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Abstract

Subnanometric monodispersed titanium oxide particles have been dispersed on the surface of a large mesopore SBA-15 silica. TISBA-15
materials were obtained by reaction between a hexanuclear titanium oxo cluster and a calcined SBA-15 silica in solution. Solids with various
Ti loading have been prepared and characterized by chemical analysis, X-ray diffraction, nitrogen adsorption, and UV-visible spectroscopy.
Titanium oxide particles containing 6 Ti octahedra show a UV-visible absorption band at ca. 235 nm, close to those usually observed on
TiIMCM-41 or TIHMS materials obtained by direct synthesis. The catalytic performance of TISBA compounds has been evaluated in a series
of oxidation reactions with B0, or TBHP as oxygen donors and compared with that of TIHMS materials obtained by direct synthesis. Data
indicate that TiQ nanopatrticles are active and selective in epoxidation of cyclohexene and in oxidation of aniline and aromatic molecules.
Activities and selectivities suggest that isolated tetrahedrally coordinated Ti species are not necessarily the only active species for these
reactions. Moreover, results raise the problem of the validity of such oxidation reactions as a test for the determination of the coordination
state of Ti species.
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1. Introduction In zeolites, the activity has been attributed to isolated,
generally tetrahedrally coordinated, framework Ti species
The couple Si@-TiO; has been known for a long time  [16-19]. Indeed, when TS-1 is prepared in the presence of
as an efficient catalyst in oxidation reactions in the liquid an excess of titanium, extraframework oxide particles are
phase using hydrogen peroxide or alkylhydroperoxides asformed and the activity strongly decreases. The situation is
oxygen donors. Preliminary catalysts, obtained by dispers-more complicated in mesoporous silicas. Zhang et al. have
ing a titanium precursor on the surface of silica, showed reported that TIMCM-41 or TIHMS materials actually con-
interesting activities and selectivities in the epoxidation of 1- tain Ti species with 4-, 5-, and 6-fold coordination [20]. Al-
octene withtert-butyl hydroperoxide (TBHP) [1-3]. About  though the higher coordination sites most likely result from
10 years later, Taramasso et al. reported the synthesis ohydration of tetrahedrally coordinated Ti species, the pres-
TS-1, atitanium-substituted silicalite-1 [4]. This zeolite was ence of TiQ nanoparticles inside the mesopores cannot be
particularly active and selective in the oxidation and hydrox- excluded, especially in Ti-rich materials. The influence of
ylation of small substrates with dilute;@; solutions [5,6].  such particles on the catalytic properties of the correspond-
These properties promoted the development of new catalyticing solids is quite difficult to estimate due to the simul-
systems, based on zeolitic or amorphous materials. In par-taneous presence of Ti species with different coordination
ticular, the recent discovery of Ti-substituted mesoporous states. Whereas some publications report that the activity
molecular sieves opened new opportunities in selective oxi- of Ti-containing mesoporous silicas has a tendency to de-

dation of bulky substrates [7-15]. crease with the Tiloading, with a maximum around 1—-2 wt%
Ti [21], other data show very high performances for com-
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and the hydrophilic character of the surface also greatly in- cedure [23]. The purity of the compound was established
fluence the catalytic behavior. Moreover, the Tig@article using FT-IR spectroscopy. After drying, 440 mg of the clus-

size and the particle-size distribution probably also modify ter was dissolved in 25 mL of tetrahydrofuran (THF) and the

the activity and selectivity. Unfortunately, these parameters Tig solution thus obtained was kept under inert atmosphere.
are rarely reported since they are difficult to control at con-

stant Ti loading, especially in the case of very small parti- 2 2 Synthesis of SBA-15

cles. In most cases, the presence of polycondensed Ti species

is qualitatively estimated from the presence of signals above
250 nm in the UV—visible spectrum of the catalyst.

In the present work, subnanometric monodisperse@ TiO
particles containing 6 Ti atoms have been supported on
a mesoporous SBA-15 silica. This was achieved by graft-
ing a hexanuclear titanium oxo carboxylato alkoxide cluster
[Tig(uz-O)s(u-0O2CCsH4OPhE(OEL)g], further denoted as
“Ti g cluster,” on the surface of a calcined SBA-15 silica. The
obtained materials were characterized by chemical analy- . . . .
sis, X-ray diffraction, nitrogen adsorption, and UV-visible SBA-15.was characterized by X-ray diffraction and nitrogen
spectroscopy and used as catalysts in a series of oxidationadsorpt'on'
reactions using either 4D, or TBHP as oxidizing agent. )
Their performances were compared with those of standard2-3. Grafting procedure
Ti-containing mesoporous silicas prepared by direct synthe-
sis and having similar Ti loading. Three catalysts with Ti loading corresponding tgTi=

30, 50, and 100 have been prepared. In a typical preparation,
the required amount of gisolution was added to 100 mL

The synthesis of the mesoporous molecular sieve SBA-
15 was adapted from a recipe reported by Zhao et al. [24].
Tetraethylorthosilicate (TEOS) and poly(ethylene oxide)-
block-poly(propylene oxideplockpoly(ethylene oxide) tri-
block copolymer (Aldrich,Mayg = 5800, EQoPO70EOz,
P123) were used as silica source and structure-directing
agent, respectively. The mesoporous silica was then calcined
in air at 500°C for 12 h to remove organics. Pure silica

2. Experimental of THF under argon. One gram of calcined SBA-15, prelim-
inary dehydrated in an oven at 150 for 24 h, was then
2.1. Synthesis of gicluster added and the mixture was refluxed for 20 h under stirring.

The solid was then recovered by filtration, washed with dry
The hexanuclear cluster [ljt3-O)s(n-O2CCsH4OPh) THF, and air-dried at room temperature. Part of the solid was
(OEtk] (Fig. 1) was prepared according to a published pro- further calcined in air at 550C for 15 h.

SBA-15

Fig. 1. Ball-and-stick representation of the {{ljii3-O)g(11-O2CCgH4OPh)(OEt)] cluster (white, C; gray, O; and black, Ti atoms) and assembly ogTiO
tetrahedra after elimination of organics and grafting on SBA-15.
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2.4. Synthesis of Ti-HMS molecular sieves oxo ligands, of 6-coordinated metals, of ancillary ligands
displaying differential hydrolysis [26-28], is a favorable
TiIHMS molecular sieves were prepared using hexadecyl- feature for controlled hydrolysis and/or grafting via Si-OH
amine as surfactant following a recipe of the literature [25]. bonds. The metallic part of the cluster can be assimilated to
Four samples with SiTi ratios of 10, 30, 50, and 100 were a round-shaped particle with a diameter of ca. 8 A (Fig. 1).
prepared. Amine molecules were removed in boiling ethanol It consists of two staggered triangular units built by sharing
and extracted materials were further calcined in air at®®80  vertices of TiQ octahedra, which are joined by six common

to remove traces of organics. edges. The Ficluster was dissolved under inert atmosphere
in anhydrous THF. The high dilution of the medium as well
2.5. Characterization techniques as the homogeneity of the solution account for the absence

of extensive condensation in solution prior to grafting. Im-

Catalysts were characterized by X-ray diffraction, nitro- mobilization of the cluster on the surface involves the most
gen adsorption, and UV-visible spectroscopy. The Ti content labile linkages namely the Ti—-OEt ones in the first step and
was determined by atomic adsorption after dissolution of the proceeds by elimination of alcohol (Fig. 1). Heating pro-

samples in HF;HCI solutions. motes elimination of the remaining organic ligands either by

X-ray diffraction patterns were recorded betweérahd intramolecular elimination of ester or by hydrolysis of the
10° (20) on a Bruker (Siemens) D5005 diffractometer using M—O,CR bonds. TGA data indicate that nearly all organics
Cu-K,, radiation with steps of 0.02and 10 s per step. have been eliminated at the end of the refluxing. Hydrolytic

N2 adsorption/desorption isotherms were collected at or nonhydrolytic condensation of the clusters on the surface,
77 K using a Catasorb analyzer. Samples were preliminaryalthough not impossible, is not very likely in view of the

evacuated under vacuum at 5@ overnight. dilution used.
UV-visible spectra were obtained on a Varian Lambda 9
spectrometer in the region between 200 and 1000'cm 3.2. Characterization of SBA-15 and modified SBA-15

Thermal analysis data were collected on a SETERAM materials
TGDSC 111 apparatus connected to a mass spectrometer.
As-made TiSBA compounds were heated in air from 25to0 SBA-15 possesses a highly ordered large mesopores

750°C at a heating rate of 8C/min. hexagonal structure with mesopore diameters usually of
between 60 and 100 A [29,30]. This material is thus an ex-
2.6. Catalytic reactions cellent candidate for supporting large complexes like the Ti

cluster, which cannot easily penetrate the relatively small
Catalysts have been tested in the following reactions: mesopores of standard MCM-41 silica. The XRD pattern

epoxidation of cyclohexene, oxidation of aniline, oxidation of the calcined SBA-15 silica shows five reflections, char-
of 2,6-ditert-butylphenol (DTBP) and oxidation of 2,3,6- acteristic of a highly ordered hexagonal structure, that can
trimethylphenol (TMP). All reactions were performed under be indexed to (100), (110), (200), (210), and (300) with
ambient atmosphere in a round-bottom flask equipped with aa unit cell parametesng = 106 A (Fig. 2). This observa-
condenser and a magnetic stirrer. The catalyst was dispersedion is in agreement with that of previous reports on the
in a solvent containing the substrate and the temperature wasame type of materials. The nitrogen adsorption/desorption
increased. After stabilization of the temperature, the oxidiz- isotherm is shown in Fig. 3. The isotherm (type IV) with
ing agent (HO2, 30 wt% in water or TBHP, 95 wt% in  Hj-type hysteresis is typical of mesoporous materials with
cyclohexane) was added dropwise. Samples were taken abne-dimensional cylindrical channels. Calcined SBA-15 has
regular time intervals and analyzed by gas chromatographya BET surface area of 98% 7 n?/g and a pore volume of
using a Carbowax (AT-Wax) column (Alltech) attached to a 1.35 mL/g (Table 1). The pore-size distribution, calculated
FID. The HO2 or TBHP conversions were determined by on the desorption branch of the isotherm, is narrow and cen-
iodometric titration. Additional experimental details like the tered around 66 A. From the latter value, the wall thickness
reaction temperature, the nature of the solvent, or the amountan be estimated to ca. 40 A. Assuming that the totality of
of catalyst are reported for each reaction in the correspond-the surface is accessible tosTlusters, it is possible to cal-
ing section. culate the $iTi ratio corresponding to a complete coverage.

The hexanuclear cluster can be assimilated to a disk with a

diameter of ca. 1.8 nm, and this leads to ATsratio of 5 for

3. Resultsand discussion a monolayer. However, it was recently reported that the silica
walls of SBA-15 are not uniform, the large mesopores being
3.1. Synthesis surrounded by a microporous corona [31]. These micropores
are not accessible to large molecules likg dlusters. Even
The structurally well-defined §{u3-O)s(OEt)s(1- though the fraction of micropores is difficult to estimate, it

0,CCsH40Ph) carboxylato alkoxide was selected as the is clear that nitrogen adsorption overestimates the surface
source of TiQ particles. The presence of triply bridging effectively accessible to the clusters. Th¢Tiratio in the
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Fig. 2. X-ray diffraction patterns of calcined SBA-15 (a) and TiSBA-30 (b).

2 theta (°)

1600

1400 A

1200 +

1000 +

800 -

600

400 -

Volume adsorbed (cm®/g, STP)

200 -

0

0.0

Fig. 3. Nitrogen adsorption/desorption isotherms on SBA-15 (a) and

0.2

T

0.4

0.6

0.8

Relative pressure p/p,

TiSBA-30 (b) materials.

1.0

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

Table 1

Structural and physico-chemical properties of the materials

Sample ST S(m?/g)  V(cm/gR  ag (A @p(R)
SBA-15 00 987 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
TiIHMS-30 29 987 0.87 50 32
TiIHMS-10 11 788 0.56 46 28

@ \olume measured gt/ pg = 0.85 for TISBA materials angy/pg =
0.5 for HMS compounds.

sor solutions (Table 1). This indicates that the totality of the
molecules have been grafted on the silica surface. As seen
in Fig. 2 and Table 1, the grafting procedure does not signif-
icantly modify the structural properties of the support. The
di1po reflection in the X-ray powder diffraction pattern does
not change upon grafting and subsequent calcination. The
BET surface area and pore diameter are also similar before
and after treatment, indicating that the macroscopic struc-
ture of calcined SBA-15 is thermally and chemically stable.
This is not the case when SBA-15 is impregnated with ti-
tanium isopropoxide in ethanol [32]. It has been reported
that the BET surface area decreased by more than 25% for
a sample with Ti loading corresponding to/$i = 40. At

the same time, the pore diameter also decreased and this was
attributed to the formation of a titanium oxide layer on the
surface of the mesopores. Moreover, the maximum of the
UV-visible absorption band was shifted to near 270 nm. This
is not the case for our samples and will be discussed later.

3.3. Characterization of TIHMS materials

The XRD pattern of calcined TiIHMS-100 is composed of
a major broad reflection around &2long with a minor signal
at ca. 4 (Fig. 4). This corresponds to a unit cell parame-
ter ap ~ 53 A. The fact that reflections are broad and not
resolved results from the relatively short-range order of the
structure as compared to highly ordered materials like SBA-
15 or MCM-41. All TIHMS materials show a similar X-ray
pattern but the unit cell parameter slightly decreases from
53 to 46 A with the Ti content (Fig. 4). At the same time,
the intensity of the major XRD reflection decreases, indicat-
ing that the incorporation of titanium modifies the structure
of the solid. The $iTi ratios in calcined solids are very
close to those of the synthesis gels (Table 1). All catalysts
exhibit a type IV isotherm with a well-defined step around
p/po = 0.4 (Fig. 5). The step is less abrupt and shifted to a
lower pressure value for sample TiIHMS-10 with the highest

grafted samples was thus varied between 30 and 100. ThisTi content, indicating that mesopores are less regular than in
range ensures a high dilution of the Ti precursor in THF and, samples with lower Ti contents. All materials possess high

thus, a good dispersion of the clusters on silica.
Chemical analysis shows that the/Si ratios in the

BET surface areas between 788 and 1124gnThe sur-
face area has a tendency to decrease with the Ti content, as

grafted materials are almost the same as those of the precuralready reported [21,25].
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Fig. 4. X-ray diffraction patterns of calcined TiHMS-100 (a) and TiIHMS-
10 (b).
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Fig. 5. Nitrogen adsorption/desorption isotherms on TiHMS-100 (a) and
TiIHMS-10 (b) materials.

3.4. UV-visible spectroscopy

UV-visible spectroscopy is commonly used to charac-
terize the dispersion of titanium in Ti-containing inorganic

materials. This technique is not quantitative: neither the ex-

act coordination state nor the diameter of Ti@noparticles
can be directly deduced from the spectra. Nevertheless, it is
well established that charge transfers around 210-220 nm
characterize isolated, tetrahedrally coordinated Ti species.
The best example is TS-1 for which the UV absorption band
is observed at ca. 210 nm on the dehydrated material [19].
On the other hand, UV~visible signals above 300 nm can be
assigned to oxide nanoparticles. For Fifarticles, it has
been reported that the absorption edge increases with dis-
persion from ca. 300 nm for nanoparticles up to 360-370 nm
for bulk anatase [33]. However, spectra generally result from
the superposition of signals due to a broad particle-size dis-
tribution, and direct measurement of the particle size from
the absorption edge value is not possible. The assignment of
UV-visible signals in the intermediate region, i.e., between
230 and 300 nm, is more controversial. Indeed, within this
region, the maximum of absorption is not only sensitive to
dispersion but also to the hydration state. Spectra are thus
strongly dependent on the experimental conditions [33,34].
This is clearly illustrated by the spectra of our TISBA materi-
als (Fig. 6). Dry as-made materials show a unique absorption
band with a maximum between 230 and 240 nm. The ab-
sence of significant absorptions above 300 nmis a good indi-
cation that large Ti@particles have not been formed during
grafting. A shoulder, observed around 280 nm (spectrum
TiSBA-100(AS)), can be assigned to solvent, water, or car-
bonaceous residues resulting from the hydrolysis of the clus-
ter. This shoulder disappears upon calcination in air at high
temperature. Thermal analysis followed by mass spectrome-
try performed on TiSBA-30 shows that the major weight loss
occurs below 200C and corresponds to the removal of wa-
ter and THF. A minor loss<€10%) is visible around 378C
and results from the decomposition of organics. From the
latter weight loss, we can estimate that less than 10% of the
ligands of the clusters are present on silica after grafting.

The spectra of calcined TiSBA compounds are similar to
those of the corresponding TiIHMS materials (Fig. 6). They
differ essentially in the region below 230 nm, where a rel-
atively intense signal is observed for TIHMS but not for
TiSBA compounds. This signal correspondsto Ti atoms with
a 4-fold coordination. Therefore, UV-visible spectroscopy
clearly indicates that a significant proportion of Ti sites
in TIHMS materials probably possesses an octahedral co-
ordination and appears as small subnanometric particles.
The presence of such nanoparticles with absorptions below
250 nm is rarely noted in the literature. Signals around 230—
240 nm are generally assigned to isolated Ti species with
a 5- or 6-fold coordination. Some authors even report UV-
visible spectra of TIMCM-41 materials with bands centered
at 265 nm and assign them to a charge transfer between
tetrahedral oxygen ligands and*Tiions [35]. This assign-
ment is controversial, the signals being rather characteristic
of highly dispersed Ti@ nanoparticles.

The maximum of absorption is slightly shifted with Ti
loading from 233 nm for TiSBA-100 to 240 nm for TiSBA-
30 (Fig. 6). This suggests the formation of larger particles
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Fig. 6. Normalized UV-visible spectra of calcined TiIHMS (left) and TiSBA (right) catalysts. TIHMS-100(AS) has been recorded on the as-madgricatalyst

to calcination.

on the surface of TiISBA-30. These particles may be formed
during grafting by condensation of two or more €lusters.
Nevertheless, the shift is limited to a few nanometers, which
indicates that the proportion of clusters containing more than
6 Ti atoms is very low. This is not the case for TIHMS ma-
terials prepared with high Ti loading. For TiHMS-10, the
maximum of absorption is located around 270 nm in the de-
hydrated form, which is consistent with a high amount of
relatively large TiQ particles.

The maximum of the UV-visible absorption band strongly
depends on the hydration state of the compounds. As seen ir
Fig. 7, the signal of TiISBA materials immediately changes
upon hydration at room temperature. The maximum is
shifted by about 15 nm and a broad band is observed be-
tween 350 and 500 nm. These changes are reversible anc
the original spectrum is restored upon evacuation af200
A similar behavior has been observed on Ti-substituted
mesoporous silicas. It was attributed to a modification of
the coordination state of Ti species [20,25]. In TiISBA mate-
rials, all Ti species are octahedrally coordinated, even in the
dehydrated form. During the grafting procedure, the com-
plete hydrolysis of Tg clusters leads to the formation of 12
Ti—-O~ bonds per cluster. Some of them react with silanol
groups of the silica surface to form Ti—O-Si bridges while
others react with water molecules to form Ti-OH groups.
The latter can further react like silanol groups and form hy-
drogen bonds with water molecules. The facile hydrolysis
of Si—O-Ti bonds may also explain the reactivity of TISBA
compounds toward water.

The immediate modification of the spectrum indicates
that all Ti species are very accessible to water molecules.
This is a consequence of the location of €luster on the
surface of the mesopores and this contrasts with TiIHMS
compounds where a significant proportion of Ti species is

3 4

.
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Fig. 7. Normalized UV-visible spectra of dry TiSBA-100 (a), after adsorp-
tion of water (b), and after adsorption of hydrogen peroxide (c). Spec-
trum (d) corresponds to TiSBA-100 recovered after 3 catalytic runs in the
oxidation of aniline with BO5 (see Table 3).

located inside the silica walls and are not easily accessible to
water. The difference is even more pronounced upon dehy-
dration. While TiSBA materials are completely dehydrated
upon heating at 150C for 1 h, TIHMS materials still contain
water after heating for 4 h at the same temperature.

Tig clusters in TISBA materials also react with hydrogen
peroxide solutions. When a dry TiSBA compound is con-
tacted with an aqueous;B, solution (30 wt%), the color
immediately changes from white to bright yellow, indicating
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the formation of titanium peroxo species [36,37]. The re- Table 2
sulting material is characterized by a very broad UV-visible Cyclohexene epoxidation with TBHP over the various matéftials

absorption around 350 nm (Fig. 7). Upon heating the solid catalyst TBHP conv. Initial rate Selectivity (%)
at 60°C for 1 h, the color turns back to white. The broad (%) (mmol/(min g)) Sper® Sep®
UV-visible signal disappears and the spectrum of the solid T;5ga-100 99 171 95 100
(not shown) is similar to that of the original dry TISBA. AS  TisBA-50 100 3.80 94 98
for water molecules, peroxo species probably result from 9o 4.05 95 100
the reaction between Ti—OH groups or Si—O-Ti bridges with 10¢° 3.92 91 100
H,0, TiSBA-30 100 5.82 92 99
' TIHMS-100 76 0.37 95 100

) - TIHMS-50 89 1.03 94 99

3.5. Catalytic activity TIHMS-30 99 2.03 89 98
TIHMS-10 100 1.61 78 100

3.5.1. Epoxidation of cyclohexene a Experimental conditions: 0.25 mol cyclohexene, 0.05 mol TBHP,
SiOx—TiO2 mixed oxides are efficient catalysts in the 20 mL 2-methoxyethylether (solvent), 0.5 g catalyEt= 80°C, reaction
epoxidation of olefins with alkyl hydroperoxides like TBHP. tikr)nce: 3h. ' o
Preliminary experiments showed that the dispersion of Tion * T(?/e) IBl"(')z Xa?: :X?gg'df[ Z‘?(')e)(‘i::j"éft'esl agrixic(?écu'a;ed o )f‘i”OWS:
silica was a critical parameter [1-3]. Further studies con- ;%% [(()—_‘pgxide /([Cy‘cjloh ex;\gp— [eycloh exerr"ﬁ)’ Whé)ré i?ﬁd(f‘;t(;d
firmed this observation and it was suggested that the ac-fo initial and final concentration values, respectively.
tive sites for the reaction were tetrahedrally coordinated d catalyst recycling: the reaction was repeated three times with the same
Ti species [38,39]. However, excellent activities and selec- catalyst. Before the second and third reactions, the catalyst was recovered
tivities to epoxides were reported for catalysts containing and washed with 25 mL 2-methoxyethylether.
more than 30 mol% Ti [40,41]. Characterization of these
catalysts by UV-visible spectroscopy, XANES, or EXAFS about 10 times more active than the catalyst prepared by di-
clearly showed that they did not contain only tetrahedrally rect synthesis.
coordinated titanium but also Ti species with 5- and 6-fold Our results also indicate thatgTclusters do not mi-
coordination [20,31,42-44]. This suggests that the coordina-grate into the micropores of SBA-15 during calcination. For
tion state of Ti species is not the only factor that affects the TIHMS-10, the activity is relatively low and the catalyst is
activity in epoxidation. Other parameters like the acidity of less active than TiHMS-30. As previously noted, this solid
the support, the nature and accessibility of Ti species, andis less ordered than the others, with a lower surface area and
the particle size probably also influence the catalytic perfor- smaller pore diameter. These structural parameters probably
mance. affect the catalytic performance by decreasing the diffusion
TiSBA materials are active in the epoxidation of cyclo- of reactants and products inside the mesopores. Moreover,
hexene with TBHP. The catalytic performances are reported UV-visible spectroscopy indicated that Ti species were not
in Table 2 and compared with those obtained on TiHMS highly dispersed in this catalyst. Larger TiQarticles are
compounds. With TBHP, the only product detected is cyclo- known to inhibit epoxidation reactions by decreasing the
hexene oxide with a selectivity close to 100%. Whatever the number of accessible catalytic sites and by favoring the per-
Ti content, the TBHP conversion is always complete after oxide decomposition [40,41].
1 h when the reaction is performed over TiSBA. By con- The stability of TiSBA catalysts under reaction condi-
trast, only 76% of the oxidant is consumed over TIHMS-100 tions has been studied over TiSBA-50 and results are listed
and the percentage increases with the Ti content. The su-in Table 2. Neither the initial activity nor the selectivities
periority of TISBA compounds over TIHMS in the catalytic changed after three successive runs. Chemical analysis and
epoxidation of cyclohexene is clearly shown in Table 2. For UV-visible spectroscopy indicated that the Ti content and
TiSBA materials, the initial rate, defined as the epoxide for- dispersion were unchanged, and that no Ti leaching had oc-
mation within the first 100 s, increases proportionally to the curred.
Ti content. Actually, the TBHP conversion is almost com-
plete after 10 min on TiSBA-30. We observe the same evo- 3.5.2. Oxidation of aniline
lution over TIHMS materials, at least for low Ti contents; We have previously reported that Ti-substituted meso-
however, the initial rate is low compared to that obtained porous silicas are excellent catalysts in the oxidation of ani-
on TiSBA materials. The higher activity of TISBA catalysts line and substituted anilines with hydrogen peroxide [11,46,
probably results from a better accessibility of cyclohexene 47]. The activity of the catalysts is far superior to that of
molecules to Ti sites. Differences in catalytic performance zeolites like TS-1. Indeed, the size of reactants and prod-
between mesoporous materials prepared by direct synthects is such that diffusion greatly limits the reaction when
sis and postsynthesis grafting have already been reported bynicroporous catalysts like TS-1 are used. At high temper-
Oldroyd et al. [45]. These authors compared the catalytic ac- ature & 60°C), the reaction is complex and proceeds via
tivity of TIMCM-41 materials in the epoxidation of olefins  the formation of phenylhydroxylamine and nitrosobenzene.
by various alkyl hydroperoxides. The grafted catalyst was These two products further react together to form azoxy-
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Table 3 tected, even at the beginning of the reaction. Azobenzene is
Aniline oxidation over TiSBA and TiHMS materidls formed as a secondary product, probably by decomposition
Catalyst Oxidant Initial rate  Spe® Product selectivity (%) of the peroxide and formation of radicals. This assumption
(mmol/(min g)) AZYC AZOC is supported by the slightly higher selectivity in azobenzene
TISBA-100  HO, _ 92 92 P over Ti-rich catalysts, in particular TIHMS-10 in which Ti
944 95 5 species are essentially in the form of large oxide particles.
o 93 7 For TiSBA catalysts, the initial rate of formation of
TBHP 0.22 77 75 25 azoxybenzene increases almost linearly with Ti loading,
TISBA-50  H0p - 97 9% 5 thus confirming that the reaction is not limited by diffu-
TBHP 0.41 75 77 23 ; : .
TISBA-30 O, g 87 85 15 sion. By contrast to expgrlments perfprn)e;d with G,
TBHP 0.57 79 75 25 the azoxybenzene selectivity does not significantly decrease
TIHMS-100 H0» - 89 88 12 over TiSBA-30, suggesting that TBHP is less sensitive than
TBHP 0.09 83 78 22 H20- to the presence of large Ti(particles. TIHMS cata-
THMS-50  H0; - 95 90 10 lysts are also active in the oxidation of aniline with TBHP
. TBHP 0.20 I 9 21 but activities are always lower than those of TISBA materi-
TIHMS-30  H,Op - 97 94 6 S . ; .
TBHP 0.31 79 75 25 als. As for epoxidation reactions, this can be attributed to the
TIHMS-10  HO» - 72 78 22 existence of internal sites in HMS materials, not accessible
TBHP 0.35 78 73 27 to substrate and oxidant molecules.

a Reaction conditions: 0.5 g catalyst, 4.6 ml anilinex(3.0~2 mol), Recycling experiments have been performed over TiSBA-
20 mL acetonitrile (solvent), oxidasaniline = 0.2, T = 70°C, reaction 100 to check the stability of the catalyst in the presence of
time=>5h. o _ hydrogen peroxide. After each reaction, the catalyst was re-

Peroxide selectivity defined as in Table 2. covered by filtration, washed with acetonitrile, and calcined

¢ Azoxybenzene and azobenzene selectivities. AZMzoxybenzeng . . . L .
£, AZO = [azoxybenzeng'S with 5 — [azoxybenzeniet [azobenzen in air at 500°C. Catalytic data indicate that the peroxide

d Catalyst recycling: the reaction was repeated 3 times with the same selectivity remains very high and that the product distribu-
catalyst. Before the second and third reaction, the catalyst was recovered,tion is not significantly affected after 3 runs. Fig. 7d, shows
washed with acetonitrile, and calcined in air at 500 the UV-visible spectrum of TiSBA-100 recovered after the

third run and subsequently washed and calcined. Clearly, the

benzene. Preliminary results indicated that TIHMS materials maximum of absorption is unchanged compared to the fresh
with Si/Ti ratios between 30 and 85 were very active in this catalyst, and this demonstrates that hydrogen peroxide does
reaction and that the initial rate of formation of azoxyben- not modify the dispersion of Ti@particles on the silica sur-
zene was proportional to the Ti content. High activities were face under reaction conditions.
also observed when the reaction was performed with TBHP
as oxidizing agent. 3.5.3. Oxidation of aromatic compounds

TiSBA materials are active catalysts in the oxidation of 2,6-Di-tert-butylphenol is one of the large substrates that
aniline with hydrogen peroxide and TBHP (Table 3). With cannot be oxidized over microporous zeolites but relatively
both oxidants, azoxybenzene is the major product formed, aseasily over Ti-substituted mesoporous silicas. Pinnavaia et
expected at the temperature of the reaction. WigdH the al. first reported that TIHMS materials convert DTBP into
reaction is extremely fast and more than 90% of the peroxide the corresponding quinone using dilute solutions of hydro-
is consumed within the first 10 min. It was thus not possible gen peroxide [12]. The conversion was generally low, a sig-
to estimate the rate constant of formation of azoxybenzenenificant proportion of HO, being decomposed under reac-
for a given catalyst, but we could observe that it increased tion conditions. High conversions could only be obtained
with Ti loading. Because of the rapidity of the reaction, a using a large excess of2®, with respect to the substrate.
comparison of the performances of TiSBA and TiIHMS cat- For a HO»:substrate ratio of 6:1, the DTBP conversion in-
alysts was difficult. Table 3 shows that the azoxybenzene creased with Ti loading, from 26% for a catalyst containing
and KO, selectivities slightly decrease for TiSBA-30 and 1 mol% Ti to 98% for a catalyst with 10 mol% Ti. The cata-
TiHMS-10. Moreover, the azobenzene selectivity increases, lyst with 10 mol% Ti probably contained polycondensed Ti
suggesting that Ti@ particles with more than 6 Ti atoms species, as is the case for our TIHMS-10 material. Thus, ex-
may favor the decomposition of 4@,. Indeed, we have perimental data suggest that the reaction is not very sensitive
previously proposed that the formation of radicals by metal- to the dispersion of Ti species and that good activities can be
catalyzed decomposition of hydrogen peroxide could lead to obtained over TiQ nanopatrticles.
the direct formation of azobenzene [11]. This is what we observe experimentally on the series of

The rate of formation of azoxybenzene is considerably TiSBA catalysts (Table 4). For aj,:substrate ratio of 6:1,
lower when the reaction is performed with TBHP. The mea- the DTBP conversion increases from 30 to 77% with Ti load-
surement of reaction rates and the comparison betweening. Experiments performed under the same conditions on
TiSBA and TiHMS catalysts are thus possible. By contrast TIHMS materials with similar Ti loading give conversions
to reactions performed with 4D, nitrosobenzeneis notde- from 25 to 74%. With TiIHMS-10, 89% of the substrate is
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Table 4 Table 5
Oxidation of 2,6-ditert-butylphenol over TiSBA and TiHMS cataly$ts Oxidation of 2,3,6-trimethylphenol over TiSBA and TiHMS catalfsts
Catalyst DTBP HO, Quinond Catalyst T™P HO, T™MQ
Conv. (%) Selectivity (%) (%) Conv. (%) Selectivity (O/J) Selectivity (%)

TiSBA-100 30 25 100 TiSBA-100 98 46 95
TiSBA-50 57 33 98 TiSBA-50 97 46 96
TiSBA-30 77 31 98 TiSBA-30 99 48 97
TiHMS-100 25 11 98 TiIHMS-100 92 44 97
TiIHMS-50 60 15 99 TiIHMS-50 97 48 98
TiIHMS-30 74 22 100 TiIHMS-30 99 47 95
TiHMS-10 89 32 91 TiHMS-10 99 46 93

@ Reaction conditions: 0.5 g catalyst;;8,/DTBP = 6; solvent, ace- @ Reaction conditions: 0.5 g catalyst; 13.6 g (0.1 mol) TMP; 20 mL ace-
tone; T = 70°C; reaction time, 3 h. tonitrile (solvent); HO,/TMP = 4; T = 80°C; reaction time, 3 h. b0,

b Other products are essentially the binucleatedi-butylquinone. was added by portions at=0, 30 min, 1, and 1.5 h. Reactions were run for

1.5 h after the complete addition 0bB5.

b .
converted after 2 h, a value quite similar to that reported by "o &l reactions, KO, was completely consumed after 3 h.

Pinnavaia et al. [12] on the same type of materials. The sim- o
ilarity between DTBP conversions obtained on TiSBA and ~ Many authors have reported that the oxidation of phe-

TIHMS catalysts is evidence that active species are not nec-no! derivatives proceeds via the formation of phenoxy! radi-
essarily 4-coordinated Ti species. cals [49]. Initially, radicals are produced by the decomposi-

Similar conclusions can be drawn from the oxidation tion of peroxo titanium species formed by reaction between
2,3,6-trimethylphenol. This oxidation is of practical im- H202 and titanium sites

portance for the production of 2,3,6-trimethylbenzoquinone Ti—OH + H-O TIOOH + H»O 1
(TMBQ), an intermediate in the synthesis of vitamin E. Cat- * 2. 2__)_ 2D, (1)
alytic routes based mainly on the use of homogeneous cat-T"OOH — TiO" +"OH, (2)
alysts have been developed to produce TMBQ from TMP. TiO" 4+ H>O — TiOH + "OH. 3)

However, Sorokin and Tuel showed that excellent TMP con-
versions and TMBQ yields could be obtained over TIMCM-
41 catalysts using both 4@, and TBHP as oxidants [48].
Trukhan et al. [21] invest_igated the ianuenpe of Ti load- ArOH + "OH — ArO’ 4+ H,0 — quinone (4)
ing and structure regularity on the catalytic performance .
of Ti-containing mesoporous materials. They observed that ©f form oxygen and water by self-reaction,
both the TMP conversion and the TMBQ selectivity first . 1
increased with Ti loading up to ca. 2 wt% Ti and then 2OH— H0+30. ©®)
decreased monotonously. They concluded that a high dis- The rate of decomposition of hydrogen peroxide depends
persion of Ti species is a necessary condition for a good essentially on the dispersion and accessibility of titanium
catalytic activity in this reaction. However, by comparing a sites. By contrast to large TgOdomains, highly dispersed
highly ordered TIMCM-41 with a less regular TIHMS cat- particles will favor the decomposition of@,. This could
alyst, they found that the regularity of the structure also explain the poor activity of catalysts containing more than
influences the catalytic results. 10 mol% Ti, in which large TiQ particles are certainly
As seen in Table 5, TiSBA materials catalyze the oxi- present. The formation of quinones [Eq. (4)] is in compe-
dation of TMP with hydrogen peroxide. Conversions and tition with that of oxygen [Eq. (5)]. The last reaction occurs
TMBQ selectivities are comparable and sometimes higher on TiSBA as well as TIHMS catalysts and is responsible for
than those obtained over TIHMS materials having the samethe relatively high HO> decomposition.
Ti loading. Thus, the absence of isolated Ti sites with a 4-
fold coordination does not seem to be detrimental to the
catalytic activity. Actually, the decrease in activity reported 4. Concluding remarks
for Ti-substituted MCM-41 with high Ti loading most likely
results from a loss of Ti accessibility. Indeed, many papers A hexanuclear titanium cluster has been grafted on a
report that the intensity of thé oo as well as the resolution  mesoporous silica SBA-15. The material thus obtained has
of d110anddog reflections in the XRD patterns of TIMCM-  been used as a “model compound” for testing the catalytic
41 materials decrease with Ti loading, suggesting a loss of properties of monodispersed subnanometricaTp@rticles
long-range ordering. Moreover, the silica wall thickness gen- in oxidation reactions in the liquid phase. UV-visible spec-
erally increases with Ti loading. Therefore, the fraction of troscopy shows that the grafted silica is characterized by an
Ti sites located inside the walls also increases whereas thagbsorption band at ca. 235 nm. This value is not very dif-
of surface sites, effectively accessible to substrate moleculeserent from that observed on Ti-modified catalysts obtained
and active in the catalytic reaction, decreases. by direct synthesis. This suggests that large;Td@mains

These radicals further react with aromatic molecules to
form phenoxyl radicals,
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