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A series of titania—silica aerogels with 0-100 wt% TiO, content
were synthesized and characterized by N, physisorption, DRIFT,
UV-Vis, XPS, and 29Si CP/MAS NMR analysis. It is shown that
kinetic analysis of the epoxidation of 2-cyclohexene-1-ol (1) with
TBHP is an informative test reaction providing insight in the nature
of active sites. The surface area, pore volume, hydrophobicity, and
relative abundance of Ti—O-Si linkages in the aerogels decreased
with increasing Ti/Si ratio. Parallel to these changes, the initial rate
of epoxide formation per Ti site (TOF) and the epoxide selectivity
decreased but the productivity of the catalysts went through a
maximum at 10 wt% TiO,. We propose that due to kinetic effects
in the sol-gel synthesis the whole range of active Ti sites may
be present in the mixed oxides, spanning from tetrahedral Ti
isolated by four SiO groups to octahedral Ti surrounded by six
TiO groups in titania nanodomains. Ether formation from 1 was
catalyzed by Brgnsted sites present only on high titania-containing
aerogels. Oligomerization was a major side reaction on all catalysts
including Ti-free silica. Si-free titania was the most active in allylic
oxidation of 1 to cyclohexenone. Silylation, or amine (Me;BuN)
addition to the reaction mixture, eliminated ether formation and
suppressed oligomerization.  © 2001 Elsevier Science

Key Words: titania-silica; aerogel; cyclohexenol; epoxidation;
TBHP; UV-Vis; FTIR; XPS; 2?Si CP/MAS NMR.

1. INTRODUCTION

Titania-silica mixed oxides are active and selective epox-
idation catalysts (1-11), offering an efficient alternative to
the conventional titania-on-silica and Ti-substituted zeo-
lites. The mixed oxides are usually synthesized by the sol-
gel method and used in an organic medium with alkylhy-
droperoxides as oxidants. Despite the substantial effort in
the past years, a comprehensive picture of the real nature
of active sites in titania-silica could not be obtained. The
main reason is the complexity of these materials: in contrast
to the crystalline TS-1 (12, 13), numerous different struc-
tures are feasible in the amorphous aerogels and xerogels.
These structures evolve during sol-gel synthesis, depending
on the reactivity of precursors and on the conditions, and
a remarkable restructuring may occur in the subsequent
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aging, drying, and calcination steps. A broad range of spec-
troscopic methods have been applied for structural charac-
terization but the results are far less informative than in the
case of well-defined, crystalline Ti-substituted zeolites. It is
commonly accepted that, as an analogy to TS-1, good epoxi-
dation activity and selectivity necessitates a high abundance
of tetrahedral Ti sites, which are isolated by SiO “ligands”
and act as Lewis acidic centers to activate the peroxide (8,
14, 15). Octahedral Ti in titania nanodomains diminish the
catalytic performance.

It emerges from the mechanism of epoxidation that char-
acterization of the acidity is crucial for understanding the
nature of active sites. The mostly used characterization
technique is the spectroscopic analysis of the adsorption
of a volatile base on the dry solid (16-18). However, these
results cannot really correlate with the catalytic perfor-
mance in the liquid phase, where the peroxide, and pos-
sibly the solvent and reactant, coordinate to the active Ti
site and change its acidity (19). For example, it has been
demonstrated that the reactivity of titania—silica in the acid-
catalyzed epoxide decomposition is strongly affected by
the presence or absence of the peroxide (20, 21). A fur-
ther complication is the formation of water during reaction
by peroxide decomposition (22), as the addition of water
generates new Brgnsted sites (16) and thus may shift the
product distribution.

To overcome these difficulties, we used the epoxidation
of 2-cyclohexene-1-o0l (1) as a test reaction for the in situ
characterization of titania-silica. Beside epoxidation, the
different acidic sites on titania-silica catalyze the ether (3)
formation (dimerization) and oligomerization of reactant
and products as shown in Scheme 1 (23). Additionally, al-
lylic oxidation of 1 to cyclohexenone (4) and its slow further
oxidation to epoxyketone (5) may also be important under
the usual reaction conditions. Note that the epoxyketone
(5) forms also on Ti-free silica in amounts comparable to
that of the epoxide (2) (24).

UV-Vis diffuse reflectance, DRIFT, Si CP/MAS NMR,
and X-ray photoelectron spectroscopy completed the struc-
tural analysis of a series of amorphous mesoporous titania—
silica aerogels covering a broad concentration range. Silyla-
tion and selective poisoning by addition of a soluble amine
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SCHEME 1. Major products formed in the epoxidation of 1 with
titania-silica aerogels and TBHP.

to the reaction mixture are known strategies to improve
the selectivity of titania-silica (25-29). Both techniques
have been involved in the present study aiming at refin-
ing our knowledge on the structure—activity—selectivity re-
lationship in titania-silica catalyzed epoxidation reactions.

2. EXPERIMENTAL

2.1. Materials

Analytical grade reagents and ion-exchanged water were
used for the preparations. The abbreviation of aerogels is
Ae-X, and Ae-X-sil after silylation, where X represents the
fraction of TiO; content in weight percentage.

Amorphous mesoporous silica and titania-silica low-
temperature aerogels (Ae-X) were prepared on the basis of
a former recipe (10). The Si/Ti molar ratio were 1/0, 132/1,
54/1,12/1,5.3/1, corresponding to 0, 1, 2.5, 10, and 20 wt %
TiO, for a theoretical catalyst TiO,-SiO,. A solution
consisting of titanium-bisacetylacetonatediisopropoxide
(Aldrich, 75 wt% in i-PrOH), tetramethoxysilane (Fluka,
99%), and 2.5 ml i-PrOH was prepared (for 2.5 g mixed ox-
ide). The hydrolysant, consisting of 0.36 g HNO3 (65 wt%),
3.26 g H;0, and 10 ml i-PrOH, was added under vigorous
stirring at room temperature. After 6 h, 1.54 g trihexylamine
in 20.5 ml i-PrOH was added to the mixture. Gelation oc-
curred within 0.2-24 h and the gel was aged for 6 days. Pure
silica aerogels were prepared similarly without adding the
Ti precursor.

TiO, aerogel (Ae-100) was prepared according to a for-
mer recipe (30). A solution of 31 mmol HNO3, 120 mmol
H,0, and 10 ml MeOH was added to a solution of 40 ml
MeOH and 31.2 mmol titanium-n-butoxide under vigorous
stirring. Gelation occured after 1 min.

All above procedures were carried outin a glass reactor at
room temperature under Ar. The resulting gel was semicon-
tinously extracted with supercritical CO; in an autoclave,
equipped with a glass liner. The extraction was completed
within 5 hat 313 K and 200 bar with a CO, flow of 15 gmin~!
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Portions of the raw aerogels were ground and heated in a
tubular reactor in an upward air flow, at a rate of 5 K min~!
up to 673 K and kept at this temperature for 4 h. The sam-
ples were stored in air in a closed vessel and redried in situ
before use.

Silylation of the calcined aerogel was carried out with
N-methyl-N-(trimethylsilyl) trifluoracetamide (MSTFA,
(31)): A solution of 0.6 g MSTFA (Aldrich, 99%) in 6 g
toluene was added to the in situ redried (1 h, 473 K, Ar
flow) aerogel sample (0.3 g). The slurry was stirred at room
temperature for 2 h, then the catalyst was filtered, washed
with toluene, and dried in air to give sample Ae-X-sil.

TS-1 (titanium silicalite, 3.1 wt% TiO,, Si/Ti =41/1) was
prepared according to a known method (32).

2.2. Physico-Chemical Characterization

The specific surface area (Ssgr), mean pore diameter
((dp)), and desorption pore volume V,(N;) were evaluated
by the BJH method and determined by nitrogen physisorp-
tion at 77 K using a Micromeritics ASAP 2000 instrument.
Before measurement, the sample was degassed at 373 K
until a final pressure below 0.1 Pa was achieved.

2Si CP/MAS NMR measurements were performed on
Bruker AMX 400 instrument. For the deconvolution of the
Q?, @3, and Q* MAS signals, starting values of —92, —100,
and —108 ppm, respectively, were chosen. Peak positions
and width of the peaks were not fixed. The Gaussian func-
tion was chosen as a fitting function and the fit was opti-
mized using the least-squares method.

UV-Vis DRS measurements were performed on a
Perkin—Elmer Lambda 16 spectrometer, equipped with
an integration sphere. A 22-mg catalyst was diluted with
88 mg BaSO, and calcined at 300°C for 2 h, then sealed
and measured after cooling. The resulting spectra were
normalized. To evaluate the band gap of dry TiO,-SiO,,
[F (Ry)*hv]? was plotted against hv, where hv is the energy
of the incident proton and F(R) is the Kubelka—Munk
function. The linear part of the curve was extrapolated to
zero absorption (33).

Diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFT) was carried out on a Perkin-Elmer se-
ries 2000 instrument. The samples were prepared by mixing
10 mg aerogel with 90 mg dry KBr, and predried in situ at
573 K for 1 hin an Ar flow before the measurement at 50°C.
Five-hundred scans were accumulated at a spectral resolu-
tion of 4 cm~!. The relative Ti dispersion was estimated
using the formula

D& o-m) = [Ssi-o-m)/ Sisi-o-si |[Xsi/Xxi, (1]
where Ssi_o_1i) is the deconvoluted peak area at approxi-
mately 935 cm~! and Ss;_o_sj) the sum of the deconvoluted
areas at approximately 1180 and 1228 cm™!; Xs; and x; des-
ignate the molar proportions of Si and Ti, respectively. The
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following initial peak positions have been applied for de-
convolution: 739, 792, 832, 930, 980, 1025, 1080, 1180, 1228
(41260 for the silylated aerogels) cm™!.

The X-ray photoelectron spectra were obtained using a
Leybold LHS 11 instrument. MgK,, radiation (240 W) was
applied to excite photoelectrons, which were detected with
the analyzer operated at 38 eV constant pass energy. Sample
charging was compensated using the Cls peak at 285.0 eV
as internal standard. No significant differential charging of
the samples could be observed.

2.3. Epoxidation Procedure

The epoxidation reactions were carried out batchwise
in a mechanically stirred, 50-ml thermostated glass reactor
equipped with thermometer, reflux condenser, and septum
for withdrawing samples. All reactions were performed un-
der Ar (99.99%). In a standard procedure, 100 mg aerogel
was predried in situ in the reactor at 473 K for 1 h in an Ar
flow. After cooling to room temperature, toluene (solvent),
0.5 ml dodecane (internal standard), and alternatively N,N-
dimethylaminobutane (Aldrich, 99%, Ti/amine = 2.5 mo-
lar ratio) were added. The mixture was heated to 363 K,
10 mmol 2-cyclohexen-1-ol (Fluka, 97%) was added, and
the reaction started by introducing 2.5 mmol fert-butyl-
hydroperoxide (TBHP, Fluka, approx. 5.5 M in nonane,
stored over molecular sieve 4A) to the vigorously stirred
slurry. The total reaction volume was 10 ml

The reaction mixture was analyzed using a HP 6890 gas
chromatograph equipped with a cool on-column inlet and
an HP-FFAP capillary column. Products were identified by
GC-MS and by comparison with authentic samples. TBHP
conversion was determined by iodometric titration using a
Metrohm 686 Titroprocessor.

Initial (r) and average (rgp) reaction rates are charac-
terized by the amount of epoxide formed in the first 2
and 60 min, respectively, and the values are related to unit
time and catalyst surface area. Turnover frequency (TOF,
mmol (2) s~ mmol(Ti)~!) indicates the amount of epox-
ide formed in the first 2 min, related to unit time and mo-
lar Ti content. The oxidation selectivities are calculated as
follows:

Epoxide selectivity related to the olefin converted:

Soiefin(%) = 100{[epoxide]/([olefin], — [olefin])};  [2]
Epoxide selectivity related to the peroxide converted:
Srenp(%) = 100{[epoxide]/([TBHP], — [TBHP))}; [3]

where epoxide represents the epoxidation product of 2-
cyclohexen-1-0l (2, Scheme 1), the subscript o stands for ini-
tial values, and all concentrations are expressed on a molar
basis.
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3. RESULTS

3.1. Catalyst Characterization

Nitrogen physisorption. N, physisorption measure-
ments were carried out on calcined aerogels. All aerogels
were mesoporous possessing an average pore diameter of
at least 8 nm. Generally, increasing titania content and sily-
lation of the aerogel diminished the BET surface area and
pore volume (Table 1). Earlier studies revealed similar ef-
fects of silylation on the textural properties of TiO,—SiO,
(31, 34, 35).

NMR spectroscopy. The bulk structure of the aero-
gels before and after silylation was characterized by »Si
CP/MAS NMR measurements (Table 1). As a measure
of cross-linkage, the ratio of Q4 to Qs sites are com-
pared, with higher ratios indicating stronger cross-linking.
Q denominates the presence of the corresponding Si
sites in the spectra: Q4 = Si(OSi),, Q3 = SiOH(OSi)3, and
Q> = Si(OH),(0Si),. Silylation led to a strong enhance-
ment of Qu/Qj ratios due to replacement of the polar and
hydrophylic SiOH groups by SiOSi(CH3)3 fragments. Un-
fortunately, the replacement was not complete, possibly due
to a partial condensation of Q3 to Qg sites during catalyst
predrying at 423 K before silylation and a reversal of this
process after silylation under ambient conditions.

Note that silylation is a proven strategy for reducing the
hydrophilicity and improving the catalytic performance of
TiO,-SiO, and other Ti- and Si-containing epoxidation
catalysts (31, 34-36).

TABLE 1

Structural Analysis by N, Physisorption, 2Si CP/MAS NMR,
and DRIFT Spectroscopies

Si CP/MAS NMR
SSE'I' Vp(NZ)a
Catalyst (m?g™") (cmPg™) Q*(%) Q3(%) Q*(%) Q*Q* D*®
Nonsilylated aerogels
Ae-0 1102 3.77 332 512 156 065 —
Ae-1 1056 3.06 349 53.8 113 065 26
Ae-2.5 936 3.01 — — — — —
Ae-10 976 2.77 41.1 44.0 146 093 4.4
Ae-20 761 1.46 — — — — —
Ae-100 248 121 — — — — —
Silylated aerogels

Ae-0-sil 703 2.76 45.5 46.1 84 099
Ae-1-sil 753 27 572 33.7 91 170 27
Ae-2.5-sil 675 2.75 — — — — —
Ae-10-sil 553 2.02 50.8 45.8 34 111 2.9
Ae-20-sil 421 1.16 — — — — —
Ae-100-sil 211 1.19 — — — — —

@ Designates the BJH cumulative desorption pore volume of pores in
the maximum range 1.7-300 nm diameter.

b Relative Ti dispersion determined by DRIFT spectroscopy; for defi-
nition see Experimental.



SOL-GEL TiO,-SiO; EPOXIDATION CATALYSTS

1.0 1
08 1 Ae-100
g ] o),
g ]
S o] Ae-20
z re.l/ )/ TS
£ 041
o
o Ae-2.5
E: 0.2+
0.0 v T T T T T T T T T
25000 30000 35000 40000 45000 50000
-1
Wavenumber (cm )
FIG.1. Normalized UV-Vis spectra of titania-silica aerogels and TS-1.

UV-Vis DRS UV-Vis spectroscopy has been commonly
used to investigate the band structure of TiO,-SiO; mixed
oxides. At low Ti contents, blue shifts of band gap absorp-
tion edges occur, which originates from the quantum size
effect, interface interaction (matrix support effect), and
changes in coordination and ligand environment and the
interatomic distances of TiO, microdomains (8,37-42). Oc-
tahedral Ti sites are located at wavenumbers lower than
those of tetrahedral sites and have lower band gap energies.
LMCT (ligand-to-metal charge transfer) transitions can be
estimated from the optical electronegativities of the ligand.
For TS-1 the calculated transition peak at 48,000 cm™! was
confirmed experimentally. Therefore, Ti was assumed to ex-
ist in tetrahedral coordination in TS-1 (41), and later this
crystalline material has served as a model for tetrahedral,
isolated Ti sites in a silica matrix (43-45).

Hence, we also used TS-1 as a reference for the normal-
ized spectra of the dehydrated aerogels ( Fig. 1). To help
evaluation of the band gap energies, the values extrapo-
lated to zero absorption are plotted in Fig. 2 as a function
of TiO, content. Since the samples were dehydrated, the
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FIG. 2. Band gap energies of titania-silica aerogels and TS-1 deter-
mined from the UV-Vis spectra.
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contribution of OH groups and H,O as ligands of Ti was
minimized. As can be seen in Figs. 1 and 2, with decreasing
Ti content in the aerogels the site isolation of Ti increases
and approaches the “limit” value of TS-1. Still, there exists
a small but significant difference between the LMCT band
of TS-1 and the low titania content aerogels, in agreement
with some earlier observations (4, 17, 42). This difference
relative to TS-1 excludes complete site isolation in the low-
titania-content aerogels.

DRIFT Measurements—HYydrophilicity of the aerogels.
The aerogels containing 0, 1, and 10 wt% TiO, have been
chosen for the IR study. The effects of silylation and in situ
dehydration at 573 K in Ar are shown in Fig. 3 on the
example of Ae-1. A comparison of curves a and b in the
range 3000-3600 cm~! confirms the removal of a consid-
erable amount of adsorbed water during drying at 573 K.
The bands in this range correspond to different stretching
vibrations of hydroxyl groups (46), including the effect of
absorbed water (3350 cm™!) and the stretching vibrations
of Si—-OH groups (3590 cm ™). The single peak at 3740 cm™!
is associated with isolated surface hydroxyl groups, typical
for highly hydrophilic samples (47).

Silylation (Fig. 3, curves ¢ and d) diminished the hy-
drophylicity of the aerogel, still, Ae-1-sil adsorbed a con-
siderable amount of water under ambient conditions, as
expected on the basis of earlier reports (25, 31). The new
peaks in the spectrum of Ae-1-sil are assigned to C—H oscil-
lation of the methyl group at 2960 cm !, the typical band of
the Si-Mej group at 1260 cm~!, and CHj; rocking and Si—C
stretching vibrations at 870-750 cm™! (31). The presence
of these bands indicates that the Si-OH groups have been
extensively protected by Si-Mejs groups.

Considering the spectra of all six aerogels we can con-
clude that hydrophylicity, reflected by the amount of ad-
sorbed water, became more prominent with increasing
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FIG. 3. Influence of predrying and silylation on the DRIFT spectrum

of Ae-1:Ae-1 (a) under ambient conditions and (b) after predrying at
573 K; and Ae-1-sil (c) under ambient conditions and (d) after predrying
at 573 K.
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FIG. 4. Deconvolution of the DRIFT spectrum of Ae-10 to illus-
trate the determination of the relative Ti dispersion D*; for definition see
Experimental.

Ti content in both series of silylated and unsilylated
samples.

DRIFT measurements—Ti dispersion. The IR band at
910-960 cm~! is commonly accepted as the characteristic
vibration of Ti—-O-Si bonds in Ti- and Si-containing cata-
lysts (19, 37). It was proposed that a comparison of the
deconvoluted areas of this peak and the Si-O-Si peak at
1210 cm~! provides a semi-quantitative estimate of the rel-
ative dispersion of Ti in the silica matrix (48, 49). This anal-
ysis may be disturbed by the vibration of Si-OH groups at
around 980 cm~! (50, 51), the additional contribution of
Si bound to nonbridging oxygen (Si-O~), and the effect of
peak broadening by interaction of Si-OH or Si—-O~ groups
with adsorbed water (52, 53).

Here we tried to improve the semi-quantitative deter-
mination of Ti dispersion. Nine overlapping peaks (10 af-
ter silylation) in the range 600 and 1400 cm~! were cho-
sen for deconvolution into Gaussian curves (Fig. 4). The
band assignments (31, 53, 54) and the positions after de-
convolution are as follows: symmetric stretching vibrations
of Si—O-Si bonds at 739, 792, and 832 cm~!; the typical
band of Si—~O-Ti connectivity at 930 cm~! and vibrations
of Si—~OH bonds at 980 cm™!, both deconvoluted from the
broad 960 cm~! band; asymmetric Si—-O-Si vibrations at ap-
proximately 1080, 1180 and 1228 cm~!; Si-Me; fragments at
1260 cm~.

A comparison of the spectra of Ae-0, Ae-1, and Ae-10
samples revealed a strong overlapping of the Si-OH
(980 cm™!) and Si-O-Ti (~930 cm™') vibrations, result-
ing in the peak at around 960 cm~!. Drying the aerogels
at 573 K narrowed the Si—-OH peak due to diminished in-
teraction with adsorbed water, and silylation reduced the
intensity of the peak. It seems to be important to silylate
and/or carefully predry the aerogel at elevated temperature
to improve the accuracy of peak deconvolution.

BECK ET AL.

For determination of the refined relative Ti dispersion
(D*, Table 1) we compared the deconvoluted peak ar-
eas of the Ti-O-Si band at 930 cm~! and the sum of the
Si—O-Si bands at 1180 and 1228 cm ™! (yielding the peak at
1220 cm™!). The standard deviation of the calculated values
is estimated to be relatively high. Still, the remarkable dif-
ference between the relative Ti dispersions of the aerogels
containing 1 and 10 wt% TiO, is impressive.

The Ti dispersions have been calculated also with the
original formula, i.e., not excluding Si~OH vibrations (D,
(49)). The differences between D and D* were in the
range 15-30%, relatively small compared to the differences
caused by changes in the titania content (Fig. 5). Moreover,
the D value for Ae-101is very similar to that reported earlier
for LT-10 (49). The Ti/Si ratio was the same for both aero-
gels. The main difference between the two series of aerogels
is that here we applied a two-stage synthesis using a base
catalyst in the second stage to facilitate condensation. The
similar Ti dispersions in the aerogels containing 10 wt% ti-
tania indicate that the crucial step that determines the Ti
dispersion in the silica matrix is the first, acid-catalyzed hy-
drolysis of the Ti and Si precursors.

The combined Ti dispersions of the two catalyst series
show a hyperbolic decay with increasing titania content
(Fig. 5). Thus, the DRIFT measurements corroborate the
conclusion from the UV-Vis analysis (Fig. 2) that Ti site iso-
lation decreases considerably with increasing TiO, content
in the aerogels. A disadvantage of the DRIFT analysis is
that the D and D* values offer only a relative comparison
and the absolute degree of site isolation cannot be judged.

X-Ray photoelectron spectroscopy. XPS analysis of
titania—silica mixed oxides frequently indicate a linear re-
lationship between surface and bulk composition below
about 15 wt% TiO,, and some surface enrichment in Si,
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FIG. 5. Relative Ti dispersions D (including SiOH vibrations) and
D* (excluding SiOH vibrations), both estimated from the FTIR spectra.
D (present work), (O); D* (present work), (@); D from Ref. (49), (W); for
the difference between D and D* see text.



SOL-GEL TiO,-SiO, EPOXIDATION CATALYSTS

TABLE 2

Comparison of Binding Energies (Ti 2p3,2), and Surface and Bulk
Compositions of TiO,—-Si0; Aerogels and TS-1

SiTibulk  Ti/(Ti+Si)  Ti/(Ti+Si) BE
ratio bulk by XPS (ABE?)

Catalyst (at/at) (at%) (at%) (eV)
TS-1 41.6:1 2.35 2.4 460.3 (1.8)
Ae-1 132:1 0.75 0.8 459.9(1.4)
Ae-2.5 54:1 1.82 1.7 460.0 (1.5)
Ae-10 12:1 7.7 5.9 459.9(1.4)
Ae-20 53:1 15.9 13.7 459.1(0.6)

@ ABE (in parentheses) corresponds to the increase of the binding en-
ergy (BE) with respect to TiO, (BE: 458.5 eV).

particularly at high Ti content (37, 55, 56). Our results cor-
roborate the earlier observations, as shown in Table 2. Sig-
nificant differences between bulk and surface Ti content
were obtained only for Ae-10 and Ae-20. The surface Si
enrichment is attributed to the different reactivities of Ti
and Si precursors in hydrolysis and condensation reactions
during the sol-gel synthesis. Apparently, the reactivity of Ti-
alkoxide, even when stabilized with acetylacetone, is higher
than that of the Si-alkoxide. The higher reactivity of Ti-
containing species leads to the formation of Ti-rich cores
in the early stage of synthesis and the subsequent develop-
ment of a Si-rich “shell.” This effect might be minimized by
prehydrolysis of the Si precursor (18, 49, 50).

The binding energies (BE) of Ti 2p3,, core level in the
titania—silica aerogels and TS-1 are collected in Table 2 and
the corresponding spectra are shown in Fig. 6. The BE of
the Ti 2p;3, electron shifts with the coordination environ-

Ti2p
Ae-100
Ae-20

Ae-10

Intensity

Ae-2.5

Ae-1

IS

;

T L T T T T N
456 458 460 462 464 466 468 470
Binding Energy (eV)

FIG. 6. XPS spectra of Ti 2p core levels of titania-silica aerogels and
TS-1.
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ment from about 458.5 eV for Ti in octahedral coordination
(TiO,, (57)) to about 460 eV for Ti in tetrahedral coordina-
tion in the silica lattice (56). Here, the BE values were the
same for Ae-1, Ae-2.5, and Ae-10 and only slightly lower
than the highest value measured for TS-1. The BE in Ae-
20 is considerably shifted toward the characteristic value of
TiO;. These results indicate a change in coordination from
octahedral to tetrahedral with decreasing Ti content, but
still a gap of approximately 0.35 eV between low titania-
content aerogels and TS-1 is obvious. Lassaletta ef al. (39)
proposed that, in addition to the effect of coordination en-
vironment, the titania—silica interface is important for the
BE in XPS measurements. At the Ti—-O-Si interface, the
oxygen is less polarizable than bulk titania and the pho-
toelectrons created at the titania-silica interface are less
effciently screened than bulk titania.

Thus, assuming isolated tetrahedral Ti sites in TS-1, the
BE values in the aerogels lower than those in TS-1 reveal
an incomplete Ti-site isolation in the aerogels and the exis-
tence of TiO,-clusters at high Ti content.

3.2. Catalytic Studies

General features of cyclohexenol epoxidation. The
catalytic performance of all aerogels, before and after
silylation and in the presence or absence of N, N-dimethyl-
butylamine additive, has been tested in the epoxidation of
2-cyclohexen-1-ol (1, Scheme 1) with TBHP as oxidant. The
reactions were followed for 4-6 h, asillustrated by the exam-
ple of Ae-1in Fig. 7. Atlow conversion the epoxidation was
fast and selective: 50% conversion was achieved in 7.5 min
and the selectivity to epoxide related to the olefin (Syefin)
and peroxide (Srppp) were 81.5 and 85 %, respectively. Note
that the molar ratio I/TBHP was 4/1, and the conversion
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FIG.7. Kinetic analysis of the epoxidation of 2-cyclohexen-1-ol with
Ae-1 and TBHP under standard reaction conditions. (Top) Conversion of
olefin (M) and TBHP (@®); (bottom) epoxide selectivities related to olefin
(0) and TBHP (@) consumed, Syen and Srpyp, respectively.
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was related to the limiting reactant TBHP. The epoxide
selectivities dropped with increasing conversion (Fig. 7,
bottom). This effect is attributed mainly but not exclusively
to the side reactions presented in Scheme 1. We have
shown recently (24) that oxidation with Ti-free silica
and also the uncatalyzed (background) oxidation are
slow but after long reaction times their contribution is
significant. These reactions afford mostly allylic oxidation
products and oligomers, and thus limit the epoxidation
selectivity of titania-silica mixed oxides to a certain
degree.

The activity of aerogels, characterized by the epoxide for-
mation in the first 60 min (rgp), decreased monotonously
with increasing titania content (Fig. 8). Silylation enhanced
the epoxidation rate in all cases and the higher the tita-
nia content, the higher was the positive influence of sily-
lation (up to 200 rel.% in the case of Ae-20). In contrast,
amine addition always decreased the rate, although the dif-
ference was negligible for Ae-20 (not shown). It has been
reported earlier (23, 27, 58) that also the chemical struc-
ture of the amine and the Ti/amine ratio influenced the
epoxidation rate and selectivity. For the sake of clarity, here
only N,N-Dimethylbutylamine was used and the Ti/amine
molar ratio was kept constant at 2.5. Figure 8 shows that
the epoxidation activity of titania (Ae-100) is small but
not negligible. This confirms our earlier proposal that ti-
tania nanodomains in titania-silica mixed oxides should be
considered as moderately active and selective epoxidation
sites (2).

Silylation improved the selectivity of all Ti-containing
aerogels (Fig. 9). The highest influence of silylation and
amine additive on the epoxide selectivity was observed
with Ae-20 (Fig. 10). As the selectivity strongly varied with
conversion, both Sypyp and Seqn values were compared
at 50% conversion of the peroxide and olefin, respectively.
Silylation was clearly more efficient than amine addition,

affording up to 80% peroxide selectivity. The amine
modifier had even a negative impact on the selectivities
when added to the silylated sample Ae-20-sil. A probable
reason is the dealkylation of the tertiary amine to imine
by TBHP (59).

For comparison, a 20 wt% titania—80 wt% silica aerogel
hydrophobized by methyl groups covalently bound to the
silica matrix afforded 90% conversion of 1 in only 10 min
reaction time, and the epoxide selectivity was 98% (28).
On the other hand, modification of a 20 wt% titania—
80 wt% silica aerogel by soluble amine additives improved
the selectivity in the same reaction only up to 81% and
the reaction rate was always lower in the presence of the
amine (23). These data confirm that hydrophobization is a
more efficient strategy for improving the performance of
titania—silica mixed oxides.

Characterization of the aerogels by the initial rate and
selectivity. Kinetic analysis of the epoxidation of 1 over
the aerogels with high titania content revealed a gradual
loss of activity with time. Catalyst deactivation is mainly
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FIG. 10. Effect of silylation and amine additive on the epoxide selec-
tivities of Ae-20. The selectivities are related to the peroxide (Srgup, gray
bars) or olefin (Sjefin, black bars) consumed; standard reaction conditions.
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attributed to oligomer formation and blocking of a frac-
tion of active sites. In order to minimize this effect, the
structure—activity—selectivity relationship was investigated
further by considering the initial performance of the aero-
gels on the basis of samples taken after 2 min reaction time.

In Fig. 11 the initial rate of epoxide formation (r,) is char-
acterized by the amount of epoxide formed in 2 min and
related to the unit surface area of the aerogel. There is a
clear optimum at 10 wt% TiO, content, including both the
silylated and unsilylated aerogels. (Note the remarkable
differences compared to the rqy values in Fig. 8.) A com-
pletely different picture is obtained when the initial rate
of epoxide formation is related to the titania content of
the aerogel (Fig. 12): the TOF values diminished rapidly
with increasing titania content. In fact, the TOF values are
slightly distorted by the deviation between surface and bulk
Ti content and by the activity of the silica matrix (24). The
effect of silylation was always negative (low titania content)
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FIG. 12. [Initial turnover frequencies (TOF) as a function of TiO, con-

tent before (0) and after silylation (O); standard reaction conditions.
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FIG. 13. The effect of titania content on the formation of epoxide
(2), ether (3), ketone (4), and other products (mainly oligomers); 2 min
reaction time, standard conditions.

or negligible (high titania content). It has been proposed re-
cently that the lower initial rate after silylation may be due
to reduced accessibility of active sites caused by the bulky
trimethylsilyl groups and possibly to a weaker adsorption
of the allylic alcohol on the hydrophobic surface (34).

N,N-Dimethylbutylamine always reduced the initial rate
of epoxide formation, but the effect was more pronounced
for the high titania content aerogels Ae-10 and Ae-20
(Fig. 11). A similar impact was observed when the amine
was added to the silylated aerogels (not shown). Poisoning
by the amine was small or even absent when reaction
times of 60 min or longer were considered. Obviously,
the amine additive diminishes the formation of some
byproducts that are responsible for deactivation of the
aerogels, particularly Ae-10 and Ae-20.

The influence of titania content on the product distribu-
tion after 2 min reaction time is depicted in Fig. 13. Interest-
ingly, already after 2 min the dominant side reaction was the
formation of dimers and oligomers from the reactant and
products (shown as “others”). Ketone (4) and epoxyketone
(5) together accounted for maximum 5% of the olefin con-
verted, so oligomers and minor unidentified products build
up the main part of “others.” Ae-1 afforded the highest ini-
tial epoxide selectivity. Ether (3) formation was detectable
only on the high titania-content aerogels Ae-10 and Ae-20.
Allylic oxidation of 1 to cyclohexenone (4) was the fastest
on titania (Ae-100), and it was not detectable with Ae-2.5.
The other allylic oxidation product, the epoxyketone (5)
formed only in small amounts, never exceeding 25% of cy-
clohexenone (4). As oxidation of the OH function of the
epoxide cannot be excluded under the conditions applied,
only the amount of 4 is used to characterize the extent of
allylic oxidation of 1.

Considering only the least selective mixed oxide Ae-20,
the effects of amine additive and silylation are illustrated in
Fig. 14. Both treatments eliminated ether (3) formation and
reduced oligomerization, but none of them could suppress
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FIG. 14. Influence of amine addition and silylation on the forma-
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oligomers); 2 min reaction time, Ae-20, standard conditions.

allylic oxidation to the corresponding ketone (4). N,N-
Dimethylamine strongly diminished the conversion of 1 to
any product.

4. DISCUSSION

4.1. Nature of Active Sites in Titania—Silica Mixed Oxides

It is commonly accepted that tetrahedral Ti isolated
by SiO groups in the silica matrix is the most active site
in titania-silica epoxidation catalysts, including silicalites
and mixed oxides (12, 60-62). As shown schematically in
Fig. 15a, this Lewis acidic site is responsible for activa-
tion (coordination) of the alkylhydroperoxide, and thus for
the oxygen transfer to the olefin. A bidentate complex has
also been proposed for epoxidations with TS-1 and H,0O,
(Fig. 15b), but this structure is less likely in case of the bulky
TBHP as oxidant. The polar solvent, the coproduct alcohol
formed from the peroxide, the amine additive, and also the
allylic alcohol as reactant can interact with Ti tripodally
anchored to silica, leading to the stable octahedral coordi-
nation (15, 19, 27, 63, 64). Our results confirm that isolated
tetrahedral Ti is the most active and selective site for olefin
epoxidation. The abundance of these sites increases sharply
with decreasing Ti/Si ratio in the aerogels as illustrated by
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FIG. 15. Schematic representation of two possible structures (a, b)
of isolated tetrahedral Ti, tripodally anchored to silica and coordinated
by TBHP and some reaction components (X). X=0O- or N-containing
molecule.

BECK ET AL.

the band gap energies derived from UV-Vis measurements
(Fig. 2), the relative Ti dispersion calculated from DRIFT
spectroscopy (Fig. 5), and the shift in binding energies of
Ti 2p3)» core level electrons determined by XPS (Fig. 6).
Parallel to enhanced site isolation, the initial TOF in the
epoxidation of 1 (Fig. 12) and the initial epoxide selec-
tivity (Fig. 13) increased remarkably with decreasing TiO;
content.

The other commonly accepted active species dominant at
high Ti/Siratios is the octahedral Ti in titania nanodomains.
The shifts of the UV-Vis and XPS spectra of mixed oxides
toward those of anatase titania are interpreted as evi-
dence (among others (8, 37)) for the presence of titania
nanodomains in the mixed oxides. Figures 12 and 13
demonstrate that the titania aerogel Ae-100, characterized
by a few nanometers primary particle size (30), possesses
poor selectivity (<15%), and its initial epoxidation activity
expressed as TOF is ~900 times lower than that of Ae-1,
the most active mixed oxide. This ratio is ~1600: 1 when the
average TOF values are compared after 1 h reaction time.
In the epoxidation of cyclohexene the ratio between the av-
erage TOF of the most and least active aerogels 5 wt% TiO,
-95 wt% SiO, and TiO;,, respectively, was 350 (2). Titania
is a Lewis acidic oxide (65), and its acid strength increases
by several orders of magnitude with decreasing particle
size (66).

The complex catalytic behavior observed in the epox-
idation of 1 cannot sufficiently be interpreted by the as-
sumption of only isolated tetrahedral Ti and TiO, nan-
odomains. Considering the high reactivity of various Ti- and
Si-containing species in hydrolysis and condensation reac-
tions during sol—gel synthesis, it is reasonable to assume that
the final distribution of active sites is governed mainly by ki-
netic factors. Hence, several different Ti-containing species
may be present in the mixed oxides. Their structure can
cover the whole range from tetrahedral Ti isolated by four
SiO groups to octahedral Ti surrrounded by six TiO groups
(titania nanodomains) (67). The transformation of isolated,
tetrahedral Ti to octahedral TiO, nanodomains may be vi-
sualized by a gradual replacement of SiO ligands by TiO
groups, and a change from 4 to 5 to 6 coordination (Fig. 16a).
The first “step” in this direction is the bidentate Ti site. This
structural unit is present in the soluble titanosilsesquiox-
ane prepared from Ti(O'Pr), and trisilanols (Fig. 16b, (68)),
and also in silica-supported Ti(O'Pr)4 (Fig. 16¢c, (69)). Both
catalysts are active and selective in the epoxidation of cy-
clohexene with TBHP. Hence, a complete site isolation in
titania—silica cannot be a sufficient prerequisite to produce
a good epoxidation catalyst. This conclusion contrasts with
the structural requirements of crystalline Ti-substituted ze-
olites (19).

The last step in the “hypothetic” change from isolated
Ti to anatase titania is a Ti site that contains only Ti-O-
Ti connectivities except one Ti—~O-Si bond (Fig. 16d). We
assume that this structure formed when the surface OH
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Ti(O'Pr)4 (69) (c); and silylated octahedral titania (d).

groups of the titania aerogel were silylated (Ae-100-sil).
The difference in initial activity between Ae-100 and Ae-
100-sil was minor (r,, Fig. 10) but after 4 h the epoxide
yield increased from 4.2 to 8.3% and, despite the higher
conversion, the selectivity (Syefin) increased from 12.6 to
19.2%.

In fact, the schematic illustration of active sites in Fig. 16
is further complicated by the easy hydration of the Ti-O-Si
bond, producing Ti-OH and Si—-OH functions and leading
to 4, 5, and 6 coordinated Ti(OH) (and Ti(OH),) species
(64). DRIFT analysis (Fig. 3) indicated that calcination and
silylation eliminated the Si-OH (and TiOH) groups only
partially. Water formed from peroxide decomposition dur-
ing epoxidation further enhances the abundance of these
species. Our former study proved that application of zeo-
lite 4A as a drying agent in the epoxidation of 1 significantly
improved the selectivity of titania—silica (28). This observa-
tion is an indirect evidence for the lower efficiency of the
“hydrated” Ti active sites but unambiguous identification
of these sites is not yet possible.

4.2. Role of Surface Si-OH Groups

Ti-free silica, despite the presence of Si—~OH functions, is
not acidic (65). Nevertheless, these functional groups have
been assumed to be the active sites for the acid-catalyzed
solvolysis of some epoxides, and suppression of this side re-
action after silylation of TS-1 supported the hypothesis (19).
Here we also found a pronounced positive effect of silyla-
tion on the performance of titania—silica. During silylation
the Si-OH and Ti-OH groups are (partly) transformed to
Si—O-Si and Ti—O-Si connectivities. The change in rate and
product distribution may be attributed to this chemistry but
also to different hydrophobicities of the surface, resulting in
changes in the adsorption of the reactant, and to lower ac-
cessibility of Ti sites due to the bulky trimethylsilyl groups.
We have found recently (70) that the surface Si—-OH groups
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are poor catalysts for epoxide decomposition when com-
pared to the Lewis acidic Ti sites coordinated by the per-
oxide, but the latter sites catalyze epoxidation rather then
epoxide decomposition until the olefin reactant is present.
To obtain a clear answer concerning the role of Si-OH
groups as active sites, we compared the performance of
Ae-0 and Ae-0-sil to the background oxidation (more de-
tails can be found in a former report (24)). Figure 17
presents the product distributions after 4 h reaction time;
due to the low reaction rate the initial values could not reli-
ably be determined. Obviously, Si-OH groups play an im-
portant role in acid-catalyzed oligomerization (major part
of “others”) and silylation efficiently suppresses this ac-
tivity. A comparison of the yields with Ae-0-sil and with-
out catalyst reveals that silylation completely eliminated
the allylic oxidation of cyclohexenol to cyclohexenone
(4). Hence, we can conclude that, similarly to TS-1 cata-
lyzed epoxidations (19), the contribution of surface Si-OH
groups in various side reactions cannot be neglected.

4.3. Brgnsted Acidity at High Titania Content

Dimerization of cyclohexenol to the unsaturated ether 3
(Scheme 1) is catalyzed by Brgnsted sites. This side reaction
was significant only on titania—silica aerogels containing at
least 10 wt% TiO, ( Fig. 12). The amount of 3increased with
increasing TiO, content but the reaction was completely
blocked by silylation or amine addition to the reaction mix-
ture (Fig. 13).

There are different explanations for the nature of
Brgnsted acidic sites in titania-silica. According to a widely
accepted model, Brgnsted acidity is associated with the Ti—
O-Si linkages where the Ti atoms are located in penta- or
octahedral sites (16, 17, 37). The local charge imbalance is
compensated by protons (71). Surface hydroxylation (hy-
dration) is also important for generation of acidity. The
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FIG. 17. Epoxidation of 2-cyclohexene-1-ol (1) without catalyst, and
with Ae-0 and Ae-0-sil, leading to epoxide (2), cyclohexenone (“ke-
tone,” 4), cyclohexenone-epoxide (“keto-epoxide”), and other products,
mainly oligomers. Yields are measured after 4 h reaction time; standard

conditions.
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Si—-OH group acts as an O-donor ligand for Ti, forming
the bridging hydroxyl group Ti-O(H)-Si (72). Combina-
tion of these models can well explain our observations that:
(i) significant Brgnsted acidity developed only in aerogels
that contained considerable amount of octahedral Ti (Ae-
10 and Ae-20), (ii) the acidity (lower epoxidation selectiv-
ity) of mixed oxides increased upon hydration, and (iii) the
formation of ether (3) after silylation was eliminated.

4.4. Role of Amine Additive

N,N-Dimethylbutylamine additive acts as a selective poi-
son in the epoxidation of cyclohexenol. The initial reaction
rate was always lower in the presence of amine (Fig. 11),
the effect of which is attributed to coordination to the Ti
sites leading to reduced acidity and reactivity (Fig. 15). This
coordination enhanced the selectivity (Syefin), particularly
for aerogels with high Ti/Si ratio (Fig. 10). The amine addi-
tive efficiently suppressed the acid-catalyzed oligomeriza-
tion and completely eliminated the ether (3) formation. Ap-
parently, amines block the less selective sites stronger than
the most active and selective sites, the isolated tetrahedral
Ti. Addition of amine reduced the epoxide selectivity of
Ae-1, as this aerogel contains dominantly isolated Ti sites.

An important observation is that silylation is more effi-
cient in improving the selectivity of acrogels with high Ti/Si
ratio than amine addition (Fig. 14). No positive effect was
achieved when the amine was applied together with any
of the silylated aerogels (see, e.g., Fig. 10). The addition
of amine always decreased the rate of epoxide formation,
although the effect was minor after 1 h reaction time. In
contrast, silylation enhanced the average rate remarkably
(Fig. 8). The difference between the effects on the initial
and average rates is due to the formation of oligomers and
blocking a fraction of active sites; these side reactions are
suppressed to some extent by both treatments, amine addi-
tion or silylation.

5. CONCLUSIONS

Epoxidation of 2-cyclohexene-1-o0l (1) is a good test reac-
tion for complementing the spectroscopic characterization
of titania-silica mixed oxides. The presence of two reactive
functional groups in the molecule leads to a complex re-
action network including acid-catalyzed epoxidation, ether
formation, and oligomerization, as well as allylic oxidation
reactions. Kinetic analysis of the rate of these reactions pro-
vides useful information on the nature and abundance of
various active sites in titania-silica. The study of aerogels
containing 0-100 wt% TiO, indicated the presence of var-
ious active Ti sites covering the whole range from tetrahe-
dral Ti surrounded by only SiO ligands to octahedral Ti sur-
rounded by TiO ligands in titania nanodomains. We propose
that complete site isolation is not a necessary requirement
for preparing active and selective titania-silica epoxidation
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catalysts. Mainly due to kinetic effects during the sol-gel
synthesis, the lower the Ti/Si ratio, the higher is the relative
abundance of isolated tetrahedral Ti sites in the aerogels
and these catalysts exhibit the highest epoxidation activity
and selectivity per Ti site (TOF). From a technical point
of view the productivity, i.e., the rate of product formation
related to the amount of catalyst, is important, and in this
respect the 10 wt% TiO,-90 wt% SiO; aerogel is the best
choice. (A former study revealed an optimum in productiv-
ity at 20 wt% TiO, for cyclohexene epoxidation (2).)

Dimerization of cyclohexenol to an unsaturated ether is
catalyzed by Brgnsted sites developed only at a high Ti/Si
ratio. Oligomerization is catalyzed by various acidic sites
and even the silanol groups in the silica matrix play a role
in this side reaction. The performance of aerogels can be
improved by silylation of the carefully predried aerogel or
by addition of a tertiary amine to the reaction mixture (se-
lective poisoning of the acidic sites). The latter method is
simpler but less efficient.
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