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Abstract: The decomposition of the ruthenium precursor Ru(COD)(COT) (1, COD ) 1,5-cyclooctadiene;
COT) 1,3,5-cyclooctatriene) in mild conditions (room temperature, 1-3 bar H2) in THF leads, in the presence
of a stabilizer (polymer or ligand), to nanoparticles of various sizes and shapes. In THF and in the presence
of a polymer matrix (Ru/polymer) 5%), crystalline hcp particles of uniform mean size (1.1 nm) homogeneously
dispersed in the polymer matrix and agglomerated hcp particles (1.7 nm) were respectively obtained in poly-
(vinylpyrrolidone) and cellulose acetate. The same reaction, carried out using various concentrations relative
to ruthenium of alkylamines or alkylthiols as stabilizers (L) C8H17NH2, C12H25NH2, C16H33NH2, C8H17SH,
C12H25SH, or C16H33SH), leads to agglomerated particles (L) thiol) or particles dispersed in the solution (L
) amine), both displaying a mean size near 2-3 nm and an hcp structure. In the case of amine ligands, the
particles are generally elongated and display a tendancy to form worm- or rodlike structures at high amine
concentration. This phenomenon is attributed to a rapid amine ligand exchange at the surface of the particle
as observed by13C NMR. In contrast, the particles stabilized by C8H17SH are not fluxional, but a catalytic
transformation of thiols into disulfides has been observed which involves oxidative addition of thiols on the
ruthenium surface. All colloids were characterized by microanalysis, infrared spectroscopy after CO adsorption,
high-resolution electron microscopy, and wide-angle X-ray scattering.

There is presently a very large interest in the use of nano-
objects for various applications involving mainly physical
properties.1 However, the physical and chemical properties of
nanoparticles depend on several factors, such as (i) the particle
size and the size dispersity; (ii) the structure of the particles;
(iii) the surface of the particles; (iv) the shape of the particles;
and (v) the organization of the particles into a nanomaterial and
their dispensability. In turn, these factors will depend on the
successful control, including reproducibility, of the synthetic
process and the stability of the particles. The most common
tools used for stabilizing nanoparticles have been so far
polymers, but they may not be usable in selected chemical or
physical applications. For this reason, the use of ligands
coordinated at the surface of the particles has been considerably
developed in the past few years.2-9 The presence of ligands
prevents the particles from coalescing and allows their self-

assembly onto various surfaces. Long-chain thiols3,4 are the most
commonly used ligands, but phosphines,2,5 pyridine deriva-
tives,2,6 trioctylphosphine oxide (TOPO),7 and long-chain
amines3d,8 have also been employed for stabilizing metal nano-
particles, in most cases gold nanoparticles.2,3,6,8a,bHowever, only
a few studies have addressed the problem of the coordination
mode of the ligand on the particles using molecular chemistry
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techniques such as1H and 13C NMR and FTIR.9 These tech-
niques are expected to demonstrate the presence of the ligand
on the surface of the particles but could also give an idea of
the energetics and the dynamics of the ligand’s coordination.

We started some years ago a program aiming at synthesizing
nanoparticles using the tools of organometallic synthe-
sis.4f,5,7c,8c,10,11Organometallic derivatives may provide a general
route for the synthesis of monodisperse nanoparticles, as recently
illustrated.12 In our case the decomposition is carried out in mild
conditions in the presence of a reactive gas, CO or H2. We have
been interested in ruthenium, which is a metal of catalytic
interest and a precursor for semiconducting oxides but for which
the literature remains very limited.13 We have, for example,
shown that the decomposition of the ruthenium precursor Ru-
(COD)(COT)14 (1, COD ) 1,5-cyclooctadiene; COT) 1,3,5-
cyclooctatriene) could be carried out in mild conditions (room
temperature, 1-3 bar H2) in THF to yield nanoparticles of
various sizes and shapes.10 We have also demonstrated in the
case of cobalt that this technique allows the particles to display
the same physical surface properties as particles prepared in
high vacuum.11 We describe in this paper the preparation of
ligand-protected ruthenium nanoparticles, the study of the
influence of the ligands on the size and shape of the nanopar-
ticles, and their characterization both by material characterization
techniques (electron microscopy, X-ray scattering) and by
solution NMR studies. The synthesis in a polymer matrix of
regularly dispersed nanoparticles of uniform size (1.2 nm in
PVP) has been reported in a preliminary account.10b

Decomposition of Ru(COD)(COT) in a Polymer

Before studying the decomposition of the ruthenium precursor
Ru(COD)(COT) in the presence of ligands, we investigated the
reaction in the same conditions of solvent, temperature, and
dihydrogen pressure but in the presence of a polymer. We have
previously reported the decomposition of this precursor in the
presence of various polymers,15 and the decomposition in poly-
(vinylpyrrolidone) (PVP) has recently been mentioned in a
preliminary publication dealing with the synthesis of bimetallic
particles.10b The reaction of1 in THF in the presence of PVP
or cellulose acetate (CAC; [Ru]/polymer, 5 wt %) with 3 bar
dihydrogen at 193 K for 15 h leads to a homogeneous brown
solution. Addition of pentane leads to the precipitation of a
brown powder which can then be dissolved in methanol and
precipitated with pentane.

The colloids were characterized by microanalysis and infrared
spectroscopy (IR) after adsorption of CO, high-resolution
electron microscopy (HREM), and wide-angle X-ray scattering
(WAXS). The ruthenium contents of the colloids were found

to be respectively 7.6 (PVP) and 4.3 wt % (CAC). The excess
ruthenium found in the PVP colloid is due to the elimination
of excess PVP by precipitation and washing. Both colloids
display a single CO stretch respectively at 2014 and 2026 cm-1,
in agreement with terminal CO groups adsorbed on ruthenium-
(0).15 High-resolution electron micrographs show particles
homogeneously distributed in the PVP matrix. They display a
uniform size centered near 1.1 nm and the hcp structure of bulk
ruthenium (see Figures 1 and 2). The radial distribution function
(RDF) of the particles (Figure 3) is consistent with the hcp
structure and displays a coherence length of ca. 1.1 nm, in
agreement with the microscopy results. This result demonstrates
the crystallinity of the particles. The metal-metal distance was
found to be equal to that in bulk ruthenium (2.670 Å), and the
data were simulated using a 100-atom model adopting the hcp
structure. This simulation suggests a relaxation of the lattice
parameters of the hcp structure:a ) 2.66 Å, c ) 4.36 Å
compared toa ) 2.7058 Å andc ) 4.2811 Å in bulk ruthenium.
The c/a ratio (1.64) is now close to the theoretical ratio of the
hcp structure. The particles in CAC are agglomerated but contain
particles of individual size displaying a broader size dispersion
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Figure 1. Transmission electron micrographs of ruthenium nanopar-
ticles in PVP.

Figure 2. High-resolution electron micrographs of ruthenium nano-
particles in PVP.
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and a larger mean size (1.7 nm). They also adopt the hcp
structure of ruthenium, and the coherence length found by
WAXS is in agreement with the size of the particles.

This study demonstrates that the decomposition of the pre-
cursor Ru(COD)(COT), in a medium which will poorly inter-
act electronically with the surface of the particles but which is
able to provide a good steric protection of the surface, yields
crystalline nanoparticles of spherical appearance, small size, and
narrow size distribution. In addition, infrared studies suggest a
reduced surface state.

Stabilization of Ruthenium Particles by Amines

The reactions are carried out in a way similar to that described
in the presence of a polymer: a solution of complex1 was added
to various quantities of an alkylamine in THF at 193 K. The
resulting solution was then pressurized with 3 bar dihydrogen
at 193 K and allowed to react for 20 h while the temperature
was slowly raised to room temperature. A brown solution
formed from which a black powder could be obtained after
depressurization, concentration of the solution, and addition of
pentane. The absence of residual amounts of1 was monitored
by column chromatography. This brown material can be washed
with pentane and is soluble in THF. This procedure was applied
for reactions of1 with 0.2, 0.5, and 1 mole equiv of alkylamine
(C8H17NH2, C12H25NH2, C16H33NH2), leading to the production
of nine different colloids, named2-10.

WAXS analysis was performed on all the colloids prepared
in the presence of an amine except for4, which was found to
be too sticky. In each case, the particles are crystalline and adopt
the hcp structure of bulk ruthenium. A small deviation in the
cell dimensions of the hcp network was observed as for the
particles prepared in the presence of a polymer previously
described and similarly indicative of the relaxation of the hcp
structure. The coherence length is found above 2 nm, revealing
a size larger than those found in polymers. Examples of RDF
of colloids stabilized by hexadecylamine (colloids8-10) are
given in Figures 4 and 5. They evidence the hcp structure of
the particles and the similarity of coherence lengths for particles
prepared using different quantities of amine.

The aspect of the particles as visualized by TEM and HREM
depends on the ligand used. With 0.2 equiv of octylamine
compared to ruthenium, individual spherical particles of mean
diameter 2.3 nm are observed which are agglomerated into large
spherical superstructures in the 100 nm range. In the presence
of 0.5 equiv of octylamine, the size of individual particles does
not seem to change much, but the particles are agglomerated
into much larger and diffuse superstructures, which renders
difficult their observation. The observation of particles was not

possible for colloids prepared in the presence of larger amounts
of octylamine.

In the presence of a very low amount of hexadecylamine (0.04
equiv), a little soluble powder forms which displays agglomer-
ated ill-defined nanoparticles of small size (ca. 1 nm) in TEM.
However, in the case of both dodecyl- and hexadecylamine,
with amine/ruthenium ratio equal to 0.2, 0.5, or 1, the particles
display an unusual aspect. At the early stage of the reaction,
when the amount of ligand is 0.2 equiv, the particles are well
separated but have a tendency to be included in superstructures
like recently reported for gold particles in hexadecylamine
(Figures 6 and 7). The particles are monocrystalline, as
evidenced by HREM analysis, and a careful observation of some
electron micrographs reveals the presence of spherical particles
which are in the process of coalescing (Figure 7). After some
time in solution, the particles display an elongated or “vermicu-
lar” aspect (Figure 8). At high concentration of ruthenium in
solution, for 0.5 equiv of amine the particles of colloid9 seem
to organize, as some areas displaying parallel rods were revealed
(Figure 9). Upon increasing the relative concentration of the
ligand compared to ruthenium, the aspect ratio of the particles
decreased, and the particles were more agglomerated but still
evidenced a tendency to form “worms”. It is difficult to measure
a size for such particles; however, we can measure a mean
diameter of the “worms” (see Table 1). It is found to be regular
for both the dodecyl- and the hexadecylamine ligands (near 1.8,

Figure 3. RDF of ruthenium nanoparticles in PVP.

Figure 4. Experimental RDF of Ru particles stabilized by 0.2, 0.5,
and 1 equiv of hexadecylamine (colloids8-10).

Figure 5. Comparison between a model of 396 atoms adopting the
hcp ruthenium structure (- - -) and Ru particles (-) stabilized by 0.2
equiv of hexadecylamine (colloid8).
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1.9 nm for 0.2 equiv of ligand, 2.3 nm for 0.5 equiv of ligand,
and 2.3-2.6 nm for 1 equiv of ligand).

This vermicular aspect of the particles is surprising, as is their
tendency to increase in diameter with increasing ligand con-
centration. This last result is in contrast with previous reports
and with results obtained using thiol ligands and discussed
further in this paper.16 We therefore looked for a method which
could shed some light on the coordination of the ligand at the
surface of the particles since this could be a factor related to
the shape of the particles. For this purpose we considered
solution NMR, which has been previously used to demonstrate
the mode of coordination and study the conformation of thiolate
ligands at the surface of particles of gold.9 We have also reported

the1H and13C NMR spectra of octanethiol-protected platinum
nanoparticles which demonstrated the absence of dynamics
between free and coordinated ligands.4f The study was carried
out at room temperature in THF-d8 (400 MHz for 1H) on a
representative purified sample, namely colloid8 (0.2 equiv of
C16H33NH2). The1H NMR spectra show only the methyl groups
of the ligands near 0.92 ppm and broad peaks for the methylene
between 1.3 and 1.6 ppm but not the peaks attributed to the
protons next to nitrogen. The13C NMR spectra are much more
informative. Figure 10 shows the room-temperature spectrum
of an isolated sample of colloid8, purified by precipitation and

(16) (a) Tian, F.; Klabunde, J.New J. Chem.1998, 22, 1275. (b)
Yonezawa, T.; Yasui, K.; Kimizuka, N.Langmuir2001, 17, 271.

Figure 6. Transmission electron micrograph of colloid8 (0.2 equiv
of C16H33NH2) at low concentration in THF.

Figure 7. High-resolution electron micrograph of colloid8 (0.2 equiv
of C16H33NH2) at low concentration in THF.

Figure 8. Transmission electron micrograph of colloid8 (0.2 equiv
of C16H33NH2) showing the elongated aspect of the particles.

Figure 9. Transmission electron micrograph of colloid9 (0.5 equiv
of C16H33NH2) at high concentration in THF.
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washing with pentane, as well as the effect of addition of known
amounts of excess HDA and finally the spectrum of pure HDA,
all recorded at 100.71 MHz, at the same temperature (303 K)
and in the same solvent (THF-d8). The first spectrum (a),
corresponding to the initial isolated colloid, shows only three
broad bands centered near 32.3, 30, and 23 ppm. These bands
correspond to methylene groups of the alkyl chain of the amine,
although both the carbons located inR, â, and γ positions
relative to the amino group and, more surprisingly, the methyl
group are not observed. An identical spectrum can be observed
by preparing a colloid using 0.04 equiv of HDA relative to
ruthenium. In this case, as stated above, small agglomerated
nanoparticles are observed. Upon progressive addition of excess
amine, we can observe (Figures 10 and 11) first in spectrum b
the sharpening of the methylene peaks at 32.3, 29.8, and 23.0

ppm present in spectrum a, and the presence of a peak for the
methyl group at 13.9 ppm, but no resonance for theR, â, and
γ carbons. These peaks are relatively sharp but significantly
broader than those in the free ligand and resonate at the same
place as those of the free ligand. When additional amounts of
hexadecylamine are added to colloid8, the peaks corresponding
to the R, â, andγ carbons are now visible at 42.7, 34.5, and
27.3 ppm but with a half-height width broader than that of the
other peaks and than that found for the peaks of the free ligand.
Table 2 summarizes the data observed in different experiments.
The interpretation of these results is the following: when only
a small amount of HDA is present in solution, theR, â, andγ
carbon resonances are missing because of the vicinity of the
metal particle. This phenomenon has been previously observed
on gold and platinum colloids and is attributed to chemical shift

Table 1. Summary of Results Obtained after Colloid Synthesis through Hydrogenation of Ru(COD)(COT) by 3 bar H2 at Room Temperature

size

colloid ligand (polymer) molar ratio TEM WAXSa shape superstructure

PVP 1.1 1.1 spherical
CAC 1.7 1.7 spherical

2 C8H17NH2 0.2 2.3 2.5 spherical spherical agglomerates
3 C8H17NH2 0.5 2.5 spherical clouds
4 C8H17NH2 1
5 C12H25NH2 0.2 1.8b 2.5 worms
6 C12H25NH2 0.5 2.3b 2.5 worms
7 C12H25NH2 1 2.3b 2.2 elongated agglomerates
8 C16H33NH2 0.2 1.9b 2.0 worms
9 C16H33NH2 0.5 2.4b 2.5 worms organization of rods

10 C16H33NH2 1 2.6b 2.5 elongated
11 C8H17SH 0.2 2.3 2.3 spherical spherical agglomerates
12 C8H17SH 0.5 ca. 2.5 spherical
13 C8H17SH 1
14 C12H25SH 0.2 c 2.3 spherical agglomerates
15 C12H25SH 0.5 c, ca. 2 1.8 spherical spherical agglomerates
16 C12H25SH 1 c 1 spherical agglomerates
17 C16H33SH 0.2 c, ca. 2 spherical cloudy
18 C16H33SH 0.5 c, ca. 2 spherical
19 C16H33SH 1 c, ca. 1 spherical

a Coherence length.b Diameter of the rods or “worms”.c Difficult to measure due to the agglomeration.

Figure 10. 13C NMR spectra (THF-d8, 101 MHz) of colloid8 (a), colloid8 + excess C16H33NH2 (b-d), and C16H33NH2 (e).
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anisotropy resulting from the slow tumbling of the particles in
solution.4f,9 Addition of excess ligand leads to the observation
of these resonances (R, â, andγ carbons) but with a half-height
width broader than that of the other peaks. Further addition of
amine leads to the sharpening of these resonances. This
observation is characteristic of a fast equilibrium on the NMR
time scale between two species, in the present case free and
coordinated amines. Attempts at lowering the temperature in
order to observe a decoalescence of the exchange process failed
because of precipitation of the colloids and of the ligands in
the NMR tube. However, there is one more interesting observa-
tion: when a very small amount of ligand is present (Figure
10a), neither theR, â, andγ carbons nor the methyl group is
observable, but some methylene carbons of the chain are
observable. This suggests that for a very low HDA content, there
may be a coverage of the ruthenium surface by the ligand and
an interaction of the methyl group, perhaps through an agostic
interaction, well-known in molecular chemistry. Addition of a

small amount of HDA could then result in the displacement of
this weak interaction by an amino group (Scheme 1) and
therefore observation of the methyl group of HDA as a sharp
singlet thanks to its fast tumbling at the end of the alkyl chain.

As a whole, this experiment evidences a rare example of
observation of a dynamic process at the surface of metal
nanoparticles by solution NMR. Precedents have been re-
ported by Bradley on the dynamic exchange of13CO at the
surface of palladium particles17 and by Schmid on phosphine
exchange at the surface of gold and rhodium particles.18 The
originality of the present system lies in the observation of both
the spectra for coordinated ligands and those for the rapid
exchange.

Stabilization of Ruthenium Particles by Thiols

A procedure similar to that described above with amines can
be applied for reacting1 with 0.2, 0.5, and 1 mole equiv of an
alkanethiol (C8H17SH, C12H25SH, C16H33SH), leading to the
production of nine different colloids named11-19. In the case
where 1 mole equiv of thiol compared to1 was used, the
precipitates obtained were sticky, and the corresponding colloids
13, 16, and19 could not be purified.

WAXS analysis was performed on colloids prepared in the
presence of 0.2 equiv of octanethiol (11) and on all samples
prepared in the presence of dodecanethiol (14-16). In each case,
as for2-10, the particles were found to be crystalline and to

(17) Bradley, J. S.; Millar, J.; Hill, E. W.J. Am. Chem. Soc.1991, 113,
4016.

(18) (a) Schmid, G.; Giebel, U.; Huster, W.; Schwenk, A.Inorg. Chim.
Acta 1984, 85, 97. (b) Schmid, G.Struct. Bonding1985, 62, 51.

Figure 11. Enlargement of the spectra shown in Figure 10 b-e for comparison of line widths.

Table 2. 13C NMR Data for Colloid8 Evidencing the
Modification of Half-Height Width in the Presence of Excess Free
Ligand

carbon R â γ Me

chemical shift
(ppm)

42.70 34.59 27.33 13.88

half-height width colloid8 4.2
(Hz) colloid8 + 0.2 equiv

of C16H33NH2

4.8 6.4 2.5 0.9

colloid 8 + excess
C16H33NH2

3.5 3.15 2.2 0.8

free C16H33NH2 0.9 0.92 0.69 0.65
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adopt the hcp structure of bulk ruthenium with the same small
deviation in the cell dimensions of the hcp network previously
discussed. The RDF of colloids14-16evidences the same hcp
structure as for the particles prepared in the presence of amines
but, in contrast to the observation for colloids8-10, a net de-
crease in the coherence length as the concentration of dode-
canethiol is increased.

TEM and HREM analysis evidenced the presence of crystal-
line particles adopting the hcp structure and of spherical aspect.
The size of these particles decreased as the ligand concentration
increased, as indicated by WAXS experiments and previously
observed.16 The size of the particles remained, however, near
2-3 nm except for colloid14 (0.2 equiv of dodecanethiol), for
which it was found to be between 5 and 10 nm. The particles
prepared in the presence of octane- and dodecanethiol were
found to be strongly agglomerated and included into super-
structures in some cases (0.2 equiv of octanethiol, colloid11
for example, see Figure 12). In the presence of 0.5 or 1 equiv
of hexadecanethiol, however, probably because of the chain
length, no agglomeration was observed, but individual particles
of spherical aspect were observed. The size of the particles varies
from 2.3 nm for colloid11 to ca. 1 nm for colloid19.

The observation of agglomerated particles is in marked
contrast with the observation that nanoparticles of comparable
size of gold or of platinum are perfectly stabilized by the same
ligands (octanethiol, dodecanethiol), do not agglomerate, and
can be deposited as monolayers on various substrates.

Since this behavior was again found intriguing, a solution
NMR study was undertaken. The study was carried out at room
temperature in THF-d8 (400 MHz for 1H) on colloid 11 (0.2
equiv of C8H17SH). As for colloid8, attempts at lowering the
temperature resulted in the precipitation of the colloid and of
the excess ligand. The1H NMR spectra show only, as previously
described for colloid8, peaks for the methyl groups of the
ligands near 0.92 ppm and broad peaks for the methylene
between 1.3 and 1.6 ppm, but not the peaks attributed to the
protons next to sulfur. The13C NMR spectra show the peaks
corresponding to the carbons of the ligands coordinated to the
nanoparticle (Figure 13, spectrum b). They are broad and, as
expected, at least two peaks corresponding to theR and â
carbons are missing for the same reasons as previously described
for colloid 8. However, when an excess of free thiol (ca. 7 equiv
compared to the amount of coordinated ligand) is added to the
solution, we see the appearance, next to the colloid peaks, of
sharp signals which are very close to those of the free ligand
for all carbons but one, theR carbon, which resonates at 34.7
ppm for C8H17SH but is found here at 39.0 ppm. This shift
results from the transformation of the thiol into the disul-
fide C8H17S2C8H17. This reaction could be monitored by1H
NMR, where we could follow the transformation of the quartet
at 2.50 ppm resulting from the protons located on theR carbon
in C8H17SH into a triplet at 2.70 ppm for the corresponding
protons in C8H17S2C8H17. These experiments therefore demon-
strate the catalytic oxidation of a thiol into a disulfide at the
surface of ruthenium nanoparticles. This could result in the
formation of disulfide-protected particles as recently reported
for gold,19 or even in metal precipitation after decoordination
of all disulfide ligands. However, the colloids are stable, and if
the ligands which are present at the surface of the colloids are
disulfides, they do not rapidly exchange at the NMR time scale
with the free ligands.

Two mechanisms can account for this transformation: the
catalytic coupling of thiolate ligands, leading to the production
of dihydrogen, or the air oxidation catalyzed by platinum and
producing water as a byproduct. An important observation is
the detection of free dihydrogen by1H NMR at the early stage

(19) Porter, L. A., Jr.; Ji, D.; Westcott, S. L.; Graupe, M.; Czernuszewicz,
R. S.; Halas, N. J.; Lee, T. R.Langmuir1998, 14, 7378.

Scheme 1.Possible Ways of Coordination of Hexadecylamine on Ruthenium Particles as a Function of Amine Concentration

Figure 12. Transmission electron micrograph of colloid11 (0.2 equiv
of C8H17SH).

7590 J. Am. Chem. Soc., Vol. 123, No. 31, 2001 Pan et al.



of the reaction.20 Dissolved H2 was identified by its chemical
shift (4.8 ppm in THF-d8) and its long relaxation time (T1 )
2.1 s). The spectrum is broad but sharpens when the temperature
of the sample is cooled to 293 K. As stated above, further
cooling resulted in the precipitation of the colloid. This line
width results from an equilibrium, detectable on the NMR time
scale, between dissolved H2 and H2O present in the solution
which demonstrates the ability of the particles to split H-H
and H-O bonds. This process could not be studied thoroughly
because of the elimination of H2 from the reaction solution: as
the H2 concentration decreases, the shape of the spectrum
changes and the H2 peak vanishes. It has therefore not been
possible to observe the formation of H2 during the catalytic
coupling of thiols, probably because the reaction is very slow
and the concentration of H2 in solution remains very low. To
test the alternative oxidation mechanism, two parallel reactions
between the ruthenium colloid and excess hexadecanethiol were
carried out, one in a rigorously controlled atmosphere, and the
other like the first one but with air (ca. 500µL) injected in the
solution just before the first NMR spectrum was run. In the
first case, we observed the catalytic coupling reactions; in the
second one, in the presence of air, the reaction was frozen. This
demonstrates that the coupling needs a controlled atmosphere
and involves oxidative addition of thiol followed by reductive
elimination of disulfide and dihydrogen. In this respect, the
initial observation of dissolved H2 most probably results from
the oxidative addition of thiols on a ruthenium particle,
producing surface hydrides, and from the recombination of two
of these hydrides. The elimination of H2 from the reaction
solution may be a driving force for the coupling.

This NMR study demonstrates the oxidative addition of thiols
to the ruthenium particles’ surface and the elimination of surface

hydride (or dihydrogen) ligands resulting from the colloid
synthesis. When excess thiol is present, a catalytic coupling of
thiol into disulfide, slow on the NMR time scale, is observed.

Conclusion

In summary, ruthenium nanoparticles are easily prepared at
room temperature by hydrogenation of the organometallic
precursor Ru(COD)(COT). Polymers can be used as stabilizers,
in which case well-dispersed nanoparticles of small size (near
1 nm) and of classical spherical shape are obtained. The particles
can also be stabilized by long-chain amines or thiols to give
after appropriate workup colloids which can be obtained as
powders and handled like organometallic compounds. Whereas
the amine ligands exchange rapidly at the surface of the particles
with free amines, the thiols oxidatively add to ruthenium, and
excess thiol leads to the reductive elimination of disulfides which
are released into the solution and do not exchange with the
ligands present at the surface of the particles. This may be the
reason why the colloids adopt such different structures and
superstructures, even though the alkyl chains are the same and
the functional groups are similar. Thus, the alkyl chains of the
sulfur ligands will encircle the particle and interpenetrate with
the alkyl chains of other ligands that are either free or located
at the surface of other particles, hence leading to the formation
of superstructures. The observation of a slow catalytic coupling
of thiols into disulfides which may be removed from the colloid
surface is in agreement with recent observations demonstrating
that the removal of ligands from the surface of gold particles
force the particles to organize into superstructures.21 It is difficult
to determine whether this phenomenon is occurring in our case.

(20)J. Catal.1990, 121, 271.
(21) Schmid, G.; Meyer-Zaika, W.; Pugin, R.; Sawitowski, T.; Majoral,

J.-P.; Caminade, A.-M.; Turrin C.-O.Chem. Eur. J.2000, 6, 1693.

Figure 13. 13C NMR spectra (THF-d8, 101 MHz) of C8H17SH (a), colloid8 (b), and colloid8 + excess C8H17SH (c).
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It is, however, noteworthy that platinum particles of similar sizes
do not aggregate when octanethiol is employed.4f In contrast,
the dynamics of the amine at the surface of the particle may
allow the self-organization of these amines, which are known
to produce in water micellar arrangements and even hexagonal
phases used for templating the synthesis of mesoporous materi-
als.22 The presence of some organization of the amines in THF
could allow the growth of ruthenium particles in the channel
created in this way and hence explain the vermicular aspects of
colloids5-10. Alternatively, the dynamics of the amines could
also allow changes in the coordination sites at the surface of
the particles and, therefore, the preferred coordination of the
amine along the growth axis of the hcp structure, perpendicular
to the basal plane. In any case, the dynamics of the amine will
favor the coalescence of initially formed spherical particles and
therefore favor the formation of wormlike particles. This appears
particularly clearly in Figure 7.

This study demonstrates that the coupling of traditional
techniques of characterization of nanomaterials (HREM, WAXS)
with simple techniques of organometallic chemistry may provide
useful information on the chemical reactivity of the surface of
the nanoparticles and shed light on elementary surface reaction
steps such as substitution, oxidative addition, and reductive
elimination. Such a study may also help in designing nanopar-
ticles of defined shape and organization at the mesoscopic level.
Finally, it is, to our knowledge, one of the very few NMR studies
evidencing such processes as dynamic ligand exchange and
catalytic coupling of thiols at the surface of metal nanoparticles,
and probably the first one relating the dynamics of coordinated
ligands to the shape of the particles.

Experimental Section

Typical Synthetic Procedures.All colloid syntheses were carried
out in the same way. We describe here typical experiments using a
polymer, an amine, or a thiol as stabilizers.

(i) Synthesis of Ruthenium Colloids Stabilized by PVP.Ru(COD)-
(COT) (158 mg, 0.50 mmol) was introduced in a Fischer-Porter bottle
and left in vacuo for 30 min. A solution of 1 g of PVP in 60 mL of
THF, degassed by freeze-pump cycles, was then added using a transfer
tubing. The resulting yellow solution was stirred for 30 min at room
temperature, after which the bottle was pressurized under 3 bar
dihydrogen and the solution allowed to react for 68 h, during which
time a black precipitate formed. After elimination of excess dihydrogen,
the solution was filtrated and the black precipitate dried in vacuo. The
precipitate was then redissolved in 30 mL of methanol, and the resulting
solution was filtrated and reduced to 15 mL, after which addition of
30 mL of pentane led to a dark brown precipitate. It was filtered, washed
with pentane, and dried in vacuo.

Ru content of the powder: 7.61 wt %.
A similar procedure was used for the reaction in the presence of

CAC, using 1 g of CAC.
Ru content of the powder: 4.34 wt %.
(ii) Synthesis of Colloid 8.Ru(COD)(COT) (158 mg, 0.50 mmol)

was introduced in a Fischer-Porter bottle and left in vacuo for 30 min.
Next, 125 mL of THF, degassed by freeze-pump cycles, was added.
The resulting yellow solution was cooled at 193 K, after which a
solution of 26 mg (0.10 mmol) of hexadecylamine in 25 mL of THF
was introduced in the flask. The bottle was pressurized under 3 bar
dihydrogen and the solution allowed to warm slowly to room temper-
ature. After 20 h, a homogeneous brown solution was obtained. After
elimination of excess dihydrogen, ca. 3 mL of the solution was passed
under argon over a small alumina column. The absence of color of the
filtrate indicates the full decomposition of the precursor. The volume
of the solution was then reduced to ca. 15 mL, 50 mL of pentane was

added, and the resulting mixture was cooled to 193 K, at which
temperature a brown precipitate formed. It was filtered, washed with
pentane, and dried in vacuo.

All other syntheses were performed using the same procedure with
158 mg of1, 3 bar H2, a reaction time of 20 h, and an initial temperature
of -80 °C. The other conditions and microanalysis results are as
follows:

(iii) Synthesis of Colloid 11. Ru(COD)(COT) (158 mg, 0.50 mmol)
was introduced in a Fischer-Porter bottle and left in vacuo for 30 min.
Next, 125 mL of THF degassed by freeze-pump cycles was added.
The resulting yellow solution was cooled at 193 K, after which a
solution of 17µL (0.10 mmol) of octanethiol in 25 mL of THF was
introduced in the flask. The bottle was pressurized under 3 bar
dihydrogen and the solution allowed to warm slowly to room temper-
ature. After 20 h, a brown suspension was obtained. After elimination
of excess dihydrogen, ca. 3 mL of the solution was passed under argon
over a small alumina column. The absence of color of the filtrate
indicates the full decomposition of the precursor. The volume of the
solution was then reduced to ca. 15 mL, 50 mL of pentane was added,
and the resulting mixture was cooled to 193 K, at which temperature
a brown precipitate formed. It was filtered, washed with pentane, and
dried in vacuo.

All other syntheses were performed using the same procedure with
158 mg of1, 3 bar H2, a reaction time of 20 h, and an initial temperature
of -80 °C. The other conditions and microanalysis are as follows:

NMR Characterization. NMR spectra were recorded in THF-d8 on a
Bruker AMX 400 operating at 400 MHz in1H NMR and 100.71 MHz
in 13C NMR.

TEM and HRTEM Experiments. The TEM specimens were
prepared by slow evaporation in a glovebox of droplets of diluted
solutions of the different colloids deposited on a high-resolution carbon-
supported copper grid. The experiments were performed on a Philips
CM 30/ST operated at 300 kV with point resolution 0.19 nm.

The size distribution was measured through the numerical analysis
of TEM low-magnification images. In this procedure, the different
particles were first identified according to an upper and lower intensity
threshold and then counted and measured. Histograms of the size
distribution (not shown) include the measurement of about 300 particles
and were reproduced in different regions of the samples. HRTEM
images of isolated particles were digitized at a resolution of 0.03 nm/
pixel and analyzed using their numerical diffractograms (Fourier
transforms).

WAXS Experiments. Data collection was performed on small
amounts of powder (obtained after drying) sealed in 1.5-mm-diameter

(22) (a) Tanev, P. T.; Pinnavaia, T. J.Science1996, 271, 1267. (b)
Ulagaappan, N.; Battaram, N.; Rraju, V. N.; Rao, C. N. R.J. Chem. Soc.,
Chem. Commun.1996, 2243.

microanalysis (%)

colloid
ligand concentration

(theoretical)

amount
of added
ligand

volume
of THF
(mL) Ru N

2 0.2 equiv C8H17NH2 17 µL 30 62.24 1.07
3 0.5 equiv C8H17NH2 42 µL 30 83.03 1.85
5 0.2 equiv C12H25NH2 18.6 mg 150 69.22 1.64
6 0.5 equiv C12H25NH2 47.5 mg 30 79.8
7 1 equiv C12H25NH2 94.8 mg 30
8 0.2 equiv C16H33NH2 26 mg 150 53.2 1.45
9 0.5 equiv C16H33NH2 61 mg 150 52.53 2.65

10 1 equiv C16H33NH2 122 mg 30

microanalysis (%)

colloid
ligand concentration

(theoretical)

amount
of added
ligand

volume
of THF
(mL) Ru N

11 0.2 equiv C8H17SH 17.5µL 150 80.52 5.62
12 0.5 equiv C8H17SH 43.5µL 150 69.34 9.03
14 0.2 equiv C12H25SH 24µL 150 79.72 5.48
15 0.5 equiv C12H25SH 60µL 30 65.25 7.05
16 1 equiv C12H25SH 120µL 30
17 0.2 equiv C16H33SH 28 mg 30 67.94 4.83
18 0.5 equiv C16H33SH 70.5 mg 150 56.83 5.89
19 1 equiv C16H33SH 141 mg 30
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Lindemann glass capillaries after filling in a glovebox. Measurements
of the X-ray intensity scattered by the samples irradiated with graphite-
monochromatized molybdenum KR (0.071069 nm) radiation were
performed using a dedicated two-axis diffractometer. Time for data
collection was typically 20 h for a set of 457 measurements collected
at room temperature in the range 0° < θ < 65° for equidistantsvalues
(s ) 4π(sin θ/λ)†). The raw intensity was corrected for contributions
generated by other components (polymer, empty capillary) attenuated
by sample absorption. Air scattering background was small enough to
be neglected. Polarization and self-absorption corrections were also
applied. Data were reduced in order to extract the structure-related
component of WAXS, the so-called reduced intensity function, normal-
ized to a number of atoms corresponding to the size of the particle,
and Fourier transformed to allow for radial distribution function (RDF)
analysis, using

whereF(r) is actually a reduced RDF whose maximum for a givenr
value indicates that at least two atoms in an elementary volume are
separated by the distancer. Analysis of the experimental results
provided an approximate measurement of the metal-metal bond length

and of the order extent inside the particles. To further investigate the
structure, different models were defined in order to compute theoretical
functions for intensity and radial distribution via the Debye formula:

where N is the total number of atoms in the model,fi the atomic
scattering factor for atomi, rij the distance between atomsi andj, and
bij a dispersion factor affecting thei-j interaction).

The best values of the parameters defining the models were estimated
from the agreement reached between experimental and computed RDF,
both normalized to one atom, but also between the related reduced
intensity functions.
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