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Mesoporous titania–silica mixed oxides with covalently bound
3-chloropropyl, 3-acetoxypropyl, and N,N-dimethyl-3-aminopro-
pyl groups were prepared from the corresponding alkyltrimeth-
oxysilane and tetramethoxysilane using a sol–gel process and ensu-
ing low temperature supercritical extraction with CO2. The aerogels
were characterized by thermal analysis, N2 and NH3 adsorption, in-
frared spectroscopy, and 29Si and 13C NMR spectroscopy. The modi-
fied aerogels showed reduced thermal stability compared to the un-
modified titania–silica aerogel. Si–C bond breaking was detected
already around 150◦C. 29Si MAS NMR measurements indicated
covalent incorporation of the modifying group. DRIFT and NMR
measurements confirmed the incorporation of 3-acetoxypropyl
and N,N-dimethyl-3-aminopropyl groups and indicated the par-
tial hydrolysis of 3-chloropropyl group to the corresponding al-
cohol. The activity in the epoxidation of cyclohexene and cyclo-
hexenol with tert-butylhydroperoxide was significantly higher for
3-acetoxypropyl- and N,N-dimethyl-3-aminopropyl-modified cata-
lysts than for the unmodified aerogel. Cyclohexenol oxide selectivity
with the N,N-dimethyl-3-aminopropyl-modified catalyst was 94%
at 91% peroxide conversion. The new aerogels are compared to
other known Ti- and Si-containing epoxidation catalysts, including
titania–silica mixed oxides modified by apolar functional groups.
c© 2000 Academic Press
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1. INTRODUCTION

The possibility of modifying the surface of silicon based
solids with organic groups via the thermally stable and
relatively inert Si–C bond has been used extensively
in the past decade (1). Well known examples are the
advanced materials developed for chromatography and
the immobilization of enzymes for industrial purposes. The
use of organically modified solids as catalysts is limited by
their thermal stability and thus restricted to liquid phase
1 To whom correspondence should be addressed. Fax:+41 1 632 11 63.
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organic reactions (2, 3). The successful applications include
reactions catalyzed by solid acids and bases, and oxidation
catalysts (4–10). An important aspect of modification tech-
niques is the possibility of immobilizing transition metal
complex catalysts onto a silica surface (11–15), combining
the advantages of heterogeneous and homogeneous cata-
lysts.

Only recently has the influence of organic modification
on the surface polarity and catalytic activity been studied
for the epoxidation of olefins over titania–silica mixed
oxides (16–18). The research activities so far have focused
on the hydrophobization of the catalysts in order to
facilitate the use of hydrogen peroxide as oxidant and thus
mimic the outstanding properties of TS-1 (16–18). It was
assumed that surface hydrophobization by introducing
methyl and phenyl groups would prevent titanium from
leaching when aqueous hydrogen peroxide was used as
oxidant. Although this goal has been achieved, selectivities
and activities were not satisfying (16, 17).

Mesoporous titania–silica mixed oxides dried by semi-
continuous extraction with supercritical CO2 have been
shown to be excellent catalysts for the epoxidation of
alkenes, alkenols, and alkenones with alkyl hydroperox-
ides (19, 20). The structure and activity of these aerogels
was controlled by adjustment of the sol–gel preparation
and drying procedure (21). Acidity of the mixed oxide is
crucial for activating the peroxide, but can also result in
acid catalyzed side reactions of reactants and products
(22). Tuning the acidity with weakly basic organic and
inorganic additives has been shown to considerably im-
prove the performance of titania–silica mixed oxides (20,
22, 23). Especially amine addition was found to enhance
the epoxide selectivities. Selectivities up to 98% in the
demanding epoxidation of 3-methylcyclohex-2-en-1-ol
were achieved with high reaction rates (20). The positive
influence was explained by the neutralization of some acid
sites present in the catalyst. The successful immobilization
of a tertiary amine on a mesoporous titania–silica mixed
oxide led to a recyclable, selective, and active catalyst for
allylic alcohol epoxidations (20).
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and gelation occurred immediately. All gels were aged for
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SCHEME 1. Schematic structure of targeted organically modified
titania–silica mixed oxides.

Here we describe the synthesis of novel organically mod-
ified mesoporous titania–silica mixed oxides with a target
structure as illustrated in Scheme 1. The aerogel synthesis
followed a previously published route (18) but was changed
significantly to compensate for the different sol–gel activ-
ities of the precursors. In contrast to the earlier strategy,
outlined above, we aimed at introducing polar organic func-
tional groups via Si–C bonds. The functional groups are
supposed not only to change the surface properties with re-
spect to polarity and acidity, but might also interact directly
with the titanium active site as electron-donating ligands
(24–26). The catalytic potential of these organically modi-
fied titania-silica aerogels is tested in the epoxidation of cy-
clohexene and cyclohexenol with tert-butylhydroperoxide.

These substrates are assumed to interact differently with
the a
ctive titanium sites (27–29).

TABLE 1

Components Used for Sol–Gel Preparationsa

R group in Components added Theoretical
modifier precursor TiO2 contentb

Aerogel R–Si–(OMe)3 At start After 6 h After 24 h (wt%)

62 ml i-PrOH
10 ml i-PrOH

60 ml i-PrOH
CP30 Cl 45 mmol R–Si–(OMe)3 105 mmol TMOS

22.5 mmol THA
7.6

750 mmol H2O 12.5 mmol TIBADIP
15 mmol HNO3

62 ml i-PrOH
10 ml i-PrOH

60 ml i-PrOH
ACOP10 OAc 15 mmol R–Si–(OMe)3 135 mmol TMOS

22.5 mmol THA
8.8

750 mmol H2O 12.5 mmol TIBADIP
15 mmol HNO3

50 ml i-PrOH
82 ml i-PrOH

DMAP10
N 750 mmol H2O

15 mmol R–Si–(OMe)3 8.915 mmol HNO3

22.5 mmol THA135 mmol TMOS
12.5 mmol TIBADIP

7 days.
a i-PrOH, 2-propanol; TMOS, tetramethoxysilane; TIBADIP, t
b Calculated by assuming that the amount of chemically bound
ET AL.

2. EXPERIMENTAL

Catalyst Preparation

Acronyms used for the different catalysts are listed in
Table 1 together with important information concerning
the compositions of sol–gel solutions used in synthesis.
The numbers in the abbreviations used for the catalysts
indicate the percentage of modified silicon precursor based
on the total amount of silicon. The aerogels were prepared
according to procedures previously published (18, 21).
Prehydrolysis of the precursor for CP30 (chloropropy-
ltrimethoxysilane, CPTMS, Fluka ca. 97%) and ACOP10
(acetoxypropyltrimethoxysilane, ACOPTMS, ABCR) in
i-PrOH with aqueous HNO3 hydrolysant under vigorous
stirring (1000 rpm) lasted 6 h. The prehydrolysis was neces-
sary to compensate for the different sol–gel reactivities of
the precursors (18, 30). Subsequently, tetramethoxysilane
(TMOS; Fluka, puriss.) and titaniumbisacetylacetonatedi-
isopropoxide (TIBADIP, 75% in i-PrOH; Aldrich puriss.)
in i-PrOH were added. The titania loading of all aerogels
was 10 wt% TiO2 for a theoretical catalyst TiO2–SiO2. After
24 h, trihexylamine (THA, Fluka >97%) in i-PrOH was
added and the stirring speed reduced (500 rpm). Gelation
to an opaque monolithic body occurred within 1 h.

Different preparation conditions for the amine-modified
aerogel had to be chosen because the amine precursor itself
acts as a base catalyst. A solution of TMOS and TIBADIP
in i-PrOH was mixed with the acidic hydrolysant. After
6 h, THA and N,N-dimethylaminopropyltrimethoxysilane
(DMAPTMS, Fluorochem, 95%) in i-PrOH were added
itaniumbisacetylacetonatediisopropoxide; THA, trihexylamine.
water, present in SiOH groups, is zero.
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Sol–gel processes were carried out in a glass reactor
at room temperature under a He atmosphere. The total
volume of the liquid was ca. 170 ml and the correspond-
ing molar ratios water : silicon alkoxide : acid : THA were
5 : 1 : 0.1 : 0.15.

Semicontinuous extraction with supercritical CO2 was
carried out at 40◦C and 230 bar. A glass liner was used
to prevent contamination originating from the steel auto-
clave. The as-prepared aerogel clumps were ground in a
mortar and calcined in a tubular reactor with upward flow.
Aerogel CP30 was calcined at 200◦C, whereas for the less
stable catalysts ACOP10 and DMAP10, 100◦C were used.
All samples were heated at a rate of 10◦C min−1 in an air
flow of 5 L min−1 and kept at the final temperature for 1 h.
The calcination temperatures were chosen on the basis of
thermal analytical investigations (see below).

The composition of the samples with regard to Si, Ti, and
Fe was determined by inductively coupled plasma atomic
emission spectroscopy (ICPAES). The Si to Ti ratio was
nominal and the Fe content was below 0.01% (detection
limit).

Thermal Analysis

Experiments were carried out on a Netzsch STA 409
thermoanalyzer equipped with a gas injector. The weight
loss of the sample during heat treatment was followed by
TG. Gases evolved during heating were monitored on-line
with a Balzers QMG 420 quadrupole mass spectrometer
connected to the thermoanalyzer by a capillary heated to
ca. 200◦C.

Nitrogen Physisorption

The specific surface area (SBET), mean cylindrical pore
diameter (〈dp〉), and specific desorption pore volume
(Vp(N2)), assessed by the BJH method, were determined
by nitrogen physisorption at−196◦C using a Micromeritics
ASAP 2000 instrument. Prior to measurement, the sam-
ple was degassed at 100◦C until a final constant pressure
below 0.1 Pa was achieved. BET surface area was calcu-
lated in a relative pressure range between 0.05 and 0.2,
assuming a cross-sectional area of 0.162 nm2 for the nitro-
gen molecule. Pore size distribution was calculated applying
the BJH method to the desorption branch of the isotherm
(31).

FTIR Transmission Spectroscopy

FTIR measurements were performed on a Perkin Elmer
series 2000 instrument. The sample wafer consisted of
100 mg dry KBr and ca. 1 mg calcined sample. The cell
was purged with a small flow of oxygen during the mea-
surements. Five hundred scans were accumulated for each

spectrum, at a spectral resolution of 4 cm−1.
ITANIA–SILICA AEROGELS 223

Ti dispersion in the silica matrix was estimated using

R= S(Si–O–Ti)

S(Si–O–Si)
, [1]

where S(Si–O–Ti) is the deconvoluted area of the peak at ca.
940 cm−1 and S(Si–O–Si) that at ca. 1210 cm−1 (21).

DRIFT Spectroscopy

Diffuse reflectance infrared Fourier transform spec-
troscopy was carried out on a Perkin Elmer series 2000 in-
strument. The sample was measured undiluted. Each sam-
ple was preheated in air to 200◦C for CP30 and 100◦C for
ACOP10 and DMAP10 with a heating rate of 5◦C min−1.
After cooling to 50◦C, the background spectra were
recorded at 50◦C in air. The spectra were accumulated from
500 scans. The sample was flushed with Ar (0.5 h) and then
with NH3 (5% in Ar) for 0.5 h and finally again with Ar
for 1.5 h. The DRIFT difference spectra were obtained by
subtracting the corresponding background spectra from the
spectra after NH3 adsorption.

NMR Spectroscopy

For deconvolution of the T 2, T 3, Q2, Q3, and Q4 MAS sig-
nals, starting values of−56,−64,−92,−100, and−109 ppm,
respectively, were chosen. The peak position and the width
of the peak were not fixed. Gaussian function was chosen
for fitting and the fit was optimized using the least squares
method.

Epoxidation Procedure

2-Cyclohexen-1-ol (Fluka, ca. 97%), cyclohexene (Fluka,
>99.5%), and tert-butylhydroperoxide (TBHP; Fluka, ca.
5.5 M solution in nonane, stored over a 4-Å molecular sieve)
were used as received. Toluene (Riedel-de Haën,>99.7%)
was distilled and stored over a molecular sieve.

All reactions were carried out under purified He to avoid
the presence of oxygen and moisture. In the standard pro-
cedure, 70 mg catalyst was transferred into a 50-ml glass
reactor, equipped with a magnetic stirrer, thermometer,
and reflux condenser and heated in a He flow to 200◦C for
2 h (100◦C for DMAP10 and ACOP10). After cooling to
ambient temperature, 20 mmol of olefin or allylic alcohol,
an internal standard (decane or pentadecane), and 2 ml of
toluene (solvent) were added. The reaction was started at
90◦C by addition of 5 mmol TBHP.

Samples were analyzed by an HP 6890 gas chromato-
graph (cool on-column injection, HP-FFAP column). Selec-
tivities and yield were calculated as follows (the subscript 0
denotes initial concentrations):

• selectivity of the epoxide related to the olefin con-
verted,

[epoxide]

Solefin = 100%

[olefin]0 − [olefin]
; [2]
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• selectivity of the epoxide related to the peroxide con-
verted,

Speroxide = 100%
[epoxide]

[peroxide]0 − [peroxide]
; [3]

• epoxide yield related to the peroxide,

yield = 100%
[epoxide]

[peroxide]0
. [4]

Note that the reactant/peroxide molar ratio was 4 : 1. The

initial rate was defined as the epoxide formation in the first
5 min.

ered the surface area accessible for nitrogen, but all samples

are predominantly mesoporous.
FIG. 1. Pore size distribution (left) and t plots (right), of or
ET AL.

3. RESULTS

Textural Properties—Nitrogen Physisorption

The results of nitrogen physisorption measurements car-
ried out on calcined materials are listed in Table 2. The cor-
responding pore size distributions and t plots are presented
in Fig. 1. The BET surface areas (228–312 m2 g−1) are lower
than those obtained previously for unmodified titania–silica
aerogels (500–700 m2 g−1, (21)) and for methyl-modified
titania–silica aerogels with 20 wt% TiO2-loading (450–
550 m2 g−1 (18)). The methyl-modified aerogels containing
10–30% methylated silicon were prepared in a similar way,
except the use of THA as gelation catalyst was not neces-
sary. Introduction of polar functional groups obviously low-
ganically modified aerogels, determined by N2 adsorption.
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TABLE 2

Physico-chemical Properties of the Aerogels

SBET Vp
a Vm

b 〈dp〉c
Aerogel (m2 g−1) (cm3 g−1) (cm3 g−1) (nm) Rd

CP30 228 0.27 0.05 5.8 0.20
ACOP10 251 1.61 0 16.7 0.55
DMAP10 312 1.01 0 11.6 0.35

a Designates the BJH cumulative desorption pore volume of pores
in the maximum range1.7–300 nm diameter.

b Micropore volume from t method analysis.
c 〈dp〉= 4Vp/SBET.
d R= S(Si–O–Ti)/S(Si–O–Si), determined from FTIR spectra.

The pore volume is significantly lower for the CP30 aero-
gel when compared to ACOP10 and DMAP10. This can be
explained by the higher modifier loading (18). Concomi-
tantly, only for CP30 a substantial micropore volume was
indicated by the t-method analysis. The shape of the pore
radii distribution for the CP30 material is similar to distribu-
tions previously published on chloropropyl-modified silica
(32). Some microporosity is also reflected by the t plots in
Fig. 1. The plot for CP30 shows a significant deviation from
the fitted line for higher t values, an observation that can
be explained by microporous domains (33). The average
pore diameter calculated assuming cylindrical pores (〈dp〉)
is also considerably lower for CP30 than for ACOP10 and
DMAP10. The pore size distribution of CP30 (Fig. 1) shows
some pores in the lower range just above the analysis limit
of the BET method (ca. 2 nm).

Ti Dispersion–FTIR Spectroscopy

Titanium dispersion is estimated by FTIR measurements.
As a semiquantitative measure for the Ti dispersion, the ra-
tio between the peak intensities of the Si–O–Ti vibration at
940–960 cm−1 and the Si–O–Si vibration around 1200 cm−1

has been established (21). The ratios are listed in Table 2.
The CP30 aerogel has the smallest value with 0.20 which
can be explained by a decreased titanium dispersion due
to a large extent of organic modification (30%). This effect
has been previously observed for methyl-modified titania–
silica aerogels (18). However, distortion of the R values by
contribution from other components, such as Si–O− vibra-
tions (34) or vibrations of the organic modification in the
respective ranges cannot be excluded. Thus, the dispersion
values in Table 2 should be considered as rough estimates.

Bulk Structure–29Si NMR Spectroscopy

The bulk structure of the aerogels has been investigated
by 29Si MAS-NMR (no cross-polarization applied) and the
results are presented in Table 3. Incorporation of organic
modification is confirmed by the presence of signals corre-

sponding to T sites (Si atoms bound to one carbon and three
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oxygen atoms; T 2=R–Si(OH)(O–Si)2, T 3=R–Si(O–Si)3)
in the NMR spectra. The cumulative values of the T peak in-
tensities were 20% (nominal 30%) for CP30, 13% (nominal
10%) for ACOP10, and 11% (nominal 10%) for DMAP10.
Hence, NMR analysis corroborated the presence of organic
functional groups in the aerogels anchored via Si–C bonds,
but the estimated error of measurement and peak decon-
volution was too high for a quantitative analysis.

As a measure for cross-linkage, the ratio of Q4 (Si(O–
Si)4) to Q3 sites (Si(OH)(O–Si)3) has been used before (18),
with higher ratios indicating stronger cross-linking. The
highest ratio (1.8) was found in CP30. An even higher value
Q4/Q3 = 2.3 has been found previously for a titania–silica
aerogel possessing 30% methyl functional groups (18). The
measurement confirms a stronger cross-linkage for titania–
silica aerogels with higher amounts of incorporated or-
ganic functional groups. The ratios for ACOP10 (0.9) and
DMAP10 (1.3) are also in accordance with those found for
aerogels with 10% methyl-modified silicon (Q4/Q3 = 1.4)
(18). The higher cross-linking in CP30 is well reflected by
the lower BET surface area and average pore diameter, as
compared to the other two aerogels (see Table 2).

Modification Structure–IR Spectroscopy

DRIFT spectra of the aerogels in air are depicted
in Fig. 2. The left side shows the range from 4000 to
1000 cm−1, whereas in the right part the region around
2950 cm−1 is enlarged. In addition to the DRIFT spec-
tra of the modified aerogels, the gas phase IR spectra of
the compounds analogous to the immobilized modifier are
also presented (n-propyl acetate, 1-chloropropane, N,N-
dimethylaminopropane). Incorporation of organic func-
tional groups led to additional signals on the titania–silica
background. The peaks of the organic functions in the range
1500–1000 cm−1 overlap with large signals attributed to Si–
O–Si, Si–O–Ti, and Si–O− species. Elucidation of the struc-
ture of the organically modified aerogel is thus limited to
the region 4000–1500 cm−1.

The spectra of ACOP10 and CP30 aerogels present peaks
around 2950 cm−1 which correspond to signals of propyl ac-
etate and 1-chloropropane, respectively (35). Both propyl
acetate (Fig. 2, right c) and 1-chloropropane (Fig. 2, right a)
display a signal at ca. 2975 cm−1 (C–H stretch vibration) that

TABLE 3

Structural Analysis by 29Si MAS–NMR

Structural site

Aerogel T 2 (%) T 3 (%) Q2 (%) Q3 (%) Q4 (%) Q4/Q3

CP30 2 18 1 28 51 1.8
ACOP10 3 10 4 43 40 0.9
DMAP10 5 6 5 37 47 1.3
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FIG. 2. (Left) DRIFT spectra of organically modified aerogels and FTIR spectra of the corresponding organic compound (from top down: n-propyl
−1
acetate, 1-chloropropane, N,N-dimethylaminobutane). (Right) Enlarged region 2850 to 3000 cm ; (a) 1-chloropropane, (b) CP30, (c) n-propyl acetate,

(d) ACOP10.
seems to be slightly shifted to ca. 2960 cm−1 for ACOP10
(Fig. 2, right d) and CP30 (Fig. 2, right b). A shoulder in the
ACOP10 spectrum at ca. 2940 cm−1 is not attributable to
propyl acetate. A distinct peak which may be related to an
ester carbonyl group is observed in the ACOP10 spectrum
at ca. 1720 cm−1. This signal is, however, shifted toward
lower wavenumbers when compared to the propyl acetate
spectrum (position at ca. 1810 cm−1). A possible explana-
tion for this shift is the interaction of the carbonyl O atom
of the acetoxypropyl function with a neighboring silanol
group, as H-bonding interactions lower the frequency of
the carbonyl band (35).

Hydrolysis of the acetoxypropyl group is possible under
sol–gel conditions. In order to elucidate a possible transfor-
mation of the organic function, spectra of ACOP10 before
and after washing with tetrahydrofurane were compared.
Hydrolysis would result in formation of acetic acid, which
could account for the signal observed at ca. 1720 cm−1.
Acetic acid should be removed by careful washing. This sig-
nal was still present after the washing procedure (24 h, 60◦C,
reflux), which indicates the presence of unreacted ace-
toxypropyl functions at the surface. Nevertheless, hydroly-
sis of a small fraction of acetoxy groups during sol–gel syn-
thesis cannot be precluded on the basis of IR measurements.

The typical strong and often broad bands of halogen com-
pounds between 500 and 830 cm−1 (36) are not in the range
of our DRIFT measurement. Less intensive signals in the
range 1000 to 1500 cm−1 are concealed by strong matrix
bands. Transmission FTIR measurements of CP30 did show

peaks in the region below 850 cm−1 besides signals also
observed for a reference catalyst with 30% methyl modifi-
cation previously investigated (18) (Fig. 3, box). Since the
methyl-modified aerogel did contain only methyl groups,
the signals below 850 cm−1 in the CP30 spectrum are at-
tributed to chloro-containing species. However, the low in-
tensity of these additional peaks hinders any unambiguous
interpretation.

FIG. 3. Transmission FTIR spectra of chloropropyl-modified aerogel
CP30 (top) and a 30Ae aerogel previously prepared (18) with 30% methyl

modification as a reference (bottom).
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The DMAP10 aerogel shows no clear evidence for sig-
nals typical for dimethylamino compounds. Only very small
peaks in the region around 3000 and 2760 cm−1 are ob-
served. Previous studies on dimethylaminopropyl-modified
silica (37) reported the expected peaks at 2960 cm−1

(C–Hst), 2760 cm−1 (N-(CH3)st), and 1480 cm−1 (C–Hdef).
Since 29Si NMR confirmed the incorporation of organic
modification for DMAP10, it seems that the concentration
of the modifier is too small at the surface probed by DRIFT
spectroscopy.

Ammonia Adsorption

Adsorption of ammonia on the catalysts has been inves-
tigated with DRIFT. The difference spectra of catalysts be-
fore and after ammonia adsorption are depicted in Fig. 4.
The most striking difference between the catalysts is the
outstanding ability of CP30 to adsorb ammonia, as evi-
denced by the higher intensity of the difference spectra.
This is an indication that during sol–gel synthesis the chloro-
propyl functional groups—at least partly—hydrolyzed and
the resulting hydrochloric acid was retained by the ma-
trix. Note that trihexylamine (used to force gelation) is
a good catalyst for dehalogenation. On the other hand,
the very weak acidity of ACOP10 suggests that the ace-
toxypropyl function mostly preserved its integrity during
catalyst preparation. The expected hydrolysis by-product
FIG. 4. DRIFT difference spectra (ammonia adsorption) for organi-
cally modified aerogels.
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FIG. 5. Solid-state 13C NMR of the aerogel CP30 (top) and 13C NMR
of 1-chloropropyltrimethoxysilane precursor (bottom).

acetic acid should result in significant enhancement in NH3

adsorption.
Characteristic negative bands at ca. 3700 cm−1 are at-

tributed to vanished Si–OH sites (38). Strong negative
bands relative to the background of ammonia at ca.
2950 cm−1 (Fig. 4, ACOP10 and CP30) have previously
been attributed to covered C–H bands for methyl-modified
aerogels (18).

Modifier Structure–13C NMR Spectroscopy

The 13C NMR spectrum of CP30 is shown in Fig. 5
together with the spectrum of the corresponding precur-
sor containing the organic functional group (chloropro-
pyltrimethoxysilane). The good correlation between the
spectra indicates that the organic modification is mainly
present in the chlorinated form. The peak of the C atom
bound to Si is shifted to higher frequencies probably due
to incorporation into the solid matrix. The spectrum of the
aerogel correlates well with the NMR data of chloropropyl-
modified silica gels (39). The only exception is the broad and
weak peak around 68 ppm which may indicate that a frac-
tion of the chloropropyl functional groups hydrolyzed to
hydroxy-propyl during the sol–gel synthesis (shift of α-C in
propanol: 63.6 ppm (35)). No other peaks due to residues
from the synthesis are apparent.

The spectrum of ACOP10 (Fig. 6) shows a multitude of
peaks that are not assignable to the organic modification
alone. The peak at ca. 11 ppm (No. 1), in analogy to the CP30
spectrum, corresponds to the signal of the C atom bound to
silicon. The peak at ca. 16 ppm (No. 2) may be attributed to
trihexylamine (THA gelation catalyst, spectrum also pre-
sented in Fig. 6). The peak at ca. 25 ppm (No. 3) is probably
the sum of several peaks of both the organic modification

and the amine base. Peaks at ca. 28 and 34 ppm (Nos. 4 and
5) originate from trihexylamine (C-2 and C-3 of the alkyl
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FIG. 6. Solid-state 13C NMR of the aerogel ACOP10 (top) and 13C
NMR of acetoxypropyltrimethoxysilane precursor (middle) and trihexy-
lamine gelation catalyst (bottom).

chain). The broad peak at ca. 57 ppm (No. 6) is probably
an overlapping of signals from both trihexylamine and the
organic function, whereas the peak at ca. 69 ppm (No. 17) is
attributable to the modifier function. Note that correspond-
ing peaks are missing in the trihexylamine spectrum. In the
region between 170 and 200 ppm (not shown), two large
signals which were assigned to carbonyl groups, stemming
from acetylacetone (complexing agent of the titanium pre-
cursor), unhydrolyzed modifier precursor, or acetic acid,
were observed. The 13C NMR analysis thus confirms that
incorporation of organic groups was successful. However,
due to the moderate calcination temperature (100◦C), a
significant amount of organic residues stemming from the
sol–gel process is still present in the catalyst.

A similar picture emerges for DMAP10 (Fig. 7). Some
peaks are attributable only to residual trihexylamine (at ca.

FIG. 7. Solid-state 13C NMR of the aerogel DMAP10 (top) and 13C

NMR of N,N-dimethylaminopropyltrimethoxysilane precursor (bottom).
ET AL.

TABLE 4

Epoxidation of Cyclohexene in Toluene with TBHP at 90◦C

Initial rate Yield Solefin Speroxide

Aerogel (mmol g−1 min−1) after 2 h (%) after 2 h (%) after 2 h (%)

CP30 1.8 —a — —
ACOP10 8.1 90 97 90
DMAP10 3.1 75 96 86

a Not determined, see text.

26 ppm) and acetylacetone (at 170 and 200 ppm). On the
other hand, the peak at ca. 45 ppm can be assigned unam-
biguously to the dimethylamino-modification of silica (no
peak in this region in the trihexylamine spectrum, Fig. 6).
Besides, no indication for a structural change of the modi-
fying functional group upon sol–gel synthesis is observed.

Catalytic Activity—Epoxidation of Cyclohexene
and Cyclohexenol

The catalytic performance of organically modified aero-
gels was tested in the epoxidation of two bulky substrates
with tert-butylhydroperoxide (TBHP) under dry condi-
tions. The kinetics of the formation of epoxide and some
by-products in the first 2 h was followed by GC analysis.

The results of the epoxidation of cyclohexene are pre-
sented in Table 4. All catalysts were active in epoxidation,
but over CP30 the product cyclohexene oxide is consumed
to significant extent by consecutive reactions. The kinetic
curves resulting from the formation and decomposition of
cyclohexene oxide are shown in Fig. 8. The major consec-
utive reaction over CP30 is the acid-catalyzed alcoholy-
sis with t-BuOH coproduct (Scheme 2). Only a negligible
amount of glycol was formed by ring opening with water.

FIG. 8. Kinetic curves of cyclohexene oxide formation (and decom-

position) with modified aerogels, at 90◦C.
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SCHEME 2. Ring opening reactions of cyclohexene oxide during
epoxidation.

The appearance of water in the carefully dried reaction
mixture may be attributed to dehydration of the t-BuOH
coproduct, the reaction of which is also acid-catalyzed (40),
or to formation of water by condensation of silanol groups
(41). Due to the rapid consecutive reactions, no yield and
selectivities were calculated for this catalyst. Both ACOP10
and DMAP10 catalysts were highly selective even at 90◦C,
which is not unusual in this facile reaction (19). It is evident
from Table 4 that the yield for ACOP10 is limited by the
peroxide selectivity only; i.e., the reaction stopped after 1 h
(Fig. 8) when all TBHP was consumed.

The catalytic behavior of CP30 in the epoxidation of
cyclohexenol with TBHP is entirely different from that
observed in the epoxidation of cyclohexene (Table 5). No
prevailing consecutive reaction of cyclohexenol oxide was
observed, and the epoxide formed with 81% olefin
selectivity at 81% peroxide conversion. Besides, this
catalyst afforded the highest peroxide selectivity (83%).
Interestingly, all three modified aerogels exhibited ap-
proximately the same initial activity for the epoxidation
of cyclohexenol and cyclohexene (Tables 4 and 5). This
is surprising because allylic alcohol epoxidation has been
found to be a considerably more demanding reaction with
respect to selectivity and activity when using unmodified
titania–silica aerogels (23, 42). Due to the high activity of
ACOP10 and DMAP10, the yields are limited only by the
peroxide selectivity. The 93% olefin selectivity of DMAP10
at 75% olefin conversion (after 2 h reaction) is remarkably

high. Major by-products are oligomers of substrate and
cyclohex

of CP30 (lowest surface area, moderate pore diameter and
trongest
enol oxide, as well as the diether of cyclohexenol.

TABLE 5

Epoxidation of Cyclohexenol in Toluene with TBHP at 90◦C

Initial rate Yield after 2 h Solefin after 2 h Speroxide after 2 h Diastereomeric ratio
Aerogel (mmol g−1 min−1) (%) (%) (%) after 2 h (%)

CP30 1.8 67 81 83 83 : 17
ACOP10 8.2 75 74 75 78 : 22

Ti dispersion; small but significant microporosity, s
DMAP10 3.3 70
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The diastereomeric ratio (erythro/threo) in the epoxide
is only marginally affected by the organic modification.
For comparison, this ratio for an unmodified titania–silica
aerogel was ca. 7 : 3, depending on the reaction conditions
(42, 43). As concerns possible titanium leaching, the
filtrated reaction mixture containing TBHP (without
catalyst) did not show further chemical activity at 90◦C.

4. DISCUSSION

Structural Analysis of Organically Modified Aerogels

The syntheses of three new, organically modified aerogels
have been designed based on a sol–gel approach. Beside the
general requirements for acceptable catalytic performance
such as high surface area, mesoporous structure, and high
abundancy of Ti–O–Si linkages (19), the silica network has
to provide sufficient cross-linkage and thus stability within
a reasonably low gelation time. These requirements were
achieved by prehydrolysis of alkyltrimethoxysilane, tetram-
ethoxysilane, and titaniumbisacetylacetonatediisopropox-
ide precursors under acidic conditions and subsequent forc-
ing of the gelation with trihexylamine. The effect of base is
probably the neutralization of positive charge located at the
sol surface and thus the acceleration of the network build-
ing (30). During the preparation of DMAP10, the mod-
ification precursor dimethylaminopropyltrimethoxysilane
(DMAPTMS) itself acted as catalyst together with trihexy-
lamine (Table 1). Addition of DMAPTMS to the solution
before prehydrolysis led to immediate precipitation. The
same difficulty arose when more than 10% modified silicon
precursor was attempted to be introduced, and in this case
prehydrolysis could not solve the problem.

29Si and 13C NMR spectroscopy confirmed the incorpora-
tion of covalently bound organic moieties (X–(CH2)3–Si).
However, spectroscopic characterization of the aerogels
revealed some drawbacks of the acid- and base-catalyzed
sol–gel route. IR spectroscopy showed that the chloro-
propyl functional groups partly hydrolyzed, presumably
upon gelation forced by trihexylamine. The hydrolysis co-
product HCl was retained by the matrix and enhanced the
acidity of this aerogel, as indicated by NH3 adsorption mea-
surement. It is likely that the exceptional textural properties
93 70 76 : 24
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cross-linking) are also connected with this undesired side
reaction and the partial neutralization of trihexylamine ge-
lation catalyst. The poor performance of CP30 in cyclohex-
ene epoxidation due to rapid consumption of cyclohexene
oxide by acid-catalyzed consecutive reactions is further evi-
dence for the partial degradation of the chloropropyl group.

Note that only few reports consider the synthesis
of chloroalkyl-substituted Si-containing materials. Chloro-
propyl-modified silica was mostly produced by postmodifi-
cation of silica with chloropropyltrialkoxysilane (39, 44, 45).
The structural integrity of the chloropropyl-modification
was confirmed by spectroscopic methods (39). Hüsing et al.
(32) prepared chloropropyl-substituted silica aerogels via
cocondensation of tetramethoxysilane and chloropropy-
ltrimethoxysilane. Their characterization, however, did not
elucidate the structure of the organic modification. Our re-
sults and the literature data indicate that either a more
appropriate sol–gel route should be developed (by, e.g.,
substituting the N-base with another catalyst), or a post-
modification method could be chosen.

To our knowledge, no reports have been published on
modifications of silica or titania–silica with acetoxypropyl
or hydroxypropyl groups. The acetoxypropyl group was
chosen with the aim of producing hydroxypropyl-modified
titania–silica via incorporation and hydrolysis in a one-
step procedure, during the sol–gel synthesis. Hydroxyalkyl-
silanes are commercially not available, probably due to
silylether formation of unprotected alcohols during syn-

thesis. Astonishingly, the acetoxypropyl groups were stable
d

when considering the 110 C reaction temperature and a

uring synthesis, despite the presence of acid or base in the

TABLE 6

Epoxidation of Cyclohexenol with Ti- and Si-Based Catalysts

Substrate/ Epoxide
Time Temp. oxidant productivitya Solefin Peroxide Speroxide

Catalyst Oxidant (h) (◦C) ratio (mmol g−1 h−1) (%) conversion (%) (%) Ref.

TiCl4 grafted on SiO2 TBHP 20 110 1 : 2 0.9 — 84 85 (47)
(Shell)

Ti(OiPr)4 TBHP 24 RT 3 : 2 —b — 100 — (49)
grafted on SiO2

TS-1 H2O2 8 60 1 : 1.2 4 80 85 80 (28)

TiO2–SiO2 aerogelc TBHP 1 90 4 : 1 39 65 83 67 (42)

Me-modified TBHP 1 90 4 : 1 70 95 —e — (18)

TiO2–SiO2 aerogeld

CP30 TBHP 1 90 4 : 1 35 80 60 82

ACOP10 TBHP 1 90 4 : 1 53 82 97 76

DMAP10 TBHP 1 90 4 : 1 46 94 91 70

a Amount of epoxide formed per unit time and catalyst amount.
b Cyclohexenone was the only product.
c 20 wt% TiO2–SiO2, zeolite 4 Å as drying agent is added.
d

100% excess of oxidant. Interestingly, when changing the
20 wt% TiO2–SiO2 with 10% methyl-modified silicon precursor.
e Peroxide conversion was not determined.
ET AL.

aqueous alcoholic medium. No evidence for hydrolysis of
the acetoxy group could be obtained by 13C NMR as well
as IR measurements. Besides, the low acidity of ACOP10
measured by NH3 adsorption (Fig. 4) is also an indication
for the preserved integrity of the ester functional group.

13C NMR spectroscopy confirmed the incorporation of
the dimethylaminopropyl groups in the DMAP aerogel as
intended.

Catalytic Performance

Titania–silica catalysts have been extensively used in the
epoxidation of olefins. Cyclohexene epoxidation is a fre-
quent test reaction, since the accessibility of the catalytic
sites can be assessed by the use of this bulky olefin. A no-
table property of the ACOP10 catalyst is the high epox-
ide selectivity (97%) combined with a high initial rate
(8.1 mmol g−1 min−1). Note that very high epoxide selec-
tivities (up to 100%) are not unusual in this facile reaction
(17, 19, 46).

On the other hand, epoxidation of allylic alcohols
is more demanding and prone to numerous acid- and
base-catalyzed side reactions (42). Table 6 provides a
collection of data for the epoxidation of 2-cyclohexene-
1-ol with various Ti- and Si-containing solid catalysts.
The activity of the Shell catalyst (47), represented by the
epoxide productivity (0.9 mmol g−1 h−1), is rather low.
The peroxide selectivity is yet surprisingly high (85%),

◦
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Ti precursor from TiCl4 to Ti(OiPr)4, epoxide selectivity
drops to zero and only the −OH function is oxidized to
form cyclohexenone. Crystalline TS-1 (28) shows moderate
activity (ca. 4 mmol g−1 h−1) and good substrate (80%)
and peroxide selectivity (80%). Very likely, the moderate
activity has to be attributed to the oxidation of the bulky
substrate at the outer surface of the microporous material.
The TiO2–SiO2 aerogel is the closest reference material
for the actual study, which catalyst has been prepared by
a partly different procedure and does not contain organic
functional groups. This aerogel is significantly more active
than the Shell catalyst or TS-1, but concomitantly exhibits
lower olefin (65%) and peroxide selectivities (67%). The
experiments with CP30, ACOP10, and DMAP10 were
conducted under exactly the same conditions to ensure di-
rect comparison with the unmodified aerogel. The epoxide
productivity of all three catalysts is similar or even better
than that of the unmodified aerogel. The high epoxide
productivity, which describes the average rate of epoxide
formation, correlates well with the high initial activities
shown in Table 5. A remarkable enhancement by organic
modification has been achieved in the epoxide selectivity
related to the olefin reaching a value of 94% for DMAP10
at 91% peroxide conversion. Only a methyl-modified
titania–silica aerogel afforded higher olefin selectivity
(98% after 10 min) and also higher average rate (produc-
tivity, Table 6), at comparable peroxide conversion. Note
that the reactant-to-peroxide ratio in this work was higher
compared to that used in the studies cited in Table 6.

Several advantages are thus realized by introducing or-
ganic functional groups to titania–silica catalysts. The mate-
rials combine the high activity of mesoporous titania–silica
aerogels with high epoxide selectivities. Presumably due to
the presence of some residue of trihexylamine, used as cata-
lyst to force gelation, no addition of activated zeolite 4 Å
during the epoxidation reaction is necessary to suppress
acid-catalyzed side reactions (42). Furthermore, a reduc-
tion of TiO2 content below 10 wt% is possible without loss
of activity when compared to the unmodified aerogel pos-
sessing 20 wt% TiO2 (42).

A challenging question is the correlation between the
structural and catalytic data of organically modified titania–
silica aerogels. A strong correlation between the semiquan-
titative value for the Ti dispersion determined by FTIR
spectroscopy (R value, Table 2) and the catalytic activity has
been observed for titania–silica aerogels (19). This correla-
tion has been debated (48), pointing out that a contribution
of Si–O− species to the 960 cm−1 IR peak can seriously
distort the evaluation of Ti–O–Si connectivity. Still, initial
activity in this study seems again to be well correlated with
the R value for the Ti dispersion (Tables 2, 4, and 5). We
propose that despite the limitation of the method, a high R
value is a good semiquantitative indicator for high density

of isolated Ti sites and hence high epoxidation activity.
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SCHEME 3. Possible H-bonding interactions of dimethylamino-
propyl and acetoxypropyl functions with surface silanol groups.

An important requirement for high epoxidation activity
and selectivity is the appropriate control of the acidity of
the catalyst. In case of CP30 aerogel, a partial hydrolysis
of the C–Cl bond during the sol–gel process is indicated by
DRIFTS and 13C NMR analysis. Due to the low calcina-
tion temperature (200◦C) most of HCl produced may be
retained by the solid, and it can act as a new acidic site
during the epoxidation. This is the most probable explana-
tion for the poor performance of CP30 in the oxidation of
cyclohexene (Fig. 8).

On the other hand, DMAP10 contains basic functional
groups, which can neutralize a part of surface silanol
groups (Brønsted sites, Scheme 3). Similarly, H-bonding
interaction of surface silanol groups with the electron-rich
carbonyl O atom of the acetoxypropyl functional group
(Scheme 3) is proposed to be a major reason for the good
performance of the ACOP10 aerogel. The considerable
shift of the carbonyl band of the acetoxypropyl function
in the DRIFT spectrum of ACOP10, compared to that of
propyl acetate, may indicate the Si–OH· · ·O==C type inter-
action and can rationalize the suppression of acid-catalyzed
side reactions during epoxidation.

Another point is the interaction of the acetoxypropyl and
dimethylaminopropyl functional groups with the Ti active
site. The electron rich carbonyl O and amino N atoms can
act as electron donor ligands (24–26). This interaction is
expected to tune the activity (acidity) of the Ti site. Unfor-
tunately, we do not have yet an unambiguous evidence for
this possibility.

5. CONCLUSIONS

A sol–gel route combined with ensuing extraction with
supercritical CO2 was applied to prepare titania–silica aero-
gels containing covalently bound polar functional groups.
3-Chloropropyl, 3-acetoxypropyl, and N,N-dimethyl-3-
aminopropyl were introduced into the titania–silica by us-
ing corresponding alkyltrimethoxysilane precursors in the
sol–gel process. NMR and vibrational spectroscopies con-

firmed that the acetoxypropyl and dimethylaminopropyl
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functions retained their integrity during sol–gel processing.
In contrast, partial hydrolysis was observed with the
3-chloropropyl moiety, resulting in new acidic sites which
lowered the epoxidation selectivity. A more selective
gelation catalyst than trihexylamine is required to preserve
the integrity of these functional groups.

Although all three catalysts were active and selective
in the demanding epoxidation of 2-cyclohexen-1-ol, the
dimethylaminopropyl-modified catalyst showed the best
performance, achieving 93% selectivity at 100% perox-
ide conversion. The modification of TiO2–SiO2 epoxida-
tion catalysts with polar functional groups is shown to be a
promising strategy for tuning the properties of these cata-
lytic materials.
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