

Other branched-chain reactions which have been well
studied are those involved in gas-phase oxidation by mole-
cular oxygen. Here also, branching is brought about by
chemical energy, asaresult of the formation of stable H-O
and C-O bonds, the O-0O bond being comparatively weak.
The elementary processes here are less exothermic than
in fluorination, so that in the gaseous phase we have both
branched reactions and unbranched (or degenerately-
-branched) chain reactions.

Branched chain reactions are not restricted to oxidation
and fluorination, however. It is known, for example, that
the decomposition of NCL, to N, and Cl, is a branched-chain
process exhibiting an upper limité:, The energy for
branching here is undoubtedly provided by the very high
bond energy in the N, molecule formed (225 kcal mole-?).
In this connection, other reactions involving decomposition
with the liberation of N, ought to be studied. It is possible
that the example of NC], is not an exception.

There are other examples of chain reactions where the
chain-branching hypothesis explains the observed relation-
ships. Thus clearly defined limiting phenomena are ob-
served in the chlorination of acetylene, according to data
obtained by Shtern (in this country) and Porter (in England).
It should be noted that a particularly large amount of energy
is liberated in the chlorination of acetylene compared with
the chlorination of other compounds.

Finally, flashes of cold flame are observed at certain
pressures and temperatures in the gas-phase nitration of
alkanes, as shown by Shtern¢2. Here also, a unique part
is played by the formation, in the course of the elementary
exothermic act, of a product which contains an excess of
energy and is therefore able to undergo unimolecular de-
composition with the formation of radicals.

Thus the liberation of various forms of energy in chain
reactions is used to accelerate these reactions, creating
the conditions for an explosion. The energy concentrated
in individual molecules in the form of vibrational or elec-
tronic excitation is used for branching in chain spontaneous
ignition.

This principle of the utilisation of the energy of a chain
reaction can be examined on a much wider basis and applied
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to molecules possessing considerable chemical energy. The
intermediate formation of molecules, such as peroxides

and aldehydes, which are not excited but possess a con-
siderable reserve of chemical energy relative to the final
reaction products (for example, CO, and H,0), may give
slow branching, as a result of their kinetic instability, a
phenomenon which I have named “degenerate branching”.

A very large number of gas-phase and liquid-phase oxi-
dations are known to take place by a mechanism involving
these degenerately-branched chain reactions.

In conclusion, I would like to report some results on un-
branched polymerisation reactions at low temperatures.

In 1960-1961 Enikolopyan, Gol'danskii, and coworkers 62
in the Institute of Chemical Physics of the Academy of
Sciences of the USSR, and later other workers®%4:85 inother
institutes in this country and abroad, showed that in the
solid-phase polymerisation of a number of monomers
(acrylonitrile, vinyl acetate, methyl methacrylate, formal-
dehyde, etc.) under the influence of electrons with anenergy
of 1.5 MeV, the reaction rate is independent of temperature
over a wide range of irradiation temperatures (reaching
T7°K). The dependence of the initial rate of polymerisa-
tion of acrylonitrile on the reciprocal of the temperature is
shown in Fig. 17. It can be seen that the rate of polymeri-
sation in the liquid phase decreases with decrease in tem-
perature inaccordance with a value for the activation energy
E = 3000 cal mole~}, but at the freezing point (m.p. = 355°K)
the rate increases by a factor of 25 and subsequently re-
mains unchanged down to 77°K. In other words, the effec-
tive activation energy in the solid phase is zero. Generally
speaking, on going from the liquid to the solid phase, the
rate may increase considerably (acrylonitrile and formal-
dehyde), decrease considerably (methyl methacrylate), or
remain almost unchanged (vinyl acetate). The striking
feature always, however, is that the rate is constant over
a wide temperature range in the solid phase, from 77°K to
the melting point.

It is now known that many other monomers polymerise
in the solid phase with zero activation energy.

Other forms of polymerisation temperature dependence
are also known. For example, almost no polymerisation
of hexamethylcyclotrisiloxane (HMCTS) takes place in the
liquid phase, but the rate of the process increases sharply
as the freezing point is approached, reaches a maximum in
the solid phase close to this point, and withfurther decrease in
temperature the rate again decreases and gradually reaches
a plateau which extends down to 77°K (Fig. 18).

In the polymerisation of phenylacetylene there is no
sharp change in activation energy on passing through the
melting point (Fig. 19)93, and with decrease in temperature
the reaction rate continues to decrease slowly, showing
only a slight tendency to form a plateau close to 77°K.
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There remained doubts, however, as to whether the
polymerisation takes place during the irradiation of the
specimen or only during its subsequent treatment (de-free-
zing and isolation of the polymer). To investigate this
problem, Barkalov and coworkers®® used a special calori-
meter to record the thermographic thawing curves as vinyl
acetate, which had previously been irradiated at -196°C,
was gradually heated. Two heat-liberation peaks were
detected, close to the temperature of the phase transforma-
tion of vinyl acetate at -129°C and close to the melting
point at -93°C. The same experiment was carried out
without any irradiation. The thermographic curves ob-
tained in the two experiments practically coincided, show-
ing that no polymerisation takes place under the conditions
of thawing. If polymerisation had taken place during thaw-
ing, the curves from the two experiments should have been
different, because of the additional liberation of the heat of
polymerisation in the first experiment.

Barkalov and coworkers®’, using a specially constructed
differential thermocouple, made direct measurements of
the heat liberated during the irradiation of acrylonitrile at
-196°C, and hence the rate of polymerisation and the total
quantity of heat liberated. It was found that the rate of
polymerisation and the total quantity of heat are very close
to those from the kinetic curves measured from the yield of
polymer after thawing. This proved that the entire poly-
merisation took place at low temperature directly under the
influence of the beam. Unfortunately, it was possible to
carry out only a few of these experiments because of the
destruction of the calorimeter.

In France, Bensasson and Dworkin®, in Magat's labora-
tory, repeated the experiments with acrylonitrile and re-
corded the thermographic thawing curve. On the basis of
these experiments they concluded that ~ 30% of the poly-
merisation takes place at -196°C during the irradiation and
that the remaining ~ 70% takes place close to the phase
transformation of acrylonitrile in the range from -140° to
-100°C during the thawing.

Recently, Tal'roze and Kritskaya®, in the Institute of
Chemical Physics, carried out experiments on the poly-
merisation of acrylonitrile under slightly different condi-
tions (a thin film of the frozen monomer was irradiated
with electrons with an energy of 2 keV, whose path in the
substance was much less than the thickness of the film and
amounted to only 0.25 pm), using an extremely efficient
adiabatic calorimeter. The measurement of the heat
liberation was carried out directly under the beam. The
experiments which they carried out in 1964 showed that
rapid polymerisation takes place at the temperature of the
phase transformation (-135°C) whereas, according to the
latest data from the experiments which they continued, no
reaction takes place at -196°C.

Thus the three groups of authors obtained contradictory
results in the study of the polymerisation of acrylonitrile:
the first group concluded that polymerisation takes place
entirely at -196°C and not at all while thawing; the second
group concluded that polymerisation under the beam takes
place only partly at -196°C and partly after irradiation
during the thaw, at the phase transformation; and thethird
group consider that the reaction takes place only at the
temperature of the phase transformation and does not take
place at all at -196°C. Further studies are obviously
necessary in order to reach agreement.

Let us first of all consider the question of why irradia-
tion leads to polymerisation in a solid. Irradiation in a
solid (as in a liquid or gas) leads to the production of free
radicals, electrons, and ions, which naturally may act as
the initial centres for the development of chain polymerisa-
tion. 1In a solid, however, all these particles have a very
low mobility (the electrons have a low mobility since they
may be captured fairly rapidly by suitable traps). This
was confirmed by direct experiments in which the mono-
mers were replaced by substances incapable of undergoing
polymerisation. The concentrations of free radicals here
could be measured directly by the EPR method. It was
found that the concentration of free radicals remains un-
changed with time, both at ~196°C and also with increasein
temperature up to the temperature of the corresponding
phase transformation, or, in the absence of such a trans-
formation, up to temperatures comparatively close to the
melting point. Under these conditions free radicals re-
combine rapidly and disappear.

Thus as the temperature of the phase transformation is
approached, the mobility of the free radicals increases
very rapidly. The same is true of electrons. Buben and
Nikol'skii® in our Institute observed that specimens pre-
viously irradiated at -196° emit light at all phase transfor-
mations as the temperature is raised but emit almost no
light in the intervals between the phase transformations.
Thistakes place so clearly that they put forward this method
(radiothermoluminescence) as an extremely effective and
simple method for determining the temperatures of all the
phase transformations. It is evident that the electrons
captured in various types of trap are liberated and recom-
bine with ions at the temperatures of the phase transforma-
tions. An interesting feature is that the phase transfor-
mation makes the electrons mobile. It is clear that the
sudden rearrangement of the atoms at the phase transfor-
mation may create conditions favourable for diffusion pro-
cesses and for processes of electron transfer.

It is therefore natural that the polymerisation of mono-
mers, initiated by free radicals, ions, and electrons
formed on irradiation, will take place particularly readily
in the regions of a phase transformation.
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It is thus difficult to suppose that polymerisation may
take place at temperatures below the phase transformations
in solid monomers after irradiation. However, polymeri-
sation directly in the beam can in principle occur at any
temperature, no matter how low, since the free radicals,
ions, and electrons are produced in a “hot state” so that
they may bring about initiation of the growth of the polymer
chain. Theoretically, therefore, the possibility of poly-
merisation at extremely low temperatures is not excluded.

Here, however, it is necessary to make allowance for
another feature, If the growth of the polymer chain is to
take place rapidly with an activation energy E = 0, the
monomer molecule being attached must be suitably placed,
relative to the terminal radical or ion of the growing poly-
mer chain. In phase transformations, when the molecules
can move, this orientation may take place readily. At
lower temperatures in the solid, the appropriate orienta-
tion takes place with difficulty so that the polymerisation
appearsto be associated witha fairly highactivation energy.
In each unit stage in the growth of the polymer chain, how-
ever, energy amounting to 14-20 kcal mole~! is liberated.
This energy is sufficient to ensure mobility of the neigh-
bouring monomer molecule, that is, to orientate it into the
required position. Thus in principle, reaction without
activation energy is possible no matter how low the tem-
perature.

Finally, one other important feature must be noted.
Polymerisation is accompanied by an increase in the den-
sity of the substance, since the distance between the carbon
atoms in two neighbouring molecules of the monomer
C=C C=C C=C is greater that that in the polymer
C-C-C-C-C~C~-. Thus the polymer chain developing in
the monomer is,elongated. In the solid state at low tem-
peratures where there are no phase transformations, the

contraction of this chain is very difficult. The chain is
frozen in the solid monomer. The elongated molecule
may thus be thermodynamically unstable. Polymerisation

in the beam is then impossible at low temperature.

It is not excluded that for monomer molecules situated
along defects, for example, on the surface of fine crystal-
lites, reaction with contraction of the resulting polymer
chain may have a fairly high probability, or at least a pro-
bability which is immeasurably greater than that in the
bulk. This may be the reason for the so-called “limiting”
of the yield of polymer under the beam, observed by Kargin
and coworkers?!, “Limiting” of the yield of polymer is
observed from liquid nitrogen temperature to the phase
transformation temperature, the maximal yield under the
beam being measured in percentages of the total concentra-
tion of original monomer (gradually increasing with the
temperature of irradiation), whereas Barkalov and co-
workers % have shown that the “limitation” of the polymer
yield is removed by irradiation at the temperature of the
phase transformation and above, that is, here the poly-
merisation may take place throughout the entire volume.

Let us now turn to the most important problem of how
the chain propagation reaction in the solid phase can take
place with zero activation energy.

Polymerisation processes in the liquid phase, which
have been fairly well studied, are of two kinds.

1. Radical Polymerisation

Radical polymerisation occurs under the influence of
free radicals A", obtained either by irradiation with light
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of appropriate wavelength or by the spontaneous decompo-
sition of traces of peroxide mixed with the liquid monomer
or its solution:

A'+C=C->A—C-C,
A—C—C4C=C»A—C—-C-C-C, ete.

For radical polymerisation in the liquid phase the acti-
vation energy of chain growth amounts to 3-5 kcal mole-1.
There are no grounds for considering that in the solid this
energy can be equal to zero. Radical polymerisation
therefore cannot explain the temperature dependence of the
reaction rate which we observed, if it were to reflectaccu-
rately the course of the reaction under the beam. Closer
examination of the suggestion that energy is liberated atthe
moment a chain grows one unit shows that it cannot explain
the fact that the activation energy is equal to zero or the
production of long purely energetic polymerisation chains.

2. Ionic Polymerisation

This type of polymerisation takes place in particular
under the influence of the acids XI. Ionic polymerisation
can be represented schematically:

I*4+C=C——-C—C+, chain initiation
1—-C—C*4C=C~1—C~C—C—C*, chain propagation
[ C—C—-C—C++C=C»I—C—C—C—C—C—C*, etc,

Despite the large number of ionic polymerisation pro-
cesses, the mechanism of ionic polymerisation is insuffi-
ciently clear. It is suggested that the C—~C" ion is accom-
panied by a counter-ion Z, so that it is correcttorepresent
the terminal group of the growing polymer in the form
I-C-C~C-C* + C=C. When the next monomeric molecule

7z~
is attached, the positive charge is transferred to the ter-
minal carbon atom of the polymeric radical formed. The
counter-ion moves simultaneously to the same carbon atom
I-C-C-C-C*.

z-

In a liquid medium this movement is difficult, particu-
larly if the Z~ ion is solvated, and this explains the activa-
tion energy (~ 3000 cal mole-!) for ionic polymerisation.
Without these complicating features (the presence of the
counter-ion, solvate sheaths, etc.), for example, if the
polymerisation took place in a vacuum, the actual process
of attachment of a monomer with “overflow” of electrons,
and hence the movement of the positive charge along the
growing carbon chain, would probably take place without any
activation energy. Justification for this suggestion may be
provided by the experiments of Tal'roze 2 in the Institute of
Chemical Physics and of Stevenson? in the USA, who ob-
served various reactions of ions with molecules in a
vacuum, in the chamber of a mass spectrometer. It was
found that for almost all exothermic reactions of this type
the activation energy is zero. Moreover, American™ and
Canadian " workers have recently shown that in the ion
sources of a mass spectrometer at comparatively high
pressures, ionic polymerisation reactions take place to
give chains consisting of up to 8 units, with an activation
energy almost equal to zero. In solutions, however, ionic
reactions always require an activation energy because of
the presence of solvate sheaths and interaction with the ions
of opposite charge. This might explain the existence of
activation energy in the liquid phase and its absence in the
solid phase.
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In a solid, particularly at low temperature, irradiation
with fast electrons or ¥-rays, in my opinion, produces a
situation which is much closer to the conditions of experi-
ments in the chamber of a mass spectrograph than to the
conditions of chain growth in the liquid phase. Here, two
features are important. The first is the production, inthe
solid or in the liquid under the influence of ionising radia-
tion, of secondary electrons with an energy of 10~30 V.
These electrons move out from the ion to distances which
are considerably greater than the radius of the influence of
any existing coulombic forces. They are then captured by
an impurity or trap of some sort. The difference between
the liquid and the solid (without the phase transformation)
is that in the liquid (and also in the phase transformation),
the mobility of the ion or the electron combined with the
trap is sufficient to ensure rapid approach of the ion and
electron with the formation of an ion pair. As we have al-
ready noted, the electrostatic forces holding this pair to-
gether prevent the growth of the ionic polymer chain with-
out activation. In the solid, however, particularly at low
temperature, both the ion and the electron captured by the
trap are almost immobile, so that here, as in the chamber
of the mass spectrograph at low pressures, the ion may
bring about growth of the polymer chain without any activa-
tion energy.

A second possibility is that a comparatively fast electron
with an energy of ~ 10-30 V geometrically does not go any-
where, but enters the semi-~conductivity band and with the
charge of the ion forms an electron-hole pair, which may
exist for a fairly long period in the form of an exciton,
moving in the solid with almost no resistance. The moving
particle may then bring about rapid polymerisation, The
polymer chain will thus be as it were the track of the
motion of the exciton, which is naturally retarded by the
necessity for movement of the carbon atoms of the polymer
chain, corresponding to hundredths of an Angstrom unit.

In this instance the rate of movement of the exciton, and
the rate of growth of the polymer chain, have values of
~10% cm s-!. Chain termination will be determined by
disappearance of the exciton.

As we saw above, until recently all experimental data
indicated that the polymerisation of a number of monomers
takes place completely or for the most part directly under
the beam at low temperatures down to -196°C. Recently,
workers in our Institute”®, Abkin77 in the Karpov Physical
Chemistry Scientific Research Institute, and Magat in
France began experiments to study polymerisation at liquid
helium temperatures. It has already been found that after
irradiation at the temperature of liquid helium, the mono-
mers after de-freezing give a polymer in yields close to
those observed with irradiation in liquid nitrogen. Here
also, however, we are still left with the problem of whether
the resulting polymer is produced during thawing.

I polymerisation directly at 4.2°K were firmly estab-
lished, the only explanation would be the possibility of
energetic polymerisation chains, and this would require the
introduction of essentially new theories into chemical kine-
tics, for example, the introduction of the exciton hypo-
thesis., This might open a new page in kinetics.

As we have seen, however, new experiments which con-
tradict this suggestion have recently been carried out.
They lead to the conclusion that polymerisation of acrylo-
nitrile under the beam does not take place at -196°C. If
future confirmatory experiments by all workers show that
this is indeed so, at first sight all this will naturally seem
much more trivial. The state of a substance in a phase

transformation is analogous to the liquid state or to the
state of the solid monomer close to the melting point.

If we think carefully, however, the situation here is not
so simple either. Thus in the irradiation of acrylonitrile
and formaldehyde, on going from the liquid to the solid
monomer, that is, at a temperature only just above the
freezing point, the reaction rate in the solid state is
greater than that in the liquid state by a factor of 25 for the
first and by a factor of 100 for the second. It must be
remembered that there are also instances, for example,
the radiation polymerisation of HMCTS, when almostnore-
actiontakesplace in the liquid phase on irradiation, where-
as in the region of the freezing point the rate of conversion
immediately reaches very high values, gradually decreas-
ing with further decrease in temperature. Many other
similar facts could be cited.

Thus the solid state may in many instances facilitate
polymerisation. It is often said that in the solid state
intermediate polymeric species may be produced in the
form of chains of monomer molecules with correct angular
orientation relative to one another, close to that corres-
ponding to the disposition of the C atoms in the polymer
chain. In other words, we have as it were the formation
of characteristic “polymonomeric” complexes, preceding
the polymerisation and facilitating its development after
initiation, when one of the monomer molecules is ionised.
This situation cannot be realised in a readily mobile liquid
monomer. As noted by Kargin?8, in the solid state close
to the melting point or in a phase transformation where
limited mobility is possible, the most favourable conditions
are created for optimal mutual arrangement of the mole-
cules and the production of this type of association. This
hypothesis also, however, has not yet been confirmed by
direct experiment.

Moreover, another important feature must be noted
here. Until now no direct measurements have been made
of the rate constant for chain growth at the temperatures of
phase transformations (in particular close to the melting
point). Thus basically we do not know whether chain
growth takes place here with or without activation energy.
It must be borne in mind that correct arrangement of the
monomer molecules does not in itself eliminate the activa-
tion energy, which should then be partly the same as that
for the liquid phase (since in the liquid phase the molecules
“sgelect” the reaction path corresponding to the lowest acti-
vation energy). If the activation energy close to the phase
transformations and at the melting point is to be lower than
that in the liquid phase, or in the limit equal to zero, we
require not only correct arrangement of the monomer
molecules, but also the formation of appropriate “poly-
monomeric” complexes. A fairly wide range of phenomena
are now known, in which complex formation may facilitate
a reaction considerably, not only as a result of anincrease
in the pre-exponential term, but also as a result of a de-
crease in the activation energy. It is possible that on
appropriate initiation, almost instantaneous transformation
of the “polymonomeric complex” into a polymer chain may
occur.

In conclusion I would like to describe some quite differ-
ent experiments which also indicate, however, that ex-
tremely rapid polymerisation processes take place even in
the absence of any special chemical chain initiators.
Dremin in our Institute has developed an extremely inter-
esting method of studying chemical reactions and phase
transformations under the influence of shock waves which
are excited using explosives and are propagated through
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the solid monomer. Pressures varying from 10000 to
hundreds of thousands of atmospheres are produced in the
front of the shock wave. It has been found possible to ob-
tain much information on chemical transformations from
the form of the shock front. Dremin has recently extended
this method considerably by finding a technique for pre-
serving specimens subjected to the action of the shock wave
without allowing their breakdown by the action of the wave.
In addition to providing the information obtained by studying
the shock front passing through the starting material being
studied, this has made possible direct observation of the
transformations which occur in it.

A number of results have already been obtained by this
method and published. Here, however, I shall mention
only the polymerisation processes studied by this method
by Barkalov, Gol'danskii, Dremin, Tal'roze, Yampol'skii,
and their coworkers ™%, It was found that extensive poly-
merisation of many monomers takes place in the solid
state under the influence of a shock wave. Study of the
form of the front shows that the polymerisation process
takes place in the front of the shock wave in a time interval
less than 1078 s. The calculated temperature of the mono-
mer in the shock wave does not exceed 200-300°C. We
know that almost no polymerisation takes place at these
temperatures in the absence of initiators. We may also
note that the yield of polymer remained unchanged when the
monomer was cooled to liquid nitrogen temperature, so
that we are here dealing with a pressure pulse. Thus the
chief role in the polymerisation is played by pressure. The
curves giving the form of the shock front indicate that this
extremely rapid polymerisation takes place when the pres-
sure in the shock front reaches a value at which the density
of the monomer becomes close to that of the polymer under
ordinary conditions. This is natural, since at this density
the distance between the carbon atoms in the C=C C=C
monomer becomes almost equal to the distance between
two C atoms in the polymer C~C~C-C. Here, however,
the movement of electrons from the C=C C=C groups in
the monomer into the C-C~C~C groups in the polymer
apparently does not require any activation energy when
initiation occurs because the shock wave reduces the
marked friction in the specimen.
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I. INTRODUCTION

In attempting to answer the question implied in the title,
it must first be recognised, as do Dewar and Thompson?,
that estimates of reactivity generally follow two main direc-
tions on the basis of: (a) different charge densities, bond
orders, polarisability, etc.; or (b)adifferentin the ener-
gies of the reactants and of the transition state. From the
standpoint of strict kinetics, only the second approach is
legitimate. All constructs which ignore transition states
are incorrect in principle. However, the second approach
encounters serious theoreticaldifficulties !, and in organo-
metallic chemistry only the first has yet been practical, the
approach of coarse correlations, giving only an approximate
idea of the comparative reactivity of various compounds.
The present work is not an exception in this sense.

The various reactivity series for the metal alkyls? are
widely recognised as too generalised. It is evident that
such series cannot be applied to reactions which differ in
nature and in mechanism. In speaking about the compara-
tive reactivity of organometallic compounds in a series of
different reactions these reactions must be divided into
groups similar in some features which play a decisive part.
Practice shows that to a first approximation two types of
organometallic reaction must be distinguished — additions
to multiple bonds and substitutions. Neglect of these simple
considerations necessarily leads to confusion both in the com-
parative evaluation of the reactivity of different compounds,
and also in the evaluation of the influence of different com-
plex-forming media on the activity of the same compound.
To avoid this widespread error mainly substitutions will be
considered.

Furthermore, following the now commonly accepted
point of view, it must be assumed that in most such reac-
tions the breaking of the metal-carbon bonds is heterolytic
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