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ABSTRACT: Air-stable Fe magnetic nanoparticles en-
trapped within carbon and porous crosslinked polystyrene
microspheres of narrow size distribution were prepared by
the following sequential steps: (1) Polystyrene/poly(di-
vinyl benzene) and polystyrene/poly(styrene-divinyl ben-
zene) uniform micrometer-sized composite particles were
prepared by a single-step swelling of uniform polystyrene
template microspheres dispersed in an aqueous continuous
phase with emulsion droplets of dibutyl phthalate contain-
ing the monomers divinyl benzene and styrene and the
initiator benzoyl peroxide. The monomers within the swol-
len polystyrene template microspheres were then polymer-
ized by raising the temperature to 738C; (2) Porous poly
(divinyl benzene) and poly(styrene-divinyl benzene) uni-
form crosslinked microspheres were prepared by dissolu-

tion of the polystyrene template part of the former com-
posite particles; (3) Uniform magnetic poly(divinyl ben-
zene)/Fe and poly(styrene-divinyl benzene)/Fe composite
microspheres were prepared by entrapping Fe(CO)5 within
the porous crosslinked microspheres, by suction of the Fe
complex into the dried porous particles, followed by
decomposition of the encapsulated Fe(CO)5 at 2008C in Ar
atmosphere; (4) Uniform magnetic air-stable C/Fe compos-
ite microspheres were prepared similarly, apart from
changing the decomposition temperature from 200 to
6008C. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 107:
1710–1717, 2008
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INTRODUCTION

Micrometer-sized particles of narrow size distribu-
tion have attracted much attention in many applica-
tions such as adsorbents for high-pressure liquid
chromatography, calibration standards, spacers for
liquid crystals, inks, catalysis, and so forth.1–7 Dis-
persion polymerization is the common method for
preparing uniform nonporous micrometer-sized par-
ticles in a single step.8–11 However, the particles
formed by this method possess a relatively small
surface area and their properties, such as porosity,
surface morphology and functionality, can hardly be
manipulated.8,11 Furthermore, uniform particles of a
diameter larger than 5 lm usually cannot be pre-
pared by dispersion polymerization. These limita-
tions had been overcome by several swelling meth-
ods of polystyrene (PS) template micrometer-sized
particles with appropriate monomers and initiators,

e.g., multi-step swelling,12–18 dynamic swelling,19–20

and a single-step swelling,21 followed by polymer-
ization of the monomers within the swollen template
particles.

Of particular interest are micron-sized particles
with magnetic properties, which are usually used for
separation of the particles and/or their conjugates
from undesired compounds via a magnetic field.
These particles due to their magnetic properties have
several additional biomedical applications, e.g.,
enzyme immobilization, nucleic acids purification,
cell isolation and purification, molecular biology,
diagnostics, drug targeting, radio immunoassay,
hyperthermia, etc.22–26 The common micron-sized
magnetic particles used for biomedical applications
are composed of various iron oxides, e.g., magnetite
(Fe3O4) and meghemite (g-Fe2O3).

27–30

Fe particles are of special interest since Fe has a
significantly higher magnetic moment than iron
oxides. However, Fe particles are easily oxidized,
e.g., by air, and thereby significantly lose their main
advantage of a very high magnetic moment. This ar-
ticle describes a novel method to synthesize air-sta-
ble magnetic micrometer-sized particles of narrow
size distribution based on Fe. These particles were
prepared by a single-step swelling of uniform PS
template microspheres, dispersed in an aqueous con-
tinuous phase with emulsion droplets of dibutyl
phthalate (DBP) containing the initiator benzoyl
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peroxide (BP), and the monomer divinyl benzene
(DVB), or a mixture of DVB and styrene (S). Uniform
PS/PDVB and PS/P(S-DVB) composite particles
were then formed by polymerizing the monomers
within the swollen PS template microspheres at
738C. Porous PDVB and P(S-DVB) crosslinked uni-
form microspheres were prepared by dissolution of
the PS template part of the former composite par-
ticles. Fe(CO)5 was then entrapped within the porous
crosslinked microspheres, by suction of the Fe com-
plex through the dried porous particles. Uniform
magnetic PDVB/Fe and P(S-DVB)/Fe composite
microspheres were prepared by decomposition of
the Fe(CO)5 encapsulated in the former microspheres
at 2008C in Ar atmosphere. Uniform magnetic air-
stable C/Fe composite microspheres were prepared
similarly, apart from changing the decomposition
temperature from 200 to 6008C.

EXPERIMENTAL

Chemicals

The following analytical-grade chemicals were pur-
chased from Aldrich (Israel), and were used without
further purification: Fe(CO)5 (>99%), BP (98%), DVB
(99%), sodium dodecyl sulfate (SDS), polyvinylpyr-
rolidone (PVP, MW 360,000), ethanol (HPLC), 2-
methoxy ethanol (HPLC), dibutyl phthalate (DBP),
and methylene chloride (HPLC). Styrene (S, Aldrich
99%) was passed through activated alumina (ICN) to
remove inhibitors before use. Water was purified by
passing deionized water through Elgastat Spectrum
reverse osmosis system (Elga, High Wycombe, UK).

Synthesis of uniform PS template microspheres

PS template microspheres of narrow size distribution
were prepared according to the literature.8–10 In a
typical experiment, PS microspheres with an average
diameter of 2.3 6 0.1 lm were formed by introduc-
ing into the reaction flask (1-L three-neck round-bot-
tom flask equipped with a condenser and immersed
in a constant temperature silicone oil bath at a preset
temperature) a solution containing PVP, (3.75 g,
1.5% w/v of total solution) dissolved in a mixture of
ethanol (150 mL) and 2-methoxy ethanol (62.5 mL).
The temperature of the mechanically stirred solution
(200 rpm) was then preset to 738C. Nitrogen was
bubbled through the solution for ca. 15 min to
exclude air, and then a blanket of nitrogen was
maintained over the solution during the polymeriza-
tion period. A deaerated solution containing BP (1.5
g, 0.6% w/v of total solution) and S (37.5 mL, 16%
w/v of total solution) was then added to the reac-
tion flask. The polymerization reaction continued for
24 h, and was then stopped by cooling to room tem-

perature. The PS microspheres formed were washed
by extensive centrifugation cycles with ethanol and
then with water. The particles were then dried by ly-
ophilization.

Synthesis of uniform micrometer-sized PS/PDVB
and PS/P(S-DVB) composite particles

Uniform micrometer-sized PS/PDVB and PS/P(S-
DVB) composite particles were formed by a single-
step swelling process, at room temperature, of the
PS template particles with DBP (swelling solvent)
containing S, DVB, and BP, followed by polymer-
ization at elevated temperature. In a typical experi-
ment, PS template microspheres of 2.3 6 0.1 lm
were swollen up to 7.5 6 0.7 lm by adding to a
20-mL vial containing 10 mL SDS aqueous solution
(0.75% w/v), 1.5 mL methylene DBP containing
10 mg BP and 1.5 mL DVB, or 1.5 mL of a mixture
of DVB, and S at a volume ratio DVB/S of 1/1.
Emulsion droplets of the swelling solvent were
then formed by sonication (Sonics and Materials,
model VCX-750, Ti-horn 20 kHz) of the mixture at
488C for 1 min. An aqueous dispersion (3.5 mL) of
the PS template microspheres (7% w/v) was then
added to the stirred DBP emulsion. After the swel-
ling was completed and the mixture did not con-
tain any small droplets of the emulsified swelling
solvent, as verified by optical microscopy, the di-
ameter of the swollen microspheres was measured.
For polymerization of the monomers within the
swollen particles, the temperature of the shaken
vial containing the swollen particles was raised to
738C for 24 h. The composite microspheres pro-
duced were then washed from undesired reagents
by extensive centrifugation cycles with water, etha-
nol, and again water. The particles were then dried
by lyophilization.

Synthesis of uniform crosslinked micrometer-sized
PDVB and P(S-DVB) particles

Uniform crosslinked micrometer-sized PDVB and
P(S-DVB) particles were prepared by dissolving the
PS template part of the PS/PDVB and PS/P(S-DVB)
composite particles with methylene chloride:acetone
(1 : 2). Briefly, PS/PDVB and PS/P(S-DVB) compos-
ite particles, prepared as described in the previous
paragraph, were dispersed in 50 mL methylene
chloride:acetone (1 : 2), and then shaken at room
temperature for ca. 15 min. The dispersed particles
were then centrifuged, and the supernatant contain-
ing the dissolved PS template polymer was dis-
carded. This procedure was repeated four times
with methylene chloride:acetone (1 : 2), ethanol, and
water. The crosslinked particles were then dried by
vacuum evaporation.
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Synthesis of uniform micrometer-sized PDVB/Fe
and P(S-DVB)/Fe composite particles

PDVB/Fe and P(S-DVB)/Fe composite particles
were prepared by evacuating 500 mg of the dried
crosslinked microspheres, prepared as described in
the previous paragraph, using a diaphragm vacuum
pump for 10 min in a filtration flask closed with a
septum, then 4 mL Fe(CO)5 was injected into the
filtration flask. The microspheres containing the
Fe(CO)5 were then heated to 2008C for 3 h under Ar
flow. The formed PDVB/Fe and P(S-DVB)/Fe com-
posite particles were then washed from excess
reagents with ethanol using a magnetic bar, and
dried by vacuum evaporation.

Synthesis of uniform micrometer-sized C/Fe
composite particles

C/Fe composite particles were prepared in a similar
way to those of P(S-DVB)/Fe, apart from changing
the decomposition temperature from 200 to 6008C.

Characterization of the particles

Optical microscope pictures were obtained with an
Olympus microscope, model BX51. Cross-section pic-
tures of the microspheres were characterized with a
JEOL JEM-1200EX transmission electron microscope
(TEM). Microspheres were embedded in Agar 100,
sectioned with an ultratome, and then viewed with
the TEM. Dyeing was not necessary for the TEM vis-
ualization. High-resolution TEM (HRTEM) images
were obtained by employing a JEOL-3010 device
with 300 kV accelerating voltage. Samples for TEM
and HRTEM were prepared by placing a drop of the
diluted sample on a 400-mesh carbon-coated copper
grid. Surface morphology was characterized with
JEOL scanning electron microscope (SEM), model
JSM-840. Particle average size and size distribution
of the optical and electronic images were determined
by measuring the diameters of more than 100 par-
ticles with the image analysis software AnalySIS
Auto (Soft Imaging System GmbH, Germany). Ele-
mental analysis of the various particles was per-
formed using an elemental analysis instrument;
model EA1110, CE Instruments, Thermoquast. Pow-
der X-ray diffraction (XRD) patterns were recorded
using a X-ray diffractometer (model D8 Advance,
Bruker AXS) with Cu Ka radiation. Surface area of
the various particles was measured by the Brunauer-
Emmet-Teller (BET) method, 27 Gemini III model
2375, Micrometrics. Magnetic measurements were
performed with PDVB/Fe, P(S-DVB)/Fe, and C/Fe
composite particles that were introduced into a plas-
tic capsule. Measurements at room temperature were
performed using an Oxford Instrument vibrating
sample magnetometer (VSM). Magnetization was

measured as a function of the external field being
swept up and down (214,000 Oe < H applied
< 14,000 Oe, in steps of 200 Oe).

RESULTS AND DISCUSSION

Porous P(S-DVB) and PDVB composite microspheres
of narrow size distribution of 6.5 6 0.2 and 6.3 6
0.2 lm, respectively, were formed by a single-step
swelling process of the uniform PS template micro-
spheres of 2.3 6 0.1 lm with DBP containing S and/
or DVB, followed by polymerization of the mono-
mers within the swollen template microspheres and
then dissolving the PS template part.

Figure 1 shows by SEM pictures the spherical
shape and narrow size distribution of the PS (A) and
of the PDVB (B) microspheres. Figure 1 also illus-
trates that the surface of the PS template micro-
spheres has smooth nonporous morphology [Fig.
1(A)] while that of the PDVB microspheres is rough
and highly porous [Fig. 1(B)]. Similar size and mor-
phology to that of the PDVB microspheres was also
demonstrated for the P(S-DVB) composite micro-

Figure 1 SEM pictures of the PS template microspheres
(A) and of the PDVB microspheres (B).
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spheres. The increased roughness and porosity is
expressed by the increased surface area of the PS
template microspheres from 2.7 to 222 m2 g21 for
the P(S-DVB) microspheres, and 530 m2 g21 for the
PDVB microspheres as measured by BET. The meas-
ured surface area of the PS template microspheres is
similar to the calculated one (S 5 4pr2) indicating
the nonporous structure of these microspheres. The
higher porosity of the P(S-DVB) and PDVB micro-
spheres is due to three main reasons: First, the disso-
lution of the PS template part of the composite
microspheres; second, the swelling solvents serve as
porogens that form ‘‘macropores.’’ Porogens are sub-
stances that are soluble in the monomers, but insolu-
ble in the formed polymers. Thus, pores are formed
in the spaces where porogens were extracted from
the polymer31; Third, the crosslinker monomer DVB
leads to the formation of very small pores
(‘‘micropores’’) as a result of DVB monomeric units
tying together linear chains of S at various points,31

therefore high degree of crosslinker (DVB concentra-
tion) increased the surface area.

Magnetic PDVB/Fe and P(S-DVB)/Fe composite
microspheres were formed by entrapping Fe(CO)5
within the porous PDVB and P(S-DVB) micro-
spheres, followed by thermal decomposition of the
entrapped Fe(CO)5 at 2008C under Ar atmosphere.
Figure 2(A,B) represent typical light microscopy pic-
tures of the PDVB and PDVB/Fe composite micro-
spheres, respectively. Figure 2(B) clearly demon-
strates the presence of Fe within and on the surface
of the composite microspheres. A similar picture
was also obtained for the P(S-DVB)/Fe composite
microspheres. It should be noted that the yield of
these magnetic microspheres was ca. 70%. The other
30% were not attracted to a magnetic bar, and there-
fore were discarded.

Figure 3 demonstrates cross-sectional typical TEM
pictures of a PDVB particle [Fig. 3(A)] and of a
PDVB/Fe particle [Fig. 3(B,C); (C) is a higher magni-
fication of (B)]. These pictures clearly demonstrate
the presence of Fe nanoparticles of 3- to 30-nm
diameter caged in the entire PDVB matrix.

Magnetic air-stable C/Fe composite microspheres
were formed by decomposition of the P(S-DVB)
microspheres containing Fe(CO)5 at 6008C under Ar
atmosphere. Similar trials substituting the P(S-DVB)
particles containing Fe(CO)5, for PDVB containing
Fe(CO)5, or for PDVB or P(S-DVB) in absence of
Fe(CO)5, resulted in the collapse of the microspheres.
It seems that for some unclear reason the presence
of Fe(CO)5 within the P(S-DVB) microspheres pro-
tects the P(S-DVB) microspheres from collapsing
during the decomposition at 6008C. The C/Fe forma-
tion was executed at 6008C, since at this temperature
the Fe nanoparticles entrapped in the carbon micro-
spheres become crystalline.32

Figure 4 demonstrates by a SEM picture that the
C/Fe composite microspheres possess a spherical
shape, bumpy surfaces, and size distribution of
5 6 0.2 lm. It should also be noted for practical
applications, that PDVB, PDVB/Fe, P(S-DVB), P(S-
DVB)/Fe, and C/Fe microspheres were all easily
dispersed in polar solvents such as water, ethanol,
DMF, and methylene chloride.

Table I demonstrates that the Fe content of the
PDVB/Fe and P(S-DVB)/Fe composite microspheres
increases as the surface area of the parent micro-
spheres, PDVB and P(S-DVB), increases. For exam-
ple, the Fe content of the PDVB/Fe and P(S-DVB)/
Fe is 15.6% and 11.5%, respectively, while the sur-
face area of the microspheres before entrapping the
Fe complex is 530 and 222 m2 g21, respectively.
These results may be explained by the increasing
amount of Fe(CO)5 that is entrapped in the pores of
the microspheres with larger surface area. It is there-
fore expected that the surface area of the micro-
spheres containing Fe will be lower than that of the
parent microspheres. For example, the surface area
of the PDVB and PDVB/Fe microspheres is 530 and
420 m2 g21, respectively.

Figure 2 Light microscope pictures of PDVB (A) and
PDVB/Fe (B) microspheres.
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Table I also illustrates that the C/Fe composite
microspheres possess the highest Fe content (33%)
and the lowest surface area (38 m2 g21). This behav-
ior is probably due to the decomposition of the or-
ganic polymeric matrix at 6008C, which increases the
weight ratio between the Fe and C and generates rel-
atively closely packed C/Fe particles, as shown in
Figure 4.

X-ray powder diffraction analysis was conducted
on the PDVB/Fe, P(S-DVB)/Fe, and C/Fe composite
microspheres, as shown in Figure 5(A,B), respec-
tively. The PDVP/Fe and P(S-DVB)/Fe composite
particles do not display any peaks [Fig. 5(A)], prob-
ably due to the high content of the amorphous or-
ganic polymer. On the other hand, the C/Fe com-
posite particles exhibit an XRD pattern characteristic
of bcc Fe, and a small admixture of Fe3C and iron
oxide [Fig. 5(B)]. The decomposition of the PDVB
and P(S-DVB) containing the entrapped Fe(CO)5 at

6008C converted the amorphous organic polymer to
a carbon shell containing crystalline Fe nanopar-
ticles. The iron oxide fraction may be located on the
microspheres surface.

HRTEM and electron diffraction typical images of
the Fe nanoparticles embedded in PDVB/Fe compos-
ite microspheres are presented in Figure 6(A,B),
respectively. This picture focuses on a Fe nanopar-
ticle belonging to the cross-sectional picture of the
PDVB/Fe composite microspheres, shown in Figure
3(C). These measurements were used to probe the
composition and crystallinity of the Fe nanoparticles,
because in this way it is possible to focus on groups
of particles free from interference by the amorphous
polymer. Figure 6(A) reveals that the Fe nanopar-
ticles are not single crystals, but perhaps polycrystal-
line or mixture of crystalline and amorphous mate-
rial. The d spacing measured from the electron dif-
fraction patterns (2.09, 1.45 Å) and the relative

Figure 3 TEM section micrographs of the PDVB (A) and PDVB/Fe composite particles at low (B) and higher (C) magnifi-
cation.
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intensities of the diffraction rings/spots are consist-
ent with bcc Fe (bcc Fe: 2.03, 1.43 Å).33 The electron
diffraction patterns contain a faint ring d 5 2.57 Å,
which corresponds to Fe2O3, which may be due to
the oxidation of the Fe nanoparticles on the external
part of the PDVB composite microspheres.

Magnetic hysteresis loops of the PDVB/Fe, P(S-
DVB)/Fe, and C/Fe composite microspheres are
shown in Figure 7. The entire composite micro-
spheres exhibit ferromagnetic behavior and the M(H)
plots reach saturation in fields of around 5000 Oe.
The coercivity (HC) of the measured samples is indi-
cated within the plots. MS values of PDVB/Fe and
P(S-DVB)/Fe composite microspheres are 7.6 and
17.7 emu g21, respectively, (Fig. 7) where the highest
values are associated with the samples with the
highest Fe loading. The enhancement of the MS

value to 59 emu g21 for the C/Fe composite micro-
spheres is due to its highest Fe loading and to the
crystallinity of the Fe nanoparticles. When expressed
per gram of iron in the composite microspheres
(using Table I), MS values of the P(S-DVB)/Fe and
PDVB/Fe composite microspheres are 66 and
113 emu g21, respectively, and 179 emu g21 to the
C/Fe microspheres, while the reported value of bcc
Fe is 222 emu g21.34

The lower saturation magnetization of the PDVB/
Fe, P(S-DVB)/Fe, and C/Fe composite microspheres
is related to the nature of the nanoparticles, which

contain some amorphous Fe (156 emu g21),35 iron
oxide (75 emu g21), and Fe3C (14 emu g21).36 The
measured coercivity of the PDVB/Fe and P(S-DVB)/
Fe composite microspheres is 64 and 72 Oe, respec-
tively, while that of C/Fe composite microspheres
exhibits an HC of 300 Oe. The coercivity of the
PDVB/Fe and P(S-DVB)/Fe composite microspheres,
we assume, is an average of superparamagnetic par-
ticles which have a zero coercivity, ferromagnetic Fe
that has a few tens of Oe, and iron oxide that has a
few hundred Oe.37,38 This is not surprising, since the
size of Fe nanoparticles is 3–30 nm (Fig. 3) and Fe
particles smaller than 14 nm are expected to be
superparamagnetic.39 The higher coercivity of the C/
Fe microspheres (300 Oe) is probably related to the
Fe3C, which has HC value significantly higher than
bcc Fe.34 Furthermore, it is possible that the decom-
position at 6008C increased the Fe nanoparticles size,
and thereby converted the superparamgnetic Fe
nanoparticles to ferromagnetic, which exhibit a coer-
civity of a few tens of Oe.

The storage stability at room temperature in air of
the PDVB/Fe, P(S-DVB)/Fe, and C/Fe composite
microspheres was tested by sequential measure-
ments of elemental analysis, XRD, and magnetic sus-
ceptibility. These measurements did not indicate any
significant changes during 6-month storage. Also, no
visible change was observed during this period of
time. These composite particles were also stable for
at least 1 week upon contact with water. The air-sta-
ble Fe nanoparticles in the PDVB/Fe, P(S-DVB)/Fe
composite microspheres is located where there is
low surface area, while placed with high surface

Figure 4 A SEM picture of the C/Fe composite particles.

TABLE I
%Fe and Surface Area of the P(S-DVB)/Fe, PDVB/Fe, and

C/Fe Composite Particles

Composite particles Fe (wt %) Surface area (m2 g21)

PDVB/Fe 15.6 420
P(S-DVB)/Fe 11.5 141
C/Fe 33 38

Figure 5 XRD patterns of the PDVB/Fe and P(S-DVB)/Fe
composite particles (A) and of the C/Fe (B) composite par-
ticles.
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area leads to air oxidation of the Fe to Fe2O3. This
air oxidation, however, was minimized by the for-
mation of the C/Fe composite microspheres, which
exhibit lower surface area and good protection of the
carbon coating from Fe oxidation.

SUMMARY AND FUTURE PLANS

This article describes a new method for preparation
of air-stable magnetic C/Fe, PDVB/Fe, and P(S-
DVB)/Fe micrometer-sized microspheres of narrow
size distribution. These particles were prepared by
entrapping Fe(CO)5 within uniform porous PDVB
and P(S-DVB) microspheres. Thermolysis of the
Fe(CO)5 entrapped within the former microspheres
at 2008C lead to PDVB/Fe and P(S-DVB)/Fe com-
posite microspheres, while thermolysis process at
6008C resulted formation of uniform air-stable mag-
netic C/Fe composite microspheres. It was interest-
ing to observe that similar thermolysis trials at 6008C
substituting the P(S-DVB) microspheres containing
Fe(CO)5 for PDVB containing Fe(CO)5, or for PDVB
or P(S-DVB) in absence of Fe(CO)5 resulted in the
collapse of these microspheres. It seems that for an
unclear reason the presence of Fe(CO)5 within the
P(S-DVB) microspheres protects the microspheres
from collapsing during the decomposition at 6008C.
These studies illustrate a direct correlation between
the surface area of the PDVB or P(S-DVB) micro-
spheres and their magnetic properties, i.e., the
higher the surface area the higher the Fe loading
and the saturation magnetization. On the other
hand, the high surface area of these composite
microspheres leads to air oxidation of surface Fe to
Fe2O3. This air oxidation, however, was minimized
by the formation of the C/Fe composite micro-
spheres, which exhibit lower surface area and good
protection of the carbon coating from Fe oxidation.
These C/Fe composite microspheres are crystalline
and reveal higher saturation magnetization. For
future studies we are interested in finding ways to
increase significantly the surface area of the C/Fe

Figure 6 HRTEM pictures (A) and electron diffraction patterns (B) of the Fe nanoparticles embedded in the PDVB/Fe
composite particles. This picture presents a higher magnification of the Fe nanoparticles shown in Figure 3(C).

Figure 7 Magnetization curves of the P(S-DVB)/Fe,
PDVB/Fe, and C/Fe composite particles.
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composite microspheres, and to use the various
magnetic particles described in this manuscript for
various biomedical applications, e.g., detoxification,
immobilization of bioactive reagents, and cell separa-
tion.

We thank Prof. Yossi Yeshurun (Bar-Ilan University,
Physics Department, Israel) for his help with the magnetic
measurements.
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