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Abstract

This work presents detailed quantitative results on the influences of particle size and
photon energy, including that of plasmon excitation, on a photochemical process at
nanoparticle surfaces. As a test system NO dimer layers on alumina supported Ag
nanoparticles (diameters 3 to 12 nm) are used. Mass selected time of flight (MS-TOF),
resonance enhanced multiphoton ionization (REMPI) and temperature programmed
desorption (TPD) techniques are used as methods. NO molecules dosed on silver surfaces
at low temperatures (below 77 K) form dimers. Upon heating NO dimers dissociate into
NO monomers or react to form N,O and O. It is shown that the TPD peak temperatures for
desorption arising from these reactions decrease with decreasing mean size of the Ag NPs
and show a simple linear scaling law with (1/R).

Photodesorption cross sections (PCS) of NO from NO dimer-covered Ag NP
surfaces also show significant size dependences. At 2.3 and 4.7 eV, the PCS increase with
1/R from the value at Ag (111). This 1/R scaling is attributed to the increasing number of
collisions of hot electrons that excite the adsorbates, as the surface to volume ratio (S/V) is
proportional to 1/R. At 3.5 eV in p-polarization, (on-plasmon resonance) the PCS increase
more steeply and reach a maximum of ~1.7x10® cm? (~43 times enhancement compared
to Ag (111)) at an Ag NP mean diameter of D ~ 5 nm, followed by a sharp decrease. The
peaked behavior is attributable to the interplay of the size-dependences of the plasmon
decay channels and the plasmon oscillator strength.

The desorbed molecules have nonthermal amounts of energy in rotational,
vibrational and translational motion. The rotational and translational excitations are
positively correlated while the vibrational excitation is strongly decoupled from them. The
translational and internal energies of NO photodesorbed from Ag NPs are almost constant
for all the investigated particle sizes at 2.3 and 3.5 eV in p-polarization. This suggests that
the photodesorption dynamics of NO is not sensitive to the particle size even at the
plasmon excitation at 3.5 eV. The desorption proceeds via substrate hot electron
attachment to the adsorbate resonance state which forms a transient negative ion (TNI).
However, at 4.7 eV an increase of the translational and internal energies of the
photodesorbed NO molecules was observed at smaller Ag NPs. This extraordinary effect is
explained by a proposed new mechanism: via formation of hot holes in the adsorbate
(transient positive ion (TPI)) either by excitation of d-band holes at the Ag NP surface
which subsequently are transferred to an adsorbate orbital or by direct charge transfer (CT)
excitation from the adsorbate into the empty s-p orbitals of Ag NPs above the Fermi level.
One possible reason why this mechanism results in more energetic desorbates is that the
cations formed by hot hole attachment (TPl mechanism) are smaller than the anions
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formed by the TNI mechanism. Therefore, cations can approach the surface closer and
with higher velocity and then rebounce with a higher energy. The emergence of this new
channel for small particles is likely connected with the relative increase of surface
atoms/adsorbate molecules with decreasing particle size.
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Deutsche Kurzfassung

Diese Arbeit présentiert detaillierte quantitative Ergebnisse zu den Einfliissen von
PartikelgroBe und Photonenergie, einschlieBlich der Plasmonenanregung, auf einen
photochemischen Prozess auf Nanopartikeln. Als Testsystem dienen NO Dimer-Schichten
auf Silber-Nanopartikeln (Durchmessern 3 bis 12 nm) die auf einen diinnen
Aluminiumoxid-Film auf NiAl (110) aufgebracht sind. Verwendete Methoden sind
Massenselektive Flugzeitmessungen (MS-TOF), resonanzverstirkte Multiphotonen-
Ionisationsspektroskopie (REMPI) und Temperatur-programmierte Desorptions (TPD).
NO Molekiile, die bei tiefen Temperaturen unterhalb von 77 K auf Silber-Oberflichen
aufgebracht werden, bilden Dimere. Werden sie geheizt, dissoziieren NO Dimere in NO
Monomere oder reagieren zu N,O und O. Es wird gezeigt, dass die Temperaturmaxima der
diesen Reaktionen entsprechenden TPD-Signale abnehmen wenn man die mittlere Gréf3e
der Ag Nanopartikel verringert, und ein einfaches lineares Skalierungsgesetz (1/R)
befolgen.

Photodesorptionsquerschnitte (PCS) fir NO von NO dimer-bedeckten Ag
Nanopartikel-Oberfldchen zeigen ebenfalls eine signifikante GroBenabhangigkeit. Bei 2,3
und 4,7 eV steigen die PCS mit 1/R an ausgehend vom Wert fiir Ag (111). Dieses 1/R-
Verhalten wird der zunehmenden Zahl von Kollisionen heiler Elektronen zugeschrieben,
die die Adsorbate anregen konnen, da das Verhiltnis von Oberflache zu Volumen (S/V)
proportional zu 1/R ist. Bei 3,5 eV in p-Polarisation (bei Plasmonenresonanz) steigen die
PCS steiler und erreichen ein Maximum von ~1,7x10"® cm® (= 43 fache Verstirkung
verglichen mit Ag (111)) bei einem mittlerem Ag Nanopartikel-Durchmesser von D ~ 5
nm, gefolgt von einem scharfen Abfall. Dieses Extremalverhalten kann dem Wechselspiel
der GroBenabhingigkeiten der Kandle fiir Plasmonenzerfall und der Plasmonen-
Oszillatorstarke zugeschrieben werden.

Die desorbierten Molekiile haben nicht-thermische Energieverteilungen in
Rotations-, Vibrations- und Translationsfreiheitsgraden. Wéhrend Rotations- und
Translationsanregungen positiv korreliert sind, ist die Vibrationsanregung von diesen
entkoppelt. Sowohl die Translationsenergien als auch die inneren Energien von NO waren
fiir alle untersuchten Partikelgroflen bei 2,3 und 3,5 eV in p-Polarisation fast konstant.
Dies legt nahe, dass die Dynamik der Photodesorption von NO nicht sensitiv auf die
PartikelgroBe ist, sogar bei Plasmonenanregung bei 3,5 eV. Die Desorption verlduft iiber
den Einfang heifler Substratelektronen durch den Resonanzzustand des Adsorbats, was zu
einem transienten negativen Ion (TNI) fiihrt. Nur bei 4,7 eV wurde bei kleineren Ag
Nanopartikeln ein Anwachsen der Translationsenergien und der inneren Energien der
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photodesorbierten NO Molekiile beobachtet. Dieser auBergewohnliche Effekt wird durch
einen neu vorgeschlagenen Mechanismus erklart ndmlich iiber die Bildung heiller Locher
im Adsorbat (transiente positive lonen (TPI)) entweder durch die Anregung von d-Band
Lochern an der Oberfldche der Ag Nanopartikel mit folgendem Ubertrag auf ein Adsorbat-
Orbital, oder durch eine direkte Ladungstransfer-Anregung aus dem Adsorbat in die leeren
s-p-Orbitale der Ag Nanopartikel oberhalb des Ferminiveaus. Das Auftauchen diese neuen
Kanals ist vermutlich mit der relativen Zunahme der Oberflicheatome/Adsorbatmolekiile
mit abnehmender Teilchengréfe zu erkliren.
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Frequently used abbreviations

°C Degrees centigrade

1/R Inverse of the mean particle radius (= 2/D)
2PPE Two-photon photoemission

AES Auger electron spectroscopy

cw Continuous wave

D Nanoparticle mean diameter

DIET Desorption induced by electronic transitions
DIMET Desorption induced by multiple electronic transitions
DOF Degrees of freedom

Edes Desorption activation energy (adsorption energy)
F Laser fluence

fs Femtosecond (= 10" second)

FWHM Full width at half maximum

HOMO Highest occupied molecular orbital

HOPG Highly ordered pyrolytic graphite

hv Photon energy

IRAS Infrared reflection absorption spectroscopy
K Kelvin

KDP Potassium dideuterium phosphate

LEED Low energy electron diffraction

LITD Laser induced thermal desorption

LUMO Lowest unoccupied molecular orbital

MCP Multichannel plate

MGR Menzel-Gomer-Redhead

MNPs Metal Nanoparticles



MS-TOF
Nd-YAG
nm

NP (NPs)
ns

PCS

PES

PID
QMS
QMS-TOF
REMPI
SMB
ST™M

Te

TNI

T,

TPD

TPI

Trot

T:

Tuib
UHV
uv

Frequently used abbreviations

Mass-selected time-of-flight
Neodym-doped yttrium-aluminum-garnet
Nano meter (= 10” meter)

Nanoparticle (Nanoparticles)

Nanosecond (= 10 second)
Photodesorption cross section

Potential energy surface

Photon induced desorption (Photoinduced desorption)
Quadrupole mass spectrometer

Quadrupole mass spectrometer time-of-flight
Resonance enhanced multiphoton ionization
Shifted Maxwell-Boltzmann

Scanning tunneling microscopy

Electron temperature

Transient negative ion

Desorption peak temperature

Temperature programmed desorption
Transient positive ion

Rotational temperature

Translational temperature

Vibrational temperature

Ultrahigh vacuum

Ultraviolet

Velocity

Vibrational level



Chapter 1

l. Introduction and motivation

Surface photochemistry is the basis of a wide variety of extremely important
technological processes and applications. Therefore, developing a fundamental
understanding of such processes presents opportunities for further exploitation in
applications. The primary focuses of many researches are in understanding and controlling
of elementary steps in the photo-induced processes of adsorbates in a well defined and
controlled manner. For this purpose the use of lasers provides many advantages to initiate
reactions as well as to detect the product molecules. A single photon of well defined
energy absorbed by the adsorbate or the substrate can impart part or all of its energy to
break the adsorbate substrate bond or the intermolecular bond. Hence by varying its
energy, polarization, fluence and/or pulse duration, it can be possible to control the
reaction efficiency, and excitation of the different degrees of freedom of the desorbate.
State selective detection of the product molecules in terms of the various possible quantum
states can give a wealth of information about the microscopic forces that lead to desorption
or reaction. The presence of the surface acts as not only in arranging the molecules and
modifying their electronic structure but also as source for selective excitation and
relaxation channels for the excited molecules. Therefore, in surface photochemistry the
surface plays a crucial role as it dictates different excitation and relaxation mechanisms.

Flat surfaces can be used as a useful reference however, they may not be ideal for
practical applications of surface photochemistry as in heterogeneous catalysis. In such
cases, nanostructures such as nanoparticles or thin films can provide many advantages
which can not be found on flat surfaces. Therefore, understanding the chemical processes
occurring on the NP surfaces and the correlation with their size could lead to an improved
efficiency and performance in application. The surface chemistry on MNPs can be greatly
different from that of the bulk materials. This is not only because NPs provide more
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surface area for reaction, but they can exhibit unique optical, electronic and catalytic
properties. Especially the excitation of plasmons on MNPs may have a huge effect on the
photochemistry of adsorbates on their surfaces. Plasmons are collective excitations of the
metal electrons, which resonantly enhance the electric field at the surface. To study effects
of plasmons, Ag NPs are an ideal candidate since their plasmon resonance energy is well
separated from the intraband transition (d — sp transition).

Although much progress has been made with respect to the understanding of the
optical and electronic properties of MNPs, the detailed knowledge regarding the
photochemistry on their surfaces is rare. To date there have been only few investigations
that address the effect of size and/or plasmon excitation on the photochemistry of
adsorbates on MNP surfaces [Wat06 and ref. therein]. The work in this thesis is dedicated
to investigate the effects of particle size, and photon energy, including the plasmon
excitation on the photodesorption of NO from adsorbed NO dimers on Ag NPs. Results
measured from single crystal Ag surface are also presented as a reference. Ag NPs of
uniform density (diameter, D, between 3 and 12 nm) were grown by deposition of Ag
atoms on alumina film on a NiAl (110) substrate at room temperature. Particular
advantages of this system are that their preparation is well established, and that their
optical, and electronic properties (in the size range we are interested in) are well
characterized by the photon STM [Nil00], and two-photon photoemission [Eve035]
measurements. These methods show their (1,0) mode Mie resonance excitation at ~3.6 eV.
As an adsorbate NO is chosen which is commonly used in photochemistry studies
especially because it is easy for state resolved measurements.

This thesis is organized as follows. It is divided into 6 chapters. The first chapter
presents a general introduction about the properties of MNPs and photochemistry in
general. In Chapter 2 the technical aspects of various methods used in this thesis such as
temperature programmed desorption (TPD), time-of-flight (TOF) mass spectrometry, and
resonance-enhanced multiphoton ionization (REMPI), will be described. In addition, the
measurement procedures, and data acquisition and analysis methods will be presented.
Chapter 3 deals with size effects on the adsorption and subsequent thermal and photo-
induced reactions of NO on Ag NPs. In photodesorption experiments in addition to size
effects, effects of photon energy, including plasmon excitation at 3.5 eV in p-polarization,
on the desorption cross section of NO are investigated. Chapter 4 reports the effects of
particle size on the dynamics of NO desorption from Ag NP surfaces at 4v = 2.3, 3.5, and
4.7 eV nanosecond (ns) laser pulses. In these studies final state energy (translational and
internal energy) distributions of photodesorbed NO molecules are measured and the
possible mechanisms are discussed. Chapter 5 focuses on femtosecond laser induced
desorption dynamics of NO from NO dimer-covered Ag NPs and Ag (111) surfaces. In
Chapter 6 a short summary of the thesis will be presented.
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ll. Basic concepts

In this chapter the basic concepts and models which are relevant for the general
understanding of the next chapters are presented. In the first section an overview about the
properties of metal surfaces with the main emphasis on MNPs, will be presented. In the
second and third sections the adsorption and photoreaction of adsorbates and the dynamics
of photoinduced processes will be presented.

1.1. The substrate

In surface photochemistry, the substrate plays a major role. Unlike to gas phase
chemistry, surface chemistry paves many ways for selective reactions. The presence of the
surface is responsible for a wide range of physical and chemical phenomena, including
excitation, relaxation, desorption and reactions. Therefore understanding the properties of
the substrate is crucial to understand the adsorption and reactions of adsorbates on the
surfaces. As the main topic in this thesis work is photochemistry on MNPs, understanding
of the physical and chemical properties of the MNPs is important and will be presented in
the first section of this chapter.

1.1.1. Metal nanoparticles (MNPs)

Metal nanoparticles have attracted great attention due to their potential to modulate
physical and chemical properties [Rao02, Kre95]. Since size plays an important role in
determining their physical and chemical properties, one of the most important things is
studying these properties as a function of size. Here we will focus on those properties
which are relevant for photochemistry.
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i. Plasmon excitations in MNPs

One field of research which has attracted a lot of attention in the last decades is that
of the optical properties of small MNPs, which are dominated by the so-called surface
plasmon resonance [Kre95, Mai07]. The surface plasmon resonance is described as the
coherent motion of conduction band electrons caused by the interaction with an external
electromagnetic field. In a classical picture, the electric field of an incoming light wave
induces a polarization of the electrons with respect to the ionic core of the NP. Ultimately,
this polarization drives all the electrons to follow a dipole oscillation with the same phase.
[Hil01, Kel03, Neg08].

The interaction of light with small spherical metal particles was initially studied by
Faraday and theoretically explained by Gustav Mie in 1908 by solving the Maxwell
equations. For this reason, the surface plasmon resonance in small metal particles is
sometimes called Mie plasmon. The surface resonance of MNPs, w,.;, can be generally
described by:

w
o, =—0>" (1.1)

res ’
ﬂgm + &

where w, is the bulk plasmon resonance, ¢, is the dielectric constant of the surrounding
and ¢; the dielectric constant of the metal.

The Mie theory resulted in a serious of multipole oscillations of extinction and
scattering cross sections. For spherical particles (R << A) of volume V), only dipole
oscillation contributes and the Mie theory reduces to the expression:

Uext = 928§V0 82 (a)Z) 2% (12)
c [e1(@) +2¢, ] + &,(@)

where o is the angular frequency of the incident light, and ¢ is the speed of light. &, and
& (o) + ig,(w) are the dielectric functions of the surrounding medium and the metal,

respectively. For negligible damping (52 (m),% << I,J the resonance occurs when the
@

Froehlich condition ¢, (@) = —2¢,, is met [Kre95].

Equation (1.2) is independent of the particle size. However, experimental studies
show that plasmon oscillations are size dependent. Therefore, the size dependence of the
plasmon oscillations is introduced into Mie's theory through modification of the material’s
dielectric function. This modification is introduced through a classical approach since



Chapter 1 II. Basic concepts -5-

electron-surface scattering must be enhanced in small particles (due to electron
confinement).

g,=6," + 2g ."% (1.3)

Where v; is the Fermi velocity of electrons, D is the particle diameter and the
dimensionless size parameter g accounts for additional surface damping terms

The plasmon frequency of alkali MNPs, like K, Li exhibits a red shift with N*® due
to the surface effects that weaken the plasmon oscillation. For noble metals like Ag, Cu or
Au, which have completely filled d shell, the plasmon frequency is influenced by the core
(the d electrons) polarization. Therefore, the plasmon frequency of noble MNPs show a
blue shift with N (see a particular example Ag NPs/Al,Os/NiAl (110) in Chapter 3,
figure 3.1). In metals like Hg, the surface effects and the core polarization counterbalance
each other and there is no size dependence change of the plasmon frequency [Lie93, Rei04,
Tig93].

For non-spherical MNPs, the single plasmon resonance absorption band of spherical
MNPs splits into two ((1,0) and (1,1)) modes. The two modes can be excited with different
relative strengths depending on the angle of incidence and the polarization of the incoming
photons. The schematic view of such a splitting is shown in figure 1.1a). The absorption
band at higher energy is caused by the oscillation of electrons perpendicular to the major
axis (transversal plasmon), while the oscillation of electrons along the major axis
(longitudinal plasmon) results to the lower energy absorption band. For a free NP, both the
(1,1) and (1,0) mode of Mie resonance can be seen. However, when the nanoparticles are
deposited on a conducting material there will be an electromagnetic coupling between the
nanoparticle’s field and the substrate underneath that induces an image dipole which can
couple destructively with the (1,1) mode and constructively with the (1,0) mode Mie
plasmon resonance of NPs (see figure 1.2).
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(1,0

(1.1

\ 4

Figure 1.1.: Illustration of the absorption band of a spherical (dashed line) and non-spherical (solid
line) NP. The single absorption band of the spherical NP is split into two modes, (1,1) and (1,0),
for an oblate ellipsoid NP.

(1.1) (1,0)

Substrate

Figure 1.2.: Schematic view showing an electromagnetic interaction between the NP plasmon
field and the induced image dipole of the conducting substrate. The (1,1) mode which can be
excited by s-polarized light couples destructively, while the (1,0) mode which can be excited by p-
polarized light couples constructively with the image dipole.
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Surface plasmon excitation is accompanied by a pronounced enhancement of the
electromagnetic field near the surface [Kre95, Kla98]. The field enhancement has been
used in applications and is the base of many surface-enhanced spectroscopies and for
photochemistry [Sti99, Kre95].

The lifetime of the plasmon is very short, in the order of fs. In this ultrashort time the
plasmon decays in different ways depending on the size of the NPs [Sti00, Mol02, Mol03,
Kre95, Bos02, Cha98, Gui04].

1) Landau damping — this is the decay of the plasmon into electron-hole pairs. Landau
damping is dominant for small NPs.

2) Radiation damping — In the large NP size limit the plasmon resonance mainly decays
into an external radiation field.

3) Surface scattering — when the size of the NP becomes smaller the coherent
oscillation of plasmon electrons can be inelastically scattered at the surface. Such
scattering strongly depends on the size of the NP.

4) Chemical interface damping - In this plasmon damping mechanism, the electrons
lose their coherent motion due to dynamical tunneling into and out of an adsorbate or
surface state [Hen03].

Furthermore, for very small MNPs the spill-out of conduction electrons decreases
the density of conduction electrons which can decrease the plasmon frequency and
strength.

ii. Electronic properties of MNPs

The energy levels, transport properties, and dynamics of excited electrons on metal
surfaces [Aes96, Aes00, Chu06, Ken06, Bau02, Bau04, Bau05, Mer03, Mus06, Sei9l,
Wer89, Vij02] are important in surface chemistry. In MNPs these properties play a key
role in many applications due to the possibility of tuning their behavior by changing the
size.

Reducing the size of the nanoparticles has a pronounced effect on the energy level
spacing [Hal86, Aiy94, Bau99]. In metals, due to the high density of energy levels of
~10% cm™, such separation of energy levels is only observed at very small NPs (made of
about 100 atoms or less). In addition, the density of states near the Fermi surface and the
binding energy of the core levels usually shows a significant change with size. For
example, XPS spectra from Ag and Pd clusters show a narrowing and positive shift of the
d-band spectra with decreasing the NP size, which was explained based on final state
effects [Hov01, Hov04, Bal07].
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BEA Evac

Figure 1.3.: Schematic illustration showing the evolution of the electronic band of a bulk metal
from the orbitals of a single metal atom (after [Bau99]).

Another important size-dependent property of MNPs is the electron dynamics
[Hal99, Fau96]. Understanding the dynamics of the hot electrons produced in the metal
substrate by incoming photons is crucial since these electrons are responsible for the
underlying photochemistry. Hot electrons excited by the incoming photons can decay in
different ways with different time scale [Pet97, Ech00, Ech04]. The lifetime of hot
electrons or hot holes in a free electron gas can be approximately derived from Landau’s
Fermi liquid theory:

E;

B — 1.4
(E_EF)

Tee = z-0

where E is the initial excitation energy, Er is the Fermi energy, and the prefactor 7, is

determined by the free electron density and approximately given by 7, = 64 __ | m ,

\/g_”s/z ne’

In addition to the initial excitation photon energy (which is contained in equation
1.4), the lifetime of hot electrons depends also on the size of the MNPs. Time resolved fs

experiments show a strong decrease of electron-electron and electron-phonon interaction
for smaller MNPs, D < 10 nm [Arb03, V0100, Del99, Voi01, Voi04] which was explained
due to the confinement of both electrons and phonons in the nanoparticle scale. In addition,
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in noble metals the change of s-d screening is suggested to enhance the lifetime of hot
electrons near the surface [Aes96, Aes00, BasOl, Gar03]. Moreover the dynamics of
excited electrons depends on the available phase space above the Fermi level [Paw97].

In fs laser excitations, the photon energy is deposited into the electron system, and
due to the small heat capacity of the electrons (compared to the lattice), the electron
temperature, T, rises within the pulse width to high values. This results in a much slower
increase of the phonon temperature (7,,) compared to the electronic response [Mis95,
Fri06]. The degree of excitation can be characterized by the two temperatures which are
expressed in the so called two temperature model that states that 7,; and 7,, evolve
according to:

0T,
axzel - g(T, _Tph) + A(x,1)

oT
C,(T,)—=«(T
el( el) 8t ( el)
(1.5)
or,,
Cph(Tph) ot :g(]—;l_Tph)a

where A(x,?) is the energy deposited by the laser, C,; and C,; are the heat capacities of the
electrons and the lattice, respectively, and the constant g determines how quickly the
electrons and phonons equilibrate with each other.

iii. Surface morphology / structure of MNPs

When the size of materials goes down to the nanometer scale, surface effects
become dominant, and their morphologies may also change along with the size change
[Lin07, Hen92]. Since the surface is very important for very small nanoparticles it is
important to know the details of the surface morphology and structure in order to
understand their interaction with the environment, for example with adsorbates. Unlike to
single crystal surfaces, in metal nanoparticles different structures such as crystalline facets,
edges, boundaries, etc can be simultaneously present [Cam97]. Thus, understanding the
size-dependent morphology and the related property change is of great importance to
understand the chemistry on their surfaces. For example, both the reactivity and selectivity
of a nanocatalyst can be tailored by controlling the shape, as shape determines the number
of atoms located at the edges or corners [Nar(04].
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1.2. Adsorption of reactant

In general there are two classes of adsorption of molecules on a surface;
physisorption and chemisorptions. In physisorption the molecules are weakly bound to the
surface mainly through van der Waals type interactions. There is a very small perturbation
of the adsorbate and hence physisorbed molecules essentially retain their gas phase
properties.

In contrast to physisorption, chemisorption involves significant interaction between
the adsorbate and the substrate and therefore their properties are perturbed due to
hybridization. In transition metals, the d-band is usually involved in the bonding. One of
the most widely used models for molecular adsorption on transition metal surfaces is the
d-band model of Hammer and Nerskov [Ham96] which relates the chemisorption energy
to the position of the metallic d-band relative to the molecular orbitals of the adsorbate and
to the coupling matrix elements and overlap integrals between the metal d-states and
adsorbate states. Since the d-band is narrower than the sp-band, its interaction with the
adsorbate can result in a splitting into bonding and anti-bonding states. This approach
introduces a hybridization energy Eq., for a weak coupling V,; between the adsorbate
states and the d-band of the metallic surface:

V2
E, = ZC( «__+ D(F,,F)aSV,, , (1.6)

ga 811 |

where C(F,, Fy) and D(F, F,;) depend on the number of electrons of the adsorbate state
and the d-band which are involved in the interaction, and V,; denotes the strength of the
coupling between the adsorbate state and the d-band.

If the position of the d-band is slightly shifted the hybridization energy Egps
changes with the change of the d-band center:

2
J Se, = yoe, (1.7)

d hyb z C( (

a d

The above observations suggest that changes of the electronic structure of the
substrate can change the adsorption and reaction properties of the adsorbates. As
mentioned before, the adsorption and reaction of adsorbates depends also on the surface
morphology. As the MNPs have different electronic properties and morphology compared
to extended surfaces, the adsorption and reaction of molecules on MNPs are expected to be
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different from those of the extended surfaces. In addition, in MNPs effects like particle
size, and support effects can be studied.

1.3. Photon induced process on the surface

Generally, the absorption of UV photons by either the adsorbate or the substrate can
lead to bond breaking within the adsorbate or between the adsorbate and substrate. These
processes consist of photon absorption by the adsorbate or substrate associated with
transition to an electronically excited state followed by nuclear motion leading finally
desorption or reaction.

1.3.1. Photoexcitation mechanisms

For the primary excitation process three alternatives have been discussed. First, the
photochemical process may be initiated by direct excitation within the adsorbate. On the
other hand, hot carriers generated by the absorbed light within the substrate may attach to
the adsorbate resulting in an excited adsorbate. Alternatively this can lead to transiently
heating of the surface and to thermal chemistry.

1. An adsorbate localized process: commonly called direct excitation involving the
direct absorption of a photon by an adsorbate molecule. The photon typically excites the
molecule from a ground state to an excited state in a similar way to a gas phase
photoexcitation (see figure 1.4). Generally surface photochemical processes initiated by
direct photon absorption of the adsorbate exhibit a wavelength dependence that is
qualitatively similar to absorption by the corresponding gas phase molecule [Bun93,
Chu94, Wat96, Yin91, Per93, Kid99, Ric91].

2. A substrate mediated process: commonly called indirect excitation involving the
adsorption of a photon by the substrate and electronic energy transfer to the adsorbate-
substrate bond. Photons of wavelength in the region of IR and shorter photon wavelengths
are absorbed by creation of charge carriers (electrons and holes) in the solid. As has been
demonstrated in many theories and experiments, these carriers can induce adsorbate
reactions [Cav93, Har95, Har95%]. Photochemical processes driven by initial photon
absorption by the surface or bulk have been commonly reported for metal and
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semiconductor substrates [Ric88, Fuk93, Fuk93, Bun88, Bun89, Yin90]. The
photochemical processes follow the absorbance properties of the substrate. Theoretical
models that have been proposed by Gadzuk [Gad90], Zimmermann and Ho [Zim95] and
by Nakamura and Yamashita [Nak06] allow for a substrate hot electron attachment
mechanism. According to the above models, the hot-electron attachment model consists of
three separate steps: (i) excitation of electrons in the bulk; (ii) transport of excited
electrons to the surface, including secondary electron creation through electron-electron
scattering; and (3) tunneling of hot electrons into the unoccupied orbital of the adsorbate
(see figure 1.4). Usually, distinctions between the adsorbate-localized and the substrate
mediated processes have been made based on the excitation photon energy and
polarization dependences of the two mechanisms [Yin91, So91, Zhu91].

HOMO

HOMO

Substrate Adsorbate

Figure 1.4.: Photo excitation mechanisms. A direct/ adsorbate localized and B indirect/ substrate

mediated photoexcitation processes.

3. Laser-induced surface phonon excitation: photon irradiation can also induce
thermally activated surface reactions by causing surface heating [Bar86]. Therefore in
photon desorption studies, a thermal mechanism should also be considered.
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1.3.2. Nuclear dynamics induced by photoexcitation

Having discussed the various photoexcitation mechanisms, the next question is what
will happen after excitation of the molecule? One of the important points in surface
chemistry is understanding each elementary step (including charge and energy transfer, the
conversion of electronic energy to nuclear motion) that lead to desorption or reaction of
adsorbate on the surface following excitation by photon irradiation. The information about
the dynamical process on the surface can be obtained by monitoring the desorbed
molecules. Experimental techniques such as time-of-flight (TOF) spectroscopy, laser
induced fluorescence (LIF), and resonance enhanced multiphoton ionization (REMPI) are
commonly used for studying the photodesorption dynamics of molecules from the surface.

Usually the photodesorption dynamics of adsorbed molecules is explained by a
generalized and simplified model called the Menzel-Goemer-Redhead (MGR) model. The
model was proposed independently by Menzel and Goemer [Men64] and Redhead
[Red64] in 1964. Figure 1.5 a, shows a schematic one-dimensional PES illustrating the
DIET process by the MGR model. According to this model, the desorption induced by
electronic transition, DIET process starts with a Frank-Condon transition of the adsorbate
from the ground state PES to an excited PES. During the lifetime of the adsorbate in the
repulsive excited state PES, the electronic energy is converted to the nuclear motion. After
a short but finite life time, 1, in the excited state PES, the adsorbate is quenched back to the
ground state PES. Since the energy transfer increases with increasing z, desorption could
happen when the residence time of the molecule on the excited state PES is larger than a
critical time, 1. for desorption (t > t.). If the energy gained by the adsorbate on the excited
state PES is sufficient to overcome the barrier for desorption, the molecules can desorb
with kinetic energy Ex = Ex - D'. Such information can be gained from time-of-flight
(TOF) measurements.

Another commonly used model for DIET process is the Antoniewicz model [ Ant80].
The Antoniewicz model assumes a charged excited state generated by charge transfer from
the substrate to the adsorbate. The adsorbate may experience an attractive force, towards
the surface, rather than the repulsion force proposed in the MGR model, due to the image
charge produced on the surface.

In both models, the excess energy relative to the desorption barrier is distributed into
the translational, rotational, and vibrational energies of the desorbed molecule. These
models have been formulated in one dimension, but molecular desorption dynamics
happens in a multi-dimensional configuration space, in which the internal motions of the
molecule are also included.
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Figure 1.5.: Schematic illustration of a) MGR model, b) Antoniewicz model, and ¢) harmonic
potential energy curves showing the excitation of internal vibrational modes in the same duration

as the excitation and de-excitation processes in the MGR / Antonievicz models.
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Theoretically, the rovibrational distributions of the desorbed molecules have been
investigated using semiclasical [Gad90, Guo99], quantum dynamical [Saa06] and
impulsive [Zim94b] models. For MGR-type photodesorption the vibrational excitation
mechanism can be described in terms of two Frank-Condon transitions between a pair of
displaced harmonic oscillators (see figure 1.5 ¢) [Gad90, Zim97]. The Franck-Condon
transition projects the molecule from the vibrational ground state |O> of the ground state

potential curve onto the slope of the excited state potential curve where the system evolves
according to the excited state Hamiltonian H.:

@) =¢ 7 0) (1.8)

After a certain residence time #, another Frank-Condon transition projects the
evolved wave function onto the vibrational states of the ground state. The probability of
2

exciting the v vibrational state |v> is given byKv | 1//(t)>‘

2

P(0)=2(v]n,)e" " (n,|0) (1.9)

The degree of vibrational excitation depends on the vibrational frequency multiplied
by the lifetime of the intermediate state. However, the vibrational distributions predicted
from the above model (assuming a charge p = 1 transfer) is very high compared to the
experimental results. Therefore, an incomplete charge transfer from the substrate to the
adsorbate was suggested, i.e., the adsorbate will have a fraction of charge [Guo97°,Zim97].
However, such a fractional charge assumption may also result in a weak or even negligible
image charge attraction which makes the Antoniewicz model questionable for
photoinduced processes on metal surfaces.

The rotational excitation of the desorbed molecules is usually explained by the
classical impulsive model [Zim95, Mur95]. In the impulsive model the excess energy, Ex,
gained in the excitation/ de-excitation process (in the MGR/Antoniewicz models) is
transferred to the molecule as a momentum, P. After desorption the momentum P is
converted into the linear momentum of the center of mass (which results in the
translational motion) and into the rotational angular momentum of the nuclear motion (L =
P x r sin 0), where 0 is the tilt angle.
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where M is the total mass of the molecule, / is the momentum of inertia of the molecule,
and @ is the tilt angle of the molecular axis of the desorbing molecule from the surface
normal at the moment of bond breaking.

The above model explains not only the rotational excitation but also predicts a
positive correlation between the translational and rotational excitations. Hasselbrink also
proposed a classical model for the positive correlation between the rotational and
translational distributions [Has95, Has90]. In addition, the role of the ground-state and
excited-state PESs on the product translational/rotational correlation has been discussed
[Che98, Guo97].

So far we have considered a single excitation/ de-excitation process which is
appropriate for continuous wave (cw) and nanosecond (ns) laser pulse excitations that
create low densities of charge carriers in the substrate. However, the photochemistry
induced by an intense fs laser pulse can be different from cw and ns excitation. Compared
to continuous wave or ns laser induced desorption, fs laser induced desorption shows some
unique and interesting properties [Del95, Bus95, Eic96]. Most of the systems studied so
far display similar characteristics such as: 1) significant enhancement of desorption yield,
2) nonlinear dependence of the yield, Y, on the laser fluence F (Y = F" where n is reported
in the range 3 — 7), 3) very short system response time (in the sub picosecond regime), 4)
changed translational and internal energy distributions of desorbing molecules.

In a fs laser excitation of the metal, a very high electron temperature can be reached.
Such high transient electron temperatures can create a new regime of energy transfer to the
adsorbate. Two basic models have been applied to explain the femtosecond laser induced
desorption process on metal surfaces: 1) the mode of desorption induced by multiple
electronic transition (DIMET) [Mis92, Gao95], and ii) the frictional model [[New9l,
Spr96, Fri06]. The DIMET process is characterized by a successive electron excitation of
the adsorbate at a time interval less than the time for damping of energy in the molecule
surface coordinate. Hence at such very high hot electron densities induced by an ultrashort
light pulse, vibrational excitation rates can be faster than the rates of vibrational damping,
and the resulting vibrational ladder climbing in the ground electronic state can lead to
desorption. Another theoretical approach is electronic frictional coupling between the
adsorbate and the thermalized hot electrons. In this model the adsorbate vibration leads to
a motion along the reaction coordinate and therefore to an energetic shift of its resonance
with respect to the Fermi level, Er. Unoccupied states below Er will force substrate
electrons to scatter into the resonance, whereas electrons in states higher than Ep will
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scatter back into the substrate. Therefore this coupling results in a fluctuating force on the
nuclear coordinates and can induce chemistry.

b)

adsorbate adsorbate
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Figure 1.6.: Schematic view of a) the DIMET process, desorption process through multiple
excitation/ de-excitation of the adsorbate, and b) the frictional coupling process showing an
adiabatic coupling between the substrate hot electron that flows back and forth between the metal
substrate and the low laying adsorbate levels.
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1.3. Photon induced process on the surface
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Chapter 2

Experimental details

The purpose of this chapter is to provide information on the experimental apparatus
and the techniques used in this study and also to provide an understanding of how the
experiments were performed and analysed.

2.1. Vacuum system

Surface experiments, especially those that need a long measurement time, require
ultra-high vacuum (UHV) conditions. The UHV condition is important to reduce
contaminations buildup on the surface as well as to improve the signal to noise ratio in
measurements as a result of decreased quantity of background gases.

The vacuum system used in this study consisted of two vertically connected
cylindrical chambers of 40 cm diameter separated by a gate valve (see Figure 2. 1).

The upper chamber (preparation chamber) is equipped with: a LEED/Auger system
(Specs ErLEED Digital) for surface characterization, a differentially pumped quadrupole
mass spectrometer (QMS) (Hiden Analytical, HAL 301/3F) with a movable extension
flange for thermal desorption measurements, an ion gun and leak valve for Ar® sputter
cleaning, another leak valve for background gas dosing like O, during oxidization of NiAl
(110) surface, a quartz microbalance (Caburn MDC) for monitoring the thickness of the
metal film, and a triple electron beam metal evaporator (Omicron EFM-3) for metal atom
deposition. This chamber is pumped by a turbo molecular pump (Varian Turbo V550)
backed by a rotary pump (Pfeiffer-Vacuum).
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The lower chamber (measurement chamber) is equipped with: a QMS with a liquid
nitrogen cooled shroud for mass-selected time-of-flight (MS-TOF) measurements, a
directional pulsed doser with a stainless tube inside the UHV for direct dosing of the
adsorbate on the sample surface, a manual leak valve to introduce adsorbates to the
chamber for background surface coverage, a REMPI detection system for state-resolved
measurements, an electron-TOF spectrometer for 2PPE energy and time measurements of
the photoelectrons (not used in this thesis work). For the introduction of the desorption and
detection laser light, special fused silica glass windows, which have better transmittance
than normal glass windows, were used. This chamber was pumped by a turbomolecular
pump (Varian Turbo V550) backed by a rotary pump (Pfeiffer-Vacuum), a titanium
sublimation pump (Varian Vacion plus 300) and an ion pump.

Following chamber bake out, a residual pressure of less than 3 x10™° mbar can be
achieved and during liquid helium sample cooling the chamber pressure decreased further
to below 7 x 10" mbar. The base pressures in these chambers were measured by
independent ion gauges located in the upper and lower chambers and the pressure in the
forepumps were measured by Pirani gauges.

The crystal manipulator was placed vertically along the chambers’ central axis. The
manipulator consisted of a UHV x-y-z- stage and a rotary flange. The sample could be
moved by + 25 mm of translation in the x- and y- directions, 420 mm in the z- direction
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and 360 ° rotations around the z- axis. In the z- direction the sample could be transferred
from the preparation chamber to the measurement chamber or vise versa. These
arrangements allowed the sample to be positioned appropriately for any given sample
preparation or experimental measurement.

2.2. Sample manipulation, cleaning and
preparation

I. Sample manipulation

The Ag single crystal and the NiAl (110) crystal were each 10 mm in diameter and 2
mm thick. The crystals were installed on two opposing sides of the manipulator. The
crystals were spotwelded to a tantalum wire (diameter 0.25 mm) and connected to
molybdenum rods which were in thermal contact with a liquid helium cryostat. A sapphire
plate was located between the sample holder and the end of the cryostat. It was used for
electrical isolation with good thermal contact at low temperatures, and for enhancing
thermal isolation at higher temperature. Moreover, a copper heat shield surrounded the
cryostat in order to reduce the thermal radiation from the environment i.e., the UHV
chamber which was at room temperature.

For cooling the samples, liquid helium (LHe) was flowed continuously through the
cryostat. After ~ 1 hr continuous LHe flow, the samples reached between 30 and 40 K.
Heating was accomplished either by radiation heating (< 700 K) or by high voltage
electron bombardment from a tantalum filament mounted behind the back of the crystal.
The sample temperature was monitored by type-E chromium-constantan (NiCr - CuNi)
thermocouples spotwelded to the sides of the crystals.

Ii. Sample cleaning and preparation

When the Ag or NiAl crystals were newly polished or had been exposed to the
atmosphere for a long time, several sputter/anneal cycles were needed to get a clean and
well-ordered surface. The order and cleanness of the sample were checked by LEED and
AES. However between the experiments only few sputter anneal cycles (1-3 cycles) were
enough.
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Daily preparations

It was necessary that the sample surfaces must be free from contaminants before an
experiment was begun. The single crystal Ag was cleaned by 3 sputter/anneal cycles prior
to each experiment. The sputtering was done at a crystal temperature of 523 K by Ar" ion
bombardment (0.5 kV, 3 pA ion current, 20° incidence angle) for 20 minutes. Following
the sputtering the sample was annealed to 725 K for another 20 minutes.

Ag nanoparticles (Ag NPs) were grown on thin alumina films on a NiAl (110)
surface [Nil00]. Since thermal processing without and with photon irradiation of the NO
dimer adlayers investigated here leads to irreversible changes of the Ag NPs, a new sample
of the latter had to be prepared for each experiment. Hence, the daily preparation included
cleaning the NiAl (110) crystal, preparing an oxide film on it depositing Ag atoms on the
oxide films and annealing to form the Ag NPs. The NiAl (110) was cleaned by sputtering
the surface with  Ar"  ions
bombardment (1.5 kV, 5 pA ion
current, 45 ° incidences) at a sample
temperature of 723 K for 1 h followed
by annealing at 1250 K for 5 minutes. pS5te,. . getetel. ;__.“‘"_
The latter smoothes the surface and
restores the original stoichiometry. A Real Space Reciprocal Space
thin alumina film was prepared by
oxidation of the clean NiAl (110)
surface by exposing it to 4 x 10°® mbar
oxygen at 540 K for 15 minutes
followed by annealing it at 1200 K for
2 minutes. The oxidation/annealing
cycle was repeated three times in order
to fill the open patches and produce a
well ordered smooth structure [Jae91].

NiAI(110)

Figure 2.2.: Structures of Al,Oz/NiAl (110) with
rotational domains A and B and the corresponding unit
cells in real and reciprocal space (from ref. [Eve06]).

The ultrathin alumina overlayer on NiAl (110) surfaces grows well ordered and two
dimensional with a thickness of 5 A. It is composed of two Al-O double layers which are
oxygen terminated towards the vacuum. The Al,O3 grows in twin domain boundaries,
denoted A and B (see figure 2.2), inclined by 24° against the [1-11] direction of the NiAl
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(110) surface. The film grows commensurate along the [1-11] direction and
incommensurate along [001] direction. The existence of the two reflection domains as well
as a slight mismatch between the substrate and the film lead to a characteristic network of
line defects. Interestingly the oxide films exhibit an excellent reproducibility in
preparation. If the same procedure is used these networks of line defects (domain
boundaries and step edges) on the oxide films are produced in nearly the same density;
they play a central role in the growth of metal nanoparticles [Lib94, Kul03, Kre05 Ade98].

The silver nanoparticles were prepared by deposition of silver atoms (at an Ag atom
flux of 1 A/min) on the oxide film surface at room temperature. Silver atoms were
evaporated from a molybdenum crucible of a triple electron beam metal evaporator (EFM-
3) by electron bombardment. Prior to each deposition, the rate was calibrated by a quartz
microbalance. The sample was biased at +850 V during Ag deposition in order to prevent
bombardment of the sample by Ag" ions created in the evaporator which could destroy the
shape of the already grown nanoparticles or could create new defect sites on the oxide
films.

= [
oo o V)
[ 5 [ 5 [

Mean Diameter [nm]
(@]

00 02 04 06 08 10 12 14

Ag Coverage [nm;]

Figure 2.3.: Mean particle diameter as a function of Ag coverage. The solid line represents the

cubic fit of the STM data (squares). Blue stars represent the mean diameters used in this work.



- 24 - 2.2. Sample manipulation, cleaning and preparation

At room temperature silver atoms are very mobile on the alumina film. They
preferentially nucleate at defects (domain boundaries or step edges). Oxides have lower
surface free energy than metals and the metal-oxide adhesion energy is small; therefore
silver prefers to grow in three-dimensional VVolmer-Weber mode [Bau99]. According to
the STM study [Nil00], Ag nanoparticles preferentially grow in an oblate spheroids shape
of aspect ratio (diameter/hight) of ~1.7. The mean diameter of the nanoparticles can be
varied by varying the amount of evaporated Ag, just by varying the deposition time
keeping all other parameters constant. As the size of the nanoparticles changes there is
only little change in the particle density and the aspect ratio. The mean diameter as a
function of the amount of Ag coverage was obtained from STM images as shown in figure
2.3. The particle densities prepared by the above procedure are nearly constant, ~ 4x10™
cm™. Information about the nanoparticle sizes and densities have been obtained from
previous separate STM studies [Nil00].
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Figure 2.4.: The width of particle size distribution of Ag NPs on Al,Os/NiAl (110).

To obtain the size distribution some STM images were analyzed. The standard
deviations as a function of the Ag NPs size at various mean diameters is shown in figure
2.4.
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2.3 Gas handling and exposure

Several gases have been used in the experiments. Some, like Ar and O,, were used
for sample cleaning and preparation and others, like NO, N,O etc were used for
experimental purposes. These gases were taken from separate bottles and could be
introduced to the chamber either by using a pulsed directional doser or a manual leak valve.
The Ar gas line was separated from the other gas lines; all other gases used a common line.
Since most of the measurements were done using NO as an adsorbate, | will focus on the
purification and delivering of purified NO to the chamber.

The original purity of the NO gas used in this experiment was 99.9 %. However, NO
may react on the inside wall of the bottle or the gas lines and form N,O, NO, and other
reaction products. Therefore, before each experiment, the NO gas delivered from the
cylinder was purified by a freeze / pump / thaw procedure as follows. First NO was
condensed at liquid nitrogen temperature (~ -191 °C, the freezing point of NO is -163 °C at
1 atm.) and the low boiling gases such as CO, 02, N2, etc were pumped off by a rotary
pump. This procedure was repeated three times. And before admitting the gas to the UHV
chamber, the high boiling impurity gases such as CO,, NO,, N,O, HNOj etc were trapped
by liquid nitrogen-ethanol mixture (~ -100 °C) until the end of the measurement. At the
end of the purification procedure, there was a pressure of ~ 1 mbar NO in the gas line.

The crystal surface was dosed with NO molecules by one of the following methods.
The first method was using a directional pulse doser. With this doser we can achieve
higher coverages in shorter times with smaller gas load and background pressure. The
second method was by backfilling the chamber to a static pressure using a manual leak
valve.

TPD and MS-TOF measurements were performed after covering the sample to
saturation using a directional pulse doser, while for state-resolved measurements a manual
leak valve was used. In the latter case the NO coverage should be maintained at constant
value during the course of the measurement. The reason why we used the manual leak
valve for dosing was due to the geometrical configuration of the directional pulse doser
and the sample position during the REMPI measurement. Prior to gas exposure the sample
was quickly heated to 300 K to remove impurities adsorbed during the cooling period.
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2.4. Laser systems

The experiments described in this thesis were performed using three independent
laser systems: the Nd-YAG nanosecond pulsed laser, a Ti: Sapphir femtosecond pulsed
laser, and an excimer laser pumped dye laser system. The first two lasers were used for
inducing desorption of molecules from the surface while the third laser system was used
for the measurement of the final state distribution of photodesorbed molecules from the
surface. In this section some basic principles on the generation and operation of these
lasers will be described.

Nd-YAG laser

Most of the photodesorption measurements were performed by Nd-YAG (GCR 190)
nanosecond laser pulses at a repetition rate of 10 Hz and pulse width of 5 ns. The laser
medium is composed of Nd*" ions trapped in a rod of yttrium aluminum garnet (YAG).
Coherent radiation of 1064 nm wavelength is generated by creating a population inversion
in the laser medium by optical pumping from a flash lamp. Moreover, the pulsed Nd-YAG
laser was equipped with a Q-switch in order to achieve the highest possible output
intensity [ManYG].

From the high intensity fundamental wavelength (1064 nm) output, it was possible
to generate higher harmonics through a non-linear optical process by passing the beam
through properly phase matched potassium dideuterium phosphate (KDP) crystals. The
KDP crystals were housed and temperature stabilized in the harmonic generator. A first
frequency doubling KDP crystal gives 532 nm (second harmonics). To produce 355 nm
(third harmonics), the fundamental (1064 nm) and second harmonics (532 nm) were mixed
in a second KDP crystal. 266 nm (fourth harmonics) could be generated by the third KDP
crystal that generates the second harmonics of the second harmonics of the fundamental,
i.e. the second harmonics of 532 nm. In order to maximize the output power the crystal
positions had to be properly adjusted. The fundamental, second, third, and fourth harmonic
beams were separated by using a pair of appropriate dichroic mirrors that selectively
reflect one wavelength (the desired wavelength) while transmitting the others.

The desired laser output was then guided towards the chamber by using appropriate
mirrors. Near the chamber, the beam was expanded three times using pairs of lenses. And
then only the center (uniform) part of the Gaussian beam profile (5 mm diameter) was
selected by using an iris and introduced to the chamber through a fused silica glass
window.
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Femtosecond laser system

The second desorption laser used was a regenerative amplified Ti:sapphire laser
system which generates pulses of less than 100 fs width and maximum pulse energy of 0.8
mJ, at a maximum repetition rate of 1 kHz. Details about the generation and operation of
the femtosecond laser system used in this study have been reported in previous theses
works [Rak03, Eve06].

Detection (probe) laser

For state-resolved detection of desorbed molecules a continuously tunable laser
source was needed. Generation of tunable UV laser light was achieved by an excimer
laser-pumped dye laser. Because of their wide range wave length tunability, dye lasers are
one of the most important types of lasers in electronic spectroscopy.

In this study a tunable dye laser system (Sirah Cobra-Stretch) containing an
oscillator, a resonator, and a glancing incident grating etc., was used. The laser medium is
an organic dye (coumarin-2) solved in an organic solvent (methanol). The dye laser is
pumped by an excimer laser (Lambda physics LPX 140) operating with a XeCl gas
mixture; it generates light pulses with energy of about 140 mJ at a wavelength of 308 nm
and pulse width of 15 ns which are delivered to the dye cell containing dye solution. The
oscillator serves as the laser cavity, while the amplifier amplifies the low powered beam
extracted from the oscillator in the second dye cell.

The dye laser was also equipped with a frequency conversion unit (FCU) which was
used for frequency doubling of the fundamental dye radiation (432-474 nm). The optical
setup of the FCU consists of a BBO crystal at a cut angle of 57.4° and a compensator.
Frequency doubling generates a wavelength between 216 and 237 nm [ManDY].

The beam emerging from the FCU contains both the second harmonic generator
(SHG) and the fundamental beams. The wavelength separation was done by a pair of
Pelline Brocas prisms. After wave length separation by the first prism the fundamental
beam was guided on a ceramic dump, whereas the SHG beam passed close to the dump to
the next Pelline Brocas prism which was used to compensate the angular and linear shifts
induced by the first prism. The linewidth of the output beam was about 0.3 cm™ at a pulse
energy of 1.5 mJ.

The beam was directed towards the UHV chamber by three mirrors. To minimize the
large fluctuations in the dye laser intensities during long range wavelength scans, we have
used a six hole fast motorized filter wheel with five of the holes filled with fused silica
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neutral density metal filter mirrors of various optical density (0.03, 0.1, 0.2, 0.3, 0.4, 0.5).
The motorized wheel was controlled by a personal computer (PC) which could adjust to
the appropriate filter when there was a fluctuation on the probe laser. The motorized filter
was also used to keep the laser power in the quadratic regime, i.e., at low laser power (see
figure 2.12). Before entering the chamber, the beam was gently focused by a 250 mm focal
length lens placed such that there was no saturation effect at the ionization point.

2.5. Experimental methods and data acquisitions

In this thesis the thermal and photochemistry of NO dimers adsorbed on Ag surfaces
were investigated using different techniques. The techniques were, temperature
programmed thermal desorption (TPD); mass-selected time-of-flight (MS-TOF) and
resonance-enhanced multiphoton ionization (REMPI) detection of photodesorbed neutrals.
In this section the experimental methods, the data acquisition procedures, and the data
analysis processes will be described.

2.5.1. Temperature Programmed Desorption (TPD)

Temperature programmed (thermal) desorption is one of the most commonly used
techniques to characterize the adsorption bond of adsorbed molecules on a surface. Many
studies have been performed concerning the technical side of the experiment as well as the
theoretical analysis of the recorded TPD spectra [Ehr61 ,Kin75, Men75, Mas96].

Experimentally, it consists of applying a linear ramp of the temperature, f=dT/dt, to
the substrate which is covered by adsorbate, and recording the particles leaving the surface
as a rise in pressure. Usually the latter is done mass-selectively by a quadrupole mass
spectrometer (QMS).

An accurate analysis of TPD spectra is complicated and time consuming and
requires extensive high quality data. In this way, it is possible to determine activation
energies (Ezs), pre-exponential factors (v), and order of desorption from a series of TPD
spectra. This is simple only in special cases; usually it is a rather complicated problem
because both the £, and v are frequently independently coverage dependent [NieO7].
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Traditionally, the analysis of TPD spectra is based on the Polanyi-Wigner [Kin75, de
J90] equation of the desorption rate:

ANy = v (N,)" exp(~E,, | RT), @.1)
where, x is the order of reaction, N; is the population in state s, Ej . is the activation energy
of desorption, R is the gas constant, and v is the pre-exponential factor.

For first order kinetics with coverage-independent parameters Redhead [Red62]
showed that E4 can be approximately determined from the desorption peak temperature
T'nax With the assumption of a “normal” pre-exponential factor:

E, =RT. HTTJ 3.46} | 22)

where T, is the peak maximum temperature, and £ is the heating rate, d7/dt, E4.; , R and
v have the same meaning as in equation (2.1)

As mentioned, this equation is only applicable if £, and v are coverage independent
and it works only when there is a reliable value for the pre-exponential factor; frequently a
value of 107 s is assumed ". If several peaks in the TPD spectra are observed which are
either caused by different co-existing adsorption states or by coverage-dependent
parameters, this formula does not apply. Therefore in many cases the analysis of TPD
spectra remains qualitative. Nevertheless, the TPD spectra can still be used as fingerprints
of the adsorbate layer.

In this thesis work, this technique was used for semi-quantitative characterization of
NO dimer layers adsorbed on silver nanoparticles of varying mean size. Moreover, it has
been used also to characterize the adsorbates or photoproducts which remained on the
surface following photon irradiation. An important aspect is that the integral over the
desorption traces represents the total amount of that molecular species which was desorbed,
i.e which had been in the surface before starting the temperature rise.

D The normal prefactor is kT/h, so for low T desorption a lower value is appropriate.
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The QMS analyzer is located in a differentially pumped stainless steal housing with
a 2 mm diameter nozzle directed towards the center of the chamber. For TPD
measurements the crystal was positioned at about 0.5 mm in front of the nozzle. This
arrangement prevents detecting molecules from the surrounding of the sample. After
positioning, the crystal was heated linearly by radiation from behind with a glowing
filament while monitoring several mass fragments simultaneously with the QMS. The
QMS ionizer operated at an emission current 269 pA and the secondary electron multiplier
(SEM) voltage was 2400 V. During TPD measurements the sample was negatively biased
at higher potential (-104 V) compared to the QMS ionizer to prevent electrons emitted
from the QMS filament causing electron stimulated desorption or damage.

The QMS was run in the counting mode. The counts measured by the QMS were
sent to the digital to analog converter (DAC) board. The amplified thermocouple voltage
was sent to an analog to digital converter (ADC) board and converted to temperature. A
labview program (developed by Prof. Kazuo Watanabe) was used to linearly increase the
heating rate by controlling the filament current based on the feedback from the
thermocouple. MASsoft software installed in the PC was run in multiple ion detection
(MID) mode. It monitors a series of masses and auxiliary inputs (here: thermocouple
signal) and plots the mass signal intensities and thermocouple temperature readings as a
function of time. The TPD spectra, i.e. the mass signal intensities as a function of sample
temperature can then be plotted.

2.5.2. Mass selected time-of-flight (MS-TOF)
measurements

The basis of the TOF method is that from the measured time, ¢, required for a
particle to travel a distance, /, one can determine the speed, v, of the particle.

v=- (2.3)

If all the particles leave the surface at the same time, faster molecules will arrive
earlier than slower ones. This principle is applicable in many systems like molecular beam
studies and desorption studies to investigate the kinetic energy, KE, (KE = %mv’ where m
is the mass) of molecules in the gas phase.

A QMS with an electron impact ionizer is commonly used to detect neutral particles.
QMS TOF experiments are performed by measuring the number density of mass selected
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particles in the ionization region as a function of their arrival time ¢ S(?). The same
principle is applicable for the laser spectroscopic technique REMPI to measure state
resolved TOF spectra. One has to be careful that these detectors measure the number
density, p(r,¢) in the space domain, not in time domain [Zim95]. Because of the smaller
probability of faster molecules to be ionized and detected compared to the slower ones, the
measured TOF spectra do not represent the TOF distribution. However, one can derive the
TOF distributions, /(¢) from the measured TOF spectra, S(?) using:

I(t) = Gj p(r,1) oc Gj .S(t) (2.4)

Therefore the TOF distributions measured with density sensitive detectors like QMS
and REMPI can be written as:

S(t)oc%exp(_%z), (2.5)

with b = mr?/2kT, the mean translational energy <E> =2kT , where k is the Boltzmann
constant.

Once it has the form like equation (2.5), one can easily derive the velocity, P(v) or
energy, N(E) distributions from it.

Generally the TOF distributions of photodesorbed molecules can be modeled, in
analogy to supersonic molecular beams, using a slightly modified function known as
shifted Maxwell Boltzmann distribution which can be interpreted as a thermal distribution
at a temperature 7 superimposed on a drift velocity vy [Zim94]. The shifted Maxwell
Boltzmann distribution can be written by adding the drift velocity v, in the exponential part
of equation (2.5).

£(0) =t%exp[— b(f—voj ] 2.6)

This distribution will have a thermal distribution when v, is 0 (equation (2.5)), a
broader distribution when vy is negative and narrower distribution when vy is positive.

It should also be noted that the measured TOF spectra represent the actual time of
flight of the neutral particle to the ionizer plus the time taken for the ion to accelerate from
the ionizer to the detector. Therefore, appropriate subtraction of the latter time is needed
before fitting the measured TOF spectra.
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The mass selected time of flight measurements (QMS-TOF) used in this study were
carried out following photon induced desorption of NO from silver surfaces. The
experimental setup is shown in figure 2.5. The desorbed molecules are detected by a
quadruple mass spectrometer, at m/e = 30, according to their arrival time. The QMS signal
was amplified by a preamplifier (ORTEC VT120) and sent to a discriminator (ORTEC
436 100MHz). The NIM pulses were counted with a multichannel scaler (FAST MCS
7882) at a dwell time of 0.8 us. The data acquisition was synchronized with the laser pulse
by programming the ADC board to wait for trigger pulses generated by the laser (detected
by PMT1). The data acquisition starts when it receives an external trigger TTL pulse,
when the shutter is opened. The acquired TOF spectrum is then plotted on the computer.
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Figure 2.5.: Schematic view of the experimental setup of MS-TOF, PID, and TPD measurements.
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I. Determination of translational energy

The main purpose of the TOF measurements was to investigate the translational
energy of photodesorbed molecules initially adsorbed on Ag surfaces. We determine the
mean translational temperature from the fitting of the measured TOF spectra by shifted
Maxwell Boltzmann functions. Before the fitting, the ion drift time, to, in the QMS was
determined and subtracted from the measured TOF spectra (see for example reference
[Kim09]). The flight distance, I, was 19 cm, and m/e was 30. We guessed the initial fitting
parameters “a” and “b” by visual inspection of the TOF spectra (peak position, t, and
peak height M) and assuming vo = 0. Depending on the nature of the TOF spectrum, the
sum of two or three shifted Maxwell Boltzmann functions were used for fitting.

Figure 2.6 shows an example of a TOF spectrum fitted to the sum of two shifted
Maxwell- Boltzmann function.
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Figure 2.6.: TOF spectra collected along the surface normal for 3.5 eV photodesorption of NO
from 8-nm Ag NPs with fits generating the sums of two shifted MB functions.
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Ii. Shot dependent photon-induced desorption (PID) yield

The photodesorption efficiency of adsorbed molecules on surfaces can be estimated
from the coverage change as a function of the total number of photons arrived. However,
this description is valid only:

- when the process is a one-photon photo removal process,
- when the NO desorption probability is coverage independent, and
- when desorption is the only photoinduced process.

The experimental setups for these measurements were exactly the same as those of
the QMS-TOF measurements. The QMS signal was amplified by a preamplifier (ORTEC
VT120) and sent to a discriminator (ORTEC 436 100MHz). The NIM pulses were counted
with a multichannel scaler (MCS-plus) at a dwell time of 2 ps. In addition the laser pulses
were counted and detected by a photomultiplier (PMT1). In this detection scheme the PC
records the integrated QMS signal intensity as a function of total photons.
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Figure 2.7.: PID spectra of NO desorbed along the surface normal from 8-nm Ag NPs with 3.5 eV
in p-polarization. The desorption cross section was determined from equation (2.8) by fitting
~50 % of the decay with equation (2.7).



Chapter 2 Experimental details -35-

The decaying signal reflects the decreasing coverage of adsorbed NO dimers during
laser irradiation. In fact, as mentioned above there are also other factors, other than NO
desorption, which lead the signal to decay (like, formation of N,O + O, change of
adsorption site, etc). In our calculation of cross sections, however, we have focused only
on the NO dimer dissociation and subsequent NO monomer desorption channel. This
makes the cross section determination approximate. We calculated the cross sections from
the decay constants of the exponential fittings of the first 50 % of the decay, in the range
where the clearly predominant process determining the signal decrease is the decay of the
dimer concentration. Justification of this procedure comes from the good adherence of that
part of the signal decay to the semilog law.

Y=Aexp(—(x—x,)/1,), 2.7)

where P, is the irradiance (photons/cm?), Y is the desorption signal and 4 is a constant.

1
oc=——""—
t,-Ph-f
where ¢ is the PSD cross section, #; is the time we got from the exponential fitting
(equation 2.7), Py is the irradiance, and f'is the repetition rate of the laser.

2.8)

Figure 2.7 shows an exponentially fitted PID spectrum.

2.5.3. State-resolved detection of NO via (1+1) REMPI

Resonance Enhanced Multiphoton Ionization (REMPI) is a laser spectroscopic
technique which is used to detect molecules in their specific internal quantum states. It is a
two step process in which in the first step the molecule is excited to an intermediate
excited state by absorbing one or more photons, and in the second step the molecule
absorbs another one (or more) photon(s) that lead(s) to ionization.

I. Spectroscopy of nitric oxide

NO is very suitable for REMPI analysis because a simple (1+1) scheme can be
applied to it. This (1+1) REMPI technique was implemented here for the quantum state-
resolved detection of photodesorbed NO. This is achieved by two photons of the same
energy as follows: The first photon promotes NO from its ground state, X°II to the first
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excited state, A’Y, and the second photon of the same energy ionizes the molecule by
promoting it to the ground state of the NO™ ions, X'Z".

Nitric oxide has an unpaired electron in its 21" orbital. So the molecule has a total
spin S = 1/2 and A=1. The spin-orbit interaction leads to a partial lifting of the fourfold
degeneracy of the ground state into two doubly degenerate states [Her50, Mal82, Zim95].

For the Hund’s case (a), as shown in figure 2.8a, both the orbital angular momentum
and the spin angular momentum are strongly coupled to the internuclear axis. Hund’s case
(a) is the reasonable description for low J”" values of the X?I1 state. Based on case (a) the
resulting projection of the total electronic angular momentum along the internuclear axis
will have a value of Q = 3/2 or 1/2, depending on the relative orientation of the spin and
orbital angular momenta. Each spin-orbit doublet component, 2I1;/, or 2I1s, (denoted as F,
or F, respectively) are further split into two symmetry-adapted parity states, e and /, due to
the very weak interaction between the orbital angular momenta and the nuclear rotation.
Such splittings are called A-type doublings [Ale88].
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Figure 2.8.: Schematic view of A) Hund’s Case (a), where the strong axial electric field along the
internuclear axis causes the total electron orbital (L) and spin angular momenta (S) to process
rapidly about the internuclear axis. The components of these angular momenta along the
internuclear axis gives a quantum number Q, and this couples with the rotational angular
momentum of the molecule (R) to form a resultant, J and B) Hund’s case (b) spin-orbit coupling is
no longer strong enough to couple S to the internuclear axis and together with the rotational
angular momentum R this forms a resultant K. The total angular momentum J is obtained from the
vector addition K + S [Ell05].
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For high J states, a progression to Hund’s case (b) occurs. In Hund’s case (b), shown
in figure 2.8 b, the projection of total angular momentum couples to the nuclear angular
momentum to give the angular momentum K, and then K couples to the total spin S to give
the total angular momentum J”. The electronically excited state A”S, used in our
experiments for NO detection, is produced by excitation of the unpaired 2" electron to the
¥ orbital which has 4 = 0. Therefore Hund’s case (b) is relevant in the excited state A’X.
The excited electronic state A”Y is also split into F; and F, components, corresponding to
the e and fparity. The coupling of the spin and rotational angular momenta in Hund’s case
(b) results in the degeneracy of the two parity states in the A’Y state.

The dipole selection rule for transitions between rotational, spin orbit and lambda
doublet states for the A’E «— X°II electronic transition is AJ = J" — J” = 0, £1. However
the dipole selection rule does not place any restrictions on the vibrational transitions (v,
v7”).
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Figure 2.9.: Schematic of energy levels and transitions of NO [Her50].
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The positions of the transition energies for v and J of the absorption spectrum of NO
ground and first excited states can be calculated using the equations listed in Table 2.1.

Table 2.1: Formulae used to calculate the energy levels of transitions in NO [Gar82].

THW,J)Y=GW)+F(O',J")
G(v') =1904.405(v'+ 1) —14.187(v'+ 1%)* + 0.0240(v'+ %)’
F,=B(") [(J'+ B -1 Y \//I(V')2 — 420" +4(J'+ %)* ]
X2H3/2,1/2 A() = AM")
B(v")
A(W') =123.26—0.1906(v'+ %) — 0.0108(v'+ %)’
B(v'") =1.70427 — 0.01728(v'+ 1) — 0.000037(v'+ 14)*
TG, J")=T,+GOV")+ F,(v",J")
T, =43906.37
G(v") = 2374.307(v'+ 4) —16.106(v"'+ 1%)* — 0.04645(v"+ %)’
E (", J") =B )" )"+ ))
F20".J") = O™ )™ %)
B(")=1.99478 - 0.018328(v"+ /%)

AP

The A’E « X’II transition of NO has twelve rotational branches for each vibrational
band (see figure 2.9). These branches are: the main branches, Py, P22, Qi1, Qx, Ry, Ray,
and the satellite branches, P12, P21, Qi2, Q21, Ri2 and Ry;. The letters P, Q and R
correspond to AJ = J’-J” = -1, 0, 1 respectively. The subscripts in the branches represent
the total angular momentum, Q, of the A*Y and X’II states, respectively. Main branches
are from transitions 4J = AK and satellite branches are from AJ # AK transitions. The
degeneracy of the two parity states in A”S" states results in a complete overlap of transition
energies of four satellite branches with four main branches: P»;+Q;;, Q21+R11, P22+Q12,
and Qx»ntRj;.

In this thesis work, we characterized the internal state population of NO
photodesorbed from adsorbed NO dimers to obtain insight into the desorption mechanism.

The spectroscopic information of a REMPI measurement is carried in the first step
of the transition A*Y «— X°II. As the laser wavelength scans across different rovibronic
states of the A’Y state, enhanced ion production is directly proportional to the
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corresponding transition probability. The absorption intensity of a given rovibronic
transition, which is proportional to the ion signal measured by REMPI, is given by:

I=I,N,,(v/v")*[Re|’S, (2.9)

where /j is the intensity of the incident radiation, N, ; is the population in the given
rotational and vibrational level, <v’|v’’>’ is the Franck-Condon Factor, |Re|’ is the
electronic transition probability, and S; is the Honl-London factor. The overlapping

branches start from the same levels of the ground states; therefore they will have the same
initial state population. The only term that is different for the pair of overlapping branches
in equation 2.9 is the Honl-London factor, S;. Therefore during correction of the line
intensities of the overlapping signals we have to divide it by the sum of S; of the
overlapping branches [Her50].

ii. lon Detection

Following photodesorption, NO molecules drift into the probe laser path which is 27
mm away from the sample surface. They are then ionized in their quantum state by the
probe laser, and the ion is accelerated towards the MCP by a repeller plate held at +1 kV.

NO X°T1(v",J") " No Az (V") BNOT v e (2.10)

The ions then hit the MCP and are detected as ion T
E‘ A ____;_-%i—;_-*Repeller

current. g -

Figure 2.10.: the ionization and detection setup. It is
composed of a repeller plate, a flight tube, and a
microchannel plate (MCP) assembly (From ref. [Rak03].
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Iii. Data acquisition

For each data point the computer records the REMPI signal, the pump laser power
and the probe laser power. The signal from the MCPs was amplified by two amplifiers
(ORTEC VTI120) and sent to the boxcar (SR 250). The boxcar was triggered by the
desorption laser which was detected by the photo multiplier (PMT2). A small fraction of
the pump and probe lasers were measured using the Ophir energy meter and the joule
meter, respectively, throughout each probe laser scan. The output from Ophir was sent to
the PC via USB (RS232) and the joule meter output was sent to another boxcar (SR 250).
The last sample from the boxcar (ion signal) and the output from the probe laser power
were sent to the ADC channels (National Instruments). The data was then transferred to
the computer and stored for later analysis. After storing the data for the actual wave length,
a TTL pulse was sent to the dye laser auto tracker to tune it to the next wavelength. For
TOF measurements, the delay between the pump and probe pulses was controlled by a
delay generator (DG 535) (see the experimental setup in figure 2.11).
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Figure 2.11: Schematic of experimental setup for REMPI measurements.
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The experiments were performed by first recording the background (i.e., gas phase)
NO REMPI signal, Ireyprof for 20 shots (i.e., the shutter of PSD laser closed). Then, the
shutter was opened so that the crystal was irradiated and the sum of desorption and
background signals, Irevpron Was recorded. After averaging Irevprof and Irempyon separately
for 2 to 5 cycles (depending on the measurement type), the averaged Irpmpiorr Signal was
subtracted from the averaged Irgmpyon signal and their difference diff(Irpyp) was
normalized by the pump and the probe laser intensities according to the power relation.
The desorption yield of NO induced by nanosecond laser pulses from Ag surface is linear
with the laser fluence. Therefore diff(Ireyp;) Was normalized by dividing it by the pump
laser intensity. However, due to the saturation effect of the REMPI transitions at higher
probe laser powers [Jac86], the power dependence varies from linear to quadratic. In the
REMPI spectrum measurements the probe laser intensity was kept in the quadratic region,
see figure 2.12, (at low probe laser power) using the motorized filter wheel (FW-2000
Thorlabs). Therefore, diff(Irempr) Was normalized by dividing by the square of the probe
laser power. After completion of all these procedures, the pump-probe delay (TOF
measurements) or the dye laser wavelength (internal state measurements) were changed to
their next value to measure the next data point. A complete set of a labview program,
developed by Prof. Kazuo Watanabe, was used for the REMPI measurements.
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Figure 2.12.: Logarithmic plot of NO, in v =0, J” = 11.5, Q = 1/2 state, desorption signal as a
function of the detection laser intensity.
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iv. Determination of final state energy distributions

TOF spectra for individual internal quantum states were measured by varying the
delay between the pump and probe lasers at a known rovibrational state. They were fitted
to a shifted MB function, similar to those used for the QMS TOF spectra. Unlike the QMS
TOF spectra, REMPI TOF spectra need no ion drift time subtraction. Moreover, unlike the
internal state analysis (discussed below), the intensity of the TOF spectra need not be
normalized to Honl-London factors (S;) or Franck-Condon factors.

The translational energy can be measured by calculating the sum of flux weighted
translational temperatures at each J and v levels.

To obtain the rotational population distributions for the v = 0 or v = 1 state, first we
assigned the observed transitions in the measured REMPI spectrum based on the simulated
spectrum. The simulated spectrum and the relevant Honl-London factors (S;) could be
taken over from work of a previous PhD student, Christoph Rakete. The determination of
the rotational temperature was performed then by dividing each transition peak intensity
(Z)) by the Honl-London factors and the degeneracy of the initial state (2J +17). In the case
of overlapping branches like, P2;+Q11, Q1+Ri1, P2o+Q12, Qx+Ri» the experimental
intensities were divided by the sum of the Honl-London factors of the overlapping
branches. The resulting relative populations were then plotted in a Boltzmann plot i.e.,
In[L1((Sy).(23+1))] vs. J(J+1)

If the plot is linear, the slope of the fitting result of the Boltzmann plot is inversely
proportional to the equivalent rotational temperature of the molecule.

In([J(T))z— E, 2.12)
2J +1 k,T

where, E; = B J(J+1) and B is a rotational constant

For the determination of rotational temperature, six different branches (three from
spin 1/2 state and three from spin 3/2 state) namely: Rj1, Q21+R11, P21+Q11, R22, Q22+R12,
P2,+Q1, were analyzed. The rotational temperatures for each branches were determined
independently and finally averaged.

To check the accuracy of our measurements, normalizations and analysis, we have
performed a gas phase NO REMPI measurement and determined the rotational
temperature from the Boltzmann plot. Figure 2.13 shows results of such measurements
based on four different branches of the NO 4 «— X spectrum for ambient NO gas at a
pressure of 1x10” mbar NO at room temperature obtained using the above procedure. The
measurement is clearly well described by a straight line, as expected for Boltzmann
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distribution and the slope is consistent with a temperature of 303 K which confirms the
accuracy of our measurement, normalization and analysis procedures.
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Figure 2.13.: Rotational energy distributions of ambient NO (v = 0) at a background pressure of
~1x107 mbar.
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Chapter 3

Size effects on the adsorption and
reaction of NO on Ag NPs

This chapter provides results concerning the effects of particle size on the adsorption
and subsequent thermal and/or photon induced reaction kinetics of NO on alumina
supported Ag NPs of diameter between 2 and 12 nm. The first section provides basic
concepts on thermal and photoinduced reactions of molecules adsorbed on flat and
particulate metal surfaces which are relevant for the understanding and interpretation of
our results. The experimental results and their detailed discussions are presented
afterwards. The adsorption energy and branching ratios of NO and N,O formed from
thermal reactions of NO dimers adsorbed on Ag NPs were found to vary with particle size.
Furthermore, photoinduced reactions of NO dimers show complicated behavior with
varying NP size and photon energy. Especially, for resonant excitation of Mie plasmons at
3.5 eV a strong enhancement of the PCS, maximal for an intermediate nanoparticle size,
was observed. At non-resonant photon energies (2.3 and 4.7 eV) on the other hand, a
moderate enhancement of PCS which scales linearly with 1/R was observed. We discuss
these changes in terms of the size dependence of electronic and geometric effects, plasmon
strength and decay paths, and the confinement effect. Finally, a summary of the results is
presented at the end of the chapter.

Keywords: Ag NPs, (1 0) Mie plasmon, NO dimers, NO monomers, thermal reaction,
photodesorption cross-section, TPD, MS-TOF.
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3.1. Introduction

One of the desired goals of studying thermal and photochemistry of molecules
adsorbed on metals is to inspect to what extent the presence of the substrate affects the
adsorbate chemistry as compared to the gas phase chemistry. At small nanoparticles, due
to their special physical and chemical properties, the chemistry of molecules is expected to
differ from their bulk counterparts. However, very little is known about the adsorption and
reaction of molecules at nanostructure surfaces. This section presents literature overviews
which are relevant for understanding and interpretation of our experimental results on the
size dependent thermal and photo reaction kinetics of NO adsorbed on Ag NPs.

3.1.1. Thermal chemistry of NO on metal surfaces

There is a vast amount of accumulated knowledge about the thermal chemistry of
NO on well defined metal surfaces both from the point of view of a fundamental as well as
technological approach. Fundamentally because NO is simpler for spectroscopic
measurements, and technologically because it is a major component of air pollutants.
Therefore, catalytic reduction is important, for example in the automobile three way
catalyst.

Because of the presence of unpaired electrons in its 2nr° molecular orbital, NO
adsorbs on metal surfaces by donating (or accepting) electron density to (or from) the
surface. For this reason it shows a variety of adsorption structures and chemistry on the
surface [End00]. For example, no reaction of NO with Ag (111) surface is observed at
room temperature [Gat94]; however, it is more reactive at low temperatures. Spectroscopic
studies have shown that at low surface temperature NO molecules tend to pair up and form
NO dimers on Ag (111) surfaces [Bro95, Bro95%, Lud93, Car01]. The driving force for the
NO dimerization on the Ag (111) surfaces was demonstrated in a DFT calculation [Jig99].
The calculation shows that when NO adsorbs on the Ag (111) surface, it retains 90% of the
spin density of the free molecule, i.e., it retains its unpaired electron in the 21" orbital.
When two NO molecules are adsorbed in adjacent sites, the NO loses its spin density and
an (NO), dimer is formed. Hence, the presence of the unpaired electron in the 27" orbital
of NO affects its chemistry and allows it to dimerise on a surface. NO dimers chemisorb
on Ag (111) surfaces through charge transfer from 5c in to the metal and back donation
from the metal d band to the & type orbitals of the NO dimer, 74, [Jig99]. The orientation
of a monolayer of NO dimers adsorbed on the Cu (111) surface has been investigated
using the IRAS surface selection rule, suggesting that NO dimers are adsorbed in the “U-
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shaped” geometry with the N — N bond parallel to the surface [Kim02]. A similar
orientation of NO dimers adsorbed on Ag (111) surfaces was found by Brown etal [Bro95]
using RAIRS and NEXAFS. Furthermore, comparisons of the calculated geometry of NO
dimers in the gas phase and on Ag surfaces showed an extension of the N — O bond and
shortening of the N — N bond as a result of adsorption on the Ag (111) surface [Mat05].

The dimerization process has been suggested to be the precursor for N,O formation
upon heating [Car01]. Decomposition of NO dimers to metal-bound atomic oxygen and
N>O occurs at a temperature above 77 K on Ag (111) [Bro95, Car01, Lud93]. The peak
desorption temperature of the reaction product, N,O, is observed at ~ 120 K [Bro95]. An
additional pathway for N,O formation on single crystal Ag at 80 K was noted by So, et al.
to be through dissociative chemisorptions of NO followed by surface mediated reaction
between the surface bound N and NO [So089].

Due to their reduced dimensionality, MNPs exhibit striking structural and electronic
properties, which deviate considerably from the corresponding bulk behavior. Particularly
for MNPs of size below 10 nm, their geometrical and electronic properties depend strongly
on the particle size. The chemical reactions occurring on their surfaces were shown to be
also size dependent. For example, small Ag nanoparticles (100 to 300 atoms) are more
active to dissociate molecular oxygen to atomic oxygen than their bulk counterparts in the
temperature range 80 to 300 K [Ra092]. Moreover, unlike to bulk gold, Au nanoparticles
show a significant size effect in their ability for the CO oxidation reaction [Val98§].
Furthermore, an anomalously low adsorption energy of CO on very small Pd particles on
Fe;04 was observed [Sch07]. The strong modification of adsorption behavior of the small
particles was explained based on strong interfacial interactions of small Pd particles with
the Fe;O4 substrate. A recent direct calorimetric measurement of the heat of adsorption of
CO on Pd NPs on Fe;0j in the size range between 2 and 8 nm (and also on the Pd (111)
surface) shows a decrease of the initial heat adsorption of CO with decreasing size [Fisxx].
These and other previous studies addressed various suggestions for the observed size
dependent reactivity of nanoparticles. Some of them are for example; the presence of
multiple low coordinated atoms, interfacial interaction with the support and corresponding
charge transfer, and the special confinement that results in quantum size effects [Val98,
Hei99, Che06, Zha07]. In addition, effects of the oxidation states of the metal atoms,
influences of charge, and ionization potentials on the reactivity of MNPs have been
presented. However, so far no systematic study was available on the adsorption and
reaction of NO on such complex systems such as supported Ag NPs and therefore, little is
known about how the nanoparticle size affects the interaction between NO and their
surfaces. In this thesis work, effects of size on the adsorption and reaction of NO on
supported Ag NPs have been studied by using TPD, as presented in section 3.3.1.
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3.1.2. Photochemistry of NO on metal surfaces

Photoinduced chemical reactions on metal surfaces are among the most interesting
effects in surface science [Dai95]. Photochemistry of molecules in the adsorbed state is
often completely different from that found in the gas phase. In particular adsorbate
photochemistry is observed at wavelengths where the free molecules are transparent.
Previous studies on the photochemistry of molecules adsorbed on metal surfaces have
shown that because of the rapid relaxation of the excitation energy in the molecule,
photochemistry is induced through negative ion states accessed through substrate mediated
molecular excitations, which result from photon absorption by the metal substrate. Despite
of the rapid relaxation of the excitation energy, a number of molecules on metal surfaces
have been found to show a variety of photochemical processes upon irradiation with
photons.

The photoreaction of NO on Ag (111) surfaces has been studied theoretically
[Nak06, Mat05, Rod90] and experimentally [Nat88, So91, Fra90, Kid96, Kid99, Kid00]. It
is generally believed that photoreactions of NO are induced by hot electrons generated in
the substrate, Ag (111), that are able to access the NO resonance (21 state and ultimately
cause reaction. The cross section of such photochemical processes depends on the
generation of electrons resulting in photon absorption by the Ag substrate and the
efficiency of these electrons to reach the Ag surface and tunnel into the NO resonance
state. Therefore, the overall photoreaction efficiency depends on the excitation efficiency,
the fraction of excited electrons reaching the surface, the tunneling and attachment
probability of the excited electrons to the NO resonance state, and their lifetime in the
resonance state [Pal92]. Enhancement of the photoreaction cross sections were observed
by modifying the surface, e.g., by roughening the surface [Kid96, Kid00, Myl95, Gon84],
compared to bulk single crystal surfaces. The origin of such enhancement was discussed
based on plasmon excitation on the roughened surfaces which is not the case for smooth
surfaces.

Owing to unique physical and chemical properties, photoinduced reactions occurring
on MNPs surfaces are expected to differ from those found from bulk crystals. In MNPs,
which are smaller than the mean free path of electrons at the Fermi edge, electronic
excitations are confined. This confinement effect can lead to an enhancement of
photoreactions on MNPs compared to those on surfaces of bulk materials [Zhd04]. For
example, the photodesorption cross-section of NO molecules photodesorbed by ns UV
light from amorphous or Pd NPs of diameter 0.5 — 8 nm on alumina surfaces increases
with decreasing the particle size over at least 1 order of magnitude [Kam02, AIS06]. In
addition, the excitation of the Mie plasmon, the collective motion of conduction band
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electrons of MNPs, has been implicated in enhancement of photochemical processes on
MNPs. However, very few experimental studies regarding plasmon effects on
photochemistry have been performed so far. Wettergren et al. [Wet05] observed both the
effects of size and plasmon induced enhancement of NO photodesorption yield for rather
large Ag NPs grown on HOPG substrates. In many cases the important parameter for
plasmon induced enhancement of photochemistry is believed to be the field enhancement
near the nanoparticle surface. However, recently a direct influence of plasmon excitation
for non-thermal photodesorption of Xe on supported Ag NPs was reported [Wat06]. In
small metal nanoparticles the electron relaxation rate is slower; this may also increase the
reaction probability of adsorbates on their surfaces.

Mie plasmon on Ag NPs on Al,O; films on NiAl (110)

According to STM results oblate shape Ag nanoparticles with aspect ratio of about
1.7 can be grown by deposition of Ag atoms on thin alumina films on a NiAl (110)
substrate. Their optical properties have been examined by photon-STM [Nil00] and 2PPE
[Eve05] measurements. In the former case electrons injected from an STM tip were used
to excite a Mie plasmon on individual particles and the radiative de-excitation of the Mie
plasmon was measured.
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Figure 3.1.: (a) Photon emission spectra from single Ag NPs on Al,0;/NiAl (110) surface. Photon
emission spectra of differently sized Ag nanoparticles are shown. The inset shows the
corresponding STM image. (b) Photon energy dependence of the 2PPE yield of Ag NPs. The inset
shows 2PPE spectra of Ag NPs of approximately 10 nm diameter at #v = 3.2 and 3.6 eV. The
arrows indicate the width of integration and peak shift. Reprinted with permission from ref a)
[Nil00] and b) [Eve05]. Copyright a) 2005 Elsevier b) 2000 APS.
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As can be seen from figure 3.1a, the (1,0) Mie plasmon resonance energy of Ag NPs
is peaked around 3.6 eV and slightly blue-shifted with decreasing size. The possible
coupling of the Mie plasmon resonance to the next neighbor NP is not that much
significant at the actual particle density of some 10™'! cm™ of our nanoparticles [Dra02].

In the two-photon photoemission experiment, a first pulse excites an electron from
below the Fermi level to an empty bulk or surface state, and the second pulse probes the
transient dynamics in this state by exciting it above the vacuum level, where it can be
emitted and detected. Figure 3.1b shows the photon energy dependent 2PPE yield of Ag
NPs. The solid circles and solid squares represent total and partial integrations over the
2PPE yield, respectively. The solid and dashed curves indicate Lorentzian fits. The dotted
curve shows the total 2PPE yield of Ag (111). At Av = 3.6 eV in p-polarization (on-
plasmon resonance) the electron emission intensity from Ag nanoparticles is enhanced
compared to at Av = 3.1 eV (which is in the foot of the resonance) [Eve05]. The results
from the above measurements clearly show that the Mie plasmon resonance of Ag
nanoparticles can be excited by 3.5 — 3.6 eV p- polarized photons.

In section 3.3.2, a detailed study on the effects of particle size and plasmon
excitation on the photoreaction efficiency of NO dimers adsorbed on Ag NPs is presented.

3.2. Experimental setup

The experiments presented in this chapter were conducted in the UHV system
described in Chapter 2. Roughly oblate hemispherical Ag nanoparticles with mean
diameter (D) of 2 to 12 nm (standard deviation of at most 30 %) were prepared by
deposition of Ag atoms on thin alumina films grown on NiAl (110) substrates at room
temperature. A sub-monolayer of NO dimers was formed on Ag NPs by dosing NO to
saturation coverage at 75 K sample temperature. After saturation the sample was cooled
further down to 40 K to suppress thermally induced desorption during photodesorption
measurements. Information on the effects of the nanoparticle size on the thermal reaction
kinetics of the adsorbed NO dimers were obtained by using TPD. The QMS, in multiple
acquisition mode, was set to measure the partial pressures of NO (m/e = 30), N,O (m/e =
44), NO, (m/e = 46), N, (m/e = 28), N (m/e = 14), O, (m/e = 32), O (m/e = 16), C (m/e =
12), and H,O (m/e = 18) with a linear heating ramp of 0.5 K/s. And for photodesorption
measurements, 2.3, 3.5 or 4.7 eV p-polarized light from a pulsed Nd-YAG laser was
directed onto the NO dimer-covered surface at a 45 ° angle off normal. The typical laser
fluence was 1-2 mJ/cm” and the pulse repetition rate was 10 Hz. Photodesorbed molecules
were detected along the surface normal by another QMS with a liquid nitrogen cooled
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shroud, at a sample-ionizer distance of 19 cm. The signals at m/e = 30 (NO) were recorded
simultaneously by two multichannel scalers (MCS) with dwell times of 0.8 ps and 2 ms
triggered by a laser pulse, to obtain the TOF distributions, which will be presented in
Chapter 4, and shot dependences of the total PID signal, respectively. The shot dependent
total PID yields were used to determine the desorption cross-sections of photodesorbed
NO and will be presented later in this chapter.

3.3. Results and discussion

As mentioned above, so far there are no documented data about the adsorption
characteristics of NO dimers on Ag NPs in the size regime we are interested in. Therefore
results about the adsorption characteristics of NO dimers studied by TPD will be presented
before the photodesorption results are discussed.

3.3.1. Thermal chemistry of NO on Ag NPs

The TPD experiments described in this section were performed to obtain some
information regarding the adsorption characteristics of NO on various Ag NP sizes, in
preparation for the laser experiments.

Figure 3.2 shows the typical thermal desorption spectra measured following
saturation coverage of NO on 10 nm Ag NPs at 75 K and subsequently cooling down to 40
K. Two major desorbed species, namely NO (m/e = 30) and N,O (m/e = 44) and their
cracking patterns N, O, Ny, NO, etc appear in the spectra. NO (m/e = 30) desorbs at two
major adsorption sites assigned as a- and -, with desorption maximum at ~88 K and ~240
K respectively; whereas N,O (m/e = 44) form a major desorption maximum at ~109 K. In
addition, a small N, (m/e = 28) desorption, peaked ~140 K, was detected. As this
temperature is far from that of the N,O peak (~109 K) it cannot be a cracking fragment of
N>O at the QMS ionizer. It should be noted that, with the same experimental procedure,
none of the above desorbed species was detected on bare alumina films. This rules out the
possible contribution of desorbed species from the supporting alumina film.
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Figure 3.2.: TPD spectra from Ag NPs (D = 10 nm) dosed with NO to the saturation coverage at
75 K.

The presence of various species and multiple desorption peaks of NO indicate that
the adsorption and reaction of NO on Ag NPs is a complicated process. In view of the
dominating desorption maxima and their relative intensity distributions, the TPD spectra
from Ag NPs partly resemble those from single crystal Ag (111). However, the spectra in
Ag NPs are broader and the peak temperature positions are shifted to lower values
compared to that of from Ag (111) surface.
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On the basis of the Ag (111) studies, the following possible thermal reaction
schemes for NO adsorbed on the Ag NPs surface have been proposed:

on Ag NPs heating
NO (a) +N0(a) at;:T (NO)Z (a) — 2NO (g)or(a) ---Scheme —1
heating
= N0 yore) T O () ---Scheme—2 (3.1)
heating
= N, Ooriey N2 (0t Oy ---Scheme -3
on Ag NPs heating
- N (a) + O (a) + NO (a) — N20 (a)or(g) +O (a) "'SCheme_4

where, the subscripts (a) and (g) denote adsorbed and desorbed species respectively.

The low temperature (~88 K) NO desorption peak, labeled as NO-a, from Ag NP
appears at lower temperature and with a similar profile to the corresponding low
temperature desorption peak from Ag (111). This points to a common species i.e.,
originated from (NO), dimer dissociation and monomer desorption (schem-1) competing
with other reaction schemes mentioned in equation 3.1. In addition, a second NO
desorption peak (NO-B), which shows a broad feature peaked at around 240 K, is observed.
Pure NO monomers are unlikely as they should energetically be formed at low NO
coverage at intermediate temperature and be weakly bound. The fact that we observed a
NO desorption peak at higher temperature is more likely due to stabilization of monomers
formed by dimer dissociation (Schem-I1) by co-adsorbed O formed from reaction
scheme-2. When these O-stabilized monomers desorb as NO-B, the O left behind
probably dissolves in the Ag NPs, as no desorbing oxygen is observed (see below). The
N,O (m/e = 44) which has a desorption maximum at ~109 K is believed to be formed from
the reaction of NO dimers (scheme-2) and stabilized by co-adsorbate Oy It should be
noted that this N,O desorption peak temperature is larger than the desorption peak
temperature observed for N,O adsorbed on the clean Ag (111) surface (~85 K) and N,O
adsorbed on oxygen pre-adsorbed Ag (111) surface (~95 K) [Lud93]. The very small
desorption signal at m/e = 28 (N,) was observed at ~140 K, may arise from some partial
dissociation of adsorbed N>O,) to Oy and Ny (Scheme-3) during elevation of surface
temperature. Efforts were made to detect O atoms. However, neither atomic nor molecular
oxygen were detected in the gas phase in the temperature range between 40 and 700 K. As
mentioned above, it is likely that O is dissolved in the Ag NPs upon heating.

The size dependence of desorption peak temperatures and integrated yields of the
thermal reaction products of NO dimers on Ag NPs were further investigated; they are
presented in the following.
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I. Size dependent thermal chemistry of NO on Ag NPs

The absolute adsorbate coverage on the various Ag NP surfaces was estimated by
calculating the total number of adsorbed N atoms from the integrated TPD peak areas.
Cracking patterns of the desorbed molecules and the QMS relative sensitivity were also
taken into account. Figure 3.3 shows the total number of adsorbed N atoms, which
corresponds to the total initial adsorbate coverage, as a function of particle diameter, D.
The variation of the surface coverage with particle diameter can be well fitted by a
quadratic function. This quadratic relation between the total number of N atoms and
surface area (~ R?) of the Ag NPs suggests the proportionality of the initial saturation
adsorbate coverage with the NPs surface area.

Quadratic fitting
164 —— Quibic fitting

12 -

Total # of adsorbed N atoms X10° [a.u.]
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Figure 3.3.: The total number of adsorbed N atoms as a function of mean particle diameter. The
solid lines are fittings of the data points with quadratic (blue) and cubic (red) laws.

Desorption energy and branching ratios of NO-a and N,O

Desorption energy: Figure 3.4a depicts size dependent TPD results of m/e = 30
(NO-a) from Ag NPs exposed NO to saturation coverage at 75 K and subsequently cooled
down to 40 K. The TPD results for the Ag (111) single crystal surface (dashed line) are
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also shown for comparison. The peak temperature, at which the desorption rate is
maximum, continuously decreases with decreasing nanoparticle size (95 K for Ag (111),
89 K for D =10.5 nm to 64 K for D = 2.8 nm Ag NPs). In addition the desorption of NO-a
begins at around 65 K except for D = 2.8 nm which is 10 K lower. It should be noted that,
at 75 K dosing temperature, the NO dimer coverage saturates as a sub-monolayer (roughly
90 % of a monolayer). Therefore, the possible reasons for the observed low temperature
desorbed species could be due to post-dosing adsorption of residual NO gas in the time
gap between dosing and TPD measurements (~20 min). This desorption signal below the
dosing temperature could even be due to NO desorption from a small amount of second
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Figure 3.4.: a) TPD spectra of NO desorbed from Ag NPs of mean diameter between 2.8 and 10.5
nm dosed with NO to saturation coverage at 75 K at heating ramp 0.5 K/s. The TPD spectra
measured from Ag (111) surface is also shown (dashed line) for comparison. b) Peak temperatures
of NO (square) and N,O (triangle) found in (a) are plotted as a function of (1/R).

@ Since NO molecules are not mobile at low temperatures, a second layer can be formed before
monolayer saturation has occurred.
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Figure 3.4b shows plots of TPD peak temperatures of NO-a and N,O as functions of
I/R including the data from Ag (111) (1/R = 0). The change of the peak desorption
temperatures is almost linear with 1/R for both NO-a and N,O species. In the simplest
approximation, assuming order and pre-exponentials of desorption to be constant for
varying particle size, the peak temperatures can be set proportional to the effective
desorption energy.

But we in fact observe a complex process of NO dimers’ dissociation and release of
NO molecules into the gas phase, rather than simple desorption of adsorbed NO molecules.
Therefore, the corresponding desorption energy, Egs will not be necessarily equal to the
NO dimer or NO-a adsorption energy. Therefore, the observed change of peak temperature
and the corresponding adsorption energy is linear only in the lowest approximation. On the
other hand, the simple scaling for both species, dimer dissociation/monomer desorption
and desorption of adsorbed N,O, suggests the former is not a complicated process. Here
we simply take the observed change of desorption peak temperature as a semi-quantitative
indication for the adsorption energy for NO dimers (NO-a) and N,O.

The possible origin for the observed results in our system, decrease of desorption
energy with 1/R, can be discussed in terms of the electronic and geometric nature of the
size effects of Ag NPs. It has been observed in many nanoparticle systems that the size
induced modification of electronic and geometric structures could result in a size
dependent reactivity of MNPs. In particular, the size induced modification of electronic
structure due to quantum confinement of electrons results in a significant change on the
reactivity of MNPs [Val98, Hei99, Zha07]. However, these effects are limited only to very
small nanoparticle sizes and may not be observed in the NPs used in this work. According
to the size dependent UV photoemission spectra by Apai et al. [Apa81], the onset of bulk
Ag energy bands occurs at D =~ 2.2 nm (~150 Ag atoms-Ag NPs) which is much smaller
than the smallest Ag NP size used in this study (D = ~2.8 nm). Therefore, it is unlikely that
these quantum size effects are observed in the size regime used in this work. Furthermore,
according to XPS results, with reducing Ag nanoparticle size a shift of the d-band away
from the Fermi level [Bal07] was found. Since NO dimer adsorption has some
hybridization with the d-band, the shift may result in a weakened adsorption energy. The
closer the d-band to the Fermi level, the larger the ability of the d-electrons to get involved
in bonding through d-sp rehybridzation.

The size dependent work function or ionization potential of Ag NPs can change the
way that they interact with the adsorbate. The work function of Ag NPs increases with
decreasing size [Sch06]. Size dependent ionization potentials of isolated MNPs are also
observed in many systems [Jor92]. In our system, since the molecules are weakly
chemisorbed on the surface, some charge transfer between the adsorbate and the Ag NPs is
expected. This charge transfer may behave similarly to the ionization potential/work
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function of the Ag NPs, which increases with decreasing the nanoparticle size. Therefore,
the observed gradual decrease of the adsorption energy with 1/R could be connected to the
size dependent change of the ionization potential/work function of the Ag NPs.

In addition, the possible size dependent van der Waals dispersion interaction
between the adsorbate molecules and the Ag NPs should be considered. Previously the
size dependent change of such interaction was suggested for the observed size dependent
change of adsorption energy of methane physisorbed on Pd NPs [Wat99]. In our system,
although NO dimers interact chemically with the substrate, van der Waal dispersion
interaction could be still an important part of the adsorption energy. The density of
electrons near the Fermi edge which is relevant for dispersion interaction changes with Ag
NP size [Hov98]. Therefore, the observed weakening of the adsorption energy may be the
result of such a reduction of electron population near the Fermi edge at smaller Ag NPs.
Moreover, due to the smaller number of atoms present in smaller nanoparticles, the
strength of the van der Waals interaction becomes smaller, since the latter sums essentially
over all Ag atoms of the NPs. This leads to scaling with 1/R [Krel0]. Moreover, the
possible change of the Ag surface states and the spill-out of the Ag surface sp-electrons
with size of the NP may have their own contributions to the observed change of adsorption
energy with particle size. The Ag surface states are expected to decrease with decreasing
Ag NPs size. This may cause a weakening of the chemisorptive contribution of the
adsorption energy which leads to the corresponding weakening of the adsorption energy of
adsorbates. Furthermore, the increasing spill-out of the Ag surface sp-electrons for smaller
NPs may produce a shift of the repulsive part of the surface potential to larger distance,
and may reduce the adsorption strength of the molecules on their surface.

In addition to the size dependent electronic properties mentioned above, the surface
geometric structure of Ag NPs may also play a role on the observed size dependence shift
of adsorption energy. According to the STM results [Nil00], no significant change of the
surface morphology of the Ag NPs was observed in the size regime used in this study. In
addition, our TPD results showed neither significant change nor new adsorption states for
both NO-a and N,O with changing D. Furthermore, the onset temperature of NO-a
desorption (~65 K) is independent of the Ag NP size except for the smallest Ag NP size, D
= 2.8 nm, where it is about 10 K lower. However, in the latter case, the observed similarity
of desorption onsets may be due to NO desorption from the second layer which is
insensitive to the substrate (or particle size, D).
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The desorption peaks from Ag NPs are substantially broader than those of Ag (111)
surfaces. These may suggest the heterogenousity of the NP surfaces compared to the Ag
(111) surface but the peak broadening may also arise from the inhomogenity of the NP
size distributions. These arguments suggest an absence of significant size dependent
geometrical changes of nanoparticles except possibly for the smallest size D = 2.8 nm
(~600 Ag atoms).

On the other hand, unlike to NO-a, there is a gradual shift of the onset of the
desorption temperature of N,O to lower values with decreasing particle size. However, it
should be noted that the adsorption energy of N,O strongly depends on the nature of the
co-adsorbates. For example on Ag (111) surface, the peak desorption temperature of N,O
formed from adsorbed NO dimers was observed at ~120 K [Bro95], however, N,O
adsorbed on clean Ag (111) surface desorbed at ~85 K and N,O adsorbed on oxygen pre-
adsorbed Ag (111) surface desorbed at ~95 K [Lud93]. This clearly suggests that the
adsorption energy of N,O on the Ag (111) surface strongly depends on the nature of the
co-adsorbates. Therefore the observed shift of the onsets of desorption temperatures may
not be due to the change of the surface morphology of Ag NPs with D since the possible
changes of coverage ® and/or adsorption structure of co-adsorbates, O @and NO-B ), can
also lead to shifts of N,O desorption temperature.

However, the change of the bond length (Ag-Ag distance), with decreasing D can
result in a significant change of adsorption energy of adsorbates on the NP surface as
observed on CO/Pd clusters [YudO8]. On Ag NPs up to 2.7 % of lattice contraction,
compared to bulk Ag, was reported at smaller nanoparticles, D = ~3.1 nm [Ber52].
Therefore, one possible reason for the observed decrease of adsorption energies of NO-a
and N,O with decreasing D can be the decrease of lattice constant with decreasing, D.

Geometrical confinement of reactions in a nanometer scale can affect also the nature
of chemical reactions [San05]. In our system, despite the different nature of the desorption
mechanism for NO-a and N,O, both showed almost similar size dependences of the
adsorption energy. This similarity may suggest the similarity of the reaction kinetics of
both species. This could be due to geometrical confinement of reactions in the nanometer
scale. In our case, desorption of both NO and N,O may be more efficient on the
boundaries than on top of the Ag NPs and this may lead to an increase of the overall
desorption rate with decreasing NP size.

® But it should not always be true since the N,O:O ratio should be 1. Therefore a change in
oxygen coverage with respect to N,O is not expected. But the relative distributions of N,O and O

could vary with size.



Chapter 3 Size effects on the adsorption and reaction of NO on Ag NPs -59 -

Branching ratios: As mentioned before, besides thermal desorption of NO
molecules, additional thermal reaction products like N,O and N, desorption are observed.
The size dependent nature of these reactions can be seen in the relative product branching
ratios of NO dimers. Branching ratios estimated from the ratios of integrated TPD peak
areas, shows that the fraction of N>O formation resulting from heating of the NO dimer
covered surface increases by up to a factor of two with decreasing nanoparticle size.
Moreover a relative decrease of NO-a species compared to NO-f3 species is observed with
decreasing particle size.

From these observations it is clear that the activation energy for N,O formation is
lower for smaller nanoparticles. On Ag (111) surfaces, reaction of NO dimers to N,O + O
starts above 77 K [Bro95, Car01, Lud93]. On smaller nanoparticles, these reactions may
start at lower temperature, possibly even at or below 75 K, the preparation temperature. In
addition during post-dosage cooling, some residual NO from the background may adsorb
and form NO dimers and upon heating, during TPD measurements, additional N,O and
NO-B species could be formed. This can lead to the observed increased amount of N,O
and NO-B desorption, as compared to NO-a, at smaller nanoparticles. Therefore, the
observed size dependent branching ratio of N,O could arise from the size dependent N,O
formation temperature which decreases with decreasing size.

3.3.2. Photoreaction of NO dimers on Ag NPs

The NO desorption measurements were started after saturation coverage of NO at 75
K and subsequent cool-down to 40 K. The photodesorption was induced by irradiating the
surface with 2.3, 3.5, or 4.7 eV photons. The desorbed NO molecules were monitored by a
MS-TOF measurement during the laser irradiation. The remaining photoproducts on the
surface were checked by TPD after finishing irradiation. Here the observations made on
size dependent photon-induced reactions of NO dimers adsorbed on Ag NPs are presented.

I. Post-irradiation TPD

Irradiation of the NO dimer adsorbed on 8 nm Ag NPs with 2.3 eV photons (7000
shots of laser pulses, x 10"° photons/cm? per pulse) resulted in desorption of weakly bound
NO-a species, leaving a small residual, as indicated by the loss of intensity from the
comparison of pre- and post-irradiation TPD shown in figure 3.5. But, no further depletion
of this species was observed upon prolonged irradiation. On the other hand, irradiation
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with 3.5 or 4.7 eV photons resulted in total depletion of the NO-a species. In addition, the
NO-P species was also reduced (or totally depleted) by extended irradiation of the surface
with 3.5 eV (or 4.7 eV) photons. As to N,O, some reduction of the intensity (at 4.7 eV)
and a slight shift of peak temperature to lower values (at 3.5 and 4.7 eV) has been
observed on the post-irradiation TPD compared to the pre-irradiation TPD. This might
arise from two reasons: the first can be the different kinetics or dynamics of the thermal
and photo-induced reaction pathways for N,O formation. Second, since the adsorption
properies of N,O strongly depend on the co-adsorbates, the reduction of co-adsorbates
(NO-B (@) and/or O (4)) due to photodesorption can result in weakening of N,O adsorption.
It is noteworthy that no desorption features representative of new possible photoreaction
products are detected in the post-irradiation TPD. From the above observations, we
concluded that the NO-a species is the most photoactive species to desorb from the surface.

QMS signal at m/e 30 [a.u.]

100 200 300 400
Temperature [K]

Figure 3.5.: Pre- and post irradiation TPD spectra of NO from 8-nm Ag NPs dosed with NO to
saturation coverage at 75 K. Post irradiation TPD spectra are measured following irradiating the
NO dimer saturated surface with 7000 shots of laser pulses at #v = 2.3 (dark gray), 3.5 eV (gray),
4.7 eV (light gray).
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The photon induced desorption of NO is thought to occur via a substrate mediated
mechanism so that the photochemical behavior is strongly affected by the MNP substrate
and the negative ion state of the NO. A theoretical study by Nakamura and Yamashita
[Nak06] showed that an empty negative ion state of NO dimers adsorbed on Ag (111)
surface is around 2 eV above the Fermi level of Ag (111). In our case, one can estimate
roughly the positions of the empty negative ion states of NO dimers adsorbed on Ag NPs
based on the post-irradiation TPD results. A 2.3 eV photon energy can excite electrons
which can sufficiently access the majority of the negative ion state of NO-a. On the other
hand, 3.5 and 4.7 eV photon energies are sufficient to excite hot electrons with enough
energy to access the TNI state of the NO-a species. From the above observations, the
minimum photon energy required for excitation of electrons at the Fermi level to fully
access the TNI state of NO dimers is estimated to be ~2.5 eV. The possible energy
diagram of photoinduced electron transfer from near Fermi level Ag NP surfaces to the
adsorbate (NO), / NO-a and NO-§ TNI states is shown in figure 3.6.

As mentioned above, it should be noted again that TPD is a destructive technique.
The desorption species observed in post-irradiation TPD can be formed from thermal
reactions of the remaining photoproducts on the surface when heated (during TPD
measurements). Moreover, in this study we monitored only photodesorbed NO (m/e = 30)
molecules, hence the possibility of new species formation and subsequent photodesorption
from the surface could also have happened. In this study, we use post-irradiation TPD to
identify the photo-active adsorption site(s)/species just by comparing the peak intensities
with the pre-irradiation TPD spectra.

Figure 3.6.: Possible energy diagram for
vertical electron transfer from near Fermi
level Ag surfaces to adsorbate resonance
state. The positions of the resonance states
are estimated from the pot-irradiation TPD

results.
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ii. Size dependent photodesorption cross sections of
NO-a

The depletion cross section for NO formed from the photodissociation of NO dimers
has been determined. This process consists of photodissociation of NO dimers and release
of NO molecules into the gas phase. Especially we are interested in the desorption cross
section of NO-a species since they are the most photo-active species to desorb from the
surface as judged from the post-irradiation TPD.

The photodesorption cross sections (PCS) of NO-a were determined from the decay
of PID signal of m/e = 30 (NO) with time under continuous irradiation. The decaying
signal reflects the decreasing coverage of the species which is the source of photodesorbed
NO (most likely the dimer in the initial stages of decay) during laser irradiation and the
cross sections can be determined from the decay constant, o, by fitting the decaying signal
with equation 3.2.

N=N,e " | (3.2)

where Ny, N, and Ph denote the adsorbates coverage before and after the desorption and
the photon irradiance, respectively.

According to post-irradiation TPD, at photon energy 2.3 eV, only depletion of NO-a
species was observed. Therefore, the cross-sections were determined by fitting the
decaying signal with a single exponential function. On the other hand, at 3.5 and 4.7 eV
photon energies, in addition to the desorption of NO-a species, desorption of NO-f species
was observed. At these photon energies (3.5 and 4.7 eV), the semi-logarithmic plot, In
N/N, versus n,p, of the decaying signal showed two distinct straight lines (see figure 3.7).
The earlier, rapidly decaying signal, is ascribed to the depletion of dimers and the later,
slow decaying signal, is ascribed to desorption of NO-f species. Hence, at these photon
energies only the fast decaying part (~50 % of the decay) is used to obtain the PCS of NO-
Q.
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Figure 3.7.: Decay of PID signal upon irradiation of the NO dimer-covered Ag NP (D = 8 nm)
with hv =2.3 eV (top), 3.5 eV (middle), and 4.7 eV (bottom). The solid lines show a fitting of fast
component, NO-a (blue line), and slow component, NO-B (red line).
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The PCS of NO-o from NO dimers have been determined for various Ag
nanoparticle sizes at hv = 2.3, 3.5, and 4.7 eV in p-polarization; they did show clear size
and photon energy dependences. The data obtained are plotted as a function of 1/R in
figure 3.8, including those of Ag (111) at 1/R = 0. The vertical error bar was estimated
from the standard deviation of two or more measurements.

At 2.3 eV in p-polarization, the PCS increases from 5.4 x 10" cm?® at Ag (111) to
29x 10" ecm?at D=11.1 nm (1/R = 0.2 nm™") Ag NPs. The PCS increases monotonously
with decreasing the Ag NPs mean diameter (D) up to the smallest nanoparticle particle D =
2.8 nm (1/R = 0.7 nm™). The PCS at D = 2.8 nm (1/R = 0.7 nm™) was ~ 6.5 x 10"® cm?
which is a ~12 fold enhancement compared to the Ag (111) result. Similarly at 4.7 eV (p-
polarized), the PCS increases from ~1.6 x 10" cm? at Ag (111)to~3.5x 107 cm? at D =
11.1 nm Ag NPs (I/R = 0.2 nm™). And the PCS increases monotonously with decreasing
D and becomes maximum (~9 x 107 cm?) at the smallest particle size D = 2.8 nm (1/R =
0.7 nm™). Qualitatively similar size dependences of PCS i.e., an approximately linear
scaling with the surface to volume ratio (1/R), was observed for both excitation photon
energies. However, at 4.7 eV for a given size, the PCS was ~ 10 times higher than at 2.3
eV. This can be explained based on the effect of secondary hot electrons or primary hot
electron cascades [Wei93].

On the other hand, at 3.5 eV (p-polarized), i.e., for plasmon excitation, the PCS
increases from 4 x 10™® cm? at Ag (111) to 2.1 x 10" cm? at 12 nm Ag NPs (1/R =0.17
nm™), this corresponds to ~5 fold enhancement of PCS compared to Ag (111) results.
Then the PCS increases dramatically with decreasing the Ag NP size up to D =5 nm (1/R
=0.4nm™). At D=5 nm (1/R = 0.4 nm™) the PCS is ~1.7 x 10™'® cm? which is a ~43 fold
enhancement compared to the Ag (111) result. However, with further decreasing of D
below 5 nm, a fast decrease of the PCS is observed. At the smallest particle size, D = 2.8
nm (1/R = 0.7 nm™), the PCS is ~6.1 x 10™"7 cm?. This is about 15 fold enhanced compared
to the Ag (111) result. At this photon energy unlike to the other photon energies, the
expected 1/R trend is not observed over the entire size range. It should be noted that at 3.5
eV in p-polarization the Mie plasmon of Ag NPs is excited. Therefore, this unique trend
observed at this photon energy and polarization should be related to Mie plasmon
excitation. On the other hand, at largest and smallest nanoparticle sizes, the PCS
enhancement factor is comparable to the observed PCS at similar D with non resonant
photon energies, 2.3 and 4.7 eV excitations.
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Figure 3.8.: The size dependence of photodepletion cross sections of NO photodesorbed from NO
dimers on the Ag NPs. The data are plotted as a function of 1/R for excitation energies, hv =2.3 eV
(red squares), 3.5 eV (green circles), 4.7 eV (blue triangles). The data at 2.3 eV are multiplied by a
factor of ten. The error bars were estimated from the standard deviation of two or more
measurements.

As confirmed by post-irradiation-TPD the empty state (LUMO) of NO dimers must
be around 2.5 eV above the Fermi level of Ag surfaces. As excitation into the LUMO is
even possible at ~2.5 eV, direct excitation of NO dimers is not an important process
besides the TNI mechanism. In addition, NO dimers in the gas phase have a continuous
absorption band peaked at ~6 eV in the spectral region that leads to photodissociation ¥
[Bil72, Mas75, Eas98]. At 5 eV, the photodissociation cross-section of NO dimers in the
gas phase was found to be in the range of 1 to 5x10"° cm” However, in our system the
desorption cross-section at 4.7 eV is ~ 1.6 to 9 x 10™'7 (depending on the Ag NP size)
which is much higher (> 100 times) than the observed gas phase cross-sections.

@ However the photo excitation spectrum of an adsorbed molecule may be modified from that
observed in the gas phase due to hybridization of molecular orbitals with those of the substrate, and
charge transfer excitation.
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Thus, the large enhancement in the desorption cross-section of NO from Ag surfaces,
compared to the gas phase cross-section also suggests that the substrate-mediated process
plays a dominant role in the photodesorption process of NO from NO dimers adsorbed on
Ag surfaces, in the photon energy range used in this study. Hence the contribution of a
direct excitation mechanism is negligible even at the highest photon energy used, 4.7 eV,
even though it can not be excluded principally. Therefore, the PCS is expected to scale
with the yield of hot electrons within Ag NPs that reach the surface and can attach to the
NO dimer’s empty resonance state (LUMO).

2.3 and 4.7 eV photon energies are far from the Mie plasmon resonance energy of
Ag NPs [Nil00]. The observed linear increase of PCS with 1/R can be explained by the
confinement of the photoexcited electrons by the nanoparticle size and the insulating oxide
film underneath. When the dimension of the NPs is smaller than the mean free path of the
electrons near the Fermi edge (which is about 44 nm in Ag [Cro62]), hot electrons created
within the NPs can scatter several times at the surface of the nanoparticles. Such multiple
scattering effects are determined by the Fermi velocity of electrons (vr) and the radius of
the nanoparticles (R) i.e., the number of scattering is proportional to vs/R. Therefore, the
1/R relation simply reflects the ratio of the surface scattering probability, which is
proportional to the surface area 4nR’, and the number of electrons, which is proportional to
the volume (4/3)nR’ of the NPs of radius R = D/2. Therefore, these scattering events that
scale linearly with 1/R, increase the hot electron availability at the surface and
correspondingly enhance the photoreaction efficiency of adsorbates on the NP surface.
According to the transient negative ion (TNI) mechanism, adsorbed NO dimers are excited
by hot electrons photogenerated within the Ag NPs. Therefore, the observed linear
increase of PCS at 2.3 and 4.7 eV with 1/R can be ascribed to this confinement effect.

At 3.5 eV in p-polarization, the (1,0) Mie plasmon of Ag nanoparticles is excited
resonantly [Nil00, Eve05]. Therefore, the observed anomalous size dependent behavior of
PCS observed at #v = 3.5 eV in p-polarization must be related to the plasmon excitation.
Such a collective electron density oscillation is de-excited very rapidly. The plasmon may
decay in different ways or channels which depend on the size and shape of the NPs (see
figure 3.9). For larger nanoparticles, D > 20 nm, plasmons decay mainly into photon
emission (radiation damping of plasmons), whereas for D < ~20 nm Landau damping of
the plasmon that leads to electron-hole pair creation becomes increasingly more effective
and saturates at very small sizes, 1 <D <4 nm [Mol02]. In the latter case, the hot electrons
produced in the plasmon decay can induce photochemistry of adsorbates on the NP surface.
Hence, this is the first candidate for the observed rapid enhancement of PCS with reducing
the nanoparticle size compared to non-resonant photon energies. On the other hand, when
the nanoparticle size becomes smaller, the number of conduction electrons that effectively
contribute to the surface plasmon resonance and promote the enhancement of local field is
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substantially reduced. Such effects were observed in Cu NPs deposited on thin alumina
film [Req05]. In Cu NPs/ALO; films, a strong reduction of the field enhancement of the
local field due to the increased fraction of Cu atoms present on the surface with respect to
the total amount of atoms (i.e., increasing of the surface to volume ratio) was observed.
The observed size dependent cross-section at 3.5 eV in p-polarization is therefore the net
result of competition between at least the above mentioned two opposing size effects. The
rapid increase of PCS down to D =~5 nm (1/R =~ 0.4 nm™) is attributed to the increasing
contribution of Landau damping with decreasing D. On the other hand, the steep decrease
of PCS below ~5 nm can be explained by the latter mechanism i.e., due to the reduced
number of conduction electrons participating in the plasmon oscillation.

Particle Diameter [nm]
1 4 20

Landau = Landau Damping Radiation
Damping . + Damping
Radiation Dampina
e-h pair Photon

Figure 3.9.: Schematic view of size dependent plasmon decay channels.

As can be seen from the results, at the largest and smallest nanoparticle sizes, the
observed enhancements of PCS at 3.5 eV are comparable to the enhancements observed at
non-resonant excitations. This suggests that the effect of plasmons on the PCS
enhancement is strongly quenched at these sizes. Therefore, at these particle sizes the
observed enhancement could arise from the confinement effect similar to the non-resonant
excitation energies.
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The above interpretations contain only the most important contributions. In fact
several other factors can also contribute to the observed size dependent PCS: First, the
PCS should depend on the frequency of the surface plasmon resonance which is blue
shifted with decreasing size. However, since the blue shift of the plasmon frequency is
accompanied by broadening of the resonance [Nil00], the slight shift of the peak position
with size does not have a significant influence on the excitation strength. Second, Landau
damping decreases the field enhancement, this can partially compensate the decreased
share of electron-hole pair production of plasmon decay with decreasing D. Third, since
NO dimers interact chemically with the surface the electron density in the NPs may be
modified, due to static charge transfer between the adsorbate and NPs, and this may result
in a shift of the position of the surface plasmon resonance, usually red shift. Fourth, the
presence of adsorbates can induce a new electronic state at the Ag NP surface, in our case
the NO dimer resonance state. Then the oscillating electrons can tunnel into and out of
such surface states, which results in the decay of plasmon resonance by the so called
chemical interface damping (CID) and consequently reduce the field enhancement. But the
oscillating electrons can induce photochemistry by exciting the molecule to its TNI state.
In addition the spill-out and screening effects at the NP surface are also expected to vary
with particle size and may have their own effect on the PCS [Mol02].

The size effects in the desorption cross-section are therefore a complicated function
of different parameters. Careful and detailed theoretical analysis would be needed to
unravel all the above mentioned contributions. Therefore, our interpretation is based only
on the most dominant effects.
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3.4. Summary

In summary, the thermal and photochemical properties of NO dimers adsorbed on
Ag NPs of varied size on Al,O3/NiAl (110) substrates have been investigated. We have
found size dependences with simple scaling as well as with peaked behavior or abrupt
changes. The adsorption energy and branching ratios of NO and N,O formed from thermal
reactions of NO dimers adsorbed on Ag NPs were found to vary with particle size. The
peak temperatures of thermal desorption of NO and N,O from these layers decreased with
decreasing size and show a simple linear scaling with ~1/R. The PCS of NO roughly
increases with ~1/R for nonresonant excitation (photon energies 2.3 and 4.7 eV). This is
explained by the confinement effect of hot charge carriers which leads to desorption via
the transient ion state. However, for excitation in the plasmon resonance (3.5 eV, p-
polarized) a strong peak at D = ~5 nm is observed which can be considered as the net
result of competition between at least two opposing size effects. The rapid increase of PCS
down to D = ~5 nm (1/R = ~ 0.4 nm™) is attributed to the increasing contribution of
Landau damping with decreasing D. On the other hand, the steep decrease of PCS below
~5 nm can be explained due to the reduced number of conduction electrons participating in
the plasmon oscillation (which scales with total number of atoms). Additional size effects
are also likely to be involved.
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3.4. Summary
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Chapter 4

Photodesorption dynamics of NO from (NO),
on Ag NPs - The effect of particle size

This chapter will be concerned with the dynamics of nanosecond (ns) laser induced
desorption of NO from NO dimers adsorbed on various size Ag NPs. The translational and
internal state properties of NO desorbed by 2.3, 3.5, and 4.7 eV have been investigated by
using QMS-TOF and (1+1) REMPI techniques to get some detailed insights about the
desorption dynamics at various diameters, D. After a general introduction about some
relevant points which are helpful for general understanding of photochemistry, the results
found in this work will be presented and then a brief discussion will follow. Both
rotationally and vibrationally hot molecules with a temperature well above the sample
temperature are detected at two different velocities, 950 m/s and 1500 m/s. The
translational and rotational excitations are positively correlated while the vibrational
excitation is decoupled from the other two excitations. The translational and internal
energy distributions of photodesorbed NO molecules at hv = 2.3 and 3.5 eV excitations are
almost constant throughout the Ag NPs size which suggests a constant mechanism is
operative throughout the size regime. This observation also suggests the photodesorption
mechanism of NO is not changed by plasmon excitation at 3.5 eV. At 4.7 eV and smaller
particle sizes a new desorption channel which results in energetic desorbates is observed.
The possible mechanisms are discussed. The chapter concludes with a summary of the
main points.

Keywords: Ag NPs, NO dimers, translational energy, internal energy, desorption dynamics
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4.1. Introduction

Initiation and subsequent monitoring of elementary processes on surfaces is a key
issue for thermal and photochemistry of molecules on metal surfaces for both fundamental
and practical reasons since these processes are strongly related to material fabrication and
catalysis. On a metal surface, the excitation and desorption processes involve basic process
of excitation and relaxation of substrate electrons and adsorbates, and energy transfer
among the various molecular and substrate degrees of freedom. Therefore, to describe the
photo induced processes accurately, correct understanding of these fundamental issues is
needed.

Photoinduced processes of adsorbates mainly NO and CO, on well defined single
crystal surfaces have been extensively studied by various groups and the results have been
exhaustively reviewed [Chu83, Zho91, Zim95, Has95]. Most of these results showed that
the photodesorption proceeds by a nonthermal mechanism mediated via hot electrons
created by photon absorption in the metal substrate. These processes are often described in
the Menzel-Gomer—Redhead MGR model and its extensions [Men64, Red64, Ant80,
Gad90]. Time- and state-resolved detection of desorbed molecules may provide
information about the interaction potential energy surfaces (PES) involved and the
dynamics occurring on these PESs. Besides the PESs involved, the lifetime of the excited
intermediate state(s) determines the yield and the dynamics of the desorption process.
Photodesorption of molecules from metal or semiconductors often lead to velocity
distributions that resemble a thermal distribution with a translational temperature much
higher than the sample temperature in most photodesorption measurements [Bun88, Bun§89,
Har95, Hog07]. Furthermore, rotational distributions of desorbates that can be described
by Boltzmann distribution are often found [Nat88, Mas91, Mas92, Fuk93b, Ric92].
Rotational excitation may happen due to the torque produced by the accelerating force on
the molecule which is tilted. In addition in many systems a correlation between the
rotational and translational excitations are observed [Mul92, Ric92, Fuk93, Bun89, Has90,
Per93] which can be explained by the impulsive model proposed by Zimmermann and Ho
[Zim95]. For photodesorbed diatomic molecules from metal surfaces, vibrational
temperatures ranging from 850 — 1500 K are found [Fuk93®, Bun89, Per93,]. On
semiconductor and oxide surfaces, on the other hand, relatively higher vibrational
temperatures in the range 1600 — 2900 K are found [Mul92, Men94, Al1S94, Wil99]. The
higher degree of vibrational excitation is believed to be due to the longer life time of
molecules in the excited state PES. Photodissociation of adsorbed molecules also gives
highly vibrationally excited molecules [Has90?, Jac95, Chu94]. The dynamics of
dissociation/desorption mechanism involves a complicated energy transfer between the
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different vibrational degrees of freedom therefore it can not be explained by a simple
model used for intact molecules.

All of the available experimental data mentioned above are from flat surfaces. In
metal nanoparticles these processes may be modified. However, despite of its potential
importance, detailed experimental studies of photoinduced processes on metal
nanoparticles are very rare [AlS06, Wat06]. As briefly introduced in Chapter 3, metal
nanoparticles can offer many special properties which cannot be found on bulk material.
Among others, plasmon excitation and confinement of electron excitation are some of
them, and these properties are strongly dependent on the size of the NPs. Surface plasmons
were already known to enhance the photoreactivity of adsorbates on roughened Ag
surfaces [Kid96, Kid00, Myl95] and NPs [Wet05]. Apart from plasmon excitation, in
MNPs confinement of the electrons within the nanometer size can increase the
contribution of secondary hot electrons which correspondingly increases the efficiency of
photoinduced process [Zhd04]. Furthermore, in small MNPs the lifetime of intermediate
states can be dramatically influenced by quantum size effects. If the lifetime is very long,
the desorption cross section can be increased since collisions of hot electrons with
adsorbates are more frequent, and the molecule can gain more energy. The above
mentioned properties are expected also to modify the initial excitation and energy
dissipation processes which are important for the photodesorption dynamics of adsorbates
on metal nanoparticles. Therefore one should be able to control the photochemistry of
adsorbates by tuning the size of the MNPs.

Going beyond the macroscopic properties presented in Chapter 3, in this chapter the
effect of particle size, plasmon excitation and photon energy on the microscopic processes
(desorption dynamics) of NO from (NO), dimers adsorbed on Ag NPs deposited on thin
Al,Os3 films on NiAl (110) substrate are presented. The dynamical information of the
desorption process are extracted from the measured final state energy distributions of the
desorbed NO molecules by using MS TOF and (1+1) REMPI techniques.

4.2. Experimental

The UHV system and the techniques for sample preparation have been discussed in
Chapter 2. Quadrupole mass-selected time-of-flight (QMS-TOF) and resonance enhanced
multiphoton ionization ((1+1)-REMPI) techniques are used to study the dynamics of
photodesorbed NO molecules from Ag NPs of various sizes at hAv = 2.3, 3.5, or 4.7 eV
excitation. The former is used to get the translational energy distributions of
photodesorbed NO molecules averaged over the internal energy populations, while internal
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energies, 1i.e., rotational, vibrational, spin-orbit distributions, and state resolved
translational energy distributions of the photodesorbed NO molecules are measured by the
latter technique.

In the QMS-TOF measurements, a similar setup and measurement procedures as
those used for the PID measurements as presented in Chapter 3 section 3.2, are used.
State-resolved measurements of NO are performed by a (1+1) REMPI via the 4 S (v’ =
0,1) < X °II (v’ = 0,1) transitions. Following a nanosecond laser (2.3, 3.5 or 4.7 V) pulse
onto Ag NPs of varied size and Ag (111) surfaces, desorbed NO molecules drift into the
probe laser path which is 27 mm away from the sample surface. NO is then ionized in its
quantum state by the probe laser and accelerated towards the multichannel plate (MCP)
assembly by a repeller plate held at +1 kV. The ions then hit the MCP and are detected as
ion current. Figure 4.1 shows a schematic diagram of the ion detection assembly. The
probe laser spot size at the ionization region was ~ 2 mm in diameter. The sample
temperature was kept at 60 K and the surface coverage was maintained by constantly
dosing with a background NO pressure of 5 x 10” to 4 x 10™® mbar (depending on the laser
energy, fluence, polarization and PCS of NO) during the course of the measurement to
compensate for the loss of adsorbed NO by desorption. The REMPI signal was obtained
after subtracting the contribution of the background NO gas of known temperature.

Pump laser

Sample

Probe laser

To MCP

Figure 4.1.: Schematic drawing of the 1+1 REMPI detection system
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4.3. Results

The dynamical information about the desorption process can be obtained from the
desorbed molecules themselves. Such information can be extracted from the measured
final state energy distributions i.e., translational, rotational, vibrational, and spin-orbit
energy distributions, of the desorbed molecules. Here, the obtained results on the size
dependence of translational and internal energy distributions of the NO molecules
desorbed by nanosecond laser pulses, and their correlations are presented. To make clearer
the terms fast and slow components used in this chapter from the similar terms used in
Chapter 3, some specifications and further expressions are given below. In Chapter 3, the
fast component represented the NO-a species and the slow component represented NO-f
species and these terms were used to express the efficiency of desorption. In this chapter
the same terms are used to express the kinetic energy/velocity of photodesorbed NO-a
species. Therefore, in this chapter the fast component represents photodesorbed NO-a
species that have higher kinetic energy/faster velocity and the slow component represents
photodesorbed NO-a species with lower kinetic energy. In addition thermal components
are also observed which are believed to come from scattered molecules or due to laser
heating of the sample surface.

4.3.1. Translational energy distributions

In this section, the translational energy distributions of photodesorbed NO molecules
measured by QMS and (1+1) REMPI techniques will be presented. The former technique
is insensitive to the internal energy excitations and measures the translational energy of
NO averaged over the internal energies, while the Ilatter technique measures the
rovibrationally resolved translational energy of desorbed NO molecules.

a) Mass-selected time-of-flight

The size dependence of translational energies of photodesorbed NO molecules were
obtained from the measured TOF spectra. The translational temperature of NO-o was
calculated by fitting the TOF spectra accumulated from 1 to 100 - 200 laser shots
(representative of desorption from NO dimers, see above) to a sum of shifted Maxwell-
Boltzmann distributions. Depending on the nature of the TOF spectrum, the sum of two or
three shifted Maxwell Boltzmann functions were used for fitting. The results found at
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various particle sizes are plotted as a function of the inverse of the particle radius (1/R)
including results from Ag (111) at 1/R = 0, for three different excitation photon energies
(see in figure 4.1).
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Figure 4.2.: Mean translational energy as a function of 1/R of NO photodesorbed from NO dimers
adsorbed on Ag NPs at 2.3 eV (red square), 3.5 eV (green circle), 4.7 eV (blue triangle). The
values at 1/R = 0 correspond to data measured on Ag (111). The inset represents the TOF spectra
at 2.8 and 6.1 nm particle diameter for 4.7 eV photons fitted with a sum of three (for D = 2.8 nm)
and two (for D = 6.1 nm) SMB distributions.

As can be clearly seen from figure 4.2, the translational temperature of
photodesorbed NO at 4v =2.3 and 3.5 eV (p-polarization) is almost constant at 700 -750 K
throughout the nanoparticle size and including Ag (111). At 4.7 eV the translational
temperature is almost constant at ~750 K down to D = 6.1 nm (1/R = 0.3 nm™). However,
it increases almost linearly for D < 6.1 nm up to the value 1200 K at D = 2.8 nm (1/R = 0.7
nm™). The analysis of the TOF spectra measured for D = 6.1 nm shows evidence for a
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bimodality of the non-thermal component (see figure 4.2). The slow component still has
the same shape as the spectra obtained at 4.7 eV for D > 6.1 nm while the remaining fast
component can be fitted by a second shifted Maxwell-Boltzmann function.

The relative contribution of the fast component with respect to the slow component
in the TOF spectrum increases with decreasing D below 6.1. The translational temperature
of the former increases from ~ 2100 K to ~ 2700 K and the ratio of desorption flux J , Jes/
(Jsiow t Jfast), increases from ~ 5 % to ~ 12 % with decreasing D from 4.9 nm to 2.8 nm.
This anomalous size dependence of translational temperature occurring only at 4.7 eV for
small D suggests the emergence of a new photodesorption channel with different dynamics
leading to much faster desorbates as will be discussed in detail in section 4.5.

b) State-resolved spectra

The translational energy distributions for each internal state (i.e., rotational,
vibrational, and spin-orbit states) are obtained by fitting the REMPI-TOF spectra,
measured at a known rovibrational and spin-orbit state, with a shifted Maxwell-Boltzmann
distribution.

Figure 4.3.: Rotational energy state
dependence of TOF spectra for
desorbed NO (v = 0, Q = 1/2) from
8-nm Ag NPs at iv = 2.3 eV. The
solid lines are the fit to the shifted
Maxwellian distribution.
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Figure 4.3 shows a series of TOF spectra of photodesorbed NO, in v=10 and Q = 1/2
and designated J” states, measured from 8 nm Ag NPs at hv = 2.3 eV (p-polarized)
excitation. The corresponding data were measured also for 3.5 and 4.7 eV excitation
energies (not shown) and a similar trend was observed.

The TOF spectra of the desorbed NO molecules show a bimodal distribution at low
rotational states. The faster component that has translational temperature well above the
sample temperature is ascribed to the photochemical desorption channel. The second
component, which has a temperature as low as the sample temperature (60 K), is
considered to be due to thermal desorption and/or scattered molecules ©. The contribution
of the thermal component decreases quickly with increasing rotational energy states, J”,
and disappears for higher J” states. The faster component in the TOF spectra shifts to
earlier pump-probe delay with increasing rotational energy states, J”. In addition the TOF
spectra of the faster component are substantially broader for low J” states and become
narrower with increasing J”.
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Figure 4.4.: Mean translational temperatures of NO desorbed with 3.5 eV (p-polarized) from Ag
(111) surfaces for the two spin-orbit doublets, 2 = 1/2 (black square), 2 = 3/2 (blue triangle) at a
given rotational energy state, J”.
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Unlike to the J” dependence of the translational energy, no dependence of
translational energy of desorbed NO on vibrational excitation is observed (see section
4.3.4). In addition, similar translational energies of photodesorbed NO (v =0, J” = 3.5 —
28.5) for both spin-orbit states of the NO (X*II) doublet are found (see figure 4.4).

To check the effect of plasmon excitation on the translational energy distribution of
the desorbed molecules, we have performed state resolved TOF measurements of
photodesorbed NO from Ag NPs at Av = 3.5 eV in p- and s-polarizations. Table 4.1 shows
the translational temperature of photodesorbed NO (v = 0, 2 = 1/2 state and various
rotational energy states, J”’) measured from 5 nm Ag NPs. The results show quite similar
values of translational temperature (at a given rovibrational and spin-orbit state) for both
polarizations. This result is in agreement with our observation of similar translational
temperatures at 3.5 eV (on plasmon resonance) and 2.3 eV (off plasmon resonance) in the
QMS-TOF measurements.

Table 4.1: Comparisons between the translational temperature of NO (v = 0, Q = 1/2)
photodesorbed with 3.5 eV in p-polarization (on plasmon resonance) and in s-polarization
(off plasmon resonance) from 5-nm Ag NPs.

v=0,Q2=1/2
J7=35 J”=16.5 J” =235 J” =285
Tiat hv=3.5¢eV, p-pol. 304 K 640 K 1111 K 1345 K
Tiat hv=3.5 eV, s-pol. 291 K 577K 1056 K 1262 K

© Due to the smaller distance, the contribution of scattered NO will be smaller in REMPI than
QMS-TOF, but cannot be excluded even there. On the other hand, the background NO pressure
necessary during REMPI measurements to maintain the dimer coverage will lead to scattering in

the gas phase (see following section).
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4.3.2. Internal state energy distributions

To obtain a better understanding of the underlying mechanism of NO
photodesorption we have extended the above translational energy measurements to
internal state energy (rotational, vibrational, and spin-orbit energy) distribution
measurements.

a) Rotational energy distributions

The rotational energy distributions of photodesorbed NO in the v= 0 and v = 1 states
were obtained from the REMPI spectrum measured by scanning the wavelength of the
probe laser through the corresponding rotational band at a fixed pump-probe delay. Figure
4.5 shows a typical REMPI spectrum measured from photodesorbed NO v = 0 state at
pump-probe delay of 29 us (corresponding to 950 m/s), from 8§ nm Ag NPs with 3.5 eV
excitation.
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Figure 4.5.: (1+1) REMPI spectrum of NO (v = 0, pump-probe delay = 29 ps) desorbed with 3.5
eV in p-polarization from 8-nm Ag NPs on Al,O3/NiAl (110).
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Figure 4.6 shows the Boltzmann plot of photodesorbed NO (v = 0, pump-probe
delay = 29 ps corresponding to a velocity of 950 m/s), characterized by a single straight
line in the given units (i.e. thermal rotational distribution), and yielding a rotational
temperature Ty = 485 + 50 K. The contributions from the two spin-orbit states (X*I7; » and
X?I13,), which are energetically separated by about 124 cm™, fall along the same line in
the Boltzmann plots. When the rotational populations in the two spin-orbit states are fitted
separately, they gave almost the same rotational temperature, which suggests the spin-orbit
excitation is in equilibrium with the rotational excitation. In such cases, the abscissa in the
Boltzmann plot can be represented by the sum of the rotational and the spin-orbit energy.
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Figure 4.6.: Boltzmann plot of the rotational distribution of NO (v = 0, velocity = 950 m/s)

desorbed with 3.5 eV p-polarized photons from 8-nm Ag NPs. Open triangle: Q = 1/2, filled
triangle: Q = 3/2.
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Confirming the results of the above TOF measurements, the delay time-dependent
spectra of photodesorbed NO measured from smaller Ag NPs at hv = 4.7 eV excitation
exhibit a faster component compared to results measured for larger particles and lower
photon energies. To characterize the internal energy distributions of the fast and slow
components separately, we have performed REMPI measurements at two different pump-
probe laser delays which are representative of the two components. Figure 4.7 shows a
TOF spectrum of photodesorbed NO (v =10, J” = 25.5, Q = 1/2 state) measured from 4 nm
Ag NPs at hv =4.7 eV excitation.
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Figure 4.7.: TOF spectra of photodesorbed NO (v =0, J” = 25.5, Q = 1/2 state) measured from 4-
nm Ag NPs at iv = 4.7 eV excitation. The lower spectrum is fitted with a sum of two shifted
Maxwell-Boltzmann (SMB) functions, one with a similar shape as the corresponding TOF
spectrum measured from 8-nm Ag NPs (upper spectrum), and the remaining fast component is
fitted with the second SMB function (blue area). The vertical gray lines on the TOF spectrum show
the velocity for which rotational and vibrational distributions were obtained.
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The spectrum is fitted with a sum of two shifted Maxwell-Boltzmann (SMB)
functions, one with a similar shape as the corresponding TOF spectrum measured from 8
nm Ag NPs, and the remaining fast component is fitted with the second SMB function.
The vertical gray lines on the TOF spectrum denote a particular velocity for which
rotational and vibrational distributions were obtained.

Therefore, the REMPI signal at a pump-probe laser delay of 29 us (velocity = 950
m/s) is dominated by the internal state population distribution of the slow component
while the internal state population distribution of the faster component was determined by
measuring the REMPI spectrum at a faster pump-probe delay, 19 ps (i.e., molecules which
have velocity of ~1500 m/s). At a pump-probe laser delay 19 ps, only molecules
photodesorbed from 4 nm Ag NPs at 4v = 4.7 eV excitation have a sufficient signal-to-
noise ratio to derive the rotational temperature.

The rotational temperatures of photodesorbed NO measured at various Ag NP sizes
and Ag (111) with Av=2.3, 3.5 and 4.7 eV excitations are shown in Table 4.1. At hv =2.3,
3.5, and 4.7 eV, the rotational temperature of photodesorbed NO (velocity = 950 m/s) is
almost constant at 450 + 50 K throughout the nanoparticle size. However, those molecules
desorbed with a velocity = 1500 m/s from D = 4 nm Ag NPs at hv = 4.7 eV excitation have
a clearly higher rotational temperature, ~620 K. The rotational temperature of
photodesorbed NO molecules at 4v = 3.5 eV (p-polarized) is about ~480 K the rotational
temperature at the same photon energy but in s-polarization is about ~490 K. This again
confirms the insignificance of plasmon excitation on the rotational energy distributions of
photodesorbed NO.

An average rotational energy of the photodesorbed NO, at a specific vibrational state,
can be obtained by calculating a weighted average sum up to a rotational energy level J~ =
28.5:

N, (W, J)E,, (v,J), (4.1)

rot

1
(E, ()= N2

where N,,; denotes the population of the rotational level with energy E, .

Their contribution to the total rotational energy has to be weighted by the respective
vibration population for v = 0, and v = 1 states. The results are summarized in Table 4.3
below. It should be noted that the true rotational energy is expected to be slightly higher,
due to populations of rotational states above J” = 28.5. Moreover, due to correlations
between rotational and translational energies the measured rotational energy at a fixed
pump-probe delay may not represent the total average rotational energy of the fast or slow
component.
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b) Vibrational energy distributions

In order to get the degree of vibrational excitation of the photodesorbed NO, the
REMPI spectra are measured by tuning the probe laser over the NO p-bands at fixed
pump-probe laser delays of 29 ps or 19 ps. This yields the vibrational population
distribution of the slow or the fast component, respectively. At the pump-probe laser delay
of 19 ps, only molecules photodesorbed at 4v = 4.7 eV excitation from D = 4 nm Ag NPs
have a sufficient signal to calculate the vibrational population.

The vibrational temperatures are determined by comparing the signal intensities in v
=1 and v = 0 states with similar J”, after intensity normalization with Franck-Condon
factors and assuming a Boltzmann distribution for the vibrational populations. Here, we
assume equal detection efficiencies for v = 0 and v = 1 states and we use Frank-Condon
factors of 0.17 and 0.11 for the (0,0) and (1,1) NO y-band transitions, respectively.

The vibrational temperatures of photodesorbed NO measured at various Ag NPs
including results from Ag (111) at ~zv = 2.3, 3.5 and 4.7 eV excitations are shown in Table
4.2. At hv = 2.3 and 3.5 eV excitations the vibrational level v = 1 is populated with ~ 2 -
3 % of the photodesorbed molecules, which corresponds to a vibrational temperature of
Tyi, = ~700 - 780 K and does not significantly change with particle size, D. On the other
hand, at 4.7 eV the vibrational level v =1 is populated with ~14 % (Tyi» = ~1390 K) for the
slow (velocities 950 m/s) and ~17 % (Ti, = ~1550 K) for the fast (velocity = 1500 m/s)
components of photodesorbed NO. At 3.5 eV p-polarized the vibrational level v = 1 is
populated with ~1.6 % (T, = ~660 K) and at the same photon energy but in s-polarization
the vibrational level v =1 is populated with ~2 % (T.i, = ~710 K). This observation again
suggests, plasmon excitation at 3.5 eV in p-polarization has no significant influence on the
vibrational excitation of the photodesorbed molecules.

The average vibrational energy of photodesorbed NO can be calculated by using the
following equation:

(E)=—3 N,WE,v), 42)
N

where E,(v) is the vibrational state energy and N,(v) is the population of the corresponding
vibrational level (v = 0 or v = 1). The average vibrational energies for the fast and slow
components are summarized in Table 4.2.
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Table 4.2: Summary of the rotational and vibrational temperatures of NO photodesorbed
with 2.3, 3.5, and 4.7 eV from Ag surfaces.

hv [eV]  polarization  substrate velocity [m/s] Tt [K] Tvi» [K]
Ag (111) 950 ~425 ~780
4 nm Ag NPs 950 ~405 ~692
* 8nmAgNPs 950 462 ~667
8 nm Ag NPs 950 ~460 ~670
11 nm Ag NPs 950 ~452 ~697
Ag (111) 950 ~438 ~797
4 nm Ag NPs 950 ~370 ~687
3.5 8 nm Ag NPs 950 ~485 ~655
8 nm Ag NPs 950 ~490 ~700
11 nm Ag NPs 950 ~470 ~670
Ag(111) 950 ~432 ~788
4 nm Ag NPs 950 ~400 ~1390
4.7 4 nm Ag NPs 1500 ~620 ~1540
8 nm Ag NPs 950 ~440 ~686
11 nm Ag NPs 950 ~474 ~726
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c) Spin-orbit energy distributions

The REMPI spectra obtained from a wavelength scan can also probe the populations
in the two spin-orbit states of the ground state of NO. In addition, it can also provide the
populations in the two lambda doublet states within each spin-orbit state. The former can
be determined by comparing the peak heights (after normalizing with the Honl-London
factors) for transitions originating from the two spin orbit states, X1, » and X2H3/2 which
are separated by 124 cm’'. Here we took the populations of the Ry; and P»;+Q;; branches
for the spin-orbit IT;, state, and of the P;, and Q,+R;, branches for the spin-orbit I3/,
state. Thus, the relative peak intensities for these transitions can be taken as the relative
populations of the two spin-orbit states. Figure 4.8 shows the individual population ratios
in the spin-orbit I1;, and I3, states as a function of J” of NO desorbed from 8 nm Ag NPs
at hv = 3.5 eV excitation. As can be seen from figure 4.8 the two spin-orbit states are
equally populated.
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Figure 4.8.: Population ratios in the spin-orbit IT;,, and IT;,, states of NO desorbed from 8-nm Ag
NPs at Av = 3.5 €V as a function of J”.
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4.3.3. Energy partitioning into the different degrees
of freedom

The amount of energy partitioned into the different degrees of freedom (DOF) will
tell us the fraction of the initial excitation energy that goes to the excitation of translational,
rotational, vibrational and electronic degrees of freedom. From the energy provided by the
photon, /v, a part will be dissipated in dimer dissociation and subsequent breaking of the
adsorption bond (E,4s). The remainder will be available for excitations of translational and
internal DOF of the desorbed NO. From the TPD results presented in Chapter 3 E,q4s 18
very small compared to the excitation photon energies (hv = 2.3, 3.5, or 4.7 eV) and can be
neglected. Therefore we can consider 2.3, 3.5, and 4.7 eV as the initial available energy for
NO dimer excitation.

The total energy in the translational and internal DOF of the desorbed NO molecules
are determined from the translational and internal energy distributions presented above
(Section 4.3.1 and Section 4.3.2). The average translational energies of photodesorbed NO
molecules are obtained from the QMS-TOF measurements. Since these measurements are
already averaged over the internal quantum states, no further averaging is necessary. The
average rotational and vibrational energies are determined using equations (4.1) and (4.2),
respectively. The results found are summarized in Table 4.3 below.

Table 4.3: The translational, vibrational, and rotational energy contents in the
photodesorbed NO from slow and fast channels (all values are given in eV).

Species <Etran™> <Erot> <Eyip> <Eior>
Slow @ 2.3 & 3.5¢eV 0.125 0.04 0.006 0.17

Slow @ 4.7 eV 0.126 0.039 0.035 0.20
Fast @ 4.7 eV 0.414 0.055 0.042 0.51

Where, <E,>, <E.>, and <E,j,> are the average translational, rotational and vibrational
energies, respectively.
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As can be seen from the above table, a significant part of the released energy is
found as translational energy, Ey.. The total energy which goes to the different DOF of
desorbing NO can then be obtained from the sum of the contributions of all DOF:

(Ep)=(E,.)+(E ) +{E)+(E,), 4.3)

where, <Ei,>, and <FE> are the average total and electronic energies, respectively.
Hence, ~0.17 eV (for the slow component) and 0.51 eV (for the fast component) is
released into the desorbing NO molecules which is much smaller than the energy provided
by the photon. In metal/adsorbate systems the major fraction of the excitation energy is
lost (and transferred to the substrate) due to the short lifetime (10™'° — 10" s) of electronic
excitations. This could be due to some part of the excitation energy dissipated into the
substrate by the repulsion after neutralization, but mainly by the electron jumping back.

4.3.4. Correlations between the different DOF

So far the results from individual final state energy distributions of the desorbed NO
have been presented. However, more information about the dynamics of the desorption
process can be obtained from the correlations among the final state energy distributions of
the photodesorbed NO molecules.

As shown in section 4.3.1.b, the TOF spectra of photodesorbed NO shifted to the
fast pump-probe delay and became narrower with increasing rotational states J”. The
translational temperature, obtained from fitting of these spectra with SMB functions,
therefore increases with increasing rotational excitation, J”. Such a positive correlation
between the translational and rotational excitations has been observed before from many
other systems. It indicates the coupling of the translational and rotational excitation during
the desorption process.
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Figure 4.9.: Correlations between mean translational energy, plotted as a function of rotational
energy of the particular rotational state of NO v = 0, Q = 1/2, desorbed with 4.7 eV from 4 nm Ag
NPs (plus sign), 8-nm Ag NPs (solid circle), 11-nm Ag NPs (open circle), Ag (111) (solid triangle).

Correlations between the translational and rotational temperatures can be used to
measure the degree of excitation in the adsorbate-substrate and the degree of tilting of the
adsorbate on the surface immediately prior to desorption. To look at the size effects on
these correlations we have compared translational-rotational correlations of photodesorbed
NO at 4v = 4.7 eV excitation measured from 4, 8, and 10 nm Ag NPs and Ag (111) (see
figure 4.9). In all cases a positive correlation between the translational and rotational DOF
of the photodesorbed NO is observed. In fact, the correlation is stronger for NO
photodesorbed from Ag NPs as compared to that of from Ag (111), and it is strongest for
the smallest Ag NPs, D =4 nm.

On the other hand, the translational and rotational energies do not show any
significant change between the v = 0 and v = 1 states. Figure 4.10b shows the TOF spectra,
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measured from 8-nm Ag NPs at 4v = 3.5 eV (p-polarized), for the two vibrational states at
J7=25.5 and Q = 1/2 state. From fitting the TOF spectra with SMB functions we deduce a
translational temperature of 1028 K and 1058 K for the v =0 and v = 1 states, respectively.
Thus, the translational temperature of photodesorbed NO in the first vibrational excited
state (v = 1) is very similar to that found for the ground vibrational state (v = 0). Similarly,
the rotational distributions of photodesorbed NO are remarkably similar for both
vibrational states. Figure 10a shows the Boltzmann plots of photodesorbed NO molecules
from 8-nm Ag NPs at iv = 3.5 eV (p-polarization) for the vibrational states v=0and v = 1.
The calculated rotational temperatures for v = 0, and v = 1 states, from the slopes of
Boltzmann plots, are 485 and 497 K respectively.
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Figure 4.10.: Correlations between a) rotational and vibrational b) translational and vibrational
excitations of photodesorbed NO with 3.5 eV in p-polarization from 8-nm Ag NPs on Al,O3/NiAl
(110).

These observations suggest that the vibrational excitation mechanism is strongly
decoupled from the rotational and translational degrees of freedom during the desorption
process. The above coupling or decoupling behaviors are observed regardless of particle
size (including Ag (111)), photon energy, or polarization although their nature or strength
may vary as observed in figure 4.9.
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4.4. Discussion

4.4.1. Photoexcitation mechanism(s)

Before discussing the photodesorption dynamics, let’s recall the photoexcitation
mechanism(s) proposed before (in Chapter 3). As briefly presented in Chapter I, the
photoexcitation of molecules adsorbed on surfaces can be divided into three: i) direct
excitation of the adsorbate, ii) indirect excitation of adsorbates i.e., photons absorbed by
the substrate create electron-hole pairs that can excite the adsorbate or the adsorbate-
substrate complex, and iii) excitation of phonons which leads to laser-induced thermal
desorption (LITD). Previous polarization and angle resolved measurements confirmed that
the observed photochemistry of NO from NO dimers on the Ag (111) surface is induced
by the substrate-mediated hot electron attachment mechanism. Thus it is believed that
photodesorption takes place via a transient negative ion (TNI) state produced by
photoelectron attachment from the substrate [Yin91, Kid99, Nak06]. For the present
system, NO dimers which are weakly chemisorbed on Ag surfaces, the results in Chapter
3 have provided evidence that the substrate mediated mechanism is the most probable
mechanism for initial excitation of NO dimers adsorbed on Ag NPs. Excitation of phonons,
which may result in LITD is unlikely for the photon fluence used in this work (< 2
mJ/cm?/ laser pulse), but can not be excluded for the slow components.

Therefore, the discussions of the photodesorption dynamics of NO from (NO),
dimers on Ag NPs will be presented based on a substrate mediated process, i.e.,
photodesorption takes place via transient negative or positive ion (TNI or TPI) states of
NO dimers formed by charge carrier attachment from the substrate (here Ag NPs).
However, the possibility of a direct excitation channel is also conceivable at /v =4.7 eV.

4.4.2. Photodesorption dynamics

The photodesorption dynamics of NO from single crystal metal surfaces has been
studied intensively using state resolved detection methods [Ric88, Bung&9, Fuk93°, Mur95],
albeit mostly for adsorbed NO monomers. Most of the results from these studies
essentially possess many similar features in the final state energy distributions of the
desorbing NO molecules. In many cases, the reported rotational distributions resemble
Boltzmann (thermal) distributions at temperatures well above the surface temperature. The



-92 . 4.4. Discussion

translational and rotational energies of the desorbing NO molecules show positive
correlations. The vibrational excitation is decoupled from other excitations [Bun89]. We
have also performed similar measurements on NO dimers adsorbed on single crystal Ag
(111) surfaces for comparison. As will be shown below, the results of the present work (on
Ag NPs) show many similarities with the NO photodesorption results on single crystal
metal surfaces. In our system, the adsorbate is the NO dimer instead of the NO monomer,
attachment of substrate hot charge carriers to chemisorbed NO dimers initiates both the
photodissociation of NO dimers to monomers and the desorption of monomers. Hence the
dynamics of NO desorption from NO dimers adsorbed on Ag surfaces is more complicated
due to the parallel breaking of the N — N and NO — surface bonds. For complicated
mechanisms of this sort, where little is known about the excited state PES, it is not
possible to determine the exact origin of energy dissipation and product state distributions.
Therefore we can at present only discuss the qualitative relationships between the
observed energy disposal and the proposed mechanisms. Theoretical analysis would be
necessary to accomplish more, which is not available at present but will hopefully be
stimulated by our detailed results.

In general, photodesorption of adsorbed molecules from metal and semiconductor
surfaces is discussed in the MGR model [Men64] and Antoniewicz [Ant80] models, the
latter amplified by Ho and Zimmerman [Zim95]. The adsorbed NO dimer molecule is
photoexcited from the electronic ground state PES to the excited state PES. The excited
ionic or neutral adsorbate accelerates towards or away from the surface depending on
whether the excited state is more or less tightly bound than the ground state. During the
motion on the excited state potential (at most a few femtosecond for metal substrates
[Avo89, Dai95]) the molecule gains kinetic energy, Ex, (due to its acceleration) and
changes its position. When the excited undissociated / partially dissociated NO dimer
returns back to the neutral state (i.e. to the ground state potential), it will find itself
displaced from its equilibrium position and will experience a kick which leads to increased
kinetic energy. Finally the molecule will desorb with a kinetic (translational) energy which
is the difference between the total energy gained in the excitation/de-excitation process
and the remaining potential barrier at the point of relaxation on the ground state PES. The
energy gained by the molecule during this excitation/de-excitation sequence strongly
depends on the nature of the threedimensional PESs and the lifetime, t;, of the molecule in
the excited state PES. Therefore any change of the PESs (ground and/or excited state)
and/or lifetime of the molecule in the excited state will result in a corresponding change in
the final kinetic energy of the photodesorbed molecules. Experimentally, these energies
can be determined by measuring the TOF spectra of the desorbing molecules.

In a similar manner, the rovibrational energies of desorbing molecules from metal
surfaces are commonly explained in the above mentioned models. Electronic de-excitation
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of the dimer to increasingly repulsive regions of the ground state PES leads not only to
acceleration of the center of mass of the desorbate (excitations of the translational DOF)
but also to excitation of rotational DOF of the desorbing NO molecules. On Ag surfaces
NO adsorbs as a dimer bonded with the N — N axis in the surface plane and an < NNO
bond angle of a = 120" [Bro95]. Therefore, one possible source for rotational excitation in
the NO can be the force applied on the dimer after the NO dimer is transferred to the
ground PES, giving rise to torque.

N

P

Figure 4.11.: Schematic diagram of impulsive model for NO rotational excitation. Momentum
transfer from the substrate and impulsive rupture of N — N bond of the NO dimer can lead

rotationally excited NO.

Another possible source of rotational excitation of NO can be the impulsive rupture
of the weak N-N bond in a 120° tilted ON — NO configuration of the NO dimer after it is
de-excited to the ground state PES (see figure 4.12). However, the latter can happen only
if the N — N dissociation force is the dominant force on the ground state PES. But the
molecules resulting from the latter mechanism should not be detectable in our
experimental setup since the N — N repulsion force should lead to the molecule flying
parallel to the surface. But in our measurements we detect molecules which desorb normal
to the surface.
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As mentioned above the repulsive force applied on the molecule (tilted) excites the
molecule’s translational and rotational DOF, which leads to the coupling of the two DOF
of the desorbed NO molecules. In figure 4.9, evidence was presented illustrating a strong
positive correlation between the translation and rotation. The positive correlation can be
also explained by a classical theoretical model, called impulsive model, proposed by
Zimmermann and Ho. It predicts a positive correlation between the mean translational
energy and rotational energy and a narrowing of the Maxwell Boltzmann distribution as
the rotational energy is increased [Zim95]. A positive correlation between translational
and rotational DOF has been also observed previously for photodesorbing NO molecules
from various surfaces.

Vibrational excitation of the desorbed NO molecules can be understood by assuming
the NO dimer is excited into a state that is characterized by a different N — O bond length
than its equilibrium bond length. The TNI desorption mechanism usually leads to highly
vibrationally excited molecules, because the intramolecular equilibrium distances of the
negative ion (here (NO), ) are expected to be very different from those of the neutral. The
excitation of the vibrational DOF is found strongly decoupled from the translation and
rotation DOF, which suggests the motion of the molecules in the vibrational coordinate
does not affect excitations of other DOF or vise versa. The decoupling also suggests a very
different mechanism, as compared to the mechanism of translational and rotational
excitations, is responsible for vibrational excitations.

The above mentioned models assume the distributions of the translational and
rotational energies are due to the distribution of TNI lifetime. However, that may not be so.
Rather, the distributions may mainly come from the range of distances on the ground state
curve which comes from the fact that the Franck-Condon range of the initial molecule is
first projected onto the TNI curve, which upon deexcitation is further projected onto the
repulsive part of the ground state curve. There is no difference of these for different
vibrational states, which are due to the stretching of all bonds in the TNI. Therefore, the
vibration is non-correlated. The fact that such decoupling has also been found for NO
monomer adsorbates with very different bond eliminates the need to ascribe it to the
complications arising from the dimer-monomer transition. On the other hand the dimer —
monomer transition will be important in the dynamics. Since the excitation start with a
ground state dimer and end with a monomer desorption. At some point the excited dimer
has to cross over onto the monomer PES.

As can be seen in Table 4.3, the energy available is not equally partitioned into the
different DOF. For example, the majority of the availably energy goes to the translational
excitation. The distribution of the available energy over the various DOF of the NO
molecules is dictated by the detailed dynamics and better understanding needs theoretical
calculations. But the extensive data presented here are a good basis for such calculations.
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An unequal distribution of the final state DOF with a predominance of the translational
energy was also observed from fs laser induced associative desorption of H from Ru (001)
[Lun06]. And the authors concluded that the unequal partitioning in the product is due to a
translational barrier on the ground state PES.

Since the size dependence of photodesorption dynamics is the central importance of
this study, the next section will focus on the main mechanisms that may lead to the
observed size dependent changes of NO desorption at three different excitation energies.

Effects of size and photon energy

The constancy of translational and internal energies of photodesorbed NO at 2.3 and
3.5 eV for all sizes suggests that essentially the same mechanism is operative throughout
the size regime used in this study. Two points are noteworthy in connection with the
constant final energy distributions at 2.3 and 3.5 eV. First, the TPD results in Chapter 3
have shown a gradual change of the NO dimers’ adsorption energy (decrease with
decreasing D). The observed slight shift of adsorption energy, which suggests also a slight
modification of the ground state PES, however, should not have any significant influence
on the final state energy distributions of the photodesorbed NO molecules from Ag NPs.

The second point is that, at 3.5 eV in p-polarization, the Mie plasmon of the Ag NPs
is excited. We have seen in Chapter 3 that at this photon energy the photodesorption cross-
section is enhanced up to 43 times, at D = ~5 nm, compared to the Ag (111) surface.
Moreover, the nature of the size dependent change of the PCS is significantly different
from the one found at 2.3 eV excitation (moderate enhancement, ~11 times compared to
Ag (111), and highest at the smallest Ag NP size i.e., at D = 2.8 nm). However, the final
energy distributions at these two photon energies (2.3 eV which is off-plasmon resonance
and 3.5 eV which is on-plasmon resonance) are equal and show quite similar size
dependence, i.e. essentially independence. We have done also similar measurements at
equal photon energy, 3.5 eV but at different polarizations i.e., in p-polarization (on
plasmon resonance) and s-polarization (off-plasmon resonance). The results show no
difference in the final state energy distributions of the desorbed molecules. This
observation suggests that the Mie plasmon excitation at 3.5 eV does not alter the
photodesorption dynamics of NO throughout the Ag NP size. Therefore the effect of the
plasmon is only an enhancement of the number of hot electrons participating in the
desorption process which increases the desorption probability without changing the
desorption mechanism. Apart from the plasmon excitation, one further conclusion that can
be drawn from the observed similar final state energy distributions at two different photon
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energies is that the same energetically low lying transient negative ion state (NO dimer
LUMO) is populated (or excitation occurs to a similar PES) regardless of the exciting
photon energy. It seems reasonable, based on the above observations, to assume that the
PESs and the life time, t;, of NO dimers are likely independent of D.

On the other hand, at 4.7 eV anomalous size dependent changes of translational and
internal energies of the desorbed NO molecules are observed for small particles. Detailed
analysis of these results showed the emergence of a new desorption channel with different
dynamics that results in more energetic desorbates than the normal hot electron attachment
TNI mechanism. In the following we focus on the dynamics of the photodesorption
process giving rise to the fast channel. The origin of this new channel emerging at Av = 4.7
eV should be connected with the higher excitation energy rather than a change or
modification of PESs with particle size. We speculate about two mechanisms: the first
likely mechanism is that this process is triggered by hot holes rather that hot electrons; and
the second possible mechanism is a direct excitation of NO dimers, as will be briefly
discussed in the following.

1. d-band hot hole mechanism (TPl mechanism):

If the incident photon energy is sufficient enough to excite electrons from the d-level
to above the Fermi level of the substrate, hot holes can be created in the d-band of the
substrate (see figure 4.12.B green upward arrows). If the adsorbate orbital has some
hybridization with the d-electrons, production of holes in the d-state at the surface could
lead to a transient positive ion (TPI) which can lead to desorption or reaction.

Why at 4.7 eV? At 4.7 eV photons it is possible to excite electrons i) from the Ag s-
p state to above the vacuum level (see figure 4.12 A) or ii) from the Ag d-state to above
the Fermi level (figure 4.12 B). In the following the significance of these two processes on
the photochemistry of NO dimers adsorbed on Ag surfaces will be discussed.

On silver surfaces, the excitation of Ag d-electrons to above Er occurs from around
3.9 eV on. Since the adsorption bond of NO dimers on Ag most likely involves some
hybridization of Ag d-electrons with dimer ’4-states [Jig99], production of holes in the d-
state at the surface could lead to a transient positive ion (TPI). It is more likely, therefore
that the new excitation accessible at 4.7 eV is that from the Ag d-band to empty sp-states
as schematically shown with a green vertical arrow in figure 4.12 B.

On the other hand excitation of the Ag NP surface with v = 4.7 eV which is well
above the work function of Ag NPs, will also create photoholes that are localized around
the Fermi level (see figure 4.12 A, green vertical arrow). However, the possibility of these
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hot holes to induce desorption is unlikely as they are energetically lower (localized around
the Fermi level) than the LUMO level of NO dimers. Also, similar holes will be produced
by hot electron scattering during the cooling of the hot electrons produced by 2.3 or 3.5 eV
light. Only the hot electron distributions between the vacuum and Fermi level can induce
desorption, in a similar way as at the lower photon energies, through the hot electron
attachment TNI mechanism.

Hence, at 4.7 eV both electron and hole attachment to an adsorbate will happen
which results in formation of TNI and TPI (transient positive ion) states, respectively. In
both cases the adsorbate would be likely attracted to the surface by the image charge
formed on the substrate Ag NPs [Ant80].

Figure 4.12.: Schematic view of
the  various  photoexcitation
mechanisms: A. excitations to
the TNI state (electron transfer
from s-p band of substrate to the
LUMO of the adsorbate), in
addition the excitation shown by
a green vertical arrow can create
a hole in the s-p band (see text).
B. excitation of d-band electrons
to below Er (red) and to the
empty s-p states above Er (green).

C. direct excitation from
occupied adsorbate orbital to the
empty s-p band of the substrate.
D. direct excitation from HOMO
to LUMO of the adsorbate. E.
electron transfer from occupied
Substrate Molecule adsorbate state to the d-hole

created in the  excitation

mechanism B (green).
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Why is the TPI mechanism dominant at smaller nanoparticle size? For D > 6 nm
the translational and internal energies does not change with size, suggests that
photodesorption of NO via the TPI is negligible for larger D, i.e. the TNI mechanism is
normally dominant. However, for very small Ag NPs (D < 6 nm), the TPI mechanism may
become more efficient due to the increasing probability of d-band holes to localize at the
surface that increases with increasing surface to volume ratio (~1/R) of the Ag NPs.

How does the TPI mechanism lead to more energetic desorbates? We suggest the
following qualitative argument as a plausible explanation for the new mechanism (TPI
mechanism). The adsorbed NO dimer is excited by a charge transfer from the substrate to
the transient ion state. The adsorbate transient ion state has a short life time of some 107 s
or less, during which time it is either quenched to the neutral or dissociates to monomers
on the excited potential energy surface. Once the ion (TNI or TPI) state is formed, it is
attracted to its image charge, moves closer toward the surface, and thus has a surface-to-
adsorbate distance that is shorter than that of the neutral. After back-transfer of the
negative or positive charge of the NO dimer to the substrate Ag NPs, the neutral NO dimer
(or the resulting monomers) which are displaced from their equilibrium position become
accelerated and desorb with large kinetic energy. Cations are likely smaller species, so
they are further accelerated and approach to the surface closer than the anions. As a result
cationic molecules are further displaced from the ground state equilibrium position than
the anions. Since the mass of cations and anions are not significantly different, and
assuming the excited state PESs for TNI and TPI are dominated by the image attraction
and therefore are roughly the same, then one can assume the cation approaches the surface
closer, i.e., travels a longer distance in the excited state PES, up to the point of
neutralization, where the molecule will fall onto the ground state potential at a closer and
therefore energetically higher (and steeper) location. Therefore, this argument can explain
the observed higher translational temperature of NO photodesorbed at /v =4.7 eV.

However the above assumption of similar excited PES for both TNI and TPI states is
probably a gross simplification. The TNI resonance is attributed to population of the n*
molecular orbital of the NO dimer which is involved in the adsorption bond formation in
antibonding function. On the other hand, in the TPI mechanism, the Ag d-band electrons
which are hybridized with the NO dimer’s A4; state are excited above Er. Since d-band
electrons are involved in the bonding with NO dimers, excitation of an electron from this
band to the s-p band may lead to a weakening of the NO dimer adsorption bond and the
excited state PES for the TPI and TNI may be quite different. On the other hand, the NO
dimer 4; state is also hybridized with the Ag s-p states. Therefore populating Ag s-p states
is also expected to strengthen the NO dimer — Ag bond. For complicated systems of this
sort more theoretical calculations are needed to unravel the consequences and implications
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of these ionic resonant states of NO dimers on the nature of the excited PES. Therefore, in
our interpretation we use the lowest approximation, with the excited PES assumed similar
for both ionic states and the major force governing the nuclear motion on these surfaces is
the image charge formed on the metal substrate [Ant80].

Assuming the above suggested electron and hole transfer mechanisms to hold, the
longer lifetime of the excited NO dimer may result in a highly rotationally excited
molecules since the excitation of the rotational DOF is positively correlated to the
excitation of translational DOF. As discussed above since the TPl mechanism leads to
highly translationally excited NO molecules, the corresponding high rotational excitations
are expected (impulsive model). Furthermore, (NO)," may have a different geometry as
compared to the neutral NO dimer. In gas phase (NO)," favors a planar trans-Ca, geometry
while the neutral NO dimers has cis-C,, geometry [Str96]. Therefore, the high rotational
temperature observed in the TPl mechanism could also be due to the very different
adsorbate geometry in the TPI state compared to the ground state equilibrium geometry.
The strong rotational-translational coupling observed also at 4.7 eV suggests that the
electronically excited dimer state is in a different equilibrium configuration than the
ground state. In the TPI mechanism, besides higher translational and rotational excitations
a significantly higher vibrational excitation is also observed which suggests that in the
excited state the N — O bond is considerably stretched or compressed compared to its
ground state equilibrium length.

2. Direct excitation of NO dimer as a possible mechanism:

Another alternative mechanism which should be considered for the new channel at
4.7 eV is the direct excitation of NO dimer states to the empty s-p band, necessitating no
d-hole transfer (see figure 4.12. C). Since the origin of the initial excitation of such a
charge transfer (CT) process is an adsorbate valence orbital, the excitation may be
localized to the adsorbate. Therefore, such a CT excitation can be considered as a direct or
adsorbate localized excitation.

If we compared the “direct” CT with the TPI mechanisms presented above, there is
no real difference between the two. In the former, an electron from the adsorbate orbital
localized mainly on the dimer is excited into the s-p band of the NP (figure 4.12 C), and in
the latter case the same NO dimer orbital is ionized by transferring an electron into the d-
band hole which is created by exciting a d-electron into the s-p band (see figure 4.12 E). In
both cases we create a hole in the adsorbate orbital and an electron localized in the s-p
band; only the sequence is different. Hence a “direct” CT mechanism can also lead to a
more energetic desorbates as the TPl mechanism.
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The next question is, why would this “direct” excitation be strong for small
particles? Relatively speaking the number of hot electrons, which are responsible for the
TNI mechanism, decreases with the volume of the Ag NPs (~1/R*) while the number of
adsorbed dimer molecules is proportional to the surface area (~1/R?) hence the relative
strength of the direct excitation mechanism will increase with 1/R as for the TPI
mechanism.

Another possible excitation mechanism is the fully localized direct excitation of
electrons from the HOMO to LUMO orbitals of the NO dimer, similar to the gas phase
excitation. Such direct excitation mechanism was suggested for NO desorption from
multilayer NO dimer films on Ag (111) surface [Nat88], and monolayer NO dimers
adsorbed on LiF (001) surfaces [Jac95]. However, as mentioned in Chapter 3, the cross
sections of this direct HOMO-LUMO excitation is extremely low. Furthermore, 4.7 eV are
most probably not enough for this excitation (in the isolated dimer it requires > 5 eV).
However the photo excitation spectrum of an adsorbed molecule may be modified from
that observed in the gas phase due to hybridization of molecular orbitals with those of the
substrate. Even in physisorbed molecules, where such hybridization is negligible,
screening at the surface could lead to a decrease of the HOMO-LUMO gap [Wat96].
Therefore, this mechanism is less probable, but we can not exclude it in principle.

All the above discussions are based on a generalized, qualitative picture without
quantitative knowledge about the nature of the ground and excited state PES or the nature
of quenching processes and lifetimes in the excited transient ion states. Therefore,
theoretical calculations are needed to get detailed information on these points.



Chapter 4 Photodesorption dynamics of NO from (NO)2 on Ag NPs - The effect of particle size -101 -

4.5. Summary

In summary, we have investigated the effect of particle size and photon energy,
including at plasmon excitation, on the photodesorption dynamics of NO from NO dimers
adsorbed on Ag NPs on alumina films on NiAl (110) substrates. Both rotationally and
vibrationally hot molecules with temperatures high above the sample temperature are
found for NO molecules photodesorbed at two different velocities, 950 m/s and 1500 m/s.
The excitation mechanisms for translational and rotational DOF are coupled in the
desorption process while the vibrational excitation is decoupled from the other excitations.
Constant translational and internal energy distributions of photodesorbed NO molecules at
hv =2.3 and 3.5 eV excitations are observed throughout the Ag NP size. Furthermore the
observed results are quite similar to those found for NO dimers on Ag (111) surfaces. This
observation suggests that the accepted mechanism, TNI formation by hot electron
attachment, persists throughout the NP size range for 2.3 and 3.5 eV. In addition, the
plasmon excitation at 3.5 eV does not change the final state energy distributions of the
desorbing NO molecules. Hence, plasmon excitation can increase the cross section via
field enhancement but does not change the desorption dynamics. At 4.7 eV and smaller D,
however, abnormally highly excited desorbates are observed which indicates contributions
of a new mechanism. We argue that this consists in formation of hot holes in the adsorbate,
either by excitation of d-band holes at the Ag NP surface and transfer into an adsorbate
orbital, or by direct charge transfer excitation from the latter into the Ag NPs s-p band
above Ep. This can lead to desorption via transient positive adsorbate ions. Another
possible mechanism, direct NO dimer HOMO-LUMO excitation, is unlikely because 4.7
eV are probably not sufficient, and the expected cross sections are very small. The
increasing contribution of these mechanisms with decreasing size can be explained by the
relative increase of surface atoms (that increases localized d-holes at the surface) or the
increasing number of NO dimers, in proportion to the surface area compared to the volume
of the NPs. However, due to lack of information on the excited PES it is difficult to give a
definite and quantitative interpretation of the observed mechanisms. We hope that this
work will act as a good motivation for theoreticians.
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Chapter 5

State-resolved-measurements of photodesorbed
NO from Ag surfaces by femtosecond laser
pulses

This chapter provides results concerning translational and internal energy
distributions of NO molecules as they are desorbed from 8 nm Ag NPs or an Ag (111)
surface by femtosecond (fs) laser pulses at hv = 3.1 eV (p-polarized) at fluences 0.08 and
0.72 mJ/cm?. After reviewing the previous results found from the same system used here,
the new results will be presented and discussed. The TOF distributions of the desorbed NO
molecules are bimodal at lower J”, and for the fast component a strong coupling between
translation and rotation is observed except for NO molecules desorbed from Ag NPs at
fluence, F = 0.72 mJ/cm?. Rotationally hot molecules are detected for molecules desorbed
with a velocity of 950 m/s, which is a representative of the fast component. On the Ag
(111) surface the results are independent of fluence and about equal to those found for
nanosecond (ns) pulses. On the other hand on Ag NPs a slight decrease of T; and T, are
observed with increasing fluence. These results are compared with those obtained for the
same system with ns laser pulses at hv = 3.5 eV and the possible desorption mechanisms
are discussed.

Keywords: DIET, DIMET, friction model, Ag NPs, Ag (111), desorption dynamics



- 104 - 5.1. Introduction

5.1. Introduction

Desorption of molecules on metal surfaces induced by ultrafast laser pulses has
attracted much attention. Experimental studies of NO desorption from several metal
surfaces have been reported using ultrashort laser pulses [Pry90, Bud93, Mis95, Bud8S,
Bud91]. Compared with the corresponding DIET process, the desorption process induced
by short laser pulses was found to have a higher yield, ‘hotter' internal-state and
translational energy distributions, and the yield scales as a power of the laser fluence, F.

Two basic models have been applied to account for the phenomenon of femtosecond
laser induced desorption, usually in higher F regions: DIMET i.e., adsorbate multiple
excitation-deexcitation processes [Mis92, Gao95, Her98] and a frictional coupling scheme
in which electrons flow back and forth between the metal substrate and a low lying
adsorbate state with a single potential energy surface, PES [New91, Spr96]. These models
assume that desorption is mediated by laser excited substrate electrons that are
characterized by an electronic temperature T(t) which could not be explained by a
conventional thermal or photochemical desorption mechanism. Usually the lattice
temperature rise is not sufficient to explain desorption, so that an electronic mechanism
must be responsible. Then the coupling between the adsorbate degrees of freedom and the
elevated substrate electron temperature before the latter equilibrates with the substrate
phonons explains various experimental findings. There are also approaches that assume
thermal desorption induced by high intensity fs laser pulses [Kwi05]. The
DIMET/frictional heating process is observed when a high F fs laser is used for excitation
of the surface. However, at lower fs laser F the normal DIET process may be still
operative [Bus96].

Confined systems like thin films or nanoparticles may offer additional advantages.
The electronic temperature can become very high [Glo08] and decay slowly [Zhd04] in
metal NPs compared to their bulk counterparts. The increase of the electronic temperature
in nanostructures can increase the desorption yield, P, according to Py o (F/d)" [Nes04].
A plasmon-enhanced fs laser induced thermal desorption of water from quartz-supported
Ag clusters was also observed [Kwi05].

Previously the photodesorption cross section and translational temperature of
photodesorbed NO from Ag (111) and 8 nm Ag NPs with 3.1 eV fs laser pulses in the F
regime between 0.02 — 2 mJ/cm® have been studied by using a QMS [Kim09]. In the
following the summary of the previous results from this system and the motivation for the
current study are presented.

The results from these studies show a number of interesting features, among them:
The photodesorption yield of NO is roughly linear with F (F < 2 mJ/cm?) for both Ag
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(111) and Ag NPs. On Ag (111) surfaces: i) roughly linear fluence dependence of
photodesorption cross section was observed ii) the derived desorption cross section was
comparable to those found for the same adsorption system with nanosecond pulses at
somewhat higher photon energy, 3.5 eV; and iii) the translational temperatures were
independent of F and also did not change significantly as compared to the results found at
hv = 3.5 eV and nanosecond laser pulses. All these results suggest that in the laser fluence
applied in this system a similar mechanism as proposed for molecules photodesorbed with
ns laser pulses at hv = 3.5 eV, i.e., a DIET process is operative. If we compare the above
observations with other systems studied before; for example NO on Pd (111) [Pry90], the
super-linear dependence of the desorption yield on F, the desorption cross section with fs
laser pulses (~10™"® cm?) being 10* times higher than the one found in ns laser pulses (~10"
22 ¢m?), the increase of translational temperature at higher F, these characteristics of the
DIMET!/ electronic friction process are not observed in the present system, on the Ag (111)
surface.

On the other hand for 8-nm Ag NPs, the desorption cross section of NO was ~500
times higher than that found from the same system when ns laser pulses are used. The very
high cross section observed from Ag NPs with fs laser excitations was almost independent
of F and an increase of the translational temperature of NO from Ag NPs starting from F =
~1 mJ/cm® was observed. These observations were explained based on the DIMET/friction
model.

The above observations motivated us to study the dynamics of fs laser induced NO
desorption further by measuring the excitations of the other degrees of freedom of the
desorbing molecules, to unravel the possible mechanisms that result in the extremely high
cross sections which are observed even at very low F on Ag NPs, and the increase of T; at
higher F, which are not there in the case of Ag (111). Due to the very low output intensity
of our laser however, we are not able to measure at higher fluences. And therefore
measurements are performed only at low fluence (below the fluence at which the increase
of T; was observed in the previous QMS study). The obtained results are compared with
the behavior observed for nanosecond laser induced desorption for the same system.
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5.2. Experimental

The (1+1) REMPI technique was implemented to measure the state resolved final
state energy distributions of NO molecules from Ag (111) and Ag NPs following fs laser
irradiation. The experimental setup and measurement procedures are the same as those for
ns pulses presented in Chapter 4. In this chapter fs laser pulses of 110 fs duration FWHM
were produced by a Ti-Saphire mode-locked laser pumped by a pulsed Nd: YLF laser
(Merlin). The laser beam was incident on the sample with p-polarization and at an angle of
45 ° from the surface normal at a repetition rate of 50 Hz. The intensity profile of the beam
on the sample surface is shown in figure 5.1.
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Figure 5.1.: Femtosecond laser beam intensity profile.

The maximum output intensity of our laser system was very low (output laser
fluence, F ~ 0.08 mJ/cmz), therefore our measurement was limited to lower laser fluence.
A somewhat higher fluence, F = ~0.72 mJ/cm” was achieved by focusing the beam on the
sample. Molecules desorbed along the surface normal were detected 28 mm away from the
sample surface quantum selectively by a second laser (probe laser) as in Chapter 4. One
of the difficulties in these measurements, especially the photodesorption measurements
from Ag NPs, was to get a steady state adsorption/desorption equilibrium. As presented in
the introduction the PCS of NO from Ag NPs caused by fs pulses is so high that the
surface coverage is depleted quickly (a single laser pulse can desorb up to 50 % of the
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coverage even at very low laser fluence). To compensate the desorbed NO coverage we
have to use a high NO background pressure (in the order of ~ 10”7) and a longer adsorption
time. Since the laser repetition rate is 50 Hz, opening the shutter for 1 second corresponds
to irradiating the surface with 50 laser pulses but the desorption will be finished already in
the first few ( 2 to 3) laser shots. The other laser pulses will not lead to any desorption
signal, i.e., to 0 signal intensity. Therefore the average signal measured in 1 second shutter
opening is very small.

The high background NO pressure together with the high transient NO desorption
flux may perturb the final energy distribution of the desorbed molecules due to post-
desorption collision (see section 5.4).

5.3. Results

In this section the results found from the state resolved measurements of
photodesorbed NO from NO dimer-covered Ag surfaces (Ag (111) and 8 nm Ag NPs)
induced by 3.1 eV (p-polarized) fs laser pulses are presented. The final state energy
distributions of molecules desorbed by fs laser pulses are compared to those found for the
same system by ns laser pulses. Moreover, the effect of the fs laser fluence on the final
state energy distributions is presented.

Final state distributions

Rovibrationally resolved translational energy distributions of photodesorbed NO
molecules induced by fs laser pulses from Ag NPs and Ag (111) surfaces were measured
at two different laser fluences (0.08 and 0.72 mJ/cm?). Figure 5.2 shows the rotational
state dependence of the TOF spectra of NO molecules desorbed by 3.1 eV fs laser pulses
at F = 0.08 mJ/cm? from NO dimer-covered 8-nm Ag NPs. As can be seen from the figure,
the spectra shift to a faster pump-probe delay as the rotational state, J” is increased. The
TOF spectra at lower J” are bimodal and the contribution of the slow component
decreases with increasing J”’ and vanished at higher J” levels. The faster component shifts
to the fast pump-probe delay and becomes narrower with increasing J”. The desorbed NO
molecules from Ag (111) surfaces induced by fs laser at 3.1 eV and fluence 0.72 mJ/cm®
show similar behavior (not shown). Similar features were also observed in the ns laser
induced desorption results, which have been presented in Chapter 4.
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Figure 5.2.: TOF spectra of NO (v =0, 2 = 1/2 and designated J” states) desorbed with 3.1 eV p-
polarized fs laser pulses at fluence of 0.08 mJ/cm” from 8 nm Ag NPs.

Figure 5.3 shows a typical Boltzmann plot of photodesorbed NO (v = 0, pump-probe
delay = 29 ps) from 8 nm Ag NPs induced by 3.1 eV femtosecond laser pulses at fluence
0.08 mJ/cm”. As can be seen in the Boltzmann plot, it can be characterized by a straight
line which gives a rotational temperature T;o; = 365 K. This value is smaller than the value
found on the same particle size when ns laser pulses were used to desorb NO (~ 485 K at
hv = 3.5 eV). On the other hand, no significant difference on the rotational energy
distributions of the desorbed NO molecules from the Ag (111) surface with nanosecond
and femtosecond laser pulses was observed (Tt = ~ 440 K for 7v = 3.5 eV ns laser pulses
and Tt =~ 410 K for hv =3.1 eV fs laser pulses).
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Figure 5.3.: Rotational distribution of NO (v = 0) desorbed with 3.1 eV p-polarized fs laser pulses
from Ag (111) surface. The straight line fit represents the rotational Boltzmann distribution

To check the effect of F on the translational and rotational energy distributions of
the desorbed NO, further measurements were conducted at the higher laser F obtained by
focusing the beam on the sample. The results found at these two different laser fluencies,
F =0.08 mJ/cm® and three times focused beam (F = ~0.72 mJ/cm?) and the corresponding
results found with v = 3.5 eV ns laser desorption are summarized in Table 5.1. The
translational temperatures are compared for J” = 11.5 values (i.e., the T; found by fitting
the TOF spectra measured from photodesorbed NO in v=0,J” = 11.5, Q = 1/2 state, with
shifted Maxwell Boltzmann function). The results clearly show that, translational
temperatures of photodesorbed NO obtained with lower fluence (F = 0.08 mJ/cm?)
femtosecond laser pulses are similar, within the experimental error, to those found with ns
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laser pulses. On the other hand, at F = 0.72 mJ/cm? the T, is smaller by more than 100 K
compared to the results found on the same system but at lower fluence, F = 0.08 mJ/cm®.
The rotational distribution of photodesorbed NO from the Ag (111) surface is almost
independent of F. But on 8 nm Ag NPs, T, of photodesorbed NO decreases from ~410 K
at F = 0.08 mJ/cm? to ~300 K at F =~ 0.72 mJ/cm”.

Table 5.1: Summary of the translational and rotational temperature of NO desorbed with
3.1eV p-polarized fs laser pulses at F = 0.08 and 0.72 mJ/cm’.

Substrate hv [eV] F (mJ/em®) T, [K] Troi [K]
Ag (111) 3.1 (fs) 0.08 485 410
3.5 (ns) 1.6 520 435
3.1 (fs) 0.08 396 365
8 nm Ag NPs
3.1 (fs) 0.72 271 304
3.5 (ns) 1.1 440 485

* The translational temperatures of photodesorbed NO inv =0, J”=11.5 and Q = 1/2 state.
** The rotational temperature of photodesorbed NO (v = 0) with velocity of 950 m/s.
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Figure 5.4 shows the translational-rotational correlations of fs laser desorbed NO
from 8 nm Ag NPs and Ag (111) surfaces. For comparison the corresponding results
measured by ns laser from the same system are shown (cross symbols). As can be seen
from the results, at lower F a positive correlation, which is quite similar to the
corresponding correlations found in ns laser measurements, are found. However, for F =
0.72 mJ/cm’ there are only two data points at lower translational and rotational energies
and therefore it is difficult to say more about the correlation (see figure 5.4, blue squares).
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Figure 5.4.: Mean translational energy, plotted as a function of rotational energy of the particular
rotational state probed, of NO desorbed with 3.1 eV fs laser pulses from Ag (111) (black squares),
8 nm Ag NPs at F = 0.08 mJ/cm’® (green squares), and at F = 0.72 mJ/cm® (blue squares). The
corresponding results found at 3.5 eV ns laser pulses from Ag (111) (black crosses), and 8 nm Ag

NPs (green crosses) are also shown for comparison.

Due to poor signal to noise ratio of the REMPI spectra of photodesorbed NO
molecules in the v = 1 state, it is very difficult to calculate the degree of vibrational
excitations of photodesorbed NO induced by fs laser pulses from both Ag NPs and Ag
(111) surfaces at both fluences. In other systems extremely high vibrational excitation of
photodesorbed NO induced by femtosecond laser pulses from chemisorbed NO, ~2900 K
in NO/Pd (111) [Bud93], ~3800 K in NO/NiO) [Eic98] is observed.
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5.4. Discussion

On Ag (111) the translational and rotational energy distributions of photodesorbed
NO and the correlation between them did not show significant changes for fs compared to
ns laser excitations suggesting the basic nature of the excitation-deexcitation process did
not change between the ns and fs laser desorption. Therefore, we expect the DIET model
discussed in Chapter 4 to be applicable also in fs laser desorption of NO from Ag (111) in
the fluence range used in this study.

On the other hand the rotational energy of photodesorbed molecules by 3.1 eV fs
laser pulses are found to be lower than the corresponding ones found at #v = 3.5 eV ns
laser pulses, but the T; is not changed significantly. As mentioned in the introduction, in
the same system the desorption cross section of NO from Ag NPs by 3.1 eV fs laser pulses
is ~500 times higher than the corresponding result found with 3.5 eV ns laser pulses.

Now let’s look first at the high cross section observed in the former study of this
system by QMS. In the case of hot electron mediated femtochemistry, the confinement
may have an influence on the 7. According to previous study [Nes04] on thin films,
lowering the film thickness may have a similar effect as increasing the fluence. In addition,
in confined systems the electronic temperature is very high and cools down slowly [Zhd04,
Glo08]. As a consequence, the hot electron mediated desorption depends sensitively on
film thickness and the desorption probability is expected to scale Pyes ~ (F/d)", where n is a
film thickness dependent variable [Nes04]. The above properties suggested for thin films
seem to be a general characteristic for confined systems and appear to apply also to NPs.
Hence the observed high cross section in our system is likely to be achieved through
multiple excitation (DIMET) processes. If the DIMET mechanism is the probable
desorption mechanism for NO from Ag NPs, the next question is, why the translational
and internal energies of the desorbed NO decrease for NPs when F is increased? In
contradiction to the DIMET process which should result in highly excited desorbates
[Bud93, Eic99, Kao93] our observation shows a decrease of translational and rotational
temperatures with increasing F. In fact a rapid decrease of the translational energy of
desorbed O, induced by 3.1 eV 110 fs laser pulses from the O,/Pt (111) system has been
observed in the fluence range at which the crossover from single to multiple excitations is
expected [Bus96]. Presumably our conditions might also correspond to the crossover from
DIET to DIMET processes i.e., from the region where single excitations (DIET) are
dominant to the region where multiple excitations become dominant.

Furthermore, in hot electron mediated desorption of NO induced by femtosecond
laser pulses pronounced vibrational excitation is found [Pry90] which was explained based
on a transient multiple population of the antibonding 21" orbital. In contrast, in the present
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system no detectable vibrationally excited NO molecules are found which lets us estimate
that at most 1 % can desorb in the v = 1 state. Another model used to explain the fs laser
induced desorption process is the friction model. In the limit of frictional energy transfer,
only adsorbate levels near the Fermi level are populated instead of populating the
adsorbate antibonding 2n" orbital as in DIET/DIMET process. Therefore, the frictional
model may result in a less vibrationally excited molecule if the available adsorbate
resonance states near the Fermi level (if any) are not as strongly antibonding. However,
the detailed dynamics of the desorption process depends on the 3D potential energy
surface.

Another possibility for the observed decrease of final state energy distributions could
be post-desorption collisions due to high density — in space and time — of desorbing NO. In
addition, in fs laser measurements higher NO background pressures had to be used to
avoid the quick depletion of NO dimers on the surface. Hence the post-desorption
collisions among desorbates and with the background NO gas can perturb the measured
energy distributions of the desorbed NO molecules [Bat87, Sim96].

In the following we roughly estimate the number of post-desorption collisions of the
desorbing NO molecules: The pulse width of the fs laser used for desorption is ~110 fs.
The density of the desorbing NO molecules in a 110 fs is similar to that of a three
dimensional gas. For a typical velocity of about 950 m/s, the extent of the NO gas
distribution at the end of the pulse duration/width is about 10 m from the surface. For
about 50 % desorption (corresponds to desorption of ~200 NO molecules per nanoparticle
per laser pulse [Kim09] which gives 2 x 10'® NO molecules/m?), this results in NO gas
density of about 2 x 10** NO molecules/m’. Assuming the collision cross section between
NO molecules is constant at about 4 x10™'* m* a mean free path of about ~10"° m can be
be derived from the above values. Since the distance between the sample and the
ionization/detection point is 0.028 m, NO molecules will experience about ~10” collisions
before reaching to the detection point. Such high number of collisions, ~10” collisions/NO
could result in an adiabatic cooling of the desorbate analogous to a supersonic expansion
[And65]. A large and correlated reduction in both the rotational and translational energies
is also observed for NO molecules desorbing from NO dimer covered MgF, surface at 248
nm [Sim96].

Overall, unlike the other fs laser studies from various systems mentioned above in
the fluence regime used in this study little evidence is observed for the role of
DIMET/friction mechanisms except the large desorption cross section (~500 times higher
than that found from the same system when ns laser pulses are used) found for desorbing
molecules from Ag NPs in previous QMS measurements. This may be due to a large
perturbance of the final energy distribution by multiple scattering of the desorbates.
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In summary, we have studied fs laser induced desorption dynamics of NO from NO
dimers adsorbed on Ag NPs and Ag (111) surfaces using a (1+1) REMPI detection
technique. The translational and internal energy distributions and the observed T-R
correlation of photodesorbed NO molecules from the Ag (111) surface suggests the
accepted mechanism, TNI formation by hot electrons, is the probable mechanism also for
fs desorption in the fluence regime used in this study. On the other hand on Ag NPs of
mean diameter 8 nm on alumina film on NiAl (110) substrates, relative decreases of
translational and rotational energies of desorbed molecules are observed which may be due
to transition of a new mechanism (presumably DIMET/Friction) from the conventional
desorption mechanism, DIET observed at Av = 3.5 eV ns laser pulses. However, post-
desorption collisions due to the high density in space and time, of NO could also account
for the observed decrease of final state energy distributions.
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Chapter 6

Summary and conclusions

The principal question of this work is focused on the particle size effects on the
photochemistry of NO dimers adsorbed on alumina supported Ag NPs in the photon
energy range between 2.3 and 4.7 eV, including the plasmon excitation at 3.5 eV. The
experiments have been carried out under UHV conditions using mass-selected time-of-
flight (MS-TOF), resonance-enhanced multiphoton photoionization (REMPI), and
temperature programmed desorption (TPD) techniques. The main results and conclusions
are summarized as follows.

At low temperature (< 77 K) NO is known to form a NO dimers on Ag (111)
surfaces which upon heating or photon irradiation dissociates into monomers which partly
desorb, or reacts to form N,O and O. In our study on Ag NPs quite similar behavior was
observed suggesting there is also dimerization of NO, and formation of the above
mentioned products upon heating or photon irradiation. However the desorption peak
temperatures of the reaction products were found to be lower on Ag NPs, and changing
almost linearly with 1/R starting from the peak temperature found from the reference
surface, Ag (111). This reduced interaction between NO dimers and the Ag NPs which
scales with the inverse of the particle diameter (~surface to volume ratio) is discussed
based on the electronic and geometrical nature of the size effects of the Ag NPs. Some of
them are: the possible shift of the Ag d-band away from the Fermi level. Since the NO
dimer’s HOMO has some hybridization with the Ag d-electrons, this shift can weaken the
adsorption energy. In addition, the reduction of the van der Waals dispersion forces (which
sums over all the Ag atoms of the NP) with decreasing the Ag NP size is expected.
Furthermore the size dependence of the ionization potential, possible changes of the
surface structure, e.g., Ag-Ag bond contraction with decreasing size, and the geometrical
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confinement of the reactions on the nm scale are suggested as possible reasons for the
observed size dependent desorption temperature of NO dimers and N,O on Ag NPs.

We have also found clear size effects on the photochemistry of the adsorbed NO
dimers on Ag NPs. For excitations off the plasmon resonance (photon energies of 2.3 and
4.7 V), the photodesorption cross section (PCS) of NO increases roughly linearly with the
surface to volume ratio (~1/R) of Ag NPs. This is explained by the confinement effect of
hot electrons formed by the incoming photons which can lead to desorption via a transient
negative ion state as on Ag (111). Since the sizes of the nanoparticles used in this study are
much smaller than the mean free path of low energy electrons in Ag, the photogenerated
hot electrons with in the volume of the Ag NPs (~R?) can scatter with the surface (~R?)
several times. Such multiple scattering processes will increase the availability of hot
electrons at the surface and correspondingly increase the desorption probability of the
adsorbates which will then scale with the surface to volume ratio of the NP.

For excitation in the plasmon resonance (3.5 eV, p-polarized) a maximum
enhancement of the PCS of NO (~43 times compared to the Ag (111) results) is found at
the intermediate size of D = ~5 nm which then sharply decreases both with increasing and
decreasing D. This peaked behavior is explained as due to the interplay of at least two
opposing size effects. The rapid decrease of PCS at diameter above D = ~5 nm is
attributed to the decreasing contribution of Landau damping with increasing D, while the
steep decrease of PCS at diameter below ~5 nm is believed to be due to the reduction of
the plasmon oscillator strength which scales with the total number of atoms in the NP.

Going beyond the macroscopic information; the detailed microscopic dynamics of the
photoinduced process has been investigated. The results from the final state energy
(translational, rotational, and vibrational) distributions in the desorbing NO molecules
showed that the desorption process is non-thermal. This was found by measuring these
energy distributions of the desorbing molecules at velocities 950 and 1500 m/s. In addition,
the excitation mechanisms for translational and rotational degrees of freedom of these
molecules are coupled in the desorption process while the vibrational excitation is
decoupled from the other excitations.

Constant translational and internal energy distributions of photodesorbed NO
molecules at Av = 2.3 and 3.5 eV excitations are found throughout the Ag NP size range.
Furthermore the observed results are quite similar to those found for NO dimers on Ag
(111) surfaces pointing that the accepted mechanism, TNI formation by hot electron
attachment remains the most probable mechanism operating throughout the NP size range
for 2.3 and 3.5 eV. From this result we suggest that the confinement of electrons and the
PCS enhancement by plasmon excitation do not alter the individual desorption dynamics
of NO, at least for /v <3.5¢V.

At higher excitation photon energy (4.7 eV) and for small particles, however, a
dramatic increase of both the translational and internal energies of the desorbed NO
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molecules are observed which suggests the emergence of a new mechanism. The first
possibility is, the d-band hot hole mechanism. In this mechanism hot holes are formed by
excitation of electrons from the Ag d-band to above the Fermi level. These hot holes can
then attach to the adsorbate and excites it to a transient positive ion (TPI) state. Another
path to the same excited molecule is the direct charge transfer (CT) mechanism. In this
mechanism photon absorption can lead to hot holes in the adsorbate by direct excitation of
electrons from the adsorbate (NO dimer) HOMO to the s-p orbitals above the Fermi level
in the Ag NPs. Therefore, both processes can lead to desorption via a transient positive ion
state of the adsorbate. The fact that this mechanism results in more energetic desorbates
compared to the TNI mechanism can be explained by the fact that the molecules in the TPI
state are more compact than in the TNI state, so that they can approach the surface closer
and with higher velocity and therefore rebounce with a higher energy. The increasing
contribution of these mechanisms with decreasing size is likely connected with the relative
increase of surface atoms (which increases the contribution of localized d-holes at the
surface) or the increasing number of NO dimers (which increases the direct CT
mechanism), in proportion to the surface to volume ratio of the NPs.
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