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ABSTRACT: Immobilization of highly monodispersed palladium
nanoparticles in colloidal mesoporous silica supports has been
successfully achieved. The Pd nanoparticles with a uniform small
size of ~1.2 nm can be homogeneously distributed in individual
mesopore channels of amino group-functionalized three-dimen-
sional dendritic mesoporous silica nanospheres (3D-dendritic
MSNSs) with a Pd content of ~2.8%. The 3D-dendritic MSNSs-
based nanoreactors show high activity in Suzuki—Miyaura cross-
coupling reactions of bromobenzene with phenylboronic acid,
obtaining a yield over 99% with 0.075 mol % Pd catalyst at room
temperature in the dark within 12 h. More importantly, the
excellent catalytic performance can be maintained with a negligible
decrease lasting at least six cycles. It further reveals that the
mesoporous frameworks of the colloidal silica supports can be well-
preserved after four catalytic runs; meanwhile, the Pd nanoparticles in the mesopore channels also can remain the sizes of 1.5 +
0.3 nm without significant transfer and aggregation. The unique mesostructure of the 3D-dendritic MSNSs with mesopore
channels of short length and large diameter is supposed to be the key role in immobilization of active and robust heterogeneous
catalysts, and it would have more hopeful prospects in catalytic applications.
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B INTRODUCTION However, classic surfactant-templated mesoporous solid
supports possessing isolated channels with excessive length to
afford ineflicient in-pore diffusion of substrates, resulting in
poor catalytic turnover.'’~"” A typical example is ordered
mesoporous silica SBA-1S5, which has micrometer-sized bulk
morphology with the mesostructure of micrometer-long and
parallel mesopore channels, and the high surface area even leads
to the low in-pore molecule diffusion and the high nonspecific
adsorption.”””" Because of the inefficient mass-transport and
poor pore accessibility of the conventional mesostructures, it is

Because of the rapid progress of nanoscience and nano-
technology, immobilization of catalytic active components onto
solid supports not only provides a way to improve stability and
reusability but also can modify the catalytic properties, even
getting high activity or selectivity in certain cases.'® The novel
nanostructured support materials can be used in the
preparation of heterogeneous catalysts to maximize the surface
area of the active phase.””'? Among nanostructured supports,
porous materials show their unique advantages against others,
because of the tunable pore sizes, high surface area and large
pore volume.''~'* Particularly, mesopore channels of the Received: June 7, 2015
supports can provide a confined nanospace for preventing Accepted: July 20, 2015
aggregation of metal catalysts.'”'® Published: July 20, 2015
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still a major challenge to immobilize catalysts with homoge-
neous distribution in an individual pore channel of the
mesoporous support materials, > leaving a large amount of
blank pore channels to be nonconductive to catalytic turnover
efficiency. Moreover, the mesopore channels are usually used as
the confined nanospaces in the in situ growth process, obtaining
catalyst nanoparticles with the same size to pore diameter and
plugging the pore channels to reduce the effective specific
surface area. Unfortunately, it is still difficult to control the
catalytic active nanoparticles with small sizes, especially <2 nm,
regardless of whether via an in situ growth or a postloading
approach.>*>** Thus, further improvement of mesostructures
is hence required to optimize mass-transport of reactants and
pore channel accessibility.

Shortening the length of mesopore channels is an effective
way to improve the mass-transport of the porous support
materials, and various monodispersed core—shell or yolk—shell
nanoreactors have been designed and achieved, which have
catalytic active materials as a core and mesopore channels with
controlled length as a shell.”>™** Unfortunately, in the
monodispersed nanoreactor system, the mesopore channels
lose their function as the supports due to the small pore size in
the previous reports. The hollow structure formed with
mesoporous shells provides a confined nanospace to prevent
from aggregation of catalytic active components in different
nanoreactors. However, in a single nanoreactor, the size of
catalyst nanoparticles is difficult to be very small, leading to the
few and limited exposed catalytic active sites.””*" To achieve
immobilization of catalyst nanoparticles in the pore channels
without blocking, the colloidal mesoporous nanoparticles with
large pores and stable framework are desired.

Recently, we have developed an eflicient biphase stratifica-
tion approach to synthesize three-dimensional dendritic
mesoporous silica nanospheres (3D-dendritic MSNSs) with
large center-radial mesopore channels,*! providing numerous
opportunities for preparation of novel and functional
mesoporous silica-based composites. Herein, we demonstrate
that 3D-dendritic MSNSs can be used as a desired good catalyst
support, because they not only have ideal monodispersity with
nanospherical morphology but also have a dendritic-like unique
mesostructure with tunable pore diameter and channel length.
Immobilization of ultradispersed palladium nanoparticles in
amino group-functionalized 3D-dendritic MSNSs was success-
tully achieved via in situ growth strategy, and the distribution of
precious metal (Pd) in the mesopore channels of the colloidal
nanosupports was very homogeneous with a particle size of
~1.2 nm. To the best of our knowledge, this is the first time to
report the immobilization of palladium nanoparticles in
colloidal mesoporous supports with homogeneous high-
dispersity and small size. The Suzuki—Miyaura reaction has
been selected as a model for evaluating 3D-dendritic MSNSs-
based nanoreactors, and the immobilized palladium catalysts
showed the active and stable heterogeneous catalytic perform-
ance.

B EXPERIMENTAL SECTION

Chemicals. Cetyltrimethylammonium chloride (CTAC) solution
(25 wt % in H,0), triethanolamine (TEA) and 3-aminopropyltrime-
thoxysilane were purchased from Sigma-Aldrich (UK). Tetraethyl
orthosilicate (TEOS) and potassium hexachloropalladate (IV)
(K,PdCl,) were purchased from Aladdin Reagent Co., Ltd. All other
reagents were purchased from Sinopharm Chemical Reagent Co., Ltd.

(analytical reagent grade). All chemicals were used as received without
purification.

Preparation of Three-Dimensional Mesoporous Silica Nano-
spheres. The 3D-dendritic mesoporous silica nanospheres (3D-
dendritic MSNSs) with particle size of ~125 nm and pore size of ~6
nm were achieved via the biphase stratification approach as reported
with a little modification.>’ A typical synthesis of the 3D-dendritic
MSNSs was performed as following. At first, 48 mL of (25 wt %)
CTAC solution and 0.36 g of TEA were added to 72 mL of water and
stirred gently at 60 °C for 1 h in a 250 mL round-bottomed flask, then
40 mL of (20 v/v %) TEOS in cyclohexane was carefully added to the
water—CTAC—TEA solution, and the mixture was kept at 60 °C in an
oil bath under magnetic stirring. A standard Teflon-coated stirring bar
with a length of 3 cm was employed, and the stirring rate was set to be
very slow, to avoid mixing of the phases. The reaction was then kept at
60 °C for 12 h, and the upper oil was removed carefully. The
temperature was then elevated to 90 °C for ripening, and after 3 h the
products were collected by centrifugation and washed for several times
with ethanol to remove the residual reactants. Then, the collected
products were extracted with a 0.6 wt % ammonium nitrate
(NH,NO;) ethanol solution at 60 °C for 18 h twice to remove the
template. The extracted 3D-dendritic MSNS products were lyophilized
to obtain the dry powder for next experiments.

Preparation of Amino-MSNSs. The amino-functional 3D-
dendritic MSNSs (amino-MSNSs) were achieved via a postgrafting
strategy. In a typical process, 15 mL of anhydrous toluene and 400 mg
of extracted 3D-dendritic MSNS dry powder was mixed in a 25 mL
round-bottomed flask and stirred vigorously. After formation of a
homogeneous suspension, 1.0 mL of 3-aminopropyltriethoxysilane was
carefully added to toluene solution of extracted 3D-dendritic MSNSs.
The reaction was kept at 110 °C with reflux for 20 h. The amino-
functional products were collected by centrifugation and washed for
several times with ethanol to remove the residual reactants and
subsequently lyophilized to obtain the dry powder for the next
experiments.

Preparation of Pd-MSNSs. Immobilization of palladium nano-
particles in the mesopore channels was achieved via in situ growth
approach. In a typical process, 56 mg of amino-MSNSs was dispersed
in 10 mL of deionized water via sonication. After the mixture was
stirred for 15 min at 30 °C, 6.0 mL of fresh K,PdCl aqueous solution
with a concentration of 1.0 mg/mL was added dropwise and kept at 30
°C with stirring for 4 h. Then 1.0 mL of 0.1 M NaBH, solution was
added dropwise, and the mixture was aged at the same temperature for
24 h. The palladium-loaded products were separated by centrifugation,
washed with water and ethanol, and dried at 60 °C. The dried
products can be stored in the anoxic environment, and they can be
stable for several months. They can be used directly as the catalysts.
For different palladium-immobilized amino-MSNSs, samples were
prepared by a similar method at different temperatures.

Suzuki—Miyaura Cross-Coupling Reactions. Typically, aryl
halide (0.5 mmol), phenylboronic acid (I mmol), K,CO; (0.14 g,
1.0 mmol), a certain amount of palladium-containing catalysts and 6.0
mL of methanol were added to a 25 mL round-bottomed flask, and the
reaction mixture was stirred vigorously at 30 °C in the darkness. At
certain periods, the palladium-containing catalysts were separated by
centrifugation, then the solvent was removed by rotary evaporator.
The crude product was dissolved by CHCI;, and directly used for
measurements by analyzed gas chromatography—mass spectrometer
(GC—MS), using a PerkinElmer clarus 680-SQ8T equipped with a PE-
SMS capillary column.

Characterization and Measurements. Nitrogen adsorption—
desorption measurements were conducted to obtain information on
the porosity. The measurements were conducted at 77 K with a
Micromeritcs Tristar 3020 analyzer (USA). The Brunauer—Emmett—
Teller (BET) specific surface area (Appr) was calculated from the
adsorption data in the relative pressure (P/P,) ranging from 0.04 to
0.1. The pore size (Dp) distribution was calculated from the
adsorption branch of the isotherms using the Barrett—Joyner—
Halenda (BJH) formula. Transmission electron microscopy (TEM),
high angle annular dark field imaging in the scanning TEM (HAADF-
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STEM) and energy dispersive spectroscopy (EDS) observations were
performed on JEM-2100F transmission electron microscope with an
accelerating voltage of 200 kV equipped with a postcolumn Gatan
imaging filter (GIF-Tridium). For TEM measurements, the samples
were dispersed in ethanol and then dried on a holey carbon film Cu
grid. Small-angle X-ray scattering (SAXS) measurements were taken
on a Nanostar U small-angle X-ray scattering system (Bruker,
Germany) using Cu Ka radiation (40 kV, 35 mA). The d-spacing
values were calculated by the formula d = 27/q, wherein g is the
scattering vector. Fourier-transform infrared (FTIR) spectra were
recorded on a Nicolet Magna-IR SSOII spectrophotometer using KBr
pellets. The metal content in the Pd-MSNSs sample were measured by
using inductively coupled plasma-atomic emission spectrometry (ICP-
AES, Varian VISTA-MPX).

B RESULTS AND DISCUSSION

The 3D-dendritic MSNSs were prepared in a heterogeneous
oil—water biphase stratification reaction system according to
the method reported previously in our group.”" The upper oil
phase was cyclohexane solution of tetraethyl orthosilicate
(TEOS) and the lower aqueous phase was the solution
combined by cationic cetyltrimethylammonium chloride
(CTAC) and triethanolamine (TEA). After undergoing a
hydrothermal aging, the obtained mesoporous silica colloid
products displayed good monodispersity and stability in
ethanol and toluene for several months, or in aqueous solution
with weak base for several weeks.

The amino-function of 3D-dendritic MSNSs have been
successfully achieved via an extracting and postgrafting
approach (Scheme 1), and the products are named as extracted

Scheme 1. Synthesis and Catalytic Process of Highly
Monodispersed Palladium Nanoparticles Immobilized in
Three-Dimensional Dendritic Mesoporous Silica
Nanospheres for Suzuki—Miyaura Cross-Coupling Reaction

o o%e
3D-dendritic ppenylboronic Acids
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+
Aryl Halidesq'*\
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3D-dendritic MSNSs and amino-MSNSs, respectively. The
whole process of the surfactant removal and functionalization
of amino group was tracked by Fourier-transform infrared
(FTIR) spectra (Figure Sla). The disappearance of the strong
absorption bands around 2920 and 2849 cm™ can be observed
after the reflux of the as-made 3D-dendritic MSNSs in
ammonium nitrate ethanol solution for 36 h (Figure Sla,
blue and black lines), demonstrating that the surfactant
templates are removed via the solvent extraction. The
absorption band at ~1530 cm™" can be observed after toluene
reflux with 3-aminopropyltrimethoxysilane, illuminating that
the amino groups are successfully modified. The transmission
electron microscopy (TEM) images show that the mesoporous
silica colloidal nanospheres retain a uniform particle size of
~125 nm before and after grafting the amino groups (Figure

S1b and Figure 1a). The center-radial mesopore channels with
a diameter of ~6 nm are evident, and no significant change can
be observed in the mesostructure during the grafting process.
According to the nitrogen adsorption—desorption isotherms, a
capillary condensation step can be clearly observed at around
0.4 < P/P, < 0.7 for the sample extracted 3D-dendritic MSNSs
(Figure Slc, black line). And a little low-pressure shift can be
observed for the sample amino-MSNSs (Figure Slc, red line),
providing a clear evidence for the decrease of pore size after the
amino grafting and retaining a narrow diameter distribution.
The BET surface area is measured to be ~406 and ~302 m? g™
before and after the modification of amino group. Using the
Barrett—Joyner—Halenda (BJH) model, the total pore volume
and pore size distributions of the sample extracted 3D-dendritic
MSNSs are estimated to be ~1.03 cm® g_1 and ~6 nm,
respectively (Figure S1d, black line). And for the sample amino-
MSNSs, they decrease to ~0.73 cm® g_1 and ~5.4 nm,
respectively (Figure S1d, red line). In additional, SAXS patterns
show that a single scattering peak at ~0.73 nm™' can be
observed before and after functionalization of amino group,
suggesting that the uniform mesostructure can be well retained
(Figure Sle). All these results further confirm that the amino
groups can be grafted homogeneously on the inner silica wall
surface of the mesopore channels of 3D-dendritic MSNSs with
the well-preserved mesostructure.

Immobilization of palladium nanoparticles in the mesopore
channels of amino-MSNSs was achieved via the in situ growth
strategy, which was a process of a reaction with the precursor
(K,PdCly) first and a complete reduction with NaBH, later
(Scheme 1). The obtained products are named as Pd-MSNSs-
30, when reaction temperature is 30 °C. Pd-MSNSs-30 can be
well dispersed in water, showing the pellucid colloidal solution
with dark brown color (Figure S2b). The representative TEM
image of as-made Pd-MSNSs-30 shows almost the same
samples to blank amino-MSNSs (Figure 1ab). No palladium
nanoparticles can be observed distinctly, even in a large
magnification and defocused view (Figure 1lc,d). However, Pd
content of the sample Pd-MSNSs-30 is measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) to be
~2.8%, consistent with the calculated content. Meanwhile,
energy dispersive spectroscopy (EDS) analysis of the sample
indicates Pd/Si atomic ratio of ~2:98 (Figure le), also
corresponding to the amount of Pd precursors and silica
supports. These results obviously suggest that Pd catalysts are
successfully loaded into the mesoporous silica supports, but
they are difficult to be observed in TEM images. High-angle
annular dark-field scanning TEM (HAADF-STEM) is a
powerful technique to distinguish local chemical information
with different atomic numbers, and in the HAADF-STEM
image at the same observation domain (Figure 1f correspond-
ing bright-field image of Figure 1b), some bright spots are very
clear with an obvious contrast with the amino-MSNSs,
suggesting that the palladium nanoparticles are existent with a
very small size. In the HAADF-STEM image at a large
magnification, the dispersion of bright spots is not only even in
the whole of the amino-MSNSs (Figure 1g) but also uniform
along the walls of center-radial mesopore channels (Figure 1h),
demonstrating a homogeneous distribution of ultradispersed
palladium nanoparticles. The size distribution of Pd nano-
particles in Pd-MSNSs-30 estimated from the HAADF-STEM
image (Figure 1h) has a typical Gaussian shape, where the
average diameter of Pd nanoparticles is about 1.2 nm with a
narrow dispersion of 0.1 nm (Figure 1i). The Pd 3d XPS
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Figure 1. TEM images of the amino-MSNSs (a); TEM images (b, ¢, d), EDS analysis (e) and HAADF-STEM images (f, g, h) of Pd-MSNSs-30
prepared via the in situ growth approach; size distribution of palladium nanoparticles in Pd-MSNSs-30 (i).

spectroscopy (Figure S4b) demonstrates that about 76% of
palladium is in metallic form (Pd°), as revealed by Pd 3d;, and
Pd 3d;,, XPS peaks centered at 340.3 and 335.0 eV,
respectively.’” In addition, no evident Pd-corresponding
scattering peaks can be observed in the XRD pattern, because
of the small particle size of immobilized palladium nano-
particles.

To investigate the role of reaction temperature in in situ
growth approach to palladium nanoparticles, a series of
products were obtained at 10, 50, or 70 °C, and they were
named as Pd-MSNSs-10, Pd-MSNSs-50 and Pd-MSNSs-70,
respectively. In the bright-field TEM images of the sample Pd-
MSNSs-50 with different magnifications and focused/defo-
cused view, palladium nanoparticles are very difficult to be
identified. Similarly, in the HAADF-STEM images at the
corresponding viewing zone, the ultradispersed bright spots are
exhibited with all different magnifications, providing evidence
for homogeneous distribution of palladium nanoparticles in the
sample amino-MSNSs. However, the mean diameter of
palladium nanoparticles is estimated from the HAADF-STEM
images to be 1.3 + 0.2 nm (Figure 2f), suggesting that the
nanoparticles grown in 50 °C are not as uniform as ones in 30
°C. ICP-AES results reveal that the Pd content of sample Pd-
MSNSs-50 is ~2.8%, and the atomic ratio of palladium and
silicium in the sample is semiquantitated to be ~2:98 by EDS
analyses (Figure 2g). The Pd 3d XPS spectroscopy reveals that

about 77% palladium is metallic form (Pd°) (Figure S4c).
When the reaction temperature is changed to 10 or 70 °C, the
products Pd-MSNSs-10 and Pd-MSNSs-70 both have a small
amount of Pd nanoparticles with the diameter larger than 5 nm,
which are distinct in both bright-fild TEM images and
HAADF-STEM images (Figure S3). The above results indicate
that uniform sizes of palladium nanoparticles are mainly
depended on the in situ growth temperature.

The in situ growth of palladium nanoparticles in the amino-
MSNSs is divided into two steps: a weak reduced nucleation
and a strong growth. The key factor in the formation of the
ultradispersed Pd nanoparticles with a small size is supposed to
be the homogeneous weak reduced nucleation, which is a
process mainly depended on the amino groups in amino-
MSNSs. The amino groups on the inner surface of the
mesopore channels not only can coordinate with PdCl;>~ but
also have reducibility to metal precursors.”® The reduction
capability of the amino groups can be enhanced with the
increase of reaction temperature; meanwhile, the coordination
effect of them can effectively inhibit the violent self-hydrolysis
reaction of Pd precursors and moderate nucleation process.
Therefore, the coordination and reduction effects can be
regulated via a suitable reaction temperature to cooperate
optimally, such as 30 °C, leading to the homogeneous weak
reduced nucleation, and finally formation of the palladium
nanoparticles with uniform size by a NaBH, reduction.

DOI: 10.1021/acsami.5b04992
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Figure 2. TEM images (a, b, ¢), HAADF-STEM images (d, e, f) and EDS analysis (g) of the sample Pd-MSNSs-S0 prepared via the in situ growth
approach; size distribution of palladium nanoparticles in the sample Pd-MSNSs-50 (h).
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Figure 3. Catalyst screening (a) in the Suzuki—Miyaura reaction coupling of bromobenzene and phenylboronic acid with the samples Pd-MSNSs-10
(green), Pd-MSNSs-30 (red), Pd-MSNSs-50 (blue), Pd-MSNSs-70 (purple) and blank supports (3D-dendritic- MSNSs without Pd) as the control
(black); the chart of yield correlating with the number of reuse cycles (b) using the Pd-MSNSs-30 (red) and Pd-MSNSs-50 (blue) as a catalyst for
coupling of bromobenzene and phenylboronic acid. Reactions were carried out with bromobenzene (0.5 mmol), phenylboronic acid (1.0 mmol),
K,CO; (1.0 mmol), methanol (6 mL) and the Pd catalyst of 0.075 mol % at room temperature (30 °C) under atmospheric conditions in the dark.
The conversion and yield were determined by gas chromatography mass spectrometry (GC—MS) analysis using tetradecane as the internal standard.

Accordingly, the presence of some large and isolated Pd
nanoparticles in the samples Pd-MSNSs-10 and Pd-MSNSs-70
also conform to the above formation process. At the low
temperature of 10 °C, the amino groups-induced reduced
nucleation is limited and inhomogeneous because coordination

17454

is the major reaction, leading to the aggregated nanoparticles
when violent reduction of Pd precursors; whereas at a high
temperature such as 70 °C, the reducibility of the amino groups
become dominant and the nucleation is drastic and uneven,
obtaining the final products with nonuniform Pd nanoparticles

DOI: 10.1021/acsami.5b04992
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Figure 4. TEM images (a, b, c), HAADF-STEM images (d, e, f) and EDS analysis (g) of the sample Pd-MSNSs-30 after four catalytic cycles; size

distribution of palladium nanoparticles in the corresponding sample (h).

inheriting from inhomogeneous nucleuses. In additional, the in
situ growth approach can also immobilize other kinds of noble
metal in 3D-dendritic MSNSs, such as Au (Figure SS),
suggesting that it can be considered as the general desired
nanosupports for metal nanoparticles.

Suzuki—Miyaura cross-coupling reaction was chosen as a
model catalytic reaction (Scheme 1), and four types of
palladium-immobilized 3D-dendritic MSNSs with an identical
loading amount of palladium but different particle sizes were
employed as the nanoreactors to catalyze the bromobenzene
and phenylboronic acid C—C coupling reaction to evaluate the
size-dependent catalytic activity. As shown in Figure 3a, it is
clear that the conversion order is Pd-MSNSs-30 > Pd-MSNSs-
50 > Pd-MSNSs-70 > Pd-MSNSs-10, and such results can be
attributed to the different exposed surface areas of catalytic
activated palladium. The sample Pd-MSNSs-30 has the highest
catalytic activity among the four types of nanoreactors,
obtaining a perfect conversion of over 99% with a Pd-catalyst
as low as 0.075 mol %, because the Pd nanoparticles
immobilized at 30 °C is the most ultradispersed and
homogeneous with the smallest size among these four samples.

Furthermore, the recyclability of the samples Pd-MSNSs-30
and Pd-MSNSs-50 was also studied in the Suzuki—Miyaura
cross-coupling reaction forming biphenyl. These two types of
3D-dendritic MSNSs-based nanoreactors have the approxi-

17455

mated catalytic activity in the first run; nevertheless, the evident
disparity between them can be revealed since the second run
(Figure 3b). Reuse of the Pd-MSNSs-30 is accompanied by an
excellent maintaining of activity in the second run (98.1%
conversion) and a slight loss with 95.6% yield in the second
run; contrastively, Pd-MSNSs-50 has a substantial decrease in
activity in the second and following runs. The catalytic activity
can be maintained approximately in the six runs for the sample
Pd-MSNSs-30; however, Pd-MSNSs-50 continuously loses its
activity in the next several cycles, leaving only 63.8% conversion
in the fourth run.

To explain the performance in recycling experiments, the two
types of 3D-dendritic MSNSs-based nanoreactors after being
used for four runs were recovered and tracked by bright-field
TEM and HAADF-STEM images. The mesostructure of the
sample Pd-MSNSs-30 can be well retained after four catalytic
cycles, revealing the stability of the silica supports tolerating the
alkalescent catalytic environment (Figure 4a,b). The immobi-
lized palladium nanoparticles can retain their locations in the
mesopore channels of 3D-dendritic MSNSs without significant
transfer and aggregation (Figure 4b—e), and the particle size
has a little increase with an average diameter of 1.5 + 0.3 nm
(Figure 4fh), demonstrating the confinement effect of the
nanospace to prevent Pd nanoparticles from the aggregation.
ICP-AES analysis reveals that the Pd content of the sample Pd-

DOI: 10.1021/acsami.5b04992
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Figure S. TEM images (a, b, c¢), HAADF-STEM images (d, e, f) and EDS analysis (g) of the sample Pd-MSNSs-50 after being reused for four
catalytic cycles; the size distribution of palladium nanoparticles in the corresponding sample (h).

MSNSs-30 can remain ~2.8% after four cycles, showing
imperceptible Pd leaching during the process. EDS analysis
also proves that the atomic ratio of Pd/Si in Pd-MSNSs-30 is
unchanged with 2:98 after four runs (Figure 4g), indicating that
negligible wastage of noble metal occurs during the running.
On the other hand, the mesopore channels of the sample Pd-
MSNSs-50 also can be well retained after being used for four
catalytic cycles, illustrating the stability of silica support
frameworks (Figure Sa). However, in the defocused bright-
field TEM image (Figure Sb) and HAADF-STEM image
(Figure Se) with the corresponding viewing zone (Figure Sa),
some palladium nanoparticles with a large size (>3 nm) can be
observed clearly, located in the opening of the mesopore
channels. A representative HAADF-STEM image with a large
magnification of the sample Pd-MSNSs-50 after being used for
four runs reveals the heterogeneous distribution of Pd
nanoparticles with nonuniform sizes of 1.7 + 0.4 nm (Figure
5f). The Pd content of the sample Pd-MSNSs-50 after being
reused for four cycles was measured by ICP-AES analysis to be
~2.8%, and the atomic ratio of Pd/Si was ~2:98 based on the
EDS analysis, clearly suggesting no significant loss of Pd during
the catalytic processes. All above results suggest that the Pd
nanoparticles grown at 30 °C have better retainability of
dispersity than the ones obtained in 50 °C, leading to better
reusability of the sample Pd-MSNSs-30 than Pd-MSNSs-50.
The slight nonuniformity of Pd nanoparticles in the as-made
Pd-MSNSs-50 is supposed to be the possible reason for the
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presence of the ones with the growing size of supra-3 nm after
the catalytic cycles.

An array of aryl halides and phenylboronic acids, whether
electron-rich or electron-deficient, were chosen to be the
substrate of Suzuki—Miyaura cross-coupling reaction for further
investigation of the catalytic performance of the sample Pd-
MSNSs-30. As illustrated in Table 1, more than 90%
conversion of 4-bromoacetophenone or 1-bromo-4-chloroben-
zene can be realized with Pd concentration of the catalyst as
low as 0.075 mol % at room temperature within 6 h, and the
presence of a little biphenyl in the catalytic products leads to a
bit lower yield than the conversion. Using the Pd catalyst with
0.375 mol %, the conversion of these two types of electron-
deficient aryl halides can reach over 99% at room temperature
within 3 h. It also exhibits an excellent performance in the
catalysis of 4-iodoanisole with a conversion of 99% within 12 h
by the Pd catalyst with 0.75 mol %. For 1,3,5-tribromobenzene,
the yield of 1,3,5-triphenylbenzene can be 84% at room
temperature within 24 h, with 1% 1,3-dibromo-5-phenyl-
benzene and 1% 1-bromo-3,5-diphenylbenzene. In addition,
4-acetylphenylboronic acid and 4-methoxyphenylboronic acid
were found to be relatively less effective substrates, as compared
with the phenylboronic acids coupling with 1-bromo-4-
chlorobenzene, revealing high conversions of 84% and 65%
within 6 h, respectively.

It has been well documented that metal Pd° plays a primary
role in Suzuki—Miyaura cross-coupling reaction.”**”*
Although debate still surrounds the details of leaching-
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Table 1. Results of Suzuki—Miyaura Cross-Coupling
Reactions”

Aryl halid Phenylboronic Product Pd Time Conversion  Yield
alide roduc
v acid mol %) () *%) %)
s woad) 0075 6 92 90
Yl Ve woeld Y )y 0ss 3 >99 9
cw—@—m o~ ) o~ )< 0.075 6 90 89
ol e woed Y X)) 0315 3 >99 97
L) wone—{ ) pH ) 035 6 85 83

P wone— ) 2~ )< 0.75 12 99 96
Q
)<y 0315 24 97 84

v Yo ol HY{)a 0375 6 84 65
v ol L)L 0315 6 65 59

“Reactions were carried out with aryl halide (0.5 mmol), phenyl-
boronic acid (1.0 mmol), K,CO; (1.0 mmol), methanol (6.0 mL) and
a certain amount of the Pd catalysts at room temperature (30 °C)
under atmospheric conditions. The conversions and yields were
determined by gas chromatography mass spectrometry (GC—MS)
analysis using tetradecane as the internal standard.

redeposition mechanism in the catalytic cycle of heterogeneous
catalysts, it is established that an amount of metals can go into
solution as Pd’ atoms from the nanoparticle surface and
catalyze the reaction, returning to the solid support after
completion of the transformation.”” Accordingly, there is a
critical contradiction between leaching and redeposition. On
one hand, several reports have provided detailed evidence to
uncover the important role of leachable Pd’ atoms,
demonstrating that efficient leaching can lead to the superior
catalytic performance.”” On the other hand, the deactivation
possibly owes to the less-controlled redeposition process of
soluble Pd’ atoms on the solid support, which leads to the
aggregated nanoparticles with lower surface and less leachable
Pd° atoms than before.”” Consequently, high catalytic activity is
based on Pd’ atoms with a low stability, high leaching
susceptibility and large exposed surface, which tend to
significant deactivation via vigorous and uncontrollable
leaching-redeposition process. In this work, 3D-dendritic
MSNS supports are employed as a nanoreactor, and the well-
dispersed palladium nanoparticles with small size are
immobilized in the mesopore channels with homogeneous
distribution via an in situ approach. The naked metallic Pd
nanoparticles can be suspended homogeneously in the catalytic
reaction system, which is similar to the form of quasi-solution
due to the colloidal mesoporous support with desired pore
channel accessibility, revealing a superior catalytic performance.
On one hand, although the size of Pd nanoparticles increases a
little bit after several catalytic cycles, they can mainly retain a
high activity and small size, suggesting that the unique
mesostructure of 3D-dendritic MSNSs plays a key role in
preventing Pd nanoparticles from aggregation. The unique
mesostructure of 3D-dendritic MSNS supports is supposed to
be the key role in reconciling the contradiction between
efficient leaching and restrained redeposition of metal catalysts,
because the mesopore channels with short length and large

diameter provide the individual quasi-confined nanospaces with
promoted mass-transport and accessibility of reactants,
achieving the immobilized catalysts with activity and robust
stability at the same time. One the other hand, the
mesostructure of 3D-dendritic MSNSs cannot prevent the Pd
nanoparticles in the same pore channel from aggregation. The
slight sizes, nonuniformity and distributional inhomogeneity of
Pd nanoparticles in the as-made samples can be significantly
enlarged after the cyclic catalysis, and some overgrown Pd
nanoparticles can be observed, resulting in the fast loss of
catalytic activity. Therefore, the homogeneous distribution of
Pd nanoparticles in nanosupports is an important factor to
retain their efficient leaching and restrained redeposition with
small sizes.

H CONCLUSION

In summary, the framework of 3D-dendritic MSNSs have been
demonstrated to be a desired colloidal nanosupport for
catalysis. 3D-dendritic MSNSs have uniform particle size of
~125 nm with excellent monodispersity, center-radial pore
channels with relatively short length of ~60 nm and large
diameter of ~6 nm, and the amino groups can be functionalized
on the inner silica wall surface of the mesopore channels via
postgrafting approach with the well-preserved mesostructure.
The ultradispersed palladium nanoparticles can be immobilized
in amino-MSNSs with homogeneous distribution via an in situ
growth strategy, because of their promoted accessibility of
mesopore channels and mass-transport of reactants. Temper-
ature plays the key role in controlling the sizes and uniformity
of Pd nanoparticles in the in situ growth process, because the
reducibility and coordination ability of amino group can be
influenced with different temperatures. It is revealed that
neither a high nor low reaction temperature is beneficial to
homogeneous nucleation of palladium precursor, whereas the
optimized condition is 30 °C, and Pd nanoparticles with a
uniform small size of ~1.2 nm can be obtained. For Suzuki—
Miyaura cross-coupling reactions, the 3D-dendritic MSNSs-
based nanoreactors exhibit a high activity to various substrates,
including electron-rich or electron-deficient ones. More
importantly, the excellent reusability has been revealed in a
recycling catalytic procedure, suggesting that the unique
mesostructure of 3D-dendritic MSNSs can provide individual
quasi-confined nanospaces to prevent aggregation of Pd
nanoparticles. Thus, the 3D-dendritic MSNSs with the
mesopore channels of short length and large diameter are
supposed to be the desired nanosupports that can optimize
mass-transport of reactants and pore accessibility. Moreover,
they also can be used as supports for some other large-sized
catalysts, especially enzyme molecules, and they would have
more hopeful prospects in catalytic applications.
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