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The polymerization of vinyl acetate in one-phase o/w microemulsions stabilized with Aerosol OT (AOT)
is examined as a function of concentration and type of initiator (V-50 and KPS) and temperature. Conversions
and reaction rates increase with increasing concentration of V-50 and temperature. Faster polymerization
rates and higher conversions are achieved with KPS because of the different electrostatic interactions
between the charged microemulsion droplets and the free radicals of KPS and V-50. Average molar masses
and polydispersity indexes (Mh w/Mh n) are much smaller than those observed in emulsion polymerization
using the same surfactant, even at high conversions. Analysis of the molar mass distribution indicates
that chain-transfer reactions to monomer are the controlling chain-growth mechanism in the polymerization
of vinyl acetate in AOT microemulsions at all conversions.

Introduction

Even though emulsion and microemulsion polymeri-
zation appear to be similarsboth can produce colloidal
polymer particles of high molar mass with fast reaction
rates,1-5 they are in fact entirely different from a kinetic
point of view. Emulsion polymerization exhibits three
reaction rate intervals (nucleation, propagation, and
termination),1,2 whereas only two rate intervals are
detected in microemulsion polymerization.5-12 Both ho-
mogeneous and micellar nucleation mechanisms can occur
in microemulsion polymerization owing to the large

amount of surfactant present, which also causes the
continuous generation of particles,5,7 whereas homoge-
neous nucleation is important only in the emulsion
polymerization of polar monomers.13 Moreover, both
particle size and average number of chains per particle
are considerably smaller in microemulsion polymeriza-
tion.5 A main drawback of microemulsion polymerization
is the low ratio of polymer produced to surfactant
employed. However, efforts to increase this ratio have
been reported recently.14-19

The polymers produced by emulsion and microemulsion
polymerization can also have different characteristics. For
instance, a cross-linked poly(tetrahydrofurfuryl meth-
acrylate) is produced by emulsion polymerization, whereas
a branched polymer with a large molar mass (ca. 107 g/mol)
is obtained in microemulsion polymerization.6 Isotactic
poly(methyl methacrylate) is produced by microemulsion
polymerization, whereas the atactic form is obtained in
emulsion polymerization.20 Recently we reported that the
polymerization of vinyl acetate (VA) stabilized with the
cationic surfactant cetyltrimethylammonium bromide
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(CTAB) yielded a polymer with a molar mass distribution
(MMD) controlled mostly by chain-transfer reactions to
monomer even at high conversionssalthough termination
by chain transfer to polymer was also evident.21,22 By
contrast, the emulsion polymerization of this monomer
produced a highly branched polymer of large molar mass
and broad MMD because chain transfer to polymer is the
controlling mechanism for chain growth and termination,
particularly at high conversions.23-26

By far, the monomers most extensively studied by
microemulsion polymerization are styrene and methyl
methacrylate.7,8,10-12,27-33 The microemulsion polymeri-
zation of more polar monomers, such as VA, has been
scarcely studied.21,22,34-36 It is noteworthy to mention the
work of Donescu et al., who polymerized VA in cosolu-
bilized systems made of surfactant, cosurfactant, water,
and VA.37, 38

Here the polymerization of VA in three-component
microemulsions stabilized with small amounts of Aerosol
OT (1 wt %) is presented as a function of type and
concentration of initiator and temperature. VA was also
polymerized in emulsions stabilized with Aerosol OT using
the same initiators to compare the kinetics of the polym-
erization as well as the characteristics of the latexes and
polymers produced by these two processes.

Experimental Section

Sodium bis(2-ethylhexyl)sulfosuccinate (Aerosol OT or AOT)
was 98% pure from Fluka. It was dried and stored in a desiccator
jar prior to use. VA (Aldrich) was distilled at 30 °C under reduced
pressure and argon atmosphere, stored at 4 °C in dark vials, and
used within 30 h after distillation. 2,2′-Azobis(2-amidinopropane)
dihydrochloride (V-50) from Wako Chem. was recrystallized from
methanol. Potassium persulfate (KPS) and hydroquinone were
99% pure from Aldrich, and they were used as received. Water
was doubly distilled and deionized.

The one-phase microemulsion regions (o/w and w/o) were
determined by titration of AOT/water solutions with VA and by
titration of AOT/VA solutions with water. Phase boundaries were
detected visually at each constant AOT/water or AOT/VA line.
Then, samples with compositions slightly below and above the
visually determined phase boundaries were prepared by weighing

each component and allowed to reach equilibrium in a water
bath at either 25 or 60 °C to determine more precisely the phase
boundaries. Clear samples that did not exhibit static or streaming
birefringence when examined through cross polarizers were
considered one-phase microemulsions. The lamellar phase was
identified by its texture in polarizing microscopy; however, its
boundaries were not determined accurately. The phase diagram
at high AOT concentrations was not examined since it is not
relevant for the present paper. Electrical conductivities were
measured with an Orion 101 conductimeter at 60 °C and 1000
Hz.

A 100 mL glass reactor with magnetic stirring was employed
to polymerize microemulsions made along an AOT/H2O ratio of
1/99 (w/w) and 3 wt % VA. The concentrations of V-50 and KPS
are reported in mole fraction with respect to monomer content.
Prior to polymerization, VA and the AOT aqueous solution were
degassed by cooling, pumping, and heating cycles. The reacting
system was continuously stirred and purged with argon during
the entire reaction. Conversion was followed by gravimetry:
samples were withdrawn from the reacting system at given times
and put in vials (of known weight) immersed in an ice bath
containing 0.5 g of a hydroquinone solution (0.4%). Samples were
then weighed and freeze-dried. The weight of polymer was
estimated by subtracting the known weights of AOT and
hydroquinone from the total weight of the freeze-dried sample.

Particle size was measured in a Malvern 4700 quasielastic
light-scattering (QLS) apparatus equipped with an argon laser
(λ ) 488 nm). Measurements were performed at 25 °C and at an
angle of 90°. Intensity correlation data were analyzed by the
method of cumulants to provide the average decay rate, 〈Γ2〉
()q2D), where q ) (4πn/λ) sin(θ/2) is the scattering vector, n the
index of refraction, and D the diffusion coefficient. The measured
diffusion coefficients were represented in terms of apparent
diameters by means of Stokes law assuming that the solvent has
the viscosity of water. Latexes were diluted up to 100 times and
filtered through 0.2 µm Millipore filters before QLS measure-
ments to minimize particle-particle interactions and to remove
dust particles.

Freeze-dried samples for gel permeation chromatography
(GPC) were washed with hot water to remove most AOT. The
dried polymer (and the remaining AOT) were dissolved in acetone
at 40 °C and centrifuged at 14 000 rpm and 5 °C for 25 min to
separate the AOT. The supernatant was extracted with a pipet,
the acetone evaporated, and the polymer dissolved in HPLC-
grade tetrahydrofurane (Merck), used as the mobile phase.
Average molar masses and molar mass distributions (MMD) were
measured with a LC30 Perkin-Elmer gel permeation chromato-
graph equipped with a refractive index and Dawn multiangle
light-scattering detectors.

Results

Phase Behavior. Phase diagrams of AOT/water/VA
at 25 and 60 °C are shown in Figure 1. At 25 °C, the
one-phase o/w microemulsion region (L1) is small and
protrudes as a tongue from the water-rich corner. The w/o
one-phase microemulsion region (L2), in contrast, is large
and extends to more than 60 wt % VA toward the water-
rich corner. Between the L1 and L2 regions, there is an
ample emulsion region, which also shares a phase bound-
ary with the lamellar region (LR). At 60 °C, the micro-
emulsion region spans continuously from the water side
to the oil side of the phase diagram. The emulsion region
has split in two and shrunk whereas the LR region
increases as the temperature is raised from 25 to 60 °C.

The electrical conductivity is high (a few mS/cm) in the
o/w microemulsion region. In this region, conductivity
increases rapidly with increasing Aerosol OT content and
slightly with increasing VA content (Table 1). By contrast,
conductivity is low (a few µS/cm) in the w/o microemulsion
region (Table 2). Conductivity increases with increasing
water content along constant AOT/VA lines. At a water
content of 60 wt % in the 25/75 AOT/VA line, the
conductivity is larger than 7 × 103 µS/cm, which is similar
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to that observed in the L1 region (cf. Tables 1 and 2).
Nearby, along the 12/88 AOT/water line at a VA content
of 23%, conductivity is also of the same order of magnitude.

Kinetics. Figure 2A reports conversion as a function
of time for the polymerization of VA in AOT microemul-
sions initiated at 60 °C with different V-50 concentrations.
Both conversion and reaction rate increase with increasing
V-50 concentration. Plots of polymerization rate as a
function of conversion reveal only two rate intervals; more-
over, the maximum reaction rate (Rpmax) is detected at the
same conversion (xmax ≈ 19%) regardless of the level of
initiator concentration (Figure 2B). From a double-loga-
rithm plot of Rpmax versus initiator concentration, a power
law correlation of the form Rpmax ∝ [V-50]0.8 was found.

The effect of temperature on conversion and reaction
rate is depicted in Figure 3 for the polymerization of VA
initiated with V-50 (nV-50/nVA ) 3.17 × 10-3). Both
conversion and reaction rate increase as the reaction
temperature is raised. Again, only two reaction rate
intervals are observed (Figure 3B). Notice that xmax shifts
slightly to lower values upon increasing temperature. A
plot of the logarithm of Rpmax versus the reciprocal of the
absolute temperature (not shown) gives a straight line
indicating an Arrhenius behavior. From the slope of this
plot, an activation energy (Ea) of 82.4 kJ/mol was
estimated.

Polymerization was also carried out with KPS because
this initiator decomposes into anionic free radicals in
contrast to V-50 that yields cationic free radicals. Figure
4A shows conversion as a function of time for the
polymerization of VA initiated with KPS (nKPS/nVA ) 3.2
× 10-3) at 60 °C. Also, for comparison, conversion versus
time data are included in this figure for the polymerization
of VA in a microemulsion of identical composition but
initiated with V-50 (nV-50/nVA ) 3.17 × 10-4) at 60 °C. The
concentrations of V-50 and KPS were chosen to produce
equal fluxes of free radicals since V-50 decomposes 10

Table 1. Electrical Conductivity at 60 °C of Microemulsions Made Along Constant AOT/H2O Lines as a Function of VA
Content

AOT/water ) 1/99 AOT/water ) 4/96 AOT/water ) 7/93 AOT/water ) 12/88

VA
(wt %)

k
(mS/cm)

VA
(wt %)

k
(mS/cm)

VA
(wt %)

k
(mS/cm)

VA
(wt %)

k
(mS/cm)

0 1.47 0 3.54 7.2 6.4 20.8 7.81
0.91 1.47 2.0 4.45 8.7 6.3 21.7 7.74
2.3 1.45 3.5 4.5 10 6.2 23.3 7.78
2.9 1.46 4.6 4.99
3.5 1.46

Figure 1. Phase diagram of Aerosol OT, water, and vinyl
acetate at 25 °C (A, top) and 60 °C (B, bottom).

Table 2. Electrical Conductivity at 60 °C of
Microemulsions Made Along Constant AOT/VA Lines as a

Function of H2O Content

AOT/VA ) 15/85 AOT/VA ) 25/75

H2O
(wt %)

k
(µS/cm)

H2O
(wt %)

k
(µS/cm)

0 1 0 3.1
10.7 19.9 19.6 63.6
20 29.6 35.2 200
26.8 66.1 45.1 1700
32.5 300 60 7340

Figure 2. (A, top) Conversion versus time for the polymeri-
zation of vinyl acetate in AOT microemulsions (3 wt % VA, 0.97
wt % AOT, and 96.03 wt % H2O) initiated at 60 °C with different
V-50 concentrations (nV-50/nVA): (0) 3.17 × 10-4; (b) 9.51 ×
10-4; (O) 2.06 × 10-3; (9) 3.17 × 10-3; (2) 4.8 × 10-3. (B, bottom)
Reaction rate versus conversion for data shown in Figure 2A.
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times faster than KPS at 60 °C. At this temperature, the
decomposition rate constant (kd) of V-50 is 3.2 × 10-5 s-1

according to the manufacturer whereas that of KPS is 3.1
× 10-6 s-1.39 Faster reaction rates and higher conversions
are achieved with KPSsconversion is near 100% with
KPS after 50 min of reaction whereas conversion does not
exceed 50% with V-50 in the same period of time (Figure
4A). Reaction rate as a function of conversion discloses
again two rate intervals with both initiators (Figure 4B).
Rpmax is nearly five times larger with KPS than with V-50.
However, xmax is practically the same (ca. 19%) with both
initiators.

VA was also polymerized in emulsion media (AOT/H2O
ratio of 1/99 by weight and 10 wt % VA) initiated at 60
°C with V-50 (nV-50/nVA ) 3.17 × 10-4) or KPS (nKPS/nVA
) 3.2 × 10-3) to compare the kinetic schemes and the
reaction mechanisms of emulsion and microemulsion
polymerization. Figure 5 shows plots of conversion versus
time and of reaction rate as a function of conversion.
Conversions are higher and reaction rates are faster again
with KPS. Moreover, three reaction rate intervals are
clearly defined with an intermediate constant-reaction-
rate interval, which corresponds to the propagation step
(Figure 5B). Notice that the reaction rate in the propaga-
tion step is about six times larger than Rpmax in micro-
emulsion polymerization for KPS and nearly 10 times
larger for V-50 (cf. Figures 4B and 5B).

Latex Characterization. Table 3 reports the average-
number molar mass (Mh n), the polydispersity index (Mh w/
Mh n), and the latex particle size (Dp) as a function of V-50
concentration at final conversions (Figure 2A). Molar
masses and Mh w/Mh n are quite insensitive to the level of

initiator concentration employed. Moreover, they are much
smaller than typical values reported for emulsion polym-
erization of this monomer.23-26 On the other hand, particle
size increases slightly upon increasing initiator concen-
tration. The number density of particles, Np, estimated
from conversion and with the assumption that all particles
have a size equal to DP, is around 3 × 1015 mL-1. Likewise,
with the assumption that all polymer chains have a molar
mass equal to Mh n, an average number of chains per
particle, Nc, was estimated to be between 6 and 25,
depending on initiator concentration. These values are
much smaller than those typically found in emulsion
polymerization.1,2

Mh n, Mh w/Mh n, and Dp for the polymerization of the VA
microemulsions initiated with V-50 (nV-50/nVA ) 3.17 ×
10-3) at different temperatures are shown in Table 4.
Values of Mh n and Mh w/Mh n do not seem to depend on
temperature, and, again, they are much smaller than
values reported for the emulsion polymerization of this
monomer.23-26 Particle size, in turn, increases with
decreasing reaction temperature.

Values of Mh n, Mh w/Mh n, and Dp at various conversions for
the polymerization of VA in AOT microemulsions initiated
at 60 °C with V-50 (nV-50/nVA ) 3.17 × 10-3) or with KPS
(nV-50/nVA ) 3.20 × 10-3) are reported in Table 5. With
both initiators, Mh n increases slightly with conversion but
Mh w/Mh n is about the same at all conversions. Particle size
remains fairly constant throughout the reaction, except

(39) Brandrup, J.; Immergut, E. H.; Grulke, E. A. Polymer Handbook;
Wiley: New York, 1999.

Figure 3. (A, top) Conversion versus time for the polymeri-
zation of vinyl acetate in AOT microemulsions (3 wt % VA, 0.97
wt % AOT, and 96.03 wt % H2O) initiated with V-50 (3.17 ×
10-3) at different temperatures: (9) 40 °C; (2) 50 °C; (b) 60 °C.
(B, bottom) Reaction rate versus conversion for data shown in
Figure 3A.

Figure 4. (A, top) Conversion versus time for the polymeri-
zation of vinyl acetate in AOT microemulsions (3 wt % VA, 0.97
wt % AOT and 96.03 wt % H2O) initiated with V-50 (b) or KPS
(9) at 60 °C. The concentrations of KPS (3.17 × 10-3) and V-50
(3.17 × 10-4) were chosen to yield equal fluxes of free radicals.
(B, bottom) Reaction rate versus conversion for data shown in
Figure 4A.
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at the highest conversion with KPS, where larger particles
are detected.

Table 6 depicts values of Mh n, Mh w/Mh n, and Dp at different
conversions for the emulsion polymerization of this
monomer initiated at 60 °C with KPS or V-50. Mh n, Mh w/Mh n,
and Dp change with conversion very differently than those
reported for microemulsion polymerization (Table 5). At
low conversions, values of Mh n and Mh w/Mh n are similar to
those found in microemulsion polymerization; however,
as conversion increases, both Mh n and Mh w/Mh n augment and
become substantially larger than those obtained in
microemulsion polymerization under similar reaction
conditions and conversions (cf. Tables 5 and 6). Particles
are larger in emulsion polymerization, even at low

conversions, and grow with conversion. Final particle size
with both initiators is much larger than those obtained
by microemulsion polymerization (cf. Tables 5 and 6).

Discussion and Conclusions

The double-tail anionic surfactant, Aerosol OT, usually
does not form o/w microemulsions with oils because of its
large effective surfactant parameter, v/(a0lc), where v is
the volume of the hydrocarbon tails, a0 the area of the
polar head at the interface, and lc the length of the extended
hydrocarbon tails.40 However, with polar monomers such
as MMA, N-methylolacrylamide (NMA), and tetrahydro-
furfuryl methacrylate (THFM), AOT does form one-phase
o/w microemulsions because these polar monomers act as
cosurfactants and place themselves at the interface.6,8,41

With VA, Aerosol OT also forms transparent, fluid, and
highly conductive one-phase samples at 25 and 60 °C near
the water-rich corner of the phase diagram (Figure 1).
Evidently, similar to MMA, NMA, and THFM, some VA
molecules go to the interface and there, together with the
AOT molecules, produce the necessary curvature to allow
the formation of o/w microemulsions. The transparency,
low viscosity, composition, and high conductivity (Table
1) confirm water-continuous microstructures, i.e., o/w
microemulsions. Conductivity increases with increasing
AOT/water ratio as expected (Table 1). However, in
contrast to the behavior observed with styrene and other
monomers,7,9 conductivity raises slightly upon increasing
VA content. This behavior, also reported for methyl
methacrylate (MMA) microemulsions8 and for VA micro-
emulsions stabilized with CTAB,21 has been attributed to
the partial hydrolysis of these monomers. This effect must
be important enough to overcome the decrease in con-
ductivity produced by micellar growth upon incorporation
of monomer.

In the L2 region, samples are transparent, fluid, but
poorly conductive (Table 2), demonstrating the existence
of a w/o microemulsion structure, which is typical of
Aerosol OT. Upon increasing the temperature from 25 to
60 °C, the L1 and the L2 regions merge together. At water/
oil ratios close to one, samples are slightly bluish, fluid,
and highly conductive (Table 2), which may indicate the
formation of bicontinuous microemulsions. However,
further tests are needed to demonstrate the existence of
this structure.

The initially transparent o/w microemulsions become
slightly bluish at the onset of polymerization and increas-
ingly turbid as the reaction proceeds because of particle
growth and the increasing refractive index contrast
between particles and the aqueous medium as monomer
changes into polymer. Final latexes are bluish and opaque;
also, they have not shown signs of coagulation after a few
months of storage at room temperature. Polymerization
of VA in Aerosol OT microemulsions is fast, and the
polymerization rates increase with increasing V-50 con-
centration (Figure 2) and temperature (Figure 3). An
increase in initiator concentration yields faster reactions
owing to the larger flux of free radicals, which produces
a higher probability of both homogeneous and micellar
nucleation of particles. Increasing the temperature of
reaction results in faster reaction rates and higher
conversions because of the increase in the V-50 decom-
position rate constant and the VA propagation rate

(40) Mitchel, D. J.; Ninham, B. W. J. Chem. Soc., Faraday Trans 2
1981, 77, 601.

(41) Macı́as, E. R.; Rodrı́guez-Guadarrama, L. A.; Cisneros, B. A.;
Castañeda, A.; Mendizábal, E.; Puig, J. E. Colloids Surf. A 1995, 103,
119.

Figure 5. (A, top) Conversion versus time for the polymeri-
zation of vinyl acetate in AOT emulsions (10 wt % VA, 0.90 wt
% AOT, and 89.1 wt % H2O) initiated with V-50 (b) or KPS (9)
at 60 °C. The concentrations of KPS (3.17 × 10-3) and V-50
(3.17 × 10-4) were chosen to yield equal fluxes of free radicals.
(B, bottom) Reaction rate versus conversion for data shown in
Figure 5A.

Table 3. Average-Number Molar Mass, Polydispersity
Index, and Particle Size of Poly(vinyl acetate) Obtained
at the End (according to Figure 2) of the Microemulsion

Polymerization with Various V-50 Concentrations

[V-50] × 103

(nV-50/nVA)
Mh n × 10-5

(g/mol) Mh w/Mh n

Dp
(nm)

0.317 4.3 1.4 25.5
0.95 2.4 2.3 26.6
2.06 2.6 2.4 26.7
3.17 5.3 1.6 29.6
4.76 4.6 1.5 31.0

Table 4. Average-Number Molar Mass, Polydispersity
Index, and Particle Size of Poly(vinyl acetate) Obtained

after 90 min of Polymerization (see Figure 3) as a
Function of Temperature of Reaction

T (°C)
conversion

(%)
Mh n × 10-5

(g/mol) Mh w/Mh n Dp (nm)

40 55.0 4.6 1.6
50 72.0 3.7 1.8 43
60 87.0 5.3 1.6 30
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constant. Moreover, since the solubility of VA in water
increases with increasing temperature, the contribution
of homogeneous nucleation may be more important.

Only two reaction rate intervals are detected at all V-50
concentrations (Figure 2B), all temperatures (Figure 3B),
and for both KPS and V-50 (Figure 4B). The polymerization
rate first increases rapidly because of the fast particle
nucleation rate, and then it decreases steadily after
passing through a maximum, because monomer concen-
tration within the particles begins to diminish as a result
of the disappearance of the microemulsion droplets and/
or the monomer dissolved in the aqueous phasesthe latter
fact is important in the polymerization of more water-
soluble monomers such as VA. This does not contravene
the continuous particle nucleation mechanism that has
been proposed for microemulsion polymerization.5,10,28 In
fact, the large amount of surfactant present in micro-
emulsion polymerization allows the nucleation and sta-
bilization of new particles throughout the reaction.

The maximum reaction rate is detected at about the
same conversion (xmax ≈ 19 ( 1%) regardless of the type
and concentration of initiator and temperature, although,
at 40 °C, it shifts slightly to higher values (Figure 3B)
probably because of a change in the water solubility of VA
or experimental (or numerical) uncertainties. The same
value of xmax was reported for the polymerization of VA
in ternary microemulsions stabilized with CTAB.21,22

However, for the polymerization of VA in microemulsions
stabilized with a mixture of dodecyltrimethylammonium
bromide (DTAB) and didodecyldimethylammonium bro-
mide (DDAB), xmax was detected at higher conversions
(ca. 25%).35 For other systems, xmax does not change with
changes in monomer and initiator concentrations, but it
varies from monomer to monomer. For instance, xmax is
20% for styrene, 32% for methyl methacrylate, 30% for
n-butyl methacrylate, and 39% for n-hexyl
methacrylate.7-9,12,42,43

In emulsion polymerization, reaction rate slows down
when the number of particles becomes constant and the
monomer concentration (and/or the average number of
free radicals per particle) decreases.1,2 In microemulsion
polymerization the explanation of the maximum in
reaction rate is more complicated inasmuch as particles
are generated throughout the reaction.10,43 Guo et al.

suggested that the interval I in microemulsion polymer-
ization (of styrene) ends when all the microemulsion
droplets have disappeared either by becoming polymer
particles or by being consumed by diffusion of their
monomer to the reacting particles; then reaction rate
diminishes because monomer concentration in the par-
ticles decreases.28 Mendizábal et al. have suggested the
same mechanism for the microemulsion polymerization
of water-insoluble monomers (i.e., equilibrium partition-
ing) and proposed that the parameter that controls the
position of xmax is the monomer volume fraction in the
particles at equilibrium, φ.44 Guo et al. used a kinetically
limited partitioning of monomer and reported that micro-
emulsion droplets disappear at 4% conversion but that
the maximum reaction rate occurs at 20% conversion; they
also found that the average number of free radicals per
particle (ñ) is always smaller than 0.5 and decreases with
conversion.43 Evidently, even though microemulsion drop-
lets disappear early in the reaction, the number of dead
polymer particles swollen with monomer must be large
enough (owing to the small value of ñ) to serve as monomer
reservoirs that maintain the concentration of monomer
at saturation to higher conversions. For VA and monomers
with high solubility in water, particle generation at early
stages of reaction must be dominated by homogeneous
nucleationsalthough micellar nucleation may also con-
tribute owing to the large initial number of microemulsion
droplets. Microemulsion droplets and swollen dead poly-
mer particles must supply monomer to maintain the
monomer concentration constant in the increasing number
of reacting particles. This should occur until the overall
concentration of monomer is not enough to maintain
monomer concentration at saturation in the aqueous phase
and in the particles. However, more detailed experiments
should be performed to explain the value of xmax and its
invariance to reaction conditions.

Rpmax follows a power law with V-50 concentration with
an exponent, R, equal to 0.8. Similar correlations between
Rpmax and initiator concentration have been reported for
the microemulsion polymerization of VA in CTAB micro-
emulsions (R ) 0.7)21 and in DDAB/DTAB microemulsions
(R ) 0.5).35 For the emulsion polymerization of VA, values
of R equal to 0.64 and 0.7 have been reported for the
reaction rate in the propagation stage.45,46 These values,

(42) Mendizábal, E.; Flores, J.; Puig, J. E.; Katime, I.; López-Serrano,
F.; Alvarez, J. Macromol. Chem. Phys., in press.

(43) Guo, J. S.; Sudol, E. D.; Vanderhoff, J. W.; El-Aasser J. Polym.
Sci., Polym. Chem. Ed. 1992, 30, 691.

(44) Mendizábal, E.; Flores, J.; Puig, J. E.; López-Serrano, F.; Alvarez,
J. Eur. Polym. J. 1998, 34, 411.

(45) O’Donell, J. T.; Mesrobian, R. B.; Woodward, A. E. J. Polym. Sci.
1958, 28, 171.

Table 5. Average-number Molar Mass, Polydispersity Index, and Particle Size Measured at Various Conversions for the
Microemulsion Polymerization of VA Initiated at 60 °C with KPS (nKPS/nVA ) 3.2 × 10-3) or V-50 (nV-50/nVA ) 3.17 × 10-3)

KPS V-50

conversion
(%)

Mh n × 10-5

(g/mol) Mh w/Mh n

Dp
(nm)

conversion
(%)

Mh n × 10-5

(g/mol) Mh w/Mh n

Dp
(nm)

28.5 2.7 1.7 21.5 33.4 2.8 1.7 36
36.7 3.4 1.6 21.5 58.7 3.7 1.5 30
49.6 2.8 2.1 22.1 86.4 5.3 1.6 30
97.1 5.1 1.8 33.3

Table 6. Average-Number Molar Mass, Polydispersity Index, and Particle Size Measured at Various Conversions for the
Emulsion Polymerization of VA Initiated at 60 °C with KPS (nKPS/nVA ) 3.2 × 10-3) or V-50 (nV-50/nVA ) 3.17 × 10-4)

KPS V-50

conversion
(%)

Mh n × 10-5

(g/mol) Mh w/Mh n

Dp
(nm)

conversion
(%)

Mh n × 10-5

(g/mol) Mh w/Mh n

Dp
(nm)

7.0 5.5 1.2 24.5 7.5 1.4 70
35.5 7.5 1.4 51.0 8.9 1.8 86
58.0 8.8 1.6 63 93.0 9.3 4.0 100
74.7 12.5 1.9 71
97.0 20.9 2.1 80
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which are larger than those predicted by the Smith-Ewart
theory, can be attributed to the important contribution of
homogeneous nucleation in the emulsion polymerization
of this monomer.

Reaction rates and conversions obtained with KPS are
higher than those achieved with V-50 (Figure 4). Since
the concentrations of both initiators were chosen to
produce the same flux of free radicals, kinetic differences
can only be explained by (i) pH artifacts and (ii) electro-
static interactions. The decomposition rate constant of
KPS varies with pH,47 whereas that of V-50 does not appear
to depend on pH.36 For the polymerization rate of VA in
AOT microemulsions initiated with KPS, the fastest
reaction rate was achieved at a pH of 7.36 Data shown in
Figure 4 were obtained with a buffer to maintain the pH
at a value of 7, so pH artifacts can be ruled out. Notice
that the reaction rate with KPS is similar to that produced
with V-50 at equal concentrations (cf. Figures 2 and 4)
even though the latter is producing 10 times more radicals
per unit time. Here we propose that the negatively charged
microemulsion droplets “trap” cationic free radicals of V-50
and reduce their efficiency to initiate the reaction. By
contrast, the negatively charged KPS free radicals are
repelled by the droplets into the aqueous phase where
they can react with the monomer dissolved there. These
oligomeric radicals can grow up to a critical size and enter
microemulsion droplets and existing particles or can be
stabilized by recruiting surfactant and grow to become
particles.

Rpmax follows an Arrhenius behavior with an activation
energy (82 kJ/mol) that is larger than those reported for
the polymerization of VA in CTAB microemulsions (69
kJ/mol)22 and in DTAB/DDAB microemulsions (64 kJ/
mol),35 both also initiated with V-50. Inasmuch as reaction
rates are faster in the latter systems,21,35 the differences
in activation energies (and reaction rates) can be a
consequence of the different electrostatic interactions
existing in these systems, as discussed above. In the CTAB
and the DTAB/DDAB systems, interactions between the
cationic free radicals of V-50 and the cationic droplets are
repulsive, whereas in the AOT system, the interactions
between the V-50 radicals and the anionic AOT droplets
are attractive. Hence, the “electrostatic cage effect”48

becomes operative in the latter system yielding slower
reaction rates and a higher activation energy than in the
CTAB and DTAB/DDAB systems.

The polymerization of VA in emulsions stabilized with
AOT is faster and yields higher conversions with both
KPS and V-50 than their counterparts in microemulsion
polymerization (cf. Figures 4A and 5A) because of the
higher monomer and initiator concentrations employed
(three times larger), so it is not possible to compare
absolute reaction rates. Nevertheless, three distinct
reaction rates can be detected (Figure 5B) in contrast to
microemulsion polymerization, where only two stages are
seen (Figures 2B, 3B, and 4B). The constant reaction rate
in the propagation stage is significantly faster than the
Rpmax of the microemulsion polymerization. Furthermore,
the evolution of Mh n and Mh w/Mh n with conversion in emulsion
polymerization (Table 6) is notoriously different from that
in microemulsion polymerization (Table 5).

In the batch emulsion polymerization of this monomer,
termination reactions at low conversions are mainly due
to chain transfer to monomer, which yields values of Mh n

around (3-5) × 105 g/mol and a low Mh w/Mh n (≈2) whereas
at higher conversions (g30-40%), chain transfer to
polymer and terminal double-bond reactions produce
branched polymers of high molar mass, which lead to a
high Mh w/Mh n.23-26 These effects are particularly severe at
high conversions, where the reacting particles contain a
high number density of macromolecules. Data for the
polymerization of VA in AOT emulsions show these
trends: values of Mh n around 5 × 105 and low Mh w/Mh n at low
conversions and increasingly larger values of these
parameters as the reaction proceeds (Table 6).

Inasmuch as Mh n and Mh w/Mh n are about the same at all
conversions for microemulsion polymerization (Table 5)
and since Mh n and Mh w/Mh n for the emulsion and micro-
emulsion polymerizations examined here are similar at
low conversions (cf. Tables 5 and 6), this leads us to suspect
that chain transfer to monomer is the controlling termi-
nation mechanism for the polymerization of VA in AOT
microemulsions.

For a 0-1 reacting system dominated by chain transfer
to monomer, the number average molar mass is given
by49

For VA, the rate constant for chain transfer to monomer,
ktr,M, is 4.03-6.44 × 10-4 m3.mol-1.s-1 at 60 °C49 and kp is
2.3 m3.mol-1.s-1 at the same temperature.39 With these
values, Mh n was estimated to be (3.1-4.9) × 105 g/mol.
Inasmuch as the number-average molar masses obtained
in this work (Tables 3-5) clearly fall within this theoretical
range, this indicates that chain-transfer reactions to
monomer control chain termination in the polymerization
of VA in AOT microemulsions during the whole reaction.
Moreover, the values of Mh w/Mh n are also within the expected
range of termination owing to chain transfer to monomer.
Likewise, the values of Mh n for the polymerization in
emulsions stabilized with AOT at low conversions are
within the theoretical range of termination by chain-
transfer reactions to monomer; at higher conversions,
evidently, chain transfer to polymer and, perhaps, ter-
minal double-bond reactions dominate chain growth and
termination events.

To show conclusively that chain transfer to monomer
is the controlling termination mechanism from low to high
conversions in microemulsion polymerization, the whole
molar mass distributions (MMD) obtained by GPC were
analyzed as a function of initiator concentration. The plot
of the logarithm of the instantaneous number MMD, log
P(M), versus molar mass should give a straight line when
chain transfer to monomer is the controlling mechanism.2
Our GPC data plotted as log P(M) versus M are linear for
all V-50 concentrations (correlation coefficient better than
0.994 in all cases) with similar slopes (Figure 6), which
completely demonstrates that chain transfer to monomer
is indeed the governing termination mechanism at all
conversions. From the slope of such plots, the values of
ktr,M were estimated for the polymerizations initiated with
the various V-50 concentrations, yielding an average value
of 6.4 × 10-4 m3.mol-1.s-1, which is within the range
reported for ktr,M of VA at 60 °C.49

Particle size appears to be the key factor in the distinct
termination mechanisms observed here for emulsion and
microemulsion polymerization. Owing to differences in
size, the probability that a radical formed by chain transfer
to monomer can escape from microemulsion-made par-(46) Dunn, A. S.; Taylor, P. A. Makromol. Chem. 1965, 83, 207.

(47) Behrman, E. L.; Edwards, J. O. Rev. Inorg. Chem. 1980, 2, 179.
(48) Friend, J. P.; Alexander, A. E. J. Polym. Sci., Polym. Chem. Ed.

1968, 16, 1833. (49) Odian, G. Principles of Polymerization; Wiley: New York, 1991.
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ticles (25-30 nm) is larger than that from emulsion-made
particles (80-100 nm). In fact, Guo et al. found much
higher desorption rate constants in the microemulsion
polymerization of styrene than in emulsion polymeriza-
tion.28 For various monomers, Mendizábal et al. also
reported much higher desorption rate constants in micro-
emulsion polymerization.42,44 Moreover, the average num-
ber of chains per particle is much smaller in microemulsion
polymerization, even at high conversion. This fact may
also contribute to diminish the probability of chain transfer
to polymer at high conversions.

Our hypothesis is supported by data reported elsewhere.
In the polymerization of VA in CTAB or DTAB/DDAB
microemulsions, bimodal (low and high) MMD were

obtained.22,35 In the former case, smaller particles (35-50
nm) and mostly low MMD polymer (with Mh n values in the
rangeof the theoretical ones for chain transfer to monomer)
were obtained, whereas in the latter case, larger particles
(70-100 nm) and mostly high MMD polymer were
produced.

The results reported here demonstrate that emulsion
and microemulsion polymerization processes are indeed
different. Not only do they exhibit different kinetics and
mechanisms but also the polymers produced are, in some
cases, structurally different. It appears that for the
polymerization of VA in microemulsions stabilized with
Aerosol OT, the main controlling mechanism of chain
growth and termination is chain-transfer reactions to
monomer at all conversions. This unusual free radical
polymerization behavior is apparently caused by the
smaller particle size and the small average number of
polymer chains per particle, which allows fast desorption
rates of the monomeric radicals. To prove conclusively
that chain transfer to monomer and not to polymer controls
the MMD and that the poly(vinyl acetate) produced here
contains a small degree of branching, even at high
conversions, 13C NMR analysis are underway, following
the method reported by Britton and collaborators.50
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Figure 6. Logarithm of the instantaneous number-average
MMD, P(M), versus molar mass, M, for poly(vinyl acetate) as
a function of the concentration of V-50 used in the polymeri-
zation. Samples at final conversions reported in Figure 2 were
used.
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