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Abstract: Based on a molecular approach combining controlled surface chemistry, advanced spectroscopic
methods, in particular solid-state NMR, and computational chemistry, it is possible to develop single-site species
and to control the growth of nanoparticles on supports. This allows the generation of highly efficient catalysts
combining the advantages of both homogeneous and heterogeneous catalysts and function materials with
defined properties.
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to design functional materials with appli-
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reminiscence of his childhood spent in the
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1. Background, Motivation and
Strategy

Bridging the gap between homoge-
neous and heterogeneous catalysis has
been our playground for the last fourteen
years, trying to use molecular approaches
to design and understand heterogeneous
catalysts.[1] This research topic stems from
the fact that heterogeneous catalysts typi-
cally suffer from a lack of understanding of
the structure of their active sites – prevent-
ing the use of structure–reactivity approach
towards their improvements – while they
offer great advantages in terms of chemi-
cal processes (separation, recycling and
regeneration of the catalyst) over homoge-
neous catalysts.

Our research effort has thus focused on
generating well-defined sites at the surface
of materials and at characterizing them at
the molecular level, so that structure–re-
activity relationships could be drawn and
more rational development implemented
as is typically performed in homogeneous
catalysis. This combined with a computa-
tional approach allows refining structures,
understanding their spectroscopic signa-
tures and reactivity to in fine generating
more predictivemodels and lead-structures
for rational design of catalysts. Obviously,
this approach/methodology is certainly
not restricted to the conception of hetero-
geneous catalysts, which are essential to
develop sustainable chemistry and tackle
energy and environmental problems, but it
also opens new avenues to design function-
al materials at the molecular level where
surfaces and surface interactions are key to
their properties, for instance in bio-probe
for imaging, sensing technologies, gas pu-
rification and storage, electronic applica-
tions to name but a few.

Overall an approach relying on struc-
ture–property relationship implies control
of the surface chemistry of materials and
detailed characterization of surface spe-
cies. In the following section, we thus

describe the methods employed and de-
veloped in our laboratory to understand
surfaces at a molecular level, to control
site density towards ‘single-site’ species,
to introduce diversity in oxide solids, and
to control the growth of nanoparticles on
supports.

2. Understanding Surfaces at a
Molecular Level: Tools

If one wants to control the chemistry
at the surface of materials, it is necessary
to obtain a detailed understanding of the
surface functionality (type and density);
this obviously requires the use and de-
velopment of advanced spectroscopic
methods in order to refine the structure
of surface species as well as the bulk of
the solid. This implies using surface sci-
ence as well as solid-state structural inves-
tigation techniques, but also utilizing and
transposing the spectroscopic methods of
molecular chemistry to surface chemistry.
Transmission or scanning electron mi-
croscopy (TEM and SEM) in combination
with N

2
adsorption or chemisorption ex-

periments give very important information
about the texture, the shape, and the size of
the materials. X-ray crystallography is also
an essential tool to understand the struc-
ture of solids. While ideal to characterize
the bulk of crystalline materials, it requires
periodicity and is thus rarely applicable to
surface chemistry. It can be replaced by
XANES and EXAFS, which provide criti-
cal information about the oxidation state,
the geometry and the coordination sphere
of the surface sites (distance, geometry and
number of neighbors). This can be com-
plemented by UV-Vis spectroscopy and
surface science techniques (XPS, Auger).
Vibrational spectroscopy (IR and Raman)
is also a very powerful tool giving critical
information about surface functionalities
and their density; it is particularly useful
to monitor chemical transformation of sur-
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bis-grafted – to the support (Fig. 1c), thus
increasing its stability.[10] This can also be
achieved by post-thermal treatment, typi-
cally in the presence of H

2
, of grafted spe-

cies, which, upon reaction with adjacent
siloxane bridges, are transformed in mul-
tiply bonded species (Fig. 1d).

Similarly, the OH density of γ-alumina
can be controlled via partial dehydroxyl-
ation under vacuum, but here the surface
chemistry is more complex since there are
different types of OH groups and since

face functional groups. In molecular chem-
istry however, one of the most powerful
methods to probe local structure, environ-
ment and dynamics is clearly NMR (and
EPR) spectroscopy. In surface chemistry,
NMR mainly suffers from the low concen-
tration of surface species combined with
the inherent low sensitivity of the methods
(this is not the case for EPR). This has been
however circumvented by labeling the
sample or by using methods to selectively
enhance the signals of surface species such
as polarization techniques (relying on i)
abundant nuclei, typically protons, ii) Xe,
or iii) more recently electrons in a tech-
nique named Surface Enhanced NMR).[2–7]
Of these methods, we try to exploit in par-
ticular the NMR signatures of surface sites
to understand their structure and dynam-
ics.[8] This involves studying directly the
ligands attached to the metal sites, using
probe molecules such as N

2
, H

2
, CH

4
, CO

or PMe
3
or even reactants in order to trap

reaction intermediates.[9] Spectroscopic
investigations are best carried out when
combined with computational chemistry
in order to assign spectroscopic signatures
to specific surface species.

Overall, these techniques/tools are crit-
ical to provide very detailed information
allowing surface structures to be character-
ized at the molecular level. Thus our group
uses and/or develops these techniques, typ-
ically in close collaboration with experts
in the field; this is particularly the case
for NMR spectroscopy and computational
chemistry.

3. Controlling Site Density towards
‘Single-site’ Species: Method I

Heterogeneous catalysts are typically
composed of a support, which is very often
an oxide such as silica, alumina or alumino-
silicates. In view of controlling active site
density and generating supported single-
site catalysts, it is thus of prime importance
to understand the surface composition of
the support and to control the types and the
densities of surface functionalities.[10]

For oxides of general formula E
x
O

y
, the

surface presents E-O-E and E-OH termi-
nations, whose types and densities can be
modulated by thermal pre-treatment under
vacuum or a gas flow.

For instance, silica nanoparticles can
be treated up to 700–800 °C without sig-
nificant loss of surface area, and the OH
density decreases almost exponentially
between 200 and 800 °C by condensation
of neighboring OH groups with production
of H

2
O and siloxane bridges of increasing

strain (Fig. 1a).At 700 °C, a surface cover-
age of ca. 1OH.nm–2 is obtained, where the
OH groups are mostly isolated and present
a sharp signal in the IR spectrum at 3747

cm–1. By and large, metal complexes react
with these isolated surface silanols via re-
placement of one M–X by a M–OSi ligand
(Fig. 1b). This yields well-defined and site
isolated surface species mono-grafted to
silica,[10] which display catalytic perfor-
mances often greater than their homoge-
neous counterpart, e.g. in alkene meta-
thesis.[11] Additionally, using lower ther-
mal treatment for silica and thus increasing
silanol density provides a way to generated
surface species multiply grafted – usually
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surfaces can be viewed as rather limited as
they can mainly provide O-terminated li-
gands.With the idea of conserving the ben-
eficial effect of site isolation andmolecular
control, one of our research interests has
been to generate materials with perfectly
distributed organic functionalities at the
surface of an inorganic matrix like silica.
Such materials have been developed in the
past few years through the synthesis of
meso-structured hybrid organic–inorganic
materials. Prepared in the presence of a
structure-directing agent, a surfactant, al-
lows the regular distribution of the organic
functionalities in the pore or even the wall
of the solid.[19] Our contribution has been
to selectively link organometallics on these
organic functionalities while generating
an unreactive surface through typically
passivation of the surface silanols. This
powerful approach provides well-defined
metal centers attached to the support by
a strong M–ligand bond. This has led to
the preparation of immobilized catalysts
combining the catalytic performance of
their homogeneous analogues and the pos-
sibility of recycling of heterogeneous cata-
lysts. We have so far developed catalysts
for the C–H bond functionalization, the
metathesis of alkenes, and the hydrogena-
tion of CO

2
(Fig. 3).[20–22] This promising

approach is clearly applicable to a broad
range of ligands so that most – if not all
– homogeneous catalysts can be made het-
erogeneous and so that the development of
functional materials for various applica-
tions is possible.

Lewis acid sites are exposed upon ther-
mal treatment (Fig. 2). This results from
the presence of tetrahedral and octahedral
sites in the bulk of γ-alumina (1:3 ratio of
Td and Oh). Through detailed investiga-
tions combining spectroscopic methods
and computational chemistry, the IR sig-
natures of each type of OH groups can be
identified. Moreover, we have shown that
the structure of the so-called defect sites of
γ-alumina corresponds to tri-coordinated
Al sites (Al

III
), which are at the same time

stabilized and activated by water! Water
stabilizes the 110 termination that exposes
the Al

III
sites and increases the Lewis basi

city of adjacent O atoms without affecting
the Lewis acidity of Al

III
site at low water

coverage, thus providing a highly reactive
Al,O frustrated ion pair. This explains the
high reactivity of partially dehydroxylated
alumina towards small molecules like H

2
,

CH
4
and N

2
.[10,12–14]

It also explains the formation of high-
ly reactive surface species. For instance,
grafting alkyl zirconium derivatives such
as [(tBuCH

2
)
4
Zr] generates cationic in-

termediates, which are highly active po-
lymerization catalysts (Scheme 1a).[15]
In a different way CH

3
ReO

3
is activated

upon adsorption on γ-alumina, through the
C–H bond activation of the methyl ligand,
which generate a µ2-methylene species,
which corresponds to the resting state of
a highly active alkene metathesis catalyst
(Scheme 1b).[16,17]

These examples clearly illustrate our
approach, and the critical need to under-
stand surface structures of metal oxides as
a first step towards the generation and the
designof highly active catalysts.Therefore,
our group invests major research efforts to-
wards the molecular understanding of met-
al oxides, thus allowing design of well-de-
fined metal sites. We have mainly focused
so far on generating single-site catalysts,
but we have also shown that this principle
can be used to tune the luminescence of
silica nanoparticles.[18]

This has led us over the years to de-

velop a technological platform to tackle
this question: it involves the synthesis of
molecular precursors and materials, high-
vacuum techniques to prepare the surface
of materials (clean surface with controlled
site density), chemisorption methods to
understand the texture of materials and
their reactivity, in situ spectroscopic meth-
ods and advanced NMR techniques (vide
supra).

4. Introducing Diversity in Oxide
Surfaces: Method II

In view of the plethora of ligands in
transition-metal chemistry and their dra-
matic impact on the reactivity and the
property of the transition-metal ion, oxide

a) b)

Scheme 1. Grafting on γ-Al2O3 partially dehydroxylated at 500 °C: a) tetrakis(neopentyl)zirconium
and b) methyltrioxorhenium.

Fig. 3. a) Generality on hybrid materials. b) Approach to generate catalysts from imidazolium
functionalities. c) Examples of catalysts (Ir for catalytic C-H functionalization and Ru for alkene
metathesis.
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5. Controlling the Growth of
Nanoparticles on Supports:
Method III

A large proportion of catalysts and
devices are based on supported metal
nanoparticles. For instance, they are used
as catalysts in petroleum reforming tech-
nology, for the selective hydrogenation of
complex molecules such as drugs, in cata-
lytic converters, fuel cells and chemical
sensors. In view of optimizing these sys-
tems both in terms of metal loading (cost)
and catalytic performance (efficiency),
controlling the size and the shape of the
nanoparticles is thus an important target.
The size is a critical parameter because it
determines the proportion of surface metal
atoms in particles, which are exposed to re-
actants. While small particles expose more
surface atoms, implying a better utilization
of metal resources, it also leads to a change
of reactivity and selectivity. In fact, every
application requires a specific optimal par-
ticle size (and shape) so that controlling
particle size is key to optimize chemical
processes.

Our contribution to the field has been
to exploit the concept of defined site den-
sity of single-site supported ‘catalysts’,
discussed above, to control the growth and
the size of metal nanoparticles. This is car-
ried out by treating well-defined supported
metal complexes under mild conditions,
typically upon reaction with H

2
at 25–400

°C, in order to remove most ligands and to
grow the metal nanoparticles. For instance,
with this approach, we have been able to
generate small nanoparticles of Au sup-
ported on silica with a narrow size distribu-
tion (Fig. 4).[23] Here the role of the amide
ligand is critical: it allows to graft 0.5 Au
per nm2 and to remove all silanol groups
during the treatment of H

2
. The removal

of all OH group (passivation) is probably
one of the key parameters that prevent the
growth of large Au nanoparticles, which
are typically obtained on silica. It is also
noteworthy that these particles do not oxi-
dize CO with molecular oxygen in the ab-
sence of H

2
, thus showing that that latter

is involved in the activation step, probably
via formation of surface Au–H and the
subsequent formation of Au–OOH surface
species.

This example clearly illustrates that
controlling metal support interaction at
a molecular level can provide dramatic
change of reactivity and critical advan-
tages for the understanding and designing
of catalysts. We are thus exploring the ef-

fect of controlled grafting on the growth of
nanoparticles and their reactivity, with the
aim to develop more robust catalysts.

6. Research Directions and
Perspectives

The aforementioned examples clearly
illustrate the state of the art of our research
and also delineate our future directions.
We have developed a toolbox, devoted to
controlling and understanding reactions
on surfaces. We have had some successes,
but there are plenty of challenges ahead
of us, for instance in energy research and
sustainable development (e.g. how to im-
prove known catalysts, how to produce H

2
,

how to mitigate CO
2
), for which catalysis

will play a key role. Similarly, new break-
through in electronic, health-care, imaging
and sensing technologies will depend on
the development of advanced functional
materials, where controlled functional-
ization of surfaces is essential. While we
cannot state that surface chemistry will be
able to solve all these challenges, it would
be impossible to think about such devel-
opment without a molecular approach to
surface chemistry.

Thus, our research interests will lie in
understanding the surfaces of oxides and
metal nanoparticles at a molecular level,
and in controlling the growth of nanoparti-
cles and eventually their shape and their in-
teraction with the support (Fig. 5). Inspired
by nature, we are also interested in finding
ways to integrate molecular recognition
properties as well as repair and regenera-
tion principles in functional materials.

One of the aims is to develop single-
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site and supported nanoparticles catalysts
towards the efficient transformation of
petroleum and renewable feedstocks with
a special focus on valorizing C

1
com-

pounds. Using this approach, we are also
developing luminescent nano-materials,
having a molecular luminescent signature
combined with the ability of molecular
recognition for bio-imaging. All this re-
quires investigating the surface chemistry
of known materials but also developing
new functional materials to discover im-
proved or even novel properties. It also
implies the development of more powerful
spectroscopic methods in order to address
questions regarding structure and dynam-
ic of surface species in relation to their
property. Our latest results in NMR show
that, with Dynamic Nuclear Polarization
(Surface Enhanced NMR spectroscopy)
allowing signal exaltation by two orders
of magnitude, new questions regarding ac-
tive/surface sites can be addressed such as
their structure and dynamics, their mode of
interaction with adsorbates or the surface.
Thus NMR spectroscopy is also amajor re-
search effort in our group, which we carry
out in collaboration with the C-RMN in
Lyon, our long-standing partner.

Our research group is exploring all
these research areas. Please visit our web-
site from time to time and feel free to stop
by our laboratory to discover the latest
developments and applications of surface
chemistry.[24]
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