Vol.32 No.3

RUSSIAN CHEMICAL REVIEWS

March 1963

250.

251.
252,
253.
254,
255,
256,
257,

258.
259.
260.
261,
262,
263.
264.

265,

266.

2617,
268.
269.
270.
271.
272.
273.
274,

275.
2176.

277,
278.

279.
280.
281.
282.
283.
284,
285.
286.
287.
288.
289.

290.

291.

292,

293.

G. Blichi, W.Saar, and A. Eschenomser, Experientia, 12,
136 (1956).

M. Hinder and M. Stoll, Helv.Chim.Acta, 33, 1308 (1950).
R.Wolff, Compt.rend., 711 (1954).

R.Wolff and E.Lederer, Bull.Soc.chim, France, 772 (1956).
G.Lucius, Angew.Chem., 68, 247 (1956).

R.Wolff and E. Lederer, Bull.Soc.chim. France, 1466 (1955).
G. Ohloff, German P, 1019031 (1958)

V. E.Sibirtseva, S.D.Kustova, S.I.Virezub, M. P.Gerasi-
mova, A.S.Kaluzhskaya, and K.D,Oreshkina, Russ. P,

130 897 (1960).

V.E.Sibirtseva, S.I.Virezub, and S.D.Kustova, see Ref.57,
p.116.

V. E.Sibirtseva, S.I.Virezub, and S.D.Kustova, Trudy
Vses. Nauch.-Issled.Inst. Sintet. Natural. Dushistykh
Veshchestv, Pishchepromizdat, No.5, 9 (1961).

G.Ohloff, German P. 1038681 (1959).

K.A.Guseva, R.Ya.Rafanova, A.V.Bulanova, and S.I.
Virezub, Masl.-zhir. Prom., No.3, 29 (1969).

L.Ruzicka and M. Janot, Helv.Chim. Acta, 14, 645 (1931).
M. Stoll and M. Hinder, Helv.Chim.Acta, 33, 1308 (1950).
M. Stoll, Riechstoffe u.Aromen, 9, 394 (1959).
S.D.Kustova, S.I.Virezub, V.E.Sibirtseva, and S.A.
Voitkevich, Russ.P. 134 681 (1961).

A.A.Bag, N.V.Bliznyak, A.V,Bulanova, S.D.Kustova, and
V.G. Cherkaev, Trudy Vses.Nauch.-Issled. Inst. Sintet.
Natural.Dushistykh Veshchestv, Pishchepromizdat, No.5,
14 (1961).

G. Ohloff, Ind.Parfumerie, 11, 401 (1956).

G.Ohloff, Riechstoffe u.Aromen, 7, 38 (1957).

G. Ohloff, Drug and Cosm.Industry, 80, 606, 690 (1957).
G. Ohloff, Annalen, 606, 100 (1957).

G. Ohloff, Parfiimerie u.Kosmetik, 38, 431 (1957).
G.Ohloff, Parfumerie, Cosmét., Savon, 2, 15 (1959).
G.Ohloff, Chem.Ber., 90, 1554 (1957).

M. Mousseron-Canet, M.Mousseron, and J. Boch, Bull.
Soc.chim. France, 601 (1959).

G. Ohloff, German P. 1045393 (1959).

M. Mousseron, M. Mousseron-Canet, and M. Granier,
Compt. rend., 247, 564 (1958).

L.Ruzicka and C.Seidel, Helv.Chim.Acta, 33, 1285 (1950).
G.Ohloff, German P. 1057108 (1959); Chem.Abs., 9366
(1961).

V.E.Sibirtseva, G.V.Meleshkina, N.I,Skvortsova, and
V.N. Belov, see Ref. 50, p.209.

M. Mousseron-Canet and M. Mousseron, Bull.Soc.chim.
France, 391 (1956).

G.Kitchens and P.Lake, U.S,P. 2842598 (1958).

1. Byers, Amer, Perf. Essent. Oil. Rev., 483 (1947).

R. Hiittel and G.Keicher, German P. 834593 (1952); Chem.
Abs., 47, 5446 (1953).

A.Weissenborn, East German P. 5051 (1954).
A.Weissenborn, East German P. 8201 (1954).

German P, 903258, 903259 (1954).

V.N. Belov and L. A.Kheifits, Zhur.Obshch.Khim., 27, 960
(1957).

V.Kabaivanov, M. Mikhailov, M. Natov, and L. Popova,
Khim. i Ind., 31, No.4, 107 (1959).

L.A.Kheifits, E.A.Simanovskaya, and V. N, Belov, Khim.
Nauka i Prom., 3, 284 (1958).

L.A.Kheifits, E.A.Simanovskaya, Zh.A.Peregudova,
V.N. Belov, E.S.Shapiro, and P.Z.Koretskaya, Masl.-
~zhirov.Prom., No.11, 30 (1959).

L.A.Kheifits, G.I. Moldovanskaya, E.V.Broun, and V.N.
Belov, Zhur.Obshch.Khim., 30, 1716 (1960).
L.A.Kheifits, L.M.Shulov, E. V. Broun, and V. N, Belov,
Zhur. Obshch. Khim., 31, 672 (1961),

L.A.Kheifits, L.M,Shulov, 1.V, Persianova, and V.N.

0

Belov, Zhur.Obsheh.Khim., 31, 723 (1961).

294, I,Yu.Kokoreva and V.M.Kazakova, Zhur.Obshch,Khim.,
31, 371 (1961).

295. L.A.Kheifits, L.M.Shulov, A, V.Kokhmanskii, and V.N.
Belov, Zhur.Obshch, Khim., 32, 2717 (1962).

296. L.A.Kheifits, L., M,Shulov, and V. N, Belov, Zhur. Obshch.
Khim., 32, 1474 (1962).

297, V.N.Belov and L. A, Kheifits, Zhur.Obshch.Khim., 27,
1377 (1957).

298, V.N.Belov, E.I.Shepelenkova, and M. M. Pevzner, Trudy
Vses. Nauch.-Issled. Inst, Sintet. Natural. Dushistykh
Veshchestv, Pishchepromizdat, No.1, 20 (1952).

299, L.A.Kheifits, E.A.Simanovskaya, V.N. Belov, P.V.

Ivanov, E.S.Shapiro, and M. Ya. Braines, Masl.-zhirov.
Prom., No.6, 35 (1957).

All-Union Research Institute for
Synthetic and Natural Perfumes
(VNISNDV)

SECONDARY REACTIONS IN RADICAL
POLYMERISATION

L. M. Pyrkov and S. Ya. Frenkel'

CONTENTS

Introduction 140
I. Introductory remarks 141
II. Individual forms of secondary reaction 142

III. Methods of recording and studying secondary reactions 153

INTRODUCTION

In recent years detailed studies of polymerisation pro-
cesses of different types have established that the main
reactions in these processes are accompanied by a number
of supplementary secondary processes or reactions. The
distinguishing feature of these secondary reactions is the par-
ticipation of previously formed polymer chains. It is there-
fore natural that at low degrees of conversion of monomer,
i.e. in the range in which polymerisation kinetics, etc. are
usually studied, these reactions are almost non-existent and
the polymer obtained under these conditions is the product
of only the main or primary reactions.

On the other hand, at high degrees of conversion, par-
ticularly when the concentration of polymer becomes com-
parable with the concentration of monomer, the probability
of secondary reactions in polymerisation systems is con-
siderable and these reactions have a significant effect on
the polymerisation product.
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The present review attempts to give a systematic
account of the available data on secondary reactions in
radical polymerisation.

I. INTRODUCTORY REMARKS

Study of the molecular-weight distribution (MWD) of
polymer specimens obtained by bulk polymerisation under
the influence of free radicals! shows that at low degrees of
conversion, in accordance with theory, experiment gives a
unimodal function for the molecular-weight distribution.
On the other hand, at degrees of conversion close to 100%,
experiment often gives complex distribution functions
showing several maxima!. (In the polymerisation of diene
compounds anomalous high~molecular “tails” are often
observed in the MWD 2.)

The theory of radical polymerisation in bulk phase, which
takes account only of the main reactions of chain initiation,
growth, and rupture, never gives these complex multimodal
distributions. It has been suggested! that MWD with a
number of sharp maxima may be produced as a result of
doubling, trebling, etc. of the molecular weights of indivi-
dual groups of molecules as a result of certain secondary
reactions accompanying polymerisation®. Subsequent more
detailed examination of the problem showed that secondary
reactions by themselves cannot be responsible for the
multimodal character, which arises rather as a result of
the microheterogeneity of the system at later stages of the
polymerisation. Apart from any relation to the number of
maxima, however, the secondary reactions may change
significantly the properties of the polymer, so that it is
necessary to consider these reactions.

In the work cited! and in a number of later papers
secondary reactions were not defined sufficiently clearly,
and this might lead to terminological confusion. It is
shown below that the first stage in any secondary reaction
is the transfer of the kinetic chain to the polymer¢. The
relative contribution of this reaction increases with the
degree of conversion y, however, and its results differ
fundamentally at high and low values of 4.  The rate of
chain transfer to the polymer is

Y. p = Higr, p[P"1 [P], (1)

where kty,p is the corresponding rate constant, whose
changes with change in ¢ are neglected, [P*] the stationary
concentration of macroradicals, and {P] is the total concen-
tration of polymer formed in the period under consideration
and is proportional to . In bulk polymerisation under
conditions where transfer is possible chain transfer to the
monomer at first competes with transfer to the polymer,
but this competition progressively decreases, since with
increase in ¥, [m] (the concentration of the monomer) de-
creases and [P] increases.

For the same reason, the results of chain transfer are
different at high and low values of . At low values of ¢,
when chain growth is not diffusion-controlled, activation of
any intermediate link leads to growth of a side-chain.
Sometimes this reaction is also called a secondary reac-
tion, but this is hardly appropriate, for the growth of the
side -chains takes place according to the same laws as the
growth of the main chains. At high values of /, however,
when little monomer remains, the viscosity increases sharply
and the growth reaction becomes diffusion~controlled; acti-
vation of intermediate links in the chains leads not only to
simple growth of the side-chains, as under the conditions
where large quantities of monomer are present, but also to

2 number of other processes. The most probable process
is rupture of the chain into two fragments 3%, one of which
will have an active end. These active fragments may sub-
sequently”~? (a) be depolymerised by a chain mechanism,
(b) transfer their activity to another chain, (c) recombine
with another similar fragment or primary “live” chain,
(d) disproportionate with another fragment or primary chain,
or (e) begin new growth at the expense of monomer. Since
[m] is small, process (e) should most probably take place
at the expense of process (a).

In reaction of type (b), which is most probably accom-
panied by new breakdown, #wo fragments are again pro-
duced, so that a series of reactions of type (b) should lead
to an increase in the total number of macromolecules in
the system and to a decrease in the average weight M.
Secondary reactions which begin with chain transfer and
subsequently develop by mechanisms (b) or (d) can there-
fore be combined in the general class of degradation reac-
tions.

Processesof types (a) and (e) (which must be considered
together) or (c) involve a rearrangement of monomeric
links or whole fragments between different macromole-
cules. These reactions can be combined under the title
of inter-chain exchange reactions.

Let us now consider the original chain transfer reac-
tion. Under favourable conditions, a chain activated in
its centre can, without breaking down, recombine with
another similar chain or with a chain having an active end.
It is also possible to picture a process in which two closely
adjacent chains with active intermediate links are joined
together by a short bridge (two branches begin to grow
towards one another and recombine). The probability of
such reactions depends on the tendency of the macro-
radicals to recombine, and should increase sharply in
diene polymerisations, the increase being greater, the
greater the number of 1,2-links in the chain. Reactions
of this type, leading to the formation of branched fractions,
microgels, and gels, are most dangerous from the prac-
tical viewpoint; they form a third class of secondary re-
action, which may conventionally be referred to as cross-
-linking reactions (conventionally, since this includes all
recombinations of activated intermediate links with
terminal links, leading to ordinary branching).

Reactions of the last class, like ordinary branching re-
actions, lead to anincrease in the polydispersion, revealed
as an increase in the high-molecular “tail” in the MWD.
As will be shown below, however, there are insufficient
grounds for assuming that particular MWD's, correspond -
ing to “fractions” of identical degree of branching, will
give separated maxima on the weight distribution curve.

Thus the term “secondary reactions” will be taken to
mean the conversion of “dead” chains and macroradicals
in the later stages of polymerisation, beginning with the
activation of intermediate links as a result of chain trans-
fer to the polymer. These reactions, however, are
fundamentally different from ordinary branching reactions,
which also result from chain transfer to the polymer. The
latter reactions are nevertheless included in the discus-
sion, for in diene polymerisations they may readily change
to cross-linking reactions.

Under normal conditions, all secondary reactions
should take place simultaneously, and it is impossible to
observe them individually. In certain model systems (or
combinations of such systems), however, it is possible to
“isolate” individual reactions. This is discussed later.
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II. INDIVIDUAL FORMS OF SECONDARY REACTION

a. Degradation of Polymer Chains

In recent years it has been shown that the process of
radical polymerisation may be accompanied by the direct
action of initiator radicals, polymer radicals, etc. on
previously formed polymer chains. This usually leads to
degradation, ¢.e. to rupture of the C—C bonds of the
macromolecules.

The process of C—C bond rupture is usually accom-
panied, to some extent, by a depolymerisation process
which, as has now been shown!,!2 (Ref. 10, pp.77-80) is
also radical-initiated. Eveninmodelsystems — solutions
of polymers in the presence of initiators (which are often
used to study degradation in the presence of radicals) —
however, the depolymerisation process plays an extremely
small part®, and in the case of “polymerisation boilers”
this process cannot play a significant part, due to the actual
nature of the process taking place.

The majority of the free radical reactions described in
the literature relate to those cases of chemical changes in
which the radical removes a hydrogen or halogen atom
from an inactive molecule (Ref.4, p.9), ¢.e. when replace-
ment reactions of the type

R; + X—R; — R—X+ R,
take place.

If the compound X—-R, is a polymer, this reaction pro-
duces a macroradical R;, which, depending on its reacti-
vity and the properties of the surrounding medium, may be
stabilised in different ways, including degradation at a
weakened C—C bond with the formation of inactive and
active macromolecular fragments>~®. The degradation of
polymer chains under the influence of free radicals has
been described by a number of authors. Thus Dolgoplosk
et al.1® showed that redox systems (consisting of peroxides
and hydroperoxides and different reducing agents), which
are sources of free radicals at low temperatures, cause
degradation of polyisobutylene and other polymers in hydro-
carbon media. In particular, it was shown that at low
temperatures (20°-50°) these systems initiate the vulcani-
sation of rubbers in the absence of oxygen and initiate a
degradation process in the presence of oxygen. The rup-
ture of the diallyl bond in complex organic molecules under
the influence of free radicals was also established by
Klebanskii and Fomina 4. Dolgoplosk and coworkers15-18
also studied the degradation of polyisobutylene in solution
under the influence of a number of aliphatic radicalst (see
Fig.1), radicals with a reactive centre on nitrogen and sul-
phur atoms:

CH,); NCS' H/N\c\s Oy

( 8)’%'(:.{5/'!-1&./ s
and radicals with a reactive centre on an oxygen atom, of
the type RO" and RO;. The experiments were generally
carried out in solutions containing 3.5 wt.% of polyiso-
butylene in ethylbenzene, the quantities of initiators
(sources of free radicals) being equivalent to 0.45 wt. % of
benzoyl peroxide. The influence of oxygen was eliminated

T These radicals were produced by the thermal decomposition
of triazenes: R—N=N-NHCg¢Hs — R* + NHC¢Hs, where R* is an
aliphatic radical. The anilino-radical formed simultaneously is
inactive.
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Fig.1l. Degradation of polyisobutylene in
ethylbenzene solution in the presence of
sources of alkyl free radicals at 110°: 6
1) without triazene; 2) t-butylphenyl-
triazene; 3) azobisisobutyronitrile;

4) propylphenyltriazene; 5) ethylphenyl-
triazene; 6) methylphenyltriazene.

by preparing the solutions in an atmosphere of nitrogen in
Shlenk vessels, from which the ampoule-viscometers were
filled. The latter were then sealed and placed in a
thermostat at 90°-130°, depending on the source of free
radicals used. The molecular weights before and after
degradation were determined by viscosimetry. Fig.2
shows the course of the degradation with time for a number
of free radical sources.

Study of the activity of different types of free radical
showed that the most active in degradation are those of the
type RO’ and RO;, which are very active hydrogen-atom
acceptors!®. Radicals which are not active hydrogen-atom
acceptors, such as (CH,),CCN, obtained by the thermal
decomposition of azobisisobutyronitrile, and (CH,),C, ob-
tained by the decomposition of t-butylphenyltriazene, do not
cause degradation of polyisobutylene (see Fig.1). Thus the

S
S

Ta
=
s
s 60
®
£
3
b
> 20
) N 1 1
g J0 60 g0 120
time, min

Fig. 2. Degradation of polyisobutylene in ethyl-
benzene solution in the presence of sources of
free heteroradicals ¥: 1) without initiator, 130°;
2) mercaptobenzothiazole disulphide, 130°;

3) dimethyldiphenyltetrazene, 130°; 4) tetra-
methylthiuram disulphide, 130°% 5) phenyl-
isopropyl hydroperoxide + Fe(III) naphthenate
(10 mole % relative to the hydroperoxide), 110°;
6) benzoyl peroxide, 90°; 7) phenylisopropyl
hydroperoxide + Co naphthenate (0.5 mole %
relative to the hydroperoxide), 110°.
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efficiency of a given radical in degradation is determined in
all cases by its ability to abstract a hydrogen atom. From
this it was concluded that the degradation of polyisobutylene
involves the removal of an H atom from the macromolecule
with the formation of a macroradical and subsequent stabi-
lisation of the latter by degradation with the rupture of a
C-—C bond and the formation of a macroradical:
CH, CiH, CH,  CH,
~CH5——C|—-C'H,-—(‘I ~ +R. - RH+ ~ CHy—C—CHy—C~
CH, CH, CH, (1:H,
CH CH,
— RH+ ~ cnr<g+.cx{,—c|~
CH, CH,
or
CHjg CH, CH, CH;, CH,
—RH+ ~Cm—(|:—CH—C—CH, ~ ~CH,—C|,—CH,'+IC=CH—(%~
CH, H, ClH. <|:H, CH,
A less probable process, in the authors' opinion, is direct
attack on the C—C bonds by free radicals:

CH,  CH, CHy  CH,
/ /7 / |
~ CHy—C—CH,—C ~ 4R - ~ CHy;—C-+RCH,—C~
CH, CH, CH, CH,

These degradation steps are possible in principle, since
they lead to the formation of more stable free radicals.
This reaction mechanism, however, hinders the formation
of the intermediate complex and increases considerably the
activation energy of the process (Ref.4, pp.99—-101). The
destruction of polyisobutylene in the presence of benzoyl
peroxide was also studied by Rado and Simunkova20. The
experiments were carried out in the condensed phase at
65°-95°. It was established that the decomposition of
benzoyl peroxide is a chain reaction with sensitised second-
-order decomposition, i.e. that the phenyl radicals formed
by thermal decomposition of the peroxide on the one hand
initiate further decomposition of the peroxide and on the
other hand abstract H atoms to yield polymer radicals. It
was shown that the transfer of the active centre to the poly-
mer takes place by reaction with CH, groups and also with
CH, groups, and that, since the polymer radicals of the type
~CH, have a high reactivity, they are stabilised by iso-
merisation before reaction with other radicals takes place.
As a result, the reaction indicated above takes place with
the formation of a new polymeric fragment radical, and the
other fragment is stabilised by the formation of a double
bond. It was also shown that stabilisation of the macro-
radicals takes place mainly by disproportionation, which is
the chief means of double-bond formation in the degradation
process. Recombination in the case of polyisobutylene
macroradicals is complicated by steric hindrance. This
mechanism for the degradation is also confirmed by experi-
ments on the sheer degradation of polyisobutylene in the
presence of I,.

It was also established that a direct relationship exists
between H atom removal and C—C bond rupture 22,2, in
particular in the degradation of polyisobutylene swollen in
benzene in the presence of ferric naphthenate at about 100°
(see Fig.3). In this case dehydrogenation of the polymer
Fe** + RH — Fe?' + R* + H* is the primary process, and
the rupture of the C—C bond is apparently a secondary
stage. The fact that polymer dehydrogenation of this type
takes place was established for the case of the ferric
naphthenate —isoprene system?. It was observed that at

E i 1
'
E % /) —~x2
§s
% s

0 174 24 J6 48

Fig.3. Degradation of polyisobutylene
in the presence of ferric naphthenate !8:
1) in the absence of Fe(III) naphthenate;
2) 5 mole % of naphthenate relative to
the polymer; 3) 20 mole %.

100° ferric naphthenate initiates the homogeneous poly -
merisation of isoprene. The polymerisation process was
accompanied by conversion of ferric naphthenate to ferrous
naphthenate. An analogous change accompanied the pro-
cess of structure-formation in a 2% solution of polyiso-
prene in benzene at 150°. In spite of all that has been
said, however, the degradation of polyisobutylene by free
radicals as a result of direct attack on the main chain is
also possible. Thus Thomas? recently showed experi-
mentally that, in the degradation of polyisobutyelen in the
condensed phase at 140° by small quantities (~1.5 wt. %)

of dicumyl peroxide, 94% of the cumyloxy-radicals com-
bined with polyisobutylene. For other rubbers under
analogous conditions, deactivation of the cumyloxy-radicals
takes place by removal of H atoms, and this is accompanied
by structure formation. Thomas?¢ and the authors? ob-
served no significant depolymerisation of polyisobutylene
the degradation process.

Bresler ef al.® made a more detailed study of the degra-
dation of polydienes by free radicals in solution over a wide
concentration range in an atmosphere of nitrogen.  The
free radical sources were methylphenyltriazene, azobis-
isobutyronitrile, and sulphur monochloride S,Cl,, whose
vulcanising action is apparently of the radical type 2. The
radicals used showed a wide range of activities for the
removal of an H atom from organic compounds'é. The
materials studied were natural rubber containing links
joined only in the 1,4-position, synthetic polyisoprene
polymer containing up to 90% 1,4-links, and polydivinyl
rubber containing up to 70% 1,2-links. The experiments
were carried out with benzene solutions containing 0.3 —

10 wt.% of the polymers, the quantity of initiators (sources
of free radicals) amounting to 5—50% of the weight of poly-
mer in solution. It was established that in benzene, all
the rubber specimens undergo degradation at low concen-
trations (0.3—1%) and gel formation at higher concentra-
tions (3—10%). (It has recently been shown that a similar
dependence on the concentration in solution is observed for
the degradation and cross-linking of rubbers under the
influence of the residues of complex organometallic cata-
lysts.) The extent of the reactions in both cases, however,
depends markedly on the polymer structure and the acti-
vity of the free radicals. Radicals of low activity, such
as benzyl and allyl radicals, which are incapable of react-
ing with rupture of a C—H bond!?, were found to be ineffec-
tive in the degradation process. The most active radical
(methyl) in the case of natural rubber or synthetic polyiso-
prene caused gel formation at concentrations of 2.7-3% and
above, and degradation at lower concentrations. In the
case of polybutadiene containing a large number of vinyl
groups in the chain gel formation is observed at polymer
concentrations of 1-3%. This agrees with the ease with
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which lateral vinyl groups add on free radicals?5,2¢ (par-
ticularly compared with internal double bonds). The low
tendency of polyhutadiene to undergo degradation may be
due to the fact that the polymer chain of this rubber con-
tains a very few diallyl links with a weakened C—~C bond.
The comparatively inactive (CH;),C(CN) radical does not
cause gel formation in natural rubber and polyisoprene,
even at very high concentrations of the polymer (up to 10%),
but causes degradation in all cases. This agrees with the
low tendency of the internal double bonds of the polymer
chain to add on free radicals which are not sufficiently
active. In the case of polybutadiene containing a large
number of lateral vinyl groups, this radical causes gel
formation at polymer concentrations above 3%. The high
reactivity of the external double bonds (vinyl groups) to-
wards (CH,),C(CN) was established directly in a study of
the products of the reaction of this radical with olefines 25,26,
The degradation of natural rubber and synthetic polyiso-
prene in the presence of (CH,),C(CN) is apparently due to
to the fact that the cross-linking reaction is bimolecular
and requires a comparatively high concentration of poly-
meric radicals, which the comparatively inactive (CH,),.
.C(CN) cannot provide. On the other hand, the degradation
reaction is unimolecular with respect to the macroradical
concentration and can occur. The behaviour of sulphur
monochloride is of particular interest. When solutions of
S,Cl, and natural or other rubbers (concentration 1%) are
mixed, gel formation takes place in the solution. With
subsequent heating, however, the gel disappears and the
reduced viscosity of the solution decreases by a factor of
5-~10, with a corresponding decrease in the molecular weight.
The gel formed at the start of the experiment persists only
in the case of comparatively concentrated solutions (2—4%)
of synthetic polyisoprene and polybutadiene. Special
experiments with rubber which had undergone degradation®
showed that the relationship (#2)1/2 = KM%, where {r®)/% ig
the root mean square radius of the molecules, M the mole-
cular weight, and K and a the characteristic parameters of
the polymer -homologues in the given solvent, is the same
for the degraded and original polymers, indicating that
intramolecular cross-linking does not take place during
degradation. The reaction of free radicals with polydienes
can take place in two ways?”: (a) by abstraction of a hydro-
gen atom with the formation of a macroradical and its sub-
sequent decomposition:

~ CH,CH=CHCH,CH,CH=CHCH, ~ + R' —» RH +

+ ~ CH,CH=CHCH, | CH,CH=CH—CH ~ —

— ~ CH,CH=CHCH,'* + CH;=CH—CH=CH ~;

(b) by addition to a double bond, which opens to form a
macroradical, and subsequent degradation of the latter 24:
~ CH,CH=CHCH,—CH,CH=CHCH, ~ +R. -

~ ~ CH,CHRCHCH, | CH,CH~CHCH, ~ —

~ CH,CHRCH=CH, + -CH,CH=CHCH, ~.
When the concentration of polymer in the solution is suffi-
ciently high, the recombination of macroradicals naturally
leads to intermolecular cross-linking, ¢.e. to gel formation.
At a sufficiently low concentration of macroradicals this
recombination of intermediate activated links is hindered
and the degradation process predominates.

Tasset and Smets ® studied the degradation of poly(methyl
methacrylate), polystyrene, poly(vinyl acetate), and poly-
(chloroethyl acrylate) in dilute benzene solutions (1%) in
the presence of similar quantities of benzoyl peroxide in
the absence of oxygen at 65°-100°.  The degradation
was followed dynamically in sealed Mesrobian—Tobolsky
viscometers and statically by determining the MWD before
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and after degradation, by fractionation and osmotic
measurements. Special measurements were also made
to determine the quantity of monomer in the product. It
was shown that under these conditions, poly(a-chloroethyl
acrylate), poly(methyl methacrylate), and polystyrene
undergo degradation (at correspondingly decreasing veloci-
ties) whereas poly(vinyl chloride) and poly(vinyl acetate)
are stable under these conditions. The influence of poly-
mer concentration, degree of polymerisation, initiator
concentration, temperature, and chemical structure on the
rate of degradation were also studied. If it is assumed
that the degradation of the polymer chain takes place
randomly and that the number of chain ruptures is propor-
tional to the number of links, ¢.e. to the polymer concen-
tration, the rate of decrease in the number of bonds at
time ¢ will be

d(L),

NG @)

where L; is the number of bonds at time ¢. If we consider
only degrees of degradation where 1/P; «< 1, P; being the
degree of polymerisation at time ¢, we have?®

1 1 i
Yl e +kot't 3)

or

1 1 .
ﬁ;‘;m—f‘kl/r. 4

where kp, the rate constant for the degradation, is the
number of moles of bond broken in 1 g of polymer in 1 min.
This constant can thus be found for different polymers by
measuring the molecular weights during degradation. The
applicability of relationships of types (2) and (3) has been
confirmed experimentally,

Fig.4 shows the course of the degradation of poly(methyl
methacrylate) fractions. Experiments at different polymer
concentrations showed that the overall rate of degradation
is proportional to the concentration, the value of the constant
kp remaining constant within the limits of experimental
error. From Eqn. (2) it follows that %2p = A(1/M)/At,

i.e. after differentiation

% = kM2 (5)
The values of k5 obtained by applying this relationship to the
data given in Fig.4 were also found to be constant within
the limits of experimental error, confirming that the
dependence of the degradation on molecular weight is in
fact given by a relationship of type (5). Study of the depen-
dence of the rate of degradation on the initiator concentra-
tion showed that

ky = kcinit' (6)

where Cine is the initial concentration of added benzoyl
peroxide and %k a proportionality coefficient.

Fig.5 gives the temperature dependence of the rate con-
stants for the degradation of the three polymers studied in
benzene solution at polymer concentrations of 0.8% and the

1 Inthe general case, as shown by Simha %,
“Py—1 _ Py—1 e-k“t
Py P,

from which, with the condition l/Pt <« 1, we obtain Eqn. (3) as a
first approximation by taking logarithms and expanding in powers
of 1/ P te
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104/P, degradation is determined by all the stages, the visco-
g V’M metric data reflect chiefly the third stage in the scheme,
L—T ¢ | ! since it is this process that causes the sharp decrease in
molecular weight. The effect of the chemical structure of
s the polymers is shown in (1) the different values of the
2 S energy of removal of an H atom from the polymer mole-
—"" 2 cule at the second stage, and (2) the different stabilities of
| the Py radical.
‘ A The high rate of degradation of poly(a -chloroethyl
) - b acrylate) and poly(methyl methacrylate) is due to the pre-
& min sence of tertiary carbon atoms in their chains, since this
Fig.4. Degradation of poly(methyl facilitates the degradation of the polymer chains by the

methacrylate) fractions of different
degrees of polymerisation under the
influence of benzoyl peroxide at 75°.
Polymer concentration 5 wt.%,
peroxide concentration 1 wt.%:?

1) P = 11460; 2) P = 7250;

3) P = 5500; 4)P = 3580.

same peroxide concentration. At 75° the values of kp
found under these conditions were (mole~ sec™): 2.15X
X 10°, 1.04 x 109, and 25 X 10° for poly(methyl methacryl-
ate), polystyrene, and poly(a-chloroethyl acrylate) res-
pectively. From the data given in Fig.5, using the
Arrnhenius equation

k= Ae—0U/RT (7

it was found that the values of the activation energy for the
degradation process were the same for all three polymers
studied and amounted to 31—-32 kcal, which corresponds
approximately to the activation energy for the decomposi-
tion of benzoyl peroxide 2. The difference in the absolute
values of kp for different polymers is due to differences in
the chemical structure of the polymers and in the relative
stability of the radicals produced during degradation.

It is suggested that degradation takes place according to
the following scheme: (1) initiation of the primary radicals

k.
(C.H;C00), =% 2R*; (2) transfer of an active centre to the
polymer with the formation of a macroradical: R’ +

+ p%lymer ~- Py; (3) rupture of a skeletal C—C bond:

P, 4 Py + Py, (4) depolymerisation with subsequent sta-
bilisation of the polymeric “fragment” Py _, in different

ways: Py = Py .,. Itis clear that, although the rate of

log k;
7 <
; ‘\‘Q\\J\
, X
27 28 29 1o%T

Fig.5. Temperature dependence of the
degradation rate constants %1 poly-
styrene; 2) poly(methyl methacrylate);
3) poly(a-chloroethyl acrylate).

radicals 21,39
cl
o
~CH—C~

|
C—0—C,H,
I

poly(a-chloroethy! acrylate) macroradical ,

CH,

. |-
~CH-C ~ poly(methyl methacrylate) macroradical .

The degradation of polystyrene, on the other hand, is
hindered by the high stability of the benzyl type radical
~CH,—C ~

| , formed in the intermediate stage of the
CeH,
degradation. The absence of appreciable degradation in
the case of poly(vinyl acetate) and poly(vinyl chloride) is
due to the high activity of the radicals

~ CH;—C ~ and ~ CHy—C ~
]
CCH, Cl

since this hinders the primary stages of H atom removal,
Special experiments showed that the degradation yields
mainly large “fragments”. As degradation proceeds there
is a sharp decrease in the average molecular weight (by a
factor of 4-5 after degradation for 12 h) without the pre-
sence of significant quantities of monomer in the product.
(The average number of monomer molecules liberated by
depolymerisation, for one chain rupture, to form a pair of
“fragments” was about 30 units, when polymers with a
degree of polymerisation of 5 X 10° -3 X 10¢ were used for
the experiments.)$§

The degradation of polymers under the influence of free
radicals has been observed by other workers3:-36,  The
displacement of the MWD towards low molecular weights as
degradation proceeds, observed by Mesrobian et al.3* in a
study of the degradation of polystyrene in toluene under the
influence of benzoyl peroxide, is shown in Fig.6. In this
work, as in earlier work by Tobolsky and Mesrobian 32,36 it
was found that when the duration of the degradation process
is sufficiently great and new quantities of initiator are
added to the system at definite intervals to replace the
initiator which has decomposed, there is a considerable
decrease in the rate of degradation. By taking the mono-
mer under analogous conditions and adding corresponding
portions of initiator, however, it was possible to observe
polymerisation with subsequent retardation in the same
range of degrees of polymerisation as in the case of the

§ In pure depolymerisation (which is possible, for example,
during degradation in vacwo at high temperatures) the average
molecular weights and their ratios should not change at all.

145



RUSSIAN CHEMICAL REVIEWS

March 1963

Vol.32 Neo.3
108
\
5 80,
3
<= 60|
i
3
e 40
3
" o)
PR B B R
leA/g)
Fig.6. Differential size distribution for

polystyrene at different stages of degra-
dation in toluene at 111°: 3! 1) initially;
2)21h; 3)54h; 4)158h; 5)518 h.

polymer degradation (see Fig.7). Analogous behaviour was
observed in the case of illumination with ultraviolet light
with A < 3000 A.

Mesrobian and Tobolsky suggested that in this case the
rates of polymerisation and depolymerisation become equal
and that in general thermodynamic equilibrium may be estab-
lished between u polymer and its monomer. (Tobolsky and
Eisenberg recently examined a general theory of equili-
brium polymerisation®.) The results obtained by Mesro-
bian and Tobolsky show only partial agreement with the
results and conclusions of Montgomery and Winkler 33,34,
who studied the same system, and with Thompson's data 5.

Mesrobian and Tobolsky obtained polymerisation and
depolymerisation curves which approached a common limit.
Montgomery and Winkler, and also Thompson, showed
equally convincingly that this is only a special case. In
general, the polymer undergoes continuous degradation,
and in the case where the monomer is the starting material,
the initial process is chiefly polymerisation, followed by

In (relative viscosity)

180 270 360 450 540
time, h

Fig.7. Polymerisation—depolymerisation
equilibrium for polystyrene—styrene in
toluene at 111°: 193! g) concentration of poly-
styrene solution 16 g ml~}, 0.5 g of benzoyl
peroxide per 100 ml added every 8 h;

b) concentration of styrene solution 16 g
per 100 ml, 0.005 g benzoyl peroxide per
100 ml added every 8 h.  The original
polystyrene specimens consisted of the
fractions with M, = 72 x 103-3.6 x 108,

degradation. In particular, it was shown that the mole-
cular weight of the degradation product may be much lower
than the “equilibrium” molecular weight found by Mesro-
bian and Tobolsky, and depends on the amount of catalyst
or ultraviolet illumination. A clearer picture is obtained
when we examine the distributions with respect to size of
degradation product (see Fig.6) and polymerisation product
(see Fig.8), observed at the times marked by vertical
broken lines in Fig.7, which presents Mesrobian and co-
workers' data®l. The shape of the curves in Fig.6. indi-
cates continuous intense breakdown of the polymer. When
the monomer is the starting material (see Fig. 8), however,
the polymer formed in the initial stage of the polymerisa-
tion has a comparatively high average molecular weight;
subsequently, as a result of the decrease in the monomer
concentration, the molecular weight of the resulting poly -
mer decreasesY. Fig.7 shows that, after the curves have
merged, the viscosity of both solutions decreases slowly.
By carrying out more prolonged experiments, Montgomery
and Winkler obtained clearer proof of this decrease 3,34,

Mesrobian and coworkers do not attribute great signifi-
cance to this decrease, but Montgomery and Winkler * and
Thompson3® consider it to be direct proof that equilibrium
with respect to molecular weight is not established. They
suggest that, irrespective of whether the polymer is pre-
sent at the start of the reaction or appears in the system
during polymerisation of the monomer, continuous degra-
dation of the polymer takes place until radicals are formed
in the system. They attribute the decrease in the rate of
reduction of the viscosity for prolonged processes to the
fact that in the case of the polymer with lower molecular
weight, a given decrease in the viscosity requires the rup-
ture of a higher number of bonds®4. Montgomery and
Winkler showed by special measurements that the osmotic
pressure :viscosity ratio for polymers at different stages

40

relative weight fraction

0 ar ar 43 &
[©0A/g)

Fig.8. Differential distribution according to
the size of the macromolecules for the poly-
merisation of styrene in toluene at 111°: i
1)21h; 2)54h; 3)158h; 4)518h,

T In work on the high-temperature degradation of poly(methyl
methacrylate) in the presence of monomer at 264° in a closed
vessel 3, it was observed that at first almost complete polymeri-
sation of the monomer took place, and this was only later followed
by degradation of the newly-formed polymer and polymer added
initially.  Small® measured the equilibrium pressure of the
monomer above poly(methyl methacrylate) in the presence of
radicals and from the results he calculated the equilibrium con-
centration of monomer in the polymer, the values found being
0.3% at 100° and 2.87%, at 160°.
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of the degradation remains constant and that the polymer
with low molecular weight (lower than the “equilibrium”
molecular weight in Mesrobian and Tobolsky's termino-
logy) cannot aggregate rapidly to polymers with higher
molecular weight, although it does not follow from their
data that, in the presence of agents causing degradation,
its viscosity decreases with time. Grassie (Ref. 10, pp.
77-80) suggests that even in this case an increase in the
molecular weight of the polymer is observed, but the in-
crease is very slow, due to the simultaneous intense
degradation. Experiment shows that in the equilibrium
represented in Fig.7, irrespective of the direction from
which it is approached, approximately 80% of the polymer
can be isolated from the solution. The composition of the
product remaining in solution has not been established
accurately (Ref.10, pp.77-80), but Tasset and Smets®
showed that the quantity of monomer is small. Grassie
suggests that the main fraction of the product not extrac-
table by precipitation is a mixture of oligomers?'°, and
points out that the relatively rapid attainment of a state in
which the system contains 80% of the polymer and the re-
tention of this concentration during subsequent reaction
indicate the existence of an equilibrium between the reac-
tions of chain growth and of monomer removal from the
chain. This equilibrium can be represented by the scheme

*p
BN 2 Py, (8)

where kp and kg are the rate constants for chain growth
and rupture respectively. This also agrees with the data
from the work cited above 38, since when at high tempera-
ture (264°) the depolymerisation of poly(methyl methacryl-
ate) is accompanied by polymerisation at an appreciable
velocity, in a closed volume quasiequilibrium should be
observed, i.e. the attainment of a steady monomer con-
centration, at which the rate of polymerisation is equal to
the rate of removal of monomer from the polymer. This
quasiequilibrium in polymerisation—depolymerisation
processes involves only the comparatively small “live”
fraction of the polymer (the macroradicals or macromole-
cules with terminal double bonds capable of being activated
at the temperature of the experiment). The thermodynamic
relationships derived for true equilibria in which the sys-
tem as a whole takes part cannot in principle be satisfied
in the present case of high-temperature degradation and
polymerisation in the poly(methyl methacrylate)—methyl
methacrylate system 3. Thus in systems in which poly-
merisation and degradation are taking place simultaneously,
a true steady state with respect to molecular weight is in
general not established. As far as Tobolsky and Mesro-
bian's systems are concerned, the increase in viscosity
when the monomer is the starting material is due to poly-
merisation, but the limiting molecular weight depends on
the rate of initiation and temperature. As the polymer
accumulates, an ever-increasing part is played by the
rupture of macromolecules, and this will not influence the
above equilibrium [see Eqn. (8)]. If the pure polymer is
the starting material, the removal of monomer from the
chain (depolymerisation), combined with chain rupture
(degradation) leads to a rapid decrease in the molecular
weight of the polymer. When equilibrium of type (8) is
established, however, the change in the molecular weight
will be determined only by chain rupture. Thus the gradual
decrease in the viscosity of a polymerised monomer or
depolymerised polymer observed at the end of the reaction
is due entirely to rupture (degradation) of the macromole-
cules, irrespective of the process described by Eqn. (8).

The merging of the polymerisation and degradation pro-
cesses, observed by Mesrobian and Tobolsky (see Fig.7)
is apparently accidental (Ref.10, Chapter IV). Mesrobian
and Tobolsky's suggestion that an equilibrium molecular
weight is shown by the polymer cannot be correct, parti-
cularly since the actual process which should lead to the
attainment of this “equilibrium” molecular weight is not
clear. The actual possibility of approaching the same
molecular weight by polymerisation of the monomer or
degradation of the polymer indicates merely the attain-
ment of a certain quasisteady state (with respect to mole-
cular weight), determined by the specific experimental
conditions. This state was attained, in particular, by
ultrasonic irradiation4®, and also in the work of Rossi and
Bianchi#, who irradiated solutions of styrene and poly-
styrene in chloroform with y-rays from °Co.  They
established that there exists a quasisteady molecular
weight, which can be attained either by the polymerisation
of styrene in chloroform or by the degradation, also in
chloroform, of polystyrene with a molecular weight higher
than the quasisteady molecular weight.  According to
their data, Miuuonary amounts to 180 X 10® for an intensity
of irradiation of 60 r min™ or 300 X 10% for an intensity of
37 r min~!, Rossi and Bianchi suggest that this quasi-
steady state of polymerisation and degradation results from
an equilibrium between the energy which the macromole-
cule obtains from the y-radiation and the energy which it
can “remove” or, more accurately, scatter (by transfer of
an exciton along the chain or by transfer to the surrounding
medium) without chain rupture.

In the above discussion we have not dealt in detail
with the problem of the oxidative degradation of poly-
mersi0712,27,42°47  gince this lies outside the scope of the
present article.

b. Inter-Chain Exchange

It must first of all be emphasised that inter-chain
exchange cannot take place without preliminary degradation
of previously formed polymer chains by free radicals, with
activation of the end of one of the two resulting smaller
chains. This takes place, for example, in degradation
according to Tasset and Smets' scheme (see above). The
resulting macroradical may begin growth again at the
expense of monomer or recombine with another similar
(or “normally” growing) macroradical. Thus irrespective
of the specific character of the first stage (i.e. the reac-
tion of the free radical with the polymer chain, leading to
degradation), inter-chain exchange can take place in three
ways: (1) macromolecular combination (¢.e. recombina-
tion of the newly-formed radicals derived from different
original polymer chains) with one another or with “normally”
growing radicals; (2) exchange at the expense of mono-
mer, i.e. repeated stages involving degradation and the
new growth of activated fragments of the chain; and
(3) inter-chain exchange proper, which is observed when
degradation takes place as in inter-chain reactions during
polycondensation48,4®, (Such exchange may, for example,
take place during the degradation of polyisobutylene by
macroradicals with attack “from the side”, i.e. directly,
with rupture of C—C skeletal bonds. Ithasbeenreported5s°
that in the radiolysis of a mixture of high-molecular-weight
and 4C-labelled low-molecular-weight polyisobutylenes,
the activity appeared in the high-molecular-weight frac-
tion, indicating inter-chain exchange.) All these three
processes lead to rearrangement of the polymer segments
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and this in turn, when the polymerisation process is pro-
longed, should lead to distributions in thermodynamic
equilibrium with respect to molecular weight, of the type
observed in polycondensation equilibria4®. There is how-
ever a significant difference in the conditions of inter-
~chain exchange for polymerisation and polycondensation.
In polycondensation, the system unavoidably contains some
water, acid, amine, etc., ¢.e. materials capable of causing
hydrolysis, acidolysis, aminolysis, etc.; moreover, the
ends of all the chains are active. Thus at any moment in
polycondensation, equilibrium between the process of con-
densation and degradation is ensured. In polymerisation
there is usually a comparatively small number of agents
causing degradation (free radicals), which are used up,
moreover, with the passage of time. As a result, a state
of thermodynamic equilibrium is never attained in poly-
merisation.

Finally, at different stages of the polymerisation, the
probability of the above exchange reactions is not the same,
and in some systems, individual reactions may not take
place at all. For example, inpolymerising systems where
rupture of the kinetic chain takes place predominantly by
disproportionation, macromolecular combination is sup-
pressed to a considerable extent. During polymerisation,
as the system becomes more viscous, the mobility of the
macroradicals as a whole decreases much more rapidly
than that of the microradicalst, so that in the later stages
of the polymerisation, when the process becomes diffu-
sion-controlled, exchange at the expense of the monomer
becomes most probable. Since, however, the mobility of
the individual active links in the macroradicals is much
greater than their mobility as a whole, macromolecular
recombination and inter-chain exchange proper (if the
latter is possible for molecules of a given chemical struc-
ture) under these conditions cannot be completely excluded.
The possibility of macromolecular recombination up to
high degrees of conversion was established by a number of
workers in a study of the mechanism of rupture of the kinetic
chain for polystyrene and other polymers, by radioactive
tracer methods. In general, however, at very high con-
centrations of polymer and free radicals (in particular,
these may be radicals formed by decomposition of the
initiator), deactivation of the latter by removal of an H
atom from an intermediate link in an inactive molecule,
with subsequent “cross-linking” by recombination of the
macromolecules activated in this way becomes possible
(this process is examined in detail below).

The process of inter-chain exchange has been studied,
albeit implicitly, by a number of workers. Thus it has
been established that recombination of the macroradicals
of a number of polymers, in particular polystyrene, takes
place during radical polymerisation3,52. Since polystyrene
is capable of undergoing degradationby free radicals (this
has been studied by Tobolsky, Mesrobian and coworkers,
Tasset and Smets, Montgomery and Winkler, etc.%3), it is
clear that two agpects of the same process of inter -chain
exchange were studied. It is true that Tobolsky, Mesrobian,

1 At first sight it appears that the reactions between macro-
radicals in the presence of microradicals (formed, for example,
by decomposition of the initiator) have an extremely low proba-
bility, due to the low mobility of the macroradicals. Allowance
must be made, however, for the fact that (as noted in the
examination of inter-chain exchange in polycondensation) indivi-
dual links of the macromolecules, in particular active links
(terminal groups or links with unpaired electrons), have a mobi-
lity close to that of monomer molecules.
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and other authors of papers on the study of the simultaneous
degradation and polymerisation of polystyrene deal only
with exchange at the expense of monomer (using our termi-
nology). These papers have been examined in detail above
in the consideration of degradation. Degradation during
the polymerisation of methyl methacrylate was noted by
Kern et al.%¢ It should, however, be added that there are
certain indirect indications that, when the “steady state”
has been established, we have to deal not only with inter-
-chain exchange at the expense of monomer, but also with
exchange by macromolecular combination (it is possible,
at least in the degradation of polystyrene, that exchange by
macromolecular combinationplays the chief part). Indirect
proof of this, taken from papers on the study of the “steady
state”, is provided by the following considerations.

1. Ifthe polystyrene+ solvent+ initiator systems studied
by these workers showed only depolymerisation of the same
type as that which takes place i vacuo, i.e. taking place,
for a given macromolecule, entirely after its activationi,
appreciable quantities of monomer would be observed in
these systems immediately after the start of degradation
(since the viscosity decreases sharply in the first moments!),
and the molecular weight would not change with time. In
actual fact neither of these results is observed. Even at
high degrees of degradation, the quantity of monomer re-
mains negligible and the molecular weight decreases con-
siderably, the MWD being displaced towards low mole-~
cular weights (see Fig. 8).

These facts indicate that depolymerisation (at any rate
up to considerable degrees of degradation of polystyrene)
plays almost no part, the only processes being the indivi-
dual ruptures of skeletal bonds in the macromolecules with
the formation of active and inactive fragments. The active
fragments (macroradicals) of polystyrene are extremely
stable and may recombine with one another, normally
growing radicals, initiator radicals, etc.

2. Montgomery and Winkler 3¢ studied the efficiency of
benzoyl peroxide (the number of ruptures of the polymer
chain per molecule of added peroxide) in the degradation
of polystyrene indifferent solvents by means of this radical
source. The values found were 0.003, 0.001, 0.03, and
0.45 for methyl ethyl ketone, toluene, ethyl acetate, and
carbon tetrachloride respectively. Carbon tetrachloride
is an extremely efficient kinetic-chain carrier (one of the
Cl atoms is readily given up to the macroradicals). In
this solvent, therefore, the recombination of macro-
radicals has a much higher probability, and this is appa-
rently revealed by the increase in the efficiency of the
peroxide by a factor of 450, compared with its efficiency
in toluene, which is extremely stable towards active-centre
transfer.

Finally, Bresler ef al.” made a special study to obtain
direct proof that inter-chain reactions take place.in radical
polymerisation and degradation. Experiments were carried
out to study the time dependence of the degradation of
polystyrene under the influence of initiators (sources of
primary free radicals) in solution at moderate tempera-
tures (~100°). Since reactions of the macromolecular
recombination type may be suppressed to a considerable
extent at high initiator concentrations, the experiments

i The removal of monomer from the polymer radical has an
activation energy of 18—25 kcal mole™}, i.e. this reaction may
take place at a fairly high velocity even at 100°. In actual fact,
thermal depolymerisation requires a temperature of ~ 200°, due
to the high activation energy of the initiation stage.
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were carried out in moderately concentrated solutions
(2—4 wt. %) of polystyrene at initiator concentrations of
<1% of the weight of polymer in the solution. This cor-
responded to a ratio of 1 molecule of initiator to 1 mole-
cule of polymer. The experiments were carried out
under strictly oxygen-free conditions$ in inert solvents
(benzene and toluene). The course of the degradation was
followed viscometrically. Fig.9 shows the time depen-
dence of the degradation of polystyrene in the presence of
methylphenyltriazene. The first stage is evidently rapid
decomposition of the initiator with the formation of free
radicals:

CHy—NH—N=NCHj; - CH;- - -NHC,H; + Nj.

Fig.9 shows that the sharp initial decrease in viscosity
mirrors the decomposition of the initiator. After about
1 h, the greater part of the initiator has decomposed and
the degradation of the chains stops, after which the vis-
cosity actually increases, apparently due to the recombi-
nation of macroradicals. It is of course possible that
some part in this change in viscosity with time is played
by a depolymerisation process. Control experiments
show, however, that the concentration of polymer in solu-
tion before and after degradation does not change, within
the limits of error (this agrees with the data of Tasset and
Smets ® and Thompson38). Study of the MWD of polystyrene
specimens before and after degradation shows that in both
cases the MWD is of the recombination type, and calcula-
tion of the number of recombinations from the values of the
number-average molecular weights before and after
degradation shows that ~50% of the macromolecules which
have undergone degradation recombine.  This provides
further proof that macromolecular recombination takes
place. Experiments were also carried out in the absence
of oxygen and with mixed solutions of polystyrene and
polyisobutylene and of polystyrene and poly(methyl metha-
crylate) intoluene and benzene, in which thermaldecomposi-
tion of the initiators took place. The initiators used were
benzoyl peroxide and methyl- and ethyl-phenyltriazene,
at concentrations of 2—10% of the weight of the polymer in
the solution. These systems showed the formation of

§ The part played by oxygen in degradation reactions depends
to a considerable extent on its ability to form hydroperoxides at
vulnerable points on the polymer molecule, i.e. tertiary carbon
atoms in vinyl polymers and a-methylene groups in polydienes.
Grassie considers that the hydroperoxides decompose with the
formation of initiating radicals according to one of the following
schemes:

OOH
~ CHy—~CHX—~CH;—CHX ~ 4 Oy ~ = ~ CH,J:X—CHFCHX ~—
— ~ CH;—CX-—CH;—CHX ~ -+ -OOH
or
o
~ CHg—c{(—CH,—CHX + .OH.
Oxygen may also affect the course of a reaction by its ability to
react with radicals:
~ CH;—CX—CH;—CHX ~ 4+ O, —
—» ~ CH;—CX—CH,;—CHX ~
0—0-
These oxygen-containing radicals have a much greater tendency to
decompose than the radicals from which they were formed. An
example is provided by the reactions in rubber initiated by light:
in the absence of oxygen these lead to the formation of cross-
-linkages and in the presence of oxygen to degradation. The part
played by oxygen has been discussed in detail by Grassie (Ref. 10,
Chapter V).

~ N S e
| j

) B T R—

time, h

Fig.9. Degradation of polystyrene under
the influence of CHj radicals?’. Concen-
tration of solution during degradation:

1) 4 g per 100 ml, 140°% 2) 2 g per 100 ml,
120°,

“hybrid” (i.e. of the block or graft type) polymers, which
are evidently formed by macromolecular recombination of
different macroradical fragments.

c. Kinetic-Chain Transfer to the Polymer with Subsequent
Growth of a Side Chain

In bulk polymerisation, and also in solvents at high
monomer concentrations, an increase in the rate of the
process at high degrees of conversion is observed. An
increase in the molecular weight of the product also
occurs.

These phenomena are due to the increase in the vis-
cosity of the medium, leading to a decrease in the rate
constant of the rupture reaction due to recombination and
disproportionation, since this depends on the rate of dif-
fusion of the polymeric radicals to one another. Miyama?55
showed that the life-time of the polymer radicals increases
in the same sense (see Fig.10). Bresler et al.% showed
by electron paramagnetic resonance in the photopolymeri-
sation of vinyl acetate and methyl acrylate for degrees of
conversion above 50—60%, thatthe concentration of macro-
radicals increases rapidly and at the end of the polymeri-
sation process reaches 2 X 107 M for vinyl acetate and
0.5 x 10~% M for methyl acrylate.

7in2, sec
30
5.
-é {100
= 20
é.
2 50
s 10
2
-4
0 3 B a
time, h
Fig.10. Dependence of the rate

of polymerisation (1) and the life~
-time of the polymer radicals (2)
on the duration (extent) of poly-
merisation 55,
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As free radicals accumulate in the polymerisation sys-
tem and the concentration of the polymer increases at high
degrees of polymerisation, the process of active-centre
transfer to the polymer molecules with the subsequent
growth of a side-chain plays an ever-increasing part.

This reaction, which was described by Flory as early as
1937, is now widely used for the preparation of graft poly-
mers. Two forms of cross-linkage formation are pos-
sible: (1) in vinyl polymerisation this reaction passes
through a stage involving the abstraction of a hydrogen or
halogen atom by free radicals:

R + ~ CH;—CHX ~ — RH + ~ CH—CHX ~ ,

where R’ is a micro- or macro-radical; (2) in the case of
the polymerisation of dienes, the reaction involves the
abstraction of a hydrogen atom¥ or the addition of radicals
to double bonds:

CHy ~ CH, ~
R + C—CH, — R——(’:—CH,

du du

éﬂ,~ (!H,~

Kinetic-chain transfer to the polymer takes place parti-
cularly readily in the case of polymers of the 1,2-poly-
butadiene type with “outer” double bonds:

R + ~ CH;—CH ~ — ~ CHy—CH ~
CH=CH, RCH—H,C:

There are, however, data which indicate that the first
type of chain transfer to the polymer also takes place for
polydienes. The removal of an H atom is most probable
for 1,4-polydienes. In all these cases, molecules with
anomalously high molecular weights are formed.

If it is assumed that in a real polymerisation system
the free radicals formed by decomposition of the initiator
do not take a direct part in the reaction of active -centre
transfer to the polymer, the rate of transfer to the poly-
mer molecules 7¢r,p, which is equal to the rate of forma-
tion of the side-chains in the polymeric molecules, is
determined by Eqn. (1) (see above).

The experimental constant ktr p is not always the con-
stant for a definite reaction, smce the polymer molecule
may contain groups with different structures, reacting with
the polymer radicals at different velocities. The constant
is an “effective” constant. In general the primary radi-
cals of the initiator do not act merely as initiators of the
polymer chains. Their part in chain transfer to the poly-
mer is shown by work on graft polymerisation (see below).

The absolute values of the constants for chain transfer
via groups in the polymer molecules are usually much
lower than those for transfer via the corresponding low-
-molecular-weight compounds. This is due to the fact
that the inactive molecule — radical changes are associated
with a change in the configuration (for example CH, is a
tetrahedron and CH; has a planar structure) and in the case
of polymers this causes displacement of sections of the
macromolecules. This also apparently explains the re-
duced reactivity of the inner double bonds of polydienes
compared with that of the outer double bonds. This does
not mean, however, that the transfer reaction to the poly-
mer has a very low probability.

¥ Particularly that in the a-position with respect to a double
bond.
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Schulz and coworkers57-%¢, in a study of the poly-
merisation of methyl methacrylate in the presence of low-
-molecular-weight poly(methyl methacrylate) prepared
by a radical mechanism, found that the value of k¢r P
decreases with increase in the molecular weight of the’
polymer added to the system. The authors attributed this
to a difference in the rate of reaction of radicals with
terminal groups (containing double bonds as a result of
disproportionation) and with intermediate groups in the
chain. The data obtained were used to calculate the con-
stants for chain transfer via the terminal groups:

ki p )
— =0.10 ,
( %5 )erminal

where kp is the rate constant for chain growth, and for
chain transfer via the inner groups:

(k‘;"’ ) =2.2x10%
» / inner

The fact that the terminal groups taking part in chain
transfer are groups containing double bonds is confirmed
by the marked decrease in the value of the ratio kty;p/kp
for polymers obtained in the presence of chain carriers
(butyl thioglycollate), ¢.e. containing no terminal groups
with double bonds, and also by the fact that this ratio is
independent of the nature of the initiator. If the added
polymer contains no terminal double bond (for example,
one obtained by polymerisation on metallic sodium or
potassium), the value of R¢y p/kp is independent of the
molecular weight of the added polymer and has the value
2.2x 1075, Recently, Henrici-Olive and Olive%® used
azobisisobutyronitrile labelled with 4C for the polymeri-
sation of styrene and determined the degree of conversion
of the monomer and the average number of terminal groups
(from the radioactivity of the polymer); they found that
the resulting polystyrene is branched. = They determined
the ratio of the rate constants for the transfer reactions

R '+ P —25, tr,p RH + P and for initiation R’ +M——>RM
i.e. K= kty p/kst For 50°, K = 0.3 + 0.1, which is
fairly high. "The authors derlved an equatmn relating the

constant K to the experimental values of Z (the number of
terminal groups) and ¢ (the percentage conversion). In
the absence of the “gel effect”, the equation has the form

Zin(i—w) |
2Z—2 ©)

LIl Kb —§) = —

from which it follows that K can be determined (1) by pre-

paring a polymer with labelled initiator, and (2) measuring
Y and Z.

The average degree of grafting (ADG), ¢.e. the number
of grafts per polymer molecule, is found from the equation

— 3 I+ K — ) —2in (1)
ADG =Z -2 =— >

H N+ Ky —9) +1n (1 —v)

(10)

which follows from the previous equation.

The fact that the reaction of active-centre transfer to the
polymer has a high probability is also indicated by its suc-
cessful application for the preparation of graft polymers.

Smets %2 gives the following complete scheme for the
reactions accompanying the ordinary mechanism of graft-
ing.
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On the one hand, normal polymerisation takes place:

k,
initiator —»dZR'. (I)

;: .
R'-+CH,=CHB — R—CH,—CHB, (Im)

()

These processes are accompanied by active-centre transfer
to the polymer dissolved in the monomer:

. k .
R—CH,—CHB+ n CH,=CHB 2 R— (CH,—CHB),,—CH,—CHB.

R+ ~ CH;—CHA—CH,;—CHA ~ »}

RH+ ~ CH,—CA—CH,—CHA ~—/, (tva)
R— (CH,—CHB),—CH;—CHB+ ~ CH,—CHA ~ —
{ 2 2’ (Ivb)

R— (CH;—CHB),, —CH;—CH,B+ ~ CH;—CA ~ - ,

and the formation of side-chains on the molecules both as a
result of “growth”;

~ CH;—CHA—CH,—CA—CH,—CHA ~ -}-n CHy;—CHB—

CH,—CHB—CH;—CHB ~

ndad CH’—E\CHz—CHA—CH,—CHAﬁ- (va)
and as a result of recombination with normally growing
radicals:

~CH; —CA—CH;—CHA ~ +CHB—CH,— (CHB—CH,),, ~ —

CHB—CH,— (CHB—CH,),; ~
¢/ o G, (VIa)

—»~cy/ )\ NCH,—~CHA—CH,—CHA ~
If active-centre transfer takes place at the terminal
group of the dissolved polymer, block-copolymers are
formed according to the two analogous schemes

~ CHy—CHA—CH,—CHA+ n CH,=CHB — } (Vb)
— ~ CHy—CHA—CH,—CHA~—CH;—CHB ~
~ CH;—CHA—CH,—CHA+CHB—CH, ~ ~ } (VIb)

- ~ CH,—CHA—CHy—CHA—CHB—CH;—CHB—CH; ~

As Smets points out, it was previously assumed that
only reaction (IVb) can lead to the formation of macro-
radicals, since primary radicals should react more readily
with vinyl monomers than with the polymer molecule (IVa).
This hypothesis was confirmed by the higher value of the
activation energy for the chain transfer reaction, compared
with the reaction of attachment to the monomer. It has
now been proved, however, that reaction (IVa) takes place.
In analogous fashion, Allen ef al.®® arrived, after detailed
study, at an extremely complex reaction scheme for graft-
ing (on rubber). Smets established that, in the polymeri-
sation of methyl methacrylate in the presence of poly-
styrene, a large quantity of graft polymer is formed if the
initiation is brought about by benzoyl peroxide (BP) and
that, on the other hand, almost no graft polymer is formed
if azobisisobutyronitrile (AIN) or t-butyl peroxide are used
as initiator. An analogous result was observed by a
number of workers for grafting, where in the presence of
benzoyl peroxide the number of graft branches was about
100 times greater than that predicted by the theory of chain
transfer to the polymer, but when AIN was used as initiator,
no grafting was observed.

Thus the process of chain transfer to the polymer is
usually accompanied by a whole series of secondary reac-
tions, including the direct action of initiator radicals on
the macromolecules. [It is for this reason that we con-
sider (see the Introduction) that it is inappropriate to in-
clude the chain transfer reaction to the polymer among
secondary reactions without describing its consequences
more precisely.] An alternative suggestion is that the
activity of the macroradicals formed from the same mono-
mer may differ considerably, depending on the initiator
radical, but this is unlikely. In particular, Allen et al.%®
have shown that in the preparation of graft polymers by
this method, the initiator used in the polymerisation has a
significant influence on the side-chains.

Finally, it should be noted that intramolecular active-
-centre transfer is possible when a terminal radical attacks
a methylene group in the same molecule:

~ CH,—CHy—CH,  ~ CH—CH,—CH,
o CH—CH, chy-du,
This process leads to the appearance of a large number of

short side-chains in the case of high-pressure poly-
ethylene.

d. Cross-Linking of Macromolecules in Linear Poly-
merisation

In polymerisation with “insufficient” monomer (high
degrees of conversion) or with a relatively large quantity
of macroradicals (indiene polymerisation), where a further
source of the latter is provided by the “opening” of double
bonds under the influence of temperature and initiators,
and also in the w-polymerisation considered below, etc.,
the macroradigals active “in the centre” will recombine in
two ways (see Fig.11), ¢.e. the appearance of ordinary
branched molecules will be accompanied by “cross-linking”
of the molecules by means of intermediate links. - This
type of reaction has been examined theoretically by Flory®4
Taylor and Tobolsky %%, Case®, and others. Cross-linking
of linear polymers has been observed experimentally by a
number of workers. Thus Bardwell and Winkler ¢’ ob-
served cross-linking of molecules of the butadiene —styrene
copolymer latex when potassium persulphate was added;
the rate of cross-linking was proportional to the persul-
phate concentration. Baker®® cross-linked pure poly-
undecanoates, containing no unsaturated bonds, and mono-
mers with more than two functional groups, containing
methylene hydrogen atoms labile towards removal by
radicals; these hydrogen atoms can be removed fairly
readily. Bryant et al.® showed that commercial poly-
ethylene prepared by free-radical polymerisation often
contains a small quantity (~1.5 vol. %) of microgel par-
ticles with an effective molecular weight of 10*4, and also a
considerable quantity of highly branched macromolecules.
Moore and Peck? made an electron microscope study of
high-pressure polyethylene and observed a considerable
number of molecules with M ~ 40 X 108, which had a marked
influence on the MWD. Flory™ and Fox and Gratch7?
showed that these particles can be formed only by the re-
combination or cross-linKing of macromolecules but not as
a result of ordinary chain branching. The formation of
microgel particles with a diameter of ~0.1 p was also
established by Baker. Some polymers, for example,
poly(vinyl acetate), form only highly branched molecules

Fig.11l. The three types of macroradical
recombination. ’
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in radical polymerisation at 100°. In radical polymeri-
sation of dienes, cross-linking of macromolecules is often
observed at room temperature and above. A reaction of
the type involving cross-linking of “formed” macromole-
cules, apparently accompanied by inter-chain exchange,
was also studied by Bresler ef.?” Mixed solutions of the
polymers (polystyrene and polyisobutylene) with concen-
trations of 1-2% were kept in the presence of initiators at
80°-100°, depending on the initiator. The action of the
free radicals of the initiator (methylphenyltriazene, ben-
zoyl peroxide, etc.) led to the formation of macroradicals,
which reacted partially with one another. The reaction
of macroradicals of different chemical character gave
“hybrid” polymers (i.e. of the block and graft type), which
were then detected by specific sensitive methods (u.v.
absorption spectra, etc.). It was found that the formation
of “hybrid” polymers did in fact take place, although their
yield did not exceed several per cent of the total quantity of
macromolecules in the solution. It was possible to esti-
mate the intensity of reactions of types (V) and (VI) (see
above) in systems where styrene was polymerised in the
presence of polyisobutylene. In these systems also, how-
ever, the yield of “hybrid” polymer for the polyisobutylene—
polystyrene pair did not exceed 5%, indicating that these
reactions are not rapid, apparently due to steric hindrance
in the reactions between the macroradicals of polyiso-
butylene and polystyrene on the one hand, and the low acti-
vity of the polyisobutylene macroradicals in styrene poly-
merisation on the otherf.

The polymerisation of styrene was also carried out in the
presence of polybutadiene (5%) with ~ 20% of 1,2-linkages.
The polymerisation was carried out under the influence of
azobisisobutyronitrile (0.1 g per 100 ml), which has a low
activity in the removal of an H atom but reacts readily with
“outer” double bonds. It was established that as a result
of inter-chain reaction, ~ 25% of the rubber dissolved in
the monomer reacted with polystyrene at 80° and ~ 50%
reacted at 120°. In both cases more than half of the
resulting hybrid polymer had a gel structure, indicating
high intensity of cross-linking at the double bonds of the
1,2-linked groups. The grafting of styrene on poly-
butadiene by secondary reactions was also carried out by
Uemura et al.™ with azobisisobutyronitrile and benzoyl
peroxide. In the presence of the former, the styrene
polymerised more rapidly but the efficiency of grafting was
lower.

Recently, Miller?? made a kinetic analysis of the cross-
-linking of saturated polymers by a radical mechanism in
the condensed phase and verified the resulting relationships

experimentally. Miller suggests that the following reac-
tions take place:
(1) lll R+R’ decomposition of initiator,

formation of polymer

ke i
by L radicals by H atom
(m  R+PH—RHAP e tion by the

initiator radical,
[6119) R‘-O-P'IiRP
awvy R'+Rk~'RR J
W PP S pp
Assuming further that the polymer radicals are not re-
moved by disproportionation and do not undergo degrada-
tion, that k; = vk E;, and that the whole system of reac-
tions reaches a steady state, Miller obtained the following

recombination of
radicals of different
type with one another.

T The styrene was polymerised in the presence of methylphenyl-
triazene and benzoyl peroxide, which cause intense degradation of
polyisobutylene.
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expression for the cross-linking coefficient C (the number
of cross-linkages per molecule of initiator decomposed):

C = {{koa (11" /k, [PH] +1)72. (11)

At constant temperature and [PH] = const, this equation
reduces to the simpler form

C = (K [11"* 412, where K = {(kak1)/k. [PH]} = const

for a given polymer —initiator system. Obviously, C —
— Cmax as K[IJ*/2 = 0. This is attained (a) at low values
of k,, (b) at low values of (I), and (c) at high values of %,.
(For polyethylene, for example, C ~ 1, due to the high
value of k,.)

The concentration of cross-linkages for any degree of
decomposition of the initiator is found by integrating (11).
These kinetic expressions were verified by Miller by
experiments on the cross-linking of polydimethylsiloxane
with benzoyl peroxide at 125° and with dicumyl peroxide at
170°.

On the basis of his experimental and theoretical studies,
Miller established that ionising irradiation is much more
effective in cross-linking [since of reactions (III), (IV), and
(V) above, only (V) leads to cross-linking; (II) and (IV)
only decrease the number of free radicals formed).

The formation of cross-linkages in polyethylene by the
action of peroxides and irradiation was studied by Rado and
Lazar7-77, who calculated the number of cross-linkages
from the change in the solubility of the polyethylene in
boiling CCl,, using the relationships between solubility and
degree of cross-linking for polyethylene?®. The experi-
ments were carried out in the range 70°-90°, the quantity
of peroxide added to the polymer being 0.01-0.5 mole kg .
The specimens were heated for 10¢—10° sec. A kinetic
scheme of radical reactions was established, and, in
particular, it was shown that the decomposition of the
peroxide in polyethylene is a chain process, initiated by
benzoate radicals produced by thermal decomposition of
the peroxide. The kinetic scheme proposed by the authors
for the formation of cross-linkages is identical with that
given abcve. Increase in temperature decreased the yield
of cross-linkages, since the considerable difference in the
energies of activation, initiation, and transfer at higher
temperatures causes the reaction of polymer radicals with
primary radicals to predominate. Despite the fact that the
peroxide decomposes by a chain mechanism, Rado and
Lazar's experimental data correspond fairly accurately
with the kinetic equation derived by Miller for the depen-
dence of the number of cross-linkages on the peroxide con-
centration, if it is assumed that monomolecular decompo-
sition of the peroxide takes place:

where [BP] and [P—~P] are the concentrations of benzoyl
peroxide and cross-linkages respectively, and K is a con-
stant (at 7 = const).

Finally, the so-called w-polymerisation in fact results
from an intense structure-formation process which is pre-
ceded and accompanied by processes of chain transfer to
the polymer and chain rupture at points corresponding to
fluctuations in the concentration of polymer molecules and
free radicals7-%, Thus Pravednikov and Medvedev 80,8
showed by labelling the “nucleus” with a radioactive tracer
that, for example, the w-polymerisation of chloroprene is
accompanied by continuous rupture of the macromolecules
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of the network (due to osmotic overstrain at points of high
polymer concentration) and their cross-linking by a radical
mechanism, i.e. in our terminology, intense inter-chain
exchange takes place in w-polymerisation.

M. METHODS OF RECORDING AND STUDYING
SECONDARY REACTIONS

a. Influence of Secondary Reactions on Molecular Weight
Distributions

Let us examine the influence of each of the above
secondary reactions on the molecular weight distributions.

Degradation. By definition, this reaction involves
the rupture of single skeletal bonds of the macromolecules
and obviously leads to a decrease in molecular weight.
Montroll 8 and Tuckett 8® showed that with highly disordered
chain rupture, irrespective of the original distribution, an
equilibrium length distribution of the Kuhn—Schulz—Flory
type,

= xP" (1 — P2, (12)

is established after some time. This expression reduces

to the form
(13)

where W, is the weight fraction of chains consisting of x
links, P the probability that a given bond betweentwo struc-
tural units remains unaffected, and 8 = 1/Vx,. Expres-
sion (12) is illustrated by Fig.12. Thus if the initial
average molecular weights and MWD are known and if the
latter differed from an MWD of type (12), the decrease in
average molecular weight with time and the attainment of
an MWD of the Kuhn—Schulz—Flory type are a direct con-
sequence of the disordered degradation.

W, = Btxe—8s;

Inter-chain exchange. Inter-chain exchange in
radical systems, i.e. the recombination of macroradical
“fragments™, their “growth” at the expense of monomer,
etc. in addition to chain degradation under the influence of
radicals leads to a reduction in the rate at which the
average molecular weights decrease with time, compared
with that for “pure” degradation. Moreover, a quasi-
steady state may be established, as has been observed by
Mesrobian and Tobolsky, Rossi, and others. The

Fig.12. Form of the Kuhn—Schulz—Flory
equilibrium distribution (see text for
symbols).

influence of inter-chain exchange on the molecular weight
of the polymer can be illustrated by the following example.
In one of our experiments on the degradation of polystyrene
in benzene solutions in the presence of methylphenyltriazene,
we found the MWD of the specimen before and after degra-
dation (both were of the recombination type!) and from the
MWD we calculated the average molecular weights, the
values being 5.06 X 105 and 3.6 X 105 respectively. Let us
assume that originally there were N macromolecules with
a number -average molecular weight M. Of these, » mole-
cules underwent degradation, with the production of 2z
chains (of which n were active) with an average molecular
weight of M/2. If all n active chains recombine with one
another, the average molecular weight after degradation
M}, will be given by

Mo W—mMAnM2n2M _ _ NM
" N—n)+n+n/2 N4-nf2 "

If, however, all the macroradical fragments dispropor-
tionate, combine with initiator radicals, etc., i.e. if they
are deactivated in any way other than by recombination with
one another, we have

(14)

M= (N—mM42nxM2 _ NM

" WN—m)+22 = N+n (15)

The original number-average molecular weight of poly-
styrene in this experiment was M, =M = 5.06 X 105 and
that after degradation was My, = 3.6 X 108, i.e. Myumi/Mp =
=1.4. Incase (1), Mim/M’ =1 +n/2Nand in case (2),
Miug/M” =1+ n/N. The phenomenon is thus intermediate
between cases (1) and (2), i.e. 1 +n/2N< 1.4 < 1+n/N,
from which 0.8 N> n > 0.4 N, i.e. n was about 0.6 N,

Assuming that » = 0.6 N, it is possible to estimate the
number of macroradical “fragment” recombinations which
have taken place. If no recombination of radicals with one
another took place, we should have, in accordance with
(15),

= NMigis 5,08 x408

M= =
nd 16N

N106N = 3.13 x108.

Experimentally, however, Mpq = 8.6 X 105 > Mjq, i.e.
recombination has taken place. Assuming that the num-
ber of recombinations was xN, we can write

0.4 NM + 0.8 N XM/2 + (0.6 — x) NM/2 + xNM
04N FO0.6NF 06— 0N TN

Cancelling N and substituting M = My = 5.06 X 10%, we
have

= 3.6 x105,

140.5x  3.6:x108
1.6 =soex10 07k

from which

= (1.6x0.71) — 1 - 1,44 —1 = 0.28,
0.5 0.5

i.e. the number of recombinations was ~0.3 N. Thus the
probability of inter -chain reaction was about x/n = 0.3/0.6 =
=50%.

It should be noted, however, that in this experiment we
studied the degradation of polystyrene, whose macroradicals
have a particularly strong tendency to undergo recombina-
tion. Moreover, the calculation is only approximate,
since we do not make direct allowance for the cross-linking
of “centres” with “ends” and of “centres” with “centres”,
assuming that these processes, being bimolecular, are
less probable than simple degradation. In addition, if
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some “growth” of the fragments took place at the expense
of monomer formed during degradation, .e. exchange at
the expense of monomer, this is mathematically equivalent
to the above mechanism, which assumes simple recombina-
tion of macroradical “fragments”.

Kinetic-chain transfer to the polymer.
This process produces branched molecules, which, as
Beasley? has shown, cause broadening of the MWD of the
product and the appearance of high-molecular -weight
“tails” on the distribution curve. The MWD remains
unimodal, but since the longer the chain, the greater the
probability that it will branch again, the MWD shows
marked asymmetry (the ratio My : M, —  with decrease in
the most probable molecular weight Mmz). The degree of
branching can be expressed in terms of the parameter
B = B uansfer [P]/akg[M], where B yander is the constant for
transfer to the polymer, [P] the polymer concentration,
1/a the average number of monomeric units in the growing
chain (main or lateral), kg the rate constant for chain
growth, and [M] the concentration of monomer. The
weight fraction of polymer with X monomeric units in the
chain (including all degrees of branching) is given by the
expression

W(X)dX — (1 —B) (aX)d (aX)
n+ Bax|u+1/B)

The form of this distribution function for different values
of B is shown in Fig.13.

(18)

Cross-linking of macromolecules. When
the MWD is already established (for example at high
degrees of conversion) in polymerisation, this process
leads to characteristic changes in the MWD, which reduce
to the form®

okt Mke—aM
T (k4 1)
where a = 1/My,, pr represents “weighting” coefficients,

and % is the number of side-chains per macromolecule.
When pp = 1, this distribution is equivalent to (13)f. The

) 1)

=3 p
k=0

p

Fig.13. Form of the Beasley weight distribu-
tion function for different degrees of branching
produced as a result of chain transfer to the

polymer 2,

1 With allowance for the fact that (16) describes a numerical
distribution function with respect to molecular weights and (13) a
weight distribution function with respect to degrees of polymerisa-

s 86
tion™.

154

coefficients pp take account of the distribution of doublets,
triplets, etc., ¢.e. the increase in the width of the MWD
due to cross-linking of existing macromolecules. Under
certain conditions this distribution may prove to be equi-
valent to Beasley's distribution2. In the case of poly -
dienes, where branching during polymerisation takes place
as a result of chain transfer to the polymer, account is
already taken of this process in the differential form of the
MWD [Eqn. (16)].  In the polynomial of type (17) for this
case (pp = 1) the numerical fractions of doublets, triplets,
etc. (more accurately, species with 1,2,.... % side-chains)
decrease successively [thanks to the factor ak”/ (2 + 1)]
and although the number -average molecular weights of the
fractions are in simple ratios of the type 1:2:.... :&, the
distribution as a whole remains unimodal (see Fig. 14).
When secondary reactions of the type under consideration
take place (i.e. cross-linking of formed molecules with an
established MWD), the number of fractions of doublets,
triplets, etc. may be of the same order of magnitude (allow-
ance is made for this by the coefficients pr) as the number
of linear (not cross-linked) macromolecules, the major
fraction of which was formed at lower degrees of conver-
sion. In this case the distribution maximum may be dis-
placed towards higher values of M, but the separation of
the maxima, of the type represented in Fig.15, may be
obtained only if each “E-th” fraction (17) corresponds to
its own value of @ = @p. When « is constant, the poly-
nomial (17) may have only one maximum, as can be seen
by taking e~*M gutside the summation sign. The sum is
now a monotonically increasing function of , and multi-
plication of the latter by the monotonically decreasing e~ %
should give a bell-shaped curve so long as all the pz are
real and > 0 (“Dodge's rule” of higher algebra).

Fig.14. Weight distribution function for a
branched polymer %. The broken lines repre-
sent the partial distributions for fractions
with different numbers of side chains per
macromolecule (indicated by the numerals).

Q, (M)-107
200,

100

10°° M

Fig.15. Weight distribution function for
poly(butyl phenyl methacrylate) obtained
with stepwise increase in temperature 3,
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The situation is different if the values of o differ; in
this case even simple linear combinations of Schulz func-
tions of the same ovder of magnitude may be given a multi-
modal curve. A large number of values of @ may result
from the succession or coexistence of several polymerisa-
tion mechanisms.

Under the conditions of a microheterogeneous medium
at high values of Y, polymerisation at different rates in
different phases should initiate a multimodal distribution.
In the case under discussion the cause of the multimodal
character was most probably the two sudden increases in
temperature.

Unlike the distributions ¢»(M), the corresponding dis-
tributions of [n]§ or of sedimentation coefficients may be
resolved into separate maxima even when & = const. This
can be seen from the following fundamental theorem of
statistics:

q,(MydM = g, (X) dX, (18)

where X is any single-single-valued function of M.

Assuming that [1] = KMP and substituting this in gn([n]),
corresponding to the distribution (17), we see that now the
sum contains variable exponents of the form a + 8z, since
B depends on the degree of branching.

Thus, for example, analysis in the ultracentrifuge is
more reliable than direct determination of ¢, (M), for in
the first case we obtain the distribution of the sedimenta-
tion coefficients with respect to weight, which are sensi-
tive to branching. It should again be emphasised that
simply multimodal MWD may be produced in a number of
cases without any secondary cross-linking reaction. This
is the case with the superposition pf several independent
polymerisation mechanisms, each characterised by its
own set of rate constants. Usually the presence of
several maxima is due to a large number of polymerisation
loci, 7.e. the multimodal character should result from the
heterogeneity of the polymerisation process.

b. Study of Secondary Reactions in Model Systems

The advantage of the MWD method is its general charac~
ter and the fact that it can be used directly to study the
products obtained in polymerisation, The fact that we are
studying secondary reactions, which in ordinary polymeri-
sation processes are “masked” by the main processes,
however, means that this method is not always convenient,
A more convenient method for studying secondary reactions
is that involving model systems, in which these reactions
take place in a more or less pure form.

The degradation of polymer chains in solutions at
moderate temperatures (~ 100°) under the influence of
small quantities of initiators causing degradation has been
examined above., Particularly valuable results are obtained
when the study of degradation gives not only one of the
average molecular weights (or viscosity) before and after
the reaction, but also the MWD (see above).

Inter-chain exchange may be detected directly by heat-
ing a solution of two fractions (differing considerably in
molecular weight) of the same polymer in the presence of
an agent causing degradation (or without it, if we are deal-
ing with polycondensation products with active ends), with
determination of the MWD before and after the reaction,

§ [n] is the intrinsic viscosity.

Particularly interesting results may be obtained if one

of the fractions is labelled with radioactive atoms. As a
result of inter-chain exchange, afraction of macromolecules
with intermediate molecular weight should appear in the mix-
ture, witha corresponding decrease in the proportions of
macromolecules with extreme molecular weightvalues. A
modification of this method involves analogous manipula-
tions with a mixed solution of two different polymers. In
this case inter-chain exchange and recombination by the
centres (cross-linkages) give “hybrid” polymers of the
block and graft type, the yield of which in these systems
characterises the probability of inter-chain reactions.
Although in principle this method may be quantitative data,
detailed study of the reation product is difficult, since it
contains both homopolymers (usually in the polydisperse
state after the reaction, even if fractions were taken
initially) and the hybrid polymer, which is polydisperse
with respect to both composition and molecular weight,

For a quantitative study of inter-chain exchange, the
most convenient method is by polymerisation of inactive
monomer in the presence of “monodisperse” radioactive
polymer of the same type, to a 100% degree of conversion,
followed by fractionation and analysis of the distribution of
radioactivity in the fractions. (The radioactive tracer tech-
nique can also be used in the experiment with two fractions,
of the type considered above.)

Kinetic-chain transfer to an intermediate link of the poly -
mer may be studied either by preparing graft polymers by
polymerisation in the presence of an existing polymer of a dif -
ferent type or by establishing the deviation from the normal
values (for linear polymers of this type) of the constants in
the Mark-Kuhn-Hauwink relationship?®?.

Henrici's method is particularly convenient for this
purpose (see above).

The MWD method is the most reliable for establishing
cross-linking of molecules, For this purpose, however, it
is also possible to use the method of ‘“hybrid polymer”
preparation, used in the study of inter-chain exchange. It
is also possible to use fractionation of the reaction product
from a model system (or polymerisation boiler) with sub-
sequent determination of the deviations from the relation-
ship of type (13) for the corresponding linear polymer.

In the study of secondary reations during diene poly-
merisation, in addition to the MWD method and the methods
used to study “branched” vinyl polymerisation, it is pos-
sible to use infrared analysis (to record the disappearance
of double bonds) and also sol-gel analysis.
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I, INTRODUCTION

In recent years there has been an increasing number of
studies outside the Soviet Union of a new class of com-
pounds characterised by the presence of the NF or NF,
group, In the USA interest in compounds containing the
NF, group is due to their use in rocket fuels!, The pub-
lished studies relate mainly to the simplest gaseous
nitrogen fluorides, most of which are reagents for the
preparation of compounds containing the NF, group, These
fluorides include tetrafluorohydrazine, the two difluoro-
diazine isomers, difluoramine, chlorodifluoramine, and
fluorine azide,

This review is concerned with the chemistry of these
nitrogen fluorides. The chapter on the structure of the
nitrogen trifluoride molecule does not embrace all the
literature data, but is given solely to provide a more cor-
rect understanding of the properties of the nitrogen fluor-
ides,

II. STRUCTURE OF THE NITROGEN TRIFLUORIDE
MOLECULE

The geometry of the nitrogen trifluoride molecule has
been studied by electron diffraction?,® and by microwave

spectroscopy*;, the molecular dimensions have also been
obtained from infrared spectroscopy and dipole moment
measurements,

The nitrogen trifluoride molecule is an equllateral tri-
angular pyramid in which the apex angle is 102°, N-F
distance 1,37 A and F,.. F distance 2.14 &,

The experimental N—F distance is in good agreement
with the interatomic distance calculated from the Scho-
maker— Stevenson formula’;

Fop=Tn+ryg—0.09(X, —Xy),

A—]

where 5 and g are the covalent radii of atoms A and B,
and X» and Xg are the corresponding electronegativities.
Here vr = 0,72 A 7y = 0.74 A and Xr-Xn= 0,95, % and
hence ra-p = 1.38 A, The above formula takes the ionic
nature of the bond into account, and the agreement between
the experimental and calculated distances demonstrates
that the N—F bond is partially ionic,

The mean energy of the N—F bond, calculated from the
heat of formation of NF, (AH =-29.7+ 1.8 kcal mole™! 7),
is 66,3 kcal mole™!, The dissociation energy of the first
bond Dn—f is determined®-1° from the thermochemical
equation

AHyg, = AHye, +AHp —Dy_p

where AHyvr, = 9.8 + 2.1 kcal mole™! (see Section III) and
AHr = 18,9 + 0,5 kcal mole™!;#* hence Dy—r = 58,4 +

+ 4.4 kcal mole™!, Assuming that the dissociation energies
of the other two N—F bonds are the same, these will be
70.5 + 1.6 kcal mole™?,

Thus, unlike ammonia and many other inorganic sub-
stances !2, the energy of dissociation of the first bond in
the NF; molecule is less than that of succeeding bonds,

Reese and Dibeler !? recorded the mass spectrum of
nitrogen trifluoride, determined the appearance potential
of the ions NF; and NF*, and calculated the ionisation
potentials of the radicals NF, and NF, The appearance
potential A =7 + Duong, where I is the ionisation potential
and Dyond is the bond energy. The ionisation potentials,
calculated from Reese and Dibeler's data using the above
values for the N-F bond energies in nitrogen trifluoride
and the experimental results of Herron and Dibeler !°, are
InF, =11,9 £ 0,2 eV and Inr = 12.4 £ 0,3 eV,

Ramaswamy determined the dielectric constant of NF,
at -80°, -33°, 25°, and 95°, and calculated the dipole
moment to be u= 0.21 D.“"s This low value is surprising
(cf. the dipole moment of ammonia, which is 1.46 D),
Almost all those who have studied the structure of the
nitrogen trifluoride molecule have attempted some explana-
tion of this low value, but despite the attempts made 6,7,
there is no satisfactory quantitative explanation, The
qualitative explanation?:%,18~20 jg that the moment due to
the N-F bonds is counteracted by a moment, which must
be of opposite sign, produced by the free electrons of N
and F because of sp hybridisation.

The infrared spectrum of nitrogen trifluoride?!~2* con-
tains four main frequencies: 907 cm™, y,(E), the doubly
degenerate stretching frequency; 1031 cm~!, v,(A,), the
fully symmetrical stretching frequency; 642 cm~!, y,(A,),
the fully symmetrical deformation frequency; and
497 cm™?, y,(E), the doubly degenerate deformation fre-
quency,

The light absorption of nitrogen trifluoride commences
at a wavelength <1800 A,2¢ There are no absorption lines

157



