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Mesoporous silica, which shows well-deﬁned pore systems, tunable pore diameters (2–30 nm), narrow
pore size distributions and high surface areas (4600 m2 g1), is frequently modiﬁed using diﬀerent
methodologies (including in situ and post-synthetic strategies) to introduce various chemical
functionalities useful in applications like catalysis, separation, drug delivery, and sensing. This
contribution aims to provide a critical overview of the various strategies to incorporate chemical
functionalities in mesoporous silica highlighting the advantages of the in situ methods based on the
bottom-up construction of mesoporous silica containing various chemical functionalities in its structure.

1. Introduction
By combining supramolecular templating and sol–gel chemistry,
in 1992 the Mobil Corporation researchers created a new
family of materials with ordered mesoporosity, tunable pore
diameter (2–30 nm), and high surface area (4700 m2 g1).1
Since then, surfactant-templating has been widely employed to
develop new synthetic pathways for the preparation of novel
mesoporous materials with diﬀerent geometries. Besides the
cationic route (S+I), developed for the synthesis of the M41S
family, neutral (S0I0/N0I0) and anionic (SI+) strategies have
been used to create a large collection of porous materials.
Examples of such synthetic variety comprise of mesoporous
silicas including HMS,2 MSU-X,3 SBA-n,4 AMS5 and related
families of mesoporous silica materials.6
However, the applications of pure siliceous materials are
limited due to the inherent catalytically inactive nature of
a
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unmodiﬁed mesoporous materials. Mesoporous silica needs to
be modiﬁed to expand its applications to other areas including
adsorption,7 catalysis,8 separation,9 drug delivery10 and sensing.11
Diﬀerent methodologies of functionalization have been
proposed including in situ (isomorphic substitution, co-precipitation, encapsulation) and post-synthetic strategies (grafting, immobilisation, ion exchange). For more information,
readers are kindly referred to a series of most recent reviews on
functionalisation of mesoporous silicas and applications in
diﬀerent areas.12–16
This contribution is aimed to provide an overview of
functionalization strategies focusing on recent work from
our group as compared to traditional methodologies which
will also be discussed brieﬂy in the next section.

2. Traditional methodologies for the incorporation
of functionalities in mesoporous silica materials:
in situ vs. post-synthetic strategies
Two main approaches have been used to incorporate diﬀerent
chemical functionalities in mesoporous materials, namely
in situ and post-synthetic methodologies.
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The incorporation of other elements than silicon (such as
Al, Ti, Ce. . .) into the silica framework is one of the most
widely used techniques to introduce chemical functionalities
in mesoporous silica materials. Acid and redox properties can
be introduced via silicon substitution and/or doping with
diﬀerent metals, mainly for their application in catalysis. The
ﬁrst metal incorporated into the framework of a MCM-41
type silica material was aluminium,17 in view of a potential
replacement of zeolites as catalysts in the production of
petrochemicals and ﬁne chemicals.18 The isomorphic substitution of silicon by aluminium depends on both the aluminium
precursor and the method of preparation.19 However, the
incorporation of Al in silica mesoporous materials reduces
the hydrothermal stability of these materials.20 The morphology
of Al containing mesoporous materials can be compromised
at high metal content. For example, helical Al-containing
hexagonal mesoporous silica (Al-HMM) can only retain
its helical morphology at Al loadings lower than 2 wt%
(Si/Al ratio 95).21
However, despite of the low Al content, highly active
catalysts were obtained and successfully utilised in the microwave-assisted oxathioacetalisation of cyclohexanone as test
reaction. The catalytic activities of Al-HMM were comparable
to those of sulfuric acid and signiﬁcantly superior to those
obtained with related solid acids including zeolites and acidic
resins.21 A large number of methodologies for the incorporation
of a variety of metals in mesoporous silica materials have been
reported and excellent reviews on this technique are already
available,22 so this strategy will be only brieﬂy described in this
article.
On the other hand, post-synthetic treatments are typically
used to immobilize bulkier chemical functionalities (e.g. metal
complexes) on the surface of mesoporous materials. Grafting
of diﬀerent moieties on mesoporous materials via condensation
with surface hydroxyl groups is a straightforward technique
which has been widely investigated over the years. Pioneer
work from Macquarrie and Fairﬁeld showed that a range of
siloxanes (e.g. 2-cyanoethyl and 3-aminopropyltrimethoxysilanes) could be directly incorporated or grafted on both
mesopores and external surfaces, rendering functional materials.23
A range of these functionalized materials were found to be
catalytically active in various processes including aldol and
Knoevenagel condensations and Michael additions.24,25

However, post-synthesis grafting of chemical moieties on
mesoporous materials has some well-known drawbacks which
include a poor control over the ﬁnal location and geometry of
the metal complex and/or partial blocking of the porosity.26
These limitations have indeed been cited as undesirable for a
number of important applications.26–30
Although new methods have been recently developed to
better control grafting by selectively functionalizing the silanol
groups populating either the mesopores or external surface of
the silica with the desired organic moieties, the process is still a
subject of debate. Obviously, selective functionalization and
conﬁnement of catalytically active sites within the mesopores
can oﬀer the possibility to obtain highly active catalysts.
In-depth studies on the existence of mesopore eﬀects can be
carried out in such materials to better understand reaction
mechanisms and processes.31
In 1997, Brunel et al.32 showed the existence of two domains
on the surface of mesostructured silica, a consistently hydrophobic portion and a hydrophilic portion. Further studies33
proved the preferential functionalization of mesoporous silica
using alkoxysilanes in apolar solvents and under anhydrous
conditions (the most used approach) on the hydrophobic
patches of the mesoporous surface, while the hydrophilic
domains are preserved. Unfortunately, the distribution of
these hydrophilic/hydrophobic patches on the mesoporous
surface has not been clariﬁed yet.
Two selective methodologies have been attempted for
selectively functionalizing the surface of mesoporous silica
materials, namely diﬀusion controlled passivation (for materials
containing 2–3 nm small mesopores)26,32 and pore protection
passivation (for materials with larger pores 6–8 nm).27–29,34
Both strategies focus on the deactivation of external surface
silanols via reaction with passivating agents [e.g. silylating
compounds such as trimethylsilylchloride (TMS-Cl) or
hexamethyldisilazane (HDMS)]. But special care has to be
taken with these procedures because, in most cases, these
methods result in the modiﬁcation of both the interior and
exterior surfaces of mesoporous silicas.26,35 The more eﬀective
pore passivation method has been recently described by
Crudden and Webb in their research endeavours to selectively
functionalize SBA-15 type materials (Scheme 1).36 In a ﬁrst
step, SBA-15 materials were reloaded with the surfactant
(P123) and then the hydroxyl rich external surface was
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Fig. 1 Immobilization of chemical functionalities in mesoporous
silica by in situ incorporation of metal nanoparticles, elements diﬀerent
from Si, organic groups, metal complexes in its pore walls.

Scheme 1 Mesopore selective grafting strategy of SBA-15 materials.

passivated with the silylating agent, followed by removal of
the surfactant via Soxhlet extraction to leave the intrapore
silanol groups accessible. The last step entailed the subsequent
functionalization of the mesopores with the desired organic
group (e.g. mercaptopropyl or aminopropyltrimethoxysilane).
The diﬃculty of this proposed selective grafting is the lack
of the literature comparing textural properties of such materials
with those synthesized using the conventional grafting
strategy as well as data on the overall eﬀectiveness of the
methodology.26–30 However, these authors managed to
demonstrate a preferential passivation of silanols at the
external surface exploiting diﬀerences in polarity (between
the external surface of SBA-15 and the corresponding
passivated material) via absorption of ﬂuorescent nanospheres.36 Strategies for improved silanol activation (e.g. at
low temperatures) will be highly desirable in this regard and
may have important implications in future selective grafting
procedures.
Despite the interesting features of the isomorphous
substitution and especially the recent elegantly devised
selective grafting approaches by the Crudden group, this
Feature Article is aimed to provide an overview of novel
strategies to incorporate in situ chemical functionalities in
the framework (not on the surface) of mesoporous materials
including metal nanoparticles, organometallic compounds
and metallic complexes through diﬀerent methodologies
(Fig. 1).
Although, it is still diﬃcult to exactly know where the
groups are located when the materials are prepared by
in situ incorporation, this technique produces a signiﬁcantly
more homogeneous distribution of the functional groups
within the silica. Moreover, it is possible, as described later,
to use the right interactions during the in situ formation of the
functionalized silica material to make sure that the chemical
functionality is incorporated in the silica framework and not
on its surface (Fig. 2). Finally, trapping the functional groups
in the walls of the material can limit the mobility of the
catalyst (in the case of metal nanoparticles and complexes)
and consequently the leaching and/or agglomeration of
the metal.
This journal is
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Fig. 2 Immobilization of chemical functionalities on mesoporous
silica via grafting on its surface (left) and incorporation inside its pore
walls.

3. In situ incorporation of functionalities in
mesoporous silica materials
3.1 General aspects and background
In situ functionalization via co-condensation has been widely
utilised to incorporate organic groups,37–39 nanoparticles40–44
and/or coordination compounds45–49 into porous materials.
Mercier and Pinnavaia described the synthesis of hybrid
organic–inorganic nanoporous silica by neutral amine surfactant
assembly.39 Unlike the grafting approach, materials functionalized by this technique retained considerably higher surface
areas and pore volumes. The organic moieties were preferentially
located on the surface of the mesoporous support rather than
within the walls (in a similar way to those highlighted in the
grafting protocols), possibly due to occlusion caused by the
surfactant micelles in the hydrophobic interior of the mesopores.
Obviously these evidences are remarkably dependent on the
surfactant, the organic group to be functionalized and the
degree of functionalization, but other reports have likewise
pointed to similar conclusions.46a
An alternative method of functionalization by co-condensation
was proposed to overcome the lack of control over surface vs.
pore functionalization. This approach involved a forced interaction of the hydrophilic head of the surfactant with the group
to be functionalized into the mesoporous network, ensuring
that all features added to silica are accessible through the
pores created by the surfactant. In any case, co-condensation
methodologies are truly challenging in terms of a selective
Chem. Commun.
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functionalization of species needed for a particular application
(e.g. sensors).
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3.2

Metal nanoparticles in mesoporous silica materials

Loading metal nanoparticles (MNP) on porous materials is a
widely used technique to prepare supported catalysts.51–60
Many nanostructured supports with uniform and controlled
porosity have served this purpose. Especially important and
widely studied is the case of ordered hexagonal mesoporous
silica MCM-41 materials, prepared by surfactant-assisted
self-assembly. Traditional post-synthetic deposition techniques
including conventional impregnation/reduction, ion-exchange
and chemical vapor deposition have in common the necessity of
a pre-existing mesoporous silica material as support to be
decorated with MNP.60
An extensive number of heterogeneous catalysts have been
prepared using these methodologies with numerous applications
in catalysis, sensors and optics.60–62
However, these materials generally have weak interactions
between the nanoparticles (NP) and the support, which may
lead to a poor dispersion in the material, especially if the NP
size is similar or larger than the pore size of the support. Even
if such NP are homogeneously loaded on the pores, they can
agglomerate and leach under reaction conditions (Fig. 3, top
part). Some of the limitations of traditional methodologies to
loading metal nanoparticles on porous supports are poor
dispersion of the MNP––preferentially on the most accessible
external surface of the support––their tendency to agglomerate
to reduce their large surface energies, partial leaching during
processing and reaction, and the diﬃculty to recover them due
to their small sizes.40,60
Several alternative techniques have been described to
stabilize MNP on porous supports to avoid these drawbacks,
preventing agglomeration as well as improving their handling
and recovery.51–60
Our group (among others) has devised a novel strategy to
in situ incorporate nanoparticles within the internal structure
of the support, being totally or partially embedded in the walls
of nanostructured materials.40,44 The agglomeration and
leaching of nanoparticles can be reduced while maintaining
the accessibility to reactants (Fig. 3, bottom part).

Fig. 3 Metal nanoparticles in mesoporous silica materials on the
porous surface, using the preexisting support (top) as compared with
the incorporation into the support structure (bottom).

Chem. Commun.

To ensure the adequate incorporation of the MNP into the
silica framework, the particles can be ﬁrstly functionalized to
allow for the appropriate interaction between the functional
groups of the MNP and the silica precursor––typically tetraethoxysilane (TEOS)––during the formation of the mesoporous
silica.40,42–44
Corma et al. reported the synthesis and use of
N-[3-(triethoxysilyl)propyl] O-2-(dicetylmethylammonium)ethyl
urethane as a ligand stabilizer for gold NP.42 This molecule
interacts with MNP through the quaternary ammonium ions
and co-condensed with tetraethoxysilane (TEOS) during the
formation of the silica through the terminal triethoxysilyl
groups. The formed solid exhibited a high catalytic activity
for the solventless, aerobic oxidation of alcohols to carbonyl
compounds in the absence of base, not being very stable in
aqueous media.42
These preliminary ﬁndings were followed by two subsequent
reports from the same group.43,44 In both cases, a mixture of
1-dodecanethiol (DT) and 3-mercaptopropyl trimethoxysilane
(MPTMS) was used to stabilize gold43 and palladium44 NP.
The polymerization of these units with TEOS allowed the
formation of accessible MNP embedded on an ‘open’ spongelike silica material, with interesting applications in catalysis
(Fig. 4).
The Au–silica material exhibited a superior rate of reaction
in CO oxidation compared to similar silica catalysts prepared
using traditional methods and a comparable activity to that
obtained for Au–TiO2 catalysts. On the other hand, the
Pd–silica catalyst was found to be a suitable catalyst for the
Suzuki–Miyaura coupling of electron-rich aryl bromides,
reaching turnover numbers (TON) comparable to reported
values for the most active homogeneous phosphine–Pd catalysts.
Diﬀerent leaching tests carried out during this work revealed
that the activity in the systems could be partially attributed to
the leaching of Pd species from the solid catalyst.44
The strategy developed by our group allowed us to incorporate
Pd MNP in the walls of well-ordered mesoporous MCM-41
type silica materials.40 The ﬁrst step was the synthesis of the
MNP, using a methodology for the synthesis of Pd MNP with
a narrow particle size distribution and particle sizes between 1
and 3.5 nm, depending on the synthetic conditions (Fig. 5). Pd
MNP were synthesized in toluene and easily transferred into
water without any change in particle size, distribution or
stability, which was a key point for their further incorporation
into silica materials.50

Fig. 4 Schematic representation of metal nanoparticles capped with
DT and MPTMS and the silica structure. Reproduced with permission
of Elsevier from ref. 43.
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Fig. 5 HR-TEM image of a sample showing the fringes of the
palladium nanoparticles. Inset shows the corresponding Fast Fourier
Transform (FFT) revealing the lattice periodicities of palladium
nanoparticles.

In the next step, two diﬀerent approaches were successfully
employed for the in situ incorporation of Pd MNP (1–2% Pd)
into the mesoporous silica structure:
(i) functionalization of MNP with cationic groups to induce
the formation of silica around them by a M+I mechanism,
similar to that proposed for the synthesis of mesostructured
materials with cationic surfactants (namely S+I). The use of
4-dimethylaminopyridine (DMAP) as a capping agent during
the MNP synthesis provides Pd–DMAP units with a cationic
shell composed of quaternary amines similar to that of
cetyltrimethylammonium bromide (CTAB) utilised as a cationic
surfactant in the synthesis of MCM-41 silica materials;
(ii) modiﬁcation of Pd MNP with a thiol-terminal
triethoxysilane and subsequent co-condensation with the silica
precursor, typically tetraethoxysilane (TEOS), during the
support formation.
Fig. 6 shows a schematic representation of the functionalized
nanoparticles using both methods, and carried out in the
presence of CTAB, to induce the formation of controlled
and uniform mesoporosity. Materials obtained possessed a
typical MCM-41 type silica structure with high surface areas
(B1000 m2 g1), ordered mesoporosity and highly dispersed
metal nanoparticles into their structure (Fig. 7).
Small nanoparticles (average sizes of ca. 3.0 and 3.8 nm for
MPTES and DMAP, respectively) could be observed in the
1 wt% Pd:MCM-41 catalysts upon calcination at 550 1C.
In both cases, and taking into account the high temperature
employed to calcine the ﬁnal materials, we may conclude that

Fig. 6 Scheme of the functionalized Pd nanoparticles with (i) cationic
groups (DMAP) to induce the formation of silica around them and (ii)
with organotrialkoxysilane precursors (MPTES) for the co-condensation of functionalized-nanoparticles with silica precursors.
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Fig. 7 Representative TEM images of 1 wt% Pd:MCM-41
synthesized using DMAP-functionalized Pd nanoparticles before
(top) and after calcination at 550 1C (bottom). Scale bars represent
20 and 50 nm, respectively.

particle growth and agglomeration phenomena during calcination were minimised in our approach and were clearly
dependent on the quantity of Pd in the ﬁnal material and
the temperature during the synthesis.
The use of these Pd MNP embedded materials in catalysis
was found to provide improved catalytic activities and stabilities
as compared to materials with similar textural and structural
properties prepared by incipient wetness impregnation/reduction.
In particular, turnover frequencies (TOF) of these MNP
embedded Pd-MCM-41 materials were 7 times larger in
the cyclooctene hydrogenation at 50 1C in toluene (reaction
conditions: mol cyclooctene g1 cat. = 0.15, PH2 = 5.2 bar) as
compared to materials prepared using the aforementioned
conventional methods. Similarly, TOF values of our materials
were 4 times as good as those of impregnation–reduction
prepared materials in the Heck coupling between iodobenzene
and styrene. Hydrogenation of cycloalkenes is a structuresensitive reaction.63,64 Therefore, the diﬀerent particle size and
distribution of the catalysts may account for their diﬀerent
behavior. The improved results for the Heck reaction cannot
however be fully explained on the basis of diﬀerent MNP sizes
and distribution as this reaction does not normally show
particle size dependence. We believe that this diﬀerence in
activity is due to the immobilised system which gives more
stable catalysts. Migration of Pd to solution during C–C
coupling reactions is one of the main drawbacks associated
Chem. Commun.
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water/acetonitrile mixture) could be functioning as a template
in the solid state or even reorganising under microwave irradiation to reform the amine and then acting as SDA.66
Materials were also found to be catalytically active in
several processes such as the S-arylation of thiols with aryl
iodides67 and the homocoupling of terminal alkynes.66
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3.3 Ordered mesoporous organosilica materials (PMOs)

Fig. 8 TEM micrographs of (A) HMS prepared under microwave
irradiation (200 W, 60–100 oC, 15 min); (B) Cu-MINT and
(C) Ru-MINT. Reproduced with permission of the Royal Society of
Chemistry from ref. 65 and 66.

with heterogeneous catalysts in these reactions. Leaching Pd
test during Heck reaction for both catalysts (embedded vs.
impregnated) resulted in 3 times less Pd in solution for the Pd
embedded materials as compared to those of impregnated Pd.
With regards to embedded MNP on silica materials, we also
recently devised a novel microwave-assisted co-precipitation
approach in which transition metals (e.g. Fe, Cu) and metal
oxide NP could be incorporated within the framework of
hexagonal mesoporous silica (HMS) type materials in view
of their catalytic applications in liquid phase reactions.65,66
Interestingly, in spite of the expected decoration of the functionalized silica materials with NP, their morphology was
found to be composed of nanotubular/ﬁbrous domains as
compared to the conventional spherical morphology in metalfree HMS materials (Fig. 8, top). Materials were denoted as
Metal-MINT where MINT stands for Microwave Induced
NanoTubes. This methodology could be extended to several
metals including Ru, Co, Ni for which the clear formation
of supported nanoparticles could also be observed (Fig. 8,
bottom).65,66 A plausible explanation for the formation of
such nanostructures was proposed, involving the coordination
of the metal precursors to n-dodecylamine to give MLnX
complexes (where L is the amine and X are the halides present
in the metal precursor) which act as structure directing agents
(SDA). This coordination will increase the charge density of
the micelles when formed (thus making them straighter).
Metal cations may also coordinate to the head group of the
micelle increasing its head volume, thus shrinking them giving
no mesopores (in good agreement with porosity data conﬁrming
the exclusive presence of micropores in such materials). These
cationic species could also interact with the silica precursor
(TEOS) that will polymerize around the micelles, giving rise to
the observed nanotube-like domains.
Another alternative, which could be considered, that does not
consider the role of MLnX as a structure directing agent, deals
with the potential role of a formed coloured precipitate found in
the absence of TEOS as SDA. This precipitate (formed upon
mixing of the metal precursor with n-dodecylamine in a
Chem. Commun.

Related mesoporous materials have been synthesized using
supramolecular assembly of surfactant molecules and inorganic
precursors after the discovery of the ordered mesoporous silica
MCM-41.1 Surface functionalization of such materials by
covalent bonding of organic species on preformed silica by a
post-synthetic grafting approach, co-condensation one-pot
synthesis or direct condensation of bis-silanes has become
the most common approach to tune the hydrophobicity/
hydrophilicity of the surfaces in such porous materials.
A new family of materials was then reported by changing the
precursor to bridged organosilane compounds. These materials
were commonly denoted as periodic mesoporous organosilicas
(PMOs).68 In PMOs, the use of bridged organosilane precursors
of the type (CH3(CH2)nO)3Si–R–Si(O(CH2)nCH3)3 allows the
homogeneous integration of organic species into the walls of a
mesoporous matrix through covalent Si–C bonds, compared to
the organosilica materials obtained via the grafting method.
The organofunctionalized materials thus combine the
enormous functional variations of organic chemistry with
the advantages of a stable inorganic support. Numerous
organoalkoxysilanes (R–Si(OR 0 )) have been covalently immobilized onto mesoporous silica materials leading to new hybrid
materials with interesting applications in biocatalysis,69
separation and decontamination,70 chromatography71 and drug
delivery.72 In these cases, the reported co-covalent method
gives a more homogeneous dispersion of the organic group
attached to the porous walls. In general, PMOs also show a
better distribution and high quantities of organic groups
within the framework walls as well as more uniform pore size
distributions,73 which lead to unique properties improving
mechanical and hydrothermal stability of pure silica materials.74
Moreover, the functionalization of siliceous materials creates a
monolayer of organic groups on the surface of the material
that can be easily cleaved and/or partially removed during
the application of the material, leaving totally exposed the
hydrophilic silica surface75 (Fig. 9).
Unfortunately, the majority of the organic bridging groups
in the existing PMOs are chemically inert due to the rigidity
prerequisite of the bridging groups and the limited availability
of bridged silane precursors.76 Many eﬀorts have been made
from the original reports to enrich the compositions of PMOs
through, for example, the incorporation of a second functional
group during the synthesis for potential applications in catalysis,
separation or adsorption77,78 (see Section 3.5).
A recent example from Esquivel et al. demonstrates that
sulfonated phenylene-bridged PMO materials were highly
active and selective in the esteriﬁcation of acetic acid with
ethanol, particularly those calcined under air.79
For more information on reports in this area of recent
intensive research eﬀorts, readers are kindly referred to recent
This journal is
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Fig. 9 Comparison of mesoporous silica organofunctionalized (left)
with periodic mesoporous organosilicas (right).

reviews on PMOs published by diﬀerent research groups75,76,80
and detailed reviews on new strategies to synthesize hybrid
materials.81
3.4 In situ incorporation of metal complexes in mesoporous
silica materials
One of the current challenges in catalysis is the immobilization
of catalytically active coordination compounds on stable
supports (heterogenized catalysts) with at least comparable
catalytic properties to those of the unsupported metal complexes
(homogeneous catalysts). The goal of heterogenizing catalysts
is to minimise the recovery and recycling of the metal complexes
and the possible agglomeration of the metal during its use.78
The heterogenization of metal complexes on mesoporous
silicas has been typically carried out using pre-existing supports
in a similar way to the previously reported immobilization of
metal nanoparticles.
Materials prepared by these methodologies have improved
properties such as stability and accessibility of reactants,
making them good candidates for heterogeneous catalysts.
The immobilisation generally takes place via anchoring of
one or more ligands of the complex to the support. Subsequently,
these ligands are reacted with the metal to ﬁnally obtain the
desired catalyst.38 However, this approach presents important
main drawbacks like poor dispersion of the complexes on the
support, the diﬃculty to prepare and control certain structures, as
well as the characterisation of the ﬁnal complex obtained.
A novel approach recently published involves the synthesis
of metal complexes with ligands containing trialkoxysilane
terminal groups. The in situ incorporation of these complexes
takes place in the co-condensation step of the complexes with
the silica precursor during the formation of the mesoporous
material. In these new hybrid materials, the metal complex is
part of the silica framework in a similar way to that of organic
groups in PMOs (see Fig. 9B).68
Moreover, it is possible to incorporate, at the same time,
organic groups and organometals into the silica framework. Li
and co-workers46a have been working in the preparation of a
Ru(II) mesoporous organometallic catalyst. They reported a
heterogeneous Ru(II) organometallic catalyst based on surfactantdirected co-condensation of RuCl2[PPh2–(CH2)2Si(OEt3)3]3
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and TEOS. RuCl2(PPh3)3 was chosen as a good example of
an organometallic catalyst widely utilised in organic syntheses
as well as in heterogenised catalysts. For comparison purposes,
the Ru(II) organometallic catalyst was also immobilized into
the silica by a grafting method. The activity of the homogeneous counterpart was reduced in the supported material in
good agreement with literature reports despite its good activity
as compared to other examples in which poor activities and
selectivities were obtained.82–86
Interestingly, if the metal complexes were inserted via a
grafting method, the mesopore channels were found to be at
least partially blocked, causing a much bigger reduction of the
catalytic eﬃciency due to diﬀusional issues.
Our group has recently developed a facile aerobic,
room temperature, one-pot synthesis preparation of diﬀerent
metal organic/inorganic MSU-X type materials (N0I0 route)
incorporating various cationic Pd(II) complexes into the silica
framework (containing amine, pyridine or phosphine ligands)45
as an alternative to grafting (Fig. 10). The catalytic performance
of these materials was investigated in the Suzuki–Miyaura
coupling reaction of phenylboronic acid with various aryl
bromides under solvent-free conditions using both magnetic
stirring and ball-milling. The absence of organic solvents during
the synthesis process of complexes as well as during the
preparation of the hybrid material and catalytic reaction,
respectively, led to reduced environmental impact and costs of
these types of reactions.
Diﬀerent functionalized mesoporous silica materials could
be obtained by co-condensation of three Pd(II) complexes
containing trialkoxysilane terminal groups with TEOS in the
presence of Triton X-100 as a structure directing agent. Pd(II)
complexes were synthesized using 3-aminopropyltriethoxysilane
(APTS), 2-(diphenylphosphino)ethyltriethoxysilane (PPETS)
or 2-(4-pyridylethyl)triethoxysilane (PETS) as ligands. The
proposed synthesis preserved the integrity of the Pd(II) complex
in the silica framework, even when weak ligands such as
primary amines were employed. This was mainly due to the
mild conditions utilised in our methodology including room
temperature and/or neutral pH.
These complexes were fully characterized before the formation
of mesoporous materials by elemental analysis, spectroscopic
techniques and mass spectrometry. Their structures have been
resolved by X-ray spectroscopy conﬁrming their trans conﬁguration (Fig. 11, left). The presence of only one stretching

Fig. 10 A metal complex incorporated inside the walls of the pores of
a mesoporous material (left) as compared to that immobilised by
grafting on the surface of a mesoporous material (right).
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Fig. 11 Perspective views of the X-ray molecular structures of
complexes Pd–APTS (top, left) and Pd–PPETS (bottom, left) and
their corresponding IR spectra (right).45

n(Pd–Cl) vibration in the FTIR spectra is in accordance with
the trans conﬁguration of the complexes (Fig. 11, right).
The incorporation of the Pd(II) complexes into the mesoporous
silica support can be inferred from FTIR, Raman and DRUV
spectra. Materials prepared via co-condensation of complexes
exhibited identical characteristic visible absorption bands to
those of the parent complexes thus conﬁrming their preservation
during preparation (Fig. 12).
The mesoporous nature of the extracted materials was
conﬁrmed by nitrogen adsorption isotherm at 77 K (Fig. 13).
All materials show type IV isotherms with a ﬁrst distinctive
nitrogen uptake at P/P0 = 0.5 due to the capillary condensation of nitrogen inside the mesopores. The incorporation of
the metal complexes into the MSU-X type silica materials
produces a second adsorption process at P/P0 4 0.8, which is
characteristic of textural interparticle meso/macroporosity.
TEM analysis does not reveal Pd nanoparticles formation
(Fig. 14). Pd(II) was atomically dispersed as Pd–PTES complex
in MSU type silica. Similar results were found for APTS and
PPETS-based materials. TEM images show the non-ordered
worm-like structure of the catalysts, typical of MSU-type
materials. The bimodal porosity of the samples was also

Fig. 12 Diﬀuse reﬂectance UV-vis spectra of complexes (dotted lines)
and hybrid materials (solid lines). Spectra were collected using SiO2 as
reference. Reﬂectance data were converted to the Kubelka–Munk
function which correlates to the absorbance of the complex.45
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Fig. 13 N2 physisorption isotherm proﬁles of samples incorporating
Pd(II) complexes into MSU type silica (1 wt% Pd:SiO2). The isotherm
of a complex-free MSU type silica (black) has also been included for
comparison purposes.45

conﬁrmed by TEM analysis, with regular intraparticle mesopores and large interparticle meso/macropores.
A complete chemical integrity of the metal complex was
achieved using this method after surfactant extraction, as
conﬁrmed by spectroscopic techniques. The homogeneous
distribution of Pd(II) within the mesoporous structure was
also conﬁrmed by EDX coupled with electron microscopy.
In terms of catalytic activity, results obtained in the investigated processes were generally better as compared to those
obtained in the absence of solvent and at room temperature.
Particularly, the use of chemical–mechanical agitation (ball
milling) greatly improves the mixing of reagents and catalyst
when the reaction is carried out with solid substrates (e.g.
4 0 -bromoacetophenone) and solid catalysts in the absence of
solvent. Conversion values up to 65  10% and 78  8% for
mesoporous Pd(II) phosphine and Pd(II) pyridine silica materials
were obtained respectively. The possibility to work under
solvent-free conditions signiﬁcantly reduces the operating
costs and the environmental impact of the process.45
Another of the methods to successfully incorporate organic
groups into mesoporous silica materials is based on the use of
anionic surfactants for the synthesis of the mesoporous solid
(SN+I). Coupled with the multitude of materials that can
be prepared via an anionic synthesis route, one of the main
advantages of these syntheses compared with neutral or
cationic surfactants is the prior existence of a high production
of anionic salts (mainly for the detergent industry) which in
theory could signiﬁcantly reduce process costs. A wide variety
of anionic surfactants is currently commercially available
including carbonates, sulfates, sulfonates and phosphates. Some
of these are regarded as environmentally friendly as they are
biodegradable and derived from natural and/or renewable
resources,87 for example, salts of fatty acids or amino acids.
The synthetic route to anionic surfactant templated mesoporous silicas (AMS) was originally proposed by Tatsumi
et al.88,89 Cationic functional groups were utilised as
co-structure directing agents (CSDA) which under appropriate
synthesis conditions interact electrostatically with the
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Fig. 15 Schematic representation of the interaction of a cationic
complex with an anionic surfactant and the silica network.

Fig. 14 TEM micrographs of MSU_PdCl2(PETS)2 (1 wt% Pd:SiO2)
before (top) and after (bottom) surfactant extraction.

hydrophilic head of anionic surfactants, while their alkoxysilane
groups condense with TEOS to form the silica network.90 A
very good overview of the preparation of functionalized
mesoporous silicas via CSDA routes has been recently reported
by Gao and Che.91
We have carried out the incorporation of cationic complexes
in mesoporous siliceous structures using this proposed anionic
route.92 Whereas some studies have reported the incorporation
of cationic complexes into the structure of silicas during their
synthesis,47–49 their ability to act as co-directing agents of the
structure via the anionic route has not been reported to date.
The ﬁnal aim is to ensure the incorporation of the complex in
the mesopores of the material.
The proposed method employs cationic complexes containing
terminal triethoxysilane groups as CSDA. The cationic complexes interact electrostatically with the anionic surfactant and
co-condense with TEOS, inducing the formation of silica
structures around surfactant micelles, as shown in Fig 15.
For this purpose, several Cu(II) and Ni(II) complexes
containing primary amine ligands with terminal triethoxysilane
groups were synthesized. Preliminary results have shown that
the proposed route can signiﬁcantly increase the quantity of
the complex that can be incorporated into the material (close
to 9 wt% and 5 wt% for Cu(II) and Ni(II) complexes, respectively) as compared to other synthetic routes including surface
functionalization.
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A key point to retain the functional organic groups on the
surface of the mesopores in these materials is closely related
to an eﬃcient surfactant extraction. Among the traditional
methods utilised for the removal of cationic or non-ionic
surfactants,93–96 solvent extraction has been proved to give
the optimal performance. However, the strong electrostatic
interactions between the anionic surfactant and the CDSA
decrease the eﬀectiveness of the process. Recently, Zheng
et al.97 developed an eﬃcient ion-exchange extraction method
for anionic surfactant removal in AMS materials. Based on
this approach, an eﬃcient surfactant extraction was achieved
in both Cu and Ni-based materials preserving at the same time
the structure of the complexes.92,98
Another interesting approach developed by our group deals
with the synthesis of a novel family of hybrid materials based
on the anionic surfactant mediated precipitation of complexes
of Ni(II) with terminal triethoxysilane groups as ligands in the
absence of TEOS. These materials open the possibility of novel
mesoporous metal complexes [M(LSiO3/2)n]mA (where A is the
counter-anion surfactant extraction).
3.5 Extension of proposed strategies to combine chemical
functionalities in mesoporous materials
Several of the routes proposed in Fig. 1 can also be combined
in order to obtain new supramolecular systems with improved
properties and applications (e.g. the incorporation of metal
complexes into the structure of PMOs).
In 2003, Corriu and co-workers47 reported the synthesis of
mesoporous hybrid materials containing two transition metal
ions, one in the framework and the other in the channel pores.
This work reported the preparation of metal–cyclam complexes
of Cu and Co with terminal trihydrosilyl groups which can
co-hydrolyse and polycondensate with TEOS. To obtain a
mesoporous material containing the transition metal salt in the
framework in good yield, a solution of surfactant pluronic
triblock copolymer in a mixture of organic solvents (MeOH
and decane) and water has to be used. Subsequently, it is
possible to immobilize the other metal complex in the mesoporous material by grafting of the metal–cyclam complex but
using Si(OEt)3 groups in its ligands in place of the SiH3 used
for the co-condensation.
PMOs can also be employed as supports of metal complexes.
Li et al. recently reported the ﬁrst mesoporous periodic
organometalsilica with both organometal and organic fragments
incorporated into the silica framework.46b,c Materials showed
high eﬃciencies as catalysts in aqueous organic reactions. In
the past two years, these authors have utilised this approach to
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synthesize diﬀerent mesoporous organometalsilicas containing
Au(I), Ru(II), Rh(I) or Pd(II) with diphenylphosphine ligands,
which exhibited similar activities and selectivities to their
corresponding homogeneous organometallic counterparts
and remarkably superior to those of the immobilised catalysts
obtained via grafting. Nevertheless, organic co-solvents, acidic
conditions (pH 1–2) and hydrothermal treatments (100 1C)
were still required in the synthesis of such materials. The
necessity to work with stable complexes in acidic environments
and hydrothermal conditions is one of the inherent downsides
of this approach which also limits the application of the ﬁnal
materials.
Very few examples of mesoporus organosilicas synthesized
under neutral pH conditions and room temperature can be
found in the literature.99 In this regard, we have incorporated
Pd(II) complexes in organosilicas under mild conditions,
i.e. close to neutral pH, room temperature, and atmospheric
pressures.92,98 This strategy could potentially extend the scope
of the synthesis to a number of complexes which could not be
utilised under acidic or high temperature conditions, in the
framework of novel mesoporous materials. The mild synthesis
conditions under which the mesoporous materials are typically
prepared include low reaction temperature and neutral pH to
preserve the integrity of the Pd(II) complexes. This has been
conﬁrmed by spectroscopic techniques.92,98
Our preliminary studies on the synthesis conditions
of mesoporous organosilicas with metal complexes in their
structures showed dramatic changes in their properties by
small modiﬁcations of the synthesis conditions including
reaction time or temperature. For instance, higher reaction
temperatures gave rise to larger mesopore sizes while longer
reaction times generally decreased pore size.92,98
The catalytic activity of these materials has been investigated
in the oxidation of styrene with H2O2. High activity but low
selectivity toward acetophenone and benzaldehyde was observed
in a solventless environment. Comparatively, low activity and
high selectivity were found when using acetonitrile as solvent.92,98
Finally, a comparison between the properties of mesoporous
organosilicas and their siliceous counterparts conﬁrmed that,
under identical synthetic conditions, the textural and structural
properties of the mesoporous silica are superior to those of
mesoporous organosilica. These observations highlight the
well-known interaction between surfactants and silica precursors
and point out the synthetic challenge posed by the control over
the mesoporosity of organosilicas.

4. Future prospects and outlook
Current techniques to incorporate various chemical functionalities in mesoporous materials, such as metal nanoparticles
loading and the immobilisation of chemical moieties by grafting,
suﬀer from important limitations such as partial pore blocking,
heterogeneous distribution on the support and leaching under
diﬀerent reaction conditions. The new strategies herein described
allow for a more controllable functionalization of mesoporous
materials overcoming some of the aforementioned drawbacks.
However, such incorporation of functionalities is generally
accompanied by a reduction in the textural and structural
properties of the materials.
Chem. Commun.

Future research eﬀorts will likely be devoted to the development of novel synthetic methods to better control and/or
direct the functionalization depending on the application.
Elegant examples including those of the Crudden group and
others can hopefully contribute to a major step forward in the
selective functionalization of mesoporous silicas.
With regards to nanoparticles, transition metals (Fe, Cu,
Co, Ni for catalytic applications and Co and Ni for nanomagnets properties) are likely to follow the steps of noble
metals including Au, Pt, Pd in future research endeavours.
Following our preliminary reports on Fe and Cu oxide
nanoparticles embedded on porous materials, methodologies
to control the deposition of the NP within the mesostructure in
the synthesis protocol could add value to the preparation of
such materials in view for example of their catalytic
applications.
In addition to conventional mesoporous silicas, alternative
silica supports may take the lead in future years, especially
zeolites with hierarchical mesoporosity and/or related materials
with acidic or redox properties that can produce multifunctional
catalytic materials. Regarding novel chemical functionalities,
we envision the incorporation of biological and bioactive
moieties, luminescent compounds, molecular magnets and
sensors in mesoporous materials, among others.
Some groups, including ours, are already working on
controlling the morphology of mesoporous siliceous solids.
The incorporation of chemical functionalities in these materials
will lead to novel properties derived from the combination of
the physical (due to the morphology) and chemical (due to the
incorporation of functionality) properties of such systems.
The next step is the evaluation of these novel functionalized
materials in diﬀerent applications. Most of the work from our
group has been focused on catalysis (activity, selectivity,
mechanisms and reusability/deactivation of the catalysts)
and more recently on biomass valorisation as well as biofuels.
The application of functional nanostructured materials for
energy applications is indeed foreseen as one of the most
fruitful and promising research avenues of interest to our
future society. New functional materials with applications in
other areas such as optics and sensors (through the use of
luminescent coordination compounds) are also envisioned.
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