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Abstract
Core/shell nanoparticles, containing magnetic iron-oxide (maghemite) core and mesoporous shell with radial
porous structure, were prepared by dispersing magnetite nanoparticles and adding tetraethylorthosilicate to a
basic aqueous solution containing structure-templating cetyltrimethylammonium bromide and a pore-swelling
mesithylene. The material is characterized by SEM and TEM imaging, nitrogen sorption and powder X-ray
diffraction. Distinctive features of the prepared material are its high surface area (959 m2 /g), wide average
pore diameter (12.4 nm) and large pore volume (2.3 cm3 /g). The material exhibits radial pore structure and the
high angle XRD pattern characteristic for maghemite nanoparticles, which are obtained upon calcination of
the magnetite-containing material. The observed properties of the prepared material may render the material
applicable in separation, drug delivery, sensing and heterogeneous catalysis.
Keywords: nanofabrication, core/shell structure, maghemite, mesoporous silica, large mesopores
structures. Authors reported MMSN material with irregular [14,15], radial [16] and hexagonal pore ordering
[17,18]. We previously synthesized superparamagnetic
MMSN materials with high surface areas, which contain radial and hexagonal porous structures, for application in drug delivery to cancer cells [19,20]. Herein we
communicate on synthesis and characterization of wide
pore MMSN material (WPMMSN), with radial porous
structure, as inspired by the previously reported wide
pore MSN material [21], which was capable of storing
and delivering enzymes into cancer cells.

I. Introduction
Mesoporous silica nanomaterials (MSN) have attracted much attention in recent years owing to their
large surface area (up to 1000 m2 /g), tunable pore diameter (2–50 nm), narrow pore size distribution, and high
thermal stability. The material has been demonstrated
as applicable for selective catalysis [1–3], drug delivery
[4–6], sensing [7] and separation techniques [8–10].
Magnetic analogues of mesoporous silica nanoparticles (MMSN), which would contain the same beneficial
characteristics of non-magnetic material, but with an
added feature of being responsive to magnetic field, are
of particular interest [11]. Hence, all of the above mentioned applications of the materials can be improved,
as drug delivery systems would be capable of magnetic
field-guided therapy and magnetic resonance imaging
[12,13], or the material would be easily removed by
magnetic field after performing its catalytic, sensing or
separating function.
Various synthetic pathways have been implemented
to obtain magnetic materials with different core/shell

II. Experimental
All chemicals used for the preparation of the materials were purchased (Aldrich) and used as received.
Magnetite nanoparticles were prepared as previously reported [20,22] by co-precipitation of Fe3+ and Fe2+ ions
with NH4 OH in aqueous solution. The obtained magnetite nanoparticles (80 mg) were sonicated for 12 h in
10 mL of nanopure water and added dropwise into a solution containing n-cetyltrimethylammonium bromide
(CTAB) (1 g, 2.7 mmol), mesithylene (7 mL, 0.05 mol)
and NaOH (3.5 ml, 2M) in 480.0 ml of water. The suspension was then stirred with mechanical stirrer and
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heated to 80 °C before dropwise addition of 5.0 ml of
tetraethylorthosilicate TEOS (22.4 mmol). After additional stirring for 2 h at 80 °C, as-synthesized lightbrown material was filtrated, washed with water and
methanol and air dried. Final WPMMSN was obtained
upon removal of surfactant under calcination at 550 °C
for 6 h with a heating rate of 10 °C/min.
Powder XRD diffraction data were collected on
a Scintag XRD 2000 X-ray diffractometer using
Cu Kα radiation. Nitrogen adsorption and desorption isotherms were measured using a Micromeritics ASAP2000 sorptometer. Sample preparation included degassing at 100 °C for 6 h. Specific surface areas and pore size distributions were calculated using
the Brunauer-Emmett-Teller (BET) and Barrett-JoynerHalenda (BJH) method, respectively. For transmission
electron microscopy measurements, a small aliquot was
sonicated in nanopure water for 15 min. A single drop
of this suspension was placed on a lacey carbon coated
copper TEM grid and dried in air. The TEM examination was completed on a Tecnai G2 F20 electron microscope.

III. Results and Discussion
The co-condensation of magnetite nanoparticles
with silicate precursors in basic solution yielded the
core/shell material in the presence of cetytrimethylammonium bromide (CTAB) as a structure templating, and mesithylene as a pore-swelling agent. Applicability of mesithylene to induce enlargement of
CTAB-templated pores was previously demonstrated
[21]. The morphology and mesoporous structure of the
obtained material is represented on scanning and transmission electron micrographs of WPMMSN (Fig. 1).
As it can be seen from SEM image the obtained material has wide distribution of particle diameters, with
the smallest particles having diameter of only 80 nm,
while the biggest 750 nm. In our previous publication we noted that non-regulated agglomeration of nonfunctionalized iron oxide nanoparticles lead to construction of nanoparticles with wide distribution of
particle diameters [19]. If phenylethyltrimethoxysilane
or 3-bromopropyl-trimethoxysilane were included during the synthesis of core/shell MMSN materials more

(a)

(b)

Figure 1. Electron microscopy images of WPMMSN: a) SEM and b) TEM

(a)

(b)

Figure 2. Low-temperature nitrogen adsorption/desorption isotherms (a) and BJH pore size distribution for WPMMSN (b)
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face areas of MSN and MMSN are analogous to the
surface area of WPMMSN, while on the other hand,
pore diameters are in the range 2–3 nm and pore volumes are around 1 cm3 /g in case of MSN and MMSN
[23,24]. The bigger pores of WPMMSN would grant
advantage to this material in case of some applications because of better diffusion rates of molecules, in
and out of the mesopores of the material. In addition,
some macromolecules, nanoparticles, proteins and other
biomolecules would be capable to enter inside WPMMSN (for potential application in drug delivery, sensing, separation etc.) but not in the materials with the
smaller pores.
The XRD pattern of the as-synthesized magnetite
core nanoparticles is presented in Fig. 3 and by taking
the half maximum intensity width of the highest intensity peak (311) at 2θ = 35.4°, after accounting for instrument broadening, the calculated crystallite size from
the Scherrer equation is 11.2 nm. Detailed XRD, BET,
TEM and magnetic measurement analysis of a series
of analogously synthesized magnetite nanoparticles can
be found elsewhere [25]. Low-angle XRD measurement
did not show distinctive peaks above 1 degree (Fig. 4),
while high-angle exhibited the pattern of maghemite
nanoparticles (Fig. 3), which is expected based on our
previous observation that magnetite from the cores of
core/shell materials converts to maghemite after calcination in the same conditions [19].

evenly distributed particles were obtained, most probably due to in situ surface-functionalization of iron-oxide
nanoparticles with the organosilanes which are thus less
prone to agglomeration due to the presence of functional
groups. On the TEM image (Fig. 1b), the central particle has a diameter of 600 nm, while the thickness of the
mesoporous shell is 120 nm.

Figure 3. High-angle powder XRD of WPMMSN and
magnetite nanoparticles

IV. Conclusions
Core/shell magnetic mesoporous silica nanoparticles
are obtained by co-condensation of magnetite nanoparticles with silicate precursors in basic aqueous solution containing surfactant CTAB along with a poreswelling agent mesithylene. The material exhibits high
surface area, radial porous structure, wide average pore
diameter and large pore volume. The material contains maghemite nanoparticles as the core, evidenced by
TEM and XRD measurements, and mesoporous silica as
the shell of the particles. Due to its suitable properties
the prepared material may find application for drug delivery, catalysis and separation.

Figure 4. Low-angle powder XRD patterns of WPMMSN
material
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After removal of CTAB by calcination the new
MMSN material showed high surface area (959 m2 /g),
the average pore diameter of 12.4 nm and pore volume
of 2.3 cm3 /g (Fig. 2). The measured isotherm shows a
strong hysteresis loop, which is typical for bottleneck
structured pores. This feature arises probably due to
wide distribution of the mesopores, as it can be seen in
Fig. 2b, and the pores of smaller diameter are possibly
closer to the surface, while larger pores are deeper inside the particles. The high surface area and large pore
diameters and volumes of WPMMSN render the material more suitable for a range of potential applications than the regular MSN and MMSN. Typical sur-
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