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Contents of excited adsorbate states by transfer of charge and/or energy
from the adsorbates to the substrate. Furthermore, excitation

;' llg::)(:)deurggznof etal Nanopartices jggé of adsorbates by hot (excited) electrons produced by pho-
: : _ toabsorption in the substrate plays an important role as it
2.1. Preparation and Geometric Structure of Metal 4304 induces charge and energy transfer in the opposite direction,

Nanoparticles on Well-Defined Surfaces from the substrate to adsorbates. Well-defined metal surfaces
2.2. Electronic Properties 4304 covered by adsorbate layers under ultrahigh vacuum (UHV)
2.2.1. Electronic Structure 4304 conditions provide systems which are well characterized in
2.2.2. Electron Dynamics 4305 all aspects, particularly regarding geometry and electronic
2.3. Optical Properties 4307 structure. The fact that such layers usually consist of
2.3.1. Plasmon Field Enhancement 4308 molecules which are naturally aligned on the surfawakes
2.3.2. Plasmon Lifetime and Decay 4308 surface photochemistry a powerfu! alternative to the §tereo—
2.3.3. Plasmonic Coupling 4310 dynamic control of chemical reactions by optically aligned
2.3.4. Chemical Interface Damping 4311 molecular beam3.Well-defined adsorbate systems thus
2.35. Laser Heating and Laser Control 4311 provide unique playgrounds for surface photochemistry.
3. Photochemistry on Metal Nanoparticles and 4312 Stimulated by the demand to bridge the gap between
Related Studies surface science under UHV conditions and processes on real
3.1. Overview 4312 catalysts, quel syste_ms.for heterogeneous catalysis have
3.2. Survey of Existing Work for Photochemistry 4314 been extensively studied in the past decade. Such systems
on MNPs usually consist of nanometer-sized metal particles supported
3.2.1. Early Work and Related Experiments on 4314 on thin oxide layeré:® The purpose of these studies is not
Rough Surfaces only detailed exploration of real catalysts but also the desire
3.2.2. Photochemistry on Defined MNPs 4315 to better control the physical, chemical, and catalytic

4. Summary and Outlook 4317 properties of nanoparticle systems. Here we use the term

5. Acknowledgments 4318 metal nanoparticle (MNP) for metallic particles with sizes

6. References 4318 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,
1 Introduction stqrting from very small aggregates containing 3 atoms

' (trimer) up to particles of micrometer diamet&FEor physical

The photochemistry of small molecules on well-defined aspects of metal clusters on solid surfaces, readers are
metal surfaces has been the subject of intense research foreferred to refs 1113. The small clusters which show effects
more than three decadé3his field is of interest because it ~ of molecular and shell structures will not be important in
rests on the superposition of two influences. On one hand,our context. Synthesis and applications of size-controlled
new reaction channels can become possible by electronicligand-stabilized MNPs, such as &y constitute a large
excitation, which are usually not accessible by thermal research field! ¢ however, they are also outside the scope
activation. On the other hand, compared to molecular of the present review.

photochemistry in the gas phase, interactions of molecules Thermally driven chemical reactions have been studied
with solid substrates open unique pathways of photoexcita- on mass-selected metal clusters in the gas phase after
tion and photoreaction not accessible in homogeneoussoft landing onto solid surfacéé.In the latter case even
reactions. This is primarily due to the fact that the bonding catalytic cycles have been observétd?? In contrast, there
adsorbates. In addition, the very rapid exchange of excitationnowledge, the photocatalytic properties of mass-selected
energy between adsorbates and substrate, in particular onnetg| clusters soft-landed on surfaces have not been inves-
metal and semiconductor surfaces, can lead to fast quenchingjgated so far. The latter approach of depositing small, mass-
selected clusters onto substrates and investigating their size-
*To whom correspondence should be addressed. E-mail: watanabe@specific properties can be referred to as a ‘bottom-up

fhi-berlin.mpg.de. ) ; ;
t Eritz-Haber-Institut der Max-Planck. method’, which would allow the highest degree of control
#Technische UniversitaMiinchen. if one could determine the surface quality and densities of
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tion by STM was, however, attempted for small metal
specific defects with a very high degree of precision. Since clusters of up to several tens of atoms on Pt(¥t¥),
this is generally not the case one has to characterize theSi(111)?8-3°and graphit& surfaces. An alternative approach
system after cluster deposition, and this is typically not is the vapor deposition of metal atoms on substrates, followed
practiced, in particular not for oxide surfaces. Characteriza- by aggregation into crystalline or amorphous NPs. This
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technique shows the highest flexibility in forming particle While the optical properties of MNPs are of primary
systems with various topographic and electronic propertiesimportance in the initial photoexcitation process, the transfer
and allows the study of size-selected, deposited clusters byof electronic and thermal energy within MNPs as well as
local probe spectroscopies. In both approaches the comparibetween the MNP and the adsorbate and the substrate are
son between experimental and theoretical results as well agdecisive, too. This is especially critical for the chemistry
with data obtained on planar surfaces is of highest interestinduced by ultrashort laser pulses because the conversion
and importance, in particular when the presence of NPs leadsand transport processes occurring can determine the lifetimes
to qualitatively new phenomena, such as particle size effects,of electronically excited adsorbate states and therefore the
cluster-support interactions, or specific collective excitations reaction rates, final energy distributions, and branching ratios
in the single MNP or in the ensemble. of chemical products. Electron energy transport at metal
In Table 1 we compare the characteristic properties of surface®®” and ultrafast surface photochemistry in the
single-crystal metal surfaces and supported metal NPs. Thesubpicosecond regime (surface femtochemigtfy)have
been studied since the 1990s using laser-based ppnope

Table 1. Factors Controlling Photochemistry on Single-Crystal techniques. Also, the ultrafast energy transport at bulk metal
Metals and Supported Metal Nanoparticles (MNPs) surfaces has been characterized in détait However, there
single-crystal metals supported MNPs are only a small number of studies on energy transport within
geometric structure  simple complex MNPs in relation to their surface photochemistty.
electronic structure  electron bands confined states, discrete  |n fact, the existing literature about actual photochemistry
chermical praperties fixed tLOr:;t;Fea"er NPs on MNPs is generally very limited; most of the publications
optical properties fresnel: continuousMie: resonance concern the photophysics of metal p_art'Cles' The main topics
behavior behavior addressed here are the plasmon field enhancement effect,
energy transport  fast slow the plasmon decay and hot electron dynamics, and the
to the substrate influence of particle size and morphology on these phenom-
particle-particle  no yes ena. These aspects are of great importance for our discussion

Interactions on the subject and will therefore be included in this review.

The number of investigations aimed directly at photochemical
latter shows a variety of new physical and chemical proper- reactions at MNPs is quite small so far, and consequently,
ties in addition to the well-known single-crystal behavior: many relevant questions remain open. We therefore believe
among others, a more complex geometrical structure andthat an integrated overview, which has not been given so
quantization of electronic states in the spatially confined far to the best of our knowledge, is timely and helpful for
systems which also leads to a decrease of energy transporfurther development of this field.
into the substrate. Many of the distinct chemical and catalytic  This review surveys photochemistry on MNPs, which were
properties are determined by the new morphology of the prepared in ultrahigh vacuum on well-defined metal or
nanoparticle ensembles, caused by large surface-to-volumensulator substrates and characterized via common surface
ratios and the limited particle siZeBy varying the prepara-  science techniques. We will not deal with ultrasmall clusters
tion conditions, it is therefore possible to tune the system (number of atoms below about 100) but focus mainly on
properties toward the demands of a specific chemical the diameter range from 2 to 20 nm (some hundred to some
reaction. In addition, the special optical characteriéti®s 105 atoms), and in this sense we use the nomenclature MNPs.
of nanosized metal particles have a very strong influence However, since most of the existing basic concepts have been
on the photochemistry. All these factors determine the developed with embedded particles or particles prepared
interaction of MNPs with adsorbed molecules and conse- ynder less stringent conditions, important work using such
quently their performance in photochemical reactions. samples will also be mentioned where appropriate. We pay

One important consequence of the tunable morphology of special attention to the various differences between bulk
particle systems in terms of shape, size, and environment ofmetal surfaces and MNPs.
the MNPs is the possibility to adapt and tailor their optical  The structure of the review is as follows. In section 2 we
properties relative to bulk crystal®.In particular, new  give a brief overview of the techniques used and derived
collective modes in electron excitations, which can be properties of well-defined MNPs, stressing those of particular
described as Mie-type surface plasmaolaritons, are of  jmportance to photochemistry. In section 3 we present a
utmost importance to drive photochemical reactions. Exploit- general survey of MNP photochemistry and then review the

ing the strong field enhancement induced by particle plasmonpypjications which have appeared so far. We provide
resonances, the first studies of the photochemistry on MNPS¢gnclusions and an outlook in section 4.

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 useé' Properties of Metal Nanoparticles
the plasmon-induced electromagnetic near field to stimulate For the study of photochemistry on MNPs, preparation
optovibrational excitations of adsorbed molec#&¥.It is and characterization of the sample are of central importance.
known that the topology of MNP ensembles can be important Here we summarize the experimental methods for the
also for thermally induced catalysis because it influences the preparation of MNPs on well-defined substrates and then
transport of chemical species between MNPs and the supporteview their relevant properties for photochemistry, such as
(spill-over effect®). This should also hold for photochemical geometrical structure and electronic and optical properties,
reactions and will add to the benefits already present due toas characterized by means of various surface analytical
the special optical properties of MNP ensembles as deter-techniques. Most of the experimental methods are similar
mined by their topography and interactions with the sup- to those used for photochemical studies on single-crystal
port! The full exploitation of the relations between these surfaces:**5They usually combine classical surface analysis
aspects still needs further research. tools and suitable light sources. The main difference between
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single-crystal and MNP studies are the distinct preparation (STM), atomic force microscopy (AFM), transmission
techniques for the particle ensembles. Concerning optical electron microscopy (TEM), and spot profile analysis of low-
properties of MNPs, there are numerous studies which cannotenergy electron diffraction (SPA-LEED). STM and AFM
be covered comprehensively in this revié&d®In addition, provide local structural information down to the atomic scale.
many of the earlier investigations were done on embeddedCharacteristic STM images of Pd and Ag NPs are shown in
particles; so their results cannot always be transferred easilyFigure 1. SPA-LEED provides information about coverage,
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 AlLOJNIAI(110). Image sizes: 65 nmx 65 nm and 130 nmx

model systems for.hete_rogeneous catalySiypical sub- 130 nm. Reprinted with permission from (a) ref 50 [http://
strates are thin oxide films grown on metal supports, such jink aps.org/abstract/PRL/V83/p4120] and (b) ref 48 [http://link.
as a two-layer AdOs film on NiAI(110) and an MgO film  aps.org/abstractPRL/v84/p3994]. Copyright (a) 1999 and (b) 2000
on Mo(100). Chemically inert bulk supports such as highly The American Physical Society.
oriented pyrolytic graphite (HOPG) and quartz have also
been used. Since the particles usually nucleate at point andparticle size, and interparticle distances averaged over a
line defects!’ the substrates are ion sputtered in some casessample area of the diameter of the electron bearh iim,
prior to metal deposition in order to produce well-defined i.e., over approximately PQOparticles). After correction of
binding sites and increase the stability of the parti¢f¢8. tip convolution effects inherently connected to scanning
Metal atoms are usually deposited from an electron beamprobe techniques, good agreement was obtained between
evaporator whose flux is calibrated by a quartz crystal SPA-LEED and STM/AFM result$ An additional technique
microbalance (QCM). By choosing the substrate temperatureproviding atomic resolution is TEM; however, its ex-situ
and defect concentration on the surface, the size andcharacter due to the usual procedure of transferring the
morphology of the MNPs can be controlled. For example, sample through air limits its use for characterization of UHV-
Pd grows at low temperatures-{00 K) into small amor- prepared MNPs. The principles and typical applications of
phous clusters on ADs/NiAl(110), whereas at room tem- these methods are reviewed in ref 7. For relationships
perature £300 K) it forms relatively large and crystalline between the structure and (thermal) catalytic activities,
NPs with dominantly (111) oriented top and side facets and readers are referred to ref 7.
a minority of (100) facet8? Gold NPs show a very similar
growth behavior to Pd apart from the fact that due to the 2.2, Electronic Properties
higher mobility of Au lower temperatures are required to . . I
grow particles of similar sizes as for Pd (Au nucleation on __1he electronic structure of MNPs has considerable impli-
Al,O; is a very special case and should not be compared tpcations for their photoch_emu:_al performance and therefo_re
Pd nucleatiof)52 On the other hand, Ag NPs are more should 1o be studied with high accuracy. The electronic
difficult to crystallize. Typical cluster densities are on the Properties of MNPs are probed mainly by two methods:
order of 10 particles per crh photoelectron spectroscopy as a nonlocal technique and
The size distribution of MNPs is normally broad when Stanning tunnellng spectroscopy as a local technique. Several
deposited on oxide surfaces. For MNPs  with plasmon variants of either type, possessing a number of advantages
resonances in the visible region, such as Ag NPs, the size@Nd disadvantages for the study of MNPs on surfaces, have
distribution can be significantly narrowed down by the so- P€en developed so far which are briefly surveyed in the

called ‘laser shaping’ method developed bygeanand co-  following.
\t/)vorkers‘.‘7~53|n this method the MNPs are resonantly heated 221 Electronic Structure
y laser pulses tuned to the plasmon energy so that smallef
particles successively evaporate while larger ones decrease The electronic structure changes related to the transition
their size in the course of the laser treatment. We will review from a single atom to an extended metal crystal are
laser heating and morphology changes of MNPs in section schematically illustrated in Figure2 X-ray photoelectron
2.3.5. MNPs with mean diameters above-3®0 nm can spectroscopy (XPS) and ultraviolet photoelectron spectros-
also be fabricated by lithographic techniques, which allow copy (UPS) are generally used to probe the electronic
excellent control over the particle sizes and shapes and theirstructure of MNPs. On one hand, gradual development of
arrangement on the surfat®® Lithographically prepared  metallic bands from single atomic orbitals is observed in the
NPs are, however, above the size range discussed in thissalence band region with increasing cluster size. Addition-
review, and particle cleanliness also presents a problem forally, a well-defined Fermi edge develops in clusters contain-
defined photochemical investigations. ing several thousands of atoms, which separates occupied
The geometric structures of MNPs can be probed by and unoccupied electronic states. The metallic properties
various techniques, such as scanning tunneling microscopyappear at about 1 nm, and a bulk-like band structure is

Figure 1. STM images of (a) Pd- and (b) Ag-nanoparticles on
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Figure 2. Diagram illustrating the evolution of electronic states
from an atom to a metal. Reprinted with permission from ref 8.
Copyright 1999 Elsevier.

formed at about 3 nm in diamet&.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) effeéfsoccurring as a result of the
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UPS data of Ag NPs on HOPG have been interpreted in this
scheme by Fieel and co-worker&6” The dynamic final state
effect is also seen for core level emission of Au NPs on
TiO»(110¥8 as well as for valence and core levels of ligand-
protected Ag and Au NPs on HOPG, respectiVi8if.Since

the dynamic final state effect involves states near the Fermi
level and therefore reflects the MNRBubstrate 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 curréns
measured as a function of bias voltayeat 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

limited cluster size. The latter influence on the photoemission tool to investigate the electronic properties of single nano-
is not present in extended metallic systems and reflects thestructures around the Fermi leVeas well as local electron

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-

transport propertie¥.Quantized electronic states have been
observed in small Ag and Au clusters as well as on the
surface of larger Au NPs on HOPG*

Figure 4 shows confined Shockley surface states on top

tween the localized charge on the cluster and the photoelec-of the Au NPs on HOPG}7>Ag NPs on thin alumina films

tron and is therefore proportional to the reciprocal particle

on NiAl(110)"® and ligand-stabilized Pd NPs on Au(111)

diameter”6061Recently, lattice strain in the MNPs has been films also showed the presence of localized electronic

discussed as a reason for BE shifts.

The UPS/XPS data are also useful to estimate the role of

resonances inlédV spectrad’

electronic coupling between the metal substrate supporting2.2.2. Electron Dynamics

the oxide film and the MNP.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 (10to 1075 s,
depending on type and mode of excitati®fjMoreover, a
comparison of Auger and autoionization spectra of CO-

covered Pd particles revealed that even on the time scale o

the core hole lifetime (some 1® s) no detectable charge
transfer occur§? As schematically summarized in Figure 3,

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

electron tunneling from the NiAl substrate can thus be safely the Fermi level of a MNP and produces an electronle
disregarded in the analysis of sufficiently fast perturbations (€—h) pair.

in the electronic structure of metal deposits, such as creation Step 2: This creates a transient athermahelistribution,

of core holes. On the other hand, charge transport throughwhich develops rapidly by electrerelectron scattering, shifts
the thin oxide is fast enough to prevent permanent chargingdown in energy, and broadens. The time scale of these

of the MNPs. It is important to note that these conclusions
drawn for ultrathin A}O3 films are not necessarily correct
for all thin-film supports and metaloxide film combinations
and must be checked for each cése.

Final state effects can also become important for spec-

processes strongly depends on the hot electron energy, being

very fast (below 10 fs) at high energies—«2 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

troscopy in the valence band region because of the influencetheory?®
of the finite escape time of the photoelectron and the slow Step 3: On a time scale from some 100 fs to 1 ps a
neutralization from the substrate (dynamic final state). Recentquasithermal distribution describable by a distinct electron

Charge transfer
within the cluster

Metal
cluster

Charge transfer
from metal substrate
to cluster

Figure 3. lllustration 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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Figure 4. (a) Scanning tunneling spectra measured on the (111)
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reduced interactions at the boundaries as already argued very
early® In a classical picture these correspond to closed-loop
scattering (ref 10, p 81). In principle, electroalectron
scattering should then decrease with decreasing size of the
particle. It has been argu&dhat 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 & 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

center of the facet (full dots) and averaged over the total facet areaVery small sizes €2 nm), was an oscillatory behavior

(open dots). The facet shape is shown in the inset M) nn7].
(Bottom) d/dV maps [(4.5x 4.5) nn¥] for five different voltages
corresponding to the energy positions shown. (B)\d maps [(5

x 5) nn?] for a second nanoparticle wit® = 47 nn¥ 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.

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 electrelectron
scattering between bulk and reasonably large MNPs @

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-

temperature is reached, which is much higher than the latticeeration. In reality, however, the behavior could be dominated

temperature.
Step 4: The obtained thermal hot electron distribution
cools down further by electrerphonon interactions, which

by such defect contributions, leading to elastic as well as
inelastic scattering events.

For bulk metal substrates these hot electron dynamics have

is an even slower process occurring on a time scale of severabeen studied extensively by both theory and 2PPE experi-
to some hundred picoseconds or longer. In this state the twoment$28788and are reviewed in the review by Wolf in this

temperature mod® applies.

After step 1 the subsequent steps overlap in time scale;

they proceed in a correlated way. As we will discuss below

special issue o€hemical Reiews Equivalent experiments
for MNPs are still scarce, although there are studies for silver
and gold NPs on HOPG using 2PPE by Pfeiffer and co-

(section 3.1), these intermixing processes can be importantworkers#-°°On the other hand, electron dynamics in MNPs
for surface photochemistry on MNPs. These relaxation embedded in a matrix or supported on a solid substrate have
mechanisms of hot electrons in embedded MNPs have beerbeen studied by optical spectroscopy methods and tftédry.

studied by subpicosecond pumprobe experiments and
theory?>8-:80
Effects on e-e scattering at the surface of Ag NP’s have

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

been studied theoretically in terms of screening of the mobile electron mean free patf (It should be realized that in our

s electrons by the localized d electrdfiExperimentally,
femtosecond pumpprobe studies on Ag NPs showed that
electron thermalization due to electreelectron interactions
in Ag NPs is fastéf8283than or close t# that in the bulk.

size range all typical attenuation lengths as well as the photon
wavelength are much larger than the particle diameter.) The
main argument giveéfiis that the surface provides additional
scattering centers (surface states, defects, irregularities), so

No dependence on the environment (matrix) and samplefor mean bulk scattering lengths exceeding the diameter of

preparation was found there, whereas thee @nteraction
increased sharply with decreasing sige € 5 nm). Here

the particle, the scattering should increase with the surface/
volume ratio for decreasing size, i.e., it should scale with

the size dependence was explained by the reduced screening/R. Indeed, this result has been obtained in various theoreti-

of the e-e Coulomb interactions at the surface for smaller
particles®®

On the other hand, electron confinement could act op-
positely on e-e scattering, since the wave functions of the

cal investigationg?

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

hot electrons should become standing wave states withlevel, i.e., in the range of decisive importance for electron-
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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 Figur&58%. The
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Figure 5. Results for Ag nanopatrticles on graphite for the inelastic
electron lifetimeT(E) as a function of the intermediate state energy
above the Fermi levelEremi 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 0.0 ! . ! . L .
from ref 105 (http://link.aps.org/abstract/PRB/v70/p193401). Copy- 0 1 2 3
right 2004 The American Physical Society
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shapes of the energy dependences are again in acceptablidgure 7. Normalized time dependence of the electron excess
agreement with Fermi liquid theory. More results for energy,Au(full line), for electron excitation with a 25 fs pump

. . pulse andAT™s, = 100 (a) and 1000 K (bAu’. is the total energy
fk?ergfeug)c/)spstﬁ)ﬁ):rc?c?n(t:rlilk])i[t?crj\;’vnl be necessary to dlsentangleabsorbed by tehe electrons. The dashed Iirfes show the correlated

. . electron temperature rise. (inset) Corresponding time dependence
Regardless of the detailed mechanism efeeand e-h of the normalized lattice temperature. Reprinted with permission

scattering it is clear that the electron temperature rise afterfrom ref 58. Copyright 2001 American Chemical Society.
electronic thermalization (step 3) in MNPs can be much
higher than in bulk metals due to limited sizes and confine- achieved if the photon energy matches the plasmon reso-
ment effects. The calculated maximum electron temperaturenance, resulting in electric field enhancement and increased
rise as a function of the particle size is presented in Figure e—h pair creation due to plasmon decay (Landau damping).
6. For very small MNPsR < 2 nm) the electron temperature When photon emission as the main relaxation mode of
plasmons can be excluded as for particles smaller than 10
NT T T T T T T T T T T T3 nm,'° most of the electron energy is eventually converted to
\ ] the heat of the lattice due to electrophonon interactions.
] Zhdanov and Kasemo recently gave an analysis of the
i sequence of relaxation processes of hot electrons as related
3 to photochemistry at MNF2 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.
T Under the high excitation densities, thermal processes of
. . . i adsorbed molecules on MNPs can be comparable to or
0 2 4 6 8 10 12 14 dominant over the photochemical processes. It is therefore
Nanoparticle radius (nm) an important issue for photochemistry on MNPs to distin-
Figure 6. Maximum equivalent electron temperature ris&™e, gwsh photochemical processes from thermal processes.
induced by absorption of one (full line), two (dotted line), and three Heating of MNPs as well as of bulk metals by short laser
(dashed line) near-infrared photons (1.3 eV) in a spherical silver pulses has been studied in some detail. We will come back

particle as a function of its radius. Reprinted with permission from to this point in section 2.3.5.
ref 58. Copyright 2001 American Chemical Society.
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rise amounts to several hundred Kelvin even by single 2.3. Optical Properties
infrared photon absorption. The optical characteristics of MNPs are the consequence
It should also be noted that the dynamics (steps 3 and 4)of their distinct electronic and geometric properties and of
depends on the excitation density. In Figure 7 the time particular relevance for surface photochemistry. They have
evolutions of the electron temperature are compared for low been studied extensively. Earlier research has been reviewed
and high photon fluences. The decay becomes slower andn the monumental work by Kreibig and Vollmer in 19Y5.
nonexponential as the excitation density is increased. In theMore recent studies are found in ref 46. The main concerns
presence of plasmon excitations in Ag NPs, for example, here are the dependences of absorption spectra of MNPs on
which will be dealt with in detail in section 2.3, it is their sizes and shapes, particjgarticle interactions, and their
conceivable that a very high excitation density can be easily environments. A large number of data are available for
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supported and embedded particles of alkalis, Ag, and Au, the dynamics and typical decay times of plasmon excitations
which formed the basis to establish most of the mentioned in Ag NPs on HOP®&90.10+105 gnd again found values of a
aspects (see ref 10). Additional details became known morefew femtoseconds. Plasmon enhancements in the 2PPE (see
recently using time-resolved laser spectroscopy. Here webelow) yield were observed for Au NPs on HOP&Gand

point out some aspects of the data which are of importanceAg NPs on Si(112f” and on thin alumina film&% In the

for photochemistry. latter case, the size dependence of the 2PPE yield was studied
] explicitly, and possible effects on photochemistry were
2.3.1. Plasmon Field Enhancement discussed.

One of the outstanding phenomena in the optical response  With these decay processes of plasmons in mind, we
of MNPs is the size- and shape-dependent collective '€VIEW the experimental studies related to MNP plasmons

electronic excitation called Mie plasméfit leads to strong ~ PY. ZPPEh' PEE'\Q' phcl)ton-STM, and cathodoé%rgn(gsicl:gence.
field enhancement around the particles which is decisively . | Wo-Photon photoelectron spectroscopy (2PPE)!

important in surface-enhanced Raman spectroscopy (SERS)'S Widely employed to study surface states and image states
It is responsible for a large increase of absorption seen in " Metal substrates as well as unoccupied states localized
all photoinduced effects. Practically, the exceptionally strong ON Substrates and adsorbates. In a ptpiobe regime the
plasmon modes in Ag and Au NPs have been exploited since“fet'mes of excited states also become accessible to the
the Middle Ages to produce the intense colors in stained expenment. Appllcat'lon of 2PPE to explore MNPs was ﬂrst
glass. They have been scientifically explored since Far&day, '€Ported in 1999. Wste and co-workers studied the size
mainly in the condensed phase. This excitation is also useddépendence of spectral shapes and I'fe“Tes for small silver
in various types of sensors for medical and biological pur- CUSters containing 29 atoms on HOPG:* They found a
pose® where, in addition to field enhancement, the sensitiv- pronounced odd/even effect in the photoelectron spectra and

; ; ; ; i f the lifetime of the cluster anions with size.
ity of the plasmon to changes of the dielectric functions of & !NCrease ot th

the material surrounding the MNPs is exploited. Both effects EMe! eltmal. studied the 2PPE of Ag NPs-§ nm) on
are also expected to play a role in MNP photochemistry. In Holng 'I;hey foufnd afn elnhancemen_t of tfgﬁftoemlssmn
fact, the field enhancement motivated the earliest study of Y/€/d by a factor of 50 for laser energies abdue=3.1 eV

plasmon effects on surface photochemistry (section 3.2). and attribute_d this to involvement of plasmon excitations in
the photoemission process (see below). A prolonged relax-

2.3.2. Plasmon Lifetime and Decay ation time (up to 2 ps) of intermediate hot electron states
) ] was detected in time-resolved two-color 2PPE measurements
The plasmon dampmg m_entlone_d above can proceed_by 3of this system.
number of mechanisms, in particular Landau damping, 2ppE’is especially useful to study the effects related to
photon emission, electrerhole pair production, surface  plasmon excitations in silver and gold NPs because their
scattering, and chemical interface damping (see sectionresonance energies (UWis) are close to photon energies
2.3.4). The dependence of plasmon decay processes on thgs typical ultrafast laser systems. Figure 8 shows the photon

particle size can be summarized as folldWBor large MNPs  energy dependence of the 2PPE yield from Ag MNPs on
with R > 10 nm, radiation damping is the main factor

limiting the plasmon lifetime. At small sizes (0S5 R < 2 100 F
nm), the decay into electrethole 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 i
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 measurea:a$ fs by femtosecond time-
resolved second-harmonic generatiériFor 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 Ll
persistent spectral hole burning and laser shaffinthe 0
influence of the substrate has also been studied by reflectivity
measurements and determined via excitation of multipolar Photon Energy [eV]
plasmon modes for Ag NPs anAl,03(0001)%° Absorption Figure 8. Photon energy dependence of the 2PPE vyield of Ag
spectra of individual Au NPs with diameters down to 5 nm nanoparticles. The solid circles and solid squares represent total

have recently been measured by a photothermal heterodyné‘nd partial integrations over the 2PPE yield, respectively. The solid
imaging method® Intrinsic size effects were observed as a and dashed curves indicate Lorentzian fits. The dotted curve shows

. ; the total 2PPE yield of Ag(111). (inset) 2PPE spectra of Ag
broadening of the surface plasmon resonance; these data cahanoparticles of approximately 10 nm diametehat= 3.2 and

be compared to those from the photon-STM described in 3.6 eV. The arrows indicate the width of integration and peak shift.
the next section. Pfeiffer and co-workers investigated in detail Reprinted with permission from ref 108. Copyright 2005 Elsevier.
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Figure 9. Experimental setup for photon emission spectroscopy of single Ag nanopatrticles 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 nanopatrticle; 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.

Al,04/NiAI(110) which exhibits resonant behavior at 3.6 eV. to modifications in the shape and size of silver MNPs during
In the inset, 2PPE spectra at 3.2 and 3.6 eV are compéred. annealing (Ostwald ripening and increasing aspect ratio).

Information on the dynamic response is attainable if such | yminescence from individual MNPs can be studied by
measurements are (_:ar_rled outin a tlme—resolve_d mode. combining light emission spectroscopy and STM, a method
Photoelectron emission microscopy (PEEM) is a poten- called ‘photon-STM®“818 |n this technique the photon
tially powerful tool for the study of MNPs. Although its  emjssion is stimulated by injection of field-emitted electrons
spatial resolution is limited to about 20 nm at present, it from the STM tip used as local electron emitter into single
combines a number of advantages. The imaging is muchsupported particles. Emitted photons are collected by a
faster compared to the scanning probe techniques STM andparabolic mirror surrounding the STM head, steered by optics
AFM, ren_derlng.ume—resolved measurements possible. It Canthrough a quartz view port of the vacuum chamber, focused
be combined with photoelectron spectroscopy by choosing onto the slit of a UV-vis-grating spectrograph, and detected
proper light sources to yield spectroscopic information and with a liquid nitrogen-cooled CCD camera (Figure 9). This
can be performed in a pumijprobe mode to explore setup enables simultaneous imaging and spectroscopic
unoccupied states. Cinchetti et al. observed two-photon analysis of single particles on solid surfaces. Plasmon
photoemission (2PPE) images of Ag NP 20 nm) and  excitations in Ag and Au NPs have been studied on alumina

silver films on Si(111) by a PEEM combined with a time-  and titania supports by Nilius et #11%-123 The experiments
of-flight photoelectron spectrometer and pumped by a on Ag/AlL,O4/NiAI(110) focused on the dependence of the

femtosecond laser(200 fs)*" They observed a significant  plasmon excitations on the particle size (Figure4@)?For
increase of the photoelectron yield by up to 160 times on

the particle-covered areas with respect to the flat Ag films, — T
although individual NPs were not resolved. A time resolution v =
as short as 50 as was attained very recently by Petek and I f
co-workers!S 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 rA#§. «f il oy %

The spectral response of an ensemble of MNPs can be g ,,”f._.pv‘( il %, =
measured by exciting an extended sample area by the low- @

Intensity (arb.units)

energy electron beam from a distant source (cathodolumi- | ! | : N i
nescence). Compared to optical extinction spectroscopy, 25 {1 11300 [l e B I 2200l (=851 iS00 (55
which probes the allowed electric dipole transitions, stim- Photon energy (eV)

ulatl(_)n by e_lec_tron impact also_prowdes Inf(_)rmatlon on Figure 10. Photon emission spectra of differently sized Ag
possible excitation channels not directly accessible by optical nanoparticles. The inset shows the corresponding STM image.
transitions. Cathodoluminescence was, for instance, em-Reprinted with permission from ref 48 (http://link.aps.org/abstract/
ployed to study the radiative deexcitation of Mie plasmons PRL/v84/p3994). Copyright 2000 The American Physical Society.
in Ag NPs on a thin alumina film on NiAI(110%" From

analysis of these spectra it was concluded that the opticalAu NPs on thin alumina films as well as on bulk Ti@e
coupling between silver MNPs was of minor importance at electromagnetic coupling between plasmons and electronic
island densities below-10'* cm™2. Spectral changes after excitations in the substrate was discussed. From the observed
annealing of the sample were also monitored and attributedbroadening of the plasmon peaks a reduction of the plasmon
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lifetime was suggested for thin film supports with respect cross section yielded field enhancement factors on the order
to bulk oxides'?® Shifts of plasmon energies between 300 of 10°~10" in such ‘hot spots’ with respect to the incident
and 500 nm were observed for single A8u alloy field; recently, even higher enhancements up to a factor of
particlest?? which might be exploited for selective photo- 10 (single-molecule SERS) have been claim#d?°
chemistry by tuning the plasmon resonance to the demands |, 5 series of papers Stockman and his group have shown
of the reaction process. that plasmonic coupling can lead to a very inhomogeneous
The electromagnetic coupling between neighboring NPs field distribution in both space and time which has been
has been studied by fabricating particle ensembles with described as hotspot formatié#:13L A prerequisite of the
varying number densities and investigating their optical effect is an inhomogeneous distribution of MNPs over the
responsé?* With decreasing particteparticle distance, an  surface with a fractal ensemble being most efficient. While
increase in the plasmon energy has been observed anghe effect exists even for longer excitation pulses, the most
assigned to a destructive coupling of out-of-plane plasmon gramatic effects become noticeable for excitation with
modes. The coupling between MNPs in close proximity has femtosecond pulses. The calculations were done with sim-
glso been studied the_oretlcally becaqse of its outstandlngp”fying assumptions such as constant phase of the incoming
importance for photonic crystals and single-molecule detec- fig|q, dipole—dipole interactions, validity of Mie theory but
tion in surface-enhanced Raman spectrosc8pye will taking retardation into account by use of the retarded Green’s
come back to this below. The role of partielparticle  fynction formalism. They show dramatic localization and
interactions in the photochemistry of complex MNP systems jncrease of the electromagnetic field at distinct spots of the
has not been explored yet, although a considerable '”ﬂuencesurface, which occur on time scales of a few 10 fs after
is expected especially for high particle densities (see alsOjyieraction with a femtosecond laser pulse. While the field
section 2.3.3). The dependence of the photon emission signaljisiribytions are rather homogeneous shortly after arrival of
on the long-range order in nanoparticle ensembles has beeny,q |aser pulse on the sample surface due to the constant
demonstra_ted by photp_n-STM experniments on self-assemble hase, inhomogeneous resonance conditions develop within
layers of ligand-stabilized silver particles on HOPGIt 50—100 fs in different parts of the fractal ensemble and lead
should be mentioned in this context that near-field spectra, 5 concentration of the electromagnetic field into nanom-
of single gold MNPs have recently been observed by & o401 gjzed spots. In these hot spots the local field strength
scanning near-flel_d op.tlcal MICroscope (SNOW).This reaches values which are 2 orders of magnitude higher than
metho_d IS potennally interesting as it allows not °r."y the incident field strength. Additionally, the decay time of
detection of optical signals but also controlled stimulation o o, citation amounts to 16@00 fs, whereas isolated metal
ofa photoghemmal reaction on a. smgle MNP. particles show plasmon lifetimes of the order of 10 fs or
Concerning the transfer of excitations from the MNP to less, as mentioned above. In a very recent paper the
the substrate, our knowledge is based on experiments thatapplicability of this theory to interpret PEEM experimental
have been performed in a photon-STM by exciting Ag NPS y3t3 is discussed?
supported on Ti@single-crystal surfaces of varying bulk
conductivities. For Ag NPs on weakly reduced ZiO
radiative decay of Mie plasmons shifting to higher energies ; ;
with decreasin)g/ particlepsize was observ%d, wrﬁle on stro?’]gly a new research field called plasmori€s:** it covers a wide
reduced TiQ, plasmons were dissipated te-e pairs in the  '@nge of topics in the fabrication of plasmonic crystals,
oxide and emission spectra revealed radiating decay of TiO Plasmonic waveguides, plasmonic lithography, perfect lenses
excitons!?! Such observations suggest the possibility of using With metal slabs, etc. For chemical applications, energy
MNPs as antenna to locally inject—& pairs into the transport from donor to acceptor molecules through thin
substrate, on which photochemical processes could thenMetal films up to 120 nm has recently been repofté@®f
occur. It may even be possible to probe how far away from Course, plasmon excitation has been exploited before th_e
the point of energy-transfer chemical reactions induced by €mergence of plasmonics; there have been numerous studies

Recently, the study of plasmonic coupling in nanometer-
sized photonic devices has been receiving much interest as

e—h pairs in the substrate can occur. about SER&%129and biosensor¥. Importantly, hot spots
or hot site$*®140 play a major role in SERS (see above).
2.3.3. Plasmonic Coupling 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 AufP&and

g NP$% (d =30 nm) with controlled diameters and

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 interparticle distances made by this method. However, an

before, the strongly enhanced fields in and around MNPs at€lectric field enhancement has not been observed. This
their plasmon resonance can couple in ensembles of suchpuggests that interparticle distances should be further reduced
particles. This can lead to drastic effects. A dramatic increase© achieve observable field enhancement. To date, it has been

of the optical near-field strength in their surroundings is difficult to produce controlled interparticle distances below
o fi ; 0—30 nm with EBL3

expected, while field enhancement does not occur in areas?

with unfavorable geometry. The effect is well known from  The localization and magnification of electromagnetic near
surface-enhanced Raman spectroscopy (SERS) performed ofields in particle ensembles can have an immense impact on
rough silver surfaces, where only a small percentage of thephotochemical reactions occurring under such conditions.
adsorbed molecules (0.01%) contribute to the total RamanFabrication of plasmonic nanostructures may also help to
signal as they are localized in areas with extremely high control and understand photochemistry on such systems.
electromagnetic field strengths. Estimations of the Raman Following such lines is certainly promising for the future.
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2.3.4. Chemical Interface Damping resulting in higher probabilities for electron-driven processes.

. . . On the other hand, if the thermal conductivity at the interface
Damping of plasmons by the surrounding material has long between MNPs and the substrate is poor (as in the case of

been discussed under the heading chemical interface damping/INPS on thick insulating dielectric films), the transient

98,144-151 i i
(I\%ILIIDD)S which :i:?gsuslgrﬁe 'ngg:g; fi?] r ?ﬁgtofehszrzfér%? r; d_temperature rise can become large enough to induce thermal
yPp P rocesses such as desorption and dissociation of adsorbates.

sorpgd material. CID de.SCF'bes the changes of the energenc'?herefore, it is useful to estimate the maximum temperature
position, strength, and lifetime of the plasmon resonance by ise by pulsed laser irradiation at the surface (of MNPs and/

. . . . J1
a surrounding medium, here the adsorbed species. Since 'ér the support) in order to minimize the contribution from
is macroscopically connected with the change of the effective thermal processes which might even lead to moroholo
dielectric constant of the medium surrounding the MNP, it changespof the MNPs 9 P oy

has been extensively considered for embedded MRPer The transientelectronic temperature rise induced by

adsorbates the.addmonal damping effect has been ConneCtegubpicosecond laser pulses can usually be characterized by
to the scattering of hot .electrons through unoccupied the two-temperature mod@lor the extended heat-bath
g? fr? éb:éi éfgggvmaw%o, it has to depend on the nature model#? The electron temperature typically increases by
For the inter rétation of experimental studies of CID a several thousand Kelvin and cools in times on the order of
P X P . everal picoseconds. The transfer to the lattice via coupling
number of adsorbate-induced effects have been considere o the phonons is slower by a factor-4000
such as changes of the dielectric environment of the particle, Heating of bulk metal surfaces by nanosécond laser pulses

oxidation effects reducing the size of the metaliic core, and |\ <00 sty died theoretically and experimentally. The peak
mOd'f'Ca}'Golf,‘SS in the particle electron density. Geaand co- | ico " temperaturd; at the surface (depth = 0) can be
workerg46.148studied the CID of Na and K on 240 nm calculated by the following formut1ss

Ag NPs deposited on a LiF(100) surface by optical transmis-

sion measurements and changes induced by molecular —ary ot —ap)

adsorption. They found strong molecule-dependent effects Ti(Z= 0) = T; + e(kpC) ™I, [ 1(t — 1)r Y dr (1)

on energy, width, and strength of the resonance but no size

effects. Relatively strong CID for thiol-capped Au NPs has whereT; is the surface temperature prior to laser irradiation,

been reported recentty? € is the absorptivity of the surface at the excitation
Very recently retarding effects on the thermalization and wavelengthx is the thermal conductivityp is the density,

cooling of hot electrons in MNPs by adsorbates have beenand C is the specific heatl(t) is the temporal laser pulse

reported by Bauer et &t* They found an extraordinarily slow  shape.

thermalization and cooling for thiolate-covered Au NPs and  The peak lattice temperature rise by nanosecond laser

suggested that these adsorbates work as a reservoir for hgpulses can be experimentally measured by monitoring the

electrons, reemitting them back into the metal conduction translational energy of molecularly desorbing species (LITD,

band; they termed this negative feedback. Such retardinglaser-induced thermal desorptiofi}.1° Reasonable agree-

effects on the thermalization and cooling of the electronic ments have been observed between the calculated temper-

temperature by transient trapping of hot electrons at adsor-atureT(max) and the peak desorption temperature estimated

bates should promote photochemical processes on MNPs byby the equatiotf®

increasing the time and efficiency of interactions between

adsorbates and hot electrons if the adsorbates are photo- Tyes= mI2/(4ktm2) (2)

chemically active. We stress already here that photochemical

processes via transient occupation of LUMOs by excited \yheremis the mass of the desorbing moleculis the flight
electrons are directly related to these processes (see SECloPath lengthk is the Boltzmann constant, anglis the peak
3.1). Adsorbates will strongly influence the electron dynam- 5.rival time obtained from the TOF distribution.
ics in MNPs and therefore surface photochemical processes o, the basis of such calculations, thermal desorption can
on them. Such adsorbate-induced effects on the dynamicsye gistinguished by monitoring the fluence dependence of
have so far not been explicitly considered for photochemistry = However, this is applicable only for molecular desorption.
at bulk metal surfaces. _ . In the case of associative recombination, e.g.s@H+ H(a)

In addition to the pure chemical effects described above, —. cH,(g) %81, is independent of laser fluence because the

there may also be influences on the electron dynamics Onkinetic energy gain is determined by the height of the exit
MNPs (and through them on photochemistry) by the geo- parrier of the reaction.
metrical structure (or morphology) of adsorbates. Aninflu- Ao, even for true photodesorption, fluence-dependent
ence of the orientation of liquid-crystal coatings on the transiational temperatures may be observed in the nonlinear
plasmon splitting of Au NPs has been reported by Park and regime. This has been observed, e.g., ferd®sorption by
Stroud?>* femtosecond pulses from Pt(11®%)!%1where translational
. temperatures varying from 600 to 830 K were found. In this
2.3.5. Laser Heating and Laser Control case, the contribution of nonthermal processes (DIMET,
For the elucidation of photochemistry on MNPs, it is desorption induced by multiple electronic transitions) has
important to distinguish between nonthermal and thermal been distinctively confirmed by two-pulse correlation mea-
processes. In particular, in the presence of plasmon excita-surements in which a width of 1.7 ps was found, which is
tions, the electron temperature is expected to be very highmuch faster than the time scales of surface lattice heating.
due to the increased coupling to light and production of  Normally, the pulse energies used for LITD experiments
electror-hole pairs by Landau damping & 20 nm). The are in the range from tens of millijoules to joules, whereas
confinement and electronic isolation of MNPs from the those for photodesorption are on the order of millijoules or
substrate should retard the cooling of the electron temperaturdower. Under irradiation with millijoule laser pulses, the
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maximum temperature rises are typically below several tensthe contact conductance was found for separations smaller
of Kelvin. Therefore, thermal reactions can be excluded if than the particle diameter.
the base substrate temperature is low enough. Laser heating of MNPs is utilized to obtain uniform
A more direct measurement of the transient temperature particle size distributions (laser shapirtg¥316’A small part
jump by a nanosecond laser pulse has been conducted byf the ensemble of MNPs with specific sizes and shapes
monitoring SHG (second-harmonic generation) from an (aspect ratios) is heated resonantly in terms of photon energy
Ag(110) surfacé®? The validity of the above-mentioned heat- and polarization by nanosecond laser pulses. A very narrow
diffusion model was confirmed. size distribution (standard deviation in size below 0.13) can
Although the transient temperature jump at surfaces of bulk be obtained using the plasmon resonance. The narrow size
metals can be well predicted by the heat-diffusion model, distribution of MNPs obtained by this method was used for
that of MNPs has not been established, especially in the measurements of plasmon lifetimes by spectral hole burn-
presence of the plasmon resonance. ing.168.169
Bourguignon et al. developed a model for the temperature  In addition to laser shaping, other methods to control
jump induced by a nanosecond laser pulse in MNPs or films structures,© positions}’>"2and ordering’® of MNPs on
on a transparent substrate such as M&OThe model supports are being studied which will be important for more
assumes (1) a height of MNPs much smaller than the precise control and design of the optical properties of MNPs.
absorption length of the incoming light and (2) a good
thermal contact between MNPs and the substrate. The3, Photochemistry on Metal Nanoparticles and

temperature jump is written as Related Studies
__ OAF 3) 3.1. Overview
[C(D)H2) As outlined in the Introduction, photochemistry on MNPs

derives its interest from the changes that can be expected

whereA is the fraction of the beam absorbed by the MNPs, relative to photochemistry on single-crystal surfaces, induced
F is the laser fluencep and C are the heat diffusion by the peculiar properties of MNPs. To give a basis for
coefficient and the heat capacity of the substrate, respectively,discussion it is helpful to briefly summarize the situation on
and © is the coverage of MNPs. This formula allows single crystals and then consider the changes to be expected.
calculation of the temperature rise of the substrate coveredwe summarize the comparison in Figure 11.
with a thin layer of light-absorbing material. Therefore, it To induce photochemistry, i.e., to convert electronic
does not predict the temperature rise of MNPs if the thermal excitation energy into energy of nuclear motion, an optical
contact with the substrate is poor or the thermal diffusion excitation has to bring the molecule concerned to a potential-
into the substrate is slow. Stietz constructed a more detailedenergy curve with large slope in the FrargRondon region,
model which takes into account the heat transfer through so that the atoms can be accelerated along it. The simplest
the particle-substrate contact area with a thermal resistance process usually considered is desorption of an adsorbate or
from a reference as well as heating by the substratea fragment of it; in a photochemical reaction this may be
absorption and neighboring particlésThis model was used  the starting step. There is a well-established field of
to simulate laser ablation processes for size manipulation ofknowledge about such processes which is usually termed
Ag NPs by nanosecond lasers (laser shaping, see below) a®IET (desorption induced by electronic transitions, see recent
mentioned in section 2.1. The typical laser fluences used inDIET proceedings, refs 174176). On metal and semicon-
laser shaping are several hundreds of millijoules. ductor surfaces electronically excited adsorbates are de-

Unfortunately, to our knowledge, there are no models excited very rapidly, which strongly modifies the desorption
which can be useful to predict the temperature jump by laser probability compared to dissociation of a similar free
irradiation in the millijoule or submillijoule range typical molecule. The bond to be broken can be that between
for photochemical experiments. However, it is possible to adsorbate and substrate or an internal bond of the adsorbed
roughly estimate the temperature rise by examining the molecule; neutral or charged molecular and atomic fragments
experimental data. can then leave the surface, and fragments can also stay

Trager and co-workers reported time-of-flight distributions adsorbed.
of Na dimers desorbed by laser (532 nm) heating of Na NPs A number of mechanisms containing various excitation
on a quartz substraté*1%They estimated the temperature and deexcitation steps have been proposed, of which the
increase from the peak times in the distributions. By plotting oldest is the so-called MGR mechani$m!’® At high
the temperature increase as a function of laser fluence, theyexcitation energies (multiple valence excitations or core
obtained a slope of 49 K crAmJ* for Na NPs as prepared  excitations; roughly above 40 eV) primary excitations on
and of 27 K cm2 mJ ' for annealed NP¥° The difference  the adsorbed molecules can be important (see, e.g., ref 179),
was attributed to the contribution from the absorption at the in particular if they are induced selectively and resonatifly.
surface. Using these data it is possible to extrapolate theHowever, at low energies (single valence excitations or even
temperature rise at small laser fluence. This leads, e.g., to asubthreshold excitations in the substrate) the dominant
temperature jump of 49 K for 1 mJ/ém mechanism for photodesorption and reaction usually proceeds

Estimation of temperature jumps may be extremely dif- via absorption in the substrate and formation of transient
ficult if there is optical coupling between MNPs as in hot negative adsorbate ions by hot electron trafdféwith atom
spot sites (see section 2.3.3). Aside from the plasmonic acceleration occurring during their (short) lifetime. This is
interaction, there may be heat transfer by near-field interac- due to the large penetration depth of photons in this energy
tion between two MNPs separated by a submicrometer range which will lead to high densities of hot electrons of
distance; this coupling has been treated recently, and a modefitting energies. This mechanism can be proved by measuring
has been suggesté®.A thermal conductance larger than the dependence of the observed process on the polarization
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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).

of the light—the behavior of bulk absorption is usually induced by multiple electronic transitior's}:¥The concept
distinctly different from that in adsorbate complexes. While of electronic friction in surface processes such as desorption
the lifetimes of such transient statewith a hot electron  goes back to the 1970%10If there is a very large density
localized on an adsorbate unoccupied orbitaill be very of excited electrons just above the Fermi level they can
small, the frequency of electrons hopping back and forth convey kinetic energy to the atoms by multiple collisions
between substrate and adsorbate is very high. In fact the well-and lift them across an activation barrier in a friction-like
known fast quenching (below 1 fs) of excited molecular states process. Under normal thermal conditions and for laser
at metal and semiconductor surfaces already contained inirradiation with low excitation density such processes are
the MGR mechanisi’178(and recently becoming amenable not competitive with phonon-coupled processes; however,
to direct measuremelid) is proof of this since this latter  they can become important for high densities of (thermalized)
process is connected to the hot electron transfer by micro-hot electrons. As another nonlinear DIET mechanism,
scopic reversibility. Again, the induced bond breaking can DIMET?!8718 was proposed to explain observations of
concern the molecutesurface or an inner-molecular bond. nonlinear electronically induced desorption by short intense
In the latter case the process is similar to dissociative electronlaser pulses. This mechanism is essentially a sequential MGR
attachmerif® (DEA) in molecules which has been investi- process: even for rapid deexcitation by quenching to the
gated in detail by many authors for condensed and adsorbedsubstrate an excitation step can lead to some acceleration of
films 181,184,185 the adsorbate atoms along an excited-state curve. If the next
A likely sequence of evertsthen is photon absorption  excitation step occurs before the atomic kinetic energy has
in the bulk to produce a highly nonthermal hot electron been dispersed, the effects of recurring excitatidaexci-
distribution, cooling of this distribution by electremlectron tation cycles can add up leading to bond breaking along that
interactions with its maximum shifting down (time scale in coordinate. In ref 186 the two mechanisms are compared
the range of 16100 fs, with the process slowing down within a unified approach, and it is shown that friction-
precipitously with decreasing hot electron energy, see Figureinduced desorption is applicable for cases where the hot
5), and finally arrival at a quasithermal distribution which electrons have a broad distribution of small energies (e.qg.,
then couples to the lattice by electrophonon interactions  quasithermal) and DIMET occurs for high energies with a
(time scale some tens or hundreds of picoseconds). If thecomparatively narrow distribution. A critical reexamination
primary hot electrons match the energy of the molecular has been given by Gadzdk.
negative ion resonance, they can directly be transferred; if If we want to carry over these concepts to MNPs, we have
this is not the case because most hot electrons start out ato examine what will change. As discussed in section 2 the
too high energy, the second step of redistributing this energy main optical effect of MNPs with nanometer size is due to
will be the important one since it provides hot electrons with the (material- and size-dependent) existence of the Mie
changing and eventually matching energies. The quasithermalplasmon and the resulting strong enhancement of applied
distribution will not contain enough electrons with sufficient electromagnetic fields. For processes initiated by a primary
energy to reach the transient molecular state, at least undeexcitation localized in the adsorbate, this field enhancement
low excitation conditions. CID (see above) might be able to will be the main effect. Since the plasmon energies are in
channel hot electrons directly into the relevant adsorbate the low-energy region as defined above, we expect that for
orbitals. the majority of systems the dominant photochemical mech-
These considerations are applicable only at low excitation anism will again be the transfer of hot electrons from the
densities £€10°* electron/atom¥? If the latter are beyond  substrate to the adsorbate. These hot electrons are produced
the linear range which is likely to occur for very short pulses, inthe MNP by plasmon decay in addition to thosehepairs
nonlinear processes can come into play which have beendirectly produced by photoexcitation near the Fermi level.
termed friction-induced desorptifiand DIMET (desorption ~ There is agreement between the existing reports (see above)
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that the lifetime of plasmons is very short;-20 fs. It should overheated substrate. If such an effect can exist it will depend
further decrease due to the CID effect mentioned in section strongly on the support. For MNPs on alumina with its good
2.3.4 (see also below). Furthermore, the plasmon constituteshermal conductivity it might be unimportant.

a collective excitation in which the energy of the quasiparticle  In these considerations we assumed that the excitation
is distributed over many electrons (in effect all electrons of densities are low. These concepts break down at high
the MNP), so that it is difficult to see how it could become excitation densities, where mechanisms termed friction-
directly relevant for bond breaking. The main effect of the induced desorption and DIME®® (see above) will take over.
plasmon for photochemistry is therefore likely the field |n the range of plasmon excitations, where the MNPs act as
enhancement and consequent increase of all following eventsantennas collecting the energy into a small part of the surface
The only mechanism that can be envisaged to contribute inarea, photon fluences leading to low excitation densities if
addition is a friction-type energy transfer to an adsorbate, spread over the entire surface might suffice to lead into this
either directly from the oscillating electrons via Pauli range. This means that what happens on single-crystal
repulsion of the adsorbates or from the large amount of surfaces with femtosecond laser pulses may happen on MNPs
quasithermal electrons after the initial cooling. After its short for much longer (or weaker) pulses. Under such conditions,
lifetime the plasmon decays into electreimole pairs, hot  transient transfer into negative-ion resonances might become
electrons via Landau dampirg};'*2or emitted photons. The  more important. In addition, direct adsorbate excitations
first decay path is likely to dominate for our MNPs and will - (plasmon enhanced) might also become more important than
again produce a very athermal hot electron distribution with the substrate-mediated pathway. On the other hand, the
a maximum energy given by the plasmon energy. The further friction-mediated mechanism could occur at lower photon
processes will be as for single crystals but possibly with fluences for MNPs as well (see also the discussion in ref
changed parameters. As discussed in section 2.2.2 there i%3).

disagreement as to whether electr@tectron scattering is These last considerations are applicable even without
stronger or weaker in MNPs compared to the same bulk coypling between MNPs. They obviously would become
material. The most recent resuffson the scattering of very  aggravated for interacting MNP arrays since for them the
hot electrons (i.e., those fitting for transient transfer into plasmonic fields of the individual MNPs can couple non-
adsorbate negative ion resonances) indicate a decrease Qfnearly and lead to strong spatial and temporal energy
scattering in MNPs compared to the bulk (Figure 11). This |ocalization (hot spots) as discussed in section 2.3.3. It is
should increase the efficiency for bond breaking. We note yery conceivable that such situations could lead to strong
that the chemical interface damping (CID) postulated as mogifications of MNP photochemistry. No reports on such
plasmon damping mechanism by adsorbates (section 2.3.4)effects exist in the literature. Also, all measurements so far
i.e., dephasing and energy redistribution by hot electron have been interpreted by the assumption that the photoactive
scattering through adsorbate resonances, is exactly the samgpecies sit on the MNP surface.

process postulated here as the main desorption mechanism. Obviously, there can be different (and partly opposing)

The partial quenching of the plasmon resonance by CID et in photochemistry on MNPs compared to (the same)
implies that the excitation can be channeled directly into the bulk material. The details are largely unclear; their disen-
molecular resonance. This may explain why the effect OfaL . '

| h . q ion despite th . tanglement will require close interplay between careful
plasmon enhancement survives adsorption despite the partiay, o 3 ation, detailed experimentation, and theoretical work.
quenching of the resonance it causes. An investigation of

this concept appears promising. . 3.2. Survey of Existing Work for Photochemistry
An effect which is present in MNPs even outside the gy MNPs

plasmon resonance is that of confinement of the excited
electron-hole (e-h) pairs by the limited size of the MNP.  3.2.1. Early Work and Related Experiments on Rough
It has been showh that for a bulk material (here Ru) the  Surfaces

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.

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 1981argued
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** 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
. . . o contact with the particle could not be treated. The first

For the less likely case of direct primary excitation of the - experimental indication of a plasmon-enhanced photochemi-
molecules, be it that this is the stronger excitation mechanismcg| reaction was reported in 1983 by Chen and Osood
than hot electron transfer, be it that the molecules concernedsy, the photodissociation of organometallic molecules (di-
do not sit on the MNPs but on the oxide support between methyl cadmium) on cadmium spheres of—BDO nm
the MNPs;31401%the only decisive effect will be field  giameter using 257 nm light, i.e., in the region of the Cd
enhancement. plasmon. The (Ch.Cd adlayer was found to preferentially

The MNP-support interface may also act as a barrier to photodissociate on the poles of the electric field around the
heat conduction. The MNP might become hotter that way metal spheres leading to formation of ellipsoidal particles.
and stay hot longer, enabling thermal desorption from an 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 7A
from Na particles deposited on LiF(100) was the first direct | N A Pd(111)
observation of MNP field enhancement influencing a pho- i
tochemical proces$® 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"% The study demonstrated that the energetics

of the desorption is compatible with bond rupture of Na , , g B .
atoms at certain sites on the particles following a MGR- 40 60 80
type mechanisr#*In these works the definition of the MNPs TIK —»

and their surfaces might have been suboptimal, but they areFigure 12. Series of CQ TPD spectrarfiz = 20; solid curves)

important historically as well as conceptually. from Pd nanopatrticles of various sizes deposited on a thi©A1l

The role of plasmon enhancement has also been showrfiim epitaxially grown on NiAl(110). The sample was exposed to
for rough surfaces. Photodissociation of submonolayer 0.5 L CD, at 40 K (1 L= 10"° Torrs). The desorption peaks are
Mo(CO)s adsorbed on Al films on quart?! the photode-  due to molecular desorption, G@ds)— CD4(g). The numbers
sorption of NO, OCS, and SOfrom roughened silver denote the total Pd coverages as a measure of the nanopatrticle size.
surfaced%-2% and the photodissociation of Fe(GO)n The dashed curve corresponds to a TPD spectrum of a Pd(111)
Ag(111)251were studied. Although these experiments did not Smgle-dq]?/ stal ts urfafe ""Fﬁter e);pgsur.?hto 0.6 L {zind fls dep'cfteg%

: on a different scale. Reprinted with permission from re .

deal explicitly with MNPs, their results suggest that similar copyright 1999 Wi|eych‘|)-| Verlag Gm%H.

mechanisms should hold for the photochemistry on MNPs
since enhancement of surface electromagnetic field is theas well as edge and kink sitésThe size dependence of the

relevant parameter in all cases. methane-NP interaction in the ground state reflects the
. . increase of the dispersion forces (van der Waals interaction)
3.2.2. Photochemistry on Defined MNPs with increasing size due to the higher number of electrons

Photodissociation of Methane on Pd Nanoparticles. available for the dynamic response in larger NPs. A similar
Photodissociation of methane physisorbed on Pd NPs is oftrénd in the methaneNP interactions has been reported
particular interest as it shows a clear particle-size depend-recently for Pd NPs formed on MgO surfac€Slrradiation
ence for the interactions in the ground state as well as in ©f @ CDs layer leads to photodissociation into €Bnd D
the electronically excited state. Methane physisorbed on ©n the surface as well as to photodesorption ot Ciince
Pt(111)22 Pd(1117% and Cu(111F* surfaces is readily CD; desorbs associatively upon heatlng_ln th_e presence of
dissociated into methyl and hydrogen by irradiation with a Préadsorbed H, the degree of photodissociation can be
193 nm (6.42 eV) ArF excimer laser. On Cu(111), methane detected by TPD of CB; the TPD peak area of GBI is
photodissociation leads to ethylene formati®hThese  then proportional to the number of methyl groups formed
observations are surprising because light absorption in by laser irradiation. Figure 13 shows a series of TPD results
gaseous methane does not occur at wavelengths above 1487 CDsH measured after 193 nm ArF laser irradiation (1.5
nm (8.55 eV). The peculiarity of the methane/transition-metal * 10'° photons/crf) onto CD:-precovered Pd particles on
systems consists of the fact that methane on these surface&lumina as a function of particle size. Itis readily seen that
is excited by a direct electronic transition localized within the methyl formation rate increases with increasing particle
the adsorbatesubstrate complex, as proved by polarization- SIZ€-
dependent measuremefftdThis is in contrast to most of The efficiency of the Clpphotodesorption using the same
the usual surface photochemistry on metals and semiconducirradiation can be derived from the TPD integrals of £D
tors at low excitation energies which is due to substrate- Figure 14 shows a plot of the GB formation ratio and
mediated excitations. The lowering of the excitation energy the CDy depletion ratioa. as a function of the total Pd
can be understood by an electronic interaction in the excitedcoverage. It is seen that methyl formation increases with
state resulting in hybridization of the excited 3s state of particle size, whereas the depletion ratio decreases. This
methane and the unoccupied states of the metal. The resultingmplies that the photodesorption is enhanced as the particle
hybrid state is much lower in energy than the molecular 3s size is reduced whereas photodissociation is suppressed. The
state, explaining why excitation is possible by 6.42 eV lower depletion ratio for the larger NPs has been attributed
photons. to a poisoning effect as a result of the increased methyl

On Pd NPs on a thin alumina film methane adsorbs weakly concentratior®
and thermally desorbs as molecule, as in the Pd(111) case. The photoexcitation mechanism of methane has been
The interaction between methane and Pd NPs becomessupported by ab initio calculations for GiRt, and CH/Pd,
stronger with increasing particle size as shown by the TPD clusters by Akinaga et &/82%9The excited state responsible
results in Figure 12% For large particles the desorption for dissociation to Chl+ H is formed from mixing of an
temperature slowly approaches the value for Pd(111). Theantibonding Rydberg state of methane, localized 10 eV above
long tail at higher temperatures can be attributed to the the HOMO of gas phase methane, and unoccupied states of
particle size distribution and the inhomogeneity of the surface the metal. The excitation energy depends strongly on the
structure of the Pd NPs, which contain (111) and (100) facets cluster size because electron redistribution over the metal
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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.
__Pd(111) 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 ab&ént.
The desorption efficiency increases with decreasing patrticle

{ 35A sizes below 8 nm. On amorphous Pd NPs a substantial
o amount of NO is only weakly bound, a characteristic which
2.1A is well known from stepped Pd crystals. Such weakly bound

7A

T\’W/wmm NO shows a larger photodesorption cross section than the
MW strongly chemisorbed NO on ordered NPs.

e e e e e e o s e e

L

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
K — proposed to explain the observation: (i) desorption from low-

Figure 13. Series of CBH TPD spectrartyz =19; solid curves) ~ coordinated Pd atoms, (i) laser-induced spill over to the
of 0.5 L CD; precovered Pd nanoparticles of various sizes after alumina support, and (iii) Pd particle sizes smaller than the
laser irradiation with 1.5¢< 10'° photons per cfat 193 nm. The mean free path of electrons. It was suggested that changes
desorption peaks are due to recombinative desorption(aob)+ in the lifetimes of electronically excited states and modifica-
H(ads)— CD3H(g). The numbers denote the total Pd coverages as tions of the potential-energy surfaces as a function of particle

a measure of the nanoparticle size. The dashed curve corresponds; ; : etrib i
to a TPD spectrum after irradiation of a Pd(111) single-crystal ili?firgrq? gﬁg& c:jr:asslglr%ti?r: gf]f(iaciggi:eztate distributions and

surface precovered with 1.1 L G&nd is depicted on a different
scale. Reprinted with permission from ref 206. Copyright 1999 TPD and IRAS were used to study adsorption site changes
Wiley—VCH Verlag GmbH. of CO bound to amorphous and crystalline Pd NPs on thin
alumina films on NiAI(110) at 120 K after irradiation with

L1 1 L 1

I i 1 I 1 1 L ) L
100 150 200

a) 01 UV laser light ofA = 355 nm?12213Sijte changes from higher
0.08 | coordinated sites to on top positions were found which
t oo6k occurred only fqr nonequilibrium adsorbate structures. Such
) adsorbate configurations were prepared by annealing a CO-
0.04 saturated surface to 300 K; they reveal a higher local
0.02 adsorbate density in combination with vacant adsorption sites
at on-top positions of the palladium. Site-exchange processes
ooof *—* were observed to occur reversibly in a cycle of laser
b) irradiation and annealing (to 25@00 K). The observed site
0.8 1 changes were found to be strongly dependent on the CO
t o8t adsorption structure as well as on the size and morphology
131 of the Pd NPs. The effect of laser-induced repopulation was
0.4 1 most pronounced for small NPs. As an explanation, the
oz L = presence of a floating CO phase coupled via-G&D
' . repulsion was suggested to be responsible for the collective
00F, site changes. The site change effects would then be induced
0 1 2 3 4 5 6 7 8 by fluctuations of the local electron density after laser
c (PdyA —» irradiation. However, details of the size and morphology
dependence of the initial electron dynamics are obscured by
Figure 14. (a) Plot of the CH formation ratiof (8 = B/A;; B the complexity of the collective site-exchange processes and
= integrated TPD peak areas of gD after irradiation,Aq = could not be resolved.
integrated TPD peak area of initially adsorbed ifore irradia-
tionjq as a functign of the total Pd c)(/)verage(b)ﬁc?t of the CQ Very Recent Work: Water and NO on Ag NPs.Very

depletion ratioo. (0 = 1 — A/Ag; Ao = integrated peak areas of recently, a first attempt to utilize the potential of time-
CD, before irradiation A = integrated peak areas of GRfter dependent measurements on MNP-induced photochemistry
irradiation with 1.5x 10'° photons per cf) as a function of the has been made by the group of M. W8t They investigated
o o maronanle e of 7., o ami73 ALl photocherisry of water on lasershaped Ag NPs
respectively. Reprinted with permission from rer 266. éopyright 'supported on quartz (rather high coverage, estlmateq at
1999 Wiley-VCH Verlag GmbH. around 50% of the surface area) by following the desorption
of water by a femtosecond laser two-pulse correlation
cluster plays an important role in stabilizing this charge- technique. They did not find any evidence for an influence
transfer state. Further stabilization of the excited state canof very short time scales in the dynamics leading to
come from the image forc8® The calculated excitation desorption; the desorption of,8 was found to be purely
energy including image force effects results in 5.1 eV, which phonon mediated. In the experiment the MNP lattice modes
is accessible by a 6.4 eV photon. The methaRd NP were resonantly heated by tuning the laser wavelength to
system demonstrates the possibility to control competing the energy of the horizontal plasmon mode in the NPs and
photochemical paths by tuning the size and consequently thethe molecules desorbed thermally. The MNP absorption
electronic structure of MNPs. spectra were found to red shift with water coverage; the
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caused attenuation was small. On the basis of an approximatef, Summary and Outlook

analysis the desorption temperature was estimated to 1000 . . .

K and the cooling time of the MNPs to around 500 ps. The _ [N€re is no question that the size and morphology of
analysis depends on the assumption that the observedNPS strongly influence the photochemistry on their sur-
processes occur on the Ag NPs, even though the adsorptiod2ceS: MNPs may offer new adsorption sites and new

energies of water on quartz and Ag are very similar and the 1e_lr?ctron|c_s'|tatis,twhr:ch Qrte absent on smgle'\z/-lch%stz_il surlfatczs.
entire surface is likely covered with water. € Special photochemistry occurring on S IS relate

to these changes of electronic structure and geometrical
Also very recently, Wettergren et al. reported the effect harameters (which are, of course, correlated). Different
of plasmon excitations on the photodesorption of NO from ground and excited electronic states and their lifetimes then

a graphite (0001) surface covered with Ag N¥sFigure  resylt in different dynamics and kinetics on nanostructured
15 shows the normalized initial yield of desorbing NO at gyrfaces.

This survey has shown that the particular photophysical

] NO/Ag/Graphite(0001) 1 properties of MNPs are diverse and complicated, but as they
[ A=355nm ] have been investigated for a considerable time, the accum-
2L 1.0 ulated knowledge and understanding is appreciable. The

confinement of excitations due to the small size of the MNPs
I ] is likely to increase the efficiency of photochemistry. The

5L 15 overwhelming importance of the plasmon excitation, when
I 1 present, and of the concomitant field enhancement is very

obvious; the time evolution following the excitation is

Initial photoyield [arb. u.]

10 Jo0 understood in principle. The relevant parameters are generally

I + 1 Ag(111) clear, even though their magnitude, relative importance, and
interplay are not understood in detail. What is still missing

Clean 5 I I s here is to perform all experiments on well-defined samples
Graphite (Q0OD o eemm 7T - ] where size and morphology of the individual particles as well

] as their arrangement on the support are well determined.
- L L L 0 While, in principle, a bottom-up approach (build up by soft
0 0.5 1 1.5 2 25 . . . . .
. 5 16 landing of mass-selected particles with subsequent in situ
Coverage, number of silver atoms/cm= (x10°) L . - . i
characterization) might appear more appealing, in practice
Figure 15. Initial yield for NO desorption from a graphite(0001) ~ the (now well-developed) procedures for preparing defined
surface covered with Ag nanoparticles, normalized with respect to Samples by vapor deposition seem to be more promising.
the pulse energy and NO coverage, as a function of Ag coverage.Also, use of alloy NPs such as AtAg*?? may allow one to
The dashed line shows the expected increase in the initial yield tailor plasmon enhancement with specific chemical selectivity

initial yield from clean graphite and the expected initial yield from : : :
an Ag(111) surface. Reprinted with permission from ref 215. In comparison tQ the progress ”.‘ade n photophysms, work
Copyright 2005 Elsevier. on the photochemistry on well-defined samples is very much

in its beginning stage with the number of publications being

355 nm as a function of silver coverage from such graphite qL_"te small. Again, it will be of utmost importar_lce to work
surfaces. Here the silver coverage was relatively small With well-defined samples. Application of the highly devel-
(=5.5% of the graphite surface) and the particle sizes were OP€d laser techniques with their continuing extension to
large (up to 133 nm long and 95 nm high). The data still shorter pulse tlme_s_wnl certainly be_ very frwtfu_l.

show a clear increase in the yield as high as 20-fold with _ 1€ mMost promising approach will be combined photo-
respect to the Ag-free surface. The maximum was attributed PhYsical and photochemical investigations using the same
to the plasmon-related field enhancement and the concomi-S2MPle t0 exclude any influence of sample preparation on
tant increase of hot electron production. It should be noted the transferability of results.

that again both the particles and the support were covered  Unanswered questions abound. The relative contributions
by NO in the experimental situation of the various sketched (and maybe of new) mechanisms

: ) have to be sorted out and explained and examined for low
The authors’ group recently studied photodesorption of anq high excitation densities. The contributions of plasmon
NO adsorbed on Ag NPs (mean size 8 nm) on thin alumina enhancement and detailed influence of hot electron dynamics
films on NiAl(110) by mass-selected time-of-flight spectra on the photochemical processes have to be examined for

(MS-TOF) of desorbing NO from layers characterized by molecules in contact with the MNPs. A mere influence of
TPDZ°NO was photodesorbed by nanosecond laser pulsesthe field enhancement for molecules not in contact with the
athv = 3.5 and 4.0 eV. Photodesorption cross sections wereMNPs may be important to induce reactions on the oxide.
obtained from the fluence dependences of the integrated TOFSuch an antenna effect of MNPs may be usable to induce
signals of desorbing NO. Compared to Ag(1¥L)$'®  spill-over effects of hot electrons, where local injection of
enhancement factors of 29 (3.5 eV) and 1.8 (4.0 eV) were e—h pairs into a suitable oxide triggers photochemical
found on the Ag NPs. The large enhancement at 3.5 eV isreactivity on such oxides, possibly even allowing one to
explained by resonant excitation of the Ag Mie plasmon probe the length scale of such transfer processes. In all cases,
which has also been seen in the 2PPE redtiltdlean the plasmonic coupling in an array of MNPs and the
translational energies of NO were 70800 K, considerably ~ connected hotspot formation may lead to peculiar reactive
larger than for Ag(111) substrates, wheret90 K was situations. There is no question that this is an exciting
measured!® This increase may be connected to increased research field and that interesting results can be expected
hot electron lifetimes for the MNPs. soon.

\'
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