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Abstract

The new dimeric complex [(tBuO)2Ti{�-O2Si[OSi(OtBu)3]2}]2 (1), prepared via silanolysis of Ti(OtBu)4 with (HO)2Si[OSi(OtBu)3]2, is
a structural and spectroscopic (NMR, FT-IR, UV–vis, XPS) model for Ti(IV)/SiO2. The molecular complex was used to prepare titanium-
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ontaining silica materials through both the thermolytic molecular precursor method (yielding TiO2·3SiO2) or by grafting1onto mesoporou
BA-15 silica. Grafting1onto SBA-15 yields mostly isolated Ti(IV) sites, as evidenced by DRUV–vis and photoluminescence spectro
he resulting materials were found to be active and highly selective in the epoxidation of cyclohexene, yielding up to 71% of cyc
xide based on oxidant (cumene hydroperoxide) after 2 h at 65◦C in toluene.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since the development of a heterogeneous silica-
upported titanium epoxidation catalyst by Shell in the
970s[1], there has been considerable attention given to
i(IV)/SiO2 catalytic materials. A multitude of Ti(IV)/SiO2
aterials have been studied for the catalytic oxidation of
ydrocarbons—including, but not limited to, TS1 and TS2
titanium-substituted molecular sieves)[2–4], Ti-� (titanium-
ubstituted zeolite)[5,6], and Ti-SBA15 and Ti-MCM41
titanium substituted into or grafted onto mesoporous silica)
7–10]. It is established that the most active and selective
xidation catalysts contain isolated, four-coordinate Ti(IV)
enters accessible on the surface of the silica to the hydrocar-
on substrate[11–13]. Consequently, a substantial amount
f work has focused on the conversion of discrete molecular
recursors to yield homogeneous Ti(IV)/SiO2 materials with
high abundance of isolated, four-coordinate Ti(IV)[14–20].

∗ Corresponding author. Tel.: +1 5106437970; fax: +1 5106428940.
E-mail address:tdtilley@berkeley.edu (T.D. Tilley).

Our previous research on titania–silica focused on
oxygen-rich molecular precursor Ti[OSi(OtBu)3]4 and its
thermolytic conversion to a TiO2·4SiO2 material by the

Ti[OSi(OtBu)3]4
toluene−→
200◦C

TiO2 · 4SiO2 + 12H2C CMe2 + 6H2O (1)

facile elimination of isobutylene and water (Eq.(1)) [21]. The
resulting TiO2·4SiO2 materials have a homogeneous distr
tion of titanium in the silica matrix that appears to result fr
the preformed TiO Si linkages in the molecular precurs
Also, since the thermolytic conversion of Ti[OSi(OtBu)3]4
can be carried out in non-polar media, high surface
TiO2·4SiO2 xerogels (ca. 500 m2 g−1) are produced upo
processing. These xerogels demonstrated moderate to
lent catalytic activities for the epoxidation of cyclohexen
cyclohexene oxide usingtert-butyl hydroperoxide (TBHP
or cumene hydroperoxide (CHP) as oxidants. In add
to amorphous TiO2·4SiO2 xerogels, low weight loadings
Ti[OSi(OtBu)3]4 can be grafted onto a silica surface to g
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.04.032
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single-site titanium that is catalytically active and selective
in the epoxidation of cyclohexene using TBHP or CHP as
oxidants (Eq.(2)) [22,23].

It is of interest to study how the molecular structure of the
precursor complexes affects the catalytic properties of the
resultant materials. One such structural change of interest is
use of a dimeric Ti(IV) source instead of a monomeric source.
This report describes the synthesis of a series of Ti(IV)/SiO2
materials using the new dititanium

(2)

molecular precursor [(tBuO)2Ti{�-O2Si[OSi(OtBu)3]2}]2
(1), and the behavior of these materials as cyclohexene epox-
idation catalysts. The molecular precursor1was also grafted
onto the surface of mesoporous silica (SBA-15) to give iso-
lated Ti(IV) catalytic centers, and the effect of grafting a
dimeric Ti(IV) source was probed.
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isolated at−78◦C (73%). Anal. Calcd for C64H144O24Si6Ti2
(%): C, 49.2; H, 9.23. Found: C, 49.0; H, 9.49. FT-IR (KBr,
cm−1): 2975 vs, 2931 m, 2874 w, 1473 vw, 1389 m, 1345
s, 1241 s, 1193 s, 1068 vs, 1026 s, 974 vs, 832 w, 797 w,
760 vw, 702 w, 648 vw, 616 vw, 558 vw, 506 vw, 481 w,
431 vw.1H NMR (benzene-d6, 25◦C, 400 MHz):δ 1.59 (s,
Si(OtBu)3), 1.55 (s, Ti(OtBu)3). 13C{1H} NMR (benzene-
d6, 25◦C, 100 MHz):δ 84.3 (TiOCMe3), 73.3 (SiOCMe3),
32.9 (TiOCMe3), 32.7 (SiOCMe3). 29Si MAS NMR (25◦C,
99 MHz): � −100 (Si(OtBu)3), −116 (Si(OTi)2).

2.3. Gelation of1 in toluene [TiO2·3SiO2]

A 6.0 mL toluene solution of1 (0.564 g, 0.060 M) was
sealed in a 20 mL Parr reactor in a drybox under a nitro-
gen atmosphere. The reactor was placed in a preheated oven
(180◦C) for 24 h. The wet gel was removed and air-dried
for 1 week to form a xerogel. The xerogel was rinsed with
pentane (2× 5 mL) and toluene (2× 5 mL) and was allowed
to air dry for 1 day. The off-white xerogel was ground into
a fine powder and dried in vacuo for 12 h at 120◦C to
yield 0.174 g of material. Repeated syntheses of TiO2·3SiO2
provided materials with similar carbon and hydrogen con-
tents, and the same surface areas (within experimental
error).
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. Experimental procedures

.1. General procedures

All manipulations were conducted under a nitrogen at
phere using standard Schlenk techniques or in a va
tmospheres drybox, unless otherwise noted. Dry, oxy

ree solvents were used throughout. Benzene-d6 was purified
nd dried by vacuum distillation from sodium/potass
lloy.

Ti(OtBu)4 was purchased from Strem Chemicals, Inc.
istilled prior to use. [(tBuO)3SiO]2Si(OH)2 was prepared a
escribed in the literature[24]. Cyclohexene was purchas

rom Aldrich and distilled prior to use. CHP (80%) and TB
5.5 M in decane) were purchased from Aldrich and use
eceived. SBA-15 was prepared as described in the liter
25].

.2. Synthesis of [(tBuO)2Ti{µ-O2Si[OSi(OtBu)3]2}] 2
1)

A pentane (20 mL) solution of [(tBuO)3SiO]2Si(OH)2
0.973 mmol) was added to a pentane (10 mL) solutio
i(OtBu)4 (0.924 mmol) in a Schlenk tube under flow
itrogen at 0◦C. The tube was warmed to room tempe

ure and the reaction mixture was stirred for 15 h. Su
uent removal volatile material under vacuum (25◦C) yielded
white solid. The white solid was dissolved in a p

ane/toluene (ca. 1:1, v/v) solvent mixture (10 mL) and
t−78◦C for 72 h. Analytically pure colorless crystals w
.4. Ti2SBA15(x) preparation

The SBA-15 was dried at 130◦C in vacuo for 15 h an
hereafter handled under a nitrogen atmosphere. A 0.5 g
le of SBA-15 was suspended in pentane (25 mL). A pen
olution (30 mL) of1 was prepared, the concentration
hich depended on the desired Ti loading (1.32 wt% loa

o yield 0.17 wt% and 2.64 wt% loading to yield 1.58 wt%
he pentane solution of1 was then added to the stirr
uspension of SBA-15 (25◦C). The resulting mixture wa
tirred for 15 h and then filtered and washed with pen
3× 20 mL). The grafted material was dried for 2–3 h
acuo to yield the as prepared catalyst.

.5. Catalysis procedure

A sample of catalyst (0.035 g) was added to a 50
ound-bottom flask that was fitted with a reflux conde
nd a septum. Toluene (5.0 mL) and cyclohexene (2.5
ere added by syringe through the septum under a flo
itrogen. Dodecane (50.0�L) was added as an internal sta
ard. The mixture was allowed to equilibrate at the reac

emperature of 65◦C for 10 min. CHP (1.0 mL) or TBH
1.0 mL) was added by syringe to the rapidly stirring s
ion. Aliquots (ca. 0.08 mL) were removed from the reac
ixture by syringe after 5, 30, 60, 90, and 120 min and

ltered and cooled. The filtrate was analyzed by GC,
ssignments were made by comparison with authentic
les analyzed under the same conditions.
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2.6. Characterization

Solution 1H NMR spectra were recorded at 400 MHz
using a Bruker AM-400 spectrometer and were referenced
internally to the residual solvent proton signal relative to
tetramethylsilane.29Si CP MAS NMR data were collected
on a CMX400 Infinity spectrometer based on a 9.4 T mag-
net, with a frequency of 79.4867 MHz, spectrum width of
50 kHz, 90◦ pulse length of 8�s, contact time of 2–3 ms,
and pulse delay of 5 s. Tetramethylsilane was used as an
external chemical shift reference and samples were spun at
3.2–3.5 kHz. Infrared spectra were recorded as KBr disks
using a Mattson FT-IR spectrometer. Elemental analyses
were performed by the College of Chemistry microanalyt-
ical laboratory at the University of California, Berkeley or by
Galbraith Laboratories. PXRD experiments were performed
on a Siemens D5000 X-ray diffractometer using Cu K� radi-
ation. Transmission electron microscopy was carried out on
a Topcon EM-002B transmission electron microscope oper-
ating at 200 kV. Samples for energy-dispersive spectroscopy
(EDS) were studied on a Phillips CM-200 transmission elec-
tron microscope operating at 200 kV. EDS spectra were taken
on a Gatan detector connected to the electron microscope.
Samples for TEM studies were prepared by depositing a
pentane suspension of the finely ground xerogels onto carbon-
coated copper grids obtained from Ted Pella, Inc. DRUV–vis
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lary (50.0 m× 320�m× 1.05�m nominal) and integration
was performed relative to dodecane.

3. Results and discussion

3.1. Synthesis and characterization of
[( tBuO)2Ti{µ-O2Si[OSi(OtBu)3]2}] 2 (1)

The dimeric titanium complex1was prepared by reaction
of a pentane solution of

Ti(OtBu)4 + [(tBuO)3SiO]2Si(OH)2
pentane−→ (1/2) [(tBuO)2Ti{�-O2Si[OSi(OtBu)3]2}]2

1

+ 2tBuOH (3)

[(tBuO)3SiO]2Si(OH)2 [24] (1 equiv) with Ti(OtBu)4 (Eq.
(3)). Analytically pure, colorless crystals of air- and moisture-
sensitive 1 were obtained by crystallization from pen-
tane/toluene at−78◦C. The solution1H NMR spectrum
of 1 in benzene-d6 contains two resonances at 1.59 and
1.55 ppm corresponding to the Si(OtBu)3 and Ti(OtBu)3
groups, respectively. Likewise, the solution13C NMR spec-
trum of1 in benzene-d revealed one set of resonances for the
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pectra were acquired using a Perkin-Elmer Lambda-9
rophotometer equipped with a 60 mm integrating sp
ratio of apertures to sphere surface ca. 8%), a slit wid
nm, and collection speed of 120 nm min−1. Samples wer

un using BaSO4 as the reference material. XPS was p
ormed on a Physical Electronics PHI 5400 ESCA using a
node X-ray source. Photoluminescence measurement
erformed using a CW laser source (HeCd, 325 nm).
xcitation source was focused on the samples at an incid
ngle of 35◦ to the substrate plane for the HeCd. Light em

ed from the sample was collected using a 50× microscope
bjective (Nikon, 0.7NA) positioned above the sample,
edirected to a fiber optic coupled to a liquid nitrogen coo
CD/spectrometer (Roper Scientific). The spectral res

ion for the PL data shown here is about 0.4 nm. Samples
laced in a microscope cryostat (Janis, ST-500H) equi
ith a fused-silica excitation port for both room and low te
erature PL measurements. A thin film of Crycon ther
rease was sandwiched between the silicon substrate a
ample holder to enhance thermal contact. Nitrogen ad
ion isotherms were performed on a Quantachrome Auto
surface area analyzer, and samples were outgassed at◦C

or at least 15 h prior to measurement. Thermal ana
ere performed on a TA Instruments SDT 2960 Integr
GA/DSC analyzer with a heating rate of 10◦C min−1 under
flow of nitrogen or oxygen. Calcinations were perform

sing a Lindberg 1200◦C three-zone furnace with a heat
ate of 10◦C min−1 under a flow of oxygen and the tempe
ure was held constant for 4 h. GC analyses were perfo
ith an HP 6890 GC system using a methyl siloxane c
6
ert-butoxy groups of the siloxy ligand and one set of re
ances for thetert-butoxy groups bound to titanium. Attemp

o obtain a solution29Si NMR spectrum of1 in various sol
ents were unsuccessful due to the limited solubility of
ighly crystalline precursor, but a solid-state MAS29Si NMR
pectrum was successfully obtained in lieu of a solution s
rum. As expected the spectrum contains two resonanc
100 ppm (Si(OtBu)3) and−116 ppm (Si(OTi)2).
The structure of1 was unequivocally determined

ingle-crystal X-ray structure analysis ([26, Supporting
nformation]). Crystals of1 generally diffracted poorly, an
herefore the structure was only determined to a res
ion of 0.95Å. Although accurate metric parameters co
ot be obtained from the structural refinement, the
re of sufficient quality to determine the connectivity
. It is clear that the two titanium centers exhibit pseu
etrahedral geometries, as shown in the ORTEP diagram1
Fig. 1). Abe and Kijima have previously reported the syn
is of the related [(iPrO)2Ti{�-O2Si[OSi(OtBu)3]2}]2 com-
lex, however no single-crystal X-ray structure was repo

27].
Complex1 is useful as a spectroscopic model for pseu

etrahedral Ti(IV) centers in titania–silica materials. T
T-IR spectrum of1 exhibits strong SiO Si and Si O C
verlapping bands centered at 1068 cm−1. In addition, a
trong band centered at 974 cm−1 is observed for the TiO Si
inkage [5,11,28]. The band observed for the asymm
ic Ti-O Si stretch is similar in energy to that observ
or Ti[OSi(OtBu)3]4 (925 cm−1). Additionally, by solution
V–vis spectroscopy (in dry pentane solution), a str
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Fig. 1. ORTEP diagram of [(tBuO)2Ti{�-O2Si[OSi(OtBu)3]2}]2 (1) at the
50% probability level. Terminal methyl groups and hydrogen atoms have
been omitted for clarity.

absorption atλmax= 216 nm is observed for a ligand to Ti(IV)
charge transfer band (LMCT) for1 [9,29]. The absorption
observed for the LMCT band is slightly blue-shifted rela-
tive to that observed for Ti[OSi(OtBu)3]4 (λmax= 227 nm),
presumably as a result of the different coordination environ-
ments of the two titanium centers (i.e., Ti(OSi)2(OR)2 versus
Ti(OSi)4). The molecular precursor1 was also analyzed by
X-ray photoelectron spectroscopy (XPS) to probe the chem-
ical environment of titanium. The binding energy of the Ti
2p3/2 peak is centered at approximately 461 eV, which is ca.
2 eV higher than the binding energy reported for titanium in
an octahedral oxygen environment[30].

3.2. Thermolytic conversion of1 to TiO2·3SiO2

The thermogravimetric analysis (TGA) of1 under a flow
of nitrogen revealed a precipitous weight loss correspond-
ing to stoichiometric formation of TiO2·3SiO2 (Fig. 2). The
onset temperature of decomposition is ca. 140◦C, which is
over 100◦C lower than that for the related Ti[OSi(OtBu)3]4
complex[21]. The ceramic yield (33.3%) after heating1 to

F te
o

1000◦C corresponds to quantitative formation of TiO2·3SiO2
material (theoretical yield, 33.3%). Analysis of the thermal
decomposition by differential scanning calorimetry (DSC)
revealed the occurrence of a strong endothermic transi-
tion centered at 180◦C, corresponding to the precipitous
weight loss from decomposition. The solubility of1 in
organic solvents also makes it possible to carry out the
thermal decomposition in solution. The decomposition of
1 was monitored by solution1H NMR spectroscopy by
quantifying the soluble decomposition products against an
internal standard (ferrocene) in benzene-d6. After 24 h at
160◦C, 1 had been completely converted and the observed
products were isobutylene (11 equiv) andtert-butanol
(1 equiv).

Bulk samples of TiO2·3SiO2 were obtained by heating a
toluene solution of1 (0.06 M) in a sealed Parr reactor under
an atmosphere of nitrogen for 24 h. This preparation yielded
transparent monolithic gels that possess a slight yellow tint.
The gels were air-dried for 1 week, washed with pentane and
toluene, and then air-dried again overnight. The final xero-
gels (off-white in color) were then ground into a fine powder
and dried in vacuo (120◦C) for 12 h to yield the as-prepared
TiO2·3SiO2 material. Calcination of the xerogel to 500◦C
under a flow of oxygen (heated at 10◦C min−1) yielded a
material designated as TiO2·3SiO2-500.
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ig. 2. TGA/DSC traces for1 under a flow of nitrogen, with a heating ra
f 10◦C min−1.
.3. Characterization of TiO2·3SiO2 materials

The carbon content for TiO2·3SiO2 was found to be 6.7%
y combustion analysis. After calcination, most of the ca

n TiO2·3SiO2-500 was removed (<1%) to yield a pure-wh
erogel. Thermogravimetric analysis of TiO2·3SiO2 in oxy-
en with a heating rate of 10◦C min−1 revealed a mass loss
.5% up to 350◦C that probably corresponds to physisor
nd chemisorbed water in addition to residual organic sp

31]. The silicon environments of TiO2·3SiO2 were examine
y solid-state29Si CP MAS NMR spectroscopy. The29Si
P MAS NMR spectrum of TiO2·3SiO2 reveals a resonan
entered at−101 ppm (with a distinct shoulder at−109 ppm)
hat spans the chemical shift range for Q2, Q3, and Q4 silicon
nvironments.

The crystallization behavior of TiO2·3SiO2 was monitored
y powder X-ray diffraction (PXRD). As initially isolate
iO2·3SiO2 was amorphous by PXRD and electron diffr

ion and remained so after heating to 500◦C (10◦C min−1

nder a flow of oxygen). After heating the xerogel to >800◦C
4 h, 10◦C min−1 under a flow of oxygen), small domains
natase were observed as very broad peaks in the PXR

ern. These diffraction peaks became more pronounc
he domain size increased after heating to 1000◦C under the
ame conditions. Analysis of TiO2·3SiO2 by DSC revealed a
xothermic transition with an onset at 815◦C (under oxygen
hat corresponds to the crystallization of anatase, as
rmed by PXRD analysis. It has been reported that del
rystallization of TiO2 in titania–silica samples is correlat
ith homogeneity in the uncalcined sample[32]. Bulk TiO2
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Fig. 3. TEM micrograph of TiO2·3SiO2.

crystallizes into anatase at ca. 415◦C, whereas these materi-
als delay crystallization until >800◦C [33].

Transmission electron microscopy (TEM) studies of
TiO2·3SiO2 revealed aggregates of fine granules with a wide
range of particle sizes (Fig. 3). To probe the chemical com-
position and homogeneity of the materials, energy-dispersive
X-ray spectroscopy (EDS) was used to assess the stoichiome-
try of silicon and titanium in the xerogel. EDS profiles taken
from large (18–30 nm) areas revealed the Si/Ti ratio to be
4.1± 0.7:1, which is close to the expected value of 3:1 but
high in silicon. In addition, local EDS spectroscopy at high
spatial resolution was used to assess the distribution of sili-
con and titanium. EDS profiles taken from 20 random local
areas (14̊A beam spot size) gave a Si/Ti ratio of 3.6± 0.4:1.
This confirms that the ratio of silicon to titanium is relatively
constant for these xerogels, even on the scale of 14Å, over
the bulk of the xerogel. It appears that the distribution of sil-
icon and titanium throughout the xerogel is fairly constant,
however the slight excess of silicon suggests that there might
be small domains of TiO2 that were not detected by PXRD
or XPS (vide infra). EDS profiles taken from 18.0 nm regions
of TiO2·3SiO2-500 revealed the Si/Ti ratio to be 4.5:1, which
is on average slightly more silicon rich than the uncalcined
material. Surface elemental composition analysis (by XPS) of
10 randomly selected particles of TiO2·3SiO2 gave an aver-
age Si/Ti ratio of 11.0± 0.6:1, which was fairly consistent
f that
t oor
o

ic
b tch-
i
e tch-
i ibit

a distinct band in the region of 920–980 cm−1. The observed
bands at 940–950 cm−1 (Fig. 4) are generally thought to
result from the overlap of two contributions (i.e., the TiO Si
asymmetric stretching mode at ca. 930 cm−1 and the Si OH
stretching mode at ca. 980 cm−1). Thus, its observation is not
a definitive indication of the presence of isolated Ti(IV) sites
[34].

Diffuse reflectance UV–vis spectroscopy (DRUV–vis) is
a useful corroborative tool used in conjunction with FT-
IR spectroscopy to suggest the presence of four-coordinate
Ti(IV) sites. The DRUV–vis spectrum of TiO2·3SiO2 (taken
under ambient air conditions) exhibits a strong absorption at
λmax= 264 nm for the oxygen to Ti(IV) charge transfer band
(LMCT). Similarly, the DRUV–vis spectrum of TiO2·3SiO2-
500 contains an absorption atλmax= 279 nm. Absorption
maxima in the range of 210–240 nm are attributed to a LMCT
for true four-coordinate Ti(IV), as evidenced by the molec-
ular precursor1 (λmax= 216 nm). Absorption bands in the
or each measurement. It has been previously reported
itanium-rich titania–silica materials are often titanium-p
n the surface[30].

The FT-IR spectrum of TiO2·3SiO2 shows a characterist
and at 944 cm−1 that is assigned as the asymmetric stre

ng mode of the Ti O Si linkage. Spectra of TiO2·3SiO2-500
xhibit a band at 950 cm−1 that is assigned to the same stre

ng mode. FT-IR spectra taken of pure silica did not exh
 Fig. 4. FT-IR spectra of1, TiO2·3SiO2, and TiO2·3SiO2-500.
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region of 250–280 nm have been assigned to centers with
water coordinated to isolated Ti(IV) sites, or to oligomerized
TiO2 [35]. Bulk anatase displays an absorption maximum
at ca. 330 nm[29]. Thus, DRUV–vis spectroscopy indicates
that these materials (under ambient air atmosphere) possess
titanium centers that may be described as four-coordinate
Ti(OSi)4 species, possibly with some degree of water coor-
dination (Ti(OSi)4(H2O)n) and/or octahedral TiO2 oligomer-
ization. XPS studies of TiO2·3SiO2 revealed the appropriate
Ti 2p3/2 peak at a binding energy of 461 eV, which corre-
sponds to tetrahedral Ti(IV) and is in agreement with the
binding energy of the Ti 2p3/2 peak observed for1. Similarly,
the same binding energy of the Ti 2p3/2 peak was observed for
TiO2·3SiO2-500. The observed binding energies at 461 eV
do not preclude the possibility of a small contribution from
octahedral Ti(IV) at 458 eV; however, no obvious shoulder is
present in the spectra.

Nitrogen porosimetry was used to evaluate the pore
structures and surface areas of the new materials. The
adsorption–desorption data correspond to type IV isotherms
(Fig. 5) [36], suggesting some mesoporosity; however, much
of the porosity appears to result from micopores with radii
<20Å. The isotherm for TiO2·3SiO2 possesses an H3 hys-
teresis (IUPAC) that is indicative of an aggregate material
(i.e., loosely coherent particles), and the steep rise in adsorbed
volume at relative pressure (P/P ) > 0.8 indicates textural
p ely
h
u
v -
t uan-
t n of
t
o
T
h sult
f haps

F
T sorp-
t
f

by decomposition of residual SiOtBu groups (6.7% carbon
content) to Si OH. The presence of SiOtBu groups in uncal-
cined ZrO2·4SiO2 xerogels has been previously observed by
13C CP MAS NMR spectroscopy[38].

3.4. Grafting of1 onto the SBA-15 surface

The mesoporous silica SBA-15 was prepared according
to the literature procedure[25]. Precursor1was grafted onto
the silica surface by adding a pentane solution of1 to a
stirred pentane suspension of SBA-15 under nitrogen at room
temperature. The desired wt% Ti loading was controlled by
varying the concentration of1 in the added pentane solu-
tion. After 15 h, the pentane was filtered off and the resulting
material was washed with pentane and dried in vacuo at room
temperature to yield Ti2SBA15(x) (wherex is the wt% of
Ti). Additional catalysts were prepared by calcination of the
grafted materials to 300◦C (10◦C min−1, under flowing oxy-
gen) to yield Ti2SBA15(x)-300 samples. Titanium analyses
by inductively coupled plasma atomic emission spectroscopy
determined that the two samples studied here possessed Ti
wt% values of 0.17% and 1.58%. As expected, the grafted
materials have surface areas (600 m2 g−1) that are slightly
reduced relative to that of the SBA-15 support; however,
the mesostructured architecture was retained as evidenced by
retention of the low-angle (1 0 0) reflection in the powder X-
r cor-
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orosity[36,37]. The materials were found to have relativ
igh BET surface areas ranging from 290 m2 g−1 (pore vol-
me of 1.3 cm3 g−1) for TiO2·3SiO2 to 320 m2 g−1 (pore
olume of 1.0 cm3 g−1) for TiO2·3SiO2-500. The concen
ration of Brønsted acid sites (OH) was determined by q
ification of the amount of toluene evolved after reactio
he xerogels with Mg(CH2Ph)2·2THF[38]. TiO2·3SiO2 was
bserved to possess an OH coverage of 1.7± 0.1 nm−2, while
iO2·3SiO2-500 had an OH coverage of 4.0± 0.4 nm−2. The
igher number of OH sites for the latter sample may re

rom a restructuring of the surface upon calcination, per

ig. 5. Nitrogen adsorption–desorption isotherm for TiO2·3SiO2 (a) and
i2SBA15(1.58) (b). Pore size distributions calculated from the ad

ion isotherm branch are shown as an inset (— for TiO2·3SiO2 and - - -
or Ti2SBA15(1.58)).
ay diffraction pattern. The adsorption–desorption data
esponds to a type IV isotherm, characteristic of mesopo
BA-15 materials (Fig. 5) [25]. The pore size distributio
as observed to be relatively narrow and the average

adius, as determined by the nitrogen adsorption isoth
as 33Å. The pore structure of Ti2SBA15 stands in contra
ith that of the TiO2·3SiO2 xerogels in that it has a we
efined, mesoporous, hexagonally ordered pore structu

Solution1H NMR spectroscopy was used to monitor
rafting chemistry of1 onto the silica surface. The react
f surface Si OH groups with a solution of a large excess1
hould result in the elimination oftert-butanol (reaction of th
i OC linkage) or [(tBuO)3SiO]2Si(OH)2 (reaction of the
i OSi linkages). The elimination products of grafting1onto
BA-15 in benzene-d6 were indeed identified by1H NMR
pectroscopy to betert-butanol and [(tBuO)3SiO]2Si(OH)2;
owever, only 0.1–0.2 equiv of each was observed (per e
f grafted precursor1). The measured amounts of elimin

ion products indicate a Ti loading of ca. 3.4 wt% (ass
ng loss of one elimination product per grafted molec
f 1), whereas a loading of 9.0 wt% was suggested by
mount of1 that was grafted to the silica surface (versu

errocene standard). Thus, it appears that some amou
recursor1 may graft onto the surface of SBA-15 witho

he concomitant formation of elimination products. Inde
his seems quite likely if reaction with a surface SiOH group
esults in opening of the chelate ring formed by the brid
(tBuO)3SiO]2SiO2

2− ligand. Another explanation for the
esults is that the elimination products become bound t
ilica surface or Ti(IV) centers, and are thus not obse
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Scheme 1.

by NMR spectroscopy. The concentrations oftert-butanol
and [(tBuO)3SiO]2Si(OH)2 are completely unaffected by the
presence of SBA-15, as determined by1H NMR spectroscopy
(in benzene-d6). In addition, washing the grafted material
with liberal amounts of pentane did not result in the libera-
tion of1, or further elimination products. Even under catalytic
conditions (peroxide, toluene, 65◦C), there was no evidence
for the leaching of1 into solution (vide infra). In order to test
whethertert-butanol coordinated to the Ti(IV) centers fol-
lowing elimination, an excess of dry pyridine was added after
the grafting reaction had gone to completion, as excess pyri-
dine should displace surface coordinatedtert-butanol. The
measured concentration oftert-butanol increases ca. 2.5-fold
after pyridine addition, thus ca. 0.5 equiv (not 0.2 equiv) of
tert-butanol are eliminated per grafted molecule of1 with
some remaining coordinated to the Ti(IV) sites. Based on
these findings, it seems likely that the grafting of1 produces
site-isolated di-titanium centers on the silica surface. How-
ever, the exact structure of the surface-bound Ti(IV) species
remains unknown due to the lack of spectroscopic handles.
Proposed structures that correspond to adding a large excess
of 1 to SBA-15 (as described above) are shown inScheme 1.

3.5. Characterization of Ti(IV) sites in Ti2SBA15
catalysts

(IV)
e

DRUV–vis spectra of Ti2SBA15(0.17) and Ti2SBA15(1.58)
taken under ambient conditions in air reveal LMCT bands
with λmax values of 250 and 252 nm, respectively. As dis-
cussed previously, this indicates the presence of isolated,
four-coordinate Ti(IV) sites with perhaps some degree of
water coordination (Ti(OSi)n(OR)4−n (H2O)m). It is unlikely
that there is oligomerized TiO2 present in the Ti2SBA15 cat-
alysts because of their low titanium weight loading and low
calcination temperatures (25–300◦C). Theλmaxvalues of the
LMCT bands for these catalysts are blue shifted relative to

F d
T

DRUV–vis spectroscopy was used to elucidate the Ti
nvironments in the Ti2SBA15 catalysts (Fig. 6). The
ig. 6. DRUV–vis spectra of Ti2SBA15(0.17), Ti2SBA15(1.58), an
i2SBA15(1.58)-300 taken in ambient conditions.
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those of TiO2·3SiO2 and TiO2·3SiO2-500, as expected for
materials with authentic surface-supported Ti(IV) centers.
Calcination of these catalysts did not significantly change
the Ti(IV) environment, as determined by DRUV–vis spec-
troscopy. Thus, theλmax value for Ti2SBA15(1.58)-300 was
found to be 248 nm.

Photoluminescence (PL) spectroscopy was used to fur-
ther explore the nature of the supported Ti(IV) centers in the
Ti2SBA15 catalysts. It has been previously reported that a
complex luminescence profile (400–600 nm) is observed for
Ti(IV)/SiO2 materials with excitation energies in the range
of 250–350 nm[39,40], as observed for TS1[41,42], Ti Y
[43], Ti-� [44], and TiMCM-41[45]. The observed emis-
sion is reported to result from radiative decay of the charge
transfer state to the ground state (O− Ti3+ → O2− Ti4+) for
Ti(IV). A series of emission spectra (collected at 4.5–5.5 K,
∼1× 10−5 Torr) were obtained with an excitation wave-
length of 325 nm (Fig. 7). For Ti2SBA15 (both 0.17 and
1.58 wt% Ti), a broad, non-Gaussian emission in the range of
400–700 nm was observed. The spectrum for Ti2SBA15 con-
tains two distinct emission features at ca. 422 and 505 nm,
implying the presence of two different emission centers in
the material. Both the high and low energy emissions display
intense and resolved vibrational modes (at 407 and 426 nm
for the high energy emission center and at 491 and 523 nm
for the low energy emission center). Stiegman and co-workers
h res at
s n at
c -
i ,
∼ d at
l

f at
4
s ,

F ,
S ed
b nd
1

Fig. 8. Room temperature photoluminescence spectra of Ti2SBA15(1.58),
SBA-15, and molecular precursor1. The emission spectra were obtained by
exciting the samples withλex = 325 nm (50 scans, 298 K, and 1× 10−5 Torr).

and, surprisingly, a very similar emission lineshape to that
for 1 is observed. Thus, it appears that little, if any, of the
emission observed for the molecular model complex1 results
from Ti(IV). The emission spectrum of ungrafted SBA-15
contains two features centered at 443 nm and ca. 508 nm,
with the low energy emission resolved into two modes at
492 and 531 nm. Stiegman and co-workers reported several
forms of silica exhibiting emissions withλmax of ca. 420 nm,
which they postulate as originating from trace metal impu-
rities in the silica (i.e., Sn and Ge)[41,42]. Additionally,
Stiegman and co-workers attribute the low energy emission
(at ca. 500 nm) to Ti(IV) sites. In our system, it seems likely
that the emissions at 420–440 nm observed for1, SBA-15,
and Ti2SBA15 are from non-titanium metal impurities, as
previously assigned by Stiegman and co-workers[41,42]. The
low energy emission we observe atλmax of 505–508 nm is
most likely emission from Ti(IV), as previously assigned
[41,42]. The low intensity vibrational modes observed at
λmax= 508 nm for SBA-15 are possibly a result of Ti(IV)
contamination (<20 ppm by ICP-AES) from the SBA-15
preparation. PL spectra of an ultrapure SBA-15 (0.48 ppm Ti)
displayed a different lineshape to that of the less pure SBA-15,
with no resolved vibrational modes in the low energy region.
In summary, PL spectroscopy seems to confirm the presence
of supported Ti(IV) on Ti2SBA15, as indicated by intense
vibrational modes at 491 and 523 nm. These modes are also
o at 492
a m in
t rade
S

3

( ll
f lo-
h xide
ave also observed the presence of two emission featu
imilar energies for TS1, with the lower energy emissio
a. 500 nm being assigned to Ti(IV)[41,42]. For compar
son, PL spectra taken at room temperature (λex = 325 nm

1× 10−5 Torr) do not contain the fine structure observe
ow temperature, as illustrated inFig. 8.

The emission spectra of1 and Ti[OSi(OtBu)3]4 contain a
eature atλmax= 416 nm that is resolved into two modes
08 and 424 nm. To investigate the emission origin of1, the
ilanol ligand [(tBuO)3SiO]2Si(OH)2 was excited at 325 nm

ig. 7. Low temperature photoluminescence spectra of Ti2SBA15(1.58)
BA-15, and molecular precursor1. The emission spectra were obtain
y exciting the samples withλex = 325 nm (50 scans, 4.5–5.5 K, a
× 10−5 Torr).
bserved in as-prepared SBA-15 as less intense bands
nd 531 nm, and presumably the small amount of titaniu

his sample originates from impurities in the reagent g
i(OEt)4 and HCl starting materials used to prepare it.

.6. Catalytic epoxidation of cyclohexene

Samples of TiO2·3SiO2, TiO2·3SiO2-500, Ti2SBA15-
0.17), Ti2SBA15(1.58), and Ti2SBA15(1.58)-300 were a
ound to exhibit catalytic activity for the epoxidation of cyc
exene to cyclohexene oxide with cumene hydropero
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(CHP) or tert-butyl hydroperoxide (TBHP) as the oxidant,
in toluene at 65◦C. To compare the activities for these het-
erogeneous catalysts, results were standardized with respect
to the mass of catalyst used (0.035 g). In control experi-
ments with TiO2·3SiO2 and no TBHP (or CHP), or with
TBHP (or CHP) and no catalyst, no cyclohexene oxide prod-
uct was observed by gas chromatography (GC) analysis. To
determine whether the catalytic species leached into solution
during a typical run, a sample of TiO2·3SiO2 and cyclohex-
ene in toluene was heated to 65◦C for 1 h and then filtered via
cannula while still hot, 10 min after the addition of oxidant.
Samples analyzed by chromatography after filtration and 2 h
at 65◦C indicated that no further cyclohexene oxide was
produced, suggesting that leaching of a catalytically active
titanium species into solution was negligible. No leaching
of catalytically active species from the Ti2SBA15 catalysts
was observed after similar hot-filtration experiments. Fur-
thermore, no appreciable catalytic activity was observed with
as-prepared SBA-15. Catalysts that can be regenerated by
calcination (e.g., TiO2·3SiO2-500 and Ti2SBA15(1.58)-300)
retain at least 80% of their original activity in the epoxidation
of cyclohexene (>98% selective for cyclohexene oxide) upon
recycling and re-calcination.

The TiO2·3SiO2 catalyst is active for epoxidation with
both TBHP and CHP as the oxidant at 65◦C in toluene,
yielding 8.6% (TBHP) and 14.1% (CHP) of cyclohexene
o e).
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w
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Fig. 9. Yield of cyclohexene oxide relative to initial CHP concentration
as a function of time during the epoxidation of cyclohexene with 0.035 g
of Ti2SBA15(1.58) (�), Ti2SBA15(0.17) (�), Ti2SBA15(1.58)-300 (�),
TiO2·3SiO2-500 (�), TiO2·3SiO2 (×).

in the mesoporous Ti2SBA15(0.17), Ti2SBA15(1.58), and
Ti2SBA15(1.58)-300 catalysts, whereas the titania–silica
xerogels possess considerable amounts of substrate-
unavailable titanium throughout the silicate walls and in the
micropores of the material, in addition to a greater degree
of titania oligomerization (as evidenced by DRUV–vis spec-
troscopy). It is interesting to note that the wt% loading of Ti
did not have a dramatic effect on the catalytic activity for the
Ti2SBA15 catalysts, with the higher titanium content being
only slightly more active. The calcined Ti2SBA15(1.58)-300
catalyst exhibited a slightly lower catalytic activity than the
uncalcined Ti2SBA15(1.58), which is consistent with pre-
vious results[22]. Conversely, calcination of the amorphous
titania-silica xerogel (i.e., TiO2·3SiO2-500) resulted in a sub-
stantially higher catalytic activity as compared to the uncal-
cined TiO2·3SiO2 xerogel. In this case, it is possible that
calcination removes residual organic material thereby acti-
vating the titanium centers in the catalyst[21].

To make further comparisons between the different cata-
lysts investigated here, turnover frequencies (TOFs), defined
as moles of epoxide per mole of Ti(IV) per hour, were deter-
mined. The results are illustrated inFig. 10a, which compares
the catalyst efficiencies for both the titania–silica xerogels
and the Ti2SBA15 catalysts. Since a considerable amount of
the titanium in TiO2·3SiO2 and TiO2·3SiO2-500 is presum-
ably substrate unavailable, TOFs were also calculated on a
m hour,
F

for
t basis
o
r y
l ,
t ound
T t
a for
T ilar
t ini-
xide after 2 h (relative to initial concentration of peroxid
ikewise, Ti2SBA15(1.58) is an active epoxidation cata
ith both TBHP and CHP at 65◦C in toluene, yielding 31%

TBHP) and 71% (CHP) of cyclohexene oxide after 2 h (
tive to initial peroxide concentration). Thus, the structur

he organic hydroperoxide has an extremely important
n determining the activity of the catalyst[46]. The epoxida
ion is significantly more efficient with CHP as the oxyg
ransfer reagent. This is consistent with previous results
nvestigations of epoxidation catalysts derived from gr
ng Ti[OSi(OtBu)3]4 or (iPrO)Ti[OSi(OtBu)3]3 onto SBA-15
21,22].

The cyclohexene oxide formation is generally more ra
regardless of oxidant or catalyst) over the first 30 min
eaction, and distinctly slower the remaining 90 min. A
xidation no crystallites of anatase were detected by PX
nd the DRUV–visλmax values red-shift only ca. 10 nm ev
nder aqueous conditions. More likely, the catalyst inac

ion is attributed to increasing quantities of the alcohol
roduct, which hinders formation of the catalytically ac

itanium–hydroperoxide species through competitive bin
f the alcohol[1]. The selectivity of the oxidation for cycl
exene oxide was found to be in excess of 98% after 2 h
oth CHP and TBHP, in all cases.

A graph comparing the activities of the catalysts (o
er gram basis with CHP as oxidant) under identical
itions is shown inFig. 9. The Ti2SBA15 catalysts exhib

ted a higher activity for the production of cyclohexe
xide than the titania–silica xerogels. This is presumab
esult of site-isolated Ti(IV) surface centers that are pre
ass basis (moles of epoxide per mass of catalyst per
ig. 10b).

The initial rates of the epoxidation of cyclohexene
he different catalysts were calculated on a per gram
ver the first 5 min of the reactions (Table 1). The initial
ates for TiO2·3SiO2 and TiO2·3SiO2-500 are significantl
ower than those observed for the Ti2SBA15 catalysts. Again
hese results indicate that the catalysts with surface-b
i(IV) sites in the mesopores of Ti2SBA15 are the mos
ctive. For comparison, the initial rate reported here
i2SBA15(1.58) (14.23 mmol epoxide/g cat/min) is sim

o that reported previously for single-site TiSBA15(1.64) (
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Fig. 10. Turnover frequencies (TOFs) as a function of time during the
epoxidation of cyclohexene with Ti2SBA15(1.58) (�), Ti2SBA15(0.17)
(�), Ti2SBA15(1.58)-300 (�), TiO2·3SiO2-500 (�), TiO2·3SiO2 (×). (a)
TOF = moles cyclohexene oxide per moles Ti(IV) per hour. (b) TOF = moles
cyclohexene oxide per gram catalyst per hour.

tial rate = 11.30 mmol epoxide/g cat/min), prepared by graft-
ing (iPrO)Ti[OSi(OtBu)3]3 onto SBA-15[22]. This provides
evidence that the catalytic activity for Ti2SBA15(1.58) mate-
rials derived from grafting a dimeric titanium complex onto
SBA-15 is comparable to a material with a similar wt% Ti(IV)
derived from grafting a monomeric titanium complex onto
SBA-15. Moreover, the observed initial rate for cyclohexene

Table 1
Comparison of initial ratesa in epoxidation of cyclohexene calculated over
the first 5 min of the reaction (65◦C)

Catalyst Initial rate (mmol epoxide/g cat/min)

TiO2·3SiO2 0.53b

TiO2·4SiO2 [21] 1.38
TiO2·3SiO2-500 2.40
Ti2SBA15(0.17) 11.36
TiSBA15(1.64)[22] 11.30c

TaSBA15(1.51)[23] 4.25
Ti2SBA15(1.58) 14.23
Ti2SBA15(1.58)-300 7.71
5 wt% Ti(IV)/SiO2 [11] 2.95
10 wt% Ti(IV)/SiO2 [11] 6.01

a Initial rate measured as the slope of the tangent to the plot of concentra-
tion vs. time att= 0, normalized per g of catalyst.

b Substrate/catalyst (wt) = 57.9; substrate/oxidant (mol) = 4.5; toluene sol-
vent.

c Initial rate measured over 10 min.

epoxidation using Ti2SBA15(1.58) and CHP is considerably
higher than using TaSBA15(1.51) with CHP under identical
conditions (initial rate = 4.25 mmol epoxide/g cat/min)[23].
Potential differences in observed rates caused by diffusion
effects and particle size differences were not examined. How-
ever, the mesoporous catalysts all possess similar surface
areas, pore sizes, and particle sizes.

It has been reported that TS1 as well as amorphous
titanosilicates are active in the oxidation of benzene to phe-
nol using aqueous hydrogen peroxide as the oxidant[47,48].
We therefore attempted the oxidation of benzene to phenol,
mimicking conditions reported in the literature (tempera-
ture = 60◦C; substrate/catalyst (wt) = 10; substrate/H2O2
(mol) = 3; acetonitrile as solvent) with TiO2·3SiO2 and
Ti2SBA15(1.58) as catalysts. Unfortunately, both systems
proved to be ineffective as catalysts for benzene oxidation,
and no conversion to phenol was observed after 24 h.

4. Concluding remarks

The preparation and structural determination of a
new dimeric molecular precursor, [(tBuO)2Ti{�-O2Si-
[OSi(OtBu)3]2}]2 (1), has been described. The pseudo-
tetrahedral Ti(IV) sites in1 make this compound an
interesting model for OTi(OSiO) TiO titanium sites in
s been
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ilica, and a number of spectroscopic methods have
mployed to characterize this structure (i.e., NMR, FT
V–vis, XPS, PL).
Compound1 is a versatile reagent for both the prepa

ion of bulk TiO2·3SiO2 xerogels and the grafting of is
ated Ti(IV) centers onto the surface of silica. Exam
ion of the xerogel materials by XPS, FT-IR spectrosc
nd DRUV–vis spectroscopy suggests that the Ti(IV) e
ainly as four-coordinate Ti(IV) with some degree of wa

oordination (Ti(OSi)4(H2O)n) and/or TiO2 oligomeriza-
ion. Furthermore, a convenient method for introducing
solated Ti(IV) onto SBA-15 was described. Spectrosc
vidence (DRUV–vis, PL) suggests that these species re
ite-isolated on the silica surface after grafting, and the
hiometry strongly suggests the presence of dititanium
ers. Upon calcination to 300◦C, the dimeric structure ma
egrade and diffuse into mono-titanium sites. The exact s

ure of the surface bound species (before or after calcina
s not known at this time.

The epoxidation catalysts derived from1 exhibit activ-
ties comparable to those for previously reported h
erformance titanium-containing catalysts. It was determ

hat the most active catalyst for the epoxidation of cy
exene was Ti2SBA15(1.58), using CHP as the oxidant

oluene at 65◦C. The initial rate measured over the first 5 m
14.23 mmol epoxide/g cat/min) for Ti2SBA15(1.58) wa
ound to be slightly better than that derived from a cata
repared by grafting the monomeric (iPrO)Ti[OSi(OtBu)3]3
recursor onto SBA-15 (11.30 mmol epoxide/g cat/m
dditionally, for comparison, the initial rate is 4.8 a
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2.4 times faster than those observed using 5 and 10 wt%
Ti(IV)/SiO2 catalysts, respectively, as reported by Hutter et
al. for cyclohexene epoxidation[11]. Related group V cata-
lysts also have shown catalytic activity for the non-selective
oxidation of cyclohexene, with a 40–45% yield of oxidation
products observed after 2 h using H2O2 with a NbMCM41
catalyst[49,50]. The use of organic peroxides with these cata-
lysts was not commented upon, however. Similarly, TaSBA15
catalysts have demonstrated activity for the selective epox-
idation of cyclohexene (ca. 6% yield of cyclohexene oxide
after 2 h) using CHP as the oxidant[23].

The results presented here suggest that having site-isolated
Ti(IV) (and not domains of TiO2) is crucial in the design of a
high-performance epoxidation catalyst; however, the use of a
dinuclear Ti(IV) source does not hamper catalytic activity or
selectivity. Previous results have suggested that the activity of
amorphous titanosilicates is a function of titanium dispersion
in the catalyst[51]. Work by Scott, Alper, and co-workers,
however, demonstrated that the catalytically active surface-
bound species from the reaction of Ti(OiPr)4 with silica is an
oxo-bridged Ti O Ti dimer [52,53]. Taken in context with
our results for the uncalcined Ti2SBA15 catalysts, it seems
that titanium dispersion on the surface may not be as critical
as the presence of tetrahedral Ti(IV) sites (i.e., the titanium
sites can be in close proximity to one another as long as
domains of octahedral TiOare not formed). This suggests
t uld
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to A. Stiegman for valuable discussions regarding the PL
data.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, atdoi:10.1016/j.molcata.
2005.04.032.
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Soc., Chem. Commun. (1992) 589.
[7] F. Chiker, F. Launay, J.P. Nogier, J.L. Bonardet, Green Chem. 5

(2003) 318.
[8] A. Tuel, L.G. Hubert-Pfalzgraf, J. Catal. 217 (2003) 343.
[9] T. Blasco, A. Corma, M.T. Navarro, J. Pérez-Pariente, J. Catal. 156
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