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ABSTRACT

A new method for deriving expressions for the mole fractions

of alternating n-ads and the average lengths of the alternating
sequences of n-component copolymers (n = 2) was developed
based on the apparatus of finite Markov chains, These charac-
teristics are considered as indexes of alternating tendency for
n-component copolymerization. A specific property of n-
component copolymerization (n = 3) compared with binary
copolymerization is the fact that alternating n-ads might be
constructed by two, three, or more types of monomeric units.

In order to express this specific property of three and multi-
component copolymers the term, alternating order, is introduced.
The method developed in the paper permits the alternating indexes
to be determined differentially in dependence of alternating order.
Expressions for the average lengths and the compositions of all
possible alternating sequences starting with a given monomer
unit and ending with unit found only at that position, are derived
as well, The alternating indexes for binary radical copolym-
erization of styrene and methyl methacrylate and for ternary
radical copolymerization of styrene, methyl methacrylate, and
acrylonitrile were determined.
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INTRODUCTION

The product of polymerization constants r,r> is the most frequently
used index for evaluation of the alternating tendency in binary copolym-
erization. As the value of this product tends to zero, the alternating
tendency increases [ 1, 2]. The value of the product r,r> will be
zero in two cases: when one of the constants is zero, or when both of
them are zero. In the first case (for r, = 0) the copolymer chain is
built of isolated units of one of the monomers (M in this case),
separated by sequences of units of the other monomer. The average
length of these sequences is greater than unity. In the second case
(r: =rz = 0) a strictly alternating copolymer, MMz -. . .-M, Mz -,
is obtained. Therefore, the condition r,r= = 0 does not guarantee
in all cases a strictly alternating copolymer formation.

I consider that the arithmetical mean length of the homoblocks
-MiMi-. . .-Mi—Mi- (Ilii, i = 1,2) is more convenient as an alternating

tendency index for binary copolymers [ 3]:

2 2

where pii are the conditional probabilities for an i-monomer joining

the i-propagating radical,

Pii = riui/(l + riui) i=1,2 (2)

u =[M]/[M,] Li=1,2 (3)

The more the average length 211.99 is greater than unity, the weaker
4

the alternating tendency observed. For a strictly alternating copoly-

mer p, = 0, and consequently 192 = 1. The advantage of this
’

index compared with the product of copolymerization constants rTy

is that it allows one to evaluate separately the ability of alternating

chaining together in the macromolecule; when Qii =1(i =1, 2), then

the i-monomer joins in isolated position in the macromolecule; the
more Qii is greater than unity, the weaker the ability for alternating

propagation,

Both the indexes for alternating tendency described above are
inconvenient when treating ternary and multicomponent copolymeriza-
tion processes. Actually for the ternary copolymerization six
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copolymerization constants exist: rio Ty Ty r23, Tap Tg9 the

probability their product has a value tending to zero when every
multiplicand alone is different from zero is greater than that for
binary copolymers. The average lengths of homoblocks Qii (i=1,2

..., n)in this case are better indexes for alternating tendency, as
they give differential evaluation for the ability of the monomers for
alternating joining in the macromolecule.

These lengths, however, and to a greater extent, the product of
copolymerization constants, do not express the different possibilities
for alternating propagation of the macromolecule for ternary and
multicomponent copolymers. In fact, even for ternary copolymers,
the alternating sequences may differ, for example, in the environment
of every monomer part; whether it is surrounded by two identical
ce MMM (i,j =1, 2, 3; i #j) or by two different . . M MM

(i, j, k=1, 2, 3; 1 #j # k) monomer parts. It is clear that fo]r
quaternary and multicomponent copolymers these possibilities are
much more, and the indexes for alternating propagation of macro-
molecule described above give no information for their realization.
In this respect, the two new alternating tendency indexes for
binary copolymerization suggested by Tada, Fueno, and Furukawa
[4] seem to us more suitable: the mole fractions of the diads
MIMZ (FIZ)’ M2M1 (F21), or of triads M1M2M1 (F121), M2M1M2
(F212) and the average lengths of the alternating sequences
—M1M2—. . .-M1M2- ( 5212,21).

copolymerization constants and the monomer feed composition.

K

They are easily expressed by the

Flg=Fgy =P gPy)/(Pyg + Pyy) (4)
Y991~ 2/(Pyy + Pyy) (6)

where the conditional probabilities p; (i = 1, 2) are determined by
Eq. (2), and pi]. (i, j = 1, 2; 1 #j) are determined by Eq. (7):

Pi]. =1/(1 + riui) i,j=1,2i#j (7)

It is evident that if the conditions r, - 0 and ry - 0 are fulfilled, then
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it follows F12 + F21 -1, F121 + F212 -1 and 212,21 - o, That

corresponds to the composition of a strictly alternating copolymer.
The closer mole fractions F12 + F21 and F121 + F212 are to zero,

and the nearer length le 21 is to unity, the weaker the alternating
’

tendency observed. The relation among these indexes and the mono-
mer feed composition is discussed in detail in the work mentioned
above [4].

The method used for deriving the above mentioned indexes [ Eqs. (4)-
(6)] is not applicable to determination of alternating indexes of n-
component copolymerization when n = 3, especially for the average
lengths of the alternating sequences ( Qi ik m) for which even

2J3ihye o oy

binary copolymerization Eq. (6) is only a conditional equality. In
the present paper this limitation is overcome by using the Markov
finite chains apparatus, and expressions are obtained for alternating
tendency indexes for n-component copolymerization whenn = 3.

RESULTS AND DISCUSSION

Simulating the copolymerization process using the Markov finite
chains is an effective method for obtaining some important charac-
teristics of this reaction [ 5-7]. At first the relations for alternating
indexes for binary copolymerization will be discussed by means of
such a model. The mole fraction expressions Fij and Fiji [i,i=1, 2;

i #i; Eqs. (4) and (5)] are easily obtained if the propagating macro-
molecule is simulated with a second- or third-order regular Markov
chain [ 5]. The elements of their transition matrixes (P2 and P3)

are the corresponding probabilities for transition from a diad (i, j)
in one or from a triad (i, j, k) in another, respectively.

(1) (22) (12) (21)

(11 /P,y 0O P: 0
P: =(22)| [0 Pz 0 Pz,
(12)] 1 0 P2 O P2,
1| \P, o0 P 0 (8)

The eigenvectors of these matrixes (072 and 51'3): 52 =TJZ2P2 and 073 =
&'3P3 [5], are of interest for our study. The elements of these vectors

represent the mole fractions of the diads and triads (Flj and Fij i
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(111) (222) (112) (122) (221) {(211) (121) (212)

(111) P, 0 P2 0 0 0 0] 0
(222) P2: 0 0 Pz, 0 0 0
(112) 0 0 Pz: 0 0 Pz, 0
P3=(122) 0 P22 0 0 Pz, 0 0 0
(221) 0 0 0 0 P, 0 P2
(211) Py 0 P2 0 0 0 0 0
(121) 0 0 0 0 Pu 0 P
(212) 0 0 P2 0 0 P2, 0

i, j =1, 2; i #j) in binary copolymer, and the expressions coincide
with the right-hand sides of Egs. (4) and (5).
In order to calculate the average length of the alternating sequences

-Mle-. . .-Mle-, it is necessary for the Markov absorbing chains

to be applied to the regular Markov chains studied [ 5]. For this pur-
pose the states corresponding to the nonalternating diads (11) and (22)
are assumed as absorbing. The transition matrix of the absorbing

Markov chain results from the transformation of matrix P2 [ Eq. (8)].

(11)  (22) (2) (21)

(11) 1 0 0 0
_(22) 0 1 0 0
(12) 0 0 0 Pz:
(21) 0 0 P O (10)

From the latter, the fundamental matrix for these absorbing Markov
chain is derived: N =(I - Q)"!, where Q is a submatrix of the matrix
P mentioned above, obtained after elimination of rows and columns
corresponding to the absorbing states, and I is the single matrix.

(12) (21)

(12) 1/(1 - P2Pz,) P2:/(1 - P12P21y)
N =
(21) Pi2/(1 - P12P2y) 1/(1 - P,2P2,) (11)
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The elements of this matrix (ni].) determine the average number of

diads of the type shown above the corresponding (j-th) column of the
matrix in the alternating chain, beginning with the diad shown in the
left side of the corresponding (i-th) matrix row, and finishing with
one of the nonalternating diads, (11) or (22). The sum of the matrix
(N) elements by rows gives respectively the average lengths (numbers

of diads) of the alternating sequences MIMZ" . .-MIMZ- or

-MZMI-. . .-M2M1- differing in the type of the initial diad. If the

single vector is denoted by € then the product N gives the vector 7
with elements equal to these average lengths.

(12) (1 + P21)/(1 - P12P21)

Il
1

(21) (1 +Pi2)/(1 - P12Pzy) (12)

When ry - 0 and ry ~ 0, then P12 -~ 1and P21 - 1, and it is clear

that then the average lengths of the two alternating sequences tend
to infinity. This corresponds to a strictly alternating copolymer.
It should be noted that the average lengths of the alternating
sequences with different initial diads (elements of the vector 7)
together with their composition (elements ni]. of matrix N) is a fur-

ther new information for the alternating chains in the binary copoly-
mer which have not been obtained till now.

In order to obtain the expression for the average length of the
alternating sequence -M1M2—. . .—Mle- (i#j;1,] =1, 2) despite

their starting, it is enough to summarize the elements of the vector 7,
previously multiplied by the weights, equal to the mole fractions of
the corresponding initial diads in the macromolecule, In fact, this
means the vector T must be multiplied scalarly by the vector 7 =
(F12, FZI)’ in this case the vector of the stationary distribution of

the alternating diads (12) and (21). Obviously, the number of diads in
a sequence is smaller by a unit than the number of monomer units in
it. Hence, the average length mentioned above expressed by the
number of the monomers units will be as follows:

P2P:, 2 +P2 +P2,y
>+ 1 (13)

P2 + P2, 1+Pi2P2,

For a strictly alternating copolymer, as already shown above (r1 - 0)
andr, - 0)
2 212,21

—000.
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Consequently by using Markov finite chains, expressions were
derived for the indexes suggested by Tada, Fueno, and Furukawa [ 4]
for the alternating tendencies of binary copolymers. Moreover, by
using this method, additional information for the average lengths
and composition of alternating sequences, beginning with a given
initial diad can be obtained. Only simple operations of matrix algebra
are used, which is another advantage of the method.

However, the main advantage of the method developed is that it
allows the expressions to be obtained for similar indexes of alternat-
ing tendency of n-component copolymerization when n = 3. In this
case, the alternation can be realized among 2, 3, . . . , n monomer
particles. In order to describe this feature of multicomponent
copolymerization the term 'alternating order' should be introduced.
The alternating order for n-component copolymer is determined by
the number of different type particles forming the n-ads. It is evident
that the maximum alternating order is n-th (all particles in the alter-
nating n-ads are different). The minimum value of alternating order
is second (alternating n-ads are composed of two different types
particles).

For example, for ternary copolymer, the alternating triads of
third order are (123), (132), (213), (231), (312}, and (321). The triads
consisting of two different types of particles where there are no two
identical adjoining particles are alternating of second order. These
are the triads (121), (212), (131), (313), (232), and (323). The sum of
the mole fractions of the triads, mentioned earlier, determines the
first alternating index for the ternary copolymer from third order.
The sum of the mole fractions of the triads of the second type deter-
mines the first alternating index for the ternary copolymer from the
second order. The total sum gives the first index for the general
alternating of the copolymer.

To calculate these mole fractions in the ternary copolymer it is
necessary for the propagating chain of the copolymer to be compared
with the regular Markov chain of third order. In the case when the
first alternating index for n-component copolymerization is deter-
mined, it is necessary to operate with a Markov chain of n-th order.
The transition matrix of this chain is given in Eq. (14). It is evident
that for a ternary copolymer six triads possess third-order alter-
nation and six others, second-order alternation. To determine their
mole fractions it is necessary to find the components of the limiting
vector a = aP, More specifically, the components 399 Aggr -+ + 5 Agn

give the mole fractions F123, F132, F213, F231, F321, and F312 and
the components a1 -+ 00 39y give the mole fractions of the triads
with alternating of second order: F121’ F131’ F212’ F232, F313 and
F323- They are expressed by the transition probabilities pi]. (,j=1,
2, 3) as follows.
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For triads of third order alternation:

Fiik = (PyPj/A) { Pyy + Pry (Pyg - Pyg) + Po(Pyy - Pgy)
k=2 3;j #k (15)
Foiie = (PaiPi/A) [ Pip(1 +P g+ Pyg) - P o(Pyy - Pyy))
k=13 #k (16)
Fai = (P3;Pi/A) { Pyg(l+ Py + Pyg) - Pro(Prg - Pog)}
k=12 #k (17)

For triads of second-order alternation:

1 = (PyjPy/A) [Py + Pio(Pgq - Pyg) + Pig(Pyy - Pyy)l

i=23 (18)
Foig = (Pg;Pip/A) [ Py (1+Pyg-Pog) - Pio(Py, - Pyo)}

i=1,3 (19)
Fai3 = (P3;P3/A) { Pg(l+ Pry - Poy) - Py (Pyg - Pyg))

j=1,2 (20)

In the above expressions, A stands for the following determinant:

1+Pz - Pz2 Pz - P32
A=
P13 -Poas 1 +Pi3 - Pas (21)
The sum
3
F..
ijk=1 ¥
i#k;

i#j#k
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defines copolymers of third-order alternation and the sum

F. .
;,kz=1; iki

describes second-order alternation. It is easily shown that when ri]. -

0(,j=1,2, 3;i#j), the total alternation of copolymer determined by
the sum of mole fractions of all possible triads tends to unity. In such
a way the problem for determining the first index of alternation of a
ternary copolymer is solved.

Obviously the method developed allows a differential calculation
of this index as a function of the alternating order in the copolymer.
That is one of its advantages.

In order to determine the average lengths of the sequences con-
sisting of third-order alternating triads Qijk (ifdj#ki# ki, k=

1, 2, 3) and second-order alternating triads ki (ifk; i, k=1,2 3)

it is necessary to apply the Markov's absorbing chains to the regular
chain studied. For example, if the average length of third-order
alternating sequences should be determined Qijk (i,j, k=1, 2, 3,

i#j#k j#k), it is necessary to transform into absorbing chains

all states which do not correspond to third-order alternating triads.
If the absorbing state to which the chain is converted after the ending
of the alternating sequence of third order is of interest, the transition
matrix P3 (here and further the subscript will show the alternating

order) will be [ 5] as shown in Eq. (22). The absorbing state which
includes all the remaining 21 states of the starting regular Markov
chain (corresponding to second-order alternating or nonalternating

m (123) (132) (213) (231) (312) (321)
n 10 0 0 0 0 0
(123) 00 0 0 Ps,; 0 0
(132) 00 0 0 0 0 P2,
Ps = (213) 00 P32 0 0 0 0
(231) 00 0 0 P2 0
(312) 0 P, 0 0 0 ]
(321) 00 0 Pis 0 0 0

(22)
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triads) is defined by the symbol II. The fundamental matrix of the
absorbing Markov chain so obtained (N3) is to be found by the same

method as it is for the binary copolymers.

The elements of this matrix [ Eqs. (23) and (24)] have the same
meaning as have the elements of the fundamental matrix of the
absorbing Markov chain which simulates the binary copolymerization
[ Eq. (11)]. For example, the element Ny = (1- f123)'l shows the

average number of triads of the type (231) in the alternating sequences
beginning with the triad (231) and ending with second order alternating
triad or with nonalternating triad.

The zero elements of the matrix mentioned result from a cycle
formation between the third-order alternating triads, for example,
(123) -~ (231) - (312) - (123), which excludes the formation of some
triads in sequences mentioned above [ triads (132), {(213), and (321)
in the case discussed].

The vector 73 = N3¢ has the following components:

(123) (1 = f123)"'(1 + P3; + PysP,2)

(132) (1-fis2)"'(1 +P2; +P2,Pu3)

(213) (1 - fi132)"'(1 + Psz + P32 P2))

= (231) (1 - fi123)"'(1 + Piz +P2P2s)

(312) (1-fi23)" (1 +Ps2 + P23Pys)

(321) (1 - fi32) "(1 + P2s + Py3Paz) (25)

They determine the average lengths of the third-order alternating
chains (the number of triads) which have as initial triads the triad
shown at the left of the vector's Ts components. As in the two-
dimensional case, the sum 2 + 737 (where 7 is the vector with com-
ponents equal to the mole fraction of the initial diads) gives the
average length (Qijk) (number of units).

o(3) _ 1 2 3 4 5
Yik =2+ T3 Frag* T3 Fygp + 73 Foyz + T3 Fogy + 75 Fgyy
+736F321 i,j,k=1,2,3;i#j#k i#k (26)

where the ‘rsi (i=1,..., 6)are the components of the vector Tgs and
Fijk are the mole fractions of the corresponding triads in copolym-

erization chain [ Eqs. (15)-(17)]. The superscript of the sumbol Qij(lf )

shows the alternating order.
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Analogously, the expression for the average length of the second-
order alternating chain is obtained. In this case the transition and
fundamental matrixes of the absorbing Markov chain, the vector, and
the average lengths of the alternating sequences of second order ¢,
(i, i =1, 2, 3;i #j) are expressed as in Egs, (27)-(30). i

I (121) (131) (212) (232) (313) (323)
nn 1 0 0 0 0 0 0
(121) 0 0 0 P O 0 0
P, - (131) 0 0 0 0 0 P 0
(212) 0 P, O 0 0 0 0
(232) 0 O 0 0 0 0 P2s
(313) 0 0 Psy O 0 0 0
(323) 0 0 0 0 Piz O 0/ (27
Nz =(I-Qz)""
(121) (131) (212) (232) (313) (323)
(121)] {(1-f2)* 0 P2 0 0 0
(1-f12) !
(13nlfo (1-fs)™" 0 0 P 0
(1-1£3.)7"
(212)|| Pz 0 (1-fi2)" 0 0 0
Nz = (1-112) !
(232))) 0 0 0 (1-f25)" 0 Pzs
(1-1f23)"
(313)|\ 0 P, 0 0 (1-fa))™* 0
(1-1s1)
(323)| \o 0 0 Psz 0 (1-f23)"
(l-fzs)_1
(28)
(121)| /(1 - f12) (1 + Py2)
(131) (1 - fsl)_l(l + P13)
= _(212)] | (1 - f12) (1 + P2y)
T2 = (232)| | (1 - f23) (1 + Pas)
(313)| \ {1 - fa1) '(1 + P31)
(323)| \(1 - f23) '(1 + Ps2) (29)
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(2) 1 2 3 4 5

i1 =72 Fia1* T2 Fi31* T2 Fa1a* 72 Fasa ¥ T2 Fag3

6 . . . /.
+ 7y F323 ,i=1,23j#i (30)

where Tzl(i =1,,.. 6)are the components of the vector 7_'2, Fijk are

the mole fractions of the second-order alternating triad [ Eqs. (18)-

(20)], and fij = fj i pi].pj i+ The elements of the matrix N, and the
vector 7_'2 have the same interpretation as the corresponding quantities

characterizing the third-order alternating chains. The zero elements
of the matrix N2 result from cyclization in the formation of second-

order alternating sequences, for example, (121) ~ (212) - (121) and
therefore n12 = n15 = n14 = n16 =0,

There are no difficulties, in principle, of determining the average
lengths of sequences consisting of third- as well as second-order
alternating triads. However, in this case the fundamental matrix
N2 3 is of 12 range (in this case all 12 alternating triads have to be

H

considered). It is found according to the procedure already known
starting from the transition matrix P23 of the absorbing Markov chain.

The last matrix, Eq. (31), is derived from the matrix of Eq. (14) after
transformation of all states corresponding to nonalternating triads
into absorbing.

N () (430) (242) (232) (343) (323) (423) (432) (213) (234) ¢342) (328)

fn { o o0 o o o o' 0 O e 0 o
(i21) © 0 © Pp O O 0,0 O Py O O O
30 0 o o o o Ps 0! 0 o 0 0 Pp 0
eIl 0 Py 0 O 0 o o Pz O 0o 0 o o0
(232) 0 0 0 0 0 0 P,,: 1} 0 0 0 0 Pay

=3 0o 0 e o6 o o'!oe
PZ.S‘(azs) o o g“ 0 P, 0 O I o ;)n e e o o e

(123) i e 2 _ - e e 0_ P 0__0_
0 pyp O o0 0 O 0 Py 0 0

(132) 0o o 0 0 0 0 PR 0 o 0 0 0 Py
(243 o 0o B 0 0o o olo0o p, 0 0 0 o0
34 © 0 0 0 0o Pz 0O O O 0 Py O
(342) 0 Py O o o0 0 0 | Py © 0o o0 o 0
(3249) 0 0 0 Piz 0 0 0 : 0 0 Py O 0 0

It is convenient that this matrix be expressed in block form
[ Eq. (32)]:
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o (i) (ijk)

I 1 0 0
P2,3 = (iji) 0 Q2 B
(K| 0 C©  Q (32)

where (iji) denotes in this case all possible triads of second-order
alternation and (ijk) denotes all possible triads with third-order
alternation. According to the Frobenius formula [ 8], the fundamental
matrix might be expressed as in Eq. (33)

-1 -1
N, + NyBH™'CN, N,BH
— - 1 —_—
Ny 3=(-Qy 5)"" =
H“CN2 H! (33)
where
H=(I- Q3) - CN,B (34)

and N2 and Q3 are the matrixes determined by the expressions (28)

and (22). _
The vector Ty 3 will possess the components:
b

T = n,. L,i=1...,12 (35)

where ni.(i, i=1,..., 12) are the elements of the fundamental matrix
Ny 5 [ Eq. (33)]. These elements are interpreted too as average lengths
’

of alternating sequences with alternation arbitrarily chosen on the
condition that their construction starts with one of the twelve alternat-
ing triads., In order to determine the average length of all possible
alternating sequences composed of second-order and third-order
alternating triads (independently of the starting of the sequences) it is
enough to multiply the elements of 7’2 3 by the corresponding mole

t

fractions of the starting triads of these sequences and to summarize
these products:
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(2,3)

12
Uik 2 +j§1 (n;;F 193 +Ng;F 39 +n3iFg 9 + 1y Fogg

+ngFaig ¥ 05 Fagg + NpiF 93 +1g;F 139 +ngiFyg

+0y0;F931 +115F 319 * 1195F 39¢) (36)

The expressions obtained for Qijk [ Eq. (26)], Qiji [ Eq. (30)] and
Qijk [ Eq. (36)] determine the average lengths of all types alternating

sequences of the ternary copolymer; alternating sequences of third,
second, and mixed second and third order. This fact underlines
once again the greater possibilities of the method proposed for
characterizing the tendency to alternation of the multicomponent
copolymers,

This method is easily applicable to 4-, 5- and multicomponent
copolymers. For n-component copolymer it is necessary to take
into account the different (their number is n®) n-ads. From the defi-
nition of the alternating order it follows that the formation of n-ads
of n-th, (n - 1)-th . . . and second alternating order is possible. For

determination of their mole fractions (Fi j n) the average lengths
sigeces

and compositions of alternating sequences built from the above shown
n-ads, the procedure already used should be applied for determination
of the limiting vector from the transition matrix of regular Markov
chain of n-th order simulating the copolymerization process, then
the elements of the fundamental matrix (N) of the absorbing Markov
chain (the latter being obtained after transformation of the states
corresponding to nonalternating n-ads into absorbing ones).

The indexes above shown for binary copolymerization are deter-
mined as an illustration. In Fig. 1 the relationship of the mole frac-
tions of the diads Fij (curves 1 and 3) and of the mole fractions of

the triads Fiji (i, j =1, 2;i#]j) (curves 2, 4, and 5) versus the prod-

uct of copolymerization constants are shown. Two different cases
are shown when the constants are equal (r1 = rz) (curves 1 and 2)

on one hand, and on the other hand when they differ from one another
under the condition that r, = 1.0 (curves 3, 4, and 5). As should be

expected, with the increase of the product above the mole fractions

of the alternating diads and triads decrease, and the alternating
tendency decreases as well. It is evident too, that in the general

case the mole fractions of the alternating diads and triads on copolym-
erization with equal constants are higher than those of copolymerization
with different constants.
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Fijk
Fij
04
{
3
03} 4
2
02 5
04
0 N s
0 02 04 06 08 40 qn

FIG. 1. Dependence of the mole fractions of the alternating diads
(Fiz = F2,) and triads (F.2, and Fz,2) vs. the product of copolymeri-
zation constants (rrz) for binary radical copolymerization of styrene
(M,) and methyl methacrylate (Mz): (1) Fiz = F21 (whenr, = rz);
(2) Fiz1 = Fz2i12 (when r, = 1'2); (3) Fiz =Fz2, (When r ié ra, r, =
1.0); (4) F12: (whenri #rz, T, = 1.0); (5) Fz:2 (when
r: ;érz, r: = 1.0).

Figure 2 shows the relationship of the other alternating indexes
(the average lengths of homoblocks and alternating sequences ¢ i

and 912 210 (i = 1, 2) and the copolymerization constants product.
’
The average lengths of the homoblocks %1 and 299 (and consequently

¢11,22 also) (curves 1, 3, and 4) increase, while the average lengths
of aiternating sequences 212 21 (curves 2 and 5) decrease with
b

increasing product of the copolymerization constants. This fact shows
that these indexes are suitable for evaluation of the alternating tend-
ency. In this case, too, for binary copolymerization with equal con-
stants the length of the alternating sequences (curve 2) is greater
than that for copolymerization with different constants (curve 5).

In Table 1 the relationships of the alternating tendency indexes
(231 %o #5199 F1or Fap Frap Farzr 91,91) 20d the elements
of the corresponding absorbing Markov chains (ni].; i, j =1, 2) versus

the monomer feed composition are shown for radical copolymerization
of styrene (Ml) and methyl methacrylate (Mz) at 60°C [9]. It is seen
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0 02 04 06 08 1.0 nrp
FIG. 2. Dependence of average lengths of homoblocks . . 'MiMi'
Mi' . '(Qii’ i =1, 2) and alternating sequences . . .Mle. . 'MIMZ' ..

( 2 21) vs. product of copolymerization constants (rlrz) for binary
’

radical copolymerization of styrene (Ml) and methyl methacrylate

(Mg): (1) 21y = 2yp (1) =19)5 (2) £1p 5y (r) = 7o) (3) Rpplry # 1y,

r, = 1.0); (4) 2 (r1 # Ty Ty = 1.0); (5) 212’21 (r1 = 1,0, r, # rl).

from Table 1 that the indexes ¢ show that

11,220 12,20 F12 = Fa1
the alternating tendency is most strongly expressed for equimolar
monomer feed composition. The mole fractions of the alternating
triads (F121 and F212) do not give an unequivocal solution to this

problem (F121 reaches its maximum value at [Ml] = 0.6 and F212
at [Ml] = 0.4). Therefore these mole fractions cannot serve as an

adequate basis for evaluating the dependence of the alternating tend-
ency on the monomer feed composition, Evidently, these data are
important quantitative characteristics of the triad copolymer compo-
sition, The data for the homoblock lengths ( 211 and 222) have

analogous meaning, while their arithmetic mean is an undeformed
evaluation of alternating tendency.
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The elements of the absorbing matrixes [ Eq. (7)] summarized in
Table 1 show the composition of different alternating sequences. For
example, all elements Ny give the average number of diads (21) in
the alternating sequences -M1M2—. . .-Ml-Mz-, starting with the
diad (12). Evidently, the diagonal elements of this matrix read their
maximum values at equimolecular feed composition, and thus they
also provide undeformed evaluation for the alternating tendency.

As an example of ternary copolymerization, the above-mentioned
indexes for alternation of the ternary radical copolymerization of
styrene (Ml)’ methyl methacrylate (Mz), and acrylonitrile (M3) at

the following monomer feed compositions are calculated: [MI] =
0.359; [M2] = 0,360; [Ma] =0.281; r = 0.50 £ 0.02; r 4 = 0.41
0.08; Typ = 0.50 + 0,02; Tyg = 1.20 + 0.14; Tyy = 0.04 + 0.04; gy =

0.15 + 0.07 [9]. The results for the average lengths of the homoblock
areas are 211 = 1.25; sz = 1,30; 233 = 1,02, The greatest value for

the average length of homoblocks of methyl methacrylate (222) corre-

spond to the following order of increasing products of copolymeriza-
tion constants: T91To3 > riof13 > T3 Tao

By using Eqs. (15)-(21) the mole fractions of the third-order triads
(Fg g = 0.071, F oo = 0,008, F oy = 0.009, Fps, = 0.045, Fy o =

0.119, F321 = 0.043) and the second-order triads (1“212 = 0.075,
F232 = 0,012, F121 =0.025, F131 = 0.033, F313 = 0,113, F323 = 0,014)

were calculated, It is evident that the amount of triads starting from
the diad (31); (F312 = 0,119, F313 = 0,113) is the highest, which may be

explained by the fact that the copolymer constant Tgy = 0.04 + 0.04
has the lowest value.

By using Eqs. (26), (30), and (36), the average lengths of alternation
sequences from third (& i

ik 3) . 2.43), second (Qiji(Z) = 2.53) and
mixed second and third order (¢ 1ji(2’3) = 2,97) were determined. The

fact that these values are smaller than 3.0 shows that a macromole-
cule exists which does not contain such triads, These indexes allow
evaluation of the alternating tendency of various ternary copolymers
from a comparison of the average lengths of alternating sequences
from the corresponding order.

CONCLUSIONS

The term "alternating order' for n-component copolymer (n = 3)
is proposed by means of which a more detailed evaluation of alternat-
ing tendency is reached.
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By using the method of Markov finite chains, relations for alternat-
ing tendency for ternary and multicomponent copolymerization are
obtained. The relation for similar indexes of binary copolymeriza-
tion proved to be particular cases of the generalization stated above.

The elements of the fundamental matrixes of the corresponding
absorbing Markov chains allow conclusions to be drawn for the com-
position of all possible alternating sequences in the copolymer.

REFERENCES

[1] T. Alfrey, J. J. Bohrer, and H. Mark, Copolymerization, Inter-
science, New York, 1952.

2] G. E. Ham, Copolymerization, Interscience, New York, 1964.

3] G. S. Georgiev, J. Macromol. Sci.~Chem., A10, 1081 (1976).

4] K. Tada, T. Fueno, and J. Furukawa, J. Polym. Sci. A-1, 4,

2981 (1966),

[5] J. G. Kemeny and J. L. Snell, Finite Markov Chains, Princeton

Univ. Press, Princeton, New Jersey, 1960,

6] G. S. Georgiev, J. Macromol. Sci.~Chem., A10, 1063 (1976).

7] F. P. Price, J. Chem, Phys., 36, 209 (1962).

8] F. R. Gantmacher, Matrix Theory, Science, Moscow, 1966.

9] F. M. Lewis, E. R. Mayo, and W. F, Hulse, J. Amer. Chem.
Soc., 67, 1701 (1945).

Accepted by editor May 1, 1978
Received for publication June 6, 1978



