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ABSTRACT: The influence of cobalt catalytic chain transfer agents to control molecular weight in the
miniemulsion polymerization of methyl methacrylate has been studied. The solubility of the cobalt catalyst
was found to have a large influence on the mechanism of the reaction. Two catalysts were selected for
study: cobaloxime boron fluoride (COBF), which partitions approximately equally between the water
and oil phases, and tetraphenylcobaloxime boron fluoride (COPhBF) which resides exclusively in the oil
phase. The COBF-mediated reaction was found to be extremely sensitive to the selection of initiator,
displaying poor catalytic activity in the presence of oxygen-centered radicals (derived from potassium
persulfate). In contrast, the COPhBF catalytic activity proved to be independent of initiator type, as the
catalyst does not come in direct contact with the initiator-derived radicals. The results are consistent
with a mechanism whereby the cobalt catalyst is poisoned or deactivated in the presence of oxygen-
centered radicals. In miniemulsion polymerization the catalyst can effectively be isolated from the initiator
radicals, thereby allowing a batch reaction to proceed without significant loss of catalytic activity. The
conclusions are supported by comparison of chain transfer constants obtained in miniemulsion and bulk

polymerizations.

Introduction

Emulsion polymerization® is widely used as a com-
mercial process to produce a variety of latexes for a
range of industries. Emulsion polymerization processes
are typically used to produce high molecular weight
polymers; however, in recent times, the advantage of
generating much lower molecular weights for specific
product applications has become evident. The versatil-
ity of emulsion polymerization can be extended by the
use of chain transfer agents to regulate molecular
weight. Catalytic chain transfer has been shown to be
a highly effective synthetic tool for reducing molecular
weight in free-radical solution/bulk polymerization2—#
and emulsion polymerization.5~7 Cobaloximes are ex-
tremely effective catalytic chain transfer agents with
transfer constants, Cs, on the order of 103—10%8° Under
ideal conditions the reaction is catalytic and a mecha-
nism has been proposed where the cobalt terminates
and reinitiates chains in a cyclic process with a cobalt
hydride assumed to be the key intermediate.'°

In previous work,>% some limitations to catalytic chain
transfer in emulsion were identified. These emulsion
polymerization studies were conducted in semibatch
mode, where the cobalt complex was fed into the
reaction to compensate for a loss of catalytic activity
with time. In addition, it has been noted that oxygen-
centered peroxide radicals have a detrimental effect on
the reaction, causing deactivation of the catalyst.l!
Similar behavior has also been seen for oxygen-centered
persulfate radicals in emulsion polymerization.’2 This
latter problem is highly inconvenient for commercial
application of the technology, as peroxides and persul-
fates are often the initiators of choice.'® These problems
can be overcome if the cobalt catalyst can be separated
form the primary initiator radicals. To achieve this, we
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decided to operate the reaction under miniemulsion
conditions.

A miniemulsion can be formed from an emulsion by
ultrasonification or high shear mixing'* and stabilized
by the presence of a highly water-insoluble compound
(hydrophobe). The role of the hydrophobe is to minimize
the Ostwald ripening effect (diffusion of the oil phase
from small to large droplets to reduce the interfacial
free energy of the system).1> In miniemulsion polymeri-
zation,®=21 the initial monomer droplet size, ~100 nm,
is much smaller than that in conventional emulsion
polymerization,® ~1 um. Due to this size difference,
particle formation often occurs predominantly in the
monomer droplets as opposed to creating a new particle
phase.

A major advantage of miniemulsion polymerization
is that highly water-insoluble ingredients are present
directly in the monomer droplets, which are the locus
of polymerization, whereas in conventional emulsion
polymerization, monomer and other reaction compo-
nents need to diffuse from the droplets via the water
phase to the locus of the reaction (the particles). This
can be exploited by dissolving highly water-insoluble
catalytic chain transfer agents directly into the mono-
mer droplets, the loci of reaction.

In this work, methyl methacrylate (MMA) is polym-
erized under miniemulsion conditions in a series of
experiments designed to explore catalytic chain transfer
in miniemulsion polymerization. To illustrate the fea-
tures, we utilized two different catalytic chain transfer
agents of varying hydrophobicity: cobaloxime boron
fluoride (COBF), which partitions approximately equally
between the oil and water phase,>® and tetraphenyl-
cobaloxime boron fluoride (COPhBF), which resides
exclusively in the oil phase.> Furthermore, two different
initiators were used: azobis(isobutyronitrile) (AIBN),
which produces carbon-centered radicals, and potassium
persulfate (KPS), which produces oxygen-centered radi-
cals. The experiments were all conducted in batch
mode.

Experimental Section

Synthesis of Catalytic Chain Transfer Agents. COBF
was synthesized according to a modification of the method of

© 1997 American Chemical Society
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Figure 1. Structures of catalytic chain transfer agents used
in this work.

Table 1. Typical Recipe

component mass /g
water 80
sodium dodecyl sulfate 0.80
methyl methacrylate 20
hexadecane 0.50
initiator (AIBN or KPS) 0.20
catalyst (COBF or COPhBF) see Table 2

Bakac and Espenson.?? COPhBF was prepared by a similar
procedure except dimethylglyoxime was replaced by diphen-
ylglyoxime. The structures of the catalysts are shown in
Figure 1.

Materials. All chemicals were purchased from Aldrich and
used as received, with the exception of MMA, which was
purified by passing through a column of activated basic
alumina, to remove inhibitor, and AIBN, which was obtained
from DuPont and purified by recrystallization from methanol.

Polymerizations. The miniemulsions were prepared ac-
cording to the following general procedure. Care was taken
at all steps to exclude oxygen from the system as the catalysts
are sensitive to oxygen once in solution. A typical miniemul-
sion recipe is given in Table 1. The surfactant, sodium dodecyl
sulfate (SDS), was dissolved in deionized water that was
previously deoxygenated by purging with argon for 1 h. The
catalytic chain transfer agent was dissolved in the organic
components, MMA and the hydrophobe (hexadecane), that
were previously degassed by three freeze—pump—thaw cycles.
The monomer solution was then transferred via a cannula to
the aqueous solution, and initial emulsification was achieved
using a magnetic stirrer. The miniemulsion was generated
by ultrasonification of the emulsion for 15 min using an
ultrasonic bath (180 W, Ultrasonics FX 12P). The formation
of the miniemulsion was confirmed by measuring the particle
size with a Malvern PCS2 photon correlation spectrometer at
25 °C. It needs to be noted that measuring droplet size
distribution using photon correlation spectroscopy is not
quantitatively reliable because the sample needs to be diluted
enormously. It is, however, a useful check, as it clearly
indicates the possible presence of large droplets, >300 nm,
remaining from inefficient miniemulsification (the droplet size
before ultrasonification is greater than 1 um). A typical
miniemulsion particle size distribution is shown in Figure 2.
The miniemulsion, once formed, is stable for several weeks.

When AIBN was used as initiator, it was added to the water
phase with the SDS, prior to the formation of the emulsion.
KPS was predissolved in water and added to the miniemulsion
at the reaction temperature.

The reactions were controlled isothermally at 65 °C in a
flask fitted with a nitrogen purge and a magnetic stirrer.
Samples were removed periodically for conversion (by gravim-
etry) and molecular weight analyses. A summary of the
experimental runs is given in Table 2.

Analyses. Molecular weight distributions were measured
by size exclusion chromatography (SEC) on a modular system,
comprising an autoinjector, guard column, two mixed bed
columns (60 cm mixed C, and 30 cm mixed E, Polymer
Laboratories) and a differential refractive index detector. The
eluent was tetrahydrofuran at 1 mL/min.
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Figure 2. Particle size distribution of a typical miniemulsion
before polymerization (measured by photon correlation spec-
troscopy).

Table 2. Summary of Runs

run initiator catalyst concn?
Al AIBN

A2 AIBN COBF 3.0
A3 AIBN COBF 18
Ad AIBN COPhBF 2.0
A5 AIBN COPhBF 9.3
K1 KPS

K2 KPS COBF 17
K3 KPS COPhBF 2.0

a ppm mol/mol, equivalent to [S]/[M] x 106,
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Figure 3. Dependence of M, vs conversion on the concentra-
tion of catalyst (COBF and COPhBF) for AIBN-initiated runs.

Final latex particle size distributions were measured using
capillary hydrodynamic fractionation?3?* on a Matec Applied
Sciences CHDF-1100 particle size analyzer, calibrated with
polystyrene latex standards.

Results and Discussion

Azobis(isobutyronitrile)-Initiated Polymeriza-
tions. The influence of catalytic chain transfer agents
on the miniemulsion polymerization of MMA initiated
by AIBN can be seen in Figures 3 and 4. The control
polymerization (run A1 with no catalytic chain transfer
agent) produces a number average molecular weight,
M, on the order of 108, which is typical of a miniemul-
sion polymerization. Upon the addition of 3.0 ppm mol/
mol (on monomer) and 18 ppm COBF, the molecular
weight of PMMA is drastically reduced to 87.0 x 103
and 4.41 x 108, respectively. A similar trend is noted
for the COPhBF-mediated reactions with an even
greater reduction in molecular weight to 18.4 x 10% and
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Figure 4. Dependence of conversion vs time on the concen-
tration of catalyst (COBF and COPhBF) for AIBN-initiated
runs.

Table 3. Summary of Final Properties from Each Run
MwWD?2 PSDP
run conve M M PDI D, Dy PDI NAd

Al 094 828 x10° 212x10% 26 81 96 1.19 6.14
A2 065 87.0x10° 171x10% 2.0 96 135 1.41 3.69
A3 0.34 4.41 x10° 10.8 x 103 2.4
A4 092 184 x 10° 116 x 103 6.3 85 125 1.47 5.23
A5 020 1.10x 10°® 3.76 x 103 3.4

K1 0.99 900 x 10° 230x 108 26 77 86 112 7.15
K2 0.96 157 x 103 436 x 103 2.8 71 76 1.07 9.12
K3 0.93 17.0x10® 523 x10%® 3.1 77 84 109 7.15

a Molecular weight distribution averages. ® Particle size distri-
bution averages in nm. (Omitted samples did not go to high enough
conversion to be measured by CHDF.) ¢ Conversion at final sample
taken. 9 Latex concentration in 1017 particles-L=1.

1.10 x 108, for slightly lower concentrations: 2.0 and
9.3 ppm, respectively. The first significant feature is
that COPhBF appears to be a more effective catalyst
than COBF under these conditions. This can easily be
explained by the relative solubilities of the catalytic
chain transfer agents in the two phases. In earlier
work5® we showed that COBF partitions approximately
equally between the oil and water phase. Thus for the
same overall catalyst concentration, the COBF concen-
tration in the locus of polymerization is less than the
COPhBF concentration that resides exclusively in the
oil phase.®> Another important point to make is that all
these reactions were performed in batch and, in the case
of COPhBF-mediated polymerization (run A4), the
efficiency of the transfer process was maintained through-
out the reaction to high conversion. This contrasts with
previous emulsion® studies where the transfer efficiency
rapidly waned and effective molecular weight control
could only be maintained by the steady feed of catalyst
throughout the reaction. Clearly, we have been suc-
cessful in utilizing miniemulsion polymerization for
effective compartmentalization of the catalyst, prevent-
ing its contamination and deactivation in the aqueous
phase. The results of the reactions initiated with AIBN
are given in Table 3. As previously noted in other
studies,>88 the rate of polymerization is reduced by the
presence of catalytic chain transfer agents. This is
because the rate of exit and termination with short
radicals is increased due the creation of monomeric
radicals by the catalytic chain transfer reaction.525
Potassium Persulfate Initiated Polymerizations.
The results for the KPS-initiated miniemulsion poly-
merizations of MMA are shown in Figures 5 and 6. The
control polymerization (K1), without catalytic chain
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Figure 5. Dependence of M, vs conversion on the concentra-
tion of catalyst (COBF and COPhBF) for KPS-initiated runs.
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Figure 6. Dependence of conversion vs time on the concen-
tration of catalyst (COBF and COPhBF) for KPS-initiated
runs.

transfer agent, produced results very similar to those
of the corresponding AIBN run (Al), indicating no
specific influence of initiator type on the reaction in the
absence of catalytic chain transfer agents. Upon the
addition of 3.0 ppm mol/mol COPhBF the molecular
weight is reduced from 900 x 103 to 17.0 x 103, which
is comparable to the molecular weight reduction in the
corresponding AIBN-initiated reaction (run A4 where
Mp = 18.4 x 10%). This correlation shows that COPhBF
maintains its efficiency as a catalytic chain transfer
agent even in the presence of oxygen-centered persulfate
initiator radicals. In the case of the COBF-mediated
reaction (K2), the molecular weight is reduced to 157 x
108, a much smaller effect than the corresponding AIBN-
initiated run (A3), which produced a molecular weight
of 4.41 x 108, for similar catalyst concentrations. It is
quite clear that in the case of COBF with KPS initiation
there is a significant reduction in catalyst performance.

Pathway for Catalyst Deactivation with Potas-
sium Persulfate. The main difference between COBF
and COPhBF is the location of the catalysts in the
polymerization system. This is illustrated in Figure 7.
KPS is entirely water soluble, and the resulting anionic
persulfate radical must first react with monomer in the
aqueous phase to become sufficiently surface active to
enter a miniemulsion monomer droplet (or latex par-
ticle). In the case of MMA polymerization, it has been
shown that once the persulfate radical has reached a
critical degree of polymerization of tetramer or pen-
tamer it will enter the oil phase.!

COBF partitions approximately equally between the
oil and water phases, which as mentioned earlier,
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Figure 7. Location of important components in persulfate-
initiated miniemulsion polymerization. M is monomer, S,0g?~
is the persulfate anion, O3S0~ is the sulfate radical, and z is
the critical degree of polymerization for the entry (4—5 in the
case of MMA). (a) KPS with COBF: The oxygen-centered
sulfate radical, O3S0, can react directly with COBF in the
water phase to deactivate it. (b) KPS with COPhBF: the
sulfate radical cannot react directly with COPhBF, as they
are in different phases. Only radicals that are able to enter
the oil phase can react with COPhBF, and since these are
carbon-centered, no catalyst deactivation occurs.

results in a lower concentration of catalyst in the locus
of polymerization. Since an equilibrium exists between
the aqueous and organic phases, COBF can migrate
among droplets and also between phases. This is the
primary reason why miniemulsion with COBF and KPS
is ineffective. The oxygen-centered radicals deactivate
the COBF in the aqueous phase, which is continually
replenished with COBF from the oil phase, until most
of the COBF is deactivated, severely reducing the
catalytic chain transfer reaction. The COPhBF-medi-
ated reaction maintains its efficiency as the catalyst
resides entirely in the oil phase, isolating the catalyst
from the aqueous phase oxygen-centered persulfate
radicals.

Catalyst deactivation in the oil phase does not occur
for either COBF or COPhBF with KPS initiation. The
oxygen-centered persulfate radical needs to add 4-5
monomer units before becoming sufficiently surface
active to enter the oil phase.! Once this occurs, the
radical is carbon-centered and so catalyst deactivation
does not occur.

Initiation with AIBN produces carbon-centered radi-
cals and so is not a pathway for catalyst deactivation
in the system.

Catalytic Chain Transfer Efficiency in Mini-
emulsion. The efficiency of the catalytic chain transfer
reaction in miniemulsion was assessed by comparing the
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Table 4. Data Used to Calculate COBF and COPhBF
Transfer Constants in Miniemulsion Polymerization

run initiator catalyst concn®  convP slope¢

Al AIBN 0 0.095 —6.13 x 1077
A2 AIBN COBF 0.42 0.083 —2.15x 107°
A3 AIBN COBF 25 0.081 —5.26 x 107
A4 AIBN COPhBF 2.0 0.071 —1.28 x 1074
A5 AIBN COPhBF 9.3 0.059 —7.87 x 1074
K1 KPS 0 0.900 —7.22 x 1077
K2 KPS COBF 24 0.145 —2.04 x 107°
K3 KPS COPhBF 2.0 0.115 —2.36 x 107

a Catalyst concentration in the oil phase (locus of polymeriza-
tion) in ppm mol/mol, equivalent to [S]/[M] x 108, [COBF]/[M] in
oil phase = 0.14[COBF]/[M] overall (calculated from the volumes
of the phases and [COBF]uma/ [COBF]oq = 0.68 since COBF
partitions between the phases®). [COPhBF]/[M] in oil phase =
[COPhBF]/[M] overall (COPhBF is located in the oil phase only).
b Fractional conversion. ¢ From eq 1, the slope = —Cs[S]/([M]mo).

transfer constant obtained in miniemulsion to that
under bulk polymerization conditions. The transfer
constant, Cs, is the ratio of the transfer rate coefficient,
kir, to the propagation rate coefficient, k,. These two
rate coefficients, and hence Cs, should be the same in
miniemulsion and bulk polymerization. Any differences
in the value of Cs measured in miniemulsion compared
to bulk reflects differences in the concentration of active
catalyst in the locus of polymerization.

Cs was measured from the In(number molecular
weight distribution). For a transfer-dominated polym-
erization, the molecular weight distribution can be
expressed as an exponential:26-2°

[S] M)

P(M) O exp(—CSM m, (1)

where [S] is the concentration of catalytic chain transfer
agent, [M] is the monomer concentration, mg is the
molecular weight of monomer, Cs = kg/k,, and P(M) is
the number of chains of molecular weight M. The
number distribution, P(M), is obtained from the cali-
brated SEC distribution, W(log M), as follows:

log e

P(M) = W(Iog M)W

()

The procedure for obtaining the transformed SEC
distribution, W(log M), from the raw SEC chromatogram
is described elsewhere.?7:30

Plotting In P(M) against M should yield a straight line
for the transfer controlled region of the distribution.
From the slope of this line, Cs can be calculated. For a
transfer-dominated reaction, it is best to measure the
slope of the In P(M) distribution in the region of the
maximum in the W(log M) distribution as this has the
best signal to noise ratio.3 Typical In P(M) vs M plots
for each of the catalyst/initiator combinations are shown
in Figure 8, the peak molecular weight being indicated
for reference. In each case, the distribution is linear,
except for K3, which shows some curvature. This
curvature in In P(M) plots has been observed in several
other instances where catalytic chain transfer agents
have been used in bulk polymerization,32-3* and in these
cases the slope was taken in the region of the maximum
in the SEC distribution. To obtain the chain transfer
constant, the slope of the In P(M) distribution, for a
series of runs, is plotted against [S])/[M], giving another
slope equal to —Cs/mg, as shown in Figure 9.
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apparent transfer constant (Cs), data for the AIBN/COPhBF
series (A1, A4, A5).

The data used to calculate the chain transfer con-
stants are given in Table 4. The concentration of COBF
in the oil phase (i.e., the locus of the polymerization)
was estimated from the partitioning ratio,® and the ratio
of the oil to water phase. The measured apparent
transfer constants are listed in Table 5 alongside values
obtained from bulk polymerization studies. As expected,
the KPS/COBF system shows a significantly lower
apparent Cs value in miniemulsion than bulk because
the catalyst is being deactivated. In the other cases,
the Cs in miniemulsion compares well to that in bulk.

Table 5. Comparison of Apparent Transfer Constants for
COBF and COPhBF with Methyl Methacrylate in
Miniemulsion and Bulk Polymerization

miniemulsion

initiator catalyst apparent Cs? bulk Cs?
AIBN COBF 2.1 x 10* 2.4 x 104
AIBN COPhBF 1.1 x 104 1.4 x 104
KPS COBF 0.083 x 104 2.4 x 104
KPS COPhBF 1.2 x 104 1.4 x 104

a Apparent transfer constant measured in miniemulsion at 65
°C. b Transfer constant for COBF33 and COPhBF35 measured in
bulk using AIBN at 60 °C.

Conclusions

This work has clearly shown that only ppm quantities
of the catalytic chain transfer agents, COBF and
COPhBF, need to be used in batch miniemulsion po-
lymerization to significantly reduce the molecular weight.
With AIBN initiation, both catalytic chain transfer
agents are effective; however, with KPS initiation COBF
is much less effective. A high transfer efficiency can
be achieved with persulfate initiation if a highly water-
insoluble catalytic chain transfer agent, such as COPh-
BF, is used, because the compartmentalization in the
system prevents the oxygen-centered initiator radicals
from degrading the catalyst in the aqueous phase.

This technology can be commercially exploited, as
miniemulsions can be formed under high shear condi-
tions (i.e., ultrasonification is not essential). Another
potential application for this technology would be using
a seed latex produced by miniemulsion polymerization
with COPhBF as the first stage in a conventional
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semibatch emulsion polymerization process. The COPh-
BF would maintain its activity throughout the reaction,
and the molecular weight could be controlled during the
monomer feed stage by varying the instantaneous
conversion (monomer to catalyst ratio) of the reaction
via the monomer addition rate.
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