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A new multifunctional FePt nanoparticle (NP) exhibiting catalytic activity, magnetic properties,
and water-compatibility, has been developed. The initial thermal decomposition of iron carbonyl
(Fe(CO);), followed by reduction of platinum acetylacetonate (Pt(acac),) in the presence of oleic
acid and oleylamine produced FePt NPs with Fe-rich core and Pt-rich shell. The hydrophobic NPs
were subsequently treated with y-cyclodextrin (y-CD), which renders them water-dispersible
rather than in organic solvents. Characterization by means of X-ray diffraction (XRD),
transmission electron microscopy (TEM), superconducting quantum interface device (SQUID),
and X-ray absorption fine structure (XAFS) measurements were performed. The FePt NPs
capped with y-CD (FePt-y-CD) had a mean diameter of ca. 2.5 nm, which exhibited
superparamagnetic behavior at 300 K with zero remanence and coercivity. The FePt-y-CD was
successfully employed as an efficient nanocatalyst for the aqueous hydrogenation reactions with
the easy recovering from the reaction mixture by applying an external magnet. Moreover, the
FePt-y-CD prefers the hydrogenation of allyl alcohol over sterically hindered 3-cyclohexene-
I-methanol in the competitive reaction due to the molecular recognition property imposed by the

surface attached y-CD.

Introduction

The fabrication of nanoparticle (NP)-based materials have
attracted much attention owing to their promising applications
in optoelectronic, electronic, and catalysis that originate from
the quantum size effects as well as large surface areas.! In the
nanometre size regime, the physical and chemical properties
become significantly dependent on their primary structures such
as size, shape, crystal structure, composition, and protective
ligand.> The synthetic methods providing suitable nanocrystals
for any purpose are extremely important. Although NP-based
catalysts possessing extremely large surface areas are key
components of catalytic activity,® the separation step becomes
a more troublesome issue. In order to overcome the above
drawbacks, catalytic NPs have been stabilized by capping with
ligands ranging from small organic molecules to large polymers
or encapsulated within zeolite and mesostructured materials.*
Alternatively, the separation of suspended magnetic NP catalysts
from the liquid system using an external magnetic field is a
promising strategy.® There have been some developments in
the use of magnetic NPs to host soluble catalytically active
organometallic complexes and enzymes;® however, the use of
NP itself as catalytically active species is scarcely explored.
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The synthesis of CD (cyclodextrin)-stabilized metal NPs
represents research on the functionalization of NPs such as
gold,” palladium,® and platinum.® CDs are a group of cyclic
oligosaccharides composed of six (a-CD), seven (B-CD), or
eight (y-CD) o(1,4)-linked glucopyranose units. The cavity
exhibits a hydrophobic character, which allows CDs to form
inclusion complexes with hydrophobic molecules that fit into
the cavity. Furthermore, such systems possess properties of
the two components, in particular, the electronic, magnetic, or
catalytic properties of the metal/semiconductor core and the
molecular recognition ability of the receptors in the organic
shell. This host-guest interaction may be applicable to drug
delivery, chromatography, solubility enhancement, and selective
removal of undesired substances.*

Herein, we present a CD-stabilized FePt magnetic NP ex-
hibiting catalytic activity under aqueous conditions. The FePt
NP was synthesized by the thermal decomposition of iron
carbonyl (Fe(CO)s) and subsequent reduction of platinum
acetylacetonate (Pt(acac),) in the presence of oleic acid and
oleylamine with the aim of producing a Fe-rich core and Pt-rich
shell, which allows for the application to the Pt-based catalytic
reactions. Oleic acid and oleylamine act as ligands to protect
NPs against oxidation and aggregation, which are responsible
for hydrophobicity and make them soluble in only nonpolar
solvents. Such NPs have been transferred into aqueous solution
through the formation of inclusion complexes between surface-
bound molecules and cyclodextrins (Fig. 1), which successfully
promote the environmentally-benign aqueous hydrogenation
reactions. The present Fe,,.. Pty NP possess another attractive
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Fig. 1 Schematic illustration of FePt NP and y-CD. The red core is Fe
rich and the orange shell is Pt rich.

features compared to the single Pt component-based systems:
Firstly, the replacement of the interior of precious Pt NPs with
inexpensive core metals contribute to the atomic economy. Sec-
ondly, the magnetic core provides an opportunity for achieving
the convenient separation of nanocatalyst after catalytic reaction
by applying an external magnet. This study represents the first
step in the possible application of CD-stabilized FePt NPs as a
novel aqueous nanocatalyst.

Results and discussion

Fcc FePt NPs are commonly synthesized via co-reduction of
an iron salt and platinum acethylacetonate, Pt(acac), in the
presence of oleic acid and oleylamine, which act as ligands to
stabilize FePt NPs.!! For the structural model of as-synthesized
common FePt NPs, it is reasonable to suggest that most of the
Pt atoms are preferentially located in the core region, while the
Fe atoms are preferentially located in the shell region. Since the
reduction potentials of Pt ions are more positive than Fe ions
(E°(Pt>*/Pt°) = +1.2 V, E°(Fe*/Fe®) = —-0.44 V vs. NHE), the
former are reduced first and constitute the core. This is followed
by the reduction of Fe ions on the surface of the Pt core. However,
such FegPt.. NPs are thought to be inappropriate for the
application to the Pt-based catalytic reactions.

With this in mind, we controlled the composition of FePt
NPs to form Fe,,.Pty. by applying successive reduction of
metal precursors as follows. At first, Fe(CO)s was mixed with
dibenzyl ether and the mixture heated to 523 K under Ar with
vigorous mechanical stirring to form Fe core. Next, Pt(acac),,
oleic acid, and oleylamine were then injected with mechanical
stirring, and then the reaction mixture was heated at a rate of
~5 K/min to 583 K and kept stirring for 1 h. The resulting
NPs were precipitated with excess ethanol and collected by
centrifugation. As shown in Fig. 2a, the as-synthesized FePt
NPs dispersed in nonpolar solvents such as hexane and toluene
due to the presence of oleic acid and oleylamine.” Elemental
analysis confirmed that the average composition of the NPs was
Fe,;Pts,.

To explore the possibility to stabilize catalytically active
metallic NPs in water, the modification with y-CD was per-
formed. The mixture of hexane suspension of as-synthesized
FePt NPs and equal volume of y-CD aqueous solution was
stirred vigorously at room temperature. After stirring for 24 h,
the top hexane layer becomes colorless, confirming the existence
of water-compatible y-CD as host molecules (Fig. 2b). It can be
said that the surface properties of the NPs have been modified
through the formation of an inclusion complex between surface-
bound organic molecules and y-CD. The surface coverage of
v-CD on the FePt NPs is roughly estimated to be ca. 60% by

Fig.2 Photograph of two-phase mixture of FePt NPs stabilized by oleic
acid/oleylamine and (b) y-CD. The top layer was hexane and bottom
layer was aqueous solution.

CHN elemental analysis. In the FT-IR spectrum, the peaks due
to the antisymmetric glycosidic v,(C-O-C) vibration and the
coupled v(C-C/C-C) stretch vibration were observed at 1028
and 1197 cm™, respectively. These NP are expected to be a single
magnetic domain and exhibit a magnetic moment only in the
presence of a magnetic field, indicating a superparamagnetic
nature. When the magnetic field is removed, the particles
immediately return to their nonmagnetic state.

In the XRD pattern of the FePt NPs stabilized with y-CD,
the intensities of the diffraction peaks are low, presumably
due to the smaller size of the particles (Fig. 3). However, they
exhibited clear peaks due to the fcc FePt around 40.0°,46.7°, and
68.2°, corresponding to the (111), (200), and (220) reflections,
respectively. Assuming that the FePt NPs are spherical in shape,
the average crystalline size after encapsulation was calculated to
be 2.9 nm by applying Scherrer’s equation for the (111) reflection.

(111)
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(220)

Intensity / a.u.

10 20 30 40 50 60 70 80
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Fig. 3 XRD pattern of as-synthesized FePt NPs stabilized by y-CD.

Fig. 4a and 4b shows a transmission electron microscopy
(TEM) image and size distribution diagram. The FePt NPs
having average diameter (d,.) of ca. 2.5 nm were found to
be distributed within the image area. The diffraction patterns
exhibited atomic lattice fringes corresponding to the (111), (200),
(220), and (113) planes of the fcc structure of the FePt NPs,
respectively (Fig. 4c). This observation is consistent with the
results of XRD analysis, as described earlier, verifying the single-
crystalline nature of the particles.

The magnetic properties were investigated using a super-
conducting quantum interface device (SQUID) magnetometer
(Fig. 5). The isothermal magnetization curve at 300 K displayed
a rapid increase with increasing applied magnetic field, due to
superparamagnetic relaxation.'? This indicates that the thermal
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Fig. 4 TEM image, (b) size distribution diagram, and (c) electron
diffraction pattern of FePt NPs stabilized by y-CD.
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Fig.5 Field-dependent magnetization curve for FePt NPs stabilized by
v-CD measured at 300 K (H) and 5 K ©O.
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energy can overcome the anisotropy energy barrier of the indi-
vidual particles, and the net magnetization of these nanoparticle
assemblies is zero in the absence of an external field. Hysteresis
was absent with zero remanence (M,) and coercivity (H.), and
the saturation magnetization (M) reached up to 12.5 emu/g.
With decreasing temperature, the magnetization of both samples
increased and exhibited a symmetric hysteresis loop at 5 K
(M, = 3.7 emu/g, H. = 400 Oe), indicating a transition from
superparamagnetic to ferromagnetic behavior.

X-ray absorption measurement was carried out to eluci-
date the electronic structure and chemical environment of
the Fe...Pty NPs stabilized by y-CD in comparison to the
Feg. Pt NPs prepared by conventional co-reduction method.
Fig. 6A shows the normalized X-ray absorption near-edge
structure (XANES) spectra at the Pt Lj;-edge of FePt NPs as
well as standard samples including Pt foil and PtO,. The white
line at the Pt L;-edge is an absorption threshold resonance
attributed to the electronic transitions from 2ps,, to unoccupied
states above the Fermi level and is intensified with an increase
in the d-band vacancies as a result of oxidation.” Therefore,
the white line absorption peaks of PtO, at 11565 eV showed a
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Fig. 6 (A) Pt Lj;-edge XANES spectra and (B) FT-EXAFS spectra
for Feg, Pt.. NPs stabilized by y-CD, (b) Fe,. Pty NPs stabilized by
v-CD, (c) Pt foil, and (d) PtO,.

higher intensity. On the other hand, FePt samples and Pt foil
afforded lower intensified peaks at 11563 eV, suggesting that the
oxidation state of Pt in the FePt samples remained Pt’. More
detailed inspection revealed that the white line absorption peak
of the Fe,.. Pty NPs slightly higher than that of the Fe, Pt .
NPs sample, indicating that Pt atoms in the shell region exist in a
slightly higher oxidation state than that in the core region (a vs.
b) due to the exposure to the surface. Fig. 6B shows the Fourier
transforms (FT) of Pt L;;-edge extended X-ray absorption fine
structure (EXAFS) spectra of these samples. FePt samples
exhibited a single peak at approximately 2.4 A, which could
be assigned to the contiguous Pt-Pt bond in the metallic form.
The Pt-Pt distance in Fe,. Pty sample, however, was found
to be shorter than those of the pure Pt metal and Feg,y Pt
NPs (2.7 A), suggesting the presence of Fe-Pt heteroatomic
bonding." No peaks due to Pt—O and Pt-O-Pt bonds, detectable
in that of Pt oxide at around 1.6 and 3.0 A, were observed.

Fig. 7A shows the Fe K-edge XANES spectra of the
FePt NPs and reference iron compounds. The edge position
(measured at the half-height of the edge jump) depends on the
electronic charge of the iron ion, and the energy increased in
the order of Fe foil (7117.1 eV) < Fe o Ptys NPs (7118.0 eV) <
FegenPtoore NPs (7119.0 eV) < Fe,0; (7122.0 eV). Thus, the iron
elements in the Fegy Pt.,. NPs are more oxidized than those
of the Fe,.Pty.n NPs because of the exposure to the surface.
The FT-EXAFS spectra of the FePt samples demonstrated a
peak between 1.5 and 2.9 A, corresponding to the Fe-O and
Fe—O-Fe bonds, accompanied with a slight peak at around 2.1 A
corresponding to the Fe-Fe bond (Fig. 7B). Compared to the
Fe,O; and Feg, Pt.... NPs, the intensity of the second peaks for
the Fe...Ptyq NPs is significantly weakened. This peak is at-
tributable to the contiguous Fe—O—Fe bonds due to face-, edge-,
vertex-sharing FeOq octahedra. The reduced intensity of the
Fe . Pty NPs in this region can be explained by the structural
disorder in the extremely small nanoparticles.”® The iron oxide
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Fig. 7 (A) Fe K-edge XANES spectra and (B) FT-EXAFS spectra
for Feg, Pt.. NPs stabilized by y-CD, (b) Fe,. Pty NPs stabilized by
v-CD, (c) Fe foil, and (d) Fe,O;.

particles in the core region are responsible for the weakness
of high order coordination shell. For the structural model of
the Fe....Pte..i NPs, the overall results suggest that most of the
Pt atoms are preferentially located in the shell region, the Fe
atoms are preferentially located in the core region. The above
speculation was supported by the catalytic results, as will be
discussed later.

The use of water as a reaction medium instead of organic
solvents has become increasingly frequent and specialized over
the past few years.'® Unique reactivity and selectivity that cannot
be achieved under dry conditions are often observed in aqueous
reactions due to the hydrophilic and hydrogen-bonding proper-
ties of water, even when solid catalysts are employed. Conducting
reactions under aqueous conditions also provides the advantages
such as reduced pollution, low cost, and simplicity in process
and handling. The catalytic properties of the Fe,,.Ptgq NPs
capped with y-CD were evaluated in the hydrogenation reaction
of allyl alcohol in water under 1 atm of molecular hydrogen
(Fig. 8). For comparison, catalytic experiments with Fe,.Ptq.;
NPs stabilized by oleic acid/oleylamine in water, Fe ..Ptye
NPs stabilized by oleic acid/oleylamine in THF, Feg,.,Pt... NPs
stabilized by y-CD, which was prepared by the conventional co-
reduction method, in water were also performed. The aqueous
reaction of allyl alcohol using Fe,,. Pty NPs capped with y-CD
proceeded smoothly to give the corresponding n-propanol. It
should be noted that the reaction using the Fey, Pt.... NPs as well
as Fe NPs stabilized by y-CD hardly occurred because Fe atoms
do not accelerate the above hydrogenation reaction, confirming
that our FePt NPs consist of Fe-rich core and Pt-rich shell. More
interestingly, the reaction rate performed with FePt NPs capped
with y-CD in water is three times higher than hydrophobic
FePt NPs stabilized by oleic acid/oleylamine in THF. Similar
results were observed in other organic solvents, such as toluene
and hexane. We suppose that the host-guest complexation of
organic substrate (allyl alcohol) with y-CD on FePt NPs was
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Fig.8 Hydrogenation of allylic alcohol using Fe,,. Pty NPs stabilized
by y-CD in water (W), Fe,,,.Pt..; NPs stabilized by oleic acid/oleylamine
in water (@), Fe,,.. Pty NPs stabilized by oleic acid/oleylamine in THF
(A), Fegy Pt.. NPs stabilized by y-CD in water (X).

the major driving force for the enhancement of the catalytic
efficiency under aqueous conditions. Such driving force was lost
in the case of the hydrophobic FePt NPs stabilized by oleic
acid/oleylamine in an organic solvent as the reaction medium,
resulting in a low catalytic activity. The present catalytic system
was also applicable to the reduction of p-nitrophenol, giving the
corresponding p-aminophenol quantitatively (Scheme 1). An
important advantage of the FePt NPs with y-CD is the facile
recovery from the reaction mixture and the high reusability.
Upon completion of the reaction, the magnetic properties of
the NPs can afford a straightforward means to isolate from
the colloidal solution. By applying an external permanent
magnet, the NPs were attracted. TEM analysis confirms that the
size distribution of the recovered FePt NPs remained virtually
unchanged. Moreover, the recovered FePt NPs with y-CD could
then be recycled at least three times while maintaining identical
inherent activity to the initial run.

NO, NH,
FePt-y-CD

H,O,7h
OH OH

Conv. > 99 %

Scheme 1 Reduction of p-nitrophenol using H,.

More significantly, in the hydrogenation of an equimolar
mixture of allyl alcohol and 3-cyclohexene-1-methanol under
aqueous conditions, the Pt/SiO, catalyst gave a product ratio of
5 for n-propanol and cyclohexanemethanol. On the other hand,
the FePt NPs with y-CD showed a high product ratio of 10
in which cyclohexanemethanol was obtained in 10% yield at a
complete consumption of allyl alcohol (Scheme 2). It is assumed
that the hydrogenation of sterically hindered 3-cyclohexene-1-
methanol was inhibited by the molecular recognition properties
imposed by the surface attached y-CD. Our designed architec-
ture enabled the powerful combination of useful functionality,
magnetic property that was attracted to a magnetic field and
a catalytically active site that exhibited prominent activity and
selectivity for aqueous catalytic reactions.

1340 | Green Chem., 2009, 11, 1337-1342

This journal is © The Royal Society of Chemistry 2009


http://dx.doi.org/10.1039/B905331J

Downloaded by City College of New Y ork on 22 November 2010

Published on 16 June 2009 on http://pubs.rsc.org | doi:10.1039/B905331J

View Online

Pt cat.
H,O,6h

/\/OH + E)/\OH
/\/OH + O/\OH

1 2

Product ratio (1/2)

FePt-y-CD 10
PYSiO, 5

Scheme 2 Competitive hydrogenation of allyl alcohol and 3-cyclo-
hexene-1-methanol.

Conclusion

The first example of the catalytic application under aque-
ous conditions using magnetic FePt NPs was presented. The
dispersity of the as-synthesized FePt NPs stabilized by oleic
acid and oleylamine in water was drastically improved by
the formation of an inclusion complex between surface-bound
organic molecules and y-CD. Characterization by several physic-
ochemical methods revealed that superparamagnetic fcc FePt
NPs with an average diameter of 2.5 nm. Most of the Pt atoms
are preferentially located in the shell region, while the Fe atoms
are preferentially located in the core region. The resulting FePt
NPs showed an enhanced catalytic activity in water rather than
in organic solvents and host-guest recognition properties to
facilitate the reaction of sterically less hindered substrate was
also observed.

Experimental section
The synthesis of Fe,. Pty NPs

FePt NPs were prepared using a Schlenk line by airless tech-
niques. Iron pentacarbonyl (1.0 mmol, Fe(CO);, Aldrich) was
mixed with 100 mL of dibenzyl ether (Tokyo Kasei Kogyo Co.,
Ltd) in a 500 mL three-neck flask. The mixture was degassed for
1 h and then heated to 523 K under Ar with vigorous mechan-
ical stirring for 10 min. Platinum acetylacetonate (0.5 mmol,
Pt(acac),, Wako Pure Chemical Ind., Ltd.), 1 mmol of oleic acid
(Wako Pure Chemical Ind., Ltd.), and 1 mmol of oleylamine
(Aldrich) were then injected with mechanical stirring. The
reaction mixture was heated at a rate of ~5 K/min to 583 K
and maintained for 1 h. The black colored solution was allowed
to cool to room temperature and NPs were precipitated with
excess ethanol and collected by centrifugation. After washing
several times with toluene, ethanol, and distilled water, the
precipitate was uniformly dispersed in hexane.

The synthesis of Feg, Pt NPs

Fe(CO);s (1.0 mmol) and Pt(acac), (0.5 mmol) were mixed with
100 mL of dibenzyl ether in a 500 mL three-neck flask. The
mixture was degassed for 1 h and then heated to 523 K under
Ar with vigorous mechanical stirring. Oleic acid (1 mmol) and
oleylamine (1 mmol) were then injected with mechanical stirring.
The reaction mixture was heated at a rate of ~5 K/min to 583 K

and maintained for 1 h. The black colored solution was allowed
to cool to room temperature and NPs were precipitated with
excess ethanol and collected by centrifugation. After washing
several times with toluene, ethanol, and distilled water, the
precipitate was uniformly dispersed in hexane.

The modification procedure of the FePt NPs with y-CD

The modification was conducted by vigorous stirring of the
mixture of hexane suspension of FePt NPs and equal volume
of y-CD (Aldrich) aqueous solution at room temperature. The
concentration of NPs in hexanes was ~0.5 mg particle/mL, and
the concentration of y-CD aqueous solution was 10 mM. After
stirring for 24 h, the top hexane layer become colorless, and was
discarded; while the bottom aqueous layer was collected. After
washing several times with water, the precipitate was stored in
water.

Characterization

X-ray diffraction patterns were recorded using a Rigaku Mini-
flex using Cu Ka radiation of wavelength 1.5418 A. Ele-
mental analysis was performed with EDX-720 (Shimadzu).
Infrared spectra were obtained with a JASCO FTIR-6100.
Samples were diluted with KBr and compressed into thin disk-
shaped pellets. TEM micrographs were obtained with a Hitachi
Hf-2000 FE-TEM equipped with a Kevex energy-dispersive
X-ray detector operated at 200 kV. The magnetic proper-
ties were measured with a Quantum Design MPMS-XL. Fe
K-edge and Pt Lj;-edge XAFS spectra were recorded at room
temperature in fluorescence mode at the BL-7C and BL-9A
facilities at the Photon Factory at the National Laboratory
for High-Energy Physics, Tsukuba (2007G031, 2007G077).
A Si(111) double crystal was used to monochromatize the
X-rays from the 2.5 GeV electron storage ring. In a typical
experiment, the sample was loaded into the in situ cell with
plastic windows. The EXAFS data were examined using an
EXAFS analysis program, Rigaku EXAFS. The pre-edge peaks
in the XANES regions were normalized for atomic absorption,
based on the average absorption coefficient of the spectral
region. Fourier transformation (FT) of k£*-weighted normalized
EXAFS data was performed over the 3.0 A < k/A' <12 A
range for Fe K-edge sample and 3.5 A < k/A" < 12 A
range for Pt Lj;-edge sample to obtain the radial structure
function.

Typical examples for the aqueous hydrogenation

Into a reaction vessel (50 mL) with a reflux condenser were
placed catalyst (3 mg), allyl alcohol (2.0 mmol), and distilled
water (10 ml). The resulting mixture was reacted at 293 K
for 4 h under 1 atm of H, with magnetic stirring. Analytical
GC was performed using a Shimadzu GC-14B with flame
ionization detector equipped with polar pack Q column. Yield
was determined by the following equation: yield = [area of prod-
uct]/[area of substrate + area of product]. The hydrogenation of
p-nitrophenol was conducted by the similar method with catalyst
(3 mg), p-nitrophenol (1.0 mmol), and distilled water (10 ml).
The resulting mixture was reacted at 293 K for 7 h under 1 atm

This journal is © The Royal Society of Chemistry 2009
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of H,. Part of the mixture was taken out after every 10 min and
centrifuged for the determination with UV photospectrometer.
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