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SYNOPSIS

The polymerization of butyl methacrylate in three-component microemulsions prepared with
the cationic surfactant dodecyltrimethylammonium bromide is reported here as a function
of monomer and surfactant content in parent microemulsions, type and concentration of
initiator, and temperature. Fast reaction rates and high conversions are achieved in all cases.
Final latexes are bluish-opaque and stable, and contain spherical particles with diameters in
the range of 20 to 30 nm, depending on composition of the parent microemulsions and
reaction conditions. Each of these particles is composed of a few macromolecules of high
molecular weight (2 to 4 X 10° Dalton). Both particle size and average molecular weight
remain constant throughout the reaction, suggesting a continuous nucleation mechanism.
Analysis of the molecular weight distribution indicates that the controlling termination
mechanism is chain-transfer to monomer. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The synthesis of high-molecular-weight polymers
in the form of nanoparticles dispersed in an aque-
ous (or organic) medium with fast reaction rates
can be easily achieved by microemulsion polymer-
ization.!* Since the first report in 1980,° many
papers on polymerization in direct, inverse, and bi-
continuous microemulsions have appeared.?? Atik
and Thomas reported the polymerization of styrene
in aqueous cetyl trimethyl ammonium bromide
(CTAB) micellar solutions,? but these solutions were
too diluted to be considered truly microemulsion
phases. The first polymerization in three-component
(i.e., surfactant, water, and styrene) one-phase mi-
croemulsions was reported by our group in 1990.2
After that, several reports on the polymerization of
various monomers in ternary o/w microemulsions
have appeared.’®?! Polymerization in three-com-
ponent microemulsions is easier to model and to un-
derstand because, among other factors, partitioning
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of components between the microemulsion domains
is simpler to measure or to estimate, and no extra-
neous chain-transfer agent or modifiers (such as al-
cohol cosurfactants or electrolytes) are present. Also,
studying polymerization in three-component mi-
croemulsions is useful in understanding the effects
on kinetics of adding alcohol, electrolytes, or other
ingredients.

The kinetics and mechanism of microemulsion
polymerization depend strongly on monomer solu-
bility in water. For instance, both molecular weight
and particle size remain constant throughout the
polymerization of the water-insoluble styrene,?
whereas both particle size and molecular weight in-
crease with reaction time during the polymerization
of the more water-soluble tetrahydrofurfuryl meth-
acrylate.'” Hence it is important to examine system-
atically the role of monomer solubility in this kind
of polymerization process.

Here we report on the polymerization of butyl
methacrylate (BuMA), which is a monomer with low
solubility in water,? in ternary microemulsions pre-
pared with the cationic surfactant dodecyltrimeth-
ylammonium bromide (DTAB), as a function of
temperature, BuMA and DTAB concentrations, and
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type and concentration of initiator. Here we show
that stable, bluish-to-opaque latexes containing
poly(BuMA) particles with sizes around 20 to 30 nm
and molecular weights of several millions can be
produced with fast reaction rates by this method.

EXPERIMENTAL

Reagent grade BuMA from Scientific Polymer Prod-
ucts (Ontario, NY) was distilled in vacuum before
used. DTAB (99% pure from Tokyo Kasei) was re-
crystallized from an ethanol/ethyl ether mixture (50
: 50 vol /vol). Potassium persulfate (K,;S,03 or KPS)
and hydroquinone were reagent grade from Aldrich
(Milwaukee, WI). 2,2’-Azobis (2-amidinopropane)
hydrochloride (V-50) from Wako (Osaka, Japan) was
recrystallized from methanol. HPLC-grade tetrahy-
drofurane (Merck, Rahway, NJ) was used as the mo-
bile phase in gel permeation chromatography (GPC).

The one-phase microemulsion regions at 25 and
60°C were determined visually by titrating aqueous
DTAB micellar solutions with BuMA. The phase
diagram at 60°C was determined with monomer
containing 100 ppm of methyl ester hydroquinone
to inhibit thermal polymerization. One-phase sam-
ples were examined through cross-polarizers to de-
termine if they were birefringent. Only non-bire-
fringent, one-phase samples were considered mi-
croemulsions. Microemulsion conductivities were
measured at 1000 Hz with an Orion 101 conductim-
eter and a Yellow Spring Instrument immersion cell
(cell constant equal to 1.12 cm™!). The cell was cal-
ibrated with KCl aqueous solutions of known con-
ductivities.?*

Polymerization was carried out at 45, 50, 55, or
60°C in a 100-mL glass reactor. The reactor was
loaded with microemulsion, heated to the reaction
temperature, and sparged with argon for 30 min be-
fore a small amount of a concentrated aqueous so-
lution of KPS or V-50 was injected. The reacting
system was continuously stirred and sparged with
argon throughout the reaction. Polymer was isolated
by filtration after precipitation with methanol,
washed with hot water, and dissolved in THF for
GPC analysis.

Quasielastic light scattering (QLS) measure-
ments were made with a Malvern 4700 QLS appa-
ratus equipped with a He-Ne ion laser (A = 644
nm). Intensity correlation data were analyzed by
the method of cumulants to provide the average de-
cay rate, (I'*) (=¢*D), where g = (4IIn/\) sin(6/
2) is the scattering vector, n the index of refraction,
D the diffusion coefficient, and the variance, »

(=[{T*)—(T)*]/{T)?), which is a measure of the
width of the distribution of the decay rate. The
measured diffusion coefficients were represented in
terms of apparent radii by means of Stokes law, as-
suming that the solvent has the viscosity of water.
Latexes were diluted up to 100 times and filtered
through 0.2 um Millipore filters before QLS mea-
surements to minimize particle-particle interactions
and to remove dust particles.

Average molecular weights and molecular weight
distributions (MWD ) were measured with a Perkin
Elmer LC 30 size exclusion chromatograph equipped
with a LC30 refractive index detector and Dawn
multiangle light scattering detector from Wyatt
Technology (Santa Barbara, CA).

RESULTS

Partial phase diagrams of mixtures of DTAB, water,
and BuMA at 25 and 60°C are shown in Figure 1.
One-phase microemulsions form at the H,O-DTAB
side of the ternary phase diagram. The extension of
the one-phase region increases with temperature.
Microemulsions are transparent and fluid except at
high surfactant concentrations where samples are
transparent (and nonbirefringent when examined
through cross-polarizers ) but highly viscous. Upper
phase boundaries (indicated by dashed lines in Fig.
1) were not determined exactly because of the high
viscosity of the samples. Conductivity is high and
increases with surfactant concentration and with
temperature (Fig. 2). As expected, conductivity de-

DTAB

H,0 BMA

a0 20

Figure 1 Extent of the one-phase region in a partial
phase diagram of DTAB/BuMA /water at 25 and 60°C.
The upper phase boundaries (indicated with dashed lines)
were not determined exactly.
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Figure 2 Electrical conductivity (x) of DTAB/BuMA/
water microemulsions at 25°C (solid symbols) and 60°C
(open symbols) at various DTAB /water weight ratios.

creases upon BuMA addition, probably because of
micelle growth.

Conversion versus time as a function of BuMA
concentration in the parent microemulsions pre-
pared at a constant DTAB /H,0 weight ratio of 15/
85 (wt/wt) are shown in Figure 3. Polymerization
was initiated with 1% V-50 at 60°C—here, initiator
concentrations are given in wt % with respect to
initial monomer concentration. Polymerization is
fast (near 100% conversion in 10 min) and the
transparent microemulsions take on a light blue
tinge at the onset of reaction and become increas-
ingly turbid as the reaction proceeds. Initial reaction
rates depend slightly on initial BuMA concentration.
Only two rate intervals are observed here (inset in
Fig. 3): one where the polymerization rate increases
rapidly, followed by a decreasing rate interval. This
behavior is typical for the microemulsion polymer-
ization of water-insoluble monomers.? The maxi-
mum reaction rate, which occurs at about 30% con-
version, increases with BuMA concentration to an
exponent of 0.4. Dependence of polymerization rate
on monomer concentration has also been reported
in other reacting microemulsions.?*!° The appear-
ance of final latexes ranges from bluish to opaque
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depending on the BuMA concentration. Also, the
turbidity increases with initial BuMA content in the
parent microemulsions.

Figure 4 shows conversion curves for the poly-
merization of microemulsions containing 6 wt %
BuMA and different DTAB /H,0 weight ratios ini-
tiated with 1% V-50, which is a water-soluble ini-
tiator that decomposes into two cationic free radi-
cals. The polymerization rate is fast and increases
with surfactant content in the parent microemul-
sions. Conversions near 100% are achieved in less
than 15 min with the microemulsions made with
20/80 and 15/85 DTAB /water ratios. With the 10/
90 sample, the reaction is much slower. Only two
rate intervals are again observed here, with a max-
imum in reaction rate at conversions around 35%
(inset in Fig. 4). This behavior is not apparent for
the 10/90 microemulsion; however, by enlarging the
scale (not shown), the two rate intervals are clearly
observed.

Polymerization of microemulsions containing 6
wt % BuMA and a DTAB/H,O ratio of 15/85 was
studied as a function of V-50 concentration (Fig.
5). The overall reaction rate is very fast and in-
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Figure 3 Conversion as a function of time for the po-
lymerization at 60°C initiated with 1% V-50 of micro-
emulsions prepared at a constant DTAB/water line of
15/85 containing various BuMA concentrations. Inset:
polymerization rate as a function of conversion for data
shown in the figure.
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Figure 4 Conversion as a function of time for the po-
lymerization at 60°C initiated with 1% V-50 of micro-
emulsions prepared with 6 wt % BuMA and different
DTAB /water weight ratios. Inset: polymerization rate as
a function of conversion for data shown in the figure.

creases with initiator concentration. There is no in-
duction time at any V-50 concentration. Final con-
version (after 12 min of reaction) augments with
increasing initiator concentration. The overall re-
action rate does not exhibit a constant-rate interval
but only increasing and decreasing rate intervals
(inset in Fig. 5). Maximum polymerization rate in-
creases with V-50 concentration with an exponent
of 0.95.

The effect of temperature on the polymerization
of 6 wt % BuMA microemulsion initiated with 1%
V-50 is shown in Figure 6. As expected, reaction
rate and conversion increase with increasing tem-
perature as a consequence of the increment in the
flux of free radicals and in the propagation rate
constant. The maximum polymerization rate fol-
lows an Arrhenius dependence with temperature.
From the slope of plots of log R, versus 7', an
activation energy of 31.4 Kcal/mol was obtained
(inset in Fig. 6).

Similar experiments were performed with KPS,
which is a water-soluble initiator that decomposes
into anionic free radicals. Conversion curves as a

function of KPS concentration for the polymeriza-
tion of 6 wt % BuMA microemulsions are shown in
Figure 7. Reaction rates and final conversions in-
crease as the amount of KPS increases, although
the reactions are slower than those initiated with
V-50 (Figs. 5 and 7). Again, only two rate intervals
are detected (inset in Fig. 7). The maximum poly-
merization rate increases as [ KPS]'%.

The effect of temperature on the polymerization
of a 6 wt % BuMA microemulsion made with 15/
85 DTAB/H,0 is reported in Figure 8. Again, re-
action rates and final conversions increase with in-
creasing temperature. The maximum polymerization
rate also follows an Arrhenius behavior with tem-
perature with an activation energy of 35.4 Kcal /mol
(inset in Fig. 8). Notice that the reaction rate slows
substantially for temperatures below 55°C because
the decomposition rate of KPS decays rapidly in
this temperature range.?

Particle size and molecular weight were followed
as a function of conversion for the polymerization
of 6 wt % BuMA in a 15/85 DTAB/H,0 micro-
emulsion initiated with 1% V-50 at 60°C. Results
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Figure 5 Conversion as a function of time for the po-
lymerization at 60°C initiated with different V-50 con-
centrations of microemulsions containing 6 wt % BuMA
and a DTAB /water ratio of 15/85. Inset: polymerization
rate as a function of conversion for data shown in the
figure.
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Figure 6 Conversion as a function of time for the po-
lymerization initiated with 1% V-50 at different temper-
atures for microemulsions containing 6 wt % BuMA and
a DTAB/water ratio of 15/85. Inset: Arrhenius plot of
R, versus T7'.

Pmax

in Figure 9 show that both particle size and average
molecular weight remain constant throughout the
reaction—polymer samples below 10% conversion
could not be isolated due to the small amounts of
polymer formed early in the reaction. The number
of polymer chains per particle, estimated by assum-
ing that the density of the particles is that of bulk
poly (BuMA), is between 2 and 4 (Tables I-IIT).
This type of behavior appears to be typical of po-
lymerization of water-insoluble monomers in mi-
croemulsion media.?? The characteristics of the la-
texes at the end of the different reactions studied
here are compiled in Tables I through III.

The effects of initial monomer concentration,
type and concentration of initiator, and temperature
on final average particle size and weight-average
molecular weight are shown in Figure 10. Particle
size increases with BuMA concentration as D,
o [BuMA]%!2 [Fig. 10(a)]. Particle size is inde-
pendent of initiator type but it decreases with ini-
tiator concentration to an exponent of —0.08 for V-
50 and —0.05 for KPS [Fig. 10(b)]. Molecular weight
decreases with initiator concentration with an ex-
ponent of —0.15 for V-50 and —0.17 for KPS [Fig.
10(b)]. Particle size decreases as reaction temper-
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ature increases, with both KPS and V-50. We found
that D, oc T7%™ for V-50 and D, oc T~°* for KPS
[Fig. 10(c)]. The molecular weight also decreases
with increasing temperature [Fig. 10(c)].

In polymerization reactions the MWD is con-
trolled mainly by chain-stopping events.? In a zero-
one free radical system, all chain-stopping events
are caused by entry of radicals—which produces in-
stantaneous combination—and transfer to mono-
mer, polymer, or a chain transfer agent. For this
case, the instantanteous MWD is given by

P(M) = exp(_ (Crrkery + [Al ks + p)M) .

kpCp M,

where C}, is the monomer concentration in the par-
ticle; &, is the rate constant of chain transfer to
monomer; [ A] is the concentration of chain-transfer
agent species; k.4 is the rate constant of chain
transfer to species A; p is the generation rate of free
radicals; kp is the propagation rate constant; and M,
is the molecular weight of the monomer.%
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Figure 7 Conversion as a function of time for the po-
lymerization at 60°C initiated with different KPS con-
centrations for microemulsions containing 6 wt % BuMA
and a DTAB /water ratio of 15/85. Inset: polymerization
rate as a function of conversion for data shown in the
figure.
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Figure 8 Conversion as a function of time for the po-
lymerization initiated with 1% KPS at different temper-
atures for microemulsions containing 6 wt % BuMA and
a DTAB/water ratio of 15/85. Inset: Arrhenius plot of

R, . versus T7!,

However, if: (1) there is no chain transfer agent
present, (2) all chain transfer is only to monomer
(not to polymer), and (3) p < k 4C)p, Which is typ-
ical in zero-one free radical emulsion or microe-
mulsion polymerization, '*?>?° then

(2)

P(M) = exp(— k"’MM)

kpM,

Hence the best way to obtain information about
the controlling termination mechanism is to plot
the log of P(M) against M. Figure 11 shows plots
of log P(M) versus M for the polymerization of 6%
BuMA in 15/85 DTAB/H,0 microemulsions as a
function of conversion. Plots are linear and parallel
at all conversions, in agreement with eq. (2), except
at the low end of the MWD, suggesting that chain-
transfer to monomer is the dominant mechanism
under these conditions. From the slope of these plots,
a value of ky, 51/ kpof 6.5 (£1) X 10 ~° was estimated,
which is close to the value reported in the literature
(1.5 X 107%) .28
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Figure 9 Particle size (D,) and weight-average molec-
ular weight (M,,) as a function of conversion for the po-
lymerization at 60°C initiated with 1% V-50 of a micro-
emulsion containing 6 wt % BuMA and a DTAB /water
ratio of 15/85. Error bars are smaller than size of symbols.

Plots of log P (M) versus M for the final products
of the polymerization of BuMA using different
amounts of V-50 are shown in Figure 12. Again, plots
are linear and they have similar slopes. The value
of k. p/ kp, calculated from these plots, is 7.5 (£0.5)
X 107%. In all the cases examined here plots are lin-
ear, indicating that chain-transfer to monomer is
the main termination mechanism. Table IV sum-
marizes the values of k. /kp calculated from the
plots of log P(M) versus M for the different poly-
merization reactions carried out in this work.

Table I Particle Size (D,), Weight-Average
Molecular Weight (M,,), Polydispersity (M,/M,),
and Average Number of Polymer Chains per
Particle (n.) of the Final Latexes Produced by
the Polymerization of BuMA Microemulsions

M, x 10°®
% BuMA D, (nm) (DALTON) M, /M, n,
4 19.9 3.2 1.22 1.2
6 20.8 3.3 1.26 1.3
8 21.6 3.2 1.11 1.1

Prepared at a DTAB/water weight ratio of 15/85 and different
BuMA concentrations initiated at 60°C with 1% V-50 (with re-
spect to monomer).



Table II Particle Size (D,), Weight-Average
Molecular Weight (M,,), Polydispersity (M,,/M,),
and Average Number of Polymer Chains per
Particle (n,) of the Final Latexes Produced by the
Polymerization of 6 Wt % BuMA Microemulsions

M, X 1078

(o D, (nm) (DALTON) M,/M, n.,
0.25% V-50 22.2 4.2 1.33 1.3
0.50% V-50 21.8 4,00 1.16 1.1
1.00% V-50 20.8 3.3 1.26 1.3
0.25% KPS 24.1 2.6 1.28 2.5
0.50% KPS 22.8 2.34 1.64 3.0
1.00% KPS 21.6 2.1 1.24 2.1

Prepared at a DTAB/water weight ratio of 15/85 initiated at
60°C with different concentrations of V-50 or KPS.

DISCUSSION AND CONCLUSIONS

Transparent one-phase microemulsions of BuMA,
water, and DTAB were found at 25 and 60°C at the
water-rich corner of the phase diagram (Fig. 1). The
uniphasic region increases with temperature. The
extent of the microemulsion region at 25 and 60°C
is similar to that reported for the DTAB/water/
methyl methacrylate (MMA) system!® and larger
than that for the DTAB/water/styrene system.?
This is probably because of the more amphiphilic
character of BuMA (and MMA ) which allows them
to behave as cosurfactants. Unpolymerized micro-
emulsions are optically transparent and have low
viscosities (<10 cP) for DTAB concentrations
smaller than 20 wt %. Concentrated microemulsions

Table III Particle Size (D,), Weight-Average
Molecular Weight (M,,), Polydispersity (M, /M,),
and Average Number of Polymer Chains per
Particle (n.) of the Final Latexes Produced by
the Polymerization of 6 Wt % BuMA

Microemulsions
M, X 1078
Temp. (°C) D, (nm) (DALTON) M, /M, n,
1.00% V-50
45 27.3 3.8 1.10 2.1
60 20.8 3.3 1.26 1.3
1.00% KPS
45 29.8 4.8 1.53 3.0
60 21.6 2.1 1.24 2.1

Prepared at a DTAB/water weight ratio of 15/85 initiated at
45°C or 60°C with 1% V-50 or KPS.
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Figure 10 (a) Particle size (D,) and weight-average
molecular weight (M,,) in final latexes as a function of
BuMA content in parent microemulsions prepared at a
constant DTAB /water ratio of 15/85 weight ratio and
polymerized with 1% V-50. (b) Particle size (D,) and
weight-average molecular weight (M, ) in final latexes as
a function of initiator concentration for the polymerization
of a 6 wt % BuMA microemulsion prepared at a 15/85
DTAB/water weight ratio. (c) Particle size (D,) and
weight-average molecular weight (M,,) as a function of
temperature for the polymerization of a 6 wt % BuMA
microemulsion prepared at a 15/85 DTAB /water weight
ratio.

are also transparent but highly viscous, and their
viscosity increases with increasing surfactant con-
tent.

Electrical conductivity of these microemulsions
is high, suggesting a water-continuous microstruc-
ture. The decrease in microemulsion conductivity
upon increasing BuMA content suggests micellar
growth (Fig. 2). QLS and small-angle neutron scat-
tering (SANS) experiments on styrene/DTAB/
D,O microemulsions indicate that these micro-
emulsions contain oil droplets (swollen micelles)
dispersed in an aqueous phase saturated with mono-
mer and surfactant.?? Since BuMA is also a water-
insoluble, nonpolar monomer, it is likely that the
microstructure of the BuMA microemulsions is the
same than that of the styrene/DTAB/water mi-
croemulsions.
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Figure 11 Logarithm of the instantaneous number
MWD, P(M), versus molecular weight, M, as a function
of fractional conversion for the polymerization of a 6 wt
% BuMA microemulsion prepared at a 15/85 DTAB /wa-
ter weight ratio initiated with 1% V-50 at 60°C.

Polymerization of BuMA in DTAB microemul-
sions is very rapid (Figs. 3~8) and faster than those
reported for styrene and for MMA in DTAB mi-
croemulsions.?!® The reaction with BuMA is faster
than that of styrene in microemulsions with similar
compositions because the propagation rate constant
for BuMA (kp = 0.47 m®/mol - s at 60°C)? is higher
than that of styrene [kp = 0.19 m®/(mol s) at 60°C).%
On the other hand, the propagation rate constant
for MMA (kp = 0.513 m®/(mol s) at 60°C)? is similar
to that for BuMA. Nevertheless, the concentration
of DTAB in the MMA microemulsions reported
elsewhere'® is smaller (7 wt %) than the ones studied
here. This may explain why the reaction rate in
BuMA microemulsions is faster than that in MMA
microemulsions, since it is known that the poly-
merization rate in microemulsion media increases
with surfactant content (see Fig. 4, Pérez-Luna
and coworkers,® and Rodriguez-Guadarrama and
colleagues!®).

The transparent microemulsions become in-
creasingly turbid as the reaction proceeds because
of particle growth and the increase in the refractive
index difference between the particles and the sus-

pending medium. Final latexes range from bluish-
transparent to opaque, depending on BuMA and
surfactant content in parent microemulsions and on
reaction conditions. More opaque latexes are ob-
tained by increasing the monomer content, decreas-
ing the surfactant or initiator concentration, or de-
creasing the reaction temperature.

In contrast to emulsion polymerization, the mi-
croemulsion polymerization rate and final conver-
sion depend on the initial BuMA content (Fig. 3).
In emulsion polymerization, most of the monomer
is in the emulsified droplets—only a small amount
of the monomer is in the micelles and in the aqueous
phase. These droplets do not participate in the re-
action except as reservoirs of monomer.??” In mi-
croemulsion polymerization, on the other hand, al-
most all of the monomer is in the microemulsion
droplets. These droplets compete with the monomer
dissolved in the aqueous phase for the capture of
free radicals. In fact, it has been shown for emulsion
polymerization that by reducing the size of the
emulsified droplets to produce a miniemulsion, the
polymerization is carried out mainly in the monomer
droplets.?® Hence, as the concentration of monomer
in the parent microemulsions increases, the number
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Figure 12 Logarithm of the instantaneous number
MWD, P(M), versus molecular weight, M, at the end of
the reaction for the polymerization of a 6 wt % BuMA
microemulsion prepared at a 15/85 DTAB/water weight
ratio initiated with various concentrations of V-50 at 60°C.
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Table IV Values of k. u/k, for the Different Polymerizations Reported Here, Obtained from the Plots of
the Logarithm of the Instantaneous Number-Average Molecular Weight Versus Molecular Weight

Rum/Ep BuMA Rum/Ep Temp. kem/Rp Conv. ke m/Rp
% 1 X 107° (%) X 107° (°C) X 107° (%) X 1078
KPS 4 9.99 KPS 12.50 6.04
0.25 1.28 6 7.09 45 7.83 33.40 7.05
0.50 14.60 8 2.35 60 27.00 47.10 6.57
1.00 27.00 V-50 59.10 6.81
V-50 45 6.96 92.50 8.26
0.25 7.94 60 7.09
0.50 7.24
1.00 7.09

and size of droplets increase which results in a higher
probability of radical capture and, so, in faster re-
action rates. Overall reaction rates and final con-
versions have also been shown to depend on the
overall monomer concentration for MMA and sty-
rene microemulsion polymerization.3*°

Reaction rates and final conversions also increase
with increasing surfactant concentration (Fig. 4).
The reason is that increasing surfactant concentra-
tion for a fixed concentration of monomer decreases
the size of the microemulsion droplets but increases
their number. As a result, the probability of capture
of free radicals by microemulsion droplets increases
and so does the reaction rate. Similar conclusions
were reported for the polymerization of styrene in
DTAB microemulsions.®

Increasing initiator concentration yields faster
polymerization rates and higher conversions, re-
gardless of the type of initiator employed (Figs. 5
and 7). The increasing polymerization rate with ini-
tiator concentration is a consequence of the increas-
ing flux of free radicals, which increases the prob-
ability of radical capture by droplets (heterogeneous
nucleation) or by monomer in the aqueous phase to
induce formation of oligomers (homogeneous nucle-
ation) to produce active particles. However, poly-
merization rates are faster and conversions are
higher with V-50 than with KPS (Figs. 5 and 7).
This can be explained by one—or a combination—
of the following phenomena: (1) differences in values
of the decomposition rate constant of V-50 and KPS,
(2) electrostatic interactions between microemulsion
droplets and the charged free radicals, and (3) chain-
transfer reactions to counterions.

V-50 has a larger decomposition rate constant (k4
=3.2X107°s™ " at 60°C)* than KPS (k; = 3.1 X 10°°
s™! at 60°C),2 hence one should expect faster re-
action rates with V-50 than with KPS. Also, KPS
decomposes into negatively charged free radicals

(SO;") which are strongly bound to the positively
charged DTAB microemulsion droplets. This effect,
known as the “electrostatic cage effect”,** reduces
the concentration of the SO; free radicals in the
aqueous phase and their efficiency to initiate the
reaction. The electrostatic cage effect does not occur
with V-50 because this initiator produces positively
charged radicals which are repelled from the droplet
surfaces. The electrostatic cage effect has also been
observed for the polymerization of styrene and
MMA in DTAB microemulsions.®!® For the poly-
merization of MMA and of MMA with N-methylol-
acrylamide in AOT microemulsions (whose droplets
have negatively charged surfaces), KPS yields faster
reaction rates and higher conversions at similar re-
action temperatures because of the electrostatic in-
teractions,3* in spite of the fact that V-50 has a
higher decomposition rate constant.

It i1s well-known that SO;" free radicals can un-
dergo transfer reactions with bromide counterions
to produce neutral bromide radicals that do not ini-
tiate the reaction.?® In fact, the rate constant for the
reaction between sulfate free radicals and bromide
ions (k. g; = 3.5 X 10° L/mol/s)* is higher than that
between sulfate free radicals and styrene monomer
(B = 2 X 10° L/mol/s),*® so bromide counterions
quench the reaction. This type of transfer reaction
does not seem to take place between the V-50 free
radicals and the bromide ions.

As expected, reaction rates increase with tem-
perature for both V-50 (Fig. 6) and KPS (Fig. 8)
because the initiator decomposition rate increases
rapidly with temperature.?” Also, the propagation
rate constant increases with temperature.?” Both ef-
fects result in an increase in reaction rate and in
overall conversion. Reaction rate follows an Ar-
rhenius behavior with temperature with activation
energies of 31.4 kcal/mol for V-50 and 35.4 kcal/
mol for KPS. These values are similar to those re-
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ported for the polymerization of MMA and of sty-
rene in DTAB microemulsions.®'?

Analysis of the instantaneous MWD (Figs. 11 and
12) demonstrate that, regardless of the composition
of the parent microemulsions, concentration and
type of initiator or temperature of reaction, chain-
transfer to monomer is the main termination mech-
anism. The low number of polymer chains per par-
ticle rules out termination by coagulation (Table IV).
Also, the probability for the entry of a second radical
in a reacting particle is quite small since the number
of original droplets that become loci of reaction is
rather low (<1% of the original number), at least
for the polymerization of styrene in DTAB micro-
emulsions.?? For many emulsion and microemulsion
polymerization reactions, chain-transfer reactions
to monomer appears to be the controlling termi-
nation mechanism.!%?2:2

Regardless of the type and concentration of ini-
tiator, the concentrations of BuMA and DTAB in
parent microemulsions, and temperature, only two
reaction rate intervals were observed: one in which
the reaction rate increases monotonically and which
ends at low conversions (<0.2-0.3), followed by an-
other in which the polymerization rate decreases
steadily (Figs. 3-8). Also, both particle size and av-
erage molecular weight remain constant throughout
the reaction (Fig. 9) and the number of polymer
chains per particle is unusually low (Tables I-1II).
These features appear to be characteristic of mi-
croemulsion polymerization except for the poly-
merization of relatively high water-soluble mono-
mers such as tetrahydrofurfuryl methacrylate and
vinyl acetate.!”** It has been suggested that the first
rate interval corresponds to a nucleation rate inter-
val that ends when all the droplets vanish. In the
second or termination rate interval, the concentra-
tion of monomer within the particle diminishes
steadily since there is no monomer available to
maintain the monomer concentration constant.'!''®
However, a continuous nucleation of particles has
also been proposed since there is enough surfactant
to stabilize new particles as others grow.”!® For this
reason, the combined effects of the increase in the
number of particles (which should result in faster
reaction rates) and the decrease in the average
number of free radicals per particle and of monomer
concentration per particle (which should result in a
decrease in reaction rates) produces a maximum in
the reaction rate at low conversions.

In microemulsion polymerization, there is a sub-
stantial number of droplets (ca. 2 to 5 X 10'® drop-
lets/cm®).22 However, the number of monomer mol-
ecules in the aqueous phase, estimated from the sol-

ubility of BuMA in water,? is about 10 to 50 X 108
molecules/cm®, depending on temperature. Hence,
at the beginning of reaction, free radicals can react
either with microemulsion droplets (micellar nucle-
ation) or with monomer in the aqueous phase. When
the primary free radicals react with monomer in the
aqueous phase, they grow to form oligomeric radicals
which become hydrophobic enough to precipitate
and yield reacting particles which can then be sta-
bilized by excess surfactant (homogeneous nucle-
ation), or to penetrate into a droplet to continue the
reaction there. However, at the early stages of re-
action, most of the surfactant is engaged in stabi-
lizing microemulsion droplets, so the homogeneous
nucleation mechanism is unlikely. However, when
the microemulsion droplets disappear (at around
20% conversion), the probability of homogeneous
nucleation is higher. Moreover, as particles grow,
there is excess surfactant which can stabilize grow-
ing particles in the aqueous phase. The observation
that average particle size and average molecular
weight remain constant throughout the reaction
(Fig. 9) strongly support the continuous nucleation
mechanism.

Our hypothesis is that at the beginning of the
reaction, initiation occurs mainly in the microemul-
sion droplets either by primary free radicals pro-
duced by the decomposition of the initiator, or by
oligomeric radicals. However, once the microemul-
sion droplets disappear there is an excess of surfac-
tant because of particle growth, which can stabilize
new particles that can be produced by homogeneous
nucleation in the aqueous phase or by micellar nu-
cleation. Modeling of polymerization of styrene in
three-component microemulsions made with DTAB
showed that micellar nucleation at early stages of
reaction followed by homogeneous nucleation better
mimics experimental data.®® Also, Full and col-
leagues,?? demonstrated by SANS and QLS that the
monodisperse parent microemulsions evolves into a
bimodal dispersion of polymer particles and micelles.
Since the probability of capturing a radical by the
reacting particles is extremely low and there is
monomer available to maintain the reaction, chain-
transfer to monomer controls the growth of the par-
ticles.

In conclusion, we have shown that high molecular
weight poly(BuMA) particles with diameters ranging
between 20 and 30 nm can be produced with ex-
tremely fast reaction rates (100% conversion in less
than 15 min) by microemulsion polymerization. The
evidence presented here indicates that the contin-
uous nucleation of particles and chain-transfer re-
actions to monomer control the kinetics of micro-



emulsion polymerization. However, a more thorough
and systematic study of the role of monomer solu-
bility in microemulsion polymerization is needed to
understand the differences in kinetic behavior be-
tween water-insoluble and more water-soluble
monomers.

This work was supported by CONACYT (Grant #3312-
A-94) and by the European Community (Contract #CI1-
CT94-0123).
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