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Abstract

Well-dispersed palladium nanoparticles in mesoporous SBA-15 SiO, were prepared in a facile one-step approach during sol-gel route under
reductive atmosphere. X-ray diffraction (XRD) results indicate that as-synthesized nanocomposites basically remain ordered two-dimensional
hexagonal mesostructure while transmission electron microscopy (TEM) study exhibits a well dispersion of palladium nanoparticles within the
mesoporous SBA-15 channels. The size of Pd nanoparticles is approximately in the range of 5-10 nm. However, the resulting nanocomposites
exhibit a highly catalytic activity and reused ability at least after five recycles without ligand in air for both the Suzuki and Heck coupling reactions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metal nanoparticles exhibit unique properties on optical,
electronic and chemical behavior which is quite different from
bulk metal materials due to quantum size effect, surface effect
and others effects [1-3]. Transition metal nanoparticles as good
catalysts for organic synthesis have attracted much attention
over the past decade [4—7]. But the liquid suspensions of metal
nanoparticles in catalysis will bring some problems such as in
recycle and the separation of the catalyst from reaction system.
Thus, some work focused on immobilizing metal nanoparticles
on suitable support materials. Actually, many immobilization
methods and support materials have been reported in litera-
ture [8—11]. However, inorganic solids such as charcoal, silica,
Al O3, TiO; or MgO are widely exploited to carry some metal
nanoparticles.

Palladium as catalyst plays an important role in organic
synthesis [12—17]. Zero valence palladium exhibits good cat-
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alytic activity in C—C bond formation [18-20]. But there is
an obvious problem for the recycle of palladium in large-scale
application. Thus, it is necessary to develop new-type heteroge-
neous catalysts which can be recovered from the reaction system
readily and recycled usage. Since mesoporous silicates possess
lager surface area, uniform pore structure and inert environ-
ment for immobilization of transition metal nanoparticles [21],
it has become an excellent carrier for many functional materi-
als. For example, Pd nanoparticles as catalyst were introduced
in mesoporous silica [22-29] via ion exchange, wetness impreg-
nation, chemical vapor infiltration, in situ reduction and so on.
Definitely, palladium composites showed relatively high cat-
alytic activity in the Suzuki-, Heck-, Sonogashira-, still-coupling
reaction [30—41]; hydrogenation reaction [42-43] and oxida-
tion reaction [44]. Traditional method such as ion exchange
or wetness impregnation have the disadvantages of distribution
unevenly or low supporting content for palladium nanoparticles
[29]. Mehert et al. reported that mesoporous SiO, with highly
dispersed Pd was made by chemical vapor infiltration and used
for Heck coupling reaction with good catalytic activity [34].
However, synthesis of such a material needs complicated equip-
ment and the suitable precursors are limited in terms of high
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volatility and thermal stability. Li et al. studied the mesoporous
SBA-15 with high dispersion of Pd nanoparticles in the form of
an ultra-thin colloid layer through in situ reduction method and
the resultant composites exhibit excellent catalytic activity for
activated aryl bromides with olefin in Heck carbon—carbon cou-
pling reactions in air [35]. Papp et al. reported that PA/MCM-41
were generated via simultaneous self-assembly of mesoporous
MCM-41 silica and palladium nanoparticles generation and used
for Heck coupling reaction with good catalytic activity and recy-
cle ability. But the preparation procedure cannot control the
size of Pd nanoparticles readily [33]. Hampsey et al. reported
that mesoporous silica particles with palladium nanoparticles
incorporated into the pore frame work have been synthesized
using an aerosol-assisted self assembly process and used in the
hydrodechlorination reaction of 1,2-dichloroethane [30].

Herein, we present a facile one-step method to prepare palla-
dium nanoparticles/SBA-15 through sol-gel reaction. SBA-15
Si0O; has pore size in the range of 5-10 nm, large specific surface
area and highly ordered pore structure [45]. The loading amount
of palladium nanoparticles in SBA-15 was adjusted via differ-
ent amount of palladium salts. Finally, the catalytic activity and
recycling ability of nanocomposites was studied in the Suzuki
and Heck coupling reactions.

2. Experimental
2.1. One-step synthesis on Pd/SBA-15 nanocomposites

A typical preparation of Pd/ SBA-15 nanocomposites was
described in the following. For example, 1.5 g of triblock copoly-
mer Pluronic P123 was dissolved in a solution of 11.5 mL of
deionized water, 24 g of 2 M HCl and a fixed amount of (0, 0.03,
0.1,0.2,0.4 g) PACl; at 35 °C under stirring, then 3.5 g of TEOS
was added into the above solution. The resulting mixture was
stirred moderately under Hy atmosphere at 35 °C for 24 h, and
then aged at 80 °C for 24 h under H, atmosphere without stir-
ring. The polymer template P123 was removed by calcination at
450 °C for 2 h. After filtration and drying, the dark blue powder
samples were available. Then, 0.5 g sample was reduced under
H; atmosphere at 80 °C for 0.5 h. Finally, the grey powder was
obtained.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku
D/MAX-2500 using Cu Ko radiation at 50kV and 250 mA. Typ-
ically, the data of low-angle XRD patterns were collected in the
range of 0.5° <26 < 5° with a step size of 0.02° and a count time
of 1 s per step. The data of wide-angle XRD patterns were col-
lected in the range of 30° <26 < 90° with a step size of 0.02° and
a count time of 0.15s per step. Transmission electron micro-
scope (TEM) images were taken with a JEOL 1011 electron
microscope with an accelerating voltage of 100kV. The sam-
ples were prepared by dispersing the powder samples directly
on copper grids. Nitrogen adsorption—desorption isotherms at
77 K for mesoporous samples were obtained using a micromerit-
ics ASAP 2010. The specific surface area is calculated by the

Brunauer-Emmett—Teller (BET) method while the pore size is
obtained from the Barrett—Joyner—Halenda (BJH) model.

2.3. Catalytic reactions

A typical experiment for the Suzuki coupling reac-
tion was carried out in a 50mL round-bottomed flask
with 20mL of EtOH/H,O (v/v=1:3) cosolvent using
2.0 mmol p-bromoacephone, 2.5 mmol of phenylboronic acid,
6.0 mmol of K;CO3 in the presence of 5.7wt% Pd/SBA-15
(Pd:bromoacephone = 1:200 in molar ratio). After stirring at
85 °C for 5 h, the mixture was extracted with ethyl ether and then
filtrated for recovering of catalyst. Yield was determined by gas
chromatograph (GC) and 'H NMR analyses. The catalysts were
filtered and washed with 10 mL of dichloromethane and 10 mL
of ethanol three times, respectively, and dried for next run.

A typical experiment for the Heck coupling reaction was
performed in a round-bottomed flask with 10 mmol iodoben-
zene, 12 mmol methyl acrylate, 15 mmol triethylamine, 7.4 mg
as-prepared Pd/SBA-15 (5.7 wt%) (Pd:iodobenzene = 1:1000 in
molar ratio) and 20 mL NMP. After refluxing at 140 °C for 1 h,
the mixture was filtrated for recovering of catalyst. The products
were analyzed by the gas chromatograph and 'H NMR. The
recovering catalyst was washed with 10 mL of dichloromethane
and 10 mL of ethanol three times, respectively, and dried for
next run.

3. Results and discussion
3.1. Structure and morphology

Structure and morphology are studied by X-ray diffraction
and transmission electron microscopy. Fig. la presents the
low-angle XRD patterns for Pd/SBA-15 nanocomposites with
different Pd loading. Almost all samples exhibit one intense
peak at 0.86-0.98° along with two weak peaks at 1.5-1.66° and
1.74-1.9°, which correspond to 1 00, 1 1 0 and 2 0 0 reflections,
respectively. Fig. 1b shows clear details for 110, 200 reflec-
tions. The pure SBA-15 shows a diffraction peak at a 26 of
0.86° which corresponds to its d-spacing of 10.3 nm. Increasing
the Pd loading leads to a decrease in d-spacing of 100 plane
to 9.8, 9.0, 9.0 and 9.0 nm corresponding to 1.5, 5.7, 11.6 and
19.7 wt% of Pd nanoparticle samples. Fig. 2 is a TEM image of
the Pd/SBA-15 nanocomposite recorded along (1 00) and (1 1 0)
reflection. Combined XRD data with TEM images in Fig. 2,
we confirmed the composites with two-dimensional hexagonal
structure (P6mm).

Fig. 3 shows the wide-angle XRD patterns of Pd/SBA-15
nanocomposites. The typical palladium fcc crystalline structures
can be found while the peak intensity increases with the Pd
loading. According to Scherrer equation, we calculate the aver-
age Pd particles size to be approximately 10nm from (11 1)
plane. The average Pd particles size in Fig. 2 that we measured
is 7.6 £ 1.4nm for 5.7wt% Pd/SBA-15 and 9.5+ 1.6 nm for
11.6 wt% Pd/SBA-15 nanocomposites. The palladium nanopar-
ticles were confined in the hexagonal channels of SBA-15.
The uniform dispersion of Pd nanoparticles is due to homoge-
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Fig. 1. Low-angle X-ray diffraction patterns for Pd/SBA-15 nanocomposites (a)
and the local magnification of low-angle X-ray diffraction patterns for Pd/SBA-
15 (b).

neous distribution of palladium salts into silica precursors. Fig. 4
exhibits the XRD patterns of samples with and without template.
Definitely, the calcination results in formation of Pd and partial
PdO nanoparticles. The content of palladium in the samples is
testified finally by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) elemental analysis.

The nitrogen adsorption—desorption isotherms at 77 K for
samples are shown in Fig. 5a and the corresponding pore
size distribution curves can be seen in Fig. 5b. These meso-
porous materials exhibit a narrow pore size distribution. The
Brunauer—-Emmett—Teller surface area for Pd/SBA-15 nanocom-
posites decreases from 679 to 615, 521, 517 m2/g with different
palladium loading meanwhile the pore size decreases from
583 to 55.1A (see Table 1). Definitely, the pore volume also
decreases from 0.72 to 0.48 for 1.5wt% Pd and 19.7 wt% Pd
samples. The above results are due to Pd loading in pore channels
as shown in Fig. 2.

3.2. Catalytic application

3.2.1. Suzuki coupling reaction

Firstly, Suzuki coupling reaction is applied to test catalytic
effect. Suzuki coupling reaction between a series of aryl bro-
mides and aryl boronic acids was performed with both activated

(@)

50nm
|

Fig. 2. TEM images for nanocomposites with different Pd loading: (a) 5.7 wt%
and (b) 11.6 wt%.

Table 1
BET results

Pd loading (wt%)

1.5 5.7 11.6 19.7
Surface area (m?/g)? 679 615 521 517
Pore volume (cm?/g)® 0.72 0.69 0.50 0.48
Average pore size (A)° 58.3 57.9 56.9 55.1

2 BET surface area.
b Single-point pore volume.
¢ BJH average pore diameter.
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Fig. 3. XRD patterns for PdA/SBA-15 nanocomposites, the Pd loading as indi-
cated.

and deactivated aryl bromides and they show a good yield of
80-99% as listed in Table 2. Deactivated aryl bromides have
lower yield of 80-85% for entries 3—4 than activated aryl bro-
mides for entries 1-2 with yield of 95-99% under the same
conditions. So the reaction time needs to be prolonged for entries
3 and 4.

To determine the efficacy of palladium nanocomposites, we
then investigated their recycle. However, the Suzuki coupling of
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Fig. 4. XRD patterns of 5.7 wt% nanocomposites before (a) and after (b) calci-
nations; *, corresponding to PdO; O, corresponding to Pd.
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Figure 5. (a) Nitrogen adsorption—desorption isotherms for Pd/SBA-15
nanocomposites with different palladium loading and (b) corresponding pore
size distribution by BJH model.

Table 2
Catalytic data for Suzuki coupling reactions

Entry ArBr t (h) Pd (mol%) Isolated yield (%) TON
1 R=CH3CO 5 0.2 99 495
2 R=NO; 5 0.2 93 465
3 R=CH30 10 0.2 85 425
4 R=H 10 0.2 88 440

p-bromoacephone and phenylboronic acid exhibits high yield at
least up to 95% until fifth recycling usage as shown in Table 3.

3.2.2. Heck coupling reaction

The second reaction system is the Heck reaction. Definitely,
Heck reaction is widely used in C—C coupling. Coupling of aryl
halide with olefin was carried out under optimal conditions. As
listed in Table 4, coupling of aryl iodides with olefin give rela-
tively high turn over numbers (TON) of 2000-2500 for entries

Table 3

Recycling test for Suzuki coupling reactions

Run 1 2 3 4 5
React time (h) 4 4 4 4 4
Yield (%) 99 99 95 99 98
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Table 4
Reaction conditions and catalytic effect for the Heck coupling reactions
Entry R X Vinyl substrate Pd (mol%) T(°C) t (h) Conversion (%) (selection (%)) TON
1 H 1 Methyl acrylate 0.04 140 1 99 2500
2 H 1 Styrene 0.04 140 3 99 (trans:cis =84:16) 2100
3 CH3 I Methyl acrylate 0.04 140 3 99 2500
4 CHj3 1 Styrene 0.04 140 10 95 (trans:cis =88:12) 2000
5 CH3CO Br Methyl acrylate 0.2 140 4 95 480
6 CH3CO Br Styrene 0.2 140 8 90 450
Table 5 [3] M.-C. Daniel, D. Astruc, Chem. Rev. 104 (2004) 293-346.
Recycling test for Heck coupling reactions [4] J. Schulz, A. Roucoux, H. Patin, Chem. Rev. 102 (2002) 3757-3778.

[5] D. Astruc, F. Lu, J.R. Aranzaes, Angew. Chem. Int. Ed. 44 (2005)
R 1 2 4

- X > 6 7852-7872.

React time (h) 1 1 1 1 1 1 [6] F. Raimondi, G.G. Scherer, R. Kotz, A. Wokaun, Angew. Chem. Int. Ed.
Yield (%) 99 98 99 95 90 70 44 (2005) 2190-2209.

1-4. The coupling reaction gives only trans-isomer for methyl
acrylate for entries 1, 3 and 5. The coupling reaction for styrene
gives trans:cis=84:16 with iodobenzene and trans:cis=88:12
with p-iodotoluene. The coupling reaction for styrene with p-
bromoacephone gives only trans-isomer. The coupling reaction
for activated aryl bromides can be fulfilled with relatively high
amount Pd nanocomposites for entries 5 and 6. As shown in
Table 5, this Heck coupling of iodobenzene and methyl acrylate
exhibits high yield at least up to 90% until fifth recycling usage.
But the yield drops to 70% in the sixth recycling which possibly
comes from a leakage of palladium nanoparticles from SBA-15
channels.

4. Conclusions

A facile one-step method has been developed to synthesize
the palladium nanoparticles in highly ordered mesoporous chan-
nels of SBA-15 SiO5. The loading amount of palladium can be
controlled readily. TEM images indicate the palladium nanopar-
ticles with relatively narrow size distribution dispersed into the
hexagonal pore channels homogeneously. The Pd loading results
in the decrease of surface area, pore volume and average pore
size. The resulting Pd/SBA-15 nanocomposites exhibit a high
catalytic activity and better recycling effect at least for fifth
recycle for both the Suzuki and Heck coupling reactions.
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