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München, am

Datum Unterschrift

ii



Abstract

The plasmonic properties of size-selected, supported silver clusters are stud-

ied by surface second harmonic generation spectroscopy and by surface

cavity ring-down spectroscopy under ultra high vacuum conditions. A reso-

nance splitting for plasmonic modes oriented parallel and perpendicular to

the surface is shown, which can be attributed to the anisotropic environment

caused by the SiO2 substrate. A blue shift of ≈ 0.2 eV in the plasmon reso-

nance of ligand free clusters is observed for a decreasing cluster size from

Ag55 to Ag9, which is described by a theoretical model based on Mie theory.

A capping layer of chemisorbed thiolate ligands shifts the plasmon reso-

nance by ≈ 0.3 eV to lower energies, which can be attributed to an increased

refractive index of the dielectric environment and a reduced free electron

density inside the silver clusters. In addition to this general behavior clear

differences are observed for Ag55 and Ag20 due to the varying surface to

volume ratio.

Furthermore the thin film growth of π-conjugated molecules is studied

by surface cavity ring-down spectroscopy. A shoulder in the absorption

spectrum of a bis-pyrene is observed for coverages above one monolayer,
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which can be attributed to intermolecular interactions.

Die plasmonischen Eigenschaften größenselektierter, geträgerter Silber-

Nanopartikel werden mittels nicht linearer ’Second Harmonic Generation’

Spektroskopie (SHG), sowie linearer ’Cavity Ring-Down’ Spektroskopie

(CRD) unter ultrahochvakuum Bedingungen untersucht. Die Plasmonres-

onanz verschiebt sich um ≈ 0.2 eV zu höheren Energien, wenn die Par-

tikelgröße von Ag55 zu Ag9 reduziert wird. Die gemessene Verschiebung ist

in quantitativer Übereinstimmung mit einem auf der Mie Theorie basieren-

den Modell, welches mittels DFT berechnete, größenabhängige dielektrische

Funktionen von Silber verwendet. Im Gegensatz zu Studien an Silber-

Nanopartikeln, welche in kalten Edelgas-Matrizen eingebettet sind, wird

selbst für die kleinsten untersuchten Nanopartikel eine einzige, plasmonar-

tige Resonanz gemessen. Der größenabhängige Trend, welcher für größere

Partikel bereits bekannt ist und mittels Mie Theorie erklärt werden kann,

konnte somit bis hin zu molekülartigen Nanopartikeln bestätigt werden.

Es wird gezeigt, dass die Polarisierbarkeit freier Leitungsbandelektronen

innerhalb von Silber-Nanopartikeln durch die Adsorption von organis-

chen Molekülen reduziert wird, was zu einem Verlust der gemessenen

SHG-Intensität führt. Um den Einfluss von organischen Molekülen auf die

plasmonischen Eigenschaften von Silber-Nanopartikeln zu bestimmen, wird
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daher eine lineare optische Methode verwendet. Mittels CRD-Spektroskopie

wird gezeigt, dass die Plasmonresonanz geträgerter Silber-Nanopartikel um

≈ 0.3 eV zu niedrigeren Energien schiebt, wenn Thiophenol auf die Proben

aufgedampft wird. Diese Änderung kann der hohen Affinität von Thiolen

gegenüber Silber und somit einer Chemisorption von Thiophenol auf den

Silber-Nanopartikeln zugeordnet werden. Der gemessene Einfluss ist in qual-

itativer Übereinstimmung mit einer erhöhten dielektrischen Konstante des

umgebenden Mediums, sowie einer Reduktion der freien Elektronendichte

innerhalb der Silber-Nanopartikel. CRD-Spektroskopie wurde weiterhin

dafür verwendet, die Adsorption und den Übergang zu einer geschlosse-

nen Monolage π-konjugietrer Moleküle zu untersuchen. Oberhalb einer

Oberflächenbedeckung von einer Monolage ist im Absorptionsspektrum

eine Schulter zu erkennen, welche intermolekularen Wechselwirkungen

zuzuschreiben ist.

v





Contents

Abstract iii

1. Introduction 1

2. Optical Properties of Metal Clusters 5

2.1. Size Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2. Shape Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3. Dielectric Environment . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.1. Refractive Index Changes . . . . . . . . . . . . . . . . . 21

2.3.2. Anisotropic Dielectric Environment . . . . . . . . . . . 28

2.4. Chemical Interface Effects . . . . . . . . . . . . . . . . . . . . . 32

3. Experimental 37

3.1. Setup and Sample Preparation . . . . . . . . . . . . . . . . . . 37

3.2. Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.1. Surface Cavity Ring-Down Spectroscopy . . . . . . . . 49

3.2.2. Surface Second Harmonic Generation Spectroscopy . . 53

vii



Contents

4. Results and Discussion 59

4.1. Comparison between s-SHG and s-CRD Spectroscopy . . . . . 60

4.2. Size Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.3. Cluster Molecule Interactions . . . . . . . . . . . . . . . . . . . 78

4.3.1. s-SHG Studies . . . . . . . . . . . . . . . . . . . . . . . . 79

4.3.2. s-CRD Studies . . . . . . . . . . . . . . . . . . . . . . . . 87

4.4. Thin Film Growth of π-conjugated Molecules . . . . . . . . . 99

5. Summary and Outlook 105

A. Experimental Results 111

A.1. SHG Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A.2. CRD Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Bibliography 119

viii



List of Figures

2.1. Localized Surface Plasmon Resonance . . . . . . . . . . . . . . 5

2.2. Dielectric Function of Silver . . . . . . . . . . . . . . . . . . . . 8

2.3. Mie Resonance of Silver Nanoparticles . . . . . . . . . . . . . . 9

2.4. Free Mean Path Effect . . . . . . . . . . . . . . . . . . . . . . . 12

2.5. Competition between Surface Screening and Quantum Size

Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.6. Size Dependent Dielectric Function of Silver Nanoparticles . . 16

2.7. Size Dependent Extinction Spectra of Silver Nanoparticles. . . 17

2.8. Geomerty of Optical Extinction Experiments . . . . . . . . . . 18

2.9. Plasmon Splitting of elongated silver nanoparticles . . . . . . 19

2.10. Refractive Index caused Shifts of the Localized Surface Plas-

mon Resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.11. Extinction Spectra of Supported Silver Nanoparticles . . . . . 26

2.12. Interparticle Coupling . . . . . . . . . . . . . . . . . . . . . . . 29

2.13. Image Charge of Supported Nanoparticles . . . . . . . . . . . 30

2.14. Free Electron Density caused Shifts of the Localized Surface

Plasmon Resonance . . . . . . . . . . . . . . . . . . . . . . . . . 34

ix



List of Figures

3.1. Scheme of the Experimental Setup . . . . . . . . . . . . . . . . 38

3.2. Mass Spectrum of Silver Clusters . . . . . . . . . . . . . . . . . 39

3.3. Visualization of the Cluster Spot . . . . . . . . . . . . . . . . . 42

3.4. Energy Distribution of Unselected Silver Clusters . . . . . . . 43

3.5. Scheme of the Detection Unit . . . . . . . . . . . . . . . . . . . 45

3.6. Picture of the Sample Holder . . . . . . . . . . . . . . . . . . . 46

3.7. Temperature Behavior of Sample Holder . . . . . . . . . . . . 47

3.8. Scheme of the Cavity Ring-Down Principle . . . . . . . . . . . 49

3.9. s-CRD Spectrum of the used BK7 Glass Substrates . . . . . . . 53

3.10. Resonance Enhanced Second Harmonic Generation . . . . . . 56

3.11. Linear and Nonlinear Response of the Electric Polarization

with the Strength of the Applied Electric Field . . . . . . . . . 57

4.1. Geomerty of Optical Extinction Experiments . . . . . . . . . . 60

4.2. SHG Intensity of Supported Unselected Silver Clusters de-

pending on the Angle of Incidence. . . . . . . . . . . . . . . . 62

4.3. LSPR Dispersion of Supported Silver Clusters . . . . . . . . . 63

4.4. LSPR Dispersion of Silver Clusters in an Unisotropic Dielec-

tric Environment for different Axis Ratios . . . . . . . . . . . . 65

4.5. LSPR of Alumina Supported silver Nanoparticles for Excita-

tions Parallel and Perpendicular to the Surface . . . . . . . . . 67

4.6. Experimentally derived Plasmon Energies of Size Selected

Silver Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.7. Experimentally derived Plasmon Energies of Size Selected

Silver Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

x



List of Figures

4.8. Structural Chemical Formulas of Molecules used to study

Cluster Molecule Interactions. . . . . . . . . . . . . . . . . . . . 80

4.9. s-SHG Extinction Spectra of Supported Silver Clusters inter-

acting with Binol. . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.10. Nonlinear s-SHG and Linear UV/VIS Extinction Spectra of

Supported Silver Clusters. . . . . . . . . . . . . . . . . . . . . . 84

4.11. Influence of Thiophenol on the Extinction Spectrum of Unse-

lected Silver Clusters. . . . . . . . . . . . . . . . . . . . . . . . . 90

4.12. Influence of Thiophenol on the Extinction Spectrum of Size

Selected Ag20 and Ag55 Clusters. . . . . . . . . . . . . . . . . . 91

4.13. Evolution of the LSPR position under Thiophenol Exposure. . 93

4.14. Time Behavior of the Extinction of Supported Silver Clusters. 95

4.15. Evolution of the LSPR Position under Benzene Exposure. . . . 96

4.16. Effect of Sample Temperature on the Influence of Thiophenol

onto the Extinction of Supported Silver Clusters. . . . . . . . . 97

4.17. Structural Chemical Formula of bis-pyrene. . . . . . . . . . . . 100

4.18. Absorption spectra of bis-pyrene in solution and bis-pyrene

deposited onto a BK7 glass substrate. . . . . . . . . . . . . . . 101

4.19. Coverage dependent Extinction of bis-pyrene Supported onto

BK7 Glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

A.1. SHG Extinction spectra of Supported Silver Clusters before

(black) and after (blue) Exposure to the Base Pressure of the

Preparation Chamber. . . . . . . . . . . . . . . . . . . . . . . . 113

xi



List of Figures

A.2. Loss of SHG Signal of Supported Silver Clusters due to Ex-

posure to Glutathione. . . . . . . . . . . . . . . . . . . . . . . . 114

A.3. Loss of SHG Signal of Supported Silver Clusters due to Ex-

posure to 2-aza[6]helicene. . . . . . . . . . . . . . . . . . . . . . 114

A.4. Loss of SHG Signal of Supported Silver Clusters due to Ex-

posure to thiophenol. . . . . . . . . . . . . . . . . . . . . . . . . 115

A.5. CRD Extinction Spectra of Supported Silver Clusters before

(black) and after (green, blue) Exposure to the Base Pressure

of the Preparation Chamber. . . . . . . . . . . . . . . . . . . . . 115

A.6. Evolution of the Extinction Spectrum of Ag20 and Ag55 Clus-

ters under Exposure to Thiophenol. . . . . . . . . . . . . . . . 116

A.7. Time Behavior of the Extinction Spectrum of Supported Silver

Clusters saturated with Thiophenol. . . . . . . . . . . . . . . . 116

A.8. Reproducibility of CRD Measurements. . . . . . . . . . . . . . 117

A.9. Reproducibility of the Adsorption Kinetic of Thiophenol on

Supported Silver Clusters. . . . . . . . . . . . . . . . . . . . . . 117

A.10.Mass Spectra of the Background in the Preparation Cham-

ber during Exposure of Cluster Samples to Thiophenol and

Benzene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

xii



1. Introduction

The plasmonic behavior of coinage metal nanoparticles, which is dominated

by their localized surface plasmon resonance (LSPR), has been used to

color glass for many centuries. The most popular example is the famous

Lycurgus cup, which was crafted by the Romans in the 4th century and

is exhibited in the British Museum in London. It appears green or red

depending on whether light is reflected from or shining through the cup,

respectively. Based on their strong absorption of light and the ability to en-

hance electro-magnetic fields, nowadays plasmonic coinage metal nanopar-

ticles enable a wide range of applications like biological and chemical

sensing [6, 63, 139, 206], plasmon assisted spectroscopy [102, 126, 157], en-

ergy harvesting [11, 37, 129] and plasmon assisted chemistry [125, 138, 149].

Regarding to these fields of research, silver is one of the most studied metals,

because the LSPR of silver nanoparticles is located in the UV/VIS and it is

exceptionally pronounced due to the absence of interband transitions in this

spectral range, which would damp the LSPR. It has been shown, that the

optical properties of silver nanoparticles depend, amongst others, strongly

on their size [34, 105]. Therefore the size-dependent optical properties have
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1. Introduction

to be understood in order to optimize their plasmonic behavior. However,

in the case of supported silver nanoparticles, which is the practically most

relevant system for the applications mentioned above, experimental studies

are limited to particle diameters above ≈ 1.5 nm, due to the low surface

coverages required to avoid agglomeration and the small excitation cross

section of particles containing only a few tens of atoms [134, 158, 177]. This

lack of information is particularly problematic in this size range, because

substantial deviations from the plasmonic behavior of bigger particles are

expected for molecular-like silver clusters [3, 61] and were observed for very

small silver clusters embedded in cold rare gas matrices and in the gas phase

[52, 116]. In order to overcome the experimental challenges, within this work

the surface sensitivity of second harmonic generation spectroscopy is used

in order to investigate molecular-like silver clusters supported onto a SiO2

substrate.

Besides ligand-free metal clusters, monolayer-protected nanoparticles at-

tracted a lot of interest in the past two decades, since thiolate-stabilized

gold nanoparticles were synthesized for the first time in 1994 [25]. Not only

gold but also thiolate-protected silver clusters have boosted, amongst others,

the understanding of the size dependent optical properties [68]. However,

chemisorbed thiolates change the optical properties of metal nanoparticles

due to a reconstruction of the metal atoms, a change in the electron den-

sity inside the nanoparticle and an alteration of the dielectric environment

[67, 151, 164]. Especially in the case of small particles with diameters below

≈ 2 nm strong deviations from a plasmonic behavior in form of distinct

absorption features can be observed [32, 47, 210], which are not present in

2



the optical extinction spectra of ligand-free silver nanoparticles of similar

size. However, since the ligand-layer is mandatory for the stabilization of

such metal clusters, no experimental studies on the impact of the ligands

on the optical properties under controlled conditions are available so far.

Within this work the impact of the thiol-ligands on the optical properties

of size-selected supported silver clusters is investigated under ultra-high

vacuum conditions and the evolution of the extinction spectrum from the

ligand-free clusters to a saturated system is monitored by means of surface

caity ring-down spectroscopy.
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2. Optical Properties of Metal

Clusters

The optical properties of metal nanoparticles are dominated by the Local-

ized Surface Plasmon Resonance (LSPR), a collective oscillation of the free

conduction band electrons. This classical model is depicted in figure 2.1. In

the case of small particles, an external electromagnetic field penetrates the

whole particle and the homogeneous field inside the particle moves the free

conduction electrons with respect to the positively charged lattice ions. The

conduction electrons build up a negative charge at the particle surface that

feels a restoring force due to the positive charge of the fixed lattice ions. If the

-- --- -

+ ++ ++

-- --- -

+ ++ ++

- --- --

++ ++ +

- --- --

++ ++ +

-- --- -

+ ++ ++

-- --- -

+ ++ ++

- --- --

++ ++ +

- --- --

++ ++ +

E field

electron cloud

metal core

Figure 2.1.: Dipolar Localized Surface Plasmon Resonance excited by an External Electro-

magnetic Field.
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2. Optical Properties of Metal Clusters

external field is in resonance with this collective oscillation, a pronounced

absorption is observed and a suspension of such particles appears colorful,

if the absorption is in the visible region. Despite the strong absorption of

small noble metal particles in the UV/VIS range of the electromagnetic

spectrum, the ability for enhancement of the electromagnetic field around

the nanoparticle is the most prominent feature of LSPRs. Both properties

of the LSPR are used for energy harvesting [11, 129, 37], plasmon assisted

chemistry [149, 125, 138], plasmon assisted spectroscopy [102, 157, 126],

biological labeling and chemical sensing [206]. In order to provide the theo-

retical background for understanding this phenomena in this chapter the

theory by Gustav Mie is introduced [143], which explaines the origin of the

red color of small gold particles for the first time, and various factors that

influence the extinction spectrum of small metal particles are discussed.

The interaction of electromagnetic fields with matter can be described with

classical electrodynamics [46] and Mie was the first who solved Maxwell’s

equations for an electromagnetic field interacting with small spheres having

the same dielectric constant as the bulk metal and that are surrounded by a

homogeneous dielectric surrounding. For nanoparticles much smaller than

the wavelength of light only a dipole oscillation contributes to the extinction

spectrum and Mie theory is expressed in its dipole approximation as follows

[143]

σext(ω) = 9
ω

c0
ε

3/2
m V

ε2(ω)

[ε1(ω) + 2εm]
2 + ε2(ω)2)

(2.1)

where σext(ω) is the frequency dependent extinction cross section, ω is the

frequency of light, co is the speed of light, V is the particles volume, εm is

6



the dielectric constant of the surrounding medium and ε1(ω) and ε2(ω)

are the frequency dependent real and imaginary part of the bulk metals

dielectric function. The dielectric function of simple metals like alkali metals

can be described well with the Drude-Sommerfeld model [105]. However

the free 5s electrons of silver are described in good approximation with this

model, too1. The basic principle of this theory is to describe the electrons in

the metal as a free electron gas, consisting of independent electrons. The

electrons can move freely between collisions, that can take place at lattice

ions, other electrons, or phonons. Within this theory the dielectric function

is expressed as

ε (ω) = ε∞ −
ω2

p

ω (ω + iγ0)
(2.2)

where ε∞ is the high frequency dielectric constant, ωp is the plasma fre-

quency of free bulk electrons and γ0 is bulk damping constant that describes

the collisions of free electrons. If only the conduction electrons contribute to

the dielectric function ε∞ has got the value 1 and consequently

ε (ω) = 1−
ω2

p

ω (ω + iγ0)
(2.3)

with its real and imaginary part

ε1(ω) = 1−
ω2

p

ω2 + γ2
0

(2.4)

ε2(ω) =
ω2

pγ0

ω
(
ω2 + γ2

0
) (2.5)

1Silver has got the electron configuration [Kr]4d105s1.

7



2. Optical Properties of Metal Clusters
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Figure 2.2.: Real part ε1(ω) and imaginary part ε2(ω) of the dielectric function of silver.

The calculated Drude-type dielectric function represents the free 5s-electrons.

The experimental data are taken from [94].

Figure 2.2 shows the real and imaginary part of the dielectric function

for silver using equations 2.4 and 2.5 and the experimentally determined

dielectric functions of bulk silver [94]. The experimentally measured di-

electric function shown in blue exhibits strong deviations compared to the

calculated Drude-type dielectric function shown in black above 3.8 eV. The

reason for this are excitations from the deeper 4d-band electrons into the

conduction band. In order to account for that the dielectric function has to

be expressed in terms of interband contributions εinter(ω) and intraband

contributions εintra(ω), whereas the free 5s1 electrons can be described with

the Drude-Sommerfeld model.

εbulk(ω) = εintra/Drude(ω) + εinter(ω) (2.6)

εinter(ω) = εbulk(ω)− εintra(ω) (2.7)

8



ex
tin

ct
io

n 
[a

.u
.]

4.54.03.53.02.52.0

LSPR energy [eV]

ε(ω) = εbulk
εm = 1

 
 

Figure 2.3.: Extinction spectrum of silver nanoparticles surrounded by vacuum, according

to Mie theory .

The dielectric function is than expressed as

ε(ω) = εbulk(ω)− εintra(ω) + εintra/Drude(ω) (2.8)

= εbulk (ω) +
ω2

p

ω2 + iωγ0
−

ω2
p/Drude

ω2 + iωγ0
(2.9)

Using the bulk dielectric function Mie theory was very successful in describ-

ing the optical properties of small metal particles [105]. Figure 2.3 shows

the calculated extinction spectrum of silver particles surrounded by vacuum

using equation 2.1 and the experimental dielectric function from figure 2.2.

The extinction spectrum shows a strong absorption at 3.5 eV corresponding

to the LSPR of the free conduction band electrons in the silver particle. In

addition the spectrum exhibits an onset above 3.5 eV which can be attributed

to the excitation of interband transitions. The fact that the LSPR is located

in an energy range well below the onset of the interband transitions is the

reason for the intense LSPR of silver and justifies to treat silver in approxi-

9



2. Optical Properties of Metal Clusters

mation as a simple Drude metal. If the LSPR is located in the same energy

range as the intraband transitions the LSPR would be less pronounced due

to a not negligible value of ε2(ω), as can be seen from the denominator in

equation 2.1. This behavior can be observed in the case of gold and copper

nanoparticles, which exhibit a much less pronounced LSPR compared to

silver nanoparticles [194].

2.1. Size Effects

It is well known, that the optical properties of silver nanoparticles depend

strongly on their size [34, 105] and this is also true for supported, molecular-

like silver clusters, as will be shown in this work. Therefore in this section

several theoretical concepts are described, which explain the size-dependent

optical properties of coinage-metal nanoparticles.

Although Mie theory has been very successful in describing the optical

extinction spectra of small metal particles down to a size of 20 nm, it has

to be modified for very small particles that have to be treated within the

dipole approximation (d � λ). Otherwise equation 2.1 would predict a

size independent optical extinction spectrum, which is not observed in

experimental studies [105]. Most extensions of classical Mie theory assume

a size dependent dielectric function following Kreibig, who proposed that

the scattering of free electrons at the particle surface becomes important, if

the diameter of the particle is smaller than the free mean path of electrons

l0. The surface scattering causes an additional damping of the electron

10



2.1. Size Effects

oscillation and the bulk damping constant γ0 has to be modified in order to

account for this size effect

γ0 =
υF

l0
(2.10)

γ(r) = γ0 + A
υF

r
(2.11)

Here υF is the Fermi velocity of electrons in bulk silver and A is a phe-

nomenological damping parameter. A is dependent on the scattering details

and varies between 0 and 1. For small silver clusters in the gasphase a value

of A = 0.25 was found [105]. Assuming that only the free 5s electrons, that

can be described with the Drude model, suffer surface scattering, the Drude

part of equation 2.9 is modified

ε (ω, r) = εbulk (ω) +
ω2

p

ω2 + iωγ0
−

ω2
p

ω2 + iωγ (r)
(2.12)

with its real and imaginary part

ε1 (ω, r) = ε1,bulk (ω) +
ω2

p

ω2 + γ2
0
−

ω2
p

ω2 + γ2 (r)
(2.13)

ε2 (ω, r) = ε2,bulk (ω) +
ω2

pγ (r)
ω [ω2 + γ2 (r)]

−
ω2

pγ0

ω
[
ω2 + γ2

0
] (2.14)

Figure 2.4 shows the LSPR energy and width2 for different particle diame-

ters, calculated by feeding equations 2.13 and 2.14 into equation 2.1. For

the dielectric constant of the surrounding medium εm a value of 1 was

2the width is shown as the full width at half maximum (FWHM)
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2. Optical Properties of Metal Clusters

0.16

0.14

0.12

0.10

0.08

FW
H

M
 [e

V
]

1.00.80.60.40.20.0

inverse particle diameter [1/nm]

3.6

3.5

3.4

LS
P

R
 energy [eV

]

 FWHM
 LSPR position

Figure 2.4.: Size dependent width and position of the Localized Surface Plasmon resonance

according to the free mean path effect.

used, corresponding to particles surrounded by vacuum. Note that both,

the LSPR energy and the FWHM for the bigger sizes match the values of

the spectrum in figure 2.3, which corresponds to a 10 nm silver particles

surrounded by vacuum. As can be seen, the main effect of the additional

surface scattering with a decreasing particle diameter is a broadening of the

LSPR, while the position remains almost unchanged. Thus the free mean

path effect correctly describes the experimentally observed 1/R dependence

of the LSPR width [12, 105, 120], but does not provide an explanation for the

shift of the LSPR to higher energies with a decreasing particle diameter that

is observed for silver nanoparticles [34, 73, 134, 158, 197]. Therefore further

modifications were carried out, that either adopt the free electron spill out

at metal dielectric interfaces for small particles [106, 127, 146, 172, 198], or

account for quantum size effects (QSE) [167, 177]. Recently a model was

presented, that account for both and analyzes the competition between

free electron spill out and quantum size effects [147]. The assumption of a

free electron spill out is in contrast to the classical Drude model with its
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2.1. Size Effects

hard wall boundary conditions, which implies a uniform density of free

electrons inside the metal particle without electron spill out into the free

space. Due to the spill out the centroid of the charge oscillation associated

with the LSPR is located outside the particle surface. In the case of simple

s metals like alkali metals the electron density outside the particle feels a

lower restoring force caused by the fixed, positively charged lattice ions. In

consequence the LSPR shifts to lower energies with a growing influence

of the surface and therefore with a decreasing particle size. In the case of

silver the influence of the filled 4d band has to be considered. The screening

of the d-electrons is very important in the bulk metal and the unscreened

bulk plasma frequency ωp is shifted from 9.08 eV to approximately 3.8 eV

[105]. However the 4d band is very localized and excluded from the surface

region where the electron spill out takes place. Thus the electron density

outside the particle oscillates at the unscreened frequency, which results in

an increased resonance frequency and therefore a shift to higher energies

with a decreasing particle diameter. Following this approach, the shift of the

LSPR depends on the quantity of the unscreened electron density outside

the particle and the resonance frequency ωLSPR can be expressed as

ω2
LSPR = ω2

p

[(
R0

R

)2

+
1 + 2 · Re(dr)/R

ε∞ + 2εm + 2 (ε∞ − ε2
m) 2 · Re(dr)/R

]
(2.15)

where Re(dr) is a screening parameter, that is a measure of the centroid

of the oscillating charge density and introduces the nonlocal correction of

the classical Drude model. Positive values of Re(dr) describe a spill out of

free electrons and thus a blueshift of the LSPR. Note that for Re(dr) = 0

the term to the right in the parentheses of equation 2.15 has got the same
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Figure 2.5.: Competition between the effect of surface screening and quantum size effects on

the size dependent Localized Surface Plasmon Resonance of silver nanoparticles

for two different screening parameters Re(dr).

resonance condition like equation 2.1 which assumes a dielectric function

described by classical Drude theory. The term to the left in the parentheses

accounts for quantum size effects due to splitting of energy levels, that can

be observed for very small metal clusters consisting of only a few atoms

per cluster [52, 117]. R0 can be written in terms of the free electron density

parameter rs as R0 = 1.1a0
√

rs [147]. Using a dielectric constant of the

surrounding medium εm = 1 and a high frequency dielectric constant of

silver ε∞ = 5 [146, 150], equation yields the size dependent LSPR energies

shown in figure 2.5. The solid lines show the LSPR energies for the spill out

of free electrons without quantum size effects3, whereas the dashed lines

show the combination of the spill out of free electrons and quantum size

effects. The calculation was done for two different screening parameters

Re(dr) in each case. The LSPR energies for Re(dr) = 0 are shown in black

3Therefore the term to the left in the parentheses of equation 2.15 was neglected.
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2.1. Size Effects

and the LSPR energies for Re(dr) = 0.2 are shown in blue. As expected

from Mie theory in combination with the classical Drude model, a neglect

of quantum size effects together with a screening parameter Re(dr) = 0

results in a size independent LSPR located at around 3.5 eV. Allowing for

free electron spill out shifts the LSPR energy to higher energies with a

decreasing particle diameter. Following the presented model, quantum size

effects start to become important below a particle diameter of approximately

5 nm and cause an additional blueshift.

Both presented models, the free mean path effect and the free electron spill

out are based on a modification of the bulk dielectric function in order

to describe size effects. A different approach is to calculate the dielectric

function depending on the size ab initio. A semiempirical model for the

dielectric function of small silver clusters based on quantum mechanically

calculations was combined successfully with Mie theory in order to describe

the blueshift of the LSPR of size selected silver clusters [76, 134]. The

analytical expression for the imaginary part of the size dependent dielectric

function ε2(ω, r) within this model is given as follows[76]

ε2 (ω, r) =
ω2

p (1− exp (−a1r))2 (γ0 +
a3
rh̄
) [

1− exp
(
− r3

b3
3

)]
ω[

1
h̄2

(
1

a2+b2r

)2
−ω2

]2

+
[(

γ0 +
a3
rh̄
) [

1− exp
(
− r3

b3
3

)]
ω
]2

(2.16)

Here a1, a2, a3, b1, b2 and b3 are fit parameters4. The size dependent real

part of the dielectric function ε1(ω, r) can be calculated according to the

4a1 = 1.95 nm−1, a2 = 0.18 eV−1, a3 = 0.192 eV · nm, b2 = 0.268 eV−1 · nm−1 and

b3 = 0.2 nm.
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Figure 2.6.: Size dependent real part ε1(ω) and imaginary part ε2(ω) of the dielectric

function of silver nanoparticles according to [76].

Kramer-Kronig relation

ε1 (ω, r) = 1 +
2
π

P
∫ ∞

0

ε2(ω
′)ω′

ω′2 −ω2 dω′ (2.17)

Figure 2.6 show the as-calculated dielectric function for spherical silver

particles with radii between 20 nm and 1 nm by use of equation 2.16 and

2.17. Note, that only intraband transitions are considered and that inter-

band transitions from the 4d band to the conduction band are neglected.

Furthermore it should be noted, that in the case of the imaginary part of

the dielectric function a logarithmic scale was used. A size dependence of

the dielectric function is clearly seen and it already becomes clear, that the

LSPR shifts to higher energies with a decreasing particle size. Feeding the

size dependent dielectric function into Mie theory results in the extinction

spectra shown in figure 2.7. For the dielectric constant of the surrounding

medium εm a value of 1.65 was used. All size dependent features that

are observed experimentally in the extinction of small silver particles are

present in figure 2.7. The LSPR shifts to higher energies, it broadens and its
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Figure 2.7.: Size dependent extinction spectra of silver nanoparticles due to combination

of the size dependent dielectric function [76] and classical Mie theory for a

dielectric constant of the surrounding medium εm = 1.

intensity decreases for a decreasing particle size.

2.2. Shape Effects

Although classical Mie theory is only valid for spheres, other shapes like

rods, cubes, triangles and prisms, just to name a few, have achieved much in-

terest and it has been shown, that the extinction spectrum of metal nanopar-

ticles depends strongly on their shape [31, 105, 118, 159, 162, 211]. In this

chapter the optical properties of ellipsoidal in comparison to spherical

particles will be examined in more detail, because an ellipsoidal shape is

a more realistic approximation of a supported nanoparticle [39, 158], the

system under investigation within this work. An ellipsoid has a volume

Ve = (4π/3) abc. Here only an oblate spheroid will be considered, where
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a = b > c. In the case of supported particles the short symmetry axes c is

oriented perpendicular to the surface, as shown in figure ??. Following clas-

sical Mie theory the extinction σext,i along a particles axis i can be calculated

as [20]

σext,i =
ω

c0
· ε1/2

m ·Ve
ε− εm

(ε− εm) Li + εm
. (2.18)

Li is the particle shape parameter and for an oblate spheroid it can be

calculated as

La = Lb =
Rc/a

2
(

1− R2
c/a

)3/2

π

2
− tan−1

 R2
c/a√
R2

c/a

− R2
c/a

2
(

1− R2
c/a

) (2.19)

Lc = 1− 2La. (2.20)

where the aspect ratio is given by Rc/a = c/a. Equations 2.19 and 2.20

show, that the threefold degenerated plasmon mode of a spherical metal

nanoparticle splits into a twofold degenerated plasmon mode across the

long particle axis a = b and one plasmon mode across the short particle

axis c. Note that in the case of a spherical particle, where the aspect ratio is
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Figure 2.9.: Splitting of the Localized Surface Plasmon Resonance in elongated silver

nanoparticles for two different dielectric constants εm of the surrounding

medium.

1, La = Lb = Lc = 1/3 and equation 2.18 yields equation 2.1 from classical

Mie theory. Figure 2.9 illustrates the influence of the aspect ratio on the

position of the LSPR calculated with equations 2.19 and 2.20 and using the

dielectric function ε of bulk silver [94]. Two different cases are shown. Firstly,

a dielectric constant of the surrounding medium εm = 1 was used, according

to a particle surrounded by vacuum, shown in black. Secondly a dielectric

constant of the surrounding medium εm = 1.48 was used, according to the

weighted dielectric constant of small silver clusters supported onto a quartz

glass substrate [87], shown in blue. Compared to the single plasmon mode

of a spherical particle (aspectratio = 1), the plasmon along the short particle

axis c is shifted to higher energies and the plasmon mode along the long

particle axis a is shifted to lower energies, whereas the redshift of the long

axis mode is much more pronounced. Note that in the case of supported

particles the plasmon mode along the short particle axis corresponds to a
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2. Optical Properties of Metal Clusters

plasmon mode perpendicular to the surface and that s-SHG spectroscopy

probes this mode exclusively, as described in section 3.2.2. Both, the long

and the short axis mode corresponding to a higher dielectric constant of

the surrounding medium (shown in blue) are shifted to lower energies

compared to the plasmon modes of a particle in vacuum, which is explained

in detail in section 2.3. For small silver clusters deposited onto quartz glass

from the gas phase an aspect ratio of 0.86 was found [87]. As can be seen,

such a deformation results in a plasmon splitting of approximately 0.1 eV .

For a more pronounced plasmon splitting caused by a flattening of spherical

particles smaller aspect ratios has to be assumed. A second important point

that should be noted is the fact, that even the smallest aspect ratios, which

are rather unrealistic for gasphase supported metal particles, in combination

with the smallest possible dielectric constant of the surrounding yield a

high energy mode smaller than 3.8 eV.

2.3. Dielectric Environment

The dielectric function of the surrounding medium εm has got a strong influ-

ence on the optical properties of metal particles, especially on the position

of the LSPR. Compared to a single spherical metal particle surrounded by

a homogeneous dielectric environment, the dielectric surrounding in this

work is rather complex. An ensemble of silver clusters is supported onto a

substrate, covered with organic molecules and surrounded by vacuum. In

such a system mainly two properties of the dielectric environment can be
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2.3. Dielectric Environment

identified, which alter the extinction spectrum. Firstly both, a surface and a

molecular layer in close proximity to metal clusters change the refractive

index nm of the surrounding. Secondly, the environment of supported par-

ticles is anisotropic due to the presence of the substrate and neighboring

particles. The influence of these properties on the position and width of the

LSPR of silver clusters is discussed separately in the following sections and

are addressed again in the results chapter.

2.3.1. Refractive Index Changes

To demonstrate the influence of the refractive index of the surrounding

medium nm on the position of the LSPR, which is related to the dielectric

constant εm by εm=n2
m, in a first step a spherical metal particle surrounded

by a homogeneous dielectric medium εm is considered. According to Mie

theory, the extinction of such a system is directly altered, if the dielectric

constant of the surrounding medium is changed. This behavior becomes

clear, if one realizes, that the frequency of the oscillating electrons of a metal

particle and the local electromagnetic field that extends beyond the physical

boundaries of the particle into the dielectric environment are inseparable.

The polarizabilty of the dielectric surrounding screens the surface charges,

thereby lowering the frequency of the electron oscillation [44]. This effect on
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2. Optical Properties of Metal Clusters

the position of the LSPR can be quantified using the resonance condition5

ε1(ω) + 2εm = 0 (2.21)

Assuming an ideal free-electron metal, the real part of the dielectric function

ε1(ω) can be written within the Drude model as

ε1(ω) = 1−
ω2

p

ω2 + γ2 (2.22)

In the visible region, γ� ωp, and therefore (2.22) can be simplified to

ε1(ω) = 1−
(

ω2
p

ω2

)
(2.23)

At resonance conditions

ω =
ωp√

2εm + 1
(2.24)

As can be seen from equation 2.24, the position of the LSPR depends al-

most linear on the dielectric constant of the surrounding medium, which

is illustrated in figure 2.10. This behavior was confirmed experimentally

in different experiments, where the refractive index of the surrounding

medium was the only changed variable. This was realized either by dispers-

ing coinage metal particles in different solvents [5, 57, 156], surrounding

silver nanoparticles with different solid matrices [84, 208], or by embed-

ding surface confined silver nanoparicles in various solvent environments

[53, 93, 135, 137, 140, 145]. It was found that different particle sizes, exci-

tation modes and particle shapes show a different sensitivity to refractive

5Compare equation 2.1. The extinction shows a maximum, if the denominator is at its

minimum.
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Figure 2.10.: Influence of the dielectric constant of the surrounding medium εm on the

position of the Localized Surface Plasmon Resonance of silver nanoparticles.

index changes, which was confirmed by theoretical studies [99, 118]. Never-

theless, all systems follow the same trend. The LSPR shifts to lower energies

with an increasing refractive index of the surrounding medium. Major work

was carried out by Van Duyne and coworkers to optimize the local refractive

index sensitivity of plasmonic silver structures in terms of chemical an

biological sensing [63, 64, 65, 66, 93, 140, 142]. Recently it was possible to

detect the adsorption event of a single molecule with a plasmonic nanos-

tructure [7, 214], which emphasizes the importance of the local dielectric

surrounding on the position of the LSPR. If metal particles are supported

onto a substrate, or if they are covered with a thin layer of molecules, the

dielectric environment is not homogeneous and the dielectric constant of

the surrounding medium εm has to be replaced by an effective dielectric

constant εe f f , reflecting the complexity of the dielectric environment. In

the case of supported particles εe f f is somewhere between the value of the
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2. Optical Properties of Metal Clusters

substrate material and the value of the surrounding medium, for instance

vacuum. One intuitive way to quantify εe f f is to weight the dielectric con-

stant of the substrate and the surrounding by the contact area A between

the particle and the substrate[42, 105, 158, 192]

εe f f = A · εsubstrate + (1− A) · εm (2.25)

This assumption is rooted in the observation, that the LSPR shifts to lower

energies, if particles are supported onto a substrate with a higher refractive

index compared to the surrounding. In the case of particles surrounded by a

thin dielectric layer, the dielectric constant and the thickness of the capping

shell has to be considered. This is due to the fact, that the electromagnetic

field of a LSPR extends beyond the physical boundaries of the metal particle.

It is strongest at the surface of the particle and decays with distance [99, 165].

In various distance dependent studies it was shown, that the short and the

long range dependence of the LSPR on a refractive index change can be

explained reasonably well, assuming a single exponential decay of the

electromagnetic field [6, 44, 63, 65, 66, 128, 142]. This was achieved by

varying the thickness of the molecular layer surrounding the particles

in solution, or by deposition of a dielectric layer on top of supported

particles respectively. At short distances from the nanoparticle surface the

LSPR shift follows a linear trend. At longer distances the refractive index

dependent shift attenuates and levels off at a specific distance. Beyond this

characteristic distance, the local electromagnetic field, and therefor the LSPR

of metal nanoparticles, is not altered by the surrounding. Therefore the

optical properties of ligand stabilized metal particles has to be described
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as core-shell-particles consisting of a metal core and a thin dielectric layer,

that are surrounded by a dielectric medium [5, 20, 57, 109, 156]. If the

dielectric constant of the ligand shell is bigger than the dielectric constant

of the surrounding medium, an increasing shell thickness results in an

increased effective dielectric constant and the LSPR shifts to lower energies.

If it is smaller than the dielectric constant of the surrounding medium

an increasing shell thickness will shift the LSPR to higher energies. If the

dielectric constant of the ligand shell equals the dielectric constant of the

surrounding medium, the local dielectric environment is homogeneous and

the LSPR is not affected, considering only refractive index changes.

The broken symmetry brought by the presence of the adjacent substrate

lifts the degeneracy of the dipole plasmon modes oriented parallel and

perpendicular to the substrate. It has been shown, that the dielectric constant

of the substrate can be neglected for the plasmon mode parallel to the surface

[103]. Therefore, different meaningful effective dielectric constants for the

experiments done within this work show up and the resulting extinction

spectra for spherical silver clusters using Mie theory are shown in figure

2.11. For εsubstrate = 2.3 the dielectric constant of BK7 glass was used and

for the dielecric constant of the surrounding medium the value for vacuum

εmedium = 1 was used. In the case of thiol capped clusters the dielectric

constant of bulk thiophenol εshell = 2.5 was used for the molecular shell.

For the plasmon mode perpendicular to the surface shown in blue, three

different situations should be considered, whereby the dielectric constant

of the substrate and the dielectric constant of the surrounding contribute

equally to the effective dielectric constant, respectively. In the first case the
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Figure 2.11.: Extinction spectra of supported silver nanoparticles for an excitation parallel

and perpendicular to the surface, respectively. Different dielectric constants

of the surrounding medium are considered, that represent the experimental

situation within this work.

supported silver cluster is surrounded by vacuum, in the second case it

is covered by a thick dielectric layer of thiophenol and in the third case it

is covered by a dense packed monolayer of thiophenol so that the metal

cluster still ’feels’ the surrounding vacuum. In the latter case the ratio

between the radius of the metal core and the radius of the complete core-

shell particle is crucial for the effective dielectric constant [20]. A ratio of

0.55 was used, corresponding to the Wigner-Seitz radius of spherical Ag55

clusters and a shell thickness of 0.5 nm. Note that the extinction spectra

of the core-shell particles, in figure 2.11 denoted with the corresponding

effective dielectric constants εe f f = 2.1 and εe f f = 2.2 respictively, were

calculated with an existing open source software [95]. The next situation that

should be considered is the plasmon mode parallel to the surface. Again
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the three borderline cases are highlighted, in which the particle is once

surrounded by vacuum, once surrounded by a thick layer of thiophenol and

once capped with a monolayer of thiophenol, still sensing the surrounding

vacuum. Because the plasmon mode should be oriented strictly parallel

to the surface, the influence of the substrate can be neglected [103]. These

extinction spectra corresponding to the plasmon mode oriented parallel to

the surface are shown in blue. As can be seen in figure 2.11, a system of

supported silver clusters, covered with organic molecules exhibit several

reasonable effective dielectric constants, which in turn are able to shift the

LSPR over a wide range of the visible spectrum. Thereby plasmon modes

oriented parallel and perpendicular to the surface has to be distinguished.

For plasmon modes oriented parallel to the surface refractive index induced

shifts of 0.5 eV are possible, whereas the LSPR located at 3.5 eV corresponds

to a spherical silver cluster surrounded by vacuum and the LSPR located at

approximately 3.0 eV corresponds to a spherical silver cluster surrounded

by thiophenol. For plasmon modes oriented perpendicular to the surface

refractive index induced shifts are less pronounced, because the adjacent

dielectric substrate already increases the effective dielectric constant and

shifts the LSPR towards lower energies. Again, the LSPR corresponding to

a silver cluster surrounded by thiophenol is located at around 3.0 eV. This

is due to the fact, that the refractive index of BK7 glass and thiophenol

are similar, which cancels the unisotropy in terms of the effective dielectric

constant of the surrounding. Besides the difference caused by unisotropy

figure 2.11 illustrates, that for very small clusters with diameters around

1 nm, a dielectric shell with a thickness corresponding to a single monolayer
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of molecules already alters the position of the LSPR appreciably.

2.3.2. Anisotropic Dielectric Environment

The symmetry of the surrounding of supported particles is broken due to

the presence of the adjacent substrate and neighboring particles. The broken

symmetry lifts the degeneracy of the dipole plasmon modes, even in the

case of spherical particles, which alters the extinction spectrum in a way, that

can not be explained with refractive index changes solely. First, considering

interactions between neighboring particles, the optical properties of the

ensemble are determined by the properties of the individual particles and

the electrodynamic interactions between them [92, 136, 141, 168, 189]. The

electrodynamic interaction is characterized by the coupling of near fields,

which are caused by the light driven oscillation of electrons, on particles in

close proximity. As shown in figure 2.12, the dipole-dipole interaction was

found to be attractive for electromagnetic fields polarized parallel to the

interparticle axis, which corresponds to a polarization parallel to the surface

within the geometry of our experiment, and repulsive for electromagnetic

fields polarized perpendicular to the interparticle axis, which corresponds

to a polarization perpendicular to the surface within the geometry of our

experiment. The attractive coupling causes a shift of the LSPR to lower ener-

gies and the repulsive coupling a shift to higher energies. The magnitude of

the shifts depends on the strength of the interparticle coupling and therefore

on the distance between the particles. An exponential like decay of the LSPR
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Figure 2.12.: Schematic illustration of interparticle coupling for an excitation parallel and

perpendicular to the surface, respectively [133].

shift with interparticle distance was found, according to the decaying field

intensity around the particles. Furthermore it was found, that the redshift of

the LSPR caused by a parallel coupling is 2 times larger than the blueshift of

the LSPR caused by a perpendicular coupling, and that the LSPR shift decay

becomes negligible, if the gap between two particles exceeds 2.5 times the

particle diameter. Note, that for a decreasing particle distance a transition

from a coupled particle spectrum to a spectrum of an elongated particle,

which is described in section 2.2, takes place [110, 168, 192]. For most of

the spectra shown in this work, the coverage was kept well below 0.1 ML

of clusters, which was found to be the threshold value for particle-particle

interactions in the case of small silver clusters onto silica glass [77, 87].

However it should be noted, that in case of interparticle coupling the LSPR

oriented parallel to the surface would be shifted to lower energies while

the LSPR oriented perpendicular to the surface would be shifted to higher

energies.

Apparently, the broken symmetry caused by the substrate surface is inde-

pendent of the cluster coverage and has to be considered certainly. Even in

the case of spherical particles the symmetry is broken and the elimination
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Figure 2.13.: Schematic illustration of the image charge of supported nanoparticles for an

excitation parallel and perpendicular to the surface, respectively [133].

of the LSPR degeneracy results in a two-fold degenerated plasmon mode

oriented parallel to the surface and one plasmon mode oriented perpendic-

ular to the surface. The influence of a dielectric substrate onto these LSPR

was considered for the first time within the dipolar approximation [209].

The polarization p on a metal particle under an external electromagnetic

field was thought to create an image charge IC in the substrate, which in

turn affects the LSPR of the metal particle. The polarization of the image

charge pIC is defined as

pIC =
εsubstrate − 1
εsubstrate + 1

· p (2.26)

It increases the local field in the cluster as depicted in figure 2.13, shifting

both plasmon modes to lower energies. As can be derived from equation

2.26 the influence of the the image charge in the substrate gets stronger

with an increasing dielectric constant of the substrate material, which could

be confirmed experimentally [85, 105]. In addition the effect of the im-

age charge gets stronger with a decreasing distance between the center

of the particle and the center of the image charge dipole. Therefore the

redshift is more pronounced for smaller particle diameters and flat par-

ticles compared to spheres. However it has been shown, that the dipolar
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approximation is not sufficient to describe the optical properties of sup-

ported particles. The substrate induced field causes an inhomogeneous

electromagnetic field impinging the particle and higher order multipolar

modes can be excited in addition to the dipolar mode, even for very small

particles [16, 121, 123, 148, 159, 170, 173]. The main results of these studies

on spherical and spheroidal particles above dielectric surfaces are two red-

shifting dipolar plasmon modes in accordance to the image charge model

and an additional quadrupolar plasmon mode at the high energy side of the

extinction spectrum. It was found that the dipolar plasmon mode oriented

perpendicular to the surface was shifted more to lower energies than the

dipolar plasmon mode oriented parallel to the surface and that the energy of

the quadrupolar plasmon mode is similar to the energy of the degenerated

dipolar plasmon mode of the unsupported particle in free space. In the case

of silver nanocubes onto dielectric surfaces actually blue shifted modes in

comparison to the degenerated plasmon modes were observed [185, 213]

and it could be shown, that the high energy mode corresponds to large elec-

tromagnetic fields away from the surface. This emphasizes the importance

of the size, shape and substrate dependent electromagnetic field around

metal nanoparticles on the position of the LSPR [69, 99, 165]. Regarding the

optical properties of supported silver clusters highly interesting works have

been carried out by Lazzari and coworkers based on the work of Bedeaux

and Vlieger [15, 112, 114]. In a combined theoretical and practical study a

blue shifted dipolar plasmon mode oriented perpendicular to the surface is

reported for non interacting truncated silver spheres onto alumina. These

results are discussed in detail further below. Similary, a blue shifted plasmon
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2. Optical Properties of Metal Clusters

mode oriented perpendicular to the surface is reported for non interacting

truncated gallium spheres onto sapphire [4].

2.4. Chemical Interface Effects

Besides the optical properties of bare silver nanoparticles under UHV con-

ditions, within this work the impact of organic molecules onto the optical

properties of silver nanoparticles is investigated. Therefore, in this section

several effects of the chemical surrounding, which influence the optical

properties of silver nanoparticles are addressed.

In section 2.3 the surrounding of metal particles was treated as a non inter-

acting matrix and only refractive index changes were considered, which is a

simplification of real systems. It is known since long, that reactive matrices

or adsorbates alter the extinction spectrum of small metal particles beyond

the changed refractive index [19, 34, 90, 105]. A reason for the interactions

are incompletely coordinated surface atoms, which can be the major part in

very small particles with a high surface to volume ratio. Therefore chem-

ical interface effects can alter the electronic structure and thus the optical

properties of small metal particles dramatically. Here we will focus on the

effect of adsorbates on the position and the width of the LSPR of small

particles, which was first investigated systematically by Henglein, Mulvaney

and Linnert [10, 81, 130, 150, 151, 188]. They obseved, that the reaction of

metal particles in solution, especially silver particles, with different reagents

like CN−, SH−, I−, or metal ions cause a damping and a shift of the LSPR.
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2.4. Chemical Interface Effects

The shift of the LSPR can be attributed to a changed free electron density in

the particles due to surface reactions, which can be understood from Drude

theory. The dielectric function ε(ω), and so the extinction spectrum of small

metal particles depends, amongst others, on the density of free electrons n,

which is a quantity in the expression of the plasma frequency ωp

ωp =

√
n · e2

ε0 ·me f f
(2.27)

where e is the elementary charge, ε0 the dielectric constant of free space and

me f f the effective electron mass. In order to account for a variable density of

free electrons in the particle, equations 2.12, 2.13 and 2.14 has to be modified.

Assuming, that only the free electrons in the metal particle are effected by

surface reactions, only the plasma frequency of the Drude part in equation

2.12 is modified

ε (ω, r) = εbulk (ω) +
ω2

p

ω2 + iωγbulk
−

ω2
D

ω2 + iωγ (r)
(2.28)

with ωD as the variable Drude-type plasma frequency. The real and imagi-

nary part of the dielectric function are now given as

ε1 (ω, r) = ε1,bulk (ω) +
ω2

p

ω2 + γ2
bulk
−

ω2
D

ω2 + γ2 (r)
(2.29)

ε2 (ω, r) = ε2,bulk (ω) +
ω2

Dγ (r)
ω [ω2 + γ2 (r)]

−
ω2

pγbulk

ω
[
ω2 + γ2

bulk

] (2.30)

In figure 2.14 the LSPR energy of silver particles surrounded by vacuum

for different free electron densities is shown. The unchanged free electron

density of silver n = 5.8564 ∗ 1028m−3 [35] is used as reference and denoted
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Figure 2.14.: Influence of the free electron density n on the position of the Localized Surface

Plasmon Resonance of silver nanoparticles. The free electron density of bulk

silver is denoted with 100%

by 100%. The corresponding plasma frequencies ωD were calculated using

equation 2.27 and are included in the top axis of the graph. The LSPR

energy was calculated by feeding equations 2.29 and 2.30 into the classical

Mie formula. Note, that the bulk plasma frequency corresponding to the

unchanged free electron density results in a LSPR energy of 3.5 eVV, which

was calculated in section 2 using bulk constants. A decreasing free electron

density results in a shift of the plasmon resonance to lower energies, whereas

an increased free electron density causes a LSPR shift to higher energies.

This dependency of the LSPR energy was observed in experiments, where

metal particles were charged electrochemically [33, 152, 160, 161, 200]. It

was shown, that a negative charging of metal particles, which increases the

free electron density, causes a blueshift of the plasmon resonance. Therefore
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2.4. Chemical Interface Effects

it can be concluded, that the presence of electron donors and acceptors

shifts the LSPR to higher and lower energies, respectively. Noble metal

particles are often synthesized with a capping layer of ligands, that prevent

agglomeration, whereas amines and thiols are outstanding in the case of

silver and gold nanoparticles [68]. Both, ligands binding with an amine

and ligands binding with a thiol lower the free electron density inside

the metal particle by locating charge in the bond to metal atoms, which

results in a redshift of the LSPR resonance [14, 57, 81, 150, 156, 174, 203,

215]. The influence of thiols compared to amines was found to be more

pronounced due to the strong, covalent interaction between thiols and silver

or gold. The reduction of electron density and thus the redshift of the LSPR

depend on the number of ligand molecules and the size of the particles.

In size dependent studies a growing influence of the ligand layer on the

extinction spectrum with a decreasing particle size was found. It has been

shown that a layer of electron withdrawing ligands can compensate the size

dependent blueshift discussed in section 2.1 and even reverse this trend

into a redshift for particles smaller than approximately 10 nm in diameter

[35, 164, 171, 190, 203]. It was possible to explain this behavior by replacing

the macroscopic dielectric function, that represents a homogeneous density

of free conduction band electrons across the whole particle diameter, by a

dielectric constant accounting for the local environment. The metal core is

described with the bulk dielectric function, whereas the ’skin’ of the particle

is described with a dielectric function, accounting for a reduced electron

density. In the case of thiol ligands a reduction of the free electron density

in the outermost particle layer by approximately 45% was determined.
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2. Optical Properties of Metal Clusters

Considering very small metal cluster with a high surface to volume ratio 6,

an appreciable reduction of the overall free electron density can be expected,

which would result in a significant redshift of the LSPR, according to figure

2.14.

As described in section 2.1, surface scattering leads to additional damping

and thus broadening of the LSPR of small metal particles. Hence it is quite

intuitive, that the chemical surrounding influences the width of the LSPR,

which is commonly referred to as chemical interface damping [80, 86, 105,

120]. A matrix, or adsorbates around a small metal particle induce additional

electronic states at the surface and the excited electrons of the plasmon

oscillation may tunnel into and out of this surface states. During their

residence time coherence is lost, thus chemical interface damping provides

an extra decay channel for the LSPR. The extra damping is summarized

in the phenomenological damping parameter A, which was introduced

in equation 2.11. The damping parameter A varies between 0 and 1 and

depends on the strength of the interaction between the surface and the

matrix. In the case of silver particles surrounded by vacuum, A was found

to be 0.25. If the particles are supported onto a substrate or surrounded by a

matrix, the value of A increases, whereas different empirically determined

values between 0.6 and 1 are reported [12, 86]. For small thiol capped noble

metal particles the width of the LSPR could be described successfully with

a value of A = 1 [59, 164], which illustrates that capping free particles with

ligands is accompanied by a reasonable broadening of the LSPR.

6For example, an icosahedral cluster consisting of 55 atoms exhibits a surface to volume

ratio of approximately 76%
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3. Experimental

3.1. Setup and Sample Preparation

In order to investigate the size dependent optical properties of supported

metal clusters and in order to determine the impact of organic ligands on the

optical properties certain requirements to the experimental setup do exist,

that are explained within this chapter. A detailed description may be found

elsewhere [77, 96, 195]. To avoid contaminations of the cluster sample with

adsorbates, the experiments were done under UHV conditions. A sketch of

the differentially pumped UHV setup is shown in figure 3.1. The main parts

of the setup are the cluster source to produce metal clusters (depicted in

red), an ion optic to guide and mass select the produced size distribution of

metal clusters (depicted in blue) and a laser and detection unit to measure

prepared samples (depicted in green). The cluster source is a high frequency

laser evaporation source similar to that described by Heiz et. al. [79]. The

second harmonic of a pulsed Nd:YAG laser (Innolas Spitlight DPSS, 532 nm,

100 Hz, 70 mJ/pulse) is focussed onto a rotating metal target in order to ablate
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Figure 3.1.: Scheme of the experimental setup. The main parts are the cluster source to

produce metal clusters (orange), an ion optic to guide and mass select the

produced size distribution of metal clusters (blue) and a laser and detection

unit to measure prepared samples (green) [133].
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Figure 3.2.: Size distribution of positively charged silver clusters produced by the cluster

source. On the right hand side the correlation between the cluster size and the

diameter is shown for spherical clusters, based on the bulk density of silver

atoms.

material. The produced metal vapor is cooled by collisions with He buffer

gas (He 6.0, Air Liquide), which is dosed with a piezo valve. The piezo

valve in turn is triggered by the evaporation laser, so that the metal vapor

is expanded into an appropriate helium atmosphere. The formed mixture

of neutral, positively and negatively charged clusters of different sizes is

expanded into vacuum. The positively charged metal clusters are guided to

a quadrupole mass filter (Extrel 5500 QMS, transmission 16000 amu.) with

the help of an octopole and several stacks of Einzel lenses. A quadrupole

deflector is used to to separate the charged clusters from the neutrals, which

could not be mass separated by the QMS. A typical size distribution of

positively charged silver clusters arriving at the QMS is shown on the left

hand side of figure 3.2. The high abundance of some sizes can be explained

with an increased stability due to a complete filling of electronic shells [45].

For example, Ag+9 and Ag+21 posses an exceptionally high abundance due
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3. Experimental

to the complete closure of the 1p and 2s shell, respectively1. Furthermore

an even-odd fine-structure due to Jahn-Teller distortion can be observed.

The overall integrated cluster current and the relative weight of individual

sizes can be influenced by the pressure conditions inside the cluster source

and the settings of the ion optics. On the right hand side of figure 3.2 the

diameter of silver clusters is depicted against the cluster size. Assuming

spherical clusters, the diameter D can be calculated as follows

D = 2a0rsN1/3 (3.1)

where a0 = 0.0529 nm is the Bohr radius, rs = 3.02 is the atomic Wigner

Seitz radius and N is the number of atoms in the particle. It should be

noted, that the Wigner Seitz radius is based on bulk properties and that the

as-calculated diameters for small clusters are only an approximation. As

marked with solid lines, Ag20 and Ag55, two cluster sizes investigated in

more detail within this work, have got diameters of approximately 0.9 nm

and 1.2 nm respectively. Taking the size distribution shown on the left hand

side as a basis, the mean size of unselected clusters, denoted as Agx within

the framework of this work, is Ag35
2. Therefore silver clusters of unselected

samples have got a mean diameter of approximately 1.0 nm. Because the

size distribution does change slightly from measurement to measurement

an error of the mean size of ±10 atoms per cluster is assumed for unselected

1Note, that silver with an electron configuration of [Kr]4d105s1 can be treated approxi-

mately as a simple 1s metal and that Ag+9 and Ag+21 therfore posses 8 and 20 free electrons

respectively.
2For the unselected cluster samples Agx the QMS was operated in the RF-only mode

and masses above 2200 amu were deposited.
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3.1. Setup and Sample Preparation

samples, indicated with dashed lines on the right hand side of figure 3.2.

Samples of supported silver clusters are prepared by deposition of posi-

tively charged silver clusters onto BK7 glass substrates (VWR International,

borosilicate glass slabs, 0.15 mm thickness), which are sputtered before de-

position (10 minutes, 1.5 keV, 1.5 mm spot size). BK7 glass slabs are used

as substrates because they fulfill the requirements for the used spectro-

scopic techniques. Firstly they are highly transparent over the complete

used wavelength range, which is a fundamental requirement, because all

measurements are done in transmission mode. Furthermore the two surfaces

of the glass slabs are plane parallel, which is important especially in the case

of surface cavity ring-down spectroscopy (s-CRD), as described in section

3.2.1. A detailed characterization of the substrate material can be found else-

where [193]. Due to the fact, that BK7 is an insulator, the positively charged

clusters have to be neutralized during deposition. Neutralization is realized

with the help of a low energy electron source, which is described in detail

elsewhere [96, 193]. The deposition time has to be adapted to the cluster

current, in order to prepare samples of size selected clusters with a suffi-

ciently high coverage. However, for the preparation of size selected samples

the coverage must not exceed 1·1013cm−2, in order to avoid agglomeration

[77]. Because only the total amount of deposited clusters can be calculated

from the cluster current and the deposition time, the spatial distribution

of the clusters onto the substrate has to be known, in order to determine

the coverage. As can be seen from figure 3.3 a circular cluster spot with a

diameter of approximately 10 mm and a gaussian distribution of clusters is

produced onto the substrate with the used experimental setup. Therefore
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Figure 3.3.: Visualization of the cluster spot by means of CRD spectroscopy. A mapping of

the optical losses measured at 450 nm is depicted for the clean BK7 substrate

and the substrate decorated with unselected silver clusters. On the right hand

side the difference between the decorated and the bare substrate is shown. This

figure is taken from [133]
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the coverage of the samples, that are measured at the center of the cluster

spot, can be calculated from the cluster current and the deposition time. For

the preparation of size selected samples it has to be ensured, that the clusters

are not destroyed, when they impinge onto the surface. It has been shown

that metal clusters with an energy of around 1 eV/atom can be landed onto a

substrate nondestructively [24, 202]. The energy distribution of unselected

silver clusters Agx was measured by retarding field analysis and is shown in

figure 3.4 The mean energy is around 16.5 eV with an energy distribution of

approximately 3 eV. Because in this work unselected clusters have got a size

above 20 atoms/cluster, it can be expected that the clusters are deposited under

soft landing conditions. The as prepared samples can be measured inside

the analysis chamber with a base pressure of 2 · 10−10 mbar. To this end a

picosecond laser system (EKSPLA, PG 401/SH) is available. It covers the

wavelength range between 210 nm and 2300 nm, the pulse length is 33 ps

and the pulse energy is around 1 mJ/pulse. For the signal detection the exper-
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iment is equipped with a four channel oscilloscope (LeCroy, Waverunner

6051), a monochromator (MC, LOT-Oriel, Omni-λ300), two photomultipliers

(PMT, Hamamatsu, H9305-03), a photodiode (Thorlabs, 201/579-7227) and

two Pellin-Brocca prisms. As can be seen in figure 3.5, the detection unit is

prepared for both used spectroscopic techniques and it is possible to switch

between s-CRD and s-SHG spectroscopy by means of a folding mirror. In

the case of s-CRD spectroscopy, the light leaking out of the optical cavity3

is detected with a photomultiplier tube. In the case of s-SHG spectroscopy,

the second harmonic light, which is the measured quantity in s-SHG experi-

ments4, is separated from the fundamental light by means of two prisms

and a monochromator, before it is detected with another photomultiplier

tube, too. A photodiode is used in order to detect the intensity of the laser,

so that pulse to pulse fluctuations of the laser intensity can be taken into

account [97].

To expose samples of supported silver clusters to organic molecules, a prepa-

ration chamber with a base pressure of 2 · 10−8 mbar is connected to the

analysis chamber. In order to evaporate organic molecules, the preparation

chamber is equipped with a in-house design evaporator. The coverage can

be monitored with the help of a quartz microbalance (INFICON, SL-A1E40).

In order to dose molecules, that are gaseous or liquid under normal condi-

tions, the preparation chamber is equipped furthermore with a gas dosing

unit [77].

One part of the experimental setup that has changed during this thesis is the

3See section 3.2.1.
4See section 3.2.2.
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sample holder, that is shown in figure 3.65. The sample holder is designed

in order to deposit metal clusters onto insulating substrates and in order

to measure cluster samples with optical spectroscopy in transmission at

variable temperatures. It is made of oxygen free copper and can be flange

mounted directly to the LN2 cryostat manipulator (1). It has got a quadratic

base of approximately 60 mm and a hight of approximately 120 mm. The

weight of the sample holder is approximately 800 g. The samples, which

are mounted onto a stainless steel sample holder (4), can be inserted into

the sample holder with the help of a manipulator. Underneath the sample

an electron source (3) is attached, which enables the deposition of positively

charged metal clusters onto insulating substrates [96]. Because the depo-

5The sample holder was designed and manufactured in collaboration with Kurt

Ansperger: Konstruktion, Entwicklung und Bau von Prototypen.
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sition of size selected clusters can take up to several hours it is important

that the electron source is thermally isolated from the substrate. Otherwise

the running electron source would heat the sample during deposition of

metal clusters. Therefore the base of the sample holder (3), that is in thermal

contact to the cryostat, shields the electron source and the electrons for

neutralization are guided through a narrow slit to the sample surface. In

order to heat the sample holder, it is equipped with four heating elements (6)

that are placed above the substrate. The main body of each heating element

is made of glass ceramic6 and it is wrapped by a resistance wire7. Two

heating elements each are connected in series and have an maximum output

power of approximately 185 watts. The overall output power is therefore

approximately 370 watts. In figure 3.7 the cooling and heating characteristic

of the sample holder is shown exemplariliy. The temperature was measured

6Macor R©
7NiCr 80/20
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at the edge of the substrate (position 6 in figure 3.6). The temperature of

the sample holder falls from 300 K to 125 K within one our, when the

cryostat is cooled with liquid nitrogen, as can be seen on the left hand side

of figure 3.7. The graph on the right hand side of figure 3.7 illustrates, that

the heating element is sufficiently dimensioned in order to heat the sample

holder against the ongoing cooling above room temperature. For example,

if the heating elements are driven with an output power of 160 W, which is

less than half the maximum output power, the sample holder heats up to

approximately 450 K within three hours. However the heat transfer from

the sample holder to the center of the insulating glass substrate is very poor

[96] and the determination of the exact sample temperature at the position

of the cluster spot is difficult.

3.2. Spectroscopy

The small extinction cross section of silver nano clusters in combination

with small surface coverages needed to avoid agglomeration require highly

sensitive techniques for investigation. Therefore the used setup is equipped

with two highly sensitive optical spectroscopic techniques. Firstly, linear

Surface Cavity Ring-Down spectroscopy (s-CRD) and secondly nonlinear

Surface Second-Harmonic-Generation spectroscopy (s-SHG) are available.

The prefix ’s’ is used in order to distinguish from bulk measurements. Based

on the s-SHG setup it is also possible to apply s-SHG Optical Rotatory

Dispersion (s-SHG-ORD) in order to investigate chiral surface structures.
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Figure 3.8.: Scheme of the Cavity Ring-Down principle.

Because no s-SHG-ORD spectra are presented in this work, this technique

is not explained and the reader is referred to literature [77, 186, 196]. The

description of s-CRD spectroscopy and s-SHG spectroscopy given in this

chapter follows mainly the description that can be found in many reviews

and textbooks [17, 23, 196, 205, 212].

3.2.1. Surface Cavity Ring-Down Spectroscopy

CRD is a spectroscopic technique in which the rate of absorption of a light

pulse confined in an optical cavity is measured. The method can be traced

back to measurements in order to determine the reflectivity of mirrors [8, 82]

but was used quickly for absorption measurements [163]. The basic principle

is illustrated in figure 3.8. The fraction of light that is coupled into an optical

cavity bounces back and forth between the two mirrors. The intensity of the

light inside the cavity decays due to imperfect reflectivity of the mirrors

and the time dependence of the decay can be determined by measuring the

portion of light leaking out of the cavity. Because of simplicity reasons in
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the following description it is assumed that the light pulse coupled into the

cavity is shorter than the cavity length L. The roundtrip time tr of the pulse

inside the cavity is given by

tr =
2L
c

(3.2)

where c is the speed of light. The intensity of light leaking out of the cavity

depends on the reflectivity R of the mirrors

I0 = Ilaser(1− R)2 (3.3)

where Ilaser is the initial intensity of the laser. Under the assumption that

both mirrors have got the same reflectivity, each roundtrip n reduces the

intensity by the factor R2 and therefore

In = I0R2n = I0 · eln R·2n (3.4)

Equation 3.4 can be expressed as a function of time t instead of a function

of the number of roundtrips n.

I(t) = I0 · e
c ln R·t

L (3.5)

By replacing ln R by (1− R), which is a valid approximation for a high

reflectivity, the exponential character of the decay is apparent

I(t) = I0 · e
c(1−R)t

L (3.6)

The time constant of the exponential decay is called ring-down time τ

τ =
L

c(1− R)
(3.7)
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which depends in the case of an empty cavity only on the length L of the

cavity and the reflectivity R of the mirrors. In combination with equation

3.2 the loss of photons for a single pass Λ (loss per pass) can be calculated

as

Λ = 1− R (3.8)

If an analyte is introduced into the cavity, scattering losses ΛS and ab-

sorption losses ΛA increase the loss per pass in addition to the imperfect

reflectivity of the mirrors and therefore decrease the ring-down time τ. In

that case the ring-down time and the loss per pass are given as

τ =
L

c [(1− R) + ΛS + ΛA]
(3.9)

and

Λ = (1− R) + ΛS + ΛA (3.10)

Usually CRD is used as a gas phase technique. In order to measure sup-

ported metal clusters by means of s-CRD spectroscopy, the optical losses

caused by the used substrate, that is introduced into the cavity, has to be

kept as low as possible. In order to minimize the absorption losses it has

to be highly transparent in the investigated wavelength range. In order to

minimize the scattering losses the substrate has to be introduced to the

cavity into Brewster’s angle and the two surfaces of the substrate have to be

perfectly plane parallel. Furthermore the substrate has to be thin in order

to keep the displacement of the laser beam small. Glass slabs made for

microscopy (Marienfeld) were found to satisfy all off these requirements
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Table 3.1.: Reflectivity of CRD mirrors.

mirror pair [#] range [nm] reflectivity [%]

1 420-505 99.98

2 460-550 99.96

3 510-590 99.94

4 570-680 99.95

5 640-770 99.98

[193]. The high reflectivity of the mirrors required to obtain sufficient ring-

down times restrict the choice to dielectric mirrors, which could exhibit

a reflectivity of up to 99.99 % and more. However this mirrors have only

a narrow range of high reflectivity and thus several different mirrors are

needed in order to cover a wide wavelength range. A detailed description

of the mechanism that is used in order to change and align mirror pairs

under UHV conditions can be found elsewhere [96]. Table 3.1 summarizes

the range and the experimentally determined reflectivity of the mirror pairs

used within the framework of this thesis. In figure 3.9 a s-CRD spectrum

of the used glass substrate is shown. The five mirror pairs cover the range

between 420 nm and 770 nm, whereas neighboring mirror pairs exhibit an

overlapping region. Note that the gap between 680 nm and 740 nm is due

to the lack of laser light produced by the used laser system. The shown

spectrum includes both, the losses caused by the substrate and the losses

due to an imperfect reflectivity of the mirrors. Therefore the losses strongly

increases at the optical edges of the individual mirror pairs due to a reduced
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Figure 3.9.: s-CRD spectrum of the used BK7 glass substrates.

reflectivity. The growing loss at smaller wavelength λ is due to an increased

scattering of light at the substrate surfaces following the wavelength depen-

dent Rayleigh law. Because the scattering cross section is proportional to

λ−4, s-CRD measurements are restricted to the visible and near infrared

wavelength range. It has been shown that s-CRD spectroscopy is suitable, in

order to measure the extinction of small supported metal clusters [58, 98].

3.2.2. Surface Second Harmonic Generation Spectroscopy

Light can be described by a time and space varying electromagnetic field.

The time dependent electric field component can be written as

E(t) = E0 cos(ωt) (3.11)

E0 is a constant amplitude and ω is the angular frequency, given by ω =

2πc/λ, with the wavelength λ and the speed of light in vacuum c. The

interaction of the electric field with dielectric media causes induced dipole
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moments inside the dielectric that oscillate with the same frequency as

the applied field. As long as the intensity of the applied field is low, the

polarization P(t) of the medium, arising from the sum of the induced dipole

moments, depends linearly on the electric field

P(t) = ε0χE(t) (3.12)

where ε0 is the electric permittivity of vacuum and χ is the electric suscep-

tibility. For very intense light, for example pulsed laser light, the relation

between polarization and electric field is non linear8 and the polarization is

expanded in a Taylor series in terms of the total applied electric field

P(t) = ε0

(
χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...

)
(3.13)

χ(2) and χ(3) are the second- and third-order susceptibilities, that character-

ize the nonlinear optical properties of the medium. Because the second-order

susceptibility is responsible for SHG, higher order terms are not considered

within this work. The second-order polarizability P(2)(t) is than given by

P(2)(t) = ε0χ(2)E2(t) (3.14)

If equation 3.11 is inserted into 3.14 it becomes clear that due to the nonlinear

interaction an additional frequency independent term (optical rctification)

and a term at the double frequency, which is responsible for the generation

of the second harmonic, arise.

P(2)(t) = ε0

(
1
2

χ(2)E2
0 +

1
2

χ(2)E2
0 cos(2ωt)

)
(3.15)

8Compare figure 3.11.
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The nonlinear optical response to an applied electric field in dielectric media

can be described using an anharmonic potential as an approximation for the

motion of bound electrons. The motion of electrons x(t) can be described

with
d2x(t)

dx2 + 2γ
dx(t)

dx
+ ω2

0x + ax2(t) = − e
m

E(t) (3.16)

where ω0 and γ are the resonance frequency and damping constant of

the anharmonic oscillator, and e and m are the charge and the mass of an

electron. a is a parameter characterizing the strength of the nonlinearity.

Although no general solution is known for equation 3.16 it can be solved for

sufficiently weak applying fields by use of perturbation theory [22]. Then

the nonlinear susceptibility in the case for second harmonic generation can

be written as

χ(2) =
Ne3a
ε0m2

1(
ω2

0 − 4ω2 − 4iωγ
) 1(

ω2
0 −ω2 − 2iωγ

)2 (3.17)

The signal intensity of the generated second harmonic light is proportional

to the square of the second-order susceptibility and therefore

∣∣∣χ(2)
∣∣∣2 =

(
Ne3a
ε0m2

)2 1((
ω2

0 − 4ω2
)2

+ (4ωγ)2
) 1((

ω2
0 −ω2

)2
+ (2ωγ)2

)2

(3.18)∣∣∣χ(2)
∣∣∣2 possesses a maximum, whenever the denominator of equation 3.18

is minimum. As can be taken from the left hand side of figure 3.10 this is

the case for ω = ω0 and ω = ω0/2. As a consequence a SHG spectrum of a

system with a single resonance frequency exhibits two peaks. The first peak

is observed, when the fundamental of the exciting light is in resonance with
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Figure 3.10.: Resonance enhanced second harmonic generation. The nonlinear susceptibility

exhibits two maxima, which is visualized with a photonic picture.

the investigated system and the second peak is observed, when the second

harmonic is in resonance with the system, as sketched within a photonic pic-

ture on the right hand side of figure 3.10. Because the generation of second

harmonic light is enhanced when the transition energy is matched, SHG

spectra are closely connected to extinction spectra. All s-SHG spectra shown

in this work are measured with the second harmonic in resonance9, because

it has been shown that in order to measure samples of supported silver

clusters non destructive, the energy input is too high, if the fundamental

of the pulsed laser system is in resonance with transitions of silver clus-

ters [195]. As mentioned above, s-SHG spectroscopy is a surface sensitive

technique. The surface sensitivity can be attributed to distinct symmetry

properties of the nonlinear susceptibility χ(2). In centrosymmetric materials

the nonlinear susceptibility is zero and thus no second harmonic light is

9With the exception of the spectrum shown in figure 4.10
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Figure 3.11.: Linear and nonlinear response the electric polarization with the strength of the

applied electric field for a symmetric (dashed line) and a asymmetric (solid

line) potential.

generated by centrosymmetric systems. This can be shown by Neumann’s

principle, which states that the sign and the magnitude of a physical prop-

erty remain unchanged under symmetry operations. As can be taken from

figure 3.11 the electric field and the polarization transform under inversion

as E → −E and P → −P, if a centrosymmetric potential is considered.

Therefore, according to equation 3.14

−P(2)(t) = χ(2) (−E(t)) (−E(t)) (3.19)

= χ(2)E2(t) (3.20)

⇐⇒ P(2)(t) = −χ(2)E2(t) (3.21)

Because χ(2) = −χ(2) is defined only for χ(2) = 0, no second harmonic light

is generated in centrosymmetric systems. However, at the interface between

two centrosymmetric media the centrosymmetry is broken and thus the

generation of second harmonic light is allowed. S-SHG spectroscopy is a
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widely used optical method in order to probe the surface chemistry of

different interfaces [40, 181] and has been used in several studies, in order

to probe the extinction of supported metal nanoparticles [9, 28, 89].
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4. Results and Discussion

In this chapter the experimental outcomes of this work are presented and

an interpretation as well as a classification regarding the existing literature

is given. Because within the framework of this work two different spectro-

scopic techniques were used in order to investigate the optical properties of

supported silver clusters in a first step Surface Second Harmonic Generation

Spectroscopy (s-SHG) and Surface Cavity RingDown Spectroscopy (s-CRD)

are compared and the differences in the extinction spectra are discussed.

Then the optical properties of size selected supported silver clusters under

UHV conditions using s-SHG spectroscopy are described. The investigated

size range between Ag55 and Ag9 link the range of bigger particles that can

be described with bulk optical properties and the range of molecular like

structures containing only a few atoms per cluster. The experimental results

are discussed in an increasing order of complexity, based on the theoretical

models described in chapter 2. In the next section cluster molecule interac-

tions are presented with regards to the changed optical properties of silver

clusters. Molecules with different types of functional groups are investigated

using s-SHG and s-CRD spectroscopy. The last section describes the optical
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Figure 4.1.: Geomerty of optical extinction experiments.

properties of molecular structures of two different types of molecules with

sub monolayer coverages using s-CRD spectroscopy.

4.1. Comparison between s-SHG and s-CRD

Spectroscopy

The fundamental difference between s-SHG and s-CRD spectroscopy is the

fact, that s-CRD is a linear and s-SHG a nonlinear optical technique, which

has got far-reaching consequences for the data acquisition and interpre-

tation. Figure 4.1 shows the geometry of optical extinction spectra used

for all experiments within this work. The parallel polarized (p-polarized)

incident laser beam impinges the substrate in Brewster angle θ = 57 for the

transition from vacuum to BK7 glass. Using this configuration, reflection
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losses are minimized, which is a requirement for s-CRD spectroscopy, as

discussed in chapter 3.2.1. Thus the incident light has got components po-

larized parallel and perpendicular to the surface of the substrate. It should

be noted that p-polarized light is oriented parallel to the plane of incidence,

not to be confused with parallel to the surface of the substrate. On the other

hand s-polarization defines a plane of polarization perpendicular to the

plane of incidence which is parallel to the substrate surface, respectively.

As discussed in chapter 3.2.2 the generation of second harmonic light nec-

essarily requires a non centrosymmetric electric environment. An electron

oscillation driven by s-polarized light is oriented parallel to the substrate

surface and takes place in a symmetric environment. Thus, this oscillation

does not contribute to the generation of second harmonic light. On the

other hand, an electron oscillation driven by p-polarized light has got a

component perpendicular to the surface and takes place in an asymmetric

environment. This electron oscillation does contribute to the generation

of second harmonic light. Therefore in the used geometry of the optical

extinction experiments the SHG signal can be attributed to a plasmon os-

cillation oriented perpendicular to the surface1 . This relation is discussed

for the used experimental setup in detail elsewhere [77, 194]. Nonetheless

the results are depicted in figure 4.2 in order to clarify that the system

of very small supported silver clusters investigated in this work can be

interpreted within the electric dipole approximation [105, 153, 154, 155, 166].

If the sample is illuminated with p-polarized light under normal incidence

1An overview of selection rules for second harmonic generation in nanoparticles can

be found in literature [54]
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Figure 4.2.: SHG intensity of supported unselected silver clusters depending on the angle

of incidence of the incoming laser light..

(θ = 0), the plane of polarization is oriented parallel to the surface. In this

configuration only an electron oscillation parallel to the surface is excited,

that does not allow for the generation of second harmonic light. With an in-

creasing incident angle the polarization component oriented perpendicular

to the surface grows and consequently the intensity of the generated second

harmonic light increases. The lack of SHG signal under normal incidence

emphasizes, that the s-SHG spectra shown in this work are dominated by

the dipolar plasmon mode, therefore higher order multipolar modes are

neglected. In the case of s-CRD spectroscopy the measured signal cannot

be assigned to a certain orientation of the plasmon mode a priori due to

the absence of symmetry rules in this linear technique. However it has been

shown, that this signal corresponds to a plasmon oscillation oriented parallel

to the surface [195]. Figure 4.3 shows typical spectra of supported silver

clusters measured with s-CRD and s-SHG spectroscopy. Note, that the peak

in the linear s-CRD spectrum is caused by absorption processes, whereas
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Figure 4.3.: LSPR dispersion of SiO2 supported silver clusters with a mean diameter of

1 nm

the peak in the nonlinear s-SHG spectrum is caused by the generation of

second harmonic light. Because these are inherently different processes, the

intensity of the two spectra can not be compared. However, the position and

the width of the two peaks can be compared among each others because

both signals originate from the Localized Surface Plasmon Resonance of

the supported silver clusters, as discussed in section 3.2. As can be seen,

the two techniques cover different spectral regions. With s-CRD the spectral

region from approximately 1.5− 2.9 eV is covered2. The limitation to this

spectral region is due to scattering losses caused by the substrate, as eluci-

dated in chapter 3.2.1. With s-SHG the spectral region from approximately

3.0− 4.8 eV is accessible3. It should be noted, that this photon energy does

not correspond to the used fundamental photon energy, but the frequency

doubled, second harmonic light. Thus a fundamental photon energy of ap-

2approximately 430− 780 nm
3approximately 250− 420 nm
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proximately 1.5− 2.4 eV was used to measure this spectrum4. The limitation

to this spectral region is due to the transparency of the used optics and the

need for intensive laser light, as explained in chapter 3.2.2. Both spectra

show a gap between 1.68 eV and 1.82 eV of fundamental light5 which can

be assigned to the lack of radiation provided by the used laser system. In

addition to the measured data the lorentzian fits of this data are shown in

figure 4.3. In the case of the s-SHG spectrum the signal intensity above 4.2 eV

is not considered for the fit of the LSPR of the free 5s electrons, as it can be

assigned to interband transitions from the 4d band to the conduction band6.

Unfortunately, in the s-CRD spectrum the peak maximum of the LSPR is

not resolved. Nonetheless the measured onset can clearly be assigned to

the LSPR of supported silver clusters, as shown in chapter 4.3, and the

lorentzian fit gives the position and width of the LSPR, if the error is chosen

sufficiently large. Interestingly, with s-CRD and s-SHG different signals are

detected. The LSPR measured with s-CRD is located at around 3.2 eV with

a FWHM of approximately 0.9 eV, whereas the LSPR measured with s-SHG

is located at around 3.8 eV with a FWHM of approximately 0.4 eV. Because

multipolar resonances can be ruled out and the coverage of approximately

6 ∗ 1012cm−1 is too low for interparticle effects, only the presence of the

substrate can be responsible for the observed differences. As discussed in

chapter 2.2 the presence of the substrate causes a deviation from a perfect

spherical shape of supported clusters and provides an unisotropic dielectric

4approximately 500− 840 nm
5Consequently, in the second harmonic spectrum this gap shows up from 3.36− 3.64 eV
6Compare section 2.
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Figure 4.4.: LSPR dispersion of silver clusters in an unisotropic dielectric environment for

different axis ratios. The bulk dielectric function [94] (solid lines) and a size

dependent dielectric function [76] (dashed lines) were considered

environment. Both effects lead to an elimination of the threefold degener-

ated LSPR of spherical particles surrounded by a homogeneous dielectric

environment resulting in a mode splitting. The effects of an unisotropic

refractive index and the deviation from spherical shape are shown in figure

4.4. The LSPR energies were calculated by feeding the dielectric function

of bulk silver [94] (solid lines) into equation 2.18. For the a-mode, oriented

parallel to the surface, a dielectric constant of the surrounding medium

εm = 1 was used, assuming that the presence of the substrate does not

influence this plasmon oscillation in terms of the refractive index. For the

c-mode, oriented perpendicular to the surface, a dielectric constant of the

surrounding medium εm = 1.65 was used, assuming that the refractive

index of vacuum and the substrate contribute equally to the effective dielec-

tric constant. The unisotropic refractive index results in a parallel plasmon

oscillation, that is located at higher energies than the perpendicular plasmon
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oscillation, which is in harsh contrast to the experimental results. To reverse

the position of the two plasmon modes, deviations from a spherical shape

has to be allowed. In order to get the measured difference of approximately

0.6 eV, an axis ratio of 0.35 has to be applied, which is far away from the

experimentally derived axis ratio of 0.89 in the case of small, quartz glass

supported silver clusters [87]. However, the as derived LSPR energies of

approximately 3.1 eV (a-mode) and 3.7 eV (c-mode) match the experimental

results quite well. As shown in figure 3.2, the mean diameter of unselected

silver clusters in this work is approximately 1 nm with a size distribution

of 10%. Using the dielectric function of bulk silver to calculate the LSPR

energies is therefore questionable. Thus the dielectric function for spherical

silver clusters with a diameter of 1 nm was calculated using equation 2.16

and 2.17 to estimate the LSPR energy for different axis ratios. The results

are presented in figure 4.4 with dashed lines. As can be seen, both plasmon

modes shift to higher energies. To realize an energy difference of 0.6 eV, a

slightly higher axis ratio of 0.44 is necessary, which is however still quite

unrealistic. Additionally the calculated LSPR energies for an axis ratio of

0.44 are far away from the experimental results. Using the same effective

dielectric constant of the surrounding medium for both plasmon modes can

not explain the huge energy splitting of 0.6 eV, too, if realistic axis ratios are

assumed, as can be seen from figure 2.9. It can be concluded that neither

an unisotropic refractive index, nor a deviation from a spherical shape can

be responsible for the experimental observed mode splitting and especially

the different widths of the measured plasmon modes are not explained by

the considered models. Therefore the influence of the unisotropic dielectric
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Figure 4.5.: LSPR of alumina supported silver nanoparticles for excitations parallel (left

hand side) and perpendicular (right hand side) to the surface. Taken with

permission from [112].

environment has to be considered in terms of the image charge that is

build up in the dielectric substrate, when a supported particle is excited

with an electromagnetic field. As explained in chapter 2.3.2 this has to be

done under consideration of the electromagnetic field around the supported

particle and interfacial damping, which in turn depends on the particle

shape and the nature of the support material. Lazzari and coworkers studied

the decomposition of the LSPR of oxide supported silver nanoparticles in

various studies [111, 112, 113, 114, 115] and showed, that the assumption

of supported truncated spheres enables for interpretation of the observed

features. Figure 4.5 shows the results for silver nanoparticles supported onto

alumina [112]. The spectra has been measured by optical spectroscopy dur-

ing vapor deposition growth and it was possible to differentiate between p-

and s-polarization. Figure 4.5 a) corresponds to a polarization parallel to the

surface and figure 4.5 b) corresponds to a polarization perpendicular to the

67



4. Results and Discussion

Table 4.1.: Comparison of the experimental found plasmon dispersion with literature

values.

own data Lazzari et al. [112]

a-mode c-mode a-mode c-mode

position [eV] 3.2± 0.2 3.8± 0.05 3.3 3.8

FWHM [eV] 0.9± 0.1 0.4± 0.1 0.8 0.4

surface. With A and B in the insets, dipolar and quadrupolar components

are denoted. Note, that for the smallest particle sizes with diameters of ap-

proximately 3 nm, the quarupolar components B were nor observed. Figure

4.5 depicts the results for larger particles with a diameter of approximately

10 nm and a relatively large coverage of almost 1 ∗ 1012cm−1. As can be

seen, the extinction spectrum exhibits two dipolar plasmon modes, a broad,

low energy mode oriented parallel to the surface and a sharp high energy

mode oriented perpendicular to the surface. In the case of the smallest

investigated particle size, where interparticle coupling can be neglected, the

parallel plasmon mode is located at 3.3 eV with a FWHM of 0.8 eV, and the

perpendicular plasmon mode is located at 3.8 eV with a FWHM of 0.4 eV.

These values are in good agreement with the experimental results shown in

figure 4.3 and are summarized in table 4.1. As can be seen, slight differences

are found in the case of the a-mode, which is oriented parallel to the surface.

As described above, within this work this mode is detected with s-CRD

spectroscopy. The fact that the LSPR is not resolved completely using s-CRD

and the resulting large error might be an explanation for the deviations.
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Furthermore the different substrate materials (SiO2 vs. Al2O3), different par-

ticle sizes (1 nm vs. 3 nm) and possibly different shapes (gasphase deposited

vs. vapor deposition growth) might explain the differences. Nevertheless

the perpendicular oriented c-mode, which can be measured accurately with

s-SHG spectroscopy is in excellent agreement with the work by Lazzari et

al.. It can be concluded, that the supported silver clusters within this work

can be thought as deformed spheres, which exhibit a low energy plasmon

mode oriented parallel to the surface and a high energy plasmon mode

oriented perpendicular to the surface. The low energy mode is detected

with s-CRD spectroscopy whereas the high energy mode is detected with

s-SHG spectroscopy.

4.2. Size Dependence

The optical properties of small silver nanoparticles are dominated by their

Localized Surface Plasmon Resonance. The position and the width of the

LSPR depend, despite other factors, strongly on the particle size, as de-

scribed in section 2.1. In order to investigate the size dependence, the size

has to be variied independently from other factors such like the surface

chemistry. Several size dependent studies of ligand free silver clusters

are reported for supported particles [158, 166, 167, 175, 177], for particles

in the gasphase [197] and for particles embedded in rare gas matrices

[34, 51, 52, 71, 72, 116], ranging from diameters of 20 nm down to the molec-

ular like dimer Ag2. With one exception [175] the studies on supported
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particles are restricted to particle diameters bigger than approximately

1.5 nm, due to the need of low coverages, in order to prevent agglomeration,

in combination with the low cross section of very small particles. The low

excitation cross section of very small particles could only be circumvented

by accumulation of isolated particles in a rare gas matrix. Therefore a lack of

information exists in the small size regime in the case of supported clusters,

which represent the practically most relevant system. For example, silver

nanoparticles are a suitable candidate for solar energy harvesting devices,

due to their strong absorption in the UV/visible range and their ability to

enhance an incoming electromagnetic field [11, 38, 129]. In order to optimize

the efficiency of such devices, the extinction has to be tuned, which requires

a sound understanding of the optical properties of supported particles. Be-

side this practical question there is a fundamental interest in this size range,

because it links the scalable properties of bigger particles, that usually follow

a phenomenological 1/R law with the molecular like optical properties of

very small particles. It has been found, that for silver clusters bigger than

approximately Ag20 the extinction spectrum is dominated by a single strong

absorption, corresponding to the plasmon resonance of the free conduction

electrons. The extinction spectrum of even smaller particles exhibit multiple

absorption peaks due to the distinct energy splitting of the conduction

band in this size range. However this behavior has only be found for silver

clusters embedded in cold, weakly interacting rare gas matrices due to the

afore mentioned reasons. It is unknown, how the LSPR of supported silver

clusters evolves, if entering the small size limit. Therefore within this work

the optical properties of size selected supported silver clusters ranging from

70



4.2. Size Dependence

Ag55 to Ag9, corresponding to diameters between approximately 1.1 nm

and 0.7 nm if spherical particles are assumed, were investigated by means of

s-SHG spectroscopy. The power of s-SHG spectroscopy for the investigation

of small supported metal clusters with a low surface coverage has been

proved [134, 195] and a detailed description of the measured spectra and

the data treatment can be found elsewhere [77, 194]. Here the focus is on

the interpretation of the experimental results, but it should be noted that

s-SHG spectra of supported silver clusters exhibit a single peak as depicted

in figure 4.3 even for the smallest sizes and that the spectra are corrected

for influences caused by the support and other parts of the optical setup.

In figure 4.6 the experimentally determined LSPR energies, taken from

a lorentzian fit of the measured spectra, are depicted against the inverse

particle diameter, a presentation that allows the size evolution to be plotted

from bulk (1/D=0) to molecular like clusters [62]. For the presentation the

clusters are assumed to have a spherical shape and the particle diameter is

expressed as

D = 2a0rsN1/3 (4.1)

where a0 = 0.0529 nm is the Bohr radius, rs = 3.02 is the atomic Wigner Seitz

radius and N is the number of atoms in the particle. As already mentioned

in section 3.1, this calculation is based on bulk values and the calculated

particle diameter is only an approximation. Nevertheless this presentation

is chosen in order to ensure a good comparability with literature, as shown

below. The LSPR of supported silver clusters shifts to higher energies by

approximately 0.2 eV if the cluster size is decreased from Ag55 to Ag9. This
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Figure 4.6.: Experimentally derived plasmon energies of SiO2 supported size selected silver

clusters in comparison to different theoretical models.

Table 4.2.: Comparison of the experimental found plasmon dispersion with literature

values.

size [#] diameter [nm] position [eV] FWHM [eV]

9 0.6656 3.98 1.2

15 0.7892 4.02 0.8

20 0.8686 3.92 0.8

27 0.9600 3.87 0.9

35 1.0467 3.94 0.6

42 1.1123 3.78 0.5

45 1.1382 3.84 0.7

55 1.1269 3.82 0.7
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shift with a decreasing particle size is not supported by classical Mie theory,

which uses the dielectric function of the bulk material to describe the extinc-

tion of small particles and predicts a size independent plasmon resonance

at approximately 3.26 eV, depicted as the dotted line. This LSPR energy

corresponds to an effective dielectric constant of the surrounding medium

εm = 1.65, where the assumption of equally contributing dielectric constants

of the substrate εBK7 = 2.3 and the surrounding vacuum εvac = 1.0 was

made. This assumption is justified due to the fact, that s-SHG spectroscopy

only probes the plasmon oscillation oriented perpendicular to the surface,

and that the near field around supported particles corresponding to this

oscillation was found to be concentrated at the particle/substrate-interface

and at the particle/vacuum-interface [112]. Within classical Mie theory a

size dependent shift of the LSPR could be explained, if a size dependent

aspect ratio of the supported particles is assumed. A decreasing aspect ratio

Rc/a results in a shift to higher energies of the plasmon resonance oriented

perpendicular to the surface, as shown in figure 2.9. However an almost

constant or even increasing aspect ratio of supported silver clusters for a

decreasing particle size was found [158, 204], which would cause a shift to

lower energies or no shift at all, respectively. As discussed in section 2.1

the physical boundaries of a metal particle can not be described as a hard

barrier for the free electrons inside the particle. Electron density may spill

out beyond the physical boundaries of the particle, whereas the portion of

free electron density outside the particle increases with a growing surface

to volume ratio. In the case of silver with it’s filled 4d electron band, an

increasing free electron density outside the particle results in a shift of the
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LSPR to higher energies. Therefore a theoretical model that accounts for

the spill out is used to fit the experimentally observed shift of the LSPR

[147]. Equation 2.15 was used to calculate the LSPR energy7, whereas for

the dielectric constant of the surrounding medium again a value of 1.65 was

used. For the bulk plasma frequency ωp a value of 9.08 and for the high fre-

queny dielectric constant ε∞ a value of 4.475 was used. The resulting LSPR

energies are depicted as a dashed line in figure 4.6. The best agreement with

our experimental results is found for a screening parameter Re(dr) = 0.22.

Note that for the high frequency dielectric constant ε∞ a slightly different

value than 5.0 [146, 150] was used in order to match the bulk limit of the

LSPR energy of 3.26 eV predicted by classical Mie theory. In the case of

using ε∞ = 5 the best agreement with our experimental results is found for

a screening parameter Re(dr) = 0.33. This emphasizes, that a quantification

of the spill out effect is difficult. Nevertheless the experimentally derived

blueshift of the LSPR is in good agreement with the model of free electron

spill out. The deviations might be caused by different contact areas between

the clusters and the substrate for different sizes. The ratio of the particle

surface in contact with vacuum and the particle surface in contact with

the substrate probably changes in the investigated size range significantly

for different cluster sizes due to distinct cluster structures. Therefore the

electron spill out into free space exists in varying degree, which is not con-

sidered in the theoretical model, assuming spherical particles surrounded

isotropically by an dielectric. In a next step quantum mechanical effects are

7In order to consider the electron spill out solely, the left term in the parentheses, which

accounts for quantum size effects, was neglected.
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4.2. Size Dependence

considered, which become important for very small metal clusters, where

the energy levels in the conduction band are discretized and only certain

electronic transitions are allowed. For ultra small free clusters sophisticated

TDDFT calculations are available, which however become computational

demanding, if the particle size increases or supported particles are con-

sidered. Here an analytical model is used that is based on the quantum

confinement of free electrons inside the physical boundaries of the particle

and which was successful in describing various experimental results [147].

The dashed-dotted line in figure 4.6 depicts the outcome of equation 2.15

when a screening parameter Re(dr) = 0 is used, thus reflecting a situation

without spill out of free electrons. This model predicts a blueshift of the

LSPR due to quantum size effects (QSE) far greater than the experimen-

tally observed one. Between Ag55 and Ag9 the LSPR is expected to shift

by approximately 0.7 eV, while only a shift of approximately 0.2 eV is mea-

sured. For some reasons the analytical QSE model, which was used in a

similar way in reference [177] to explain the experimental results, is not

valid in the investigated size range. Eventually full quantum mechanical

calculations are needed in order to describe quantum size effects in metal

clusters consisting of only a few atoms correctly. In a last step the size

dependence of the dielectric function, discussed in section 2.1 in detail,

is considered explicitly instead of modifying the bulk dielectric in a size

dependent way. Equations 2.16 and 2.17 are the analytical formulations for

the size dependent real and imaginary part of the dielectric function of

silver, which is derived from quantum mechanically calculated dielectric

functions of distinct cluster sizes [76]. Using this equations the dielectric
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function of the cluster sizes investigated within this work are calculated

assuming spherical clusters. The LSPR energies that are calculated by feed-

ing this dielectric functions into classical Mie theory are shown as hollow

circles in figure 4.6. Again a dielectric constant of the surrounding medium

εm = 1.65 was used. The LSPR energies predicted by this semi empirical

approach are in agreement with the experimental results on a quantitative

level. The small differences in the energy might be due to deviations of

the cluster shape from sphere like clusters as assumed in the theoretical

model. Additionally the cluster support, which is not considered in the

analytical formulation might influence the dielectric function, resulting in

the observed differences. Besides the LSPR position and the intensity, the

width is the third characteristic measure of the lorentzian shaped plasmon

resonance. With a decreasing particle size the width should increase caused

by additional surface scattering, as described in section 2.1. However, as can

be seen from table 4.3 only a tendency towards an increasing width, but

no clear trend is observed for a decreasing particle size. However it should

be noted, that the experimental error for the FWHM was determined as

±0.2 eV, so the expected 1/R trend might get lost in the big error. Again a

different contact area between the clusters and the substrate for different

cluster sizes might be a reason for the deviation from the expected trend,

because electronic states of the substrate adjacent to the cluster surface

provide an extra decay channel for the plasmon resonance, as described

in section 2.4. A higher proportionate area of the cluster surface in contact

with the substrate material for a distinct size in comparison to other sizes

would thus result in an extra broadening of the plasmon resonance and
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Figure 4.7.: Experimentally derived plasmon energies of SiO2 supported size selected silver

clusters (red curve) in comparison with literature. This figure is taken from [77]

perhaps blur the expected 1/R trend. Another possibility for the absence of

clear trend might be, that the classical assumption of a collective electron

oscillation, that gets scattered at the particle surface is not valid for cluster

sizes, consisting of only a few atoms per cluster. Eventually the extinction

spectra of very small supported silver clusters exhibits multiple distinct

peaks as the extinction spectra of small silver clusters in weakly interacting

rare gas matrices. In this case the single peak in the s-SHG spectra measured

in this work could be the weighted mean of the distinct peaks, broadened

by the interaction with the substrate. However, the single observed peak

has got a symmetrical lorentzian shape for all investigated cluster sizes and

follows the expected trend in terms of the resonance position.

Figure 4.7 compares the LSPR energy determined within this work with

selected works on silver nanoparticles reported in literature [34, 52, 158, 177,

197]. Note, that the shown results of the different studies are scaled in a
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way, that accounts for the different supports and matrices and is described

in detail elsewhere [62, 77]. The blueshift of the LSPR of silver nanoparticles

for a decreasing size measured within this work is in good agreement with

literature values. The trend known for supported particles of bigger sizes

(shown in green and black) continues for particles smaller than 2 nm and

the shift of the LSPR is in the same order as known for silver clusters in the

gasphase (shown in blue) or silver clusters embedded in rare gas matrices

(shown in yellow). Interestingly the dispersion of the LSPR into distinct

peaks known from very small silver clusters in rare gas matrices is not ob-

served in the case of SiO2 supported silver clusters and the single resonance

behaves like a classical plasmon resonance down to a size of Ag9.

4.3. Cluster Molecule Interactions

Based on a sound knowledge of the optical properties of size selected sup-

ported silver clusters, the question arises how the optical properties are

altered, if the system is exposed to molecules. The scientific interest in ligand

capped metal clusters, especially gold and silver, has increased enormously

during the past two decades due to the ease of size selective synthesis and

exact knowledge of the structure [25, 68, 91]. In this field of research one

focus is on chiral metal clusters since optical activity located in metal based

transitions was shown the first time for monolayer protected gold clusters

[55, 191]. It has been shown, that chiral ligands can rearrange the metal core

in a chiral fashion and that the chirooptical properties depend on many
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factors like the particle material and size, the used ligand, the number of

ligands and so forth. However, since the ligand layer is mandatory for the

stabilization of the metal clusters, the impact of the ligand layer on the opti-

cal properties of the metal cluster can hardly be extracted from such studies.

Furthermore optical activity has not been measured up to now in the case of

supported metal particles, representing the most interesting system in terms

of asymmetric heterogeneous catalysis, a potential application of chiral

metal particles [60]. Nonlinear s-SHG spectroscopy has been shown to be

powerful in order to investigate chiral surfaces [26, 27, 186, 196]. The corre-

sponding techniques are analogs of linear Optical Rotatory Dispersion and

Circular Dichroism and are called s-SHG-ORD (Surface Second Harmonic

Generation Optical Rotatory Dispersion) and s-SHG-CD (Surface Second

Harmonic Generation Circular Dichroism) respectively. It was shown, that

the CD effect in the nonlinear analog is orders of magnitudes bigger than

within the linear technique, which enables the investigation of chiral sur-

face species with sub monolayer coverage and very small effects [176]. Our

spectroscopic setup was successfully used for the study of supported chiral

molecules [78] and the next step would be the investigation of supported

chiral metal clusters.

4.3.1. s-SHG Studies

Several molecules, whose chemical structures are shown in figure 4.8, were

used to study cluster molecule interactions in the case of supported sil-
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Figure 4.8.: Structural chemical formulas of molecules used to study cluster molecule

interactions by means of SHG spectroscopy. 1,1’-bi-2-naphthol, 2-aza[6]helicene

and glutathione are chiral and Thiophenol is achiral.

ver clusters by means of s-SHG spectroscopy. 1,1’-bi-2-naphthol (Binol),

2-aza[6]helicene and glutathione were chosen as chiral molecules in order

to investigate chirooptical properties of supported silver clusters under con-

trolled UHV conditions. Binol and helicenes posses axial chirality whereas

glutathione posses a stereogenic center. Glutathione was used because it

has been shown, that gold and silver clusters capped with enantiomeri-

cally pure glutathione exhibit optical activity in metal based transitions

[30, 50, 108]. Binol was used because of it’s well understood nonlinear op-

tical properties when supported onto SiO2 glass slabs [78]. Additionally

the correlated dithiol (BINAP) has been used successfully to synthesize

chiral metal particles [56]. The helicene was used in order to test a chiral

molecule with as little functional groups as possible and Thiophenol was

used as simple test molecule. In order to determine the influence of the

molecules on the optical properties of supported silver clusters, samples of

unselected clusters were prepared under UHV conditions as described in

section 3.1 and the extinction spectrum was measured by means of s-SHG
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4.3. Cluster Molecule Interactions

spectroscopy prior to molecule exposure. The molecules were evaporated

on top of the clusters in the preparation chamber, with a base pressure of

approximately 2 · 10−8 mbar. The overall duration of the sample inside the

preparation chamber was kept well below two minutes. It has been shown,

that a period of two minutes inside the preparation chamber at a pressure

of 3 · 10−8 mbar only alter the s-SHG spectrum slightly, so that changes can

be attributed to interactions with evaporated molecules8. Binol, glutathione

and the helicene are solids at ambient conditions, so they were evaporated

onto the silver clusters with use of an evaporator for organic molecules. The

applied temperature for the evaporation process was kept low, so that no

thermal decomposition takes place during evaporation and the molecules

are intact onto the surface [77]. The coverage was monitored with help of a

quartz microbalance. Thiophenol is liquid at ambient conditions, so it was

leaked into the preparation chamber and the cluster sample was exposed to

a background pressure of 3 · 10−6 mbar for 30 seconds. On the left hand side

of figure 4.9 s-SHG extinction spectra of unselected silver clusters Agx with

a coverage of approximately 1 · 1013cm−2 are shown9 , if exposed to Binol.

On the right hand side the lorentzian fits of the LSPR located at around

3.7 eV are depicted with normalized intensities for a better comparison.

It should be noted, that the signal intensity above approximately 4.0 eV,

which can be attributed to interband transitions, is not considered for the fit.

Binol was evaporated in several steps and the s-SHG spectra were measured

8see App2

9Samples of unselected silver clusters Agx have got a size distribution between approx-

imately Ag21 and Ag60, as schown in section 3.1.
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Figure 4.9.: s-SHG spectra and corresponding lorentzian fits of supported silver clusters

interacting with Binol. The Binol coverage of 1 · 1014cm−2 corresponds to a full

monolayer.

subsequently after each evaporation step. With an increasing coverage of

evaporated Binol the LSPR signal intensity decreases until no signal is left

at a coverage of approximately 1 · 1014cm−2. Assuming a size of 1 nm2 for

Binol molecules, this coverage corresponds to a full monolayer of molecules

[107]. The corresponding s-SHG spectrum depicted in orange exhibits an

oscillation pattern below an energy of approximately 4.0 eV, which can

be attributed to interferences between second harmonic light generated

at the front and back of the used SiO2 support and indicates an accurate

measurement [97, 194]. A single monolayer of Binol molecules adsorbed

onto SiO2 does not generate SH signal intensity due to a transition dipole

moment oriented parallel to the surface, as shown in an earlier study [78].

Up to a coverage of a full monolayer a slight shift to lower energies and

a broadening of the LSPR can be observed with an increasing coverage.

The shift could be explained with an increased effective dielectric constant
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4.3. Cluster Molecule Interactions

Table 4.3.: Fit parameters of spectra shown in figure 4.9.

θ[cm−2] norm. int. [a.u.] position [eV] FWHM [eV]

Agx 1 3.73 0.45

Binol 1 @ Agx 5.2·1013
0.66 3.71 0.47

Binol 2 @ Agx 8.1·1013
0.15 3.70 0.53

of the surrounding medium and the broadening with a reduced lifetime

of the plasmon resonance due to chemical interface damping. However

both, the shift and the broadening are within the error of the fit, so the

loss of the SHG signal corresponding to the LSPR of silver clusters with

an increasing coverage of molecules is the only reliable observation. Inter-

estingly the complete loss of the signal coincides with a full monolayer of

molecules, suggesting that silver clusters interacting with molecules do not

contribute to the generation of second harmonic light. A similar behavior

is observed in the case of the other tested molecules, too, as shown in the

appendix A.2. The interaction of supported silver clusters with organic

molecules, regardless of the type of molecules with different functional

groups, therefore results in the loss of the SHG signal corresponding to the

LSPR. At this point it is important to note, that the intensity of the generated

second harmonic light depends on the polarizability of the free conduction

electrons in the metal particle. It is known that the polarizability is reduced,

if electron density is located in chemical bonds between metal clusters and a

capping layer of molecules [74, 104]. Therefore the silver clusters might still

be present on the substrate in an intact form, but the generation of second
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Figure 4.10.: Nonlinear s-SHG and linear UV/VIS extinction spectra of supported silver

clusters. On the left hand side the s-SHG spectra before (black) and after (blue)

exposure of the sample to molecules is shown.

harmonic light might be suppressed. In section 3.2.2 it is explained, that

the generation of second harmonic light is enhanced if either the funda-

mental or the second harmonic is in resonance with the LSPR and it has

been shown that in the used experimental arrangement the latter is the

case [195]. Because the enhancement of the second harmonic is stronger,

if the fundamental is in resonance with the LSPR energy, this modified

experimental arrangement would offer the opportunity to verify the above

assumption of a decreased polarizability of the free electrons. However the

second harmonic light would have an energy of around 7.4 eV (approxi-

mately 170 nm), if the fundamental is in resonance with the LSPR located at

around 3.7 eV, a spectral range that is not covered by the used setup. Figure

4.10 shows the experimental results obtained with a spectroscopic setup

that was extended to the UV as much as possible. On the left hand side the
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s-SHG spectrum of supported silver clusters under UHV conditions with a

coverage of approximately 1 · 1014cm−2 is depicted in black. The coverage

was increased in comparison to the experiments shown in figure 4.9 in order

to get a strong signal intensity and in order to measure the sample with

a standard UV/VIS spectrometer, having a lower sensitivity than surface

sensitive s-SHG spectroscopy. The UV/VIS absorption spectrum, measured

after exposure of the sample to molecules, is depicted on the right hand

side of figure 4.10. Because the UV/VIS spectrometer is not implemented

to the UHV setup, the sample had to be transferred to ambient conditions

for the measurement. Subsequently the sample was transferred back to

UHV in order to measure another s-SHG spectrum, depicted in blue on the

left hand side of figure 4.10. Note that in the graph on the left hand side

both, the fundamental and second harmonic photon energies are depicted.

Fundamental light with an energy from 1.5− 2.5 eV was used to generate

second harmonic light, which is the measured quantity, with an energy from

3.0− 5 eV. Several important features can be extracted from figure 4.10. First

of all, the UV/VIS spectrum clearly exhibits a strong absorption peak, which

can be attributed to the plasmon resonance of the silver clusters. Therefore

a decomposition of supported silver clusters caused by cluster molecule

interactions can be excluded as the reason for the loss of the SHG signal

shown in figure 4.9. Secondly, the LSPR shifted from 3.66 eV to 2.66 eV. The

difference of 1.0 eV might be a combination of the LSPR dispersion between

resonances oriented parallel and perpendicular to the surface, as explained

in section 4.1, and the influence of the molecules onto the position and width
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of the LSPR10. For oxide supported silver clusters with high coverages an

energy difference of 0.8 eV between the plasmon resonance oriented parallel

and perpendicular to the surface was measured [112], suggesting that the

resonance detected with the UV/VIS spectrometer is that one oriented par-

allel to the surface. The fact, that the LSPR is broader when measured with

the UV/VIS spectrometer supports this assumption [112]. The additional

energy difference might be due to oxidation of the silver clusters, which

shifts the LSPR to lower energies, as discussed in section 2.4. Measuring

another s-SHG spectrum after transferring the sample back to UHV, the

initial LSPR at 3.66 eV is gone as can be seen from the blue curve on the

left hand side of figure 4.10, in accordance with the results shown in figure

4.9. Interestingly an SHG intensity onset on the high energy side of the

spectrum can be observed which could be attributed to the case where the

fundamental is in resonance with the LSPR. Unfortunately the peak is not

fully resolved, however the onset of the peak starts at a fundamental photon

energy of approximately 2.3 eV, which is again 0.8 eV ’bluer’ than the onset

of the plasmon resonance measured with the UV/VIS spectrometer. This

energy difference again can be explained with one plasmon mode oriented

parallel to the surface and one plasmon mode oriented perpendicular to

the surface. Note, that the selection rules for the SHG process are the same,

irrelevant if the fundamental or the second harmonic is in resonance with

the transition. Therefore s-SHG spectroscopy exclusively probes the plas-

mon resonance oriented perpendicular to the surface, independent on the

10Because the UV/VIS absorption spectrum was measured under ambient conditions

other effects like the oxidation of the silver clusters should influence the spectrum, too.
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experimental arrangement. Of course the comparison of not fully resolved

peaks measured with different spectroscopic techniques is inaccurate and

can only give a hint. However, these measurements suggest that the po-

larizability of free conduction electrons inside silver clusters is reduced

due to cluster-molecule interactions, which suppresses the generation of

second harmonic light considerably. It can be concluded, that nonlinear

s-SHG spectroscopy can not provide further insights into the interactions

between supported silver clusters and organic molecules under the used

experimental conditions and that a linear spectroscopic technique has to

be used in order to get more information about the influence of organic

molecules on the optical properties of supported silver clusters.

4.3.2. s-CRD Studies

In contrast to nonlinear s-SHG spectroscopy, s-CRD spectroscopy is a linear

optical method and therefore it should be less sensitive to a reduced hy-

perpolarizability due to cluster molecule interactions. Unlike studies with

a conventional UV/VIS spectrometer, as shown in the previous section, it

has got the strong advantage to enable UHV studies with sub monolayer

sensitivity [193]. Therefore it is possible to measure the influence of organic

molecules on the optical properties of size selected supported silver clusters,

which require small surface coverages in order to prevent agglomeration.

Because the interactions between metal clusters and molecules takes place at

the cluster surface, Ag55 and Ag20 were chosen as cluster sizes with different
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surface to volume ratios in order to measure the influence of thiophenol

on the optical properties of silver clusters. In the case of thiolate stabilized

coinage metal clusters in solution a clear correlation between the cluster

size n and the number of thiolates m was found, whereas the number of

thiolates is given as m = n0.605 · 100.42 [43, 68]. Following this expression

a Ag55 cluster should be surrounded by approximately 30 ligands and a

Ag20 cluster should be surrounded by approximately 16 ligands, corre-

sponding to 55% and 80% with regards to the number of atoms respectively.

Although the cluster structure and the number of ligands is unknown in

the case of supported clusters11, a different surface to volume ratio can still

be expected for these two cluster sizes, which should be reflected in the

extinction spectra. Thiophenol was used as ligand because it was shown,

that thiophenol and it’s derivates form stable complexes with silver clusters

in solution via a thiolate bonding [1, 13, 21, 70, 75]. Additionally thiophenol

is non resonant in the investigated spectral range, which simplifies the

interpretation of the spectra. In order to study the impact of thiophenol

on the optical properties of supported silver clusters, cluster samples were

prepared under UHV conditions as described in section 3.1 and a s-CRD

spectrum was measured subsequently. Afterwards thiophenol was leaked

into the preparation chamber with a background pressure of 2 · 10−6 mbar

and the cluster sample was exposed to that atmosphere for a certain time12,

11Ag55 is a geometrically closed shell cluster and has got an icosahedral shape in the

gase phase [83, 178], whereas Ag20 is geometrically and electronically a closed shell cluster

with an tetrahedral gas phase structure [45, 100]
12A mass spectrum of the thiophenol atmosphere can be found in appendix A.2
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followed by the measurement of another s-CRD spectrum. It was shown

that the base pressure of the preparation chamber of 2 · 10−8 mbar does not

change the extinction spectrum of supported silver clusters, if the sample is

placed in the preparation chamber without dosage of organic molecules13.

Therefore changes in the extinction spectrum can unambiguously be as-

signed to cluster molecule interactions. The evaporation was retried until no

changes in the s-CRD spectrum could be observed. As described in section

3.2.1 a complete s-CRD spectrum is subdivided into several separate parts,

each covered with an individual set of mirrors. The measurement of an

individual part requires an adjustment of the corresponding mirror pair

accompanied with an experimental error. To circumvent this experimental

error the evolution of the s-CRD spectrum during the evaporation of thio-

phenol was monitored with a single mirror pair, so that the readjustment

of the optical setup between the evaporation steps was not neccessary. Fi-

nally again a full spectrum was measured from the saturated system. The

impact of thiophenol upon unselected silver clusters with a mean diameter

of 1 nm ± 10 % is shown in figure 4.11. On the left hand side the extinction

spectrum of the bare clusters is depicted in black and the final spectrum

after exposure to Thiophenol is depicted in blue. Additionally lorentzian

fits of the measured data are shown as solid lines. On the right hand side of

figure 4.11 the evolution of the extinction during evaporation of Thiophenol

is shown, monitored with a single mirror pair, whereas the exposure to

thiophenol is denoted in Langmuir14. Note that normalized intensities are

13See appendix A.2
141L = 1.33 · 10−6mbar · s
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Figure 4.11.: Influence of thiophenol on the extinction spectrum of unselected silver clusters.

On the left hand side the extinction spectra of bare and saturated silver clusters

is shown, whereas on the right hand side the evolution of the extinction under

thiophenol exposure is shown.

depicted. The same measuring procedure as for the unselected samples

was done for size selected samples of Ag55 and Ag20 and the spectra are

shown in figure 4.12. The corresponding evolution of the extinction during

evaporation of thiophenol can be found in appendix A.2. As can be seen,

and as already mentioned in section 4.1, the s-CRD spectra of bare silver

clusters are not resolved completely and the fit parameters should be taken

with care. However, in accordance to the expected size effect, the LSPR of

bare samples is located at approximately 3.2 eV and 3.1 eV for Ag20 and

Ag55 respectively, whereas the resonance of Ag20 is slightly broader. Both,

the position and the width are in good agreement with literature, as shown

in section 4.1. Furthermore the difference in the position of around 0.1 eV

and the difference in the FWHM of around 0.2 eV is in quite good agreement

with the experimental results presented in section 4.2, which were obtained
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Figure 4.12.: Influence of thiophenol on the extinction spectrum of size selected Ag20 and

Ag55 clusters.

with s-SHG spectroscopy. These agreements indicate a sufficient accuracy of

the fit in order to compare the impact of thiophenol on different cluster sizes,

although the peak is not resolved completely. After evaporation of thiophe-

nol the peak maximum or at least the inflection point is resolved, resulting

in an accurate fit. The reproducibility of the measurement was shown in

the case of Ag55 with several individual samples15. For the peak position

a standard deviation of ± 0.02 eV was determined and for the FWHM a

standard deviation of ± 0.3 eV was determined. In all experiments the LSPR

of supported silver clusters shifts to lower energies and broadens, if exposed

to thiophenol. As can be taken from table 4.4, after exposure to thiophenol

the LSPR of Ag20 and Ag55 are located at around 2.92 eV and 2.82 eV respec-

tively, so the resonances of both cluster sizes shifted by approximately 0.3 eV

to lower energies. As described in section 2.4 this shift might be caused by

a higher dielectric constant of the surrounding medium εm or a reduced

15see appendix A.2
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Table 4.4.: Comparison of the thiophenol induced LSPR shift and broadening for different

cluster sizes.

Agx Ag20 Ag55

bare Thiophenol bare Thiophenol bare Thiophenol

position [eV] 3.1 2.85 3.2 2.92 3.1 2.82

FWHM [eV] 0.9 1.0 0.9 1.2 0.7 0.9

electron density inside the metal clusters. It has been shown that thiophenol,

and other thiols in general, chemisorb onto a silver surface if they impinge

from the gas phase [2, 18, 101, 132, 179]. The reaction takes places via the

formation of a covalent bonding between the sulfur and silver, whereas the

SH bond of the thiol dissociates. Although this mechanism was found for

extended silver surfaces it is assumed that thiophenol chemisorbs onto small

supported silver clusters, too, as known from silver nanoparticles in solution

[36, 48]. Because chemisorbed thiolate ligands reduce the electron density

and increase the dielectric constant of the surrounding at the same time, the

observed shift is propably a combination of these two effects. Additionally

to thiophenol chemisorbed to silver clusters, thiophenol molecules adsorbed

onto the SiO2 substrate or thiophenol physisorbed in multilayers on top of

the clusters might influence the LSPR via an increased dielectric constant

of the surrounding, too. In order to gain a better understanding of the

investigated system figure 4.13 shows the evolution of the LSPR position

against thiophenol exposure, whereas the LSPR positions are taken from the

fits of the peak sections shown on the right hand side of figure 4.11. These
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Figure 4.13.: Evolution of the LSPR position under thiophenol exposure for different cluster

sizes.

fits were done on the basis of the completely measured s-CRD spectra before

and after the evaporation of thiophenol in order to get values as precise as

possible. Again, the reproducibility was shown in the case of Ag55 and can

be found in appendix A.2. For both cluster sizes, as well as for unselected

samples, the LSPR position shows a double exponential characteristic under

exposure to thiophenol.

y0 + A1 exp
(
−(x− x0)

τ1

)
+ A2 exp

(
−(x− x0)

τ2

)
(4.2)

A rapid shift at the beginning, characterized by the fit parameters A1 and

τ1 is followed by a slow shift, characterized by A2 and τ2, indicating two

different processes that take place at different time scales. Because thiophe-

nol directly chemisorbs onto a silver surface from the gas phase without

the appearance of physisorbed precursor states [2, 18], a combination of

physisorption and consecutive, kinetically hindered chemisorption can be

excluded as the reason for the observed double exponential characteristic. In
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4. Results and Discussion

Table 4.5.: Fit parameters of the double exponential LSPR shift of supported silver clusters

under thiophenol exposure.

y0[eV] A1 τ1[L] A2 τ2[L]

Ag20 2.91 0.21 18 0.09 335

Ag55 2.80 0.15 11 0.19 428

Agx 2.82 0.15 16 0.17 657

that case physisorbed thiophenol would increase the dielectric constant of

the surrounding medium and the formation of the thiolate bonding would

decrease the free electron density inside the silver clusters, further shifting

the LSPR to lower energies. To exclude this mechanism experimentally, a

sample of unselected silver samples was prepared, measured and exposed

to thiophenol as described. However the evaporation was halted after the

first evaporation step and the sample was stored in UHV for 30 minutes,

which corresponds to the typical duration between two evaporation steps.

Subsequently another spectrum was measured before the evaporation of

thiophenol was continued. As can be seen in figure 4.14, the s-CRD spectrum

does not change, if the sample is stored in UHV. When the evaporation of

thiophenol is continued, the LSPR of supported silver clusters continues

to shift to lower energies, indicating that the system is not saturated after

the first evaporation steps, and that at least the rapid shift of the LSPR

at the beginning of the evaporation can be assigned to chemisorption of

thiophenol to supported silver clusters. In order to verify this assumption, a

sample of unselected silver clusters was exposed to benzene under the same
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Figure 4.14.: Time behavior of the extinction of supported silver clusters covered partially

with thiophenol. The duration of 30 minutes corresponds to the typical dura-

tion between two evaporation steps.

conditions as for the experiments with thiophenol16. In contrast to exposure

to thiophenol, the shift of the LSPR shows a single exponential decay, which

can be attributed to Langmuir adsorption of benzene onto supported silver

clusters and shows a time constant of the shift that is an order of magnitude

larger than the time constant of the fast process in the case of thiophenol

evaporation17.

y0 + A exp
(
−(x− x0)

τ

)
(4.3)

Therefore the rapid shift at the beginning of thiophenol evaporation can

unambiguously be assigned to chemisorption of thiophenol to silver clus-

ters. The slow LSPR shift in the case of thiophenol evaporation might be

caused either by chemisorption of thiophenol, too, or it might be due to

additionally physisorbed thiophenol. In both cases several arguments for

16A mass spectrum of the benzene atmosphere can be found in appendix A.2
17The determined fit parameters are A = 0.25 and τ = 251.
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Figure 4.15.: Evolution of the LSPR position of unselected silver clusters under benzene

exposure.

and against it do exist. In order to examine, if the formation of multilayers

is responsible for the slow shift of the LSPR, cooled samples and samples

held at room temperature of unselected silver clusters were exposed to

thiophenol18. Assuming that thiophenol behaves similar to benzene, multi-

layers that might be present in the case of cooled samples should desorb

at room temperature [187], resulting in a lower dielectric constant of the

surrounding medium, which in turn should shift the LSPR. As can be seen

from figure 4.16, experiments done at different temperatures result in almost

identical extinction spectra, suggesting that no multilayers of thiophenol

are formed under the present experimental conditions. This assumption is

supported by the experimental observation, that the extinction spectrum of

supported silver clusters saturated with thiophenol almost does not change,

if stored in UHV for 24 h19. However it can not be excluded, that thiophenol

18As described in chapter 3.1, the temperature of the cooled sample is difficult to

determine, therefore no exact temperature is given.
19See appendix A.2
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Figure 4.16.: Effect of sample temperature on the influence of thiophenol onto the extinc-

tion of supported silver clusters. Note that measurements of two individual

samples with approximately the same coverage is shown.

physisorbed onto the SiO2 substrate in the vicinity of supported clusters

is responsible for the slow shift due an increased dielectric function of the

surrounding. In particular it has been shown that the local electric field

around supported silver clusters, if excited with light polarized parallel

to the surface as it is the case in s-CRD experiments20, is located close to

the surface [112, 185]. The absence of a double exponential characteristic of

the LSPR position if silver clusters are exposed to benzene however rather

indicate, that the slow LSPR shift is caused by chemisorption, too. As can

be taken from table 4.5 in the case of Ag55 the slow shift accounts for more

than the half of the total LSPR shift. As described in section 2.3.1 and as

can be seen from figure 2.11, a monolayer of thiophenol around Ag55 ac-

counts for approximately 70% of the change in the dielectric function of

the surrounding, if going from the value εm = 1 for vacuum to εm = 2.1

20Compare section 4.1
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for a monlayer of thiophenol (bulk thiophenol has got a dielectric constant

of εm = 2.5). Because of the linear relation between the dielectric constant

of the surrounding and the LSPR position, the fast LSPR shift caused by

chemisorbed thiophenol should therefore cause the bigger share of the

overall shift, in particular as chemisorbed thiophenol additionally includes

the shift due to a reduced free electron density. In the case of Ag20 the

slow shift accounts for a smaller share compared to the fast LSPR shift,

in accordance with the assumption of physisorbed thiophenol. The fact

that the amount of the slow shift is smaller in the case Ag20 compared to

Ag55 could be explained with the fact, that the perturbation of the local

electromagnetic field around metal clusters due to adsorbed ligands is more

pronounced in the case of smaller particles [35]. Thus the sensing ability

for dielectric constant changes in the surrounding of the clusters should

be weaker in the case of Ag20. Assuming that the slow LSPR shift is also

caused by chemisorbed thiophenol, the two observed time regimes could

be explained by different sticking probabilities of thiophenol onto different

geometrical sites [36, 169] or by a sterically hindered closure of the ligand

layer after the adsorption of the first molecules [180, 207]. However, in order

to unambiguously assign the slow shift of the LSPR to physisorption or

to chemisorption further temperature dependent experiments would be

necessary, because in contrast to physisorption, chemisorption of thiophenol

onto silver shows the expected, strong temperature dependence [199]. The

comparison of experiments done with thiophenol and benzene indicates,

that the bigger portion of the LSPR shift caused by the interactions with

thiophenol is due to an increased dielectric constant of the surrounding
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4.4. Thin Film Growth of π-conjugated Molecules

instead of a reduced electron density. In the case of unselected silver clus-

ters thiophenol causes a shift of approximately 0.3 eV, whereas benzene

causes a shift of approximately 0.2 eV. The interaction between benzene and

silver was found to be very weak and can be described by physisorption

character [29, 131], so it can be assumed, that the shift of 0.2 eV is due to

an increased dielectric function of the surrounding. As can be taken from

figure 2.10, a shift of 0.2 eV would be observed, if the dielectric constant of

the surrounding is increased by a value of 0.8, which is in good agreement

with a monolayer of benzene21. Because benzene has got a slightly smaller

dielectric constant than thiophenol, at least 0.2 eV of the observed LSPR

shift in the case of thiophenol should be caused by an increased dielectric

function of the surrounding medium, implying only a small reduction of

the free electron density inside the metal cluster. This might be the reason

why after reaction with thiophenol the smaller Ag20 cluster is still located at

higher energies than Ag55, although the blueshift of the LSPR for a decreas-

ing cluster size was found to reverse in the case of thiolate protected silver

clusters due to the growing influence of the thiolate ligands [164, 190].

4.4. Thin Film Growth of π-conjugated Molecules

Besides the investigation of the optical properties of supported silver clusters,

within this work the thin film growth of 1,4-Di-n-octyloxy-2,5-bis(pyren-1-

21Benzene has got a dielectric constant of εbenzene = 2.1, so in the case of a monolayer or

a lose film a slightly smaller value should be considered
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1,4-Di-n-octyloxy-2,5-bis(pyren-1-ylethenyl)benzene

Figure 4.17.: Structural chemical formula of the investigated bis-pyrene compound.

ylethenyl)benzene (bis-pyrene) was studied by means of s-CRD spectroscopy.

In bis-pyrene two pyrene rings are bridged by a bis(vinylene)henylene unit,

as can be seen in figure 4.17. It is known that such molecules have ver-

satile electronic and optical properties, making them promising materials

for organic photovoltaic (OPV) and organic light emitting diodes (OLED)

[49, 119, 144]. In order to improve such devices it is mandatory to under-

stand the thin film growth of π-conjugated molecules [119]. In figure 4.18

the absorption spectra of a thick bis-pyrene film evaporated onto a BK7 glass

substrate and bis-pyrene in a THF solution (tetrahydrofuran) are shown.

Both spectra exhibit a strong absorption at around 440 nm, which can be

attributed to to the long-axis polarized 1La transition [122, 124]. In the case

of bis-pyrene in THF solution the peak is located at slightly higher wave-

length, which can be attributed to a positive solvatochromism effect due to

solvent molecules. The absorption spectrum of bis-pyrene in the molecular

film exhibits additionally a shoulder located at around 505 nm. The fact

that this shoulder is not present in the spectrum of bis-pyrene in solution

suggests, that it is caused by interactions of the transition dipole moments
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Figure 4.18.: Absorption Spectra of bis-pyrene in Solution and bis-pyrene deposited onto a

BK7 Glass Substrate.

of neighboring molecules. In order to confirm this assumption figure 4.19

shows the coverage dependent evolution of the absorption spectrum of bis-

pyrene evaporated onto BK7 glass substrates under UHV conditions. On the

left hand side normalized spectra between coverages of 1.6 · 1013cm−2 and

1.2 · 1014cm−2 are presented in the wavelength range, where the shoulder

is observed in the thick film spectrum. Note that the shown wavelength

range is covered by a single CRD mirror pair, which minimizes the ex-

perimental error22. On the right hand side the complete s-CRD spectra of

bis-pyrene coverages of 1.6 · 1013cm−2 and 1.2 · 1014cm−2 are depicted. It

can clearly be seen, that the normalized intensity of the shoulder located

at around 505 nm increases with the coverage and saturates above approx-

imately 6.6 · 1013cm−2. Therefore the shoulder located at around 505 nm

can clearly be assigned to interactions between bis-pyrene molecules in the

thin film. The saturation of the intensity of the shoulder can be explained

22Compare section 4.3.2
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Figure 4.19.: Coverage dependent intensity evolution of the shoulder located at around

505 nm. On the right hand side full s-CRD absorption spectra of bis-pyrene

supported onto a BK7 glass substrate with a coverage below and above a

monolayer are depicted. Note that the molecular density of a full monolayer

is approximately 3 · 1013cm−2

with a transition to a bulk like structure, in which additionally deposited

molecules contribute equally to the increased intensity of the main peak

and the shoulder respectively. However it is not clear whether the shoulder

is due to interactions between molecules lying side by side or due to inter-

action between molecules stacked one above the other. By means of STM

spectroscopy the molecular density of a full monolayer of bis-pyrene lying

flat onto Au(111) was determined as approximately 3 · 1013cm−2 [119]. The

facts, that at this coverage the shoulder has got a relative weak intensity and

that the intensity of the shoulder saturates at twice that coverage suggests,

that the shoulder is more likely caused by molecules stacked one above the

other. As soon as the second monolayer of molecules is closed, additional

molecules contribute equally to the intensity of both peaks and the intensity
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4.4. Thin Film Growth of π-conjugated Molecules

of the shoulder saturates. In that case the observed intensity of the shoulder

at a coverage of 3 · 1013cm−2 may be caused by molecules deposited on

top of other molecules before the first monolayer is fully closed, or due

to an inaccurate determination of the coverage with help of the quartz

microbalance. However it can not be excluded, that the shoulder is due

to interactions between molecules lying side by side. In that case it could

be concluded, that bis-pyrene growth in islands onto BK7 glass and that

the first monolayer is closed at a coverage of approximately 6.6 · 1013cm−2,

because a fully closed monolayer would indicate the transition to the bulk

like structure.

.
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5. Summary and Outlook

In summary, this work presents studies on the plasmonic behavior of size-

selected supported silver clusters by means of surface second harmonic

generation spectroscopy and surface cavity ring-down spectroscopy under

ultra high vacuum conditions. The energy of the plasmon resonance of

supported silver clusters smaller than 1.5 nm is measured successfully for

the first time. The plasmon resonance is shown to blue shift by ≈ 0.2 eV

for a decreasing particle size from Ag55 to Ag9. The measured shift is in

quantitative agreement with a theoretical model based on Mie theory, which

makes use of size dependent dielectric functions of silver nano clusters

determined with DFT calculations [76, 134]. Interestingly a single plasmonic

resonance is measured down to a cluster size of Ag9, in contrast to stud-

ies on silver clusters embedded in rare gas matrices and in the gas phase

[52, 116]. In the case of supported silver clusters the size dependent blue

shift of the plasmon resonance known for bigger particles [34, 158] con-

tinues down to the small size limit and it is still possible to describe the

resonance with classical Mie theory in combination with a free electron

spill out [147]. Furthermore it is shown, that the plasmon resonance of
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supported silver clusters shifts to lower energies by ≈ 0.3 eV and broadens,

if samples are exposed to thiophenol, which can be attributed to the high

affinity of silver to thiols [132]. The shift is in agreement with an increased

dielectric constant of the surrounding medium [44] and a reduction of the

free electron density inside the metal clusters [164]. However it could not

conclusively clarified, if the observed impact on the plasmon resonance is

due to a chemisorbed thiolate solely, or if weakly physisorbed thiophenol

contribute to the shift, too. Two different approaches are conceivable with

the available experimental setup in order to elucidate the chemical status

of the adsorbed species. Firstly, the strong divergent temperature depen-

dence of chemisorption and physisorption, which could be observed for the

adsorption of thiophenol onto gold [199], may be used in order to assign

the adsorption of thiophenol onto supported silver clusters to one of these

processes. Secondly, the presence or absence of the S-H stretching band of

thiophenol, which is located at around 2500 cm−1 and could be measured

by near infrared CRD spectroscopy, may be used in order to identify the

chemical status of the absorbed species [18, 132]. Not only the chemical

status of thiophenol could be elucidated by near infrared CRD spectroscopy

but also the chemical status of other adsorbates. It has been shown, that

the experimental setup has sub-monolayer sensitivity [119, 193], therefore

the identification of adsorbed molecules should be possible. Sum-frequency

generation spectroscopy (SFG) may be another possibility to identify ad-

sorbed molecules and would require only slight modifications of the existing

experimental setup after an extension of the existing laser-system to the IR.

Sum-frequency generation is highly surface-specific and accordingly has
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been developed into a powerful surface spectroscopic tool [183, 184]. In a

typical setup with a picosecond-laser system the laser pumps an optical

parametric amplifier to generate a tunable IR beam, which overlaps with

the second harmonic output from the laser on the sample surface [182]. The

generated sum-frequency signal could be detected with a photodetector.

A hot topic within cluster science are chiral metal nanoparticles, since op-

tical activity located in metal based transitions was shown the first time

for monolayer protected gold clusters by means of CD spectroscopy (cir-

cular dichroism) [55, 68, 191]. It has been shown, that chiral ligands can

asymmetrize the metal core in a chiral fashion and that the chirooptical

properties depend on many factors like the particle material and size, the

used ligand and the number of ligands. However, optical activity was not

measured in the case of supported metal nanoparticles up to now, due to

the low surface coverages required to avoid agglomeration and the small

excitation cross section of particles containing only a few tens of atoms in

combination with small CD effects present in such systems. Fortunately lin-

ear CD spectroscopy has got a nonlinear analog and it has been shown that

SHG-CD spectroscopy (second harmonic generation circular dichroism) has

got the power to measure surface chirality with sub monolayer sensitivity

[26, 27, 196]. The presented experimental setup was already used to investi-

gate chiral surfaces made of enantiomerically pure 1,1’-bi-2-naphthol [78]

and therefore offers all that is necessary in order to investigate chirality in

supported metal clusters under controlled conditions. However, within this

work it has been shown, that supported silver clusters covered by organic

molecules do not contribute to the generation of second harmonic light,
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which can be attributed to a reduced polarizability of the free electrons

inside the metal cluster [74, 104]. Since SH intensity is mandatory for SHG-

CD spectroscopy, different concepts have to be used in order to asmmetrize

supported metal clusters. A possible approach may be the deposition of

metal clusters on top of a chiral substrate, so that the particle surface is only

partially covered by molecules. For example it has been shown that gold

clusters can be soft landed onto a thiol self assembled monolayer without

sinking into the molecular film [41, 201]. However it should be noted, that

thiol based self assembled monolayers are usually formed onto gold films

and that the used spectroscopic setup is build in order to measure samples

in transmissions. In order to keep the transmittance of the samples as high

as possible, the gold films has to be kept as thin as possible, or transparent

SiO2 may be functionalized directly by silanization, alternatively [88].
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Appendix A.

Experimental Results

In this part of the appendix additional informations regarding chapter 4 are

given. In the first part additional information corresponding to section 4.3.1

are presented. The second part regards to section 4.3.2.

In figure A.1 it is shown that the SHG signal of supported silver clusters is

almost not altered, if the sample is held in the preparation chamber for the

duration of a typical evaporation process without dosing molecules. Figures

A.2, A.3 and A.4 demonstrate, that the SHG signal is lost, if the samples are

exposed to glutathione (SGH), 2-aza[6]helicene (helicene) and thiophenol,

respectively, which can be attributed to a reduced hyperpolarizability of

free conduction electrons inside the cluster caused by cluster molecule

interactions.

Figure A.5 demonstrates, that the extinction spectrum of supported silver

clusters is not altered, if the sample is exposed to the base pressure of
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the preparation chamber for the duration of a typical evaporation process.

Figure A.6 shows the evolution of the extinction spectrum of size selected

Ag20 and Ag55 clusters under exposure to thiophenol. Figure A.7 shows,

that the extinction spectrum of supported silver clusters saturated with

thiophenol almost does not change, if the sample is stored in UHV for 24

hours. The right hand side of A.7 further demonstrates, that the extinction

spectrum of a cluster sample saturated with thiophenol does not change

significantly if the sample is further exposed to thiophenol, indicating that

no multilayr adsorption of thiophenol takes place. Figure A.8 demonstrates

the reproducibility of CRD measurements on the basis of three individual

samples of Ag55 clusters exposed to thiophenol. Figure A.9 demonstrates

the reproducibility of the adsorption kinetic of thiophenol on supported

silver clusters on the basis of two individual Ag55 samples. Figure A.10

shows mass spectra of the background in the preparation chamber during

exposure of cluster samples to thiophenol and benzene. In the thiophenol

spectrum the characteristic peaks around 110, 84, 66, 51, 45 and 39 amu can

be seen. In the benzene spectrum the characteristic peaks around 78, 63, 51,

39 and 26 amu can be seen.
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Figure A.1.: SHG Extinction spectra of Supported Silver Clusters before (black) and after

(blue) Exposure to the Base Pressure of the Preparation Chamber.

A.1. SHG Studies

A.2. CRD Studies
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Figure A.2.: Loss of SHG Signal of Supported Silver Clusters due to Exposure to

Glutathione.
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Figure A.3.: Loss of SHG Signal of Supported Silver Clusters due to Exposure to 2-

aza[6]helicene.
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Figure A.4.: Loss of SHG Signal of Supported Silver Clusters due to Exposure to thiophenol.
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Figure A.6.: Evolution of the Extinction Spectrum of Ag20 and Ag55 Clusters under Expo-

sure to Thiophenol.
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Figure A.7.: Time Behavior of the Extinction Spectrum of Supported Silver Clusters satu-

rated with Thiophenol.
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Figure A.8.: Reproducibility of CRD Measurements.
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Figure A.10.: Mass Spectra of the Background in the Preparation Chamber during Exposure

of Cluster Samples to Thiophenol and Benzene.
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[134] T. Lünskens, P. Heister, M. Thamer, C. A. Walenta, A. Kartouzian,

and U. Heiz. Plasmons in supported size-selected silver nanoclusters.

Phys. Chem. Chem. Phys., 17:17541–17544, 2015.

[135] M. A. Mahmoud, M. Chamanzar, A. Adibi, and M. A. El-Sayed. Effect

of the dielectric constant of the surrounding medium and the substrate

on the surface plasmon resonance spectrum and sensitivity factors of

highly symmetric systems: Silver nanocubes. Journal of the American

Chemical Society, 134(14):6434–6442, 2012. PMID: 22420824.

[136] S. A. Maier, M. L. Brongersma, P. G. Kik, and H. A. Atwater. Observa-

tion of near-field coupling in metal nanoparticle chains using far-field

polarization spectroscopy. Phys. Rev. B, 65:193408, May 2002.

[137] M. D. Malinsky, K. L. Kelly, George C. Schatz, *, , and Richard P.

Van Duyne*. Nanosphere lithography: effect of substrate on the

localized surface plasmon resonance spectrum of silver nanoparticles.

The Journal of Physical Chemistry B, 105(12):2343–2350, 2001.

141



Bibliography

[138] A. Marimuthu, J. Zhang, and S. Linic. Tuning selectivity in propylene

epoxidation by plasmon mediated photo-switching of cu oxidation

state. Science, 339(6127):1590–3, Mar 2013.

[139] K. M. Mayer and J. H. Hafner. Localized surface plasmon resonance

sensors. Chemical Reviews, 111(6):3828–3857, 2011. PMID: 21648956.

[140] A. D. McFarland, , and R. P. V. Duyne*. Single silver nanoparticles

as real-time optical sensors with zeptomole sensitivity. Nano Letters,

3(8):1057–1062, 2003.

[141] T. Menegotto and F. Horowitz. Anisotropic effective medium proper-

ties from interacting ag nanoparticles in silicon dioxide. Appl. Opt.,

53(13):2853–2859, May 2014.

[142] G. C. S. . ichelle Duval Malinsky, K. Lance Kelly and Richard P.

Van Duyne*. Chain length dependence and sensing capabilities of the

localized surface plasmon resonance of silver nanoparticles chemically

modified with alkanethiol self-assembled monolayers. J. Am. Chem.

Soc., 123:1471, 2001.
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