
16
Topics in Organometallic Chemistry

Editorial Board:

J. M. Brown · P. H. Dixneuf · A. Fürstner · L. S. Hegedus
P. Hofmann · P. Knochel · G. van Koten · S. Murai · M. Reetz



Topics in Organometallic Chemistry
Recently Published and Forthcoming Volumes

Surface and Interfacial Organometallic
Chemistry and Catalysis
Volume Editors: C. Copéret, B. Chaudret
Vol. 16, 2005

Chiral Diazaligands for Asymmetric Synthesis
Volume Editors: M. Lemaire, P. Mangeney
Vol. 15, 2005

Palladium in Organic Synthesis
Volume Editor: J. Tsuji
Vol. 14, 2005

Metal Carbenes in Organic Synthesis
Volume Editor: K. H. Dötz
Vol. 13, 2004

Theoretical Aspects of Transition Metal Catalysis
Volume Editor: G. Frenking
Vol. 12, 2005

Ruthenium Catalysts and Fine Chemistry
Volume Editors: C. Bruneau, P. H. Dixneuf
Vol. 11, 2004

New Aspects of Zirconium Containing Organic
Compounds
Volume Editor: I. Marek
Vol. 10, 2004

Precursor Chemistry of Advanced Materials
CVD, ALD and Nanoparticles
Volume Editor: R. Fischer
Vol. 9, 2005

Metallocenes in Stereoselective Synthesis
Volume Editor: T. Takahashi
Vol. 8, 2004

Transition Metal Arene π-Complexes in Organic
Synthesis and Catalysis
Volume Editor: E. P. Kündig
Vol. 7, 2004

Organometallics in Process Chemistry
Volume Editor: R. D. Larsen
Vol. 6, 2004

Organolithiums in Enantioselective Synthesis
Volume Editor: D. M. Hodgson
Vol. 5, 2003

Organometallic Bonding and Reactivity:
Fundamental Studies
Volume Editor: J. M. Brown, P. Hofmann
Vol. 4, 1999

Activation of Unreactive Bonds and Organic
Synthesis
Volume Editor: S. Murai
Vol. 3, 1999

Lanthanides: Chemistry and Use in Organic
Synthesis
Volume Editor: S. Kobayashi
Vol. 2, 1999

Alkene Metathesis in Organic Synthesis
Volume Editor: A. Fürstner
Vol. 1, 1998



Surface and Interfacial Organometallic
Chemistry and Catalysis

Volume Editors: Christophe Copéret · Bruno Chaudret

With contributions by

J.-M. Basset · F. Bonino · S. Bordiga · R. L. Brutchey · J.-P. Candy
B. Chaudret · C. Copéret · A. Damin · H.-J. Freund · K. L. Fujdala
B. C. Gates · E. Groppo · C. Lamberti · C. Prestipino · T. Risse
A. Roucoux · T. D. Tilley · A. Zecchina

123



The series Topics in Organometallic Chemistry presents critical reviews of the present and future trends
in polymer and biopolymer science including chemistry, physical chemistry, physics and material
science. It is adressed to all scientists at universities and in industry who wish to keep abreast of
advances in the topics covered.
As a rule, contributions are specially commissioned. The editors and publishers will, however, always
be pleased to receive suggestions and supplementary information. Papers are accepted for Topics in
Organometallic Chemistry in English.
In references Topics in Organometallic Chemistry is abbreviated Top Organomet Chem and is cited as
a journal.

Springer WWW home page: http://www.springeronline.com
Visit the TOMC content at http://www.springerlink.com/

Library of Congress Control Number: 2005928333

ISSN 1436-6002
ISBN-10 3-540-26496-5 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-26496-5 Springer Berlin Heidelberg New York
DOI 10.1007/b105251

This work is subject to copyright. All rights are reserved, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright Law
of September 9, 1965, in its current version, and permission for use must always be obtained from
Springer. Violations are liable for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media

springeronline.com

c© Springer-Verlag Berlin Heidelberg 2005
Printed in Germany

The use of registered names, trademarks, etc. in this publication does not imply, even in the absence
of a specific statement, that such names are exempt from the relevant protective laws and regulations
and therefore free for general use.

Cover design: Design & Production GmbH, Heidelberg
Typesetting and Production: LE-TEX Jelonek, Schmidt & Vöckler GbR, Leipzig

Printed on acid-free paper 02/3141 YL – 5 4 3 2 1 0



Volume Editors

Christophe Copéret

Laboratoire de Chimie Organometallique
de Surface
43 Bd du 11 Novembre 1918
69616 Villeurbanne, France
coperet@cpe.fr

Bruno Chaudret

Laboratoire de Chimie de Coordination
du CNRS
route de Narbonne
31077 Toulouse Cédex 04, France
chaudret@lcc-toulouse.fr

Editorial Board

Dr. John M. Brown

Dyson Perrins Laboratory South Parks Road
Oxford OX13QY
john.brown@chem.ox.ac.uk

Prof. Alois Fürstner

Max-Planck-Institut für Kohlenforschung
Kaiser-Wilhelm-Platz 1
45470 Mühlheim an der Ruhr, Germany
fuerstner@mpi-muelheim.mpg.de

Prof. Peter Hofmann

Organisch-Chemisches Institut
Universität Heidelberg
Im Neuenheimer Feld 270
69120 Heidelberg, Germany
ph@phindigo.oci.uni-heidelberg.de

Prof. Gerard van Koten

Department of Metal-Mediated Synthesis
Debye Research Institute
Utrecht University
Padualaan 8
3584 CA Utrecht, The Netherlands
vankoten@xray.chem.ruu.nl

Prof. Manfred Reetz

Max-Planck-Institut für Kohlenforschung
Kaiser-Wilhelm-Platz 1
45470 Mülheim an der Ruhr, Germany
reetz@mpi.muelheim.mpg.de

Prof. Pierre H. Dixneuf

Campus de Beaulieu
University de Rennes 1
Av. du Gl Leclerc
35042 Rennes Cedex, France
Pierre.Dixneuf@univ-rennesl.fr

Prof. Louis S. Hegedus

Department of Chemistry
Colorado State University
Fort Collins Colorado 80523-1872
USA
hegedus@lamar. colostate.edu

Prof. Paul Knochel

Fachbereich Chemie
Ludwig-Maximilians-Universität
Butenandstr. 5-13
Gebäude F
81377 München, Germany
knoch@cup.uni-muenchen.de

Prof. Shinji Murai

Faculty of Engineering
Department of Applied Chemistry
Osaka University
Yamadaoka 2-1, Suita-shi Osaka 565
Japan
murai@chem.eng.osaka-u.ac.jp



Topics in Organometallic Chemistry
Also Available Electronically

For all customers who have a standing order to The Handbook of Environmen-
tal Chemistry, we offer the electronic version via SpringerLink free of charge.
Please contact your librarian who can receive a password or free access to the
full articles by registering at:

springerlink.com

If you do not have a subscription, you can still view the tables of contents of the
volumes and the abstract of each article by going to the SpringerLink Home-
page, clicking on “Browse by Online Libraries”, then “Chemical Sciences”, and
finally choose The Handbook of Environmental Chemistry.

You will find information about the

– Editorial Board
– Aims and Scope
– Instructions for Authors
– Sample Contribution

at springeronline.com using the search function.



Preface

Molecular chemistry has laid down the rules for understanding and prepar-
ing well-defined organometallic and metallo-organic complexes that have been
central to the development of homogeneous catalysts. The goal of this book is to
show that molecular chemistry is also a tool for studying much larger systems,
such as those involved in heterogeneous catalysis. Heterogeneous catalysts are
typically made of oxide materials, metallic particles, or organometallic com-
ponents. While the main part of the catalyst is constituted by the bulk of the
material, the catalytic events take place at the interface between the reactant
phase and the surface of the material, and more specifically at the active sites.
Thus, these systems correspond to large ensembles of atoms (metal particles
or oxides), which are composed of organometallic and metallo-organic build-
ing blocks, and active sites, which can be described as organometallic and
metallo-organic centres. It is therefore obvious that molecular organometallic
(and inorganic) chemistry must play an essential role in the field of hetero-
geneous catalysis whether discussing the method of preparation of catalysts,
the understanding of catalytic phenomena on surfaces, or the rational devel-
opment of better catalysts. In this book, we have therefore addressed these
various questions through selected examples. The first two chapters focus on
the molecular understanding of known industrial heterogeneous catalysts. The
third contribution discusses the synthesis and the properties of tailored oxide
materials. The next paper addresses the use of surface science as a tool for un-
derstanding the active sites of heterogeneous catalysts. The fifth chapter tack-
les the preparation of well-defined active sites through surface organometallic
chemistry and their relation to the understanding of industrial processes. The
sixth contribution discusses the use of metal clusters as a model of metallic
particles. Finally, the remaining two chapters focus on the use of well-defined
organometallic complexes for the synthesis of nanoparticles and their use in
catalysis.

Villeurbanne, Toulouse, Bruno Chaudret
September 2005 and Christophe Copéret
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Abstract A relevant fraction of the polyethylene produced in the world (about 30%) is
obtained with the Phillips process. Many efforts in the last 30 years have been devoted
to establish the valence state and the structure of the catalytically active species formed
by reduction with ethylene. However, no certain conclusions have been obtained so far,
even using a CO-prereduced simplified system. In this review it will be shown that the
CO-reduced system, although highly homogeneous from the point of view of the va-
lence state (definitely II) and nuclearity, is heterogeneous as far the local structure of the
sites is concerned. Only Cr(II) ions with the lowest coordination (which unfortunately
are only a minor fraction of the total) are responsible for the catalytic activity, while
the overwhelming majority of surface sites play the role of spectator under normal reac-
tion conditions. In the second part of the review the proposed initiation/polymerization
mechanisms are fully reported. A peculiarity of the Cr/SiO2 system, which makes it
unique among the polymerization catalysts (Ziegler–Natta, metallocenes, etc.), lies in the
fact that it does not requires any activator (such as aluminium alkyls etc.) because ethy-
lene itself is able to create the catalytic center from the surface chromate precursor. It will
be shown that a unifying picture has not yet been achieved, even in this case. The aim of
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this review is to illustrate, on one side, how much progress has been made recently in the
understanding of the site’s structure and, on the other side, the strategies and the tech-
niques which can be adopted to study the catalyst under working conditions. It will be
shown that the methods adopted for the Cr/SiO2 system have paradigmatic character and
can be extended to other catalytic systems.

Keywords Chromium · Ethylene polymerization · Phillips catalyst

Abbreviations
CT Charge transfer
DFT Density functional theory
DRS Diffuse reflectance spectroscopy
EPR Electron paramagnetic resonance
EXAFS Extended X-ray absorption fine structure spectroscopy
FT Fourier transform
FTIR Fourier transformed infrared spectroscopy
IR Infrared spectroscopy
MAO Methylalumoxane
NMR Nuclear magnetic resonance
PE Polyethylene
RT Room temperature
SIMS Secondary ions mass spectroscopy
TOF Turnover frequency
UV-Vis Ultraviolet-visible spectroscopy
XANES X-ray absorption near edge structure spectroscopy
XPS X-ray photoelectron spectroscopy
αOCrO angle O – Cr – O
αSiOSi angle Si – O – Si
νAB A-B stretching mode
ν̃AB A-B stretching frequency
∆ν̃(CO) variation of the C – O stretching frequency with respect to that in the gas phase

1
Introduction

The discovery of olefin polymerization catalysts in the early 1950s by Ziegler
and Natta represents a milestone in industrial catalysis. Tremendous evo-
lution has taken place since then: today, fourth generation Ziegler–Natta
catalysts and metallocene-based “single-site” catalysts display activity and
stereo-selectivity close to those of enzymatic processes optimized by nature
over millions of years. The production of polyolefins is nowadays a multi-
billion industrial activity and, among all the synthetic polymers, polyethylene
has the highest production volume [1]. Three classes of olefin polymerization
catalysts can be distinguished: (i) Phillips-type catalysts, which are com-
posed of a chromium oxide supported on an amorphous material such as
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silica [2–7]; (ii) Ziegler–Natta catalysts, which consist of a transition metal
compound and an activator (aluminum alkyl, methylalumoxane MAO, etc.)
whose function is to introduce an alkyl group into the coordination sphere
of the metal [1, 8–12]; (iii) single-site homogeneous catalysts or supported-
homogeneous catalysts, like metallocene catalysts [13–15], which also need
an activator.

The Cr/SiO2 Phillips catalysts, patented in 1958 by Hogan and Banks [2],
are nowadays responsible for the commercial production of more than one
third of all the polyethylene sold world-wide [7, 16].

The Phillips catalyst has attracted a great deal of academic and indus-
trial research over the last 50 years. Despite continuous efforts, however, the
structure of active sites on the Phillips-type polymerization systems remains
controversial and the same questions have been asked since their discovery.
In the 1950s, Hogan and Banks [2] claimed that the Phillips catalyst “is one of
the most studied and yet controversial systems”. In 1985 McDaniel, in a re-
view entitled “Chromium catalysts for ethylene polymerization” [4], stated:
“we seem to be debating the same questions posed over 30 years ago, being
no nearer to a common view”. Nowadays, it is interesting to underline that,
despite the efforts of two decades of continuous research, no unifying picture
has yet been achieved.

Briefly, the still-open questions concern the structure of the active sites
and the exact initiation/polymerization mechanism [17]. The difficulties en-
countered in the determination of the structure of the active sites of the real
catalyst are associated with several factors. Among them is the problem as-
sociated with the initial reduction step, consisting in the reaction between
ethylene and the anchored chromate or dichromate precursors, a process
which leads to the formation of the real active sites. In fact, in this reac-
tion ethylene oxidation products (including H2O) are formed which, as they
remain partially adsorbed on the catalyst, make the characterization of the
surface sites of the reduced Cr/SiO2 system a highly complex problem. For-
tunately the reduction of the oxidized precursors can also be performed with
a simpler reductant like CO, with formation of a single oxidation product
(CO2), which is not adsorbed on the sample [4]. This CO-reduced catalyst,
containing prevalently anchored Cr(II), has consequently been considered as
a “model catalyst” and an ideal playground where the application of sophis-
ticated in situ characterization methods could finally give the opportunity to
solve the mystery of the structure of active sites and of the initiation mechan-
ism.

The aim of this contribution is to illustrate, on one side, how much
progress has been made in the understanding of the site’s structure and, on
the other side, to illustrate the open question and to propose new strategies
which should be adopted to study the catalyst under working conditions.
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2
Spectroscopic Characterization of the Catalyst

2.1
Surface of the Silica Support

The Cr/SiO2 system is one of the simplest examples of a catalyst where the
sites are formed by anchoring a well-known chromium compound to the hy-
droxyl groups of the silica surface. This specific support/molecular precursor
interaction confers to the chromium sites unique catalytic properties, differ-
entiating the Cr/SiO2 system from other Cr-based catalysts. It is thus evident
that a brief description of the surface structure of SiO2, together with a dis-
cussion of the surface models and of the modifications induced by thermal
treatments, are of vital importance to understand the anchoring process and
the chromium localization.

To this end we recall that the rigid tetrahedron SiO4 is the building block of
all siliceous materials: from quartz, through microporous zeolites, to amorph-
ous silica. The reason why such a relatively rigid unit is able to aggregate
in many different ways lies in the peculiar bond between two SiO4 moieties.
In contrast with the rigidity of the O – Si – O angle, it costs virtually no en-
ergy to change the Si – O – Si angle in the 130–180◦ range. Because of such
flexibility, amorphous silica is easily formed and shows a great stability. It
consists of a network of such building blocks with a random distribution of
the Si – O – Si angle centered around 140◦.

Peripheral SiO4 groups located on the external surfaces of the silica par-
ticles carry OH groups, which terminate the unsaturated valences. Different
types of surface hydroxyls have been identified, differing either by the num-
ber of hydroxyl groups per Si atom, or by their spatial proximity. Roughly, OH
groups can be divided as following: (i) isolated free (single silanols), ≡ SiOH;
(ii) geminal free (geminal silanols or silanediols), = Si(OH)2; (iii) vicinal, or
bridged, or OH groups bound through the hydrogen bond (H-bonded sin-
gle silanols, H-bonded geminals, and their H-bonded combinations). On the
SiO2 surface there also exist surface siloxane groups or ≡ Si – O – Si ≡ bridges
exposing oxygen atoms on the surface.

A model of a fully hydroxylated unreconstructed SiO2 surface, obtained
using a slab of amorphous silica [18] and saturating the dangling bonds with
OH groups, is shown in Fig. 1a. From this model it is evident that the average
OH number per 100 Å2 is around five and that a fraction of them are located
at distances ≤ 2–3 Å and then can interact via hydrogen bonding [19–21].
Correspondingly, the IR spectrum of amorphous silica treated at low tem-
perature is characterized by a broad band in the OH stretching region (at
about 3600–3100 cm–1).
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Fig. 1 a Model of an unreconstructed SiO2 surface fully hydroxylated. The model was ob-
tained by cutting a slab of amorphous silica and saturating the dangling bonds with OH
groups [18]. b Representation of the Cr/SiO2 surface obtained by grafting Cr(II) ions on
a partially hydroxylated SiO2 surface. In the zoomed inserts are clearly visible the dif-
ferent environment of two of the chromium ions. The interaction of the Cr sites with
weak ligands (siloxane bridges or OH groups) are evidenced by dashed lines. Light and
dark gray sticks connect together silicon and oxygen atoms, respectively. Little black balls
represent hydrogen atoms and the big black balls represent Cr(II) ions

By increasing the temperature of treatment, the species interacting via hy-
drogen bonding react via elimination of a water molecule and form a new
(possibly strained) siloxane bond, according with the reaction path reported
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in Scheme 1. Correspondingly, the samples dehydrated at high temperature
show only a very sharp IR band at about 3748 cm–1, attributed to the OH
stretch of isolated surface silanols [22–27]. On the basis of the extensive lit-
erature published so far [17, 19, 21] it can be stated with confidence that silica
samples outgassed at about 873 K in vacuo are characterized by a silanol con-
centration very near to one OH per 100 Å2. This means that nearly all the
silanols are isolated and that their average distance is about 7–10 Å.

The siloxane bridges formed upon dehydroxylation can be classified into
several groups, depending upon the structure of the immediate surroundings.
A schematic but more detailed version of the dehydration process reported
in Scheme 1 and of the formed structures is given in Scheme 2 [17]. These
structures are characterized by the presence of two-, three-, four-, etc. mem-
bered silicon open rings. The strain present in these structures decreases
going from left to right, parallel to the increase of the Si – O – Si bond angle:
α′

SiOSi < α′′
SiOSi < α′′′

SiOSi < α′′′′
SiOSi. In the model of a fully hydroxylated unrecon-

structed silica surface reported in Fig. 1a, we can quite easily find silanols
belonging to two-, three-, four-, etc. membered silicon open rings. Of course,

Scheme 1 Reaction between two adjacent silanol groups interacting via H-bonding
(dashed line) on the silica surface leads to formation of strained siloxane bonds and
molecular water

Scheme 2 Different siloxane bridge structures formed upon dehydroxylation of silica sur-
face. The increasing dimension of silicon rings and, consequently, of the Si – O – Si angle
reflects a decreasing of the strain of these structures
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Scheme 2 is still oversimplified, because it does not take into consideration
that the two silicon atoms directly involved in the hydroxyl condensation
are also linked to other rings in a three-dimensional mode and that part of
the surface strain could be localized on these rings. The appearance in the
IR spectra of new vibrations in the 880–940 cm–1 region, attributed to the
modes of strained siloxane bridges in two membered rings [26, 28–32], well
evidences this fact.

For all the above mentioned reasons the full classification of the silox-
ane bridges formed upon dehydroxylation of amorphous silica surface is an
extremely complex task. In the context of the Phillips catalyst, it is import-
ant to underline here that dehydroxylation of the silica surface is necessarily
associated with the appearance of surface strain. This may have deep conse-
quences on the structure of chromium centers grafted on the silica surface
in the Cr/SiO2 system and therefore on the activity of the catalyst, as we will
describe in the following sections. In fact, as the anchoring process involves
suitably spaced OH groups, it is evident that the surface structure of silica has
great influence on the bonding and location of the anchored species.

2.2
Anchoring Process and Structure of Anchored Cr(VI)

The Phillips Cr/silica catalyst is prepared by impregnating a chromium com-
pound (commonly chromic acid) onto a support material, most commonly
a wide-pore silica, and then calcining in oxygen at 923 K. In the industrial
process, the formation of the propagation centers takes place by reductive
interaction of Cr(VI) with the monomer (ethylene) at about 423 K [4]. This
feature makes the Phillips catalyst unique among all the olefin polymerization
catalysts, but also the most controversial one [17].

As summarized previously, the surface of the silica used for anchoring the
Cr(VI) is fully covered by hydroxyl groups (≡ Si – OH). The surface silanols
are only weakly acidic and hence can react with the stronger H2CrO4 acid
with water elimination, thus acting as anchoring sites. The anchoring pro-
cess is an acid–base type reaction and occurs at temperatures between 423
and 573 K. In this esterification reaction surface hydroxyl groups are con-
sumed, and chromium becomes attached to the surface by oxygen linkages
(Si – O – Cr), in the hexavalent state (see Scheme 3).

The molecular structure of the anchored Cr(VI) has been a strong point
of discussion in the literature, and several molecular structures (monochro-
mate, dichromate, polychromates) have been proposed (see Scheme 3). The
nature of the silica support, the chromium loading, and the activation method
can all influence the chemical state of the supported chromium.

Weckhuysen et al. [6, 33] have recently published several UV-Vis DRS works
devoted to investigate the surface chemistry of supported chromium catalysts
as a function of the support composition. The same authors [34] have also tried
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Scheme 3 Anchoring reaction of chromate on a silica support. Adjacent surface hydroxyl
groups are consumed and chromium attaches to the surface by oxygen linkages, either in
mono-, di- or polychromate forms

to establish the monochromates/dichromates ratio on the basis of the different
intensities of the charge transfer (CT) bands present in the spectra of calcined
samples (“monochromates”: bands at 44 100, 30 600 and 20 300 cm–1; “dichro-
mates”: bands at 45 500, 36 600 and 25 000 cm–1). They have inferred that the
nuclearity of Cr is extremely sensitive to the support type and more partic-
ularly to the specific preparation method. By analyzing the O → Cr(VI) CT
transitions in UV-Vis DRS spectra of the calcined catalysts, the main chro-
mium species were shown to be a mixture of hexavalent dichromate (band in
the 30 000 cm–1 region) and monochromate (band in the 28 000 cm–1 region) on
laboratory sol-gel silica supports (700 m2/g); while monochromate dominates
on industrial pyrogenic silica supports (Cab-O-Sil, 300 m2/g) characterized
by low chromium loadings. They have also found that the dichromate-to-
monochromate ratio increases with chromium loading.

Raman spectroscopy has also been widely used to characterize the SiO2-
supported Cr(VI) oxide species, as a function of chromium loading and cal-
cination temperature, in air and in vacuo [6, 33, 35, 36]. Hardcastle et al. [36]
have shown that variation of calcination temperature dramatically changes
the Raman spectrum of Cr(VI)/SiO2, which is related to the dehydroxylation
of SiO2 at high temperatures. Only a single strong Raman band characteristic
of the dehydrated surface chromium oxide species on the silica support was
observed at 986 cm–1. In a recent work [37], Dines and Inglis have reported
the Raman spectra of the Cr(VI)/SiO2 system obtained in controlled atmo-
sphere by using an excitation λ of 476.5 nm. The spectrum shows a single
band at 990 cm–1 and a weak shoulder centered at 1004 cm–1. The 990 cm–1

band was attributed to the symmetric CrO stretching vibration associated
with terminal Cr = O bonds of the surface chromium species, and the shoul-
der at 1004 cm–1 to the antisymmetric CrO stretch.

Raman experiments are confirmed by XPS and secondary ion mass spec-
trometry (SIMS) measurements performed by Thüne et al. [38] on a surface
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science model sample, obtained by impregnating flat Si(100) conducting sin-
gle crystal substrate covered by amorphous silica with aqueous CrO3 solu-
tion [38–43]. The key observation is that a model catalyst with a 2 Cr/100 Å2

loading shows only Cr1Si1Ox fragments, while on a second sample, where
a part of the chromium was forced to form clusters, Cr2Ox fragments are
easily detectable. Combining the XPS and SIMS techniques, the authors con-
cluded that this is a strong evidence that chromate can only anchor to the
silica surface as a monomer [38].

From all these data it can be concluded that the dominant oxidized species
on Cr/SiO2 samples, characterized by a chromium content in the 0–1% (by
weight), is the monochromate. As the concentration of the most active sam-
ples is in the 0.5–1% range, hereafter we will only consider the monochro-
mate for further considerations concerning the structure of anchored species.
On the basis of Scheme 2, the anchoring of chromic acid on suitably spaced
OH doublets can originate different species, characterized by an increasing
αOCrO bond angle and consequently by a decreasing strain, as illustrated in
Scheme 4.

Scheme 4 Cr(VI) anchoring reaction on silicon membered rings of increasing dimen-
sions (and decreasing strain) and the successive CO-reduction. Surface anchoring sites
are those reported in Scheme 2
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2.3
Reduction Process and Structure of Reduced Chromium

When a calcined Cr(VI)/SiO2 catalyst is fed with ethylene at 373–423 K, an
induction time is observed prior to the onset of the polymerization. This is
attributed to a reduction phase, during which chromium is reduced and ethy-
lene is oxidized [4]. Baker and Carrick obtained a conversion of 85–96% to
Cr(II) for a catalyst exposed to ethylene at 400 K; formaldehyde was the main
by-product [44]. Water and other oxidation products have been also observed
in the gas phase. These reduction products are very reactive and consequently
can partially cover the surface. The same can occur for reduced chromium
sites. Consequently, the state of silica surface and of chromium after this re-
duction step is not well known. Besides the reduction with ethylene of Cr(VI)
precursors (adopted in the industrial process), four alternative approaches
have been used to produce supported chromium in a reduced state:
(i) Thermal reduction of Cr(VI)/SiO2 with CO or H2 [45–54]
(ii) Photochemical reduction of Cr(VI)/SiO2 with CO or H2 [55–60]
(iii) Exchange of silica hydroxyls with organometallic reagents containing re-

duced chromium [46, 61]
(iv) Ion exchange with aqueous solutions of Cr(III) [62–64]

2.3.1
Oxidation State of Reduced Chromium

Thermal reduction at 623 K by means of CO is a common method of pro-
ducing reduced and catalytically active chromium centers. In this case the
induction period in the successive ethylene polymerization is replaced by
a very short delay consistent with initial adsorption of ethylene on reduce
chromium centers and formation of active precursors. In the CO-reduced cat-
alyst, CO2 in the gas phase is the only product and chromium is found to
have an average oxidation number just above 2 [4, 7, 44, 65, 66], comprised
of mainly Cr(II) and very small amount of Cr(III) species (presumably as
α-Cr2O3 [66]). Fubini et al. [47] reported that reduction in CO at 623 K of
a diluted Cr(VI)/SiO2 sample (1 wt. % Cr) yields 98% of the silica-supported
chromium in the +2 oxidation state, as determined from oxygen uptake meas-
urements. The remaining 2 wt. % of the metal was proposed to be clustered in
α-chromia-like particles. As the oxidation product (CO2) is not adsorbed on
the surface and CO is fully desorbed from Cr(II) at 623 K (reduction tempera-
ture), the resulting catalyst acquires a model character; in fact, the siliceous
part of the surface is the same of pure silica treated at the same temperature
and the anchored chromium is all in the divalent state.

The CO-reduced catalyst polymerizes ethylene much like its ethylene-
reduced hexavalent parent and produces almost identical polymer [4]. Since
the polymer properties are extremely sensitive to the catalyst pretreatment,
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this is a strong endorsement for the conclusion that Cr(II) is probably also
the precursor of the active species on the commercial catalyst after reduction
by ethylene. Further evidence comes from XPS experiments, which showed
analogous spectra for the CO or ethylene reduced catalysts [67].

Anchored Cr(II) are very reactive and adsorb oxygen with a brilliant flash
of chemioluminescence, converting the chromium back to its original or-
ange hexavalent state [2–4, 68]. The intensity of this yellow-orange light flash
decreases with increasing reduction temperature of the catalyst and decreas-
ing initial calcination temperature. This chemioluminescence has an orange
emission line at 625.8 nm and is due to oxygen atoms (O∗) which are formed
at coordinatively unsaturated Cr(II) sites [7]. The ease with which this re-
versal reaction occurs suggests that there is a little rearrangement during
reduction at 623 K. Fubini et al. [47], by means of calorimetric measurements,
pointed out the occurrence of two distinct reoxidation processes, one very
fast (i.e., little or non-activated), the other very slow and definitely activated,
the transition between them being quite abrupt. At room temperature the for-
mer is by far more important. This process can be simply thought of as the
breaking of an oxygen molecule onto a chromium ion giving rise to a surface
chromate. No activation energy is required, in particular if account is taken
that π-bonded oxygen molecule (peroxidic-like structure) probably acts as
the intermediate for the reaction [69].

2.3.2
Structure of Cr(II) Sites

As in the case of the Cr(VI) species, the structure of Cr(II) on the silica
surface has also been in much dispute in the past and has been widely in-
vestigated by several spectroscopic (such as UV-Vis DRS [7, 34, 45, 47, 70],
IR [30, 47–50, 53, 54, 71–77], EXAFS-XANES [33, 66], EPR [33], XPS [67, 78–
80] etc.) and chemical techniques.

The UV-Vis DRS spectrum of the CO-reduced Cr/SiO2 sample (0.5 wt. %
Cr loading on pyrogenic silica) shows a strong absorption in the CT re-
gion (there are at least two overlapped components at about 28 000 and
30 000 cm–1) and two bands in the d – d region, (at transition energies of
about 12 000 and 7500 cm–1) (Fig. 2, curve 1). Transitions in the 7000–10 000
and 10 000–13 000 cm–1 regions have been previously attributed to coordina-
tively unsaturated Cr(II) species [33, 45, 47, 48, 65, 70]. The spectrum is char-
acteristic of diluted samples and is independent from the type of siliceous
support. In principle, the location and intensity of d – d bands should allow
the determination of the coordination state and of the symmetry of a transi-
tion metal ion. Unfortunately, due to the lack of data on homogeneous Cr(II)
compounds, the only safe conclusion which can be derived from the pres-
ence of a doublet in the 7500–12 000 cm–1 region is that the Cr(II) centers
are in highly distorted structure and that the ions are preferentially sensing
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Fig. 2 UV-Vis DRS spectra of reduced Cr(II)/SiO2 sample (0.5 wt % by Cr loading) upon
increasing dosages of CO at RT. Curve 1 Cr(II)/SiO2 reduced in CO at 623 K. Curves 2–4
increasing dosages of CO from 0.1 mbar to 50 mbar (unpublished spectra)

the crystal field caused by two strong SiO– ligands. This broad conclusion is
in agreement with the Cr(II) structures which can be derived by CO reduc-
tion from the anchored structures discussed before, as reported in Scheme 4.
Of course, the structures represented in Scheme 4 do not consider surface re-
laxation which increases the crystal field stabilization. It can be hypothesized
that surface locations are certainly present where, beside the strong Si – O–,
other weaker ligands (like the oxygens of adjacent SiOSi bridges) contribute
to the ligand field stabilization.

Recently, Espelid and Børve performed detailed ab initio calculations on
the number, energy region, and electric-dipole oscillator strength of the ob-
servable electronic transitions of coordinatively unsaturated mononuclear
Cr(II) sites, changing from pseudo-tetrahedral to pseudo-octahedral geome-
tries as a function of the αOCrO bond angle [81]. This study helps in the
assignment of the UV-Vis spectra discussed above. The mononuclear Cr(II)
species were represented by three cluster models : a pseudo-tetrahedral site,
T, with an angle of 116◦; a pseudo-octahedral site, O, with an angle of 180◦;
and a site with an intermediate αOCrO bond angle (135◦), I. When the the-
oretical results and the experimental observations are compared, it can be
concluded that there is a reasonable correspondence between the calculated
frequencies of T sites and the experimental frequencies.

The assignment given so far is further demonstrated by the study of
the spectroscopic modifications induced by the interaction with CO (Fig. 2,
curves 2–4). Upon increasing the CO pressure at RT we observe the con-
sumption of the two d – d bands described before (12 000 and 7500 cm–1)
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and the intermediate growth of two bands shifted at higher values (14 000
and 8600 cm–1). Analogously, in the CT region, the consumption of the CT
band at 28 000–30 000 cm–1 occurs, accompanied by the growth of a new
intense band at 37 700 cm–1. The clear appearance of two isosbestic points
at 10 000 and 13 100 cm–1 indicates a 1 : 1 transformation Cr(II) + CO →
Cr(II)· · ·CO. Further increase of the CO pressure leads to the disappear-
ance of the 14 000–8600 cm–1 doublet and to the formation of a new ab-
sorption centered at 20 000 cm–1. The isosbestic point at 16 000 cm–1 ensures
that we are dealing with the addition of a second CO molecule, following
a Cr(II)· · ·CO + CO → Cr(II)· · ·(CO)2 process which is accompanied by the
appearance of a CT component at about 33 400 cm–1.

These two-step features, which will be further proved by the FTIR spectra
of adsorbed CO, can be summarized as follows. The adsorption of CO, being
accompanied by the increase of the coordination number due to the forma-
tion of mono- and dicarbonyl species, causes a shift of the d – d transitions
toward the values more typical of the octahedral coordination. Furthermore,
in the presence of CO (electron donor molecule) more energy is required to
transfer electrons from O to Cr; as a consequence, the O → Cr(II) CT tran-
sition shifts at higher frequencies (from 28 000–30 000 to 33 700 cm–1). At
increasing CO pressure the CO → Cr(II) CT transition also becomes visible
(band at 33 400 cm–1). Analogous features have been reported in the past for
NO adsorption on the reduced Cr/SiO2 system [48, 82].

From the UV-Vis data the following structural picture is emerging. Sev-
eral types of Cr(II) sites are present on the amorphous silica surface. All the
grafted Cr(II) species have a coordination sphere constituted by two strong
SiO– ligands. When the strong SiO– ligands belong to the smallest cycles
they form with Cr(II) an angle αOCrO near to tetrahedral value (left side of
Scheme 4). In this case we speak of pseudo-tetrahedral structure (T). The
O – Cr bond is expected to be quite covalent. The angle αOCrO gradually grows
when cycle dimension increases and for large cycles it is approaching 180◦
(right side of Scheme 4). In this case we can speak of pseudo-octahedral com-
plexes. Due to surface relaxation, a variable number of weak siloxane ligands
is certainly present in the coordination sphere of the Cr(II) ions. On the stan-
dard reduced sample Cr(II) sites in distorted tetrahedral environment are the
most abundant and protruding species, characterized by a high adsorption
activity. Nevertheless, a small fraction of more saturated Cr(II) sites, unable
to coordinate CO molecules, is contemporarily present, as demonstrated by
the permanence of a residue of the unperturbed d – d bands at the maximum
CO coverage and of the broad absorption in the 20 000–15 000 cm–1 range
observed for the sample before CO dosage.

At this point, we can schematically represent the structure of Cr(II) sites
as (SiO)2CrIILn, where L represents a weak ligand (oxygen of a SiOSi bridge)
and n is a not fully known figure which increases upon activation at high tem-
perature. The adsorption of CO at room temperature on grafted Cr(II) sites
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is accompanied by a modification of their coordination number, following
reactions reported in Eq. 1:

(SiO)2CrIILn
CO

––→ (SiO)2CrIILn(CO)
CO

––→ (SiO)2CrIILn(CO)2 (1)

Actually, the scheme has only a qualitative character, because it does not
take into consideration that the αOCrO angle can vary in a wide interval, as
discussed above. Furthermore, we have to consider that the adsorption of
molecules is always associated with a surface relaxation phenomenon. The
relaxation may occur starting from an increment of the Cr–L distance to
a complete displacement of the ligand L, as we will discuss.

IR spectroscopy of adsorbed carbon monoxide has been used extensively
to characterize the diluted, reduced Cr/silica system [48–54, 60, 76, 77]. CO
is an excellent probe molecule for Cr(II) sites because its interaction is nor-
mally rather strong. The interaction of CO with a transition metal ion can be
separated into electrostatic, covalent σ -dative, and π-back donation contribu-
tions. The first two cause a blue shift of the ν̃CO (with respect to that of the
molecule in the gas phase, 2143 cm–1), while the last causes a red shift [83–
89]. From a measurement of the ν̃CO of a given Cr(II) carbonyl complex,
information is thus obtained on the nature of the Cr(II)· · ·CO bond.

Figure 3a shows the spectra of CO adsorbed at room temperature on a typ-
ical Cr(II)/SiO2 sample. At low equilibrium pressure (bold black curve), the
spectrum shows two bands at 2180 and 2191 cm–1. Upon increasing the CO
pressure, the 2191 cm–1 component grows up to saturation without frequency
change. Conversely, the 2180 cm–1 component evolves into an intense band
at 2184 cm–1 and a shoulder at 2179 cm–1. The bands at 2191, 2184, and
2179 cm–1, which are the only present at room temperature for pressures
lower than 40 Torr, are commonly termed “the room temperature triplet”
and are considered the finger print of the Cr(II)/SiO2 system (grey curve in
Fig. 3). A new weak band at around 2100 cm–1 appears at room temperature
only at higher CO pressure. As this peak gains intensity at lower tempera-
ture, it will be discussed later. The relative intensity of the three components
change as a function of the OH content (i.e., with the activation temperature
and/or the activation time) [17].

The interpretation of these spectra given in the literature can be sum-
marized as follows (see Scheme 5, gray part). The 2191 cm–1 peak is the
stretching mode of CO σ -bonded on a Cr(II) site possessing a high polar-
izing ability, named as B sites in [48, 53, 54, 77, 90, 91]. The 2180 cm–1 peak
is the stretching mode of CO adsorbed on Cr(II) sites possessing some d–π

bonding ability. These sites are named as A sites in [48, 53, 54, 77, 90, 91].
Upon increasing the CO pressure at room temperature, the 2191 cm–1 band
gradually increases and reaches a saturation plateau, suggesting that at room
temperature CrII

B sites can only coordinate one CO ligand and that CrII
B is an

isolated site, as an increase of the surface coverage is not able to perturb the



Anatomy of Catalytic Centers in Phillips Ethylene Polymerization Catalyst 15

ν̃CO of the CrII
B· · ·CO complex [74, 92, 93]. Conversely, the 2180 cm–1 peak is

gradually replaced by the 2184–2178 cm–1 doublet. This behavior has been
interpreted in terms of the easy addition of a second CO molecule with for-
mation of a dicarbonylic species. Thus, the doublet at 2184–2178 cm–1 may be
assigned to the symmetric and antisymmetric modes of a dicarbonyl formed

Fig. 3 IR spectra of CO adsorbed on a Cr(II)/SiO2 (1.0 wt % Cr loading) activated at 923 K
and reduced in CO at 623 K. Curves from top to bottom show effect of gradual lowering of
the CO pressure. a Adsorption at RT; b adsorption at 77 K (unpublished spectra)

Scheme 5 Schematic picture of CO addition to isolated Cr(II) species, according to the
multiple CO addition model [48, 53, 54, 77, 99]. Carbonyl species observable at RT are
shown in gray; carbonyl species observable at 77 K are shown in black
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at CrII
A sites [54, 77]. This elementary interpretation is not straightforward

because the more intense band of the doublet is located at higher frequency,
in contrast with all known cases of dicarbonyls [88, 89, 94–97]. The expla-
nation can lie in the prevailing σ character of the bond between chromium
and CO, which may allow a negative sign for the coupling constant of the two
carbonyls. This interpretation has some implications. First, it is evident that
CrII

A sites are more coordinatively unsaturated than CrII
B sites, as they are

able to coordinate a second CO molecule at room temperature. A second de-
duction is that CrII

A sites have higher tendency to give d-π interactions. The
absence of bands at ν̃ < 2000 cm–1 demonstrates that no bridging CO struc-
tures are formed upon CO dosage at room temperature [94, 98].

The examination of the ν̃CO bands in the 2200–2179 cm–1 region at room
temperature reveals that Cr(II) sites are distributed in two basic structural
configurations, namely CrA and CrB. These results confirm the view illus-
trated before concerning the structural complexity of the Cr(II) system. CrA
sites seem to correspond to the first family of chromates represented in
Scheme 4, while CrB sites correspond to a family characterized by a larger
αOCrO bond angle. It is important to underline here that, when we speak about
CrA and CrB sites, we are referring to two families of structures instead of
simply to two different well-defined sites.

If a unifying picture has been achieved in the interpretation of the CO
room temperature triplet, different views are still present concerning the
low temperature spectra of CO on Cr(II)/SiO2. The remarkable sequence of
spectra illustrated in Fig. 3b corresponds to increasing coverages of CO ad-
sorbed at 77 K on Cr(II)/SiO2. These characteristic and complex spectra are
independent of the silica used to support the chromium phase (pirogenic
silica, aerogel, xerogel). For this reason they can be considered as a highly
reproducible finger print of the system. The IR bands can be clearly divided
into two groups, depending on the CO equilibrium pressure. At very low
equilibrium pressure (PCO < 50 Torr) only the “room temperature triplet” is
present. Upon increasing the pressure, a second series of intense bands in
the 2140–2050 cm–1 region (i.e., at ν̃ lower than ν̃CO gas) grows up at the ex-
penses of the bands formed in the first phase. This behavior, together with the
multiplicity of peaks, suggests that the bands in the 2140–2050 cm–1 interval
belong to polycarbonylic species formed by addition of further CO molecules
to the species responsible for the triplet at 2191–2179 cm–1. It should be noted
that a new component is also present at about 2200 cm–1. This band is as-
signed to monocarbonylic species formed on a third family of sites (CrC). As
in the case of the room temperature triplet, the relative intensity of the com-
ponents in the 2140–2050 cm–1 interval changes dramatically with different
thermal treatments [17].

The IR spectra obtained at 77 K have been already thoroughly discussed
in the past and their assignment has caused an interesting controversy in
the specialized literature. In particular, the most crucial question associated
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with the whole set of low frequency bands is why the addition of further
CO ligands causes such a dramatic shift towards lower frequencies and an
equally dramatic increase of the integrated intensity. In attempts to answer
this problem, Rebenstorf et al. [49–52, 76] and Zecchina et al. [45, 47, 48, 75]
proposed two radically different interpretations of the carbonyl bands at 77 K.
The first interpretation is based on the formation of bridged CO species on
Cr(II) – Cr(II) pairs; the second is based on multiple CO addition on iso-
lated Cr(II) sites. It is useful to remember that isolated centers derive from
CO reduction of surface monochromates, while paired Cr(II) – Cr(II) cen-
ters mainly derive from reduction of dichromate precursors. Considering that
monochromates are the most abundant species on our samples, the second
interpretation is highly preferred [17].

This interpretation [48, 53, 54, 77, 99] is based on the hypothesis that at
low temperature/high pressure we have further insertion of CO into the co-
ordination sphere of isolated Cr(II) ions, assumed as the dominant species,
following Scheme 5 (black part). According to this hypothesis, the added CO
molecules have the character of linear species and no bridged carbonyls are
involved. The CrII

A and CrII
B families are able to coordinate further CO lig-

ands at low temperature/high pressure, suggesting that the involved CrII
A and

CrII
B species are both highly coordinatively unsaturated (although at different

degrees). The CrC species, on the contrary, adsorb only one CO because they
possess the highest coordination.

This interpretation, however, faces a new problem: If the low frequency
bands are not due to bridging species, what is the explanation of the dis-
tinct downward shift of the ν̃CO bands upon CO addition and also of their
strong intensity? Authors of quoted works [48, 53, 54, 77, 99] have probably
solved this contradiction. The surface process depicted is not a simple ligand
insertion into a pre-existing coordinative vacancy, but more likely a ligand
displacement reaction of the type reported in Eq. 2:

(SiO)2CrIILn,n–1(CO)1,2
CO

––→ (SiO)2CrIILn–1,n–2(CO)3 + 1, 2L, (2)

where the insertion of the additional CO is associated with the simultan-
eous expulsion of a weakly bonded surface ligand L (presumably, the bridging
oxygen of the siloxane groups). In other words, the adsorption of CO is
accompanied by local relaxation, a fact that is not unknown in surface sci-
ence. On this basis it is evident that, although the Cr(II)· · ·CO bond is strong
(a fact which explains both the low frequency and the high intensity of the IR
bands), the CO removal is easy. In fact, the total enthalpy of the process can be
small because the positive enthalpic contribution of the formation of strong
CO bonds is partially cancelled by the negative contribution of the displace-
ment of the L ligands (ensuring crystal field stabilization to the naked Cr(II)
sites).
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Espelid and Børve [100] have recently explored the structure, stability, and
vibrational properties of carbonyls formed at low-valent chromium bound
to silica by means of simple cluster models and density functional theory
(DFT) [101]. These models, although reasonable, do not take into consider-
ation the structural situations discussed before but they are a useful basis for
discussion. They found that the pseudo-tetrahedral mononuclear Cr(II) site is
characterized by the highest coordination energy toward CO.

On the basis of all the literature reviewed above, we are now able to sum-
marize the main results concerning the structure of Cr(II) sites [17]:
(i) The structure of anchored Cr(II) ions is extremely heterogeneous. This

Cr(II) structural variability is favored by the amorphous nature of the sil-
ica support and can be influenced by the thermal treatments. In fact, on
the surface of the amorphous silica support, numerous locations of the
anchored Cr(II) ions are conceivable, which differ in the number, type,
and position of surface ligands. Figure 1b, where three Cr(II) ions have
been grafted in different positions on two vicinal oxygens, tries to repre-
sent this complex situation. From this picture it is evident that some Cr(II)
ions are protruding out of the surface more than others, depending on
the geometry and the strain of their environment. Different possible co-
ordinative situations of Cr(II) centers are reported in the zoomed inserts
of the picture. All the Cr(II) ions are grafted to the silica surface through
two strong SiO– ligands, but they differ in the type, number, and position
of additional weaker ligands, such as siloxane bridges or (more rarely)
residual OH groups. When the SiO– ligands belong to small silicon mem-
bered rings, they form with Cr(II) ion an angle near to the tetrahedral
value (top inset in Fig. 1b). The resulting O – Cr bond is quite covalent and
the Cr(II) are protruding on the silica surface. Upon increasing the ring
dimensions we pass from a pseudo-tetrahedral structure to the less pro-
truding pseudo-octahedral one (bottom inset in Fig. 1b), characterized by
a less strain and a higher ionicity of the resulting O – Cr bond.

(ii)Focusing attention on the coordination sphere of the Cr(II) sites, it is con-
cluded that they differ from each other in the number of the effective
coordination vacancies, v. The greater is v, the more unsaturated is the
Cr(II) site and more molecules can be adsorbed on it. However, it must
be noted that v does not necessarily coincide with the maximum number
of adsorbed molecules, because the weak ligands L can be more or less
easily displaced from their position when stronger ligands (e.g., NO) in-
teract with the chromium center. Of course, the displacement of a weak
ligand may require a high partial pressure of the ligand. This could explain
the necessity to lower the temperature to 77 K to insert a third CO ligand
into the Cr(II) coordination sphere, but also their easy removal [77, 99].
The displacement of one or more weak ligands may not only happen
with CO and NO, but also with the ethylene monomers during the initial
stages of the polymerization reaction. This means that, if the Cr(II) sites
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characterized by n = 0 and 1 are certainly the most active species in the
polymerization, the sites with n > 1 could also become active, provided
that the energy required to displace the weak ligands L is not so great and
the ethylene pressure sufficiently high.

3
Catalytic Activity and Polymerization Mechanism

The ability of the Phillips catalyst in polymerizing ethylene without the inter-
vention of any activator, makes it unique among all the olefin polymerization
catalysts. It is generally accepted that for catalytic reactions involving olefin
insertion and oligomerization (e.g., Ziegler–Natta and metallocene catalysts)
the metal active site must possess one alkyl or hydride ligand and an avail-
able coordination site. Very frequently the active catalyst is prepared in situ
from a transition metal compound not having the active ligand and an ac-
tivator (aluminium alkyl, methylalumoxane MAO, etc.) whose function is to
introduce an alkyl group in the coordination sphere of the metal. By anal-
ogy with the Ziegler–Natta type catalysts, the first step of the reaction should
be the insertion of a monomer molecule into a vacant position of the Cr
site carrying an alkyl group (structure II in Scheme 6), via a d-π interaction.
The second step is a migratory insertion reaction that extends the growing
alkyl chain by one monomer unit, thereby regenerating the vacant coordi-
nation site at the metal center (structure III in Scheme 6). This means that,
if a Ziegler–Natta-like polymerization mechanism is also assumed for the
Phillips catalyst, ethylene has to play three important roles simultaneously
and/or successively:
(i) Reduction agent, reducing the chromate species in an oxidation state of

+6 into coordinatively unsaturated active chromium precursor in a lower
oxidation state (this process is absent on CO/reduced catalyst)

(ii) Alkylation agent, alkylating the potential active chromium species result-
ing in the formation of active sites (species I in Scheme 6, where R is
unknown)

(iii) Propagation agent, acting as monomer for chain propagation of the ac-
tive sites

Scheme 6 Scheme of the initiation mechanism in ethylene polymerization according to
a Ziegler–Natta-like behavior
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As said in the introduction, the CO-reduced system is active in ethylene
polymerization and the resulting polymer is generally considered almost the
same as that obtained with the industrial catalyst [4]. Because of its simplicity,
hereafter we will discuss only the polymerization on this model catalyst.

3.1
Active Sites and Turnover Number

Several attempts have been made to determine the number of active sites
on the reduced Cr/SiO2 catalyst [17]. McDaniel et al. [4], by analyzing the
resulting polymer by 13C NMR, found that about 10% of the chromium
sites were active. Ghiotti et al. [53] measured the number of alkyl chains
produced on a reduced Cr/SiO2 sample by means of IR spectroscopy and
found that the number of active sites reaches about 10% of the total chro-
mium content. Kantcheva et al. [102] estimated the number of active sites
in a reduced catalyst by integrating the absorbance of the ν̃as(CH2) band
and knowing the number of ethylene molecules added to the IR cell. The
concentration of active sites estimated at the start of ethylene polymeriza-
tion (1.2×1019 sites/g = 2.0×10–5 mol/g) corresponds approximately to the
number reported by Hogan (2.5×10–5 mol active Cr sites/g) in the case of
an industrial Cr/SiO2 catalyst [3]. In conclusion, the vast majority of results
points toward a fraction of site not far from 10%.

These values are in contrast both with the results of poisoning experi-
ments and with the results of Bade et al. [103] obtained by gel permeation
chromatography (GPC) analysis of the polymer formed. In the case of the
poisoning experiments, the percentage of chromium involved in the poly-
merization has been determined to be much higher (about 34% in the case
of hydrogen sulfide poison [63, 104] and 20–50% in the case of CO poi-
son [105]). However, the technique is only good when the selectivity of the
poison for the active site is appropriate and this is not the case for the Phillips
catalyst; in this case the technique can only give an upper limit of the active-
site concentration [105, 106]. Conversely, Bade et al. [103] determined that
only 0.1% of the chromium is active. However, the low number of active sites
could be a consequence of the adopted conditions, room temperature and low
ethylene pressure, as suggested by the absence of fragmentation of the silica
support at the end of the experiment.

Concerning the polymerization activity of the CO-reduced catalyst,
Myers et al. [63] reported a turnover frequency (TOF) of 0.58 C2H4 molecules/s
for a polymerization conducted at 323 K in an ethylene pressure of 100 Torr
on a Cr(II)/SiO2 catalyst (oxidized at 1173 K and reduced in CO at 673 K).
Rebenstorf [107] obtained, at a temperature of 353 K and an ethylene pres-
sure of 500 Torr, a TOF of about 0.44 C2H4 molecules/s. Szymura et al. [108]
reported a polymer yield of 25.5 g(PE)/g(catalyst) for a 300 m2/g silica loaded
with 5 wt. % Cr, during polymerization at 300 K and atmospheric pressure over
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a CO prereduced catalyst. This value corresponds to a TOF of about 0.26 C2H4
molecules/s at atmospheric pressure. By assuming that the concentration of ac-
tive sites is 10% for all samples and hypothesizing a direct relationship between
TOF and ethylene pressure, the converted TOF values (for 20 Torr ethylene
pressure at about 300 K) ranges in the 0.5 – 1.2 C2H4 molecules/s interval [17].

3.2
First Spectroscopic Attempts to Determine the Polymerization Mechanism

The high TOF and the low concentration of the active sites have limited the
application of traditional spectroscopic techniques to observe the species in-
volved during the initiation mechanism. In 1988 Ghiotti et al. [53] carried
out ethylene polymerization on a CO-reduced Cr/SiO2 system at room tem-
perature and at low pressure. The idea was that short contact times and low
pressures should yield short length chains, thus allowing the study of the ini-
tial steps of polymerization reaction. Only two bands at 2920 and 2851 cm–1,
growing with time in a parallel way at nearly constant rates, were observed
and readily assigned to the antisymmetric and symmetric stretching vibra-
tions of CH2 groups of living polymeric chains growing on the silica external
surface. No evidence of terminal groups could be obtained.

In 1994 Zecchina et al. [77] tried to overcome the problem of very fast
reaction speeds by collecting fast time-resolved spectra of ethylene polymer-
ization. Fast FTIR spectra can be obtained by reducing the spectral resolution
(proportional to the movable mirror translation) and by collecting the inter-
ferograms without performing the FT. The latter are performed at the end of
the experiment [77, 109–113]. The sequence of spectra collected every 0.75 s
is reported in Fig. 4; the last spectrum was collected after only 15 s from the
ethylene injection into the cell. Following the considerations outlined before
about the number of ethylene molecules inserted per second at each chro-
mium center at room temperature and pressure of about 0.02 atm (not far
from 1 molecule/s), the detection of the presence of methyl groups in the ini-
tiation stage was conceivable. From the sequence, it is evident that, even if
the time used to perform the measure was extremely short, the spectra did
not show evidence of alkyl precursors formation. From this experiment, the
metallacycle hypothesis (vide infra) received strong (but not fully conclusive)
support.

It is worth noticing that in the first spectra of the series shown in Fig. 4
the two methylenic bands at 2920–2851 cm–1 appear slightly asymmetric,
with a broad tail at higher frequencies. This feature becomes less evident
at increasing polymerization times, since the intensity of the CH2 bands in-
creases. At least two different explanations can be advanced. (i) Methylene
groups next to a low valent chromium would be influenced by the presence
of the chromium itself and thus exhibit a distinct difference in the stretch-
ing frequency with respect to that of a methylene group in the middle of the
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polymer chain. (ii) CH2 belonging to the small and strained metallacycles
present in the firsts stages of the polymerization are characterized by stretch-
ing frequencies higher than that of CH2 belonging to linear infinite polymeric
chains. As the polymerization proceeds, the strain of the cyclic structures
decreases and the CH2 groups become indistinguishable from those of long
linear chains. On the basis of the data reported in Fig. 4, it is not possible to
make a choice between the two alternatives, which are not mutually exclusive.

The presence of methylenic bands shifted at higher frequency in the
very early stages of the polymerization reaction has also been reported by
Nishimura and Thomas [114]. A few years later, Spoto et al. [30, 77] reported
an ethylene polymerization study on a Cr/silicalite, the aluminum-free ZSM-
5 molecular sieve. This system is characterized by localized nests of hydrox-
yls [26, 27, 115], which can act as grafting centers for chromium ions, thus
showing a definite propensity for the formation of mononuclear chromium
species. In these samples two types of chromium are present: those located in
the internal nests and those located on the external surface. Besides the dou-
blet at 2920–2850 cm–1, two additional broad bands at 2931 and 2860 cm–1

are observed. Even in this favorable case no evidence of CH3 groups was ob-
tained [30, 77]. The first doublet is assigned to the CH2 stretching mode of the
chains formed on the external surface of the zeolite. The bands at 2931 and

Fig. 4 Fast time-resolved spectra of ethylene polymerization reaction on CO-reduced
Cr/SiO2 sample. Initial ethylene pressure was 10 Torr. Last spectrum after 15 s. Reprinted
from [77]. Copyright (1994) by Elsevier
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2860 cm–1 were assigned by Spoto et al. [30, 77] to CH2 modes of polymeric
chains growing on chromium sites located inside the zeolite framework. Due
to the spatial hindrance caused by the framework walls, polymeric chains ini-
tiated at internal chromium centers cannot grow freely and only very short
chains can be obtained. The CH2 stretching frequencies are shifted with re-
spect to those of the infinite chains formed on the external surface.

3.3
Polymerization Mechanisms Proposed in the Literature

3.3.1
Ethylene Coordination, Initiation and Propagation Steps

From the results discussed so far, it is evident that only CH2 groups have been
observed in the very early stages of the ethylene polymerization reaction. Of
course, this could be due to formation of metallacycles, but can be also a con-
sequence of the high TOF which makes the observation of the first species
troublesome. To better focalize the problem it is useful to present a concise
review of the models proposed in the literature for ethylene coordination,
initiation, and propagation reactions.

Two types of mechanisms are generally accepted for the propagation of
transition-metal-catalyzed olefin polymerization systems: the Cossee [116]
and the Green–Rooney [117] mechanisms. The Cossee mechanism requires
a vacant coordination site on the metal center in the position adjacent to
the growing alkyl chain. A monomer molecule π-coordinates to the metal
and then inserts into the alkyl chain, which grows of one monomer unit
(see Scheme 6). The Green–Rooney mechanism requires two vacant coordi-
nation sites at the metal center. The growing polymer chain first eliminates
an α-hydrogen to produce a metal-carbene species. An ethylene molecule
then coordinates at the remaining vacant site, followed by addition across the
metal-carbene double bond in a metathesis-type reaction to form a metalla-
cycle species. Reductive elimination causes the ring opening, thus producing
an alkyl chain that has been extended by one monomer unit, together with the
restoration of the original vacant coordination sites at the metal center.

Although the standard Cossee-type mechanism is especially suited for the
Ziegler–Natta polymerization processes (where an alkyl group is prelimi-
narily inserted into the coordination sphere of the transition metal center
through the intervention of an activator), the standard Cossee [116] type of
propagation mechanism is also assumed to be valid for the Cr/SiO2 system.
In the absence of any activator providing the alkyl group, the main problem
is to explain the initiation of the first chain, i.e. the nature of R in species I
of Scheme 6. This crucial point has stimulated a great debate and several
hypothesis have been advanced. In Scheme 7 the majority of proposed mech-
anisms are reported.
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All mechanisms proposed in Scheme 7 start from the common hypothe-
ses that the coordinatively unsaturated Cr(II) site initially adsorbs one, two,
or three ethylene molecules via a coordinative d-π bond (left column in
Scheme 7). Supporting considerations about the possibility of coordinating
up to three ethylene molecules come from Zecchina et al. [118], who recently
showed that Cr(II) is able to adsorb and trimerize acetylene, giving benzene.
Concerning the oxidation state of the active chromium sites, it is important
to notice that, although the Cr(II) form of the catalyst can be considered as
“active”, in all the proposed reactions the metal formally becomes Cr(IV)
as it is converted into the “active” site. These hypotheses are supported by
studies of the interaction of molecular transition metal complexes with ethy-
lene [119, 120]. Groppo et al. [66] have recently reported that the XANES
feature at 5996 eV typical of Cr(II) species is progressively eroded upon in situ
ethylene polymerization.

From Scheme 7, the extraordinary complexity of the species that can be
formed, at least in principle, during the initiation step can be appreciated. It
is important to underline that the number of possible initiation mechanisms
can be greater than the seven indicated in Scheme 7, because several mech-
anisms can be found not only coming from top to bottom in a vertical way,
but also following a zig-zag path. Furthermore, most of the species reported
here could be in equilibrium during the early stages of the polymerization
reaction, increasing the complexity of the scenario.

Scheme 7 Initiation mechanisms proposed in literature for the CO-reduced Cr/SiO2 cata-
lyst. Vertical direction shows evolution of the initial species upon addition of one ethylene
molecule. Horizontal direction shows all the possible isomeric structures characterized by
an average C2H4/Cr ratio equal to 1, 2, and 3
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So far we have considered only mechanisms involving a single Cr(II) ion,
because the centers have been found to be isolated, at least for low Cr load-
ings. However, the intervention of multiplets of Cr(II) centers cannot be
excluded. In fact, it can be hypothesized that an eventual cyclic intermediate
formed initially (mechanism I and II) can also evolve into Cr(II)-(CH2)n-
Cr(II) species, where the chain is anchored to two different chromium cen-
ters. In these conditions chromium species carry only a linear chain and the
system differs from all the “double bridged” structures illustrated up to now.

The role of coordinated ethylene is evidenced by the recent ab initio cal-
culation performed by Espelid and Børve [121–123], who have shown that
ethylene may coordinate in two different ways to the reduced Cr(II) species,
either as a molecular complex or covalently bound to chromium. At longer
Cr – C distances (2.36–2.38 Å) an ethylene-chromium π-complex forms, in
which the four d electrons of chromium remain high-spin coupled and the
coordination interaction is characterized by donation from ethylene to chro-
mium. Cr(II) species in a pseudo-tetrahedral geometry may adsorb up to two
equivalents of ethylene. In the case of a pseudo-octahedral Cr(II) site a third
ethylene molecule can also be present. The monoethylene complex on the
pseudo-tetrahedral Cr(II) site was also found to undergo a transformation to
covalently bound complex, characterized by shorter Cr – C distances (about
2.02 Å), in which the donation bond is supplemented by back donation from
Cr3d into the π∗ orbital of the olefin. This implies that chromium formally
gets oxidized to Cr(IV), adopting a triplet spin state.

3.3.2
Standard Cossee Model for Initiation and Propagation

To solve the problem of the initiation of the first polymer chain, Hogan [3]
suggested that polymer chains were initiated by monomer insertion into
a Cr – H bond. The resulting metal-alkyl species then propagates via a Cossee
mechanism [116] (mechanisms V and VI in Scheme 7). A prerequisite for this
scheme is that there must be a Cr – H bond present prior to the onset of poly-
merization. Some authors have suggested that surface silanol groups provide
a source of additional hydrogen atoms [124, 125]. Hydride transfer may occur
between a silanol group and a supported Cr(II) ion to yield an O2– species and
a Cr(III) – H bond, into which the first ethylene can insert [124]. Alternatively,
it has been proposed that ethylene adsorption directly onto a surface silanol
group is followed by its coordination to an adjacent chromium ion, along with
the migration of a proton from the silanol group onto the metal center [125].

However, the inverse correlation between activity and hydroxyl concen-
tration [4] and the fact that excellent catalysts can be obtained with systems
completely dehydroxylated by chemical means [126] (e.g., by fluorination)
makes this mechanism unlikely. The only viable direction is to hypothesize
that the starting structure for polymerization may evolve directly from a re-
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action between ethylene and the divalent chromium species, as reported in
Scheme 7.

3.3.3
Carbene Model for Initiation and Propagation

Starting from the coordination of only one ethylene molecule, a carbene
mechanism has been proposed [117], via formation of an ethylidene-
chromium(IV) species through a metal-catalyzed transfer of hydrogen be-
tween the carbon atoms in ethylene (mechanism IV in Scheme 7). Kantcheva
and co-workers [102] suggested a carbene mechanism on the basis of IR
spectroscopy results. They assigned a band at 3016 cm–1 in the initial poly-
merization stage to ν̃CH of Cr = CH – R groups. This mechanism does not
need an extra hydrogen for initiation. Previously, Ghiotti et al. [53] proposed
an alternative carbene mechanism, where the carbene was formed during
a reversible hydrogen abstraction from the α-CH2 groups to a surface oxy-
gen atom. Contrary to the former carbene mechanism [102], the latter [53]
avoids hydrogen scrambling, concurring with the conclusion of McDaniel and
Kantor [127] that no hydrogen shift occurs during the propagation reaction.

Another possibility is that carbene species are generated via the dissocia-
tive adsorption of ethylene onto two adjacent chromium sites [71]. A second
ethylene molecule then forms an alkyl chain bridge between the two chro-
mium sites; this can subsequently propagate via either the Cossee or the
Green–Rooney mechanism.

Recently, Amor Nait Ajjou et al. [128–130] prepared a working catalyst
through thermal transformation of dialkylchromium(IV) structure, accom-
panied by release of the corresponding alkane, as reported in Eq. 3:

(≡ SiO)2Cr(CH2CMe3)2
70 ◦C

–––––→ (≡ SiO)2Cr = CHCMe3 + CMe4 (3)

The stoichiometry of this conversion is in accordance with a carbene starting
structure. An alternating alkylidene/metallacyclobutane mechanism [102,
131–133], which has precedent in the ethylene polymerization catalyzed by
a Ta(III) neopentilydene complex [134], has been proposed where the chro-
mium alkylidenes undergo [2+2] cycloaddition to give chromacyclobutane
intermediates (mechanism III in Scheme 7).

3.3.4
Metallacycles Model for Initiation and Propagation

Experimental results supporting the metallacycles model for initiation and
propagation have also been proposed [77, 99, 135, 136]. As already discussed,
Ghiotti et al. [53] and Zecchina et al. [77] did not obtain IR spectral evi-
dence indicating the presence of vinyl or methyl groups in the firsts stages
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of polymerization. They believed that terminal groups were not present in
the polymer chains, i.e., the chains formed cyclic structures with both ends
attached to the active site. They proposed two structures, a metallacycle in-
volving only one Cr ion, or a polyethylene chain bridged over two nearby
chromium ions. The second cyclic structure, first proposed by Rebenstorf and
Larsson [46], was also supported some years later by Zielinski et al. [71].

Support for the metallacyclic structure has recently been obtained from
reactions between organometallic chromium complexes and ethylene where
five-membered metallacycles are formed [135]. Further insertions may then
take place to one of the two chromium–carbon single bonds, thus forming
larger metallacycles. The metallacyclic species may propagate as such un-
til termination occurs by hydrogen transfer from one of the β-methylene
groups to the opposite α-carbon, thus forming linear polymer chains with
one methyl and one vinyl end group as expected.

Several studies report the formation of 1-hexene in the early stages of
ethylene polymerization [129, 136, 137]. Jolly and co-workers [135] recently
reported that homogeneous chromium-based catalysts may show high selec-
tivity with respect to trimerization of ethylene to 1-hexene. They proposed
a mechanism involving chromacyclic intermediates, some of which have been
isolated and structurally characterized. The key to this mechanism is sug-
gested to lie in the relative stability towards intramolecular β-H-transfer of
the metallacyclopentane ring compared to the metallacycloheptane ring.

Ruddick and Badyal [136] studied the desorbing species on a prere-
duced Phillips catalyst using mass spectrometry and concluded that only
1-hexene was formed. The formation of 1-hexene has been proposed to
proceed via metallacyclic intermediates; this involves coordination of two
ethylene molecules to form a chromacyclopentane species. Recently Gian-
nini et al. [120] investigated the chemistry of the calix[4]arene tungsten(IV)
system and discovered a variety of olefin rearrangements which are very
close to those often supposed to occur on metal oxides. In particular, the re-
arrangements of ethylene lead to the formation not only of alkylidenes and
alkylidynes but also of metallacycles structures such as metallacyclopropane
and metallacyclopentane. The peculiarities of the oxygen set of donor atoms
of a calix[4]arene structure makes the comparison with a metalla-oxo surface
particularly appropriate [120, 138].

The calculations of Espelid and Børve [121, 123] on the pseudo-tetrahedral
Cr(II) cluster have shown that only a very low barrier separates the double
ethylene π-complex from forming a chromacyclopentane structure. In the
same way, the triethylene π-complex which forms on the pseudo-octahedral
Cr(II) sites may undergo ring-fusion reactions, either to form a chromacy-
clopentane structure with a coordinating ethylene molecule or, alternatively,
to form a chromacycloheptane species. Rearrangement of the monoethy-
lene complex to either ethylidenechromium or ethenylhydridochromium, on
the other hand, is much less favorable for thermodynamical reasons, as de-
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scribed previously. Hence, it appears likely that, according to the quantum
mechanical calculations, chromacyclopentane or chromacycloheptane are the
dominating initial species at the mononuclear Cr(II) site.

3.3.5
Conclusions and Future Improvements

From these contributions it is evident that there is still no agreement on the
initiation mechanism and that new experimental studies are needed. Unfor-
tunately the high polymerizing rate and the small fraction of low-coordinated
chromium sites represent the major obstacles in studies of the initiation step.
This means that in order to be able to identify the first species in the polymer-
ization reaction using a spectroscopic technique the time needed to perform
the measure must be shorter than the short life-time of the very active species
formed during the initiation. Progress in this direction can be achieved ei-
ther by improving the time response of the instrument or by finding means
of slowing down the reaction speed, or both. Furthermore, the spectroscopies
adopted must be sensitive because they should be potentially able to iden-
tify species formed on a very low fraction of sites (for instance in the 0–10%
interval).

Among all the spectroscopic techniques reviewed here, IR spectroscopy
is the most versatile and the most used in the attempt to identify the pre-
cursors of ethylene polymerization, being able to directly discern between
the vibrational manifestations of different species even under operando con-
ditions. IR spectroscopy is, in principle, able to distinguish between all the
structures illustrated in Scheme 7. In this respect we briefly focus attention on
the fact that, among all the proposed mechanisms, the only one not involving
species characterized by methyl groups is the metallacycle mechanism. In this
case, all the initiation species are characterized only by methylenic groups be-
longing to rings of increasing dimension. As the stretching modes of methyl
groups are almost two times more intense than CH2 stretching modes, we
expect that methyl groups, if present, should be visible in the first stages of
polymerization, when the chain length is modest, i.e., the ratio CH2/CH3 is
relatively small.

Very recently, Bordiga et al. [99] designed and performed new experiments
allowing the collection of FTIR spectra at low temperature and in the pres-
ence of CO, which is known to reduce the polymerization speed. Under these
conditions, the reduced rate allowed the observation of shorter olygomeric
chains [99]. In Fig. 5 it is evident that, at the lowest reaction times, the ν̃(CH2)
peaks were located at 2931 and 2860 cm–1, i.e., at values distinctly different
from those observed in the normal experiments (2920 and 2851 cm–1), see
Fig. 4. Only after prolonged contact time these new components were over-
shadowed by the usual bands of the long polymeric chains. In conclusion,
these results demonstrate that the study of the reaction in the presence of the
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Fig. 5 Temperature-resolved ethylene polymerization on CO-reduced Cr/SiO2 catalyst
in the 100–300 K range in presence of pre-adsorbed CO (increasing temperature from
bottom to top). Reprinted from [99]. Copyright (2003) by Elsevier
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CO poison can probably allow observation of the ν̃(CH2) modes of the first
products of the polymerization.

4
Open Questions and Perspectives

We have illustrated in detail the efforts made in the last few decades to dis-
cover the structure of the active sites of the Phillips catalyst and to solve the
mystery of the initiation step, which is unique among the polymerization cat-
alysts because it proceeds without activators. From the survey of the literature
it can be safely concluded that much progress has been achieved in the under-
standing of the surface structure and catalytic activity of the Cr/SiO2 system.
In particular, concerning the surface structure, the following points now ap-
pear to be firmly established:
(i) On Cr(VI)/SiO2 diluted samples (0.5–1.0 wt. % Cr loading) the predom-

inant anchored species are monochromates.
(ii) On CO-reduced diluted sample chromium is isolated and prevalently in

divalent state. The average Cr(II)-Cr(II) distance, in the case of a 1 wt. %
Cr(II)/SiO2 system, is about 10 Å.

(iii) Due to the amorphous character of the support, different families of
Cr(II) structures are present on the surface, which can be identified via
accurate spectroscopic methods and classified into three distinct families
(CrII

A, CrII
B and CrII

C).
(iv) The majority of Cr(II) sites are highly coordinatively unsaturated and

can adsorb up to three CO, three NO and three acetylene molecules.
(v) The initiation step proceeds by ethylene coordination on Cr(II) with for-

mation of d-π complexes.
(vi) Ab initio modeling is starting to play a fundamental role in the elucida-

tion of surface structures and of adsorption, initiation and polymeriza-
tion mechanisms.

Despite all these achievements, several questions remain still unanswered, in
particular:
(i) The precise structure of the three different families of Cr(II) sites (CrII

A,
CrII

B and CrII
C) on the CO-reduced catalysts is still under investigation

(ii) The precise structure, the relative abundance, and the TOF of the most
active sites is still unknown, probably because they are present in low
concentration

(iii) Determination of the species formed in the initiation steps is still at the
infancy

From the comparison of the achievements and open problems new perspec-
tives are emerging. In particular, the results collected in these pages demon-
strate that the synergic use of different and complementary spectroscopic
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techniques can provide more and more detailed information about the struc-
ture of chromium on the amorphous silica surface. Pursuing this goal, new,
more sensitive characterization methods and more finalized strategies for the
study of the really active sites must be adopted, not only from an experimen-
tal but also from a theoretical point of view. The more extended use of in
situ spectroscopic investigations under conditions as close as possible to the
real catalytic conditions is the first logical step. Among the new strategies, the
intelligent modification of silica support (for instance via introduction of for-
eign atoms like Ti, Zr, etc.) or the utilization of crystalline silica support can
represent an innovative path. These new studies are encouraged by the fact
that most of the open problems mentioned above are not characteristic of the
Cr/SiO2 system. In fact, similar questions are commonly encountered for the
vast majority of catalysts, since direct experimental observation of working
centers and intermediates is invariable absent in the literature.

Note Added in Proof

After the submission of this contribution, new relevant results in the field of
the characterization of the Phillips catalyst have been published. In particular,
in [139], the first Raman spectra of molecular adducts (CO and N2) formed on
Cr(II) sites are reported, thus obtaining indirect information about the Cr(II)
anchored species, complementary to those reported in Sect. 2.3.2. These re-
sults have been achieved by using an ad hoc selected laser line (able to
excite a ligand to Cr charge transfer transition that does not relax in a ra-
diative channel), and adopting as a support a silica aerogel behaving as an
optically uniform medium in the region of work. These two combined strate-
gies, never simultaneously applied before, allowed to obtain great quality
Raman spectra of surface species, demonstrating that Raman spectroscopy
can have great sensitivity towards surface species present in small concen-
tration. The improvement can be quantified by comparing published spectra
of the oxidized Cr(VI)/SiO2 system (see discussion in Sect. 2.2), with the
more intense and much richer one obtained under the experimental con-
ditions adopted in [139]. New spectroscopic features, assigned to terminal
O = Cr = O species, are clearly observed. The absence of any other nar-
row bands in the 800–900 cm–1 region, also when the silica fluorescence
background has been eliminated, definitely exclude a significant presence
of polymeric chromium species, at least at low chromium loadings, as al-
ready suggested (but not safely demonstrated) in the past and in contrast
with the case of Cr(VI) anchored on other oxide supports [6, 33, 35–37]. The
same experimental strategies have been improved in [140], where the Cr(II)-
framework modes at 568 and 1009 cm–1 have been observed for the first time.

As far as the initiation mechanism is concerned, the first complete char-
acterization of the C2H4 π-complexes formed on Cr(II) sites has been re-
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ported [141]. These results are particularly important in the view of the un-
derstanding of the polymerization mechanism, since the C2H4 coordination
and the formation of π-bonded complexes are the first steps of the reaction,
as discussed in Sect. 3.3.1. Finally, the relation existing between the struc-
ture of the Cr(II) active sites, the catalytic activity and the properties of the
resulting polymers has been highlighted in [142].
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Abstract We briefly underline the relevance of TS-1 catalyst for industrial applications in
mild oxidation reactions using hydrogen peroxide as oxidant and review the experimental
works employed over last two decades for understanding the structure of the Ti centers
in the bare TS-1 material. After an animated and controversial debate that has lasted in
the literature until 1994, several works (reviewed here in depth) have definitively assessed
that Ti atoms occupy framework positions substituting a Si atom and forming tetrahedral
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[TiO4] units. The literature concerning the interaction of TS-1 with ligand molecules is
briefly discussed. There is unanimous consensus that ligand adsorption causes the dis-
tortion from the Td-like symmetry of the [TiO4] units. As the TS-1 catalyst works in
aqueous solution, particular attention has been devoted to the interaction with water;
the same holds for ammonia as it is a reactant in the ammoximation of cyclohexanone
to give cyclohexanone oxime. Finally, the interaction of TS-1 with H2O/H2O2 solutions
is reviewed in detail. Particular attention is paid to very recent results that have signifi-
cantly improved knowledge of the catalyst in conditions as close as possible to working
conditions. UV-Vis, Raman (under resonance conditions) and X-ray absorption (both
in the XANES and EXAFS regions) spectroscopies have been determinant in highlight-
ing the structure of the species formed by adsorption of H2O2 on Ti centers inside the
TS-1 framework. The following observations demonstrate a synergic role between Ti(IV)
centers and hydrogen peroxide: (i) the O – O species, responsible for the yellow color of
the TS-1/H2O/H2O2 system, is a side-on peroxo complex, probably generated by the re-
versible rupture of one Ti – O – Si bridge, with the formation of Ti(O2H) and H – O – Si
groups; (ii) the stability of this peroxo complex is low in the absence of an excess of H2O;
(iii) a strong enhancement of the acidity of the TS-1/H2O2/H2O system with respect to
that of TS-1/H2O have been observed.

Keywords EXAFS · H2O2 · Hydroperoxo complexes · IR · Raman · Partial oxidations ·
Peroxo complexes · Titanosilicate · TS-1 · UV-Vis · XANES

Abbreviations
DRS Diffuse reflectance spectroscopy
EPR Electron paramagnetic resonance
EXAFS Extended X-ray absorption spectroscopy
FT Fourier transform
FTIR Fourier transformed infrared spectroscopy
IR Infrared
TS-1 Titanium silicalite-1
UV-Vis Ultraviolet-visible spectroscopy
XANES X-ray absorption near edge structure spectroscopy

1
Introduction

By single-site catalysts we mean catalysts where the breaking and formation
of chemical bonds occurs at isolated active centers whose chemical activity is
dominated by the electronic properties of a single atomic species or of a small
cluster of atoms that can act in an independent way with respect to others.

Homogeneous catalysts are very often known as examples of single-site
catalysts characterized by complete structural definition and (presumably)
complete knowledge of the chemical processes occurring at their catalytic
centers. It is a matter of fact that the homogeneous catalysts are molecular
complexes constituted by an active core containing a single active atom (of-
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ten metallic) or a cluster of atoms and that these active species or cluster of
species operate as individual entities (in solution of an inert solvent). In all
these complexes, the catalytic activity is essentially dominated by the mono-
or polymetallic cores. This does not mean that the ligands surrounding the
active core are not playing a role in the catalytic events. In fact they have many
vital functions. Among these are:

• Modulation of the electron density on the frontier atomic orbitals centered
on the active atom(s) with LUMO and HOMO character

• Control or preservation of the geometry of the site (in terms of structure,
number, and location of the metal atoms and of coordinative vacancies)
during the catalytic cycles

• Cooperative activity in the diffusion of the reactants from and to the active
center

True examples of single-site catalysts are enzymes, where active sites are
made mainly by metallic centers (mono- or polynuclear species) whose co-
ordination sphere is completely defined by ligands [1–4]. The strength of
enzymes is the combined effect of metal center activity with the specific be-
havior of metal coordination sphere ligands. These species play a key role,
being optimized to create an environment suitable for: (i) metal centers ap-
proaching and coordinating by reactants; (ii) product removal from the cata-
lytic centers at the end of the reaction in order to avoid further reactions.

Among heterogeneous catalysts, very few are generally agreed examples of
single-site catalysts. Generally speaking heterogeneous catalysts are charac-
terized by a large variety of sites among which only a small fraction, some-
times only a small percentage, are catalytically active [5, 6].

The difficulty is that characterization techniques are usually not selec-
tive towards active sites, so very often the main spectroscopic features are
not evidence for active sites manifestations. However, it is possible to find
some exceptions mainly among functionalized materials, such as zeolites.
One of the few well established examples is TS-1 [7], a zeolite discovered in
1983 behaving as a catalyst for partial oxidation reactions in H2O2/H2O solu-
tions [8–20].

In this zeolitic material a very low percentage of Ti(IV), dispersed in a pure
siliceous microporous matrix (with the MFI framework, the same as that of
the ZSM-5 zeolite), is able to oxidize in mild conditions many substrate with
extremely high activity and selectivity (see Sect. 2). However, after more than
three decades, a complete picture of reaction mechanisms is still missing. Ma-
jor problems related to characterization are due to the extremely high dilution
of Ti(IV) in the zeolitic matrix and the presence of high amounts of water in
the reaction media. The first point requires characterization techniques very
sensitive and selective towards Ti(IV). For instance, XRD measurements have
been able to recognize the presence of Ti(IV) in the framework only indi-
rectly, via the measured unit cell volume increase [21, 22], but attempts to
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directly localize Ti(IV) have not given unambiguous interpretations [22–26].
This is the main reason why spectroscopic techniques have been so widely
employed to characterize TS-1. Combined use of them have been able to clar-
ify that Ti(IV) occupies framework positions in the MFI lattice (Sect. 3) and
expands its coordination sphere upon contact with extra ligands (Sect. 4).
Many studies have been performed following the reactivity of Ti(IV) towards
extra ligands from the gas phase (see Sect. 4), but a deep characterization
of Ti(IV) in presence of H2O2 aqueous solution was missing and only very
recently it has been achieved (see Sect. 5).

2
Oxidation Reactions Catalyzed by TS-1

The selective catalytic oxidation of organic compounds with an environmen-
tal attractive oxidant, aqueous H2O2, is a challenging goal of fine chemistry.
Over the past two decades, heterogeneous Ti(IV)-based catalysts have re-
ceived much attention for their application in this field. Highly active and
selective catalysts can be produced by dispersing Ti atomically in a silica ma-
trix [27, 28], or by grafting isolated Ti species to the surface of silica [29–31],
mesoporous molecular sieves [32, 33], layered aluminosilicates [34], polyox-
ometallates [35, 36], or by isomorphously substituting Ti for silicon in mo-
lecular sieve frameworks [7, 17, 37–39]. Titanium silicalite-1 (TS-1) belongs
to this last category as it is obtained by inserting Ti in the MFI lattice.

TS-1 is a material that perfectly fits the definition of “single-site catalyst”
discussed in the previous Section. It is an active and selective catalyst in
a number of low-temperature oxidation reactions with aqueous H2O2 as the
oxidant. Such reactions include phenol hydroxylation [9, 17], olefin epoxida-
tion [9, 10, 14, 17, 40], alkane oxidation [11, 17, 20], oxidation of ammonia to
hydroxylamine [14, 17, 18], cyclohexanone ammoximation [8, 17, 18, 41], con-
version of secondary amines to dialkylhydroxylamines [8, 17], and conversion
of secondary alcohols to ketones [9, 17], (see Fig. 1). Few oxidation reactions
with ozone and oxygen as oxidants have been investigated.

TS-1-catalyzed processes are advantageous from the environmental point
of view as the oxidant is aqueous hydrogen peroxide, which turns into water,
and the reactions are operated in liquid phase under mild conditions, show-
ing very high selectivity and yields, thus reducing problems and the costs of
by-product treatments. Confinement of the metal species in the well-defined
MFI pore system endows TS-1 with shape selectivity properties analogous to
enzymes. For these features the application of the terms “mineral enzyme” or
“zeozyme” to TS-1 is appropriate [42].

Among the reactions mentioned before, the early industrial applications
of TS-1 catalyst were the hydroxylation of phenol (10 000 ton/year) and the
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Fig. 1 Schematic representation of the most relevant oxidation reactions catalyzed by TS-1

ammoximation of cyclohexanone to cyclohexanonoxime (12 000 ton/year),
both developed by Enichem. Recently, Sumitomo started producing cyclohex-
anonoxime in Japan (> 60 000 ton/year) [43], while Enichem developed up to
pilot plant scale the production of propylene oxide in Italy (6 ton/day) [44].

The unique activity and selectivity of TS-1 is nowadays believed to be
due to isolated sites of tetrahedral Ti atoms inserted in the vicarious pos-
ition of silicon in the MFI framework (see Sect. 3). The isolated and tetra-
coordinated Ti centers are able to expand their coordination sphere up to six
by interaction with extra ligands [45] (see Sect. 4). It has also been demon-
strated that Ti centers interact with hydrogen peroxide to form peroxo species
(see Sect. 5) [46–50]. The framework composition of TS-1 can be defined
as: xTiO2 · (1 – x)SiO2, and the upper limit for x (the Ti mole fraction) is
around 0.025 (vide infra Sect. 3.1). Attempts to produce TS-1 with signifi-
cantly higher Ti content fail, as the excess Ti segregates as TiO2. The change
in catalytic properties resulting from the presence of extra-framework TiO2
depends on the catalytic reaction. In the case of alkane and alkene oxida-
tion, the differences are limited, whereas in phenol oxidation a remarkable
dependence of selectivity on TiO2 content is observed. TiO2 is a very effi-
cient catalyst for H2O2 decomposition, resulting in lower H2O2 selectivity;
but TiO2 can also catalyze other reactions and in this way reduce the yield of
the desired products. Apart from TiO2, many other impurities (e.g., Al3+ and
Fe3+) can be present and some of them can modify the products of a catalytic
reaction [17].
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Crystallite dimensions play a role in determining the rates of reactions and
their control is of fundamental importance not only for the catalytic activity,
but also for the selectivity, since, with low rates of the desired reaction, the
relative importance of secondary reactions may be greater. The effects of crys-
tallite dimensions have been demonstrated for 1-butene epoxidation and for
phenol hydroxylation, and they are significant for many reactions carried out
with liquid phase reactants [17].

As discussed in the exhaustive review of Notari [17], reaction temperature
is of the upmost importance since Ti peroxo compounds decompose above
323 K. Solvents also have a remarkable effect in reaction rates and selectivity.

3
Investigation of the Bare TS-1: Anhydrous Catalyst

In the 1980s and in the beginning of the 1990s a lively debate took place in the
literature concerning the structural nature of the Ti centers in TS-1: titanyl
groups, extraframework defect sites, monomeric and dimeric Ti species, Ti
species incorporated in edge-sharing type structures forming bridges across
the zeolite channels etc. have all been inferred by different authors. The same
holds for the local geometries, where Ti species having local coordinations
such as tetrahedral, square pyramidal, or octahedral have been hypothe-
sized.

The origin of the initial confusion was probably related to the difficulty
encountered in the synthesis of well manufactured TS-1, which requires the
use of extremely pure reagents and severe control in the synthesis condi-
tions [7]. An imperfect synthesis implies an incomplete incorporation of Ti
into the MFI framework, leading to a significant reduction of the catalytic
performance and possibly to a misinterpretation of structural and spectro-
scopic data. Moreover, as already mentioned, the fact that only a very small
amount of Ti (less than 3 wt % in TiO2, corresponding to a molar ratio of
x = [Ti]/([Ti] + [Si]) = 0.025 [21]) can be substituted into the MFI frame-
work [51] does not facilitate the extraction and the attribution of the Ti
contribution from the total experimental signal. Note that the x = 0.025 limit
has been recently slightly improved [24, 52].

Nowadays there is a general consensus that the Ti(IV) atoms are incorpo-
rated as isolated centers into the framework and are substituting Si atoms in
the tetrahedral positions forming [TiO4] units. The model of isomorphous
substitution has been put forward on the basis of several independent char-
acterization techniques, namely X-ray [21–23] or neutron [24–26] diffraction
studies, IR (Raman) [52–57], UV-Vis [38, 54, 58], EXAFS, and XANES [52,
58–62] spectroscopies.
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Fig. 2 Summary of the most employed characterization techniques used to investigate
TS-1 catalyst under dehydrated conditions. a Volume cell (V) variation vs. Ti content
in the material (x) as determined by XRD, data taken by Lamberti et al. [22]. b UV-
Vis DRS spectrum, typical of solated tetrahedral Ti(IV) species [52, 54, 58]. c XANES
spectrum, proving the Td-like symmetry of Ti(IV) species [58, 59]. d Phase corrected,
k3-weighted FT (modulus and imaginary parts full and dotted lines, respectively) of
the EXAFS spectrum, showing that Ti(VI) is surrounded by four oxygen neighbors at
1.79–1.81 Å [58, 59]. e IR spectrum in the framework stretching modes showing the
appearance of the 960 cm–1 mode, typical of insertion of Ti inside the zeolitic frame-
work [52, 53]. f Raman spectrum obtained using an exciting laser in the infrared:
(λ = 1064 nm). Both 960 and 1125 cm–1 modes are visible [52, 55]

The most informative characterization techniques used to determine Ti
species inside dehydrated TS-1 catalysts are described in Sects. 3.1–3.7. The
discussion is supported by the experimental data reported in Fig. 2.

3.1
XRD

Diffraction experiments have evidenced an increase of the cell volume V
which is proportional to the Ti content [21, 22, 63]. The qualitative V vs. x
increase is easily obtained, however, care must be taken in using the XRD



44 S. Bordiga et al.

technique as a means of determining quantitatively the fraction of frame-
work Ti incorporation. In fact, together with the amount of incorporated
Ti(x) different additional factors act in determining the cell volume V of
the hosting matrix. Among the most relevant ones are: the amount of de-
fects (silicon vacancies generating internal silanol nests, see Sect. 3.8) and the
amount and the nature of molecules (mainly water and hydrocarbons) ad-
sorbed in the channels. Only if the last two points are under control, does
the direct V vs. x linear dependence hold. Millini et al. [21] recommend am-
monium acetate treatment and successive calcination of the TS-1 samples
measured in air to limit the dispersion of the point in the (x, V) plane. The
effect of the treatment has been rationalized in terms of the relaxation of
framework tensions and the cleaning of sample-related effects involving ex-
traframework species. Lamberti et al. [22] reported that an high linearity
can also be obtained by measuring activated samples under vacuum condi-
tions (inside sealed capillaries), see Fig. 2a. The linearity of such data is in
agreement with that reported by Millini et al. [21], although there is a sys-
tematic cell volume increment of about 11–14 Å3 in the dehydrated samples
with respect to the hydrated ones. This implies an interaction between the
adsorbed water molecules and the TS-1 framework. It is not surprising, con-
sidering the effects between the polar water molecule and the internal silanol
and titanol groups acting as weak Brønsted sites. This is in agreement with
IR studies in which hydrogen bond interactions of medium and high strength
were evidenced by observing the perturbation of the O – H stretching mode
of silanols and titanols on interaction with H2O [54, 64].

3.2
UV-Vis

The UV-vis spectra of TS-1 in vacuo gives a simple and clear proof of the
presence of tetrahedral Ti(IV) in the zeolite framework [37, 38, 52, 54, 57, 58,
63, 65]: in fact a Ti4+O2– → Ti3+O– ligand to metal charge transfer (LMCT)
located at ≈ 48 000 cm–1 (Fig. 2b) can be unambiguously assigned to the
charge transfer transition from the oxygen ligand to an unoccupied orbital
of a Ti(IV) ion tetrahedrally coordinated in isolated [TiO4]. In fact Ti(IV)
species in octahedral coordination (as in anatase or rutile) exhibit a Ti4+O2–

→ Ti3+O– LMCT in the 31 500–33 000 cm–1 [66, 67]. On the basis of the the-
oretical study of Ricchiardi et al. [52] the 48 000 cm–1 LMCT band should
not be considered as a charge transfer from a single oxygen atom out of the
four nearest neighbors but as a symmetric charge release, which occurs from
the four nearly equivalent oxygen atoms to the Ti(IV) center in the quasi-
tetrahedral [TiO4] unit, leading to the symmetric expansion of the tetrahedral
unit. This point will have great relevance when resonant Raman results are
discussed (Sect. 3.7).



Single Site Catalyst for Partial Oxidation Reaction: TS-1 Case Study 45

3.3
XANES

The low Ti content (up to 3 wt % in TiO2) makes the extraction of vibrational,
energetic, and geometric features specific to TiO4 moieties a difficult task as
the experimental data are dominated by the features of the siliceous matrix.
This is the reason why the structure of the local environment around Ti(IV)
species inside TS-1 was only definitively assessed more than 10 years after
the discovery of the material, when the atomic selectivity of X-ray absorption
spectroscopies (both XANES and EXAFS) were used [58–60].

XANES spectroscopy shows that a narrow and intense pre-edge peak at
4967 eV, due to the 1s → 3pd electronic transition involving Ti atoms in
tetrahedral coordination, is present in well-manufactured TS-1 (Fig. 2c). Con-
versely this electronic transition of Ti(IV) species in TiO2 (anatase or rutile)
is characterized by a very low intensity due to the small pd hybridization in
octahedral symmetry. Indeed the transitions A1g → T2g are symmetrically
forbidden in the case of octahedral coordination of Ti (IV), but the transition
A1 → T2 is allowed in the case of tetrahedral coordination of Ti(IV), as in the
case of [TiO4] units [52, 58–61, 63, 68].

3.4
EXAFS

Insertion of Ti atoms in a T(OSi)4 site strongly perturbs the T – O distance,
which increases from 1.59–1.60 Å for T = Si [69] to 1.79 – 1.81 ± 0.01 Å for
T = Ti, as proved by the EXAFS experiments of Bordiga et al. [58, 59] (see
Fig. 2d). Such studies were limited to the first shell, showing that Ti atoms
are, within experimental errors, coordinated to four oxygen atoms located
in the 1.79–1.81 Å range. Second shell studies appeared only considerably
later [62, 68]. In particular, in collaboration with colleagues of the Royal In-
stitute (London, GB), Bordiga et al. showed that the four Ti – O – Si angles
are not equivalent. Two pairs of angles have been found, the narrower one
of 143 ± 5◦, and the broader of 162 ± 5◦[68]. The four second shell Ti – Si
distances lie in the 3.26–3.38±0.02 Å interval.

3.5
IR

The IR spectra of silicon oxides, in the framework region mode, is dominated
by a strong absorption around 1000 cm–1, due the anti-symmetric stretching
of the Si – O – Si unit (Raman inactive mode) and by a less intense absorption
around 800 cm–1, due the symmetric stretching of the Si – O – Si unit (Ra-
man active mode). In the transparency window between these two modes, the
IR spectra of TS-1 shows an additional absorption band located at 960 cm–1
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(Fig. 2e), virtually absent in perfect silicalite-1 and immediately identified as
a fingerprint of TS-1 material [37, 52–55, 63, 70, 71]. A qualitative correlation
between the intensity of the infrared band at 960 cm–1 and Ti content has
been observed since the first synthesis of TS-1. Indeed, the occurrence of that
band is one of the distinctive features of the material cited in the original
patent [7]. However, the quantitative correlation has been reported only very
recently by Ricchiardi et al. [52], owing to very serious experimental prob-
lems related to the saturation of the IR framework modes. In the same work,
the nature of the 960 cm–1 band has been discussed in terms of theoretical
calculations based on both cluster and periodical approaches.

3.6
Raman

In the early 1990s Raman spectroscopy was applied to the characterization
of TS-1 catalysts [55, 56]. In such experiments, beside the 960 cm–1 band,
already observed by IR spectroscopy (see Sect. 3.5), a new component at
1125 cm–1 was detected by Scarano et al. [55] (see Fig. 2f). The 1125 cm–1

band was recognized to be a fingerprint of the insertion of Ti atoms in the ze-
olitic framework [55]. This band could not be observed in the IR studies as
totally overshadowed by an extremely intense band around 1000 cm–1 due to
SiO2 framework modes (Fig. 2e).

3.7
Resonant Raman

The remarkable effect that the resonance enhancement effect has on the in-
tensities of the observed Raman band is clearly shown in Fig. 3. Figure 3a
reports the UV-Vis DRS spectrum of dehydrated TS-1. The band at 208 nm
(48 000 cm–1) is LMCT, which occurs from the four nearly equivalent oxy-
gen atoms to the Ti(IV) center in the quasi-tetrahedral [TiO4] unit, leading
to the symmetric expansion of the tetrahedral unit [52] (see Sect. 3.2). The
four laser lines used to collect the Raman spectra reported in Fig. 3b are also
shown. It is evident that, by progressively increasing the energy of the exciting
source, one will enter into the Ti-specific LMCT band and thus enhancement
of the Ti-specific vibrational modes are expected. Enhancement, however,
only occurs for the modes that fulfill the resonance Raman selection rules,
which can be briefly summarized as follows: Resonance Raman spectroscopy
is defined as a Raman experiment in which the exciting wavelength coincides
with, or is near to, the wavelength of an electronic adsorption of the sam-
ple. This condition guarantees a high transfer of energy to the sample. If the
electronic absorption is due to a localized center, like a transition metal atom,
the excitation is also partially localized and the vibrational features of the im-
mediate vicinity of the absorbing atom can be enhanced by several orders of
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Fig. 3 a UV-Vis DRS spectra of dehydrated TS-1 catalyst reporting the typical 208 nm
(48 000 cm–1) LMCT band, see Fig. 2b; also reported are the four excitation laser lines
used in this Raman study: near-IR (dotted), visible (full), near-UV (dashed) and far-UV
(dot-dashed). b Raman spectra of dehydrated TS-1 obtained with four different lasers
emitting at λ = 1064, 422, 325, and 244 nm (dotted, full, dashed, and dot-dashed lines, re-
spectively). Raman spectra have been vertically shifted for clarity. Although the intensity
of each spectrum depends upon different factors, the evolution of the I(1125)/I(960) ratio
by changing the laser source is remarkable. The inset reports the Raman spectrum col-
lected with the 244 nm laser in its full scale, in order to appreciate the intensity of the
1125 cm–1 enhanced mode. Adapted from [48] with permission. Copyright (2003) by The
Owner Societies 2003

magnitude, if they meet the appropriate enhancement selection rules. Two
kinds of vibrations are enhanced: (i) totally symmetric vibrations with re-
spect to the absorbing center, and (ii) vibrations along modes which cause the
same molecular deformation induced by the electronic excitation [72, 73].

Figure 3b reports the Raman spectra collected on the dehydrated TS-1
using the four different lasers. Beside the typical modes of the siliceous MFI
framework at 800 and 370 cm–1, we observe the two Ti-specific bands at
960 and 1125 cm–1 mentioned in Sects. 3.5 and 3.6. It is evident that only
the latter mode is enhanced by tuning the exciting laser source within the
Ti-specific LMCT band. Quantitatively, from the data reported in Fig. 3b,
the ratio between the intensities of the two Ti-specific modes increases pro-
gressively by moving from the near-IR to the far-UV source in particular:
I(1125)/I(960) = 0.25, 0.48, 0.65 and 12.50 for the 1064, 442, 325, and 244 nm
lasers, respectively.
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Historically, the resonant Raman effect occurring on TS-1 (enhancement
of the 1125 cm–1 mode and invariance 960 cm–1 mode, see Fig. 3) was first
highlighted in 1999 by Li et al. [57] and successively reproduced in the works
of Ricchiardi et al. [52] in 2001 and of Bordiga et al. [48] in 2003. The correct
interpretation of the experimental results was achieved only in the combined
spectroscopic and ab initio works of Ricchiardi et al. [52], Bordiga et al. [64],
Damin et al. [74–76] and Bonino et al. [77], showing that the 1125 cm–1 band
corresponds to the totally symmetric stretching mode of the [Ti(OSi)4] units,
while the 960 cm–1 mode results from the combination of three asymmetric
stretching modes of the same unit. Among all Raman modes, the 1125 cm–1

mode is the only one enhanced when the resonance conditions are progres-
sively switched on (by tuning the wavelength of the laser source) because it is
the only vibrational mode exhibiting the same symmetry as the 48 000 cm–1

LMCT.

3.8
The Defective Nature of TS-1 Material: Speculative Model of Framework Sites

To better understand the role played by the microporous nature of the MFI
framework hosting the active Ti sites, Zecchina’s group has performed an on-
going research [24, 69, 78–86] on the Ti-free silicalite-1, synthesized accord-
ing to the original patent for TS-1 [7] (i.e., simply without including TiO2 in
the reactants). It has been shown that silicalite-1 synthesized without includ-
ing TiO2 in the reactants) [7] is a defective material showing a high density
of bulk Si vacancies (·) resulting in hydroxylated nests: [Si(– O – Si ≡)4] �
[·(HO – Si ≡)4]. The defective MFI matrix has also been observed for TS-1. It
has been demonstrated by IR and microcalorimetry that the insertion of Ti
heteroatoms in the MFI lattice has a mineralizing effect causing the progres-
sive reduction of the internal defects [24, 83, 84].

In a neutron diffraction study, Lamberti et al. [24] have shown that Ti
insertion in TS-1 and Si vacancies in Ti-free silicalite-1 [69] do not occur ran-
domly and that they are preferentially hosted in the same four sites (among
the twelve of the MFI framework): Si(6), Si(7), Si(11), and Si(10) sites. The
correspondence of the four sites preferentially hosting the Si vacancies in de-
fective silicalite-1 with those preferentially occupied by Ti atoms in TS-1 is
striking. Moreover, it has been shown using several independent characteri-
zation techniques [58, 62, 65, 83, 84, 87] (IR, UV-Vis, EXAFS, microcalorime-
try) that the insertion of the Ti heteroatoms in the MFI lattice has a min-
eralizing effect, causing the progressive reduction of the framework defects.
Figure 4b reports the OH stretching region of the IR spectra of dehydrated
TS-1 samples and the increasing Ti content in the range 0 (silicalite-1) to 2.64
atoms/unit cell. On the basis of the IR spectra, it is evident that the progres-
sive incorporation of Ti atoms in the framework implies the parallel reduction
of the OH band due to internal, defective, Si – OH groups (erosion of the
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broad 3600–3200 cm–1 component in Fig. 4a). The combined crystallographic
evidence (obtained on defective silicalite-1 and on TS-1) together with the
mineralizing effect of Ti heteroatoms strongly suggest that the incorporation
mechanism of the Ti atoms in the MFI framework occurs via the insertion of
Ti in defective sites of silicalite-1. In this context, it is worth noting that the
computational study of Ricchiardi et al. [88] indicates that the [TiO4] and the
[(OH)4] units, substituting regular [SiO4] units in the MFI framework, have
a rather similar size. In other words, [TiO4] and [(OH)4] units cause a simi-
lar local deformation when inserted in the MFI lattice. This can explain the
tendency of the same sites to host either a defect (Si vacancy) or a Ti het-
eroatom. This also explains why the amount of incorporated Ti increases to
the detriment of internal OH species: [·(HO – Si ≡)4]� [Ti(– O – Si ≡)4], the
equilibrium being displaced to the right hand term by increasing the Ti con-
centration of the synthesis. The fact that three out of the four preferential T
sites (T7, T10, and T11), for both Ti insertion and Si vacancy, are adjacent
(see top part of Fig. 4b) to each other implies that, in principle, a fraction of
Ti atoms could be located in the proximity of a Si vacancy. So, the whole pic-
ture emerging from the combined neutron diffraction and IR study (on TS-1
samples in the 0–2.64 Ti atoms/unit cell range) suggests that, beside regu-
lar [Ti(OSi)4] sites, defective [Ti(OSi)3OH] sites could also be significantly
present, as pictorially represented at the bottom part of Fig. 4b (dotted and
full arrows, respectively).

Fig. 4 a IR spectra, in the OH stretching region, of from top to bottom, TS-1 samples
(full line spectra) with increasing Ti content, from 0 (silicalite-1, dashed spectrum) to 2.64
atoms per unit cell. All samples have been activated at 120 ◦C. Adapted from [24] with
permission. Copyright (2001) by the ACS. b Schematic representation of the preferential
location of Ti atoms and Si vacancies in the MFI framework (upper part) and their inter-
play (lower part). Yellow and red sticks represents Si and O of the regular MFI lattice; blue
balls refer to Ti, and red and white balls to O and H of defective internal OH groups
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4
TS-1 in Interaction with Ligand Molecules

Perturbation of structural, vibrational, and electronic features of the catalytic
center by interaction with probe molecules is the most important experimen-
tal approach for understanding the accessibility and the reactivity of the site
itself. The understanding of the system increases enormously if the experi-
mental results are interpreted on the basis of accurate ab initio modeling.
These general statements of course also hold for TS-1 [49, 52, 64, 74–77].
Unfortunately, we do not have the space to enter into a discussion of the abun-
dant computational literature published so far on TS-1 catalyst in particular
and on titanoslilcates in general. The reader can find an excellent starting
point in the literature quoted in [49, 52, 64, 74–77, 88].

4.1
Interaction with Water and Ammonia

In this section we report a detailed summary of the experimental studies on
the interaction of TS-1 with H2O and NH3. The choice of these two molecules
is far from random. Interaction with water is important since the catalyst
works in aqueous solution (Sect. 2). The interest in the study of NH3 is
twofold: ammonia is a reactant in the ammoximation of cyclohexanone to
give cyclohexanone oxime and it is a stronger base than water, thus allowing
a direct comparison between the effects induced by Lewis bases of increasing
strength.

It will be shown that, upon interaction with water or ammonia, the Td-
like symmetry of the Ti(IV) centers in TS-1 is strongly distorted, as testified
by UV-Vis, XANES, resonant Raman spectroscopies [45, 48, 52, 58, 64, 83, 84],
and by ab initio calculations [52, 64, 74–76, 88]. As in Sect. 3 for the dehy-
drated catalyst, the discussion follows the different techniques used to inves-
tigate the interaction.

4.1.1
UV-Vis

UV-Vis spectroscopy has played a key role in the elucidation of the structure
of Ti(IV) species in TS-1, in vacuo, in the presence of adsorbates, in presence
of water, or in diluted aqueous solutions of different molecules [45, 46, 58, 64,
70, 89–91].

Interaction with water slightly modifies the UV-Vis spectrum of TS-1,
causing a red shift of the 48 000 cm–1 edge expected as a consequence of
the increase of the coordination sphere around Ti(IV) centers [45, 46, 58, 64].
Note that in TiO2, where Ti exhibits six oxygen atoms in its first coordination
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shell, the Ti4+O2– → Ti3+O– LMCT occurs around 32 000 cm–1. A stronger
perturbation is obtained upon dosing NH3 (larger red shift) [46, 58, 64] but
the line-shape of the UV-Vis curve still remains of the same type (one single
maximum).

4.1.2
XANES and EXAFS

Interaction with H2O (liquid drop on the sample) and with NH3 (from the
gas phase) implies a reduction of 4967 eV pre-edge peak accompanied by an
increase of the white line (first resonance after the edge) intensity, witness-
ing the insertion of ligand molecules in the coordination shell of Ti(IV) and
a modification of the local geometry from a tetrahedral to a nearly octahe-
dral one. The perturbation of the XANES region (Fig. 5a) induced by wetting
the sample is smaller than that induced by interaction with NH3 from the
gas phase [46, 64, 83, 84]. The same holds for the radial distribution around Ti
(Fig. 5b). Modification of the second shell contribution in the 2.5–3.5 Å range
is also noticeable. Moreover, if we compare, for the two cases, the first shell
filtered Fourier back transform functions (Fig. 5c) we see that the interaction
with H2O causes only a very small decrement of the oscillation period, wit-
nessing a small elongation of the four Ti – O bonds needed to accommodate
the water molecules in the coordination sphere of Ti, while a much greater
effect is caused by ammonia [46, 64].

Fig. 5 XANES region, k3-weighted Fourier transformed of the raw EXAFS functions and
the corresponding first shell filtered, Fourier back transform (a, b and c, respectively) of
TS-1 activated at 400 ◦C (full lines), after interaction with water (wet sample, dashed lines)
and after interaction with NH3 (PNH3 = 50 Torr, dotted lines). Adapted from [64] with
permission. Copyright (2002) by the ACS
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4.1.3
IR

As already discussed in Sect. 3.8, TS-1 and the parent Ti-free silicalite-1
(synthesized following the patent [7]) are rather defective materials, show-
ing a high density of missing T atoms and so hosting internal hydroxylated
cavities [24, 69, 78–86] (internal nests). The presence of internal SiOH (and
possibly TiOH) groups, mutually interacting via H-bonds, makes the IR spec-
troscopy of H2O and NH3 dosed on TS-1 a rather complex matter [64, 83, 84].
In fact, in the same spectral region the following stretching modes overlap:
(i) water or ammonia molecules in the liquid-like phase; (ii) water or am-
monia molecules adsorbed on Ti(IV) sites or on hydroxyl groups; (iii) SiOH
(TiOH) groups interacting with adsorbed molecules and/or with adjacent
silanols (titanols). We will not enter into the complex spectroscopic details
and the discussion of the OH stretching region (3800–2500 cm–1), is referred
to [64, 83, 84]. Instead, we will focus here on the evolution of the 960 cm–1

band which, according to the discussion reported in Sect. 3.5, is directly re-
lated to the insertion of Ti in the MFI framework.

Bordiga et al. [64] observed that the first water dosages (from the gas
phase) do not affect the 960 cm–1 Ti-specific band, neither in position nor in
intensity. This fact suggests either that interaction with silanols is favored at
low PH2O or that the formation of a monomolecular Ti(IV)· · · OH2 adduct is
not able to cause a significantly perturbation the 960 cm–1 band, which occurs
only at higher pressures when more than one water molecules are adsorbed
per Ti site. In this regard, quantum chemical calculations (also reported in
the same work [64]) have played an important role in the interpretation of
the experimental results. At higher PH2O, when manifestation of the liquid-
like features are already observed, the Ti-specific band progressively shifts at
higher frequency up to 971 cm–1.

As was the case for water, the adsorption of ammonia also affects the inten-
sity and the spectral position of the 960 cm–1 band. A clear upward shift of the
maximum of the band was observed by Bordiga et al. upon NH3 dosage [64].
However, in the case of NH3, the molecule interacts directly with Ti even at
the lowest PNH3, reflecting a much higher affinity toward Ti with respect to
water.

4.1.4
Raman and Resonant Raman

Figures 6a–c report the effect of H2O adsorption on Ti(IV) sites on the Raman
features of TS-1 using three different excitation sources. As far as the asym-
metric modes of the [Ti(OSi)4] units are concerned, we observed a blue shift
of the 960 cm–1 band whichever laser was used in the experiment [48, 52, 64].
More interesting are the consequences that water adsorption has on the to-
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tally symmetric stretching mode of the [Ti(OSi)4] units. We observed that the
enhancement of the 1125 cm–1 band when an UV laser is used is switched
off by water adsorption [48, 52]. The collapse of the 1125 cm–1 band is more
evident when the 244 nm source is used (Fig. 6c). The same features are ob-
served when ammonia is dosed, see Fig. 6d (only the experiment collected
with λ = 1064 nm is reported for the sake of brevity). Due to the stronger
base character of ammonia with respect to water, when the same equilibrium
pressures are compared, the perturbations induced by NH3 are always more
important that those induced by H2O [64]. To allow a direct comparison be-
tween the two type of experiments reported in Fig. 6, water was dosed from
the liquid phase while ammonia was dosed from the gas phase.

Fig. 6 Effect of ligand dosage on the Raman spectra of TS-1. Dehydrated TS-1 (full
line), after interaction with water, from the liquid phase (dotted line): a λ = 1064 nm,
b λ = 325 nm, c λ = 244 nm. d Dehydrated TS-1 (full line), after interaction with ammo-
nia, from the gas phase (dotted line) λ = 1064 nm. Adapted from [48] with permission.
Copyright (2003) by The Owner Societies 2003

Bordiga et al. [48, 52] explained the experimental evidence reported in
Fig. 6 in terms of symmetry: once the [Ti(H2O)2O4] or [Ti(NH3)2O4] com-
plexes are formed, the Td-like symmetry of Ti(IV) species is destroyed in such
a way that the symmetry of the vibrational modes is no longer the same as
that of the LMCT, and the Raman resonance is quenched.
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4.1.5
Adsorption Microcalorimetry

The main calorimetric studies on adsorption of water and ammonia on TS-1
and silicalite-1 have been reported by Bolis et al. [64, 83, 84, 86], while other
contributions came from the Auroux group [92] and Janchen et al. [93]. Cor-
ma’s group has investigated the interaction of water on Ti-β zeolite [39]. The
most important conclusion from the available literature is that calorimetric
data require a very careful analysis, as probe molecules interact both with the
silanols of the internal hydroxyl nests (see Sect. 3.8) and with Ti(IV) species.

Bolis et al. [64, 83, 84, 86] performed blank experiments on the Ti-free
silicalite-1 to measure directly the interaction of probe molecules with the
internal silanols. The authors observed that the adsorbed amounts and the in-
tegral heats evolved are very close for the TS-1 and the silicalite-1 systems, but
it was not possible to give evidence for a specific interaction between H2O and
Ti(IV) centers. Up to PH2O < 3 Torr, the TS-1 curves are even lower than the
ones for silicalite-1; however, the difference is within the experimental error.
At higher PH2O, the curves of TS-1 start increasing more rapidly than those
of silicalite-1 suggesting that the interaction between H2O and Ti(IV) is fa-
vored at higher PH2O. This fact agrees with the IR evidence that the 960 cm–1

band starts to be perturbed at high PH2O only (see Sect. 4.1.3). In contrast,
in the case of the adsorption of NH3, both the volumetric and calorimetric
isotherms of silicalite-1 lie below those of TS-1 by a significant amount [64].

4.2
Interaction With Other Molecules

The interaction of acetonitrile has been investigated by means of IR spec-
troscopy by Busca’s group [94, 95] on both silicalite-1 and TS-1 zeolites.
In [95] the interaction with pivalonitrile is also reported. Bonino et al. [77]
described the interaction of CD3CN (deutered form in this case) and pyridine
(used as probes of Lewis acid centers) with TS-1 catalyst using IR spec-
troscopy. Interaction of CD3CN and pyridine with Ti(IV) centers leads to
surface adducts characterized by well-defined IR spectra that can be distin-
guished from those ascribed to interaction with internal hydroxyl groups,
which are the most abundant acid species present in TS-1. In contrast with
what is observed for both H2O and NH3 probes (see Sect. 4.1.3), both CD3CN
and pyridine molecules result in spectroscopic features that are characteristic
of TS-1 and completely absent in pure siliceous silicalite-1. The authors con-
clude that that Ti(IV) centers embedded in the MFI framework have a Lewis
acidity strength comparable of that of Ti(IV) sites at the surface of TiO2. In
the same work the spectroscopic results are compared with computational
data obtained on cluster models based on the ONIOM approach [77]. In [76]
Damin et al. investigated the interaction of H2O, NH3, H2CO, and CD3CN
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with Ti(IV) centers inserted in the chabazite framework (Si/Ti = 8), adopting
an ab initio periodical approach.

Absorption of NH3, NO2, NO, and co-adsorption of NO, O2, and NH3 on
both silicalite-1 and TS-1 has been investigated by Raj et al. [92] combining
microcalorimetry with IR spectroscopy.

Yeom and Frei [96] showed that irradiation at 266 nm of TS-1 loaded
with CO and CH3OH gas at 173 K gave methyl formate as the main prod-
uct. The photoreaction was monitored in situ by FT-IR spectroscopy and was
attributed to reduction of CO at LMCT-excited framework Ti centers (see
Sect. 3.2) under concurrent oxidation of methanol. Infrared product analy-
sis based on experiments with isotopically labeled molecules revealed that
carbon monoxide is incorporated into the ester as a carbonyl moiety. The
authors proposed that CO is photoreduced by transient Ti3+ to HCO radical
in the primary redox step. This finding opens up the possibility for synthetic
chemistry of carbon monoxide in transition metal materials by photoactiva-
tion of framework metal centers.

5
TS-1 Interaction With H2O/H2O2 Solutions

5.1
General Overview

Despite the numerous papers describing the catalytic activity of TS-1 (see
Sect. 2), only a few works have tried to investigate the nature and the prop-
erties of the active species formed in TS-1 upon interaction with H2O2.
This lack can be ascribed to severe experimental problems, mainly due to
the presence of H2O (which precludes the extended use of IR spectroscopy)
and of the lability of complexes formed by H2O2 on Ti(IV) centers in TS-1.
The most used technique is UV-Vis DRS spectroscopy because it is not af-
fected by the presence of H2O. This technique has revealed the formation,
upon contact with H2O2 aqueous solution, of a new LMCT band from the
O – O moiety to the Ti center, appearing around 26 000 cm–1 (385 nm) [45–
48, 90, 97, 98], (vide infra the top part of Fig. 9). Other papers appeared using
EPR [90, 98–102], IR [103, 104], Raman [47, 48, 103], EXAFS [46, 50, 105, 106],
and ab initio [103, 106–110] approaches to investigate the complexes formed
upon dosing H2O2 (or more complex species such as t-butyl hydroperoxide)
on titanosilicates. This is the reason why, more than 20 years after the discov-
ery of the material, there is still debate on the detailed structure of the O – O
species formed at the catalytic center, which is thought to be the active inter-
mediate in partial oxidation reactions. The species that can be generated at Ti
sites upon H2O2/H2O contact can have neutral (coordinated H2O2), peroxi-
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dic, superoxidic, or hydroperoxidic character. The most popular view is that
the active species is a Ti-hydroperoxide, which may be either monodentate
(η1) or bidentate (η2) [10, 45, 47, 48, 50, 103, 104, 109, 110] (see Fig. 7), even if
the other hypothesized structures cannot be ruled out.

Hydroperoxidic η1 or η2 complexes can be formed by interaction of Ti(IV)
with a HO2

– anion (the Pka of the H2O2 + H2O ↔ HO2
– + H3O+ equilib-

rium being 11.8 in water at 20 ◦C, a value comparable to the third dissociation
constant of H3PO4) following Scheme 1a.

Deprotonation of the H2O2 molecule on the Ti(IV) site itself (see
Scheme 1b) is another mechanism leading to Ti-hydroperoxidic species.
The latter mechanism can also occur either on a perfect [Ti – (O – Si)4]
site by rupture of one out of the four Ti – O – Si bridges or on a defec-
tive [(H – O) – Ti – (O – Si)3] site by elimination of a water molecule (see
Schemes 2a and 2b and the discussion of Sect. 3.8).

Unfortunately, there is no Ti-hydroperoxo compound of known structure
to be used as a model. Conversely, the structure of several Ti-peroxo com-
plexes are known by diffraction studies [111–113], all of them showing the
side on η2 geometry. None of these compounds is known to be active in par-
tial oxidation reactions [114, 115]. Similar considerations can be addressed

Fig. 7 Graphic representation of monodentate (η1, left) and bidentate (η2, right) TiOOH
species). Adapted from [50] with permission. Copyright (2004) by Wiley-VCH

Scheme 1 Representation of equilibria between TiO4 framework species and H2O2/H2O
solutions: a interaction with ionic species; b interaction with molecular species and
subsequent formation of deprotonated molecule on the TiO4. Adapted from [49] with
permission. Copyright (2004) by ACS
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Scheme 2 Representation of equilibria between TiO4 framework species and H2O2/H2O
solutions: a formation of hydroperoxo species upon hydrolysis of a Ti – O – Si bridge; b
formation of hydroperoxo species toward reaction with a pre-existing defective Ti – OH
species (see Sect. 3.8). Adapted from [49] with permission. Copyright (2004) by ACS

for Ti(IV)-substituted Keggin polyoxotungstate compounds [116]. Some data
on alkyl-peroxo structure come from molecular compounds such as silicon–
titanium complexes obtained from silsesquioxane-type species [117], or from
homogeneous species obtained by chiral trialkanolamines and Ti(IV) alkox-
ides [118, 119]. NMR data suggest that titanium η2-alkylperoxo complexes are
the active oxidants in the catalytic cycle [119].

Concerning peroxo complexes, it is worth noticing that they can be formed
in TS-1 by evolution of both η1 or η2 hydroperoxo complexes upon a further
deprotonation in presence of water with formation of H3O+/H2O. Very recently
Bonino et al. [49] have shown, by titration in aqueous medium with NaOH, that
the acidity of the TS-1/H2O system is remarkably increased by addition of H2O2
(compare full squares with full circles in Fig. 8), a feature not observed for the
Ti-free silicalite-1 system (open circles and squares in Fig. 8).

From the data reported in Fig. 8, it clearly emerges that the acidity of
the silicalite-1/H2O and of the TS-1/H2O systems are remarkably different
(compare open and full circles in Fig. 8). This difference can be explained as
follows: TS-1 has two main acidic sites, Ti(IV) Lewis sites and silanols, mainly
located in the internal defective nests (see Sect. 3.8), while only the latter are
present in silicalite-1. Addition of H2O2 to silicalite-1 does not modify the
titration curve (compare open circles with open squares in Fig. 8). This means
that no additional acidic sites appear in the silicalite-1 system upon adding
H2O2, i.e., that hydrogen peroxide molecules coordinated to internal silanol
do not modify their acidity. Conversely, addition of H2O2 to TS-1 moves the
whole titration curve toward lower pH values, (compare full circles with full



58 S. Bordiga et al.

Fig. 8 pH values vs. added NaOH (meq) during the titration experiments performed on
TS-1 (full symbols) and on silicalite-1 (open symbols) in presence (squares) and in absence
(circles) of H2O2. Horizontal dotted line represents the pH 7.0 value. Adapted from [49]
with permission. Copyright (2004) by ACS

squares in Fig. 8). This means that the acidity of the TS-1/H2O2/H2O system
is remarkably enhanced with respect to the acidity of the two separate sys-
tems (H2O2/H2O and TS-1/H2O). This fact is very important since it reflects
the acidity of the catalyst in working conditions. Bonino et al. [49] concluded
that the increased acidity of the TS-1/H2O2/H2O system must be ascribed to
a peculiar interaction between hydrogen peroxide and Ti(IV) centers. These
data can be simply explained by assuming that TiOOH species (either formed
following Schemes 1a,b or 2a,b) are the acidic species detected during the
titration experiments and thus support the thesis of a deprotonation of the
hydrogen peroxide molecule.

5.2
New Advances from Resonant Raman Spectroscopy

The first Raman study aimed at identifying the vibrational features of the
complex obtained by dosing hydrogen peroxide on TS-1 catalyst appeared
in 1999 by Tozzola et al. [103]. In that work, a near-IR laser (λ = 1064 nm)
was used as exciting source. Under such conditions the authors observed the
O – O stretching of peroxo complexes formed on Ti sites upon contacting
TS-1 with H2O2/NH3/H2O (840 cm–1) and H2O2/NaOH/H2O (843 cm–1) ba-
sic solutions, but the experiment failed for the TS-1/H2O2/H2O system [103].
Note that the O – O stretching frequency of the H2O2 molecules in aqueous
solution occurs at 875 cm–1. The reason for the partial success was due to the
fact that, in basic solutions, the peroxo species are more stable and hence they
are not readily destroyed by the laser beam. The failure of the experiment
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with H2O2/H2O solution was explained in terms of the labile nature of the
complex [103].

It thus becomes clear that the only route that can be followed to improve
the quality of the Raman spectra is to operate in resonance conditions [52,
57]. Of course, as the peroxo species absorb in the visible, an exciting source
in the same spectral region must be used, because in this way the vibration
associated with the Ti-peroxo species can undergo a Raman enhancement
phenomenon, if the selection rules are fulfilled. Bordiga et al. [47] repeated
the experiment using an exciting laser with λ = 442 nm (22 625 cm–1), lying
on the low energy tail of the LMCT band around 385 nm (26 000 cm–1) typical
of the TS-1/H2O2/H2O system (see top part of Fig. 9 and [45–48, 90, 97, 98]).
The bottom part of Fig. 9 shows the Raman spectra, collected with the 442 nm
laser, of TS-1 before and after interaction with H2O2/H2O solution (dashed
and full lines, respectively). Bordiga et al. [47, 48] observed that the interac-
tion with H2O2 causes:
(i) Reduction in intensity and a blue shift in frequency of the 960 cm–1

mode, now at 976 cm–1, similar to that found with water (see Sect. 4.1.4)
(ii) Quenching of the 1125 cm–1 mode due to a rupture of the Td-like sym-

metry (see Sect. 4.1.4)
(iii) Appearance of the strong and sharp (O – O) stretching mode at 875 cm–1,

due to H2O2/H2O solution physisorbed into the zeolite channels
(iv) Appearance of a strong and complex new feature centered at 618 cm–1

Features (i–iii) are also observed when the same experiment is performed
with a 1064 nm laser source [103]. Conversely the 618 cm–1 was not observed
on the TS-1/H2O2/H2O system using a 1064 nm source nor on the Ti-free
silicalite-1 molecular sieve upon interaction with H2O2/H2O solution with
442 nm exciting source, and was so ascribed to a Raman enhanced vibration
mode of the Ti-peroxo complex [47, 48].

Assignment of the 618 cm–1 mode of the TS-1/H2O2/H2O system came
after comparison with the Raman spectrum obtained on (NH4

+)3 (TiF5O2)3–

model compound. Bordiga et al. [47] observed that the Raman spectrum of
(NH4

+)3(TiF5O2)3– exhibits a band at 898 cm–1 and a composite component
with a maximum at 595 cm–1, the latter undergoing a remarkable enhance-
ment when the 442 nm exciting line is used. The Ti(O)2 unit of the TiF5O2
complex has C2v symmetry and the Γvib for this moiety is 2A1 + B1. The
three normal modes, labeled ν1, ν2, and ν3, following the literature data on
peroxo-metal complex in argon matrices [120–123], are assigned to: (O – O)
stretching vibration with A1 symmetry (ν1); symmetric breathing mode of
the Ti(O)2 cycle with A1 symmetry (ν2); and asymmetric breathing mode of
the Ti(O)2 cycle with B1 symmetry (ν3). Literature data for the cyclic struc-
tures Fe(O)2, Co(O)2, Ni(O)2, and Ca(O)2 show that ν1 mode lies in the
990–742 cm–1 spectral range [120–123], indicating that the band at 898 cm–1

is associated with the (O – O) stretching vibration. Notice that, even if this
mode is totally symmetric (A1 symmetry), its intensity is not substantially en-
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Fig. 9 a UV-Vis DRS spectra of TS-1 catalyst in contact with the H2O2/H2O solution re-
porting the typical 385 nm (26 000 cm–1) LMCT band of the peroxo complex. The full
arrow represents the 422 nm laser line occurring in the LMCT of the TS-1/H2O2/H2O sys-
tem and used by Bordiga et al. [47, 48]. The dashed arrow represents the 1064 nm laser
used by Tozzola et al. [103]. b Raman spectra, collected with the 442 nm laser, of TS-1
before and after interaction with H2O2/H2O solution (dashed and full line, respectively).
Adapted from [48] with permission. Copyright (2003) by The Owner Societies 2003

hanced in the spectrum obtained with the 442 nm source. By analogy with
the data obtained on the previously cited structures, this behavior can be
explained by considering that, among the two A1 modes which meet the
symmetry requirements, the ν (O – O) mode (being the Ti center not di-
rectly involved) is not affected by the resonance Raman effect [47]. Literature
data on Fe(O)2, Co(O)2, Ni(O)2, and Ca(O)2 show that ν2 and ν3 are usually
only about 30 cm–1 apart and are located in the range 500–600 cm–1 [120–
123]. Due to the closeness of the two contributions and, being only the ν2
Raman enhanced, Bordiga et al. [47, 48] associated the mode centered at
595 cm–1 to the symmetric breathing mode of the Ti(O)2 cycle, the asymmet-
ric mode giving a minor contribution. Supported by the similarity between
the spectroscopic features, both UV-Vis and Raman, of (NH4

+)3(TiF5O2)3–

and TS-1/H2O2/H2O systems, Bordiga et al. [47, 48] concluded that the
species responsible for the band at 26 000 cm–1 of the TS-1/H2O2/H2O sys-
tem is a “side-on” Ti-peroxo species (η2 species in Fig. 7) characterized by
a Raman mode at 618 cm–1, which is resonance enhanced upon using by an
exciting laser line falling in the LMCT transition. As reviewed in the next
section, this assignment is in agreement with recent EXAFS data showing
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that when H2O2/H2O is added a complete modification of both first and sec-
ond coordination shells around Ti is observed. This has been interpreted in
terms of the appearance of a new side-on O – O ligand at 2.01 Å accompanied
by the rupture of a Ti – O – Si bridge [46, 49, 50]. Such a dramatic evolution
of the local environment of Ti(IV) species in TS-1 is reversible as evacua-
tion restores the original situation. The reversible formation of the η2 side on
the peroxo complex inside TS-1 channels is obviously related to the excellent
catalytic properties of TS-1 (Sect. 2).

5.3
Equilibria between Peroxo and Hydroperoxo Species in the TS-1/H2O2/H2O Sys-
tem: In Situ UV-Vis DRS and High Resolution XANES Highlights

The well-known fact that the TS-1/H2O2/H2O rapidly loses its yellow color,
turning back to white (cream) within hours [46, 49] (see the evolution from
curve 2 to 3 in Fig. 10a) was generally interpreted in terms of a high lability
of the peroxo species responsible for the yellow color of the working cata-
lyst. It has been shown that aging of the TS-1/H2O2/H2O system for some
hours does reversibly convert the yellow colored Ti-peroxo species into the
uncolored one, as the addition of water on the one-day aged catalyst is able
to substantially restore its yellow color (curve 4 in Fig. 10a).

Fig. 10 a UV-Vis DRS spectra of TS-1 (curve 1, full line), immediately after contact with
H2O2/H2O solution (curve 2, dotted line), after time elapse of 24 h (curve 3, dashed line)
and after subsequent H2O dosage (curve 4, scattered squares). b as for a for the XANES
spectra. c as for a for the k3-weighted, phase uncorrected, FT of the EXAFS spectra. Spec-
tra 2–4 of b and c have been reordered at liquid nitrogen temperature. Adapted from [49]
with permission. Copyright (2004) by ACS
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Formation of the side-on η2 peroxo complex by interaction of H2O2/H2O
solution with the activated catalyst (curve 2 in Fig. 10b) modified drastically
all XANES features: (i) the pre-edge feature falls from 0.9 to 0.16 in inten-
sity, with a broadening for the FWHM from 1.3 to 2.4 eV, testifying the loss
of the Td symmetry; (ii) two prominent and well-defined features appear in
the edge, around 4984 and 4995 eV, which are the fingerprint of the side-on
η2 Ti-peroxo complex [46, 49, 50]. After 24 h, most of the water present on the
sample sublimates and the features of the side-on η2 Ti-peroxo complex al-
most disappear (curve 3 in Fig. 10b). Contact of the evacuated catalyst with
water turns it yellow again. Once cooled down to 77 K, it gives the scattered
squares spectrum of Fig. 10b (curve 4), where all features of the side-on η2

Ti-peroxo complex are almost restored.
This surprising results implies that water is not just a medium for trans-

porting products on the catalytic sites but has an active role in determining
the peroxo/hydroperoxo species present on the working catalyst. Scheme 3
summarizes the model hypothesized by Prestipino et al. [50] on the basis
of the whole set of experiments reported by Bonino et al. [49] and by them
selves [50], and here reviewed in Fig. 10.

Prestipino et al. [50] have very recently reported an experimental break-
through in this field as they where able to dose, in situ on the activated
catalyst (dotted line in Fig. 11) from the gas phase (using KH2PO4 ·H2O2 as
hydrogen peroxide source), an almost anhydrous H2O2 vapor to the TS-1 cat-
alyst. The XANES spectrum of TS-1 contacted with anhydrous H2O2 from
the gas phase (full line in Fig. 11) gave results very similar to those obtained
after prolonged evacuation, at 77 K, of the TS-1 sample previously contacted
with H2O2/H2O from the liquid phase (a spectrum similar to curve 3 in
Fig. 1a). Finally, when water is added to the uncolored catalyst, previously
contacted with anhydrous H2O2, it turns yellow and its XANES spectrum
(scattered squares in Fig. 11) possesses the fingerprint features of the side-on

Scheme 3 Representation of equilibria between TiO4 framework species and η2 complexes
inside TS-1 channels upon dosage of H2O2/H2O (left) and between η2 and η1 com-
plexes upon dehydration (right). Adapted from [50] with permission. Copyright (2004)
by Wiley-VCH
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Fig. 11 High resolution XANES spectra collected at the GILDA BM8 beamline of the
ESRF Grenoble (France) at liquid nitrogen temperature on the TS-1 catalyst: activated
TS-1 catalyst (dotted line); after contact with “anhydrous” H2O2 from the gas phase (full
line); after subsequent contact with water (scattered squares). Adapted from [50] with
permission. Copyright (2004) by VCH

Ti-peroxo species. Scheme 4 completes the picture showing that the equi-
librium between the uncolored end-on η1 Ti-hydroperoxo complex and the
yellow colored side-on η2 Ti-peroxo complex is tuned by the amount of wa-
ter present in the channels. The EXAFS part of the X-ray absorption spectrum
confirms the picture emerging from UV-Vis DRS and XANES – that anhy-
drous H2O2 significantly modifies the first coordination around Ti, leaving
the second one almost unaffected (compare dotted and dashed lines). Con-
versely, when H2O is added a complete modification of both first and second
shell signals is observed, which has been interpreted in terms of the rup-
ture of a Ti – O – Si bridge [46, 49]. The new data from Prestipino et al. [50]
suggest that this effect is not present in anhydrous conditions.

That observed for TS-1 is not peculiar for TS-1 only and can be observed
on other titanosilicates like Ti-MSA, a mesoporous amorphous material that
has Ti(VI) centers exposed on the surface of the pores [124, 125]. In this
case, easier experiments could be performed by Prestipino et al. [50] as the
peroxo/hydroperoxo complexes can be formed by dosing t-butyl hydroper-
oxide (which does not enter the 10-membered rings of TS-1). The XANES
spectrum of Ti-MSA in vacuum is typical for almost Td-like Ti(IV) centers
(the intensity of the A1 → T2 pre-edge peak being only 0.69, as compared with
0.91 for TS-1). Upon dosing the t-butyl hydroperoxide in decane solution on
Ti-MSA, a spectrum similar to that obtained on TS-1 contacted with anhy-
drous H2O2 is observed on both XANES and EXAFS regions [50]. When the
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Scheme 4 Representation of equilibria between TiO4 framework species and η1 complexes
inside TS-1 channels upon dosage of anhydrous H2O2 (left) and between η1 and η2 com-
plexes upon hydration (right). Adapted from [50] with permission. Copyright (2004) by
Wiley-VCH

t-butyl hydroperoxide diluted in H2O is dosed, the two features in the edge
of the XANES spectrum, typical of a η2 side-on peroxo complex, start to be
appreciable.

Summarizing, the in situ UV-Vis, XANES, and EXAFS studies of Bonino
et al. [49] and of Prestipino et al. [50] on hydrated and anhydrous peroxo/hy-
droperoxo complexes on crystalline microporous and amorphous meso-
porous titanosilicates have shown, for the first time, the equilibrium between
η2 side-on and η1 end-on complexes. The amount of water is the key factor
in the equilibrium displacement. In this regard please note that, owing to the
hydrophobic character of TS-1, substrates such as olefins are the dominant
species in the channels. This fact assures a relatively local low concentration
of water, which in turn guarantees a sufficient presence of the active η1 end-on
hydroperoxo complexes under working conditions.

Note Added in Proof

After the submission of this contribution, a remarkable review authored by
Ratnasamy, Srinivas and Knözinger has appeared on the investigation, by
means of both experimental and theoretical methods, of the active sites and
reactive intermediates in titanium silicate molecular sieves [126].
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Abstract A review of the thermolytic molecular precursor (TMP) method for the gener-
ation of multi-component oxide materials is presented. Various adaptations of the TMP
method that allow for the preparation of a wide range of materials are described. Fur-
ther, the generation of isolated catalytic centers (via grafting techniques) and mesoporous
materials (via use of organic templates) is summarized. The implications for syntheses
of new catalysts, catalyst supports, nanoparticles, mesoporous oxides, and other novel
materials are discussed.

Keywords Catalyst synthesis · Hybrid inorganic/organic · Mesoporous ·
Multicomponent oxide · Thermolytic molecular precursor (TMP) method

1
Introduction

For many years, research efforts in materials chemistry have focused on the de-
velopment of new methods for materials synthesis. Traditional areas of interest
have included the synthesis of catalytic, electronic, and refractory materi-
als via aqueous methods (sol-gel and impregnation) and high-temperature
reactions [1–3]. More recent strategies have focused on the synthesis of ma-
terials with tailored properties and structures, including well-defined pores,
homogeneously distributed elements, isolated catalytic sites, complicated sto-
ichiometries, inorganic/organic hybrids, and nanoparticles [4–13]. A feature
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common to many of these approaches is the utilization of molecular precur-
sors as the primary source of the elements in the desired materials, which allow
greater control over the structures and properties of the final materials. Many
of these processes are designed for use at relatively low temperatures, to further
enhance the degree of control and allow access to metastable structures.

In recent years, new analytical methods and theoretical studies have pro-
vided important information regarding structure-function correlations for
a given material, including catalytic efficiencies, electronic properties, surface
characteristics, inherent stability, and particle size [12–19]. Thus, advances in
materials research will result from new synthetic methods that allow control
over the structures of inorganic substances. New synthetic methodologies will
lead to the discovery of currently unknown materials with unique properties,
and provide access to well-defined structures that can be used to test theories
concerning the influence of structure on various properties (catalytic, elec-
tronic, storage, etc.). The development of new materials relies on synergistic
relationships between research efforts on multiple fronts; however, in recent
years advances in synthesis have occurred at a slower pace relative to those in
the areas of characterization, theory, and mechanistic analysis. Therefore, the
development of novel approaches for materials synthesis should remain a key
area of active research.

The introduction of new synthetic techniques has led to the discoveries
of many new electronic materials with improved properties [20–22]. How-
ever, similar progress has not been forthcoming in the area of heterogeneous
catalysis, despite the accumulation of considerable information regarding
structure-reactivity correlations for such catalysts [14–19]. The synthetic
challenge in this area stems from the complex and metastable nature of the
most desirable catalytic structures. Thus, in order to minimize phase separa-
tion and destruction of the most efficient catalytic centers, low-temperature
methods and complicated synthetic procedures are often required [1–4].
Similar challenges are faced in many other aspects of materials research and,
in general, more practical synthetic methods are required to achieve con-
trolled, facile assembly of complex nanostructured materials [5–11].

The importance of exerting synthetic control over the structure of
nanoscaled materials is evident by the dramatic differences often observed
in the properties of such species. Examples of nanostructured features that
influence the performance of heterogeneous catalysts include supported
monolayers, highly dispersed nanoparticles, and framework mesoporos-
ity [12, 13]. Recent progress in the development of synthetic methods for
creating nanostructures has been driven largely by the search for new elec-
tronic materials. Mesoporous materials have received considerable attention
with the discovery of organic templating methods (often surfactant-based)
for the generation of inorganic networks [13, 23–26]. Well-defined nanopar-
ticles and nanowires have been produced via templating methods and the
formation of organic-inorganic interfaces [12, 27–30]. Hybrid inorganic-
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organic materials with improved mechanical and novel electronic properties
have been developed by use of organic-containing sol-gel precursors [4, 6].

In addition to nanostructural control, there is a need for simple and versa-
tile synthetic methods that allow manipulation of structures at the atomic level,
since the spatial arrangement of atoms has significant influence on the material
properties. This is particularly true for catalytic materials. For example, novel
reactivity is often observed for heterolinkages in mixed-element oxides (and
at catalyst-support interfaces). Also, supported catalysts with isolated centers
of reactivity are often cited as having superior catalytic properties, as com-
pared to bulk metals or metal oxides [31–36]. These and other observations
have led to much effort being directed toward the synthesis of well-dispersed
(atomically homogeneous) mixed-element oxides. Such efforts have primarily
involved modifications of the sol-gel process for the synthesis of oxide materi-
als [1–3, 37]. Unfortunately, this approach is limited by the inherently different
rates of hydrolysis for the precursors that are used, ultimately leading to sig-
nificant inhomogeneity in the final materials [37–39]. Thus, it is important to
develop methods that achieve controlled chemical modifications of surfaces
and bulk materials via the introduction of well-defined sites and highly homo-
geneous atomic distributions. Most attempts to introduce isolated inorganic
structures on surfaces have centered on aqueous impregnation methods, which
suffer from the tendency of many metal-based species to agglomerate on the
surface of a support during dehydration. A very promising strategy for the
production of well-defined and highly active sites on the surface of an oxide
support involves grafting of an organometallic species, followed by activation
of the resulting “site” via further chemical reactions [40, 41]. This approach
includes what may be described as “surface organometallic chemistry”, which
has been used by Basset to prepare highly active catalysts for alkane and olefin
metathesis and alkane hydrogenolysis [42–47].

With the goal of obtaining atomic-level control of highly homogeneous
mixed element oxide materials, we have focused on versatile strategies based
on molecular precursors that are designed to have the composition and
chemical properties that allow facile conversion to the desired materials. High
dispersions of elements are expected to give desirable properties. For ex-
ample, some materials of this type function as solid acids (e.g., ZrO2 – SiO2
and Al2O3 – SiO2) [48–53]. In addition, many complex metal oxides have
been identified as partial oxidation catalysts [54–56]. For multi-component
catalysts of this kind, optimum performance should result from a maximiza-
tion of surface area, homogeneity, and active site distribution.

We have employed a molecular building block approach for the generation
of a range of multi-component oxides with tailored properties. This mo-
lecular precursor method employs metal complexes containing oxygen-rich
ligands such as – OSi(OtBu)3, – O2P(OtBu)2, and – OB[OSi(OtBu)3]2. For ex-
ample, complexes with the general formula LnM[OSi(OtBu)3]m (where Ln =
alkoxide, amide, alkyl, etc.) have proven to be excellent single-source precur-
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sors to carbon-free, homogeneous mixed-element oxide materials. Thermol-
yses of these molecular precursors at low-temperatures (< 200 ◦C) provide
3-dimensional inorganic networks via the elimination of isobutene and H2O
(after condensation of the resulting hydroxyl groups). A solvent-containing
gel usually results when these molecular precursors undergo thermolysis
in nonpolar solvents (e.g., toluene or n-octane). Drying such gels via con-
ventional means (air, high temperature, and/or reduced pressure) provides
xerogels, and supercritical drying methods produce aerogels. It is often the
case that both of these drying methods provide materials with very similar,
and high surface areas. We have referred to this approach as the thermolytic
molecular precursor (TMP) method.

Although the TMP method and the sol-gel process are both low-temperature
routes to metastable materials that utilize molecular species, the TMP approach
provides several advantages. For example, the use of high purity and well-
defined molecular species gives accurate control over the stoichiometry of the
final materials. Additionally, the preexistence of M – O – E linkages in the mo-
lecular precursor maximizes the homogeneity of the final material and leads to
a large number of such heterolinkages. The TMP method also offers benefits
with respect to surface properties, since the use of nonpolar solvent mini-
mizes pore collapse upon drying, thus providing high pore volumes and surface
areas. Other research groups have developed so-called “non-hydrolytic” routes
to oxide materials utilizing molecular species, including the condensation of
metal alkoxides with metal acetates [57] or metal halides [58].

1.1
History and Scope of this Review

As described in this review, the TMP method represents an effective approach
to the synthesis of new materials, and offers several degrees of control over
the structures of functional materials. This review aims to summarize the syn-
thesis of various ligands and their use in the development of a wide-range of
molecular precursors. Various applications of the TMP approach for materials
synthesis (preparation of solid-state inorganic network materials, mesoporous
multicomponent oxides, hybrid inorganic/organic materials, CVD applica-
tions, heterogeneous catalysts, etc.) are also addressed. Although we cannot
provide a comprehensive survey of the literature in this limited account, several
examples of related work by other research groups have been included.

2
Synthetic Aspects

Molecular precursors appropriate for use in the TMP method are typically
oxygen-rich complexes of the form LnM[OxE(OR)y]z, where L = alkoxide,
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amide, alkyl, E = Si, P, B, and R = tBu or Si(OtBu)3. Other functional groups
are also compatible with the method (e.g., OiPr and OCMe2Et); however,
OtBu groups have provided the most versatility in terms of synthetic viability.
The most utilized ligand precursors have been HOSi(OtBu)3 (in addition to
its alkali metal salts) and HOP(O)(OtBu)2, with (HO)2Si(OtBu)2 also finding
some use. More recently, synthesis of the boronous acid HOB[OSi(OtBu)3]2
has provided access to complexes of the form LnM{OB[OSi(OtBu)3]x}y which
are precursors to M/B/Si multicomponent oxides. Recent studies have led to
molecular precursors with various combinations of oxygen-rich ligands, thus
providing access to materials with three or more different heteroelements
(i.e., M, Si, P, and/or B) from a single source.

2.1
Ligand Precursors

KO(O)P(OtBu)2 + HClconc
H2O→
0 ◦C

HO(O)P(OtBu)2 + KCl (1)

The synthesis of HOSi(OtBu)3 was first reported by Abe and Kijima in 1969,
and involves reaction of SiCl4 with HOtBu, followed by hydrolysis of the re-
sulting ClSi(OtBu)3 [59] Scheme 1. Interestingly, HOSi(OtBu)3 is stable at
elevated temperatures (> 180 ◦C) in the solid state (leading to sublimation)
and in solution (leading to no change). This is in stark contrast to most com-
plexes containing M – O – Si(OtBu)3 linkages, as described in later sections.
The related ligand precursors (HO)2Si(OtBu)2 and (HO)2Si[OSi(OtBu)3]2 can
be synthesized with similar methods [60, 61].

The phosphorus-containing ligand precursor HOP(O)(OtBu)2 was origi-
nally reported in 1957 by Goldwhite and Saunders [62]. The potassium salt
of the desired phosphate, KOP(O)(OtBu)2, is used as a stable precursor to the
desired acid. This salt is prepared according to the method of Zwierzak and
Kluba [63] and can be stored for extended periods at room temperature. A cold
(0 ◦C) aqueous solution of KOP(O)(OtBu)2 is treated with concentrated HCl to
form HOP(O)(OtBu)2 as a precipitate (Eq. 1). Rapid isolation (filtration) and
subsequent crystallization affords pure product in good yields (> 80%). The

Scheme 1
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product is best stored cold (– 20 ◦C or below), as it readily decomposes when
stored at room temperature (< 24 h) to form an insoluble phosphate material.

The recently discovered ligand precursor HOB[OSi(OtBu)3]2 was pre-
pared by the hydrolysis of tBuOB[OSi(OtBu)3]2 (in C6H6) with one equiv
of H2O [64]. After stirring for 1 h, the solution is frozen and the solvent
is removed via lyophilization under reduced pressure. Purification can be
achieved via sublimation (ca. 50 ◦C) of the dry powder under reduced pres-
sure to give yields in excess of 85%. Although not stable in solution for
extended periods (due to condensation processes), HOB[OSi(OtBu)3]2 is sta-
ble indefinitely in the solid state under an inert atmosphere.

2.2
LnM[OxSi(OtBu)y]z Molecular Precursors

Two principle strategies have been employed for the synthesis of siloxide-
containing molecular precursors. The first involves a silanolysis, or conden-
sation, reaction of the Si – OH groups with a metal amido, alkyl, halide, or
alkoxide complex. The second method involves salt metathesis reactions of an
alkali metal siloxide with a metal halide. Much of our work has been focused
on formation of tris(tert-butoxy)siloxide derivatives of the early transition
metals and main group elements. The largely unexplored regions of the pe-
riodic table include the lanthanides and later transition metals.

2.2.1
Groups 1–2

HOSi(OtBu)3 + M0 hexanes→ MOSi(OtBu)3 + 1/2H2 (2)

(M = Li, Na, K)

The simplest metal siloxide species, MOSi(OtBu)3 (M = Na, K, Li), are readily
synthesized by reaction of HOSi(OtBu)3 with the desired alkali metal in pen-
tane followed by crystallization at low temperature [65] (Eq. 2). These alkali
metal siloxide salts have primarily been used as siloxide transfer reagents in
the synthesis of transition metal siloxide complexes. The magnesium silox-
ide Mg[OSi(OtBu)3]2 was synthesized by the reaction of dibutylmagnesium
with HOSi(OtBu)3 in THF at room temperature (83% isolated yield) [66]. Al-
though crystals sufficient for an X-ray crystallographic analysis were not ob-
tained, solution molecular weight determination found that Mg[OSi(OtBu)3]2
is monomeric in benzene solution. This complex hydrolyzes immediately
when exposed to the atmosphere.
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2.2.2
Group 4

M(NEt2)4 + 4HOSi(OtBu)3
pentane→ M[OSi(OtBu)3]4 + 4HNEt2 (3)

(M = Ti, Zr, Hf)

Ti(OtBu)4 + [(tBuO)3SiO]2Si(OH)2
pentane→

25 ◦C
(4)

1/2
[
(tBuO)2Ti{µ-O2Si[OSi(OtBu)3]2}

]
2 + 2tBuOH

The molecular precursors M[OSi(OtBu)3]4 (where M = Ti, Zr, Hf) are
readily synthesized by reaction of the appropriate metal amide complex
M(NR2)4 (R = Me, Et) with 4 equiv of HOSi(OtBu)3 [67, 68] (Eq. 3). All
three precursors can be purified by crystallization from nonpolar solvents
(e.g., pentane) and are isolated in good yields (> 75%). The structures of
Zr[OSi(OtBu)3]4 and Hf[OSi(OtBu)3]4 were determined by single-crystal
X-ray structure analysis, and both have 5-coordinate metal atoms with
one bidentate (through a datively bound OtBu group) and 3 monoden-
tate – OSi(OtBu)3 ligands. Additionally, 29Si NMR spectroscopy revealed
one resonance for the siloxy ligands of Ti[OSi(OtBu)3]4, Zr[OSi(OtBu)3]4,
and Hf[OSi(OtBu)3]4 centered at – 103.24, – 100.50, and – 97.06 ppm, re-
spectively. Related species have been synthesized previously, including
(OtBu)3TiOSi(OtBu)3 [69] and iPrOTi[OSi(OtBu)3]3 [70]. A dimeric molecu-
lar precursor [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2 was synthesized in 75%
yield by reaction of Ti(OtBu)4 with (HO)2Si[OSi(OtBu)3]2 (1 equiv) [61]
(Eq. 4). The dimeric structure of [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2 was
confirmed by single-crystal X-ray structure analysis (Fig. 1). The tita-
nium (III) tris(tert-butoxy)siloxy complexes Ti[OSi(OtBu)3]3 · 2THF and
LiTi[OSi(OtBu)3]4 were synthesized in high yields (> 75%) by reaction of
TiCl3 ·3THF with 3 or 4 equiv of LiOSi(OtBu)3 in THF [71].

Given the Ti – O – Si linkages in the above titania-silica molecular precur-
sors, these compounds serve as excellent models for isolated 4-coordinate
Ti(IV) centers in a silica matrix. Such molecular models are valuable for
the identification of active species in titania-silica catalytic materials. For
example, for such materials FTIR spectroscopy has been extensively used
to identify Ti – O – Si linkages, which give rise to a band in the region of
980–920 cm–1 [72–74]. The IR spectrum of Ti[OSi(OtBu)3]4 exhibits a band
centered at 925 cm–1 and that of [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2 ex-
hibits a strong band centered at 974 cm–1 for the asymmetric Ti – O – Si
stretch. UV-vis spectroscopy is a useful corroborative tool used in conjunc-
tion with FTIR spectroscopy to suggest the presence of tetrahedral Ti(IV)
sites. Generally, absorption in the range of ca. 210–225 nm is thought to
stem from a LMCT for tetrahedral Ti(IV) in a silica environment [75, 76].
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Fig. 1 The molecular structure of [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2 generated from
crystallographic data, with all hydrogen atoms and tert-butyl methyl groups omitted for
clarity

By UV-vis spectroscopy, a strong absorption at λmax = 227 nm is observed
for the oxygen to tetrahedral Ti(IV) charge transfer band (LMCT) for
Ti[OSi(OtBu)3]4. Likewise, a strong absorption at λmax = 216 nm is observed
for [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2. These titanium siloxide molecular
precursors were also analyzed by X-ray photoelectron spectroscopy (XPS)
to probe the chemical environment of titanium. The binding energies of
the Ti 2 p3/2 peaks are centered at approximately 461 eV, which is ca. 2 eV
higher than the binding energy reported for titanium in an octahedral oxygen
environment [77, 78].

2.2.3
Group 5

Al2Me6 + 2HO(O)P(OtBu)2
pentane→

25 ◦C
[Me2AlO2P(OtBu)2]2 + 2CH4 (5)

Tris(tert-butoxy)siloxide molecular precursors of V(IV) and V(V) can be pre-
pared via simple silanolysis reactions. For example, OV[OSi(OtBu)3]3 was
obtained in 85% yield by reaction of OVCl3 with excess HOSi(OtBu)3 in the
presence of pyridine [79]. Although crystals of sufficient quality for an X-ray
structural analysis of OV[OSi(OtBu)3]3 were not obtained, its identity was
confirmed by various spectroscopic and analytical techniques. Additionally,
(tBuO)3VOSi(OtBu)3 and (tBuO)2V[OSi(OtBu)3]2 were obtained via reaction
of V(OtBu)4 with 1 and 2 equiv of HOSi(OtBu)3, respectively, in toluene at
80 ◦C [80] (Eq. 5). Both (tBuO)3VOSi(OtBu)3 and (tBuO)2V[OSi(OtBu)3]2 are
monomeric in the solid state, and possess only monodentate siloxide ligands
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(Fig. 2). Attempts to obtain tBuOV[OSi(OtBu)3]3 and V[OSi(OtBu)3]4 have
thus far been unsuccessful [80].

As with other molecular precursors containing the tris(tert-butoxy)-
siloxide ligand, these vanadium complexes serve as useful models for silica-
supported vanadium materials. For example, OV[OSi(OtBu)3]3 is an excellent
structural model for isolated, pseudotetrahedral V(V) centers supported on
silica, which are often cited as the active species in a number of partial oxida-
tion reactions [81]. Utilizing FTIR and Raman spectroscopies, it is possible to
characterize the V – O, V = O, V – O – Si vibrations to provide useful spectro-
scopic handles for isolated V(V)/SiO2 sites. For example, Raman bands have
been identified for V = O (1038 cm–1) and V – O (651, 674, 705 cm–1) vibra-
tional transitions in OV[OSi(OtBu)3]3. Additionally, FTIR spectroscopy was
useful in the assignment of the V – O – Si asymmetric stretch as a broad band
centered at 910–920 cm–1. Finally, the UV-vis spectrum of OV[OSi(OtBu)3]3
contains a broad absorption centered at 250 nm assigned to LMCT from oxy-
gen to vanadium. For comparison, supported O3V = O surface species on
silica are generally reported to have λmax < 350 nm [82].

The Nb(V) and Ta(V) complexes (iPrO)2M[OSi(OtBu)3]3 were prepared
by reaction of the appropriate pentakis(iso-propoxide) complex, M(OiPr)5,
with excess HOSi(OtBu)3 in pentane [71, 83]. Crystals of sufficient quality for
an X-ray structure analysis of (iPrO)2Ta[OSi(OtBu)3]3 could not be obtained,
but an analogous complex, (EtO)2Ta[OSi(OtBu)3]3, was crystallographically
characterized. Interestingly, one of the – OSi(OtBu)3 ligands exhibits dative
coordination of a tert-butoxide group to the Ta center and a slightly dis-
torted octahedral coordination environment. It does not appear possible to
add further bulky siloxide ligands to these species. Similarly, Wolczanski
has reported tantalum complexes containing never more than three silox

Fig. 2 The molecular structure of (tBuO)2V[OSi(OtBu)3]2 generated from crystallo-
graphic data, with all hydrogen atoms omitted for clarity
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(– OSitBu3) ligands [84]. However, Bradley has reported the less sterically
hindered, homoleptic siloxide Ta(OSiMe3)5 [85].

2.2.4
Group 6

Tris(tert-butoxy)siloxide complexes of Cr in several oxidation states have
been synthesized. Surprisingly, reaction of Cr(NEt2)4 with 4 equiv of HOSi
(OtBu)3 led to isolation of only reduced Cr species, (HNEt2)2Cr[OSi(OtBu)3]2
and (HNEt2)2Cr[OSi(OtBu)3]3, in low to moderate yields [86]. Reaction of
Cr(OtBu)4 with 1 or 2 equiv of HOSi(OtBu)3 (solvent-free) led to the forma-
tion of (tBuO)3CrOSi(OtBu)3 and (tBuO)2Cr[OSi(OtBu)3]2, respectively [87].
Interestingly, use of solvent leads to significantly lower yields and forma-
tion of reduced Cr species. The monosiloxide can be reproducibly obtained
in > 80% yield via crystallization from a mixture of toluene and acetonitrile.
It is worth noting that (tBuO)3CrOSi(OtBu)3 can also be sublimed at 80 ◦C
under reduced pressure (0.001 mm Hg), making it potentially useful in CVD
applications. Both complexes are monomeric in the solid state and possess
only monodentate siloxide ligands. As with the vanadium analogs, Cr(IV)
complexes with three or four – OSi(OtBu)3 ligands could not be synthesized,
perhaps due to steric factors and/or redox processes [87]. In related work,
Bradley and Chisholm reported the synthesis of Cr(OSiEt3)4 via reaction of
Cr(OtBu)4 with the less sterically encumbered HOSiEt3 [88].

Formation of molybdenum and tungsten molecular precursors was ob-
tained via simple silanolysis reactions. The first such complexes were formed
via reactions of (HO)2Si(OtBu)2 with Mo2(NMe2)6 or W2(NMe2)6 [89], to
give the novel siloxide complexes Mo2[O2Si(OtBu)2]3 and W2(NHMe2)2
[O2Si(OtBu)2]2[OSi(OH)(OtBu)2]2. The complex Mo2[O2Si(OtBu)2]3 was
found to adopt an eclipsed structure, with three di(tert-butoxy)silanediolato
ligands bridging the molybdenum centers in a symmetrical fashion. The
structure of W2(NHMe2)2[O2Si(OtBu)2]2[OSi(OH)(OtBu)2]2 involves two
– O2Si(OtBu)2 ligands that bridge the W ≡ W bond in an η1, η1 fashion, and
one – OSi(OH)(OtBu)2 ligand coordinated to each W center. This molecule
also adopts an eclipsed conformation and has a 2-fold axis of symmetry that
perpendicularly bisects the W ≡ W bond.

Reactions of Mo2(NMe2)6 and Mo2(OtBu)6 with 2 equiv of HOSi(OtBu)3 in
pentane provide Mo2(NMe2)4[OSi(OtBu)3]2 and Mo2(OtBu)4[OSi(OtBu)3]2
(yields of 76% and 59%, respectively) after crystallization from pentane [90].
Crystallographic analyses of both complexes revealed that the – OSi(OtBu)3
ligands are arranged in a staggered fashion about the Mo ≡ Mo bond
(Fig. 3). In a similar manner, the tungsten complex W2(NMe2)4[OSi(OtBu)3]2
was synthesized in 55% yield via reaction of W2(NMe2)6 with 2 equiv of
HOSi(OtBu)3 in pentane [91].
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Fig. 3 The molecular structure of Mo2(NMe2)4[OSi(OtBu)3]2 generated from crystallo-
graphic data, with all hydrogen atoms omitted for clarity

Molybdenum and tungsten complexes containing metal-oxo fragments
and the tris(tert-butoxy)siloxide ligand have also been prepared. Complexes
of the form MO[OSi(OtBu)3]4 (M = Mo and W) can be synthesized from
the reaction of MOCl4 and 4 equiv of LiOSi(OtBu)3 in Et2O in low iso-
lated yields (10–40%) after precipitation from pentane [92]. Similarly, reac-
tions of MO2Cl2(DME) with 2 equiv of LiOSi(OtBu)3 in Et2O afforded the
siloxide complexes MO2[OSi(OtBu)3]2 (M = Mo and W) in low to mod-
erate yields (30–50%) [92]. These complexes are thermally unstable and
decompose within hours of isolation under an inert atmosphere. These oxo-
containing molybdenum and tungsten siloxides serve as valuable structural
models for catalytic sites containing M = O moieties supported on silica,
and they have provided valuable NMR (including 95Mo, 29Si, and 183W),
IR, Raman, and UV-vis data [92]. Other oxo-molybdenum and -tungsten
complexes with supporting siloxide ligands have been reported, primarily
as proposed models for active sites in oxo-transfer catalysts. For example,
MoO2(OSiPh3)2 [93], MoO2(OSiMe2

tBu)2(py) [94], [O2Mo(O2SitBu2)]2 [95],
WO[O(Ph2SiO)3]2(THF) [96], and WO2(OSiPh3)2(OSC4H8)2 [96] have been
synthesized by various research groups.

2.2.5
Group 8

FeCl3 + 3NaOSi(OtBu)3
THF→

reflux
Fe[OSi(OtBu)3]3 ·THF + 3NaCl (6)

The only group 8 tris(tert-butoxy)siloxide molecular precursor that has been
reported thus far is the iron(III) complex Fe[OSi(OtBu)3]3 ·THF, synthesized
via the reaction of FeCl3 with NaOSi(OtBu)3 in THF (74%) [71, 97] (Eq. 6). An
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X-ray crystallographic analysis of Fe[OSi(OtBu)3]3THF revealed a distorted
tetrahedral geometry (toward a trigonal pyramid) at the Fe center. Related
alkyl siloxide complexes of Fe(III) with dimeric structures, [Fe(OSiMe3)3]2
and [Fe(OSiEt3)3]2, have been reported by Schmidbaur and Richter [98].

2.2.6
Group 9

The only examples of tris(tert-butoxy)siloxide compounds from this group
are the dimeric Rh diene complexes {(cod)Rh[µ – OSi(OtBu)3]}2 and {(nbd)
Rh[µ – OSi(OtBu)3]}2, where cod = 1,5-cyclooctadiene and nbd = norborna-
2,5-diene [99]. Both complexes are formed via reaction of KOSi(OtBu)3 with
the respective [(diene)RhCl]2 starting material in Et2O. Although crystals of
sufficient quality for X-ray structure analyses were not obtained, solution
molecular weight determinations and spectroscopic evidence suggest folded,
dimeric structures. Similar structures were found for the related siloxides
[(cod)RhOSiMe3]2 and [(cod)RhOSiPh3]2 [100].

2.2.7
Group 10

Two tris(tert-butoxy)siloxy complexes of nickel were obtained and struc-
turally characterized by single-crystal X-ray crystallography. The first was
prepared via reaction of NiI2(THF)2 with NaOSi(OtBu)3 in refluxing THF
to yield Na3(µ3 – I){Ni[µ3 – OSi(OtBu)3]3I} · 0.5THF · 0.5C5H12 [101]. The
molecule forms a cube-like structure, with vertices defined by a Ni(II) center,
three sodium ions, three silanolate oxygens, and an iodide atom. The second
complex was obtained via reaction of bis(allyl)nickel with HOSi(OtBu)3 to
give the dimeric [(η3 – allyl)NiOSi(OtBu)3]2 complex [101]. The Ni2O2 core
of the dimer is bent in a butterfly fashion along the O – O vector resulting in
a fold angle of ca. 135◦.

2.2.8
Group 11

The Cu(II) tris(tert-butoxy)siloxide complex Cu[OSi(OtBu)3]2(py)2 was pre-
pared via addition of NaOSi(OtBu)3 to CuBr2 in a THF and pyridine mix-
ture [102]. Unfortunately, this complex was isolated with average yields of
14%. This complex is unusual in that Cu(II) alkoxides are generally highly
associated and insoluble [103, 104]. An X-ray crystallographic analysis of
Cu[OSi(OtBu)3]2(py)2 revealed well-separated monomeric units, and a coor-
dination environment about Cu that can be described as a severely distorted
tetrahedron. In an effort to synthesize a molecular precursor featuring Cu
in a higher isolated yield, the Cu(I) siloxy complex [CuOSi(OtBu)3]4 was
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Fig. 4 The molecular structure of [CuOSiPh(OtBu)2]4 generated from crystallographic
data, with all hydrogen atoms omitted for clarity

prepared by silanolysis of [CuOtBu]4 with HOSi(OtBu)3 (58%) [105]. At-
tempts to structurally characterize the complex by single crystal X-ray an-
alysis were unsuccessful; however, an analogous complex [CuOSiPh(OtBu)2]4
was prepared and structurally characterized (Fig. 4). The structure of
[CuOSiPh(OtBu)2]4 resembles that of [CuOtBu]4 in possessing a planar
Cu4O4 core with noninteracting, oxygen-bridged Cu centers [106].

2.2.9
Group 12

The zinc tris(tert-butoxy)siloxide complex {Zn[OSi(OtBu)3]2}2 was prepared
from the reaction of ZnMe2 with HOSi(OtBu)3 [107]. This complex was
structurally characterized as an asymmetric dimer with four – OSi(OtBu)3
ligands, each exhibiting a unique coordination mode (η1; η2; µ – η1, η1;
µ – η1, η2). A molecular weight determination for the complex supports
a monomeric structure in solution. Reaction of ZnMe2 with (HO)2Si(OtBu)2
leads to the formation of polymeric species, [ZnOSi(OtBu)2O]n, that are sol-
uble in organic solvents [107]. For comparison, the zinc siloxane polymer
[ZnOSiPh2O]n reported by Hornbraker and Conrad is an insoluble material
contaminated with ZnO [108].
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2.2.10
Group 13

Reaction of 2 equiv of HOSi(OtBu)3 with B(OtBu)3 as a neat mixture at
80 ◦C results in the formation of tBuOB[OSi(OtBu)3]2, which can be readily
isolated in crystalline form (79%) [64]. X-ray crystallography revealed that
tBuOB[OSi(OtBu)3]2 is monomeric in the solid state, with a trigonal pla-
nar coordination geometry about boron (Fig. 5). Similarly, B[OSi(OtBu)3]3
can be formed by reaction of B(OtBu)3 with 3 equiv of HOSi(OtBu)3 in
toluene [64]. The related triphenylsiloxide compound B(OSiPh3)3 had been
previously reported [109].

Several aluminum tris(tert-butoxy)siloxides have been synthesized, in-
cluding [Me2AlOSi(OtBu)3]2 and [Me(tBuO)AlOSi(OtBu)3]3 [110]. Addition-
ally, Al[OSi(OtBu)3]3 · THF was formed via reaction of [Al(OiPr)3]4 with 12
equiv of HOSi(OtBu)3 in THF (72%) [111]. The latter precursor is not sta-
ble at room temperature, and decomposes to insoluble Al/Si/O materials
upon storage under inert conditions. Barron et al. reported synthesis of the
analogous, but stable, Al(OSiPh3)3 · THF [112]. Interestingly, when 12 equiv
of HOSi(OtBu)3 reacted with [Al(OiPr)3]4 in hexanes, an Al[OSi(OtBu)3]3 ·
HOiPr adduct formed, which cocrystallizes with 1/2[Al(OiPr)3]4 [111]. The
related, dimeric complex [(iPrO)2AlOSi(OtBu)3]2 was formed via reaction of
4 equiv of HOSi(OtBu)3 with [Al(OiPr)3]4 in toluene at 80 ◦C; however, the
isolated yield was low (30%) [111]. With similar methods, Abe et al. prepared
{iPrOAl[OSi(OtBu)3]2}2 [113]. Other workers have reported (iPrO)2AlOSiMe3
and (nBuO)2AlOSi(OEt)3 as molecular precursors [114, 115].

Fig. 5 The molecular structure of tBuOB[OSi(OtBu)3]2 generated from crystallographic
data, with all hydrogen atoms and the siloxide ligand methyl groups omitted for clarity
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2.2.11
Groups 14–15

Reaction of PbCl2 with 3 equiv of NaOSi(OtBu)3 produced the “ate” com-
plex NaPb[OSi(OtBu)3]3 in 66% isolated yield. Similarly, the analogous
tin complex, KSn[OSi(OtBu)3]3, was formed by reaction of SnCl2 with
KOSi(OtBu)3 in 81% yield [116]. The single crystal X-ray structures of
NaPb[OSi(OtBu)3]3 and KSn[OSi(OtBu)3]3 revealed isomorphic structures
containing a 3-coordinate, trigonal prismatic metal center and a 6-coordinate
alkali metal (Na or K) atom encapsulated in an oxygen matrix formed by the
bridging siloxy and tert-butoxy groups of the – OSi(OtBu)3 ligands. The mo-
lecular precursor Bi[OSi(OtBu)3]3 was synthesized by reaction of BiCl3 with
KOSi(OtBu)3 in low isolated yield (30%) [116].

2.3
LnM[O2P(OtBu)2]x Molecular Precursors

Successful strategies for generating complexes of the di(tert-butyl)phosphate
ligand primarily focus on the use of HOP(O)(OtBu)2 as a reagent. As with the
related siloxide species, all synthetic manipulations must be performed under
inert conditions to avoid hydrolysis of the M – O – P linkages. Complexes of
the – O2P(OtBu)2 ligand are useful precursors to M/P/O oxide materials.

2.3.1
Group 4

Although potassium titanyl phosphate (KTiOPO4) has been studied exten-
sively as a nonlinear optical material [117, 118], the chemistry of molecu-
lar precursors to titanium phosphate materials remains fairly undeveloped.
Notably, Thorn and Harlow reported a series of well-defined molecular tita-
nium phosphate complexes derived from titanium halides, amides, and silox-
ides [119]. Given the general need for efficient molecular precursors to tita-
nium phosphates, several di(tert-butyl)phosphate complexes were targeted.
Reaction of 1 equiv of HOP(O)(OtBu)2 with Ti(OR)4 (R = Et, iPr) in pentane
resulted in the formation of [Ti(OR)3O2P(OtBu)2]2 species in yields in excess
of 80% after crystallization [120]. In the solid-state, [Ti(OiPr)3O2P(OtBu)2]n
was found to be a centrosymmetric dimer. Combination of ethanol solutions
of KOEt (2 equiv) and [Ti(OEt)3O2P(OtBu)2]n led to isolation of a new potas-
sium titanium di(tert-butyl)phosphate complex [Ti2K(OEt)8O2P(OtBu)2]2,
identified by combustion analysis and X-ray crystallography [120]. A struc-
tural analysis revealed that this complex is a centrosymmetric dimer in the
solid state.

The zirconium di(tert-butyl) phosphate complex Zr2(OtBu)5(HOtBu)
[O2P(OtBu)2]3 was generated (74% isolated) by the reaction of HOP(O)(OtBu)2
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with Zr(OtBu)4 in pentane [71]. This complex features three bridging phos-
phate ligands, and five terminal – OtBu ligands. Addition of Zr2(OtBu)5
(HOtBu)[O2P(OtBu)2]3 to KH in toluene led to the formation of Zr2(OtBu)6
[O2P(OtBu)2]2 in 54% isolated yield after crystallization from toluene [71].
An X-ray crystallographic analysis revealed that both phosphate ligands
bridge the Zr atoms, and the – OtBu ligands are all terminal (3 per Zr atom).

2.3.2
Group 5

The niobium phosphate complex {(iPrO)4Nb[O2P(OtBu)2]}2 was produced
by the reaction of Nb(OiPr)5 with HOP(O)(OtBu)2 in pentane [71]. Although
crystals of sufficient quality for an X-ray crystallographic analysis were not
obtained, spectroscopic evidence suggests that the phosphate ligands bridge
the two Nb centers.

2.3.3
Group 6

From the triply bonded M2(NMe2)6 (M = Mo and W) starting materials,
the new complexes M2(NMe2)2[µ – O2P(OtBu)2]2[OP(O)(OtBu)2]2 were ob-
tained [90, 91]. Interestingly, 2 isomers (cis and trans) of Mo2(NMe2)2[µ –
O2P(OtBu)2]2[OP(O)(OtBu)2]2 were isolated. X-ray crystallographic analyses
of both isomers of Mo2(NMe2)2[µ – O2P(OtBu)2]2[OP(O)(OtBu)2]2 deter-
mined that two of the di(tert-butyl)phosphate ligands bridge the Mo atoms,
and the other two phosphate ligands are terminal (Figs. 6, 7).

Fig. 6 The molecular structure of cis-Mo2(NMe2)2[O2P(OtBu)2]4 generated from crystal-
lographic data, with all hydrogen atoms and tert-butyl methyl groups omitted for clarity



86 K.L. Fujdala et al.

Fig. 7 The molecular structure of trans-Mo2(NMe2)2[O2P(OtBu)2]4 generated from crys-
tallographic data, with all hydrogen atoms and tert-butyl methyl groups omitted for
clarity

2.3.4
Group 12

Attempts to prepare Zn[O2P(OtBu)2]2 via the reaction of 2 equiv of HO(O)P
(OtBu)2 with ZnEt2 gave an insoluble polymeric material {Zn[O2P(OtBu)2]2}n
in 50% yield [121]. One soluble product of the reaction was fraction-
ally crystallized and identified as an oxo-centered tetranuclear cluster
Zn4(µ4 – O)[O2P(OtBu)2]6. This complex was independently synthesized by
reaction of 4 equiv of ZnEt2, 6 equiv of HO(O)P(OtBu)2, and 1 equiv of water
(66% yield) [121].

2.3.5
Group 13

Al2Me6 + 2HO(O)P(OtBu)2
pentane→

25 ◦C
[Me2AlO2P(OtBu)2]2 + 2CH4 (7)

Reactions of HOP(O)(OtBu)2 with Al2Me6 and [Al(OiPr)3]4 gave the molecu-
lar precursors [Me2AlO2P(OtBu)2]2 and [Al(OiPr)2O2P(OtBu)2]4, respec-
tively (> 90% yield) [122] (Eq. 7). In the solid state, [Me2AlO2P(OtBu)2]2
exists as a centrosymmetric dimer consisting of two four-coordinate Al cen-
ters bridged by di(tert-butyl)phosphate groups. In contrast, [Al(OiPr)2O2
P(OtBu)2]4 exists as a centrosymmetric tetramer in which the unique half of
the tetramer consists of two aluminum atoms bridged by two – O2P(OtBu)2
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groups. The central part of the molecule contains a planer Al2O2 four-
membered ring containing two symmetry-related Al atoms bridged by two
– OiPr ligands.

2.4
LnM{OB[OSi(OtBu)3]2}x Molecular Precursors

The recent discovery of HOB[OSi(OtBu)3]2 has allowed access to potential
single-source molecular precursors to M/B/Si/O materials.

2.4.1
Group 4

Cp2ZrMe2 + HOB[OSi(OtBu)3]2
pentane→

25 ◦C

(8)

The first reported complex containing this (siloxy)boryloxide ligand,
Cp2Zr(Me)OB[OSi(OtBu)3]2, was synthesized by reaction of Cp2ZrMe2 with
1 equiv of HOB[OSi(OtBu)3]2 in pentane (90% yield) [64] (Eq. 8). Al-
though not an effective molecular precursor to materials due to formation
of Cp2Zr[OSi(OtBu)3]2 upon heating (via presumed methide abstraction by
boron), Cp2Zr(Me)OB[OSi(OtBu)3]2 serves as a molecular model for surface-

Fig. 8 The molecular structure of Cp2Zr(Me)OB[OSi(OtBu)3]2 generated from the crys-
tallographic data of 1 of the 18 independent molecules from the asymmetric unit, with
all hydrogen atoms omitted for clarity
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bound metallocene catalysts [64]. The single crystal X-ray crystallographic
analysis of Cp2Zr(Me)OB[OSi(OtBu)3]2 confirmed the monomeric nature of
the complex and revealed a trigonal planar geometry about the boron center
(Fig. 8). Interestingly, the asymmetric unit of the crystal structure contained
18 unique molecules.

Reaction of excess HOB[OSi(OtBu)3]2 with M(NEt2)4 (M = Zr, Hf) in pen-
tane afforded Et2NM{OB[OSi(OtBu)3]2}3 complexes in moderate yields (50
and 46% for M = Zr and Hf, respectively) [91]. Single crystal X-ray structural
analysis of Et2NZr{OB[OSi(OtBu)3]2}3 confirmed that its structure contains
three monodentate – OB[OSi(OtBu)3]2 ligands with nearly linear Zr – O – B
linkages.

2.4.2
Group 6

Reaction of Mo2(NMe2)6 with HOB[OSi(OtBu)3]2 in pentane afforded
Mo2(NMe2)4{OB[OSi(OtBu)3]2}2 in 73% yield after crystallization [90].
A single crystal structural analysis revealed a trigonal planar geometry about
the boron atoms and a significantly bent Mo – O – B bond angle (121.8◦).
Interestingly, reaction of Mo2(NMe2)4{OB[OSi(OtBu)3]2}2 with 4 equiv of
HOtBu leads to substitution of the NMe2 ligands with OtBu groups, accompa-
nied by transfer of a single – OSi(OtBu)3 ligand from boron to molybdenum
to give Mo2(OtBu)4[OSi(OtBu)3]2.

2.5
Molecular Precursors Containing Combinations
of – OSi(OtBu)3, – O2P(OtBu)2, and – OB[OSi(OtBu)3]2 Ligands

(9)
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Fig. 9 The molecular structure of [(tBuO)3SiO]2Al[(µ– O)2P(OtBu)2]2Al(Me)OSi(OtBu)3
generated from crystallographic data, with all hydrogen atoms and tert-butyl methyl
groups omitted for clarity

More recent efforts have focused on the incorporation of multiple ligand
types to allow access to new materials with three or more components from
a single source. Although the potential for a huge library of precursors exists,
synthetic access to the desired species has proven to be a significant challenge.
The typical approach has involved further derivitization of known species in
a stepwise manner. The first molecular precursor fitting the above descrip-
tion, [(tBuO)3SiO]2Al[(µ – O)2P(OtBu)2]2Al(Me)OSi(OtBu)3, was reported
in 2001 [123]. Reaction of excess HOSi(OtBu)3 with [Me2AlO2P(OtBu)2]2
in toluene led to isolation of this silicoaluminophosphate precursor in 62%
yield. A single crystal X-ray structural analysis revealed that the di(tert-
butyl)phosphate ligands bridge the two aluminum centers (Fig. 9). Inter-
estingly, the O – Si – O – Al – O – P – O – Al – O – Si – O linkages and the
ring structure are similar to those in well-ordered microporous silicoalu-
minophosphates, making this molecular precursor a good model compound
for these materials [123].

Further efforts to prepare complexes with multiple ligand types focused
on the reactions of Mo2(NMe2)4[OSi(OtBu)3]2 or Mo2(NMe2)4{OB[OSi(Ot

Bu)3]2}2 with 2 equiv of HOP(O)(OtBu)2, which led to the formation of
Mo2(NMe2)2[OSi(OtBu)3]2[µ – O2P(OtBu)2]2 (60% yield) and Mo2(NMe2)2
{OB[OSi(OtBu)3]2}2[µ – O2P(OtBu)2]2 (22% yield), respectively [90]. As ob-
served with the molybdenum phosphate precursor, cis and trans isomers
of Mo2(NMe2)2[OSi(OtBu)3]2[µ – O2P(OtBu)2]2 were isolated and character-
ized (Eq. 9). Crystallographic studies of all three of these complexes con-
firmed the bridging nature of the di(tert-butyl)phosphate ligands, as shown
for Mo2(NMe2)2{OB[OSi(OtBu)3]2}2[µ – O2P(OtBu)2]2 in Fig. 10.
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Fig. 10 The molecular structure of Mo2(NMe2)2[O2P(OtBu)2]2{OB[OSi(OtBu)3]2}2 gen-
erated from crystallographic data, with all hydrogen atoms and tert-butyl methyl groups
omitted for clarity

3
Mechanistic Insight into the Decomposition
of Oxygen-Rich Molecular Precursors

Typical characterization of the thermal conversion process for a given mo-
lecular precursor involves the use of thermogravimetric analysis (TGA) to
obtain ceramic yields, and solution NMR spectroscopy to identify soluble
decomposition products. Analyses of the volatile species given off during
solid phase decompositions have also been employed. The thermal conver-
sions of complexes containing M – OSi(OtBu)3 and M – O2P(OtBu)2 moi-
eties invariably proceed via elimination of isobutylene and the formation
of M – O – Si – OH and M – O – P – OH linkages that immediately undergo
condensation processes (via elimination of H2O), with subsequent forma-
tion of insoluble multi-component oxide materials. For example, thermolysis
of Zr[OSi(OtBu)3]4 in toluene at 413 K results in elimination of 12 equiv of
isobutylene and formation of a transparent gel [67, 68].

The thermal decompositions are catalyzed by Brønsted and Lewis
acids [68]. In general, when M is electron poor and Lewis acidic, the ther-
mal decompositions occur efficiently and at low temperatures (typically
between 100 and 200 ◦C, but sometimes at lower temperature). The addition
of a catalytic amount of a Lewis or Brønsted acid (i.e., AlCl3 or HCl) has been
observed to accelerate the elimination of isobutylene and the formation of
three-dimensional network structures [64, 124–126]. Pioneering studies on
pyrolyses of various metal alkoxides by Bradley and others have also shown
that alkene eliminations represent a primary decomposition pathway [104].

The mechanism by which electron-rich late transition metal complexes
decompose is distinct from those involving more electropositive metals
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such as Al and Zr. The formation of significant amounts of HOSi(OtBu)3
and Cu0 upon thermolysis of [CuOSi(OtBu)3]4 in the solid phase suggests
that the homolytic cleavage of Cu – O bonds may be involved [105]. Simi-
lar homolytic processes have been proposed by Caulton and coworkers for
related electron rich [CuOSiR]4 (R = alkyl and aryl) species [127] and
by our group for the recently synthesized {(cod)Rh[µ – OSi(OtBu)3]}2 and
{(nbd)Rh[µ – OSi(OtBu)3]}2 species [99].

4
Solid Phase and Solution TMP Methods

Over the past 15 years, numerous studies have shown that transition-metal
and main-group element complexes of – OnSi(OR)(4–n) (n = 1, R = tBu;
n = 2, R = tBu or Si(OtBu)3), – O2P(OtBu)2, and – OB[OSi(OtBu)3]2 ligands
are convenient precursors to homogeneous (well-dispersed), metal oxide-
silica, metal phosphate, and metal borosilicate materials (and combinations
thereof). Thermogravimetric analyses (TGA) typically reveal a precipitous
weight loss during the decomposition event, suggesting rapid and uniform
conversion to largely carbon-free materials. Thermolyses of molecular pre-
cursors in nonpolar media provide high surface area xerogels upon air-drying
of the resulting gels.

An expansion of the solution TMP approach involves a cothermolytic
strategy, whereby two or more molecular species that thermally convert to
materials under mild heating are converted simultaneously in the same solu-
tion [83, 128–130]. This cothermolysis method allows the composition of the
final material to be tuned to variable stoichiometries, and has proven useful
in the generation of catalytic materials where even small variations in elem-
ental content can lead to dramatic performance changes. The remainder of
this section serves to provide examples of the materials that can be formed via
simple solid phase or solution TMP routes.

4.1.1
Thermolytic Conversion of Group 2 Siloxide Precursors

Although the extreme moisture sensitivity of Mg[OSi(OtBu)3]2 complicated
attempts to obtain meaningful thermogravimetric analysis (TGA) data for
its solid phase decomposition, solution thermolyses in toluene produced
MgO ·2SiO2 gels that formed high surface area (ca. 250 m2 g–1) xerogels upon
drying in air [66]. Supercritical CO2 drying of the wet gel resulted in a dra-
matic increase in the surface area to ca. 650 m2 g–1. Both types of MgO ·
2SiO2 materials were amorphous (by PXRD), and only after calcination at
1200 ◦C under flowing oxygen was crystalline enstatite (MgSiO3) detected.
Predictions and experimental evidence for high SiO2 content magnesia-silica



92 K.L. Fujdala et al.

materials suggested that more acidic sites would be present for more homoge-
neous materials [131]. Poorly dispersed MgOSiO2 materials (containing large
SiO2 and MgO domains) are known to have increased basicity [132]. The
MgO · 2SiO2 xerogels made from Mg[OSi(OtBu)3]2 have high acid site con-
centrations (from NH3 TPD: 2.7 sites nm–2) and a negligible basicity (from
CO2 TPD: 0.13 sites nm–2), suggesting significant amounts of Mg – O – Si het-
erolinkages and hence a high degree of homogeneity.

4.1.2
Thermolytic Conversion of Group 4 Siloxide Precursors

The solid-state decomposition temperature for group 4 siloxide molecu-
lar precursors (as determined by TGA) ranges from ca. 140 ◦C for Zr[OSi
(OtBu)3]4, Hf[OSi(OtBu)3]4, and [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2 to
ca. 250 ◦C for Ti[OSi(OtBu)3]4. Solid phase decompositions of Zr[OSi
(OtBu)3]4 and Hf[OSi(OtBu)3]4 at 200 ◦C give materials with a BET sur-
face area of ca. 100 m2 g–1, whereas pyrolysis of Ti[OSi(OtBu)3]4 provides
a material with a much lower surface area (ca. 20 m2 g–1) [67, 68]. Do-
mains of crystalline anatase-TiO2, tetragonal-ZrO2, and cubic/tetragonal-
HfO2 were not observed by PXRD until heating the TiO2 · 4SiO2, ZrO2 ·
4SiO2, and HfO2 ·4SiO2 materials to temperatures in excess of 1000 ◦C under
flowing oxygen, suggesting a high degree of initial homogeneity [68]. The
crystallization of anatase in the TiO2 · 3SiO2 material from [(tBuO)2Ti{µ –
O2Si[OSi(OtBu)3]2}]2 occurred at a slightly lower temperature (800 ◦C),
which is to be expected as the Ti/Si ratio is higher for this material [61]. Re-
lated work by Abe and co-workers on the thermolyses of (i PrO)Ti[OSi(OtBu)3]3
and (iPrO)2Ti[OSi(OtBu)3]2 revealed crystallizations of anatase at 700–750 ◦C
and 800–800 ◦C, respectively [133].

The relatively low decomposition temperatures of these group 4 siloxide-
based molecular precursors allow the thermal conversions to take place in
hydrocarbon solution (typically toluene or n-octane). The BET surface areas
of the xerogels obtained after air-drying the resulting gels ranged from ca.
300 m2 g–1 (for TiO2 ·3SiO2) to 500 m2 g–1 (for ZrO2 ·4SiO2 and HfO2 ·4SiO2)
to 550 m2 g–1 (for TiO2 · 4SiO2) [61, 68]. Supercritical CO2 drying of the wet
TiO2 · 4SiO2 gel yielded an aerogel with a moderately higher surface area of
675 m2 g–1. The similarity of the surface areas suggests that use of the solution
TMP method can provide xerogels (from conventional drying) with surface
areas approaching those of aerogels (dried via supercritical methods) with
similar compositions. Solid state 29Si MAS NMR studies of the ZrO2 ·4SiO2 xe-
rogels show that the majority of the Si atoms are in Q2 and Q3 environments,
which are attributed to the presence of (ZrO)2Si(OSi)2 and ZrOSi(OSi)3 sites,
respectively. This suggests a high degree of homogeneity [68]. The presence
of a large number of M – O – Si heterolinkages would be expected to give rise
to a highly acidic material [50]. Hammet acidity measurements [134] of these
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xerogels determined a Hammet acidity function (Ho) to be between – 5.6 and
– 8.2, which is consistent with high acidity and homogeneity [68].

Many useful gas and liquid phase oxidation reactions are catalyzed by
Ti(IV)/SiO2 materials, and therefore these materials have been extensively
studied [135, 136]. Of particular interest are titania-silica gels studied by
Hutter and Baiker as catalysts for various oxidation reactions [137]. Thus,
we elected to examine Ti(IV)/SiO2 materials produced by TMP methods
in alkene partial oxidation reactions. The TiO2 · 4SiO2 xerogel formed from
Ti[OSi(OtBu)3]4 is an active catalyst for the epoxidation of cyclohexene using
cumene hydroperoxide (CHP) or tert-butyl hydroperoxide (TBHP) as the ox-
idant [126]. After 2 h in toluene at 65 ◦C, the yields of cyclohexene oxide were
37.8% (CHP) and 16.2% (TBHP) relative to the initial concentration of perox-
ide. The titanium-rich TiO2 ·3SiO2 xerogel is also an active oxidation catalyst,
yielding 14.1% (CHP) and 8.6% (TBHP) of cyclohexene oxide after 2 h [61].
The lower activity of the TiO2 ·3SiO2 xerogel can be attributed to a greater de-
gree of polymeric and octahedral Ti(IV) environments, which are known to
be less active in the catalytic oxidation of alkenes [138–140]. Another inter-
esting use of molecular precursors of the type described here was reported by
Narula et al., whereby (tBuO)3TiOSi(OtBu)3 was employed in CVD processes
to generate anti-reflective coatings for glass [69].

Recently, Murugavel et al. have reported the use of cubic titanosiloxanes
of the type [RSiO3Ti(OiPr)]4 (R = 2,6 – iPr2C6H3NSiMe3) as precursors to ti-
tanosilicate materials [141]. Interestingly, the reaction of [RSiO3Ti(OiPr)]4
with HOSi(OtBu)3 did not yield the expected [RSiO3Ti(OSi(OtBu)3)]4, but
rather the transesterification product [RSiO3Ti(OtBu)]4. Thermolytic conver-
sions to the TiO2 ·SiO2 materials were shown to begin at 140 ◦C (by TGA) and
continue until 650 ◦C. Bulk conversion at 600–800 ◦C led to heterogeneous
catalysts that gave ca. 11% yield of cyclohexene oxide (based on oxidant) after
24 h. These authors speculate that the low conversions result from the pres-
ence of small amounts of octahedral titanium centers (i.e., TiO2) or catalytic
decomposition of the peroxide.

4.1.3
Thermolytic Conversion of Group 5 Siloxide Precursors

The solid-state decomposition of OV[OSi(OtBu)3]3 occurs with a precipitous
weight loss at ca. 200 ◦C (as observed by TGA) and a final ceramic yield that
is 10% less than the expected ceramic yield [79]. This discrepancy results
from volatilization and loss of HOSi(OtBu)3. However, solution thermolyses
of OV[OSi(OtBu)3]3 in n-octane produce xerogels with an approximate com-
position of V2O5 ·6SiO2 (after drying) with a quantitative ceramic yield (i.e.,
with no loss of HOSi(OtBu)3) that have a BET surface area of 320 m2 g–1.

The onset temperatures for decompositions of (tBuO)3VOSi(OtBu)3 and
(tBuO)2V[OSi(OtBu)3]2 are ca. 100 ◦C, with ceramic yields corresponding
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closely to the predicted values [80]. Vanadia-silica materials formed via solid
phase decompositions of (tBuO)3VOSi(OtBu)3 and (tBuO)2V[OSi(OtBu)3]2
had surface areas of 30 and 170 m2 g–1, respectively, while xerogels formed
via solution decompositions (toluene) had surface areas of 40 and 70 m2 g–1.
The synthesis of V/Si/O single-source precursors with various oxidation
states and silicon contents provided an opportunity to examine how these
properties influence the nature of the final material [80]. Vanadia-silica
xerogels generated by thermolysis of OV[OSi(OtBu)3]3 in n-octane exhib-
ited phase separation and formation of V2O5 nanocrystals at low tem-
peratures (300 ◦C, in O2). By comparison, vanadia-silica xerogels derived
from solution thermolyses of the V(IV) precursors, (tBuO)3VOSi(OtBu)3 and
(tBuO)2V[OSi(OtBu)3]2 , produced smaller nanocrystals of V2O5 at a reduced
rate (requiring 400 ◦C, in O2). This suggests that the initial materials derived
from the V(IV) precursors are more homogeneous (by PXRD and TEM).

It is well known that VOx/SiO2 materials have important catalytic uses,
often associated with partial oxidations. Conventional dehydrogenation of
light alkanes proceeds only at high temperatures, where cracking and the
deposition of carbon present serious problems. Alternatively, oxidative de-
hydrogenation (ODH) is thermodynamically favored at lower temperatures
and does not suffer from coking, which decreases catalyst performance [142].
Given the high demand for propene in the production of polypropylene, acry-
lonitrile, and propene oxide, ODH has generated considerable attention as an
alternative source of this valuable molecule [143]. Utilizing OV[OSi(OtBu)3]3
and Zr[OCMe2Et]4, or OV(OtBu)3 and Zr[OCMe2Et]4, in cothermolytic TMP
processes, a series of catalysts with varying vanadium content (2–33%) were
prepared and tested for their catalytic efficiency for propane ODH [128, 130].
These new catalysts were compared to catalysts of similar stoichiometry that
were prepared by conventional aqueous impregnation methods. The surface
areas of the V/Zr/Si/O and V/Zr/O catalysts prepared via the cothermolytic
route were high (up to 465 m2 g–1) and the intrinsic selectivities for propene
reached values in excess of 95% at 400 ◦C. The presence of oligomeric tetra-
hedral vanadium sites appears to be critical for the more active compositions
(10–18% vanadia). The V/Zr/O catalysts with 18–23% vanadia are as effi-
cient as the most selective and active catalysts thus far reported for propane
ODH, and are superior to other vanadium-based systems. Significantly, the
impressive catalytic results and novel features for these vanadium-containing
catalysts suggest that molecular-level control over structure evolution dur-
ing calcination is possible, and can provide new generations of catalysts with
enhanced performance.

The molecular precursors (iPrO)2Ta[OSi(OtBu)3]3 and (iPrO)2Nb[OSi
(OtBu)3]3 decompose in the solid phase with a precipitous weight loss at
ca. 200 ◦C [71, 83]. Solution thermolyses of these precursors in hydrocar-
bon solvents yield xerogels with compositions corresponding to Nb2O5 ·6SiO2
and Ta2O5 · 6SiO2 having BET surface areas of 500 and 450 m2 g–1, respec-
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tively. Interestingly, co-thermolyses of (iPrO)2Ta[OSi(OtBu)3]3 with excess
HOSi(OtBu)3 readily yields more silica-rich tantala-silica materials with quan-
titative loss of isobutylene from both molecular precursors. This clearly
suggests that Ta species catalyze the decomposition of HOSi(OtBu)3 which is
normally inert under the conditions employed. Calcination of the Nb/Si/O xe-
rogel at 900 ◦C under flowing oxygen led to formation of domains of T – Nb2O5.
Interestingly, domains of L – Ta2O5 were not observed by PXRD until after
calcination of the Ta/Si/O materials at temperatures in excess of 1000 ◦C.

4.1.4
Thermolytic Conversion of Group 6 Siloxide Precursors

Chromia-silica materials are important catalysts for several reactions, in-
cluding alkene polymerizations and alkane dehydrogenations [144–148]. In
addition, several molybdenum-based materials are efficient catalysts for par-
tial oxidation reactions of alkanes and alkenes [149–153]. Hence, the devel-
opment of molecular precursors to well-defined chromia- and molybdena-
silica materials represents an important goal in solid-state synthesis. Ther-
mogravimetric analysis of (tBuO)3CrOSi(OtBu)3 reveals a sharp mass loss
initiated at ca. 100 ◦C, concurrent with a melting transition. A high surface
area Cr/Si/O xerogel (∼ 300 m2 g–1) derived from the solution thermolysis
of (tBuO)3CrOSi(OtBu)3 exhibits higher activity (by a factor of 3) and se-
lectivity (by 5%) for propane ODH than a Cr/Si/O material with a slightly
higher surface area that is derived from the solid phase thermolysis of
(tBuO)3CrOSi(OtBu)3 [87]. Thus, specific conditions for the thermolyses play
an important role in determining the properties of the final material.

Combinations of (tBuO)3CrOSi(OtBu)3 and Zr[OCMe2Et]4 or [Al(OtBu)3]2
in cothermolytic TMP routes provides high surface area (from 150 to
450 m2 g–1), amorphous Cr/Si/Zr/O or Cr/Si/Al/O xerogels with well-
dispersed Cr centers, even after calcinations at 500 ◦C [129]. Some of these
Cr/Si/M/O materials exhibit high intrinsic activities (among the highest
known) for propylene formation in catalytic propane oxidative dehydro-
genation reactions; however, their selectivities are low due to high rates of
propylene combustion. In contrast, the Cr/Si/M/O materials were efficient
catalysts for the dehydrogenation of propane (nonoxidative), some of which
provide excellent selectivities for propylene formation (ca. 95%) at high
propane conversions (ca. 35%). Observed differences in the nature of the Cr
species in the various Cr/Si/M/O materials support the notion that chromate
clusters are more effective for propane ODH while isolated sites are preferred
for propane DH [129].

The solid phase decomposition of Mo2[O2Si(OtBu)2]3 occurs with an ini-
tial precipitous weight loss at ca. 200 ◦C (as observed by TGA) and a second
event occurring gradually from 700 to 1050 ◦C attributed to the sublimation
of MoO3 [89]. The theoretical yield for the anticipated Mo(III)/Si/O ma-
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terial (51.8%), is slightly lower than that observed experimentally after the
first weight loss event (55.4%), suggesting oxidation of some Mo to form
MoO2 and/or MoO3. The material is amorphous after heating under argon
at 500 ◦C (by PXRD); however, heating at 1200 ◦C leads to formation of crys-
talline MoO2 domains. Calcination of the Mo/Si/O material under flowing
air results in loss of nearly all the Mo as MoO3. The solid phase decom-
position of W2(NHMe2)2[O2Si(OtBu)2]2[OSi(OH)(OtBu)2]2 occurs with an
initial weight loss beginning at 50 ◦C followed by a precipitous loss at ca.
150 ◦C (by TGA) giving a ceramic yield of 53%, in agreement with that ex-
pected [89]. Powder X-ray diffraction analysis of the material after heating at
1200 ◦C under argon reveals the presence of crystalline W and WO2.

The solid phase thermal decomposition of Mo2(OtBu)4[OSi(OtBu)3]2
initiates at ca. 100 ◦C [90]. As observed with Mo2[O2Si(OtBu)2]3, heating
the material formed from the solid phase decomposition of Mo2(OtBu)4
[OSi(OtBu)3]2 at temperatures above 700 ◦C results in loss of all Mo as MoO3.

The TGA trace for MoO[OSi(OtBu)3]4 exhibits an initial weight loss start-
ing at 50 ◦C and a precipitous loss at 80 ◦C. It is interesting to note that sub-
limation of MoO3 was not observed, which suggests that MoO[OSi(OtBu)3]4
may provide access to materials with enhanced thermal stability [92]. The
TGA trace of MoO2[OSi(OtBu)3]2 exhibits a precipitous weight loss at ca.
70 ◦C and a ceramic yield at 400 ◦C (37.6%) that corresponds closely to for-
mation of MoO3 ·2SiO2 (36.3%) [92]. Unlike the mono-oxo complex, there
is a second weight loss event between 650 and 1000 ◦C that appears to cor-
respond to the sublimation of nearly all of the Mo as MoO3. The differences
in high temperature behavior of the various Mo/Si/O materials discussed
here are not well understood at this time. Solution thermolyses of these
oxo-containing Mo molecular precursors provide xerogels with surface areas
ranging from 6 to 270 m2 g–1, depending upon the precursor employed [92].
The materials derived from these complexes do not contain well-dispersed
metal centers, but instead exhibit phase-separated nanodomains of MoO3.
These Mo/Si/O xerogels were highly selective in the epoxidation of cyclo-
hexene (> 95% for cyclohexene oxide) when TBHP was used as the oxidant;
however, use of aqueous H2O2 as the oxidant drastically lowers the cyclohex-
ene oxide selectivity. In related work with oxo-containing Mo and W species,
Neumann and coworkers generated Mo/Si/O and W/Si/O materials via the
synthetic intermediates MO[OSi(OtBu)3]4 (M = Mo and W), which were not
isolated or characterized [154].

4.1.5
Thermolytic Conversion of Group 8 Siloxide Precursors

Thermal decomposition of Fe[OSi(OtBu)3]3(THF) occurs at ca. 140 ◦C (by
TGA) to provide a material with a lower ceramic yield (25.9%) than that cal-
culated for FeO1.5 · 3SiO2 (30.7%), suggesting potential loss of HOSi(OtBu)3
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as described earlier [71, 97]. Thermolysis of a toluene solution of Fe[OSi
(OtBu)3]3(THF) leads to formation of a gel. Drying and calcination of the
gel under oxygen at 600 ◦C provides a high surface area (660 m2 g–1) xerogel
with a composition approaching FeO1.5 ·3SiO2. The xerogel remains amorph-
ous (by PXRD) after calcination at 800 ◦C; however, calcination at 1000 ◦C
leads to formation and phase separation of cristobalite (SiO2) and hematite
(α – Fe2O3) [71].

4.1.6
Thermolytic Conversion of Siloxide Precursors of Groups 9–12

The Rh complexes {(cod)Rh[µ – OSi(OtBu)3]}2 and {(nbd)Rh[µ – OSi
(OtBu)3]}2 thermally decompose primarily via loss of HOSi(OtBu)3 and
formation of Rh metal particles, rendering them ineffective for use as pre-
cursors to Rh/Si/O materials; however, these complexes are potentially use-
ful as sources of Rh nanoparticles or site-isolated Rh species via grafting
methods [99].

Thermal decomposition of [CuOSi(OtBu)3]4 in the solid phase begins at
ca. 100 ◦C under argon (by TGA) and results in formation of an amorphous
material until roughly 600 ◦C, at which temperature Cu metal was detected
(by PXRD) [105]. Conversely, decomposition under oxygen led initially to
a material with Cu0 crystallites and small amounts of Cu2O and CuO, and
subsequent heating beyond 800 ◦C resulted in oxidation of all the copper to
CuO.

The molecular precursor {Zn[OSi(OtBu)3]2}2 readily undergoes thermol-
ysis to give zinc orthosilicate-silica composite materials (Zn2SiO4 ·SiO2) with
a facile weight loss beginning at 100 ◦C [107]. After the polymer was heated at
850 ◦C for 2 h, partial crystallization of Zn2SiO4 was observed, with complete
crystallization occurring at 1100 ◦C. Interestingly, the TMP route offers a sig-
nificant advantage over sol-gel processes for formation of Zn2SiO4, as sol-gel
methods tend to form domains of ZnO as a side-product [155, 156].

As a result of its high luminescence efficiency, manganese-doped zinc
orthosilicate has been widely used as a green-emitting phosphor in the dis-
play industry [157, 158]. Emission from this material is attributed to a d-
level spin-forbidden transition for isolated Mn2+ ions. Traditionally, ap-
propriate Zn2SiO4 : Mn materials are made through mechanical processing
or high-temperature solid state reactions; however, it is difficult to ob-
tain reliable emission intensities by such methods. In an effort to pro-
vide access to these materials via a more reliable route, cothermolyses of
[ZnOSiPh2O]n/[Mn(CH2SiMe3)2]m mixtures that provide manganese-doped
Zn2SiO4 materials were employed. The resulting materials exhibit two photo-
luminescence emission bands centered at 535 (major) and 605 nm (minor).
The observed photoluminescence decay lifetime of ca. 5 ms is typical for
Zn2SiO4 : Mn phosphors [159].
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4.1.7
Thermolytic Conversion of Group 13 Siloxide Precursors

Borosilicate materials with stoichiometries corresponding to BO1.5 · 2SiO2
and BO1.5 ·3SiO2 are formed from tBuOB[OSi(OtBu)3]2 and B[OSi(OtBu)3]3,
respectively, in solution TMP methods [64]. However, in contrast to other
tris(tert-butoxy)siloxide species, these boron-containing precursors exhibit
melting and subsequent boiling behavior prior to thermolysis. Solution ther-
molyses proceed efficiently (via elimination of CH2CMe2 in the usual way) in
the presence of a catalytic amount of AlCl3 to form the appropriate BO1.5 ·
2SiO2 and BO1.5 ·3SiO2 xerogels (upon drying) with surface areas of 48 and
590 m2 g–1, respectively.

The aluminum tris(tertbutoxy)siloxide species Al[OSi(OtBu)3]3(HOiPr)
1/2[Al(OiPr)3]4 and[(iPrO)2AlOSi(OtBu)3]2 readily decompose at low tem-
peratures in the solid phase to form materials with stoichiometries cor-
responding to Al2O3 · 2SiO2 [111]. Solid phase decomposition of Al[OSi
(OtBu)3]3 ·THF also occurs at ca. 100 ◦C, giving a material corresponding to
1/2Al2O3 ·3SiO2 [111]. Solution thermolyses of these precursors provide xe-
rogels (after drying) exhibiting surface areas that range from 200–600 m2 g–1.
As previously noted, the TMP method has been used for generating sev-
eral types of solid acid materials. For amorphous aluminosilicates, the
chemical nature of the molecular precursor has a profound influence on
the properties of the resultant solid. This is illustrated by studies of the
Al2O3 ·2SiO2 xerogels derived from Al[OSi(OtBu)3]3(HOiPr)1/2[Al(OiPr)3]4
and [(iPrO)2AlOSi(OtBu)3]2 (both with Al/Si = 1) via solution thermol-
yses [111]. These two types of materials have very different microstruc-
tures and surface acidities, with the primary differences being that xe-
rogels derived from Al[OSi(OtBu)3]3(HOiPr) · 1/2[Al(OiPr)3]4 have lower
Brønsted acid site concentrations (0.8 ± 0.2 vs 2.3 ± 0.2 sites nm–2), higher
Lewis/Brønsted site ratios (1.6 vs. 1.0), and microstructures that more closely
resemble that of mullite. The preexistence of only Al – O – Si linkages in
[(iPrO)2AlOSi(OtBu)3]2 gives rise to more Brønsted acid sites, whereas
the Al – O – Al linkages in the [Al(OiPr)3]4 component of Al[OSi(OtBu)3]3
(HOiPr) ·1/2[Al(OiPr)3]4 lead to lower Brønsted acidity and increased mul-
lite character.

4.2
Thermolytic Conversion of Di(tert-butyl)phosphates

The following examples describing the thermolytic behavior of di(tert-
butyl)phosphate complexes serve to demonstrate the utility of the TMP
approach for synthesis of various phosphate materials.

Zinc phosphate networks based on ZnO4 and PO4 tetrahedra display
a large structural diversity, and there have been reports of zincophosphate
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frameworks that are microporous [160], layered [161], or 1-dimensional [162].
Our initial efforts in this area focused on the development of molecular pre-
cursors to Zn/P/O materials that would transform via low energy pathways
to provide a versatile approach for the formation of novel zinc phosphate
network materials. Upon heating Zn4(µ4 – O)[O2P(OtBu)2]6, this complex
readily loses its hydrocarbon moieties in the usual manner (via elimination
of CH2CMe2) at a low temperature (ca. 135 ◦C) to give a material corres-
ponding to Zn4P6O19 in quantitative yield [121]. Additional heating of the
material at 300 ◦C gives one crystalline component (an unindexed phase of
Zn2P2O7), as observed by PXRD. Subsequent heating at 600 ◦C gives rise
to domains of α– Zn2P2O7 and β– Zn(PO3)2. The TGA trace for polymeric
{Zn[O2P(OtBu)2]2}n reveals an abrupt weight loss at 125 ◦C, with the ceramic
yield at 1000 ◦C within 0.1% of that expected for a material with the formula
ZnP2O6. Heating this material at 800 ◦C produced domains of β– Zn(PO3)2 as
the only crystalline phase (by PXRD).

Aluminophosphates (AlPO4) and related materials are useful in a num-
ber of applications, including as catalysts and catalyst supports, abrasion
resistant coatings, and materials with a low index of refraction [163, 164].
Considerable attention has been devoted to the development of methods for
the generation of AlPO4 materials, including the sol-gel route and the re-
action of AlCl3 with H3PO4 [165]. The TGA trace of [Me2AlO2P(OtBu)2]2
revealed a precipitous weight loss at ca. 150 ◦C, and only isobutylene and
methane were detected as volatile decomposition products by NMR spec-
troscopy [122]. Amorphous aluminophosphate xerogels derived from solu-
tion thermolyses of [Me2AlO2P(OtBu)2]2 have BET surface areas approaching
320 m2 g–1 after calcination at 600 ◦C. These xerogels remained amorphous
until calcinations at 1200 ◦C, when the tridymite form of AlPO4 was ob-
served by PXRD. The TGA trace of [Al(OiPr)2O2P(OtBu)2]4 reveals a weight
loss beginning near room temperature that continues gradually until 140 ◦C,
after which it becomes precipitous [122]. Xerogels from solution thermol-
yses of [Al(OiPr)2O2P(OtBu)2]4 also have relatively high BET surface areas
(290 m2 g–1) after calcination at 600 ◦C. As with xerogels derived from
[Me2AlO2P(OtBu)2]2, those from [Al(OiPr)2O2P(OtBu)2]4 remain amorph-
ous until the tridymite form of AlPO4 is observed by PXRD at 1200 ◦C.

Thermolyses of the Mo2(NMe2)2[µ – O2P(OtBu)2]2[OP(O)(OtBu)2]2 iso-
mers in the solid phase are similar and are characterized by a precipi-
tous mass loss starting at ca. 150 ◦C and leading to a ceramic yield at
1000 ◦C (ca. 44%) that approaches that of 2MoO1.5 ·2P2O5 (46.9%) and more
closely than that for 2MoO3 · 2P2O5 (51.2%), suggesting that the molyb-
denum exists in a reduced state [90]. Thermolysis of a toluene solution
of Mo2(NMe2)2[µ – O2P(OtBu)2]2[OP(O)(OtBu)2]2 results in formation of
a xerogel (upon drying) with a surface area of 165 m2 g–1 [90]. Interest-
ingly, the uncalcined Mo/P/O xerogel exhibits IR, 31P MAS NMR, and
DRUV-vis features that are indicative of retention of the bridging phos-
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phate groups, suggesting that structural features of the molecular precur-
sor are transferred to the final material. Propane ODH studies using this
Mo/P/O xerogel as the catalyst led to moderate activity, but poor selectiv-
ity. Use of Bi[OSi(OtBu)3]3 in solution cothermolytic TMP methods with
Mo2(NMe2)2[µ – O2P(OtBu)2]2[OP(O)(OtBu)2]2 gives rise to Bi/Mo/P/Si/O
xerogels (upon drying) that have high surface areas (380–500 m2 g–1), even
after calcinations at 300 ◦C (up to 360 m2 g–1) [90]. The Bi/Mo/P/Si/O ma-
terials with moderate amounts of Bi exhibit significantly increased selectivity
for propylene in propane ODH reactions versus the Mo/P/O xerogels; how-
ever, larger quantities of Bi lead to no appreciable reaction [90].

Murugavel and co-workers have recently reported a series of copper, man-
ganese, and cadmium di(tert-butyl)phosphates that have been used as mo-
lecular precursors to metal phosphate materials. For example, monomeric,
tetrameric, and polymeric Cu di(tert-butyl)phosphate complexes with an-
cillary pyridine ligands have been prepared [166]. Regardless of which
precursor is employed, heating at 500 ◦C gives mainly the pyrophosphate
Cu2P2O7 and small amounts of the metaphosphate Cu(PO3)2 (by PXRD).
Other di(tert-butyl)phosphate species generated by the Murugavel group in-
clude the single coordination polymers [M(O2P(OtBu)2)2]n (M = Mn, Cu)
and [M(O2P(OtBu)2)2(H2O)]n (M = Cd) from the reaction of M(OAc) ·xH2O
with HOP(O)(OtBu)2 [167]. Interestingly, for formation of the manganese
phosphate precursor, if the reaction is not carried out in the presence of
a base, an oxo-centered tetranuclear cluster Mn4(µ4 – O)[O2P(OtBu)2]6, anal-
ogous to Zn4(µ4 – O)[O2P(OtBu)2]6, is formed. Thermal decompositions of
the [M(O2P(OtBu)2)2]n (M = Mn, Cu) polymers occur at ca. 150–200 ◦C,
whereas decomposition of [Cd(O2P(OtBu)2)2(H2O)]n begins at 40–70 ◦C
(with loss of water) and then continues at 140–170 ◦C.

4.3
Thermolytic Conversion of LnM{OB[OSi(OtBu)3]2}x Molecular Precursors

The – OB[OSi(OtBu)3]2 ligand has provided species of the form LnM{OB[OSi
(OtBu)3]2}x that are viable molecular precursors to M/B/Si/O materials.
However, the chemistry of this ligand appears to be sensitive to the ancil-
lary ligands on the associated metal, with ligand transfer to the boron center
(sometimes accompanied by siloxide transfer from boron to the metal) being
a primary pathway for decomposition [64, 90].

For example, the initial stages of the solid phase decompositions of
Et2NM{OB[OSi(OtBu)3]2}3 (M = Zr, Hf) complexes are quite similar, with
mass loss beginning at ca. 100 ◦C and a maximum rate of loss occurring at
ca. 165 ◦C [91]. The ceramic yields for Et2NZr{OB[OSi(OtBu)3]2}3 closely cor-
respond to that calculated for a material with the composition 3BO1.5 ·6SiO2 ·
ZrO2 (32.2%). In contrast, the ceramic yield after solid phase decomposition
of Et2NHf{OB[OSi(OtBu)3]2}3 is 23.0% at 500 ◦C, which is significantly lower
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than that calculated for 3BO1.5 · 6SiO2 · HfO2 (35.3%) and suggests that the
conversion may be complicated by other processes.

4.4
Thermolytic Conversion of Mixed Ligand Species

Silicoaluminophosphates (SAPOs) are a class of primarily microporous solid
acids that have been explored for use in a variety of catalytic applications,
the most prominent being the transformation of methanol to olefins [168].
Typical SAPO preparations involve hydrothermal methods employing or-
ganic templates. The TMP method would seem to be well-suited for the
preparation of new types of SAPO materials with potentially unique prop-
erties. Toward that end, the decomposition of the first molecule to con-
tain Si – O – Al – O – P – O – Al – O – Si linkages, [(tBuO)3SiO]2Al[(µ – O)2
P(OtBu)2]2Al(Me)OSi(OtBu)3, proceeds as expected with elimination of
CH2CMe2 and CH4, as shown by solution NMR analysis [123]. The TGA trace
of this SAPO single source molecular precursor reveals a ceramic yield of
32.3%, which corresponds closely to that expected for Al2P2Si2O14 (33.2%).
Solution thermolyses (toluene) lead to formation of gels that form high sur-
face area SAPO xerogels (> 500 m2 g–1) upon drying. The surface acidity of
this material was determined to correspond to 5.3±0.2 total sites nm–2 (2.0±
0.2 nm–2 of “OH” sites and 3.3 ± 0.3 nm–2 of Lewis acid sites), using a com-
bination of NH3 temperature programmed desorption and titration of the
material with Mg(CH2Ph)2 ·2THF [123].

Other single source molecular precursors containing multiple oxygen-rich
ligand types are based upon the triply-bonded dimolybdenum fragment,
Mo2(NMe2)2[OSi(OtBu)3]2[µ – O2P(OtBu)2]2 and Mo2(NMe2)2OB[OSi{(Ot

Bu)3]2}2[µ – O2P(OtBu)2]2. Unfortunately, Mo2(NMe2)2OB[OSi{(OtBu)3]2}2
[µ – O2P(OtBu)2]2 exhibits a complicated decomposition, both in solution
and in the solid phase, and does not appear to be well suited as a precur-
sor to bulk materials [90]. On the other hand, this complex may be used
as a molecular model for Mo – O – P and Mo – O – B oxide materials, and
as a source of isolated Mo2 fragments via grafting reactions. In contrast,
the Mo2(NMe2)2[OSi(OtBu)3]2[µ – O2P(OtBu)2]2 species are very effective
as molecular precursors with solid phase decompositions initiating at ca.
150 ◦C [90]. Solution phase conversions to form xerogels (upon drying) pro-
vide materials that exhibit high surface areas (> 250 m2 g–1) and interesting
structural features, resembling those of the starting precursor. Calcination of
the xerogel at 300 ◦C leads to pore collapse and a significant reduction in the
surface area (to < 5 m2 g–1).
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5
TMP Routes to Mesoporous, Multicomponent Oxides

Synthetic control over the nanostructure of advanced materials is an import-
ant objective in materials research [169]. This challenge has been met with
intense research efforts in the template-directed synthesis of mesoporous
materials, initially sparked by scientists at Mobil Corp by their preparation
of MCM materials [170]. The synthesis of this class of silica-based materi-
als, having well-defined hexagonal pore structures (1–5 nm pore radii), was
achieved using long chain quaternary ammonium surfactants as structure-
directing agents under aqueous conditions. In another groundbreaking re-
port, Stucky and co-workers described the preparation of mesoporous SBA
silicas via a templating strategy employing nonionic poly(alkylene oxide)
block copolymers in conjunction with sol-gel hydrolyses of silicon alkox-
ides [171]. Although a wide variety of template-directed mesoporous silicas
have been isolated, relatively few non-silica oxides with mesoporous struc-
tures have been reported. Pinnavaia and co-workers were able to achieve
some structural control over a non-silica material via hydrolysis of aluminum
alkoxide precursors in the presence of nonionic block copolymers under neu-
tral solvent conditions, to obtain mesoporous alumina with a worm-hole type
pore structure [172]. Additionally, Stucky et al. have used the hydrolyses of
metal chlorides in ethanolic solvents in the presence of block copolymer tem-
plates to produce a variety of large-pore metal oxides (TiO2, ZrO2, WO3)
with semicrystalline frameworks [173, 174]. The Stucky group also used this
method to synthesize a few mixed-metal oxides by combining two metal chlo-
rides (e.g., SiCl4 and TiCl4) with an ethanol solution of the block copolymer.
Unfortunately, the use of independent precursors in cohydrolysis methods
leads to formation of M – O – M homolinkages, as discussed previously.

The use of poly(alkylene oxide) block copolymer templates as structure-
directing agents is readily incorporated into the TMP method for the prepar-
ation of new mesoporous materials with complex compositions. For example,
the use of block copolymer templates with molecular precursors in nonpo-
lar solvents has yielded a series of mesoporous, multicomponent oxides with
the following compositions: ZrO2 ·4SiO2, Ta2O5 ·6SiO2, Fe2O3 ·6SiO2, AlPO4,
BO1.5 · 2SiO2, BO1.5 · 3SiO2, and Si2Al2P2O14 [64, 123–125]. These materials
have high surface areas, homogeneous dispersions of elements, and thick
framework walls. The pore structures tend to be of the “worm-hole” type,
similar to those observed by Pinnavaia [172]. Notably, the relatively narrow
pore size distributions and PXRD data clearly indicate the presence of long-
range nanostructural ordering. Figure 11 compares the pore size distribu-
tions and the transmission electron microscopy (TEM) images for a xerogel
formed via solution decomposition of Zr[OSi(OtBu)3]4, and a mesostruc-
tured material formed from Zr[OSi(OtBu)3]4 in the presence of an organic
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Fig. 11 Pore size distributions and TEM images of ZrO2 · 4SiO2 materials formed from
Zr[OSi(OtBu)3]4. The upper portion shows a xerogel and the bottom portion shows
a mesostructured material

block copolymer template [125]. Further evidence for the high degree of
homogeneity was obtained via an EDX HR-TEM study of the mesoporous
ZrO2 · 4SiO2 material. This study revealed that the mesoporous material has
a constant 4 : 1 Si/Zr ratio throughout, using a 10 Å probe scanning at 35 Å
intervals [125]. The templating mechanism for these mesoporous materi-
als is unknown, since little is understood concerning the phase behavior of
poly(alkylene oxide) block copolymers in nonaqueous solvents. This varia-
tion of the TMP route to form mesoporous materials allows access to mate-
rials with a wide-range of compositions and potential catalytic applications.

6
TMP Routes to Hybrid Inorganic/Organic Materials

Hybrid inorganic/organic materials have unique properties that result from
a combination of the inorganic and organic components [175–178]. Much ef-
fort has gone into the development of hybrid inorganic/organic materials via
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the sol-gel route. For example, Sanchez and co-workers have made hybrid
materials derived from combinations of polydimethylsiloxanes and various
metal alkoxides (Al, Ge, Sn, Ti, Zr, Nb, Ta, etc.) [179]. In addition, Wilkes et
al. have used various oligomers of poly(tetramethylene oxide), poly(arylene
ether phosphine oxide), poly(arylene ether ketone), and poly(arylene ether
sulfone) with alkoxides of titanium, zirconium, and aluminum to generate
hybrid inorganic/organic materials [180–183]. Many of these examples in-
volve the entrapment of organic or siloxane polymers by a growing inorganic
network upon hydrolysis. Ideally, covalent linkages between the organic and
inorganic fragments would be formed. As with the formation of mixed oxides
via hydrolytic sol-gel methods, an inherent problem for the generation of co-
valently linked hybrids stems from the different rates of hydrolysis for the
various precursors employed. Common solutions to this problem which allow
for improved homogeneity involve pre-hydrolysis of the slower reacting com-
ponent or lowering the activity of the faster reacting component by altering
its structure (usually increasing the bulk of ligands). Another viable option
for the generation of hybrid materials with improved homogeneity is the use
single-source precursors, as demonstrated by Schubert et al. for the synthesis
of hybrid inorganic/organic titania-silica materials [184].

The TMP cothermolytic method has been modified to create new metal
oxide-silica hybrid inorganic/organic materials. For example, the molecular
precursor Zr[OSi(OtBu)3]4 was co-thermolyzed with (EtO)3Si(CH2)nSi(OEt)3
(n = 1, 2) or (EtO)3Si(C6H4)nSi(OEt)3 (n = 1, 2; C6H4 = 1,4-phenylene)
in nonpolar media [185]. The resulting gels form amorphous xerogels
(upon drying) that are homogeneous and exhibit high surface areas (up to
750 m2 g–1). Additionally, the organic bridging groups were spectroscopically
determined to remain intact (using 13C and 29Si MAS NMR and DRUV-vis
techniques). Perhaps the most interesting feature of these materials is their
unique surface properties, as examined by atomic force microscopy (AFM).

Fig. 12 AFM images of a hybrid inorganic-organic xerogel formed via cothermolytic TMP
methods using Zr[OSi(OtBu)3]4 and (EtO)3SiCH2Si(OEt)3. The left image shows a topo-
graphical view while that on the right is a top view
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Fig. 13 SEM image of a hybrid inorganic-organic xerogel formed via cothermolytic TMP
methods using Zr[OSi(OtBu)3]4 and (EtO)3SiCH2Si(OEt)3

The surface properties were probed by examining the adhesive forces between
the silicon nitride AFM tip and the surface of the hybrid materials (Fig. 12).
A uniformly high adhesion force was observed for the parent ZrO2 ·4SiO2 xe-
rogel, which indicates the presence of a surface water layer on this hydrophilic
support. Conversely, the surface adhesive properties of the hybrid materials
are substantially lower, a result of the increased hydrophobicity imparted by
their organic-rich nature. Scanning electron microscopy (SEM) was also used
to examine the surface morphology of these new hybrid materials (Fig. 13).

7
CVD Applications of Single-Source Molecular Precursors

Some of the tris(tert-butoxy)siloxide complexes can be sublimed, suggest-
ing that they may be appropriate for use in CVD studies. For example,
[CuOSi(OtBu)3]4 sublimes at 120–140 ◦C (0.001 mm Hg), which makes it
a suitable candidate for MOCVD applications. Vapor transport of this mo-
lecular precursor was accomplished by sublimation under vacuum onto
a glass slide preheated at 450 ◦C. After 30 min, the slide was covered with
a smooth, copper-colored film [105]. By varying the deposition time, the film
thicknesses ranged from 200 nm to 6 µm. Rapid heating of the sample to
300 ◦C caused complete decomposition, and further heating to 600 ◦C pro-
duced a film containing both Cu0 and Cu2O (by PXRD).
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The volatility of [Me2AlO2P(OtBu)2]2 and [Al(OiPr)2O2P(OtBu)2]4 make
these complexes good reagents for CVD routes to AlPO4 thin films. Indeed,
thin films (< 1 µm) can be prepared from these complexes at 200 ◦C using
a simple CVD process [122]. The homogenous films that form are smooth,
dense, and transparent. Previously, AlPO4 thin films were prepared from
solutions of AlCl3 and H3PO4; however, the CVD route using thermolytic
molecular precursors is more versatile, as it can be used to form films on
substrates that are acid-sensitive [122].

Many of the molecular precursors described in this review are not suit-
able as precursors for CVD methods (due to their thermal sensitivity and
lack of volatility). Gordon and co-workers have recently developed a sim-
ple method for the deposition of metal silicate films using chemistry related
to that described above [186]. The key aspect of Gordon’s approach is that
volatile species (essentially reagents for the formation of appropriate silox-
ide complexes) are simultaneously introduced onto a heated substrate. For
example, Hf(NMe2)4 vapor was allowed to react with HOSi(OtBu)3 vapor at
substrate temperatures from 250 ◦C to 350 ◦C, to form films of hafnium sili-
cate glass with silicon/hafnium ratios ranging from 2 : 1 to 3 : 1, depending on
deposition conditions [186]. It is likely that M – O – Si linkages are formed via
elimination of the appropriate amine and that the tris(tert-butoxy)siloxide
ligands subsequently decompose in the usual manner, thus giving rise to the
observed M/Si/O films. It is believed that this CVD method could be adapted
for many volatile metal alkylamides.

8
Molecular Precursor Grafting Methods

An exciting area of research has emerged in recent years, which involves the
grafting of organometallic or inorganic molecular species onto the surface
of an oxide support to form well-defined catalytic sites [40–47, 187–189].
Along these lines, the TMP route may be used to introduce site-isolated
metal centers onto the surface of an oxide support (e.g., aluminosilicates, sil-
ica, etc.) via a grafting reaction. The general grafting method is illustrated
in Scheme 2. The first step involves reaction of the precursor with surface
Si – OH sites via a protonolysis reaction. For alkoxy(siloxy) precursors of
the type M[OSi(OtBu)3]n, the protonolysis reaction can proceed via loss of
HOtBu and/or (more commonly) HOSi(OtBu)3 to yield species bound to
the surface through Si – O-(surface) and/or M – O-(surface) linkages, respec-
tively. Calcination (< 200 ◦C) then converts these species into MOx ·nSiO2 or
MOx(n – 1)SiO2 surface-supported sites after loss of isobutylene in the usual
way. Upon loss of CH2CMe2 additional Si – OH sites are formed, allowing
formation of additional M – O – Si – O-surface linkages that provide a stable
anchor for the metal center.
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Scheme 2

This TMP grafting method offers the potential for molecular-level con-
trol over the structure of the catalytic site via the generation of site-isolated
catalysts. The grafting reactions may be easily monitored by solution NMR
and IR spectroscopies to provide information about the nature of the grafted
species. Also, since the thermolytic conversion occurs through a kinetically
controlled, low-temperature pathway, the oxygen-rich molecular precursors
can introduce reactive (high-energy) metal centers onto the substrate (e.g.,
site-isolated, unusual oxidation states, etc.).

8.1
Site-Isolated Ti(IV) Centers

The method outlined above was initially investigated for the introduction
of isolated Ti(IV) sites onto a silica substrate for use in selective oxida-
tion catalysis. Since the development of a silica-supported Ti(IV) epoxida-
tion catalyst by Shell in the 1970s, titania-silica materials have attracted
considerable attention [135, 136]. Many other titania-silica materials have
been studied in this context including, but not limited to, TS1 and TS2
(titanium-substituted molecular sieves), Ti-β (titanium-substituted zeolite),
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and TiSBA – 15 and TiMCM – 41 (titanium substituted into or grafted onto
mesoporous silica) [190–193]. Use of Ti[OSi(OtBu)3]4 as a source of Ti(IV)
for the introduction of site-isolated metal centers provides catalysts that are
highly active and selective in the oxidation of cyclohexene to cyclohexene
oxide using cumene hydroperoxide as the oxidant [126, 194]. These catalysts
are more active than the Shell catalyst derived from treatment of silica with
Ti(OiPr)4.

Further investigations of the Ti(IV) system focused on the influence
of the siloxy ligands on the grafting chemistry and catalytic performance
of the resulting catalysts. These studies involved use of Ti[OSi(OtBu)3]4,
iPrOTi[OSi(OtBu)3]3 , and (tBuO)3TiOSi(OtBu)3 with mesoporous silica ma-
terials, and showed that fewer siloxide ligands in the precursor generally lead
to higher Ti(IV) loadings (presumably a result of the steric bulk of the siloxy
ligand) [195]. However, the tris(tert-butoxy)siloxide ligands provide an en-
hancement of the catalytic selectivity and activity, such that the optimum
precursor was (iPrO)Ti[OSi(OtBu)3]3 . In a further study of this system, the
effect of the nuclearity of the molecular precursor was evaluated by grafting
the dimeric molecular precursor [(tBuO)2Ti{µ – O2Si[OSi(OtBu)3]2}]2 onto
a mesoporous silica surface [61]. The resultant catalyst exhibited a compara-
ble activity, and a slightly better selectivity, than the catalysts derived from
grafting monomeric (iPrO)Ti[OSi(OtBu)3]3.

The viability of using site-isolated Ta(V) centers for cyclohexene epoxi-
dation was explored by grafting (iPrO)2Ta[OSi(OtBu)3]3 onto a mesoporous
silica material [83]. After calcinations, the material formed is less active and
selective in the oxidation of cyclohexene than the surface-supported Ti(IV)
catalysts using organic peroxides; however, the site-isolated Ta(V) catalysts
are more active under aqueous conditions.

8.2
Site-Isolated Fe(III) Centers

The iron-containing zeolite FeZSM-5 has attracted considerable attention as
a catalyst for the oxidation of hydrocarbons [196, 197]. The active site of this
catalyst has been hypothesized by some to be isolated Fe(III) centers substi-
tuted in the aluminosilicate framework. Using the TMP grafting approach,
Fe[OSi(OtBu)3]3(THF) can be grafted onto the surface of a mesoporous silica
(SBA-15) [97]. Spectroscopic evidence (DRUV-vis and EPR) suggests that the
pseudotetrahedral Fe(III) centers remain mononuclear and site-isolated, even
after calcination. These catalysts exhibited high selectivity for the oxidation of
alkanes, alkenes, and arenes using hydrogen peroxide.
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8.3
Site-Isolated Cu(I) Centers and Cu Nanoparticles

The molecular precursor [CuOSi(OtBu)3]4 was grafted onto a mesoporous
silica support (SBA-15) to study the generation of tailored Cu sites for
industrially relevant catalytic applications (e.g., the partial oxidation of
MeOH) [198]. For comparison, [CuOtBu]4 was also grafted onto the SBA-15
support. The resulting surface structures were characterized using detailed
XAS (XANES and EXAFS) analyses, with the starting molecular precursors
being among the models used to identify the Cu sites. Use of [CuOSi(OtBu)3]4
as the Cu source gives only isolated Cu(I) sites (100% of the Cu detected) for
the uncalcined materials, with site isolation being maintained after heating
at 400 ◦C (up to 88% of the detected Cu). In contrast, use of [CuOtBu]4 in
identical grafting and heating procedures provides isolated tetrameric Cu(I)
species (with Cu – O – Si linkages) in uncalcined samples (100% of the Cu de-
tected) and Cu metal nanoparticles after heating (100% of the Cu detected).
The differences in the surface structures after thermal treatment can be pri-
marily attributed to the presence of the remaining – OSi(OtBu)3 ligands in
the material from [CuOSi(OtBu)3]4 and the extra stabilization that they pro-
vide by formation of Cu – O – Si – O-surface linkages. Thus, proper selection
of the metal source and treatment conditions can lead to sites with tailored
structures [198].

9
Summary and Future Directions

This contribution provides an overview of the TMP method and its various
applications. The synthetic methods described here offer some advantages
over more established routes for the generation of multi-component oxide
materials for use as (for example) heterogeneous catalysts, refractory mate-
rials, catalyst supports, and electronic materials. The well-defined molecular
precursors allow control over the stoichiometry, nanostructure, elemental
dispersion, and surface structure, depending upon the experimental param-
eters employed. The preexisting M – O – E linkages in these single-source
precursors promote maximum homogeneity and elemental dispersion in the
final materials. Use of nonaqueous solvents for the generation of materials is
often beneficial, in that the presence of excess water can have a strong influ-
ence over the structures that form, causing pore collapse and redistribution
of elements to form inhomogeneous materials. The molecular precursors may
serve as excellent molecular models for oxide-supported catalytic sites, given
their M – O – E heterolinkages and their oxygen-rich nature. A wide range
of stoichiometries can be accessed via the cothermolytic TMP approach,
whereby two or more molecular precursors are simultaneously utilized.
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The continued development of new single-source molecular precursors
should lead to increasingly complex mixed-element oxides with novel prop-
erties. Continued work with grafting methods will provide access to novel
surface structures that may prove useful for catalytic applications. Use of mo-
lecular precursors for the generation of metal nanoparticles supported on
various oxide supports is another area that shows promise. We expect that
the thermolytic molecular precursor methods outlined here will contribute
significantly to the development of new generations of advanced materials
with tailored properties, and that it will continue to provide access to catalytic
materials with improved performance.
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Abstract A detailed knowledge of the microscopic properties is one of the prerequisites
for an understanding of heterogeneous catalysts. A strategy which has proven to be
valuable in this respect is the use of model systems prepared under well-defined condi-
tions and a subsequent characterization of these systems under both ultrahigh vacuum
as well as ambient pressures. In the following review we focus on two systems where
organometallic species play an important role. The first class of systems under consider-
ation is metal carbonyls prepared under ultrahigh vacuum conditions. In particular, we
will discuss the prospects of these species for use as probes for the environment of the
deposited metal atom. In the second part we will discuss experiments on Ziegler–Natta
model catalysts. In particular, we will describe how surface science studies of these sys-
tems can help to elucidate atomistic properties of surface sites involved in polymerization
reactions.

Keywords Oxide surfaces · Metal carbonyls · Ziegler–Natta catalyst · IR spectroscopy ·
EPR spectroscopy

Abbreviations
CESR Conduction band electron spin resonance
ESR Electron spin resonance
EPR Electron paramagnetic resonance
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ISS Ion scattering spectroscopy
IRAS Infrared absorption spectroscopy
1 L (Langmuir) = 10–6 Torr s
LEED Low energy electron diffraction
LRI Laser reflection interferometry
ML Monolayer
NMR Nuclear magnetic resonance
STM Scanning tunneling microscopy
TMA Trimethylaluminum
TEA Triethylaluminum
TPD Temperature programmed desorption
XPS X-ray photoelectron spectroscopy

1
Introduction

A common property of working heterogeneous catalysts is their complexity
with respect to structure, chemical stoichiometry, and reaction kinetics [1].
This complexity often hampers a detailed microscopic understanding of the
systems due to a lack of appropriate methodology. Therefore, strong ef-
forts have been made to develop model systems which retain some degrees
of complexity of real systems and investigate their influence on the cata-
lytic properties of system under both ideal ultrahigh vacuum conditions, as
well as ambient pressures [2–8]. One strategy, which might be classified as
a bottom-up approach, is to prepare model catalysts starting from an ideal
single crystal surface, under well-defined ultrahigh vacuum conditions. From
this starting point, reaction centers are added to the surface in a controlled
manner. A variety of methods are employed to prepare reactive centers, de-
pending on the nature of the catalytic site. For the preparation of deposited
metal particles, an important class of heterogeneous catalysts, atomic vapor
deposition or cluster beam methods are used, which may be considered phys-
ical methods (e.g., [9–13]). On the other hand, grafting of catalytically active
sites can be achieved by specific reactions of organometallic compounds with
functional groups on the surface, ultimately aiming at a single-site catalyst
(e.g., [14]).

In the following review we will focus on two classes of systems: dispersed
metal particles on oxide supports as used for a large variety of catalytic
reactions and a model Ziegler–Natta catalyst for low pressure olefin polymer-
ization. The discussion of the first system will focus on the characterization
of the environment of deposited metal atoms. To this end, we will discuss the
prospects of metal carbonyls, which may be formed during the reaction of
metal deposits with a CO gas phase, as probes for mapping the environment
of deposited metal atoms [15–19].
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The second part of the review will describe results on a model Ziegler–
Natta catalyst [20, 21]. This investigation was inspired by the pioneering work
of the Somorjai group [22], who have investigated these systems with a var-
iety of surface science methods [23]. This review is not meant to survey the
current state of knowledge in heterogeneous Ziegler–Natta catalysis. Instead,
we will focus on experiments performed on model systems prepared under
well-defined ultrahigh vacuum conditions and review the current state of
knowledge based on these results.

2
Metal Carbonyls on a Well Defined Alumina Surface

Small supported metal particles may exhibit properties fundamentally dif-
ferent from the corresponding bulk materials (e.g., [24, 25]). This becomes
increasingly important for decreasing particle sizes. For such particles the ge-
ometric structure, their electronic properties, and their reactivity are closely
correlated. In fact, it has been shown that even changes in the size of the
particles by a single atom may alter their properties drastically [12, 26]. The
situation may be complicated further by the fact that different structural
isomers and/or different interactions of deposited atoms with the substrate
may change the catalytic properties of a particle of given size considerably.
Therefore, a detailed knowledge of the environment of a deposited atom, e.g.,
its nucleation site or its coordination is a prerequisite for a comprehensive
understanding of the deposition system. However, gathering this kind of de-
tailed information is still challenging even for well-defined model systems.
In this context, vibrational properties of metal carbonyls can give additional
insight into the environment of deposited atoms.

In the present study we have used a thin, well-ordered atomically flat
alumina film grown on a NiAl(110) single crystal surface as a model sup-
port [27]. The atomic arrangement within line defects of this film have re-
cently been investigated [28]. In addition, there exists a proposed structure
of the film based on X-ray diffraction data which is controversially debated
at the moment [29]. The structure and size of the oxide-supported metal
particles were controlled utilizing nucleation and growth of vapor deposited
metal atoms under ultrahigh vacuum conditions.

In previous work on nucleation and growth of a variety of metals on this
alumina film, three different nucleation sites were identified:
(i) Line defects, which show the strongest interaction with metal atoms.

These are most notably antiphase domain boundaries with a charac-
teristic distance of 100–200 Å, whose structure has recently been in-
vestigated in detail by low temperature scanning tunneling microcopy
(STM) [28]. Reflection domain boundaries and substrate steps also have
to be considered [30, 31].
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Fig. 1 Schematic representation of the different nucleation sites on the alumina film:
Mld nucleation at line defects, Mpd nucleation at point defects, Mrs nucleation at regular
surface sites

(ii) Point defects [16, 32], which have a number density of about 1013 cm–2.
(iii) Regular oxide sites, which exert the weakest interaction on metal

atoms [16].
The adsorption sites are schematically shown in Fig. 1. However, it should be
emphasized at this point that this is a schematic picture. The precise atomic
positions for these species are not known at present.

The nucleation behavior of transition metal particles is determined by the
ratio between the thermal energy of the diffusing atoms and the interaction
of the metal atoms at the various nucleation sites. To create very small par-
ticles or even single atoms, low temperatures and metal exposures have to
be used. The metal was deposited as metal atoms impinging on the surface.
The metal exposure is given as the thickness (in monolayer ML) of a hypo-
thetical, uniform, close-packed metal layer. The interaction strength of the
metals discussed here was found to rise in the series from Pd < Rh < Co (≈ Ir)
< V [17, 32]. Whereas Pd and Rh nucleate preferentially at line defects at
300 K and decorate the point defects at 90 K, point defects are the predomi-
nant nucleation center for Co and V at 300 K. At 60 K, Rh nucleates at surface
sites between point defects [16, 33].

In the following we shall see that a more detailed picture of the struc-
tural properties of small metal deposits and their electronic interaction with
the substrate can be obtained from the infrared spectra of metal carbonyls
created in situ by reaction with CO from the gas phase.

2.1
Small Metal Particles and Single Metal Atoms

Figure 2 shows infrared spectra (IR or IRAS) of low Pd, Rh, and V exposures
at a sample temperature of 60 K (Rh, Pd) and 90 K (V) with respect to the
CO dosage [15, 17]. The spectra in the CO stretching region are characterized
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by broad bands as well as very narrow peaks with a half width below 4 cm–1.
First, we will discuss the results obtained for Rh particles, and afterwards
move on to the results for V and Pd.

At low CO dosage a small amount of rhodium deposited at 60 K shows two
bands at 2000/1994 and 1966 cm–1 (see Fig. 2a). With increasing CO coverage
a new peak at 2116 cm–1 evolves. Later, additional bands appear at 2172, 2087,
and around 2037 cm–1. While the latter signals grow in, the peak at 1966 cm–1

vanishes. With increasing coverage the oscillator strength around 2000 cm–1

is redistributed in a complicated manner. However, at saturation the spec-
trum simplifies again, and a single line at 1999 cm–1 is observed. Despite the
large number of lines in the spectrum it is important to emphasize that the
small line width of the peaks at constant frequency indicates structurally uni-
form, well-defined surface species containing only few CO ligands.

The situation becomes less complicated in case of Rh deposition at 90 K.
For low coverage only one peak at 1994 cm–1 is observed while at high cov-
erage (see Fig. 3a) a broad band centered around 2075 cm–1 and a sharp,
prominent peak at 2117 cm–1, also observed at 60 K, is found [15]. In ad-
dition, the spectrum shows a sharp band of lower intensity at 2097 cm–1.
Since all bands are located above 1950 cm–1 the CO molecules are predomin-
antly bound terminally in all cases. The broad line, which changes somewhat
in shape upon annealing to 300 K (see Fig. 3a), is due to CO on larger Rh
particles [33, 34] in line with observations on technical catalysts [35–40].

The band at 1994 cm–1, observed at low CO coverage, was assigned
to a monocarbonyl Rh(CO) species. The nature of the species observed
at 2117 cm–1 has been elucidated using mixtures of different CO iso-
topes. As shown in Fig. 4, the band splits into three bands after adsorp-
tion of 12CO/13CO mixtures proving the presence of a dicarbonyl species

Fig. 2 Infrared spectra taken after metal deposition and exposure to increasing amounts
of CO at a constant temperature: a 0.02 ML Rh, 60 K; b 0.013 ML Pd, 60 K; c 0.2ML V,
90 K. CO bands present on nominally clean surfaces are due to CO adsorption from the
background during sample preparation
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Fig. 3 Infrared spectra taken after metal deposition and CO saturation as a function of
substrate temperature: a 0.024 ML Rh, Tdep = 90 K; b 0.013 ML Pd, Tdep = 60 K; c 0.2 ML
V, Tdep = 90 K

Rh(CO)2 [16]. Such a dicarbonyl should possess two vibration modes. How-
ever, only the symmetric mode is observable in the IR spectrum. The asym-
metric mode is inaccessible to an IR experiment on a metal surface due to
the so-called metal surface selection rule, which prohibits the observation of
dipole excitation if the transition dipole moment is oriented parallel to the
surface. It should be noted that the observed frequencies fit well to values ob-
served for Rh(CO)2 on technical Rh/Al2O3 catalysts [35–40] (∼ 2100 cm–1)
and Rh(CO)2 on planar TiO2(110) surfaces [41] (2112 cm–1).

From combination with IR results at room temperature and STM investi-
gations it was concluded that the dicarbonyls are located at point defects of

Fig. 4 Infrared spectra taken after deposition of 0.028 ML of Rh at 90 K and subsequent
saturation with CO. Top pure 12CO; bottom approximately equimolar mixture of 12CO and
13CO
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the alumina film [16]. Hence, the species are formed directly from a hetero-
geneously nucleated Rh atom at this defect site. The species are fairly stable
and start to decompose above 200 K as indicated in Fig. 3a.

The band at 2172 cm–1 observed in spectrum of the 60 K deposit is remark-
ably different from the others in the sense that it is blue shifted with respect
to the gas phase value of CO (2143 cm–1). This peak can be attributed to CO
adsorption on the alumina film [27].

In comparison to the 90 K situation, two additional peaks at 2000 and
1966 cm–1 were found. Due to the reduced diffusion length of the metal
atoms at lower temperatures the new peaks should be due to monocarbonyls
attached to the additionally populated sites. Therefore, both species were
tentatively assigned to monocarbonyls at “regular” oxide sites [15]. Investi-
gations of the electronic structure of single Pd atoms on this surface have
shown that a large variety of different adsorption sites exist, which leads to
considerably different electronic structures of adsorbed Pd atoms as probed
by scanning tunneling spectroscopy [42]. Thus, it is conceivable to propose
metal carbonyls with different stretching frequencies nucleated at sites that
were classified as “regular” adsorption sites based on their population with
respect to temperature.

The intensity of the dicarbonyl at 2116 cm–1 is considerably reduced as
compared to the 90 K deposit, indicating that the amount of metal atoms
trapped at point defects is reduced for growth at 60 K. The difference in the
nucleation sites is also reflected by the lower thermal stability of the sys-
tems, which decompose between 80 and 150 K as compared to 200 to 250 K
for the 90 K deposits. With isotope mixing experiments the peak at 2087 cm–1

was assigned to a carbonyl with three or more CO ligands, while the peak at
1999 cm–1 is associated to a monocarbonyl [32].

It is remarkable that the feature at 2097 cm–1 which was observed for
a preparation at 90 K is missing at 60 K. The peak shows the characteristics
of a monocarbonyl in mixing experiments. Furthermore, thermal treatment
of the deposit as shown in Fig. 3a reveals a slightly increased thermal stability
of this species as compared to the dicarbonyl at point defects. From this in-
formation it was suggested that the monocarbonyl is located at line defects of
the alumina film [15].

Moving now from Rh to Pd, the IR spectrum of Pd deposits at 60 K exhibits
a single narrow line at 2052 cm–1 in the low CO coverage regime as shown in
Fig. 2b [15]. With increasing coverage a signal at 2081 cm–1 grows, accompa-
nied by the peak at 2171 cm–1 associated with CO adsorption on the alumina
film. This behavior is markedly different to the behavior observed at 90 K
where stretching features due to on-top bound CO(µ1 – CO) at 2098 cm–1

and multiply coordinated molecules (∼ 1940 cm–1) are observed [15]. These
broad signals with a large fraction of on-top bound CO are typical for ad-
sorption on small, disordered Pd particles as observed on technical cata-
lysts [43–45], as well as on corresponding model systems [46].
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For vanadium deposits the IR spectrum (Fig. 2c) taken after saturation at
90 K is characterized by four peaks at 2095, 2057, 2001, and 1928 cm–1 [17].
However, at low CO dosage a single vibration at 1973 cm–1 is observed
that first gains intensity with increasing CO amounts and vanishes for sat-
uration coverage. It is important to note that the IR spectra of vanadium
grown at 300 K are also characterized by several sharp lines indicative of
well-defined surface species [17]. This is in contrast to Rh and Pd deposits,
which show only broad lines characteristic for adsorbates on larger metal
particles [33, 47, 48]. It is a consequence of the enhanced metal-support in-
teraction of vanadium, which reduces the diffusion length of adatoms con-
siderably. The two bands at 2057 and 2001 cm–1 observed at 90 K are also
present at 300 K. However, the spectrum taken at 300 K shows several addi-
tional bands at 2116, 2034, 2019, and 1988 cm–1, which are missing in the
spectra of the 90 K deposits. This is remarkable since the overall morphology,
as probed by STM, is essentially independent of the preparation tempera-
ture [17]. Upon annealing, the peak at 2057 cm–1 quickly grows at the expense
of most of the other species (see Fig. 3c). In the course of the treatment new
features develop. Two of them are close to species observed for 300 K de-
posits. Interestingly, the species at 2001 cm–1 is the most stable species for this
preparation condition, while for the deposits prepared at 300 K the band at
2034 cm–1, missing for the 90 K deposits, is the most stable species. The latter
band is the one being observed exclusively for small CO doses at 300 K.

Due to the complexity of the spectra the use of isotopic CO mixtures
does not allow an unambiguous determination of the stoichiometry. How-
ever, some of the features can be prepared such that the interference with
other spectral components is negligible. From these experiments it was pos-
sible to assign the peak at 2057 cm–1 to a tricarbonyl V(CO)3 and the one at
2001 cm–1 to a dicarbonyl V(CO)2. In addition, the two peaks observed at low
coverage, namely at 1973 cm–1 observed at 90 K and at 2034 cm–1 observed
at 300 K, were assigned to monocabonyls V(CO) [17]. A summary of the dif-
ferent stoichiometries, corresponding stretching frequencies and nucleation
sites is given in Table 1.

The frequencies of the carbonyl species anchored to oxide surfaces are blue
shifted with respect to their matrix isolated counterparts. The main reason
for these frequency shifts are charge-transfer processes between the metal
center and the oxide support. This interaction modifies the extent of metal-
to-CO-π-back-donation [49]. Andrews et al. were among the first to use the
correlation between charge and IR frequency to measure the charge state
of the metal carbonyl [50]. However, one has to include the partial charge
localized at the metal center to establish the proper charge-frequency corre-
lation [51]. It is therefore necessary to correct for the difference between the
charge state of the whole carbonyl and the charge at the metal center. In ad-
dition, the geometry as well as the electronic state of the carbonyl influences
the stretching frequency considerably (e.g., [52]). In order to correlate these
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Table 1 Stoichiometry and corresponding IR stretching frequencies of different metal
carbonyls. Charges for monocarbonyls were estimated from the correlation between IR
stretching frequency and charge of the metal center as inferred from theoretical calcula-
tions (for details see [15, 17])

T ν̃ Charge Adsorption site
[K] [cm–1]

RhCO/alumina 90 K 1994 – 0.2to + 0.2 Point defects
60 K 2097 0.6to + 0.7 Line defects
60 K 2000/1966 – 0.3to + 0.2 Regular surface

sites
Rh(CO)2/alumina 90 K, 60 K 2117 – Not known
PdCO/alumina 60 K 2052 ∼ 0 Point defects
VCO/alumina 90 K 1973 + 0.2 Regular surface

sites
300 K 2034 + 0.5 Point defects

V(CO)2/alumina 90 K, 300 K 2001 – Not known
V(CO)3/alumina 90 K, 300 K 2057 – Not known
VCO/silica 90 K 2016 + 0.3to + 0.4 Not known

quantities, precise values of the stretching frequency mostly taken from data
acquired in Ne matrices and ab-initio calculations are needed for the ground
state as well as for both charged states. For the cases studied so far almost lin-
ear charge frequency relations have been found [15, 17], although it should be
kept in mind that these values can only serve as estimates for the charge of the
metal center.

From these linear relationships the charges of the two V(CO) carbonyls
at 1973 cm–1 and 2034 cm–1 were determined to be + 0.2 and + 0.5 elec-
trons. The positive sign means that electrons are transferred from the car-
bonyl to the substrate. The corresponding charges for Rh(CO) located around
2000 cm–1 is close to zero between – 0.2 and + 0.2 electrons. However, the
monocarbonyl at 2097 cm–1, which was tentatively assigned to a monocar-
bonyl at a line defect, shows a significant charge of about + 0.6 – + 0.7 elec-
trons. This value fits well with one measured for vanadium at 300 K. Yet, it
is not clear why the two vanadium monocarbonyls observed at different tem-
peratures show such distinctly different stretching frequencies.

Two different explanations may be given to account for this behavior:
(i) The two types of monocarbonyls are located at different sites of the alu-

mina support. In this case the degree of charge transfer must depend on
the nucleation site.

(ii) The carbonyls nucleated at the same site for both temperatures. How-
ever, the charge transfer between substrate and carbonyl is a function of
the temperature. For example, an activated process which would be more
effective at 300 K than at 90 K may explain this behavior.
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It was possible to discriminate between the two situations by an experiment
at intermediate temperature. At 120 K both species, the one at 2037 cm–1 (to-
gether with its 13CO counterpart at 1988 cm–1) and the one at 1973 cm–1 with
its 13CO satellite, were observed simultaneously. This proves that the first ex-
planation is correct, indicating the variation of the metal support interaction
for the various nucleation sites [17].

Despite the uncertainties regarding the absolute values of the charge trans-
fer the following conclusions can be drawn:
(i) The extent of charge transfer depends on the metal nucleation site. It

is larger for adsorption on point defects as compared to regular terrace
sites. The metal to oxide charge transfer is also theoretically predicted for
regular terrace sites [53]. The situation is much more complex for adsorp-
tion on defect sites such as anion vacancies. The result depends on the
charge of the vacancy, and opposite effects are expected, e.g., for singly
positive charge (F+) and neutral (F0) oxygen vacancies, usually called
color centers because of their optical absorption in the visible [12, 54–56].

(ii) The extent of charge transfer depends on the reactivity of the metal to-
wards oxygen. Rh monocarbonyls prepared at 90 K have been shown to
nucleate at point defects, yet they are almost neutral whereas the cor-
responding vanadium particles seem to be charged. The latter result is
confirmed by XPS (X-ray photoelectron spectroscopy) and XAS (X-ray
absorption spectroscopy) [17].

Finally, it is interesting to note that the carbonyl chemistry can be tuned
to some extent by the choice of the substrate under consideration. Figure 5
shows the IR spectra of CO adsorbed to 0.03 ML of vanadium deposited at
90 K to a well-ordered silica film [17]. At low CO coverage a single sharp line
at 2016 cm–1, most probably due to a monocarbonyl, is observed which is
transformed into another sharp feature at 2075 cm–1. The latter is tentatively
assigned to a higher carbonyl V(CO)x with x ≥ 2. However, most of the IR in-
tensity is located in the broad feature from 1900–2200 cm–1, which is due to
CO molecules adsorbed to larger vanadium particles. This is distinctly differ-
ent to the alumina case where sharp narrow lines indicative of well-defined
carbonyl species dominate the spectrum even at 300 K. It can be interpreted
as a smaller metal support interaction which results in an increased diffu-
sion length of the atoms on the surface. However, the position of the signal at
2016 cm–1, which is associated with a monocarbonyl species, points towards
a charge transfer from the carbonyl to the surface by approximately (+)0.3–
0.4 electrons. This is in line with the observation on the alumina surface, but
the relative amount of these sites is distinctly smaller on silica than on alu-
mina. This indicates that not only the reactivity of the metal towards oxygen,
but also the chemistry of the substrate surface, is very important for the prop-
erties of the deposited metal particles. In the future we need to explore the
chemistry of these single site systems.
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Fig. 5 Infrared spectra of 0.03 ML vanadium deposited on silica as a function of CO
exposure. Preparation and measurements were done at 90 K

2.2
Carbonyl Species on Metal Particles

We have shown in the preceding section that the IR spectra of well-defined
metal carbonyls provide valuable information of the environment of the de-
posited metal atom. However, IR signals of CO molecules adsorbed on larger
particles suffer from broad lines, which hamper a more detailed analysis of
the data. In the forthcoming section we will present results on cobalt particles
where carbonyl species are formed on larger particles containing hundreds of
atoms.

Figure 6 shows IR spectra of CO adsorbed at 44 K on Co particles grown
on the alumina film at 300 K [19]. An average thickness of 1 ML Co was de-
posited, which corresponds to a mean particle diameter of ∼ 1.6 nm (170
atoms). At low coverage, an absorption band appears at 1967 cm–1, at-
tributable to atop-bound CO [57]; this peak gradually shifts to higher energy
with increasing coverage. Just after the adsorption band at 1967 cm–1 forms,
another band at 2060 cm–1 also begins to grow in intensity; this second fea-
ture shifts only slightly to 2068 cm–1 at saturation coverage and is much
stronger than the band due to atop-bound CO(µ1 – CO) at this point. As the
absorption band due to atop adsorption shifts to higher energy, it melds into
a tail of the absorption feature at 2068 cm–1, making it difficult to quantify
the stretching frequency for atop-bound CO at the saturation limit. After an-
nealing to 300 K, the peak attributable to atop-bound CO remains at about
2000 cm–1 and the feature at 2068 cm–1 vanishes (data not shown).

The adsorption band at 2068 cm–1 has no counterpart on surfaces of
smooth single crystals. There, only red shifted bands (1900–1967 cm–1) were
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Fig. 6 IR spectra of adsorbed CO on 1 ML Co deposited at room temperature on the alu-
mina film as a function of CO coverage. Spectra were taken at 44 K. Black trace second
up from the bottom shows the spectrum resulting from saturation coverage of a 50 : 50
mixture of 13CO : 12CO. Overlaid gray trace is artificially created by adding the satura-
tion coverage spectra 12CO and 13CO scaled by a factor 1/2. Lowest black trace shows
the spectrum of CO saturation coverage on particles grown by 1 MLCo + 0.05 MLPd. Cor-
responding grey trace is the pure Co spectrum for comparison. Right inset shows TPD
spectrum of 1 ML Co [64]

observed which have been assigned to bridge bound (µ2 – CO) species [57,
58]. Adsorption bands at 2080 cm–1 and 2040 cm–1 have been observed for
CO adsorbed on sputtered Co(0001) [58] and un-annealed films [59]; in
the former case this was attributed to CO adsorption at defect sites [58],
and in the latter case it was attributed to carbonyl formation [59]. An ad-
sorption band near 2068 cm–1 has also been observed on supported Co
particles [60–62], and has been attributed to an M(CO)n species [60]. The
assignment as a single-centered carbonyl is based on analogy with metal car-
bonyls, which suggests the following categorizations [63]: on-top (µ1 – CO)
2000–2130 cm–1, twofold bridge (µ2 – CO) 1860–2000 cm–1, and threefold
bridge (µ3 – CO) 1800–1920 cm–1. Given these categories, it seems reasonable
to attribute the band at 2068 cm–1 to a M(CO)n species. However, as com-
pared to the sharp signals observed for carbonyls formed on single atoms the
band seen here is rather broad. This is in line with expectations due to the
much more heterogeneous environment in such particles.

The stoichiometry of the compound was investigated by isotope exchange
experiments along the lines described in the preceding section. The pure
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Scheme 1

13CO case shows a peak at 2022 cm–1, as expected from simple mass consid-
eration. It is evident from the spectrum of an equimolar mixture of 13CO and
12CO at saturation coverage (shown as the black trace in the second to bottom
panel of Fig. 6) that the species responsible for this band consists of strongly
coupled oscillators (the light trace, second to bottom panel of Fig. 6 visualized
the expectation for a decoupled system). From a careful analysis of combined
annealing and isotope exchange experiments it was concluded that the ob-
served intensity pattern is due to the formation of cobalt carbonyls Co(CO)x
with x ≥ 3 [19]. The formation of a carbonyl species is further corroborated
by the intensity behavior of the system. A quantitative evaluation of the IR in-
tensities in correlation with the corresponding TPD results (see inset Fig. 6)
reveals a dynamic dipole moment of the species at 2068 cm–1, being at least
a factor of two higher than for the regular on-top sites [18]. In combination
with theoretical calculations, it could be shown that this intensity enhance-
ment of the carbonyl species is due to a decoupling of the CO bond to a low
coordinated metal from those atoms embedded in the metal surface. Such
species can only exist on metal atoms with a low metal–metal coordination
based on simple chemical considerations. Thus, IR intensity, rather than the
position of the band, might be a more reliable reporter on the chemical nature
of the species.

The presence of a site with a low metal–metal coordination is compatible
with the non-crystalline nature of the cobalt deposits [64]. It is to be expected
that these sites exhibit different chemical reactivity than the usual adsorp-
tion sites. This can be verified by subsequent deposition of a small amount
(0.1 Å) of Pd atoms, which are known to nucleate exclusively on the cobalt
particles [64]. The corresponding IR spectrum is shown as the bottom trace
in Fig. 6. It is seen that an additional peak appears at 2105 cm–1, which is
readily assigned to CO bound terminally to Pd. More importantly, the growth
of this Pd feature is completely at the expense of the carbonyl species, indi-
cating that Pd nucleates almost exclusively at these low coordinated sites and
prevents the formation of the carbonyl species.

In summary, we have shown that metal carbonyls formed in situ by ad-
sorption of CO under ultrahigh vacuum condition can serve as a very sen-
sitive tool for monitoring the nucleation site as well as the environment of
the metal atom. It was shown that low coordinated metal atoms, in particular
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single atoms, show distinct chemical properties that depend upon the metal
and may be altered by the substrate. The specific reactivity of low coordinated
sites being present on small metal particles was demonstrated by subsequent
evaporation of a second metal that exclusively decorates this adsorption site.

3
Ziegler–Natta Model Catalyst

The polymerization of α-olefins with so-called Ziegler–Natta catalysts is one
of the most important industrial processes based on an organometallic cata-
lyst. Since the early work by Ziegler [65] and Natta [66, 67] transition metal
(in particular titanium) halides and organoaluminum compounds have been
used [68, 69]. The development of industrial processes has increased the ac-
tivity and efficiency of the catalysts by orders of magnitudes as compared
to the first generation of (homogeneous) Ziegler–Natta catalysts [69]. One
breakthrough in the development of more efficient catalysts was achieved by
the so-called third generation of Ziegler–Natta catalysts introduced in the
mid 1970s. These systems represent supported catalysts where inorganic chlo-
rides, such as MgCl2 and CoCl2 are used as supports to increase the amount
of active Ti [70]. The high activity of these catalysts has allowed use of low
catalyst concentrations and, therefore, catalyst residues can remain in the
polymer [69]. The literature on “classical” Ziegler–Natta catalysis is huge
(e.g., [69, 71–79] and references therein). In addition, new developments such
as metallocenes/methylaluminoxane catalysts have recently increased the in-
terest in this field substantially [68, 80].

Despite this large body of work most of the experimental characteriza-
tion of supported third generation Ziegler–Natta catalysts has been indirectly
done via polymer product analysis. However, as has been frequently stated
in the literature [69, 71–79], knowledge of surface properties of such systems
is of fundamental importance to describe the process and its mechanism in
detail. Recently, theoretical studies have given interesting and important con-
tributions to our understanding of the surface sites (e.g., [81–84]). From an
experimental point of view, surface science studies of model systems can offer
a valuable strategy for investigating the nature of the active surface species.
However, such studies on polymerization catalysts have been rather scarce.
Model studies on the Phillips catalyst have been performed [85, 86] and more
importantly, Somorjai and coworkers [22, 23, 87–91] have developed model
systems for supported Ziegler–Natta catalysts, which allow a characterization
of surface species in the course of the preparation. The procedure is sketched
in Fig. 7, which may also serve as an outline for the forthcoming sections.

First, we will briefly discuss the growth properties of epitaxially grown
MgCl2 films used as support for the Ti centers. TiCl4 was anchored on these
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substrates as the active component. The anchoring process has been studied
by several techniques including electron spectroscopy [89] and, recently in
our group, by electron spin resonance (ESR) spectroscopy. It will be shown
that surface defects in the MgCl2 film are crucial in this process. The sub-
sequent activation of the catalyst by adding a co-catalyst, namely an alkyl
aluminum compound (trimethylaluminum, TMA, or triethylaluminum ,TEA)
lowers the oxidation state of Ti (e.g., [23]). It will be shown how EPR spec-
troscopy as an in-situ technique can be used to elucidate the mechanism of
the activation step. Finally, the polymerization of ethylene and propylene was
monitored using several techniques such as IR spectroscopy, Raman spec-
troscopy or laser reflectance interferometry (LRI).

3.1
MgCl2 Thin Film as a Model Support

MgCl2 is used as support for heterogeneous Ziegler–Natta catalysts, therefore
preparation of a well-defined epitaxial MgCl2 film is an important prereq-
uisite for the subsequent steps of the preparation procedure. MgCl2 films
were grown on a variety of different metal surfaces. Among them polycrys-
talline Au, and single crystalline Pd(111), Pd(100), Pt(111), and Rh(111) were

Fig. 7 Schematic representation of the preparation of a Ziegler–Natta model catalyst
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used [21, 88, 92–94]. MgCl2 was thermally evaporated under ultrahigh vac-
uum conditions as molecular MgCl2 [92]. Thick films grown on Pt(111) and
Pd(111) at elevated temperatures (610–630 K) show a hexagonal LEED pat-
tern of a MgCl2 film as shown in Fig. 8c. Due to the small escape depth of
low energy electrons the diffraction pattern is purely determined by diffrac-
tion spots of the MgCl2 film. The size of the unit cell was determined to be
3.6–3.7 Å, consistent with the unit cell parameters of α-MgCl2 grown along
the (001) direction. A quantitative analysis of the LEED spot intensity as
a function of the electron energy (I–V analysis) (e.g., [95–97]) confirms the
formation of films with α-MgCl2 structure [94]. In the monolayer regime
a (4×4) superstructure is observed by LEED (Fig. 8b). Such a film can be pre-
pared either by heating the multilayer film above the multilayer desorption
temperature at 680 K or by preparation of the film around 700–710 K [21, 93].
The term monolayer refers here to a Cl – Mg – Cl trilayer with a height of
nominally 5.9 Å. For this thickness the diffraction experiment will probe both
the film as well as the substrate, therefore the (4× 4) pattern is due to the
4 : 3 coincidence of substrate and adsorbate lattice as schematically shown
in Fig. 8d. It is clear that, even though the surface is polar, the system is
stable due to the MgCl2 structure, which is a case B structure according to
Tasker’s rules [98]. Analysis of the temperature programmed desorption ex-
periments reveals an activation energy for MgCl2 desorption of 224 kJ/mol
for several single crystal surfaces [93], which is in good agreement with the
heat of sublimation of bulk magnesium chloride, 238 kJ/mol [99]. A similar
value (201 kJ/mol) was observed for MgCl2 films on polycrystalline gold [88].

The growth direction of MgCl2 is independent of the substrate symme-
try [93]. Growth on a cubic crystal, namely Pd(100), leads to hexagonal LEED
pattern. However, the structure of the films is much more complex due to the

Fig. 8 LEED pattern as observed during preparation of a MgCl2-film. a Pd(111), b 1 ML
MgCl2(001)/Pd(111), c multilayer MgCl2(001)/Pd(111). d Schematic real space represen-
tation of b; the mesh represents the Cl lattice and spots the underlying Pd lattice
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existence of symmetry equivalent rotation domains that give rise to 12 LEED
spots on top of a ring of diffuse intensity, indicating a strong perturbation of
the structure [93]. This is a direct consequence of the layered structure of the
MgCl2 and surface energies of surfaces other than (001) [100].

It is important to study whether the prepared MgCl2 film exhibits pin-
holes. This can be done by temperature programmed desorption experiments
of probe molecules. On Pd, CO is a suitable probe. The only signals ob-
served are in the range of 70 K, which is compatible with desorption from
the MgCl2 film [21]. There were no signals in the range where CO desorbs
from Pd(111) [101]. The same result was achieved by Magni and coworkers
for MgCl2 films on gold using n-hexane as a probe molecule [88].

3.2
Adsorption of TiCl4

On a well-ordered MgCl2 film prepared at high temperatures TiCl4 does not
adsorb at 300 K. This result is independent of the substrate used, namely it
was found for gold as well as palladium substrates [21, 88]. TiCl4 can of course
be condensed on the surface at low temperatures, but by elevating the tem-
perature all TiCl4 desorbs well below room temperature. Magni and Somorjai
in their TiCl4 pioneering work had already realized the necessity of produc-
ing defects in the film to bind the TiCl4 precursor [22]. The idea goes back
even further (e.g., [102, 103]), however. Early on it was noted that low co-
ordinated edge and corner sites on MgCl2 crystallites serve as binding sites
for TiCl4 [68, 70, 104]. Recent model calculations strongly support this pic-
ture [81–84, 105].

Several routes have been used to produce defect sites on MgCl2 sur-
faces: One way is to grow the MgCl2 film at low temperatures so that the
mobility of the MgCl2 is too low to allow for the formation of a fully epi-
taxial film. However, a major problem of this procedure is the tendency to
produce films containing pinholes, which change the reactivity of the sys-
tem [21]. Another option is to bombard the surface either with electrons or
ions [22, 87–90, 106, 107].

How do these treatments change the structure of the surface? Growth of
the film at lower temperatures leads to more diffuse LEED spots, indicating
a higher degree of disorder on the surface. This is corroborated by the fact
that these films exhibit a sharp EPR signal at g = 2.004 as shown in Fig. 9a,
which indicates the formation of paramagnetic chlorine vacancies in these
films. This is in contrast to a film grown at elevated temperatures which is free
of paramagnetic resonance signals.

Starting from a stoichiometric, well-ordered MgCl2 film, an increasing
dosage of sputtered ions leads to increasing background intensity of the LEED
picture, which finally results in a complete loss of all diffraction spots [108].
Even though the process removes material from the surface, the surface
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Fig. 9 EPR spectra of color center in MgCl2 films for two different preparation conditions:
a film grown at lower temperature; b initially well-ordered film after bombardment with
electrons and argon ions

composition remains almost constant [106]. In contrast, electron bombard-
ment leads to an electron-stimulated desorption of chlorine atoms from
the surface. For low dosage this results in the formation of chlorine vacan-
cies. Higher electron dosages reduce the MgCl2 further and the formation
of metallic magnesium could be observed by electron spectroscopy [106]. It
should be noted that the surface of the film is always chlorine terminated, as
revealed by ion scattering spectroscopy (ISS), indicating that metallic magne-
sium tend to diffuse to the metal substrate interface [106]. However, neither of
these two processes alone is sufficient to produce paramagnetic defects on the
surface. Subsequent argon ion bombardment (150 eV, 1 µA/cm2, 3 min) of
a sample initially exposed to electrons does produce an EPR signal, as shown
in Fig. 9b. As compared to the spectra created by growth at lower tempera-
tures, the signal is shifted slightly to higher g-value (g = 2.007). Additionally,
an increase of the line width from 4 G to 14 G is observed.

Obviously, only parts of the defects created on the surface are param-
agnetic, and thus EPR active. Nonetheless subsequent TiCl4 deposition on
samples covered with a non-epitaxial MgCl2 film quenches the EPR signal by
40% [21]. This can be taken as a clear indication that some of the defects are
localized on the surface of the MgCl2 film, while most of the defects are bulk
defects not influenced by adsorbed TiCl4.

What is the nature of the defects seen in the EPR spectra? For alkali and
alkali earth halogenides it is well known that irradiation with X-ray, neu-
trons, gamma-radiation, or electrons produce paramagnetic color centers
(F-center) [109–111]. If these centers are created in large amounts, they can
be stabilized by the formation of metal clusters as observed for MgCl2 films
after prolonged electron radiation [106]. From the temperature dependence
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as well as the intensity of the signal it was concluded that the signal is due
to the presence of color centers. The difference in line width between the two
preparation procedures (4 versus 14 G) might be explained by the dependence
of the g-values on the local coordination of the low coordinated sites. Thus,
the more defected sample should show a broader line due to an increased het-
erogeneity of the defect sites. A schematic view of the situation is shown as
insets in Fig. 9.

TiCl4 was exposed to the surfaces by vapor deposition under electron
bombardment on the surface. After this procedure Ti was found on the sur-
face. Detailed analysis of the adsorbed Ti species by XPS measurements have
shown that Ti exists as Ti2+ and Ti4+. However, Ti3+ centers were not ob-
served using XPS [87]. EPR spectroscopy offers the possibility to test this
result, because Ti3+ as a d1 system is a paramagnetic system. Thus, it should
be EPR active, at least in its monomeric form. Figure 10 shows two distinctly
different EPR spectra attributed to Ti3+ species which have been observed
after deposition of TiCl4 to differently prepared samples. The relatively sharp
signal b (∆Hpp = 14 G) centered at g = 1.96 was observed after deposition of
TiCl4 in the presence of electrons on a surface free of paramagnetic defects,
followed by subsequent electron bombardment. It should be noted that sys-
tems not exposed to additional electrons after deposition of the TiCl4 lack this
signal. This is in line with the observations by Magni who found only Ti2+

and Ti4+ for electron-assisted deposition of TiCl4 [87]. However, further elec-
tron irradiation leads to electron-stimulated desorption of chlorine, which
results in a reduction of Ti4+ centers to Ti3+. The XPS spectrum observed
after this treatment showed an increase of the Ti2+ species at the expense of
the Ti4+ lines. In addition, the spectral features broadened, which can be due
to an additional Ti3+ component. However, Magni et al. did not interpret the

Fig. 10 EPR spectra of Ti3+ centers at 40 K after electron stimulated TiCl4 deposition and
subsequent electron bombardment. Top defective MgCl2 film; bottom defect-free MgCl2
film
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broadening at this point due to the lack of an independent verification for the
presence of Ti3+ species.

Upon aluminum alkyl exposure the intensity of the EPR signals is reduced
by 10–60% depending on the preparation condition. This can be interpreted
as a further reduction of the Ti3+ centers in agreement with other experi-
ments (see next section); however, the surface concentration of these sites
varies considerably with preparation conditions.

The other signal shown in Fig. 10a was observed after adsorption of TiCl4
under electron bombardment and subsequent treatment with electrons on
MgCl2 substrates, which show paramagnetic defect states. In this case the sig-
nal intensity is increased by more than an order of magnitude as compared
to the former case. In addition, the signal is shifted up-field, now located at
g = 1.93, with a peak-to-peak width of 50–90 G, depending on the prepar-
ation.

The g-values found are situated among values reported for TiCl3 in octa-
hedral (g = 1.94) and tetrahedral (g = 1.96) environments [112–114]. These
values were found for Ziegler–Natta catalysts. While the signal observed on
the less defected surface is close to the value observed for tetrahedral environ-
ments, the signal of the surface showing paramagnetic defects is centered at
the value for octahedral environments. Comparing the line width of the sig-
nals measured here with the ones in the literature, the general trend of the
signal at g = 1.94 to be broader than those at g = 1.96 also holds true for these
measurements; however, the line width of the resonance at g = 1.93 is con-
siderably broader than in the literature. Considering the stronger disorder of
these systems it is more likely that isolated Ti3+ centers are formed in this
case, which may comprise different local environments. The increase in line
width would thus be caused by inhomogeneous line broadening.

However, there is no indication that the presence of the observed signals
correlates with the polymerization efficiency of the catalyst. In fact, systems
which exhibit these signals are less effective catalysts and in some cases do not
even polymerize ethylene under the chosen conditions. In contrast, systems
without EPR signals correlated to Ti3+ species are found to be catalytically
active. It has to be emphasized at this point that the lack of an ESR signal
associated to Ti3+ ions, in cases where no additional argon or electron bom-
bardment has been applied, cannot be interpreted as an indication of the
absence of Ti3+ centers at the surface. It has been discussed in the literature
that small spin-lattice-relaxation times, dipole coupling, and super exchange
may leave a very small fraction of Ti3+ that is detectable in an EPR experi-
ment [115, 116]. From a combination of XPS and EPR results it unlikely that
Ti3+ centers play an important role in the catalytic activity of the catalysts.

A second class of catalysts was prepared by deposition of TiCl4 and Mg
metal on gold surfaces [91, 117]. Mg deposition and subsequent TiCl4 expo-
sure results in a complex structure with Mg metal being located at the gold
interface and covered by a MgCl2 layer. On top of that TiClx species of differ-
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ent oxidation states were found. In contrast to deposition on the MgCl2 films,
not only Ti4+ and Ti2+ but also Ti3+ centers were found under these prepar-
ation conditions. However, the ratio of the different oxidation states changes
significantly with the preparation condition [91, 117]. For simultaneous depo-
sition of TiCl4 and Mg the situation is different. In this case Mg is completely
oxidized to MgCl2. The MgCl2 film is covered by TiClx species of different ox-
idation states. Similar to the sequential deposition, all three oxidations are
present and the precise composition depends on the relative concentration of
TiCl4 and Mg atoms at the surface during growth [91]. Mesitylene (1,3,5 tri-
methyl-benzene) was used as a probe molecule to titrate different adsorption
sites on these systems. The mesitylene TPD from these films are characterized
by two desorption peaks around 200 K and 250 K. The desorption tempera-
tures are virtually identical to the ones observed on the pure MgCl2 film. This
was attributed to the fact that both systems are chorine terminated, thus the
adsorption energy is mostly determined by the local configuration of chlorine
atoms, which was considered to be similar for both cases. The two peaks were
assigned to mesitylene desorbing from coordinatively saturated sites at 200 K
and desorption from low coordinated sites or defect sites at 250 K [118].

A third class of catalysts was prepared by electron beam induced depo-
sition of TiCl4 on a polycrystalline Au foil. Deposition of TiCl4 at 300 K
leads to films which comprise Ti4+ and Ti2+ species as inferred from XPS
measurements [90]. Depending on the experimental parameters (background
pressure of TiCl4, electron flux, electron energy) different composition of Ti
oxidation states are observed [23]. From angular-dependent measurements it
was concluded that the Ti4+ centers are more prominent at the surface of the
titanium chloride film, while the Ti2+ centers are located in the bulk [90].

Temperature-programmed desorption of mesitylene shows a marked dif-
ference to the catalysts prepared on MgCl2 surfaces. The spectrum contains
only one desorption peak at around 250 K. Due to the similar desorption tem-
perature to the peak observed for MgCl2-based films, this peak was assigned
to desorption from low coordinated or defect sites [118].

3.3
Activation of the Catalyst

Activation of the catalyst is usually performed by exposure to a co-catalyst,
namely an aluminum alkyl. The model catalysts were successfully activated
by trimethylaluminum (TMA) and triethylaluminum (TEA), commonly used
for this purpose. The compounds were dosed from the gas phase either at
room temperature for a prolonged time or for a much shorter time at a sur-
face temperature of 40 K. Nominal 3400 L of TMA or TEA were exposed at
room temperature. The chemical integrity of the co-catalyst was verified by IR
spectroscopy of condensed films grown at low temperature on the substrates.
The spectra were typical for condensed and matrix isolated species [119].
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Figure 11a shows a typical ESR spectrum after deposition of TMA on the
TiCl4/MgCl2/Pd(1111) system at 50 K [20]. The TiCl4/MgCl2 system was pre-
pared by subsequent deposition of TiCl4 onto an epitaxial MgCl2 film. The
intensity of the observed signal scales with the amount of Ti on the surface,
which suggests that the observed signal is due to a surface reaction of the
TMA with the Ti centers on the surface. This interpretation is corroborated by
the fact that the intensity of the EPR signal saturates for increasing dosage of
TMA. Additionally, adsorption of TMA on smooth as well as defected MgCl2
gives no signal.

According to XPS investigations by the Somorjai group, interaction of
TEA with Ti centers grafted on MgCl2 leads to a reduction of Ti4+ center
to Ti2+ [107]. No indications for the formation of Ti3+ centers were found.
As indicated in the preceding section, the amount of Ti3+ centers present
after deposition depends on the preparation conditions. However, for all sit-
uations investigated the amount of Ti3+ is slightly reduced by the activation
process [118, 120]. The mesitylene desorption temperature from the low co-
ordinated sites is reduced by about 15 K whereas the desorption temperature
from the regular sites at 200 K is virtually unchanged (small reduction by
2–5 K depending on the preparation) [118]. Thus, it can be concluded that
the alkylation takes place at the low coordinated sites. The situation is less
obvious for the regular sites due to the small changes observed there.

The EPR spectrum shows, in accordance with the XPS results, no feature
that can be attributed to Ti3+ centers. What is the nature of the radical ob-
served in the EPR spectrum? It might be thought that methyl radicals are the
most natural products in the reduction of a mixed titanium-chlorine-methyl
species according to the following simple reaction scheme:

AlMe3 + TiCl4 → AlMe2Cl + TiCl3Me (1a)

TiCl3Me → TiCl3 + Me· (1b)

However, a comparison of the line shape of the observed spectra with spec-
tra of methyl radicals (Fig. 11b) clearly proves that the species present here
are not methyl radicals. The EPR spectrum of a methyl radical is a quartet of
lines. However, the observed spectrum, though dominated by a quartet struc-
ture, shows a couple of additional lines pointing to additional interactions of
the unpaired electron. By comparing the observed line shape to other alkyl
radicals it turned out that the present spectrum can be attributed to ethyl
radicals. Figure 11c shows the EPR spectrum of ethyl radicals created in an
ethylchloride matrix generated by photolysis for comparison [121].

How have the C2H5 radicals been created?
It has already been shown above that the radicals are most probably pro-

duced at the TMA – TiCl4/MgCl2 interface, where an alkylation of the TiCl4
by ligand exchange is supposed to happen (see reaction scheme above). As-
suming this ligand exchange occurs, the primary radical would be a methyl
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Fig. 11 a EPR spectrum of the model catalyst after adsorption of TMA at 50 K; b EPR
spectrum of methyl radicals [151]; c EPR spectrum of ethyl radicals [121]

radical. Methyl radicals have a high mobility, even at low temperature, in the
solid state, which makes consecutive reactions likely [122]. A simple reaction
yielding ethyl radicals is:

CH3
· + Al(CH3)3 → H3C – H2C· + AlH(CH3)2 (2)

Even though this reaction has not been reported in the literature so far,
it can be crudely estimated that it is energetically possible. An alterna-
tive reaction may be proposed by analogy to the known chemistry of ti-
tanocenes. Here reaction of Cp2TiCl2(Cp = η5 – C5H5) with AlMe3 yields
the Tebbe reagent Cp2Ti(µ2 – Cl)(µ2 – CH2)AlMe2, which is a protected
methylidene carbene [123]. It is possible that an analogous surface complex
TiS(µ2 – Cl)(µ2 – CH2)AlMe2 may serve as a source of methylidene to pro-
duce ethyl radicals.

The EPR intensity of the ethyl radicals is irreversibly attenuated above 50 K
and falls below the detection limit above 80 K. This can be explained by as-
suming the ethyl radicals to diffuse and recombine at these temperatures, as
has been observed for methyl radicals above 45 K [124] and for NO2 radicals
on an oxide surface above 75 K [125].

At 300 K TMA has desorbed from the surface. However, carbon is found
on the surface indicating a successful alkylation of the TiCl4. Exposure of the
surface to 3400 L at room temperature leads to a similar amount of carbon.
This is in contrast to observations by Magni et al. who report on a minimal
dosage of 10 000 L to observe carbon on the surface [107]. It is important to
note that additional dosage of TMA at low temperature does not produce fur-
ther radical signals. However, removing the reacted TiClx moieties from the



140 T. Risse · H.-J. Freund

surface, e.g., by soft argon sputtering, and redosing with TMA creates new
C2H5 radicals, as observed by their EPR spectrum.

A different behavior is observed if TMA is replaced by TEA. Even though
the final catalysts are equally active for ethylene polymerization, radicals have
never been observed. This is in line with expectations based on indirect ev-
idence [126–128] proposing a disproportionation reaction for the activation
with TEA according to:

AlEt3 + TiCl4 → AlEt2Cl + TiCl3Et (3a)

2TiCl3Et → 2TiCl3 + C2H4 + C2H6 (3b)

Because ethyl radicals have been observed in the preceding experiment,
which also suggest that these radicals are stable at 50 K, the initial for-
mation of ethyl radicals would undoubtedly lead to the observation of the
radicals. A possible mechanism may be proposed by analogy to molecular
organometallic chemistry. Negishi et al. have shown that the reaction of zir-
conocene dichloride with AlEt3 liberates ethane and forms a coordinated
ethylene according to [129]:

Cp2ZrCl2 + AlEt3

↔ (Cp2Zr(Cl)(µ2 – Cl)(µ2 – Et)AlEt2 ↔ Cp2Zr(Et)(µ2 – Cl)2AlEt2) (4a)

Cp2ZrCl2 + 2AlEt3

→ Cp2Zr(µ2 – Cl)(µ2 – η2 – C2H4)AlEt2 + EtH + Et2AlCl (4b)

Thus it seems possible that analogous titanium-based complexes play a role
in the activation of the catalyst with AlEt3 according to:

TiSCl2 + AlEt3

↔ (TiS(Cl)(µ2 – Cl)(µ2 – Et)AlEt2 ↔ TiS(Et)(µ2 – Cl)2AlEt2) (5a)

TiSCl2 + 2AlEt3

→ TiS(µ2 – Cl)(µ2 – η2 – C2H4)AlEt2 + EtH + Et2AlCl (5b)

It should be emphasized that no spectroscopic evidence exists for either of the
proposed species; however, the lack of an EPR signal can be taken as strong
evidence that no radicals are produced during activation of the catalyst with
AlEt3, thus favoring a kind of disproportionation mechanism.

3.4
Polymerization of Ethylene and Propylene

The model catalysts prepared according to the above-mentioned procedures
were active for ethylene and propylene polymerization without additional co-
catalyst present in the gas phase [21, 23]. The TiClx/MgCl2-based catalysts
have been proven catalytically active at 300 K and an ethylene pressure above
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15 mbar. The polymer films have been characterized by a variety of methods
including XPS, IRAS, LRI, and Raman spectroscopy.

We have used IRAS to investigate the polymerization of ethylene on
a TiClx/MgCl2/
Pd(111) catalyst activated with TEA or TMA. The catalysts were exposed at
300 K to 15–150 mbar ethylene. Polyethylene is produced on this catalyst,
as shown by the IR spectrum in Fig. 12. Characteristic vibrations are the
stretching modes at 2852/2924 cm–1, the doublet of the deformation modes
at 1473/1463 cm–1, and the split rocking modes at 730/720 cm–1 (see Table 2).
The observed frequencies of the stretching modes are situated at positions
that indicate a large percentage of trans configurations [130–132]. This was
taken as an indication that the polymer chains have long range order in trans
configurations but also contain some gauche defects. Similar results were also
obtained in other work. Polyethylene formed via diazo methane reactions on
Au(111) films showed similar behavior [131]. Also, n-C44H90 adsorbed on
Au surfaces yielded analogous results. Here the authors found gauche defects
only in the second layer, while the first represented a flat lying chain [133].

This analysis is corroborated by the signature of the bands in the finger-
print and low frequency regime. A sharp doublet of the scissoring mode at
1473/1463 cm–1 is indicative for crystalline polyethylene, while a broad res-
onance at 1468 cm–1 is found for amorphous polyethylene [134–137]. The
doublet is caused by a Davidov splitting due to the presence of two polyethy-
lene chains in the unit cell [133, 138]. In this case the relative small half width
of the two peaks is a good indication for a rather well-developed crystallinity.
Another feature typical for crystalline polyethylene is a doublet in the re-
gion of the rocking mode at 730/720 cm–1 [135]. In addition, bands in the
region between 1300 and 1380 cm–1, which have been observed for disordered
polyethylene, are not present these samples [134]. A lower limit for the chain
length of the polymer can be estimated from the fact that vibrations in the

Fig. 12 Infrared spectrum of polyethylene film grown on the model catalyst



142 T. Risse · H.-J. Freund

Table 2 Comparison of IR frequencies between the model catalyst and data for literature
as well as the assignment of the frequencies taken from the literature

vobs vref Assignment
[cm–1] [cm–1]

2924 2922–2926 CH2 asymmetric stretching mode d–: crystalline
Without PE with gauche-defect [131, 133, 146]
2915–2920

2852 2852–2856 CH2 symmetric stretching mode d+: crystalline
Without PE with gauche-defect [131, 133, 146, 147]
2846–2850

1473 1470–1473 CH2 deformation mode orthorombic
PE a-axis [136, 137, 146–148]

1463 1463 CH2 deformation mode orthorombic
PE b-axis [136, 137, 146–148]

730 730–731 CH2 rocking mode orthorombic
PE a-axis [135, 149]

720 720 CH2 rocking mode orthorombic
PE b-axis [135, 149, 150]

range between 720 and 1300 cm–1 are completely missing. For alkanes with
a chain length above 20 units the vibrations in this frequency range become
so broad that they cannot be observed, which renders this value the lower
limit of the chain length in our case [133, 139, 140]. In addition, the line cor-
responding to terminal methyl groups is very small, which serves as another
hint for the polymeric nature of the material produced. It is important to no-
tice that the absence of a line in an IRAS experiment performed under grazing
incidence on a metal surface might be due to the so-called metal surface selec-
tion rule.

Polymerization of ethylene and propylene has also been monitored by XPS,
IR, and Raman spectroscopy [89, 91, 120, 141]. The valence band XPS spec-
tra of polyethylene and polypropylene are characterized by two and three
lines between 13 and 19 eV binding energy, respectively. The two outer lines
of the polypropylene are due to excitations in methylene groups while the
central peak corresponds to methyl group excitations. Subsequent polymer-
ization of propylene and ethylene results in a layered polymer film with
polypropylene being at the polymer gas interface and polyethylene being
located underneath. From this result in combination with the observation
that XPS shows Ti and Cl signals only at the substrate/polymer interface
(measured after peeling off the polymer film) it was concluded that poly-
merization occurs at the solid support [141]. Even though the active site
remains at the substrate surface during polymerization, the chemical envi-
ronment at the catalyst changes during the course of the polymerization.
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After polymerization took place an additional EPR signal located at g = 2.002
was observed. This signal can be assigned to Ti3+ centers within an organic
environment [142, 143]. This result points towards a change of the chemical
environment of the Ti center at the interface during polymerization. The sig-
nal intensity and width varies considerably from preparation to preparation,
but there is no simple correlation of these quantities with the activity.

An important characteristic of polypropylene is the tacticity of the ma-
terial. Kim and Somorjai have investigated the tacticity of the polymer by
means of the different solubilities of iso- and atactic polypropylene in boil-
ing n-alkanes [120]. The soluble fractions were dried on glass surfaces and
investigated by AFM. Based on these results a significant enhancement of iso-
tactic polypropylene was found for catalysts prepared by TiCl4 adsorption
on Au as compared to a MgCl2-based system. In fact, Kim et al. claim that
the TiCly/Au catalyst produces exclusively isotactic polypropylene whereas
the other catalyst produces a mixture of iso- and atactic polypropylene. It
should be noted that an analysis of IR spectra of the grown polymer is not
as conclusive. The isotactic index based on the intensity ratio of vibrations
at 998 and 973 cm–1, which is used in literature to estimate the amount of
isotactic polypropylene (e.g., [144]), is much lower than expected based on
the extraction results [120]. The IR analysis might be hampered by amorph-
ous fractions of the polymer. However, values of the isotactic index measured
after high temperature treatment to increase the crystallinity of the sample, or
independent measurements such as NMR are not available.

Kim and Somorjai have associated the different tacticity of the polymer
with the variation of adsorption sites for the two systems as titrated by
mesitylene TPD experiments. As discussed above, the TiCly/Au system shows
just one mesitylene desorption peak which was associated with desorption
from low coordinated sites, while the TiClx/MgClx exhibits two peaks as-
signed to regular and low coordinated sites, respectively [23]. Based on this
coincidence, Kim and Somorjai claim that isotactic polymer is produced at
the low-coordinated site while atactic polymer is produced at the regular sur-
face site. One has to bear in mind, however, that a variety of assumptions
enter this interpretation, which may or may not be valid. Nonetheless it is
an interesting and important observation which should be confirmed by fur-
ther experiments, e.g., structural investigations of the activated catalyst. From
these experiments it is clear that the degree of tacticity depends on catalyst
preparation and most probably on the surface structure of the catalyst; how-
ever, the atomistic correlation between structure and tacticity remains to be
clarified.

The kinetics of the reaction has been studied by IR as well as laser re-
flection interferometry (LRI) [21, 145]. The amount of polymer grown on the
surface was measured from the LRI signal as a function of time. It was shown
that propylene polymerization was about 30 times slower than ethylene poly-
merization [145]. In addition, Kim et al. estimated the polymerization ac-
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tivity of the model catalyst to be 2–8 times lower that that of commercial
catalysts. The observed kinetic was analyzed in terms of a 1st and 2nd order
deactivation process, as often used in Ziegler–Natta catalysis [70]. However,
transport properties, namely diffusion of the monomers towards the reaction
center, can also be responsible for the decrease of the polymerization rate as
pointed out by the authors [141].

The course of the reaction has also been studied by evaluating the IR band
at 2852 cm–1, which is the one least influenced by the presence of gaseous
ethylene [21]. The polymerization has been followed for 12–150 h.

Two different kinds of behavior have been observed. Typical results are given
in Fig. 13. The behavior is determined by the degree of disorder in the surface
of the model catalyst. While a catalyst with a high degree of disorder shows
a monotonous increase of the polyethylene amount with time, catalysts pre-
pared on a smooth and less defected surface show a self-terminating reaction
after approximately 50 h leading to a considerably less thick film than in the
former case. This can be explained in a straightforward way by considering that
on a smooth surface a rather smooth polymer film forms, which becomes im-
permeable for ethylene from the gas phase in a relatively short period of time
so that the reaction is self-limiting. In the other case, the growing film possibly
has a sufficient number of pores so that the monomer can continue to reach
the catalyst and the reaction keeps going. This assumes that the polymeriza-
tion reaction takes place at the interface of the polymer and the magnesium
chloride support, which has been corroborated experimentally [145]. In the
light of these results it seems appropriate to model the kinetic data by assum-
ing diffusion-limited transported of monomer to the interface. The amount of
polymer ne increases with reaction time t according to:

ne = δ
√

t (6)

Fig. 13 Amount of polymer as measured by the IR absorption at 2852 cm–1 with respect to
time. The kinetics observed on a rough catalyst is represented by crosses. The line through
these points is a fit to the kinetic model given in the text. Kinetics observed for smooth
catalysts is given by full circles. The line is a guide for the eye
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where the constant δ is a function of the diffusion coefficient, the sur-
face area, the molar volume of the polymer, and the concentration at infi-
nite time t. Therefore, we expect the IR intensity to increase as

√
t. With

δ = 4.6×10–2mol s–1/2 the fit given in Fig. 13 has been obtained.
In conclusion, we have shown that the combination of several surface sci-

ence methods allows a detailed understanding of the properties of surface
sites as well as of reactions taking place at the catalyst surface. In particular,
EPR spectroscopy has proven useful for elucidating mechanistic details of the
activation process of these catalysts.

4
Conclusions

We have reviewed experiments on two classes of systems, namely small metal
particles and atoms on oxide surfaces, and Ziegler–Natta model catalysts. We
have shown that metal carbonyls prepared in situ by reaction of deposited
metal atoms with CO from the gas phase are suitable probes for the en-
vironment of the adsorbed metal atoms and thus for the properties of the
nucleation site. In addition, examples of the distinct chemical and physical
properties of low coordinated metal atoms as compared to regular metal ad-
sorption sites were demonstrated. For the Ziegler–Natta model catalysts it
was demonstrated how combination of different surface science methods can
help to gain insight into a variety of microscopic properties of surface sites
involved in the polymerization reaction.
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Abstract Homogeneous and heterogeneous catalysis traditionally pertains to different
communities, and it is thought that they are directed by different rules. In contrast, sur-
face organometallic chemistry has been developed on the basis that chemical bonds are
formed and cleaved in both cases, and therefore that common features between these
two fields exist, and that they are based on similar molecular phenomena. In this review,
the reaction of organometallic reagents with oxides or metallic particles, the method of
characterization of these solids and their reactivity are discussed. This approach, named
surface organometallic chemistry, leads to better defined heterogeneous catalysts, which
can be understood at a molecular level, and therefore allowing structure-activity re-
lationships to be obtained. Analogies and differences between molecular and surface
organometallic chemistry will also be addressed.

Keywords Elementary steps · Homogeneous and heterogeneous catalysis ·
Metal particles · Oxide supports · Surface organometallic chemistry

1
Surface Organometallic Chemistry

Catalysis has been traditionally divided into three fields: enzymatic, het-
erogeneous, and homogeneous catalysis. While heterogeneous catalysts offer
great advantages in terms of process designs (especially in continuous flow
systems), regeneration and separation of the products from the catalyst, it
usually suffers from a lack of understanding of the so-called “active sites” or
“active phases”, which impedes the rational development of these systems. On
the contrary, homogeneous catalysts can be designed in a more rational way,
and their properties easily tuned through ligand designs and an understand-
ing of elementary steps, yet they often require a lot of technical advances to
be competitive with heterogeneous catalysts. It is therefore clear that these
two fields are complementary, and if it were possible to combine the advan-
tages of both sub-disciplines, it should greatly help the development of better
catalysts. This is exactly the goal of surface organometallic chemistry, which
tries to design prepare heterogeneous catalysts with molecularly defined ac-
tive sites.

In this review, we will specifically discuss the similarities and the differ-
ences between the chemistry on surfaces and molecular chemistry. In Sect. 2,
we will first describe how to generate well-dispersed monoatomic transition
metal systems on oxide supports and understand their reactivity. Then, the
chemistry of metal surfaces, their modification and the impact on their reac-
tivity will be discussed in Sect. 3. Finally, in Sect. 4, molecular chemistry and
surface organometallic chemistry will be compared.
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2
Surface Organometallic Chemistry on Oxide Supports

2.1
Reaction of Organometallic Complexes with Oxide Supports:
the Controlled Formation of Surface Organometallic Complexes

Within the goal to generate well-defined systems, a key parameter is to un-
derstand the interaction/reaction of the molecular organometallic complex
and the surface of an oxide support. This is achieved by using the following
methodology: Step (1) characterization of the support; Step (2) mass balance
analysis and mechanistic studies on the grafting step; Step (3) characteri-
zation of the grafted species through spectroscopy; and (Step 4) chemical
reactivity studies. Each of these steps will be detailed hereafter.

2.1.1
Step 1: Characterization of the Support

In order to understand the support, it is necessary to probe its structure
at the macro-, micro-, meso-, and atomic scale level. In the case of silica
and more specifically Aerosil “flame” silica, it is composed of regular 50 nm
spheres, free of metal and carbon traces, which have a high surface area
(200–300 m2/g) as measured by BET. Silica is a neutral support with a sur-
face covered with siloxane bridges (of various sizes) and silanols (of various
types: isolated, vicinal, and gem). The concentration and relative composition
can be controlled by the thermal pre-treatment. When a thermal treatment at
high temperatures (above 600–700 ◦C) under vacuum is applied, the surface
is mainly composed of isolated silanols (0.7±10% OH/nm2) besides siloxane
bridges. At lower temperatures, the concentration of silanols is higher (1.4±
10% OH/nm2 at 500 ◦C and 3.5 ± 10% OH/nm2 at 200 ◦C) and favours the
presence of vicinal and gem silanols [2–4]. The use of higher temperatures
will lower the concentration of surface silanols, but also favours the formation
of strained siloxane bridges, which can become reactive (Scheme 1).

While our discussion will mainly focus on silica, other oxide materials can
also be used, and they need to be characterized with the same rigorous ap-
proach. For example, in the case of meso- and microporous materials such as
zeolites, SBA-15, or MCM materials, the pore size, pore distribution, surface
composition, and the inner and outer surface areas need to be measured since
they can affect the grafting step (and the chemistry thereafter) [5–7]. Some
oxides such as alumina or silica-alumina contain Lewis acid centres/sites,
which can also participate in the reactivity of the support and the grafted
species. These sites need to be characterized and quantified: this is typically
carried out by using molecular probes (Lewis bases) such as pyridine [8, 9],
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Scheme 1

phosphine or phosphine oxide [10, 11], which give characteristic signals in IR
or solid state NMR spectroscopies, and which can thereby serve to quantify
and/or give the strength of these sites.

2.1.2
Step 2: Mass Balance Analysis and Mechanistic Studies on the Grafting Step

After the preparation of the support (calcination and dehydroxylation) and its
characterization have been completed, the second step is to study its reaction
with the “molecular” organometallic complex. The grafting strategy in SOMC
is based in general on the formation of a covalent bond between the support
and the metal through the reaction of “reactive” functional groups at the sur-
face of the support, a silanol in the case of silica [≡ SiO – H], and a reactive
bond of the molecular complex, typically a metal-carbon bond (LnM – R).
This reaction generates the corresponding alkane (R – H) and a solid on
which the metal is attached via a [≡ SiO – MLn] bond (mechanism 1). Metal
hydrides can also be used in principle for the grafting step, but it has been
applied so far to Sn and Si, e.g. R3SnH (mechanism 2) [12]. Note that several
strategies have been undertaken in order to generate cationic species starting
with silica by adding activators [13, 14].

[≡ SiOH] + [LnM – R] → [≡ SiO – MLn] + R – H (1)

[≡ SiOH] + [LnM – H] → [≡ SiO – MLn] + H2 (2)

The reaction can be easily monitored by IR spectroscopy since surface
silanols give a characteristic peak at 3747 cm–1. In order to establish the mass
balance, it is necessary to obtain an elemental analysis of the solid (M, C, H, N
...) and to measure the amount of alkane evolved during grafting.
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For example, we have shown that the thermal treatment of silica is
key to controlling the grafting step. Therefore, when a silica is partially
dehydroxylated at 200 ◦C, its reaction (at room temperature) with [Ta(=
CHtBu) (CH2tBu)3] yields [(≡ SiO)2Ta(= CHtBu)(CH2tBu)] and 2 equiv. of
CH3tBu/grafted Ta, while [(≡ SiO)Ta(= CHtBu)(CH2tBu)2] is obtained along
with 1 equiv. of CH3tBu/grafted Ta when silica is partially dehydroxylated at
700 ◦C
(Scheme 2, vide infra for characterization of these structures) [15]. At an
intermediate temperature of 500 ◦C, a 65/35 mixture of these two com-
plexes is obtained [16]. The proposed structure is further confirmed by
the mass balance analysis since hydrolysis or ethanolysis of the result-
ing solid yields the complementary amounts of neopentane, these are 2
and 3 equiv. of neopentane/Ta for [(≡ SiO)2Ta(= CHtBu)(CH2tBu)] and
[(≡ SiO)Ta(= CHtBu)(CH2tBu)2], respectively. Moreover, elemental analy-
sis provides further information: indeed, 4.2 wt % of Ta grafted onto silica
partially dehydroxylated at 700 ◦C corresponds to 0.22 mmol of Ta/g of
solid [17, 18]. This is comparable to the amount of silanol present on this sup-
port (0.26 mmol OH/g), which shows that most of them have reacted during
grafting (as observed by IR spectroscopy).

These observations are very general, and typically on a silica pre-treated at
200 ◦C, bissiloxy complexes are obtained (Scheme 3) [15, 19, 20]. Conversely,
a silica treated at 700 ◦C will yield monosiloxy complexes.

Yet, mass balance analysis should be checked thoroughly since there can
be some deviations/exceptions depending on the support and the metal.
For instance, while the reaction of [Zr(CH2tBu)4] with SiO2–(500) generates
a monosiloxy species, its reaction with a MCM-41 material partially dehy-
droxylated at 500 ◦C yields a bissiloxy surface complex [21], and the reaction

Scheme 2
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Scheme 3

of [Ta(= CHtBu)(CH2tBu)3] with SiO2–(500) generates a mixture of mono- and
bissiloxy species (vide supra) [15, 16].

Mass balance analysis is easily performed on organometallic reagents since
the molecule released, an alkane, does not react with the support. How-
ever, the use of alkoxide and amide metal complexes as molecular precursors
can generate some difficulty. In these cases, alcohols and amines are formed
upon grafting, and they can remain coordinated to the metal or further react
with the surface of the oxide, and can give rise to complex reactions on sur-
faces [22–25]. In the specific case of [{(tBuO)3SiO}xM] complexes, grafting
occurs mainly via cleavage of the (O – M) bonds, thus liberating [tBu3SiOH]
and providing the corresponding complexes [(≡ SiO)M{OSi(OtBuO)3}x–1],
and in some cases a small amount of tBuOH is formed consistent with
a grafting via cleavage of the (Si – O) bond. This approach has been
used to support TiIV and FeIII complexes on MCM-41 and SBA-15 ma-
terials. Grafting [Fe{OSi(OtBuO)3}3•THF] yields selectively the mononu-
clear surface complex [(≡ SiO)Fe{OSi(OtBuO)3}2] [26], while grafting of
[Ti{OSi(OtBuO)3}4] is less selective, giving [(≡ SiO)Ti {OSi(OtBuO)3}3]
and [{(≡ SiO)(tBuO)2SiO}Ti{OSi(OtBuO)3}3] [27]. It is noteworthy that
by replacing one of the bulky siloxy by an iPrO ligand, grafting on SBA-
15 (a large pore mesoporous silica) occurs selectively to give a mononu-
clear Ti centre, [(≡ SiO)Ti(OiPr){OSi(OtBuO)3}2] and [tBu3SiOH] in con-
trast to [{Ti[(OiPr)4}2], which gives polynuclear species (Scheme 4) [23].
Mononuclear [(≡ SiO)Ti(OiPr)3] and [(≡ SiO)2Ti(OiPr)2] seems accessi-
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Scheme 4
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ble through the alcoholysis of the corresponding surface amido complexes
[(≡ SiO)Ti(NEt2)3] and [(≡ SiO)2Ti(NEt2)2].

The grafting step can also provide further information on the reactiv-
ity of the organometallic complex. Tetraneopentylmetal complexes such as
[Ti(CH2tBu)4] and [Zr(CH2tBu)4] react with the silanols of SiO2 via a sim-
ple electrophilic cleavage of the M – C bond as shown by the formation
of monodeuterated neopentane (D-CH2tBu) when deuterated silica is used
(mechanism 3) [28, 29].

[≡ SiOD] + [M(CH2R)4] → [≡ SiOM(CH2R)3] + RCH2 – D (3)

On the other hand, in the case of [Ta(= CHtBu)(CH2tBu)3] and [Re(≡ CtBu)
(= CHtBu)(CH2tBu)2], which contain different types of metal-carbon bonds,
the grafting mechanism can be more complex then one imagines. In the
first example, during grafting of [Ta(= CHtBu)(CH2tBu)3] on deuterated
silica, both non- and monodeuterated neopentanes are formed [16]. This
leads us to propose that grafting occurs through two concomitant mechan-
isms: (1) a simple electrophilic cleavage of the Ta – C bond, which forms
1 DCH2tBu/Ta; and (2) an addition of the silanol onto the carbene yield-
ing a pentacoordinated complex [(≡ SiO)Ta(CH2tBu)3(CHXtBu)] (X = D
when silica is deuterated), which upon decomposition into [(≡ SiO)Ta(=
CHtBu)(CH2tBu)2] gives mono- and non-deuterated neopentane only with
a 3/8 and 5/8 probability, respectively (Scheme 5).

The formation of the pentacoordinated intermediate was confirmed
later by performing the reaction at low temperature and by using a poly-

Scheme 5
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oligomeric silsesquisioxane [(c-C5H9)7Si7O12Si – OH] as a soluble model of
silica (Scheme 6) [17], whose reaction can be easily monitored by solution
NMR. Upon the addition of [(c-C5H9)7Si7O12Si – OH] in a red solution of
[Ta(= CHtBu)(CH2tBu)3] in C6D6, the reaction mixture turns pale yellow
and displays a peak at 108.7 ppm in the 13C NMR spectrum, which has
been assigned to the methylene of the neopentyl of [((c-C5H9)7Si7O12Si-
O)Ta(CH2tBu)4]. Then, the reaction mixture slowly turns orange, and this
signal is replaced by two signals at 245.4 and 95.7 ppm corresponding respec-
tively to the methine (= CHtBu) and the methylene (CH2tBu) carbons in [(c-
C5H9)7Si7O12Si – O)Ta(= CHtBu)(CH2tBu)2]. Similar solid state NMR data
have been obtained while studying the reaction of [Ta(= CHtBu)(CH2tBu)3]

Scheme 6
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with silica at low temperatures, confirming the formation of the intermediate
[(≡. SiO)Ta(CH2tBu)4].

In the second example, three types of perhydrocarbyl ligands are present
in the molecular precursor [Re(≡ CtBu)(= CHtBu)(CH2tBu)2]: neopentyl,
neopentylidene, and neopentylidyne ligands [30]. Therefore, three mechan-
isms of grafting can be possible (Scheme 7): (mechanism 1) direct cleavage
of the Re – C bond of the neopentyl ligand by a silanol O – H bond (elec-
trophilic cleavage); (mechanism 2) addition of a silanol O – H bond onto
the neopentylidene moiety followed by α-H abstraction; and/or (mechan-
ism 3) addition of a silanol O – H bond onto the neopentylidyne moiety fol-
lowed by α-H abstraction. Grafting the [Re(≡ CtBu)(= CHtBu)(CH2tBu)2] on
SiO2–(700) selectively 13C labelled on the CH and CH2 carbons gives a surface
complex having no carbynic resonance in its 13C solid state NMR spectrum,
which rules out grafting through protonation of the alkylidyne ligand (mech-
anism 3).

When grafting is performed with a deuterated silica (92% deuterated), it
yields neopentane on average 74 ± 5% mono-deuterated and 26 ± 5% non-
deuterated according to mass spectrometry, which shows that grafting occurs
via the mechanisms (mechanism 1) and (mechanism 2) in 61 and 39±10%,
respectively (Scheme 8). Since [(≡ SiO)Re(≡ CtBu)(= CHtBu)(CH2tBu)] con-
tains two alkyl ligands for one alkylidene ligand, the reactivity ratio between
alkylidene and alkyl ligands is 1.3±0.6, showing that in this case, alkyl and
alkylidene moieties have in fact a similar reactivity towards silanols.

In molecular chemistry, the reaction of [Re(≡ CtBu)(= CHtBu)(CH2tBu)2]
with Brönsted acids (HX, X = Cl, OC6F5, BF4, OTf ...) gives [Re(≡ CtBu)
(CH2tBu)3X] as a stable product resulting exclusively from the protonation

Scheme 7
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Scheme 8

Scheme 9

onto the alkylidene moiety (Scheme 9) [31]. These compounds are trans-
formed into the corresponding alkylidene complexes only upon adding donor
ligands such as pyridine or acetonitrile. The presence of siloxane bridges in
surface complexes as evidenced by EXAFS (vide infra) can probably explain
this difference of reactivity.

2.1.3
Step 3: Characterization of the Grafted Species
Through Advanced Spectroscopic Techniques

Generality

One key aspect of SOMC is the determination of the structure of surface
complexes at a molecular level; one of the reasons being that our goal is
to assess structure-activity relationships in heterogeneous catalysis, which
requires a firm characterization of active sites or more exactly active site
precursors. While elemental analysis is an essential first step to understand
how the organometallic complex reacts with the support, it is necessary to
gather spectroscopic data in order to understand what are the ligands and



162 J-P. Candy et al.

how they are interacting with the grafted metal (including those of the sur-
face). IR spectroscopy is an important tool, especially in the study of the
grafting step: the disappearance of silanol bands (3747 cm–1) upon contact-
ing an organometallic complex provides the first evidence for the formation
of a bond between the metal and the support. This technique also allows other
surface reactions to be rapidly evaluated. The modification of the structure
of the surface complex upon addition of a reagent or thermal treatments can
indeed be easily monitored.

Since molecular and surface organometallic complexes have more and
more complex structures, IR spectroscopy or any other single technique is not
sufficient to understand the structure of a system. It is therefore necessary to
combine data from several techniques. In molecular chemistry, X-ray crys-
tallography, NMR, and ESR spectroscopies provide a detailed picture of the
coordination sphere around a metal centre. In surface organometallic chem-
istry, we use the corresponding techniques for amorphous solids. Advanced
solid state NMR (1D and 2D) is probably the most powerful method for struc-
ture determination when applicable. In some cases, ESR and XANES can
be used to determine the oxidation state and geometry of the metal com-
plex. Extended X-ray fine structure spectroscopy (EXAFS) can replace X-ray
crystallography to afford distances (with a high accuracy) and average coor-
dination numbers around the metal (with some uncertainty). The combined
use of these techniques along with the accumulated knowledge of molecu-
lar chemistry including model reactions between an organometallic reagent
and a soluble silica analogue will be critical to an accurate description of the
structure of a surface complex (vide supra).

Examples of Structure Determination Through the Combined Use
of Advanced Spectroscopic Techniques

One exemplary case is the grafting of [Re(≡ CtBu)(= CHtBu)(CH2tBu)2] on
silica partially dehydroxylated at 700 ◦C [30, 32]. During grafting, silanols
are consumed according to IR spectroscopy and about 1.06 ± 0.13 equiv.
of CH3tBu is evolved. The corresponding solid contains 15.5 ± 0.8 carbons
per grafted Re. Therefore, the data are consistent with the loss of approxi-
mately one equivalent of neopentane during grafting, leaving an average of
three “neopentyl-like” ligands around the metal centre. The complexity of the
structure led us to undertake advance solid state NMR spectroscopy. The 1H
solid state NMR spectrum of [(≡ SiO)Re(≡ CtBu)(= CHtBu)(CH2tBu)] dis-
plays signals at 11.0, 3.0, 2.6, 1.5, 1.3 and 1.1 ppm, which can be assigned
to the carbene proton (= CH), the two diastereotopic protons (CHaHb) and
the methyl groups of the three different tBu groups (Fig. 1 and Scheme 10).
While the 13C CP/MAS spectrum of the natural abundance sample gives
little information (no peak above 100 ppm), a H-decoupled 13C solid state
NMR spectrum of a 10% 13C-enriched sample is in agreement with the
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Fig. 1 Structural determination through the combined use of spectroscopic techniques

presence of three types of hydrocarbyl ligands around Re: a neopentyl
(46 ppm, CH2tBu), a neopentylidene (246 ppm, = CHtBu), and a neopentyli-
dyne (292 ppm, ≡ CtBu). These assignments are fully confirmed by 2D HET-
COR (heteronuclear correlation) solid state NMR using magic angle spinning
(MAS). By using short contact times during the pulse sequence, it is possible
to selectively detect the protons directly linked to a carbon: firstly, the two
signals at 2.6 and 3.0 ppm originally assigned to the two diastereotopic pro-
tons are indeed borne by the same carbon, and secondly the signal at 11 ppm
in the H dimension correlates with that at 246 ppm in the C dimension in
agreement with their assignments to the carbenic fragment (Fig. 1). Using
longer contact times (> 1 ms), extra correlation peaks appear, and they arise
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Scheme 10

from longer range dipolar through-space interactions, which allow the full
13C NMR spectrum of [(≡ SiO)Re(≡ CtBu)(= CHtBu)(CH2tBu)] (including
all quaternary carbons) to be reconstituted (Table 1).

EXAFS data are in agreement with the structure determined by NMR
with two carbons at relatively short distances (not resolved at 1.79 Å), cor-
responding to the (= CHtBu) and (≡ CtBu) ligands, another carbon and an

Table 1 Chemical shift assignments for syn-[(≡ SiO)Re(≡ CtBu)(= CHtBu)(CH2tBu)]
through the combined use of 1D and 2D HETCOR NMR data

1H NMR, δ/ppm 13C NMR, δ/ppma

Resonances Assignments Resonances Assignments

1.1 {C(CH3)3} 28 {≡ CC(CH3)3)}
1.3 {C(CH3)3} 30 {C(CH3)3)}
1.5 {≡ CC(CH3)3} 30 {CH2C(CH3)3)}
2.6 {CHAHBtBu} 44 {= CHC(CH3)3)}
3.1 {CHAHBtBu} 46 {CH2tBu}

11.1 {= CHtBu} 53 {≡ CC(CH3)3)}
246 {= CHtBu}
292 {≡ CtBu}
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oxygen atom at larger distances (not resolved at 2.01 Å), corresponding to the
(CH2tBu) and (≡ Si O) ligands. Nonetheless, EXAFS data fit best when an ex-
tra ligand, an oxygen at 2.42 Å, is added to the model. It suggests that there is
a dative bond from a siloxane bridge to the rhenium centre.

This structure can be further refined by using 2D J-resolved 2D solid state
NMR spectroscopy, which allows multiplicities and J(C – H) coupling con-
stants to be obtained. Noteworthy is the low coupling constant measured
for the carbene ligand: the = CHtBu (246 ppm) appears as a doublet with
a low JC-H coupling of 110 Hz [33]. This low JC-H value indicates that this
C – H bond is probably elongated, which is consistent with a 3 centre-2 elec-
tron bond, also called agostic interaction [34]. The (Re – C – H) bond angle
is distorted from the typical 120◦ value, and it is possible to evaluate the
(Re – C – H) bond angle to about 95 ± 10◦ since JC-H values have been cor-
related to that angle [35]. Such types of interaction points towards a syn
configuration of the carbene ligands (Fig. 1 and Scheme 10) [31, 36].

Soluble molecular models of silica like alkyl silanols or polyoligomeric
silsesquisioxanes (POSS) can also help to assign surface structures [37–40].
For example, the reaction of the molecular complex with either [Ph3SiO – H]
or [(c-C5H9)7Si7O12SiO – H] in benzene solution (Scheme 10) yields the cor-
responding monosiloxycomplexes[Ph3SiO – Re(≡ CtBu)(= CHtBu)(CH2tBu)]
and [[(c– C5H9)7Si7O12Si – O]– Re(≡ CtBu)(= CHtBu)(CH2tBu)]. In both
cases however, they are obtained as a 10-to-1 mixture of the syn- and the
anti-rotamers. The chemical shift data for the syn-rotamers of the molecu-
lar complex exactly match those obtained for the surface complex, while the
NMR data of the anti-rotamers are quite different [30–32]. In fact, when
the surface complex syn-[(≡SiO)Re(≡CtBu)(= CHtBu)(CH2tBu)] is heated
at 120 ◦C under Ar for 30 min, a 2 : 1 mixture of syn- and anti-isomers is
formed. The new set of NMR signals in 1H and 13C NMR spectra is fully con-
sistent with their assignments to those of the anti rotamers. 2D HETCOR and
J-resolved solid state NMR spectroscopies on this mixture confirmed these as-
signments: the CHtBu (246 ppm) appears as a doublet with a JC-H coupling
constant of 159 Hz as expected for an anti isomer [33].

The grafting of [Ta(= CHtBu)(CH2tBu)3] on a silica partially dehydroxy-
lated at 700 ◦C has also been studied in detail, and it shows similar structural
characteristics: (1) formation of a monosiloxy complex; (2) grafting via both
reaction of the carbene and the alkyl ligands in contrast to the soluble mo-
lecular model, which reacts exclusively through the carbene ligand; (3) the
NMR chemical shift data sets of the model and the surface complex match;
(4) interaction of the tantalum with an adjacent siloxane bridge; and (5) the
presence of an agostic interaction of the C – H bond of carbene (JC-H = 80 Hz),
which is quite comparable to that observed for similar molecular complexes
(Scheme 11) [41, 42].
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Scheme 11

2.1.4
Step 4: Chemical Reactivity of Surface Complexes

Reactivity with Alcohol and H2O

These reactions have been mainly used to quantify the remaining perhydro-
carbyl ligand attached to the metal after grafting in order to perform the mass
balance analysis and to evaluate the structure of the surface complexes. This
reaction is limited to early transition metals, and for example the reaction is
not complete even at 200 ◦C for group 6 metals as evidenced by the remaining
alkyl fragments in the IR spectrum, which is similar to what has been ob-
served in molecular chemistry since the hydrolysis of [W(≡ CtBu)(CH2tBu)3]
with an excess of H2O gives a stable alkyl complex [43]. The use of D2O or
ROD can also allow us the nature of the metal-carbon bond to be under-
stood, that is to differentiate between a single or a double bond. Moreover, it
has been used in some cases to generate cleanly the corresponding alkoxide
derivatives (vide infra) [44].

[≡ SiOM(CH2R)Ln] + R′′OD(H) → [≡ SiOM(OR′′)Ln] + RCH2D(H) (4)

[≡ SiOM(= CHR)Ln] + R′′OD(H) → [≡ SiOM(OR′′)2Ln] + RCHD2(H)
(5)

[≡ SiOM(≡ CR)Ln] + R′′OD(H) → [≡ SiOM(OR′′)3Ln] + RCHD3(H) (6)

2.1.4.1
Reactivity with Ketones

In molecular chemistry, ketones react cleanly with alkylidene ligands via
a pseudo-Wittig reaction. This reaction yields a metalloxo complex and an
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olefin, which can help to characterize and quantify the carbene ligands.
For example, [(≡ SiO)Ta(= CHtBu)(CH2tBu)2] [16] and [(≡ SiO)Mo(= NH)
(= CHtBu)(CH2tBu)] [45] reacts with acetone to give one equivalent of
(Me2C = CHtBu)/M, which is consistent with the proposed structure.

[≡ SiOM(= CHR)Ln] + (CH3)2C = O (7)

→ [≡ SiOM(= O)Ln] + (CH3)2C = CHR

2.1.4.2
Reactivity with H2

In the presence of H2, perhydrocarbyl surface complexes loose their ligands
through the hydrogenolysis of their metal carbon bonds to generate puta-
tive hydride complexes, which further react with the neighbouring surface
ligands, the adjacent siloxane bridges (Eqs. 8–9) [46, 47].

[≡ SiOM(CH2R)Ln] + H2 → [≡ SiOM(H)Ln] + RCH3 (8)

[≡ SiOM(H)Ln] + (≡ SiOSi ≡) → [(≡ SiO)2MLn] + (≡ SiH) (9)

The parent surface complexes often show the presence of an oxygen atom of
a siloxane bridge in the second coordination sphere of the metal, and when
this organometallic fragment is transformed into a hydride, it reacts with the
surface siloxane bridge to generate M – O and Si – H bonds. In the case of
[(≡ SiO)Zr(CH2tBu)3], the treatment under H2 generates two surface com-

Scheme 12
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plexes: [(≡ SiO)2Zr(H)2] and [(≡ SiO)3Zr-H] along with [(≡ SiO)3Si – H] and
[(≡ SiO)2Si(-H)2], respectively (Scheme 12) [48–51].

The structures of these complexes and of the adjacent (SiH) fragments has
been firmly established by using double quanta (DQ) 2D solid NMR spec-
troscopy [51], which can readily distinguish a pair of neighbouring protons
from an isolated one. For example, the 1H NMR chemical shift of the zir-
conium dihydride is 12 ppm, and it gives an autocorrelation peak at 24 ppm
in the DQ 2D NMR spectra since two dipoles of the same chemical shifts
interact with each other. On the other hand, the zirconium monohydride
(δ = 10.4 ppm) shows a correlation peak at 14.8 ppm (10.4 + 4.4) in agreement
with the interaction of the monohydride (δ = 10.4 ppm) and another dipole
having a chemical shift of 4.4 ppm, (Si – H). It is therefore possible to char-
acterize at the molecular level such types of systems. Note that the reaction
of a single well-defined system with the surface yields two surface complexes.
In fact, the well-defined mono-siloxy complex is probably surrounded by var-
ious different local environments since the surface of silica is heterogeneous
(amorphous solid), and therefore its reaction with the surface can be trans-
lated into the formation of several species.

In the case of tantalum, the treatment under H2 at 150 ◦C of a mixture
of [(≡ SiO)Ta(= CHtBu)(CH2tBu)2] and [(≡ SiO)2Ta(= CHtBu)(CH2tBu)]
is transformed into mainly one surface species: [(≡ SiO)2Ta – H] (Sche-
me 13) [52]. However, when the temperature is increased step by step to
450 ◦C, this surface complex is gradually converted to [(≡ SiO)3Ta] and
(Si – H) [53]. The gradual reactivity of [(≡ SiO)2Ta – H] with adjacent silox-
ane bridges also speaks for an heterogeneity of the silica surface.

Scheme 13
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2.1.5
Conclusion

It is therefore possible to control the number of bonds between the surface
and the anchored metal by controlling the concentration of hydroxyls of the
support. This can be readily achieved by selecting the right temperature of
partial dehydroxylation of the support.

It is also possible to access trisgrafted species, but they are usually obtained
upon further reaction of the grafted complex with the surface through the
opening of adjacent siloxane bridges. This has typically been observed when
group 4 surface complexes are heated under H2, but unfortunately this re-
action leads also to the bisgrafted species. Controlling this step is currently
under investigation.

Since we are interested in evaluating structure-activity relationships (see
Sect. 2.2), it is important to combine several analytical methods to allow
a characterization at a molecular level: for example, elemental analysis, IR,
and advanced NMR spectroscopies, EXAFS and chemical reactivity studies.

2.2
Catalytic Reactions and Elementary Steps

Pioneering works in this area started in the 1960s by polymer scientists
like D. Ballard at ICI and Y. Yermakov at the Novosibirsk Institute of Catal-
ysis [54, 55]. The need for polymers with better properties and for better
technologies (gas phase processes) has led to the development of various
strategies to obtain supported catalytic systems [56–58]. Here, we will con-
centrate on reactions leading to basic chemicals, and a comparison between
homogeneous and heterogeneous catalysts will be performed when possible.

2.2.1
Oxidation, Transesterification and Related Reactions

In industry, one of the key epoxidation processes, the production of propene
oxide from propene, uses a catalyst based on TiX4 supported on SiO2 [59].
After years of research, the nature of the active site is still not known. Model
studies by using surface organometallic chemistry or soluble analogues have
shown that the most active and selective site is probably the “tripodal”
system (Scheme 14) [44, 60–62]. These properties probably correspond to
a compromise between an accessible titanium centre and an increase of the
electrophilicity of the metal centre through the presence of the right num-
ber of siloxy substituents. Moreover, Tilley et al. have observed a similar
trend for their Ti-based catalyst systems, which are obtained by dispers-
ing mononuclear Ti siloxide complexes on various silica supports [27]. The
performance of the catalysts in the epoxidation of cyclohexene with cumyl-
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Scheme 14

hydroperoxide (CHP) can be ranked as follows: [Ti{OSi(OtBuO)3}4]/SBA-15
≈ [Ti(OiPr){OSi(OtBuO)3}3]/SBA-15 > [Ti(OtBu)3{OSi(OtBuO)3}]/SBA-15
� [Ti(OiPr)4]/SBA-15. Moreover, they have also shown that, in the case
of [(≡ SiO)Ti(OiPr){OSi(OtBuO)3}2], high surface area materials (SBA-15 >
MCM-41 > SiO2) and more importantly low loading of Ti, which assures a dis-
persion of the Ti centres, are critical to obtain good catalytic activities and
selectivities in agreement with the necessity to have isolated sites as already
shown in other studies [63].

Well-defined supported group 4 alkoxides also catalyze a variety of re-
action, such as the reduction of ketone through hydrogen transfer [64, 65],
the esterification of acids [66] or the transesterification of esters. In the
case of the transesterification, the conversion of methyl methacrylate into
its butyl derivative is efficiently catalyzed by [(≡ SiO)3Zr(acac)] (Scheme 15),
and seems stable under the reaction conditions (no leaching) [67]. An advan-
tage of a molecular approach to the preparation of heterogeneous catalysts
is that it has been possible to correlate the loss of activity with the build-up
of the corresponding n-butoxide derivatives, [(≡ SiO)3Zr(OBu)]. Therefore,
a simple regeneration procedure has been developed through the addition of
acetylacetone.

2.2.2
Olefin Metathesis

Olefin metathesis has been discovered on heterogeneous catalysts, which are
typically transition-metal oxides supported on oxide supports, for example
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Scheme 15

MoO3, WO3, and Re2O7 supported on silica, silica-alumina or alumina. These
systems usually work at high temperatures (150–450 ◦C), the exception be-
ing Re2O7/Al2O3, which can work at room temperatures [68–70]. In these
cases, the active site(s) is not known because of the complexity of these
systems, but it is now commonly accepted that metallocarbenes are proba-
bly formed and that they are the propagating species [71], even though the
mechanism of formation of such types of intermediates is still a matter of
debate. While they are used in industry to prepare basic chemicals, such
as propylene from ethylene and 2-butenes, they are, however, not compat-
ible with the usual functional groups, which prevents their use in the fine
chemical industry [72, 73]. On the other hand, a variety of well-defined mo-
lecular complexes have been prepared, and their use in the polymer and in
organic synthesis have started to emerge since they show good performances:
good tolerance to functional groups, good turnovers and good selectivities
(Scheme 16) [74–78].

One of the goals of surface organometallic chemistry is to combine the ad-
vantage of heterogeneous (simple processes, usually simple regeneration pro-
cedure) and homogeneous catalysis (well-defined systems, structure-activity
relationship, compatibility with functionalized olefins). Therefore, a fam-
ily of well-defined group 5–7 metallocarbenes and carbynes have been de-
veloped and fully characterized through surface organometallic chemistry
(Scheme 17) [79, 80].
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Scheme 16

Scheme 17

Their activities (initial rates in mol/mol/s) in propene metathesis under
identical experimental conditions (Table 1) are as follows: > Mo (0.53) ∼
Mo = NH (0.49) > Re (0.25) ∼ W (0.23) � Ta (inactive). While there is not
a significant difference between group 6 and 7 transition metals, Ta is not an
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effective catalyst as already observed in homogeneous catalysis (Table 2). It is
noteworthy that these catalyst precursors show much higher initial rates than
their heterogeneous analogues, while they are comparable to their homoge-
neous ones. Note however that a direct comparison is difficult since classical
heterogeneous catalysts are ill-defined and often contain less than 2% of ac-
tive sites.

The initiation step for metallocarbyne catalyst precursors is not well-
understood. But, in the case of Re, a well-defined metallocarbene, the ini-
tiation products have been detected: 0.7 equiv. of a 3/1 mixture of 3,3-
dimethylbutene and 4,4-dimethyl-2-pentene (Fig. 2) [81, 82].

Table 2 Initial rates for the metathesis of propene with various heterogeneous catalysts

Catalyst TOFa Rb

[≡ SiO – Ta(= CHtBu)(CH2tBu)2] Inactive(25) 103

[≡ SiO – Mo(≡ CtBu)(CH2tBu)2] 0.53(25) 500
[≡ SiO – Mo(= NH)(= CHtBu)(CH2tBu)] 0.47(25) 870
[≡ SiO – W(≡ CtBu)(CH2tBu)2] 0.23(25) 1700
[≡ SiO – Re(≡ CtBu)(=CHtBu)(CH2tBu)] 0.25(25) 500
MoO3/SiO2 0.004(400) –c

WO3/SiO2 –(400)[c] –c

Re2O7/SiO2 < 0.002(150) –c

MoO3/Al2O3 0.05–0.5(200) –c

WO3/Al2O3 0.1–1.0(300) –c

Re2O7/Al2O3 0.05–0.1(35) –c

a Initial or steady state rates in mol/mol/s at the temperature indicated in parentheses
b Substrate to catalyst ratio, for which the reaction reaches at least the thermodynamic
equilibrium
c Not readily calculated from the published data

Fig. 2 Quantification in the gas phase of 3,3-dimethylbutene and E 4,4-dimethyl-2-pentene
during propene metathesis (500 equiv.) catalyzed with 13 (1 equiv.) at 25 ◦C
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They correspond to the cross-metathesis of propylene with the neopentyli-
dene fragment (Scheme 18), and their relative ratio corresponds to a pho-
tograph of the active site as they are formed. Depending on how propylene
will approach the carbene, it will generate different metallacyclobutanes,
whose stabilities can direct the relative amounts of cross-metathesis (and self-
metathesis) products. This model is based on the following: the favoured
cross-metathesis product arises from the reaction pathway, in which [1,2]-
interactions are avoided and [1,3]-interactions are minimized (here shown
with both substituents in equatorial positions) [83].

It also explains the E/Z selectivity of products at low conversions (kinetic
ratio, Scheme 19). In the case of propene, a terminal olefin, E 2-butene is usu-
ally favoured (E/Z = 2.5 Scheme 19), while Z 3-heptene is transformed into
3-hexene and 4-octene with E/Z ratios of 0.75 and 0.6, respectively, which
shows that in this case Z-olefins are favoured (Scheme 20). At full conver-
sion, the thermodynamic equilibriums are reached to give the E-olefins as
the major isomers in both cases. For terminal olefins, the E olefin is the ki-
netic product because the favoured pathway involved intermediates in which
the [1,2]-interactions are minimized, that is when both substituents (methyls)
are least interacting. In the metathesis of Z-olefins, the metallacyclobutanes
are trisubstituted, and Z-olefins are the kinetic products because they in-
voke reaction intermediates in which [1,2] and especially [1,3] interactions
are minimized.

Scheme 18

Scheme 19
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Scheme 20

In the case of functionalized olefins, heterogeneous catalysts have usually
not performed well [84, 85]. Methyl oleate is the typical test substrate: the fol-
lowing order of stability towards the ester functional group for the different
SOM catalysts has been observed (based on the number of turnovers): Re ∼
W > Mo, which is similar to what has been described for related homoge-
neous systems. In the specific case of Re, 900 TON can be reached, while TON
for other Re-based heterogeneous catalysts do not exceed 200 [79, 84].

In conclusion, compared to classical heterogeneous catalysts, the catalysts
prepared by surface organometallic chemistry can be understood at a mo-
lecular level. The initiation step, often unclear for classical heterogeneous
catalysts is established. Moreover, they show a better tolerance towards func-
tional groups, and their activities at room temperatures are much higher.
Nonetheless, regeneration procedures are still to be developed. Secondly,
the catalyst precursor [(≡ SiO)– Re(≡ CtBu)(= CHtBu)(CH2tBu)] is as ac-
tive and more robust than its Re-based homogeneous system. For example,
[SiPOSSO – Re(≡ CtBu)(= CHtBu)(CH2tBu)] decomposed rapidly in the pres-
ence of olefins, and [[RF6O]2Re(= CHtBu)(≡ CtBu)] reaches 25 TON in the
metathesis of methyl oleate [86]. Yet, it is still far from the current best homo-
geneous systems such as [[RO]2Mo(= CHtBu)(= NAr)], which reaches initial
rates of 2–8 mol/mol/s and TON of the order of 10 000 (terminal and internal
olefins) [87, 88] or [Cl2Ru(= CHR)(PCy3)L], with TON exceeding 1/2 million
for various substrates (diallylmalonate, octene and methyl oleate) depending
on the substitution on the heterocyclic carbene ligand L [89].

2.2.3
Alkane Hydrogenolysis

Supported metal hydrides of early transition metals catalyze the hydrogenol-
ysis of alkanes at relatively low temperatures (50–150 ◦C) [29, 90–92]. Note-
worthy are their differences in product selectivities. For example, the hy-
drogenolysis of propane in the presence of a large excess of H2 gives a 1 : 1
mixture of ethane and methane in the case of zirconium hydride, a group 4
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metal, and only methane in the case of tantalum hydride, a group 5 metal
(Tables 3 and 4).

In the case of zirconium hydride, the hydrogenolysis of propane into a 1 : 1
mixture of methane and ethane is in good agreement with a β-alkyl transfer
as a key step for carbon-carbon bond cleavage (Scheme 21) [90, 93].

This mechanism is general for all alkanes, and for example the hydrogenol-
ysis of isobutane gives methane and propane as the primary products, and
overall a 2 : 1 ratio of methane and ethane at 100% conversion of isobutane.
Similarly, neopentane is transformed into a 3 : 1 methane/ethane mixture
(Table 3 and Scheme 22).

The case of butane is noteworthy since the selectivity at low conversions in-
dicates that there is no selectivity in the overall hydrogenolysis step between
n- and sec-butyl zirconium surface intermediates, while earlier studies had
shown that the n-alkyl zirconium complexes were more stable than sec-alkyl
derivatives (Table 3 and Scheme 23) [94].

Finally, the reaction has also been applied to a wide range of paraffinic
materials including polyolefins, which can transformed into lower alkanes

Table 3 Hydrogenolysis of alkanes catalyzed by zirconium hydride supported on silica

Zr–H Activity Product selectivity Final product
(mol P/mol Zr/h) at 0% conversion selectivity

Ethane 0 – –
Propane 70 CH4(50%)/C2H6(50%) CH4(50%)/C2H6(50%)
Isobutane 70 CH4(52%)/C3H8(47%)a CH4(67%)/C2H6(33%)
Butane 66 CH4(23%)/C3H8(20%)b CH4(60%)/C2H6(40%)
Neopentane 66 CH4(54%)/C4H10(40%)c CH4(75%)/C2H6(25%)

a Ethane (1.5%)
b Ethane C2H6 (54%)
c Propane (5%) and ethane (1%)

Table 4 Hydrogenolysis of alkanes catalyzed by tantalum hydride supported on silica

Ta–H Activity Product selectivity Final product
(mol P/mol Zr/h) at 0% conversion selectivity

Ethane 30 CH4(100%) CH4(100%)
Propane 12 CH4(55%)/C2H6(45%) CH4(100%)
Isobutane 24 CH4(55%)/C2H6(10%)/C3H8(35%) CH4(100%)
Butane 18 CH4(42%)/C2H6(38%)/C3H8(20%) CH4(100%)
Neopentane 6 –a CH4(100%)

a Since isobutane is hydrogenolyzed faster than neopentane, selectivity at 0% conversion
is difficult to measure in a batch reactor
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Scheme 21

Scheme 22

Scheme 23

under mild conditions, thus illustrating the Ziegler Natta depolymerization
(Scheme 24) [95].

In the case of tantalum, all alkanes including ethane are transformed into
methane as the sole gaseous product, which is in sharp contrast to group 4
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metal hydrides (Table 4). Carbon-carbon bond cleavage via a β-alkyl transfer
cannot account for such an observation (Scheme 25).

Comparing the product selectivity at low conversion in the hydrogenolysis
of 2,2-dimethylbutane for the two catalysts is noteworthy. Zirconium hydride
supported on silica does not produce neopentane, but only isopentane (10%)
as a C5 product in agreement with a β-alkyl transfer as a key step for the
carbon-carbon cleavage (no neopentane can be formed through this mechan-
ism, Scheme 25).

In contrast, tantalum hydride supported on silica gives mainly neopentane
(31%), which indicates that the mechanism of carbon-carbon bond cleavage
must involve the removal of one carbon at a time (in contrast to β-alkyl trans-
fer, which involves the removal of at least two carbons).

Note that the main difference between zirconium hydride and tantalum hy-
dride is that tantalum hydride is formally a d2 8-electron TaIII complex. On
the one hand, a direct oxidative addition of the carbon-carbon bond of ethane
or other alkanes could explain the products; such a type of elementary step
is rare and is usually a high energy process. On the other hand, formation of
tantalum alkyl intermediates via C – H bond activation, a process already ob-

Scheme 24

Scheme 25
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Scheme 26

served on such a system [96], followed by an α-alkyl transfer, a low energy
process, can readily explain the results (Scheme 26). Note that the α-alkyl
transfer step has not been observed in molecular organometallic chemistry,
but that there are several examples of the reverse steps [97, 98].

2.2.4
Alkane Metathesis

In the absence of H2 [(≡ SiO)2Ta – H] activates alkanes (RH) at low tempera-
tures to give the corresponding tantalum alkyl species, [(≡ SiO)2Ta – R] [52,
96], and H2 (vide supra), but above 80 ◦C acyclic alkanes are transformed into
their lower and higher homologues (Fig. 3) [99].

This catalytic reaction has been named alkane σ -bond metathesis since
alkyl fragments of alkane mixtures are exchanged. For example, propane is

Fig. 3 Product selectivity in the metathesis of various acyclic alkanes
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Table 5 Comparison of TaIII and TaV catalyst precursors in the metathesis of propane at
150 ◦C for 120 h

Catalysts TON Selectivities/%
C1 C2 Ca

4 Ca
5 C6

Ta – Hc 60 10.0 46.0 30.6/6.0 4.8/2.2 0.4
Ta = CHRd 35 12.8 47.7 22.2/13.4 3.5/2.5b 0.9b

a The n/i selectivities are reported for butanes and pentanes
b 2,2-dimethylpropane (tBuCH3, 1.05 equiv./Ta), 2,2-dimethylbutane (tBuCH2CH3, 0.30
equiv./Ta) and 2,2-dimethylpentane (tBuCH2C2H5, 0.11 equiv./Ta) are also formed; no
tBuCH2C3H7 is detected (< 0.1%)
c (SiO)2Ta – H
d (SiO)Ta(= CHtBu)(CH2tBu)2

mainly transformed into ethane and butanes along with smaller amounts of
methane, pentanes, and hexanes (Table 5).

This reaction is also catalyzed by TaV d0 catalyst precursors, such as
[(≡ SiO)Ta(= CHtBu)(CH2tBu)2] and [(≡ SiO)2Ta(= CHtBu)(CH2tBu)] [100,
101]. In the case of propane, the following product selectivities are ob-
served: methane, ethane, butanes, pentanes, and hexanes, and they are
similar to those obtained with tantalum hydride. Moreover, in this case, 2,2-
dimethylpropane (tBuCH2–H, 1.05 equiv./Ta), 2,2-dimethylbutane (tBuCH2–
CH3, 0.30 equiv./Ta), and 2,2-dimethylpentane (tBuCH2-CH2CH3, 0.11
equiv./Ta) are also formed; no tBuCH2-CH2CH2CH3 is, however, detected (<
0.1%). Overall they correspond to the cross-metathesis products of propane
and [(≡ SiO)Ta(= CHtBu)(CH2tBu)2] via C – H or C – C bond activation.
Note that the ratio of initiation products arising from carbon-carbon bond
activation tBuCH2–CH3/tBuCH2–CH2CH3 is 2.5.

In olefin metathesis (vide supra), we have observed the initiation prod-
ucts of the reaction of propene and [(≡SiO)Re(≡ CtBu)(= CHtBu)(CH2tBu)]:
tBuCH = CH2and trans-tBuCH=CHCH3(no cis tBuCH=CHCH3 is detected),
which are formed in a 3 : 1 ratio [32].

Note also that: (1) d0 TaV alkylidene complexes are alkane metathesis
catalyst precursors; (2) the cross-metathesis products in the metathesis of
propane on Ta are similar to those obtained in the metathesis of propene on
Re: they differ only by 2 protons; and (3) their ratio is similar to that observed
for the initiation products in the metathesis of propane on [(≡ SiO)Ta(=
CHtBu)(CH2tBu)2]. Therefore, the key step in alkane metathesis could prob-
ably involve the same key step as in olefin metathesis (Scheme 27) [101].

In the case of olefin metathesis, the selectivity in initiation products can be
understood in terms of minimization of the steric interactions in the metal-
lacyclobutane intermediates (vide supra), which are governed by the relative
position of the substituents: the metallacyclobutane with substituents in pos-
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Scheme 27

itions [1e, 3e] are more favoured than those having their substituents in the
[1e, 2e]-positions.

The product selectivities in propane metathesis can also be explained by
using the same model in which [1,3]- and [1,2]-interactions determine the
ratio of products. For instance, the butane/pentane ratios are 6.2 and 4.8 for
[(≡ SiO)Ta(= CHtBu)(CH2tBu)2] and [(≡ SiO)2Ta – H], respectively (Table 5).
A similar trend is observed for the isobutane/isopentane ratio, which are
4.1 and 3.0, respectively. The higher selectivity in butanes (the transfer of
one carbon via metallacyclobutanes involving [1,3]-interactions) than that of
pentanes (the transfer of two carbons via metallacyclobutanes involving [1,2]-
interactions) is consistent with this model (Scheme 28).

A key question remains: how is the olefin formed in the overall pro-
cess? Molecular tantalum complexes are known to undergo facile α- and β-H
transfer processes, leading to tantalumalkylidene and tantalum π-olefin com-
plexes, respectively (mechanism 9, Scheme 29) [98]. Moreover, olefin poly-
merization with tantalum complexes belongs to the rare case in which the
Green–Rooney mechanism seems to operate (Eq. 10, Scheme 29) [102]. Fi-
nally, intramolecular H-transfer between perhydrocarbyl ligands has been
exemplified (Eq. 11, Scheme 29) [103, 104].

Several mechanisms are possible, based on known elementary steps of mo-
lecular chemistry: for example one involving two Ta sites or one involving
a single tantalum site (Scheme 30).
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Scheme 28

Scheme 29

Note that, while this reaction (as well as alkane hydrogenolysis) involves
known elementary steps of molecular organometallic chemistry, it has not
been discovered in homogeneous catalysis. One reason might be that highly
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Scheme 30
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reactive intermediates are involved, which would easily decompose in an ho-
mogeneous system, such as via bimolecular deactivation pathways.

2.2.5
The Cross-Metathesis of Propane and Methane

While alkane metathesis is noteworthy, it affords lower homologues and es-
pecially methane, which cannot be used easily as a building block for basic
chemicals. The reverse reaction, however, which would incorporate methane,
would be much more valuable. Nonetheless, the free energy of this reaction is
positive, and it is 8.2 kJ/mol at 150 ◦C, which corresponds to an equilibrium
conversion of 13%. On the other hand, thermodynamic calculation predicts
that the conversion can be increased to 98% for a methane/propane ratio
of 1250. The temperature and the contact time are also important parame-
ters (kinetic), and optimal experimental conditions for a reaction carried in
a continuous flow tubular reactor are as follows: 300 mg of [(≡ SiO)2Ta – H],
1250/1 methane/propane mixture, Flow = 1.5 mL/min, P = 50 bars and T =
250 ◦C [105]. After 1000 min, the steady state is reached, and 1.88 moles of
ethane are produced per mole of propane consumed, which corresponds to
a selectivity of 96% selectivity in the cross-metathesis reaction (Fig. 4). The
overall reaction provides a route to the direct transformation of methane into
more valuable hydrocarbon materials.

Fig. 4 Methane-propane cross-metathesis catalyzed by tantalum hydride supported on
silica

2.2.6
Conclusion

This approach has allowed molecularly defined heterogeneous catalysts to be
developed. It is the first step towards the development of rationally designed
heterogeneous catalysts. While the performance of these catalysts are already
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impressive, there is still room for improvements: it should be possible to: 1)
simplify the preparation procedure, 2) investigate a larger variety of cata-
lysts (high-throughput experiments) and 3) understand how they deactivate
in order to implement rational regeneration strategies.

Additionally, grafting molecular entities on surfaces has already allowed
to discover several reactions: the low temperature hydrogenolysis of alkanes
including the depolymerization of polyolefins, the alkane metathesis and the
cross-metathesis of methane and alkanes. These two latter reactions can allow
higher molecular weight alkanes to be built.

Note that elementary steps involved in all these reactions are in fact
quite similar to those observed in molecular systems, but the fact that these
molecules are attached to a support often increases their reactivity and also
allows highly reactive intermediates to be generated so that novel reactions
can be discovered.

3
Surface Organometallic Chemistry on Metal Particles

3.1
Reaction of Organometallic Complexes with Particles of Transition Elements:
The Stepwise Hydrogenolysis of Metal-Carbon Bonds

Before studying the reaction of organometallic complexes with the surface
of metallic particles, it is necessary to define a metallic particle. Metallic
particles with diameters in the nanometer range (nanoparticles) are key com-
ponents of heterogeneous catalysis. Since, generally, only the surface metal
atoms are active, it is necessary to have solids with high dispersion, which
is the number of surface atoms against the total number of metal atoms
(= Ms/Mt). This is achieved by decreasing the size of the particles. Note that,
when reaching a critical size, the particles lose their activity in several cata-
lytic reactions. In several cases, particles below 8 Å in diameter exhibit poor
catalytic activity. Moreover, to avoid sintering, the particles are often sup-
ported on oxide supports (silica, alumina, ...).

The shape of the nanoparticles depends on numerous parameters such as
the nature of the metal and the support, the metal loading ... . Of the vari-
ous models of polyhedral metal particles [106], the cubooctaedral structure
can be used to represent small metallic particles (Scheme 31). Note that these
idealized structures can vary with the nature of chemisorbed species (vide in-
fra) and very subtle atomic rearrangements probably occur during catalytic
events.

For these structures, the surface metallic atoms (Ms) are located on the
(111) or (100) planes, on corners or on edges [107]. Note that the number of
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Scheme 31

atoms on each edge of a cuboctahedra (Nedge) is constant. In Scheme 31, ex-
amples of cubo-octahedral structures with 2, 3, 4, and 5 atoms per edge are
given, with the corresponding particle diameters (d) and dispersions (D).

The number of surface atoms can be determined by chemisorption of
probe molecules (H2, O2...), knowing the stoichiometry of the adsorbed
species. As an example, in the case of Pt, the stoichiometry of irreversibly ad-
sorbed hydrogen (H/Pts) and oxygen (O/Pts) at room temperature are both
close to 1/1 [108–111]. Knowing the total number of atoms (elemental analy-
sis) and the number of irreversibly adsorbed H and O, the dispersion of the
particles (D = Pts/Pt) is then easily obtained. Note that the dispersion of these
particles decreases when their size increases (Fig. 5).

These materials will be described by (i) the metal loading (elemen-
tal analysis); (ii) the surface area and porosity of the support (B.E.T. and

Fig. 5 Dispersion of a cubooctahedral particle as a function of diameter
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B.J.H. methods); (iii) the average diameter (T.E.M.) and/or the dispersion
(chemisorption of probe molecule) of the metallic particle. EXAFS will also
provide average coordination numbers, which decrease sharply as the particle
size decreases.

3.1.1
Tetraalkyl Compounds of the Group 14 Elements, the Case of SnBu4

The reaction between organometallic compounds of group 14 (M = Sn Ge,
Sn, Pb) and silica-supported transition metal particle M′/SiO2 (M′ = Rh, Ru,
Ni, ...) in the presence of H2 leads to the selective reaction of the metal
particle with the organometallic complexes via the hydrogenolysis of the
M – C bonds [112]. This yields the corresponding alkanes and the formation
of organometallic fragments grafted on the “host” surface. (M′

s) represents
a surface metal atom of the metallic particle, (mechanism 12).

M′
s + yMR4 +

4 – xy
2

H2 → M′
s[MRx]y + xyRH (12)

The extent of the reaction (number of M – C bonds hydrogenolyzed/MR4)
depends on the temperature of the reaction, the nature of the metals (M and
M′), the size of the “host” metal particle and the nature of the ligand. In the
last few years, careful studies of the hydrogenolysis conditions, in particular,
the selective hydrogenolysis of SnBu4 on a silica supported Pt catalyst was
carried out at different temperatures and for various SnBu4/M′

s ratio [113].
The reaction is performed in a volumetric apparatus, under H2 (P = 50 mbar).
The Pt particles of about 1.5 nm in diameter are supported on silica (Aerosil
200 m2/g from Degussa) with a metal loading of 1.57 wt %. Analysis of the
evolved gases during the reaction (Fig. 6) shows that only butane is formed
and that the hydrogenolysis proceeds by a stepwise cleavage of the Sn-alkyl
bonds.

Under 50 mbar of H2 and 50 ◦C, SnBu4 reacts selectively on the Pt surface
to form surface complexes of average formula Pts[SnBux]y. The empirical for-
mula (values of x and y) depend on the reaction time and on the Snint/Pts
ratio (Fig. 6). Note that under these conditions SnBu4 does not chemically
react with the silica surface, but it is fully physisorbed on the support [114].
In fact, when silica is contacted with SnBu4, IR spectroscopy shows a shift
of the ν(O – H) band of silica to lower wave numbers, i.e. from 3747 cm–1

to ca. 3700 cm–1, which results from van der Waals interactions between
the hydroxyl groups of the support and the butyl chains of adsorbed SnBu4
(Scheme 32).

The first step of the grafting process is probably the physisorption of Bu4Sn
on the surface of the support (higher surface area), which then migrates from
the support to the metal surface. Then, when the physisorbed complex inter-
acts with the surface Pt atoms covered by hydrogen atoms (Pts-Hx), there is
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Fig. 6 Amount of butane evolved (C4/Sn)during the reaction between SnBu4 and Pt/SiO2
at 50 ◦C and then at 400 ◦C, under 50 mbar of H2. SnBu4 introduced (Snintr) per platinum
surface atom (Pts) were 0.35 (0.25); 0.60 (0.57); 0.63 (0.69) and 0.85 (0.73). The numbers
in brackets are the quantity of Sn fixed per Pts, as measured by elemental analysis of the
final solid

Scheme 32

a selective hydrogenolysis of the Sn – C bond, with butane evolution. The ab-
sence of hydrogenolysis products (lower homologues of butane) is consistent
with the much lower bond dissociation energy of a Sn – C bond (201 kJ mol–1)
compared with a C – C bond (348 kJ mol–1).

Simultaneous measurements of both the amount of butane evolved and the
quantity of grafted organometallic fragments at increasing time of reaction
allows the stoichiometry of the surface complexes Pts[SnBux]y to be deter-
mined (Fig. 7). Furthermore, extrapolation to a low amount of Sn grafted
shows that a [Bu3Sn]yPts species is formed, which then rapidly evolved to-
wards more dealkylated species and finally to Pts[SnBu]y.

In fact, the reaction of SnEt4 on Pt surfaces covered by irreversibly ad-
sorbed hydrogen (and in the absence of H2) leads to the same type of species,
Pts[SnEt3]y, which is stable under these conditions (mechanism 13) and has
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Fig. 7 Reaction of SnBu4 on Pt particles supported on silica at 50 ◦C: evolution of the sto-
ichiometry of surface organotin species as a function of coverage and reaction time (see
time in square boxes)

been named a “primary surface complex” (PSC) [115, 116].

Pts – H + SnEt4 → PtsSnEt3 + Et – H (13)

It has been proposed that the formation of these species probably involves
a coordination of SnR4 to the Pt surface to form a pentacoordinated Sn inter-
mediate (Scheme 33) [117]. This proposed step is based on a detailed study
using SCF(CI) calculations [118] on the interaction between Sn(CH3)4 and
a reduced Rh13H20 cluster. The formation of this intermediate induces the
weakening of the Sn – C bond [119], which would facilitate the formation of
the Sn – Ms bond.

When gaseous H2 is present, the reaction does not end at the stage of the
PSC formation, and Pts[Sn(R)3]y undergoes further Sn – R hydrogenolysis
(Scheme 34).

At 50 ◦C, for coverage ranging from 0.35 to 0.85 Sn/Pts and after about
40 h of reaction, the number of remaining butyl group per grafted fragment
is close to one. There is formation of a rather stable monobutyl species with
an average stoichiometry: Pts[SnBu]y, (0.35 < y < 0.85).

Scheme 33
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Scheme 34

The formation of a stable monobutyl species obtained at 50 ◦C is also
further demonstrated by its hydrogenolysis at higher temperatures. In-
deed, treatment under H2 of the grafted surface organometallic complex,
Pts[SnBu]y, at 300 ◦C for 4 h generates about one butane per Sn along with
traces amounts of propane, ethane, and methane.

After treatment under H2 at 300 ◦C, naked Sn atoms are deposited on the
top of the “host” Pt surface as adatoms. These adatoms can be located on
specific sites of the “host” surface, such as faces, edges or corners. Increas-
ing the reaction temperature, the naked M “adatoms” can migrate into the
metallic particle lattice to form alloys (Scheme 35). These species were char-
acterized by various physical techniques such as RGN, Infrared spectroscopy,
TEM-EDAX, and EXAFS [113, 120–124]. Thus, EXAFS analysis at the Sn K-
edge (Scheme 35) gives 3 heavy backscatterers (Pt) at 0.272 nm and 1 light
atom (C) at 0.212 nm for the grafted fragment consistent with Pts[SnBu]y.
Four Pt atoms are found at 2.76 nm as first neighbours for the adatom and
more than 5 Pt at 2.78 nm for the alloy. Moreover, TEM analysis showed that

Scheme 35 Various steps observed during the hydrogenolysis of SnBu4 at the surface of
a Pt particle (sphere color-code: Pt brown, H blue, C white, Sn green)
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the average diameter of the particles increased from 1.5 nm for the “host”
Pt/SiO2 to 2.0 nm for the Pt – Sn/SiO2 (Sn/Pt = 0.3) alloy.

In summary, depending on the reaction temperature, it is possible under
H2 to obtain well-defined materials, in which a metal surface (the host) is
covered with Sn atoms covalently bound. At low temperatures (50 ◦C), Sn con-
serves one of its alkyl fragments. At higher temperatures (300 ◦C), Sn adatoms
are formed, but upon further increasing the reaction temperature (400 ◦C),
it can migrate into the Pt lattice to form an alloy. The presence of this guest
atom (Sn) and its ligand will affect the properties of the metal particles (as
already observed by the absence of hydrogenolysis).

Moreover, the reaction observed during the hydrogenolysis of SnR4 on a Pt
catalyst is quite general and can be extended to group 14 molecules (SnR4,
SiR4, GeR4 ...) and to various transition metals particles (Ni, Ru, Rh, Pd,
Pt ...).

They provide materials with considerable improved catalytic properties
(vide infra) either by the presence of the organometallic fragment itself [120,
125–127], by the presence of the adatoms [128, 129] or by the formation of the
surface alloys (vide infra) [116, 130–138].

3.1.2
Triphenyl Compound of Group 15 Elements, the Case of AsPh3

Similarly, the reaction of AsPh3, under H2, on Ni surfaces can be monitored
by measuring the variation of the arsine concentration with time at vari-
ous temperatures [139]. In the presence of Ni/Al2O3 (alumina: 250 m2/g; Ni
loading: 25 wt %, average diameter of the metallic particles: 6 nm; 18% of
dispersion) and H2 (12 bars), AsPh3 concentration decreases (Fig. 8a), and

Fig. 8 Kinetics of AsPh3 reaction at 303, 373 and 473 K under 12 bars of H2 on Ni/Al2O3
(Ni loading: 25 wt %, dispersion: 18%). a triphenylarsine concentration; b benzene + cy-
clohexane evolution
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Table 6 Quantity of AsPh3 fixed (Asfixed) and ratio C6/Asfixed at 303, 373 and 443 K, under
12 bars of H2, after 3 h of reaction

T/K Asint/Nit Asfixed/Nit Asfixed/Nis C6/Asfixed XRD

303 1.21 0.10 0.56 1.4 Ni
373 1.21 0.53 2.94 2.4 –
443 1.21 1.02 5.67 3.0 NiAs

C6 compounds (benzene + cyclohexane) are formed (Fig. 8b). Increasing the
temperature increases the initial reaction rate, but also strongly enhances
the amount of AsPh3 having reacted (Fig. 8a) and the quantity of C6 evolved
(Fig. 8b).

At low temperatures, cyclohexane is the only product observed at the be-
ginning of the reaction, but benzene becomes the only product formed after
about 100 min of reaction, which shows that the aromatic hydrogenation abil-
ity of Ni is suppressed (poisoning), probably through the deposition of As
on the Ni surface. At higher temperatures, benzene is the main compound
formed, regardless of the reaction time.

The quantity of AsPh3 fixed and C6 evolved after 3 h of reaction at 303, 373,
and 443 K, related to the amount of total Ni (Asfixed/Nit) or to the number
of surface atoms (Asfixed/Nis) as reported in Table 6 indicates that the reac-
tion of AsPh3 with Ni under H2 proceeds through a stepwise process, with
a progressive hydrogenolysis of the As – Ph bonds. Moreover, after reaction
at 443 K, the diffraction pattern of the solid presents clear lines at 33.6 and
50.5 2θ assigned to the NiAs phase (nickeline), thus showing that an alloy has
been formed.

The overall reaction pathway is probably similar to what has been pre-
sented for the reaction of SnBu4 with Pt particles, that is first hydrogenolysis
of the As – C bond to form Nis[AsPh2]y species, which rapidly evolves into
Nis[AsPh]y, Nis[As]y to give finally an alloy by migration of the As adatoms
into the Ni lattice as evidenced by the formation of Nickeline (NiAs) accord-
ing to XRD studies (Scheme 36).

The chemical events described above are the basis for the removal of ar-
sines (R3As) in crude oil or in raw gas condensates, which are known to cause
major environmental pollution, equipment corrosion and reduction of cata-
lyst life time (including automotive converters). It was recently demonstrated
that these compounds can be completely removed by feedstock hydrotreat-
ment on nickel-based catalysts under H2 at 160–200 ◦C [140].
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Scheme 36

3.1.3
Diphenyl Compound of a Group 12 Element, the Case of HgPh2

At 300 K, HgPh2 reacts with Ni/Al2O3 {HgPh2/Ni = 1, (Hg/Nis = 6)} in
less than 0.5 h to give mostly biphenyl (Ph – Ph) (Table 7) along with
small amounts of benzene (Bz), cyclohexane (Chxa), and phenylcyclohexane
(Ph – Chxa), while, under the same conditions, alumina does not exhibit any

Table 7 Reaction of HgPh2 with Ni/Al2O3 (50 mg, Nit = 0.183 mmol), H2 (1 bar), T =
303 K, heptane (10 mL), reaction time of each run = 0.5 ha

Run HgPh2
a Hgi

b HgPh2
c Ph-Phd Ph-Chxad C6

d Hgf
e Phf

e

(mmol) Nit (%) (mmol) (mmol) (mmol) (%) (%)

1 0.182 1.0 0 0.165 0.001 0.0314 100 91
2 0.364 2.0 0 0.354 0.003 0.0148 100 98
3 0.728 4.0 0 0.717 0.004 0.0142 100 99
4 1.092 6.0 7 1.070 0.006 0.0140 93 99

a HgPh2 corresponds to the cumulated amount of HgPh2 introduced into the reac-
tor 0.182 mmol of HgPh2 were introduced in run 1, then, after 0.5 h of reaction, 0.182
were added in run 2, followed successively every 0.5 h by 0.364 mmol of HgPh2 in run
3 and run 4.b Hgi/Ni corresponds to the amount of Hg introduced initially per Ni.
c HgPh2 remaining after each run. d Cumulated amount of products at the end of
each run; Ph – Ph, Ph – Chxa, C6 designate biphenyl, phenylcyclohexane and the sum of
benzene/cyclohexane respectively. e Hgf and Phf correspond to the mass balance in Hg
and organic compounds, respectively.
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Fig. 9 Kinetic of the HgPh2 hydrogenolysis on Ni/Al2O3 (0.1 g); heptane (10 mL),
T = 20 ◦C, H2 (1 bar), Hg/Ni = 0.54

Scheme 37 C – C bond cleavage or formation – Gault mechanism

reaction with HgPh2. The reaction is very fast as 0.182 mmol of HgPh2 reacts
in less than 0.5 h on 0.05 g of Ni/Al2O3 (re > 7 mmol h–1 g–1; Fig. 9).

After four consecutive runs (Table 7), the total quantity of HgPh2 intro-
duced represents about 6 HgPh2 per total Ni (Hg/Nit), that is 33 HgPh2/Nis.
There is a total decomposition of the HgPh2 introduced with formation of
mostly biphenyl along with a small amount of phenylcyclohexane (0.5%),
benzene, and cyclohexane (0.6%). Since the quantity of HgPh2 decomposed
by the surface nickel atom is about 33, this reaction is catalytic. Moreover, at
the end of the runs, 93% of the mercury introduced is recovered as metallic
Hg in the bottom of the reactor.

While the thermal decomposition of HgPh2 proceeds above 100 ◦C by sim-
ultaneous rupture of both Hg – C bonds with an activation energy of about
69 kcal/mole and formation of biphenyl as the primary product [141], the
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same reaction is catalyzed on the nickel atoms at room temperature. In con-
trast to Ni and As, Hg and Ni do not give alloy or amalgam, and the Hg atoms
adsorbed as “adatoms” on the surface are very mobile and can coalesce to
give metallic Hg (Scheme 37).

3.1.4
Conclusion

The reactivity of organometallic reagents (RxM) of group 12 and 14–15 with
metal surfaces in the presence of H2 have common features: the carbon-M
bond undergoes hydrogenolysis on metal particles to generate well-defined
species. At low temperatures, surface organometallic complexes are observed
in which the organometallic reagent has formed a covalent bond with the
metal surface, but has kept some of its alkyl ligands: M′

s[MRx]y. At higher
temperatures, the organometallic fragment looses all its original ligands to
form bonds exclusively with the surface of the metal to make adatoms, that
can further migrate into the metal lattice to form alloys. In the specific case
of Hg, this reaction is catalytic since it liberates a hydrocarbon and metallic
mercury. In the case of HgPh2 and AsPh3, it is in fact the fundamental basis
for a depollution process of crude oils. In the case of group 14 elements (Sn,
Ge, and Si), this type of reaction generates a family of new materials, which
have been used as catalysts since they display improved properties compared
to the parent metal surfaces as will be discussed hereafter.

3.2
Catalytic Reactions and Elementary Steps on Metallic Surfaces

3.2.1
Carbon-Carbon Bond Cleavage on Metallic Surfaces

Many important catalytic reactions imply formation or cleavage of carbon-
carbon bonds: for instance, the Fischer–Tropsch synthesis or the hydrogenol-
ysis, the dehydrocyclization, and the skeletal isomerization of hydrocarbons.
Some studies, in particular those of Basset [142–144], Garin, Gault and
Maire [145–150], Maitlis [151, 152], Pettit [153], Rooney [154], Zaera [155–
157] and Barteau [158, 159] suggested mechanistic relationships between
different processes implicating carbon-carbon bond cleavage or formation.
Many of these reports suggest elementary steps which are related or even
identical to those already found in molecular organometallic chemistry.

From a general point of view, a monometallic catalyst can be considered
as surface metal atoms linked together, forming an “ensemble” on the sur-
face [160].

There is no clear consensus in the literature, regarding the elementary
steps of carbon-carbon bond cleavage and formation on metallic surfaces.
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Scheme 38 C – C bond cleavage or formation on metallic surfaces as proposed by Basset
and Leconte

Gault and coworkers [149] have observed that the distribution of products ob-
tained by hydrogenolysis and isomerization of methylcyclopentane was the
same as those obtained with hexane. They proposed two competing mech-
anisms: a selective mechanism implying an α, α, β, β-tetra-adsorbed species
and a non-selective mechanism implying coordinated olefin and bis-carbene
intermediates (Scheme 38).

Leconte and Basset [161–166] proposed two other possible mechanisms
(Scheme 39): the first one implies a 1,2 carbon-carbon activation which in-
vokes the de-insertion of a methylidene fragment from a surface metal-alkyl
species, and the second implies a 1,3 carbon-carbon bond activation in which
the key steps are the formation of a dimetallacyle by γ -H activation from
a metal-alkyl followed by carbon-carbon bond cleavage via a concerted elec-
tron transfer.

One should note that these mechanisms imply only well-known elemen-
tary steps of molecular organometallic chemistry [167].

The 1,3-carbon-carbon bond activation (also called γ -H activation path-
way) has the advantage in that it explains several observations: (1) hexane
undergoes hydrogenolysis on an Ir/SiO2 catalyst at 200 ◦C (H2/hexane =
50/1), while no hydrogenolysis of ethane is observed up to 270 ◦C under simi-
lar conditions; and (2) the hydrogenolysis of hexane and cyclohexane have
common features (vide infra) [168].

Firstly, the difference between ethane and higher alkanes cannot be read-
ily explained by mechanisms such as those proposed by Gault (Scheme 38)
or 1,2-carbon-carbon activation mechanisms (Scheme 39), while the mechan-
ism involving γ -H activation does fully account for this observation. Given

Scheme 39 Proposed mechanism for C – C bond cleavage of cyclohexane and hexane
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Table 8 Distribution of C1 to C5 primary products in the hydrogenolysis of cyclohexane
or n-hexane over Ir/SiO2—Temp = 200 ◦C, H2/Alkane ratio = 50

CH4 C2H6 C3H8 C4H8 C5H10

Hexane 9 18 47 16 9
Cyclohexane 30 8 24 12 26

this mechanism, ethane cannot undergo hydrogenolysis under mild condi-
tions since formation of the necessary dimetallacyclopentane intermediate is
not readily possible.

Secondly, this mechanism (1,3-carbon-carbon bond activation) applies to
both acyclic and cyclic paraffins such as hexane and cyclohexane (Scheme 40
and Table 8). Kinetic studies on the hydrogenolysis of these alkanes are note-

Scheme 40
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worthy: when a mixture of a hydrocarbon and H2 is passed at high tem-
peratures through a catalytic bed (active sites of metal particles), there is
formation of hydrogenolysis products, which arise from adsorption-reaction-
desorption processes. By increasing the flow rate of the mixture through the
fixed bed, the contact time of the mixture with the active sites decreases and
thus, at very low contact time, only one process occurs leading to “primary”
products (kinetic products), which can give mechanistic information.

As a case study, the hydrogenolysis of alkanes over Ir/SiO2 will be studied
in detail, and the product selectivities at zero contact time for the hydrogenol-
ysis of hexane and cyclohexane are shown in Table 8.

From these data, some key information can be drawn: in both cases, the
couple methane/pentane as well as the couple ethane/butane have similar
selectivities. This implies that each couple of products (ethane/butane and
methane/pentane) is probably formed via a common intermediate, which
is probably related to the hexyl surface intermediate D, which is formed as
follows: cyclohexane reacts first with the surface via C – H activation to pro-
duce a cyclohexyl intermediate A, which then undergoes a second C – H bond
activation at the γ -position to give the key 1,3-dimetallacyclopentane in-
termediate B. Concerted electron transfer (a 2+2 retrocyclization) leads to
a non-cyclic ω-alkenylidene metal surface complex, C, which under H2 can
evolve towards a surface hexyl intermediate D. Then, the surface hexyl species
D can lead to all the observed products via the following elementary steps:
(1) hydrogenolysis into hexane; (2) β-hydride elimination to form 1-hexene,
followed by re-insertion to form various hexyl complexes (E and F); or (3)
a second carbon-carbon bond cleavage, through a γ -C – H bond activation
to the metallacyclic intermediate G or H (Scheme 40). Under H2, intermedi-
ate G can lead either to pentane/methane or ethane/butane mixtures, while
intermediate H would form ethane/butane or propane.

Moreover, while the change from cyclohexane to hexane as the reactant has
produced a large change in the relative selectivity of the methane/pentane
co-products with respect to other products, the ratio of propane to the
ethane/butane couple is very close (46/30 or 1.5 for hexane and 24/20 or 1.2
for cyclohexane, Table 8). This small variation compared with the very large
change in (methane + pentane) selectivity (18% for n-hexane, 56% for cy-
clohexane) suggests that the formation of ethane/butane is independent of
the formation of methane/pentane, that is that intermediate E is not a major
contributor to the formation of the ethane/butane couple.

Finally, the change in selectivity for the methane/pentane couple for the
two different substrates (18% for hexane, 56% for cyclohexane) can be ex-
plained as follows: in the case of cyclohexane, the C1 to C5 products are
formed through the second carbon-carbon bond cleavage via the hexyl
surface intermediate D whereas in the case of hexane, the initial carbon-
hydrogen bond activation step can lead to any of three alkyl surface inter-
mediates (D, E, and F) before arriving at the key metallacyclic intermediates
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G and H. This suggests that the isomerization of the surface alkyl fragments
inter-converting D, E, and F, is slow with respect to the second carbon-
hydrogen bond activation step and subsequent carbon-carbon bond cleavage.

Overall, this study shows that, like in molecular organometallic chemistry,
the chemistry on metal surfaces follows similar elementary steps, and that it
is possible to have a molecular understanding of catalytic phenomenon such
as paraffin transformations on metal particles.

3.2.2
Taming Carbon-Carbon Bond Cleavage on Metallic Surfaces,
the “Site Isolation” Effect

In some catalytic processes, it is necessary to avoid carbon-carbon bond
cleavage. For example, isobutane is mainly transformed into its lower alkane
homologues (hydrogenolysis products) on metal surfaces, while it can be con-
verted more and more selectively into isobutene when the Pt catalysts contain
an increasing amount of Sn (selective dehydrogenation process) [131].

Indeed, in the case of Pt particles, the first step involves a C – H bond ac-
tivation of isobutane to generate a M-[i –Bu] fragment (Scheme 41). While
this fragment can undergo β-H elimination to form isobutene and a metal hy-
dride, it can also undergo a second C – H activation (γ -H) since the fragment
is surrounded by other metal atoms to generate a dimetallacyclopentane. This
metallacycle can rearrange to give a surface methylene fragment and a propy-
lene molecule, which under H2 can give methane and propane as observed
experimentally. Alternatively, depending on the H2 pressure, the methylene
fragment may dehydrogenate further to a surface carbyne and eventually car-
bon adatom (carbide), leading to a coke deposit, which is one of the possible
ageing phenomenon with time on stream.

In conclusion, hydrogenolysis processes and coke formation occur on large
ensembles of surface platinum atoms [160], while dehydrogenation reac-
tions would proceed on single (isolated) Pt atoms [169]. The presence of tin
atoms regularly distributed on the metal surface diminishes the size of the
ensemble [130, 170–173], the same is observed for copper atoms on nickel
surfaces [174] or tin atoms on rhodium and nickel surfaces [137, 175–177],
leading to “site isolation” and therefore to selectivity.

In the case of PtSn systems, the increasing amount of Sn decreases the
probability of finding unaffected adjacent metal atoms, and it is therefore
more difficult to generate the dimetallacyclopentane intermediate, necessary
for the formation of the by-products (Scheme 42). Therefore, dehydrogena-
tion becomes the major pathway, and up to 98% selectivity is achieved with
catalysts containing a Sn/Pts ratio greater than ca. 0.8.

The effect of tin on the catalytic activity in terms of turn over frequencies
(TOF) is more complex. When Sn/Pts increases from 0 to 0.85, the catalytic
activity based both on the total number of Pt atoms or even on surface Pt
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Scheme 41

atoms (Pts) first increases dramatically and then drops. The increase of activ-
ity with addition of tin (from Sn/Pts = 0 to 0.6) is probably due to a slower
rate of coke formation, which poisons the active surface. Above a ratio of 0.6,
the activity of the catalyst based on total Pt atoms begins to decrease but
the activity based on surface Pt atoms, Pts, remains roughly constant. This
result is consistent with a structure insensitive catalytic activity in alkane de-
hydrogenation [170, 178, 179], which is reasonable since all isolated Pt atoms
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Scheme 42

can achieve in principle the C – H bond activation, leading to a Pt-isobutyl
fragment, which upon β-H elimination generates isobutene.

3.2.3
Selective Reactions on Modified Metal Surfaces: the Ligand Effect

Hydrogenation of α-β Unsaturated Aldehydes

When the hydrogenation of citral (α,β-unsaturated aldehyde) is performed
with a supported metal, for example Rh/SiO2 under classical conditions (li-
quid phase, rhodium particles dimensions 1.8 nm, rhodium dispersion 80%,
citral/Rhs = 200, (PH2) = 80 bars, T = 340 K) the catalytic activity is very high
but the reaction is not selective, unsaturated alcohol, saturated aldehyde, and
saturated alcohol are formed. On the other hand, when Rh/SiO2 is modified
by reaction with SnBu4 (Sn/Rhs = 0.95) to give RhsSnBu as a major surface
species, the catalytic activity is only slightly decreased while 3,7-dimethyl-2,6-
octenol, the unsaturated alcohol, is obtained with a selectivity greater than
95% [120]. This improvement in selectivity can be explained by the ligand
effect of [SnBu] fragments as illustrated in Scheme 43.

Scheme 43
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3.2.4
Selective Reactions on Modified Metal Surfaces:
Adatom Effect (Selective Site Poisoning)

Isomerization of 3-Carene into 2-Carene

Metals (Raney nickel or Ni/SiO2, Pd/C, ...) can easily catalyze the isomeriza-
tion of 3-carene into 2-carene (Scheme 44), but the selectivity is low, due to
the hydrogenation of the two isomers into carane.

Addition of very small amounts of Bu4Sn can completely transform the
performance of these catalysts by poisoning the hydrogenation sites. For
example, when a Ni0/SiO2 catalyst is used, the best result corresponds to
a 2-carene yield of 30%, with at least 30% of the carenes transformed into
by-products. Addition of 0.04 mole of Bu4Sn/Nis results in an increase of the
yield of 2-carene, up to 37%, and a decrease of the amount of by-products to
less than 10%. In this case, tin is present as adatoms on the most hydrogenat-
ing sites (very likely those situated on the faces rather than on corners and
edges).

Scheme 44

Dehydrogenation of 2-Butanol into Butanone

The Raney nickel is a very efficient catalyst for the dehydrogenation of
2-butanol into butanone (Scheme 45) with a good selectivity (90%). But, for
industrial applications selectivities as high as 99% are required. This can be
achieved by poisoning some sites by reaction with Bu4Sn (the best results are
obtained with a Sn/Ni ratio of 0.02), which probably occurs first on the sites
responsible for the side reactions. The consequence is a slight decrease of the
catalytic activity and an increase of the selectivity in 2-butanone which can
reach 99%. This catalyst, developed by IFP, has been used commercially in
Japan for several years [180].

Scheme 45
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3.2.5
Selective Reactions on Modified Metal Surfaces: The Case of Alloys

Selective Hydrogenolysis of Esters and Acids to Aldehydes and Alcohols

Hydrogenolysis of esters to aldehydes or alcohols needs high temperatures
and high pressures. Moreover, it leads to the formation of acids, alcohols,
and hydrocarbons. In contrast, bimetallic M – Sn alloys (M = Rh, Ru, Ni)
supported on silica are very selective for the hydrogenolysis of ethyl acetate
into ethanol [181]. For example while the selectivity to ethanol is 12% with
Ru/SiO2, it increases up to 90% for a Ru-Sn/SiO2 catalyst with a Sn/Ru ratio
of 2.5 [182]. In addition, the reaction proceeds at lower temperatures than
with the classical catalysts (550 K instead of temperatures higher than 700 K).
The first step is the coordination of the ester to the alloy (Scheme 46), and
most probably onto the tin atoms. After insertion into the M – H bond, the
acetal intermediate decomposes into acetaldehyde and an ethoxide interme-
diate, which are both transformed into ethanol under H2.

Scheme 46

3.2.6
Conclusion

It is clear that a molecular understanding of phenomena on surfaces, ele-
mentary steps, help to understand how to improve catalytic systems through
a structure-activity relationship. While there is still room for improvement,
it should lead, in the near future, to a more rational design of heterogeneous
catalysts and to the application of metals modified by surface organometallic
chemistry to a larger number of reactions.
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4
General Conclusion

Structural Similarities and Differences between Molecular
and Surface Organometallic Chemistry

It is first necessary to distinguish the surface organometallic chemistry on
metals and on oxides since one deals with a large ensemble of metals, while
the others generate dispersed metal atoms attached covalently onto the sup-
port.

In the latter case, grafting of molecular organometallic complexes provides
well-defined surface structures when the pre-treatment of silica is controlled,
that is the complex can be bound via one or two covalent bonds with the surface
of the support. In fact, the oxide supports can be considered more like bulky
ligands, typically η1-X or η2-X2 ligands in the Green formalism, and in some
cases as η3-X3 or even LX ligands. Therefore, the structures on oxide surfaces
are not very different from those observed in molecular chemistry. In fact, the
NMR data obtained in solution are usually very close to what is obtained for
the corresponding surface complexes. Moreover, additional ligands can be ob-
served by EXAFS such as oxygen of the surface (siloxane bridges); they could
correspond to solvent molecules in the solution phase.

While structurally equivalent, they usually differ from a reactivity point of
view. Firstly, the organometallic reagent, after reaction with the surface, read-
ily extrudes extra ligands upon reaction with surface silanols, while they can
give a stable adduct in solution.

Surface species are in general more stable than their molecular equiva-
lents, and show unprecedented activities. By replacing an alkyl substituent by
a siloxy group, a tremendous increase in the reactivity of the metal centre is
seen: it changes inactive organometallics into highly active olefin metathesis
catalysts for example. Additionally, alkane hydrogenolysis and metathesis are
observed on supported complexes, while so far the corresponding hydrides or
alkyl complexes have been quite unreactive towards alkanes [183, 184]. This is
probably due to the use of solid ligands, which prevents dimerization deacti-
vation pathways.

In the case of metallic particles, we have shown that the elementary steps
are similar to those observed in standard organometallic chemistry, but it
is governed by the presence of ensembles of atoms, which can allow multi-
ple C – H bond activations. Moreover, since the metallic particles are electron
reservoirs, they can easily participate further in electron transfer processes
necessary for cleaving the carbon-carbon bond skeleton of molecules. It is
possible to control their reactivity via controlling the coordination sphere of
these metal surfaces through the reaction of organometallic reagents. By this
method, it is possible to generate selectively: (1) grafted organometallics on
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metallic particles; (2) adatoms; or (3) alloys, which show different selective
catalytic properties compared to the original metal particles.
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Abstract This review is a summary of supported metal clusters with nearly molecular
properties. These clusters are formed by adsorption or surface-mediated synthesis of
metal carbonyl clusters, some of which may be decarbonylated with the metal frame es-
sentially intact. The decarbonylated clusters are bonded to oxide or zeolite supports by
metal–oxygen bonds, typically with distances of 2.1–2.2 Å; they are typically not free of
ligands other than the support, and on oxide surfaces they are preferentially bonded at
defect sites. The catalytic activities of supported metal clusters incorporating only a few
atoms are distinct from those of larger particles that may approximate bulk metals.
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bonded to · Clusters reactivities and catalytic activities

Abbreviations
EXAFS Extended X-ray absorption fine structure
TEM Transmission electron microscopy
TOF Turnover frequency

1
Introduction

The typical solid catalyst used in technology consists of small catalytically
active species, such as particles of metal, metal oxide, or metal sulfide, dis-
persed on a low-cost, high-area, nearly inert porous support such as a metal
oxide or zeolite. The catalytic species are typically difficult to characterize in-
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cisively because they are so small and nonuniform. The nonuniformity often
corresponds to a low selectivity in catalysis.

In contrast to the typical supported catalyst, molecular catalysts such
as organometallic complexes in solution offer the advantages of accessibil-
ity to reactants and uniqueness of structure that may confer high activity
and selectivity. Organometallics anchored to solid supports may offer the
same advantages if they are sufficiently accessible and nearly uniform (mo-
lecular analogues). Most supported organometallics are mononuclear metal
complexes—but instead they may be polynuclear (metal clusters). The sub-
ject of this chapter is supported metal clusters that are molecular analogues.

Most successful catalysts present metal centers for bonding of reactant lig-
ands. Attempts to prepare supported molecular catalysts incorporating metal
centers have typically been made with organometallic precursors that react
with a support to give anchored complexes. The support provides ligands,
which may simply be those naturally present on the surface (e.g., oxygen and
hydroxyl groups on metal oxides) or, alternatively, may be tethered groups
such as phosphines. When the goal is precise synthesis to give a uniform, se-
lective supported catalyst, the precursors of choice are those that react cleanly
and uniquely with the support ligands. Organometallics are preferred over
metal salts as precursors because they usually allow more easily controlled
and better-characterized syntheses and give more uniform surface species
than salts. However, preparation of uniform species on supports is difficult,
whatever the precursor, because of the inherent nonuniformity of most sur-
faces, even those of single crystals.

The goal of precise synthesis of supported mononuclear and polynuclear
metal complexes can be traced to the early work of Yermakov [1], Ballard [2],
and others. Their work stimulated the lively field referred to as surface
organometallic chemistry [3–6]. The success and importance of precise syn-
thesis of supported “molecular” catalysts are illustrated by the application of
supported metallocene catalysts for industrial alkene polymerization [7].

Most of the work on supported catalysts with nearly uniform structures
has been dedicated to mononuclear metal complexes. Our focus is instead on
polynuclear metal complexes, which have been much less thoroughly inves-
tigated. These clusters are important in catalysis, because, like metal surfaces,
they offer neighboring metal sites for bonding and reaction [8], and many im-
portant catalytic reactions require such sites. Most industrial supported metal
catalysts incorporate metal particles much larger than the clusters of inter-
est here; however, some industrial catalysts, including those used for naphtha
reforming to convert straight-chain alkanes (e.g., n-hexane) into aromatics
(e.g., benzene), incorporate clusters of only about ten Pt atoms each, on aver-
age [9]. Other industrial supported metal catalysts incorporate even smaller
clusters, along with larger particles [10]. Some of the recent motivations for
research on supported metal clusters are reports that the catalytic activity of
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supported gold clusters is dramatically different from that of bulk gold and is
strongly cluster size dependent [11].

This review of the chemistry of supported metal clusters addresses the
following topics: (1) synthesis on support surfaces; (2) structural character-
ization by spectroscopy, microscopy, and other methods; (3) reactivity; and
(4) catalysis. The focus is on structurally simple and relatively well charac-
terized samples (although it is emphasized that the standard of structural
understanding of surface species is far below than that of molecular species
or crystalline structures). The available results demonstrate (1) chemistry
of supported organometallic clusters mimicking that of organometallic clus-
ters in solution; (2) insights into the properties of industrial supported metal
catalysts (which are highly nonuniform in structure); and (3) fundamental
understanding of catalysts at a depth that is unusual for solids.

2
Chemistry of Supported Metal Clusters

2.1
Monometallic Clusters

2.1.1
Synthesis of Metal Carbonyl Clusters and Decarbonylated Clusters

2.1.1.1
Introduction

Metal clusters on supports are typically synthesized from organometallic
precursors and often from metal carbonyls, as follows: (1) The precursor
metal cluster may be deposited onto a support surface from solution; or (2)
a mononuclear metal complex may react with the support to form an ad-
sorbed metal complex that is treated to convert it into an adsorbed metal
carbonyl cluster; or (3) a mononuclear metal complex precursor may react
with the support in a single reaction to form a metal carbonyl cluster bonded
to the support. In a subsequent synthesis step, metal carbonyl clusters on
a support may be treated to remove the carbonyl ligands, because these oc-
cupy bonding positions that limit the catalytic activity.

These synthesis methods, among others, are reviewed in detail else-
where [12], and only a brief summary is presented here.
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2.1.1.2
Adsorption of Intact Cluster Precursors

Neutral metal carbonyl clusters exemplified by Ir4(CO)12, Ir6(CO)16, and
Rh6(CO)16 are adsorbed intact from solution (e.g., n-pentane) onto more-or-
less neutral supports such as γ -Al2O3 or TiO2. The clusters on these supports
can often be extracted intact into solutions such as tetrahydrofuran.

In contrast, when neutral metal carbonyl clusters are adsorbed on ba-
sic supports such as MgO or La2O3, surface anions typically form (e.g.,
[HIr4(CO)11]– and [Ir6(CO)15]2– from Ir4(CO)12 and Ir6(CO)16, respectively).

2.1.1.3
Surface-Mediated Synthesis:
Efficient Routes to Preparation of Metal Carbonyl Clusters

Supported metal carbonyl clusters are alternatively formed from mononu-
clear metal complexes by surface-mediated synthesis [5, 13]; examples are
[HIr4(CO)11]– formed from Ir(CO)2(acac) on MgO and Rh6(CO)16 formed
from Rh(CO)2(acac) on γ -Al2O3 [5, 12, 13]. These syntheses are carried out
in the presence of gas-phase CO and in the absence of solvents. Synthesis of
metal carbonyl clusters on oxide supports apparently often involves hydroxyl
groups or water on the support surface; analogous chemistry occurs in solu-
tion [14]. A synthesis from a mononuclear metal complex precursor is usually
characterized by a yield less than that attained as a result of simple adsorp-
tion of a preformed metal cluster, and consequently the latter precursors are
preferred when the goal is a high yield of the cluster on the support; an excep-
tion is made when the clusters do not fit into the pores of the support (e.g.,
a zeolite), and a smaller precursor is needed.

Synthesis of metal carbonyl clusters on oxide surfaces (followed by ex-
traction into a solvent and workup) is occasionally a more convenient and
efficient method for preparation of a metal carbonyl cluster than conventional
solution chemistry. This synthetic strategy offers the green chemistry advan-
tage of minimizing solvent use, as the reaction often occurs in the absence of
solvent.

The field of surface-mediated synthesis of metal carbonyl clusters has de-
veloped briskly in recent years [4–6], although many organometallic chemists
still seem to be unfamiliar with the methods or consider themselves ill-
equipped to carry them out. In a typical synthesis, a metal salt or an
organometallic precursor is brought from solution or the gas phase onto
a high-area porous metal oxide, and then gas-phase reactants are brought in
contact with the sample to cause conversion of the surface species into the
desired products. In these syntheses, characteristics such as the acid–base
properties of the support influence the chemistry, much as a solvent or core-
actant influences the chemistry in a conventional synthesis. An advantage of
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this chemistry with gas-phase reactants and those dispersed on solid surfaces
is the opportunity for spectroscopic characterization of the products, includ-
ing intermediates, in the absence of complicating solvent effects.

An early example of surface-mediated synthesis led to the conversion of
Os3(CO)12 into [Os5C(CO)14]2– [13]. Quantitative characterization of the for-
mation of this cluster on MgO by 13C NMR spectroscopy [15] showed that
the synthesis gave [Os5C(CO)14]2– in a yield of about 65%; other products
included triosmium and tetraosmium carbonyl clusters. A schematic repre-
sentation of the surface chemistry is shown in Fig. 1.

Intermediates were also observed in the synthesis of a neutral cluster,
Ir4(CO)12, from Ir(CO)2(acac) in the cages of zeolite NaY; these were charac-
terized by IR and extended X-ray absorption fine structure (EXAFS) spectro-
scopies, the latter being a technique ideally suited to investigation of small,
highly dispersed species present in small amounts in solids. The spectra in-
dicated dimeric intermediates, possibly Ir2(CO)8 [16], when the reaction was
carried out in the near absence of water in the zeolite; in contrast, the reac-
tion in the dehydrated zeolite was faster, and no evidence of intermediates
was observed [16].

Major recent developments in efficient surface organometallic synthesis
have been reported by the group of Ugo [5], who recognized the value
of tuning the basicity of the support surface on which the synthesis takes
place. They modified SiO2 by addition of bases such as Na2CO3 and K2CO3
and changed the reaction environment, for example, varying the content of
CO and water; they used the methods to synthesize Rh4(CO)12, Rh6(CO)16,
[Rh5(CO)15]–, and [Rh12(CO)30]3–, for example [5].

Fig. 1 Surface-mediated synthesis of osmium carbonyl clusters on the surface of MgO
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Syntheses in which a reaction of a mononuclear metal complex precursor
gives a tethered metal cluster are rare; an early example is the formation of
a tetrairidium carbonyl on a phosphine-functionalized polymer [17].

2.1.1.4
Decarbonylation of Supported Metal Carbonyl Clusters

Supported metal carbonyl clusters such as [Os5C(CO)14]2–, Ir4(CO)12, and
Rh6(CO)16 are relatively stable and are often used as precursors of other
supported metal clusters. Most attempts to investigate the reactivities of sup-
ported metal carbonyl clusters have led to the loss of uniformity of the
supported species. Treatments intended to remove the CO ligands from sup-
ported metal carbonyl clusters typically lead to aggregation to form nonuni-
form mixtures of clusters and/or fragmentation to form cationic complexes
of the metal (support hydroxyl groups may facilitate oxidative fragmenta-
tion) [12, 14].

Early interest in forming uniform de-ligated clusters on supports was
strong, because these materials were envisaged as a link between molecu-
lar metal clusters and the (nonuniform) particles in conventional supported
metal catalysts [18]. However, interest in this chemistry declined precipi-
tously as it became evident that most synthetic approaches led to nonuni-
form samples. Perseverance in the research, however, led to high yields of
structurally simple supported clusters such as Ir4, Ir6, Rh6, and Os5C by
mild decarbonylation (in inert gas or in H2) of supported clusters such
as Ir4(CO)12 (or [HIr4(CO)11]–), Ir6(CO)16 (or [Ir6(CO)15]2–), Rh6(CO)16,
or [Os5C(CO)14]2–, respectively [12]. Trial-and-error experimentation deter-
mined the conditions of decarbonylations that occur without significant ag-
gregation of the metal, as indicated by EXAFS spectroscopy. Yields of the
decarbonylated products have not been determined as quantitatively as one
would wish. (Characterization of the decarbonylated samples is presented
later.)

Although decarbonylation of supported metal carbonyl clusters sometimes
occurs almost without changes in the metal frames, the chemistry is complex
and only partially understood. When decarbonylation takes place at elevated
temperatures (depending on the support), migration and aggregation of the
metal inevitably occur, and these processes are less well understood than the
decarbonylation with near retention of the metal frame.

For example, treatment of MgO-supported [HIr4(CO)11]– in flowing He
at 573 K caused essentially complete removal of the CO ligands, as shown
by IR and EXAFS spectra, with the Ir4 tetrahedra remaining essentially in-
tact, as shown by EXAFS spectra [12]. IR spectra indicated the formation of
carbonate and formate on the basic MgO, which evidently was not an inert
platform [19]. When the decarbonylation took place in the presence of H2,
the iridium aggregated into larger clusters more readily than when the de-
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carbonylation took place in the presence of He. Similar results pertain to the
decarbonylation of neutral clusters of Ir and of Rh and to anionic clusters of
these metals other than [HIr4(CO)11]– [12].

The decarbonylation of oxide-supported metal carbonyls yields gaseous
products including not just CO, but also CO2, H2, and hydrocarbons [20]. The
chemistry evidently involves the support surface and breaking of C – O bonds
and has been thought to possibly leave C on the clusters [21]. The chemistry
has been compared with that occurring in Fischer–Tropsch catalysis on metal
surfaces [20]; support hydroxyl groups are probably involved in the chem-
istry.

2.1.1.5
Decarbonylation and Recarbonylation of Supported Metal Clusters

When Ir4(CO)12 in the cages of zeolite NaY was decarbonylated by treat-
ment in H2 at 573 K and treated again in CO, the Ir4(CO)12 clusters were
not reformed [22]. In contrast, when the sample containing the decarbony-
lated Ir4(CO)12 was cooled to liquid nitrogen temperature and treated in CO,
IR spectra indicated that the iridium clusters were oxidatively fragmented,
giving structures represented as Ir(CO)2 or Ir(CO)3 bonded to the zeolite.
When these were treated in CO as the temperature was raised, they reformed
Ir4(CO)12 at about 323 K. As the temperature was raised further to about
398 K, the Ir4(CO)12 was converted into Ir6(CO)16. The synthesis chemistry
appears to be similar to the solution chemistry of the cluster formation from
hydrated IrCl3 in CO under mild conditions (423 K and 1 atm) [23]; this is an
example of surface-mediated cluster synthesis that is analogous to the solu-
tion synthesis [24]. Knowledge of the solution synthesis chemistry provides
a good foundation for prediction of the appropriate surfaces and conditions
for surface-mediated synthesis.

2.1.1.6
Structures

There are no known examples of supported clusters dispersed in crystallo-
graphically equivalent positions on a crystalline support. Thus, no structures
have been determined by X-ray diffraction crystallography, and the best avail-
able methods for structure determination are various spectroscopies (with
interpretations based on comparisons with spectra of known compounds)
and microscopy. The more nearly uniform the clusters and their bonding to
a support, the more nearly definitive are the spectroscopic methods; how-
ever, the uniformities of these samples are not easy to assess, and the best
microscopic methods are limited by the smallness of the clusters and their
tendency to be affected by the electron beam in a transmission electron mi-
croscope; furthermore, most supported metal clusters are highly reactive and
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change upon exposure to air, which almost always precedes examination by
transmission electron microscopy (TEM).

A few supported metal clusters have been imaged by TEM, with sharp
images having been obtained for clusters on MgO that were inferred to be
predominantly [Os5C(CO)14]2– and Os5C formed by its decarbonylation [25].
The image in Fig. 2 shows scattering centers with sizes expected for pen-
taosmium clusters, mixed with some smaller clusters inferred to be inter-
mediates in their synthesis from Os3(CO)12 [15]. The images are consis-
tent with EXAFS spectra indicating that the predominant supported species
were [Os5C(CO)14]2– ions; IR and 13C NMR spectra also support the infer-
ence [15].

Good images indicating nearly uniform clusters of other metals are lack-
ing, but evidence from EXAFS spectroscopy, combined with IR spectroscopy
and extraction of clusters into solution, has provided a basis for structure
determination of a number of small metal carbonyl clusters and clusters
formed by their decarbonylation. Compilations of these are reported else-
where [6, 12, 26].

For example, clusters identified by IR spectra and extraction as Ir4(CO)12
on γ -Al2O3 were found by EXAFS spectroscopy to have an Ir–Ir coordina-
tion number of nearly 3, consistent with the tetrahedral structure of the
metal frame; EXAFS spectroscopy produces the equivalent result for solid
Ir4(CO)12 [27]. EXAFS spectroscopy is the most appropriate method for de-
termination of framework structures of supported clusters, but it is limited
by the errors to clusters with at most about six metal atoms. Thus, it has been
used to determine frameworks that are triangular (EXAFS first-shell metal–
metal coordination number of 2), tetrahedral (EXAFS first-shell metal–metal
coordination number of 3), and octahedral (EXAFS first-shell metal–metal

Fig. 2 High-resolution transmission electron micrograph of [Os5C(CO)14]2– on MgO. This
cluster was present with osmium carbonyl clusters with lower nuclearities (containing
three and four Os atoms) [25]
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coordination number of 4, sometimes bolstered by a second-shell metal–
metal coordination number of 1, but unusually good data are required to
determine the latter). Because the errors in the EXAFS-determined coordi-
nation numbers are relatively large (typically, ± 20%; details are presented
elsewhere [26]) and because the clusters do not have unique structures, these
framework structures are approximations that would benefit from further
scrutiny, for example, by microscopy and theory.

Calculations on the basis of density functional theory have been used to
check the structure of Rh6 clusters supported on zeolite X; the results indicate
a slightly twisted prism, nearly matching the octahedron inferred on the basis
of the EXAFS data [28, 29]. (These clusters were inferred not to be bare but to
have hydride ligands, as described later).

2.1.1.7
Bonding of Clusters to Supports

The interactions between metals and supports in conventional supported
metal catalysts have been the focus of extensive research [12, 30]. The sub-
ject is complex, and much attention has been focused on so-called strong
metal–support interactions, which may involve reactions of the support with
the metal particles, for example, leading to the formation of fragments of an
oxide (e.g., TiO2) that creep onto the metal and partially cover it [31]. Such
species on a metal may inhibit catalysis by covering sites, but they may also
improve catalytic performance, perhaps playing a promoter-like role.

The literature of metal–support interactions includes little about the pos-
sible chemical bonding of metal clusters or particles to supports. Supported
“molecular” metal clusters with carbonyl ligands removed have afforded op-
portunities to understand the metal–support interface in some detail, and
the results provide insights into the bonding of clusters to supports that ap-
pear to be generalizable beyond the small clusters to the larger particles of
conventional supported metal catalysts [6].

Structural information about the metal–support interface is provided by
EXAFS spectroscopy. The EXAFS data provide average structural information
and are most informative when the samples are most nearly uniform.

EXAFS results characterizing metal–oxygen (M– O) contributions in nu-
merous oxide- and zeolite-supported metal clusters (where M is Ru, Rh,
Ir, Os, Pt, etc) indicate distances in the range 2.1–2.2 Å [12, 30]. Other
metal–oxygen contributions at a distance of typically 2.6 or 2.7 Å (referred
to as M– Ol contributions, where l refers to long, in contrast to M– Os,
where s refers to short) are also commonly observed for oxide- and zeolite-
supported transition metal clusters [30]. The shorter M(– Os) distances are
bonding distances, essentially matching those in supported metal complexes
and those indicated by the crystal structures of molecular metal complexes
in which metal ions are bonded to oxygen, exemplified by compounds
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that are analogues of supported metal complexes, including, for example,
[Ru(CO)2(OCOCF3)(µ – OSiMe2CH2PPh2)]2 and [Re(CO)3(µ3 – OH)]4 [6].

Calculations at the density functional level have been used to repre-
sent cluster–support combinations, including representations of the cluster–
support interface. The results provide evidence of metal–oxygen bonds, in-
cluding bond distances and strengths [28, 29, 32]. Results representing Ir4 in
zeolite NaX (chosen as a protypical support because of its crystallinity and
relative uniformity), for example, with the clusters assumed to be present
at six-rings, as shown in Fig. 3, indicate Ir – Os distances of about 2.2 Å, in
good agreement with the EXAFS values of about 2.1–2.2 Å typical of oxide-
and zeolite-supported iridium clusters [32]. Similarly, theoretical results rep-
resenting Os5C on MgO (Fig. 4) indicate Os – Os distances of about 2.1 Å, in
good agreement with the EXAFS value of 2.0 Å [15, 33]. (However, the clusters
in these samples are inferred not to have been bare—see the next section for
elaboration on this point).

The longer metal–oxygen distances of about 2.6 Å observed by EXAFS
spectroscopy for these and related supported metal clusters suggest weak
interactions between the metal and surface oxygen atoms; these EXAFS con-
tributions are not determined with as much confidence as those characterized
by the shorter distances, and the interactions are not well understood.

A result of the calculations at the density functional level is that the shorter
metal–oxygen distances are bonding distances indicative of metal cations at
the metal–support interface. The bonds are rather strong, in line with theor-
etical results representing supported mononuclear metal complexes, and they
help to explain the stability of extremely small metal clusters on supports. The
results confirm the essential agreement between the EXAFS spectra charac-
terizing the shorter metal–oxygen distances in supported mononuclear metal
complexes and those in supported metal clusters (even including particles
markedly larger than the clusters considered here) [6].

Fig. 3 Ir4 cluster supported at the six-ring of zeolite NaX as represented by density func-
tional theory; samples were characterized by Extended X-ray absorption fine structure
(EXAFS) spectroscopy and other techniques [32]
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Fig. 4 Osmium clusters supported on MgO(001): a Os5C/Mg13O5 and b Os5C at a surface
point Vs defect site [33]; these were represented by density functional theory, and the
samples were characterized by EXAFS spectroscopy, transmission electron microscopy,
and other techniques [15]

Theoretical results characterizing Rh6 in zeolite X confirm the inference
that the metal atoms in metal clusters and particles at the metal–support in-
terface are positively charged (Fig. 5) [28, 29]. (However, the Rh6 clusters are
inferred not to have been bare—see the next section.) The positive charge of
the metal frame is borne almost entirely by the atoms at the metal–support
interface; those farther from the interface are essentially uncharged. The the-
oretical result is consistent with the EXAFS results and bolsters the conclusion
that supported metal clusters are bonded to supports by metal–oxygen bonds
with distances of about 2.1–2.2 Å [28, 29] (the value calculated for Rh6 on the
zeolite was 2.2 Å). The Mulliken charge of a Rh atom at the metal–support in-
terface in Rh6 on the zeolite was estimated to be 0.76e. This compares with the
Mulliken charge of 0.53e of the rhodium atom in the mononuclear cationic
complex Rh(CO)2 bonded to zeolite USY [28]; the results suggest that the
Rh atoms at the interfaces in each sample should be represented formally as
Rh(I).

The result indicating that the interface metal atoms in the supported clus-
ters approximated as Rh6 are charged, whereas those one layer removed from
the support surface are not, leads to the question of the charge of the metal
atoms in a flat metal raft. The issue has been addressed in experiments with
γ -Al2O3-supported clusters approximated well as Re3, which were formed
from H3Re3(CO)12 [34]. The rhenium atoms were inferred on the basis of
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Fig. 5 a Model of Rh6 supported on a zeolite fragment with three bridging hydroxyl
groups [28]. b Model of Rh6 with three hydride ligands supported on a zeolite fragment
formed by reverse spillover of hydrogen from a zeolite fragment with three hydroxyl
groups [28]. Mulliken charges (in units of electronic charge) of the atoms in the supported
cluster are shown. This was represented by density functional theory, and the sample was
characterized by EXAFS spectroscopy and other techniques

EXAFS data to be present in three-atom rafts bonded to the support; X-ray
absorption near-edge and X-ray photoelectron spectra indicated a rhenium
oxidation state in the range of roughly +4 to +6. EXAFS indicated a short
Re – Re distance (2.67 Å), suggesting a multiple bond. The structure of this
sample is only partially understood and is intriguing because it is compa-
rable to structures of numerous compounds with cationic metals and short
metal–metal bonds and groups bridging them such as polycarbonate an-
ions [35] (which evidently play a role comparable to that of the oxide support
as a ligand).

Calculations at the density functional level were also carried out for Os5C
clusters on MgO (Fig. 4); bonding on the stable square (001) face as well as
at defect sites was considered. The results indicate that Os5C is bonded much
more strongly at surface defect sites than at defect-free sites. The bonding en-
ergy of Os5C on the MgO(001) surface at a Vs defect site is 4.84 eV greater
than that representing the cluster bonded at a defect-free site on the same
MgO surface.

These results seem likely to be general—metal clusters on metal oxides are
expected to be present predominantly at defect sites [33].
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2.1.1.8
Ligands on Supported Metal Clusters

Metal–metal distances in supported metal clusters (e.g., Ir4, nearly 2.70 Å) de-
termined by EXAFS spectroscopy essentially match those in coordinatively
saturated clusters of the same metal (e.g., Ir4(CO)12). These distances are
about 0.2–0.3 Å greater than the metal–metal distances in the free (gas-
phase) clusters (e.g., Ir4, 2.44 Å) [32]. Similar results have been determined
for supported Os5C [33] and Rh6 [28, 29].

These comparisons prompted the Rösch group [32, 33] to conclude that
some ligands remained on the supported clusters after decarbonylation; this
conclusion may be quite general—supported metal clusters are highly reac-
tive, and typical oxide and zeolite supports are not unreactive. Thus, a rep-
resentation of supported clusters such as tetrairidium on γ -Al2O3 as Ir4/γ -
Al2O3 is a simplification that fails to account for the ligands on the cluster.

The obvious candidate ligands include C (originating from CO ligands
of the precursor) and H (originating from OH groups of the support).
Vayssilov’s [28, 29] calculations for hydride ligands on Rh6 supported on zeo-
lite X show that they are more strongly bonded than C ligands, and this result
suggests that the ligands on the clusters are H and not C; this inference may
be rather general for noble metals on supports, but further results are needed
to test it. The calculations show that Rh6 on the six-ring of the zeolite (Fig. 5)
with H ligands in bridging positions is markedly stabler (by 370 kJ mol–1)
than the bare cluster on the six-ring of the zeolite with hydroxyl groups.

It is evident that the supported clusters have a strong affinity for hy-
dride ligands provided by the support. The process by which the support
delivers these ligands is referred to in the catalysis literature as “reverse hy-
drogen spillover.” The opposite process (spillover), well known for supported
metals [36], is shown by the theoretical results to be a redox process; in re-
verse spillover, the support hydroxyl groups oxidize the cluster.

The theoretical and EXAFS results characterizing zeolite-supported Rh6
raise the question of whether ligand-free clusters (or even ligand-free
mononuclear metal complexes) are stable and can even be made on hydroxy-
lated supports [28, 29]. If reverse spillover to make supported metal hydrides
is essentially unavoidable, questions are also raised about the interpretation
of chemisorption measurements intended to determine the number of bond-
ing sites of (even conventional) supported metal catalysts, which in typical
chemisorption experiments need to be cleaned by evacuation to remove ad-
sorbates (ligands). Evacuation can cause removal of H2, at the expense of
support OH groups, but questions remain: are the clusters stable during this
process (do they migrate and aggregate, for example), and do their morpholo-
gies change?
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The commonly investigated ligands on the supported metal clusters men-
tioned before include CO, hydride, and hydrocarbons. The evidence of hy-
drides and hydrocarbons is not as strong as one would wish.

1H NMR spectroscopy has been used to detect hydrides on various oxide-
supported metals in the presence of H2 and on La2O3-supported Ir4, in the
absence of H2 [37]. The kinetics of chemisorption of H2 supports the infer-
ence of hydride formation by dissociative adsorption of H2 [38].

Propylidyne formed from propene on Ir4 supported on γ -Al2O3 was ob-
served by IR and 13C NMR spectroscopies [38]. When ethene or propene
was brought in contact with oxide-supported Ir4 [39, 40], Ir6 [39, 40], or
Rh6 (A.M. Argo and B.C. Gates BC, unpublished results) in the presence of H2,
hydrocarbon ligands were formed (namely, alkyls and π-bonded alkenes),
which have been inferred from IR spectra to be intermediates in hydrogena-
tion to make alkanes, as discussed later. The population of these hydrocarbon
ligands on the supported clusters depends sensitively on the conditions, such
as reactant partial pressures and temperature.

Much remains to be done to develop the chemistry of organic ligands on
supported metal clusters, and substantial progress is to be expected as the
samples are well suited to characterization, by IR, NMR, and neutron scat-
tering (F. Li, J. Eckert, and B.C. Gates, unpublished results) spectroscopies, as
well as density functional theory.

2.1.2
Bimetallic Clusters

Supported bimetallic catalysts find many industrial applications. Examples
include Pt and Rh in automobile exhaust conversion catalysts and Pt and Re
(or Pt and Sn or Pt and Ir) in naphtha reforming catalysts.

Synthesis methods such as those described earlier for monometallics have
been applied with metal carbonyls incorporating two metals. The resultant
supported species may be small supported metal clusters [41, 42], and, as for
monometallics, the usual products are supported species that are nonuniform
in both composition and structure [42]. There are several examples of well-
defined metal carbonyl clusters in this category but hardly any examples of
well-defined decarbonylated bimetallics on supports.

Surface-mediated synthesis of bimetallic carbonyl clusters is a rarity; Xu
et al. [43] prepared [PtRh5(CO)15]– on MgO from Na2PtCl6 and RhCl3 ·xH2O
in CO at room temperature; the yield was 84%.

When a supported metal on an oxide is prepared from an adsorbed pre-
cursor incorporating a noble metal bonded to an oxophilic metal, the result
may be small noble metal clusters, each more-or-less nested in a cluster of
atoms of the oxophilic metal, which is cationic and anchored to the support
through metal–oxygen bonds [44, 45]. The simplest such structure is modeled
on the basis of EXAFS data as Re4Pt2, made from Re2Pt(CO)12 (Fig. 6) [45].
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Fig. 6 Simplified model based on EXAFS data of Re4Pt2 clusters formed on the surface of
γ -Al2O3 from Re2Pt(CO)12 [45]

The rhenium interacts strongly with the oxygen atoms of the support and also
with platinum; platinum interacts less strongly with the support than rhe-
nium. One is tempted to generalize that when one of the metals in a supported
bimetallic cluster is noble and the other oxophilic, the oxophilic metal inter-
acts more strongly with the support than the noble metal; if the bimetallic
frame of the precursor is maintained nearly intact, then this metal–support
interaction helps keep the noble metal highly dispersed.

Other samples of such “nested” noble metal clusters on oxides have
been made from the following precursors: Pd2Mo2(CO)6(C5H5)2(PPh3)2 [44],
PtMo2(CO)6(C5H5)2(PhCN)2 [46], PtW2(CO)6(C5H5)2(PhCN)2 [47], Pt2W2
(CO)6(C5H5)2(PPh3)2 [48], and [Ru12C2Cu4Cl2(CO)32][PPN]2 [49], among
others. Platinum clusters incorporating as few as four atoms each, on aver-
age, are indicated by EXAFS data characterizing the Pt – W clusters [48]. The
Pt – W samples are quite stable, with the cluster size remaining essentially
unchanged after oxidation–reduction cycles at 673 K [47, 48]. The stability is
attributed to the nesting by the oxophilic metals and could be a significant
advantage in catalytic applications.

When bimetallic clusters incorporating only noble metals are adsorbed
on a support and the precursor ligands are removed, the resultant species
are usually aggregated and nonuniform. There are only very few exam-
ples of supported bimetallics that seem to be even close to uniform. PtRu
clusters on γ -Al2O3 were prepared by decarbonylation of molecularly ad-
sorbed Pt2Ru4(CO)18 by treatment in He or H2 at temperatures in the range
573–673 K [50]. EXAFS data show that the Pt – Ru interactions were largely
maintained after decarbonylation, but the Pt – Ru cluster frame was changed.
The average Pt – Pt bond distance apparently increased slightly (from 2.66
to 2.69 Å), and the Ru – Ru distance decreased from 2.83 to 2.64 Å. The cor-
responding Pt – Pt and Ru – Ru coordination numbers were found to be 2.0
and 4.0, respectively, indicating some agglomeration of the metal. The clus-
ters incorporated, on average, fewer than three and six Pt and Ru atoms,
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respectively, and appear to be the smallest known supported decarbonylated
bimetallic clusters of platinum-group metals.

2.1.3
Reactivity and Catalysis

As site-isolated species, supported metal clusters offer opportunities for in-
vestigation of reactivities that are largely absent when clusters are present
in solution. In prospect, stable, coordinatively unsaturated clusters can be
formed—although it may be difficult to prepare clusters that entirely lack lig-
ands other than the support, because the clusters may react with functional
groups on the support to give new ligands, such as hydride, or the clusters
might migrate on the support surface to give a mixture of clusters of various
sizes (as discussed before).

Propene adsorption on Ir4/γ -Al2O3 at 298 K gave stable cluster-bound µ3-
propylidyne. Propene adsorbed on Ir4/γ -Al2O3 at 138 K reacted at approxi-
mately 219 K to form a stable, highly dehydrogenated, cluster-bound species
approximated as CxHy (possibly C3H2 or C2H) [38]. H2 reacted with Ir4/γ -
Al2O3 at 298 K to form ligands (possibly hydrides) that prevented subsequent
reaction of the clusters with propene to form propylidyne. Propylidyne on
Ir4 was stable in He or H2 as the sample was heated to 523 K, and at this
temperature it reacted with oxygen atoms of the support to give CO [38].

Propylidyne on Ir4 did not undergo isotopic exchange in the presence of D2
at 298 K [38]. In contrast, propylidyne chemisorbed on extended metal sur-
faces is hydrogenated in the presence of H2 (or D2) and exchanges hydrogen
with gaseous D2 at room temperature; in the absence of H2, it decomposes
thermally to give hydrocarbon fragments at temperatures much less than
523 K. The marked difference in reactivities of propylidyne on metal clusters
and propylidyne on extended metal surfaces indicates a requirement of en-
sembles of more than the three metal surface atoms bonded to propylidyne in
the surface reactions [38]. This comparison illustrates the unique reactivity of
small site-isolated metal clusters.

Numerous supported metal clusters have been tested as catalysts for alkene
hydrogenation, and spectra of the functioning catalysts have been recorded in
attempts to identify the catalytically active species and reactive intermediates.
EXAFS spectra representing the catalyst/support combinations Ir4/γ -Al2O3,
Ir6/γ -Al2O3, and Ir4/MgO show that the cluster frames were maintained be-
fore, during, and after catalysis of propene hydrogenation, provided that the
conditions were mild (e.g., room temperature and 1 atm) [39, 40]. When the
temperature of catalysis reached about 423 K, the metals aggregated on the
support, and the structural simplicity was lost. The data obtained at the lower
temperatures are consistent with the identification of the supported clusters
themselves as the catalytically active species.
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Data such as those of Fig. 7 implicitly show how the rate of catalytic hydro-
genation of ethene depends on the intensities of the IR bands characterizing
ligands bonded to the clusters; these results suggest that these ligands are re-
action intermediates (but they are not sufficient to identify the intermediates
with confidence) [39, 40].

Data showing how the catalytic activity for ethene hydrogenation of
La2O3-supported Rh6 clusters increased as hydride ligands built up on the
clusters are presented in Fig. 8 [37]. These results suggest that hydride ligands
are intermediates in the catalytic reaction.

In prospect, structurally well defined supported metal clusters provide the
opportunity for resolving support effects from cluster-size effects in cataly-
sis [39, 40]. A family of supported iridium clusters and particles was prepared
from Ir4(CO)12 on γ -Al2O3 [51]. The smallest clusters were approximately
Ir4, and samples with increasingly larger clusters and particles were prepared
by treating Ir4/γ -Al2O3 in H2 under conditions to cause aggregation and
vary the average cluster or particle size. The rate of catalytic hydrogenation
of toluene per exposed Ir atom increased by 2 orders of magnitude as the
cluster/particle size increased, becoming independent of particle size when
the average particle contained about 100 atoms [51]. The data characteriz-
ing the larger particles conform to the expected pattern for the “structure-
insensitive” hydrogenation reaction, but those for the smaller clusters and
particles do not. (A structure-insensitive reaction takes place at approxi-

Fig. 7 Dependence of IR band intensities on H2 partial pressure during ethene hydro-
genation catalyzed by Ir4/γ -Al2O3 at 288 K and 760 Torr (40 Torr C2H4, 50–300 Torr H2,
and the balance He). The bands at 2990 (diamonds) and 2981 cm–1 (squares) were cho-
sen to represent di-σ-bonded ethene and that at 1635 cm–1 (circles) to represent water
on the γ -Al2O3 support. These IR bands were chosen as the best ones to minimize error
caused by overlap with other bands. The triangles represent the reaction rate expressed as
a turnover frequency (TOF), the rate of reaction in units of molecules of ethene converted
per Ir atom per second. The data indicate a correlation of the band intensities with the
TOF, consistent with the suggestion that the ligands represented by the bands are reaction
intermediates (but the data are not sufficient to identify the reaction intermediates) [39]
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Fig. 8 Dependence of catalytic activity measured by TOF (rate of reaction per Rh atom)
(squares) and IR intensity of hydride (2020-cm–1 mode) (diamonds) during the induc-
tion period for ethene hydrogenation catalyzed by Rh6 supported on La2O3 at 298 K and
atmospheric pressure in a flow reactor (partial pressures in feed: H2, 348 Torr; C2H4,
75 Torr; He, 337 Torr) [37]

mately the same rate per exposed metal atom, independent of the average
size of the metal particle in the catalyst or of the metal crystal face that is
exposed).

The data show that the supports act as ligands; thus, Ir4 on MgO was found
to be an order of magnitude more active than Ir4 on γ -Al2O3. The data char-
acterize the structures of working catalysts, including the Ir4 and Ir6 cluster
frames (which remained intact during reaction), the cluster–support inter-
face, and the ligands formed during catalysis. On Ir4, for example, propene
forms both unreactive (inhibitor) ligands (propylidyne) and catalytic inter-
mediates, identified by IR spectroscopy as propyl and π-bonded propene;
the support affects which of these hydrocarbon ligands predominate. The
reaction intermediates influence the Ir – Ir distance in the clusters and the
distance between the Ir atoms and the oxygen atoms of the support that are
the longer (nonbonding) distances. Changes in the Ir – Ir and Ir–support oxy-
gen distances were observed when the reactants were brought in contact with
the catalyst. The reaction intermediates and the support are mutually interac-
tive ligands [39, 40].

The foregoing results characterizing structurally simple supported metal
clusters can be generalized, at least qualitatively, to provide fundamental un-
derstanding that pertains to industrial supported metal catalysts, with their
larger, nonuniform particles of metal.

The intense recent interest in supported gold catalysts has focused on
small, nonuniform clusters (e.g., those supported on TiO2), which have been



Oxide- and Zeolite-Supported “Molecular” Metal Clusters 229

Fig. 9 Dependence of catalytic activity of MgO-supported catalysts containing cationic
gold and (except in the most active catalyst) gold clusters for ethene hydrogenation at
760 Torr and 353 K (reactive mixture of He, ethene, and H2—ethene partial pressure,
Pethene, 40 Torr; Phydrogen, 160 Torr; the balance He). Note the nonlinearity of the scale at
the top [53]

inferred to have catalytic activities for CO oxidation that depend strongly
on the cluster size [11, 52], some determined by scanning tunneling mi-
croscopy [52]. Other data have shown, however, that cationic gold is present
in some oxide-supported gold catalysts containing such small clusters, and
the activity has been shown to increase with the content of cationic gold [53].
Catalysis of ethene hydrogenation by MgO-supported gold was investigated
for a family of catalysts containing (nonuniform) clusters of various average
sizes and a catalyst incorporating site-isolated Au(III) complexes, in the ab-
sence of clusters (Fig. 9) [54]. The most active catalyst was the one without the
clusters, and the activity was attributed to the complexes and not the clusters.
This work is a caution about indications of catalysis by supported clusters;
more work is needed to resolve the issues of catalysis by supported gold.
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Abstract The use of organometallic precursors allows the synthesis in mild conditions of
nanoparticles of uniform small size (1–3 nm) and of a clean surface which can be stabi-
lized by polymers or ligands. These nano-objects display an interesting surface chemistry,
comparable to that of molecular species. Synthesis involves classical elementary steps
of organometallic chemistry such as substitution and oxidative addition as well as lig-
and fluxionality. Some catalytic properties of these species have been studied, including
a new example of an asymmetric reaction catalyzed by palladium nanoparticles. These
objects can, in a second step, grow isotropically into monodisperse systems able to self-
assemble anisotropically into nanorods, nanowires or nanocubes according to the system.
We report an overview of recent work performed in this field by our research group.



234 B. Chaudret

Keywords Organometallic · Nanoparticles · Surface chemistry · Self-organization ·
Catalysis

1
Introduction

The recent period has evidenced an ever-increasing interest in the chemistry
of species of nanometric size [1–14]. Thus, there has been a spectacular de-
velopment of the use of metal nanoparticles in catalysis for a large variety
of reactions, including inter alia hydrogenation, hydrosilylation and carbon–
carbon bond formation. A number of groups have contributed to this field
and the area has been reviewed comprehensively by Roucoux et al. [10]. In
some cases, the reactions have been demonstrated to be enantioselective.
This, however, raises in general, and specially for the C – C coupling reac-
tions, the question of the exact nature of the catalyst. In other words: Can
a molecular species become colloidal to serve as catalyst in a given reaction,
and symmetrically? Can a nanoparticle “dissolve” into a molecular mononu-
clear complex? These points are generally difficult to address and evidence
our lack of knowledge regarding the basic chemistry of metal nanoparticles
in solution. Finke has developed the synthesis of noble metal nanoparticles
through hydrogenation of olefinic precursors in the presence of polyoxoan-
ionic ligands. He has, in particular, built kinetic models for the growth of
rhodium and iridium particles, and addressed specifically the problem of
nanoparticle catalysis [11, 12]. Another organometallic approach is that of
Günter Schmid who described in the early 1980s the synthesis of a “giant gold
cluster”: Au55Cl6(PPh3)12 [13, 14], and has since then pursued the chemistry
and physics of such clusters.

The most intensive development of the nanoparticle area concerns the
synthesis of metal particles for applications in physics or in micro/nano-
electronics generally. Besides the use of physical techniques such as atom
evaporation, synthetic techniques based on salt reduction or compound pre-
cipitation (oxides, sulfides, selenides, etc.) have been developed, and asso-
ciated, in general, to a kinetic control of the reaction using high tempera-
tures, slow addition of reactants, or use of micelles as nanoreactors [15–20].
Organometallic compounds have also previously been used as material pre-
cursors in high temperature decomposition processes, for example in chem-
ical vapor deposition [21]. Metal carbonyls have been widely used as precur-
sors of metals either in the gas phase (OMCVD for the deposition of films or
nanoparticles) or in solution for the synthesis after thermal treatment [22],
UV irradiation or sonolysis [23, 24] of fine powders or metal nanoparticles.

At the end of the 1980s, after having developed very mild conditions for
the synthesis of unstable dihydrogen complexes [25], we reasoned that a simi-
lar procedure could allow control of the growth of very large organometallic
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Scheme 1 Illustration of the general synthetic method followed in our group for the syn-
thesis of metal nanoparticles: i decomposition of the precursor, nucleation; ii first growth
process; iii ripening or coalescence leading to size and shape controlled objects through
addition of stabilizers which prevent the full precipitation of the metal (iv)

clusters or very small nanoparticles. The advantage of organometallic chem-
istry lies in the precise control of the reaction conditions and therefore of
the surface of the particles, namely absence of oxidation, number and na-
ture of surface species (ligands), etc. Other advantages could be the control
of the surface reactivity and stepwise growth of the clusters. Furthermore, we
thought that the particles could be characterized both by techniques usual in
the field of nanomaterials (TEM, HRTEM, SEM, XRD, WAXS, XPS) and by
techniques derived from molecular chemistry (spectroscopies: IR, UV, NMR
in solution and in the solid state; magnetic measurements) (Scheme 1). The
ideal precursor is an organometallic complex containing ligands, preferen-
tially olefinic or polyolefinic, able either to be hydrogenated to give a bare
metal atom, which would condense in the reaction medium or to be substi-
tuted by CO to give an unstable intermediate. The second approach, using CO,
had a few precedents [26–28] at the time we started this research whereas the
first approach, using a hydrogenation reaction, had none.

These points will be developed in the following section.

2
Organometallic Synthesis of Metal Nanoparticles

The synthesis procedure consists in removing the ligands from an organome-
tallic complex in the mildest possible conditions and with the minimum of
potentially pollutant reactants. The ideal case is the reaction of an olefinic
precursor with dihydrogen, which leads to the production of an alkane un-
able in these conditions to produce strong bonds with the growing metal
surface [29]. Precursors of this type are for example Ni(C8H12)2 [30] and
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Ru(C8H10)(C8H12) [31]. Both complexes decompose satisfactorily under di-
hydrogen in mild conditions. Complexes accommodating allylic groups may
also decompose easily, for example Co(C8H13)(C8H12) [32] or Rh(C3H5)3.
Other types of complexes may however be used when such olefinic pre-
cursors are not available. For example, M(dba)2 (dba = dibenzylidene ace-
tone; M = Pd; Pt) [26–28, 33, 34] is a good precursor for the preparation
of nanoparticles of Pd or Pt after treatment with dihydrogen. Mixed com-
plexes such as Rh(acac)(C8H12) [35] (acac = (CH3CO)2CH) or CpCutBuNC
(Cp = C5H5) [36] also decompose in mild conditions but release potential lig-
ands of the particle namely dba, isonitrile, acacH, or the corresponding diol
after hydrogenation (which may or may not perturb the surface). Recently we
found that bis(trimethylsilyl)amide complexes of first row transition metals
(M[N(SiMe3)2]; M = Mn, Fe, Co) [37] were excellent precursors when reduced
olefinic complexes were not available. The hydrogenation of the precursor
produces the corresponding amine, which we have shown to interact weakly
with the particle surface and not to modify the physical properties of the
particles.

Another approach can be the displacement of the surface ligands by a re-
active gas such as CO, leading to unstable intermediates that will eventually
condense into particles. This procedure can be applied to M(dba)2 (dba =
dibenzylidene acetone; M = Pd; Pt) [26–28, 33, 34]. In this case, however, CO
remains at the surface of the growing clusters and may modify their chem-
istry. The reaction conditions (temperature, gas pressure, concentration of
precursors and stabilizers) have a strong influence on the nature of the par-
ticles formed, primarily on their size.

Using a polymer that serves only as a sterical stabilizer for the grow-
ing particles, we synthesized a number of nanoparticles of various types
of (Fe, Co, Ni, Ru, Rh, Pd, Pt, Cu, Ag, Au, In) [29]. Typically olefinic pre-
cursors (Ru(η4 – C8H12)(η6 – C8H10), Co(η3 – C8H13)(η4 – C8H12), Pt(dba)2,
etc.) are hydrogenated which leads to nanoparticles of 1–3 nm mean size
according to the reaction conditions. At these small sizes, the particles are
generally facetted nanocrystals which adopt the structure of the bulk elem-
ent (Ru: hcp [38]; Ni, Pd, Pt: fcc [33, 34]). For first row transition metals,
whether prepared from an olefinic or an amide precursor, we observed that
the smallest particles display an unusual polytetrahedral structure [39, 40].
For example, Co nanoparticles of mean size 1.6 or 2.0 nm and prepared by
hydrogenation of Co(η3 – C8H13)(η4 – C8H12) display this structure whereas
larger particles of 4.5 nm mean size display the hcp structure of bulk cobalt.
Another anomaly is the case of indium which displays a melting point of
156.6 ◦C in the bulk but the nanoparticles of which display a “pseudo-liquid”
structure at room temperature [41].

Bimetallic nanoparticles may also be prepared in one step using this pro-
cedure and a mixture of the precursors in solution (Pd – Cu, Ru – Pt, Co – Ru,
Co – Rh, Co – Pt, Ni – Fe) [29]. The particles may form an alloy at all com-
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Fig. 1 TEM micrograph and size distribution of Ru3Pt nanoparticles embedded in PVP
(mean diameter ca. 1.2 mm)

Fig. 2 HREM micrograph of a Ru3Pt nanoparticle in PVP showing the twinning (a) and
image simulation (b)
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positions when the elements display the same bulk structure (Pd – Cu) [42].
In this case, a solid solution is obtained for which we have demonstrated the
dynamics of the first layers. Structural changes as a function of particle com-
position [43] and segregated structures [44, 45] may also be observed. The
most spectacular case is that of the Ru – Pt particles [43]. A dissolution of ru-
thenium into the platinum lattice is observed up to the critical composition
Pt – Ru3, which indeed corresponds to the limit of solubility of ruthenium
into the platinum lattice in the bulk (Fig. 1, Fig. 2). Before this composition,
the particles are fcc and at higher Ru content they become hcp. At the critical
composition, the particles are strictly monodisperse, very small, and display
a twinning plane in the equatorial plane of the particle corresponding to a hcp
default stack in an fcc particle.

2.1
Surface Characterization

Before studying the reactivity of the nanoparticles, it is necessary to evalu-
ate whether the synthetic method employed would lead to particles of “clean”
unoxidized surface, able to react with incoming molecules. For this purpose
we used, besides physical techniques (which are sometimes difficult to han-
dle due to the high oxidability of particles prepared in this way), molecular
methods, namely IR and NMR spectroscopy, as well as magnetic measure-
ments which can give a precise description of the surface properties of the
particles.

2.1.1
Infrared Spectroscopy

In order to test the clean, unoxidized nature of the nanoparticle surfaces,
we first used CO as a probe molecule to evaluate the electron density at the
surface. It was demonstrated that the CO stretching frequency values meas-
ured by IR spectroscopy in solution were in good agreement with the values
measured on aggregates in ultrahigh vacuum. The presence of some surface
oxidation leads to an important shift of this value towards high frequencies.
In palladium nanoparticles, a correlation has been established between the
ratio of linear to bridge CO groups and the size of the particles [46]. Fur-
thermore, upon monitoring the addition of thiols to Pt nanoparticles covered
with CO, it was possible to observe the displacement of some surface CO lig-
ands and, for the remaining ligands, the shift to low frequency of the CO
stretch resulting from the electronic enrichment of the particle.

For bimetallic Pd – Cu particles, the coordination of CO to surface Cu and
Pd sites has been directly observed together with a surface reconstruction at
room temperature [42]. Thus, under vacuum, there is an enrichment of the
bimetallic particle surface in Cu. Upon addition of CO, the IR spectrum dis-
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plays bands attributed to CO on Cu. However, the particles slowly evolve at
room temperature and the IR spectrum shows after several hours a typical
spectrum for CO on Pd, hence evidencing the enrichment in Pd of the par-
ticles surface. After placing the particles in vacuo overnight and again adding
CO, a typical spectrum for CO on Cu was again visible showing the reversibil-
ity of this surface reconstruction.

These simple experiments demonstrate the clean, unoxidized character of
the nanoparticles together with their surface dynamic at room temperature.

2.1.2
NMR Spectroscopy

This technique is the most widely used and the most useful for the charac-
terization of molecular species in solution. Nowadays, it is also one of the
most powerful techniques for solids characterizations. Solid state NMR tech-
niques have been used for the characterization of platinum particles and CO
coordination to palladium. Bradley extended it to solution 13C NMR stud-
ies on nanoparticles covered with 13C-enriched carbon monoxide [47]. In
the case of ruthenium (a metal giving rise to a very small Knight shift) and
for very small particles, the presence of terminal and bridging CO could be
ascertained [47]. In the case of platinum and palladium colloids, indirect
evidence for CO coordination was obtained by spin saturation transfer ex-
periments [47].

The NMR of ligand-protected nanoparticles is little developed; however,
several recent studies demonstrate that it is possible to observe long chain lig-
ands bound to metal particles by 1H and 13C NMR spectroscopy [31, 48–52].
In this case, the nuclei close to the metal surface are not visible primar-
ily because of the slow tumbling of the metal particle in solution. Although
limited, this technique can give very useful information on the dynamics
of the surface ligands. We thus found that thiolate ligands linked to plat-
inum nanoparticles would not undergo any exchange process with free thiols.
This demonstrates that the thiolate ligands are firmly linked to platinum and
contrasts with the observations carried out on amines coordinated to ruthe-
nium, palladium, and platinum nanoparticles. Thus, we observed in 13C NMR
spectroscopy a single peak for the different carbons of the ligand molecule.
However, the linewidth of the signal was dependent upon the nature of the
carbon. The three carbons (α, β, γ ) next to the amino group, the ones likely
to be coordinated to the metal, were not visible until a significant amount of
extra ligand was added to the NMR tube and appeared broadened, whereas
the methyl group at the other extremity of the alkyl chain of the ligand did
not show any significant broadening. Another interesting observation is that
in the case of ruthenium, these three peaks appeared at the chemical shift of
the free ligand whereas in the case of platinum, an important shift, specially
of the β carbon was detected. This most probably results from the absence of
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Knight shift in the case of ruthenium and the presence of an important one in
platinum (Fig. 3, Fig. 4).

These experiments allowed observation of ligand exchange at the surface
of the particle and therefore allow introduction of some rationale in the
chemistry of these species. However, it would be much more important to be
able to directly follow the fate of the active surface species (hydrides, alkyl
groups, olefins, carbenes, etc.) as is commonly performed in molecular chem-
istry. The first and the most important surface ligand is no doubt the hydride,
which is an intermediate in many catalytic reactions. We therefore concen-
trated on the identification of this species on ruthenium nanoparticles (which
do not display any Knight shift) by solution NMR, gas phase NMR, magic
angle spinning (MAS) solid state NMR and static solid state NMR at vari-
able temperature [53]. Dissolution in THF of ruthenium particles prepared by
hydrogenation of Ru(COD)(COT) in the presence of hexadecylamine (HDA)
leads to dihydrogen evolution in solution. Attempts at observing the desorp-
tion of H2 in vacuo and upon heating from a solid sample of the colloid were
unsuccessful, but addition of D2 led to the immediate formation of HD, hence
revealing the presence of chemically linked hydrogen species (hydrides). After
exposing the particles to D2, a solid state 2D NMR experiment was carried

Fig. 3 13C NMR spectra (d8-THF, 101 MHz) ofC16H33NH2 stabilized ruthenium colloid
(a), C16H33NH2 stabilized ruthenium colloid + excess C16H33NH2 (b), (c), (d), C16H33NH2
(e)
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Fig. 4 Enlargement of Figs. 3b,c,d,e for comparison of linewidths

out at various rotation rates. In this way it was possible to detect directly the
surface deuterides and, moreover, to demonstrate that these surface species
display a high mobility, intermediate between that of deuterons linked to
a ligand like HDA and that of gas phase D2. These results are in agreement
with theoretical calculations predicting a high mobility for hydrides linked to
a ruthenium surface. It was additionally possible to characterize the deutera-
tion of the alkyl chain of HDA resulting from H/D exchange at the surface of
the particle [53].

All these experiments show that the use of various NMR techniques can
indeed contribute to the precise characterization of “organometallic nanopar-
ticles”.

2.1.3
Magnetic Measurements

For iron, cobalt, nickel, and their alloys, the most sensitive technique for char-
acterizing the particle surface is the measurement of magnetic properties.
Thus, we synthesized cobalt nanoparticles of 1.6 nm (ca. 150 atoms), 2 nm (ca.
300 atoms) and 4 nm (a few thousand atoms) mean size. The structure of the
particles is hcp in the latter case and polytetrahedral in the first two cases.
The 4 nm particles display a saturation magnetization equal to that of bulk
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cobalt (1.72 µB) whereas the smaller particles do not saturate at 30 T. Further-
more, they display a saturation magnetization higher than the bulk (2.1 and
1.9 µB/cobalt atom at 30 T for particles of 1.6 and 2.0 nm, respectively) [54].
These results are very similar to those found by Billas et al. on time-of-flight
clusters in ultrahigh vacuum [55]. This suggests a direct correspondence be-
tween the physical properties of gas phase aggregates and those of prepared
in solution using the organometallic approach. In a similar way, bimetallic
Co – Ru, Co – Rh [44, 45] and Co – Pt [56] nanoparticles of low size dispersity
and defined compositions have been synthesized. These species, and specially
the Co – Rh particles, also display a very important excess of magnetization
compared to bulk values, which is attributed in the Co – Rh case to the strong
polarization of Rh in the vicinity of Co [44, 45].

These experiments have recently been extended to the case of iron. The
synthesis of small Fe particles has long been difficult due to the lack of suit-
able precursor. However, using the complex Fe[N(SiMe3)2]2 as precursor, we
have obtained nanoparticles of low size dispersity and displaying a magne-
tization 5 T higher than in bulk iron and comparable to that of gas phase
aggregates [57].

In order to validate the results obtained on our particles, we reacted
them with various ligands and/or contaminants and measured their mag-
netic properties again. It was found that surface oxidation or coordination
of π-accepting ligands such as CO lead to a strong decrease of the particle
magnetization. In contrast, purely σ -donating ligands do not affect the mag-
netism of the particles [58].

3
Surface Organometallic Chemistry on Nanoparticles

An organometallic complex consists of a central metal atom and a number of
ligands, which can be schematically classified into three groups:

1. Ancillary ligands, the role of which is to stabilize complexes or nanoparti-
cles and liberate a vacant coordination site when necessary

2. Active ligands, which may take an important role in the reactivity of the
complexes/nanoparticles (e.g., hydrides, alkyl groups, carbenes, etc.)

3. Directing ligands, which will orientate the reactivity of the complexes/par-
ticles (for example asymmetric ligands such as DIOP or BINAP)

Such ligands may also coordinate to the surface of nanoparticles and strongly
influence their chemistry, it is therefore important to gain information on
their presence and mode of bonding.
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3.1
Active Ligands

The most important ligand in organometallic chemistry, as far as catalytic
reactivity is concerned, is the hydride. Since our synthesis method involves
the decomposition of an organometallic precursor and the growth of particles
under a dihydrogen pressure, we have attempted to characterize the pres-
ence of surface hydrides by a variety of NMR methods. Thus, as described
in the preceding chapter, we used solution NMR, gas phase NMR, magic
angle spinning (MAS) solid state NMR and static solid state NMR at vari-
able temperatures [53]. We found that surface hydrides are indeed present
on the ruthenium surface, as deduced from solution and gas phase studies.
These species can then be observed directly by solid state NMR and display
a very high mobility, in agreement with recent theoretical calculations. Fur-
thermore, we could show that these surface hydrides display a high reactivity.
Thus when HDA-coordinated Ru nanoparticles were reacted in solution at
room temperature with 1 bar D2, we evidenced a rapid H/D scrambling all
over the alkyl chain of the amine. If the reaction is carried out on a solid
sample of the colloid, only the “mobile” carbons of the chain are deuterated.
This demonstrates the high reactivity of these surface hydride for a complex
reaction implying both C – H (C – D) and H – H (D – D) activation.

3.2
Ancillary Ligands

The syntheses described in the preceding section can be performed using as
stabilizers the classical ligands of organometallic chemistry (e.g., amines, thi-
ols ,or phosphines) instead of polymers. The amount of ligand added allows
control of the particle growth and therefore the size.

3.2.1
Alcohols

Using weak stabilizers such as alcohols during the decomposition of
Ru(C8H10)(C8H12) by H2 leads to a colloidal solution stable for long periods
of time (over 1 year) when kept under argon. Exposure to air or addition of
pentane under argon leads to precipitation of the particles. In the latter case,
the isolated particles burn in air, hence demonstrating the reactivity of their
surface, whereas in the former case the particles are stable because of the for-
mation of a passivation layer of RuO2 [59, 60]. The particles prepared in neat
methanol are very large, polycrystalline (ca. 76 nm) (Fig. 5), mesoporous and
display a relatively large specific area (> 40 m2g–1). In THF/methanol mix-
tures, the size of the polycrystalline particles remains of the same order of
magnitude as those in neat methanol up to a THF content of 25 vol % after
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Fig. 5 HREM micrograph of ruthenium sponge-like particles obtained in pure methanol

which the size decreases linearly with the THF content: for a THF content in
the solution of 50 vol %, the size of the particles is 47 nm, for 90 vol % 20 nm,
and for 97.5 vol %, ca. 3–6 nm. A similar trend, namely size decrease, is ob-
served upon changing MeOH for higher alcohols. The size of the particles is
ca. 5 nm when the reaction is carried out in iPrOH and ca. 2.5 nm in pentanol.
Finally, it was found that for reactions carried out in MeOH/THF mixtures,
addition of cyclooctane leads to an increase in the size of the particles.

These surprising results were attributed to the segregation of cyclooctane
resulting from hydrogenation of the ruthenium precursor and the rest of the
solvent. In this respect, the larger droplets would be formed in the most polar
solvent systems and hence the most segregated medium. This is in excellent
agreement with the sizes of the particles measured in neat alcohols. The most
lipophillic one (pentanol) gives rise to the smallest particles [59, 60].

In the MeOH/THF mixtures, the change in polarity of the medium result-
ing from the composition changes may account for the apparent correlation
observed between the size of the particles and the MeOH content. The meso-
porous, polycrystalline nature of the large particles suggests that, during the
growth process, nanocrystallites synthesized at the early stage of the reac-
tion may be connected by ruthenium atoms or particles resulting from the
decomposition of the remaining starting material [59, 60].

When the reaction is carried out in heptanol [61], the particles are
monodisperse in size (3 nm), well dispersed in the solvent, and adopt the hcp
structure of bulk ruthenium. They can be isolated and re-dissolved in vari-
ous solvents, including d8-THF for NMR analysis. In this case, it is clear that
coordinated heptanol is present at the surface of the particles and acts as
a weakly coordinating ligand. In this case, the presence of surface hydrides
was demonstrated by NMR techniques.
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3.2.2
Amines

Amines are weak ligands, which may easily be displaced from the nanopar-
ticles surface and allow the further growth of nanoparticles through coales-
cence. This is revealed, as described in the preceding section, by solution
13C NMR studies which evidence a fast exchange at the NMR time scale
between free and coordinated amines [31]. This study carried out on ruthe-
nium [31], palladium [62], and platinum [63] shows in each case that the
fluxionality of the ligand is associated with a coalescence of the particles
into nanorods/nanowires of monodisperse diameter and polydisperse length
(Fig. 6, Fig. 7). This surprising result is attributed to the templating effect on
the growth of the nanoparticles of the long chain amine ligands (HDA for
example) which may organize inside the solution. Increasing the amine con-
centration leads to a modification of the shape of the particles characterized,

Fig. 6 TEM micrograph of hexadecylamine stabilized platinum nanoparticles showing the
formation of nanowires

Fig. 7 HREM micrographs of hexadecylamine stabilized platinum nanoparticles showing
the formation of nanowires
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according to the different systems, by a decrease of the aspect ratio of the par-
ticles. They become more isotropic and, in the case of palladium for example,
spherical. In contrast, the use of amines as reaction medium leads to very
long nanowires, and the same fluxional behavior has been observed. Amines
are therefore very useful ligands when attempting to grow nanoparticles of
anisotropic shape.

3.2.3
Thiols

Thiols are known to be excellent ligands for the stabilization of gold and
platinum nanoparticles. In this respect, we did not observe any fluxional be-
havior [31, 52] in solution NMR experiments for thiols coordinated to the
surface of noble metal particles (Fig. 8). However, in the case of ruthenium,
we found the slow catalytic formation of alkyl disulfides [31]. After exclud-

Fig. 8 TEM (a) and HREM (b) micrographs of octanethiol stabilized platinum colloid
showing nearby particles with no coalescence
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Fig. 9 Transmission Electron Micrographs od sauper-structures resulting from the self-
assembly of 1.6 mm Pt particles stabilizes half by 4 – HO – C6H4 – SH and half by
4 – NH – 2 – C6H4 – SH: a ×15 000; b ×100 000; c ×600 000

ing the presence of an oxidation reaction, we can propose an initial surface
reaction between the thiols and the surface of the particle leading to thiolate
ligands followed by coupling of thiolato ligands at the surface of ruthenium,
finally producing alkyl disulfides.

It is possible to take advantage of the strong coordination of sulfur to
platinum to build “supramolecular” networks incorporating the metal par-
ticles. Thus platinum particles of 1.6 nm mean size can be prepared using as
protecting ligands thiophenols substituted in the 4 position by an hydroxo,
carboxylate or amino group [64]. Self-assembly of the nanoparticles is ob-
served for the colloids stabilized by 4-HO-C6H4-SH or 4-HOOC-C6H4-SH. If
a mixture containing a 1 : 1 mixture of the 4-HO-C6H4-SH and 4-H2N-C6H4-
SH is used, the particles self-organize into very long nanotubes, the walls of
which are constituted of a monolayer of platinum nanoparticles (Fig. 9).

3.2.4
Phosphines

PPh3 is probably the most common ligand of organometallic chemistry. It
has been used successfully by G. Schmid in gold nanoclusters [1–9, 13, 14]
and can also be used for stabilizing Pt nanoparticles of very small size
(1.2 nm) [34]. These particles adopt an icosahedral structure and under CO
give rise to an interesting equilibrium. Thus, they are prepared through add-
ition of PPh3 to fcc particles resulting from the addition of CO (1 atm) to
Pt(dba)2 in THF. Interconversion between the two colloids and therefore the
two structures is possible by addition of CO on one side or of PPh3 on the
other [34].

Chelating di- or more generally, polyphosphines may also be used as sta-
bilizers of nanoparticles. Reactions with ruthenium and palladium show that
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the use of phosphines such as Ph2P(CH2)10PPh2, [Ph2P(CH2)2](PPh) and
[Ph2P(CH2)2](NC3H7) lead in each case to very stable particles of ca. 2 nm
mean size. No coalescence, or changes in size or shape were observed with
these particles, hence confirming the stabilizing effect of the ligands.

3.3
Directing Ligands

The coordination of ligands at the surface of metal nanoparticles has to in-
fluence the reactivity of these particles. However, only a few examples of
asymmetric heterogeneous catalysis have been reported, the most popular
ones using a platinum cinchonidine system [65, 66]. In order to demonstrate
the directing effect of asymmetric ligands, we have studied their coordina-
tion on ruthenium, palladium, and platinum nanoparticles and the influence
of their presence on selected catalytic transformations.

Nanoparticles of both ruthenium and platinum can be prepared using
asymmetric oxazolines or amino alcohols as ligands [67]. In both cases, the
ligands provide an excellent stabilization of the particles, which can be han-
dled like molecular species. The platinum particles give rise to self-organized
super-structures adopting shapes of wires or of pseudo-crystals. The ruthe-
nium particles are very small (1–2 nm according to the ligand) and can be
used in catalytic reactions such as asymmetric hydrogenation or asymmet-
ric hydrogen transfer. In this case a distinct reactivity has been found using
an asymmetric oxazoline between molecular species and nanoparticles. The
nanoparticles are more active but much less selective than the corresponding
molecular complexes. Addition of excess ligands slows the catalytic reaction
but leads to a modest but real increase in the enantiomeric excess. This there-
fore suggests that asymmetric catalysis can indeed take place in solution on
such large chemical species [68].

Another well-established reaction in homogeneous catalysis, namely
palladium-catalyzed allylic alkylation, was chosen for comparing the reactiv-
ity of molecular complexes and nanoparticles. If the molecular system was
very active, a very unusual and unanticipated result was obtained: a very
large kinetic preference for one of the enantiomer in the colloidal system [69].
A number of control experiments, including recycling and poisoning experi-
ments with Hg and CS2, were carried out in order to distinguish between the
molecular and the colloidal system and, more precisely, to determine whether
the catalytic activity of the colloid arises from very small amounts of palla-
dium going from the colloidal to the molecular state. The most determining
experiments were carried out upon adjusting the kinetics of the molecular
and the colloidal system. Since a possible explanation for the observed reac-
tivity could be the dissolution of the colloid into a small amount of molecular
complexes, we diluted the molecular system until reaching the same initial
rate for the colloidal and the molecular systems. However, we found that this
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procedure led to an observed kinetic preference kR/kS of ca. two in the mo-
lecular system and of ca. 15 in the colloidal one. This strongly suggests the
existence of two distinct catalytic systems, one of which is due to a preference
for surface coordination of one of the substrate enantiomers [69].

In summary, we found that ligands indeed coordinate at the surface of
nanoparticles and that they can be firmly or loosely attached to this surface
according to their chemical nature. Furthermore, the ligands influence the re-
activity of the metal nanoparticles. This is important in catalysis but, as we
will see later in this paper, is also important for the control of the growth of
metal nanoparticles of defined size and shape.

4
Organization of Nanoparticles

In order to make practical use of the physical properties of nanoparticles,
whether individual or collective, one has to find a way to address them. If we
leave out the near field techniques, this in turn requires that the particles be
monodisperse and organized in two or three dimensions. It is therefore neces-
sary to imagine techniques allowing the self-organization and even, ideally,
the crystallization of nanoparticles into super-lattices.

4.1
Hydrogen Bond Network

The first idea is to use techniques that have common molecular chemistry,
namely create hydrogen bond networks. This requires that the nanoparti-
cles be stabilized with polyfunctional ligands containing a function strongly
bound to the nanoparticle surface (thiol, phosphine) and a function able
to participate to hydrogen bonds (amine, alcohol, acid). For example, we
prepared independently 1.6 nm platinum nanoparticles stabilized by para-
hydroxythiophenol or by para-aminothiophenol. Upon reacting an equimolar
mixture of both, extended super-structures were produced as monolayers,
nanotubes or 3D super-lattices [64]. The walls of the nanotubes consist of one
monolayer of self-assembled nanoparticles and reach millimeter lengths. In
none of these super-structures have the particles changed size or shape. Other
types of organic ligands can lead to interesting monodimensional super-
structures [67].
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Fig. 10 Self-organisation of Ni-Fe nanoparticles on a carbon substrate: (1) multi-layers;
(2) mono-layer.

4.2
Self-organization

The most common method for preparing nanoparticle super-lattices is to use
monodisperse nanoparticles either resulting from a controlled synthesis or
from size selection after synthesis and to let them self-assemble onto various
substrates (microscopy carbon grid, silicon wafer, glass, etc.). We have em-
ployed this technique with indium nanoparticles obtained by UV irradiation
of organic solutions of InCp in the presence of HDA [41]. Extended 2D orga-
nizations were observed on the microscopy grids upon deposition of a drop
of the reaction solution. Using concentrate solutions, it was possible to obtain
multilayers displaying a 3D fcc organization. Similarly, Ni – Fe nanoparticles
were prepared by thermal decomposition of a mixture of precursors (Fe(CO)5
and Ni(COD)2) in the presence of HDA. They give rise to extended 2D and 3D
organizations when deposited on a microscopy grid (Fig. 10) [70].

4.3
Crystallization

One of the main challenges in the field is the controlled crystallization of
the nanoparticles into 3D super-lattices, similar to artificial opals but in-
cluding much smaller individual particles. For this we have used electrically
charged stabilizers (ligands and surfactants). For example, the photochem-
ical decomposition of the precursor [Sn(NMe2)2]2 in the presence of HDA
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Fig. 11 Formation of crystalline 3D super-lattices of tin nanoparticles: a TEM view of
a facetted super-crystal; b SEM image showing particles included into a super-crystal as
well as the organic surrounding; c High resolution micrograph showing the alignment of
the tin atomic planes inside the super-structure

leads to large cubic particles (ca. 100 nm). However, when introducing 10%
of the hydrochloride of HDA (HDAHCl) large super-crystals fall out of the so-
lution. The super-crystals are shown to contain monodisperse, slightly ovoid
nanoparticles displaying aligned crystalline axes. The space group of the
super-lattice is not compact (monoclinic), which is in agreement with a real
crystallization of both the particles and their ligand shell (Fig. 11) [71].

This process of crystallization using charges was extended to other systems
using as an alternative mixtures of amines and long chain carboxylic acids. In
this way, super-lattices of nanorods of cobalt and of nanocubes of iron were
prepared (vide infra).

In summary, super-lattices may be obtained using the established tech-
niques of self-organization but also a technique derived from molecular
chemistry, the creation of hydrogen bond networks. In addition, the crystal-
lization of nanoparticles inside 3D super-crystals may be achieved using ionic
stabilizers.

5
Shape Control of Nanoparticles

The physical properties of metal nanoparticles are very size-dependent. This
is clear for their magnetic properties, for which the shape anisotropy term
is very important. This is also true for the optical properties of nanoparti-
cles displaying plasmon bands in the visible range (Cu, Ag, Au) and for III-V
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or II-VI semi-conductors. This is less clear for the chemical properties of
nanoparticles although studies carried out on monocrystals demonstrate the
difference in catalytic activity of different surfaces of the same element. In
order to achieve this control it is possible to grow the particles inside confined
“host” structures (mesoporous silica, micelles) or to favor a privileged axis
of growth through preferred coordination of ligands on selected crystalline
faces. It is also possible to use ligand mixtures that may act both as growth
inhibitors of selected faces and as surfactants to host the growing particles.
These ligands mixtures typically contain an amine and a carboxylic acid or an
amine an ammonium salt. The ligands are able to react on one another to give
rise to catanionic systems. The bonus of the use of such systems is therefore
the presence of charges which may favor the formation of super-lattices.

5.1
Confinement in a Mesoporous Silica

The synthesis of nanoparticles can be carried out using a mesoporous sil-
ica as templating agent. However, even in this case, the functionalization
of the pores with organic derivatives is necessary to obtain a good disper-
sion of the nanoparticles within the silica matrix [72]. Thus, decomposition
of Ru(COD)(COT) by dihydrogen may occur inside or outside the pores of
a mesoporous silica. However, if the pores are functionalized with phospho-
nate groups, which may act as weak ligands for ruthenium, the growth of
ruthenium occurs selectively within the pores. Furthermore, at a high metal
concentration, the growing particles are mobile within the pores and may co-
alesce to yield encapsulated ruthenium nanorods. In a similar way, indium,
gold or platinum nanoparticles may be included in the pores of mesoporous
silica [73].

5.2
Use of Long Chain Organic Ligands

There is presently only a little information on the organization of long chain
alkyl molecules such as amines and carboxylic acids in organic solutions.
Therefore, it is necessary to gain knowledge about this organization, the tech-
nique of choice being small angle neutron scattering. Meanwhile, we directly
explored the influence of these ligands on the growth of metal nanoparticles
in solution.

Thus, the decomposition of Ni(COD)2 by dihydrogen in the presence of
HDA yields nanoparticles, the aspect ratio of which depends upon the ligand
concentration. Thus for one or less equivalent HDA, the reaction produces
isotropic Ni particles whereas using ten equivalent HDA, nanorods, monodis-
perse in diameter, are obtained [74]. The formation of nanowires can also be
promoted by a rapid decomposition process. This is illustrated by the decom-
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position of InCp in the presence of UV irradiation and HDA which leads to
very long In bct nanowires [75]. In the case of cobalt, using a mixture of
long chain amine and oleic acid, 4 nm isotropic nanoparticles are initially
obtained. These particles coalesce at 150 ◦C under H2 to give nanorods, the
aspect ratio of which only depends upon the chain length of the amine lig-
and (Fig. 12) [76]. When using stearic acid instead of oleic acid and HDA, all
the nanorods formed in the solution self-organize into an unprecedented 2D
hexagonal network (Fig. 13) [78]. Whereas the nanoparticles are superpara-

Fig. 12 Cobalt nanorods synthesized in the presence of a mixture of oleic acid and:
a octylamine; b dedecylamine; c hexadecylamine; d octadecylamine

Fig. 13 Super-lattice of cobalt nanorods: a Top view hexagonal; b vue de côté; c image
à haute résolution
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Fig. 14 Transmission electron micrograph of Cobalt Nanowires

magnetic, the nanorods are ferromagnetic at room temperature and could in
principle be used for magnetic information storage [76, 77].

Interestingly, a careful study of the particles obtained at the early stage
of the reaction by ultramicrotomy shows that most of them are included
into 3D crystalline super-lattices. A high resolution micrograph evidences the
coalescence of selected particles inside this super-lattice. It is puzzling that
the same ligand systems (long chain amine + carboxylic acids) are used for
building nanoparticles super-lattices and for controlling the shape of nano-
objects. It is therefore possible that the two facts are related and that the
anisotropic shape of the particles is due to their growth within the super-
lattice created by the self-organization of the particles in a way similar to that
observed in mesoporous silica. It is also noteworthy that dihydrogen is ne-
cessary for the transformation of the initially formed isotropic nanoparticles
into nanorods. This emphasizes the role of surface organometallic chemistry
for the growth of nanomaterials. The presence of dihydrogen should allow,
through a metathesis reaction, removal of the initially firmly coordinated
caboxylate ligands. This would leave surface hydrides, which could favor the
particle coalescence, like in the case of ruthenium.
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Fig. 15 Super-lattices of iron nanocubes: a SEM micrograph of a “super-cube”; b TEM
micrograph of a super lattice; c TEM micrograph after ultramicrotomy

The ligand mixture can control not only the aspect ratio of nanorods but
also the length of nano-objects. Thus changing the relative ligand ratio from
1 : 1 in the preceding case to 2 oleic acid : 1 HDA leads to the formation
of very long cobalt nanowires, monodisperse in diameter (4 nm) and dis-
playing a length of several hundred microns (Fig. 14) [78]. These nanowires
are monocrystalline and monodomain are revealed by magnetic holography
studies.

This study could be extended to the synthesis of iron nanoparticles. Using
Fe[N(SiMe3)2]2 as precursor and a mixture of HDA and oleic acid, spherical
nanoparticles are initially formed as in the case of cobalt. However, a thermal
treatment at 150 ◦C in the presence of H2 leads to coalescence of the par-
ticles into cubic particles of 7 nm side length. Furthermore, these particles
self-organize into cubic super-structures (cubes of cubes; Fig. ??) [79]. The
nanoparticles are very air-sensitive but consist of zerovalent iron as evidenced
by Mössbauer spectroscopy. The fact that the spherical particles present at the
early stage of the reaction coalesce into rods in the case of cobalt and cubes in
the case of iron is attributed to the crystal structure of the metal particles: hcp
for cobalt, bcc for iron.

In summary, control of the surface chemistry and the presence of clean
surfaces allow the coalescence of initially isotropic nanoparticles into regular,
often monodisperse, nano-objects of anisotropic shape (cubes, rods, wires). It
is possible that the inclusion of the initially present nanoparticles into super-
lattices play an important role in these coalescence processes.
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6
Conclusion

In summary, we have described our approach towards the synthesis of novel
nano-objects consisting of a metal core and a surface that may be functional-
ized by addition of organic ligands. TEM pictures of the metal core of these
nanoparticles appear similar to those of particles commonly used in hetero-
geneous catalysis or to colloids prepared by well-known reduction methods.
However, the organometallic approach displays several specificities which can
be summarized as follows:
1. The organometallic approach is a low temperature approach, which means

that in general synthesis of the particles, and therefore many characteris-
tics of the nano-objects, can be controlled:
• Size and size dispersity of the particles
• Structure of the particles, which may be different from that thermo-

dynamically stable in the reaction conditions, e.g., the polytetrahedral
structure found for cobalt nanoparticles

• Composition in case of bimetallic species
2. The organometallic approach allows control of the surface. It is therefore

possible to prepare species displaying a clean surface able to adsorb small
molecules (CO, H2) or large ligands (phosphines, amines, thiols, polyden-
tate ligands, etc.).

3. The surface properties of these nano-objects match those of metal
nanocrystals prepared in ultrahigh vacuum, for example the C – O stretch
of adsorbed carbon monoxide or the magnetic properties of cobalt par-
ticles embedded in PVP. This demonstrates the “clean” character of the
surface of these particles and its availability for reactivity studies.

4. These nano-objects display an organometallic surface chemistry compa-
rable to usual organometallic moieties and which can be studied by clas-
sical spectroscopic methods: substitution reactions leading to structural
changes in the particles, the fluxional or non-fluxional behavior of sur-
face ligands, the formation and observation of surface hydride species, the
monitoring of catalytic reactions etc.

5. These species display a very rich potential of reactivity, which may con-
cern fields as diverse as dihydrogen formation and storage or asymmetric
catalysis.

6. Finally, the shape and self-assembly of these particles can also be con-
trolled which gives rise to novel nanomaterials displaying interesting
physical properties in the fields of semi-conductors, magnetism, or optics.

All these elements suggest that there is a strong potential for organometallic
chemists to enter this research area concerning the synthesis and properties
of metal nanoparticles. This should lead to impressive developments in the
field of surface organometallic chemistry in the future.
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Abstract Transition-metal nanoparticle science is a strategic research area in material de-
velopment due to their particular physical and chemical properties. Today, catalysis is
the usual application of metal nanoparticles synthesized by a variety of methods. This
chapter reviews the recent progress in the hydrogenation of monocyclic aromatic com-
pounds by noble metal nanoparticles in various liquid media. The review begins with
an introduction to nanoparticle science and to our main interest of arene derivative hy-
drogenation. Then, Sect. 2 describes several efficient stabilized catalytic systems in total
hydrogenation of classical benzene derivatives under mild conditions. Some examples
of significant results obtained in partial hydrogenation of benzene or anisole by soluble
nanocatalysts are also presented in Sect. 3.

Keywords Arenes · Catalysis · Hydrogenation · Nanoparticles

Abbreviations
TOF turnover frequency
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TTO total turnover
PVP polyvinylpyrrolidone
S/C substrate/catalyst
Conv. conversion rate
TEM transmission electron microscopy
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
COD cyclooctan-1,5 diene
COT cyclooctan-1,3,5 triene
iPr isopropyl
tBu tertiobutyl

1
General Aspects

1.1
Arene Hydrogenation

The total hydrogenation of benzene derivatives represents an important in-
dustrial catalytic transformation, in particular with the conversion of ben-
zene into cyclohexane, a key intermediate in adipic acid synthesis, which is
used in the production of Nylon-6,6 (Scheme 1). This reaction is still the most
important industrial hydrogenation reaction of monocyclic arenes [1].

Moreover, the increasing industrial demand for low-aromatic diesel fu-
els [2] stimulated by the discovery that diesel exhaust particles generate
various respiratory allergies, contributes to developing this area of research
area [3–5].

The partial arene derivative hydrogenation into cyclohexene or cyclohexa-
diene as intermediates is also investigated. The process developed by Asahi
Chemical Industry in Japan is an example of the selective formation of cyclo-
hexene [6]. In the future, this reaction could be an active area of research due
to the potential of the intermediate in organic synthesis.

Finally, hydrogenation of aromatic rings in synthetic or natural polymers
such as polystyrene or lignin, respectively, is also investigated for various ap-
plications. The polystyrene hydrogenation process developed by Dow Plastics
for media applications is an interesting example [7, 8].

Scheme 1 Synthetic route to adipic acid
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Traditionally, monocyclic arene hydrogenation is carried out in drastic
conditions with heterogeneous catalysts [9–18] such as Rh/Al2O3 and Raney
Nickel or metal sulfides. Nevertheless, some pure homogeneous systems have
been reported [19–23].

In the past five years, the use of nanoparticles in this active research
area has received increased attention since some homogeneous catalysts have
been shown to be “nanoheterogeneous” [24–26]. Today, soluble noble metal
nanoparticles are considered as reference in monocyclic arene catalytic hy-
drogenation under mild conditions and several stabilized systems have been
reported [27, 28].

1.2
Nanoparticle Concepts

Catalysis is the essential application of metal nanoparticles but, due to their
particular physical and chemical properties, they also find application in such
diverse fields as photochemistry, electronics, optics or magnetism [29–37].
Zero-valent nanocatalysts can be obtained from two strategic approaches ac-
cording to the nature of the precursor namely (i) well-known transition metal
salts reduction [27]; (ii) organometallic compounds able to decompose in
nanomaterials [38]. Today, the key goal is the development of reproducible
nanoparticle (or modern nanoclusters) syntheses in opposition to larger par-
ticles and bulk material [30]. Consequently, nanoclusters should be or have
at least (i) a specific size (1–10 nm); (ii) a well-defined surface composition;
(iii) reproducible syntheses and properties; and (iv) isolable and redissolv-
able. Several synthetic methods are mainly described: (i) chemical reduction;
(ii) thermal, photochemical or sonochemical decomposition; (iii) metal vapor
synthesis; and (iv) electrochemical reduction [27, 30]. Nevertheless, whatever
the method used a protective agent is generally necessary to prevent the ag-
gregation of the colloids formed into bulk material. This aggregation leads to
the loss of the properties associated to the colloidal state of these particles.
The stabilization of metallic colloids and thus the means to preserve their
finely dispersed state is a crucial aspect to consider during their synthesis.
Several general discussions on the stability of colloids and nanoclusters have
already been reported [29, 30].

At short interparticle distances, the van der Walls forces show that two
metallic particles will be mutually attracted. In the absence of repulsive
forces opposed to the van der Walls forces the colloidal metal particles
will aggregate. Consequently, the use of a protective agent able to induce
a repulsive force opposed to the van der Walls forces is necessary to pro-
vide stable nanoparticles in solution. The general stabilization mechanisms
of colloidal materials have been described in Derjaguin–Landau–Verway–
Overbeck (DLVO) theory. [40, 41] Stabilization of colloids is usually discussed
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in terms of two general categories: (i) charge stabilization and (ii) steric sta-
bilization.

1.2.1
Electrostatic Stabilization

Ionic compounds such as halides, carboxylates or polyoxoanions, dissolved in
(generally aqueous) solution can generate electrostatic stabilization. The ad-
sorption of these compounds and their related counter ions on the metallic
surface will generate an electrical double-layer around the particles (Fig. 1).
The result is a coulombic repulsion between the particles. If the electric po-
tential associated with the double layer is high enough, then the electrostatic
repulsion will prevent particle aggregation [27, 30].

Fig. 1 Schematic representation of electrostatic stabilization

Colloidal suspensions stabilized by electrostatic repulsion are very sensi-
tive to any phenomenon able to disrupt the double layer like ionic strength or
thermal motion.

1.2.2
Steric Stabilization

Transition metal colloids can also be prevented from agglomeration by poly-
mers or oligomers [27, 30, 42, 43]. The adsorption of these molecules at the
surface of the particles provides a protective layer. In the interparticle space,
the mobility of adsorbed molecules should be reduced decreasing the entropy
and thus increasing the free energy (Fig. 2).

A second effect is due to the local growth of adsorbed macromolecules as
soon as the two protective layers begin to interpenetrate. This results in an
osmotic repulsion to restore the equilibrium by diluting the macromolecules
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Fig. 2 Schematic representation of steric stabilization

and thus separating the particles. By contrast with the electrostatic stabiliza-
tion which is mainly used in aqueous media, the steric stabilization can be
used in the organic or in the aqueous phase. Nevertheless the length and/or
the nature of the macromolecules adsorbed influence the thickness of the pro-
tective layer and can thus modify the stability of the colloidal metal particles.

The electrostatic and steric effects can be combined to stabilize nanopar-
ticles in solution. This kind of stabilization is generally provided by means
of ionic surfactants [44–47]. These compounds bear a polar head group able
to generate an electric double layer and a lypophilic side chain able to pro-
vide steric repulsion. The electrosteric stabilization can be also obtained
from polyoxoanions such as the couple ammonium (Bu4N+)/polyoxoanion
(P2W15Nb3O62

9–). The significant steric repulsion of the bulky Bu4N+ coun-
tercations associated with the highly charged polyoxoanion (Coulombic re-
pulsion) provide an efficient electrosterical stability towards agglomeration in
solution of the resultant nanocatalysts [28, 30].

Finally, the term steric stabilization could be used to describe protective
transition-metal colloids with traditional ligands or solvents [38]. This stabi-
lization occurs by (i) the strong coordination of various metal nanoparticles
with ligands such as phosphines [48–51], thiols [52–55], amines [54, 56–58],
oxazolines [59] or carbon monoxide [51]; (ii) weak interactions with solvents
such as tetrahydrofuran or various alcohols. Several examples are known with
Ru, Pt and Rh nanoparticles [51, 60–63]. In a few cases, it has been estab-
lished that a coordinated solvent such as heptanol is present at the surface and
acts as a weakly coordinating ligand [61].

Finally, the development of modified nanoparticles with a better lifetime
and activities for various applications in catalysis remains an important chal-
lenge. Several recent investigations have made possible interesting results
in various research areas around soluble nanoparticles: synthesis, charac-
terizations and their applications. In this context, total, partial or selective
arene hydrogenations have received considerable attention and could still be
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a promising application for future studies. This second section describes sig-
nificant results obtained in various media by several catalytic systems. Four
approaches seem to be highly efficient according to (i) the protective agent:
PVP, Polyoxoanion, surfactant and ionic liquids; and (ii) the nature of the
precursor: metal salts or organometallic compounds.

2
Total Hydrogenation by Protected Nanocatalysts

2.1
PVP Stabilization

The immobilization of metal nanoparticles in a water soluble polymer ma-
terial such as polyvinylpyrrolidone (PVP) has been largely described. The
groups of Choukroun and Chaudret reported the preparation and charac-
terization of rhodium nanoparticles embedded in PVP [64]. Rhodium (0)
colloids are prepared starting from the organometallic [RhCl(C2H4)2]2 com-
plex with two equivalents of Cp2V as the reducing agent in the presence of
PVP. A black solid is separated from the THF solution showing from 5 to
10 wt % of rhodium in the polymer (Fig. 3).

The solid is used as a heterogeneous catalyst or as a water-soluble sys-
tem in biphasic conditions in the hydrogenation of benzene and pheny-
lacetylene [65]. The heterogeneous system Rh-PVP is investigated in the
solid/liquid catalytic hydrogenation of benzene with a ratio of 1/34 000 at
80 ◦C and 20 bar H2. The conversion into cyclohexane is about 60% after
200 h of reaction time. In a water/benzene biphasic condition at 30 ◦C and
under 7 bar H2, complete hydrogenation (Scheme 2) for a molar ratio of 2000
is observed after 8 h giving a TOF = 675 h–1 (related to H2 consumed), never-

Fig. 3 PVP-protected rhodium nanoparticles a TEM micrograph b HREM micrograph
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Scheme 2 Benzene hydrogenation by Rh/PVP system

theless, in methanol solution, no reaction is observed with soluble nanopar-
ticles.

The presence of soluble Rh nanoparticles after catalysis is demonstrated by
TEM. The kinetic of the catalytic reaction was found to be zero-order in re-
spect to the substrate and first order with respect to hydrogen and catalyst.
Curiously, under the same conditions (60 ◦C, 7 bar H2), ethylcyclohexane is
not detected at the end of phenylacetylene hydrogenation and the formation
of methylcyclohexane from toluene was only obtained under drastic condi-
tions 40 bar H2 and 80 ◦C.

Finally, the groups of Chaudret and Choukroun have demonstrated that
PVP-protected native Rh nanoparticles synthesized by an organometallic ap-
proach are active in the hydrogenation of benzene in a biphasic mixture.

A similar polymer-stabilized colloidal system is described by James and
coworkers [66]. Rhodium colloids are obtained by reducing RhCl3, 3H20
with ethanol in the presence of PVP. The monophasic hydrogenation of var-
ious substrates such as benzyl acetone and 4-propylphenol and benzene
derivatives was performed under mild conditions (25 ◦C and 1 bar H2). The
nanoparticles are poorly characterized and benzyl acetone is reduced with
50 TTO in 43 h.

2.2
Stabilization in Ionic Liquids

In 2003, Dupont and coworkers have described the use of room-temperature
imidazolium ionic liquids for the formation and stabilization of transition-
metal nanoparticles. Rhodium(0) and iridium(0) nanoparticles are pre-
pared from RhCl3, 3H2O, and [Ir(COD)Cl]2, respectively, in dry 1-butyl-
3-methylimidazolium hexafluorophosphate (BMI PF6) ionic liquid under
hydrogen pressure (4 bar) and 75 ◦C. Anhydrous conditions are necessary
to avoid the partial decomposition of the ionic liquid into phosphates. The
nanoparticles are isolated by centrifugation or used for hydrogenation re-
actions. TEM and XRD analysis show the formation of zero-valent metal
nanoparticles around 2.0–2.5 nm in diameter. The isolated colloids can be
used as solids (heterogeneous catalyst), in acetone (homogeneous catalyst) or
re-dispersed in BMI PF6 (biphasic system) for benzene hydrogenation stud-
ies [67]. Lower reaction times for total hydrogenation are observed when
the reaction is performed under homogeneous or heterogeneous conditions.
Nevertheless, the interest in the use of ionic liquid is to promote a biphasic
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Scheme 3 Hydrogenation of benzene by nanoparticles in various media

catalytic system for the recycling of these ionic liquid-stabilized nanoparti-
cles. The mixture forms a two-phase system constituted by the lower phase
containing the catalyst in the ionic liquid and the upper phase containing the
organic products. In this condition, the performances were limited and no
recycling studies were performed. A comparison of the nature of the metal
shows that iridium(0) nanoparticles are much more active for the benzene
hydrogenation than their rhodium(0) analogues (Scheme 3).

Iridium and rhodium nanoparticles have also been studied in the hy-
drogenation of various aromatic compounds. In all cases, total conversions
were not observed in BMI PF6. TOFs based on mol of cyclohexane formed
were 44 h–1 for toluene hydrogenation with Ir (0) and 24 h–1 and 5 h–1 for
p-xylene reduction with Ir(0) or Rh(0) nanoparticles, respectively. The cis-
1,4-dimethylcyclohexane is the major product and the cis/trans ratio depends
on the nature of the metal: 5 : 1 for Ir(0) and 2 : 1 for Rh(0). TEM experiments
show a mean diameter of 2.3 nm and 2.1 nm for rhodium and iridium par-
ticles, respectively. The same nanoparticle size distribution is observed after
catalysis (Fig. 4).

Similarly to Iridium and rhodium nanoparticle studies, Dupont describes
benzene hydrogenation in various media by platinum(0) nanoparticles pre-
pared by simple decomposition of Pt2(dba)3 in BMI PF6 at 75 ◦C and under
4 bar H2 [68]. The Pt nanoparticles were isolated by centrifugation and char-

Fig. 4 TEM observation of nanoparticles after catalysis. Rh (left) and Ir (right)
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acterized by TEM observations showing the formation of Pt(0) particles of
2–2.5 nm in diameter. The isolated material was used for benzene hydro-
genation after re-dispersion in the ionic liquid or used as a heterogeneous
catalyst. Best results were obtained in heterogeneous (solventless) conditions
TOF = 28 h–1 for 100% of conversion but the TOF dramatically decreased in
biphasic liquid-liquid conditions (BMI PF6) up to 11 h–1 at 46% of conver-
sion justifying the absence of recycling studies with this substrate. Recently,
Dupont and coworkers have reported the preparation of Ru(0) nanoparti-
cles made of reducing organometallic compound Ru(COD)(COT) in 1-n-
butyl-3-methylimidazolium hexafluorophosphate room temperature ionic li-
quid (BMI PF6) with hydrogen pressure [69]. TEM experiments show Ru(0)
nanoparticles with an average diameter of 2.6 ± 0.4 nm inside spherical su-
perstructures of 57±8 nm (Fig. 5). XRD and XPS analysis indicated that the
solid is made of particles consisting of hexagonal closed-packed ruthenium
and the presence of a passivated surface layer due to an external surface ru-
thenium atom oxidation.

The isolated Ru(0) nanoparticles were used as solids (heterogeneous cata-
lyst) or re-dispersed in BMI PF6 (biphasic liquid-liquid system) for benzene
hydrogenation studies at 75 ◦C and under 4 bar H2. As previously described
for rhodium or iridium nanoparticles, these nanoparticles (heterogeneous
catalysts) are efficient for the complete hydrogenation of benzene (TOF =
125 h–1) under solventless conditions. Moreover, steric substituent effects of
the arene influenced the reaction time and the decrease in the catalytic TOF:
45, 39 and 18 h–1 for the toluene, iPr-benzene, tBu-benzene hydrogenation,
respectively. Finally, The hydrogenation was not total in BMI PF6, a poor TOF
of 20 h–1 at 73% of conversion is obtained in the benzene hydrogenation.

In summary, Dupont and coworkers have developed an organometallic ap-
proach for the stabilization of various zero-valent nanoparticles in the ionic
liquid BMI PF6. Transition metal nanoparticles of 2.0–3.0 were obtained with

Fig. 5 TEM observation of Ru(0) nanoparticle superstructures (left) and inside the super-
structures (right)
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a narrow size distribution. Characterization studies have shown the inter-
action of the ionic liquid with the particle surface. These nanoparticles are
efficient catalysts for the hydrogenation of benzene and classical derivatives
(Ir > Ru > Rh ≈ Pt) nevertheless; best performances are obtained in hetero-
geneous or homogeneous conditions. In biphasic liquid-liquid conditions, the
main goal in terms of product separation and catalyst recycling, the results
show lower efficiency and nanoparticles stabilized in ionic liquid should be
optimized in the future.

2.3
Stabilization by Polyoxoanion

Finke and coworkers have developed an efficient soluble nanocluster arene
hydrogenation catalyst in terms of catalytic lifetime. This research group
describes the use of polyoxoanion- and ammonium-stabilized rhodium zero-
valent nanoclusters which combine electrostatic stabilization (high polyoxoan-
ion charge P2W15Nb3O62

9–) and associated tetrabutylammonium and poly-
oxoanion steric stabilization components [(Bu4N+)9 · (P2W15Nb3O62

9–)] [30].
The nanocluster catalyst is formed in situ by reducing organometallic precur-
sor [Bu4N]5Na3[(COD)Rh · P2W15Nb3O62] with H2 in a monophasic propy-
lene carbonate solution. This organometallic approach allows reproducible
preparation of stabilized nanoparticles starting from a well-defined complex
in terms of composition and structure. TEM analyses after ether precipitation
show the formation of zero-valent nanoparticles with an average diameter
of 5.3 nm containing around 5700 Rh atoms (Fig. 6) [26]. The authors have
shown the influence of the nanocluster formation conditions on the average
diameter.

The polyoxoanion-stabilized Rh(0) nanoclusters were investigated in
anisole hydrogenation [26]. The catalytic reaction experiments were per-
formed in a single phase using a propylene carbonate solution under mild
conditions: 22 ◦C, 3.7 bar of H2. In these standard conditions, anisole hy-
drogenation with a ratio S/Rh = 2600 was performed in 120 h giving a TTO
of 1500 ± 100. The effects on catalytic performance of added proton donors
such as HBF4 · Et2O or H2O which increase the catalytic activity were inves-
tigated. With 10 equivalent of HBF4 · Et2O added versus Rh, Finke reports

Scheme 4 Hydrogenation of anisole by polyoxoanion-stabilized Rh(0) nanocluster catalyst
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Fig. 6 TEM observation of Rh(0) nanoclusters prepared under H2 in propylene carbonate

2600 TTO for complete anisole hydrogenation in 144 h at 22 ◦C and 3.7 bar of
H2 (Scheme 4).

A similar result is obtained with 30 equivalents of H2O added but a long
reaction time is required namely 215 h. Nevertheless, in all cases a black
precipitate of bulk Rh(0) is visible at the end of the reaction justifying the
destabilization of nanoclusters due to the interaction of H+ or H2O with
the basic P2W15Nb3O62

9– polyoxoanion. Finally, the partial hydrogenation of
anisole to yield 1-methoxycyclohexane (up to 8%) with a soluble nanocluster
catalyst has been reported by Finke and coworkers (see Sect. 3).

2.4
Stabilization by Surfactant

A typical approach to stabilize colloids in the aqueous phase and to pre-
vent their aggregation is the use of tetraalkylammonium salts. The first
colloidal catalytic system was observed in 1983–1984 by Januszkiewicz and
Alper [70, 71] which used an organometallic approach for the hydrogena-
tion of several benzene derivatives in biphasic conditions using [RhCl(1,5-
hexadiene)]2 and the tetraalkylammonium bromide as the protective agent.
Under atmospheric hydrogen pressure and room temperature, up to 100 TTO
are observed. A similar system is described by Lemaire and coworkers for
hydrogenation of dibenzo-18-crown-6-ether (DB18C6, 20 mol) into the ma-
jor product syn,anti-dicyclohexano-18-crown-6-ether in 1 h starting with
RhCl3, 3H2O as the metal salt precursor and methyltrioctylammonium chlo-
ride [72, 73]. TEM experiments show the presence of nanoparticles in the
2–3 nm size range. In 1997–1998, James and coworkers described rhodium
and ruthenium colloidal preparation stabilized by tetrabutylammonium
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salts for the hydrogenation of lignin model compounds containing the 4-
propylphenol fragment under a biphasic medium and various conditions
(20–100 ◦C, 1–50 bar H2) [74–76]. Organometallic and metal salt approaches
were investigated with various precursors such as [RhCl(1,5-hexadiene)]2 ,
[RhCl(COD)]2,[Rh(OC6H5)(COD)]2, RhCl3, 3H2O and RuCl3, 3H2O. The
best result is obtained for the hydrogenation of 2-methoxy-4-propylphenol by
ruthenium nanoparticles with 300 TTO in 24 h.

Recently, progress has been made based on the use of surfactants as
protective agents. In 1999, our group prepared an aqueous suspension of
rhodium(0) colloids by reducing RhCl3, 3H2O with NaBH4 in the presence
of highly water soluble N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl)ammonium
salts (counter anion: Br, Cl, I, CH3SO3, BF4) which provide an electrosterical
stabilization. Nanoparticles catalyze the hydrogenation of various mono-, di-
substituted and/or functionalized arene derivatives in pure biphasic liquid-
liquid (water/substrate) media at room temperature and under atmospheric
hydrogen pressure [44–46]. Significant results have been obtained for the hy-
drogenation of anisole with 2000 TTO in 37 h (Scheme 5). The nanoparticle
catalyst can be separated by simple decantation or the product extracted with
an appropriate solvent.

The durability of the catalytic system was investigated by employing it in
five successive hydrogenations. Similar TOFs were observed due to the wa-
ter solubility of the protective agent which retains nanoparticles in aqueous
phase. The comparative TEM studies show that (i) the average particle size
was 2.2±0.2 nm; (ii) the counter anion of the surfactant does not allow a ma-
jor influence on the size; and (iii) nanoparticle suspensions have a similar size
distribution after catalysis.

The efficient hydrogenation of various benzene compounds in bipha-
sic systems has also been described by similar surfactant-protected irid-
ium(0) nanoparticles [47]. The solubility of the nanoparticles was assured by
10 equivalents of water-soluble N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl)-
ammonium chloride salt. TEM observations show that the particles are
monodispersed in size with an average diameter of 1.9±0.7 nm (Fig. 7).

The hydrogenation of arenes is performed at room temperature and under
40 bar of H2. In all cases, the conversion is complete after a few hours.
3000 TTO are demonstrated for anisole hydrogenation in 45 h (Scheme 5).

Scheme 5 Hydrogenation of anisole by surfactant-stabilized Rh(0) and Ir(0) catalysts
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Fig. 7 TEM micrograph of Ir(0) nanoparticles

The catalytic lifetime was studied by reusing the aqueous phase for three suc-
cessive hydrogenation runs of toluene, anisole and cresol. Similar turnover
activities were observed during the successive runs. These results show the
good stability of the catalytically active iridium suspension as previously de-
scribed with rhodium nanoparticles.

The selectivity in the hydrogenation of di-substituted benzenes such as xy-
lene, methylanisole, cresol was also reported. In all cases, the cis-compound
is largely the major compound > 80%. The ratio cis/trans decreases with the
position of the substituents o > m > p but the identity of the metal does not
seem important with this surfactant-stabilized system [45, 47].

Finally, these aqueous suspensions of rhodium(0) and iridium(0) are the
most efficient systems for the hydrogenation of a large variety of mono-,
di-substituted and/or functionalized arene derivatives. Moreover, in our ap-
proach, the reaction mixture forms a typical two-phase system with an aque-
ous phase containing the nanoparticle catalyst able to be easily reused in
a recycling process.

In 1999, Albach and Jautelat described in a patent the use of a sulfobetaine
as the surfactant to stabilize Ru, Rh, Pd, Ni nanoparticles and bimetallic mix-
tures [77]. Benzene, cumene and isopropylbenzene are reduced in biphasic
media under various conditions 100–150 ◦C and 60 bar of H2. 250 TTO are
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demonstrated but no recycling process of the aqueous suspensions of colloids
stabilized by the dodecyldimethylammonium propanesulfonate is reported.

Finally, Jessop and coworkers describe an organometallic approach to
prepare in situ rhodium nanoparticles [78]. The stabilizing agent is the
surfactant tetrabutylammonium hydrogen sulfate. The hydrogenation of
anisole, phenol, p-xylene and ethylbenzoate is performed under biphasic
aqueous/supercritical ethane medium at 36 ◦C and 10 bar H2. The cata-
lytic system is poorly characterized. The authors report the influence of
the solubility of the substrates on the catalytic activity. p-xylene was se-
lectively converted to cis-1,4-dimethylcyclohexane (53% versus 26% trans)
and 100 TTO are obtained in 62 h for the complete hydrogenation of phenol,
which is very soluble in water.

To conclude, we have described four significant catalytic systems based
on the use of various protective agents: PVP, polyoxoanion, surfactants and
ionic liquids. These studies have essentially shown two approaches to prepar-
ing nanocatalysts according to the nature of the precursor: metal salts or
organometallic compounds. The choice depends on the medium of the re-
action: organic, aqueous, mono- or biphasic and so the protective agent
employed but also in order to obtain a better control of the size and clean sur-
faces. Nevertheless, in all cases, “near” monodispersed colloidal suspensions
are obtained and provide efficient activity and catalytic lifetime for the hydro-
genation of monocyclic arene derivatives. A comparison of stabilized catalytic
systems for the hydrogenation of benzene and anisole has been previously re-
ported by our group and shows very competitive nanoparticle systems in this
research area [47].

3
Partial Hydrogenation by Nanocatalysts

For some years, the total hydrogenation of monocyclic arene compounds
has been largely studied and results are now very efficient. In the future,
the partial arene derivative hydrogenation into cyclohexene or cyclohexa-
diene should be highlighted as key intermediates in organic synthesis. The
hydrogenation to corresponding cycloalkenes is usually carried out with
a heterogeneous catalyst in particular ruthenium catalysts [79]. The pro-
cess developed by Asahi Chemical Industry in Japan is a significant example
of the selective formation of cyclohexene [6]. The reaction is performed in
a tetraphasic system: gas, oil, water and solid. The “bulk” catalyst contain-
ing ruthenium particles is prepared by reducing a ruthenium compound in
the presence of zinc as a co-catalyst. The heterogeneous catalyst consists of
particles with an average crystalline particle diameter of 20 nm. Dispersing
agents such as various metal oxides, hydroxides, or hydrates have been used
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to limit agglomeration and to extend the life of the catalyst, nevertheless the
true nature of the catalyst (ruthenium and zinc oxidation states) has not been
established. The selectivity for cyclohexene is very high and a yield of 60% for
cyclohexene is obtained at 150 ◦C and under 50.4 bar of H2.

In fact, partial hydrogenations are rarely described with soluble nanopar-
ticle catalysts. Two examples are explained in the literature, one reported
by Finke and coworkers in the hydrogenation of anisole with polyoxoanion-
stabilized Rh(0) nanoclusters [26] and one reported by Dupont and cowork-
ers in the hydrogenation of benzene with nanoscale ruthenium catalysts in
room temperature imidazolium ionic liquids [69]. In these two cases, the
yields are very modest.

3.1
Polyoxoanion-Stabilized Rh(0) Nanoclusters

The hydrogenation of anisole with polyoxoanion-stabilized Rh(0) nano-
clusters yields 91% of methoxycyclohexane (Sect. 2.3), nevertheless the
authors also observed the partial hydrogenation product (up to 8%) and
the hydrogenolysis product in trace amounts (cyclohexane and methanol
< 1%) [26]. The catalytic hydrogenation to 1-methoxycyclohexene was in-
vestigated under various conditions such as higher temperature and added
solvents or equivalent of protective agent. Under standard conditions (22 ◦C,
40 psig H2, S/Rh = 2600), the partial hydrogenation product was obtained
with an initial selectivity of 30% and the maximum yield was 2.1%. At 78 ◦C,
1-methoxycyclohexene is obtained with a yield of 8% corresponding to an
unprecedented selectivity for a partial hydrogenation of an aryl ether with
a soluble nanocatalyst system (Scheme 6). Nevertheless, complete deactiva-
tion occurred within about 1 h (conv. 41%) showing the limit of this catalytic
system. The authors mentioned no effects on catalytic performances of added
P2W15Nb3O62

9– polyoxoanion or solvents (H2O, acetone).
TEM experiments show nanoparticles with an average diameter of 5.7 nm

similar to the initial diameter consequently, Finke and coworkers concluded
that deactivation at 41% of conversion was due to a surface deactivation of
their nanocatalyst.

Scheme 6 Partial hydrogenation of anisole by polyoxoanion-stabilized Rh(0) nanocluster
catalyst
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In summary, partial hydrogenation of anisole to 1-methylcyclohexene by
polyoxoanion-stabilized Rh(0) nanoclusters is very modest but could in the
future be an interesting additive study in the monocyclic arene hydrogenation
research area.

3.2
Ionic Liquids-Protected Ru(0) Nanoparticles

Recently, Dupont has used the recommended Chaudret’s method (organome-
tallic approach, [60, 62]) to generate well-defined Ru(0) nanoparticles [69].
The controlled decomposition of a Ru(COD)(COT) dispersed in 1-butyl-
3-methylimidazolium hexafluorophosphate room temperature ionic liquid
(BMI PF6) with hydrogen produces Ru(0) nanoparticles with an average par-
ticle size of 2.6 ± 0.4 nm. These nanoparticles (heterogeneous catalysts) are
efficient for the hydrogenation of benzene and its derivatives under solvent-
less conditions at 75 ◦C and under 4 bar of H2 (see Sect. 2.2). The authors
describe the partial hydrogenation of benzene to cyclohexene with a pro-
cess based on the different benzene/cyclohexene solubility in BMI PF6 with
a Ru(0) nanoparticles containing phase. Dupont and coworkers demonstrate
selectivities up to 39% in cyclohexene at very low benzene conversion (< 1%)
and a maximum yield of 2% is obtained (Scheme 7).

Scheme 7 Partial hydrogenation of benzene by Ru(0) nanocatalysts in room temperature
imidazolium ionic liquid

As judiciously reported by the authors, the yields are too low for techni-
cal applications but this reaction represents the second example of partial
hydrogenation of monocyclic arene by soluble transition metal nanoparticles.

4
Conclusion

We have described four significant catalytic systems consisting of stabi-
lized metal nanoparticles in the hydrogenation of monocyclic aromatic com-
pounds. Four noble metals are efficient in this reaction: Rh, Ru, Ir, and Pt.
Several stabilization methods have been described which represent typical
nanoparticle stabilizers: polymers, surfactants, polyoxoanions and ionic li-
quids. Two approaches are developed for the preparation of nanocatalysts
which provide interesting results in catalytic applications: the reduction start-
ing with an organometallic precursor or a metal salt. The organometallic
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approach is more interesting to control the clean surface but requires the syn-
thesis of the appropriate precursor. Whatever approach is used, the soluble
nanoparticle catalysts are efficient for arene hydrogenation under mild con-
ditions in which very high activity and lifetime are achieved. Two catalytic
systems can directly be used in biphasic liquid-liquid media for a potential
recycling process without a re-dispersion step, one developed by J. Dupont in
ionic liquids and one based on an aqueous suspension developed by our team.
Undoubtedly, the system consisting of surfactant-stabilized Rh(0) nanoparti-
cles is the best in terms of recycling. In many cases, TEM studies of nanoparti-
cles show an average particle size of 2–3 nm. Moreover, a variety of additional
techniques derived from the solid state are commonly used to achieve precise
composition (EDX), crystal structure (HREM, XRD), and a fine distribution
of metal-metal bonds (WAXS) of nanoparticle aggregates.

Two soluble nanocatalysts have been investigated in partial hydrogenation.
The results obtained by Finke or Dupont’s catalysts are unsatisfactory but
prove that nanoparticles are a potential catalyst for this reaction. In summary,
partial hydrogenation of benzene and its derivatives is still a challenge but
will be the focus of future research.

Finally, a second area of research for nanoparticles is their immobiliza-
tion on various supports. The deposition of well-defined nanoparticles on
a support by different methods should advantageously replace traditional het-
erogeneous catalysts in terms of activity and selectivity.
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