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A strategy to immobilize noble metal nanoparticles on silica microspheres is proposed. Following
this strategy, 350 nm silica microspheres synthesized by Stéber method are initially activated with 3-
(trimethoxysilyl) propyl methacrylate to anchor C=C bonds on the surface of the silica microspheres.
Then a thin layer of coordination polymer containing chelate ligand of B-diketone is coated on the sur-
face of the activated silica microspheres by dispersion polymerization. The noble metal nanoparticles
therefore can be immobilized on the polymer coated silica microspheres initially through coordination
between the chelate ligand of B-diketone in the coating polymer and the metal precursors followed by
reduction. It is found that 5.1 nm Pd, 6.1 nm Au, and 5.7 nm Ag nanoparticles can be immobilized on the
polymer coated silica microspheres. The typical immobilized Pd catalyst is tested using hydrogenation of
cinnamyl alcohol in water at 300 K as model reaction. The catalysis demonstrates that the immobilized
Pd catalyst affords a turnover frequency of 270 h~! with minimal leaching and it could be recycled ~8
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times without any loss of activity.
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1. Introduction

Catalytically active noble metal nanoparticles immobilized on
a suitable support or scaffold have been widely used in various
chemical conversions [1]. It is generally deemed that the catalyst
support is a critical factor that affects the catalytic performance
including activity and selectivity of noble metal nanoparticles [2,3].
Besides, immobilization of noble metal nanoparticles on suitable
support can prevent agglomeration and facilitate catalyst recy-
cling [1]. Consequently, various supports such as organic polymeric
materials [4-6], inorganic materials [7-11], and organic/inorganic
hybrid materials [12-15] have been employed as scaffold for noble
metal nanoparticles. Generally, two features should be of concern
when employing a material as catalyst support. First, the material
should be both thermally and chemically stable during the catal-
ysis. Second, the structure of the support has to be such that the
catalytically active sites are well dispersed on its surface and these
sites are easily accessible. Of all the supporting materials, silica
appears to be candidate due to its stability, high surface area, eas-
ily tunability and economic availability [16-18]. The noble metal
nanoparticles immobilized on silica materials have been exten-
sively studied as catalysts over the last decade in various chemical
reactions including oxidation, hydrogenation, hydrochlorination,
C-C coupling reaction and so on [16-19].
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The methodology of immobilization of noble metal nanoparti-
cles on silica materials mainly includes physicochemical routes and
chemical processes. In physicochemical processes, which mainly
includes ion-exchange [20,21], incipient wetness impregnation
[22,23], encapsulation [24,25], and organometallic methodology
[26-28], noble metal nanoparticles are deposited on the surface
of or incorporated in silica by means of electrostatic, chemical
or biochemical interaction without modifying the structure of
the supporting material. For examples, Ichikawa and co-workers
initially employed the impregnation method, followed a mild
UV-vis-irradiation-based reducing process to immobilize Pt or Au
nanoparticles within the silica materials, by which the diffusion
of metal ions at high temperature process was avoided [22]. With
the in situ encapsulation method, Devi and co-workers declared
that the anionic metal precursor of H,PtClg could be incorpo-
rated within the surfactant micelles of CTAB during the synthesis
of mesoporous silica materials [25]. Upon further thermal treat-
ment, Pt nanoparticles could be obtained and incorporated within
the mesoporous silica. Johnston et al. [29] and Rioux et al. [30]
found that the dodecanethiol-stabilized Au nanoparticles and the
polyvinylpyrrolidone-coated Pt nanoparticles could be infused into
mesoporous silica with the help of supercritical CO, or by son-
ication. Since organometallic complexes or clusters are highly
active towards silanols, Anderson and co-workers found that the
organometallic complex precursors could be introduced into the
channels of mesoporous silica by covalent bonding [26]. How-
ever, due to the relatively weak interaction between noble metal
nanoparticles/metal precursor and silica, in general, it is difficult to
immobilize metal nanoparticles on/within silica materials in a con-
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trolled fashion simply by impregnating or ion-exchange. However,
in chemical processes, the silica materials are initially functional-
ized with appropriate ligand such as thiol or amino group and then
noble metal nanoparticles are immobilized [31-36]. For instance,
Corriu and co-workers [31] grafted thiol group on the surface of
silica, and then Au ions were immobilized within the mesoporous
silica initially through the strong metal-sulfur complexation fol-
lowed by a solution reducing process. Shi and co-workers [36]
developed a novel in situ reducing route for selective encapsulation
of metal nanocomposites within mesoporous SBA-15. Following
this method, the silanol group on the outer surface of the as-
synthesized SBA-15 was modified initially with the methyl group
followed by a series of anhydrous organic reactions to give the
reducing Si-H functional group. After introducing the metal pre-
cursors (e.g., H,PtClg or H,PdClg), Pd nanoparticles or Pt nanowires
were synthesized within the channels of SBA-15.

Coating methodology is widely used to modify surface of par-
ticles. Polymerization on silica affords a valid method to form
polymer coated silica materials. Up to now, various polymer
coated silica materials such as silica/polymer core-shell parti-
cles [37-41] and silica/polymer composites [42,43] have been
fabricated. For example, Yang and co-workers have prepared
silica/polymer core-shell particles by emulsion polymerization
of styrene employing 3-(trimethoxysilyl) propyl methacrylate-
grafted silica nanoparticles as seed [40]. Atkin and co-workers have
reported the coating of poly(vinylpyridine) on poly(vinylpyridine)-
microgel-adsorbed-silica particles by seed polymerization to form
silica/polymer core-shell particles [41]. Due to the relatively easy
modification of polymer, the polymer coating methodology pro-
vides great potential to immobilize noble metal nanoparticles on
silica materials.

Herein, a simple and valid strategy to immobilize noble
metal nanoparticles on silica microspheres is proposed. Ini-
tially, monodispersed silica microspheres are synthesized by
Stober method [44]. Then, the resultant silica microspheres are
coated with a thin layer of chelate polymer of poly[styrene-co-2-
(acetoacetoxy) ethyl methacrylate] (PS-co-PAEMA) by dispersion
polymerization [45] and thus the polymer coated silica micro-
spheres of silica@polymer are produced. Finally, Pd, Au or Ag
nanoparticles are immobilized on the silica@polymer microspheres
initially through coordination between the metal precursor and the
chelate ligand of 3-diketone in the coated polymer layer followed
by reduction with NaBH4 aqueous solution. The typical catalyst
of the immobilized Pd nanoparticles is tested by employing the
hydrogenation of cinnamyl alcohol in water as model reaction. It is
demonstrated that the catalyst of Pd nanoparticles immobilized on
the polymer coated silica microspheres of silica@polymer is stable,
efficient and reusable.

2. Experimental
2.1. Materials

Styrene (St, >98%, Tianjin Chemical Company) was distilled
under vacuum before being used. Divinylbenzene (DVB, >80%,
Alfa Aesar) was washed initially with 5% NaOH aqueous solution
and then deionized water followed drying with MgSO4. Azobi-
sisobutyronitrile (AIBN, >99%, Tianjin Chemical Company) was
recrystallized from acetone before being used. The monomer of
2-(acetoacetoxy) ethyl methacrylate (AEMA, >95%, Aldrich), 3-
(trimethoxysilyl) propyl methacrylate (MPS, >99%, Alfa Aesar),
cinnamyl alcohol (>99%, Shanghai Shuangxi Spice Assistant Co.,
Ltd.), PdCl, (>99%, Alfa Aesar), tetraethylorthosilicate (TEOS, >99%,
Alfa Aesar), ammonium hydroxide (25wt% aqueous solution,
Tianjin Chemical Company), polyvinylpyrrolidone (PVP, average

molecular weight 10,000D, Tianjin Chemical Company), NaBHy4
(>98.9%, Tianjin Chemical Company) and other analytical reagents
were used as received.

2.2. Preparation of silica microspheres

Silica microspheres were fabricated by following the Stéber
method [44]. In a typical procedure, 0.040 mol of TEOS (8.334g)
was added into 208 mL of the mixture of ethanol, water and 25 wt%
ammonia aqueous solution (180/20/8 by volume). The hydrolysis
of TEOS was maintained at room temperature for 12 h with vigor-
ous stirring. Aliquot dispersion of the resultant silica microspheres
was used to synthesize polymer coated silica microspheres of sil-
ica@polymer, and the other was isolated by centrifugation, washed
initially with mixture of ethanol and water (9:1 by volume) and
then with water, and finally dispersed in water for the next use.

2.3. Preparation of polymer coated silica microspheres of
silica@polymer

Into a flask the resultant dispersion of the silica microspheres
(104 mL, containing 0.020 mol of Si) and MPS (1.5 mmol) were
added. The dispersion was kept at room temperature for 12h
with vigorous stirring. The resultant MPS-activated silica micro-
spheres were collected by centrifugation and then dispersed in
100mL of ethanol and water (9:1 by volume) containing the
stabilizer PVP (0.180g). Subsequently, the mixture of styrene
(0.393 g, 3.77 mmol), AEMA (0.808 g, 3.77 mmol) and DVB (0.049 g,
0.38 mmol) was added dropwise with vigorous stirring. The flask
content was purged with nitrogen at room temperature, and then
AIBN (0.062 g, 0.38 mmol) was added. The flask content was purged
again, and polymerization was performed at 70°C for 24 h under
nitrogen atmosphere with vigorous stirring. Finally, the product of
the polymer coated silica microspheres of silica@polymer was ini-
tially purified by centrifugation and then dispersed in 50.0 mL of
water for next use. The silica concentration in the aqueous disper-
sion was 0.40 mmol/mL.

2.4. Immobilization of noble metal nanoparticles on
silica@polymer microspheres and silica microspheres

To immobilize noble metal nanoparticles on silica@polymer
microspheres, a given volume of 5.0 mmol/L aqueous solution of
the metal precursor (PdCl,, HAuCl4 or AgNOs3) was added into the
aqueous dispersion of the silica@polymer microspheres (5.0 mL,
0.40 mmol/mL). The mixture was initially kept in ice water for
2h with stirring and then the pH value was adjusted to ~7
with NaOH aqueous solution. Subsequently, cool NaBH4 aqueous
solution (9.4 mL, 20.0 mmol/L) was added dropwise with vigor-
ous stirring. The final dispersion of the noble metal nanoparticles
immobilized on silica@polymer microspheres (Pd/silica@polymer,
Au/silica@polymer or Ag/silica@polymer) was dialyzed against
water and then dispersed in a given volume of water.

The immobilization of Pd nanoparticles on silica microspheres
without coated polymer was same as those on the silica@polymer
microspheres except that silica microspheres were employed.

2.5. Catalyst testing

2.5.1. General procedures for hydrogenation

Herein, the typical catalyst of Pd/silica@polymer was tested
by employing the hydrogenation of cinnamyl alcohol in water
as model reaction. Cinnamyl alcohol (2.0 mmol), the aqueous
dispersion of the Pd/silica@polymer catalyst (4.0 mL, containing
4.0 x 10-3 mmol Pd), and 11.0mL of water were added into a
100 mL tube-like glass reactor equipped with a reflux condenser.
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Hydrogenation was performed at 27°C (300K) by bubbling H;
(0.01 L/min) at atmospheric pressure. The hydrogenation was mon-
itored with "H NMR (see details in Supporting Information). For
TH NMR analysis, the withdrawn aqueous dispersion was initially
extracted with CHCl3, and subsequently the collected organic phase
was concentrated, and the resultant solid was dried under vacuum
at room temperature, and then dissolved in CDCl3.

2.5.2. Catalyst leaching

To detect Pd leaching from the Pd/silica@polymer catalyst into
aqueous phase, after 1 hof hydrogenation at 27 °C, the reaction mix-
ture was initially filtered at the reaction temperature and then the
filtrate was collected. The filtrate was further bubbled with H, at
27°Cand the hydrogenation was monitored with 'H NMR. After the
hydrogenation was stopped, the filtrate was analyzed with atomic
absorption spectroscopy (AAS) to detect Pd catalyst.

2.5.3. Catalyst reuse

After the hydrogenation of cinnamyl alcohol was just completed
in 2.5 h, the Pd/silica@polymer catalyst, which existed as very fine
precipitate in the bottom of the tube-like glass reactor, was col-
lected, and the decanted aqueous phase was analyzed with 'H
NMR. The same amount of cinnamyl alcohol (2.0 mmol) and water
(15.0mL) were re-loaded into the tube-like glass reactor and the
next run of hydrogenation was started at 27°C by bubbling H,
for 2.5h as the fresh run of hydrogenation. To diagnose possi-
ble aggregation of the immobilized Pd nanoparticles, the aqueous
dispersion of the recycled catalyst was detected by transmission
electron microscopy (TEM). To detect the Pd content in the recycled
Pd/silica@polymer catalyst, AAS analysis was applied.

2.6. Characterization

TEM observation was conducted by using a Philips T20ST elec-
tron microscope at an acceleration voltage of 200 kV, whereby a
small drop of the sample was deposited onto a carbon-coating
copper grid and dried at room temperature under atmospheric
pressure. Fourier-transform infrared (FT-IR) measurement was
performed on a Bio-Rad FTS-6000 IR spectrometer using KBr pel-
lets. The thermogravimetric analysis (TGA) was performed on a
thermogravimetric analyzer (TG 209, NETZSCH) under nitrogen,
with a heating rate of 10 °C/min. The "H NMR spectra were recorded
onaUNITY PLUS-400 spectrometer using CDCl3 as solvent. The solid
state 13C NMR measurement was performed on a Varian Infinity-
plus wide-bore (89 mm) NMR spectrometer at spin rate of 13 kHz,
which was equipped with a double-resonance HX CP/MAS probe.
The powder X-ray diffraction (XRD) measurement was performed
on a Rigaku D/max 2500 X-ray diffractometer. To get solid sam-
ple for XRD analysis, the aqueous dispersion of the noble metal
nanoparticles immobilized on silica@polymer microspheres was
first freeze-dried and then characterized with XRD. AAS analysis
was performed on a Solaar AAS 2 atomic absorption spectrometer.

3. Results and discussion

3.1. Synthesis and characterization of the polymer coated silica
microspheres of silica@polymer

Scheme 1 schematically shows the strategy to immobilize Pd
nanoparticles on the polymer coated silica microspheres of sil-
ica@polymer. First, silica microspheres are synthesized by Stdber
method [44]. Second, the silica microspheres are activated with
MPS to anchor C=C bond on the surface of the silica microspheres.
It is generally deemed that the hydroxy group (-OH) on the sur-
face of silica can form complexes with the (CH30)3-Si group
[37-40] and therefore produce MPS-activated silica microspheres.

Fig. 1. The TEM images of the silica microspheres (A) and the polymer coated silica
microspheres of silica@polymer (B).

Due to the anchored C=C bond and the hydrophobic surface of
the MPS-activated silica microspheres, polymer coating on silica
microspheres can be achieved by dispersion polymerization [45]
of styrene and AEME in the presence of 5.0 mol% cross-linker of
DVB employing PVP as stabilizer, and therefore the polymer coated
silica microspheres of silica@polymer are produced. In the thin
coated polymer layer, the PAEME segment is used to immobilize
noble metal nanoparticles since it contains chelate ligand of 3-
diketone [46-48]. The PS segment is introduced to increase the
thermal stability of the coated polymer layer since the glass tran-
sition temperature (Tg) of the PAEMA segment is very low (~3°C)
[48]. Finally, the noble metal nanoparticles are immobilized on the
polymer coated silica microspheres initially through coordination
between the (3-diketone ligand and the metal precursor followed
by reduction with NaBH4 aqueous solution. Herein, it should be
pointed out that the coated polymer is resulted from the copoly-
merization of styrene, AEMA, and the cross-linker DVB with MPS,
which is anchored on the surface of silica microspheres, therefore
the coated polymer is deemed to be covalently bonded rather than
simply physisorbed on the silica microspheres.

Fig. 1A shows the TEM image of the silica microspheres, indicat-
ing that the silica microspheres have a smooth surface. Clearly, the
size of the silica microspheres is almost monodispersed and the
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Scheme 1. Schematic synthesis of Pd nanoparticles immobilized on the silica@polymer microspheres.

Fig. 2. TGA curve of the silica@polymer microspheres.

average diameter is about 350 nm. Fig. 1B shows the TEM image
of the polymer coated silica microspheres of silica@polymer. Com-
pared with Fig. 1A, a thin polymer layer with average thickness of
~15nm is clearly observed in Fig. 1B, indicating that the polymer
has been coated onto the silica microspheres.

TGA is widely used to determine the composition of inor-
ganic/organic hybrid materials [15,49]. When heated above a
critical temperature, the organic content in the hybrid material will
be decomposed and the inorganic content will be held as schemat-
ically shown in the inset in Fig. 2. Herein, TGA is employed to
detect the polymer content in the polymer coated silica micro-
spheres of silica@polymer. As shown in Fig. 2, ~3.5% weight loss
can be observed when the polymer coated silica microspheres are
heated by increasing temperature from 100 to 380°C, suggest-
ing that the polymer content in the silica@polymer microspheres
is about 3.5wt%. Assuming that the weight density of the sil-
ica microspheres and the coating polymer layer are 2.2 [50] and
1.0 g/cm3, respectively, the thickness of the coating polymer layer
in the silica@polymer microspheres is calculated to be 5 nm, which
is smaller than those observed by TEM as shown in Fig. 1B. The
reason is possibly ascribed to the low Ty of the PAEMA segment
[48], which makes the coated polymer somewhat molten during
the TEM observation and therefore high thickness of the coated
polymer layer in the silica@polymer microspheres is observed by
TEM. Besides, under nitrogen the organic layer decomposition of
carbonaceous residue possibly remains on the silica material [11],

which makes a lower theoretical content of the coated polymer and
therefore a lower thickness.

The chemical composition of the coated polymer in the sil-
ica@polymer microspheres is detected by FT-IR. Fig. 3 shows the
FT-IR spectra of the silica microspheres before and after poly-
mer coating. Due to the low content of the coated polymer in
the silica@polymer microspheres, the FT-IR spectra of the silica
microspheres before and after polymer being coated are very sim-
ilar. However, as indicated by the inset in Fig. 3, the characteristic
absorption at ~1700cm~! ascribed to the carbonyl group in the
PAEMA segment can be clearly observed, indicating the success of
the polymer coating on the silica microspheres.

The chemical composition of the coated polymer in the sil-
ica@polymer microspheres is further detected by 13C CPMAS NMR.
Fig. 4 shows the solid state 13C CPMAS NMR spectra of the sil-
ica@polymer microspheres. As indicated by the inset in Fig. 4,
the characteristic chemical shifts due to the polystyrene (PS) and
PAEMA segments are well recorded, confirming the chemical com-
position of the coated polymer. Herein, it should be noted that
readers can refer the 13C CPMAS NMR spectra of the corresponding
polymers as introduced elsewhere [51].

3.2. Immobilization and characterization of noble metal
nanoparticles on the polymer coated silica microspheres of
silica@polymer

PAEMA is a typical coordinate polymer, which contains the
chelate ligand of B-diketone and has been used as scaffold for tran-
sitional metal catalyst [46-48]. Therefore, when PdCl; is added into
the aqueous dispersion of the silica@polymer microspheres, Pd ions
are initially coordinated with the chelate ligand of 3-diketone and
then the Pd nanoparticles are immobilized on the silica@polymer
microspheres by reducing with NaBH4 aqueous solution.

To evaluate the catalyst loading capacity of the silica@polymer
microspheres, different amount of PdCl, is added into a given vol-
ume of the aqueous dispersion of the silica@polymer microspheres
to coordinate with the chelate ligand of [3-diketone for 2h and
then is reduced with NaBH4 aqueous solution. It is found that
the catalyst loading capacity of the silica@polymer microspheres
is dependent on the molar ratio of the coordinate PAEMA seg-
ment to the Pd precursor. As shown in Fig. 5A, when the molar
ratio of the corresponding AEMA to PdCl, is 1:1, most of the
resultant Pd nanoparticles are located outside the silica@polymer
microspheres. When the ratio increases to 2:1, the immobiliza-
tion of Pd nanoparticles on the silica@polymer microspheres is
greatly improved as shown in Fig. 5B. When the ratio increases
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Fig. 3. FT-IR spectra of the silica microspheres (A) and the silica@polymer micro-
spheres (B).

to 4:1, almost all the resultant Pd nanoparticles are immobilized
on the silica@polymer microspheres (Fig. 5C). When the ratio fur-
ther increases to 8:1, no free Pd nanoparticles but immobilized Pd
nanoparticles on the silica@polymer microspheres can be observed
(Fig. 5D). Under the optimized molar ratio of AEMA/Pd at 8:1,
the catalyst loading capacity is 0.19 mmol Pd per gram of sil-
ica@polymer microspheres. From Fig. 5D, it is clearly discerned that
the Pd nanoparticles are uniformly dispersed on the surface of the
silica@polymer microspheres. From the size dispersion shown in

Fig. 4. Solid state '3C CPMAS NMR spectra of the silica@polymer microspheres.

Fig. 6, the average size of the immobilized Pd nanoparticles, 5.1 nm,
is calculated.

To evaluate the role of the coated polymer on immobilization of
Pd nanoparticles, silica microspheres without coated polymer layer
is checked. As shown in Fig. 7, no Pd nanoparticles immobilized on
the silica microspheres is observed. This result suggests that the
coated polymer of PS-co-PAEMA plays a key role in the immobi-
lization of Pd nanoparticles on silica microspheres. Furthermore, as
discussed elsewhere [52], unfunctionalized polystyrene material is

Fig. 5. TEM images of Pd nanoparticles immobilized on the silica@polymer microspheres, in which the Pd particles are synthesized with the molar ratio of AEMA/Pd at 1:1

(A),2:1(B),4:1(C)and 8:1 (D), respectively.
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Fig. 6. Size distribution of the Pd nanoparticles immobilized on the silica@polymer
microspheres synthesized with the molar ratio of AEMA/Pd at 8:1.

Fig. 7. TEM image of Pd nanoparticles synthesized in the presence of the silica
microspheres without coating polymer.

not a suitable scaffold for immobilization of noble metal nanopar-
ticles. Therefore, we conclude that the present immobilization of
Pd nanoparticles is ascribed to the chelate ligand of 3-diketone in
the PAEMA segment in the coated polymer layer.

Fig. 9. UV-vis spectra of the aqueous dispersion of Pd/silica@polymer (a),
Au/silica@polymer (b) and Ag/silica@polymer (c).

Besides Pd nanoparticles, Au and Ag nanoparticles can also be
immobilized on the silica@polymer microspheres with the molar
ratio of AEMA to the metal precursors at 8/1. Fig. 8 shows the TEM
images of the Au and Ag nanoparticles immobilized on the sil-
ica@polymer microspheres. Clearly, the in situ synthesized Au and
Ag nanoparticles, the average sizes of which are 6.1 and 5.7 nm, are
uniformly dispersed on the silica@polymer microspheres.

It is well documented that UV-vis spectroscopy can be used to
diagnose the aggregation state of noble metal nanoparticles [53,54].
For example, highly dispersed 5-20 nm Au nanoparticles exhibit
an absorbance peak at ~520 nm. As the Au particle size decreases,
hypsochromic shift of the characteristic absorbance occurs, and no
sharp absorbance peak is observed within the UV-vis range when
the size of Au nanoparticles further decreases to less than 3 nm.
Fig. 9 shows the UV-vis spectra of Pd, Au and Ag nanoparticles
immobilized on the silica@polymer microspheres. Similar to the
platinum-group metal nanoparticles [55], no characteristic absorp-
tion peak but just a broad continuous absorption in the UV-vis
range is observed for the immobilized Pd nanoparticles. Whereas
the distinct absorption peaks around 520 nm for the immobilized
Au nanoparticles and 420 nm for the immobilized Ag nanoparti-
clesc are clearly observed, indicating formation of ~5nm Au and
~5nm Ag nanoparticles on the silica@polymer microspheres.

The noble metal nanoparticles immobilized on the sil-
ica@polymer microspheres are further characterized by XRD.
The XRD patterns of the Pd nanoparticles immobilized on the

Fig. 8. TEM images of the Au/silica@polymer (A) and the Ag/silica@polymer (B) synthesized with the molar ratio of AEMA to the metal precursors at 8/1.
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Fig. 10. XRD pattern of Pd/silica@polymer (a), Au/silica@polymer (b) and
Ag/silica@polymer (c).

silica@polymer microspheres shown in Fig. 10 display three diffrac-
tion peaks at 26 of 38.9°, 45.2°, and 66.2°, corresponding to the
diffraction of the (111), (200), and (220) lattice planes of the
face-centered cubic structure of Pd nanoparticles. Furthermore,
the broad diffraction with 20 ranging from 12 to 35° ascribed to
the silica@polymer microspheres can also be clearly observed. In
terms of the Scherrer’s equation [56], using the diffraction peak
of (111) lattice plane of the Pd nanoparticles, the average size of
the Pd nanoparticles is calculated to be 5.2 nm, which is well con-
sistent with that observed with TEM. The XRD patterns of the Au
and Ag nanoparticles immobilized on the silica@polymer micro-
spheres shown in Fig. 10 also reveal three diffraction peaks at 26
of 38.1°, 44.0°, 64.6° and 38.1°, 44.2°, 64.5° corresponding to the
diffraction of (111), (200), and (220) lattice planes of the face-
centered cubic structure of Au and Ag nanoparticles. Similarly, the
Aunanoparticles size of 5.8 nm and Ag nanoparticles size of 10.2 nm
are calculated.

3.3. Catalyst testing

Herein the typical catalyst of the Pd nanoparticles immobi-
lized on the silica@polymer microspheres, Pd/silica@polymer, is
tested using the hydrogenation of cinnamyl alcohol at 300K in
water as model reaction, in which hydrocinnamic alcohol is the
only resultant product. Fig. 11 shows the time-dependent yield of
hydrocinnamic alcohol in water at 27 °C. The yield almost linearly
increases with time to 77% in 90 min, and in the next 60 min almost
quantitive yield is achieved. The Pd/silica@polymer catalyst affords
a turnover frequency (TOF) value of 270 h~! in the hydrogenation
of cinnamyl alcohol at 300K in water, which is measured as moles
of product per molar Pd per hour in the initial hydrogenation.

The Pd leaching into aqueous phase at the reaction tempera-
ture is further checked. After the yield of hydrocinnamic alcohol
reaches to 54% in 60 min, the Pd/silica@polymer catalyst was ini-
tially filtered off at the reaction temperature of 27°C. Then, the
liquid phase of the filtrate containing the reactant of cinnamyl alco-
hol was bubbled with H; at 27 °C. As shown in Fig. 11, no further
yield of hydrocinnamic alcohol is observed in the next 90 min. AAS
analysis also confirms that no Pd catalyst is leached into the filtrate
and the Pd content in the collected recycled catalyst is almost as
same as those in the fresh Pd/silica@polymer catalyst. These results
demonstrate that the Pd catalyst leaching in the present reaction
condition is very slightly.

Fig. 11. Time-dependent yield of hydrocinnamic alcohol for the hydrogenation
reaction of cinnamyl alcohol in water at 27°C in the presence of 0.20 mol%
Pd/silica@polymer catalyst (O) and after removal of the Pd/silica@polymer catalyst
(a).

Fig. 12. TEM image of the recycled Pd/silica@polymer catalyst.

The recycling of the Pd/silica@polymer catalyst is further stud-
ied. Since both the PS and PAEMA segments are hydrophobic,
the surface of the silica@polymer microspheres is deemed to be
hydrophobic, which makes separation of the Pd/silica@polymer
catalyst from the reaction mixture relatively easy. It is found that
the Pd/silica@polymer catalyst exists as suspending powder when
the reaction mixture is stirred. When the reaction mixture is not
stirred anymore, the Pd/silica@polymer catalyst exists as fine pre-
cipitate. This allows a complete separation of the catalyst from the
reaction mixture by filtration and convenient reuse of the cata-
lyst. In fact, it was found that the yield remained more or less same
(~99%) even after eight cycles of hydrogenation as shownin Table 1.

The recycled Pd/silica@polymer catalyst is further character-
ized by TEM. As shown in Fig. 12, it is clearly observed that the
size and morphology of the silica@polymer microspheres remains
unchanged, suggesting the stability of the silica@polymer micro-
spheres. Furthermore, the size of Pd nanoparticles in the recycled
Pd/silica@polymer catalyst is almost as same as those in the fresh
one and no conglomeration of Pd nanoparticles is observed after
eight cycles of hydrogenation, which confirms the good reusability
of the Pd/silica@polymer catalyst.
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-Igzlc):/il}ng of the Pd/silica@polymer catalyst in the hydrogenation reaction of cinnamyl alcohol in water.?
Run
1st 2nd 3rd 4th 5th 6th 7th 8th
Yield® (%) >99 >99 >99 >99 >99 >99 >99 >99

2 Reaction conditions: cinnamyl alcohol (2.0 mmol) and 15.0 mL of aqueous dispersion containing 0.20 mol% Pd/silica@polymer catalyst (in the 1st run), 27°C, 2.5 h.

b Isolated yield and the purity of isolated product was confirmed by 'H NMR.

4. Conclusions

A strategy to immobilize noble metal nanoparticles on silica
microspheres is introduced. Following this strategy, 350 nm silica
microspheres, which are produced through hydrolysis of tetraethy-
lorthosilicate according to the Stéber method, are initially activated
with 3-(trimethoxysilyl) propyl methacrylate to anchor C=C bonds
on the surface of the silica microspheres. Then a thin layer of the
cross-linked coordination polymer of PS-co-PAEMA is coated on the
surface of the activated silica microspheres by dispersion polymer-
ization of styrene and AEMA in the presence of the PVP stabilizer.
The noble metal nanoparticles therefore can be immobilized on the
polymer coated silica microspheres initially through coordination
between the chelate ligand of 3-diketone in the coated polymer
and metal precursors followed by reduction. It is confirmed that
the immobilization of noble metal nanoparticles on silica micro-
spheres is ascribed to the chelate coated polymer. That is, without
the chelate coated polymer, noble metal nanoparticles cannot be
immobilized on silica microspheres. And furthermore, the amount
of immobilized catalyst is dependent on the ratio of the chelate lig-
and of B-diketone to the metal precursor. When the molar ratio is
8/1, it is found that the catalyst of 5.1 nm Pd, 6.1 nm Au, and 5.7 nm
Ag nanoparticles can be favorably immobilized on the polymer
coated silica microspheres. The typical catalyst of the Pd nanopar-
ticles immobilized on the polymer coated silica microspheres is
tested using hydrogenation of cinnamyl alcohol in water at 300K
as model reaction. The catalysis demonstrates that the immobi-
lized Pd catalyst affords a TOF value of 270h~!, and no catalyst
leaching into aqueous phase is detected, and the immobilized Pd
catalyst can be reused at least eight times without loss of catalytic
activity.
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