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A reagdo de NaBH, com RuCl, dissolvido no liquido idnico 1-n-butil-3-metilimidaz6lio
hexafluorfosfato (BMILPF,) € um método simples e reprodutivel para a sintese de nanoparticulas de
RuO, estdveis com distribui¢do estreita e didmetro da particula entre 2-3 nm. As nanoparticulas de
RuO, foram caracterizadas por XRD, XPS, EDS e TEM. Estas nanoparticulas mostraram alta
atividade catalitica tanto na catdlise heterogénea quanto na hidrogenacao bifdsica liquido-liquido de
olefinas e arenos sob condi¢des moderadas de reac@io. Experimentos de envenenamento com Hg(0)
e CS,, e andlises de XRD e TEM de particulas isoladas apds a catdlise indicaram a formagao de
nanoparticulas de Ru(0). As nanoparticulas podem ser reutilizadas em condi¢des de catdlise heterogénea
até 10 vezes na hidrogenacdo de 1-hexeno rendendo um niimero total de ciclos cataliticos de 175.000
para dtomos de Ru expostos.

The reaction of NaBH, with RuCl, dissolved in 1-n-butyl-3-methylimidazolium
hexafluorophosphate (BMI.PF,) ionic liquid is a simple and reproducible method for the synthesis
of stable RuO, nanoparticles with a narrow size distribution within 2-3 nm. RuO, nanoparticles
were characterized by XRD, XPS, EDS and TEM. These nanoparticles showed high catalytic
activity either in the solventless or liquid-liquid biphasic hydrogenation of olefins and arenes under
mild reaction conditions. Hg(0) and CS, poisoning experiments and XRD and TEM analysis of
particles isolated after catalysis indicated the formation of Ru(0) nanoparticles. The nanoparticles
could be re-used in solventless conditions up to 10 times in the hydrogenation of 1-hexene yielding

a total turnover number for exposed Ru atoms of 175,000.
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Introduction

Among the various transition-metal oxides, Rqu is
one of the most promising materials due to its excellent
diffusion barrier properties, high thermal stability and low
temperature resistivity.! These materials have several
potential applications encompassing large-scale integrated
circuits, electrochemical capacitors, electrodes, gas
sensors, and catalysis.>? Nanometric RuO2 confined in a
zeolitic framework was recently reported as an efficient
catalyst for alcohol oxidation under mild aerobic
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conditions.? It is therefore of great interest to develop more
efficient and reliable methods for the generation of RuO,
nanoparticles (< 100 nm). In this context, the sol-gel
process is one of the most common used methods for the
generation of nano-structured materials compared with
classical methods such as co-precipitation or high
temperature fusion.* On the other hand, transition-metal
stable nanoparticles with controlled size and composition
can be obtained by the reduction or oxidation of metal
compounds in the presence of protective agents such as
surfactants, polymers, quaternary ammonium salts,
polyoxoanions or organic ligands to avoid particle
agglomeration.” For example, nanosized PtO, has been
easily prepared by hydrolysis/condensation of Pt(IV)
compounds under basic conditions in the presence of
carbo- or sulfobetaines.®
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We have recently reported that Ir, Rh and Pt
nanoparticles of 2-3 nm diameter with a narrow size
distribution can be synthesized straightforwardly using a
one-component liquid phase, namely 1-n-butyl-3-
methylimidazolium hexafluorophosphate (BMI.PF,) ionic
liquid,” by reduction with molecular hydrogen of the
corresponding metal complexes® or by controlled
decomposition of Pt(0) organometallic compounds,’ under
mild reaction conditions. Therefore these liquids could be
used for the generation of nanoscale RuO, particles. We
report herein that the reaction of RuCl, with NaBH,'" in
BMILPF, ionic liquid yields ruthenium oxide nanoparticles
with 2-3 nm in diameter. The catalytic properties of
ruthenium oxide nanoparticles were tested in the
solventless or two-phase hydrogenation of olefins and
arenes under mild reaction conditions (4 atm of H, and
75 °C).

Experimental
Materials and instrumentation

Anhydrous RuCl, was purchased from Aldrich
Chem.Co. 1-n-butyl-3-methylimidazolium hexafluoro-
phosphate (BMI.PF,) and 1-n-butyl-3-methylimidazolium
tetrafluoroborate (BMI.BF,) were prepared following
previously reported procedures.!! The absence of Cl- was
verified by an Ag* test and the water content (<0.1% v/v)
was checked by cyclic voltammetry of an authentic sample
and after the addition of water.'? Olefins were distilled prior
to use in hydrogenation reactions. All manipulations were
carried out using Schlenk techniques. Gas chromatography
was performed in a Shimatzu GC 14B, equipped with a 30
meter capillary column with a dimethylpolysiloxane
stationary phase, using the following parameters: initial
temperature: 50 °C, initial time: 5 min, ramp: 10 °C/min,
final temperature: 250 °C, final time: 5 min, injector
temperature: 250 °C, detector temperature: 250 °C,
injection volume: 2 uL.

Transmission Electron Microscopy measurements

Transmission electron microscopy (TEM) micrographs
were taken on a JEM-2010 microscope operating at an
accelerating voltage of 200 kV. Samples for TEM
observations were prepared in two different ways: by
placing a drop of a 2-propanol metal nanoparticle solution
on a holey carbon grid or by placing a thin film of the
ionic liquid containing the ruthenium nanoparticles in a
holey carbon grid. The metal particle size distribution was
estimated from the measurement of about 200 particles,
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assuming spherical shape, found in an arbitrary chosen
area in enlarged micrographs.

X-ray Diffraction measurements

X-ray diffraction (XRD) patterns were recorded on a
Philips X’PERT MRD X-ray diffractometer equipped with
a curved graphite crystal. The diffraction data were
collected at room temperature in a Bragg-Brentano 6-20
geometry. The equipment was operated at 40 kV and
40 mA with scan range between 20° to 100°. Samples
analyzed under oxygen-free conditions were prepared in a
glovebox and covered with Kapton Tape. Simulations of
the measured spectra were obtained with a pseudo-Voigt
profile using the FULLPROF code."

X-ray Photoelectron Spectroscopy measuraments

The XPS was performed using MgKa radiation (hv =
1253.6 eV). High-resolution scans were recorded with a pass
energy of 15 eV, an angular acceptance of +4° and an entrance
slit of 2 mm @ for an Omicron EA 125 concentric hemispheric
analyzer. The detection angle 6 of the photoelectrons with
respect to the normal to the sample surface (takeoff angle)
was varied from 25° (bulk sensitive mode) to 70° (surface-
sensitive mode). Samples for analysis were prepared by
placing the RuO, on a carbon conducting tape.

Preparation of ruthenium oxide nanoparticles

In a Schlenk tube, 0.062 g (0.3 mmol) of RuCl, was
dissolved in 3 mL of 1-n-butyl-3-methylimidazolium
hexafluorophosphate BMIL.PF, by heating (50-60 °C) and
stirring under argon. The brown solution was cooled to
room temperature and an excess of solid NaBH, (0.1 g)
was added. The suspension was stirred for 2 h and then the
nanoparticles were isolated as a black powder by
centrifugation in acetone. The workup procedure consisted
of washing the powder obtained with acetone (2 x 5 mL),
water (5 x 5 mL) and acetone (2 x 5 mL) followed by
centrifugation at 3500 rpm over 5 min was performed
without avoiding oxygen atmosphere. The powder
isolated was dried under reduced pressure.

Hydrogenation experiments

The catalytic reactions were carried out in a Fischer-
Porter reactor connected to a H, reservoir. In a typical
experiment, RuO, nanoparticles (3 mg, 0.0225 mmol) and
15 mmol of substrate are added to the reactor under an inert
atmosphere. In biphasic experiments, the RuO,
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nanoparticles are dispersed in 1 mL of room temperature
ionic liquid (BMLPF, or BMLBF) prior to the addition of
the substrate. The reactor is submitted to vacuum, placed in
an oil bath at 75 °C under stirring (700 rpm) and connected
to the hydrogen gas unit. The reaction is initiated by the gas
admission at 4 atm (constant). The reaction is monitored by
the fall in hydrogen pressure in the H, reservoir as a function
of time. H, uptake was measured in 1 min intervals with a
Huba Control pressure transducer interfaced via a Novus
Field Logger converter to a computer. The pressure versus
time data are collected by the FieldChart Novus Software,
stored as a data file and exported to a MicroCal Origin 5.0
for hydrogenation rate calculations. The products are
separated by decantation of the nanoparticles and the
organic phase analyzed by GC and GC-MS.

Catalyst lifetime experiments

The catalyst lifetime experiments were performed as
for the hydrogenation experiments, except for a catalyst
to substrate molar ratio of 1/6667 for each charge. In a
typical experiment, RuO, (2 mg, 0.015 mmol) and
1-hexene (8.4 g, 100 mmol) are added to the Fischer-Porter
reactor under an inert atmosphere. In biphasic experiments,
0.5 mL of room temperature ionic liquid (BMI.PF,) is added
prior to the addition of the substrate. The reactor is
submitted to vacuum, placed in an oil bath at 75 °C under
stirring (700 rpm) and connected to the hydrogen gas unit.
The reaction is initiated by gas admission at 4 atm
(constant). The reaction is monitored by the fall in hydrogen
pressure in the H, reservoir, measured via a computer
interfaced pressure transducer, as a function of time. At the
end of the reaction (when the H, uptake has stopped), the
reactor is cooled to room temperature and depressurized.
An aliquot of the product is collected, under an inert
atmosphere, and analyzed by GC. If all the 1-hexene is
converted to hexane the maximum turnover had been
attained. The remaining amount of hexane is evaporated
in vacuum and an additional 8.4 g of 1-hexene (100 mmol)
is added to the reactor, which is evacuated and reattached
to the hydrogen unit. The pressure is reestablished to 4
atm of H, (constant) and a new recording of H, uptake vs.
time starts. The same procedure is repeated until a
significant loss of activity is observed. In each experiment
6667 maximum turnovers are possible.

Hg(0) poisoning test '*

The catalytic reactions were carried out in the same
hydrogenation standard conditions (RuO, nanoparticles
(3 mg, 0.0225 mmol) and 1.26 g (15 mmol) of 1-hexene),
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except for the addition of elemental Hg (1.4 g, 300 equiv.)
to the reaction mixture at 50% of conversion of 1-hexene
to hexane. The reaction is monitored by the fall in
hydrogen pressure in the H, reservoir as a function of time
before and after addition of Hg. The products are separated
by decantation of the nanoparticles and the organic phase
is analyzed by GC and GC-MS.

CS, poisoning fest

The catalytic reactions were carried out in the same
hydrogenation standard conditions (RuO, (6 mg, 0.045
mmol) and 1.26 g (15 mmol) of 1-hexene), except for the
addition of 0.5 equivalents of CS, (1.7 mg) dissolved in an
additional 1.26 g of 1-hexene to the reaction mixture at
50% of conversion of 1-hexene to hexane. The reaction is
monitored by the fall in hydrogen pressure in the H,
reservoir as a function of time before and after addition of
CS,. The products are separated by decantation of the
nanoparticles and the organic phase is analyzed by GC
and GC-MS.

Results and Discussion
RuQ, nanoparticles preparation and characterization

The addition of an excess of NaBH, to a dispersion of
RuCl, in BMIL.PF, at room temperature immediately
yielded a black solution. A black powder was isolated by
centrifugation and analyzed by Transmission Electron
Microscopy (TEM), X-ray Diffraction (XRD), Energy
Dispersive Spectroscopy (EDS) and X-ray Photon-electron
Spectroscopy (XPS). Nanoparticles size and size distri-
bution were obtained from TEM photographs (Figure 1A).
The particle size distribution was estimated from the
measurement of the diameter of avg. 250 particles found
in arbitrary chosen area in enlarged micrographs. Figure
1B shows the particle size distribution with an average
diameter of 2.4 + 0.5 nm.

The electron and X-ray diffraction patterns could be
adjusted to the predicted lines of the RuO, orthorhombic
structure (Figure 2 and Figure 3). Lattice fringes images
(Figure 1C) and diffraction ring patterns from Selected
Area Diffraction (SAD) confirm the crystalline nature of
the particles.

The simulations of Bragg reflections were performed
with a pseudo-Voigt profile using the FULLPROF code
based on the cell parameters of RuO,. The result of
simulation, continuous line in Figure 3, is in good
agreement with the measured spectrum. The most
representative reflections of the RuO, were indexed as
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orthorhombic and the latticet parameters were a = 4.5786,
b=4.5651and ¢ =3.1426, = =90 andy = 89.9474. The
Bragg reflections at 27.56°, 34.59°, 34.61°, 39.33°, 39.97°,
53.38°, 53.42°, 56.89°, 58.71°, 66.05°, 68.27° and 72.97°
correspond to the indexed planes of the crystals of RuO,

Distribution / %

1,5 20 25 3,0 35
Particle size / nm

Figure 1. (A) Transmission electron micrograph of RuO, nanoparticles
with 400 Kx of magnification; (B) Histogram illustrating the particle
size distribution; (C) Lattice image of RuO, nanoparticle showing its
crystalline structure (600 Kx of magnification).

Figure 2. Electron Diffraction Rings of the RuO, nanoparticles
measured by SAD (experimental in the left side and theoretical in
the right).
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Figure 3. X-ray diffraction pattern of RuO, nanoparticles prepared
by reaction of NaBH, with RuCl, in BMI.PF.

(110), (101), (011), (200), (111), (211), (121), (220), (002),
(112), (301) and (202).

The surface composition of the material was also
analyzed using X-ray photoelectron spectroscopy (XPS).
Figure 4 displays a survey surface scan of nanoparticles
prepared by reaction of NaBH, with RuCl, in BMLPF,.
Only the peaks corresponding to carbon (support),
ruthenium and oxygen were observed. Note that the Ru
3d3/2
superposition with the C 1s signal. The formation of the
RuO, nanoparticles probably proceeds through the
reduction of Ru(IIl) chloride to ruthenium poly-hydride
species that are easily oxidized in air.'

component appears more intense due to the
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Figure 4. XPS surface survey of the RuO, prepared by the reaction
of NaBH, with RuCl, in BMLPF ionic liquid.

Hydrogenation of olefins and arenes using RuO,
nanoparticles prepared in ionic liquid

The isolated RuO, nanoparticles were used directly for
heterogeneous catalysis (solventless) or re-immobilized
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Table 1. Hydrogenation® of olefins and arenes by RuO, nanoparticles pre-catalyst

Entry Substrate Product(s) Medium Time (h) Conv.’ (%) TOF¢ (h")
1 I-hexene hexane None 0.2 99 3300
2 1-hexene hexane BMI.BF, 3.0 98 218
3 1-hexene hexane BMI.PF, 1.2 >99 556
4 cyclohexene cyclohexane None 0.4 >99 1668
5 cyclohexene cyclohexane BMI.PF, 3.0 >99 222
6 1-methyl-1-cyclohexene = methylcyclohexane None 1.8 >99 370
7 I-methyl-1-cyclohexene  methylcyclohexane BMI.PF, 5.4 97 120
8 2,3-dimethyl-2-butene 2,3-dimethylbutane None 0.5 >99 1334
9 2,3-dimethyl-2-butene 2,3-dimethylbutane BMI.PF, 20.0 89 30
10 benzene cyclohexane None 2.5 >99 267
11 benzene cyclohexane BMI.BF, 24.0 3 <1
12 benzene cyclohexane BMI.PF, 15.0 97 43
13 toluene methylcyclohexane None 13.0 98 50
14 p-xylene 1,4-dimethylcyclohexane? None 17.0 64 25

“Conditions: catalyst/substrate ratio = 1/667, temperature = 75 °C, hydrogen pressure = 4 atm; "Measured by GC; Catalytic turnover frequency:
moles of substrate transformed per mole of catalyst per hour. ‘cis/trans=2.1.

in BMLPF, for use in liquid-liquid biphasic catalysis. The
hydrogenation of 1-hexene catalyzed by RuO, nano-
particles was performed at 75 °C and 4 atm (constant
pressure) of H, (Table 1, entries 1-3). As a control
experiment, the hydrogenation of 1-hexene was performed,
in the same experimental conditions, using RuCl3 as
catalyst instead of the nanoparticles and no hydrogen
consumption was observed even after 3 h of reaction. In
solventless conditions, the conversion to hexane was
complete within 12 min corresponding to a catalytic
turnover frequency of 3300 h™'. In biphasic catalysis carried
out with the addition of 1 mL of BML.PF, or BMI.BF,
ionic liquids to the nanoparticles, the reaction time
increased resulting in catalytic turnover frequencies of 556
h'' in BMIPF, and 218 h" in BMLBF,. These significant
differences in the catalytic activity can be attributed to
the decreasing solubility of the olefin in the ionic phase
(olefins are usually 2-3 times more soluble in the BMIL.PF,
ionic liquid than in the BMIL.BF, analog).” Upon standing,
a black precipitate of nanoparticles could be separated
from the hydrogenated product and re-used for up to six
successive recycles, retaining nearly all of the original
reactivity. Also in the biphasic systems, the hydrogenated
product could be isolated by simple decantation and the
catalyst remaining immobilized in the ionic liquid phase
re-used for successive recycles. The catalytic performance
of the RuO, nanoparticles in the solventless or biphasic
hydrogenation of other olefins and arenes are summarized
in Table 1.

The catalytic activity showed the expected trend for
hydrogenation of the series of substrates investigated, in
that the highest turnover frequency was observed for the
non-aromatic and less substituted olefin. Moreover, the
catalyst was active in the hydrogenation of arenes such as

benzene to cyclohexane with a turnover frequency of 267 h'!
(Table 1, entry 10).'® The nanoparticles present a remarkable
effectiveness for the hydrogenation of tetra-substituted
double bonds (Table 1, entries 8 and 9). In comparison to
the solventless system, the biphasic catalysis has proven to
be less active probably due to the low solubility of the
substrates in the ionic liquid catalyst-containing layer.®

Characterization of the material isolated after
hydrogenation reactions by TEM, electron diffraction and
X-ray diffraction

After hydrogenation of 1-hexene by RuO, following
standard conditions described in the experimental section,
a black precipitated material was isolated under an inert
atmosphere and examined by X-ray diffraction. The
samples were analyzed under oxygen-free conditions,
prepared in a glovebox and covered with Kapton Tape,
since it is easily re-oxidized in air.’® In the solventless
hydrogenation, the solid was easily isolated by evaporation
of the product to dryness and the recorded X-ray diffraction
pattern was adjusted to the predicted lines of the Ru hcp
structure as shown in Figure 5. It is clear that RuO, starting
material was reduced to ruthenium metallic under the
hydrogenation reaction conditions (4 atm H, and 75 °C).

The WAXD pattern confirmed the complete reduction
of RuO, to Ru metal. Again, the simulation of Bragg
reflections, using the cell parameters of the Ru(0), obtained
by the FULLPROF code, is in good agreement with the
measured data, continuous line of Figure 5. The most
representative reflections to Ru(0) metal were indexed as
hexagonal and the lattice parameters obtained were
a=2.7162 and c= 4.2956. The Bragg reflections at 38.23°,
42.03°, 43.84°, 58.11°, 69.11°, 78.07°, 84.30° and 85.55°
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Figure 5. X-ray diffraction pattern of material isolated under argon
after hydrogenation of 1-hexene by RuO, pre-catalyst in solventless
conditions.

correspond to the indexed planes of the (hcp) crystals of
Ru(0) (100), (002), (101), (102), (110), (103), (112) and (201).

The X-ray diffraction pattern of the particles isolated
from the BMLPF, ionic liquid catalytic layer also showed
the predicted lines of the Ru hep structure but some RuO,
was also present since the RuO, (211) reflection appeared
at 20 = 53°. Surface re-oxidation during the isolation
procedure could be the origin of such RuO, reflection, as
usually observed in Ru(0) colloidal samples.'” A new XRD
recorded after exposure the same sample to air confirmed
that the Ru metal surface is easily oxidized by O, since the
Ru(002) metal peak at 260 = 42° decreased and the RuO,
reflections increased. It is noted that this re-oxidized
material was still active when re-used as catalyst precursor
in the hydrogenation of 1-hexene under standard
conditions (TOF=2200 h).

The nanoparticle size and morphology of the particles
isolated after catalysis were also investigated in situ by TEM
analysis carried out directly on the ionic liquid catalyst-
containing phase (Figure 6). The metal-particle-size
distribution was estimated from the measurement of about
200 particle diameters, assuming a spherical shape, found
in an arbitrary chosen area in enlarged microphotographs.
An average diameter of 2.5 + 0.4 nm was calculated in
BMILPF, (Figure 6) indicating that no significant changes
in particles size and size distribution occurred.

Further evidences of RuO, nanoparticles reduction to
Ru(0) catalytic species during the hydrogenation were
obtained by the Hg(0) and CS, poisoning tests.'* Thus, the
addition of an excess of Hg(0) (300 equiv.) or 0.5
equivalents of CS, to the reaction mixture (standard
hydrogenation conditions using 1-hexene as substrate) after
about 50% conversion immediately suppressed the
hydrogenation reaction.
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Figure 6. (A) TEM micrograph of ruthenium nanoparticles in the
ionic liquid BMLPF; after hydrogenation of 1-hexene under biphasic
standard conditions. (B) Histogram illustrating the particle size dis-
tribution.

Catalyst lifetime

The catalyst lifetime was investigated by means of
successive experiments under similar conditions to those
of the standard hydrogenations, except for a catalyst to
substrate molar ratio of 1/6667 for each charge.
Hydrogenation of 1-hexene was selected as the model
reaction. After the first cycle, the hexane product was
separated by evaporation in vacuum and the isolated black
material (solventless reaction) or ionic liquid catalyst
containing layer (biphasic reaction) was re-used in a second
run, by addition of an additional 8.4 g of 1-hexene (100
mmol). The same procedure was repeated until a significant
loss of activity was observed. In each run, 6667 maximum
turnovers are possible to obtain. The recovered particles
could be re-used at least 10 times in solventless conditions
with 10 recycles (total turnover number = 66,600 mol of
1-hexene/ mol of Ru), compared to only 3 recycles (total
turnover number= 20,000 mol of 1-hexene/ mol of Ru) in
biphasic conditions.

Approximating the Ru(0) average nanoparticles (2.5 +
0.4 nm) as hexagonal-close-packed spheres it is possible
to estimate, by means of a “magic numbers” approach,'®
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that roughly 35% of the Ru atoms should be on the surface.
Assuming that all surface ruthenium atoms are active, it is
possible to have a total turnover number for exposed Ru
atoms of 175,000 in the solventless hydrogenation of 1-
hexene.

Conclusions

We have shown that near mono-dispersed RuO,
nanoparticles can be easily obtained by reaction of RuCl,
dissolved in room-temperature ionic liquids with NaBH,.
These nanoparticles can be isolated as a powder, stored
and used directly in solvent free heterogeneous catalysis
or re-dispersed in ionic liquids for biphasic catalysis. The
RuO, are reduced by hydrogen to Ru(0) nanoparticles that
are the catalytic active species for hydrogenation reactions.
The Ru nanoparticles have proven to be highly active
recyclable catalysts for hydrogenation of C=C bonds under
very mild reaction conditions.
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