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a b s t r a c t
A new molybdenum siloxo cluster of formula [Mo3S4(dmpe)3(MPTES)3]PF6 (dmpe = 1,2-(bis)dimethylphosphinoethane; MPTES = (3-mercaptopropyl)triethoxysilane) has been synthesized with the ultimate
goal of incorporating it into ordered mesoporous silica via covalent attachment. For this purpose, two different approaches, in situ and grafting, are employed. The ﬁrst one is based in the co-condensation of the
Mo3S4 siloxo cluster and tetraethylorthosilicate (TEOS) as mixed silicon sources in the presence of a surfactant (CTAB). The use of this approach allows for the incorporation of the Mo3S4 siloxo cluster into the
structure of the mesoporous silica. For comparison purposes, the same Mo3S4 siloxo cluster has been
immobilized on the surface of conventional mesoporous silica MCM-41, using more traditional grafting
techniques. The physical and structural properties of both series of materials, containing different Mo3S4
cluster loadings, have been thoroughly investigated by means of powder X-ray diffraction (XRD), N2
adsorption/desorption isotherms, transmission electron microscopy (TEM), magic-angle spinning
(MAS) 31P and CP/MAS 29Si NMR, Fourier transform infrared (FT-IR) and UV–Vis diffuse reﬂectance
(DRUV–Vis) spectroscopies. The chemical and structural integrity of the diphosphino Mo3S4 siloxo cluster
is preserved in both the in situ and grafted mesoporous silica based materials. Depending on the incorporation approach, immobilization of the trinuclear sulﬁdo cluster occurs into the silica matrix structure
for the in situ materials or on the surface for the grafted ones. With these results, we show that it is possible to extend the incorporation of chemical functionalities into the structure of mesoporous materials
to Mo3S4 siloxo clusters.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Ordered mesoporous silica materials have been extensively explored since their discovery and disclosure in the early 1990s
[1,2]. The high surface areas of these materials combined with
their large and well deﬁned uniform pore sizes make them attractive in a wide range of applications such as heterogeneous catalysis, selective absorption and novel functional materials.
However, the lack of catalytic activity of silica makes necessary
the incorporation of different chemical functionalities. In some
cases, this is done by using porous silica as catalysts support,
for example in the case of metal nanoparticles; in other cases,
homogeneous catalysts, mainly transition metal complexes, are
immobilized on its surface using grafting techniques [3,4]. A more
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(J. García-Martínez), tel.: +34 964 728086; fax: +34 964 728066 (R. Llusar).
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recent and beneﬁcial strategy for the controlled incorporation of a
wide range of chemical functionalities into silica materials is
based on the co-precipitation of the silica precursor and the
chemical functionality. This bottom-up technique, recently critically reviewed elsewhere [5], is based on the co-hydrolysis of
both tetraalkoxysilane, used as silica precursor, and either metal
nanoparticles or metal complexes containing terminal trialkoxysilane groups [6–8].
In the last decade, a wide variety of mononuclear molybdenum
complexes immobilized on mesoporous MCM-41 silica have been
used as heterogeneous catalyst for various organic transformations, including epoxidation of oleﬁns [3,9–15], oxidation of sulﬁdes to sulfoxides or sulfones [16,17], ring opening metathesis
polymerization (ROMP) [18], dehydrogenation of methanol [19],
and hydroxylation of benzene [20]. In contrast, the immobilization
of polynuclear molybdenum complexes containing metal–metal
bonds in mesoporous silica structures is still scarce. This goal is
an important target because clusters containing two or more
metal–metal bonds catalyze a number of highly selective organic
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transformations where other mononuclear catalysts are less efﬁcient [21,22].
The ﬁrst examples of polymetallic complexes containing Mo–Mo
bonds immobilized on a mesoporous silica support referred to quadruply bonded dimolybdenum(II,II) complexes, such as [Mo2
(CH3CN)10](BF4)4 and [Mo2(l-O2CCH3)2(CH3CN)6](BF4)2. Attachment to the MCM-41 support is believed to occur through the axially
coordinated acetonitrile molecules. EXAFS analysis reveals that the
metal–metal quadruple bond is retained in the grafted material
[23]. The supported dimolybdenum complexes act as initiators for
the polymerization of cyclopentadiene. Closely related, carboxylato
dimers [Mo2(l-O2CCH3)4] were grafted on mesoporous FSM-16 silica and exhibit high activity in propene metathesis [24]. In this case
the metal complex is attached to the support by partial removal
upon heating of the bridging acetate, which interacts with the silica
sylanol groups. Following the same procedure the trimetallic
[Mo3(l3-O)(l3-CCH3)(l-O2CCH3)6(CH3OH)3]+ cluster was grafted
on FSM-16. To the best of our knowledge, this is the only example
of grafted mesoporous silica with molybdenum clusters of nuclearities higher than two. The resulting molybdenum trimeric materials
are also active catalysts for propene metathesis. Recently polyoxometallic group 6 compounds without metal–metal bonds, namely
Keggin-type polyoxotungstates, have been inmobilized in mesoporous silica while preserving their identity showing high activity for
ester hydrolysis and oxidative transformations [25,26].
Regarding cluster chalcogenides, trinuclear Mo3 S2
13 molybdenum cluster sulﬁdes and the closely related heterometallic
Mo3S4M0 (M0 = Ru, Rh, Ir, Pd and Pt) cubane-type have been supported on amorphous silica or alumina and used as precursors of
microcrystalline or amorphous MoS2 after thermal decomposition
[27,28]. The hydrotreating activities of the resulting solids have
been evaluated. Obviously the identity of the trimetallic cluster
complexes is not preserved in the ﬁnal solid.
In this article, the preparation of incomplete cubane-type Mo3S4
cluster bearing siloxo ligands to subsequently heterogenize it in
mesoporous silica materials via two different approaches is described. The ﬁrst one consists in immobilizing the Mo3S4 siloxo
cluster via covalent attachment (grafting) on the surface of mesoporous silica MCM-41 ﬁrstly prepared. The second approach is a
one step synthesis where the Mo3S4 cluster incorporating trialkoxysilane terminal groups is added to the synthesis mixture using the
new bottom-up technique aforementioned used here for the ﬁrst
time for the incorporation of metal clusters into the structure of
mesoporous silica. The different mesoporous silica materials with
the Mo3S4 cluster incorporated have been characterized by powder
X-ray diffraction (XRD), N2 adsorption studies, solid state magic
angle spinning (MAS) NMR (29Si, 31P) spectroscopy, transmission
electron microscopy (TEM), Fourier transform infrared (FT-IR)
and UV–Visible diffuse reﬂectance (DRUV–Vis) spectroscopy. The
interest of these materials lies in the potential of the incomplete
cuboidal clusters to act as tridentate metallo ligands in front of a
second transition metal to produce heterobimetallic Mo3M0 S4 compounds [29–35], that display catalytic activity in a wide variety of
organic transformations [22,36]. For example our preliminary
studies show the successful insertion of copper(I) into both the
in situ and grafted silica materials to afford new hybrid materials
containg cubane-type Mo3CuS4 units, known as active species in
cyclopropanation reactions [36,37].
2. Experimental section
General procedures. The molybdenum chloride cluster [Mo3S4
(dmpe)3Cl3]PF6 was prepared according to literature method [38].
Sodium hydride (NaH, 60% dispersion in mineral oil), (3-mercaptopropyl)triethoxysilane (MPTES, 80%) tetraethylorthosilicate (TEOS,
98%), cetyltrimethylammonium bromide (CTAB, 96%) and aqueous
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ammonia solution (NH4OH, 30%) were purchased from Aldrich. All
chemicals were used as received without further puriﬁcation. Solvents for synthesis were dried and degassed by standard methods
before use.
2.1. Synthesis of [Mo3S4(dmpe)3(MPTES)3]PF6
NaH (472 mg, 0.014 mmol) was added to a colorless solution of
(3-mercaptopropyl)triethoxysilane (3.24 mL, 0.013 mmol) in
CH3CN (200 mL) under an argon atmosphere. Slight bubbling was
immediately observed together with the formation of a white precipitate. One hour later, the green cluster salt of [Mo3S4(dmpe)3Cl3]PF6 (600 mg, 0.537 mmol) was added resulting in an
immediate color change to red. The reaction mixture was stirred
for one hour, ﬁltered and the red ﬁltrate was taken to dryness to afford a red oily product. The oil was washed with hexane and the
resulting red suspension was stirred for one hour and ﬁltered. The
red solid was dissolved in toluene, ﬁltered and the ﬁltrate was taken
to dryness to obtain a slightly viscous red product (692 mg, 75 %).
(Found: C, 31.28; H, 6.58; O, 8.33. Mo3S7C45H111Si3O9P7F6 requires
C, 31.36 ; H, 6.49 ; O, 8.35 %). IR mmax (cm1): 3593w, 2971s, 2902s,
2360w, 2338w, 1416m, 1336w, 1299m, 1285m, 1235w, 1077s,
934s, 897w, 841s, 794m, 741m, 697w, 652w, 557m, 471w, 444w.
31
P NMR (121.47 MHz, CD2Cl2, 30 °C): d = 31.26 (d, 2JP–P = 11 Hz),
1.07 (d, 2JP–P = 11 Hz); 1H NMR: d (ppm): 0.70 (d, 9H, CH3(diphosphane)
2
JHP = 9.2 Hz), 0.78 (m, 6H, CH2(MPTES), 1.21 (t, 27H, CH3(MPTES),
3
JHH = 9 Hz), 1.36 (d, 9H, CH3(diphosphane), 2JHP = 9.0 Hz), 1.69 (m, 6H,
CH2(MPTES)), 1.97 (d, 9H, CH3(diphosphane), 2JHP = 9.2 Hz), 2.00 (m, 3H,
CH2(diphosphane)), 2.08 (m, 3H, CH2(diphosphane)), 2.12 (d, 9H, CH3(diphos2
JHP = 8.7 Hz), 2.55 (m, 3H, CH2(diphosphane)) 2.72 (m, 3H,
phane),
CH2(diphosphane)); 3.30 (m, 3H, CH2(MPTES)), 3.50 (d, 3H, CH2(MPTES)),
3.81 (q, 18H, CH2, 3JHH = 9 Hz);13C {1H} NMR: d (ppm): 0.62 (d, 9H,
CH3, 2JHP = 9.2 Hz), 1.65 (d, 9H, CH3, 2JHP = 8.4 Hz), 1.92 (d, 9H, CH3,
2
JHP = 9.6 Hz, 2.39 (d, 9H, CH3, 2JHP = 9.2 Hz); ESI-MS(+) m/z: 1579
[M]+.
2.2. Incorporation of Mo3S4 siloxo cluster on mesoporous silica
materials by grafting
A reported synthesis of MCM-41 type silica [39] was followed to
prepare the mesoporous silica materials for the post-grafting
incorporation of the clusters on their structure. In the typical synthesis of MCM-41 type material, 0.44 g of CTAB were dissolved in a
35 mM NH4OH solution (41.92 mL) at 40 °C. Then 2.33 ml of TEOS
was added to the surfactant solution. The molar composition of the
synthesis gel was 1SiO2:0.12CTAB:1.41NH4OH:280H2O. The solution was then transferred to a 100 mL Teﬂon lined stainless steel
autoclave and heated at 80 °C under hydrothermal conditions for
24 h. After cooling to room temperature, the solid product was
washed ﬁrst with water and then with ethanol, ﬁltered out, and
air dried overnight. Finally, the surfactant was removed by calcination at 550 °C for 8 h (2 °C min1) under static air atmosphere.
The grafting of the molybdenum cluster onto MCM-41 was carried out as follows: the silica material (600 mg) was heated during
17 h at 200 °C under vacuum in order to regenerate an adequate
amount of hydroxo groups on the MCM-41 surface. Then a
1.39 mM toluene solution of [Mo3S4(dmpe)3(MPTES)3]PF6 was
added to the activated material and reﬂuxed for 3 h under an argon
atmosphere. The hot solution was ﬁltered and the solid sample was
washed with fresh toluene and acetone obtaining a colorless ﬁltrate. Finally, the pink solid product was dried at 80 °C under vacuum overnight.
The molybdenum loading in the silica materials was varied between 1 and 5 wt.% nominal Mo:SiO2, depending on the volume of
the molybdenum cluster solution added. The volume varied from
15 to 75 mL. Final color of the products changed from slight to dark
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pink with the increasing of the cluster amount. The samples are
labeled as G-cluster-x, where G stands for grafting incorporation
and x stands for the amount of molybdenum cluster incorporated
into the material (nominal wt.%). The dark red solution (originating
from the molybdenum cluster) turned colorless after the addition
and ﬁltration of the mesoporous support, which resulted in a pink
solid product. It suggests the coordination of all cluster species to
the solid matrix. Thus, the molybdenum loading in all samples
was calculated according to the amount of [Mo3S4(dmpe)3
(MPTES)3]PF6 added.
2.3. In-situ incorporation of Mo3S4 siloxo cluster into mesoporous silica
materials
The mesoporous materials were prepared in one-pot synthesis
by surfactant-directed co-condensation, using the Mo3S4 siloxo
cluster and tetraethylorthosilicate (TEOS) as mixed silicon sources.
A previously reported synthesis of MCM-41 [39] was judiciously
adapted for the incorporation of the Mo3S4 siloxo cluster into the
mesoporous silica. In a typical synthesis procedure, 440 mg CTAB
where stirred at 40 °C in a 35 mM NH4OH solution (41.92 mL) until
complete dissolution of the surfactant (20 min). On the other
hand, TEOS (2.33 mL) was added to a methanol solution (15 mL)
of the calculated amount of the [Mo3S4(dmpe)3(MPTES)3]PF6 cluster (see vide infra). The addition of methanol is needed for the complete dissolution of the Mo3S4 siloxo cluster. The cluster solution was
then added very quickly to the surfactant solution and the mixture
was kept under vigorous stirring for 30 min, which resulted in the
formation of a pink solid. The molar composition of the synthesis
gel was 1SiO2:0.12CTAB:1.41NH4OH:280 H2O:35CH3OH. The reaction mixture was stirred and heated at 80 °C for 2 h under reﬂuxing
conditions and aged at 80 °C for another 22 h. The solid was then
separated from the hot solution and washed with water, isopropanol and acetone. Finally, the surfactant and other organic residues
were removed by ethanol extraction (1 g solid/450 ml ethanol) under reﬂuxing conditions for 63 h.
The molybdenum loading in the silica materials was varied between 1 and 5 wt.% nominal Mo:SiO2, depending on the amount of
the Mo3S4 siloxo cluster used to prepare the MeOH solution. This
amount varied from 37.5 to 187.5 mg. The samples are labeled as
IS-cluster-x, where IS stands for in situ incorporation and x stands
for the amount of molybdenum into the material (nominal wt.%).
Similarly to that described for the grafting materials, the dark
red solution (originating from the molybdenum cluster) turned
colorless after the co-condensation process between the Mo3S4 siloxo cluster and tetraethylorthosilicate (TEOS) to form the mesoporous hybrid material. In addition, a colorless ﬁltrate was
obtained during the surfactant extraction process, suggesting that
all cluster species undergoes coordination to the solid matrix. In
fact, ﬁnal color of the products changed from slight to dark pink
with the increasing of the cluster amount. Thus, the molybdenum
loading in all samples was calculated according to the amount of
[Mo3S4(dmpe)3(MPTES)3]PF6 added.
For comparison purposes, the synthesis of two mesoporous
materials in the absence of Mo3S4 siloxo cluster was also undertaken following two different methodologies to extract the surfactant. In the sample denoted as IS-cluster-0c the surfactant was
removed by calcination at 550 °C for 8 h (2 °C min1) under static
air atmosphere. On the other hand, the procedure used in the sample denoted as IS-cluster-0 is analogous to the one employed in the
synthesis of the Mo3S4 siloxo cluster loaded mesoporous material.
2.4. Characterization
31

P{1H} NMR spectra were recorded on a Varian MERCURY
300 MHz and were referenced to external 85% H3PO4. 1H,
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C{1H}, 1H-13C gHSQC and TOCSY 1D (mixing time 100 ms) spectra
were recorded on a Varian INOVA 500 MHz using CD2Cl2 as solvent. Chemical shifts are reported in ppm from tetramethylsilane
with the solvent resonance as the internal standard. Solid-state
NMR spectra were recorded in a Bruker AV400 spectrometer. 1H
to 29Si CP/MAS NMR spectra were measured at 79.5 MHz with
90° pulse length for 1H of 4.5 ls, a contact time of 3 s, recycle delay
of 3 s and sample spinning of 5 kHz. 31P MAS NMR spectra were
measured at 161.9 MHz with 90° pulse length of 5 ls, recycle delay
of 20 s and spinning the sample at 10 kHz. Electrospray ionization
(ESI) mass spectra were recorded on a Q-TOF Premier (quadrupoleT-wave-time of ﬂight) instrument using CH3CN as solvent. A capillary voltage of 3.5 kV was used in the positive scan mode and the
cone voltage (Uc) was set to 20 V to control the extent of fragmentation of the identiﬁed ions. Nitrogen was employed as drying and
nebulising gas. The chemical composition of each peak was assigned by comparison of the isotope experimental pattern with
that calculated using the MassLynx 4.1 program [40]. UV–Visible
diffuse reﬂectance spectroscopy was performed on a CARY 500
SCAN VARIAN spectrophotometer equipped with an integrated
sphere. The absorption spectra were obtained in the 300–800 nm
range using a PTFE blank as reﬂecting standard. The Mo3S4 siloxo
cluster was dissolved in CH2Cl2 and dispersed in KBr before being
measure, while the mesoporous silica materials with the Mo3S4
cluster incorporated were measured without previous treatment.
IR spectra of the solid samples were recorded on a JASCO FTIR
6200 spectrometer in the 400–4000 cm1 range.
The morphology of the mesoporous materials was investigated
by transmission electron microscopy (TEM). TEM analysis was carried out on a JEM-2010 microscope (JEOL, 200 kV, 0.14 nm of resolution). For this purpose, samples were prepared by dipping a
sonicated suspension of the material in ethanol on a carbon-coated
copper grid. The digital analysis of the TEM micrographs was done
using DigitalMicrographTM 3.6.1 by Gatan.
Porous texture was characterized by N2 adsorption at 77 K in an
AUTOSORB–6 apparatus. The samples were previously degassed
for 4 h at 523 K at 5  105 bars. The adsorption branch was used
to determine the pore size distribution using the Barret–Joyner–
Helender (BJH) method. The surface area was determined using
the multipoint BET method in the 0.05–0.30 relative pressure
ranges. Mesopore volume was measured at the plateau of the
adsorption branch of the nitrogen isotherm, P/P0 = 0.8. Gas adsorption at higher P/P0 is mainly due to interparticle condensation.
Small-angle powder X-ray diffraction (XRD) analysis was carried out with a Philips PW3040/00 diffractometer using a CuKa
radiation (k = 1.54056 Å), operating at 40 kV and 30 mA, at a scanning velocity of 0.03° min1 in the 0.7° < 2h < 10° range. The unit
cell parameter, a, was estimated from the (1 0 0) interplananar
spacing accordingly with the symmetry of the pores (a = 2/31/
2
d100 for a hexagonal symmetry). The pore wall thickness, bd, for
grafting materials was estimated by subtracting the pore diameter
from the lattice unit parameter (bd = a  dp) [41]. Due to the disordered porous framework for the in situ hybrid IS-cluster-x materials, the wall thickness had to be calculated by subtracting the pore
diameter from the d spacing [42].

3. Results and discussion
The present study focused on two aspects of cubane-type Mo3S4
cluster chemistry. First, the substitutional lability of the chlorine ligands attached to the Mo site toward (3-mercaptopropyl)triethoxysilane (MPTES) is investigated. Second, the incorporation of the
resulting Mo3S4 siloxo cluster in mesoporous silica is studied. We
use two different approaches to achieve Mo3S4 cubane-type cluster
incorporation in mesoporous silica via covalent attachment: (i) a
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two-step approach, where ﬁrstly the mesoporous silica MCM-41
was prepared and subsequently the Mo3S4 cubane-type cluster
was chemically grafted on the surface of MCM-41, and (ii) a onestep direct synthesis (in situ synthesis) where the hybrid silica
material was prepared by co-condensation of the siloxo functionalized molybdenum cluster [Mo3S4(dmpe)3(MPTES)3]PF6 and tetraethylorthosilicate (TEOS) as mixed silicon sources.
3.1. Synthesis and solution characterization of siloxo functionalized
molybdenum cluster [Mo3S4(dmpe)3(MPTES)3](PF6)
Motivated primarily by reported substitutional lability of the
chloride ligands attached to the Mo sites towards cyanide and thiophenolate ligands in [Mo3S4(dmpe)3Cl3]PF6 [43] and [Mo3(FeCl)S4
(dmpe)3Cl3] clusters [35], respectively, we decided to investigate
the functionalization of the [Mo3S4(dmpe)3Cl3]+ cluster cation by
replacing the outer chloride atoms by thiolate ligands containing siloxo groups to subsequently use it as a silane-coupling agent. Initially, the all-chlorine [Mo3S4(dmpe)3Cl3]PF6 green complex was
reacted with (3-mercaptopropyl)trietoxysilane (MPTES) at room
temperature. Under these conditions, MPTES ligand was unreactive
towards chloride substitution as previously observed for the benzenethiol ligands, so that addition of base was crucial to achieve ligand substitution [35]. Addition of NaH to acetonitrile solutions of
[Mo3S4(dmpe)3Cl3]PF6 and MPTES produces the desired [Mo3S4(dmpe)3(MPTES)3]PF6 cluster in 75% yield (see Scheme 1).
Cluster [Mo3S4(dmpe)3(MPTES)3]PF6 is a red oil soluble in most
common organic solvents (CHCl3, CH2Cl2, CH3CN, CH3OH, tetrahydrofuran, acetone, toluene). All attempts to grow single crystals for
X-ray diffraction experiments were unsuccessful; however its
molecular organization depicted in Scheme 1 was conﬁrmed by
multinuclear NMR and electrospray (ESI) mass spectrometry. The
31
P {1H} spectrum of the [Mo3S4(dmpe)3(MPTES)3]+ cation shows
two phosphorous resonances (typical 2JP–P of 11 Hz) at d = 31.30
and 1.66 ppm corresponding to three equivalent diphosphane ligands in agreement of the overall C3 symmetry of cluster
[Mo3S4(dmpe)3(MPTES)3]PF6 [44,45]. The 1H NMR spectrum shows
four doublets (2JPH = 10 Hz) corresponding to the four methyl
groups from the diphosphane ligand. Diastereotopic protons from
the ethylene bridged diphosphane appear partially overlapped
with methyl and propylene groups and their chemical shifts (see
Section 2) were determined on the basis of 1H–13C gHSQC correlation experiments (see below) [46]. As far as the MPTES proton resonances are concerned, the ethoxo groups from the Si–OEt groups
appears at 1.21 and 3.82 ppm and dominate the spectrum. The diastereotopic CH2 methylene groups connected to the thiolate group
were observed at 3.30 and 3.50 ppm while the remaining two CH2
groups were partially overlapped with protons from the diphosphane; TOCSY1D spectrum upon irradiation at 3.50 ppm revealed
the resonances belonging to the spin system of the MPTES ligand
(see Section 2). Eleven 13C resonances were observed; ﬁve of them
display singlet multiplicity (from the MPTES framework) while carbon atoms from methyl and ethylene bridged groups from the

P P
Cl Mo
S
Cl
S
S
Mo P
P Mo S
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Cl

diphosphane are observed as doublets (1JPC = 22 Hz) and multiplets, respectively. In this context, 1H–13C gHSQC correlation
experiments were particularly useful to discriminate between partially overlapped CH2 groups from the MPTES and the diphosphane
ligand. The integrity of [Mo3S4(dmpe)3(MPTES)3]PF6 in solution
was also proved by electrospray ionization mass spectrometry
(ESI-MS). The positive ESI mass spectrum shows the pseudomolecular ion [Mo3S4(dmpe)3(MPTES)3]+ (m/z = 1579) as the base
peak on the basis of m/z values as well as its characteristic isotopic
pattern. Aging acetonitrile solutions of [Mo3S4(dmpe)3(MPTES)3]PF6 for several hours results in the formation of new species,
manifested in the positive ESI mass spectrum as minor signals centered at m/z = 1551 and 1505. These species are assigned to the
partial hydrolysis of one trialkoxysilyl ligand and the intramolecular condensation between neighboring MPTES ligands (see Fig. 1),
most likely due to the presence of adventitious water during aging
experiments. Similar intramolecular condensation has been reported for polyoxometalate-based compounds featuring several
spatially close MPTES ligands [47]. No intermolecular cluster condensation was observed.
3.2. Hybrid silica materials
Mo3S4 cluster bearing three siloxo ligands is presented as an
ideal candidate to be incorporated in mesoporous silica. Two different approaches were carried out to achieve Mo3S4 siloxo cluster
incorporation in mesoporous silica via covalent attachment: grafting and in situ synthesis. A schematic representation of the preparation of the hybrid silica materials using the two different
approaches is illustrated in Scheme 2.
In the grafting approach, the Mo3S4 siloxo cluster is anchored on
the surface of mesoporous silica MCM-41 by reaction of the trialkoxysilane groups of the Mo3S4 cluster with the pendant silanol
groups contained in the surface of the mesoporous silica. However,
in the bottom-up approach, also called here in situ, the silica precursor, tetraethylortosilicate (TEOS), and the trialkoxysilane
groups of the Mo3S4 cluster co-hydrolyze and form a hybrid material around a surfactant, containing the cluster into the silica
framework. Finally, to generate the mesoporosity the removal of
the surfactant is required. Herein, a solvent extraction technique
is used to preserve the integrity of the Mo3S4 siloxo cluster, which
would be damaged by calcination. As previously mentioned, the
use of methanol as co-solvent is required to dissolve the Mo3S4 siloxo cluster.
Nitrogen adsorption/desorption isotherms of the hybrid silica
materials prepared by the post-synthesis grafting method and their
corresponding pore size distributions are shown in Fig. 2a and b,
respectively. For comparison purposes, the isotherm of the support
prepared before the addition of the Mo3S4 siloxo cluster (sample denoted as MCM-41) is also included. All materials show type IV isotherms with a sharp nitrogen uptake at 0.35  0.45 P/P0, due to the
capillary condensation of nitrogen inside the mesopores, which
indicates a narrow pore size distribution (Fig. 2b). Based on the

+
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HS(CH2)3Si(OEt)3 / NaH
CH3CN

P

S
S Mo
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S
S
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(EtO)3Si

P
P

+
Si(OEt)3
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(EtO)3Si

Scheme 1. Schematic representation of the synthesis of siloxo functionalized molybdenum cluster [Mo3S4(dmpe)3(MPTES)3]PF6.
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Fig. 1. Positive ESI mass spectrum acetonitrile solutions of [Mo3S4(dmpe)3(MPTES)3]PF6 after 2 h.

Scheme 2. A schematic representation of the preparation of the hybrid silica materials by using the grafting approach (a) and the in situ approach (co-condensation) (b).

isotherms, textural parameters were calculated and listed in Table
1, being the average pore diameter around 3.0 nm in all cases, typical for CTAB templated materials [48]. Cluster loading on MCM-41
type silica by grafting does not affect pore size until reaching 5 wt.%
loading but reduce BET and pore volume (greater density). Pore size
reduction is not evident from Fig. 2b but there is visible shift in the
inﬂection to the left as Mo3S4 loading increases (Fig. 2a). The lining
of the cluster on the pore surface for the grafted cluster material is
also evident by the reduction in pore volume, which cannot be due
only to the mass contribution of the cluster (max. 5 wt.%).
Grafted G-cluster-x hybrid materials present excellent textural
properties with BET areas around 700 m2 g1and pore volumes of
c.a. 0.7 cm3 g1. The grafting of the siloxo functionalized molybdenum cluster [Mo3S4(dmpe)3(MPTES)3]PF6 on the surface of silica
materials leads to a decrease in both the speciﬁc surface area and
total pore volume when the Mo3S4 siloxo cluster amount increases.
Thus, the Mo3S4 siloxo cluster is mainly anchored to the pore surface where is lining the mesoporous channels and, consequently,
decreasing both pore volume and speciﬁc surface area. Furthermore, these materials also maintain the 2-D hexagonal mesopore
arrangement of the MCM-41 sample, showing three distinctive
(1 0 0), (1 1 0), and (2 0 0) X-ray diffractions peaks (see Fig. 3a and
Table 1) [49–53]. Hexagonally ordered mesopore structure, is also
conﬁrmed by TEM images shown in Fig. 4a.
The nitrogen adsorption/desorption isotherms of the in situ
IS-cluster-x hybrid materials, as well as the corresponding pore
size distribution are shown in Fig. 2c and d, respectively. As
described above, these materials were prepared by using methanol as co-solvent and the template removal was carried out by

ethanol extraction. For comparison purposes, the isotherm corresponding to the neat silica material prepared by calcination instead of solvent extraction (sample denoted as IS-cluster-0c) is
also included. The total pore volume, the BET surface and the
pore diameter calculated from the isotherms are listed in the
Table 2. The incomplete surfactant extraction on these materials
is evident by comparing both silica samples, i.e. IS-cluster-0 and
IS-cluster-0c. As expected, the calcined in situ material shows
textural parameters slightly higher to that corresponding to
IS-cluster-0 material indicating an incomplete extraction of the
surfactant, which is not surprising due to the more difﬁcult
extraction of cationic surfactants than non-ionic surfactants because of their stronger electrostatic interaction with the silica
framework.
All the in situ materials exhibited type IV N2 adsorption/desorption isotherms without sharp capillary condensation at P/P0 = 0.2, a
H2-type hysteresis loop and broad pore size distribution (Fig. 2d).
This kind of hysteresis loop is characteristic of a porous material
with an interconnected pore network [54], as conﬁrmed by TEM
analysis (see Fig. 4b and c). That hysteresis loop is more pronounced
for materials with a higher Mo3S4 siloxo cluster content in their
structure. This is likely due to cavitation originated by the presence
of defects in the porous structure, thus indicating the effective incorporation of the Mo3S4 siloxo cluster into the framework of the mesoporous silica using the co-condensation method [55]. Both, hybrid
silica materials prepared by the grafting (G-cluster-x) and by the
in situ (IS-cluster-x) approaches loss BET surface area as the metal
cluster content increases (Table 1 and 2). The decrease in pore
volume observed for the materials prepared by grafting
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Fig. 2. Selected nitrogen adsorption/desorption isotherms at 77 K (up) and their corresponding pore size distributions calculated from the adsorption branch by BJH method
(down) of mesoporous silica materials prepared by the grafting approach (a and b) and by the in situ approach (c and d).

Table 1
Textural and structural parameters of the mesoporous silica materials prepared by the grafting method.

a
b
c
d
e

Sample

dpa (nm)

ABETb (m2 g1)

Vpc (cm3 g1)

d100d (nm)

ad (nm)

bde (nm)

MCM-41
G-cluster-1
G-cluster-3
G-cluster-5

2.7
3.0
3.0
2.7

940
745
729
650

0.93
0.75
0.70
0.52

4.00
4.40
4.39
4.40

4.71
5.19
5.17
5.18

0.7
0.8
0.8
0.8

Average mesopore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
The BET surface area was estimated by multipoint BET method using the adsorption data in the relative pressure (P/P0) range of 0.05–0.30.
Mesopore volume measured at the plateau of the adsorption branch of the nitrogen isotherm (P/P0 = 0.8).
Spacing d100 and unit cell parameter, a, obtained by an hexagonal symmetry according to the equation a = 2/31/2 d100, from XRD spectra.
Pore wall thickness was estimated by subtracting the pore diameter from the lattice unit parameter (bd = a  dp).

Fig. 3. Selected XRD patterns of mesoporous silica materials prepared by the grafting approach (a) and by the in situ approach (b).

(G-cluster series, Table 1) from 0.93 to 0.52 cc/g is not observed
however in the materials prepared by in situ incorporation (IS-clus-

ter series, Table 2) which is around 0.60 cc/g in all cases. Preservation of pore volume only for the in situ materials supports the

386

A.I. Carrillo et al. / Microporous and Mesoporous Materials 151 (2012) 380–389

Fig. 4. TEM images of two representative samples prepared by the grafting approach and with the highest amount of cluster, G-cluster-5 (a), and by the in situ approach: (b)
IS-cluster-0c, (c) IS-cluster-0 (scale bar = 100 nm), (d) IS-cluster-1 and (e) IS-cluster-5 (scale bar = 20 nm). Scale bar = 50 nm.

Table 2
Textural and structural parameters of the mesoporous silica materials prepared by the in situ method.

a
b
c
d
e

Sample

dpa (nm)

ABETb (m2 g1)

Vpc (cm3 g1)

d100d (nm)

bde (nm)

IS-cluster-0c
IS-cluster-0
IS-cluster-1
IS-cluster-3
IS-cluster-5

2.7
2.2
2.2
2.0
1.9

1180
752
868
726
693

1.1
0.60
0.67
0.60
0.63

4.47
4.60
4.05
4.47
4.47

1.8
2.4
1.9
2.5
2.6

Average mesopore diameters were estimated from the adsorption branch of the nitrogen isotherm using the BJH method.
The BET surface area was estimated by using multipoint BET method using the adsorption data in the relative pressure (P/P0) range of 0.05–0.30.
Mesopore volume measured at the plateau of the adsorption branch of the nitrogen isotherm (P/P0 = 0.8).
Spacing d100, from XRD spectra.
Estimated wall thickness obtained directly by subtracting the pore diameter from the d spacing [42].

presence of the Mo3S4 siloxo clusters into the framework of the mesoporous silica materials. Pore size distribution calculated from the
adsorption branch of the isotherm gives values of average pore size
between 1.9 and 2.2 (see Fig. 2d and Table 2), which falls, according

to the IUPAC classiﬁcation, a borderline between micro and mesoporous materials. When comparing the N2 isotherms of the materials prepared by grafting (Fig. 2a) and by in situ incorporation
(Fig. 2c), it is quite evident than in the case of the grafted materials
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as the cluster content increases their adsorption capacity is reduced,
as conﬁrmed by the decrease in their total pore volume. However,
the isotherms of the surfactant-extracted in situ materials overlap
on top of each other, as the total pore volume of these materials is
independent of their cluster content. This is an additional evidence
of the incorporation of the cluster in the pore walls on the in situ
materials and the pore blocking.
XRD analysis of the in situ IS-cluster-x hybrid materials shows
(Fig. 3b) one broad diffraction peak centered at low angles characteristic of less order materials with broader pore size distribution
(Fig. 2c) [56].
The control material IS-cluster-0 that was prepared without
cluster using the same conditions that the MCM-41 used as support for the grafted materials but with the addition of methanol
shows the same XRD pattern than the rest of the IS-cluster samples
series. Even after calcination to remove any remaining surfactant
left after extraction (sample IS-cluster-0c), the XRD pattern shows
only one broad peak indicative of an disordered structure, cause
therefore not by the incorporation of the cluster but by the use
of methanol that interferes with the orderly self-assembly of the
CTAB micelles.
TEM analysis conﬁrms the disordered mesoporosity of the
in situ samples (see Fig. 4b–e). TEM images of cluster-free mesoporous silica samples prepared by solvent-extraction (IS-cluster0, Fig. 4c) and by calcination (IS-cluster-0c, Fig. 4b) point out that
the disordered mesoporous nature of these materials thus proving
that the disordered framework is caused by the use of methanol as
co-solvent during the synthesis of the materials.
The effective incorporation of the Mo3S4 siloxo cluster onto the
mesoporous silica materials by post-synthesis grafting and in situ
synthesis is also supported by solid-state NMR spectroscopy. Fig. 5
shows 1H to 29Si CP/MAS NMR spectra of samples prepared by both
the in situ and post-grafting methods with 3 wt.% Mo:SiO2. The spectra shows signals at 110, 101 and 92 ppm, corresponding to Q4,
Q3 and Q2 species of the silica framework, respectively
[Qn = Si(OSi)n(OH)4n, n = 2–4] [53]. Bands at 66, 58 ppm, are assigned to Tm signals, respectively [Tm = cluster-Si(OSi)m(OH)3m,
m = 2–3], indicating the covalent linkage of the cluster to the silica
framework [3].
31
P MAS NMR spectra of the grafted and in situ hybrid silica
materials together with that of polycrystalline [Mo3S4(dmpe)3(MPTES)3]PF6 samples are showed in Fig. 6. For comparison purposes,
the 31P{1H} NMR spectrum of the Mo3S4 siloxo cluster in solution
(a) is also included. The spectrum of the polycrystalline Mo3S4 siloxo cluster (b) shows two phosphorous resonances at 0.60 and
29.90 ppm, associated to the two kinds of phosphorous nuclei,

located above and below the plane deﬁned by the three metal
atoms. The main differences between spectra (a) and (b) has to
do with the signal intensities. In the case of the NMR spectrum
of CH2Cl2 solutions of [Mo3S4(dmpe)3(MPTES)3]PF6, signals are
seen as singlets of equal intensity, each one associated to three
equivalent phosphorous atoms, as expected based on the C3 cluster
symmetry. Differences in signal intensities for the isotropic lines of
polycrystalline Mo3S4 siloxo cluster are due to chemical shift
anisotropy (CSA) [57,58]. The two top spectra (c and d) correspond
to the in situ and grafted hybrid silica materials, respectively. Both
spectra show the two signals observed in the polycrystalline Mo3S4
siloxo cluster plus additional signals due to the C3 symmetry loss
that occurs upon incorporation of the Mo3S4 siloxo cluster into
mesoporous silica. This loss of symmetry can be explained taking
into account the incomplete condensation of the siloxo ligands
coordinated to the cluster, as seen by the appearance of T2 resonances in the solid state 1H to 29Si CP/MAS NMR spectra (see
Fig. 5). Signal corresponding to the hexaﬂuorophosphate anion
centered at 143.18 ppm is only observed in the grafted material,
indicating that in the material obtained by in situ synthesis the
cluster charge is compensated by the bromide anion from the surfactant (CTAB). The signals of the mesoporous silica materials with
the Mo3S4 cluster incorporated (c and d) are broader than the ones
observed in cluster solutions (a) or in polycrystalline sample (b).
This is due to the lack of homogeneity in the surroundings of the
phosphorous nuclei of the cluster compounds attached to the silica
[57].
UV–Vis diffuse reﬂectance spectroscopy provides additional
support to Mo3S4 siloxo cluster integrity preservation once it is
incorporated to the mesoporous materials. Fig. 7 shows the
DRUV–Vis spectrums of grafted (a) and in situ (b) mesoporous hybrid silica materials together to the spectrum of siloxo [Mo3S4(dmpe)3(MPTES)3]PF6 cluster.
Samples to record the absorption spectrum of the Mo3S4 siloxo
cluster, were obtained by dispersing CH2Cl2 cluster solutions in
KBr. DRUV–Vis spectrum of the Mo3S4 siloxo cluster is dominated
by a characteristic intense band centered at 510 nm, associated to
transitions involving predominantly metal-based molecular orbitals (1e ? 2a1) [43,59,60]. Both, grafted and in situ materials, present the characteristic Mo3S4 cluster band, indicating that the
metallic cluster core is preserved in the condensation process with

Fig. 5. 1H to 29Si CP/MAS NMR spectra of G-cluster-3 (a) and IS-cluster-3 (b)
samples. Asterisks denotes spinning side-bands.

Fig. 6. 31P NMR of Mo3S4 siloxo cluster (a) and MAS
siloxo cluster (b), IS-cluster-3 (c) and G-cluster-3 (d).

31

P NMR of polycrystalline
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Fig. 7. DRUV–Vis spectra for the mesoporous hybrid materials prepared by the grafting approach (a) and in situ (b) approach together to the Mo3S4 siloxo cluster spectrum.

Fig. 8. DRUV–Vis spectra for the in situ mesoporous hybrid materials containing
Mo3S4 or Mo3CuS4 cluster units.

the silica. In addition the band intensities can be directly associated
with the cluster loading of the materials.
FT-IR spectroscopy, although less conclusive than the other
spectroscopic techniques due to the overlapping of the cluster
and silica bands, also gives support to the cluster integrity preservation in the hybrid materials. Two bands centered at 2971 and
2902 cm1 due to the Mo3S4 cluster species, can be inferred from
the FT-IR spectrum of the grafted hybrid materials. The surfactant
IR active bands fall in this region of the spectrum hiding the cluster
bands in the in situ materials.
Finally, reactivity studies of the hybrid materials in front of a
second metal, copper(I), result in a color change from pink to purple. The characteristic Mo3S4 band centered at 510 nm broadens at
the same time that experiences a slight blue shift, as shown in
Fig. 8, consonant with the copper coordination to the metallo ligand to produce Mo3CuS4 cluster species [36,37,43,61]. This observation provides an extra indirect evidence in support of the cluster
integrity in the ﬁnal hybrid materials. Investigations aimed to a full
characterization of these last species and their catalytic activity in
cyclopropanation processes are underway.

a building block for the bottom-up synthesis of a metal-cluster
containing mesoporous silica. Two different routes have been
investigated to obtain mesoporous hybrid silica materials: (i) post
synthesis grafting and (ii) in situ approach. Grafted materials
showed an ordered mesoporous silica with a narrow pore size distribution. Mo3S4 siloxo cluster was anchored in the surface of the
MCM-41 type silica. In-situ materials showed a disordered silica,
attributed to the use of methanol as co-solvent, with porous in
the range between the micro- and mesoporosity due to the incomplete extraction of the surfactant. In this case, Mo3S4 siloxo cluster
was anchored in the wall of the silica materials. The comparison of
both series of materials, containing different amounts of Mo3S4 siloxo clusters, by powder X-ray diffraction, N2 adsorption/desorption studies, transmission electron microscopy (TEM) and MAS
31
P and CP/MAS 29Si NMR, FT-IR, DRUV–Vis spectroscopy conﬁrms
that the method herein described produces a new material with
surface areas larger than 700 m2/g containing intact Mo3S4 clusters
in their structure. The present study represents the ﬁrst report in
which incomplete cubane-type Mo3S4 clusters have been incorporated in the walls of mesoporous silica. The capability of the anchored cuboidal trinuclear clusters to incorporate a second metal
has been demonstrated in the case of copper(I) suggesting that hybrid systems containing Mo3M0 S4 units can be prepared and employed as heterogeneous catalysts.
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