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Abstract Fe;O, nanoparticles were modified by n-octadecyltrimethoxysilane
(C18TMS) and 3-trimethoxysilylpropylmethacrylate (MPS). The modified Fe;0,
nanoparticles were used to prepare Fe;O4/polystyrene composite particles by
miniemulsion polymerization. The effect of surface modification of Fe;O, on the
preparation of Fe;O,/polystyrene composite particles was investigated by trans-
mission electron microscopy, Fourier transform infrared spectrophotometer (FT-
IR), contact angle, and vibrating sample magnetometer (VSM). It was found that
C18TMS modified Fe;0,4 nanoparticles with high hydrophobic property lead to the
negative effect on the preparation of the Fe;O4/polystyrene composite particles. The
obtained composite particles exhibited asymmetric phase-separated structure and
wide size distribution. Furthermore, un-encapsulated Fe;O, were found in com-
posite particles solution. MPS modified Fe;O, nanoparticles showed poor hydro-
phobic properties and resulted in the obtained Fe;O,/polystyrene composite
particles with regular morphology and narrow size distribution because the ended
C=C of MPS on the surface of Fe;0,4 nanoparticles could copolymerize with styrene
which weakened the phase separation distinctly.
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Introduction

In recent years, magnetic polymer particles have been extensively studied due to
their wide applications in the fields of biotechnology, for example, drug delivery,
magnetic resonance imaging, selective separation of biomolecules, hyperthermia
therapy, and so on [1-4]. Magnetic polymer composite particles could be prepared
by encapsulated magnetic nanoparticles (Fe;O4 and y-Fe,O3) into polymer via
emulsion polymerization [5, 6], soapless emulsion polymerization [7, 8], inverse
emulsion polymerization [9, 10], miniemulsion polymerization [11-14], and atom
transfer radical polymerization (ATRP) [15, 16]. Miniemulsion polymerization has
been considered as one of the most advantageous methods to prepare magnetic
polymer composite particle with moderate diameter and high saturation magne-
tization [11-14]. However, the magnetic polymer composite particles with
irregular morphology and wide size distribution were often obtained [11-14,
17-19]. Furthermore, there was existence of un-encapsulated Fe;O, nanoparticles
in the prepared magnetic polymer composite particles. In order to prepare
magnetite/polymer composite particles with regular morphology and narrow size
distribution, Montagne et al. [13] investigated the detailed encapsulation condition
and found that the use of water-soluble initiator, crosslinker, and amphiphilic
functional copolymer as stabilizer would drastically prevented the phase
separation and obtain Fe;O,/polystyrene composite particles with core—shell
morphologies. Lu and Forcada [17] found that un-encapsulated Fe;O,4 and free
polymer particles could be reduced distinctly by the selection of the optimized
condition (2-3% sodium dodecyl sulfate (SDS) on the total amount of styrene and
Fe;04, 10% Fe;O4 with respect to total amount of styrene and Fe;O4, 5%
polyvinylpyrrolidone co-stabilizer, and 4% methacrylic acid comonomer). Yan
et al. [18] reported that the monolayer OA modified Fe;O, nanoparticles was more
hydrophobic than that of the multilayer coated ones, thus would reduce the free
polymer particles. Though much progress has been made by optimized encap-
sulating conditions, the problem was existent.

During preparation of Fe;O,4/polystyrene composite particles via miniemulsion
polymerization, oleic acid was often used to make Fe;O, nanoparticles be
compatible with styrene monomer [11-14, 17-19]. Silane coupling agents
n-octadecyltrimethoxysilane (C18TMS) and 3-trimethoxysilylpropylmethacrylate
(MPS) were widely used to modify inorganic nanoparticles during the preparation
of SiO,/polystyrene, ZnO/polystyrene, Al,Os/polystyrene composite particles
[20-24]. The morphology and encapsulation effect of inorganic polymer composite
particles could be influenced by the type of silane coupling agent modified for the
inorganic particles. In this article, Fe;04 nanoparticles were modified by C18TMS
and MPS and then used to prepare Fe;O,/polystyrene composite particles by
miniemulsion polymerization. Transmission electron microscopy (TEM), Fourier
transform infrared spectrophotometer (FT-IR), contact angle, and vibrating sample
magnetometer (VSM) were used to characterize magnetic particles to investigate the
effect of surface modification of Fe;0,4 on the morphology and encapsulation effect
for the Fe;O,4/polystyrene composite particles.
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Experimental
Materials

Ferric chloride (FeCl;-6H,0) and ferrous chloride (FeCl,-4H,O) were purchased
from ACROS. MPS (98%) and C18TMS were purchased from Aldrich. Styrene
from Beijing Chemical Reagents Company was purified upon distillation under
reduced pressure and kept refrigerated before use. SDS, potassium persulfate (KPS),
sodium bicarbonate (NaHCO3), cyclohexane, anhydrous ethanol, and ammonium
hydroxide (NHj3-H,O, 25%) were all analytical grade obtained from Beijing
Chemical Reagents Company and used without further purification. OA (90%) was
obtained from Shanghai Chemical Reagents Company and used as received.
Deionized water was used in all the experiments.

Preparation of Fe;0O4 nanoparticles by coprecipitation method

The Fe;0,4 nanoparticles were prepared by coprecipitation of FeCl,/FeClz (mol ratio
1:2) according to Massart’s method [25]. An aqueous solution (150 mL) containing
0.06 M FeCl, and 0.12 M FeCl; in a 250-mL three-necked flask was heated to
50 °C with the deaeration of O, by N, bubbling. Then, 12.5 mL NH3-H,O was
added under vigorous stirring. After 30 min, the precipitate was collected on the
vessel wall by a magnet and washed three times with water.

Modified Fe;O4 nanoparticles by silane coupling agents

0.5 g of Fe304 nanoparticles were redispersed in anhydrous ethanol (100 mL) by
ultrasound. 0.5 mL of silane coupling agents was added. The suspension was
stirred for 12 h. The modified Fe;O4 nanoparticles were separated with a magnet,
washed three times with anhydrous ethanol to remove excess silane coupling
agents.

Preparation of Fe;O4/polystyrene composite particles by miniemulsion
polymerization

Miniemulsion polymerization was used to prepare Fe;O,/polystyrene composite
particles according to the following procedure. 0.1 g of modified Fe3;O4
nanoparticles was dried with N,, and dispersed in the solution of 1 mL of styrene
and 0.1 g of cyclohexane with the aid of ultrasound to form the oil phase. 0.08 g
of SDS and 0.01 g sodium bicarbonate were dissolved in 30 mL of water to form
the water phase. Mixture of the oil phase and the water phase was ultrasonicated
for 10 min to form miniemulsion and transferred to a four-necked flask equipped
with a condenser, a nitrogen inlet, and a stirrer. 0.015 g of KPS dissolved in
0.5 mL of water was added to initiate the polymerization at 70 °C with continual
stirring at 300 rpm. After 12 h, the Fe;O,4/polystyrene composite particles were
obtained.
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Characterization

Magnetic particles were characterized by TEM (Hitachi H-8100). The sample for
TEM observation was prepared by dipping a few drops of a dilute dispersion on
carbon coated copper grids.

Magnetic particles were characterized by FT-IR (PerkinElmer, Spectrum One) in
the transmission mode. The sample was palletized with KBr powder for the FT-IR
study.

The wettability of modified Fe;O0,4 was characterized by FT A200 according to the
reported method [18, 26, 27].The wettability of modified Fe;0, was reflected by the
advancing contact angle of water on the surface of modified Fe;O, nanoparticle
films. The films were prepared by spreading the ferrofluid on a clean microscope
glass slide, dried at room temperature, and finally placed in a vacuum desiccator for
24 h before measurements. C18TMS modified Fe;O,4 nanoparticles were dispersed
in cyclohexane to form the ferrofluid by ultrasound. MPS modified Fe;O4
nanoparticles were dispersed in anhydrous ethanol to form the ferrofluid by
ultrasound. Hydrophilic Fe;0, were dispersed in water to form the ferrofluid by
ultrasound.

VSM Controller Model 7300 (Lakeshore) was used to measure the magnetic
properties of the magnetic particles. The field dependence of the magnetization was
investigated over the range from —10 to 410 kOe at 300 K.

Results and discussion
Modified Fe;O,4 nanoparticles

Figure la showed the TEM of Fe;O, nanoparticles prepared by coprecipitation
method. The diameter of the Fe;O4 nanoparticles was in the range from 6 to 15 nm
with average size of 9.5 nm and a polydispersity (PDI) of 0.15. C18TMS and MPS
modified Fe;0,4 nanoparticles were shown in Fig. 1b, c. As shown in the TEM
images, the modification of CI18TMS and MPS did not make an obvious difference
in the morphology and distribution of the nanoparticles size.

FT-IR was used to characterize Fe;O4 nanoparticles, shown in Fig. 2. In Fig. 2,
the strong vibrations at 632 and 580 cm ™' observed was assigned to Fe—O stretch of
the Fe3;O4 nanoparticles [28]. In Fig. 2a, the bands at 3300-3540 cm~! and
1623 cm™' were due to the stretching vibration and binding vibration of —OH in
water [29]. In Fig. 2b, the strong peaks at 2922 (v,,CH,), 2853 (v,CH,), and 1465
(6,CH,) cm™' were attributed to the presence of C18TMS on the particle surfaces.
The broad peaks between 1150 and 900 cm~! were attributed to Si-0O, Si—-O-Fe
group [28, 30]. The existence of CH, and Si—O-Fe indicated that Fe;O,4
nanoparticles were modified with C18TMS. In Fig. 2c, the strong peaks at 1630
and 1704 cm™! were attributed to the C=C bond and C=0 of MPS, which indicated
that Fe;O, nanoparticles were modified with MPS [31, 32]. The broad peaks
between 1105 and 900 cm™' were attributed to Si—0, Si—O-Fe group [28, 30]. This
suggested that MPS modified Fe;O4 nanoparticles by formation of Fe—O-Si bonds.
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Fig. 1 TEM images of a Fe;04 nanoparticles, b C18TMS modified Fe;0,4 nanoparticles, and ¢ MPS
modified Fe;04 nanoparticles
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Fig. 2 FT-IR spectra of a Fe30,4 nanoparticles, » CISTMS modified Fe;0, nanoparticles, and ¢ MPS
modified Fe;O,4 nanoparticles

The surface properties of the modified Fe;O,4 nanoparticles were characterized by
contact angle measurements and the results were tabled in Table 1. The advancing
water contact angle on the films of the Fe;O,4 nanoparticles is about 9.6°. The
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Table 1 The advancing contact angle of magnetic nanoparticles

Sample Fe;04 C18TMS modified Fe;O4 MPS modified Fe;O,4
Contact angle of water 9.6° 128° 78°

C18TMS modified Fe;O, nanoparticles were more hydrophobic which the
advancing water contact angle was 128° and could be dispersed in styrene by
ultrasound. The MPS modified Fe;O4 nanoparticles was more hydrophilic than
C18TMS modified Fe;0,4 nanoparticles, which advancing water contact angle was
78°. MPS modified Fe;O, nanoparticles could also be dispersed in styrene by
ultrasound, but the dispersibility in styrene was poorer than C18TMS modified
Fe;04 nanoparticles.

The effect of surface modification of Fe;O4 on the prepared Fe;O,/polystyrene
composite particles

Figure 3 showed the morphology of Fe;O,4/polystyrene composite particles prepared
from modified Fe;O, nanoparticles. From Fig. 3a, the Fe;O4/polystyrene composite
particles, which were prepared from C18TMS modified Fe;0,, were spherical. The
average diameter of the composite particles was about 165 nm with a PDI of 0.251.
The size distribution of the Fe;O, within the polystyrene particles was quite
heterogeneous. Most of Fe;0, particles were located in the side of polystyrene
particles, which indicated the Fe;O4/polystyrene composite particles exhibited
asymmetric phase-separated structure. There were also un-encapsulated Fe;O,
nanoparticles dispersed in the solution of Fe;O4/polystyrene composite particles.
From Fig. 3c, the Fe;O4/polystyrene composite particles prepared from MPS
modified Fe;O, were also spherical. The average diameter of the composite
particles was about 145 nm and PDI of 0.068. Compared with Fe;O,4/polystyrene
composite particles prepared from C18TMS modified Fe;O4, the morphology of
composite particles from MPS modified Fe;O, were more uniform. Fe;Oy4
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Fig. 3 TEM images of Fe;O,/polystyrene composite particles prepared from a CI8TMS modified Fe;O,4
nanoparticles and b MPS modified Fe;0, nanoparticles
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nanoparticles were dispersed in the interior of the composite particles. There was no
un-encapsulated Fe;O4 nanoparticles found in composite particles solution.

CCl; were used to extract polystyrene in Fe;O4/polystyrene composite particles.
The extracted Fe;O,4 particles were further characterized by FT-IR, shown in Fig. 4.
In Fig. 4a, there were no difference on C18TMS modified Fe;O4 nanoparticles
before and after polymerization, which indicated that miniemulsion polymerization
did not influence the C18TMS modified Fe;O,4 nanoparticles. In Fig. 4b, the band in
702 cm ™! were attributed to the vC—H of benzene ring [31-34]. The bands in 1451,
1493, 1599 cm™"' were attributed to vC—C of benzene ring in polystyrene [31-34].
The strong vibrations at 632 and 580 cm™' observed was assigned to Fe-O stretch
of the Fe;O4 nanoparticles [28]. The existence of polystyrene and Fe;O4
nanoparticles proved that the C=C of MPS on the Fe;0, nanoparticles copolymer-
ized with styrene. It is known that the droplet nucleation mechanism is expected to
be the dominant nucleation mechanism in miniemulsion polymerization [35, 36].
The droplets consisting of styrene and modified Fe;O, nanoparticles were obtained
during miniemulsification process. During the polymerization process of composite
particles prepared from C18TMS modified Fe;O, nanoparticles, the phase
separation occurred, and the Fe;O, nanoparticles modified with C18TMS were
extruded by the polystyrene chain. After polymerization, some of Fe;O4 nanopar-
ticles were encapsulated in the side of polystyrene particles and Fe;O4/polystyrene
composite particles exhibited asymmetric phase-separated structure. During the
polymerization process of composite particles prepared from MPS modified Fe;O,
nanoparticles, Fe;04 nanoparticles modified with MPS act like huge crosslinking
agents and could copolymerize with styrene during polymerization process, which
weakened the phase separation distinctly. After polymerization, Fe;0,4 nanoparticles
were encapsulated in the interior of the composite particles and Fe;O,4/polystyrene
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Fig. 4 FT-IR spectra of magnetic particles after extraction of polystyrene in Fe;O,/polystyrene
composite particles prepared from a C18TMS modified Fe;O4 nanoparticles and » MPS modified Fe;O4
nanoparticles
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Fig. 5 Magnetization curves of the Fe;O,/polystyrene composite particles prepared from a C18TMS
modified Fe;0, nanoparticles and » MPS modified Fe;O,4 nanoparticles as a function of applied external
field H at 300 K

composite particles with regular morphology and narrow size distribution were
obtained.

The magnetic properties of Fe;O4/polystyrene composite particles were charac-
terized by magnetometer. As shown in Fig. 5, both of Fe;O4/polystyrene composite
particles were superparamagnetic. The saturation magnetization of Fe;O4/polysty-
rene composite particles prepared from CI18TMS and MPS modified Fe;O4
nanoparticles was 15 and 19 emu/g, respectively.

Conclusions

In this article, C18TMS and MPS were used to modify Fe;O, nanoparticles,
respectively. The modified Fe;0,4 nanoparticles could be dispersed in styrene and
then used to prepare Fe;O4/polystyrene composite particles by miniemulsion
polymerization. When C18TMS was used to modify Fe;O,4 nanoparticles, the high
hydrophobic property of the modified Fe;O4 nanoparticles lead to the negative
effect on the preparation of the Fe;O,4/polystyrene composite particles. It was found
that the obtained composite particles exhibited asymmetric phase-separated
structure and wide size distribution. Furthermore, un-encapsulated Fe;O, were
found in composite particles solution. When MPS was used to modify Fe;O4
nanoparticles, the modified Fe;O4 nanoparticles showed poor hydrophobic proper-
ties and resulted in the obtained Fe;O,4/polystyrene composite particles with regular
morphology and narrow size distribution because the ended C=C in MPS on the
surface of Fe;0,4 nanoparticles could copolymerize with styrene which weakened
the phase separation distinctly.
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