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Abstract: We demonstrate a novel
strategy for the preparation of mesopo-
rous silica-supported, highly dispersed,
stable metal and bimetal nanoparticles
with both size and site control. The
supporting mesoporous silica, function-
alized by polyaminoamine (PAMAM)
dendrimers, is prepared by repeated
Michael addition with methyl acrylates

porous silica is achieved by the chemi-
cal reduction of metal-salt-impregnated
dendrimer—-mesoporous silica by using
aqueous hydrazine. The site control of
the metal or bimetal nanoparticles is
accomplished by the localization of
inter- or intradendrimeric nanoparticles
within the mesoporous silica tunnels.
The size of the encapsulated nanoparti-

cles is controlled by their confinement
to the nanocavity of the dendrimer and
the mesopore. For Cu and Pd, particles
locate at the lining of mesoporous tun-
nels, and have diameters of less than
2.0nm. For Pd/Pt, particles locate at
the middle of mesoporous tunnels and
have diameters in the range of 2.0-
4.2 nm. The Pd and Pd/Pt nanoparticles

(MA) and amidation reaction with eth-
ylenediamine (EDA), by using amino-
propyl-functionalized mesoporous
silica as the starting material. The en-
capsulation of metal nanoparticles
within the dendrimer-propagated meso-

structures .

Introduction

Great attention has been paid in recent years to solid-sup-
ported metal nanoparticles, due to their unique chemical
and physical properties, such as small size and extremely
large surface area, as well as their important applications in
nanotechnology and heterogeneous catalysis.'! Generally,
control of the metal particle size is achieved by using pre-
formed nanoparticles,” or the confined growth of nanoparti-
cles within the void of porous materials, such as mesoporous
silica.”! The latter can be accomplished by adding the pre-
cursors directly to the synthesis gel,¥! by impregnation,” or
by metal complex immobilization.”! However, these meth-
ods have limited control over the size of the particles, due
to the uncontrolled growth of the nanoparticles both inside
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are very stable in air, whereas the Cu
nanoparticles are stable only in an

mesopo- .
inert atmosphere.

the pores and on the external surface of the host.**! Conse-
quently, the ability to control precisely the sizes of nanopar-
ticles when using porous host materials remains a great chal-
lenge.

An important goal in the investigation of catalysis is to
develop synthetic approaches that achieve the accurate con-
trol of catalytic sites.”! The structural homogeneity that
arises from isolated single and uniformly distributed active
sites (e.g., organic groups, metallic or bimetallic sites, nano-
clusters, and nanoparticles) provides improved catalytic per-
formance. Mesoporous silica-supported metal or bimetal
nanoparticles have been extensively studied in recent
years,®l however, little effort has been devoted to tailoring
the sites of the particles. This could be particularly attractive
for the investigation of the structure-property relationships
of the hybrid materials, and for the oriented growth of the
nanostructures,””’ as well as for their application as artificial
enzymes.['"]

Polyaminoamine (PAMAM) dendrimers!"!! are cascade-
branched macromolecules with fairly defined composition
and structure, making them ideal candidates as hosts for
metal nanoparticles.'>®) Dendrimer branches can be used
as selective gates to control the access of small molecules to
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the encapsulated nanoparticles. Because metal particles are
confined to the interior of the dendrimers, a large propor-
tion of the surface is unpassivated, and can participate in
the catalytic reaction. However, the dendrimer-encapsulated
nanoparticles have poor mechanical and chemical stability
and are difficult to separate."! Mesoporous silica,™ with its
highly regular structure, large surface area, as well as ther-
mal and chemical stability, provides an excellent matrix for
guest materials. However, as with other inorganic supports,
the main drawback of mesoporous silica lies in the limited
control over particle size and distribution in the ultimate
catalyst. PAMAM-propagated porous silica, which combines
the merits of both the dendrimer and the inorganic support,
provides an ideal host for the preparation of a highly dis-
persed heterogeneous catalyst, in which the particle size and
binding site of the nanoparticles are well controlled."®

Herein, we demonstrate a novel strategy for the prepara-
tion of mesoporous silica-supported stable metal and bimet-
al nanoparticles with both size and site control. PAMAM
dendrons were grafted onto the surface of the tunnels of
mesoporous silica, and metal or bimetal nanoparticles were
then encapsulated by the dendrons (intra- or interdendrim-
er). The mesopores of the silica and the nanocavities of the
dendrimer acted as a dual template for the control of the
size of the metal or bimetal nanoparticles. The site control
was achieved by dendrimers that were tethered onto the sur-
face of the mesoporous tunnels. As a result, nanoparticles
were located in either the middle or at the lining of the tun-
nels.

Results and Discussion

PAMAM dendrimers ranging from half to four generations
were propagated onto SBA-15 by modification of the litera-
ture methods and by using aminopropyl-functionalized meso-
porous silica SBA-15 (AMP-SBA-15, 1.3 mmol per g of
amine group per g of SiO,) as starting material (GO-SBA-
15)."" For Gn.5-SBA-15 (n=0-3), the amino propionates
were formed by reacting preexisting amino groups with
methyl acrylates (MA) through an aza-Michael-type addi-
tion in the presence of quaternary ammonium tetrabutyl
ammonium bromide (TBAB) as catalyst.'¥ Subsequently,
the ester moieties were amidated by ethylenediamine
(EDA) to complete the generation (Gn-SBA-15, n=1-4).
The desired generation of the dendrimer was produced by
repeating these two steps. The grafting of the G4-PAMAM-
dendron onto mesoporous silica is illustrated in Scheme 1.
Evidence for the successful grafting of the PAMAM den-
dron onto SBA-15 was obtained by performing FTIR spec-
troscopy, cross-polarized magic-angle spinning (CP-MAS)
PCNMR spectroscopy, and thermal gravimetric analysis
(TGA). FTIR spectroscopy proved to be a very powerful
technique to characterize the PAMAM dendrimers. The IR
spectrum of aminopropyl-functionalized SBA-15 (Figure 1a)
shows a band at 1640 cm™', which is characteristic of the
amino group. All IR spectra of Gn.5-propagated SBA-15
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(n=0-3) (Figure 1b) exhibited a band at 1739 cm™, which
was attributed to the formation of an ester group
(—COOCHs;) by the Michael-type addition reaction of amino
groups. Ester groups of Gn.5-PAMAM-SBA-15 reacted with
EDA to produce amides (—CONH—) and amino groups,
which resulted in an increase in the intensity of the amide
IR band (1540 cm™') and the disappearance of the ester
group (1720 cm ™) from the IR spectra of the Gn-PAMAM-
SBA-15 sample (n=1-4, Figure 1b). Weak ester bands were
still present in the G1-PAMAM-SBA-15, indicating the in-
complete amidation with EDA. Although IR spectra can
provide evidence for whether the amidation reactions pro-
ceed to completion, they cannot show completion of the Mi-
chael addition reactions. CP-MAS "“CNMR spectroscopy
was used to identify the functional groups of G4-PAMAM
(Figure 1c). A representative spectrum of G4-PAMAM-
SBA-15 shows a distinct peak at 173.84 ppm, which is attrib-
uted to the carbon residue of the amide group (—CONH-).
The peaks at 10.63, 22.15, and 32.57 ppm represent the origi-
nal aminopropyl moiety, and the peak at 39.71 ppm is due
to the carbon residue next to the amide group (—CH,CH,—
CONH-~). The broad peak at 49.61 ppm corresponds to the
sum of the methylene carbon atoms attached directly to the
nitrogen moiety (—N(CH,CH,CONHCH,CH,N),—). Ther-
mal analysis data for GO to G4-SBA-15 are summarized in
Table 1. The weight loss for each generation was smaller
than the theoretical value, indicating that the growth of the
dendrimer on the mesoporous support was not complete.

Statistically, when using the divergent growth approach,
only a small proportion of the higher generations of
PAMAM dendrimers can be perfect. With the use of a solid
support, the steric interference effect is pronounced, espe-
cially in nanosized tunnels of mesoporous silica. Bu et al.l'")
investigated the structural defects of PAMAM-dendron-
propagated silica gel. The structural defects were generated
by cross-linking during amidation and the insufficient Mi-
chael addition of MA to diamine, which was hindered by
steric crowding. The common method to achieve the
PAMAM-dendron-propagated mesoporous silica or silica
gel is time-consuming (4-10 days of reaction at 25-50°C to
complete a full generation). We found that quaternary am-
monium salts are extraordinarily effective and useful cata-
lysts for both Michael addition and amidation reactions
during the preparation process; our modified method in-
volving quaternary ammonium salt as catalyst requires only
two days to complete each generation.!"”

The encapsulation of metal nanoparticles in dendrimer-
propagated mesoporous silica was achieved by the chemical
reduction of a metal-salt-impregnated dendrimer SBA-15 by
using aqueous hydrazine, as demonstrated in Scheme 2. The
small-angle X-ray diffraction (SAXRD) patterns of SBA-15,
G4-SBA-15, and Cu’-G4-SBA-15 (Figure 2a) showed three
distinct peaks that can be indexed to the hexagonal P6mm
space group. This result suggests that the mesoporous struc-
ture of SBA-15 has been retained after fourth-generation
propagation of PAMAM, ion exchange, and reduction treat-
ment. The wide-angle X-ray diffraction (WAXRD) patterns
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Scheme 1. Schematic illustration of the preparation of the G4-PAMAM-dendron-propagated mesoporous silica SBA-15, and the theoretical structure of

Gn-SBA-15.
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Figure 1. FTIR spectra showing a) the full-generation and b) the half-gen-
eration PAMAM-dendron-propagated mesoporous silica, demonstrating
the stepwise synthesis by using a time-saving method with TBAB as cata-
lyst. ¢) The CP-MAS C NMR spectrum of G4-PAMAM-SBA-15.

Table 1. Amount of PAMAM dendron grafted onto SBA-15, determined
by thermal gravimetric analysis (TGA).

Generation!” Weight Grafted amount Theoretical grafted

loss [%] [mgg! SiO,]" amount [mgg~' SiO,]
0 7.5 8.1 8.1
1 19.4 241 399.8
2 28.6 401 1037.2
3 34.6 529 2326.1
4 45.5 836 4875.8

[a] Generation 0 refers to the aminopropyl-functionalized SBA-15.
[b] Determined from the TGA weight-loss curves, weight loss% =
(weight at 110°C—weight at 700°C)/weight at 700°C.

of the M°-G4-SBA-15 (M =Cu, Pd, Pd/Pt) did not show any
distinct peak (Figure 2b), indicating that the M’ nanoparti-
cles encapsulated inside the fourth-generation PAMAM-
propagated SBA-15 are very small.
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PAMAM-dendron-propagated SBA-15

I \Iun exchange
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Scheme 2. Representation of the procedure used for the preparation of
G4-SBA-15-encapsulated metal or bimetal nanoparticles, and their theo-
retical structure.
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Figure 2. a) Small-angle XRD patterns for NH)-SBA-15 (G0-SBA-15),
G4-SBA-15, Cu?"-G4-SBA-15, and Cu’-G4-SBA-15. b) Wide-angle XRD
patterns for Cu’-G4-SBA-15, Pd’-G4-SBA-15, and Pd/Pt’-G4-SBA-15.

Figure 3a shows representative UV/Vis spectra for the
G4-SBA-15, Cu**  ion-exchanged fourth-generation
PAMAM-propagated SBA-15 (Cu**-G4-SBA-15), Cu’-G4-

www.chemeurj.org Chem. Eur. J. 2005, 11, 4975—-4982


www.chemeurj.org

Nanoscopic Containers for Metal Nanoparticles

a) ——GA-SBA-15

A Cu?* G4-SBA-15
| N\ —Cu G4-8BA-15

-==Cu® G4-5BA-15 exposed to air for one week

FULL PAPER

Adsorbance
200
¢} 4.0- 274C
C
3.2 21
2.41 Carbon-film-coated copper grids 1.61 Cu” G4-5BA-15
KCnt KCnt
1.6 1 1.1 Cu
0.8 0.5
Cu |
n_o.......l.z,.... ey | B TS SN S
200 4.00 6.00 B.O0O 10.00 12.00 14.00 16.00 0.00 4.00 8.00 1200 1600 2000 24.00 2800 3200 36.00
kel keV

Figure 3. a) UV/Vis absorption curves for G4-SBA-15, Cu’*-G4-SBA-15, Cu’-G4-SBA-15, and Cu’-G4-SBA-15 after exposure to air for one week;
b) TEM image of the Cu” nanoparticles in G4-SBA-15 (scale bar=20nm); c) comparison of EDX spectra of carbon film and the Cu’-G4-SBA-15

sample.

SBA-15, and Cu’-G4-SBA-15 after exposure to air for one
week. The G4-SBA-15 spectrum showed a band centered at
270 nm. Cu’*-G4-SBA-15 exhibited a strong d-d transition
of Cu** with a peak center at 590 nm. After reduction by
aqueous hydrazine, the adsorption band originating at
590 nm disappeared and was substituted by a spectrum in-
creasing almost exponentially toward shorter wavelengths.
This result implies that the reduced Cu inside the nanocon-
tainer of PAMAM dendrons exists as clusters rather than as
isolated atoms.”® A plasmon resonance band was not ob-
served in the absorption spectra of Cu’-G4-SBA-15, which
indicates that the Cu nanoclusters are smaller than 5 nm.")
The Cu cluster encapsulated in PAMAM-propagated SBA-
15 was very stable in an inert atmosphere, as shown by the
results of UV/Vis spectroscopy performed for up to 10 days.
However, after exposure to air for one week, the Cu clusters
reverted to intradendrimer Cu®* ions, as indicated by the re-
appearance of the band at 590 nm (Figure 3a). High-resolu-
tion transmission electron microscopy (HRTEM) provides
direct evidence for the control at the atomic level of the
sites of the nanoparticles. Figure 3b shows that the Cu clus-
ters are of uniform size (<2.0 nm), and are highly dispersed
in G4-SBA-15. Most of the nanoparticles are located at the
lining of the tunnels of the mesoporous silica, indicating that
the nanoparticles are intradendrimeric. Despite the presence
of defects in the dendron-propagated SBA-15, the encapsu-
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lated nanoparticles retain their shape and size, as do the in-
dividual dendrimers, after reduction of Cu’>*-G4-SBA-15 by
hydrazine. Energy-dispersive X-ray spectra (EDX) of the
carbon-film-coated copper grids, which were used in the
EDX sample preparation, showed the Cu content to be
2240.4 mol% (average value taken over several large re-
gions), whereas in the Cu’-G4-SBA-15 sample regions, the
Cu content was 7.04+0.6 mol % (Figure 3c). This result con-
firms the presence of copper in the sample PAMAM-den-
dron-grafted mesoporous silica.

The representative UV/Vis spectra of G4-SBA-15, Pd**-
G4-SBA-15, and Pd’-G4-SBA-15 are shown in Figure 4a.
The absorption peak at 280 nm of Pd**-G4-SBA-15, which
was attributed to a ligand-to-metal charge-transfer (LMCT)
transition, disappeared after reduction by hydrazine.
HRTEM images of Pd’-G4-SBA-15 (Figure 4b and c) clearly
show how the nanoparticles are roughly spherical and
nearly monodispersed, with diameters less than 2.0 nm. No-
tably, most of them were encapsulated intradendrimerically
at the lining of the tunnels, with only a small fraction encap-
sulated interdendrimerically in the middle of the tunnels (in-
dicated by the white arrow in Figure 4b).

The UV/Vis spectra of G4-SBA-15, Pd**/Pt**-G4-SBA-
15, and Pd/Pt’-G4-SBA-15 (Figure 5a) show results similar
to those for Pd. However, HRTEM images (Figure 5b and
c) show that, in contrast to the Pd nanoparticles, most of the
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Figure 4. a) UV/Vis absorption curves for G4-SBA-15, Pd**-G4-SBA-15,
and Pd’-G4-SBA-15. b) and c) TEM images of the Pd’ nanoparticles in
G4-SBA-15. Each scale bar represents 50 nm.
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Figure 5. a) UV/Vis absorption curves for G4-SBA-15, Pd/Pt**-G4-SBA-
15, and Pd/Pt"-G4-SBA-15. b) and c¢) TEM images of the Pd/Pt” bimetal
nanoparticles in G4-SBA-15. The scale bars in (b) and (c) represent
50 nm and 10 nm, respectively.
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Pd/Pt bimetal nanoparticles were encapsulated interdendri-
merically in the middle of the mesoporous silica tunnels and
were of irregular shape, with diameters ranging from 2.0 to
42 nm. A small fraction of the Pd/Pt nanoparticles with di-
ameter <2.0 nm were encapsulated intradendrimerically at
the brim of the tunnels (Figure Sc, indicated by the white
arrows). These results indicate that the Pd/Pt bimetal parti-
cle sizes were insensitive to the stabilizer (PAMAM den-
drimer), due to the introduction of Pt. Because the interac-
tions between the Pt nanoparticles and the PAMAM den-
drimer are weaker than for the Pd nanoparticles, more den-
drimers are required to stabilize the Pd/Pt alloy nanoparti-
cles than the Pd nanoparticles."#%* The complexation
behavior of Pt** with interior tertiary amines is much
slower than that of Pd**. The Pt**/Pd**-G4-SBA-15 solu-
tion was stirred for only one day before reduction with
aqueous hydrazine, so that most P?* ions and some of the
Pd** ions were complexed with (or only adsorbed onto) the
periphery amine groups and not the interior tertiary amines.
As a result, the Pd/Pt bimetal nanoparticles were formed on
the exterior of the dendrimers after reduction.

Results of EDX spectroscopic analysis of Pd’-G4-SBA-15
and Pd/Pt"-G4-SBA-15 are shown in Figure 6. The distinct
Pd signal of the Pd"-G4-SBA-15 sample is seen in Figure 6a.
The EDX spectrum of the Pd/Pt-G4-SBA-15 gave a Pd/Pt
atom ratio of about 4 (Figure 6b). Highly dispersed Ag and
Pt nanoparticles were not achieved by using this method,
possibly due to the weak interaction between the dendri-
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Figure 6. EDX spectra of a) Pd’-G4-SBA-15 and b) Pd/Pt’-G4-SBA-15.
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mers and the nanoparticles. Both Pd and Pd/Pt nanoparti-
cles encapsulated by the G4-PAMAM-SBA-15 were stable
in air for one month without aggregation.

For comparison, blank mesoporous silica SBA-15 was
used to accommodate Pd and Pd/Pt nanoparticles under the
same conditions. The loading amount of the metal nanopar-
ticles in the blank SBA-15 is much lower than that in G4-
SBA-15, due to the absence of the complexation metal ions
of the PAMAM dendrons and the rediffusion of metal ions
in solution during reduction with aqueous hydrazine. Fig-
ure 7a and b show the TEM images of Pd nanoparticles in

Figure 7. TEM images of Pd nanoparticles (a and b) and Pd/Pt bimetal
nanoparticles (¢ and d) in blank SBA-15. The scale bars represent
200 nm (a), 50 nm (b), 0.5 pm (c), and 100 nm (d).

the tunnels of blank SBA-15. Pd nanoparticles that are
larger than the mesopore diameter are observed outside the
mesopores (black arrows), due to the reduction of metal
ions diffused in solution. The size distribution of the nano-
particles is not uniform, and they are larger than 2 nm, due
to the uncontrolled growth of the particles. TEM images for
Pd/Pt nanoparticles accommodated in SBA-15 are shown in
Figure 7c and d. Some nanoparticles are adsorbed onto the
external surface, however, several areas without any parti-
cles are also observed (Figure 7c, marked regions). The
result of microarea elemental analysis (by EDX) indicates
that the Pd/Pt atom ratio is not homogeneous, in contrast to
that for Pd/Pt"-G4-SBA-15.

In conclusion, we have demonstrated a method for pre-
paring highly dispersed, stable metal (Cu and Pd) and bi-
metal (Pd/Pt) nanoparticles on a solid support by using
PAMAM dendrons as stabilizers. Fairly monodispersed
metal nanoparticles were confined to the nanocavities of
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dendrimers or were encapsulated by external dendrimers.
The sites of the nanoparticles, which located close to the
walls or in the middle of the tunnels, were controlled by the
formation of either intra- or interdendrimerically-encapsu-
lated nanoparticles. These hybrid materials provide an ideal
means to investigate structure-property relationships in het-
erogeneous catalysis.

Experimental Section

Synthesis of PAMAM-dendron-propagated mesoporous silica SBA-15:
In a typical synthesis, 1 g of aminopropyl-functionalized mesoporous
silica (1.3 mmol g~! silica, prepared according to the literature!'’!) was dis-
persed in MeOH (50 mL). Catalyst TBAB (tetrabutyl ammonium bro-
mide, 10 mol%) was added to this suspension, then methyl acrylate
(MA, 56 mL) was added under stirring. The mixture was refluxed for
24 h under nitrogen. The solid was then filtered, washed with MeOH (3 x
30 mL) and dichloromethane (3x30 mL), and dried at 40°C in a vacuum.
The full-generation PAMAM-SBA-15 was prepared as follows: 1 g of the
half-generation PAMAM-SBA-15 was added to ethylenediamine
(200 mL) in methanol (100 mL), with TBAB as catalyst. The mixture was
stirred at 70°C under nitrogen for 1 day. The solid was filtered, washed
with MeOH (3x30 mL) and dichloromethane (3x30mL), and dried at
40°C in a vacuum.

General method for the preparation of metal or bimetal nanoparticles
encapsulated within dendrimer-propagated SBA-15: G4-SBA-15 (0.1 g)
was added to 250 mL of a freshly prepared aqueous solution (16 mm) of
a metal salt or a mixture of metal salts. The mixture was stirred for 24 h
at room temperature, then the powder was filtered and washed thorough-
ly. The products were defined as M?*-G4-SBA-15 (M=Cu, Pd, Pd/Pt).
The resulting M?*-G4-SBA-15 was redispersed in deionized water
(50 mL), and aqueous hydrazine was added dropwise (0.4 mL). The re-
sulting suspension was stirred for 2 h. The solid was then filtered, washed
with water (3 x50 mL), and dried in a vacuum. The product M"-G4-SBA-
15 was stored in an inert atmosphere. Pd and Pd/Pt nanoparticles incor-
porated in blank mesoporous silica SBA-15 were prepared under the
same conditions.

Characterization: The IR spectra were recorded by using a Bruker 66V
FTIR spectrometer in the range of 4004000 cm™' using the KBr disk
method. The UV/Vis diffuse reflectance spectra were obtained by using a
Perkin—Elmer Lambda 20 spectrometer. Powder X-ray diffraction was re-
corded by using a Siemens D5005 diffractometer with Cug, radiation
(A=1.5406 A) at 35 kV and 30 mA. Thermal gravimetric analysis (TGA)
was performed by using a Perkin—-Elmer TGA-7 instrument with a heat-
ing rate of 20°Cmin~" in air. Transmission electron microscopy (TEM)
experiments were performed by using a JEM 3010 electron microscope
(JEOL, Japan) with an acceleration voltage of 300 kV. Energy-dispersive
X-ray spectroscopy (EDX) analysis was performed by using an EDAX
PHOENIX 30T.
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