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Introduction

The synthesis of hybrid organic–inorganic materials is one
of the most attractive and emerging fields in the area of
nanomaterials preparation, with potential applications in ad-
vanced materials.[1–3]

Traditionally, the simplest approach to obtaining stable
hybrid materials involve the incorporation of organic mole-
cules into inorganic structures, such as the encapsulation of
organic compounds inside an inorganic matrix by non-cova-
lent interactions (van der Waals forces, hydrogen-, or ionic-
bonding interactions); these methods typically afford hybrid
solids in which the functionality from the organic counter-
part can remain active for a long time. Representative ex-
amples of this type of hybrid material include organic func-
tional molecules that were occluded or prepared in situ
(ship-in-a-bottle method) inside the cavities of microporous
silicates or zeolites.[4,5] Alternatively, the incorporation—and
stabilization—of organic moieties into the interlayer space
of lamellar inorganic systems is another example of this
family of organic–inorganic solids that are based on weak
chemical interactions between the different components of
the materials.[6] In general, these hybrid materials have been
termed as Class I in various reviews on the subject.[7] Al-
though the stability of the organic components increased
when they were occluded inside the inorganic voids, the
weak chemical connections lessened the potential for coop-

erative effects between the organic host and the inorganic
network. Moreover, leaching, deactivation, and the desorp-
tion of active organic moieties from inorganic matrixes are
important limitations of these types of hybrid solids.[8,9]

Therefore, advanced hybrid materials have been prepared
that avoided the limitations described above by introducing
strong covalent interactions between the organic and inor-
ganic fragments that held the framework together on the
nanometer scale (Class II hybrids).[10] In this way, various
materials have been produced in which different organic
functions were isolated and integrated into the hybrid
framework.[11] The organic counterparts in these solids were
more stable than the isolated organic molecules. Moreover,
the presence of organic fragments in the walls of the solids
favours the homogenous distribution of the organic active
sites along the channels of the porous material without
blocking them, unlike the materials that contained organic
groups anchored on the walls that reached into the pore
system.[12–15]

The use of suitable monomers as precursors for the syn-
thesis of Class II materials, in which organic and inorganic
units were pre-reacted together, is vital for affording effec-
tive transfer of this hybrid combination into the final nano-
meter-scale materials, whilst generating structures that were
comprised from structural sub-units that arose from the
starting precursors. This methodology has been used in the
synthesis of hybrid materials that showed the high mechani-
cal, structural, and hydrothermal stability that are character-
istic of inorganic materials, together with the flexibility and
functionality that are typical of organic compounds.[16,17]

Bridged silsesquioxanes ((R’O)3Si�R�SiACHTUNGTRENNUNG(OR’)3) can be
easily integrated into solid frameworks owing to the high re-
activity of their terminal siloxane groups.[18,19] This type of
disilanes has typically been used in the one-pot sol–gel syn-
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thesis of ordered- and non-ordered hybrid materials with
various textural properties that depended on the rigidity or
flexibility of the starting silsesquioxane and on the reaction
conditions.[20] Specifically, the use of self-assembling micellar
routes has favored the preparation of periodic mesoporous
materials (PMOs) with applications in catalytic or techno-
logical fields.[21]

Another attractive route for the preparation of stable
hybrid materials is the direct assembly of individual building
blocks in which it is possible to effectively combine suitable
preformed organic and inorganic species that remain intact
in the final material without losing their initial properties.
This approach allows the simplest construction of two or
more active precursors to generate multifunctional hybrid
materials.[22] Examples of these types of hybrid systems in-
clude metallic nanoclusters that were surface-functionalized
with reactive organic groups and inorganic layered materials
that were pillared with specific bridged silsesquioxanes.[23, 24]

Of the silsesquioxane monomers, polyhedral oligomeric
silsesquioxanes (POSS) could be ideal as nanoscale building
blocks for the generation of structured hybrid materials.
Various POSS units are shown in Scheme 1, in which, for ex-
ample, double four-membered rings are present in the
T8 POSS structure; these units have also been used as secon-
dary building units in many
crystalline micro- and mesopo-
rous zeolite-type materials.[25–27]

During the preparation of
these oligosilsesquioxanes, it
would be possible to incorpo-
rate functional organic substitu-
ents or metallic species that
were projected outward from
the corners of the cube-type
POSS, thereby shielding the si-
loxane core.[28] The integration
of these active building blocks
into different organized frame-
works could generate attractive
hybrid materials that have po-
tential catalytic properties. Al-
ternatively, the use of POSS
units as precursors may afford
ordered hybrid materials owing
to their ability to act as struc-
tural nodes and to react cova-
lently with another organic–in-
organic building block
(Scheme 2). Despite the inter-
esting features of POSS, at-
tempts to use them as effective
precursor units have normally
led to non-crystalline polymers
or compact dendrimers. The
lack of porosity of these pre-
pared materials has limited
their applications owing to the

poor accessibility of the functional groups. Only recently,
Kuroda and co-workers and van Santen and co-workers
have used POSS that consisted of double-four-membered-
ring (D4R) units, which was functionalized with mono-, di-,
and trialkoxysilyl or vinyl groups, as nanobuilding blocks to
obtain robust mesostructured silica materials by using ami-
philic triblock copolymer surfactants as structure-directing

Scheme 1. Structures of various POSS units.[25]

Scheme 2. Synthesis of the hybrid mesoporous materials and the structure of an organic–inorganic framework
that was composed of T8 POSS and aryl linkers that were obtained from their respective silsesquioxane precur-
sors.
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agents. The high surface area (960 m2 g�1) and improved hy-
drothermal stability that were exhibited by porous hybrid
materials that were derived from octavinyl-POSS units have
increased the potential use of these materials in a variety of
applications.[29–32]

Taking into account the possibility that the bridged and
polyhedral silsesquioxane monomers can act as effective
building blocks for the generation of porous and organized
hybrid materials, we have obtained the first hybrid materials
that were formed from the combination of T8 POSS units
and 1,4-bis(triethoxysilyl)benzene (BTEB). These materials
were prepared by an acidic self-assembly micellar route in
the presence of surfactants as structure-directing agents. The
resulting hybrid frameworks were composed of the two
starting precursors and the amount of each silsesquioxane
that was incorporated into the structure was controlled by
changing different synthesis variables. The presence and sta-
bility of double four-membered rings (D4R), from the
T8 POSS units, which were covalently assembled with aryl
bridged fragments, afforded a highly stable and robust mes-
oporous hybrid network. The introduction of different
active functional groups, both in the POSS and in the
bridged silsesquioxane units, would allow the generation of
multifunctional hybrid porous materials with potential cata-
lytic applications. Herein, amino groups were incorporated
onto the aryl building blocks, thereby generating basic cata-
lysts for C�C bond-formation processes. Therefore, herein,
we report a new strategy for the synthesis of strong hybrid
materials; this strategy involved the assembly of functional
silsesquioxane monomers that acted as effective nanobuild-
ing blocks.

Results and Discussion

Synthesis and characterization : The preparation of hybrid
mesoporous materials was carried out by condensing two
different polyhedral and bridged silsesquioxane monomers,
which acted as building blocks, in the presence of surfactant
molecules in acidic medium (Scheme 2). The porous solids
were formed from cube-type POSS units that were linked
through bridging aryl groups on the bis-silylated BTEB pre-
cursors. The presence of polyhedral silsesquioxanes as small
cages of double four-membered rings, which were connected
through functional organic linkers and constituted the
“walls” of the solids, should allow the preparation of robust,
stable, and functional mesoporous materials with catalytic
applications.

Several hybrid materials were prepared by using various
amounts of the two types of silsesquioxane precursors: mes-
oporous materials that were obtained from T8 POSS (HYB-
100P) alone, BTEB (HYB-100B) alone, as well as inter-
mediate materials that were synthesized from a combination
of the two nanobuilding blocks in different silicon molar
ratios (HYB-xP-yB, with x and y between 0 and 100), were
studied. These materials were analyzed by XRD and the re-
sults showed that the initial ratio of the two silsesquioxanes

was crucial for obtaining homogeneous mesoporous materi-
als with long-range order (Figure 1). In fact, the solid that
was prepared from T8 POSS alone did not exhibit much ho-
mogeneous structural order, as deduced from the low inten-
sity and broadness of the low-angle diffraction band that is
characteristic of mesoporous materials. On the contrary,
when BTEB was introduced into the material (5 mol % and
25 mol % of the total silicon content), the homogeneity in
the mesoporous materials improved markedly, as indicated
by the XRD patterns in which the bands that were associat-
ed with the (110) and (200) reflections, which corresponded
to a mesoporous solid with a conventional hexagonal M41S
topology, were also visible in the HYB-95P-5B material.[33]

The porous homogeneity and structural regularity decreased
in the materials that had a higher amount of BTEB bis-sily-
lated precursor (50, 75, and 100 mol% of the total silicon
content), as indicated by the low-angle X-ray patterns

Figure 1. X-ray patterns of as-synthesized mesoporous materials that
were obtained from T8 POSS and/or BTEB silsesquioxanes: a) HYB-
100P, b) HYB-50P-50B, c) HYB-25P-75B, d) HYB-100B, e) HYB-95P-5B,
and f) HYB-75P-25B.
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(Figure 1). Therefore, it was possible to prepare well-struc-
tured mesoporous materials with M41S topology by combin-
ing T8 POSS and BTEB nanobuilding blocks. However,
well-ordered materials were better obtained when the
amount of BTEB-bridged silsesquioxane was between 5 and
25 mol % of the total silicon content. Under these condi-
tions, the aryl fragments from the BTEB monomers acted as
linkers of the POSS cubic units, thereby facilitating the opti-
mal structure-formation and good distribution of the organic
and inorganic building blocks, thereby yielding homogenous
mesoporous hybrid materials with P6 mm symmetry. Crystal-
line hybrid materials with only BTEB as silicon a source,
which were synthesized in strongly alkaline media, have
been described previously.[34,35] However, those conditions
were not suitable for the preparation of hybrid materials
that contained both T8 POSS and BTEB. The synthesis of
mesoporous materials from two precursors was only success-
ful under acidic conditions (see the Experimental Section).

The XRD patterns of the hybrid samples after calcination
at 400 8C (Figure 2) showed intense low-angle bands of the
as-synthesized solids when the amount of BTEB was be-
tween 5–25 mol % of the total silicon content, thereby con-
firming that the mesoporous order remained, even after re-
moval of the surfactant molecules that were used as struc-
ture-directing agents. In the case of the samples with higher
BTEB content, the calcination step partially improved the
mesoporous order of the respective as-synthesized samples,
as deduced from the presence of low-angle diffraction
bands, although they were broad and less intense.

TEM analysis (Figure 3) supported the XRD results.
More specifically, the hybrid samples in which 5 and
25 mol % of the total silicon content came from the BTEB-
bridged silsesquioxane precursors (HYB-95P-5B and HYB-
75P-25B) exhibited a well-ordered and homogeneous distri-
bution of the porous channels, with a diameter of about
3 nm (Figure 3 b,c). Thus, by using the equation a= 2d100/p

3,[36] the d-spacing for the (100) reflection band from the
X-ray diffractograms, and the mean pore diameter that was
estimated from the TEM images, we calculated that the
pore-wall thickness in the hybrid mesoporous materials was
about 1.8 nm; this result would be consistent with an assem-
bly of four POSS monomers that were organized as consec-
utive layers to construct the walls of the porous solids
(Scheme 3). On the contrary, the materials that were pre-
pared from polyhedral POSS silsesquioxane alone and,
above all, those that were prepared by combining the cubic
silsesquioxane units with high amounts of BTEB (>
25 mol % of the total silicon content) exhibited inhomoge-
neous mesoporous distribution with poorer structural or-
ganization (Figure 3 a, d,e); this result was also deduced
from the X-ray patterns. After the amination process (see
the Experimental Section), in which amino groups were co-
valently bonded onto the aryl fragments to form HYB-75P-
25B-NH2, the obtained diffractogram was practically the
same as that of the calcined sample, thereby confirming
that the post-synthesis treatment had no effect on the or-
ganization of the mesoporous structures (Figure 2).

Figure 2. X-ray patterns of calcined mesoporous materials that were ob-
tained from T8 POSS and/or BTEB silsesquioxanes: a) HYB-100P,
b) HYB-50P-50B, c) HYB-25P-75B, d) HYB-100B, e) HYB-95P-5B,
f) HYB-75P-25B, and g) HYB-75P-25B-NH2.

Figure 3. TEM micrographs of hybrid materials that were obtained from
T8 POSS and/or BTEB silsesquioxanes: a) HYB-100P, b) HYB-95P-5B,
c) HYB-75P-25B, d) HYB-50P-50B, and e) HYB-100B. The scale bars
correspond to 100 nm in (a)–(c) and 200 nm in (d) and (e).
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Elemental analysis of as-synthesized-, calcined-, and sam-
ples of HYB-100P and HYB-75P-25B after the post-synthe-
sis amination process is listed in Table 1. These results indi-
cated that, in the as-synthesized samples, during the micellar
route, the C18TMA surfactant molecules were incorporated
into the mesoporous channels (Table 1, entry 1). Indeed, the
experimental C/N molar ratio in the sample that was ob-
tained when using T8 POSS as the sole silicon source (22)
was close to the theoretical value (21), owing to the pres-
ence of C18TMA. This result confirmed that almost all
TMA+ ions, which were compensating for the anionic
T8 POSS monomers, were not present in the final as-synthe-
sized hybrid materials because the theoretical C/N molar
ratio of the TMA ions (4) was too far from the experimental
ratio (C/N = 22.0).

When the synthesis was performed in the presence of
bridged silsesquioxane molecules (HYB-75P-25B), the or-
ganic content increased (Table 1, entry 3) owing to the incor-
poration of additional BTEB aromatic groups into the
hybrid framework. This result was clearly confirmed after
calcination and the elimination of C18TMA, because then
the carbon content corresponded exclusively to the benzylic
fragments (Table 1, entry 4). The analytical results also cor-
roborated the effectiveness of the calcination method in
completely removing the surfactant molecules (Table 1,
entry 2 and 4); the 18 wt. % in the final hybrid samples cor-
responded to the aryl groups that presumably had been in-
corporated into the structure and linked to the siloxane
cubic units (see below). After the amination process (HYB-
75P-25B-NH2), the carbon content decreased slightly com-

pared with the calcined sample, presumably owing to the
partial removal of some of the benzylic fragments during
the strong-acid treatment that was used to incorporate the
amino groups (Table 1, entry 5). However, the presence of
some nitrogen content (2.5 wt. %) after this process con-
firmed that basic sites had been effectively introduced into
the material.

Figure 4 shows the TGA and DTA curves of a sample
that were synthesized from T8 POSS as the only silicon
source (HYB-100P) and a mixed sample with BTEB-
bridged silsesquioxane (HYB-75P-25B). These results con-
firmed the presence and hydrothermal stability of the differ-
ent organic compounds (C18TMA surfactant molecules and
aryl fragments) in the hybrid materials. More specifically, in
the as-synthesized HYB-100P sample, a main weight loss
was observed between 200 8C and 400 8C, named as I, which
was attributed to the surfactant molecules. The DTA curves
showed three bands: two in weight-loss region I (Figure 4 a)
and a third band between 500 8C and 700 8C (region II). The
two bands in region I corresponded to C18TMA and indicat-
ed that there were two types of surfactant molecules (pre-
sumably neutral and cationic) with different modes of at-
tachment or stabilities. Weight loss II was around 3 %
(Table 1) and could be related to water that was formed by
dehydroxylation in the sample that was obtained from only
the POSS monomers. This water was produced from the
condensation of surface silanol groups at high temperatures.
The effectiveness of the calcination process at 400 8C to
completely remove the occluded surfactant molecules was
confirmed from the TGA and DTA curves of the calcined
HYB-100P (Figure 4 b) in which weight loss I was not ob-
served.

The presence of benzylic fragments in sample HYB-75P-
25B would be consistent with the marked increase in weight
loss II (Table 1, Figure 4 c) compared with the sample with-
out BTEB, because we estimated that approximately 16 %
of the total weight of the hybrid materials may have come
from the aryl fragments (after deduction of the dehydroxy-
lated water that was formed at high temperatures). This or-
ganic content, which was associated with the benzyl groups,
was practically the same as that determined by elemental
analysis (Table 1) because the structural aromatic fragments
were hydrothermally stable up to 650 8C; this result was in
agreement with the high stability of previously reported

Scheme 3. Structures of the mesoporous materials that were synthesized
from T8 polyhedral silsesquioxanes (POSS) as silicon precursors.

Table 1. Organic content of hybrid samples that were prepared from the T8 POSS and BTEB monomers.[a]

Elemental Analysis TGA
Sample C [%] N [%] C/N[b] Organic

content [%]
Loss I
(200–400 8C) [%]

Loss II
(500–700 8C) [%]

Organic
content [%][c]

Aryl units
[mmol g�1 SiO2]

[d]

HYB-100P 26.3 1.4 22.0 33.3 28.2 2.5 30.7 –
HYB-100P-Calc. 0.1 0 – 1.4 0 3.1 3.1 –
HYB-75P-25B 30.7 1.0 35.8 38.3 20.5 15.2 35.7 3.28
HYB-75P-25B-Calc. 17.0 0 – 18.5 0 18.8 18.8 3.22
HYB-75P-25B-NH2 13.0 2.5 6.1 17.6 0 15.5 15.5 2.55

[a] Organic content was obtained by elemental- and thermogravimetric analyses. [b] C/N molar ratio was determined by elemental analysis. [c] Organic
content was determined by TGA without considering the hydration water. [d] Determined from loss II in the TGA and assigned to aryl fragments by
considering the pure-silica content.
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benzene periodic mesoporous organosilicon compounds.[37]

In addition, weight loss I, which was due to the presence of
surfactant molecules, was observed within the same temper-
ature range as the HYB-100P sample, although the amount
of C18TMA molecules that were finally occluded in the
POSS hybrid samples that were obtained with BTEB was

lower (about 20 wt.%) than that in absence of this bridged
silsesquioxane (28 wt. %, Table 1).

When sample HYB-75P-25B was calcined (Figure 4 d),
weight loss I disappeared, thereby confirming the complete
elimination of surfactant molecules. Meanwhile, weight loss
II, which was assigned to the aryl fragments, remained the

Figure 4. TGA and DTA curves of hybrid samples that were obtained from T8 POSS and/or BTEB silsesquioxanes: a) as-synthesized HYB-100P, b) cal-
cined HYB-100P, c) as-synthesized HYB-75P-25B, d) calcined HYB-75P-25B, and e) aminated HYB-75P-25B-NH2.
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same when compared with the sample before calcination
(19 wt. %, Table 1). This result confirmed that the benzyl
units and the hybrid network were hydrothermally stable at
quite high temperatures after removing the structure-direct-
ing agent.

Finally, after the amination process, the TGA and DTA
curves for sample HYB-75P-25B-NH2 (Figure 4 e) were sim-
ilar to those of the calcined hybrid material, thus indicating
that the aryl fragments were preserved after the incorpora-
tion of the amino groups by post-synthesis treatment. Only
a slight decrease in the organic content was observed
(Table 1), probably owing to the strong-acid method used
during the amination step. This treatment may have caused
the partial decomposition of some of the aryl units, as also
deduced from elemental analysis.

Spectroscopic characterization : It should be possible to con-
firm the presence of cubic siloxane and aryl moieties, and
hence the mesoporous framework of hybrid materials, by
using IR spectroscopy. Figure 5 shows the IR spectrum of

the HYB-75P-25B hybrid material. This spectrum showed
additional bands at about 1390, 1510, 1600, 3010 and
3060 cm�1 compared with HYB-100P, which were associated
to the asymmetric silicon–phenyl stretching vibrations,
thereby indicating the presence of aryl units in the material
(Figure 5 b). Only a residual amount of hydrocarbon frag-
ments from the surfactant molecules that were used during
the self-assembly process were detected after the calcination
step, as indicated by the presence of small bands at about
2860 and 2980 cm�1. Moreover, the characteristic intense
band at 3730 cm�1, which was due to the silanol groups and
is commonly found in conventional mesoporous materials,

was also observed in the calcined HYB-100P material (Fig-
ure 5 a), although this band was partially shifted (about
3650 cm�1) owing to the incorporation of the aryl fragments
into the hybrid network (Figure 5 b). This displacement in
the silanol band was probably due to the spatial proximity
between the �Si�OH and the structural silyl–aromatic
groups.[38]

When the post-synthesis amination process was carried
out on the calcined HYB-75P-25B hybrid material, the IR
spectrum exhibited additional bands at 1350, 1540, and
1630 cm�1, which corresponded to d-(NH2) bending vibra-
tions, as well as the characteristic bands between 3350–
3500 cm�1, which were due to n-(NH2) stretching vibrations.
These results supported the hypothesis that the amino
groups were covalently incorporated onto the aryl groups
(Figure 5 c). Importantly, the presence of bands owing to the
aromatic units in the spectrum of the aminated solid clearly
confirmed that the aryl moieties were preserved during the
amination step. All of these results confirmed that the aryl-
and aminoaryl groups were present in the mesoporous
hybrid materials.

On the other hand, from the IR spectroscopic study, we
identified the presence of cubic units that were incorporated
into the mesoporous framework, both in the solids that were
solely obtained from polyhedral T8 POSS monomers and in
the hybrid materials from the combination with the BTEB-
bridged silsesquioxane molecules; these cubic units were
preserved during the calcination and post-amination pro-
cesses (Figure 6). The assignment of vibrational bands to the

Figure 5. IR spectra of mesoporous materials that were based on the
T8 POSS and BTEB monomers: a) HYB-100P, b) HYB-75P-25B, and
c) HYB-100P-25B- NH2.

Figure 6. IR spectra in the double-four-membered-ring (D4R) skeletal-vi-
bration range for different porous materials that were based on highly
siliceous frameworks: a) HYB-75P-25B, b) HYB-75P-25B-NH2, c) MCM-
41, and d) zeolite A.
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presence of double four-membered rings (D4R) in the
framework of different zeolite materials has been discussed
in several publications and, in general, such an assignment is
still a controversial topic.[39,40] However, it is accepted that it
is possible to detect the bands that are due to the skeletal vi-
bration of D4R units (550–600 cm�1).[41,42] More specifically,
theoretical models of pure silica zeolite structures have esti-
mated that the ring-opening vibration frequency for D4R
units is centered at 581 cm�1.[43] In our case, the mesoporous
materials that were based on POSS blocks showed vibra-
tional bands at around 580 cm�1, which would confirm that
silsesquioxane double four-member rings (D4R) were pres-
ent in the framework of the hybrid materials, even in the
presence of aryl building blocks (Figure 6 a). This character-
istic peak was also observed in HYB-75P-25B-NH2, thereby
indicating that the D4R units were preserved after the
strong-acid post-amination process, thereby confirming the
high stability of the mesoporous network (Figure 6 b).

We have compared the above IR spectra with those of
a conventional M41S mesoporous material and a siliceous
zeolite A[44] (Figure 6 c,d, respectively). M41S was composed
of amorphous silica and the vibrational IR band owing to
D4R units was not observed. On the contrary, in the case of
pure-silica zeolite A, which contained D4R secondary build-
ing units, an intense band at about 580 cm�1 was clearly visi-
ble, as in the hybrid materials studied herein.[45,46] This
matter corroborated the presence and preservation of cubic
silsesquioxanes in the hybrid materials synthesized herein.

In addition, by using NMR spectroscopy we confirmed
the presence and integrity of the aryl fragments in the
framework of the mesoporous materials and their effective
covalent interactions with the cubic siloxane building blocks.
More specifically, the 13C NMR spectrum of the as-synthe-
sized HYB-75P-25B sample showed characteristic bands of
aromatic rings that were bonded to siloxane groups (cen-
tered at d=133 ppm), thereby supporting the existence of
carbon atoms that were directly linked to siloxane groups
(Figure 7 a). Moreover, we observed intense bands that were
due to surfactant molecules that were used during the self-
assembly process (Figure 7, inset). After calcination to
remove the structure-directing molecules, the bands that
were attributed to surfactant molecules completely disap-
peared, thus corroborating the effectiveness of surfactant re-
moval at high temperatures (400 8C) without destroying the
aryl fragments, as shown by the retention of characteristic
bands after the calcination step (Figure 7 b). Moreover, the
presence of amino groups, which were incorporated onto
the benzene fragments during the amination process, was
also confirmed by 13C NMR spectroscopy. Indeed, splitting
of the characteristic NMR shift of aromatic carbons (d=

133 ppm) into three broad NMR signals was observed,
owing to the covalent interactions between the aryl building
blocks and the NH2 groups that were introduced during the
post-synthesis amination process (Figure 7 c). Specifically,
the band at about d=150 ppm was assigned to a carbon
atom that was directly linked to an amino group (Fig-
ure 7 c).

13C NMR spectroscopy was used to confirm the presence,
integrity, and preservation of aryl fragments during the syn-
thesis and modification of the mesoporous materials. How-
ever, 29Si NMR spectroscopy was required to ascertain the
effective covalent interaction between the different nano-
building blocks (BTEB and T8 POSS), which determined
the network structure of the solids. The 29Si NMR spectrum
of HYB-75P-25B (Figure 8) showed the presence of Q-type

Figure 7. CP/MAS 13C NMR spectra of hybrid mesoporous materials that
were based on T8 POSS cubic siloxanes that were linked through aryl
fragments: a) as-synthesized HYB-75P-25B, b) calcined HYB-75P-25B,
and c) aminated HYB-75P-25B-NH2.

Figure 8. BD/MAS 29Si NMR spectra of hybrid mesoporous materials
that were based on T8 POSS cubic siloxanes that were linked through
aryl fragments: a) HYB-75P-25B, b) aminated HYB-75P-25B-NH2,
c) HYB-100P, and d) pure BTEB.
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NMR bands, at around d=�95/�110 ppm, which are typical
of highly siliceous mesoporous materials, and which were as-
sociated to tetrahedrally coordinated silicon atoms (Q4: Si-ACHTUNGTRENNUNG(OSi)4, Q3: Si(OH) ACHTUNGTRENNUNG(OSi)3, and Q2: Si(OH)2ACHTUNGTRENNUNG(OSi)2), together
with T-silicon bands that were attributed to the existence of
Si�C covalent bonds from the effective incorporation of aryl
groups on the BTEB precursors within the framework (Fig-
ure 8 a). Indeed, in the T-silicon species, it was possible to
identify the bands that corresponded to the T3 (SiC ACHTUNGTRENNUNG(OSi)3)
and T2 (SiC(OH)ACHTUNGTRENNUNG(OSi)2) silicon atoms at d=�78 and
�71 ppm, respectively. The absence of T1 (SiC(OH)2ACHTUNGTRENNUNG(OSi))
silicon atoms in the 29Si NMR spectrum of HYB-75P-25B
(Figure 8), together with the absence of carbon signals that
were attributed to terminal ethoxide groups (Figure 7), con-
firmed that almost all of the terminal alkoxide groups from
the aryl-bridged silsesquioxane molecules (BTEB) were in-
volved in the structural formation of the T8 POSS mesopo-
rous materials. Another additional confirmation of the effec-
tive covalent integration of benzene fragments into the
framework of the hybrid solids came from the marked dis-
placements in the NMR shifts of the T-silicon bands when
the spectra of the hybrid materials was compared with that
of the pure-BTEB-bridged silsesquioxane as the starting sili-
con precursor. In the case of the pure disilane (Figure 8 d),
the silicon signal (d=�59 ppm) was shifted from d=

�60 ppm to d=�80 ppm when the silsesquioxane was effec-
tively integrated into the hybrid framework (Figure 8 a).[47]

Moreover, from the integration of the T-silicon bands in the
29Si NMR spectrum of HYB-75P-25B, as well as by consider-
ing the T/ ACHTUNGTRENNUNG(Q+T) ratio, we calculated that 3.1 mmol of the
aryl fragments per gram of SiO2 were incorporated into the
material, which was in very good agreement with the value
that was estimated from TGA (3.2; Table 1).

After the amination process, most of the Si�C species
were preserved because the T-silicon bands remained practi-
cally unchanged, thereby confirming the integrity
and high stability of the hybrid networks that were
held by covalent interactions between the aryl and
POSS nanobuilding blocks. However, the acid treat-
ment that was used for the amination process prob-
ably resulted in a certain loss of crystallinity in the
organic–inorganic mesoporous materials, as was de-
duced from the lower resolution of the Q-type sili-
con bands (Figure 8 b).

Textural properties : The nitrogen-adsorption iso-
therms of the mesoporous materials that were ob-
tained from several POSS/BTEB silsesquioxanes
molar ratios are shown in Figure 9. In addition,
Table 2 shows the values of specific surface area
and pore volume that were calculated from the isotherms.
These results clearly showed that the amount of aryl frag-
ments that were inserted into the hybrid framework was
vital for obtaining well-structured materials with a homoge-
nous mesoporous distribution. Specifically, the materials
that were prepared by incorporating 5 % and 25 % of the
total silicon content from the BTEB precursor monomers

(HYB-95P-5B and HYB75P-25B) exhibited the classical
type IV isotherm of structured mesoporous materials with
hexagonal symmetry, such as in M41S solids (Figure 9,
bottom),[48] with a marked shift towards high relative pres-
sures in the inflexion point of the isotherms (p/p0>0.3). This
effect was especially clear in HYB-95P-5B owing to the
good structural integrity and high regularity that was ach-

Figure 9. Nitrogen-adsorption isotherms of mesoporous hybrid materials
that were based on the covalent combination of cubic- and aryl-siloxane
building blocks.

Table 2. Mean textural properties of calcined hybrid mesoporous organic–inorganic
materials that were obtained from nitrogen-adsorption isotherms.

Sample SBETACHTUNGTRENNUNG[m2 g�1]
SMicroACHTUNGTRENNUNG[m2 g�1]

SExt
[a]ACHTUNGTRENNUNG[m2 g�1]

VTOTACHTUNGTRENNUNG[cm3 g�1]
VMicroACHTUNGTRENNUNG[cm3 g�1]

VBJHACHTUNGTRENNUNG[cm3 g�1]
dBJH

[b]

[�]

HYB-100P 832 0 832 0.845 0 0.505 25
HYB-95P-5B 1149 0 1149 0.941 0 0.552 30
HYB-75P-25B 721 0 721 0.785 0 0.344 30
HYB-50P-50B 584 201 383 0.536 0.106 0.103 mp[c]

HYB-25P-75B 602 267 335 0.686 0.131 0.131 mp[c]

HYB-100B 514 193 321 0.564 0.100 0.045 mp[c]

HYB-75P-25B-NH2 735 0 735 0.732 0 0.321 30

[a] SExt = (SBET�SMicro) from the t-plot method. [b] BJH mean pore diameter. [c] Pore-
diameter distribution was in the microporous (mp) range.
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ieved when suitable amount of aryl units were incorporated
as linker fragments, by optimally connecting the T8 POSS
building groups to generate homogeneous mesoporous ma-
terials. In this case, the BET surface area was above
1100 m2 g�1, which was completely due to the mesoporous
structure. In the case of HYB-75P-25B, the N2-adsorption
isotherm was similar to that of HYB-95P-5B, which corre-
sponded to hexagonal M41S-type materials, although the
total surface area and mesoporous volume were smaller
(SBET�700 m2 g�1), presumably owing to a loss of uniformity
in the mesoporous distribution. In both materials, the pore
size was about 30 � (Figure 10), which agreed with the pore
diameters that were observed by TEM (Figure 3).

On the contrary, the porous materials that were synthe-
sized by using POSS silsesquioxane monomers alone or
combined with higher amounts (>25 %) of BTEB precursor
showed adsorption isotherms that were different from con-
ventional hexagonal mesoporous materials (Figure 9, top);
these isotherms were more similar to those of porous mate-

rials that had non-ordered structural organization, which
agreed with the XRD and TEM results.[49] In these cases,
the shift in the isotherm inflexion point was observed at
lower relative pressures (p/p0<0.2), which was indicative of
the presence of smaller pores. In fact, the specific surface
area and pore volume of samples HYB50P-50B and
HYB25P-75B (Table 2) clearly showed that these hybrid
materials contained an appreciable microporous component,
with a wide pore-size distribution in the mesoporous range
(Figure 10).

The hybrid materials that were obtained after the amina-
tion process maintained the textural properties that were
characteristic of hexagonal mesoporous materials, thereby
showing a nitrogen-adsorption isotherm, surface area, and
pore volume that were similar to pristine mesoporous HYB-
75P-25B (Figure 9, bottom; Figure 10, bottom; and Table 2).

Catalytic activity : The Knoevenagel condensation of carbon-
yl compounds with active methylenic groups is a commonly
used synthetic route for the preparation of alkene deriva-
tives. These compounds are of interest as end-products and
intermediates in the production of fine chemicals and com-
modities (perfumes, pharmaceuticals, polymers, etc.).[50,51]

The kinetics of the Knoevenagel reactions have been widely
studied, and the process follows first-order kinetics with re-
spect to each reactant and catalyst.[52–54] Moreover, Knoeve-
nagel reactions have been used as test reactions to deter-
mine the number and strength of basic sites. Thus, we per-
formed the Knoevenagel condensation between benzalde-
hyde and substrates with different pKa values (with distinct
activated methylenic groups), such as malononitrile (pKa

�7), ethyl cyanoacetate (pKa�9), and ethyl acetoacetate
(pKa�11), in the presence of the hybrid mesoporous materi-
al HYB-75P-25B (Table 3). This study was useful to evaluate
the strength and effectiveness of the basic sites in the hybrid
catalyst. From the kinetic results, we confirmed the pres-
ence, accessibility, and activity of basic groups, and 99 %
yield of benzylidene malononitrile and ethyl cinnamate
were achieved after reaction times of 10 and 3.5 h, respec-

Figure 10. BJH pore-size distribution of mesoporous hybrid materials
that were based on the covalent combination of cubic- and aryl-siloxane
building blocks.

Table 3. Knoevenagel condensation of benzaldehyde with substrates that
contained various activated methylene groups (that is, with different pKa

values), by using mesoporous hybrid catalyst HYB-75P-25B.[a]

Entry X Y T
[8C]

NACHTUNGTRENNUNG[mol %]
t
[h]

Yield
[%]

Selectivity
[%]

1 CN CN 30 2.1 10 99[b] >99
2 CN COOEt 60 3.4 3.5 99[c] >99
3 COCH3 COOEt 80 3.4 24 66[d] 92.5

[a] Reaction conditions: The reactions were carried out in a closed conic
vessel under a nitrogen atmosphere with magnetic stirring. [b] Molar
ratio benzaldehyde (4.8 mmol)/malononitrile (3.3 mmol) =1.45, MeCN
(1 mL). [c] Molar ratio benzaldehyde (3 mmol)/ethyl-cyanoacetate
(2.1 mmol) =1.43, EtOH (1 mL). [d] Molar ratio benzaldehyde (3 mmol)/
ethyl-acetoacetate (2.1 mmol) =1.43, EtOH (1 mL).
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tively, with close to 100 % selectivity in both cases. When
a substrate with a higher pKa value was used, such as ethyl
acetoacetate, the yield of ethyl-2-benzylideneacetoacetate
after 24 h was 66 % (Table 3, Figure 11), thereby indicating
that the amino groups that were introduced into the hybrid
material were able to catalyze reactions that required rela-
tively weak basic sites.

HYB-75P-25B was recycled three times in the reaction
and, after each run, the catalyst was filtered, washed with
EtOH, and dried at 373 K for 12 h. Figure 12 shows that the
catalyst could be reused in three successive cycles without
any loss in activity, thereby showing the high stability of
HYB-75P-25B as a catalyst.

An application of Knoevena-
gel type-reaction is the synthe-
sis of coumarins, which are in
the benzopyrone chemical class
of compounds, and are found in
many plants. Coumarins have
found various applications as
additives in foods and cosmet-
ics, optical brightening agents,
dispersed fluorescent and laser
dyes, and in medicines for the
production of anticoagu-
lants.[55–57] 3-Cyanocoumarin
was selectively prepared at
40 8C in the presence of HYB-
75P-25B from the reaction be-
tween 2-hydroxibenzaldehyde
(salicylaldehyde) and ethyl cya-
noacetate (Scheme 4). The
yields of 3-cyanocoumarin and
ethyl cyanoacetate versus time
are plotted in Figure 13. 3-Cya-

Figure 11. Yields of benzylidene malononitrile (&), ethyl benzylidene cya-
nocinnamate (^), and ethyl 2-benzylidene acetoacetate (*) versus time
for the Knoevenagel reactions in the presence of hybrid material HYB-
75P-25B.

Figure 12. Catalytic activity of basic hybrid material HYB-75P-25B for
the Knoevenagel condensation of benzaldehyde and ethyl cyanoacetate
in EtOH (1 mL) over three consecutive cycles; molar ratio benzaldehyde
(3 mmol)/ethyl-cyanoacetate (2.1 mmol) =1.43.

Scheme 4. Knoevenagel condensation between 2-hydroxibenzaldehyde and ethyl cyanoacetate.

Figure 13. Yields of 3-cyanocoumarin (&) and ethyl cyanoacetate (^)
versus time in the presence of the basic hybrid material HYB-75P-25B.
Reaction conditions: molar ratio salicylaldehyde (1.3 mmol)/ethyl-cya-
noacetate (1.2 mmol) =1.08, EtOH (1 mL), 40 8C.
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nocoumarin was successfully
obtained in 94 % yield with
complete consumption of ethyl
cyanoacetate.

In addition, when the reac-
tion was carried out at 80 8C in
the presence of water and
EtOH, it was possible to con-
vert 3-cyanocoumarin into
ethyl-3-coumarincarboxylate
(Scheme 4). Complete conversion of ethyl cyanoacetate
after 4 h afforded the latter compound in 89 % yield with
other coumarin side-products (Figure 14). The post-conver-

sion of 3-cyanocoumarin into ethyl-3-coumarin carboxylate
constituted an alternative route for its preparation from the
Knoevenagel condensation between diethylmalonate and
salicyladehyde. Indeed, diethyl malonate had a higher pKa

value (close to 13) and we showed that, above that value,
HYB-75P-25B contained weakly basic sites and was unable
to perform the reaction with pKa>11.

The validity of these hybrid mesoporous materials as
basic catalysts could be extended to other more-specific C�
C bond-formation processes, such as the Henry reaction
(also referred to as the nitro-aldol reaction) between a nitro-
alkane and an aldehyde or ketone in the presence of a basic
catalyst to form b-nitroalcohols.[58,59] The Henry reaction is
a useful process in organic chemistry owing to the synthetic
utility of its corresponding products. In fact, they can be
easily converted into other useful synthetic intermediates.
These conversions include subsequent dehydration to yield
nitroalkenes, oxidation of the secondary alcohol to yield a-
nitroketones, or the reduction of the nitro group to yield b-
amino alcohols. Many of these uses have been exemplified
in the syntheses of various pharmaceutical compounds, in-
cluding antibiotics.[60] Herein, we reacted benzaldehyde and

nitromethane (pKa�10.2), with HYB-75P-25B as catalyst
(Scheme 5).

After a reaction time of 14 h, 98 % yield of nitrostyrene
was achieved (Figure 15). During the reaction, the final

product was the nitroalkene (99 % selectivity) owing to the
consecutive dehydration of the nitroalcohol intermediate.
1,3-Dinitro-2-phenylpropane, which is a sub-product of the
1,2 addition of nitromethane onto nitrostyrene, was detected
in very low concentrations in the reaction medium (<1 %).

Importantly, by comparing the catalytic performances of
these hybrid materials in promoting the Henry and conden-
sation reactions with conventional amine-type catalysts,[61,62]

these results showed clear advantages that were associated
to the high activity and selectivity of the aniline-type build-
ing blocks, together with the higher stability and reusability
of the hybrid catalysts.

Conclusion

A family of hybrid mesoporous materials was synthesized
based on the structural combination of two types of silses-
quioxane buildering blocks, that is, cubic T8 POSS and aryl
units. By using TGA, DTA, MAS NMR and IR spectrosco-
py, XRD, TEM, and N2 adsorption techniques, we confirmed
that the two silsesquioxane building blocks formed the walls

Figure 14. Yields of 3-cyanocoumarin (&), ethyl-3-coumarincarboxylate
(~), and ethyl cyanoacetate (^) versus time in the presence of basic
hybrid material HYB-75P-25B. Reaction conditions: molar ratio salicylal-
dehyde (1.3 mmol)/ethyl-cyanoacetate (1.2 mmol) =1.08, EtOH (1 mL)
and water (0.6 mL), 80 8C.

Scheme 5. Henry reaction between benzaldehyde and nitromethane.

Figure 15. Yields of benzaldehyde (&), 1,3-dinitro-2-phenylpropane (� ),
and nitrostyrene (*) versus reaction time. Reaction conditions: benzalde-
hyde (1.9 mmol), nitromethane (14 mmol), 373 K, under an inert atmos-
phere (N2), catalyst (40 mg, that is, 3.7 mol % of N).
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of the resulting mesoporous materials. Excellent crystallinity
and narrow pore distribution, exclusively in the mesoporous
region, were only achieved for T8 POSS/BTEB silicon molar
ratios of 5–25 %. The resultant organic–inorganic materials
were very stable and could be heated at 650 8C without any
structural modification. It was possible to functionalize
these mesoporous materials by using post-synthesis treat-
ments, even if strong-acid treatments were required. Thus,
amino groups were covalently incorporated onto the aryl
linkers within the crystalline framework. The resultant
hybrid organic–inorganic materials with the amino groups
were active and selective catalysts for performing base-cata-
lyzed C�C bond-forming reactions, such as Knoevenagel
condensations and Henry-type reactions.

Experimental Section

Synthesis of the hybrid mesoporous materials (HYB-POSS-BTEB): Or-
dered porous hybrid materials were synthesized from polyhedral oligo-
meric silsesquioxanes, also called T8 POSS, as the main building blocks,
with an appropriate amount of disilane, (R’O)3Si�R�Si ACHTUNGTRENNUNG(OR’)3, as the
bridging silsesquioxane. Organic linkers were conformed by silyl-aryl
units from 1,4-bis(triethoxysilyl)benzene (BTEB), which reacted with
cubic POSS siloxane groups. The final reaction mixture had the molar
composition: SiO2/C18TMABr/HCl/H2O, 1:0.33:0:133.

The first step of the synthesis involved the preparation of a gel by mixing
HCl (37 %, 14.7 g), distilled water (30.5 g), and octadecyltrimethylammo-
nium bromide (2.15 g, C18TMABr, Aldrich). Next, a solution of the ap-
propriated amount of T8 POSS (octakis(tetramethylammonium)silses-
quioxane, ABCR) and BTEB (Aldrich) in EtOH was added and the re-
sultant mixture was vigorously stirred for 2 h at RT. After that, the mix-
ture was left to stand in a polypropylene flask for 2 days at 373 K. The
mesoporous material was recovered by filtration, washed with hot dis-
tilled water until the pH value of the washings reached pH 7, and dried
in air at 333 K for 18 h. The surfactant was removed from the synthesized
material by calcination under a nitrogen atmosphere (2.5 mL s�1) in
a quartz reactor; the material was heated from RT to 400 8C over 3 h at
a rate of 2.1 8C min�1, and maintained at 400 8C for 1 h. Afterwards,
a flow rate of 2.5 mL s�1 of air was applied for 4 h.

The samples were termed HYB-xP-yB, where x and y were the number
of moles of silicon in the starting gel that originated from T8 POSS and
BTEB silsesquioxanes, respectively.

Post-synthesis incorporation of amino (NH2) groups into the mesoporous
hybrid materials (HYB-POSS-BTEB-NH2): To incorporate amino groups
onto the bridged benzene groups, which formed the linkers between the
building blocks, HYB-POSS-BTEB (0.5 g) was suspended in H2SO4

(15.2 g, 98%, Aldrich) and HNO3 (3.47 g, 65%, Panreac) for 3 d at RT.
The acid mixture was pre-prepared and slowly added over the solid.
Then, cold distilled water (300 mL) was added and the resultant solution
was stirred for 4 h at RT. The pale-yellow solid was recovered by filtra-
tion, washed with distilled water, and dried in air at 333 K for 8 h. The
dried solid was suspended in a pre-prepared solution of HCl (15 mL,
37%, Aldrich) and SnCl2 (1.59 g, 98%, Aldrich) and stirring was main-
tained for an additional 3 d at RT. Next, distilled water (300 mL) was
added into the solution and stirring was continued for a further 4 h. The
yellow sample was recovered by filtration and washed with distilled
water and EtOH. Finally, the amino-substituted solid was dried in air at
333 K for 8 h.

Characterization techniques : XRD analysis was carried out on a Philips
X’PERT diffractometer that was equipped with a proportional detector
and a secondary graphite monochromator. The data were collected step-
wise over the range 2q =2–208, at steps of 0.028, an accumulation time of
20 s/step, and Cu Ka radiation (l =1.54178 �). TEM micrographs were

obtained with a JEOL 1200X electron microscope operating at 120 keV.
The samples were prepared directly by dispersing the powders over
carbon copper grids. Elemental analysis was determined on a Carlo Erba
1106 elemental analyzer, whilst the Al content was determined by atomic
absorption spectroscopy (Spectra AA 10 Plus, Varian). Thermogravimet-
ric analysis (TGA) and differential thermal analysis (DTA) were con-
ducted in a stream of air on a Metler Toledo TGA/SDTA 851E analyzer.
IR spectra were obtained in a Nicolet 710 spectrometer (resolution:
4 cm�1) by using a conventional grease-less cell. Wafers of 10 mg cm�2

were outgassed at 100 8C overnight.

Nitrogen-adsorption isotherms were measured at 77 and 87.3 K on a Mi-
cromeritics ASAP 2010 volumetric adsorption analyzer. Before the meas-
urements, the samples were degassed for 12 h at 100 8C. The BET specific
surface area[63] was calculated from the nitrogen-adsorption data in the
relative pressure range 0.04–0.2. The total pore volume[64] was obtained
from the amount of N2 that was adsorbed at a relative pressure of about
0.99. External surface area and micropore volume were estimated by
using the t-plot method in the range t= 3.5–5. The pore diameter and
pore-size distribution were calculated by using the Barret–Joyner–Halen-
da (BJH) method[65] on the adsorption branch of the nitrogen isotherms.

Solid-state MAS NMR spectra were recorded at RT under magic angle
spinning (MAS) on a Bruker AV-400 spectrometer. The single-pulse
29Si NMR spectra were acquired at 79.5 MHz with a 7 mm Bruker BL-7
probe by using pulses of 3.5 ms, which corresponded to a flip angle of 3/4
p radians and a recycle delay of 240 s. The 1H to 13C cross-polarization
(CP) spectra were acquired by using a 908 pulse for 1H nuclei of 5 ms,
a contact time of 5 ms, and a recycle time of 3 ms. The 13C NMR spectra
were recorded with a 7 mm Bruker BL-7 probe and at a sample spinning
rate of 5 kHz. The 13C NMR and 29Si NMR spectra were referenced to
adamantine and tetramethylsilane, respectively.

Catalytic tests : Knoevenagel reactions were carried out in a closed conic
vessel under a nitrogen atmosphere and magnetic stirring.

Benzylidene malononitrile. A mixture of benzaldehyde (4.8 mmol) and
malononitrile (3.3 mmol) was magnetically stirred at 303 K under a nitro-
gen atmosphere and the catalyst (40 mg, 2.1 mol % N) was added. MeCN
(1 mL) was used as the solvent.

Ethyl cyanocinnamate. A mixture of benzaldehyde (3 mmol) and ethyl
cyanoacetate (2.1 mmol) was magnetically stirred at 333 K under a nitro-
gen atmosphere and the catalyst (40 mg, 3.4 mol % N) was added. EtOH
(1 mL) was used as the solvent.

Ethyl-2-benzylideneacetoacetate. A mixture of benzaldehyde (3 mmol)
and ethyl acetoacetate (2.1 mmol) was magnetically stirred at 353 K
under a nitrogen atmosphere and the catalyst (40 mg, 3.4 mol % N) was
added. EtOH (1 mL) was used as the solvent.

The synthesis of cyanocoumarin was carried out in a closed conic vessel
under a nitrogen atmosphere and magnetic stirring.

A mixture of salicylaldehyde (1.3 mmol) and ethyl cyanoacetate
(1.2 mmol) at 353 K was magnetically stirred under a nitrogen atmos-
phere and the catalyst (40 mg, 6.2 mol % N) was added.

The Henry reaction was carried out in a closed conic vessel under a nitro-
gen atmosphere and magnetic stirring.

Nitrostyrene. A mixture of benzaldehyde (1.9 mmol) and nitromethane
(14 mmol) was magnetically stirred at 373 K under a nitrogen atmosphere
and the catalyst (40 mg, 3.7 mol % N) was added.

In all of these reactions, samples were taken periodically during the reac-
tion and analyzed by GC (HP-5 column, 30 m� 0.25 mm � 0.25 mm) with
an FID detector. The temperature program was: 80 8C for 2 min, heating
to 300 8C at a rate of 30 8C min�1, then at that temperature for 5 min.
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Synthesis and Catalytic Properties of
Hybrid Mesoporous Materials Assem-
bled from Polyhedral and Bridged
Silsesquioxane Monomers

A bridge too far : Hybrid organic–inor-
ganic mesoporous materials were syn-
thesized by the suitable combination
of T8 polyhedral oligomeric (POSS)
and arylic-bridged (BTEB) silsesquiox-

ane precursors. The post-synthesis ami-
nation treatment has allowed the
incorporation of amino groups, gener-
ating efficient basic catalysts for C�C
bond-forming reactions (see figure).
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