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Abstract

The polymerization of vinyl acetate in microemulsions stabilized with dodecyltrimethylammonium bromide (DTAB), cetyltrimethylam-
monium bromide (CTAB) or mixture of these surfactants is examined. The polymerization rate diminishes as the surfactant mixture becomes
richer in DTAB. Also, particles grow with conversion and become increasingly larger as the DTAB content in the mixture increases. Our
results indicate that chain transfer reactions to monomer are more important than chain transfer reactions to polymer even at high conversions
with CTAB. However, as the content of DTAB increases, bimolecular termination induced by coagulation, terminal double bond
polymerization and chain transfer reactions to polymer become increasingly more important. © 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Emulsion and microemulsion polymerization are
processes that allow the synthesis of colloidal particles of
high-molar mass polymer with fast reaction rates [1-3].
This is because the free radical polymerization reactions
are carried out in compartmentalized loci. Nevertheless,
the reaction mechanisms of these two processes are quite
distinct and frequently, the characteristics of the final
products are different [2—9].

Among the polymers produced by emulsion polymeriza-
tion, poly(vinyl acetate) stands out inasmuch as more than
20% of the total production is associated with this polymer
[10]. However, because of chain transfer reactions to poly-
mer at high conversions during the emulsion polymerization
of vinyl acetate (VA), highly branched polymers are
obtained [11-14].

Recently, we reported the polymerization of VA in three-
component cationic or anionic o/w microemulsions
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[15-17]. The most important result is that chain transfer
reactions to monomer control chain termination in micro-
emulsion polymerization, even at high conversions, in
contrast to emulsion polymerization.

Here, we report the polymerization of VA in microemulsions
stabilized with the cationic surfactants dodecyltrimethyl-
ammonium bromide (DTAB) and cetyltrimethyl-ammo-
nium bromide (CTAB), alone or mixed in different weight
ratios. Our results indicate that chain transfer to monomer
is the dominant mechanism for polymerization stabilized
with CTAB even at high conversions. Nevertheless, as the
content of DTAB increases, other mechanisms take place.
We provided an explanation in terms of differences in
particle size and of the number density of polymer
particles.

2. Experimental section

CTAB (99% + pure from Aldrich) and DTAB (99%+
pure from Tokyo Kasei) were re-crystallized from a 50/50
(v/v) acetone/ethanol mixture. VA, with purity higher than
99% from Aldrich, was dried with CaCl,, distilled at 30 °C
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Fig. 1. Conversion as a function of time for the polymerization at 60 °C of
VA in microemulsions stabilized with CTAB/DTAB in w/w: 0/100 (O); 25/
75 (®); 50/50 (@); 75/25 (H); 100/0 (A). Inset: Reaction rate as a function
of conversion.

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 re-crystallized from methanol. Hydroqui-
none (99% pure from Aldrich) was used as received. Triple-
distilled and de-ionized water was drawn from a
Cole-Parmer ionic exchange system.

A 100 ml glass reactor with cooling jacket and magnetic
stirring was employed for the reactions at 60 °C in micro-
emulsions containing 4 wt% VA and 5/95 weight ratio of
surfactant(s)/water. The surfactants employed were DTAB,
CTAB or some of their mixtures in different weight ratio.
The concentration of V-50 was maintained constant and
equal to 0.3 wt% with respect to monomer. Prior to poly-
merization, the monomer and the aqueous solutions of
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Fig. 2. Particle size, measured by QLS, versus conversion for the polymer-

ization at 60 °C of VA in microemulsions stabilized with CTAB/DTAB in
w/w: 0/100 (O); 25/75 (#®); 50/50 (@); 75/25 (H); 100/0 (A).

surfactant and initiator were degassed by cooling-pumping-
and-heating cycles. The reacting system was continuously
stirred during the entire reaction and purged with argon each
time that a sample was taken. To maintain the reaction
temperature constant, thermostated water was re-circulated
through the reactor jacket. The reaction temperature was
monitored with a thermocouple inserted in the reacting
medium. Conversion was determined gravimetrically by
withdrawing samples from the reacting system according
to a previously defined program and put in vials of known
weight, immersed in an ice bath, that contained 0.5 g of a
0.4 wt% hydroquinone aqueous solution. The samples were
weighed to determine the amount of latex withdrawn and
freeze-dried in a Labconco Freeze Dry System/Freezone 6.
The weight of polymer was estimated by subtracting the
known weights of surfactant and hydroquinone from the
total weight of the freeze-dried sample.

Particle size was measured at 25 °C and an angle of 90° in
a Malvern 4700 quasielastic light scattering (QLS) appara-
tus equipped with an Argon laser (A = 488 nm). Intensity
correlation data were analyzed by the method of cumu-
lants to provide the average decay rate, (I’ = ¢’D),
where g[= (4wn/A)sin(6/2)] is the scattering vector; n, the
index of refraction; D is the diffusion coefficient. The
measured diffusion coefficients were represented in terms
of apparent diameters (D,) 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 pm Milli-
pore filters before QLS measurements to minimize particle—
particle interactions and to remove dust particles.

To measure average molar masses and molar mass distri-
butions (MMD) by gel permeation chromatography (GPC),
the surfactant was eliminated from the freeze-dried samples
by dialysis using porous membranes (Sigma) with exclusion
size corresponding to molar masses larger than 12 000 g/
mol. The dialyzed solution was then subjected to three
freezing-and-thaw cycles to coagulate the polymer. The
surfactant-free polymer was recovered by filtration, washed
with de-ionized water and dried, before being dissolved
in HPLC-grade tetrahydrofuran (Merck), which is used as
the mobile phase. The chromatographic equipment was
composed of a Knauer HPLC64 pump, a Rheodyne injector
loop of 100 wl for poly(vinyl acetate) in tetrahydrofuran
[18]. This calibration was verified using poly(vinyl acetate)
standards (Polymer Laboratories). Measured average molar
masses coincide with values given by the supplier within
5%.

3. Results

Fig. 1 shows conversion versus time for the polymeriza-
tion at 60 °C of VA in microemulsions stabilized with
CTAB, DTAB or their mixtures. Error bars represent the
standard deviations calculated from at least four replicated
runs. In all cases, reaction rates are fast and conversions
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Fig. 3. Number density of particles versus conversion for the polymeriza-
tion at 60 °C of VA in microemulsions stabilized with CTAB/DTAB in
w/w: 0/100 (O); 25/75 (®); 50/50 (@); 75/25 (H); 100/0 (A).

higher than 80% are achieved in less than 40 min. The initi-
ally transparent microemulsions evolve into bluish-to-
opaque latexes as the reaction proceeds. Reaction rates
increase as the ratio of CTAB/DTAB goes from 0/100 to
100/0 (inset in Fig. 1). Also, the reaction rates as a function
of conversion depict only two intervals, which is typical of
microemulsion polymerization [3]. Note that the reaction
carried out in the microemulsion stabilized with DTAB
speeds up after about 15 min and the final conversion is
near to that obtained in the reaction accomplished with
CTAB. Nevertheless, the maximum reaction rate follows
the order (CTAB/DTAB): 0/100 < 25/75 < 50/50 <75/
25 <'100/0.

Fig. 2 depicts the evolution of particle size during the
polymerization of VA in microemulsions stabilized with
CTAB, DTAB or their mixtures. At early stages of reaction,
the free radicals generated by V-50 in the aqueous phase
would likely react with the dissolved VA molecules to form
oligo-radicals as in emulsion polymerization [19]. However,
as these species grow, they could either enter microemul-
sion droplets to continue the reaction there or precipitate to
form precursor particles by adsorption of surfactant [20].
These particles grow slightly through the reaction effected
in the presence of CTAB or the CTAB-rich mixture.
However, as the amount of DTAB in the surfactant mixture
increases, particles grow faster and to larger sizes with
monomer conversion. This growth is more pronounced at

Table 1
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Fig. 4. MMD at different conversions for the polymerization at 60 °C of VA
in microemulsions stabilized with 100/0 (w/w) CTAB/DTAB: (a) 28.4,
(b) 55, and (c) 96.3%.

the end of the reaction and it is particularly noticeable for
the reaction carried out with DTAB. The largest particle size
is obtained with DTAB (Fig. 2).

The number density of particles, Np, as a function of
conversion is shown in Fig. 3. Here, Np was roughly esti-
mated assuming that the particle size measured by QLS is
uniform. Even though this is an uncertain assumption
because of the well-known broadening of the size distribu-
tion, the relatively great differences between particle sizes
may overcome the errors introduced. Np diminishes with
increasing conversion regardless of the surfactant or surfac-
tant mixture used. This decrease is more pronounced as the
mixtures become richer in DTAB.

Table 1 depicts weight-average molar masses (M,,) and
the polydispersity index (M,/M,) at different conversions
for reactions carried out in the presence of CTAB, DTAB
and their mixtures. M,, increases as the reaction proceeds;
also, M,, at the end of the reaction becomes larger as the
DTAB content increases in the surfactant mixtures. In fact,
M,, of the poly(vinyl acetate) obtained with DTAB is
approximately two- to three-times larger than that of the
polymer prepared with CTAB. M, /M, is also larger for
the reactions carried out in the presence of DTAB
(4 = My/M, = 6) compared to those achieved with CTAB
B=M/M,=4).

To understand better these differences, it is important to

Weight-average molar masses (M,,) and polydispersity index (M,/M,) at different conversions for the polymerization at 60 °C of VA in CTAB, DTAB or their

mixtures in different weight ratios (CTAB/DTAB)

0/100 (conv. %) 25/75 (conv. %)

50/50 (conv. %) 75725 (conv. %) 100/0 (conv. %)

25.4 59.5 87.5 16.6 444 100.0 214 56.2 93.1 18.7 93.1 28.4 55.0 96.3
M, x107° 5.5 72 8.0 4.9 6.6 74 5.0 6.7 6.8 44 5.8 3.1 3.4 35
M,/M, 433 4.8 6.3 32 6.1 8.8 3.1 5.5 6.6 3.0 5.0 2.8 3.4 4.4
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Fig. 5. MMD at different conversions for the polymerization at 60 °C of VA
in microemulsions stabilized with 0/100 (w/w) CTAB/DTAB: (a) 254,
(b) 59.5, and (c) 87.5%.

examine the whole MMD obtained by GPC. Figs. 4 and 5
depict the MMD at three levels of conversions (low,
medium and high) for the reactions carried out with
CTAB and DTAB, respectively. For the reaction stabilized
with CTAB, the MMD is quite symmetric at low conver-
sions. However, as the reaction advances, a shoulder
evolves at the high-molar mass side of the distribution and
becomes quite noticeable at final conversions. For the reac-
tion accomplished with DTAB, on the other hand, the MMD
is not symmetric even at low conversions since a shoulder
can be distinguished at the high-molar mass side of the
distribution. As conversion increases, this shoulder becomes
a well-defined peak and at final conversions the distribution
is clearly bimodal with a larger high-molar mass peak.
Fig. 6 displays the MMD for the poly(vinyl acetate)
obtained at the end of the reaction with the pure surfactants
or their mixtures. As described earlier, the MMD for CTAB
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Fig. 6. MMD of poly(vinyl acetate) obtained at the end of the polymer-
ization at 60 °C in microemulsions stabilized with CTAB/DTAB in w/w:
(a) 0/100; (b) 25/75; (c) 50/50; (d) 75/25; (e) 100/0.

displays a shoulder in the high-molar mass side of the
distribution whereas the MMD for DTAB is clearly
bimodal, with a larger high-molar mass peak. MMD of
the polymers produced with the mixtures are also bimodal
but the high-molar mass peak is smaller than the low-molar
mass peak for mixtures richer in CTAB and becomes
increasingly larger as the amount of DTAB in the mixture
increases.

Fig. 7 shows the weight-fraction distributions of the
molar masses of the polymers at final conversion as well
as the theoretical distribution calculated by assuming that
chain transfer to monomer is the only termination mechan-
ism. The theoretical distribution was calculated using a
value of 2.2 % 10~ for kym/kp, which is the average of the
values of k,w/kp at 60 °C reported in the literature [21].
Fig. 7 discloses that only the polymer obtained with
CTAB follows closely the chain transfer-to-monomer distri-
bution. The other distributions deviate considerably and
show a large population of polymer with higher molar
masses than those expected from chain transfer to monomer.
This population increases as the surfactant mixture becomes
richer in DTAB. Also note that the population of low-molar
mass polymer deviates from the theoretical distribution and
that its proportion decreases as the DTAB content in the
mixture becomes larger.

4. Discussion

Reaction rates are fast and the maximum reaction rate
increases as the mixtures become richer in CTAB (inset in
Fig. 1). For microemulsion polymerization, the reaction
rate, Rp, is given by kp[M]pNpii/N,, where kp is the propaga-
tion rate constant, [M]p the volume fraction of monomer
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Fig. 7. Molar mass weight-fraction distributions of poly(vinyl acetate) at
the end of the VA polymerization at 60 °C in microemulsion stabilized with
CTAB/DTAB (w/w): 0/100 (O); 25/75 (#); 50/50 (@); 75/25 (H); 100/0
(A). The theoretical distribution calculated by assuming that termination
occurs by chain transfer to monomer only is also included (A).
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within the particles, 7 the average number of free radicals
per particle and N, is the Avogadro’s number [4-6,22].
Because all reactions reported here were made at the same
temperature, kp must be the same. Moreover, since the initial
monomer content is identical in all reactions, the value of
[M]p depends only on conversion (and, of course, tempera-
ture). Hence for a given conversion, [M]p is constant regard-
less of the surfactant mixture used. Hence, either 7 or Np (or
both) must cause the dependence of reaction rates with
surfactant mixture composition. The probability of radical
capture by the particles depends on their size and number
density [1]. A simple calculation at conversions around the
maximum reaction rate indicates that the average number of
radicals per particle rises from 0.06 for CTAB to close 0.14
for DTAB, which should result in a rise in reaction rate with
increasing DTAB content, contrary to experimental results.
Hence 77 cannot yield the observed increase in reaction rate.
The conclusion is that the number density of particles is the
main contributor to the observed trend in reaction rates, in
spite of the roughness of our Np-estimation.

The observed Np drop with conversion for all the
reactions, regardless of the surfactant used, becomes more
pronounced as the DTAB content in the surfactant mixtures
increases (Fig. 3). This result may contravene the continu-
ous nucleation mechanism proposed for microemulsion
polymerization [4-6,22,23]. However, a coagulation
process that takes place throughout the reaction could
explain the reduction of Np. In fact, the occurrence of coagu-
lation during the emulsion polymerization of polar mono-
mers has been reported in the literature [14,20]. Hence, we
suggest that the rate of coagulation overcomes the rate of
continuous nucleation in such a way that a net decrease in
the number density of particles is observed. However, the
particle size distribution of the latexes as a function of
conversion, which can be obtained by transmission electron
microscopy, might be necessary to prove this hypothesis.

Inasmuch as the reactions were carried out at the same
temperature with the same monomer and initiator concen-
trations, only the variations in the surfactant structure can
explain the differences in particle size and particle size
history with conversion. That the particles become larger
with increasing DTAB in the mixtures—meaning that Np
becomes decreasingly smaller, suggests that CTAB is
more effective in shielding particles toward coagulation at
all stages of reaction. It is known that polar monomers such
as VA tend to accommodate at the particle surface and act as
cosurfactant [7,17,25]. In this fashion, polar monomer
molecules can shield head to head interactions of polar
surfactants at the interface and decrease the effective head
group area. Since DTAB and CTAB (and their mixtures)
have the same polar head and counterion, it is unlikely that
the interactions are screened differently by the insertion of
VA molecules at the interface (unless the number of VA
molecules at the interface is different with DTAB and
CTAB, which is unlikely). Hence, a most probable explana-
tion is that longer hydrophobic tails of CTAB molecules

yield a thicker steric (and more effective) protection layer
to the particles than the shorter tails of DTAB molecules.
With the mixtures, one should then expect a gradual thick-
ening of the protective layer as the mixture becomes richer
in CTAB. Results of Gan et al. [25] support this hypothesis
for the microemulsion polymerization of methyl methacry-
late using cationic surfactants of different hydrophobic tail.

An unexpected result is the speed up of the polymeriza-
tion rate carried out in the presence of DTAB at conversions
ca. 40% (inset of Fig. 1). This behavior is unusual, since at
this conversion [M]p is below its saturation level as
discussed earlier, and so, [M]p should be about the same
in all the polymerizations reported in Fig. 1 at this conver-
sion value. Also, kp is the same, since the reaction tempera-
ture is identical. Hence, one should conclude that the
speeding up in the reaction rate for the polymerization stabi-
lized with DTAB, is caused by an increase in 7 at 40%
conversion inasmuch as Np for the polymerization stabilized
with DTAB is the smallest at all conversions (Fig. 3). This
increase could be originated by particle growth in such a
way that the radicals formed by chain transfer reactions to
monomer, add to another molecule instead of diffusing out
of the particle. With kp = 3700 1/mol s, the required time for
a VA radical to react with a neighboring monomer molecule
is45%x107°s [26]. The minimum particle size from which
a monomeric radical reacts with another monomer molecule
rather than escaping from the particle can be estimated with
Einstein’s diffusion equation. For two values of the diffusion
coefficient, 10 ®and 10~7 cm?¥/s, typical of a small molecule
diffusing through a semi-solid and solid medium, which is
the case of reacting polymer/monomer particles at high
conversions [26], values of 190 and 60 nm, respectively,
were obtained as the limits of particle size from which a
monomeric radical can escape rather than reacting there. In
the polymerization stabilized with DTAB, Dp ranges from
120 to 200 nm for conversions larger than 40% (Fig. 3),
which as discussed earlier, might be caused by particle
coagulation. Hence, the probability that various radicals
can coexist within a particle increases for this particle size
range. This is not unusual; in fact, up to 60 radicals per
particle have been reported in the emulsion polymerization
of VA, depending on reaction conditions [26,27].

As expected from the free radical polymerization of VA
in compartmentalized loci, chain termination at low conver-
sion is caused mainly by chain transfer reactions to mono-
mer; however, at high conversions, chain transfer reactions
to polymer as well as terminal double bond polymerization
are the dominant mechanisms for chain termination
[11-14]. This is caused by an increase in the number density
of macromolecules within the particles as the reaction
proceeds [13]. As a consequence, MMD widens and M,
grows with conversion [11-14]. Here, regardless of the
surfactant employed, MMD widens and M,, enlarges with
conversion for all the microemulsion polymerizations
examined (Table 1 and Figs. 4 and 5). However, this
enlargement in M, and of the MMD are much smaller
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compared to those achieved in emulsion polymerization
[15-17]. Note that the polymer obtained with DTAB
contains a larger amount of high-molar mass polymer
compared to that obtained with CTAB and that there is a
gradual increase in the amount of high-molar mass polymer,
as the mixtures become richer in DTAB (Fig. 6).

To wunderstand these differences, we calculate the
distribution expected if only chain termination occurred
by transfer reactions to monomer and compare with the
experimental distributions (Fig. 7). The similitude between
the theoretical distribution and the experimental one for
CTAB provides evidence that chain transfer to monomer
is the main mechanism for chain termination. Since the
comparison shown in Fig. 7 is at final conversions, one
should conclude that chain transfer to monomer is the
most important chain termination mechanism in the poly-
merization of VA in microemulsions stabilized with CTAB.
Of course, other termination mechanisms may be present
but they are much less important. For the other reactions
carried out in the presence of DTAB, however, chain trans-
fer to monomer is no longer dominant (see Fig. 7) and those
mechanisms that give rise to high-molar mass polymer
(double bond polymerization reactions, bimolecular termi-
nation by particle coagulation and chain transfer to poly-
mer) become much more important.

Elsewhere we proposed that for the polymerization of VA
in microemulsions stabilized with AOT, chain transfer to
polymer at high conversions is low because of particle
size is quite small (<30 nm) and consequently, narrower
MMD and lower M,, than those of the poly(vinyl acetate)
prepared by emulsion polymerization are obtained [17]. The
argument is that the exiting probability of a radical formed
by chain transfer to monomer diminishes with increasing
particle size. Hence, the probability of a growing radical
to react with more monomer molecules increases as the
particle grows. This leads to an increase in the number
density of macromolecules and, as a consequence, the prob-
ability of chain transfer to polymer increases. According to
Fig. 2, all the polymerizations reported here show an
increase in particle size as the reactions proceed, but the
growth ratio of Dp with conversion and the size of final
particles are higher as DTAB content augments. In fact,
the final particle size in the latex obtained with DTAB is
ca. five times than that in the latex prepared with CTAB.
This means that the observed enlargement in M,, and the
widening of the MMD with the increase in the DTAB
content, would be a consequence of the increase in the
chain transfer reactions to polymer and terminal double
bond polymerization reactions because of the higher particle
sizes. However, the increase in coagulation rate (Fig. 2) with
DTAB content in the mixtures cannot rule out an increas-
ingly importance of bimolecular termination by collision of
active particles. In fact, the negligible amounts of gel
detected in all the final polymers as evidenced by the
complete dissolution (in most cases) of the polymer in
THF and the lack of plugging of the filters before injecting

samples in the GPC apparatus, suggest that chain transfer
reactions to polymer are less important than in emulsion
polymerization. However, no polymer branching measure-
ments were possible for lack of the appropriated techniques,
such as viscosimetric or light scattering detector coupled to
GPC or NMR spectroscopy.

In the polymerization of polar monomers such as VA, the
newly formed particles or ‘precursor particles’, produced by
propagation reactions in the aqueous phase, are very
unstable, and they become stable by coagulating with
other similar particles (homo-coagulation) or with greater
particles (hetero-coagulation) [20]. Because these particles
are active, their homo-coagulation causes bimolecular
terminations leading to low-molar mass polymer. In the
case of microemulsion polymerization of VA, because parti-
cle nucleation occurs throughout the reaction, a more impor-
tant contribution of bimolecular termination of precursor
particles is expected. However, the contribution of the
low-molar mass polymer to the whole distribution is small
at all conversions for all the reactions examined here (Figs.
5-7). Hence, this contribution, like in emulsion polymeri-
zation of VA, appears to be negligible.

5. Conclusions

In summary, we have shown that an increase in particle
size leads to larger molar masses and broader MMD. That
the particle size typically produced in the emulsion poly-
merization of VA is much larger than the ones generated in
microemulsion polymerization [9,15-17], gives support to
our hypothesis. Furthermore, we have shown conclusively
that chain transfer to monomer is the main termination
mechanism for the polymerization of VA in microemulsions
stabilized with CTAB. However, as the amount of DTAB in
the surfactant mixture increases, other mechanisms, such as
bimolecular termination by coagulation and double bond poly-
merization reactions take over. That no gel was observed
suggests that chain transfer reactions to polymer, which
produced highly branched polymer, are less important.
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