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One-dimensional (1D) magnetic Fe3O4/P(GMA–DVB) peapod-like nanochains have been successfully syn-
thesized by magnetic-field-induced precipitation polymerization using Fe3O4 as building blocks and
P(GMA–DVB) as linker. The Fe3O4 microspheres without surface modification can be arranged with the
direction of the external magnetic field in a line via the dipolar interaction between Fe3O4 microspheres
and linked permanently via P(GMA–DVB) coating during precipitation polymerization. The length of pea-
pod-like nanochains can be controlled by magnetic field intensity, and the thickness of polymer shell can
be tuned by the amount of monomers. Magnetic measurement revealed that these 1D peapod-like nano-
chains showed highly magnetic sensitivity. In the presence of magnetic field, 1D magnetic Fe3O4/P(GMA–
DVB) peapod-like nanochains can be oriented and aligned along the direction of external magnetic field.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Recently, the organization of magnetic nanoparticles into 1D or-
dered functional structures has stimulated great interest due to
their intriguing collective properties and potential applications
including high-density data storage, magnetic resonance imaging,
magnetic sensor, drug delivery, and other biomedical applications
[1–4]. To obtain 1D magnetic nanostructures, the self-assembly of
magnetic nanoparticles is projected to be an effective approach
[5–8]. 1D nanochains that are difficult to achieve by other means
can be prepared through this method. Until now, self-assembly
method mainly included dipole-directed self-assembly [9], mag-
netic-field-induced (MFI) self-assembly [10–12], and templated
self-assembly [13–15]. However, due to the weak or negligible
anisotropic dipolar interaction between the magnetic building
blocks, these ordered structures of superparamagnetic nanoparti-
cles can hardly be maintained after the external magnetic field is
removed [16].

To obtain permanent connection of one-dimensional structure,
several methods have been developed through the interpenetra-
tion and bridging of polymers [17–23]. Keng et al. prepared
polystyrene-coated cobalt oxide nanowires via the colloidal poly-
merization of polymer-coated ferromagnetic cobalt nanoparticles
(PS-CoNPs) [22]. Xiong et al. prepared a unique legume-like
structure of superparamagnetic Co nanoparticles through a simple
magnetic-field-induced assembly approach with the assistance of
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polyvinylpyrrolidone (PVP) [23]. However, the surface of these
nanochains has few reactive functional groups, and they suffer
from disintegration during rinsing with a good solvent [24].
Cross-linked polymeric shells are able to tackle this obstacle, but
the synthesis of these organic cross-linkable surfactants was com-
plicated. Therefore, the one-step preparation of 1D magnetic nano-
chains with cross-linked multifunctional polymeric shells remains
a great challenge.

Herein, we presented a simple magnetic-field-induced precipita-
tion polymerization to prepare 1D magnetic Fe3O4/P(GMA–DVB)
peapod-like nanochains with cross-linked multifunctional
P(GMA–DVB) shells. During the formation, Fe3O4 microspheres
without surface modification were arranged in a line by magnetic
field and linked permanently with P(GMA–DVB) shell after the re-
moval of the external magnetic field. More interestingly, superpara-
magnetic Fe3O4 microspheres in each peapod were regularly
aligned in a line and periodically separated through the P(GMA–
DVB) layers with a visible interparticle spacing.
2. Materials and methods

2.1. Materials

Both glycidyl methacrylate (GMA) and divinylbenzene (DVB, 80%
mixture of isomers) were purchased from Aldrich Chemical Co.,
USA, and purified using an inhibitor removal column (Aldrich) and
stored at�5 �C prior to use. Analytical grade of 2,2-azobisisobutyro-
nitrile (AIBN; Junsei) was used as an initiator without further puri-
fication. Acetonitrile (Aldrich Chemical Co., USA) in analytical grade
was used as the polymerization medium. Ferric chloride
doi:10.1016/j.jcis.2012.02.015
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Fig. 1. TEM (a) and SEM (b) of Fe3O4 microspheres.

Fig. 2. The magnetization curves of Fe3O4 prepared by solvothermal method (a) and
coprecipitation method (b).
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(FeCl3�6H2O), sodium acetate (NaAc), polyethylene glycol (PEG), and
ethylene glycol (EG) were purchased from Shanghai Chemical Re-
agents Company (China) and used as received.

2.2. Synthesis of Fe3O4 particles

The Fe3O4 magnetic colloidal nanoparticle clusters (CNCs) were
prepared through a modified solvothermal method according to
the literature with a minor modification [25]. Briefly, FeCl3�6H2O
(2.5 g, 5 mmol) was dissolved in EG (80 g) to form a clear solution,
Scheme 1. Schematic illustration for the synthesis of 1D Fe3O4/P(GMA–DVB) peapod
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followed by the addition of NaAc (7.2 g) and PEG (2.0 g). The mix-
ture was stirred vigorously for 1 h at 50 �C and then transferred to
a teflonlined stainless-steel autoclave (100 mL capacity). The auto-
clave was heated to and maintained at 200 �C for 6 h and then nat-
urally cooled to room temperature. The black magnetic CNCs were
then rinsed several times with ethanol under ultrasonic conditions
to effectively remove the solvent. The CNCs were separated from
the supernatant by using external magnetic field during each rins-
ing step.

2.3. Synthesis and Assembly of Fe3O4/P(GMA–DVB) peapod-like
nanochains

The Fe3O4/P(GMA–DVB) peapod-like nanochains were prepared
by modified precipitation polymerization without stir under mag-
netic field [26]. Typically, 0.050 g of Fe3O4 microspheres was mixed
with 50 g of acetonitrile solution containing 0.32 g of GMA, 0.33 g of
DVB, and 0.01 g AIBN. After being degassed with nitrogen for
30 min, the solution was heated up to 80 �C. During the reaction, a
plane magnet was placed to the side of the vessel with the distance
of 5 cm. After 8 h of reaction, the final products were collected by
magnetic separation and washed repeatedly with ethanol, and the
product was dried in a vacuum oven at room temperature for 12 h.

2.4. Characterization

Transmission electron microscopy (TEM) images were obtained
on an H-600 (Hitachi, Japan) transmission electron microscope at
an accelerating voltage of 75 kV. Samples dispersed at an appropri-
ate concentration were cast onto a carbon coated copper grid.
-like nanochains by precipitation polymerization under external magnetic field.
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Fig. 3. SEM images of the Fe3O4/P(GMA–DVB) peapod-like nanochains prepared with different intensity of magnetic field: (a) 0 Gs, (b) 150 Gs, (c) 400 Gs, and (d) 800 Gs.

Fig. 4. TEM images of the Fe3O4/P(GMA–DVB) peapod-like nanochains prepared with different amount of monomers: (a) 0.15 g, (b) 0.65 g, and (c)1.05 g (scale of inset was
100 nm).
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Fig. 5. FTIR spectra of Fe3O4/P(GMA–DVB) peapod-like nanochains.
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Fig. 6. The TGA curve of Fe3O4/P(GMA–DVB) peapod-like nanochains with different
amounts of monomers: (a) 0.15 g, (b) 0.65 g, and (c) 1.05 g.
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Fig. 7. Magnetization curves of P(GMA–DVB)/Fe3O4 nanochains with different
amount of monomers: (a) 0.15 g, (b) 0.65 g, and (c) 1.05 g.
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Scanning electron microscopy (SEM) was performed with a
scanning electron microscope (SEM, JSM-6700F) at an accelerating
Please cite this article in press as: M. Ma et al., J. Colloid Interface Sci. (2012),
voltage of 20 kV. Samples dispersed at an appropriate concentra-
tion were cast onto a silicon sheet at room temperature and sput-
ter-coated with gold.

The magnetic content of Fe3O4/P(GMA–DVB) peapod-like nano-
chains was determined through thermogravimetric analysis (TGA,
Q50, TA instruments) in the temperature range from room temper-
ature to 700 �C with a heating rate of 10 �C/min.

The magnetic properties of magnetic particles were assessed
using a vibrating sample magnetometer (VSM, LakeShore 7307).

Fourier transform infrared spectra were determined on a TEN-
SOR27 FTIR spectrometer (Bruker). The samples were prepared
by mixing the product with KBr and pressing into a compact pellet.

Optical microscope (DMM-330C) was used to observe the orien-
tational manipulation and assembly of peapods in an ethanol solu-
tion sandwiched between two thin cover glass slides.
3. Results and discussion

3.1. Synthesis of Fe3O4 particles

Fe3O4 microspheres were prepared through a solvothermal
method by partial reduction of FeCl3 with EG as solvent, NaAc as
electrostatic stabilization, and PEG as a surfactant against particle
agglomeration at 200 �C. The Fe3O4 microspheres have a spherical
shape with a rough surface and relative uniform size around
400 nm(Fig. 1). As can be seen from Fig. 2, the magnetic response
of Fe3O4 prepared by solvothermal method was higher (81 emu/
g) than that by coprecipitation method (61 emu/g) [27], showing
the Fe3O4 prepared by solvothermal method was easier to be con-
trolled by external magnetic field.

From the characterizations above, the Fe3O4 microspheres syn-
thesized by solvothermal method have high magnetic response
and a narrow size distribution, which can meet the requirements
to prepare the 1D nanochains.
3.2. Synthesis and self-assembly of 1D Fe3O4/P(GMA–DVB) peapod-like
nanochains

The assumed formation procedure of the 1D magnetic nano-
chains can be schematically illustrated in Scheme 1. Fe3O4 micro-
spheres were dispersed in a solvent (a). After a plane magnet was
employed, the Fe3O4 microspheres slowly moved toward the side
of the vessel. Because the field-induced magnetic dipolar interac-
tion of the Fe3O4 microspheres was stronger than Brownian motion
and electrostatic repulsion, the Fe3O4 microspheres would tend to
reorient along the direction of magnetic force lines in a head-to-tail
configuration (b). When the temperature increased, the precipita-
tion polymerization of GMA and DVB would take place on the sur-
face of the preassembled Fe3O4 particles by hydrogen bond
between hydroxyl groups of Fe3O4 and ester groups of GMA mono-
mer [28], and a continuous P(GMA–DVB) would be formed along the
surface of Fe3O4 nanochains to get the permanently linked 1D
assemblies. Thus, 1D permanently linked Fe3O4/P(GMA–DVB) pea-
pod-like magnetic nanochains could exist stably even after the re-
moval of the external magnetic field (c).

SEM images of Fe3O4/P(GMA–DVB) peapod-like nanochains
prepared with different intensity of magnetic fields are shown in
Fig. 3. As can be seen from Fig. 3, the strength of external magnetic
field has great impact on the length of magnetic nanochains in
solution. As the intensity of magnetic field was 0 Gs, there was
no nanochain (a). As the intensity of magnetic field was 150 Gs,
the nanochains were short (b). When the strength of magnetic field
increased up to 400 Gs, the length of the nanochains became long-
er, and many separated single nanochains were produced (c). Fur-
doi:10.1016/j.jcis.2012.02.015
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Fig. 8. Optical microscope images of 1D Fe3O4/P(GMA–DVB) peapod-like chains dispersed in a liquid film encapsulated between two glass slides without (a and c) and with
(b) external magnetic field.
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ther increasing the strength of magnetic field up to 800 Gs resulted
in more separated long chains being formed (d).

It can be seen from Fig. 4 that magnetic Fe3O4 microspheres
were regularly embedded in the continuous P(GMA–DVB) shell
along 1D nanochains. The peapod-like Fe3O4/P(GMA–DVB) has an
almost standard chain shape with visible interparticle spacing be-
tween adjacent particles. With increasing the amount of mono-
mers from 0.15 to 0.65 and 1.05 g, the thickness of polymer shell
increased from 15 to 80 and 130 nm. In practical applications,
there are several advantages for P(GMA–DVB) coating by precipita-
tion polymerization. Firstly, the as-prepared magnetic nanochains
without any surface modification under external magnetic field
can be directly encapsulated by a P(GMA–DVB) shell. Secondly,
during the precipitation polymerization, the P(GMA–DVB) can fill
the interparticle gap, bind the neighboring Fe3O4 microspheres to-
gether, and eventually convert the loosely connected particle into
stable 1D peapod-like nanochains. Thirdly, the coating layer of
P(GMA–DVB) can protect magnetic particles from corrosion in an
acidic environment, and P(GMA–DVB) is easily modified with var-
ious functional groups to expand its application by reactive epoxy
group.

The FTIR spectra of Fe3O4/P(GMA–DVB) peapod-like nanochains
are shown in Fig. 5. The strong IR absorption band at 585 cm�1 is
characteristic of the Fe-O vibrations. Strong peaks at 1738 cm�1

and 1632 cm�1 correspond to the C@O and C@C stretching adsorp-
tion bond, respectively. The peaks at 842 cm�1 and 903 cm�1 cor-
respond to the epoxy group in GMA, and the peak at 3422 cm�1

is attributed to hydroxyl (AOH) bond of the ring opening reaction
[26]. All these results suggest that the surface of magnetic micro-
spheres has been successfully coated with polymer shell.

The magnetic content of Fe3O4/P(GMA–DVB) peapod-like nano-
chains was studied by TGA, and the results are shown in Fig. 6. The
weight loss was from the decomposition of the polymer compo-
nent in the shell layer of the Fe3O4/P(GMA–DVB) nanochains. The
whole weight loss for these nanochains increased with the increase
Please cite this article in press as: M. Ma et al., J. Colloid Interface Sci. (2012),
in the feed of monomers to the magnetite seeds. The iron oxide
content of these nanochains during the calcinations was 91, 85
and 81 wt.%, respectively. This result is consistent with the result
from TEM images from Fig. 4.

The magnetic behavior of Fe3O4/P(GMA–DVB) peapod-like
nanochains is of great importance for practical applications. The
magnetic hysteresis loop of the Fe3O4/P(GMA–DVB) nanochains
showed the saturation magnetization (Ms) from (a) to (c) in
Fig. 7 is 74.1, 69.2 and 66.5 emu/g, respectively. The Ms of Fe3O4/
P(GMA–DVB) nanochains was lower than that of the Fe3O4 micro-
spheres (81.4 emu/g) due to the P(GMA–DVB) shell in the peapod-
like nanochains. Thus, an easy and efficient way to separate the
Fe3O4/P(GMA–DVB) nanochains from a suspension system is to
use an external magnetic field [29].

The magnetic response of the Fe3O4/P(GMA–DVB) nanochains
on the external magnetic field can be clearly observed through
optical microscopy (Fig. 8). A magnet was induced to control the
orientation of the samples conveniently. Without an external mag-
netic field, the Fe3O4/P(GMA–DVB) peapod-like nanochains were
well dispersed in ethanol, showing various chain lengths due to
their random orientations (a). The chains appeared significantly
longer than the individual peapods, suggesting additional chaining
of peapods due to the induced magnetic interparticle attraction (b).
Upon removal of the magnet, all of the long chains were disassem-
bled into individual peapods with random orientations again (c).
4. Conclusions

One-dimensional peapod-like nanochains of superparamagnet-
ic Fe3O4/P(GMA–DVB) nanochains have been prepared by mag-
netic-field-induced precipitation polymerization. The magnetic
field was employed to arrange Fe3O4 microspheres along the lines
of magnetic force in a head-to-tail configuration, and P(GMA–DVB)
was employed to link the ordered 1D nanochains permanently
doi:10.1016/j.jcis.2012.02.015
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through the P(GMA–DVB) layers. The studies showed that this new
method was suitable to get the permanently linked 1D peapod-like
nanochains possessing high magnetic saturation and high mag-
netic content. This unique 1D peapod-like nanochains consisting
of Fe3O4 microspheres would provide a new model system for
the study of magnetization properties of 1D ordered magnetic
nanochains.
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