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Hexagonal mesoporous solids were synthesized from solutions containing TS-1 seeds. The products were
characterized by XRD, nitrogen and argon physisorption, TEM, TG/DTA of template decomposition (also
after extraction of the mesopore template), UV–Vis and IR spectroscopy, and XANES at the TiK edge. Their
catalytic activities were assessed for cyclohexene epoxidation in hydrophilic and hydrophobic environ-
ment (CH3OH/water, with H2O2 oxidant, and decane, with tert-butyl hydro-peroxide oxidant, respec-
tively) and for n-hexene epoxidation in hydrophilic environment. The mesopore system was clearly
documented by XRD, physisorption measurements, and TEM, whereas evidence for micropores by phys-
isorption proved elusive. However, the micropore template was detected in the solids by TG/DTA even
after extraction of the mesopore template, and among the Ti sites, which were confirmed to be tetrahe-
drally coordinated by UV–Vis and XANES, a clear majority was able to coordinate two water molecules. It
was concluded that the pore walls had been built up from nanoparticulate TS-1 precursors resulting in
walls of ca. 1.5 nm thickness, which resemble rather the exterior layers of a TS-1 crystallite than its
(hydrophobic) interior. In cyclohexene epoxidation, the micro-mesophases were by 1–2 orders of magni-
tude more active than TS-1 and outperformed also Ti-MCM-41, at similar selectivity in hydrophobic med-
ium. With 1-hexene in hydrophilic medium, however, the micro-mesophases failed completely whereas
TS-1 exhibited high activity.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The synthesis of solids with hierarchical pore systems [1,2] is a
promising field of present research in catalysis. Microporous materi-
als provide unique catalytic functions, for example, strong zeolitic
acidity and highly selective use of peroxo oxygen by framework Ti,
but present considerable diffusional barriers, in particular, for liquid
reactants. There are several approaches to alleviate this situation.
Mesoporosity has been created in zeolite crystals, e.g., by zeolite syn-
thesis around mesopore templates such as carbon particles [3] and
polymers [4], or by desilication causing partial dissolution of the
framework [5,6]. The use of zeolite nanocrystals [7], the partial
recrystallization of mesoporous silicas into zeolite phases [8], the di-
rect synthesis of zeolites in the presence of organosilane mesopore
templates [9], and the synthesis of ordered mesoporous materials
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(OMMs) from zeolite seeds [10–12] are alternative routes. The latter
approach appears highly appealing because it combines a mesopore
surface area of many hundreds of m2/g with regions of zeolite-like
connectivity, too small to be detected by X-ray diffraction.

Various groups have described the synthesis of micro-meso
OMMs (mostly hexagonal phases) with seeds of different zeolites
– ZSM-5 [13,14], Y [10], Beta [11,13], but also TS-1 [12,15–19]. In
all cases, the formation of mesopore systems is beyond any doubt,
but characterization of the microporous part is a challenge. Any
crystalline domain large enough to allow resolution by XRD would
just demonstrate the failure of the synthesis, and adsorption mod-
els fail describing short micropore segments in contact with a mes-
opore system. However, microporosity can be traced by analysis of
the local environment of framework elements and micropore tem-
plates. In the case of alumosilicate seeds, a variety of methods are
available: 27Al-NMR, acidity measurements, and test reactions for
acidic sites all probe the properties imparted by the heteroatom.
IR spectroscopy can give clues on the overall framework connectiv-
ity, manifesting in characteristic zeolite framework vibrations, like
the band at 550 cm�1 considered as a fingerprint for the pentasils
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[20]. For the NMR inactive titanium in titanosilicate building
blocks, the choice of characterization techniques is more limited.
The presence of TS-1-like structures has been largely judged by
UV–Vis spectroscopy, which can prove the tetrahedral coordina-
tion of the Ti, but not its complete accessibility, and by its IR finger-
print (framework band at 960 cm�1). The latter is, however,
overshadowed in materials where a large abundance of silanol
groups is to be expected [21]. In addition, the reactivity in test
reactions has been used as an additional support for the success
of the preparations, which is unfortunately rather ambiguous as
the same reactions can also be catalyzed by Ti in fully disordered
titania silicate walls. Recently, 129Xe NMR has been utilized to
examine the presence of micropores in micro-meso OMM materi-
als, and while the data clearly suggested differences between the
micro-meso preparations and a reference material with amor-
phous pore walls, the signal indicating microporosity was very
weak, much broader than in TS-1 and appeared only at very low
temperatures [22].

We present here the results of an attempt to characterize the
microporosity in hexagonal micro-meso OMMs with 1-dimensional
hexagonal mesopore system made from TS-1 seeds (‘‘mime-1h-
(TS-1)”) in detail, giving full account on a project, whereof prelimin-
ary data have been reported previously in Ref. [23]. Methods
employed beyond those used in the earlier literature on micro-meso
OMMs are the selective decomposition of micro and mesopore tem-
plates, Ar physisorption, and TiK XANES. It could be demonstrated
that all the Ti sites are tetrahedrally coordinated and almost com-
pletely accessible from the gas phase, however, the typical TS-1 sig-
nature of 0.5–0.6 nm micropores was not detected in pore-size
distributions derived from Ar physisorption data. This was ascribed
to the small size of the seeds of only 1.5–2 nm used to form the mes-
opore walls, possibly preventing the typical capillary phenomena by
the small length of the micropore. Interestingly, the catalysts exhib-
ited the expected catalytic properties (large superiority over TS-1
and Ti-MCM-41) in the epoxidation of cyclohexene but failed com-
pletely when oxidation of n-hexene was attempted.
2. Experimental

2.1. Synthesis of micro-meso OMMs

Micro-meso OMMs were synthesized from a liquid containing
TS-1 seeds. For the preparation of these seeds, 35.9 mmole of tetra-
ethyl orthosilicate (TEOS, Aldrich, 98% GC) was added dropwise and
under vigorous stirring to an aqueous solution of tetrapropyl ammo-
nium hydroxide (TPAOH, BASF, alkali free; a 40 wt.% solution con-
taining 6.4 mmole). After 30 more minutes of stirring, 0.55 mmole
of tetra-n-butyl orthotitanate (TBOT, Merck), and, after a 10 min
mixing period, 340 mmole of water were added dropwise during
continuous agitation. The resulting zeolite precursor solution with
a molar ratio TEOS:TPAOH:TBOT:H2O of 1:0.35:0.02:15.45 was aged
at 293 K for 24 h. From this precursor solution, a conventional TS-1
could be obtained by heating in an autoclave at 433 K for 10 d, with
the resulting XRD and IR characteristics close to the industrial refer-
ence TS-1 sample mentioned below [24].

Mime-1h(TS-1) was obtained from this seed mixture by adding
16.5 mmole of cetyltrimethylammoniumbromide (CTAB, Aldrich,
as a 10 wt% aqueous solution at 353 K) after 20 min of continuous
stirring at room temperature. This procedure is known to yield
mesophases with hexagonally ordered unimodal parallel pores
with a number of different framework sources. The solid product
was then recovered by filtration, washed several times with dis-
tilled water, and dried at 333 K for 24 h. Most of the material pre-
pared was subjected to a hydrothermal treatment the effect of
which has been described in detail in [24]. For this purpose, as-syn-
thesized micro-meso material was mixed with distilled water and
held in an autoclave at 413 K for one day. The products obtained
will be labeled as ‘‘ht”. They were recovered by filtration and fur-
ther washed and dried as already described. The templates were
removed in a stepwise procedure. CTAB was extracted by refluxing
the samples three times in an ethanolic acetic acid solution for 1 h
(twice with 0.2 vol.% acetic acid for 1 h, once with 0.1 vol.% acetic
acid, with intermediate washing in ethanol). The product was then
again dried at 333 K for 24 h. The remaining TPAOH was removed
by oxidation first at 573 K and then at 723 K for 1 h, with a heating
rate of 1 K/min from room temperature to final temperature.

Mime-1h(TS-1) was prepared in three batches under identical
conditions, and the data for two of these are reported to demon-
strate the reproducibility of the synthesis. These batches will be
differentiated by the subscripts ‘‘a” and ‘‘b”. The data for the third
batch were comparable as far as measured.

An analogous cubic micro-meso OMM was also obtained from
the TS-1 seed mixture, and some characterization and reactivity
data of this material are reported in [23,24]. As the characterization
of this material has remained incomplete by now, we will focus
here on the hexagonal OMM materials.

For comparison, characterization and catalytic studies were also
performed with an industrial TS-1 and a conventional Ti-MCM-41
prepared according to Corma et al. [25].

2.2. Characterization

Sample compositions were determined by ICP-OES after disso-
lution along the sodium perborate route. Measurements were
made with a Philips PU 7000 ICP Spectrometer.

Powder XRD was performed with a Philips diffractometer (flat
plate sample holder, Bragg-Bretano geometry) using Cu Ka radia-
tion. Measurements with long exposure were made with an Image
Plate Guinier Camera (Huber) with Cu Ka1 radiation and a germa-
nium monochromator. The samples were kept in glass capillaries
of 0.3 mm diameter.

Transmission IR spectra were recorded with a Perkin Elmer 882
spectrometer, with the samples diluted with KBr (1:500) before
pressing them into self-supported wafers.

Nitrogen physisorption data were obtained with a Nova 4200e
instrument (Quantachrome) after degassing the samples in vac-
uum for 2 h at 673 K. Argon physisorption was measured on an
ASAP 2010 instrument (Micromeritics) after degassing at 350 �C
in vacuum for 3 h. All physisorption data were processed with
the non-local density functional theory (NLDFT) algorithm of the
NovaWin software package (Quantachrome) using the respective
kernels based on equilibrium adsorption in cylindrical pores in
silica.

TEM images were obtained with a JEOL-2000FX instrument
applying an acceleration voltage of 200 kV. UV–Vis spectra were
measured in diffuse reflection on a Lambda 9 spectrometer (Perkin
Elmer).

Temperature-programed decomposition of the templates em-
ployed to generate the porous solids can be used to differentiate
the meso and micropore systems, provided the templates differ
in decomposition temperatures. By comparing the data of a sample
containing all templates with the results obtained after CTAB
extraction (vide supra), it should be possible to detect if the TPA-
OH was indeed retained in micropores and not simply dissolved
in the CTAB phase. CTAB extraction was performed as described
above. DTA and TG were preformed with an STA 503 instrument
(Bähr, 3 K/min temperature ramp in air from 298 K to 1073 K).

XANES spectra of the Ti K-edge at 4966.0 eV were measured in
transmission mode at Hasylab E4 station (Hamburg) using a
Si(1 1 1) double crystal monochromator. Powder samples were di-
luted in BN and pressed into a wafer, which was mounted in an
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in situ cell [26]. The spectra were taken in the as-received state and
after dehydration, which was achieved by heating in flowing he-
lium at 573 K (10 K/min temperature ramp) for 30 min. In case of
TS-1, dehydration was performed at 673 K. The spectra were taken
at room temperature, the spectra of a Ti foil was recorded at the
same time (between the second and third ionization chambers)
for energy calibration. Data treatment was carried out using the
software package VIPER [27]. The spectra were normalized based
on the edge jump.

2.3. Catalysis

The catalytic reactivity of the micro-mesophases was tested for
the epoxidation of cyclohexene and of 1-hexene. These reactions
were performed in hydrophilic medium (methanol/water) with
an inorganic oxidant (H2O2) and in hydrophobic medium (decane)
with an organic peroxide (tert-butyl hydroperoxide, TBHP). The
reactions were performed in batch regime as follows: hydrophilic
medium – 0.9 M cyclohexene (or 1-hexene) in CH3OH, 0.45 M
H2O2 (35% aqueous solution), 0.03 g catalyst, at 313 K for 24 h,
hydrophobic medium – 0.9 M cyclohexene in decane, 0.45 M TBHP
(in decane), 0.03 g catalyst, at 313 K for 24 h. Analysis and identifi-
cation were carried out with GC–MS.

3. Results

In Table 1, the samples prepared in this study and the reference
materials are listed, their Si/Ti ratios and BET surface areas are
Table 1
Titania silicate materials used in the present study.

Samplea Si/Ti BET surface areab (m2/g)

Mime-1h(TS-1)a 56 n.d.
Mime-1h(TS-1)a-ht 52 949
Mime-1h(TS-1)b 62 1215
Mime-1h(TS-1)b-ht 70 990

a Reference materials: Ti-MCM-41 – Si/Ti = 35; TS-1 – Si/Ti = 33.
b N2 physisorption at 77 K.

2 4 6 8 10

hydrothermally 
      treated
   + calcined

after
hydrothermal
   treatment

calcined

In
te

ns
ity

, c
ps

2Θ, °

as made

mime-1h(TS-1)a

500

Fig. 1. Small-angle X-ray diffractograms of mime-1h(TS-1)a and mime-1h(TS-1)b –
given, and the labels used for them throughout the paper are intro-
duced. No BET surface areas are given for TS-1 as the BET equation
does not apply for micropore systems.

Low-angle X-ray diffractograms of the mime-1h(TS-1) materials
are shown in Fig. 1, where the states after synthesis and after the
hydrothermal treatment (with templates in the pores) are com-
pared with the final evacuated states. Without hydrothermal treat-
ment, the resulting diffraction lines are rather broad, and the
(1 1 0) and (2 0 0) reflections are not resolved. These clearly
emerge after the hydrothermal treatment, which apparently in-
creases the order in the material considerably. The hydrothermal
treatment also leads to a significant extension of the pore system
(cf. lattice parameters collected in Table 1). This has also been ob-
served with purely siliceous micro-meso OMMs [24] and is known
for OMMs with amorphous walls [28]. Irrespective of hydrother-
mal treatment of the materials, template removal by calcination
shifts the reflections to slightly larger angles indicating smaller
unit cells. This effect is known from OMMs with amorphous walls
where it has been ascribed to the densification of the walls due to
ongoing condensation reactions. The two batches compared in
Fig. 1 are rather similar although mime-1h(TS-1)a seems to be less
ordered after calcination without hydrothermal treatment. After
the hydrothermal procedure, however, both batches are well
ordered.

A wide-angle X-ray diffractogram of mime-1h(TS-1)a is shown
in Fig. 2, and the region where the most intense reflections of TS-
1 are expected is enlarged in the inset. It is obvious that the mate-
rial does not contain Bragg crystalline phases such as TiO2 and TS-1
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Fig. 2. Wide-angle X-ray diffractogram of mime-1h(TS-1)a. Typical range of TS-1
reflections zoomed in inset.

Fig. 4. TEM micrograph of mime-1h(TS-1)b-ht.
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that would give rise to Bragg reflection. This holds also for the
other micro-meso materials listed in Table 1.

In the IR wavelength region typical of zeolite lattice vibrations,
all samples exhibited a distinct band located at 562–567 cm�1, i.e.,
significantly higher than the 550 cm�1 band taken as the MFI fin-
gerprint. The spectra are reported in [24].

In Fig. 3a, the N2 and Ar physisorption isotherms of mime-
1h(TS-1)b-ht are compared. The pore-size distributions (PSDs) are
given in Fig. 3b (nitrogen, incl. mime-1h(TS-1)a-ht, gray stars)
and 3c (Ar). As expected from XRD, the mesopores become larger
and the PSD becomes narrower after the hydrothermal treatment.
The nitrogen-based PSD of mime-1h(TS-1)a-ht is similar to that of
the companion sample, with somewhat more pronounced tailing
toward larger sizes [24]. The average mesopore sizes, which are re-
corded in Table 1, are between 3.2 and 4.2 nm.

From the Ar-based PSD of mime-1h(TS-1)b-ht (Fig. 3c), disap-
pointingly little evidence for microporosity can be derived. The
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Fig. 3. Physisorption studies of micro-mesophases from TS-1 seeds. (a) Adsorption isot
distributions, and (c) Ar-derived pore-size distribution of mime-1h(TS-1)b-ht.
micropore volume was just 0.005 cm3/g, out of a total pore volume
of 0.73 cm3/g (with nitrogen, a larger total pore volume of 0.95
cm3/g was obtained). In particular, no peak in the 0.5–0.6 nm
range, which would be expected for TS-1, can be observed. The
micropores seem to be largely represented by a weak tailing of
the PSD down to 1.5 nm including a small hump at 1.6 nm. Ar
physisorption on a third companion sample (cf. 2.1.) resulted in a
similar PSD though with an additional very small peak at 0.8 nm.
The micropore volume of this material was of the same order as
that of mime-1h(TS-1)b-ht. Geometric models with the lattice
parameters and pore diameters as given in Table 1 allow the esti-
mations of specific surface areas for OMMs with amorphous walls,
e.g., MCM-41. Assuming a specific density of the walls of 2.0 g/cm3

(specific densities of 1.9–2.1 g/cm3 have been measured for various
silica OMMs in our laboratories), geometric surface areas are ob-
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tained which are about 250–300 m2/g lower than those measured
on our individual samples. This indicates substantial surface
roughness of the pore walls which might be caused by micropore
openings of nanoscopic MFI fragments.

A TEM image of mime-1h(TS-1)b-ht is given in Fig. 4. It shows a
very regular hexagonal array of pores with low defect density. The
periodicity extends to the rim of the particle in this material. Such
quality was not always achieved, because amorphous surface layers
(at excellent periodicity beneath) were seen in the third companion
batch mentioned in Section 2.1 [24]. The quality of the image in Fig. 4
permits the estimation of the wall thickness after further magnifica-
tion. According to this, the walls are no more than 1.5 nm thick, i.e.,
their dimensions are in the order of the unit cell dimensions of TS-1
and comparable to the original size of the used TS-1 seeds.

The differentiation of micropore and mesopore templates by
thermal analysis is exemplified in Fig. 5 with the results for
mime-1h(TS-1)b. Fig. 5a shows the TG and DTA curves of the as-
made material, the same experiment after extraction of CTAB (cf.
Section 2.2.) is depicted in Fig. 5b. The weight losses in Fig. 5a
can be attributed to the removal of residual water (low tempera-
tures), to the decomposition of CTAB starting around 430 K, to
the decomposition of TPA-OH starting around 570 K, and the con-
densation of the silicate structure, which becomes prominent at
higher temperatures. These events appeared in the same tempera-
ture regions in many other purely siliceous or Ti-containing micro-
meso OMMs, and the assignments were supported by template
decomposition studies with known pore systems [24]. After CTAB
extraction, the sample loses much less weight than before
(Fig. 5b). The weight loss around 570 K now accounts for most of
the total weight loss. Apparently, CTAB was successfully extracted
from the mesopores, but TPA-OH was retained. This TPA-OH would
have been extracted if it had been dissolved in the CTAB filling the
micropores or if it had been only physisorbed on the walls’ surface.
Therefore, the experiment qualitatively supports the presence of
micropores reminiscent of the MFI structure type in the sample.

UV–Vis spectroscopy and XANES have been used to characterize
the coordination of the Ti species. Many groups have used UV–Vis
spectroscopy to characterize micro-meso materials containing TS-
1 structural motives, and their spectra mostly consist of a broad
band centered at 210–220 nm [19,29] or even up to 230 nm [18].
The spectra of TS-1 and of our mime-1h(TS-1) preparations are re-
ported in Fig. 6. There is no significant difference between these
spectra, they all consist of a broad band peaking at 200–210 nm,
i.e., the coordination of the Ti atoms in the micro-meso materials
is very similar compared to TS-1. Only in one case (mime-1h(TS-
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XANES at the TiK edge has been widely used to establish coor-
dination geometries of first-row transition metal species. A pre-
edge 1s–3d transition, which is forbidden in ligand fields with
inversion symmetry but can achieve considerable intensity in tet-
rahedral geometry, is used for this purpose. In contrast to UV–Vis
spectroscopy where adsorbates such as H2O and NH3 in the Ti coor-
dination sphere cause only minor shifts of the absorption band, the
XANES pre-edge peak for TS-1 is highly sensitive to coordination
geometry [31]. The XANES spectra of dehydrated mime-1h(TS-1)
batches and of reference compounds are compared in Fig. 7a. In
Fig. 7b and c, the effect of dehydration is demonstrated for TS-1
and for mime-1h(TS-1)b-ht. Signal positions and heights (relative
to the step height) are summarized in Table 2. It can be seen that
the pre-edge peak, indicating tetrahedral Ti coordination, is well
developed in all studied micro-meso samples. However, this holds
only after dehydratization: after storage in atmosphere, the pre-
edge peak of our micro-mesophases is much smaller and shifted
to higher energies by 0.5–0.8 eV. Opposed to this, the pre-edge
peak in TS-1 is almost unaffected after storage in air. The latter
seems to be a peculiarity of the used industrial material. Usually
significantly larger attenuations of this peak by interaction with
H2O were reported in the literature [31].

The catalytic results are summarized in Tables 3 and 4. In
Table 3, the data for cyclohexene oxidation in hydrophilic medium
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Table 2
XANES parameters of mime-1h(TS-1) samples compared with TS-1.

Sample State Ea (eV) Relative heightb

TS-1 Stored in air 4969.8 0.74
Dehydrated 4969.8 0.83

Mime-1h(TS-1)a Stored in air 4970.1 0.35
Dehydrated n.d. n.d.

Mime-1h(TS-1)a-ht Stored in air 4970.6 0.22
Dehydrated 4970.0 0.69

Mime-1h(TS-1)b Stored in air 4970.6 0.24
Dehydrated 4969.9 0.82

Mime-1h(TS-1)b-ht Stored in air 4970.5 0.26
Dehydrated 4969.9 0.80

a Position of pre-edge peak.
b Height of pre-edge peak relative to step height.

Table 4
Cyclohexene epoxidation with TBHP.

Catalyst X (%) S (%)

O
OH

OH

Unknown

Mime-1h(TS-1)a 35 92 4 2/2
Mime-1h(TS-1)a-ht 35 86 6 4/4
Ti-MCM-41 5.7 95 5 –
TS-1 0.3 95 5 –
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are given. Despite the lower Ti content, the cyclohexene conver-
sions were greatly increased with the micro-meso materials com-
pared to Ti-MCM-41 or even TS-1. There were, however, variations
in selectivity, although these have to be treated with great caution
due to the large differences in conversion. The most important
feature is the extent of epoxidation and allylic oxidation which
are known to be competing reactions, i.e., their ratio should not de-
pend very strongly on conversion. The epoxide is not stable in this
environment and is easily converted with water or methanol into
cyclohexanediol or methoxy cyclohexanol. The micro-meso mate-
Table 3
Cyclohexene epoxidation with H2O2.

Catalyst X (%) S (%)

O OMe
OH OH

OOH

Mime-1h(TS-1)a 47 <1% 35 4 –
Mime-1h(TS-1)a-ht 47 <1% 42 2 –
Ti-MCM-41 25 2 31 – 24
TS-1 4 6 13 – 57
rials appear to have a somewhat lower epoxidation selectivity than
Ti-MCM-41 (and, probably, TS-1) and, correspondingly, a larger
tendency to catalyze allylic oxidation. Allylic oxidation products
are formed through a hydroperoxide intermediate. Interestingly,
instead of cyclohexane diol a hydroperoxide ring-opening product
of the epoxide could be traced in the products obtained with the
micro-mesophases, but not with Ti-MCM-41 or TS-1 (cf. Table 3).
The hydroperoxide character of this product was proven by its abil-
ity to oxidize trimethylphosphine to triphenylphosphine oxide.
The formation of this hydroperoxide adduct may indicate a larger
concentration of the hydroperoxide in the reaction mixture of
the micro-meso catalysts and may explain the larger selectivity
for allylic oxidation.
Epoxide derivatives (%) Allylic products (%)

OH

OH

OH O

35 26 39 61
32 24 44 56
18 24 58 42
11 11 70 22
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A very surprising result was obtained when 1-hexene was
substituted for cyclohexene in the catalytic runs. With 1-hexene,
the micro-meso phases did not give any conversion. This is very
remarkable given their large activity with respect to cyclohexene.
TS-1 yielded 33% hexene conversion under these conditions, with
a selectivity of 88% for epoxide and products derived thereof.

The results for cyclohexene epoxidation in hydrophobic med-
ium (i.e., with TBHP) are summarized in Table 4. Here, the micro-
mesophases show the expected advantage over TS-1: the conver-
sions are by two orders of magnitude larger, at almost equal selec-
tivity. Under these conditions, allylic oxidation does not take place
at all. Surprisingly, a minor quantity of hydrolysis product was
found. With the cubic product reported in [23,24] (according to
our labeling mime-3c(TS-1)), an epoxide selectivity of 95% was in-
deed achieved though at a slightly lower conversion of 26%. With
the micro-mesophases, some additional reaction products were
observed in minor amounts, which could not yet be identified (pre-
sumably TBHP adducts). These were not found in the reaction mix-
tures of Ti-MCM-41 and TS-1. 1-Hexene conversion in hydrophobic
medium was 1% with TS-1, this reaction was therefore not at-
tempted with the micro-mesophases.

The catalytic properties of the micro-mesophases are remark-
able although only the structurally less perfect mime-1h(TS-1)a

and its hydrothermally treated version were studied. There was
however no significant difference between these two materials,
which suggests that structural perfection of the mesopore system
might have no critical influence on the catalytic activity.
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4. Discussion

Most of the data presented above complies with the general sit-
uation met in many studies on mesophases synthesized from zeo-
lite seeds: dimension and order of the mesopore system are more
readily documented than the microporosity of the material. Here
too, XRD and physisorption measurements (Figs. 1 and 3) together
with TEM analysis (Fig. 4) indicate highly ordered hexagonal mes-
opore systems. A successful incorporation of Ti into the mesophase
is suggested by wide angle-XRD (Fig. 2) where Bragg crystalline Ti-
containing phases (e.g., TS-1, TiO2) were not detected. The UV–Vis
spectra (Fig. 6) are similar to those of TS-1 and show the tetrahe-
dral coordination of Ti in the solid. This is supported by the XANES
data (Fig. 7, Table 2) where the intensity of the pre-edge peak at
the TiK edge agrees with that found in TS-1. However, all this is
not sufficient to decide if the wall structure is fully amorphous or
ordered and porous. The Ar physisorption results seem to exclude
the presence of zeolite-like microporosity, as no PSD maximum
typical of MFI pore sizes was observed.

A first indication for the presence of zeolite-like connectivity in
the sample is the observation of a signal in the region of the MFI IR
fingerprint, though at somewhat higher wave numbers. It is well
known that this band can also arise from other pentasil structures
built from five-membered rings (FER, MOR) but is absent in amor-
phous silica [32]. The wave number of this band has been shown
experimentally [33] and by theoretical molecular dynamics simu-
lations [32] to depend on the size and degree of condensation of
the pentasil fragment. The increased wave numbers therefore con-
firm the expectation that the materials contain structure motifs
reminiscent of the MFI topology in building blocks of the size of
the original TS-1 seeds.

The XANES data of the hydrated samples are of some relevance
for the puzzle as well. After storage in ambient atmosphere, the
pre-edge peak at the TiK edge is somewhat smaller but hardly
shifted in crystalline TS-1, but much smaller and significantly
shifted to larger energies in all investigated mime-1h(TS-1) mate-
rials. According to an extensive study on the dependence of this
pre-edge peak on the Ti coordination geometry, Farges et al. [34]
concluded that 4-, 5-, and 6-fold Ti coordination can be distin-
guished by combining the information from peak position and
height (cf. Fig. 8). According to this, the Ti exists as a mixture of
4- and 6-coordinated species in mime-1h(TS-1)b with and without
hydrothermal treatment and in mime-1h(TS-1)a-ht, while for
mime-1h(TS-1)a, the result is less clear. In this mixture, most sites
are in 6-fold coordination (Fig. 8), which suggests that for most of
the Ti sites in our samples, two vacancies are accessible from the
gas phase. In fully amorphous walls a significant amount of Ti
should be completely excluded from access by molecules in the
mesopores.

The difference in the dehydration behavior of our micro-meso
materials and of TS-1 is another interesting feature. The TS-1 stud-
ied by us was obviously very hydrophobic as expected for a crystal
with few defects where hydrophilic properties are confined to the
external surface region. Upon dehydration, there is no shift in the
XANES pre-edge peak energy and hardly any decrease in peak
height (cf. Table 4, Fig. 8). The TS-1 material studied by Bordiga
et al. [35] showed a somewhat stronger effect, which is indicated
by an arrow in Fig. 8: the peak was not shifted either, but it de-
creased by ca. 50%. Apparently, the hydrophilicity of the Ti in our
samples is much larger compared to Ti in TS-1 crystals, and ap-
pears to resemble the behavior typical for Ti in the external surface
regions of TS-1. This suggests that the locally ordered zeolite-like
arrays are very small, i.e., there is not much interior zeolite-like
volume where the hydrophobic properties of TS-1 could manifest.

Finally, the results of temperature-programed template decom-
position also support the view that there is microporosity in our
samples. Indeed, the decomposition of the mesopore and micro-
pore templates (CTAB and TPA-OH, respectively) could be well dis-
tinguished by thermal analysis, in particular by TG. After extraction
of the CTAB from the mesopores, TPA-OH remained in the sample,
i.e., it was locked in the TS-1 seeds. One may therefore conclude
that the tetrahedral, well accessible Ti sites were indeed part of a
structure forming voids where the template resided after synthe-
sis, although the size of these microporous domains is not large en-
ough to develop the hydrophobic properties of TS-1 crystals.

As only the pore walls can host the deduced microporous struc-
tures, the wall thickness provides a limit for one of the dimensions
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of the microporous domains. From the TEM images, the wall thick-
ness is in the order of 1.5 nm. The wall thickness may be also de-
rived from the XRD and physisorption data as it is the difference
between lattice parameter and pore diameter. All these data
should be considered as a gross estimate because of considerable
uncertainty, e.g., in porosity assessment and thickness determina-
tion from TEM images. From the physisorption and XRD data in Ta-
ble 1, a wall thickness between 0.8 and 1.2 nm can be derived. This
is certainly somewhat underestimated, but the agreement with the
estimates from TEM is still remarkable. Hence, the wall thickness is
probably not larger than 1.5–2 nm, which is also the maximally
possible thickness of the microporous domains, except for the
spandrel between three mesopores where it is presumably slightly
thicker. Thus, the formation of our micro-mesophases appears to
comply with the formation mechanism of mesophases (‘‘zeotiles”)
from zeolite seeds put forward in [36,37]: the solid is probably
formed from nanoparticulate TS-1 precursors with emerging TS-1
connectivity. Assembled by the mesostructuring agent, a wall
thickness of 1.5 nm results.

On this basis, the puzzling failure of Ar physisorption to detect
the micropores typical of the MFI structure becomes clear: there is
porosity but no extended pores: In the very thin mesopore walls
the voids originally formed by TPA cations in the nanoparticle pre-
cursors would not be experienced as ‘‘pores” by the adsorbate
entering from both sides, but just as surface roughness which cer-
tainly yields no capillary phenomena comparable to extended or-
dered zeolite connectivity.

Both in hydrophobic and in hydrophilic media, our micro-mes-
ophases from TS-1 seeds are more active than those from Ti-MCM-
41 and TS-1 in the liquid-phase oxidation of cyclohexene with per-
oxy reagents. In hydrophilic environment, our materials seem to be
less selective for epoxidation than TS-1, but a safe conclusion can-
not be drawn as the data have been taken at different conversion
levels. The vast superiority in activity over TS-1 may be ascribed
to the excellent accessibility of the active sites for the cyclohexene
molecule which has to diffuse through micropores in TS-1, but
through mesopores in our mime-1h(TS-1) or mime-3c(TS-1) cata-
lysts. The difference to Ti-MCM-41 may result from differences in
accessibility and in coordination: in Ti-MCM-41, part of the Ti will
be occluded in the amorphous walls, and usually only part of the Ti
is in tetrahedral coordination in such materials. The probably lar-
ger selectivity of our micro-mesophases toward allylic oxidation
is tentatively assigned to the abundance of surface OH groups,
which should be similar in Ti-MCM-41 exhibiting similar selectiv-
ity properties. In hydrophobic environment, allylic oxidation is
unimportant, and the advantage of the micro-mesophases, in par-
ticular over TS-1, is fully visible.

The complete failure of the same catalyst to oxidize n-hexene in
hydrophilic medium is attributed to a combination of diffusional
and interaction effects. In TS-1, 1-hexene meets much lower diffu-
sional resistance and is therefore much better converted than
cyclohexene. Conversely, in the more hydrophilic environment
originating from assembly of TS-1 precursors into micro-meso
materials, the solvents compete favorably with this molecule
which will not stay in the cavities for long once it enters them. This
should be different with cyclohexene because of its larger size and
a somewhat less pronounced hydrophobicity, thus conversion with
the hydroperoxide can occur.
5. Conclusions

Solid catalysts with hexagonal mesopore systems were pre-
pared from solutions containing TS-1 nanoparticulate precursors
and characterized with respect to their structure and their catalytic
behavior in epoxidation reactions. For the best-characterized hex-
agonal materials, the identity of the mesopore system could be
clearly confirmed by XRD, TEM, nitrogen, and Ar physisorption.
The IR signature of MFI frameworks was observed at somewhat in-
creased wave numbers (562–567 cm�1) in accordance with an ex-
pected very small size of the TS-1 building blocks. TG/DTA studies
of template decomposition suggested that the micropore template
remained in the solid after the mesopore template had been ex-
tracted. After removal of both templates, TiK XANES showed that
the large majority of Ti sites, which were all tetrahedrally coordi-
nated according to UV–Vis and XANES evidence, were able to coor-
dinate two water molecules from the gas phase. N2 physisorption
provided physical surface areas significantly larger than expected
if the pores were separated by dense walls. On this basis, the exis-
tence of a micropore system was concluded although the expected
micropores were not evident in the pore size distributions from N2

and Ar physisorption. This mismatch was ascribed to the extremely
small dimensions of the microporous building units which form
pore walls of <2 nm thickness. This small dimension would also ex-
plain why our catalysts are hydrophilic as opposed to TS-1. The
new catalysts were highly active in cyclohexene epoxidation in
both hydrophilic and hydrophobic environment, with excellent
selectivity in particular in the latter, by far outperforming Ti-
MCM-41 and, in particular, TS-1. In (hydrophilic) n-hexene epoxi-
dation, however, the micro-mesophases failed completely while
TS-1 exhibited high activity.
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