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Introduction

For the last 10 years or so, interest in radical polym-
erisation has mainly been focussed on techniques involv-
ing additives which form complexes with polymer radicals
reversibly, producing systems with novel properties, such
as narrow molecular-weight distributions'. The TUPAC-
recommended name for this phenomenon is Controlled
Reversible-Deactivation Radical Polymerization. Never-
theless, conventional methods of radical polymerisation
continue to be employed for an enormous industrial output
of plastics, so the mechanisms of the reactions responsible
for these well-known processes remain of serious interest,
especially at the research level. These mechanisms will be
the main concern of the present paper.

Reactivity in conventional radical polymerisation is
principally concerned with reactions between monomers
or transfer agents (jointly termed “substrates’), on the one
hand, and radicals on the other. Radical polymerisation is
a chain reaction but the word “chain” is confusingly used
in two different ways: it can refer to the kinetic chain, i.e.,
the nature of the mechanism, and it can also mean the
polymer molecule which is the end-product. It is therefore
always necessary to check whether it is a kinetic chain or a
molecular chain which is being discussed. There is also the
question of interactions between radicals but these are
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diffusion-controlled processes, which will be discussed
only briefly here.

The basis for the study of reactivity in radical polym-
erisation was laid in the 1940s (ref.?), and no significant
development occurred until about 1960, when a tentative
revision was attempted’. But in the 1990s (50 years after
the initial work in the field) a major advance was made
which improved the accuracy of prediction of radical po-
lymerisation reactivity to a great extent®. To appreciate the
present position, it will be necessary to begin by review-
ing, briefly, the early work in order to provide an adequate
background.

The monomers mentioned above are typically mono-
or di-substituted ethenes (ethylenes) which can be repre-
sented by the formulae CH,=C(H)Y and CH,=C(Y)Z,
respectively. The group Y may be one of many things;
a phenyl ring (as with styrene), an acid or ester residue (as
in the case of methyl acrylate), a cyano group (for acry-
lonitrile), efc.; Z is usually, but not necessarily, a methyl or
other alkyl group.

To establish the symbolism usually used to describe
radical polymerisation, let us consider the simplest case,
the polymerisation of a single monomer or homopolymer-
sation.

Radicals have to be generated to initiate the process;
the action of heat or light or high-energy radiation on
monomer molecules occasionally causes initiation but, in
by far the majority of instances, a substance (the initiator)
is added which undergoes fission as a result of heat or
light, generating primary radicals, i.e., radicals which do
not contain units derived from the monomer. Primary radi-
cals add to monomer molecules to produce polymer radi-
cals, which add to (typically a great many) more monomer
molecules; interaction between two polymer radicals or
between one polymer radical and a molecule of a transfer
agent brings the polymer-building process to an end. It is
assumed that the reactivity of a polymer radical is inde-
pendent of the number of monomer units incorporated.



Chem. Listy 102, 232-237 (2008)

The Propagation Reaction

The heart of the polymerisation process is the propa-
gation step, in which a polymer radical reacts with
a monomer molecule (M) to produce a new polymer radi-
cal containing one more monomer unit than its predeces-
sor, thus:

Xn +M - Xn+1

where X, is actually ~CH, — C"(H)Y in which the sym-
bol ~ (to the left of the formula) denotes the remainder of
the structure of the polymer radical, i.e., all the monomer
units already incorporated (the number of which is repre-
sented by the subscript n), plus an end-group derived from
the initiation process, and C* indicates the site of the un-
paired electron on the new radical. Obviously, this is ki-
netically a chain reaction, propagated by radicals with one
radical consumed and another formed in each step.

Sooner or later the kinetic chain is brought to an end
by either termination

X+ Xin— Ppim (combination) or P, + Py, (disproportionation)

or by radical transfer with a transfer agent. Transfer agents
are compounds that can donate an atom to a polymer radi-
cal, thus terminating the growth of that molecule but liber-
ating a new small radical in the process. If tetrachloro-
methane is chosen as the transfer agent, the transfer proc-
ess can be represented by the equation

X, +CCl, —» X,ClI (or P,) + CCl4

As the number of radicals does not change as a conse-
quence of a reaction of this type, the rate of polymerisation
is unaffected.

In the early years of polymerisation studies, it was
assumed that radicals were such reactive bodies that they
would react indiscriminately with any molecule they en-
countered but, as will be seen presently, this is a com-
pletely false view; radicals display very significant selec-
tivity towards substrates, and this is the basis for quantita-
tive studies of reactivity in radical polymerisations.

Homopolymerisation

If a monomer M polymerises by a radical mechanism
initiated by the homolytic breakdown of an initiator C, the
conventional reaction scheme for the chain process is as
follows, where X, represents a polymer radical and R-
a primary radical (derived directly from the breakdown of
the initiator). The component reactions, with their rate
constants, are as set out below.

C > 2R-

R-+M—> X, ki
Xt M = X ke
X, + X — Polymer ki

If the rate of initiation = /, the rate of reaction is readily
shown to be

—d[MY/dt = k,[M](I/ky)""?
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By measuring the rate of reaction, it is a simple matter
to evaluate kp/(lq)”2 but the separate determination of k;,
and k&, has only recently become a relatively straightfor-
ward matter. Although it was, in principle, possible to
determine k; independently, e.g., by the rotating sector’ or
spatially intermittent illumination® techniques, few such
determinations were made until the situation was revolu-
tionised by the work of Olaj and his colleagues’, who have
shown how k, can be determined from size-exclusion
chromatography studies on the polymer formed. Although
one would expect a knowledge of the absolute values of
the separate rate constants to be required for an analysis of
reactivity, it turns out (as will be seen below) that a great
deal can be deduced from relative reactivities.

The word “reactivity” has been used above qualita-
tively but it is necessary to be more specific about what
this word means in the present context. In an absolute
sense, it means determining the values of the individual
rate constants in the kinetic scheme above. It is then possi-
ble to make quantitative comparisons to establish the order
of reactivity for a given type of participating species,
monomer or polymer radical.

Some useful information about reactivity can now be
obtained from studies of homopolymerisations but the
amount of data available so far is not sufficient for exten-
sive investigation of the controlling factors. By far the
most prolific source of reactivity data is copolymerisation;
even though this yields assessment of only relative reac-
tivity, usually expressed in terms of so-called monomer
reactivity ratios (defined below), it has provided the basis
for a wide-ranging examination of reactivity in polymeri-
sation.

Copolymerisation and the Copolymer
Composition Equation

In 1944, three papers were published independently
by Mayo & Lewis®, Wall’, and Alfrey & Goldfinger'®, all
seeking to establish the relationship between the composi-
tion of a binary mixture of monomers (M; and M,) and
that of the resulting copolymer. An assumption implicit in
their derivations was that the reactivity of a polymer radi-
cal depends only on the nature of its terminal unit, and for
this reason the group of four propagation reactions repre-
sented in this scheme is known as the Terminal Model.
Each propagation step has its own velocity constant k;,
where i denotes the nature of the terminal unit on the radi-
cal while j identifies the monomer; thus, &, is the velocity
constant for the addition of a radical terminating in a unit
derived from M, to a molecule of M,. The four possible
propagation steps in a binary copolymerisation (i.e., a re-
action involving two monomers) are the following.

~Xi + M - ~X ki
~Xi+ My 5 ~X, kia
~X; + M o> ~X kay
~Xy t My > X ks



Chem. Listy 102, 232-237 (2008)

The kinetic analysis of such a process is usually based
on the assumption of the rapid attainment of a constant
concentration of propagating radicals due to a balance
being reached between the formation of radicals from the
initiator and the bimolecular radical termination.

It is a simple matter to deduce, on the basis of this
stationary-state assumption, that the relative rates of con-
sumption of monomers M, and M, are given by the fol-
lowing equation.

1)
—dMi]/=d[Mo] =[ [Mi{rio[Mi] + [ML]} Y [[Mo {21 [Ma] + [M]}]

where 71, = ki1/ki, and ry = ky/k,,. The parameters 7, and
ry1 were originally called monomer reactivity ratios by
Mayo & Lewis®, but they are now usually known simply
as reactivity ratios. Equation (1) is the classical copolymer
composition equation because the ratio —d[M;]/—d[M,]
(denoted below by F) corresponds to the molar composi-
tion of the copolymer being formed instantaneously from a
monomer mixture containing molar concentrations [M;]
and [M;] of the components. By dividing the numerator
and denominator of the right-hand side of equation (/)
throughout by [M,], one obtains the ratio of the molar
quantities of monomer units of types 1 and 2 in the copoly-
mer as a function of the ratio [M,]/[M,] (= /') in the mono-
mer mixture, thus:

F = flrinf+ Dira + /) )
The clue to the understanding of behaviour in the system
thus resides in the values of the two monomer reactivity
ratios. Laboratories interested in this field therefore set
about the task of studying radical copolymerisation sys-
tems in order to determine the monomer reactivity ratios.

Copolymerisation does not provide the list of absolute
rate constants which would be ideal for the analysis of
reactivity but it nevertheless furnishes a wealth of data
about relative reactivities and this, as explained below, is
sufficient for the main purpose. If absolute rate constants
for propagation for some monomers are available, many
others can be calculated from reactivity ratios.

A most valuable critical tabulation of the known reac-
tivity ratios has been compiled by R. Z. Greenley''; this
constitutes a library of data that can form a uniform basis
for every chemist interested in studying copolymerisation.

The Basic Monomer Set and the Basic Set
of Monomer Reactivity Ratios

In order to arrive at a quantitative picture of the reli-
ability of methods for calculating monomer reactivity ra-
tios, it is useful first to define a “Basic Monomer Set” of
reliable experimental data. Thus, the following five mono-
mers were selected for particular study: styrene (S);
methyl methacrylate (MM); methyl acrylate (MA);
methacrylonitrile (MAN); and acrylonitrile (AN). With the
exception of one combination, these monomers have been
copolymerised in all possible pairings for the determina-
tion of the reactivity ratios. For the sake of consistency,
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the figures quoted here are based on Greenley's data.

The Order of Radical and Monomer
Reactivities

As mentioned above, it was understood by the 1940s
that radicals and monomers did not fall into simple se-
quences of reactivity; it became clear that reactivity de-
pended, at least partially, on an interaction specific to each
radical/substrate pair. Since the monomer reactivity ratio
r12 = kin/ky,, the order in which monomers react with
a given radical is easily established by reference to r,
values, because the sequence of k;, values is clearly the
same as that of (rlz)’l, ki being constant for a given radi-
cal. Within the Basic Monomer Set, the 7, values show
that the broad general descending sequence of monomer
reactivity is S > MM > MAN > AN > MA but, towards
styrene radicals, the least reactive monomer is styrene
itself.

To deduce a similar sequence of reactivity for a vari-
ety of radicals towards a given substrate is not so simple,
because each radical has its own k;; value, and it is neces-
sary to take this into account in calculating ki, from ry,.
Using the following values of k&,/1 mol™s™ for 60 °C: S,
343; MM, 828; MA, 19000; MAN 56; AN, 2458, the gen-
eral descending order of reactivity of the polymer radicals
is MA > AN > MM > S > MAN. The values of most of
these rate constants were determined a considerable time
ago but the development of the pulsed laser has encour-
aged recent re-evaluations of k;; for styrene and methyl
acrylate to be made, with the results quoted above.

The Q-e Scheme

As early as 1946 (ref.?), Charles Price, basing his
deductions on the data of Mayo & Lewis® and of Alfrey,
Merz and Mark'?, was able to conclude that it was not
a straightforward matter to codify the reactivity of mono-
mers in radical polymerisation. It was already clear that,
while some monomers that undergo homopolymerisation
would also readily engage in copolymerisation, others would
not; it was also seen that some monomers that would not
homopolymerise to any appreciable extent would copoly-
merise without difficulty. Such observations led Price to
conclude that the polarity of the double bond in the mono-
mer, arising from the influence of the substituents, Y and
Z, was an important factor in deciding the outcome. In
fact, Lewis, Mayo and Hulse'® had already observed that
“there may be a general order of activity of monomers
towards radicals which is complicated by the tendency of
some pairs to alternate in copolymerisation”. It was the
“alternating tendency”, as it became known later, that fo-
cussed attention on the importance of polarity.

A year after the perceptive (but rarely quoted) analy-
sis of reactivity by Price’, which highlighted the impor-
tance of polarity in radical reactions, Alfrey and Price'* put
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Price's ideas into semi-quantitative, if empirical, form by
assuming that, while “general” (i.e. thermodynamic) reac-
tivity — the converse of stabilisation — governs reactivity in
part (as it must in all chemical processes), there may also
be a polar contribution to reactivity resulting from mutual
attraction or repulsion between the two reactants, which
was attributed to permanent electric charges. Each reactant
was allocated a parameter, O, denoting general reactivity
and another parameter, e, denoting the supposed perma-
nent electric charge carried by that entity (radical or mole-
cule). For reaction between a radical (species 1) and
a monomer (species 2), the rate constant, kj,, was postu-
lated to be related to the four relevant reactivity parameters
by the equation below.

k12 = 0101 exp(—eie2)
or ll’lklz =In Q1 +1n Q2 —ee

Thus, the monomer reactivity ratios for the copoly-
merisation of monomers 1 and 2 would be given by the
equations

ri2 = (Q1/Q) exp[-ei(er—er)]; 121 = (Q2/01) exp[-exer—e)]

or Inr, =In (Q/Q)) —ei(er—e); Inry =In(Q/O1) —exerer)
Unfortunately, it was necessary to assign entirely
arbitrary values for Q and e to one of the monomers; sty-
rene was chosen, and the assigned values were Q = 1.0 and
e = —0.8. It does not seem to have been thought strange
that the hydrocarbon, styrene, should carry an electric
charge equivalent to 80 % of that borne by an electron.

The Shortcomings of the Q-¢ Scheme

The originators of the O-e Scheme were well aware of
its imperfections, as is demonstrated by the following quo-
tation from their 1947 paper'®. “The most that can be
claimed is that, to a reasonable approximation, the Q-e
Scheme permits the codification of copolymerisation re-
sults in terms of the Q and e values of the various mono-
mers. Further, the scheme is an empirical method of
analysis, the parameters of which are susceptible only to
a quasi-theoretical interpretation. It is not a solidly estab-
lished ’theoretical’ equation, in the usually accepted sense
of that term. With these reservations, and in full recogni-
tion of the fact that a more satisfactory analysis of this
problem may be developed in the future, it is the conclu-
sion (of the authors) that the Q-e scheme is of decided
utility and is in good harmony with experimental data.”

There are four obvious serious objections, in prin-
ciple, to the basis of the Q-¢ scheme:

(i) permanent electric charges are presumed to exist on
all the species involved;

(if) the polarity of a monomer is presumed to be identical
to that of a radical bearing a terminal unit derived
from that monomer;

(ii7) dependence of rate constants on the relative permittiv-
ity of the medium [expected on the basis of assump-
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tion (7)] has not been observed, and
(iv) the arbitrary nature of the assignment of the parame-
ters for styrene.

The Patterns of Reactivity Scheme (“Patterns”)

This approach was based upon (a) rejection of the
need to equate polarities of conjugate monomers and radi-
cals (e.g., M; and X,), and (b) on the use of exclusively
experimentally-determined parameters in place of Q and e,
without the necessity of any arbitrary assignment.

The first step was to choose an experimental measure
of the "general" reactivity of a radical, i.e., its reactivity in
a situation in which polarity may be presumed not to play
a role; for this purpose, copolymerisation with styrene was
chosen, and the relevant reactivity ratio for this process
was written, in logarithmic form, as log rys. It is implicitly
assumed that both styrene monomer and the polymer radi-
cal derived from it are unresponsive to polar influences.

If a certain substrate (D, say) was chosen, and the
reactivities (log rp) of a series of radicals from the Basic
Monomer Set compared graphically with the correspond-
ing values for the parallel reaction with styrene (log 7;s), it
was found that the result was a linear plot; if, however,
another substrate than styrene was selected as the refer-
ence compound, a pattern of points, rather than a straight
line resulted. (It was the appearance and utility of this pat-
tern of points that caused the resulting method for the
analysis of reactivity to become known as the “Patterns of
Reactivity Scheme” or, more succinctly, “Patterns”.)

If the new reference compound was relatively non-
polar, the departure from the straight line was small but,
the more polar the compound, the larger the discrepancy
between the pattern and a straight line. Evidently, this
discrepancy was a measure of the polarity of the radical
derived from species 1 and that of the reference com-
pound, and it was thus necessary to quantify the radical's
polar character. Since copolymerisation with styrene can
reasonably be regarded as a non-polar reaction, a measure
of the polarity of a radical may be obtained by comparison
of its reactivity towards styrene and towards a highly polar
monomer, e.g., acrylonitrile (denoted by subscript A), i.e .
log ris—log ra. Thus, both of the polar and non-polar
parameters of radical reactivity are, in principle, available
from experiment.

It is interesting to note that the electron density on the
carbon atom bearing the unpaired electron in a polymer
radical, as measured by the chemical shift in the NMR
spectrum, correlates well with the polarity parameter pro-
posed here'”.

The least amount of basic data that would permit the
use of the scheme would be the monomer reactivity ratios
for reaction of the monomers of interest with only acry-
lonitrile and styrene; it then becomes possible to develop
an exceptionally simple and rapid method for the predic-
tion of reactivity ratios through the following equations’,
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10g I 10g(l"| s.l"sz) — [10g(VAsJ"52/VA2)] [log(rsA.l’ls/}”]A)]/
10g[(l"As.l"sA) and

10g = IOg(l"sz”s]) - [10g(VAS~VSI/rA1)][log(rSA-FZS/VZA)]/
10g(}”As.}”sA)

All the parameters relating to a single participating
species have been eliminated from the equations; the value
of r, depends, apart from the well-known ras and rga,
only on four monomer reactivity ratios, each relating to the
reaction of either monomer 1 or monomer 2 with either
styrene or acrylonitrile. The same is true, mutatis mutan-
dis , for r 21

At first sight these equations may appear to be rather
formidable but inspection reveals that they are extremely
easy to use: they contain only reactivity ratios, two of
which (ras and s, ) are common to all systems while the
remainder pertain to the separate copolymerisations of
monomers 1 and 2 with styrene and acrylonitrile.

If the explicit values of rs5 (= 0.38) and rag (= 0.04)
are inserted into this equation, it transforms into

log 15 =log(rs.s) + 0.55[1og(0.047s/ra)|[10g(0.38715/714)]

As an example of the power of this method, these
equation have been applied to the copolymerisation of
2-chloro(butadiene) and 2-vinylpyridine, the resulting
values of the monomer reactivity ratios being r, = 4.71
and r,; = 0.04, which may usefully be compared with the
experimental values (5.19 and 0.06) and the predictions of
the O-e scheme (1.07 and 0.07).

Any other monomer, X say, can be used in place of
acrylonitrile as the highly polar monomer of reference, in
which case A has to be replaced everywhere by X, as in
the following equation”.

10g rip = IOg(l"lsJ”sz) - [10g(l"xs.1"52/7’)(2)][log(l’sx.l’ls/l”]x)]/
log[(7xs)(rsx)]

As only a minority of monomers have reported reac-
tivity ratios with acrylonitrile, this device greatly extends
the range of monomers to which the Patterns Scheme may
be applied; in fact the best monomer for this purpose is
probably methyl methacrylate, for which a very substantial
amount of data is available and which seems to lead to the
most accurate predictions.

Comparison of Calculated and Experimental
Values of Monomer Reactivity Ratios

It is not an easy matter to make a meaningful quanti-
tative comparison of the experimental values of monomer
reactivity ratios, 7., with those calculated, re, either
from the Patterns schemes or the Q-e scheme. For present
purposes, the index chosen is the percentage discrepancy,
pd, defined as

pd = 100[Fexp = Feate)/Fexp
Scrutiny of Greenley's listing for data for monomers which
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have been studied in binary copolymerisation with acry-
lonitrile and styrene, and at least one other monomer from
methyl methacrylate, methyl acrylate and methacryloni-
trile (the remaining members of the Basic Monomer Set),
produces a total of almost one hundred and fifty monomer
pairs (or almost three hundred monomer reactivity ratios)
for which the desired comparison can be made between
experiment, on the one hand, and calculation by the Pat-
terns scheme or the Q-e scheme, on the other. The result-
ing mean pd values are 68 for Patterns and 291 for Q-e
(ref.'®).

Without attaching overmuch significance to the actual
mean pd values, it seems safe to conclude that the predic-
tions of either form of the Patterns scheme are much more
in line with the experimental data than are those of the O-e
scheme and, moreover, all the fundamental deficiences of
the latter scheme are avoided.

Application of the Patterns Scheme to Transfer
Reactions

By following parallel logic to the case of copolymer-
isation, it can be shown® that one would expect the value
of a transfer constant to be predicted by the equation

log(Cy)1 = log[(Ca)s/r1s] + (1.43111){log[0.04(C2)a/(C)s]}

Unlike its copolymerisation counterparts, this equation
does contain a polarity parameter (1) relating to a single
participant but this can be shown to be related to polymeri-
sation data by the equation

I = 038510g (rlA/0.377}"15)

When applied to transfer reactions with either styrene
or acrylonitrile as the monomer, this equation necessarily
reduces to a trivial form, and the test of its validity is its
use for reactions of other monomers for which the neces-
sary characteristic quantities are known. With respect to
the same monomers and transfer agents as in the previous
section, the results obtained show that the mean discrep-
ancy generated in this procedure {not counting the neces-
sarily accurate "predictions" for the reactions of styrene
and acrylonitrile, and omitting data for the [methyl acry-
late/copper (II) chloride system]} is 79 %.

Summary of Results for Transfer Reactions

The scheme estimates transfer constants to much
better than an order of magnitude, indeed the mean dis-
crepancies reported above are remarkably low even though
the values of the transfer constants involved are spread
over a range of no less than nine orders of magnitude,
from 1.2 x 107 for styrene and toluene to 10 300 for sty-
rene and copper (II) chloride; a modest discrepancy ap-
pears to be rather unobjectionable against this background.
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The Termination Process

In principle, it would be interesting to understand the
chemistry of the interaction of the two radicals involved in the
termination reaction which ultimately brings the life of the
radicals to an end. Determinations of the rate constants for
typical termination put them in the region of 10° 1 mol's™,
comparable with the value expected if the rate of termina-
tion were controlled not by any chemical factors but sim-
ply by the rate of the diffusion process which brings the
radicals close enough to interact with almost zero activa-
tion energy'®. Chemical interpretation of the termination
process is of little or no significance.

Conclusion

After a very long period during which only semi-
quantitative predictions of reactivity could be made, and
on a far from satisfactory theoretical basis, it has become
possible, through the Patterns Scheme, to deduce useful
values of reactivity ratios and transfer constants entirely
from a knowledge of experimentally-determined parame-
ters. Unjustified assumptions in the early studies have been
eliminated, so that the only limitation resides in the accu-
racy of the determination of the reactivity ratios reported
in the polymer chemistry literature.
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A. Jenkins (University of Sussex, Brighton, Sussex,
U.K.): Reactivity in Conventional Radical Polymerisa-
tion

The best-known procedure for predicting monomer
reactivity ratios in binary radical polymerisation is the so-
called Q-e Scheme, which was advanced over 50 years
ago. This had an unsound theoretical basis and provided
results of low accuracy. The present paper describes the
application of the Patterns of Reactivity Scheme, which
draws exclusively on experimental data (reactivity ratios)
for its raw material, and which provides far more satisfac-
tory results.



