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Synopsis
A modified copolymerization equation substantiated by experimental evidence has

been proposed for tricomponent systems.

To eliminate the complexities and assumptions made in the integration
of the rate equation put forward by Alfrey and Goldfinger! and Walling
and Briggs? for tri- and multicomponent copolymerization systems an at~
tempt has been made in this paper to modify their equations.

It is known that in the copolymerization of three monomers, M,, M,,
and M;, the chain propagation reactions are

Mo+ My— s M+ M,
Mi* + My — s My* + M,
Mo + My— s My 4 M,
M + My — s M* 4+ M,
Ma* + My — s Mo* + M,
My + My s My* + M,
Ma* + Mi— s pys + 1,
Mo+ My —y My* + M,

Kas
M* + My ——— M* 4+ M;

where M,*, M,* and M;* are different growing chain ends. Therefore,
the rates of disappearance of the monomers, M,;, M., and M3, would be as
follows:

—dM,/dt

KuM*My + KaMy*M, + KaM*M,
= My(KuM\* + KaMs* + KaMs*) (1)
—dM./dt = KpM:*M, + KoM:*M: + KoMs*M,
= My(KpM\* 4+ KaM* + KoM3*) (2)
KuM*M; + KasMo*M;s 4+ KoM*Ms
= My(KisM* + KosMo* + KusM3*) (3)
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Applying the conventional steady-state assumption to each radical, we have
the following.

For M *:

or

KoM *Me + KoM *M; = KaM*M, + KuyMy*M,

KuM,* + KaMs* = (M*/ ML) (KM, + KuMs)

For M,*:

or

KouMo*M1 + KosMo*My = KoM M\* + KpMi*M,

KpMy* 4+ KopMs* = (Mo*/Mo)(KaM, + KxMs;)

For M;*:

or

KaMs*M, + KeM:*M, = KsMy*M; + KosMo*M,

KuM* + KuMy* = (Ms*/M;)(KaM, + KpM,)

(4)

(4a)

(5)

(5a)

(6

(6a)

Equations (4), (5), and (6) are replicas of the equations of Walling and
Briggs.? From egs. (1), (2), (3), (4), (5a), and (6a) we have the follow-

ing.

—dMy/dt = ML [KuM* + (M */ M) (KeM: + KiuMs)]
= M\*(KuM: + KuM: + KuMs)

—dMy/dt = My[KeuMs* + (Mo*/Ms)(KaMy + KesMs) ]
= MY (KuM, + KoM, + KuMs)

1‘/[3[(MV3*/M3)(K31]‘/11 + K32M2) + K33A[3*]
= Ms*[KuM1 + KuM> + KuM;]

—dM/dt

From eqs. (4), (5), and (6) we have the following.

M* (KoM, + KisM3) — KaMy*My — KaMs*M, = 0
— KoM *My + M*(KaMy + KuMs) — KeM*M, = 0
—K13M1*M3 - Kstz*Ma + M3*(K31Ml + K32M2) =0

We know that

alX + b1Y + 01Z =
X + b)Y + &Z

0
0
aaX + baY + CsZ 0

X/Y = (bics — bscr — bice + bac)/ (@62 — @261 — @165 + ascy)
X/ Z = (b3cl — bics — bec1 + b162)/ (albz — azb; — albs + aabl)
Y/Z = (asc; — aics — aety + a162) /(@eby — asbs — ashy + aibs)

@)

@®)

9)

(10)

(11)
(12)
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Let X, Y, and Z be equal to M ,*, A»* and M3* respeetively.  Then,

a; = (Kmll‘Iz + Kl;;ﬂ[:;), 1)1 = —Kzljl]l, and ¢y = —‘K311|'11
Qg2 = —KmMz, b2 = (Kzlflll + Kg;;Ms), and Co = _K32]‘42
az = — KM, bs = —KglMs, and ¢; = (KaM, + KM,)

Therefore,

A/Il*/]"ll‘z* = MI(K21K31M1 + K21K32M2 + K23K31M3)/
My(KwKaM, + KuKeM: + KuKaMs) (13)

M*/M* = My(KaKaM, + KaKaM: + KuKalMs)/
A/IS(KISKHMI + K12K23M2 + K13K23M3) (14)

M2*/M3* = MZ(K12K31M1 + K12K32M2 + K13K32M3)/
MS(K13K21M1 + K12K23M2 + K13K23M3) (15)

Again,
a,lX + bly + 01Z = 0
X + Y +6Z =0
asX + baY + CsZ =0
al(b2c3 - b362) + bl(Czas - Csaz) -+ Cl(aflbs - aabz) =0
But
01950, bl;éO, andcl;éO
Therefore,
bgCa - b3(72 =0 or bg/b3 = 62/03
Cois — sy = 0 or  cfcs = mp/as
agbs —_ (lsbz =0 or az/a3 = bg/bs

Sofay = by/by = /ey

“ —KoMs/~KuM; = (KuM; + KuMs)/ —KyuM;
= —KopMy/(KaM, + KeMs) (16)

From eq. (16) we have
(i) KpKuM,; = —KpKuM, — KKy,
or
KuKnM, + KuKsM, + KisKosM; = 0 1n

(i) KnKaMy® + KnKaMiMs + KaKeMiM, = 0
or
My(EnKab1 + KnKaM: + KuKaMs) = 0

But M, % 0 (N.B.: M, is equal to zero only on ecompletion of the reac-
tion). Therefore

KuKaM, + KanKoMy + KuKaM; = 0 (18)
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and
(i) — KpKaM\M, — KpuKuMs® = KKoMM;
or
KpKaM, + KuKoM, + KuyKaM; = 0 (19)
From eqs. (17), (18), and (19);

KuKauMy + KuKoM, + KuKaM; = KuKoaM, + KiuKsM,
+ KuKoM; = KanKaMi1 + KauKueM, + KpKyM;  (20)

From egs. (13), (14), (15), and (20) the following equations are deduced:
M*/Ms* = My/M,, M*/M* = M /M, and M*/My* = My/M;
S My* = (My/My)/ M * (21)

and Ms* = (M;/M,)/M* (22)

From eqs. (7), (8), (9), (21), and (22) the following equations are de-

duced:

—dMy/dt = M*(KuM, + KoM, + KiuMs)
—dMy/dt = (My/M)(KaM, + KoM, + KaM3)M*
—dMs/dt = (Ms/My)(KaMy + KM, + KyuM)Mo*

Therefore
—dM/(KuM, + KoM, + KsM3) = M *dt
—(AMy-My)/My(KaMy + KoM, + KuM;) = M *dt
—(dM;- M)/ M3y(KaM, + KoM, + KuM;) = M *dt
Therefore

dMy/(KuMy + KuM, + Ki3Ms)
= (dMg'M1)/M2(K2]M1 + K22M2 + K232”3)
= (dMy M)/ My(KaM, + KoM, + KiMs)

or-

dM/M(KuM: + KuM. + KisMs)
= dMs/My(KaMy + KuM: + KMs)
= dM3/Ms(KaM; + KuM. + KsM;) (23)

From eqs. (17), (18), and (19) we have

KoMy + KMy = — (KuKa/Ky) M (24)
KaM;: + KusM3; = —(KuKs/Ku)M, (25)
KuM, + KeM, = —(KyKs/Ke)M; (26)

From eqgs. (23), (24), (25), and (26) we have

dMy/My[KuM, — (K13Ka1/Ka) M|
= dMg/]”g [K22M2 - (K21K32/K31)M2]
= dMa/Ms [K33M3 — (K13K32/Kl2)]l’13]
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or
[K23/(K11K23 - K13K21) ](dﬂll/Mlz)
= |Ku/ (KpKn — K21K32)](dM o/ M%)
= [Ku/(KuKs — KKa) (dMs/M,%)
On integration we have
[Kas/(KuKps — KuKoa) 11/(M3) — 1/(M1)o]
= [Ka/(KnKn — KnKs)][(1/(M5) — 1/(M2)o]
= [Kp/(KpKs — KuKy) {1/ (Ms) — 1/(Mae] (27)

50}
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Fig. 1. Plots of 1/(M), versus 1/(M) for copolymerization of three-component
system consisting of styrene ©, methyl methacrylate A, and acrylonitrile @.

where (M1)o, (M3)o, and (M 3), are the initial concentrations of the monomers
and (M), (M), and (M;) are their respective concentrations after time ¢.
In this equation one part is equivalent to another part.

Let us suppose that

[Kos/(KnKss — Ky3Kon)J[1/(M1) — 1/(M1)]
= [Ka/(KnKa — KuKz){1/(Mz) — 1/(M3)e]
= [Ku/ (KK — KuKw)][1/(Ms) — 1/(Ms3)] = A
Kos/(KuKss — KpKa) = X
K3/ (KoK — KayKy) = Y
Kl?/(Kl2K33 - K13K32) = Z
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Then
(1/(My) — 1/(M1)o] = A/X or 1/(My) = A/X + 1/(M1)e (28)
[1/(M) — 1/(Mz)o]l = A/Y or 1/(Mz) = A/Y + 1/(M3)o (29)
[1/(M5) — 1/(M3)o] = A/Z or 1/(Ms) = A/Z + 1/(Ms)e (30)

In these equations A4, X, ¥V, and Z are constants. Therefore, the re-
spective plots of 1/(My), 1/(M,), and 1/(M;) versus 1/(My)o, 1/(Ms)q,
and 1/(M3), would be linear. To test the validity of these equations,
values of (M), (M,), and (M3) and (M1)o, (M2)s, and (M3)e in terms of
mole per cent were computed from the data of experiments 4, 5, 6, and 7 of
Walling and Briggs.? Plots of the data are shown in Figure 1. Linear
plots support the plausibility of these equations. Further, it may be
added that the equations would be equally applicable in cases in which
composition and time of reaction are variant or one of them is variable
and other constant.
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