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ABSTRACT

2H solid-state NMR measurements were performed on three samples of ruthenium nanoparticles
synthesized inside two different kinds of mesoporous silica, namely SBA-3 silica materials and SBA-15
functionalized with —-COOH groups and loaded with deuterium gas. The line-shape analyses of the
spectra reveal the different deuteron species. In all samples a strong -OD signal is found, which shows
the catalytic activity of the metal, which activates the D-D bond and deuterates the -SiOH groups
through the gas phase, corroborating their usability as catalysts for hydrogenation reactions. At room
temperature the mobility of the —-Si-OD groups depends on the sample preparation. In addition to the
-Si-OD deuterons, the presence of different types of deuterons bound to the metal is revealed.
The singly coordinated -Ru-D species exhibit several different quadrupolar couplings, which indicate
the presence of several non-equivalent binding sites with differing binding strength. In addition to the
dissociated hydrogen species there is also a dihydrogen species —-Ru-D,, which is attributed to defect
sites on the surface. It exhibits a fast rotational dynamics at all temperatures. Finally there are also
indications of three-fold coordinated surface deuterons and octahedrally coordinated deuterons inside

the metal.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Organometallic catalysts are widely used in organic synthesis,
as for example in pharmaceutical and natural products chemistry
and fine synthesis. Owing to the favorable properties of hetero-
geneous catalysts many attempts of the production of catalytic
active organic-inorganic hybrid materials were done in recent
years [1-23]. In these so called immobilized catalysts, the organic
or organometallic functional groups are immobilized on a solid
inorganic support by binding for example to the outer surface of
nanoparticles or the inner surfaces of micro- or mesoporous
materials. Depending on the intended application, the functional
group is immobilized on the surface by various techniques
[24-26]. Recent examples of immobilized catalysts contain metals
such as Zn, Cu, Ru, Rh and Pt [27]. While the separation of the
catalyst from the reactants is always a problem in a homogeneous

* Corresponding author. Fax: +496151164347.
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doi:10.1016/j.ssnmr.2009.02.006

reaction, immobilized catalysts can be very easily separated and
reused. Furthermore, by using immobilized catalysts, less heavy
metal is employed, which is in agreement with the principles of
green chemistry [27].

Since the pore structure of the support material prevents the
swelling or aggregation of the active site of the catalysts on
the large inner surface, the active surface area of the catalyst can
be increased dramatically. As a result, the efficiency of the
catalyst can be enhanced by immobilization the active part of a
homogeneous catalyst into mesoporous materials [20,27].

In a set of recent papers we have shown that variable
temperature 2H solid-state NMR line-shape analysis is a powerful
technique for the characterization of the binding of hydrogen/
deuterium to transition metal atoms and clusters [28-34]. The
characteristic values of quadrupolar coupling constants and
asymmetry parameters can be attributed to particular deuter-
ium-ruthenium bonding situations and deuterons exhibit a
tremendous amount of dynamics adsorbed on metal nano-
particles [32,35].

In our previous studies we focused on molecular complexes
and well-defined magic-cluster nanoparticles. In the present



B. Walaszek et al. / Solid State Nuclear Magnetic Resonance 35 (2009) 164-171 165

paper we apply this technique to the study of deuterium
interaction with metallic ruthenium stabilized by mesoporous
silica. These materials have the advantage of combining the large
inner surfaces with the high catalytic activities of the transition
metal.

Ordered mesoporous silica materials were discovered in 1992,
when the M41S family of mesoporous silica materials was
developed by the researchers of Mobil [36]. Starting with this
seminal discovery, ordered mesoporous silica materials became
one of the hot topics in material science, mainly because of their
outstanding application potentials in heterogeneous catalysis
[37], drug delivery [38] and many other fields [39]. Their
adjustable pore diameters are usually in the range of 20-500A.
Due to the high density of the pores and relatively small pore
diameters, mesoporous systems possess extremely large inner
surface, as compared to the volume of the individual particles.
Mesoporous silica are usually synthesized by hydrolysis of
Tetraethyl orthosilicate (TEOS) with structure-directing agents,
[40] for instance, ionic surfactant CTMABr for MCM-41 [36],
Cq2H,5(C,H40)g for HMS [41], and triblock copolymer for SBA-15
[42] or polyglycerol [43]. The pore sizes of these templated silicas
are all ordered within certain narrow ranges.

Their catalytic applicability can be enhanced by chemical
modification of the surfaces. The first example of chemical
modification is the incorporation of transition metals in the pores
[44]. Moreover, the pore surface can be functionalized with many
functional groups and the outer surface can be selectively
modified [45,46]. Since an efficient catalyst necessitates efficient
transport channels to and from the active spots on the inner
surface of the pores, the study of transport processes and
host/guest interactions in the pores is of high importance [47,48].

In particular for hydrogenation reactions the study of the
mobility and bonding situation of hydrogen/deuterium ligands on
the surface of the nanoparticles stabilized by mesoporous systems
is essential.

With the support from mesoporous silica, Ru particle can
disperse almost homogeneously on silica surface. Ru/SiO, can be a
good catalyst for hydrogenation, for instance, hydrogenation of
unsaturated aldehyde [49], and Fischer-Tropsch synthesis [50].

The rest of this paper is organized as follows: First, the basics of
2H-NMR line-shape theory are briefly summarized. Then, short
introduction into the D-Ru bonding situations and their character-
istic Qcc and #n is given. Next, the syntheses of the nanoparticles
inside the silica materials are presented. The experimental section
shortly introduces our home build three channel NMR spectro-
meter. At last, the experimental low-temperature H-NMR studies
of three different samples of ruthenium nanoparticles are pre-
sented, discussed, and summarized.

2. Materials and methods
2.1. Synthesis of mesoporous silica SBA-3

The mesoporous SBA-3 material, which is used as supporting
and protective material for the catalytic ruthenium nanoparticles
is prepared in strong acidic solution with CTMABTr followed by
removal of surfactant by calcinations. According to BJH calcula-
tions the pore size distribution is centered close to 4 nm [51].

2.2. Sample preparation

Three different samples were prepared, two with neat SBA-3 as
host and one with functionalized SBA-15 as host.

Sample 1 consists of ruthenium nanoparticles embedded in
neat SBA-3. The Ru/SiO, nanoparticles were synthesized by the
reduction of RuCls/silica with NaBH,4. 2 g of dried silica (SBA-3)
was added into the 100 ml solution containing of 1.2 g of RuCl;
and 0.1 ml of HCl. After 2 days, the mixture was heated in an
oven at 50°C to evaporate the water. Then, it was dried and the
RuCl5/SiO, was heated to 180 °C in an oven for 24 h. The resulting
mixture was reduced by 80 ml of KBH,4 solution, including 2.35g
of KBH4 and 1.05g of NaOH. After the reduction, Ru/Si0O, was
washed many times by ethanol and distilled water until it became
neutral (controlled by pH paper). The Ru/SiO, was preserved in
ethanol, in order to protect it from the oxidation by air. Before the
NMR measurement, the ethanol was removed with a vacuum line
with heating at 50 °C, followed by adsorption of deuterium gas at
room temperature at an initial pressure of 800-900 mbar. After
adsorption the excess deuterium was removed by evacuation
again and the sample was flame sealed in a 5 mm glass NMR tube.

Sample 2 consists also of ruthenium nanoparticles embedded
in neat SBA-3. Since sample 1 was prepared with the help of an
ethanol solution there are —CD groups present in the sample, as
is shown below in the results section. To be able to study a -CD
free sample, sample 2 was prepared in an ethanol free synthesis,
which is slightly different from the way of preparation of sample 1.
The Ru/SiO, nanoparticles were synthesized by the reduction of
RuCls/silica with H, gas.RuCl; of (0.60 g) was impregnated into 1 g
of dried silica with HCl in a similar procedure as described above.
The resulting RuCls/SiO, was reduced for 4 h by H, gas at 420°C in
a tubular oven with continuous H; gas flow. The outgoing gas was
washed by 100 ml distilled water. The occurrence of the reduction
was proved by measuring the pH value of the absorption water
with pH paper (pH<2) at the end. Then, it was placed in a 5 mm
NMR tube, evacuated, treated with the D, gas for 2 h, evacuated
again, and flame sealed.

Sample 3, which contains ruthenium nanoparticles embedded
in SBA-15 silica functionalized with -COOH groups was prepared
as follows. First, the surface of the neat silica was cleaned on a
vacuum line at 180°C. Then, a solvent with 200 mg/10mL of
Ru(COD)(COT)/THF was added to 150mg of porous solid. After
24 h the solution was dried and the precursor inside the pores was
decomposed by 3 bar of H, gas (24h). The color of the porous
material changes from white to black, showing the formation of
the metal nanoparticles. The resulting powder was filtrated and
stored under vacuum for 24 h [52]. Next it was placed in a 5 mm
glass NMR tube under argon atmosphere, evacuated on a vacuum
line, treated with D, gas for 2 h, evacuated again and flame sealed.

2.3. 2H solid-state NMR

The basic theory of solid-state 2H-NMR is well-documented
[53] and only briefly summarized here.

The leading interaction in 2H solid-state NMR is the quad-
rupolar interaction. In high field approximation the quadrupolar
Hamiltonian of a spin 1 nucleus is given by

Ho = 2m0o(8. )@, — 2, (1)

where T, is the angular momentum operator in the z-direction.
The orientation dependent quadrupolar shift vq is given by

(9, ) = £Q (3 cos? § — 1 —nsin® § cos 2¢) (2)

In Eq. (2) eQ is a quadrupole moment, eq represents the principal
component of the EFG tensor, n is the asymmetry parameter,
which gives information about the shape of the electric field
gradient, and Q, is a measure for the strength of the quadrupolar
interaction; 9 and ¢ are the azimuthal and polar angles of the
quadrupolar PAS with respect to the external magnetic field Bo.
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In a non-oriented powder sample the average over all possible
orientations has to be calculated by integration over the polar
angles 3 and ¢. The quadrupolar coupling Q.. constant is obtained
from the experiment as

4. eqQ
QCC - §QZZ - h (3)

2.4. Spectrometer and data evaluation

All experiments were performed at a field of 7.03 T correspond-
ing to a 2H resonance frequency of 46.03 MHz. An Oxford wide
bore magnet (89 mm) equipped with a room temperature shim
unit was used. The home-build three channel spectrometer has
been described recently by some of us [54,55].

For the experiments a home-build 5mm 2H-NMR probe was
used [29,30]. Low-temperature measurements were performed in
a dynamic Oxford CF1200 helium flow cryostat. An Oxford ITC 503
temperature controller was used to control the temperature.
The typical 90° pulse width was 4.5 ps. Solid echo technique with
an echo spacing of 30 s was used. The repetition time of the
experiments was chosen between 1 and 10s, depending on the T
relaxation time of the samples. Apodiziation of the spectra was
performed by multiplication with a Hanning window and a
decaying exponential with a time constant of 230 ps (1.4 kHz line
broadening). To acquire the deuterium powder patterns in these
samples with reasonable signal-to-noise ratio, nearly 2000 scans
per spectrum were accumulated.

The laboratory written Matlab programs used in spectra
evaluation are based on the theory of solid-state 2H-NMR and
described elsewhere [56-58].

3. Results and discussion

The electric field gradient tensor, which determines the
quadrupolar interaction, depends on the mobility of measured
quadrupolar atoms. Changes of this tensor induce changes of the
line-shape, thus the changes of the quadrupolar coupling
constants. In molecular complexes these changes were introduced
by the exchange motions of the deuterium ligands. At very low
temperatures the exchange motions of most systems are frozen
and the real value of the quadrupolar interaction is determined.

At higher temperatures or for very low exchange potentials only
apparent quadrupolar interactions with reduced interaction
strength are found. Nevertheless, the reductions of the Q.. values
are characteristic of specified bonding situations.

In a set of recent papers we have characterized the quad-
rupolar interactions, characteristic of specific binding situations of
the deuterons to transition metal complexes and surfaces. Details
about mononuclear complexes are found in Ref. [34]. Studies of
polynuclear complexes will be published elsewhere [59].

3.1. 2H solid-state NMR studies of sample 1

In this sample the ruthenium metal is amorphous, does not
exhibit XRD diffraction peaks and is characterized by a relatively
large active specific surface. The dark area in the TEM micrographs
(see Fig. 1) displays the nanoparticles, filling the pores of SBA-3
(pore diameters of 3.8 nm). The length of the metal nanoparticles
filling the inside of the pores is typically longer than 10 nm.

The 2H solid-state experiments were performed in the
temperature range of 100-300K. The resulting spectra and their
simulation and deconvolution into sub-spectra are presented in
Fig. 2 (see also Table 1).

The room temperature spectrum consists of five Pake-like sub-
spectra and a weak narrow central line. The experimental values
of the quadrupolar interaction for the five sub-spectra are as
follows: Q,,; =160kHz; Q. = 90kHz; Q.3 = 52kHz; Q,,4 = 30
kHz; and Q.5 =14kHz. A similar situation is found at 250K,
where the quadrupolar tensor values are given by: Q,,; = 160 kHz;
Q.2 =90kHz; Q.3 =54kHz; Q.4 =34kHz; and Q.5 = 16 kHz.
The major intensity is in the broad component. A similar situation
is found in the spectrum measured at 150K. The quadrupolar
tensor values are as follows: Q,;; =180kHz; Q,, = 90kHz;
Q.3 =54kHz; Q4 =38kHz; and Q5 = 20kHz. At the lowest
measured temperature (100K) the spectrum consists of four
Pake-like sub-spectra. The narrow line disappears and the major
intensity is in the component of Q,,; = 180kHz. The remaining
three signals with very low intensities have the quadrupolar
tensor values of Q,,; = 90kHz; Q.3 = 54 kHz; Q.4 = 38 kHz.

The broad component of 160-180kHz can be attributed to
the O-D groups from the deuterated silanol (Si-OD) groups. Their
deuteration is a clear indication of the catalytic activity of the
ruthenium nanoparticles (see discussion below). Moreover, their
mobility is reduced as compared to sample 2 and 3 (see below).

Fig. 1. TEM micrograph of ruthenium nanoparticles inside the SBA-3 silica.
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Fig. 2. Solid-state 46.03 MHz 2H-NMR spectra of sample 1. The experimental spectra are simulated by the sum of the corresponding sub-spectra (see Table 1 and text).

Table 1
Parameters found by the line-shape analysis of H-NMR spectra of sample 1
(i.e. Qz, n, intensities, and the assignments of the signals).

T(K) Signals Intensities Q,+5 #+0.01 Assignments
(kHz)

300 Q1 4.53x10° 160 0.18 oD

Q.2 112 x 10° 90 0.10 RuD(2)

Qs 5.09x 108 52 0.10 RuD(1)

Qzz4 2.77 x 108 30 0.10 RuD,

Qs 1.89 x 10® 14 0.10 Surface deuterium and/or Rus-D
250 Q1 6.52x10° 160 0.25 oD

Q.2 7.19 x 108 90 0.10 RuD(2)

Q3 6.07 x10® 54 0.10 RuD(1)

Qzza 3.43 x 108 34 0.10 RuD,

Qs 1.8 x 108 16 0.10 Surface deuterium and/or Rus-D
150 Qu 6.35x10° 180 0.16 oD

Q2 852x107 90 0.10 RuD(2)

Qs 8.73x107 54 0.08 RuD(1)

Qzza 1.02 x 10® 38 0.10 RuD,

Qs 6.18 x 107 20 0.06 Surface deuterium and/or Rus-D
100 Qu 711x109 180 016 oD

Q2 9.01 x107 90 0.10 RuD(2)

Q3 5.42 x 107 54 0.08 RuD(1)

Qzz4 3.38x107 38 0.10 RuD,

In model complexes a value of Q,, = 70kHz was found for
deuterons bound on top of a single Ru-metal atom. By comparison
the signals at 54 and 90kHz can be attributed to D ligands
bounded on top of the ruthenium atom. Since the quadrupolar
interaction depends on the bond distance between the interacting
atoms [60], the variation of the quadrupolar interaction is an

indication of the existence of different on top sites for deuterons
with different binding strength.

The weak signal of 30-40kHz coincides with the signal of D,
ligands rotating about the Ru-D5 axis, which causes a reduction of
the quadrupolar tensor [34]. Thus this signal is tentatively
attributed to Ru-D, ligands (see discussion below). The compo-
nent of 16-20kHz can be attributed to deuterium atoms
coordinated to three ruthenium atoms on the surface [59].

The existence of these different binding sites can be under-
stood by taking the amorphous nature of the metal inside the
pores into account.

3.2. 2H solid-state NMR studies of sample 2

The temperature range of the measurements of this sample
was between 25 and 300K (see Fig. 3, Table 2). The room
temperature spectrum consists of four Pake-like sub-spectra and
the narrow line, in the center. The quadrupolar tensor values are
equal to Q,,; =180kHz; Q,,» = 70kHz; Q,,;3 =30kHz; Q.4 =14
kHz. The major intensity is distributed over the narrow central
line and the Q,,;-Pake signal. In the spectrum measured at 120K
the major intensity is in the component of Q,,; = 188 kHz. Three
other quadrupolar tensor values are as follows: Q,,; = 70kHz;
Q.3 = 40kHz; Q,,4 = 18 kHz. The spectrum at 50K can be again
decomposed into four Pake-like sub-spectra with the quadrupolar
interactions characterized by: Q.,,; =200kHz; Q. = 80kHz;
Q.3 = 45kHz; Q,,4 =18kHz. At 25K the spectrum consists of
four Pake-like sub-spectra with the major intensity in the
component of Q,,; = 200 kHz; moreover, the narrow central line
is still seen. Three remaining components can be characterized by
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Fig. 3. Solid-state 46.03 MHz H-NMR spectra of sample 2. The experimental spectra are simulated by the sum of the corresponding sub-spectra (see Table 2 and text).

Table 2
Parameters found by the line-shape analysis of 2H-NMR spectra of Sample 2
(i.e. Q, 1, intensities, and the assignments of the signals).

T(K) Signals Intensities Q. n Assignments
(kHz)

300 Qu 839x105 180 012 OD

Q.2 1.4 x 10° 70 0.35 RuD

Qs 6x 108 30 02  RuD,

Qzz4 215 x 108 14 0 Surface deuterium and/or Rusz-D
120 Q. 367x105 188 008 OD

Q.2 2.24 x 107 70 0.12 RuD

Qs 3.21 x10° 40 0.1 RuD,

Q.24 2.6 x 10° 18 0 Surface deuterium and/or Rus-D
50 Q1 5.54x10® 200 0.06 OD

Qs 9.5 x 106 80 008 RuD

Q.3 1.44 x 10° 45 0 RuD,

Qzza 5.2 x 10° 18 0 Surface deuterium and/or Ru;-D
25 Qn 64x10° 200 006 OD

Qz 9.44%10° 80 008 RuD

Q.3 7.52 x 106 45 0 RuD,

Qzza 6.57 x 10° 24 0 Surface deuterium and/or Ruz-D

the following quadrupolar parameters: Q.,, = 80kHz; Q.3 =45
kHz; Qz.4 = 24 kHz.

The component of 80kHz can be attributed to deuterium
atoms bound on top of a ruthenium atom. The component of
45 kHz is again tentatively attributed to fast rotating D, ligands.
The narrow Pake-like line (Q,4) is attributed to threefold
coordinated deuterium atoms, which are involved in the surface
diffusion at higher than 25K temperatures [59]. The broad
component of 180-200 kHz can be attributed to O-D groups from

deuterated Si-O-D groups of silica material. The dynamic line-
shape changes between 120 and 300K, resulting in the strong
isotropic peak in the 300K spectrum are an indication of a high
mobility of the -Si-OD groups. The appearance of the narrow line
at the 25K spectrum can have two possible explanations, which
are not mutually exclusive. Firstly, gaseous deuterium condenses
to small micro-droplets. Secondly, deuterium atoms are coordi-
nated inside Rug octahedrons in the metallic ruthenium [59].

3.3. 2H solid-state NMR studies of sample 3

HO,C(CH;)3Si0,5/9Si0, was used as template for ruthenium
nanoparticles (see Fig. 4). The pores of this mesoporous material
have a diameter of 72 A. While some of the particles agglomerated
outside the material forming bigger clusters, the majority of the
metal atoms formed the desired metal nanoparticles inside the
silica. The incorporation of the particles in the pores is not very
regular. Their average size was obtained by XRD analysis to be
around 2.4 nm.

The low-temperature 2H solid-state NMR measurements
were performed in the temperature range of 50-300K (see
Fig. 5, Table 3). At room temperature the spectrum consists
of five Pake-like sub-spectra and the narrow central line. The
experimental values of the quadrupolar interaction for the five
sub-spectra at room temperature are as follows: Q,,; =160kHz;
Q.» = 130kHz; Q.3 = 70kHz; Q,,4 = 40kHz; and Q,,5 = 16 kHz.
Lowering the temperature goes in parallel with an increase of the
intensities of the broad components. The 200K spectrum can be
decomposed into five Pake-like sub-spectra and a weak narrow
line. The values of the quadrupolar interaction, found by line-
shape analysis, give the quadrupolar parameters: Q,,; = 170 kHz;
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Q.2 = 130kHz; Q.3 = 80kHz; Q.4 = 40kHz; and Q,,5 = 20kHz.
The 80K spectrum consists of five Pake-like sub-spectra with the
Q,, values of Q. =174kHz; Q,» =130kHz; Q.3 = 76kHz;
Q4 =36kHz; and Qs =14kHz. At the lowest measured
temperature (50K) the spectrum consists of four Pake-like sub-
spectra with the quadrupolar tensor values of Q,,; =176kHz;
Q. = 130kHz; Q.3 = 80kHz; Q,,4 = 36 kHz.

By virtue of the strength of the quadrupolar coupling, the
160-176 kHz line, which is characteristic of -OD, is attributed to
surface Si-O-D groups of the silica and the 160-176 kHz line,
which is characteristic of -CD, is attributed to partially deuterated
carbons of HO,C(CH;)3SiO groups. From the preparation of the

Fig. 4. TEM micrograph of ruthenium particles incorporated in HO,C(CH;)3Si01.5/
95i0, [52].

sample it is evident that no deuterons beyond the natural
background of ca. 1% can be present inside the Ru at silica sample
and that the D, gas is the only source of deuterium inside the
sample. The heat of adsorption of hydrogen on pure silica is too
low to activate the D, gas [61] and permit a deuteration of —-SiOH
or -CH2 groups. Thus the appearance of the broad components
with 160-176 kHz and 130 kHz clearly shows the catalytic activity
of the ruthenium nanoparticles.

The two remaining Pake-like sub-spectra are attributed
to deuterium bound directly to ruthenium surface atoms.
The Pake-like sub-spectrum with a Q,, value of 70-80kHz is
characteristic of hydride like Ru-D deuterium bound on top of a
ruthenium atom. Again there is a high mobility of the -SiOD
groups at room temperature. The Pake-like sub-spectrum with
40KkHz is again tentatively attributed to dihydrogen like Ru-D,
ligands, which are in fast rotational or tunneling exchange, which
causes a characteristic reduction of the quadrupolar tensor. There
also exists a possibility of physisorbed species on the nanoparti-
cles surface, which would explain the narrowest component of
14-20kHz in the spectra. However, this line might also be
attributed to deuterium in the three-fold symmetry of ruthenium
atoms, which is involved in the diffusion on the particles surface
at higher temperatures, similar to sample 2 above.

3.4. Discussion

A major problem with the 2H solid-state NMR of the
nanoparticles inside silica was the deuteration of silanol (Si-OD)
groups resulting in spectra with additional broad lines having
high intensity and the characteristic quadrupolar coupling
constant of an -Si-OD group. The mobility of these groups
depends strongly on the sample preparation, which is evident by

300 K 200 K
Mobile D I

Ru,-D —

RU'D2
Ru-D

C-D J—/L
50 K
N

O-D
SEJ‘J\\‘

Ruz-D
RU'DZ
Ru-D
I e oD — N\
//\——1 0-D ‘//\—/L
-100 0 100 -100 0 100
v [ kHz v [ kHz

Fig. 5. Solid-state 46.03 MHz 2H-NMR spectra of sample 3. The experimental spectra are simulated by the sum of the corresponding sub-spectra (see Table 3 and text).
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Table 3
Parameters found by the line-shape analysis of ?H-NMR spectra of Sample 3
(i.e. Q. 1, intensities, and the assignments of the signals).

T(K) Signals Intensities Q,+5 #©+0.01 Assignments
(kHz)

300 Q. 224x10° 160 0.10 oD

Q2 1.06 x 10° 130 0.10 CcD

Q3 8.32x10® 70 0.10 RuD

Qua 483 x108 40 015 RuD,

Qs 525x10% 16 0.10 Surface deuterium and/or Rus-D
200  Q:n 9.67 x10° 170 0.10 oD

Q2 1.78 x10° 130 0.06 (@)]

Qs 9.53x10° 80 0.30 RuD

Qs 483 x108 40 0.15 RuD,

Qs 2.87 x10% 20 0.10 Surface deuterium and/or Rus-D
80  Qum 246 x10° 174 0.13 oD

Q2 3 %108 130 0.06 CcD

Qs 526 x 107 76 0 RuD

Q24 4.45x10" 36 0.20 RuD,

Qs 2.66x107 14 0.30 Surface deuterium and/or Rus-D
50 Q1 3.09x10° 176 0.13 oD

Qn 335x108 130 0.06 cD

Q.3 519x 107 80 0 RuD

Qzza 3.3 x107 36 0 RuD,

comparing the room temperature spectra of sample 1 to those of
samples 2 and 3.

Compared to the intensity of the silanol groups, the signal of
the deuterium bound to ruthenium appears in the spectra as small
intensity Pake-like sub-spectra. Nevertheless, the quadrupolar
splitting of these deuterium species were successfully revealed by
line-shape analysis and attributed to the three bonding situations
from the D-Ru bonding situation model.

From the results of the line-shape analysis a schematic model
of the deuterium-ruthenium binding situations of ruthenium
nanoparticles synthesized inside mesoporous materials can be
made (see Fig. 6). In this model, besides the -OD deuterons, which
are not shown for clarity, two types of deuterium atoms appear,
namely hydride type deuterons (bound on top) and dihydrogen
type deuterons. The deuterium bound on top of ruthenium atoms
exhibits quadrupolar tensor values of 56-90 kHz. This shows that
the bond distances play a crucial role here. In the first sample the
two Pake-like sub-spectra with the Q,, values of 56 and 90 kHz
can be observed. The nanoparticles caged inside the SBA-3 might
have two kinds of surface atoms exposed for deuterium atoms.
One kind leads to a longer than 1.7 A bond distance and the other
leads to a shorter bond distance, respectively. Similar differences
of Me-H bond lengths for hydrogen adsorbed at different sites of
metal surfaces were found previously for other metal surfaces
[62,63]. The Pake-like sub-spectra with quadrupolar splitting
of 18-24 kHz, visible at temperatures below 50K, are attributed to
deuterium atoms which are coordinated to three ruthenium
atoms in a three-fold symmetric site on the surface.

The question now arises about the origin of the weaker
quadrupolar interaction with Q,, values between 36 and 45 kHz.
By comparison to studies of molecular Ru complexes we did
tentatively attribute these signals to Ru-D, ligands. In principle
there are two different possible origins of such ligands, namely (A)
isolated Ru-atoms or molecular complexes on the surface and (B)
metallic Ru-parts on the surface. The second case would
necessitate the presence of hydrogen, which is nondissociatively
chemisorbed on the metal surface. Calculations by Norskov et al.
[64] and van Santen et al. [63] give typical dissociation energies of
ca. 100 kJ/mol for molecular hydrogen on a Ru surface at low (sub-
monomolecular) coverage. This energy difference shifts the
dissociation equilibrium strongly to the dissociated state. How-

Si

Ru

Fig. 6. Model of deuterium-ruthenium bonding situations on the nanopaticles
caged by the mesoporous silica materials. While most of the deuterons are
dissociated on the surface, forming different type of metal hydrides with varying
bond length, there is also evidence for mobile deuterons, which are attributed to
fast rotating Ru-D, ligands located at defects (A, B).

ever, the calculations reveal also the existence of metal sites with
lower dissociation energies of 18 kJ/mol [63]. Ertl et al. [65] have
reported the existence of dihydrogen on RuO surfaces and
calculated the corresponding distance between the H, ligand
and the ruthenium atom on the surface of RuO(110) as 1.8A,
and the H-H bond length ~0.89 A. These results coincide with the
bond lengths in #?-H, complexes, and also with the Ru-D and
D-D bond distances in our investigated ruthenium model
complexes [34]. This corroborates our tentative attribution of
the Q. values between 36 and 45 kHz in to D, ligands. Moreover,
one can conclude that these dihydrogen ligands are either bound
to Ru-atoms, isolated on the surface, which behave like a
ruthenium oxide type or that they are bound to special defect
sites on the metal. In both cases they have the high rotational
mobility which is characteristic of dihydrogen ligands.

4. Summary and conclusions

A set of three different catalytically active ruthenium coated
mesoporous silica materials was studied by variable temperature
2H-solid-state NMR line-shape analysis. Comparing the data of
this line-shape analysis with reference data from model com-
plexes, it is possible to reveal the different deuteron species
insides of the samples. In all samples a strong -OD signal is found,
which shows the catalytic activity of the metal, which activates
the D-D bond and deuterates the —SiOH groups. In addition the
presence of different types of deuterons, bound to the metal is
revealed. The singly coordinated -Ru-D species exhibit several
different quadrupolar couplings, which indicate the presence of
several non-equivalent binding sites with differing binding
strength. The dihydrogen species -Ru-D, which is attributed
to surface defects, exhibits a fast rotational dynamics at all
temperatures.

Thus, it is shown that the deuteron quadrupolar interaction
can be employed for the characterization of systems with
unknown deuteron binding situations and 2H solid-state NMR
techniques indeed provide the means for a deep characterization
of the behavior of hydrogen interacting with a metal surface and
can thus give new and interesting insights into basic catalytic
mechanisms as in particular hydrogenation reactions.
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