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Radical copolymerization is considered theoretically taking into account the effect of complexing on the
configurational statistics of macromolecules formed. A kinetic model has been developed that considers,
apart from the ordinary addition of single monomer units to a propagating chain, the possible addition of
monomer unit pairs along with a complexing agent in the form of a ternary complex. Within the
framework of this model, the problem of calculating the probabilities of formation of any sequences of
monomer units (taking into account their microtacticity) in a macromolecule has been rigorously solved
as well as the problem of finding the composition distribution of the copolymer formed. It has been
shown that this distribution is described by a conventional Gauss law and the appropriate parameters are
given. Possible generalizations of the suggested approach are indicated.
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INTRODUCTION

The problem of the participation of molecular complexes
of monomers in the propagation reaction during radical
polymerization is of principal importance for understand-
ing the mechanism of the reactions involved. The use of
the effects induced by complexing agents in many cases
permits control of the rates of polymerization and the
structure of the resulting polymers':% In particular,
interesting possibilities are found in copolymerization,
when, by varying the concentrations of the complexing
agents, one can obtain regular alternating copolymers
instead of statistical ones.

Until recently, the participation of molecular com-
plexes in radical copolymerization was either postulated
from their presence in the reaction mixture? ~>, or at best
it was determined by analysis of the kinetic features of the
polymerization®” or of the average composition of the
copolymer®°. It is believed that the participation of
molecular complexes in a polymerization . affects the
configurational structure of the resulting macromo-
lecules, including the distribution of monomer units and
the stereochemical structure of copolymer chains. If the
appropriate quantitative theory describing the relation
between the parameters of the polymer configurational
structure and the kinetic mechanism of the chain pro-
pagation reaction is available, fine details of the me-
chanism and the kinetics of chain propagation can be
found using data on chain microstructure (e.g. obtained
by n.m.r.).

In addition, such a theory could be useful in choosing
the conditions of synthesis of copolymers with certain
optimal properties. It has been shown, for example®, that
glass transition temperatures of equimolar statistical and
alternating copolymers of a given pair of monomers can
differ considerably. On the other hand, a simple cor-
relation has been found experimentally!®, permitting the
determination of the glass transition temperature, T,, of a
random copolymer from the known glass transition
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temperatures Ty, and T;, of the homopolymers M, and
M,, that of the alternating copolymer T,,, and the
fractions of diads P(M,M,), P(M,M,) and P(M,M,). If
there were a theory for calculation of the fractions of
diads, it would be possible to relate the conditions of
copolymer synthesis to its T..

A theory of this kind has been developed, rigorously
substantiated and reliably supported by experiments for a
variety of classical radical copolymerization systems,
when, in the course of propagation, monomer units add to
macromolecules only one-by-one. It has been shown that
any statistical characteristics of the resulting copolymers
can be calculated in a routine way by means of a well
developed mathematical procedure based on Markov
chain theory'! 12, Here, the fraction of macromolecules
with a given sequence of units in a copolymer equals the
probability of formation of the appropriate Markov
chain. The parameters of the latter are simply connected
with the relative activities and with the composition of a
monomer mixture. The above-mentioned Markov chain
statistics will be of the first, second, etc., order depending
on the kinetic model (ultimate, penultimate, etc.) describ-
ing a given system.

The purpose of the first section of this paper is a similar
statistical description of the products of complex—radical
copolymerization, when as well as the single addition of
monomers to the chain, their addition to its end in pairs is
possible in the form of a molecular complex M, M;. In
this case the kinetic scheme of a propagation reaction can
be represented as:

A+ M, K4, 40,
k12 Y,
Al +M2 ~PA2+M2

A2+M1£2L>A1+1\711
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A, +M, Rz, 4,
k* .
A +M M, =14, + MM, (1)

* I
A+ MM, K24 1,8,

* o
A+ MM, K2 4, 4 W1 M,
k% -
A+ MM, =234, + MM, ()

where A; is an active centre corresponding to a free
valence of the polymer radical terminating with a mo-
nomer unit M,;. The dependence of the instantaneous
composition of the copolymer!3-1# and of the fractions of
different triads and blocks of monomer units in macromo-
lecules!® on the concentrations of monomers in the
system has aiready been calculated within the framework
of the kinetic scheme of reactions (1) and (2). The
probability approaches!® for calculations of the above-
mentioned statistical characteristics have a limited impor-
tance compared to the general statistical method sugges-
ted in this paper. Using this method, complete calcu-
lations of the sequence and compositional inhomo-
geneities of the copolymer have been performed. The
second section of the paper gives a detailed description of
the configurational statistics of monomer units in the
copolymer taking into account their mutual stereoconfi-
gurations, i.e. tacticity of the polymer chain.

The analysis of the kinetic equations of the ‘classical’
copolymerization, described by reactions (1), has shown!?
that the distribution of the units M, and M, in the
products is characterized by Markov statistics. A similar
analysis of a copolymerization with simultaneous re-
actions (1) and (2) leads to the conclusion that the
distribution of the units M, and M, in the polymer chains
cannot be described by means of a Markov chain of any
finite order. Hence, we are dealing with a non-Markovian
copolymer. The general theory for this case does not exist
except for various simple relations between probabilities
of some selected sequences, following from the conditions
of statistical stability of a random walk along the
copolymer chains'®. These conditions practically always
hold, except for oligomers, and therefore are also used
here.

CALCULATION OF UNIT DISTRIBUTION AND
COMPOSITION INHOMOGENEITY OF THE
COPOLYMER

The general problem of the calculation of sequence
distributions in a copolymer is reduced to the con-
struction of an algorithm for calculating the probability of
arandom selected sequence U,, consisting of any number,
k, of monomer units. For non-Markovian copolymers,
this problem has been solved only for the products of
polymer-analogue reactions!’-!2, Here we give its so-
lution for copolymers obtained by a complex—radical
mechanism by means of some auxiliary Markov chain
with four states S;, S,, S; and S,. To introduce these
states, we distinguish monomer units as ‘coloured’ black
and white. This conditional colouring is a demonstrative

procedure permitting us, while considering sequences of
monomer units, to distinguish besides their type the
manner of their adding to a polymer chain. The unit M, is
black if the corresponding monomer M, is added to the
radical as the first monomer of the complex. In other cases
when the corresponding monomer M; is either added
alone or as the second monomer of the complex, the
monomer unit M; is white. Now the states of the monomer
unit are characterized by two features: its type (i=1,2)
and its colour (white or black). For example, we consider
that the unit is in the state §, if it is of the first type and
white, i.e. MY. All other states S; are defined similarly:

Si~My, S,~M5, S;~M3, S.~My  (3)

In a real polymer chain, each monomer unit has no
memory about the manner of its adding to a macromo-
lecule. 1t is characterized only by its type, and from this
point of view is uncoloured. Therefore, experimentally
determined characteristics of the copolymer microstruc-
ture are described by a sequence of uncoloured units.
Hence, it is clear that each state M, of the sequence of
‘uncoloured’ units is a combination of the corresponding
pair of states of the sequence of the ‘coloured’ units, i..
M,=8,+5,, M,=5;+8S,.

If a method similar to that of Kuchanov!? is applied to
prove the Markovian character of the statistics of the
classical copolymerization products, it is possible, pro-
ceeding from the kinetic equations of the scheme (1)-(2), to
prove rigorously that a sequence of ‘coloured’ units in
macromolecules forms a Markov chain with the states S, ,
S,, 83, 54 and a transition matrix:

Vit Viz Viz Vi

Q= 00 1 0 =<Q11 Qu)

Var Viz Vi3 Vi 021 02
1 0 0 0
4

The non-zero and non-unit elements of this matrix;

V11=M1k11A1_l’ V12=M12kT1A1~1’ V13=M2k12Afl’

Via=MkBATY v =Mk At vy, =M kALY
Vas =Mk Ast, vaa =M, k5A50,

Ay =Mk +Mzk ,+ M, (k¥ +kT,),

Ay =M ky; +Mky, + M (k% +K3,) (3)

are functions of two dimensionless variables characteriz-
ing the composition of a ternary mixture (two monomers
and their complex with concentrations M,, M, and M, ,,
respectively). These functions depend on six dimension-
less kinetic parameters of relative reactivities. They can be
the following:

_ kyy _ kia * _kn
rlz—k LS S M=
12 21 11

(6)
r* — kll r* _ k22 r* . k22
127 7% 217 7% 0 227 %
kT, k3, k%,

It should be emphasized once more that a sequence of
‘uncoloured’ units M, and M, is not a Markovian
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random process, but its statistical characteristics can be
expressed in terms of transition probabilities (5) of an
auxiliary Markov chain. For example, the components =;
(i=1,2) (equal to molar fractions of the ith type units in a
copolymer formed just at a given instant) of the vector n of
instantaneous copolymer composition, according to (3),
are simply connected with the components #; (i=1,2,3,4)
of the limiting vector of this chain:

1'El=77.'1+1f2, 1t2=7f3+7f4 (7)
The routine calculation!!-!:18 of the vector = of the
matrix (4) gives the values of its components:

iy =31 +V3)A ™Y, Fp=[vyava; +via(1—v;33)]JA7 0,

fa=(vy2+v13)A™Y, Ry=[v3via+via(l—v,)]A7Y,

A=vy3(1+v35)+va (1 +V14) +V122—v33) +v342—vyy)
®)

Substitution of the latter into (7), taking into account (5)
and (6), leads to a known expression'®!* relating the
instantaneous copolymer composition to the concen-
trations of the monomers and of the complex. The latter
can be expressed in terms of M; and the equilibrium
constant k by

M12=kM1M2 (9)

Substitution of (9) into (5) leads to expressions for v;;. The
latter are determined not only by the relative content of
monomers in the mixture, §=M,/M,, but also by their
absolute concentrations. Therefore, for the complex-
radical copolymerization, in contrast to the classical one,
the copolymer composition depends also on the values of
these _absolute concentrations. The probabilities
P{M M} of all diads M ;M can be written with the known
values of #; (see equation (8)):

P{M M} =7(v;, +12),

P{M M,}=7(vi3+V14) + 72,

P{M, M} =13(v3; +v32) +7s,

P{M,M,} =1i3(v33+V34) (10)

It is easy to verify that P{MM,}=P{M,M,} as it
should be due to the statistical stationarity of a ran-
dom process. Formulae (10) are derived from simple
statistical considerations. Thus, the diad MM, is ob-
tained if, in the process of an imaginary movement along
the copolymer chain, the first unit is in the state S, (with
probability #;) and at the next step a transition from S, to
the states S, or S, occurs (with probabilities v, and vy,
respectively). The diad M, M, can be obtained in three
ways: either when the ﬁrst unit is in state §; and the
transition proceeds into S; or S,, or when the first unit is
in state S, when the next unit for certain is M,. The other
two relations (10) are derived in a similar way.

Let us now give the general algorithm for the calcu-
lation of the probability , P{U,}, of any given kind of
sequence:

U,=M, M, ..M,

iy iy In
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consisting of n monomer units. This sequence is un-
ambiguously defined by the n-dimensional vector i, its
components being integers 1 or 2. The sequence of states

V,,=Sjlsj2...Sjn

can be defined similarly by means of the vector j, with the
integer components from 1 to 4. The sequence of ‘uncol-
oured’ units can be obtained from a set of sequences of
‘coloured’ units by their combination, according to con-
ditions (3). Thus, P{U,} is, evidently, equal to the sum of
the probabilities of all sequences ¥, having S, and S,
instead of M, in the appropriate places and S5 and S,
instead of M,. Hence

P{M,M,,..M;}=} P{S,S,,...5; } (1

where the summation is carried out using the vectors j
with each kth component being 1 and 2 in the case i, =1 or
3 and 4 in the case i, =2. Since the sequence of coloured
units forms a Markov chain we have:

P{Su ja Sf} B ViiViais - Vis (12)

and therefore formula (11) can be written in the matrix
form

P{MilMl' M‘ } Qillei213 an.,, 1ln1T (13)
where

ﬁ(l)'_' {ﬁl ’ ﬁZ}’ ﬁ(2)= {ﬁS’ ﬁ4}’ 1= {1’ 1}
are two-element row vectors, 17 is the transpose of 1, and

Q; are second-order matrices:

v v v v
Q11=<(1)1 (1)2>, le=<i3 (1)4),

Q21=<vil v:)z), sz:(v(,; v(3)4> (14)

It is interesting to note that formula (13) resembles (12) in
its structure, but in contrast to (12) contains matrix factors
(14) (instead of scalar factors) which are submatrices for
the matrix Q (equation (4)).

Relation (13), taking into account (8) and (14), permits
calculation of the probability of a given sequence, U, of
monomer units and thus completely describes their
distribution in the copolymer obtained by the complex—
radical mechanism. As an example of use of formula (13),
we give expressions for fractions of all triads of M, units,
obtained using this formula:

P{N_IIAZ!IAZII} =7E1"1,1("711 ‘t"lz),

P{M M M,}=P{M,;M M }=(f3v31 +T4)(V11 + V12
P{M MM} = (fv;3+ %) V31 +V32) + 7114,

P{M,M M,}=(f3v3, +74)(vy3+V14) + R332,

P{M M, M} =P{M;M,M,}=(#;v;3+7)(v33+V34),
P{M,M M,} =13v33(v33+V3s) (15)
Experimental measurements of triads, for example by

high-resolution n.m.r. with different concentrations of
initial monomers and of complexing agent allow, pro-
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ceeding from formulae (15) and taking into account (5), (8)
and (9), assessment of the adequacy of the kinetic model
(1) and (2) and evaluation of its parameters (6).

As an example of the applicability of the general
algorithm for calculations of probabilities of any se-
quence, one can give formulae obtained on the basis of
(13) and (14):

P{M,MM,}

P{M,M,}
_ (avay Ry i) (1 —vyy) pn=2
- T3(vay +V3p)+7, H

P (m)=

P{M,;M3M,}

P{M,M,}
_ (#v13+75)(V33 +v3e)(1 —v33) yig? (16)
(Vi3 +V14) + 7,

)=

for the function of the number distribution f}{” according
to lengths of the i type monomer unit blocks.

One of the main problems of the statistical description
of copolymers is the calculation of their compositional
inhomogeneity. In our case this is determined by the
fraction {, of monomer units M, . Since the chain length (1)
of the copolymer in question is sufficiently high, the
variable {; can be continuously varied from 0 to 1. It is
expressed in a simple way {, =¢, + &, by fractions ¢; of
‘coloured’ monomer units ;. Since a sequence of these
units forms a Markov chain with a transition matrix 4),
the variable {, at large | being asymptotic normally
distributed, similar to that describing inhomogeneity of
the products of the classical copolymerization!?-!7. Ho-
wever, in the case considered here, the parameters describ-
ing this inhomogeneity, i.e. the average composition r and
the homogeneity index of sequences (D), are calculated in
a different way. The former is found by formula (7) and the
latter by the following formula:

D=511+512+521+ﬁ22 (17)

where D, ; are indices of homogeneity of sequences in the
chain of coloured units. The quantities D;; are calculated
in a routine way'? 18 as this sequence is a Markovian one.

The kinetic model (1)2) considered in this paper has
six independent parameters (6) and is a generalization of
the two-parameter model of the classical copolymeri-
zation (1). For the determination of r, and r, in the latter
model, it suffices to measure only the dependence of the
original composition of the copolymer on the monomer
feed, whereas more experimental information is required
for the evaluation of the six parameters (6). This infor-
mation can be obtained by studying the copolymer
microstructure, e.g. by n.m.r. The treatment of experimen-
tal data on the proportions of different triads of monomer
units in copolymers permits, in accord with formulae (15),
evaluation of the set of relative activities (6). To verify the
adequacy of the model (1)-(2), it is necessary to measure
the microstructure of copolymers obtained at different
ratios of monomers in the initial mixture and at different
values of their absolute concentrations.

COMPLETE DESCRIPTION OF THE
COPOLYMER CONFIGURATIONAL STATISTICS
WITH CONSIDERATION OF ITS TACTICITY

Let us now consider a more detailed description of the
microstructure of a copolymer (taking into account its
tacticity). While choosing a kinetic scheme generalizing (1)
and (2), it is assumed (similar to the description of the
tacticity of homopolymers!®) that the probability of a
certain mutual configuration of substituents of a pair of
adjacent units does not depend on the configurations of
other units. The probability J; (or 1 —§;) that the second of
a pair of configurations after addition of a complex will be
isotactic (i) (or syndiotactic (s)) is determined only by the
type of monomer M; in the complex which is the first to
add to the polymer chain.

Since each pair of adjacent monomer units in a
macromolecule is characterized by a certain type of i or s
of its mutual configuration, a fragment of the copolymer
chain can be presented schematically in the form
M,iM,sM,iM,. For a complete statistical description of
the configurational structure of such a copolymer, it is
necessary to construct an algorithm for the calculation of
the probabilities P{U,} of arbitrary sequences U, of
monomer units with respect to way of alternation of units
and their stereoconfigurations. Two cases (I) and (II) will
be considered within the framework of the kinetic model.
In (I), the mutual stereoconfiguration of substituents of
terminal and preterminal units in a macroradical is
assumed to be fixed, while in (II) free rotation of the
propagating radical end around a carbon-carbon bond
occurs. In (II), probably realized more frequently?® in
radical copolymerization, the configuration of the ter-
minal pair of monomer units remains uncertain until the
addition of the next monomer or complex. However, in
the polymerization of some monomers (for example,
methyl methacrylate®?) it is possible that the end of the
propagating radical cannot rotate freely due to the height
of the corresponding energy barrier. Evidently such
systems belong to case (I).

Taking into account the assumption concerning the
mechanism of the chain propagation reaction, one can
derive the kinetic scheme involving both of the above-
mentioned cases:

M (1D

— s A+

[ MM, XiMxM,
Kit 4,4 MsM, XsMxM,

KNOu 4"y MMM,  XiMLM XM,
A1+M1Mz'm—6l)’42+ MM sM, XiM;sMxM,
KO 44 MsMLiM, XsMiMxM,
ﬁ'&*al)Az+ MM sM, XsM;sM,xM,

KoL 4,4 MMM, XiMiMxM,

o LT A MMM, XM M,
k203 4 MsMLiM, XsMiMoxM,
KE=02) 4 | NsMysM, XsMsM,xM,

(18)

where X is any of the units M, or M, and x is any of their
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stereoconfigurations i or s. The M; units in the polymer
chain are ‘coloured’ as above. Then an auxiliary Markov
chain with the states S; (i=1,2,...,8) is constructed, the
latter are chosen in different ways for the cases (I) and (II)
of the equations (18):

Sy~XiMY, S;~XsMY, Sy~XiM3, Si~XsMS,

a (19)
Ss~XiM3, S¢~XsM3, S,~XiM5, Sg~XsM5;

S, ~XiXxMy, S,~XsXxM}, S;~XiXxM$,
S.~XsXxM?,
In _ _ (20)
Ss~XiXxM3, Se¢~XsXxMj, S,~XiXxM5,
Sg~XsXxM}

Proceeding from a system of kinetic equations cor-
responding to the equations (18), one can rigorously show
that a sequence of the S, states actually forms a Markov
chain. Note that the probabilities of this random process
are similar for both cases (I) and (II). The difference
between them is exhibited in the expressions for the
probabilities of actually observed sequences of the
monomer units M;, taking into account the stereocon-
figurations of their substituents via the probabilities of the
corresponding sequences of the S; states of the Markov
chain with a transition matrix:

Vi Viz Viz Via Vis Vie Vig Vls_‘
Va1 Vaz Vaz Vaga Vas Vg V27 Vs
0 0 0 0 vys vy O 0
0 0 0 0 w5 v O 0
Q= (21)
Vsi Vsa Vsa Vsa Vss Vs Vs7 Vs
Ver Vez Vé3 Vea Ves Ves Ve1 Ves
Vg V.o O 0 O O O O
Vg, Vg2 O 0 0 0 0 0

— -

obtained from the matrix (4), replacing each element of (5)
by a square matrix of the second order with similar rows:

J

ME.ATY MEAT?
-1 [ | =
MlkilAj '_’(Mlk‘iﬂAj—l Ml j'lAj_ 1>’

(22)

PA— sA—1
Muk,-*;A,-‘l—»<MukﬁAf‘ M okA,; )

M k%A ! M k%A !

where A; are the same as in (5) if one designates
ky=Kkiy+ Kk, k =k} + k3. Null elements of the matrix (4)
are transformed into null matrices, while the unit elements
corresponding to the transitions from M} to M3 and from

M3 to MY are transformed into:

1 (51 1_51> _ (Vas Vss)
d - ’
6, 1-4, Vas  Vae
6, 1 —52> <V71 V7z>
1 = 23
—’<‘52 1-0, Vg1 Va2 @3)
respectively.
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The fixed probability vector &' of the matrix (21) is
calculated as (8) in a routine way. Its components #;
(i=1,2,...,8) due to relations (22) and (23) can be
expressed by the corresponding components #; of the
fixed probability vector of the matrix (4) and the com-
ponents of the matrix (21):

o s . .
n1=n1v11+7t3v51+7‘c452,

o . .

Ty =m1V12+R3Vsy + 74 (1—3)),
Y .
M3="V13+3Vs3,

o a .

My =T1V14+T3Vs4,

L . S5 4
Ts=TMVy5+ 70, +M3Vss,

ﬁ'6=1f1\/16+7f2(1——51)+7f3v56, (24)

R .
M7="1V17+T3Vs7,

o . .
Mg =T"1V1g+N3Vsg

Here, naturally the following relations hold:

By=Ry+ 7y, Ry=fy+Ry, Ry=fs+iy, Ry=i+i

(25)

The values 7, allow, for example, one to find the fraction of
monomer units entering a macromolecule via addition of
complex. This fraction is 2(#; + &, + 75 + 7g).

The Markov chain with the matrix (21) is always
lumpable with respect to a partition M{=S8;+S,,
Mb =S3+S4, MVZV=S5 +S65 M2=S7+S8, introduced in
the first section of this paper. The transition matrix of the
lumped chain, naturally, coincides with (4), i.e. all for-
mulae given above describing the statistics of the sequence
distribution, irrespective of their mutual configurations,
remain valid. Hence, this fundamental property, pre-
viously known in the theory of the classical copolymeri-
zation, has been generalized for the scheme (18).

General formulae permitting calculation of the pro-
bability of an arbitrary sequence of units with given
stereoconfigurations are derived from the same con-
siderations as for (13). However, now they have a different
form depending on which case (I) or (II) of the scheme (18)
is realized in the polymerization. For demonstration, we
give a derivation of expressions for the probabilities of
diads. The stereoconfiguration of units in a diad will be
designated with ¢, corresponding to iso- and ¢, to syndio-
configuration. Then in the case (I) we obtain

P{M jtaM =2 FoVim (26)

where summation is carried over indices | and m with
1=1,2,3,40r 1=5,6,7,8 when j=1 or j=2, respectively,
and the index m has the values m=1,3; m=2,4;, m=5,7;
m=6,8, when a=1,k=1;a=2,k=1;a=1,k=2; a=2,
k =2, respectively. In the case (II) we similarly obtain from
the scheme (18)

P{thaMk} = Z 7‘f;vlmvmn (27)

where | runs over the values 1,2,3,4 when j=1 and
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5,6,7,8 when j=2; m runs over the values 1,2,3,4 when
k=1 and 5,6,7,8 when k=2; while n=1,3,5,7 or
n=2,4,6,8 when a=1 or a=2, respectively. Since the
functional dependences of #; and v,,, on monomer con-
centrations are similar for both cases (I) and (II), there isa
possibility of distinguishing between these cases in experi-
ment (due to the difference between formulae (26) and (27))
by studying dependences of fractions of different diads on
the concentrations M,; and M,.

The case of an alternating regular polymer, formed at a
sufficient concentration of complexing agent in the sys-
tem, is of spemal interest, since the distribution of the units
M, and M, in all macromolecules of such a copolymer
has the form ~ M, M,M M, M, ~. Here, as in the case of
homopolymer, macromolecules in addition to the degree
of polymerization, differ only in the sequence of
stereoconfigurations of monomer units. However, while
describing tacticity of alternating copolymers, one finds
considerable differences in comparison to homopolymers,
because of the necessity of distinguishing sequences U, of
configurations by the types of the initial and terminating
monomer units bordering U,. Thus, the diads M,iM, and
M,iM, have different probabilities, although they are
indistinguishable in experiment. The same concerns
M,;sM, and M,sM, and also the pairs of triads
M,iM,sM; and M;sM,iM,, M,iM ;sM, and
M 23M iM,. Spectroscopic measurements permit de-
termination of only P(i)=P{M,iM,}+P{M,iM,} and
also the quantities P(M, 1M2sM )= P{M 1Mst b+
P{MsM,iM,} and P(M,iMsM,)=P{M,iM,sM,} +
P{M ,SM,iM,} separately. A sum of the last two quan-
tities P(is) gives together with P(i)= 1 — P(s), the coefficient
of microheterogeneity

Ky = P(is)/2P())P(s) (28)

The equality of the latter to unity is a necessary condition
for the description of the tacticity of an alternating
copolymer by Bernoullian statistics.

It is interesting to find the relations between kinetic
constants which independently of monomer concen-
trations give Ky =1. As the analysis has shown, these
relations are:

Kalkz=k%/k%=0,=0,=0 (j=1,2;k=1,2) (29)
In the framework of the considered kinetic scheme (18),
the latter are found to be sufficient conditions for a
description of copolymer tacticity by a Bernoullian
scheme with parameter g. It is of interest that when (29)
does not hold the copolymer tacticity cannot be described
by a Markov chain. However, at some ratios between the
kinetic parameters, ‘pseudo-Bernoullian’ statistics are
possible with two parameters of alternation of stereocon-
figurations g,, and o,,, when the probabilities o;; of the
isotactic arrangement of substituents in adjacent units
MM; do not depend on their environment along the
chain. These relations are

4y =ki12/k12:kfiz/k’fz, 52=kj21/k21 Zkfil/kgl
30)

The parameters ¢,,=90,, 0,;, =3, in the case (I) and
0'12:'62, 021=51 ln the case (II).

DISCUSSION AND POSSIBLE
GENERALIZATIONS OF THE MODEL

Hirai et al.2? have shown the non-Bernoullian statistics of
stereoconfigurations using n.m.r. studies of the tacticity of
alternating copolymers of methyl methacrylate (M) and
styrene (M,) obtained in the presence of different com-
plexing agents. To explain this fact, they suggested a
mechanism of polymer chain propagation based on two
assumptions:

(1) Only one radical type (4,) is present in the system
and hence monomers are added only in the form of a
complex.

(2) The fixing of a pair of stereoconfigurations, as a
result of complex addition, occurs one after the other, the
probabilities ¢4 and 6%’ of iso-diad appearance with the
second bond will vary depending on the first bond’s
stereoconfiguration (i or s), and the probability ¢, of the
latter does not depend on the tacticity of the radical
terminal pair of units.

Stereocontrol in the framework of such a model is
attributed by the authors®? to Markovian statistics of the
first order, although, rigorously, the sequence of
stereoconfigurations is a superposition of these statistics
and Bernoullian statistics. However, the interpretation of
experimental data obtained?? on the basis of this model is
not unique. We shall show that these data do not
contradict the results obtained proceeding from the
present kinetic model (18).

The values of probabilities (fractions) of different triads
were found?? by n.m.r. with a high accuracy (better than

1-2%):

f;“:zP{MzSMlSMz}, f21=2P{M2iM1iM2},
fa=1=fxi—fz1,

o (31)
f2=2P{MsM,sM,}, fz,=2P{MiM,iM,},
Jo=1-fx —fz

and the values of the parameters
Di=fY2i_4infZi (i=12) (32)

are calculated using them. In particular, it was found in
the system where EtBCl, was taken as a complexing agent
and at the temperature —20°C

f1=036, f,,=0.18, f,,=046, D,=—0048,
(33)
£2=029, f,=0.11, f,,=0.60, D,=0232

In addition, it was found?? for different systems where an
alternating regular copolymer is formed that the pro-
babilities of triads satisfy the condition

fa—fe=fa—fz (34)

The data of 2 convincingly show the inapplicability of
not only the routine Bernoullian single-parameter statis-
tics, but also of two parameter ‘pseudo-Bernoullian’
statistics, since in both cases it follows that
D,=D,=D2>0 with the equality corresponding to the
first case. As it is seen from (33), D, and D, even have
different signs. For explanation of their experimental
data, Hirai et al.?? suggested a more general three-

parameter kinetic model, the main assumptions of which
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were given above. As one of the main arguments in favour
of the adequacy of this model, they state that the relation
(34) follows from it. However, as the theoretical analysis
developed by us has shown, this relation holds for any
alternating regular copolymer independently of its me-
chanism of formation. At the same time, experimental
values of triad probabilities (31) for the corresponding
choice of the kinetic parameters can also be calculated
within the framework of models differing from that
suggested. In particular, a kinetic model corresponding to
case (I) of the scheme (18) gives an alternating copolymer
with the triad probabilities (33) for the values of the matrix
parameters (21):

Vys=V35=0232, v s=v,4=0.084, v,;=v,,=0.006,
v18=V28=0.678, V51=v61=0.032, V52=v62=0.551,
v53=v63=0.305, v54=v64=0.112, V35=V45=0.695,
V36 =Va6=0.305, v, =vg,=0.625 v5;=v5,=0.375
(35)

and the other v;;=0.

Note that our model (18), similar to the model pro-
posed, leads to essentially non-Bernoullian statistics of
stereoconfigurations. However, the reasons causing it are
quite different in both models. According to the latter
model, the reason is the mutual dependence of a pair of
stereoconfigurations, formed during the addition of the
complex, and in the second one the reason is a mixed
mechanism of adding single monomers and pairs of
monomers to a polymer chain with the condition that all
stereoconfigurations, formed during the addition of
the complex, and in the former the reason is a mixed
as a complex according to model (18) with the values of
the parameters in (35) is 0.742, while in the proposed
model?? it is unity. Since both models explain equally well
the stereochemical data obtained in ref. 22, their adequacy
in describing the true mechanism of the propagation
reactions at alternating radical copolymerization can be
settled only after additional experimental studies.

A general kinetic scheme can be considered, which
involves both above-mentioned models as particular
cases. For this the constants k", k5%, ki}", kj§* must be
introduced into scheme (18) instead of the reaction rate
constants %', k¥ and the probabilities §,, 6, independent
of ki and k. For example kj4® is the rate constant of the
fourth reaction of scheme (18) when the complex is added
to the radical by the monomer M, with the first and
second bonds, respectively, fixed in iso- and syndio-
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configurations. One may show that with an appropriate
choice of a larger number of states S; some Markov chain
for their sequence is again obtained. The model?? follows
from this general kinetic model if one assumes that all
constants are zero except k¥i ks, k¥ k*$ which are
related to the parameters of the model?? by the simple
relations:

g, -
Tx =61‘7(5)’ =0,(1 _0'(5)),

2 Ky
. (36)
kg ) K3 s
ot =(1-0)f, oE=(1-0,)1—0)
12 12

where k¥, =kf3+k15+k15+k15
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