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The area of nanoparticle synthesis has gained interest in the past 

few years by their potential and application in areas such as micro-
electronics and selective catalysis.1 In the case of metal nanoparticles, 
their properties are often related to their size and shape, and therefore 
controlling their growth has been a challenge for decades.2 In the 
specific case of supported metal nanoparticles, it has been shown that 
it is possible to have some control by changing the precursor, the 
method of impregnation, the nature of oxide support and the final 
decomposition method. Using perhydrocarbyl complex precursors 
shows some advantages because of their ease of decomposition under 
H2, leading to metal surfaces free of strong ligands such as CO or Cl-. 
The particle mean-size can be somewhat controlled by the choice of 
the support, which directs the migration of the zerovalent ensembles in 
the process of the crystal growth, but these particles are usually large 
(> 1 nm). Even if the organometallic precursor is first grafted to insure 
a high dispersion, the treatment under H2 at high temperatures leads to 
the cleavage of the M-O bond and to sintering, yielding large 
supported metal particles.3 Controlling or even avoiding the sintering 
process on oxide supports by the means of surface organometallic 
tools would lead to smaller nanoparticles of a few atoms (<1 nm) or 
analogues of the early transition-metal surface hydrides,4 which could 
be of great interest for catalytic applications. Recently, Pelzer et al. 
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have shown that the treatment of a pentane solution of 
Ru(COD)(COT) under 3 bars of H2 in presence of octylsilane yields 
soluble 2 nm-nanoparticles stabilized by direct Ru-Si bonds.5 Here, we 
show that tuning silica with surface Si-H provides a support that 
avoids sintering of the metal during the treatment under H2 at high 
temperatures of grafted Ru(COD)(COT), leading to stable silica 
supported mono-nuclear Ru surface species 1 (Scheme 1). 
Scheme 1 . 
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The light-brown solids 1 are typically prepared by a treatment under 

H2 (2×55 equiv.) at 300 °C for 24 h of a solid 2 obtained by 
impregnation of Ru(COD)(COT) (0.3-0.6 equiv./SiH) onto a silica 
covered with surface silanes, [(≡SiO)SiMe2H] (0.24 mmol/g or ca. 0.7 
SiH/nm2).6 Noteworthy, TEM analysis on a sample of 1 containing 
0.85 %wt Ru does not show the presence of Ru particles (Fig S1). This 
is in sharp contrast with the light grey solid 3 obtained by treatment 
under H2 of Ru(COD)(COT) adsorbed on silica with a similar Ru 
loading, e.g. 0.73 %wt Ru, whose TEM pictures display 
homogeneously dispersed Ru particles (3, Rup/SiO2, Fig S2) of mean 
size equal to 2.1 ± 0.3 nm (Fig. S3).7 In fact, while Ru(COD)(COT) is 
only physisorbed on silica (SiO2-(700), ca. 0.7 OH/nm2) and can be 
removed by simple washing with pentane, the yellow color of the 
solution of Ru(COD)(COT) (0.29 mmol in 15 mL of pentane) slowly 
vanishes during the impregnation on [(≡SiO)SiMe2H] (0.48 mmol), 
yielding an orange-brown solid (2). This solid contains 1.52 %wt of 
Ru, i.e. 0.15 mmol of Ru/g of solid, which is in agreement with the 
grafting of all the Ru(COD)(COT) loaded. After treatment of 2 under 
H2 at 300 °C, CH4 (ca. 10 ± 1/Ru) is formed, in agreement with the 
hydrogenolysis of some hydrocarbon species, probably linked to Ru. 

Furthermore, during impregnation of Ru(COD)(COT) on 
[(≡SiO)SiMe2H] leading to 2, the Si-H are consumed as evidenced by 
the disappearance of its characteristic IR band at 2158 cm-1, while new 
bands, associated with υ(Csp2/sp3-H) and δ(Csp2/sp3-H), have appeared 
(Fig S4). This is consistent with a chemical grafting of the Ru complex 
on the modified silica surface. After treatment of this solid under H2, 
the υ(Csp

2-H) bands have disappeared, and the (Csp
3-H) bands have 

been mostly consumed, this process being accompanied with the 
formation of methane (vide supra). Yet, the initial Si-H bands are not 
regenerated in the formation of 1.  

Moreover, the chemical grafting of the Ru complex on 
[(≡SiO)SiMe2H] and the absence of sintering of the metal under H2 
have been confirmed by Extended X-Ray Absorption Fine Structure 
spectroscopy (EXAFS), performed at the Ru K edge. First, the EXAFS 
spectrum of 2 is consistent with the presence of 1 Si at 2.40 Å and 5 C 
at 2.19 Å around Ru (Table 1, Fig S5), and the proposed structure can 
correspond to a ruthenium attached to the support by one covalent Si-
Ru bond8 and whose coordination sphere is completed by a 
cyclooctadienyl ligand (see 2 in Scheme 1).9 This structure could 
however not be further ascertained by solid state NMR because of the 
low content of surface species and the difficulty to access 13C labeled 
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enriched compounds. Second, after treatment under H2 at 300 °C, 1 
has lost its hydrocarbon ligands (no C contribution), but still contains 
one Si at 2.40 Å, confirming the stability of the Ru-Si bond in this 
system under these conditions, which is in full agreement with TEM 
and IR data (no sintering, no formation of initial Si-H). Moreover, the 
EXAFS fit is improved by including 2 O at 2.20 Å in the coordination 
sphere of Ru in 1, which could arise from adjacent surface siloxane 
bridges (Scheme 1).10 Note that no Ru-Ru contributions are found at 
2.64-2.67 Å (representative of Ru nanoparticles). Contribution of 0.3 
Ru at 2.95 Å can be included in the fit, to take into account the 
possible presence of Ru clusters, but without significant improvement 
as evidenced by the Hamilton test, ca. 0.14 (Table 1, Fig S6).11 In 
sharp contrast, the EXAFS spectrum of 3, Rup/SiO2 (0.8 %wt Ru), 
shows the contribution of 10 Ru neighbors at 2.64-2.67 Å as expected 
for small Ru nanoparticles (Table 1, Fig S7) and allow the size to be 
estimated to ca. 2.2 nm, which is fully consistent with TEM analysis.12 
The difference between these two systems is in fact clearly shown in 
Fig. 1: the low signal amplitude in k and R space for mono-nuclear Ru 
species 1 surrounded by light atoms in contrast to the high amplitude 
for 3, composed of ruthenium atoms surrounded by several heavy 
atoms, i.e. Ru. 
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Figure 1. EXAFS spectrum (at the Ru K edge) and Fourier Transform of 
solid 1 (dark) and Rup/SiO2 (3, grey).  

  
Table 1. EXAFS parameters for solids 1, 2 and 3.  

Neighbor 
# of 

Neighbors 
Distance 

(Å) 
σ

2 (Å2) 
Hamilton 

Testa 

Solid 1 
O 2 2.198(7) 0.0030(6) 0.0004 
Si 1 2.40(1) 0.007(2) 0.023 
Ru 0.3(1) 2.95(2) 0.008(fixed) 0.14 

Solid 2 
C 5.0(9) 2.19(2) 0.007(2) 0.004 
Si 1 2.40(1) 0.005(1) 0.000004 

Solid 3b 

Ru 4.95c 2.634(2) 0.0058(2) - 
Ru 4.93c 2.679(2)d 0.0058d - 

a The likelihood that adding additional parameters does not more accurately fit the data. In 
general, a value of <0.05 is needed to state that including this set of atoms significantly 
increases the quality of the fit.13 b Only the two first shells are included in this table. c 
Determined using the formula for nanoparticles.12 d The HCP structure of Ru contains two 
sets of 6 atoms, which have slightly different bond distances.  Only change in bond 
distance and the Debye-Waller factor was used in fitting the first two shells. 
 

Finally, the reactivity of 1 has been investigated and compared to 
Rup/SiO2, 3. First, adsorption of H2 has been performed after 
desorption of the samples at 300 °C for 3h: while the sample 3 adsorbs 
[0.9-1.0] H per Ru, 1 adsorbs [1.8-2.0] H per Ru, which is consistent 
with the higher dispersion of the metal on the surface in 1, 1 Ru atom 
vs. Rup in 3 (Fig S8). This also shows that 1 probably contains H 
atoms in the coordination sphere of Ru (Scheme 1). In fact, contacting 

1 with D2 yields 1 ± 0.5 HD per Ru, as determined by solution NMR 
spectroscopy (Fig S9).14 Second, the hydrogenation of gaseous 
benzene has been studied (Fig S10): in the presence of Rup/SiO2 (3) 
(H2/benzene/surface Ru atoms : 3270/440/1) conversion reaches 
92,7% after 110 min with an initial rate of 8 mol benzene/mol Rus/min 
@ 30 min, while 1 only converts 9.7% of benzene in 1060 min with an 
initial rate of 0.01 mol benzene/mol Ru/min @ 40 min (0.27% 
conversion) under similar reaction conditions (H2/benzene/Ru : 
1415/190/1). This is again consistent with the absence of Ru particles 
in 1 as already evidenced by EXAFS and TEM.15 Yet, this solid 
efficiently catalyzes the hydrogenation of propene (Fig S11) in a 
continuous flow reactor (H2/propene/Ru: 40/40/1 per min), and shows 
in fact a much higher stability than Rup/SiO2 (3), the latter rapidly 
deactivating by coke formation. 

In conclusion, we have shown that a silica covered with surface Si-
H reacts at room temperature with Ru(COD)(COT), and that the 
resulting surface species treated under H2 at 300 °C provides a highly 
unsaturated mononuclear Ru species. Thus, a simple modification of a 
silica support, replacing surface hydroxyl groups by Si-H, leads upon 
grafting to the formation of a stronger Ru-Si bond than Ru-O bond, 
which prevents sintering and the growth of metal particles upon 
treatment under H2 at high temperatures. This highly unsaturated 
mono-nuclear Ru surface species adsorbs H2, catalyzes the 
hydrogenation of propene, but not this of aromatics. We are currently 
further exploring the process of formation of this system and its 
reactivity. 
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Tuning silica by replacing 
surface silanols by silanes allow 
chemical grafting of 
Ru(COD)(COT) through a 
covalent Ru-Si bond, as 
evidenced by elemental analysis, 
IR spectroscopy and EXAFS.  

Treatment of these surface 
species under H2 at 300 °C also 
yields a mono-nuclear Ru 
hydride species, without any 
sintering of the metal according 
to TEM and EXAFS analyses. 
This supported system displays 
catalytic properties different 
from those of supported Ru 
particles (2 mn), selectively 
hydrogenating olefins over 
aromatics.
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Stopping the growth of particles to silica-supported mono-nuclear Ru hydride surface 

species by tuning silica with surface silanes. 

 

Romain Berthoud, Bernard Fenet, Wayne A. Lukens, Katrin Pelzer, Jean-Marie Basset, Jean-Pierre Candy, Christophe Copéret 

 

Experimental section. 

General procedure. All experiments were carried out under dry and oxygen free Ar using either standard 

Schlenk or glove-box techniques for organometallic synthesis. For the syntheses and the treatments of the 

surface species, reactions were carried out using high vacuum lines (10-5 mbar) and glove-box techniques. 

Ru(COD)(COT) was prepared according to literature procedures.1 (SiMe2H)2NH was purchased from Gelest 

and used as received. Silica (Aerosil Degussa, 200 m2g-1) was compacted with distilled water, calcined at 500 

°C under air for 2 h and treated under vacuum (10-5 mbar) at 500 °C for 12 h and then at 700 °C for 4 h 

(support referred to as SiO2-(700)). Pentane was distilled from NaK under N2. Benzene was distilled and stored 

over Na/benzophenone. Propene (Alphagaz 1, Air Liquide), He (Alphagaz 1, Air Liquide), D2 (N24, Air 

Liquide, 0.6 % H2) and H2 were purified over R3-11 BASF catalyst / MS 4 Å prior to use. Elemental 

analyses were performed at the CNRS Central Analysis Department of Solaize. Gas phase analyses were 

performed on a Hewlett Packard 5890 series II gas chromatography (GC) apparatus equipped with a flame 

ionisation detector (FID) and a KCl/Al2O2 column (50 m × 0.32 mm).  

Infrared spectra were recorded on a Nicolet 550-FT spectrometer by using a custom infrared cell equipped 

with CaF2 windows, allowing in situ studies. Typically, 16 scans were accumulated for each spectrum 

(resolution 4 cm-1). Liquid-state NMR spectra were recorded on Bruker DRX 500 MHz (gradient BBO 1H/X 

probe) spectrometer at 25°C.  
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Transmission Electron Microscopy. All samples for TEM analysis have been prepared form powder 

samples dispersed in dried and degassed pentane in a glove box and have been transferred inside a special 

vacuum transfer holder under inert atmosphere to a Philips CM200 Transmission Electron Microscope. The 

acceleration voltage was 200 kV. 

Extended X-Ray Fine Structure Spectroscopy (EXAFS). Data were obtained at Stanford Synchrotron 

Radiation Laboratory on beam-line 11-2. Data acquisition and analysis were performed as previously 

described.2 

Preparation of (1) and (2) monitored by in situ IR spectroscopy: Silica (25 mg) was pressed into a 18 

mm self-supporting disk, put into a glass high vacuum reactor equipped with CaF2 windows. After 

calcination at 500 °C under air for 2 h, the silica disk was treated under vacuum (10-5 mbar) at 500 °C for 12 

h and then at 700 °C for 4 h, yielding SiO2-(700) (25mg, 6.7 µmol OH). HN(SiMe2H)2 (0.2 mL, 160 equiv.) 

was contacted with SiO2-(700) at room temperature for 2 h using standard break-seal techniques. After 

desorption of the excess and treatment under vacuum (10-5 mbar) at 150 °C for 4h, the silylated support 

(≡SiO)SiMe2H was reacted overnight at room temperature with a pentane solution of Ru(COD)(COT) (20 

mg, 10.5 equiv. per Si-H), followed by 3 washings with pentane (10mL) and drying under vacuum (10-5 

mbar) at room temperature for 30 min, yielding the solid 2 .IR: 3670, 3418, 3018, 2962, 2928, 2877, 2857, 

2151, 1447, 1401 cm-1. H2 (666 mbar, 1300 equiv. per Ru) was introduced and the cell was heated at 300 °C 

for 24 h. After evacuation of the gas phase at room temperature, this operation was repeated once, yielding 

after evacuation under vacuum (10-5 mbar) at room temperature for 30 min the solid 1. IR: 3745, 3648, 3438, 

2865, 2926, 2876, 2862, 2268, 2207, 2160, 1554, 1448 cm-1.     

Preparation of (≡≡≡≡SiO)SiMe2H by impregnation of (HMe2Si)2NH onto SiO2-(700).
3 A mixture of 

HN(SiMe2H)2  (6 mL, 34.4 mmol) and SiO2-(700) (11 g, 3.0 mmol SiOH) in pentane (30 mL) was stirred at 25 
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°C for 15 h. The white solid was then washed, filtered and the volatiles distilled off under vacuum (10-5 

mbar) first at room temperature and then at 150 °C overnight to yield (≡SiO)SiMe2H. 

Preparation of solid 2 by impregnation of Ru(COD)(COT) onto (≡≡≡≡SiO)SiMe2H. A mixture of 

Ru(COD)(COT) (91 mg, 0.29 mmol, 0.6 equiv.) and (≡SiO)SiMe2H (2.0 g, 0.48 mmol SiH) in pentane (15 

mL) was stirred at 25 °C for 15 h. The solid turned first orange, then orange-brown while the yellow colour 

of the solution totally vanished. The reaction mixture was filtered-off. The solid washed three times with 

pentane (15 mL), and finally dried under vacuum (10-5 mbar) at 25 °C for 1 h to yield 2. 

Preparation of solid 1 by treatment of solid 2 under H2. The solid 2 (1.54 g, 0.23 mmol) was loaded in a 

470 mL reactor flask at 25 °C, H2 (666 mbar, 12.6 mmol, 55 equiv.) was added, and the reactor was heated at 

300 °C for 24 h. After cooling to room temperature, the gas phase was analysed by GC to quantify the CH4 

formed during this operation. After evacuation of the gas phase, a second loading of H2 was performed, and 

this procedure was repeated. Finally, the reactor was evacuated under vacuum (10-5 mbar) for 30 min, 

yielding the solid 1. 

Preparation of solid 3 by Incipient Wetness Impregnation of Ru(COD)(COT) onto SiO2-(700) followed 

by decomposition under H2. Ru(COD)(COT) (74 mg, 0.24 mmol) and SiO2-(700) (2.5 g, 0.67 mmol) were 

loaded in a 370-mL reactor, and ca. 3 mL of pentane were added. This mixture was stirred to insure a 

homogeneous dispersion of the complex on the support. The solvent was evaporated to dryness, and this 

procedure was repeated twice. The solid was finally dried under vacuum (10-5 mbar) for 1h, yielding a yellow 

powder. Then, this solid (2.4 g, 0.14 mmol) was loaded in a 470 mL reactor flask at 25 °C, H2 (666 mbar, 

12.6 mmol, 55 equiv.) was added, and the reactor was heated at 300 °C for 24 h. After cooling to room 

temperature, the gas phase was analysed by GC to quantify the CH4 formed during this operation. After 

evacuation of the gas phase, a second H2 treatment under the same reaction conditions was performed. 

Finally, the reactor is evacuated under vacuum (10-5 mbar) for 30 min, yielding the light grey solid 3.  
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H2 adsorption measurements. H2 chemisorption experiments were carried out at 25 °C using 

conventional Pyrex volumetric adsorption equipment.4 The vacuum (10−6 mbar) was achieved with a liquid 

nitrogen-trapped mercury diffusion pump. The equilibrium pressure was measured with a Texas Instrument 

gauge (pressure range, 0–1000 mbar with an accuracy of 0.1 mbar). The catalyst sample was placed in a 

Pyrex cell and outgassed at 25 and then at 300 ◦C for 3 h under vacuum before chemisorption measurements. 

The H/Ru ratios are measured under [200-250] mbar of H2. 

H/D exchange experiments: representative procedure. The solid 1 (30 mg, 4.2 µmol of Ru) was loaded 

in the glove box in a NMR tube (2.87 mL) equipped with a Young valve. The tube was evacuated at 10-5 

mbar prior to addition of 333 mbar of D2. After 24 h, the NMR was recorded without lock [SI = 2 K; TD = 4 

K; SW = 25 kHz; Pulprog = zg30; D1 = 100 s; AQ = 81,76 ms; NS = 2048] and the peak at 4.6 ppm (HD) 

was integrated and quantified with respect to reference tubes containing known quantities of HD. 

Hydrogenation of gaseous benzene with 1: representative procedure. Solid 1 (8.9 µmol of Ru) was 

loaded in a 470 mL reactor at 25 °C, gaseous benzene (93 mbar, 1.7 mmol, 190 equiv.) was added,  H2 (666 

mbar, 12.6 mmol,  1420 equiv.) was added, and the reaction mixture was kept at 30°C. Small aliquots of the 

gas phase were drawn and analysed by GC to monitor the progress of the reaction.  

Hydrogenation of gaseous benzene with 3. The reaction was performed using the conditions described 

above replacing 1 with 3. 

Propene hydrogenation in a flow reactor with 1: representative procedure. Solid 1 (59 mg, 5.7 µmol 

of Ru) was loaded in a glass flow reactor in the glove box. The isolated reaction chamber was then connected 

to the propene/H2/He line, the pressure was set to 1 bar, and the tubes were flushed with the gas mixture for 2 

h. Before opening the reactor, the propene/H2/He flow rates were set to 5/5/5 mL.min-1 respectively (40 mol 

propene.molRu-1.min-1), and the temperature was set to 150 °C. The opening of the valve corresponds to the 

beginning of the catalytic test (t = 0), and the reaction was monitored by GC using an auto-sampler.  
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Propene hydrogenation in a flow reactor with 3. The reaction was performed using the conditions 

described above replacing 1 with 3. 

 

 

 

Figure S1: Transmission Electron Microscopy of solid 1. 
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Figure S2 : Transmission Electron Microscopy of solid 3 (Rup/SiO2). 
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Figure S3: Ru particle diameter distribution in solid 3 (Rup/SiO2). 
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Figure S4: In-situ IR spectroscopy: (a) SiO2-(700) pellet (25 mg, 6.7 µmol OH). (b) After reaction with excess 

(SiMe2H)2NH (160 equiv. per OH) in the gas phase followed by desorption under 10-5 mmHg at 150 °C, 

formation of (≡SiO)SiMe2H. (c) After impregnation of Ru(COD)(COT) (22 mg, 11 equiv. per SiH) in 

pentane (10 mL) followed by three washings (10 min, 25 °C) in pentane and a drying step under vacuum (10-

5 mmHg, 1 h, 25 °C), formation of 2. (d) After 2 treatments under H2 (666 mbar) at 300 °C during 24 h, 

followed by desorption under vacuum (10-5 mbar, 30 °C, 30 min), formation of 1.  
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Figure S5: EXAFS spectrum and Fourier Transform of solid 2.  Data is black and fit is grey. 
 
Table S1: Fitting parameters of solid 2a. 
 

Neighbor # of Neighbors Distance (Å) σ
2 (Å2) Hamilton Testb 

C 5.0(9) 2.19(2) 0.007(2) 0.4% 
Si 1 2.40(1) 0.005(1) 0.0004% 

Fit range:  2<k<13; 0.8<R<2.6 
# of independent points: 13 (Nyquist) 
# of parameters: 6 
R_factor: 0.008 

a) S0
2=1, ∆E0 = -5(2) eV. 

b) Likelihood that these atoms are not present 
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Figure S6: EXAFS spectrum and Fourier Transform of solid 1.  Data is black and fit is grey. 
 
Table S2: Fitting parameters for solid 1a. 
 

Neighbor # of Neighbors Distance (Å) σ
2 (Å2) Hamilton Test 

O 2 2.198(7) 0.0030(6) 0.04% 
Si 1 2.40(1) 0.007(2) 2.3% 
Ru 0.3(1) 2.95(2) 0.008(fixed) 14% 

Fit range:  2<k<14; 1.1<R<3 
# of independent points: 14 
# of parameters: 7 
R_factor: 0.02 

a) S0
2=1, ∆E0 = 7.5(3) eV. 

 
 
 
 
 



 16

 

-12

-8

-4

0

4

8

12

2 4 6 8 10 12 14
k (Å-1)

χ
(k

) ∞
k3

0 1 2 3 4 5 6
R (Å)

| χ
(R

)|
 (

Å
-4

)

0

5

10

15

20

 
Figure S7 : EXAFS spectrum and Fourier Transform of solid 3. Data is black and fit is grey. 
 
 
Table S3: Fitting parameters for solid 3a. 
 

Neighbor # of Neighborsb Distance (Å) σ
2 (Å2) 

Ru 4.95 2.634(2) 0.0058(2) 
Ru 4.93 2.679(2)c 0.0058c 

Ru 4.50 3.76(1) 0.008(1) 
Ru 1.42 4.4(1) 0.013(2) 
Ru 12.48 4.64(2) 0.0130d 

Ru 7.99 5.06(7) 0.0130d 

Rue 3.91 5.30(3) 0.0130d 

Fit range:  2<k<15; 1.63<R<5.87 
# of independent points: 35 (Nyquist) 
# of parameters: 11 
R_factor: 0.014 

a) S0
2=0.66 (fixed, determined from fitting Ru foil), ∆E0 = -8(1) eV, R = 11(3) Å 

b) # of neighbors, N, determined using the formula for nanoparticles: 
N=N0[1-(3/4)(r/R)+(1/16)(r/R)3] 
where N0 is the coordination number for that shell in Ru metal (HCP structure), R is the radius of the 
particles, and r is the Ru-Ru distance of that set of atoms.5 

c) The HCP structure of Ru contains two sets of 6 atoms, which have slightly different bond distances.  
Only change in bond distance and the Debye-Waller factor was used in fitting the first two shells. 

d) Debye-Waller factor same as for the fourth shell of atoms at 4.4 Å. 
e) Shell includes contributions from two multiple-scattering paths, which have the same parameters as 

the single scattering path. 
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f) Shell includes contributions from two multiple-scattering paths, which have the same parameters as 
the single scattering path. 
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Figure S8: Adsorption isotherms of H2.  Solid 1 (0.142 mmol Ru/g).  Rup/SiO2 (3, 0.098 mmol Ru/g).  

Corresponding simulated Langmuir adsorption isotherms.  
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Figure S9: 1H liquid state NMR of the gaz phase during H/D exchange experiments. The peak at -0.8 ppm is 

also observed in an NMR tube under vacuum and probably corresponds to surface silanols. 
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Figure S10: Conversion vs. time in the hydrogenation of benzene in the gas phase. 
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Figure S11: Conversion versus time in the hydrogenation of propylene (40 mol C3H6 per mol of Ru per min) 

with Rup/SiO2 (3, rhombus) and solid 1 (cross). 

References. 
 
(1) Pertici, P.; Vitulli, G. Inorg. Synth. 1983, 22, 176-181. 
(2) Rhers, B.; Salameh, A.; Baudouin, A.; Quadrelli, E. A.; Taoufik, M.; Coperet, C.; Lefebvre, F.; Basset, J.-M.; Solans-Monfort, 
X.; Eisenstein, O.; Lukens, W. W.; Lopez, L. P. H.; Sinha, A.; Schrock, R. R. Organomet. 2006, 25, 3554-3557. 
(3) Anwander, R.; Nagl, I.; Widenmeyer, M.; Engelhardt, G.; Groeger, O.; Palm, C.; Roeser, T. J.Phys. Chem. B 2000, 104, 3532-
3544. 

0,0
% 

10,0
% 

20,0
% 

30,0
% 

40,0
% 

50,0% 

60,0
% 

70,0
% 

80,0
% 

90,0
% 

100,0
% 

0 20
0 

40
0 

60
0 

80
0 

100
0 

120
0 Time (min)  

Conversion  

Rup / SiO2 (3) 

Solid 1 



 19

(4) Candy, J. P.; Mansour, A. E.; Ferretti, O. A.; Mabilon, G.; Bournonville, J. P.; Basset, J. M.; Martino, G. J.  Catal. 1988, 112, 
201-209. 
(5) Calvin, S.; Luo, S. X.; Caragianis-Broadbridge, C.; McGuinness, J. K.; Anderson, E.; Lehman, A.; Wee, K. H.; Morrison, S. 
A.; Kurihara, L. K. Appl. Phys. Lett. 2005, 87, 233101-233103. 


