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ABSTRACT: Nanoparticles of poly(ethyl acrylate) were
synthesized via a semibatch differential emulsion polymer-
ization method with potassium persulfate as the initiator
and sodium dodecyl sulfate as the surfactant. The effects of
the reaction temperature, aging time, and surfactant/initia-
tor/monomer ratios on the polymer particle sizes were in-

vestigated. Poly(ethyl acrylate) with particle sizes of less
than 20 nm was synthesized under mild conditions. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 102: 1609-1614, 2006
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INTRODUCTION

Nanosized polymer particles have attracted great in-
terest because of their attractive properties arising
from the dimension effect and the surface/volume
ratio effect. They have potential applications in vari-
ous fields, such as catalysts, colorants, pesticides, lu-
bricants, electrophotography, biosensors, and micro-
electromechanical systems.! The common methods for
preparing nanosized polymers include molecular as-
sembly, template chemistry, dendrimer polymeriza-
tion, mechanical pulverization, and microemulsion
polymerization, among which microemulsion poly-
merization is the most widely used method.* Ozer et
al.° synthesized methacrylate-based polymer nanopar-
ticles by microemulsion polymerization. The resulting
polymers had viscosity-average molecular weights of
6 X 10° to 1.25 X 10° the average diameters of the
polymer particles were 20—-40 nm, and the monomer
conversions were 55-85%. Capek and Juranicova’
studied the free-radical microemulsion polymeriza-
tion of alkyl methacrylate. They proposed that the
strong dependence of the reaction rate on the mono-
mer concentration resulted from the different loca-
tions of the reaction loci (in the interface or in the core
of the monomer-swollen micelles or particles) and the
gel effect; the average number of radicals per particle,
the number of particles, and the coemulsifier effi-
ciency of the monomer increase with an increase in the
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alkyl chain length of the monomer. Xu et al.® studied
the growth of polymer nanoparticles in microemul-
sion polymerizations initiated with vy rays. Ming et al.’
carried out the microemulsion polymerizations of sty-
rene, butyl methacrylate, butyl acrylate, methyl
methacrylate (MMA), and methyl acrylate with a
modified microemulsion polymerization process. At a
high polymer/surfactant weight ratio (=9:1), rela-
tively concentrated (10-30 wt %) latex and small (10—
20-nm) particle diameters were attained. He et al.'’
studied the microemulsion polymerization of MMA
by a differential addition process; a particle diameter
of less than 20 nm was achieved under mild reaction
conditions.

Much research has been done on the microemulsion
polymerizations of various alkyl methacrylates, except
for ethyl acrylate (EA). EA is an important component
in latex paints and adhesives because of its low poly-
mer glass-transition temperature. However, it has
rarely been studied and is not well understood."" Ca-
pek et al.'? investigated the microemulsion polymer-
ization of alkyl acrylates initiated by ammonium per-
oxodisulfate. They found that the reaction rate
strongly depended on the EA monomer concentration,
and the particle size and number increased with an
increase in the conversion; the final conversion and
particle size were 90% and 38 nm, respectively. Bha-
wal et al."” investigated the emulsion and microemul-
sion polymerizations of EA with a turbid emulsion
system of EA, sodium dodecyl sulfate (SDS), and wa-
ter with monomer/surfactant (M/S) ratios of 10 and
40. A nanoparticle with a diameter of 35 nm was
obtained at a conversion of 95%. The major disadvan-
tage of microemulsion polymerization is the require-
ment of a large amount of a surfactant for the stabili-



1610

zation of the monomer droplets. The purpose of this
article is to investigate the synthesis technique for
nanosized poly(ethyl acrylate) under mild conditions.

EXPERIMENTAL
Materials

EA (99%), MMA (99%), SDS (70%; containing ca. 25%
tetradecylsulfate, sodium salt, and ca. 5% hexadecyl-
sulfate sodium salt), cetyltrimethylammonium bro-
mide (CTAB), and potassium persulfate (KPS; >99%;
American Chemical Society reagent) were used as
supplied by Aldrich Chemical Co. (Milwaukee, WI).
The critical micelle concentration (cmc) of SDS in wa-
ter was reported to be 3 X 1072 mol/L (0.864 g/L) at
25°C and 4.2 X 107% mol/L (1.21 g/L) at 80°C."*
1-Pentanol (>99%; American Chemical Society re-
agent), from Aldrich Chemical, was used as a cosur-
factant.

Polymerization

A mixture of SDS, KPS, 1-pentanol, and deionized
water was charged into a three-necked, round-bottom,
250-mL flask that was equipped with a magnetic stir-
rer, a reflux condenser, and a thermometer. When the
temperature in the system reached a designated level,
EA was continuously added in very small drops for
about 90 min; this was called a differential operation.'”
After the completion of the EA addition, the reaction
system was then maintained at the reaction tempera-
ture for a certain aging time.

Particle size measurement

The particle size and its polydispersity (PD) were
determined by a dynamic light scattering method with
a 90 Plus particle analyzer from Brookhaven Instru-
ment Corp. (software version 3.37). The PD was de-
fined in this instrument as follows:

PD = u/I? (1)

where u is a parameter proportional to the variance of
the intensity-weighted diffusion coefficient distribu-
tion and I is related to the relaxation of the intensity
fluctuations of the scattered light. A small PD means a
narrow distribution. Before the analysis, the latexes
were diluted with deionized water to minimize the
particle-particle interactions.

The solid content of the polymer in the latex was
determined via weighing and was calculated as fol-
lows:

Solid content (%) = W;/W, X 100% (2)
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Figure1 Effect of the surfactant amount on the particle size
(EA, 15 mL; 1-pentanol, 0.2 mL; KPS, 0.08 g; SDS, varies;
water, 85 mL; reaction temperature, 82°C; EA addition time,
90 min; aging time, 30 min).

where W, and W, are the weights of the polymer and
latex, respectively. The conversion of EA was deter-
mined with the following equation:

Conversion (%) = (W, — W3)/W, X 100% (3)

where W is the total weight of KPS, SDS, and 1-pen-
tanol and W, is the weight of EA. The polymer content
is calculated by

Polymer content (%)

= (Conversion X W,)/W, X 100% (4)

RESULTS AND DISCUSSION

Effects of the surfactant types and amount on the
particle size

The effects of two types of surfactants, SDS (anionic)
and CTAB (cationic), on the particle size of the result-
ant polymers are investigated.

The dependence of the particle size on the SDS
amount is illustrated in Figure 1. The experimental
data indicate that the particle size decreases with an
increase in the surfactant amount from 0.6 to 2.1 g in
85 mL of water (the corresponding concentration of
the surfactant is 2.45-8.58 X 10”2 mol/L in the reac-
tion system). The particle size decreases from 33.2 to
19.1 nm as the SDS amount increases from 0.6 to 1.5 g.
Beyond the critical amount of 1.5 g (ca. 6.13 X 10>
mol/L, M/S = 9:1) of the surfactant, the dependence
of the particle size on the surfactant amount is insig-
nificant. This phenomenon can be explained by the
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reaction mechanism. At the beginning of the polymer-
ization, the EA monomers in the water phase are
attacked by free radicals produced by the decomposi-
tion of KPS and become monomer radicals, which
grow in the water phase and then come out of the
water phase and become primary particles after the
chains reach a certain length. These particles are sur-
rounded by SDS and continue to grow by receiving
monomers from the water phase until the reaction in
the particles terminates. When the SDS amount is
sufficient to generate new polymer precursors and to
cover them, the particle size is small. Beyond this
adequate amount of the surfactant, further increasing
the surfactant amount cannot significantly influence
the particle size. Ouzineb et al."” studied the effect of
the SDS concentration on the particle number and the
particle size in the emulsion polymerization of butyl
acrylate and methacrylate and found similar phenom-
ena. They observed that the polymer particle number
continued to increase because of continual homoge-
neous nucleation caused by dissolved MMA for an
SDS concentration greater than the cmc. They pro-
posed that if the free surfactant above cmc in the
reaction system is sufficient to stabilize the small par-
ticles produced by homogeneous nucleation, the small
particles formed by homogeneous nucleation are not
all driven to flocculate onto the larger particles. When
the SDS concentration is below the cmc, there is very
little free surfactant available to stabilize homoge-
neously nucleated particles, and the small particles are
driven to flocculate onto the larger ones present.

The effect of the amount of surfactant CTAB used in
the polymer latex on the particle size is shown in
Figure 2. Similarly to the effect of SDS, the increase in
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Figure 2 Effect of the CTAB amount on the particle size
(EA, 15 mL; 1-pentanol, 0.2 mL; KPS, 0.08 g; water, 85 mL;
reaction temperature, 82°C; addition time, 90 min; aging
time, 30 min).
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Figure 3 Effect of the reaction temperature on the particle
size (EA, 15 mL; 1-pentanol, 0.2 mL; KPS, 0.08 g; water, 85
mL; SDS, 1.5 g; EA addition time, 90 min; no aging opera-
tion).

the CTAB amount also leads to a decrease in the
particle size. As the amount of CTAB increases from
0.6 [surfactant/monomer (S/M) ~ 1/15] to 2.1 g (ca.
S/M = 1/4), the particle size decreases from 251 to
33.3 nm. However, the particle size here is much
larger than that obtained via SDS.

The results indicate that CTAB is not as good as SDS
in reducing the particle size of poly(ethyl acrylate),
and hereafter, SDS is used as the surfactant.

Effect of the reaction temperature

The experimental results for the effect of the reaction
temperature on the particle size are shown in Figure 3,
which indicates that the particle size decreases with an
increase in the reaction temperature from 64 to 82°C.
However, if the reaction temperature is further in-
creased after 82°C, the particle size does not decrease
further or even increases slightly. This may be ex-
plained by the effect of temperature on the initiator-
decomposition, chain-propagation, and chain-termi-
nation reactions. At the low temperature range, with
an increase in the reaction temperature, the decompo-
sition rate of the initiator is accelerated, and more free
radicals are generated, which promote the formation
of more particles; in turn, the average particle size is
decreased. On the other hand, with an increase in the
free radicals caused by an increase in temperature, the
radical termination rate increases. When the tempera-
ture reaches a certain level, the contribution of increas-
ing temperature to the increase in the radical concen-
tration and then to the decrease in the particle size
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Figure 4 Effect of the reaction temperature on the solid
content, conversion, and polymer amount (EA, 15 mL;
1-pentanol, 0.2 mL; KPS, 0.08 g; water, 85 mL; EA addition
time, 90 min; no aging operation).

may be offset by the increase in the radical termination
rate.

Figure 3 also indicates that when the temperature is
below 65°C, the particle size is as high as 44.5 nm;
when the temperature is around 80°C, the particle size
is less than 20 nm (17.4 nm at 82°C). In comparison
with 38 nm, the smallest poly(ethyl acrylate) particle
size reported in the literature'* obtained via emulsion
polymerization, the particle size has been significantly
reduced in this work.

Figure 4 indicates the effect of the reaction temper-
ature on the reaction conversion. The results reveal
that the monomer conversion, solid content, and poly-
mer amount increase from 16.6, 3.9, and 2.3% to 93.6,
14.5, and 12.8%, respectively, with an increase in the
reaction temperature from 64 to 76°C. When the reac-
tion temperature is above 79°C, there is no significant
effect of the reaction temperature on the conversion,
the solid content, and the polymer amount obtained.

Effect of the aging time

The effects of the aging time on the monomer conver-
sion and the particle size are shown in Figures 5 and 6.
The results indicate that the aging time significantly
influences the polymer particle size and monomer
conversion. A longer aging time favors a higher mono-
mer conversion, which promotes the formation of
larger particle sizes. A similar phenomenon was ob-
served by Capek et al.'? During the aging time, parti-
cle nucleation is not a significant process, and the
monomer is consumed mainly to increase the particle
size. With an increase in the monomer conversion
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Figure 5 Effect of the aging time on the particle size (EA, 15
mL; 1-pentanol, 0.2 mL; KPS, 0.08 g; SDS, 1.5 g; water, 85
mL; reaction temperature, 82°C; EA addition time, 90 min).

from 96.1 to almost 100% when the aging time in-
creases from 0 to 120 min, the particle size is approx-
imately doubled, that is, from 17.4 to 36 nm, as shown
in Figures 5 and 6. This phenomenon suggests that
some coalescence between particles possibly happens.
An aging time of 30 min is suitable for obtaining a
poly(ethyl acrylate) with a particle size of 19.1 nm, at
which 97.8% EA conversion is reached, as indicated in
Figures 5 and 6.
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Figure 6 Effect of the aging time on the monomer conver-
sion (EA, 15 mL; 1-pentanol, 0.2 mL; KPS, 0.08 g; SDS, 1.5 g;
water, 85 mL; reaction temperature, 82°C; EA addition time,
90 min).
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Figure 7 Effect of the initiator amount on the particle size
(EA, 15 mL; 1-pentanol, 0.2 mL; KPS, varies; SDS, 1.5 g;
water, 85 mL; reaction temperature, 82°C; EA addition time,
90 min; aging time, 30 min).

Effect of the initiator amount

The effect of the initiator amount on the particle size is
shown in Figure 7, which indicates that increasing the
initiator concentration in the reaction system helps
with decreasing the particle size. This is because in-
creasing the initiator amount leads to an increase in
the free-radical number in the reaction system. As a
result, more free radicals attack the monomer mole-
cules to form more active sites, and this results in a
smaller particle size at a given monomer amount.
However, similarly to the effect of the reaction tem-
perature discussed previously, with an increase in the
radicals, the radical termination rate also increases,
and this may offset the effect of the increase in the
initiator amount used in the reaction and result in
relatively constant active sites. This may be the reason
that the particle size does not decrease when the KPS
amount is above a certain level, which is 0.08 g [mono-
mer/initiator (M/I) ~ 173 : 1] in this system.

Effect of the monomer amount

The EA amount in the reaction system also affects the
particle size of the resultant polymer. The experimen-
tal results are shown in Figure 8, which indicates that
an increase in the EA consumption results in an in-
crease in the particle size. When the monomer amount
is 10 mL (S/M ~ 1/6 w/w), the particle size is 17.4
nm. However, when the monomer amount is 25 mL,
the particle size reaches 29.6 nm. When the monomer
amount is greater than 25 mL, the particle size will
increase dramatically with a further increase in the
monomer amount; for example, when 30 mL of EA
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(S/M ratio ~ 1/18) is added, the particle size increases
to 71 nm. Therefore, a larger EA amount results in a
larger particle size, and this may possibly be offset if
the surfactant amount is increased to an adequate
level and/or the agitation is enhanced in the reaction
system.

Particle size distributions

The particle size distribution is not investigated here.
However, a representative example of the particle dis-
tribution is illustrated in Figure 9; it has a z-average
diameter of 18.4 nm and a PD of 0.179 (provided by
the 90 Plus particle analyzer).

CONCLUSIONS

The synthesis of nanosized poly(ethyl acrylate) has
been studied via a differential microemulsion poly-
merization method. This method is suitable for obtain-
ing poly(ethyl acrylate) with a particle size smaller
than 20 nm. The effects of the reaction conditions, such
as the reaction temperature, aging time, surfactant
amount, initiator amount, M/S ratio, and surfactant
type, on the particle size have been investigated. The
optimum temperature is 80—85°C for the lowest poly-
(ethyl acrylate) particle size. A long aging time favors
an increasing particle size and an increasing monomer
conversion. An increase in the surfactant amount and
initiator amount leads to a small particle size. A higher
monomer amount results in a larger particle size at a
given surfactant amount. The anionic surfactant SDS
is favorable for producing nanoparticles of poly(ethyl
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Figure 8 Effect of the monomer amount on the particle size
(EA, varies; 1-pentanol, 0.2 mL; KPS, 0.08 g; SDS, 1.5 g;
water, 85 mL; reaction temperature, 82°C; addition time, 90
min; aging time, 30 min).
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Figure 9 Typical distribution of the particle size (z-average
diameter = 18.7 nm; PD = 0.179).

acrylate) in comparison with the cationic surfactant
CTAB. There exist typical conditions (i.e., M/S=9:1,
M/I = 173:1, and aging time = 30 min) under which
poly(ethyl acrylate) particles with a size of 19 nm can
be achieved.
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