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ABSTRACT

A new treatment to characterize copolymer composition in binary
copolymerization systems was developed by using a steady-state
assumption for free radicals. It gives a copolymer composition
equation solely through classical kinetic theory with the antepenul-
timate effect taken into account. This equation and its derivation
procedure are compared with those previously published.
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INTRODUCTION

Early quantitative treatments of copolymer composition and copoly-
merization rates in free radical polymerization were all based on the
assumption that the reactivity of a growing polymeric free radical is only
determined by its terminal monomer unit [1-7]. Among the earliest result
was the well-known Mayo-Lewis copolymer composition equation [1].
This equation has been extensively studied, and diverse methods have
been established to estimate monomer reactivity ratios, copolymer com-
position, and/or sequence distribution in various copolymerization sys-
tems. In many cases these studies showed good agreement with experi-
mental results obtained from reliable accurate analyses such as °C NMR,
GC [8-11], etc.

However, several cases of free radical copolymerization reportedly
failed to obey the Mayo-Lewis equation [12-16], particularly with mo-
nomers of high polarity. The earliest observations of this deviation from
the Mayo-Lewis equation probably stemmed from Ham and Barb. In
Ham’s studies on styrene/fumaronitrile [13] copolymer and acrynonitrile
copolymers [15], and Barb’s studies on styrene/sulfur dioxide [17] and
styrene/maleic anhydride [14], they claimed that the last second mono-
mer unit (the one immediately preceding the radical possessing monomer
unit) in a growing polymeric free radical has a significant effect upon
the addition of one or both of the comonomers to the active polymeric
chain. There are by now many data showing the effects of monomer
units other than the terminal one on the reactivity of growing chains
adding monomers [18-23]. Besides monomers of high polarity men-
tioned above, examples also include vinylidene cyanide, 1,2-disubstituted
olefins, as well as unconjugated monomers such as vinyl acetate and
vinyl chloride [21]. All of this work showed the obvious need for equa-
tions which weigh the contributory effects of monomer units more re-
mote than terminal unit or and even the penultimate unit. In fact, several
authors have sought theoretical models to describe copolymer composi-
tion and sequence distribution for such systems since the early 1960s.
The various approaches which have been made can be summarized as
follows.

a). The Markov process theory. With the assistance of an astochastic
matrix, Price [24] was probably the first to give complete and quantita-
tive copolymer composition equations for cases where terminal, penulti-
mate, and antepenultimate effects coexist.

b). The statistical stationary process theory [25]. This method has
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been employed by several authors (Pyun [26], Ito et al. [27]). Based on
the conditional probability of a monomer adding to a given polymeric
free radical, they were able to derive copolymer composition and se-
quence distribution equations up to the antepenultimate effect. Ham
[16, 28, 29] also gave simplified equations with certain assumptions;
some of his equations are simple and useful [29]. However, as pointed
out by several authors [24, 30, 31], some others are not exact.

¢). Classical kinetic theory. Based on the steady-state assumption for
free radicals, this theory was first used by Mayo and Lewis in obtaining
a copolymer composition equation with only the terminal effect taken
into account. On the same basis, Merz et al. [32] extended the Mayo-
Lewis equation to copolymerization systems with the penultimate effect.

To date, there has not been any reported work on a copolymer com-
position equation derived through kinetics and including the antepenulti-
mate effect. Moreover, as pointed out in previous reports [30], methods
a) and b) are excessively complicated and a sequence reversibility princi-
ple was used every time in addition to the steady-state assumption.

In contrast with this, it is our belief that the classical kinetic theory is
much simpler, more direct, and more explicit. It needs only the steady-
state assumption, and the same results as from a) and b) have been
obtained. This paper presents the procedure for deriving a copolymer
composition equation with the antepenultimate effect considered via the
classic kinetic theory.

DEMONSTRATION AND RESULTS

In the Mayo-Lewis equation, it was sufficient to take four chain
propagation reactions into account (two reactivity ratios); if the penulti-
mate effect is considered, there are eight chain propagations (four reac-
tivity ratios) to be taken into account; und there are 16 propagation
reactions (eight reactivity ratios) if the antepenultimate effect is consid-
ered to be as in Scheme 1.

The propagation reactions and polymerization rate equations corre-
sponding to the schema can be written as follows:

—AAA + A & —AAA, V, = K,[AAA][A] 1.1

KI
~AAA + B'=Z —AAB, V| = K|[AAA][B] (1.2)
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—AAB + A K —ABA, ¥V, = K,[AAB][A] (1.3)
K;

—AAB + B 2 —~ABB, V} = K}|AABJ[B] (1.4)
K,

—ABA + A= —BAA, V, = K,[ABAJ[A] 1.5)
K;

~ABA + B = —BAB, V| = K}[ABA][B) (1.6)
K,

~ABB + A = —BBA, V, = K,[ABB](A] 1.7)
K

—ABB + B'= —BBB, V; = K[ABB][B] (1.8)
K,

—BAA + A = —AAA, ¥, = K[BAA][A] 1.9)
K

—BAA + B = —AAB, V} = K}[BAA][B] (1.10)
K

—BAB + A = —ABA, ¥, = K,[BABJ[A] (1.11)
K

—BAB + B = —ABB, V; = K;[BAB](B] (1.12)
K,

—BBA + A = —BAA, V, = K,[BBAJ[A] (1.13)
K;

—BBA + B’ —BAB, V; = K;[BBA][B] (1.14)
Ky

—BBB + A = —BBA, V, = K;[BBB][A] (1.15)
Ky

~BBB + B = —BBB, V; = K{[BBB][B] (1.16)

Reactivity ratio definitions are given by the following equations:

R, = K,/K| = V,/(ViX) or V\/V, = R.X Q.1

R, = KJK; = Vi/(ViX) or Vi/V: = RIX (2.2)
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R, = Ky/K} = V,/(ViX) or Vi/V; = RIX
R = K,/K; = Vo/(ViX) or Vo/V5 = RI'X
R, = Ki/Ky = (ViX)/Vyor Vi/Vy = Ry/X
R, = Ki/K, = (ViX)/V, ot Vi/V, = RY/X
R = Ki/K = (ViX)/V, or Vi/V,

RYX
R} = Ki/K, = (V3X)/V,or Vi/V, = R/ /X
In the above equations, X = [A]/[B].
Assumption of steady state for free radicals gives:
For —AAA:
Vi = Vsor K[AAA][B] = K,[BAA][A]
For —AAB:

V+ V=V + Vi= Vs + Vior
(K3[A] + K;[BDIAAB] = (K[A] + Ki[B])[BAA]

For —ABA:

Vi+ V=V, + Vior
(K[A] + Ki3[BDIABA] = K,[A][AAB] + K([A][BAB]

For — ABB:

Vi+ Vo=V, + Vior
(K.[A] + Ki[BHIABB] = K;[B][AAB] + K([B][BAB]

For —BAA:

Vi+ Vi=V,+ Vyor
(Ks[A] + K(BDI[BAAJ = K;[A][ABA] + K,[A][BBA]

For —BAB:

Vo+ V.=V, + Vior
(Kq[A] + K([B]DIBAB] = K;[B][ABA] + K;[B][BBA]

For —BBA:

Vi+ Vi=V,+ Vo=V, + Vior
(K5[A] + Ki[BDIBBA] = (K,[A] + Ki[B])[ABB]

For —BBB:
Vi = Vi or Ki[B][ABB] = K [A][BBB]

LIU ET AL.

2.3)

2.4)

2.5)

(2.6)

2.7

(2.8)

3.1

3.2)

(3.3)

(3.4)

(3.5)

(3.6)

3.7

(3.8)
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[M] and [MMM] (M = A or B) in the above equations represent the
concentrations of monomer M and the polymeric free radicals, respec-
tively. If dA and dB are defined as monomer A and B polymerized in a
given time interval, the composition of copolymer formed (monomer
mole ratio) can be expressed as

dA _ Vit M+ i+ Vi+ Vit Vi+ Vit W

= 4

dB Vi + Vi+ Vi+ Vit Vit Vit VitV @
From Eqgs. (3.2), (3.3), (3.6), and (3.7), Eq. (4) becomes

dA _ i+ Vi+ Vi+ V4 Vit Vi + Vi + V5 )

dB Vi + Vi+ Vi+Vi+ Vot V, + Vo + V,

Simultaneous addition of both sides of Eq. (3.5) with Eq. (3.6) immedi-
ately gives

Vi+ Vi + Ve+ Vi=V;+ V; + V, + V) 6.1)
Since we have from Eq. (3.2)

Vi+ Vi=V, + V)
therefore

Vi+ Vi+ Ve+ Vi=Vo+ Vi + V,+ V!
or

(Vy+ Vi+ Ve+ VY (Vs + Vi +V,+ V) =1 6.2)
Multiplying Eq. (5) by Eq. (6.2), we get:

dA 1+ (M +Vi+ Vs + V) /(Vi+ Vi + Vo + V)

= 7
dB 1+ (Vi + Vi+ Ve+ Vi)/(Va+ Vi, + Ve + V) M

Simultaneously multiplying the numerator and the denominator of the
term (V, + Vs + Vs + Vo))/ (Vs + Vi + V, + V3) in Eq. (7) by 1/
(V, + V;) and similarly for term V5 + V, + Vi + Vi) /(V, + Vi +
Ve + Vi) by 1/(V; + Ve), Eq. (7) becomes

L+ (V + Vy/ (Vs + Va)
dA _ L+ (V + V)V + V)
dB_1+1+(V;+Vg)/(V;+Vg)
1+ (V, + Vo)/ (Vs + VY)

Q£

8
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Equation (8) contains four parts: (V, + Vs)/(Vs + V), (V5 +
VY (Vs + Vo), (Vi + Vy)/(Vy + V), and (V, + V/(V: + Vo),
which need to be further treated in order to be presented by monomer
concentration ratio (X)) and reactivity ratios.

From Eq. (3.5) we have

Vi+ V)/ (v + V3) = (V) + V)/ (Vs + V5)
= (V/V + 1)/(1 + Vi/Vy)

since Vs = V| (Eq. 3.1), hence
(Vy + V)/(Vs + Vo) = (V/V + D/(Vi/Vs + 1) ©)
This equation, combined with Eqgs. (2.1) and (2.2), enables us to get

it Vi _L+RX _ o 1+RX
Vi+ V., 1+ I/RX) " 1+RX

(10

Similarly, from Eq. (3.4), one has
(Ve + Vi)/(Vy + Ve) = (1 + Vg/ViY/(1 + V,/V3)

By using Eq. (3.8) (V; = V2) first and then Egs. (2.5) and (2.6), one can
readily get

Vit Vi 1+R/X _RjR +X
Vi+ V., 1+ X/R, XR,+X

an

To solve (Vi + V3)/(Vs + V;)and (V;, + Vg)/(V5 + V¢), the
extended polymerization rate equations in Eqs. (3.1) to (3.8) were used.

Equations (3.2) and (3.7) can be rearranged into the form of Egs.
(12) and (13):

_ KJA] + K;[B]
KJ[A] + K;B]
KJA] + K;[B]
KAl + K;[B]

[AAB] [BAA] (12)

(BBA] = [ABB] (13)
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Substituting [AAB] in Eq. (3.3) by Eq. (12):

. Ki[Al + K;[B]

Ki[A K;[B]))[ABA] = =se ol T s

(Ky[A] + K5[BDIABA] = K;[A] KAl + K{[B]
or

LOGY Ki[A] + K(B]

Ky[A] + K;[B] Ky[A] + K;[B]

KAl
Ki[A] + K;[B]

[ABA] =

[BAA]

[BAB]

Substituting [AAB] in Eq. (3.4) by Eq. (12):

Ki{A] + K([B]

(K,JA] + K;{B])[ABB] = K;(B] KAl + K3[B]
2 2

[BAA]

+ K[B][BAB]
or
KAl + K5[B]  K;[B]
KA] + KiIB] K;[A] + K;[B]

[ABB] = [BAA]
K¢[B]

———4—— [BAB]
Ki[A] + K;[B]

Substituting [BBA] in Eq. (3.5) by Eq. (13) gives
(K[A] + K5[B])[BAA] = K;[A][ABA]

KJA] + K;[B]

KA AT KB

[ABB]

Substituting [BBA] in Eq. (3.6) by Eq. (13) gives
(X([A] + K¢[B])[BAB] = K;[B]{ABA]

K,A] + Ki[B]

* KBl (Al + ko8]

[ABB]

or

K;I[B]J[ABA]

[BAB] = —— 212122
K¢[A] + K4[B]

KiA] + Ki(B] K;[B]
K([A] + K§[B] K;[A] + K;[B]

[ABB]

[BAA]+ K [A][BAB]

1071

(14.1)

(14.2)

(15.1)

(15.2)

(16)

(17.1)

17.2)
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Substituting Eqgs. (14.2) and (15.2) for [ABA) and [ABB], respec-
tively, in Eq. (16):

Ki[A][BAA] Ki[A] + K[B]
Ki[A] + K;[B] K,[A] + K;[B]

(KsIA] + K5[B])[BAA] = K,[A]

Ky[AlK[A] Ks[A] + K5[B] _K;[AlK;[B]
———————— [BAB BAA
Ki[A] + K;[B] (BAB] + K)[A] + K;[B] K5[A] + K;[B] [BAA]
K;[AlK§[B][BAB]

K;[A] + K;[B]
or

LOGY Ky[A]
Ky[A] + K;[B] K;[A] + K;[B]

(Ks[A] + Ké[B])[BAA]<1 -
_ K;(B] K5{A]
KiA] + K;[B] K;[A] + K7[B]

K/ {AK¢([B] >
K;[A] + K;[B]

Ky[AIK([A]
i[A] + Ki(B]

> = [BAB]

or

_ Ky[A] KilA] _ K:(B] Ki[A]
KilA] + K:[B] K5[A] + K3[B]  K[A] + Ki([B] K5[A] + K5[B]

(K;[A] + K;[B] KAl + KAl + K5[B] K¢[B] |[BAB]

1
" [BAAJ(K,[A] + K;[B])

(18.1)

Multiplying both sides of Eq. (18.1) by V, = (K,[A] + K;[B])[BABI:

_ KilAl Ki[A] _ K;([B] Ki[A]
KiA] + K3([B] Ki[A] + K5[B]  K;[A] + K3[B] K;[A] + K5(B]
Ky[A] KslAl + Ki[A] Ks(B]

Kij[A] + K;[B] K(lA] + K4[B] ~ K;[A] + K;[B] K([A] + K¢[B]

= (KAl + K¢[BD[BAB] _ V¢ + V¢
(KAl + Ks5[BD)[BAA] Vs + Vs

(18.2)
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Notethat (V; + V¢)/ (Vs + Vi) = (V5 + V§)Y/(V, + V;) if Egs.
(3.5) and (3.6) are divided by one another. Thus, Eq. (18.2) can be
written as

Vi + vV
V. + V,

L X X __Ki/K, X
B X+ K)/K, X + Ky/Ky, X + Ky/K, X + Ki/K,

X X X Ki/K, (18.3)

+
X+ Ki/K, X + Ki/K, X + Ki/K, X + K;/K,

From Eqgs. (2.1) to (2.8), the following equation can be obtained:

X X RY X
Vi+ Vi X+R/X+1/R.X+R;X+ 1/RV
V, + V, X X X R}

+
X+1/RIX+R, X+1/R'X+R!
1 (1 R’2"1+R’{X>
N R X 1+R!X

R; X + RY £+ﬂl+XR'{>
X X+R,\R% R/ 1+ XRV

(18.4)

‘Similarly, as we have done to obtain Egs. (18), by simultaneously
substituting Eqgs. (16) and (17.2) into Eq. (15.1) to replace (K[A] +
K{[B])IBAA] and [BAB], respectively, the following equation can be
easily derived:

K;[BIK;[A][ABA]

(KiA] + Ki[B])[ABB] = K,1A] + Ki(B]
2

Ki[BIKGIAlKJA) + KilB] |\ oo KiIBIKG(B]

[ABA]
Ki[A] + K;[B] K;[A] + K;(B] K(A] + K[B]

Ki[BIK7[B] Ki[A] + Ki[B]

[ABB]
K(A] + K([B] K5[A] + K;[B]
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or
_ K;(B] K;(B] _ K;[B] K;[A]
Ki[A] + K4[B] K;[A] + K7[B]  K,[A] + K;[B] K5[A] + K5(B]

KB ey KB )
<K6[A] + K.[B] K;[B] + K,IA] + K;[B] K,[A] JIABA]

1
" [ABAJ(K,[A] + Ki[B])

(19.1)

Multiplying the two sides of Eq. (19.1) by (K;[A] + K;[B])[ABA]:

_ Ks(B] K;(B] _ K;(B] Ki[A]
Ki[A] + K4[B] K5[A] + K5[B]  Ki[A] + K3(B] K5[A] + K7[B]
Ks(B] K;(B] + K;[B] LG

KoA] + Ki[B] K3[A] + K;3[B]  Ky[A] + K;[B] K;[A] + K;[B]

_ (KIA] + K5[BDI[ABA] _ W + V5
(KAl + K([BDIABB] V. + V;

(19.2)

From Eqgs. (3.3) and (3.4), (V; + V))/(V, + Vi) = (V, + V)/(V;
+ V§), and therefore
Vo+ Vs _Vi+ V5

Vi+ V. V.+ Vi

- 1 1 B 1 XK./K}
_ XK/Ki + 1 XK,/K) + 1 XK,/K; + 1 XK,/K) + 1 (19.3)
1 1 _ 1 XK,/K;
XK/K; + 1 XK./K; + 1 XK, /K + 1 XK,/K} + 1
From Eqgs. (2.1) to (2.8), Eq. (19.4) follows:
. 1 1 B 1 R"X
V,+ Vi X/RY + 1XR7 +1 X/RY + IR'X + 1
vV, + vV, 1 1 . 1 XR?
X/R, + 1 XR" +1  X/RY + 1 XR + 1
L L4 KRG, X+ RE)
_ XRi 1+ XRj X + R} (19.4)
1 Ry X + R?
ey + N5 XL RE)
X XR] X + R}

Substituting Eqgs. (10), (11), (18.4), and (19.4) into Eq. (8), we get
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1 + R;x(ﬂ)
1 + RIX
1 <1 RY 1 + R’,’X)
R1X X 1 +R7X
RIRY +X(X RV 1+ R’,’X>
dA X R, + X\R; R7 1+ RUX
dB 1+ Ri (R, + X>
X \R; + X,

1 1+R|X<R,l,,X+R2 +X>
R/X1+RI'X R} + X
1 < R Ry + x)
—_ RIII + e
x\"? "RIXR{+ X (20)

Equation (20) is the same as that obtained by Price [24] by using the
Markov process theory, and when compared with that of Ito [27], an
error was found. The rg (in Eq. 21 in Ref. 27, corresponding to R in
this paper) in (rg/x)(1 + rix)/(1 + rz x) should be replaced by rg'.
This can also be checked by substituting Ito’s Relation (16) into Eq. (20)

"

in his paper, which gives rg’ instead of the aforementioned rg.

CONCLUSION

Based solely on the steady-state assumption for free radicals in binary
copolymerization systems with an antepenultimate effect, a copolymer
composition equation is derived through classical kinetic theory. This
equation is in the same form as that previously obtained from the Mar-
kov process or the statistical stationary process, but without the need
for any other principles or assumptions than the steady-state assumption
for free radicals. An error in the earlier reported equation was found
when it was compared with the newly obtained equation.
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