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The reduction of [Ru(COD)(2-methylallyl)2] (COD ) 1,5-cyclooctadiene) dispersed in various room-temperature
ionic liquids (ILs), namely, 1-n-butyl-3-methylimidazolium (BMI) and 1-n-decyl-3-methylimidazolium (DMI), associated
with the N-bis(trifluoromethanesulfonyl)imidates (NTf2) and the corresponding tetrafluoroborates (BF4) with hydrogen
gas (4 bar) at 50 °C leads to well-dispersed immobilized nanoparticles. Transmission electron microscopy (TEM)
analysis of the particles dispersed in the ionic liquid shows the presence of [Ru(0)]n nanoparticles (Ru-NPs) of
2.1-3.5 nm in diameter. Nanoparticles with a smaller mean diameter were obtained in the ILs containing the less
coordinating anion (NTf2) than that in the tetrafluoroborate analogues. The ruthenium nanoparticles in ionic liquids
were used for liquid-liquid biphasic hydrogenation of arenes under mild reaction conditions (50-90 °C and 4
bar). The apparent activation energy of EA ) 42.0 kJ mol-1 was estimated for the hydrogenation of toluene in the
biphasic liquid-liquid system with Ru-NPs/BMI · NTf2. TEM analysis of the ionic liquid material after the hydrogenation
reactions shows no significant agglomeration of the [Ru(0)]n nanoparticles. The catalyst ionic liquid phase can be
reused several times without a significant loss in catalytic activity.

Introduction

Ionic liquids (ILs),1-6 in particular those based on the
imidazolium cation, are emerging as alternative liquid
templates for the generation of a plethora of size- and shape-
controlled nanostructures such as silicates and inorganic and
hybrid nanoporous materials and nanoparticles (NPs).7-15

Indeed, these liquids possess preorganized structures that can
adapt or are adaptable to many species, as they provide
hydrophobic or hydrophilic regions.16,17 In this respect, it
has been recently reported that the size of “soluble” metal
nanoparticles is directly related to ionic liquid self-organiza-
tion and thus can in principle be tuned by modulating the
reaction temperature,18 length of the N-alkyl imidazolium
sides chains,19 or anion volume.20,21 Moreover, transition-
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metal NPs in imidazolium ILs are stabilized by protec-
tive layers of discrete supramolecular {[(DAI)x(X)x-n]n+-
[(DAI)x-n(X)x]n-}n (DAI ) dialkylimidazolium cation and
X anion) species through the loosely bound anionic moieties
or N-heterocycle carbenes together with an oxide layer when
present on the metal surface.19,22-24 Other substances present
in the media easily displace these loosely surface-bound
protective species. This, on one hand, is responsible to some
extent for their catalytic activity, but on the other hand, it
explains their relatively low stability, which leads to ag-
gregation/agglomeration and eventually to the bulk metal25

or facile oxidation in the case of Ru26,27 and Co28 nanopar-
ticles, for example. In other cases, the metal nanoparticles
are not stable and tend to aggregate, or alternatively, they
serve as simple reservoirs of mononuclear catalytically active
species.29 In most of the cases, the catalytic properties
(activity and selectivity) of these soluble metal nanoparticles
are similar to those observed with classical heterogeneous
catalysts; that is, they possess a pronounced surface like
(multisite) rather than a single site like catalytic proper-
ties.30,31 We report herein a simple organometallic approach32

for the synthesis and catalytic application of Ru(0) nano-
particles in imidazolium ionic liquids (Chart 1) using a clean
straightforward hydrogenation route with the readily available
versatile ruthenium precursor [Ru(COD)(2-methylallyl)2]
(Chart 1).33-36 In most cases, the Ru-NPs are well dispersed
and efficiently immobilized in the imidazolium ionic liquid

and do not separate from the liquid phase. Furthermore, we
describe herein some kinetic insights for the multiphase
hydrogenation of toluene, for which the activation energy
has been estimated from the Arrhenius plot.

Experimental Section

General. All manipulations involving the ruthenium complex
were carried out under an argon atmosphere using Schlenk or
glovebox techniques. [Ru(COD)(2-methylallyl)2] was obtained from
Sigma-Aldrich and used without further purification. The ionic
liquids (BMI ·NTf2, DMI ·NTf2, BMI ·BF4, and DMI ·BF4; BMI )
1-n-butyl-3-methylimidazolium, DMI ) 1-n-decyl-3-methylimida-
zolium, NTf2 ) N-bis(trifluoromethanesulfonyl)imidates) were
prepared according to known procedures.37 Arenes were degassed
and stored under argon prior to use. All of the other chemicals
were purchased from commercial sources and used without further
purification. NMR spectra were recorded on a Varian VNMRs
spectrometer (300 MHz). 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 a flame ionization detector and a 30 m capillary column with
a dimethylpolysiloxane stationary phase. Transmission electron
microscopy (TEM) was performed on an EM 208S-Philips operating
at 100 kV.

The nanoparticles’ formation and catalytic hydrogenation reac-
tions were carried out in a modified Fischer-Porter bottle immersed
in a silicone oil bath and connected to a hydrogen reservoir. The
substrates were added with a gastight precision Hamilton syringe
(1 mL). The fall in the hydrogen pressure in the reservoir was
monitored with a pressure transducer interfaced through a Novus
converter to a PC, and the data were worked up via Microsoft Excel.
The temperature was maintained at 50, 60, 75, and 90 °C by a
hot-stirring plate connected to a digital controller (ETS-D4 IKA).
The catalyst/substrate ratio was calculated from the initial quantity
of [Ru(COD)(2-methylallyl)2] used.

Nanoparticles Formation. In a typical experiment, a Fischer-
Porter bottle was loaded with [Ru(COD)(2-methylallyl)2] (15 mg,
0.047 mmol) in the glovebox. Then, BMI ·NTf2 (1 mL) was added
via syringe under an argon flow. The mixture was stirred at room
temperature for 60 min, resulting in a turbid dispersion. The system
was heated to 50 °C, and hydrogen (4 bar) was admitted to the
system. After stirring for 18 h, a black suspension was obtained.
The Fischer-Porter bottle was then kept under reduced pressure
to eliminate the cyclooctane and isobutane formed. The Ru
nanoparticles embedded in the ionic liquid were analyzed by TEM
and used for catalytic experiments (see below).

Hydrogenations. Liquid-Liquid Biphasic. The arene (e.g., 1
mL toluene; 9.5 mmol) was added to the ionic catalytic solution
obtained as described, and hydrogen was admitted to the system at
a constant pressure (see Table 1). At the end of the indicated
reaction time, the sample was analyzed by gas chromatography/
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Chart 1 Table 1. Particle Size (Determined by TEM) of Ruthenium
Nanoparticles in IL (Ru/IL 6-9)

Ru/IL
particle size [nm]
(before catalysis)

particle size [nm]
(after catalysis)

Ru/BMI ·NTf2, 6 2.1 ( 0.5 2.8 ( 0.6
Ru/BMI ·BF4, 7 2.9 ( 0.5 3.3 ( 0.5
Ru/DMI ·BF4, 8 2.7 ( 0.5 3.1 ( 0.5
Ru/DMI ·NTf2, 9 2.1 ( 0.5 3.5 ( 0.5

Prechtl et al.

8996 Inorganic Chemistry, Vol. 47, No. 19, 2008



gas chromatography mass spectrometry (GC/GC-MS). The reaction
mixture forms an emulsion, and at the end of the reaction, a typical
two-phase system was obtained, where the lower phase contains
the Ru nanoparticles in the ionic liquid and the upper phase contains
the organic layer. The organic phase was separated quantitatively
by heating (70 °C) the reaction mixture for 30-60 min under
reduced pressure, and the volatile compounds were condensed in a
cold trap (cooled with liquid nitrogen). An aliquot was analyzed
by GC/GC-MS.

Sample Preparation for TEM Analysis. In order to perform
the TEM analysis, a droplet of the suspensions containing the
Ru nanoparticles embedded in the ILs was dispersed in isopro-
panol, and a slight amount of this dispersion was placed in a
carbon-coated copper grid. Particle size distributions were
determined once the original negative had been digitalized. The
nanoparticles’ diameter was estimated from ensembles of 200
particles (400 counts) chosen in arbitrary areas of the enlarged
micrographs. The diameters of the particles in the micrographs
were measured using the software Sigma Scan Pro 5.

Results and Discussion

The ruthenium nanoparticles were obtained by a simple
reduction of [Ru(COD)(2-methylallyl)2], 1, dispersed or
dissolved in imidazolium ionic liquids 2-5, under 4 bar of
hydrogen gas at 50 °C (Scheme 1). As recently reported by
Santini and co-workers, the size of Ru-NPs synthesized in

ILs varies between 0 and 25 °C, where lower temperatures
resulted in smaller particles (ca. 1 nm) and higher temper-
atures (25-75 °C) resulted in slightly larger particles (2-3
nm),18 which is inverse to those prepared in organic
solvents.38 Nevertheless, we decided to use higher temper-
ature (50 °C) because it is also well-known that at 0 °C small-
size nanoparticles easily agglomerate, at least partially.39

Furthermore, the high viscosity at low temperatures of some
of the here-used ILs plays an important role.

The initial white to off-white suspensions of 1 in ILs
(previously stirred for 1 h under argon) turned black under
hydrogen gas within 15 min in the case of the BMI-ILs 2
(BMI ·NTf2: 1-n-butyl-3-methylimidazolium N-bis(trifluo-
romethanesulfonyl)imidate) and 3 (BMI ·BF4: 1-n-butyl-3-
methylimidazolium tetrafluoroborate). For the DMI-ILs 4
(DMI ·BF4: 1-n-decyl-3-methylimidazolium tetrafluorobo-
rate) and 5 (DMI ·NTf2: 1-n-decyl-3-methylimidazolium
N-bis(trifluoromethanesulfonyl)imidate), a prolonged reaction
time was needed until the mixture turned black. Moreover,
complex 1 is totally soluble in DMI ·NTf2, 5. After stirring
for 18 h, the black colloidal suspension of Ru-NPs (6-9)
was isolated from cyclooctane and isobutane under a vacuum
and then kept under an argon atmosphere at room temper-
ature. In most cases, the Ru-NPs could not be separated from
the ILs (suspensions 6, 8, and 9) by centrifugation or the
addition of solvents. In the case of colloidal suspension 7
(Ru-NPs/BMI ·BF4), the addition of acetone leads to separa-
tion of the nanoparticles from the IL. These observations
for colloidal suspension 6 (Ru-NPs/BMI ·NTf2, inseparable
Ru-NPs)18 and colloidal suspension 7 (Ru-NPs/BMI ·BF4;
separable Ru-NPs)27 are in agreement with previous reports

Scheme 1. Direct Hydrogenation of Ruthenium Precursor 1 with
Molecular Hydrogen in Imidazolium Ionic Liquids 2-5 Yielding the
Ru-NP Colloidal Solutions 6-9

Figure 1. Selected in situ TEM images of the ruthenium nanoparticles in (a) BMI ·NTf2, (b) DMI ·NTf2, (c) BMI ·BF4, and (d) DMI ·BF4 before the
catalytic hydrogenation of toluene.

Ru Nanoparticles in Ionic Liquids
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obtained for the decomposition of [Ru(COD)(COT)] (COT)
1,3,5-cyclooctatriene) in 1-n-butyl-3-methylimidazolium ILs
such as BMI ·NTf2

18 and BMI ·BF4.27 The colloidal suspen-
sions of the Ru-NPs (6, 8, and 9) are stable for weeks, in
opposition to suspension 7 (Ru-NPs/BMI ·BF4), which
separates after standing for 3-7 days. These observations
allow two conclusions: for Ru-NPs, the least coordinating
anion, NTf2,40 (IL 2) prevents separation of the particles
better than BF4 in IL 3. On the other hand, this effect is
compensated by substituting the BMI cation with the DMI
cation (IL 4), which also provides a stable colloidal suspen-
sion, even in the presence of the BF4 anion. As a conse-
quence, all samples of Ru-NPs were analyzed by TEM in
the corresponding ionic liquids 2-5 before being used in
catalysis and after several catalytic recycles. All obtained
TEM images before and after catalysis (Figures 1 and 2)
show a narrow size distribution and no significant ag-
glomeration, independently of the reaction media (Figures
1 and 2, Table 1). The histograms (Figures 1 and 2) show
the resulting particle size distributions that can be reasonably
well-fitted by a Gaussian curve. In the cases of the tetrafluo-
roborate imidazolium ILs, the mean particle size (2.7-3.3
nm, Table 1) remains unchanged within the standard variation
(0.5-0.6 nm) before and after catalysis (7 and 8). However,
the system Ru-NPs/DMI ·NTf2, 9, shows slightly higher
variation of the particle size after application in catalysis.

Before catalysis, the mean particle size in this system is 2.1
( 0.5 nm, and after catalysis, the mean value increases to
3.5 ( 0.5 nm. This observation stays in agreement with
previous reports, according to which the smallest particles
tend to agglomerate more easily than larger ones.18,39

Interestingly, the mean diameter of the nanoparticles is
influenced by the nature of the anion. Indeed, before or after
catalysis (see Table 1), smaller nanoparticles were obtained
in the ILs containing the less coordinating anion (NTf2) than
those in the tetrafluoroborates analogue nanoparticles, which
possess a larger mean diameter.

The dimension of particle size (around 3.0 nm) of these
nanoparticles is similar to that observed for the nanoparticles
prepared by the decomposition of [Ru(COD)(COT)]18,27 or
the reduction of ruthenium oxide26,41 dispersed in imidazo-
lium ILs. The narrow size distribution and low agglomeration
of the small Ru-NPs in the ILs 2, 4, and 5 indicate the good
properties of these ILs for the synthesis, immobilization, and
stabilization of Ru-NPs. Interestingly, attempts to analyze
the ruthenium nanoparticles dispersed in BMI ·NTf2 by in
situ X-ray diffraction techniques failed since it is difficult
to observe Bragg reflections of the metal nanoparticles due
to high X-ray absorption of the IL.42
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Figure 2. Selected in situ TEM images of the ruthenium nanoparticles in (a) BMI ·NTf2, (b) DMI ·NTf2, (c) BMI ·BF4, and (d) DMI ·BF4 after the catalytic
hydrogenation of toluene.

Scheme 2. Hydrogenation of Arenes with Ru-NP Ionic Liquid
Colloidal Suspensions (6-9)
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The catalytic properties of ionic solution 6 (Ru-NPs/
BMI ·NTf2) in a liquid-liquid biphasic system were tested
in the hydrogenation of arenes under different reaction
conditions (Scheme 2, Table 2). The hydrogen consumption
was used for monitoring the hydrogenation reactions. The

data obtained for the hydrogenation of toluene were then
used to estimate the activation energy according to Arrhenius
law. Furthermore, the other catalytic ionic solutions 7-9
were tested under different reaction conditions in the
hydrogenation of toluene (Table 2).

Table 2. Liquid-Liquid Biphasic Hydrogenation of Arenes with the Ru-NPs/IL 6-9a

entry Ru/IL arene/Ru substrate product t (h) T (°C) cv (%)

1 6 200 toluene methylcyclohexane 3/18 75 37/85
2 6 200 o-xylene 1,2-dimethylcyclohexane 18 75 32
3 6 200 m-xylene 1,3-dimethylcyclohexane 18 75 21
4 6 200 p-xylene 1,4-dimethylcyclohexane 18 75 31
5 6 200 tBu-benzene tBu-cyclohexane 18 75 20
6 6 200 toluene methylcyclohexane 3 90 67
7 6 200 toluene methylcyclohexane 3/24 60 17/59
8 6 200 toluene methylcyclohexane 3/24 50 13/50
9 6 300 toluene methylcyclohexane 3/24 75 41/78
10 6 400 toluene methylcyclohexane 3/42 75 39/72
11 6 100 toluene methylcyclohexane 3 75 39
12 6 50 toluene methylcyclohexane 3 75 43
13 7 200 toluene methylcyclohexane 18 75 40
14 8 200 toluene methylcyclohexane 18 75 76
15 9 200 toluene methylcyclohexane 3/18 75 51/90

a Reaction conditions: Ru/IL (15 mg [Ru(COD)(2-methylallyl)2], 1, 1 mL IL; substrate/cat. ) 200:1 ) 9.5 mmol substrate (e.g., 1 mL toluene), 400:1 )
19.0 mmol, 300:1 ) 14.25 mmol, 100:1 ) 4.75 mmol, 50:1 ) 2.38 mmol; Ru-NPs/BMI ·NTf2 (6), Ru-NPs/BMI ·BF4 (7), Ru-NPs/DMI ·BF4 (8), Ru-NPs/
DMI ·NTf2 (9).

Figure 3. Hydrogenation of arenes with the colloidal suspension Ru-NPs/BMI ·NTf2, 6 (arene/Ru ) 200) at 75 °C (Table 2).

Figure 4. Conversion of toluene to methylcyclohexane between 50 and 90 °C (entries 1, 6-8, Table 2).

Ru Nanoparticles in Ionic Liquids
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After several uses as a hydrogenation catalyst, the particle
size and state of agglomeration remains almost unchanged.
The catalyst ionic liquid phase can be reused several times
without a significant loss in catalytic activity.

The hydrogenation of toluene with Ru-NPs/BMI ·NTf2, 6,
resulted in 85% conversion to methylcyclohexane (Table 2:
entry 1; Figure 3). Higher-substituted arenes were signifi-
cantly lower-hydrogenated (Table 1: entries 2-4). The
hydrogenation of o-xylene and p-xylene to 1,2-dimethylcy-
clohexane (32%) and 1,4-dimethylcyclohexane (31%), re-
spectively, gave identical results (Table 1: entries 2 and 4).
The hydrogenation of m-xylene gave even an lower-
hydrogenated product (Table 1: entry 3, 21%). Interestingly,

the bulky substituted substrate tBu-benzene presented a
similar conversion (Table 1: entry 5, 20%). Therefore, two
methyl groups interfere in the hydrogenation of the aromatic
ring, on the same level as one bulky substituent (tBu group),
resulting in low conversions. This is a clear indication that
the liquid-liquid arene hydrogenation by Ru(0) nanoparticles
in ILs is highly sensitive to the steric effect imposed by alkyl
groups on the aromatic ring, that is, akin to that usually
observed with isolated metal nanoparticles.43

The properties of the catalytic system Ru-NPs/BMI ·NTf2

(6) were studied in more detail with the benchmark substrate
toluene. For the determination of the activation energy for
the hydrogenation of toluene, the initial rates of catalysis in
the temperature range of 50-90 °C were used (Figures 4
and 5, Table 3) to generate an Arrhenius plot (Table 1: entries
1 and 6-8; Figure 6). Note that the first few minutes (<5
min) were not considered in the analysis in order to guarantee
a stable temperature equilibrium. Moreover, while pressur-
izing the Fischer-Porter bottle during the first ca. 20 s, the
pressure-fall in the gas reservoir is not linear. The extraction
of the activation energy from the Arrhenius plot resulted in
an apparent activation energy EA ) 42.0 kJ mol-1 for the
hydrogenation of toluene in the biphasic liquid-liquid system
with Ru-NPs/ BMI ·NTf2 (6). Interestingly, this is similar to
those activation energies reported for the transition-metal-
catalyzed hydrogenation of toluene (EA ) 40-50 kJ mol-1)
with solid-phase metal catalysts on solid supports.44-48

The calculated reaction order for the toluene concentration
is 1.7, and the reaction order of hydrogen was considered as
zero at pressures >4 bar, since the reaction rate, in ionic
liquids, is a mass-controlled process under a hydrogen
pressure of 4 bar.49

The variation of the imidazolium cations (BMI-DMI) and
the corresponding anions (NTf2-BF4) showed that the
conversions for the ruthenium-catalyzed toluene hydrogena-
tion are similar for most cases (entries 1, 14, and 15, Table
2). As mentioned for the system Ru-NPs/BMI ·NTf2, 6 (entry
1, Table 2), the conversion is 85%. This is in the same range

Figure 5. The initial periods of the hydrogenation of toluene are depicted.
The slopes of the linear parts were used to calculate the initial rates. k90°C

) 2.57 [mol L-1 h-1] (entry 6), k75°C ) 1.22 [mol L-1 h-1] (entry 1), k60°C

) 0.60 [mol L-1 h-1] (entry 7), k50°C ) 0.48 [mol L-1 h-1] (entry 8) (Table
2).

Table 3. Initial Rates of the Toluene Hydrogenation between 50 and 90
°C (Ru/IL 6)

entry T [°C] k [mol L-1 h-1]

1 50 0.48
2 60 0.60
3 75 1.22
4 90 2.57

Figure 6. The Arrhenius plot of the catalytic hydrogenation of toluene in a biphasic liquid-liquid system with Ru-NPs/BMI ·NTf2 (6) (toluene/Ru ) 200).
The apparent activation energy for the hydrogenation is EA ) 42 kJ mol-1.
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as the catalysis of the same substrate with Ru-NPs/DMI ·BF4,
8 (76%, entry 14, Table 2), and Ru-NPs/DMI ·NTf2, 9 (90%,
entry 15, Table 2). Interestingly, these systems (6, 8, and 9)
are superior to Ru-NPs/BMI ·BF4, 7, which results in only
40% methylcyclohexane under identical conditions (entry 13,
Table 2). This stays in agreement with previous works with
Ru-NPs/BMI ·BF4 using a different ruthenium precursor,
where a similar conversion was obtained.27 Interestingly, only
trace amounts of methyl-cyclohexene were observed at very
low toluene conversions (<2%). This probably is a conse-
quence of the higher solubility of the organic substrates,50

that is, toluene and partially hydrogenated arenes formed in
the BMI ·NTf2 IL, than in BMI ·BF4 used earlier.27

Conclusions

A straightforward synthesis under mild conditions of
catalytically active ruthenium nanoparticles in a variety of

imidazolium ionic liquids using the readily available ruthe-
nium complex [Ru(COD)(2-methylallyl)2] was disclosed. The
TEM analysis revealed narrow size distributions between
2.1-3.5 nm and low agglomeration for the nanoparticles
embedded in the imidazolium ILs, showing that nanoparticles
with a smaller particle size are formed in the ILs containing
the less coordinating N-bis(trifluoromethanesulfonyl)imidate
anion. Also, after several uses as a hydrogenation catalyst,
the particle size and state of agglomeration remains almost
unchanged. The ruthenium nanoparticles in ionic liquids are
active for the catalytic hydrogenation of several arenes in
liquid-liquid biphasic systems. The catalyst ionic liquid
phase can be reused several times without a significant loss
in catalytic activity. Furthermore, the estimation of the
activation energy EA ) 42.0 kJ mol-1 for the hydrogenation
of toluene is similar to those activation energies reported
for transition-metal-catalyzed hydrogenation of toluene (EA

) 40-50 kJ mol-1) with solid-phase catalysts on a solid
support.
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