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ABSTRACT

The copolymerization kinetics of the ethyl acrylate/styrene/azo-
bis-isobutyronitrile /benzene/ 50°C system was found to deviate
from the classical rate equation of copolymerization. The experi-
mental results could not be interpreted by the diffusion theory,

the penultimate effect, or the theory of electron donor-acceptor
complexes. Our kinetic data were consistently described by the
theory of hot radicals, and the 13 parameters characteristic

for the copolymerization system were determined from an ade-
quate number of data at different compositions by a nonlinear
least-squares method.
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As early as the kinetic investigation of copolymerization began,
several systems were reported to deviate from the classical treat-
ment of copolymerization, The value of the & constant in the rate
equation of copolymerization indicated that the rate equation (1) does
not properly describe certain copolymerization systems:

V\'ll/2 (plml?‘ + 2mimz + pzmzz)
Wz =
(p126:%m; % + 23p1p26:62 mum, + p226 2°m2?)

1

1/2

where m; and m: are the concentrations of the monomers, p: and p2
are the reactivity ratios, 6, and 6 » are the ratios ks'/?/kz in the
homopolymerization of both monomers, whereas k. and ks are the
rate constants of chain propagation and chain termination,

The most striking deviation was observed in the copolymerization
of styrene with butyl acrylate [ 1, 2] where the value of &, calculated
on the basis of Eq. (1) from experimental data, increased two orders
of magnitude in the function of monomer composition.

Such phenomena were interpreted in different terms. The most
prevalent theories are:

1. North diffusion theory [ 3] which relates the rate constant of
termination to the viscosity of the reaction mixture.

2. The theory of electron donor-acceptor complexes [ 4] which
attributes the deviation from Eq. (1) to the formation of comonomer
complexes and their role in chain propagation.

3. According to the theory of penultimate effect, the reactivity
of the growing radical depends on the structure of the last two
monomer units on the chain end [ 5-7].

4, The theory of hot radicals [ 8] which considers the reactions
of vibrationally excited, so-called hot radicals which are produced
in the chain propagation reaction and have an excess energy arising
from the reaction heat and activation energy.

The kinetic description of ethyl acrylate/styrene copolymerization
was attempted on the basis of these theories, and the agreement be-
tween the different kinetic models and the experimental data was
checked. Our earlier results concerning the kinetics of homopolym-
erization of both monomers [ 9, 10], the kinetics of initiation in
ethyl acrylate/styrene copolymerization [ 11], and the composition of
copolymers [ 12] were used as complementary data in the analysis.,

The homopolymerization kinetics of ethyl acrylate and styrene in
solution was shown to be in contradiction with the conventional kinetic
treatment, the North diffusion theory, and the theory of electron
donor-acceptor complexes, We were successful in describing the
kinetics of these systems on the basis of the theory of hot radicals,

Our results on the homopolymerization of monomers unambigu-
ously indicate that the free radical copolymerization of ethyl acrylate



20: 42 24 January 2011

Downl oaded At:

KINETICS OF FREE RADICAL COPOLYMERIZATION, VIO 349

10

St
O

0.25 0.50 0.75 1.00
Xea

FIG. 1. Wz/Wl.l/ 2 as a function of the molar fraction of ethyl
acrylate at constant overall monomer concentrations in EA/St/AIBN/
Bz/50°C copolymerization. Solid line: Theoretical curve, m; + mz:
(o) 0.965 mol/dm®, ( o) 2.09 mol/dm®, (o) 3.85 mol/dm’, () 6.64
mol/dm®,

with styrene cannot be interpreted by either the diffusion theory or
the theory of electron donor-acceptor complexes.

RESULTS

Our experimental process was described earlier [ 12]. The rate
of copolymerization was determined by dilatometry. The dilatometric
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FIG. 2. W2/W,/? as a function of the molar fraction of ethyl
acrylate at constant overall monomer concentrations in EA/St/AIBN/

Bz/50° C copolymerization, Solid line: Theoretical curve, m; + ma:
(o) 1.43 mol/dm®, ( o) 2.83 mol/dm*, ( o) 5.23 mol/dm®, ( o) bulk.

constants were calculated according to Wittmer's method [ 13]. The
molar ratio of monomers was gradually increased at constant overall
monomer concentration within one series of experiments, The overall
monomer concentration was varied between 0,965 and 8.86 or 8.45
mol/dm*®. Copolymerization rates at different compositions are shown
in Figs. 1 and 2. The values of W normalized to uniform W, =1
initiation rates are shown as a function of the molar fraction of
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ethyl acrylate
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(XEA‘ )
+m

Mpp + Mgt

at different overall monomer concentrations.

DISCUSSION

The numerical values of & as a function of monomer composition,
calculated from experimental data on bulk copolymerization on the
basis of Eq. (1), indicate that the classical rate equation does not
correctly describe this copolymerization system (see Table 1), The
same fact is reflected by Fig. 3, where the values of Wz/W:'/*(m, +
mz) are shown as a function of overall monomer concentration at
constant XEA® The trend is in inherent contradiction with Eq, (1),

which can be rearranged to yield

W2

“/11 /Z(ml + mz)

p1x1? + 2x1(1 - x1) + pa(l - x1)?

(p12512)(12 +28p1p26,62x:(1 - X1) +P22522(1 - Xl)z)l/z
(2)

The right side of this equation contains only one independent variable
X1, and if x: is constant, the expression calculable from experimental
data on the left side of Eq. (2) should alsc be constant,

The deviation observed cannot be explained by the formation and
reactions of electron donor-acceptor comonomer complexes,

In the presence of such complexes the greatest degree of deviation,
both in the composition of copolymers and in the rate of copolymeriza-
tion, occurs at the monomer composition corresponding to the com-
position of the comonomer complexes, Our experimental results
clearly show that this kinetic model is not valid in EA/St copolymeri-
zation (see Ref, 12 and Figs. 1 and 2).

The penultimate effect on the reactivity of growing radicals in
chain propagation should be detected in the composition of copolymers.
Our experimental copolymer composition data, however, could be
described by the classical composition equation [ 12], indicating, that
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TABLE 1. & Values as a Function of Composition Calculated Accord-
ing to Eq. (1) in the Bulk Copolymerization System of EA/St/AIBN/
50°C (B p = 0-106, bg = 6.92, pp, = 0.152, pg, = 0.787)

m

MEA St
(mol/dm®) (mol/dm®) &
8.69 0.166 25,6
8.52 0.325 38.7
7.99 0.832 44,6
7.16 1.63 69.1
6.26 2.48 99.9
4,44 4.22 153
3.50 5.12 196
2.53 6.03 182
1.76 6.77 191
0.856 7.64 333
0.479 7.99 417
w, EA-ST-BZ E—EL 3

2 ST

Wy (mymy) ° o

0.03 " e —

0.02

0.01

]
0.25 0.50 0.75 (EA ST 1.00

FIG. 3. Wz/Wi Iz {m: + mz) as a function of the overall monomer
concentration in EA/St/AIBN/Bz/50°C system at constant mp, A/mSt =3,
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the effect of the penultimate monomer unit on the reactivity ratios is
negligible in this system; that is, p1 = pi' and p2 = pa'.

The penultimate effect on the flexibility of chain end and on the
reactivity of growing radicals in chain termination are considered
by the following rate equation by Russo et al. (s, 7 IE

(ml + mz)W21/2

Waz
x+1

p12x® +3pix% + pipax +p2 + 2%

s p2x(p1x + 1) p27(p1x + 1)
PL X 61 +p1X6 21 +"~'—~——'——612 +"'—‘_—‘*62
pz +X Pz +X

(3)

where x = m;/ma.
Equation (3) can be rearranged to contain only the x variable
independent of dilution in its right side:

W

wh/2 (m; + m3z)

p12%® + 3p1x% + 2X + p1PaX + P2

y s p2x(pix + 1) p2? (pax + 1)
(x+1) (pr°x76 1 + p1x021 + ————— d12 +—383)
P2 +X p2 +X

(4)

As a consequence, the expression on the left side of Eq. (4) should not
depend on the overall monomer concentration provided the ratio of
monomer concentrations is constant. According to Fig. 3, this con-
dition is not met in our system. In other words, the rate of copolym-
erization is different from that given by Eq. (4). Considering the fact,
however, that this model was reported to be valid in some systems,
among others in ethyl acrylate/styrene/azo-bis-isobutyronitrile/
benzene (EA/St/AIBN/Bz) copolymerization [ 13], we attempted to
apply this kinetic form to our results,

The constant 6:2 and 021 can be determined from the linear form
of Eq. (3) [ 6] as shown in Eq, (5). All our experimental data are
presented according to Eq. (5) on Fig. 4. In the calculations the con-
stants p1 and p2, determined earlier [12], and the constants 6; and
02, obtained in the bulk homopolymerization of both monomers [9, 10],
were utilized. The constants 6;2 and 621, determined by linear
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FIG. 4. Evaluation of EA/St/AIBN/Bz/50° C copolymerization sys-
tem according to the penultimate theory,
Wll/z (ml + ma)

A= ———-—————~(plx2 +3x+2/p1 + pa +Ppa/pPiX ~ P1x 6,
Walx + 1)

-{ p2® (prx + 1)/pix(pz + %)} 62
B =pa(pix + 1)/pi(p2 + x)
m; + maz: (X) 0.965 mol/dm®, (2) 1.43 mol/dm®, (o) 2.09 mol/dm®,

(v) 2.83 mol/dm®, ( ¢) 3.85 mol/dm®, (+) 5.23 mol/dm®, ( o) 6.64
mol/dm®, ( V) bulk,
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(my + mz)Wi/?
b2y = — - (p1X® + 3% +2/p1 + P2 +P2/p1X) - p1X01
(x + 1)W2
p2?(pix + 1) pa(prx + 1)
-—0by ~ ——————— 02 (5)
pix(pz + X) pr(p2 + x)

regression as the slope and intercept, are summarized in Table 2.
The regression coefficient is also given at each overall monomer
concentration. Both Fig. 4 and the data in Table 2 prove that the
penultimafe model is not valid in our copolymerization system, The
experimental data according to Eq, (5) on Fig, 4 do not fall on a
straight line, and the constants 6:2 and 621 systematically decrease
as a function of the overall monomer concentration. The constant
821 is even negative, which is impossible. Figure 4 also indicates
that deviation from the straight line can be observed only in the
region of molar fractions XEA < 0.2, and it is especially significant

at low overall monomer concentrations. As a consequence, if the
investigation is not extended to these regions, no deviation from the
straight line occurs and Eq. (3) seems to describe the rate of
copolymerization,

TABLE 2, 6;2 and 62: Constants Calculated as a Function of Overall
Monomer Concentration on the Basis of Eq. (5) Using the Constants
6, = 0,106, 6. = 6,80, p» = 0.152, p> = 0.787

m + mg (mol/dmx) 012 021 by

0.965 73.0 -155.8 0.748
1.43 37,0 -50.3 0.866
2,09 22,0 -20,3 0.928
2.83 23,7 -20.4 0.884
3.85 27,6 -31,0 0.862
5,23 22.3 -22.0 0.845
6.64 15.7 -6.99 0.939
Bulk 14.2 -3.05 0.964
3.02 31.5 -38.1 0.861
5,02 25.7 -28,2 0.878

3pata by Wittmer [ 13].



20: 42 24 January 2011

Downl oaded At:

356 FEHERVARI, FOLDES-BEREZSNICH, AND TUDOS

The kinetic interpretation of EA/St/AIBN/Bz copolymerization
was successful on the basis of the theory of hot radicals, This is
also in accord with our results on the homopolymerization of both
monomers described in terms of this theory. Likewise, the copolym-
erization kinetics of acrylonitrile/methyl acrylate/dimethylformamide
and diethyl maleate/styrene/benzene systems, where the homopolym-
erization of the monomers was evaluated on the basis of the theory of
hot radicals [ 9, 15, 16], could be interpreted by this theory [ 8, 14].

According to the theory of hot radicals [8], eight elementary re-
actions constitute the chain propagation of copolymerization. Besides
the four chain propagation reactions of the classical kinetic model, it
also considers the four chain propagation reactions of the vibration-
ally excited, hot radicals, The rate equation of copolymerization is
formally identical to the classical Eq. (1) [8]:

W2 (pmy? + 2mumz + pama?)
wz:"‘z"’ ~ R ~ 2R 2 2\1/2 (®)
(61 plzmlz +28p1p26162mimy +p2"62"m2°)

In contrast to the classigal rate equation, however, this equation con-
tains four parameters (6:, 82, Pp1, Pz ) which are by definition de-
pendent on concentration:

61 :61/(1+D1), 62 =52/(1 +D2)
N (1+D) N (1 +Da)
pr=pp ———, p2 =pz ———— (7)
P1 Pz
1+—D1 1+——D2
pr* pz*

where D1 and Dz are the deactivation functions defined by the ex-
pressions:

m + mz/p1

D, =
Yz + yigMa + Y18

(8)

m /pz + mz
Dz =

Y22z + Y211 + Y28

Accordingly, the copolymerization is characterized by the 13 param-
eters below:
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Reactivity ratios:
pr =ku/kKiz, pz =kaz /kai, pr¥ = ki */ki 2%,
pz =KkKaz¥/kar* 9)
Deactivation parameters of hot radicals:

yu = k7,1 /K ¥, Y12 = K7,12/K11%, Y1 = Knr,1/Ku¥
(10)

Y2z = Kr,22/Ka2%, Y21 = Kv,21/K22 %, vz = Kq,2/Ka22%
b

Ratios of termination and propagation rate constants in the polym-
erization of the two monomers:

01 =k4,11/2 /K11, 02 =k4,21/2/k22 (11)
And the ® constant containing the rate constants of chain termination:
® = k4,12/k4,11/2 * ky, 22 (12)

A rearrangement of Eq. (6) into a form identical to Eq. (2) would
yield an equation containing the 6:, 62, p1, p2 dilution-dependent
parameters in its right side. As a consequence, our experimental
data presented in Fig, 3 are not in contradiction with the hot radical
theory, whereas they do not fit the classical or the penultimate co-
polymerization model.

A closer examination of Expressions (7) shows that in certain
conditions the classical composition equation may apply for a system
[ 12] where in the chain propagation the reactions of hot radicals
have to be considered, It follows from the Expressions (7) defining
the effective reactivity ratios §: and g that they are independent of
dilution provided that p: = p:* and p2 = p2*.

The 13 copolymerization parameters of the EA/St/AIBN/Bz system
were calculated by a nonlinear least-squares method from all experi-
mental data available on this system: rate of initiation and copolym-
erization, composition of copolymers, and rate of homopolymerization
of both monomers. Including the kinetic data reported earlier by
Wittmer [ 13], the data of 112 copolymerization mixtures of different
composition were analyzed. The parameters obtained are summarized
in Table 3 along with the parameters (where available) determined
earlier by different methods (by investigation of homopolymerization
kinetics and copolymer composition). A satisfactory agreement be-
tween parameters by two different methods is established., According
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TABLE 3. Copolymerlzatlon Determined in the EA/St/
AIBN/Bz/50°C Copolymerization System on the Basis of Eq. (6)

Obtained by different

Calculated method
p1 0.194 0.152 [12]
pr¥ 0.187
61 1.09 0.926 [10]
Yu 0.107 0.129 [10]
Y1z 8.81
71 0.0126 0.0162 [10]
pz 0.828 0.787 [12]
p2¥* 0,796
b2 11.8 11.6 (9]
Ya1 1.40
Yaz 1.77 1.48 [ 9]
ya 0.435 0.521 [9]
3 11.5

to our computation, p1 = p:¥ and p2 = p2¥ and consequently the re-
activity ratios are independent of the overall monomer concentration,
in agreement with our earlier results [ 12]. On the other hand, a
reasonable value of 11.5 was obtained for the constant & independent
of dilution.,

On the basxs of the 13 copolymerization parameters, the theoreti-
cal W2/W,'/? functions were calculated and are shown as solid lines
in Figs. 1 and 2, The deviation of experimental points from the theo-
retical curve is within £10%.

In conclusion, the kinetics of EA/St/AIBN/Bz copolymerization,
like the homopolymerization kinetics of EA/AIBN/Bz and St/AIBN/Bz
systems, are consistently described by the theory of hot radicals.
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