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Abstract

Organo-bridged silsesquioxane titanates for heterogeneous catalytic epoxidation with aqueous hydrogen peroxide were synthesized through the
acid-catalyzed hydrolysis and co-condensation of organotrialkoxysilane monomers and α,ω-bis(trialkoxysilyl) alkane cross-linkers in ethanol–
water solution, with subsequent titanium grafting. These hybrid catalysts show high activity and selectivity in the epoxidation of cyclooctene with
both aqueous hydrogen peroxide and tert-butyl hydroperoxide (TBHP) as oxidants, although they are nonporous. The catalysts can be reused
at least six times with no loss of activity with TBHP as the oxidant and at least four times (although with gradual activity loss) with aqueous
H2O2 as the oxidant. Furthermore, the catalytic activities of these hybrid titanates relate to the nature and the composition of the starting materials
used. The epoxidation activity of the catalysts using aqueous H2O2 as the oxidant seems to increase with increasing carbon length in the starting
organosilane cross-linkers. UV–vis DRS and XPS measurements indicate that tetrahedrally coordinated Ti species are the active centers.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The development of heterogeneous epoxidation catalysts re-
mains of considerable interest and a challenge from the stand-
point of both fundamental chemistry and modern industrial
processes. TiIV, which is not the most effective homogeneous
epoxidation catalyst, forms various efficient and truly het-
erogeneous catalysts [1]. An early and successful example,
Ti(IV)/SiO2, was commercialized by Shell in the 1970s for the
epoxidation of propene with ethylbenzene hydroperoxide [2].
However, the Ti(IV)/SiO2 catalyst, a hydrophobic molecular
sieve, is ineffective for epoxidation with aqueous hydrogen per-
oxide. TS-1, developed by Enichem in the 1980s, shows high
epoxidation activity with aqueous hydrogen peroxide under
very mild conditions [3]. Although some large-pore molecu-
lar sieves, including zeolite β [4], mordenite [5], ZSM-12 [6],
and MCM-22 [7], with isomorphous substitution of part of the
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silicon for titanium, have broadened the possible uses of tita-
nium molecular sieves as (ep)oxidation catalysts, the relatively
small pore size (usually <0.8 nm) of these titanium molecu-
lar sieves restricts their application to the epoxidation of small
organic substrates. Therefore, titanium catalysts with high sta-
bility in the epoxidation with aqueous hydrogen peroxide and
easy accessibility to bulky substrates remain in great demand.

Up to now, some titanium-supported amorphous silicas and
ordered mesoporous silicas have been claimed to have high
epoxidation activity with hydrogen peroxide [8–12]. However,
certain organic solvents, such as acetonitrile, 1-phenylethanol,
and tert-butanol [8–12], co-react in the epoxidation reaction.

Another route is to mimic the hydrophobicity in TS-1. Some
hydrophobic mixed titania–silica oxides containing Si–C bonds
have been prepared by sol–gel methods [13–16] or by sub-
sequent trimethylsilylation of the surface [17,18]. An alterna-
tive approach involves the incorporation of titanium containing
polyhedral oligosilsesquioxane (POSS) units into a hydropho-
bic polymer backbone [19,20]; however, as yet this has not yet
resulted in catalysts with sufficient activity and reusability with
aqueous hydrogen peroxide as the oxidant.
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Chart 1. Synthesis of organo-bridged silsesquioxane titanates.
Incompletely condensed POSS units with silanols can be
used as models to study silica surfaces [21]. Incorporation of
these units into solid materials may render catalyst supports
with molecularly defined metal docking sites. Here we report a
one-pot method to prepare hybrid organosilica supports. After
post-titanium grafting, these catalysts have a high epoxidation
activity and good reusability using aqueous hydrogen perox-
ide as the oxidant without the assistance of an organic solvent
(Chart 1).

2. Experimental

2.1. Catalyst synthesis

Bis(trialkoxysilyl) alkane or a mixture of alkyltrimethoxysi-
lane and such a dimeric organosilane, containing 20 mmol Si,
was added to a solution of 20 ml of 37% HCl and 40 mL
of ethanol, and the mixture was refluxed for 6 h. Then the
solid was recovered by filtration, washed in water and ethanol,
and dried at room temperature. The bridged organosilane was
selected from 1,2-(trimethoxysilyl)ethane (BTME), 1,6-(tri-
methoxysilyl)hexane (BTMH), and 1,8-(triethoxysilyl)octane
(BTEO), and the alkyltrimethoxysilane was selected from iso-
butyl trimethoxysilane (iBTMS) and iso-octyl trimethoxysilane
(iOTMS). All silanes were used as received from Gelest.

A 0.5-g sample of each of the aforementioned hybrid solids
was reacted with 0.1 g Ti(OiPr)4 in 50 ml of hexane at reflux
temperature for 8 h under argon. The titanium catalyst was re-
covered by filtration, washed in hexane and ethanol, and dried
at room temperature.

2.2. Characterization

Nitrogen sorption was measured on a Tristar 3000 Mi-
cromeritics apparatus that allowed the analysis of up to three
solids at one time. Before measurements, the samples were pre-
treated at 423 K under a nitrogen flow for 2 h.

X-ray photo-electron spectroscopy (XPS) was conducted
with a VG Escalab 200 using a standard aluminum anode
(AlKα 1486.3 eV) operating at 510 W. Spectra were recorded
at room temperature at normal emission at background pressure
of 5 × 10−10 mbar. All binding energies were referenced to the
Si 2p peak at 103.3 eV.

UV–vis spectra were recorded on a Shimadzu UV-2401 PC
spectrometer in diffuse–reflectance mode with a 60-mm inte-
grating sphere. BaSO4 was used as a reference sample.

The solid-state NMR experiments were performed on a
Bruker DMX500 spectrometer operating at 500.13 MHz for
1H and 99.36 MHz for 29Si. A magic-angle spinning (MAS)
probe head equipped with a 4-mm rotor spinning at 12.5 kHz
was used. Quantitative 29Si MAS spectra were obtained using
a Hahn decoupling pulse sequence with a 90◦ pulse of 5 µs and
a delay time of 120 s. 1H/29Si cross-polarization experiments
were conducted using a 5-s delay time and a 5-ms contact time.
The number of scans collected for each spectrum varied be-
tween 128 and 1024. The 29Si chemical shifts were referenced
to TMS.

Infrared (IR) spectra were recorded on a Bruker IFS-113v
Fourier Transform IR spectrometer with a DTGS detector at
a resolution of 2 cm−1. Typically, a sample was evacuated in
vacuo (pressure <10−6 mbar) at 423 K for 30 min, and the
spectra were recorded at 423 K and room temperature, respec-
tively.

2.3. Catalyst activity testing

Aqueous H2O2: (1.8 mmol, 35% aqueous solution; Acros),
catalyst (0.06 g), and neat cyclooctene (7.2 mmol) were mixed
together in the reaction vessels (cyclooctene/H2O2 molar ra-
tio = 4:1), with 1,3,5-trimethylbenzene (TMB, Acros, 99%)
added as the internal standard. The epoxidation reaction was
performed at 333 K for 4 h. Samples (0.1 mL) were taken
from the reactors and filtered through syringe filters (0.45 µm);
then the organic top layer was injected into gas chromatogra-
phy (GC) vials containing MeOH (0.9 mL), and analyzed by
GC; additional GC analysis of the water layer showed no traces
of diols.

In epoxidations with TBHP (tert-butyl hydroperoxide) as
the oxidant, cyclooctene (7.2 mmol), TBHP (1.8 mmol, 2.0 M
in isooctane), catalyst (0.06 g), and TMB as an GC internal
standard were transferred into the reaction vessels, with a cy-
clooctene/TBHP molar ratio of 4:1. The reaction was performed
at 333 K for 4 h.

For recycling tests on the hybrid catalysts, before each cycle,
the catalyst was recovered by filtration, washed with methanol
three times, and dried. In the recycling reactions, the weight
ratios of the catalyst, reactant, and oxidant were kept constant.

3. Results

3.1. N2 adsorption–desorption

First, hybrid organosilica supports were synthesized by acid-
catalyzed hydrolysis and co-condensation of bis(trialkoxysilyl)
alkane monomers and trialkoxysilane. Then these hybrid sup-
ports were subjected to grafting titanium isopropoxide with no
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Table 1
The composition and catalytic activity of titanium containing hybrid catalysts

Catalysts Composition
(mmol)

SBET
a

(m2/g)

Ti/Sib Tid

(wt%)
Yieldc,e,f (%)

By H2O2 By TBHP

TA-01Ti 10/iBTMS 5/BTEO 4.6 0.101 2.7 ± 0.1 85.6 87.2
TA-05Ti 5/iBTMS 7.5/BTEO 9.8 0.177 1.4 ± 0.1 75.1 93.2
TA-03Ti 0/iBTMS 10/BTEO 24.9 0.323 0.9 ± 0.1 35.7 90.8
TA-10Ti 10/iBTMS 5/BTMH 0.8 0.184 1.2 ± 0.1 66.5 88.8
TA-08Ti 10/iBTMS 5/BTME 3.7 0.745 0.9 ± 0.1 29.2 83.9

a SBET: surface area.
b Measured by XPS.
c Epoxidation reaction: cyclooctene/oxidant = 4 (mol/mol); 333 K.
d Titanium contents were determined by ICP analysis.
e Measured by GC with internal standard.
f Epoxide selectivity >95% in all cases.

Fig. 1. N2 adsorption–desorption isotherms (left) and αs plots (right) on the hybrid titanium catalysts.
pretreatment under ambient conditions. As shown in Table 1,
all of the catalysts had small surface areas. Fig. 1 gives N2
adsorption–desorption isotherms and αs plots; αs is the ratio
of the amount adsorbed (at the given p/p0) to the amount ad-
sorbed at p/p0 = 0.4. All samples demonstrate linear αs plots
over the whole range of p/p0, indicating that they are non-
porous [22].

3.2. Epoxidation activity

The titanium catalysts were tested in the epoxidation of cy-
clooctene using 35% aqueous hydrogen peroxide solution or
TBHP as the oxidant. As shown in Table 1, all titanium cata-
lysts gave a high epoxide yield using TBHP as the oxidant, even
though these hybrid titanium-containing catalysts were all non-
porous. But they behaved quite differently when using aqueous
hydrogen peroxide solution as the oxidant. With the incorpo-
ration of monosubstituted organosilane, iBTMS, the catalytic
activity improved distinctly. Furthermore, the catalyst synthe-
sized from iBTMS and BTEO with the longest carbon bridge
showed the best catalytic activity.

3.3. XPS and UV–vis measurement

XPS and UV–vis were used to characterize the nature of the
Ti species. As shown in Fig. 2, all samples except TA-08Ti had
tetrahedrally coordinated Ti species with a Ti 2p3/2 peak sit-
uated at high binding energy (460 eV), whereas the TA-08Ti
sample exhibited another contribution at lower binding energy
(about 458 eV), which is the fingerprint of octahedrally coordi-
nated Ti(IV) [17,23].

Moreover, diffuse reflectance UV–vis spectra demonstrated
that these titanium catalysts had several overlapping absorp-
tion bands at 200–300 nm, as shown in Fig. 3. These broad
absorptions are similar to those of amorphous silica-supported
titanium catalysts, but quite different from the single peak at
210 nm for TS-1 [8].

The bands at 200–230, 260–290, and 330 nm give evidence
of isolated framework Ti, octahedrally coordinated Ti species
with low dispersion, and anatase Ti(IV) particles, respectively
[24]. Moreover, the absorption bands at around 280, 220 and
200 nm can be assigned to the monofunctional, bifunctional,
and multifunctional bonding of titanium atoms through –O–Si–
O– bridges with the silica matrix, respectively [25]. Combined
with XPS data, the band at around 260–280 nm in Fig. 3 can
be assigned to tetrahedrally coordinated titanium species with
less attachment to the silica support through Ti–O–Si linkages.
Most samples demonstrated no absorption at 330 nm, indicat-
ing the absence of TiOx clusters. As shown in Fig. 3B, TA-08Ti
showed the broadest absorption, with a small component at
around 330 nm attributed to TiOx aggregates with octahedral
coordination. This is in harmony with the XPS data.
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Fig. 2. XPS spectra for the samples: (a) TA-01Ti, (b) TA-05Ti, (c) TA-03Ti, (d) TA-10Ti, and (e) TA-08Ti.

(A) (B)

Fig. 3. UV-DR spectra of the samples with different compositions: (a) TA-01Ti, (b) TA-05Ti, (c) TA-03Ti, (d) TA-10Ti, and (e) TA-08Ti.

Fig. 4. The 1H/29Si CP/MAS NMR spectra of the samples.
3.4. NMR measurements

Quantitative measurements of 29Si MAS NMR were used
to characterize these supports and titanium catalysts, wherein
T0, T1, T2, and T3 represent the number of siloxane bonds to
a silicon atom. As shown in Table 1, the titanium catalysts ex-
hibited better epoxidation activity using aqueous H2O2 as an
oxidant with an increasing amount of iBTMS. However, the
T2/T3 ratios for TA-01A and TA-03A before titanium grafting
were almost the same (about 0.89). Two corresponding tita-
nium catalysts exhibited distinct differences in the epoxidation
with aqueous H2O2, indicating no direct correlation between
the amount of silanol in the support and the amount of Ti grafted
onto the catalysts.

Interestingly, the T2 peak (δSi = −57.9) split into two peaks
(δSi = −57.1 and −60.0) in the 1H/29Si CP/MAS spectra
of TA-01A and TA-05A with the incorporation of iBTMS,
as shown in Fig. 4. However, TA-03A, composed of BTEO,
showed only one peak of T2 species, (δSi = −57.9), in accor-
dance with previously reported findings [26,27].
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If the different aliphatic groups caused the splitting of the
T2 peak, then the T3 peak attached to the same organic groups
should exhibit similar splitting. Moreover, because –CH2–Si≡
groups dominate in both BTEO and iBTMS compounds, the
difference in the chemical shifts due to two aliphatic precur-
sor compounds should be not so distinct [27]. Periodic meso-
porous organosilicas synthesized by the hydrolysis and co-
condensation of bis(triethoxysilyl)ethane and other organosi-
lanes with different functional groups, including amino, vinyl,
ethyl, glycidoxypropyl, and cyanopropyl units, showed no split-
ting of the T2 peak [28]. Thus different organic groups cannot
cause the splitting of the T2 peak. Furthermore, substitution
of OR′ for OH (hydrolysis) leads to a chemical shift between
0.4 and 0.8 ppm [29]; however, this splitting is 2.9 ppm, much
larger than the shift caused by hydrolysis. This splitting most
likely can be attributed to different silanol environments with
certain organosilica structures, such as linear, cyclic, and caged
structures.

In the case of the trialkoxysilane gels, the bands of T2 sil-
icons in the −57 to −61 ppm region can be interpreted by
the existence of different diastereoisomers of an incompletely
condensed octameric Si8(OH)2, whereas the sharp band at
−60.2 ppm can be assigned to heptameric tri-silanol Si7(OH)3
[30,31]. Furthermore, the T2 peak could move to a minus larger
chemical shift after a longer condensation process, demonstrat-
ing an increase in the sterical hindrance around the silicon atom
due to the growth of oligomers [32]. These two explanations do
not contradict each other. Thus, the T2 peak (δSi = −60.0 ppm)
here might be related to silanols situated in a close manner, sim-
ilar to tetra-silanols and tri-silanols in POSS units.

3.5. IR spectroscopy

The presence of tetra-silanols and tri-silanols is supported by
the IR spectra measured under vacuum. Before titanium graft-
ing, a vibration of intramolecular mono-hydrogen bond center-
ing at 3440 cm−1 overlapped some small vibrations from 3080
to 3650 cm−1 (Fig. 5). There was no obvious difference be-
tween TA-01A and TA-03A. After titanium grafting, a shoulder
appeared (but at a different wavenumber) in the spectra of both

Fig. 5. The infrared spectra of samples: (a) TA-01A, (b) TA-03A before ti-
tanium grafting collected at room temperature, (c) TA-01Ti and (d) TA-03Ti
after titanium grafting collected at 423 K.
titanium catalysts collected at room temperature (not shown).
But these vibration bands at lower wavenumber were distinct
in the spectra collected at 423 K. The signal of TA-01Ti was
at ∼3180 cm−1, and that of TA-03Ti was at ∼3271 cm−1. The
former may correspond to the vibration of vicinal tri-silanol or
tetra-silanol; the latter, to that of di-silanol [21]. Therefore, the
surface properties of these two samples are quite different.

4. Discussion

All of the hybrid titanium catalysts discussed here are non-
porous. Nonporous xerogels can be synthesized from bis(tri-
alkoxysilyl) monomers containing longer alkylene bridges due
to the microphase separation of the long aliphatic C8 groups and
the framework of siloxane [26]. Interestingly, the titanium cata-
lysts synthesized from BTME and BTMH with shorter alkylene
bridges also are nonporous, probably due to the incorporation
of iBTMS.

The XPS and UV–vis diffuse reflectance spectra demon-
strated that all of the titanium catalysts except TA-08Ti have
only tetrahedrally coordinated Ti species. All of these catalysts
gave a high epoxide yield using TBHP as the oxidant. This con-
firms that tetrahedrally coordinated Ti species are the active
centers in the epoxidation reaction for all of these hybrid ti-
tanium catalysts. However, the content of the surface Ti species
had no direct correlation with catalytic activity. Even the tita-
nium catalysts with high surface species content exhibited low
epoxidation activity with H2O2 as the oxidant, as shown in Ta-
ble 1. Apparently, tetrahedrally coordinated Ti with a unique
environment is required.

The different catalytic activities demonstrated when H2O2
was used as an oxidant may be related to the nature and
composition of the catalyst preparation starting materials. As
shown in Table 1, the epoxidation activity of the catalysts in-
creased with increasing length of the alkylene bridge in the
bis(trialkoxysilyl) monomers. The titanium-containing hybrid
catalyst synthesized from BTEO and iBTMS exhibited the
highest epoxide yield: 85.6% based on H2O2. Using BTMH
and BTME instead of BTEO, the yields decreased to 66.5 and
29.2%, respectively. A similar phenomenon occurred with re-
gard to the length of the organic group in the organotrialkoxysi-
lanes. Using iOTMS instead of iBTMS, the epoxide yield for
the catalyst from BTME and iOTMS increased from 29.2 to
57.2% with H2O2. Apparently, the epoxidation activity of the
hybrid catalysts has a direct correlation to the length of organic
groups, that is, the hydrophobicity.

But hydrophobicity alone is not the ultimate solution to
the epoxidation with aqueous hydrogen peroxide. It has been
shown that the titanium centers embedded in highly hydropho-
bic polystyrene backbone undergo some leaching. These tita-
nium catalysts could not be reused in a second run with H2O2 as
the oxidant [20]. In contrast, the catalyst TA-01Ti could be re-
covered by filtration and reused at least six times with no loss of
epoxide yield, which remained around 87.2% based on TBHP.
When using aqueous H2O2 as the oxidant, the epoxide yield
for TA-01Ti decreased only gradually, from 85.6 to 78.3% and
finally to 68.7%, corresponding to the first, second, and third
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runs of the epoxidation with H2O2 as the oxidant. XPS data
confirmed the titanium loss during epoxidation with aqueous
H2O2.

NMR and IR results indicated the presence of tri-silanols
or tetra-silanols. More tri-silanols or tetra-silanols in the vic-
inal situation may favor the stable grafting of guest species
through the reaction of titanium centers with two or three at-
tachments through –O–Si–O– bridges with silica matrix, which
may inhibit, although not prevent, leaching. Combined with the
hydrophobicity of microseparated aliphatic domains, increasing
the number of attachments between titanium centers and hybrid
supports improves the reusability of the catalysts against the ti-
tanium leaching.

For the materials discussed here, the hydrophobic domains
in our nonporous materials due to the microphase separation of
the long aliphatic groups and the framework of siloxane could
solubilize the organic substrate molecules, similar to the hy-
drophobic cores in amphiphilic micelles, making epoxidation
possible. Meanwhile, these hydrophobic domains could prevent
water molecules from accessing Ti centers, thus inhibiting or
decreasing titanium leaching.

5. Conclusion

We have synthesized hybrid titanium–silica catalysts with
high epoxidation activity by a sol–gel process and a subsequent
titanium-grafting step. These hybrid catalysts can be reused at
least four times, although with decreasing activity, after reac-
tion with aqueous hydrogen peroxide and at least six times
using TBHP as the oxidant. Furthermore, the surface proper-
ties of these hybrid supports can be fine-tuned by the choice
of solvent and the nature and the composition of the starting
materials. This method provides a one-pot route to generate a
POSS-like structure in hybrid silicas.
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