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Ruthenium nanoparticles were prepared by reduction of RuCls in a liquid polyol. The mean
particle size was restricted to the 1—-6 nm range by appropriate choice of the reduction
temperature and the acetate ion concentration in the solution. Very narrow particle diameter
distributions were obtained. In some samples, among nearly isotropic particles, platelets
with aspect ratios as low as 1/4 were detected. Colloidal solutions in toluene were obtained
by coating the metal particles with dodecane thiol. Self-assemblies of 4-nm-sized coated
particles were studied on a transmission electron microscope grid. The dodecane thiol
concentration in the colloidal solution was found to determine, within the particle monolayer,
the formation of either columnar units made up of edgewise stacked platelets, or a hexagonal
network with a mean distance between the particles of 2 nm. The stacking of hexagonal
arrays of particles was also studied, and both closed-packed and noncompact stackings were
found. In the noncompact stacking, moiré images resulted from the twisting of the two
hexagonal layers with respect to each other. Reconstructions of moiré patterns were observed

to favor the 6-fold and 2-fold sites.

1. Introduction

Fine metal particles in the nanometer size range find
numerous applications in different fields such as ca-
talysis, electronics, optics, and magnetism. Several
studies have shown that thousand- and hundred-atom
transition metal clusters present electronic and mag-
netic properties that differ markedly from those of bulk
materials.! Because most physical and chemical proper-
ties depend on the size and shape of the solid particles,
their use as advanced materials in high technology or
as model materials in fundamental studies requires
nonagglomerated, uniform particles with a controlled
mean size and a narrow size distribution. Different
physical, chemical, or electrochemical methods have
been used in order to obtain uniform metal powders.
Among them, chemical methods, particularly the reduc-
tion of metal salts in homogeneous solution,? in two
liquid-phase systems,3 or in reverse micelles* have been
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used to prepare well-defined mono- and bimetallic®
particles. Metal can also be produced in solution by
decomposition of a zerovalent precursor such as a metal
carbonyl or organometallic complexes.® Control of par-
ticle size is attained through the control of the nucle-
ation and growth steps by acting upon several param-
eters, such as the nature of the reducing agent and the
nature and amount of surfactant or protective agent.”
In most cases, the metal particles prepared by liquid-
phase processes present an isotropic shape. Neverthe-
less, in some cases cubic or acicular shapes were
obtained by using a surfactant or protective agent which
bonds preferentially to one metal crystallographic plane,
inducing oriented growth.8

Moreover, ordered 1D, 2D, or 3D nanoparticle super-
lattices have been the subject of intensive work the past
few years. These superlattices are obtained by either
self-assembly of particles coated with alkyl chains,® or
by assembling particles upon functionalized surfaces.10
Nanoparticle networks are of special interest for study-
ing collective electronic properties and dipolar inter-
action effects on magnetic or optical properties.!* The
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self-assembly of colloidal particles has been studied
mostly with nearly spherical or at least isotropic par-
ticles. It leads generally to isotropic assemblies: 2D
hexagonal networks and 3D face-centered cubic struc-
tures.’2 There has been very little work on the organiza-
tion of anisotropic particles.®® It is well-known that
suspensions of rod- or platelike colloidal particles may
exhibit several phase transitions, from isotropic to
nematic and to columnar phase for platelets,'3 but a
complete description of the driving forces that control
2D or 3D anisotropic nanoparticle organizations has not
yet been proposed.

In the first part of this paper we report the synthesis
of fine ruthenium particles by reduction in a liquid
polyol. Reduction of metal salts in liquid polyols has
proven to be a suitable method for the synthesis of
monodisperse metal particles in the micrometer, sub-
micrometer, and nanometer size range.* In this method
the liquid polyol acts as solvent for the metal salts,
reducing agent, and growth medium for the metal
particles. One of the specificities of this process is that
the reacting temperature can be adjusted over a very
large range owing to high boiling points of the liquid
polyols.’®> The case of ruthenium is interesting because
it is one of a very few easily reducible transition metals
that crystallizes only in a hexagonal compact structure.
Most transition metals crystallize in cubic structures
for which the absence of single axis makes anisotropic
growth in homogeneous solution difficult. We show here
that ruthenium nanoparticles can present a platelike
shape owing to their hexagonal structure.

Electrostatic stabilization was preferred to steric
because noble metal particles prepared in this way
present a strong affinity for amino and thiol groups.
This allowed the preparation of catalysts by immobiliza-
tion of polyol-prepared Ru particles on oxide surfaces
via amino-silane molecules.’® The very narrow size
dispersion of the samples offered us the additional
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opportunity to study the self-organization of the metal
particles coated with dodecane thiol. Several kinds of
organization are reported in the second part of this
paper. The conditions for assembling nanosized platelets
into either anisotropic units or hexagonal 2D arrays are
defined. The stacking of hexagonal arrays of particles
was also studied, and both compact and noncompact
stackings are reported.

2. Experimental Section

Ruthenium metal particles were prepared by reduction of
ruthenium (I11) chloride in a liquid polyol. RuCl; was pur-
chased from Fluka; and sodium acetate trihydrate, 1,2-propane
diol, 1,2-ethane diol, and bis(2-hydroxyethyl) ether were
purchased from Acros. RuCl; and CH3;CO;Na-3H,O were
dissolved in 200 mL of diol. The ruthenium chloride concentra-
tion was 3.25 x 1073 mol-L™! in all experiments. The sodium
acetate concentration was varied from 1.0 x 1072 mol-L~* to
1.0 x 107! mol-L™%. The polyol solution was heated to a
temperature in the range 140—180 °C for 10 min with stirring.
In this temperature range the solution turned from intense
red to pale green and finally to brown, indicating the reduction.
The temperatures required to achieve quantitative reactions
within 10 min are 150 °C, 170 °C, and 180 °C, for propane
diol, ethane diol, and bis(2-hydroxyethyl) ether, respectively.
Metal particles were separated from polyol either by centrifu-
gation or by extraction in toluene solution of alkane thiol.
Reactions are considered to be quantitative when the recovered
polyol is colorless (a pale green polyol indicates the presence
of unreduced Ru(ll) species).

Metal particles were prepared in a hydrophilic medium
(polyol) and were extracted from this medium into a dodecane
thiol solution in toluene. Polyol and toluene are immiscible at
room temperature, and migration of the metal particles toward
the hydrophobic phase is complete provided that the thiol/Ru
molar ratio is high enough, namely higher than 0.1. To favor
separation of the two phases, distilled water was added to the
polyol. Several colloidal solutions containing coated particles
in toluene were prepared; the dodecane thiol concentration was
in the 0.5 x 10 — 2 x 1072 mol-L™! range, the metal
concentration was 0.5 x 1072 — 2 102 mol-L ™%, and the thiol/
Ru molar ratio varied from 0.1 to 40.

TEM observations were carried out with a JEOL 100 kV
JEM-100CX Il microscope. One drop of the desired colloidal
solution in toluene was deposited on the amorphous carbon
membrane of the transmission electron microscope grid and
the solvent was then evaporated at room temperature. The
mean diameter (dy), and standard deviation (o) of the size
distribution were estimated from image analysis of ca. 250
particles.

Phase analysis of powder recovered by centrifugation was
performed by X-ray diffraction (XRD) using a CGR X-ray
powder diffractometer (Co Ka radiation).

3. Results and Discussion

3.1. Ruthenium Particle Characterization. The
sample morphology (particle size and degree of ag-
glomeration) was found to depend strongly on the
amount of sodium acetate dissolved in the polyol. In the
absence of acetate ions, micrometer-size particles with
no well-defined shape are formed. For acetate concen-
trations over 1.0 x 1072 mol-L~1, agglomeration of metal
particles is avoided and nanometer sized particles are
obtained whatever polyol is used.

3.1.1 Size Control. When 1,2-propane diol was used,
the metal particle size was restricted to the nanometer
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Table 1. Dependence of the Mean Diameter (dm) and Size
Distribution (¢) of Ruthenium Particles Prepared by
Reduction of RuCls in 1,2-Propane Diol on the
Temperature and Acetate lon Concentration (Ru
Concentration = 3.25 10-2 Mol-L?1)

reaction time T acetate dm o

(min) (°C) (mol-L~1) (nm)  (nm) oldm
10 165 1.1 x 1072 1.6 0.24 0.15
10 165 2.2 x 1072 1.4 0.18 0.13
10 165 4.4 x 1072 1.8 0.18 0.10
10 150 1.0 x 1072 3.95 0.26 0.066
10 150 2.0 x 1072 1.7 0.21 0.12
10 150 4.0 x 1072 2.0 0.25 0.125
10 150 8.8 x 1072 2.5 0.28 0.11
30 140 1.0 x 1072 6
30 140 2.0 x 1072 2.2

range by selecting the acetate concentration and the
synthesis temperature (Table 1). Whatever the acetate
concentration, the particles are smaller when the tem-
perature increases. For a given temperature the particle
diameter does not vary steadily with the acetate con-
centration. In every case the size distribution is very
narrow, with a standard deviation less than 15% of the
mean diameter (Figure 1). Thus the polyol process offers
the opportunity to prepare monodisperse ruthenium
particles reproducibly with a mean diameter in the
1.5—-6 nm range. It must be stressed that the very low
standard deviation of the 4 nm-sized particles is ob-
tained on the whole sample without any size selection
processes often used in order to obtain monodisperse
samples.

The general scheme for formation of metal particles
by reduction of a metallic salt in a liquid polyol is as
follows: dissolution of the precursor, reduction of the
dissolved species, nucleation, and growth from the
solution.#&15 The preparation of monodisperse particles
requires control of the nucleation and growth steps. In
such a liquid-phase process, noble metal particles have
a strong tendency to coalesce during their formation.
Polymers, especially poly(vinylpyrrolidone) (PVP), have
been used by several groups as protective agents in
polyols to avoid particle agglomeration.”18 Electrostatic
stabilization is an alternative way to obtain colloidal
particle dispersions in solution. Anions, namely citrate
ions, are generally used for aqueous colloidal solutions
of silver, gold, and platinum.2?1® Added in sufficient
amount, acetate ions, as opposed to chloride or hydrox-
ide ions,?° were found to permit the formation of
nonagglomerated ruthenium particles in polyols. This
means that acetate ions present a strong affinity for
ruthenium metal particles and provide them a high
enough zeta potential to prevent agglomeration. It must
be noted that Ru is not the only metal that can be
prepared as nonagglomerated nanoparticles in acetate
solutions in polyols. It is also the case for platinum,
rhodium, and iridium.

Two parameters were found to determine the particle
size: the temperature and the acetate concentration.
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Figure 1. Transmission electron microscopy image of ruthe-
nium particles prepared in sodium acetate solution in 1,2-
propane diol: (@) dm = 1.4 nm; (b) dm = 2.5 nm; and (c) dm =
3.5 nm.

Decreasing the particle size by increasing the temper-
ature of reduction was previously observed for other
metals in polyol.2*2 The higher the temperature, the
higher is the nucleation rate, and, for a given concentra-
tion of metal, the lower is the mean particle size. The
dependence of the mean size on the acetate concentra-
tion is rather more complex to interpret because acetate
ions can act as ligands for both the metal particles and
the Ru(lll) and Ru(ll) species in solution. Smaller
particles can be expected when the acetate concentra-
tion increases, as it allows high surface charge of the
metal particles. On the other hand, a high acetate/Ru
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ratio can probably reduce the rate of reduction by
stabilizing the oxidized species and hence decreasing the
nucleation rate. The dependence of the mean particle
size on the amount of acetate ion in solution may be
related to these two contradictory effects.

3.1.2 Particle Shape. TEM images provide us a 2D
representation of objects. Metal particles were described
above as equi-axed particles, as is generally the case
for particles, including those of ruthenium,2%22 prepared
by wet chemistry processes. Nevertheless, for samples
consisting of 4-nm-sized particles, a significant number
of particles were found to deviate from an isotropic
shape (Figure 2a). Particles with aspect ratios as low
as 1/4 were observed in some conditions. It is note-
worthy that these particles are rarely found isolated but
are generally assembled with other anisotropic particles.
More details about such assemblies will be given in the
next section.

At first sight, particles with an aspect ratio of 1/4 can
be described as rodlike (1 nm x 4 nm). High-resolution
microscopy showed that the crystallographic c-axis is
perpendicular to the major axis of the particles (Figure
2b) which suggests that they are hexagonal platelets
rather than acicular particles, in accordance with their
structure (cf. next section). For a hcp single crystal the
Wulf polyhedron is a truncated hexagonal bipyramid.23
The anisotropy of the crystal is related to the thickness
and the diameter of the bipyramid. Assuming that the
¢ parameter is the same as that of bulk ruthenium (c =
0.42819 nm), the observed thickness of 1 nm corre-
sponds to six atomic layers.

In fact, the morphological aspect of a sample was
found to depend on the dodecane thiol concentration of
the colloidal solution prepared for TEM observations.
Two colloidal solutions were prepared with the same
particles and containing dodecane thiol at 0.5 x 104
mol-L=! and 2 x 1072 mol-L~1, respectively. The thiol/
Ru ratio was 0.1 in the former solution and 40 in the
latter. The experimental conditions for the observation
of anisotropic particles were fulfilled only when the
thiol/Ru ratio was very low (Figure 2a). For the high
thiol/Ru ratio solution, anisotropic particles cannot be
detected on the TEM image over very large areas
(Figure 2c), which means that all the particles are
viewed sideways. This confirms that the anisotropic
particles are indeed platelets and not nanorods, and
decreasing the amount of thiol in the solution favors the
edgewise orientation of the platelets.

In some samples, particles with an aspect ratio lying
in the 1/4—1/2 range represent about 15% of the total
number, while 85% present an aspect ratio close to 1
and can be considered as isotropic. The distribution of
the particle thickness is nevertheless a rough estimate,
because it is not certain that all the platelets are viewed
edgewise in the TEM image. On the other hand, the
diameter distribution can be inferred from Figure 2c and
is found to be very narrow.

3.1.3 X-ray Diffraction. The particles recovered by
centrifugation are crystalline, as shown by XRD (Figure

(22) (a) Vidoni, O.; Philippot, K.; Amiens, C.; Chaudret, B.; Balmes,
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Figure 2. (a) TEM image of 4-nm mean diameter ruthenium
particles with dodecane thiol (thiol/Ru = 0.1); (b) High-
resolution TEM image of a representative anisotropic ruthe-
nium particle: e = 2.05 A corresponds to the (10.1) inter-planar
distance, o = 28.7° is the angle between the (10.1) plane and
the ¢ axis; (c) TEM image of the same 4-nm ruthenium
particles with a large excess of dodecane thiol (thiol/Ru = 40).
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Figure 3. XRD pattern (Co Ka radiation) of Ru powders
obtained by reduction of RuCl; in 1,2-propane diol: (a) 2.5-
nm-sized particles; (b) 4-nm-sized particles; and (c) agglomer-
ated particles prepared without acetate ions.

3). Their pattern can be indexed as a hcp lattice as
expected for ruthenium metal particles.?* For small
particles X-ray line broadening becomes important. The
full width at half-height is found to depend on the (hkl)
indexes, which suggests that there are stacking faults
or anisotropic crystals. Nevertheless, because of the
considerable broadening it was not possible to clearly
establish the major contribution.

3.2. Ruthenium Particle Self-Assemblies. Par-
ticles with a diameter of 4 nm and coated with dodecane
thiol were studied in more detail because we observed
that smaller particles self-organized with more dif-
ficulty. Particle self-assemblies are partly controlled by
the van der Waals attraction energy between particles.
For spherical particles this energy is proportional to the
particle radius.?® For very fine particles the attraction
is weak and is counterbalanced by other interactions,
which explains their lesser ability to self-organize.

Several colloidal solutions containing coated particles
in toluene were prepared with different dodecane thiol
and metal concentrations and thiol/Ru molar ratios. By
varying the metal concentration, the particle density on
the TEM grid was varied from less than a monolayer
to multilayers. By varying the thiol/Ru ratio over 2
orders of magnitude the nature of the colloidal solution
was changed.

For 4-nm-sized particles the number of metal atoms
at the surface of the particles can be estimated to be
25—30% of the total number of atoms in the particle,
depending on the shape.?® On a gold (111) surface, the
thiol density corresponds to a thiol/Au surface ratio of
33%. Higher thiol densities are found on nanoparticles,
in the 45—60% range for the thiol/surface metal atom,
depending on the particle size.2” Thus, a rough calcula-
tion shows that a thiol/total Ru atom ratio of 0.1
corresponds to an amount of dodecane thiol slightly
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lower than the minimum necessary to achieve a com-
plete coating of the 4-nm-sized particles. For molar
ratios higher than ca. 0.2 dodecane thiol is present in
excess in the solution and a very large amount of free
thiol is present in solution for a molar ratio of 10.

It has been established that the formation of either
2D monolayers or 3D aggregates of particles coated with
alkyl chains on a substrate depends on several param-
eters, such as the chain length,?® the interparticle
attraction, the solvent polarity,?® and the nature of the
substrate.0 In our case, the drop of toluene solution
spread out quite well on the microscope grid and 3D
particle aggregates were not observed. Several patterns
of organization on the TEM grid were observed, depend-
ing on the dodecane thiol concentration and on the
particle density. Results are presented below, first for
dilute Ru colloidal solutions and then for solutions
where bilayer organizations of the particles on the grid
could be observed.

3.2.1 Dilute Solutions. We showed in Section 3.1.2
that for a high thiol/Ru solution, anisotropic particles
cannot be distinguished on the TEM image (Figure 2c).
Moreover, the particles are ordered in a hexagonal
network with a mean distance between the particles of
2 nm. Such hexagonal networks are obtained provided
that there is enough thiol. The interparticle spacing is
then independent of the thiol concentration of the
solution, particularly when there is excess thiol. These
hexagonal arrays are very similar to those obtained
previously with spherical silver4231 or Ag,S%2 particles
of the same mean diameter and coated with alkyl
chains. The distance of 2 nm is shorter than twice the
length of the alkyl chain in an all-trans conformation;
it shows that the dodecane thiol chains are interdigi-
tated. The similarity with distances measured with
other kinds of particle shows that the energy balance
is basically the same as in the other self-organized
patterns of metal particles such as silver or gold. This
suggests that the Hamaker constant expressing the van
der Waals attraction between the particles is roughly
of the same order of magnitude for ruthenium, gold, and
silver. As mentioned in a previous section, the distribu-
tion on the particle aspect ratio is not known with
accuracy. Clearly the presence of a small number of thin
platelets does not perturb the hexagonal array of the
monolayer.

The experimental conditions for the TEM observation
of anisotropic particles were described in Section 3.1.2:
a significant number of platelike particles are viewed
edgewise for low thiol/Ru solutions. Furthermore, the
platelets are almost never observed isolated but are
usually stacked in lines lying over the grid and made
up of a few particles sharing their c axis (Figure 4a). In
these units the mean distance between the particle sides
is 1 nm. This is much lower than the interparticle
distance in the hexagonal network and it is too short to
be compatible with adsorbed dodecane thiol in an all-
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Figure 4. (a) TEM images of lines consisting of a few platelet
particles; (b) schematic representation of a line.

Figure 5. TEM image of 4-nm-sized Ru particles mono- and
bilayer showing compact stacking.

trans conformation on the particle sides. It shows that
no thiol molecules are coated on the large faces of the
particles located inside the lines; these particles are not
totally coated by dodecane thiol. Thus, for a low thiol
concentration: (i) the thiol molecules are preferentially
bonded to the particle edge rather than to the dense
(00.1) planes that constitute the platelets sides; and (ii)
the association of a few particles into anisotropic units
is the best way to form hydrophobic units stable in
toluene. A representation of these units is proposed in
Figure 4b. It is, therefore, highly probable that these
units are present in solution and are not the result of a
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Figure 6. TEM images of 4-nm-sized Ru particles bilayer
showing noncompact stacking.

self-assembly process upon the microscope grid. It is
interesting to note that directional assembly of aniso-
tropic particles into nanowires was described for silver
prolate nanocrystals by Korgel and Fitzmaurice.33 In
that study, the lack of thiol on the particle surface was
already suggested as the driving force for the formation
of wires. To the best of our knowledge, we present here
the first example of the anisotropic assembly of oblate
metal nanoparticles.

3.2.2 Organization of the Bilayers. For a metal con-
centration close to 1 x 1073 mol-L~! a high coverage
ratio on the TEM grid is obtained with the formation of
mono- and bilayers. The nature and degree of organiza-
tion is found to depend on the thiol concentration in the
toluene solution. For very low thiol concentration,
particles appeared to be poorly organized. Provided that
the thiol concentration is higher than 2 x 1074 mol-L™1,
which corresponds to a complete coating of the particles,
a very good particle organization with mono- and
bilayers of coated particles is observed over a very large
area (> 1 um?).

As regards the bilayers, various patterns were in-
ferred from TEM observations. The close-packed stack-
ing A—B of the second layer upon the first one, with all
the particles of the second layer occupying the 3-fold-
sites, was generally observed (Figure 5). Within the first
and the second layers the particles are ordered in a

(33) Korgel, B. A.; Fitzmaurice, D. Adv. Mater. 1998, 10, 661.
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Figure 7. Moiré images obtained by twisting the upper hexagonal layer with respect to the basal one, at different angles 6.

hexagonal network with the same mean distance be-
tween the particles.

Other patterns were also observed for bilayers (Figure
6). These assemblies are the result of a noncompact
stacking of the two layers: only a very small number
of particles in Figure 6 occupy the 3-fold sites expected
for a close-packed stacking. In a first approach, the
patterns of Figure 6 can be reproduced by moiré images.
As shown in Figure 7, similar patterns are obtained by
twisting the upper hexagonal layer with respect to the
basal one. The patterns produced are hexagonal or
circular depending on the respective orientation of the
two layers. The experimental twist angle 6 is found to
take values between a few degrees and 30° (Figure 8).
The observation of such patterns shows that the hex-
agonal particle organization is fairly good within the two
layers. It shows also that, as in the close-packed
stacking of Figure 5, the mean distance between par-
ticles is the same within the two layers.

Nevertheless, it is noteworthy that some areas of the
TEM image (Figure 6) show deviations from a moiré
pattern. As shown in Figure 7, whatever the angle, the
rotation of the second hexagonal layer with respect to
the first one generates exactly the same number of
particles located in the 3-fold, 2-fold, and 6-fold sites. A
closer examination of some parts of the TEM image
(Figure 6) reveals a larger number of 6-fold and 2-fold

sites occupied than 3-fold ones (Figure 8d). Thus, the
hexagonal order within the layers seems to be locally
modified by directional particle—particle interactions.

Whereas 3D structures of coated particles previously
described present generally a fcc stacking,'2 anomalous
stacking of bilayers was already reported by several
groups.12:34.35 Occupation of 2-fold sites leading to linear
or circular arrangements on partially filled bilayers was
observed. Directional interaction between particles due
to particles faceting'2?® was suggested to explain such a
situation that does not correspond to the hard-sphere
model.

Ugarte et al.35 showed unambiguously that for coated
gold particle multilayers on a carbon membrane, pre-
pared at 80 °C, the interparticle distance is greater in
the first layer than in the second and third. This
shortening from 2 to 1.7 nm makes the 2-fold sites
energetically favorable for the particles of the second
layer. This leads to hexagonal patterns over large areas
where all the particles belonging to the second layer
occupy a 2-fold site. Prepared at room temperature and
with another metal, the bilayers presented in this work
do not present such a difference of parameter between

(34) Fink, J.; Kiely, C. J.; Bethell, D.; Schiffrin, D. J. Chem. Mater.
1998, 10, 922

(35) Zanchet, D.; Moreno, M. S.; Ugarte, D. Phys. Rev. Lett. 1999,
82, 5277
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Figure 8. Details of Figure 6 showing: (a), (b), and (c) patterns which can be reproduced by moiré image: (a) 6 = 8°; (b) 6 = 12°;
(c) 6 = 30°; and (d) higher 6- and 2-fold sites occupations than expected on the basis of a purely moiré image.

the two first layers, neither in the close-packed stacking
(Figure 5) nor in the noncompact stacking (Figure 6).
Thus, the influence of the substrate is weaker in the
case of Ru nanoparticles probably because the inter-
particle interaction energy is lower for ruthenium than
for gold.

In our case two experimental parameters appear to
govern the stacking of the bilayers: the thiol concentra-
tion and the particle shape.

We observed that the compact stacking is somewhat
favored by high thiol concentration (>10-3 mol-L™1),
whereas the noncompact stacking is somewhat favored
by a lower thiol concentration (5 x 1074 — 103 mol-L1).
Moreover, it has been observed that the thiol concentra-
tion in toluene modifies both the evaporation rate and
the surface tension of the solution. The lower the thiol
concentration, the faster the solvent evaporates, and the
better the solution drop spreads out on the TEM grid.
Thus, at high thiol concentration the particles actually
assemble in an excess of thiol and can reach the
equilibrium structure, namely the compact stacking. In
contrast, when the evaporation time is shorter with a
low thiol concentration, particles of the second layer may
be frozen in a nonequilibrium state which produces the
moiré pattern.

Rotational moiré of hexagonal layers has been ob-
served in layered structures such as (00.1) graphite
planes.’¢ Moreover, also in case of graphite, local
reconstruction of a moiré pattern can take place in order

to reach the right location for the greatest number of
atoms.3” What is surprising in the case of Figure 8d is
that reconstruction seems to favor the 6-fold or the
2-fold rather than the 3-fold sites. This is probably
related to the shape of the particles. We showed in a
previous section that under some conditions, in dilute
solutions, the anisotropy of the particles could lead to
directional assemblies. The distribution of the aspect
ratio is not known precisely, but we showed that in some
samples the proportion of platelets could reach 15%.
Even if this proportion is small, the presence of aniso-
tropic particles will induce a roughness in the first layer
and may perturb the stacking of the next one. For
particles with an aspect ratio as low as 1/4, the hard-
sphere model cannot apply, and for such particles lying
on their side, the 6-fold sites are more probably the
actual equilibrium location for a particle of the next
layer.

In summary, the different patterns observed on
bilayers shows close-packed and noncompact stacking
which result from different nucleation/growth mecha-
nisms of the second layer upon the first one. It shows
also that several sites of the second layer have very
similar energies. This work confirms previous results
on silver or gold particles for 3- and 2-fold sites and

(36) Kuwabara, M.; Clarke, D. R.; Smith, D. A. Appl. Phys. Lett.
1990, 56, 2396.

(37) Garbarz, J.; Lacaze, E.; Faivre, G.; Gauthier, S.; Schott, M.
Philos. Mag. A 1992, 65, 853.
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extends it to the 6-fold site. Further experimental work
must be carried out in order to control accurately the
platelet thickness distribution to confirm the influence
of the particle shape on their organization.

4. Conclusion

Nonagglomerated ruthenium particles were obtained
by reduction in a liquid polyol. The particles crystallize
with the expected hcp structure. Experimental condi-
tions were found to control accurately the particle
diameter in the nanometer size range with very small
standard deviation. Among a majority of isotropic
particles, a significant number of particles were found
to be platelets, but the thickness distribution was not
easily inferred from TEM observations.

The organization of particles coated with dodecane
thiol on the carbon membrane of the TEM grid was
found to depend on the thiol concentration in the
solution.

For very low thiol concentrations, columnar units
made up of edgewise stacked platelets are formed. The
low coating ratio was showed to be responsible for this
directional assembly. Although nematic and smectic
phases have already been observed with rodlike shaped

Viau et al.

nanoparticles, this appears to be the first time that
columnar units with disk-shaped metal particles are
described and precisely characterized.

For higher thiol concentrations platelets are viewed
sideways, and hexagonal arrays of isotropic particles
with a mean interparticle distance of 2 nm were
observed. Closed-packed and noncompact stacking of
two hexagonal layers were evidenced. The first one is
favored by a low evaporation rate and probably by a low
number of platelets within the sample. Misorientation
of the second layer producing moiré patterns was found
to be favored by a high evaporation rate. In both cases,
the interparticle distance was found to be equal within
the first and second layers. The reconstructions of moiré
patterns favoring the 6-fold sites observed in some cases
were assumed to be related to the presence of anisotro-
pic particles in the samples.

Our better understanding of the directional assembly
of platelets either in 1D wires or in 3D stacking
encourages us to further investigate the synthesis
conditions that control platelet formation in order to
obtain well-defined anisotropic organizations.
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