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Topological Principles of the Analysis of Binary Statistical

Copolymerisation

V.A.Myagchenkov and S.Ya.Frenkel’

The criteria for the estimation of the characteristics of binary statistical copolymerisation, namely composition, curves for
distribution with respect to composition, chemical structure of macromolecules, and parameters of the quantitative estimate
of inhomogeneity with respect to composition, are examined on the basis of the most general model of such a process. It is
suggested that all copolymeric systems be divided into four classes: (1) classical; (2) classical subject to certain boundary
conditions; (3) “unusual’’ systems of the first kind; (4) “‘unusual” systems of the second kind (“‘anomalous’’ systems).

The principles described are illustrated by the analysis of a number of specific models (heterophase copolymerisation,
copolymerisation of ionogenic monomers in ionising media, copolymerisation of partly complexed monomers, copoly-
merisation complicated by reactions involving chain transfer to macromolecules or by depolymerisation reactions, etc.).
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I. INTRODUCTION

A specific alteration of the properties of the final
products can be achieved in many instances by replacing
homopolymers by copolymers, and the correct choice of
the modifying units in the copolymer macromolecules
makes it possible to alter in the required direction the
rheological, thermomechanical, and physicochemical
parameters of materials'»®2.  For many multicomponent
systems, an appreciable effect is achieved by the intro-
duction of small amounts of a second monomer, but the
contribution of the second component to the resulting
property can be by no means always predicted a priori
and even less so calculated on the assumption of additiv-
ity®. According to modern ideas, the principal properties
of materials (such as thermal stability, chemical stability,
tensile strength, residual deformation, modulus of elas-
ticity, radiation stability, and ageing parameters) are
determined by the main component of the copolymer,
while other properties, for example, surface and volume
conductivity, colourability, vulcanisability, surface hard-
ness, adhesion, and ion-exchange capacity, are determined
to a significant extent by the nature of the modifying com-
ponent. Furthermore, the most important parameters of
materials based on copolymers are not determined only by
the chemical nature of the monomeric units, the average
molecular weight, and the average composition, depend-
ing no less on the method of introduction of the second
component (block, graft, or static copolymers), the
chemical structure of the macromolecules, and the char-
acteristics of the distributions with respect to composition
and molecular weight®.

The continuously increasing number of studies devoted
to different aspects of copolymerisation (the current
bibliography includes more than 100 000 items) faces
investigators with the necessity for devising a general
classification of the relevant processes. Such classifica-
tion would promote a more rigorous and well-founded
approach to the selection of a realistic detailed copolymer-
isation model as well as a method and apparatus for the
investigation. The employment of such a classification

is extremely desirable also for the systematic arrange-
ment and compilation of the existing copolymerisation

data. The principal requirements in creating this type of
classification may be formulated as follows: firstly, it
must be based on the most general copolymerisation model;
secondly, the criteria for the estimates must take into
account the main specific characteristics of the process;
thirdly, the use of the classification should promote the
development of a specific experimental programme.

This review deals only with problems concerning binary
statistical copolymerisation. Our aim was not to write
an exhaustive survey of literature (one of the reasons being
the availability of systematic reviews of different branches
of copolymerisation'’*™®) and we confined ourselves to
examining studies where copolymerisation was analysed
without the a priori assumption of the applicability of the
Mayo—Lewis scheme. One should note particularly that
the easiest and most widely used method for the interpre-
tation of experimental data employing the average composi-
tion of the copolymer increment as the “key” parameter is
insufficiently sensitive and reliable to draw final influ-
ences about the characteristics of the copolymerisation
process. On the other hand, analysis of the complete
distribution curves with respect to composition makes it
possible to infer much more reliably the process charac-
teristics, particularly when a specific copolymerisation is
assigned to classical or “unusual” systems *’*°,

In a series of studies by the present authors the current
problems in the statistical theory of copolymerisation are
critically analysed. Having examined mainly the
“anomalies” of binary copolymerisation, we showed that
the classical Mayo—Lewis theory and the widely used
schemes which follow from it, for example, the Alfrey—
Price scheme, are exceptions to the rule rather than the
rule itself. This third and concluding review, constitutes
an attempt at a classification of binary copolymerisation
processes in terms of topological features, with the prin-
ciples of kinetic and statistical analyses which follow from
it. Naturally, we do not in any way suggest that this is a
final classification, but we hope that it will assist investi-
gators working in the field of copolymerisation in develop-
ing analytical schemes which are more flexible and realis-
tic than the “classical” schemes mentioned above.
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II. FUNDAMENTAL PRINCIPLES OF THE CLASSIFICA -
TION OF BINARY STATISTICAL COPOLYMERISATION
PROCESSES

The statistical theory of copolymerisation can be justi-
fiably treated as an independent branch of physical chem-
istry for three reasons.

(1) The synthesis of copolymers result in the formation
of macromolecules with a predetermined configuration; in
the general case the composition of the macromolecules
depends not only on the composition of the initial monomer
mixture but also on the degree of conversion ¥ and the
nature of the reaction medium !

(2) The principal characteristics of the synthesis of
copolymers cannot be described within the framework of
E]zmemqeneral relations of homopolymerisation processes '’

(3) The properties of copolymers and compositions
based on them are in most cases related in a complex
manner to the characteristics of the ensemble of macro-
molecules (particularly to the composition*® and the
distribution functions with respect to composition”"*®) and,
in order to obtain even estimates of the corresponding
parameters, it is necessary to know at least the mech-
anism of such copolymerisation.

It is already clear from the foregoing that the technique
for the investigation of copolymeric systems must itself be
to a large extent specialised and must differ significantly
from that for the investigation of homopolymers. Since
the most important differences between copolymers and
homopolymers are associated with the presence in the
macromolecules of fragment of the second monomer (on
the nature of the components and their proportions depend
also other more complex characteristics of the ensemble
of the copolymer macromolecules, such as molecular
polymorphism, the nature of selective interactions at the
intra- and inter-molecular levels, etc.), we selected the
composition, the distribution functions with respect to
composition, and the stereochemical configuration of the
macromolecules as the fundamental criterial parameters
in the development of a general classification for the anal-
ysis of binary statistical copolymerisation.

We shall examine, for example, a general scheme for
the synthesis of macromolecules of statistical copolymers,
which includes, as usual, three stages—initiation (I),
propagation (II), and termination of kinetic chains (III):
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Here ¢* is the active polymerisation centre, the nature
of which will henceforth be of little interest to us, i.e. it
can be an anion, a cation, a radical, a biradical, etc. and
L(3) and L(4), L(5), and L(6) are inactive molecules, the
reactions with the rate constants 2¢(3), 2t(4), »#t(5), and
kt(6) occurring in systems where copolymerisation pro-
ceeds via a radical mechanism; A is the kinetic chain
“terminating agent”. The remaining symbols are self-
evident and do not require additional explanation. In
describing the termination of kinetic chains with the rate
constant k4(3), kt(4), kt(5), and k¢(6), we deliberately did
not specify in a concrete form the corresponding reactions
(recombination or disproportionation) in order to maintain
a unique treatment, because this is unimportant for the
subsequent description of the data.

This formulation of the copolymerisation mechanism
(1) —(II) - (III) takes into account, in principle, the follow—
ing factors: (1) the occurrence of reversible processes
(2) the influence of the nature of the preterminal units on
the propagation rate constants ' (the mechanism can be
extended without much difficulty by taking into account the
influence of the nature of four- and five-unit sequences of
monomeric fragments on the kinetic constants '°’*°); (3) the
chain transfer reactions with the rate constants %¢(7) and
k(8); nor does one exclude the possible influence of the
degree of polymerisation and composition of macroradicals
(or macroions) on the rate constants for the individual
reactions in stage (II). Naturally, the characteristics of
the synthesis via mechanism (I)—(II)—(III) depend signifi-
cantly on a number of other factors, such as the active
parameters of the reaction medium Rj, the temperature of
the synthesis T, and a whole series of other parameters
(they will be designated by P,)}. It is already seen from
mechanism (I)—(II) —(III) that in the synthesis of an
ensemble of copolymer macromolecules the following
parameters vary in the general case: the composition of
the macromolecules ap; the configuration of the macro-
molecules characterised by the composition parameter
YAB; the average degree of polymerisation. It is note-
worthy that the molecular weight and the nature of the
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molecular weight distribution®'*** are not specific criterial
parameters of binary statistic copolymerisation (naturally
the choice of parameters is based on emphasising the dif-
ferences between copolymerisation and homopolymerisa-
tion) and for this reason we shall henceforth use these
parameters only when necessary.

Thus the fundamental (criterial) parameters of statisti-
cal polymerisation are assumed to be the “instantaneous”
values of a A and yAB, the distribution curves with respect
to composition (waA) and structure (configuration) (wyaB)

for the ensemble of the copolymer macromolecules with
finite values of . Naturally ap, YAB, Wpp, andwyap

are statistical characteristics and depend on many “instan-
taneous” parameters of the system. In particular, for
copolymerisation processes which obey the (I)— (II)—(III)
mechanism, we have

as = F, (B, Ri, Pr. T, kuna, kian, Fans, kian, Eisa, kipa, Biss, Aiss ..
«v kanaa, knaan, Envaa, Enpaa, knans, knaas, nbap, kipas, Rasea,
knppa, knapa, Enapa. kabes, knbes, kaass, knass (1)
where BZ is the content of component A by weight in the

initial monomer mixture and, when the expression in
round brackets is denoted by M B i, m, we have

Yag = Fy (Mp,im), (2)

Way = F3{Mpim, B, ke(7), ke(8) }, (3)
Wypp = Fo{Mpim, ¥, k:(7),. ke(8) }, (4)
Wapops = Fs{Mp.i.m b, ki(7), ki(8) }. (5)

Eqns.(3)—(5) have been formulated for systems where
interchain exchange reactions ?? or reactions involving
kinetic chain transfer to macromolecules, particularly
with rupture of the latter *°, take place. One should note
that the functions F3, F4, and particularly Fs contain
incomparable more information about the copolymerisation
process than the functions F; and F», because F3, F4, and
F's take into account the influence of the polymer formed
during the reaction (this is formally taken into account by
introducing ¥). The determination of the functions F; and
F2 and even more so F3, F4, and Fs in an explicit form
makes it necessary to overcome major technical difficul-
ties even for the simplest copolymerisation models and,
when the process becomes more complex, the difficulty of
determining functional relations of type (1)—(5) increases
significantly. There is no doubt that the determination of
F1, F2, F3, F4, and Fs in an analytical form is by no
means poseible, in principle, for all copolymerisation
models.

Another method of analysing the copolymerisation pro-
cess (which does not involve the determination of Fi, Fa,
F3, Fa, and Fs in an explicit form), where a comparative
analysis of experimental relations of the type ap =f(BfA)
andyAp = f1(8R) is carried out in conformity with the
characteristics of the “blank” (classical) system, is
therefore more promising®, Naturally analysis of copoly-
merisation at the level of distoribution curves with respect
to composition for different A and iy is laborious and com-
plex, but the reliability of such analysis is incomparable
greater than that of the analysis of composition diagrams
of the chemical structure of macromolecules for y — 0,*
24-26 which makes up for all the difficulties in the corre-
sponding experiments. At any rate (both in the interpre-
tation of data for distribution with respect to composition
and in the analysis of the average compositions for differ-
ent polymerisation increments **) the necessity for com-
paring the experimental results with data for the “blank”
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(classical) system immediately gives rise to a self-evi-
dent requirements—an integral part of the analysis must
be a comprehensive study of various characteristics of
the copolymerisation of classical systems.

III. TOPOLOGICAL SCHEMES FOR BINARY STATISTI-
CAL COPOLYMERISATION

In analysing experimental data for copolymerisation, it
is useful to distinguish four types of systems*® classical
systems; classical systems subject to definite boundary
conditions; ‘“unusual” systems of the first and second kind.

1. Classical Systems

Assuming that the quasi-steady-state condition holds,
Mayo and Lewis *” and somewhat later Wall *® derived a
relation between the composition of the initial monomer
mixture and the composition of the macromolecules
formed in terms of two copolymerisation constants:

ra = kaa/kas and rg = kpp/kpa:

My _ma Tamatme (6)

Mg mg '
where MA, MB, maA and m B are the molar concentrations
of monomers A and B in the copolymer macromolecules
and in the initial mixture respectively. We may recall
that Mayo and Lewis quite correctly referred to 5 and
vp as activity ratios and the name copolymerisation
“constants” was given to them later. However, this
seemingly purely terminological nicety later led to serious
confusion in both the kinetic and statistical copolymerisa-
tion theories let alone applications such as the synthesis
of copolymers “with specified properties”. In 1944 Eqgn.
(6) was obtained by Goldfinger and Kone *® without postulat-
ing the quasi-steady-state condition. On conversion to
weight concentrations, the Mayo—Lewis equation [Eqn.(6)]
becomes

guy (1— ﬁ?\) 1— ﬂA %A
et ) @
where oo =1 — oB, 8A =1 — 8B, and g is the ratio of the
molecular weights of components A and B. In the first
place, one should note that Eqns.(6) and (7) are by no
means valid for all copolymerisation models *’® and, when
the process takes place within the framework of classical
relations (rA = const. and g = const.), it is necessary
that many special conditions should be fulfilled. We shall
formulate them here, because they are important:
(1) the chain propagation reactions must be fully
irreversible, i.e.

kan = kap = ke = kpa ... = knaaa = kapan =

= knaaB = EnBaB = knaBa = knpps = knapp = 0;

(2) the monomers A and B must be capable of polymer-
ising via only one mechanism, i.e. a one-centre copoly-
merisation process must take place:

(3) the propagation rate constants must be independent
of the composition of the initial monomer mixture, i.e.

Eoan ==E(BA), kapp =1 (BR); Enap =1 (BY);
kypa== £ (Ba):

(4) the copolymerisation process must be homophase
with respeet to all B3 andy;
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(5) the propagation rate constant must be independent of
the degree of polymerisation, i.e.

knan; ki = ks = ... knpg;

knas; kpa =rhsa= ...

km = kqAA = ...
Riap = kepp = ... knua;

(6) the propagation rate constants must be independent
of the composition of the macroradical (macroion), i
particular the propagation rate constants must be indepen-
dent of the nature of the preterminal, pre-preterminal and
more remote units, i.e..

knBaa = knaaa; knBaB = Enaap;
NnaBB = knBBB; AnBBA = RnaBA;

(7) the polymer formed must not influence the param-
eter of the interactions of macroradicals (macroions) with
the monomers A and B, i.e

kuaa F1(9); knan =1 (); kapa =1 ($); kaps 5= ();

(8) the reactions involving the transfer of the kinetic
chain to the macromolecules, i.e.

ke(7) = k(8)=0;

must not occur during the synthesis;

(9) the lifetimes of the individual macroradicals must
be much shorter than the times of formation of the poly-
merisation increment ®°, i.e. there should be no long-lived
active centres in the system and hence bimolecular ter-
mination reactions with the constants 2¢(3), kt(4), kt(5),
and % ¢(6) [see the mechanism (I)—(II) - (III)} must be ruled
out in the case where p1/P2# m,/m;

(10) the system must be free from active ingredients
(in the simplest case complex-forming additives) which
bind part of the monomer A or B; this condition can be
represented schematically as follows:

/ +
aA+Q/—> adA+(@a—a')A,
bB+Q;fb’é+(b~—b’)B,

aA-{-bB;/»a!(AB)“+(a—'a’)B+(b—a’)B;

It is postulated that the relative activities of A and B, on -
the one hand, and A*, B*, and (AB)*, on the other, in
copolymerisation reactions differ significantly from one
another;

(11) it is assumed that the copolymerisation process
should involve the formation of products with fairly high
molecular weights; at any rate the degree of copolymer-
isation is such that the influence of the terminal units may
be neglected;

(12) a microsubstrate with the composition g3, different
from that of the macroscopic composition 85, must not be
formed around the macroradicals (or macroions); in other
words, in the system there must be no selective macro-
radical—monomer A (or B) interactions responsible for
the appearance of microheterophase properties =%,

When all twelve necessary conditions are fulfilled, the
copolymerisation process is greatly simplified, but the
main bulk of the information about the system may be
obtained using only two parameters, namely rA = const.
and »g = const. In conformity with the aim of the present
review, it is appropriate to list at this point the decisive
features of classical polymerisation which make it possible
to distinguish a classical process from an unusual process.

1. In order to obtain relations (1)—(5) in an explicit
form, it is in principle sufficient to operate with two pro-
cess parameters, namely rA = const. and g = const.

Russian Chemical Reviews, 47 (7), 1978

2, There is an unambiguous relation between o p and
BA for an Ly BA and ¢ In an analytical form the relation
ap =f(BA) is determmed by the Mayo—Lewis equation (6)
or (7). Fig.1 illustrates schematically the relation
between aA and SA for systems with and without an azeo-
tropic point. For classical systems, a single rigorously
defmed value of A corresponds to each BA, i.e. we have
BA ~—aA(l), BA ~ aA(1), and BA — wA(1) for curve I,
BA ~—aA(2), BA — aA(2), and BA — aA(2) for curve 2,
and 83 —— aA(3), A ~— aA(3), and B3 ~— ax(3) for
curve 3,
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Figure 1. Schematic composition diagrams for systems
with (curve 2) and without (curves 1 and 3) azeotropic
points: 1) 7aA(1) > 1, rB(1)< 1; 2)7A(2)< 1, rB(2)< 1
or a less probable version of the synthesis with r5(2) > 1,
rB(2)>1; 3)ra(3)< 1, »B(3)> 1.

3. For each point on the composition diagram, it is
possible to predict the direction of the development of the
process, i.e, the increase or decrease of @ p when y
increases. Thus, for the process described by curve I
in Fig.1, ap diminishes, while that for the process
descrlbed by curve 3 increases with lncrease ofy. The
above relations are valid for any fixed 83 A =const.  As
regards systems with an azeotropic point (curve 2), it is
necessary to distinguish three reglons the first region,
involving a decrease of @ p for gA < BA, the second,
involving an increase of @A when A > BA, and the third,
where ap = a7(2)# fi@) for o =BA; in all cases the
analysis is carried out on the assumption of a continuous
increase of . To make the analysis complete, we may
also note the special case where rp =7rpg = 0, 193 Natur-
ally, in such systems the compos1t10ns of the macromole-
cules formed are the same for all BA and ¥ and for this
reason no particular direction of process development can
be specified and we are dealing in essence with a homo-
polymer (AB), for any 83 and .

4. It can be shown (this is done most simply using a
model composition diagram) that for classical systems any
interpretation of data in terms of the @z = f(8A) relation
leads to the same values of rp and 7g. ®3¢

€. The relative errors in the determination of 5 and
rp (l.e. Arp/¥p and Arp/rB) are objective characteristics
of the copolymerisation process and depend mainly on the
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experimental technique; the method of determination
itself and the absolute values of ¥A and rp have less
effect ' %,

6. Using two copolymerisation constants (¥4 and rg),
it is possible to plot theoretical integral distribution curves
with respect to composition (IDCC) for classical systems
whatever the values of BZ and y, both by the Skeist meth-
od ¥ and, with the aid of analytical expressions for 1 — v,
by the Meyer and Lurry method *® (for molar IDCC) or its
analogue for the derivation of weight distribution functions
with respect to composition . As an illustration, Fig.2
presents calculated and experimental IDCC for one of the
systems*’. One should note a characteristic property of
classical IDCC—for each individual point corresponding to
fixed ¢}, it is possible to determine 83 and y°, provided
that the overall y is known for the IDCC.

T
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a8+
a6

AN

o4 - B o
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e \

| % { h
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ag, %

Figure 2. Theoretical and experimental IDCC for the
vinyl acetate (A)—vinylcaprolactam (B) system; the theo-
retical IDCC are indicated by continuous lines *°:

1) B} = 0.16; 2) Bp = 0.05; xj is the integral proportion
by weight of the ith fraction.

7. TFor classical systems, operation (6) is reversible,
i.e. using IDCC it is possible to determine v5 and rg by
an appropriate treatment of data (for example, in terms of
the variables*

Ba l—ay _M(l—"h)

1—B, (g %A ) ap (1—Bp)*’

where g is the ratio of the molecular weights of component
A and B). It is of interest that, in order to derive 75
and ¥B from IDCC, only one distribution curve with
respect to composition is in principle sufficient. Fig.3
presents an example of the determination of A and rg
from IDCC for the acrylamide—sodium fumarate system
with added NaCl; according to the data in Fig.3, rA =10
andrg = 0.

8. There is an unambiguous relation between all the
distribution curves with respect to composition within the
given “family” *? (i.e. for the set of IDCC, where rp =
const. and g = const.), which makes it possible to apply
the principle of extrapolation and superposition in analys-
ing the set of IDCC for different S} and .
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We shall consider this in greater detail, since the
extrapolation and superposition principles mentioned
above are common to classical systems and their break-
down can serve as direct evidence for the appearance of
“unusual” relations in the system. We shall assume a
system without an azeotropic point (Fig.4, curve 2); in
this case the content of the second component decreases
with increase of . Accordingly, the copolymerisation
process may be characterised statistically by a family of
monotonically varying distribution functions with respect
to composition. The prineiple of the interrelation of the
distribution curves with respect to composition was first
clearly formulated by Markert *’**, who illustrated such
an interrelation by analysing the differential distribution
curves with respect to composition (DDCC). However, in
the comparative analysis of distribution curves with
respect to composition it is much more convenient to
employ IDCC rather than DDCC and to carry out the cor-
responding analysis using weight distribution functions
with respect to composition. Evidently in the case of
IDCC there is an unambiguous relation between the individ-
ual curves of a single “family”. The fundamental condi-
tion for the existence of such a relation is that fractions
having the same composition may be obtained for different
compositions of the initial monomer mixture at different
copolymerisation stages.

BA (7o) /(1-Pp) P -0a
o 10 20
N5 T -
K'S § o A& x 0
>~ 7 2 3 4
I
= o
<_ 00 o _x X o 28 o
Q!t\]D AAAAAXAXQXX XIXEAXHEU -
A
Figure 3. Dependence of [BA(1 — Ba))[g — (1 — aa)/aa]

on Bi,(l — aA)/aA(l — BA)? for the acrylamide—sodium
fumarate system with added 10% NaCl;** gp: 1) 0.1;
2) 0.4; 3) 0.5; 4) 0.67.
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. ]
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ast 7 L pZ
I
|
I
o t I
as Bg(cr) 10
Ps
Figure 4. Composition diagrams for copolymerisation
models: 1) 7p =0.1, rg = 0.7, g = 0.8; 2)7rp = 1.0,

rB = 0.09, g = 1.63.%°
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The interrelation between the individual IDCC of a
single “family” can be most simply illustrated using as an
example the dependence of 1 — 3 on 8A. Analytical
weight functions relating 1 —y torp, B, g and g5 have
been obtained®. Fig.5 presents the calculated relations*®
between 1 —  and 5 for two copolymerisation models,
whose composition diagrams are illustrated in Fig.4.
Simple comparison of the curves in Fig.5 already shows
that there is a simple relation between individual curves.
It is easy to establish in an explicit form also the nature
of the relations between the individual curves in Figs.5a
and 5b.%. Thus curves 2—6 in Fig.5b as it were
describe the part of the copolymerisation process illus-
trated by curve 1; similarly curves 3—6 constitute, as it
were, part of curve 2, etc. Curve 2, for example,
describes the same process as curve I after the attainment
of a definite degree of conversion y g = 0.27; similarly
curves 3—6 are part of curve I after the attainment of
values of Y5 of 0.44, 0.58, 0.73, and 0.76 respectively.
Thus, after the attainment of 4, the curves of one
“family” differ only by a scale factor, which in the given
instance isy . The validity of such comparison of the
IDCC of a single family is confirmed by the satisfactory
correspondence between the individual calculated points
and curves evaluated directly from an analytical expres-
sion for 1 — y¢.

- a
4
w0l 2 3
+ 1
a2 asé 10

Figure 5.
a)rpa =0.1, rB = 0.7, andg = 0.8 (Lewis and Young *°)
for BA = 0.25 (curve 1), 0.5 (curve 2), 0.65 (curve 3), and
0,75 (curve 4); b)vA =17.0, rB = 0.09, and g = 1.63 for
BA = 0.75 (curve 1), 0.68 (curve 2), 0.6 (curve 3), 0.5
(curve 4), 0.27 (curve 5), and 0.25 (curve 6). Points I,
II, and III were obtained using different computational
formulae.

Clearly the correlation between the individual curves
for the dependence of 1 — y on BA inevitably implies the
existence of an unambiguous relation also between the
IDCC. This may be illustrated by Fig.6. The individual

Dependence of 1 — y on B for blank systems**:
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points in the figure were obtained using the extrapolation
and sugerposition principles for the comparison of the
IDCC.*® Evidently the correspondence of the IDCC
obtained by the Skeist method and by the application of the
extrapolation and superposition relations ** is entirely
satisfactory. This factor, demonstrating the particular
advantage of the application of the superposition principle,
may be employed for the rapid construction of IDCC for
classical systems. The principles described are
extremely important also in the comparative analysis of
the set of experimental IDCC for which there can be no
simple correlation between the individual curves, which
may be an indication of the “unusual” nature of the process.

a5 —

Q4 a6 08

The IDCC for the system withrp = 0.1

Figure 6. 4{).
3

Y = 0.7, and g = 0.8 (Myagchenkov and Frenkel'
Ba: 1)0.25; 2)0.5; 3)0.67; 4) 0.75. The continuous
curves were obtained by the Skeist method and the individ-
ual points were obtained using the extrapolation and super-
position relations between the IDCC.*

9. For classical systems, the chemical structure of
macromolecules (it can be regarded as known, provided
that the probabilities of the occurrence of various
sequences of the monomeric fragments A and B are
known *"*°) is determined unambiguously by the values of
rA and rg.

10. Knowing the chemical structures for different BK,
it is possible to calculate A and rg for classical systems.

11. There is no doubt about the existence of an unam-
biguous relation between IDCC and the stereochemical
configuration of the copolymer macromolecules.

12. For classical systems, there is an unambiguous
relation between the IDCC, the chemical structure of the
ensemble of macromolecules, and the quantitative param-
eters of the inhomogeneity with respect to composition ®°.

13. For classical systems, the specimen should be
monodisperse with respect to composition at the azeo-
tropic point BK = Balaz.}, i.e. ap = Ba(az.) in the region
O0<y <1,

Thus an unambiguous relation between A, ap, the
chemical structure (configuration) of the macromolecules,
the IDCC, and the quantitative parameters of the inhomo-
geneity with respect to composition is characteristic of
classical systems. The breakdown of the correspondences
1-13 already constitutes indirect evidence for the lack of
validity of the description of the copolymerisation process
with the aid of two copolymerisation constants 75 = const.
and rg = const.
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2. Systems Which Reduce to Classical Systems when
Definite Boundary Conditions are Fulfilled

In such systems none of the twelve conditions necessary
for the classical process are fulfilled, but the nature of
the process itself remains such that one may expect the
fulfilment of all thirteen features of a classical process,
enumerated above, for a definite range of BK and y values.
We shall consider several systems of this kind.

1. Al the conditions necessary for a classical process
are fulfilled with the exception of the seventh condition
and the influence of the polymer formed on the rate con-
stants for the propagation of macromolecules may be
traced only after the attainment of a certain value ll/gr,
which depends on B3 . Suppose that BA(l) BA(Z) BA(3)

. BA(P) correspond to yer(1), ver(2), ¢cr(3)» ceey
l,!/cr(P) and that \Ucr(l) < ll/cr(z) < I,Ucr( )< lﬁ/cr(p),
while the values of 5A(1) - B (p) cover v1rtua11y the
entire range of g} from 0 to 1 in this case the system
may be regarded as classical for the degrees of conver-
siony < Yer(l).

2. All the conditions necessary for a classical process
hold with the exception of the tenth condition, but the con-
centration of active ingredients is such that the entire
monomer A (or B) is converted into A* (or B*), i.e.
mA + Q—~mA”* (or mB + Q—mB"*). In this case the
copolymerisation reaction takes place between B and A*
(or A and B*) and one may expect a change in the copoly-
merisation constants v5 —~7A* or rg —~7rpg+, but such
changes do not entail the failure of even one of the thirteen
features of a classical process.

3. The separation of the system into separate phases
occurs only for certain values of 8o = Baler.). Com-
plications of this kind in the copolymerisation process can
be readily traced in the copolymerisation of acrylamide
with hydroPhlllc non-ionogenic monomers (solvent—
water) ®°"®

azt |
|
!
o 1 1 L !
0z 04 06 4s 7
A
Figure 7. Composition diagram for statistical acrylo-
nitrile—hydroxymethylmethacrylamide copolymers®*

Fig. 7 presents a typical composition diagram for the
acrylonitrile (A) —hydroxymethylmethacrylamide (B)
system®, There are two characteristic regions in the
diagram: region I where the copolymerisation process
takes place in a single phase and region II where the
copolymerisation takes place in a two-phase system.
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Clearly in region I (i.e. for B4 < 0.39) the system can
manifest all the features characteristic of a classical
process and in the region 0 < A < 0.39 it is possible to
calculate ¥A and rg. On the other hand, in region II the
system is known to be non-classical and it is therefore
erroneous to operate with the values of »A and rg found
for region I, in general for region II one can speak in thls
instance only of apparent copolymerisation * constants” A
and 7 . ® One must bear in mind that systems where
the copolymerisation process takes place in a single phase
only within a certain region of Bpo values are encountered
fairly frequently in practice .

4., An analogous limitation may be observed also when
reactions involving chain transfer to macromolecules
occur in the system. If Y., is a minimum value of
(for different compositions of the initial polymer mixture)
after the attainment of which reactions involving the
transfer of kinetic chains to macromolecules are observed,
then the system may be regarded as classical in the region
0< 4y < yecr. However, the extension of the observed
relations (for example, the use of values of ¥A and vy
found for the region 0 < y < {¢p) to the region yeop <y <
is known to be illegitimate and may lead to serious errors
in the estimates of the characteristics of the statistical
copolymerisation process.

3. Unusual Systems of the First Kind

One or several of the necessary conditions for a classi-
cal process do not hold for such systems, but there 1s an
unambiguous relation between 85 and @A for all the BR A
andy. The nature of the p = f(B4) relation is more
complex than the Mayo-Lewis equation; at any rate, this
relation cannot be described in terms of only two copoly-
merisation constants. In the majority of cases it is pos-
sible to plot calculated distribution curves with respect to
composition for unusual systems of the first kind (and
hence it is possible to evaluate the quantitative param-
eters of the inhomogeneity with respect to composition)
and to find analytical expressions for the functions charac-
terising the structure of the macromolecules, but these
relations are much much complex than the corresponding
relations for classical systems. Naturally, not all of the
thirteen enumerated features of classical polymerisation
hold for unusual systems of the first kind. There is no
doubt that the study of the relations op = f(8A) can serve
only as a first approximation in the analysis of the process
characteristics for unusual systems of the first kind; for
a more accurate assessment of the process, it is neces-
sary to compare theoretical and experimental IDCC and to
analyse the chemical structure of the copolymer macro-
molecules.

(1) The fulfilment of all the necessary conditions for
classical copolymerisation with the exception of the sixth
condition, i.e. that the reactivity of the macroradical
depends on the nature of the free terminal and more
remote units, is characteristic of the system **37207°%7,

A number of workers 1518-20,56:57 ayplained the deviation of
the ap = f(BR) relations from the classical relations (6)
and (7) by the fact that A and g do not reflect fully the
specific features of the interaction in the macroradical
(macroion) ~monomer system., When account is taken of
the influence of the pre-terminal units, the following rela-
tion must be formulated instead of the Mayo—Lewis equa-
tion: My 1 (ramp)mp) (rgmg/my + D ymp/mg + 1)

My 1+ (rgmg/my) [(rg + mp/mg)/(rp -+ my/mp)] (8)
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where
ra = RkaaafkaaB; A = Rean/Rpas;

rp = keep/kess; s = kap/kasa.

For the pre-terminal model, Eqn.(8) becomes even more
complex and the relation between ap and ﬁ& is expressed
in terms of eight copolymerisation constants:

ra = kaaaa/kanas; rp = kppes/kBBBA}

.
rh = keaaa/kBass; e = kapse/Rassa;
. .

ra = kasaa/kaBas; 7B = kpaBB/kBABA;

» -
ra = kepaa/kppas; B = Rassp/Raspa.

Analytical expressions have been obtained *° for the
relation ap = f( BK) taking into account also more remote
interactions (via four- and five-unit sequences of monomer
fragments) , Thus, accordlng to Barb58, ro = 0.0084,
rj = 0.01, r5 = 0.0275, and v = 0.063 for the styrene—
maleic anhydrlde system this set of constants describes
satisfactorily the experimental relation ap = f(B A) We
may note that a set of constants of the type 75, 7}, A,
7R, B, 7B, ”B, 7B may be regarded as resembling vari-
ational parameters which establish the correspondence
between the experimental points on the composition dia-
gram. It is appropriate to note here that the use of a
large set of such constants makes it possible, in principle,
to describe satisfactorily very complex relations ap =
f( g A) but the lack of reasonable correlations between TA,
YA, TA, ’VA, on the one hand, and 7R, 'VB, VB, TB, on the
other, is an indication of the inaccuracy and arbitrary
nature of such an approach. We believe that the region of
the applicability of the pre-terminal model must be clearly
defined—this model must not be misused when difficulties
arise in finding an explanation for the sharp differences
between the values of ¥4 and 73, on the other hand, and
rp and 7R, on the other.

It is necessary to consider yet another question. It has
been shown °° that analysis of IDCC and of the variance of
the distribution with respect to composmon in relation to
analysis of the function A = f(B8 A) makes it possible to
infer with much greater certainty which model (classical
or pre-terminal) is valid in each specific case of copoly-
merisation,

(2) Systems where all the necessary conditions for
classical copolymerisation hold with the exception of the
tenth condition, but the reactivities of the activated [A*
(or B*)] and non-activated specimens [A (or B)] monomers
do not differ sufficiently to entail the appearance of an
ambiguity in the relation oA = f(B A) Without infringing
the generality of the description, we shall assume that the
activated monomer (in the simplest case a monomer bound
in a complex) is monomer A. In such a system the
copolymerisation process may be described by the Alfrey—
Goldfinger scheme ® for a three-component mixture of
monomers:

An-guBA” + A -ﬂ» AngBA";
AnguBA* + A+ 2 A B, (A%,
AnquBA" +B—22 A, BB,
Ancg-iBy(AY) + AAA LA BAAY,
AngmBg(AY) + A* 2AA_ A BA*(AY), (9
AngBy(A*) + B AR LA BA*B",
AngBB +ASPA LA . B.A"
AnguBB* + AT —BA LA B, (A,
An-BB’ +B B, AngBeuiB'.
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The composition equation becomes

, M, M, My — M,
dMA:dMB:dMu:MA[ S B A A]x
7a*tA”BA TBA’AYB TAtATA'B
. M My— M, M, M
x[MA+ BT A]:M A B
TAB 7aat TABTA*A TAB" BA*
My — M, M, | My+M, ,
+-2 A“Maﬁ-—“+— T (Ma — Ma) x
TAtBT AAt ’BA At
M, M M, — M,
x[ A B A A]x
TAAtBA TBA* AB TAAt BAY
M, My
X[(MA— +—1,
Tata Ta*s

where MA and M A are respectively the molar concentra-
tion of the monomer A not bound in the complex and the
overall concentration of the same monomer A in the sys-
tem (it is implied that Mp and M are known) and dM 4,
dMpg, and dM A+ are the numbers of molecules of A, B,
and A* in the copolymer macromolecule:

k k &,
AA . AA . BB .
fap = —; fAA+=k——, TBA = >
kap ALY kpa
kg katat katat
rsa+ = 3 Tata= E 3 Ta+p = % .
Lyes A*A A*B

Naturally Eqn.(10) is applicable to the analysis of copoly-
merisation under the conditions of complex formation in
the system only when there are definite relations between
MA* and M A (in particular, when the concentration of A*
is limited by the concentration of the complex-forming
agent in the system). In order to determine vpAR, 7AA*,
7BA, YBA*, YA*B, and vp+A, it is necessary to analyse
the composition diagrams for the binary systems (AA",
AB, BA"). It is fairly difficult to carry out such analysis
for the AA* system, but even in its absence it is clear that
the copolymerisation process in a system with the mono-
mer partly bound in a complex cannot be described by the
classical Mayo—Lewis equation. For this reason, the
values of vp and »B obtained by the usual treatment of the
data (without taking into account the complex-formation
steps) are apparent process characteristics, which has
been shown ® in relation to the copolymerisation of acrylic
and methacrylic acids with vinylpyrrolidinone. In the
same report it is correctly noted that calculation of the
parameters @ and e in the Alfrey— Price equation for the
above systems lacks significance. In principle, any
instance of polymerisation where the monomers A and B
form a complex (AB) which behaves in the copolymerisa-
tion reaction as an “individual monomer” can be reduced
to a relation of type (10).

(3) Systems with weak depolymerisation reactions,
i.e. those where there is a specific breakdown of the
necessary first condition. In this case the relation ap =
f(BA) cannot be described in terms of two copolymerisa-
tion constants ¥A = const. and g = const. It is implied
that depolymerisation is not sufficiently intense to cause
the breakdown of the unambiguous nature of the relation
ap = f(BA).

(4) Systems where all the necessary conditions for
classical copolymerisation are fulfilled with the exception
of the eleventh condition, i.e. in such systems the synthe-
sis results in the formation of copolymer macromolecules
with an average degree of polymerisation < 100, Such
systems may be regarded as “defective” classical sys-
tems or, more precisely, as systems obtained by random
degradation from quasi-infinite copolymer macromole-
cules for the same values of 75, ¥B, BA, andy.'> The
breakdown of the classical relations between IDCC and the
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chemical structure of the macromolecules is due to two
causes: the statistical nature of the reactions involving
the rupture of macromolecules and the necessity for the
introduction of revised values of @A and o taking into
account the influence of terminal groups on these param-
eters. Naturally the distribution functions with respect
to composition depend onn. There have been obtained
in an analytical form %% and the following most general
formulation is possible:

Wnatp = A (1 —F + nf/B) n'*e™® exp {—n(Ma — Ma)/D), (11)

where wn ,Mp is the weight fraction of macromolecules
with the degrﬁe of polymkerisation n and the composition,

Mp, Mp = ; zleiM Ai/i§1Ni is the arithmetical mean

composition of the statistical ensemble of k fractions of
macromolecules, B the arithmetical mean degree of poly-
merisation, A and D are constants which depend on 75 and
rB, and f is the probability of recombination steps in the
termination of kinetic chains (f =1 — fi, where f, is the
probability of the occurrence of disproportionation reac-
tions in the termination of kinetic chains).

(5) Systems with a varying reactivity of the monomers
A and B; here the relation o p = f{f4) remains unambig-
uous for all B&. Many of such systems can be reduced to
non-steady-state systems of the type

ra =y + RPa,
B =y + R'Ba,

(12)
(13)

where co, cb, R, andR’ are constants. It can be shown
that, for systems of type (12) and (13), it is possible to
calculate the IDCC, * the parameters of the quantitative
estimate of the inhomogeneity with respect to composition,
and the probabilities of various sequences of AB units in
the macromolecules for different g4, andy .

We shall consider further specific instances of copoly-
merisation in systems where the reactivity of the mono-
mers is variable. Systems where one of the monomers
contains ionogenic groups are of greatest interest in this
respect; the reactivity of the medium is then such that
the ionogenic groups exist in partly or fully ionised
states ®%7.  The characteristics of the copolymerisation
of ionogenic monomers must be considered in greater
detail for three reasons: (I) the great practical impor-
tance of polyelectrolytes °’®®, (2) the fact that such sys-
tems are convenient models for the analysis of non-steady-
state versions of copolymerisation, and (3) the fact that
the characteristics of the copolymerisation of ionogenic
monomers have so far been inadequately investigated %%,

In the first place we may note that many complications
arise even in the homopolymerisation of ionogenic mono-
mers, due to the presence of charged groups in the
macroradical and in the monomer ®~**, Thus in the
homopolymerisation of ionogenic monomers in ionising
media the overall rate of the process”?, the activation
energy, the molecular weight®"*™ the degree and nature
of stereoregularity *””’*, and the order of the reaction with
respect to the monomer "® depend on pH and the ionic
strength of the solution. The order of the reaction with
respect to the monomer varies in ionising media as the
dielectric constant’ and the ionic strength of the solution®
are altered. Presumably, on passing from high to very
low concentrations of the ionogenic monomer, the order of
the reaction with respect to the monomer does not remain
constant. In addition, one may expect also the variability
of the individual elementary “constants” when the concen-
tration of the monomer is varied within wide limits,
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Indeed kp/kd® = flca) # const., where kp and ko are prop-
agation and termination rate constants, was obtained ™ for
concentrations of the ionogenic monomer (2-sulphoethyl-
methacrylate) cA < 2%. This implies that kp and ko are
variable for cp < 2% and depend on the internal ionic
strength set up by the ionogenic monomer A. The results
of the above study " are important for a correct assess-
ment of the mechanism of the polymerisation of ionogenic
monomers.

Naturally, in the copolymerisation of monomers with
ionogenic groups the above polymerisation anomalies
must be manifested to an even greater extent. There are
in addition new anomalies associated directly with the
greater complexity of the copolymerisation mechanism.
Indeed, even when the specific features of the macro-
radical (the nature of the ionisation of the terminal, pre-
terminal, and pre-pre-terminal units and the overall
charge of the macroion) are disregarded, the copolymer-
isation mechanism becomes

AnBmh £ A—"*2 LA B AA,
AnBnA 4 (A) 228, A B A (A),
ABnA + B 48, A,B.AB,
AuBmA 4+ A P2 L A B BA,
AuBnA + (A) —BN_, A B,BA,
ABnB + B —*2°_, A B, BB.

(14)

where A is the ionised unit A. Clearly mechanism (14) is
not equivalent to the Mayo—Lewis mechanism in view of
the differences between the values of kA(A) and kpa, on
the one hand, and between 2B(A) and 2BA, on the other.
Together with the usual property (i.e. the property of the
monomer) of an unsaturated compound, the ionised mono-
mer forms a cloud of counterions (the Debye—Hiickel
“jonic atmosphere” *”®') around the ionised macroradical
and, as { increases, the monomer A passes from the ionic
atmosphere to the chain of the copolymer macromolecule.
It is then necessary to take into account the fact that yion—
the effective degree of ionisation of the A monomer frag-
ment within the macromolecule—is by no means identical
with yion—the effective degree of ionisation of the mono-
mer A. This is because within the macromolecule the
strong electrostatic field of the counterions (we may state
that within the macromolecule their concentration is much
higher than the average concentration of the counterions in
the bulk of the solution) lowers the effective ionisation
constant, so thatyioy < yion. If (A) is a univalent ion and
an electrolyte maintaining a constant ionic strength is
absent from the copolymerising system, one can show *°
that the effective ionic strength Ieff for y =y, is

Tese (1) = aca {Vion(1 —¥1) + Yi’on‘Pl)‘ (15)

For y = 0, we have
I%ff = AYion €A,

(16)

where a = 500/M , and M, is the molecular weight of the
monomer A. If

R = Tt (/e = Wion (1 —$1) + Yion®1)/Yion,

when it follows from Eqns.(15) and (17) that Ieff and R
diminish with increase of . It can be readily shown that
Ieff depends on B3 =ca/(cR +ch). Indeed, if the overall
concentration of monomers A and B is constant, i.e. c} +
ch = const., then

(17

Lot (W) BalD _ca(D)
Tosr (b)) Ba(® ¢4 (2)
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Thus the copolymerisation of ionogenic monomers is
not isolonic for two reasons: (1) a change in BA auto-
matlcally leads to a change in the ionic strength (for ¢ A +
cB = const., the increase of 8} entails an increase of I eff,
while its decrease reduces Iefﬁ (2) the increase of y
(for fixed values of B3) is accompanied by a decrease of
I eff.

The very fact that I eff changes implies that the propa-
gation rate constants kp(A) and kB(A) are in essence vari-
able quantities., This follows immediately from the anal-
ysis of the expression for the rate constants for the
interaction between charged species 5%

Igk=1gk, +quc1eﬁ‘ + (bp —bc—b*) I eff, (18)

where &, is the reaction rate constant in the absence of
low-molecular-weight salts, ¢p, and ¢ are the charges
of the corresponding species D and C, and bp, b, and b*
are the empirical constants for the D and C species and
the activated complex DC.

It is seen from Eqn.(18) than an increase of I off leads
either to an increase (when the charges of the D and C
species are of the same sign) or to a decrease (when the
charges are of different sign) of the rate constant . *
Since the charges of the macroradical and the ionised
monomer A are always of the same sign for the instance
of copolymerisation in which we are interested. one may
expect an increase of kp( Ag and kB(A with increase of I off
[or B4 in the case where c} +cp = const.]. Sincekp(a)

and kg(a) are not constants, it follows that the copolymer-
isation of the ionogenic monomers cannot be described in
terms of the two constants »p and 7g.
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Figure 8. Composition diagram for the acrylam1de——
potassium N -vinylsuccinamate system °®; concentration

of aqueous solution (%): 1) 2; 2) 15,

These considerations have been confirmed experimen-
tally *®7°° in relation to a whole series of systems
(acrylamide—maleic acid *®, acrylamide—sodium maleate®
and, in aqueous methanol solutions, acrylomtrlle—
3-methyl- N-vmyhmldazohum methyl sulphate °°, acryl-
amide—sodium fumarate **, etc.). Somewhat later,
interesting results were obtained in a study®* where the
dependence of the composition and the chemical structure
of the macromolecules of the copolymers of acrylamide
with the lithium, sodium, and potassium salts of acrylic
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acid on the nature of the counterion was determined
(naturally, the comparative analysis was carried out for
fixed values of B4 andi). When an external electrolyte
(NaCl) was introduced into the acrylamide—sodium male-
ate ®? and acrylamide—sodium fumarate * copolymeric
systems, the kinetic copolymerisation parameters, the
average composition of the macromolecules formed, and
the inhomogeneity with respect to composition changed.
The last factor can be most simply detected from the
change in the parameter

= {(EA) — (EA),,} (an), =

(2 w.aA, 2‘ WA — 2 w,am)z Willa

=1 L—l i=1

(19)

after the introduction of NaCl into the system (for fixed
values of f3 andy). Here (@p)z and (@p)y are respec-
tively the z -average and weight-average compositions of
the copolymer; the averaging is carried out with respect
to component A. The decrease of v, after the addition of
NaCl for all values of 8} A indicates simpler relations in the
synthesis when the process is virtually isoionic **’%%7%
compared with non-isoionic synthesis, so that the inhomo-
geneity with respect to composition in a non-isoionic
process is significantly greater than in an isoionic pro-
cess.
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Figure 9. Integral acrylamide—potassium N ~vinyl-
succinamate distribution curves with respect to compos1-
tion for 2% (a) and 15% (b) aqueous solutions *; 8

1) and 4) 0.2; 2) and 5) 0.4; 3) and 6) 0.6; 1;/: 1) 0.45;
2) 0.76; 3) 0.41; 4) 0.72; 5) 0.73; 6) 0.57; derivative
IDCC are shown by dashed lines.

The effect of concentration in the copolymerisation of
acrylamide with potassium N -vinylsuccinamate has been
demonstrated®*: the comp051t10n of the resulting macro-
molecules depends not only on BA but also on the overall
monomer concentration (Fig.8). This effect does not
occur in classical copolymerisation and is wholly caused
by the presence in the system of the ionised monomer,
i.e. potassium N -vinylsuccinamate. More important
information compared with the data derived from the
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composition diagram (Fig.8) may be obtained by analysing
the experimental IDCC. Tig.9 shows that the IDCC for
statistical copolymers synthesised in 2 and 15% aqueous
solutions differ appreciably, namely the IDCC for the 15%
solutions are displaced to the right compared with the
corresponding IDCC for the 2% solutions. Hence it fol-
lows that, on passing from the 2% to the 15% solutions,
the relative activity of the salt component in the copoly-
merisation increases. The failure of the system to obey
classical relations is also indicated by the lack of corre-
spondence between the experimental IDCC and their deriv-
atives*’. The basic IDCC curves from which the deriva-
tives (shown dashed) were obtained were curve 2 for 1,
curve 3 for Z, curve 5 for 4, and curve 6 for 5. An addi-
tional illustration of the non-classical nature of the
copolymerisation process in the acrylamide—potassium

N -vinylsuccinamate system may be provided also by the
data in Fig.10, which were obtained by the appropriate
treatment *° of the experimental IDCC in Fig.9. The form
of the relations between [BB/(1 — 8B)][g — (1 — aB)/aB]
and 8g(1 — aB)/(1 — B8B)°0 B permits the conclusion that
the parameters of the interaction of the ionised monomer
and the macroradical containing the ionogenic unit not only
at the end of the chain but also at a considerable distance
from the latter are variable. Fig.11 demonstrates the
difference between the effective '° sizes of the macromo-
lecular copolymer coils in media where the copolymerisa-
tion in 2 and 15% solutions is simulated.
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Figure 10. Dependence of [8B/(1 — 8B)][g — (1 — aB)&B]

on g}(1 — aB)/(1 — BB)°aB for the acrylamide—potassium
vinylamidosuccinate system *°; concentration of aqueous
solution (%): 1) 15; 2) 2.

Many of the most important parameters (in the first
place the degree of ionisation, the potential of the intra-
macromolecular interactions between the ionised units,
and the conformational parameters of the macromolecules)
for polyelectrolytes may be altered by passing from aque-
ous media to water—organic component mixed solvents'®
9-98  Naturally in the copolymerisation process the use
of mixed solvents makes it possible to vary within wide
limits the rates of the individual reaction stages [mainly
kEA(A) and EB(A)]. It has been shown®® in relation to the

675

copolymerisation of maleic acid with acrylamide in aque-
ous dioxan mixtures that, by changing ¢ (the weight con-
centration of water in the binary solvent), it is possible to
alter specifically the degree of ionisation of the ionogenic
units and hence also Ieff. It is interesting to note that
both in water and in dioxan the copolymerisation is of an
unusual type: in water because the process in non-iso-
ionic and in dioxan because the synthesis is a two-phase
process®°. In both instances the experimental IDCC are
found to be “anomalously” diffuse. With decrease of ¢,
the IDCC are shifted to the right (i.e. @A increases),
which may be attributed to the decrease of the effective
ionisation constant of maleic acid with increase of dioxan
concentration in the binary water—dioxan mixture. The
considerable diminution of the anomalous features of the
copolymerisation process over a certain range of values
of ¢ merits particular attention. It is associated with two
factors: the decrease of the role of polyelectrolyte inter-
actions on passing from purely aqueous to mixed water —
dioxan solutions and the fact that the process takes place
in a single phase (¢ is not sufficiently small to cause the
separation of the system into two phases).

10724 /c, cm3/2

10

10c, g cm™

Figure 11. Dependence of the viscosity numbers on con-
centration for fractions of the acrylamide—potassium
vinylamidosuccinate copolymer®; &g = 0.17 and Bfg =
0.2 for 2% solutions (curves 1, 3, and §) andag = 0.516
and BB = 0.6 for 159 solutions (curves 2, 4, and 6):

1) and 2) in pure water; 3)—6) in the presence of added
ionogenic monomer [amount of added ionogenic monomer
(%): 3) 0.33; 4)2.93; 5)1; 6)8.8]; nsp = specific
viscosity of the solution,

(6) An interesting case of “unusual” cogolymerisation
of the first kind was examined in a study '® of the copoly-
merisation of styrene with methacrylic acid (MAA). The
“unusual” nature of the copolymerisation was a conse-
quence in the presence in the substrate of the dimeric and
non-dimeric forms of the acid. Naturally the relative
reactivities of these two forms of methacrylic acid in
copolymerisation are different, so that the changes in g8 A
and y automatically entail a change in the relative reactiv-
ity of one of the copolymers. The authors confirmed
these conclusions by comparing the experimental and blank



676

(for A = 0.7 and g = 0.15) distribution curves with
respect to composition.

4. Unusual Systems of the Second Kind (“Anomalous”
Systems)

These systems include those where the copolymerisation
process is accompanied by such marked deviations from
the classical Mayo—Lewis mechanism that the unambigu-
ous relation between 8A and o5 breaks down. This has
the automatic consequence that the characteristics of the
classical copolymerisation process (or at least the main
ones) do not hold for unusual systems of the second kind.
Naturally, the correct analysis of “anomalous” systems
requires the most complete information possible about the
distribution with respect to composition and about the
characteristics of the chemical structure of the copoly-
mer macromolecules.

(1) Suppose that the copolymerisation takes place as a
heterophase process. It has been shown *'® that, depend-
ing on the conditions of the synthesis, the resulting dis-
tribution with respect to composition is bi- or tri-modal.
Naturally, in this instance one cannot always reach the
correct conclusion about the conditions under which a
particular fraction with the composition @ pj is obtained,
even if vA = const. and g = const. in the synthesis, As
an example, Fig.12 presents experimental composition
diagrams for copolymers of methyl methacrylate (A) with
methacrylic acid; the synthesis was carried out in mixed
water —dioxan solvents with variable compositions'®. In
region LR (shown schematically by dashed lines) the unam-
biguous relation betweenma and M A breaks down. The
region QR is particularly interesting, because in the latter
M p should increase with increase of i, while in the
remainder of the composition range M A decreases with
increase of 1.

M N
1.0 [ f
a 7 !
i S 20 !
as !— /// -
by,
i ]
0 a5 wo as 10
1y M
Figure 12. Composition diagrams for methyl meth-

acrylate (A) —methacrylic acid (B) copolymers for differ-
ent water : dioxan ratios: 1) 100:0; 2) 80:20; 3) 50:50;
4) 30:70; 5)0:100,'®

Consider another system-—the copolymerisation of
acrylamide (A) with potassium N -vinylsuccinamate (B),'%
The greatest amount of information about the process can
be obtained by comparing the IDCC found separately for
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each phase (naturally, one is dealing with a heterophase
process), The necessity for the separate comparison of
the IDCC for copolymers isolated from phases 1 and 2
arises from the fact that, without preliminary calibration
experiments, it is impossible to establish in which partic-
ular phase the specific copolymer fractions have been
obtained®. Fig.13 presents the IDCC for the A—B copoly-
mers synthesised in binary water —dioxan and water—
methanol solvents. 'We may note that the copolymeric

A —B system investigated is “anomalous” not only in con-
sequence of the heterophase nature of the synthesis but
also because of the variability of the relative reactivities
of monomers A and B in copolymerisation '*.

o 02 04 06 ag

Figure 13. Integral distribution curves with respect to
composition for acrylamide—potassium N -vinylsueccinam-
ate copolymers'®: ) separately for concentrated and
dilute phases; the IDCC for specimens isolated from the
dilute phase (curves 1”—7") are shown by dashed lines,
while continuous lines represent the curves for the speci-
mens isolated from the concentrated phase (curves 1'-7’);
b) overall IDCC for specimens isolated simultaneously
from the dilute and concentrated phases (curves 1 -7).
Reaction medium: 1), 1°), and 1) water : methanol =
1:3; 2), 2’), and 2”) water:dioxan =1:1; 3), 3') and
3") water :dioxan = 1:2; 4), 4'), 4”), 7), 7), and 7")
water : methanol = 1:5; 5), 5), 5”), 6), 6’), and 6")
water : dioxan =1:3; BR: 1), 17, 17), 2), 29, 2"), 3)
3’), and 3”) 0.2; 4), 4'), 4"), 5),'5"), 5”) 0.6; 6), 6),
6”), 7) 7’), and 7") 0.8.

Labile hydrogen bonds '® as well as the nature of the
heterogeneous equilibrium in the multicomponent system
198,19 can also complicate the copolymerisation process.
However, even a qualitative comparison of the IDCC (Fig.
13) permits the important conclusion that, depending on
the nature of the precipitant employed, the copolymer in
the concentrated phase is enriched (dioxan) or depleted
(methanol) in component B relative to the copolymer in the
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dilute phase. The explanation is that the homopolymer B
and copolymers with a high content of B are soluble in
methanol, which is a very effective precipitant for poly-
acrylamide., Dioxan does not behave as a precipitant
either for homopolymers or for copolymers of different
compositions. After the attainment of a critical degree
of conversion i cr, the “displacement” of the monomeric
component B from the solution to the concentrated phase
is much less pronounced than in the water— dioxan system
according to the Langmuir rule. Thus in heterophase
synthesis a kind of fractionation of the copolymer with
respect to composition between dilute and concentrated
phases take place already during the formation of macro-
molecules, the choice of the solvent—precipitant system
determininginmany respects the properties of the reaction
products. In this connection it is appropriate to mention
that the IDCC are much more reliable “indicators” of
different types of interphase interactions than molecular
weight distribution curves.

An interesting case of “anomalous” copolymerisation in
a precipitant was examined by Slavnitskaya et al.'® In
conformity with the general mechanism of heterophase
copolymerisation'®, the experimental IDCC were trimodal.
Comparative analysis of the individual branches of the
overall IDCC led Slavnitskaya et al.'® to important con-
clusions about the copolymerisation mechanism, particu-
larly about the intensity of the kinetic chain propagation
and termination process in individual phases of the system.

Mg, mole fraction
o a0z Qo4 Qos
Z; T T

Il Il

! L
o o0z Q04 006 008

Mgy, mole fraction

Figure 14. Integral distribution curves with respect to
composition for ethylene (A)—triethylvinylsilane (B)
copolymers with different average contents @ g of compo-
nent B: 1) 0.018; 2) 0.03; 3) 0.41 (Samoilov et al.'®);
4) 0.069 (Samoilov et al.'®); 5) 0.066.

(2) Copolymerisation complicated by intense depoly-
merisation processes. The breakdown of the unambigu-
ous nature of the relation ¢ A = f(8A) may be expected
when the rate constants for the depolymerisation of the
first and second components differ appreciably. This
apparently happened in a study '® of the radical copolymer-
isation of ethylene with trimethyl- and triethyl-silanes at
160°C and 1400 atm using di-t-butyl peroxide as the initi-
ator. On the basis of the composition diagram and the
analysis of the results in terms of the Feinman—Ross
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coordinates, the authors reached the well argued conclu-
sion that the Mayo—Lewis equation is inapplicable to the
system. This is also clearly indicated by data for poly-
dispersity with respect to composition for the same
copolymers (Fig.14). In view of a number of indirect
pieces of evidence, the authors'® fully rule out a hetero-
phase copolymerisation mechanism, but in our view (bear-
ing in mind the form of curves 1, 2, and 4 in Fig. 14) the
partial heterophase nature of the system may make a
definite contribution to the “abnormality” of the system
apart from the depolymerisation processes.

The principal characteristics of copolymerisation when
polymerisation and depolymerisation processes occur
simultaneously was examined in detail in a review''°. In
particular, the review deals with the influence of the ratio
of the rate constants for the forward and reverse (depoly-
merisation) processes on the composition of the macro-
molecules formed. It is shown that the composition dia-
grams differ significantly when the relative contribution
of the depolymerisation process to the overall copolymer-
isation reaction balance is varied (Fig,15), which is
achieved most simply by altering the temperature of the
copolymerisation process.

m,, mole fraction

10

08 -
as -
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mg, mole fraction

Figure 15. Composition diagrams in the presence of the
depolymerisation process at different temperatures (°C):

1) 0; 2) 50; 3) 100; m:and m} are the mole fractions of
the second component in the copolymer and in the mixture
of monomers respectively.

(3) The ambiguity of the @A = f(8a) relation in two-
centre copolymerisation was demonstrated experimentally
for the copolymerisation of N -butylidenecyclohexylamine
with acrylonitrile.

(4) The “anomalous” nature of the system is due to
intense reactions involving kinetic chain transfer to
macromolecules. Such systems have been examined
in relation to the copolymerisation of styrene with dioxolan
and elsewhere '*® for the copolymers of oxacyclobutane
with g-propiolactone. In the latter study'® the “anomal-
ous” nature of the copolymer was demonstrated by direct
analysis of its chemical structure. The main theoretical
principles of copolymerisation complicated by chain trans-
fer reactions with rupture of the macromolecules were
formulated by Enikolopov®®, One should note that, in the
polymerisation of cyclic compounds, many parameters of
the final product (particularly the nature of the molecular

111
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weight distribution) depend on the degree of departure of
the reaction from equilibrium %**,

We shall consider in greater detall the copolymerisa-
tion of cyclosiloxanes, because, according to literature
data '*®, intense interchain exchange reactions at the stage
of the synthesis are to be expected for polymers of this
class. On the other hand, the occurrence of various
secondary reactions should affect to the greatest extent
the distribution curves with respect to composition. Fig.16
presents the IDCC for copolymers of dimethyl- and
methylphenyl-siloxanes '*® (analogous relations were
obtained also for SKTNF rubber "), We may not in the
first place that, whereas the difference between the com-
positions of the fractions detected during fractionation
without employing selective solvent—precipitant mixtures
$,1187120 oyceeds only slightly the limit of the sensitivity of
the method (under somewhat different fractionation condi-
tions, no differences between the compositions of the
fractions were noted at all in another study'*'), in frac-
tionation employing selective solvent—precipitant systems
sensitive to the composition of the macromolecules the
difference between the compositions of the isolated frac-
tions greatly exceeds this value. The very difference
between the compositions of the fractions (Fig.16) permits
the conclusion that the interchain exchange processes do
not suppress completely the main process involving the
synthesis of the macromolecules of a copolymer having a
definite structure, in conformity with the relative reac-
tivities of the monomers and their concentrations. Indeed
if depolymerisation and chain transfer to macromolecules
played the main role, one should expect a high degree of
homogeneity of the fractions with respect to composition,
which conflicts with experimental data in Fig.16. Cn the
other hand, sincey = 0.9 for all the specimens, one
might expect a greater polydispersity of the fractions
with respect to compositions on the assumption that the
Mayo—Lewis scheme applies. The conclusion that the
scheme does not apply is consistent with those reached by
investigators '** who studied the copolymerisation of octa-
methyl- and octaphenylcyclotetrasiloxanes.

The following most probable chain transfer reactions
may be considered'*’'*®

o
~RR,Si0" + ~ SiR,R,0SIR{Rs ~ = ~ R{R,SIOSIRR, ~ + ~ RR:SiO™,

o
~RR,SI0™ + ~ SiRIR;0SIRIR; ~ —> ~ RiR;SIOSIRR; ~ + ~ RR:SiO™,

v
~ SIRR;OSIR,R, ~ —> ~ RyR,Si0~ + ~ RiR;SiOSIRR; ~,

¥
~RiR:SIO™ 4 ~ R{R,SIOSIR:R; ~ —> ~ RiR:SIOSIRR, ~ + ~ R,R,Si0™ «
(20)

~R;R:SiO™ +

The fact that for certain compositions of the initial mixture
of cyclosiloxanes the copolymerisation cannot be regarded
a priori as a homophase process after the attainment of
Y¥er may also have a significant influence on the copoly-
merisation reaction, particularly on the distribution
curves with respect to composition ** The lack of infor-
mation about the relative reactivities of different cyclic
monomers in the copolymerisation reaction '** and about
the composition of the mixture of monomers during the
synthesis precludes a quantitative assessment of the degree
of departure from equilibrium and of the role of the chain
transfer reactions in the copolymerisation. However, the
results already obtained do indicate the necessity for care-
ful studies on these lines with the obligatory involvement
of data for the distribution of copolymers with respect to
composition.
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Naturally, the “anomalous” nature of the system per-
sists also when the principal necessary conditions for the
classification of the process break down simultaneously
(for example, when depolymerisation accompanies the
process under heterophase conditions, when reactions
involving chain transfer to the polymer are accompanied by
two-centre copolymerisation, etc.). It is quite unreason-
able to use the copolymerisation “constants” A and »g for
all “anomalous” systems. For such systems, even the
available information about the distribution with respect to
composmon within the specimen for different values of
ﬁA and ¢ is insufficient in certain instances for the esti-
mation of the characteristic features of the copolymerisa-
tion process and it is necessary to resort to data for the
real chemical structure of the macromolecules (for
example, in heterophase copolymerisation with intense
interphase recombination interactions or in the presence
of intense kinetic chain transfer reactions between the
phases, etc.).

ar o7 as 09 0%

&%p
Figure 16. Integral distribution curves with respect to
composition for SKDFV-803 (curves 1 and 2) based on
fractional dissolution (curve 1) and fractional precipitation
(curve 2) data for copolymers of methylphenyl- and
dimethyl-siloxanes with ratios of the initial monomers of

3:2 (curve 2) and 4 : 1 {curve 3). ¢

IV. METHODOLOGICAL RECOMMENDATIONS

Thus binary statistical copolymerlsatlon may be classi-
cal, classical in a certain range of 8} A and ¥, and unusual
(of the first and second kind). However, the answer to
the question whether a specific process is classical or
unusual is far from trivial. The point is that it is
extremely difficult to state a priovi whether a particular
condition necessary for a classical process holds; on the
other hand, successive tests of the validity of all twelve
conditions formulated above are too cumbersome. For
this reason, a simpler analytical scheme is necessary in
which a conclusion concerning the topology of the copoly-
merisation process is reached on the basis of a compari-
son of the individual features of the specific copolymerisa-
tion system and a classical system.

In this sense the following analytical procedure is
most promlsmg In the first stage one analyses the
ap =f(B A) relation and, when the latter is not unambigu-
ous, the system is known to be “anomalous” (unusual sys-
tem of the first kind). For such systems, it is erroneous
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to calculate the apparent copolymerisation constants
[obtained by the formal treatment of the oz = f(B3) rela-
tions]: it is necessary to analyse the IDCC and the chem-
ical structure of the specimens for different BA and .
When the @p = f(Ba) relation is ambiguous, it is neces-
sary to determine whether it can be described in terms of
two copolymerisation constants (rA + A¥A and vB + A7YR)
or whether the function op = f(B84) is more complex.
Several approaches are possible in order to obtain an
answer to the last question.

The first involves the comparative analysis of the
experimental values (A¥A /¥ A)exp and (67B/7Blexp
together with the calculated values (A¥A/¥A)calc and
(ATB/'VB)CZLIC (ATA/rA)exp > (AYA/7A)cale and
(A?’B/?’B)exp >> (N'B/”B)calc, then unusual copolymerisa-
tion is indicated **

In the second procedure the formal values of ¥A andrpg
may be used to plot theoretical IDCC ***"'* which are then
compared with the experimental curves. The conclusion
whether or not the process is unusual or classical can be
reached on the basis of the positions, widthsg and shapes
of the experimental and theoretical IDCC. **
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Figure 17. Schematic composition diagrams for different
¥ =const.: 1)y, DYy vs Yr1<Pa<Ps

Inthe third procedure conclusions are reached about the
unusual or classical nature of the process from a com-
parison with experimental curves of the theoretical IDCC
plotted on the basis of data derived from the composition
diagram (without calculating rA and rg). We shall con-
sider in greater detail the plctting of theoretical IDCC by
this method, because it is extremely important from the
practical point of view. Suppose that we do not know the
form of the a# o = f(BA) function and have at our disposal
only empirical data of the type of composition diagrams.,
Suppose further that ¢ p < A, which means that ap
increases with increase of Y (Fig.17). If

Ba lpmo = B = ca ly—y/(ca [y + e8ly,) and
ﬁ%’ = Pa LD=IW¢ =

€y - Blypoy —cs Nomitn —

ca Iq,:,,k/(CA "p:% + s Lv:%);

08 lyey, = Aca + Acs;

then the average weight content of component A in the
copolymer is

@ == Ach [y, /(B [y_y, + ACB]y_y,)s
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and
P = (Aca + Ac)/(ca + ¢8) |y, .
Without infringing the generality of the approach, we

put (cA +cB)ly =0 =1. Inorder to plot the weight IDCC,
the entire Acp = lcAly = yy — CAly =o! section must be

divided into a polymer1sat1on increments ?* (smooth rela-
tions between ¢!’ and oz‘l’, which are necessary for

accurate IDCC plots, can be achieved whena ~ 20). For
the first polymerisation increment, we have

3 Ba lp—o —Acs/a  —q) _ Aep/a _ By
B = P GA = © g0
1—p® Acy/a -+ Acf ay
(1) (), (1)
B (1= 9") = Pa Jyy — 2™

Hencey '’ = Ac A/a +Ac “)— (B‘” a'?

@ 3
v,

BR)/(BY —

.. can be calculated similarly, but one must
recall that a proportion of the monomers are consumed in
preceding polymerisation increments, so that

(2) _ ﬁg) ﬂg) — g(:)

o _ Pa o @ o
A AL ey

l——'tb(”] [1*1.]2(2)] ,
etc. After calculating all the w(p) for p < a, it is easy to
convert the result into the integral weight fraction of the
increment and then plot the weight IDCC. Similarly it is
not difficult to calculate the molar IDCC; in this case one
must employ a molar composition diagram. Conclusions
whether or not the copolymerisation process is unusual or
classical can also be reached by other indirect methods.
Some of these are indicated below.

(1) Suppose that the copolymerisation process takes
place in a solvent. For a classical process, ap is
determined by the values of fA and Y and is mdependent
of the overall monomer concentration (c A + CB) The
appearance of a dependence of aA on ch + ch shows
unambiguously that the process is unusual. We examined
this case in detail previously in relation to the copolymer-
isation of ionogenic monomers in ionising media.

(2) The study of the distribution with respect to com-
position for A = (BA)az. For classical systems, the
specimen should be monodisperse and the parameter y,
[see Eqn.(19)] should be zero also wheny -— 1 (it is
assumed that the degree of polymerisation is fairly high
and that the “instantaneous” component of the inhomogen-
eity with respect to composition may be neglected). On the
other hand, if y, differs appreciably from zero to 8p =
(BAJ)az, the implication is that the copolymerisation pro-
cess has an unusual mechanism. In this case unusual
distribution curves with respect to composition may be
expected for specimens obtained by heterophase copoly-
merisation—one branch of the curve should be convex and
the other should be concave with respect to the abscissa

~ axis,

(3) In many instances the conclusion that the nature of
the copolymerisation process is unusual may be arrived at
by comgarlng the values of y: for model and experimental
IDCC. ***

It is necessary to note yet another important factor —
the points on the composition diagrams must be analysed
for the same values of 1y. As shown schematically in
Fig.17, the values of ap for the same go may differ
apprecmbly for different:y. The analysis where values
of ap are determined as a function of  for different B3
and the results are used to find @ for the required values
of Y =1y is most suitable for a practical study. Ify
varies within wide limits under these conditions, then
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the above type of analysis yields an amount of information
intermediate between that derivable from the analysis of
the IDCC and the analysis of the composition diagrams.

In conclusion of this section, a few words must be said
about the Alfrey—Price Q —e scheme *®'*", In the first
place one must understand that the scheme is in principle
applicable solely to the analysis of classical systems. The
Alfrey—Price scheme is empirical and can be useful only
in a comparative analysis of the binary statistical copoly-
merisation of A and B, A and B’, A and B”, etc. mono-
mers, where B, B, B”, ... are vinyl monomers differ-
ing in the group R, but the copolymerisation conditions
must be identical. It is illegitimate to apply the Alfrey—
Price scheme to the estimation of the reactivities of 1,1~
and 1,2-disubstituted ethylenes, because the scheme does
not take into account the role of the steric factor %12,
The difficulties arising in the application of the Alfrey—
Price scheme are hardly resolvable if the relative reac-
tivities of the monomers depend on the parameters of the
reaction medium. Indeed, in this case Qp, @B, ep, and
ep cease to be unambiguous and the Alfrey— Price scheme
itself becomes arbitrary. The attempt to employ the
Alfrey—Price scheme in the analysis of systems where
for even one of the monomer pairs [part of the Russian
text appears to be missing at this point] (the copolymer-
isation is an unusual process of the first or second kind)
is known a priovi to be unsatisfactory. We have to
consider these self-evident matters because many work-
ers, while realising the limited nature of the Alfrey—
Price scheme, contradict themselves by employing it.

The question of the much greater complexity of the
characteristics of the copolymerisation of a large class of
systems compared with the characteristics of the copoly-
merisation of classical systems is no longer controversial.
Naturally, the increase in the complexity of the copoly-
merisation mechanism requires the formulation of more
complicated experiments and a more comPlicated method
of interpretation of the experimental data ' * (compared
with classical systems). The employment of data for
distribution with respect to composition'® and also the
derivation of information about the chemical structure
(configurational inhomogeneity) or macromolecules are
not only desirable but also necessary **°. This review
deals only with the principal criteria for the estimation of
the characteristics of binary statistical copolymerisation
and the most general copolymerisation model has been
adopted for the treatment. The general principles
described are illustrated by the analysis of the character-
istics of copolymerisation for a number of specific models.

Further progress in the development of a general sta-
tistical copolymerisation theory will be evidently associ-
ated with an intense development of research on the
following lines: (1) the discovery and development of new
reliable methods for the determination of the statistical
parameters of copolymerisation, in the first place the
IDCC and the chemical structure of the macromolecules.
Together with the high-resolution NMR method **, the
degradation method'*® is in many cases promising for the
estimation of structure. The degradation method is par-
ticularly effective in the absence of a depolymerisation
process and for a sharp difference between the degrada-
tion rate constants kg for components A and B. In partic-
ular, analysis of the molecular weight distribution (MWD)
curves for degradation products permits important infer-
ences about the characteristic features of the synthesis of
copolymers. Thus unimodal and bimodal MWD curves
for the products of the ozonolysis of statistical copolymers
of isobutene (A) and butadiene (B) [kg(A) « kg(B)] indicate
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homophase '* and heterophase '® synthesis of copolymers.
The determination of quantitative relations between MWD
and the Schultz parameters for the degradation products,
on the one hand, and the IDCC and the parameters of dis-
persion with respect to the composition of the copolymer,
on the other, appears quite realistic; (2) the accumulation
of experimental data on the characteristics of the copoly-
merisation of unusual systems; (3) the development of
theories which establish a relation between the statistical
parameters and the process mechanisms for specific
unusual (of the first and second kind) copolymerisation
models ***; (4) the development of the most complete
classification scheme for the analysis of binary statistical
copolymerisation based on a general copolymerisation
model,
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