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The kinetics of radical reactions in solid polymers have a number of features which are examined in the present review in relation
to the destruction of macroradicals, the reactions of macroradicals with macromolecules, and also the reactions involving low-
molecular-weight substances. The mechanism and kinetics of the migration of the free valence in solid polymeric matrices are
discussed in detail. Attention is concentrated on the relation between molecular mobility and the kinetics of radical reactions

in solid polymers.
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I. INTRODUCTION

Interest in theoretical problems of the kinetics of radical
reactions in solid polymeric matrices arose in the period
between the 1950's and 1960's in connection with the
development of the radistion chemistry of polymers and
later in connection with roblems of the stabilisation and
modification of polymers and the micromechanics of their
decomposition. i

The first studies already showed that the kinetics of
radical reactions in solid polymers are distinguished by a
number of features: they depend to a greater extent than
in the liquid phase on the physical properties of the medium,
primarily on the molecular mobility; the main ideas about
chemical kinetics, developed for reactions in the gas and
liquid phases, namely the Law of Mass Action and the
Arrhenius equation, in many instances do not hold formally,

etc. This makes it necessary to regard the kinetics of
radical reactions in solid polymers as an independent branch
of chemical kinetics. The problems of the kinetics of
radical processes in solid organic low-molecular-weight
matrices are related to this field. The results of these
studies have been surveyed in a series of reviews and
monographs® ™21,

Unusual phenomena have been recently observed in this
field, which entailed the creation of new theoretical models;
the amount of quantitative kinetic information has increased.
The aim of this review is to analyse the present state of the
experimental and theoretical studies (primarily those of
recent years) on the kinetics of radical reactions in solid
polymers, to discover the main characteristics of these
processes, and to formulate the main ideas and key problems.
At the same time the review does not claim to cover fully the
extensive experimental and theoretical data available.
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I1. KINETICS OF RADICAL REACTIONS [N SOLID POLYMERS

The kinetics of radical reactions in solid polymers are
distinguished by a number of phenomenological features.

1. The transition from the liquid phase to solid polymers
is frequently accompanied by the replacement of simple
kinetic laws by complex laws specific to the solid phase.
The most striking example is provided by the so-called
stepwise kinetics—the decrease of the reaction rate long
before the complete consumption of the reactants ('"kinetic
arrest”). It is observed in the recombination of radicals
and radical pairs, in the addition of oxygen to macro-
radicals, in radical substitution, etc. The theory of step-
wise kinetics has been described?°~13. It is assumed that
the observation of stepwise kinetics shows that the reacting
species have a range of rate constantst. Therefore, in
contrast to the usual kineties, describing the reaction with
the aid of a single "monchromatic” constant, the stepwise
kinetics are frequently also referred to as "polychromatic™.

2, In most cases the experimental Arrhenius parameters
of the rate constants for bimolecular reactions in solid
polymers (the effective activation energies and pre-
exponential factors) are much higher than the "normal”
values characteristic of gas-phase and liquid-phase
reactions; they are frequently linked by the compensation
relation [the compensation effect (CEF)}:

1g (Bo)efs =a+bE. (1)

The CEF is common in both chemical kinetics and in the
kinetics of certain physical processes (diffusion, viscous
flow, molecular mobility, etc.) and has been discussed in a
number of studies®s’>'*"1%, In the vast majority of cases
the CEF does not have a real physical significance and is
merely a consequence of the incorrect application of the
Arrhenius equation. The most general idea concerning the
origin of the CEF has been put forward by Lebedev et al.!®
If the true activation energy varies with temperature for
any reason, then the Arrhenius equation is strictly speaking
inapplicable to the analysis of experimental results.
However, if the temperature variation of the activation
energy (3E/3T) is not too great, then the experimental
data can be described formally by the Arrhenius equation
within a comparatively narrow temperature range, but
the effective values of Eofr and (k¢)eff then obtained differ
from the true values:

Eeq=E—T(E[OT)

(ko)eff = ko €Xp (_‘ E}‘ 'g%) 3
and are linked by the compensation relation (1). If, for
example, E = 10 keal mol™? and 3E/3T = —0.05 kcal mol™!?
K™!, then at 300 K we obtain Egpr = 25 keal mol™!, i.e.
2.5 times greater than the true value. This is compensated
by the apparent increase of the pre-exponential factor by a
factor of 101,

+ A recent study of the kinetics of the reaction ('IZH5 + 0, ~
C2H562 in solid methanol* has shown that this conclusion is
not ambiguous. If the stepwise kinetics are due to a range
of rate constants, then the decrease of the concentration of
('32H5 can be described by the expression

[CaHs] = [CaHgly D) g exp (— £;[0a18)

where g; _is the statistical weight of the rate constant k;.
The 1g {[C,Hs]/[C.Hs13} - [0,]; kinetic curves obtained
for different values of [0,]1{[0,] » [C;H;s],} should merge,
which is not observed.

Russian Chemical Reviews, 51 (3), 1982

Another cause of the appearance of the CEF may be
associated with the "polychromaticity" of the reaction
kinetics in the solid phase. If the presence of a range of
rate constants for the reacting species is caused by the
presence of the corresponding range of activation energies,
then the compensation effect automatically arises'®!’. One
must note that the CEF can obtain also for a fairly narrow
range of rate constants when the "stepwise nature" of the
kinetics is not yet observed directly.

3. The absolute values of the rate constants for reactions
in solid polymers are in most cases much lower than the
rate constants for the analogous reactions in the gas and
liquid phases. This applies not only to rapid reactions,
whose rates are limited in polymeric matrices by the rate of
encounters of the reactants (this is quite natural), but
also to the comparatively slow processes occurring under
kinetic conditions.

4. As shown below, the kinetics of reactions in solid
polymers are associated with the kineties of molecular
movement. In principle, there are two "channels" via which
the molecular dynamics of the polymer can influence the
Kinetics of chemical reactions: (1) the change in the rate
constant for the encounters as a result of a change in the
coefficients of the translational diffusion of low-molecular-
weight reactants as well as macroradicals and macromolecules
(in the latter case as a consequence of the change in the
frequencies and amplitudes of segmental movements);

(2) the influence on the interaction of reacting species in the
vapour and in the cage, i.e. on the chemical step proper.
The first "channel", transmitting the influence of molecular
mobility on the kinetics, is fairly trivial. On the other
hand, the direct influence of molecular mobility on the
chemical step is of great interest—it is specific to reactions
in solid polymers and so far has no analogy in the liquid
phase.

Apart from the fundamental characteristics of the kinetics
of reactions in solid polymers indicated above, one may also
mention a series of other less significant features—the clear
kinetic non-equivalence of different regions of the polymer
and the non-uniformity of the distribution of the reactants
in the specimen (particularly in amorphous-crystalline
polymers), which is frequently encountered. These
anomalies are associated mainly with the structural-physical
inhomogeneity (microheterophase nature) of many polymers
and a fairly extensive "freezing" of the diffusion of the
reacting species.

With increase of temperature, the intensity of molecular
movement in the polymer increases, while at the same time
the typical "solid-phase" stepwise kinetics approach
increasingly closely the usual "liquid phase" kinetics. The
glass point Ty constitutes the boundary, although the latter
is not always sharp. On transition through Tg, a change
in the kinetic laws governing the destruction of macro-
radicals!®, the isomerisation of low-molecular-weight
substances in polymeric matrices!®”2!, and complex processes
such as oxidation®? and graft polymerisation®?, is observed;
there is also a change in the nature of the influence of the
external pressure on the kinetics of the recombination of
macroradicals??~ 2%, At the temperature Tg a break is
sometimes observed in the curves for the temperature
variation of the rate of decomposition of radical initiators?®
and for the destruction of macroradicals®’:?%, as well as for
the diffusion coefficients of gases and vapours?®,

The stepwise solid-phase kinetics, which obtain under the
conditions where molecular movements are extensively frozen
below Ty, have been frequently discussed!~*'*"!.  On the
other hénd, the kinetics of reactions in "softer" polymeric
matrices, which are of great practical interest, have begun
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to be studied extensively only in recent years. In the
present review attention will be concentrated on the latter
case.

Before considering the kinetics of specific radical reactions
in solid polymers, it is necessary to answer the question
whether the above kinetic anomalies are due to the high
molecular weight of the reacting species or whether they are
associated with the phase state of the polymer as a solid.
Many factors support the second hypothesis.

1. The rate constants for the reactions of a stable
nitroxy-radical, i.e.

with fused polyethylene and its low-temperature analogues
(n-heptane and n-hexadecane) are identical at 175—220 °C.3°

2. The rate constants for the reactions of the t-butoxy-
radical with polypropylene, polystyrene, and their low-
molecular-weight analogues in solution at 125 °C also hardly
differ®*. At a low temperature (45 °C) certain differences
do appear, but they are probably caused by the presence
under these conditions of a specific conformation of the
macromolecules (coil) which decreases the accessibility
of many sections of the macromolecules and is equivalent to
a decrease of the effective concentration of the polymer.

3. The rate constants for the destruction of peroxy-
macroradicals of polystyrene in solution at 25 °C (1.6 x
10° litre mol~! s™! 32) and their low-molecular-weight
analogues—the peroxy-radicals derived from isopropyl-
benzene (10*~10° litre mol™! g~ 3%3*)—are very similar.

On the other hand, many kinetic features of the radical
reactions in solid polymers are observed also in those cases
where both reactants are low-molecular-weight substances
(see Section III below) and also for reactions in solid low-
molecular-weight matrices’~%®. Thus the main cause of
the kinetic anomalies of reactions in solid polymeric matrices
is associated with the characteristics of the phase state of
the above systems, mainly with the restriction of the mole-
cular movement.

111, REACTIONS INVOLVING LOW-MOLECULAR-WEIGHT
SUBSTANCES

The characteristic features of these reactions consist in
the fact that at least one of the reactants migrates
comparatively readily in the polymer via physical diffusion
and the rate of the process is limited by the encounters of
the reactants only for fairly rapid reactions. However,
since the diffusion coefficients of low~molecular-weight
substances in solid polymers are nevertheless lower than in
liquids, the boundary at which the kinetics change to the
diffusion-dependent type shifts to the region of slower
reactions. For the majority of processes involving low-
molecular-weight substai:ces, the problem of their chemical
nature does not arise and the kinetic information obtained
can be referred to a specific elementary reaction.

The theory of diffusion-controlled reactions in solid
matrices (including polymeric matrices) has been considered
in a number of studies?7:1%2%3 and in the most general
form by Whaite®’. For a bimolecular reaction between A and
B, where B is a low-molecular-weight substance, it is
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possible to distinguish three stages:

(1) the macrodiffusional stage in which the reactants are
non-uniformly distributed in the given volume and B diffuses
as a consequence of its concentration gradient;

(2) the microdiffusional stage—there is no concentration
gradient and the rate of the process is determined by the
rate of encounters of A and B, the encounters resulting
in the formation of the pair [A...B];

(3) the kinetic stage—chemical interaction in the pair.

The case where there is no concentration gradient is of
greater interest. According to the simplest model®®,
chemical interaction takes place when A and B enter a single
cage with a volume v* (of the order of magnitude of the
molecular volume). In the quasi-stationary approximation,
we obtain the following expression for the concentration of
the pairs [A...B]:

—d[A]/di=—d[B]/di=ke[A]{B]

Es e (2)

kgt ok, !
where kg and ky are the rate constants for the microdiffu-
sional and chemical stages. If kg << ky. then kegs = kgv*
(stage 2 is rate-limiting); on the other hand, if kg » ky,
then kegff = k,v* (stage 3 is rate-limiting). In the general
case kq and k, are combined in accordance with the law of
kinetic resistances [Eqn.(2)}].

Although there are extensive experimental data on reac-
tions with participation of low-molecular-weight substances,
a large proportion of these are either qualitative or the
kinetics have been studied under specific conditions
(mechanodegradation, low temperature#), which preclude
a sufficiently rigorous comparison of the rate constants
obtained with the corresponding parameters of the liguid-
phase reactions. )

Fairly numerous studies have been made on the addition
of oxygen to macroradicals. This process is of interest
for the kinetics of the oxidation of polymers. The rate
constants for the interaction of O; with alkyl radicals in the
liquid phase are large (~10° litre mol™* s™! %) and therefore
in solid polymers, where the diffusion coefficients of O, are
significantly lower than in a liquid, this reaction usually
proceeds under diffusion-dependent conditions36:%07%2,
Thus in polystyrene the rate of addition of O, is independent
of the nature of the radicals®*®. The diffusion coefficients
of O, obtained on the basis of the kinetics of the reaction
R + O, ~ RO,, are close to the values found by independent
methods. For example, Doz, obtained on the basis of the

kett =

kinetics of the oxidation of allyl macroradicals in the
amorphous phase of y-irradiated polyethylene, is 1 x 107%° cm
s7! at 190 K,*! while direct measurements of DO “3 yielded

2

5 x 1071 em™? 7! (extrapolation to 190 K). The stepwise
kinetics of the oxidation of macroradicals are observed at
low temperatures*®*?, which agrees with the "stepwise"
nature of the diffusion of oxygen itself**. However,
according to Bresler and Kazbekov's data®, the interaction
of O, with the macroradicals of poly(methyl methacrylate),
polystyrene, and poly(vinylacetate), obtained in the
mechanodegradation of polymers, takes place under kinetic
conditions and the observed rate constants are clearly
lower than the diffusion-dependent values.

2

#At low temperatures tunnel effects can be significant?®:3%,
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Table 1. The rate constants for the reactions of low-molecular-weight substances in solid
polymers and in the liguid phase (at 25 °C).

Reaction Polymer or solvent | kg, litre mol'l s'1 E, kcal mol1 k, litre mol-! s'1 References
polystytene 09.4-10¢ 1,3 1-10¢ {181
o
i+ © -
—CH— ]
1 n-heptane — — 3.3-108(23%) [33]
i+ @—C 1 —> oM,
= o
o
o+ —> products
—CH—
polystyrene 1,2-108 0.8 3.2.10% [48]
H+ radicals - products liquid phase — — >108 [33]
CHs+RH—CH,+R polypropylene 27109 206 0.2(100°) [49]
. /N VAN
CH; + ’ J - CH,+ ‘ I n-heptane 73-10° 10.7 3.8-10%(1008) [33]
N N
H” \CH, NcH,
OH (l')
o . . .
RAAVA R \(\\ R
n ’ +4 RO~ | ‘ -- ROOH polypropylene 6.3.10'5 198 3.2.10%(80°) [16]
\I/ \l/
R R
OH ‘]J
. , , .
ROAR AR
L + rb, — “ l - rOOH ethylbenzene 88.108 41 25 104(80°) {50}
¢ 7Y
R’ R
OH ?
RO AR RaAA
) l + RO “ ] + ROOH polypropylene — — 81-10%(115°) {51]
NS \[/
CH; CHs
OH ?
. | . ’ ’
BN BNAR
U +10, ﬂ | + rOOH ethylbenzene 37.107 49 6.5-104(115°% [50}
Y
[
CH,3 CH,
o ?H
R \/YR RGAAR
L + ROOH - J + RO, polypropylene 2,5-10° 16,0 45-10-2 [52]
% )
R R
ditto polypropylene 9,7-101 26,6 3,1-10-4 [46]
. polyethylene 2,5-101 16,5 2-10-2 [52]
o OH
] , o .
RN AR R\ AR
t 4-rOOH u + rO; benzene 3,3-10¢ 9,6 0,30 [45]
/ N
R R
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Table 1 (cont'd).

Reaction Polymer or solvent ko, Litre mol-l s'1 E, keal moll k, litre moll 571 References
G -+ ROOH - RO, -+ GH ** | polypropylene 1,7.10" 23,5 1,1-10—4 [53]
ditto 'solution of poly- 1,6-10° 10,0 6,8-10-3 [54]
propylene .
hydroperoxide
R OH R o in benzene
| R’ R | R ) ]
NN NN
l/\l + m - ’/\l + “ polypropylene 5.108 18,0 3.10-5 [55]
N / N Ve
AN N AN W
! |
o OH
ditto benzene 1.3-104 100 56-10-4 [55]
R
) | N/ R
J/ NN ) 7
\t \‘/+ “ ” -)R—< \NOCH~< >~0 polypropylene 1.6-10¢ 110 1.4-10~4 [56]
/| —
PANYAN i 7\ CH R
é, CHCH,
benzene 1.6-10 7.0 1.2:10-8 {561

*Reaction with t-butyl hydroperoxide,
. R’\ /R’
**G = galvinoxyl o=("">=cu¢ -0
4 \w
#*%R = - COCH;.

Under diffusional conditions, the phenoxy-radicals
apparently recombine with the macroradicals. In the
liquid phase the rate constants for the reaction

[o} o 0
¢ | . ’ ] ) . il ’
RNAR IR R R
U st (]| ([
X X0 | X J
(here and henceforth R' = t-Bu in structural formulae) are

close to 10° litre mol~? 57%;*° in solid polypropylene this

quantity is significantly reduced: k = 6 x 10° litre mol™! s7?!
for X = C(CH,); at 80 °C.** The diffusion coefficient of
the 2,4,6-tri-t-butylphenoxy-radical estimated from these
data (2.5 x 10”2 em? s™! at 80 °C) agrees with the diffusion
coefficient of ionol, which has a similar molecular weight,
measured directly in this polymer"’.

The reactions occurring under kinetic conditions are of
much greater interest for the theory of radical reactions in
solid polymers (Table 1). The data presented in Table 1
must be treated with extremely great caution. One of the
reasons for this is that one cannot always eliminate from the
polymer the residual amount of the solvents usually
employed for the introduction of low-molecular-weight
substances into the polymer. As will be shown below,
sometimes even traces of the solvent are capable of greatly
increasing the rates of reaction in solid polymers. For
this reason, the measured rate constants®?5%5%%% nmust be
regarded as merely the upper limits of the true rate con-
stants in solid polymeric matrices.

The first feature to which attention is drawn in the
analysis of the data in Table 1 is a significant decrease (by
a factor up to ~10*) of the rate constants for reactions in
solid polymers compared with the liquid phase. In most
cases this is caused by the increase of the activation energy

(the CEF is then usually observed); on the other hand,

for reactions of hydrogen atoms, this is caused by the
decrease of the pre-exponential factor§. We emphasise yet
again that the decrease of the rate constants on transition
to solid polymers, noted above, is in no way associated with
diffusion-dependent obstacles—in certain cases (for
example, in reactions of the methyl radical with polymers,

of phenoxy-radicals with polymeric hydroperoxides, and

of nitroxy-radicals with phenols) the rate constants for

the encounters of the reactants, estimated from the diffusion
coefficients of the corresponding low-molecular-weight
substances exceed the experimental constants by 5—10 orders
of magnitude.

Another characteristic feature of reactions involving low-
molecular-weight substances, which was first observed by
Karpukhin et al.®’, is some levelling of the reactivities of
reactants having similar structures. Thus the rate
constants for the reactions of peroxy-macroradicals with
oxidation inhibitors (phenols, aromatic amines) in the solid
polymers differ much less than in the liquid phase"®:5%5759,
This phenomenon can hardly be explained by the fact that
the above reactions proceed under diffusional conditions.
This is particularly evident for reactions in the comparatively
"soft" polypropylene at high temperatures, where the
calculated rate constants for the encounters of the
inhibitors with peroxy-radicals exceed the experimental
reaction rate constants by a factor of 102-103.

§We may note that the rate constants for the reactions of
hydrogen atoms have been measured at a low temperature
where the tunnel mechanism frequently operates?®®%? and low
pre-exponential factors are in fact characteristic of the
tunnel mechanism.
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The influence of molecular mobility on the rates of
reactions involving low-molecular-weight radicals is
extremely interesting. The rate constants for the reactions
of phenoxy-radicals with polyolefin hydroperoxides®?°% and
of the nitroxy-radical with phenolic compounds®® and
methylenequinone® increase appreciably (the pre-exponential
factors and activation energies diminish) after the addition
of small amounts of chemically inert aromatic solvents and
gradually approach the "liquid-phase" values (Table 2).

The role of solvents, plasticising the polymer, evidently
reduces to increasing the molecular mobility. Indeed the
increase of the rate constants is correlated with the increase
of the rotational frequency of the paramagnetic probe%%°%:5¢,
characterising the intensity of the segmental movements in
the polymer (Fig.1). Since the above reactions are known
to occur under kinetic conditions, one must consider the
influence of molecular mobility directly on the chemical step.
Presumably the decrease of the rate constants for the other
reactions in Table 1, on passing from the liquid phase to the
solid polymer, is also associated mainly with the decrease of
molecular mobility.

10%k, litre mol'! §7!

15
of
10 .2
5 &4
1 1 L
10 20 Jg

108y, 571

Figure 1. Dependence of the rate constant for the reaction
of the 4-benzoyl-2,2,6,6-tetramethylpiperidinyloxy-radical
with 2,4-di-t-butylphenol at 60 °C in polymer matrices

[1) polyethylene; 2) polypropylene; 3) polystyrene] on
the rotation frequency of the nitroxy-radical v,,¢ (according
to the data of Griva et al. ).

IV. DESTRUCTION OF MACRORADICALS

Although the number of studies devoted to the kinetics of
the destruction of radicals in solid polymers is very large
(they have been surveyed in a number of reviews*® 816-12)
only comparatively few of them define sufficiently clearly
the experimental conditions: the nature of the radicals,
their location and spatial distribution (the latter is
particularly significant when the radicals are generated
by ionising radiation), the concentration of low-molecular-
weight substances, which can significantly influence the
kinetics of the destruction process, as will be shown below,
etc. We were therefore forced to approach very cautiously
the discussion of the extensive experimental data, preference
being given to studies in which the experimental conditions
have been defined sufficiently unambiguously.

At temperatures below Tg the rate of destruction of
radicals is usually low and is frequently described by step-
wise kinetics. Above Tg, the usual bimolecular kinetics are
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as a rule observedf, but the rate constants for the destruc-
tion of microradicals (k;) are almost always lower than the
corresponding constants in the liquid phaset, the effective
activation energies are high, sometimes reaching 30—40 kecal
mol™!, and the CEF is usually observed. The kineties of
the destruction process are strongly influenced by factors
which alter the intensity of the molecular movements in the
polymer—orientation, mechanical deformation, external
pressure, plasticisation, ete. (for further details, see
below).

Table 2. The influence of benzene on the rate constants for
the reactions of phenoxy-radicals with polypropylene
hydroperoxide at 25 °C.

Phenoxy-radical [CeHel, % Iitlrcg’mol'l 51 kcalE;-nol'l &, litre mol-! |References
o 0 9,7-10' ! 26.6 3.1-10-4 [46]
R | R 4(8),4 2,5~10‘-; lgg g,glg': %gg]}
6.3-10 12, 8- 10—
\i/\l/ 100 3.3.108 9.6 0.30 [45]*
]
N
!
R
R’ /R’ 0 17 10:1 23.? éé lg—; {gg}
m— 5.2-10 9 10—
0= Necn-¢ 2ol 109 ; s
0= __ p=CH-{_ 3-0| 100 1.6-10 10.0 6.8-10 [54]
R’/ \Rl

*For the reaction with t-butyl hydroperoxide.

In solid pelymers the rate of destruction of macroradicals
is usually limited by the rate of their encounters and the
problem of the kinetics of the destruction process thus
reduces to the problem of the mechanism and kinetics of
the processes leading to the encounters. For this reason,
the study of the destruction of macroradicals yields informa-
tion about the physical and chemical processes resulting in
the migration of the free valence in the solid polymer rather
than about the nature of the elementary step. One can
imagine two fundamental mechanisms of such migration—
physical diffusion of macroradicals and chemical migration of
the free valence (relay process, "chemical" diffusion), which
takes place as a result of the alternation of chemical reac-
tions.

. The rate constant ke for the encounter of the radicals
Rp and Rp is related to their diffusion coefficients (physical
or "chemical" diffusion) Da and Dg (cm® s71) by the

fFaster initial sections are frequently noted, which is
characteristic of diffusion-controlled processes®®?37,

t1In the liquid phase the recombination (disproportionation)
rate constants are usually 10°-10° litre mol™! 5™, while the
activation energies are close to zero.  Peroxy-radicals are
an exception; the rate constants for their destruction are
significantly lower, particularly for tertiary peroxy-radicals
(103-10° litre mol™* s™%, activation energies up to 8-10 kecal
mol'l). 33,59 .
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Smoluchowski equation:
ko=4na(D,+Dg)6-10° (litre mol! s71),

where a is the effective distance (cm) over which the radicals
interact chemically. If Dy = Dg = D, then

ke~1.5-10%aD (litre mol™* s™).

In the chemical migration the physical significance of the
quantity D depends on the specific migration mechanism (see
below), but in any case D is an effective parameter charac-
terising the rate of migration of the free valence. As in the
liquid phase, the quantity a is close to the kinetic diameter
of small molecules (3—5 &)#. The possible mechanisms of
the encounters are examined below.

1. Physical Diffusion

At temperatures above T, the intensity of small-scale
molecular movements in polymers is fairly high and does not
differ in principle from that in viscous liquids. For
example, the rotation of stable nitroxy-radicals (the
paramagnetic probe), controlled by the low-amplitude move-
ments of elements of the macromolecules, takes place at a
frequency in excess of 10° s™! in polypropylene and
polyethylene at temperatures in excess of 60 °C.71773,
According to high-resolution neutron spectroscopic data”™,
the hydrogen atoms in the C—H bonds in the amorphous phase
of polyethylene execute random movements about the equi-
librium position with an amplitude of 2.5 A and a frequency
of 5 x 102 exp (-4500/RT) (~5 x 10° s™! at 60 °C), which
is close to the rotation frequency of the paramagnetic
probe. However, with the exception of radical pairs, the
average distance between the radicals almost always
significantly exceeds 3-5 R and movements with this
amplitude cannot therefore by themselves ensure the
encounter of the radicals.

The movements of segments of the macromolecules are
characterised by a much greater amplitude (up to 30 R,
but the diffusion coefficients corresponding to this type
of molecular mobility are usually fairly low even at
temperatures above Tg. Thus D = 107** em® 57! near T
in polystyrene®®. In the comparatively "soft" poly-
ethylene at 60 °C (higher by 60—80 °C than Tg) we have
D = 107'® em? s71,%° which corresponds to a rate constant
for the encounters (for @ = 5 &) ke = 1072 litre mol™! s7%;
on the other hand, the experimental value of k; for the
destruction of peroxy-radicals under the same conditions
is greater by 7 orders of magnitude®!. This constitutes
a further reason why there is no point in considering the
diffusional mechanism of the encounters of macroradicals in
the crystalline phase or in the amorphous phase at tempera-
tures Ty, because the intensity of the segmental movements
is then negligible. One must note that in many instances
of practical importance (for example, in the oxidation of
polyolefins’®) the average distance between the radicals
amounts to hundreds of angstroms and their encounters
cannot be ensured by physical diffusion alone even in
principle.

#According to Butyagin’®, the quantity a reaches 75 & in
polymers. Such high values of a, which evidently have no
physical significance, are apparently obtained as a result of
the not entirely correct application of Waite's diffusional
model®’ to the analysis of experimental data for the kinetics
of the destruction of macroradicals.

*PE = polyethylene;
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The absence of a dependence of the rate of destruction
of macroradicals on their nature is a virtually unambiguous
criterion of the diffusional mechanism of the encounters.
This case apparently obtains above T, in isobutylene and
in the ethylene—propene copolymer, where the rate con-
stants for the destruction of alkyl and peroxy-radicals are
similar and the frequencies of the diffusional jumps calculated
from the kinetic data for the destruction process are of the
same order of magnitude as the frequencies of the segmental
movements determined by independent methods!’. On the
other hand, the rate constants for the destruction of macro-
radicals usually depend greatly on their nature (Table 3)
and this phenomenon cannot be accounted for by a change
in the probability of reaction on encounter, because the
peroxy-radicals, for which the destruction rate constants in
the liquid phase are significantly lower than for other
active radicals, are in fact destroyed at the highest rate?®.
A diffusional mechanism of the encounters can be postulated
for radicals with a low reactivity (for example, the allyl
radicals in polyethylene®®), whose chemical migration is
unlikely.

Table 3. The rate constants for the destruction of certain
macroradicals (at 60 °C).
(24 Yo ky,

Polymer Radicals t, °C mr:_ 1mol-l E. keal mol'l liu:lmol'l Refs.
PE** allyl 60+100 | 1.6-102 | 35.0%** 1.6-10-2

PE** RO, —5++24 | 1.4-10% | 185 1-10¢ | [61]
iPP** (RO, 25+102 | 32.107 | 285 6-107 | [62]
PPR** RO, 50+-90 5-1015 | 247 4.5-10-3] [63]
a-PP RO: 45-63 | 1.3.101 | 130 36-100 | [64]
PS alkyl 40100 1-10'% | 24,0 0.18 [65]
PS RO, —25+ 414 | 14-1010 | [30xmex 40 —
PS RO, —8++10| 1-104 | 176 25-102 | (661
PMMA | ~CH,C(CH;) COOCH, —40+100 | 1.5-107 [ 29,0 1.5-10-2| [65]
PMMA RO, 5-+37 2.1013 | 19 2%%¥%x 5 —
PMMA  |RO, —22+15 | 25.107 | 170 18 167]
Nylon-6 |alkyl —3+47 | 13-10° | 120 16 168}
Nylon-6 |RO; —40++25 | 1.6.10" | 14.6%*+esx | 3.108 | —
PVA alkyl 2061 1-10% | 230 0.8 [65]
PVA RO; —17+37 2.1010 | 135%+x*s | o8 —
PIB alky! and RO, —63+—23 | 1.9.1017 | 18.0 11(—30° | [10]
EPC alkyland RO, —63+—23 | 3.102 | 220 46(=30°) [10]

i-PP = isotactic polypropylene;
a-PP = atactic polypropylene; PS = polystyrene; PMMA =
poly(methyl methacrylate); PVA = poly(vinyl acetate);
PIB = polyisobutylene; EPC = ethylene—propene copolymer.
**In the amorphous phase.
***Caleulated from data of Wenn et al.®’
**x*In the crystalline phase.
**k*+*Calculated from data of Bresler et al.®®
**+#*¥kCalculated from data of Davydov et al.®®

Analysis of experimental data suggests that the diffusional
mechanism of the destruction of macroradicals in solid poly-
mers is more an exception than the rule, and that in most
cases neither the amplitude nor the intensity of the mole-
cular movements can ensure the encounter of the radicals.
From the standpoint of the diffusional mechanism of the
migration of the free valence, the acceleration of the
destruction of macroradicals in the presence of low



210

concentrations of chemically active low-molecular-weight
substances (H,, O0,, Cl,, cumenyl hydroperoxide, monomers,
ete.) is completely inexplicable. There is no doubt that
the main mechanism ensuring the encounter of macro-
radicals in solid polymers at not unduly high temperatures
is "chemical" diffusion.

2. The Relay Migration of the Free Valence with
Participation of Macroradicals Alone

This version of "chemical" diffusion has been most widely
discussed in the literature. The migration of free valence
can be achieved as a result of a sequence of identical-
transfer reactions, for example, for alkyl radicals in
polyethylene:

~ CHyCHCH, ~ -+ ~ CHaCHyCH; ~ > ~ CHCH,CHy ~ + ~ CH,CHCH, ~  (3)

or the repetition of a cycle of reactions, for example for the
destruction of peroxy-radicals:

RO, +RH—+R+ROOH 4)
fast

R+0, - RO, . (5)
We shall refer to this type of migration mechanism as

trivial relay; it has been proposed by Dole et al.’® and

Koritskii et al.’” and subsequently developed”-®%7®. The

effective diffusion coefficient, characterising the trivial relay,

is defined by the expression

Atk, [RH
D= e p6[ ] y
where ), is the average distance over which the free valence
migrates during a single "step" (of the order of magnitude of
the length of a chemical bond), kp is the rate constant for
the rate-limiting reaction in the relay process [for example,
reaction (3) or (4)] and [RH] is the concentration of the
monomeric unit; the product kp[RH] has the significance
of the jump frequency. The rate constant for encounters
is given by the following expression:

8xahle, [RH)

e

6-10% ~2.5.10*akzk, [RH] (litre mol™* s7*). (6)

The principal argument in support of the trivial relay is the
sharp increase of the constant k; in the series of radicals
allyl < alkyl < peroxy,® in qualitative agreement with the
variation of k,, in the same senuence®®.

The most significant experimental confirmation of this
mechanism of the migration of the free valence is available
for peroxy-radicals. The destruction of peroxy-macro-
radicals is accompanied by the chain process involving the
absorption of O, and the formation of a hydroperoxide’»7%:8°,
In fact the chain oxidation of polymers is itself a process
involving the relay migration of the free valence.

Oxygen in many instances accelerates the destruction of
alkyl macroradicals even when the concentration of peroxy-
radicals is too low to be detected by EPR.® %%, This is
possible if the rate of reaction (3) is comparatively low and
the chain propagation reaction (4) is in fact very effective.
Analysis of this situation shows®!+®2 that the kinetics of the
destruction of alkyl radicals should obey a bimolecular law
and the effective rate constant should be proportional to the
oxygen concentration, which agrees with experiments®!.

Comparison of the experimental values of kt and ke,
calculated by Eqn.(6), is possible only in rare instances,
since accurate values of the rate constant kp in solid poly-
mers, necessary for the calculation of kg, are usually

unknown.
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Sufficiently reliable values of k4 and kp are available for
peroxy-radicals in amorphous atactic polypropylene® and in
the amorphous phase of isotactic polypropylene®%8%8, It
has been shown®2®° that at 60 °C k; = 6 x 107 litre mol™* s~
and kp = 1.5 x 1072 litre mol™* s™'.  Assuming that
Ap =3x107%cm, @ =5 x 107% em, and [RH] = 22 M, we
find ke = 3.7 x 1072 litre mol™! s~! from Eqn.(6), i.e. lower
by 4 orders of magnitude than the experimental value of k;.
A similar result has been obtained also for atactic poly-
propylene. In order to achieve agreement between kg, and
k¢, it is necessary to assume that, under the given condi-
tions, the "step” of the relay is A\p = 400 &, which is
naturally unrealistic within the framework of the trivial
relay.

An unusual version of the relay mechanism of the migra-
tion of the free valence obtains under the conditions of
graft polymerisation. When the monomer M is brought into
contact with a polymer containing stabilised macroradicals
Rp, a chain polymerisation process develops:

Rp + M— [Ru],

Ral, + MR, .

This process is accompanied by an appreciable acceleration
of the destruction of macroradicals.

One chain propagation step leads to the migration of the
free valence over a distance Apo» equal to two chemical bond
lengths (~2—-3 R); the jump frequency is evidently kpo[M].
Then the effective diffusion coefficient for the migration of
the free valence is Dpo = 25 0kpo[M1/6 while the bimolecular
rate constant for the encounters of the radicals is

1

ko — 2.5+ 10%a)3k, [M]

This mechanism of the migration of the free valence is in
essence similar to that of migration with participation of
macroradicals alone. The difference is that the slow stage
of the relay

R (RO,) +RH *2, RH ROOH) + R

is replaced by the much faster polymerisation chain propaga-
tion reaction. The ratio of the rate constants for the
encounters determined by chain polymerisation and the \
trivial relay mechanism, which amounts to kpo[M]/kp[RH],
can be fairly large even for [M] <« [RH], because the

ratio kpo/kp for vinyl monomers reaches 10°~10°. %

The results of the study of the kinetics of the destruction
of macroradicals in the postpolymerisation of tetrafluoro-
ethylene on y-irradiated Teflon®’ agree satisfactorily with
the analysis presented above.

3. The Relay-Diffusion Mechanism of the Migration of the
Free Valence

As shown in the preceding section, the simplest variant
of "chemical" diffusion—the trivial relay—is usually
unsatisfactory. Firstly, the trivial relay does not explain
the fairly large "step" in the relay, reaching sometimes
hundreds of angstroms, and the high absolute rates of
migration of the free valence observed in many cases.
Secondly, in this variant of "chemical" diffusion, purely
physical stages of the migration of the free valence are in
essence ignored, which, as a rule, prevents a quantitative
explanation of the clear relation between the kinetics of the
destruction of radicals and molecular mobility. The idea
that mobility influences the chemical step proper in the
valence transfer reaction does not always help. The calcula-
tion of the rate constants for encounters by Egqn.(6), even
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when "liquid-phase" rate constants for the transfer of
valence kp (which is apparently the upper limit of this
quantity in solid polymers®®) are used, leads to values of
ke which are in many instances lower by several orders of
magnitude than the experimental k,.

We shall consider the relay-diffusion model of the migra-
tion of the free valence in which the chemical relay is
combined with the diffusional migration of segments (Fig.2).
As an example, we shall consider reaction (3). As a result
of the thermal movement of the segments, both the radical
centre ~CH- (black circle) and the —CH,-reaction group
(open circle) are capable of migrating within a sphere having
a radius Ag of the order of magnitude of the size of the
segment. This single reaction step can result in the trans-
fer of the free valence over a distance up to 2)g. Depending
on the ratio of the frequencies of segmental movements (vg)
and relay transfer steps {k,[RH]}, the foilowng extreme
situations are possible. If iy <« kp[RH] (molecular mobility
is greatly reduced), then the seg'mental movements should
not contribute much to the migration process and this case
will not differ from the trivial relay considered in the
previous section. If the segmental mobility is high {vg >»
kp[RH]}, then during a period l/kp[RH] between two

elementary steps in the transfer of the free valence, the
reaction centres have sufficient time to move around the
entire sphere with a radius Ag and during a single "step"
of the relay the free valence migrates not over a distance
Ap but over a much larger distance in the range A, < A4 <
2)Ag. Thus the chemical relay takes place with a step close
to the characteristic amplitude of the segmental movements.
The analytical expression for the rate constant for encounters
is analogous to the Eqn.(6), it being only necessary to
replace A, by 75. If the frequencies of the segmental
movements and of the relay are comparable, then kg has an
intermediate value.

P ~ ~
/ N
i \ \
| ( !
h /‘\ j
\____,// ™ _M,—/
As As !

Figure 2. Illustration of the relay-diffusional model of the
destruction of macroradicals in solid polymers.

It must be emphasised that in the mechanism of the
transfer of the free valence considered here the decisive
factor remains the chemical rclay, the segmental mobility
ensuring only a much larger step in the relay. The relay-
diffusion mechanism agrees with the idea that diffusion-
controlled stages are present in this process—the stages
comprising the movements of the segments are of this kind.
In very "rigid" polymers, where even a limited segmental
mobility is virtually absent, the step of the relay is
A = 1.5-3 & and the migration of valence is ensured solely
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by the chemical reaction (trivial relay). In "soft" polymers
the amplitude of segmental movements is large (>\ up to

60 &), which, in principle, can ensure fairly hlgh rates of
migration.

Since the effective diffusion coefficient of the free valence
is proportional to A%, even a comparatively small increase of
the parameter ) leads to an appreciable increase in the rate
of migration of the free valence compared with the trivial
relay—in the limit by a factor (21g/2,)*. This can evidently
still prove to be inadequate to explain the very rapid macro-
radical destruction processes. For example, in the case of
the destruction of peroxy-radicals in polypropylene at 60 °C
considered in the previous section {kp = 1.5 x 1072 litre
mol™! =1, [RH] = 22 M, a = 5 x 10”%cm]}, k, is only 15 litre
mol ! s7! even for Ap = 2Ag = 60 &, which is lower by a
factor of 40 than the experimental value ky = 6 x 107 litre
mol™! g71,

4. Migration of the Free Valence with Participation of
Low-Molecular-Weight Radicals (Kinetic Analysis)

The constant kg can increase sharply if low-molecular-
weight radicals, with a much greater mobility than macro-
radicals and therefore capable of migrating over com-
paratively long distances in the solid polymer, participate
in the migration processes. The analytical expressions for
Dy and kg depend on the mechanism of the formation of
light radicals. We shall consider three versions: chain
transfer to the low-molecular-weight admixture, the dissocia-
tion of macroradicals, and the formation of light radicals in
the decomposition of the initiator.

The case of the transfer of the free valence to a low-
molecular-weight admixture rH as a result of the reaction

R+ rHA, RH+r (&)
has already been considered®®. If ¥ disappears mainly in
the reverse free valence transfer reaction

t4RH B fH4+R (8)

then its lifetime between elementary steps of reactions (7)
and (8) is T = 1/k,[RH]. During the time 7, the radical
(its diffusion coefficient is D) makes a jump over a distance

h = VD — VDA A

and the frequency of these jumps is evidently v = k;[RH].
For the effective diffusion coefficient of the free valence, one
can write

Dy = 22v/6 = kD [rHI/k, [RH]
The corresponding expression for the rate constant for

encounters is

__ 4na2Dyky [tH] 6-10%0 ~ 1.5.10% aDyk, [rH]

= . 9
¢ &, [RH] &y [RH] ®

The derivation of Eqn.(9) can be approached in a different
way. Since usually [F] « [R] the reaction

t 4+ R*., products (10)

can be regarded as virtually the only one in which the total
number of radicals diminishes. The kinetic mechanism
incorporating reactions (7), (8), and (10) is described by
the system of differential equations

d|[rl/dt =ky [R) [tH] — kq [1] [RH] — &3 [7] [R] ,

d [R)/dt = — ky [R] [tH] + kg [r] (RH] — ko [ (K]
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When the concentration of R is high and kg[l.{] »> k,[RH], we
obtain for the rate of destruction of macroradicals

— d[Ry/dt =22, [tH} [R] .

On the other hand, usually k3[}'1] <«< k,[RH], which implies
that the encounter of the free valences is preceded by
several cycles of reactions (7) and (8) or, in other words,
the distance over which r migrates during its lifetime is
significantly shorter than the overall migration path of the
free valence before destruction. Then

. 2kyks [tH] g
d [Rydf =¥ = b RE ReE

i.e. the destruction of macroradicals is described by a
second-order equation with respect to the radical with the
effective constant
kogr =2k, & [TH]/R,[RH] | (11)
We shall assume that reaction (10) is controlled by diffusion
with D,, whereupon we obtain
ky=4naDx6x10* , (12)

On substituting Eqn.(12) in Eqn.(11), we obtain Eqn.(9).
If the low-molecular-weight radicals are formed in the
dissociation of macroradicals or in the decomposition of the
initiator Y, reaction (7) must be replaced by reactions (13)
and (14) respectively:

(13)
(14)

R %, {4 products s

Y&, r

Table 4. Kinetics of the destruction of macroradicals as a
result of the migration of the free valence with participation
of light radicals.

Rate of destruction of macroradicals

No. of radical r

formation reaction ke for ks [R1 € &y [RH]

for kIR1m ks[RH]|  for £ [R1 < &,y [RH]

2kky [rH] [R]? aDok, [rH]

m 24 [1H] [R] 7. AT 15400 73, TRey @
. Dhghy (R]? aDok,

13 20IR] TRl 1510 £ Rey (99

(14) Wo — W, —

The expressions for the rate of destruction of macro-
radicals and the rate constant for the encounter of the free
valences, obtained in terms of an approximation analogous
to that used in the previous case, are presented in Table 4.

The above analysis shows that the bimolecular law
governing the destruction of macroradicals with participation
of light radicals, which is most frequently observed
experimentally, can be realised if the source of light
radicals is reaction (7) or (13), while k3[R] << k,[RH].

If, on the other hand, the low-molecular-weight radicals
are formed in the decomposition of the initiator, then the
bimolecular law governing the destruction of macro-_
radicals should not be observed for any values of [R].

We shall compare the bimolecular rate constants for
encounters in the migration of the free valence with partic-
ipation of light radicals ( kel) and as & result of the

trivial relay (ke ), having assumed that the distance a
2
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over which the radicals react chemically is in both cases

the same. When ¥ is formed via reactions (7), the ratio

ke /ke can be obtained on dividing Eqn.(9) by Eqn.(6):
1 €

keytkes = 6Dk, [THI/ATk Ry [RHE .

Assuming that A, = 3 x 107° em, k, = k;, = 107* litre mol™*

s7!, [RH] = 10 M and D, = 10-10 em? s—l, we find k_ /k_ =

7 x 105%,[RH]. The ratio k, /k, > 1holds subject 1o
1 2

to the condition that ki[rH] » 1.5 x 107° s~!, which obtains
readily even for comparatively low values of [rH]. If T is
formed in the dissociation of macroradicals, the ratio ke / k
is obtained on dividing Eqn.(%) by Eqn.(6): 1 @

kellkeZ = GDokAA/}‘:kzkp [RHP? .

kp[RH], and D, as in the
> 1, provided that
2

Using the same values of A,, k,,
previous case, we find that ke /ke
1

k, » 1.5 x 107% 57!, which is frequently also readily
obtainable.

Thus the involvement of light radicals can ensure a more
effective migration of the free valence than the trivial relay
and the relay-diffusional mechanism of migration. It is then
possible to attain fairly high absolute values of kg. For
example, an estimate®® for the destruction of peroxy-radicals
in polypropylene undergoing oxidation at 130 °C, based on
the assumption that the free valence is transferred to low-
molecular-weight products of thermo-oxidative degradation,
leads to k, = 10°-10° litre mol~! s7*, which is fairly close to
the experimental values of k;.°%°". The mechanism of
migration with participation of light radicals also agrees well
with the idea that diffusion-controlled stages are present in
the migration process; in the present instance the
diffusion of light radicals is such a stage.

Table 4 shows that the two mechanisms of the formation of
low-molecular-weight radicals [reaction (7) and (13)] cannot
be distinguished solely on the basis of data for the kinetics
of the destruction of macroradicals. The low-molecular-
weight chain transferring agents rH in reaction (7) can be
both specially introduced additives and random admixtures
as well as polymer degradation products (in particular a
high yield of low-molecular-weight products is observed in
thermo-oxidative degradation). The latter case has been
discussed®®.

We shall now consider a more universal mechanism of the
formation of light radicals—the dissociation of macro-
radicals. Radicals tend to dissociate to a greater extent
than the corresponding molecules, and the commonest
dissociation mechanism involves the dissociation of the
f-bond (the so-called B-decomposition). Radical recombina-
tion and disproportionation processes compete with the
dissociation reaction. Since the lifetime 7 of active
radicals in the liquid and gas phases is usually short and
rarely exceeds 1 s, it is possible to observe only com-
paratively rapid dissociation processes under these condi-
tions§. The situation changes in solid polymers where 7
is significantly greater and sometimes reaches many hours.

§In the bimolecular mechanism of the destruction of
radicals 1) = 1//Wsky; the usual value of kt for active
radicals in the liquid phase is 10° litre mol™* s7%,33 while
the rate of initiation w, in kinetic experxments is rarely
below 107° mol litre™! s!. Hence 1 £1s. The probability
of the dissociation of the radical is 10% subject to the con-
dition that k, = 0.1/1) 2 0.1 s™*; thus in the liquid phase
it is virtually impossible to detect dissociation processes with
ky, < 0.1s7%,
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One can therefore expect that macroradical dissociation
processes play a considerably greater role than the
analogous reactions of low-molecular-weight radicals in
the liquid and gas phases¥.

5. Migration of the Free Valence with Participation of
Low-Molecular-Weight Radicals (Experimental Data)

We shall now consider experimental facts indicating the
involvement of light radicals in free valence migration
processes in solid polymers.

1. When chlorine is brought into contact with
y-irradiated polyethylene containing stable alkyl radicals,
the polymer undergoes chain chlorination, which is
accompanied by a decrease of the concentration of macro-
radicals at a rate several orders of magnitude greater than
in the absence of molecular chlorine®®. The high rate of
destruction of alkyl radicals. is ensured by the participation
in the migration process of Cl atoms formed by the reaction

R+Cly >RCl+ €l
and capable of trayversing comparatively long distances before

recombining with R or before the reverse chain transfer
reaction step:

RH + Cl - R 4- HC1

In this case chlorine plays the role of a kind of catalyst of
the destruction of macroradicals.

2. Catalysis of the migration of the free valence by
hydrogen is observed in y-irradiated polyethylene®7~1%?,
The rate of migration can be inferred from the kinetics of not
only the destruction of alkyl radicals (Rqjik) but also of the
conversion of ﬁalk into allyl radicals (Rg)) (the rate of the
latter process is apparently limited by the rate of encounters
of the free valence with a double bond). Both processes
are significantly accelerated by hydrogen (by a factor of
~15 for sz = 400 mmHg at 24 °C in the transition Rajx +

f{all) and to a lesser extent by deuterium, the magnitude of
the effect being proportional to the H, of D, pressure.

In the absence of hydrogen, the migration of the free
valence in the polymer apparently takes place as a result
of the reaction

Ry + RH 2 RH £ Rai (15)
In a hydrogen atmosphere migration can take place as a
consequence of the repetition of the reaction cycle:
£ kr
Rak + H; - H+RH
alk + Ha + y (16)

H+RH— Hy + Ry

The occurrence of deuterium isotope exchange in such a
system?®? confirms the above mechanism. Reaction (18) can
be more effective than reaction (15) from the standpoint of
the migration of the free valence in the polymer, although

This also applies to low-molecular-weight sterically
hindered radicals, which cannot compete or disproportionate
with one another even in the liquid phase owing to steric
hindrance. The range of such radicals has greatly
expanded in recent years® 5. Many of these are destroyed
at a low rate as a result of the B-decomposition followed
by the recombination of the fragment radical with the initial
radical.
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k, << kg. This is associated with the exceptionally high
mobility of H atoms+.

3. The rate of the chain oxidation of polyolefins decreases
in the presence of the low-molecular-weight hydroperoxide
C.HC(CH;),00H."2 The effect is evidently also caused by
the increase of the effective termination rate constant as a
result of the involvement in this process of light radicals
arising in the reaction

R, + CeHyC (CHgly GOH — ROOH + CyH,C (CHy)y 00

This mechanism has been confirmed directly in a study’®
where the increase of the rate of destruction of peroxy-
radicals in polypropylene in the presence of a low-molecular-
weight hydroperoxide {by a factor of ~7 for [C¢HsC(CHj,),.
.OOH] = 0.12 M at 25 °C} was observed directly by EPR.
However, the effect is comparatively small, which implies that
an extremely effective migration mechanism, possibly
involving low-molecular-weight radicals (see below), obtains
in solid polypropylene even without the addition of a low-
molecular-weight hydroperoxide.

4. In poly(methyl methacrylate), polystyrene, and
poly(vinyl acetate) at temperatures below Tg, i.e. under the
conditions of highly limited mobility of the polymer molecules,
the destruction of macroradicals proceeds at a measurable
rate (Table 3) and is accompanied by the formation of con-
siderable amounts of low-molecular-weight products®’»19%,
The authors®”1%® concluded that the high rates of destruction
of radicals are ensured by the involvement in the free
valence migration processes of low-molecular-weight radicals
arising on dissociation of the macroradicals. A new con-
firmation of this migration mechanism in polystyrene has
been recently obtained!®*, The destruction of the peroxy-
macroradicals in the presence of an alkyl radical acceptor—
a stable nitroxy-radical R,NO—is accompanied by the forma-
tion of the ether R ,NOr, which is not "attached" to the poly-
mer. This evidently implies that low-molecular-weight alkyl
radicals arise in some way in processes leading to the
destruction of macroradicals.

5. Light radicals apparently play a significant role also
in processes involving the destruction of peroxy-macro-
radicals in polypropylene and polyethylene. The thermal
oxidation of polyolefins is accompanied by the formation of
volatile products’ and of low-molecular-weight as well as
polymeric hydroperoxides!®®. These data indicate an
intense decomposition of the macroradicals, in which the
decomposition products can include low-molecular-weight
radicals. The latter have been detected directly by
EPR in the thermal decomposition of solid polypropylene
hydroperoxides!®®. It was assumed earlier that the dissocia-
tion is undergone mainly by alkoxy- and terminal alkyl
radicals. However, recent studies have shown that one of
the main processes responsible for the degradation of poly-
ethylene!’” and polypropylene*?®1°? ig the decomposition of
peroxy-macroradicals#.

A specific mechanism of the decomposition of RO, has been
proposed!!?,113;

b N , ;
C=0 + O + CHy=C
e N S i SN

+1In solid polymers hydrogen atoms diffuse over distances
up to ~107° em without reacting with macroradicals!®®.

#Data indicating the dissociation of peroxy-radicals in
polytetrafluoroethylene have been published??110,111
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However, the OH radicals formed in this process are very
reactive and for this reason can hardly traverse long
distances in the polymer. Another mechanism of the
decomposition of RO, can be agsociated with the ejection of
the considerably less active HO, radical. Processes of this
kind are known in the liquid phase close to room temperature
for peroxy-radiecals derived from hydroxy-compounds!!*}15
and certain unsaturated hydrocarbons!!®, for example, in
the oxidation of cyclohexa-1,4-diene:

This mechanism has been invoked to account for the sharp
increase of the rate of destruction of macroradicals of the
cyclohexadienyl type in polycarbonate in the presence of
0,.%'7  One cannot rule out the possibility that the decom-
position of RO, with ejection of HO, takes place also in poly-
olefins and other polymers.

The bimolecular rate constant for the destruction of
peroxy-radicals in polypropylene subjected to preliminary
oxidation decreases with increase of the concentration of the
polymeric hydroperoxide in accordance with the law’%%°

a

~ »fc[ROCH] an

ky
where a, b, and ¢ are constants. This dependence of k; on
[ROOH] can be accounted for most naturally within the
framework of the mechanism of migration with participation
of low-molecular-weight radicals. The polymeric hydro-
peroxide plays in this case the role of a trap for light
radicals. As a result of the reaction

{+ROOHY I 1RO,
the latter are replaced by polymeric peroxy-radicals, which
reduces the effective rate of migration. The expression for
the rate constants for the encounters of the free valences
will differ from those quoted in Table 4 by the fact that the
term kj[ROOH] appears in the denominator. For example,
if the light radicals arise in the dissociation of the macro-
radical RO,, the following expression is obtained:

aDyk,

— . 22 —_—
he=1,5-10 ks [RH] -+ £, [ROOH]  *

the form of which does not differ from that of Eqn.(17). Of
the two possible mechanisms of the formation of light radicals
participating in the migration of the free valence—chain
transfer to a low-molecular-weight impurity and the
dissociation of the macroradical-—the second mechanism is
more probable in the given instance’s.

6. The Influence of Molecular Mobility on the Kinetics of
the Destruction of Macroradicals

Many facts are known indicating a relation between the
kinetics of the destruction of macroradicals in solid poly-
mers and molecular mobility—the decrease of the rate of
destruction on passing from an amorphous to a crystalline
phase®1%63118-11% 5 [ower value of k, in oriented specimens
compared with non-oriented specimens®%'2%, the increase
under these conditions of the effective activation energy
for the destruction process®®, the increase of the stability
of macroradicals when the polymer is cross-linked'?,*?2,
the identity in many instances of the activation energy for
the destruction of macroradicals and the activation energy for
the segmental movements in the polymer measured by NMR
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(see the references in the review of Pudov and
Buchachenko?)§, the increase in the rate of destruction of
macroradicals in three-dimensional polymers with increase
of the length of the oligomer block®?®, etc.

Two methodological procedures, whereby the mobility
can be subjected to a controlled variation within wide limits,
based on the change of the external pressure and the
plasticisation of the polymer by chemically inert solvents,
have been used recently in the study of the influence of
molecular mobility on the kinetics of the destruction of macro-
radicals.

In amorphous polymers—polystyrene?*, poly(vinyl
acetate),?* poly(methyl methacrylate),*?5 polyamides?®,
and polycarbonate!?’—the constant k; decreases with
increasing pressure at temperatures in excess of T, (in some
cases by a factor of 10°—10° at p = 10* atm). Below Tg, the
influence of p on k; is comparatively small. The nature of
the dependence of k; on p is such (Fig.3) that the greatest
effect is observed at comparatively low pressures p; at each
temperature above Tg there is a critical pressure pop, above
which k; depends only slightly on p. At p < pg, the
dependence of k; on p is described by the relation'?*

k,=Agexp[—(E+pV*)/RT) , (18)

where V* is the activation volume and E sometimes changes
as the pressure is altered?%12°,

Although the specific cause of the influence of p on kit in
each case is not known exactly, a common factor is apparent-
ly the fact that the pressure affects the kinetics of the
destruction of macroradicals via molecular mobility. With
increase of pressure, the density of the polymer also
increases, which lowers the intensity of molecular move-
ments, this being manifested particularly by an increase of
T, [for example, in poly(methyl methacrylate) dTg/dp =
2"x 1072 K atm™! '2°], a decrease of the free volume, a
decrease of the rotation frequency of a paramagnetic
probe!®?, ete. Eqn.(18) shows that an increase of p affects
k; in the same way as a decrease of temperature.
Presumably the glass point is attained at p = pgp-

The variation of the external pressure constitutes an
extremely promising instrument for investigating the
mechanisms of processes involving the destruction of
macroradicals (and apparently also other radical reactions in
solid polymers), particularly in a simultaneous study of
molecular mobility. For example, in the basis of the data of
Szocs and Plack?’, Szocz and Rostasoval?? concluded that
there are two mechanisms of the destruction of terminal
radicals in poly(methyl methacrylate). In the region of low
pressures and high temperatures (high mobility) the
destruction process is characterised by E = 29 kecal mol™?
and V* = 70 &% and the destruction apparently takes place
as a result of physical diffusion; in the region of high
pressures and low temperatures (low mobility) E = 17 kcal
mol™!, V* = 7.5 &3, and the free valence most probably
migrates with participation of the light radicals formed on
dissociation of the macroradicals. The study of the
influence of pressure on the kinetics of the destruction of
the radicals can also yield information about the localisation
of the radicals in amorphous-crystalline polymers. Since
pressure alters the molecular mobility virtually only in the

§This agreement between the activation energies should,
incidentally, be treated with much caution, because radicals
are sometimes localised in the crystalline phase of the poly-
mer, while data for the mobility refer to the amorphous
phase.
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amorphous phase, the weak dependence of k; on p at
temperatures above Tg indicates the localisation of the
radicals in the crystallites!?®.

k,, litre mol™ ! s7*
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Figure 3. Dependence of k; for terminal macroradicals in
poly(methyl methacrylate) on pressure at different tempera-
tures??S,
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Figure 4. Temperature dependence of k; for peroxy-radicals

in polystyrene for different contents of benzene (%): 1) 0;
2) 2; 3)5; 4)12; 5) 90; 6) dependence of k; on the
benzene content at 270 K.°®

The plasticisation of the polymers exerts a significant

influence on the kinetics of the destruction of macroradicals.

Thus the destruction of peroxy-radicals in polystyrene®®
(Fig.4) and polypropylene®%!% is greatly accelerated by the
addition of comparatively small amounts of aromatic solvents,
while the destruction of macroradicals in cellulose is
accelerated by the addition of water?®. The accelerating
effect can be explained solely by an increase of molecular
mobility. The variation of k; in solid polypropylene in

the presence of o-dichlorobenzene is correlated with the
rotation frequency of the paramagnetic probe'*?. Table 5
shows that the increase of k; is accompanied by a decrease
of the activation energy and the pre-exponential factor; at
fairly high concentrations of the additive these quantities
approach the liquid-phase values.
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The results of the consideration of the kinetics of the
destruction of macroradicals are presented in Table 6.
The operation of one of the mechanisms for the migration
of the free valence in a specific system, discussed above,
depends on the ratio of two factors: the intensity of the
molecular movements in the polymer and the reactivity of
the macroradicals. If the reactivity of the macroradicals
is low and the intensity of the segmental movements is
very great, the free valence will migrate mainly as a result
of physical diffusion. This situation apparently obtains in
elastomers above Tg and in highly plasticised polymers.
In other cases physical diffusion leads to a very slow
migration and cannot as a rule compete with "chemical”
diffusion. When the free valence transfer reaction is
fairly effective (high values of kp), one may expect that
the migration will take place via a relay-diffusional
mechanism or, in the specific instance where the mobility
is frozen to a large extent, via the trivial relay mechanism.
If, finally, the macroradicals tend to dissociate or low-
molecular-weight chain transferring agents are present in
the system, the dominant mechanism of the migration will
involve processes with participation of light radicals. Such
migration mechanism ensures, in principle, the highest
absolute rates of destruction of macroradicals.

Table 5. The influence of added aromatic solvents on the
kinetics of the destruction of peroxy-macroradicals in solid
polyolefins.

(LD '

B - - ¢
Low-molecular-weight additive titze morl g1 | £+ keal mot-! litee mol! s1 Refs.

Polypropylene
— 3.2-10% 28.5 4 [62]
~2.5 M benzene 5.6-101 145 1.2.10% 162)
0.8 M o-dichlorobenzene — — 45 [132]
Polystyrene

— 101 17.6 125 [66}
0.6 M benzene 32.107 6.3 8.10% {66]

*The values of i; at 25 °C are quoted.

Table 6. Characteristics of the valence migration processes
in a solid polymer.

Factors determining migration mechanism , ]
= S 2
_— 9 O ]
‘S—E-Ewi“s,gg E;‘.’ é)—g
Migration mechanisms| segmental mobi- & o3 5 g.{ 29 '§ 28 E RS
lity (D, A P o lsgzsz|55E EXE | 5EE
Zi®EE| 28T SEg g E2
162 EnERey| £E® | Ex%
Physical high low absent low D, D
diffusion .

Trivial low high absent low kpl.: LA
relay -
Relaydiffusion I high high absent low kplz by A

mechanism
With participation
of light radicals:
(a) chain transfer compara- low | present low Rk ItH] D, | k1, Dy
to low-molecular- | tively low
weight admixture
(b) dissociation of |compara- ‘low absent high kyDy D,
macroradicals tively low




216

It is clear from the foregoing that the mechanism of the
migration of the free valence is actually determined not only
by the nature of the polymer and temperature but also by the
type of macroradical, the localisation of the radicals in the
amorphous or crystalline phases of the polymer, the presence
of low-molecular-weight admixtures (plasticisers or chain
transferring agents), ete.

The last column of Table 6 shows the parameters through
which molecular mobility influences the kinetics of the
destruction of macroradicals as a function of the migration
mechanism. Furthermore, in each specific instance it is as a
rule impossible to specify the "channel" for the exertion of
the influence, because, as we have seen, it is fairly difficult
to establish reliably the migration mechanism.

V. REACTIONS OF MACRORADICALS WITH MACRO-
MOLECULES: R, +R,H > R;H +R,

Since both reactants are in a single "cage", the reactions
of this type always proceed under kinetic conditions. At
low temperatures (as a rule below T,), where the destruction
of radicals is still inappreciable, the reactions of macro-
radicals with macromolecules can be investigated directly,
by following the concentrations of R, and R, by EPR.

The reactions of terminal radicals in polyethylene®®*

~ CH,CH, + ~ CHyCH,CH; ~ — ~ CHyCH; + ~ CH,CHCH, ~

and the reactions of peroxy-radicals (chain propagation
in oxidation)

RO, + RH - R 4-ROOH (19)
in polyethylene, polypropylene!®®, polyethylene—urea
complexes’®, polystyrene®”®®, poly(methyl methacrylate)!®57,

polycaproamide, and polyac.rylongtrile67 have been investi-
gated in this way. The RO, ~ R transition at low tem-
peratures is as a rule described in terms of stepwise kinetics.

The quantity kp for RO, can also be obtained from the
kinetics of the chain oxidation. The rate of oxidation w
is given by the following expression on the assumption
of fairly long chains:

0.

k
wo, = —= (20)

t
If the rate of inijtiation w, is known, then it is possible to
find the parameter kp/vk; with the aid of Eqn.(20).
Independent measurements of the termination rate constant
k; are necessary for the determination of k. The relevant
data are presented in Table 7.

The most detailed information has been obtained for poly-
propylene. The quantities kp//Et, measured at different
temperatures and using different initiators, are fairly
similar. The discrepancies between the k, are very
significant owing to the considerable discrepancies between
the k; in different studies.

In principle, ky can be calculated from ki for the
destruction of macroradicals subject to the condition that the
migration of the free valence is caused by "chemical"
diffusion. However, even if the migration mechanism has
been established reliably (which can be done, as already
stated above, in comparatively rare instances), the calcula-
tion of k, involves large errors, because the necessary
parameters [for example, the elementary jump -is for the
relay-diffusional mechanism of the migration of the free
valence—see Eqn.(6)] are usually estimated very approxi-
mately .

RHI Vw, .
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Thus the information about the rate constants for reac-
tions of macroradicals with macromolecules is so far fairly
limited and refers virtually only to the reactions of peroxy-
radicals.

We shall consider the influence of molecular mobility
on the kinetics of reaction (19). Since both reactants are
always in direct contact, one may consider here the influence
of mobility solely on their interaction in the cage.

In the crystalline regions of isotactic polypropylene the
radicals RO, are destroyed ~10" times more slowly than in the
amorphous regions and the transition RO, + R hardly
occurs®®, although the rate constant for reaction (19) in the
amorphous phase is extremely large®. Thus at 80 °C
kp = 1.5 x 10! litre mol * s™?, which corresponds to an
average reaction time 1/k,[RH] = 0.3 s. Apparently the
only cause of the enormous difference between the
reactivities of RO, in the crystalline and amorphous phases
is the difference between the intensities of the molecular
movements.

It has been shown*3** that the rate of oxidation of
polypropylene diminishes and the relative decrease of
stability after oxidation in the presence of the same amount
of absorbed oxygen is smaller when the system is oriented.
This apparently implies that the chain propagation rate
constant k, for strained polymer chains with a limited
mobility is significantly lower than for the unstrained chains.

The results of the study of reaction (19) in amorphous
polystyrene in an inert atmosphere below Tg are even
clearer®®, At 210-293 K the process is described in terms
of stepwise kinetics with a hyperbolic initial distribution of
peroxy-radicals with respect to rate constants. Thus
peroxy-radicals of identical chemical nature differ greatly
in their reactivities. Analysis of the stepwise kinetics
makes it possible to find the limits of the distribution of
(kp)max and (kp)min and of the corresponding activation
energies (Table 7). It is of interest that the quantity
(kp)max is fairly close to the rate constant for the reaction
of a low-molecular-weight analogue of polystyrene (cumene)
with its peroxy-radical in the liquid phase®:,

The physical significance of the stepwise kinetics in the
given instance is that at a given temperature the more
active radicals are "burnt off" more rapidly with k, close
to (kp)max? as a result, the distribution curve shifts
towards radicals with (kp)pin (Fig.5) and the overall rate
of the process is sharply retarded. An analogous
phenomenon is observed in poly(methyl methacrylate).'®
Evidently any influences on the polymer promoting the
restoration of the initial distribution will "restore" the initial
rate of reaction. This has been achieved®® by a brief
dispersion of the specimen, in which the active radicals have
been "burnt off", at 77 K1.'? The dispersion results in
relative migrations of macroradicals and macromolecules and
in a change of the local environment of the radical and of
molecular mobility in the vieinity of the radical; in other
words, the distribution functions with respect to kp are
mixed, which results in the restoration of favourable
relative orientations of the radical and the surrounding
macromolecules from the standpoint of reaction (19). When
reaction (19) is carried out in an atmosphere of O,,
"chemical" mixing of the distribution function takes place
as a result of the generation of new peroxy-radicals in the

10,88

YAt 77 K reaction (19) does not proceed even under
dispersion conditions owing to the presence of a large
activation barrier.
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Table 7. The values of kp/vk; (litre 12 ol /2 §71/2) and of the rate constants kp (litre mol™! s71)
for the reaction RO, + RH + R + ROOH in solid polymers (at 80 °C).

Oxidation conditions — B — 5 - &,
Polymer* (i;(iltiatg’r, £.°C) (kp!VEr}) | By keal mol 1 (kg1 V) References (koo E, kcal mol-1 74 References
PE dicumenyl peroxide 5.6-10° 212 4.10-3 [138] 6.5-10% 305 7.7-10-3% hid
110+130
PE in urea clathrate — — — — —_ 246 — {136}
compounds, 70-108 .
a-PP di-t-buty! peroxy- 3.1.102 85 1.8.10-3 [64] 1.1.108 15.0 55-10- [64]
oxalate, 45-63
a-PP benzoyl peroxide, 48 62 69-10- {139} 16-107 12,1 0.5¢4 [139]
76-105
i-PP autoxidation, 1.7.102 9.0 4.5-10- [140] 34-10 9.0 0.89 [140]
PP 110-140 6.2 10¢ 128 7.5.10- [141] — -~ -~ -
autoxidation, 120-140%**
i-PP photo-oxidation, 1.4-10% 85 4.10—4 [142] — — - -
20-140***
LPP PP hydroperoxide, 17 6.6 8.1-10-% [84] 9610 21.0 0.1 [82]
azobisisobutyro-
nitrile, 44 -92****
PB-1 benzoyl peroxide, 9.1-10° 18,0 6.5.10~4 [139] 1.3-101 18.0 0.89 [139]
76~119
P-4-MP-1 benzoyl peroxide, 107 20 4.10-4 [139] — — - -
85-95
PEO radiation oxidation, — — 3.3-10-4(25") [137] — — — -
25
PS(max) —63+-+20 37107 103 0.7(20%) [88)
PS(min)**** — 1.4-1012 21.0 3:10-4(20°) ﬁ‘s\!
PMMA YR 0+—20 8.108 120 8.10-3(20%
PMMAE:?:)**“** 14-10 258 8-10-6(20° [10]

*PB-1 = polybut-1l-ene, P-4-MP-1 = poly-4-methylpent-1-ene, and PEO = poly(ethylene oxide);
for the significance of the remaining abbreviations for the polymers, see Table 3.
**The constant k; = 1.4 x 10® exp(-18500/RT) (litre mol~! 57!) taken from Davis et al.®! was

used.

***Recalculated for the amorphous phase on the assumption that the degree of crystallinity

is 0.6.

***xThe constant k; = 3.2 x 10°* exp(-28500/RT) (litre mol™* s7*) taken from Roginskii and

Miller®? was used.

**+%+0n the basis of the "stepwise"” kinetics of the transition R62 + R in an inert atmosphere.

reaction
R+0, RO, .

"Thermal" mixing of the distribution functions is also
possible.

Kmin Fmax

Figure 5. a) Kinetics of the reaction Réz > R in poly-
styrene; b) changes in the curve jllustrating the range of
rate constants for RO, reactions in the course of the kinetic
experiment (according to Radtsig's datal®).

Molecular mobility influences the rate of reaction (19) also
in "softer" polymer matrices where the stepwise kinetics are
not as yet observed. Thus kp increases significantly in
the oxidation of solid polypropylene at 25 °C in the
presence of the chemically inert o-dichlorobenzene, the
growth of kp being correlated with the increase of the
rotation frequency of the paramagnetic probe characterising
molecular mobility!%?,

VI. PHYSICAL MECHANISMS OF THE INFLUENCE OF
MOLECULAR MOBILITY ON REACTIVITY

As shown in the previous sections, one of the charac-
teristic features of radical reactions in solid polymers is that
their rate is frequently related to the kinetics of molecular
movements even under kinetic conditions. This is mani-
fested both in reactions of macroradicals and macromolecules
and in processes involving low-molecular-weight substances.
If the treatment is confined to processes whose rates are
not limited by the encounters of the reactants, it is
possible in prineciple to set up two physical models relating
the kinetics of chemical reactions in polymers to molecular
mobility.

In the first model, which can be called the delayed
rehybridisation model'*®, it is assumed that the macro-
relaxation time in polymers is long compared with the dura-
tion of the chemical step. For example, in the abstraction
of a hydrogen atom from an sp’-carbon atom in the polymer
chain the hybridisation should change to sp®, this being
accompanied by a change in valence angles (from 109° to
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120°) and bond lengths; the latter requires structural
relaxation. In the liquid and gas phases both steps—

the abstraction of a hydrogen atom and rehybridisation—
take place sychronously, while in a polymer matrix they are
separated in time. As a result of the low rate of structural
relaxation in polymers, the energetically most favourable
activated complex cannot be formed during the reaction step.
The process therefore follows a higher profile of the
potential energy surface compared with the liquid (gas)
phase, which leads in its turn to an increase of the activation
energy and a decrease of the reaction rate constants. With
increase of mobility, structural relaxation is facilitated and
the delay of rehybridisation is correspondingly diminished;
as a result, the activation energy falls and the rate constant
increases, approaching the liquid-phase values.

There is no direct evidence for the reality of the delayed
rehybridisation model, which remains hypothetical.

Although many kinetic features of radical reactions in solid
polymers can be accounted for in the framework of this
model, some of its consequences are not fulfilled. In
particular the model predicts a significant decrease in the
rate constants for radical substitution reactions only in
processes involving the atoms in the main chain of the
macromolecule, whereas it has been observed, as shown
above, that the rate constants for reactions involving the
side groups of macromolecules as well as low-molecular-
weight substances are lower than in the liguid phase.

We shall now consider the second model. For.the chemical
reaction to occur, a rigorously defined orientation of the
reacting species and their elements (for example, the
unpaired electron orbital and the chemical bond) is necessary.
Thus the abstraction of a hydrogen atom by a free radical
requires that the bond undergoing association should be
arranged coaxially with the unpaired electron at a distance
of 1.5-2.0 &. In other words, it is necessary that the
state preceding the reaction (the prestart state) should be
located on the reaction coordinate. To attain this state,

a reorientation of the reacting species, as a result of trans-
lational and rotational diffusion, is necessary. This model
(we shall call it the structural-orientational correspondence
model) can in principle explain also the marked dependence
of the reaction rate on the molecular dynamics of the polymer
and its microstructure.

Many characteristic features of the kinetics of radical
reactions in solid polymers can be naturally explained within
the framework of this model: the sensitivity of the kinetics
to the structure and morphology of the polymers, the
decrease of the rate constants and the increase of the activa-
tion energies compared with the liquid phase, and the rela-
tion between the kinetics and molecular mobility. Solid
polymers are structurally inhomogeneous systems with a
broad distribution with respect to the frequencies and
amplitudes of molecular movements. Such frequency-
amplitude "polychromaticity" leads to a kinetic "poly-
chromaticity"—a wide range of rate constants and activation
energies for the reactants.

With increase of temperature, the molecular movements are
gradually "unfrozen"; as the temperature increases, move-
ments on a larger scale are "unfrozen'". As a result of this,
the effective activation energy (or the range of activation
energies) depends on the temperature. A kinetic conse-
quence of this change is the compensation effect and the
anomalously high activation energies and pre-exponential
factors, which lack physical significance. This also applies
to the rotational’®! and translational*’ diffusion of low-
molecular-weight substances, which are likewise controlled
by the molecular dynamics of the polymer. It is striking
that, if the Arrhenius parameters of the chemical reaction®’
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or the rotational diffusion of the paramagnetic probe'®! in
solid polymers have been obtained under the conditions of a
constant intensity of the molecular movements of the poly-
mer, then the activation energies and pre-exponential
factors approach the "normal" liquid-phase values.

However, when specific versions of the structural-
orientational correspondence model are considered, consid-
erable difficulties are encountered.

(1) In the model of "black spot" spheres it is
assumed that the reacting species exhibit a marked anisotropy
in their reactivity. In other words the reaction centre
occupies only a small proportion (the "black spot") of the
surface of the species. In order that contact between the
species in the cage should be accompanied by reaction, their
mutual orientation involving the coincidence of the "black
spots" is necessary. Analysis of the results of studiest*®15°
in which the above model has been considered most rigorously
shows that the dependence of the effective rate constant for
a bimolecular reaction on the rotation frequency of the
reactants can be observed in those cases where the rate of
reaction is limited by the encounters of the reactants, i.e.
occurs under diffusional conditions. However, as already
stated, such dependence is observed experimentally also
for reactions which clearly take place under kinetic condi-
tions.

A similar dependence is to be expected also when the
required orientation (contact between the "black spots™)
cannot be realised, in principle, during the existence of the
pairt. This situation is in its turn possible if the rotation
frequency of the reacting species in the pair is significantly
lower than the frequency of their translational migrations
(the latter determines the frequency of the decomposition of
the pair) or if the fraction of the required orientations is
low (this is equivalent to a low pre-exponential factor).

Comparison of the rotation frequencies of stable nitroxy-
radicals with the frequencies of their translational jumps in
solid polymers'5? shows that the first case apparently does
not occur. The second case can occur, according to the
data of Griva et al.%® for the reaction involving the addition
of a nitroxy-radical to methylenequinone in the matrices of
solid polyolefins: the pre-exponential factor in the
expression for the rate constant for this reaction in the
liquid phase is only ~10? litre mol™! s~!; however, it must
be admitted that the reactions with such low pre-exponential
factors are nevertheless encountered fairly rarely.

Thus the versions of the "black spot" model considered
cannot as a rule explain the experimental relation between
the rate constants for bimolecular reactions in solid polymers
and the molecular mobility.

(2) The stepwise orientation model can be represented by
the following scheme:

}‘\r+B1‘>(A ...BL[A...BL S (A ... B}, = products.

[ve ve [ve

56,148— 151

The pair [A...B], formed can either dissociate as a result
of the translational jump of one of the reactants at a
frequency v or can be converted into another pair [A...B],
with a different orientation of the reactants, etec. The
rotational movement of the partners in the pair at a frequency
vy "sorts through" the orientational states of the pair until
the latter is in the "starting" state [A...B], with the
orientation of the reactants favourable for reaction. The

+Otherwise the pair of reacting species is able to pass
through all the possible orientational states and the rate of
chemical reaction no longer depends on the rotation
frequencies.
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effective rate constant for a bimolecular reaction is

kv, v, n
kv, v,—l—vt)

kefr =

where n is the average number of orientational states
preceding the "starting" state [A...B],. The dependence
of keff on the intensity of molecular movements involves
mainly the numerator [v,/(vp + v,

(3) The "rigid cage" model®5'+'53 postulates that the
orientation of the partners in the cage favourable for
reaction has a statistically low probability, since it requires
that a potential barrier be overcome. In fact one assumes
here that the species in the cage are in thermodynamically
favourable orientations, but the reaction takes place in
other thermodynamically unfavourable states. It is
postulated that, when molecular movements are "unfrozen",
the statistical weight of the favourable orientations increases.
This model is in essence similar to the previous one, the
difference consisting in the fact that it involves a statistical
thermodynamic and not a kinetic treatment.

The "rigid cage" and "stepwise orientation" models, as well
as the "black spot" model discussed above, can operate under
conditions where the rate-limiting stage of the process is the
attainment of a favourable relative orientation of the
reacting species in the cage as a result of their rotational
diffusion. As already stated, this is apparently improbable.

The situation might be saved by the fact that the rotation
of the species in the polymer matrix is in general anisotropic,
i.e. the rotation frequencies relative to different molecular
axes are different. One might assume that the rotation
about an axis which requires the overcoming of a compara-
tively large potential barrier and is therefore slow is
important for the attainment of a favourable orientation of
the reactants in the cage and not rotation in general (which,
as already stated, takes place at a higher frequency in solid
polymers than translation). In other words, it is necessary
to assume that the activation energies for rotation about
different axes are different, i.e. that the anisotropy of the
rotation depends on temperature.

An experimental test*** did not confirm the latter hypoth-
esis. It was found that the rotation of the nitroxy-radicals
in polymer matrices is indeed anisotropic (incidentally the
rotation frequencies about different axes differ by not more
than an order of magnitude even for non-spherical radicals),
but the anisotropy is independent of temperature and hence
the activation energies for rotation about different axes are
the same. Thus even allowance for the anisotropy of the
rotation in the structural-orientational correspondence model
does not eliminate its difficulties.

(4) Finally mention must be made of the free volume
model?55, It postulates that the reaction takes place only
in certain local microregions of the polymer in which the
free volume fluctuates and for this reason the local molecular
movements are "unfrozen". This model is partly phenom-
enological; it does not deal in detail with the kinetics of the
elementary reaction step, but relates the effective rate
constants to physical paran:eters of the polymer such as
compressibility, coefficient of thermal expansion, etc. An
impression is created that the free volume model can explain
the dependence of the rate of reaction on mobility only
under the conditions of a low intensity of the molecular move-
ments at temperatures below Tg, while the greatest difficulty
arises in explaining this dependence in "soft" polymer
matrices at temperatures significantly above Tg.
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Thus the problem of the physical causes of the relation
between the chemical kinetics and the molecular dynamies in
solid polymers for reactions under kinetic conditions in
essence remains open.

The problems considered in the review, namely the rela-
tion between the kinetics of radical reactions and the mole-
cular dynamics of the polymer, the kinetics and mechanisms
of the migration of the free valence, and the physical models
of radical reactions, are fundamental key problems, on the
solution of which further development of the given field of
chemical kinetics, i.e. the kinetics of radical reactions in
solid polymers, largely depends.

In assessing the general state of this field, one must
recognise that, despite extremely extensive experimental
data, the majority of the problems can be discussed at the
present time mainly at the phenomenological level. The most
important tasks are a detailed investigation of molecular
dynamics in polymers and its relations with chemical kineties,
the elucidation of the true mechanism of radical processes,
and an increase of the accuracy and reliability of kinetic
information. All these require much effort and in particular
the development of new research techniques and new experi-
mental approaches.

REFERENCES

1. V.V.Voevodskii, "Fizika i Khimiya Elementarnykh
Khimicheskikh Protsessov" (The Physics and
Chemistry of Elementary Chemical Processes), Izd.
Nauka, Moscow, 1969.

2. Ya.S.Lebedev, Uspekhi Khim., 1968, 37, 934
[Russ.Chem.Rev., 1968(5)].

3. S.E.Bresler and E.N.Kazbekov, Uspekhi Khim.,
1967, 36, 720 [Russ.Chem.Rev., 1967(4)].

4. P.Yu.Butyagin, A.M.Dubinskaya, and V.A.Radtsig,
Uspekhi Khim., 1969, 38, 593 [Russ.Chem.Rev.,
1969(4)>1.

5. N.M.Emanuel', "Lektsii Chetvertoi Polimernoi
Shkoly" (Lectures in the Fourth Polymer School),
Izd.GKNT SM SSSR, Tallin, 1970.

6. M.Dole, Symposium, "Kristallicheskie Poliolefiny"
(Crystalline Polyolefins), 1zd.Khimiya, Moscow,
1970, Vol.2.

7. V.S.Pudov and A.L.Buchachenko, Uspekhi Khim.,
1970, 39, 130 [Russ.Chem.Rev., 1970(1)].

8. S.Ya.Pshezhetskii, A.G.Kotov, V.K.Milinchuk,

V.A Roginskii, and V.I.Tupilkov, "EPR Svobodnykh
Radikalov v Radiatsionnoi Khimii" (The EPR of Free
Radicals in Radiation Chemistry), 1zd.Khimiya,
Moscow, 1972.

9. V.R.Regel', A.I.Slutsker, and E.V.Tomashevskii,
"Kineticheskaya Teoriya Prochnosti" (Kinetic Theory
of Stability), Izd.Nauka, Moscow, 1974.

10. V.A.Radtsig, Vysokomol.Soed., 1976, 18A, 1899.

11. O.N.Karpukhin, Uspekhi Khim., 1978, 47, 1119
[Russ.Chem.Rev., 1978(6)].

12. A.I.Mikhailov, Ya.S.Lebedev, and N.Ya.Buben,
Kinetika i Kataliz, 1964, 5, 1020; 1965, 6, 48.

13. V.K.Ermolaev, Yu.N.Molin, and N.Ya.Buben,
Kinetika i Kataliz, 1962, 3, 58; 3, 314.

14, V.M. Zaskul'nikov and V.A.Tolkachev, Kinetika i
Kataliz, 1979, 20, 263.

15. Ya.S.Lebedev, Yu.D.Tsvetkov, and V.V.Voevodskii,
Kinetika i Kataliz, 1960, 1, 496.



220
16.
17.
18.
19.

20.

21.
22.
23.
24.
25,
26.
27.
28.
29.
30.
31.
32.

33.

34.

35.
36.
37.
38.

39.

41.

42.

43.

44.

A.l1.Burshtein, B.l.Peshevitskii, and S.P.Sham,
Dokl.Akad.Nauk SSSR, 1963, 153, 852.
G.I.Likhtenshtein, Kinetika i Kataliz, 1963, 3, 252.
L.A.Blyumenfel'd, "Problemy Biologicheskoi Fizki"
(Problems of Biological Physics), Izd.Nauka,
Moscow, 1977.

N.G.Lawrie and A.M.North, Europ.Polymer J.,
1973, 9, 345.

E.V.Bystritskaya, T.S.Karpovich, and
0O.N.Karpukhin, Dokl.Akad.Nauk SSSR, 1976, 228,
673.

D.Kleem, E.Kleem, K.Schiiler, and H.Hé6thold,
J.prakt.Chem., 1977, 319, 345.

A.Chapiro, J.Polymer Sci., Polymer Symp., 1975,
50, 181.

E.Schamberg and J.Hoigne, J.Polymer Sci., Chem.
Ed., 1970, 8, 693.

F.Szocs and J.Placek, J.Polymer Sci., 1975, 13,
1789.

F.Szocs and J.Placek, Europ.Polymer J., 1972, 8,
525.

L.Matisova-Rychla, J.Rychla, and M.Lazar,
Europ.Polymer J., 1972, 8, 655.

W.F.Griffith and L.Sutcliffe, Trans.Faraday Soc.,
1966, 62, 2837.

D.Campbell, J.Polymer Sci., Macromolec.Rev., 1972,
4, 91.

J.A.Barrie, A.S.Vieth, and A.S.Michaels, J.Polymer
Sci., Chem.Ed., 1975, 13, 859.

A.G.Sklyarova, F.Bronzoli, and A.M.Vasserman,
Vysokomol.Soed., 1972, 14B, 72.

E.Niki and Y.Kamiyama, J.Chem.Soc., Perkin Trans.
1I, 1975, 1221,

G.P.Voskerchan and Ya.S.Lebedev, Izd.Akad.
Nauk SSSR, Ser.Khim., 310.

E.T.Denisov, "Konstanty Skorosti Gomoliticheskikh
Reaktsii v Zhidkoi Faze" (The Rate Constants for
Homolytic Reactions in the Liquid Phase), Izd.Nauka,
Moscow, 1970,

N.M.Emanuel', G.E.Zaikov, and Z.K.Maizus,

"Rol' Sredy v Radikal'no-Tsepnykh Reaktsiyakh
Okisleniya Organicheskikh Soedinenii" (The Role of
the Medium in Radical-Chain Oxidation Reactions
of Organic Compounds), Izd.Nauka, Moscow, 1973,
p.35.

Ya.S.Lebedev, Kinetika i Kataliz, 1967, 8, 245,
Ya.S.Lebedev, Kinetika i Kataliz, 1965, 6, 522.

T .Waite, J.Chem.Phys., 1958, 28, 103; Phys.Rev.,
1957, 107, 463.

V.I.Gol'danskii, Uspekhi Khim., 1975, 44, 2121
[Russ.Chem.Rev., 1975(12)].

A.M.Dubinskaya, Vysokomol.Soed., 1975, 17A, 815,
0.E.Yakimenko, I.S.Gaponova, V.M.Gol'dberg,
G.B.Pariiskii, D.Ya.Toptygin, and Ya.S.Lebedev,
Izv.Akad.Nauk SSSR, Ser.Khim., 1974, 354.
Y.Hori, S.Shimada, and H.Kashiwabara, Polymer,
1977, 18(2), 151.

A.I.Mikhailov, S.I.Kuzina, A.F.Lukovnikov, and
V.I.Gol'danskii, Dokl.Akad.Nauk SSSR, 1972, 204,
383.

S.G.Kiryushkin and V.A.Gromov, Vysokomol.Soed.,
1972, 14A, 1715.

S.1.Kuzina, A.I.Mikhailov, and V.I.Gol'danskii,
Symposium "Kinetika i Mekhanizm Khimicheskikh
Reaktsii v Tverdom Tele” (Kinetics and Mechanisms
of Chemical Reactions in Solids), Inst.Fiz.-Org.
Khim.Akad.Nauk Beloruss.SSR, Minsk, 1975,
p.268.

45.

46.

417.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59,

60.

62.

63.

64.

65.

66.

67.

68.

69,

70.

71.

72.

73.

75.

Russian Chemical Reviews, b1 {3), 1982

V.I.Rubtsov, V.A.Roginskii, V.B.Miller, and
G.E.Zaikov, Kinetika i Kataliz, 1980, 21, 612.
V.I.Rubtsov, V.A.Roginskii, and V.B.Miller,
Vysokomol.Soed., 1980, 22A, 2506.

B.A.Gromov, V.B,Miller, M.B.Neuman, and
Ju.A.Shljapnikov, Int.J.Appl.Radiation and Isotopes,
1962, 13(2), 281.

A.M,Dubinskaya and N.N.Yusubov, Kinetika i
Kataliz, 1976, 17, 1459.

V.S.Pudov, Doctoral Thesis in Chemical Sciences,
Institute of Chemical Physics of the USSR Academy
of Sciences, Moscow, 1980.

V.A.Belyakov, E.L.Shanina, V.A.Roginskii, and
V.B.Miller, Izd.Akad.Nauk SSSR, Ser.Khim.,
1975, 2685.

N.V.Zolotova and E.T.Denisov, Vysokomol.Soed.,
1976, 18B, 605.

A.P.Griva and E.T.Denisov, J.Polymer Sci., Chem.
Ed., 1976, 14, 1051,

V.A.Roginskii and V.B.Miller, Dokl.Akad.Nauk
SSSR, 1973, 213, 642.

A.G.Sklyarova and A.F.Lukovnikov, lzd.Akad.
Nauk SSSR, Ser.Khim., 1965, 1093.

A.P.Griva, A.N.Denisova, and E.T.Denisov,
Kinetika i Kataliz, 1978, 19, 309.

A.P.Griva, A.N.Denisova, and E.T.Denisov,
Vysokomol.Soed., 1979, 21A, 849.
O.N.Karpukhin, T.V.Pokholok, and
V.Ya.Shlyapintokh, Vysokomol.Soed.,
22.

T.V.Pokholok, O.N.Karpukhin, and
V.Ja.Shljapintokh, J.Polymer Sci., Chem.Ed.,

1975, 13, 525.

J.E.Bennet, D.M.Brown, and B.Mile, Trans.
Faraday Soc., 1970, 66, 386.

W.Y.Wenn, D.R.Johnson, and M.Dole, J.Phys.Chem.,
1974, 78, 1798.

L.A.Davis, C.A.Pampillo, and T.S.Chiang,
J.Polymer Sci., Phys.Ed., 1973, 11, 841.
V.A.Roginskii, and V.B.Miller, Dokl.Akad.Nauk
SSSR, 1974, 215, 1164.

V.A.Roginskii, E,L.Shanina, S.P.Yarkov, and
V.B.Miller, Vysokomol.Soed., 1982, 24A (in the
press).

E.Niki, C.Decker, and F.R.Mayo, J.Polymer Sci.,
1973, 11, 2817.

S.E.Bresler, E.N.Kazbekov, F.N.Fomichev, F.Sech,
and P.Smeitek, Fiz.Tverd.Tela, 1963, 5, 675.
G.P.Voskerchan and Ya.S.Lebedev, lzv.Akad.
Nauk SSSR, Ser.Khim., 1976, 1348.
P.Yu.Butyagin, 1.V.Kolbanev, A.M.Dubinskii, and
M.U.Kislyuk, Vysokomol.Soed., 1968, 10A, 2265.
F.Szocs, J.Becht, and H.Fischer, Europ.Polymer
J., 1971, 7(2), 173.

S.Ya.Davydov, A.L.Margolin, G.B.Pariiskii,
L.M.Postnikov, and D.Ya.Toptygin, Dokl.Akad.
Nauk SSSR, 1978, 243, 1475.

P.Yu.Butyagin, Vysokomol Soed., 1974, 16A, 63.
E.L.Shanina, V.A.Roginskii, and V.B.Miller,
Vysokomol. Soed., 1976, 18A, 1160.

A.P.Griva, L.N.Denisova, and E.T.Denisov,
Vysokomol.Soed., 1977, 19A, 2189.

A.M.Vasserman, A.L.Buchachenko, A.L.Kovarskii,
and M.B.Neiman, Vysokomol.Soed., 1968, 10A, 1930.
T.Peterlin-Neumaier and T.Springer, J.Polymer Seci.,
Phys.Ed., 1976, 14, 1351.

V.A.Roginskii, E.L.Shanina, and V.B.Miller,
Vysokomol.Soed., 1978, 20A, 265.

1971, 13A,



Russian Chemical Reviews, 51 (3), 1982

76.

71.

78.

79.
80.

81.

82.

83.

84,

85.

86.

87.

88.

89.
90.

91.
92.
93.
94,
95,

96.

97.

98.

100.

101.
102.

103.

104.

105.

106.

107.

108.
109,

110,

M.Dole, C.D.Keeling, and D.G.Rose, J.Amer.Chem.
Soc., 1956, 76, 4304.

A.T.Koritskii, Yu.N.Molin, V.N.Shamshev,
N.Ya.Buben, and V.V.Voevodskii, Vysokomol.Soed.,
1959, 1, 1182.

D.O.Geymer and C.D.Wagner,
88.

B.R.Loy, J.Phys.Chem., 1961, 58, 58.
E.L.Shanina, V.A.Roginskii, and V.B.Miller,
Vysokomol.Soed., 1978, 20B, 146.

M.B.Neiman, T.S.Fedoseeva, G.V.Chubarova,
A.L.Buchachenko, and Ya.S.Lebedev, Vysokomol.
Soed., 1963, 5, 1339.

Ya.S.Lebedev, "Radiatsionnaya Khimiya Polimerov"
(The Radiation Chemistry of Polymers), 1zd.Nauka,
Moscow, 1966, p.228.

T.Seguchi and N.Tamura, J§.Phys.Chem., 1973, 77,
40.

E.L.Shanina, V.A.Roginskii, and V.B.Miller,
Vysokomol.Soed., 1976, 18A, 1160.

T.Seguchi and N.Tamura, J.Polymer Sci., Chem.
Ed., 1974, 12, 1671.

A.I.Kurilenko, E.P.Danilov, and V.L.Karpov,
Vysokomol.Soed., 1967, 9A, 2362.

V.P.Mel 'nikov, A.lI.Makhailov, A.M.Markevich,

and I.E.Volokhnovich, Vysokomol.Soed., 1976, 18A,
1721,

V.A.Radtsig and M.M.Rainov, Vysokomol.Soed., 1976,
18A, 2022,

V.S.Pudov, Vysokomol.Soed., 1972, 14B, 714.
J.C.W.Chien and C.R.Boss, J.Polymer Sci., 1967,
Al, 5, 3091.

G.D.Mendenhall, D.Griller, D.Lindsay, T.T.Tidwell,
and K.U.Ingold, J.Amer.Chem.Soc., 1974, 96, 2441.
R.A.Kaba and K.U.Ingold, J.Amer.Chem.Soc., 1974,
96, 2602.

R.A.Kaba and K.U.Ingold, J.Amer.Chem.Soc., 1976,
98, 7375.

D.Griller and K.U.Ingold, J.Amer.Chem.Soc., 1974,
96, 6203.

J.C.Scaiano, J.Amer.Chem.Soc., 1976, 98, 4727.
M.B.Levitskii, V.A.Roginskii, R.V.Dzhagatspanyan,
and S.Ya.Pshezhetskii, Vysokomol.Soed., 1973, 15B,
48.

M.Dole and F.Cracco, J.Phys.Chem., 1962, 66, 193.
M.G.Ormerod, Polymer, 1963, 4, 451.

D.C.Waterman and M.Dole, J.Phys.Chem., 1970,

74, 1913.

V.M.Patel and M.Dole, J.Polymer Sci., Phys.Ed.,
1977, 15, 907.

A.M.Dubinskaya, Vysokomol.Soed., 1972, 14B, 783.
Yu.B.Shilov and E.T.Denisov, Dokl.Akad.Nauk
SSSR, 1976, 226, 887.

P.Yu.Butyagin, Dokl.Akad.Nauk SSSR, 1965, 165,
103.

V.B.Ivanov, G.P.Butyagin, V.Ya.Shlyapintokh,
Dokl.Akad.Nauk SSSR, 1976, 231, 645.
S.G.Kiryushkin, T.V.Monakhova, and
Yu.A.Shlyapnikov, Vysokomol.Soed., 1977, 19B, 490,
L.A.Tatarenko and V.S.Pudov, Zhur.Fiz.Khim.,
1967, 41, 2951 [Russ.J.Phys.Chem., 1967(11)].
P.A.Ivanchenko, V.V.Kharitonov, and E.T.Denisov,
Kinetika i Kataliz, 1972, 13, 218.

D.E.van Sickle, Macromolec., 1972, 10, 474.
T.G.Degtyareva, N.F.Trofimova, and
V.V.Kharitonov, Vysokomol.Soed., 1978, 20A, 1873.
T.Tagawa, H.Amemija, and I.Shinohara, J.Polymer
Sci., Chem.Ed., 1975, 13, 2843.

Nature, 1965, 208,

111.

112.

113.

114.

115.

116.

117.

118,

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

221

M.Hagiwara, T.Tagawa, and H.Anemija, J.Polymer
Sci., 1976, 14, 2167.

g‘..;l‘.Denisov, Dokl.Akad.Nauk SSSR, 1977, 235,
15.

N.F.Trofimova, V.V.Kharitonov, and E.T.Denisov,
Dokl.Akad.Nauk SSSR, 1979, 241, 416.

E.Bothe, M.N.Schuchman, D.Schulte-Frohlinde,
and C.Sontag, Photochem.Photobiolog., 1978, 28,
639.

J.Coott, J.Phys.Chem., 1977, 81, 1000.
J.A.Howard, in "Advances in Free-Radical
Chemistry", Vol.14 (Edited by G.H.Williams),
Logos Press, London, 1972, p.49.

V.A.Roginskii and V.B.Miller, Vysokomol.Soed.,
1979, 21B, 832.

V.K.Milinchuk and S.Ya.Pshezhetskii, Symposium,
"Khimicheskie Svoistva i Modifikatsiya Polimerov"
(The Chemical Properties and Modifications of
Polymers), 1zd.Nauka, Moscow, 1964, pp.70, 222.
S.Shimada, M.Maeda, Y.Hori, and H.Kashiwabara,
Polymer, 1977, 18, 19.

P.Yu.Butyagin, Dokl.Akad.Nauk SSSR, 1961, 140,
145.

T.S.Fedoseeva and A.S.Kuz'minskii, Khim.Vys.
Energii, 1967, 1, 248.

F.Szocz and M.Lazar, Europ.Polymer J., Suppl.,
1969, 337.

B.R.Smirnov, G.V.Korolev, Al.Al.Berlin, and
N.N.Tvorogov, Teor.Eksper.Khim., 1967, 3, 88.
F.Szocz and O.Rostasova, J.Appl.Polymer Sci.,
1974, 18, 2529,

F.Szocz, J.Placek, and B.Kotralik, J.Appl.Polymer
Sei., 1977, 21, 859,

F.Szocz, J.Tino, and J.Placek, Europ.Polymer J.,
1973, 9(3), 251.

F.Szocz and J.Placek, J.Macromolec.Sci., Phys.,
1977, 13(2), 151.

L.A.Davis, J.Polymer Sci., Phys.Ed., 1974, 12, 75.
F.Szocz and O.Rostasova, Europ.Polymer J., 1975,
11, 559.

R.M.Kimmel and D.R.Uhlman, J.Appl.Phys., 1970,
41, 2917.

A.M.Vasserman, A.A,Dadali, A.L.Kovarskii,
A.D.Kozhukhar', and V.Irzhak, Dokl.Akad.Nauk
SSSR, 1977, 237, 130.

E.L.Shanina, V.A.Roginskii, and V.B.Miller,
Vysokomol. Soed., 1977, 19B, 447.

0.V.Plotnikov, A.I.Mikhailov, and E.L.Rayaves,
Vysokomol. Soed., 1977, 19A, 2528.

V.A.Radtsig and P.Yu.Butyagin, Vysokomol.Soed.,
1967, 9A, 2549.

V.K.Milinchuk, E.R.Klinshpont, and V.V.Vasilenko,
J.Polymer Sci., Chem.Ed., 1976, 14, 1419.

Y.Hori, S.Shimada, and H.Kashiwabara, Polymer,
1979, 20, 406.

C.Decker, J.Polymer Sci., Chem.Ed., 1977, 15,
781, 799.

Yu.B.Shilov and E.T.Denisov, Vysokomol.Soced.,
1969, 11A, 1812,

J.C.W.Chien and D.S.T.Wang, Macromolec., 1975,
8, 920,

J.C.W.Chien and C.R.Boss. J.Polymer Sci., Al,
1967, 5, 3091.

V.S.Pudov, Candidate's Thesis in Chemical Sciences,
Institute of Chemical Physics of the USSR Academy
of Sciences, Moscow, 1963.

O.N.Karpukhin and E.M.Slobodetskaya, Vysokomol.
Soed., 1974, 16A, 1624.



222

143.

144.
145.
146.
147.
148.

149.

N.Ya.Rapoport, S.I.Berulava, A.L.Kovarskii,
I.N.Musaelyan, Yu.A.Ershov, and V.B.Miller,
Vysokomol.Soed., 1975, 17A, 2521.
N.Ya.Rapoport, N.M.Livanova, and V.B.Miller,
Vysokomol.Soed., 1976, 18A, 2045.

V.M.Anisimov and O.N.Karpukhin, Izv.Akad.Nauk
SSSR, Ser.Khim., 1973, 1914,

V.S.Pudov, L.L.Yasina, and A.L.Buchachenko,
Kinetika i Kataliz, 1974, 15, 1110.

H.Fujita, in "Diffusion in Polymers", Acad.Press,
London—New York, 1968, p.75.

K.Solc and W.H.Stockmayer, Int.J.Chem.Kinetics,
1973, 5, 733.

E.V.Bystritskaya, O.N.Karpukhin, and
G.S.Karpovich, Dokl.Akad.Nauk SSSR, 1977, 235,
607.

Russian Chemical Reviews, 51 (3), 1982

150. A.l.Burshtein and B.I.Yakobson, Chem.Phys.,
1978, 28, 415.

151. E.T.Denisov and A.P.Griva, Zhur.Fiz.Khim.,
1979, 53, 2417 [Russ.J.Phys.Chem., 1979(10)].

152. A.M.Vasserman, I.I.Barashkova, L.L.Yasina, and
V.S.Pudov, Vysokomol.Soed., 1977, 19A, 2083.

153. E.T.Denisov, Izv.Akad.Nauk SSSR, Ser.Khim.,
1976, 51.

154. A.A.Dadali, A.M.Wasserman, A.L.Buchachenko,
and W.J.Irgak, Europ.Polymer J., 1981, 17, 525.

155. Ja.S.Lebedev and A.I.Burstein, Chem.Phys., 1976,
12, 259.

Institute of Chemical Physics,
USSR Academy of Sciences,
Moscow



