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Abstract

Subnanometric monodispersed titanium oxide particles have been dispersed on the surface of a large mesopore SBA-15 silica
materials were obtained by reaction between a hexanuclear titanium oxo cluster and a calcined SBA-15 silica in solution. Solids wi
Ti loading have been prepared and characterized by chemical analysis, X-ray diffraction, nitrogen adsorption, and UV–visible spe
Titanium oxide particles containing 6 Ti octahedra show a UV–visible absorption band at ca. 235 nm, close to those usually ob
TiMCM-41 or TiHMS materials obtained by direct synthesis. The catalytic performance of TiSBA compounds has been evaluated i
of oxidation reactions with H2O2 or TBHP as oxygen donors and compared with that of TiHMS materials obtained by direct synthesi
indicate that TiO2 nanoparticles are active and selective in epoxidation of cyclohexene and in oxidation of aniline and aromatic mo
Activities and selectivities suggest that isolated tetrahedrally coordinated Ti species are not necessarily the only active specie
reactions. Moreover, results raise the problem of the validity of such oxidation reactions as a test for the determination of the coo
state of Ti species.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The couple SiO2–TiO2 has been known for a long tim
as an efficient catalyst in oxidation reactions in the liq
phase using hydrogen peroxide or alkylhydroperoxide
oxygen donors. Preliminary catalysts, obtained by disp
ing a titanium precursor on the surface of silica, show
interesting activities and selectivities in the epoxidation o
octene withtert-butyl hydroperoxide (TBHP) [1–3]. Abou
10 years later, Taramasso et al. reported the synthes
TS-1, a titanium-substituted silicalite-1 [4]. This zeolite w
particularly active and selective in the oxidation and hydr
ylation of small substrates with dilute H2O2 solutions [5,6].
These properties promoted the development of new cata
systems, based on zeolitic or amorphous materials. In
ticular, the recent discovery of Ti-substituted mesopor
molecular sieves opened new opportunities in selective
dation of bulky substrates [7–15].

* Corresponding author.
E-mail address:tuel@catalyse.univ-lyon1.fr (A. Tuel).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00078-2
f

In zeolites, the activity has been attributed to isolat
generally tetrahedrally coordinated, framework Ti spec
[16–19]. Indeed, when TS-1 is prepared in the presenc
an excess of titanium, extraframework oxide particles
formed and the activity strongly decreases. The situatio
more complicated in mesoporous silicas. Zhang et al. h
reported that TiMCM-41 or TiHMS materials actually co
tain Ti species with 4-, 5-, and 6-fold coordination [20]. A
though the higher coordination sites most likely result fr
hydration of tetrahedrally coordinated Ti species, the p
ence of TiO2 nanoparticles inside the mesopores canno
excluded, especially in Ti-rich materials. The influence
such particles on the catalytic properties of the correspo
ing solids is quite difficult to estimate due to the sim
taneous presence of Ti species with different coordina
states. Whereas some publications report that the ac
of Ti-containing mesoporous silicas has a tendency to
crease with the Ti loading, with a maximum around 1–2 w
Ti [21], other data show very high performances for co
pounds containing up to 10 wt% Ti [12,22]. The reason
that many factors like the preparation route, the activat
eserved.

http://www.elsevier.com/locate/jcat
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and the hydrophilic character of the surface also greatly
fluence the catalytic behavior. Moreover, the TiO2 particle
size and the particle-size distribution probably also mo
the activity and selectivity. Unfortunately, these parame
are rarely reported since they are difficult to control at c
stant Ti loading, especially in the case of very small pa
cles. In most cases, the presence of polycondensed Ti sp
is qualitatively estimated from the presence of signals ab
250 nm in the UV–visible spectrum of the catalyst.

In the present work, subnanometric monodispersed T2
particles containing 6 Ti atoms have been supported
a mesoporous SBA-15 silica. This was achieved by gr
ing a hexanuclear titanium oxo carboxylato alkoxide clu
[Ti6(µ3-O)6(µ-O2CC6H4OPh)6(OEt)6], further denoted a
“Ti 6 cluster,” on the surface of a calcined SBA-15 silica. T
obtained materials were characterized by chemical an
sis, X-ray diffraction, nitrogen adsorption, and UV–visib
spectroscopy and used as catalysts in a series of oxid
reactions using either H2O2 or TBHP as oxidizing agen
Their performances were compared with those of stan
Ti-containing mesoporous silicas prepared by direct syn
sis and having similar Ti loading.

2. Experimental

2.1. Synthesis of Ti6 cluster

The hexanuclear cluster [Ti6(µ3-O)6(µ-O2CC6H4OPh)6
(OEt)6] (Fig. 1) was prepared according to a published p
s

n

cedure [23]. The purity of the compound was establis
using FT-IR spectroscopy. After drying, 440 mg of the cl
ter was dissolved in 25 mL of tetrahydrofuran (THF) and
Ti6 solution thus obtained was kept under inert atmosph

2.2. Synthesis of SBA-15

The synthesis of the mesoporous molecular sieve S
15 was adapted from a recipe reported by Zhao et al. [
Tetraethylorthosilicate (TEOS) and poly(ethylene oxid
block-poly(propylene oxide)-block-poly(ethylene oxide) tri-
block copolymer (Aldrich,Mavg = 5800, EO20PO70EO20,
P123) were used as silica source and structure-dire
agent, respectively. The mesoporous silica was then calc
in air at 500◦C for 12 h to remove organics. Pure sili
SBA-15 was characterized by X-ray diffraction and nitrog
adsorption.

2.3. Grafting procedure

Three catalysts with Ti loading corresponding to Si/Ti =
30, 50, and 100 have been prepared. In a typical prepara
the required amount of Ti6 solution was added to 100 m
of THF under argon. One gram of calcined SBA-15, prel
inary dehydrated in an oven at 150◦C for 24 h, was then
added and the mixture was refluxed for 20 h under stirr
The solid was then recovered by filtration, washed with
THF, and air-dried at room temperature. Part of the solid
further calcined in air at 550◦C for 15 h.
iO
Fig. 1. Ball-and-stick representation of the [Ti6(µ3-O)6(µ-O2CC6H4OPh)6(OEt)6] cluster (white, C; gray, O; and black, Ti atoms) and assembly of T6
tetrahedra after elimination of organics and grafting on SBA-15.
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2.4. Synthesis of Ti-HMS molecular sieves

TiHMS molecular sieves were prepared using hexade
amine as surfactant following a recipe of the literature [2
Four samples with Si/Ti ratios of 10, 30, 50, and 100 wer
prepared. Amine molecules were removed in boiling etha
and extracted materials were further calcined in air at 500◦C
to remove traces of organics.

2.5. Characterization techniques

Catalysts were characterized by X-ray diffraction, nit
gen adsorption, and UV–visible spectroscopy. The Ti con
was determined by atomic adsorption after dissolution of
samples in HF:HCl solutions.

X-ray diffraction patterns were recorded between 1◦ and
10◦ (2θ ) on a Bruker (Siemens) D5005 diffractometer us
Cu-Kα2 radiation with steps of 0.02◦ and 10 s per step.

N2 adsorption/desorption isotherms were collected
77 K using a Catasorb analyzer. Samples were prelimin
evacuated under vacuum at 500◦C overnight.

UV–visible spectra were obtained on a Varian Lambd
spectrometer in the region between 200 and 1000 cm−1.

Thermal analysis data were collected on a SETER
TGDSC 111 apparatus connected to a mass spectrom
As-made TiSBA compounds were heated in air from 25
750◦C at a heating rate of 5◦C/min.

2.6. Catalytic reactions

Catalysts have been tested in the following reactio
epoxidation of cyclohexene, oxidation of aniline, oxidati
of 2,6-di-tert-butylphenol (DTBP) and oxidation of 2,3,6
trimethylphenol (TMP). All reactions were performed und
ambient atmosphere in a round-bottom flask equipped w
condenser and a magnetic stirrer. The catalyst was dispe
in a solvent containing the substrate and the temperature
increased. After stabilization of the temperature, the oxi
ing agent (H2O2, 30 wt% in water or TBHP, 95 wt% in
cyclohexane) was added dropwise. Samples were take
regular time intervals and analyzed by gas chromatogra
using a Carbowax (AT-Wax) column (Alltech) attached t
FID. The H2O2 or TBHP conversions were determined
iodometric titration. Additional experimental details like t
reaction temperature, the nature of the solvent, or the am
of catalyst are reported for each reaction in the corresp
ing section.

3. Results and discussion

3.1. Synthesis

The structurally well-defined Ti6(µ3-O)6(OEt)6(µ-
O2CC6H4OPh)6 carboxylato alkoxide was selected as
source of TiO2 particles. The presence of triply bridgin
r.

d
s

t

t

oxo ligands, of 6-coordinated metals, of ancillary ligan
displaying differential hydrolysis [26–28], is a favorab
feature for controlled hydrolysis and/or grafting via Si–O
bonds. The metallic part of the cluster can be assimilate
a round-shaped particle with a diameter of ca. 8 Å (Fig.
It consists of two staggered triangular units built by shar
vertices of TiO6 octahedra, which are joined by six comm
edges. The Ti6 cluster was dissolved under inert atmosph
in anhydrous THF. The high dilution of the medium as w
as the homogeneity of the solution account for the abse
of extensive condensation in solution prior to grafting. I
mobilization of the cluster on the surface involves the m
labile linkages namely the Ti–OEt ones in the first step
proceeds by elimination of alcohol (Fig. 1). Heating p
motes elimination of the remaining organic ligands either
intramolecular elimination of ester or by hydrolysis of t
M–O2CR′ bonds. TGA data indicate that nearly all organ
have been eliminated at the end of the refluxing. Hydrol
or nonhydrolytic condensation of the clusters on the surf
although not impossible, is not very likely in view of th
dilution used.

3.2. Characterization of SBA-15 and modified SBA-15
materials

SBA-15 possesses a highly ordered large mesop
hexagonal structure with mesopore diameters usually
between 60 and 100 Å [29,30]. This material is thus an
cellent candidate for supporting large complexes like the6
cluster, which cannot easily penetrate the relatively sm
mesopores of standard MCM-41 silica. The XRD patt
of the calcined SBA-15 silica shows five reflections, ch
acteristic of a highly ordered hexagonal structure, that
be indexed to (100), (110), (200), (210), and (300) w
a unit cell parametera0 = 106 Å (Fig. 2). This observa
tion is in agreement with that of previous reports on
same type of materials. The nitrogen adsorption/desorp
isotherm is shown in Fig. 3. The isotherm (type IV) w
H1-type hysteresis is typical of mesoporous materials w
one-dimensional cylindrical channels. Calcined SBA-15
a BET surface area of 987± 7 m2/g and a pore volume o
1.35 mL/g (Table 1). The pore-size distribution, calculat
on the desorption branch of the isotherm, is narrow and
tered around 66 Å. From the latter value, the wall thickn
can be estimated to ca. 40 Å. Assuming that the totality
the surface is accessible to Ti6 clusters, it is possible to ca
culate the Si/Ti ratio corresponding to a complete covera
The hexanuclear cluster can be assimilated to a disk w
diameter of ca. 1.8 nm, and this leads to a Si/Ti ratio of 5 for
a monolayer. However, it was recently reported that the s
walls of SBA-15 are not uniform, the large mesopores be
surrounded by a microporous corona [31]. These microp
are not accessible to large molecules like Ti6 clusters. Even
though the fraction of micropores is difficult to estimate
is clear that nitrogen adsorption overestimates the sur
effectively accessible to the clusters. The Si/Ti ratio in the
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Fig. 2. X-ray diffraction patterns of calcined SBA-15 (a) and TiSBA-30 (

Fig. 3. Nitrogen adsorption/desorption isotherms on SBA-15 (a)
TiSBA-30 (b) materials.

grafted samples was thus varied between 30 and 100.
range ensures a high dilution of the Ti precursor in THF a
thus, a good dispersion of the clusters on silica.

Chemical analysis shows that the Si/Ti ratios in the
grafted materials are almost the same as those of the pr
 r-

Table 1
Structural and physico-chemical properties of the materials

Sample Si/Ti S (m2/g) V (cm3/g)a a0 (Å) Φp (Å)

SBA-15 ∞ 987 1.35 106 66
TiSBA-100 98 972 1.29 105 68
TiSBA-50 52 924 1.33 105 67
TiSBA-30 33 1004 1.32 106 67
TiHMS-100 109 1023 1.12 53 34
TiHMS-50 54 1124 1.05 52 35
TiHMS-30 29 987 0.87 50 32
TiHMS-10 11 788 0.56 46 28

a Volume measured atp/p0 = 0.85 for TiSBA materials andp/p0 =
0.5 for HMS compounds.

sor solutions (Table 1). This indicates that the totality of
molecules have been grafted on the silica surface. As
in Fig. 2 and Table 1, the grafting procedure does not sig
icantly modify the structural properties of the support. T
d100 reflection in the X-ray powder diffraction pattern do
not change upon grafting and subsequent calcination.
BET surface area and pore diameter are also similar be
and after treatment, indicating that the macroscopic st
ture of calcined SBA-15 is thermally and chemically stab
This is not the case when SBA-15 is impregnated with
tanium isopropoxide in ethanol [32]. It has been repo
that the BET surface area decreased by more than 25%
a sample with Ti loading corresponding to Si/Ti = 40. At
the same time, the pore diameter also decreased and th
attributed to the formation of a titanium oxide layer on
surface of the mesopores. Moreover, the maximum of
UV–visible absorption band was shifted to near 270 nm. T
is not the case for our samples and will be discussed lat

3.3. Characterization of TiHMS materials

The XRD pattern of calcined TiHMS-100 is composed
a major broad reflection around 2◦ along with a minor signa
at ca. 4◦ (Fig. 4). This corresponds to a unit cell param
ter a0 ≈ 53 Å. The fact that reflections are broad and
resolved results from the relatively short-range order of
structure as compared to highly ordered materials like S
15 or MCM-41. All TiHMS materials show a similar X-ra
pattern but the unit cell parameter slightly decreases f
53 to 46 Å with the Ti content (Fig. 4). At the same tim
the intensity of the major XRD reflection decreases, indi
ing that the incorporation of titanium modifies the struct
of the solid. The Si/Ti ratios in calcined solids are ver
close to those of the synthesis gels (Table 1). All catal
exhibit a type IV isotherm with a well-defined step arou
p/p0 = 0.4 (Fig. 5). The step is less abrupt and shifted t
lower pressure value for sample TiHMS-10 with the high
Ti content, indicating that mesopores are less regular tha
samples with lower Ti contents. All materials possess h
BET surface areas between 788 and 1124 m2/g. The sur-
face area has a tendency to decrease with the Ti conte
already reported [21,25].
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Fig. 4. X-ray diffraction patterns of calcined TiHMS-100 (a) and TiHM
10 (b).

Fig. 5. Nitrogen adsorption/desorption isotherms on TiHMS-100 (a)
TiHMS-10 (b) materials.

3.4. UV–visible spectroscopy

UV–visible spectroscopy is commonly used to char
terize the dispersion of titanium in Ti-containing inorgan
materials. This technique is not quantitative: neither the
act coordination state nor the diameter of TiO2 nanoparticles
can be directly deduced from the spectra. Nevertheless
well established that charge transfers around 210–220
characterize isolated, tetrahedrally coordinated Ti spe
The best example is TS-1 for which the UV absorption b
is observed at ca. 210 nm on the dehydrated material
On the other hand, UV–visible signals above 300 nm ca
assigned to oxide nanoparticles. For TiO2 particles, it has
been reported that the absorption edge increases with
persion from ca. 300 nm for nanoparticles up to 360–370
for bulk anatase [33]. However, spectra generally result f
the superposition of signals due to a broad particle-size
tribution, and direct measurement of the particle size fr
the absorption edge value is not possible. The assignme
UV–visible signals in the intermediate region, i.e., betwe
230 and 300 nm, is more controversial. Indeed, within
region, the maximum of absorption is not only sensitive
dispersion but also to the hydration state. Spectra are
strongly dependent on the experimental conditions [33,
This is clearly illustrated by the spectra of our TiSBA mate
als (Fig. 6). Dry as-made materials show a unique absorp
band with a maximum between 230 and 240 nm. The
sence of significant absorptions above 300 nm is a good
cation that large TiO2 particles have not been formed duri
grafting. A shoulder, observed around 280 nm (spect
TiSBA-100(AS)), can be assigned to solvent, water, or c
bonaceous residues resulting from the hydrolysis of the c
ter. This shoulder disappears upon calcination in air at h
temperature. Thermal analysis followed by mass spectro
try performed on TiSBA-30 shows that the major weight lo
occurs below 200◦C and corresponds to the removal of w
ter and THF. A minor loss (<10%) is visible around 375◦C
and results from the decomposition of organics. From
latter weight loss, we can estimate that less than 10% o
ligands of the clusters are present on silica after grafting

The spectra of calcined TiSBA compounds are simila
those of the corresponding TiHMS materials (Fig. 6). Th
differ essentially in the region below 230 nm, where a r
atively intense signal is observed for TiHMS but not
TiSBA compounds. This signal corresponds to Ti atoms w
a 4-fold coordination. Therefore, UV–visible spectrosco
clearly indicates that a significant proportion of Ti sit
in TiHMS materials probably possesses an octahedra
ordination and appears as small subnanometric parti
The presence of such nanoparticles with absorptions b
250 nm is rarely noted in the literature. Signals around 2
240 nm are generally assigned to isolated Ti species
a 5- or 6-fold coordination. Some authors even report U
visible spectra of TiMCM-41 materials with bands cente
at 265 nm and assign them to a charge transfer betw
tetrahedral oxygen ligands and Ti4+ ions [35]. This assign
ment is controversial, the signals being rather character
of highly dispersed TiO2 nanoparticles.

The maximum of absorption is slightly shifted with
loading from 233 nm for TiSBA-100 to 240 nm for TiSBA
30 (Fig. 6). This suggests the formation of larger partic
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Fig. 6. Normalized UV–visible spectra of calcined TiHMS (left) and TiSBA (right) catalysts. TiHMS-100(AS) has been recorded on the as-made catprior
to calcination.
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on the surface of TiSBA-30. These particles may be form
during grafting by condensation of two or more Ti6 clusters.
Nevertheless, the shift is limited to a few nanometers, wh
indicates that the proportion of clusters containing more t
6 Ti atoms is very low. This is not the case for TiHMS m
terials prepared with high Ti loading. For TiHMS-10, t
maximum of absorption is located around 270 nm in the
hydrated form, which is consistent with a high amount
relatively large TiO2 particles.

The maximum of the UV–visible absorption band stron
depends on the hydration state of the compounds. As se
Fig. 7, the signal of TiSBA materials immediately chang
upon hydration at room temperature. The maximum
shifted by about 15 nm and a broad band is observed
tween 350 and 500 nm. These changes are reversible
the original spectrum is restored upon evacuation at 200◦C.
A similar behavior has been observed on Ti-substitu
mesoporous silicas. It was attributed to a modification
the coordination state of Ti species [20,25]. In TiSBA ma
rials, all Ti species are octahedrally coordinated, even in
dehydrated form. During the grafting procedure, the co
plete hydrolysis of Ti6 clusters leads to the formation of 1
Ti–O− bonds per cluster. Some of them react with sila
groups of the silica surface to form Ti–O–Si bridges wh
others react with water molecules to form Ti–OH grou
The latter can further react like silanol groups and form
drogen bonds with water molecules. The facile hydroly
of Si–O–Ti bonds may also explain the reactivity of TiSB
compounds toward water.

The immediate modification of the spectrum indica
that all Ti species are very accessible to water molecu
This is a consequence of the location of Ti6 cluster on the
surface of the mesopores and this contrasts with TiH
compounds where a significant proportion of Ti specie
n

d

Fig. 7. Normalized UV–visible spectra of dry TiSBA-100 (a), after adso
tion of water (b), and after adsorption of hydrogen peroxide (c). S
trum (d) corresponds to TiSBA-100 recovered after 3 catalytic runs in
oxidation of aniline with H2O2 (see Table 3).

located inside the silica walls and are not easily accessib
water. The difference is even more pronounced upon d
dration. While TiSBA materials are completely dehydra
upon heating at 150◦C for 1 h, TiHMS materials still contain
water after heating for 4 h at the same temperature.

Ti6 clusters in TiSBA materials also react with hydrog
peroxide solutions. When a dry TiSBA compound is c
tacted with an aqueous H2O2 solution (30 wt%), the colo
immediately changes from white to bright yellow, indicati



A. Tuel, L.G. Hubert-Pfalzgraf / Journal of Catalysis 217 (2003) 343–353 349

re-
ble
olid
ad
olid
s
om
ith

e
P.
i on
on-
ac-

ted
lec-
ing
se
S

ally
old
ina-
the
of
and
for-

lo-
rted
MS
lo-
the
fter
n-
00
su

ic
For
for-
the
m-
vo-

ts;
ed
ts
ene
nce
the
d b
ac-
s
as

HP,

ws:

same
vered

y di-

or
is
lid
and
ably
ion

over,
not

the
per-

di-
sted
s

s and
nd
oc-

so-
ani-
,46,
of

rod-
en
er-

via
ne.
xy-
the formation of titanium peroxo species [36,37]. The
sulting material is characterized by a very broad UV–visi
absorption around 350 nm (Fig. 7). Upon heating the s
at 60◦C for 1 h, the color turns back to white. The bro
UV–visible signal disappears and the spectrum of the s
(not shown) is similar to that of the original dry TiSBA. A
for water molecules, peroxo species probably result fr
the reaction between Ti–OH groups or Si–O–Ti bridges w
H2O2.

3.5. Catalytic activity

3.5.1. Epoxidation of cyclohexene
SiO2–TiO2 mixed oxides are efficient catalysts in th

epoxidation of olefins with alkyl hydroperoxides like TBH
Preliminary experiments showed that the dispersion of T
silica was a critical parameter [1–3]. Further studies c
firmed this observation and it was suggested that the
tive sites for the reaction were tetrahedrally coordina
Ti species [38,39]. However, excellent activities and se
tivities to epoxides were reported for catalysts contain
more than 30 mol% Ti [40,41]. Characterization of the
catalysts by UV–visible spectroscopy, XANES, or EXAF
clearly showed that they did not contain only tetrahedr
coordinated titanium but also Ti species with 5- and 6-f
coordination [20,31,42–44]. This suggests that the coord
tion state of Ti species is not the only factor that affects
activity in epoxidation. Other parameters like the acidity
the support, the nature and accessibility of Ti species,
the particle size probably also influence the catalytic per
mance.

TiSBA materials are active in the epoxidation of cyc
hexene with TBHP. The catalytic performances are repo
in Table 2 and compared with those obtained on TiH
compounds. With TBHP, the only product detected is cyc
hexene oxide with a selectivity close to 100%. Whatever
Ti content, the TBHP conversion is always complete a
1 h when the reaction is performed over TiSBA. By co
trast, only 76% of the oxidant is consumed over TiHMS-1
and the percentage increases with the Ti content. The
periority of TiSBA compounds over TiHMS in the catalyt
epoxidation of cyclohexene is clearly shown in Table 2.
TiSBA materials, the initial rate, defined as the epoxide
mation within the first 100 s, increases proportionally to
Ti content. Actually, the TBHP conversion is almost co
plete after 10 min on TiSBA-30. We observe the same e
lution over TiHMS materials, at least for low Ti conten
however, the initial rate is low compared to that obtain
on TiSBA materials. The higher activity of TiSBA catalys
probably results from a better accessibility of cyclohex
molecules to Ti sites. Differences in catalytic performa
between mesoporous materials prepared by direct syn
sis and postsynthesis grafting have already been reporte
Oldroyd et al. [45]. These authors compared the catalytic
tivity of TiMCM-41 materials in the epoxidation of olefin
by various alkyl hydroperoxides. The grafted catalyst w
-

-
y

Table 2
Cyclohexene epoxidation with TBHP over the various materialsa

Catalyst TBHP conv. Initial rate Selectivity (%)

(%) (mmol/(min g)) Sper
b Sepo

c

TiSBA-100 99 1.71 95 100
TiSBA-50 100 3.80 94 98

99d 4.05 95 100
100d 3.92 91 100

TiSBA-30 100 5.82 92 99
TiHMS-100 76 0.37 95 100
TiHMS-50 89 1.03 94 99
TiHMS-30 99 2.03 89 98
TiHMS-10 100 1.61 78 100

a Experimental conditions: 0.25 mol cyclohexene, 0.05 mol TB
20 mL 2-methoxyethylether (solvent), 0.5 g catalyst.T = 80◦C, reaction
time: 3 h.
b,c The TBHP and epoxide selectivities are calculated as follo

Sper (%) = 100 × [epoxide]f/([peroxide]i − [peroxide]f), Sepo (%) =
100× [epoxide]f/([cyclohexene]i − [cyclohexene]f), where i and f stand
for initial and final concentration values, respectively.

d Catalyst recycling: the reaction was repeated three times with the
catalyst. Before the second and third reactions, the catalyst was reco
and washed with 25 mL 2-methoxyethylether.

about 10 times more active than the catalyst prepared b
rect synthesis.

Our results also indicate that Ti6 clusters do not mi-
grate into the micropores of SBA-15 during calcination. F
TiHMS-10, the activity is relatively low and the catalyst
less active than TiHMS-30. As previously noted, this so
is less ordered than the others, with a lower surface area
smaller pore diameter. These structural parameters prob
affect the catalytic performance by decreasing the diffus
of reactants and products inside the mesopores. More
UV–visible spectroscopy indicated that Ti species were
highly dispersed in this catalyst. Larger TiO2 particles are
known to inhibit epoxidation reactions by decreasing
number of accessible catalytic sites and by favoring the
oxide decomposition [40,41].

The stability of TiSBA catalysts under reaction con
tions has been studied over TiSBA-50 and results are li
in Table 2. Neither the initial activity nor the selectivitie
changed after three successive runs. Chemical analysi
UV–visible spectroscopy indicated that the Ti content a
dispersion were unchanged, and that no Ti leaching had
curred.

3.5.2. Oxidation of aniline
We have previously reported that Ti-substituted me

porous silicas are excellent catalysts in the oxidation of
line and substituted anilines with hydrogen peroxide [11
47]. The activity of the catalysts is far superior to that
zeolites like TS-1. Indeed, the size of reactants and p
ucts is such that diffusion greatly limits the reaction wh
microporous catalysts like TS-1 are used. At high temp
ature (> 60◦C), the reaction is complex and proceeds
the formation of phenylhydroxylamine and nitrosobenze
These two products further react together to form azo
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Table 3
Aniline oxidation over TiSBA and TiHMS materialsa

Catalyst Oxidant Initial rate Sper
b Product selectivity (%)

(mmol/(min g)) AZYc AZOc

TiSBA-100 H2O2 – 92 92 8
94d 95 5
93d 93 7

TBHP 0.22 77 75 25
TiSBA-50 H2O2 – 97 95 5

TBHP 0.41 75 77 23
TiSBA-30 H2O2 – 87 85 15

TBHP 0.57 79 75 25
TiHMS-100 H2O2 – 89 88 12

TBHP 0.09 83 78 22
TiHMS-50 H2O2 – 95 90 10

TBHP 0.20 75 79 21
TiHMS-30 H2O2 – 97 94 6

TBHP 0.31 79 75 25
TiHMS-10 H2O2 – 72 78 22

TBHP 0.35 78 73 27

a Reaction conditions: 0.5 g catalyst, 4.6 ml aniline (5× 10−2 mol),
20 mL acetonitrile (solvent), oxidant/aniline = 0.2, T = 70◦C, reaction
time= 5 h.

b Peroxide selectivity defined as in Table 2.
c Azoxybenzene and azobenzene selectivities. AZY= [azoxybenzene]/

Σ , AZO = [azoxybenzene]/Σ with Σ = [azoxybenzene] + [azobenzene].
d Catalyst recycling: the reaction was repeated 3 times with the s

catalyst. Before the second and third reaction, the catalyst was recov
washed with acetonitrile, and calcined in air at 500◦C.

benzene. Preliminary results indicated that TiHMS mater
with Si/Ti ratios between 30 and 85 were very active in t
reaction and that the initial rate of formation of azoxyb
zene was proportional to the Ti content. High activities w
also observed when the reaction was performed with TB
as oxidizing agent.

TiSBA materials are active catalysts in the oxidation
aniline with hydrogen peroxide and TBHP (Table 3). W
both oxidants, azoxybenzene is the major product forme
expected at the temperature of the reaction. With H2O2, the
reaction is extremely fast and more than 90% of the pero
is consumed within the first 10 min. It was thus not poss
to estimate the rate constant of formation of azoxybenz
for a given catalyst, but we could observe that it increa
with Ti loading. Because of the rapidity of the reaction
comparison of the performances of TiSBA and TiHMS c
alysts was difficult. Table 3 shows that the azoxybenz
and H2O2 selectivities slightly decrease for TiSBA-30 a
TiHMS-10. Moreover, the azobenzene selectivity increa
suggesting that TiO2 particles with more than 6 Ti atom
may favor the decomposition of H2O2. Indeed, we have
previously proposed that the formation of radicals by me
catalyzed decomposition of hydrogen peroxide could lea
the direct formation of azobenzene [11].

The rate of formation of azoxybenzene is considera
lower when the reaction is performed with TBHP. The m
surement of reaction rates and the comparison betw
TiSBA and TiHMS catalysts are thus possible. By cont
to reactions performed with H2O2, nitrosobenzene is not de
,

tected, even at the beginning of the reaction. Azobenze
formed as a secondary product, probably by decompos
of the peroxide and formation of radicals. This assump
is supported by the slightly higher selectivity in azobenz
over Ti-rich catalysts, in particular TiHMS-10 in which
species are essentially in the form of large oxide particle

For TiSBA catalysts, the initial rate of formation
azoxybenzene increases almost linearly with Ti load
thus confirming that the reaction is not limited by diff
sion. By contrast to experiments performed with H2O2,
the azoxybenzene selectivity does not significantly decr
over TiSBA-30, suggesting that TBHP is less sensitive t
H2O2 to the presence of large TiO2 particles. TiHMS cata
lysts are also active in the oxidation of aniline with TBH
but activities are always lower than those of TiSBA mat
als. As for epoxidation reactions, this can be attributed to
existence of internal sites in HMS materials, not access
to substrate and oxidant molecules.

Recycling experiments have been performed over TiS
100 to check the stability of the catalyst in the presenc
hydrogen peroxide. After each reaction, the catalyst wa
covered by filtration, washed with acetonitrile, and calcin
in air at 500◦C. Catalytic data indicate that the peroxi
selectivity remains very high and that the product distri
tion is not significantly affected after 3 runs. Fig. 7d, sho
the UV–visible spectrum of TiSBA-100 recovered after
third run and subsequently washed and calcined. Clearly
maximum of absorption is unchanged compared to the f
catalyst, and this demonstrates that hydrogen peroxide
not modify the dispersion of TiO2 particles on the silica sur
face under reaction conditions.

3.5.3. Oxidation of aromatic compounds
2,6-Di-tert-butylphenol is one of the large substrates t

cannot be oxidized over microporous zeolites but relativ
easily over Ti-substituted mesoporous silicas. Pinnava
al. first reported that TiHMS materials convert DTBP in
the corresponding quinone using dilute solutions of hyd
gen peroxide [12]. The conversion was generally low, a
nificant proportion of H2O2 being decomposed under rea
tion conditions. High conversions could only be obtain
using a large excess of H2O2 with respect to the substrat
For a H2O2:substrate ratio of 6:1, the DTBP conversion
creased with Ti loading, from 26% for a catalyst contain
1 mol% Ti to 98% for a catalyst with 10 mol% Ti. The cat
lyst with 10 mol% Ti probably contained polycondensed
species, as is the case for our TiHMS-10 material. Thus
perimental data suggest that the reaction is not very sen
to the dispersion of Ti species and that good activities ca
obtained over TiO2 nanoparticles.

This is what we observe experimentally on the serie
TiSBA catalysts (Table 4). For a H2O2:substrate ratio of 6:1
the DTBP conversion increases from 30 to 77% with Ti lo
ing. Experiments performed under the same condition
TiHMS materials with similar Ti loading give conversio
from 25 to 74%. With TiHMS-10, 89% of the substrate
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Table 4
Oxidation of 2,6-di-tert-butylphenol over TiSBA and TiHMS catalystsa

Catalyst DTBP H2O2 Quinoneb

Conv. (%) Selectivity (%) (%)

TiSBA-100 30 25 100
TiSBA-50 57 33 98
TiSBA-30 77 31 98
TiHMS-100 25 11 98
TiHMS-50 60 15 99
TiHMS-30 74 22 100
TiHMS-10 89 32 91

a Reaction conditions: 0.5 g catalyst; H2O2/DTBP = 6; solvent, ace-
tone;T = 70◦C; reaction time, 3 h.

b Other products are essentially the binuclear di-tert-butylquinone.

converted after 2 h, a value quite similar to that reported
Pinnavaia et al. [12] on the same type of materials. The s
ilarity between DTBP conversions obtained on TiSBA a
TiHMS catalysts is evidence that active species are not
essarily 4-coordinated Ti species.

Similar conclusions can be drawn from the oxidat
2,3,6-trimethylphenol. This oxidation is of practical im
portance for the production of 2,3,6-trimethylbenzoquin
(TMBQ), an intermediate in the synthesis of vitamin E. C
alytic routes based mainly on the use of homogeneous
alysts have been developed to produce TMBQ from TM
However, Sorokin and Tuel showed that excellent TMP c
versions and TMBQ yields could be obtained over TiMC
41 catalysts using both H2O2 and TBHP as oxidants [48
Trukhan et al. [21] investigated the influence of Ti loa
ing and structure regularity on the catalytic performa
of Ti-containing mesoporous materials. They observed
both the TMP conversion and the TMBQ selectivity fi
increased with Ti loading up to ca. 2 wt% Ti and th
decreased monotonously. They concluded that a high
persion of Ti species is a necessary condition for a g
catalytic activity in this reaction. However, by comparing
highly ordered TiMCM-41 with a less regular TiHMS ca
alyst, they found that the regularity of the structure a
influences the catalytic results.

As seen in Table 5, TiSBA materials catalyze the o
dation of TMP with hydrogen peroxide. Conversions a
TMBQ selectivities are comparable and sometimes hig
than those obtained over TiHMS materials having the s
Ti loading. Thus, the absence of isolated Ti sites with a
fold coordination does not seem to be detrimental to
catalytic activity. Actually, the decrease in activity report
for Ti-substituted MCM-41 with high Ti loading most likel
results from a loss of Ti accessibility. Indeed, many pap
report that the intensity of thed100 as well as the resolutio
of d110 andd200 reflections in the XRD patterns of TiMCM
41 materials decrease with Ti loading, suggesting a los
long-range ordering. Moreover, the silica wall thickness g
erally increases with Ti loading. Therefore, the fraction
Ti sites located inside the walls also increases whereas
of surface sites, effectively accessible to substrate molec
and active in the catalytic reaction, decreases.
t

Table 5
Oxidation of 2,3,6-trimethylphenol over TiSBA and TiHMS catalystsa

Catalyst TMP H2O2 TMQ
Conv. (%) Selectivity (%)b Selectivity (%)

TiSBA-100 98 46 95
TiSBA-50 97 46 96
TiSBA-30 99 48 97
TiHMS-100 92 44 97
TiHMS-50 97 48 98
TiHMS-30 99 47 95
TiHMS-10 99 46 93

a Reaction conditions: 0.5 g catalyst; 13.6 g (0.1 mol) TMP; 20 mL a
tonitrile (solvent); H2O2/TMP = 4; T = 80◦C; reaction time, 3 h. H2O2
was added by portions att = 0, 30 min, 1, and 1.5 h. Reactions were run
1.5 h after the complete addition of H2O2.

b For all reactions, H2O2 was completely consumed after 3 h.

Many authors have reported that the oxidation of p
nol derivatives proceeds via the formation of phenoxyl ra
cals [49]. Initially, radicals are produced by the decompo
tion of peroxo titanium species formed by reaction betw
H2O2 and titanium sites

(1)Ti–OH+ H2O2 → TiOOH+ H2O,

(2)TiOOH→ TiO· + ·OH,

(3)TiO· + H2O → TiOH + ·OH.

These radicals further react with aromatic molecules
form phenoxyl radicals,

(4)ArOH + ·OH→ ArO· + H2O→ quinone,

or form oxygen and water by self-reaction,

(5)2·OH→ H2O+ 1
2O2.

The rate of decomposition of hydrogen peroxide depe
essentially on the dispersion and accessibility of titan
sites. By contrast to large TiO2 domains, highly disperse
particles will favor the decomposition of H2O2. This could
explain the poor activity of catalysts containing more th
10 mol% Ti, in which large TiO2 particles are certainly
present. The formation of quinones [Eq. (4)] is in com
tition with that of oxygen [Eq. (5)]. The last reaction occu
on TiSBA as well as TiHMS catalysts and is responsible
the relatively high H2O2 decomposition.

4. Concluding remarks

A hexanuclear titanium cluster has been grafted o
mesoporous silica SBA-15. The material thus obtained
been used as a “model compound” for testing the cata
properties of monodispersed subnanometric TiO2 particles
in oxidation reactions in the liquid phase. UV–visible sp
troscopy shows that the grafted silica is characterized b
absorption band at ca. 235 nm. This value is not very
ferent from that observed on Ti-modified catalysts obtai
by direct synthesis. This suggests that large TiO2 domains
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have not been formed upon grafting and that Ti6 clusters are
well dispersed on the surface of silica. Unfortunately it is
possible to obtain the real size of Ti aggregates from U
visible spectra. The titanium particle in the initial Ti6 cluster
possesses a size of ca. 8 Å. It is reasonable to assum
the size is not very different after grafting on silica. Furt
treatments like calcination may induce a modification of
size of the clusters by changing the assembly of Ti ato
However, the maximum of the UV–visible absorption ba
does not change upon calcination, and this strongly sugg
that the size of TiO2 particles remains practically unchange
i.e., below 1 nm.

Catalytic experiments clearly show that such TiO2 nano-
particles are active and selective in oxidation reactions
ing H2O2. Many authors have reported that the active s
in oxidation reactions are Ti atoms with 4-fold coordin
tion and that the presence of polycondensed species re
the activity. However, the coordination of Ti species is
ten estimated from the position of UV–visible absorpt
bands. We have seen that these bands cannot be unam
ously assigned to a specific coordination state, in par
lar when the maximum of absorption is between 230
250 nm. Whereas some authors consider that polyconde
Ti species are already present in catalysts with an absor
band at 230 nm, UV–visible signals at 250 nm are someti
assigned to a charge transfer between tetrahedral ox
atoms and Ti4+ ions. This suggests that a majority of ca
lysts almost certainly contain TiO2 nanodomains along wit
tetrahedrally coordinated Ti atoms. These nanodomain
not significantly decrease the catalytic performance of
solids. Hutter et al. previously suggested that well-dispe
small titania domains could be as active and selective as
lated Ti–O–Si species in epoxidation reactions. Indeed,
observed that the activity of TiO2–SiO2 mixed oxides in the
epoxidation of cyclohexene with cumene hydroperoxide
creased with Ti loading up to 20 wt%. At the same tim
the size of TiO2 domains also increased, as evidenced
the shift of the UV–visible absorption edge from ca. 280
340 nm.

All these observations tend to confirm that, for
containing catalysts, a high activity does not necess
mean that catalysts are free from TiO2 particles and contai
only tetrahedrally coordinated species. They also sug
that the decrease in activity usually observed at high Ti lo
ing must not be systematically attributed to polyconden
species with 6-fold coordination. Other parameters like
accessibility to active sites, the presence of large TiO2 parti-
cles, and the extent of peroxide decomposition must als
considered.
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