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Mononuclear Ruthenium Hydride Species versus Ruthenium Nanoparticles:
The Effect of Silane Functionalities on Silica Surfaces

Romain Berthoud,” Anne Baudouin,” Bernard Fenet,"” Wayne Lukens,

[c]

Katrin Pelzer,' Jean-Marie Basset,”! Jean-Pierre Candy,™ and Christophe Copéret™*]

The area of nanoparticle synthesis has gained interest in
the past few years due to their potential and application in
areas such as microelectronics and selective catalysis.!'! In
the case of metal nanoparticles, their properties are often re-
lated to their size and shape, and therefore controlling their
growth has been an area of active research for decades.”! In
the specific case of supported metal nanoparticles, some
control is possible by changing the precursor, the method of
impregnation, the nature of oxide support, and the final de-
composition method. Using perhydrocarbyl complex precur-
sors provides some advantages because of their ease of de-
composition under H,, which leads to metal surfaces free of
strong ligands such as CO or CI". The particle mean size
can be somewhat controlled by the choice of the support,
which directs the migration of the zero-valent ensembles in
the process of the crystal growth, but the resulting particles
are usually large (>1 nm). Even if the organometallic pre-
cursor is first grafted to the support to ensure a high disper-
sion, treatment under H, at high temperatures leads to the
cleavage of the M—O bond and to aggregation, yielding
large supported metal particles.”®! Controlling or even avoid-
ing the aggregation process on oxide supports by surface or-
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ganometallic chemistry tools would lead to smaller nanopar-
ticles of a few atoms (<1nm) or analogues of the early
transition-metal surface hydrides,*! which could be of great
interest for catalytic applications. Recently, Pelzer et al.
have shown that the treatment of a pentane solution of [Ru-
(cod)(cot)]  (cod=cyclooctadiene, cot=cyclooctatriene)
under 3 bars of H, in the presence of octylsilane yields solu-
ble 2-nm nanoparticles stabilized by direct Ru—Si bonds.”!
Here, we show that tuning silica by adding surface Si—H
bonds generates a support that avoids aggregation of the
metal during the treatment under H, at high temperatures
of grafted [Ru(cod)(cot)], yielding stable silica-supported
mononuclear ruthenium hydride species [Ru-H] (Scheme 1).
This system will be compared with what is usually obtained
on silica support, namely Ru nanoparticles, Ruy/Si0,.!

The solid [Ru-H] is typically prepared by treatment under
H, (2x55 equiv) at 300°C for 24 h of solid [Ru-L] obtained
by reaction of [Ru(cod)(cot)] (0.3-0.6 equiv/SiH) with a
silica covered with surface silanes, [(=SiO)SiMe,H]
(0.24 mmol per g or ca. 0.7 SiH per nm?).[" During the treat-
ment under H, at 300°C, about 10+1 equivalents of CH,/
Ru are formed, in agreement with the hydrogenolysis of
some hydrocarbon species. TEM analysis on the resulting
light brown solid [Ru-H] does not show the presence of Ru
particles, even for 0.85wt% Ru loading (see Figure S1 in
the Supporting Information). This is in sharp contrast with
what is obtained by treating [Ru(cod)(cot)] adsorbed on
silica under H, at 300°C, which affords homogeneously dis-
persed Ru particles, Rup/SiO, (0.73 wt %), with a mean size
of 2.1+0.3 nm (see Figure S2 and S3 in the Supporting In-
formation). In fact, while [Ru(cod)(cot)] is only physisorbed
on silica (SiO, (0, ca. 0.7 OH per nm?) and can be removed
by simple washing with pentane, [Ru(cod)(cot)] reacts with
[(=SiO)SiMe,H] (1.65 equiv) as evidenced by the disappear-
ance of the yellow color of the solution during impregnation
to yield an orange-brown solid [Ru-L]. This solid contains
1.52wt % of Ru, that is 0.15 mmol of Ru per g of solid, in
agreement with the grafting of all the [Ru(cod)(cot)]
loaded.
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2.7 C at 2.23 A in the coordina-
tion sphere of Ru in [Ru-H].
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Scheme 1. Preparation of [Ru-H] surface species.

Furthermore, monitoring this reaction sequence by IR
spectroscopy shows the following: the Si—H are consumed
upon contacting [Ru(cod)(cot)] with [(=SiO)SiMe,H], as
evidenced by the disappearance of its characteristic IR band
at 2158 cm ™, and the appearance of new bands associated
with v(Cy/,»-H) and 0(Cg,/,-H) (see Figure S4 in the Sup-
porting Information). This is consistent with chemical graft-
ing of the Ru complex on the modified silica surface in [Ru-
L]. After treatment of this solid under H, at 300°C, the v-
(Cy»-H) bands have disappeared, and the v(C,,-H) bands
have been mostly consumed (this process is accompanied by
the formation of methane, vide supra). The initial Si—H
bands are not regenerated during the formation of [Ru-H],
and no Ru—H band is detected.®

The hypothesis of chemical grafting of the Ru complex on
[(=SiO)SiMe,H] and the absence of aggregation of the
metal under H, is supported by Ru K-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy. First, the
EXAFS spectrum of [Ru-L] is consistent with the presence
of 1 Si at 240A and 5 C at 2.19 A, even if a structure
having 1 Si at 2.40 A plus 3.7 O at 2.16 A around Ru cannot
be excluded (Table 1, and Table S1 and S2, and Figure S5 in
the Supporting Information).”') However, on the basis of
the reactivity of [Ru(cod)(cot)]™ and solid-state NMR
spectroscopy (see Figure S6 and Table S3 in the Supporting
Information),” >3 we propose that [Ru-L] is a ruthenium
attached to the support by one covalent Si—Ru bond!*'!
with its coordination sphere probably completed by a n’-cy-
clooctadienyl ligand (Scheme 1).1'*! Nevertheless, because of
the low concentration of surface species and the difficulty to
access C-labeled enriched compounds, other coordination
of the C; ligand can also be proposed, such as Ru(1-3:5-6-1-
CH, ), Ru(1-5n-CgH,), and  Ru(1-3:5-6-1-CgH,).'"™!
Second, after treatment of [Ru-L] under H, at 300°C, the
Ru center in [Ru-H] still possesses one Si at 2.40 A, con-
firming the stability of the Ru—Si bond of this system under
these conditions, which is in full agreement with TEM and
IR data (no aggregation, no formation of initial Si—H). The
EXAFS fit is improved by including either 2 O at 2.20 A or
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Note that no Ru—Ru contribu-
Step 2 tions are found at 2.64-2.67 A

(representative of Ru nanopar-
ticles). Contribution of 0.3 Ru
at 2.95 A can be included in the
fit, to take into account the pos-
sible presence of Ru clusters,

Table 1. EXAFS parameters for solids [Ru-H], [Ru-L], and Ru,/SiO,.

Neighbor No. of Distance [A] o?[A?] Hamilton Test™ (p)
neighbors

[Ru-H]

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
[Ru-L]

C 5.0(9) 2.19(2) 0.007(2) 0.004

Si 1 2.40(1) 0.005(1) 0.000004
Ru,/Si0, "

Ru 4.95[! 2.634(2) 0.0058(2) -

Ru 4.931 2.67914 0.0058!

[a] The likelihood that adding additional parameters does not more accu-
rately fit the data. In general, a value of <0.05 is needed to state that in-
cluding this set of atoms significantly increases the quality of the fit.”’!
[b] Only the two first shells are included in this table. The first shell of
the HCP structure of Ru contains two sets of six atoms, which have
slightly different bond distances. [c] Determined by using the formula for
nanoparticles.?!! [d] Parameter constrained to change with the preceding
shell.

but without significant improvement as evidenced by the
Hamilton test, about 0.14 (Table 1, and Tables S4 and S5,
and Figure S7 in the Supporting Information).’” Again, this
is in sharp contrast with the EXAFS data for Ruy/SiO,
(0.8 wt% Ru), which are fully consistent with TEM analysis
(vide supra) and which show the presence of small Ru nano-
particles (contribution of 10 Ru neighbors at 2.64-2.67 A)
with an estimated particle size of (2.2+0.7) nm (Table 1,
and Table S6 and Figure S8 in the Supporting Informa-
tion).”Y! The difference between [Ru-H] and Ru,/SiO, is
also clearly shown in Figure 1: the low signal amplitude in k
and R space for mononuclear Ru species [Ru-H] surround-
ed by light atoms in contrast to the high amplitude for Ruy/
Si0,, composed of ruthenium atoms surrounded by several
heavy Ru atoms.

Moreover, the presence of H atoms in the coordination
sphere of Ru in [Ru-H] has been shown by 1) the formation
of 1.5+£0.5 HD per Ru upon contacting [Ru-H] with D,
(see Figure S9 in the Supporting Information)? and the
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Figure 1. EXAFS spectrum (at the Ru K-edge) and Fourier transform of
[Ru-H] (dark) and Ru,/SiO, (gray).

presence of a sharp signal at 6—8.3 ppm in the 'H MAS
solid-state NMR spectrum recorded at 24 KHz (see Fig-
ure S10 in the Supporting Information).™ Furthermore,
[Ru-H] can reversibly desorb and adsorb H,. In fact, after
desorption of [Ru-H] at 300°C for 3 h, 1.8-2.0 H per Ru are
adsorbed, which is again different from what is observed for
particles (0.9-1.0 H adsorbed per total Ru atoms for Ruy/
Si0,; see Figure S11 in the Supporting Information). Over-
all, based on IR, NMR, EXAFS, and TEM data, we propose
that the major species of [Ru-H] have the following average
structure [(=SiO)(Me),Si—Ru(H),(=SiOSi=),] (Scheme 1).

Finally, [Ru-H] catalyzes the selective hydrogenation of
styrene into ethylbenzene, even at high conversions
(>99.9% selectivity at 100% conversion), in contrast to
Ru,/Si0,, which gives a selectivity of 96.0 % in ethylbenzene
at 96.7 % conversion; higher conversions lead to a worse se-
lectivity because of the competitive subsequent hydrogena-
tion of the benzene ring (see Figure S12 in the Supporting
Information). In fact, in the hydrogenation of benzene, the
initial rate is 0.01 mol benzene per mol Ru per min @
40 min for [Ru-H], whereas it reaches 8 mol benzene per
mol Ru; per min @ 30 min for Rup/Si0, under similar reac-
tion conditions (see Figure S13 in the Supporting Informa-
tion). This is again consistent with the absence of Ru parti-
cles in [Ru-H] as shown by EXAFS and TEM.?" Further-
more, [Ru-H] efficiently catalyzes the hydrogenation of pro-
pene (see Figure S14 in the Supporting Information) in a
continuous flow reactor (H,/propene/Ru: 40/40/1 per min),
with a much higher stability than Rup/Si0,, which more rap-
idly deactivated 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
H, at 300°C provides a highly unsaturated mononuclear
ruthenium hydride species [Ru-H]. Thus, a simple modifica-
tion of a silica support, replacing surface hydroxyl groups by
Si—H, leads to the formation of a stronger Ru—Si bond
rather than Ru—O bond upon grafting with [Ru(cod)(cot)].
The stronger Ru—Si interaction prevents aggregation and
the growth of metal particles during treatment under H, at
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high temperatures. This highly unsaturated mononuclear
ruthenium hydride species [Ru-H] displays a very different
spectroscopic and reactivity profile compared to that of
silica-supported Ru particles Rup/Si0,, which, in turn,
allows the selective hydrogenation of alkene over aromatic
compounds. We are currently carrying out detailed studies
on the process of formation of [Ru-H] and its reactivity.

Experimental Section

Preparation of [Ru-L] by impregnation of [Ru(cod)(cot)] onto (=SiO)-
SiMe,H: A mixture of [Ru(cod)(cot)] (91 mg, 0.29 mmol, 0.6 equiv) and
(=Si0)SiMe,H (2.0 g, 0.48 mmol SiH) in pentane (15 mL) was stirred at
25°C for 15h. The solid initially turned orange, then orange-brown,
while the yellow color of the solution totally vanished. The reaction mix-
ture was filtered off. The solid was washed with pentane (3x15 mL), and
finally dried under vacuum (107> mbar) at 25°C for 1 h to yield [Ru-L].

Preparation of solid [Ru-H] by treatment of [Ru-L] under H,: The solid
[Ru-L] (1.54 g, 0.23 mmol) was loaded in a 470-mL reactor flask at 25°C,
H, (666 mbar, 12.6 mmol, 55equiv) was added, and the reactor was
heated at 300°C for 24 h. After the sample was cooled to room tempera-
ture, the gas phase was analyzed by GC to quantify the CH, formed
during this operation. After evacuation of the gas phase, a second loading
of H, was performed, and this procedure was repeated. Finally, the reac-
tor was evacuated under vacuum (107> mbar) for 30 min, to yield the
solid [Ru-H].

Acknowledgements

R.B. thanks le Ministere de la Recherche et de 'Education for a graduate
fellowship. We are all grateful to the CNRS (PICS program), CPE Lyon
and IDECAT for financial support. We also thank B. Chaudret and S.
Sabo-Etienne for helpful discussions. Portions of this work were per-
formed at the LBNL, which is operated by the U. S. DOE under Con-
tract No. DE-AC02-05CH11231, and at the Stanford Synchrotron Radia-
tion Laboratory, a national user facility operated by Stanford University
on behalf of the U.S. Department of Energy, Office of Basic Energy Sci-
ences.

Keywords: hydrides - hydrogenation - nanoparticles -
ruthenium - silanes

[1] In Nanotechnology in Catalysis, Vol. 1-2, Eds. B. Zhou, S. Han, R.
Raja and G. Somorjai, Kluwer Academic/Plenum Publisher, New
York, 2003.

[2] a) M. Womes, T. Cholley, F. Le Peltier, S. Morin, B. Didillon, N. Szy-

dlowski-Schildknecht, Appl. Catal. A 2005, 283, 9-22; b) B. Chau-

dret, Top. Organomet. Chem. 2005, 16, 233-259; c) R. M. Rioux, H.

Song, M. Grass, S. Habas, K. Niesz, J. D. Hoefelmeyer, P. Yang,

G. A. Somorjai, Top. Catal. 2006, 39, 167—174.

a) Y. 1. Ermakov, B.N. Kuznetsov, Kinet. Katal. 1977, 18, 1167-

1178; b) P. Dufour, C. Houtman, C. C. Santini, J. M. Basset, J. Mol.

Catal. 1992, 77, 257-272; ¢) B. C. Gates, Top. Organomet. Chem.

2005, 16, 211-231.

a) C. Coperet, M. Chabanas, R. Petroff Saint-Arroman, J.-M.

Basset, Angew. Chem. 2003, 115, 164-191; Angew. Chem. Int. Ed.

2003, 42, 156—181; b) Comprehensive Organometallic Chemistry III,

Vol. 12 (Eds.: R. Crabtree, M. Mingos), Elsevier, 2006, Chap. 10.

a) K. Pelzer, B. Laleu, F. Lefebvre, K. Philippot, B. Chaudret, J. P.

Candy, J. M. Basset, Chem. Mater. 2004, 16, 4937-4941; b) K.

3

—

[4

—_

5

—

www.chemeurj.org

—— 3525


http://dx.doi.org/10.1007/s11244-006-0053-2
http://dx.doi.org/10.1007/s11244-006-0053-2
http://dx.doi.org/10.1007/s11244-006-0053-2
http://dx.doi.org/10.1021/cm049086b
http://dx.doi.org/10.1021/cm049086b
http://dx.doi.org/10.1021/cm049086b
www.chemeurj.org

CHEMISTRY—

C. Copéret et al.

A EUROPEAN JOURNAL

Pelzer, J. P. Candy, G. Bergeret, J. M. Basset, Eur. Phys. J. D 2007,
43, 197-200.

[6] N. Kitajima, A. Kono, W. Ueda, Y. Morooka, T. Ikawa, J. Chem.
Soc. Chem. Commun. 1986, 674—-675.

[7] R. Anwander, I. Nagl, M. Widenmeyer, G. Engelhardt, O. Groeger,
C. Palm, T. Roeser, J. Phys. Chem. B 2000, 104, 3532-3544.

[8] It is expected to have a weak intensity, especially for low Ru load-
ings (2-3 wt%).

[9] M. Hirano, Y. Sakaguchi, T. Yajima, N. Kurata, N. Komine, S.
Komiya, Organometallics 2005, 24, 4799—-4809.

[10] a) Y. Takahashi, M. Akita, S. Hikichi, Y. Moro-oka, Inorg. Chem.
1998, 37, 3186-3194; b) M. D. Fryzuk, M. J. Petrella, B. O. Patrick,
Organometallics 2005, 24, 5440-5454; c) M. Stebler-Roethlisberger,
A. Salzer, H. B. Buergi, A. Ludi, Organometallics 1986, 5, 298—302.

[11] P. Pertici, G. Vitulli, R. Lazzaroni, P. Salvadori, P. L. Barili, J. Chem.
Soc. Dalton Trans. 1982, 1019-1022.

[12] P. Pertici, G. Vitulli, M. Paci, L. Porri, J. Chem. Soc. Dalton Trans.
1980, 1961-1964.

[13] Besides residual OSiMe,H and [Ru-L], NMR data show that Si-cy-
clooctyl surface species are formed during grafting. They probably
arise from the hydrosylilation of cyclooctene, released during graft-
ing, by (SiO)SiMe,H surface species. (M. Hofmann, H.-J. Eberle, J.
Weis, in Ger. Offen. (Wacker Chemie A.-G., Germany) DE
102006017588 A1). The only organic compound observed during
grafting is a substoichiometric amount of cyclooctane (0.2—
0.3 equiv). Understanding the formation of these by-products is cur-
rently under way.

[14] P. 1. Djurovich, P.J. Carroll, D. H. Berry, Organometallics 1994, 13,
2551-2553.

[15] J. Y. Corey, J. Braddock-Wilking, Chem. Rev. 1999, 99, 175-292.

[16] E. Bouachir, B. Chaudret, F. Dahan, I. Tkatchenko, New J. Chem.
1987, 11, 527-529.

[17] K. Itoh, H. Nagashima, T. Ohshima, N. Oshima, H. Nishiyama, J.
Organomet. Chem. 1984, 272, 179-188.

[18] M. A. Bennett, T. W. Matheson, G. B. Robertson, A. K. Smith, P. A.
Tucker, Inorg. Chem. 1981, 20, 2353 -2365.

[19] M. Chabanas, A. Baudouin, C. Coperet, J.-M. Basset, W. Lukens, A.
Lesage, S. Hediger, L. Emsley, J. Am. Chem. Soc. 2003, 125, 492—
504.

[20] A. Michalowicz, K. Provost, S. Laruelle, A. Mimouni, G. Vlaic, J.
Synchrotron Radiat. 1999, 6, 233-235.

[21] S. Calvin, S.X. Luo, C. Caragianis-Broadbridge, J. K. McGuinness,
E. Anderson, A. Lehman, K. H. Wee, S. A. Morrison, L. K. Kuri-
hara, Appl. Phys. Lett. 2005, 87, 233102/233101-233102/233103.

[22] T. Pery, K. Pelzer, G. Buntkowsky, K. Philippot, H.-H. Limbach, B.
Chaudret, ChemPhysChem 2005, 6, 605-607.

[23] a) W. C. Hamilton, Acta Crystallogr. 1965, 18, 502-510; b) L. Down-
ward, C. H. Booth, W. W. Lukens, F. Bridges, AIP Conf. Proc. 2007,
882, 129-131.

[24] J. A. Widegren, M. A. Bennett, R. G. Finke, J. Am. Chem. Soc. 2003,
125,10301-10310.

Received: January 28, 2008
Published online: March 13, 2008

3526 ———

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2008, 14, 3523 -3526


http://dx.doi.org/10.1140/epjd/e2007-00111-0
http://dx.doi.org/10.1140/epjd/e2007-00111-0
http://dx.doi.org/10.1140/epjd/e2007-00111-0
http://dx.doi.org/10.1140/epjd/e2007-00111-0
http://dx.doi.org/10.1039/c39860000674
http://dx.doi.org/10.1039/c39860000674
http://dx.doi.org/10.1039/c39860000674
http://dx.doi.org/10.1039/c39860000674
http://dx.doi.org/10.1021/jp993108d
http://dx.doi.org/10.1021/jp993108d
http://dx.doi.org/10.1021/jp993108d
http://dx.doi.org/10.1021/om0504598
http://dx.doi.org/10.1021/om0504598
http://dx.doi.org/10.1021/om0504598
http://dx.doi.org/10.1021/ic9801802
http://dx.doi.org/10.1021/ic9801802
http://dx.doi.org/10.1021/ic9801802
http://dx.doi.org/10.1021/ic9801802
http://dx.doi.org/10.1021/om050574i
http://dx.doi.org/10.1021/om050574i
http://dx.doi.org/10.1021/om050574i
http://dx.doi.org/10.1021/om00133a020
http://dx.doi.org/10.1021/om00133a020
http://dx.doi.org/10.1021/om00133a020
http://dx.doi.org/10.1039/dt9820001019
http://dx.doi.org/10.1039/dt9820001019
http://dx.doi.org/10.1039/dt9820001019
http://dx.doi.org/10.1039/dt9820001019
http://dx.doi.org/10.1039/dt9800001961
http://dx.doi.org/10.1039/dt9800001961
http://dx.doi.org/10.1039/dt9800001961
http://dx.doi.org/10.1039/dt9800001961
http://dx.doi.org/10.1021/om00019a005
http://dx.doi.org/10.1021/om00019a005
http://dx.doi.org/10.1021/om00019a005
http://dx.doi.org/10.1021/om00019a005
http://dx.doi.org/10.1021/cr9701086
http://dx.doi.org/10.1021/cr9701086
http://dx.doi.org/10.1021/cr9701086
http://dx.doi.org/10.1016/0022-328X(84)80465-9
http://dx.doi.org/10.1016/0022-328X(84)80465-9
http://dx.doi.org/10.1016/0022-328X(84)80465-9
http://dx.doi.org/10.1016/0022-328X(84)80465-9
http://dx.doi.org/10.1021/ic50222a001
http://dx.doi.org/10.1021/ic50222a001
http://dx.doi.org/10.1021/ic50222a001
http://dx.doi.org/10.1021/ja020136s
http://dx.doi.org/10.1021/ja020136s
http://dx.doi.org/10.1021/ja020136s
http://dx.doi.org/10.1107/S0909049599000734
http://dx.doi.org/10.1107/S0909049599000734
http://dx.doi.org/10.1107/S0909049599000734
http://dx.doi.org/10.1107/S0909049599000734
http://dx.doi.org/10.1063/1.2137872
http://dx.doi.org/10.1063/1.2137872
http://dx.doi.org/10.1063/1.2137872
http://dx.doi.org/10.1002/cphc.200400621
http://dx.doi.org/10.1002/cphc.200400621
http://dx.doi.org/10.1002/cphc.200400621
http://dx.doi.org/10.1107/S0365110X65001081
http://dx.doi.org/10.1107/S0365110X65001081
http://dx.doi.org/10.1107/S0365110X65001081
http://dx.doi.org/10.1063/1.2644450
http://dx.doi.org/10.1063/1.2644450
http://dx.doi.org/10.1063/1.2644450
http://dx.doi.org/10.1063/1.2644450
http://dx.doi.org/10.1021/ja021436c
http://dx.doi.org/10.1021/ja021436c
http://dx.doi.org/10.1021/ja021436c
http://dx.doi.org/10.1021/ja021436c
www.chemeurj.org

