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Polymer- or Si@G-coated magnetic nanoparticles have been
widely investigated due to their superparamagnetic properties

and biocompatibilit~* For many applications, these mag-
netic nanoparticles would benefit from having SiOr

polymer shells to impart ease of functionalization and
biocompatibility. Poly(ethylene glycol) conjugation onto the
SiO, layer has increased cell uptake efficiency in silica-

Pd/

Figure 1. TEM micrographs of as-prepared $iBeO; (left inset),
HS-SiQ/Fe0; (left), and Pd/HN-SIO,/Fe0s3 (right).

nanocompositesLayer-by-layer synthesfsgharged particle
interaction® and mercaptosilane functionalizatidrave been
proposed to form various architectures of transition metal

coated magnetic nanoparticles and made them feasible fomanoclusters with silica nanospheres. These strategies can

cell separation applicatiorts.Self-assembled block co-

be employed to derive a novel heterogeneous catalyst system,

polypeptides on magnetic nanoparticles could be used as ayhereby the high surface-to-volume ratio of transition metal

smart drug delivery system controlled by magnetic field.

nanoclusters can be used to achieve high reactivity. However,

Magnetic nanoparticles can also be processed with quantumsych ultrafine particles do not facilitate large-scale separations

dots within a silica matrix to yield magnetic and fluorescent

* Corresponding author. Phone: +65-6824-7100. E-mail:
jyying@ibn.a-star.edu.sg.

(1) Yoon, T. J.; Kim, J. S.; Kim, B. G.; Yu, K. N.; Cho, M. H.; Lee, J.
K. Angew. Chem., Int. EQR005 44, 2.

(2) Euliss, L. E.; Grancharov, S. G.; O’Brien, S.; Deming, T. J.; Stucky,
G. D.; Murray, C. B.; Held, G. ANano Lett.2003,3, 1489.

(3) Yi,D.K.; Selvan, S. T.; Lee, S. S.; Papaefthymiou, G. C.; Kundaliya,
D.; Ying, J. Y.J. Am. Chem. SoQ005 127, 4991.

(4) (a) Pnillipse, A. P.; Bruggen, M. P. B.; Pathmamanoharaha@gmuir
1994 10, 92. (b) Kobayashi, Y.; Horie, M.; Konno, M.; Rodriguez-
GonZaez, B.; Liz-Marzan, L. MJ. Phys. Chem. B003 107, 7420.

(c) Lu, Y.; Yin, Y.; Mayers, B. T.; Xia, Y.Nano Lett.2002 2, 183.

(d) Santra, S.; Tapec, R.; Theodoropoulou, N.; Dobson, J.; Hebrad,

A.; Tan, W. Langmuir 2001, 17, 2900. (e) Tago, T.; Hatsuta, T.;
Miyajima, K.; Kishida, M.; Tashiro, S.; Wakabayashi, K. Am.
Ceram. Soc2002 85, 2188. (f) Vestal, C. R.; Zhang, Z. Mano Lett.
2003 3, 1739.

10.1021/cm052885p CCC: $33.50

by conventional methods in liquid-phase processes. To allow
for the easy removal of catalysts from reaction mixtures,
supports containing magnetic nanoparticles have been
developed: ! However, silica-coated magnetic nanoparticles
have not been studied as a catalyst support.
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Scheme 1. Synthesis of Pd/SilFe,O3 Nanocomposites
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In this communication, we report on the synthesis of a

nanocomposite of Pd nanoclusters supported on silica-coated

FeOs nanoparticles (Scheme 1). This Pd/@Fk&,0; catalyst
system was successfully applied to hydrogenation reaction.
First, monodisperse silica-coated,Bg nanopatrticles (Sigd
Fe0;) were derived in water-in-cyclohexane reverse mi-
croemulsior#:*? They were functionalized with mercapto and
amine functionalities, which have been known to have strong
affinity with transition metal nanoclusters, such as’Pd,
Fe;0,4,%2 and Au* In this study, 225 mg of SigFe,0; was
functionalized with 0.045 mmol of (3-mercaptopropyl)-
trimethoxysilane (MPS) anl-(2-aminoethyl)-3-aminopro-
pyltrimethoxysilane (AAPS) by refluxing in toluene for 30
h.” Next, Pd was introduced as Pd(OAdp the surface
functionalized Si@Fe,0Os in toluene under microwave (300
W, 15 min). The resulting black colloidal particles were

collected by a magnet, washed with toluene three times, and

dried in vacuo. Transmission electron microscopy (TEM)

images show that Pd nanoclusters were deposited onto the

SiO,/Fe,03 nanoparticles with~20 nm thick SiQ shell (see
Figure 1). The size and distribution of Pd nanoclusters on
the SiQ/Fe0; support were dependent on the affinity ligands

used. When AAPS was employed, smaller Pd nanoclusters

(2.2+£ 0.7 nm) and narrower cluster size distribution were
obtained from a random selection of 300 Pd/$K8,0;
nanocomposites in TEM micrographs. MPS gave rise to Pd
clusters of 2.9+ 1.7 nm. When no affinity ligands were
used, Pd(OAg)produced isolated Pd nanoclusters that were
not properly dispersed on the surface of SK&,0; (see
Supporting Information).

Pd/SiQ/Fe,0; nanocomposite showed X-ray diffraction
(XRD) peaks corresponding to Pd{®andy-Fe,03,*6 and a
broad band (2 = 22—30°) associated with amorphous silica
(Figure 2). TEM energy-dispersive X-ray (EDX) spectra
confirmed the presence of Pd, Si, O, and Fe (Figure 2). ICP-
MS elemental analyses showed that the Pd/HS/E&0;

(10) Stevens, P. D.; Fan, J.; Gardimalla, H. M. R.; Yen, M.; GadQig.
Lett. 2005 7, 2085.

(11) Lu, A.-H.; Li, W. C.; Kiefer, A.; Schmidt, W.; Bill, E.; Fink, G.;
Schith, F.J. Am. Chem. SoQ004 126, 8616.

(12) (a) Selvan, S. T.; Tan, T. T.; Ying, J. Xdv. Mater.2005 17, 1620.
(b) Yi, D. K.; Lee, S. S.; Papaefthymiou, G. C.; Ying, J. €hem.
Mater. 2006 18, 614.

(13) Stoeva, S.; Huo, F.; Lee, J.-S.; Mirkin, C. A.Am. Chem. So005
27, 15362.

(14) Liz-MarzZan, L. M.; Giersig, M.; Mulvaney, PLangmuir 1996 12,
4329.

(15) Gelesky, M. A.; Umpierre, A. P.; Machado, G.; Correia, R. R. B.;
Magno, W. C.; Morais, J.; Ebeling, G.; Dupont,JJAm. Chem. Soc.
2005 127, 4588.

(16) Hyeon, T.; Lee, S. S.; Park, J.; Chung, Y.; Na, HJBAm. Chem.
Soc.2001 123 12798.

Communications

Intensity (a.u.)

2
Energy (keV)

22

32 42

26

Figure 2. XRD pattern (left) and EDX spectrum (right) of Pd/SiBe,Os
nanocomposites.
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Figure 3. Conversion of hydrogenation of nitrobenzene oy Pd/HN-

SiO)/Fe0;, (W) Pd/HS-SiQ/Fe0s, and @) commercial Pd/C. (Inset)
Magnetic separation of PdiN-SiO,/FeO3 from the reaction medium.
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Figure 4. Hydrogenation of nitrobenzene ove®)(2.5 mg of Pd/HN-
SiO)/Fe0s; and @) 2.2 mg of Pd/HS-SigFe03; over multiple runs. In

both cases, 2 mmol of nitrobenzene was reacted in 6.5 mL of 2-propanol
with 2 umol of Pd catalyst at room temperature and 1 atm pfGbnversion

for each run was measured by gas chromatography (GC) after 90 and 290
min for Pd/HN-SiO)/Fe,0s and Pd/HS-Si@Fe03, respectively.

and Pd/HN-SiO,/Fe,0; nanocomposites contained 9.47 wt
% and 8.14 wt % Pd, respectively.

Pd/SiQ/Fe,0; was examined as a catalyst for the hydro-
genation of nitrobenzene. For the kinetics studies, conversion
was measured as a function of reaction time, with the
turnover number set at 2000 for 100% conversion (Figure
3). Pd/HN-SiO./Fe,03 showed the highest conversion rate
of 0.39umol/s for this hydrogenation reaction. Pd/HS-8iO
Fe,0s; and commercial Pd/C (Aldrich) gave conversion rates
of 0.12 and 0.08&:mol/s, respectively.

The magnetic nanocomposite catalysts were easily col-
lected by a magnet for reuse (see Figure 3 inset). Figure 4
shows that Pd/bN-SiO,/Fe03 and Pd/HS-SigFe,0; gave
99% vyield over 6 and 5 consecutive runs, respectively. Their
conversions then decreased gradually in subsequent runs to
87% and 76% at run 14. The turnover number was set at
1000 for 100% conversion in each run in Figure 4. ICP-MS
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as a stronger affinity ligand than MPS to provide for higher
Pd dispersion and to more effectively suppress the ag-
glomeration, aggregation, and growth of Pd nanoclusters
during the hydrogenation of nitrobenzene. This allowed the
Pd/H:N-SiO,/Fe,05 catalyst to achieve high conversions
within a short reaction time of 90 min (compared to 290
min for Pd/HS-SiQ/Fe0s) in each run and to preserve an
excellent reactivity even for run 14 (87% conversion).

In summary, we have demonstrated the use ot/&€0;
- . e b T e nanocomposite as a magnetic catalyst support. The silica
Figure 5. TEM micrographs of Pd/HS-SifFeOs (left) and Pd/HN-SiO,/ coating could be easily modified with affinity ligands. Pd

FeOs3 (right) after 14 runs of nitrobenz_ene hydrogenation. The left inset nanoclusters were shown to be deposited with high dispersion
shows that Pd nanoclusters became interconnected, and some of the Pd

nanoclusters became detached from the HS/Si0; support. and stability, especially when AAPS was used as the affinity
ligand. The Pd/SigFe0; nanocomposite catalyst allowed
results showed that Pd leaching was negliglQl&.EM for ease of recycling via magnetic separation. In particular,

micrographs revealed some grain growth in the Pd nano-the Pd/HN-SiO./FeO; catalyst provided excellent reactivity
clusters in both Pd/iN-SiO/Fe,03; and Pd/HS-SigFe0; and reusability in the hydrogenation of nitrobenzene.
catalysts after 14 runs (Figure 5). This could have led to the

reduced conversions after multiple catalyst recycling. It was Acknowledgment. This work was funded by the Institute
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the Pd nanoclusters remained highly dispersed g &0,/ _ ) ) _
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