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Effect of Mobility of Medium on Formal Kinetics of Chemical Reactions
in a Condensed Phase

O.N.Karpukhin

Chemical kinetics is examined under conditions such that the medium is quite mobile (classical kinetics), when it can be
regarded as immobile throughout the process (i.e. with kinetic non-equivalence of reactant species), and also under inter-
mediate conditions of kinetic non-equivalence maintained only during the lifetime of the leading active species. Methods
for studying the kinetics of variation in reactivity due to change in the local properties of the medium are discussed, and
reasons for the levelling of reactivity in a series of structurally different moiecules on passing from liquid to solid media
are analysed. The bibliography contains 37 references.
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I. INTRODUCTION

In a condensed phase every species is subject to the
time-variable influence of the surrounding molecules of
the medium. This affects the probability of occurrence
of primary steps of chemical conversion. Herein lies
the chief cause of the qualitative difference between a
primary chemical step in a condensed phase and the corre-
sponding step in the gas phase. In the study of, for instance,
a bimolecular reaction in the latter it is sufficient to
examine the interaction of the two reactants in a vacuum,
for the remaining species have no appreciable effect on
this process.

A substantially different situation obtains in a con-
densed phase, in which molecules of the medium influence
all stages of chemical interaction. The properties of the
molecules govern transport of reactant species towards
each other and the probability of their meeting. The
medium has a considerable effect also on the actual
chemical reaction: surrounding molecules may prevent
rearrangement of reactant species, the electromagnetic
field due to the medium changes the relation between differ-
ent possible primary reaction paths, and considerable
exchange of energy takes place between medium and
reactants. Thus the medium plays a part in organising
the primary step of chemical conversion1. The molecular
motion of the medium produces continuous change in its
local properties in the immediate environment of the
reactants. The formal kinetics of a chemical process
depends on the rapidity of variation in these local proper-
ties influencing the reactivity of the reactants.

The present Review examines the influence of the
dynamics of the variation in these local properties of the
medium on the kinetics of a chemical process, and dis-
cusses qualitative differences between the description of
reaction kinetics in a condensed medium and the classical
kinetics of gas-phase reactions. The problem of which
local properties cause the variation in reactivity is
almost completely ignored. Nor are more complicated
aspects of the influence of the medium on chemical kine-
tics considered (the structure and the reasons for the
formation of more or less stable complexes of the reac-
tants with the medium, or solvate sheaths, the influence

of the supermolecular structure of the medium on the
process, etc.). Consequently the Review regards a
condensed phase as a macroscopically homogeneous
medium, non-uniformity in which can arise only at a
cellular level, i.e. at distances of the order of the dimen-
sions of the reactant molecules.

II. FORMAL KINETICS OF REACTIONS IN A CONDENSED
PHASE

Two main approaches are usually made to the kinetics
of chemical reactions in the gas phase. If the process is
sufficiently slow, the reactants have enough time to
exchange energy with the medium, so that they are in a
nearly equilibrium distribution with respect to energies,
rates, and distances apart. Under these conditions the
law of mass action is used to describe the formal kinetics:
the rate of a given primary process is proportional to the
product of the reactant concentrations. The coefficient
of proportionality is a measure of the rate constant; its
temperature dependence is given by the Arrhenius equa-
tion.

In the other extreme case, in which chemical interac-
tion produces either a chemically unstable species or a
highly reactive species, i.e. one that undergoes further
chemical changes only through several collisions with
other molecules, the kinetic description is based neither
on the law of mass action nor on the concept of the reaction
rate constant but on the probability of involvement of the
species in a particular reaction after its formation.

In a condensed phase the probability of chemical reac-
tion may be influenced not only by the properties of the
reactants but also by the local properties of the medium.
In general, therefore, the rate constant of a chemical
reaction occurring in a condensed phase is a function of
some parameter u representing such local properties.
We shall not now specify the physical nature of u, since
various media may have different effects on various
primary chemical processes. The parameter may
represent the formation of specific complexes, the effect
of the electromagnetic field of the medium, steric hin-
drance, direct involvement of molecules of the medium in
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the chemical reaction. In general, if the local properties
governing the probability of chemical reaction depend on
several parameters, u is a vector.

On the above approach the kinetics of the variation in
the macroscopic concentration of a substance A involved
e.g. in a simple unimolecular reaction is described by the
integrodifferential equation

(1)

where A{u) is the distribution function of the concentration
of A in terms of the parameter u, and k(u) is a function
relating the effective rate constant of chemical conversion
of A to u. Equation (1) leads to the usual exponential law
of variation of [A], known as the first-order kinetic equa-
tion, in only two cases—(i) if the rate constant varies little
with the local properties of the medium, i.e. if

k (u) = const, (2)
and (ii) if these local properties vary so rapidly in com-
parison with the rate of chemical reaction that k{u) can be
replaced throughout the process by a mean value and
removed from the integral on the right-hand side of
Eqn.(l).

Thus the rate of variation in the local properties of the
medium, i.e. the relationship between three temporal
parameters—the characteristic time of chemical conver-
sion TX, the lifetime of the active centre effecting the
process Te, and the correlation time between the reactants
over all states in the medium TC—must be taken into
account in order to describe the kinetics of a process in a
condensed phase. Here TX is a macroscopic parameter of
the process, representing the time for significant change
in composition of the reactants; it can be characterised
by the reciprocal of the relative rate of change in concen-
tration of the reactants. For a unimolecular reaction TX
is then the reciprocal of the rate constant k\\

For a bimolecular reaction it is given by the reciprocal of
the product of the rate constant k2 and the instantaneous
concentration c:

The quantity re may represent the time from the instant
of formation of an active centre until its destruction or
conversion into another active centre. For molecular
decomposition Te is of the order of the time of rearrange-
ment of the molecule during decomposition, i.e. the vibra-
tion period of the atoms in the molecule. It will be con-
siderably longer when the molecule breaks down into active
species, e.g. radicals. Thus for radicals that have
escaped into the bulk of the specimen

where k\_ is the rate constant of such loss. The lifetime
of an oxidation chain may also correspond to Te:

where w\_ is the rate of formation of active centres in the
system. Different values of r e may apply to different
primary steps in the same composite process. For
example, Te is considerably shorter for active centres
that re combine in the cage in which they were formed than
for those that have escaped from the cage and re combine
in the bulk of the specimen.

The correlation time TC between species in a medium
is the time during which a reactive species is able to exist
in all possible states in which it has different reactivities.
It is determined by how rapidly those properties of the
reactant species that determine reactivity change as a
result of the relative motion of the species and the mole-
cules of the medium. The magnitude of r c can be judged
to some extent from the correlation time of a paramagnetic
probe or the time of depolarisation of luminescence. There
is some analogy between TC and the time of establishment
of thermal equilibrium between the species and the medium.
In this sense we can speak of a correlation time even in
gas-phase systems. Since energy is exchanged in the gas
phase by collisions between particles, the correlation time
for energy is of similar order of magnitude to the time
between two collisions. In a condensed phase any particle
is almost always in a state of collision with some particle
of the medium, and Tc is then very short—around a few
picoseconds—for energy. Correlation times with other
characteristics of reactant species therefore have greater
practical value.

non-trivial region
Tx > Te > Te

(reactions in the cage;
unavoidable reactions)

kinetic non-equivalence
of species

classical kinetics

rapid non-stationary
processes

Figure 1. Qualitative variation in kinetics of chemical
processes with the relationship between the characteristic
times of their occurrence and the correlation time of the
species in the medium.

The formal kinetics of chemical processes are quali-
tatively different depending on the relationship between
the above three characteristic times. If in a plane
lg (i"e/Tc) is plotted as abscissa, and lg (TX/TC) as ordinate
(Fig. 1), every specific chemical process can be repre-
sented by a point in this planet. The upper right-hand
corner contains processes for which the correlation time
is the shortest of the three:

Tc<Tx; Tc<Te. (3)

tThe three characteristic times (primarily TX) may
vary during change in the composition of the system due
to the chemical process. In the plane, therefore, the
chemical reaction is represented by a segment of a
curve. For the sake of simplicity, however, we shall
henceforward neglect the linear dimensions of this seg-
ment: more precisely, we shall consider only those
processes during which change in the relation between the
characteristic times is insignificant.
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All the primary steps then occur under the same condi-
tions, so that the kinetic description is formally analogous
to that in the gas phase. The effective rate constants of
the primary reactions will equal the average values of the
primary constants over all possible values of u realisable
in the given medium under the given conditions. This
part of the coordinate plane is the region in which all the
classic concepts of chemical kinetics are valid.

The lower left-hand corner contains processes for
which the correlation time is the longest of the character-
istic times:

T C >T X ; Tc>Te. ( 4 )

This means that the process occurs as if in a completely
"frozen" medium, with the reactant species under
unchanged conditions throughout the process, but these
conditions may differ for different species, so that the
species may be kinetically non-equivalent. Under these
conditions the rate of a chemical process is not propor-
tional to the macroscopic concentration of the reactant
species, but depends on how the latter are initially dis-
tributed with respect to the parameters determining their
reactivity in the condensed medium, and how this distribu-
tion varies with time. The kinetics of such processes are
often termed polychromatic2, since, in contrast to the
usual monochromatic processes, the rate of each primary
reaction is then defined not by a single rate constant but
by a set of rate constants governed by the local conditions.
Since the medium is "frozen", the condition of each
species remain unchanged throughout the process: i.e. it
appears to "remember" its conditions when the process
began. The equations of classic kinetics then describe
not the variation in the macroscopic concentration of the
reactants but that of the density of distribution among
various local conditions A{u).

In the above example of a unimolecular reaction k(u)
may differ for different A(U) functions. The kinetics of
the variation in A{u) will therefore be described for each
value by the exponential relation

but the exponent will differ for different values of u. The
variation in the macroscopic concentration of the sub-
stance A, given by the equation

[A] = {JA(u)oe-m'du (6)

may thus not be exponential in character. A common
feature of reactions under these conditions (4) is the
kinetic non-equivalence of species of the same chemical
structure, which remains unchanged throughout the
process.

As we move upwards from the lower left-hand corner
of the plane (Fig. 1), we may enter a range of processes
in which r x is comparable with r c . In describing them
we must bear in mind that the density of distribution of
concentration may vary with u as a consequence not only
of chemical change but also of the mobility of the medium.
In the case of a unimolecular reaction the kinetics of the
variation in A(u) will thus be determined by a more com-
plicated equation than if the law of mass action were
formally obeyed:

Still higher, in the top left-hand corner of the plane,
are situated processes for which the correlation times
have intermediate values:

(8)

(7)

Under these conditions it is obviously not always possible
to obtain an exponential variation of A(u) with time.

When condition (8) is satisfied, the process takes place
under a peculiar quasi-stationary regime. Any reactant
species may initiate chemical conversion independently
of its state at the start of the process: i.e. the rate of
variation of the macroscopic concentration of a reactant,
as in classical kinetics, is proportional to its instantan-
eous macroscopic concentration.

Another large region comprises complicated processes
for which r x < r e . They lie on the plane to the right and
below the 45° line through the origin. This is a region
of so called non-stationary processes, for which the life-
times of the active centres are comparable with the times
required for large degrees of conversion. Certain
branched-chain reactions can evidently be included here.
The present Review will not discuss processes of this kind:
it may merely be noted that, when the relations between
the characteristic times correspond to the lower half of
the plane, their description must allow for the possible
kinetic non-equivalence of the reactant species.

m. KINETICS WITH COMPLETE KINETIC NON-EQUIV-
ALENCE OF REACTANT SPECIES

Under conditions such that reactant species of the
same chemical structure are completely equivalent kine-
tically (rc « re , TC « rx) the kinetics of a chemical pro-
cess does not differ fundamentally from that of a gas-
phase process, as already mentioned. Departures from
classical views arise only in the description of very fast
processes, whose rates are controlled by diffusion.
Rate constants of such processes vary with time in con-
formity with Waite's equation3'4. However, deviations of
this kind occur both in condensed-phase and in gas-phase
reactions. Therefore the present Review will not survey
the kinetics of such chemical processes, occurring under
conditions of actual kinetic equivalence of species.

If the process occurs under the directly opposite condi-
tions, i.e. if the correlation time is much shorter than the
other characteristic times, the kinetic description differs
qualitatively from that for a gas-phase process, since
reactant species of the same chemical structure may be
kinetically non-equivalent. It is not altogether a simple
matter to realise such a process: on the one hand, it is
necessary that the local properties of the matrix should
remain unchanged throughout the process: on the other
hand, a chemical process is usually caused by some
changes in properties in the immediate vicinity of a mole-
cule of the starting material or is due to the transport of
reactant species towards each other. These difficulties
probably explain why heterogeneous processes at a gas-
solid interface were the first to be examined in terms of
kinetic non-equivalence: species on a non-uniform solid
surface are under kinetically non-equivalent conditions
with respect to species arriving from the gas phase and
therefore kinetically equivalent.

During the 1930s Ya.B. Zel'dovich, M.I.Temkin, and
S. Z.Roginskii made a large number of studies on such
chemical reactions, the results of which were summarised
in a monograph5. They developed mathematical methods
for describing the kinetics, and showed how the form of
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distribution of reactants among non-equivalence parame-
ters could influence the process, as well as how the form
of distribution could be estimated from kinetic data.

Ideas on the kinetic non-equivalence of reactant species
involved in macroscopically homogeneous processes were
first used in the 1950s to early 1960s to describe the
kinetics of the annealing of radiation defects6'7 and of the
loss of free radicals at low temperatures2'8'9. The kine-
tics of such processes could be described in terms of the
so called polychromaticity of the rate constant (Section II).

However, the loss of active centres in a solid matrix is
not an altogether convenient process for studying the
kinetic non-equivalence of reactant species, since the
mechanism of their mutual approach is not always entirely
clear. For example, a simple mechanism of free diffu-
sion towards one another in the solid polymer cannot be
assumed for such large species as macromolecular radi-
cals. Therefore discussion of the kinetic non-equivalence
of radicals has been widely accompanied by that of the
mechanism of migration of an active centre, e.g. a valence,
through a polymer matrix10, the possible role of relatively
simple impurities in this process11, possible dimensions
for microheterogeneities that might explain the observed
rules without recourse to ideas on the kinetic non-equiva-
lence of species in a macroscopically homogeneous
medium. For example, a model has been suggested
involving fluctuations of the free volume in a solid matrix12;
in fact it could explain the results in terms of the kinetic
equivalence of reactant species. Serious consideration
has been given also to a model of controlled diffusion of
the process in a homogeneous medium13'14, providing a
formally rigorous explanation of the kinetics of the initial
stage of loss of free radicals, but yielding overestimates
of the radii of interaction between active centres.

The main evidence for kinetic non-equivalence of species
in processes of this kind is provided by the peculiar form
and the temperature dependence of the kinetic curves for
the variation in reactant concentrations. With change in
temperature the process almost ceases after not very
large changes in reactant concentrations, although no
products capable of inhibiting the reaction have accumu-
lated in the system. Nor is such cessation due to the
establishment of any equilibrium. Actually, the process
is not completely arrested, but undergoes a so called
kinetic termination. The semi-logarithmic form of the
kinetic curve, with [A]/[A]0 plotted against In/, is a
straight line extending to high degrees of conversion.

The above form of kinetic curve can easily be explained
on the assumption of a first- or second-order reaction
whose rate constant & has a wide distribution (k maxAmin >;> !)•>
and that the reactants are initially uniformly distributed
with respect to the non-equivalence parameter s, which is
exponentially related to the rate constant and varies from
zero to some value S:

k = femax e s (0 « s C S). (9)

The kinetics of the variation in the macroscopic concentra-
tion of the initial substance A under these conditions is
governed by an equation analogous to (6):

(10)

where 1/S is a normalising factor, and n the order of the
primary reaction, while the density of distribution A{s)
changes with time in conformity with the equation

At

If n is not too large and the initial distribution is uniform
(A(s) = [A]o/S at t = 0), Eqns. (10) and (11) can be solved15

quite accurately in the form

(12)

with 1 < a
solution ma

< es. For n = 1 the more exact

x) - S + In <] (13)

was obtained16.
The specific experimental procedure, i.e. kinetic study

of the loss of active centres at different temperatures,
made it natural to assume that kinetic non-equivalence
of species was due to different heights of the energy bar-
rier opposing chemical reaction. This corresponded
formally to a distribution of rate constants according to
activation energies:

(14)
RT

However, no evidence was found to support this hypothesis.
Similarly, for a long time only kinetic evidence was
available for the view that the peculiar kinetics of such
chemical processes in a solid phase might be due to kine-
tic non-equivalence of species in a macroscopically homog-
eneous medium.

10 /5 t, min

0 1

M" (s) (11)

Figure 2. Destruction at 116 K of radical-pairs formed
by the low-temperature (77 K) photolysis (300-400 nm)
of frozen solutions of tetraphenylhydrazine in toluene:
1) kinetic curve; 2) semi-logarithmic transform (Eqn.12).

Direct evidence for such views was obtained only when
effectively unimolecular processes, uncomplicated by a
mechanism of approach of reactant species, began to be
examined in terms of kinetic non-equivalence, and also
when it became possible to halt a chemical reaction by
different methods, and during the period of arrest to
change the reactivity distribution of species without any
change in the chemical composition of the system. The
change in the effective rate of the process after such
interruption served both as evidence of the validity of the
model of kinetic non-equivalence of species and as a
measure of the change in their reactivity distribution.

The first effectively unimolecular process examined
from this point of view was the destruction of radical-
pairs15. Electron spin resonance showed that pairs of
radicals 3-6 A apart can be generated in solutions of
certain organic compounds. For example, pairs with



Russian Chemical Reviews, 47 (6), 1978 591

the radicals 4 ± 0.2A apart have been recorded in a solu-
tion of tetraphenylhydrazine in toluene. The destruction
of such radical-pairs obeys "stepwise" kinetics corre-
sponding to Eqn. (13).

Fig. 2 shows an example of a kinetic curve for the
destruction of radical-pairs and its transform plotted in
the variables of Eqn. (12). These results can be explained
on the assumption that the width of the distribution of the
rate constants exceeds a thousandfold. Accepting in
conformity with formula (9) a rectangular distribution with
respect to s for the species whose decay is plotted in
Fig. 2, we find that s = 10. It was suggested15 that the
distribution of rate constants was due solely to the dis-
tribution of activation energies and found that 6E — 2.3 ±1
kcal mole"1. Because of the narrow temperature range
(100-120 K) in which the kinetics of pair destruction could
conveniently be recorded, it could not be established
whether the distribution of rate constants was determined
by the activation energy or the pre-exponential factor.
Nevertheless, since the distance between the radicals
in a pair is small and almost the same for all pairs, the
observed kinetics cannot be explained by peculiarities in
the mutual approach of radicals. In fact a pseudouni-
molecular reaction takes place, whose efficiency can be
influenced only by the local environment of the reacting
species. It was thus shown15 that chemical reactions
could actually occur under conditions of kinetic non-equiva-
lence of the reactant species when the time during which
the local properties of the medium remain constant
exceeds significantly the other characteristic times of the
process.

However, kinetic non-equivalence of reactant species
could be observed especially clearly in photochemical
reactions, the first example being the photo-oxidation of
fused-ring hydrocarbons (anthracene, naphthacene,
rubrene)16'17. This reaction involves singlet oxygen
formed on interaction between a hydrocarbon molecule in a
triplet state and a molecule of ordinary triplet oxygen.
The product—a transannular peroxide—can be formed by
reaction of singlet oxygen either with the same hydrocar-
bon molecule or with another, to which it diffuses through
the medium. Singlet oxygen is a relatively small mole-
cule, probably differing little in mobility from an ordinary
oxygen molecule. Therefore the character of the diffusion
of this active species in any medium is known, and in
quantitative descriptions use can quite confidently be made
of data on diffusion coefficients of diatomic gases, which
have been measured in many media.

The kinetic scheme of the photo-oxidation of a fused-
ring hydrocarbon can be written

(15)

According to the law of mass action, under quasi -
stationary conditions with respect to singlet oxygen, the
rate of change of the concentration of the oxidisable com-
pound should be given by the equation

» A* -» AT,

AT + 3 O 2 - ^ A 0 2 ,

A + 'Oj-i-AOj,
k

Q -f. 1Q2 -5- 3 O 2 ,

where A, A*, and AT are molecules of the oxidisable
compound in ground, excited, and triplet states, 3O2 and
xOz are oxygen molecules in the triplet ground and the
singlet states, Q is the quenching agent, and AO2 is the
transannular peroxide; the symbols above the arrows
denote the corresponding rate constants.

d[A]

At
= « 1 - Y 1—

(krlkd) • [A]
[A], (16)

1 + (kr/kd • [A] + (kqlkd) [Q]
where a is the product of the probability of absorption of
a light quantum by an oxidisable molecule in unit time and
the quantum efficiency -q of formation of singlet oxygen,
while y = 6o/(#o + £ro) is the probability of the escape of
singlet oxygen into space.

However, Eqn. (16) describes the kinetics right up to
high degrees of conversion only when photo-oxidation
takes place in a sufficiently fluid medium. In solid
polymers at temperature considerably below the glass
point it describes satisfactorily only the initial stage: at
later stages the process slows down significantly more
rapidly than is required by Eqn. (16). Yet no data have
been obtained on the occurrence in the system of any
primary steps other than those listed in scheme (15).
The kinetics of the variation in the concentration of the
oxidisable compound is determined solely by the quantity
of light incident on the specimen, independent of its
intensity. This indicates that no two-quantum processes
occur, interaction between intermediate species is
absent, and a sufficient quantity of oxygen diffuses into
the specimen. Reactant concentrations can be recorded
during the process both from the variation in the absorp-
tion spectra and from the change in intensity of fluores-
cence of the initial substance. Hence no quenching
agents are formed during the process.

The observed kinetics was explained on the hypothesis
of a non-equivalent environment of the oxidisable mole-
cules. Because of the relative immobility of the polymer
matrix the relative proportion of molecules in an environ-
ment favourable for oxidation diminishes during the pro-
cess, and hence also the effective overall quantum
efficiency. This hypothesis has been confirmed by direct
experiment17'18. It was found that photo-oxidation takes
place significantly more efficiently if the process is
periodically interrupted and the specimen is heated in the
dark to temperatures close to the glass point. This
affects neither the concentration of the oxidisable sub-
stance, its absorption and fluorescence spectra, nor the
quantum efficiency of fluorescence. However, after
such thermal activation the process conforms to Eqn. (16)
until high degrees of conversion are reached, provided
that the thermal activation is conducted at a sufficiently
high temperature for a sufficiently long time, sufficiently
frequently, and after equal periods of illumination.

Such a result was obtained in various polymer matrices
with thermal activation at ~20 deg below the glass point
for 10-20 min. In polypropylene and BMK-5 (a copoly-
mer of methacrylic acid and butyl methacrylate having
Tgi = 40°C) at room temperature the process satisfies
Eqn. (16), and is uninfluenced by thermal activation.
The explanation for these results is that the thermal
activation increases the mobility of the polymer matrix,
permitting restoration of the original reactivity distribu-
tion of the reactants. In polypropylene and BMK-5 the
initial distribution remains unchanged throughout the
process because the molecular mobility of the matrix is
adequate at temperatures close to or above the glass
point.

For a quantitative description of the results a model
was proposed in which the kinetic non-equivalence of the
oxidisable molecules was attributed to differences in
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permeability to singlet oxygen of the surrounding cage
walls. Permeability can be characterised by the parame-
ter Mo occurring as a factor in the primary formation and
decomposition rate constants kx and ti2 of the "singlet
oxygen-oxidisable substance" pair. Provided that spon-
taneous breakdown of XO2 molecules in the cage can be
neglected, kr and y will then be given by the formulae

(17)

(18)

Mo + *3

• Mo
Mo + *3

where k3 is the oxidation rate constant in the pair.
The parameter u0 has different values for different

molecules of the oxidisable substance, but remains
unchanged throughout the process in the absence of ther-
mal activation. On such a model the form of the kinetic
curve for consumption of the oxidisable compound is
determined not only by the magnitude of the kinetic param-
eters but also by the kinetics of the change in the distribu-
tion function p(wo) of oxidisable molecules among cages
differing in permeability. Assuming that the initial form
of distribution is independent of the macroscopic concen-
tration of the oxidisable compound, while the local concen-
tration of singlet oxygen corresponds to its average
concentration in the specimen, we obtain for the kinetics
of variation in the concentration of the oxidisable substance,
instead of (16), the equation

a t
(19)

in which
j _ C P ("o) d "o . j _ r "9 ("o) d »o

J Mo + *3 2 J Mo + h

The distribution p(w0) is normalised only at zero time:
p(u0)6uo = 1 at t = 0.

If the concentration of singlet oxygen 1O2 is quasi-
stationary, we find that

M

Substitution of (20) in (19) yields the equation

it

(20)

(21)

which describes the variation in concentration of the
oxidisable substance right until high degrees of conversion
are reached.

We can make a similar approach to the more general
case, taking into account the quenching of 1O2 molecules
in the pair with rate constants &d and a possible difference

in probability of chemical interaction in pairs formed
after absorption of a light quantum and in those formed
after an encounter between XO2 and an oxidisable molecule.
With rate constants and parameters corresponding to
pairs of the former type primed, the appropriate equation
is

' j [A]o

(22)
d ([A]/[A]0) _ t

it

in which
J'l = \ "" P ,"°

J k, 4- kj + Me

The time dependence of the distribution p(wo) normal-
ised at zero time conforms to an equation analogous to (19):

[A]p

it
(23)

The complexity of the solution of (23) is due to the varia-
tion of the integral 72 with time. At low concentrations
of the oxidisable substance terms containing h can be
neglected, and (23) can be solved similarly to (11).
Assuming that the probability of chemical interaction in a
pair is related exponentially to some parameter s0 dis-
tributed uniformly between 0 and Sot

Mo + *3
we obtain instead of (23) the equation

it

(24)

(25)

which is analogous to (11).
If we neglect also diffusion of oxidisable molecules

through cages having different values of s0, the kinetics of
the variation in the concentration of the oxidisable com-
pound will be described by an equation analogous to (13):

(26)

At high concentrations of A we find an approximate solu-
tion analogous to (12):

(27)

where Z2 = ^ / ^ ^ ^ [ A l o and Zi is a factor exceeding unity
(but in the present case probably not exceeding 2) char-
acterising the form of the p(u0) kinetic curve. The initial
rate under these conditions is given by

(28)

With a sufficiently wide distribution Eqn. (28) can be
simplified to

i
V

(29)

In the study of the destruction of free radicals it is
usually difficult to determine the initial rate, since the
specimen heats up during the reaction, so that the initial
stage takes place at a lower temperature than the process
as a whole. Such difficulties do not arise with a photo-
chemical process, which begins almost without inertia.
Comparison of data on its initial rate with the kinetics of
variation in concentration at later stages can therefore
be used for quantitative verification of the above ideas17'18.

Thus ideas on the kinetic non-equivalence of reactant
species have provided a kinetic description of photo-oxida-
tion, which is formally more complicated than the destruc-
tion of free radicals. However, photo-oxidation of hydro-
carbons can be conducted under conditions such that the
kinetics are simpler. At low concentrations of the
oxidisable substance, when reactions of singlet oxygen
that has escaped from the cage in which it had been formed

$If the ratio$2tto/fe3 » 1 for all u, the significance of
So is a quantity proportional to the free energy of activa-
tion of the chemical reaction: So = AG/ET = AS/i? + E/RT.
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can be neglected, photo-oxidation takes place within a
single cage: i.e. it is formally a unimolecular reaction,
uncomplicated by transport of the reactant species to each
other. Furthermore, it is a photoreaction, which can be
arrested or restarted by switching the radiation off or on.
This advantage has opened up new technical possibilities —
of studying the kinetics of the variation in reactivity of a
substance in the absence of chemical change.

IV. KINETICS OF VARIATION IN REACTIVITY

The first kinetic studies of the variation in the reactiv-
ity of molecules located in a solid matrix (Section III)
showed16'17 that the initial reactivity of fused-ring hydro-
carbons towards photo-oxidation could be restored by
heating the specimens to temperatures 10-30 deg below
the glass point of the matrix for a few minutes. This
provided estimates of the temperature and time scales
required to restore the original reactivity distribution of
the molecules.

w(t)
' ( d )

10 15 20 25 T, min

Figure 3. Dependence of relative rate of photo-oxidation
W(T)/W(0) on duration of thermal activation: a) 1.36 mM
naphthacene in polystyrene (activated at 70°C, conversion
80%); b) 1.36 mM naphthacene in poly(methyl methacry-
late) (52°C, 40%); c) 5.6 mM anthracene in polystyrene
(70°C, 40%); a) 3.1 mM naphthacene in polystyrene
(60 °C, 60%).

In a more detailed study19 fused-ring hydrocarbons were
subjected in polymer films to photo-oxidation at 20°C until
a specified degree of conversion was attained. The speci-
men was then heated in the dark at a fixed temperature T
for a certain time r. After this the specimen was again
exposed at 20°C, and the rate of change in the concentra-
tion of the oxidisable substance during the second exposure

was recorded. The variation in the rate of the process
with different times of heating provided a measure of the
variation in reactivity of the oxidisable compound during
heating. Fig. 3 illustrates the dependence of the relative
rate of the second photo-oxidation W(T)/W(0) on the time
of heating r at different temperatures. As could have
been expected, r ise in the temperature of thermal activa-
tion accelerates restoration of the equilibrium rate of
oxidation; the range of variation in the rate expands with
increase in the initial degree of conversion.

A striking feature of Fig. 3 is the sigmoid form of the
dependence of rate of photo-oxidation on time of thermal
activation at sufficiently high degrees of primary conver-
sion. From simple considerations it might have been
expected that maximum rate of change of reactivity would
occur with short times of thermal activation, when the
reactivity distribution of the species would be most
remote from equilibrium. This might have occurred if
the change in reactivity had resulted from movement of
fluctuations of the free volume through a macroscopically
homogeneous specimen12. On such a model any molecule
can change its reactivity abruptly on thermal activation,
passing into a state corresponding to equilibrium. The
probability of such a jump is independent of the state of the
molecules before thermal activation.

On the other hand, a sigmoid dependence can be
observed only if the initial reactivity of the molecule has
a significant influence either on the sequence of states
through which it passes during thermal activation or on
the probability of a change in reactivity. This type of
dependence may be expected, for example, if thermal
activation involves continuous "diffusion" of molecules
from a non-equilibrium to an equilibrium reactivity dis-
tribution. We postulate that molecular reactivity x is
determined by a parameter ui characterising the state of
the molecule in the given medium. Under equilibrium
conditions there exists a certain distribution of species
according to this parameter po(«i). During the first
photo-oxidation, when thermal diffusion among states can
be neglected, the equilibrium distribution is disturbed by
occurrence of the chemical reaction, so that

P(«!, t) = P0(«x)exp(—X(«x)<), (30)

where t is the time of photo-oxidation.
During thermal activation continuous diffusion through

states differing in ui value will be described by the equa-
tion

du*
(31)

where r is the time of thermal activation and D the corre-
sponding diffusion coefficient. The boundary conditions
for Eqn. (31) correspond to absence of diffusion beyond the
extreme values of uv.

dp_ = 0. (32)

With certain forms of the distribution PO(MI) the solution
of Eqn. (31) enables a sigmoid dependence to be obtained.
This occurs, for example, with D constant and independent
of Mi, i.e. with the uniform distribution PO(MI) = const,
when

(sin— j (33)

and at degrees of conversion during the first photo-oxida-
tion exceeding 50%.
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The above results do not give the reasons for the non-
equivalence of reactant species. However, they must be
taken into account in constructing models to explain this
phenomenon.

V. KINETICS WITH PARTIAL KINETIC NON-EQUIVA-
LENCE OF REACTANT SPECIES

As noted above, under conditions such that the correla-
tion time TC of reactant species over all possible states in
the medium is intermediate between the time TX of signif-
icant change in concentration of the reactant species and
the lifetime of an active centre Te, i.e. when

**>tc>te, (34)

the variation in macroscopic concentration obeys the usual
kinetic laws, while kinetic non-equivalence of the species
merely disturbs classical ideas on the relative rates of
different possible reactions.

Conditions for such partial kinetic non-equivalence of
reactant species can be realised especially easily in
photochemical processes. If the light is not too intense,
such a process comprises a series of consecutive or
parallel physical or chemical changes lasting a relatively
short time after absorption of a quantum (usually Te « l s ) .
Each such process usually proceeds until a certain stage
is reached, independently of the occurrence of other
primary processes initiated by the absorption of other
light quanta. Therefore the time r e for development of a
primary photochemical process is independent of the light
intensity. Yet TX does depend on the intensity, and
usually exceeds r e considerably, amounting to minutes,
hours, or longer. Evidently, therefore, it is not diffi-
cult to find a medium and a photochemical process for
which the condition (34) of partial kinetic non-equivalence
of reactant species will be satisfied.

A photochemical process can be influenced relatively
easily by the introduction of additives that quench excited
states. Under conditions of partial kinetic non-equivalence
of excited species the intensity of luminescence and the
rate of the photochemical process will then vary in differ-
ent ways.

As example we can consider results for so called
unstoppable photochemical processes, which cannot be
completely inhibited when the luminescence of the leading
species has been extinguished20. Phenomena of this type
have been known for some time21'22. The most common
class of photochemical processes involves species in the
triplet state, and cannot be completely inhibited by the
introduction of quenchers for such states. This is
usually explained by the involvement of single excited
molecules?3, but this hypothesis is fairly difficult to sub-
stantiate. Therefore an alternative explanation of
unstoppable processes, based on the kinetic non-equiva-
lence of reactant species, seems quite permissible.

The quenching of excited states by any mechanism can
be described approximately by the Stern-Volmer equation24:
the concentration of molecules in an excited state S* is

-r^r> (35)

where w is the rate of formation of excited molecules,
k$ and kf are the rate constants of spontaneous and radia-
tive deactivation of excited molecules, kx is the rate con-
stant of their chemical reaction in the given medium, and
6q is the rate constant of the quenching of S* by a quencher
molecule Q. If, however, the excited molecules are

kinetically non-equivalent, Eqn. (35) represents the effect
of the quenching agent on the concentration of only one
species. Then the total macroscopic concentration of
excited species will be described by the integral over all
possible local properties that can be effective in the given
medium:

wp (u) d u (36)

where u is a parameter representing these properties and
p(u) the density of distribution of concentration with
respect to this parameter. In general all the other
quantities in (36) are also functions of u.

The quantum efficiencies of luminescence -q and of the
photochemical process cp will be given by analogous
formulae:

t , = a
(u) d u

kfi (u) d u

[Q]

(37)

(38)

From these expressions we find that quenchers of excited
states have different effects on the intensity of lumines-
cence and on the rate of the photochemical process:

Equations (37) and (38) have been subjected25 to detailed
analysis for the case in which the kinetic non-equivalence
of the excited molecules is due to the effect of the local
properties of the medium on£ r . The character of the
p(u) distribution is examined by comparing the efficiency
of the quenching of luminescence and of the inhibition of
the photochemical process by small additions of the
quenching agent

7 _ /d(Vno)\
\ a[Q] J

/id (tf'<fa)\

i (39)

with the type of deviations from the Stern-Volmer equa-
tion of the variation of the quantum efficiencies TJ and <p
with the quencher concentration. It was shown that only
one of the variations in quantum efficiency—either of the
photochemical process or of luminescence—can be
expected to diverge considerably from the equation.
Quenching agents are always more effective in quenching
luminescence than in inhibiting a photochemical process
(Z ^ 1). If a uniform distribution is assumed for the
entropy factor S of the chemical reaction rate constant,
as is done by many authors in discussing processes with
complete kinetic non-equivalence of species (9), consider-
able deviations from the Stern-Volmer equation appear to
be possible only at sufficiently small ratios Z. To
explain such departures when Z is large we must postulate
other types of distribution, in particular bimodal, based
on the presence of two kinds of local conditions, under
which excited molecules have significantly different
reactivities.

This last hypothesis has been used28 to explain the
effect of oxygen on the photodecomposition and the phospho-
rescence of benzophenone in poly(methyl methacrylate).
Plots of the quantum efficiencies show (Fig. 4) that oxygen
is almost twice as effective in quenching phosphorescence
as in retarding photodecomposition (Z - 0.6), and the
Stern-Volmer equation does not describe the inhibition of
the photochemical process. These results can be under-
stood on the hypothesis that p(u) is bimodal: the lifetimes
of triplet benzophenone molecules corresponding to differ-
ent local conditions differ more than fourfold; and the
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probability of chemical reaction for species possessing
shorter lifetimes exceeds 0.75, while the probability of
formation of such species is ~0.4.

effect is not merely a restriction on translational mobility,
but has a more complex nature and probably depends on
the type of reaction.

Table 1. Effect of polymer matrix on antiradical activity
of antioxidants at 70 °C.

f

3.5

3.0

2.5

20

15

10
0 2.5 IO3[O2],M

Figure 4. Effect of oxygen on quantum efficiency in
0.29 M benzophenone in poly(methyl methacrylate)
exposed to light of wavelength 365 nm and intensity 1017

cm"2 s"1: 1) phosphorescence; 2) photochemical conver-
sion.

VI. INFLUENCE OF MOBILITY OF MEDIUM ON EFFI-
CIENCY OF PRIMARY CHEMICAL REACTIONS

On passing from liquid-phase systems to solid solutions
we find not only the above kinetic features of solid-phase
reactions but also a qualitative change in the relative
reactivities of species differing in chemical structure.
In viscous solutions, especially media that can be
regarded as solid, when effective chemical reaction rate
constants are remote from diffusion constants, i.e. when
encounter between reactant species cannot be the rate-
determining stage, a considerable levelling is observed
in the activities of chemically different species.

A method for measuring the relative efficiencies with
which inhibitors differing in structure act on peroxy-
radicals in a solid polymer matrix is based26'27 on a study
of the influence of the inhibitors on the initial rate of
consumption of stable quinoline or di-p-methoxyphenyl-
nitroxide radicals (RqUin* o r Rdmpn#) during initiated
oxidation of the polymer. Table 1 shows that the rate con-
stants for interaction of different valency-saturated
inhibitors with peroxy-radicals are almost the same in
solid polystyrene, whereas they differ hundredfold in the
liquid phase. The observed levelling of inhibitor activity
cannot be explained by diffusion limiting reaction in the
solid phase, with the limiting value of the constant repre-
senting the diffusion mobility of the reactants. Such
a suggestion is contradicted by the fact that the activity of
stable radicals exceeds by factors of 10-20 the "limiting"
activity of valency-saturated inhibitors. Since there are
no data indicating an abnormally high diffusion coefficient
for stable radicals, the result suggests that the levelling

Antioxidant 10-4*7, M"1 s-1

ethylbenzene

stable radicals

n

^quin"p
'Mmpn*

124

46

valency-saturated inhibitors

1-Naphthol
Bis-(3-t-butyl-5-methylphenyl)methane-2,2'-diol
Tin thio-2,2'-bis-(4-methyl-6-a-methylbenzyl-

phenol)
Calcium oxide-bis-(3-t-butyl-2-hydroxy-5-

methylphenyl)sulphide
Phenylnaphthylamine
Pentaerythritol0-(3,5-di-t-butyl-4-hydroxy-

phenyl)propionate
Bis-(3,5-di-t-butylphenyl)methane-4,4'-diol
2,6-Di-t-butyl-4-methylphenol
Phenol

44
41
20

18

13
4.7

2.6
2.5
0.3

polystyrene*

51

30

3.6
5.1
4.2

3.6

2.2
1.9

1.5
2.8
0.3

* Absolute values of the constants determined on the
assumption that k7 for phenol is the same in polystyrene
as in ethylbenzene.

Table 2. Change in efficiency of reaction of XO2 with
various compounds on passing from the liquid phase to a
solid polymer.

Compound

/3-Carotene
Nickel dibutyldithiocarbamate
Rubrene
Di-p-methoxyphenylamine
1,2,2,6,6-Pentamethylpiperidine
Naphthacene
2,4-Xylidine
1-Naphthylamine
Bismuth dimethyldithiocarbamate
Irgostab 2002**
Di-p-iso-octylphenylamine
JV-n-Butylphenylnaphth-2-ylamine
Anthracene

Efficiency of chemical
action 10-3fcr/fcd, M'1

CH2CI2

15

9
—
—

2.5
—
—
—
—
—
—

0.018

poly-
styrene

0.12
—

0.14
—
—

0.08
—
—
—
—
—
—

0.0037

Efficiency of quenching
10

CH2CI2

3600
470

—
9.1
7.3
—
3.2
2
1.5
0.51
0.12
0 041
—

3fcq//fcd, M"

BMK-5*

1.3
—

0.5
—
—

0.2
0.22

—
0.19
0.072
0.038

1

poly-
styrene

8
1.1

—
—

0.42
—
—
—

0.24
0.17

—
—
—

*A copolymer of methacrylic acid and butyl methacrylate.

O

A similar effect has been found for the rate constants
in the quenching of singlet oxygen by various substances
and its reaction with aromatic hydrocarbons (Table 2).28"30

Here the levelling is still more clearly defined: in the
liquid phase the difference in relative quenching rate con-
stants reaches 105, but in the solid it does not exceed
factors of 200-300. Such parallel variation in rate con-
stants on passing from the liquid to the solid phase occurs
only with reactions of the same type: rate constants for
different types of reactions vary differently. Thus the
rate constant for reaction between molecular oxygen and
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rubrene in the liquid phase exceeds those for the quenching
of oxygen by almost all substances other than j3 -carotene
and nickel dithiocarbamate, but in solid polystyrene it
becomes smaller than those for the action of oxygen on
any of the quenching agents investigated. Change in
reactivity leading to the levelling effect takes place at
temperatures above the glass point of the medium29. A
study of the efficiency of inhibitors in the thermal oxidation
of polyalkenes revealed a levelling phenomenon at temper-
atures of ~100°C, more than 100 deg above the glass
point31.

2.0 4.0 6.0 8J3

and for that between the nitroxyl radical 4-benzoyloxy-
2,2,6,6-tetramethylpiperidino-oxyl (>NO) and 2,6-di-t-
butylphenol36 are determined by the change in the fre-
quency of rotation of a paramagnetic probe, and are
independent of the nature of the matrix in which the
reaction occurs (Fig. 5). Hence the differences in activa-
tion energy of these reactions in different media are
governed by the difference in the activation energy of rota-
tional mobility in them.

!, S"

> 20.0

o 10.0

5,0

5.0 10.0 15.0 20,0 Z5.0

Figure 5. Dependence of rate constant n for reaction of
/NO with phenol on frequency of rotation of paramagnetic
probe: A) at low frequencies; B) over a wide frequency
range in various media: d) polystyrene; b) polypropylene;
c) polyethylene; d) benzene at different temperatures (°C):
1) 70; 2) 60; 3) 50; 4) 40.

Yet another phenomenon characteristic of reactions in
a polymer matrix—the dependence of the reaction rate
constant, not limited by diffusion, on the mobility of the
medium—has been observed32"36 in the same matrix at
about the same temperature. The reaction of 2,4,6-tri-
t-butylphenoxyl with hydroperoxy-groups in polyalkenes
exhibits a correlation between its rate constant and the
frequency of rotation of a stable nitroxyl radical in the
same polymer matrix32'34. This correlation was inter-
preted as due to the effect of the cage on the probability
and the rate of change of the mutual orientation of the
species in the cage35. Rate constants for this reaction32'34

Figure 6. Influence of mobility of medium on ratio of
times of translational and rotational diffusion (n =
Trot/Ttr> with Ttr = x/2Dtr (x = 5A) and Trot = l/6I>rot,
where x is the translational displacement of the probe,
and Dtr and -Drot a r e the coefficients of translational and
rotational diffusion) in rubbers at different temperatures:
1) polyenes; 2) polybutyl rubbers.

Both phenomena—levelling of the activity of structurally
different species involved in reactions of the same class
and the effect of the mobility of the medium on reactions
not limited by diffusion—probably have the same origin,
change in character of the motion of the species on passing
from a liquid to a solid medium. Evidence in support of
this suggestion is provided by the fact that the ratio of the
correlation time of a paramagnetic probe to the character-
istic time of its translational mobility increases with the
viscosity of the medium (Fig. 6).37 Increase in viscosity
is probably accompanied by an increase in the number of
rotations by the molecule relative to the walls before it
escapes from the cage. This tends to increase the
probability of chemical reaction when the reactant mole-
cules meet. On passing to more viscous media, there-
fore, we must evidently expect not only a diminished
probability of chemical reaction between species due to the
diminished mobility of the medium, and hence also a
lower probability that particles will meet, but also an
increased probability of chemical reaction resulting from
the longer lifetime of reactant species in the same cage.

To examine this last suggestion in greater detail we
postulate that two molecules A and B meet, assuming for
simplicity that B is considerably smaller than A and that
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their relative motion can be represented as the movement
of a point (B) over the surface of a sphere (A). When the
point B enters some reactive region of area s on the
spherical surface of A, reaction takes place without energy
of activation. In the liquid phase the probability of reac-
tion on the collision of A and B will be given by the ratio
of s to the whole spherical surface area So, so that the
rate constant of this reaction ^HQ is related to the encoun-
ter rate constant (^D)liq by the equation

— . (40)

In the solid phase the probability of reaction in an encoun-
ter PSCj is increased by movement of the point on the
spherical surface during the lifetime of the pair. If
s « So and the path L traversed by the point on the surface
is not too long, this probability will be given by the
formula

p — s i L s

So x v 7 So (41)

in which x is a coefficient around unity, whose value
depends on the configuration of the reactive region.

h 5 6 ig(k/kd)hq

Figure 7. Comparison of rate constants for processes
occurring in liquid and solid phases (^liq in methylene
dichloride and £gd in: 1) polystyrene; 2) BMK-5:
a) quenching of singlet oxygen; b) chemical interaction
with 1O2.

From Eqn. (40) it is easy to obtain a relation between
the rate constants of the same reaction in liquid and solid
phases:

kDl* Wliq xV^lWuq (42)

Since all the arguments have been conducted for a case in
which the reaction rate constant is far from diffusion-
controlled, the formula simplifies to

b \ / b \ */*

_*-) =<p[— .where <P

i.e. the reaction rate constant in the solid phase is propor-
tional to the square root of the rate constant of the corre-
sponding liquid-phase reaction. Fig. la shows that Eqn.(43)
describes satisfactorily the results30 in Table 2 on the

quenching of singlet oxygen by various agents: the formula
is satisfied for a variation in the reactivity of quenching
agents in the liquid phase by factors >105.

The above reasoning is consistent also with the reac-
tivities of valency-saturated inhibitors and stable radicals
towards peroxy-radicals26'27 (Fig. 8) and with data on the
chemical interaction of singlet oxygen with fused rings28'29

(Fig. 76).

Figure 8. Comparison of rate constants in liquid and
solid phases (#iiq in ethylbenzene and/escj in polystyrene)
for interaction of peroxy-radicals with: a) valency-
saturated inhibitors; b) stable radicals.

The parameter <p has been estimated30 from the deacti-
vation rate constant k& and the diffusion coefficient of
singlet oxygen. The active centre traverses on the
surface of the larger molecule a path of the order of the
length of a great circle. This result tends to validate the
approximation of a relatively short path made in deducing
formula (41).

The models discussed above are evidently extremely
rough approximations. However, the experimental results
can be explained on the hypothesis that steric factors of the
rate constants of chemical reactions in liquid and solid
phases are interrelated by the above formulae. The
essence of the models is that variation in reactivity is
determined by significant change in character of the motion
of the reactant species. In the liquid phase this merely
involves the meeting or collision of two species; but in the
solid phase comparatively lengthy relative motion in the
pair is involved.

- - - 0 O 0 - - -

It has been thus been shown above that the main kinetic
features of solid-phase reactions can be explained in
terms of the single concept of a difference between solid
and liquid phases in the character of the motion of reactant
species in them. Transition from an ideal liquid to an
ideal solid involves a sequence of qualitative changes in
chemical kinetics. In a relatively mobile medium (at
temperatures above the glass point) the relation between
the reactivity of chemically different species changes,
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and their activities level off within a given class of reac-
tions. Roughly under the same conditions the mobility of
the medium begins to influence significantly the rate con-
stants of the primary reactions. In more rigid matrices
(below the glass point) the relative immobility of the
medium does not allow "mixing" of relative species among
all possible states in the given medium, which entails the
appearance of unusual chemical kinetics.

Several aspects of practical importance—the causes of
kinetic non-equivalence of species in structurally different
cages, the nature of the relation between the kinetics of
variation in cage structure and the kinetics of molecular
motions of the matrix, the properties of the medium gov-
erning the influence of the motion of species in a cage on
their reactivity—remain open questions. The last prob-
lem is especially important, since there are indications36

that a transition from "liquid-phase" to "solid-phase"
reactivity occurs in polyalkenes at temperatures above
100°C, more than 100 deg above the glass point, and thus
under conditions such that the medium can no longer be
regarded as a solid but as a very viscous liquid. It is
therefore possible that certain kinetic features of solid-
phase reactions can be observed even in ordinary liquid-
phase processes.
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