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Abstract In the current study two new classes of stabile,

catalytic active nanomaterials are investigated. The first

class of nanoparticles consists of an inner metal core. To

stabilize their structure the metal core is surrounded by

organic ligands or embedded in a polymer. The second class

consists of catalysts immobilized on mesoporous silica

supports of SBA-3 type silica. Employing a combination of
1H, 2H, 13C and 29Si-solid state NMR spectroscopy the

structure of the catalysts is analyzed. As a simple model for

the catalytic properties of the particles, the activation of 2H2

gas on the surface of the particles is studied. Employing 1H

and 2H gas phase NMR the kinetics of simple catalytic

model reactions is studied. Employing 2H-NMR solid state

NMR spectroscopy, the interaction of the metal surface

with the substrate is characterized and kinetic data, which

characterize the mobility of the deuterium on the surface,

are extracted. For the interpretation of these data, parallel

NMR studies of model g2-bound transition metal complexes

are employed, which allow, owing to their simpler geom-

etry and higher sensitivity, a quantitative modeling of the

spin dynamics in the NMR experiment.

Keywords Mesoporous silica � Immobilized catalysts �
Solid-state NMR � Nano-catalysts � Dihydrogen

1 Introduction

In recent years, interest has grown in the field of immobi-

lized catalyst, due to their high catalytic efficiency and their

application potential in environmentally benign (‘‘green’’)

chemistry. This interest has triggered active research in the

synthesis of new materials which are organized on the

meso- and nanoscale and several spectroscopic and com-

putational techniques for the characterization of these

materials and the kinetic processes on their active surfaces

have been developed. Suitable supports for the immobili-

zation are silica materials, due to their reactive surfaces

which can serve as a starting point for the immobilization of

the catalysts. While conventional silica materials with dis-

ordered structures are known for a long time, only several

years ago a new class of mesoporous silica materials has

become available. Although the silica matrix is disordered

on an atomic length scale, they are characterized by a

periodic pore structure on the mesoscopic length scale

[1–6]. Hence they are referred to as periodic mesoporous

silica (PMS). PMS materials consist of pseudo-crystalline

powders, where each crystallite constitutes a large number

of more or less parallel cylindrical pores. The silica for-

mation takes place in aqueous media using surfactants or

amphiphilic block copolymers as structure-directing agents

(template). The pore diameters can be adjusted by the

templating agents. Typically, they are between 2 and 4 nm

in the case of MCM-41 silicas, and between 5 and 12 nm for

SBA-silicas [5]. Materials with wider pores (up to 30 nm

and more) but non-periodic structures can be synthesized by

similar procedures. After silica formation the templating

agents are removed by calcination. The high porosity causes

a huge inner surface of these materials. Owing to their wide

range of pore sizes, they are very versatile molecular sieves.

Since the physical properties of their inner surfaces, such as

A. Adamczyk � F. Roelofs � H. Breitzke � G. Buntkowsky (&)

Institut für Physikalische Chemie, FSU Jena, Helmholtzweg 4,

07743 Jena, Germany

e-mail: Gerd.Buntkowsky@uni-jena.de

Y. Xu � B. Walaszek � T. Pery � H.-H. Limbach

Institut für Chemie, FU Berlin, Takustr. 3, 14195 Berlin,

Germany

K. Pelzer � K. Philippot � B. Chaudret

LCC du CNRS, 205, route de Narbonne, 31077 Toulouse, France

123

Top Catal (2008) 48:75–83

DOI 10.1007/s11244-008-9054-7



the surface acidity, can be chemically modified [7, 8],

mesoporous silica materials are very promising candidates

for catalytic applications. Typical representatives of these

materials are MCM-41 and SBA-15. They both exhibit a

two-dimensionally hexagonal array of cylindrical pores.

Owing to the presence of surface silanol groups at the pore

walls, these materials can be chemically tailored to various

functions [9]. PMS materials opened up fascinating possi-

bilities for new applications in many fields, including

catalysis [10–13], drug delivery or size selective molecular

separation [14]. At the same time, these materials are of

general interest for fundamental studies of surface–sub-

strate interactions and of dynamics of guest molecules in

confinement [15–24].

As catalytic active materials (with high selectivity)

we are mainly interested in ruthenium complexes and

ruthenium nanoparticles (Fig. 1). For the modeling of their

properties we employ stable non-classical transition metal

hydrides with g2-bonded dihydrogen ligands. These com-

pounds may be catalytic precursors or stable models for

short-lived intermediate steps in catalysis [25–32]. These

transition metal complexes, which have very interest-

ing physical, spectroscopic, and chemical properties, are

attracting much experimental and theoretical interest [28,

33–52]. The first of these compounds was a tungsten

complex, discovered by Kubas already in 1984 [53, 54].

Later a whole series of different transition metal polyhy-

drides of the type M-Dm(D2)n with hydrogen distances

varying between 0.8 and 1.7 Å were synthesized [51, 55–59].

Here, n gives the number of hydride and m the number of

dihydrogen type ligands.

In most transition metal hydrides, dihydride and dihy-

drogen complexes of the type M-Dm(D2)n the hydrogens

are relatively weakly bound and exhibit a fairly high

mobility. This is in particular true for the dihydrogen

ligands which often have only a very weak rotational

barrier. Part of this high mobility is due to the exchange

symmetry of the two hydrogens in the dihydrogen ligand,

which causes tunneling processes at low temperatures

which aid in their exchange. A detailed discussion of these

tunneling processes and the influence of symmetry effects

on hydrogen transfer dynamics is given in Refs. [60, 61].

One example of these complexes are ruthenium complexes

of the type L-Ru-Dm(D2)n, where L stands for different

ligands. In particular the two hydrogens in the dihydrogen

ligands of a complex can relatively easy perform mutual

exchanges. These exchanges correspond physically to a

rotational motion of the two hydrogen atoms in the hin-

dering potential of the metal and the other ligands. Owing

to these exchange processes the solid state NMR spectra of

ruthenium polyhydrogen complexes are fairly complex. In

most dihydrogen complexes known so far the rotational

barrier is low and this exchange is too fast to be directly

observable on the NMR time scale of 2H-NMR spectros-

copy and only motional averaged spectra in the fast

exchange limit are observed [62]. Moreover, owing to the

catalytic activity of the ruthenium, isotope scrambling due

to ligand exchange is a common problem in these com-

pounds. For the analysis of their spectra it is necessary to

first study simple complexes, which are of pure hydride or

dihydrogen type and later transfer this knowledge to more

complicated systems.

Similar dynamical processes are found on metal sur-

faces of ruthenium nanoparticles stabilized in polymer or

organic ligand matrices, interacting with hydrogen [63,

64]. However owing to the complex metal surfaces of the

nanoparticles and the presence of the organic matrices

these systems are far less well defined than the model

complexes and more species of deuterium are expected on

the surface. The interpretation of their spectra therefore

needs studies of the different L-Ru-Dm(D2)n, complexes

which serve as role models for the possible deuterium

species on the nanoparticles.

Finally also the flexibility of ligands seems to be an

important factor in understanding the catalytic properties of

solid or immobilized catalysts. Recently the ortho–para
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Fig. 1 Schematic hydrogen activation of a hydrogen molecule

approaching a metal catalyst or the surface of a catalytic active

metal nanoparticle: in the free hydrogen molecule, top, the molecules

exist as para- and ortho-hydrogen spin-isomers. When the molecule

approaches the metal, the bond between the two hydrogen atoms is

weakened and bonds to the metal are formed. Parallel to this process

the two hydrogen atoms form a dihydrogen complex and can perform

chemical exchange or tunneling exchange. When the atoms further

approach the metal, dihydride complexes are formed, where the

barrier of exchange is increased and the hydrogens become immo-

bilized. Finally on metal surfaces the atoms can migrate on the

surface
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spin conversion and isotope scrambling of dihydrogen in

the Vaska’s catalyst Ir(CO)Cl(PPh3)2 in the solid state was

studied by NMR [65]. This conversion can occur in two

independent ways [66]:

H" � H" þ H" � H"�H" � H# þ H" � H#

chemical spin conversion

H" � H"�H" � H#

magnetic spin conversion

They can be distinguished by studying the corresponding

isotope scrambling reaction

H2 þ D2� 2 HD;

which is only possible for the chemical conversion. In these

experiments [65] the efficacy of the catalyst in solution, in

phase separated frozen solution and in microcrystalline

solids was compared. They delivered the unexpected result

that the chemical and not the magnetic spin conversion is the

most efficient conversion mechanism at low temperatures

and in the solids. This mechanism, however, necessitates the

binding of two hydrogen molecules to the catalyst, which

should not be possible on a single catalyst molecule. One can

only speculate that the flexibility of the ligands or surface

defects permit the approach of two dihydrogen molecules

bound to different catalyst atoms, which then can cause the

isotope scrambling.

The rest of this paper is organized as follows: first we

summarize the salient features of the experiments and

sample synthesis and preparation, including the grafting of

the ruthenium complexes on the silica surfaces. Next we

present and discuss experimental results. In the first step we

report on the study of two neat complexes. Employing this

knowledge we discuss the spectra of ruthenium nanopar-

ticles in the second step. In the last step we then present

first results on the immobilization of the ruthenium com-

plexes on silica surfaces.

2 Methods and Materials

2.1 Synthesis of the Mesoporous Silica Support

Materials SBA-3

The synthesis of SBA-3 [67] follows the procedure

described in Refs. [68, 69]. A mixture of CTMABr (cetyl-

methyl-ammonium-bromide) and a non-ionic template,

tridecyl-polyoxyethylene(18) (C13H27-EO18), with the

molar ratio of 1:3 in strong acidic solution is employed. In

a typical synthesis, the TEOS was added to the solution

of templates and acid (HCl) with a molar ratio of

TEOS:template:H2O:HCl at 1:0.24:28:5. The templates

were removed from as-synthesized SBA-3 by calcinations

at 550 �C for 16 h, resulting in pure mesoporous silica

material.

2.2 Synthesis and Grafting of the Catalysts to the

Surface

2.2.1 Synthesis of Ruthenium Catalyst

[RuHCl(CO)(PPh3)3]

The synthesis of the catalyst follows the procedure descri-

bed in Ref. [70]. A solution of RuCl3 � 3H2O (2.61 g,

10 mmol) in 2-methoxyethanol (200 mL) and aqueous

formaldehyde (200 mL, 40% w/v) were added rapidly and

successively to a vigorously stirred boiling solution of TPP

(triphenylphosphine) (15.8 g, 60 mL) in the same solvent

(300 mL). The mixture was refluxed for 10 min, allowed to

cool, filtered, washed with ethanol and hexane successively

and dried in vacuum to obtain light brown colored solid.

The structure was confirmed by elementary analysis and
1H NMR (400 MHz): [ppm] d = 7.68–7.07 (HPh), -9.5

(Ru-H).

2.2.2 Modification of SBA-3 with APTES

(3-Aminopropyltriethoxysilane) [71]

Before modification, the silica material was activated at

423 K in the vacuo for 10 h. Then 3 g of freshly activated

silica was refluxed in toluene (50 mL) with APTES (3 g)

for 3 h under argon atmosphere. The solid was washed with

diethyl ether and Soxhlet extracted with 250 mL dichloro-

methane yielding covalently anchored APTES moieties.

2.2.3 Immobilization of [RuHCl(CO)(PPh3)3] over NH2

Modified Silica

To a suspension of freshly activated NH2-silica (1 g) in dry

toluene (40 mL), a solution of [RuHCl(CO)(PPh3)3] (0.1 g)

in anhydrous toluene (10 mL) was added and the resulting

solution was refluxed for 3 h and the solid was Soxhlet

extracted with anhydrous toluene and vacuum dried for 24 h.

2.3 Synthesis of the Nanoparticles

The nanoparticles for this study were prepared as previ-

ously reported through hydrogenation of Ru(C8H10)

(C8H12) under 3 bar H2 at room temperature in THF in the

presence of 0.2 eq./Ru of hexadecylamine (HDA) and

characterized by TEM and WAXS. Details of the synthesis

are found in Ref. [72]. The brown colloidal powder thus

obtained was used for solid state NMR experiments or

redissolved in d8-THF for solution studies.
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2.4 2H-NMR Powder Spectra

A detailed description of the theory of solid state 2H-NMR

is given in the textbooks [73, 74]. Here only some salient

facts are briefly summarized.

The leading interaction in 2H-solid state NMR is the

quadrupolar interaction. In the usual high field approxi-

mation, the first order quadrupolar interaction is

characterized by the Hamiltonian

ĤQ ¼ 2pmQðJ;uÞ Î2
z �

2

3

� �
; ð1Þ

where the orientation dependent resonance frequencies mQ

of the two transitions are given (see Eq. 2.78) in Ref. [74]):

mQ J;uð Þ ¼ � 3

4

eQeq

�h

1

2
ð3 cos2 J� 1� g sin2 J cos 2uÞ

¼ Qzz

1

2
ð3 cos2 J� 1� g sin2 J cos 2uÞ ð2Þ

Here g is the asymmetry parameter and Qzz is the

principal component of the quadrupolar interaction tensor,

i.e., the strength of the quadrupolar interaction. While in

single crystals only two lines at ±mQ are observable, the

average over all possible orientations has to be calculated in

a polycrystalline powder sample. Due to the axial symmetry

of the magnetic field, it is sufficient to integrate over two

angles (0, u). Assuming for simplicity that the transversal

relaxation time T2 is independent on the orientation, the

spectra can be calculated as a superposition of the lines with

a line shape function f(m, ±mQ, T2) of the individual

crystallites:

IðmÞ ¼
Zp

0

dJ sinðJÞ
Z2p

0

du f m; �mQðJ;uÞ; T2ð Þð

þf m; þmQðJ;uÞ; T2ð ÞÞ

ð3Þ

Thus for polycrystalline samples a powder average is

observed giving rise to the Pake doublet or Pake pattern.

For a deuterium atom bound to a carbon atom the most

recent value of the quadrupolar coupling constant is found

to be Qcc % 170 kHz [75], corresponding to a strength of

the quadrupolar interaction Qzz ¼ 3
4
Qcc ¼ 128 kHz. Owing

to fast molecular motions and lattice vibrations, in many

solid state NMR experiments a reduced effective value of

Qcc is observed, even at low temperatures. Thus in most
2H-NMR experiments Qcc has to be considered as a fitting

parameter. In the 2H-NMR study of the iBA molecules,

there is a succession of possible intramolecular and

molecular rotations of the molecule which cause an

averaging of the static quadrupolar interaction, denoted

as Qzz
0 , to various reduced interactions, denoted as Qzz

n ,

where n is an index used to distinguish these different

averaged tensors.

2.5 Data Evaluation

The 2H-solid-echo-spectra in the fast and slow exchange

regime were simulated employing a laboratory written Mat-

lab program. Instead of numerically performing the powder

integration, the faster analytical expression of the powder

pattern in terms of elliptic integrals [76] was used to calculate

the line shape for infinite T2. Effects of the limited excitation

bandwidth were taken into account using the formula given in

Ref. [77]. Since the width of the spectra is much larger than

the natural line width of the individual crystallites a simple

Lorentzian was chosen as line shape function f(m, ±mQ, T2).

The resulting Pake spectra were numerically convoluted with

this Lorentzian by Fourier transformation into the time

domain, multiplied with a decaying exponential function and

transformed back into the frequency domain. In our case,

where the spectrum is a superposition of different sub-spectra

(see Results), the relative intensities of different spectral

contributions were calculated from the integrals over the lines

of the corresponding sub-spectra.

The 2H-NMR echo spectra in the intermediate exchange

regime were simulated by a laboratory written Matlab

program using a Liouville space formalism of the exchange

process. For the powder integration over the polar angles

(Eq. 3), optimized angle sets with 3,554 angles were used

[78–80]. Besides the common quadrupolar fit parameters

Qzz (strength of the quadrupolar interaction) and g
(asymmetry parameter), the jump rate k for the methyl

group rotation and for the isotropic rotation during the

melting process is introduced. In those cases where tun-

neling occurs, the spectra were simulated with a laboratory

written Matlab program described elsewhere [40, 61].

3 Results and Discussions

In the following the results on these two new classes of

stabile, catalytic active nanomaterials are presented. This

presentation is divided into three sections. The first section

presents results of a 2H-solid state NMR characterization of

two well defined ruthenium-polyhydrogen complexes,

namely a pure hydride and a pure dihydrogen complex.

These experiments identify the quadrupolar coupling of

hydride type, dihydrogen type and ligand bound deuterons

and create the relation between the 2H-quadrupolar inter-

action as the relevant NMR parameter in 2H-solid state NMR

spectroscopy and the chemical binding situation in the

complex. They allow the identification of the different

deuterium species in more complex systems. In the second

section this knowledge is applied to the study of ruthenium-

nanoparticles interacting with hydrogen and deuterium gas.

The third section then presents first results on the immobi-

lization of the ruthenium complexes on solid silica supports.
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3.1 Study of a Ruthenium-hydride and a

Ruthenium-dihydrogen complex

Tp * RuD(THT)2 (in the following abbreviated as Ru-D)

is a stable hydride type ruthenium complex. It contains two

THT ligands and one Tp * ligand.

trans-[Ru(D2)Cl(dppe)2]PF6 (in the following abbre-

viated as Ru-D2) is a stable dihydrogen type complex,

which was synthesized by Morris and coworkers [81]. To

the best of our knowledge this is the only dihydrogen type

complex where a complete immobilization of the dihy-

drogen ligand down to pure coherent tunneling with a slow

tunnel frequency of ca. 22 kHz can be observed.

Figure 2 compares the experimental 2H-solid-echo-

NMR spectra and the simulated 2H-FID-NMR spectra of

the Ru-D and the Ru-D2 complex. The set of spectra in (a)

reveals temperature dependent line shapes. From their

simulations three components are revealed, namely a broad

Pake line with Qzz = 120 kHz, a narrow Pake doublet with

Qzz = 70 kHz and at higher temperatures a narrow central

line, which is close to a Lorentzian. The Qzz = 120 kHz

line can be attributed to –C-D groups in the organic

ligands, which are results of an isotope scrambling, i.e., an

H/D exchange with hydrogen positions from the organic

ligands in the course of the synthesis. The central signal

component which appears at higher temperatures, is also

mainly attributed to –CD ligands, which in this case exhibit

highly mobility. Below 170 K all mobility in the complex

is frozen. The strong Pake signal with Qzz = 70 kHz is

attributed to the Ru-D hydride.

In contrast, the Ru-D2 spectra (b) contain only the sig-

nals of the two dihydrogen type deuterons with Qzz =

80 kHz when the dihydrogen rotation is frozen and

Qzz = 40–50 kHz in the high temperature (T [ 30 K) limit

with a fast dihydrogen exchange. Since no signal of –C-D

groups is visible this complex can be produced without

isotope scrambling.

As mentioned above in most dihydrogen complexes the

rotational barrier is so low that the hydrogens are always in

the fast exchange limit. Thus we can take the value of

Qzz = 40–50 kHz as the typical value of quadrupolar cou-

plings of dihydrogen type binding, in contrast to the value

of Qzz = 70 kHz, which is typical for hydride type binding.

It follows that the quadrupolar interaction indeed is a sen-

sitive sensor of the hydrogen binding state to a transition

metal.

3.2 Study of Ruthenium-nanoparticles

Figure 3 shows the results of the 1H gas phase NMR (left

panel) and 2H-solid state NMR experiments (right panel) on

the HDA nanoparticles. The gas phase NMR study shows

the production of HD from the reaction of adsorbed H with

gaseous D2 in a glass-sealed NMR tube. The nanoparticles

are placed at the bottom of the tube well below the sensitive

region of the NMR coil. The control spectrum of the
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Fig. 2 2H-Solid-echo-NMR

spectra (experiment and

simulation) of the ruthenium–

hydride complex

Tp * RuD(THT)2 (a) and the

ruthenium-dihydrogen complex

trans-[Ru(D2)Cl(dppe)2]PF6 (b,

adapted from Ref. [82]). While

in the hydride type, sample (a),

all dynamics is caused by ligand

motions, which are frozen

below 170 K, the dihydrogen

type ligands can exchange

classically above 10 K and by

quantum mechanical tunneling

below 10 K. The tunneling is

visible as extra peaks in the low

temperature spectra marked by

asterisks
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evacuated NMR tube with the solid catalyst at the bottom

reveals only a signal at 0.77 ppm from gaseous H2O mol-

ecules outside the tube (Fig. 3a). In principal it is possible to

remove this signal by flushing dry gaseous nitrogen through

the probe; however, we preferred to employ this signal as an

external intensity standard.

After exposure to D2 during 10 min (Fig. 3b) a new

peak with a line width of ca. 200 Hz arises at 4.5 ppm,

which is typical for gaseous HD, showing the presence of

an exchange reaction between the hydrogen adsorbed on

the surface and the gaseous deuterium

Hads þ D2 � Dads þ HD:

The intensity of this peak grows further in the course of

the reaction. Figure 3c shows the spectrum after a D2

exposure of 120 min. Figure 3d displays a semi-logarithmic

plot of the evolution of the HD concentration as a function

of time. The solid line corresponds to a first order kinetics

with exponential time dependence. The right panel of Fig. 3

shows the solid state 45.7 MHz 2H-NMR spectra of a static

sample of Ru/HDA particles after H/D exchange performed

in the solid state. Figure 3e shows the spectrum measured at

room temperature. The line shape analysis reveals two

principal components: a very narrow line attributed to

mobile surface Ru-D, characterized by Qzz \ 1 kHz; and a

broad component which is attributed to a superposition of

the spectra of immobilized and partially mobile CD groups,

resulting from deuteration of the HDA ligands. Figure 3f

shows the spectrum of the same sample measured at 200 K.

The line shape analysis reveals partially mobile surface Ru-

D, characterized by Qzz = 50 kHz, g = 0.3 and rigid CD,

characterized by Qzz = 120 kHz, g = 0.02. The spectra of

Fig. 3 provided the first detection of reactive deuterium

bound to metal nanoparticles.

3.3 Immobilization of Catalysts on the Silica Support

An important step in the grafting of a catalyst on a silica

surface is the spectroscopic observation of the surface

species. This can be favorably done by employing a com-

bination of 29Si-, 13C- and 31P-CP-MAS solid state NMR,

since the spectra of these nuclei are sensitive monitors of the

silica surface and the reactants [12, 83–90].

The structural changes of the silica surface during pro-

cesses of modification with APTES and immobilization of

the ruthenium catalyst are visible in Si CP-MAS NMR

spectra [29] (see Fig. 4). The Si-spectrum of the unmodi-

fied mesoporous silica material [29] (not shown) contains

only three resonance peaks at -92.4, -102.4 and -112.1

ppm. They are assigned to the Qn-type silica atoms. The

Q2- and Q3-groups are silanol groups on the surface. While

in pure silica only Qn-groups are visible, the spectrum of

APTES-modified silica displays additional lines at -59.2

and -67.1 ppm corresponding to the various Tn-groups

coming from silica atoms in APTES (Fig. 4).

The appearance of the Tn-groups shows the successful

functionalization of the silica surface and confirms reaction

of free surface silanol groups with ethoxysilane groups

from APTES. This result is corroborated by the increase in

intensity of the Q4 groups. The grafting of Ru-catalyst

causes changes in the lines attributed to T2- and Q3-groups.

One can observe the higher intensities of Q3- and

T2-groups and the additional appearance of a T1 signal at

-55.9 ppm. These changes are strong indications for
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Fig. 3 11.4 T Gas phase and

7 T solid state NMR study of

Ru-HAD nanoparticles (adapted

from Ref. [63], see text)
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additional side reactions occurring due to the activity of the

ruthenium catalyst.

Further insight into the successful modification of the

surface and the grafting of the catalyst is gained by 13C CP/

MAS NMR. In the 13C CP/MAS spectrum of the modified

surface (Fig. 5a) one can observe signals stemming from the

alkyl chain of APTES (8.6, 27.2, 42.9 ppm) and additionally

two peaks of ethoxy groups (16.1 and 58.6 ppm). The

presence of signals from ethoxy groups (–OC2H5) corrob-

orates the result of the 29Si CP/MAS spectra of the formation

of T1- and T2-groups in addition to the T3-groups, where all

ethoxysilane groups have reacted with the surface.

After grafting of the ruthenium catalyst, spectra

(Fig. 5b), an additional signal at 138.6 ppm appears in the
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(c) 29Si CP-MAS NMR of silica

SBA-3 material functionalized

with APTES; (d) 29Si CP-MAS

NMR of the ruthenium catalyst

immobilized on the

functionalized silica surface

(a) (b)

(c) (d)
31P CP/MAS 31P CP/MAS

13C CP/MAS 13C CP/MAS

150 100 50 0 -50 ppm
TMS

150 100 50 0 -50 ppm
TMS

100 50 0 -50 ppm 100 50 0 -50 ppm

Fig. 5 13C CP/MAS of (a)

SBA-3 modified with APTES;

(b) ruthenium catalyst

immobilized on the

functionalized silica surface;
31P CP/MAS of (c) ‘‘neat’’

catalyst RuHCl(CO)(PPh3); and

(d) RuHCl(CO)(PPh3)

immobilized on the silica

surface
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spectrum. This line is assigned to the phenyl group from

triphosphine ligands of ruthenium catalyst.

The 31P CP/MAS NMR spectra of the neat Ru-complex

and the Ru-complex immobilized on the surface (Fig. 5c,

d) are additional spectroscopic markers for the successful

grafting. During the process of grafting the catalyst, one of

the triphenylphosphine ligands is exchanged with the

amine group from the APTES. In case of the ‘‘neat’’ Ru-

complex we can observe three peaks attributed to the three

PPh3 ligands, while in the case of immobilized catalyst we

have only two signals, what indicates the coordination of

the amine group to the Ru atom. Thus the 31P CP/MAS

spectra do indeed confirm the immobilization of the

ruthenium catalyst on the modified mesoporous silica sur-

face (Table 1).

In future experiments we can now start to study the

reactions of hydrogen or deuterium with these immobilized

ruthenium catalysts.

4 Summary and Conclusion

As is shown above 2H-solid state NMR techniques indeed

provide the means for a deep characterization of the

behavior of hydrogen in the coordination sphere of a

transition metal or on a metal surface and can thus give

new and interesting insights into basic catalytic mecha-

nisms. Employing 2H-solid state NMR spectroscopy it is

possible to identify the signals of hydride type and dihy-

drogen type ligands bound to a metal and analyze their

dynamics. This knowledge enables us to analyze the

spectra of deuterium interacting with metal nanoparticles

and reveal the deuterium bound to the surface. Studying the

same nanoparticles with gas phase NMR gives further

insight into the state of the hydrogen on the surface. As an

example from the hydrogen/deuterium scrambling and the

size of the quadrupolar interaction it is evident that the

hydrogen is bound as a mobile hydride. Further insight into

the catalytic processes is gained by gas phase NMR spec-

troscopy, which the kinetics of the catalytic reactions.

Finally we have shared first knowledge about or studies

of the immobilization of ruthenium catalysts on silica

surfaces. Employing a combination of 29Si-, 13C- and
31P-solid state NMR, we could demonstrate the successful

grafting of the catalyst on the surface. The interaction of

these immobilized catalysts with hydrogen and deuterium

and their application in hydrogenation reactions will be

studied in the future.
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