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Metal nanoclusters have recently attracted considerable
interest because of their distinct chemical and physical
properties, such as catalytic activities,!! optical properties,”
and magnetic behavior,®! which are different from those of
both bulk materials and mononuclear metal species. When
the number of metal centers () is small, the properties of the
metal clusters (M,) change dramatically with increasing
nvalue. Therefore, intense efforts have been made to
synthesize small-numbered, well-defined clusters with non-
distributed n values. Gas-phase preparation by metal vapor-
ization is a promising physical method to prepare small-
numbered M, clusters (typically in the range of n=10-
10000).1 Solution synthesis through the reduction of metal
ion precursors within templates is also an efficient method to
give M, clusters of similar size.”! With all of these methods it is
still difficult to strictly control the number of metal centers
particularly when # is around 10 or less. Furthermore, the
resulting synthesized clusters are often chemically and physi-
cally labile and are quite prone to oxidation or fusing into
larger clusters. The most controllable methods to synthesize
metal clusters with small n values (n=4-60) have been
reported utilizing the voids of dendrimers,"**® but this
method is hampered by the tedious dendrimer synthesis.
Herein, we report a unique approach to incarcerated metal
clusters with strictly controlled n values (ca. 12) within hollow
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silica nanoparticles. Our method utilizes a Pd;,L,, spherical
complex!”! as a template for the hollow silica synthesis. After
sol-gel condensation around the sphere, the incarcerated
Pd,L,, core is calcinated to give (PdO), oxide clusters and
subsequently reduced to Pd, metal clusters (Figure 1). X-ray
absorption fine structure (XAFS) analysis indicated that the
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Figure 1. Preparation of (PdO), and Pd, cluster-incarcerated silica
nanoparticles (n=ca. 12).

(PdO),, and Pd, clusters prepared in situ are strictly controlled
with n =ca. 12, because the Pd;,L,, precursors are completely
isolated from each other by the hollow silica and have no
opportunity to fuse into larger clusters during calcination and
reduction. All of the metal-incarcerated hollow silica nano-
particles have been well characterized by transmission
electron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS), and/or XAFS to demonstrate that our strategy
provides a unique and highly effective method for cluster
synthesis with a limited number of metal atoms.

For the spherical Pd;,L,, precursor 2, we designed bent
ligand 1 with a triethoxysilyl group at the convex (Figure 2 a).
The alkoxysilyl group is essential in initiating the sol-gel
condensation of the Si(OMe), monomer at the periphery of
the sphere. Ligand 1 was synthesized in high yield in three
steps from 3,5-dibromophenol: 1) Williamson reaction with
4-bromo-1-butene, 2) Suzuki-Miyaura cross coupling with
4-pyridylboronic acid pinacol ester, and 3) hydrosilylation
with HSi(OEt);. When ligand 1 (5.0 pmol) was treated with
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Figure 2. Preparation of Pd,,L,, precursor 2. a) Synthesis of 2 from
ligand 1 and Pd" ions. b,c) '"H NMR spectra (500 MHz, 27°C,
[Dg]DMSO) of b) ligand 1 and c) complex 2. d) CSI mass spectrum of
2 (DMSO/CH,CN =1:24).

Pd(BF,), (2.6 umol) in DMSO (0.52mL) at 50°C for 1h,
a Pd,,L,, sphere with 24 alkoxysilyl groups at the periphery of
the sphere was quantitatively formed. In the 'HNMR
spectrum, the o and [ protons on the pyridyl groups (PyH,
and PyH;) are shifted downfield owing to coordination to Pd
ions (A6 =0.72 and 0.51 ppm for PyH,, and Py Hj, respectively,
Figure 2b,c). Diffusion-ordered NMR spectroscopy (DOSY)
showed a diffusion coefficient of D=4.0x10""m’s™" in
[D¢]DMSO, which indicates the formation of a huge mole-
cule. This result is comparable to those of related Pd,L,,
spheres, but considerably smaller than that of the component
ligand (D=1.8x10""m?s™" in [D¢DMSO). The visible
signal broadening is also indicative of the formation of
a huge molecule (Figure 2b,c). The Pd,,L,, composition was
determined by cold-spray ionization (CSI) mass spectrometry
with prominent peaks for [2—(BF,"),]"" (a=13-6; Fig-
ure 2d).

To incarcerate sphere 2 within a hollow silica nano-
particle, the sol-gel condensation of tetramethoxysilane
(TMOS) at the periphery of 2 was carried out (Figure 3a).
A DMSO solution of sphere 2 (0.30 mm, 80 pL.) was diluted
with methanol (0.72 mL) and then TMOS (2000 equiv), water
(50000 equiv), and nitric acid (4.2 equiv) were added. The
reaction was monitored by NMR spectroscopy (Figure 3b).
The signals derived from the core of 2 gradually broadened,
indicating the formation of a silica layer around the periphery
of 2. Despite the use of a large excess of TMOS (2000 equiv),
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Figure 3. Template synthesis of a Pd;,L,, complex incarcerated in

a hollow silica nanoparticle 2. a) Synthesis of 2C(SiO,),, by the sol-gel
condensation of Si(OMe), around the template 2. b) 'H NMR

(500 MHz, 27°C, [Dg]DMSO/CD;0D/D,0 =4:36:1) observation of the
conversion of 2 into 2C(Si0,) ,,; the spectrum at the top is before
addition of Si(OMe),; the middle and bottom spectra are 48 h and
120 h after addition of Si(OMe), (2000 equiv), respectively. c,d) TEM
images of hollow silica nanoparticles c) 2C (SiO,),00 and d) 2C

(Si05) 7200- The inset in (c) is the magnified image of a hollow silica
nanoparticle. e, f) Size distribution determined from the TEM images
of €) 2C(Si0,) 2000 and f) 2C (SI0,)7200-

bulk silica gels did not precipitate and the solution remained
clear even after 5 days. Thus, the sol-gel condensation seems
to proceed only around sphere 2. The formation of the silica
nanoparticle incarcerating 2 (which is hereafter presented as
2C(Si0,)y00) 1s strongly indicated by DOSY, which shows
a single product with a diffusion coefficient of D =5.6x
107" m?s~! in the mixed solvent, a value which is considerably
smaller than that of sphere 2 (D=13x10"""m’s™") in the
same solvent mixture and consistent with the increased
molecular size caused by the silica coating. Even when the
amount of TMOS was increased (7200 equiv), the condensa-
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tion proceeded without silica-gel precipitation to form a much
larger silica-coated sphere (2C(Si0,)700). As the 'H NMR
signals were heavily broadened, clear signals were not
observed in DOSY and the diffusion coefficient was no
longer measurable. The presence of the Si(OEt); group on the
ligand is essential to the initiation of the sol-gel condensation
at the periphery of the sphere: when the Si(OEt); groups were
absent, the condensation occurred in bulk solution and silica
gel precipitated while the spherical complex remained intact.
TEM observation showed highly dispersed nanoparticles
with a very narrow size distribution: the diameters of
2C(SiO,)y0 and 2C(Si0,)7 Were estimated to be [7.8 £
0.3] and [8.8+0.8] nm, respectively (Figure3c,d). More
importantly, the TEM showed a clear contrast in the hollows
at the center of the silica nanoparticles (inset in Figure 3c¢).
From the TEM image, the diameter of the hollows is ca. 3 nm,
a value consistent with the diameter of the Pd;,L,, spherical
shell (3.5 nm). Presumably, the highly accumulated Si(OEt),
groups at the periphery of the sphere initiated the condensa-
tion predominantly at the surface of the sphere, forming a thin
layer of silica on the surface. Once
the layer was formed, the TMOS

Angewandte

imemationalediion . CEIMIE

with a Xe beam at 3kV followed by XPS experiments at
every 0.1 min. The peak intensities of the Pd 3d XPS
increased as Xe sputtering proceeded, and the binding
energy shifted to lower energy as the duration of X-ray
irradiation increased, which indicates that some of the (PdO),
clusters were reduced by X-ray irradiation. As shown in
Figure 4b, the Pd/Si molar ratio, as evaluated by comparison
of Pd 3d and Si 2p peaks, increased with increasing sputtering
duration and reached a maximum of 0.35% after 0.4 min.
Further sputtering had no effect on the Pd/Si ratio. This
behavior indicates that the silica shell was destroyed by the
heavy Xe ion for the first 0.4 min of the sputtering and that
the Pd species was then exposed on the surface, at which time
the Pd/Si ratio on the surface became constant. This
observation supports the existence of (PdO), clusters inside
the silica capsule.

Structural details of the (PdO),C(SiO,); were eluci-
dated by XAFS at the K-edge of Pd. The X-ray absorption
near edge structure (XANES) spectra of the (PdO), cluster
and those of Pd foil and PdO as reference samples showed

monomers could no longer enter a) b)
the spherical shell and further Pd9dy, Pd3ds
condensation occurred only on 0.35
the surface, giving the hollow T
structure. /\
It is noteworthy that the //\ 2
hollow silica incarcerates a single — - N £ 025
3.5nm-sized Pd;,L,, spherical M &
complex. Because of this fact, we E
expected that a Pd,, cluster could /\L e
be formed by removal of the
ligands without breaking the . . .
hollow structure of the silica. 24 ?49 9 330 0 02 ) O',4 ) 0.6
Thus, the silica nanoparticle 2C Binding energy/eV —> Xe beam sputtering duration/min ——>
c) d)

(8i0,)7,90 Was precipitated by
removing the MeOH solvent and
adding poor solvents (ethyl ace-
tate and ether). The precipitated
2C(Si0,)70 powder was calci-
nated at 400°C for 2 h in air.

For the calcinated powder,
XPS analyses were performed to
determine the valence state of the
Pd atoms. The core-level Pd 3d;,
and 3ds, peaks of (PdO),C
(8i0,) 7,00 Were observed at 341.3
and 336.2 eV, respectively. The
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comparison of the values to
those of Pd foil and PdO as
reference samples showed the
oxidized state of the Pd atoms,
a result consistent with the for-
mation of (PdO),C(Si0,)7, (Fig-
ure 4a). To determine if (PdO),
clusters were incarcerated in the
silica capsule, the surface of
(PdO),C(Si0,)79 was sputtered
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Ab-Sc CN RIA DW/A2
Pd-O 3.7+0.8 2.031+0.008 0.0035 +0.0013
Pd-Pd" 24+1.2 3.048+0.009 0.0053 = 0.0020
Pd-Pd2 4.3%20 3.429+0.008 0.0060 +0.0020

Figure 4. XPS analyses of (PdO),C (SiO,) .0 and Pd,C(SiO,) 70 @) Pd 3d XPS spectra of PdO (—),
(PdO),C(SiO2) 7200 (—), Pd foil (
(PdO),C (Si0O,) 7200 during surface sputtering by a Xe beam for a duration of 0.6 min. c) Pd K-edge
XANES spectra of PdO (—), (PdO),C (Si0,) 7200 (—), Pd foil (
d) Curve fitting result of the Fourier transformation of the EXAFS of (PdO),C (SiO,)7500; Ak=2-15 A7,
AR=1.4-3.4 A. Curve fitting was performed by Artemis with back scattering and phase shift parameters
calculated by FEFF ver. 8.40, and fell within the Nyquist criteria. Curve fitting was done in R space
(R-factor=0.01078). CN = coordination number, DW = Debye-Waller factor.

), and Pd,C(Si0,) 7200 (

). b) Time course of the Pd/Si ratio of

), and Pd,C(SiO;) 7200 ).
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that the valence state of the Pd atoms in (PdO), is divalent,
a result which is consistent with the XPS experiments
(Figure 4c). Extended X-ray absorption fine structure
(EXAFS) experiments were performed to estimate the
value of n for (PdO),. The coordination number (CN) and
the atomic distance (d) were determined by curve fitting
analyses for adjacent X-ray absorbing and scattering atom
pairs (Ab—Sc) of Pd—O and Pd—Pd (Figure 4d). The exper-
imental CN and d values were reasonable for the structure of
a (PdO), cluster where n is ca. 12. The (PdO), clusters derived
from Pdj,L,, complexes were isolated within the silica
capsule, as indicated by the XPS experiments, and we
consequently believe we have obtained nano-sized (PdO),
clusters (n=ca. 12).

We further examined the conversion of the (PdO), oxide
cluster to a Pd, metal cluster by reduction with hydrogen.
After heating the cluster under a hydrogen/argon atmosphere
at 400°C for 4 h, XPS analysis of the product showed the core-
level Pd 3d;, and 3ds, peaks of Pd, at 340.7 and 335.1 ¢V,
respectively (Figure 4 a). Thus, we confirmed the reduction of
the PdO cluster to a Pd” species, which was also confirmed by
XANES analysis (Figure 4c). The n value of the Pd, cluster
should be comparable to that of (PdO), (n =ca. 12), because
hydrogen reduction is moderate enough to keep the capsular
structure of silica and the reduction therefore occurs within
the isolated hollows of the silica. Solid-state *Si NMR spectra
supported that the structures of silica shell were retained after
the reduction (Supporting Information, Figure S8).

In summary, we have succeeded in preparing hollow silica
nanoparticles templated by a Pd,,L,, spherical complex. The
incarcerated Pd;,L,, complex is a suitable precursor for the
(PdO), and Pd, clusters (n = ca. 12), which can be prepared in
the hollows of the silica. As related spherical complexes (for
example, MgL,,® MigL,,,0 M, Ly, and M, Lyg;M M =Pd
or Pt) have been efficiently synthesized by self-assembly, the
present method could also be applicable to the incarceration
of various metal or metal oxide clusters with predetermined,
exact n values in the range of 10-20. For previous nanocluster
preparation methods, values in this range have been shown to
be the most difficult to control. New catalytic and physical
properties for the incarcerated (PdO),/Pd, clusters are
currently under investigation.

Experimental Section

Synthesis of Sphere 2: Ligand 1 (2.23 mg, 5.00 umol) was treated with
a DMSO solution of Pd(BF,),(CH;CN), (10 mm, 0.52 mL, 5.2 umol)
at 50°C for 1 h. The quantitative formation of sphere 2 was confirmed
by 'HNMR and CSI-MS. '"HNMR (500 MHz, [D¢]DMSO, 27°C):
0=9.38 (br, 96 H), 8.36 (br, 96 H), 7.96 (br,248 H), 7.56 (br, 48 H), 4.07
(br, 48H), 3.64 (br, 144H), 1.69 (br, 48H), 1.42 (br, 48H), 1.01 (br,
48H), 0.73 ppm (br, 48H).

Synthesis of 2C(SiO,),,: Sphere 2 (0.024 umol) in DMSO (80 pL,
0.30 mm) was successively diluted with MeOH (0.72 mL), D,O
(20 pL), and aqueous DNO; (0.33w/w %, 2.0 uL), and then treated
with tetramethoxysilane (2000 or 7200 equiv vs. 2) at RT for 5 days.
As the reaction progressed, the 'H signals of 2 broadened, which
indicated the formation of silica nanoparticles on the surface of 2
(m=2000). After all of the Si(OCHj;), groups were hydrolyzed,

2C(Si0,),, was analyzed. 'HNMR (500 MHz, [D,]DMSO, 27°C):
0=9.28 (br, 96H), 8.15 (br, 96 H), 7.95 (br, 24 H), 7.48 (br, 48H), 4.09
(br, 48H), 1.80 (br, 48H), 1.55 (br, 48H), 0.63 ppm (br, 48H).

Synthesis of (PdO),c(SiO,),, and Pd,C(Si0,),,: 2C(Si0,),,. was
calcinated at 400°C for 2h in air to afford (PdO),C(Si0O,),,. The
resulting brown solids were reduced at 400 °C for 4 h under hydrogen
atmosphere to afford Pd,c(SiO,),,. The reduction was conducted
under a continuous flow of H,/Ar (10:90) at a rate of 100 mLmin".
After reduction, the resulting solids were kept under Ar atmosphere
to avoid oxidation by air, and analyzed.
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thesis. The incarcerated Pd,,L,, core is
calcinated to give (PdO), oxide clusters
and subsequently reduced to Pd, metal
clusters within the protective hollow
silica.
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