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I. INTRODUCTION

The study of bulk polymerisation at high extents of reac-
tion is of both theoretical and practical interest. Although
polymerisation to high conversions is often encountered in
daily practice, relatively little systematic work has been
done on this problem, in contrast to the initial stages of
the polymerisation reaction, mainly because of the com-
plexity of the quantitative interpretation of the results.

Nowadays there are semiquantitative theories which
explain, on the whole satisfactorily, the characteristic
features of polymerisation at advanced stages of the reac-
tion. However, many problems still remain unsolved,
which, for example, makes it impossible to control the
“gel effect” in the polymerisation of important vinyl mono-~
mers such as methyl methacrylate, butyl methacrylate,
etc. )

The present review deals with the polymerisation of
vinyl compounds not accompanied by the appearance of a
new phase. Problems concerning the appearance of a new
phase in w-polymerisation, polymerisation of monomers
whose polymers are insoluble, etc. are not included. The
literature on these problems can be found in a number of
monographs 173,

II. GENERAL THEORY OF THE “GEL EFFECT”

At the end of the 1930's it was observed that bulk poly-
merisation of certain vinyl monomers involves a sharp
increase of reaction rate on attainment of certain degrees
of conversion of the monomer into the polymer 2718, This
phenomenon was called the “gel effect” or the “Tromms-
dorff effect”. In the polymerisation of methyl methacry-
late the acceleration usually occurs on attainment of about
15=25% conversion. In the polymerisation of substances
whose polymers are insoluble in the monomers the reac-
tion rate increases immediately after the formation of
appreciable amounts of the polymer. The shape of the
kinetic curves for polymerisation with self-acceleration is
determined by the nature of the monomer, the concentra-
tion of the initiator, and the reaction conditions.

Initially it was believed that the increase in reaction
rate is due to the process being non-isothermal?:18, It was
suggested that the heat evolved during polymerisation
raises the temperature of the reaction mass. However,
this view soon had to be rejected 317, Firstly, it was
shown that polymerisation under strictly isothermal con-
ditions also involves considerable self-acceleration.
Secondly, it was established that in the acceleration stage
the molecular weight of the polymers formed increases,
whereas according to the equation

ﬂ}}: (E,—%E«—%Ei,,)/RT“ (1)
the increase in polymerisation temperature in a chemically
initiated reaction should in fact lower the molecular weight.

Norrish and Smith 17 suggested that the reason for the
self-acceleration is the decrease of the rate constant k¢
for the chain termination reaction. They showed that an
increase of the initiator concentration or temperature in
the polymerisation of methyl methacrylate displaces the
onset of self-acceleration towards higher degrees of con-
version. Since an increase of temperature and initiator
concentration results in a lowering of the molecular weight
of the polymer and hence of the viscosity of the medium,

406

it is evident that the change in %; is associated with an
increase in viscosity.

To confirm these findings, Norrish and Smith !? studied
the polymerisation of methyl methacrylate in the presence
of various solvents and established that systems of low
viscosity exhibit the smallest self-acceleration. As sug-
gested, the molecular weight of the polymers increased
with the viscosity of the medium. Similar ideas about the
possibility of a decrease of the rate constant for chain
termination were put forward by Medvedev and coworkers?8,
who studied the polymerisation of chloroprene.

Somewhat later Schulz and Harborth!® made a detailed
study of the polymerisation of methyl methacrylate in the pre-
sence of benzoyl peroxide and established that the rate of reac-
tion in the later stages can exceed the initial rate of poly-
merisation by several tens. By varying the concentration
of the peroxide, they showed that the maximum rate of
polymerisation at the self-acceleration stage is directly
proportional to the initial rate. Their explanation of the
phenomenon of self-acceleration was the same as that of
Norrish and Smith 7,

Trommsdorff and coworkers !® established that intro-
duction of poly (methyl methacrylate) into the monomer
causes self-acceleration at the very beginning of the poly-
merisation reaction. Furthermore, they showed that if
the system is cooled sharply to -20° at the self-accelera-
tion stage and then reheated to the previous temperature a
long time afterwards, the rate of reaction is the same as
before the freezing. These data also confirm the general
theory of the “gel effect”.

On the other hand, the rate of polymerisation is deter-
mined by the rate of chain growth which can also vary with
the viscosity of the medium. However, if allowance is
made for the fact that the molecular size of the monomer
is small compared with that of the macroradicals whose
interaction leads to chain termination, it may be assumed
that the variation of kp during polymerisation is slight
when the degree of reaction is low. An appreciable change
of kp at a degree of reaction of the order of 50-70% might
be expected. Schulz and Harborth?®, who noted a sharp
decrease in the rate of polymerisationat degrees of conver-
sion exceeding 70-80%, arrived at this conclusion.

Thus a quantitative theory of the “gel effect” was
developed at the end of the 1930's and the beginning of the
1940's of the present century. A quantitative test of the
theory became possible only after the development of
methods for the determination of the rate constants for the
fundamental reaction steps.

III. QUANTITATIVE DATA

After the rotating sector and thermometric methods
began to be used to determine the ratio kp/kt in chain
polymerisation, papers dealing with the variation of %p
and k; with the degree of conversion appeared. Matheson
and coworkers 20722 were the first to make reliable mea-~
surements (rotating sector method) and confirmed quanti-
tatively the treatment of the “gel effect” proposed by
Norrish, Smith, Schulz, and others. The study of the
polymerisation of methyl methacrylate 22 showed that at 33%
conversion the chain propagation rate constant remains
virtually unchanged, whereas the chain termination con-
stant decreases by a factor of more than a hundred. On the
other hand, in the study of the photopolymerisation of
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methyl acrylate in the presence of diacetyl and azobisiso-
butyronitrile, Matheson and coworkers?2? found that the
rate of polymerisation increases continuously from the
very beginning of the reaction. By comparing their
results with the data of other investigators, they confirmed
the theory of Norrish, Smith, and coworkers. Similar
results were also obtained in the polymerisation of styrene,
but the change in the ratio %p/k: was much smaller than
for methyl methacrylate. This is due to the almost com-
plete absence of the “gel effect” in the polymerisation of
styrene. The percentage conversionat which self-accelera-
tion begins is determined by the molecular weight of the
polymer formed, and hence by the viscosity of the medium.
The ratios %5(35%)/%p(0%) and k:(35%)/%¢(0%) obtained by
Matheson and coworkers?? are given in Table 1.

Naylor and Billmeyer 2% obtained interesting data on the
variation of the molecular weight of poly (methyl methacry-
late) with the degree of reaction in photopolymerisation.
They emphasised that the observed increase in the degree
of polymerisation is associated with a decrease in the rate
of termination of the polymeric chain and should be accom-
panied by a variation of the molecular weight distribution
as the monomer is converted into polymers. Examination
of the “percentage conversion—(time)(intensity)*’2” rela-
tion clearly showed that, as the intensity of irradiation
increases, the onset of self-acceleration hecomes more
distinct and is observed at increasing degrees of conversion.
At high irradiation intensities the molecular weight of the
polymer is lower than at low intensities. Hence it follows
that for the same degree of conversion the viscosity of the
medium is smaller in the former case and the acceleration
should occur at higher degrees of conversion. These
authors concluded that the use of light filters makes it
possible to control the “gel effect”. Somewhat later
Pravednikov 225 confirmed the theory of Norrish, Smith,
and others and noted that the interpretation of the self-
-acceleration phenomenon as a consequence of the forma-
tion of a three-dimensional polymeric network 26 is
incorrect.

Melville # and Bengough® showed, using the thermo-
couple method, that in the polymerisation of vinyl acetate
kit decreases by a factor of three at 50% conversion, where-
as kp remains virtually unchanged (Table 2).

TABLE 1, “Gel effect” inthe polymerisation of certainmonomers,
&R .

s | =3 1.

2 5Fs5| Musw ky3s%) | 55

Monomer i fats i —— P
l 5o |8 § 8§ Pl hom) §”§ E
I koo juGey¥ QeSS
Vinyl acetate 25 >40 — — 2400
Styrene 50 30 0.67 0.075 4000
Methyl methacrylate 30 15 1.42 0. 006! 5000
Methyl acrylate 30 0 — — 10000

TABLE 2. Photopolymerisation of vinyl acetate at 25° in the pre-

sence of the dinitrile of 1,1-azodicyclohexylcarbonic

acid.
k, 107%%, E, E,

- N P L P »
Conversions & | 1y mole™ s litre mole™ s keal mole™ keal mole™
4 860 240 4.2 1
23 990 126 4.2 1
46 1070 90 3.6 3.9
57 238 6.7 8.6 11.8
65 30 1.15 11.4 13.0
73 — — 14.4 15.4

TABLE 3. Polymerisation of butyl acrylate
at 25° (rate of initiation 2.1 X

x 10~8 mole litre™! s7Y).

Conversion, % IO‘kp 107k,
1 2.93 4.8
20 0.76 0.38
40 0.48 0.115
60 0.26 0.43
70 0.0044 0.0073

There is an analogous variation of the activation energy
for the chain propagation and termination reactions. Simi-
lar results were obtained for butyl acrylate and methyl
methacrylate. In the polymerisation of butyl acrylate it
was established that the reaction rate increases slightly
with the degree of conversion, the fall in rate beginning
at 20-30% conversion. Table 3 presents data on the varia-
tion of 2p and k¢ and shows that the decrease of %¢ is
accompanied by a sharp decrease of 2p. In the authors'
view this fact is associated with the structure of the poly-
mer which is responsible for the “gel effect” at degrees of
conversion much smaller than 20%. In the polymerisation
of methyl methacrylate it was found?” that %; begins to de-
crease at about 20% conversion, whereas the decrease of
kp does not begin until the degree of conversion is about
50%.

Later Bengough and Melville ?® showed that, for the
polymerisation of methyl methacrylate, the exponent #» in
the equation

V=kI*M] @)
(I is the intensity of irradiation or the concentration of the
sensitiser) decreases from 0.5 at 0-15% conversion to
about 0.3 at 15-25% conversion, and then increases again
and reaches 1 when the degree of conversion is of the
order of 40%. It was also found that increase of conver-
sion from 0 to 35% (at 32°) results in an increase of
105kp/kt from 1.9 to 110, whereas k; decreases from
5.7X 10° to 8.8 X 104 (litre mole-! s71), Recently Hayden
and Melville *¢ confirmed these data. They found that at
10-40% conversion n decreases to 0.25, the activation
energy for chain termination increases appreciably, while
kp and Ep remain constant. At a conversion in excess of
50% n increases, kbt and %p decrease, and E; and Ep in-
crease.

Fujii 3>32 made a novel study of the polymerisation of
styrene and methyl methacrylate at high extents of reaction
and demonstrated that the lifetime of free radicals in
viscous media can be conveniently calculated from the
photochemical after-effect. He used the equation

V,+V Vo +V, Vo ¢
ln( 4 “)=1n( oL ")+2__L_., 3
V,—Va Voo — Vo VT ®)

derived on the hypothesis that after irradiation ceases
radicals are destroyed according to the law

— 2R _ o R-P— ki M, @)

where V, is the steady-state rate of thermal polymerisa-
tion, Vp the rate of polymerisation at the instant ¢ after
irradiation is switched off, Vpr, the steady-state rate of
photopolymerisation, and the other symbols have the usual
significance.

It follows from Eqn. (3) that the plot of

VoL ln( Vo+V, )

W, \V,—V,

407
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against ¢ makes it possible to determine 1/7 and hence the
lifetime of free radicals and the ratio %p /kt. The results
are presented in Table 4.

Fujii also showed that the order of the chain-termina-
tion reaction decreases from 1.9-2.1 to 1.4-1.6 when the
conversion increases from about 0 to 68%. These results
are consistent with the data of Melville and coworkers 29,30,
Similar results were obtained in the polymerisation of
methyl methacrylate 32 (Table 5). The order of the chain
termination reaction for this monomer decreases from
1.9-2.1 to 1.65~-1.8 when the conversion rises from 0 to
60%. In the polymerisation of styrene3! and methyl
methacrylate 32 the apparent activation energy decreases
with percentage conversion.

Miyama 33736 used a thermistor method to determine the
variation of %p/k: with percentage conversion in the poly-
merisation of vinyl monomers. Fujii and Tanaka3? ob-
tained interesting results by measuring the lifetime of free
radicals in the photopolymerisation of styrene in the pres-
ence of carbon tetrachloride. The addition of carbon
tetrachloride tends to increase the initial rate of poly-
merisation but at high degrees of conversion it reduces the
lifetime of macroradicals.

In order to reconcile the data on the variation of %;
and %kp with the degree of polymerisation and the mole-
cular weights obtained, Robertson3é, who studied the
kinetics of the polymerisation of styrene and methyl meth-
acrylate, assumed that the effectiveness of initiation f
varies with the degree of reaction. It was shown that, as
polymerisation proceeds, f for many of the initiators
investigated (benzoyl peroxide, azobisisobutyronitrile,
t-butyl peroxide, and lauroyl peroxide) falls sharply and
becomes very small when the percentage conversion is
more than 50-60%.

TABLE 4, Photopolymerisation of styrene*.
Conversion, % T"“ch"”"”" klﬂ“ k‘(x%)/k,(om
0 20 0.55.10-¢
3841 30 2.36.107¢ 1
43+2 30 6.36.10* 3.75.4073
30 2.56.40-3 9.22.10-4
602 30 1.30.10 1.81.10™¢
702 30 1.37.4072 1.74.10-¢

* Intensity of irradiation 4 x 1078 einstein s~1,

TABLE 5. Photopolymerisation of

methyl methacrylate*

Convers| Temp.,
siom %] oc | Kk

kstam)/ #e0%)

123} 30 1.93.107 1
40 2.47.1078
4T+2 30 9.20.10°2 2.10.1072
522 30 9.33-1073 2.07.4073
40 9.48.10"2
50 9.86.1072
2.96-102 6.52-10~¢

72+3 30

* Intensity of irradiation 4 X

x 1078 einstein s~

408

Calculations of f in the polymerisation of styrene in the
presence of azobisisobutyronitrile were also made by
Nishimura %, who used the equation

P [Mlo x
Flclo X 1—exp(—kgt) ®)

where P, is the cumulative degree of polymerisation,

[c] the initiator concentration, k4 the initiator breakdown
rate constant, and x the extent of reaction. A similar
calculation was also made with allowance for the change in
volume with the extent of reaction. However, Nishimura
believes that the variation of f is only apparent.

After many data had accumulated on the effect of the
extent of reaction of vinyl monomers on the kinetic con-
stants of the fundamental reaction steps, it became neces-
sary to relate quantitatively the changes in these para-
meters to the viscosity of the medium. The first serious
attempts in this field were made by Vaughan %0 and Schulz 4!,42,
Schulz examined Smoluchowski's equation and showed 4!
that the rate of chain termination by reaction between radi-
cals may be determined by diffusion even in media of rela-
tively low viscosity. The rate of chain growth should be
limited by diffusion only in media of very high viscosity.
The results of Schulz's theoretical study were subsequently
used by a number of investigators. Fujii%! noted that the
decrease of the overall activation energy with the extent of
reaction is associated with the increase of the activation
energy for chain termination:

E'—‘Ep_‘%Eo“"%Ei-

Using the equation proposed by Spencer and Williams 43,
1 = 3.63 x 10™°exp {0.0572 V' M -+ VW, (22.54—0.045 VM -+ 5000/T)} (6)

(where 7 is the viscosity of the styrene-polystyrene sys-
tem in centipoises, M the molecular weight determined by
the Staudinger method, and W, the weight fraction of the
polymer), Fujii estimated the activation energy for the
diffusion of polymeric polystyrene radicals for 38 and 60%
conversion. He obtained 6.1 and 7.7 kcal mole~! respec-
tively, which in his view is in good agreement with experi-
ment and confirms the conclusion that the rate of the chain
termination reaction is determined by diffusion. Fujii3?
also estimated the activation energy for chain termination
in the polymerisation of methyl methacrylate (5.8 kcal X

X mole-1) for 52% conversion. This value is in good
agreement with the data of Spencer and Williams43 and the
activation energy for viscous flow of fused polyesters,
which according to Flory+4* is about 8 kcal mole-1,

Miyama 3% made a detailed study of the effect of the
viscosity of the medium on the kinetic constants for vinyl
polymerisation. He expressed doubt about the correctness
of the equation derived by Vaughan4® on the basis of the
theoretical study of Rabinowitch4, Miyama showed that
the use of Smoluchowski's equation*® for the number of
collisions in solution makes it possible to obtain an expres-
sion relating the second-order rate constant to the visco-
sity of the medium. Comparison of the experimental
values of kp/kt with 7 of the medium yields the following
expressions:

(kz),,%/k, = 0,76 -+ 0.24 [(n/n)°® X 1078 (n/n,)""*"] @

(for vinyl acetate)

(kYoo /by = 0-83 4 0.17 (/)" (8
(for methyl methacrylate)
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The following formula is valid for the values of (p )y, /2p
in the polymerisation of vinyl acetate 38;

(kp)yy/ kp = 1 -+ 0.65 % 107 (n/my) ©)

In Eqns. (7)—-(9) the subscript 0% refers to zero percentage
conversion. Miyama noted that the analysis of his data on
the basis of the Rabinowitch equation gives unsatisfactory
results. Starting in 1959, North and others published a
series of papers in which they described a thorough investi-
gation of the effect of the medium on the rate constants for
vinyl polymerisation and in which they make a comprehen-
sive examination of the mechanism of the chain termination
process whose rate is determined by diffusion4’~52, These
studies led to important conclusions.

In order to eliminate the effects of branching and cross-
-linking, in their attempts to elucidate the effect of visco-
sity on polymerisation processes Benson and North?
studied the relevant reactions in solvents of high viscosity.
The ratio kp/%t was determined by the photochemical
after-effect method. Later they calculated the ratio
kt/kz and hence k¢ and 25 on the basis of a study of the
dependence of the degree of polymerisation on the rate of
reaction. The earlier postulate that the viscosity of the
medium affects only k¢ and not kp (in media with a visco-
sity exceeding by a factor of several hundred the viscosity
of the moncmer) was confirmed. The study showed that
in the range of 7 values from 0.400 to 1000 ¢P (methyl
methacrylate) there is a linear relation between %: and the
viscosity of the medium. A relation of this kind was not
observed for n-butyl acrylate. Thus the rate of chain
termination in the polymerisation of methyl methacrylate
is determined by diffusion even in a medium of low visco-
sity, comparable with the viscosity of the monomer,
whereas in the polymerisation of n-butyl acrylate in media
of relatively low viscosity %2+ is independent of the viscosity
and the reaction occurs in the “kinetic” region (%t is then
the rate constant of a chemical step). Only in media with
viscosities in excess of about 10 ¢cP is the rate of chain
termination determined by diffusion.

The authors examined the results obtained within the
framework of a three-step mechanism of radical reaction
which they proposed%’. It was shown that this mechanism
leads to the equation

Loyt o kmke—
bk Ty O ko= ke — 2 (),

(10)

where 24’ and ko’ are constants evaluated in the derivation
of the relation between k¢ and %2m. Three possible models
of bimolecular reactions are examined in the same study¥’.
Later North and Reed“® confirmed the earlier data showing
that the rate of the chain termination reaction in the poly-
merisation of certain vinyl monomers is determined by
diffusion even in media of low viscosity, comparable with
the viscosity of the monomer 475354, In the polymerisation
of methyl methacrylate the opposite relation between k: and
the viscosity of the medium was observed4®. This effect
is not due to the chemical nature of the solvent and the
shape of its molecules. The results can be explained in
terms of a two-stage diffusion-dependent chain termination
process. Comparison of the diffusion-dependent chain
termination rate constants and the diffusion coefficients of
poly (methyl methacrylate) as a function of the concentra-
tion of the latter showed that the rate-determining stage of
the process is segmental diffusion of the ends of the
polymeric radicals and not translational diffusion (diffusion

of the centres of gravity) of the macroradicals. It was
also established that the chain termination process is
influenced by the molecular weight and the concentration of
the polymer in solution. ’

The studies of North and coworkers led to the paradoxical
conclusion“® that the rate of chain termination is deter-
mined by diffusion even when the conversion is only 0%,
whereas self-acceleration becomes appreciable for con-
versions of the order of several per cent or even several
tens per cent (styrene). However, North and Reed
showed that this apparent paradox is caused by inadequate
allowance for the viscosity of the “segment—solvent”
microregions.

Recently Benson and North4® demonstrated that the rate
constant for diffusion-dependent chain termination is a
function of the chain length of the reacting radicals. They
examined two models of segmental diffusion. The first
leads to reasonable termination rate constants but is incon-
sistent with kinetic data. In the examination of the second
model it was assumed that segmental diffusion depends on
chain lengthuntilthe latter exceeds a certain characteristic
value Nz,. After that segmental diffusion no longer
depends on the chain length. If Nz, is smaller than the
average length of the kinetic chain, then

ky = (4P askT/30) (Re/ %N L"), (11)
where Pap is a multiplier equal to 1/8, REg is the effective
distance between the ends of the chains in the transition
state, and x, is a proportionality constant of the order of
2.2A. It follows from Eqn. (11) that the chain termination
rate constant is a function of T/7, i.e.

ky = [(T/m). (12)
Calculations by Eqn. (11) are in satisfactory agreement with
experiment. For example, for a monomer of the type of
styrene n = 0.5 cP (Rg/x, = 1.4, NL = 100). Hence at
300°K %¢ = 1.1 108 litre mole~! s~%, If the chain length
is small and v (the kinetic chain length) < Ny, the poly-
merisation kinetics cannot be described by the usual equa-
tions.

Later North and Reed° yet again confirmed their theo-
retical findings. They showed that in the polymerisation
of methyl, n-butyl, isobutyl, and 3,5,5-trimethylhexyl
methacrylate in solvents of different viscosity the rate of
chain termination is determined for all alkyl methacrylates
by the segmental diffusion of the ends of the macroradical
chains. In media with viscosities between 0.42 and
5.72 cP k¢/kp for the polymerisation of the above mono-
mers is proportional to 7", where »n = 1 for methyl meth-
acrylate and » < 1 for the other alkyl methacrylates.

Allen and Patrick %% examined the effect of diffusion on
chain propagation and chain transfer reactions for high
degrees of conversion. Using the previously published
data 5 they showed that the usual hypothesis according to
which the rate of chain propagation (transfer) at high
extents of reaction is determined by diffusion is inconsis-
tent with the diffusion coefficients of small molecules in
polymers. Indeed it is known 58 that the diffusion coeffici-
ent D of small molecules (monomer) in a polymeric net-
work is of the order of 107 cm? s™!, whereas a much lower
value is necessary for the rate of chain propagation
(Bp < 10%) to be determined by diffusion.

Guzman and Tratou % analysed the self-acceleration in
the photopolymerisation of vinyl acetate in terms of the
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Rabinowitch and Smoluchowski equations and derived the
following relation on the basis of experimental data:
% =0.97 +0.03 (/ny"*, (13)
1
where k¢ is the chain terrnina}(tion rate constant without
allowance for diffusion and k¢ the value of % found experi-
mentally. They state that the diffusion of macroradicals
becomes rate-limiting in the process when the extent of
reaction is of the order of 2%.

Guertin ® obtained kinetic equations taking into account
the effect of viscosity on the chain-termination reactions in
free-radical polymerisation. He also showed that chain
transfer results in a decrease of the “gel effect” because
the former is independent of the viscosity of the medium,
like the chain termination reaction.

Ryabov and others %%° ghowed that the rate of copoly-
merisation of methyl methacrylate with methacrylic acid
begins to increase appreciably when the viscosity of the
medium is 100-500 P which in their view is evidence of a
considerable decrease of the rate of diffusion of macro-
radicals%. They believe that the onset of self-accelera-
tion is determined solely by the viscosity of the medium
and is independent of the nature and concentration of the
initiator.

1V. CHAIN TRANSFER REACTIONS

The general theory of the “gel effect” does not take into
account the effect of the chain transfer reactions on the
polymerisation at high degrees of conversion. Relatively
little work has been done on this problem 238:81,82;, among
the papers dealing with this question, the excellent review
of Pyrkov and Frenkel' %! may be mentioned.

As the degree of conversion of the monomer into the
polymer increases, the role of the chain transfer reactions
via the polymer molecules increases too. Evidently this
phenomenon is associated with the increase in the concen-
tration of the polymer in the system. Furthermore, it
may be that the rate constant for chain transfer via the
polymer depends on the degree of polymerisation which
increases with the degree of conversion. Schulz and
others %6384 showed that in the polymerisation of methyl
methacrylate the rate constant for chain transfer via the
polymer varies significantly with the molecular weight of
the polymer, decreasing as the latter increases. This
phenomenon is due to the fact that chain transfer occurs
mainly via the terminal groups formed in chain termination
by disproportionation and not via groups containing the
initiator fragment. One of the proofs of the validity of this
hypothesis is that the rate constant for chain transfer via
the polymer is independent of the nature of the initiator
(benzoyl peroxide, azobisisobutyronitrile). The rate con-
stants for chain transfer via inner and terminal groups
may be expressed by the equations

k,
(k—") =22 %10,

P /inner

k
(—”) = 0.10.
%p /terminal

We rhay note that the results of Schulz and others do
not exclude the possibility that the initiator affects the
structure of the polymers synthesised. In their study of the
polymerisation of styrene, Henrici-Olivé and Olivé 65-68
noted that the degree of polymerisation is higher at high
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.fundamental reaction steps.

extents of reaction than would be expected from the reac-
tion rate. This phenomenon may be explained if it is
assumed that the relative contribution of the chain transfer
reaction in the reaction between primary radicals and
macromolecules increases with the degree of conversion:

Rper+P~+RH 4 P
P. 4 nM —> branched polymer.

Thus in the polymerisation of styrene in the presence of
azobisisobutyronitrile at 50° the average number of ini-
tiator fragments per polymer molecule increases from
2,03 to 2.48 when the degree of conversion rises from
0.05 to 0.93. The chain transfer reactions can result in
an apparent change of the effectiveness of initiation (cal-
culated from the molecular weight of the polymer) with the
degree of conversion, Chain transfer via the polymer
results in an anomalous increase of the molecular weight
of the latter and the value of f calculated from Eqn. (5) may
be too low.

V. NEW THEORETICAL POSTULATES

Examination of the quantitative data obtained by Norrish,
Smith, and Schulz shows that the problem of setting up a
rigorously quantitative theory of the “gel effect” is
extremely complex. Nevertheless, a number of investi-
gators attempted to develop other semiquantitative theo-
ries -4, The first serious attempt was made by Burnett
and coworkers. They suggested that the phenomenon of
self-acceleration may be explained from the standpoint of
a change in the concentration of the growing radicals in
the polymerisation. Burnett and coworkers?:7! demon-
strated that the rate of polymerisation of methyl meth-
acrylate is a linear function of percentage conversion when
the latter is in the range 20-60%. The overall activation
energy for the process falls initially as polymerisation
proceeds and then increases sharply:

36 4 50 57 62 67 7

Conversion, % 30
3.4 27 20 1.7 31 441 50 8.4

0 19
E, keal mole™ (25609 5.2 4.7

The exponent 7 in the rate equation for the reaction is
initially 0.5 and then falls, itpassesthrougha minimum at
about 20% conversion, and increases again to 0.8 at about
60% conversion. These results are consistent with the
data of Bengough and Melville?® and show that chain ter-
mination is not a second-order reaction. Hence itfollows
that the old interpretation of the results of studies on bulk
polymerisation lacks reliable justification, since the
kinetic expressions used presuppose that chains are
destroyed as a result of their interaction. The explanation
of the “gel effect” must be sought in the change of the con-
centration of macroradicals during polymerisation and not
only in the possible change of the rate constants for the
Polymerisation results in an
increase of the viscosity of the medium and macroradicals
can no longer react with one another. At not too high
extents of reaction the monomer molecules diffuse towards
macroradicals and react with them. Thus the overall
rate of reaction increases because of the lowering of the
rate of chain termination and the increase of the rate of
chain propagation. As already pointed out, the latter is
more likely to be due to a change in the radical concentra-
tion than to a change in the rate constants for the funda-
mental reaction steps. Burnett and coworkers assumed
that, starting with a certain degree of conversion, the rate
of increase of the number of radicals is proportional to the
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concentration of the polymer formed. Hence it follows

that

dR-Vdx = by (6 — 2, (14)

where [R'] is the radical concentration, %, a constant,

x the specific degree of conversion of the monomer into
the polymer, and x, the critical degree of conversion, which
depends on the molecular weight of the polymer formed in
the initial stages.

Integration of Eqn. (14) gives

R-I— Rl = 5 by (x — ), (15)
where [R'], is the value of [R'] where x =x,. Eqn. (15) can
be rewritten in the form

[R]

= =14+ K lx— x),

16
[R-]o (16)

where K, =1k (kt/V;)¥/? is a constant and V; is the rate of
initiation (V; = k¢[R’}?). Assuming that the concentration
of the monomer near the growing radicals is constant, the
following expression can be obtained instead of Eqgn. (16):

VilVy— 1) = K{* (x — x)), an)

where Vy is the rate of polymerisation for a degree of
conversion x and V, the initial rate of polymerisation.

1t follows from Eqn. (17) that in the self-acceleration
stage there should be a linear relation between [(Vy/V;) - 172
and x; the intercept made by the straight line on the
abscissa should be equal to x, and its slope should be K172,
Eqgn. (17) holds satisfactorily over a limited range of per-
centage conversions. At higher percentage conversions
(about 50-60%) macroradicals become inaccessible to
monomer molecules and the following equation then holds:

ARL 1 K )P — Ky (e — (18)
[R+lo
where x, is the second critical degree of conversion.
Eqn. (18) can be written thus
{1 4 Ky (o — 2! — VAV, P = K (x — x,). (19)

Hence it follows that there should be a linear relation be-
tween [1 + K (x - x,)? - Vx/V,]? and x. Burnett and
Duncan showed that this relation holds in the polymerisa-
tion of methyl methacrylate.

Similar results were obtained in the photopolymerisa-
tion of n-propyl and n-butyl methacrylates’?, However,
the polymerisation of methyl methacrylate?® can be des-
cribed by the above method only when allowance is made
for additional factors characterising the possibility of the
formation of branched and cross-linked structures.

The validity of the general postulates of Burnett and
coworkers is evident. Clearly at high degrees of conver-
sion a considerable increase in the lifetime of the poly-
meric radicals and hence an increase in their concentra-
tion may be expected. The electron spin resonance method
made it possible to determine directly the concentration of
radicals in viscous media. Many measurements of this
kind were made?5™". For example, Bresler and co-
workers™, who made an ESR study of the photopolymerisa-
tion of methyl methacrylate, established that at high
degrees of conversion the concentration of radicals exceeds
10-3 M. It should be noted that not all the radicals
detected in the polymer-monomer system by the ESR
method are equally stable. After irradiation ceases most
of them vanish over a period of several minutes. The

remaining radicals are stable and persist in the specimen
at room temperature over a fairly long period.

Sawada ™ attempted to interpret quantitatively the
results obtained in the study of the block polymerisation of
methyl methacrylate. He started with the hypothesis that,
if the radicals in a highly viscous medium become immobile
and cannot disappear as a result of interaction with one
another, their concentration should increase continuously
as polymerisation proceeds. At a certain critical degree
of conversion, the macroradicals are so firmly “stuck” in
the polymer that they cannot react with the monomer.

If it is assumed that the concentration of radicals is
proportional to the amount of monomer consumed since the
onset of self-acceleration, the following expression holds:

R:}=K{x—0) (20)

where K is a constant, x the degree of conversion of the
monomer, and b the degree of conversion at which self-
-acceleration begins. On expressing the concentration of
the monomer in terms of the critical degree of conversion
a, i.e. putting

M] = (@ —x), (x<a) (21)

and substituting the values of [R’] and [M] from Eqns. (20)
and (21) in the rate equation for the reaction, we obtain
the equation

dx/dt = kpK (x — b)(a — x). (22)
Integration of Eqn. (22) yields
[1/a — b} In[(x — b)/(a — x)] = kpKi -+ C, (23)

where C is a constant. It follows from Eqn. (23) that
[2.3/(@ - b)]log[(x - b)/@ - x)] should vary linearly with
time, which according to Sawada's data is borne out by
experiment.

Allen and Patrick ’® examined the role of the so called
“geminate chain recombination” in the kinetics of the
polymerisation at high conversions.

Thus the explanation of the “gel effect” given by Norrish,
Schulz, and other investigators presupposes the existence
of a steady state throughout the bulk polymerisation pro-
cess. However, the variation of the exponent n of the
irradiation intensity in Eqn. (2) during polymerisation con-
tradicts this hypothesis. It follows from the theory of
Schulz and others that a higher value of %t for a monomer
should involve a more pronounced “gel effect”. However,
this is not in fact observed. Thus for styrene (kt)syy, =
= 5.0Xx 107 and for methyl methacrylate the corresponding
value is 2.4 X 107, Nevertheless the “gel effect” in the
polymerisation of methyl methacrylate is much more pro-~
nounced than in the polymerisation of styrene. The theory
of Burnett and Duncan is more satisfactory. However, it
is only qualitative and is based on purely empirical postu-
lates. Although at the present time it is probably impos-
sible to set up a rigorously quantitative theory because of
the large number of factors involved in block polymerisa-
tion, a number of additional postulates must nevertheless
be taken into account. Thus the majority of investigators
do not consider the effect of the nature of the initiator on
the polymerisation kinetics at high conversions. Also,
frequently allowance is not made for the change in volume
during polymerisation®, the possible change in the rate
of initiation associated with the increasing viscosity of the
medium, and other factors.

At first sight it may appear that both in the initial stages
and at high conversions the nature of the initiator is fairly
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completely characterised by the rate constant k4 for the
breakdown of the given initiator and the effectiveness of
initiation f. In fact these quantities are never adequate for
the description of the polymerisation process athigh conver- -
sions®, It is well known that the following expression
holds for catalysed polymerisation 1-8:

(24)

_dIMl _ K TARRYA
A0 — o @l e M)

where [c] is the concentration of the initiator.

If the breakdown of the initiator is a first-order reac-
tion, then obviously

A G gy )

n (25)

Furthermore,

fel = (c], e*d*,

(26)
where [c], is the initial concentration of the initiator. On
substituting Eqn. (26) in Eqn. (24), we have

k o —
- d—;ﬂ = :p* @hafy’ [el7e 4" (M), @7)

There is no doubt about the applicability of Eqn. (27) to
polymerisation in many systems, both in the solid state
and in solution, at low conversions®2:83, However,

Eqn. (27) no longer holds for polymerisation in viscous
media. As polymerisation proceeds, the rate of initiation
and the value of f in Eqn. (27) begin to vary. For example,
Breitenbach and Frittum 8¢ showed that the rate of decom-
position of the peroxide (p-C1C.H,CO),0, in polystyrene

is lower than in solvents. Similar data were obtained by
Haas®-87, Abdul-Said? showed that, when the viscosity
of the solution is increased by a factor or ten, the rate of
initiation falls by a factor of two. Dolgoplosk and co-
workers 8 observed an increase in the yield of the recom-
bination products of primary radicals in the decomposition
of asymmetric diazo~compounds in viscous media. If the
“gel effect” theory of Schulz and others is adopted, i.e. if
allowance is made for the variation of the rate constants
for the fundamental reaction steps with increasing visco-
sity and appropriate corrections to f are made, Eqn. (27)
still need not always hold. The reason is that all the
theories described above fail to take into account a number
of factors. Thus allowance is not made for the possibility
of chain termination when chains interact with primary
radicals andfor the chaintransfer reaction. The possibility
of chain termination by primary radicals during polymerisa-
tion has been pointed out in a number of papers 61,81,69-95
The kinetic equations obtained with allowance for these
processes differ considerably from the equations which
follow from the usual theory®495, Chain transfer reac-
tions with participation of primary radicals at high conver-
sions were studied by Henrici-Olivé and Olivé 65-89,101 and
also other workers %8,

Theoretical examination shows that an increase in the
viscosity of the medium lowers the rate of reactions in
which large species participate (chain termination in the
reaction of macroradicals) and has almost no effect (at
least at 50-70% conversion) on the rate of processes in-
volving small species (chain propagation, chain termination
by primary radicals, chain transfer via initiator and low-
-molecular-weight inhibitor molecules, chain transfer with
participation of primary radicals, etc.). Hence it follows
that, as polymerisation proceeds, the relative role of
processes involving the participation of small molecules
should increase, which may lead to a decrease of the “gel
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effect”8l, The reactivity of primary radicals will of
course determine the nature of the “gel effect” on a par
with other factors. However, for reasons stated above,
account must also be taken of purely geometrical factors,
namely the size of primary radicals which affects the
diffusion coefficients.

In relatively non-viscous media the size of primary
radicals has little effect on the capacity to participate in
chain termination (transfer) reactions. This also applies
to the value of f, which is associated with the possibility of
recombination of primary radicals (cage effect). At high
conversions the size of primary radicals determines both
the possibility of their participation in the chain termina-
tion (transfer) reaction and the value of f. The relation
between the effect of primary radical recombination and
the viscosity of the medium is well known. For example,
in his study of the decomposition of benzoyl peroxide in
polymeric media, Haas®85-87 confirmed the postulates of
the theory of primary recombination. On the other hand,
it is evident that radicals such as CH;, C,H;, ..., CnHa.,
may participate in chain termination and transfer reactions
to different extents because the diffusion coefficients may
vary markedly with the size of the species®¢,

It follows from the above considerations that the nature
of self-acceleration at high conversions should be deter-
mined not only by the monoiner but algo by the initiator.
Furthermore, the magnitude of the “gel effect” is deter-
mined by the concentration of the initiator and the experi-
mental conditions. The “gel effect” may vary from one
initiator to another®!, Thus it has been established that
bulk polymerisation of methyl methacrylate in the presence
of peroxydicarbonates involves a smaller “gel effect’ 97,98
compared with polymerisation in the presence of benzoyl
peroxide, azobisisobutyronitrile, and other initiators.
Similar results were obtained in a study of the polymerisa-
tion of methyl methacrylate activated by partial oxidation
during exposure to ionising radiation®, ultraviolet light 1%,
and visible light in the presence of sensitigsers 101,102, Ag
already mentioned, such differences may be associated
not only with different values of 24 and f for the given
initiators but also with the different nature of the initiators
themselves and the primary radicals which may participate
in the chain termination and transfer reactions. The de-
crease of the “gel effect” at high conversions of the photo-
-activated monomer 19 ig due to an increase of the effect of
inhibitors and peroxide decomposition products formed
during oxidation of the monomer. The differences in the
nature of the “gel effect” during polymerisation in the
presence of benzoyl peroxide, azobisisobutyronitrile,
percarbonates, and hydrogen peroxide is due to the chain
transfer and chain termination effects with participation
of primary radicals. These conclusions were arrived at8!
by comparing the kinetic curves for polymerisation in the
presence of the initiators enumerated above. Fig.1 shows
curves characterising the self-acceleration of the poly-~
merisation of methyl methacrylate in the presence of the
various initiators.

The data presented were obtained for equal concentra-
tions of the initiators compared and therefore the differ-
ences are due to different values of 24 for the initiators
and processes which are not usually taken into account by
the theory. In order to eliminate the effect of 24 on the
“gel effect”, it is desirable to make the comparison for the
same rate of initiation. Such data are presented in Fig. 2,
which shows that the nature of the initiator has a significant
effect on the magnitude of the “gel effect”.
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Fig.1. Self-acceleration in the polymerisation
of methyl methacrylate in the presence of various
initiators at 60° and a constant initiator concen-
tration (0,45 mole %):

1) dicyclohexyl peroxydicarbonate; 2) azobisiso-
butyronitrile; 3) benzoyl peroxide.
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Fig.2. Self-acceleration in the polymerisa-
tion of methyl methacrylate at 60° and constant
initial rates of initiation:
1) dicyclohexyl peroxydicarbonate (0,045 mole %);
2) azobisisobutyronitrile (0.45 mole %).
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Fig.3. Variation with the extent of con-
version at 60° of the exponent n of the
initiator concentration in the kinetic rate
equation for the reaction, initiator —
benzoyl peroxide:

1) n calculated for the initiator concentra-
tion range 0.0045-—0,00045 mole %; 2) dif-
ferent series of experiments; 3) 0.045-—
0.0045 mole %; 4) 0.45—0,045 mole %.

1t is difficult to allow for this effect quantitatively, but
information about the chain transfer reaction may be ob-
tained from a study of the molecular weight and polymer
structure at different conversions. The possibility of
chain termination by primary radicals can be assessed
indirectly from the value of the exponent 7 of the initiator
concentration (or irradiation intensity) in Eqn. (2)f. The
variation of » with percentage conversion is determined by
the nature of the initiator and its concentration (Fig. 3).
These findings are in good agreement with the theory.

V1. OTHER STUDIES

There have been a number of investigations whose results
confirm qualitatively the general theory of the “gel effect”.
Arbuzova and others !® gtudied the photopolymerisation of
acrylamide, methacrylamide, and hydroxymethylmeth-
acrylamide in aqueous and glycerol solutions (x =~ 3000 A).
It was found that acrylamide and methacrylamide are poly-
merised only in glycerol. The rate of polymerisation of
hydroxymethylmethacrylamide in glycerol is much higher
than in aqueous solution. The authors explained these
results on the hypothesis that the viscosity of the medium
affects the rate constants for the termination of the poly-
meric chains. Later a similar phenomenon was observed
in the polymerisation of acrylonitrile and other monomers
but here initiation was effected at the interface between
two phases %, Guzman and Delgado 1% studied the kinetics
of the polymerisation of vinyl acetate at high conversions.
The data obtained are consistent with the usual theory.

A number of investigators observed self-acceleration
in the polymerisation of styrene1%6-1%, A gharp increase
in the molecular weight of the polymer was noted between
20 and 25% conversion197,1%®,  The acceleration of the
reaction in the case of methyl methacrylate and other
acrylic esters was described by a number of investi-
gators 106,110-115  Burnett and coworkers 11° and also
Matyska et al. 111 gtudied the polymerisation of n-butyl
methacrylate. They established that self-acceleration
occurs only after the attainment of about 40% conversion.
A similar phenomenon was observed also for n-propyl
methacrylate 122, In their study of the copolymerisation of
methyl methacrylate with methacrylic acid, Tarakanov
et al. 13 showed that, as the methacrylic acid content of the
system increases, the rate of polymerisation also rises;
there is a corresponding increase in the maximum rate.

The general theory of the “gel effect” was also used in
the treatment of the mechanism of three-dimensional poly-
merisation. Melville 2? and Melville and Hayden 3¢ were
the first to study the effect of a three-dimensional polymer
on self-acceleration at high conversions. It was shown
that in the copolymerisation of methyl methacrylate with
ethylene glycol dimethacrylate increase of the concentra-
tion of the latter results in onset of self-acceleration at
lower conversions, while the rate of the chain termination
reaction is determined by diffusion at zero conversion.
Later Korolev and Berlin and coworkers made a detailed
study of the three-dimensional polymerisation of a number
of oligomers 116-122; their results fully confirmed the
validity of the general theory of polymerisation at high
conversions. In addition, new data were obtained on the

1 1t should be noted that the variation of » with percentage con-
version is also associated with the variation of the diffusion coef-
ficient of macroradicals as the conversion changes 45,
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characteristic features of three-dimensional polymerisa-
tion.

Thus it may be regarded as demonstrated?!:% that the
characteristic features of polymerisation at high conver-
sions are not associated only with changes in the chain
termination rate constant but with other kinetic parameters,
namely the chain propagation rate constant, the rate of ini-
tiation, and the concentration of macroradicals. Further-
more, it was established that chain termination in the poly-
merisation of monomers such as methyl methacrylate,
styrene, and others is diffusion-dependent even in the
initial stages of the reaction 47,50,

At the same time the studies made in recent years show
that the hypotheses described above are inadequate for the
construction of a rigorously quantitative theory. For
example, the available data are clearly inadequate for the
interpretation of the absence of self-acceleration in the
initial stages of the polymerisation of methyl methacrylate
and other monomers“, The “paradox” considered above 4
may be explained if account is taken of the fact that in
media of low viscosity not only the chain termination rate
censtant but also the effectiveness of initiation and the
initiator breakdown rate constants vary®98123, The last
two factors are also responsible for differences in the
nature of acceleration during polymerisation in the pres-
ence of various initiators®,

There are interesting possibilities in the study of many
fundamental processes at high conversions. Thus it has
been shown 2 that the study of inhibition processes in
media of high viscosity permits a direct quantitative esti-
mate of the reactivity of compounds which are relatively
unreactive in radicals reactions. This cannot be done by
other available methods. It is possible that further study
of polymerisation at high conversions will lead not only to
improved control methods for processes in which high
conversions are attained 126 but also to some revision of
the available data on polymerisation at low conversions 328,
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