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Abstract
The controlled calcination of Pd complexes bearing a silsesquioxane-amine ligand (c-C5H9)7Si7O10{OSi(Me2)CH2CH2CH2NH2} (1), at 823 K

in air stream for 4 h afforded porous silicas of high surface areas and uniformly controlled micropores of ca. 0.6 nm diameter encapsulating

monodispersed palladium oxide nanoparticles. The calcination after the impregnation of palladium complexes bearing 1 onto titanium oxide

afforded oxides with both meso- and micropores. These catalysts showed excellent catalytic activities towards the aerobic oxidation of benzyl

alcohol, especially even in water (benzaldehyde yield up to 87% in air at 353 K for 24 h with 0.10 mol% Pd).

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The selective oxidation of small organic molecules, such as

alcohols with air is of significance from both the academic and

industrial viewpoints, and a number of heterogeneous catalysts

have been developed for several decades [1–3]. Recently,

excellent catalytic activities of palladium cations or clusters

supported on TiO2, hydrotalcite, hydroxyapatite, polymer, and

active carbon for the oxidation of benzylic and/or allylic

alcohols to the corresponding aldehydes in organic solvents

have been reported [4–19]. While some of these catalysts were

found to show some activities even in water [16,19], the

development of novel types of catalyst with higher efficiency

for reactions in water, an economical, safe, and environmen-

tally benign solvent, is greatly desired [20].

On the other hand, polyhedral oligosilsesquioxanes have

attracted attention mainly from the viewpoint as building

blocks of novel inorganic–organic hybrid materials or soluble

model compounds of siliceous solid catalysts [21–30]. Several

ligands bearing a silsesquioxane moiety have been also

synthesized and utilized for the preparation of transition metal

complexes [31], or nanoclusters [32–36]. Silsesquioxanes,

especially metal-containing ones, have also been utilized as
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excellent precursors of heterogeneous catalysts [25,37–47].

Note that the present authors have found for the first time that

porous oxides with large surface areas and uniformly controlled

micropores can be prepared by the controlled calcination of

metal-containing oligosilsesquioxanes [37–41].

Against this background, one can expect the preparation of

microporous silica including small particles of a transition

metal species by the controlled calcination of transition metal

complexes bearing silsesquioxane ligands.

Herein, we report the preparation of novel silica catalysts

with controlled micropores encapsulating monodispersed

palladium oxide nanoparticles by the calcination of palladium

complexes bearing a silsesquioxane-amine ligand 1. Further-

more, multi-component oxide catalysts with bimodal pore

structures encapsulating nanoparticles of palladium oxide (1.5–

3.0 nm) were prepared by combination with titanium oxide

followed by the calcination. The excellent activities and

selectivity of these catalysts, especially titanium oxide-

supported ones, towards the aerobic oxidation of benzyl

alcohol in water media are presented.

2. Experimental

2.1. Materials or methods

All manipulations for the preparation of silsesquioxane

ligands and complexes were performed under an argon
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Scheme 1.
atmosphere using standard Schlenk techniques. All solvents

were distilled under argon over appropriate drying reagents

[48]. Silsesquioxane trisilanol ((c-C5H9)7Si7O9(OH)3,

Aldrich), aminopropyldimethylethoxysilane (Aldrich), and

Pd(OAc)2 (Nacarai Tesque) were obtained commercially and

used without further purification. Titanium oxide (Nihon

Aerosil P-25) was used after the evacuation at 413 K for 16 h.

The preparation method of a silsesquioxame-amine ligand 1 has

been described elsewhere [49] (Scheme 1).

2.2. Physical and analytical measurements

IR spectra were recorded using a Nicolet Impact 410 FT-IR

spectrometer. The oxide catalysts were analyzed by nitrogen

gas adsorption, X-ray diffraction (XRD), FTIR, X-ray

photoelectron spectra (XPS), TEM, SEM, and so on. Nitrogen

adsorption/desorption isotherms were obtained with a Quanta-

chrome Autosorb 1-MP, a computer-controlled automatic gas

sorption system. Samples were degassed at 573 K for 2 h just

before the measurements. XRD study was performed using a

Shimadzu XD-D1 with Ka1,2-emission of copper in the range

58 < 2u < 708. XPS of the catalysts were acquired using an

ULVAC-PHI 5500MT system equipped with a hemispherical

energy analyzer. Samples were mounted on indium foil and

then transferred to an XPS analyzer chamber. The residual gas

pressure in the chamber during data acquisition was less than

1 � 10�8 Torr (1 Torr = 133.3 N m�2). The spectra were

measured at room temperature using Mg Ka1,2 radiation

(15 kV, 400 W). The electron take-off angle was set at 458.
Binding energies were referenced to C1s level of residual

graphitic carbon [50]. Sputtering was performed by Xe+ ion

beam generated at 3.0 kV. The TEM observation was

performed using a Hitachi H-9000 transmission electron

microscope (300 kV). The apparent shape and size of the

oxide particles were observed using a Hitachi S-2500 CX

scanning electron microscope (SEM). The oxidation products

were analyzed by GC-MS (Shimadzu QP 5000, CBP10-S25-

050 capillary column, i.d. 0.33 mm, length 25 m, o.d. 0.43 mm

at 323–473 K) and gas chromatography (Shimadzu GC14BPF,

CBP10-S25-050 capillary column, i.d. 0.33 mm, length 25 m,

o.d. 0.43 mm at 323–473 K). The ICP atomic emission
spectroscopic analysis was performed by using a Seiko

Instruments SPS 3100 analyzer.

2.3. Preparation of Pd2+-1(2)-823

Palladium(II) acetate (0.20 mmol) and 1 (0.40 mmol) were

stirred in toluene (20 cm3) overnight at room temperature

under argon to afford a clear yellow solution including Pd

complexes. After evaporation of the solvent, 0.50 g of the

resulting yellow powder was calcined in a stream of dried,

CO2-free air (W/F = 2.0 g h mol�1) by using a fixed-bed flow

type quartz reactor (i.d. 8.0 mm) under atmospheric pressure.

Temperature was raised by 10 K min�1 from 423 to 823 K, and

held for 4 h. The calcined catalyst was carefully recovered with

minimal contact with air and moisture, and stored under

an argon atmosphere. TEM and SEM analyses showed that

Pd2+-1(2)-823 consists of large cube-like particles (ca.

10 mm � 10 mm � 10 mm). The XRD pattern shows no

distinct peaks for a crystalline silica or palladium species,

indicating its amorphous nature.

2.4. Preparation of TiO2-supported oxide catalysts

A clear, yellow toluene solution (20 cm3) including

palladium complexes (Pd 0.20 mmol, 1 0.40 mmol) was added

to titanium oxide (0.50 g, vacuum-dried at 413 K for 16 h) and

stirred vigorously at room temperature for 24 h. For Pd2+-1(5)-

TiO2-823, the amount of Pd(OAc)2 was reduced to 0.080 mmol.

After removal of the volatiles, the resulting solid was calcined

in air (W/F = 2.0 g h mol�1) at 823 K for 4 h (see above).

2.5. Typical procedure for the aerobic oxidation of benzyl

alcohol

Under air (open), a prescribed amount of the catalyst (0.10

or 0.40 mol% as Pd) and a toluene solution of benzyl alcohol

(3.0 cm3) were added to a 10 cm3 Schlenk tube equipped

with a Teflon-coated stirring bar. The mixture was stirred at

353 K for 24 h with the use of a hot magnetic stirrer

equipped with stainless steel cooling blocks. The products

were analyzed by GC (internal standard: naphthalene) and

GC-MS.

3. Results and discussion

3.1. Preparation of microporous siliceous oxides from

silsesquioxane–Pd complexes

Treatment of palladium acetate with two equivalents of a

silsesquioxane ligand 1 in toluene for 24 h at room temperature

afforded a clear yellow solution. After evaporation of the

solvent, yellow powder was obtained. Although complete

separation and identification of the products have not been

achieved yet, shift of the IR bands of the C O stretching of

acetate ligands to higher wavenumbers by 5 cm�1 suggests the

formation of a mixture of complexes including Pd(OAc)2

(ligand)2—type one [51].
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Table 1

BET surface areas of the catalysts and titanium oxide

Catalyst Surface area (m2 g�1)

Pd2+-1(2)-823 433

Pd2+-1(2)-TiO2-823 188

Pd2+-1(5)-TiO2-823 279

TiO2-823 47

Fig. 2. TEM photograph of Pd2+-1(2)-823.
The controlled calcination of the mixture of palladium

complexes bearing 1 at 823 K in a stream of air for 4 h produced

amorphous microporous siliceous oxides, hereafter designated

as Pd2+-1(2)-823 (numbers in parentheses show the molar ratio

of 1 to Pd(OAc)2 in the starting mixtures, and the suffix 823

stands for the calcination temperature in K). Table 1 shows the

BET surface area of Pd2+-1(2)-823. This oxide shows the type-I

nitrogen adsorption/desorption isotherm characteristic of truly

microporous materials (Fig. 1) [52]. Pore size distribution

estimated from the nitrogen adsorption isotherms by the Saito–

Foley method [53] shows a peak at around 0.6 nm. Its pore

texture is very close to that of HZSM-5 zeolite.

Fig. 2 shows a TEM photograph of palladium oxide

nanoparticles of Pd2+-1(2)-823, which revealed the formation

of nanoparticles of the palladium species with a narrow size

distribution (5–7 nm) encapsulated in microporous silica.

Remarkably, almost all of the palladium nanoparticles were

covered with a silica layer and were not exposed to the outer

surface.

3.2. Preparation of oxides with bimodal pore structure

from TiO2-supported silsesquioxane–Pd complexes

Preparation of the catalysts having both micro- and

mesopores by the combination with titanium oxides was

examined. The impregnation of vacuum-dried titanium oxide

(P-25) with a prescribed amount of a mixture of palladium

complexes bearing 1 followed by calcination at 823 K for 4 h in

a stream of air yielded three-component porous oxides (further

designated as Pd2+-1(5)-TiO2-823). The BET surface areas of
Fig. 1. Nitrogen adsorption/desorption isotherms of Pd2+-1(2)-823. Open and

filled marks stand for adsorption and desorption data, respectively.
the calcined oxides and titanium oxide are presented in Table 1.

Remarkably, the BET surface areas of calcined supported

catalysts were significantly higher than that of the parent

titanium oxide. Fig. 3 shows nitrogen adsorption/desorption

isotherms of Pd2+-1(5)-TiO2-823, Pd2+-1(2)-TiO2-823, and

titanium oxide. The Pd2+-1(5)-TiO2-823 catalyst adsorbed a

considerable amount of nitrogen at very low relative pressure

compared with titanium oxide, implying the formation of a

microporous structure. Analysis by the Saito–Foley method

also indicates the uniformity of pore size (ca. 0.6 nm). The

supported catalyst has ink bottle-shaped mesopores intercon-

nected by micropores, as indicated by the presence of a wedge-

shaped histerisis (type-H2) [52] in its desorption isotherm. The

isotherms of as Pd2+-1(2)-TiO2-823 also show the presence of

ink bottle-shaped mesopores. Peaks attributable to the crystal-

line Pd species cannot be confirmed by XRD analysis.
Fig. 3. Nitrogen adsorption/desorption isotherms of Pd2+-1(5)-TiO2-823 (cir-

cles), Pd2+-1(2)-TiO2-823 (triangles), and TiO2-823 (squares). Open and filled

marks stand for adsorption and desorption data, respectively.
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Fig. 4. TEM Photographs of Pd2+-1(5)-TiO2-823 (a) before and (b) after the catalytic run (run 8 in Table 3).
Fig. 4a shows a TEM photograph of fresh Pd2+-1(5)-TiO2-

823 catalyst. The formation of an ultrathin layer of amorphous

silica (2–5 nm thickness) over the surface of titanium oxide

crystalline particles is recognized. Palladium oxide nanopar-

ticles of ca. 1.5–3.0 nm in diameter were found to be

encapsulated in the silica layer.

The results of XPS analysis of Pd2+-1(5)-TiO2-823 are

consistent with the coverage of the palladium species and

titanium oxide particles with an ultrathin silica layer. As shown

in Table 2, the surface atomic ratios of Si/Ti and Si/Pd were

very high, but both markedly decreased by the sputtering. The

Pd 3d5/2 peaks appeared at around 336.2 eV, indicating the

presence of Pd2+ species [50]. After the catalytic reaction, the

outermost surface of the palladium oxide nanoparticles was

reduced to Pd0 (Pd 3d5/2 at 335.0 eV). Fig. 5 shows the

proposed structure of the titanium oxide-supported catalysts

based on the observation described above.

Note that the oxide prepared using silsesquioxanes without

amino groups, such as (c-C5H9)7Si7O9(OSiMe3)(OH)2, in place

of the silsesquioxane amine ligand 1 showed significantly low

surface Si/Ti ratios, indicating that the silica layer did not fully

cover the surface of TiO2 support. This implies that

coordinating groups of the silsesquioxane ligands play a
Table 2

XPS analysis of the Pd2+-1(5)- TiO2-823 catalysta

Remarks Sputtering (min) C (%) Si (%) Ti (%)

Before the reaction 0 4.24 24.46 4.47

1 1.31 21.02 10.82

2 0.71 18.44 13.63

3 0.68 16.82 15.73

5 0.69 15.13 17.56

After the reactionb 0 12.93 20.03 5.38

a Surface concentrations are shown as atomic %.
b After run 8 in Table 3.
significant role not only for the formation of nanoparticles of

transition metal species but also for the formation of well-

dispersed thin silica layer, probably because of the significant

interaction of the ligands with the TiO2 surface.

3.3. Catalytic activity of the porous silica-titanium oxide

catalysts encapsulating PdO nanoparticles

The catalytic activities of thus-prepared porous oxides

towards the aerobic oxidation of benzyl alcohol typically in

air at 353 K for 24 h (Eq. (1)) were examined in toluene or water.

Table 3 shows the conversions of benzyl alcohol and yields of

benzaldehyde. In the case with titanium oxide-supported

catalysts a major byproduct was dibenzyl ether, probably formed

at the surface acidic sites of the catalysts. Only the reactions for

longer period than 24 h yielded a trace amount of benzoic acid as

one of byproducts. Although the activity of Pd2+-1(2)-823 was

low in toluene, a higher yield of benzaldehyde was recorded in

water (runs 1–2). The titanium oxide-supported catalysts

exhibited excellent activities. Our preliminary investigation

using several oxide supports, silica, aluminum oxide, titanium

oxide, shows that titanium oxide is the most suitable support and

the most suitable calcination temperature is about 823 K, like
Pd (%) O (%) Si/Ti ratio Si/Pd ratio Pd3d5/2 (eV)

0.19 66.47 5.47 129 336.2

0.23 66.37 1.94 91 336.2

0.23 66.66 1.35 80 336.5

0.24 66.12 1.07 70 336.4

0.25 65.89 0.86 61 336.7

0.16 61.44 3.72 125 335.0
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Fig. 5. Supposed schematic structure of the titanium oxide-supported catalysts.
other oxide catalysts from silsesquioxanes [37–47]. For these

catalysts, as shown in Table 3, the yields of benzaldehyde in

water were not decreased in comparison with those in toluene.

Note that the formation of the byproduct, dibenzyl ether, was

significantly suppressed in water. These catalysts can be reused

without loss of their activities, as shown in run 5. Among the

catalysts examined, Pd2+-1(5)-TiO2-823 selectively gave ben-

zaldehyde in the highest yield of 87% in water (run 8). In toluene

this catalyst yielded much amount of dibenzyl ether. The reaction

with a significantly larger amount of neat benzyl alcohol yielded
(1)
5.07 mmol (18%) of benzaldehyde together with 0.71 mmol

(5.2%) of dibenzyl ether (run 6), resulting in the production of

only slightly higher amount of benzaldehyde than the case of the

reaction in water (4.35 mmol, run 8). Note that there were no
Table 3

Catalytic activities of palladium oxide-containing porous oxide catalystsa

Run Catalyst (mol%[Pd]) Solvent Conversion (%)b Yield (%)b

1 Pd2+-1(2)-823 (0.40) Toluene 6 6

2 Pd2+-1(2)-823 (0.40) Water 36 35

3 Pd2+-1(2)-TiO2-823(0.10) Toluene 100 61

4 Pd2+-1(2)-TiO2-823(0.10) Water 87 61

5 Pd2+-1(2)-TiO2-823 (0.09)c Water 94 59

6 Pd2+-1(5)-TiO2-823(0.10) –d –e 18

7 Pd2+-1(5)-TiO2-823(0.10) Toluene 87 38

8 Pd2+-1(5)-TiO2-823(0.10) Water 87 87

9 Pd2+-TiO2-823(0.10) Toluene 97 67

10 Pd2+-TiO2-823(0.10) Water 34 20

a Reaction conditions: benzyl alcohol 5.0 mmol, solvent 3.0 cm3, 353 K,

under air, 24 h.
b Determined by GLC.
c Reused catalyst.
d Benzyl alcohol 27.6 mmol was used without a solvent.
e Not determined.
significant changes in the surface Si/Pd ratios of the catalysts

before and after the reactions by the XPS analysis (see Table 2).

The comparison of TEM photographs of Pd2+-1(5)-TiO2-823

before (Fig. 4a) and after (Fig. 4b) the catalytic run (run 8 in

Table 3) shows that there are no significant changes in the size

and dispersion of palladium oxide nanoparticles during the

catalytic run. The ICP atomic emission spectroscopy clearly

indicates the absence of leaching of Pd species into the reaction

mixture.

In the case of using the Pd2+-TiO2-823 catalyst prepared

without 1, the yields of benzaldehyde significantly decreased

by changing the solvent from toluene to water (run 10),

implying the crucial effect of the ultrathin microporous silica

layer derived from 1 on the catalyst surface on the catalytic

activity in water media. As one possible reason for their

excellent activities in water, the presence of both nano-sized

highly hydrophilic silica domains and a titanium oxide surface

with higher alcohol affinity [54–56] would promote the access

of both reactant and oxidant towards the catalytically active

palladium species. In addition, the suppression of the dibenzyl

ether formation should be another reason. Note that the TEM

observation shows the formation of large PdO particles

(>5 nm) on the surface of the Pd2+-TiO2-823 catalyst,

indicating that the use of 1 greatly suppress the growth of

PdO particles during the calcination.
While the oxidation of a more bulky alcohol, 2-naphthyl-

methanol, in the presence of Pd2+-TiO2-823 gave the

corresponding aldehyde (yield 12%, in toluene), the reaction

did not proceed with Pd2+-1(5)-TiO2-823 under the identical

conditions, suggesting the size selectivity of the catalysts due to

the microporous thin silica layer on its surface. Further study on

the size selectivity of thin microporous silica layer is now

proceeding.

4. Conclusion

The present study shows the preparation of silicas with

uniformly controlled micropores encapsulating monodispersed

palladium oxide nanoparticles by the controlled calcination of

palladium complexes bearing a silsesquioxane-amine ligand 1.

The calcination after the impregnation of titanium oxide (P-25)

with a palladium species including 1 afforded oxides having

both uniformly controlled micropores and ink bottle-type

mesopores. These catalysts included palladium oxide nano-

particles of 1.5–3.0 nm diameter, which are located on the

surface of titanium oxide crystalline particles and covered by an

ultrathin microporous silica layer. These titanium oxide-

supported catalysts showed excellent catalytic activities



K. Wada et al. / Catalysis Today 117 (2006) 242–247 247
towards the aerobic oxidation of benzyl alcohol in water. The

ultrathin microporous silica layer is responsible for the

enhancement of the catalytic activity in water, the suppression

of the growth of PdO particles during the calcination, and the

induction of the size selectivity of the catalysts.

As shown here, transition metal complexes bearing

silsesquioxane ligands are found to be excellent precursors

of oxide catalysts encapsulating highly dispersed nanoparticles

of transition metal species with well-defined, characteristic

pore structures. Attempts to use these materials as the catalysts

for various organic transformations in the water media and as

the automobile catalysts are now proceeding.
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[29] C. Copéret, M. Chabanas, R.P. Saint-Arroman, J.M. Basset, Angew.

Chem. 115 (2003) 164;
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