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Abstract

Core–shell nanoparticles have emerged as an important class of functional nanostructures with potential applications in ma
fields, especially in health sciences. We have used a modified aqueous sol–gel route for the synthesis of size-selective FePt@SiO2 core–shell
nanoparticles. In this approach, oleic acid and olyel amine stabilized FePt nanoparticles are first encapsulated through an amino
lane (APS) monolayer and then subsequent condensation of triethoxysilane (TEOS) on FePt particle surface. These well-defined F2
core–shell nanoparticles with narrow size distribution become colloidal in aqueous media, and can thus be used as carrier fluid for
ular complexes. In comparison, the scarce hydrophilic nature of oleic acid monolayers on FePt particle surface yields an edgy par
of silica when only TEOS is applied for the surface modification. The synthesized core–shell nanoparticles were characterized
techniques of high resolution transmission electron microscopy (HRTEM), EDS and indirectly via UV–vis absorption and FTIR
The FePt@SiO2 nanoparticles exhibit essential characteristics of superparamagnetic behavior, as investigated by SQUID magnetom
blocking temperatures (T B) of FePt and FePt@SiO2 (135 and 80 K) were studied using zero field cooled (ZFC)/field cooled (FC) curv
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The recent thrust to synthesize functional nanoscale
ticles stems from their fundamental and technological
portance[1–4]. Nanoscale materials exhibit interesting ele
trical, optical, and magnetic properties which are often
tinct from their bulk counterparts. Among these, magn
nanoparticles with size range of 2–10 nm are of partic
significance because of their potential applications in m
titerabit magnetic storage devices and as carriers for
chemical complexes, MRI contrast enhancing agents, am
many other applications[5]. These nanoparticles could al
be used as ferrofluids, magnetic refrigeration systems, m
netic resonance imaging, magnetic carriers for drug targe
and catalysis[6,7]. However, some materials such as C
Ni-based can be biohazardous and also prone toward
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oxidation or degradation at ambient conditions, hence
increased interest in coating their surface with a thin prot
ing shell for various biomedical applications. Current me
ods use micrometer-sized magnetic-polymer/silica parti
which are too large for in vivo applications[8]. Recently, less
than 20 nm size has been suggested for efficient diffu
of nanoparticles through tissues in MRI imaging[9]. Thus,
developing nanometer scale encapsulated magnetic nan
ticles and the investigation of their properties are assum
greater importance.

Most of the work in the past has been on noble-m
nanocores and molecular shells, and monolayers anch
on metal cores have been used as precursors to make
shells[4,10]. An approach in this direction is to coat go
clusters with silica shell[10]. We have used an analogo
approach to coat the magnetic FePt nanoparticles with
ica shells, and focus the synthesis and characterizatio
colloidal and redispersable FePt@SiO2 nanoparticles. The
coating prevents the aggregation in liquid, has better ch
ical stability as compared to their bare counterparts

http://www.elsevier.com/locate/jcis
mailto:v-dravid@northwestern.edu
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provides a biofunctional surface for modification and s
sequent DNA/protein attachment.

In the recent past, various researchers have suggeste
capsulation of magnetite and other ferrite materials[11,12];
however, the literature for the effective surface function
ization of metallic nanoparticles like FePt, Co, and Fe
is very sparse[13]. These metallic nanoparticles have high
performance because of their much higher susceptibility
saturation magnetization as compared to magnetite or
rites. We have initiated this work on oxide protection
metallic/magnetic nanoparticles because this is a wa
stabilize these particles under any extreme condition. T
type of encapsulation also makes it possible to modify
surface of silica for bimolecular attachment, which can
liver specific ligands to target sites via the antibody–anti
recognition. Also, magnetic nanoparticles have fueled b
fundamental and applied studies due to their magnetic p
erties (e.g., large uniaxial magnetocrystalline anisotro
Ku ∼= 7× 106 J/m3) and enhanced stability[13].

This is the first report where we elucidate the homo
neous and uniform encapsulation of monodispersed
nanoparticles with controlled thickness of silica. Since s
face functionalization plays an important role in many b
logical systems, such type of core–shell structures are ke
designing complicated multilayer structures with promis
applications in biomolecular therapeutics. We use high re
lution electron microscopy (HRTEM), UV–vis spectrosco
infrared spectroscopy (FTIR), and magnetic measurem
(SQUID) as the characterization tools to reveal the co
shell structure formation in magnetic nanoparticles.

2. Experimental

The FePt nanoparticles synthesis was carried out
ing standard airless procedures and commercially avail
reagents[5]. Phenyl ether (99%), 1,2-hexadecanediol (90
oleic acid (90%), iron pentacarbonyl (Fe(CO)5), oleylamine
(70%), and platinum acetylacetonate (Pt(acac)2) were pur-
chased from Aldrich Chemical Co.

A typical synthesis route is as follows: 0.5 mM Pt(aca2
and 1.5 mM hexadecanediol were mixed in 20 ml diet
ether and heated up to 110◦C. Equal amount (1 mM) of oleic
acid and oleyl amine were then added with Fe(CO)5 and this
mixture was heated up to 300◦C for 1 h. The reaction wa
carried out under N2 atmosphere. The black colored so
tion was allowed to cool to room temperature and prec
tated by adding excess ethanol. The magnetic particles
separated using a strong magnet. Dark-yellow superna
was discarded. After washing several times with ethanol
precipitate was uniformly dispersed in hexane with sm
amount of surfactants.

Further, these FePt nanoparticles were encapsulate
ing two different sol–gel processes. A 0.5 ml hexane ba
FePt solution was added in 20 ml ethanol containing 0.1
triethoxysilane (TEOS). Under continuous mechanical s
-

t

t

-

ring, 1 ml NH4OH solution (30%) was added slowly
this rigorously stirred mixture. After 3 h, the encapsula
particles were separated using magnet and the exces
ica formed during the hydrolysis–condensation was was
off using extensive ethanol washing[11a]. In comparison
to direct TEOS condensation, in yet another process
FePt particles with a mean size of∼5.5 nm in hexane were
mixed with 1 mM APS and the suspension was left
2 h for place exchange with oleic amine monolayers[11b].
APS monolayers are covalently attached onto the surfac
nanoparticles. The APS modified nanoparticles are then
as a source of nucleation of TEOS condensation. A str
magnet was used to separate these APS monolayer co
particles and the particles were subsequently suspend
100 ml ethanol containing 14 µl TEOS. The solution w
stirred continuously while adding 10 ml deionized water
the hydrolysis of TEOS. The final solution was stirred 3
The particles were collected with a magnet and repeat
washed with ethanol. This approach provides great flex
ity in the selection of magnetic core. Consequently, m
netic tunability is able to be introduced into these core–s
nanoparticulate systems to achieve the desired super
magnetic response.

High resolution electron microscopy (HRTEM) measu
ments were performed on FePt and FePt@SiO2 samples
which were drop-casted onto a carbon-coated Au grid
tachi HF-2000 TEM, Japan). Elemental analysis was
formed using EDS system attached to the same instrum
FTIR spectra were acquired with a Bio-Rad Win-IR sp
trometer with a resolution of 2 cm−1. The samples wer
prepared by dropcasting the particle solutions in hexane
alcohol (FePt@SiO2) onto a KBr plate to form a thick film
and further dried in a gentle N2 stream. UV–vis spectroscop
was carried out with an UV–vis Czerny–Turner double be
spectrometer with a 1-cm quartz cuvette. Solutions were
pared typically at a concentration of 0.1 mg/ml in hexane
and water respectively for FePt and FePt@SiO2 particles.
Magnetic measurements of FePt and FePt@SiO2 were done
using SQUID analyzer (Quantum Design, MPMS). T
magnetization was measured from room temperature to
temperature. Hysteresis was measured at room temper
Blocking temperature (T B) was measured using ZFC an
FC measurements withM vs T curve at an external mag
netic field of 500 Oe.

3. Results and discussion

We first focused our attention to synthesize uniform
distributed FePt nanoparticles using the route which
et al. [5] have reported earlier. While they used siz
selective precipitation to obtain monodispersion (std. d
ation ∼10%), we acquired a fairly uniform distribution b
controlled addition of a reducing agent. These particles
stabilized using a small amount of oleic acid and olyel am
in hexane.Fig. 1A shows the TEM image of uniform distr
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bution of FePt nanoparticles which are surface protecte
oleic acid and olyel amine. The particles have a narrow
distribution with an average size of 5.0± 0.5 nm. High res-
olution TEM studies (Fig. 1A inset) indicate the crystallin
nature of these nanoparticles. These particles are expec
be a single magnetic domain and exhibit magnetic mom
o

only in the presence of magnetic field indicating sup
paramagnetic nature. When magnetic field is removed
particles return to their nonmagnetic state immediately.

Figs. 1B and 1Cshow the two typical core–shell TEM
images of FePt@SiO2 nanoparticles with the darker regio
in the centre forFig. 1C probably due to the homogeneo
-disper
ge of FeP
ation.
ethod

the FePt
Fig. 1. (A) TEM image of the oleic acid and olyel amine surface protected FePt nanoparticles. The film was drop-casted by putting a drop of hexanesed
FePt nanoparticles on carbon-coated copper grid. Inset shows the lattice imaging of a single FePt nanoparticle. (B) Low magnification TEM imat
nanoparticles whose surface is scarcely protected by insulating SiO2 shell. Direct TEOS hydrolysis–condensation method was used here for the shell form
(C) Low resolution TEM image of few FePt@SiO2 nanoparticles indicating uniform coating of silica. APS:TEOS monolayer and then condensation m
was applied here. (D) A HRTEM image of the FePt@SiO2 nanoparticle indicating the amorphous nature of the silica shell which is∼3 nm in thickness.
(E) EDS of silica portion of a FePt@SiO2 nanoparticles when the beam was focused on silica edges. (F) Select area electron diffraction pattern of
nanocrystals recorded by focusing the beam on individual nanoparticle.
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growth of silica on APS place-exchanged monolayers on
of the particles before the TEOS hydrolysis and conde
tion. In comparison, a direct growth of silica using only pu
TEOS condensation pushing the shell on a side of part
surface might be due to scarce hydrophilicity provided
the oleic acid and oleic amine monolayers. The central d
region is 5 nm FePt and the lighter ring is 10–12 nm
ica shell (Fig. 1B) and 4 nm (Fig. 1C). The different contras
between the core and shell region is due to the different e
tron penetration efficiency on metallic FePt and oxide sil
Detailed structure of a single FePt@SiO2 particle is char-
acterized with HRTEM, as shown inFig. 1D. The lattice
fringes of the core are clearly shown in the image with
jacent fringe spacing of 0.224 nm corresponding to {11
lattice planes for FePt.

Because XRD of nanoparticles leads to considera
broadening of the diffraction peaks, we have relied on e
tron diffraction to confirm the crystallinity and crystal stru
ture of these nanoparticles. HRTEM in combination w
selected area electron diffraction (SAED) analysis rev
that the structure of the core is consistent with chemic
disordered FCC (Fig. 1F) alloy. Individual electron diffrac-
tion spots of Fe and Pt are not present while X-ray mic
analysis showed presence of Pt and Fe (and Si from sh
Additionally, the uniform lattice fringes across the partic
from HRTEM image demonstrate that the particles are
mogeneous. Thed-spacings measured from the patterns
the relative intensities of the diffraction spots are consis
with metallic FePt. EDS analyses of the core/shell nano
ticles reveal that the average composition of these part
is Fe/Pt= 76:24, a ratio larger than the one at 58:42 ear
reported in the literature[5]. The variation in FePt compo
sition as compared to the reported value may be due to
lack of reduction of Fe salt in a polyol process. The red
potential of the reducing agent may have a more nega
value than that of the metal species. A stronger redu
agent is needed for the reduction of more electronega
metal and Pt is known to play a critical role in inducing a
accelerating the reduction of associated metal cation[14].
Although the species are reduced at comparatively low r
the FCC structure is still maintained, which suggests
the standard reduction potential difference for Fe2+/Fe and
Pt2+/Pt plays a key role in this synthesis. Clearly, howev
the reaction mechanism needs to be more carefully in
tigated to understand the nucleation and growth proces
the particles and for process control. The Si and O peak
more pronounced after concentrating the electron beam
the shell portion of the silica-coated FePt particles (Fig. 1E).
High resolution TEM studies show that the amorphous sh
completely cover the magnetic crystalline particles (Fig. 1D)
rendering them aqueous stable and hence a useful pla
for biofunctionalization.

Fig. 2 shows the UV–vis spectra of FePt in hexane a
FePt@SiO2 in water. The absorption at 273 nm originat
from the FePt parts, which agrees with the spectra of
vious observations[15], and the peak at∼205 nm likely
.

Fig. 2. UV–vis spectra of FePt and FePt@SiO2 nanoparticles in hexane an
aqueous conditions, respectively.

originates from the surfactant. The addition of silica la
is marked by a pronounced scattering and broadenin
the absorption peak and the FePt absorption peak disap
for the FePt@SiO2 colloids. Obviously, the surface plasmo
band of alloy particles is screened by the strong scatte
from the silica colloid. These results can be corroborated
sually by the loss of the characteristic dark brown colo
a pale yellow colored solution with fine colloidal dispersi
after silica adsorption on FePt surface. This observatio
indicative of colloidal stability which is essential for furth
biological targeting.

FTIR spectroscopy has been used previously to ex
ine the conformational structure of the particle-bound
ganic surfactant monolayers, where the energies of the s
metric (d+) and antisymmetric (d−) stretching vibrations
of the methylene units are taken as a sensitive diagn
indicator for the ordering of the adsorbed organic mo
cules. Despite the rapid advances made in character
these interesting materials, we were interested to un
stand the structure and orientation of oleic acid and o
amine molecules after the silica shell formation on fu
tionalized FePt particles, and possible losses, if any, du
their ‘pull’ in aqueous condition. Using drop-cast thick film
of the above-obtained FePt particles, the FTIR spectra
the samples show bands corresponding to methylene
metric and asymmetric stretches at 2848.5 and 2914 cm−1,
corresponding to the hydrocarbon chain of oleic acid
oleic amine, indicating that the hydrocarbon chains s
rounding the nanoparticles are highly ordered in the s
state (Fig. 3A). In comparison, in pure oleic acid and ole
amine and mixture of both[16], the two vibrational mode
are found at 2922 and 2854 cm−1, whereas in liquid heptyl
amine they arise at 2926 and 2855 cm−1. Thus, one can se
that the FePt particle-bound amine and carboxylate mo
layers resemble the crystalline state, presumably with
density of defects which indicates high surface density
these molecules is promoting the ordering. In comparis
the silica shell on the surface locks the methylene vibra
significantly and the symmetric (d+) band shifts to highe
wavenumber (2879.75 cm−1) while the antisymmetric (d−)
band remains at the same position (2914 cm−1). While the
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Fig. 3. The FTIR spectra recorded from a drop-casted FePt (- - -)
FePt@SiO2 (—) nanoparticles on a KBr disc: (A) in the range
2700–3200 cm−1 and (B) in the range of 750–1400 cm−1. The main res-
onances are identified in the figure and discussed in the text with refe
to n-alkane and Si–O vibrations on solid surfaces.

reason for this unidirectional shift is not clear at the mom
we speculate it may be due to the coordination of the som
the –OH functional groups from the silica growth. The pr
ence of silica was mainly confirmed by the vibration sp
trum of Si–O–Si at around 1070± 10 and 1110± 10 cm−1

that were consistent with a shell of partially and fully co
densed siloxane centers (Fig. 3B). In brief, the position and
the maintenance in the intensity of the methylene vibrati
after silica layer formation indicate the structural integr
of the oleic amine and oleic acid molecules and that solv
entrapment or multilayer formation does not deteriorate
amine and carboxylate monolayers on nanoparticle surf

Considering the most striking difference evidenced
the structural and morphological characterization of the F
and FePt@SiO2 samples in the presence of a thin layer of
ica at the surface of the magnetic nanoparticles, the mag
properties of the powder samples were investigated. Two
ferent procedures to make core–shell structures accoun
the effect of an additional APS layer and it is believed t
the magnetic core size will be affected by the presenc
nonmagnetic APS layer on the surface of FePt particles.
r

Fig. 4. (A) ZFC/FC curve for FePt (only) nanoparticles. (B) ZFC/FC
FePt@SiO2 nanoparticles when SiO2 was grown directly on FePt surfac
(C) ZFC/FC curves for FePt@SiO2 nanoparticles when APS was used a
primer. The field applied for magnetization was 500 Oe.

temperature dependence of magnetization (zero field co
(ZFC) and field cooled (FC)) measured at the magn
field of 500 Oe for monodispersed FePt and FePt@S2
(with and without applying APS monolayers as primer
FePt nanoparticles) nanoparticles at the room tempera
is shown inFig. 4. The blocking temperature (T B) is de-
termined by the merge point of ZFC and FC curves. T
blocking of FePt nanoparticles is about 140 K (Fig. 4A) and
about 90 K (Fig. 4B) for (direct) silica-coated FePt nanopa
ticles and reduces further down to 60 K when APS is u
as an anchor for silica growth. It indicates that silica la



M. Aslam et al. / Journal of Colloid and Interface Science 290 (2005) 444–449 449

ith
ses
ag-

ant
di-
ce
and

ter-
the

n

ar-

in-
gel
ith

ica-
a-
ntri-
ePt
bee
hell
e
ore–
here
-

F-
tra
te-

ew

9.

n.

6)

87

n-
92)

a-
ss-

1;
o,

r,

ter-

ter-

99)

;
11

3.
.I.

M.

7.
g,

65.
n.

(1)
covers individual FePt nanoparticle, which is consistent w
TEM and EDS results. The interparticle separation increa
in silica-coated FePt nanoparticles, thus reducing the m
netic dipole–dipole interaction. This leads to a signific
shift in T B to lower temperature. We believe that an ad
tional APS layer which is also directly affecting the surfa
states of FePt may further screen the dipolar interaction
the ultimate loss of superparamagnetic fraction. It is in
esting to note that these results are in agreement with
theoretical predictions[17] where Monte Carlo simulatio
was applied to study the decrease inT B with decreasing the
strength of interaction, but it is not affected by a broader p
ticle size distributions.

4. Conclusions

We have shown that FePt can be encapsulated with
sulating and proctective silica shell using modified sol–
routes. We are able to stabilize metallic nanoparticles w
oxide shells and make them water dispersible after sil
functionalization. The magnetization behavior of silic
coated FePt nanoparticles indicates a diamagnetic co
bution from the shell to the net magnetization of the F
nanoparticles. The method presented in this paper has
used in making other transition-metal-containing core–s
nanoparticles like Co, Fe, Ni@SiO2 and these results will b
reported later. We believe that successful synthesis of c
shell magnetic structures have potential applications w
surface functionalities of SiOx shell can be invoked, espe
cially in biomedical field.
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