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Abstract

This paper reviews results obtained with a series of surface science methods on molecules
adsorbed on well-ordered oxide surfaces. The experimental data are compared with
calculations and it must be concluded that the understanding is far from satisfactory on a
quantitative scale, although qualitatively some progress has been made. This is
particularily demonstrated for phctunstimulated adsorption of NO from NiO. In a second
part oxide supported metal aggregates are studied with respect to morphology, geometric,
electronic and magnetic structures. Their interaction with adsorbed molecules is a further
topic. Size dependent properties such as CO dissociation probability and
photonstimulated methan dissociation are discussed.

1. INTRODUCTION

In recent years many groups [1-7] have studied the properties of well-ordered oxide
surfaces. Even though some qualitative understanding has been gained we are still far
from a quantitative description even for the socalled simple systems.

We use the interaction of diatomic molecules with (100) surfaces of a rocksalt oxide
(e.g. MgO, NiO) as an example to demonstrate the degree of convergence between
experimental data and theoretical calculations on ground state properties such as
adsorption energies [8]. For the specific system NO/NiO(100) we then go on to
demonstrate that also excited state properties may be described [9-10]. In particular the
results of photonstimulated desorption experiments including state specific detection of
the desorbing molecules are discussed on the basis of ab initio calculations making use of
wave-packet dynamics.
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Clean oxide surfaces may be modified by deposition of metal aggregates [3-7]. By
such a procedure model systems for catalytically active materials may be taylored. A
wide variety of results referring to a morphological as well as a structural characterization
of the system are applied. We analyse electronic and magnetic properties but also the
chemical activities of such systems. In particular we are dealing with size dependent
properties, and two examples, one for a thermal chemical reaction, and a second for a

light induced reaction are discussed.

2.  MOLECULAR ADSORPTION AND DESORPTION
2.1. Molecular adsorption

Molecules bind to oxides via a bonding mechanism considerably different from metal
surfaces. A CO molecule, for example, binds to metals via chemical bonds of varying
strength involving charge exchanges [11]. Figure 1 illustrates the bonding of CO to a Ni-
metal atom via the so-called o -donation/n-backdonation mechanism on the basis of a

one electron orbital diagram.
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Figure 1. Orbital diagram for the bonding of CO to Ni-metal (left) and to Ni-oxide (right)

The - and T-interactions lead to a relative shift of those o- and mt-orbitals involved in the
bond with respect to those orbitals not involved. The diagram reflects this via the
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correlation lines. This may be contrasted by the electrostatically dominated interaction
between a CO molecule and a Ni ion in nickel-oxide [12-13]. There is a noticeable o-
repulsion between the CO carbon lone pair and the oxide leading to a similar shift of the
CO o-orbitals as in the case of the metal atom, however, there is no or little 7-
backdonation so that the ©-CO-orbital are not modified [6]. Conceptually, the situation is
transparent and one would expect that a detailed calculation reveals the differences
quantitatively . However, as it turns out the description by ab-initio calculations is very
much involved and today a full account cannot be given [8]. This has to do with the fact
that reliable experimental information is only available very recently. Theoretically the
prediciton is that CO as well as NO bind very weakly to NiO [8]. The predicted binding
energy is of the order of 0.1 eV and it is expected to be similar to CO binding to
MgO(100) i.e. the influence of the Ni d-electrons is negligable [8]. Experimentally it is
found that the influence is substantial. Table 1 collects the binding energies of CO and
NO on MgO and NiO as determined from thermal desorption measurements on UHV-
cleaved single crystal surfaces and thin films.

MgO NiO
Bulk Film Bulk Film
CcoO (14, 0.13(15] [0.43[166) | 0.31[15) 0.32[18] 0.43 [16a]
NO 0.57 1151 0.52[19]

Table 1: Binding energies (in eV)

Clearly, there is a difference between MgO and NiC with binding energies on NiO being
systematically and significantly larger. This also correlates with shifts in the infrared
frequencies of the corresponding stretching modes [20]. There is an indication that for
NO more so than for CO there is a contribution of the nt-system to the bond leading to
chemical shifts to lower frequencies [21]. Pure electrostatic interaction would lead to
shifts to frequencies higher than the gas phase [22]. Also, for the NiO system the binding
energy values determined for the UHV-cleaved single crystal surface correlate very nicely
with those data gained for carefully prepared thin films [15, 18, 19]. This is not always
the case as is revealed for the MgO system [15, 16]. It is not fully clear at present what
the reason for this discrepancy is but very likely, the films contain a considerable amount
of defects. More work to disentangle the effects of defects on adsorption and a
quantitative determination of binding energies on defect sites has to be performed. Thin
films have been used to apply quantitative methods for structure determinations of
adsorbates. Lindsay et al. {23] have recently reported photoelectron diffraction
measurements for NO on a thin NiO(100)/Ni(100) film. They found a tilted NO molecule,
N-end down located atop a Ni ion. The Ni-N bond distance is 2.81 A and the bond tilted
by about 50° with respect to the surface normal. This result is fully compatible with our
early more qualitative studies on this system dating back to 1991 [19]. Theory had
predicted this tilted NO bonding geometry including a chemical component to the
molecule surface bonding {19, 21]. However, again in this case the calculated binding
energies are by far too small. The NO/NiO calculations indicate that electron correlation
plays a major role in the description of the bonding and it may well be that such
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phenomena are the cause for the difficulties in a proper theoretical description of
molecule-oxide bonding. In a chapter further below we will describe in detail how this
surface molecule bond can be broken via photon stimulated processes, and how the
particular bonding characteristics influence the dynamics of the bond breaking process.

It is, of course, interesting to move from simple diatomic adsorbates to more complex
systems. We have investigated in great detail the interaction of a variety of molecules
with the Cr,03(0001) surface [24, 25]. This surface was prepared on top of a thin
Cr,05(0001)/Cr(110) film [26, 27]. We would only like to mention a study on adsorption
of ethylene in connection with low pressure polymerization, where we have taken the
chromia surface to model the Phillips catalyst — well knowing that it is a much more
complex system [28]. We will briefly discuss some results gained for CO, adsorption
because they reveal some interesting electronic properties of that particular surface [25].

CO, adsorbs on Cr,03 non-dissociatively forming a moderately weak chemisorption
bond which can be broken by heating the surface to slightly above room temperature, i.e.
indicative of a binding energy near 1 eV. There is another state of adsorption with much
lower binding energy closer to the value found for CO on NiO [18].

Figure 2 shows infrared spectra of CO2 on Cr;03(0001) [25]. The more strongly bound
species gives size to the band at 1200 cm’! while the more weakly bound species leads to
sharp band at 2300 cm’'. While the latter is typical for an geometrically weakly or
undistorted linear CO, molecules, the former bands are indicative of carbonates and/or
carboxylates. Isotopically labelled CO, lead to shifts compatible with molecular
adsorption. Oxygen preadsorption is known to block the metal sites at the surface leadin
to the formation of chromyl groups. They lead to the sharp peak near 1000 cm™.
Interestingly, after oxygen preadsorption the chemisorbed CO, species does not form at
moderate exposures. Obviously, CO; binds to the metal ions and not to oxygen. This is
corroborated by absorbing '2 C'%0, onto a Cr;0; film made from isotopically labelled
80, . If a carbonate were formed we would expect an isotopic shift due to the
involvement of the lattice oxygen in carbonate formation. This is not observed and we
conclude that a carboxylate and not a carbonate is formed. This is somewhat surprising in
view of the fact that the formation of a carboxylate involves partial or full transfer of an
electron from a metal cation. However, we have found before that the chromium ions in
the surface accumulate charge closer to Cr** and not to Cr’* as in the bulk [26]. The low
oxydation state mainly comes about through chromium-oxygen hybridization. Therefore
it is not unlikely that the chromium ions in the low oxidation state partially transfer
electrons to support the formation of a chemisorbed carboxylate.

The reason why the chromium ions in the surface assume a lower oxidation state has,
very probably to do with the fact that the Cr,03(0001) surface is a depolarized polar
surface which undergoes massive surface relaxations. A full structure determination via a
LEED analysis of the surface has been performed [29].

An experimental hint towards the peculiar electronic structure of the surface is
revealed by electronic EELS spectra (not shown here) [30, 31]. A surface state is
observed in the optical band gap which is broad and has high intensity so that it is most
likely not due to a Cr d-d-transition but rather due to surface charge transfer state
connected with chromium—oxygen by oxidation.
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Figure 2. Infrared Spectra of CO; on Cr;O5(0001)

2.2. Molecular Desorption

Numerous experimental studies on quantum state resolved laser induced desorption
of small molecules from well-characterised surfaces have been reported within the last
few years [32] and a great amount of data has been obtained for these DIET (Desorption
Induced by Electronic Transitions) phenomena. In most of these studies, various metals
and semiconductors have been chosen as a substrate and usually small molecules like CO
and NO were desorbed after laser irradiation. The major part of our experimental studies
dealt with DIET phenomena on transition-metal oxide surfaces i.a. the system discussed
above. We have investigated velocity distributions for different vibrational (v*?) and
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rotational (J°) states of the desorbing NO molecules (Figure 3) [33]. Some of the
experimental result have already been summarised in a previous article within this series

[34].
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Figure 3. Experimental quantum state resolved velocity distributions of NO molecules
after laser induced desorption of NO from NiO(100).

In the tollowing paragraphs we want to focus on the theoretical description of
quantum state resolved laser induced desorption of small molecules It turns out that even
a qualitative understanding of the experimental results requires the development and
application of state of the art theoretical chemistry, efficient algorithms and modern
computer technology. Much progress has been achieved since the early days of DIET,
when the famous MGR [35] model and its extensions [36-45] have been developed.

Recently, we reported ab-initio calculations for the system NO/NiO(100), in which
a successful calculation of excited states involved in UV-laserinduced desorption has
been performed [10]. In the remainder of this section we will focus on the theoretical
description of these states, the characterisation of the corresponding potential surfaces and
the consequences for the dynamics of the nuclear motion. It will be shown that a
quantitative simulation of experimental final state distributions is possible on a first
principles basis. Furthermore, a qualitatively new mechanistic insight into the desorption
process can be obtained providing a physically intuitive picture on 2 microscopic level.

2.2.1.Methods of Calculation

In contrast to the calculation of the electronic ground state, density functional
theory cannot be easily applied for the description of excited states in a straightforward
manner. Therefore, ab initio cluster calculations using a NiOs* -cluster embedded in a
semi-infinte field of point charges +2 are performed in order to describe the NiO(100)
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surface (Figure 4). The point charges are chosen to be consistent with a Mulliken
population analysis of the nickel and oxygen jons, respectively. The NO molecule is
adsorbed at an on-top position above a Ni** cation. The 2A” electronic ground state is
characterised by an equilibrium geometry of 45° of the molecular axis with respect to the
surface normal in perfect agreement with experimental data {19].

Figure 4. The NiOs*"-cluster embedded in a semi-infinite potential of point charges +2
(only the topmost layer is shown).

The excited states relevant for the laser induced desorption of NO from NiO(100)
turn out to be charge transfer states, in which one electron is transferred from the cluster
to the adsorbed NO moleclue. This results in an NO7-like intermediate, which is
described as a highly excited electronic state of the cluster/adsorbate complex. These
excited states are obtained by performing configuration interaction (CI) calculations, in
which the reference configuration consists of the valence space of the O2p-, Ni3d and
NO2r-orbitals. The configuration space is generated from this reference determinant by
single and double excitations. Technical details on the construction of the CI space and on
the selection of a representative excited state are described elsewhere [10, 46].

By varying the distance R of the centre of mass of the molecule from the surface
and the tilt angle o (polar angle) of the molecular axis with respect to the surface normal,
a two dimensional PES for a representative NO™-like state is constructed. The PES is
illustrated in Figure 5. The analytical form is given elsewhere [10, 47, 48].

The potential corrugation with respect to the azimuth angle B turns out to be small.
Therefore, this coordinate is not considered in the construction of the PES. The internal
N-O distance is kept fixed at the value of 2.175 a.u., which corresponds to the equilibrium
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Figure 5 NiO(\OO)INO: Charge transfer potcntial energy
distance R of the molecule from the surface an the polar angle 0.

The ground state PES 18 construcwd by adjusting the topology of the potentia\ used
in [50] to ab initio results. It is charactzrised by an equi\ibr'\um geometry of R=5.5 a.u-
and 0=45° with 2 binding enersy of 0.52 V- Details on the construction of the PES can
be found in [47). The excited state PES is calculated aS described in the previous
paragraph. Once the relevant potemial energy surfaces have been obtained, the dynamics
of nuclear motion 18 calculated by solving the time dependent Schrodinger equation for

the nuclei- We performed three dimensional wave packet calculations, where the distance
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R of the molecule from the surface, the tilt angle o (polar angle) and the corrugation
angle P (azimuth angle) are included. In all calculations, the Chebychev polynomial
expansion of the time evolution operator is used [511.

The rotational vibrational ground state wave function of the electronic ground state
is taken as the initial wave packet for the propagation on the ab initio excited state PES
(Franck Condon transition), for which the wave packet is a non eigenstate. The desorption
scenario is simulated by transferring the wave packet after propagation for a residence
lifetime Tz on the excited state to the ground state PES (wave packet jumping). The
desorbing part of the wave packet is finally analysed in the asymptotic region of the
ground state PES, where state resolved velocity distributions are calculated. An
incoherent stochastic average scheme for different residence lifetimes tgr of N quantum
trajectories is applied introducing the (spectroscopic) resonance lifetime T as a parameter
[52]. All calculated observables exhibit a parametric dependence on the resonance

lifetime 7.

2.2.2. Desorption dynamics

The major goal of the present study is the understanding of the shape of the velocity
distributions on a microscopic level. Especially the question of the origin of the
bimodality of the distributions has to be addressed. Furthermore the coupling between
translation and rotation of the desorbing molecules has to be explained.

Figure 5 shows the charge transfer potential surface, where the Franck Conelon
point (the starting point of the wave packet after the transfer to the excited state) is
denoted by FC. The topology of the PES can be understood as a result of an interplay
between Coulomb attraction between NO™ and the hole created in the surface upon
electron transfer and the Pauli-Repulsion of the diffuse charge distribution of NO™ and the
O” anions within the surface [53]. By inspecting carefully the topology of the PES, the
experimental results can be explained in a physically appealing manner. Since the
minimum of the charge transfer state is located at a smaller molecule-surface distance R
than in the electronic ground state the molecule is accelerated towards the surface after
electron transfer from the surface to the NO molecule resulting in an Antoniewicz-like
desorption scenario [54]. Additionally, the Pauli-Repulsion results in a preference of a
linear adsorption geometry at relevant molecule-surface distances. This is illustrated in
Figure 6.

As indicated in Figure 5 two pathways exist for the time evolution of a wave packet
on the charge transfer PES. A part of the wave packet follows way 1 probing the valley of
the potential surface gaining a large amount of kinetic energy, whereas another part of the
wave packet follows pathway 2 and is deaccelerated quite early due to the repulsive
topology of the potential gaining a small amount of kinetic energy. This effect can indeed
be observed when a wave packet is propagated for a certain lifetime and the velocity
distribution is calculated for a particular quantum state as shown in Figure 7. In addition
to this, partial wave packets taking pathway 1 find themselves in a more repulsive region
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of the ground state potential after relaxation compared to partial wave packets taking way
2. Therefore, the bimodality in the final state velocity distributions can be traced back to a
bifurcation of the nuclear wave packet due to the PES involved.

Relaxation Franck
Condon

Transition

El/eVv

Figure 6. NiO(100)/NO: Desorption scenario of the Antoniewicz type with preference
for a linear adsorption geometry in the excited state.
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Figure 7. Velocity distribution for an angular momentum quantum number1=9 after a
residence lifetime of 52 fs on the excited state potential.

Up to now, we discussed the possible consequences of a wave packet propagation
only qualitatively. To obtain quantitative results, the stochastic wave packet jumping
procedure described above has to be applied and the only parameter T (resonance lifetime)
within this averaging scheme has to be chosen correctly. We assume the lifetime of the
negative ion resonance to be about 25 fs, since the desorption probability, i.e. the square
norm of the wave packet in the asymptotic ground state potential region, turns out to be
Paes = 3.3%, which is in reasonable agreement with experimental results for oxide systems
[10]. Using the same value for T, we obtain the state resolved lifetime-averaged velocity
distributions as shown in Figure 8. Compared to the experimental distributions in Figure 3
all relevant features can be simulated [10]. The distributions are clearly bimodal, are in
the correct velocity range and even the coupling between translation and rotation in the
fast desorption channel is reproduced.

As demonstrated above, wave packet studies on the basis of our ab initio potential
surfaces allow a quantitative simulation of the experimental final state distributions by
introducing the lifetime of the negative ion resonance as the only parameter. Furthermore
a microscopic insight into the desorption scenario has been gained on a first principles
basis.
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Figure 8. Velocity distributions for a resonance lifetime of 24.19 fs for different
rotational quantum numbers .

So far, the internal N-O coordinate has not been taken into account, because of the
reasons mentioned in the previous paragraphs. In this section we want to clarify, weather
our calculations, which predict an NO™ to be the intermediate species occurring in the
desorption process, are consistent with the vibrational excitation of the desorbing NO-
molecules.
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Experimentally, a high vibrational excitation is observed (relative vibrational
populations: Py/Py = 0.17, P/Po = 0.06), corresponding to a temperature of T.jx=2000 K
indicating a non-thermal excitation mechanism. The equilibrium bond length of the
adsorbed NO-molecule has to be significantly different from that of the intermediate.
However, it has been pointed out by Zimmermann [32], that simply assuming gas phase
values for the equilibrium distances for NO (r = 2.175 a.u.) and NO™ (r = 2.377 a.u.)
respectively [49], results in a vibrational excitation, which is much too high (Py/Po = 0.42,
P4/Py = 0.33) compared to the experimental values [9, 33]. It was concluded that only a
partial transfer of charge can take place and a transfer of a full electron seems unlikely.
This is in contrast to our ab initio studies, since the analysis of CI-wavefunction yields a
full charge transfer.

In order to solve this problem, we performed Hartree Fock calculations of NO and
NO™ above different point charge fields representing the NiO crystal. The electrostatic
fields are describing either a neutral surface (before charge transfer) or an ionised surface
(after charge transfer). The generation of these field is described in reference [53]. The
internal N-O distance was varied to find out, weather the equilibrium distance of NO or
NO™ above the point charge fields is different from the gas phase values.

In case of the neutral NO-molecule, we observed only minor changes in the bond

length due to the electrostatic field. On the other hand NO™ above the ionised surface
exhibits a strong polarisation of the 1n-molecular orbital towards the nitrogen atom. In
the gas phase, the 17-orbital has a lone pair character, since most of the electron density is
located at the oxygen atom. Due to the strong polarisation by the electrostatic field above
the surface. this orbital gets a bonding character and a charge squivalent of half an
electron is transferred from oxygen to nitrogen [55]. This field induced bonding character
of the 1m-orbital results in a bond length contraction of about 0.20 a.u. as indicated in
Figure 9.
Taking this field effect into account, we calculated the relative vibrational populations to
be Pi/Pg = 0.20 and PPy = 0.06 as described in reference [55]. In conclusion, a
quantitative agreement between experimental and theoretical results is obtained within the
model of a fully negatively charged intermediate for the NO/NiO(100) system, when
electrostatic field effects are taken into account.

Summarizing, in this chapter we focused on the progress in the theoretical
description of laser induced desorption. We showed for the first time that a consistent
simulation of all relevant experimental observables (shape and range of velocity
distributions, coupling of rotation and translation, desorption probability, vibrational
excitation of desorbing molecules) is possible on a first principles basis. A new
mechanistic insight has been gained in the desorption mechanism especially with respect
to the origin of bimodal velocity distributions and the question, weather NO™ can be a
possible intermediate during photoinduced desorption. It turns out that the ab initio
description of excited charge transfer states is crucial even for a qualitative understanding
of the desorption scenario, since the topology of the potential surfaces involved is most
important but rather complicated and cannot be obtained (semi-) empirically.
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Figure 9. Hartree Fock potential curves as a function of the internal NO-distance r. R
denotes the distance of NO™ from the field.

3. METALS ON OXIDE SURFACES

The growth of metals on oxide substrates has been the subject of many studies in
the past (e.g. see the review article of Campbell [4] and references cited therein). One of
the reasons for the interest in these systems results from the potential they have as model
systems for supported metal catalysts, since they facilitate a detailed investigation of the
interplay between the structure of such composite systems and their interaction with
adsorbates.

There are several examples showing that it is within reach to establish correlations
between particle size and electronic properties on the one hand and adsorption behavior or
catalytic activity on the other hand [56, 6].

Typical metal support systems are those in which the metal is a transition metal, and
the support is, for example, composed of SiO;, ALOs, or MgO. We can produce well-
ordered layers of MgO [16a, 57-65] and Al;O3 [66-74]. The preparation of ordered SiO,
layers still gives difficulties [75]. We have focused our attention until now on the support
system Al,Os, and thus in the following, initially the structure and properties of the
support [66, 71], as well as the possibilities of its chemical modification by
functionalization [76] will be considered, and thereafter the growth, morphology,
electronic and magnetic structure as well as adsorption, and reaction behavior of the metal
films deposited [76-87].

A well-ordered, thin Al,0; film can be generated on a (110) surface of a NiAl alloy
single-crystal by oxidation and tempering at 900 K [66, 71]. The stoichiometry of the film
corresponds within the limits of experimental error to that of Al,O; [66]. Photoelectron
spectroscopy and EEL spectroscopy were used to show that the film contained no metallic
Ni and no NiO [66]. The film is chemically unreactive, and CO adsorbs on it only at low
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temperatures (< 80 K) [68, 69], whereas CO binds to the NiAl substrate up to
significantly higher temperatures [88, 89]. Thermal desorption studies confirm that the
film formed covers the whole surface of the alloy.

The film is oxygen terminated and tetrahedrally and octahedrally surrounded Al

ions are present.

The film prepared in this way can now be directly covered with metal, but it can
also be chemically modified prior to the introduction of the metal [76]). Thus, it has been
possible to study the influence of functional groups on the Al,Oj surface on the growth
and reactivity of thin metal films. Of special significance in this context are hydroxyl
groups on the Al,0s surfaces {72, 76, 90-97].

4. MORPHOLOGY OF METAL DEPOSITS

Figure 10 shows several examples resulting from metal deposition on a thin alumina film.

Metal/Alz0a/NiAl{110) (300 K}
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Figure 10. STM images of Co, Rh and Ag deposited on ALOy/NiAl(110) at 300 K.




106

Remember that for the function of catalysts the morphology and structure of the
metal deposits is very important because it determines the activity and selectivity in the
chemical process. Different metals exhibit very different growth modes which depend to a
large extent on the strength of interaction between the metal and the oxide substrate. This
in turn is strongly influenced by the presence of defects, such as steps or domain
boundaries or point defects on the substrate. Silver as an example only weakly interacts
with alumina and is consequently very mobile at room temperature. It nucleates at steps
and forms relatively large but only few aggregates (bottom of Fig. 10). Platinum or cobalt
and nickel, on the other hand, while interact more strongly with the oxide substrate, are
less mobile and thus form small particles upon deposition at room temperature (top of
Fig. 10). Such investigations give direct indications how the substrate has to be
conditioned for a given metal in order to prepare a certain dispersion of metal particles.
The adsorption energy Eqq; is described by the classical Young approximation [96-98], for
which approximate values are known for the first two interaction energies, but the
oxide/metal term is usually not known.

Eads = onide/gas + Emelanas - Eoxide/metal (a)

Whether the metal particles are mobile at a given temperature depends on Eags. If
Ea.gs < 0, full coverage is attained, that means a layer growth of the Frank-van der Merwe
type. If Eqs > 0, three-dimensional islands are formed (Volmer-Weber growth mode)
[98]. If a layer-by-layer growth is replaced at a known layer thickness by a three-
dimensional growth, it is referred to as a Stranski-Krastanov mode. Naturally, the detailed
defect structure of the substrate and the introduced particles play an important role for
these processes, since the defects of the oxide layer are nucleation centers for the
deposited particles, as is apparent from Fig. 10 (middle panel).

However, it is not just a question of the existence of defects per se but also their
nature. Palladium, for example, has a growth behavior that is influenced by the existence
of domain interfaces, as well as by the steps in the substrate and point defects in the oxide
layer [83]. This is illustrated in Fig. 11a, in which Pd was deposited at 90 K.

The Pd particles partly decorate the domain interfaces, as can be seen in the figures. In
addition, there are particles on the terraces. If the same amount of Pd is separated off at
room temperature, the mobility is increased and clearly larger aggregates form. Some of
the aggregates in Fig. 11b adopt the shape of small crystals. That these crystals are limited
by planes with a (111) orientation is apparent from the electron scattering diagrams, such
as that shown in Fig. 11c [83]. The oxide reflections are two diffuse, but clearly definable,
hexagonal (111) superstructure reflections rotated 12° towards each other. The double
reflections stem from the growth of the particles on both the Al;O3; domains. Recently, we
have studied some aspects of the internal structure of the aggregates. Using transmission
electron microscopy, it has been found that the average lattice constant of the aggregates
decreases as a function of decreasing aggregate size. The magnitude of the effect depends
on the particular metal and varies between 3 - 8% with respect to the bulk lattice constant
[99-101]. Also, it has been possible to atomically resolve terraces of some aggregates but
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imaging the entire island including the atoms at the oxide metal interface is still difficult
[102].

Ohepsmaies
(ES al)

Figure 11. Pd growth on Al,04/NiAl(110) : a) STM image after Pd deposition at 90 K
(CCT, +1.6 V, 2.2 nA). b) STM image aftero Pd deposition at 300 K (CCT, +0.4 V, 0.5
nA). ¢) LEED pattern after deposition of 20 A Pd at 300 K (right hand side) and intensity
profile of an area close to (00)-spot (left hand side).

Rhodium which is an important component in car exhaust catalysts exhibits a
slightly stronger interaction with the substrate as compared with Pd. In the middle panel
on the left of Fig. 10 rhodium has been deposited at room temperature on the clean
alumina substrate. The mobility of rhodium at this temperature is such that the aggregates
nucleate at the defects without coalescence due to the particular epitaxial growth
conditions forming strings of deposited aggregates. In order to grow aggregates in a
random distribution across the surface one could expose the surface at lower temperature
as shown in Fig. 12 or hydroxylate the surface before exposure to the metal vapor [103].
If the latter is done, the impinging rhodium atoms chemically bind to the hydroxyl groups
according to the reaction scheme

{A** OH'} +Rh® — {AP** 0%} Rh* + Hq, ®)



108

and this stabilizes smaller aggregate sizes at random distribution even at room
temperature, as shown in Fig. 13. Once the aggregates have been formed and have
reached a given size, they are stable over a considerable region of temperatures.
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Figure 12. STM image of 1/20 monolayer of rhodium deposited at 90 K onto an alumina
model substrate. The light protrusions represent the deposited metal aggregates. The
structure cf the oxidic support is represented by the finer structure aud the broad linear
features are due to antiphase domain defect structure at the surface.

For example, the distribution of aggregates created by deposition at low temperatures (70
K), shown in Fig. 12, is morphologically stable up to 700 K. The rhodium aggregates
prepared on the hydroxylated surface (Fig. 13) are even more stable. We may use the
region of thermal stability of the aggregates to investigate chemical reactivities of such an
ensemble of aggregates without changing morphologies. This brings us in a position to
study a particular chemical reaction for a given particle size under very well defined
conditions and proceed a step towards bridging the above mentioned materials gap [6].
Furthermore, if we are able to control the size of the deposited aggregates, then we should
be in a position to explore the size dependence of chemical reactions in such systems. In
catalytic reactions particle size selectivity of reactions has been used to steer these
reactions to certain products. CO dissociation has to be considered one reaction channel
in connection with automotive exhaust control because it can lead to the deposition of
carbon on the catalyst which in turn may poison its activity. We have chosen to
investigate this very simple reaction, i.e. CO dissociation on rhodium aggregates. It is
known from the study of the interaction of CO with rhodium aggregates deposited on
alumina powders that CO shows a varying tendency to dissociate into carbon and oxygen
atoms apparently depending on the size of the deposited rhodium aggregates. By varying
particle sizes via the methods of nucleation and growth of metal particles on the alumina
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model substrate, we are now in a position to study the particle size dependence of this
simple reaction in detail. The result of such a study is shown in Fig. 14.

Figure 13. STM image of 1/2 monolayer of rhodium deposited at room temperature onto
a prehydroxylated alumina model substrate. In comparison with the rhodium deposit in
Fig. 10 (which represents the non-hydroxylated surface) the distribution is more uniform
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Figure 14. Plot of the C1s intensity resulting from the dissociation of CO (adsorbed at 90
K, heated to 600 K) as a function of the average number of atoms per particle.
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The main result is the maximum in the dissociation rate observed for aggregates
containing about 1000 atoms while for smaller as well as larger aggregates the
dissociation rate is lower. It is well known for flat metal single crystal surfaces that CO
does not dissociate upon adsorption but rather binds to the surface reversibly as a
molecule. The introduction of steps on the surface is known to induce dissociation
indicating that there are specific sites necessary for the dissociation reaction. A detailed
analysis of the structure and morphology of the deposited aggregates as a function of size
indicates that it is the creation and finally the diminution of steps that steers the reactivity.
Again, resorting to Fig. 14 and following the dissociation rate curve from the left it has
been shown that the smallest particles grow as two-dimensional layers and before the
aggregates contain 100 atoms, the second layer starts to grow. Eventually, three
dimensional particles grow but their height never exceeds their width. When the particles
contain less than about 1000 atoms, the particles coalesce and the island density decreases
considerably. This is when the dissociation rate decreases and the maximum has been
surpassed. Thus, it is quite easy to understand how the size-dependent reactivity comes
about in this case. It turns out that the size of particles near 5 nm where we find highest
dissociation rates indeed coincides with those sizes where high catalytic activities have
been observed in various, also much more complex chemical reactions. Obviously, for a
given metal/substrate combination certain particle sizes stabilize a maximum of active
sites and thus maximizes the reaction rate. This, however, is only one ingredient in
optimizing a catalytic reaction. Selectivity is another issue that has to be addressed in the
future.

5. ELECTRONIC STRUCTURE AND ADSORPTION

Photoelectron spectra can be taken of the systems morphologically characterized in
this way [84-87]. As well as with valence ionization also in the area of ionization of inner
shell electrons the dependency on the particle size can be established. We discuss for the
clean adsorbate free particles only the inner ionization. Figure 15 summarizes for Pd
deposits some 3d spectra, which were taken with synchrotron radiation.

The binding energy and the line width observed for the largest aggregates are
practically the same as that of the solid Pd(111) surface. One observes a clear shift to
higher binding energies with decreasing particle size and at the same time a clear line
broadening. Many effects could contribute to both of these observations [105-107].
Generally it can be said that charge transfer phenomena as well as so called initial state
effects and also such influences which come about in the ionized state of the system could
play a part. The discussion of line widths turns out to be especially difficult [105, 106,
108-111]. One can at the moment only suspect that the non equivalence of the different
metal atoms within the differently sized aggregates and the interaction of a part of the
metal atoms with the substrate combined with the final state effects are responsible for the
spread.

In contrast, the interpretation of binding energy shifts which are graphically
summarized on the right of Fig. 15a for Pd aggregates and in Fig. 15b for Rh aggregates
turns out to be in contrast somewhat clearer [107, 112]. Specific metal/support
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interactions [110], in the sense, that charge is transferred from the metal to the support
can be discussed using initial state effects.
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radius of the particle [107, 112]
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and the binding energy shifts to higher binding energies with smaller radii. There is a
number of experimental results [105-112] which are in accordance with equation (c)
along with the explanation of the binding energy shift described in Fig. 15b. The shifts are
put down fundamentally to final state effects. One would expect with a pronounced
influence of charge transfer processes in a non ionized system a strong influence on the
bonding energy of the substrate, which lies however in our case at 10% of the total effect.
Possible reasons why pronounced charge transfer effects were observed with Pd [113-
115] and Ni deposits on Al,O; layers which are on Al substrates, could be found for the
different interactions on the metal/oxide interface with dependency on the defect density
and stoichiometry of the film.

Binding energy shifts and line shapes change considerably if one adsorbs onto the
metal deposits carbon monoxide. CO adsorption offers itself for study, because one has at
one’s disposal extensive comparative material of CO adsorption on metal single crystals
[116-119]. Figure 15 compares the Pd 3d spectra with and without CO coverage for
desposits at 90 K and 300 K. If one looks at the available spectra after CO saturated
coverage at 90 K, the highest Pd coverage (corresponds to a mean island size of 70 A)
shows again clear parallels to the Pd(111) surface [120-122]. The Pd 3d signal of the
clean surface shows a bulk and a surface component which are shifted towards one
another by about 0.3 eV [116] and could not be resolved. CO adsorption leads to a shift of
the surface component from ca. 1.1 eV to a higher binding energy whereby both sections
(see shoulder in spectrum) could be well separated. The bulk portion amounts to 40% in
this case, decreases to 13% with 2 APd (average island SlZC of 22 A) and can no longer
be distinguished with 0.2 APd (average island size 7.5 A). The companson of the CO
induced binding energy shifts shows that this grows with decreasing island size to ca. 1.5
eV. Experiments on single crystals show that the observed binding energy shifts depend
on the number of coordinated CO molecules [120, 122]. Also a further analysis of the
data [76] leads us to suspect that for smaller aggregates the number of coordinated CO
molecules per surface Pd atom increases from one to two. The observed coordination
numbers for transition metal carbonyls were never achieved [76]. Nevertheless where one
is able to compare the metal ionization in carbonyl compounds with those from the
deposited particles [104], the observed ionization energies from the carbonyl compounds
with those of the smallest aggregate are in agreement. Figure 15b shows the comparison
for Rh ionization. The obtained binding energies for the smallest aggregates are in
agreement with the exact island sizes in the region of two to six nuclear metal carbonyls
[104]. The well known Rh(CO), species on an Al,O; surface shows with 310.2 eV an
even higher binding energy [104]. Owing to the limited comparability of the substrate
used, barriers are naturally set to such a comparison.

Further indications to the electronic structure of the systems can be derived from the
valence as well as the Cls ionization of the adsorbed CO and also from thermal
desorption spectroscopy (TDS) but will not be discussed here.



The unique electronic properties of the deposited aggregates will however be
discussed and are obvious from measurements where the aggregates are excited by
electrons and the emitted light is spectroscopically collected [123]. The results of such
cathode luminescence measurements are exemplified in Fig. 16 where a photograph of the
experimental observation is shown together with two spectra recorded for two different
average size distributions of deposited Pd aggregates.

The experimental set up is simple: The electrons are emitted from a cold field
emitter tip and are accelerated towards the sample. The emitted light is collected via a
spectrometer involving a 1-N; cooled CCD camera. The light spot is the light emitted
from the sample as observed by the naked eye. The spectra are complex and we refer to
the literature for details [123]. Briefly, they contain a section up to 2.6 eV luminescence
energy that involves excitations in the oxide/alloy substrate and another part between 2.6
and 5 eV which corresponds to emission from the deposited particles. The observed
emission maxima change in energy position and intensity as a function of average
aggregate size. This documents the quantum confinement of the electrons within the
deposited metal aggregate as expected from a simple electron-in-a-box-approach.
Detailed theoretical calculations have yet to be performed to allow for a final
interpretation. One aspect is interesting with respect to a use of the light emitting
properties of the aggregates, namely the expectation that these emissions could also be
stimulated optically. This would allow us to probe the dynamics of electronic processes
such as energy dissipation within the aggregate as a reaction is proceeding on the particle.
We feel that the use of ultrafast lasers will help in the not too distant future to tackle some
of these questions.

photograph of the experimental setup luminescence spectra

intensity Jarb. Units)

photon energy [eV]

Figure 16: The photograph shows the rectangular probe with a luminescent spot on its
lower part. The ceramic holder of the field-emitter tip as well as the emitter wire can be
seen. Two cathodoluminescence spectra are shown for clusters with an average size of 10
and 15 A, respectively. The high energy bands are characteristic for such small particles
while the bands at lower energy are also found for the pure substrate.
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6. ADSORBATE VIBRATIONS

Vibrational spectroscopy is considered to be one of the most powerful tools to
investigate the interaction of small metal aggregates with molecules adsorbed from the
gas phase. We only discuss here IR-studies for CO saturation on Pd aggregates [124].
Figure 17 contains corresponding data where on the left-hand side the Pd aggregates were
grown at a substrate temperature near 90 K and on the right-hand side at a substrate
temperature near 300 K.
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Figure 17. Series of IR-spectra taken after deposition of different amounts of Pd at 90 K
(left) and 300 K (right) and dosage of 20 L CO at 90 K. The average number of atoms per
particle is given next to the spectra.
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The aggregates deposited at 300 K are crystalline with (111) facets parallel to the
substrate. Such a situation can be described by aggregates of cubooctahedral symmetry
{56, 83].

We note from Fig. 18 that the amount of adsorbed CO as judged by the integrated
CO signal intensity is considerably larger for the low temperature Pd deposits than for the
room temperature deposits for a given amount of deposited metal. This is due to the larger
surface area exposed by the irregularly shaped aggregates deposited at low temperature.
As a general observation from Fig. 17 we realize that the positions of the bands for
deposits at both temperatures are comparable. Furthermore, the line widths observed in
Fig. 17 are, perhaps not unexpectedly, larger for the low temperature deposits due to the
inherent higher degree of microscopic heterogeneity of Pd positions in those aggregates.
It is possible to assign three regimes of frequencies for both sets of deposits based on the
spectra for saturation coverage shown in Fig. 17. Those regimes are: 1930-1970 cm’,
1970-2000 cm™* and 2090-2120 cm™’. On the basis of arguments presented below for the
coverage dependent studies we assign these bands to bridge bonded species on the
terraces of the aggregates (1930-1970 cm’"), to bridge bonded species on the edges of the
aggregates (1970-2000 cm’'), and to terminally bonded CO (2090-2120 cm) not
necessarily situated on the terraces, of course. The bands that we assign to CO bridge
bonded on the edges of the aggregates have previously been assigned to CO on Pd(100)
sites [125-130]. The intensity of the absorption band in this region together with the
results from earlier SPA-LEED and STM-studies (6, 83] lead us to a different
interpretation (see below).
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Figure 18. Spectra for 4.4 APd (average thickness) deposited at 300 and 90 K and a
dosage of 20 L CO at 90 K.
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Figure 19. Ratio of the integrated intensities of the absorption bands for bridge and on-
top bonded CO for the 90 K (top) and the 300 K (bottom) deposits as a function of
particle size.

For the low temperature deposits there is a clear trend if we compare the intensity in
the region of bridge bonded species with the intensity in the region of terminally bonded
species as a {unction of aggregate size (Fig. 19, top). It is found that the fraction of bridge
bonded species increases rapidly with the size of the aggregates until it reaches a
saturation value. This is consistent with an increase of sites with two Pd atoms at the
proper distance to be bridge bonded by CO molecules. If we compare this with the
situation for the room temperature deposits also plotted in Fig. 19 (bottom), we realize the
much slower increase starting from a higher level. Clearly, this is caused by the higher
degree of order for the room temperature deposit already at the -lowest metal coverage
where the particles expose small terraces with atomic arrangements allowing for a
considerable number of bridge bonds to be formed. Once the aggregates have assumed
their regular shape, the relative ratio of bridge bonds to terminal bonds is only expected to
change slowly [56, 83]. On the other hand, Pd(111) terraces bind CO molecules in a
terminal geometry only at very high CO coverages (@ > 0.7) [71]. On Pd(111) the
terminally bonded CO with-an adsorption band at about 2100 cm™ is always accompanied
by an intense band at about 1900 cm™ which is assigned to a species adsorbed on
threefold-hollow sites [129, 130]. (The shift of this band from about 1830 cm™' at very
low CO coverages is caused by dipole coupling [131].) At this high coverage the
population of bridge sites is extremely low on Pd(111) (seec above). The peak at about
1900 cm", characteristic for CO molecules bound in threefold-hollow sites at high
coverages, is not found in our spectra with corresponding large intensity but, if at all, as a
weak shoulder. On Pd(111) for coverages of about ® = 0.6-0.7 the amount of terminally
bonded CO is nearly zero and the CO is predominantly bridge bonded (see above) [122].
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Combining all arguments the spectra indicate on one hand that on the facets of the Pd
clusters the saturation coverage is smaller than saturation coverage (® = 0.75) on a
Pd(111) single crystal, and the CO molecules are preferentially bridge bonded on the
aggregates. On the other hand, the above reasoning also explains why the intensity in the
region of terminally bonded CO is considerably lower for the room temperature deposits,
which exhibit well-ordered facets, i.e. because the coverage is below @ = 0.75. In the
spectral region assigned to the bridge bonded species there is a marked redistribution of
intensity between the two sites, i.e. on the terraces and on the edges, favoring the edge
bonded species for larger aggregates. This increase in intensity is too large to be
understood on the basis of an increase in the number of sites [132] if we consider a
cubooctahedron. We suggest here that it is due to dynamic intensity transfer via dipole
coupling between the terrace bridge species with stretching frequencies at lower
frequency towards the edge bridging species at higher frequency. Such an intensity
transfer through dipole coupling would be consistent with what is known from single
crystal [133-135]. It is also consistent with the trend observed in Fig. 17 as the particle
size increases. The larger the terraces grow and the more well-ordered the adsorbed CO
islands are, the more pronounced the intensity transfer in the IR spectra becomes. After
all the intensity transfer is a collective phenomenon depending on the size of the active
domain [133-135]. It is therefore, very dangerous to try to infer from the analysis of IR
spectra information on the amount of adsorbate molecules present, or, for example, use IR
to titrate the abundance of differently oriented facets in dispersed catalysts.

7. MAGNETIC PROPERTIES

In addition to investigations on electronic properties it is interesting to develop tools
which allow us to study magnetic properties. Bases upon the experience we have
developed with using electronic spin resonance (ESR) on radicals adsorbed on single
crystal surfaces [136-138] we have started measurements of the ferromagnetic resonance
(FMR) [139, 140]. To this end we prepare either a bulk single crystal oxide surface or an
epitaxial thin oxide film under ultrahigh vacuum conditions and grow the metal
aggregates on it. Such a sample is brought into a microwave cavity and the FMR is
recorded. The sample, which is attached to a manipulator may be oriented with respect to
the external field, and therefore the orientation of the direction of the magnetization is
accessible.

Figure 20 shows such a measurement for Co particles on Al,03(0001), deposited at
room temperature. An uniaxial orientation is found with a single minimum at orientation
of the field parallel to the surface plane. This means that the magnetization is also
oriented in this way [140]. A very similar behaviour is found for iron as plotted in figure
20b. The smaller asymmetry is a property of the specific metal. While upon heating the
behaviour does not change for CO, it becomes more complex for iron (see Fig. 21) [141].
This is indicative for the survival of uniaxial magnetism in the hexagonal cobalt and its
breakdown for the body centered cubic iron. Fe(bcc) has three easy axes of magnetization
and the formation of more crystalline aggregates is likely to be the reason for the
observation.
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Figure 20. Angular dependence of the resonance field for various amounts of Co and Fe
deposited at room temperature on an Al;03(0001)-single crystal surface. 8 denotes the
angle between the crystal surface and the static magnetic field. The deposited amounts are
given in terms of the effective layer thickness.
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Figure 21. Comparison of the angular dependent FMR-spectra of Co and Fe on
Al,03(0001) after heating the deposits prepared at 300 K to 870 K. The spectra were
recorded at 300 K. 0 denotes the angle between the static magnetic field and the crystal
surface. The deposited amounts are given in terms of the effective layer thickness.
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Since atomic resolution is very hard to achieve on the small aggregate at present,
these experimental observations in the ferromagnetic resonance are very useful.

FMR can also be used to follow adsorption of the aggregates. We find that
chemisorption of CO quenches the surface magnetism of the small particles. Oxidation of
the small particles leads to the formation of an oxide skin on a ferromagnetic kernel.
Since the oxide signal occurs at very different fields only the FMR of the kernel has been
recorded. Such measurements may be used to follow the formation of oxide aggregates
deposited on oxide supports which would have interesting catalytic properties.

8. PHOTOCHEMISTRY ON METAL AGGREGATES

Small deposited aggregates lend themselves to photochemical studies, in which the
influences of the aggregate sizes on the photochemistry on the surface of the particles is
explored. In particular, the photodesorption cross sections of small molecules such as NO
and CO from Pd aggregates have been studied. In this case we heavily drew upon the
experience described above. Another interesting molecule to study is methane.

Methane will become an increasingly important raw material in the next decades
when more and more petrol resources will be exhausted [142]. The primary step of
methane conversion into larger hydrocarbons is the cleavage of the CH-bond. However,
one of the major difficuities in the use of methane is the rather elevated dissociation
energy for cleaving the CH-bond of 113 kcal/mol in the gas phase [49]. Very often this is
the rate limiting step for most technical relevant methane reactions for which high
temperatures (>1000 K) and high pressures are actually necessary. The conditions can be
marginally improved when using transition metals or transition metal oxids as catalysts.

For a photochemical cleavage of the CH bond in methane the conditions are not
much better than for the thermal cleavage as the first optical allowed transition into a
Rydberg state of methane leading to a bond breaking is situated in the VUV (i.e. implying
the use of Lyman a-line of hydrogen at 121.6 nm). Recently, however, it has been
discovered that photodissociation of methane is possible on Pt(111) and Pd(111) single
crystal surfaces with laser light of 193 nm (6.4 eV) [143, 144].

For a technical application it is interesting to use noble metals with a favourable
number of surface atoms with respect to bulk atoms to minimise the amount of metal
necessary. A rather high percentage of surface atoms can be found in clusters containing
less than 1000 atoms. Such clusters can be stabilised by fixation onto a support as has
been realised for example for car exhaust catalysts. However, when reducing the cluster
size, changes in the geometrical and electronic structure can occur changing the properties
of the clusters compared to single crystals. Furthermore the properties of the clusters can
be influenced by the interaction with the embedding medium (see above).

In order to systematically study the influence of cluster size and morphology on the
photochemistry of methane we worked with our model systems described in previous
chapters.

The data presented will focus on average cluster sizes between 450 - <1000 atoms
per island.
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Deuterated methane was photodissociated with a broad band excimer laser (Lambda
Physik EMG 200) run at 6.4 eV with normal incidence on the surface. This excitation
energy is below the band gap of the Al,O; so that the major excitation occurs within the
Pd-particles. The laser fluence was typically 2.5 mJ/cm’ per pulse in most of the
experiments with a pulse length of 15 ns and a repetition rate of 4 Hz.

As the surface area grows with increasing Pd-deposition a temperature programmed
desorption (TPD) spectrum of a saturation coverage of deuterated methane was recorded
as a measure of the total surface area available for methane adsorption prior to each
photochemistry experiment. For a bare alumina surface no methane desorption peak was
observed. The maximal temperature for the TPD spectra did not exceed 300 K, the
growth temperature of the Pd-aggregates to avoid changes of the aggregate morphology.
No fragmentation from simple deposition was observed. The maximum of the main
desorption peak of undissociated methane shifts continuously towards lower temperature
with decreasing cluster size. The TPD spectra of the smallest aggregates used in our
experiments were shifted by 10 K as compared to the largest aggregates indicating a
decrease of molecule surface interaction with decreasing cluster size. The peak area of the
feature of m/e=20 was further used as reference for the total changes in methane
concentration during the following photochemistry measurements including desorption
and dissociation.
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Figure 22: a) number of TPD spectra after exposure to 2.43-10'° photons/cm? of 6.4 eV
as a function of Pd coverage; left column: m/e=20 (undissociated deuterated methane)
right column: m/e=19 (recombinative desorption of deuterated methyl plus hydrogen)
b) surface area of the TPD spectra from the recombinative desorption of CDs+H
normalised to the initial coverage obtained from integrating the TPD spectra of the
m/e=20 feature before laser irradiation as a function of Pd-coverage

c) integrated TPD area of the undissociated CD4 normalised to the initial coverage as a
function of Pd-coverage



Starting with a defined coverage of deuterated methane the system was exposed to a
fixed number of photons impinging on the surface. The photochemistry presented here
will be restricted to saturation coverages of methane. Fig.22a shows a number of TPD
spectra after exposure to 1.5-10° photons/cm2 as a function of Pd coverage. The left
column corresponds to m/e=20 and is due to undissociated deuterated methane. The
maximum of the TPD spectra turned out to be very sensitive to the coverage, the average
cluster size and coadsorbates like atomic hydrogen from photodissociation which explains
the different shifts of the main feature in those TPD spectra. The right column
corresponds to recombinative desorption of CDs+H (m/e=19). The hydrogen on the
surface results from residual gas within the chamber and is due to the high sorbtivity of
palladium with respect to hydrogen adsorption. As it turned out the background free TPD
spectra of CD;H were valuable for the photodissociation analysis particularly in case only
small photodissociation rates were observed as the CD4 TPD spectra were obscured by a
small background from methane desorption from surfaces other than the crystal area. No
other reaction products have been observed except for the mentioned recombinative
desorption of CDs+H/D.

Fig. 22b shows a plot of the normalised peak area of the TPD spectrum from the
recombinative desorption of CDs+H after exposure to 1.5 10" photons/cm? as a function
of Pd-coverage. Normalisation is done by dividing the original peak area of the
recombinative desorption by the peak area of the TPD spectrum from the initial coverage
prior to photodissociation obtained from integrating the TPD spectrum of the m/e=20
feature. The graph clearly shows that photodissociation is only observed when the cluster
size exceeds a certain threshold (average diameter per cluster: approx1mate1y 2.7 A) For
larger aggregates the photodissociation cross section increases with increasing cluster
size. The probability for photodesorption behaves inversely, i.e. increases with
decreasing cluster size. This is evident from Fig. 22¢ showing the integrated TPD area of
the undissociated CD4 normalised to the initial coverage as a function of Pd-coverage.

In single crystal experiments self quenching of photodissociation has been
observed, i.e. after reaching a certain product concentration on the surface no further
photodissociation could be observed [143, 144]. For example, when starting with a
saturation coverage ca. 20% of the initial coverage remained unreacted on Pd(111) [144].
Similar observations have been obtained for the photodissociation of methane on Pt(111).
For this system infrared experiments indicated that this is due to a reduced interaction of
methane with the surface [145]. This self quenching is also observed for photochemistry
on the clusters. However, it occurs at much lower concentrations. For the largest
aggregates in our experiments for which the overall photoreaction cross section
approaches the value of the single crystal surface ca. 85% of the initial coverage remained
unreacted. This indicates that the overall electronic structure of the finite sized aggregates
is easily perturbed by coadsorbates like CD3; Though the main quenching effect could be
attributed to adsorption of in single crystal experiments while atomic hydrogen did not
show a measurable influence this still needs checking for the aggregates.

Single crystal experiments have shown that the initial excitation step is likely to
occur within the adsorbate. Two models are actually discussed in the literature to explain
the laser induced dissociation of methane on Pt(111) and Pd(111) [146-148].
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The first model, a more chemical oriented model [146], is supported by ab initio
cluster calculations for Pt (clusters from 1-10 atoms) [147]. It discusses a mixing of the
unoccupied antibonding Rydberg state of methane (gas phase value: 8.5 eV) with
unoccupied metal states to account for a broadening and a shift of the first electronically
excited state so that the photodissociation at 6.4 eV becomes possible. The excitation
energy of this state leading to dissociation to CH; + H is strongly depending on the cluster
size as the electron redistribution over the surrounding metal plays an important role to
stabilise this charge transfer state [147). Within this model a decrease of the cluster size
causes a reduction of the delocalisation resulting in a shift of the excitation energy
towards higher energies.

The second model argues that a reduction of the ionisation potential of methane due
to the interaction with the metal accounts for the possibility to dissociate methane at 6.4
eV [148]. Starting from the vacuum level of Pd the Fermi level of the metal is situated 5.6
eV below the vacuum level according to workfunction measurements [149]. With
reference to the vacuum level the HOMO (highest occupied molecular orbital) state of
methane is 12.6 eV below the vacuum level considering the pure gas pase value [149]. A
further attractive force due to the image charge resulting from the ionic excited state
further stabilises this level by a shift towards the vacuum level [148]. Slab LDA
calculations on CH4/Pd(111) revealed that the equilibrium height between the Pd plane to
the C nucleus of 3 A above the surface [148] allows to use the image charge model of
Jennison et al. [150] from which an estimate of 1.9 eV can be made for the attractive
force. Assuming a low electron tunneling barrier between adsorbate and substrate one
obtains an approximate minimum excitation energy of 5.1 eV to produce the dissociative
state of cationic methane. Indeed r.o photodissociation could be observed on single
crystals at excitation energies of 5.0 eV [143, 144]. The image potential will be strongly
depending on the electronic structure and thus on the cluster size which explains a
decrease in photodissociation probability. Furthermore, as the image-potential changes
scale with 1/7 (r being the equilibrium height of CH4 above Pd), the dissociation
efficiency might be strongly influenced by the cluster size which governs the actual
interaction between methane and the substrate. This is supported by the observation that
the peak maximum of TPD spectra of the undissociated methane shift towards lower
temperatures with decreasing cluster size indicative for a diminishing interaction between
the molecules and the surface thus increasing molecule-surface distance.

From chemical intuition one expects an increased lifetime of the excited state
concomitant with the quantisation of the electronic states when reducing the cluster size
which would increase the photodissociation probability. However, this effect appears to
be less important than the influence of charge delocalisation within the cluster on the
photodissociation threshold.

To summarise: Photodissociation and photodesorption of methane on Pd-aggregates
of various sizes on a thin epitaxial Al;O3; support show very pronounced size effects. The
observations can be understood assuming a strong reduction of charge delocalisation
relevant for the photodissociation process when reducing the cluster size. These results
are very promising with respect to giving a better insight into photoreactions on nanosized
aggregates under such very defined conditions.
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