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Résumé — Revue sur la synthése de nanoparticules de métaux et d’oxydes métalliques — Nous
présentons dans cet article une revue sur la synthése de nanoparticules de métaux et d’oxydes métalliques
utilisant une approche organométallique et plus précisément des complexes de ligands hydrocarbures
comme précurseurs. L avantage principal de cette approche réside dans la décomposition facile de ces
précurseurs qui peut étre effectuée dans des conditions douces et qui ne génere aucun polluant potentiel
des nanoparticules. Ceci permet le contrdle de la taille, de la forme et de 1’état de surface des nanoparti-
cules formées. Les résultats sont présentés par métaux et par mode de stabilisation (polymeres, ligands,
liquides ioniques). Nous présentons également quelques résultats concernant I’utilisation de cette
approche pour la préparation de matériaux hybrides contenant des nanoparticules incluses dans des
matrices minérales (membranes d’alumine, silice mésoporeuse). Enfin nous décrivons également une
extension de cette approche pour la synthese directe de nanoparticules en lit fluidisé.

Abstract — Organometallic Nanoparticles of Metals or Metal Oxides — This paper presents an
overview of the results obtained in the synthesis of metal or metal oxide nanoparticles using hydrocarbyl
complexes as metal source. The main advantage of using such metal precursors is their easy decomposi-
tion that can be achieved in solution and mild conditions. This allows the control of the particles size,
shape and surface state in order to reach a monodisperse assembly of particles having the desired
property. The results are reported taking into account the nature of the metal as well as in some cases the
stabilizing mode (polymers, ligands, ionic liquids). Some results obtained in the deposition of metal
nanoparticles within the channels of templates such as alumina membranes and mesoporous silica
through a classsical impregnation method are also reported. The last part concerns the preparation of
metal nanoparticles supported on a porous support using a fluidized bed.
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LIST OF ACRONYMS

BMI 1-n-butyl-3-methylimidazolium
cod 1,5-cyclooctadiene

cot 1,3,5-cyclooctatriene

CVD  chemical vapor deposition

dba dibenzylideneacetone

EDX electron X-ray diffraction

HDA  hexadecylamine

HREM high resolution electron microscopy
PPO polyphenyleneoxide

PVP polyvinypyrrolidone

SAED selected area electron diffraction
TEM transmission electron microscopy
THT  tetrahydrothiophene

TOPO  triphenylphosphineoxide

WAXS wide-angle X-ray scattering
INTRODUCTION

An ever-increasing interest is devoted to chemical species of
nanometric size [1-9]. This size corresponds to proteins, to
organic macromolecules like polymers or dendrimers or to
small molecules which self-organize into micelles or vesi-
cles. Inorganic molecular clusters [10] may also reach this
size and display interesting physical properties [11].
Inorganic nanoparticles are in this respect of special interest,
due to their many properties which may be exploited, up to
practical applications. Thus, metal, metal oxide or various
metal based compounds display optical, magnetic, electronic
and catalytic properties which find applications in topics as
diverse as catalysis and other chemical processes, biology,
microelectronics or nanoelectronics.

Many methods have been reported in the literature,
especially during the past few years [1], which describe the
preparation in solution of particles of metal, metal oxides, or
metal chalcogenides. However, since the properties of these
nano-objects are in general size dependant, it is essential to
have a mean to control the particles size and shape in order to
reach a monodisperse assembly of particles having the desired
property. In addition, depending of the use of the particles, it
is important to control their organization in order to be able to
address the particles in selected devices. Finally, a large pro-
portion of the atoms present in a nanoparticle are surface
atoms, therefore the chemical and physical properties of the
nanoparticles will be strongly influenced by the nature of the
surface species. It is then essential to control these surface
species. In this respect, the well-known reduction methods
[12-15] display limitations due to their lack of variability. The
use of reverse micelles as “nanoreactors” inside which salt
reduction and particle growth occurs has allowed to obtain
monodisperse nano-objects which may display a define shape

(spheres, rods, wires) and which may self-assemble on vari-
ous substrates [16, 17]. In these processes, salt and water are
always in contact with the surface of the particles thus passi-
vating them, modifying their reactivity and, in some cases,
leading to the production of oxides or hydroxides.

The use of an organometallic precursor, able to decom-
pose either spontaneously or in the presence of a reducing
gas, has appeared as a valuable alternative for the synthesis
of nano-sized objects [18-20]. Two main advantages can be
foreseen when using organometallic precursors:

— the metal is pre-reduced, either in a low oxidation state
(preferably zerovalent) or in a formal oxidation state
which nevertheless corresponds to a net reduction of the
metal (e.g. linked to hydride or alkyl ligands);

— the displacement of suitable organic ligands in mild condi-
tions should afford a surface not containing contaminants
detrimental for the chemical or physical properties of the
resulting nano-objects.

The first point has led to consider carbonyl complexes as
precursors for metal nanoparticles. They may be decomposed
thermally in solution to produce fine powders or metal
nanoparticles but generally at high temperature. The thermol-
ysis of carbonyl precursors has been largely employed for the
preparation of nanoparticles of interest in physics and mater-
ial science whereas the use of somewhat more sophisticated
precursors has interested mainly the field of catalysis [21].
They may also be decomposed by other techniques, namely
UV irradiation or sonolysis.

In order to be able to obtain a better control of the size and
size distribution of the particles as well as to obtain clean sur-
faces for undertaking a reproducible chemistry, an alternative
approach may be developed, based on the use of organo-
metallic precursors able to decompose in mild conditions,
generally using a reducing gas.

We will hereafter present our approach concerning the use
of hydrocarbyl precursors for the synthesis of “organometal-
lic nanoparticles” of metal, mainly noble metals, and oxides
as well as some relevant results from the literature.

1 SYNTHESIS OF METAL NANOPARTICLES
FROM HYDROCARBYL COMPLEXES

An organometallic approach has been developed for the past
15 years taking profit of the intrinsic reactivity of metal com-
plexes towards ligand displacement or ligand reduction [18,
19]. In this case, the reactions may take place in very mild
conditions (room temperature or below) and a rigorous con-
trol of the surface species may be achieved. The ideal precur-
sor is an organometallic complex containing an olefinic or
polyolefinic ligand able either to be hydrogenated to give a
bare metal atom that would condense in the reaction medium
or to be substituted by CO to give an unstable intermediate.
Prototypes of such complexes are Ru(C¢gH,,)(CgH,,) and
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Ni(CgH,,), which decompose satisfactorily under dihydrogen
in mild conditions (Scheme 1). Complexes accommodating
alkyl, allylic or cyclopentadienyl groups may also decom-
pose easily, for example PtMe,(CgH,,), Co(CgH,3)(CgH,,),
Rh(C;H5); CpCu'BuNC or Cplr(CgH,,). More complex
structures may however be used when such olefinic precur-
sors are not available or difficult to obtain. For example,
M(dba), (dba = dibenzylidene acetone; M = Pd; Pt) is a good
precursor for the preparation of nanoparticles of Pd or Pt
after treatment with dihydrogen or carbon monoxide. Mixed
complexes such as Rh(acac)(CgH,,) (acac = (CH;CO),CH)
also decompose in mild conditions but release potential
ligands of the particles namely acacH or the corresponding
diol after hydrogenation which may or may not perturb the
surface.

For clarity, the results obtained on noble metals, magnetic
metals and other metals and main group elements will be
reported separately. The chosen examples will allow the pre-
sentation of the different stabilization modes that can be used
with this method to get well-defined nanoparticles.

1.1 Organometallic Synthesis of Noble Metal
Nanoparticles

1.1.1 Stabilization by Polymers

Ru(CgH,()(CgH;,) (2) reacts rapidly with dihydrogen
(1-3 atm) at room temperature in an hydrocarbon solvent to
give ruthenium particles and cyclooctane [22]. In the presence
of a polymer (polyvinylpyrrolidone, PVP; nitrocellulose, NC;
cellulose acetate, CA), the reaction produces particles, the
size of which depends upon the nature of the polymer and
upon the relative concentration of the precursor in the poly-
mer. In this way, monodisperse particles of 1 to 1.5 nm mean
size have been prepared in PVP or NC. In both cases, the
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particles display very low size dispersity. In contrast, the
reaction in CA produces larger particles displaying a broader
size dispersity, which evidences the influence of the nature of
the polymer and of its coordination ability on the stabilization
of the particles. The particles in PVP were analysed by TEM
and HREM (Fig. la, b) and WAXS [23]. The particles adopt
the hcp structure of bulk ruthenium. An interesting effect of
the size reduction on the crystal lattice has been evidenced. A
contraction of 1.1% in the metal-metal distance (0.266 nm,
0.27058 in the bulk) is observed together with a relaxation of
the ¢ parameter (0.436 nm, 0.42811 in the bulk) which leads
to a c/a ratio of 1.633 close to the ideal one instead of
1.582 in bulk ruthenium.

Palladium nanoparticles can easily be prepared by
displacement of the olefinic ligands by dibenzylidene acetone
from Pd(dba),. An intermediate unstable carbonyl complex
forms which collapses into clusters. By this method,
palladium nanoparticles of sizes in the range 2-5 nm could be
obtained using polyvinylpyrrolidone (PVP) [24] or cellulose
derivatives [25] as stabilizers. Such particles were recently
used to probe the mechanism of the Heck reaction. A correla-
tion between the initial reaction rate and the particle sizes
was established. The small particles proved more active in
agreement with the presence of more surface palladium
atoms with low metal-metal coordination number [26].

In a very similar way, platinum particles were prepared by
displacement of dba by CO from Pt(dba),. In this case, if the
reaction is carried out in THF, no stabilizer is necessary and
stable particles of ca 1.5 nm form in solution [27].

The particles adopt the fcc structure of platinum with, in
the case of particles prepared in the presence of PVP, a con-
traction of the Pt-Pt distance of 1.2% (0.274 nm) compared
to the bulk. These lattice effects are similar to what may be
observed in high vacuum and evidence the lack of stress
experienced by the particles in these media [28]. The

1/[ 3 bar H,; solvent; rt
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size control of the nanoparticles needs
for a stabilizing agent (polymer, ligand)

Scheme 1
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Schematic representation of the organometallic approach for the synthesis of metal nanoparticles from Ru(CgH,,)(CgH,,).
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Figure 1
nanoparticles embedded in PVP (Adapted from Reference 28).
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Infrared spectra of CO a) and of '3CO/'2CO b) adsorbed on 1.5 nm Pt/PVP in dichloromethane (Adapted from Reference 29).

structure of the surface of such Pt particles was investigated
by infrared spectroscopy of adsorbed CO (Fig. 2) [29]. The
presence of vibrational couplings between CO groups
attached to a face of the particles was evidenced. This experi-
ment shows the similarity between the particles prepared in
organic solutions and the clean metal surfaces in ultra high
vacuum (UHV) [30]. PVP coated particles of this type were
embedded into an amorphous microporous titania-silica
mixed oxide by means of a modified sol-gel procedure. The
resulting material was found more selective than both the

PVP coated nanoparticles in solution and platinum particles
on the mixed oxide without polymer for the hydrogenation of
2-hexyne into cis-2-hexene [31].

Co-decomposition of Ru(CgH,()(C¢gH,,) and Pt(dba),
leads to the formation of bimetallic Ru,-Pt,  particles [32].
Platinum rich particles are fcc whereas ruthenium rich ones
are hep. There is a critical composition Rus-Pt for which
most of the particles are twinned. In this case, the particles
are monodisperse and very small (1.1 nm). This composition
corresponds roughly to the limit of solubility of ruthenium in
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the platinum lattice for bulk alloys. The particles adopt a
twinned fcc structure with the twinning wall lying in a (111)
plane located in the middle of the particle. The homogeneity
in the size and shape of the twinned particles suggests a well-
defined atomic organization: namely a twinned truncated
octahedron for the particles which can also be described as
well-defined clusters.

Palladium and platinum nanoparticles may be prepared
in a block copolymer. The complexes: Pd[endo-2-(cyclo-
pentadienylmethyl)norborn-5-ene](1-phenylallyl) and PtMe,
[endo-2-(cyclopentadienylmethyl)norborn-5-ene] are dis-
persed in the matrix by ring opening metathesis polymerisa-
tion using W or Mo alkylidene catalysts. Subsequent reduc-
tion of the metal complexes in the solid polymer affords the
metal particles. The result is the selective concentration of the
nanoparticles in selected areas [33].

These organometallic precursors may also be decomposed
in harsher conditions. Thus Pd,(dba), is transformed by ultra-
sound irradiation into agglomerated clusters of ca 80 nm con-
taining nanosized particles. This material was found catalyti-
cally active for Heck coupling reaction [34].

1.1.2 Stabilization by Ligands

The decomposition of Ru(CgH,,)(CsH;,) by dihydrogen
(1-3 atm) previously mentioned can occur in the presence of
various ligands: long chain thiols or amines, phosphines, oxa-
zolines, alcohols, silanes. In the presence of thiols or amines
[26], hep particles of 2-3 nm mean size form, which display a
low size dispersity. The 'H and '3C NMR spectra of
octanethiol protected ruthenium particles point to the absence
of exchange between free and coordinated ligands at the
NMR time scale. In this case it is possible to observe by '3C
NMR the carbon atoms of the alkyl chain of the coordinated
ligand as broad peaks except for the carbons located in the o
and f positions relative to sulphur which are too broad to be
observed.

In the case of the particles accommodating amine ligands,
a new phenomenon has been evidenced, namely a dynamic
exchange at the NMR time scale between free and coordi-
nated amines. It has been correlated to the TEM and HREM
results which show that, at the early stage of the reaction, the
particles display a spherical aspect and a small size (ca.
2-3 nm) and that after a few hours the particles coalesce into
elongated wormlike particles still constituted of pure, unoxi-
dized hcp ruthenium. This NMR observation is particularly
interesting since it evidences for these particles a fluxionality
similar to that of molecular clusters which is well docu-
mented. The ruthenium nanoparticles contain coordinated
mobile surface hydrides as recently demonstrated by a com-
bination of NMR techniques in solution, gas phase and in the
solid state [35].

The nature of the stabilizing ligand can be very diverse,
for example heptanol and organosilane have recently been

used for the stabilization of ruthenium particles. Thus,
reaction of Ru(CgH,)(CgH,,) with H, in heptanol [36],
leads to particles of low size dispersity (3 nm), well dispersed
in the solvent and adopting the hcp structure of bulk ruthe-
nium. Using octylsilane as stabilizer, the decomposition of
Ru(CgH,()(CgH,,) under H, produces 2.3 nm Ru nanoparti-
cles displaying a narrow size distribution. Infrared spec-
troscopy and both solution and solid NMR investigations
could be successfully applied to characterize the alkysilane
fragments grafted on the Ru nanoparticles [37].

Pd nanoparticles were similarly prepared through decom-
position of Pd,(dba); under H, in the presence of HDA or
polyphosphines as stabilizers. The influence of the ligands on
the particles shape was established: good ligands like
polyphosphines lead to stable spherical nanoparticles of
small size (near 2 nm) while the HDA protective effect
depends on the ligand concentration as a result of equilibria
present at the surface of the particles and monitored by solu-
tion NMR spectroscopy [38].

Pt(dba), reacts with CO in THF to give a colloid contain-
ing fcc particles of 1.2 nm mean size and displaying a narrow
size distribution. This colloid is relatively stable and can fur-
ther be used as a starting material to prepare ligand protected
platinum nanoparticles. Addition of 0.2 eq. PPh; to this reac-
tion mixture or decomposition of Pt(dba), in the same
medium in the presence of phosphine leads to phosphine pro-
tected particles which adopt a non-periodic icosahedral struc-
ture. Interconversion between the two colloids is possible by
addition of CO on one side or of PPh; on the other. These
species are well defined and relatively robust [39]. It may
therefore be interesting to emphasize their similarity with the
molecular cluster Pd,,5(CO)4,(PEt;)5, recently characterized
by Dahl. The size of the metal core of this cluster is estimated
to be of the same order of magnitude as these platinum phos-
phine colloids and it is noteworthy that this Pd,,s cluster
adopts a non-periodic structure [40].

These experimental procedures are not specific of the
phosphine ligands and may be employed using more classical
ligands for nanoparticles such as octanethiol [31]. In this
case, a very stable colloid is formed which may be isolated
from the reaction medium and re-dissolved for reactivity or
spectroscopic studies. The colloid contains monodisperse fcc
particles of 1.6 nm mean size. WAXS studies demonstrate
the strong fixation of the ligands at the surface of the parti-
cles (Fig. 3). This is corroborated by solution NMR studies
that, like for ruthenium, evidence the absence of exchange
between free and coordinated ligands at the NMR time scale.

The strong coordination of sulphur to platinum enables the
construction of “supramolecular” networks incorporating the
metal particles. Thus platinum particles of 1.6 nm mean size
can be prepared using as protecting ligands thiophenols sub-
stituted in the 4 position by a hydroxo, a carboxylate or an
amino group [41]. Self-assembly of the nanoparticles is
observed for the colloids stabilized by 4-HO-C4H,-SH or
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Figure 3

WAXS analysis of octanethiol stabilized Pt colloid (solid
line: experimental data; dotted line: cuboctahedral model)
(Adapted from Reference 28).
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Figure 4

HREM micrographs of nanotubes resulting from the assembly
of Pt nanoparticles stabilized by a 1:1 mixture of the 4-HO-
C¢H,-SH and 4-H,N-C4H,-SH (Adapted from Reference 41).

4-HOOC-C¢H,-SH. If a mixture containing a 1:1 mixture of
the 4-HO-C¢H,-SH and 4-H,N-C,H,-SH is used, the parti-
cles self-organize into very long nanotubes the walls of
which are constituted by a monolayer of platinum nanoparti-
cles (Fig.4).

Fluorinated thiols (perfluorooctanethiol, C¢F;;C,H,SH)
were also used by Korgel and Johnston to stabilize platinum
and iridium nanoparticles prepared in super critical carbon
dioxide by hydrogenation of the organometallic precursors
PtMe,(CgH,,) and Cplr(CgH,,) at 80°C and 276 bar [42].
Pt and Ir nanocrystals are obtained with a mean size com-
prised between 2 and 12 nm as a function of predominantly
the precursor concentration (higher concentrations giving rise
to larger particles). The long chain perfluoronated thiol
ligands leads to a good solubility of the nanoparticles in the
environmentally benign CO, solvent.

The synthetic method described hereabove is very simple
and can be in principle transposed to any metal/ligand combi-
nation. One of the most challenging problems regarding the
use of nanoparticles in catalysis concerns asymmetric cataly-
sis. Only a few examples of asymmetric heterogeneous catal-
ysis have been reported, the most popular ones are based on a
platinum cinchonidine system [43-45]. Using the chiral xylo-
furanoside diphosphite ligand Pd nanoparticles with a mean
size of 4 nm were synthesized which display a novel activity
in enantioselective allylic alkylation of rac-3-acetoxy-1,3-
diphenyl-1-propene with dimethylmalonate: the reaction pro-
ceeds with only one enantiomer of the substrate, hence
demonstrating a very high degree of kinetic resolution [46].
Phosphine stabilized palladium nanoparticles were also
recently reported by Hyeon et al. through thermolysis of

Pd(acac),. They compared the spectroscopic properties of the
nanoparticles to those of molecular complexes prepared by
substitution of dba on Pd(dba), [47].

Asymmetric oxazolines or amino alcohols provide an
excellent stabilization of platinum particles, which can be
handled like molecular species. Self-organized super-
structures adopting shapes of wires or of pseudo-crystals
form spontaneously probably due to ligand interactions
through hydrogen bonding [48]. Very small Ruthenium
nanoparticles (Fig. 5) containing the same ligands (1 to 2 nm
according to the ligand) were used in catalytic reactions such
as asymmetric hydrogenation or asymmetric hydrogen trans-
fer but so far leading only to poor enantioselectivity [49].

1.1.3 Stabilization by lonic Liquids

A great attention is presently devoted to efficient catalytic
systems that might combine the advantages of both homoge-
neous (catalyst modulation) and heterogeneous (catalyst
recycling) catalysis. Ionic liquids appear as very interesting
systems since they can be considered as non-polluting sol-
vents and can also provide facile products separation and cat-
alysts recycling. The group of Dupont has developed for a
few years the synthesis of transition metal nanoparticles in
room temperature ionic liquids as stabilizers with the objec-
tive to test them in hydrogenation or carbon-carbon coupling
catalytic reactions. These authors use the same method as
that developed in our group, i.e. the hydrogenation of
organometallic precursors like Ru(cod)(cot), Pt,(dba); or
[Ir(CgH,)Cl],.

Thus, the use of imidazolium ionic liquids allowed the
formation and the stabilization of iridium nanoparticles [50].
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TEM image of oxazoline stabilised ruthenium nanoparticles and corresponding size histogram (mean size = 2.7 nm) (Adapted from Reference 49).
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Scheme 2

Synthesis of Pt nanoparticles in ionic liquids (Adapted from
Reference 53).

Treatment of the complex [IrCI(CgH,,),], in 1-n-butyl-3-
methylimidazolium hexafluorophosphate ([BMI][PF6])
under dihydrogen (4 bar) at 75°C affords the formation of a
colloidal solution containing well-dispersed Ir nanoparticles
with a mean size of 2.5 nm. This solution promoted biphasic
hydrogenation of various olefins under mild reaction condi-
tions. The olefin loss with time has been followed under a
constant pressure of H,: sigmoidal curves which could be
fitted to the A — B, A + B — 2B autocatalytic mechanism
characteristic of nanocluster formation and growth were
obtained as previously observed by Finke et al. The products
could be isolated almost quantitatively by simple decantation,
and the isolated Ir nanoparticles maintained their efficiency
for up to at least seven recycles. These Ir nanoparticles are
also active for arenas [51] and ketones [52] hydrogenation.
The same methodology could be applied to platinum
using Pt,(dba); and various room temperature ionic liquids

and led to metallic Pt nanoparticles with a mean size near
2.0-2.5 nm (Scheme 2) [53]. The isolated Pt(0) nanoparticles
could be redispersed in the ionic liquid or in acetone or else
used in solventless conditions for liquid-liquid biphasic,
homogeneous, or heterogeneous hydrogenation of alkenes
and arenes under mild reaction conditions (75°C, 4 bar H,).
Recycling experiments have also been performed.

The use of the complex Ru(CgH,)(CsH,,) for the forma-
tion of small Ru(0) nanoparticles (Fig. 6) dispersed in 1-n-
butyl-3-methylimidazolium hexafluorophosphate (BMI-PF),
tetrafluoroborate (BMI'BF,) or trifluoromethane sulfonate
(BMI-CF;S053) has also been described [54]. In this case,
small nanoparticles with diameters of 2.6 + 0.4 nm which
were agglomerated inside spherical superstructures (diame-
ters ~57 nm) were obtained, giving rise to efficient multi-
phase catalytic activity for alkenes and benzene hydrogena-
tion under mild conditions (75°C; 4 bar). When benzene was
used as substrate, an interesting partial hydrogenation has
been reported leading to the formation of cyclohexene with a
selectivity of up to 39% at low benzene conversion.

Very recently, the same authors reported the synthesis of
stable ligand-free Pd nanoparticles dispersed in the BMI-PF
ionic liquid and displaying an irregular shape with a
monomodal particle size distribution centred at 1.7 + 0.3 nm
[55]. Their catalytic properties have been tested in the Heck
coupling of aryl halides with n-butylacrylate at different tem-
peratures with interesting results. However, TEM investiga-
tions revealed changes in shape and in size of colloidal Pd
catalysts (mean size after catalysis: 6.01 + 0.7 nm) and ICP-
AS analysis showed significant metal leaching from the ionic
phase to the organic one at low substrate conversion. The
authors considered that these results were strong indications
that Pd nanoparticles dispersed in the ionic liquid act as a
reservoir of catalytically active Pd species.
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Figure 6
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Images of the Ru nanoparticles prepared in BMI-PFy showing a) the superstructures, b) inside the spherical superstructures, and the

corresponding histograms (c and d) (Reference 54).

1.1.4 Stabilization by the Reaction Medium

When using Ru(CgH,()(CgH,,), the decomposition by H, in
neat THF or in non-coordinating solvents such as pentane
leads to the precipitation of ill-defined ruthenium powder.
However, when using alcohols as solvents, the reaction pro-
duces colloidal solution containing ruthenium particles which
are stable for over one year under argon but which precipitate
upon exposure to air [56]. The particles prepared in neat
methanol are very large, polycrystalline (76 nm), mesoporous
and display a relatively large specific area (>40 m*g™). In
THF/methanol mixtures, the size of the polycrystalline parti-
cles was found to depend upon the reaction medium. It
remains of the same order of magnitude as that observed in
neat methanol up to a THF content of 25 vol.% after 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
(Fig. 7) [57]. A similar trend, namely size decrease, is
observed upon changing MeOH for higher alcohols. The size
of the particles is ca. 5 nm when the reaction is carried out in
isopropanol and ca. 2.5 nm in pentanol. Finally, it was found
for the reactions carried out in MeOH/THF mixtures that
addition of cyclooctane leads to an increase in the size of the

particles. These surprising results were attributed to phase
separation in the solution between cyclooctane resulting from
hydrogenation of the ligands of the ruthenium precursor and
the alcohol. 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
lipophilic one (pentanol) gives rise to the smallest particles.

The hydrido complex [(1,5-CgH;,)RhH], can be used as a
source of small rhodium crystallites. Aromatic hydrocarbon
solutions of this complex are unstable when exposed to dihy-
drogen, allowing the formation of 2 nm size, crystalline but
agglomerated Rh nanoparticles that show catalytic properties
in arene hydrogenation [58].

1.2 Organometallic Synthesis of Magnetic Metal
Nanoparticles

1.2.1 Stabilization by Polymers

In a way very similar to Ru(CgH,,)(CgH,,), the complex
Co(CgH,3)(CgH,,) readily decomposes at room temperature
in solution in the presence of a low pressure (generally
3 bars) of dihydrogen. When using PVP as a stabilizer,
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Micrographs and size histograms of Ru nanoparticles synthesized in MeOH/THF mixtures a) MeOH/THF = 5/95; b) MeOH/THF = 25/75;

¢) MeOH/THF = 50/50) (Adapted from Reference 57).

nanoparticles of 1.6 or 2.0 nm mean size were obtained as a
function of the precursor concentration whereas with PPO
larger particles (4 nm) form [59]. The particles of small size
(1.6 or 2 nm) adopt a non-periodic polytetrahedral structure
whereas the larger ones (4 nm) adopt the hcp structure of
bulk cobalt [60]. Interestingly, and somewhat surprisingly,
these particles were demonstrated to display the same mag-
netic properties as particles of same size prepared in ultra
high vacuum in the gas phase by time-of-flight experiments
[61]. Thus the particles are superparamagnetic with blocking
temperatures near 10 K and display an enhanced magnetization

at saturation per cobalt atom compared to bulk cobalt [62].
Addition of O,, pyridine, isocyanides or CO leads to a dra-
matic decrease of the magnetic properties of the particles.
This demonstrates:

the absence or low contamination of the as prepared parti-
cles and,

the presence of a relation between the w-accepting proper-
ties of the ligand and the magnetic properties of the nano-
materials.

Nickel particles can be prepared directly by decomposi-
tion of Ni(CgH,,), in dichloromethane in the presence of
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polyvinylpyrrolidone: 2 nm or 3 nm particles can be obtained
depending on the concentration of the precursor [63]. The
particles adsorb CO in solution in both bridged and linear
geometries. Vibrational couplings between adsorbed CO
molecules were detected, consistent with an ordered surface
for the colloidal nickel particles.

Nickel particles may also be prepared by decomposition
of the same precursor, Ni(CgH,,),, by H, in THF or a hydro-
carbon solvent. The particles display a larger size (4-5 nm)
and adopt the fcc structure of bulk nickel. These particles
present the same magnetic properties as bulk nickel [64].
Coordination studies at their surface confirm the strong mag-
netization decrease in the presence of CO but also demon-
strate that coordination of a pure o-donor ligand such as
amines has no effect on the magnetic properties of the
particles [65].

As for noble metal particles, this synthetic method can be
adapted to the preparation of bimetallic nanoparticles.
Thus Co-Pt, Co-Rh and Co-Ru particles [66-68] of various
compositions have been prepared by co-decomposition
of Co(CgH,3)(CsH;,) with Pt(dba),, Rh(acac)(CgH,,) or
Ru(CgH,))(CgH,,). As a general rule, nanoparticles of size
found between 1.5 and 2.5 nm were obtained whatever the
metals and the compositions. Platinum metals rich nanoparti-
cles adopt the structure of the corresponding metal, namely
fce, fecc and hep whereas cobalt rich particles adopt the poly-
tetrahedral structure of cobalt. For intermediate composi-
tions, as yet unknown non-periodic structures are observed.
The bimetallic nanoparticles show an enhanced coercivity as
compared to cobalt in agreement with an enhanced
anisotropy as also observed in bulk alloys.

1.2.2 Stabilization by Ligands

The stabilization of magnetic nanoparticles can also be
achieved by ligands or ligand mixtures. The decomposition
of Co(CgH 3)(CgH,) in the presence of long chain acid
and/or amine ligands yields nanoparticles of controllable
size, shape and therefore magnetic properties [69]. Thus,
decomposition of Co(CgH,3)(CgH,,) in the presence of a
mixture of oleic amine and oleic acid affords at room temper-
ature spherical nanoparticles of ca. 4 nm mean size. However
at 150°C in the presence of dihydrogen, these particles con-
vert into regular nanorods. Changing the length of the hydro-
carbyl chain of the amine surprisingly allows the control of
the aspect ratio of the rods from ca. 1.5 for octylamine to ca.
25 for hexadecylamine (Fig. 8) [69]. Upon changing the
shape and the aspect ratio of the nanoparticles, it is also pos-
sible to control the magnetic properties of the nano-objects
from superparamagnetic to ferromagnetic at room tempera-
ture. An appropriate choice of a long alkyl chains ligands
mixture (hexadecylamine/stearic acid) leads to the formation
of unprecedented hexagonal superlattices of nanorods result-
ing from crystallization in solution (Fig. 9) [70].

Figure 8

TEM micrographs of amine stabilized cobalt nanoparticles
a) CgNH,; b) C|,NH,; ¢) C,(NH, showing the variation of the
aspect ratio according to the length of the amine alkylchain
(Adapted from Reference 69).
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Figure 9

TEM a) and b) and HREM c) micrographs of self-organized Co nanorods stabilized by a stearic acid/hexadecylamine mixture (Adapted from

Reference 70).

Figure 10

TEM a) and HREM b) and holography c¢) and d) images of Co nanowires (Adapted from Reference 71).

The ratio of the different component of the ligand mixture
also dramatically influences the shape of the particles. Thus,
in the presence of oleic acid only, the reaction of decomposi-
tion of Co(CgH,3)(CgH;,) produces very regular spherical
nanoparticles which form super-lattices in 2 or 3 dimensions
upon deposition over a carbon grid whereas using a 2:1 mix-
ture of oleic acid and oleylamine leads to the formation of
very long Co nanowires of 4 nm mean diameter and exhibit-
ing the same hcp structure as the nanorods and bulk cobalt. It
has recently been possible using magnetic holography to
measure the magnetic properties of one such nanowire
(Fig. 10). In all cases, the nano-objects display a magnetiza-
tion at saturation per cobalt atom identical to that observed
for bulk cobalt, hence demonstrating the absence of influence
of pure o-donor ligands such as amines and acids on their
magnetic properties [71].

In the case of iron, the decomposition of the Fe[N(SiMes),],
complex in the presence of a long-chain acid and a long-
chain amine mixture in various proportions produces
monodisperse zerovalent iron nanoparticles displaying
magnetic properties that match those of bulk iron. These
nanoparticles adopt a cubic shape and are incorporated into
extended crystalline superlattices containing nanocubes in
close proximity and with their crystallographic axes aligned
(Fig. 11) [72].

Similar reactions were carried out with nickel using
Ni(CgH,,), as a precursor but in the presence of amines only.
It was found that the relative concentrations of amine and
nickel are decisive as far as the aspect ratio of the particles is
concerned. For a low concentration of amine spherical parti-
cles or double-arrow shaped particles were obtained whereas
for 10 eq. of amine relative to nickel very regular nanorods
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of ca. 3 nm mean diameter were formed. Again, all these
species display the same magnetization at saturation as bulk
nickel. This contrasts with particles produced in the presence
of TOPO as ligands which show a reduced magnetization
which was attributed to the m-accepting properties of the lig-
and [73].

Bimetallic NiFe and CoFe nanoparticles were prepared
by associating an olefinic complex, Ni(CgH,,), or
Co(CgH3)(CgH ;) to Fe(CO)s. NiFe particles were

synthesized in the presence of HDA in refluxing anisole. The
particles are monodisperse, display a size of 3.3 nm and orga-
nize into 2D and 3D super-structures on a carbon grid [74].
In similar conditions but in the presence of long chain amines
and long chain acids, the reaction between Co(CgH;3)(CgH,5)
and Fe(CO); affords in excellent yield a black crystalline
material which precipitates from the solution. As shown in
Figure 12, the super-crystals of millimetric size are
composed of monodisperse nanoparticles organized into a

Figure 11

Cubic shape iron nanoparticles self-assembled into cubic extended crystalline superlattices (Adapted from Reference 72).

Figure 12

< 100 nm

a) Image of a FeCo super-crystal of the millimetric size; b) SEM-FEG image of a FeCo super-crystal; ¢) SEM-FEG image of the surface of a
FeCo super-crystal; d) TEM-FEG image after ultramicrotomy of a FeCo super-crystal (Adapted from Reference 75).
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compact super-lattice shown on a broken super-crystal to be
fcc. These particles display interesting soft magnetic proper-
ties but slowly oxidize in air. A thermal treatment of the
super-crystals at 500°C for 30 minutes allows the deposition
on the surface of the individual particles of a thin graphite
layer. Before annealing the particles adopt a polytetrahedral
structure which transforms into bce like bulk Fe-Co after
annealing [75].

1.3 Organometallic Synthesis of Nanoparticles
of Other Metals and Main Group Elements

1.3.1 Metals

The organometallic approach can bee extended to d'°
metals and to main group elements. For example,
CpCu(*‘BuNC) is decomposed by CO at room temperature to
give copper nanoparticles which may be stabilized by poly-
mers (PVP, PPO) [76] or by PPh; [77]. Although not an
organometallic complex stricto sensu, the alkoxide
Cu(OCH(Me)CH,NMe,),, known to be a CVD precursor,
can be used to produce copper nanoparticles upon thermolysis
at 300°C in HDA. The particles have a size of ca. 7.5 nm and
a strong tendency to organize into 2-D super-lattices [78].

The dialkyl ZnCy, complex (with Cy = n'-C¢H,,) decom-
poses thermally at 130°C in wet anisole to produce 6 nm Zn
particles protected by a thin ZnO layer. Full oxidation of the
particles at 600°C leads to ZnO particles of similar size and
geometry [79]. Upon mixing a dialkylzinc, namely ZnEt, and
Cu(OCH(Me)CH,NMe,), in HDA at 250°C, it is possible to
prepare bimetallic Cu/Zn particles of various relative compo-
sition and of mean size between 5 and 10 nm. EDX and
SAED (selected area electron diffraction) demonstrate the
presence of the CuZn and CuZn, besides Cu, hence demon-
strating the alloying of copper and zinc (Fig. 13) [80].

The decomposition of Cpln whether thermal or photo-
chemical rapidly produces In(0) nanoparticles [81]. When the
reaction is carried out using PVP as a stabilizer, the presence
of a small amount of water is required in order to obtain
monodisperse indium nanoparticles. In the presence of the
oxygen donor ligand TOPO, the decomposition of a toluene
solution of Cpln produces rigorously monodisperse 5 nm In
particles which self-assemble into a hcp super-lattice
(Fig. 14a, b). In the same conditions but using HDA instead
of TOPO, slightly elongated particles were obtained which
did not show any sign of self-organization [82]. In this case,
the rate of decomposition was also found important since the
same reaction carried out in the presence of UV light yields
very long (mm) indium nanowires, the diameter of which can
be adjusted to some extent by the concentration of HDA pre-
sent in the solution. This procedure can be adapted to the pro-
duction of In;Sn nano-ribbons upon using a mixture of Cpln
and [Sn(NMe,),], as precursors (Fig. I4c). Finally Cpln also
decomposes spontaneously in methanol at room temperature

Figure 13

TEM images and SAED (selected area electron diffraction)
of the toluene solutions of Cu/Zn 100/0 (scale bar = 110 nm),
95/5 (scale bar = 175 nm) and 70/30 (scale bar = 116 nm)
systems stabilized in hexadecylamine (Adapted from
Reference 80).

to give aggregates of nanoparticles. The individual particles
display a size of ca. 15 nm and are included in aggregates of
ca. 400 nm. These particles may be used for the realization of
gas sensors on a silicon chip [83].

[Sn(NMe,),], decomposes in toluene under UV irradia-
tion in the presence of HDA and hexadecylammonium chlo-
ride (HDAHCI) in a 3:1 ratio, to form a precipitate which
consists of identical ovoid tin particles of 18 x 15 nm [84].
These particles display the tetragonal structure of bulk Sn and
are arranged into a non-compact, probably monoclinic 3D
super-lattice inside which the atomic planes of individual
particles are aligned. The decomposition of [Sn(NMe,),l,
can also be achieved thermally in wet anisole. The quantity
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Figure 14

TEM a) and HRTEM b) images of self-organized TOPO-stabilized In nanoparticles synthesized by decomposition of InCp in toluene
(individual mean size = 5 nm); ¢) In;Sn nanowires obtained by simultaneaous decomposition of toluene solution of InCp and [Sn(NMe,),1,
under UV light in the presence of HDA with the ratio 1/1/0.5 (Adapted from References 81 and 82).

Figure 15

TEM micrographs of ZnO nanodisks obtained by a slow oxi-
dation/evaporation process from a THF solution of HDA a)
and ZnO nanowires grown in pure octylamine b) (Adapted
from Reference 90).

of water is critical to control the size dispersity of the parti-
cles, the optimum being obtained for [H,O]/[Sn] = 0.5. The
particles can be oxidized in an oven at 600°C into SnO, with-
out changes in their size and shape [85]. They can also be
deposited onto the silicon platform of a microelectronic
device and oxidized in air using the integrated heater of the
chip. In the latter case, the nanomaterial obtained can be used
as the sensitive layer of a gas-sensing device [86].

1.3.2 Metal Oxides

Organometallic precursors may also be used for the direct
preparation of metal oxide nanoparticles.

As a first example, the organometallic precursor
bis(toluene) titanium gave interesting results. Thus, the
impregnation of mesoporous alumina by a solution of
bis(toluene) titanium leads to a black metallic deposit which,
after oxidation at 400°C, leads to the growth of TiO,
nanoparticles [87]. In organic solution bis(cyclooctatetraene)
titanium complex (Ti(CgHyg),) reacts with dry DMSO to yield
a precipitate of amorphous TiO,. In the presence of phospho-
rus ligands, namely PBu;, OPBu; and OPOct; crystalline
nanoparticles in 3-25 nm range can be obtained, depending
upon the ligands [88].

Zinc alkyl derivatives have been widely used for the
preparation of ZnO nanoparticles. Thus, decomposition of
ZnEt, in the presence of O, at high temperature (200°C) in
TOPO produces TOPO capped ZnO nanoparticles [89].

The decomposition of the dialkylzinc precursor (ZnCy,)
can be carried out at room temperature in the presence of
H,0 vapour and various ligands. In this case, crystalline and
luminescent nanoparticles adopting the zincite phase are
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Schematic thermolysis of EtZnOiPr precursor in the presence of TOPO and TEM a) and HREM b) images of the so-obtained ZnO nano-

particles (Adapted from Reference 93).

produced [90]. The size and shape of the particles can be
modulated, depending upon the nature and concentration of
the amine ligand used, from spherical particles in the 3-4 nm
range to very long (>100 nm) nanorods of 4 nm diameter
(Fig. 15). It is demonstrated by NMR that the ligand coordi-
nates on the zinc precursor as well as on the oxide nanoparti-
cles and therefore is probably present throughout the oxida-
tion process [91]. The same reaction carried out using a
mixture of long chain amines and long chain carboxylic acids
as stabilizers produces monodisperse spherical nanoparticles
in the 3-4 nm range which self-organize into 2-D or 3-D
super-lattices depending upon the nature of the ligands [92].
ZnO nanoparticles can also be produced by thermolysis of
EtZnO'Pr at 160°C in TOPO without the need for any extra
oxygen source. In this case, 3 nm crystalline hexagonal parti-
cles are obtained (Fig. 16) [93].

2 INCLUSION OF METAL NANOPARTICLES INTO
TEMPLATES

The organometallic approach for the synthesis of nanoparticles
of metals or metal oxides can also be applied for the prepara-
tion of composite materials. Some results have been obtained
using alumina membranes or mesoporous silica as templates
for the inclusion of metal nanoparticles. Metal oxide nanoparti-
cles could also be obtained in these conditions after a calcina-
tion step under air of pre-formed metal nanoparticles without
change in size and dispersion of the nanoparticles.

2.1 Alumina Membranes

The filling of nanoporous alumina membranes of various
pore widths has been carried out from the Ru(cod)(cot) pre-
cursor, following two different ways [94]. The first approach
involved the use of pre-formed colloidal solutions obtained
through decomposition of Ru(cod)(cot) complex in
MeOH/THF mixtures, leading to Ru nanoparticles of differ-
ent sizes depending on the MeOH/THF ratio. Concentrated
pre-prepared nanoparticles solutions were transferred into
membranes of adequate pore sizes by vacuum induction. In
these conditions, only very few agglomerates have been seen
outside of the pores, but dense areas were observed within
the membrane channels. In addition, it appeared that the dif-
ference between the diameter of the pores and the size of the
particles has to reach a certain value for the particles to enter
the pores, since for instance 20 nm particles do not enter into
25 nm pores. The second approach consisted in the decompo-
sition of Ru(cod)(cot) under usual conditions after deposition
of the complex inside the pores using concentrated solutions
and vacuum drying. In this way, homogeneous materials dis-
playing well-dispersed and well separated Ru nanoparticles
were obtained in the pores of alumina membranes (Fig. 17).
The size of the particles was dependent on the pore diameter
of the template.

Some of these materials have been tested in the catalytic
hydrogenation reaction of 1,3-butadiene in the gas phase giv-
ing rise to interesting results showing an increasing activity
with a decrease of the particles size, as expected for such
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Figure 17

Ru nanoparticles within the channels of alumina membrane.

catalysts. In the same manner, 3 nm Ru nanoparticles synthe-
sized inside alumina membranes were used as catalysts for
gas phase oxidation of CO [95]. A trend to higher activities
with decreasing particle sizes could be observed.

2.2 Mesoporous Materials

The regular channels of mesostructured porous silica of
MCM 41 type have been used as both host and stabilizer for
the synthesis of Ru nanoparticles from the organometallic
Ru(cod)(cot) precursor following the mild conditions usually
used in solution [96]. It appeared clearly that the size of the
Ru nanoparticles and their location significantly depend on
the mesopore size. For instance, well-dispersed Ru nanoparti-
cles of 3 nm mean size were formed inside 5-8 nm pores of
mesostructured silica materials.

Using a two-step procedure based on anchoring an
organogold precursor within the channels of functionalized
ordered mesoporous silica containing mercaptopropyl groups
followed by chemical reduction, composite materials con-
taining gold(0) nanoparticles exclusively within the pore
channels could be prepared [97, 98]. Functionalized SBA-15
and HMS-C16 type materials have been used for controlling
the growth of gold(0) nanoparticles from HAuCl, and
AuCI(THT). The growth of the particles could be achieved
thanks to the thiol functions present in the pores of the silica
materials first allowing the anchoring of the metal precursor
and secondly retaining the nanoparticles inside the channels
of the templates (Fig. 18). It has been shown that the amount
of gold incorporated within the materials is linked to the
amount of mercapto functions.

Figure 18

Au nanoparticles within the channels of thiol functionalised

ordered mesoporous silica (scale bar = 50 nm).

Figure 19

In nanoparticles within the channels of phosphonate function-
alised ordered mesoporous silica (scale bar = 20 nm).
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Organized mesoporous silica materials containing
phosphonate groups have been used for controlling the
growth of indium(0) nanoparticles or nanorods, from InCp
precursor which decomposes spontaneously at room temper-
ature [99]. The phosphonate groups present in the pores of
the solid act as ligands for the coordination of the metal com-
plex and as a stabilizer for the nanoparticles allowing their
organization in the channels of the host material (Fig. 19).
These In nanoparticles could be further converted to indium
oxide nanoparticles after treatment under dioxygen at 200°C
without modification of their size and shape. Finally, by
modifying the experimental conditions that is, operating at
reflux in toluene instead of room temperature, indium
nanorods could be obtained and treated in the same way to
give indium oxide nanorods.

The same phosphonate functionalised mesoporous silica
materials have been recently used as a host for the synthesis
of Ru nanoparticles through complexation of Ru(cod)(cot)
and further decomposition under usual conditions. Well-dis-
persed nanoparticles could be obtained in the silica matrix
giving rise to hybrid materials displaying an interesting
behaviour as catalytic filters to enhance the selectivity of gas
sensors [100].

2.3 Synthesis of Composite Materials
in a Fluidized Bed

The organometallic approach for the synthesis of metal
nanoparticles has been applied to the preparation of hybrid
nanocomposites at a high scale using a fluidised bed as reac-
tor [101]. The principle of the technique consists in the spray-
ing of a solution containing an organometallic precursor into
a hot fluidised bed of porous fine particles as chosen support.
The adequate choice of operating conditions makes possible
an uniform deposit of the metal precursor inside the porous
matrix. The decomposition of the metal precursor can be
realized in the same reactor in mild conditions, giving then
rise to hybrid materials containing metal nanoparticles with
well-controlled size and composition at a scale at least equal
at 30 g of solid. The metal content of the solid can be tuned
by an adequate duration of the metallic solution spraying.

CONCLUSION

The use of nano-objects for more and more sophisticated
applications has rapidly grown for the past few years. This
concerns the fields of catalysis, energy conversion, micro-
and nano-electronics, magnetic and optical devices, sensors,
biology and more. These applications require in turn complex
nanoparticles with size, shape, composition, outer layer and
surface species as well controlled as possible. The
organometallic approach towards such materials seems
perfectly adapted since it allows playing on key synthesis

parameters of these very difficult syntheses, namely rate of
nucleation, rate of growth and control of the surface chem-
istry. In particular the surface chemistry may allow both to
build complex nanostructures through various associations of
surface ligands and leads to a rich surface reactivity involv-
ing multiple or cascade reactions. Some spectacular results
have been already obtained thanks to this approach but more
generally, these elements suggest that there is a strong poten-
tial for organometallic chemists to play a key role in this
field. This should also lead to an impressive development in
surface organometallic chemistry in the future.
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