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SYNOPSIS

Polymerization of methyl methacrylate (MMA) was carried out in aqueous sulfuric acid
medium at 30°C using ammonium ceric sulfate (ACS)/methyl ethyl ketone (MEK) and
ammonium ceric sulfate/acetone as redox initiator systems. A short induction period was
observed with both the initiator systems, as well as the attainment of limiting conversion
for polymerization reactions. The rate of ceric ion consumption, Rc,, was first order with
respect to Ce(IV) concentration in the concentration range (0.5-5.5) X 107%M, and 0.5
order with respect to reducing agent concentration in the concentration ranges (0.0480-
0.2967M) and (0.05-0.3912M) for Ce(IV)-MEK and Ce(IV)-acetone initiator systems, re-
spectively. A fall in Rq. was observed at higher reducing agent concentrations. The plots
of R¢. versus reducing agent concentrations raised to the half power yielded straight lines
passing through the origin, indicating the absence of complex formation between reducing
agents and Ce(IV). The addition of sodium sulfate to maintain constant sulfate ion con-
centration in the reaction medium could bring down the R¢. values in the present reaction
systems. The rate of polymerization of MMA, R,, increased with increase in Ce(IV), reducing
agent, and monomer concentrations for the Ce(IV)-MEK initiator. The rate of polymer-
ization of MMA is independent of Ce(IV) concentration and increased with an increase in
reducing agent and monomer concentrations for the Ce(IV)-acetone initiator. At higher
concentrations of reducing agent (0.4-0.5M), a steep fall in R, values was observed with
both the initiator systems. The orders with respect to Ce(IV), MEK, and MMA using the
Ce(IV)-MEK initiator were found to be 0.23, 0.2, and 1.29, respectively. The orders with
respect to Ce(IV), acetone, and MMA using the Ce(IV)-acetone initiator were found to be
zero, 0.42, and 1.64, respectively. Maintaining constant [SOZ7] in the reaction medium
could bring down R, values for the Ce(IV)-MEK initiator system. On the other hand, a
rise in R, values with an increase in [Na,S0O,] could be observed when constant [SO}"] was
maintained in the reaction medium for the Ce(IV)-acetone initiator system. A kinetic
scheme involving direct attack of Ce(IV) on reducing agent, production of radicals, initiation,
propagation, and termination of the polymeric radicals by bimolecular interaction is pro-
posed. An oxidative termination of primary radicals by Ce(IV) is also included. © 1996 John
Wiley & Sons, Inc.

INTRODUCTION

Many oxidation-reduction reactions produce rad-
icals that can be used to initiate polymerization.
The prime advantage of redox initiation is that
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radical production occurs at reasonable rates over
a very wide range of temperatures, depending on
the particular redox system, including initiation
at moderate temperatures of 0-50°C and even
lower. Ceric salts show a high reactivity in aqueous
media' and have been used either alone® or in
combination with reducing agents®® as initiators
of vinyl polymerization. The ceric ion proceeds via
a single-electron transfer with the formation of
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free radicals from reducing agents.® The oxidation
of some of the organic substrates by Ce(IV) is be-
lieved to occur by the direct attack of the ceric
species on the substrate and appears to proceed
by electron abstraction. In some cases the reaction
goes through an intermediate complex. Evidence
of complex formation has not been obtained in
Ce(1V) oxidations of many compounds in sulfuric
and nitric acid media.” !°

Studies have been made in the recent past on
ceric ion initiation of polymerization of vinyl mono-
mers, including graft and block copolymerization in
aqueous acid media, in the literature using various
types of reducing agents,!' 22 and in graft and block
copolymerization the substrate itself can be oxi-
dized®*? by Ce** to initiate the polymerization. At-
tempts have also been made to study the effect of
organic additives on the kinetics of polymerization
initiated by ceric salt reducing agent systems in
aqueous acid media.'?%®

This article describes the study of kinetics of po-
lymerization of methyl methacrylate (MMA) in
aqueous sulfuric acid under nitrogen atmosphere
initiated by ammonium ceric sulfate/methyl ethyl
ketone and ammonium ceric sulfate/acetone redox
pairs.

EXPERIMENTAL

Materials

The monomer MMA (LR, Burgoyne Burbidges and
Co., India) was purified by washing with 5% sodium
hydroxide followed by distilled water and dried over
anhydrous sodium sulfate. The washed monomer
was further purified by vacuum distillation under
nitrogen atmosphere. Acetone (LR, Fischers Inor-
ganic and Aromatics, India), methyl ethyl ketone
(MEK) (LR, S. D. Fine Chemical Ltd., India), and
methanol (LR, Fischer Inorganic and Aromatics,
India) were purified by the standard procedure.
Ferroin solution (AR, S. D. Fine Chemical Ltd.,
India), ammonium ceric sulfate (ACS) (LR, Sar-
abhai M. Chemicals Ltd., India), ammonium fer-
rous sulfate (AR, S. D. Fine Chemical Ltd., India),
and sodium sulfate (LR, S. D. Fine Chemical Ltd.,
India) were used as supplied without further puri-
fication.

Methods

A mixture of monomer and reducing agent in the
required concentration in aqueous solution was

taken in a 50-mL reaction tube (Pyrex) provided
with an inlet and an outlet for the passage of nitro-
gen, and the reaction tube was maintained at 30°C
in a thermostatic water bath. The oxidant solution
of ammonium ceric sulfate in sulfuric acid medium
was also deaerated before adding it to the afore-
mentioned reaction mixture maintained at constant
temperature in the thermostatic water bath. The
polymerization reaction in this reaction tube was
arrested at the required time interval by adding a
slight excess of ammonium ferrous sulfate to the
reaction mixture in this reaction tube. Thus, the
polymers formed for different time intervals were
separated by filtration in sintered crucibles and the
filtered polymers were washed thoroughly in the
sintered crucibles with distilled water and meth-
anol. The washed polymers were dried to constant
weights at 60°C in a vacuum oven, and the percent
conversions of monomer into polymer at different
time intervals were computed from the weights of
these dried polymers. The initial rate of polymer-
ization, R,, was calculated from the slope of the
steady-state zone of the plot, percent conversion
versus time.

Determination of Ceric lon Concentration

The concentration of ceric ion in the reaction was
determined volumetrically with ammonium ferrous
sulfate, using ferrous O-phenanthroline (ferroin) as
indicator. To the reaction mixture in the reaction
tube was added a known quantity of excess ammo-
nium ferrous sulfate solution to neutralize the
Ce(IV) in the reaction medium. The excess ammo-
nium ferrous sulfate was back-titrated with a stan-
dard ammonium ceric sulfate solution. The initial
rate of ceric ion disappearance, R,, was calculated
from the initial slope of the plot, percent consump-
tion of Ce(IV) versus time.

Molecular Weight Determination

The molecular weights of the purified polymers at
different percent conversions were determined by
measuring their intrinsic viscosities with an Ubbe-
lohde suspended level dilution viscometer in a ther-
mostatic water bath, which could regulate the tem-
perature within +0.01°C. The following Mark-
Houwink relationship was employed for poly(methyl
methacrylate) at 30°C in acetone to compute mo-
lecular weights?®”:

[n] = 7.7 X 107° MY
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Figure 1 Rg. versus [Ce(IV)]. [MMA] = 0.08788M,
[MEK] = 0.29665M, [acetone] = 0.3032M, [H,SO,}
=(0.1M, T = 30°C. (0O, @) Ce (IV)-MEK initiator system;
(@, O) Ce (IV)-acetone initiator system; (@, [J) [SOZ7]
=0.122M.

RESULTS

Rate of Ceric lon Disappearance

In the absence of reducing agent, there was no po-
lymerization even after long periods (60 min) and
no reduction of Ce(IV).

Dependence on Ce(IV) Concentration

[Ce(IV)] was varied in the range (0.5-5.5) X 107°M
with all other parameters in each system remaining
constant. It was found that the ceric ion consumption
increases with increasing Ce(IV) concentration. Fig-
ure 1 shows that the rate of ceric ion reduction is
first order with respect [Ce(IV)]. In the present study,
R, falls with the addition of sodium sulfate to main-
tain constant [SO37]in the reaction medium (Fig. 1).

Dependence on Reducing Agent Concentration

The dependence of Ce(IV) reduction on reducing
agent concentration was investigated at a ceric ion
concentration of 3 X 107°M. The concentration of
reducing agent was varied in the range 0.048-0.601M
for the Ce(IV)-MEK initiator system and 0.05-
0.593M for the Ce(IV)-acetone initiator system; all
other parameters in each system remained constant.
The rate of ceric ion consumption increased with
increasing reducing agent concentration up to
0.2967M for the Ce(IV)-MEK system and up to
0.303M for the Ce(IV)-acetone system, showing 0.5
order dependence on reducing agent concentration.
At higher concentrations the rate fell with the re-
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Figure 2 Ceric ion consumed versus reaction time at
different [MEK]. [Ce(IV)] = 0.003M, [MMA] = 0.08788M,
[H,SO,] = 0.1M, T = 30°C, [MEK]: (1) 0.04811M, (2)
0.10022M, (3) 0.20044M, (4) 0.29665M, (5) 0.40089M, (6)
0.4971M, (7) 0.6013M.

ducing agent concentration for both the systems,
respectively (Figs. 2, 3, and 6). An absence of com-
plex formation between reducing agent and ceric ion
was revealed by the straight-line plot of the rate of
ceric ion consumption against the square root of the
reducing agent concentration passing through the
origin (Fig. 6). Under present study, R, falls with
the addition of sodium sulfate to maintain constant
[SOZ7] in the reaction medium (Figs. 4, 5, and 6).
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Figure 3 Ceric ion consumed versus reaction time at dif-
ferent [acetone]. [Ce(IV)] = 0.003M, [MMA] = 0.08788M,
[H.SO,] = 0.1M, T = 30°C, [Acetone]: (1) 0.05M, (2)
0.09781M, (3) 0.1956M, (4) 0.3032M, (5) 0.3912M, (6)
0.4988M, (7) 0.5931M.
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Figure 4 Log[Ce(IV)] versus time at different [MEK].
[Ce(IV)] = 0.003M, [MMA] = 0.08788M, [H,SO,] = 0.1M,
[SO3] = 0.122M, T = 30°C. [MEK]: (1) 0.10022M, (2)
0.20044M, (3) 0.29665M, (4) 0.40089M, (5) 0.4971M.

Rate of Polymerization

A short induction period was detected, which showed
an inverse dependence on Ce(IV) and reducing agent
concentrations. A limiting conversion was attained
with the extent of reaction. Since the consumed ceric
ion was 100% when conversion was maximum, it
was concluded that the attainment of the maximum
conversion was due to the exhaustion of the initiator.
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Figure5 Log[Ce(IV)] versustime at different [acetone].
[Ce(IV)] = 0.003M, [MMA] = 0.08788M, [H,SO,] = 0.1M,
[SO3] = 0.122M, T = 30°C, [Acetone]: (1) 0.0978M, (2)
0.1956M, (3) 0.3032M, (4) 0.3912M, (5) 0.4805M.
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Figure 6 R.. versus [reducing agent]*® [Ce(IV)]
= 0.003M, [MMA] = 0.08788M, [H,SO,] = 0.1M, T =
30°C. (©, @) Ce-MEK initiator system; ({5, A) Ce(IV)-
acetone initiator system; (@, A) [SO?"] = 0.122M.

Dependence on Ce(IV) Concentration

Ceric ion concentration was varied in the range (1-
5.5) X 107*M with all other parameters in each sys-
tem remaining constant. The same polymerization
reactions were also carried out at constant [SO37]
in the reaction medium. The initial rate of poly-
merization with Ce(IV)-MEK as the initiator for
MMA polymerization increased up to 0.003M con-
centration, and later the rate remained constant up
to 0.0055M concentration of Ce(IV) (Fig. 7). Under
present experimental conditions, the rate is depen-
dent on [Ce(IV)]*# (Fig. 7). There was a fall in the
rate of polymerization when [SOZ% | was maintained
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Figure7 logR,versus Log[Ce(IV)].[MMA] = 0.08788M,
[MEK] = 0.29665M, [acetone] = 0.3032M, [H,S0,]
= 0.1M, T = 30°C. (O, ®) Ce(IV)-MEK initiator system;
(@, A) Ce(IV)-acetone initiator system; (@, A) [SO27}]
= 0.122M.
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Figure 8 Log R, versus Log[reducing agent] and Log
R, versus Log[MMA] plots. {Ce(IV)] = 0.003M, [H,S0,]
=0.1M, T = 30°C. (@, @) [MMA] = 0.08788M, (©) [MEK]
= 0.29665M, (A) [acetone] = 0.3032M.

constant in the reaction medium for the Ce(IV)-
MEK initiator system, and the rate was dependent
on [Ce(IV)]®*" (Fig. 7). The initial rate of polymer-
ization with Ce(IV)-acetone as the initiator for
MMA polymerization remained constant in the
concentration range of Ce(IV) studied (Fig. 7). When
the experiments were carried out with constant
[SO?7] in the reaction medium, there was a rise in
R, at lower concentrations of Ce(IV) (= 0.003M),
and at higher concentrations of Ce(IV) the rate re-
mained constant (Fig. 7).

Dependence on Reducing Agent Concentration

The reducing agent concentration was varied for
Ce(IV)-MEK as the initiator in the range 0.1002-
0.4971M and for Ce(IV)-acetone as the initiator in
the range 0.0978-0.4988M. The maximum conver-
sion increased for the Ce(IV)-MEK initiator system
up to MEK concentration, 0.2004M, and for the
Ce(IV)-acetone initiator system up to acetone con-
centration, 0.401M. A decrease in maximum con-
version was observed above these concentrations.
The initial rate of polymerization of MMA using
Ce(IV)-MEK as the initiator increased with an in-
crease in [MEK] up to 0.2967M. At higher concen-
trations of MEK the rate fell with an increase in
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[MEK], and the order with respect to [MEK] was
found to be 0.2 (Fig. 8). The initial rate of polymer-
ization of MMA using Ce(IV)-acetone as the initi-
ator increased with an increase in [acetone] up to
0.3032M. At higher concentrations of acetone the
rate fell with an increase in [acetone], and the order
with respect to [acetone] was found to be 0.42
(Fig. 8).

Dependence on Initial Monomer Concentration

Polymerizations were always carried out within the
solubility range of monomer. MMA concentration
was varied in the range 0.0507-0.1284M. The R, was
found to increase with monomer concentration in
the concentration range studied for both the initi-
ators. The initial rates of polymerizations for MMA
polymerization using Ce(IV)-MEK and Ce(IV)-
acetone as initiators were found to depend on
[MMA]'* and [MMA]"%, respectively (Fig. 8).

Molecular Weight

The molecular weights of the polymer samples ob-
tained at different percent conversions are reported
in Table I. The molecular weight increased with
percent conversion for MMA polymerization using
Ce(IV)-MEK as the initiator up to 52% conversion.
A decrease beyond this point was observed with per-
cent conversion (Fig. 12). The molecular weight in-
creased with percent conversion for MMA poly-
merization using Ce(IV)-acetone as the initiator up
to 47% conversion, and a decrease beyond this point
was observed (Fig. 12).

Effect of Temperature

The effect of temperature on the polymerization
rates of MMA using Ce(IV)-MEK and Ce(IV)-ace-
tone initiator systems was investigated over the
temperature range 27-40°C. A short induction pe-
riod was detected in the 27-40°C range with both
the initiator systems and was found to decrease with
the rise in temperature. The rate of polymerization
increased with an increase in temperature, and the
breadth of the steady-state zone decreased with an
increase in temperature (Figs. 9 and 10). The overall
activation energies of polymerizations, (E,,c;an), as
calculated from the Arrhenius plots (Fig. 11) for
MMA polymerization using Ce(IV)-MEK and
Ce(IV)-acetone as initiators, were found to be 3.80
and 10.17 kcal/mol, respectively.
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TableI Determination of Energies of Activation, E,, ..., and Molecular Weights of Polymer Samples

with Percent Conversion for MMA Polymerization

Ce(IV)-MEK  Ce(IV)-Acetone

Initiator Initiator Ce(IV)-MEK Initiator Ce(IV)-Acetone Initiator
System System System System
Sample Temp. R, x 10° R, X 10°
No. (°K) (mol L s) (mol L s) (% Conversion M, X 107% (% Conversion M, X 107°)
1 300 3.296 3.515 13.0 7.10 74 3.42
2 303 3.515 4.394 22.0 7.31 23.0 8.65
3 308 3.735 5.273 31.8 7.52 41.9 7.55
4 313 4.321 7.616 40.7 9.30 46.7 9.07
51.8 12.17 51.1 8.09
Epeatt = 380 Eoporan = 10.17 54.7 12.09 61.4 5.99
kcal/mol kcal/mol 63.7 10.23 65.2 5.86
72.9 4.25 68.7 5.03
DISCUSSION with the increase in MEK concentration the primary

There is no evidence of complex formation between
ceric ion and reducing agents, and the oxidation of
reducing agents appears to proceed by direct attack
of the ceric species on the reducing agents.®!" The
linear plots of Rc. versus [reducing agent]®® pass
through the origin, clearly indicating the absence of
complex formation between Ce(IV) and reducing
agents. The fall of R, at higher reducing agent con-
centrations might be due to the cage effect.!*?

A short induction period is observed with every
polymerization system and is found to vary inversely
with the rate of initiation. From the results obtained
at different MEK concentrations, it is deduced that

Conversion

Y%

50

Time { min)

Figure 9 % conversion versus time plots for MMA po-
lymerization using Ce(IV)-MEK initiator system at various
temperatures. [Ce(IV)] = 0.003M, [MMA]} = 0.087838M,
[MEK] = 0.29665M, [H,S0,] = 0.1M, T (1) 27°C, (2) 30°C,
(3) 35°C, (4) 40°C.

radical production increases as R, increases regularly
up to 0.2967M, and at higher concentrations of
MEK the R, falls with an increase in [MEK] (Fig.
8). The order with respect to MEK for MMA po-
lymerization under the present experimental con-
ditions is 0.2. Similar observations are also made
with acetone as the reducing agent. The rate in-
creases with acetone concentration when acetone is
used as a reducing agent up to 0.3032 M and falls at
higher concentrations of acetone with an increase
in [acetone]. The order with respect to [acetone]
for MMA polymerization under the present exper-
imental conditions is 0.42, These reduced orders with
respect to reducing agents compared to theoretical

90

Conversion

%

50

Time (min)

Figure 10 % conversion versus time plots for MMA
polymerization using Ce(IV)-acetone initiator system at
various temperatures. [Ce(IV)] = 0.003M, [MMA]
= 0.08788M, [acetone] = 0.3032M, [H,SO,] = 0.1M, T
(1) 27°C, (2) 30°C, (3) 35°C, (4) 40°C.
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Figure 11 Log R, versus (1/T) plot for the determi-
nation of overall energy of activation. [Ce(IV)] = 0.003M,
[MMA] = 0.087838M, [H,SO,] = 0.1M, (©) [MEK]
= (0.2966, (@) [acetone] = 0.3032M.

value (0.5) under the present experimental condi-
tions can be attributed to the generation of an excess
of primary radicals, which leads to premature ter-
mination of the growing chains and furthermore
causes the oxidative termination rate of primary
radicals by Ce(IV) to be relatively higher than at
lower concentrations of reducing agents. The steep
fall of R, at higher concentrations of reducing agents
may be due to the cage effect,'™* which is also ob-
served with R, at higher reducing agent concentra-
tions (Figs. 6 and 8).

In the present study the order with respect to
Ce(IV) for MMA polymerization using the Ce(IV)-
MEK initiator system is found to be 0.23. This slow
variation of R, with Ce(IV) concentration for MMA
polymerization can be attributed to the simultaneous
effect of ceric ion on the initiation rate and on the
oxidative termination rate of primary radicals.?
Addition of sodium sulfate to the reaction medium
to maintain constant SO~ concentration can bring
a fall in R, in the aforementioned reaction system,
and the reaction rate under such conditions is pro-
portional to [Ce(IV)]%?" (Fig. 7). The rate for MMA
polymerization when Ce(IV)-acetone is used as the
initiator is found to be independent of [Ce(IV)] (Fig.
7), which indicates that the rate of initiation is neg-
ligible compared to the rate of oxidative termination
in this reaction system. Addition of sodium sulfate
to maintain constant [SO37] in the reaction medium
can bring about an increase in R, up to the concen-
tration of Ce(IV) < 0.003M for the reaction system
using Ce(IV)-acetone as the initiator. At higher
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concentrations of Ce(IV) the rate remains constant
(Fig. 7).

In solution of ceric ammonium sulfate in sulfuric
acid (0.1M), the ceric species might be the covalently
bound neutral ceric sulfate molecule, Ce(SQ,),, and
the following equilibria are recognized'®*":

Ce(S0,), = Ce(S0,)*" + SO%~ (1a)
Ce(S0y), + H,O = Ce(OH)SOf + HY  (1b)

The increase of rate with increase of [Na,SOQ,]
may be due to an increase in the concentration of
Ce(S0,), by operation of the equilibria of Eqs. (1a)
and (1b). Hence, the rise in K, for the Ce(IV)-ace-
tone system for MMA polymerization could be ob-
tained. With the Ce(IV)-MEK initiator for MMA
polymerization the addition of sodium sulfate to
maintain constant [SO?7] in the reaction medium
could bring about decrease in R, values. This devia-
tion in observation may be due to the specific solvent
interactions caused by the reducing agents in these
reaction systems.

The order with respect to monomer for MMA
polymerization using Ce(IV)-MEK as the initiator
is found to be 1.29, indicating that initiation is more
pronounced than oxidative termination of primary
radicals. The order with respect tc [MMA] using
Ce(1V)-acetone as the initiator is 1.64, which sup-
ports the linear termination of growing chains as
well as bimolecular termination of the growing
chains. The higher order with respect to monomer
also gives support to the complex nature of the ini-
tiation reactions involving monomer molecules as
participating reactions to generate initiating free
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Figure 12 M, versus % conversion. [Ce(IV)] = 0.003M,
[MMA] = 0.08788M, [H,SO,] = 0.1M, (®) [MEK]
= 0.2966, (©) [acetone] = 0.3032M, T = 30°C.
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radicals.’® The overall activation energies, E, cran,
under the present experimental conditions for MMA
polymerization are found to be 3.80 and 10.17 kcal/
mol with Ce(IV)-MEK and Ce(IV)-acetone as ini-
tiator systems, respectively; these are of the same
order as those found in the literature 2%2"2932-3
The following reaction scheme explains satisfac-
torily the kinetic results obtained:
Reaction of ceric ion with reducing agent

Ce(IV) + R 3 B + Ce(Ill) + H* (2)

where R is the reducing agent and R is a primary
radical.
Reaction of primary radical with Ce(IV) to give the
product

Ce(IV) + B 23 products + Ce(III) + H*  (3)

fast

Initiation
R+M3R-M (4)
Propagation
R-M+M3R-M-M (5)
Mn + M i!; 1\./‘[n+l (6)

Bimolecular termination
. ek
M, + M,, = polymer (7)

Monomolecular termination with Ce(IV) (linear ter-
mination)

M, + Ce(IV) = polymer + Ce(IIl) + H* (8)
A possible alternative to Eq. (3)
R + Ce(lll) > R + Ce(IV) (9)

Equation 9 may arise especially from a consideration
of products of Eq. (2) still in the solvent cage, which
means competition for R between Ce(IV) and
Ce(III). Occurrence of such a step would mean a
decrease in the rate of ceric ion disappearance with
time, which is the case at higher concentrations of
reducing agents in the present study (Figs. 2, 3,
and 6).

Making the usual assumptions for the steady-
state concentrations of free radicals (primary and
chain) and with the rate constants being indepen-

dent of chain length, and considering only the mu-
tual type of termination as effective under our ex-
perimental conditions, the following equations for
R¢. and R, were derived:

Re. = w = k,[Ce(IV)][R] (10)
—d[M]
R, = — (11)

_ ko[MP? [ Rk [R][Ce(IV)]
ki’ k,-[M]+ko[Ce(IV)]]

Under the present experimental situation, if the
condition k;[M] > k,[Ce(IV)] obeys, then eq. (11)
reduces to

R, = ky(k,/k)*[Ce(IV)]'?[RT*[M]  (12)

On the other hand, if under the present experimental
conditions the situation is k,[Ce(IV)] > k;[M], then
eq. (11) reduces to

R, = (ky/kY) (k/k) R [R] M (13)

Molecular weight increased with the progress of
polymerization and fell at higher conversions, after
51.8 and 46.7% conversions using Ce(IV)-MEK and
Ce(IV)-acetone as initiator systems, respectively.
The polymerization of MMA in aqueous medium
initially follows homogeneous polymerization ki-
netics, situated in the aqueous medium; then emul-
sion polymerization kinetics for some period in the
intermediate stage in the charge-stabilized discrete
particles dispersed in the aqueous phase, where the
monomer is soluble in the polymer; and finally a
pseudohomogeneous-type reaction situated in the
insoluble phase, with coarse particles. The afore-
mentioned type of kinetics can have an effect on the
molecular weight of the polymer, which varies with
percent conversion. During the intermediate stage
for the polymerization inside the charge-stabilized
discrete particles to which most of the monomer
transferred from the aqueous medium, the bimolec-
ular termination rate is slow between the growing
primary radicals because their availability in these
particles is lower. Polymerization takes place inside
particles that bear a single radical and that are per-
meable to regulated diffusion of primary radicals
from the aqueous medium. When these particles
reach a certain critical size and number, they become
coagulated to coarse particles. These are large
enough to permit the coexistence of more than one



primary radical inside the particle; hence, the ter-
mination rate is higher, which can lower the molec-
ular weight. In the present study the degree of po-
lymerization with the Ce(IV)-MEK initiator system
is higher than with the Ce(IV)-acetone initiator
system (Fig. 12, Table I), which indicates that bi-
molecular termination is taking place more with the
Ce(IV)-MEK initiator system compared to Ce(IV)-
acetone initiator system. This may also be due to
the premature termination of growing chains by
primary radicals with the latter initiator system.

Evaluation of Rate Constants

In the present study, Rc. = k[Ce(IV)][R]*®. By
plotting R, versus [Ce(IV)], we can get k,[R]%® as
the slope from which k, is evaluated (Fig. 1, Table
II). When there is a dependence of R, on [Ce(IV)],
Eq. (11) can be rearranged in the following form:

k, kek,

[MJ?/R} = K2k, [R)[Ce(IV)] = k2k:k[R][M]

(14)

and plotting [M]?/R2 versus 1/[Ce(IV)], the rate
constants ratio (k;/k,) and (k,/k}’*) can be evaluated
(Fig. 13, Table II). The values of rate constants for
MMA polymerization using Ce(IV)-MEK as the
initiator are comparable with the values already re-
ported.l()’29‘35

CONCLUSIONS

In the present study the rate of ceric ion consump-
tion shows first-order dependence on [Ce (IV)] and
0.5-order dependence on reducing agent concentra-
tion. An absence of complex formation between
Ce(IV) and reducing agent is observed with both
the initiator systems, Ce (IV)-MEK and Ce(IV)-
acetone, in the present study. A fall in R, values is
observed at higher concentrations of reducing agents
for both the initiator systems. This fall in R, is
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Figure 13 ([MMAI]*/R2) versus [Ce(IV)]™\. [MMA]
= 0.08788M, [MEK] = 0.29665M, [H,SO,] = 0.1M, (@)
[SO% ] = 0.122M, T = 30°C.

attributed due to cage effect at higher concentrations
of reducing agents. The lower order (0.23) with re-
spect to [Ce(IV)] for MMA polymerization using
the Ce (IV)-MEK initiator system is attributed to
the simultaneous effect of ceric ion on the initiation
rate and on the oxidative termination rate of primary
radicals. Addition of sodium sulphate to the reaction
medium to maintain constant [ SO2 ] could cause a
fall in R, values in the aforementioned reaction sys-
tem. Zero-order dependence on [Ce (IV)] for MMA
polymerization using the Ce (IV)-acetone initiator
system is observed. The lower order with respect to
[MEK] (0.20) and [acetone] (0.42) may be due to
the premature termination of growing radicals by
primary radicals, and also to the rise in the oxidative
termination rate at higher concentrations of reduc-
ing agents. The steep fall in R, at higher concentra-
tions of reducing agents is attributed to the cage
effect. The higher order with respect to monomer
(1.64) when Ce (IV ) -acetone is used as the initiator
may be due to simultaneous occurrence of linear
termination as well as bimolecular termination. The
molecular weight variation with percent conversion
shows dependence on the loci of polymerization.

Table II Rate Parameters for the Polymerization of MMA at 30°C

k, X 10° (ky/K)
Initiator System (L mol s) (ki/k,) (LY2 mol'/2 s1/2)
Ce(IV)-MEK 1.7485 0.0130 0.6067
Ce(IV)-MEK,
with constant
[SO37]in the
reaction medium 0.540 0.0299 0.7901
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Initially, homogeneous polymerization takes place
in the aqueous phase; in the next stage polymeriza-
tion occurs in charge-stabilized discrete particles
similar to emulsion polymerization. Finally, pseu-
dohomogeneous-type polymerization takes place in
coarse suspension. This type of polymerization can
bring a change in molecular weight with percent
conversion. The molecular weight of the polymer
obtained with the Ce (1V)-~MEK initiator system is
higher than that of the polymer obtained with the
Ce (IV)-acetone initiator system. This may be due
to the occurrence of more bimolecular termination
with the Ce(IV)-MEK initiator system compared
to the Ce(IV)-acetone initiator system. The ener-
gies of activation for MMA polymerization using
Ce(IV)-MEK and Ce(IV)-acetone initiator sys-
tems under the present experimental conditions in
the temperature range 27-40°C are in accordance
with the literature values.
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