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1. Introduction
The photochemistry of small molecules on well-defined

metal surfaces has been the subject of intense research for
more than three decades.1 This field is of interest because it
rests on the superposition of two influences. On one hand,
new reaction channels can become possible by electronic
excitation, which are usually not accessible by thermal
activation. On the other hand, compared to molecular
photochemistry in the gas phase, interactions of molecules
with solid substrates open unique pathways of photoexcita-
tion and photoreaction not accessible in homogeneous
reactions. This is primarily due to the fact that the bonding
interactions with the substrate modify not only the ground
state but also the electronically excited states of the
adsorbates. In addition, the very rapid exchange of excitation
energy between adsorbates and substrate, in particular on
metal and semiconductor surfaces, can lead to fast quenching

of excited adsorbate states by transfer of charge and/or energy
from the adsorbates to the substrate. Furthermore, excitation
of adsorbates by hot (excited) electrons produced by pho-
toabsorption in the substrate plays an important role as it
induces charge and energy transfer in the opposite direction,
from the substrate to adsorbates. Well-defined metal surfaces
covered by adsorbate layers under ultrahigh vacuum (UHV)
conditions provide systems which are well characterized in
all aspects, particularly regarding geometry and electronic
structure. The fact that such layers usually consist of
molecules which are naturally aligned on the surface2 makes
surface photochemistry a powerful alternative to the stereo-
dynamic control of chemical reactions by optically aligned
molecular beams.3 Well-defined adsorbate systems thus
provide unique playgrounds for surface photochemistry.

Stimulated by the demand to bridge the gap between
surface science under UHV conditions and processes on real
catalysts, model systems for heterogeneous catalysis have
been extensively studied in the past decade. Such systems
usually consist of nanometer-sized metal particles supported
on thin oxide layers.4-9 The purpose of these studies is not
only detailed exploration of real catalysts but also the desire
to better control the physical, chemical, and catalytic
properties of nanoparticle systems. Here we use the term
metal nanoparticle (MNP) for metallic particles with sizes
in the nanometer range. The term metal cluster is also
frequently used, more or less in an interchangeable manner.
However, this term is generally used for a broader size range,
starting from very small aggregates containing 3 atoms
(trimer) up to particles of micrometer diameter.10 For physical
aspects of metal clusters on solid surfaces, readers are
referred to refs 11-13. The small clusters which show effects
of molecular and shell structures will not be important in
our context. Synthesis and applications of size-controlled
ligand-stabilized MNPs, such as Au55, constitute a large
research field;14-16 however, they are also outside the scope
of the present review.

Thermally driven chemical reactions have been studied
on mass-selected metal clusters in the gas phase17 and after
soft landing onto solid surfaces.18 In the latter case even
catalytic cycles have been observed.19-22 In contrast, there
are very few studies on the photochemistry of molecules
adsorbed on metal clusters in the gas phase.23,24 To our
knowledge, the photocatalytic properties of mass-selected
metal clusters soft-landed on surfaces have not been inves-
tigated so far. The latter approach of depositing small, mass-
selected clusters onto substrates and investigating their size-
specific properties can be referred to as a ‘bottom-up
method’, which would allow the highest degree of control
if one could determine the surface quality and densities of
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specific defects with a very high degree of precision. Since
this is generally not the case one has to characterize the
system after cluster deposition, and this is typically not
practiced, in particular not for oxide surfaces. Characteriza-

tion by STM was, however, attempted for small metal
clusters of up to several tens of atoms on Pt(111),25-27

Si(111),28-30 and graphite31 surfaces. An alternative approach
is the vapor deposition of metal atoms on substrates, followed
by aggregation into crystalline or amorphous NPs. This
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technique shows the highest flexibility in forming particle
systems with various topographic and electronic properties
and allows the study of size-selected, deposited clusters by
local probe spectroscopies. In both approaches the compari-
son between experimental and theoretical results as well as
with data obtained on planar surfaces is of highest interest
and importance, in particular when the presence of NPs leads
to qualitatively new phenomena, such as particle size effects,
cluster-support interactions, or specific collective excitations
in the single MNP or in the ensemble.

In Table 1 we compare the characteristic properties of
single-crystal metal surfaces and supported metal NPs. The

latter shows a variety of new physical and chemical proper-
ties in addition to the well-known single-crystal behavior:
among others, a more complex geometrical structure and
quantization of electronic states in the spatially confined
systems which also leads to a decrease of energy transport
into the substrate. Many of the distinct chemical and catalytic
properties are determined by the new morphology of the
nanoparticle ensembles, caused by large surface-to-volume
ratios and the limited particle size.7 By varying the prepara-
tion conditions, it is therefore possible to tune the system
properties toward the demands of a specific chemical
reaction. In addition, the special optical characteristics10,32

of nanosized metal particles have a very strong influence
on the photochemistry. All these factors determine the
interaction of MNPs with adsorbed molecules and conse-
quently their performance in photochemical reactions.

One important consequence of the tunable morphology of
particle systems in terms of shape, size, and environment of
the MNPs is the possibility to adapt and tailor their optical
properties relative to bulk crystals.10 In particular, new
collective modes in electron excitations, which can be
described as Mie-type surface plasmon-polaritons, are of
utmost importance to drive photochemical reactions. Exploit-
ing the strong field enhancement induced by particle plasmon
resonances, the first studies of the photochemistry on MNPs
were done in the mid-1980s. Experiments at this time were
inspired by the experience and implications derived from
surface-enhanced Raman spectroscopy (SERS), which uses
the plasmon-induced electromagnetic near field to stimulate
optovibrational excitations of adsorbed molecules.33,34 It is
known that the topology of MNP ensembles can be important
also for thermally induced catalysis because it influences the
transport of chemical species between MNPs and the support
(spill-over effect35). This should also hold for photochemical
reactions and will add to the benefits already present due to
the special optical properties of MNP ensembles as deter-
mined by their topography and interactions with the sup-
port.10 The full exploitation of the relations between these
aspects still needs further research.

While the optical properties of MNPs are of primary
importance in the initial photoexcitation process, the transfer
of electronic and thermal energy within MNPs as well as
between the MNP and the adsorbate and the substrate are
decisive, too. This is especially critical for the chemistry
induced by ultrashort laser pulses because the conversion
and transport processes occurring can determine the lifetimes
of electronically excited adsorbate states and therefore the
reaction rates, final energy distributions, and branching ratios
of chemical products. Electron energy transport at metal
surfaces36,37 and ultrafast surface photochemistry in the
subpicosecond regime (surface femtochemistry)38,39 have
been studied since the 1990s using laser-based pump-probe
techniques. Also, the ultrafast energy transport at bulk metal
surfaces has been characterized in detail.40-42 However, there
are only a small number of studies on energy transport within
MNPs in relation to their surface photochemistry.43

In fact, the existing literature about actual photochemistry
on MNPs is generally very limited; most of the publications
concern the photophysics of metal particles. The main topics
addressed here are the plasmon field enhancement effect,
the plasmon decay and hot electron dynamics, and the
influence of particle size and morphology on these phenom-
ena. These aspects are of great importance for our discussion
on the subject and will therefore be included in this review.
The number of investigations aimed directly at photochemical
reactions at MNPs is quite small so far, and consequently,
many relevant questions remain open. We therefore believe
that an integrated overview, which has not been given so
far to the best of our knowledge, is timely and helpful for
further development of this field.

This review surveys photochemistry on MNPs, which were
prepared in ultrahigh vacuum on well-defined metal or
insulator substrates and characterized via common surface
science techniques. We will not deal with ultrasmall clusters
(number of atoms below about 100) but focus mainly on
the diameter range from 2 to 20 nm (some hundred to some
105 atoms), and in this sense we use the nomenclature MNPs.
However, since most of the existing basic concepts have been
developed with embedded particles or particles prepared
under less stringent conditions, important work using such
samples will also be mentioned where appropriate. We pay
special attention to the various differences between bulk
metal surfaces and MNPs.

The structure of the review is as follows. In section 2 we
give a brief overview of the techniques used and derived
properties of well-defined MNPs, stressing those of particular
importance to photochemistry. In section 3 we present a
general survey of MNP photochemistry and then review the
publications which have appeared so far. We provide
conclusions and an outlook in section 4.

2. Properties of Metal Nanoparticles
For the study of photochemistry on MNPs, preparation

and characterization of the sample are of central importance.
Here we summarize the experimental methods for the
preparation of MNPs on well-defined substrates and then
review their relevant properties for photochemistry, such as
geometrical structure and electronic and optical properties,
as characterized by means of various surface analytical
techniques. Most of the experimental methods are similar
to those used for photochemical studies on single-crystal
surfaces.1,44,45They usually combine classical surface analysis
tools and suitable light sources. The main difference between

Table 1. Factors Controlling Photochemistry on Single-Crystal
Metals and Supported Metal Nanoparticles (MNPs)

single-crystal metals supported MNPs

geometric structure simple complex
electronic structure electron bands confined states, discrete

for smaller NPs
chemical properties fixed tunable
optical properties fresnel: continuous

behavior
Mie: resonance

behavior
energy transport

to the substrate
fast slow

particle-particle
interactions

no yes

Photochemistry on Metal Nanoparticles Chemical Reviews, 2006, Vol. 106, No. 10 4303



single-crystal and MNP studies are the distinct preparation
techniques for the particle ensembles. Concerning optical
properties of MNPs, there are numerous studies which cannot
be covered comprehensively in this review.10,46 In addition,
many of the earlier investigations were done on embedded
particles; so their results cannot always be transferred easily
to UHV-prepared systems, even though many basic concepts
were developed there. Here we try to give a survey of what
is currently known based on selected papers of both
theoretical and experimental studies. We specifically focus
on ultrafast electron dynamics within MNPs as this should
play a decisive role in photochemistry. We also deal with
topics related to plasmonics as we expect that the collective
excitations will play a crucial role in surface photochemistry
on ensembles of optically coupled MNPs.

2.1. Preparation and Geometric Structure of Metal
Nanoparticles on Well-Defined Surfaces

MNPs on well-ordered oxide films have been prepared
and analyzed in numerous studies with the aim of fabricating
model systems for heterogeneous catalysis.4-9 Typical sub-
strates are thin oxide films grown on metal supports, such
as a two-layer Al2O3 film on NiAl(110) and an MgO film
on Mo(100). Chemically inert bulk supports such as highly
oriented pyrolytic graphite (HOPG) and quartz have also
been used. Since the particles usually nucleate at point and
line defects,47 the substrates are ion sputtered in some cases
prior to metal deposition in order to produce well-defined
binding sites and increase the stability of the particles.48,49

Metal atoms are usually deposited from an electron beam
evaporator whose flux is calibrated by a quartz crystal
microbalance (QCM). By choosing the substrate temperature
and defect concentration on the surface, the size and
morphology of the MNPs can be controlled. For example,
Pd grows at low temperatures (∼100 K) into small amor-
phous clusters on Al2O3/NiAl(110), whereas at room tem-
perature (∼300 K) it forms relatively large and crystalline
NPs with dominantly (111) oriented top and side facets and
a minority of (100) facets.50 Gold NPs show a very similar
growth behavior to Pd apart from the fact that due to the
higher mobility of Au lower temperatures are required to
grow particles of similar sizes as for Pd (Au nucleation on
Al2O3 is a very special case and should not be compared to
Pd nucleation51).52 On the other hand, Ag NPs are more
difficult to crystallize. Typical cluster densities are on the
order of 1011 particles per cm2.

The size distribution of MNPs is normally broad when
deposited on oxide surfaces. For MNPs with plasmon
resonances in the visible region, such as Ag NPs, the size
distribution can be significantly narrowed down by the so-
called ‘laser shaping’ method developed by Tra¨ger and co-
workers.47,53In this method the MNPs are resonantly heated
by laser pulses tuned to the plasmon energy so that smaller
particles successively evaporate while larger ones decrease
their size in the course of the laser treatment. We will review
laser heating and morphology changes of MNPs in section
2.3.5. MNPs with mean diameters above 50-100 nm can
also be fabricated by lithographic techniques, which allow
excellent control over the particle sizes and shapes and their
arrangement on the surface.54,55 Lithographically prepared
NPs are, however, above the size range discussed in this
review, and particle cleanliness also presents a problem for
defined photochemical investigations.

The geometric structures of MNPs can be probed by
various techniques, such as scanning tunneling microscopy

(STM), atomic force microscopy (AFM), transmission
electron microscopy (TEM), and spot profile analysis of low-
energy electron diffraction (SPA-LEED). STM and AFM
provide local structural information down to the atomic scale.
Characteristic STM images of Pd and Ag NPs are shown in
Figure 1. SPA-LEED provides information about coverage,

particle size, and interparticle distances averaged over a
sample area of the diameter of the electron beam (<1 mm,
i.e., over approximately 109 particles). After correction of
tip convolution effects inherently connected to scanning
probe techniques, good agreement was obtained between
SPA-LEED and STM/AFM results.56 An additional technique
providing atomic resolution is TEM; however, its ex-situ
character due to the usual procedure of transferring the
sample through air limits its use for characterization of UHV-
prepared MNPs. The principles and typical applications of
these methods are reviewed in ref 7. For relationships
between the structure and (thermal) catalytic activities,
readers are referred to ref 7.

2.2. Electronic Properties
The electronic structure of MNPs has considerable impli-

cations for their photochemical performance and therefore
should to be studied with high accuracy. The electronic
properties of MNPs are probed mainly by two methods:
photoelectron spectroscopy as a nonlocal technique and
scanning tunneling spectroscopy as a local technique. Several
variants of either type, possessing a number of advantages
and disadvantages for the study of MNPs on surfaces, have
been developed so far which are briefly surveyed in the
following.

2.2.1. Electronic Structure

The electronic structure changes related to the transition
from a single atom to an extended metal crystal are
schematically illustrated in Figure 2.57 X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectros-
copy (UPS) are generally used to probe the electronic
structure of MNPs. On one hand, gradual development of
metallic bands from single atomic orbitals is observed in the
valence band region with increasing cluster size. Addition-
ally, a well-defined Fermi edge develops in clusters contain-
ing several thousands of atoms, which separates occupied
and unoccupied electronic states. The metallic properties
appear at about 1 nm, and a bulk-like band structure is

Figure 1. STM images of (a) Pd- and (b) Ag-nanoparticles on
Al2O3/NiAl(110). Image sizes: 65 nm× 65 nm and 130 nm×
130 nm. Reprinted with permission from (a) ref 50 [http://
link.aps.org/abstract/PRL/v83/p4120] and (b) ref 48 [http://link.
aps.org/abstract/PRL/v84/p3994]. Copyright (a) 1999 and (b) 2000
The American Physical Society.
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formed at about 3 nm in diameter.58 On the other hand,
characteristic shifts of the binding energy (BE) of core and
valence electrons are detected.

The shifts comprise chemical (initial state) and incomplete-
screening (final state) effects59 occurring as a result of the
limited cluster size. The latter influence on the photoemission
is not present in extended metallic systems and reflects the
different screening and delocalization behavior of the posi-
tive charge left on the aggregate during and/or after elec-
tron emission. The final state effect results in a shift of the
entire PE spectrum according to the Coulomb energy be-
tween the localized charge on the cluster and the photoelec-
tron and is therefore proportional to the reciprocal particle
diameter.57,60,61Recently, lattice strain in the MNPs has been
discussed as a reason for BE shifts.62

The UPS/XPS data are also useful to estimate the role of
electronic coupling between the metal substrate supporting
the oxide film and the MNP.7 For example, for Pd and Rh
deposits on thin alumina films on NiAl(110), the effect of
charge transfer from the substrate was negligible on the time
scale of the core ionization process (10-17 to 10-15 s,
depending on type and mode of excitation).5,63 Moreover, a
comparison of Auger and autoionization spectra of CO-
covered Pd particles revealed that even on the time scale of
the core hole lifetime (some 10-15 s) no detectable charge
transfer occurs.64 As schematically summarized in Figure 3,
electron tunneling from the NiAl substrate can thus be safely
disregarded in the analysis of sufficiently fast perturbations
in the electronic structure of metal deposits, such as creation
of core holes. On the other hand, charge transport through
the thin oxide is fast enough to prevent permanent charging
of the MNPs. It is important to note that these conclusions
drawn for ultrathin Al2O3 films are not necessarily correct
for all thin-film supports and metal-oxide film combinations
and must be checked for each case.65

Final state effects can also become important for spec-
troscopy in the valence band region because of the influence
of the finite escape time of the photoelectron and the slow
neutralization from the substrate (dynamic final state). Recent

UPS data of Ag NPs on HOPG have been interpreted in this
scheme by Ho¨vel and co-workers.66,67The dynamic final state
effect is also seen for core level emission of Au NPs on
TiO2(110)68 as well as for valence and core levels of ligand-
protected Ag and Au NPs on HOPG, respectively.69,70Since
the dynamic final state effect involves states near the Fermi
level and therefore reflects the MNP-substrate interaction,
it might contain some information about its influence on the
photochemistry of adsorbates on MNPs. However, further
investigations are necessary in the field.

Electronic states of single MNPs have been observed by
scanning tunneling spectroscopy (STS). STS is a special
operation mode of STM where the tunneling currentI is
measured as a function of bias voltageV at a fixed tip
location above the surface. The differential conductance
(dI/dV) gives information on the local density of states in
the sample surface, assuming a sufficiently unstructured DOS
of the tip. Due to its high lateral resolution, STS is a powerful
tool to investigate the electronic properties of single nano-
structures around the Fermi level71 as well as local electron
transport properties.72 Quantized electronic states have been
observed in small Ag and Au clusters as well as on the
surface of larger Au NPs on HOPG.73,74

Figure 4 shows confined Shockley surface states on top
of the Au NPs on HOPG.74,75Ag NPs on thin alumina films
on NiAl(110)76 and ligand-stabilized Pd NPs on Au(111)
films also showed the presence of localized electronic
resonances in dI/dV spectra.77

2.2.2. Electron Dynamics

The dynamics of the hot electrons photogenerated in the
MNPs can play a crucial role in determining the dynamics
of chemical reactions on their surfaces if these hot electrons
trigger the chemical processes in the adsorbates. We therefore
briefly review the knowledge existing on these processes.

The time sequence of photoexcitation and relaxation of
electrons in a MNP can be classified into several steps.

Step 1: Absorption of a photon excites an electron below
the Fermi level of a MNP and produces an electron-hole
(e-h) pair.

Step 2: This creates a transient athermal e-h distribution,
which develops rapidly by electron-electron scattering, shifts
down in energy, and broadens. The time scale of these
processes strongly depends on the hot electron energy, being
very fast (below 10 fs) at high energies (2-3 eV) with
respect to the Fermi level and becoming slower (tens of
femtoseconds) with decreasing energy. In bulk crystals or
thick films this relation can be approximated by Fermi liquid
theory.78

Step 3: On a time scale from some 100 fs to 1 ps a
quasithermal distribution describable by a distinct electron

Figure 2. Diagram illustrating the evolution of electronic states
from an atom to a metal. Reprinted with permission from ref 8.
Copyright 1999 Elsevier.

Figure 3. Illustration of the screening mechanisms after creation of a core hole within a cluster (left) and within an adsorbate layer (right).
Charge-transfer screening provided by the metal underneath the oxide is not observed during the core hole lifetime for the former. Reprinted
with permission from ref 8. Copyright 1999 Elsevier.
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temperature is reached, which is much higher than the lattice
temperature.

Step 4: The obtained thermal hot electron distribution
cools down further by electron-phonon interactions, which
is an even slower process occurring on a time scale of several
to some hundred picoseconds or longer. In this state the two
temperature model79 applies.

After step 1 the subsequent steps overlap in time scale;
they proceed in a correlated way. As we will discuss below
(section 3.1), these intermixing processes can be important
for surface photochemistry on MNPs. These relaxation
mechanisms of hot electrons in embedded MNPs have been
studied by subpicosecond pump-probe experiments and
theory.58,80

Effects on e-e scattering at the surface of Ag NP’s have
been studied theoretically in terms of screening of the mobile
s electrons by the localized d electrons.81 Experimentally,
femtosecond pump-probe studies on Ag NPs showed that
electron thermalization due to electron-electron interactions
in Ag NPs is faster80,82,83than or close to84 that in the bulk.
No dependence on the environment (matrix) and sample
preparation was found there, whereas the e-e interaction
increased sharply with decreasing size (R < 5 nm). Here
the size dependence was explained by the reduced screening
of the e-e Coulomb interactions at the surface for smaller
particles.58

On the other hand, electron confinement could act op-
positely on e-e scattering, since the wave functions of the
hot electrons should become standing wave states with

reduced interactions at the boundaries as already argued very
early.85 In a classical picture these correspond to closed-loop
scattering (ref 10, p 81). In principle, electron-electron
scattering should then decrease with decreasing size of the
particle. It has been argued58 that this effect is not important
for metals because of their large electron density.

Electron-electron scattering effects within small par-
ticles will be counteracted by scattering at surface irregu-
larities and defects as well as at adsorbate layers (see
CID, section 2.3.4). We want to point out that the contribu-
tions of such interface states could change when the particle
size changes, even if all preparation parameters are kept
constant.

Very recently, Quijada et al.86 investigated the lifetimes
of excited electrons in MNPs theoretically. Using DFT on a
jellium model for spherical particles of a few nanometer
sizes, they showed that the two influences, (1) the decreased
density of states and (2) the reduced screening in MNPs
relative to bulk materials, can counteract and largely cancel
each other. An important result is that Fermi liquid behavior
is definitely not expected. Since both influences depend on
particle size and electron energy, oscillatory dependences
can result for small particles. For larger particles, i.e., in our
range, they approach a limit which is still energy dependent
but only weakly changes with size: They arrived at a lifetime
of ∼5 fs for electrons of 1 eV, which is on the same order
of magnitude as for the respective bulk material. Only at
very small sizes (<2 nm), was an oscillatory behavior
between 4 and 30 fs observed and traced back to the
discretization of cluster levels and their variable filling.
Generally, it appears that the differences of electron-electron
scattering between bulk and reasonably large MNPs (d > 2
nm) of the same material are not drastic compared to changes
when going from one material to another as long as no
surface irregularities or defect states are taken into consid-
eration. In reality, however, the behavior could be dominated
by such defect contributions, leading to elastic as well as
inelastic scattering events.

For bulk metal substrates these hot electron dynamics have
been studied extensively by both theory and 2PPE experi-
ments42,87,88and are reviewed in the review by Wolf in this
special issue ofChemical ReViews. Equivalent experiments
for MNPs are still scarce, although there are studies for silver
and gold NPs on HOPG using 2PPE by Pfeiffer and co-
workers.89,90On the other hand, electron dynamics in MNPs
embedded in a matrix or supported on a solid substrate have
been studied by optical spectroscopy methods and theory.58,91

There appears to be disagreement about the changes in hot
electron cooling times induced by the finite particle size,
i.e., by the fact that the particle diameter is smaller than the
electron mean free path.10 (It should be realized that in our
size range all typical attenuation lengths as well as the photon
wavelength are much larger than the particle diameter.) The
main argument given58 is that the surface provides additional
scattering centers (surface states, defects, irregularities), so
for mean bulk scattering lengths exceeding the diameter of
the particle, the scattering should increase with the surface/
volume ratio for decreasing size, i.e., it should scale with
1/R. Indeed, this result has been obtained in various theoreti-
cal investigations.10

In a recent publication (ref 105) which pertains to the
electron-electron interactions at energies between the maxi-
mum intermediate state energy and 1.5 eV above the Fermi
level, i.e., in the range of decisive importance for electron-

Figure 4. (a) Scanning tunneling spectra measured on the (111)
top facet of a gold nanoparticle (area of the (111) top facet:Ω )
37 nm2, heighth ) 3.9 nm). (Top) dl/dV spectra measured in the
center of the facet (full dots) and averaged over the total facet area
(open dots). The facet shape is shown in the inset [(10× 10) nm2].
(Bottom) dl/dV maps [(4.5× 4.5) nm2] for five different voltages
corresponding to the energy positions shown. (b) dl/dV maps [(5
× 5) nm2] for a second nanoparticle withΩ ) 47 nm2 andh ) 2.5
nm measured at four different voltages. Reprinted with permission
from ref 74 (http://link.aps.org/abstract/PRL/v90/p166801). Copy-
right 2003 The American Physical Society.
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transfer-mediated photochemistry, the (strongly energy de-
pendent) electron lifetimes are increased in Ag MNPs
compared to a massive Ag film (see Figure 592-94). The

shapes of the energy dependences are again in acceptable
agreement with Fermi liquid theory. More results for
carefully prepared clusters will be necessary to disentangle
these possible contributions.

Regardless of the detailed mechanism of e-e and e-h
scattering it is clear that the electron temperature rise after
electronic thermalization (step 3) in MNPs can be much
higher than in bulk metals due to limited sizes and confine-
ment effects. The calculated maximum electron temperature
rise as a function of the particle size is presented in Figure
6. For very small MNPs (R< 2 nm) the electron temperature

rise amounts to several hundred Kelvin even by single
infrared photon absorption.

It should also be noted that the dynamics (steps 3 and 4)
depends on the excitation density. In Figure 7 the time
evolutions of the electron temperature are compared for low
and high photon fluences. The decay becomes slower and
nonexponential as the excitation density is increased. In the
presence of plasmon excitations in Ag NPs, for example,
which will be dealt with in detail in section 2.3, it is
conceivable that a very high excitation density can be easily

achieved if the photon energy matches the plasmon reso-
nance, resulting in electric field enhancement and increased
e-h pair creation due to plasmon decay (Landau damping).
When photon emission as the main relaxation mode of
plasmons can be excluded as for particles smaller than 10
nm,10 most of the electron energy is eventually converted to
the heat of the lattice due to electron-phonon interactions.

Zhdanov and Kasemo recently gave an analysis of the
sequence of relaxation processes of hot electrons as related
to photochemistry at MNP.43 They pointed out that one has
to distinguish between a low excitation regime where the
above considerations appear to be applicable and a regime
of high excitation density in which the electron temperature
cools much more slowly because of confinement effects.

Under the high excitation densities, thermal processes of
adsorbed molecules on MNPs can be comparable to or
dominant over the photochemical processes. It is therefore
an important issue for photochemistry on MNPs to distin-
guish photochemical processes from thermal processes.
Heating of MNPs as well as of bulk metals by short laser
pulses has been studied in some detail. We will come back
to this point in section 2.3.5.

2.3. Optical Properties
The optical characteristics of MNPs are the consequence

of their distinct electronic and geometric properties and of
particular relevance for surface photochemistry. They have
been studied extensively. Earlier research has been reviewed
in the monumental work by Kreibig and Vollmer in 1995.10

More recent studies are found in ref 46. The main concerns
here are the dependences of absorption spectra of MNPs on
their sizes and shapes, particle-particle interactions, and their
environments. A large number of data are available for

Figure 7. Normalized time dependence of the electron excess
energy,∆ue(full line), for electron excitation with a 25 fs pump
pulse and∆Tme

e ) 100 (a) and 1000 K (b).∆u°e is the total energy
absorbed by the electrons. The dashed lines show the correlated
electron temperature rise. (inset) Corresponding time dependence
of the normalized lattice temperature. Reprinted with permission
from ref 58. Copyright 2001 American Chemical Society.

Figure 5. Results for Ag nanoparticles on graphite for the inelastic
electron lifetimeT(E) as a function of the intermediate state energy
above the Fermi level,EFermi. The two different datasets were
acquired with p-polarized and s-polarized excitation. Theoretical
predictions (ref 92) and experimental results for a 15 nm thick Ag
film (ref 93) are shown for comparison. Reprinted with permission
from ref 105 (http://link.aps.org/abstract/PRB/v70/p193401). Copy-
right 2004 The American Physical Society

Figure 6. Maximum equivalent electron temperature rise∆Tme
e

induced by absorption of one (full line), two (dotted line), and three
(dashed line) near-infrared photons (1.3 eV) in a spherical silver
particle as a function of its radius. Reprinted with permission from
ref 58. Copyright 2001 American Chemical Society.
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supported and embedded particles of alkalis, Ag, and Au,
which formed the basis to establish most of the mentioned
aspects (see ref 10). Additional details became known more
recently using time-resolved laser spectroscopy. Here we
point out some aspects of the data which are of importance
for photochemistry.

2.3.1. Plasmon Field Enhancement

One of the outstanding phenomena in the optical response
of MNPs is the size- and shape-dependent collective
electronic excitation called Mie plasmon.10 It leads to strong
field enhancement around the particles which is decisively
important in surface-enhanced Raman spectroscopy (SERS).
It is responsible for a large increase of absorption seen in
all photoinduced effects. Practically, the exceptionally strong
plasmon modes in Ag and Au NPs have been exploited since
the Middle Ages to produce the intense colors in stained
glass. They have been scientifically explored since Faraday,95

mainly in the condensed phase. This excitation is also used
in various types of sensors for medical and biological pur-
poses32 where, in addition to field enhancement, the sensitiv-
ity of the plasmon to changes of the dielectric functions of
the material surrounding the MNPs is exploited. Both effects
are also expected to play a role in MNP photochemistry. In
fact, the field enhancement motivated the earliest study of
plasmon effects on surface photochemistry (section 3.2).

2.3.2. Plasmon Lifetime and Decay

The plasmon damping mentioned above can proceed by a
number of mechanisms, in particular Landau damping,
photon emission, electron-hole pair production, surface
scattering, and chemical interface damping (see section
2.3.4). The dependence of plasmon decay processes on the
particle size can be summarized as follows.96 For large MNPs
with R > 10 nm, radiation damping is the main factor
limiting the plasmon lifetime. At small sizes (0.5e R < 2
nm), the decay into electron-hole pairs (Landau damping)
dominates. For intermediate sizes, both effects compete. Most
of these mechanisms will also be active following nonreso-
nant photon absorption. If strong contributions of photon
emission as the main relaxation process of the plasmons can
be excluded, the first product of plasmon decay is very hot
electron-hole (e-h) pairs which in nonresonant excitations
will be the direct product. The temporal sequences occurring
by and after the decay of plasmon excitations are of potential
importance for surface photochemistry on MNPs.

The plasmon lifetimes, mostly derived from resonance
widths and hole-burning experiments, have been found to
be very short. Plasmon dephasing in Na clusters on a LiF
substrate has been measured ase15 fs by femtosecond time-
resolved second-harmonic generation.97 For Ag NPs on
quartz and sapphire surfaces the width depends on size,
shape, and chemical environment (e.g., adsorbates and
support), as observed by employing a combination of
persistent spectral hole burning and laser shaping.98 The
influence of the substrate has also been studied by reflectivity
measurements and determined via excitation of multipolar
plasmon modes for Ag NPs onR-Al2O3(0001).99 Absorption
spectra of individual Au NPs with diameters down to 5 nm
have recently been measured by a photothermal heterodyne
imaging method.100 Intrinsic size effects were observed as a
broadening of the surface plasmon resonance; these data can
be compared to those from the photon-STM described in
the next section. Pfeiffer and co-workers investigated in detail

the dynamics and typical decay times of plasmon excitations
in Ag NPs on HOPG89,90,101-105 and again found values of a
few femtoseconds. Plasmon enhancements in the 2PPE (see
below) yield were observed for Au NPs on HOPG106 and
Ag NPs on Si(111)107 and on thin alumina films.108 In the
latter case, the size dependence of the 2PPE yield was studied
explicitly, and possible effects on photochemistry were
discussed.

With these decay processes of plasmons in mind, we
review the experimental studies related to MNP plasmons
by 2PPE, PEEM, photon-STM, and cathodoluminescence.

Two-photon photoelectron spectroscopy (2PPE)37,38,109-113

is widely employed to study surface states and image states
on metal substrates as well as unoccupied states localized
on substrates and adsorbates. In a pump-probe regime the
lifetimes of excited states also become accessible to the
experiment. Application of 2PPE to explore MNPs was first
reported in 1999. Wo¨ste and co-workers studied the size
dependence of spectral shapes and lifetimes for small silver
clusters containing 2-9 atoms on HOPG.114 They found a
pronounced odd/even effect in the photoelectron spectra and
an increase of the lifetime of the cluster anions with size.
Ertel et al. studied the 2PPE of Ag NPs (∼5 nm) on
HOPG.101 They found an enhancement of the photoemission
yield by a factor of 50 for laser energies abovehν )3.1 eV
and attributed this to involvement of plasmon excitations in
the photoemission process (see below). A prolonged relax-
ation time (up to 2 ps) of intermediate hot electron states
was detected in time-resolved two-color 2PPE measurements
of this system.

2PPE is especially useful to study the effects related to
plasmon excitations in silver and gold NPs because their
resonance energies (UV-vis) are close to photon energies
of typical ultrafast laser systems. Figure 8 shows the photon
energy dependence of the 2PPE yield from Ag MNPs on

Figure 8. Photon energy dependence of the 2PPE yield of Ag
nanoparticles. The solid circles and solid squares represent total
and partial integrations over the 2PPE yield, respectively. The solid
and dashed curves indicate Lorentzian fits. The dotted curve shows
the total 2PPE yield of Ag(111). (inset) 2PPE spectra of Ag
nanoparticles of approximately 10 nm diameter athν ) 3.2 and
3.6 eV. The arrows indicate the width of integration and peak shift.
Reprinted with permission from ref 108. Copyright 2005 Elsevier.
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Al2O3/NiAl(110) which exhibits resonant behavior at 3.6 eV.
In the inset, 2PPE spectra at 3.2 and 3.6 eV are compared.108

Information on the dynamic response is attainable if such
measurements are carried out in a time-resolved mode.

Photoelectron emission microscopy (PEEM) is a poten-
tially powerful tool for the study of MNPs. Although its
spatial resolution is limited to about 20 nm at present, it
combines a number of advantages. The imaging is much
faster compared to the scanning probe techniques STM and
AFM, rendering time-resolved measurements possible. It can
be combined with photoelectron spectroscopy by choosing
proper light sources to yield spectroscopic information and
can be performed in a pump-probe mode to explore
unoccupied states. Cinchetti et al. observed two-photon
photoemission (2PPE) images of Ag NPs (R g 20 nm) and
silver films on Si(111) by a PEEM combined with a time-
of-flight photoelectron spectrometer and pumped by a
femtosecond laser (∼200 fs).107 They observed a significant
increase of the photoelectron yield by up to 160 times on
the particle-covered areas with respect to the flat Ag films,
although individual NPs were not resolved. A time resolution
as short as 50 as was attained very recently by Petek and
co-workers115 in their time-resolved PEEM experiments on
silver grating structures. A time-resolved version of a 2PPE-
PEEM with higher spatial resolution should be the ultimate
technique for the study of electron dynamics of MNPs. In
this context it is important to note that the lateral resolution
of an aberration-corrected PEEM called SMART is ap-
proaching the theoretical resolution limit of 5 nm.116

The spectral response of an ensemble of MNPs can be
measured by exciting an extended sample area by the low-
energy electron beam from a distant source (cathodolumi-
nescence). Compared to optical extinction spectroscopy,
which probes the allowed electric dipole transitions, stim-
ulation by electron impact also provides information on
possible excitation channels not directly accessible by optical
transitions. Cathodoluminescence was, for instance, em-
ployed to study the radiative deexcitation of Mie plasmons
in Ag NPs on a thin alumina film on NiAl(110).117 From
analysis of these spectra it was concluded that the optical
coupling between silver MNPs was of minor importance at
island densities below∼1011 cm-2. Spectral changes after
annealing of the sample were also monitored and attributed

to modifications in the shape and size of silver MNPs during
annealing (Ostwald ripening and increasing aspect ratio).

Luminescence from individual MNPs can be studied by
combining light emission spectroscopy and STM, a method
called ‘photon-STM’.48,118 In this technique the photon
emission is stimulated by injection of field-emitted electrons
from the STM tip used as local electron emitter into single
supported particles. Emitted photons are collected by a
parabolic mirror surrounding the STM head, steered by optics
through a quartz view port of the vacuum chamber, focused
onto the slit of a UV-vis-grating spectrograph, and detected
with a liquid nitrogen-cooled CCD camera (Figure 9). This
setup enables simultaneous imaging and spectroscopic
analysis of single particles on solid surfaces. Plasmon
excitations in Ag and Au NPs have been studied on alumina
and titania supports by Nilius et al.48,119-123 The experiments
on Ag/Al2O3/NiAl(110) focused on the dependence of the
plasmon excitations on the particle size (Figure 10).48,119For

Au NPs on thin alumina films as well as on bulk TiO2 the
electromagnetic coupling between plasmons and electronic
excitations in the substrate was discussed. From the observed
broadening of the plasmon peaks a reduction of the plasmon

Figure 9. Experimental setup for photon emission spectroscopy of single Ag nanoparticles supported on thin alumina film (0.5 nm) in
STM. (a) Schematic drawing illustrating the cavity below the tungsten tunnel tip. Electrons with given parameters (tunnel voltage, current)
are field emitted from the tip into an individual Ag nanoparticle; subsequently, emitted photons are detected in the energy range between
1 and 6 eV. (b) The analysis part of the experimental setup consists of a beetle-type STM (tip direction upward) housed in a UHV chamber,
combined with a grating spectrograph and a CCD camera in air. The sample is prepared and characterized in a second chamber and can be
moved into the UHV chamber using a transfer rod. Reprinted with permission from ref 119. Copyright 2001 Elsevier.

Figure 10. Photon emission spectra of differently sized Ag
nanoparticles. The inset shows the corresponding STM image.
Reprinted with permission from ref 48 (http://link.aps.org/abstract/
PRL/v84/p3994). Copyright 2000 The American Physical Society.
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lifetime was suggested for thin film supports with respect
to bulk oxides.120 Shifts of plasmon energies between 300
and 500 nm were observed for single Ag-Au alloy
particles,122 which might be exploited for selective photo-
chemistry by tuning the plasmon resonance to the demands
of the reaction process.

The electromagnetic coupling between neighboring NPs
has been studied by fabricating particle ensembles with
varying number densities and investigating their optical
response.124 With decreasing particle-particle distance, an
increase in the plasmon energy has been observed and
assigned to a destructive coupling of out-of-plane plasmon
modes. The coupling between MNPs in close proximity has
also been studied theoretically because of its outstanding
importance for photonic crystals and single-molecule detec-
tion in surface-enhanced Raman spectroscopy.125 We will
come back to this below. The role of particle-particle
interactions in the photochemistry of complex MNP systems
has not been explored yet, although a considerable influence
is expected especially for high particle densities (see also
section 2.3.3). The dependence of the photon emission signals
on the long-range order in nanoparticle ensembles has been
demonstrated by photon-STM experiments on self-assembled
layers of ligand-stabilized silver particles on HOPG.126 It
should be mentioned in this context that near-field spectra
of single gold MNPs have recently been observed by a
scanning near-field optical microscope (SNOM).127 This
method is potentially interesting as it allows not only
detection of optical signals but also controlled stimulation
of a photochemical reaction on a single MNP.

Concerning the transfer of excitations from the MNP to
the substrate, our knowledge is based on experiments that
have been performed in a photon-STM by exciting Ag NPs
supported on TiO2 single-crystal surfaces of varying bulk
conductivities. For Ag NPs on weakly reduced TiO2,
radiative decay of Mie plasmons shifting to higher energies
with decreasing particle size was observed, while on strongly
reduced TiO2, plasmons were dissipated to e-h pairs in the
oxide and emission spectra revealed radiating decay of TiO2

excitons.121 Such observations suggest the possibility of using
MNPs as antenna to locally inject e-h pairs into the
substrate, on which photochemical processes could then
occur. It may even be possible to probe how far away from
the point of energy-transfer chemical reactions induced by
e-h pairs in the substrate can occur.

2.3.3. Plasmonic Coupling

At the Mie plasmon resonance the polarization of a MNP
oscillates at the frequency of the incoming light. This results
in the emission of light propagating to infinite distance. In
addition, strong near-field light localized in close proximity
to the metal sphere is generated. The decay length of the
latter is about the diameter of the sphere. As mentioned
before, the strongly enhanced fields in and around MNPs at
their plasmon resonance can couple in ensembles of such
particles. This can lead to drastic effects. A dramatic increase
of the optical near-field strength in their surroundings is
expected, while field enhancement does not occur in areas
with unfavorable geometry. The effect is well known from
surface-enhanced Raman spectroscopy (SERS) performed on
rough silver surfaces, where only a small percentage of the
adsorbed molecules (0.01%) contribute to the total Raman
signal as they are localized in areas with extremely high
electromagnetic field strengths. Estimations of the Raman

cross section yielded field enhancement factors on the order
of 105-107 in such ‘hot spots’ with respect to the incident
field; recently, even higher enhancements up to a factor of
1015 (single-molecule SERS) have been claimed.128,129

In a series of papers Stockman and his group have shown
that plasmonic coupling can lead to a very inhomogeneous
field distribution in both space and time which has been
described as hotspot formation.130,131 A prerequisite of the
effect is an inhomogeneous distribution of MNPs over the
surface with a fractal ensemble being most efficient. While
the effect exists even for longer excitation pulses, the most
dramatic effects become noticeable for excitation with
femtosecond pulses. The calculations were done with sim-
plifying assumptions such as constant phase of the incoming
field, dipole-dipole interactions, validity of Mie theory but
taking retardation into account by use of the retarded Green’s
function formalism. They show dramatic localization and
increase of the electromagnetic field at distinct spots of the
surface, which occur on time scales of a few 10 fs after
interaction with a femtosecond laser pulse. While the field
distributions are rather homogeneous shortly after arrival of
the laser pulse on the sample surface due to the constant
phase, inhomogeneous resonance conditions develop within
50-100 fs in different parts of the fractal ensemble and lead
to a concentration of the electromagnetic field into nanom-
eter-sized spots. In these hot spots the local field strength
reaches values which are 2 orders of magnitude higher than
the incident field strength. Additionally, the decay time of
the excitation amounts to 100-200 fs, whereas isolated metal
particles show plasmon lifetimes of the order of 10 fs or
less, as mentioned above. In a very recent paper the
applicability of this theory to interpret PEEM experimental
data is discussed.132

Recently, the study of plasmonic coupling in nanometer-
sized photonic devices has been receiving much interest as
a new research field called plasmonics.133-136 It covers a wide
range of topics in the fabrication of plasmonic crystals,
plasmonic waveguides, plasmonic lithography, perfect lenses
with metal slabs, etc. For chemical applications, energy
transport from donor to acceptor molecules through thin
metal films up to 120 nm has recently been reported.137 Of
course, plasmon excitation has been exploited before the
emergence of plasmonics; there have been numerous studies
about SERS128,129 and biosensors.32 Importantly, hot spots
or hot sites138-140 play a major role in SERS (see above).

Since hot spots at junctions between MNPs appear ran-
domly in the usual samples, design and construction of these
sites, so-called hot site engineering, have been attempted by
using electron beam lithography (EBL). Plasmonic interac-
tions have been observed for disk-shaped Au NPs141,142and
Ag NPs143 (d g30 nm) with controlled diameters and
interparticle distances made by this method. However, an
electric field enhancement has not been observed. This
suggests that interparticle distances should be further reduced
to achieve observable field enhancement. To date, it has been
difficult to produce controlled interparticle distances below
20-30 nm with EBL.143

The localization and magnification of electromagnetic near
fields in particle ensembles can have an immense impact on
photochemical reactions occurring under such conditions.
Fabrication of plasmonic nanostructures may also help to
control and understand photochemistry on such systems.
Following such lines is certainly promising for the future.
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2.3.4. Chemical Interface Damping
Damping of plasmons by the surrounding material has long

been discussed under the heading chemical interface damping
(CID).98,144-151 It should be important for photochemistry on
MNPs which necessarily proceeds in the presence of ad-
sorbed material. CID describes the changes of the energetic
position, strength, and lifetime of the plasmon resonance by
a surrounding medium, here the adsorbed species. Since it
is macroscopically connected with the change of the effective
dielectric constant of the medium surrounding the MNP, it
has been extensively considered for embedded MNPs.10 For
adsorbates the additional damping effect has been connected
to the scattering of hot electrons through unoccupied
adsorbate levels;145,149,150so, it has to depend on the nature
of the adsorbates.

For the interpretation of experimental studies of CID a
number of adsorbate-induced effects have been considered,
such as changes of the dielectric environment of the particle,
oxidation effects reducing the size of the metallic core, and
modifications in the particle electron density. Tra¨ger and co-
workers146,148 studied the CID of Na and K on 20-40 nm
Ag NPs deposited on a LiF(100) surface by optical transmis-
sion measurements and changes induced by molecular
adsorption. They found strong molecule-dependent effects
on energy, width, and strength of the resonance but no size
effects. Relatively strong CID for thiol-capped Au NPs has
been reported recently.152

Very recently retarding effects on the thermalization and
cooling of hot electrons in MNPs by adsorbates have been
reported by Bauer et al.153They found an extraordinarily slow
thermalization and cooling for thiolate-covered Au NPs and
suggested that these adsorbates work as a reservoir for hot
electrons, reemitting them back into the metal conduction
band; they termed this negative feedback. Such retarding
effects on the thermalization and cooling of the electronic
temperature by transient trapping of hot electrons at adsor-
bates should promote photochemical processes on MNPs by
increasing the time and efficiency of interactions between
adsorbates and hot electrons if the adsorbates are photo-
chemically active. We stress already here that photochemical
processes via transient occupation of LUMOs by excited
electrons are directly related to these processes (see section
3.1). Adsorbates will strongly influence the electron dynam-
ics in MNPs and therefore surface photochemical processes
on them. Such adsorbate-induced effects on the dynamics
have so far not been explicitly considered for photochemistry
at bulk metal surfaces.

In addition to the pure chemical effects described above,
there may also be influences on the electron dynamics on
MNPs (and through them on photochemistry) by the geo-
metrical structure (or morphology) of adsorbates. An influ-
ence of the orientation of liquid-crystal coatings on the
plasmon splitting of Au NPs has been reported by Park and
Stroud.154

2.3.5. Laser Heating and Laser Control
For the elucidation of photochemistry on MNPs, it is

important to distinguish between nonthermal and thermal
processes. In particular, in the presence of plasmon excita-
tions, the electron temperature is expected to be very high
due to the increased coupling to light and production of
electron-hole pairs by Landau damping (d e 20 nm). The
confinement and electronic isolation of MNPs from the
substrate should retard the cooling of the electron temperature

resulting in higher probabilities for electron-driven processes.
On the other hand, if the thermal conductivity at the interface
between MNPs and the substrate is poor (as in the case of
MNPs on thick insulating dielectric films), the transient
temperature rise can become large enough to induce thermal
processes such as desorption and dissociation of adsorbates.
Therefore, it is useful to estimate the maximum temperature
rise by pulsed laser irradiation at the surface (of MNPs and/
or the support) in order to minimize the contribution from
thermal processes which might even lead to morphology
changes of the MNPs.

The transientelectronic temperature rise induced by
subpicosecond laser pulses can usually be characterized by
the two-temperature model79 or the extended heat-bath
model.42 The electron temperature typically increases by
several thousand Kelvin and cools in times on the order of
several picoseconds. The transfer to the lattice via coupling
to the phonons is slower by a factor 10-100.

Heating of bulk metal surfaces by nanosecond laser pulses
has been studied theoretically and experimentally. The peak
lattice temperatureTl at the surface (depthz ) 0) can be
calculated by the following formula155,156

whereTi is the surface temperature prior to laser irradiation,
ε is the absorptivity of the surface at the excitation
wavelength,κ is the thermal conductivity,F is the density,
and C is the specific heat.I(t) is the temporal laser pulse
shape.

The peak lattice temperature rise by nanosecond laser
pulses can be experimentally measured by monitoring the
translational energy of molecularly desorbing species (LITD,
laser-induced thermal desorption).157,158 Reasonable agree-
ments have been observed between the calculated temper-
atureTt(max) and the peak desorption temperature estimated
by the equation159

wherem is the mass of the desorbing molecule,l is the flight
path length,k is the Boltzmann constant, andtm is the peak
arrival time obtained from the TOF distribution.

On the basis of such calculations, thermal desorption can
be distinguished by monitoring the fluence dependence of
tm. However, this is applicable only for molecular desorption.
In the case of associative recombination, e.g., CH3(a)+ H(a)
f CH4(g),158 tm is independent of laser fluence because the
kinetic energy gain is determined by the height of the exit
barrier of the reaction.

Also, even for true photodesorption, fluence-dependent
translational temperatures may be observed in the nonlinear
regime. This has been observed, e.g., for O2 desorption by
femtosecond pulses from Pt(111)160,161 where translational
temperatures varying from 600 to 830 K were found. In this
case, the contribution of nonthermal processes (DIMET,
desorption induced by multiple electronic transitions) has
been distinctively confirmed by two-pulse correlation mea-
surements in which a width of 1.7 ps was found, which is
much faster than the time scales of surface lattice heating.

Normally, the pulse energies used for LITD experiments
are in the range from tens of millijoules to joules, whereas
those for photodesorption are on the order of millijoules or
lower. Under irradiation with millijoule laser pulses, the

Tl(z ) 0,t) ) Ti + ε(κFCπ)-(1/2)I0∫0

t
I(t - τ)τ-(1/2)dτ (1)

Tdes) ml2/(4ktm
2) (2)
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maximum temperature rises are typically below several tens
of Kelvin. Therefore, thermal reactions can be excluded if
the base substrate temperature is low enough.

A more direct measurement of the transient temperature
jump by a nanosecond laser pulse has been conducted by
monitoring SHG (second-harmonic generation) from an
Ag(110) surface.162The validity of the above-mentioned heat-
diffusion model was confirmed.

Although the transient temperature jump at surfaces of bulk
metals can be well predicted by the heat-diffusion model,
that of MNPs has not been established, especially in the
presence of the plasmon resonance.

Bourguignon et al. developed a model for the temperature
jump induced by a nanosecond laser pulse in MNPs or films
on a transparent substrate such as MgO.163 The model
assumes (1) a height of MNPs much smaller than the
absorption length of the incoming light and (2) a good
thermal contact between MNPs and the substrate. The
temperature jump is written as

whereA is the fraction of the beam absorbed by the MNPs,
F is the laser fluence,D and C are the heat diffusion
coefficient and the heat capacity of the substrate, respectively,
and Θ is the coverage of MNPs. This formula allows
calculation of the temperature rise of the substrate covered
with a thin layer of light-absorbing material. Therefore, it
does not predict the temperature rise of MNPs if the thermal
contact with the substrate is poor or the thermal diffusion
into the substrate is slow. Stietz constructed a more detailed
model which takes into account the heat transfer through
the particle-substrate contact area with a thermal resistance
from a reference as well as heating by the substrate
absorption and neighboring particles.47 This model was used
to simulate laser ablation processes for size manipulation of
Ag NPs by nanosecond lasers (laser shaping, see below) as
mentioned in section 2.1. The typical laser fluences used in
laser shaping are several hundreds of millijoules.

Unfortunately, to our knowledge, there are no models
which can be useful to predict the temperature jump by laser
irradiation in the millijoule or submillijoule range typical
for photochemical experiments. However, it is possible to
roughly estimate the temperature rise by examining the
experimental data.

Träger and co-workers reported time-of-flight distributions
of Na dimers desorbed by laser (532 nm) heating of Na NPs
on a quartz substrate.164,165They estimated the temperature
increase from the peak times in the distributions. By plotting
the temperature increase as a function of laser fluence, they
obtained a slope of 49 K cm-2 mJ-1 for Na NPs as prepared
and of 27 K cm-2 mJ-1 for annealed NPs.165 The difference
was attributed to the contribution from the absorption at the
surface. Using these data it is possible to extrapolate the
temperature rise at small laser fluence. This leads, e.g., to a
temperature jump of 49 K for 1 mJ/cm2.

Estimation of temperature jumps may be extremely dif-
ficult if there is optical coupling between MNPs as in hot
spot sites (see section 2.3.3). Aside from the plasmonic
interaction, there may be heat transfer by near-field interac-
tion between two MNPs separated by a submicrometer
distance; this coupling has been treated recently, and a model
has been suggested.166 A thermal conductance larger than

the contact conductance was found for separations smaller
than the particle diameter.

Laser heating of MNPs is utilized to obtain uniform
particle size distributions (laser shaping).47,53,167A small part
of the ensemble of MNPs with specific sizes and shapes
(aspect ratios) is heated resonantly in terms of photon energy
and polarization by nanosecond laser pulses. A very narrow
size distribution (standard deviation in size below 0.13) can
be obtained using the plasmon resonance. The narrow size
distribution of MNPs obtained by this method was used for
measurements of plasmon lifetimes by spectral hole burn-
ing.168,169

In addition to laser shaping, other methods to control
structures,170 positions,171,172 and ordering173 of MNPs on
supports are being studied which will be important for more
precise control and design of the optical properties of MNPs.

3. Photochemistry on Metal Nanoparticles and
Related Studies

3.1. Overview
As outlined in the Introduction, photochemistry on MNPs

derives its interest from the changes that can be expected
relative to photochemistry on single-crystal surfaces, induced
by the peculiar properties of MNPs. To give a basis for
discussion it is helpful to briefly summarize the situation on
single crystals and then consider the changes to be expected.
We summarize the comparison in Figure 11.

To induce photochemistry, i.e., to convert electronic
excitation energy into energy of nuclear motion, an optical
excitation has to bring the molecule concerned to a potential-
energy curve with large slope in the Franck-Condon region,
so that the atoms can be accelerated along it. The simplest
process usually considered is desorption of an adsorbate or
a fragment of it; in a photochemical reaction this may be
the starting step. There is a well-established field of
knowledge about such processes which is usually termed
DIET (desorption induced by electronic transitions, see recent
DIET proceedings, refs 174-176). On metal and semicon-
ductor surfaces electronically excited adsorbates are de-
excited very rapidly, which strongly modifies the desorption
probability compared to dissociation of a similar free
molecule. The bond to be broken can be that between
adsorbate and substrate or an internal bond of the adsorbed
molecule; neutral or charged molecular and atomic fragments
can then leave the surface, and fragments can also stay
adsorbed.

A number of mechanisms containing various excitation
and deexcitation steps have been proposed, of which the
oldest is the so-called MGR mechanism.177,178 At high
excitation energies (multiple valence excitations or core
excitations; roughly above 40 eV) primary excitations on
the adsorbed molecules can be important (see, e.g., ref 179),
in particular if they are induced selectively and resonantly.180

However, at low energies (single valence excitations or even
subthreshold excitations in the substrate) the dominant
mechanism for photodesorption and reaction usually proceeds
via absorption in the substrate and formation of transient
negative adsorbate ions by hot electron transfer1,181with atom
acceleration occurring during their (short) lifetime. This is
due to the large penetration depth of photons in this energy
range which will lead to high densities of hot electrons of
fitting energies. This mechanism can be proved by measuring
the dependence of the observed process on the polarization

∆T ) ΘAF

[C(Dt)(1/2)]
(3)
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of the lightsthe behavior of bulk absorption is usually
distinctly different from that in adsorbate complexes. While
the lifetimes of such transient statesswith a hot electron
localized on an adsorbate unoccupied orbitalswill be very
small, the frequency of electrons hopping back and forth
between substrate and adsorbate is very high. In fact the well-
known fast quenching (below 1 fs) of excited molecular states
at metal and semiconductor surfaces already contained in
the MGR mechanism177,178(and recently becoming amenable
to direct measurement182) is proof of this since this latter
process is connected to the hot electron transfer by micro-
scopic reversibility. Again, the induced bond breaking can
concern the molecule-surface or an inner-molecular bond.
In the latter case the process is similar to dissociative electron
attachment183 (DEA) in molecules which has been investi-
gated in detail by many authors for condensed and adsorbed
films.181,184,185

A likely sequence of events42 then is photon absorption
in the bulk to produce a highly nonthermal hot electron
distribution, cooling of this distribution by electron-electron
interactions with its maximum shifting down (time scale in
the range of 10-100 fs, with the process slowing down
precipitously with decreasing hot electron energy, see Figure
5), and finally arrival at a quasithermal distribution which
then couples to the lattice by electron-phonon interactions
(time scale some tens or hundreds of picoseconds). If the
primary hot electrons match the energy of the molecular
negative ion resonance, they can directly be transferred; if
this is not the case because most hot electrons start out at
too high energy, the second step of redistributing this energy
will be the important one since it provides hot electrons with
changing and eventually matching energies. The quasithermal
distribution will not contain enough electrons with sufficient
energy to reach the transient molecular state, at least under
low excitation conditions. CID (see above) might be able to
channel hot electrons directly into the relevant adsorbate
orbitals.

These considerations are applicable only at low excitation
densities (<10-4 electron/atom).42 If the latter are beyond
the linear range which is likely to occur for very short pulses,
nonlinear processes can come into play which have been
termed friction-induced desorption186and DIMET (desorption

induced by multiple electronic transitions).187,188The concept
of electronic friction in surface processes such as desorption
goes back to the 1970s.189,190If there is a very large density
of excited electrons just above the Fermi level they can
convey kinetic energy to the atoms by multiple collisions
and lift them across an activation barrier in a friction-like
process. Under normal thermal conditions and for laser
irradiation with low excitation density such processes are
not competitive with phonon-coupled processes; however,
they can become important for high densities of (thermalized)
hot electrons. As another nonlinear DIET mechanism,
DIMET187,188 was proposed to explain observations of
nonlinear electronically induced desorption by short intense
laser pulses. This mechanism is essentially a sequential MGR
process: even for rapid deexcitation by quenching to the
substrate an excitation step can lead to some acceleration of
the adsorbate atoms along an excited-state curve. If the next
excitation step occurs before the atomic kinetic energy has
been dispersed, the effects of recurring excitation-deexci-
tation cycles can add up leading to bond breaking along that
coordinate. In ref 186 the two mechanisms are compared
within a unified approach, and it is shown that friction-
induced desorption is applicable for cases where the hot
electrons have a broad distribution of small energies (e.g.,
quasithermal) and DIMET occurs for high energies with a
comparatively narrow distribution. A critical reexamination
has been given by Gadzuk.40

If we want to carry over these concepts to MNPs, we have
to examine what will change. As discussed in section 2 the
main optical effect of MNPs with nanometer size is due to
the (material- and size-dependent) existence of the Mie
plasmon and the resulting strong enhancement of applied
electromagnetic fields. For processes initiated by a primary
excitation localized in the adsorbate, this field enhancement
will be the main effect. Since the plasmon energies are in
the low-energy region as defined above, we expect that for
the majority of systems the dominant photochemical mech-
anism will again be the transfer of hot electrons from the
substrate to the adsorbate. These hot electrons are produced
in the MNP by plasmon decay in addition to those e-h pairs
directly produced by photoexcitation near the Fermi level.
There is agreement between the existing reports (see above)

Figure 11. Schematic depiction of the evolution of excitation after photon absorption for a molecule on a single-crystal surface (left) and
on a metal nanoparticle (MNP).
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that the lifetime of plasmons is very short, 2-10 fs. It should
further decrease due to the CID effect mentioned in section
2.3.4 (see also below). Furthermore, the plasmon constitutes
a collective excitation in which the energy of the quasiparticle
is distributed over many electrons (in effect all electrons of
the MNP), so that it is difficult to see how it could become
directly relevant for bond breaking. The main effect of the
plasmon for photochemistry is therefore likely the field
enhancement and consequent increase of all following events.
The only mechanism that can be envisaged to contribute in
addition is a friction-type energy transfer to an adsorbate,
either directly from the oscillating electrons via Pauli
repulsion of the adsorbates or from the large amount of
quasithermal electrons after the initial cooling. After its short
lifetime the plasmon decays into electron-hole pairs, hot
electrons via Landau damping,191,192or emitted photons. The
first decay path is likely to dominate for our MNPs and will
again produce a very athermal hot electron distribution with
a maximum energy given by the plasmon energy. The further
processes will be as for single crystals but possibly with
changed parameters. As discussed in section 2.2.2 there is
disagreement as to whether electron-electron scattering is
stronger or weaker in MNPs compared to the same bulk
material. The most recent results105 on the scattering of very
hot electrons (i.e., those fitting for transient transfer into
adsorbate negative ion resonances) indicate a decrease of
scattering in MNPs compared to the bulk (Figure 11). This
should increase the efficiency for bond breaking. We note
that the chemical interface damping (CID) postulated as
plasmon damping mechanism by adsorbates (section 2.3.4),
i.e., dephasing and energy redistribution by hot electron
scattering through adsorbate resonances, is exactly the same
process postulated here as the main desorption mechanism.
The partial quenching of the plasmon resonance by CID
implies that the excitation can be channeled directly into the
molecular resonance. This may explain why the effect of
plasmon enhancement survives adsorption despite the partial
quenching of the resonance it causes. An investigation of
this concept appears promising.

An effect which is present in MNPs even outside the
plasmon resonance is that of confinement of the excited
electron-hole (e-h) pairs by the limited size of the MNP.
It has been shown42 that for a bulk material (here Ru) the
ballistic e-h transport into the volume leads to much smaller
electron temperatures than expected. If this transport is
eliminated by the fact that the interface constitutes a barrier
for hot carrier transport, then the hot electron density
available for any process in the MNPs should increase. This
will be counteracted by the smaller depth available for
absorption of light; the possible enhanced interface scattering
should leave the energy inside the MNP. A net positive effect
for the photochemical yield due to confinement is expected
(see also the discussion in ref 42). Changes of hot electron-
transfer dynamics at the special sites available on MNPs
might contribute as well.

For the less likely case of direct primary excitation of the
molecules, be it that this is the stronger excitation mechanism
than hot electron transfer, be it that the molecules concerned
do not sit on the MNPs but on the oxide support between
the MNPs,139,140,193 the only decisive effect will be field
enhancement.

The MNP-support interface may also act as a barrier to
heat conduction. The MNP might become hotter that way
and stay hot longer, enabling thermal desorption from an

overheated substrate. If such an effect can exist it will depend
strongly on the support. For MNPs on alumina with its good
thermal conductivity it might be unimportant.

In these considerations we assumed that the excitation
densities are low. These concepts break down at high
excitation densities, where mechanisms termed friction-
induced desorption and DIMET186 (see above) will take over.
In the range of plasmon excitations, where the MNPs act as
antennas collecting the energy into a small part of the surface
area, photon fluences leading to low excitation densities if
spread over the entire surface might suffice to lead into this
range. This means that what happens on single-crystal
surfaces with femtosecond laser pulses may happen on MNPs
for much longer (or weaker) pulses. Under such conditions,
transient transfer into negative-ion resonances might become
more important. In addition, direct adsorbate excitations
(plasmon enhanced) might also become more important than
the substrate-mediated pathway. On the other hand, the
friction-mediated mechanism could occur at lower photon
fluences for MNPs as well (see also the discussion in ref
43).

These last considerations are applicable even without
coupling between MNPs. They obviously would become
aggravated for interacting MNP arrays since for them the
plasmonic fields of the individual MNPs can couple non-
linearly and lead to strong spatial and temporal energy
localization (hot spots) as discussed in section 2.3.3. It is
very conceivable that such situations could lead to strong
modifications of MNP photochemistry. No reports on such
effects exist in the literature. Also, all measurements so far
have been interpreted by the assumption that the photoactive
species sit on the MNP surface.

Obviously, there can be different (and partly opposing)
effects in photochemistry on MNPs compared to (the same)
bulk material. The details are largely unclear; their disen-
tanglement will require close interplay between careful
preparation, detailed experimentation, and theoretical work.

3.2. Survey of Existing Work for Photochemistry
on MNPs

3.2.1. Early Work and Related Experiments on Rough
Surfaces

Insight into the influence of field enhancement in SERS
prompted early considerations that these effects should be
active in photoreactions as well. For example, Nitzan and
Brus, who calculated the enhanced electric field on a small
metallic sphere in connection with SERS in 1981,194 argued
for possible substantial enhancements of the photochemical
yield. Das and Metiu described the enhancement of molecular
fluorescence and photochemistry due to the presence of metal
particles.34 Enhancement factors of photochemical rates of
more than 1 order of magnitude were calculated for a 20
nm Ag particle; however, the situation for molecules in direct
contact with the particle could not be treated. The first
experimental indication of a plasmon-enhanced photochemi-
cal reaction was reported in 1983 by Chen and Osgood33

for the photodissociation of organometallic molecules (di-
methyl cadmium) on cadmium spheres of 10-300 nm
diameter using 257 nm light, i.e., in the region of the Cd
plasmon. The (CH3)2Cd adlayer was found to preferentially
photodissociate on the poles of the electric field around the
metal spheres leading to formation of ellipsoidal particles.
No such development of ellipsoidal shapes was seen when
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replacing Cd by gold, which does not possess a plasmon
excitation in this energy range. Photodesorption of Na atoms
from Na particles deposited on LiF(100) was the first direct
observation of MNP field enhancement influencing a pho-
tochemical process.195 The photodesorption yield peaked at
490 nm, which corresponds to the particle plasmon reso-
nance. The conclusion of a nonthermal desorption mechanism
was derived from the high kinetic energy of desorbing Na
atoms (about 1.6 eV) and the negligible surface heating
estimated from the low laser fluences used. The importance
of electric field effects was reproduced by a theoretical study
calculating the surface electromagnetic field as a function
of particle size.196 The study demonstrated that the energetics
of the desorption is compatible with bond rupture of Na
atoms at certain sites on the particles following a MGR-
type mechanism.164 In these works the definition of the MNPs
and their surfaces might have been suboptimal, but they are
important historically as well as conceptually.

The role of plasmon enhancement has also been shown
for rough surfaces. Photodissociation of submonolayer
Mo(CO)6 adsorbed on Al films on quartz,197 the photode-
sorption of NO, OCS, and SO2 from roughened silver
surfaces,198-200 and the photodissociation of Fe(CO)5 on
Ag(111)201 were studied. Although these experiments did not
deal explicitly with MNPs, their results suggest that similar
mechanisms should hold for the photochemistry on MNPs
since enhancement of surface electromagnetic field is the
relevant parameter in all cases.

3.2.2. Photochemistry on Defined MNPs

Photodissociation of Methane on Pd Nanoparticles.
Photodissociation of methane physisorbed on Pd NPs is of
particular interest as it shows a clear particle-size depend-
ence for the interactions in the ground state as well as in
the electronically excited state. Methane physisorbed on
Pt(111),202 Pd(111),203 and Cu(111)204 surfaces is readily
dissociated into methyl and hydrogen by irradiation with a
193 nm (6.42 eV) ArF excimer laser. On Cu(111), methane
photodissociation leads to ethylene formation.204 These
observations are surprising because light absorption in
gaseous methane does not occur at wavelengths above 145
nm (8.55 eV). The peculiarity of the methane/transition-metal
systems consists of the fact that methane on these surfaces
is excited by a direct electronic transition localized within
the adsorbate-substrate complex, as proved by polarization-
dependent measurements.205 This is in contrast to most of
the usual surface photochemistry on metals and semiconduc-
tors at low excitation energies which is due to substrate-
mediated excitations. The lowering of the excitation energy
can be understood by an electronic interaction in the excited
state resulting in hybridization of the excited 3s state of
methane and the unoccupied states of the metal. The resulting
hybrid state is much lower in energy than the molecular 3s
state, explaining why excitation is possible by 6.42 eV
photons.

On Pd NPs on a thin alumina film methane adsorbs weakly
and thermally desorbs as molecule, as in the Pd(111) case.
The interaction between methane and Pd NPs becomes
stronger with increasing particle size as shown by the TPD
results in Figure 12.206 For large particles the desorption
temperature slowly approaches the value for Pd(111). The
long tail at higher temperatures can be attributed to the
particle size distribution and the inhomogeneity of the surface
structure of the Pd NPs, which contain (111) and (100) facets

as well as edge and kink sites.50 The size dependence of the
methane-NP interaction in the ground state reflects the
increase of the dispersion forces (van der Waals interaction)
with increasing size due to the higher number of electrons
available for the dynamic response in larger NPs. A similar
trend in the methane-NP interactions has been reported
recently for Pd NPs formed on MgO surfaces.207 Irradiation
of a CD4 layer leads to photodissociation into CD3 and D
on the surface as well as to photodesorption of CD4. Since
CD3 desorbs associatively upon heating in the presence of
preadsorbed H, the degree of photodissociation can be
detected by TPD of CD3H; the TPD peak area of CD3H is
then proportional to the number of methyl groups formed
by laser irradiation. Figure 13 shows a series of TPD results
for CD3H measured after 193 nm ArF laser irradiation (1.5
× 1019 photons/cm2) onto CD4-precovered Pd particles on
alumina as a function of particle size. It is readily seen that
the methyl formation rate increases with increasing particle
size.

The efficiency of the CD4 photodesorption using the same
irradiation can be derived from the TPD integrals of CD4.
Figure 14 shows a plot of the CD3H formation ratioâ and
the CD4 depletion ratioR as a function of the total Pd
coverage. It is seen that methyl formation increases with
particle size, whereas the depletion ratio decreases. This
implies that the photodesorption is enhanced as the particle
size is reduced whereas photodissociation is suppressed. The
lower depletion ratio for the larger NPs has been attributed
to a poisoning effect as a result of the increased methyl
concentration.202

The photoexcitation mechanism of methane has been
supported by ab initio calculations for CH4/Ptn and CH4/Pdn

clusters by Akinaga et al.208,209The excited state responsible
for dissociation to CH3 + H is formed from mixing of an
antibonding Rydberg state of methane, localized 10 eV above
the HOMO of gas phase methane, and unoccupied states of
the metal. The excitation energy depends strongly on the
cluster size because electron redistribution over the metal

Figure 12. Series of CD4 TPD spectra (m/z ) 20; solid curves)
from Pd nanoparticles of various sizes deposited on a thin A12O3
film epitaxially grown on NiAl(110). The sample was exposed to
0.5 L CD4 at 40 K (1 L) 10-6 Torr‚s). The desorption peaks are
due to molecular desorption, CD4(ads)f CD4(g). The numbers
denote the total Pd coverages as a measure of the nanoparticle size.
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
on a different scale. Reprinted with permission from ref 206.
Copyright 1999 Wiley-VCH Verlag GmbH.
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cluster plays an important role in stabilizing this charge-
transfer state. Further stabilization of the excited state can
come from the image force.210 The calculated excitation
energy including image force effects results in 5.1 eV, which
is accessible by a 6.4 eV photon. The methane-Pd NP
system demonstrates the possibility to control competing
photochemical paths by tuning the size and consequently the
electronic structure of MNPs.

Photodesorption of NO and Site Conversion of CO on
Pd Nanoparticles. A variety of adsorption sites exist on
the surface of MNPs compared to single-crystal surfaces.
Kampling et al. reported photodesorption of NO from
amorphous and ordered Pd NPs on thin alumina films at 6.4
eV and found marked differences from the behavior on the
flat Pd(111) surface, where NO photodesorption is absent.211

The desorption efficiency increases with decreasing particle
sizes below 8 nm. On amorphous Pd NPs a substantial
amount of NO is only weakly bound, a characteristic which
is well known from stepped Pd crystals. Such weakly bound
NO shows a larger photodesorption cross section than the
strongly chemisorbed NO on ordered NPs.

However, the final-state energy distributions of desorbing
NO, as detected by REMPI, did not show strong size and
morphology dependences. Three possible mechanisms were
proposed to explain the observation: (i) desorption from low-
coordinated Pd atoms, (ii) laser-induced spill over to the
alumina support, and (iii) Pd particle sizes smaller than the
mean free path of electrons. It was suggested that changes
in the lifetimes of electronically excited states and modifica-
tions of the potential-energy surfaces as a function of particle
size are responsible for the final state distributions and
different photodesorption efficiencies.

TPD and IRAS were used to study adsorption site changes
of CO bound to amorphous and crystalline Pd NPs on thin
alumina films on NiAl(110) at 120 K after irradiation with
UV laser light ofλ ) 355 nm.212,213Site changes from higher
coordinated sites to on top positions were found which
occurred only for nonequilibrium adsorbate structures. Such
adsorbate configurations were prepared by annealing a CO-
saturated surface to 300 K; they reveal a higher local
adsorbate density in combination with vacant adsorption sites
at on-top positions of the palladium. Site-exchange processes
were observed to occur reversibly in a cycle of laser
irradiation and annealing (to 250-300 K). The observed site
changes were found to be strongly dependent on the CO
adsorption structure as well as on the size and morphology
of the Pd NPs. The effect of laser-induced repopulation was
most pronounced for small NPs. As an explanation, the
presence of a floating CO phase coupled via CO-CO
repulsion was suggested to be responsible for the collective
site changes. The site change effects would then be induced
by fluctuations of the local electron density after laser
irradiation. However, details of the size and morphology
dependence of the initial electron dynamics are obscured by
the complexity of the collective site-exchange processes and
could not be resolved.

Very Recent Work: Water and NO on Ag NPs.Very
recently, a first attempt to utilize the potential of time-
dependent measurements on MNP-induced photochemistry
has been made by the group of M. Wolf.214 They investigated
the photochemistry of water on laser-shaped Ag NPs
supported on quartz (rather high coverage, estimated at
around 50% of the surface area) by following the desorption
of water by a femtosecond laser two-pulse correlation
technique. They did not find any evidence for an influence
of very short time scales in the dynamics leading to
desorption; the desorption of H2O was found to be purely
phonon mediated. In the experiment the MNP lattice modes
were resonantly heated by tuning the laser wavelength to
the energy of the horizontal plasmon mode in the NPs and
the molecules desorbed thermally. The MNP absorption
spectra were found to red shift with water coverage; the

Figure 13. Series of CD3H TPD spectra (m/z )19; solid curves)
of 0.5 L CD4 precovered Pd nanoparticles of various sizes after
laser irradiation with 1.5× 1019 photons per cm2 at 193 nm. The
desorption peaks are due to recombinative desorption, CD3(ads)+
H(ads)f CD3H(g). The numbers denote the total Pd coverages as
a measure of the nanoparticle size. The dashed curve corresponds
to a TPD spectrum after irradiation of a Pd(111) single-crystal
surface precovered with 1.1 L CD4 and is depicted on a different
scale. Reprinted with permission from ref 206. Copyright 1999
Wiley-VCH Verlag GmbH.

Figure 14. (a) Plot of the CD3H formation ratioâ (â ) B/A0; B
) integrated TPD peak areas of CD3H after irradiation,A0 )
integrated TPD peak area of initially adsorbed CD4 before irradia-
tion) as a function of the total Pd coveragec; (b) plot of the CD4
depletion ratioR (R ) 1 - A/A0; A0 ) integrated peak areas of
CD4 before irradiation,A ) integrated peak areas of CD4 after
irradiation with 1.5× 1019 photons per cm2) as a function of the
total Pd coverage. Total Pd coverages of 1.4, 2.1, 3.5, and 7 Å
correspond to average nanoparticle sizes of 37, 49, 65, and 73 Å,
respectively. Reprinted with permission from ref 206. Copyright
1999 Wiley-VCH Verlag GmbH.
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caused attenuation was small. On the basis of an approximate
analysis the desorption temperature was estimated to 1000
K and the cooling time of the MNPs to around 500 ps. The
analysis depends on the assumption that the observed
processes occur on the Ag NPs, even though the adsorption
energies of water on quartz and Ag are very similar and the
entire surface is likely covered with water.

Also very recently, Wettergren et al. reported the effect
of plasmon excitations on the photodesorption of NO from
a graphite (0001) surface covered with Ag NPs.215 Figure
15 shows the normalized initial yield of desorbing NO at

355 nm as a function of silver coverage from such graphite
surfaces. Here the silver coverage was relatively small
(e5.5% of the graphite surface) and the particle sizes were
large (up to 133 nm long and 95 nm high). The data still
show a clear increase in the yield as high as 20-fold with
respect to the Ag-free surface. The maximum was attributed
to the plasmon-related field enhancement and the concomi-
tant increase of hot electron production. It should be noted
that again both the particles and the support were covered
by NO in the experimental situation.

The authors’ group recently studied photodesorption of
NO adsorbed on Ag NPs (mean size 8 nm) on thin alumina
films on NiAl(110) by mass-selected time-of-flight spectra
(MS-TOF) of desorbing NO from layers characterized by
TPD.216 NO was photodesorbed by nanosecond laser pulses
athν ) 3.5 and 4.0 eV. Photodesorption cross sections were
obtained from the fluence dependences of the integrated TOF
signals of desorbing NO. Compared to Ag(111),217,218

enhancement factors of 29 (3.5 eV) and 1.8 (4.0 eV) were
found on the Ag NPs. The large enhancement at 3.5 eV is
explained by resonant excitation of the Ag Mie plasmon
which has also been seen in the 2PPE results.108 Mean
translational energies of NO were 700-800 K, considerably
larger than for Ag(111) substrates, where∼490 K was
measured.218 This increase may be connected to increased
hot electron lifetimes for the MNPs.

4. Summary and Outlook
There is no question that the size and morphology of

MNPs strongly influence the photochemistry on their sur-
faces. MNPs may offer new adsorption sites and new
electronic states, which are absent on single-crystal surfaces.
The special photochemistry occurring on MNPs is related
to these changes of electronic structure and geometrical
parameters (which are, of course, correlated). Different
ground and excited electronic states and their lifetimes then
result in different dynamics and kinetics on nanostructured
surfaces.

This survey has shown that the particular photophysical
properties of MNPs are diverse and complicated, but as they
have been investigated for a considerable time, the accum-
ulated knowledge and understanding is appreciable. The
confinement of excitations due to the small size of the MNPs
is likely to increase the efficiency of photochemistry. The
overwhelming importance of the plasmon excitation, when
present, and of the concomitant field enhancement is very
obvious; the time evolution following the excitation is
understood in principle. The relevant parameters are generally
clear, even though their magnitude, relative importance, and
interplay are not understood in detail. What is still missing
here is to perform all experiments on well-defined samples
where size and morphology of the individual particles as well
as their arrangement on the support are well determined.
While, in principle, a bottom-up approach (build up by soft
landing of mass-selected particles with subsequent in situ
characterization) might appear more appealing, in practice
the (now well-developed) procedures for preparing defined
samples by vapor deposition seem to be more promising.
Also, use of alloy NPs such as Au-Ag122 may allow one to
tailor plasmon enhancement with specific chemical selectivity
for surface photoreactions of interest.

In comparison to the progress made in photophysics, work
on the photochemistry on well-defined samples is very much
in its beginning stage with the number of publications being
quite small. Again, it will be of utmost importance to work
with well-defined samples. Application of the highly devel-
oped laser techniques with their continuing extension to
shorter pulse times will certainly be very fruitful.

The most promising approach will be combined photo-
physical and photochemical investigations using the same
sample to exclude any influence of sample preparation on
the transferability of results.

Unanswered questions abound. The relative contributions
of the various sketched (and maybe of new) mechanisms
have to be sorted out and explained and examined for low
and high excitation densities. The contributions of plasmon
enhancement and detailed influence of hot electron dynamics
on the photochemical processes have to be examined for
molecules in contact with the MNPs. A mere influence of
the field enhancement for molecules not in contact with the
MNPs may be important to induce reactions on the oxide.
Such an antenna effect of MNPs may be usable to induce
spill-over effects of hot electrons, where local injection of
e-h pairs into a suitable oxide triggers photochemical
reactivity on such oxides, possibly even allowing one to
probe the length scale of such transfer processes. In all cases,
the plasmonic coupling in an array of MNPs and the
connected hotspot formation may lead to peculiar reactive
situations. There is no question that this is an exciting
research field and that interesting results can be expected
soon.

Figure 15. Initial yield for NO desorption from a graphite(0001)
surface covered with Ag nanoparticles, normalized with respect to
the pulse energy and NO coverage, as a function of Ag coverage.
The dashed line shows the expected increase in the initial yield
due to the increased silver nanoparticle area. The arrows mark the
initial yield from clean graphite and the expected initial yield from
an Ag(111) surface. Reprinted with permission from ref 215.
Copyright 2005 Elsevier.
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(66) Hövel, H.; Grimm, B.; Pollmann, M.; Reihl, B.Phys. ReV. Lett. 1998,

81, 4608.
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