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Abstract

The number of Si–O–Ti bonds in silica-supported titanium catalysts is an important parameter that affects activity and selectivity.
comparisons between different catalysts can be made by infrared spectroscopy, estimation of the contribution of the different s
difficult task. UV spectroscopy has been used to characterize three different titanium–silsesquioxane complexes. The wavelength
is highly dependent on the concentration, and broad bands are obtained by DRUV, at wavelengths that correlate with the number
bonds. The deconvolution of the DRUV spectra of silica-supported titanium catalysts allows identification of the three types of te
(pentacoordinated) species, together with octahedral species. These results correlate well with the known silanol densities of th
silica supports, and the catalytic activity and selectivity for epoxidation are clearly favored by the reduction in octahedral titanium
increase in the number of tripodal species.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Heterogeneous titanium catalysts for alkene epox
tion require the presence of highly dispersed titanium c
ters[1]. This property can be achieved either by dispers
of titanium in a silica matrix or by grafting of titanium
precursors to a silica support. Several authors have c
pared the performance of the two types of solids, and
supported catalysts are recognized as being more effi
than those containing the titanium centers in the ma
structure [2–4]. The preparation of silica-supported tit
nium catalysts requires the binding of the titanium precu
to the silanol groups of the surface. Taking into acco
the different relative positions of the silanols in silica[5],
each titanium center can be bonded to one, two, or e
three silicon atoms through Si–O–Ti bonds, leading to
formation of monopodal, bipodal, or tripodal species,
* Corresponding author. Fax: +34 976762077.
E-mail address: jmfraile@unizar.es(J.M. Fraile).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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t

spectively (Fig. 1). Although Ti(OSiMe3)4 has been use
as a soluble model for titania–silica mixed oxides[6], the
most used models for titanium catalysts have been
nium silsesquioxane complexes. These systems are co
Fig. 1. Possible surface titanium species on silica.
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ered appropriate as models for the silica surface becau
the nature of the incompletely condensed silsesquiox
[7–9], a suitability confirmed by our experience with silic
supported aluminum catalysts[10]. One of the main con
clusions is that tripodal silsesquioxanes show much hig
activity, by one order of magnitude, than bipodal ones
alkene epoxidation with alkyl hydroperoxides[11–13]. This
result demonstrates the importance of the surface sp
control in the preparation of silica-supported titanium ca
lysts.

The characterization of this type of solid is not a sim
task, if we take into account the different possible coordi
tion states of titanium and the fact that the titanium precu
can produce oligomers (TiOx) on the surface[14]. This dif-
ficulty is even greater if conditions similar to those used
the application of these systems are desired. In view of th
problems, different spectroscopic techniques have been
plied for this purpose.

Quantitative analysis of the released molecules in
preparation process is a useful tool, but it is usually
plied to the preparation of small samples from gas-ph
precursors and does not take into account the possible
tions between precursor molecules to form oligomers[15].
X-ray absorption spectroscopy (XAS) requires costly equ
ment and special facilities, factors that limit the utility
this technique. Moreover, the result obtained is an a
age of the absorption spectra of the different centers
the solid[16,17]. XPS provides valuable information main
when the environment of titanium in the precursor is clea
different from that in the solid, as is the case in TiF4 [18],
but the high-vacuum conditions necessary for XPS an
sis may modify the nature of the titanium centers[19]. The
Si–O–Ti bonds give rise to an IR band at 940 cm−1. The
ratio between the areas of this band and that correspon
to Si–O–Si bonds in the 1200–1000 cm−1 range has bee
used to estimate the relative dispersion of titanium on
ferent silica matrixes[20–22]. However, there is no way t
determine the absolute number of these bonds. Furtherm
this determination is made more difficult by the superpo
tion of the remaining Si–OH band. DR-UV spectra usua
consist of a broad band with a maximum whose position
pends on the degree of hydration of the solid[4,23]. The
interpretation of the resulting spectrum is not straightf
ward, and disparate conclusions have been drawn by d
ent authors. The conversion of Q3 [(SiO)3–Si–OH] into Q4

[(SiO)3–Si–OTi] silicon atoms by reaction of silanol grou
with titanium can be followed by29Si-CP-MAS-NMR spec-
troscopy, but the cross-polarization enhancement of the
nal precludes any quantitative determination of the differ
types of silicon[24].

In spite of the interest of silsesquioxanes as models
silica surface, the data obtained have usually been corre
with titanium centers in zeolites and similar crystalline m

terials[7–9,11–13], and so a direct comparison with titanium
centers on amorphous silica supports is still lacking. In this
paper we present the results of our recent studies in this area
talysis 233 (2005) 90–99 91
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2. Experimental

2.1. Materials

Silsesquioxanes1–3 were purchased from Aldrich. Th
silica supports were Merck60 (512 m2 g−1), Degussa Aerosi
200 (200 m2 g−1), and MCM-41 (802 m2 g−1). Hydrophobic
silica was prepared from Merck60 by treatment with
methyloctadecylsilyl chloride[22]. Hydrophilic silicas were
prepared from Merck60 by treatment with aqueous HC
propionyl chloride in hexane[25]. Titanium catalysts on
silicas[22,25–27]and MCM-41[28] were prepared by pre
viously described methods.

2.2. Characterization methods

Titanium and silicon analyses were carried out by plas
emission spectroscopy on a Perkin–Elmer Plasma 40 e
sion spectrometer. Elemental analyses were carried out
a Perkin–Elmer 2400 elemental analyzer. NMR spectra w
recorded on a Bruker Avance 400 spectrometer. Infra
spectra were recorded on a Nicolet Avatar 360 FTIR sp
trophotometer. Spectra of the silica-supported catalysts w
taken from wafers diluted with KBr treated under va
uum (<10−5 Torr) at 140◦C in a cell equipped with NaC
windows. UV spectra were recorded on a Unicam UV
spectrophotometer. For DR-UV measurements the s
trophotometer was equipped with a Spectralon RSA-UC
Labsphere integrating sphere. Samples were ground
mortar and dried under vacuum at 140◦C overnight before
measurements. The hot powder samples were placed
home-made cell equipped with a quartz window. The spe
were recorded immediately to prevent significant moist
adsorption. Deconvolutions in gaussian curves were ca
out with PeakFit 4.1. No restrictions were made for num
or situation of peaks, and iterative processes were carrie
until the adjust had a value ofr2 > 0.99.

2.3. Synthesis of titanium–silsesquioxane complexes

A solution of the corresponding silsesquioxane (1–3)
(0.38 mmol) in anhydrous ethyl ether (20 ml) was slow
added (30 min) at room temperature to a solution
Ti(OiPr)4 (0.42 mmol) in the same solvent (20 ml) und
an Ar atmosphere. The resulting solution was allowed to
act for 30 min (in the case of1) to 2 h (in the case of3).
The solution was concentrated under vacuum to half
ume, and anhydrous acetonitrile (5 ml approx.) was ad
dropwise until a white microcrystalline precipitate was o
tained. The solids were filtered off, washed with anhydr
acetonitrile (3× 5 ml), and dried under vacuum. The pu
titanium–silsesquioxane complexes were obtained by c
tallization from chloroform (80% yield).

i i 1
.

[(c-C5H9)7Si8O13Ti(O Pr)3] [1-Ti(O Pr)3]. H-NMR
(CDCl3, 400 MHz, δ ppm): 3.81 (m, 3H), 1.93–1.64 (m,
20H), 1.63–1.34 (m, 36H), 1.34–1.06 (m, 18H), 1.00–0.85
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(m, 7H). 13C-NMR (CDCl3, 100 MHz, δ ppm): 77.23
(OCHMe2), 27.28, 27.25, 27.00 and 26.93 (–CH2–), 25.30
(–CH3), 22.18, 22.13 and 22.06 (1:3:3, Si–CH). MS (FAB+)
m/z: 1140 (M+), 963, 917. Analysis found: C, 46.06; H
7.25; Si, 19.94; Ti, 4.15; calcd. for C44H84O16Si8Ti: C,
46.32; H, 7.37; Si, 19.65; Ti, 4.20.

[(i-C4H9)8Si8O13Ti(OiPr)2] [2-Ti(OiPr)2]. 1H-NMR
(CDCl3, 400 MHz, δ ppm): 4.19 (m, 2H), 1.95–1.65 (m
8H), 1.20 (d, 12H,J 6.13 Hz), 1.10–0.75 (m, 48H), 0.60
0.42 (m, 16H).13C-NMR (CDCl3, 100 MHz,δ ppm): 77.25
(OCHMe2), 25.84, 25.78 and 25.68 (2:1:1, –CH3 in iBu),
25.30 (–CH3), 24.06, 23.98 and 23.89 (1:2:1, –CH2– in iBu),
23.17 (–CH iniBu). MS (FAB+) m/z: 1054 (M+), 936, 879,
822, 774, 717. Analysis found: C, 43.33; H, 8.22; Si, 21.
Ti, 4.32; calcd. for C38H86O15Si8Ti: C, 43.27; H, 8.16; Si,
21.25; Ti, 4.55.

[(i-C4H9)7Si7O12Ti(OiPr)] [3-Ti(OiPr)]. 1H-NMR
(CDCl3, 400 MHz,δ ppm): 4.05 (sept, 1H,J 6.13 Hz), 1.90–
1.69 (m, 7H), 1.15 (d, 6H,J 6.13 Hz), 1.00–0.85 (m, 42H
0.60–0.42 (m, 14H).13C-NMR (CDCl3, 100 MHz,δ ppm):
77.21 (OCHMe2), 26.20, 25.93 and 25.69 (3:3:1, –CH3 in
iBu), 25.30 (–CH3), 23.91, 23.87 and 23.17 (3:3:1, –CH2–
in iBu), 22.49 (–CH iniBu). MS (FAB+) m/z: 894 (M+),
837, 794, 737. Analysis found: C, 41.36; H, 7.63; Si, 22.
Ti, 5.29; calcd. for C31H70O13Si7Ti: C, 41.61; H, 7.83; Si,
21.92; Ti, 5.36.

2.4. Epoxidation reactions with silica-supported catalysts

All of the catalysts were dried at 140◦C under vac-
uum for 12 h before use. All of the reagents and solve
(synthesis grade 99%) were used as received. The ca
(200 mg) was added to a solution of the alkene (25 mm
in tert-butanol (4 ml). The reaction mixture was heated
80◦C, and H2O2 (0.28 ml, 30%, 2.5 mmol) diluted withtert-
butanol (1 ml) was slowly added (2.5 h) with a syringe pum
Ethylene glycol dimethyl ether (1 ml, internal standard) w
added, and the reaction mixture was stirred at 80◦C for an
additional 5-h period. The catalyst was filtered off, wash
with dichloromethane (5× 5 ml), dried under vacuum, an
reused under the same conditions. The yields were d
mined by GC on a Hewlett–Packard 5890 II, with a F
and helium as a carrier (20 psi), and a cross-linked me
silicone column (25 m× 0.2 mm× 0.33 µm). The total con
version of H2O2 was confirmed by iodometric titration o
the final solution.

3. Results and discussion

3.1. Synthesis and characterization of titanium–
silsesquioxane complexes
3.1.1. Synthesis
Given the different possibilities for the arrangement of

silanol on the silica surface, three incompletely condensed
talysis 233 (2005) 90–99
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Scheme 1. Synthesis of titanium–silsesquioxane complexes.

silsesquioxanes (1–3) were chosen to model isolated (1),
two-vicinal (2), and three-vicinal (3) silanols. The titanium-
silsesquioxane complexes were prepared by reaction o
silsesquioxane with Ti(OiPr)4 in ether (Scheme 1), as de-
scribed in the literature[11–13], in order to serve as mode
for monopodal, bipodal, and tripodal titanium centers. T
compounds were fully characterized by elemental anal
and different spectroscopic techniques. The reaction o
of the silanol groups was confirmed by the complete
appearance of the broad band in the 3750–3000 cm−1 re-
gion of the IR spectra, together with the 0.1 ppm shift
the 13C-NMR signals for the atoms directly bonded to
In all cases the isopropoxy groups were present, as sh
by the septuplet (or multiplet) at around 4 ppm in the1H-
NMR spectra, together with the new signals at 77 and
26 ppm in the13C-NMR spectra. All of these features, t
gether with the consistent elemental analysis data (C
Si, Ti) and mass spectra, confirm the monomeric natur
the titanium–silsesquioxane complexes. After the struct
had been confirmed, the titanium–silsesquioxane compl
were characterized by the spectroscopic techniques dir
applied to the solid catalysts, namely, IR and UV.

3.1.2. IR spectra
The dispersion of titanium in titania–silica mixed oxid
has been determined from the ratio between the areas of the
IR bands corresponding to Si–O–Ti (around 940 cm−1) and
Si–O–Si connectivities in the 1200–1000 cm−1 range[20,
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Fig. 2. IR spectra (1600–700 cm−1) of the silsesquioxanes1–3 and the cor-
responding titanium complexes: (a)3, (b)3-Ti(OiPr), (c)2, (d)2-Ti(OiPr)2,
(e) 1, (f) 1-Ti(OiPr)3.

21,29]. We have also applied this method to silica-suppor
titanium catalysts[22]. In the case of silsesquioxanes, a n
band appears in the 960–925 cm−1 range upon the incor
poration of titanium (Fig. 2), and this can be assigned
Si–O–Ti bonds. However, from the spectra it is clear that
intensity of the band is not directly related to the numbe
Si–O–Ti bonds. For example, the intensity of the band for
bipodal species2-Ti(OiPr)2 is higher than that of the tripo
dal complex3-Ti(OiPr), despite the lower number of bond
In fact, the wavenumbers are different for the three sam
(927, 945, and 957 cm−1 for 3-Ti(OiPr), 2-Ti(OiPr)2, and
1-Ti(OiPr)3, respectively), and the bands are superimpo
on others already present in the original silsesquioxa
Thus, conclusions about the dispersion in silica-suppo
titanium catalysts by this method are not conclusive.
3.1.3. UV spectra
On the other hand, UV spectroscopy has been widely

used in the characterization of heterogeneous titanium cata
talysis 233 (2005) 90–99 93

Fig. 3. UV spectra (10−6 M) of the titanium–silsesquioxane complexe
1-Ti(OiPr)3 (solid line), 2-Ti(OiPr)2 (dashed line) and3-Ti(OiPr) (dotted
line).

lysts. The spectra of the titanium–silsesquioxane compl
were taken from solutions of different concentrations i
nonpolar solvent such as hexane. As can be seen, at low
centration (10−6 M) the absorption maximum is observed
205 nm (Fig. 3), a value consistent with titanium in a tetrah
dral environment and close to the values reported in the
erature for titanium–silsesquioxanes[11–13,30]. This band
is not completely symmetric, and it presents a shoulde
about 225 nm that is more intense for the less rigid mono
dal species1-Ti(OiPr)3. The shift of the band to higher wave
lengths has been attributed to an increase in the coordin
of the titanium[4,23]. This higher coordination might be du
to intermolecular interactions between silsesquioxanes,
at very low concentrations, and their importance should
greater at higher concentrations. In fact, the spectra a
higher concentration (10−5 M) show a dramatic shift of the
maximum absorption to higher wavelengths, with sign
cant differences depending on the titanium species (Fig. 4).
The most flexible system,1-Ti(OiPr)3, shows a broader ban
with the maximum at 247 nm, whereas the bands for
more rigid and hindered species are sharper, and the
imum appears at lower wavelength: 237 nm in the cas
2-Ti(OiPr)2 and 230 nm for3-Ti(OiPr). The broadening i
consistent with a less rigid species, in which a higher nu
ber of vibrational levels are superimposed on the electr
transitions. To maximize the intermolecular interactions,
higher silsesquioxane concentration would be in the s
phase without solvent.

Diffuse-reflectance UV spectra of the titanium–silsesq
oxane complexes were also recorded (Fig. 5). As can be
seen, the shapes of the spectra are completely different
those obtained in solution. Two bands are clearly pres
a narrow one centered at 229 nm and another, broader
-

whose shape and maximum depend on the titanium species.
As with the solution spectra, the broadest and most strongly
shifted band (286 nm) corresponds to the flexible species
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Fig. 4. UV spectra (10−5 M) of the titanium–silsesquioxane complexe
1-Ti(OiPr)3 (solid line), 2-Ti(OiPr)2 (dashed line) and3-Ti(OiPr) (dotted
line).

Fig. 5. DRUV spectra of the titanium–silsesquioxane comple
1-Ti(OiPr)3 (solid line), 2-Ti(OiPr)2 (dashed line) and3-Ti(OiPr) (dotted
line).

1-Ti(OiPr)3. The bipodal species2-Ti(OiPr)2 presents a nar
rower band centered at 271 nm, and, finally, the tripo
system3-Ti(OiPr) gives rise to the narrowest spectrum, a
this has a maximum at 252 nm. It is important to note t
the broad bands are nearly perfect gaussian curves, with
minor contributions of very weak bands when deconvolu
These results demonstrate that the UV spectrum is not
influenced by the structure of the titanium site, but also
acquisition method used to obtain the spectrum. Altho
the contribution of water to the titanium coordination can
be completely excluded, the use of dried samples and th
tal absence of OH band in the IR spectra (3000–4000 cm−1)

seem to indicate that the modification of the titanium coordi-
nation from tetrahedral to pyramidal or octahedral is due to
the oxygen atoms of the silsesquioxane molecules that act a
talysis 233 (2005) 90–99

-

Fig. 6. Deconvolution of the DRUV spectra of Merck60 supported cataly
(A) 1.07 and (B) 0.24 mmol-Ti g−1.

coordinating moieties, a situation favored by the higher c
centration in solution or the close proximity in solid phas

As a tentative assignment, we believe that the pu
tetrahedral species always show a band at 225 nm, regar
of the number of Si–O–Ti bonds, whereas the pentacoo
nated titanium band appears at around 250, 270, and 29
for tripodal, bipodal, and monopodal species, respective

3.2. Comparison of titanium centers on silsesquioxanes
and silica supports

3.2.1. Conventional silica supports
On the basis of the findings described above, a com

ison between these well-characterized titanium species
the silica-supported catalysts seemed worthwhile. Titan
catalysts on Merck60 silica with different titanium loadin
(1.07 and 0.24 mmol-Ti g−1) were prepared from Ti(OiPr)4.
DRUV spectra for the dried samples (140◦C under vacuum
were recorded (Fig. 6). In both cases, wide nonsymmetric
spectra were obtained, and these were deconvoluted wi
restrictions in order to compare them with the spectra of
model titanium–silsesquioxane complexes.

As can be seen, the same fit of the spectra requires
eral bands that can be grouped into three zones. Two b
are apparent below 250 nm, at around 215 and 225 nm
s

these can be assigned to tetrahedral titanium centers, without
any indication of the number of Si–O–Ti bonds. With regard
to pentacoordinated species, the three expected bands at 250,
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270, and 290 nm are observed, which seems to indicat
presence of all types of titanium species on the silica surf
One or two additional bands appear at higher waveleng
at 310 nm in both solids and at 325 nm only in the cata
with high titanium loading. These bands can be assigne
octahedral titanium, either isolated (probably monopoda
in the form of small TiOx aggregates. The band at 325 nm
most likely due to these titania particles, which cannot be
tected by XRD and are not present in the solid with a hig
titanium dispersion. The presence of species with coord
tion higher than 4 is not strange, if we take into account
the silica-supported catalysts were not calcined at high t
perature.

In the cases of samples exposed to ambient mois
(Fig. 7), the bands assigned to tetrahedral species pr
cally disappear because of the coordination of water. T
change is accompanied by an increase in the bands at h
wavelengths, mainly at 290 and 310 nm. This result is
agreement with the tentative assignment of these band
pentacoordinated and octahedral species. Moreover, th
ordination that is higher than 4 in the dried samples se
to be due to coordinating groups in the solid (Fig. 1). Ac-
Percentage of H2O2 conversion in the cyclohexene epoxidation reaction th
cyclohexenol)/(epoxide+ diol + cyclohexenol+ 2× (cyclohexenyl hydroperox

d Catalyst used three times.
talysis 233 (2005) 90–99 95

r

-

cording to this hypothesis the remaining tetrahedral spe
would be situated in surface sites with hindered accessib
whereas water has free access to those sites and tetra
sites are not present in nondried samples.

Further evidence to support the band assignment
come from the relative intensities of the bands in catal
prepared on a silica support with a different density of sila
groups, which in turn leads to different populations of ti
nium species.

When a highly ordered mesoporous silica, such as MC
41, is used as a support, the deconvolution of the DR
spectrum (Fig. 8) shows a much lower contribution of th
octahedral species in spite of the even higher titanium lo
ing. This phenomenon is probably a consequence of
higher dispersion, which is due to the larger surface a
In this way, titania aggregates are more difficult to form,
indicated by the absence of a band at 325 nm. Altho
all three bands attributed to pentacoordinated species
present, a slight but significant increase in the contribu
of that assigned to the tripodal species (250 nm) is seenTa-
ble 1). This observation is in agreement with the tripod
Fig. 7. Deconvolution of the DRUV spectra of Merck60 supported Ti cata-
lysts (0.24 mmol-Ti g−1) without drying under vacuum. Fig. 8. Deconvolution of the DRUV spectrum of MCM41-Ti(OiPr).

Table 1
Relative contributions to the UV spectrum of silica-supported titanium catalysts and relationship with catalytic results

Support Ti loading

(mmol g−1)

Ti dispersiona

(atoms nm−2)

Contribution (%) of the different bands (in nm) to the UV spectrumb Contribution of
direct epoxidationc210 225 250 270 290 310 325

Merck60 1.07 1.53 0.8 9.2 9.7 4.6 29.6 18.7 27.3 45
0.24 0.29 3.9 19.1 16.4 19.7 28.4 12.5 0 56

MCM-41 1.25 1.18 6.4 17.3 16.7 14.5 26.5 18.5 0.1 60
Aerosil200 0.80 2.78 4.3 9.7 15.4 13.3 25.1 25.1 7.2 43

0.10 0.31 1.3 4.8 19.1 13.7 48.5 12.6 0 71
M60(TMS) 0.24 0.36 5.4 15.8 16.5 26.8 25.6 9.8 0 71
M60(C18) 0.23 0.46 0 3.1 17.4 41.3 24.7 13.6 0 87
M60(HCl) 0.25 0.29 5.6 13.7 21.5 25.2 20.4 13.6 0 63
C 0.26 0.28 9.1 5.5 20.1 27.4 34.0 3.9 0 84
M60(EtCOCl)d 0.23 3.0 6.2 22.7 27.2 18.5 14.9 7.4 71

a Nominal dispersion calculated from the titanium loading and the surface area of the support.
b Integration of the deconvoluted peak in Kubelka–Munk units.
c
 rough the direct epoxidation mechanism. Calculated as 100× (epoxide+ diol −

ide)).
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Fig. 9. Deconvolution of the DRUV spectrum of Aerosil200 supported
alysts: (A) 0.80 and (B) 0.10 mmol-Ti g−1.

species described for other titanium catalysts on MCM-
where calcination leads to this being practically the o
species present in the solid[31]. The higher contribution o
the tetrahedral species is again in agreement with the hyp
esis of support coordination. The high degree of order in
walls of MCM-41 to a large extent precludes the coordi
tion of titanium with the neighboring silanol and/or siloxa
observed for the rougher silica surface.

In the case of the nonporous silica Aerosil200, mono
dal pentacoordinated dimeric species have been prop
on the basis of the stoichiometry of the reaction betw
silanols and Ti(OiPr)4 [32]. The lower silanol density would
make the formation of dipodal species difficult and thus
vor the higher population of monopodal species. The po
bility of dimers is in agreement with the high surface co
centration in the solid with maximum loading (Table 1). Oc-
tahedral species are present in the high-loading catalys
shown by the DRUV spectrum (Fig. 9A), although in a lower
amount than in the case of Merck60. However, the lo
loaded solid presents the same Ti dispersion as found
Merck60, but the UV spectra are completely different.
far as the possible pentacoordinated species are conce
the most prominent band in the Aerosil-based solid (Fig. 9B)
corresponds to that assigned to monopodal species (290
a situation that is consistent with the lower silanol densit
Regarding to the results in alkene epoxidation with dilute
H2O2 (yields of all of the reaction products are gathered in
Table 2), the solids with larger numbers of octahedral tita-
talysis 233 (2005) 90–99
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Table 2
Yields of the different products in the cyclohexene epoxidation with H2O2

Support Ti loading

(mmol g−1)

Yield (%) of the different productsa

Epoxide Diol Cyclohexenol Chhp

Merck60 1.07 22.7 23.3 10.8 10.8
0.24 21.8 29.3 7.8 9.2

MCM-41 1.25 20.4 31.1 10.1 3.6
Aerosil200 0.80 20.5 17.0 9.8 8.3

0.10 36.1 38.8 8.3 5.0
M60(TMS) 0.24 34.5 44.4 8.1 6.4
M60(C18) 0.23 23.2 39.4 2.7 1.6
M60(HCl) 0.25 29.5 37.5 9.3 7.7
M60(EtCOCl) 0.26 18.8 50.7 4.0 2.4
M60(EtCOCl)b 0.23 18.2 51.8 7.4 5.4

a Referred to H2O2.
b Catalyst used three times.

nium centers also present the lower selectivity for the di
epoxidation mechanism (Table 1), 45% versus 56% in th
case of Merck60 and 43% versus 71% for Aerosil200. T
is in agreement with the higher activity of the octahedral t
nium for H2O2 decomposition through a radical mechanis
leading either to decomposition of the oxidant or to the f
mation of allylic oxidation products. The difference betwe
the two silica supports at low loading is more difficult to e
plain. In fact, from the activity of titanium–silsesquioxan
in solution[11–13], a higher activity of the solid with highe
contribution of tripodal sites (250 nm), reflected in a hig
selectivity for the direct mechanism, would be expect
However, the reverse is true, and several factors make
direct translation from solution to heterogeneous react
difficult. First of all, the use of a different oxidant, H2O2
instead oftert-butyl hydroperoxide, in a different reactio
medium may modify the relative catalytic activities of t
different sites. Moreover, the use of a solid introduces o
factors, such as diffusion and accessibility, that may alter
performance of the sites and hence the relative rates o
competitive reactions. In this regard the nonporous sup
with particles of small size, Aerosil200, would be favore
in agreement with the results.

3.2.2. Hydrophobic silica supports
In a subsequent set of experiments, we tried to mo

the silanol density of Merck60 in a controlled manner in
der to vary the population of surface titanium species. S
silanization is reported as a method to eliminate the
lated silanols[33,34], the use of a silanized support wou
result in a reduction in the amount of monopodal spec
Merck60 silica was silanized with trimethylsilyl groups,
give M60(TMS), and dimethyloctadecylsilyl groups, to gi
M60(C18). A dramatic reduction in the band at 290 nm
evident in the deconvoluted DRUV spectrum of M60(C18)-
Ti(OiPr) (Fig. 10), and the band at 270 nm is now the mo
prominent. The same trend is observed in the case o

M60(TMS) support (Table 1). This result is in agreement
with a higher proportion of bipodal species. It is also worth
noting the significant decrease in the bands at low wave-
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Fig. 10. Deconvolution of the DRUV spectrum of Merck60(C18)-Ti(OiPr).

length (Fig. 10). If one considers these bands as correspo
ing to truly tetrahedral sites, these centers must be locat
surface sites that are not easily accessible, which would
plain the impossibility of higher coordination. The silaniz
tion of the silica surface before titanium grafting may cre
additional hindrance to those sites, making it impossibl
form titanium centers at all. The reduction in these band
not as pronounced in the case of the less bulky trimethyl
group, and this is consistent with the idea outlined above

In the cyclohexene epoxidation reaction, the cataly
prepared from hydrophobic silicas led to improved contri
tions of the direct mechanism (Table 1), 71% for M60(TMS)
and 87% for M60(C18). The significant reduction of the octa
hedral contribution (>300 nm) observed in the UV spectru
of M60(TMS)-Ti(OiPr) (Table 1, spectrum not shown) ma
account for this improvement, as a consequence of the
crease in the H2O2 decomposition by radical mechanism
However, the contribution of octahedral sites in M60(C18)-
Ti(OiPr) is even slightly higher than that in M60-Ti(OiPr),
and the explanation for the excellent selectivity must lie e

where. In this case the reduction in the contribution of the

Fig. 12. Deconvolution of the DRUV spe
talysis 233 (2005) 90–99 97
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Fig. 11. Deconvolution of the DRUV spectrum of Merk60(HCl)-Ti(OiPr).

tion. However, as pointed out before, they may be envisa
as Ti sites in places with hindered accessibility, mainly
bulky molecules. Therefore, they may also be responsible
H2O2 decomposition, inasmuch as the alkene cannot e
those sites. The effect would be then the same as for the e
ination of octahedral sites, showing that the sites assigne
pentacoordinated Ti are those truly responsible for epox
tion in silica-supported catalysts.

3.2.3. Hydrophilic silica supports
Further confirmation of the tentative assignation of

UV bands could be the use of supports with higher sila
density, in an attempt to increase the number of tripo
species on the surface. The increase in silanol density w
be possible through hydrolysis of the surface siloxane bo
in silica to form vicinal silanols. Such a hydrolysis reacti
can take place by treatment of silica with hydrochloric a
in the aqueous phase or by reaction with an acyl chlo
under anhydrous conditions, followed by hydrolysis[25].
This treatment on Merck60 silica, followed by grafting

i
Ti(O Pr)4, led to solids whose DRUV spectra are represented
on
sig-
tetrahedral sites is very significant (<250 nm), which in the
literature are described as the main reason for the epoxida-

in Figs. 11 and 12. As can be seen, the relative contributi
of the band assigned to monopodal species (290 nm) is
ctrum of Merck60(EtCOCl)-Ti(OiPr).
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Fig. 13. Correlation between the contribution of the UV bands in the ra
250–300 nm and the contribution of the cyclohexene epoxidation thro
the direct mechanism to the productive conversion of H2O2: freshly pre-
pared (Q) and used (!) catalysts.

nificantly reduced in M60(HCl)-Ti(OiPr) (Fig. 11), and this
is associated with an increase in the bands for the trip
and bipodal species. However, the contributions of octa
dral and tetrahedral species present only minor modifi
tions. This result is in agreement with the slight impro
ment of the selectivity toward the direct epoxidation (Ta-
ble 1).

In contrast, treatment with an acyl chloride keeps the
tio between the three types of pentacoordinated specie
most unchanged, whereas it sharply decreases the co
of octahedral and tetrahedral species (Fig. 12). As a conse-
quence, this solid leads to almost the highest selectivity
the direct epoxidation. For a further confirmation of the
pothesis about the significance of the species responsib
the UV bands in the 250–300-nm range, a correlation
tween the selectivity for the direct mechanism and the t
contribution of those bands to the full spectrum is sho
in Fig. 13. As can be seen, there is a correlation betw
the two parameters, with a slope close to 1. Similar corr
tions were tried with all of the UV contributions, but none
them was significant. This result seems to indicate that
species responsible for those bands (250, 270, and 290
assigned as isolated, pentacoordinated, accessible Ti ce
are also the reason for the direct epoxidation of cyclohex
whereas octahedral centers (>300 nm) and nonaccessib
tetrahedral ones (<250 nm) are mainly responsible for th
radical mechanism.

3.2.4. Changes in the titanium species upon recycling
One important point is the modifications induced in

structure of the catalytic sites due to the interaction w
the reaction medium. The presence of a large amoun
water should produce an increase in the titanium coord
tion number and, consequently, a modification in the DR-
spectrum (comparison betweenFigs. 6B and 7), although

this change is reversible after drying. Thus, in situ charac-
terization of the titanium centers under reaction conditions
would not be very illustrative in this case.
talysis 233 (2005) 90–99

-
t

r

,
s,

Furthermore, we have reported some titanium leach
from the silica-supported catalysts, although as inac
species[26], due to the cleavage of some Si–O–Ti bon
This phenomenon even happens with Ti zeolites[35], where
four Si–O–Ti bonds are always present. In view of the po
ble modifications of the catalytic sites, it seemed interes
to study the recycled catalysts by DR-UV. The general
served trend is a reduction in the contribution of the ba
assigned to pentacoordinated species (250–300 nm) a
increasing contribution of the octahedral ones (>300 nm).
As an example, the catalyst prepared on the hydrophilic
port M60(EtCOCl) shows a decrease of that contribut
from 81.5% in the freshly prepared catalyst to 68.4% a
three runs (Table 1). Moreover, this decrease is more pr
nounced for the band at 290 nm, assigned to the monop
species and, presumably, more sensitive to hydrolysis.
allel to these decreases, the contribution of the direct e
idation is reduced from 84% in the first run to 71% in t
third one (Table 2), fitting well in the correlation shown in
Fig. 13.

Thus we can say that, under the epoxidation conditio
part of the active sites are transformed into octahedral o
which are active only for the radical mechanism. This m
be one of the reasons for the progressive deactivation o
catalyst with reuse.

4. Conclusions

The DRUV spectra of the model titanium–silsesquioxa
complexes make it possible to tentatively assign UV ba
to the different surface species on silica-supported titan
catalysts. Isolated tetrahedral titanium sites are not
common, probably because of coordination of neighbo
groups such as silanol and/or siloxane. This result is
sharp contrast with the spectra recorded for zeolites
other crystalline materials, which include high-temperat
calcination as the last synthesis step. All of these types o
ordination should produce mainly pentacoordinated spe
that seem to be clearly differentiated in the range of 2
300 nm. A clear correlation can be established between
contribution of those bands to the total UV spectrum and
importance of the direct epoxidation mechanism for H2O2

conversion in the case of cyclohexene. Thus, the deve
ment of more efficient silica-supported titanium catalysts
alkene epoxidation with H2O2 should be directed to the in
crease in the contribution of the pentacoordinated specie
order to prevent the radical mechanism.
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