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The development of synthetic routes for the tailoring of efficient silica-based heterogeneous catalysts functionalized with
coordination complexes or metallic nanoparticles has become
a important goal in chemistry. Most of these techniques have
been based on postsynthetic treatments of preformed silicas.
Nevertheless, there is an emerging approach, so-called sol–gel
coordination chemistry, based on co-condensation during the
sol–gel preparation of the hybrid material of the corresponding complex or nanoparticle modified with terminal trialkoxysilane groups with a silica source (such as tetraethoxysilane) and

in the presence of an adequate surfactant. This method leads
to the production of new mesoporous metal complex-silica
materials, with the metallic functionality incorporated homogeneously into the structure of the hybrid material, improving
the stability of the coordination complex (which is protected
by the silica network) and reducing the leaching of the active
phase. This technique also offers the actual possibility of functionalizing silica or other metal oxides for a wider range of applications, such as photonics, sensing, and biochemical
functions.

1. Introduction

sions of colloidal particles, that is, solid particles with diameters
ranging from 1 to 100 nm. A gel is a rigid, interconnected network with pores of submicrometer dimensions or a polymer
network with polymeric chains having average lengths greater
than a micrometer.[5] Thus, a versatile strategy for the synthesis
of materials consists in the formation of a solid network starting from a liquid phase, usually a metal alkoxide precursor
M(OR)n (M = Si, Al, Ti, etc., and R = (CxH2x + 1)). Once the hydrolysis of the alkoxide starts in the aqueous phase, subsequent
polycondensation reactions occur, which increases the viscosity
of the solution from a sol to a rigid gel.
However, in the preparation of mixed oxides, the control of
composition, homogeneity, and texture is not straightforward.
The main problem is found in the disparity of reaction rates of
different sol–gel precursors because their reactivity has to be
matched to obtain a homogeneous material. In addition, to
improve the control of the properties of final materials in conventional sol–gel procedures, several techniques such as spray
processing[3c] or nonhydrolytic sol–gel methods[3b] have been
implemented.
In the case of silica materials, the application of the sol–gel
method to grow inorganic solids around supramolecular structures, obtained through the molecular self-assembly of surfactants, led to a new concept in the synthesis of materials and
the creation of a new family of mesostructured materials, such
as M41S, MSU, and SBA families.[6]
Several strategies have been developed to incorporate functionality into silica materials for various applications.[7–10] The
chemical functionality has typically been incorporated into
these solids through postsynthetic techniques, such as ion exchange, impregnation, precipitation, vapor deposition, and
grafting, depending on the functionality to be incorporated.[11]
The immobilization of homogeneous catalysts through
chemical grafting consists in the covalent bonding of the
chemical functionality with the silanol groups of the silica surface. Although widely used, this technique has two main drawbacks: a poor control over the geometry and location of the
active phase, which is difficult to characterize, and a partial
pore blocking.[8, 12] A great effort has been made to improve
this technique through the previous chemical modification of
the silica surface before the grafting step.[13, 14] Finally, postsynthetic techniques imply more synthetic steps, longer preparation time, higher quantity of reagents, and, subsequently,
a higher cost of the final catalyst.

Catalysts play a vital role in improving the quality of life and
economic progress of human beings, as more than 90 % of the
industrial processes, such as petrochemical fertilizers and food
industries, are induced catalytically. More than 90 % of these
catalysts correspond to heterogeneous catalysis,[1] which are
preferred industrially. Nevertheless, most of the catalytic processes engaged in the preparation of bulk and fine chemicals
are homogeneous in nature; the major drawback of these homogeneous processes are the difficulty in separating the relatively expensive catalyst from the reaction mixture, its recycling and reuse, and avoiding the possible contamination of
the final product. These processes produce a large amount of
byproduct waste materials, which are hazardous to the
environment.
A general strategy for converting a homogeneous process
to a heterogeneous one is to support the soluble catalyst onto
large-surface area inorganic carriers.[2] In this context, conventional sol–gel processes have been used extensively in the
preparation of nanostructured porous oxide materials, which
serve either as catalysts or as supports for the catalytically
active species (nanoparticles, organometallic compounds, enzymes, etc.).[1b, 3a,b]
The IUPAC Gold Book defines the sol–gel process as “the process through which a network is formed from solution by
a progressive change of liquid precursor(s) into a sol, to a gel,
and in most cases finally to a dry network”.[4] Sols are disper[a] Dr. E. Serrano, Dr. N. Linares,+ Dr. J. Garcia-Martinez
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An emerging approach to the incorporation of chemical
functionalities into porous silica materials is based on the
in situ incorporation of the functionality during the sol–gel
preparation of the material. This approach leads to mesoporous solids with a more homogeneous distribution of the
active phase. In addition, embedding functional groups into
the silica walls is a new strategy for avoiding agglomeration or
leaching and even increasing its stability.[11] This goal has been
partially achieved—not only in silicas but also in other metal
oxide materials—through the entrapment of several coordination metal complexes by using sol–gel methods.[3b, 15]
At present, the most extended applications of the in situ incorporation is the synthesis of periodic mesoporous organosilica (PMO) materials.[7,16–17] The co-condensation of organoalkoxysilanes (R Si(OR’)3) with the silica precursor, typically tetrae-

Javier Garcia-Martinez is Director of
the Molecular Nanotechnology Lab at
the University of Alicante, Spain. He
has published extensively in the areas
of nanomaterials and energy and is
the author of more than 25 patents.
His latest books are Nanotechnology
for the Energy Challenge (Wiley, 2010)
and The Chemical Element (Wiley,
2011). He is a cofounder of Rive Technology, Inc. (Boston, MA), a venture
capital-funded Massachusetts Institute
of Technology (MIT) spin-off commercializing advanced nanomaterials for energy applications. He has received the Europe Medal in
2005, the Silver Medal of the European Young Chemist Award in
2006, and the TR 35 Award from MIT’s Technology Review magazine; in 2009, he was selected as a Young Global Leader. Since
2010, he is member of the World Economic Forum Council on
Emerging Technologies. He is Fellow of the Royal Society of
Chemistry, member of the Global Young Academy and Bureau
member of the IUPAC.
Jesﬄs R. Berenguer received his PhD in
chemistry from the University of Zaragoza, Spain, in 1994. In 1995, he performed postdoctoral research with
Prof. G. Erker’s group at the Organic
Chemistry Institute of the Westfliche
Wilhelms-Universitt Mnster. Since
2001, he has been Associate Professor
of Inorganic Chemistry at the University of La Rioja, Spain, in which he is
also responsible for the X-ray diffraction laboratory. He has codirected five
doctoral theses and co-authored more than 50 scientific publications. His research interests include the syntheses and study of the
reactivity of transition-metal complexes bearing unsaturated
groups acting as bridging ligands, the design of molecular and
supramolecular systems, their optoelectric properties, and, more
recently, the preparation of functionalized mesoporous materials.

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemcatchem.org
thoxysilane (TEOS), in the presence of surfactants yields porous
hybrid organic–inorganic silica materials. In these materials, organic moieties are located preferentially on the surface of the
mesoporous support, possibly owing to their occlusion caused
in the hydrophobic interior of surfactant micelles.[17] Recent reviews on amino-functionalized mesoporous silicas pointed out
that the direct co-condensation results in a more homogeneous distribution of amino-organic moieties on the silica wall
than the postsynthetic grafting approach, in which most
amino-organic moieties concentrate near the openings of
channels and/or on the external surface.[7] These organofunctionalized silica materials have been widely used as adsorbents,
drug delivery systems, and solid organocatalysts in recent
years.
However, although the in situ incorporation methodology
on mesoporous materials has been thoroughly studied in the
past years, the incorporation of more complex functions, as
metal complexes or nanoparticles, during the preparation of
the silica material is a less explored field and these methods
can be of great benefit to the scientific and industrial community. This contribution aims to provide a critical overview of
the various strategies based on these in situ methods to incorporate these kind of metallic functionalities into mesoporous
silicas, which leads to the synthesis of the new materials called
mesoporous metal complex-silica. This review provides the
most relevant contributions by our research group to this field.

2. Sol–Gel Coordination Chemistry:
Fundamentals
Sol–gel coordination chemistry is based on the use of a coordination complex with ligands containing terminal trialkoxysilane
groups, which can be hydrolyzed with or without the presence
of other silica sources, to produce a coordination complexsilica network.[11]
Using sol–gel coordination chemistry, a wide range of functional materials can be obtained. The hydrolysis and co-condensation of both precursors—the metal complex with terminal trialkoxysilane groups and Si(OR)4—in the presence of
a structure-directing agent lead to a surfactant-templated gel,
which enables us to obtain a hybrid mesoporous material after
the calcination/extraction of the surfactant (Figure 1 a–c). This
methodology enables us to incorporate not only coordination
complexes but also a wide range of chemical functionalities
such as Pd0 nanoparticles,[18] Pd2 + complexes in both mesoporous silica[19] and organosilica materials,[20] as well as cationic
Cu2 + and Ni2 + metal complexes.[21] Moreover, we have extended our approach to the incorporation of inorganic clusters[22]
and luminescent metal complexes[23] into mesoporous MCM-41
and MSU-X silicas. The versatility of the proposed methodology
thus enables the synthesis of mesoporous materials by using
cationic, neutral, or anionic surfactants. These materials have
unique properties because, in addition to cationic or neutral
metal complexes, almost any chemical moiety functionalized
with terminal alkoxysilanes can be incorporated, as described
in the following sections.
ChemCatChem 2013, 5, 844 – 860
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a ligand. After gelification catalyzed with sodium fluoride at
room temperature, samples were dried by using the critical
point method and a translucent gel was obtained. The preservation of porosity was confirmed by nitrogen adsorption–desorption isotherms and TEM analysis (Figure 2). Samples
showed excellent textural properties, with BET surface areas of
approximately 650 m2 g 1 and pore volumes of approximately
1.4–1.5 cm3 g 1.

3. Coordination Complexes Incorporated into
Mesoporous Silica

Figure 1. Sol–gel coordination chemistry approach developed for the in situ
incorporation of chemical functionalities into the framework of silica and organosilica porous materials.

Coordination complexes, and mainly organometallic derivatives, have been widely used in homogeneous catalysis because of their incomparable catalytic activity and selectivity.[25]
Nevertheless, their use presents severe limitations in practical
applications because of their complicated separation procedures from the reaction mixtures as well as difficulties in their
recycling, all of which leads to high cost and high metal pollution.[25] To minimize these problems, the organometallic homogeneous catalysts have also been explored in water medium
reactions, which are more environmentally friendly systems.[26]
This is an emerging subject of study that still presents limited
efficiencies and difficulties in recycling and reuse.
As mentioned in the Introduction, a widely used approach
includes the heterogenization of the homogeneous catalysts.
One of the most used strategies is the functionalization of
mesoporous silicas by covalent anchoring of organic ligands to
a silica preformed support and a subsequent reaction of these
fixed species with a metal salt (or an appropriate metallic fragment) to finally obtain the desired metal complex (postsynthetic grafting methods).[27] This synthetic method presents
some disadvantages such as poor dispersion of complexes on
the support or difficulty in preparing, controlling, and characterizing certain structures. Moreover, the coordination com-

As illustrated in Figure 1, the sol resulting from the hydrolysis and condensation of precursors (Figure 1 a) without the use
of surfactants (Figure 1 i) can be used to obtain films by coating (Figure 1 h), for the synthesis of fibers, spinning (Figure 1 g), or gelification (Figure 1 e). This gel could be dried afterward to obtain a xerogel (Figure 1 f) or an aerogel (Figure 1 d). Xerogels are obtained through evaporation at room
temperature, and thus the pore structure and translucency of
the sol precursor are lost (Figure 1 f). However, aerogels are
usually obtained by using a supercritical fluid extraction process, which enables them to preserve their pore structure and
optical translucency (Figure 1 d). These properties make them
ideal candidates not only for catalysts but also for the design
of chemical sensors and in
energy applications, such as
solar cells or hydrogen extraction from water.
Following this approach, several silica gels have been obtained. Schubert et al. described
the synthesis of two distinct xerogels containing Co0 and Rh +
derivatives and the use of these
as catalysts in several organic
processes,[24a, b] whereas Baiker’s
group prepared both xerogels[24c]
and
aerogels[24d]
containing
phosphine–Ru2 +
complexes,
which were used in the synthesis
of N,N-diethylformamide from
CO2, H2, and diethylamine. We
have also prepared a series of
aerogels with TEOS and an Fe3 +
Figure 2. a) Nitrogen adsorption–desorption isotherm and b) TEM image of an aerogel obtained from an Fe3 + –
complex with (3-aminopropyl- APTS complex and TEOS as silica precursors. Scale bar = 20 nm. c) A photograph of the obtained gel showing optriethoxysilane)
(APTS)
as tical translucency.
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pounds are located mainly on the pore surface of the support,
which usually results in a decrease in the surface area and accessible pore volume with the consequent decrease in the catalytic properties and the concurrence of agglomeration or
leaching of the active sites if the catalyst is used in liquid
phase reactions.
An alternative approach to chemical grafting is the formation of PMOs, in which ligands with organic species containing
alkoxysilyl groups react the metallic centers to give the corresponding organometallic species.[28] This method also solves
the low-dispersion problem of the active sites and thus produces more homogeneous materials by avoiding the use of large
amounts of organic solvents used typically in the conventional
grafting methods. Nevertheless, this synthetic methodology
does not solve other problems such as the control of the final
structure of the coordination complexes formed or the decrease in the surface area and pore volume.
Most of these problems have recently been overcome with
the incorporation of the catalytic metal-coordinated functionalities into the walls of mesoporous silica materials instead of
grafting them onto the pore walls. The first step in achieving
this goal is the synthesis of the desired organometallic catalyst
bearing multiple polycondensable organosiloxane-functionalized ligands, which can be fully structurally characterized at
the molecular level. In situ co-condensation of these organosilica complexes with the appropriate source of silicon (such as
TEOS, sodium silicate solutions, or other organic species bearing terminal alkoxysilyl groups) and in the presence of a structure-directing agent yields, as in the case of PMOs, mesoporous metal complex-silica materials. This incorporation of the
catalytic sites into the walls of the nanostructured silicas not
only produces most homogeneously functionalized materials
but also shows improvements in activity and durability owing
to the diminished pore blockage and the intensified stability
(hydrothermal stability and the stability of the active sites
against leaching in catalysis).
Following this synthetic procedure, several hybrid silicas
have been obtained with TEOS as a silica source. Most of these
materials present similar or better catalytic properties than
those of the corresponding homogeneous catalysts, as well as
an improved activity compared to the related mesoporous silicas functionalized by using classical postsynthetic grafting
methods. Corriu et al. reported a series of SBA-15 silicas con-

Figure 3. Some of the trialkoxysilane-coordination complexes used in sol–
gel processes together with TEOS as a silica source.
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taining cyclam complexes with Cu2 + and Co2 + (Figure 3 a),
which were obtained through a neutral templating route by
use of the structure-directing agent Pluronic F127.[29] Corma
et al. synthesized MCM-41 materials containing vanadyl Schiff
base complexes (Figure 3 b) or a carbapalladacycle derivative
(Figure 3 c) through a basic route by use of the surfactant cetyltrimethylammonium bromide (CTAB).[30] The latter materials
showed the catalytic activity toward the cyanosilylation of aldehydes and Suzuki–Miyaura cross-coupling reactions, respectively. In addition, following an acidic route (CTAB as surfactant), Bonneviot’s group has described the incorporation of
a phosphinorhodium(I) complex (Figure 3 d) into SBA-3 and its
use in the hydrogenation of alkenes.[31]
By using a neutral route, Li and co-workers described the
synthesis of some mesoporous silica and organosilica materials
functionalized with chloride–phosphine coordination complexes of Ru2 + , Rh + , Pd2 + , and Au + , which resulted in efficient
catalysts via several water medium organic reactions.[32] This
group has also reported the preparation of a bifunctional catalyst for a one-pot two-step cascade reaction, which contains
two kinds of phosphine organometallic complexes: Rh + and
Pd2 + derivatives, which are uniformly incorporated into the
walls of a PMO.[33]
Nevertheless, a key aspect of any catalyst is the accessibility
of its active sites. It is not clear yet which parameters control
metal accessibility required for eventual adsorption or catalytic
properties; however, several efforts have already been made in
showing, both through the theoretical prediction and experimental evidence,[34] that the microenvironment of the active
sites (thus including electronic state, dispersion, or coordination geometry) plays a key role in their catalytic efficiency and
durability.
To date, the syntheses of all these discussed examples of
preparation of mesoporous metal complex-silica materials involve thermal steps, which also need the presence of certain
amounts of organic cosolvents, such as ethanol or tetrahydrofurane, for the addition of the metal complex. Moreover, most
of them are performed in acidic or basic media, and in all
cases, the extraction of the surfactant has been performed in
refluxing ethanol or ethanolic solutions of HCl. However, all
this can present a problem, because a good number of catalytically interesting transition-metal complexes are unstable
under these reaction or extraction conditions.
To overcome these difficulties, we have recently reported
a new versatile method based on the use of a neutral surfactant (N0I0 route) at room temperature and neutral pH for the
incorporation of several neutral Pd2 + complexes into the mesoporous MSU-X-type silica framework[19] and also into organosilicas.[20] This is an environmentally friendly one-pot method that
works under aerobic conditions, in which the use of organic
cosolvents is avoided by using the silica source [TEOS or bis(triethoxysilyl)ethane (BTEE)] as a solvent (Scheme 1).
Thus, [trans-PdCl2L2] (L = NH2(CH2)3Si(OEt)3 APTS, 4-C5H4N(CH2)2Si(OEt)3 PETS, PPh2(CH2)2Si(OEt)3 PPETS) complexes were
obtained in high yields by reacting [PdCl2(PhCN)2] with the corresponding triethoxysilane ligands directly in TEOS, which is
fully characterized by elemental and spectroscopic analyses. In
ChemCatChem 2013, 5, 844 – 860

848

CHEMCATCHEM
REVIEWS

www.chemcatchem.org

Scheme 1. Representation of a Pd complex containing ligands with trialkoxysilane terminal groups (left) and its incorporation into the mesoporous silica
framework via the covalent bonding of these terminal trialkoxysilane groups
with the silica precursor (right).

addition, monocrystal X-ray diffraction studies were performed
for two of them, which confirmed their trans configurations
(Figure 4).

Figure 4. X-ray molecular structure of [trans-PdCl2L2] (L = APTS, up; PPETS,
down) complexes.

Figure 5. DRUV spectra of the hybrid Pd complex mesoporous silicas (solid
lines) in comparison with those of [trans-PdCl2L2] (dotted lines: L = APTS in
blue, PETS in green, PPETS in red) complexes.

which was the weaker ligand chosen to coordinate to Pd2 +
centers, mainly owing to the mild conditions used in this synthetic method.
All hybrid Pd–silica materials show bimodal porosity with
small (3.5 nm) mesopores and large interparticle mesopores/
macropores. This feature was observed by using nitrogen adsorption–desorption isotherm and TEM (Figure 6). Compared
to the complex-free materials, the BET surface area is not affected (  700 m2 g 1) by the incorporation of these complexes.
Pd0 nanoparticles were not observed by using TEM, which indicates that Pd2 + is atomically dispersed and no agglomeration
occurs during the synthesis and extraction steps.
The materials containing the pyridine and phosphine complexes are efficient catalysts in the Suzuki–Miyaura coupling reaction of solid phenylboronic acid with liquid or solid aryl bromides in solvent-free conditions and at room temperature
(Table 1). The reaction with solid 4’-bromoacetophenone under
mechanochemical conditions (ball milling) gives conversion
values up to 78 % for the mesoporous Pd2 + pyridine silica material and 65 % for the phosphine ligand, with a high reproducibility in both cases, which is always an important goal in
solid-state reactions.[19]

Different functionalized mesoporous silica materials were
obtained through in situ co-condensation of these three complexes and TEOS in the presence of a neutral surfactant (Triton
X-100) and ammonium fluoride as a condensation inductor
after 12 h of stirring at room
temperature. Finally, the surfactant was completely removed
through ethanol extraction at
room temperature for 12 h.[19]
The materials thus obtained had
a Pd content up to 0.7 wt % (determined by using inductively
coupled plasma optical emission
spectrometry). The preservation
of Pd2 + coordination complexes
once in the structure of silica
materials was confirmed by
using FTIR, Raman, and diffuse
reflectance UV/Vis (DRUV) spectroscopies (Figure 5) even in the Figure 6. a) Selected nitrogen adsorption–desorption isotherms of hybrid Pd2 + complex-mesoporous silica matericase of the primary amine, als. b) TEM image of MSU_PdCl2(APTS)2. Scale bar = 20.
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Table 1. Suzuki–Miyaura coupling reaction of phenylboronic acid with 4’bromoacetophenone at room temperature by using Pd2 + complexes containing MSU material catalysts.[a]

Complex
incorporated

Pd
PhB(OH)2 K2CO3 Stirring[a] t
[mol %] [equiv.] [equiv.]
[h]

Conversion
[%]

Pd2 + –pyridine
complex

0.1
0.5
0.5

1.5
1.5
2.0

2
2
3

mag.
mech.
mech.

Pd2 + –phosphine
complex

0.1
0.25
0.25

1.5
2.0
1.3

2
3
2

mag.
mech.
mech.

8
50
75
78
58
–
42
65

16
1.5
4.5
6.0
1.5
16
1.5
7.0

30 to 100 nm depending on the reaction conditions; the interparticle volume of the material is higher if the nanoparticles
are smaller and more irregular.
On the contrary, the prehydrolyzed materials have monomodal mesoporosity with a narrow mesoporous size distribution
(Figure 7).

[a] mag. = Magnetic agitation; mech. = mechanochemical agitation.

The excellent catalytic activity, even under challenging diffusion conditions, confirms the excellent accessibility of metal
complexes in the walls of mesoporous materials.
Despite the difficulty inherent in the synthesis of PMOs
through the neutral route at room temperature[35] and because
Pd2 + pyridine and Pd2 + phosphine complexes [trans-PdCl2L2]
(L = 4-C5H4N-(CH2)2Si(OEt)3 PETS, PPh2(CH2)2Si(OEt)3 PPETS) can
also be synthesized with the organosilica source BTEE as a solvent, we decided to extend this procedure to the synthesis of
hybrid organosilica materials.[20]
In a way similar to that described previously for the MSU-X
materials, the in situ co-condensation of solutions of both the
Pd2 + complexes in BTEE in the presence of a neutral surfactant
and NH4F produced several hybrid Pd2 + complexes-organosilica materials. In addition, the surfactant extraction was performed in ethanol at room temperature. A systematic study of
the effect of several reaction parameters on the formation of
these materials was also conducted. The reaction parameters
were the neutral surfactant (Triton X-100 or Brij-56) and reaction temperature (25 or 45 8C; higher temperatures were not
studied because of the observation of Pd0 agglomeration in
the reaction media), different molar ratio of reagents, or the
prehydrolysis of inorganic precursors (12 h) before the addition
of the fluoride. This study showed that tuning the synthetic
conditions induced dramatic changes in the textural properties
of the obtained materials. For instance, reactions at higher
temperatures yielded larger mesopore sizes, and a poorer porogene has been observed for Brij-56 at room temperature,
but not at 45 8C.
Pd contents of 0.75–0.85 or 0.50–0.60 wt % determined by
using inductively coupled plasma optical emission spectrometry were observed for the materials containing pyridine or
phosphine complexes, respectively. All materials show type IV
isotherms and, except prehydrolyzed materials, also present bimodal porosity with a continuous organization built from irregular mesoporous nanoparticles of smaller size compared to
those observed for the related complex-free organosilica
(  200 nm). The average size of the nanoparticles ranges from
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 7. a) Nitrogen adsorption–desorption isotherms of the hybrid organosilica sample containing Pd2 + –pyridine complex prepared with and without
the prehydrolysis treatment. b) XRD spectra for the prehydrolyzed sample
containing Pd2 + –pyridine complex. TEM images for c) the complex-free organosilica (scale bar = 20 nm) and d) the prehydrolyzed sample containing
Pd2 + –pyridine complex (scale bar = 20 nm).

As expected, the mesoporous materials prepared through
the prehydrolysis route do not present XRD spectra of ordered
hexagonal mesoporous materials (Figure 7), but TEM studies
ChemCatChem 2013, 5, 844 – 860
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showed the presence of hexagonally ordered particles in these
materials (Figure 7c). Thus, higher mixing and reaction times
improve the interaction between BTEE and the nonionic surfactant (N0I0 assembly) to give a better structuration, narrower
pore distribution, and higher BET surface areas.
These hybrid organosilica materials were tested in the catalytic oxidation of styrene with H2O2 (Table 2). The studies show
the accessibility of the substrate to Pd2 + active sites and high
activity (71 % for the pyridine complex and 89 % for the phos-

Table 2. Catalytic oxidation of styrene with H2O2 in the presence of
hybrid silica and organosilica materials with Pd2 + complexes in their
frameworks (H2O2/styrene molar ratio = 2.3).[a]

Catalyst

org_Pd2 + pyridine

Solvent T
t TOF
Pd[a]
[mol %]
[8C] [h] [h 1]

0.1
0.4
0.2
MSU_Pd2 + pyridine
0.5
org_Pd2 + phosphine 0.1
0.25
MSU_Pd2 + phosphine 0.5

–
MeCN
–
MeCN
–
MeCN
MeCN

80
80
80
80
65
65
80

6 118
6
4.4
4 68
10
3
6 148
6 11
10
4

Selectivity
[%]
1 2 3 Other
8
84
24
89
5
65
65

20 – 72
4 12 –
66 – 32
1 10 –
24 – 71
28 7 –
30 5 –

[a] Oxidation reaction of styrene with H2O2 and the possible products.

phine complex); however, low selectivity was observed under
solvent-free conditions (> 70 % of byproducts). Comparatively,
under similar reaction conditions, the use of acetonitrile as solvent affords low activity (  20 %) but high selectivity toward
the formation of the benzaldehyde product (> 80 % for the
pyridine ligand and 65 % for the phosphine ligand).
The incorporation of the organic moiety into the Pd2 + -containing mesoporous silica increases its hydrophobic character,
which enhances the diffusivity of the reactants and therefore
the catalytic activity. For example, with the Pd2 + –pyridine-containing catalyst, under solvent-free conditions the activity increases from a turnover frequency (TOF) of 68 to 118 h 1 if the
organic moiety is incorporated, whereas if the solvent (acetonitrile) is used, conversion increases from 3 to 4.4 h 1 even with
lower Pd contents. If the Pd2 + –phosphine-containing catalyst is
used, a similar trend is observed.

Incorporation of cationic complexes through the anionic
surfactant templating route
The proposed method of incorporation of metal complexes
into the mesoporous silica framework through the co-condensation of ligands with the silica precursor is not limited to the
neutral or cationic surfactant templating route.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In 2003, Tatsumi et al. reported the synthesis of unique
anionic surfactant templated mesoporous silicas by use of
anionic surfactants.[36] El Hankari et al. synthesized hybrid silica
materials containing ionic groups by use of an anionic surfactant via the ionic interaction of the surfactant and the hybrid
silica precursor. [38] Many metal complexes are cationic, and
thus, the incorporation of these complexes through this S N +
I route (S : anionic surfactant; N + : cationic amino group; I :
inorganic precursor), in which the ligands of the complexes
contain the amino groups, seems plausible.
Inspired by these studies, we have recently reported the synthesis of metal-complex ionosilicas with cationic complexes incorporated into the mesoporous silica framework, which were
prepared by use of anionic surfactants [sodium dodecyl sulfate
(SDS) and sodium dodecanoate (SD)].[21] In our case, however,
the N + I interaction is not an electrostatic interaction but a covalent linkage, because the amino ligands contain trialkoxysilanes as terminal groups for the co-condensation with the
TEOS precursor, which thus ensures effective metal complex interaction (see Scheme 1). In this synthetic procedure, the metal
precursor, the amino ligands (APTS), the TEOS, and the surfactant (SDS or SD) are added together to a mixture of water and
ethanol and reacted at 60 8C for 24 h, which makes this procedure a simple and environmentally friendly one-pot method.
Finally, the surfactant was removed by using the ion-exchange
process, which preserves its complex structure.
This anionic synthetic route leads to disordered hybrid mesoporous materials with homogeneous complex incorporation
and very high metal contents (up to 4.8 wt % Ni2 + and 8.6 wt %
Cu2 + ) and the metal complex incorporation yield is approximately 90 %. The DRUV and FTIR spectra of hybrid materials
compared with those of metal complexes confirmed that the
surfactant extraction method preserves the complex structure
during the whole process. The Cu2 + complex incorporated into
the silica material maintained the square planar structure, with
no apparent substitution of the APTS ligand by water molecules (Figure 8a). In the hybrid materials with Ni2 + complexes,
the hexagonal structure is retained; however, the substitution
of a portion of amine ligands by water molecules yields [Ni(H2O)6 x(APTS)x]2 + (Figure 8b). All hybrid materials showed
type IV isotherms, typical of mesoporous solids, with good textural properties (BET area values of 300–400 m2g 1) and
a narrow pore size distribution (Figure 8c).[21]
Another interesting step of this strategy is the synthesis of
a new family of hybrid mesoporous materials through the selfcondensation of amino groups of the ligands in the metal
complexes and then precipitation without using a silica precursor, that is, solids from only metal complexes. Following this
approach, we synthesized mesoporous complex materials of
[M(NH2(CH2)3SiO3/2)n]mA stoichiometry (M = Ni2 + and A = counteranion surfactant).[21] In those materials, the flexible and large
length of the aliphatic chain in the APTS ligand led to a collapse of the structure during the surfactant extraction and,
thus, other ligands should be tested for this purpose.
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4. Metal Clusters Incorporated into Mesoporous Silica

Figure 8. a, b) DRUV spectra and c) nitrogen adsorption–desorption isotherms at 77 K of hybrid materials prepared with APTS/TEOS molar ratios of
0.25 and 0.5 and with both SDS and SD surfactants. DRUV spectra for neat
[M(H2O)x]2 + and [M(NH3)x]2 + complexes have been included for comparison.
d) Representative TEM image of the 0.5_Ni:4APTS(SDS) sample. Scale
bar = 20 nm.

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

This synthetic in situ approach can be extended effectively to
larger and more complicated structures, and thus we have recently reported the incorporation of an incomplete cubanetype Mo3S4 molybdenum cluster into the mesoporous silica
framework.[22]
Mononuclear molybdenum complexes are typically immobilized onto mesoporous MCM-41-type silica by using grafting
methods to be used as heterogeneous catalysts in organic reactions, such as hydrogenation of aromatic compounds, dehydrogenation of methanol, and epoxidation of olefins.[38]
The immobilization of polymolybdenum complexes containing metal–metal bonds onto mesoporous silica structures increases the efficiency of these transformations considerably;
however, it is limited to a few references.[39, 40] For example,
dimolybdenum(II,II) complexes have been grafted to MCM-41and FSM-16-type silica materials. These materials resulted in
active catalysts for the polymerization of cyclopentadiene and
propene metathesis, respectively.[39, 40] Trinuclear molybdenum
cluster chalcogenides have also been incorporated into porous
supports. Weber et al. supported [Mo3S13]2 cluster anions on
g-alumina and amorphous silica for hydrodesulfurization reactions.[41a] Herbst et al. prepared alumina-supported bimetallic
catalysts through the impregnation of g-alumina with bimetallic Mo3S4M’ cluster cores (M’ = Ru, Rh, Ir, Pd, Pt).[41b] In both the
cases, the cube-type clusters have been used as precursors of
amorphous or microcrystalline MoS2 after thermal decomposition, which thus lose their identity.[41]
Our group has obtained a new molybdenum siloxo cluster
of [Mo3S4(dmpe)3(MPTES)3]PF6 (dmpe = 1,2-(bis)dimethylphosphinoethane; MPTES = (3-mercaptopropyl)triethoxysilane) that
has been used as a building block for the bottom-up synthesis
of a cubane–mesoporous silica hybrid (Scheme 2).[22] The
MPTES group enables the co-condensation of the metal cluster
with the silica precursor (TEOS) in the presence of CTAB, which
leads to the in situ incorporation of this functionality into the
mesoporous silica framework (Figure 9, right). As far as we
know, it has been the first time that this approach was used
for the incorporation of a metal cluster into a mesoporous
silica framework. For comparison, the molybdenum siloxo cluster was also immobilized via covalent attachment on the surface of a previously synthesized mesoporous silica MCM-41
(Figure 9, left).
The covalent linkage of the terminal trialkoxysilane groups
of the cluster with the MCM-41 surface, in the case of grafting
materials, or with TEOS, in the incorporation approach, was
corroborated by using 29Si NMR spectroscopy (Figure 10, up
left), whereas the integrity of the cluster after its incorporation
was confirmed by 31P NMR and DRUV analysis.[22]
This synthetic strategy led to disordered mesoporous materials owing to the use of methanol as a cosolvent during the cocondensation procedure (Figure 10d), whereas the grafted materials maintained the hexagonal order of the MCM-41 mesoporous material as confirmed by using TEM (Figure 10c) and
XRD analysis. Both materials showed nitrogen adsorption–deChemCatChem 2013, 5, 844 – 860
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the trinuclear cluster to incorporate a second metal opens
a new way to the synthesis of
heterogeneous catalysts.

5. Metal Nanoparticles
Incorporated into Mesoporous Silica
We have extended our synthetic
sol–gel approach to the incorporation of metal nanoparticles
(MNPs) into mesoporous silica.
The immobilization of MNPs
onto
porous
materials
is
a widely used technique to prepare
heterogeneous
cataScheme 2. a) The synthesis of molybdenum siloxo cluster of formula [Mo3S4(dmpe)3(MPTES)3]PF6 (dmpe = 1,2-(bis)lysts[42–47] because it enables us
dimethylphosphinoethane; MPTES = (3-mercaptopropyl)triethoxysilane). b) Representation of the molybdenum
to overcome the main drawsiloxo cluster product.
backs associated with the use of
the catalysts, such as agglomeration and difficulty in handling,
recovering, and recycling.[42]
The immobilization of MNPs
has been performed classically
with preexisting supports by
using a postsynthetic method. A
large number of mesoporous inorganic oxides have been used
for this purpose, mainly with
uniform and controlled porosity
and different porous arrays (hexagonal,[43]
cubic,[44, 45]
worm[46]
hole, bimodal,[47] etc.). Various
MNPs have been immobilized
onto these supports by using
Figure 9. Representation of the molybdenum siloxo cluster grafted to the preexisting support in comparison to
conventional
postsynthetic
the in situ incorporation approach during the mesoporous silica synthesis.
methods, such as impregnation/
reduction, ion exchange, graftsorption isotherms typical of mesoporous silica materials with
ing, and chemical vapor deposition.[43–47] These methods often
a narrow pore size distribution (Figure 10b). The values of texlead to materials with a weak interaction between MNPs and
tural properties of the grafted materials decrease as the cluster
the support, which results in poor dispersion in the material,
content increases; that is, the BET surface area values decrease
especially if the MNP size is similar to or larger than the pore
from 940 m2 g 1 for neat MCM-41 to 650 m2 g 1 for the hybrid
size of the support. Moreover, even if such MNPs are homogeneously loaded onto the pores, the weak interaction with the
sample with 1.5 wt % Mo/SiO2 and the pore volume decreases
support can cause their agglomeration and leaching under refrom 0.9 to 0.5 cm3 g 1. Interestingly, the in situ approach yieldaction conditions.
ed hybrid materials, with the textural properties of the matrix
In recent times, a new trend for the immobilization of nanoremaining unaltered: typically the BET surface area was
particles has emerged as a superior way to incorporate nano750 m2 g 1 and pore volume 0.65 cm3 g 1.
particles during the synthesis of the mesoporous material. For
Cubane-type Mo3CuS4 clusters are active in cyclopropanation
this purpose, two approaches can be used: 1) the in situ incorreactions. Thus, preliminary studies of the reactivity of our
poration of the metal precursor during the synthesis of the
hybrid materials synthesized by the in situ approach to capture
mesoporous material and 2) the preparation of MNPs in a colcopper(I) as the second metal were performed. DRUV analysis
loidal suspension and their subsequent addition during the
revealed the copper coordination to the metalloligand that
synthesis of the mesoporous material, usually as functionalized
produces the Mo3CuS4 species, which is reflected by the color
nanoparticles.
change from pink (Mo3S4) to purple (Mo3CuS4).[22] The ability of
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemCatChem 2013, 5, 844 – 860

853

CHEMCATCHEM
REVIEWS

www.chemcatchem.org

Figure 10. a) 29Si cross-polarization magic angle spinning NMR spectra and b) pore size distribution calculated from the adsorption branch of nitrogen adsorption–desorption isotherms at 77 K by using the BJH method of the hybrid cubane–mesoporous silica samples prepared through grafting (~) and in situ approach (&) with 1 wt % Mo/SiO2 (dp = pore diameter). The inset shows corresponding nitrogen adsorption–desorption isotherms at 77 K. c) TEM images correspond to samples prepared through grafting (left) and in situ approach (right) with 1 wt% Mo/SiO2.

In the past years, one of the most used in situ approaches is
the one that incorporates the metal precursor during the synthesis of the material (Scheme 3). MNPs are located in the mesopores of the material, and they are formed during the calcination of the material (Scheme 3, top)[48–61] or before the addition
of the silica precursor (Scheme 3, bottom).[62, 63] In the latter

case, the surfactant acts both as a capping agent of the nanoparticles and as a template for the mesoporous material.
In this context, Kibombo and Koodali recently published
a study in which Pt nanoparticles were immobilized onto mesoporous TiO2–SiO2 mixed oxide materials by using three methods:[63] the above-mentioned in situ approaches—reducing the

Scheme 3. Simultaneous immobilization of the mesoporous nanoparticles during the synthesis of mesoporous silica by using the self-assembly approach.

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Pt precursor before the formation of the mesoporous material
or after the calcination step—and a typical impregnation/reduction method. These three methods were used for the photocatalytic degradation of phenol under solar simulated conditions. Despite the best textural properties showed for the
in situ prepared catalysts, the photocatalytic degradation of
phenol was found to be independent of the crystallite size of
Pt regardless of the synthesis method used. This result owes to
the deposition of MNPs onto the external material surface.
The new strategy proposed by our group (among others) is
the incorporation of the nanoparticles into the internal structure of the support, which are totally or partially trapped in
the walls of nanostructured materials[64–69] ; this can, in theory,
reduce the agglomeration and leaching of nanoparticles while
maintaining the accessibility of reactants. This alternative strategy is based on the synthesis of colloidal nanoparticles and
their subsequent functionalization, which enables the appropriate interaction between the functional groups of MNPs and
the silica precursor (typically TEOS) during the formation of the
mesoporous silica[65–70] ; in this way, MNPs are incorporated into
the silica framework. Moreover, this method has other advantages, such as the use of colloidal dispersions with excellent
size and shape control.[64] Numerous methods have been described for the synthesis of colloidal nanoparticles that lead, in
some cases, to monodispersed solutions, in which the average
particle size can be controlled easily.[18] Once incorporated into
the mesoporous material, the final catalyst retains the monodispersity and the controlled size of the initial colloidal
nanoparticles.
By using this approach, in 2005, Corma and co-workers reported the synthesis and use of N-[3-(triethoxysilyl)propyl]O-2(dicetylmethylammonium)ethyl urethane as a ligand stabilizer
for MNPs.[65, 66] This molecule was used as a functionalizing
agent; the Au NPs interact with the quaternary ammonium
ions; and the triethoxysilyl group co-condensates with the
silica precursor during the formation of the material. The
formed solid demonstrated a high catalytic activity for the solvent-free aerobic oxidation of alcohols to carbonyl compounds
in the absence of a base, which are unstable in aqueous
media.[65]
These preliminary results led the same group to publish two
subsequent reports based on a similar approach.[67] A mixture
of 1-dodecanethiol and (3-mercaptopropyl)trimethoxysilane
was used in both the cases to stabilize Au[67a] and Pd nanoparticles.[67b] The co-condensation of silanols present in the MPTS
ligands with TEOS enabled the preparation of an “open”
sponge-like silica material with accessible MNP embedded into
it, as confirmed by the catalytic performance of these materials. The Au-based catalyst was used for the catalytic oxidation
of CO, whereas the Pd catalyst performed the Suzuki–Miyaura
coupling of electron-rich aryl bromides; both the cases demonstrate a very high reaction rate. In the case of the Au–silica material, the activity was superior to that of similar silica catalysts
prepared by using traditional methods and was comparable to
that obtained for Au–TiO2 catalysts.[67a] However, despite the
high turnover numbers showed for the Pd catalyst, which were
comparable to the reported values for the most active homo 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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geneous phosphine–Pd catalysts, leaching tests performed
during this work revealed that the activity could be partially attributed to the leaching of Pd species from the solid
catalyst.[67b]
Following a similar in situ approach, our group incorporated
Pd nanoparticles into the framework of well-ordered MCM-41type silica materials.[18b] The synthesis of Pd colloids was performed by using a modified Brust method.[18a, 68] By tuning the
synthetic conditions, monodispersed Pd MNPs with a narrow
particle size distribution and particle sizes between 1 and
3.5 nm were obtained (Figure 11). In this case, the preparation

Figure 11. TEM images of colloidal solutions of Pd nanoparticles with different average sizes and their corresponding size distribution.

was performed in toluene, but the colloids can be easily transferred to water without any significant change in particle size,
distribution, or stability.
The aqueous suspension of Pd nanoparticles was then functionalized by following two pathways (see Figure 12):

Figure 12. Functionalized nanoparticles with DMAP (left) and MPTES (right).
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1) With cationic groups that induce the formation of silica
around them by using an M + I mechanism, which is similar to
that proposed for the synthesis of mesostructured materials
with cationic surfactants (S + I ). In this case, 4-dimethylaminopyridine (DMAP; used as a transfer agent during the MNP synthesis) provides the Pd nanoparticle with a cationic shell composed of quaternary amines, which is similar to that of the cationic surfactant CTAB used as a template in the synthesis of
MCM-41 silica materials.
2) By covalent binding of Pd nanoparticles with the thiol-terminal triethoxysilane (MPTES), which permits the subsequent
co-condensation of nanoparticles with the silica precursor
during the support formation.
The combined use of these functionalized nanoparticles
with the CTAB surfactant thus produced ordered materials
with a typical MCM-41-type silica structure, high surface areas (
 1000 m2 g 1), and highly dispersed MNPs into their structure
(Figure 13). After the calcination of these materials at 550 8C,
a slight particle growth was observed, which was clearly dependent on the quantity of Pd in the final material and the
temperature during the synthesis. Despite this, small nanoparticles (an average size of  3.0 and 3.8 nm for MPTES and
DMAP, respectively) could be observed for the 1 wt % Pd on
MCM-41 after calcination at 550 8C.
The catalytic performance of these materials was tested in
cyclooctene hydrogenation and Heck C C coupling reactions.
For comparison purposes, catalysts with similar textural and
structural properties were prepared through incipient wetness
impregnation and subsequent reduction. Regarding the hydrogenation reaction, our in situ prepared materials showed TOFs
7 times greater than those of the more conventionally prepared catalysts. Owing to the difficulty in controlling the particle growth in the impregnation/reduction method, it was impossible to prepare catalysts with the same particle size than
our embedded materials. As the hydrogenation of cycloalkenes
is a structure-sensitive reaction,[70] the different particle sizes
and distributions of the catalysts account for their different behavior. For this reason, we decided to perform a non-structuresensitive reaction and chose the Heck coupling between iodobenzene and styrene. In this case, our catalyst showed 4 times
greater TOF values than those of materials prepared by using
the impregnation/reduction method. Moreover, leaching Pd
tests for both catalysts (embedded vs. impregnated) during
the Heck reaction resulted in 3 times less Pd in the solution for
the Pd-embedded materials than for the Pd-impregnated
materials.

6. Beyond Catalysis: Luminescent Hybrid Mesoporous Materials
As discussed before, functionalized mesoporous silica materials
have been studied extensively because of their interesting
physicochemical properties for catalytic applications. Nevertheless, these are not the only opportunities that these materials
present. In the past few years, they have also been used in applications such as nanocomposite design, recognition and selection, sensing, or biochemical functions.[11, 71] In this sense, lu 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 13. a) XRD pattern and b) nitrogen adsorption–desorption isotherm
of 1 wt % Pd/MCM-41 synthesized with DMAP-functionalized Pd nanoparticles after calcination at 550 8C. TEM images of that sample c) before and
d) after calcination. Scale bars = 50 nm.

minescent mesoporous silicas have attracted a great deal of attention for potential biomedical or photonic applications or
their photocatalytic activity.[72] These luminescent materials
have been synthesized mostly through incorporation into the
solution of organic or inorganic chromophores as a host by impregnation[73] or covalent postsynthetic grafting[72, 74] of a previously prepared mesoporous material. Nevertheless, and as discussed before, these two methods often present leaching
problems and poor textural properties.
A good number of luminescent PMOs, prepared through the
total or partial co-condensation of organic chromophores bearing alkoxysilyl groups, have also been described.[75] The materials thus obtained present better textural properties and absence of leaching, but lack the tunability that coordination
complexes possess.
ChemCatChem 2013, 5, 844 – 860
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A more judicious method has recently been reported, which
This new hybrid mesoporous material prepared by the
consists in the synthesis of a PMO that contains 2-phenylpyriin situ approach (IS-MSU_[Cu]4) showed homogeneous metal
dine moieties in its framework and the posterior thermal treatcomplex distribution and good textural properties, with a BET
ment with Rh2 + or Ir3 + coordination moieties to form organosurface area of 600 m2 g 1 (the BET surface area for complexmetallic complexes through efficient cyclometalation reactions.
free MSU-X was 1000 m2 g 1), type IV isotherms, and a narrow
Although this method assures a better thermal stability and
pore size distribution, with an average pore diameter of
a high density distribution of the chromophores, the emitters
3.8 nm, which are similar to the neat MSU-X sample (Figare still grafted onto the walls of the mesopores.[28]
ure 14b). The sample prepared through chemical grafting,
however, showed poor textural properties, probably owing to
With the aim of extending the proposed sol–gel chemistry
the use of ammonium fluoride for the precipitation of the
approach to the synthesis of this kind of functionalized matericomplex on the silica surface (Figure 14b). TEM analyses corroals, we recently reported the synthesis of luminescent hydrothermally stable hybrid materials
with a neutral surfactant (N0I0
route) at room temperature and
neutral pH for the incorporation
of a tetrametallic acetylide Cu +
complex into the mesoporous
MSU-X-type silica framework.
The surfactant was also completely removed through ethanol
extraction
at
room
temperature.[23]
For that purpose, the highly
emissive step-like organometallic
tecton [Cu(CCTol)(PPETS)]4 has
been synthesized. This green
emitter tetracopper complex,
the emission of which is likely
due to the excited state of the
Cu4(CCTol)4 core, holds four
triethoxysilyl phosphine PPETS ligands, which enable the co-condensation with the silica precursor (TEOS) for the in situ incorporation (sample denoted as ISMSU_[Cu]4, in which [Cu]4 refers Figure 14. a) DRUV spectra (K.M. = Kubelka–Munk) and b) nitrogen adsorption–desorption isotherm of the lumito the tetranuclear copper com- nescent hybrid mesoporous materials prepared through in situ (IS-MSU_[Cu]4) and deposition (G-MSU_[Cu]4) approaches, as compared to the neat silica and complex samples. Representative TEM images of c) IS_-MSU_[Cu]4
plex; Scheme 4).
(scale bar = 50 nm) and d) G-MSU_[Cu]4 hybrids (scale bar = 100 nm). The inset in part c shows a TEM image of
neat MSU-X silica (scale bar = 20 nm).

Scheme 4. Representation of the synthesis of IS-MSU_[Cu]4, in which [Cu]4 refers to the tetranuclear copper complex.
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borated the mesoporous nature of the IS_-MSU_[Cu]4 material,
as well as the mesoporous blocking in the G-_MSU_[Cu]4
sample (Figure 14c, d).
The luminescent properties of the synthesized samples were
analyzed, which indicated that the grafted materials GMSU_[Cu]4 present a similar emissive behavior to the Cu4 complex (green emission). Notwithstanding, the in situ materials ISMSU_[Cu]4 demonstrated a dual blueshift emission, which
could be due to some degree of distortion on the Cu4(C 
CTol)4 core associated with the immobilization of the copper
complex onto the mesoporous silica framework (Figure 15).
That immobilization also served as a protection for Cu + cen-

Figure 15. Emission spectra of the tetrametallic complex [Cu(C  CTol)(PPETS)]4 (complex [Cu]4) and the hybrid copper–silica materials ISMSU_[Cu]4 and G-MSU_[Cu]4 in solid state at room temperature.

ters, as confirmed by the really high hydrothermal stability of
the IS-MSU_[Cu]4 sample in comparison with both the grafting
sample and the copper complex alone.
Under the same in situ conditions but without using a surfactant, we have also prepared a hybrid copper–silica gel, with
a BET surface area of only 380 m2 g 1 and an average pore size
corresponding to interparticle porosity (17 nm). Compared
with IS-MSU_[Cu]4, this material presents a similar emissive profile but lower efficiency of the emission.[23] Also recently, and
following a similar sol–gel approach, it has been described as
a thermochromic luminescent silica gel on the basis of the immobilization of a tetracopper heterocubane complex
[CuI(PPETS)]4.[76]

7. Summary and Outlook
The incorporation of different chemical functionalities into the
structure of mesoporous materials by using sol–gel coordination chemistry has been described for various systems, which
shows the versatility and potential of this technique. This
method has significant advantages over more conventional
postsynthetic techniques such as chemical grafting: for example, better control over the geometry, location, and dispersion
of the active phase, enhanced stability, and superior catalytic
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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performance for some relevant chemical processes. This
method is based on the hydrolysis of metal complexes with ligands bearing alkoxysilane terminal groups and its co-condensation with a silica source. Herein, specific examples of the use
of this technique are described to incorporate not only metal
complexes but also MNPs and clusters with catalytic and luminescent properties into mesoporous silica materials.
This bottom-up approach, based on the use of the active
site as a building block, has clear advantages over more classical postsynthetic techniques that are commonly used to prepare catalysts. A better control on the active site is possible because the support is built around it instead of just loading the
active phase over a preformed material. In addition, a better
dispersion of the active phase is obtained because not only
the external area but all the material is used to disperse it.
Pore blocking, a classical limitation of postsynthetic techniques
caused by loading the active phase on a porous support, is
greatly overcome as shown here with many specific examples.
The active phase incorporated into the structure of mesoporous materials by using the method described herein is easily
accessible to the reactants, as evidenced by different catalytic
tests described in this and previous articles. The use of
bottom-up techniques, some of them frequently used in molecular nanotechnology, has been adapted, including sol–gel
chemistry and the presence of surfactants to control the generation of mesoporosity, to have a better control over the location, dispersion, and accessibility of the active sites. All these
parameters are of great importance to many chemical
processes.
The proposed methodology enables the incorporation of
various industrial or technologically interesting chemical functionalities that are susceptible to modification with terminal trialkoxysilane groups. We envision the possibility of incorporating metal complexes with biological activity and biomolecules,
such as enzymes, into nanoparticles for biomedical applications. This synthetic technique also has great potential in the
energy sector, an area we are working on with the aim to incorporate homogeneously semiconductor nanoparticles into
the structure of various mesoporous metal oxides.
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