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Abstract

Nanoparticles are quoted as a future technology. Especially silver (Ag) nanoparticles exhibit a great
potential due to their optical activity and their anti-microbial behaviour. The deposition of clus-
ters (consisting of about 250 Ag atoms) enables the functionalization of the clusters before they are
deposited into or onto a substrate. The properties and the potential areas of application for those
clusters vary with the kind of the substrate. In the present thesis Ag clusters were deposited into three
different substrates by a supersonic nozzle expansion source. These are silica aerogel (SiO2 aerogel),
polydimethylsiloxane (PDMS) and the room temperature ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate (BMIM PF6). Especially the properties of the clusters in the room temperature
ionic liquid are of great interest due to the emerging scientific interest in those green solvents. The
optical, structural, chemical and electronic properties were investigated using X-ray (X-ray absorption
near edge structure, XANES) and optical (UV-Vis) spectroscopy. By plasmon resonance spectroscopy
it was found that clusters in PDMS can be used as sensors to detect the presence of toxic H2S. Fur-
thermore their shape in PDMS can be considered as spherical. The deposition of clusters into silica
aerogel enables the investigation of high amounts of separated clusters. This is necessary for XANES
experiments. These experiments yielded information on the density of unoccupied states of the clus-
ters and showed differences in the 4d band structure between cluster and bulk material. Additionally
the electronic structures of clusters partially transformed to Ag2O and Ag2S were investigated. The
deposition of clusters into BMIM PF6 enabled the investigation of the fundamental properties of Ag
clusters in the ionic liquid without the presence of any chemical additives as used in wet chemistry
productions. It was found that the stability of the clusters in the ionic liquid is strongly influenced by
the purity of the ionic liquid and its temperature. Moreover the clusters can be fragmented by X-ray
radiation which results in a XANES spectrum of micro clusters.
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1 Introduction

Nanoparticles are named as a future technology. Nevertheless, applications of nano-materials date
back to about 3500 years ago. At the time people in ancient Egypt used metal compounds in molten
glass to make the glass coloured [Kreibig and Vollmer, 1995].

However, a qualitative theory which describes the processes which take place when light hits metal
nanoparticles, or also called clusters, was given by MIE at the beginning of the last century [Mie,
1908]. With the emergence of various cluster sources, detailed experimental investigations of these
particles became possible. Those experiments can be compared with modern computational methods
to form working physical models of those systems. One example is the extension of X-ray absorption
spectroscopy by so-called FEFF calculations [Rehr and Albers, 2000].

Fundamental research on clusters becomes more and more application-oriented. The goal is to func-
tionalize the clusters to accomplish various functions. The fields of applications of those functionalized
clusters can vary from medicine through to the use of clusters in catalytic processes.

HAES et al. reported the possibility to use silver clusters with sizes of the magnitude 100 nm as an
assay for Alzheimer’s disease [Haes et al., 2004]. One of the most driven fields of research is the effort
to use metal NP in cancer therapy [Pissuwan et al., 2006]. Furthermore, the antimicrobial properties
of silver can be used for treatment of E. coli bacteria colonies which can trigger diseases in human
bodies [Kim et al., 2007].

NOUR et al. used Ag NP/PDMS composites to reduce H2S from CH4 and CO2 gas streams [Nour
et al., 2014]. The particular properties of nanostructure materials get use especially for the example
of gold. While bulk gold is chemical inactive, gold nanoparticles on a TiO2 surface can be used for
the oxidation of the highly toxic CO to the less toxic CO2 [Green et al., 2011].

In all applications the clusters have to be in contact with an embedding medium. This could be
a solid surface, a matrix or a liquid. In the present thesis Ag clusters were deposited into three kinds
of matrix materials. The first one is a polymer (Polydimethylsiloxane), the second is an aerogel (SiO2

aerogel) and the third a room temperature ionic liquid (1-butyl-3-methylimidazolium hexafluorophos-
phate). Fundamental and special properties of the Ag clusters were deduced by UV-Vis spectroscopy
and X-ray absorption spectroscopy measurements. The focus is on the electronic structure and prop-
erties of the Ag clusters.

In the present thesis the second chapter contains the necessary theoretical background.
The first section describes the structural properties of Ag clusters. Herein especially the geometric

and electronic properties are discussed. It will be shown why the structure of a cluster differs from
the structure of solid and what kind of structures are expected.

The second section deals with the optical and electronic properties of the weakly bound electrons
in a cluster. The interaction of light with a dielectric sphere and also a spheroid, is discussed. The
fundamental Mie theory will then be specialised to small silver clusters (wavelength � cluster diame-
ter) and their optical extinction spectra will be calculated for various configurations (spherical cluster,
spheroidal cluster, cluster with shell, cluster in embedding medium).

In the third section the properties of the tight bound electrons are discussed. This is connected
with the fine structure of the atoms in a cluster and is the basis of the X-ray absorption near edge
structure spectroscopy which is also discussed in this section.
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In the third chapter the experimental implementation is presented.
The first section of this chapter deals with the embedding materials Polydimethylsiloxane (PDMS),

1-butyl-3-methylimidazolium hexafluorophosphate (BMIM PF6) and silica aerogel (SiO2 aerogel).
The second section gives a description of the laboratory setup.
Section three and four describe the experimental implementation of the optical and X-ray mea-

surements, respectively.

The fourth, fifth and sixth chapter are on the experiments on Ag clusters in PDMS, silica aero-
gel and BMIM PF6, respectively. Here the experiments will be presented and the results are discussed.

Chapter six summarises the results of the thesis and gives some outlook to future experiments.
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2 Theory

2.1 Silver clusters

Silver (Ag) is a transition metal with the atom number 47, an atomic mass of mAg = 107.868 g/mol
and an electronic configuration of [Kr]4d105s1. Therefore, its oxidation numbers are I and II. Under
normal conditions it is a solid body with a face-centred cubic (fcc) crystal structure. At a temperature
of 1235 K Ag is melting. It is known as a good electric conductor (15.87 nΩ ·m) and an optical active
medium. Nevertheless, the properties of Ag can change dramatically when decreasing the system from
a solid with 1023 atoms to a cluster with about 102 atoms. For example, the geometric structure of
an Ag cluster changes from fcc to icosahedral with decreasing size [de Heer, 1993].

2.1.1 Geometric magic clusters

Figure 2.1: Clusters of different sizes and icosahedral geometry [Haberland et al., 2006]. The clusters
have a perfect icosahedral symmetry if their geometric shells are closed. Such configura-
tions are also called Mackay icosahedrons [Mackay, 1962], and the number of atoms of a
cluster with closed icosahedral shells can be determined by (2.1)

When reducing the size of a bulk system down to molecular scale, clusters of a distinct size are par-
ticularly stable if their atoms arrange in special shapes. The so-called Mackay icosahedrons [Mackay,
1962] are geometrically high symmetric bodies which enable energy minimisations for many clusters
when their shells are closed. Figure 2.1 shows the closed shell structure of clusters of different sizes.
Because of their high stability these clusters are also known as geometric magic clusters.
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2.1. Silver clusters

Figure 2.2: The mass spectrum of Xe clusters [Echt et al., 1981] in gas phase exhibits some strong
intensities which can be ascribed to the higher stability of clusters with closed icosahedral
shells.

These icosahedra were experimentally verified in 1981 by ECHT [Echt et al., 1981] with mass
spectroscopy of xenon (Xe) clusters in the gas phase. This is shown in Figure 2.2. The intensity
in the mass spectrum decreases abruptly after an icosahedral shell has been filled (N = 13, 55, 147).
The other strong intensities must be assigned to symmetric shapes which are not discussed here.
The number N of atoms for a cluster with k closed icosahedral shells can be calculated by equation
(2.1) [Mackay, 1962]

N = 1 +
k∑
i=1

(
10 · i2 + 2

)
. (2.1)

MARTIN et al. [Martin et al., 1991] observed mass selected sodium clusters with geometric closed
shell structures like cuboctahedra or icosahedra which especially occur for big clusters consisting
of more than 1500 atoms. For clusters with less than 1500 atoms, filled electronic shells dominate
the configuration of the clusters (section 2.1.2). Because of their similar electronic configurations,
experiments on the mass spectra of sodium clusters yield adequate information on the mass spectra
of silver clusters [von Issendorff, 2011].1

2.1.2 Electronic magic clusters

While the stability of bigger clusters is dominated by geometric aspects and closed shells of atoms, the
stability of smaller metal clusters is dominated by the electronic behaviour of the valence electrons in
the clusters. Especially alkali metal clusters exhibit a strong dependence on their electronic configu-
ration. In 1983/1984 KNIGHT et al. performed experiments on mass selected sodium clusters NaN
and observed strong intensities in mass spectra of clusters consisting of N = 8, 20, 40, 58, 92 atoms
(Figure 2.3).

1At this point it should be remarked that the shape of clusters of different composition and size are still a line of current
research. This becomes more important when dealing with clusters deposited on surfaces or embedded in matrices.
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Chapter 2. Theory

Figure 2.3: (a) Spectrum of mass selected NaN clusters. The strong intensities correspond to sodium
clusters with closed electronic shell configuration in the jellium model. (b) Calculated
change of the electronic energy of adjacent clusters. When this calculation predicts a
strong change, an electronic shell is filled. The calculations were carried out for clusters
in self-consisting jellium model and Clemenger-Nilsson-model [de Heer, 1993].

This can be explained by the so-called jellium model. The jellium model is a simple but effective
model for metal clusters. Here the complicated Coulomb potentials of the nucleus cores and the inner
electrons of the atoms are replaced by an effective, spherical one-particle potential ρ0 (Figure 2.4).
Thus the valence electrons, which are responsible for molecular or cluster bonding, feel an effective
force in the centre of the cluster. This problem can be handled similar to the hydrogen atom which
leads to electronic shells of the cluster with main quantum numbers ν, l (Figure 2.5).

Figure 2.4: In the jellium model, the nucleus core and the inner electrons are replaced by an effective
background potential. So the valence electrons only feel an effective potential localised in
the centre of the cluster. This model results in a central potential problem similar to the
hydrogen atom.

Figure 2.5 illustrates the occupation of the different quantum levels. Depending on the effective
potentials the energy and the order of the quantum levels can change. Herein the quantum numbers

7



2.1. Silver clusters

should not be mistaken for atomic quantum numbers from the hydrogen atom. It is typical to use
the quantum numbers known from nuclear physics due to the strong similarities between clusters and
nucleons.

Figure 2.5: Left: First and secondary cluster quantum numbers of the electrons in clusters with dif-
ferent effective single particle potentials: a) harmonic oscillator, c) box potential and b)
superposition of a harmonic oscillator and box potential [de Heer, 1993]. Right: The jel-
lium model with a harmonic oscillator potential yields electronic cluster shells similar to
the electron orbitals known of the hydrogen atom [Heiz and Schneider, 1999].

While a cluster with closed electronic shells seems to be perfectly spherical, a cluster with one more
electron exhibits a distortion. Due to the low potential energy of a cluster with closed electron shells,
one more electron will occupy an energetically higher orbital. This energetically higher cluster state
degrades the stability of the cluster which manifests in a lower intensity in mass spectrum. When
dealing with Na or Ag clusters, every atom contributes one valence electron to the cluster.

Furthermore, the Jahn-Teller-theorem [Jahn and Teller, 1937] implies that a cluster with an open
shell lowers its energy by distortion. In 1985 CLEMENGER adapted a formalism from NILSSON
[Nilsson, 1955] to describe the distortion of a cluster quantitative. In this Clemenger-Nilsson-model
[Clemenger, 1985], the effective potential of the cluster in the jellium model is set to a three-dimensional
harmonic oscillator potential with axial distortion and a small inhomogeneity:

H =
~p

2m
+

1

2
mω2

0Ω2
⊥
(
x2 + y2

)
+

1

2
mω2

0Ω2
z − U~ω0

(
l2 − 1

2
n(n+ 3)

)
(2.2)

Ω⊥ =

(
2 + δ

2− δ

)1/3

, Ωz =

(
2 + δ

2− δ

)−2/3

.

The inhomogeneous l2 term causes a split of the degeneracy of different angular momentums with the
same total oscillator quantum number n. For Na clusters as discussed in the work of CLEMENGER, it
is 0.04 < U < 0.08. ω0 is the characteristic oscillation frequency of a spherical oscillator (U = 0, δ = 0).
δ is the parameter of distortion.
The results of this model are shown in Figure 2.7. The shape of a cluster depending on the number
of electrons in an unfilled shell changes from prolate to oblate (Figure 2.7 left).
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Chapter 2. Theory

The value δ, for which the sum of the single particle energies is minimal (N-atom cluster), is assigned
to the ground state and plotted in Figure 2.7 right. Variations in the total energy E(N) of a cluster
consisting of N atoms can be calculated by

∆2(N) =
3

4
((E(N + 1)− E(N))− (E(N)− E(N − 1))) .

The intensity of these variations as a function of cluster size is shown in Figure 2.3 b) (solid line).
So, intensities in the mass spectrum, which cannot be explained by the simple jellium model, can be
explained by the Clemenger-Nilsson-model.

Figure 2.6: The electronic displacement in open shells results in a distortion of the clusters (left)
[de Heer, 1993]. This behaviour is known from the molecular physics as Jahn-Teller-
theorem. In nuclear physics, this is described by the Nilsson model [Nilsson, 1955] which
was adapted by CLEMENGER [Clemenger, 1985] to yield an explanation for the distortion
of clusters.

As Ag is similar in electronic configuration to Na, especially in the jellium model where only the
valence electrons are of importance, most qualitative considerations of this chapter can be transferred
to Ag clusters.

Agglomerated, coalesced and aggregated clusters

Deposited clusters are able to interact with their next neighbours. If the distance between the clusters
is as small as the diameter of the clusters, the clusters can agglomerate, coalesce or aggregate. The
meaning of these terms in the present thesis is specified below.

Agglomeration is called the forming of various structures, where the single clusters do not change
their shape. Coalescence is taking place if the clusters on a surface converge to islands [Grönhagen,
2011]. The shape of a single clusters is not conserved. Aggregation is a process similar to coalescence.
However in the present thesis, the term aggregation is used to describe the coalescence process in
a liquid. The different terms, coalescence and aggregation, should indicate the different favoured
structures on a surface or in a liquid. On a surface coalesced clusters often form islands while in a
liquid spherical structures can be preferred, depending on the used liquid [Smetana et al., 2005].

9



2.2. Optical properties of Ag clusters

Figure 2.7: Illustration of a) single clusters, b) agglomerated clusters and c) coalesced clusters on a
surface.

2.2 Optical properties of Ag clusters

In this section an introduction to the optical properties of Ag clusters should be given. These properties
are dominated by quasi free and weakly bound electrons in the clusters and the geometry of the
clusters. This section starts with a brief to the Maxwell equations to define the used symbols and
formulas. Below SI units are used. Then the Mie theory is introduced and the used approximations
and boundary conditions presented. Finally, the equations for the theoretical extinction cross sections
of the clusters will be derived and discussed by simulated extinction spectra.

2.2.1 Maxwell equations in matter

The Maxwell equations for an electric ~E and a magnetic ~B field are the fundamental laws of electro-
dynamic. They describe the behaviour of electromagnetic fields in vacuum and also in matter. Every
electromagnetic field has to satisfy the Maxwell equations:

∇ · ~E =
ρq
ε0

∇ · ~B = 0

∇× ~E = −∂
~B

∂t
∇× ~B = µ0

~J − 1

c2

∂ ~E

∂t
(2.3)

These are the Maxwell equations in vacuum in differential form for time dependent fields. ρq is the

density of free charges which are the sources of electric fields and ~J = %−1 ~E is the electric current of
the free charges which is proportional to the electric conductivity %−1. In the presence of matter the
equations have to be modified because an external field can generate additional internal fields.

Figure 2.8: The external field Evac causes shifts of the charges in the dielectric medium. In the centre
of the medium the charges compensate each other, but at the surface there are net charges.
These net charges weaken the external field so that the internal field ~Ediel is not as strong
as the external one (after [Demtröder, 2013]).
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Chapter 2. Theory

Figure 2.8 illustrates the behaviour of electric fields in matter. The external electric field causes
a shift of the charges. While the charges inside the matter compensate each other, there are net
charges at the surfaces A of the penetrating and escaping field. The sum of these charges is given
by the polarisation charge Qpol [Demtröder, 2013]. The absolute value of the charge per area is

called polarisation P = Qpol/A. The volume integration of ∇ · ~E in 2.3 using Gauss’s theorem yields
E ·A = Q/ε0, where ε0 is the permittivity of free space. Thus the field inside the medium is

~Ediel = ~Evac − ~Epol = ~Evac −
~P

ε0
. (2.4)

As ~P only depends on the properties of the medium and the electric field inside the medium, it can
be explained for weak fields by

~P/ε0 = χ · ~Ediel . (2.5)

χ is called dielectric susceptibility and is in general a complex tensor which depends on different
variables. With the dielectric function2

ε = 1 + χ (2.6)

the dielectric displacement can be defined by

~D = ε0 ~Ediel + ~P = ε0ε ~Ediel = ε0 ~Evac. (2.7)

Similar considerations for the magnetisability M of magnetic materials with the permeability µ =
1 + χmag (where χmag is the magnetic susceptibility) in a magnetic field B lead to

~H =
1

µ0

~B − ~M =
~B

µ0µ
=

~B

µ0(1 + χmag)
. (2.8)

µ0 is the vacuum permittivity. The dielectric displacement ~D and the ~H field also satisfy the Maxwell
equations [Nolting, 2001]. Thus the fundamental description of electromagnetic fields and waves in
matter are given by:

the Maxwell
equations
in matter,

∇ · ~D = ρq (2.9)

∇ · ~B = 0 (2.10)

∇× ~E = −∂
~B

∂t
(2.11)

∇× ~H = ~J − ∂ ~D

∂t
(2.12)

the constitutive
medium dependent

relations and

~J = %−1 ~E (2.13)

~B = µµ0
~H (2.14)

~P = ε0χ~E (2.15)

the influence
of the polarisation
and magnetisation

on the fields.

~D = ε0 ~E + ~P (2.16)

~H =
~B

µ0
− ~M (2.17)

In the absence of matter, χdiel and χmag become zero and the Maxwell equations in matter simplify
to the Maxwell equations in vacuum (2.3).

Because of the negligible magnetic effects of the substrates investigated in this thesis, the magnetic
properties will not be discussed any further in the following sections. Furthermore, in the energetic
range of visible light, the magnetic permeability of silver is µ = 1.

2ε = ε/ε0 is mostly called relative dielectric function.

11



2.2. Optical properties of Ag clusters

Figure 2.9: Sphere in embedding media with a uniform electric field.

2.2.2 Mie theory

In this section a short introduction into the Mie theory should be given. The theory is a short
summary of the presentation by BOHREN and HUFFMAN [Bohren and Huffman, 2004]. The theory
of MIE [Mie, 1908] deals with the scattering of light on small particles. To describe the problem of
light scattered at a small spherical particle, it is a good access to start with an electromagnetic wave
in vacuum. For this, the Maxwell equations of time harmonic fields are

~∇ · ~E = 0 ~∇ · ~H = 0

~∇× ~E = iωµµ0
~H ~∇× ~H = −iωεε0 ~E . (2.18)

In this case, with k = ω
c , the electromagnetic field has to satisfy the wave equations

~∇2 ~E + k2 ~E = 0 ~∇2 ~H + k2 ~H = 0 . (2.19)

These equations can be solved by the vector fields ~M and ~N

~M = ~∇× (~cψ) ~N =
~∇× ~M

k
(2.20)

where ψ is a scalar function, ~c a constant vector and ~M and ~N satisfy

~∇× ~N = k ~M . (2.21)

These fields enable a compact solution of the Maxwell equations. Because of the spherical problem,
the vector-wave-equations are written in spherical coordinates. The vector fields will be inserted in
the spherical vector-wave-equation. This yields a partial differential equation which will be solved by
a separation approach ψ(r, θ, φ) = ξ(r)Θ(θ)Φ(φ). The function Φ(φ), with 0 ≤ φ ≤ 2π, is solved by
sin(mφ) and cos(mφ) with eigenvalues m. The Θ(θ) function, with 0 ≤ θ ≤ π is solved by the Legendre

12



Chapter 2. Theory

polynomials Pmn (cosθ). The solutions for ξ(r) are the spherical Bessel functions jn(kr) and yn(kr)3 and

also the combinations of these functions h
(1)
n (kr) = jn(kr) + iyn(kr) and h

(2)
n (kr) = jn(kr)− iyn(kr),

the Hankel functions. Thus, the generating function ψ of the vector fields ~M and ~N in spherical
coordinates is given by the even (e) and odd (o) functions

ψemn = cosmφPmn (cos θ)zn(kr) ,

ψomn = sinmφPmn (cos θ)zn(kr) , (2.22)

where zn(kr) is any of the Bessel functions jn, yn, h
(1)
n , h

(2)
n . The vector fields ~Memn, ~Momn, ~Nemn

and ~Nomn follow by insertion of (2.22) in (2.20) and are given in [Bohren and Huffman, 2004]. With
these generating functions, a plane wave can be constructed in spherical coordinates by building a
superposition of the resulting vector fields.

The problem of the interaction of an electromagnetic wave with a spherical particle leads to three
waves for the electric and three waves for the magnetic components: the impinging waves ~Ei and ~Hi,
the scattered waves ~Esc and ~Hsc and the waves inside the cluster ~Ec and ~Hc. The requirement that
the tangential components of the E and H fields are continuous at the boundary of the particle lead
to the boundary conditions

( ~Ei + ~Esc − ~Ec)× ~̂er = 0 = ( ~Hi + ~Hsc − ~Hc)× ~̂er . (2.23)

The indices i, sc and c mark the incident fields, the scattered fields and the fields inside the particle,
respectively. ~̂er is the radial unit vector. This yields with En = inE0(2n+ 1)/n(n+ 1)

~Ec =
∞∑
n=1

En

(
cn ~M

(1)
o1n − idn ~N

(1)
e1n

)
~Hc =

−kc
ωµc

∞∑
n=1

En

(
dn ~M

(1)
e1n − icn ~N

(1)
o1n

)
(2.24)

~Es =

∞∑
n=1

En

(
ian ~N

(3)
e1n − bn ~M

(3)
o1n

)
~Hs =

k

ωµ

∞∑
n=1

En

(
ibn ~N

(3)
o1n + an ~M

(3)
e1n

)
, (2.25)

where an, bn, cn and dn are the coefficients which have to be determined so that (2.23) is satisfied.
The subscript (1) indicates that the generating scalar function ψ (2.22) is specified by jn. Analogically

the subscript (3) indicates that ψ (2.22) is specified by h
(1)
n . The electric and magnetic fields are then

sums of spherical harmonics where every n is corresponding to an electromagnetic normal mode, ~Mn

and ~Nn. The coefficients for every n result from the boundary conditions (2.23) at the position r = R,
the boundary of the particle.

The scattering cross section σsca and the extinction cross section σext of the particle illuminated by
an x-polarised wave are then given by

σsca =
Ws

Ii
=

2π

k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) (2.26)

σext =
Wext

Ii
=

2π

k2

∞∑
n=1

(2n+ 1)<{an + bn} . (2.27)

Ii is the incident irradiance and W is the rate at which energy is absorbed or scattered by the particle
and calculated by a surface integral −

∫
A
~S · ~̂erdA of the pointing vector ~S where ~̂er is the surface

normal vector.

3y diverges for small arguments
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2.2. Optical properties of Ag clusters

2.2.3 Small spherical particles

In the case of a particle with a diameter 2R small compared to the wavelength λ, say 2R � λ, the
particle only feels an electric field with time varying intensity4 and the problem becomes easier. The
associated scattering problem is known as Rayleigh scattering. As a consequence the spherical Bessel
functions expressed as power series are cancelled after the first terms. In the case of |m|x� 1, i. e. a
particle small compared with the wavelength, it is b1 � a1 and

a1 = − i2x
3

3

m2 − 1

m2 + 2
. (2.28)

The arguments x and m are identified as the dimensionless size parameter and the relative wave vector
kc/k (∼ relative refraction index Ñc/Ñ), respectively:

x = kR =
2πÑR

λ
, m =

kc
k

=
Ñc

Ñ
(2.29)

Herein N is the refraction index outside in Nc inside the particle. With these approximations the ex-
tinction efficiency Qext = σext/πR

2 = Qabs+Qsca of a particle with the effective surface perpendicular
to the incident beam πR2 and the cross section σext is dominated by the absorption efficiency and
becomes

Qext = Qabs +Qsca

= 4x=
{
m2 − 1

m2 + 2

}
∝ ω . (2.30)

In (2.30), it was assumed that |m|x� 1 and (4x3)=
{

(m2 − 1)/(m2 + 2)
}
� 1.5 Instead of Rayleigh

scattering which increases with the fourth degree of frequency ω4 the absorption in Rayleigh approx-
imation is just proportional to the frequency ω.

This equation yields a correlation between the cross sections and the dielectric function, because

ε1 = ñ2 − k̃2 ε2 = 2ñk̃ (2.31)

ñ =

√√
ε2

1 + ε2
2 + ε1

2
k̃ =

√√
ε2

1 + ε2
2 − ε1

2
. (2.32)

The complex dielectric function is given by ε = ε1+iε2 and the complex refractive index by Ñ = ñ+ik̃.
The clusters investigated in this thesis have a mean diameter of about 2R = 2 nm thus the Rayleigh
approximation is valid for investigations with light in the visible and also deep UV range. Thus the
extinction cross section and the extinction efficiency of a particle surrounded by a medium with the
dielectric function εm are give by

Qext = 4kR=
{
ε− εm
ε+ 2εm

}
(2.33)

σext = 4πkR3=
{
ε− εm
ε+ 2εm

}
. (2.34)

Electrostatic approximation

The polarisability ~p = α~Ediel of a dielectric, spherical and microscopic particle in an electrical field can
be calculated by the assumption of molecular dipoles in the particle and a surface charge density at the

4The magnetic forces are neglected when not explicitly mentioned.
5For more details find [Bohren and Huffman, 2004] chapter 5.1
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Chapter 2. Theory

surface of the particle. This electrostatic approximation (2R � λ) yields a simple formula [Nolting,
2001] which links the molecular polarisability α to the macroscopic dielectric function ε

α =
3ε0
Nosc

(
ε− 1

ε+ 2

) nosc=1
V=V◦= 4πR3ε0

(
ε− 1

ε+ 2

)
. (2.35)

Herein the number of molecules nosc per volume V is given by Nosc = nosc/V . In the case of one
(nosc = 1) spherical (V◦ = 4/3πR3) particle, which is embedded in a medium with the dielectric
function εm, equation (2.35) becomes [Bohren and Huffman, 2004]

α = 4πR3

(
ε− εm
ε+ 2εm

)
. (2.36)

The comparison of (2.34) and (2.36) yields a simple connection between the absorption / extinction
cross section and the molecular polarisability. The explanation results from the electrostatic approx-
imation: The assumption of a particle which is small compared with the wavelength of the incident
light is corresponding to an electric field which is constant over the volume of the particle. This is the
electrostatic approximation which is sometimes also called quasistatic approximation because (2.36) is
also valid for time dependent fields, if the frequency is sufficiently small which corresponds to a large
wavelength λ ∝ 1

f . In such a case, ~p is given by oscillating dipoles (section 2.3.1).
For a complex dielectric function of the particle ε = ε1 + iε2 and a real dielectric function of the

surrounding medium6 εm, the absorption / extinction cross section becomes

σext = 4πkR3=
{
ε− εm
ε+ 2εm

}
= k · =α (2.37)

= 4πkR3 · 3︸ ︷︷ ︸
9V0
√
εm

ω
c

ε2εm
(ε1 + 2εm)2 + ε2

2

= 9V0
ω

c
ε

3
2
m

ε2

(ε1 + 2εm)2 + ε2
2

(2.38)

This is the same result as shown in equation (2.34) by the approximation of

|m|x� 1 and (4x3)=
{

(m2 − 1)/(m2 + 2)
}
� 1

in Mie theory.

2.2.4 Ellipsoidal particle

The problem of scattering and absorption by an ellipsoidal particle can be handled similarly to the
problem of light scattering and absorption by a sphere (section 2.2.2). For this, the scalar wave
equation has to be solved in ellipsoidal coordinates. The vector potential functions ~M and ~N can
then be derived by the solutions of the scalar potential functions ψ by using (2.20). The resulting
electromagnetic fields are superimpositions of these vector fields [Quinten, 2010].

In the Rayleigh approximation, the molecular polarisabilities αi along the three axes a, b, c7,
corresponding to the indices i = {1, 2, 3}, is given by

αi =
4

3
πabc

ε− εm
εm + Li(ε− εm)

, (2.39)

6In Mie theory the dielectric function of the embedding medium has to be real or it should only have a small negligible
imaginary part. A strong imaginary part would cause a damping of the electromagnetic wave and the assumption of
a free plane wave would not be valid anymore.

7Henceforth the radius of a spherical particle is given by R while the semi axes of a spheroid are given by a, b, c.
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2.2. Optical properties of Ag clusters

Figure 2.10: Schematic figure of an ellipsoid with three different semi axes b < c < a (left). An ellipsoid
with two equal semi major axes a = b and smaller semi minor axis c = 0.6a is plotted in
the right figure.

where the geometry factors Li are connected by L1 + L2 + L3 = 1. For deposited and embedded
clusters, it is only required to consider oblate spheroids8 (Figure 2.10 (right)).
In this special case of oblate spheroids (a = b), the geometry factors are

L1 = L2 =
g(e)

2e2

(π
2
− tan−1 g(e)

)
− g2(e)

2
(2.40)

g(e) =

(
1− e2

e2

) 1
2

, e2 = 1− c2

a2

L3 = 1− L1 − L2 = 1− 2L1 .

Because of the lower symmetry of a spheroid compared to a sphere, the dipole moment ~p, and
consequently the extinction cross section σext, depends on the orientation of the particle to the incident
light. This can be explained by the linear expression

~p = εmα~E0 (2.41)

where α becomes a three-dimensional matrix.

By choosing an appropriate setup, the resulting effective polarisability is a linear combination of
the polarisabilities along the three axes and depends on the polarisation of the incident light and the
orientation of the particle

αeff = a1α1 + a2α2 + a3α3 . (2.42)

The setup often enables the excitation of only two of the three axes. Then it is a3 = 0 and the
coefficients a1 and a2 follow by trigonometric functions (see Figure 2.19).

2.2.5 Coated particles

The properties of clusters can be tuned by different functionalization procedures. One of these is the
stabilisation of clusters in liquid solutions by the formation of ligands. The clusters with complex
ligands form a core-shell system which also changes the optical properties of the clusters.

8Ellipsoids with two equal axis are called spheroids.
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Chapter 2. Theory

Figure 2.11: Schematic illustration of a spheroidal cluster (c/a = 0.8) during a chemical reaction with
oxide. The grey spheroid in the centre represents the Ag core and the red one the Ag2O
shell. The transparent grey shell represents the original cluster (with the same volume
as a spherical cluster with 2 nm diameter).

An analogue behaviour can be observed after chemical reactions like sulfidation of silver clusters
where the outer atoms form a chemical bonding with sulphur atoms. The properties of the resulting
(silver) core- (silver sulfide) shell clusters differ from those of pure silver clusters. This problem is
handled by introducing a third dielectric function εs, which describes the response of the shell material
to an applied electromagnetic field. The new boundary conditions with respect to the geometric
structure yield an analytical expression for the polarisability.

The dipole moment along the axis j of a spheroidal cluster with a spheroidal shell in an electromag-
netic field parallel to the axis j is determined by the polarisability along this axis

αj = V0

(
(εs − εm)

(
εs + (εc − εs)

(
L

(c)
j − fL

(s)
j

))
+ fεs (εc − εs)

)
((
εs + (εc − εs)

(
L

(c)
j − fL

(s)
j

))(
εm + (εs − εm)L

(s)
j

)
+ fL

(s)
j εs (εc − εs)

) . (2.43)

V0 = 4
3πatotbtotctot is the total volume of the particle and f = acbccc

atotbtotctot
the volume fraction of the

inner core on the total volume. The geometrical factors Lcj of the core and Lsj of the shell along the j
direction are given for a spheroid with a = b > c by equation (2.40).

This equation describes clusters with ligand shells and also with shells formed by chemical reactions.
In the last case it has to be mentioned that the volume of the cluster can change during the reaction
because of the different densities of the educt and the product material. Thus, at reactions like
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2.2. Optical properties of Ag clusters

oxidation and sulfidation, the volume of the whole cluster increases with increasing reaction state
while the volume of the core decreases with increasing reaction state and is zero for a fully reacted
cluster. This is illustrated in Figure 2.11 for a spheroidal cluster with an axial ratio of c/a = 0.8
and in Figure 2.13 for a spherical cluster. These clusters have the initial volume of a spherical cluster
with a diameter of 2R = 2 nm. The simulations were performed for the reaction 4Ag + O2 → 2Ag2O.
Because of approximately the same densities (ρAg2O = 7.14 g/cm3, ρAg2S = 7.23 g/cm3) and molar
masses (mmol, Ag2O = 231.74 g/mol, mmol, Ag2S = 247.80 g/mol) of Ag2O and Ag2S, nearly the same
changes in volume are expected for a sulfidation of silver clusters. The grey sphere or spheroid in the
centre represents the core of the cluster while the red one represents the Ag2O shell. The transparent
grey shell illustrates the former pure cluster surface.

Figure 2.12 (left) illustrates the changes of the main axis a of a spheroid and the radius R of a
sphere depending on the reaction state. The parameters ashell and Rshell correspond to the thickness
of the shells. These simulations were performed for oxide as the reactant. The total main axis atotal
and radius Rtotal are the sum of the main axis or the radius of the core and thus the main axis or
radius of the originated core-shell cluster.

Figure 2.12 (right) illustrates the volume fractions of the core and the shell (Ag2O) on the original
volume of the unreacted cluster and on the volume of the whole core-shell cluster. The behaviour for
a spherical shape is the same like that for a spheroidal shape. It is remarkable, that after 25 % of
the original cluster mass is oxidised the volume of the shell on the total core-shell cluster volume is
increased to about 50 %.

Figure 2.12: Changes of the main axes (dashed lines) and the radii (solid lines) of a spheroidal (c/a =
0.8) and spherical cluster in dependence on the reaction state of an oxidation (left).
Dependence of the volume amount of the core and the shell of an oxidised cluster on the
whole volume (right). The initial volume was the same like that of a spherical cluster
with a diameter of 2 nm.

It should be noticed that these considerations are only approximations. The structure of a cluster
normally differs from that of bulk material. So the densities of Ag, Ag2O and Ag2S can vary a bit
from those given above.
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Coated sphere

In the special case of a coated sphere, the high symmetry of the particle simplifies the problem and
makes it independent from the polarisation of the incident light. The geometrical factors are then

given by L
(a)
j = L

(b)
j = L

(c)
j = 1

3 and the polarisabilities α1 = α2 = α3 = α can be determined by

α = V0
(εs − εm) (εc + 2εs) + f (εc − εs) (εm + 2εs)

(εs + 2εm) (εc + 2εs) + f (2εs − 2εm) (εc − εs)
. (2.44)

Figure 2.13: Schematic illustration of a spherical cluster (2R = 2 nm) during a chemical reaction with
oxide. The grey spheroid in the centre represents the Ag core and the red one the Ag2O
shell. The transparent grey shell represents the original cluster.

2.3 Electronic properties of weakly bound electrons in Ag clusters

In the previous section the scattering and excitation of spherical and spheroidal particles which are
small compared with the wavelength of an impinging electromagnetic field was discussed. As a result,
the extinction cross section was given by several equations, only depending on the optical properties
of the particle, its shell and the embedding material. For the interaction of light in the visible and
UV range, these functions are determined by the properties of the free and weakly bound electrons of
the cluster atoms.
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2.3. Electronic properties of weakly bound electrons in Ag clusters

2.3.1 Lorentz model

A first approach to the behaviour of electrons in an atom, that respond to an electromagnetic field,
can be given by the classical motion equation m~̈x + b~̇x + K~x = e ~E, where m is the mass of a single
electron, b a damping constant and K a spring constant. This system corresponds to a bound electron
excited by an external force e ~E. The solution of this problem is given by

~x =
e
m
~E

ω2
0 − ω2 − iγ0ω

(2.45)

=
e

m
~E ·

(
ω2

0 − ω2(
ω2

0 − ω2
)2

+ (γ0ω)2
+ i

γ0ω(
ω2

0 − ω2
)2

+ (γ0ω)2

)

with the resonance frequency ω2
0 = K/m and the damping constant γ0 = b/m. A number of Nosc

oscillators per unit volume and the dipole ~p = e~x yield a polarisation of ~P = Nosc~p = Nosc · e~x. This
leads in connection with equation (2.15) to the susceptibility of an ensemble of independent, bound
electrons with the same frequency dependency.9 ω0 is the frequency where the amplitude of ~x in (2.45)
is maximal for small damping. The dielectric function is then given by

εLorentz1 = 1 +
ω2
p

(
ω2

0 − ω2
)(

ω2
0 − ω2

)2
+ (γ0ω)2

(2.46)

εLorentz2 =
ω2
pγ0ω(

ω2
0 − ω2

)2
+ (γ0ω)2

. (2.47)

Herein ω2
p = Nosce

2/m is the plasma frequency, which indicates the point where ε1 ≈ 0 in a system
where ε only depends on the influences of free electrons i. e. with ω0 = 0.

2.3.2 Drude model

In solid crystals like metals, semiconductors and some insulators the large number of electrons form a
quasi continuum of energy states. These so-called bands follow an energetic order. The energetically
highest band with an energy Ec is called conduction band followed by the energetically next highest
band, the valence band Ev (Figure 2.14). In the of an insulator, the valance band is completely filled

Figure 2.14: Schematic illustration of the energetic levels of conduction and valence band in a metal,
a semiconductor and an insulator. In the case of a metal, the Fermi level is energetically
located in the conduction band, while in the case of a semiconductor or an insulator the
Fermi level is in a gap between the valence and the conduction band.

while the conduction band is completely empty. These states are separated by a band gap Eg. If

9This one-oscillator model could be extended to a multiple-oscillator model by replacing ω0, ωp and γ of the Nosc
oscillators with the single resonance and plasma frequencies ω0j , ωpj and γj of the jth electron and a summation

∑
j

over all electrons.
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the Fermi energy Ef is located in this gap, the electrons will not be able to flow when applying an
electric field because they cannot reach any unoccupied states. If the band gap decreases, the electrons
can be excited from the valance band to the conduction band for example by an impinging photon.
Such systems are known as semiconductors. Conductors and metals are denoted by a partially filled
conduction band. In this case the Fermi energy is located in the conduction band Ef ≥ Ec and the
electrons can flow by switching in an unoccupied state in the same band. These electrons are often
called quasi free with respect to their possibility to move in the material. Their interaction with the
lattice of the crystal is considered by an effective mass of the electrons in the band [Kittel, 1999].

As a result the behaviour of electrons in a solid is not completely described by the Lorentz model, but
also has to consider the amount of the quasi free electrons and the possibility of interband transitions.

The physical model to describe these quasi free electrons is the Drude model and, in this case, is
a consequence of the Lorentz model when the spring constant is set to be zero K = 0 and the mass
of the electrons is replaced by the effective mass meff . The following dielectric function in the Drude
model is given by

εDrude1 = 1−
ω2
p

ω2 + γ2
0

εDrude2 =
ω2
pγ0

ω
(
ω2 + γ2

0

) . (2.48)

In the case of metals at room temperature and electromagnetic waves in the visible range up to the
ultraviolet range, γ is much smaller than ωp. Thus (2.48) becomes

εDrude1 ≈ 1−
ω2
p

ω2
εDrude2 ≈

ω2
pγ0

ω3
. (2.49)

The so-called Drude parameters of silver are given by [Kreibig and Fragstein, C. V., 1969,Ehrenreich
and Philipp, 1962]:

n 5.9 · 1028m−3

meff ≈ me

~ωp 9.08 eV

~γ0 0.018 eV

2.3.3 Dielectric function of silver

Silver is a well-conducting metal and can so be described by the Drude model. However, the Drude
model does not consider interband transitions of electrons from one occupied band to a higher unoc-
cupied band, in the case of Ag from 4d band to 5sp band. This effect leads to an additional term, the
interband susceptibility χinter, in the dielectric function

ε = 1 + χDrude(ω) + χinter(ω) , (2.50)

where 1 + χDrude(ω) = εDrude(ω) = εDrude1 (ω) + iεDrude2 (ω) is given by (2.48). This interband term
can be considered by a real constant of about 2.5 for small energies. For higher energies (& 3 eV),
it has to be considered by a complex frequency depending function. The real and imaginary parts
of the dielectric function of bulk like silver [Johnson and Christy, 1972] are plotted in Figure 2.15 in
comparison with die dielectric function of quasi free electrons calculated by equation (2.48) with the
parameters for silver. These transitions from one band to an energetically higher band are permitted
for

~ω = Ei(~k)− Ef (~k) (2.51)

where ~ω is the energy of an exciting photon, Ei and Ef the energy of the initial and the final state

and ~k the wave vector in the first Brillouin zone. While the conservation of energy (2.51) is a necessary
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2.3. Electronic properties of weakly bound electrons in Ag clusters

Figure 2.15: The real and imaginary parts of various parts of dielectric functions are plotted in the
left and the right figure, respectively. The red lines exhibit the dielectric function of
bulk silver after JOHNSON and CHRISTY [Johnson and Christy, 1972]. The dielectric
function of quasi free electrons after Drude 1+χDrude, calculated by (2.48), are represented
by the black lines. The interband amount follows by εbulk − (1 + χDrude) (blue line).
The magenta lines exhibit a Drude dielectric function with additional surface damping
γ0 → γ0 + γsurface (A = 1, see section 2.3.4).

criterion, the probability of a transition is maximal for points in the Brillouin zone where bands in
~k-space are parallel

~∇~k
(
Ei(~k)− Ef (~k)

)
= 0 . (2.52)

These critical points cause singularities in the density of states like the ones known from the Van Hove
singularities of crystal phonons [Kittel, 1999]. As a result, the absorption and so the imaginary part
of the interband susceptibility χ2(ω) becomes maximally.

The strong influence of the interband susceptibility becomes clear when analysing the energetic po-
sition of the plasmon excitation resonance. A resonance of the excitation is found where the extinction
cross section (2.38) becomes maximal. This is fulfilled for

ε1 ≈ −2εm (2.53)

if ε2 is not too big and does not vary strongly. Thus the resonance energy of a small silver particle,
described by Drude model in vacuum εm = 1, is where the black line in Figure 2.15 cuts ε1 = −2
which is given at ~ω ≈ 5.2 eV. However, the contribution of the interband susceptibility raises the
real part of the Drude dielectric function to higher values, so ε1 = −2 is fulfilled at ~ω = 3.5 eV. Also
the energetic position of the so-called plasma frequency, the frequency where ε1 = 0, shifts from about
ω = 9.2 eV/~ to ω = 3.8 eV/~ [Quinten, 2010].
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2.3.4 Dielectric function of Ag clusters

While the dielectric function of bulk like silver is well known, the dielectric function of small silver
particles differs with the size of the particles due to plasmon damping effects at the surface of the
particles. The restriction of the mean free path of the electrons in the clusters can be considered by
an additional damping constant γsurface which is added to the damping constant γ0 in the Drude or
Lorentz model:

γ = γ0 + γsurface =
1

τ∞
+

1

τsurface
=
vF
l∞

+A · vF
R

(2.54)

Herein is vF = 1.4 · 106 m/s the Fermi velocity and l∞ the mean free path of electrons in bulk silver
(l∞ = 52 nm for silver at room temperature [Hövel, 1995,Ehrenreich and Philipp, 1962]). The fraction
vF /l∞ describes a mean collision frequency so that every time τ∞ an electron in a silver bulk collides
with an impact partner. The corresponding damping parameter γsurface describes the frequency
of the impact processes between the electrons and the surface. A is a dimensionless constant with a
magnitude of 1 and is strongly influenced by the cluster-environment interface. The dielectric function
can now be calculated by using the dielectric function of a silver bulk, subtracting the Drude dielectric
function for silver bulk and adding a modified Drude dielectric function with the damping parameter
γ = γ0 + γsurface [Kreibig and Fragstein, C. V., 1969]:

ε(ω,R) = εbulk(ω)−
(−ω2

p)

ω2 + iωγ0
+

(−ω2
p)

ω2 + iω
(
γ0 +AvF

R

) . (2.55)

The results of this equation for clusters with different sizes are plotted in Figure 2.16. Figure 2.16

Figure 2.16: The real and the imaginary part of the dielectric function of a silver cluster with the
surface damping constant A = 1 of sizes from 2R = 1 nm up to 2R = 5 nm were calculated
by equation (2.55).

illustrates the dependence in size for the real and imaginary part of the dielectric function of Ag
clusters with diameters between 1 nm and 5 nm. The size effect is given by the 1/R character of
the surface damping constant. Corresponding to equations (2.49) for small damping constants, the
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2.3. Electronic properties of weakly bound electrons in Ag clusters

influence of γ is marginal for ε1 for clusters with diameters bigger than 2 nm10, but still has a strong
effect on ε2.

2.3.5 Plasmon resonance of Ag clusters

The optical extinction of clusters, which are small compared with the wavelength, is also known as the
plasmon resonance because here approximately the whole energy, which is absorbed by the particle,
is converted to oscillations of the free electrons in the cluster. The easiest case is the absorption by
a homogeneous sphere as described by equation (2.38). For a cluster with defined size and dielectric
function, the shape and position of the extinction are still depending on the dielectric function on the
embedding or surrounding material εm. In the case of surrounding material, whose imaginary part
of εm is negligible and does not vary much, the resonance is localised where it is ε1 ≈ −2εm. The
refraction index and therefore the dielectric function for a non absorbing medium is bigger than 1. The
plasmon resonance is localised where εm > −2 (Figure 2.16). In this region the dielectric function of
the cluster is a monotonous increasing function so that the energetic position of the plasmon resonance
shifts to lower energies with increasing εm.

This behaviour is illustrated in Figure 2.17 for Ag clusters with a diameter of 2R = 2 nm in vacuum
and in fused silica. The dielectric function of vacuum is constantly 1. Thus the resonance is where the
green line in Figure 2.16 is ε = −2εm = −2, which is fulfilled for E ≈ 3.5 eV. The dielectric function
of fused silica can be calculated by the Sellmeier equation, an empirical equation which describes the
wavelength dependent behaviour of n2 for optical transparent media, and which is approximately 2.2.
So the resonance for Ag cluster in silica is expected where ε1 ≈ −4.4 and thus E ≈ 3.1 eV.

Figure 2.17: Extinction of Ag clusters with a di-
ameter of 2R = 1 nm in vacuum
and fused silica with real dielectric
functions εvac1 and εSiO2

1 respec-
tively. εSiO2

1 was calculated by the
Sellmeier equation and the imag-
inary parts of the dielectric func-
tions are zero. The resonance po-
sitions are at ε1 ≈ −2εm which is
ε1 ≈ −2 for clusters in vacuum and
ε1 ≈ −4.4 for clusters in fused sil-
ica. From this it can be followed
that the energetic position of the
extinction maxima is ≈ 3.5 eV for
clusters in vacuum and ≈ 3.1 eV
for clusters in fused silica (com-
pared to Figure 2.16).

To summarise the previous sections, the optical extinctions of Ag clusters of different sizes, shapes
and compositions in vacuum are plotted in Figure 2.18 and should be discussed in detail now. All
extinctions are normalised to the corresponding geometric cross section A⊥ = πs2 (s2 = R2

total for a
sphere, s2 = atotal · ctotal for a spheroid). Vacuum was chosen as embedding medium and the surface
damping constant is A = 1.

In Figure 2.18 a) the extinctions of a single Ag cluster with varying diameters between 2R = 1 nm
and 2R = 5 nm are plotted. For clusters with diameters 2R = 5 nm, the dipole approximation 2.38 is
fulfilled, for bigger clusters a correction would be necessary. The extinction increases with increasing

10For very small clusters 2R < 1 nm the surface damping 1/R·(AvF ) and thus γ becomes dominant and the approximation
(2.49) of small damping is no longer valid.
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Figure 2.18: a) Spherical cluster in vacuum with different diameters. b) Spheroidal cluster with dif-
ferent axial ratios. The volume of the cluster is equivalent to the volume of a sphere
with a diameter of 2 nm. The solid lines represent the extinction of s-polarised light and
the dashed lines the extinction of p-polarised light. c) Spherical cluster with an original
diameter of 2 nm with shells which were formed after 0 %, 10 %, 30 % and 60 % of the
cluster were reacted with sulphur or oxygen. The solid lines represent a cluster with Ag2O
shells and the dashed lines a cluster with Ag2S shells. d) Combined effects on the extinc-
tion of a cluster with the same volume like a cluster with a diameter of 2 nm. The axial
ratios were chosen to 0.86. The reaction progress (with S or O ) is 10 %. The solid lines
represent measurements with s-polarised light and the dashed lines measurements with
p-polarised light. All extinction spectra were normalised to the geometric cross section
(see text) and simulated for clusters in vacuum εm = 1 with A = 1.
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size of the cluster proportional to R3 (see (2.38))11. The only visible effect is a small shift of the
maximum of the extinctions to lower energies for decreasing cluster sizes caused by the dielectric
function for Ag clusters (Figure 2.16). Here the resonance condition is fulfilled at lower energies for
smaller clusters. Much stronger than the position of the maximum, the full width at half maximum
(FWHM) of the extinction changes with the cluster size. The FWHM is determined by the double
width between the peak and the position where the low energetic flank has half the intensity of the
maximum. This definition is used for all following FWHM determinations. For a small cluster, the
FWHM of the extinction is larger than for a large cluster. This is a consequence of the surface
damping constant γsurface. Thus the shape of the extinction spectrum of a large cluster with the
diameter 2Rlarge can be modified to have the same shape of the spectrum of a small cluster with the
diameter 2Rsmall by varying Alarge so that AlargeRlarge = AsmallRsmall = const. For more detailed
discussion about surface damping effects and the FWHM of the cluster extinction spectrum is given
in [Hövel, 1995].

Figure 2.18 b) exhibits the extinctions of a spheroidal cluster with the axes a = b and c < a.
To clarify the effect of the cluster distortion, the extinctions were calculated for impinging s- and
p-polarised light. The distortion is given by the axial ratios c/a = {0.75; 0.5; 0.25}. The lengths of
the axes were calculated so that for a given axial ratio the volume of the cluster should be the same
like that of a spherical cluster with the diameter 2R = 2 nm. The dielectric function of a cluster with
surface damping constant A was also calculated in the way, that the dielectric function of the spheroid
corresponds to that of a sphere with the same volume. The setup of this simulation is shown in Figure
2.19. The plane of incidence is given by the yz− plane and the angle between the surface normal of
the cluster (dashed line) and the y axis should be ϕ = 90 ◦. In this system a is along the x axis, b
along the y and c along the z axis. The light is polarised and its propagation direction is parallel to
the y axis. So the points in the propagation vector represent the s-polarised mode and the strokes the
p-polarised mode (solid and dashed lines in Figure 2.18 b) respectively). The plasmon resonance in
p-polarisation is shifted to higher energies due to the shorter resonance axis. The plasmon resonance
in s-polarisation in contrast is shifted to lower energies. These effects increase with decreasing axial
ratio c/a. As explained in Figure 2.18 a) the height of the cluster plasmon resonance increases with
increasing electron oscillation axis. In experiments where ϕ < 90 ◦ the measured cluster extinction
spectrum of the p-polarised light also excites parts of the b axis and so contains parts of the s-polarised
extinction.

Figure 2.19: Setup for the simulation and
experiments with polarised
light at distorted clusters.
The light propagates along
the y axis (grey arrow) in the
yz plane and is s-polarised
(black dots) or p-polarised
(black lines). The surface
normal (dotted line) and the
y axis comprise an angle of
ϕ.

The changes of extinction spectra of a chemical reacted (with sulphur or oxygen) spherical Ag cluster
are plotted in Figure 2.18 c). At a reaction of the Ag cluster with a gas like S or O, the Ag atoms in
the outer shells become Ag2S or Ag2O. The amount of these shells on the whole cluster is given by
the reaction state P which means that the relative mass P = mreacted/moriginal of the original cluster
reacted with the gas. The mass of the core after the reaction is given by mcore = (1 − P )mcore. As

11The approximately linear behaviour here is a consequence of the normalisation of the cluster extinction to the geometric
cross section.

26



Chapter 2. Theory

a consequence the extinction spectrum changes due to the lower radius Rcore of the core cluster. In
contrast the total volume becomes larger because of the lower density of the Ag2S or Ag2O shells with
an additional thickness dshell (see Figure 2.13).

The solid black line exhibits again the extinction spectrum an Ag cluster with a diameter of 2R =
2 nm. The coloured solid and dashed lines represent the extinction spectra of the cluster reacted with
Ag2O and Ag2S respectively. Three points can be figured out by these spectra: 1) The shells cause a
damping of the plasmon resonance indicated by the decrease of the heights of the extinction maxima
with increasing P . Further, the FWHM of the resonance increases with increasing P , which is also an
indication for an increasing damping effect. 2) The energetic positions of the extinction spectra shift
to lower energies with increasing P . 3) The magnitude of these effects caused by an oxidation differs
from that caused by a sulfidation. Therefore, the energetic shift of the extinction maximum cannot
be explained alone by a size effect. The change of the core surrounding medium dominates this shift
effect. Furthermore, these shifts are very distinct for an oxidation. In Ag clusters with a diameter of
2R = 2 nm about 50 % of the atoms are surface atoms. So the forming of one Ag2O shell in this model
would correlate with an extinction shift of about 1 eV. In contrast, the same amount of Ag2S would
damp the plasmon resonance so strongly that a plasmon would not be observed anymore. Actually, a
30 % sulfidised Ag cluster has a hardly measurable optical extinction.

The dielectric functions of Ag2S and Ag2O bulk were used to describe the influence of the cluster
shells. In contrast to Ag bulk, they are no metals and their optical properties are not determined
by the mean free path of the electrons. So a modification of the dielectric function, as it was done
in (2.55), was not applied here. Furthermore, band structure effects are responsible for the optical
properties. Experiments have shown that bulk properties like surface states or band structures remain
at low size scales of a few nm [Barke and Hövel, 2003]. The properties of Ag clusters with Ag2S and
Ag2O shells described by using εs = εbulkAg2O

and εs = εbulkAg2S
yield good agreements with experimental

observations.

The combination of the previous discussed effects is shown in Figure 2.18 d). Here the extinction
spectra of a 10 % reacted (with oxygen and sulphur) and distorted c/a = 0.8612 Ag cluster are
plotted. These spectra differ clearly from that of an idealised spherical cluster without shells in
vacuum represented in Figure 2.18 a). The chemical reaction causes a strong shift to lower energies in
the case of oxygen. The energetic shift in the case of a reaction with sulphur is small. The widening
of the plasmon is dominated by the influence of the dielectric function of the shell.

Effective medium

The previously discussed spectra were simulated for clusters in vacuum εm = 1. However, in some
matrices, the deposited clusters are not homogeneously surrounded by the matrix material 1 ≤ εeffm ≤
εm. This problem can be handled by a first step effective medium approximation

εeffm = pεsubm + (1− p)εenvm (2.56)

where εsubm and εenvm are the dielectric functions of the substrate and the gaseous (or vacuum) environ-
ment respectively. p determines the ratio of the cluster surface which is in contact with the substrate
or the gaseous (or vacuum) environment.

Furthermore, a complex and frequency-depending dielectric function of the embedding matrix ma-
terial εm would make the system more complicated but it could still be describe analytically [Quinten,
2010].

12While depositing clusters on surfaces with the thermal cluster apparatus used in this work, a distortion of c/a ≈ 0.86
is assumed [Hövel, 1995].

27



2.3. Electronic properties of weakly bound electrons in Ag clusters

2.3.6 Measurand extinction

In (2.27) the extinction and scattering cross sections were introduced as the energy absorbing and
scattering rates per incident irradiance. This energy transfer can be calculated if the optical spectrum
of the impinging light I0(ω) and of the transmitted light I(ω) can be measured at the same time13

and in the same time interval. Then the loss of intensity per energy interval I0(ω)− I(ω) during the
measurement is a measure for the extinction.

As the measurement at one single particle is not possible in experiments, most experiments deal with
ensembles or layers of particles. If the particles do not interact with each other and the extinction
processes can be treated as not correlated, then the transmittance can be described by the Beer-
Lambert law

I(z) = I0 exp (−ncluster · σext · z) . (2.57)

Herein I0 is the intensity of the incident light, ncluster the number of clusters per volume V , σext the
extinction cross section and I(z) the intensity of the light at position z. If the sample has the thickness
d and I0 is the intensity of the light before and I(d) behind the sample

ln

(
I(d)

I0

)
= −ncluster · σext · d ⇒ σext ∝ − ln

(
I(d)

I0

)
(2.58)

the extinction cross section is not proportional to I0 − I, as motivated before, but proportional to
ln(I0)− ln(I). Because σext and ln(I0)− ln(I) only differs in a constant factor, the measured extinction
is defined as

extinction ≡ − lg

(
I

I0

)
. (2.59)

By comparing (2.59) with (2.58), the extinction can also be written by

extinction =
1

ln 10
· ncluster · d · σext =

1

ln 10
· ]cluster

V
· Vcluster
Vcluster

· d · σext

=
1

ln 10
· 1

Vcluster
· deff︸ ︷︷ ︸

1/G

·σext . (2.60)

Using (2.60) it is possible to determine the effective clusters coverage by comparing the measured
extinction with the theoretically expected cross section σext of a single cluster. Proportionality factor
G is used to compare measured extinctions with simulated extinction cross sections.

Validity of extinction measurements

Here an important detail is that the reference I0 should be measured in a way that all other influences
to the incident light like scattering or absorption by the surface are considered within the I0 signal.
Especially, if the embedding matrices are not homogeneous, this is experimentally not simple and can
cause background signals. Furthermore, this definition of extinction is only valid for separated, not
interacting clusters. This is fulfilled for Ag clusters with a mean diameter of 2R = 2 nm if the distance
between two clusters is RNN > 5R. It follows from this that for clusters on a plain surface the effective
coverage should not exceed 0.16 cluster monolayers (MLs)14 [Hövel, 1995].

13Because modern laboratory light sources have a characteristic spectrum, which does not change significantly during
short time intervals, it suffices to measure the spectra of I0(ω) before measuring I(ω).

14For more details for the effective coverage of a cluster ML see section 8.1
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Electromagnetic coupling of clusters

If the effective deposition quantity of clusters on a plain surface becomes more than 0.16 ML, the
clusters have next neighbour distances of RNN < 5R and are no longer separated so they can couple
electromagnetically. In this case, a generalized Mie theory (GMT) [Quinten, 2010] could be applied
instead of the Mie theory discussed before. As the calculations done in GMT are typically implemented
numerically, only the qualitative effects on the plasmon resonances caused by electromagnetic coupling
will be discussed in this section.

Figure 2.20: Extinction spectra of aggregated clusters with different shapes (2R = 40 nm) are plotted
in figure (a). In (b) extinction spectra of clusters with chain-like structures of different
lengths (one cluster (2R = 40 nm) up to ten clusters) are plotted. In (c) the extinction
spectra of 55 single clusters (2R = 20 nm), 55 clusters arranged in a compact cluster
shape (d) and spherical structure (2R = 76 nm) are shown.

The resonance of a single cluster splits into resonances with mainly lower energies if several clus-
ters aggregate. Additional resonances at higher energies are suppressed because of the closely lying
interband transitions which prevent resonances in this region [Quinten, 2010]. This effect causes a red
shift of the plasmon resonance. Furthermore, the spectrum of an ensemble of statistically aggregated
(and also not aggregated, if RNN < 5R) clusters appears broadened due to the superimpositions of
the differently split spectra.

In Figure 2.20 (a) the extinction spectra of aggregated Ag clusters with 2R = 40 nm as a function
of the wavelength are shown. The largest split of the extinction is caused by a chain-like arrangement
of the aggregated clusters. This behaviour is illustrated in more detail in Figure 2.20 (b). Here chain
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like cluster (2R = 40 nm) aggregates consisting of N = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 clusters are simulated.
A clear widening of the split plasmon resonances can be observed with increasing length of the chain.
The extinction spectra of a macro cluster consisting of 55 single, spherical clusters (2R = 20 nm) are
represented in Figure 2.20 (c). In comparison to the spectrum of 55 not aggregated, not coupled single
clusters, the spectrum is strongly red shifted and its FWHM is about two times of the FWHM of the
spectrum of single clusters. If this macro cluster rearranges to a spherical cluster, the shift of the
spectrum would be much smaller. But a red shift and an increase of the FWHM is still observable.
This is due to the effects of multipoles, beyond of dipoles, in Mie theory.

2.4 X-Ray Absorption Fine Structure (XAFS)

The properties of Ag clusters, which can be attributed to the valence and conduction band electrons,
were discussed in the last section. For example measurements can be performed which yield infor-
mation about chemical reactions, described using a core-shell model. However, these measurements
cannot deliver information about the reaction process itself. Further, systems without completely
closed cluster shells cannot be described by this model. This model yields also no information about
inter atomic distances or the atomic arrangement of the shells.

A powerful tool which yields information about the atomic structure of the clusters and their chem-
ical environment is the X-ray Absorption Spectroscopy (XAS). In XAS an X-ray photon is absorbed
by a core level electron and the resulting photoelectron can switch into an unoccupied state in the
atom or into the continuum.

The processes taking place in XAS and the information, that can be extracted from XAS, will be
discussed in this section. While there are a lot of different XAS techniques, the main attention will
be directed to the X-ray Absorption Near Edge Structure (XANES) spectroscopy. In this section
the X-ray absorption fine structure of atoms will be presented, followed by the properties of photon
absorption processes. The main part of this section is about the processes which take place during
XANES experiments and which information they yield. The section closes with a short summary of
important facts which have to be considered in XAS experiments.

2.4.1 Excitation of core level electrons

Occupied electronic states in an atom are indicated by the first quantum number n = 1, 2, 3, ..., the
second (azimuthal) quantum number l = 0, 1, ..., n − 1 and the magnetic quantum number ml =
−l,−l + 1, ..., 0, ..., l − 1, l. They describe (respectively) the radial orbit, the azimuthal properties of
the orbit and the projection from l to the z axis of an electron in a given state. For a full description,
also the spin s = 1/2 of the electron has to be considered. The spin is the intrinsic angular momentum
of an electron and has the orientations ms = ±1/2. The angular momentum of the orbit and the
spin can couple to a total angular momentum j. The resulting energetic levels are illustrated in
Figure 2.21. It can be shown that the mean charge density 〈ψn | e |ψn〉, where e is the elementary
charge, of a fixed fully occupied state n, given by the sum over all permitted l and ml, is spherically
symmetric [Demtröder, 2005]. So, the atomic levels with the same quantum number n are called shells
and are indicated by n = 1→ K-shell, n = 2→ L-shell, n = 3→ M-shell and so on. Their energetic
order is given by their orbital angular momentum (s, p, d, ...) and their total angular momentum
(1/2, 3/2, 5/2, ...). In X-ray spectroscopy, the energetic levels are indicated by the shell and a number
which indicates the energetic level in the shell. For example, the lowest state in the L-shell (n = 2)
is the 2s state and thus indicated by L1 (compare Figure 2.21). Electrons of occupied states can be
excited by a photon (or an electron) and switch into an unoccupied state or the continuum. These
processes are shown in Figure 2.22.

If a photon excites an electron from its initial state with energy Ei into an energetically higher
unoccupied state with energy Ef , the energy of the photon after this process is ~ω′ = ~ω− (Ef −Ei).
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Figure 2.21: Schematic illustration of the energetic levels of a copper atom after [Attwood, 2007]. For
a dipole transition of an electron the selection rules are ∆l = ±1 and ∆j = 0,±1. In
X-ray absorption notations the levels are indicated by the shell symbols and a number,
with increasing energy from the core levels up to the valence levels: 1s → K, 2s → L1,
2p1/2 → L2, 2p3/2 → L3, and so on.

Figure 2.22: Figure a) illustrate a fluorescence process of an atom, after an excitation by a photon.
Figure b) illustrates the emission of a photoelectron, excited by photon absorption (after
[Attwood, 2007]).

After those processes the atom is in an excited state with a hole in an electronic core level. The atom
can relax by filling the hole with an electron of a higher state. The releasing energy is then emitted as
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a photon with characteristic energy. The originated hole in the energetic higher shell can be filled by
an electron out of an energetic higher shell and so on. Thus the photoemission of a core level electron
can cause a cascade of relaxation processes. After those processes, the atom is still electrically neutral
(Figure 2.22 a).

If the energy of the incoming photon is equal or larger than the binding energy of an absorbing
electron ~ω > EB, the electron can switch into the continuum. This process is called photoionisation
and is shown in Figure 2.22 b). The atom is also in an excited state and similar relaxation processes
can take place as discussed above. However, in the case of photoionisation, the atom remains in an
electrically charged state.

In the following discussion the final state of an excited electron should be an unoccupied state. The
probability for the transition from an initial state Ψi to another state Ψf is connected to the existence
of a not vanishing dipole matrix element

~p = q · ~d = −e ·<~rif>

= −〈Ψi | e~r |Ψf 〉 = −e ·
∫

Ψ∗i ~rΨf d~r (2.61)

which is the quantum mechanical equivalent of a dipole with charge q = −e and the distance ~d
between its poles replaced by its expectation value <~rif>. The corresponding frequency is given by
ωif = (Ef − Ei)/~.

The insertion of the wave function Ψn,l,ml = (1/
√

2π) · Rn,l(r)Θl
m(θ)eimφ for the states Ψni,li,mli

and Ψnf ,lf ,mlf
in equation (2.61) where Θl

m(θ) are the Legendre polynomial and Rn,l(r) the Laguerre

polynomial, yields a function exp (i(mlf −mli)ϕ) for the z and exp (i(mlf −mli − 1)ϕ) for the x and y
components. Thus one condition to become the integral unequal zero is ∆m = 0 for the z component
and ∆m = ±1 for the x and y components. Additional calculations for the Θl

m(θ) functions exhibit
that the second condition for not vanishing integral is that ∆l = li − lf = ±1. The excitation of a
dipole transition is thus only permitted for ∆l = ±1.

The selection rule for the total spin angular momentum s is given by ∆s = si − sf if the spin orbit
coupling is weak and the wave function can be written as a product of the spin wave function and
the space wave function. This is motivated by the transition of an electron in a single electron atom
like H. The total value of the spin for a one electron system is

√
3/4~. The total value has to be

constant in the case of an excitation or a relaxation of the electron. Thus ∆s has to be zero, also in
many electron systems. In heavy atoms, where spin orbit interaction is strong, this selection rule is
not valid anymore. It also has to be considered that, while the total value of the spin is constant, its
direction can change.

The total angular momentum ~j = ~s + ~l thus can only change by ∆j = 0,±1, with one exception:
A transition with state ji = 0 → jf = 0 is not permitted. To conclude, the excitation of an electron
from a core level with energy Ei into an unoccupied valence level with energy Ef by a photon with
energy ~ω is possible, if the following selection rules are fulfilled15:

~ω ≥ Ef − Ei
∆n ≥ 1
∆j = 0,±1
∆l = ±1

2.4.2 X-ray Absorption Near Edge Structure (XANES) spectroscopy

In the previous section the condition were discussed, under which the excitation of a core electron
is possible. In this section it will be discussed, what information can be delivered by an experiment
where a core electron is excited into an unoccupied state.

15These are the selection rules for a dipole transition. A quadrupole transition allows ∆l = 0,±2. But because they are
about 100 times weaker, they can be neglected [de Groot and Kotani, 2008].
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A powerful experiment which yields information about atomic levels, structure and chemical state
is the X-ray Absorption Near Edge Structure spectroscopy, often just called XANES. Here an X-ray
photon is absorbed by a core level electron and excited into an unoccupied state. Because the probed
electron is a core level electron, its energy is well defined and can be matched to a specific element.
The final state, however, is determined by the valence electrons and is thus strongly influenced by the
chemical state of the atom. Further, in the case of a cluster or a solid, the wavelength of the quantum
mechanical wave function of the photoelectron is of the same magnitude like the atom distances. This
can cause interferences because the absorption probability of the photoelectron modulates with the
wavelength of the photon and the next-neighbour distances of the atom.

Fine structure oscillations

The interaction of X-ray light with matter can be described with Beer-Lambert law (similar to (2.57))

I(z) = I0 exp (−z · µ(Z,E)) , (2.62)

where I0 is the intensity of the incident X-ray beam, z the thickness of the sample and µ the absorption
coefficient. µ itself depends on the atomic number Z and the energy E of the X-rays. The absorption
coefficient is µ ∝ Z4 · E−3 with energy E and the atomic number Z [Demtröder, 2005].

This with increasing energy decreasing cross section, increases instantly if the energy of the imping-
ing radiation fulfils ~ω = Ef −Ei (Figure 2.23). Herein Ei is the energy of an occupied core level and
Ef the energy of an unoccupied valence level.

Figure 2.23: XAFS spectrum of FeO [Newville, 2004]

While equation (2.61) yields information about the existence of a dipole transition, the transition
rate, which is proportional to the absorption cross section µ, must be calculated in time depending
perturbation theory. In first order, this leads to Fermi’s golden rule

µ ∝
∑
f

|〈Ψi |H |Ψf 〉|2 δ(~ω − (Ef − Ei)) . (2.63)

where H is the Hamilton operator and δ the Dirac delta distribution.
In an approach from SAYERS et al., the oscillations in the absorption spectra, as function of wave

vector k, caused by scattering of the photoelectron by the surrounding atoms, was calculated for a
system of point scatterers arranged around the absorbing atom [Sayers et al., 1971,Rehr and Albers,
2000]

χ(k) =
∑
R

S2
0NR

|f(k)|
kR2

sin(2kR+ 2δc + Φ) exp (−2R/λ(k)) exp (−2σ2k2) . (2.64)
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Herein R are the interatomic distances, NR the corresponding coordination numbers and σ the root
mean square of the temperature depending fluctuations in bond length. The backscattering amplitude
is given by f(k) = |f(k)|eiΦ(k) with the phase shift Φ(k). δc is the central atom partial-wave phase shift
and λ(k) is the mean free path. This so called EXAFS (Extended X-ray Absorption Fine Structure)
equation is often used to describe and fit the oscillations in the absorption spectrum in the region of
about 50 eV - 200 eV above the absorption edge. Thus the whole X-ray Absorption Fine Structure
(XAFS) can be divided in the XANES spectrum (∼ 0 eV− 50 eV behind the absorption edge) and the
EXAFS spectrum (∼ 50 eV − 200 eV behind the absorption edge). However, there is still no theory
to describe the oscillations narrow behind the absorption edge quantitatively and analytically. The
absorption coefficient is then given by

µ(E) = µ0(E)(1 + χ(E)) (2.65)

where µ0(E) =
∣∣∣〈Ψi

∣∣∣H ∣∣∣Ψ0
f

〉∣∣∣ is the absorption coefficient of the single absorbing atom without any

other interactions. A good description of the XAFS is given by NEWVILLE [Newville, 2004].

Fluorescence detection mode

The description above assumes a single electron process where an electron is excited into an unoccupied
state due to X-ray absorption. Those experiments can be carried out in transmission mode where a
thin, homogeneous sample is illuminated by an X-ray beam and its energy depending intensity is
measured before and behind the sample. µ can then be calculated by (2.62). But those transmission
experiments are not performable at thick and inhomogeneous samples investigated in the present
thesis. In such cases another method of measurement, the fluorescence yield, enables good results of
the XANES.

Here the photoelectron is excited from its initial state Ψi into an excited state Ψn with lifetime ∆t.
The resulting core hole is then filled by another electron of an outer shell which leads to the final state
Ψf (Figure 2.24). The intensity of the resulting fluorescence radiation is, under certain circumstances,

Figure 2.24: Schematic illustration of the two electron excitation process. An impinging X-ray photon
with energy ~ω1 is absorbed by an atom in the initial state Ψi. The resulting photo
electron is excited from a core level into an unoccupied state. The atom is in the unstable
state Ψn. After the core hole is filled by an electron of a higher shell, the atom is in the
final state Ψf .

proportional to the absorbed impinging radiation. The most general case of such an experiment are
Resonant inelastic X-ray scattering (RIXS) experiments. Here the energy of the imping X-ray radiation
is tuned from energy below to energy above the absorption edge and the fluorescence radiation is
detected energy-dispersively. When using an energy-dispersive detector, XANES experiments can
be performed by adjusting the detector to a fixed, strong fluorescence line of the absorbing atom
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(investigated material). Thus the background radiation can be suppressed very effectively. The
probability to detect an absorption process is now a function of the probability that a photon is
absorbed by an electron and the probability that the resulting core hole is filled by an electron of a
specific shell, resulting in the emission of a photon with energy ~ω2. Those measurements are known
as partial fluorescence yield (PFY) measurements.

Further it has to be considered that the resulting spectrum is convoluted with a Lorentzian because
of the finite lifetime of the core hole. “This Lorentzian broadening is due to the finite lifetime of
the core hole, leading to an uncertainty in its energy according to Heisenberg’s principle.” [de Groot
and Kotani, 2008] The broadening of the energy spectrum is less distinct for weakly bound excited
electrons than for tight bound electrons. Therefore the lifetime of the final state |Ψf 〉 is longer than
that of the intermediate state |Ψn〉. So, the resolution of the recorded XANES spectrum depends on
the detected fluorescence line.

An additional point is the intensity of the fluorescence lines. Sometimes, especially when dealing
with X-ray beams with weak intensities, it is necessary to detect more than one emission line to get a
strong fluorescence signal. This so called total fluorescence yield (TFY) can be calculated integrating∫

PFYdω2 in the Region Of Interest (ROI). In most cases the resulting resolution is less narrow than
that of the PFY measurements. Further it must be considered that the ROI should not include the
energetically region of the tuned incident beam. The spectra recorded in TFY are more similar to
spectra of measurements recorded in absorption measurements than PFY spectra are.

Self-absorption

Despite the advantages of measurements in fluorescence compared with the transmission mode, not all
samples can be measured in fluorescence mode with accurate resolution. For some kinds of samples,
self-absorption occurs and must be regarded especially for EXAFS experiments by corrections of the
recorded spectra [Tröger et al., 1992]. A good qualitative introduction to this problem is given by
RAVEL16 and BUNKER [Bunker, 2010]. A sample with total thickness zs consists of the element

Figure 2.25: Illustration of a XANES experiment in fluorescence mode, from RAVEL

of interest, with absorption coefficient µe, and other elements, for example embedding materials with
absorption coefficient µb. The total absorption coefficient µt is a superposition of µe and µb. With the
energy of the fluorescence radiation Ef and the probability of a fluorescence process εf , the intensity
of the fluorescence radiation caused by a layer n with thickness dzn is given by

If (zn)dzn = I0 ·exp (−µt(E)zn/ sin (θi)) ·εf (E)µe(E)
dz

sin (θi)
·exp (−µt(Ef )zn/ sin (θf )) · Ω

4π
. (2.66)

16Bruce Ravel, Understanding self-absorption in fluorescence XAS,
https://speakerdeck.com/bruceravel/understanding-self-absorption-in-fluorescence-xas
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It can be shown that after integration of equation (2.66)
∫ zs

0 If (zn)dzn the total fluorescence signal
If (E) of the sample which is detected, is given by

If (E) = I0 ·
Ω

4π

 µe(E)

µe(E) + µb(E) + µt(E) sin (θi)
sin (θf )

 . (2.67)

The problem is that the fluorescence signal of interest, caused by the absorption cross section µe, is
normalised by itself if µe > µb(E) + µt(E) sin (θi)/ sin (θf ). This leads to incorrect peak sizes and
less distinct fine structure in XANES and EXAFS signal. The effect of an iron EXAFS signal was
investigated and illustrated by RAVEL in Figure 2.26.

Figure 2.26: EXAFS Fe K edge signal of a thin Fe foil (red line) and a Fe/Ga alloy (Fe72.74 Ga27.26)
with self-absorption effect (blue line), obtained by RAVEL.

This problem can be avoided by several points. If possible, transmission XANES experiments should
be performed at the same sample. Also if the transmission experiments yield no perfect results they
can be combined with the fluorescence measurements (including self-absorption) to get suitable results.
If measurements in transmission mode are not achievable, the sample concentration can be diluted.
This is already fulfilled for the samples investigated and discussed in the present thesis. Then µb in
(2.67) becomes dominant in the denominator and the contribution of µe can be neglected. A similar
effect can be achieved by changing the photon exit angle θf thus sin (θf ) becomes small which causes
a domination of µt in the denominator of (2.67). The last and most smart solution to avoid self-
absorption is making the samples thin. If the thickness of the sample is small compared with the
absorption length, (2.66) does not be integrated and thus does not yield (2.67). Also this is fulfilled
for the investigated samples and also for the Ag bulk reference sample (100 nm thick Ag film).

Influence of oxidation to the final state of Ag L XANES

A lot of information about the chemical environment of the absorbing atom can be extracted from the
final state of the photoelectron. Because the photoelectrons can only switch into unoccupied states
which fulfil the selection rules, the intensity and the position of the absorption edge yields information
about states of the valence electrons in the absorbing atom.

This will be discussed on the example of silver oxide Ag2O. Here, four Ag atoms react with one O2

molecule to form two Ag2O molecules: 4 Ag + O2 → 2 Ag2O. Thus the Ag atoms are singly positively
charged and the O atoms twofold negatively charged. An excited photoelectron from an Ag atom feels
a more attractive effective potential than in a single Ag atom. As a consequence the energetic position
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Figure 2.27: Density of states of the Ag site (left) and the O site (right) of Ag2O [Czyyk et al., 1989].

of the Ag absorption edge shifts to higher energies. The intensity of this shift is a measurand for the
ionic character of the chemical reaction.

Figure 2.28: The unoccupied density of states of the Ag site in an Ag2O molecule. The strongest
amount to the uDOS close to the Fermi level is given by the d states (left) [Czyyk et al.,
1989]. The Ag L3 absorption edge of several Ag oxides. The white line increases with
increasing oxidation state (right) [Behrens et al., 1999].

However, the interpretation is not as easy as described above. Before the shift of the absorption
edge can be analysed, the change of the spectrum caused by changes in the valence band final states
has to be considered. In Ag2O the Ag-O bonding causes a break of the closed Ag 4d structure. The
valence bands are built by hybridisation, especially out of Ag 4d and O 2p states (Figure 2.27) [Czyyk
et al., 1989]. The resulting conduction band structure is dominated by contributions of the 4d orbitals
at the Ag side and the 2p orbitals at the O side [Czyyk et al., 1989].
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The corresponding unoccupied densities of states are shown for the Ag side in Figure 2.28 left. The
Ag 4d shell is filled up to about 90 %. Nevertheless, unoccupied 4d states are present at the bottom
of the conduction band. These states are the reason for an increase of the height of the absorption
edge with increasing oxidation state. This increase is often called white line17.

For example the Ag L3 absorption edge of Ag3+ is very intense, which can be ascribed to the pres-
ence of two holes in the 4d band [Behrens, 1992]. This is shown in Figure 2.28 right. It should be
considered that these effects are not observable for the Ag L1 edge because a dipole transition to the
d states is not permitted for an electron out of the 2s orbital.

Summary of the theoretical considerations for XANES experiments

The most important information about XANES experiments should be summarised at the end of this
section:

� The atomic structure of a many electron system splits into energy levels, indicated by K, L,
M, N, ... . The subshells are numbered consecutively with increasing energy, starting with the
tightest bound electrons K, L1, L2, L3, M1,... .

� The excitation of electrons from lower to higher states is only possible if the following selection
rules are fulfilled: ~ω ≥ Ef − Ei, ∆j = 0,±1, ∆n ≥ 1, ∆l = ±1 for dipole and ∆l = ±2 for
quadrupole transitions. Typically dipole transition dominates quadrupole transition by a factor
of about 100.

� The excited state can relax by emitting characteristic fluorescence radiation.18

� The absorption of X-ray radiation in matter is ∝ Z4

E3 .

� Interferences of the photoelectron with neighbour atoms causes modulations of the absorption
structure which leads to an X-ray absorption fine structure (XAFS).

� These XAFS can be measured in transmission and fluorescence mode. The fluorescence mode is
used for measurements on thick inhomogeneous samples and can be performed in TFY and PFY
detection modes. The structure of these spectra are influenced by the lifetime of the excited
state.

� The investigated samples should be as thin as possible and/or diluted to prevent self-absorption
in fluorescence measurements.

� Chemical reactions of the investigated element can change the final state orbitals of an excited
electron. This leads to a change of the structure of the uDOS and thus a change of the absorption
spectrum.

17In early XAS experiments the X-ray radiation was detected by photo-chemical films. A strong signal caused an
overexposure of the film which results in a white line at the films.

18An Auger electron can be emitted, too. The probability, which effect takes place, is a function of the atomic number
and the energetic level of the core hole.
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3 Experimental implementation

In this chapter the experimental setups and the implementations of the experiments will be introduced.
This includes the embedding materials and the THErmal CLuster Apparatus (THECLA), which is
used to deposit the clusters into the materials. It was designed by HÖVEL to produce a high intense
cluster beam with narrow size distribution. Here only a short overview about the apparatus, the
cluster production process and the used experimental parameters will be given. A detailed discussion
is given by HÖVEL and HOFFMANN [Hövel, 1995, Hoffmann, 2012]. The discussion of THECLA
includes the optical setups to perform in-situ UV-Vis measurements. Also the setups for the ex-situ
experiments at the beamlines BL8 at Dortmunder ELekTronenspeicherring Anlage (DELTA) and the
beamline ID26 at European Synchrotron Radiation Facility (ESRF) where XANES experiments were
carried out, will be presented in this chapter.

3.1 Embedding materials

In the present thesis, Ag clusters were deposited into three kinds of different embedding materials:
polymers, aerogels and room temperature ionic liquids. The main aim is always to deposit as much
clusters as possible into these materials without risking coalescence or aggregation.

The properties of clusters differ from that of bulk material and can be tuned by different methods.
Because of their small volume they can only be investigated with a lot of effort. For example for
XANES experiments synchrotron radiation with high brilliance is necessary to get a good signal to
noise ratio. A good signal to noise ratio can also be achieved when the mass of the investigated
material is increased. The problem is to stabilise the clusters to maintain their special properties.
Hereto the properties of clusters in different kinds of matrices are investigated. These systems will be
described in the present section.

3.1.1 Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is an organic polymer on silica base with the molecular formula (C2H6OSi)n
(inset Figure 3.1). PDMS provides properties which are of substantial importance for the realised ex-
periments. It is transparent for light in the visible region up the low energetic UV region (Figure 3.1).
This enables the implementation of UV-Vis measurements. Its dielectric constant is ε1(100 Hz) = 2.72,
ε1(100 kHz) = 2.68 [Corning, 2014] and ε1(589 nm) = 1.89 − 1.97 [Kuo, 2009]. Further its flexible
structure permits the deposition of clusters several ten nanometers into the material (Figure 3.2).

With the deposition into the volume, instead only on the surface, it is possible to deposit higher
amounts of clusters before a closed film is formed.

RAVAGNAN et al. [Ravagnan et al., 2009] deposited palladium clusters with a super sonic expansion
(v > 103 m/s) at Poly(methyl methacrylate) (PMMA) and observed a penetration of the clusters into
the volume of the PMMA. For the deposition of gold clusters into PDMS a larger penetration depth was
observed (Figure 3.2) [Corbelli et al., 2011]. The reason is the softer structure of PDMS compared
with PMMA. A higher penetration depth correlates with a bigger volume for the same amount of
clusters and thus lower densities and larger next neighbour distances.

The PDMS films, used in this thesis, were produced from a silicone oil (PDMS) and a curing agent.
For this “Sylgard®184 Silicone Elastomer Kit” was purchased from Dow Corning. The silicone
oil and the curing agent were mixed in a ratio of 10 : 1, respectively. After mixing it was placed for
about 15 min in a desiccator for degassing. Then the fluid was brought up on a silica glass substrate
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3.1. Embedding materials

Figure 3.1: Absorption spectrum of a 16 mm thick PDMS film in dB/cm [Cai et al., 2008]. The
molecular structure of PDMS monomer unit (C2H6OSi)n is shown in the inset.

with a stainless steel applicator. By these technique films with a thickness of 30 µm, 60 µm, 90 µm and
120 µm can be produced. Finally the sample was heated for 3 hours at 100 ◦C.

Figure 3.2: TEM image of the cross section of a PDMS sample with deposited gold clusters. The
deposition of various effective cluster thicknesses cause various penetration depths. The
higher the effective cluster thickness the larger the penetration depth [Corbelli et al., 2011].

3.1.2 Silica (SiO2) aerogel

Aerogels are highly porous networks of molecules with inter molecular distances of several nanome-
ters. A broad field of investigations on aerogels took place in the 1980s. Silica aerogel is produced
in a complicated process from a sol-gel by a supercritical drying. A good overview about history,
production, properties and area of application is given by FRICKE [Fricke and Tillotson, 1997]. Their
most interesting property is their ultra low density. This leads to additional properties like low heat
conductivity [Scheuerpflug et al., 1992], a low sound velocity [Gross and Fricke, 1992] and the necessity
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of an effective medium model for a full description of their optical properties due the the high amount
of air in the network [Hornfeck et al., 1992].

Figure 3.3: Picture of a silica aerogel sample (left). Schematic structure of silica aerogel (right) [Hövel,
1995].

Silica aerogel consists of SiO2 particles. Its pores have a mean diameter of about 20 nm but have
a size distribution which includes pores with more than 40 nm and also less than 2 nm. The size of
the SiO2 particles is about 2 nm − 5 nm. The percentage of the SiO2 on the whole volume is about
5 %, corresponding to 95 % empty space. This enables an internal surface area of about 600 m2/g −
1000 m2/g. The density is about 0.1 g/cm3, but can vary from 0.003 g/cm3 − 0.35 g/cm3 [Lawrence-
Berkeley-Laboratories, 2014]. These various special properties of silica aerogel fulfil a number of
requirements which are desirable for deposition experiments. Also ex-situ experiments, performed
after deposition, are benefited by these properties.

The first remarkable property is the possibility of soft landing. Due to the small mass of the weakly
bound SiO2 particles, compared with the mass of the clusters, a landing cluster can fulfil several
collisions with the SiO2 particles before its initial energy is absorbed. These effect was utilised by the
NASA to capture microscopic cosmic particles [Tsou, 1995].

Also silica aerogel is optically transparent in the visible region. Like explained before this is nec-
essary for UV-Vis measurements. The transmission spectrum of SiO2 aerogel is shown in Figure
3.4 [Lawrence-Berkeley-Laboratories, 2014]. The good transmission behaviour is due to the good op-
tical transmission of fused silica. However, silica aerogel has an extinction in the UV region which is
caused by Rayleigh scattering at the SiO2 particles.

Figure 3.4: Optical transmission of silica aerogel from UV to IR region. The cut off at a wave-
length of about λ ≤ 300 nm is a consequence of Rayleigh scattering [Lawrence-Berkeley-
Laboratories, 2014].

Another advantage of silica aerogel, versus for example fused silica, is its rough surface. The more
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rough a surface is, the more clusters can be deposited before risking coalescence. The factor of
microscopic surface (the surface which could be occupied by clusters) S per macroscopic surface (the
geometric surface of the sample in which clusters should be deposited) A is given by

S

A
= ρ̃S · ρ · h .

Herein ρ̃S ≈ 600 m2/g is the assumed internal surface area, ρ ≈ 105 g/m3 the density of the aerogel
and h the mean penetration depth (on a smooth surface this is 1 ML). For fused silica it is S/A = 1.
It follows by this that for separated clusters on fused silica, the deposition maximum is limited to
1 ML. To prevent coalescence or electromagnetic, the effective deposition amounts for Ag clusters
(diameter ≈ 2 nm) on fused silica are limited to about 1/10 ML [Hövel, 1995]. Similar changes for
coverages above 0.1 ML on flat SiO2 substrate occur above ∼ 1 ML for clusters in SiO2 aerogel. So,
the possible deposition amount before risking coalescence is about a factor 10 larger. From this it
follows that the maximum coverage (corresponding to 1 ML at fused silica) is limited by S/A ≈ 10
for silica aerogel. With these simply assumptions the mean penetration depth is of the order of
hSiO2 aerogel ≈ 101 nm− 102 nm.

These porous network also permits the exchange of gases and thus experiments where the focus is
on cluster-environment (chemical, gaseous) interaction can be performed effectively.

3.1.3 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM PF6)

The last sample system investigated in this thesis are clusters in 1-butyl-3-methylimidazolium hexaflu-
orophosphate (BMIM PF6)1. In contrast to the other sample systems, BMIM PF6 is a liquid, more
precisely a Room Temperature Ionic Liquid (RTIL). RTILs are salts, which are in the liquid phase at
room temperature . Because they are actually intensively investigated, they are often just called ionic
liquids.

BMIM PF6 is an imidazolium-based ionic liquid. This means it consists of a large asymmetric
1-butyl-3-methylimidazolium cation, an imidazole molecule with hydrocarbon chains, and a small
inorganic hexafluorophosphate anion. Its structure is shown in Figure 3.5. The asymmetry in at least
one of the ions is the reason that keeps away the system from building a solid. In classical salts the
ionic interaction would cause a crystallisation of the system. On the other hand, in the solid state,
ionic arrangement caused by hydrogen bonds leads to an extended cooperative network of cations and
anions [Dupont, 2011].

Figure 3.5: BMIM PF6 after [Paulechka et al., 2003]. The dots represent the atoms and the colour
the kind of the atom: hydrogen (red), carbon (grey), nitrogen (yellow), phosphate (blue),
fluorine (green)

BMIM PF6 is one of the best known and most investigated RTILs. One of its outstanding properties is
its disappearing vapour pressure of about ∼ 10−13 mbar [Kabo et al., 2004]. This is a special property
of RTILs which make them interesting for vacuum science and technologies. In the present case of

1BMIM PF6 is also known as BMI PF6 and C4MIM PF6.
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cluster deposition into RTILs, the moderate electrical conductivity of BMIM PF6 is an advantage
because it enables the deposition of electrically charged clusters without risking charging of the liquid.

Computer simulations exhibited the presence of polar and also nonpolar regions in the ionic liquids.
These characteristics change with the length of the cation side chains. The nonpolar domains form
a dispersive microphase for C2mim PF6 and a continuous microphase for C6mim PF6 and molecules
with longer side chains. Thus C4mim PF6 (BMIM PF6) marks the onset of a transition from one
phase to the other. The nonpolar regions form a 3D network with length scales of 12 Å in the case of
BMIM PF6 [Canongia Lopes and Pádua, 2006]. This is shown in Figure 3.6

Figure 3.6: a) Structure of the BMIM PF6 molecules in CPK colouring: hydrogen (white), carbon
(black), nitrogen (dark blue), phosphate (orange), fluorine (green). b) Polar regions (red)
of the methylimidazolium ring and the PF6 anion. The butyl side chains are nonpolar
(green). c) Arrangement of the ions in the liquid state (CPK colours). d) Polar (red) and
nonpolar (green) microstructers in the liquid state [Canongia Lopes and Pádua, 2006].

RTILs, amongst others also BMIM PF6, are used as solvents in the wet chemistry production of
synthesised nanoparticles (NPs). The stability of these particles is still a field of research where no
generalised statements can be made. While a number of groups reported the stability of the produced
NPs, other groups had to add stabilisation agents to the system. An extensive review about the
properties of NPs in RTILs is given by DUPONT and SCHOLTEN [Dupont and Scholten, 2010].

The negligible vapour pressure of the RTILs opened another manufacturing technique in the prepa-
ration of NPs. In several experiments a sputter source was placed above a RTIL. The sputtered target
atoms moved into the RTIL where nucleation growth started. The size and size distribution of the
resulting NP depended on the kind of the RTIL [Hatakeyama et al., 2009], the surface composition of
the RTIL and the source parameters like the sputtering current [Wender et al., 2010].
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3.2 THECLA

The clusters are produced in the THErmal CLuster Apparatus (THECLA), illustrated in Figure 3.7.
It consists of a cluster source, a cryogenic pumping stage and an experimental chamber. The source
chamber is connected with a pumping stage which enables the adjustment of the source pressure.
The pressure of the source chamber is about psource = 1 · 10−3 mbar when source is down and about
psource = 3 · 10−1 mbar when source is running. The pressure in the experimental chamber is about
pexp. = 10−7 mbar and pexp. = 10−4 mbar, respectively.

Figure 3.7: Illustration of the THErmal CLuster Apparatus THECLA [Hoffmann, 2012]. Silver is
vaporised in the source and expands with the carrier gas argon through a super sonic
nozzle into the evacuated experimental chamber. Thus deposition rates up to 9 nm/s can
be reached.

3.2.1 Cluster source

The source basically consists of a heater and a vaporisation chamber with a supersonic nozzle, illus-
trated in Figure 3.8. The tantalum heater foil is heated by an electrical current with a power of about
2 kW. This leads to temperatures of about 2300 K2. Under these conditions silver has a saturated
vapour pressure of about 400 mbar. The argon pressure is adjusted to 4.5 bar. The expansion of a gas
through a heated nozzle into a vacuum has interesting properties.

By choosing a not too small nozzle radius, the mean free path of the atoms is small compared with
the nozzle due to the high pressure. The atoms in the nozzle can then be accelerated by collisions up
to super sonic speed. Using the conservation of energy and the conservation of mass, the properties of
the gas in the nozzle can be calculated as a function of the normalised velocity of the atom M = v/a,
where v is the velocity of the atoms, a is the local velocity of sound3 and M is called Mach number.
If the parameters in the vaporisation chamber are given by T0 (temperature), p0 (pressure) and ρ0

2The temperature can be theoretically calculated by the Stefan-Boltzmann-law for a black body radiator with W =
c · T 4. Because of radiation shields and a weaker emittance, the constant c is a factor 7 smaller in experiment than
theoretically expected.

3For an ideal gas with atom mass m the velocity of sound is given by a =
√

kBTγ
m

, where kB is the Boltzmann constant

and γ = cp/cV with the specific heat capacities cp and cV at constant pressure and volume.
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Figure 3.8: Illustration of the cluster source [Hövel, 1995]. The silver powder is localised in a tub like
shuttle made of carbon. This shuttle is inserted in the middle of the source, which is a
tube made of carbon with an argon inlet on the one and a supersonic nozzle on the other
side. The whole source is surrounded by a tantalum heater and the heater is surrounded
by a water chilling. The first orifice to extract the cluster beam is a heatable skimmer.

(density), the relative parameters in the nozzle are
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=
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with γ = cp/cV the fraction of specific heat capacity at constant pressure cp and volume cV . For an
ideal gas it is γ = 5/3. This is plotted in Figure 3.9 a). Different Mach numbers for one nozzle under
defined conditions can be realised by choosing a cone like nozzle. Now the conservation of mass can
be used once again for a nozzle with changing cross section area A:

A
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ρ∗v∗

ρv
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ρ∗a∗

ρMa
=

ρ∗

Mρ

(
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2(γ − 1)M2
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=
r2
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The “∗” indicates the position in the nozzle with M = 1. Further the velocity in the nozzle as a
function of the Mach number can be calculated by

v = Ma = Ma0

(
T

T0

)1/2

= Ma0

(
1 +

1

2
(γ − 1)M2

)−1/2

, (3.5)

with the limit velocity for an ideal gas

lim
M→∞

v(M) = v∞ = a0

√
2

γ − 1
≈ 2.24 ·

√
T0 ·

kB
m

. (3.6)

The relative radius and the relative velocity as a function of the Mach number are plotted in Figure
3.9 b). Now it is possible to find a Mach number for which the partial pressure in the nozzle at a
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Figure 3.9: a) Temperature, density and pressure of the particles in the beam, normalised to the
condensation in the source, at different Mach numbers in the nozzle. b) Radius of the
nozzle in dependence of the Mach number, normalised to the radius where M = 1 is
fulfilled (top curve). At the smallest position of the nozzle the velocity of the beam is
equal the speed of sound. Velocity of the beam normalised to the maximum velocity is
shown in the bottom curve. The velocity approximates to the maximum velocity and does
not increase significantly with increasing Mach number for M > 2. [Hövel, 1995]

given temperature is higher than the saturated vapour pressure of the Ag vapour. This means that
condensation can take place, especially because the saturated vapour pressure of Ag increases much
faster with temperature than the partial pressure in the nozzle does.

HÖVEL calculated some parameters for the represented source. For M = 0 the temperature in the
nozzle is equal to the temperature in the heater and the partial pressure pp is equal to the vapour
pressure pv = pp. But if the Mach number increases, the temperature and thus the pressures decreases.
The vapour pressure pv decreases much faster than the partial pressure pp. Thus the parameter in the
nozzle for M = 1 are: T = 1725 K, pp = 208 mbar, pv = 4.5 mbar [Hövel, 1995].

To summarise, the expansion of a heated gas through a heated supersonic nozzle leads to a decrease
of the unordered motion of the particles. However, the ordered motion, emerging as super sonic
expansion, increases which leads to a decrease of temperature, density and pressure. Because the
decrease of partial pressure is much weaker than the decrease of the corresponding vapour pressure
(depending on the temperature), aggregation can take place. These aggregation leads to a cluster
growth in the nozzle. The clusters formed by this process have a narrow size distribution of about
2R = (2.0± 0.6) nm and a cluster beam velocity of about v = 1500 m/s. Thus the clusters consist of
about 250 atoms and have a kinetic energy of about 300 eV/cluster. The maximal reachable deposition
rate of the cluster beam is of about 9 nm/s.

3.2.2 Skimmer and cryogenic pumping stage

The use of electrical lenses is not possible because the majority of the clusters are electrical neutral.
Only a negligible amount of the clusters are charged. The first orifice behind the source is the so-called
skimmer. This skimmer cuts off the diffuse edge regions of the beam. This prevents interactions of the
atoms and clusters in the centre of the beam with atoms of the outer regions of the beam. Because
the skimmer cuts off unnecessary gas, the pressure in the experimental chamber is decreased. The
skimmer is made of tantalum and heated up to about 2300 K. This is necessary to prevent the silver
from aggregation on the skimmer which would lead to a closing of the orifice.

The skimmer is connected by a teflon isolation with a double-stage cryogenic pumping stage. The
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first stage cools a hollow copper block down to about 40 K. This copper block is used as radiation shield
and screens the first cooling stage from the heat radiation of the environment. The second cooling
stage reaches a temperature of about 10 K. It is connected with a copper tube which surrounds the
cluster beam. Gas that encounters with this copper tube is frozen out. Thus most of the argon carriers
gas will be hold back by the cryogenic stage.

3.2.3 Mass selection

The latest implementation into THECLA are devices which enable a mass selection to decrease the
width of the mass distribution of the source. The first part of the mass selection is an ionisation
device, shown in Figure 3.10. The tungsten filament is heated up to temperatures where electrons

Figure 3.10: Ionisation device of the mass selection. The filament emits electrons which are accelerated
from the filament towards the Faraday cage. In the cage the electrons are trapped by the
magnetic field of the magnets which forces the electrons onto orbits around the cluster
beam. The clusters then can be ionised by electron impact ionisation.

are emitted. A voltage at the filament accelerates the electrons in the direction of the Faraday cage.
The Faraday cage cuts off the electric field lines of the filament but allows the electrons to enter the
centre of the cage. Here the electrons are trapped by the magnetic field lines onto cyclotron orbits.
The clusters leaving the aperture of the cryogenic tube can then be ionised by electron impact. The
acceleration voltage is about U = 100 V and electron currents of the magnitude mA can be reached.
The design is based on the mass selection presented by GOLDBY [Goldby et al., 1997].

The ionised part of the cluster beam can be fanned out by a homogeneous electric field in the middle
of the apparatus, generated by two parallel electrodes with a gap of about 2 cm. This field causes an
acceleration of the clusters perpendicular to their flight direction. Because the velocity distribution
of the clusters is very narrow [Hagena, 1991, Hagena et al., 1991], the deflection at a distinct point
behind the electrodes is proportional to the mass of the clusters.

The current of the ionised clusters at different positions (perpendicular to flight direction, at a
distinct deposition position) can be measured with a moveable Faraday cup. The Faraday cup is
connected with a pico-amperemeter and can be floated to positive and negative potentials.

3.2.4 Deposition

Two kinds of depositions are possible with THECLA:

1. Deposition of clusters on solid samples or into solid matrices. Those experiments are typically
performed at sample position 1 (Figure 3.7).

2. Deposition of clusters into liquids with negligible vapour pressure and normal up to high viscosity.
Those experiments are typically performed at sample position 2 (Figure 3.7).

The deposition can be controlled by a shutter with a wedge-shaped aperture. The function of the
shutter is illustrated and explained in Figure 3.11. By using the shutter to control the deposition
it is possible to generate a deposition on a solid sample with a gradient of deposition amount. The
samples themselves are mounted at a standard vacuum chamber manipulator. Thus the samples can
be moved in the chamber in three directions and also the angle between the sample surface normal
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Figure 3.11: The shutter motion is powered by a step motor, controlled by a computer program.
While moving the aperture through the cluster beam, the shutter is longer opened where
the wedge-shaped aperture is broader. Thus at this position more clusters can reach the
sample which leads to a higher deposition amount. The deposition amount decreases with
decreasing width of the wedge-shaped aperture. It is also possible to move the shutter
completely out of the beam.

and the cluster beam can be adjusted. It is also possible to move the sample out of the beam. This
is necessary when the cluster rate should be controlled by a crystal oscillator (see below).

For deposition into liquids two special mixers were designed for these experiments. The latest version
(mixer-2) is shown in Figure 3.12 and described in the following. This mixer consists of a tub and a
roller which is mounted on an axis which is connected with a crown wheel. The crown wheel grips
into a gearwheel which is mounted rotatable below the tub. This gearwheel can be connected in the
experimental chamber with a magnetic rod manipulator which is connected with a step motor outside
the vacuum chamber. The slits at the edges of the tub are used to fix the tub inside the experimental
chamber. By this construction the motion of the step motor can be transferred to the roller which
then turns in the tub. Also the position (height) of the mixer can be controlled by the manipulator.

The tub can be filled with a liquid with negligible vapour pressure. If the viscosity is not to small,
the surface of the roller gets moistened by turning the roller. When driving the mixer into the cluster
beam, the clusters get deposited into the liquid on the surface of the roller. These clusters then are
mixed into the liquid at the bottom of the tub. The velocity of this mixing process is controlled by
the control electronic of the step motor.

Two fused silica windows are mounted at the bottom of the tub, one at each head of the tub. Further
the crown wheel has notches at the height of this windows. This enables optical measurements through
the liquid of the bottom of the tube during the deposition process.

The tub, the roller, the axis and the window holder are made of stainless steel. To minimise the
weight, the roller is hollow inside. It has four holes to enable a fast evacuation. The crown wheel
and the gear wheel are made of aluminium. The axle bearing are made of bronze. At every point of
construction several things were considered. The weight of the mixer should be small because of the
limited force of the magnetic rod manipulator. Further, all used materials had to be high vacuum
suitable. Finally, all materials which are in connection with the liquid had to be chemical resistant.

The tub, with mounted roller, was designed to contain a volume of approximately 15 ml. The volume
should be large enough to enable macroscopic investigations like UV-Vis measurements (the volume
of a cuvette is 3 ml).

First experiments were performed with the first build mixer (mixer-1) shown in Figure 3.13. Its
function is the same as described before with some exceptions. Mixer-1 was made of aluminium to
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Figure 3.12: Mixer-2: volume ≈ 15 ml, material stainless steel, fused silica windows for in-situ mea-
surements

minimise the weight. Later the roller and the inside of the tub were vaporised with gold4. The next
difference to mixer-2 is its size. Because at the beginning of the first experiments on liquid systems
one did not know how much liquid is used for the experiments after the deposition (XANES, UV-Vis,
etc.), the tub was designed to contain a volume of approximately 20 ml. Finally mixer-1 was also
designed without a window for in-situ measurements.

Figure 3.13: Mixer-1: volume ≈ 20 ml, material aluminium (vaporised with gold)

It should be noticed that because mixer-2 was completed approximately simultaneously with the gold-
plating of mixer-1, no experiments in the present thesis had been performed with the glided version
of mixer-1.

3.2.5 Other devices

In Figure 3.7 windows at the first and the second sample position are indicated. These windows
consist of fused silica thus UV-Vis measurements can be performed in-situ.

The THECLA is also connected with a quadrupole mass spectrometer which enables the de-
termination of residual gas particles up to a mass of 100 atomic mass units.

4To exclude the possibility of contaminations of the sample system by influences of the tub or the roller, the mixer-1
was vaporised with gold and mixer-2 was designed of stainless steel.
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The experimental chamber can be separated from the cryogenic stage and the source by a UHV
gate valve. This enables the removal of the sample while cryogenic stage is still running5.

At the end of the chamber a crystal oscillator is mounted which can be used to measure the
deposition rate of the source. However, the cluster current of the source is not stable over time and
cannot be controlled during the deposition of clusters on a sample. Therefore, the cluster deposition
rate before and after deposition is checked and its mean value (approximation of a linear decrease in
time) is used to determine the amounts of deposited clusters. It should be noticed that this method
has a limited accuracy. However, optical spectroscopy and XANES data can be used to cross-check
the clusters coverage.

5Because the valve separates the source from the turbo molecular pump, it is not recommended to close the valve while
the argon flow of the source is not stopped.
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3.3 Optical experiments

In this section an insight in the setup and methods of measurements for the UV-Vis experiments
should be given.

3.3.1 Optical setup

Reaction cell

Figure 3.14: Sample cell for ex-situ UV-
Vis measurements at chem-
ical reacted clusters in ma-
trices.

Measurements on clusters in sulphur rich atmosphere can-
not be performed in-situ in the vacuum chamber. A part
of the sulphur would remain in the vacuum chamber and
react with new produced clusters. These reactions would
change or completely suppress the optical extinction sig-
nal. As a result no cluster characterising measurements
in the vacuum would be possible. Therefore an old de-
commissioned X-ray sample cell was converted for UV-Vis
measurements. The sample is shown in Figure 3.14. In the
centre of the sample the solid samples with deposited clus-
ters can be fixed. The kapton windows were replaced by
thin polyethene foil6. Finally the sample cell can be placed
on a mechanical Hubert table thus the sample can be mea-
sured at different positions. It is possible to use an inlet at
the top of the lid to fill the cell with a distinct gas. The
cell is also large enough to place an Erlenmeyer flask next
to the sample.

Polariser

In the case of polarisation measurements, a polariser is used for s- or p- polarisation of the light. This
polariser is placed between the focus lens and the sample.

Cuvette holder

Figure 3.15: Utilised cuvette holder
for optical measure-
ments at clusters in liq-
uids.

The cuvette holder is used for optical measurements at liquid
systems. The liquid can be filled into a cuvette with high trans-
mittance in the UV-Vis region. The holder possesses integrated
lenses, with also high transmittance in the UV-Vis region, which
can be aligned by the user. The cuvette is fixed in the holder
at a defined position which enables a good reproducibility of
the measurements. To suppress influences of diffuse light in the
laboratory the cuvette holder can be covered.

Lamp and spectrometer

The optical measurements were performed with an Avantes
AvaLight-DH-S-BAL light source. This combined light source
consists of a deep ultra violet deuterium lamp and a balanced
halogen lamp and covers a wavelength range of λ = 190 nm − 2500 nm. For spectroscopy of solid
samples the light is guided by a fibre optic cable and is focused on the sample by a silica lens. Behind
the sample there is a second fused silica lens which collects the transmitted light and focuses it to the

6It was observed that simple clingfilm on the basis of polyethene has a good UV-Vis transmittance.
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entrance of another fibre optic cable which is connected with a spectrometer [Hövel, 1995,Hoffmann,
2012]. The spectra are recorded using an Avantes AvaSpec-2048x14 spectrometer with a detectable
spectral range from λ = 200 nm to λ = 1100 nm and a resolution of ∆λ = 1.4 nm.

3.3.2 Measurements

This section provides an overview about the optical measurements. Most measurements were per-
formed like described here. Individual deviations will be discussed in their respective experimental
section.

Before measuring the extinction of the clusters, the extinction of the embedding sample has to be
measured, thus UV-Vis measurements are performed at the empty sample. After that, the clusters
are deposited and the sample is measured at the same positions z.

The measurements are performed in transmission mode. This means the recorded spectra are
normalised to a previously recorded reference spectrum. This reference should be updated regularly
because the spectrum of the lamp can change with time7. A spectrum, measured through the vacuum
chamber or an empty place of a fused silica sample, can be used as reference. This place should always
be the same reference position.

With the intensity of the reference Iref, the intensity of the empty sample Iempty, the intensity of the
diffuse background Idark and the intensity of the sample with the clusters Isample, the transmissions T
are given by

Tempty(z, E) =
Iempty(z, E)− Idark

Iref(E)− Idark
(3.7)

Tsample(z, E) =
Isample(z, E)− Idark

Iref(E)− Idark
. (3.8)

These transmissions correspond to normalised intensities. Thus, with equation 2.59 and Tempty ↔ I0

and Tsample ↔ I0, it follows for the cluster transmission Tcluster and cluster extinction σcluster

Tcluster(z, E) =
Tsample(z, E)

Tempty(z, E)
(3.9)

σcluster(z, E) = − lg (Tcluster(z, E)) (3.10)

= lg (Tempty(z, E))− lg (Tsample(z, E)) . (3.11)

UV-Vis spectroscopy with polarised light

Measurements with polarised light are carried out by using the polariser described above. The ex-
perimental setup is based on Figure 2.19 and similar to that of HILGER [Hilger, 2001]. To measure
the plasmon resonances along the c axis, an angle of ϕ = 90◦ (angle between surface normal and
incident light beam) has to be chosen. But this is practically not manageable. Thus an angel of
ϕ = 70◦ is chosen which enables the deposition of clusters and the measurement of their extinction
simultaneously.

The extinction of the s-polarised light is given by the extinction cross section along the a axis. But
the extinction of the p- polarised light is a superposition of the extinction of the c and b = a axes (for
ϕ = 90◦ the extinction of the p- polarised light would be given only by the extinction cross section of
the c axis). Thus the extinction of the p- polarised σp light is given by

σp = σa cos2 (ϕ) + σc sin2 (ϕ) (3.12)

7The spectrum of the lamp contains characteristic emission lines with high intensities. Small energetic shifts, negligible
in the majority of the spectrum, can cause strong signals after normalisation in the vicinity of these characteristic
peaks.
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while the extinction of the s- polarised light is independent from the angle

σp = σa . (3.13)

In-situ UV-Vis spectroscopy at liquid samples

The measurements on cluster-liquid systems during depositing the clusters into the RTIL are performed
as following. First the integration time of one measurement has to be much larger than the time of
one rotation of the roller. Then with closed shutter, the mixer has to be placed that the cluster beam
hits the roller and the light beam the fused silica windows of the tub. Then the lenses have to be
aligned so that the intensity is maximal and a reference spectrum has to be recorded8. Finally the
shutter can be opened and spectra are recorded continuously.

Ex-situ UV-Vis spectroscopy at liquid samples

For clusters deposited into RTILs, the clusters are homogeneously solved in the ionic liquid after
deposition. Thus there is no z dependence. A sample of pure RTIL without clusters is used as reference.
This reference sample is placed in the experimental chamber during the deposition experiment to
enable the same degas process like the RTIL in the tub. The extinction of these samples can be
investigated as functions of time.

8A first alignment has to be done before the experiment is started.
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3.4 XANES experiments

XANES experiments were carried out at third generation synchrotron sources. The Ag L1 and L2

absorption edges were investigated at the high brilliance beamline ID26 [Gauthier et al., 1999] at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The Ag L3 absorption edge
was investigated at beamline BL8 [Lützenkirchen-Hecht et al., 2009] at the Dortmund Elektronenspe-
icherring Anlage (DELTA) in Dortmund, Germany. All measurements were performed in fluorescence
mode. In this section the setup of the beamlines and the used equipment will be presented. Also an
overview to the data preparation will be given.

3.4.1 BL8 @ DELTA

DELTA is a synchrotron radiation source of the third generation. It operates with electrons of an
energy up to 1.5 GeV and an electron current up to about 120 mA. The X-ray radiation of beamline
BL8 is generated by a superconducting asymmetric wiggler. The energy of the Ag L3 X-ray absorption
edge is EAg L3 = 3351.10 eV. This energy can be selected from the X-ray radiation, generated by the
wiggler, by using a Si(111) or InSb(111) double-crystal monochromator. After beam collimation by
slits, the size of the beam is about 1× 5 mm2 (vertically × horizontally). The storage ring is directly
connected with an UHV vacuum chamber in which the sample and the detectors are located. The
absence of Be windows in this setup enables a higher photon flux (up to about 3 · 109 photons per
second) especially for low energy experiments. The vacuum chamber has to be pumped for more
than 10 hours before the pressure in the chamber is low enough to open a valve, which connects the
vacuum chamber with the beamline and the storage ring. In the chamber two Amptek XR-100SDD
Silicon Drift Detectors (SDD) with an energy resolution of about ∆E = 150 eV are mounted. Thus
the measurements were performed in TFY mode.

Figure 3.16: Photo of the vacuum chamber at BL8. The sample is mounted with an angle ϕ = 45◦ of
its surface normal to the impinging beam and the detector.

The measurements started 60 eV below and stopped 100 eV above the absorption edge. Due to a
better exploitation of beamtime the data points of the measurements were chosen not equidistantly.
The data point density in the region 60 eV to 20 eV below the absorption edge was chosen to 1 data
point per eV. In the region around the edge, from 20 eV below up to 40 eV above, the data point
density was 2 points per eV. Above the edge, in a region from 40 eV to 140 eV above the edge, the
data points were chosen to be 1 data point per eV.

54



Chapter 3. Experimental implementation

The sample holder can be moved in z-direction by controlling a motor driven manipulator. Thus it is
possible to measure at different points at the sample with different deposition amounts.

3.4.2 ID26 @ ESRF

The ESRF is a third generation synchrotron which operates at an electron energy of 6 GeV with a
maximal current of 200 mA.

Figure 3.17: ID26 with mounted coolable and heatable cell for liquid samples (see text).

The beamline ID26 at the ESRF is a high brilliance X-ray spectroscopy beamline for X-ray absorption
and emission spectroscopy (XAS and XES) experiments. The X-ray radiation is generated by three
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mechanically independent undulators9. A Si(111) monochromator yields a photon flux of > 1013

photons per second. This flux is measured by an ionisation chamber. The experimental setup is
shown in Figure 3.17.

The flight path ends with a Be window about 10 cm before the sample. The illumination duration
of the sample can be controlled by a fast shutter. The sample is mounted in an angle of about ϕ = 45◦

between surface normal and impinging X-ray beam. The beam size is 150 × 600µm2 (vertically ×
horizontally). The emitted fluorescence radiation is collected and focused by five analyser crystals.
The reached PFY has an energy resolution of about ∆E ≈ 0.1 eV. To minimise X-ray absorption, a
He balloon is placed between the sample, the analyser crystals and the detector. The energies of the
Ag L2 and Ag L1 X-ray absorption edges are EAg L2 = 3523.70 eV and EAg L1 = 3805.80 eV.

Figure 3.17 shows the setup for experiments at clusters in RTILs. The cell can be cooled and heated
by a water chiller. To prevent the window of the cell from water aggregation, a continuous flow of
nitrogen is adjusted in front of the cell window.

Figure 3.18 shows the setup for experiments at clusters embedded in solid matrices. In former
experiments, radiation damages (oxidation of the Ag clusters) could be observed during measurements
[Hoffmann, 2012]. Therefore a vacuum chamber was installed. On the one hand this prevents the Ag
clusters from oxidation when the cell is evacuated. On the other hand also the aimed investigation of
the oxidation process of Ag clusters is possible. The pressure in the cell can be controlled by a vacuum
gauge and is about p ≈ 2 mbar when the cell is completely evacuated. The pressure in the cell can
also be varied by partly opening the vent valve while a pump is running and the pump-valve is open.

Figure 3.18: ID26 with mounted vacuum cell for solid samples (see text).

3.4.3 Data preparation

The first step in the preparation of the recorded data is the reduction of the spectra from influences
of the monochromator and the intensity of the electron beam in the storage ring. This is done
by normalising the intensity of every recorded fluorescence spectrum I(i)(E) to the intensity of the

9http://www.esrf.eu/UsersAndScience/Experiments/ElectStructMagn/ID26/Characteristics
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impinging beam I
(i)
0 (E)

ỹ(i)(E) =
I(i)(E)

I
(i)
0 (E)

. (3.14)

The errors of the intensities are given by
√
I and

√
I0

10 because the detected counts follow the Poisson
distribution. The error of ỹ(i)(E) is indicated with ỹe(i)(E).

For a better observation of changes of the sample, for example due to beam damages, the measuring
time of the single spectra is chosen to be preferably small11. Thus the spectra, which were recorded
under the same conditions and for which no changes could be observed, have to be add up. The
weighted sum ỹ(E) and its error ỹe(i) follow by12

ỹ(E) =
∑
i

(
ỹ(i)(E)

ỹe(i)2
(E)

)/∑
i

1

ỹe(i)2
(E)

(3.15)

ỹe(E) = 1

/√∑
i

1

ỹe(i)2
(E)

. (3.16)

To get the XANES signal which is only produced by the Ag clusters, the background in each
spectrum has to be subtracted. The background is a result of the Z4/E3 depending X-ray absorption
behaviour of matter. Thus the background is not constant but decreases with E3 with increasing E.
As typical in XANES data preparation E3 is fitted by a linear function. This is a good approximation
because the investigated energetical region at the near edge region is only small compared with the
absolute energy of the absorption edge. Thus for subtracting the background, the spectrum is fitted
in the pre-edge region with a linear function. In this region only the background should cause any
signal. This fit is extrapolated to the complete spectrum and after that subtracted from the spectrum.

For a better comparison, the spectra are normalised to an integral of each spectrum in a distinct
energetic range, to have equal intensities. Finally the spectra are smoothed to suppress statistical
noise.

10Because I0 � I, the error of I0 can be neglected in an error propagation.
11If the sample would change its properties during a long measurement, the energetically lower part of the spectrum

would be recorded from the sample in its initial state. The middle part of the spectrum would attributed to an
intermediate state. And the energetically higher region of the spectrum would be recorded from the sample in its
final state.

12X =
(∑

i g
(i)X(i)

)
/
∑
i g

(i) where the weighting coefficient is given by g(i) = 1

Xe(i)
2 .
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Polydimethylsiloxane (PDMS) is of great interest in optical and electrical technologies. This is rea-
soned by especially two points of its numerous properties: PDMS is transparent in the visible optical
region and it is very stretchable. These properties in composition with its acquisition and manu-
facturing costs make it to an attractive polymer for example in the use as wave-guides [Cai et al.,
2008].

Another area of application for PDMS is investigated by the group of MILANI. Here stretchable,
reflective, optical gratings are produced by supersonic cluster beam implantation into PDMS [Ghisleri
et al., 2013]. To tune the optical properties of those nanocomposite devices, investigations on clusters
in PDMS have to be done. While the group of MILANI deal with large deposition amounts of Ag
and Au clusters resulting in conductive films, our group is interested in the single particle properties
of clusters in PDMS. This was discussed by HOFFMANN [Hoffmann, 2012]. Here Ag clusters with
a mean diameter of about 2 nm were deposited with THECLA (section 3.2) into (0.5 ± 0.2) µm and
(1.2 ± 0.2) µm thick PDMS films on fused silica produced by spin casting [Salmen, 2011]. Among
others, a double peak structure in the plasmon resonance spectra was observed for the 0.5 µm thick
sample but not for the 1.2 µm thick sample. One possible explanation was the coalescence of clusters
which were able to pass through the PDMS film and started nucleation in the interlayer between the
fused silica and the PDMS. Not at least this observation is a motivation for further investigations of
the optical and electronic properties of Ag clusters deposited into PDMS.

4.1 Investigation using UV-Vis spectroscopy

The sample in this experiment was produced by bringing the PDMS in the liquid phase onto fused
silica glass by a stainless steel applicator. This causes a 30 µm thick PDMS film. The PDMS then
was processed further like described in section 3.1.1. On this sample three deposition spots were
placed with 0.05 ML, 0.33 ML and 1.09 ML (illustrated in Figure 4.1). The integrated extinctions of
the plasmons in an energetic range from 1.601− 4.002 eV are shown in Figure 4.2.

Figure 4.1: Illustration of the deposition profile of the PDMS sample investigated with UV-Vis. The
position information and the illustrated deposition spots serve only for illustration and
must not correspond with the real geometry of the sample. The deposition amounts were
measured with the crystal oscillator and correspond to the mean deposition amount.
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Figure 4.2: Deposition profile of integrated extinctions in an energetic range from 1.601 − 4.002 eV.
Because of the low deposition amounts of the first deposition spot, most of the cluster plas-
mons are not intensive enough to differentiate them from the background signals (despite
background subtraction). Therefore only the 1.09 ML coverage can be identified (solid
line). The deposition spot with a coverage of 0.33 ML can only partly identified. The
problem is that the deposition gradient does not increase monotonously. Thus a “guide
to the eye” line (dashed line) must be used to determine the deposition amounts. The
0.05 ML coverage cannot be identified at all.

This also illustrates the problem with the handling of the reference measurements. If the alignment
of the sample before the deposition of the clusters (reference measurements) differs only slightly from
the alignment after the deposition (cluster extinction measurements), the spectra are influenced by
the structure of the PDMS. The extinction spectra can then be dominated by effects of the PDMS,
especially for low cluster depositions. A detailed discussion of this effect and how it can be handled is
given in the appendix (section 8.3). An example of this effect is given in Figure 4.2 where the integral
of the plasmons is negative for some measurements on clusters with low deposition amounts.

4.1.1 Polarisation measurements

For a better investigation of the shape of the clusters in PDMS, cluster plasmon resonance measure-
ments were performed with polarised light. The light was polarised and focused on the surface of
the sample with an angle of ϕ = 70◦ between the surface normal and the light beam. Because these
measurements are very sensitive to this angle, the alignment of the sample and the optics was not
changed during the reference measurements and the cluster plasmon resonance measurements. Only
the alignment of the polariser had to be changed between s- and p-polarisation between reference
measurements and cluster extinction measurements. The disadvantage of this method is that for each
measurement a new deposition spot had to be placed on the sample. Thus only three deposition
amounts were investigated by measurements using polarised light. The results are shown in Figure
4.3. The peak positions and the FWHM of the cluster plasmons with different deposition amounts
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are listed in Table 4.1. It has to be mentioned that the optical measurements were not performed at
precisely that position on the sample, where the mean deposition amounts were determined. Thus
the stated coverages can differ slightly from the actual ones. The FWHM were calculated by the
double distance between the position of the peak and the position where the low-energetic flank of
the spectrum has half the height of the maximum intensity. This method prevents influences to the
FWHM by the onset of interband transitions on the high energetic flank.

Figure 4.3: Cluster plasmon resonances of Ag clusters deposited into PDMS, measured in vacuum with
polarised light and an angle of 70◦ between surface normal and light beam direction.

deposition peak position [eV] FWHM [eV] peak height
amount [ML] s-pol p-pol s-pol p-pol s-pol p-pol

0.05 3.26 3.23 1.08 0.74 0.006 0.007
0.33 3.20 3.23 0.66 0.52 0.024 0.013
1.09 3.17 3.25 0.68 0.66 0.074 0.048

Table 4.1: Peak positions and FWHM of the cluster plasmon resonances along the short (p-
polarisation) and the long (s-polarisation) clusters axes of deposited clusters with different
deposition amounts.

The energetic position of the clusters with a deposition amount of about 0.05 ML are 3.26 eV for the
measurement with p-polarised light and 3.23 eV for the measurement with s-polarised light. Such a
behaviour would indicate a prolate structure of the clusters which is not expected. Instead, this is
attributed to an experimental error due to the low intensity of the plasmon resonances of the clusters,
caused by the extremely low deposition amount, compared with the thickness of the sample. Thus for
further discussions only the deposition spots with mean deposition amounts of 0.33 ML and 1.09 ML
are used.

It can be recognised from Figure 4.3 that the shift between the peaks of the long a−axis (measured
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by s-polarised light) and the short c−axis (measured by p-polarised light1) increases with increasing
deposition amounts. This is an indication for the beginning of electromagnetic coupling or coalescence.

The fraction of the heights of the plasmon resonance peaks of the measurements in s-polarisation
and p-polarisation are h0.33 ML

s-pol /h0.33 ML
p-pol = 1.892 and h1.09 ML

s-pol /h1.09 ML
p-pol = 1.551.

These measurements are compared with simulated spectra presented in Figure 4.4 and Figure 4.5
for uncoupled, separated clusters with a diameter of 2 nm. The chosen damping constant A, the axial
ratio u = c/a ≤ 1 and a normalisation constant G are listed in Table 4.2. The parameters u and
A were chosen to reproduce the peak positions/shift and the width of the peaks. The normalisation
constant was chosen so that the simulated and measured spectra with s-polarised light have the same
peak height (see section 2.3.6). The permittivity of the PDMS was chosen to be εm = 1.9 (see section
3.1.1) for all simulations.

Using (2.60) in connection with the determined normalisation constant G, the mean deposition
amounts deff can be cross checked. The results are also listed Table 4.2. These are unexpected good
matches because the heights of the simulated and measured plasmons were compared using s-polarised
light. A comparison by using p-polarised light would lead to worse matches. Also the positions where
the plasmons were measured and where the deposition amounts were measured did not match precisely.
It is possible that some of these influences compensated each other.

0.33 ML 1.09 ML
A 0.78 0.82
u 0.94 0.91
G 24.56 nm2 7.78 nm2

deff 0.32 ML 1.02 ML

Table 4.2: Chosen parameters for the simulated plasmon resonances of Ag clusters in PDMS, which
were measured in vacuum with polarised light.

experiment simulation
s-pol 3.20 eV 3.17 eV
p-pol 3.23 eV 3.23 eV

Table 4.3: Peak positions of the spectra shown in Figure 4.4

It is remarkable that the widths of the measured spectra of the cluster with 0.33 ML and 1.09 ML
coverage are relatively narrow. To simulate these widths, a damping constant A smaller than 1 had
to be chosen in both cases.

For 0.33 ML cluster coverage, the ratio of the heights of the peaks cannot be modelled by the
simulations. While the peaks of the simulated spectra have nearly the same heights, the peak heights
of the measured spectra differ approximately by a factor 2. One reason can be an error which occurred
during the measurement with p-polarised light. In the region of about 2.5 eV and 4 eV the extinction
is smaller than zero. This can be caused by an alignment error of the polariser: The references have
to be measured in both polarisation modes. Thus between the first reference measurement and the
last cluster extinction measurement the adjustment of the polariser is changed. An uncertainty at
restoring the adjustment would cause these deviations.

The energetic positions of the simulated peaks are shifted slightly to lower energies. This can be
described by a small amount of vacuum permittivity to the permittivity of the embedding material
εm = P · εPDMS + (1 − P ) · εvacuum. If P would be chosen to be about P = 0.95, the energetic
positions of the plasmon peaks of the measured and simulated spectra would agree. But in that case

1also about 10 % of the long b−axis is excited

62



Chapter 4. Results of experiments on Ag clusters in PDMS

Figure 4.4: Measured and simulated cluster plasmon resonance spectra of Ag clusters deposited into
PDMS (deposition amount ≈ 0.33 ML), measured in vacuum with s- and p- polarised light
with an angle of ϕ = 70◦.

the positions of the flanks of the measured and simulated spectra would disagree. This may be an
uncertainty in the determination of εm as well (see section 3.1.1).

For 0.33 ML cluster coverage, the different peak positions of the measured spectra in s- and p-
polarisation correspond to an axial ratio of about u = c/a ≈ 0.94 in the spheroidal cluster model.
While depositing Ag clusters onto fused silica, a deformation of abut u = 0.84 was observed by
HÖVEL [Hövel, 1995]. By this, two statements can be made: First, the clusters are relatively soft
landed as indicated by the value of u close to 1. Furthermore, the amount of clusters which can
be deposited without strong coalescence or electromagnetic coupling is larger than on a fused silica
surface. This indicates that the clusters penetrate into the PDMS like it was expected. Secondly, the
clusters do not form oblate islands at this point of deposition amounts.

experiment simulation
s-pol 3.17 eV 3.16 eV
p-pol 3.25 eV 3.24 eV

Table 4.4: Peak positions of the spectra shown in Figure 4.5.

The plasmon resonance spectra of Ag clusters in PDMS with a mean deposition amount of about
1.09 ML are shown in Figure 4.5. In contrast to the spectra in Figure 4.4, a misalignment of the
polariser was prevented. However, the ratios of the cluster plasmon peak heights of the simulated
spectra do not coincide with those of the measured spectra.

As compared with the spectra of clusters with a deposition amount of 0.33 ML, the FWHM of the
spectra with coverages of 1.09 ML, increased (Table 4.1). This can also be observed by an increase of
the damping constant used for the simulated spectra. The increase of the FWHM and the damping
constatn A can be explained by the emerge of a broader size distribution of the clusters in the PDMS
which is caused by small amounts of coalesced clusters. However, most clusters are still separated.
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4.1. Investigation using UV-Vis spectroscopy

Figure 4.5: Measured and simulated cluster plasmon resonance spectra of Ag clusters deposited into
PDMS (deposition amount ≈ 1.09 ML), measured in vacuum with s- and p- polarised light
with an angle of ϕ = 70◦.

The difference between the peak positions of the measured spectra in s- and p-polarisation increased
for the higher deposition amount. The axial ratio decreased to u = 0.91.

The most remarkable observation in the measured spectra is the appearing of a shoulder between
about 3 eV and 3.1 eV. This coincides with the observations made by HOFFMANN [Hoffmann, 2012].
The double peak structure cannot be explained by the simulated spectra. Because it also appears in
the spectra recorded with s-polarised light, where only the a axis of the cluster is excited, a geometrical
effect of single clusters can be excluded.

It is more likely that the clusters started electromagnetic coupling which results in an anisotropy in
the interaction with light. QUINTEN calculated the cluster plasmon resonance signals for an ensemble
of 64 statistically deposited Ag clusters with a mean diameter of about 6 nm on a substrate with the
refraction index n = 1.71. These data were digitalised and plotted in Figure 4.6.

In the left plot of Figure 4.6 the cluster extinctions isolated clusters (red circles) and interacting
clusters in s- and p-polarisation (green and blue circles, respectively) are plotted. The angle between
the surface normal and the light beam is 0◦. The electromagnetic interaction of the clusters does
not change the shape of the spectra significantly but causes a shift of the plasmon resonance to lower
energies. The spectrum of isolated clusters is compared to the spectrum of a spherical cluster in dipole
approximation (red line). This spectrum was calculated for a spherical Ag cluster (equation 2.38) with

a diameter of 6 nm. For a comparison the other parameters had to become A = 0.8 and εeffm = 2.85.
This matches approximately with the permittivity used by QUINTEN εm = n2 = 2.92.

When changing the angle between the surface normal and the light beam to become 60◦, the
spectrum of the isolated clusters does not change but the spectra of the interacting clusters split up.
This is shown in the right plot of Figure 4.6 (circles). However, a similar behaviour can be observed
for isolated spheroidal clusters and is shown by the solid lines. Using the parameters determined above
(A = 0.8 and εeffm = 2.85), an axial ratio of u = 0.75 had to be chosen to generate a good match of
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Chapter 4. Results of experiments on Ag clusters in PDMS

Figure 4.6: Simulation of the cluster plasmon resonance spectra of 64 statistically deposited Ag clusters
on a substrate ( εm = n2 ≈ 2.92) with a mean diameter of 6 nm. The red, green and blue
coloured circles are data taken from QUINTEN [Quinten, 2010]. In the left plot the
simulation for an angle of 0◦ between the surface normal and the light beam are shown.
In the right plot the angel is 60◦. The data of QUINTEN are compared to simulated
extinction spectra of non interacting spheroidal Ag clusters (solid lines, see text).

the s-polarised spectrum with the simulations of QUINTEN.

Both simulations display an anisotropy effect. The spectrum of p-polarised light and an angle of
60◦ exhibits a clearly visible double peak structure for spherical interacting clusters and for isolated
spheroidal clusters. So, the anisotropic effect caused by electromagnetic coupling can be simulated,
up to a certain point of correctness, by using the model for distorted clusters.

Finally, it seems to be the most appropriate assumption that the double peak structure observed in
the spectra of clusters in PDMS should be attributed to the starting of electromagnetic coupling of the
clusters in the material. The occurrence of a double peak structure in s-polarisation, different to the
cluster extinction spectra of clusters on fused silica, can then be attributed to the possible interaction
in three dimensions for PDMS instead only two dimensions for fused silica. While the clusters on
fused silica are located in one plane, the clusters in PDMS can form different layers due to different
cluster implantation depths. Thus the plasmon resonance spectra of clusters in PDMS is dominated,
up to a certain deposition amount, by the electromagnetic interactions. At a point of high deposition
amounts (> 1 ML), the coalescence effects begin to dominate the coupling effects. For this see also
Figure 2.20.

4.1.2 Influence of air

The cluster extinction spectra measured with unpolarised light (ϕ = 0◦) after subtracting the back-
ground of clusters in PDMS at a fused silica substrate are shown in Figure 4.7a and Figure 4.7b. The
spectra in Figure 4.7a are from clusters in vacuum and in Figure 4.7b from clusters in vacuum after
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4.1. Investigation using UV-Vis spectroscopy

exposure the clusters for about one hour to air2. The maxima of the spectra are indicated by dots and
FWHM with bars. Despite a careful selection of the analysed spectra and a detailed background sub-

(a) after deposition, before exposing the clusters air (b) after exposing the clusters for one hour to air

Figure 4.7: Cluster plasmon resonance spectra of Ag clusters deposited into PDMS, measured in vac-
uum using unpolarised light and an angle of ϕ = 0◦. The peak positions are indicated by
dots and the FWHM by bars.

traction, the shape of the spectra are slightly distorted. However, a qualitative discussion is possible
with the help of simulations and earlier experiments [Hoffmann, 2012].

The shift of the maxima caused by electromagnetic coupling and coalescence is of about ∆E ≈
0.4 eV from the lowest coverage ∼ 0.2 ML to the highest coverage ∼ 2.5 ML. This result confirms the
observations made by HOFFMANN at clusters in 0.5 µm and 1.2 µm thick PDMS films. This suggests
the assumption that the thickness d of the sample with d ≥ 0.5 µm does not influence the efficiency of
the separation process.

Also double peak structures are observed. The secondary peaks are localised at about E2nd max ≈
3.2 eV (black vertical line) and seem to be independent of the deposition amounts. This is in contrast
to the observations made by HOFFMANN where the second peak is only stable for deposition amounts
up to about 0.25 ML and then shifts to lower energies with increasing deposition amounts.

In former experiments these double peak structure was observed for clusters in a 0.5 µm thick PDMS
film but not for clusters in a 1.2 µm thick PDMS film. The fact that the double peak structure is now
observed at clusters in a PDMS film with a thickness of about 30 µm contradicts the assumption that
a part of the clusters are localised at the layer between the SiO2 substrate and the PDMS. In such
a case the double peak structures would also be observed at samples with a PDMS film thickness of
1.2 µm.

The cluster plasmon resonance spectra after exposing the sample to air are shown in Figure 4.7b
and the changes of the peak positions and FWHM after exposing the sample to air are shown in Figure
4.8. The peak positions shifted to lower energies with a larger shift for the coverages with amounts
less than 1 ML.

The physisorption of molecules from the air at the surface of the clusters is the reason for these
changes of the cluster extinction spectra (see section 4.2). The fact that the peak shifts seem to be

2After exposing the clusters to air, the extinctions of the coverages with 0.21 ML, 0.22 ML and 0.37 ML changed their
order. This could be due to general background problems. Thus the FWHM of these spectra is not analysed.
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Chapter 4. Results of experiments on Ag clusters in PDMS

Figure 4.8: Changes of the peak positions and the FWHM of the in PDMS deposited clusters after
exposing the sample for about one hour to air.

constant for deposition amounts with more than about 0.8 ML, leads to the assumption that these
cluster extinction spectra are strongly influenced by the coalescence of single clusters to bigger clusters.
This is in agreement with the observations made by experiments with polarised light for coverages of
1.09 ML.3

The FWHM for coverages < 1 ML are not evaluable. The increase of the FWHM after exposing
the clusters with coverages > 1 ML to air, is weaker for higher coverages. This can be explained by
the smaller surface to volume ratio of coalesced clusters. The smaller the surface the less strong is the
influence of the environment. However, the broadening of the FWHM may be caused by background
problems as well.

Further it is remarkable that the clusters are not protected by the PDMS against the influence of
gases in the environment. This is enables experiments on the reactivity of Ag clusters in matrices,
discussed in the following section at the influence of sulphur to the Ag cluster plasmons.

4.1.3 Influence of sulphur

While the Ag clusters produced and deposited in THECLA do not react with the oxygen or nitrogen
(see section 4.2) of the air, they react very effectively with sulphur. The reaction of silver with sulphur
can be observed at the tarnishing of silverware. To investigate the changes in the plasmon resonance
spectra of clusters in PDMS after the reaction with sulphur, the clusters were measured by UV-Vis
spectroscopy before reaction with sulphur, after 20 s and after 300 s in sulphurous atmosphere. The
sulphurous atmosphere was produced by 2H3PO4 + 3Na2S → 2Na3PO4 + 3H2S. The experiments
were performed ex-situ using the reaction cell presented in section 3.3.1. The H2S reacts with the Ag
clusters to build an Ag2S shell around the Ag core.

The changes in the spectra for different deposition amounts are shown in the Figures 4.9a, 4.9b
and 4.9c. Already after short sulfidation times the cluster plasmons, especially for small deposition
amounts, exhibit a strong damping. Thus the identification of the cluster plasmon peak position
and the FWHM is not clearly possible. This observations agree with the theoretical considerations
presented in section 2.3.5. After the sample was exposed for about 20 s to the H2S rich atmosphere,
the cluster plasmon shapes of the spectra changed clearly visible. It is remarkable that the damping

3The deviating statements, of weakly coalesced clusters for coverages of 1.09 ML in the measurements with polarised
light and strongly coalesced clusters for coverages of about ≥ 0.8 ML in the measurements with unpolarised light, can
be referred to the imprecisely determined coverages in the case of the measurements with polarised light as explained
previously (see section 4.1.1).
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(a) under normal conditions (b) 20 s in H2S rich atmosphere (c) 320 s in H2S rich atmosphere

Figure 4.9: Plasmon resonance spectra of Ag clusters in PDMS.

of the shell for deposition amounts of less than 1 ML is as strong that neither the peak position
nor the FWHM can be determined clearly. Nevertheless the plasmon peak position of the clusters
with a deposition amount of about 2.05 ML does not change its energetic position significantly due to
the sulfidation. The spectra changed once again after the second sulfidation step. The sample was
additionally exposed to a H2S rich atmosphere for about 300 s. The cluster plasmon spectra recorded
after the sample was exposed for about the whole 320 s to a sulphur rich atmosphere are shown in
Figure 4.9c. Only the highest deposition amount with about 2 ML still exhibits a cluster plasmon
structure. This can be explained by the coalescence of single clusters to bigger clusters which leads to
a lower surface to volume ratio. A more detailed investigation of the sulfidation process was tried by
comparing the measured plasmon spectra of cluster depositions with about 0.26 ML, 0.62 ML, 1.00 ML,
1.56 ML and 2.05 ML to the simulations of cluster plasmon resonances in an ellipsoidal core-shell model
in Figure 4.10.

For the simulation of clusters in PDMS with a deposition amount of about 0.26 ML, a cluster
distortion of u = 0.95 was assumed. For clusters with deposition amounts of about 0.62 ML, 1.00 ML
and 1.56 ML a distortion of u = 0.90 was used. However, for cluster depositions amounts of about
2.05 ML, a distortion of u = 0.535 had to be chosen. This is in agreement with the assumption of bigger
particles with ellipsoidal shape, formed by the coalescence of clusters for high deposition amounts.

The permittivity of the PDMS was set to be εm = 1.9 (according to the simulations made in section
4.1.1). With this assumption the cluster plasmon spectra for Ag-core-Ag2S-shell clusters could be
simulated relatively well, but not for pure Ag clusters. For the measured spectra of these clusters, the
plasmon resonances were energetic to low. This is due to the shift of the cluster spectra after contact
to air as shown in section 4.1.2. Thus a correcting permittivity at the surface of the clusters had to
be introduced for these clusters. This was realised by using an Ag-core-Ag2O-shell cluster model for
the clusters, measured by UV-Vis before sulfidation. It should be noticed that this is just needed for
modelling this shift and no proof for the presence of oxidised clusters. Oxidation of clusters under
normal conditions is excluded by XANES experiments, presented in the following section.

The simulation parameters used are listed in Table 4.5. A is the damping constant and P the
relative reaction of the original clusters in %. The diameter of the clusters in the simulation was
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Chapter 4. Results of experiments on Ag clusters in PDMS

Figure 4.10: Measured and simulated cluster plasmon resonance spectra of clusters in PDMS before
and after 20 s or 320 s in sulphur rich atmosphere. The dashed lines indicate the measure-
ments. The solid lines indicate the simulations of single cluster extinctions where x% of
the original Ag cluster reacted to Ag2O (red lines) or Ag2S (green and blue lines).
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sulfidation 0.26 ML 0.62 ML 1.00 ML 1.56 ML 2.05 ML
time A P A P A P A P A P
0 s 1.6 6 % 1.6 6 % 1.6 8 % 1.05 22 % 1.1 11 %
20 s 1.6 19 % 1.6 19 % 2.0 16 % 1.8 13 % 1.5 7 %
320 s 1.6 55 % 2.0 55 % 2.0 50 % 1.7 20 % 1.4 12 %

Table 4.5: Simulation parameters for Ag clusters in PDMS before and after sulfidation.

set constant to 2R = 2 nm.4 For the sulfidation time 0 s an Ag2O shell was used for the simulations
and for 20 s and 320 s sulfidation times an Ag2S shell was assumed. For a better comparability the
simulated spectra were multiplied with a normalisation constant.

Before discussing the results of the simulations, it should be mentioned that the simulation parame-
ters are determined by a qualitative conformity of the measured and the simulated spectra. Numerical
fits were not performable.

Without considering the intensities of the optical cluster extinctions, the cluster plasmon spectra
of the deposition amounts 0.26 ML and 0.62 ML could be simulated with approximately the same
relative reaction of 19 % and 55 % after 20 s and 320 s sulfidation time, respectively. This corroborates
the assumption that the clusters do not coalesce to larger islands up to deposition amounts of about
1 ML. Changes in the spectra of clusters with deposition amounts below 1 ML can then be attributed
to electromagnetic coupling.

At a deposition amount of about 1 ML, the relative reaction after 20 s and 320 s sulfidation time
decreased to 16 % and 50 %, respectively. But this is in the range of possible inaccuracies by the only
qualitative comparability between measured and simulated spectra. Especially for relative sulfidations
of P > 40 % a plasmon resonance maximum cannot be identified. In such a case it is difficult to find
appropriate parameters for the simulations. However, the decrease of relative sulfidation after each
sulfidation step, compared with lower deposition amounts, is compatible with the assumption that first
bigger particles are build at depositions larger than 1 ML for Ag cluster in PDMS. Bigger particles
have a lower surface to volume ratio and thus a lower relative reactivity is expected.

The comparison between the measured and simulated spectra for deposition amounts larger than
1.5 ML supports this assumption: The relative reaction after 20 s sulfidation time decreases further to
13% and 7% for deposition amounts of 1.56 ML and 2.05 ML, respectively.

This becomes visible especially for long sulfidation times (320 s). The plasmon resonance maxima are
still observable. The relative sulfidation in the simulated spectrum for the highest deposition amounts
is lower than the relative sulfidation of the spectrum for the lowest deposition amounts after just 20 s
sulfidation time. Further, for the simulations of the cluster plasmon spectra with a deposition amount
of 2.05 ML, a distortion of u = 55 had to be chosen. Summarising, for deposition amounts larger than
two cluster monolayers in PDMS, the plasmon resonance spectra are dominated by coalesced particles
and the amounts of separated single clusters can be neglected.

Finally, the changes of the relative reactivity are remarkable. While the single clusters were reacted
up to about 20 % after 20 s, an additional sulfidation time of further 300 s caused only an additional
reaction of about 35 %. Thus, while the time was increased of a factor 15, the relative reaction
increased only by factor of less than 3.

The clusters with a deposition amount of 2.05 ML exhibit a similar behaviour. After 20 s suflidation
time the clusters reacted to about 7 %. 300 s additional sulfidation time caused only an increase to
about 13 % reacted clusters. Thus a factor 15 longer sulfidation time yields only a doubling of reacted
atoms.

From this it follows that small amounts of reacted atoms in a cluster decreases the reactivity of the
cluster significantly. This is also observable for coalesced clusters, where a high number of unreacted
atoms (> 90 %) are still present.

4εcluster = εcluster(A/R)
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4.2 Ag L3 XANES spectroscopy

Beside the investigations obtained by using UV-Vis, also XANES was used to complete the information
about the electronic and chemical properties of Ag clusters in a 30 µm thick PDMS film. Here the Ag
L3 absorption edge was investigated using synchrotron radiation. This experiment was performed at
the beamline BL8 at DELTA. It should be noticed that an alignment problem occurred to the monitor
signal, which influenced the measured intensity of the impinging beam during the measurements.
Because the cluster fluorescence signal is normalised to this signal, the spectra appear deformed.
That is the reason for the strong background signal in the measurement of clusters in PDMS. This
background cannot be subtracted by standard methods because this would cause a tilt of the spectrum
due to the slope of the signal in the pre-edge region. However the Ag L3 absorption spectrum of the
clusters can be compared qualitatively to the recorded reference spectrum of an about 100 nm thick
Ag reference film and to the spectra recorded by BEHRENS in Figure 2.28 (right). For a better
comparability the cluster spectrum was multiplied by a constant factor (6 · 106).

Figure 4.11: Ag L3 XANES spectrum of Ag clusters (∼ 0.3 ML) in PDMS compared with the spectrum
of a 100 nm Ag film.

The main statement, which can be made from the recorded spectra, is that the presence of a white
line can be excluded. This corresponds to the absence of an oxidised state like discussed for the Ag L3

and L2 data of Ag clusters in thin PDMS films by HOFFMANN [Hoffmann, 2012]. Thus the changes
of the UV-Vis spectra have to be ascribed to the adhesion (i. e. physisorption) of nitrogen, oxygen
or water molecules to the Ag clusters surfaces or the PDMS and not the building of an Ag2O shell
around the Ag core of the clusters.
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4.3 Summary and discussion of Ag clusters deposited into PDMS

In this section the results of the experiments on Ag clusters deposited into PDMS by a supersonic
nozzle expansion will be summarised.

First, it could be observed that the thickness and manufacturing of the PDMS is of significant
influence to the optical measurements. Especially for the investigation of small deposition amounts of
clusters, thin homogeneous PDMS films have to be produced to handle background problems.

However, in agreement with the cluster penetration depth in the experiments of MILANI et al.
[Corbelli et al., 2011], the separation properties of PDMS in the present experiments are not influenced
by the thickness d of the film for d > 500 nm.

The double peak structure observed in previous experiments, performed by HOFFMANN [Hoff-
mann, 2012], could be reproduced in the present thesis. In contrast to former assumptions, a PDMS
film thickness dependence of the double peak structure could be refuted.

Measurements with polarised light showed that for coverages < 1 ML the mean distortion is at
the order u = 0.90 and the distortion is therefore smaller than for deposited clusters with coverages
< 1 ML on fused silica (u = 0.86). This result is expected for a soft impact and a distribution in a
depth of about 100 nm in PDMS. A double peak structure was also observed in the spectra recorded
with polarised light, and could not be simulated by an ensemble of distorted clusters with distortion
of about u = 0.9±0.05 (Figure 4.4 and Figure 4.5). By comparing the spectra recorded with polarised
light with calculations made by QUINTEN [Quinten, 2010], it is most probably that the double peak
structure is caused by the interaction of clusters due to electromagnetic coupling (4.6).

The clusters are not protected by the PDMS against the gaseous environment. The presence of air
changes the structure of the plasmon signal and the presence of sulphur causes a chemical reaction.
For the plasmon signal changes, in the case of air in the environment, a chemical reaction can be
excluded by XANES experiments (Figure 4.11). It is conceivable, that the contact with air changes
the PDMS dielectric function. An increase of the dielectric function would cause a shift of the cluster
plasmon resonances to lower energies (Figure 4.7a, 4.7b and Figure 4.8). These effects are may be
caused by a modification of the overall dielectric function of the PDMS or only by a local modification
of the environment of the clusters.

From the experiments at clusters exposed to a sulphur rich atmosphere it can be extracted, that
the clusters deposited into PDMS stay separated up to deposition amount of about 1 ML. At about
1.5 ML coalescence effects could be observed. For deposition amounts of about two cluster monolayers,
most clusters were coalesced to bigger particles (Figure 4.10).

The reactivity of the clusters decreases significantly after first atoms of the clusters reacted with
sulphur to Ag2S. This seems to be independent on the the clusters size i. e., number of unreacted
atoms in the clusters (Figures 4.9a, 4.9b and 4.9c).
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aerogel

As described in section 3.1.2, silica aerogel is a highly porous network with an extremely rough surface.
Therefore its structure is highly fragile and its surface is easily damaged. To produce a new surface
with intact nano pores, the cylindrical aerogel drops were cleaved parallel to their surfaces. Using
intact aerogel surfaces enables the deposition of higher amounts of clusters before risking coalescence.
One of the cleaved drops is shown in Figure 5.1. Especially the red framed region exhibits an intact
surface area. This is indicated by the high transparency of this region compared with the rest of
the surface. The disadvantage of suchlike produced samples is the strong refraction of light caused
by macroscopic irregularities of the surface. This, and the thickness of the aerogel drop (∼ 5 mm),
complicate optical measurements at Ag clusters deposited into the aerogel.

Figure 5.1: Picture of a cleaved silica aerogel sample with deposited clusters. The red frame indicates
a region of the sample with fresh, undamaged aerogel. The slightly yellow colour of the
sample is a consequence of the Ag cluster extinction.

The samples with clusters deposited into those transparent surfaces of cleaved silica aerogel were
investigated and the results are discussed in this section. Especially the possibility to deposit high
amounts of clusters into silica aerogel improves the practicability of XANES experiments, where high
amounts of sample material are required to enable a good signal to noise ratio.

5.1 Investigation using UV-Vis spectroscopy

The Ag cluster plasmon resonance spectra of clusters in three different aerogel drops with different
deposition amounts are presented in Figure 5.2. The aerogel drops were mounted at a sample holder
onto a fused silica substrate and coated with clusters in one experimental run. Drop 1 was coated
with a moderate mean deposition amount of about 1.7 ML (Figure 5.2 c)). For drop 2 a high mean
deposition amount of about 5.7 ML (Figure 5.2 d)) was chosen. Drop 3 was coated with a low mean
deposition amount of about 0.4 ML (Figure 5.2 b)). Ag clusters with a deposition amount of about
0.4 ML were also placed at the silica substrate. For comparison the cluster extinction spectra of this
deposition is also shown in Figure 5.2 a).
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Because the surfaces of the cleaved aerogel drops are very inhomogeneous and have a strong refrac-
tion of light, even if the refraction index of aerogel is close to 1, a cluster extinction measurement at
position z has to be subtracted by a reference measurement at precisely the same position z. This is,
as explained in section 8.3, only possible up to a limited accuracy, so that there are still small amounts
of background signal in the cluster extinction spectra.1 The spectra were smoothed using a Gauss
convolution with a FWHM of 0.05 eV.

Figure 5.2: Extinction spectra of Ag clusters deposited on fused silica substrate a) and on cleaved
silica aerogel b) - d), measured in vacuum before exposure to air. The peak positions are
indicated by dots and the FWHM by horizontal lines.

The cluster plasmon extinction spectra of Ag clusters in silica aerogel are shown in Figure 5.2. Their
maxima are indicated by dots and their FWHM by horizontal lines. For a first discussion the spectra

1The cluster extinction spectra of clusters in silica substrate were not subtracted by a reference measurement. The
background signal of the fused silica substrate can be neglected at deposition amounts > 0.5 ML.
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of clusters in aerogel with small deposition amounts (Figure 5.2 b)) can be compared with those on
fused silica (Figure 5.2 a)).

Their peak positions in aerogel are at about 3.3 eV and thus about 0.4 eV higher than for the clusters
on silica substrate. This can be attributed to the nanostructure of the aerogel: Not every cluster has
the same contact with the substrate. Some clusters are more influenced by the dielectric function
of the vacuum εm = 1 and some by the dielectric function of the silica material εm = 1.48 [Hövel,

1995]. Thus the peak position Eaerogel
peak is located between the peak positions of clusters in vacuum

Evacuum
peak = 3.65 eV and of clusters on fused silica ESiO2

peak ≈ 2.9 eV. It has to be recognised that the
peak position of separated clusters on fused silica is at about 3.2 eV. But due to coalescence and
electromagnetic coupling for deposition amounts of more than 0.16 ML on an even surface like fused
silica, the peak shifts to lower energies. The effect of the uneven surface is also indicated by the width
of the plasmon resonances. The different dielectric functions of the environment 1 ≤ εm ≤ 1.48 can
cause a superposition of different cluster plasmon peaks which results in a broadening of the plasmon
FWHM.

Figure 5.3: Extinction maxima (left) and FWHM (right) of Ag clusters in three drops of cleaved silica
aerogel before exposure to air. The drops are indicated by colours: blue for drop 3 with a
mean deposition amount of about 0.4 ML, red for drop 2 with a mean deposition amount
of about 1.7 ML and green for drop 3 with a mean deposition amount of about 5.7 ML.

For clusters in aerogel their extinction maxima stay nearly stable with increasing deposition amounts.
This is shown in Figure 5.3. The extinction maxima of the clusters in drop 3 (blue) are localised with
one exception, between 3.30 eV and 3.32 eV. The maxima for clusters in drop 1 (red), without two
exceptions, between about 3.33 eV and 3.35 eV. And the maxima of clusters in drop 2 (green), with-
out two exceptions, are localised between about 3.23 eV and 3.24 eV. Thus the variance of the peak
positions is very small for each drop and can be neglected. The variance of the peak positions between
different drops may be assigned to influences of the surface structures of each drop.

In contrast to the peak positions, the FWHM of the cluster plasmon resonances increases with
increasing deposition amounts. This is similar to emerging double peak like structures in the spectra
with increasing deposition amounts in PDMS (Figure 4.6).

It can be assumed that the clusters start electromagnetic coupling with increasing deposition
amounts. Also the presence of coalesced particles can cause the broadening of the cluster plasmon
resonances. But because the resonance maxima are nearly stable up to deposition amounts larger than
10 ML, the amount of separated, spherical particles with diameters of about 2 nm seems to dominate
the structure of the extinction spectra.

The cluster plasmon resonances, after exposure the sample for about one hour to air, are shown
in Figure 5.4.
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Figure 5.4: Extinction spectra of Ag clusters deposited on fused silica substrate a) and on cleaved
silica aerogel b) - d), measured in vacuum after exposure to air. The peak positions are
indicated by dots and the FWHM by horizontal lines.

The cluster plasmon resonances, after exposure the sample for about one hour to air, are shown in
Figure 5.4. Unfortunately, a misalignment seems to be occurred between the reference measurements
and the cluster plasmon measurements in vacuum and the measurements after exposing the sample
to air. Thus some spectra have an unusual background signal which causes a higher variance of the
extinction maxima as expected. The FWHM exhibits an increase with increasing deposition amounts,
similar to the behaviour observed before exposing the sample with cluster in PDMS to air. The
positions of the extinction maxima and its FWHM are shown in Figure 5.5. Their changes due to the
venting effect are plotted in Figure 5.6.

The changes of the energetic positions of the extinction maxima and even more the FWHM data,
are influenced by the misalignment of the sample or the optics. Therefore significant scatter exists.
However, at least for drop 3 and 1 with low to moderate coverage < 3.5 ML the peak shift after
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contact to air is comparable to the clusters in PDMS for low coverages. Thus, for less than 3.5 ML
the assumption of the presence of mainly separated spherical clusters with changes caused by the
adhesion of air molecules at the Ag cluster surfaces is made. For a coverage ≥ 10 ML coalescence
to larger islands seems to occur. These is, amongst others, verified in the next section by XANES
experiments.

Figure 5.5: Extinction maxima (left) and FWHM (right) of Ag clusters in three drops of cleaved silica
aerogel after exposure to air, measured in vacuum. The drops are indicated by colours:
blue for drop 3 with a mean deposition amount of about 0.4 ML, red for drop 2 with a
mean deposition amount of about 1.7 ML and green for drop 3 with a mean deposition
amount of about 5.7 ML.

Figure 5.6: Changes of the energetic positions of the plasmon resonance maxima (left) and their
FWHM (right) after exposure the sample for about one hour to air, measured in vac-
uum.
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5.2 Electronic, chemical and structural properties of Ag clusters,
investigated using Ag L1 and L2 XANES spectroscopy

This section presents and discusses the results of XANES experiments on Ag clusters in silica aerogel.
Altogether five aerogel samples with different deposition amounts were investigated. The section starts
with the investigations on the Ag L1 edge followed by the investigations of the Ag L2 edge. For each
absorption edge, the spectra of the samples with deposited Ag clusters with different coverages are
presented after the spectra of the measured reference samples were presented. The chemical properties
of the clusters were investigated in oxidation and sulfidation experiments on the Ag L2 absorption
edge. These experiments can also yield information about the electronic and geometric structure of the
clusters. All measurements presented in this section were performed at beamline ID26 at the ESRF
in Grenoble. All spectra in this section were smoothed using a Gauss convolution with a FWHM of
1 eV.

5.2.1 Ag L1 absorption edge of Ag clusters in vacuum

The Ag L1 absorption spectra of various reference samples are shown in Figure 5.7. The Ag reference
is a 100 nm thick evaporated silver film on fused silica. The AgO, Ag2O and Ag2S samples were made
of powder as pellets. The spectra were recorded in vacuum with a pressure of about p ≈ 2 mbar.

The influence of the different chemical states can be obtained from the structure of the spectra and
the energetic position of the absorption edge. Especially the edge position is an indication for the
effective potential of the X-ray photon absorbing atom. With increasing oxidation state the effective
potential is more positive and the edge shifts to higher energies. In contrast to the Ag L2 and Ag
L3 absorption edges, the edge is not superimposed by a white line. The peak at about 3.81 keV is
attributed to a 2s→4d transition. This transition in not prohibited because the 5p orbital, which has
a peak in the density of states (DOS) in this region, builds a hybridisation with the 4d orbital [Sham,
1985].

Figure 5.7: Ag L1 XANES spectra of bulk Ag, AgO, Ag2O and Ag2S reference samples.
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Figure 5.8: Ag L1 XANES spectra of Ag clusters with different deposition amounts.

Figure 5.9: Energetic positions of the Ag L1 XANES absorption edge calculated from the maxima of
the deviations of the spectra.

The L1 XANES spectra of clusters in silica aerogel are shown in Figure 5.8. The spectra of clusters
with different deposition amounts exhibit strong similarities to the reference spectrum of a 100 nm
thick Ag film, independent on the deposition amounts. The clusters in aerogel with deposition amounts
of about 3 ML can be assumed to be separated clusters (compare section 5.1 and section 5.2.2) with
mean diameters of about 2R = 2 nm. Thus the final state, the 5p orbital, does not change its
unoccupied density of states (uDOS) with increasing size of the system and the rearrangement from
cluster structure to bulk structure. This leads to the statement that the 5p band of a the investigated
clusters has a similar electronic structure like that of bulk material.

The effect of the increasing deposition amounts to the position of the absorption edge are shown
in Figure 5.9. The edge position of the 100 nm reference film is indicated with a horizontal line.
However, there are no systematic changes observable. Thus the changes of the energetic position of
the absorption edge (inflection point where the first deviation is maximal) have to be ascribed to
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statistical effects (low statistic and Gauss convolution smooth). The low statistic is a consequence of
the few electrons in the 2s initial state and the lower fluorescence yield (EL1M3 = 3.2344 keV, rate
= 0.01450) compared with the Ag L2 absorption edge (EL2M4 = 3.1509 keV, rate = 0.21605) (data
extracted from database of the software PyMca [Solé et al., 2007]).2

5.2.2 Ag L2 absorption edge of Ag clusters in vacuum

The spectra of various reference samples are shown in Figure 5.10. The reference spectra of a 100 nm
thick Ag film was measured in vacuum for 10 minutes (red line), then at p = 500 mbar for 10 min-
utes(orange line) and again in vacuum for 60 minutes (pale green line). These spectra do not differ
from each other, thus the emergence of beam damages caused by oxidation can by excluded for mea-
surements on bulk silver (if measurement time is not to high).

Further an Ag solid with a thickness of the magnitude mm was measured two times. The first time
without prepared surface (green line, indicated by sheet dirty) and once again after scraping away the
topmost layers of the surface (cyan line, indicated by sheet clean). These spectra do not differ from
those of the 100 nm thick Ag film. From this it follows that self-absorption can be neglected in the
present experiments, especially for the cluster samples with effective “thicknesses” of some nm.

The topmost spectra in Figure 5.10 were recorded at Ag2O, Ag2S and AgO pellets. The shift of
the position of the absorption edge is clearly visible. In the case of Ag2O and AgO the shift of the
absorption edge to higher binding energies is superimposed by a white line which results in a shift
of the onset to lower energies. In the case of Ag2S, where no white line emerges, the shift of the
absorption edge goes to higher binding energies in the same order of magnitude as observed at the L1

absorption edge.

Figure 5.10: Ag L2 XANES spectra of bulk Ag, AgO, Ag2O and Ag2S reference samples.

2The fluorescence yield is given by the rate which is the quotient of a specific fluorescence yield, for example from M4

state into L2, and the sum over all fluorescence yields of all possible relaxation processes into the L core level.
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Figure 5.11: Ag L2 XANES spectra of Ag clusters deposited into silica aerogel.

The spectra of unreacted Ag clusters with different deposition amounts are shown in Figure 5.11.3

The position of their absorption edges are plotted in Figure 5.12 as a function of the deposition
amount. Also here, like at the L1 edge, no systematic shift with increasing deposition amount can be
observed. The absorption edges of the clusters have almost the same energetic positions like that of
the 100 nm Ag film reference, indicated as a horizontal line.

Figure 5.12: Ag L2 absorption edge positions of Ag clusters deposited into silica aerogel for different
deposition amounts. The absorption edge positions of the bulk reference is indicated as
a horizontal line.

The spectra with deposition amounts less than about 4 ML exhibit the same structural features but
differ from the spectrum of clusters with a deposition amount of about 10 ML which has the same
features like the 100 ML Ag film reference.

3It should be noticed that the spectra of clusters with deposition amounts between 1.35 ML and 3.37 ML were recorded
at one drop. The spectra of clusters with deposition amounts of 0.7 ML and 10 ML were recorded at a second and
third drop, thus the comparison between these amounts has to be done carefully.
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From the optical measurements in section 5.1 it was inferred that for deposition amounts of about
1 ML and less, the Ag clusters produced and deposited into silica aerogel by THECLA stay separated
without electromagnetic coupling. By this it follows that also the XANES spectrum of clusters with
deposition amounts of 0.7 ML represents the structure of separated clusters. With increasing depo-
sition amounts the structure seems to be unchanged up to a deposition amount of about 4 ML. This
can explain the assumptions that the clusters are still separated up to deposition amounts less than
4 ML. However, for deposition amounts of about 10 ML coalescence to larger particles occurred due
to the bulk like XANES signal. These coverage dependent changes agree with the results by optical
spectroscopy in section 5.1. It is important to note that in contrast to the optical spectroscopy, the
XANES data approach bulk features only for coverages larger then 4 ML because they are not influ-
enced by the electromagnetic coupling of still separated clusters.

The differences between the bulk and cluster XANES signal will be discussed in the following.
The structure of the XANES signals in Figure 5.11 can be divided into three sections. The first is
from the pre-edge region up to an energy of about 3.530 keV. The second from 3.530 keV to 3.546 keV
and the third region is above 3.546 keV. The first and the third region have the same characteristics
for clusters like for bulk material. But in the second region there are significant differences.

Figure 5.13: Ag L XANES spectra normalised to the absorption edges. The black line is an Ag L3

XANES spectra, digitalised from SHAM [Sham, 1985]. The red line is of an Ag L2

XANES spectra of a 100 nm Ag film. The blue and green lines are of the L2 XANES
spectra of deposited clusters with coverage densities of 3.37 ML and 0.70 ML, respectively.
The region where the clusters XANES spectra differ from the bulk XANES spectrum are
marked with a double arrow. The peaks marked with numbers between 1 and 7 correspond
to final states listed in table 5.1, taken over from [Sham, 1985].

SHAM [Sham, 1985] investigated the Ag L1,2,3 XANES spectra of Rh, Pd and Ag and found a
correlation between final states during L edge absorption processes and peaks in the resulting XANES
spectra. The data of the Ag L3 XANES signal, measured by SHAM, were digitalised and plotted in
Figure 5.13 (black line). The energy axis was shifted thus the absorption edge is at 0 eV. The results
of our measurements on the Ag L2 absorption edge of the 100 nm Ag film (red line) and the clusters
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with deposition amounts of 3.37 ML and 0.7 ML (blue and green lines, respectively) were added to
this plot. The peaks of the Ag L3 XANES signal are numbered from 1 to 7.

Because the L3 and L2 XANES have the same final states, the spectra of the bulk samples nearly
have the same structure.4 SHAM assigned the different peaks to the occupation of the photoelectron
to different bands/orbits in the final state. Thus, for example, the peak marked with 1 is assigned
to a 2p3/2 → 5s transition. The assignment of the peaks due to the corresponding final states is
listed in table 5.1. A comparison between the L3 and L2 XANES leads to good agreements thus the

Peak # Assignment

1 s
2 pd
3 pd
4 pd
5 df
6 f
7 df

Table 5.1: Electronic final states [Sham, 1985]

assignments for the L3 transitions can be transferred to the L2 transitions. The second region (3.530
keV to 3.546 keV in Figure 5.12, marked with a double arrow in Figure 5.13), where the XANES signal
of the clusters differs from the XANES signal of the bulk, exhibits no peaks at the positions 3 or 4.
Also the peak 2 is only very weak. These peaks are assigned to final states with pd-hybridisations.

This leads to two possible assumptions:

� The proportion of the p orbital to the pd-hybrid orbital is higher for clusters than for bulk
material. A higher amount of the p orbital corresponds to a higher amount of forbidden dipole
transitions from the 2p initial state and thus to a decrease in the XANES signal in this region.
Nevertheless, the Ag L1 XANES spectra showed no significant differences of the uDOS of the
5p orbitals between bulk and clusters.

� The amount of free states in the d region (caused by the hybridisation) is decreased in clusters
in comparison to a bulk system.

Both assumptions speak for a attenuation of the pd-hybridisation in clusters. This effect is in qualita-
tive agreement with the theoretical expectations for an increasing system from a single atoms system
to a bulk. However, the observation of such quantum size effects would be remarkable for clusters
consisting of about 250 atom.

4It should be noticed that differences in the spectra can occur due to the different alignments of the setups. For example
the experiments of SHAM were carried out at the Stanford Synchrotron Radiation Laboratory (SSRL) in transmission
mode (i.e. TFY) while the experiments presented in this thesis were carried out at the ESRF in fluorescence detection
mode with high energy resolution (i. e. PFY).
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5.2.3 Oxide effect on Ag clusters, investigated using Ag L2 XANES spectroscopy

The effect of oxide to the Ag clusters is discussed in the present section. In section 4.2 and in [Hoffmann,
2012] it was shown that Ag clusters with a mean diameter of about 2 nm do not oxidise under normal
conditions of room temperature and atmospheric pressure within time scales of weeks. However, the
reaction of Ag clusters with oxide can be initiated by exposing the cluster sample to a highly intense
X-ray beam (like at ID26, ESRF). By controlling the pressure of the environment and the duration of
the beam shining, those experiments can also yield information about the chemical properties of the
clusters.

Figure 5.14: Ag L2 XANES spectra of a 100 nm Ag film measured at atmospheric pressure and in
vacuum.

At first spectra of the 100 nm Ag film reference in air (with and without vacuum cell) and in vacuum
were recorded. The results are shown in Figure 5.14. The blue line represents a measurement on the
sample under normal conditions without using the vacuum cell, where the green line represents a
measurement under the same conditions but with the sample covered by the vacuum cell. So, a
kapton window was in front of the incoming beam and the outgoing fluorescence radiation during
this measurement. The spectrum is similar to the spectrum recorded without the vacuum cell. This
confirms, that the cell did not influence the spectral shape. Only the measurement time had to be
increased due to the decreased beam intensity. The red line represents the spectrum of the sample
under vacuum conditions (p ≈ 2 mbar). Here the measurement time could be decreased due to the
lower X-ray scattering by air. Also this spectrum does not differ from the spectra recorded with the
sample in air ( atmospheric pressure). Thus the X-ray beam does not cause detectable beam damages
at the 100 nm Ag film of up to measurement times of about 5000 s if the sample is in the vented
vacuum cell.

The spectra of clusters with deposition amounts of about 10 ML measured in vacuum and at a
pressure of p ≈ 500 mbar are shown in Figure 5.15. The first two lines (from top to bottom) are the
spectra of the reference samples, an Ag2O pellet and a 100 nm Ag film.

The cyan coloured line is the spectrum of clusters with a deposition amount of about 10 ML measured
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in vacuum. This spectrum is similar to the Ag film reference spectrum which indicates that the clusters
are coalesced to big particles with bulk like structure. After exposing the sample to air and starting

Figure 5.15: Ag L2 XANES spectra of coalesced Ag clusters in silica aerogel in vacuum and oxidised
at air (p = 500 mbar) by X-ray radiation.

measurements again, the spectrum changes its shape (solid blue line). The distinct peaks at about
3.530 keV, 3.534 keV, 3.550 keV and 3.572 keV decrease. Also the relative height of the absorption
edge increases. These are indications for a chemical reaction. However, while the spectrum of the
unoxidised clusters was similar to that of the Ag film reference, the spectrum of the oxidised clusters
does not match completely with the Ag2O pellet reference.

The bottommost spectrum (dashed blue line) is constructed by a superimposition of the Ag film
and Ag2O pellet reference spectra: p·Ag+(1− p)·Ag2O. The factor p was calculated by a last square
fit between this superimposed spectrum and the spectrum of the oxidised clusters. This leads to the
assumption that the clusters were partly oxidised, thus about 42 % of the clusters were oxidised and
about 58 % unoxidised.

Nevertheless also this constructed spectrum does not match optimally with the spectrum of the
oxidised clusters. Thus it is sensible to have a closer look to the recorded single spectra of the oxidised
clusters5 This is shown in Figure 5.16. The black line in every plot is the spectrum of the first single
measurement on the sample. The red ones are those which were recorded subsequently. Despite the
low statistics, a good agreement can be observed between the first and second recorded spectra. After
the forth measurement ∆t = 721 s, a shift of the onset of the absorption edge can be observed. After
the fifth measurement a decrease of the peak intensities can be noticed. After about ∆t = 1263 s
measurement time the spectrum does not have typical features of a pure Ag sample anymore. Also
the following spectra do not change any further.

This is also illustrated in Figure 5.17. Here the region around the absorption edge is plotted in
detail for each measurement. The spectra were smoothed with a Gauss convolution with a FWHM

5It should be noticed that the spectra above were averaged over several single measurement spectra like explained in
section 3.4.3. Here a single measurement had a duration of 180 seconds.
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Figure 5.16: Single spectra of oxidation experiments (p = 500 mbar) on Ag clusters in a silica aerogel
sample with a mean deposition amount of about 10 ML.

of 0.3 eV. The peak positions of the absorption edges are indicated by diamonds. First the height of
the absorption edge decreases. Then the shift to lower energies starts due to the emergence of free d
orbitals caused by Ag 4d orbital - O 2p orbital - hybridisation [Czyyk et al., 1989]. Also the onset
itself shifts to lower energies. After about ∆t = 721 s the appearance of the white line starts [Behrens
et al., 1999]. After about ∆t = 1263 s no systematic changes of the structure can be observed in the
following recorded spectra. However, for completely oxidised clusters a more pronounced white line
would be expected. Thus further experiments on separated clusters were carried out and are discussed
in following.

In this experiment a sample with deposition amounts of 1.01 ML and 1.53 ML was placed in the
vacuum chamber. The Ag L2 XANES spectra are shown in Figure 5.18. The first measurements were
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Figure 5.17: Near edge single spectra of the oxidation experiments (p = 500 mbar) on Ag clusters in
a silica aerogel sample with a mean deposition amount of about 10 ML, smoothed with
FWHM of 0.3 eV. The peak positions are indicated by diamonds.

Figure 5.18: Ag L2 XANES spectra of Ag clusters in silica aerogel with deposition amounts of 1.01 ML
and 1.53 ML. Each position was measured first in vacuum, then in air and at last in
vacuum again. Here the emergence and the disappearance of an oxidation state can be
observed.

performed on Ag clusters with deposition amounts of about 1.01 ML in vacuum (dashed red line).
The structure of the XANES spectrum indicates that the clusters are well separated. After increasing
the pressure in the vacuum cell up to 1 bar and starting the measurements again, the emergence of
an oxidation state is clearly visible (dashed blue line). However, also after 2 hours of measurement,
typically features of an Ag2O sample, like the peaks at 3.538 keV, 3.544 and 3.560 keV, are still not
observable. Further, when decreasing the pressure in the sample cell down to 2 mbar (vacuum), the
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chemical bonding between the Ag and O atoms is broken up and the XANES signal (dashed green
line) is again similar to the signal of the sample, measured at the beginning.

These measurements were repeated on Ag clusters with a deposition amount of about 1.53 ML. It
is remarkable that the XANES signal of these clusters has a more bulk like structure6. Thus it seems
that some clusters started to coalesce and formed bigger particles. However, the spectrum still differs
clearly from those of bulk material. The changes of the spectra caused by the increase and decrease
of the pressure in the sample are similar to that observed before. It stands out, that despite the
differences between the spectra of the pure Ag clusters with 1.53 ML and 1.01 ML, the spectra of the
oxidised clusters are effectively equal (dashed and solid blue lines). After evacuating the cell again the
spectra changes to become a pure Ag clusters XANES signal again. Nevertheless, the spectrum is a
little bit smoothed. The peaks are less high but more broadly. This is an indication for still existing
Ag2O bondings.

It was also tried to create an equilibrium between the oxidation of the clusters and the breaking of
the Ag2O bonds. For this the pressure in the cell was increased from vacuum to about p = 55 mbar.
The recorded XANES spectrum is indicated in Figure 5.18 by the dashed black line. The spectrum
indicates a similar oxidation state like observed in the experiment before (solid blue line). Thus also
at a low pressure with about 55 mbar the chemical process is shifted the bonding side and not to the
breaking side. To exclude the measurement of mixed states caused by averaging the recorded spectra,
the first four recorded single spectra of each measurement were checked individually. Though the
statistics for these individual measurements are low, no time dependent changes could be observed,
in contrast to the larger islands produced with a deposition amount of 10 ML.7 This leads to the
assumption that those clusters were oxidised very fast after the cell was filled with air and the beam
shutter was opened. Also the disappearance of the oxidised state seems to be occurred on time scales
which could not be detected.

6The 1.53 ML seems to be a lower limit of the deposition because at these deposition amounts a change in the spectrum
is not expected.

7See appendix 8.4
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5.2.4 Effect of sulphur on Ag clusters, investigated using Ag L2 XANES spectroscopy

Additional to the experiments on oxidised Ag clusters, also XANES experiments on sulfidised Ag
clusters were performed. Here Ag clusters in silica aerogel were placed for different time steps in
a sulphur rich atmosphere by holding the samples above a conical flask inside a fume hood. This
atmosphere was produced, like described before, by the reaction 2H3PO4 + 3Na2S → 2Na3PO4 +
3H2S. The produced H2S then can react with silver H2S + 2Ag → Ag2S + H2.

Two samples with different deposition amounts were investigated. The first one had a relative high
deposition amount of about 2.5 ML. Because the spectra of this sample have some similarities with
the bulk reference spectrum, it is assumed that the clusters started coalescence. The second sample
had a deposition amount of about 0.7 ML and can be assumed to consist of separated clusters.

The XANES measurements were performed in the vacuum chamber to prevent the sample from
changing the sulfidised state into an oxidised state. It was observed that also the chemical bonding
between the Ag and S atoms can be broken by X-ray radiation. To get a better knowledge of this
process, the measurement position on the sample was systematically changed8 in most cases to perform
XANES measurements at positions where the X-ray beam did not incident before.9 Also after each
sulfidation step several of these measurements were performed to improve the possibility to observe
the changes in the spectrum.

The recorded spectra are shown below. In each plot the bottommost spectrum is the sum of
the single spectra in the first measurement sequence. The measurement time for each measurement
sequence is indicated in the legend. The parameters for the measurements are listed in Table 5.2,
Table 5.3 and Table 5.4. The letter in the first column indicates the sulfidation step (A for the first, B
for the second and so on) and the following number denoted the number of the measurement sequence
(first measurement sequence, second measurement sequence and so on). The time, the sample was
exposed to sulphur rich atmosphere is listed in the second column. In the third column the number
of measurements of each measurement sequence are listed and the times of each single spectrum in a
sequence are listed in the last column. The fourth column presents information about the measurement
position: macro means that the measurement position was changed after each single measurement of
the height of the X-ray beam.10

Optical measurements were performed after each sulfidation step to get qualitative information
about the reaction progress. Before sulfidation, a dip occurred in the sample transmission at the en-
ergetic position of the cluster plasmon. After the first sulfidation step this dip was much weaker. For
the following sulfidation steps, a dip was not visible anymore. These measurements were performed
ex-situ without the use of standard equipment and without information about the background scat-
tering/absorption of the silica aerogel substrate. Thus a quantitative analysis of these measurements
is not possible.

Coalesced sulfidised Ag clusters

The first sulfidation experiments were performed on a sample with coalesced Ag clusters in silica
aerogel. The mean deposition amount of the clusters was about 2.5 ML. This sample was cut into four
pieces. The spectrum of the unsulfidised piece is shown in Figure 5.19. The second piece of this cut
sample was exposed for about 20 s to sulphur rich atmosphere. The corresponding spectra are shown
in Figure 5.20 and the corresponding parameters are listed in Table 5.2. The third piece of the cut

8A macro procedure relocates the position of the beam at the sample after each single measurement of the height
of the beam (300µm). It has to be noticed, that after a macro has finished once, every position at the sample
was illuminated once by the X-ray beam. If a macro was started another time, the same procedure was done in
backward/opposite direction with an offset of 150µm (half height of the beam).

9Because the positions on the sample correlate with the deposition amounts, the effective deposition amounts can vary
slightly from measurement to measurement.

10It should be noted that after the macro did run the first time, the X-ray beam illuminated every position on the sample
one time.
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sample was sulfidised for longer times (300 s-3000 s). The corresponding spectra of the measurement
sequences after each suflidation step are shown in Figure 5.21, Figure 5.22 and Figure 5.23. The
parameters are listed in Table 5.3.

Figure 5.19: Ag L2 XANES spectrum of a sample with about 2.5 ML Ag clusters in silica aerogel before
sulfidation, measured in vacuum compared with the spectra of a 100 nm Ag film and an
Ag2S pellet reference sample.

The spectrum of the first piece of the unsulfidised cut sample in Figure 5.19 shows strong similarities
between the spectrum of the Ag clusters in silica aerogel and the 100 nm Ag film. This indicates the
presence of large silver particles with bulk like structures. Also no chemical reaction can be detected.
Only the less pronounced peaks at about 3.530 keV and 3.534 keV suggest that the structure is not
completely bulk like.

measurement sulfidation time measurements position time/spectrum

A1 20 s 10 same position 180 s
A2 20 s 17 macro 120 s
A3 20 s 18 macro 120 s
A4 20 s 6 macro 120 s

Table 5.2: Parameters of the measurements on partly sulfidised, coalesced Ag clusters in silica aerogel.
The parameters belong to the second piece (see text) and correspond to Figure 5.20

The second piece was exposed to a sulphur rich atmosphere for about 20 s. The XANES spectra
of four measurement sequences are shown in Figure 5.20. The spectrum of the first measurement
sequence (red curve) consists of 10 single measurements at the same position (see Table 5.2). Each
single spectrum was measured for 180 s. The resulting spectrum has the same features like the spectrum
of unsulfidised Ag clusters in Figure 5.19. Here two possible explanations exist.

The first explanation is that the time of 20 s in the sulphur rich atmosphere was not long enough
to cause a detectable chemical reaction. In this case the model of the optical measurements has to be
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corrected. The changes in the spectra then have to be explained by damping effects of single foreign
atoms or molecules in the cluster and not by a closed shell with a specific thickness.

The second explanation is that the illumination of the sample by the X-ray beam causes a break of
the Ag-S-bonding so that no Ag2S state can be observed. To check this, an additional measurement
sequence was performed at the same sample, but the measurement time of the single spectra was
decreased to 120 s and the sample position was relocated after each single measurement. Nevertheless,
the resulting spectrum (yellow curve) does not differ significantly from the spectrum of the first
measurement sequence and also no Ag2S like characteristics can be observed. This procedure was
repeated two additional times (green and cyan curves) but the resulting spectra are also similar to the
ones recorded before.

Figure 5.20: Ag L2 XANES spectra of a sample with about 2.5 ML Ag clusters in silica aerogel after
exposing the sample for about 20 s to sulphur rich atmosphere, measured by four sequences
in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet reference
sample. The order from bottom to top corresponds to the chronological order of the
measurement sequences.

The third piece was first sulfidised for about 300 s. The corresponding spectra are shown in Figure
5.21. Two measurement sequences were performed after the sulfidation step. The first (red curve) at
the same position and the second (green curve) at different positions using a macro. However, the
spectra are similar to the spectra in Figure 5.20. Thus no Ag2S state can be observed.

For the second sulfidation step the third piece was placed again for additional 900 s in sulphur rich
atmosphere. The resulting spectrum is shown in Figure 5.22 (red curve). Here differences between the
100 nm reference (and thus also from the unsulfidised cluster sample) and the spectrum of the sulfidised
clusters sample are clearly visible. The peak at about 3.526 keV shifts almost 2 eV to about 3.528 keV,
corresponding to the position of the peak of the Ag2S reference spectrum at this position. Also the dip
at about 3.532 keV is more pronounced while the structure between 3.536 keV and 3.55 keV loses Ag
bulk characteristics. The structure above this energy is still present but essentially less pronounced.
This can be explained by the presence of Ag and Ag2S atoms/molecules in the clusters.

An additional sulfidation step of exposing the sample to sulphur rich atmosphere for additional
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measurement sulfidation time measurements position time/spectrum

A1 300 s 20 same position 180 s
A2 300 s 25 macro 180 s
B1 300 s + 900 s = 1200 s 17 macro 120 s
C1 300 s + 900 s + 2 · 900 s = 3000 s 9 macro 120 s
C2 300 s + 900 s + 2 · 900 s = 3000 s 17 macro 120 s
C3 300 s + 900 s + 2 · 900 s = 3000 s 10 same position 120 s
C4 300 s + 900 s + 2 · 900 s = 3000 s 5 same position 120 s

Table 5.3: Parameters of the measurements on partly sulfidised, coalesced Ag clusters in silica aerogel.

Figure 5.21: Ag L2 XANES spectra of a sample with about 2.5 ML Ag clusters in silica aerogel after
exposing the sample for about 300 s to sulphur rich atmosphere, measured by two se-
quences in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet
reference sample. The order from bottom to top corresponds to the chronological order
of the measurement sequences.

1800 s causes a change in the structure of the XANES spectrum which corresponds to completely
sulfidised silver. This is shown in Figure 5.23 by the red curve. In this measurement sequence a macro
was used to reduce the influence of the X-ray beam to the chemical state during recording the spectra.
The spectrum has the same structure like the Ag2S reference spectrum. Small deviations can be ex-
plained by the low statistics of the spectrum which is a result of the short measurement time of 1082 s.
This time was chosen to prevent/minimize beam damages. In the following measurement sequence,
the single spectra were recorded at always the same position with a measurement time of 2044 s. The
resulting spectrum (yellow curve) still exhibits characteristics of the Ag2S structure. However, the
structure changed after a third (green spectrum) and a fourth (cyan spectrum) measurement sequence,
corresponding to additional 1804 s and 902 s measurement time, respectively. This is a result of the
Ag-S-bond breaking, caused by the highly intense X-ray beam.
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Figure 5.22: Ag L2 XANES spectra of a sample with about 2.5 ML Ag clusters in silica aerogel af-
ter exposing the sample for about 1200 s to sulphur rich atmosphere, measured by one
sequence in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet
reference sample.

To get a better insight to the processes which take place during the illumination of a sulfidised sample
by the X-ray beam, it is of benefit to have a closer look to the spectra of the single measurements.
However, the statistic is in that case not sufficient to extract information from the single spectra. Thus
in the following the measurement sequences were divided into blocks of up to five single measurements.
These (maximum) five single measurements were added up and smoothed by a Gauss convolution with
a FWHM of 0.3 eV. The results are shown in Figure 5.24. The spectra were not normalised and an
offset was not extrapolated or subtracted.

The partly summarised spectra of coalesced Ag clusters in silica aerogel after exposing for about
20 s to sulphur rich atmosphere are shown in the topmost row of Figure 5.24. Corresponding to
the observations made in Figure 5.20, also in the present spectra no Ag2S state can be observed.
Further changes in the spectra due to the beam incident can not be observed. The spectra of the
second measurement sequence exhibits more noise signals than the spectra of the other measurement
sequences which is explained by a decrease of the total intensity of the X-ray beam (probably caused
by a low storage ring current).

In the spectra of the first measurement sequence after exposing a sample for about 300 s to sulphur
rich atmosphere, also no significant differences from the spectrum of the unsulfidised sample can
be observed. However, these spectra were always recorded at the same position. In the second
measurement sequence, a macro was used and the position was relocated. Here it seems, that the
summarised spectrum of the first five single spectra differs from the following spectra due to the less
pronounced structural characteristics. Nevertheless, a structural effect cannot be confirmed because
also the following spectra were recorded by running the macro at unirradiated positions and would
have to exhibit the same effect.

While the cluster spectrum in Figure 5.21 exhibits characteristics of an Ag2S reference sample, this
is not clearly observable in the corresponding summarised single spectra in Figure 5.24 (plot in the
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Figure 5.23: Ag L2 XANES spectra of a sample with about 2.5 ML Ag clusters in silica aerogel after
exposing the sample for about 3000 s to sulphur rich atmosphere, measured by four se-
quences in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet
reference sample. The order from bottom to top corresponds to the chronological order
of the measurement sequences.

third row), due to the lower statistics. However, the strong peak at about 3.530 keV in connection
with the strong dip at about 3.532 keV in the spectra suggests the presence of Ag2S in the clusters.

After the last suflidation step (altogether about 3000 s in sulphur rich atmosphere), the first mea-
surement sequence was recorded using a macro. The first five summarised single spectra exhibit clear
Ag2S characteristics indicated by the peak and the dip at about 3.530 keV and 3.532 keV, respectively,
and the absence of the pronounced peaks at about 3.550 keV and 3.572 keV. The same characteristics
can be observed in the summarised single spectra of the second measurement sequence, where also a
macro was used to record the spectra. In the third measurement sequence all spectra were recorded
at the same position. Already the spectrum of the first five summarised single spectra looks more
similar to the spectrum of a silver sample than that of a silver-sulphur sample. The sum of the follow-
ing recorded spectra confirms the assumption that the Ag2S bonding was broken up by the incident
beam.
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Figure 5.24: For a better insight on changes of the sample indicated by the Ag L2 XANES spectra of
partly sulfidised clusters in silica aerogel, every measurement sequence was divided into
blocks of maximum five single spectra. These spectra were added up and smoothed by a
Gauss convolution with a FWHM of 0.3 eV. The rows from top to bottom represent the
first to the forth sulfidation steps, respectively.

95



5.2. Electronic, chemical and structural properties of Ag clusters, investigated using
Ag L1 and L2 XANES spectroscopy

Separated sulfidised Ag clusters

The measurements discussed above were repeated at isolated Ag clusters in silica aerogel with a mean
deposition amount of about 0.7 ML. The parameters of the experiments are listed in Table 5.4. Because
during the experiments for 2.5 ML, a fast decay of the Ag-S bonding due to X-ray beam exposition
was observed, for every measurement sequence a macro which relocates the beam position after each
single measurement was used for spectra recording.

measurement sulfidation time measurements position time/spectrum

A1 20 s 17 macro 120 s
A2 20 s 17 macro 120 s
A3 20 s 17 macro 120 s
A4 20 s 20 vert. reloc. + macro 120 s
A5 20 s 20 macro 120 s
B1 20 s + 60 s = 80 s 23 macro 120 s
B2 20 s + 60 s = 80 s 23 macro 120 s
C1 20 s + 60 s + 600 s = 680 s 23 macro 120 s
C2 20 s + 60 s + 600 s = 680 s 23 macro 120 s

Table 5.4: Parameters of the measurements on partly sulfidised, separated Ag clusters in silica aerogel.

Before starting the sulfidation experiments, two spectra at the unsulfidised sample were recorded at
a distance of ∆ = 300 µm, the height of the X-ray beam. The resulting spectra are shown in Figure
5.25. The absence of the peaks at about 3.530 keV, 3.534 keV and 3.543 keV confirms that the clusters
are separated in the aerogel.

Figure 5.25: Ag L2 XANES spectra of a sample with about 0.7 ML Ag clusters in silica aerogel before
sulfidation, measured in vacuum compared with the spectra of a 100 nm Ag film and an
Ag2S pellet reference sample.

After the sample was exposed for about 20 s to sulphur rich atmosphere, the spectra (Figure 5.26)
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differ from the spectra of the unsulfidised sample. The low statistics complicate a more detailed
analysis because the observed changes are in the magnitude of the error bars. However, the missing
pronounced peaks at about 3.550 keV and 3.572 keV in the first recorded spectra leads to the assump-
tion that the clusters were at least partly sulfidised. The reappearance of those peaks in the following
two spectra with decreasing amount of Ag-S bondings (due to beam damages), is in agreement with
the observations made previously at the sample with coalesced clusters. The fourth measurement
sequence confirms this assumption. After the sample was measured three times using a macro, the
sample was relocated vertically thus the following measurements were performed at positions where
the sample was not illuminated by the X-ray beam before. The fifth measurement has still similarities
with the fourth but the emergence of Ag L2 XANES peaks at 3.550 keV and 3.572 keV can be observed.

Figure 5.26: Ag L2 XANES spectra of a sample with about 0.7 ML Ag clusters in silica aerogel after
exposing the sample for about 20 s to sulphur rich atmosphere, measured by five sequences
in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet reference
sample. The order from bottom to top corresponds to the chronological order of the
measurement sequences.

In the second sulfidation step the sample was exposed for additional 60 s to the sulphur rich atmo-
sphere. The following spectra, shown in Figure 5.27, look quite similar to those of the unsulfidised
sample. This cannot be explained by an influence of the setup or the alignment. An explanation
is difficult. The spectra look similar to the spectra of the 2nd, 3rd and 5th measurement after 20 s
sulfidation. These are the measurements on sulfidised Ag clusters which were illuminated at least one
time by the X-ray beam. Thus after the last measurement sequence on the 20 s sulfidised sample,
most Ag2S bonds were broken. In the case, the Ag clusters did not react well with the sulphur in the
H2S atmosphere in the following (60 s) sulfidation step, the subsequently recorded spectra would have
similarities to those spectra recorded after 20 s sulfidation. This could be the explanation for the less
pronounced Ag2S structure after altogether 80 s in the sulphur rich atmosphere.

The spectrum of the first measurement sequence after the last sulfidation step (exposure of the
sample to H2S atmosphere for additional ten minutes) is similar to the previously observed spectra of
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Figure 5.27: Ag L2 XANES spectra of a sample with about 0.7 ML Ag clusters in silica aerogel after
exposing the sample for about 80 s to sulphur rich atmosphere, measured by two sequences
in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet reference
sample. The order from bottom to top corresponds to the chronological order of the
measurement sequences.

sulfidised, separated clusters. This confirms the assumption that reactivity of the Ag clusters decreases
quickly with the amount of reacted atoms. A second measurement sequence than again destroys a
distinct amount of the Ag-S bondings, which is indicated by the Ag bulk like peaks of the green curve
in Figure 5.28 at 3.550 keV and 3.572 keV.

The overall influence of sulphur on the separated Ag clusters will be discussed in following. A compar-
ison between different single spectra or partly summarised single spectra is not useful here. Because
at the sample with separated clusters, the beam position was relocated after each single measurement.
Thus influences by the X-ray beam are only expected for different measurement sequences.

The spectra discussed previously are collected in Figure 5.29. The corresponding positions of the
absorption edges are plotted in Figure 5.30.11

In contrast to the oxidation of silver, the Ag L2 XANES spectrum of Ag2S is not superimposed by
a white line. Thus the progress of the chemical reaction can be observed by the shift of the absorption
edge to higher energies with increasing amounts of Ag2S.12 The incidence of the X-ray beam can break
the Ag-S bonding. Thus the amount of the Ag2S like XANES signal decreases while the amount of
the Ag like XANES signal increases.

In Figure 5.30 the Ag L2 absorption edge position for pure separated Ag clusters is indicated by
the measurements 1 and 2 at 3.5251 keV. After the first sulfidation (20 s in sulphur rich atmosphere)
the edge shifted to an energy of 3.5259 keV.

11The assignment from measurement 1 to 13 in the x-axis of Figure 5.30 corresponds to the spectra listed in the legend
in Figure 5.29 from bottom to top.

12The effective binding energy of an electron in an Ag atom is higher for Ag2S (and also Ag2O) than for pure Ag because
the Ag atom is positively charged in this bounding.
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Figure 5.28: Ag L2 XANES spectra of a sample with about 0.7 ML Ag clusters in silica aerogel after
exposing the sample for about 680 s to sulphur rich atmosphere, measured by two se-
quences in vacuum compared with the spectra of a 100 nm Ag film and an Ag2S pellet
reference sample. The order from bottom to top corresponds to the chronological order
of the measurement sequences.

The next measurements (numbers 4 and 5) caused a decrease of the existing Ag2S and thus a
shift back to lower energies. For measurement 6 the sample was relocated vertically thus the X-ray
beam illuminated unaltered sulfidised Ag clusters again. This is confirmed by an absorption edge
position of 3.5259 keV. The following measurement (number 7) was performed at the same position
like measurement 6. Thus a part of the Ag-S bonds broke and the edge shifted to an energy of
3.5256 keV.

The absorption edge position of the measurements 8 and 9 confirm the assumption of an incomplete
reaction between the Ag clusters and the H2S. Also here the illumination caused a shift to lower
energies.

After the sample was exposed to H2S for about additional 600 s, the edge position again was at
3.5259 keV, like after 20 s sulfidation. This leads to the assumption that this is a final value for the
absorption edge energy of sulfidised Ag clusters with a diameter of about 2 nm. It is striking that this
energy is 0.2 eV above the energy of the Ag L2 absorption edge of bulk Ag2S. However, because the
position of the absorption edge of the cluster samples investigated in section 5.2.2 was at 3.5252 keV,
an error of ∆E = ±0.1 eV should be considered. After another measurement the peak position is
stable at 3.5259 keV. Similarities between the spectra of long time sulfidised clusters and the spectra
of pure Ag clusters, lead to the assumption that also after ten minutes reaction time not all Ag atoms
in the clusters reacted with S atoms.

This can be explained by a model where the Ag clusters first react quickly to an Ag-core Ag2S-shell
cluster. For further reactions S atoms or Ag2S molecules have to diffuse to the core of cluster. This
process is slow and occurs on long time scales.
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Figure 5.29: Summary of the Ag L2 XANES spectra of (un-)sulfidised Ag clusters in silica aerogel,
measured in vacuum.

Figure 5.30: Positions of the Ag L2 absorption edge of separated Ag clusters in silica aerogel after
different times exposed to sulphur rich atmosphere. The corrsponding spectra of the edge
positions indicated by measurement 1− 13 are shown in Figure 5.29 from bottom to top.
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5.3 Summary and discussion of Ag clusters deposited into SiO2 aerogel

From Ag L2 XANES spectra of separated Ag clusters with a mean diameter of about 2 nm it was
observed that the uDOS of pd hybrid band final states is lower than for bulk material. In contrast
the uDOS of the p band final states for an Ag L1 excitation of Ag clusters is similar to that of Ag
bulk. Accordingly, it must be assumed that the uDOS of the d band of the investigated Ag clusters
is lower than for bulk material.

The experiments on oxidised Ag clusters confirm this observations. For the Ag2O pellet reference,
the white line had about the height of the maximum of the spectra. For coalesced clusters (Figure
5.15) the height of the white line is of about 45 % of the height of the maximum of the spectra. And
for separated clusters with deposition amounts of about 1.53 ML and 1.01 ML the ratios of the heights
of the white lines to the maxima are 40 % and 35 %, respectively. Thus with decreasing clusters size,
also the height of the white line decreases. This may be explained as following:
In Ag2O, the transitions from the Ag 2p state to the d state dominate the transitions into the s state
by an order of magnitude [Šipr et al., 1999]. Further the height of the white line correlates with
the degree of covalent bonding [Behrens, 1992]. Theses covalent bondings cause a decrease in the
occupation of the d states on the Ag site of the Ag2O [Czyyk et al., 1989]. A decrease of the white
line for a given oxidation state thus indicates a decrease of the de-occupation of the d states [Behrens
et al., 1999] or a weaker contribution of the d electrons to the Ag2O bonding.

Here the question is, if this would correlate with an overlap of the valence bands. A smaller overlap
would result in a lower DOS (and uDOS) in the region above the white line and thus could yield an
explanation for the more pronounced dip at 3.528 keV in Figure 5.18 for separated clusters than for
coalesced clusters (Figure 5.15).

Oxidised Ag clusters were produced by exposing the samples with deposited clusters to the X-ray
beam at a pressure of 1000 mbar. The fast oxidation process observed at separated clusters can be
regarded to their high surface to volume ratio. A more stable oxygen bonding for those clusters is
unlikely because after decreasing the pressure of the atmosphere to a few mbar the oxidation signal
disappeared as quickly as it emerged (Figure 8.5). For comparison, no changes in the spectra of an Ag
bulk reference could be observed under similar conditions. It is remarkable that after 1 hour XANES
measurements at a pressure of about 55 mbar, a silver-oxide signal was detected (Figure 5.18).

From the Ag L2 XANES measurements at coalesced Ag clusters at air (p = 500 mbar) the emer-
gence of an oxidation state can be well observed at the position and the height of the absorption edge
(Figure 5.17). However, the Ag L2 XANES signal after 30 minutes measuring at air does still differ
from the Ag2O reference signal (Figure 5.15).

Ex-situ experiments on partly sulfidised clusters are difficult to perform because the intense X-ray
beam breaks up the bondings between sulphur and silver. A sulphur-silver bonding is indicated by
the shift of the Ag L2 absorption edge to higher binding energies (Figure 5.30).

The Ag L2 XANES spectra of long time sulfidised coalesced clusters are similar to the spectrum of
an Ag2S pellet reference. It is possible that incorporations of H2S in the SiO2 aerogel network (after
long sulfidation times) stabilised the measurement of an Ag2S XANES signal (Figure 5.23).

The peak and the dip at about 3.530 keV and 3.532 keV, respectively, in the Ag L2 spectrum of the
Ag2S reference appeared also for the sample with long time sulfidised (20 min and 50 min) coalesced
clusters (Figure 5.22 and Figure 5.23). However these structures were not observed for the 10 min
sulfidised sample with separated clusters (Figure 5.28). This could be due to the shorter sulfidation
time or to the absence of these electronic structures for those separated clusters .
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6 Results of experiments on Ag clusters in BMIM
PF6

The last investigated system in this thesis are Ag clusters deposited into room temperature ionic
liquids. In contrast to the deposition of clusters onto surfaces, the deposition of clusters into a
liquid can enable the deposition of higher amounts of clusters before risking coalescence/aggregation.
However, this requires the transfer of the clusters from the surface of the liquid into the volume of the
liquid or the transfer of liquid from the volume to the surface, to prevent the formation of a closed Ag
layer on the surface of the liquid.

A disadvantage in the use of liquid systems compared to solid samples, is the probability of ag-
gregation processes for also low deposition amounts. On solid samples, aggregation takes part for
very smooth surfaces which interact only weakly with the deposited clusters [Goldby et al., 1996].
For clusters on those surfaces it was observed that cooling the system can decrease and stop these
aggregation processes [Engemann, 2011,Miroslawski, 2014].

Clusters in RTILs are a currently intensively investigated sample system. Because RTILs are pro-
duced since several years industrially and can be purchased by adequate prices, many research groups
use RTILs for different experiments, also for cluster production. Especially because the RTILs are
known as green solvents, chemists use them for the synthetic production of clusters by reduction of
metallic precursors in ionic liquid solvents [Zhang et al., 2004,Redel et al., 2008].

Beside the usage of RTILs as solvents in wet chemical production of clusters, also further properties
of the RTILs are used for cluster production. In sputter deposition experiments their extremely low
vapour pressure is used to spark a plasma discharge between a metal target and the surface of the
RTIL [Torimoto et al., 2006]. Atoms and clusters are sputtered out of the target and travel to the
surface of the liquid where a first growth phase occurs. A second growth phase occurs in the volume
of the liquid [Kuwabata et al., 2010]. With these method also the production of Au-Ag core-shell
nanoparticles (NPs) could be realised [ichi Okazaki et al., 2008]. It was observed by the investigation
of small angle X-ray scattering that the size and size distribution of those produced NPs is influenced by
the kind of the ionic liquid, especially by the length of the side chains in the case of imidazolium based
ionic liquids [Hatakeyama et al., 2009]. Also the experimental parameters of the sputtering process
have significant influences of the size of the NPs. While the size of the NPs is independent from the
sputtering time, the sputtering discharge current influences the size of the produced NPs [Wender
et al., 2010].

However, there are also disadvantages of the above described NP producing processes. Thus the size
of the produced NPs depends on the used RTIL. Further in the wet chemical production the precursors
and reduction chemicals have to be removed after the NP were formed from the liquid system. The
presence of those impurities can, in some circumstances, lead to unwanted side effects.

In the present thesis, first experiments for depositing Ag clusters with a mean diameter of about
2 nm and a narrow size distribution into a RTIL were performed. These experiments enable a new
approach to the tuning of cluster functionalization. For example the clusters might be mass selected
before depositing them into the liquid.

Also fundamental investigations of the properties of the Ag clusters in the ionic liquid could be
made. For example, while OKAZAKI et al. observed the stability of Au, Ag and Au-Ag alloy clusters
in BMIM PF6 produced by sputter deposition without the addition of stabilisation agents [ichi Okazaki
et al., 2008], in our experiments we observed an aggregation of the Ag clusters after deposition into
the RTIL.
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In the experiments of the present thesis, a structure in the UV-Vis spectra of clusters in BMIM
PF6 was observed between an energy of 4 eV and 4.5 eV. It is supposed that this could be caused by
different amounts of water in the sample with deposited Ag clusters and the corresponding reference
samples. Although the optical absorption of water is very low in the region between 200 nm and
400 nm (corresponding to energies of 6.2 eV and 3.1 eV), it increases from 3.1 eV and 6.2 eV of about
two orders of magnitude [Hale and Querry, 1973]. Further the intensity of the lamp spectra decreases
in the energetic range between 4 eV and 4.5 eV. This is illustrated in Figure 6.1. The transmission of

Figure 6.1: Raw spectrum of a BMIM PF6 sample measured two times (blue and green curve). The
blue curve is nearly completely covered by the green one. The transmission of the second
measurement referred to the first is shown by the red curve. The rough spectra (blue and
green curve) are referred to the left axis and the transmission spectrum is referred to the
right axis. The spectra were recorded with a temporal distance of a few minutes under
equal conditions.

the UV-Vis light through the RTIL in a cuvette was measured twice with a temporal distance of a few
minutes. The used BMIM PF6 was purchased from Sigma Aldrich, Fluka Analytical, purity ≥ 98.5 %.
It was degassed in the vacuum chamber for about 5 hours and measured after about 1 hour at air. The
first measured blue spectrum is almost completely covered by the second measured green spectrum.
Differences can be made visible by using the first spectrum as a reference for the second one. If both
spectra were equal, the resulting red curve should be a constant line with an intensity of 100 %. A
dip can be observed at an energy of about 4.3 eV. Thus peak like structures in the UV-Vis extinction
spectra on Ag cluster in BMIM PF6 in the region between 4 eV and 4.5 eV should be considered to
effects in the liquid, that are not connected to the deposited Ag clusters.
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6.1 Time depending aggregation process of deposited Ag clusters into
BMIM PF6

In first deposition experiments the aggregation process of the clusters in the ionic liquid could be
observed optically. While the colour of the liquid is typically light yellowish, after cluster deposition
it was strongly yellow, caused by the extinction of the Ag cluster plasmon resonance. With increasing
time after deposition, the clusters aggregated and the colour switched into a transparent yellow-grey.
After these observations, the experiment was repeated and this process was documented by taking
pictures using a webcam. In an additional experiments this process was controlled by performing
UV-Vis measurements.

6.1.1 Optical observations of aggregation

The room temperature ionic liquid 1-Butyl-3-methylimidazolium hexafluorophosphate was purchased
from Carl Roth GmbH + Co. KG (batch nr. 20896717, with a purity ≥ 99 %) and placed into the
mixer (section 3.2.4) under vacuum conditions over night. To enable a better degassing process the
mixer ran over night with an appropriate small velocity. It could be observed that the pressure in the
experimental chamber increased when the mixer was started. In a later experiment this process was
controlled using a quadrupole mass spectrometer at another BMIM PF6 sample1 The results of the
quadrupole measurements with stopped and running mixer are shown in Figure 6.2. The blue bars

Figure 6.2: Quadrupole mass spectra indicate the partial pressure in the experimental chamber with
RTIL. The blue bars indicate the partial pressures with mixer off. The the green bars
indicate the partial pressures while the mixer is running. After that, the mixer was switched
off again. The corresponding partial pressures are indicated by the red bars.

in Figure 6.2 show the mass spectra while the liquid is in the mixer under vacuum conditions and
the mixer is turned off. After the mixer is turned on, especially the partial pressure signal of water
increases (Figure 6.2, green bars). After the mixer was turned off again, also the signals of the mass

1This liquid was also purchased by Carl Roth GmbH + Co. KG but of the batch nr. 323203553, with a purity ≥ 99 %.
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spectra decreased to their origin values (Figure 6.2, red bars). Thus most impurities can be assigned
to water incorporations which can be removed by storing the RTIL for several hours (best over night)
under vacuum conditions and turning the mixer on.2

After drying the RTIL in the mixer under vacuum conditions, Ag clusters were deposited into the
liquid (mIL = 29.71 g, ρIL ≈ 1.38 g/ml, VIL = 21.53 ml) for about 150 s with a deposition rate of about
0.35 nm/s. Thus the total deposition amount was heff = 52.5 nm = 43.4 ML. The radius of the roller
of the mixer is 30 mm and the diameter of the cluster beam is about 36 mm so that the beam strikes
the height of the upper half of the mixer completely. Thus the effective deposition area is about AAg =
π · 152 mm2 = 706mm2 and the volume of the deposited clusters VAg = AAg · heff ≈ 37.1 · 10−6 cm3.
This corresponds (ρAg = 10.49 g/cm3) to a deposited mass of mAg = 389 µg. Pictures of the prepared

Figure 6.3: Pictures of a sample with Ag clusters in BMIM PF6, taken at different times (hh:mm)
after preparation: a) 05:03, b) 06:20, c) 08:19, d) 09:34, e) 10:20, f) 12:48, g) 13:23, h) 17:47,
i) 19:07, j) 19:08, k) 20:58, l) 21:45. The pictures i) and j) were taken at about the same
time. Because they look similar, influences by the camera can be excluded.

sample, taken at different time steps after deposition, are shown in Figure 6.3. A clear shift of the
colour of the sample can be observed from strong yellow to a transparent like yellow-grey. Also it
is observable that this shift takes part in the first hours after deposition. The last pictures in these
series do not differ noticeable which indicates that most clusters in the sample already seem to be
aggregated.

2Another often used method is heating the liquid up to temperatures of about 100 ◦C for several hours under vacuum
conditions. For the experiments presented here, this method is not very practicable because the RTIL does incorporate
H2O again from the air by transferring the liquid from the vacuum oven to THECLA.
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6.1.2 UV-Vis measurements after deposition process

After these first experiments, the tub of the mixer was filled in a following experiment with about
21 ml of the same RTIL. In opposite to the previously performed experiments it was not possible to
put the liquid into the vacuum over night. This sample was only able to degas for about 7 hours. The
deposition took 150 s with a mean cluster beam rate of about 0.11 nm/s. Thus the deposition mass
was about mAg = 123 µg. The sample was stored and measured at room temperature. The UV-Vis
measurements were performed without using the cuvette holder presented in section 3.3.1. Thus the
calibration of the optical setup was something failure-prone and the resulting extinction spectra have
to be analysed carefully. This will be shortly discussed at Figure 6.4.

Figure 6.4: Left: Optical extinction spectra of Ag clusters deposited in BMIM PF6 for different times
after deposition. Middle: Measured raw counts of the performed extinction measurements
after subtracting the dark counts. The legend corresponds to all three plots. Right: Zoom
into the region where the intensities in the middle plot are low.

In Figure 6.4 (left plot) all measured extinctions are shown, in the middle plot the raw measured
counts after subtracting the dark signal3 and in the right plot a zoom into the middle plot. It can be
seen, that the signal is only analytical for energies below about 3.6 eV. Above this energy the intensity
is very low and the transmission and extinction should be considered cautiously.

Nevertheless, the extinctions measured by cluster sample and reference sample with high intensity
and also those with weak intensity correspond to typical cluster extinction spectra. Changes in the
spectra for different time steps do not only appear for the low intensity region but also for the region
with high intensity (1.5 eV-2.6 eV, middle plot). Thus the shapes of the cluster plasmon resonance
spectra are not influenced by the low optical signal for energies below about 3.6 eV.

There is a clear decrease of the height of the cluster plasmon observable for spectra recorded less
than 5.5 hours after deposition which can be attributed to aggregation processes of the clusters in the
RTIL.

For a better depiction, some chosen spectra of Figure 6.4 are plotted in Figure 6.5 (left). The decrease

3the signal which is present also when the UV-Vis lamps are switched off
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Figure 6.5: In the left plot a range of Ag cluster extinction spectra from Figure 6.4 are shown for a
better depiction. The same spectra as functions of wavelength, normalised to the area
under each curve between 350 nm and 500 nm are plotted with an increasing offset in the
right figure.

of the height of the extinctions with increasing time after deposition is visible. Also the increase of
the FWHM is visible. The peak stays stable at about the same position while the extinction in the
energetic region below the peak increases. This behaviour seems to be describable by the forming
of chain like structures, consisting of agglomerated clusters. This behaviour was described in section
2.3.6 by simulations from QUINTEN.

For comparison the same spectra as functions of wavelength, normalised to the area under each
curve between 350 nm and 500 nm are plotted with an increasing offset (waterfall plot) in Figure 6.5
(right). The comparison with Figure 2.20 leads to the assumption that only few (< 4) clusters were
coupled and that there were still single clusters. A quantitative comparison is not possible because the
εm and also the size and size distribution of the clusters differ from the model made by QUINTEN.
Furthermore, there are no information about the geometric structures of the formed agglomerates.
Similar to Figure 6.3 a change of the sample colour from yellow to grey accompanied the change of the
spectra in Figure 6.5. The change was much weaker for a control sample which was kept simultaneously
in a refrigerator for most of the time.
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6.1.3 UV-Vis in-situ measurements during deposition process

In further experiments using another batch of BMIM PF6 (Carl Roth GmbH + Co. KG, batch
nr. 323203553, with a purity ≥ 99 %) also strong aggregations and precipitation of silver during the
deposition process was observed. To get a better insight in this process an additional mixer was
constructed which enables optical in-situ measurements of the RTIL during the deposition process(see
Figure 3.12).

15 ml of the RTIL were given into the tub of mixer-2 and stored in vacuum for one night. The
cluster beam rate at the beginning of the experiment was 0.04 nm/s and at the end 0.005 nm/s. For
the calculation of the deposition amounts a linear decrease of this rate was assumed. The resulting
extinction spectra are shown in Figure 6.6. At an energy of about 4.1 eV there is a cut-off due to
absorptions the RTIL and the mixer. The transmittance decreases for energies above 4.0 eV virtually
to zero. The spectrum of the raw counts for pure BMIM PF6 in the mixer is attached in Figure 6.12.

Figure 6.6: Measured cluster plasmon resonances of Ag clusters in BMIM PF6.

In th extinction spectra, recorded at the beginning of the deposition, the extinction increases rela-
tively fast due to the relative high cluster beam rate at the beginning of the experiment. After about
5 minutes the increase of the heights of the maximum extinction stopped and stayed quite stable up
to about 10 minutes. Then the height and width increase with increasing deposition time. This is
also illustrated in Figure 6.8. The corresponding deposition amounts are between about 76 µg and
126 µg. The amounts of deposited clusters is theoretically proportional to the area below the extinc-
tion spectrum. This dependency is plotted in Figure 6.9. However, the area below the spectra is not
a (ideal) linear function of the approximated deposition amounts. This leads to the assumption that
the cluster current rate did not decrease linearly or that a misalignment of the optics occurred during
the cluster deposition (at about t = 500 s).

A similar behaviour can be observed at the FWHM of the spectra which are plotted in Figure 6.10.
Up to about 5 minutes the FWHM increases with significant scatter. Up to a deposition time of about
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8 minutes the FWHM of the spectra are relatively stable. Above this time, the FWHM of the spectra
increase with time and with the estimated deposition amount.

While the energetic peak position of the extinction is approximately stable (Figure 6.7 dots in
the right plot) it is observable that the flanks of the spectra shift to lower energies with increasing
deposition time/amounts. This is shown in Figure 6.7 in the left plot by normalising the spectra to
an integral of each spectrum between 1.2 eV-4.0 eV.

Figure 6.7: Measured cluster plasmon resonances of Ag clusters in BMIM PF6, normalised to an
integral between 4.0 eV-1.2 eV (left) and smoothed by a Gauss convolution with a FWHM
maximum of 0.05 eV (right). The dots and the bars in the right plot mark the peaks and
the FWHM of the extinction spectra. The colours and order correspond to the legend in
Figure 6.6.

Summarising, the clusters seem to be mostly separated during the deposition. The peak position
does not shift with increasing deposition amounts. This effect normally takes place when electromag-
netic coupling starts. However, the increase of the FWHM and the flank shift for higher deposition
amounts indicate a change of the structure of the clusters. This, in comparison with the observed
aggregation process of clusters after deposition, indicates that first clusters begin to form chain like
structures.

After the deposition also UV-Vis measurements were performed ex-situ using cuvettes and a cuvette
holder. The resulting cluster plasmon extinctions are shown in Figure 6.11. The structure of the
spectra is more complicated. The peak position is still at about the same energy (≈ 2.9 eV) like
during the deposition, also several days after the deposition. The overall extinction drops fast on time
scales shortly after deposition and slowly on time scales of days after deposition. Below an energy of
about 1.8 eV a second peak can be observed. This peak shifts with increasing time to lower energies
and its relative height (height compared to the height of the main peak) increases with time.
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Figure 6.8: Maximum heights of the smoothed extinction spectra of Ag clusters in BMIM PF6, plotted
as function of deposition time (left) and estimated deposition amounts (right).

Figure 6.9: Areas below the curves of the extinction spectra (between 1.2 eV and 4.0 eV) of Ag clusters
in BMIM PF6, plotted as function of deposition time (left) and estimated deposition
amounts (right).

Figure 6.10: FWHM of the smoothed extinction spectra of Ag clusters in BMIM PF6, plotted as
function of deposition time (left) and estimated deposition amounts (right).
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Figure 6.11: Left: Cluster plasmon resonance spectra of Ag clusters in BMIM PF6 at different time
steps after deposition, labelled by dd-hh-mm. Right: The same spectra as functions of
wavelength, normalised to the area under each curve between 350 nm and 500 nm and
plotted with an increasing offset.

Figure 6.12: Spectrum of the raw counts of
BMIM PF6 in the mixer before
deposition was started.

6.1.4 Influence of the purity of BMIM PF6 on the Ag cluster plasmon shape

It was observed that the aggregation process of Ag clusters deposited into BMIM PF6 was influenced
by the kind of the purchased batch. In our first experiments (see section 6.1.2, BMIM PF6 purchased
from Carl Roth GmbH + Co. KG, batch nr. 20896717, with a purity ≥ 99, in the following called
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RTIL 1 ) a strong cluster plasmon with small FWHM was observed still several hours after deposition.
In later experiments (see section 6.1.3, BMIM PF6 purchased from Carl Roth GmbH + Co. KG,
batch nr. 323203553, with a purity ≥ 99, in the following called RTIL 2 ) the FWHM is already larger
during the deposition. This is shown in Figure 6.13. The dashed lines represent cluster plasmons of

Figure 6.13: Ag cluster plasmon resonances of Ag clusters in RTILs (see text), normalised to 1. The
black curve was recorded during the deposition (30 s after the deposition started) of
clusters into RTIL 2. The dashed curves represent plasmon resonance measurements
after the deposition (hh:mm) of clusters into RTIL 1.

Ag clusters in RTIL 1 measured after deposition. The solid black line represents a cluster plasmon of
Ag clusters in RTIL 2 recorded during the deposition process (30 s after the deposition started). The
heights of the plasmons were normalised to 1.

About 3 hours after deposition, the FWHM of the plasmon of the Ag clusters in RTIL 1 is narrower
than the FWHM of Ag clusters in RTIL 2 recorded during deposition. The FWHM in RTIL 1 for
times earlier than 3 hours after deposition is expected to be even narrower. With increasing time
the FWHM of the Ag clusters in RTIL 1 increases which is explained by the ongoing aggregation
process of the clusters. About 4 hours after deposition the FWHM in RTIL 1 approaches that of the
clusters measured during deposition in RTIL 2. If an aggregation process which starts on a time-scale
of seconds in RTIL 2 is excluded, the different FWHM of the Ag cluster plasmon in both RTILs may
be explained by the chemical interface damping [Hövel et al., 1993] which is more intense for RTIL 2
than for RTIL 1.

113



6.2. Influence of the addition of chemical agents to the Ag clusters in BMIM PF6

6.2 Influence of the addition of chemical agents to the Ag clusters in
BMIM PF6

The observed aggregation processes of the Ag clusters in BMIM PF6 lead to various attempts to
stabilise the clusters in the liquid. One was the addition of chemical agents to the RTIL-cluster-
sample. It was shown by DASH and SCOTT that the presence of low levels of 1-methylimidazole can
stabilise Au nanoparticles which were produced by synthesis in BMIM PF6 [Dash and Scott, 2009].
This observation can be transferred to Ag nanoparticles due to their similar properties (for example
their isoelectric structure) and the experiments of CARTER et al. who reported the adsorption of 1-
methylimidazole on Ag surfaces [Carter et al., 1998]. The second stabilisation agent was dodecanethiol.
Dodecanethiol was used to stabilise Ag nanoparticles in a synthetic production by digestive ripening
[Smetana et al., 2005] and also to stabilise Au nanoparticles produced by sputtering Au atoms into
BMIM PF6 [Khatri et al., 2008]4. The previous made observations on the strong sulphur-Ag-cluster-
interaction lead to the assumption that a chain like hydrocarbon molecule with a sulphur head group
exhibits excellent capping properties.

6.2.1 Addition of 1-methylimidazole and dodecanethiol after deposition

In a first experiment the interaction of Ag clusters in BMIM PF6 with 1-methylimidazole and dode-
canethiol was investigated using UV-Vis measurements. The BMIM PF6 was purchased from Carl
Roth GmbH + Co. KG, batch 323203553 with a purity ≥ 99 %. The liquid was dried in a vacuum
oven for about 3 hours at 100 ◦C. 22 ml were placed in the tub of the mixer over night. The deposition
lasted for 4 minutes at a mean cluster current rate of about 0.09 nm/s. The deposited mass was
158.4 µg. After the deposition three samples were prepared: One original sample without the addition
of any chemical agents. One sample (3 ml) was mixed with 4 µl dodecanethiol and another one (3 ml)
with 6 µl 1-methylimidazole. To cause an interaction between the Ag clusters and the stabilisation
agents the samples were shaken and put in an ultrasonic bath at room temperature for a few minutes.

(a) original (b) 1-methylimidazole (c) dodecanethiol

Figure 6.14: UV-Vis spectra of Ag clusters deposited into BMIM PF6 without and with low levels
of different stabilisation agents. The spectra were recorded at different time steps after
deposition, labelled by dd-hh-mm.

The results of this experiments are shown in Figure 6.14a for the original sample, in Figure 6.14b
for the sample with 1-methylimidazole and in Figure 6.14c for the sample with dodecanethiol. The
spectra exhibit the same kind of structure like observed in the experiments discussed above. The
structures of the spectra do not differ from each other. The addition of the 1-methylimidazole or
dodecanethiol did not cause any changes of the spectra and thus no stabilisation effects. This could

4Here BMIM PF6 was replaced from the Au clusters by dodecanethiol.
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be due the extremely low amounts of the chemicals which were added. It was also observed that the
most aggregation processes, using this type of BMIM PF6, took place on time scales below 1 h 45 min
(Figure 6.11). Thus it seems to be promising to add the chemical agents to the BMIM PF6 before
starting the deposition. This was tried with dodecanethiol and is discussed in section 6.2.2.

6.2.2 Addition of dodecanethiol before deposition

In this experiment 50 µg dodecanethiol were added to 20 ml BMIM PF6
5 and filled into the tub of

the mixer and put over night into the evacuated experimental chamber. Pure BMIM PF6 of the same
kind was used as a reference sample. The deposition lasted 12 minutes at a mean deposition cluster
current of about 0.11 nm/s. The deposited cluster mass was 603.3 µg.

Figure 6.15: Pictures of the mixer during the deposition. The reddish colour of the RTIL with the
deposited Ag clusters is clearly visible.

The colour of the liquid changed during deposition from yellowish to reddish. Also the formation
of macroscopic black coloured aggregates could be observed. Pictures of the liquid during deposition
are shown in Figure 6.15. The reddish colour is a remarkable observation because the typical colour
of silver nanoparticles without dodecanethiol in BMIM PF6 is yellow. The red colour indicates a
shift of the cluster plasmon resonance to lower energies. For comparison, the red colour of gold
nanoparticles in aqueous solutions can be assigned to a plasmon resonance energy of about 2.42 eV
while the corresponding plasmon resonance energy of Ag nanoparticles is at about 3.10 eV [Quinten,
2010]. This shift could be explained by a chemical reaction between the sulphur head group of the
dodecanethiol with the surface atoms of the Ag clusters.

After deposition the colour of the sample lost its intensity and differed no longer significantly from
the colour of other samples prepared during previous performed experiments. Also a striking yellow
colour was not observed. The ex-situ performed cluster extinction measurements are shown Figure
6.16. The peak of the cluster plasmon resonance spectra is between 2.8 eV and 2.9 eV and thus at about
the same position like in the previous discussed experiments. The second peak at the low energetic
flank is suppressed. However, the width of the plasmon is broader. These observations indicate that
the clusters aggregated. It is possible that these aggregated Ag clusters also comprised sulphur atoms
which would cause the broadening of the plasmon signal.

5purchased from Carl Roth GmbH + Co. KG, batch 323203553 with a purity ≥ 98 %
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Figure 6.16: UV-Vis spectra of Ag clusters deposited into BMIM PF6 with low levels of dodecanethiol,
added before deposition started. The spectra were recorded at different time steps after
deposition, labelled by dd-hh-mm.

6.3 Ag L2 XANES spectroscopy on Ag clusters in BMIM PF6

For the investigation of the electronic structure of Ag clusters in BMIM PF6 also XANES experiments
on the Ag L2 absorption edge were performed at ID26 at the ESRF. The measurements were performed
using a sample cell which can be cooled or heated to a fixed temperature between 0 ◦C and 100 ◦C.

Two samples were investigated. The first sample consisted of high amounts of clusters which ag-
gregated to crystals with a bulk like structure. The second sample consisted of partly aggregated or
agglomerated clusters with a lower amounts of deposited clusters.

6.3.1 Electronic structure of Ag crystals in BMIM PF6, formed by aggregation of
deposited clusters

To get first information about XANES experiments on Ag particles in RTILs, a sample with known
electronic structure and an expected relatively strong fluorescence signal was investigated. The sample
was produced as following: BMIM PF6 was purchased from Carl Roth GmbH + Co. KG (batch nr.
20896717, with a purity ≥ 99 %), degassed in a vacuum oven for about 3 hours at about 120 ◦C and
∼ 27 ml stored in the tub of the mixer (section 3.2.4) for about two days under vacuum conditions.
The deposition was performed by two steps. First about 1902 µg were deposited by a mean cluster
rate of 0.285 nm/s during 15 minutes. In the second step about 1301 µg were deposited by a mean
cluster rate of 0.195 nm/s during 15 minutes. Thus about 3.2 mg were deposited. The sample was
stored over months under normal conditions. The deposited Ag clusters aggregated to bigger particles
with approximately µm length scales. The results of the XANES measurements are shown in Figure
6.17.

A first measurement was performed at a pure sample without any additives (red curve). The second
measurement was performed on a sample prepared by adding several volume percent of dodecanethiol.
To give the dodecanethiol the possibility of interacting with the silver surface, this sample was shaken
and ultrasonic bathed for several minutes before the measurement was started. The motivation was to
get information about possible interactions between the silver crystals and the chemical environment
and how it influences the XANES spectrum.

The recorded spectra (smoothed using a Gauss convolution with FWHM of 1 eV) look very similar
to the reference spectrum of a silver bulk. Every feature observable in the reference spectrum is
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Figure 6.17: Ag L2 XANES spectra of Ag micro crystals formed by aggregation of Ag clusters in BMIM
PF6 during and after deposition. The addition of dodecanethiol to the sample seems to
have no influence to the chemical structure of the Ag clusters.

also present in the Ag crystal spectra. Modulations of the recorded spectra of the Ag crystal can
be assigned to statistic effects and lie in the borders of the error bars. The very weak shift of the
absorption edge cannot be assigned to a chemical effect. For the interaction of dodecanethiol with Ag,
a charge transfer from Ag to the dodecanethiol is expected and thus a shift to higher binding energies.
It is possible that effects like charge transfer cannot be detected due to the small surface to volume
ratio of those crystals. It should be mentioned that no influence of the ionic liquid to the structure of
the formed crystals could be observed by the XANES spectra.

6.3.2 Electronic structure of partly aggregated and agglomerated Ag clusters deposited
into BMIM PF6

The second sample which was produced for the beamtime consisted of partly agglomerated and ag-
gregated Ag clusters deposited with a mean cluster current rate of about 0.077 nm/s for about 14
minutes into 20 ml BMIM PF6 purchased from Carl Roth GmbH + Co. KG (batch nr. 323203553,
with a purity ≥ 99 %). The total deposited mass was 479.6 µg. During the deposition a filament was
heated next to the mixer resulting in an electron current of 1 mA from filament to mixer. However,
an effect on the stability of the cluster in the RTIL due to ionisation effects could not be observed.
The sample was stored between 4 ◦C and 8 ◦C to diminish further aggregation processes.

Pre-investigation using UV-Vis

The sample was investigated during the beam time ex-situ at the beamline using the portable lab-
oratory spectrometer described in section 3.3.1. Pure, untreated BMIM PF6 was used for reference
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measurements. The sample with the Ag clusters in BMIM PF6 was measured twice before starting the
XANES measurements and exposing the sample to the X-ray beam. The resulting spectra are shown
in Figure 6.18. The shapes of the spectra are similar to the shapes of the spectra discussed above. The

Figure 6.18: UV-Vis extinction spectra of partly aggregated and agglomerated Ag clusters in BMIM
PF6, measured ex-situ before exposing the sample to X-ray radiation. The sample was
not diluted thus the overall extinction is relatively high.

peak of the extinction is at about 2.9 eV. The high overall extinction follows from diffuse scattering
and absorption of polydisperse big particles in the sample, caused by partially aggregated clusters.
This is especially indicated by the extinction of about 0.35 in the infrared range. The “peak” at about
5 eV is caused by a cut-off of the strongly increasing extinction. The peak and the dip between 4 eV
and 4.5 eV is caused by differences between the RTIL of the sample and the reference (see Figure 6.1).

Ag L2 XANES spectroscopy of partly aggregated and agglomerated Ag clusters deposited into
BMIM PF6

The samples cells with the Ag clusters in the RTIL were cooled down to about 4 ◦C during the
measurements to minimize further aggregation processes. The fluorescence yield was very low during
the measurements due to the small penetration depth of the X-rays into the RTIL.6 Thus the scan
range was narrowed to the pre-edge region to decrease the measurement time for a single spectrum.
However, the measurement time was about 18 hours for the first measurement (red curve). For the
second (green curve) and third (blue curve) measurement time was decreased to about 6 and 10 hours,
respectively. The measurement of a single spectrum took 10 minutes. The recorded and added up
spectra were smoothed by a Gauss convolution with a FWHM of 1 eV and normalised to the integral
between 3.520 keV and 3.554 keV. The resulting spectra are shown in Figure 6.19.

The spectrum of the first measurement on the pure sample of Ag clusters in BMIM PF6 without
any additional agent differs clearly from the corresponding bulk reference spectrum. The structure of
the spectrum is less pronounced than that of the bulk reference sample. A similar behaviour was also
observed for separated clusters deposited into silica aerogel (section 5.2.2). Even though the clusters

6For an energy of 3.5 keV the transmission of the X-ray beam through 1µm BMIM PF6 is 97.5 %. With increasing
depth the transmission decreases drastically: 10µm→ 77.6 %, 100µm→ 7.9 %, 1 mm→ 0 %.
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Figure 6.19: Ag L2 XANES spectra of partly aggregated and agglomerated Ag clusters deposited
into BMIM PF6. After the first measurement (red curve), a few volume percent of
dodecanethiol were added to the sample and measured again (green curve). A second
measurement on a pure sample was started to check the observations (blue curve).

have the optical properties of aggregated or agglomerated clusters, the XANES spectra obviously
indicate separated clusters. Remarkable is the dip at about 3.534 keV which was not observed in the
spectra of Ag clusters in silica aerogel.

The spectrum of the same sample after the addition of dodecanethiol is shown by the green curve
in Figure 6.19. This curve shows approximately the same characteristics like the spectrum of Ag
clusters in pure ionic liquid. However, the relative height of the absorption edge at about 3.5265 keV
is increased. PADMOS and ZHANG reported a slight increase of the Ag L3 white line of dodecanethiol
protected Ag clusters [Padmos and Zhang, 2012].7 Also LÓPEZ-CARTES et al. reported a similar
behaviour for the Au L3 absorption edge of dodecanethiol stabilised Au clusters [López-Cartes et al.,
2005]. While the increase of the absorption line in Figure 6.17 was in the borders of the statistical error,
an influence of the additionally given dodecanethiol to the height of the absorption edge could now not
be fully excluded. Nevertheless, one of the most striking characteristics, a shift of the absorption edge
to higher binding energies (as discussed in section 5.2.4) in the case of a chemical reaction between
the Ag clusters and sulphur atoms, could not be observed in the present spectrum.

Finally, the reiterated presence of the dip at about 3.534 keV confirms a modification of the elec-
tronic structure of the Ag clusters in BMIM PF6 compared with those in silica aerogel. The control
measurement on Ag clusters in pure BMIM PF6 (blue curve) confirms the observations discussed
above. The spectrum seems to contain a significant background signal and no additional information
except the reproduction of the dip at about 3.534 keV.

7These clusters were produced synthetic, purified, solved into toluene and a drop of this solution was placed for XANES
experiments onto an aluminium plate, allowed to dry.
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Post-investigation of Ag clusters in BMIM PF6 after X-ray exposition

After XANES measurements the samples switched their colour from grey to yellow (insets Figure
6.22a and Figure 6.22b). This leads to the question what happened with the samples during the X-ray
exposition. Thus the samples were post-investigated by UV-Vis measurements. The results are shown
in Figure 6.20a. The red curve is the spectrum of the sample directly after XANES measurements. The

(a) The solid curves show the extinction spectra, the dashed lines the corre-
sponding raw transmission spectra and the dotted lines the correspond-
ing reference signal (both given by counts/(3 ·104). A peak is observable
at about 3.1 eV (figure on the bottom right).

(b) Illustration of a peak shift
(simulated cluster plas-
mon of an Ag cluster
in vacuum) caused by
a linear increasing back-
ground.

Figure 6.20: UV-Vis spectra of the investigated sample after XANES measurements. The peak at
about 3.1 eV could be explained by a shift of the peak in Figure 6.18 caused by the
superimposition with an increasing background, shown in (b).

background extinction in the range below 1.5 eV is of the same magnitude as observed before exposing
the sample to the X-ray beam. But the extinction increased drastically up to a not detectable limit
(extinction > 2), thus the samples had to be diluted with pure BMIM PF6.

After the dilution a strong peak is observable between 4.0 eV and 4.2 eV. This is at about the same
position where a peak also was observed before X-ray exposition. This peak was suggested to be a
consequence of different purities of the sample with the Ag clusters and a pure BMIM PF6 sample
used for reference spectrum. However, the high intensity of this peak speaks against the assumption
that this extinction could be caused by impurities. This is confirmed by having a look at the raw
spectra in Figure 6.20a. The raw intensity (counts) of the undiluted sample decreases to zero above an
energy of about 3.25 eV. This cannot be explained by typical impurities of the sample. With increasing
dilution this cut-off shifts to higher energies. For a strong dilution this cut-off shifts above an energy of
5 eV. Above this energy the technically possible detection limit is reached and the extinction increases
before it falls down to zero.

There is also a small peak at about 3.1 eV. This peak is similar to those peaks observed in the
experiments discussed above. The shift from about 2.9 eV to 3.1 eV could be a consequence of the
superimposition of the corresponding cluster extinction spectrum with an increasing background. Such
a shift is illustrated in Figure 6.20b on the example of an Ag cluster plasmon resonance (Ag cluster
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with a diameter of 2 nm in vacuum), superimposed by a linear increasing function. With increasing
slope also the maximum position of the peak shifts to higher energies. However the extremely small
FWHM of the peak superimposed on the background at 3.1 eV in Figure 6.18 does not fit to a cluster
plasmon.

The high extinction and the yellow colour of the sample could be explained by three hypotheses:
1) Changes of the structure of BMIM PF6 due to X-ray beam exposition. 2) Fragmentation of the
Ag clusters or the cluster aggregates/agglomerates in the sample due to X-ray beam exposition. 3) A
combination of both. Point 1) and 2) are discussed in following.

Figure 6.21

1) During the control measurement (blue curve in Figure 6.19) the colour of
the sample was checked a couple of times. After about 7 hours of illumination
the sample occurred yellowish (Figure 6.21). Such an effect could not be ob-
served at the sample with Ag crystals in BMIM PF6 after the same illumination
time under the same conditions. This leads to the assumption that the changes
of the colour and the strong extinction are not caused directly by X-ray beam
damages to the RTIL.

The decomposition of BMIM PF6 molecules by photo electrons out of the M,
N or O shells of cluster atoms can also be excluded because these effect would
also take place in the Ag crystal sample.

In contrast, the decomposition of BMIM PF6 molecules due to heat which is produced by X-ray
cluster heating can not be excluded completely. Here a higher temperature is expected for the clusters
than for the crystals because of the lower degrees of freedom in clusters than in crystals. At high
temperatures the structure of the RTIL is able to change.

2) Separated, aggregated and agglomerated clusters might be fragmented into smaller nano clusters.
This would explain why the recorded XANES spectra look similar to those of separated clusters
with deviations to the electronic bulk structure. Corresponding to these observations the intense
extinction peak can be explained by the plasmon resonances of Ag clusters consisting out of less than
10 atoms [Harbich et al., 1992,Tiggesbäumker et al., 1993,Liebsch, 1993].

(a) before exposition to X-ray beam (b) after exposition to X-ray beam

Figure 6.22: TEM images of Ag clusters in BMIM PF6. Photos of the samples, before and after
exposing to X-ray radiation, are shown by the inlets.

To get more information on the processes which could have taken place during the X-ray exposition
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also transmission electron microscopy (TEM) images were recorded by M. MEURIS8. Two generic
TEM images are shown in Figure 6.22. More TEM pictures are shown in the appendix 8.5.

The TEM image of the sample before the exposition to X-ray radiation is shown in Figure 6.22a and
after the exposition to X-ray radiation is shown in Figure 6.22b. It should be noticed that the TEM
samples were produced by solving the RTIL with the clusters in 2-propanol before placing them on
a TEM grid. Thus aggregations, caused by this process, cannot be excluded. The clusters in Figure
6.22a have a typical diameter of several 10 nm. The colour of this sample is shown in the picture of
the inlet in Figure 6.22a. In contrast the typical diameters of the clusters in the TEM picture after
exposing the sample to the X-ray beam (Figure 6.22b) are below 5 nm. The fragmenting impact of
the X-ray beam to the clusters in BMIM PF6 is therefore clearly revealed.

In an additional experiment the influence of the temperature to colour changing effect was inves-
tigated. For that the sample was measured three times for always 1 hour at 24 ◦C, 40 ◦C and 60 ◦C
and UV-Vis measured after each XANES sequence. After the total 3 hours of illumination the sample
changed its colour into yellow. The spectra of the UV-Vis measurements are shown in Figure 6.23. It

Figure 6.23: UV-Vis extinction spectra of Ag clusters in BMIM PF6, recorded during XANES measure-
ments (ex-situ). The green (after 1 hour at 24 ◦C) and the red curve (after an additional
hour at 40 ◦C) were multiplied, for a better comparability with the blue curve (after
increasing the temperature to 60 ◦C for another hour), by a factor of 25.

is observable that the spectra recorded after the first hour at 24 ◦C differs from those recorded before
starting XANES measurements (Figure 6.18). After the second hour at 40 ◦C the spectrum changed
again. However, after an additional hour at 60 ◦C the spectrum is similar to those recorded after
several hours X-ray beam exposition at 4 ◦C. Thus the effect is accelerated at higher temperatures.
This insight supports both thesis:
1) In the case of clusters induced temperature enhancement, which causes structural changes of the
RTIL, the lower temperature of 4 ◦C counteracts the heating of the clusters environment.
2) In the case of cluster fragmentation the higher temperature of the RTIL lowers its surface tension and
viscosity. Thus the cluster fragments can diffuse faster in the RTIL and more aggregated/agglomerated
clusters can be illuminated by the X-ray beam.

8Fakultät Bio– und Chemieingenieurwesen, TU Dortmund. The microscope had a resolution of 0.2 nm.
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Finally, to check the influences of the X-ray beam and the sample temperature to the RTIL, a cell
was filled with pure BMIM PF6 and exposed for about 70 minutes to the X-ray beam at 60 ◦C. Here
no changes of the colour of the RTIL could be observed.
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6.4 Summary and discussion of Ag clusters deposited into BMIM PF6

The experiments showed that it is possible to deposit clusters into RTILs. This is of fundamental
interest because most experiments in this field of research deal with using RTILs for the production
of clusters [Kuwabata et al., 2010, Dupont and Scholten, 2010]. This opens the field to deposit pre-
functionalized clusters like mass selected clusters without the use of any additional chemicals.

The stability of Ag clusters deposited into BMIM PF6 is still a problem. The most promising
approach is to use ionic liquids with definite purity. Within the first experiments performed during
this work, the clusters started aggregation after several hours (Figure 6.5), in the following experiments
aggregation was observed already during the deposition process (Figure 6.7) or shortly (∼ 1 h) after
the deposition stopped (Figure 6.11). Parameters like degassing time, cluster deposition rate and
mixer speed did not influence the process noticeably. The batch of the RTIL which was purchased
at the first experiments could not be purchased again. This seems to be the most striking difference.
Here it should be noticed that the RTILs store water (Figure 6.2) from the environment which may
have dramatic effects on the stability of metal clusters in the RTIL.

However, the UV-Vis measurements lead to the assumption that the clusters do not only aggregate.
It seems to be more probably that the clusters form agglomerates in the shape of short chains with
angles between the clusters. The XANES measurements on those samples confirm this assumption
because no bulk structure could be observed (Figure 6.17). Only after the deposition of very high
amounts (∼ 102 µg) the clusters aggregated to crystals with bulk like electronic structures (Figure
6.17).

It was observed that low temperatures of the RTIL decelerate the aggregation process, probably due
to the higher viscosity [Jacquemin et al., 2006] of the RTIL and thus lower mobility of the clusters.

Figure 6.24: Comparison of the Ag L2 XANES spectra of Ag clusters in BMIM PF6 and aerogel to
the Ag L2 and L3 XANES spectra of an Ag bulk references. The spectra were shifted to
the absorption edge position of the Ag bulk. The Ag L3 XANES spectrum was extracted
from [Sham, 1985].

The XANES spectra of the Ag clusters in BMIM PF6 look very similar to those of separated Ag
clusters in silica aerogel. Thus it is clear that the measured spectra indicate the uDOS of single
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Chapter 6. Results of experiments on Ag clusters in BMIM PF6

clusters with diameter of about 2 nm or smaller. The absence of the typical bulk structures 2, 3 and
4 (transitions of the photoelectron into pd hybrid orbital) indicate a deviating electronic structure to
Ag crystals. Further, there is an additional dip about 9 eV behind the absorption edge (Figure 6.24,
blue and green curves). This structure is not present in the spectrum of separated Ag clusters in silica
aerogel (Figure 6.24, red curve).

The addition of dodecanethiol does not seem to have a significant influence to the spectra. An
expected shift of the absorption edge could not be observed. A small increase of the height of the
absorption edge could be observed for Ag crystals and Ag clusters in BMIM PF6 after adding dode-
canethiol.

Finally the fragmentation of the agglomerates or aggregates by X-ray irradiation could be observed.
As explained above, the XANES spectra can be assigned to those of separated Ag clusters. The
TEM pictures show big structures for the sample which was not exposed to X-ray radiation and small
clusters for the sample which was exposed to X-ray radiation. A beam damage on the BMIM PF6

cannot be excluded. TSUDA et at. reported a process of cluster production where NaAuCl4 was
solved in RTILs with different cations and a bis(trifluoromethanesulfonyl)amide (Tf2N) anion, and
then irradiated by an electron beam or γ-rays. It was observed that especially BMIM cations are
radiochemically unstable and release radicals relatively easy [Tsuda et al., 2009]. Au nanoparticles
produced this way were stable over more than three months. This is in analogy to our observations
where the samples kept their yellow coloured appearance over several months, too.
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7 Summary and outlook

In the present thesis the chemical, structural, optical and electronic properties of Ag clusters with
a mean diameter of about 2 nm were investigated. The cluster were therefore deposited into three
different embedding media. The embedding media were 30 µm thick polydimethylsiloxane PDMS
(polymer), silica aerogel (highly porous solid) and 1-butyl-3-methylimidazolium hexafluorophosphate
BMIM PF6 (room temperature ionic liquid). The investigations were performed using UV-Vis spec-
troscopy, XANES spectroscopy and TEM.

7.1 Ag clusters in PDMS

UV-Vis of the plasmon resonances of Ag clusters deposited into PDMS showed that for deposition
amounts up to about 1 ML the Ag clusters stayed separated. UV-Vis measurements using polarised
light showed that the clusters were weakly distorted after deposition. The axis ratio was about
u = 0.90. This suggests, that the clusters are relatively soft landed into the PDMS. For deposition
amounts of about > 1.5 ML coalescence was observed. The resulting cluster plasmons exhibited a
double peak structure. It is possible to explain this by 3D arrangements, produced with the varying
penetration depths of the clusters into the PDMS. The spectra could be simulated qualitatively with
the model of spheroidal clusters.

In experiments, where the cluster/PDMS sample was exposed to H2S, it was observed that the
clusters reacted with the sulphur. The resulting cluster plasmon resonance spectra could be simulated
by a core-shell model with Ag core and Ag2S shell. It was observed that the reaction is a surface
sensitive effect and is weaker for coalesced clusters with lower surface to volume ratios. After a first
initial fast reaction of the clusters, a decrease of the reaction speed was observed.

7.2 Ag clusters in SiO2 aerogel

Using SiO2 aerogel as embedding material enabled the deposition of high amounts of cluster material
before risking coalescence. For deposition amounts of about 1 ML, the clusters were assumed as
separated. With increasing deposition amounts up to about 3 ML, weak changes in the Ag L2 XANES
spectra could be observed. With increasing deposition amount the spectra were more similar to an
Ag bulk reference. For deposition amounts of about 10 ML the spectrum is similar to that of an Ag
bulk.

Comparing the Ag L2 XANES spectrum of the coalesced clusters (10 ML) with those of the sepa-
rated clusters, peaks at about 2.527 keV, 2.530 keV and 2.543 keV (2 eV, 5 eV and 18 eV behind the
absorption edge, respectively) are absent. These peaks assigned to transitions into the pd-hybrid
band. Corresponding Ag L1 XANES spectra (final state p orbital) exhibited the same structure as
an Ag bulk reference. Thus it is assumed that the uDOS of d orbitals in single Ag clusters (2 nm
diameter) is changed as compared to bulk material. Experiments on oxidised Ag clusters could be
used to confirm these observations. A pronounced dip at about 3.528 keV in the spectra of oxidised Ag
clusters provides the hypothesis that the valence bands have a weaker overlap in this energy region,
resulting in a weaker DOS and uDOS.

The Ag clusters oxidised within a few minutes at air under X-ray exposition. Comparing the Ag L2

XANES spectra of oxidised (30 minutes at air during X-ray exposition) coalesced clusters with that of
an Ag2O reference sample, differences between the spectra can be observed, while the spectra before
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7.3. Ag clusters in BMIM PF6

starting oxidation were similar to a bulk silver reference. This leads to the conclusion that passivation
effects takes place on silver, so no complete reaction to Ag2O takes place. The oxidised states could
be destroyed by X-ray exposition under vacuum conditions. The resulting spectrum is similar to the
spectrum before oxidation, thus the process is reversible.

A similar behaviour was observed for the sulfidation of Ag clusters. The Ag2S XANES signal
disappeared when measuring the samples in vacuum with X-rays. However, this may be used to
design devices which can convert H2S + 2Ag → Ag2S + H2 by exposing Ag clusters to H2S and
reactivate them by exposing them to X-ray radiation in vacuum.

7.3 Ag clusters in BMIM PF6

The experiments on Ag clusters in BMIM PF6 in the present thesis are one of the first experiments
where completely formed clusters were deposited into a room temperature ionic liquid. It was shown
that it is possible to deposit Ag clusters into BMIM PF6 and investigate them during and after
deposition.

In the performed experiments agglomeration and aggregation of Ag clusters in the RTILs was ob-
served, with a significant variation for different individual batches of RTIL from different manufactures.
During the experiments big aggregates precipitated and were not investigated. UV-Vis spectroscopy
lead to the assumption that the clusters agglomerated. Ag L2 XANES spectroscopy on these samples
showed that the clusters exhibited an electronic structure similar to those of separated clusters. The
XANES spectra are probably also influenced by a fragmentation of the clusters. The fragmentation of
the agglomerated clusters was confirmed by TEM measurements. Ag L2 XANES measurements on big
aggregated crystal-like Ag clusters exhibited a bulk-like signal. Fragmentation processes could not be
observed at these samples. The fragmentation of the Ag clusters in BMIM PF6 was accompanied with
a change of the sample colour from grey to yellow. UV-Vis spectroscopy showed a strong extinction at
about 4.1 eV. The process of the changing colour could be accelerated by increasing the temperature
of the sample during X-ray exposition. The yellow colour of the samples exposed to X-ray radiation
was stable over months.

Since RTIL itself seems to be stable during X-ray exposition, it would be interesting to produce
extremely small Ag clusters by this kind of radiolysis. Ag clusters can be deposited into various
species of RTILs using THECLA and illuminated at beamline BL1 of DELTA. The size of the clusters
could be tuned by the intensity of the X-ray beam and the illumination time. XANES experiments at
those samples would yield further information of the size depending electronic structure of Ag clusters.

Performing in-situ UV-Vis experiments during cluster deposition into various species of RTILs can
yield information on the chemical interface damping and also the aggregation/agglomeration pro-
cesses. Especially for RTILs with large anions a weaker anion-cation interaction and thus a stronger
cation-metal-cluster interaction is expected. Those experiments can be extended by the addition of
various chemicals which are used as stabilisation agents. Also the influence of water impurities and
the viscosity of the RTIL to the deposition process is of interest. This can be checked by heating the
mixer before and during the deposition process.

7.4 Free-beam experiments

Currently also free-beam experiments with synchrotron radiation are proposed. THECLA is would be
connected to a beamline at PETRA III (DESY in Hamburg) and X-ray experiments performed at free
clusters. By comparing those experiments with the experiments presented in this thesis, information on
the influence of the embedding medium to the electronic structure of the clusters should be available.
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8 Appendix

8.1 Height of a cluster monolayer

Figure 8.1: Cluster in hexagon dense package.

A cluster monolayer in a hexagon dense package can be derived by the volume of the layer V = A ·h =
n · Vc. This is the volume of n clusters with the cluster volume Vc. The effective layer thickness h is
then given by

h =
n · Vc
A

.

Corresponding to the green triangle in Figure 8.1 the mean surface of n = 3 clusters with radii R is
given by

A =
√

3 ·R2 .

At last it has to be considered that every of the three atom take only part to the whole volume with
a sixth of its own volume. From this it follows:

h =
3 · 1

6
4
3πR

3

√
3R2

≈ 1.21R .

8.2 Construction sketches of the mixers

129



A-
A 

( 
1 
: 1

 )
B-

B 
( 
1 
: 1

 )

A
A

BB

e1
.13

18
.0
3.
12

Zc
hn

g.
-N

r.
Pr

ob
en

pr
ep

ar
at

io
ns

-
Cl
us

te
r

Pa
ss

ma
ß

Ab
ma

ß 
in 

μm

Ma
ßs

ta
b

Be
ne

nn
un

g
Ge

pr
üf

t
Ge

ze
ich

ne
t

Da
tu

m
Na

me

W
er

ks
t./

St
of

f-
Nr

.:
Ob

er
fl
äc

he
ns

ch
ut

z:
Ka

nt
en

 g
eb

ro
ch

en
/e

nt
gr

at
et

Fr
ei
ma

ßt
ol
er

an
ze

n:
 IS

O 
27

68
 -

 m

Ra
uh

ei
ts

gr
ad

Ra
(μ
m)

N2
N3

N4
N5

N6
N7

N8
N9

N1
0

0,
05

0,
1

0,
2

0,
8

1,6
3,
2

6,
3

12
,5

29
.0
3.
12

Be
ye

r

1:1

0,
4

t
e
c
h
n
i
s
c
h
e
 
u
n
i
v
e
r
s
i
t
ä
t
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
f
a
k
u
l
t
ä
t

d
o
r
t
m

u
n
d
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
p
h
y
s
i
k

2 20 3 11
-1
3

9-
10 21

22
4

6

5
7

23824

1

St
irn

ra
d 

m=
1

d0
=

10
0

z=
10
0

Kr
on

en
ra

d 
m=

1
d0

=
85

z=
85



A-
A 

 

D-
D 

A
A

 

DD

e1
.13

83
.0
2.
14

Zc
hn

g.
-N

r.

Pr
ob

en
pr

äp
ar

at
io
ns

-C
lu
st

er
(s
ch

ma
le
 A

us
fü

hr
un

g)
Pa

ss
ma

ß
Ab

ma
ß 

in 
μm

Ma
ßs

ta
b

Be
ne

nn
un

g
Ge

pr
üf

t
Ge

ze
ich

ne
t

Da
tu

m
Na

me

W
er

ks
t./

St
of

f-
Nr

.:
Ob

er
fl
äc

he
ns

ch
ut

z:
Ka

nt
en

 g
eb

ro
ch

en
/e

nt
gr

at
et

Fr
ei
ma

ßt
ol
er

an
ze

n:
 IS

O 
27

68
 -

 m

Ra
uh

ei
ts

gr
ad

Ra
(μ
m)

N2
N3

N4
N5

N6
N7

N8
N9

N1
0

0,
05

0,
1

0,
2

0,
8

1,6
3,
2

6,
3

12
,5

25
.0
2.
14

La
ng

e

2:
1

0,
4

t
e
c
h
n
i
s
c
h
e
 
u
n
i
v
e
r
s
i
t
ä
t
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
f
a
k
u
l
t
ä
t

d
o
r
t
m

u
n
d
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
p
h
y
s
i
k

Ho
hl
tr
om

me
l 
u.
 H

al
bs

ch
al
e 

W
er

ks
t. 

1.4
30

1,
al
le
 ü

br
ig
en

 w
ie
 b

ei
 A

uf
tr
ag

: e
1.1

31
8.
03

.12
  Ve

rb
in
du

ng
ss

te
lle

n 
wa

ss
er

di
ch

t 
ge

sc
hw

ei
ßt

Kr
on

en
ra

d
m 

= 
1

do
= 

85
z 

= 
85

St
irn

ra
d

m 
= 

1
do

= 
10
0

z 
= 

10
0

1,5
7

1
2

3

45 6

7

9-
10

11
-1
5

16

21 22

237

M3
x5

M3
x8

M3
x6

M2
,5
x6

M2
,5

M2
x3

24

Ge
wi
nd

e 
un

te
n

ei
ng

es
ch

we
iß
t

Ma
de

ns
ch

ra
ub

en
im
me

r 
2x

90
°

8

20
3

Kr
on

en
ra

d

1.4
30

1



8.3. Background effects for clusters in PDMS

8.3 Background effects for clusters in PDMS

Before the experiment started, optical reference measurements on the empty PDMS substrate were
performed. These measurements can be used to subtract the background signal from the extinctions
of the clusters in PDMS. The technical problem is that between the reference measurements and the
cluster extinction measurements the sample has to be moved out of the optical focus. The restoring
of the previous alignment is only possible up to a limited accuracy. Thus it can happen that after
subtracting the reference signal at position z from the extinction signal at position z, the integrated
extinction is mainly influenced by background signals (Figure 4.2). So, also integrated extinctions
< 0 can be produced, especially when the extinction of the clusters is of the same magnitude like
the extinction and refraction effects of the PDMS. These spectra have to be excluded manually from
further analyses. The deposition amounts then are calculated by the maximum of the deposition
profile (Figure 4.2) which corresponds to the double mean deposition amount of each deposition spot
measured with the crystal oscillator.

The spectra, which were not excluded, are shown in Figure 8.2. In the left haft of the Figure the
spectra are presented which follow by the classical method of background subtraction. This means
that an extinction spectrum at position z is subtracted by a reference spectrum at position z. Nev-
ertheless there is still a background signal in the spectra especially in the energetic region below the
plasmon resonances. To solve this problem a new approach for background subtraction is tested here:
The reference measurements are used as a pool of possible background spectra for each cluster ex-
tinction measurement. The requirements are, that after subtracting a reference curve from a cluster
extinction curve, the signal in the range from 1.2 eV to 1.7 eV should be as small as possible. In this
region the transparency of PDMS is very high and not energy depending. Further the deposited Ag
clusters have no extinction in this region. The theoretically expected signal in this region is almost
zero. Thus from each extinction spectrum every reference spectrum is subtracted. The resulting
spectra, for which the requirements above are fulfilled best, is then chosen for further analysis.

The benefit of this method is that it is also practicable in the case, that there are only limited
information about the positions and alignments of the measurements. The results are presented in
Figure 8.2 b) and d).

To check the efficiency of this method also the background subtraction by using fits of several degrees
were performed: It was tried to fit the background signal in an energetic range of about 1.2 eV−1.7 eV.
By performing a fit of the order zero (mean value), one (linear fit), two (quadratic) or three (cubic)
and subtracting the resulting extrapolated curves should cause a vanishing background. This is done
for clusters in PDMS still in vacuum and after air exposure in Figure 8.3. As a result the fits of first,
second and third order cause deformations of the spectra. Only the subtraction of a constant value
seems to preserve the physical information of the spectra. However the background is reduced less
efficient than with the selection of the reference spectra described above.

These considerations yield information about an appropriate background subtraction method and
also about the sample system itself. The mentioned double peak structure appears in nearly all
spectra independent of the background subtraction method. Thus this is no artefact of an inadequate
background subtraction. For the further discussion, the spectra with background subtracted by the
above represented method using a pool of reference spectra will be used. It should be noticed that in
former experiments, like in the thesis of HOFFMANN, this remnant-background-effect was negligible
due to the less thick and the more homogeneous surface of the PDMS samples produced by spin casting.
This effect can be assigned to refraction of the impinging light and thus increases with thickness and
rawness of the (surface of the) sample.
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Chapter 8. Appendix

Figure 8.2: The cluster plasmon extinctions of Ag clusters in PDMS in vacuum are shown in the
subfigures a) and b) and after exposure to air in the subfigures c) and d). The spectra of
the left side were calculated with the classical background subtraction method: extinction
spectrum at position z subtracted by the reference spectrum at position z. The spectra
at the right side were calculated by using a pool of possible reference spectra for each
extinction spectrum.
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Figure 8.3: Plasmon resonances of Ag clusters in PDMS in vacuum and after air exposure calculated
by background subtraction using a fit up to the fourth order.
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Chapter 8. Appendix

8.4 Single Ag L2 XANES spectra of partly oxidised Ag clusters in silica
aerogel

Figure 8.4: Single spectra of oxidation experiments on Ag clusters in a silica aerogel sample with a
mean deposition amount of about 1.01 ML. First row → p = 2 mbar, second row → p =
1 bar, third row → p = 2 mbar.

135



8.5. TEM pictures

Figure 8.5: Single spectra of oxidation experiments on Ag clusters in a silica aerogel sample with a
mean deposition amount of about 1.53 ML. First row → p = 2 mbar, second row → p =
1 bar, third row → p = 2 mbar.

8.5 TEM pictures
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Chapter 8. Appendix

Figure 8.6: TEM pictures of Ag clusters deposited into BMIM PF6 after X-ray exposition.
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8.5. TEM pictures

Figure 8.7: TEM pictures of Ag clusters deposited into BMIM PF6 before X-ray exposition.
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Bei Herrn Prof. Dr. Metin Tolan möchte ich mich dafür bedanken, dass ich meine Arbeit an seinem
Lehrstuhl anfertigen durfte. An dieser Stelle auch ein großes Dankeschön an die NRW Forschungs-
schule für die finanzielle Förderung im Rahmen des Stipendiums “Forschung mit Synchrotronstrahlung
in den Nano- und Biowissenschaften”.

Herrn Prof. Dr. Thomas Weis danke ich für das Interesse an meiner Arbeit und die Anfertigung
des Zweitgutachtens.
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hat zukommen lassen.

Ein besonderer Dank gilt Dr. Sabrina Hoffmann die THECLA in Dortmund in Betrieb genommen
hat. Ihr, Dr. Stefanie Duffe und Stefanie Roese danke ich für die Unterstützung bei Experimenten
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für die Unterstützung bei Experimenten an den Beamlines BL8 und BL9 im DELTA. Hier auch ein
Dank an Christoph Keutner und Dr. Ulf Berges für das Ausleihen diverser UHV Komponenten.

Herrn Thorsten Witt danke ich für die Inbetriebnahme des Schrittmotors für den Mixer und die Hilfe
bei dutzenden Problemen im Labor. Für die Hilfe bei der Wartung und Beschaffung von Bauteilen
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Herrn Rudloff und dem Konstruktionsbüro sowie Frau Kralemann und der Mechanischen Werkstatt
danke ich für die Konstruktion und Herstellung verschiedener Bauteile für THECLA, sowie ihrer Hilfe
bei Reparaturen.

Herrn Dirk Schemionek und Frau Gisela Pike danke ich für die Modifikation verschiedener Bauteile und
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