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The reaction of Pt2(dba)3 (dba ) bis-dibenzylidene acetone) dispersed in room temperature 1-n-butyl-3-
methylimidazolium (BMI) hexafluorophosphate ionic liquid with molecular hydrogen (4 atm) at 75 °C leads to stable
and isolable nanometric Pt(0) particles. The X-ray diffraction analysis (XRD) of the material indicated that it is
constituted of Pt(0). Transmission electron microscopy (TEM) analysis of the particles dispersed in the ionic liquid
shows the formation of [Pt(0)]n nanoparticles of 2.0−2.5 nm in diameter. A detailed examination of the nanoparticles
imbibed in the ionic liquid and their environment shows an interaction of the BMI‚PF6 ionic liquid with the Pt(0)
nanoparticles. The isolated [Pt(0)]n nanoparticles can be redispersed in the ionic liquid or in acetone or used in
solventless conditions for liquid−liquid biphasic, homogeneous, or heterogeneous hydrogenation of alkenes and
arenes under mild reaction conditions (75 °C and 4 atm). The recovered platinum nanoparticles can be reused as
a solid or redispersed in the ionic liquid several times without any significant loss in catalytic activity.

Introduction

Organic solvents and water “soluble” transition-metal
nanoparticles typically of less than 10 nm in diameter are
now emerging as an important family of catalysts for various
reactions.1 For example, these redispersible metal nanopar-
ticles in organic solvents or in water form one-phase or two-
phase catalytic systems for the hydrogenation of various
substrates (olefins, arenes, etc.).2 The catalytic activity and
selectivity of soluble-metal-particle catalysts is usually
different from that of classical “homogeneous” or “hetero-
geneous” catalysts.3 These metal nanoparticles are usually

obtained by the reduction of metal compounds in the
presence of stabilizing agents such as surfactants, polymers,
poly-oxoanions, etc.4 It is also known that stable metal
nanoparticles with a narrow size distribution can be obtained
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by the decomposition of organometallic precursors in the
zero oxidation state using a reactive gas (CO and hydrogen,
for instance) under mild reaction conditions. It has hence
been, for example, possible to prepare, using polymers as
stabilizing agents, stable mono- and bimetallic nanoparticles
without contamination of their surfaces.5

Our group has recently reported that stable and redispers-
ible transition-metal nanoparticles could be easily obtained
by simple reduction, with molecular hydrogen, of transition-
metal compounds dissolved in 1-n-butyl-3-methylimidazo-
lium hexafluorophosphate (BMI‚PF6, Figure 1) ionic liquid.6

It has been suggested that the combined intrinsic high charge
plus the steric bulk of these salts, which can be described as
polymeric supramolecules with weak interactions,7 can create
an electrostatic and steric colloid-type stabilization of transi-
tion-metal nanoparticles, similar to the proposed model for
the stabilization of nanoclusters by polyoxo-anions or by
tetralkylammonium salts.8 It is therefore of interest to
determine whether imidazolium ionic liquids9 could be used
as stabilizing agents for nanoparticles using the decomposi-
tion of zerovalent organometallic precursors. This method
is also quite interesting since it avoids the use of halogen-
containing transition-metal precursors and it will thus be
possible to verify if the presence of halogen anions is
necessary for the effective stabilization of the nanoparticles
prepared in imidazolium ionic liquids.10

We describe herein the synthesis and characterization of
Pt(0) nanoparticles prepared by simple decomposition of Pt2-
(dba)3 in BMI ‚PF6 ionic liquid. We also present the catalytic
properties of these nanoparticles in the “solventless”, ho-
mogeneous and two-phase hydrogenation of alkenes and
arenes.

Results and Discussion

The submission of a violet “solution” of Pt2(dba)3 in 1-n-
butyl-methylimidazolium hexafluorophosphate ionic liquid

to 4 bar of hydrogen for 1.5 h afforded a black suspension.
Centrifugation of this mixture afforded a black solid that was
washed with acetone and dried under reduced pressure. X-ray
diffraction analysis clearly identified crystalline Pt(0) in the
isolated material (Figure 2). The diffraction lines (111, 200,
220, 311, 222) of metallic Pt can be clearly observed in the
diffraction pattern (Figure 2).

There are a wide variety of techniques for particle or
nanoparticle depositions in a suitably dispersed state on a
support film for TEM analysis. One of the major require-
ments for examination is to achieve a good dispersion of
the specimen preparation: that is to say, to ensure that a
cluster of smaller particles is broken up or at least clearly
identifiable as aggregates. The ability to assess the shape as
well as the linear dimensions of particles gives electron
microscopy an interpretational advantage over indirect
methods for measuring the size of particles.11 It is, of course,
important that the distribution of the dispersed particles is
not modified by specimen preparation. Inasmuch as most of
the 1,3-dialkylimidazolium ionic liquids have extremely low
vapor pressure and relatively high viscosity at room tem-
perature (2-4 P),12 in situ TEM observations in redispersed
BMI ‚PF6 can in principle be carried out. In this work, the
nanoparticles were prepared by two methods: (i) The
nanoparticles were mixed with an epoxy resin distributed
between two silicon wafer pieces and then dried at 50°C
for 30 min in order to prepare cross section TEM samples.
The samples were prethinned mechanically to a thickness
of about 20µm and then ion milled to electron transparency
using 3 kV Ar+ ion beams. (ii) The nanoparticles were
dispersed in the BMI‚PF6 ionic liquid and agitated ultrasoni-
cally, and then, a droplet was deposited on holey carbon film
supported by a copper grid. The grids were placed on filter
paper to remove the excess material and allowed to dry out
for 2 h under high vacuum. Finally, these TEM samples were
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Figure 1. Imidazolium room temperature ionic liquids.

Figure 2. XRD analysis of Pt(0) nanoparticles.
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examined using a JEM-2010 microscope operating at an
accelerating voltage of 200 kV.

Bright field TEM observations were performed under
slight underfocus conditions (∆f ≈ -300 nm) at high mag-
nification (magnificationg 400 000 times), and particle size
distributions were determined once the original negative had
been digitalized and expanded to 470 pixels/cm (Figure 3).
The particles display an irregular shape, but evaluation of
their characteristic diameter results in a monomodal particle
size distribution. A mean diameterdm ≈ 2.5 nm of the Pt(0)
nanoparticles was estimated from ensembles of 200-400
particles found in an arbitrary chosen area of the enlarged
micrographs. Figure 3 shows the obtained particle size dis-
tributions that can be reasonably well fitted by a Gaussian
curve.

A more detailed examination of the nanoparticles imbibed
in the ionic liquid and their environment shows a rather
strong fluctuation of the contrast density (see Figure 4). Such
contrast fluctuations are characteristic of amorphous sub-
strates. The images were compared with those of a pure car-
bon film as well as with the images from samples containing
only ionic liquid droplets under the same imaging conditions.

The presence of the constituent elements of each observa-
tion field (i.e., pure carbon, ionic liquid over carbon, and
nanoparticles imbibed in the ionic liquid over the carbon
film) was checked by EDS measurements. No feature or
contrast density could be observed in the pure liquid phase,
which has the tendency to form droplets very probably due
to its low “ionic-philicity” for the carbon film. On the other
hand, it became clear that the contrast fluctuations for the
particles imbibed in the ionic liquid and spread over the

carbon are quite distinct from those observed for the pure
carbon film as well as for the pure liquid droplets over the
carbon film. The sample regions containing particles imbibed
in the ionic liquid should not present a high contrast density
fluctuation if the surrounding ionic liquid would maintain
its liquid features as in the pure liquid observation field.
Hence, the high contrast density fluctuation observed in the
image shown in Figure 4 reflects the increase of thickness
and of mass density of an amorphous structure as if the liquid
molecules around the nanoparticles have become immobi-
lized and strongly attached to the nanoparticles. The perim-
eter and the core of the particle images also show strong
contrast density fluctuations under larger underfocus condi-
tions, and with increasing underfocus, it becomes difficult

Figure 3. TEM micrographs and histograms showing the particle size distribution of Pt(0) in the epoxy resin (left) and in the BMI‚PF6 ionic liquid (right).

Figure 4. TEM micrograph (negative image, underfocus) of the Pt(0) in
BMI ‚PF6 ionic liquid showing the contrast density fluctuation around the
metal nanoparticles.
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to discriminate between the individual particles. These
observations offer strong evidence of the interaction features
of the BMI‚PF6 ionic liquid with the Pt(0) nanoparticles.

It is clear that there are no significant differences in particle
diameter and size distribution regardless of whether they have
been dispersed via an epoxy resin or prepared in situ (in the
ionic liquid). Energy dispersion spectrometry indicates the
presence of Pt, and selected area diffraction shows ring
patterns which can be fitted to simulation based on Pt(0)
parameters (Figure 5).

The diameter and size distribution of these Pt(0) particles
are slightly larger than those obtained by decomposition with
molecular hydrogen of Pt2(dba)3 dissolved in organic solvents
and in the presence of PVP.5b

The catalytic performance of the Pt(0) nanoparticles as a
solid, dispersed in acetone and BMI‚PF6, was evaluated in
the hydrogenation of alkenes and arenes under solventless,
homogeneous, and biphasic conditions (Table 1).13 The
catalytic performance of Pt(0) particles was compared with
that of the classical Adam’s catalyst (PtO2) under the same
reaction conditions.

It is clear from the data (entries 1-3) that the reactions
performed under solventless and homogeneous (acetone)
conditions are completed is less time then those performed

with the particles dispersed in BMI‚PF6 (compare entries
1-3, and 4, 7, and 8, Table 1). This difference can be
attributed to the typical biphasic conditions of the reactions
performed in the ionic liquid, which can be a mass-transfer
controlled process.6 The Pt(0) nanoparticles are quite stable
and can be re-reused, as solid, or redispersed in BMI‚PF6,
several times with a minimal loss in the catalytic activity
(Figure 6). As expected, the catalytic activity decreases with
the increase in steric bulk on the CdC bond (see entries 1,
6, and 14, Table 1).

It is also evident that the Pt(0) nanoparticles are relatively
more active than the classical Adam’s catalyst under the same
reaction conditions, in particular in solventless conditions
(compare entries 6-7 and 11-12, for examples). It is inter-
esting to note that no unsaturated intermediates (cyclohexa-
dienes or cyclohexenes) were detected in the hydrogenation
of benzene or toluene even at earlier stages of the reaction.

Moreover, no cyclohexene was detected in the hydrogena-
tion of 1,3-cyclohexadiene, and this process occurs with the

(13) For hydrogenation reactions promoted by transition-metal complexes
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Figure 5. Electron diffraction micrograph obtained by TEM of the Pt
particles. Theoretical Pt ring pattern (right side) and experimental (left side).

Table 1. Catalytic Performance of Pt(0) Nanoparticles and PtO2 in
Solventless, Homogeneous, and Biphasic Conditionsa

entry medium catalyst substrate product t (h)
cv

(%)b
TOF
(h-1)c

1 solventless [Pt(0)]n hex-1-ene hexane 0.25 100 1000
2 acetone [Pt(0)]n hex-1-ene hexane 0.25 100 1000
3 BMI‚PF6 [Pt(0)]n hex-1-ene hexane 0.4 100 625
4 BMI‚PF6 [Pt(0)]n cyclohexene cyclohexane 1.6 100 156
5 BMI‚PF6 PtO2 cyclohexene cyclohexane 1.8 100 138
6 solventless [Pt(0)]n cyclohexene cyclohexane 0.3 100 833
7 solventless PtO2 cyclohexene cyclohexane 1.0 100 250
8 acetone [Pt(0)]n cyclohexene cyclohexane 0.3 100 833
9 BMI‚PF6 [Pt(0)]n benzene cyclohexane 10 46 11
10 BMI‚PF6 PtO2 benzene cyclohexane 19 93 12
11 solventless [Pt(0)]n benzene cyclohexane 9 100 28
12 solventless PtO2 benzene cyclohexane 10 9 2
13 solventless [Pt(0)]n toluene methylcyclo-

hexane
12 83 17

14 BMI‚PF6 [Pt(0)]n 2,3-dimethyl-
1-butene

2,3-dimethyl-
butane

3 82 68

15 solventless [Pt(0)]n 2,3-dimethyl-
1-butene

2,3-dimethyl-
butane

0.6 100 417

16 solventless [Pt(0)]n 1,3-cyclo-
hexadiene

cyclohexane 0.3 100 833

a Reaction conditions: [substrate]/[Pt]) 250 at 75°C and under 4 atm
of hydrogen (constant pressure).b Substrate conversion.c [mol product]/
[mol Pt] [hour].

Figure 6. Conversion curves of hex-1-ene hydrogenation by Pt(0)
nanoparticles “solventless” at 4 atm and 75°C, [alkene]/[Pt]) 250, showing
the catalyst recycle.

Synthesis of Nanoscale Pt(0) Particles

Inorganic Chemistry, Vol. 42, No. 15, 2003 4741



same TOF at 100% conversion as for cyclohexene (see
entries 6 and 16, Table 1). These results are clear indications
that the Pt(0) nanoparticles prepared in BMI‚PF6 cannot be
used for the selective hydrogenation of dienes to monoenes
in opposition to platinum salts immobilized in Et4SnCl3
molten salt which are highly selective catalysts for these
reactions.14

In summary, we have shown that stable Pt(0) nanoparticles
of 2-3 nm diameter and with a narrow size distribution can
be easily obtained via decomposition of Pt(0) organometallic
precursors. TEM analysis of the nanoparticles dispersed in
BMI ‚PF6 shows for the first time evidence of the interaction
of the ionic liquid with the particle surface. These nanopar-
ticles are recyclable catalytic systems for the solventless or
biphasic hydrogenation of alkenes and arenes under mild
reaction conditions. The catalytic activity of the Pt nano-
particles is higher than that obtained for the classical PtO2

catalyst under the same reaction conditions.

Experimental Section

General Methods.All reactions involving platinum compounds
were carried out under an argon atmosphere in oven dried Schlenk
tubes. Pt2(dba)3 was prepared according to literature procedures.15

The BMI‚PF6 ionic liquid was prepared according to a known
procedure16 and dried over molecular sieves (4 Å), and its purity
was checked by a AgNO3 test, 1H and 31P NMR, and cyclic
voltametry. The water (<0.1 wt %)17 and chloride18 (<1.4 mg/L)
content in BMI‚PF6 used were determined by known methods.
Solvents, alkenes, and arenes were dried with the appropriate drying
agents and distilled under argon prior to use. All the other chemicals
were purchased from commercial sources and used without further
purification. NMR spectra were recorded on a Varian Inova 300
spectrometer. Infrared spectra were performed on a Bomem B-102
spectrometer. Mass spectra were obtained using a GC/MS Shimadzu
QP-5050 (EI, 70 eV). Gas chromatography analyses were performed
with a Hewlett-Packard-5890 gas chromatograph with an FID and
a 30 m capillary column with a dimethylpolysiloxane stationary
phase. The X-ray diffraction analysis was performed in a Philips
X’Pert MRD diffractometer in a Bragg-Brentano geometry using
curved graphite crystal as monochromator. Transmission electron
microscopy (TEM) was performed on a JEOL 2010 microscope
operating at 200 kV. The TEM images were obtained in bright-
field conditions using a 20µm objective aperture and with the
objective lens slightly underfocused (∆f ≈ -300 nm).

The nanoparticle formation and hydrogenation reactions were
carried out in a modified Fischer-Porter bottle immersed in a
silicone oil bath and connected to a hydrogen tank. The fall in the
hydrogen pressure in the tank was monitored with a pressure
transducer interfaced through a Novus converter to a PC and the
data workup via Microcal Origin 5.0. The temperature was
maintained at 75°C by a hot-stirring plate connected to a digital

controller (ETS-D4 IKA). A deliberated stirring of 1200 rpm was
used (no ionic catalytic solution projection was observed). The
catalyst/substrate ratio was calculated from the initial quantity of
Pt2(dba)3 used.

Nanoparticles Formation and Isolation. In a typical experi-
ment, to a Fischer-Porter bottle containing BMI‚PF6 (1 mL) was
added Pt2(dba)3 (30 mg, 0.02 mmol), which was stirred at room
temperature for 15 min resulting in a violet dispersion. The system
was heated to 75°C and hydrogen (4 bar) was admitted to the
system. After stirring for 1.5 h, a black “solution” was obtained.
The Pt nanoparticles were isolated by centrifugation (3500 rpm)
for 3 min and washed with acetone (3× 15 mL) and dichlo-
romethane (3× 15 mL) and dried under reduced pressure. The Pt
samples thus obtained were prepared for TEM and X-ray analysis,
and for catalytic experiments (see in a following paragraph).

Hydrogenations. Liquid-Liquid Biphasic. The arene was
added to the ionic catalytic solution obtained as described, and
hydrogen was admitted to the system at a constant pressure (see
Table 1). Samples for GC and GC-MS analysis were also taken at
regular intervals under H2. The reaction mixture forms a typical
two-phase system (lower phase containing the Pt nanoparticles in
the ionic liquid and upper phase containing the organic products).
The organic phase was separated by decantation or distillation,
weighed, and analyzed by GC, GC-MS, and1H NMR.

Solventless.The isolated Pt nanoparticles were placed in a
Fischer-Porter bottle, and the arene was added. The reactor was
placed in an oil bath at 75°C, and hydrogen was admitted to the
system at a constant pressure (4 atm). Samples for GC and GC-
MS analysis were also taken at regular intervals under H2. The
organic products were recovered by simple filtration and analyzed
by GC.

Homogeneous.The isolated Pt nanoparticles were dispersed in
acetone (3 mL) and placed in a Fischer-Porter bottle, and the arene
was added. The reactor was placed in an oil bath at 75°C, and
hydrogen was admitted to the system at constant pressure (4 atm).
Samples for GC and GC-MS analysis were also taken at regular
intervals under H2. The organic products were recovered by simple
filtration and analyzed by GC.

Sample Preparation and TEM Analysis. The samples were
prepared according to the following methods: (a) BMI‚PF6

suspension of the Pt nanoparticles was deposited on a holey carbon
film fixed within a copper grid. (b) The nanoparticles were mixed
with an epoxy resin distributed between two silicon wafer pieces
at 50°C for 30 min. Cross section TEM samples were prethinned
mechanically. The thinning to electron transparency was obtained
by ion milling. Particle size distributions were determined once
the original negative had been digitalized and expanded to 470
pixels/cm for a more accurate resolution and measurement. Typi-
cally, TEM pictures of each sample were taken at multiple random
locations in the sample and at two different magnifications. The
size distribution histogram was obtained on the basis of measure-
ment of around 400 particles.

Sample Preparation and X-ray Analysis.The Pt powder was
mixed with vacuum grease and fixed on a glass substrate. A flat
surface was obtained by pressing the mixed powder between two
flat glasses. The diffraction pattern was obtained after subtraction
of the powder spectrum from a background measured using a glass
substrate plus the vacuum grease.
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