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ABSTRACT: The propagation and termination processes in free-radical copolymerization were examined
on the basis of a complete set of experimental data carefully obtained for the bulk copolymerization of methyl
methacrylate (MMA) and vinyl acetate (VAc) at 40 °C by use of the rotating-sector technique. The composition
curve conformed to the terminal model within experimental error. However, a moderate penultimate-unit
effect was observed for the terminal MMA radical (s; = ka;1/k11 = 0.4 £ 0.2), in conformity to the prediction
of the stabilization energy model. The concentration of the terminal VAc radical was too small to elucidate
the details about this radical. The termination process in this system conforms to the notion of diffusion
control, but the North diffusion model was found inadequate. Alternative, simple, no-parameter models were

proposed, which described the experiments better.

Introduction

Recent experimental studies have disclosed a funda-
mental defect of the classical notion of free-radical
copolymerization.l-1® Namely, it was observed in many
systems that the terminal model or the Mayo-Lewis
scheme!! fails to predict absolute values of the propagation
rate constant &, of copolymerization, while it describes
the composition (and sequence distribution) formally well.
This phenomenon was shown?® to originate in a penulti-
mate-unit effect (PUE) and led to the postulate that radical
stabilization energies are influenced by penultimate
units.1%13 This “stabilization energy model” predicts the
simple relation

Iy =88, (1)

where r; and r; are the monomer reactivity ratios, which,
according to this model, are independent of composition,
and s; and s; are the radical reactivity ratios defined by
§1 = ka11/k111 and s2 = kigo/kaese, with kijm being the rate
constant of the reaction of radical ~ ~ ~ ~ ~ ~{j* with
monomer m (i, j, m = 1 or 2). This correlation of r; and
8; seems to exist actually.141?

In this paper, we present a complete set of experimental
data carefully collected for the bulk copolymerization of
methyl methacrylate (MMA) and vinyl acetate (VAc) at
40 °C by use of the rotating-sector technique.! Most of
the systems previously studied with respect to &, involved
styrene or its derivative as a comonomer. It will be
important to study non-styryl systems, too, to obtain a
more general understanding. Accordingtoeq1,the MMA/
VAecsystem (r1r2 = 0.39, see below) should show a moderate
PUE.

Another interest in this system concerns the termination
process. Previous studies have shown that the termination
step in copolymerization is, like in homopolymerization,
diffusion controlled,!+!¢ but details are still unknown.
The termination rate constant of VAc!7-19 is more than an
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order of magnitude larger than that of MMA. This makes
model discrimination much easier than in other systems.
It will be rather conclusively shown here that the North
diffusion model is inadequate to describe this system. A
preliminary brief account of this work has been presented
in a review article.!®

Experimental Section

Commercially obtained monomers MMA and VAc (Wako
Chemical Co., Japan), initiators 2,2’-azobis(isobutyronitrile)
(AIBN) and 2,2’-azobis(cyclohexane-1-carbonitrile) (ACN; Na-
calai Chemicals, Japan), and inhibitor 4-hydroxy-2,2,6,6-tet-
ramethylpiperidinyl-1-oxy (HTMPQ; Eastman Kodak Co., Roch-
ester, NY) were purified as described previously.!

The compositions of MMA-VAc copolymers were determined
by !H nuclear magnetic resonance (NMR) on a JEOL PM X 60SI
spectrometer. Representative spectra are shown in Figure 1.

Other experiments performed involved determining the ini-
tiation rate, the volume contraction factor, the steady-state
polymerization rate, and the radical lifetime, as a function of
feed monomer composition f;. Each experiment was carried out
as described previously.!* Care was taken to keep conversions
low enough so that composition drifts with conversion may be
neglected. This was important particularly for low-f, runs (f; <
0.05), for which drastic changes in the copolymerization rate and
copolymer composition F; were expected to accompany a small
change in f;.

Results

Volume Contraction Factor. The volume contraction
factor I'°, defined as the decrease of the system volume
(in milliliters) per unit mole of the monomer mixture
converted to polymer at zero polymer concentration, was
calculated according to the equation previously proposed.!
Values of the relevant parameters were determined by
density measurements and are reported in Table I. The
values of I'° thus estimated should be correct to +£1%.

Initiation Rate. The initiation rate R; for the AIBN
initiator was determined by the inhibition method using
HTMPO. Well-defined inhibition times were obtained
in all cases with f; = 0—1. As Table Il shows, the effective
initiator decomposition rate constant 2f'k4 in this system
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Figure 1. "TH-NMR spectra of (a) VAc, (b) MMA-VAc copolymer
(f1 = 0.11), and (¢) MMA, in CDCl;.

Table I. Values of the Volumetric Parameters for the
MMA(1)/VAc(2)/40 °C System*

Vi 108.61 Via 81.20
Vs 95.00 Via 81.70
10%a;5 -2.60 Voo 71.98
AVie 2.90 Vau 71.55

8 For the symbols, see ref 1: Vs and AV are in mL mol.
Table II. Inhibition Times of the MMA/VAc/AIBN/

HTMPO/40 °C System
102[AIBN] 104[HTMPO] tid 108(2f'ka)
fi° (mol L) (mol L-1) (min) &
0.000 4.902 2.170 135 0.547
0.111 4.782 2.045 136 0.525
0.193 6.592 3.751 175 0.542
0.294 5.870 2.704 143 0.5637
0.405 7.005 3.969 181 0.522
0.426 4.620 2.086 143 0.526
0.572 5.398 3.650 217 0.519
0.636 4.778 2.207 140 0.549
0.772 6.930 3.787 170 0.536
0.871 4.771 2.123 141 0.525
1.000 0.535°¢

s Mole fraction of MMA. ? Inhibition time. ¢ From ref 1.

depends very little on f; and can be given by
2f'ky X 108 = 0.547 - 0.012f, (ins™) [0)

Steady-State Polymerization. The overall copolym-
erization rate R, is given by

R, = (k/R,HR}/*M] 3
R, = 2fR4[11 4)

where &, and & are the rate constants of propagation and
termination, respectively, and [M] and [I] are the con-
centrations of the monomer mixture and initiator, re-
spectively. Figure 2 confirms the proportionality of R, to
{I11/2 for two values of f;. Results of steady-state copo-
lymerization are summarized in Table III.

Figure 3 demonstrates the plot of ky/k:!/2 vs f1. It can
be seen that k,,/k:!/2 decreases drastically with decreasing
f1, showing an increasing tendency only at very small f;.
The solid curve in the figure is a best-fit representation
of the data and will be used for the following analysis.
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Figure 2. Plot of R, vs [AIBN]'/2 for the MMA/VAc/AIBN/40
°C system.

Table III. Summary of the Steady-State Copolymerization
of MMA and VAc in the Bulk at 40 °C

104R,/(1)*/?
[M]® 102(I)° Y te [(mol

run  fi* (molLl) (molLY) (wt%) (min) Ff LH)V2g1]

1 0.000 10.526 2.036 14.02045

2 0.586

3 2.644

4 3.164

5 5.273

6 5.7187

7 0.023 10.492 2.026 0.56 118 0.512 0.540

8 0.0565 10.444 2.224 0.85 240 0.669 0.380

9 0062 10434 2.556 1.02 240 0.713 0.424
10 0.085 10.400 1.898 1.99 0.760
11 0.110 10.364 0.423 0.7828"
12 2.416
13 5.836
14 0138 10.332 2.807 1.19 129 0.857
15 0.201 10.231 3.280 3.52 0.872

16 0274 10.129 2.697 1.80 117 0.929 1.441
17 0357 10.013 3.121 2.11 109 0.951 1.682
18 0426 9.921 4.620 2.157#
19 0525  9.791 3.012 4,79 182 0.958 2.660
20 0.839 9.771 2.936 3.14 111  0.974 2.529
21 0.572 9.728 5.398 2.843
22 0649 9.631 3.016 3.74 110 0.982 3.145
23 0735  9.524 2.562 3.82 103 0.987 3.560
24 0.871 9.380 4,777 3.998
25 1.000 4.626¢

@ Mole fraction of MMA in the feed. ® Total monomer concen-
tration. ¢ AIBN concentration. ¢ Conversion. ¢ Reaction time. f Mole
fraction of MMA in the copolymer. ¢ By dilatometry. » Average value.
i Reference 1.

Radical Lifetime. Rotating-sector experiments were
carried out at a dark-to-light time ratio of 2. Some raw
experimental data are presented in Figure 4. A well-
defined lifetime 7 could be determined for all values of f;
examined. The results are summarized in Table IV.

Discussion

Composition Curve. Reported r; and r; values of the
MMA/VAcsystem are considerably scattered,?! and some
of those r; values are even negative, implying the inap-
plicability of the terminal-model scheme.

Figure 5a shows the composition curve obtained in this
work. The data were fitted tothe Mayo—Lewis equationi!
by a least-squares method to obtain the solid curve in the
figure with r; = 27.8 and r; = 0.014. The differences
between the observed and calculated compositions are
magnified in Figure 5b, in which no deviations exceeding
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Figure 3. Plot of k,/k1/2 vs f; for the MMA/VAc/AIBN/40 °C
system. The solid curve is the best-fit representation of the
experimental data shown by the circles. The broken curves
represent the Walling equation! with the values of ¢ indicated
in the figure.
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Figure 4. Plot of R,/R,L vs log t for the MMA/VAc/ACN/40
°Csystem: (a) f =0, [ACN] =0.356 X 10~ mol L}, and R,p/RL
=0.128 (r = 1.40 s, the solid curve); (b) f; = 0.531, [ACN] = 9.25
X 102 mol L}, and Rpp/R;r = 0.172 (r = 1.77 8), where £y is the
duration of the light period, and R, Ryp, and R, are the
polymerization rates in the light, in the dark, and with inter-
mittent illumination, respectively.

Table IV. Summary of the Rotating-Sector Experiments
for the MMA(1)/VAc(2)/40 °C System

103[ACN] 10°R;1

fi (mol L) (mol L1 s71) Ryp/RoL T (8)
0.000 0.305 4.350 0.137 1.16
0.356 4.058 0.128 1.40

0.420 4.082 0.123 1.38

0.042 20.866 0.847 0.169 0.97
0.060 24.307 0.947 0.151 1.46
0.110 16.610 1.418 0.172 1.12
0.207 20.374 1.776 0.138 1.86
0.286 20.728 2.287 0.130 1.565
0.350 10.590 2.898 0.159 1.81
0.531 9.250 4.263 0.172 1.77
0.704 7.390 4,130 0.196 2.12

experimental uncertainty (about £1.5%) or a systematic
trend can be observed. Thus the composition curve of
this system may be described by the terminal model, at
least to a good approximation.

Propagation Process. The values of k, obtained by
combining the k,/k:'/? and kp/k; data are listed in Table
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Figure 5. (a) Plot of F; vs f; for MMA/VAc copolymers. The
solid curve represents the Mayo-Lewis equation with r; = 27.8
and ry = 0.014. (b) Plot of AF = F sbed = F1caled V8 f1.

Table V. Values of k; and k&, for the MMA(1)/VA(2)/40 °C*

System
102k Rel/?) ® ko 10"k,
fi [Lmols /2] 10%ky/ky) (Lmolts?) (Lmol!s)
0.000 18.01 0.479 6800 140
0.540 6000 110
0.535 6100 110
0.042 0.58 0.079 43 5.4
0.060 0.62 0.132 29 2.2
0.110 0.87 0.153 49 3.2
0.207 1.45 0.323 65 2.0
0.286 1.97 0.352 110 3.1
0.350 2.40 0.523 110 2.1
0.531 3.64 0.771 172 2.2
0.704 4,84 0.915 256 2.8
1.000¢ 6.92 1.26 377 3.0

¢ The viscosity n of this system is given by 7 = 0.455f1 + 0.340f,
(in ¢P). ® Value read from the solid curve in Figure 3. ¢ From ref 1.

V. One of the notable features of this system is the
extremely large k;, exhibited by one of the pure monomers,
VAc (kp, = 6300 L mol! s! at 40 °C). This value is
considerably larger than those obtained by Atherton and
North (988 at 30 °C and 3600 at 60 °C)? but nearly
consistent with the value due to Yamamoto et al. (3500 at
30°C),8if the temperature difference is taken into account.
In the examined range of composition (f; 2 0.042), the &,
values are smaller than the VAc value by 1 or 2 orders of
magnitude.

InFigure 6, k, is plotted as a function of f; and compared
to the prediction by the terminal model:!

T ="1"12'*'*‘Zflfz'*"'Jz2
Poorfky +rofolky,

Evidently, the experimental points show deviations from
the model. These deviations are not very large but quite
systematic, and some of them exceed the experimental
error limit of £20%.! Thus we conclude that the prop-
agation step of this system does not obey the terminal
model.

The &y, of VAc has been known to show a strong solvent
effect.™-1° For example, it was observed that the k;, in the
solutions with aromatic solvents like benzene and chlo-
robenzene becomes smaller by an order of magnitude (or
more) than in the bulk,!® or in ethyl acetate,l” and this
phenomenon has been interpreted in terms of a reversible
complex formation between the propagating radical and
aromatic solvents.!”!® In the bulk copolymerization of
VAc and MMA, which involves no aromatic molecules,

5)
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Figure 6. Plot of k, vs f, for the MMA/VAc/40 °C system: the
circles were measured, and the solid curves represent the
penultimate model with r; = 27.8, r; = 0.014, ky; = 377 mol L-!
871, koge = 6300 mol L! s, and s (=s; = s3) as indicated in the
figure. The broken curve shows the terminal model (s = 1).

such a drastic environmental effect is not expectable.
Moreover, since r; is about 1/2000 of r; (see above), it is
clear from eq 5 that the &, is totally independent of the
value of kg2 in the studied range of fi (=0.04), only if ks
2 k1. In other words, even if the kg in a given monomer
mixture should be reduced by a factor of 1/20 from the
bulk value for some reason or another, the value of k,
would remain virtually constant. A “solvent effect” on ki;
is more hardly expectable for this system. For these
reasons, the observed failure of the terminal model should
be ascribed to a PUE, not to an environment effect.?

The penultimate-model expression for &, is given by eq
5 with k11 and kg replaced by k11 and Ego:l#

Ry = Ry (rfy + £/ (rofy + 8,7 ®)

7322 = Rogo(rof o + f)/ (rofy + 32_1f1) )

where r; and r; are assumed to be constant (see above),
and ki1 and kg denote the rate constants of the
homopolymerizations. As mentioned above, the &, of this
system is insensitive to ko, which, in turn, means that it
is absolutely impossible to determine the value of ss. For
this reason, we simply assume that s; = s3 =s. The two
solid curves in Figure 6 represent the penultimate model
withs = 0.6 and 0.2, respectively. Most of the experimental
points lie between them, and we estimate that s; = 0.4 +
0.2, leaving s; undetermined. This magnitude of PUE
appears to be in line with the prediction of the stabilization
energy model (see the Introduction).

Termination Process. Previous studies have clearly
shown that the termination step of radical copolymeri-
zation should be understood as a diffusion-controlled
process.l Hence, this process is relevant to the molecular
or segmental motions of growing radicals, and this poses
a physical problem that is particularly difficult to solve
inarigoroussense. Several approximate treatments have
been proposed, of which the model of Atherton and North20
assumes that k; depends on the mean composition of the
copolymer such that

k, = Fik, + F)k,, (model 1) (8)

where the kys refer to the homopolymerizations. As
another extreme case, one could assume that %; depends
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Figure 7. Plot of & vs f; for (a) MMA/VAc¢/40 °C and (b) ST/
EA/40 °C* systems. The circles were measured, and curves 1-4
represent the termination models 1-4, respectively (see text).

only on the “composition” of the active terminal unit. By
analogy to eq 8, one could write

k.= Pk, + Pk, (model 2) 9

where P; (P + P; = 1), the relative population of radical
i, can be known, provided the propagation model is
known: for the penultimate model with composition-
independent ry and ry, P; is given by

Pl/P2="1f1/E11/"2f2/Ezz (10)

In a previous paper,* we have proposed another simple
model that appears to be physically more realistic than
model 1:

E'=Fk, '+ Fk,"  (model 3) (11

This model is based on the averaging of the friction
coefficient of the copolymer molecule with respect to the
composition. Similarly, the averaging of the friction
coefficient of the terminal unit gives model 4, as an
alternative to model 2:

k' =Pk, + Py (model 4) 12)

No adjustable parameter is involved in any of these four
models.

In Figure 7a, the observed values of k; for the MMA/
VAc system are compared with the four models. For a
complete discussion, we have reproduced the k; data for
the styrene (ST)/ethyl acrylate (EA) system in Figure 7h.
(At this time, k; data are available for five more
systems.!-310.16 However, those data can be described
nearly equally well by all or more than two of the models,
not permitting unequivocal discrimination of the models.)
Among the four models, models 1 and 2 are conceptually
similar, and models 3 and 4 belong to the same group. The
first model in each group (1 and 3) assumes that the whole
chain is important in determining the “diffusion” of the
radical, while the second one in each group (2 and 4) stresses
the importance of the terminal unit. A correct answer
would fall between these two extremes. Viewed from this
point, Figure 7 rather conclusively indicates that the former
group of models (1 and 2) fail to describe the experiments.
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In particular, the failure of model 1 to describe the MMA/
VAcsystem is most evident. On the other hand, the latter
group of models, particularly model 3, seem to describe
the two systems reasonably well. Excepting those due to
Sato et al.,'® who observed a seemingly peculiar &; vs f;
curve, other k; datal~316 are describable by either model
3 or 4 (or both), at least approximately.1®

This seems to indicate that the termination is controlled
by one or more units at the chain end. As the number of
units of this “active” portion of the chain increases, its
composition rapidly approaches that of the whole chain.
Namely, it is suggested to write

sz = Cn,lktfl + Cn.ZktZ—l 13)

where C,; (=1 - Cp9) is the composition of the active
portion of the chain end comprising n units (C..; = F; and
Cy1 = Py). The number n may or may not depend on
systems. For sufficiently large n, the underlying concept
becomes similar to that of Ito and O'Driscoll,'6 whose model
is numerically close to model 3. A similar concept is also
shared by Russo and Munari,?2 who stress the importance
of the terminal two units, even though their model itself
should be grouped into “chemical” models.

Presumably the termination in copolymerization is a
more complicated process in which many other factors
would take part. To what extent the simplification
embodied by eq 13 is permissible and what is the optimum
value of n are important questions to be answered with
more experimental data of high quality.
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