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ABSTRACT: Interfacially initiated microemulsion copoly-
merizations of n-butyl methacrylate (BMA) and N-vinyl pyr-
rolidone (NVP) by the redox initiation couple of benzoyl
peroxide and ferrous sulfate were carried out with Tween 80
and n-butanol as the surfactant and cosurfactant, respec-
tively. Fourier transform infrared spectroscopy and X-ray
photoelectron spectroscopy were recorded to analyze the
chemical composition of the latex particles. Transmission
electron microscopy was used to observe the particle mor-
phology and dynamic light scattering to determine the par-

ticle size. The results demonstrated that interfacially initi-
ated microemulsion polymerization prompted the copoly-
merization of the water-soluble NVP monomer with the
oil-soluble BMA monomer to form core–shell nanoparticles.
The influence of the surfactant concentration, BMA amount,
and temperature on the particle size and polymerization rate
was investigated. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci
101: 3751–3757, 2006
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INTRODUCTION

A microemulsion is a transparent/translucent and
thermodynamically stable system, and many applica-
tions have been found in a variety of areas, such as oil
recovery, microreactors, and controlled drug re-
lease.1–4 A lot of effort has been devoted to revealing
the characteristics of microemulsion polymerizations,
including the kinetics, nucleation, and initiation
loci.5–8

Both oil-soluble and water-soluble initiators are
used in oil-in-water microemulsion polymerization.
Generally, the initiation locus of microemulsion poly-
merization is considered the microemulsion droplet.
The initiation involves two events: the formation of
initiating radicals by the decomposition of the initiator
in the reaction medium and the entry of oligomeric
radicals into the micelles. As for oil-soluble initiators,
the initiating radicals result from the desorption of
primary radicals in the micelles or the decomposition
of initiators in water.9 Redox initiators have also been
used. The microemulsion polymerization of styrene
has been kinetically studied with potassium persulfate
(KPS)/p-methyl benzaldehyde sodium bisulfite ad-

duct as the redox initiation couple.10 Xu et al.11 pre-
pared a nanosized polymeric latex with a high poly-
mer/emulsifier ratio with ammonium persulfate and
tetramethylethylenediamine as the initiators of micro-
emulsion polymerization. Microemulsion copolymer-
izations have also been studied by several research
groups, but few reports have been published concern-
ing the copolymerizations of a water-soluble mono-
mer and an oil-soluble monomer. Puig et al.12 reported
the copolymerization of styrene and acrylic acid in a
cationic microemulsion, and an overall conversion of
only 60% was reached. Pokhriyal and coworkers13,14

studied the kinetics and behavior of the microemul-
sion copolymerization of a hydrophobic monomer of
2-ethylhexyl acrylate and a partially hydrophilic
monomer of acrylonitrile.

Emulsion polymerization initiated with a redox
mixture composed of an oil-soluble component and a
water-soluble component is a good way of producing
hydrophobic-core/hydrophilic-shell composite lati-
ces.15–17 In our previous article,18 in which microemul-
sion polymerization initiated in this way was called
interfacially initiated microemulsion polymerization,
we carried out the copolymerization of the oil-soluble
monomer n-butyl methacrylate (BMA) and the water-
soluble monomer N-vinyl pyrrolidone (NVP). In this
article, we confirm that interfacially initiated micro-
emulsion polymerization prompts the copolymeriza-
tion of BMA and NVP and the formation of core–shell
nanoparticles. The influence of the surfactant concen-
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tration, BMA amount, and temperature on the particle
size and polymerization rate (Rp) is investigated.

EXPERIMENTAL

Materials

NVP (Tokyo Kasei Kogyo, Tokyo, Japan) was distilled
in vacuo before use. BMA was washed with an aque-
ous NaOH (10 wt %) solution and then with distilled
water until pH 7. After being dried with anhydrous
MgSO4, BMA was distilled in vacuo before use. Ben-
zoyl peroxide (BPO) and KPS were analytical reagents
and were purified by recrystallization. Polyoxyethyl-
ene (n � 20) sorbitan monooleate (Tween 80), n-buta-
nol, and ferrous sulfate hydrate (FeSO4 � 7H2O) were
analytical reagents and were used as received.

Interfacially initiated microemulsion
polymerization

Interfacially initiated microemulsion copolymeriza-
tions of BMA and NVP were carried out with a mod-
ified procedure similar to that reported in ref. 18.
Briefly, BPO (30.0 mg) was dissolved in BMA, and the
resultant solution was emulsified in an aqueous solu-
tion of Tween 80 and butanol (0.40 g) to form a clear or
translucent microemulsion. The amount of water in
the Tween 80 solution was varied to make the total
weight of the reaction mixture 50.0 g. After being
heated to a certain temperature while being purged
with nitrogen, the microemulsion was charged with
an aqueous solution (5.0 mL) of NVP and
FeSO4 � 7H2O (40 mg) in a batch. The reaction lasted
for another 12 h and resulted in a composite latex of
poly(n-butyl methacrylate) (PBMA) and poly(N-vinyl
pyrrolidone) (PNVP). PBMA–PNVP solid particles
were obtained by de-emulsification with ethanol,
washed with ethanol, and dried in vacuo. Noninterfa-
cially initiated microemulsion copolymerizations with
KPS–FeSO4 were also performed in the same way for
comparison. The continuous addition of an NVP/
FeSO4 solution was performed with an Sp1001 syringe
pump (Sarasota, FL).

Determination of the monomer conversion and
kinetic study

After the polymerization, water, butanol, and unre-
acted monomer were removed in vacuo at 35°C until
the weight of the remaining substances was constant.
The solid content of latex (SC) was obtained, and the
overall monomer conversion (Con) was calculated as
follows:

Con �
SC � G � A � B

W1 � W2
� 100% (1)

where G, A, B, W1, and W2 are the amounts of the total
latex, emulsifiers, initiator(s), BMA, and NVP, respec-
tively.

To follow the polymerization conversion, a portion
of the latex was taken out at different intervals and
added to a 1,4-diphenol solution. The mixture then
was dried in vacuo until no weight change was ob-
served. Con was calculated in the same way as before,
with consideration given to the addition of 1,4-diphe-
nol.

Chemical composition of the PBMA–PNVP latex
particles

To confirm the copolymerization of BMA and NVP,
PBMA–PNVP solid particles were extracted with wa-
ter for 5 days and dried in vacuo. Their Fourier trans-
form infrared (FTIR) spectra were recorded on a
Bruker Vector-22 infrared spectrometer (Ettlingen,
Germany) with KBr pellets. Also, X-ray photoelectron
spectroscopy (XPS) measurements of extracted PB-
MA–PNVP solid particles were performed on a VG
Escalab MKII X-ray photoelectron spectrometer (UK)
with nonmonochromatic Al K� radiation (1486.6 eV)
under high vacuum of 10�11 mbar.

Morphology and size of the PBMA–PNVP latex
particles

A few drops of the diluted PBMA–PNVP latex were
dropped onto a copper grid. After the evaporation of
water, the morphology of the PBMA–PNVP latex par-
ticles was observed with transmission electron micros-
copy (TEM; model H-800, Hitachi, Tokyo, Japan) at an
accelerating voltage of 200 kV.

Dynamic laser light scattering (LLS) was performed
on a modified commercial LLS spectrometer (ALV/
SP-125, Germany) equipped with an ALV-5000 multi-�
digital time correlator and a He–Ne laser (output
power � 10 mW at 632 nm) at 25°C to get the size of
the PBMA–PNVP latex particles. Before dynamic light
scattering (DLS) measurement, the latex was diluted
with distilled water to a given concentration, and a
filter (0.45 �m) was used to eliminate any dust. The
Laplace inversion of the intensity–intensity time cor-
relation function [G(2)(t,q)] in the self-beating mode
resulted in a line width distribution [G(G)]. G(G) was
directly converted to the hydrodynamic radius distri-
bution [f(Rh)] with the Stokes–Einstein equation: Rh �
kBT/(6��D), where Rh, kB, T, �, and D are the hydro-
dynamic radius, Boltzman constant, absolute temper-
ature, solvent viscosity, and translational diffusion co-
efficient, respectively. The polydispersity index (PDI)
of Rh was defined as follows:19

PDI � �2/G� 2 (2)
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where

�2 � � (� � �� )2 G�G�d� (3)

RESULTS AND DISCUSSION

Chemical composition of the PBMA–PNVP latex
particles

Interfacially initiated microemulsion polymerization
is suggested in our previous article.18 BPO and BMA
are oil-soluble and stay in the micelles and latex par-
ticles, whereas NVP and FeSO4 are water-soluble and
exist in the aqueous medium. Additionally, NVP co-
ordinates with Fe2� in the aqueous medium; this has
been confirmed by the formation of a red solution
when an aqueous FeSO4 solution is added to NVP.
The redox reaction between BPO and FeSO4 occurs at
the interface at which their encounter takes place.
Therefore, the primary radicals are formed mainly at
the interface. This radical formation method helps the
copolymerization of BMA and NVP near the interface.
Otherwise, primary radicals are formed in the oil
phase or in the water phase for other microemulsion
polymerizations.

Different microemulsion copolymerizations have
been carried out, as shown in Table I. Microemulsion
polymerizations initiated by redox initiation couples
have much higher Rp values and lower particle sizes
than those initiated by single-component initiators.
Compared with the polymerization initiated with
KPS/Fe2�, interfacially initiated microemulsion poly-
merization has a higher Rp value and larger particle
size.18

FTIR spectra of different extracted PBMA–PNVP
latex particles are shown in Figure 1. Their FTIR spec-
tra display the characteristic absorption band attrib-
uted to the carbonyl stretching vibration of BMA at
1730 cm�1 and those attributed to COO of aliphatic
ester at 1260 and 1160 cm�1. The absorption bands
attributed to the carbonyl stretching vibration and

Figure 1 FTIR spectra of different latex particles after ex-
traction with water: (a) initiated by KPS at 65°C, (b) initiated
by BPO at 65°C, (c) initiated by KPS–FeSO4 at 40°C, and (d)
initiated by BPO–FeSO4 at 40°C with the batch addition of
FeSO4–NVP and (e) initiated by BPO–FeSO4 at 40°C with the
continuous addition of FeSO4–NVP.

TABLE I
Effects of the Temperature on the Microemulsion Polymerization

Latex

Initiators (mg)

Temperature (°C)

Addition of the
water-soluble
components

Particle size

BPO KPS FeSO4 � 7H2O Rh (nm) PDI

Y-213 — 30 — 65 Batch 32 0.048
Y-210 30 — — 65 Batch 41 0.054
Y-301 30 — 40 40 Batch 20 0.064
Y-221 — 30 40 40 Batch 18 0.106
Y-307 30 — 40 40 Continuous 24 0.034

The polymerizations of BMA (5.0 g) and NVP (0.5 g) were carried out with BPO or KPS (30 mg), FeSO4 � 7H2O (40 g), Tween
80 (3.00 g), and n-butanol (0.40 g) at different temperature for 12 h. The total weight of the reaction mixture was 50.0 g. The
FeSO4/NVP solution was added in a batch.
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CON stretching vibration of NVP appear at 1670 and
1290 cm�1, respectively. The intensity of the absorp-
tion band at 1290 cm�1 is weaker than that at 1260
cm�1, indicating that NVP hardly copolymerizes with
BMA when a single-component initiator is used, espe-
cially BPO. On the contrary, the relative intensity of
the absorption band at 1290 cm�1 increases obviously
when redox initiators are used. As for the interfacially
initiated microemulsion copolymerization with BPO/
FeSO4, the intensity of the absorption band at 1290
cm�1 exceeds that at 1260 cm�1. This result confirms
that interfacially initiated microemulsion polymeriza-
tion facilitates the copolymerization of NVP and BMA.
In addition, the continuous addition of the water-
soluble components NVP and FeSO4 to the polymer-
ization mixture further prompts the copolymerization
according to a comparison of Figure 2(d,e). In our
previous study,18 we discussed the influence of the
addition of FeSO4–NVP and found that bigger latex

particles resulted from the higher tendency for the
copolymerization of NVP and BMA.

Influence of the surfactant concentration on the
interfacially initiated microemulsion
polymerization of BMA/NVP

In a typical microemulsion polymerization, the surfac-
tant concentration is 10% or more with respect to the
total weight of the latex and has a significant influence
on the Rp value, latex particle size, and molecular
weight of the resultant polymer. Many attempts have
been devoted to reducing the surfactant concentration
in microemulsion polymerization.

We prepared BMA microemulsions with different
Tween concentrations (2.0–6.0 wt %), and all the mix-
tures were transparent even though an FeSO4/NVP
solution was added. Further reducing the surfactant
concentration led to a milky or white emulsion. Thus,
microemulsion copolymerizations of BMA and NVP
with different surfactant concentrations with the batch
addition of an FeSO4/NVP solution were also carried
out, and the results are summarized in Table II. With
the reduction of the Tween 80 concentration from 6.0
to 2.0 wt %, the particle sizes for both interfacially
initiated microemulsion polymerizations with BPO–
Fe2� and noninterfacially initiated microemulsion po-
lymerizations with KPS–Fe2� increased, and the par-
ticle size distribution became broader. With the same
Tween 80 concentration, interfacially initiated micro-
emulsion polymerization resulted in larger latex par-
ticles with narrower size distributions.

Figure 2 demonstrates the monomer conversion
change versus the time in the interfacially initiated
microemulsion copolymerizations of BMA–NVP at
different surfactant concentrations with the batch ad-
dition of an FeSO4/NVP solution. Rp was evaluated
according to the previous article,18 and the results are
given in Figure 3. At different Tween 80 concentra-

Figure 2 Conversion versus the time at different surfactant
concentrations with the batch addition of an FeSO4/NVP
solution: (■) 6, (F) 5, (Œ) 4, and (�) 3 wt %.

TABLE II
Comparison of Different Microemulsion Polymerizations of BMA and NVP

Latex

Tween 80
solution
(wt %) SC (%) Con (%) Initiator

Particle size

Rh (nm) PDI

Y-525 2.0 12.2 91 BPO–Fe2� 58 0.113
Y-527 3.0 13.3 92 BPO–Fe2� 40 0.102
Y-513 4.0 14.3 92 BPO–Fe2� 27 0.070
Y-511 5.0 15.7 95 BPO–Fe2� 25 0.062
Y-301 6.0 16.4 93 BPO–Fe2� 20 0.065
Y-526 2.0 11.9 89 KPS–Fe2� 48 0.133
Y-528 3.0 12.8 88 KPS–Fe2� 27 0.171
Y-514 4.0 13.7 87 KPS–Fe2� 22 0.179
Y-512 5.0 14.7 87 KPS–Fe2� 19 0.108
Y-221 6.0 16.1 90 KPS–Fe2� 18 0.106

The polymerizations of BMA (5.0 g) and NVP (0.5 g) were carried out in the presence of Tween 80 (3.0 g) and n-butanol
(0.40 g). The total weight of the latex was 50 g (ref. 18).
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tions, all the maximum polymerization rates (Rp,max’s)
appeared at about 36% monomer conversion. How-
ever, the overall Rp value decreased with the surfac-
tant concentration. On the basis of Rp,max, the depen-
dence of Rp on the surfactant concentration was esti-
mated to be Rp � [Tween 80]�0.3. The reduction of Rp

with the surfactant concentration might have resulted
from the thickening of the water/oil interface layer
and the interruption of the diffusion of the monomer
and radical, as suggested by other researchers.20,21

Influence of the BMA amount on the interfacially
initiated microemulsion polymerization of BMA
and NVP

Increasing the solid content in microemulsion poly-
merization is another research target. We carried out
microemulsion polymerizations with different BMA
amounts with the batch addition of an FeSO4/NVP
solution. When the BMA amount was larger than
5.0 g, the mixtures were translucent, and only two of
them (Latex 529 and Latex 531) turned milky after the
polymerization. As indicated in Table III, the mono-
mer conversion decreased sharply when the BMA
amount exceeded 5.0 g. Rh increased with an increase
in the polymerized monomers generally, but there
was an abrupt increase between BMA amounts of 5
and 6.5 g. Meanwhile, the particle size distribution
became broader in this range. Comparing the results
of both polymerizations, we deduced that interfacially
initiated microemulsion polymerization led to larger
latex particles with narrower size distributions.

The morphology of the latex particles was observed
under TEM. The photographs of Latex 531 and 532 are
shown in Figure 4, and a core–shell structure can be
observed clearly. The coexistence of small and large

particles suggested that a large amount of added BMA
might induce longer nucleation duration. Unfortu-
nately, it was definitely difficult to observe the core–
shell morphology for the smaller latex particles with a
low amount of BMA added. We supposed that the
small latex made it easy for NVP to diffuse through
the particles, and this led to the disappearance of the
interface between the two phases for the copolymer-
ization of BMA with NVP. Figure 5 presents the XPS
spectrum of Latex 531 particles after extraction with
water and reveals the existence of the element N at the
electron binding energy of 423 eV, indicating that
PNVP was incorporated onto the surface of the latex
particles. These results, including FTIR spectra, con-
firmed the formation of a core–shell structure in the
interfacially initiated microemulsion polymerization.

Figure 3 Rp versus the conversion at different surfactant
concentrations with the batch addition of an FeSO4/NVP
solution: (■) 6, (F) 5, (Œ) 4, and (�) 3 wt %.

TABLE III
Effect of the Surfactant Concentration on the

Microemulsion Polymerization of BMA and NVP

Latex
BMA

(g)
SC
(%)

Con
(%) Initiator

Particle size

Rh (nm) PDI

Y-535 4.0 14.5 93 BPO–Fe2� 18 0.055
Y-301 5.0 16.4 93 BPO–Fe2� 20 0.064
Y-533 6.5 16.9 77 BPO–Fe2� 48 0.186
Y-529 7.5 17.4 70 BPO–Fe2� 51 0.171
Y-531 10.0 22.7 79 BPO–Fe2� 58 0.164
Y-536 4.0 14.1 88 KPS–Fe2� 17 0.109
Y-221 5.0 16.1 90 KPS–Fe2� 18 0.104
Y-534 6.5 16.5 74 KPS–Fe2� 43 0.157
Y-530 7.5 16.8 67 KPS–Fe2� 48 0.172
Y-532 10.0 22.4 77 KPS–Fe2� 54 0.183

The polymerizations of BMA (5.0 g) and NVP (0.5 g) with
different concentrations of Tween 80 were carried out with
BPO or KPS (30 mg), FeSO4 � 7H2O (40 g), and n-butanol
(0.40 g) at 40°C. The total weight of the reaction mixture was
50.0 g. The FeSO4/NVP solution was added in a batch.

Figure 4 TEM photographs of (a) Latex 529 and (b) Latex
531 particles.
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Influence of the temperature on the interfacially
initiated microemulsion polymerization of BMA/
NVP

Raising the polymerization temperature might reduce
latex stability and increase Rp and the particle size.
Microemulsion polymerizations of BMA (5.0 g) and
NVP (0.5 g) were carried out at different temperatures
with the batch addition of an FeSO4/NVP solution.
The change in the conversion versus the time and that
of Rp versus the conversion are shown in Figures 6 and
7, respectively. Rp,max in all cases appeared at 36%
conversion, and its values increased with the temper-
ature. According to the Arrhenius equation, the ap-

parent activation energy was estimated to be 49.8 kJ/
mol on the basis of Rp,max.

The influence of the polymerization temperature on
the particle size and monomer conversion is summa-
rized in Table IV. According to the data in Table IV,
the particle size and monomer conversion hardly
changed below 40°C. At 40°C, the particle size and
monomer conversion increased slightly. Meanwhile,
interfacially initiated microemulsion polymerization
with BPO–Fe2� resulted in larger latex particles with a
narrower size distribution in comparison with nonin-
terfacially initiated microemulsion polymerization
with KPS–Fe2�.

CONCLUSIONS

With BPO and FeSO4 as the redox initiation couple,
the interfacially initiated microemulsion copolymer-

Figure 5 XPS spectrum of Latex 531 particles after extrac-
tion with water.

Figure 6 Conversion versus the time at different tempera-
tures with the batch addition of an FeSO4/NVP solution: (■)
30, (F) 35, (Œ) 40, (�) 45, and (�) 50°C.

Figure 7 Rp versus the conversion at different tempera-
tures with the batch addition of an FeSO4/NVP solution: (■)
30, (F) 35, (Œ) 40, (�) 45, and (�) 50°C.

TABLE IV
Effects of the BMA Concentration on the Microemulsion

Polymerization of BMA and NVP

Latex
Temperature

(°C)
SC
(%)

Con
(%) Initiator

Particle size

Rh (nm) PDI

Y-509 25 15.1 81 BPO–Fe2� 17 0.067
Y-507 30 15.7 87 BPO–Fe2� 18 0.029
Y-505 35 16.1 90 BPO–Fe2� 18 0.069
Y-301 40 16.4 93 BPO–Fe2� 20 0.065
Y-510 25 14.8 79 KPS–Fe2� 14 0.079
Y-508 30 15.2 82 KPS–Fe2� 15 0.102
Y-506 35 15.9 89 KPS–Fe2� 15 0.098
Y-221 40 16.1 90 KPS–Fe2� 18 0.106

The polymerizations of NVP (0.5 g) and different amounts
of BMA were carried out with BPO or KPS (30 mg), FeSO4 �
7H2O (40 g), Tween 80 (3.00 g), and n-butanol (0.40 g) at
40°C. The total weight of the reaction mixture was 50.0 g.
The FeSO4/NVP solution was added in a batch.
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izations of BMA and NVP were carried out and re-
sulted in core–shell latex particles in one stage. FTIR,
XPS, and TEM results demonstrated that the interfa-
cially initiated microemulsion copolymerization facil-
itated the copolymerization of the oil-soluble BMA
monomer with the water-soluble NVP monomer and
the formation of the core–shell morphology of the
latex particles. The core–shell structure of the PBMA–
PNVP latex particles was built in one-stage polymer-
ization. The particle size measurement with DLS
showed that the interfacially initiated microemulsion
copolymerization produced larger latex particle with a
narrower size distribution than the noninterfacially
initiated microemulsion copolymerization. With an in-
crease in the surfactant concentration or a decrease in
the BMA concentration, PBMA–PNVP latex particles
decreased with a slight broadening of the size distri-
bution. Increasing the temperature hardly affected the
particle size and its distribution. Rp increased with the
temperature but decreased with the surfactant concen-
tration.

The authors thank Qing Wu for the dynamic light scattering
measurements.
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