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Abstract
Recent developments in the field of photochemistry at nanoparticulate surfaces
will be reviewed. Data on laser induced diffusion, desorption and dissociation
of molecules adsorbed at supported palladium nanoparticles in the size regime
of a few tens to up to a few 10 000 atoms per island will be summarized.
Nanosecond as well as femtosecond experiments including quantum state
selective monitoring of the energy partitioning within the desorbing molecules
will be presented. Interesting effects such as adsorbate induced roughening of
the particles after coherent laser excitation will be reported. All phenomena
exhibit a strong size dependence for the photochemistry below an average
particle size of 80 Å and with remarkable changes within the population of
different reaction paths below 45 Å aggregates. Defects as well as edges and
kinks turn out to be important for pinning the electronically excited states.

1. Introduction

The goal of the more fundamental investigations on surface photochemistry which is the subject
of this review is to get a general insight into elementary processes of bond breaking and bond
making. The use of laser light enables one to study energy redistribution processes preceding
bond breaking within an adsorbate in a defined way with respect to energy and time [1–7]. The
concepts developed from these studies are not only important in view of the direct applications
mentioned above but also contribute to our general understanding of chemical events. A deeper
understanding of the relevant processes should finally enable the manipulation of chemical
reactions. Classical ways to control chemical reactions include a change of temperature,
pressure or the choice of a suitable catalyst to lower certain activation barriers. Laser control
differs from the classical approach in the sense that active control during the course of a reaction
is realized through guiding the reactants by controlling the phase of their motion [8].

In principle a direct vibrational excitation with laser light could induce bond
breaking [9–12]. Here multiphoton excitation of a chosen vibration competes with vibrational
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energy redistribution processes ending in phonon heating of the substrate. This effect is referred
to as ‘resonant heating’ within the literature. It very often leads to thermal-like reactions in
cases when the laser excitation pulse is much longer than the energy partitioning process.

Excitation of core electronic states normally results in different types of reaction path and
is the subject of photoinduced experiments using synchrotron radiation or electron stimulated
processes. For further details the reader is referred to other papers published within this special
issue of this journal.

The kind of reactions this paper will deal with are induced by electronic excitation of
valence adsorbate states. A direct excitation of an adsorbate valence electronic state has been
found to be dominant for a selected number of adsorbate systems with rather large absorption
cross sections. Mainly carbonyls and organometallics have been shown to photolyse efficiently
after direct excitation [13]. Modifications of the absorption spectra from the interaction with
the substrate is very often utilized in laser induced chemical vapour deposition for fabricating
microelectronic devices [13].

However, there are numerous examples for which a charge carrier transfer from the
substrate to the adsorbate is the relevant excitation step [1–7]. This electronic excitation is
followed by transfer of energy into nuclear motion. The process will only be efficient if the
system stays long enough within the adsorbate excited state for sufficient energy transfer into
nuclear motion to occur [14–16]. As electronic deexcitation is rather fast on metals, desorption
cross sections of UV nanosecond excitation processes are rather small (maximally 10−18 cm2

for some favourable situations like NO/Pt(001) and Pt(111) at 6.4 eV, generally 1–3 orders of
magnitude smaller) [17]. The situation is much better on semiconductor and insulator surfaces,
for example oxide surfaces [3]. Lifetimes of excited states are at least 10 times longer, leading
to much larger desorption efficiencies (by at least two orders of magnitude).

As the dominating process of a photochemically induced surface reaction is an interaction
of charge carriers with the adsorbate, the first step for an optical control of a photochemical
reaction has to go via understanding the coherent electron dynamics within the substrate.

The time-varying field of an ultrashort laser pulse creates a microscopic polarization at the
surface which may decay either by reemission of the field, i.e. reflection, or by absorption of
a photon. The free-carrier creation is a second-order process involving the absorption of the
light quantum and scattering by phonons to conserve momentum. Strong Coulomb interactions
between the charge carriers as well as defects and impurities may also contribute to an efficient
scattering. Thus the initially coherent excitation rapidly decays, creating an incoherent, non-
equilibrium distribution of charge carriers [18–20].

The phase relation between the excitation and the external field is characterized by the
phenomenological optical dephasing time τ0. In noble metals the dephasing time of bulk
excitations is of the order of two to three optical cycles of the exciting light (at 400 nm (3.1 eV)
the optical cycle is 1.33 fs) which represents some of the worst cases. Thus the experimental
realization of a coherent control experiment is not fundamentally limited, however extremely
demanding. The situation is more favourable with respect to surface states. Surface states
result from the rupture of translational symmetry of an extended periodical bulk structure at
the surface. Electrons have an increased residence probability within these states. If electrons
occupy an initially unoccupied surface state, relaxation occurs primarily via scattering with
bulk charge carriers. The scattering probability depends on the energy difference between
surface and bulk states and thus the penetration depth of the surface state into the bulk. The
excitation lifetime therefore is directly related to the lifetime of the bulk states. In noble metals,
dephasing times of 20 times the optical cycle can be found, which is easier to handle in view of
coherent control experiments than the bulk states. Furthermore, surface states can be modified
by changes of the surface potential through adsorbates [22].
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As nanoparticles in the small size regime are dominated by surface properties, it has to be
expected that laser chemistry at nanoparticles differs much from the surface chemistry of bulk
materials. Surprisingly there is little detailed knowledge on the mechanisms of how photons
modify molecules adsorbed at nanostructured surfaces.

A first theoretical prediction has been given by Zhdanov and Kasemo on the enhancement
of cross sections of substrate-mediated photoinduced chemical reactions on ultrathin metal
films by easily a factor of 10 [23]. They suggested to use multilayer sandwich systems. In a
first layer the photon-to-electron conversion can be optimized while a second layer minimizes
the inelastic damping of hot electrons (i.e. maximum mean free path) and a third layer performs
the hot electron induced photoreaction. The rather basic model calculations presented are
performed on a simpler system consisting of an ultrathin (10–30 Å) metal film deposited
on a semiconductor. The main idea is to use a metal film to activate the molecules which
is thick enough to have properties of the semi-infinite metal but thin enough to permit easy
passage of the externally generated hot electrons through it. The role of the semiconductor is
to allow excitation of photoelectrons which will diffuse in the semiconductor over considerable
distances with slow dissipation of energy and interact from time to time with the metal film. As
energy dissipation will mainly occur in the metal film, the electrons will eventually be trapped
in the film, generating secondary electrons. The enhancement factor roughly depends on the
film thickness of the metal film and the mean free path with respect to the excitation of electron–
hole pairs in the metal. Triggered by the experimental work presented in this review Zhdanov
and Kasemo recently extended their theoretical work towards supported nanometre-sized metal
particles [24]. They pointed out that the confinement of the electrons within the nanometre-
sized particles increases the contribution of secondary hot electrons to the photochemical
conversion and therefore is beneficial for an efficient photochemistry both under steady state
conditions (linear regime) as well as under sub-picosecond laser pulses (nonlinear regime).

A comparable approach has been given in two earlier papers by Gadzuk, who developed
a theory on resonance-assisted hot electron femtochemistry at surfaces in a solid state tunnel
junction composed of metal–insulator–metal substrates [25, 26]. The difference from Zhdanov
and Kasemo is that the hot electrons are supplied via field induced injection.

The early theoretical work motivated the author to perform experiments on nanostructured
surfaces reviewed within this article. When one decides to enter the universe of nanoparticles,
one has to be aware of the fact that such systems are far more complex than low index single
crystal surfaces [27–30]. Changing to nanoparticles is not simply a change of the surface
to volume ratio. Quantization effects occur for metal particles consisting of a few atoms.
The electronic structure of aggregates even as large as a few hundred atoms may be simply
influenced by the amount of adsorbates. For example, CO can modify the electronic structure
of palladium particles of about 100 atoms from metal to more molecular-like behaviour when
increasing the coverage [31]. Even rather large nanoparticles from coinage or alkali metals
exhibit collective resonances of the electrons, known as plasmon resonances, which vary with
particle diameter [32]. The amount of edges, kinks and defects may influence the electronic
structure of the metal particles in a substantial way. Surfaces with different termination and
thus different reactivity are present within diffusion lengths on small particles. Furthermore,
the lattice structure of supported particles may be different from the bulk material because
of the interaction with the support. If the particles nucleate at defects of the support, partial
charge transfer from the defects to the metal particle may occur, depending on the nature of
the defect. The perimeter between the nanoparticle and the support is a new interface with
important properties. Two chemically rather different systems such as the metal particle and
(very often) the oxidic support are within a close neighbourhood so that spill over may lead
to a chemistry strongly depending on the composition of the hybrid system. Under ambient
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conditions the particles may change their shapes because of changes in the wettability of the
support triggered by the large amount of adsorbates in a much more pronounced way than
single crystal surfaces. All these problems and even more have made supported nanoparticles
some of the most fascinating systems of ongoing research, not only because of their immense
technological importance such as in heterogeneous catalysis with which more than 80% of the
basic chemicals are produced [33]. Being aware of this complexity the author has chosen to
work on one type of nanoparticle/support system and vary the adsorbate systems in order to
learn details about branching ratios between reaction pathways as a function of particle size
after UV laser excitation. The paper therefore focuses on palladium particles with between
a few and up to more than 10 000 atoms per particle with varying roughness interacting with
an oxygen terminated alumina epitaxially grown on NiAl(110) [34–38]. When starting this
work this was one of the best characterized systems at that time. Results on CO diffusion,
NO desorption and methane photodissociation will be reviewed, including femtosecond
experiments.

Principally there are two different approaches for the nanostructuring of surfaces. The
technologically most important method is a top-down method, lithography (using photons or
electrons), a method of immense technological importance in microtechnology. The principal
lower limit is about 10–15 nm because of interference effects [13]. Related to lithography
are methods by photochemically dissociating volatile precursor molecules either directly above
the surface within the gas phase or as adsorbates in order to shape surfaces [13]. Diffusion is
rather often a limiting factor within the fabrication of well defined nanostructures. Besides
this approach there are numerous possibilities for the so-called ‘bottom up’ production of
nanomaterials. The technologically most relevant fabrication methods are based on sol–gel
methods for real catalyst productions [39]. For more fundamental investigations a number of
methods based on self-assembly techniques are suitable for small-scale structuring of periodic
features of sizes between 1 and 50 nm [40, 41]. Monomicellar films using block copolymer
micelles or colloids are produced using Langmuir–Blodgett or related techniques. In order
to produce aperiodic patterns micro-contact printing is suitable to produce patterns of down
to 50 nm. The resolution is limited because of the contact stability of the stamps [42].
Other approaches use dip-pen nanolithography, i.e. the application of a molecular ink using
the tip of an atomic force microscope [43], block copolymer lithography [44–47], colloidal
lithography [48] and self-assembled monolayer lithography [49, 50]. Combined lithographic
as well as self-assembly approaches have been successful even for producing vertical colloid
device architectures [51]. First examples have been published in which bare metal particles can
be obtained from such structures using plasma treatment of the monomicellar films [47, 52, 53].
Otherwise bare nanostructured surfaces in well defined arrays have been obtained applying
scanning tunnelling microscopy either under UHV (to fabricate rather small sized nanoparticles
consisting of a well defined number of a few atoms) [54] or as part of an electrochemical set
up in solutions [55]. Soft landing of size selected clusters is a further way of nanofabrication;
however, it is experimentally rather demanding [56–58].

A rather simple method is physical vapour deposition with which one is able to prepare
particle sizes of between a few atoms up to a couple of 10 000 atoms per particle with rather
low dispersion of the particle size [27–30, 59]. Metal atoms are deposited onto the surface.
Depending on the interaction between the metal and the support, growth of nanoparticles occurs
in a homogeneous or heterogeneous growth mode. In some spectacular cases terrace nucleation
or regular protrusions within low index surfaces can act as nucleation centres in order to obtain
astounding regular nanowires or nanodots. The beauty of the method is not only the simplicity
with respect to its technique, but also the large range of rather monodisperse particles available
under ultra-high vacuum conditions. Furthermore, the surface temperature may allow one to
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influence the particle structure and island density. As this is actually the easiest method so far
in order to obtain well defined surfaces this is the method of our choice.

2. Experimental set-up

Mainly two different ultra-high vacuum (UHV) systems (p < 3 × 10−10 mbar) have been
used within the experiments outlined in this paper. Details of the equipment have been given
elsewhere [34–38, 60].

One system was equipped with a low energy electron diffraction (LEED/Auger) optics,
quadrupole mass spectrometer (QMS) for residual gas analysis and temperature programmed
desorption (TPD), FT-IRRAS (Fourier transform infrared reflection absorption spectroscopy)
and an ion sputtering gun. The FT-IRRAS spectra were recorded at 84◦ with respect to
the surface normal with an optical resolution of 2 cm−1. An aperture of 3.5 mm was used
throughout the experiments. Background spectra and CO spectra were taken without moving
the probe during the experiments. Each spectrum was scanned within three minutes and was
smoothed (9-point). Background corrections were done in cases of noticeable background
shifts using a polynomial fit to the slope of the broad background.

A second system was equipped with XPS, LEED (Spectaleed from Omicron) and a
multichannel array for REMPI (resonance enhanced multiphoton ionization). XP spectra were
recorded using non-monochromatic Mg Kα radiation and a hemispherical electron analyser
(HA100 from VSW Scientific Instruments). For certain experiments particle sizes were
checked with SPA-LEED.

An epitaxial film of alumina of 5 Å thickness was obtained prior to each experiment by
oxidizing a clean NiAl(110) single crystal at an oxygen pressure of 1 × 10−6 mbar at 550 K.
Annealing at 1130 K for 5 min leads to an oxygen terminated film [61]. The quality of the
alumina film was controlled with low energy electron diffraction (LEED). A final quality test
of the oxide film is the lack of CO adsorption at 120 K, which can be checked by FT-IRRAS
and TPD. Pd (99.95%, Alfa) was deposited by an electron beam evaporator (tectra) onto the
alumina film.

Carbon monoxide (12CO, Messer, >99.9995%) was dosed via background dosing at
pressures of about 10−9–10−7 mbar. Exposures are given in Langmuir units (1 L = 1.33 ×
10−6 mbar s). According to TPD data a saturation coverage of CO was obtained when dosing
approximately 30 L (1 L = 1.33 × 10−6 mbar s). The preparation of the isotopic mixtures of
12CO/13CO (13CO: 99% 13C and <10% 18O, Isotec) was carried out in the gas system of the
UHV chamber. Partial pressures of the individual gases were determined with a Pirani pressure
gauge and the adsorbed ratio of 12CO/13CO was checked by TDS detecting masses m/z = 28
and 29.

Nanosecond laser experiments on CO diffusion were carried out using a frequency tripled
Nd:YAG laser (Spectra Physics, Quanta-Ray GCR 130) at 355 nm with a repetition rate
of 10 Hz and with maximally up to 10 mJ cm−2 per pulse (pulse length: 8 ns). Laser
experiments on NO desorption and methane dissociation were performed using 15 ns pulses
of an excimer laser impinging normal to the surface at three different wavelengths (3.5, 5.0,
6.4 eV). Femtosecond experiments were performed with laser pulses of a diode laser pumped
Ti:sapphire laser which was amplified within a regenerative amplifier yielding pulse lengths of
70 fs at λ = 400 nm with 120 mW cm−2 and a repetition rate of 700 Hz. The excitation energy
is well below the band gap of alumina.

A tunable detection laser (excimer pumped dye laser) for recording NO spectra was fired
at a time delay with respect to desorption which defined the flight time of the molecules after
desorption into the detection area. Time of flight spectra for single rovibronic states were
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obtained by varying the time between desorption and detection and averaging over 300 pulses
per delay. The spectra were then transformed into velocity flux distributions taking the distance
of the surface to the detection volume into account. Tuning the wavelength of the detection
laser run at a fixed time delay resulted in desorption spectra giving the final state distributions
for a defined desorption velocity of the molecules. As a detection scheme, REMPI was used to
ionize the molecules. For NO a REMPI (1, 1) scheme via the A2� state was chosen [62]. The
ions were detected with a unit consisting of a repeller, a short flight tube, multichannel plates
and a phosphor screen.

To keep a steady state coverage during the experiments the molecules were dosed to the
surface via a background pressure of 5 × 10−8–2 × 10−7 Torr. Liquid nitrogen cooling kept the
temperature of the surface at 100 K.

3. Results

3.1. Sample preparation

Within the work presented 0.04–1.2 nm Pd (nominal thickness obtained by a calibration with a
quartz microbalance, tectra) was deposited at 120 or 300 K onto an epitaxial alumina support
(grown on NiAl(110)) with an electron beam evaporator. Pd aggregates nucleate at defect sites
of the alumina as described by Bäumer et al [63]. Deposition of palladium at 100 K leads
to highly dispersed aggregates with amorphous structure. Cubooctahedral ordered structures
with mainly (111) terraces and a minority of (100) terraces are obtained when growing the
aggregates at 300 K [64].

According to the work of Bäumer, Libuda and Freund the deposited amount of palladium
will lead for example to average aggregate sizes of 100 atoms per island with rough surfaces
(0.2 nm deposited at liquid nitrogen temperature, island density of 1.4×1013 cm−2), 2000 atoms
per islands with rough surfaces (1.0 nm deposited at liquid nitrogen temperature, island density
of 0.4 × 1013 cm−2), 2000 atoms per island with dominating (111) ordered terraces (0.2 nm
deposited at 300 K, island density of 0.1 × 1012 cm−2) and 6000 atoms per island with
ordered, dominating (111) terraces (0.6 nm deposited at room temperature, island density of
1.0 × 1012 cm−2). As the island density depends on the defect density the process is rather
reproducible, as checked with SPA-LEED and STM in different UHV chambers with various
NiAl samples. Under the same oxidation conditions of the NiAl the same amount of defects can
be found. A certain overall roughening has to be noted of the NiAl crystal during femtosecond
laser experiments which is also apparent from LEED. It is to be expected that the concomitant
density of defects in the alumina film is increased with respect to an untreated crystal. Therefore
the actual aggregate sizes might be smaller and the density higher than the data given. This
trend is also apparent from the IR spectra of the CO stretching vibration which are rather
sensitive to the aggregate sizes and the ordering of the aggregates. The numbers given for the
average aggregate sizes therefore have to be seen as upper limits. The key statements of this
paper, however, are unaffected.

3.2. Laser induced diffusion

3.2.1. CO/Pd-nanoparticles/alumina/NiAl(110). CO adsorption at Pd particles grown on
epitaxial alumina/NiAl(110) is rather complex in comparison to flat single crystal surfaces.
Sandell et al found that the electronic properties of the whole CO–Pd complex is strongly
dependent on the island size and CO coverage using combined x-ray photoelectron spectra, x-
ray absorption spectra and core–hole decay techniques [31]. Even for islands containing 100 Pd
atoms, the screening ability of the aggregate is reduced for large amounts of CO adsorbed and
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can even exhibit small effects of molecular carbonyl-like systems. This will be due to the
formation of discrete molecular orbitals rather than a continuous band because of the 2π∗–d
interaction, if the CO/Pd ratio is of the same order as for carbonyls. On the other hand, for
low coverages of CO (i.e. half of a saturation coverage) relaxation of core ionization is nearly
as efficient as for metallic systems. Even bare metal particles as small as 10 atoms can exhibit
metallic-like screening behaviour.

Furthermore, CO adsorption at Pd particles is influenced by the large amount of edge and
kink sites as well as by the coexistence of particle facets in different terminations [65, 66]. A
stepped Pd(112) surface has close similarities to the cubooctahedral Pd aggregates. It consists
of three-atom-wide terraces of (111) orientation, separated by monatomic steps of (001)
symmetry. ESDIAD (electron stimulated desorption ion angular distribution) measurements
on this surface by Ramsier et al [67] and our own measurements [68] with FT-IRRAS revealed
that preferential adsorption takes place first at the step sites with no evidence for CO tilt
directions parallel to Pd step edges. At higher coverages terrace and step CO coexist. The data
indicate that CO dissociation occurs at low coverages at 120 K at the step sites [68]. This is the
first report on CO dissociation at a palladium surface. At room temperature, CO recombines
because of a higher mobility of the fragments. At the nanoparticles there is no indication for
CO dissociation in substantial amounts before or during laser irradiation.

The local electron density distribution and the local electric field strengths at the surface
are expected to be highly anisotropic at such stepped surfaces. The overall charge transfer
within CO bonding creates an electric dipole at the step which explains a higher degree of
short-range CO–CO interactions at stepped surfaces compared to a flat surface as is evident
from TPD [67, 68].

Wolter et al investigated the CO adsorption at nanosized Pd particles in FT-IRRAS
studies [65, 66]. They assigned the observed vibrations to occupied bridge sites on terraces and
edge sites and occupied on-top sites for a saturation coverage, which is less dense than at the
Pd(111) surface. Considering recent findings the author follows the assignment accommodating
the preference of three-fold site occupation at (111) terraces and the development of higher
adsorbate densities in domain walls also existing at small Pd particles. Tüshaus et al pointed
out that on Pd(111) single crystals this implies the formation of regular streaks of domain and
antiphase domains, also called ‘solitons’ within the literature [69]. With the help of the domain
wall model it is easier to appreciate that the structures represent a compromise between the
lateral repulsion, which favours hexagonal close-packing, and the surface–molecule interaction,
which favours site-specific adsorption [69, 70]. Actually these domain walls became visible in
STM studies in the groups of Sautet et al (CO/Pd(111), T = 120 K [71, 72]) and Besenbacher
(CO/Pt(111), T = 300 K [73]). Whereas CO occupies three-fold fcc and hcp sites for low
coverages up to � = 0.33, the interpretations of the adsorbate geometry for � = 0.4 to 0.6
vary between phase transitions from three-fold to bridge site adsorption or an overall favoured
adsorption structure in three-fold geometry. However, the STM experiments of Salmeron
et al revealed that islands in three-fold geometry as well as islands in bridge site geometry
are existing parallel for intermediate CO coverages [71, 72]. Additionally, transitions from
three-fold to distorted bridge site adsorption within one domain with simultaneous changes of
domain wall geometries were detectable. At saturation coverage the CO molecules occupy
three-fold fcc and hcp sites in hexagonal geometry with an on-top CO molecule in the centre
of this arrangement.

Different adsorption sites can also be monitored using IR spectroscopy of the
intermolecular vibration of CO. CO bonding results from CO-5σ to metal donation, metal-
d-band to CO-2π∗ backdonation and metal substrate polarization [74, 75]. The adsorbate
levels mix with the states of EF of the substrate due to hybridization with the metal d-band.
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Figure 1. Two sets of IRA spectra of (a) 12CO and (b) an isotopic mixture containing 12CO/13CO
92:8 at amorphous Pd particles of 800 atoms average size. Saturation coverage (bottom), after
annealing the saturation coverage to 300 K for 10 s and subsequent cooling to 120 K (middle) and
after a diffusion time of (a) 120 and (b) 135 min (top) [77].

As a result the intermolecular stretching vibration in the CO molecule varies with the amount
of backdonation depending on the adsorption geometry. But simple attribution of vibrational
frequencies to distinct adsorption sites is complicated by coverage dependent surface–molecule
and molecule–molecule interactions. Competitive backdonation from the metallic surface to
the 2π∗ molecular orbitals of neighbouring CO molecules and dynamic vibrational coupling
between adsorbate molecules can lead to strong frequency shifts for a considered adsorption
site from � → 0 to saturation coverage. In the case of CO/Pd(111) an IR absorption band at
about 1850 cm−1 at low coverage can be detected which shifts to higher values with increasing
coverage [76]. For intermediate coverages between � = 0.5 and 0.6, IR absorptions between
1920 and 1979 cm−1 are visible. At saturation coverage the IR spectrum shows two absorption
features with nearly identical intensities at 1894 cm−1 (three-fold site) and 2110 cm−1 (on-top
site).

As will be discussed further below, laser induced redistribution processes of adsorbate sites
are observed when preparing non-equilibrium CO coverages. However, before tackling laser
induced dynamics one first has to deal with the problem that thermal induced diffusion may
occur for such non-equilibrium coverages. Different CO adlayers have been prepared for this
purpose at nanosized Pd particles at 120 K by short annealing of a saturation coverage to 300 K
with subsequent cooling to 120 K. This annealing temperature results in a nearly complete
depopulation of on-top adsorption species.

How do such coverages differ from coverages obtained under thermodynamical
equilibrium conditions? As was discussed, islands or domains are built at Pd(111) and Pt(111)
for CO adsorption at high coverages [71–73]. Intermolecular attractive or repulsive interactions
can affect the diffusion resulting in such islands. Experimental and theoretical studies have
shown that the domain boundaries of the adlayer can be thermally very stable in comparison to
the more open adsorbate structures obtained under thermodynamic equilibrium conditions due
to strong intermolecular interactions.

Figure 1 shows the FT-IRRAS spectrum of the CO stretching vibration of isotopically
pure and mixed CO coverages for an intermediate particle size of 800 atoms per island grown
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at 120 K. Two general effects are detectable with infrared reflection absorption spectroscopy:
first an isotope dependent reoccupation of on-top adsorption sites and second a restructuring
of the multiple bonded CO adsorbate (decrease of signal 1930 cm−1 (three-fold hollow site),
increase of edge site and signals of Pd(100) sites at 1997 cm−1 and increase of the regular
on-top site feature at 2105 cm−1). For a pure 12CO adsorbate compressed adsorbate structures
at domain boundaries in three-fold coordination exhibit stabilizing attractive interactions along
the domain walls. A disturbance of the adlayer by even a low amount of 13CO molecules
(by less than 10% of the overall coverage) leads to a generally enhanced diffusion. A
stronger depopulation of three-fold adsorbed molecules in compressed adsorbate structures
is induced by 13CO molecules in comparison to a pure adlayer. Both effects are influenced
by the (i) particle morphology and (ii) particle size. These experiments on isotopic mixtures
of 12CO/13CO revealed that dipole–dipole interactions play a crucial role for stabilizing
compressed adsorbate structures [77]. A disturbance of intermolecular coupling by 13CO
isotopes results in a decrease of intermolecular attractive forces. In applying infrared reflection
absorption spectroscopy to these Pd particles, one has to consider infrared selection rules. At
metal surfaces only dipole moments perpendicular to the surface are detectable. Therefore
adsorbed molecules at the side facets of the particles with a dipole moment predominantly
parallel to the surface are underestimated within the infrared spectra. Otherwise, due to
long-range dipole–dipole interactions these molecules can influence the vibration of molecules
adsorbed at the top terraces showing the main absorption signal.

Hence it is difficult to distinguish between molecules diffusing intrinsically at the top face
or diffusing over face boundaries from site facets to top faces. The data however indicate that
diffusion over communicating facets should be taken into account. Indications are an increase
of the overall IR intensity and the narrowing of the band at 1996 cm−1 (readsorption from
residual CO in the gas phase could be excluded). The latter indicates a higher occupation
of two-fold edge sites at the particles resulting in stronger dipole–dipole coupling. Such a
concentration process at defect sites is well known in surface diffusion [78]. At crystalline
particles with smooth particle facets the energy is sufficient to induce diffusion over the facet
boundaries to the top facet.

Another point found in the experiments is the particle size dependence of the effects of
CO diffusion. Amorphous particles of 100 and 800 atoms per particle average size exhibit
a decrease in on-top site reoccupation with increasing particle size. Accompanied with this
decrease are the changes of the absorption band of two-fold adsorbed molecules at edge sites
with regards to the discussion above. With increasing particle size the size of the particle facets
grows, too. Assuming a constant diffusion length for CO molecules at 120 K at amorphous
particles it is obvious that with growing particle facets the probability for crossing the facet
boundary to the top face must decrease.

Furthermore it has to be noted that an Ehrlich–Schwoebel barrier makes diffusion up
and down a step direction dependent. In the case of Pd particles there are mainly (111) and
(100) facets at the particle sides. One therefore has to deal with two different steps separating
those facets with the topmost (111) facet. Transport between those facets may not be equally
probable. Therefore the amount of a certain type of steps with increasing particle size may be
relevant as well.

As a rough estimation the diffusion activation energy of an adsorbed species is about 25–
30% of the adsorption energy. The desorption energy of three-fold coordinated 12CO molecules
at large crystalline particles (8000 atoms per particle average size) is 128 kJ mol−1 [37]. So
one can estimate a diffusion activation energy of 32–38 kJ mol−1. The fact that by applying
a distortion with 13CO molecules three-fold adsorbed species can diffuse, the forces, which
stabilize the compressed structures, must be at least in the range of 30 kJ mol−1 at 120 K.
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Figure 2. Sets of FTIR spectra for three different amorphous aggregate sizes (100 atoms/island,
800 atoms/island, 2000 atoms/island): saturation coverage (bottom curves), spectra after annealing
to 300 K (middle curves), final state of the laser experiment after impinging the number of photons
onto the surface as indicated (upper curves); all spectra recorded at 120 K.

3.2.2. Nanosecond experiments. No laser activity is observed when irradiating a normal
coverage of CO adsorbed via background dosing palladium particles. In contrast to CO/Pt
ESDIAD studies [79], the lack of desorption of neutral, electronically excited CO may be
explained by preferential CO bonding to hollow sites on Pd while CO prefers terminal bonding
on Pt. In a hollow site position CO experiences a higher quenching probability and a lower
cross section for initial excitation due to a larger amount of metal-electron backdonation in
contrast to terminal or bridging CO.

However, the situation changes when irradiating metastable non-equilibrium coverages of
CO at the palladium particles with a Nd:YAG laser at λ = 355 nm [37]. Such coverages are
obtained via tempering a saturation coverage to 300 K. This is apparent in figure 2, exhibiting
the FT-IRRAS spectra of the CO stretching vibration of palladium particles covered with CO at
about 50% of a saturation coverage before and after laser irradiation for three different particles.
As is apparent from figure 2, laser enhanced depopulation of CO from three-fold hollow
sites, (100) terrace sites and/or edge sites is dominant (1930–1990 cm−1) and to some extent
laser induced repopulation of initially depopulated on-top sites (2072–2118 cm−1). The laser
induced adsorption site changes of CO are correlated to the presence of higher local adsorbate
densities and/or substantial population of edge sites and occur in a very narrow coverage regime
of CO at rough and ordered particles up to 7000 atoms per island. It starts when the IR intensity
ratio of the CO stretching vibrations is approximately 1:4 (on-top:higher coordinated sites) and
ends at a ratio 1:1. The redistribution can be reversed by thermally heating the system to 230 K,
as shown in figure 3. Readsorption of CO from the gas phase could be excluded. For the largest
particle size investigated only shuffling of local adsorbate density fluctuations (apparent from
shape changes of vibrational features around 2000 cm−1) has been observed but little to no
repopulation of on-top species.

As was pointed out in the introduction, UV laser induced processes on metal surfaces
quite often start with an electronic excitation of metal electrons which then can interact with
the adsorbate system provided that the absorption cross sections of the adsorbates are not very
pronounced. Within the most simple model, the MGR model (Menzel–Gomer–Redhead), the
molecule is accelerated away from the surface within the excited repulsive state [14, 15]. After
a normally rather short lifetime the electron is transferred back to the substrate, setting the
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Figure 3. Cycles of tempering and laser experiments (temperatures and number of photons
impinged onto the surface as indicated) of CO/Pd/alumina (∼100 Pd atoms/island) starting with a
full saturation coverage (30 L) at 120 K [37].

molecule into its electronic ground state. If the molecule gains enough kinetic energy within
the excited state it will desorb. Otherwise it remains on the surface normally vibrationally
excited. If the vibrational excitation is large enough, hopping of the molecule may be a result
of the energy exceeding the diffusion barrier. Coupling within areas of increased adsorbate
density is apparently crucial for the hopping, as has also been shown for thermal diffusion of
chains of CO at Cu(110) [80].

3.2.3. Femtosecond experiments. Femtosecond excitation of metastable CO coverages opens
new reaction paths, as shown in experiments on CO adsorbed at Pd aggregates between 100
and 6000 atoms per island using femtosecond pulses of laser light at λ = 400 nm with
pulse lengths of 70 fs [38]. Laser induced desorption of CO and H2 dissolved within the
palladium aggregates is observed for small aggregate sizes when using femtosecond laser
pulses in contrast to nanosecond experiments. Efficiencies for CO diffusion are up to eight
times larger for femtosecond experiments compared with nanosecond experiments and are
largest for intermediate aggregate sizes (around 2000 atoms per island) for the aggregates
investigated. In contrast to nanosecond experiments adsorption site populations beyond the
thermal equilibrium can be observed, as is apparent from FT-IRRAS spectra of the CO
stretching vibration shown in figure 4. Strong laser population of on-top sites (vibrations
around 2100 cm−1) goes in hand with a roughening of the aggregate surfaces and even partly
with decomposition of the aggregates which has not been noticed for nanosecond experiments.
This may be concluded from the formation of carbonyl-like palladium atoms for intermediate
sized particles which is apparent from the observation of a vibrational feature at 2032 cm−1.
Such carbonyl species are only observed for aggregates consisting of only a few atoms. Though
the effect is less pronounced for particles as large as 6000 atoms per island, a certain degree of
surface roughening has still to be noticed from irreversible changes within the IR spectra. The
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Figure 4. Sets of FTIR spectra for an average of 2000 atoms/island, grown at 120 K of the
CO stretching vibrational region. Lower three curves: saturation coverage of CO (30 L, top
curve), spectrum after annealing to 300 K for 30 s (second curve) and final state of a nanosecond
laser experiment (λ = 355 nm, 10 Hz). Upper curves: two selected curves from femtosecond
experiments: 1.8 × 1021 photons and 9.6 × 1019 photons (400 nm, 70 fs, 120 mW cm−2, repetition
rate of 700 Hz) impinged on a saturation coverage of CO (30 L) tempered to 300 K for 30 s prior to
the laser experiment [38].

roughening is clearly correlated to non-equilibrium coverages of CO exhibiting larger densities
of CO molecules at edge sites and/or elevated local adsorbate densities. The same overall
coverage, however, obtained via background dosing at liquid nitrogen temperature does not
lead to particle roughening neither with nanosecond laser pulses nor with femtosecond laser
light.

In order to understand the experimental findings, one may assume that the laser induced
processes are preceded by an electronic transition likely to be a temporal palladium–CO charge
transfer. Such a process has been found for a large number of similar cases and may result
in vibrational excitation of the adsorbate within various vibrational degrees of freedom as
mentioned above. It is furthermore known that adsorbate vibrations, particularly low frequency
vibrations, can efficiently couple to lattice phonons of the underlying support. This explains
why ‘resonant heating’ is observed when resonantly exciting adsorbate vibrations with infrared
laser light [9–12]. For a number of systems the use of femtosecond laser pulses resulted in
enhanced efficiencies of photochemical processes and was attributed to multiple excitation–
deexcitation processes (DIMET [81]) within the duration of a laser pulse or enhanced friction
creating highly vibrationally excited adsorbates [82]. Energy then may be channelled along
chains of adsorbate solitons via dipole–dipole coupling followed by a subsequent trapping at
certain aggregate sites within the course of the process. An efficient coupling to aggregate
phonons then creates local hot spots sufficient to induce palladium atom migration. When
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the size of the aggregates grows the amounts of areas with elevated local adsorbate densities
may increase. On the other hand the damping of electronically excited states localized at the
surface is more efficient with growing aggregate size. Therefore an intermediate size of the
aggregates exhibits the most efficient surface roughening. The temperature jump within the
bare particle induced by the laser pulse can be estimated to be less than 10 K for femtosecond
laser pulses [24, 38] and cannot account for palladium migration.

Why may edge sites be important for the formation of hot spots? Calculations on stepped
surfaces show that the occupancy of the d-band is increased and the sp-band occupancy is
decreased at the upper step edge while the opposite is found at the lower step corner [83]. The
overall charge transfer within CO bonding creates an electric dipole at the step, the upper
step being positive and the lower edge negative. This explains a higher degree of short-
range CO–CO interactions at stepped surfaces compared to a flat surface. So trapping of the
excited adsorbate vibrations may be most efficient at the edges. It is interesting to note that
a further condition for laser roughening to occur is the limited size of the nanoparticles. No
laser induced processes either with nanosecond or femtosecond lasers have been observed for
stepped surfaces such as Pd(112) under comparable conditions.

3.3. Laser induced desorption

In order to understand how an initial electronic excitation is transferred into nuclear motion
followed by subsequent energy partitioning to a variety of vibrational degrees of freedom the
next step is to investigate the bond fission of the molecule/surface bond. Quantum state resolved
experiments on molecules desorbing into the gas phase reveal how much energy is partitioned
into different rovibronic degrees of freedom within these fragments. The reason for this
approach is that rovibrational excitations within very small molecules exhibit radiative lifetimes
up to milliseconds within the different degrees of freedom when desorbing under collision
free conditions. Experimentally this is less demanding than monitoring energy redistribution
processes within the picosecond time regime on a surface. Furthermore the experiments are
much more sensitive and therefore allow a very detailed mapping of the processes. Information
may be obtained on translational, rotational, vibrational and electronic excitations for a variety
of desorbing fragments as well as angular distributions and even alignment of the rotational
axis within the laboratory frame [21, 84, 85].

Looking at the list of molecules investigated on a variety of substrates, the studies in the
past were mainly focused on UV laser induced desorption of NO (2/3 of all publications). The
rest was mainly (with a few exceptions) concentrated on CO. This is not just a coincidence. The
reason is that desorption cross sections of UV nanosecond excitation processes are rather small
on metals (maximally 10−18 cm2 for some favourable situations like NO/Pt(001) and Pt(111)
at 6.4 eV [17], generally 1–3 orders of magnitude smaller).

For example, in the case of a desorption cross section of 10−18 cm2 using 1 mJ cm−2 at
6.4 eV therefore leads to desorption of approximately 0.1% of the initial coverage, i.e. roughly
1012 molecules desorbing from a monolayer distributed over some hundreds of rovibronic states
and each with a certain velocity out of a distribution of velocities. Anyway, in order to be able
to detect single rovibronic states a minimum number of molecules is necessary. For systems
like NO or CO approximately 105–106 molecules per state (i.e. 10−10–10−9 of a monolayer) are
still easily detectable within a cubic centimetre. The spectroscopy of many other molecules is
either much less sensitive or the spectroscopy is barely understood, like for one rather important
molecule in surface chemistry, i.e. O2.

This fact motivated us to study the laser induced desorption of NO from palladium
nanoparticles adsorbed at an epitaxial alumina film.
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3.3.1. NO/Pd-nanoparticles/alumina/NiAl(110). The adsorption of NO at single crystals is
dominated by the strong repulsive interaction of NO. At low index surfaces NO adsorbs initially
at higher coordinated sites changing to more weakly bonded on-top sites for larger coverages.
Sudden changes in the adsorption energy result from changes of the distances between NO
molecules (for example from second nearest to nearest neighbours) and are connected to the
highly repulsive interaction of neighbouring molecules [86].

NO adsorption at nanosized Pd aggregates differs substantially from adsorption at single
crystal surfaces [35]. On Pd aggregates NO bonds exclusively to on-top sites at aggregates
smaller than 75 Å in diameter. Binding energies are found to be similar to binding energies of
the on-top species adsorbed at low index single crystal surfaces (0.72 eV ± 0.03 eV). Besides
this known on-top species a further even weaker adsorbate site has been observed at small
Pd particles. It is the dominating species at the smallest aggregates. Amorphous aggregates
show a larger amount of weakly bound species as compared with ordered aggregates of the
same size. This indicates that an increased ratio of defect states to regular sites with decreasing
aggregate size accounts for the occurrence of this weakly adsorbed species. Detailed studies
of the adsorption of NO by means of FT-IRRAS, TPD and XPS are discussed in the paper by
Kampling et al [35].

Substantial dissociation of NO occurs at elevated temperatures >350 K as has been
concluded from TPD spectra as well as XP spectra of the N 1s signal. A disproportionation
reaction favours the thermal desorption of N-containing species such as NO, N2 and N2O [35].
No O2 or NO2 has been detected, implying solvation of the remaining oxygen within the
palladium. The ratio between the reaction product N2 and undissociated NO increases with
increasing aggregate size up to 80 Å for a saturation coverage of NO deposited at 100 K. While
no dissociation of NO has been reported for low index Pd single crystal surfaces thermally
induced population of edge sites initiates dissociation on stepped surfaces like Pd(112) [87, 88].
As aggregates exhibit a large amount of edge sites it can be concluded that the edge sites of the
aggregates are particular important for the thermal dissociation.

However, there is no indication for laser induced dissociation when working at liquid
nitrogen temperatures.

3.3.2. Nanosecond laser induced desorption. The UV laser-induced desorption of NO
has been systematically studied by means of REMPI for detecting the desorbing molecules’
quantum state resolved after excitation with nanosecond laser pulses at 6.4 eV as a function of
aggregate size and morphology for defined nanostructures of Pd aggregates with average sizes
between 5 and 80 Å. In contrast to single crystals, desorption of intact NO molecules has been
observed for small aggregates of 80 Å and below. Quantization effects are known only to occur
for very small aggregates consisting of a few atoms for metals. In the case presented the largest
aggregates for which desorption of NO is detectable are as large as up to about 10 000 atoms
per aggregate. However, the medium aggregates investigated here have dimensions smaller
than the mean free path of the electrons and have a large number of surface atoms with respect
to bulk atoms. The desorption efficiencies increase with decreasing aggregate size by one order
of magnitude in the size regime under investigation. For aggregates with a diameter of 80 Å,
the desorption cross sections are at the detection limit of our experimental set-up. Dominantly
a weakly bound species desorbs.

3.3.3. Energy partitioning after nanosecond laser excitation. Elaborate quantum state
resolved measurements on the UV laser induced desorption of NO from palladium aggregates
on epitaxial alumina give insight into the desorption process.
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Figure 5. Overview of part of the (1+1)-REMPI spectra of NO (via the A2�-state) desorbing from
the defect sites of the pure Al2O3 and from different sized palladium aggregates (total amount of Pd
deposited according to microbalance: at T = 100 K: 0.2 Å (aggregate size 5 Å); 0.5 Å (aggregate
size 10 Å); at T = 300 K: 0.5 Å (aggregate size 25 Å); 2 Å (aggregate size 45 Å)); v′′ = 0,
v = 1000 m s−1, hν = 6.4 eV; the part of the spectrum depicted shows part of the transitions from
the 2	3/2-state [35].

Figure 5 gives an overview of part of the (1,1)-REMPI spectrum of NO from defects of the
pure alumina as well as from selected palladium nanoaggregates of various particle sizes and
morphology for a fixed time delay between desorption and detection, i.e. for a fixed velocity
of 1000 m s−1. A selected number of velocity flux distributions calculated from the recorded
time of flight spectra as a function of rotational quantum number of desorbing NO is given in
figure 6 for Pd aggregates of an average size of 45 Å deposited at 300 K. The velocity flux
distributions are non-Maxwell–Boltzmann distributions. Analysis of the rotational temperature
of desorbing NO as well as the observation of vibrationally excited NO indicates that the
excitation process has to be non-thermal. Rotational temperatures between 270 and 630 K
can be found which are well above the surface temperature of 100 K [35]. Such rotational
temperatures are rather typically found for UV laser induced nonthermal desorption from metal
surfaces. One would expect changes of lifetimes of electronically excited states and shapes of
the potential energy surfaces as a function of aggregate size which would result in changes
in the final state distributions. In view of the strong changes of the desorption cross sections
as a function of particle size, changes within the energy partitioning as a function of particle
size are, however, rather small. More surprisingly the energy partitioning, for example within
the rotational degrees of freedom of the more weakly bound species, is rather similar compared
with the chemisorbed species. Similarities in final state distributions have mainly been detected
for aggregates with diameters below 45 Å which is of the order of magnitude of the mean free
path of electrons in metals at an excitation energy of 6.4 eV.

Three different desorption mechanisms are equally likely and in accordance with the
experimental observations.

(1) Desorption from low coordinated Pd atoms. One possible explanation is that desorption
occurs predominantly from defect-like sites (edges, kinks, defects). For such a site the
electronic structure is strongly localized and therefore little affected by the overall electronic
structure. This would result in similar lifetimes of the excited state and thus similar final state
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Figure 6. A selected number of velocity flux distributions as a function of rotational quantum
number of desorbing NO from Pd aggregates deposited at 300 K with an average size of 45 Å for
the 2	1/2 (Q11 transitions within the REMPI spectra) and the 2	3/2 states (P22 transitions) [35].

distributions. An increase in desorption efficiency with decreasing aggregate size would
therefore be dominated by the amount of such sites available. Particularly small amorphous
aggregates with a high degree of defects show efficient desorption. For those aggregates weakly
adsorbed species are dominant. This type of reaction path may involve a preceding diffusion
from chemisorbed to physisorbed defect adsorption sites. Thermally induced preferential
population of weakly bound sites via diffusion from stronger bound regular adsorption sites
has been reported for Pd(112) before [88]. One problem arises with this model when trying to
explain data for the larger aggregates. While those aggregates still exhibit a substantial number
of edges and kinks, the weak adsorbate state is lacking while the laser induced desorption is
still observable but is much less efficient.
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(2) Laser induced spill over. Laser excitation might also simply induce spill over of NO to the
alumina support, causing an increase in the NO population at alumina defect sites. The similar
rotational temperatures of NO desorbing from defect states at pure alumina and the alumina
modified via Pd aggregates within a large range of aggregates would support this hypothesis.
Within this model the increase of desorption efficiency with decreasing aggregate size would
simply be a result of a shortening of diffusion paths towards the support. The weakly and
more strongly bound molecules are likely to have different diffusion barriers, which would
explain the different desorption efficiencies of the two species. Again this explanation leaves
experimental findings for the larger aggregates unexplained, which involve a clear drop within
rotational temperatures for the largest aggregates.

(3) Electronic effects. It has already been pointed out that charge density variations occur at
step sites of metals which extend into the terrace regions. On a nanoparticulate metal thus the
whole terrace might be affected, which could lead to drastic changes of properties compared
with low index surfaces. Scattering and interference of hot electrons at steps, adsorbates and
point defects might thus explain the experimental findings. Such changes in local density
with laser excitation could destabilize the NO–surface bond and thus induce either diffusion
or desorption.

From the experiments presented none of the above-mentioned processes can be fully ruled
out, and further experiments are necessary to finally pinpoint the desorption mechanism.

3.4. Laser induced reactions

3.4.1. CD4/Pd-nanoparticles/alumina/NiAl(110). Photodissociation has been observed for
methane adsorbed at Pd(111), Pt(111) and Cu(111) [89–91]. The question was how the
photochemistry is modified when moving to nanosized particles. Figure 7 exhibits TPD data
of a saturation coverage of CD4 adsorbed at palladium nanoparticles of various sizes [34]. The
dotted line corresponds to the TPD from Pd(111). The numbers indicated in the spectra are
corresponding to the overall amount of palladium deposited according to calibration with a
quartz microbalance. The corresponding average particle sizes are given in the figure caption.
Molecules with a closed shell adsorb because of van der Waals interactions which are induced
via a dynamical response of metal electrons to charge density fluctuations within the adsorbate.
Relevant is the charge density close to the Fermi edge of the metal. As this density changes with
particle size the adsorbate/nanoparticle decreases with decreasing particle size, as is apparent
from maxima shifts within the TPD spectra in figure 7.

3.4.2. Branching between laser induced dissociation and desorption. After UV irradiation
with λ = 193 nm, TPD spectra reveal recombinative desorption of methane at desorption
temperatures with a maximum around 140 K (after impinging 1.5 × 1019 photons). Figure 8(a)
shows the integrated intensity of the recombinative desorption normalized to the initial intensity
of non-dissociated methane as a function of Pd deposited. Figure 8(b) is the relative decrease
of non-dissociated methane after UV irradiation for the same preparations. As is apparent,
desorption of intact methane molecules is the dominating reaction channel for small palladium
particles, while photodissociation may occur when a critical particle size of around 40 Å is
exceeded. The efficiency of photodissociation increases by a factor of about ten when
increasing the particle size by a factor of two.

If one assumes the same excitation mechanism as on Pd(111), dissociation is induced via
the excitation of a mixed state resulting from the antibonding Rydberg state of methane (10 eV
above the HOMO for methane in the gas phase) and unoccupied states of the palladium. The
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Figure 7. Series of CD4 TPD spectra (m/z 20; solid curves) of Pd clusters of various sizes deposited
on a thin alumina film epitaxially grown on NiAl(110). The sample was exposed to 0.5 L CD4 at
40 K. The desorption peaks are due to molecular desorption. The numbers denote the total Pd
coverages (a deposition of 1.4, 2.1, 3.5 and 7 Å correspond to average aggregate diameters of
37 ± 16, 49 ± 10, 65 ± 10 and 73 ± 10 Å). The dashed curve corresponds to a TPD spectrum of
a Pd(111) single-crystal surface after exposure to 0.6 L CD4 and is depicted in a different scale.
Heating rates were 0.5 K s−1 for the particles and 0.4 K s−1 for the Pd(111) single crystal [34].

delocalization of the metal electrons is important in stabilizing the charge transfer states within
this system [92]. An alternative model explains the stabilization of the charge transfer state
due to image potential states [93]. In both cases a strong particle size dependence with a
concomitant shift of the electronically excited state has to be expected, i.e. for small particles
the excitation energy is out of range of the relevant electronic state.

4. Conclusions

From the examples on laser induced processes at nanoparticulate systems it becomes clear that
the photochemistry at such systems is rather rich and also rather complex. It is already common
knowledge that the chemistry of adsorbates as such might be very different from bulk surface
chemistry, a fact which is technologically used in heterogeneous catalysis. However, for the
examples presented it becomes clear that apparently kink, edge and defect states which can be
found in increasing number with decreasing particle size may influence the photochemistry at
nanoparticulate systems to a large extent. Furthermore, the adsorption even for rather weakly
adsorbing species is gradually influenced by the particle size. This goes hand in hand with a
change of the polarizability which decreases with decreasing particle size. Thus simply the
fact alone that the adsorption may be weakened can already change the population of different
photochemical reaction pathways. The mean free path of the electrons is also a critical factor.
When particles are smaller than this photochemistry starts to be rather efficient. To sum up, one
is still rather at the beginning of understanding the photochemistry of supported nanoparticles.
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(a)

(b)

Figure 8. (a) Plot of the CD3H formation ratio β (β = B/A0; B = integrated TPD peak
areas of CD3H after irradiation (recombinative desorption of CD3 + H (from residual hydrogen
adsorption)), A0 = integrated TPD peak area of initially adsorbed CD4 before irradiation) as a
function of total Pd coverage (corresponding particle diameters see figure 7). (b) Plot of the CD4

depletion ratio α (α = 1 − A/A0; A0 as in (a); A = integrated peak areas of CD4 after irradiation
with 1.5 × 1019 photons cm−2) as a function of the total Pd coverage [34].

It is rather challenging and demanding to get the complete picture; however, this will be very
rewarding.
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[79] Szabó A and Yates J T Jr 1995 J. Chem. Phys. 102 563
[80] Komeda T, Kim Y, Kawai M, Persson B N J and Ueba H 2002 Science 295 2055
[81] Misewich J A, Heinz T and Newns D M 1992 Phys. Rev. Lett. 68 3737
[82] Springer C, Head-Gordon M and Tully J C 1994 Surf. Sci. 320 L57
[83] Tersoff J and Falicov L M 1981 Phys. Rev. B 24 754
[84] Menges M, Baumeister B, Al-Shamery K, Freund H J, Fischer C and Andresen P 1994 Surf. Sci. 316 103
[85] Beauport I, Al-Shamery K and Freund H J 1996 Chem. Phys. Lett. 256 641
[86] Brown W A and King D A 2000 J. Phys. Chem. B 104 2578
[87] Ramsier R D, Gao Q, Waltenburg H N and Yates J T Jr 1994 J. Chem. Phys. 100 6837
[88] Ramsier R D, Gao Q, Waltenburg H N, Lee K W, Nooij O W, Lefferts L and Yates J T Jr 1994 Surf. Sci. 320 209
[89] Matsumoto Y, Gruzdkov Y A, Watanabe K and Sawabe K 1996 J. Chem. Phys. 105 4775
[90] Watanabe K and Matsumoto Y 1997 Surf. Sci. 390 250
[91] Watanabe K and Matsumoto Y 2000 Surf. Sci. 454 262
[92] Akinaga Y, Taketsugu T and Hrao K 1997 J. Chem. Phys. 107 415
[93] Jennison D R, Stechel E B, Burns A R and Li Y S 1995 Nucl. Instrum. Methods Phys. Res. B 101 22

http://dx.doi.org/10.1016/0378-7753(93)80113-4
http://dx.doi.org/10.1098/rsta.2003.1306
http://dx.doi.org/10.1098/rsta.2004.1372
http://dx.doi.org/10.1038/nmat897
http://dx.doi.org/10.1016/0039-6028(94)91132-0
http://dx.doi.org/10.1116/1.579126
http://dx.doi.org/10.1063/1.451556
http://dx.doi.org/10.1103/PhysRevLett.83.4120
http://dx.doi.org/10.1016/S0039-6028(97)00817-0
http://dx.doi.org/10.1016/S0039-6028(97)01053-4
http://dx.doi.org/10.1016/0039-6028(95)90034-9
http://dx.doi.org/10.1016/j.molstruc.2004.01.005
http://dx.doi.org/10.1007/BF00324270
http://dx.doi.org/10.1016/S0039-6028(98)00098-3
http://dx.doi.org/10.1016/S0039-6028(00)00243-0
http://dx.doi.org/10.1016/S0039-6028(99)00186-7
http://dx.doi.org/10.1103/PhysRevLett.88.259601
http://dx.doi.org/10.1007/BF00617892
http://dx.doi.org/10.1021/j100155a069
http://dx.doi.org/10.1016/0039-6028(78)90367-9
http://dx.doi.org/10.1016/0039-6028(91)91021-O
http://dx.doi.org/10.1063/1.469436
http://dx.doi.org/10.1126/science.1069016
http://dx.doi.org/10.1103/PhysRevLett.68.3737
http://dx.doi.org/10.1016/0039-6028(94)00569-9
http://dx.doi.org/10.1103/PhysRevB.24.754
http://dx.doi.org/10.1016/0039-6028(94)91132-0
http://dx.doi.org/10.1016/0009-2614(96)00495-2
http://dx.doi.org/10.1021/jp9930907
http://dx.doi.org/10.1063/1.467043
http://dx.doi.org/10.1016/0039-6028(94)90310-7
http://dx.doi.org/10.1063/1.472316
http://dx.doi.org/10.1016/S0039-6028(97)00567-0
http://dx.doi.org/10.1016/S0039-6028(00)00106-0
http://dx.doi.org/10.1063/1.474403
http://dx.doi.org/10.1016/0168-583X(95)00292-8

	1. Introduction
	2. Experimental set-up
	3. Results
	3.1. Sample preparation
	3.2. Laser induced diffusion
	3.2.1. CO/Pd-nanoparticles/alumina/NiAl(110).
	3.2.2. Nanosecond experiments.
	3.2.3. Femtosecond experiments.

	3.3. Laser induced desorption
	3.3.1. NO/Pd-nanoparticles/alumina/NiAl(110).
	3.3.2. Nanosecond laser induced desorption.
	3.3.3. Energy partitioning after nanosecond laser excitation.

	3.4. Laser induced reactions
	3.4.1. CD4 /Pd-nanoparticles/alumina/NiAl(110).
	3.4.2. Branching between laser induced dissociation and desorption.


	4. Conclusions
	Acknowledgments
	References

