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Introduction
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1 | Introduction

“There are no safe paths in this part of the world.
Remember you are over the Edge of the Wild now, and
in for all sorts of fun wherever you go."

— J.R.R. Tolkien, The Hobbit

1.1 Clusters: small is beautiful

The properties of noble metals are size-dependent, provided the dimensions are
on the nanoscale. For larger nanoparticles, with sizes of at least a few hundred
or thousand atoms to ∼100 nm, these properties scale with the particle size. This
can be explained from the increasing fraction of surface atoms with decreasing
particle size. Surface atoms have a lower coordination number than bulk atoms,
and therefore their properties will be different.1 The lower stability of surface
atoms explains the reduction in melting point of Au nanoparticles with decreasing
size.2 Other examples of scaleable properties include electron affinity3, catalytic
activity4, and bond length5. Gold and silver nanoparticles also exhibit surface
plasmon resonance, which is a collective oscillation of the electrons in the particle.
The absorption frequency, and linewidth, depend on the particle size and shape,
which is why solutions of Ag and Au nanoparticles of different sizes have different
colours.6,7 The critical size at which a nanoparticle resembles bulk depends on the
property in question.8

Below a certain size, Au and Ag nanoparticle properties are no longer scaleable.
Instead, the addition of even a single atom can drastically alter the particle’s
properties, as illustrated in Figure 1.1. Such small nanoparticles consist of a
few hundred atoms or less and are called nanoclusters or simply clusters. Their
small size induces quantum confinement effects. Au and Ag clusters have unique
properties that are not found in bulk or in larger nanoparticles. An example is
the structure, which is often not face-centred cubic (fcc) as in bulk. The small
number of atoms also results in discrete energy levels, because the spacing between
energy levels increases with decreasing size. This means that, in contrast to
larger nanoparticles, Au and Ag clusters are not metallic and room temperature
conductivity is not possible.9,10 Instead, clusters have molecular-like electronic
properties, such as a large gap between the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO gap). This leads to multiple UV-Vis absorption
bands11, luminescence12,13, and magnetic properties14,15 not found in bulk or
larger nanoparticles.

An intriguing question is at which size clusters become nanoparticles. When do
the discrete energy levels merge and become (quasi-) continuous bands? When do
distinct UV-Vis absorption peaks make way for plasmon resonance? Conductivity
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1.1 | Clusters: small is beautiful
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Figure 1.1 (a) Schematic representation of the variation in an arbitrary property with
particle size. (b) Schematic energy level diagrams of bulk metal, metallic clusters and
nanoparticles, insulating clusters, and atoms. EF is the Fermi level, δ is the energy gap at
the Fermi level, and kBT is the thermal energy. Figures adapted from16.

becomes possible when the energy spacing at the Fermi level, the so-called Kubo
gap δ, is below the thermal energy. That is, δ < kBT. Here, kB is Boltzmann’s
constant and T the temperature. The gap δ is the reciprocal of the density of states
at the Fermi level. It can be shown that δ ≈ EF/N , where EF is the Fermi level and
N the number of atoms. The Fermi level of Au and Ag is ∼5 eV below the vacuum
level, which gives a critical size of 200–300 atoms.15

Experimentally, the transition between molecular-like and bulk-like electronic
structure was determined to occur between 114 and 152 atoms for Ag17, and
between 144 and 187 atoms for Au18, in both cases by observing how the UV-Vis
absorption spectrum changed with size. For the Au clusters, a structural transition
was also observed: for ≥ 187 Au atoms, the particles had fcc structures, while the
smaller particles had icosahedral or Marks decahedral structures. Both studies
used clusters capped by thiolate ligands, which will be discussed in more detail
below.

A further difference between Ag/Au nanoparticles and clusters is that the
latter can be prepared with atomic monodispersity. They do not have an average
size with a polydispersity, but can be represented with definite chemical formulas,
like organic molecules and organometallic compounds. Clusters are commonly
made with Au11,15 or Ag12,19, though metals such as Cu and Pt are also used.20,21

There has been significant progress in the development of synthesis protocols over
the last decades, and a number of Ag and Au clusters can now be prepared on a
gram-scale with high purity.22,23
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1 | Introduction

A note on terminology There is no clear definition of the term cluster. It is
sometimes used to describe nanoparticles up to 100 nm.24 In most cases, however,
and in this thesis, noble metal clusters are defined as nanoparticles with a size
below ∼2 nm, with a discrete electronic structure. The terms cluster and nanocluster
are often used interchangeably. Other terms that can be found in literature include
noble metal quantum dot25, noble metal molecule26,27, and aspicule28. The latter is
formed by combining the words molecule and aspis (Greek for shield), to stress the
importance of ligands for cluster stability and properties. The term cluster has also
been used to describe species with a constant ligand-to-metal ratio, like Pt-thiolate
crowns.29 These consist of rings with alternating Pt and thiolate ligands. As there
are no Pt−Pt bonds, we do not consider these species clusters in this thesis, despite
their atomic monodispersity. We define clusters as species with a compact metal
core with metal-metal bonds, although this criterion may not hold for the smallest
clusters studied, in Chapter 5.

The magic of cluster stability

The (near) atomic monodispersity of particular clusters can be explained by their
high stability when compared to clusters of slightly different sizes.30 The most
stable clusters are termed magic size clusters and their stability can have both
electronic and geometric origins.11

High geometric stability is achieved when the cluster consists of complete
shells of atoms, which results in the maximum average coordination number. The
number of atoms required to form complete shells depends on the cluster geometry.
For tetrahedral clusters, the first four magic numbers are 4, 10, 20 and 35, while for
icosahedral clusters they are 13, 55, 147 and 309.31 Geometric magic numbers are
observed for instance in gas phase sodium clusters.32

The electronic origins of stability are explained by superatom theory, where the
cluster is described as a superatom with a charged nucleus and a certain number
of delocalised valence electrons. These occupy superatom orbitals. Superatom
orbitals are, in order of increasing energy, 1S2, 1P6, 1D10, 2S2, 1F14, ... , where
the letter denotes the angular momentum in the same way as for atomic orbitals.
There is no restriction on the angular momentum quantum number for superatom
orbitals.33 Superatom theory predicts that the most stable clusters are those with
filled orbitals, just like the noble gases in the periodic table. Therefore, electronic
magic number clusters are those with 2, 8, 18, 20 and 34 electrons. The superatom
electrons are the valence electrons of the atoms that make up the cluster. For
Na, these are the 3s electrons. For Au and Ag, they are the 6s and 5s electrons,
respectively.34 Since bothAg andAu contribute 1 electron to the superatom orbitals,
for a bare, neutral cluster the number of electrons equals the number of atoms.
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1.1 | Clusters: small is beautiful

As early as 1984, the superatom concept was used to explain the high abundance
of certain Na cluster sizes in mass spectrometry. Similar observations were later
made for K, Cu, Ag and Au.35,36

The work in this thesis focuses on ligand-protected Au and Ag clusters, where
the ligands are thiolates (abbreviated SR). Electronic and geometric stability are
both affected by the presence of ligands. Surface passivation by ligands reduces
the need for complete geometric shells while at the same time providing a steric
barrier against aggregation. It is important to note that the high stability of certain
thiolate-protected Ag and Au clusters is not solely due to there being a high energy
barrier for aggregation. These clusters are not rigid, kinetically trapped species;
they are highly dynamic. For instance, upon addition of Ag25(SR)18

− clusters to
Au25(SR)18

−, mixedmetal Au25−xAgx(SR)18
− clusters were formed, via a shortlived

adduct Au25Ag25(SR)36
2−.37 Ligand exchange of one thiolate for another is also

possible without affecting the cluster size and structure.38

The importance of ligands To ensure long-term stability, clusters are capped by
ligands. These not only prevent aggregation, but can also tune the stability and
properties of clusters. It is through the ligand shell that clusters interact, and a
better understanding the ligand shell has been the subject of recent studies.39,40

Noble metal clusters can be stabilised by a variety of ligands, including proteins41,
DNA42, phosphines43,44 and thiols.15 The latter are the focus of this thesis. Thiols
have a general structure RSH; although they bind as thiolates, RS−.15,45 In cluster
compositions this is usually written SR, hence Au25(SR)18

−, Ag44(SR)30
4−, and so

on. These compositions may be abbreviated Au25 and Ag44, but the ligands are
still present.

The introduction of ligands changes the electron count of the cluster.46 Ligands
may be weak Lewis bases, like phosphines, that coordinate without withdrawing
electrons from the metal, or they may be electron-withdrawing like thiolates or
halides. This changes the electron count n according to

n � xv − y − Z (1.1)

where x is the number of metal atoms, each with v valence electrons, y is
the number of electron-withdrawing ligands, and Z is the charge of the cluster.
This is a simplistic model, which assumes ligands withdraw either 0 or 1 elec-
trons. Nevertheless, it works surprisingly well, and helps explain the stability of
Au25(SR)18

−. This has 25 − 18 − (−1) � 8 electrons, which is an electronic magic
number. Oxidising this cluster to Au25(SR)18

0 or Au25(SR)18
+ results in a lower

thermal stability.47 While the anionic cluster has degenerate 1P orbitals, this is not
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Figure 1.2 (a) The structure of Au25(SR)18
– , from53. This cluster consists of an icosa-

hedral Au13 core capped by six SR – (Au – SR)2 staple motifs. A schematic representation
of this structure is shown in (b). For clarity, Au atoms in core and staple sites have been
given different colours, and ligand backbones have been omitted.

the case for the cationic cluster. This has a 1S21P4 electron configuration, with the
unoccupied 1P superatom orbital at higher energy due to Jahn-Teller distortion.48

Thiolate-protected Ag and Au clusters share some common structural character-
istics. They are not cores of metal atoms surrounded by thiolate ligands, but rather,
cores of metal atoms surrounded by metal-thiolate complexes.49–51 For Au clusters,
these are often called staple motifs due to their structure; a chain of alternating
Au and SR, with SR at either end which connect the structure to the core. A more
general term is capping units or capping motifs. Staple motifs were first observed
when the structure of Au102(SR)44 was determined with single crystal X-ray crys-
tallography.52 Later they were also found in Au25(SR)18

−.53,54 The structure of this
cluster is shown in Figure 1.2, along with a schematic representation of it, where it
can be clearly seen that Au atoms in capping units are far from the core. Ag clusters
have been found to have more complex capping units. For instance, Ag44(SR)30

4−

consists of an Ag32 core protected by six three-dimensional Ag2(SR)5 units.23,55

Crown-like Ag3S6 capping units were observed for Ag29(BDT)12(PR3)43−, where
BDT is benzene-1,3-dithiolate (a bidentate ligand) and PR3 is a phosphine.56

The electronic structure of the cluster can be modified by the ligand. This can
influence for instance the catalytic activity of the cluster.57 Electron-rich ligands
were found to increase the luminescence intensity of Au25(SR)18

−.58 The structure
of the ligand can also enhance the stability of a particular cluster size. For instance,
the three different methylbenzenethiol isomers (ortho-, meta- and para-substituted)

6



1.1 | Clusters: small is beautiful

Figure 1.3 The structure of (±)-α-lipoic acid, LA, the ligand used in this thesis.

resulted in threedifferentAu cluster sizes; Au40(SR)24,Au104(SR)41 andAu130(SR)50,
respectively.59 This is due to decreased steric hindrance in going from ortho- to
para-substitution. That steric hindrance may affect cluster size has been known
since the 1980s.60 New sizes prepared using this principle include Au64(SR)32
with cyclohexanethiolate ligands61, and in an extreme case, Au41(SR)12 clusters,
obtained using a bulky arenethiolate as the ligand.62 The preference of a certain
ligand for a certain cluster size may be used to prepare new sizes from existing
clusters. In one example, Au38(SR)24 was treated with a bulky thiolate ligand
SR′, which induced a structural distortion.63 Eventually, a tetrahedral Au36(SR′)24
cluster was obtained from the original biicosahedral structure. Addition of bulky
thiolate ligands to Ag44(SR)30

4− clusters also introduced distortions, eventually
leading to the formation of Ag25(SR′)18

−. When this was treated with the original
thiolate ligand, the Ag44 clusters formed again.64 In this way, ligand-exchange
reactions may not only modify the ligand shell but also the cluster size and
structure.65

Lipoic acid This thesis focuses on aqueous Au and Ag clusters capped with
one ligand; (±)-α-lipoic acid (LA). Its structure is shown in Figure 1.3. As can
be seen, LA is chiral. Throughout this thesis we use the racemic mixture. LA
is a disulfide rather than a thiol. During synthesis, the disulfide bond breaks
and the ligand becomes bidentate.66 This is commonly associated with enhanced
stability67, though for small clusters a reduced packing efficiency of bidentate
compared to monodentate ligands may in fact make the cluster more susceptible
to oxidation and etching.68 It is clear that by using a dithiolate ligand, clusters
with different structures69 and thus different properties can be obtained.70 Ligand
exchange of Au25(SR)18

− with dithiolate has been found to enhance the cluster
luminescence.71 LA can be further functionalised via the carboxylic acid group
which is of great interest for potential applications.72,73

Cluster synthesis: kinetics and thermodynamics

In this section we will briefly discuss some common synthesis strategies for the
preparation of monodisperse thiolate-protected Ag and Au clusters. First, a gold or
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Figure 1.4 Schematic representation of a typical Au or Ag cluster synthesis. Reactant
ratios, solvent, temperature and other parameters may be varied.

silver salt such as HAuCl4 or AgNO3 is added to a solution containing thiols. The
resulting synthesis intermediate may be kept for a certain amount of time before
addition of a reducing agent, typically NaBH4. Clusters are then formed, but they
may be polydisperse, requiring purification steps to obtain pure, monodisperse
clusters. A schematic overview of the synthesis is shown in Figure 1.4.

Some typical synthesis protocols of thiolate-protected Au clusters are based on
the Brust-Schriffrin synthesis for Au nanoparticles.74 This is a two-phase reaction,
where the thiols are dissolved in an organic solvent and HAuCl4 is dissolved in
water. A phase transfer agent is used to transfer HAuCl4 to the organic phase,
where it reacts with the thiols before NaBH4 is added. The mechanism of this
reaction is not completely understood; especially the nature of the Au species
present before reduction (the synthesis intermediate) is not clear.13 Nevertheless,
this protocol has been successfully employed to prepare Au25(SR)18

− clusters.75,76

Subsequently, protocols have been developed that use one phase, eliminating the
need for a phase transfer agent.77

Ideally, one would like to obtain monodisperse clusters without extensive
purification. To this end, a size focusing method has been developed.30 This relies
on the enhanced stability of certain sizes relative to others. If the initial reaction
yields a mixture of cluster sizes, but one size is significantly more stable than the
others, then ageing the sample will eventually result in a monodisperse sample
containing only the most stable size. The initial size distribution must be narrow
enough so that it does not contain multiple stable clusters that can survive the size
focusing process. This can be done for instance by varying synthesis parameters
such as the solvent or even the stirring speed.78,79 These parameters have been
found to affect the aggregation state of the intermediate, which in turn influenced
the size of the clusters. The size focusing method has been described as kinetic
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1.2 | Characterisation techniques

control over the initial size distribution, followed by thermodynamic selection of
the most stable product.80

Potential applications and fundamental insights

Noble metal clusters have many potential applications. Their small, monodisperse
sizes andwell-defined structuresmake them interestingmodel systems for catalysis,
with potential to explain catalytic activity on the atomic level.81 The electronic
properties of clusters can be tuned by changing metal atoms, ligands, or cluster
size and structure, which may then be correlated to catalytic activity.82,83 Many
potential applications of clusters are related to their unique optical properties, in
particular luminescence.84 The luminescence has been shown to be sensitive to
the presence of heavy metals such as Hg, and so can be used to detect Hg at nM
concentrations85,86, even inside living cells.87 Devices are being developed that
can both sense and scavenge heavy metals from contaminated drinking water.88

Other applications of luminescent clusters include in vivo biomedical imaging to
localise tumors.89,90

The elimination of polydispersity for small Au and Ag clusters has paved the
way for extensive studies of their fundamental properties.91 The emergence of
bulk optical properties and crystal structures has already been mentioned. Other
fundamental studies focus on the origin of cluster luminescence92, or developways
to enhance it by engineering the ligand shell.93 It is thought that long capping units
may enhance luminescence intensity.94 Recently, isomerism of clusters such as
Ag44(SR)30

4− has been demonstrated.95 This was attributed to differences in ligand
orientation which changes the overall shape of the cluster. This demonstrates the
importance of understanding the ligand layer. Some Au clusters are chiral, and
the knowledge of precise structures revealed that it often originates from a chiral
arrangement of Au−S bonds at the interface.96 Chiral clusters may be used in
enantioselective catalysis or chiral sensing of biomolecules. Fundamental studies
of cluster properties are intimately related to their potential applications.

1.2 Characterisation techniques

In this thesis, Au and Ag clusters are characterised using a number of different
techniques. These include X-ray spectroscopy, mass spectrometry, and analytical
ultracentrifugation. As these may not be familiar to everyone, they are briefly
introduced in this section.
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Figure 1.5 (a) Absorption coefficient µ for a heavy (Au) and a light (Fe) element as a
function of energy. (b) Naming of absorption edges and emission lines.

X-ray spectroscopy

X-rays were discovered by Wilhelm Röntgen in 1895.97 He realised that this "new
type of radiation" could penetrate different materials to different extents: while
human skin and muscle were transparent, bones were not.98 In other words, heavy
elements absorb X-rays more strongly than light ones. Furthermore, the thicker
the material, the stronger the absorption. As in UV-Vis absorption spectroscopy,
this can be described with the Beer-Lambert law:

I � I0e−µx (1.2)

where I0 is the incident intensity, I the intensity after passing through amaterial
with thickness x, and µ is the linear absorption coefficient.

An X-ray absorption spectrum is commonly normalised and the absorption
given in arbitrary units. The absorption of a material depends not only on the
atomic number Z, but also on the energy E, as shown in Figure 1.5. The absorption
coefficient decreases with increasing energy, but there are a number of sharp jumps,
which occur at different energies for different elements. These jumps are called
absorption edges and occur when the energy of the X-ray photon is sufficient to
excite a core electron. The edge energies vary with atomic number as ∼ Z2. A
similar dependence on element is observed for X-ray fluorescence; after excitation,
each element emits X-rays at characteristic energies. This was first observed by
Moseley in 191399 and is still a widely used technique for elemental analysis.100
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Figure 1.6 An X-ray absorption spectrum of Au, showing XANES and EXAFS regions.

When the orbital angular momentum l of the core-hole is non-zero, there will
be a large spin-orbit interaction resulting in total angular momentum of l + s
or l − s, where s is the spin angular momentum.101 Thus, there are two edges
corresponding to excitation of 2p electrons; 2p1/2 and 2p3/2. Similarly, the 3d
state splits into 3d3/2 and 3d5/2. Absorption edges are named after the principle
quantum number of the electron that is excited, according to the Siegbahn notation.
Emission lines are similarly named. An overview can be found in Figure 1.5.

The usefulness of X-ray absorption spectroscopy (XAS) goes beyond simple
elemental analysis. An absorption edge is not simply a sharp increase in absorption
coefficient. It can be highly structured, both around the absorption edge and many
hundreds of eV above it. This structure depends on the geometric and electronic
properties of the sample.

An X-ray absorption spectrum is divided into two parts as shown in Figure 1.6,
theX-rayAbsorptionNear Edge Structure (XANES) andExtendedX-rayAbsorption
Fine Structure (EXAFS). The XANES region extends to around 50 eV above the
edge and also includes the pre-edge region, while EXAFS covers the range from
50 to several hundred eV. From XANES, one can obtain information about the
oxidation state of the element in question, as well as its electronic properties and
the local symmetry. The oscillations in EXAFS contain structural information
about the immediate surroundings of the absorber, and can be used to determine
the type of ligand, coordination number, bond length and degree of disorder.102,103

X-ray absorption spectra can be measured in transmission if the sample is
sufficiently concentrated and with uniform thickness. The element of interest
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1 | Introduction

should make up at least a few percent of the sample. Just as in UV-Vis spectroscopy,
the sample must not be too thick or too concentrated, as the intensity of transmitted
X-rays must be sufficiently high to measure. For dilute samples, the difference
between incident and transmitted intensity will be negligible and the spectrum
should be recorded by monitoring the X-ray fluorescence intensity as a function
of incident energy. Generally, fluorescence yield is identical to absorption cross
section. The fluorescence is typically detected at 90° to the incident beam to
suppress elastic scattering. A detector with high energy resolution, ∼ 100 eV, is
necessary to avoid fluorescence from other elements in the sample, which may
result in a large background signal. The sample must be either very thin and
concentrated, or thick and dilute, to avoid over-absorption (or self-absorption)
effects, which dampen oscillations in the spectrum.102

EXAFS In the EXAFS region, the X-ray photon energy far exceeds the binding
energy of the electron. The electron is emitted from the atom as a photoelectron
with a wavenumber given by:

k �

√
2me(E − E0)/~2 (1.3)

where E is the X-ray energy, E0 the energy of the edge, me the mass of the electron
and ~ the reduced Planck constant. The edge energy is typically defined as the
maximum of the first derivative of the spectrum.104 The photoelectron can scatter
from electrons in neighbouring atoms and return to the absorber. This will modify
its absorption coefficient µ(E):

µ(E) � µ0(E)(1 + χ(E)) (1.4)

where µ0 is the absorption coefficient of a single isolated atom and χ is the fine
structure that results from the scattering of the photoelectron. Often simply
called "the EXAFS", χ(E) (or χ(k)) is proportional to the amplitude of scattered
photoelectron at the absorber. Intuitively, one can understand that the photo-
electron will be scattered strongly if the absorber has many heavy neighbouring
atoms at short distances, leading to a highly structured spectrum. Conversely, no
scattering is observed for a single isolated atom. Quantitative analysis of EXAFS
was first demonstrated by Sayers, Stern and Lytle in the 1970s.105 Describing the
photoelectron as a spherical wave, which scatters from a neighbouring atom and
returns to the absorber, forms the basis of the EXAFS equation:

χ(k) � S2
0

∑
j

N j f j(k)e−2R j/λ(k)e−2k2σ2
j

kR2
j

sin [2kR j + δ j(k)] (1.5)
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1.2 | Characterisation techniques

The EXAFS is the sum of j different scattering paths with bond length R and
coordination number N. The parameter σ2 is the mean-square-displacement in
the bond length, also called the Debye-Waller factor. EXAFS is thus sensitive
to these geometrical parameters. Chemical information comes from f (k) and
δ(k), the scattering amplitude and phase shift of the neighbouring atom. These
parameters are element dependent and can be used to identify the neighbouring
atoms. The amplitude reduction factor S2

0 accounts for intrinsic losses such as
many-body excitations, and is considered to be a constant with value 0.7–1. Finally,
λ(k) is the photoelectron mean free path. A derivation of the EXAFS equation is
given by Newville.102 Both single scattering and multiple scattering — where the
photoelectron scatters from more than one atom— contribute to EXAFS.

The 1/R2 dependency and finite size of the mean free path λ(k) show that
EXAFS is a local probe. Information on surrounding atoms can only be obtained up
to a few coordination shells, with an upper limit of around 6Å. A great advantage
of EXAFS is that structural information can be obtained regardless of the physical
state of the sample. High-quality single crystals are not required, and EXAFS can
be done on disordered materials such as glasses and liquids. In this sense, the
technique is complementary to X-ray crystallography.

A number of data treatment steps are required to extract the geometrical and
chemical parameters of a recorded spectrum µ(E). First, χ(k) is obtained by sub-
tracting a smooth background µ0(E) and normalising, according to Equation (1.4),
before converting to k-space (Equation (1.3)). The EXAFS χ(k) can then be Fourier
transformed to χ(R). Instead of oscillations depending on k, the data is now
represented as peaks at certain distances R. As a rough approximation, χ(R) can
be considered as a radial distribution function with each peak corresponding to
a coordination shell. However, the bond length is not equal to the precise value
of R where the peak has its maximum, due to the phase shift of the scattered
wave. Similarly, the height of the peak does not correspond to the coordination
number. Scattering amplitude, distance and disorder can all affect the height of the
peak. To extract structural information, calculated phase shifts δ(k) and scattering
amplitudes f (k) are used to model the EXAFS χ(k) (or its Fourier transform),
and the geometrical parameters are varied until a good fit is obtained. These
calculations can be done with high accuracy using software such as FEFF.106 In
FEFF, these parameters are calculated for a particular scattering path in a material,
thus Au−Au scattering properties will be slightly different depending on whether
the material is Au foil or Au2S. An advantage of Fourier transforming χ(k) is that
fitting can be done in a specific range, for example only the first coordination shell.
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1 | Introduction

XANES Around the edge, the excited electron is promoted into bound valence
states rather than being excited as a photoelectron. In first approximation, XANES
probes the empty density of states of a material in the presence of the core-hole.
The transition probability in both XANES and EXAFS can be described by the
Fermi-Dirac golden rule107:

W ∝
��〈Φ f |T |Φg〉

��2 δ(E f − Eg − ~Ω) (1.6)

where Φg and Φ f are the ground and final state, respectively, T is the transition
operator and the delta function describes conservation of energy, that is, the final
energy E f is equal to the ground state energy Eg and the photon energy ~Ω.101

The transition operator can be expanded into a dipole and a quadrupole operator.
As a first approximation, we consider only dipole transitions. The ground and
final state wavefunctions can be approximated by a core electron and free electron
wavefunction, respectively. This assumes all other electrons do not participate
in the absorption event. Equation (1.6) can be rewritten as the product of the
squared matrix element and the empty density of states.108 The matrix element is
to a good approximation independent of energy, so that the intensity of XAS is
proportional to the empty density of states, projected on the absorber.109 In the
dipole approximation, the angular momentum l of the electron must change by 1
upon excitation. In K-edge XANES, the 1s electrons are excited, thus empty p states
can be reached. Quadrupole transitions, such as 1s→ 3d, also contribute to the
X-ray absorption spectrum, although the transition probability is significantly lower
than for dipole transitions. For transition metals, these quadrupolar transitions
give rise to peaks just below the absorption edge, so-called pre-edges. While
pre-edges are usually weak, in certain symmetries the pre-edge intensity can be
significantly enhanced. This is due to mixing between (for instance) 3d and 4p
states which allows dipole transitions to the pre-edge peak.110

At the L3-edge of transition metals, the main transition will be 2p3/2 → nd
(where n � 3, 4 or 5 depending on the row in the periodic table). This transition
corresponds to the first intense feature in the spectrum111, which is called the
whiteline. The intensity of the whiteline depends on the number of empty d-states,
as demonstrated for 5d112 as well as 4d and 3d113 metals. This principle is useful
for example in rationalising catalytic activity.114,115 A further characteristic of
XANES is that the energy of the edge shifts with oxidation state116,117 although the
edge energy also depends on the nature of the ligands, the interatomic distance
and the spin state118 of the compound.

At the high energy side of the XANES region, the excited electron will scatter
from neighbouring atoms just as in EXAFS. However, the low energy of the
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photoelectron (E . 50 eV) results in a long mean free path, and the process can no
longer be described as the sum of a small number of scattering paths. Multiple
scattering, where the electron scatters off multiple atoms, becomes increasingly
important. Unfortunately, there is no simple XANES equation that can be used to
elucidate the structure of a compound. However, significant progress has been
made in the understanding and theoretical modelling of XANES.

When the excited electron has weak interactions with the core-hole, the one
electron approximation described above is reasonable. The final state wavefunction
is calculated in thepresenceof the core-hole,which is screenedby theother electrons
in the atom. FEFF, one of the most common codes for XANES calculations,
uses a Green’s function formalism rather than explicitly calculating all final
states which is computationally demanding.106,119 All possible scattering paths of
the photoelectron are considered, therefore the approach is called full multiple
scattering. Typically a few hundred atoms must be included around the absorber
for an accurate calculation. FEFF uses the muffin-tin approximation, where the
potentials of all atoms are considered to be spherical. This is a good approximation
for isotropic systems. Another code that is often used is FDMNES.120 In addition to
multiple scattering, this code can be used for calculations using the finite difference
method (FDM) where the potentials are allowed to take any shape. This is useful
for compounds with a low symmetry or open structure, where the muffin-tin
approximation gives poor results.

However, there are cases when the one electron approach is not a valid
approximation. Examples include L-edges of 3d metals, where there is a strong
overlap of the core and valence wavefunctions. The XAS intensity is then no longer
proportional to the density of states. The final states can be found by coupling
the 2p and 3d wavefunctions. Depending on the number of 3d electrons and
selection rules, there can be dozens of transitions, so-called multiplets. The atoms
around the absorber can be included in the calculation by applying a crystal field
splitting.109 Multiplet effects are small for L-edges of Au and Ag. Therefore all
XANES calculations in this thesis are done with "one electron, many atom" codes
such as FEFF. Another strategy that is often used for XANES analysis is fitting
to spectra of reference compounds with known structures, encompassing typical
geometries, ligands and oxidation states.121

High resolution fluorescence detection and resonant inelastic X-ray scattering A
downside of XANES is the broadness of the features, which is due to the short
lifetime of the core-hole. This may make it hard to distinguish spectra of closely-
related compounds especially at high atomic number where lifetime broadening is
the greatest.123 The lifetime broadening can be circumvented by recording High
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Figure 1.7 (a) RIXS (and HERFD) setup. Analyser crystals ensure only emitted X-rays
of a certain energy reach the detector. Adapted from122. (b) RIXS plane of HAuCl4 · 3 H2O.
The yellow line is the HERFD experiment, at constant emission energy (Lα1, 9.71 keV).
The red lines indicate lifetime broadening (full width, half maximum) of the intermediate
state (horizontal), final state (vertical) and HERFD (diagonal).

Energy Resolution Fluorescence Detected (HERFD) XANES, as first demonstrated
by Hämäläinen.124

Contrary to conventional fluorescence detected XAS, in HERFD only photons
corresponding to a specific emission line of the element of interest are detected
with a resolution below the lifetime broadening. This is done by means of Bragg
optics, as shown in Figure 1.7. For L3-edge HERFD-XANES of Au, measured in this
thesis, the intensity of the Lα1 emission at 9.71 keV is recorded. The intermediate
state thus has a 2p core-hole, while the final state has a 3d core-hole. The overall
lifetime broadening is given by125:

Γall ≈ 1/
√
(1/Γ2

int) + (1/Γ2
fin) (1.7)

where Γint and Γfin are the lifetime broadenings of the intermediate and final
state, respectively. This is shown graphically in Figure 1.7.

HERFD is a process combining X-ray absorption and emission, and as such it is
a general case of Resonant Inelastic X-ray Scattering (RIXS), which is sometimes
also referred to as Resonant X-ray Emission Spectroscopy (RXES). Just as absorption
spectra, X-ray emission lines are sensitive to the local environment and chemical
bonding, making both resonant and non-resonant X-ray emission spectroscopy
valuable characterisation tools.126,127 These techniques can be used to distinguish
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Figure 1.8 Schematic illustration of RIXS. (a) One-electron picture showing the density
of states and (b) total energy scheme. Adapted from130 and131.

between C, N and O neighbouring atoms, which are too similar to be distinguished
by EXAFS.128 RIXS is described by the Kramers-Heisenberg equation122,129:

F(Ω, ω) �
∑

f

�����∑
i

〈Φ f |T2 |Φi〉〈Φi |T1 |Φg〉
Eg − Ei + ~Ω − i Γint2

�����2 Γfin/2π

(Eg − E f + ~Ω − ~ω)2 +
Γ2
fin
4

(1.8)

where Φg , Φi and Φ f are ground, intermediate and final state wavefunctions,
with energies Eg , Ei and E f , T1 and T2 are the transition operators for absorption
and emission. The incoming X-ray photon has energy ~Ωwhile the emitted photon
has energy ~ω. The energy transfer is defined as ~(Ω−ω). The energy transfer can
be anywhere between several keV, as in the HERFD experiment described above,
to below 1 eV. Low energy transfer excitations include phonons and magnons at
the meV scale, but also charge transfer and dd excitations of a few eV. Charge
transfer and dd excitations are also probed by UV-Vis absorption spectroscopy, but
RIXS has the advantage of being element-selective and can also reveal transitions
that are optically forbidden.130

It is worth noting that HERFD may show features that are not absorption
features.132 This is the case if there are strong interactions between the core-
hole and excited electron.131 In the RIXS plane, this gives off-diagonal features
which due to lifetime broadening can have some intensity along the diagonal.133

When off-diagonal features are not present, as is the case for the RIXS plane in
Figure 1.7, HERFD-XANES is a sharpened version of the absorption spectrum and
the pronounced spectral features can aid data interpretation.134,135 In other cases
the full RIXS process must be considered for correct interpretation.
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Figure 1.9 The large circular building is the European Synchrotron Radiation Facility
(ESRF) in Grenoble.

Synchrotron radiation X-ray spectroscopy requires high photon intensity. While
there has been progress in laboratory-sized benchtop setups for XAS136,137, in
most cases synchrotron radiation is used. In a synchrotron, electrons travel at
relativistic speeds along the storage ring.138 The storage ring consists of straight
and curved sections. The curved sections contain bending magnets, which guide
the electrons along the circular orbit. This change in direction causes the electrons
to emit X-rays tangential to the orbit. The radiation from a bending magnet covers
a wide range of energies, from infrared to X-ray photons. The average energy
depends on the magnetic field and the energy of the electron beam. The energy
that the electrons lose upon emitting radiation is compensated in radio frequency
cavities in the straight sections, which also contain focusing magnets to ensure
that the orbit is maintained. Furthermore, the straight sections contain insertion
devices such as undulators. An undulator consists of a periodic array of magnets.
Electrons travelling through the undulator follow an undulating trajectory due
to the alternating magnetic field. The radiation cones produced at each bend
overlap and interfere with each other, so that certain wavelengths are enhanced.
This results in a spectrum with harmonic peaks with a brilliance that is orders of
magnitude higher than that produced by bending magnets.

Each bending magnet or insertion device is linked to an experimental station
called a beamline, where X-ray optics are used to focus the X-ray beam and
select the energy required for the experiment. The beamline also contains the
equipment needed to control the sample environment, as well as detector systems.
The XAS experiments described in this thesis were performed at the European
Synchrotron Radiation Facility (ESRF), shown in Figure 1.9. HERFD-XANES and
RIXS experiments were done at ID26, an undulator beamline, while EXAFS was
measured at the bending magnet beamline BM26A.

18



1.2 | Characterisation techniques

Mass spectrometry

With mass spectrometry (MS), one can determine the mass-to-charge ratio (m/z) of
a species of interest. The technique is used to study everything from small organic
molecules to entire proteins, and in addition to m/z it can provide information on
molecular structure and intermolecular interactions.139,140 Mass spectrometry is
one of the most common techniques for the analysis of noble metal clusters.141 An
accurate analysis will provide not only the cluster mass but also its composition:
the number of metal atoms, the number of ligands, and the cluster charge, if any.

In a mass spectrometer, samples are ionised to generate molecular ions, which
are then separated according to their m/z. A mass spectrum shows the abundance
of each species with a particular m/z. Fragmentation may occur during ionisation,
which can produce multiple peaks (called ion signals) even if the sample contains
only one species. To determine the mass associated with a particular ion signal,
one must first determine the charge (see below). In MS experiments, the mass is
often given in units of dalton (1 Da � 1.66 × 10−27 kg). The mass of an ion in Da is
numerically equivalent to the molar mass in g mol−1. The charge is given in units
of elementary charge.

Ionisation and separation There are multiple ways to ionise an analyte.142 One
example is electron ionisation, also called electron impact ionisation, in which
molecules in the gas phase are bombarded with high energy electrons. The impact
results in the loss of an electron from the molecule, creating a radical cation.
This unstable ion can then fragment further. Which bonds break depends on the
functional groups in the molecule, and electron ionisation is therefore typically
used to elucidate structures of small organic molecules.143 The fragmentation
makes it less useful for clusters. A milder ionisation technique is matrix-assisted
laser desorption ionisation (MALDI), where the analyte is mixed with a matrix
of organic molecules containing conjugated bonds. The matrix absorbs strongly
in the UV, so that when a pulsed laser is used to irradiate the sample, the matrix
vaporises and carries with it the analyte molecules. Because the matrix absorbs
most of the laser energy, fragmentation of the analyte itself is limited. This has
allowed MALDI to be highly useful in the study of clusters; from the identification
of new bimetallic clusters144 to the study of ligand exchange145 or size focusing146

reactions.
Perhaps the mildest ionisation technique is electrospray ionisation (ESI).142

In ESI, an analyte solution is sprayed from a capillary. A high voltage is applied
between the tip of the capillary and a counter-electrode a short distance away.
This causes the liquid to emerge as a fine spray of charged droplets. The solvent
evaporates, leaving intact gas phase ions. ESI can yield multiply-charged species if
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the analyte can undergo multiple (de)protonations. This is especially useful for
large species, because itmeans they can be detected at low m/z where the resolution
is highest.147 ESI-MS played an important role in the early characterisation studies
of thiolate-protected Au clusters.148–150 It is used in this thesis for the study of Ag,
Au and bimetallic clusters.

Separation of ions with different m/z is done using electric or magnetic fields.
In this thesis, a time-of-flight (ToF) setup is used. This consists of a tube of length
L, which the ions enter as they are accelerated by application of a voltage V . The
kinetic energy is equivalent to:

Ekin � zV �
mv2

2 (1.9)

where v is the ion velocity. The time spent traversing the flight tube is given by:

t �
( m

2zV

)1/2
L (1.10)

A standard ToF has limited resolution, but it can be improved by the use of a
reflectron, an electrostatic mirror.142 In a ToF, an ion with high m/z will traverse
the tube more slowly than a low m/z ion.

Isotope signals and ion adducts: determining charge and mass There are several
ways to deduce the charge of a species from a mass spectrum so that its mass
can be determined. We use ESI-MS in negative mode, meaning only anions are
detected. Some clusters are already anions because the cluster is charged (the
charge is located on the Au/Ag and S atoms). In addition to this core charge, one
or more of the LA ligands — each of which has a carboxylic acid group — can be
deprotonated. The overall cluster charge is the sum of the core charge and the
ligand charge. We typically observe clusters with overall charge states between 1−
and 5−.

Multiple ion signals can be detected even for one single species in one overall
charge state. This is due to the presence of different isotopes, for instance, 12C
and 13C, 32S and 34S, 107Ag and 109Ag. The molecular formula of LA is C8H14O2S2,
thus a sample of LA will contain both (12C)8H14O2 (32S)2, (12C)7 (13C)H14O2 (32S)2,
(12C)8H14O2 (32S) (34S), etc, in a ratio that depends on the natural abundances of
the isotopes. The more atoms a species consists of, the more possible combinations
there are (though some have very low abundance). This is illustrated in Figure 1.10.
Isotope patterns can be calculated151 and compared to experimental spectra to
help assign ion signals to clusters. Due to the presence of 12C and 13C there will
always be a so-called M + 1 ion signal (with mass 1 Da more than the main signal).
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Figure 1.10 Theoretical mass spectra, or isotope distributions, calculated with Chem-
Calc.151 (a) Deprotonated LA (C8H13O2S2

– ) has multiple ion signals due to the presence
of 12C and 13C, 32S and 34S. (b) An Ag15

– cluster contains both 107Ag and 109Ag, at
52 : 48 ratio, yielding a large number of ion signals. (c) and (d), the same cluster but now
with z� 3− and z� 4− charge, respectively, which decreases the m/z spacing between
adjacent signals.

The spacing in m/z between these two signals depends on the overall charge z,
meaning the charge of a species can be determined if the individual isotope signals
are resolved. If the overall charge is high, adjacent isotope signals can overlap
because the m/z spacing is below the spectrometer resolution. Instead of multiple
isotope signals, a single broad signal is observed and a different method must be
used to determine the charge.

Proteins contain many acidic and basic groups and can therefore undergo
multiple (de)protonations. Each time, the mass changes only by 1 Da, but the
charge changes by ±1 and together this gives a large change in m/z. For a neutral
protein with mass m that becomes positively charged due to protonation, adjacent
ion signals can be found at m/z (1) � (m + nH+)/n and m/z (2) � (m + [n +
1 ]H+)/(n + 1). This can be used to determine number of protonations n, which is
equal to the charge z, and hence the mass of the protein.142 A similar approach
can be used for clusters that are found in different charge states. The clusters
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in this thesis are capped by LA, which has a carboxylic acid group that can be
deprotonated. Different degrees of deprotonation of LA ligands can yield different
charge states for the same cluster.

After deprotonation of LA, we often observe the addition of Na+. This is called
H+/Na+ exchange, and the new ion signals are called Na+ adduct signals. The
charge of the cluster does not change as a result of H+/Na+ exchange, but its mass
increases by 22 Da. The difference in m/z depends on the charge and can therefore
be used to determine z. Each LA can undergo one H+/Na+ exchange, meaning
that for one particular cluster we observe a series of ion signal groups, where each
group consists of many isotope ion signals. If the Na+ concentration is not too high,
the ion signal with 0 Na+ will be intense, so it is easy to observe where the series
of signals begins. For higher Na+ concentrations, the ion signal with 0 Na+ might
be less obvious which can result in inaccurate mass determinations. A further
disadvantage of high salt concentration is that it can complicate the measurement
due to background noise and low stability of the capillary spray. If there are many
clusters present, the adduct signals can overlap and it may be hard to determine
which adduct signals belong to which cluster species.

Determining the composition of a cluster: trial and error If the mass of the cluster
species can be unequivocally determined, it is often not too hard to determine
the cluster composition. In this thesis, clusters consist of Au/Ag atoms and LA
molecules (C8H14O2S2), with possibly one or more deprotonations (deprotonated
LA is C8H13O2S2). The overall charge on the cluster, z, is the sum of deprotonations
and the intrinsic cluster charge, which is located on the Ag/Au and S atoms. The
average masses of Au, Ag and LA are 197, 107.9 and 206.3 Da, respectively. An
ion signal can thus be from an Au cluster if the mass is a multiple of ∼200 Da, or
from an Ag cluster if the mass is a multiple of ∼ 100 Da. Large deviations from
this could mean that the ion signal is not the first in the series of Na+ adducts, or
that the species is not a cluster but contains LA, salts, or compounds used in the
purification of the clusters (methanol and butanol).

The cluster composition is determined by calculating theoretical isotope dis-
tributions for a number of trial species Aux(LA)y or Agx(LA)y. This is done for
all possible number of H+/Na+ exchanges. The intrinsic cluster charge, and thus
number of deprotonated LA, is tweaked until the theoretical spectrum overlaps
with the experimental one and all Na+ adduct signals are explained by the compo-
sition. Trial species are chosen so that x and y give a likely metal-to-ligand ratio
and the intrinsic charge is not unreasonably high. For small clusters with low
overall charge, individual isotope signals may be observed, which facilitates the
identification. This is the case for small Au clusters as described in Chapter 5 .
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Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is a powerful method for the analysis of
clusters in solution and can be used to determine their mass and demonstrate
monodispersity.152 The technique dates back nearly a century and was developed
by Svedberg, who was awarded the Nobel Prize for chemistry in 1926.153 In
AUC, a solution of the compound of interest is placed in a sample cell which is
centrifuged at high speed. Changes in the distribution of sample in the cell are
then monitored, typically by measuring the absorbance of the sample at a specific
wavelength at each position in the cell. There are almost no restrictions on the
type of sample that can be measured. The molecular mass can be anywhere in
the range 102–108 Da and any solvent can be used, although the absorbance of the
sample must not be too high or too low, just as in UV-Vis spectroscopy. In principle,
there is also no restriction on the concentration of sample or of any contaminants,
meaningAUC can for example be used to study samples under biologically relevant
conditions.154 It should be noted that there may be interactions between the species
of interest.155,156 For charged particles, counterions must be considered which may
influence the interpretation of the data, especially at low ionic strength.157

There are two types of AUC experiments; sedimentation velocity (SV) and
sedimentation equilibrium (SE). The latter will be discussed only very briefly, as it
is not used to any great extent in this thesis.

SV-AUC experiments are done at high centrifugation speeds and are therefore
fast, taking only a few hours. During a SV-AUC experiment, three forces act on a
sedimenting particle. The first is the force due to centrifugation, which is mpω2r,
where mp is the mass of the particle, ω the rotor speed in radians per second and r
the rotor distance. The second force is the buoyant force which acts in the opposite
direction, msω2r, where ms is the mass of the displaced solvent. Finally, there is
the frictional force, which also opposes sedimentation, f v, where f is the frictional
coefficient and v the velocity. During the experiment, the forces are balanced, and
the sedimentation velocity of the particle can be determined from:

s ≡ v
ω2r

�
mb
f

(1.11)

where the particle buoyant mass has been defined as mb � mp − ms � mp(1 −
v̄pρs), with ρs the solvent density and v̄p the partial specific volume of the particle,
which is the inverse of its density (v̄−1

p � ρp). The sedimentation coefficient,
s, is defined as the ratio of the sedimentation velocity to applied acceleration.
Sedimentation coefficients are related to the size, shape and density of a species,
and the unit is svedberg (1 S � 1 × 10−13 s).
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The frictional coefficient is related to the diffusion coefficient D via the Einstein
relation, D � RT/Na f , where R is the gas constant, T the temperature and
Na Avogadro’s number. Taken together with Equation (1.11), this yields the
well-known Svedberg equation:

s
D

�
Mb
RT

(1.12)

where the molar buoyant mass of the particle Mb � mbNa is used. The
sedimentation and diffusion coefficients are obtained by fitting the data to the
Lamm equation:

∂c
∂t

� D
[
∂2c
∂r2 +

1
r
∂c
∂r

]
− sω2

[
r
∂c
∂r

+ 2c
]

(1.13)

which describes how the concentration, c, of a species changes over time t and
with rotor distance r. There is no analytical solution to the Lamm equation, but
there are numerical approaches to extract s and D from the measured data, c(r, t).
In this thesis, the c(s)method is used.158 It is assumed that all species within one
sample have the same shape, and thus the same frictional ratio f / f0, where f0 is
the frictional coefficient of a perfect sphere. With this approach, there is a scaling
relationship between s and D which can be used in the fitting. The result is a
sedimentation coefficient distribution function c(s), which is useful for determining
sample homogeneity. Themain advantage of SV-AUC in characterisation of clusters
is thus its ability to determine whether a sample is monodisperse or polydisperse,
and how many species are present in the sample, while removing the need for
extensive purification which may damage or otherwise affect the sample.157,159

With some assumptions, it is possible to estimatemolarmasses of the species.152

Afirst assumption is that the particles are spherical, so that their diffusion coefficient
can be calculated from the Stokes-Einstein relation:

D �
kBT

3πηsdH
(1.14)

where dH is the particle hydrodynamic diameter, kB Boltzmann’s constant
and ηs the solvent viscosity. We further assume that the hydrodynamic diameter
equals the particle diameter, dH � dp, which is used to calculate the partial specific
volume of the particle, v̄p. Equation (1.14) can be combined with Equation (1.12)
to give a number of useful equations:

dp �

√
18ηss

v̄−1
p − ρs

�

√(
18ηss
ρp − ρs

)
(1.15)
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Mp �
sRT

D

(
1 −

ρs
ρp

)−1

(1.16)

Equation (1.15) can be further rearranged to give:

ρp � ρs + 18ηs s
(

1
D

kBT
3πηs

)−2

(1.17)

Equations (1.15) to (1.17) will be used in Chapter 5 to estimate sedimentation
coefficients of clusters based on their molar mass and estimated density. Further
derivations for this purpose are introduced in Section 5.2.

Finally, we briefly discuss SE-AUC experiments. At lower centrifugation
speeds, sedimentation of particles is exactly balanced by diffusion. An equilibrium
concentration gradient is obtained, which for an ideal species is given by157:

c(r) � c0 exp

[
Mbω2

RT
r2 − r2

0
2

]
(1.18)

where c0 is the concentration at a reference distance r0. SE-AUC experiments
can thus be used to determine the molar mass of a species with very high accuracy.
However, due to the lower centrifugation speed, the experiment can easily take
multiple days. Ideally, the sample must be measured at different wavelengths,
centrifugation speeds and concentrations to rule out interactions between particles
which can change the apparent molar mass. For a good measurement, the sample
must be stable at different concentrations over several days. This is not the case for
the clusters described in this thesis, as will be demonstrated in Chapter 2.

1.3 Scope and outline of this thesis

In this thesis we discuss Au and Ag clusters capped with LA, which show red and
near-infrared luminescence. The thesis is divided in three parts; the first focusing
on silver, the second on silver and gold, and the third on gold. The clusters are
characterised to determine their composition, and we also investigate the synthesis
process in more detail.

In Chapter 2 the synthesis of luminescent silver clusters with LA is described.
The clusters are characterised with mass spectrometry and analytical ultracen-
trifugation, and found to be monodisperse without any purification steps. The
composition was determined to be Ag29(LA)12, with a charge of 3− on the silver
and sulfur atoms. The clusters emit red luminescence with quantum yield of ∼3 %.
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They are stable for up to 18 months, and once degraded can be regenerated by
repeating the reduction step.

Chapter 3 describes the synthesis mechanism of the Ag29 clusters in more
detail. Using mass spectrometry, optical spectroscopy and X-ray spectroscopy, we
find that particles of ∼ 100 atoms are formed after an initial burst of nucleation.
These large particles subsequently decrease in size until only Ag29 clusters remain.
No other stable sizes are observed in this process.

In Chapter 4 we move away from pure silver clusters. A small amount of gold
is introduced in the synthesis, resulting in bimetallic clusters, AuyAg29−y. With a
few percent Au, cluster luminescence and stability are both enhanced. There is a
strong preference for monodoping, and X-ray spectroscopy was used to determine
that the central position in the cluster is preferentially occupied by Au.

The third and final part of this thesis is about gold. Chapter 5 describes the
synthesis and characterisation of Au with LA. In contrast to Ag29, the Au clusters
are not atomically monodisperse but show size distributions. The average cluster
size can be tuned by varying the NaOH concentration during synthesis. The
NaOH concentration was also found to impact the composition of the synthesis
intermediates.

Before the characterisation of Au clusters with LA is discussed in more detail,
Chapter 6 presents an X-ray spectroscopy study of five Au reference compounds.
X-ray absorption spectra and resonant inelastic X-ray spectra are presented, as well
as results from calculations. In Chapter 7, X-ray spectroscopy of LA-capped Au
clusters is discussed. X-ray absorption spectra of the clusters are similar to the
spectrum of an Au(I)-thiolate reference compound, suggesting the samples may
consist of complexes rather than clusters. However, we found that Au25(SR)18

−

has similar spectral features. Calculated X-ray spectra of this and other clusters of
similar size show these features are common for thiolate-protected Au clusters,
and result from the small particle size and large surface-to-volume ratio.

The work presented in this thesis is summarised in Chapter 8, which also gives
some suggestions for future work.
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Chapter 2

Characterisation, degradation and

regeneration of luminescent Ag29 clusters in

solution

Abstract
Luminescent Ag clusters are prepared with lipoic acid (LA) as the ligand. Using a
combination of mass spectrometry, optical spectroscopy and analytical ultracentrifugation,
the clusters are found to be highly monodisperse with mass 5.6 kDa. We assign the
chemical composition Ag29(LA)12

3 – to the clusters, where LA likely binds in a bidentate
fashion. The Ag29 clusters show slow degradation, retaining their deep red emission
for at least 18 months if stored in the dark. Purification or exposure to light results in
faster degradation. No other cluster species are observed during the degradation process.
Once degraded, the clusters could easily be regenerated using NaBH4, which is not
usually observed for thiolate-capped Ag clusters.
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“Go back? No good at all! Go sideways? Impossible!
Go forward? Only thing to do! On we go."

— J. R. R. Tolkien, The Hobbit

2.1 Introduction

Many thiolate-protected Au and Ag clusters with known structures luminesce
weakly or not at all. Examples are Ag44(SR)30

4− and Au25(SR)18
−, both with a

reported quantum yield of only ∼ 0.01 %.58,160 The luminescence intensity of
clusters can be enhanced in a number of ways. It has been shown to depend on the
oxidation state of the cluster and the electronic properties of the ligand: ligands
containing electron-rich groups are particularly effective.58,161,162 Furthermore, it
has been shown that treating Au25(SR)18 with Au(I)-thiolate results in additional
thiolate groups on the surface, and an increased quantum yield of almost 2 %.163

This suggests that the surface structure is also important for cluster luminescence.
By using dithiolate rather than thiolate ligands to cap clusters, clusters with

different surface structures and thus different properties can be obtained. Indeed,
several studies have shown changes in luminescence properties during ligand
exchange of thiols with dithiols.71,164 Recent work has also led to the structure
elucidation of a dithiolate Ag cluster.56 A promising ligand is lipoic acid (LA), a
disulfide, which has been used to prepare luminescent clusters of bothAu72,87,165,166

and Ag73,86,167–170. Advantages of LA include its solubility in water, the possibility
of functionalisationof its carboxylic acid terminated tail72,73 and the straightforward
synthesis of LA-protected clusters. We have previously reported on the synthesis of
LA-protected Ag clusters with strong red luminescence, and on the influence of pH,
solvent and presence of poly(ethylene glycol) on the luminescence properties.168

However, different sizes have been reported for this cluster, and themonodisper-
sity has not been verified. Adhikari et al., who first prepared these clusters, report
the presence of Ag4 and Ag5 in their mass spectra (size <1 nm), while simultane-
ously showing TEM images of 2–3 nm nanoparticleswith clear crystal lattices.86 We
have also observed 2–3 nm nanoparticles with TEM168, as have our co-workers171.
Particles of this size would have several hundred Ag atoms.18,172 This suggests that
the synthesis does not yield monodisperse clusters. An alternative explanation
was offered by Chen et al., who propose that these nanoparticles act as a scaffold
for a luminescent Ag8 species.167 In a recent study, Russier-Antoine et al. report the
size as Ag29(LA)12 (no core charge) and find no larger nanoparticles.170 It is clear
that extensive characterisation of LA-capped Ag clusters is needed to explain these
inconsistencies and correctly identify all species present. Ideally, characterisation
should be done at different times after synthesis or purification, as the cluster
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composition and properties can change for example by removal of excess ligands
and salts173 or oxidation following exposure to air and light.174

In this chapter, we combine sedimentationvelocity analytical ultracentrifugation
(SV-AUC) experiments with electrospray ionisation mass spectrometry (ESI-MS)
and optical spectroscopy to investigate the monodispersity and composition of
LA-capped Ag clusters. We show here that the cluster composition is most likely
Ag29(LA)12

3− (not Ag25(LA)14 as we reported earlier168). The monodispersity of
the clusters is confirmed by SV-AUC experiments; thus it is expected that the
2–3 nm particles observed with TEM are formed by cluster aggregation during
TEM sample preparation. Our experiments indicate bidentate bonding of LA to the
Ag cluster. The clusters are found to be remarkably stable in solution, remaining
luminescent for ≥ 18 months if stored in the dark, although purification was found
to decrease the cluster stability significantly. We do not observe different cluster
species as a result of purification or cluster ageing. Degradation over time of
as-synthesised clusters results in aggregation and possibly oxidation. However,
this degradation is reversible upon addition of NaBH4, which is not observed for
other thiolate-capped Ag clusters.

2.2 Experimental methods

Chemicals

AgNO3 (laboratory reagent grade) was obtained from Fisher Scientific. NaBH4 (99 %),
(±)-α-lipoic acid (≥ 99 %) and methanol (≥ 99.9 %) were purchased from Sigma Aldrich.
1-Butanol (99.5 %) and Nile Blue A were obtained from Acros. Water was of Milli-Q quality,
purified using a Millipore Direct-Q 3 water purification system. 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM dye) was obtained from Exciton.

Synthesis

The synthesis of the Ag clusters is adapted from the literature.86 In a standard synthesis,
19 mg lipoic acid (92 µmol) and 7 mg NaBH4 (185 µmol) were placed in a 40 or 20 mL glass
vial with 14 mL water. This was stirred (using a magnetic stirring bean) until all LA had
dissolved. Next, 700 µL 25 mM AgNO3 (17.5 µmol) was added (the solution turned turbid),
followed by 10 mg NaBH4 (264 µmol) in 2 mL water. The vial was wrapped in aluminium
foil to minimise the exposure of the clusters to light, and stirring was continued overnight.
The synthesis was performed at room temperature. Samples were stored in the dark at
room temperature.

In the standard synthesis, the Ag : LA ratio is 1 : 5.3. The synthesis was also performed
with other Ag : LA ratios (from 1 : 0.6 to 1 : 28) by changing the amount of LA (and NaBH4
in the first step) while the Ag concentration was kept constant. Unless stated otherwise,
clusters with Ag : LA ratio of 1 : 5.3 are used for the experiments described.
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To investigate whether clusters would behave as classical seeds for formation of larger
nanoparticles, the synthesis was performed in the presence of existing Ag29. A synthesis
of Ag clusters was done on ½ scale. Just before addition of AgNO3 and NaBH4 solutions,
half of a previously prepared sample was added to it. The resulting sample had exactly the
same overall concentrations of Ag, LA and reducing agent as a sample prepared according
to the standard protocol.

Optical spectroscopy

UV-Vis spectra were recorded using a Perkin Elmer Lambda 950, a Perkin Elmer Lambda 40
or a Varian Cary 50 spectrometer. Emission spectra were recorded with a Spex 1680 (0.22 m)
double beam spectrofluorometer equipped with a liquid nitrogen cooled Acton Research
SpectraPro 300i CCD camera. The CCD camera was equipped with a 150 lines/mm grating
blazed at 800 nm. The excitation wavelength was typically 425 nm. Emission spectra were
corrected for the spectral response of the equipment. Luminescence lifetimes were recorded
with a time-correlated single photon counting card (TimeHarp 260 PC, PicoQuant) with a
laser (Opolette HE 355-II, Opotec Inc) operating at 500 nm as excitation source. Excitation
spectra were recorded using a Jasco FP8300 Spectrofluorometer. For optical spectroscopy
measurements, the cluster solution was diluted with water. The dilution factor varied
between 4–10×, but the dilution was the same when comparing different samples for the
same experiment.

Quantum yield determination The quantum yield of Ag clusters was determined using
DCM dye and Nile Blue A in ethanol as references. A Varian Cary 50 spectrometer was used
to record UV-Vis absorption spectra. Emission spectra were recorded on a Jasco FP8300
Spectrofluorometer. The excitation wavelengths used were 485 and 550 nm. At 485 nm only
the DCM dye reference and the Ag clusters were measured. Ag clusters, Nile Blue A and
DCM dye were diluted with water to prepare five samples with absorbance ≤ 0.1 at 485 nm.
The integrated emission intensity of each spectrum scales linearly with the absorbance at
485 nm, see Figure 2.1, the slopes of the lines are proportional to the quantum yield. The
quantum yield of DCM dye in ethanol is 43.5 %175, that of Nile Blue A in ethanol is 27 %.176

The quantum yield of the Ag clusters can be calculated according to Equation (2.1), where
m is the slope from Figure 2.1, n is the solvent refractive index and Φ is the quantum yield.
In each case, the subscript R refers to the reference dye. Values for the solvent refractive
index are n � 1.33336 and nR � 1.3611 for water and ethanol, respectively.177

Φ � ΦR
m

mR

n2

n2
R

(2.1)

32



2.2 | Experimental methods

0 0.05 0.1

Abs (485 nm)

0

50

100

150

P
L

 i
n

te
n

s
it
y

Ag clusters

DCM dye

Figure 2.1 Integrated emission intensity as a function of absorbance at 485 nm for Ag
clusters and DCM dye. The lines are a fit through the points.

Analytical ultracentrifugation

Sedimentation velocity experiments have been performed on XL-I and XL-A Analytical
ultracentrifuges (Proteomelab and Optima XL-A, Beckman Coulter) using absorbance optics.
Samples were centrifuged in 12 mm path length double-sector Aluminium centrepieces
with sapphire windows in an An60-Ti rotor; the reference sector was filled with Milli-Q
water. All measurements were performed at 50 000 and 60 000 rpm at 20 ◦C. Changes
in solute concentrations were detected by 300–500 absorbance scans measured at 528 nm
(undiluted samples) or 423 nm (diluted samples). Analysis and fitting of the data was
performed using the program Sedfit v 14.3.158 A continuous c(s) distribution model was
fitted to the data. The resolution was set to 200 over a sedimentation coefficient range
of 0.0–10.0 S. The meniscus and the bottom were kept at fixed values, and the frictional
coefficient, the baseline and the raw data noise were floated in the fitting. Degraded clusters
were measured at 60 000 rpm and 395 nm, and fitted using a sedimentation coefficient range
of 0.0–20.0 S or 0.0–50.0 S.

Mass spectrometry

MS measurements were performed in negative ion mode using an electrospray ionisation
time-of-flight (ESI-ToF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with a
Z-spray nano-electrospray ionisation source. Needles were made from borosilicate glass
capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter
Instruments, Novato, CA), coated with a thin gold layer by using an Edwards Scancoat
(Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. After purification,
the sample was sprayed into the mass spectrometer. The applied voltage on the needle
was between 1200 and 1100 V and the sample cone voltage was varied between −7 and
0 V for measurements of intact clusters. All spectra were mass calibrated in negative ion
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mode, using an aqueous solution of phosphoric acid (0.1 % v/v). Theoretical mass spectra
were calculated using ChemCalc151 with full width at half maximum � 1. In calculating
theoretical mass spectra, we assume that neither of the two S-atoms in LA is present as a
thiol (thus LA is C8H14O2S2). To assign cluster compositions from mass spectra, theoretical
mass spectra of many different clusters were calculated. All had approximate mass of
5.6 kDa and were in the overall z � 5− charge state, with compositions between Ag11(LA)21
and Ag37(LA)8. Spectra where calculated with and without core charges, for all possible
H+/Na+ exchanges and for clusters with either all LA ligands or all HLA ligands (HLA is
assumed to have one−SH group thusmaking it 1 Da heavier than LA). Cluster compositions
were rejected if there were unexplained ion signals (or missing ion signals) and/or a large
shift between experimental and theoretical spectra.

Matrix-assisted laser desorption ionisation mass spectrometry (MALDI-MS) of Ag
clusterswas unsuccessful. Attemptsweremade to characterise theAg cluster samples in both
positive andnegativemode, using four differentmatrices (3,5-dimethoxy-4-hydroxycinnamic
acid, 3-hydroxypicolinic acid, 2,5-dihydroxybenzoic acid, α-cyano-4-hydroxycinnamic acid).

Purification of samples It was necessary to purify the sample before mass spectrometry
analysis. The main purification method uses 1-butanol (BuOH) to extract water, containing
excess ligands and other possible contaminants, until the clusters sediment, after which
they are washed with a small amount of methanol (MeOH) and redispersed in water. This
is done by mixing 300 µL cluster solution, 400 µL BuOH and 100 µL MeOH in an Eppendorf
vial. The vial was briefly centrifuged to speed up phase separation, and the upper colourless
organic layer was removed. Next, 300 µL BuOH was added, the vial was shaken and
centrifuged, and the organic layer was again removed. This was repeated until the clusters
just sedimented. Typically, 3–5 extractions with BuOH were needed. After removing the
final organic layer and washing with MeOH (50–100 µL), the clusters were redispersed in
water (50–100 µL). This purification method could easily be scaled up (we used up to 12 mL
cluster solution, although the amount of MeOH for washing was kept to a minimum as the
clusters are somewhat soluble in MeOH). This allowed for characterisation of the purified
clusters with optical spectroscopy. The amount of water for cluster redispersion was chosen
so that the absorbance of as-synthesised and purified clusters was similar.

An alternative purification method with 3 kDa molecular mass cutoff filters (Amicon,
Millipore) was also used. 400 µL cluster solution was centrifuged at 10 000 rpm for 25 min.
The clusters remained on the filter and were washed 2×with water. For regenerated clusters,
500 µL cluster solution was purified and washed 4× with water. The final concentrated,
washed cluster solution (volume approximately 60 µL) was clear and orange.

Transmission electron microscopy

Transmission electron microscopy (TEM) images were recorded using a FEI Tecnai F30ST
microscope in high-angle annular dark field (HAADF) mode operated at an acceleration
voltage of 300 kV. Sample purification was done with a 3 kDa cutoff filter. A drop of the
purified solution was placed on a carbon coated copper (400-mesh) TEM grid.
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Figure 2.2 (a) Absorption, excitation and emission spectrum of Ag cluster solution.
For excitation, the emission wavelength was 680 nm, and for emission, the excitation
wavelength was 425 nm. (b) Photographs of the clusters under normal and UV-light.

2.3 Results and discussion

Optical properties of Ag clusters

The as-synthesised clusters (Ag : LA � 1 : 5.3) have the same optical properties
as reported earlier168, with a bright orange colour and strong red luminescence
that is easily visible using a handheld UV-lamp. Absorption and excitation spectra
are similar (Figure 2.2). There are three distinct peaks at 500, 425 and 330 nm
and a shoulder at 310 nm. The emission maximum is at 680 nm with a shoulder
extending into the near-infrared (NIR, ∼800 nm). Normalised excitation spectra of
the main peak and the shoulder are near-identical and show only a few percent
intensity variation in the UV region. Typically, pronounced absorption peaks
indicate the presence of small clusters with high monodispersity.11,19 Assuming a
100 % yield of Ag29, the molar extinction coefficient of the clusters was determined
to be 8.9 × 104 M−1cm−1 at 425 nm. This is in good agreement with values found
for other monodisperse clusters. It is slightly lower than the 2 × 105 M−1cm−1

below 550 nm reported for Ag44
160 but higher than that of Au25 (3.4 × 103 M−1cm−1

at 510 nm).178

The quantum yield of the clusters was determined to be 2.1–3.6 % using 4-
(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM dye) or
Nile Blue A as a reference. This is somewhat lower than what was reported
previously (5 % using Nile Blue A as a reference168) which may be explained by
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Figure 2.3 (a) Normalised emission spectra of different samples with low ligand con-
centration (Ag : LA � 1 : 0.6, greyscale) and a standard sample (Ag : LA � 1 : 5.3, in
blue). (b) Maximum emission intensity for samples with various Ag : LA ratios, relative
to samples with Ag : LA � 1 : 5.3. Different markers represent samples prepared on
different days.

the improved methodology that involved preparing a series of samples of clusters,
DCM dye and Nile Blue A with different concentrations to make a calibration
curve, rather than just comparing one cluster sample with one reference sample.

The quantum yield of the Ag clusters is also lower than that typically observed
for clusters capped with polymers (19 %179), DNA strands (64 %180) or proteins
(11 %181). However, these ligands are large, can bind to the cluster in multiple ways
and can have an inherent polydispersity, all of which makes accurate cluster size
determination and structure elucidation challenging. Of Ag-thiolate clusters, those
capped with glutathione show especially high quantum yields, 0.8–7 % for clusters
with known composition and sizes between Ag10(SR)5 and Ag32(SR)19.161,182,183

An extraordinarily high quantum yield of 68 % was also found for glutathione-
capped Ag clusters, although the size and monodispersity of these clusters are
unknown.184 The highly monodisperse Ag44, in contrast, only has a quantum yield
of 0.01 %.160

The cluster synthesis can easily be scaled up (at least 5× without adapting the
synthesis protocol), and works for different Ag : LA ratios (Figure 2.3). If low
ligand concentrations (LA/Ag< 1) are used, the samples have weak (sometimes
no) luminescence, although the NIR shoulder has a relatively high intensity. It
is possible that the NIR emission originates from a surface state that is not fully
passivated by ligands.
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Figure 2.4 (a) The highly monodisperse distribution of sedimentation coefficients for
Ag clusters is virtually independent of dilution (undiluted and 4× diluted), centrifugation
speed (50 000 and 60 000 rpm) and absorption wavelength (423 and 528 nm). At higher
S-values no significant peaks were observed. The small peak close to 0 S probably
originates from free ligands, as demonstrated by recording UV-Vis absorption spectra (b)
in the cell after sedimentation. The pathlength of the cells for absorption is 1.2 cm. (c)
UV-Vis absorption spectra of LA, LA with AgNO3 and DHLA (reduced LA) with AgNO3,
for comparison. The LA and DHLA samples with AgNO3 have been diluted; respectively
4× and 10× relative to the LA concentration in cluster samples.

Determination of cluster size

Analytical ultracentrifugation Sedimentation velocity analytical ultracentrifuga-
tion (SV-AUC) measurements were performed to study the monodispersity of the
Ag clusters. Cluster solutions were measured without purification at different
absorption wavelengths and rotation speeds, and with different dilution factors.
The obtained distributions of sedimentation coefficients are shown in Figure 2.4.
The clusters have a uniform sedimentation coefficient of 2.32–2.38 S (average 2.34 S,
standard deviation 0.014 S), indicating amonodisperse species. The contribution of
larger species (4–10 S) was negligible at below 1 %. We expect the 2–3 nm particles
previously observed with TEM to have sedimentation coefficients in this range;
these are thus not present in the cluster solution but likely result from aggregation
during TEM sample preparation, which involves removal of excess ligands and
drying.185 For all SV-AUC experiments, the frictional ratio f / f0 was 1.2–1.3, mean-

37



2 | Characterisation of luminescent Ag29 clusters

ing the clusters are not perfectly spherical. We also observed a species with an
extremely low sedimentation coefficient (close to 0 S) in SV-AUC experiments. By
recording absorption spectra of the upper part of the centrifugation cell at the end
of the experiment, we identified this species as free LA (see Figure 2.4) and not
small Ag clusters or complexes with LA or DHLA (dihydrolipoic acid, reduced
LA). It can therefore be concluded that all Ag clusters are present as the 2.34 S
species.

To determine the particle molar mass, we performed sedimentation equilibrium
(SE) measurements of undiluted, 2× and 4× diluted Ag cluster solution at three
different speeds (23 000, 35 000 and 43 000 rpm at 423, 485 and 528 nm). For
undiluted samples, the data could be fitted to a single species model with one
component. This species was found to have a molar mass of 6.6 kDa. For 2× and
4× diluted samples, a model with two components was used. One species was
the same as for the undiluted sample, with a molar mass of 6.6–6.7 kDa. The
second species was found to have a molar mass of 15.2 kDa or 26.0 kDa for 2×
and 4× diluted samples, respectively. These were found to be the result of cluster
aggregation due to lower stability of clusters in diluted samples (see Figure A.1
for absorption spectra of diluted clusters over time). These larger species are
not present in the as-synthesised, undiluted sample. Dilution of the sample
decreases the concentration of free LA which can lead to desorption of ligands
from the cluster186, resulting in lower cluster stability. Indeed, we found that
purified clusters, where the excess of free LA has been removed, are less stable
than as-synthesised clusters (see Figure 2.13).

Mass spectrometry The mass of the cluster is 5604 Da, determined using elec-
trospray ionisation (ESI) MS. This is in reasonable agreement with the 6.6 kDa
determined from SE-AUC measurements. The difference could be due to the esti-
mated value of the particle density for SE-AUC. The clusters may have a hydration
layer which is observed in SE-AUC but not ESI-MS. Mass spectra, Figure 2.5, were
recorded of clusters purified with 1-butanol (BuOH) and show the same features
as reported earlier.168 Two groups of broad ion signals, around m/z 1130 and 1420,
originate from the same 5.6 kDa species in the z � 5− and z � 4− charge states,
respectively.

We previously identified the 5.6 kDa cluster as neutral Ag25(LA)14 on the basis
of good agreement of theoretical mass and observed mass of the base peak in the
deconvoluted spectrum. However, a subsequent detailed analysis of the spectrum
before deconvolution has shown that a more likely composition is Ag29(LA)12

3−.
This cluster carries a charge of 3− on the core (which we define here as the S
and Ag atoms and thus excludes any charges on the ligands themselves due
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Figure 2.5 (a) ESI-MS spectrum of Ag clusters purified with BuOH. The most intense
signal is from a z� 5− species with mass 5.6 kDa. The z� 6−, 4− and 3− species
(around m/z 930, 1400 and 1870) are also marked. A weak feature around m/z 2800
could be the cluster in z� 2− charge state. The inset shows a close-up of the z� 5−
and 4− species. (b) Experimental (black) and theoretical (colour) mass spectra of (top)
[Ag29(LA)12

3 – – (2 + x)H+ + x Na+]5 – and (bottom) [Ag25(LA)14 – (5 + x)H+ + x Na+]5 –

clusters. The theoretical spectrum is shown for all possible x , where x is the number of
H+/Na+ exchanges. Theoretical spectra for each possible x have been manually scaled.
Note the absence of the m/z 1116 signal for Ag25.

to deprotonation). Deprotonation of the carboxylic acid group and subsequent
association with Na+, termed H+/Na+ exchange, results in the observation of
multiple ion signals for the same cluster with the same overall charge. Figure 2.5
shows the theoretical mass spectrum of the cluster for all possible H+/Na+

exchanges x, in the overall charge state z � 5−. The total composition of this
cluster can be written as [Ag29(LA)12

3− − (2 + x)H+
+ x Na+]5−. There is excellent

agreement with the experimental spectrum, while for the previously proposed
composition [Ag25(LA)14 − (5+x)H+

+x Na+]5− there is no experimental ion signal
for the cluster with x � 0 at m/z 1116. Since species with low x dominate, it
is unlikely that the species with x � 0 Na+ is not observed experimentally. To
confirm the assignment of the cluster as Ag29(LA)12

3−, mass spectra of clusters
purified with 3 kDa centrifugal cutoff filters (Figure 2.6) were recorded. We expect
that purification with the rather apolar solvent BuOH does not remove excess salts
from the cluster solution, whereas purification with 3 kDa filters will, thus the two
techniques should show different distributions of x. Indeed, the intensity of ion
signals with low x increased when 3 kDa filters were used for purification, with
the most intense ion signal at m/z 1120 (z � 5− species), which corresponds to the
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Figure 2.6 (a) Mass spectra of clusters purified with cutoff filters, after filtration and two
subsequent washing steps. (b) Close-up of the z� 5− group of the 5.6 kDa species, after
two washing steps (dark blue) compared to a BuOH purified sample (black). Also shown
is the theoretical mass spectrum of [Ag29(LA)12

3 – – (2 + x) H+ + x Na+]5 – for all x (filled
graph), without scaling of peaks for different x . The sample purified with filters shows
an increase in intensity for ion signals with low x , consistent with the washing away of
excess salts.

Ag29 cluster with x � 0 H+/Na+ exchanges. No signal was observed at m/z 1116
(Ag25, x � 0). Therefore we conclude that the Ag cluster is indeed Ag29.

Note that purification with cutoff filters yields more ion signals than the BuOH
purification (Figure 2.6). During purification, a number of other heavier species
(up to 6.4 kDa) are also observed. After two washing steps, the 5.6 kDa species
dominates but there is also a significant amount of a 5.9 kDa species. Furthermore,
in the z � 5− charge state, there appears to be a second distribution of ion signals at
m/z 1135–1155 where the agreement with the theoretical spectrum is not as good.
It is possible that the cutoff filter method causes aggregation and/or fragmentation
of the clusters.

Our assignment broadly agrees with the study of Russier-Antoine et al. of LA-
capped Ag clusters, which were identified as neutral Ag29(LA)12.170 The cluster
with 3− core shows better agreement with our mass spectra than a cluster with
neutral core (regardless of whether we compare with the z � 5−, 4− or 3− overall
charge states or the deconvoluted spectrum). Not only is there a slight shift
between the neutral theoretical and experimental spectrum, but the ion signal at
m/z 1155.5 (and possibly 1160) cannot be satisfactorily explained if the cluster
is neutral. The mass difference between the neutral and 3− charged core Ag29
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clusters is 3 Da, which for the overall z � 5− charge state is a difference in m/z of
0.6. The resolution of the mass spectrometer (2800) is sufficiently high to resolve
this. In a recently published study, Black et al.provided further confirmation of the
3− core charge.187 The cluster has 8 electrons and is thus a magic number cluster
with a closed electron shell.46

The Ag29(LA)12
3− cluster also shows similarities with the recently discovered

Ag29(BDT)12(TPP)43−, where BDT is the dithiolate ligand 1,3-benzenedithiol and
TPP the labile ligand triphenylphosphine.56 Besides almost identical compositions
and equal core charge, this cluster and our Ag29(LA)12

3− have comparable absorp-
tion and emission spectra. We therefore deem it very likely that Ag29(LA)12

3− has a
similar structure as Ag29(BDT)12(TPP)43−, namely an icosahedral core capped with
Ag-ligand units (four Ag3S6 crowns and four Ag1S3P1 units). However, in contrast
to the BDT-capped cluster, Ag29(LA)12

3− does not require additional stabilisation
by phosphines, so the capping units might be slightly different or distorted to
protect all Ag atoms. The increased stability of LA-capped clusters compared to
BDT-capped clusters could be due to the presence of the carboxylic acid-terminated
alkyl chain of LA, which provides additional steric and electrostatic stabilisation.
Moreover, thiolate ligandsmay protect themetal core of a cluster inmoreways than
just via metal-thiolate bonding.39 In Au clusters capped with 3-mercaptobenzoic
acid, weak −OH···Au bonds and π−Au interactions were found, with a strength
similar to that of a hydrogen bond. Due to these additional stabilisation effects,
clusters with remarkably low ligand-to-metal ratio and stability under ambient
conditions could be prepared.

The ligand-to-metal ratio is very low for these Ag29 clusters. Recently, a scaling
law (L � mN2/3) was proposed for Au clusters to relate the number of ligands
(L) to the number of metal atoms (N).188 The coefficient m was found to be
2.08 for Au-thiolate clusters (1.82 for stable Au-thiolate clusters) while a higher
coefficient (2.41) was found for Ag44(SR)30

4−.189 For Ag29(LA)12
3−, the coefficient is

extremely low (1.27), however this ignores the fact that LA can bind bidentate. If we
assume bidentate bonding of all LA, the clusters can be considered as Ag29(SR)24

3−

with m � 2.54, which is in good agreement with what was found for Ag44. In
Ag29(BDT)12TPP4

3−, bidentate bonding of all BDT ligands was observed. While
this is not necessarily the case for our LA-capped clusters, the ligand-to-metal
ratio indicates at least a significant fraction of bidentate ligands to ensure complete
capping of the Ag surface. If the structure of the LA-capped cluster is indeed
comparable to that of the BDT-capped Ag29 and all LA bind bidentate, this means
there are 16 Ag- and 24 S-atoms in the capping layer surrounding the icosahedral
core.
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Figure 2.7 (a) Mass spectra in the z� 4− region of Ag clusters after purification with
BuOH (black), and the same sample after addition of NaCl solution (dark blue), corre-
sponding to an increase in Na+ concentration of 15.3 mM. The theoretical spectrum of
Ag29(LA)12

3 – for all possible H+/Na+ exchanges is shown in solid blue. The difference in
Na+ adduct peak distribution can be clearly seen, and a number of new, heavier species
are marked with an asterisk. (b) Scans at the start of the MS measurement have a higher
relative intensity of the Ag29 signal (m/z 1120–1160) than those at the end.

We occasionally observe what appears to be bidispersity, with two species
showing H+/Na+ exchange in the range m/z 1120–1160. Theoretically all these
ion signals could originate from Ag29(LA)12

3− as they show the same m/z as this
cluster. In some spectra, lighter and heavier cluster species are observed which
could not be explained from the Ag29(LA)12

3− composition (5.7–5.9 kDa). It is
unlikely that clusters slightly bigger or smaller than Ag29(LA)12

3− are present in
the original sample, as size focusing would convert them to the most stable size;
Ag29.Therefore we expect that the observed polydispersity is to a large extent due
to fragmentation or aggregation of the clusters, during purification or ionisation.

Indeed, we found that the concentration of Na+ in the purified sample affects
the spectrum. This concentration may vary from sample to sample due to the
purification technique, which involves extraction of water with BuOH followed
by washing with methanol before the clusters are redispersed in water. Small
variations in this process can result in different final Na+ concentrations. By adding
Na+ in the form of NaCl solution after the purification, we investigated the effect
of Na+ concentration on the spectrum (Figure 2.7). Higher Na+ concentration
shifts the distribution of Na+ adduct peaks from Gaussian-like to a broader, almost
bidisperse distribution. In addition, a number of heavier species appear. Recently,
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Figure 2.8 UV-Vis spectra of a batch of clusters synthesised in the presence of existing
clusters (markers) and a normal batch of clusters (line). Spectra are indistinguishable.

it was discovered that two isomers of LA-capped Ag29 may exist in solution187,
which may be related to different ligand conformations.95 Each isomer may have a
different affinity for Na+, resulting in the apparent bidispersity.

Themass spectrumalso changes slightly during ameasurement, which typically
consists of around hundred scans. Over time, the signal-to-noise ratio usually
decreased while the relative intensity of lighter and heavier species than Ag29
increased (Figure 2.7). The influence of heat, light or high voltage could cause
degradation of the clusters in the capillary needle.

Cluster stability, degradation and regeneration

The as-synthesised clusters are stable for many months if stored in the dark, with
observable luminescence present after 18 months for some samples. The stability of
the as-synthesised clusters is comparable to those prepared by Bakr et al. 160 , which
were later shown to be the ultrastable and atomically monodisperse Ag44(SR)30

4−,
a magic number cluster with 18 electrons.23,189 The stability of these Ag44 clusters
was demonstrated by synthesising them in the presence of existing Ag44.23 We
performed a similar experiment with our Ag clusters with the same result: rather
than acting as seeds for nanoparticle growth, the pre-existing Ag clusters were
inert under reductive (synthesis) conditions. The clusters prepared in presence
of Ag clusters had the same absorption profile as a reference batch prepared
simultaneously (see Figure 2.8). This illustrates the high stability of these clusters
and how different they are from classical nanoparticles.
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Figure 2.9 (a) Absorption and (b) normalised emission spectra of Ag clusters at various
times after synthesis (during degradation). (c) Maximum emission (PL) intensity for
samples at various times after the synthesis. (d) Dependence of luminescence lifetime on
the sample absorbance. Fresh samples have higher absorbance and longer luminescence
lifetimes than partially degraded samples. Quenching occurs from A� 0.15.
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We further investigated the stability of the Ag29LA12
3− clusters by studying

their degradation over time. Fully degraded cluster solutions are clear, very pale
yellow and non-luminescent. Full cluster degradation can take anything between
4 and more than 18 months, depending on the sample. We found that exposure to
light and oxygen (opening the vial often) has a negative effect on sample stability,
with these samples showing the shortest degradation times of just a few months.

During degradation, the luminescence intensity decreases and the peaks in
the absorption spectrum become less pronounced (Figure 2.9). The shape of
the emission spectrum is the same regardless of sample age, and apart from a
small blueshift of the 330 nm peak, the absorption features do not shift and no
new features appear during degradation. We therefore conclude that no other
dominant cluster species are formed as the clusters age. UV-Vis spectra of fully
degraded clusters show a decrease in absorbance with increasing wavelength
which is characteristic of metal-thiolate complexes.150,190 The spectrum shows no
sharp absorption features (indicating monodisperse clusters) or a surface plasmon
absorption (indicating plasmonic Ag nanoparticles).

The degradation coincides with a shortening in luminescence lifetime. The
lifetime at 680 nm is fitted to a single exponential. We use the absorbance at 500 nm
as a measure for the extent of sample degradation rather than sample age, since the
latter does not take into account faster degradation due to exposure to light and
air. Clusters with pronounced absorption features have luminescence lifetimes of
around 4.1 µs, while for almost fully degraded clusters the luminescence lifetime
is 0.5 µs shorter.

SV-AUC experiments (Figure 2.10) show that degraded clusters are polydisperse
and larger than as-synthesised clusters, with sedimentation coefficients in the
range 5–20 S. The species with 2.34 S is not observed, meaning the clusters are fully
aggregated. We also performed SV-AUC experiments of an old cluster sample
that was not fully degraded, and found a broad distribution around 7 S as well as
a sharper distribution at 2.34 S, shown to originate from the Ag29 clusters. This
is in excellent agreement with the UV-Vis absorption spectra where the not fully
degraded clusters show the same absorption features as fresh clusters, but with
lower absorbance. There is no evidence of Ag clusters that are slightly bigger or
smaller than Ag29. The large size, ∼5 nm, of degraded clusters is confirmed with
TEM and by purification with 3 kDa centrifugal cutoff filters, where the yellow
species remained on the filter. The exact composition of degraded clusters remains
unknown; we could find no clear ion signals indicating the presence of species
with Ag with ESI-MS.

Degraded clusters could be regenerated by the addition of NaBH4 (a similar
amount as was used during the last step of the synthesis). It is thus likely
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Figure 2.10 (a) Sedimentation coefficient distributions (60 000 rpm, 395 nm) of Ag
clusters at various stages during degradation. The species with sedimentation coefficient
close to 0 S is free LA. Corresponding UV-Vis spectra are shown in (b); a lighter colour
corresponds to a more degraded sample. (c) HAADF TEM image of fully degraded
clusters. Clearly, large nanoparticles/aggregates are present. The scale bar is 20 nm.

that degraded clusters are oxidised (for example aggregates of Ag(I)-thiolates).
Alternatively, degradation could be due to ligand desorption and subsequent
cluster aggregation: addition of NaBH4 reduces free LA to its dithiol form which
could induce a size reduction for example via etching.

Regenerated clusters have the same absorption and emission features as freshly
prepared clusters and similar size distributions (Figure 2.11). Regenerated clusters
were characterised with SV-AUC and ESI-MS. SV-AUC shows that regenerated
clusters have the same sedimentation coefficient and narrow size distribution as
fresh clusters. We were unable to purify regenerated clusters with BuOH for ESI-
MS. Once the last water had been extractedwith BuOHand the clusters sedimented,
they became brownish and could not be redispersed in water. However, mass
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Figure 2.11 Comparison of optical properties and size distributions of freshly prepared
and regenerated clusters. (a) UV-Vis absorption spectra, showing also the spectrum
of a fully degraded sample (inset: emission spectra, excitation wavelength 420 nm).
(b) Sedimentation coefficient distributions (60 000 rpm, 528 nm) (c) Mass spectra (fresh
clusters were purified using BuOH, regenerated clusters with 3 kDa filters). Ag29(LA)12

3 –

clusters, mass 5.6 kDa, in z� 5−, 4− and 3− overall charge states are marked with
vertical dashed lines. A number of lighter species are also observed (marked with black
circles). The arrows and text show how these lighter species can be formed from the
Ag29 cluster (the species with z� 4− are the same, but for clarity arrows are only shown
for z� 3−).
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spectra of regenerated clusters purified with 3 kDa filters confirm the presence
of Ag29(LA)12

3−. In addition, we observe a number of slightly lighter species
(around 5.0 and 5.4 kDa, identified in Figure A.2). Fresh clusters appeared
more polydisperse in ESI-MS when purified with 3 kDa filters than with BuOH
(Figure 2.6), so it is possible that these lighter species are formed during purification.

While the initial synthesis of the Ag29 clusters involves reduction of AgNO3,
cluster regeneration appears to proceed via a top-down route by reducing larger,
oxidised species. The same luminescent species are formed in both cases which is
evidence for the stability of our clusters and high affinity of LA for Ag. The strong
bonding of LA to Ag (and also to Au) has been demonstrated in several studies
where luminescent Ag (or Au) clusters are prepared from nanoparticles (≈5 nm)
which are etched to clusters by addition of LA,73,191,192 a process which could be
similar to the regeneration of our degraded clusters. The initial synthesis of Ag29
will be discussed in more detail in Chapter 3.

Regeneration has been demonstrated earlier for DNA-capped Ag clusters180

and selenolate-capped Ag44 clusters.193 Interestingly, the authors of the latter
study report that regeneration was not successful for thiolate-capped Ag44 clusters
and that larger nanoparticles were formed instead. We could find no reports in
the literature of any fully reversible degradation of thiolate-capped Ag clusters,
suggesting that LA-capped clusters could be unique in this respect. The high
LA/Ag ratio (≈ 5) could be a contributing factor to the success of regeneration.
When LA/Ag< 1, the cluster stability is decreased and the samples become non-
luminescent within weeks. Degraded clusters with such a low LA concentration
were somewhat darker than the standard degraded clusters. While regeneration
by NaBH4 is still possible, optical properties of regenerated clusters appear not
to be fully recovered, although this might be partially attributed to the lack of
reproducibility of cluster synthesis with low LA concentration. If regeneration
is performed with both NaBH4 and LA, the optical properties resemble that of a
freshly prepared Ag : LA� 1 : 5.3 batch. Addition of only LA is not sufficient for
cluster regeneration. Absorption and emission spectra are shown in Figure 2.12.

Stability of purified clusters. Purification of clusters with BuOH affects their sta-
bility. Absorption, emission and mass spectra of the clusters were recorded before
and at several times after purification, see Figure 2.13. Shortly after purification,
there are no changes in the emission spectrum and the absorption spectrum shows
only minor differences (comparable to differences between different batches of clus-
ters). Thus, the luminescent species is not influenced directly by the purification
and this method is suitable for purification of samples for MS.
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Figure 2.12 (a) Absorption, (b) emission and (c) normalised emission spectra of de-
graded clusters with Ag : LA � 1 : 0.6, and these clusters after regeneration with re-
spectively LA, NaBH4, and LA + NaBH4. The integration time of the CCD detector was
10× as long for degraded clusters and degraded clusters with LA than for the other two
samples. The optical properties of clusters regenerated with just NaBH4 are in reasonable
agreement with those of freshly prepared Ag : LA � 1 : 0.6 clusters, as shown in (d), (e)
and (f) which show absorption, emission and normalised emission spectra, respectively.
Emission spectra (e) are divided by the emission maximum of a freshly prepared Ag : LA
� 1 : 5.3 sample prepared on the same day to account for any variations in lamp intensity
or differences in measurement protocol. Spectra of the freshly prepared Ag : LA � 1 : 0.6
clusters are plotted in greyscale, while spectra of regenerated clusters are shown in colour
with a thicker line.

49



2 | Characterisation of luminescent Ag29 clusters

1000 1200 1400 1600 1800 2000

m/z

In
te

n
s
it
y

400 600

λ  (nm)

0

0.5

A
b

s
o

rb
a

n
c
e

400 600

λ  (nm)

0

0.5

A
b

s
o

rb
a

n
c
e

600 800

λ  (nm)

0

0.5

1

R
e

la
ti
v
e

 P
L

 i
n

t.

600 800

λ  (nm)

0

0.5

1

N
o

rm
. 
in

te
n

s
it
y

(a)      (b)       (c)

(d)      (e)

9 

days

7 

days

6 hours

1 day

2 days

3 days

4 days

7 days

Figure 2.13 UV-Vis absorption spectra of (a) BuOH purified and (b) as-synthesised
clusters, recorded each day after purification. (c) Emission intensity of purified clusters
over time, relative to that of an as-synthesised sample measured on the same day. The
intensity decreases, but the shape of the emission peak (d) does not change. (e) Mass
spectra of Ag cluster sample at various times after purification, shifted vertically for clarity.
The signal of the 5.6 kDa clusters (m/z� 1120 and 1400) is almost gone after 1 week.

Within a fewdays, the purified cluster solution turns brownand the pronounced
peaks in the absorption spectrum gradually disappear. This coincides with a drop
in emission intensity, to around 20 % of the original value after one week. However,
the shape of the emission peak does not change. This is strong evidence for the
presence of a single luminescent species and thus high monodispersity of the
clusters, as was also found with SV-AUC.

Along with the disappearance of characteristic optical properties, the relative
intensity of the ion signals corresponding to Ag29(LA)12

3− increases at first but
then it decreases and is barely discernible over the background after 1 week. This
is further evidence that Ag29(LA)12

3− is the luminescent species. However, it is
not possible to directly correlate a decrease in MS signal intensity to the changes
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in optical properties, as mass spectrometry is not a quantitative technique and
various factors such as the stability of the capillary spray varied from day to day.
Note that we have been unable to identify the product of the degradation process
of the purified clusters with ESI-MS, although we expect the formation of larger
species as observed for as-synthesised clusters. The lower stability of purified
clusters can be explained by an equilibrium between bound and free LA. Removal
of excess ligands would thus lead to ligand desorption.

2.4 Conclusions

In conclusion, we have prepared stable, luminescentAg clusterswith highmonodis-
persity. The combination of mass spectrometry, optical spectroscopy and analytical
ultracentrifugation has allowed us to unequivocally identify a 5.6 kDa species
(assigned to Ag29(LA)12

3−) as the luminescent cluster. We found no evidence of
other cluster sizes at different times after synthesis or purification. Over time, the
clusters degraded resulting in loss of luminescence, but the luminescent clusters
could easily be regained by addition of NaBH4. The reversibility of cluster degra-
dation has not been previously observed for thiolate-capped Ag clusters. The
high monodispersity and quantum yield of the Ag29 cluster makes it a candidate
for both fundamental studies into the origin of luminescence91 and for potential
applications194, for example in bioimaging.
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Chapter 3

Synthesis mechanism of Ag29 clusters

Abstract
Ag29 clusters capped with lipoic acid can be prepared according to a simple synthesis
protocol without any additional purification to achieve atomic monodispersity. Using optical
spectroscopy, mass spectrometry and X-ray spectroscopy, it was determined that the
synthesis involves a rapid nucleation and growth to species with up to a few hundred
Ag atoms. From these larger species, Ag29 clusters are formed and their concentration
increases steadily over time. Oxygen plays an important role in the etching of large
particles to Ag29. No other stable Ag cluster species are observed at any point during the
synthesis.
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3 | Synthesis mechanism of Ag29 clusters

“Scientific progress goes boink?"

— Bill Waterson, Calvin & Hobbes:
Scientific Progress goes boink

3.1 Introduction

It is of great interest to prepare atomically monodisperse clusters in bulk quantities
and with high yields, preferably without resorting to multi-step reactions or
extensive purification protocols. To date, this has been achieved for a number
of highly stable magic number gold and silver clusters, notably Ag44

23,55,195 and
Au25

22,77. New synthesis protocols are constantly being developed and improved
so that increasingly, also less stable sizes can be more easily obtained. For example,
the cluster Au18(SR)14 was at first only prepared in a mixture with multiple
different sizes and had to be isolated using gel electrophoresis.150 More recently,
a pH controlled reduction method was developed, which directly yielded the
monodisperse cluster in high quantitites.196 Knowledge of the mechanisms of
cluster synthesis have made this progress possible.

Studies of cluster synthesis have focused on Au, while less is known about
the synthesis mechanisms of Ag clusters. For Au clusters, there are a number of
factors that can influence the product(s) obtained from a reaction. These include
reaction temperature76, solvent78,197,198 and even stirring speed79,199. While at first
glance this may seem like the development of a good synthesis protocol is more
art than science, some general principles have been established.

It is commonly accepted that the synthesis of clusters proceeds via a kinetically
controlled reduction reaction. The precursor for cluster synthesis is usually a
simple metal salt such as AgNO3 or HAuCl4 which is mixed with thiols in solution.
For Au clusters, it has been shown that a reaction occurs already at this step
to give a synthesis intermediate. This is thought to consist of aggregates of
Au(I)-thiolates30,76,200–202, although recent work has suggested that [Au(I)X2]−
complexes, where X is a halide, are more likely to form in organic solvents.203

After formation of the synthesis intermediate, a reducing agent (often NaBH4)
is added to reduce the metal ions. Nucleation occurs, followed by growth. A large
number of different cluster and nanoparticle species may be formed. The solution
is then aged to obtain the final product. This may involve a change in synthesis
conditions such as a change of solvent and addition of a different ligand to etch
clusters to the desired size.197 During ageing, thermodynamics becomes of great
importance. Some species are inherently less stable than others, and due to the
dynamical nature of clusters they will slowly convert to the more stable species.
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These are the final products of the reaction. This spontaneous process is called
size focusing.30,80,204 To obtain a different product, the initial size distribution of
clusters can be changed. This can be done for example by changing the solvent,
temperature or stirring speed. These parameters influence the rate of the reduction,
but also (for gold) the extent of aggregation of the Au(I)-thiolate intermediate.76

In this chapter, we investigate the synthesis of Ag clusters with lipoic acid (LA),
identified as Ag29(LA)12

3− in Chapter 2. Its straightforward, highly reproducible
synthesis which achieves atomic monodispersity without any purification makes
it an ideal candidate for a detailed investigation. Once the synthesis starts, there
are no further changes to the reaction mixture. These clusters can be formed via a
bottom-up approach using AgNO3, as shown in Chapter 2, but also via a top-down
method by etching larger nanoparticles with excess LA.73 It may be that similar
size focusing mechanisms occur in both cases.

The formation of Ag29(LA)12
3− is studied using optical spectroscopy, mass

spectrometry and X-ray absorption spectroscopy (XAS). XAS is found to be an
especially useful technique, as it is element-specific and does not require extensive
sample purification which may affect the compositions of the clusters. A XAS
spectrum is usually divided in two regions; the Extended X-ray Absorption Fine
Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES). From
EXAFS, one can identify the nature of ligands, their coordination number and
bond lengths. XANES gives information about the electronic structure, including
oxidation numbers.102,103 Both techniques are used to study the formation of Ag29
clusters in this chapter.

The nucleation and initial growth are too rapid to observe with any detail.
However, we determine that within minutes of reduction, large clusters or nanopar-
ticles with a hundred or more Ag atoms are present. Size focusing to Ag29 then
occurs, possibly via Ag28 and Ag26. The remarkable stability of Ag29 clusters is an
important factor in their successful synthesis. The conversion of Ag∼100 to Ag29
likely proceeds via an etching mechanism where oxygen plays an important role.

3.2 Experimental methods

Chemicals

AgNO3 was obtained from Fisher Scientific (laboratory reagent grade) or Sigma Aldrich
(≥99.0 %). NaBH4 (99 %), (±)-α-lipoic acid (≥ 99 %), methanol (≥ 99.9 %), Ag powder
(≥99.9 %) and silver diethyldithiocarbamate (99 %) were purchased from Sigma Aldrich.
1-Butanol (99.5 %) was obtained from Acros. Water was of Milli-Q quality, purified using a
Millipore Direct-Q 3 water purification system.
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Synthesis

The synthesis of the Ag clusters is adapted from the literature.86 19 mg lipoic acid (92 µmol)
and 7 mg NaBH4 (185 µmol) were placed in a 40 or 20 mL glass vial with 14 mL water. This
was stirred (using a magnetic stirring bean) until all LA had dissolved. Next, 700 µL 25 mM
AgNO3 (17.5 µmol) was added (the solution turned turbid), followed by 10 mg NaBH4
(264 µmol) in 2 mL water. The vial was wrapped in aluminium foil to minimise the exposure
of the clusters to light. The synthesis was performed at room temperature and magnetic
stirring was continued throughout. For X-ray spectroscopy experiments, the synthesis was
scaled up 5×without any further modifications to the protocol.

Optical spectroscopy

UV-Vis spectra were recorded using a Perkin Elmer Lambda 950, a Perkin Elmer Lambda 40
or a Varian Cary 50 spectrometer. Emission spectra were recorded with a Spex 1680 (0.22 m)
double beam spectrofluorometer equipped with a liquid nitrogen cooled Acton Research
SpectraPro 300i CCD camera. The CCD camera was equipped with a 150 lines/mm grating
blazed at 800 nm.

Mass spectrometry

MS measurements were performed in negative ion mode using an electrospray ionisation
time-of-flight (ESI-ToF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with a
Z-spray nano-electrospray ionisation source. Needles were made from borosilicate glass
capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter
Instruments, Novato, CA), coated with a thin gold layer by using an Edwards Scancoat
(Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. After purification,
the sample was sprayed into the mass spectrometer. The applied voltage on the needle
was 1180 V and the sample cone voltage was varied between −5 and 0 V to measure intact
clusters. All spectra weremass calibrated in negative ionmode, using an aqueous solution of
phosphoric acid (0.1 % v/v). Theoretical mass spectra were calculated using ChemCalc151

with full width at half maximum � 1. In calculating theoretical mass spectra, we assume
that neither of the two S-atoms in LA is present as a thiol (thus LA is C8H14O2S2).

For mass spectrometry, samples were purified using 1-butanol (BuOH) to extract water,
containing excess ligands and other possible contaminants, until the clusters sediment,
after which they are washed with a small amount of methanol (MeOH) and redispersed
in water. This is done by mixing 300 µL cluster solution, 400 µL BuOH and 100 µL MeOH
in an Eppendorf vial. The vial was briefly centrifuged to speed up phase separation, and
the upper colourless organic layer was removed. Next, 300 µL BuOH was added, the vial
was shaken and centrifuged, and the organic layer was again removed. This was repeated
until the clusters just sedimented. Typically, 3–5 extractions with BuOH were needed. After
removing the final organic layer and washing with MeOH (50–100 µL), the clusters were
redispersed in water (50–100 µL).
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Figure 3.1 UV-Vis absorption spectra of freshly prepared Ag29 clusters (blue) compared
to clusters that have been concentrated with cutoff filters and exposed to X-rays (black),
and clusters that have only been concentrated (grey). Damage to clusters due to X-ray
exposure or concentration is limited. Spectra are normalised at 330 nm.

EXAFS

Ag K-edge EXAFS (25.51 keV) was measured at BM26A (DUBBLE) of the European Syn-
chrotron Radiation Facility.205 The incident beam was selected using a Si(111) monochro-
mator. The measurements were performed in fluorescence mode using an 8 element Ge
detector. Samples were measured in capillaries (Hilgenberg, 2 mm outside diameter, article
no. 4007620).

To accurately determine the coordination numbers of as-synthesised Ag clusters, we
recorded EXAFS of concentrated Ag cluster solution prepared a few days before the
measurement. The clusters were concentrated around 5× using 3 kDa cutoff filters (Amicon,
Millipore), then measured for 30–60 min (4 scans). After this, a new sample was prepared
and measured. This was done in order to avoid radiation damage. The final spectrum was
averaged over 25 spectra taken from seven freshly concentrated aliquots of the same batch
of clusters.

After recording EXAFS, we removed one sample from the capillary and recorded a
UV-Vis absorption spectrum to determine the extent of radiation damage. To distinguish
between the influence of the concentration process and the exposure to X-rays, we also
recorded an absorption spectrum of clusters that had been concentrated and then stored in
the lab for around an hour. Results are shown in Figure 3.1. It is clear that both concentration
and X-ray exposuremake the absorption peaks only slightly less pronounced, so we consider
radiation damage to be limited.

EXAFS during synthesis was recorded by taking aliquots at regular intervals. Each
aliquot was measured for no more than 60 min. As the synthesis is ongoing, the sample
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compositions will change somewhat during this time, and this is the reason we did not
measure for longer times. In combination with the low Ag concentration (1 mM), this means
the EXAFS data are rather noisy. To check for radiation damage, the aliquots were kept after
EXAFS measurement. Around 9 h after addition of NaBH4, when the synthesis is finished,
all aliquots were found to luminescence red under a UV-lamp, showing that luminescent
Ag29 clusters were formed despite exposure to X-rays.

EXAFS analysis EXAFSanalysiswasdoneusingVIPER206, and theAthenaandArtemis207

software packages. Scattering phases and amplitudes were calculated using FEFF for a num-
ber of different compounds, including Ag and Ag2S, coordinates of which were obtained
from the Inorganic Crystal Structure Database208 (numbers 44387 and 44507, respectively),
as well as Ag29(BDT)12(TPP)4 56, with TPP (triphenylphosphine) ligands removed and BDT
(1,3-benzenedithiol) replaced by LA. A geometry optimisation of this structure was done in
Avogadro209, keeping Ag and S atoms frozen, to ensure reasonable C−C and C−H bond
lengths and angles.

One Ag−Ag and one Ag−S path were used in the fit. Typical fit parameters for as-
synthesised clusters were: k � 3.0–12.5Å−1, R � 1.0–3.2Å, using a Hanning window
(dk � 1Å−1) for the Fourier Transformation. Fitting was done using k � 3 weighting in
VIPER and k � 1, 2, 3 weighting in Artemis. The compound from which the scattering path
was calculated had a minor effect on the fit, as had the fitting software and parameters.
Clusters during synthesis were measured over a shorter k-range, k � 3.0–8.15Å−1, and
R � 1.0–3.45Å. To determine coordination numbers during synthesis, a number of
parameters of the two scattering paths were fixed to that of as-synthesised clusters; such as
bond lengths or Debye-Waller factors, or both.210 A number of fits showed unreasonable
parameters, such as negative Debye-Waller factors or extremely short bond lengths. These
fits were discarded and excluded from further analysis. Regardless of whether none, two or
four parameters were fixed in the fit, the results show similar trends.

The amplitude reduction factor S2
0 was not explicitly taken into account during fitting

(that is, S2
0 � 1 was used). However, from fitting a reference Ag sample, it may be estimated,

S2
0 � 0.9.

XANES

Ag L3-edge XANES (3.35 keV) was recorded at beamline ID26 at the European Synchrotron
Radiation Facility. The incident beam was selected using the (111) reflection from a double
Si crystal monochromator. X-ray fluorescence was collected at a 90° angle using a silicon
drift diode detector (Ketek).

The synthesis (5× normal scale) was carried out in a vial fromwhich liquid was pumped
through a 1.5 mm capillary to form a free-standing liquid jet which was placed in the focus
of the beam. Below the jet, the liquid was collected and returned to the synthesis vial.
To avoid attenuation of X-rays through air, the jet was run through a chamber filled with
helium. The chamber had a kapton window on one side for the incoming X-ray beam, and
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Figure 3.2 Liquid jet setup with continuous flow for recording X-ray absorption spec-
troscopy in a He atmosphere. The sample is pumped from the reservoir first through
a flow cuvette to record UV-Vis spectroscopy, then through a capillary nozzle to form a
freestanding jet in a chamber with He, where X-ray spectroscopy can be measured. Note
that this was done in fluorescence mode, at an angle of 90° to the incoming beam.

another where the detector was placed. Pumping and purging with He was required to
avoid absorption by argon present in air (K-edge 3.21 keV). The slight overpressure of He in
the chamber resulted in saturation of the Ag cluster solution with He, which we believe
was beneficial in preventing radiation damage.

To monitor sample changes, we also recorded UV-Vis absorption spectroscopy by
pumping the solution through a Hellma 3-in-1 flow cuvette (product nr 176-766-15-40, 2 mm
path length) which was built into the circuit just before the capillary. The excitation source
was an Ocean Optics DH-2000-BAL lamp equipped with an Ocean Optics FVA-UV fibre
optic variable attenuator, and transmitted light was detected using an Ocean Optics Maya
2000 Pro spectrometer. The attenuator was positioned between the lamp and flow cuvette
to decrease the intensity of UV-Vis light, which was necessary to avoid saturation of the
spectrometer. By recording a blank and dark spectrum, the absorbance of the sample was
immediately calculated by the software (SpectraSuite). A schematic figure of the setup is
shown in Figure 3.2.

Despite exposure to X-rays for 7 h, the change in UV-Vis absorption spectra was minimal.
This was in contrast to what was observed when the same liquid jet setup was used without
He chamber, in an attempt to record Ag K-edge EXAFS (25.51 keV). Then, the sample
darkened noticeably and absorption features had all but disappeared after the same time.

Reference compounds were measured as solids. They were mixed with boron nitride,
using around 15 mg compound for 40 mg boron nitride for AgNO3, Ag2O and silver
diethyldithiocarbamate. Ag was diluted twice as much. After mixing, the samples were
spread thinly on kapton tape before being measured in a cryostat (KONTI, CryoVac) cooled
with liquid He. The typical operating temperature was 40 K. Sample preparation and
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measurement of Ag2S was done by mixing 4 mg of the compound with 50 mg cellulose and
pressing it into a 13 mm diameter pellet. The spectrum was recorded at room temperature
in the He chamber. No significant radiation damage was observed, but nevertheless as a
precaution, multiple spots on each sample were measured.

XANES analysis Detectors for XASmay suffer from loss of counts due to detector deadtime;
a period of time after the arrival of a photon where the detector is inactive and does not
process any other incoming photons. The outgoing count rate (OCR) of the detector is
therefore lower than the incoming count rate (ICR), giving an observed intensity Iobs that is
lower than the true intensity. The detector deadtime is energy dependent and can therefore
change the spectral shape. All XANES spectra were corrected for deadtime to obtain the
corrected intensity Icorr, according to211:

Icorr � Iobs
ICR
OCR (3.1)

Scans with a high deadtime, (ICR −OCR)/OCR ≥ 25 %, were not used, as the correction
method becomes increasingly inaccurate. In addition, all spectra were normalised for
incident intensity.

The experimental spectrum of Ag29 clusters was compared to spectra of reference
compounds, as well as spectra calculated using FEFF 9.6106 and FDMNES120. The structure
of the cluster was taken from that of Ag29 protected with BDT56, where the phosphine
ligands were removed and the BDT was replaced by LA. A geometry optimisation of this
structure was done in Avogadro209, keeping Ag and S atoms frozen, to ensure reasonable
C−C and C−H bond lengths and angles. For FDMNES, the calculation was done of all
29 Ag atoms in the cluster, using a radius of 6Å for each calculation. Atomic potentials,
Fermi level, and charge transfer were calculated self-consistently and the finite difference
method was used to calculate potentials.212,213 Relativistic effects were taken into account.
The spectrum was convoluted to apply an energy-dependent broadening, using default
parameters (an arctangent function). The width of the core-hole was decreased slightly to
1.50 eV to better match the experimental data. FEFF calculations were done for four different
Ag atoms in the cluster; the central atom (1 site), one in the icosahedral shell (12 sites), one
in an Ag3S6 crown (12 sites) and one external Ag atom (4 sites). The final spectrum was
taken as the weighted average of these. Calculations were done using a screened (FSR)
core-hole, Hedin-Lundquist exchange model, full multiple scattering (FMS, radius 6Å)
and self-consistently calculated potentials (SCF, radius 4Å). For both FEFF and FDMNES
calculations, only dipole transitions are considered (∆l � ±1). The individual contributions
to the spectrum of d and s final states, ∆l � +1 and −1, respectively, were also calculated
with FDMNES, using the lplus1 and lminus1 cards.
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Figure 3.3 Optical properties of Ag29 clusters during synthesis. At t � 0, NaBH4 is
added. (a) UV-Vis absorption spectra. (b) Maximum emission intensity over time. (c)
Emission spectra (excitation wavelength 420 nm). (d) Normalised emission spectra. The
first appearance of characteristic absorption features of Ag29 (at 330, 425 and 500 nm,
after 50 min) coincides with the emergence of red luminescence. During the synthesis,
the relative intensity of the NIR shoulder decreases.

3.3 Results and discussion

Synthesis of Ag29 studied with optical spectroscopy

The synthesis process of Ag29 clusters involves the addition of AgNO3 to an
aqueous solution of LA and NaBH4; the latter being added to deprotonate LA
and reduce it to dihydrolipoic acid (DHLA), thus making it water-soluble. This
solution is pale yellow and turbid. Subsequently, more NaBH4 was added to
reduce the silver ions. Within minutes of this, the solution turned dark, then
gradually lightened to bright, reddish orange. The final cluster solution shows
strong red luminescence and characteristic absorption features at 330, 425 and
500 nm. In total, the synthesis process takes ∼6 h, although there is some variation
between samples.
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Absorption and emission spectra of Ag clusters during synthesis were recorded
by taking aliquots at regular intervals. Spectra are shown in Figure 3.3. The initial
dark solution is not luminescent and shows only a broad absorption feature around
480 nm, which may indicate the presence of particles larger than 29 atoms, with
a broad size distribution.17,73,160,214 Luminescence appears after around 50 min,
which coincides with the lightening of the sample and the emergence of the
absorption features at 330, 425 and 500 nm. From the normalised luminescence
spectra, it can be seen that the shape of the emission peak hardly changes after
the first appearance. There is only a slight decrease in relative intensity of the
near-infrared (NIR) luminescence. Possibly this NIR luminescence originates from
clusters that are not fully protected by ligands (it was also observed for clusters
with lower LA concentrations, see Chapter 2). The Ag29 cluster is clearly present
in low concentration in the first hour of the synthesis. Its concentration increases
in time until virtually all Ag is present as Ag29, as is clear from its characteristic
optical properties (see Chapter 2).

The observed changes in optical properties are consistent with earlier re-
ports of the synthesis of Ag clusters capped with LA or LA functionalised with
poly(ethylene glycol).73,86,168 The synthesis process also appears similar to that of
Ag44(SR)30

4−.160 It is not, however, a general process that occurs for all Ag clusters;
Ag30(SR)18 does not show a broad absorption feature during synthesis, but instead
a steady increase in absorbance of all its characteristic absorption features.215

Mass spectrometry study of Ag29 clusters during synthesis

Mass spectra of the Ag clusters during synthesis were recorded by taking aliquots
which were purified with 1-butanol (BuOH). Purification took 5–10 min, after
which the sample was measured for around 15 min to collect sufficient scans. Mass
spectra are shown in Figure 3.4.

Our mass spectrometry data confirm the results of optical spectroscopy, namely
that the Ag29 cluster appears early in the synthesis and that its concentration
(signal/noise ratio) increases with time. For a number of the spectra (140, 208 and
298 min), the intensities of Na+ adducts appear to show a bidisperse distribution
and additional species are present. These are particularly evident in the z � 4−
overall charge state around m/z 1500. We believe this to be an effect of a slightly
higher Na+ concentration, either in the final purified aliquot or at some stage
during the purification, which results in cluster degradation (see also Figure 2.7).

A number of other cluster species were also observed, with sizes close to the
main cluster: Ag29(LA)11

2−, Ag28(LA)11
2− and some Ag26(LA)10

2−. Interestingly,
these were also observed in the mass spectrum of regenerated clusters (Chapter 2),
where it was proposed that they were formed during the purification process. The
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Figure 3.4 Mass spectra of Ag clusters at various times after NaBH4 addition. The ion
signals of Ag29(LA)12

3 – are marked in blue; those of the other observed clusters in red
and yellow. Charges in the legend are the cluster core charges (on Ag and S atoms).
The overall charge state, which includes deprotonation, is given at the top of the figure.
Ion signals marked with a red asterisk are found to increase in intensity during the mass
spectrometry measurement, indicating they are formed by degradation due to light, heat
or high voltage. The given time is when the aliquot was taken.

ion signals of these clusters become less prominent as the synthesis progresses.
A number of other ion signals are also observed but these increased in intensity
during one measurement, suggesting degradation inside the capillary needle.
Therefore they are not analysed further. These degradation products are marked
with a red asterisk in Figure 3.4. We find no small cluster species such as Ag5(LA)3−
or Ag6(LA)3 that were previously observed upon fragmentation of Ag29(LA)12

3−

during tandem MS or when applying a high sample cone voltage.216 These small
species evidently do not play an important role during the synthesis. Nor do we
observe any ion signals at higher m/z values, although the source pressure of the
mass spectrometer was kept to a minimum, which limits the ionisation of larger
species.

It appears that the first initial burst of nucleation results in the formation of
species that are not observed in our mass spectra. Within half an hour these are
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then converted to a mixture of Ag26, Ag28 and Ag29, and over time size focusing
makes the distribution more and more monodisperse.

The initial species may be unobserved due to its high m/z, the high Na
concentration or because it does not survive the purification protocol. Indeed,
the BuOH purification method was seen to have some influence on the synthesis.
Around 6 h after the start of the synthesis, when the reservoir solution was bright
reddish orange, the purified aliquots were held under a UV-lamp to check for
luminescence. The first four aliquots (taken between 0 and 86 min) were brown and
non-luminescent. Aliquot 5 was lighter in colour and showed weak luminescence,
while aliquots 6-9 were orange and strongly luminescent. This indicates that
purification in the first 1–2 h removed species that are necessary for a good reaction
(for example NaBH4, or an excess of free LA). After 2 h the composition of the
sample is such that complete purification will still yield clusters.

Mass spectrometry studies during synthesis of noble metal clusters are rare due
to the challenging nature of such experiments. However, some studies have been
done on Au25. These indicate that the exact reaction pathway depends on synthesis
conditions. An early study was of Au25 in tetrahydrofuran with phenylethanethiol
as ligand and NaBH4 as reducing agent.217 It was found that the initial rapid
nucleation and growth stage yielded a number of different cluster sizes up to Au102.
Magic sizes (Au25, Au38 and Au102) where noticeably present. Over the course of
several days, the larger sizes where gradually converted to Au25. A second study
was done of aqueous Au25 clusters at high pH, capped with 3-mercaptobenzoic
acid and using CO as a reducing agent.218 Two growth stages were identified. The
first stage involved reduction of the Au(I)-thiolate intermediate to give a narrow
size distribution of clusters. In the second stage, size focusing converted these
clusters into the thermodynamically most stable cluster; Au25. The main difference
with the study using NaBH4 lies in the cluster sizes present after the first stage.
For the clusters reduced with CO, these were significantly smaller, with fewer than
25 Au atoms. CO is a much slower, milder reducing agent than NaBH4. It appears
to be a general trend that mild reducing agents yield smaller initial species.80

As our Ag29 clusters are prepared with NaBH4, it is not unlikely that the first
stage of the synthesis involves rapid reduction and growth to larger nanocluster
cores, much as in the case of Au25 reduced by NaBH4.

EXAFS of Ag29 clusters, and during synthesis

To confirm that the synthesis of Ag29 involves larger nanoparticles, we performed
X-ray absorption spectroscopy. X-ray spectroscopy is element-selective and does
not require sample purification. This makes it an ideal tool to investigate the
synthesis of Ag29 clusters in further detail. As a first step, we characterised
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Figure 3.5 EXAFS of Ag cluster solution in (a) k and (b) R-space. The fit was done
using scattering paths from Ag metal and Ag2S. The contributions of each path are also
shown in (b). The results of the fit are given in Table 3.1.

the as-synthesised Ag29 clusters with EXAFS to determine average coordination
numbers and bond lengths. The cluster solution was concentrated (∼5×) using
3 kDa molecular mass cutoff filters to increase the signal-to-noise ratio and ensure
accurate analysis. The spectrum was fitted to one Ag−S and one Ag−Ag scattering
path. A typical fit is shown in Figure 3.5, with the results of the fit in Table 3.1.
The Ag−Ag coordination number was found to vary slightly depending on the
fitting software and on the compound used to calculate the scattering paths,
including which site was taken as the absorber for Ag29 with BDT (see Figure 3.6).
Typical values of the Ag−Ag coordination number are between 2 and 5. The Ag−S
coordination number does not change as much. Using two Ag−Ag scattering
paths (one long and one short) did not improve the fit.

The low Ag−Ag coordination number indicates a small particle size of perhaps
several tens of atoms.219,220 However, due to the presence of ligands an estimate
that assumes a perfectly icosahedral or cuboctahedral shape will be inaccurate.
The ubiquitous staple motif present in nanoclusters results in a significant fraction
of metal atoms with bonds only to ligands, thus increasing the metal-ligand and
lowering the metal-metal coordination numbers when compared to a perfectly
icosahedral cluster with the same number of atoms.221–223

Our coordination numbers are similar to those found for Au25(SR)18.222,223

Furthermore, the similarities in composition and optical properties between
Ag29(LA)12

3− and Ag29(BDT)12(TPP)43− and the latter’s known structure56 allow
a more direct comparison between our experimental results and the expected

65



3 | Synthesis mechanism of Ag29 clusters

Table 3.1 Structural parameters of Ag clusters from EXAFS analysis. CN is the coordi-
nation number, R the bond length, σ2 the Debye-Waller factor and E0 the energy shift.
The fit is shown in Figure 3.5. The amplitude reduction factor is not taken into account
(S2

0 � 1) for the values in the table. From fitting of Ag it was estimated to be 0.9.

Parameter Ag−S Ag−Ag
CN 1.30 ± 0.17 3.29 ± 1.37

R (Å) 2.46 ± 0.01 2.83 ± 0.04
σ2 (10−3 Å2) 4.55 ± 1.40 24.7 ± 7.6

E0 (eV) 3.6 ± 1.6 1.7 ± 2.5
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Figure 3.6 (a) The structure of Ag29(BDT)12(TPP)4
3 – .56 Only Ag and S atoms are

shown. For clarity, Ag atoms are given two different colours; blue for those in the
icosahedral Ag13 core, red for those in capping units (shell and ext sites). S atoms are
in yellow. (b) Schematic representation of the cluster, showing the different Ag sites. (c)
shows bond length distributions for Ag – S and Ag – Ag bonds in the cluster.
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coordination numbers. Ag29(BDT)12(TPP)43− has an icosahedral Ag13 core sur-
rounded by four Ag3S6 crowns, with the remaining four Ag atoms capped by
triphenylphosphine (TPP) situated between these crowns.

A histogram of the Ag−Ag and Ag−S bond lengths in Ag29(BDT)12(TPP)43− is
shown in Figure 3.6. The shortest bonds (up to 2.78Å) are the 12 bonds from the
central atom to those in the shell of the icosahedron. Next are the bonds between
the atoms of the icosahedral shell, 12 bonds around 2.85Å, 6 around 2.92Å and a
further 12 bonds of around 2.97Å. Finally there are 24 long bonds of 3.05–3.16Å
that connect the Ag atoms in the crowns to each other and to the icosahedral
surface. All in all, there are 42 bonds below 3.0Å, which corresponds to an average
Ag−Ag coordination number of 2.9.

The distribution of Ag−S bond lengths in BDT-capped Ag29 shows a group of
short and one of longer bonds. The 36 shorter bonds, below 2.5Å, are those linking
the Ag3S6 crowns to the icosahedral surface and most of the bonds within the
crowns themselves. The longer Ag−S bonds are mainly those binding to the four
external Ag atoms, which are capped by TPP ligands in the Ag29(BDT)12(TPP)43−

cluster. Considering only the 36 shorter bonds, the average Ag−S coordination
number is 2.5.

These theoretical coordination numbers are in good agreement with our results.
The Ag−S coordination number is perhaps slightly lower than expected. This
may be due to a slightly different structure of our Ag29 clusters compared to the
Ag29(BDT)12(TPP)43−, as our clusters do not have the additional TPP ligands which
may result in some distortion. A small amount of cluster degradation/aggregation
can also not be completely excluded as the cutoff filters are known to cause some
cluster degradation (see Chapter 2). However, UV-Vis absorption spectra recorded
before and after EXAFS show that radiation damage is limited. The experimental
Ag−Ag and Ag−S bond lengths are in good agreement with expected values, and
Debye-Waller factors are reasonably similar to those found for Au25(SR)18.222

To investigate the synthesis mechanism of Ag29 clusters, EXAFS was recorded
of aliquots taken from the synthesis solution at various times after addition of
NaBH4. Due to the low Ag concentration and limited time for measurements,
spectra were recorded over a short k-range and are noisy. Calculated EXAFS of
Ag29(LA)12 is shown in Figure A.3 for the short k-range used here as well as the
longer k-range used for previously synthesised Ag29 clusters. While the shorter
k-range results in the loss of some detail, overall the features in R-space EXAFS
are similar.

To obtain good fits of EXAFS recorded during synthesis, we fixed Debye-Waller
factors and bond lengths to the values of the as-synthesised cluster.210 Figure 3.7
presents the EXAFS of the aliquots taken during the synthesis. The Ag−Ag and
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Figure 3.7 EXAFS of Ag clusters during synthesis in (a) k and (b) R-space. The fit
was done using scattering paths from Ag metal and Ag2S, with Debye-Waller factors and
bond lengths fixed to that of as-synthesised clusters. The fitted coordination numbers
are plotted in (c) using dark colours. Lighter colours are results of other fits, using fewer
constraints, different software or scattering paths calculated from different materials. The
times are the start of each EXAFS measurement, measured from the addition of NaBH4

to the synthesis mixture.
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Ag−S coordination numbers of these fits are shown in Figure 3.7, together with
results of fits using no or different constraints (only Debye-Waller factors or only
bond lengths fixed). The error bars of each point are large, as is expected from the
noisy data. However, the general trend is clear: the Ag−Ag coordination number
decreases over time while the Ag−S coordination number is fairly constant, with
perhaps a slight increase. After 5 h, the coordination numbers are similar to
those found for the as-synthesised sample, with little change during the rest of
the synthesis. The initial high Ag−Ag coordination number is similar to that of
Au144(SR)60 (Au−Au coordination number 7.2)222 and so consistent with a particle
of a hundred to a few hundred atoms. That monodisperse Ag29 is formed from
such large species indicates that no other larger Ag cluster has a similar stability.
In the size focusing process from Ag∼100 to Ag29 many medium-sized clusters may
be formed but none have sufficient stability to be present in the final solution.
Neither are any medium-sized clusters observed in ESI-MS.

XANES of Ag29 clusters

The Ag29 clusters were further studied by recording L3-edge X-ray absorption
spectra, focusing on the near-edge structure. The cluster solution was measured
as a liquid jet in a chamber with He-atmosphere to avoid unnecessary attenuation
of X-rays. Ag L3-edge X-ray absorption spectra of freshly prepared Ag29 clusters
in solution are shown in Figure 3.8, together with spectra of reference compounds
Ag powder, Ag2S, AgNO3 and silver diethyldithiocarbamate (Ag(I)-thio).

In L3-edge XAS, transitions from 2p3/2 to predominantly s- and d-states are
observed, according to the dipole selection rule. In silver, the 2p→ 5s transition
is weaker by an order of magnitude than the 2p→ 4d transition, thus the latter
will dominate.224 The first peak in the spectrum is called the whiteline, and for
4d metals its intensity is related to the number of empty 4d states.113 Metallic
silver has electron configuration 4d105s1, while ionic Ag+ compounds also have a
4d10 state with no d-holes. Nevertheless, strong whitelines are observed, notably
in AgNO3 and Ag2O. It has been found that the strong whiteline transition in
these compounds is due to s-d hybridisation, which results in 4d10−δ5sδ states.
Hybridisation becomes strongerwith increased covalency of theAg-ligandbond.225

This is different from the general interpretation of whiteline intensities due to
electron-withdrawal by ligands which would create 4d95s0 states, that is, Ag2+.
For bulk Ag, the features up to around 20 eV above the edge were assigned to pd
states, while weak features close to the edge were due to excitations to 5s.226

The spectrum of Ag29 clusters shows two features just above the edge (3.358
and 3.363 keV), in addition to a shoulder on the edge, and some weak, broad
features far above the edge. There are significantly fewer and weaker features than
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Figure 3.8 (a) XANES of Ag29 clusters together with spectra of reference compounds.
(b) The Ag29 spectrum together with the results of FEFF calculations, done with (FSR) and
without (None) core-hole. The arrow indicates a feature that is missing in the calculations.
(c) FDMNES calculations, of all 29 Ag sites, using the dipole selection rules ∆l� ±1 (s+d
final states, black), ∆l� +1 (d final states, red) and ∆l� −1 (s final states, yellow). (d)
FDMNES calculations of the entire Ag29 cluster (black) and of four representative sites,
as given by Figure 3.6. In parentheses, the number of atoms for each site in the cluster is
given.
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for Ag metal, as expected for clusters with a small number of atoms and lack of
long-range order.227 We further observe that the strong whiteline of AgNO3 does
not appear in the Ag29 spectrum; clearly this precursor is not present in the solution
at any significant concentration. The spectrum of Ag29 resembles somewhat that
of the Ag(I)-thio and Ag2S, in particular the former. The structure of Ag(I)-thio
has been shown to consist of bridged hexameric units [AgS2CN(C2H5)2]6 where
each Ag atom is connected to either 1 Ag and 4 S or 2 Ag and 3 S.228 It is thus not
unreasonable to compare this to the surface atoms of the Ag clusters. All in all, the
observed spectral features of Ag29 are in accordance with (i) the small size of Ag29,
(ii) capping by thiolate ligands and (iii) absence of any AgNO3 precursor in the
cluster solution.

The spectral features of the Ag29 XANES spectrum could be reproduced with
reasonably accuracy with FEFF calculations. These were done using two different
core-hole treatments; the final state rule (FSR) and no core-hole (None). In the first
case the core-hole is self-consistently screened. In the second case it is ignored; this
has been found to more accurately reproduce the intensity just above the L3-edge
for 3d metals229, but also for Pt nanoparticles135 and Au (see Chapter 6). While
the calculation without a core-hole gave a more accurate intensity, it does not
reproduce the two features above the edge. Instead, only one is observed. FEFF
uses the muffin-tin approximation, where potentials are assumed to be spherically
symmetrical. This approximation may break down for anisotropic systems. We
therefore also performed FDMNES calculations where the potential is allowed to
take any shape.230 This shows good agreement with the experimental spectrum,
including features and intensity around the edge.

Further information about the nature of the transitions in the spectrum can be
obtained from FDMNES calculations using different selection rules. The default
is the dipole selection rule ∆l � ±1, that us, from 2p3/2 to d and to s final states.
Calculations were done considering l → l + 1 and l → l − 1 transitions separately.
As can be seen, most spectral features can be assigned to 2p3/2 → d transitions.
However, the whiteline intensity is partially due to a transition to 5s. The spectra
of four representative sites in Ag29 were also calculated separately. The cluster is
assumed to have the same structure as Ag29(BDT)12(TPP)43− 56, shown in Figure 3.6.
For the calculations, TPP is removed as it is not present in our clusters, and BDT is
replaced with LA. As can be seen from Figure 3.8, both ico and shell sites have a
spectrum that is in good agreement with the experiment. The centre site has an
intense whiteline, while the ext spectrum is nearly featureless, probably due to the
long distance to the nearest ligands.
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XANES during the synthesis of Ag29 We attempted to record XANES of the Ag29
cluster synthesis in situ using the liquid jet setup. However, the synthesis was
unsuccessful despite several attempts. The sample colour turned from light yellow
to black upon addition of NaBH4 to the LA + AgNO3 solution, with a broad
absorption feature around 480 nm, but then did not change any further. It appears
the initial nucleation and growth stage occurs similarly to when the synthesis
is done in the lab, but the later size focusing stage of reaction is hindered. The
liquid jet setup differs from the standard reaction setup in a number of ways,
most notably the exposure to X-rays and saturation of the synthesis solution with
He, which may interfere with the required conditions for size focusing. This is
discussed in more detail later.

Nevertheless, despite difficulties in performing the synthesis, we were able to
record XANES of the solution at different stages during synthesis. If the synthesis
was started in the lab and the solution transferred to the liquid jet setup after a
certain amount of time, the synthesis stopped at this stage (therewere no changes in
the UV-Vis absorption spectrum for several hours). By repeating this for a number
of different waiting times, we were able to record pseudo in situ XANES during
synthesis. These spectra are shown in Figure 3.9, together with the corresponding
UV-Vis spectra. Even under laboratory conditions there is some variation in the
synthesis time. Therefore the times given in Figure 3.9 are approximate.

A number of observations can bemade from the spectra. First, there is no sign of
AgNO3 in any of the spectra. Second, the edge features reminiscent of Ag(I)−thio
are not present early in the synthesis. Third, the features far above the edge around
3.38 and 3.40 keV become broader and less prominent over time. Weak, broad
post-edge features are commonly associated with smaller particles due to lack
of long-range order, as observed in various studies including L3-edge XANES of
Au nanoparticles during synthesis231–233, L3-edge XANES of Ag nanoparticles of
various sizes227, and L3-edge XANES of Au nanoparticles, either ligand-capped234

or supported on oxides115. XANES thus shows a decrease in particle size over
time during the synthesis. The results agree very well with those of EXAFS and
optical spectroscopy. The spectra during synthesis were fitted to the spectrum
of the previously prepared, finished clusters and that of the initial large species
(first and last spectra in Figure 3.9). Results of the fits are given in Table 3.2 and
show around 50–70 % of Ag is present as Ag29 in the synthesis solution when
characteristic UV-Vis absorption features begin to appear.

The very first stage of the synthesis is not observed with XANES (nor with
EXAFS). In this stage, AgNO3 is reduced and rapid nucleation and growth occur
to give the large Ag nanoparticles. This occurs within 10 min of addition of
the reducing agent, and probably also to some extent before. The synthesis
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Figure 3.9 (a) XANES of Ag29 clusters at various stage of the synthesis. (b) UV-Vis
spectra of these stages. The first XANES spectrum (black) is of a sample where the
synthesis was attempted directly in the liquid jet setup. The next two spectra are of
batches where the synthesis was done in the lab until characteristic UV-Vis absorption
features were just starting to appear and correspond to the system somewhere in the
middle of the synthesis. The fourth spectrum is of a batch that was kept in the lab until the
sample colour was orange, and corresponds to a system towards the end of the synthesis.
The times in the legend indicate approximate progress of the synthesis from the moment
of NaBH4 addition. The final spectrum shows previously synthesised, finished Ag29 for
comparison. In (c), the difference between each XANES spectrum and the first spectrum
is plotted. Some characteristic features are marked using dashed vertical lines.
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intermediate solution (LA + AgNO3) already contains some NaBH4 that was used
to make LA water-soluble. Some Ag29 clusters will form in this solution even
without further addition of NaBH4.

Table 3.2 Fractions of previously prepared Ag29 clusters (‘Finished’) and large Ag
species present early in the synthesis synthesis (‘20 min’), as obtained by linear combina-
tion fitting of XANES spectra.

Spectrum Fraction ‘20 min’ Fraction ‘Finished’ R-factor
1.5 h 0.53 0.47 0.000 79
2.5 h 0.32 0.68 0.000 39
4 h 0.13 0.87 0.001 60

The importance of oxygen during size focusing

We propose that the synthesis cannot proceed without a small amount of oxygen,
and that it is the saturation of the solution with He rather than exposure to X-rays
which prevents successful synthesis in the liquid jet setup used for XANES. When
the synthesis was performed in the setup with He but without recording XANES,
Ag29 clusters were not formed. The UV-Vis absorption spectrum only showed the
broad absorption feature of the larger species, while the characteristic features of
the Ag29 clusters did not appear. In laboratory setting (without He) it was observed,
though not systematically studied, that opening the vial briefly a few times during
synthesis increased the rate of size focusing and led to faster appearance of the
bright orange colour and characteristic absorption features. In addition, when a
small aliquot was transferred to a larger vial (containing more air) shortly after
reduction with NaBH4, it turned orange and luminescent faster than the parent
sample.

It has been shown that oxygen plays an important role in etching to obtain
monodisperse Au clusters. Au25 clusters can be prepared in tetrahydrofuran
with tetra-n-octylammonium bromide, a phase transfer agent, provided there is
some oxygen present.235 Etching of larger nanoparticles to clusters with excess
thiols was similarly only observed when oxygen was present.236 It was proposed
that the synthesis of Au25 proceeds via larger, polydisperse nanoparticles that
are etched with excess thiols. Thiols can react with oxygen to give thiyl radicals
(RS•) which homolytically cleave Au−S bonds of the nanoparticles, resulting in
Au• species which were experimentally observed with electron paramagnetic
resonance (EPR) spectroscopy. The overall proposedmechanism for etching results
in a layer-by-layer stripping of Au from the nanoparticle, until magic size clusters
are obtained. Under inert atmosphere, no Au25 was obtained unless also radical
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initiators were added, confirming the importance of the diradical nature of oxygen.
Similar observations were made for aqueous Au clusters, where in the absence of
oxygen or radical initiators larger nanoparticles were formed instead of atomically
monodisperse Au25 or Au102.237 Clearly, the role of oxygen in size focusing is of
great importance both in organic and in aqueous solutions.

To the best of our knowledge, no similar studies have been performed on Ag
clusters, although a method involving multiple reduction and oxidation steps has
been shown to obtain a stable cluster of unknown composition.238 Another study
found highly luminescent Ag could be formed after the reduction of a decomposed
and initially polydisperse cluster sample.239 In both these cases multiple reduction
steps are used and size focusing does not yield the desired product by direct ageing
after the initial reduction.

The etching mechanism proposed for Au clusters involves both oxygen (or
radical initiator) and excess thiols. If a similar mechanism is responsible for the
etching to Ag29, it is clear why clusters prepared with low LA concentrations
(Figures 2.3 and 2.12) show weak luminescence and less pronounced absorption
features when compared to the standard clusters; there is less ligand available for
etching.

3.4 Conclusions

The synthesis process of Ag29(LA)12
3− clusters was studied using optical spec-

troscopy, mass spectrometry and X-ray spectroscopy. Upon addition of NaBH4
to the synthesis intermediate solution of LA with AgNO3, rapid nucleation and
growth occurs resulting in the formation ofAgparticles consisting of a fewhundred
atoms. How these nanoparticles are formed is still unknown, as none of the tech-
niques were able to observe the nucleation process. From this polydispersemixture
of larger species, Ag29 clusters are formed and their concentration increases steadily
over time. The etching process to obtain Ag29 requires oxygen and cannot proceed
in inert atmosphere. Clusters with composition Ag29(LA)11

2−, Ag28(LA)11
2− and

Ag26(LA)10
2− are observed in mass spectrometry during synthesis and may be

intermediates in this process. No heavier cluster species are observed, proving
that Ag29 is by far the most stable species in the range Ag29 to Ag∼100 under the
synthesis conditions.
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Appendix A

Additional spectra; silver clusters
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Figure A.1 Absorption spectra of Ag clusters at various times after dilution (4×). The
absorption peaks gradually disappear, which indicates aggregation (see also Figure 2.10).
The timescale of one week is similar to that of the SE-AUC experiment.
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Chapter 4

Single atom doping of monodisperse Ag29

clusters

Abstract
Doping of Ag29 with Au has a profound effect on the properties of the cluster. With a few
percent Au, highly stable bimetallic clusters are formed. The Au-doped Ag clusters show
enhanced resistance to heat and bleaching with UV-light compared to pure Ag29 clusters.
The optical properties are also affected, with blueshifts in absorption and emission spectra.
The luminescence quantum yield increases by almost a factor 4, to around 8 %. The
increase in quantum yield was explained by an increase in the rate of radiative decay, as
shown by a decrease in luminescence lifetime. With mass spectrometry, the Au-doped
clusters are found to consist predominantly of Au1Ag28, with 12 ligands just as for the
monometallic cluster. X-ray absorption spectroscopy of the Au L3-edge was done to
determine that the dopant is preferentially located in the centre of the cluster.
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4 | Single atom doping of monodisperse Ag29 clusters

“Scientists have calculated that the chances of something
so patently absurd actually existing are millions to one.
But magicians have calculated that million-to-one
chances crop up nine times out of ten."

— Terry Pratchett, Mort

4.1 Introduction

The properties of a noble metal cluster depend on its exact composition. Adding
a single metal atom may reduce a cluster’s stability, enhance its luminescence or
increase its catalytic activity. Likewise, changing one atom for an atom of another
metal may profoundly affect the cluster properties. Bimetallic clusters offer new
avenues of exploration into fundamental properties, but also a vastly greater range
of parameters that can be tuned to obtain clusters with desired properties. The
addition of a second metal can drastically enhance the quantum yield240, which
is of great importance for many potential applications such as sensing241 and
bioimaging242. With two metals it is also possible to tune the composition and
structure of the cluster surface which may be beneficial for catalysis.243

Bimetallic nanoparticles are not new, and have been studied extensively to pre-
pare alloyed or core-shell architectures to tune plasmonic properties.244 However,
the small size and high monodispersity of clusters allows one to understand the
changes in optical and electronic properties at the single-atom level.245 An example
is the core charge; which is neutral for the bimetallic clusters Pt1Au24(SR)18

0 and
Pd1Au24(SR)18

0 but negative for the monometallic Au25(SR)18
1−.144,246 The de-

crease in charge density on the cluster core of Pd1Au24 compared to Au25 resulted
in a greatly enhanced rate of ligand exchange.247 Furthermore, the increased stabil-
ity of the bimetallic clusters could be attributed to bond length contraction248,249

and strong interactions250 between Pd or Pt and the rest of the cluster.
The termsdopingandalloyingare bothusedwhendiscussingbimetallic clusters.

The former usually describes clusters with a specific number of heteroatoms, while
alloying refers to clusters with a distribution of heteroatoms that depends on the
ratio of the two metals in the synthesis.245 Whether alloying or doping occurs
depends on the relative stabilities of the possible clusters, although the method
used to prepare the clusters may help tune the obtained compositions.251 As
with monometallic clusters, there are different ways to prepare bimetallic clusters.
The most straightforward is co-reduction, where two metal salts are reduced
together in the presence of ligands.252 Alternatively, the second metal can be
incorporated later, for example during an etching step.253 The second metal may
be deposited on the surface and interact with the capping units or ligands, thus
increasing the overall number of atoms in the cluster,254,255 but it can also be
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fully incorporated into the clusters by replacing251 an atom of the first metal
without changing the overall cluster size. Two different monometallic clusters can
react together to give bimetallic clusters, demonstrating that clusters are dynamic,
reactive species.37,256,257

Recent advances have resulted in a better understanding of bimetallic clusters,
to explain why some clusters can be easily doped while others form alloys. Due to
its high stability, robust synthesis protocols and early structural characterisation,
work on bimetallic clusters has focused on alloying or doping of Au25(SR)18.245

While introduction of Pt or Pd led to monodoping and increased stability, the
addition of Cu resulted in alloy clusters CuyAu25−y with y ≤ 5. Due to the
small size of Cu atoms, the alloyed clusters had a distorted geometry and lower
stability than Au25.258,259 Introduction of Ag also resulted in alloys, but these were
stable over time.259 The electronic structure and optical properties of the clusters
were found to be sensitive to the number of Ag atoms.252,260 Alloying is also
observed in other cluster sizes, such as AgyAu38−y(SR)24

261, AgyAu144−y(SR)60
262,

AgyAu18−y(SR)14
263 and AgyAu130−y(SR)50

264.
There has been somework on bimetallic clusters using common Ag clusters as a

starting point, such as Ag25(SR)18, Ag44(SR)30
4− and Ag29(BDT)12(TPP)43− (BDT is

1,3-benzenedithiol, TPP is triphenylphosphine). For Ag29, up to 5 Au atoms could
be incorporated.265 For Ag44, either a distribution of different alloy clusters266 or
a cluster doped with 12 Au atoms55 could be prepared, depending on synthesis
protocol. The same was found for Ag25; it was obtained either as a distribution of
alloyed clusters266 or a singly doped251 cluster. Ag25 could also be doped with Pt
or Pd, giving the stable singly doped clusters PtAg24 and PdAg24.267 In contrast
with doped Au25, however, these clusters had a core charge of 2− thus retaining
the total electron count of 8. This difference between Ag and Au clusters upon
doping is intriguing.

In this chapter we study the changes in Ag29(LA)12
3− properties upon doping

with Au. We find that high concentrations of Au destabilise the cluster, but
with just a few percent Au, a stable bimetallic species is formed. Using mass
spectrometry, this is identified as mostly Au1Ag28(LA)12

3−. Some pure Ag29 is also
present, but the fraction of Au2Ag27 is low even at high Au concentrations, and
clusters with 3 or more Au atoms are not observed. X-ray absorption spectroscopy
is used to demonstrate that the Au atom is preferentially located in the centre of the
cluster. This is in agreement with preferential sites typically observed for Au and
Ag in bimetallic clusters. We further find that the bimetallic cluster has a higher
quantum yield than the monometallic cluster, with blueshifts in both emission and
absorption spectra. Studies of the luminescence lifetime indicate that doping with
Au causes an increase in the rate of radiative decay.
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4.2 Experimental methods

Chemicals

AgNO3 (laboratory reagent grade) was obtained from Fisher Scientific. NaBH4 (99 %), (±)-
α-lipoic acid (≥ 99 %), methanol (≥ 99.9 %), HAuCl4 · 3 H2O (≥99.9 %), Cu(NO3)2 · 3 H2O
(99 %), Zn(NO3)2 · xH2O (99.999 %), Ni(NO3)2 · 6 H2O and PtCl4 (99.99 %) were purchased
from SigmaAldrich. 1-Butanol (99.5 %) was obtained fromAcros. Water was ofMilli-Q qual-
ity, purified using a Millipore Direct-Q 3 water purification system. 4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM dye) was obtained from Exciton.

Synthesis

The synthesis of the clusters is adapted from a protocol for Ag clusters.86 19 mg lipoic
acid (92 µmol) and 7 mg NaBH4 (185 µmol) were placed in a 40 or 20 mL glass vial with
14 mL water. This was stirred (using a magnetic stirring bean) until all LA had dissolved.
Next, 25 mM AgNO3 and HAuCl4 · 3 H2O solutions were added, with a combined volume
of 700 µL (corresponding to 17.5 µmol in total). The AgNO3 solution was always added
first, and the addition of HAuCl4 · 3 H2O was followed by 10 mg NaBH4 (264 µmol) in 2 mL
water. The vial was wrapped in aluminium foil to minimise the exposure of the clusters
to light, and stirring was continued overnight. The synthesis was performed at room
temperature. For synthesis with Pt, Zn, Ni or Cu, the HAuCl4 solution was replaced by
25 mM solutions of PtCl4, Zn(NO3)2 · xH2O, Ni(NO3)2 · 6 H2O, or Cu(NO3)2 · 3 H2O.

Post-synthesis modification was done by preparing Ag29 according to the standard pro-
cedure. After a day, 25 mM HAuCl4 · 3 H2O solution was added to a total Au concentration
of 2.9 or 7.1 %, followed by the addition of 10 mg NaBH4 in solid form. The solution was
stirred overnight. All samples were stored in the dark at room temperature.

Optical spectroscopy

UV-Vis spectra were recorded using a Perkin Elmer Lambda 950, a Perkin Elmer Lambda 40
or a Varian Cary 50 spectrometer. Room temperature emission spectra were recorded with
a Jasco FP8300 Spectrofluorometer or a Spex 1680 (0.22 m) double beam spectrofluorometer
equipped with a liquid nitrogen cooled Acton Research SpectraPro 300i CCD camera. The
CCD camera was equipped with a 150 lines/mm grating blazed at 800 nm. Emission
spectra were corrected for the spectral response of the equipment. Emission and excitation
spectra at 4 K were recorded using an Edinburgh Instrument FLS920, with a Hamamatsu
R928 photomultiplier as detector and a 450 W Xenon lamp as excitation source. The setup
was equipped with an Oxford Instruments cryostat for liquid helium. Room temperature
luminescence lifetimes were recorded using a Hamamatsu R928 photomultiplier with a
time-correlated single photon counting card (TimeHarp 260 PC, PicoQuant), and a laser
(Opolette HE 355-II, Opotec Inc.) operating at 500 nm, or a 441.4 nm pulsed diode laser
(Edinburgh Instruments EPL-445) as excitation source. At low temperature, luminescence
lifetimes were recorded with a slightly modified version of this setup. A Hamamatsu H7422
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Figure 4.1 Integrated emission intensity as a function of absorbance at 485 nm for
Au-doped Ag clusters and DCM dye. The lines are a fit through the points.

photomultiplier was used as detector, and the excitation source was a laser (Opolette HE 355-
II, Opotec Inc.) operating at 420, 460 or 490 nm. For optical spectroscopy measurements, the
cluster solution was diluted 4–10× with water; the dilution was the same when comparing
different samples for the same experiment.

Quantum yield determination The quantum yield of doped Ag clusters with 2.9 % Au was
determined using DCM dye in ethanol as reference. A Varian Cary 50 spectrometer was
used to record UV-Vis absorption spectra. Emission spectra were recorded on a Jasco FP8300
Spectrofluorometer. The excitation wavelengths used were 485 and 550 nm. Au-doped Ag
clusters and DCM dye were diluted with water or ethanol to prepare five samples with
absorbance ≤ 0.1 at 485 nm. The integrated emission intensity of each spectrum scales
linearly with the absorbance at 485 nm (Figure 4.1); the slopes of the lines are proportional
to the quantum yield. The quantum yield of DCM dye in ethanol is 43.5 %.175 The quantum
yield of the Au-doped Ag clusters can be calculated according to:

Φ � ΦR
m

mR

n2

n2
R

(4.1)

where m is the slope from Figure 4.1, n is the solvent refractive index and Φ is the
quantumyield. In each case, the subscript R refers to the reference dye. Values for the solvent
refractive index are n � 1.33336 and nR � 1.3611 for water and ethanol, respectively.177

Stability tests

The stability of cluster solution to UV-light was tested by placing samples by a UVPUVGL-58
handheld UV-lamp (365 nm excitation wavelength, 6 W) while minimising the influence of
other light sources. UV-Vis absorption spectra were recorded at regular intervals. To test
the stability against heat, cluster solutions were placed on a hotplate at 80 ◦C for 6 h.
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Mass spectrometry

MS measurements were performed in negative ion mode using an electrospray ionisation
time-of-flight (ESI-ToF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with
a Z-spray nano-electrospray ionisation source. A nano ESI quadrupole ToF instrument
(Micromass, Manchester, U.K.) was used for tandem mass spectrometric analysis. Needles
were made from borosilicate glass capillaries (Kwik-Fil, World Precision Instruments,
Sarasota, FL) on a P-97 puller (Sutter Instruments, Novato, CA), coated with a thin gold
layer by using an Edwards Scancoat (Edwards Laboratories, Milpitas, CA) six Pirani 501
sputter coater. After purification, the sample was sprayed into the mass spectrometer. The
applied voltage on the needle was between 1200 and 1100 V and the sample cone voltage
was varied between −7 and 0 V. All spectra were mass calibrated in negative ion mode,
using an aqueous solution of phosphoric acid (0.1 % v/v).

Samples were purified using 1-butanol (BuOH) to extract water until the clusters
sediment, after which they were washed with a small amount of methanol (MeOH) and
redispersed in water. This was done by mixing 300 µL cluster solution, 400 µL BuOH and
100 µL methanol in an Eppendorf vial. The vial was briefly centrifuged to speed up phase
separation, and the upper colourless organic layer was removed. Next, 300 µL BuOH was
added, the vial was shaken and centrifuged, and the organic layer was again removed. This
was repeated until the clusters just sedimented. Typically, 3–5 extractions with BuOH were
needed. After removing the final organic layer and washing with MeOH (50–100 µL), the
clusters were redispersed in water (50–100 µL).

Data analysis Theoretical mass spectra were calculated using ChemCalc151 with full
width at half maximum � 0.5. In calculating theoretical mass spectra, we assume that
neither of the two S-atoms in LA is present as a thiol (thus LA is C8H14O2S2). The 5−
overall charge state was considered, as this is the most intense in our spectra. Each LA
has one carboxylic acid group which can be deprotonated. Two LA must be deprotonated
without any Na+ association to keep the overall 5− charge state. Clusters with 3 or more
Au atoms are not observed, so were ignored in this analysis. The composition of a cluster
can therefore be written as [AuyAg29−y(LA)12

3− − (2 + x)H+
+ x Na+]5−, where y � 0–2

and x � 0–10. For the fit, it was assumed that each of the clusters with different y has the
same intensity distribution of Na+ adduct peaks (with different x). The total intensity of
the spectrum is then given by:

I � n0

10∑
x�0

ax I(0)x + n1

10∑
x�0

ax I(1)x + n2

10∑
x�0

ax I(2)x + C (4.2)

where n0, n1 and n2 are the abundances of the cluster with y � 0, 1 or 2 Au atoms, ax

the abundances of the species with x H+/Na+ exchanges, I(y)x the spectrum of that species
and C a constant background intensity. The experimental spectrum was normalised and
the fit parameters ax were constrained between 0 and 1. Further constraints were added
if needed to ensure a reasonable distribution of ax values (monodisperse or bidisperse
depending on the spectrum).
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The theoretically expected abundance of clusters with y Au atoms as a function of Au
fraction χAu, assuming Au is randomly distributed over all clusters, is given by:

ny � (1 − χAu)(29−y)χy
Au

(
29
y

)
(4.3)

X-ray spectroscopy

Au L3-edge XAS (11.92 keV) was recorded at beamline ID26 at the European Synchrotron
Radiation Facility. For XANES, the incident beam was selected using the (311) reflection
from a double Si crystal monochromator. The spectrometer was equipped with a set of four
Ge(555) analyser crystals to record High Energy Resolution Fluorescence Detected (HERFD)
XANES. Masks were used to increase the resolution. The Lα1 fluorescence channel was
monitored (9.71 keV). For EXAFS, the (111) reflection of the monochromator was used. A
liquid jet setup was used to minimise radiation damage. The sample (prepared at 5× the
standard scale) was placed in a vial from which liquid was pumped through a capillary to
form a free-standing liquid jet which was placed in the focus of the beam. Below the jet, the
liquid was collected and returned to the vial. The setup is shown in Figure 4.2.

Ag L3-edge XANES (3.35 keV) was recorded at beamline ID26 at the European Syn-
chrotron Radiation Facility. The incident beam was selected using the (111) reflection
from a double Si crystal monochromator. X-ray fluorescence was collected at a 90° angle
using a silicon drift diode detector (Ketek). Samples of pure Ag29 and Au-doped Ag29
cluster solutions were concentrated ∼5× using 3 kDa molecular mass cutoff filters (Amicon,
Millipore), then measured in a cryostat (KONTI, CryoVac) cooled with liquid He. The
typical operating temperature was 40 K.

EXAFS analysis EXAFS analysis was done using VIPER206, and the Athena and Artemis
software packages.207 Scattering phases and amplitudes were calculated using FEFF for
Ag29(BDT)12(TPP)4 56, with TPP (triphenylphosphine) ligands removed and BDT (1,3-
benzenedithiol) replaced by LA. A geometry optimisation of this structure was done in
Avogadro209, keeping Ag and S atoms frozen, to ensure reasonable C−C and C−H bond
lengths and angles. One of the Ag atoms in the icosahedral shell was replaced by Au to
model an average environment with both Au−Ag and Au−S paths that were used in the fit.
Typical fit parameters were: k � 3.0–12.0Å−1, R � 1.15–3.3Å, using a Hanning window
(dk � 1Å−1) for the Fourier Transformation. Fitting was done using k � 3 weighting in
VIPER and k � 1, 2, 3 weighting in Artemis. The amplitude reduction factor S2

0 was not
explicitly taken into account during fitting (that is, S2

0 � 1 was used). However, from fitting
a reference Au sample, it may be estimated to be between 0.95 and 1.0.

XANES analysis The experimental spectrum was compared to calculations using the
FDMNES code.120 The structure of the cluster was taken from that of Ag29 protected with
BDT56, where the phosphine ligands were removed and the BDT was replaced by LA.
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crystals
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Jet
X-rays

Figure 4.2 Liquid jet setup with continuous flow. The sample is pumped from the
reservoir through a capillary nozzle to form a freestanding jet, where X-ray spectroscopy
can be measured.

A geometry optimisation of this structure was done in Avogadro209, keeping Ag and S
atoms frozen, to ensure reasonable C−C and C−H bond lengths and angles. The FDMNES
calculations were done for all Ag atoms in the clusters Ag29(LA)12 and Au1Ag28(LA)12,
and for one Au atom in each inequivalent site in Au1Ag28(LA)12. A radius of 6Å was used
for each calculation. Atomic potentials, Fermi level, and charge transfer were calculated
self-consistently and the finite difference method was used to calculate potentials.212,213

Relativistic effects were taken into account. The spectra were convoluted to apply an
energy-dependent broadening, using default parameters (an arctangent function). The
width of the core-hole was decreased slightly to 1.50 eV for Ag and 0.50 eV for Au, which
was further broadened with a 1.0 eV Gaussian, to better match the experimental data.

4.3 Results and discussion

Synthesis and optical properties of Au-doped Ag clusters

The bimetallic clusters are made according to the same protocol as Ag29 clusters,
by simply replacing some of the AgNO3 solution with HAuCl4. Similar colour
changes are observed as during Ag29 synthesis. UV-Vis absorption spectra of
samples with low Au concentrations show blueshifts of all absorption features
compared to pure Ag29. A marked increase in luminescence intensity is also
observed, along with a slight blueshift of emission wavelength and a decrease in
near-infrared (NIR) emission. The reproducibility of the synthesis is not as high as
for Ag29, therefore to ensure the accuracy of the observed trend, multiple samples
were prepared and emission spectra of all were recorded. Optical properties of
bimetallic clusters are summarised in Figure 4.3. Attempts were also made to
incorporate Cu, Ni, Zn or Pt, but preliminary results suggest this is not possible
(Figure B.1), therefore the focus of this chapter is on Au-doped Ag29.
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Figure 4.3 Optical properties of Ag29 clusters doped with Au. (a) UV-Vis absorption
spectra for samples with Au concentrations from 0–29 %. (b) Normalised emission
spectra of pure Ag29 and AuyAg29 – y clusters with 2.9 %, showing a slight blueshift of
the emission peak and decrease in relative NIR emission intensity. (c) Wavelength of
maximum absorption (in the range 390–440 nm). (d) Emission intensity of samples as a
function of Au concentration, relative to a pure Ag29 sample prepared and measured on
the same day. All emission spectra were measured at 480 and 500 nm and the intensities
were averaged. The inset shows a photograph of clusters with 0 and 2.9 % Au under
UV-light.
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Figure 4.4 (a) UV-Vis absorption spectra of Ag cluster samples before (blue) and after
addition of HAuCl4 and NaBH4 (yellow), as well as that of a reference sample prepared
according to the standard procedure (red), for 2.9 % Au. (b) Absorption spectra of
Ag clusters when only HAuCl4 or only NaBH4 is added. Apart from small changes in
absorbance, spectra are identical.

There appears to be an optimal Au concentration of around 3–5 %, above which
the emission intensity decreases again. We attribute the initial increase in intensity
and blueshifts in absorption and emission to the incorporation of Au into the Ag29
cluster, giving a general cluster formula AuyAg29−y. The decrease in emission can
then be explained if there is no formation of stable clusters with high y. This is also
apparent from the absorption spectra. For 0–7.1 % Au, there is a smooth blueshift
and decrease in absorbance. At around 14 % Au, absorption features are less
pronounced, and they disappear entirely at even higher Au concentrations, instead
showing only a single broad absorption feature. The optimal Au concentration
lies far below that found for the organosoluble cluster Ag29(BDT)12(TPP)43− (BDT,
1,3-benzenedithiol; TPP, triphenylphosphine). Here, up to 40 % Au could be
incorporated, with a 26-fold enhancement in quantum yield. These Au-doped
clusters also showed a blueshift in absorption, but their emission spectrum was
redshifted.265 For Ag25(SR)18

−, the incorporation of a single Au atom (yielding
Au1Ag24)251 or a single Pd or Pt atom268, resulted in a blueshift both in absorption
and in emission.

A secondway to prepare the bimetallic clusters is by post-synthesismodification
of pure Ag clusters. This is done by addition of HAuCl4 to a solution of Ag29
clusters, followed by reduction with NaBH4. The sample then darkens and turns
brown, but after several hours of stirring the orange colour returns. UV-Vis
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absorption spectra show that the final sample has similar absorption features as
Au-doped Ag clusters prepared according to the standard procedure (Figure 4.4).
Post-synthesis modification was successful for samples with 2.9 and 7.1 % Au.
When only HAuCl4 or only NaBH4 is added, there is only a slight change in
absorbance but no shift in absorption wavelength, even after two weeks. Thus,
Au is not incorporated into the cluster unless both Au salt and reducing agent are
added.

Based on the redox potentials of AuCl4
−/Au and Ag+/Ag, one would expect a

redox reaction to occur and Au to be incorporated into the cluster in a galvanic
exchange reaction when only Au3+ is added. This was observed in the synthesis of
thiolate-protected Ag7Au6 clusters, which were made from Ag7 and Ag8 by adding
AuCl4

−.269 However, the small size of the clusters and the presence of ligands
can influence such reactions. An anti-galvanic exchange reaction was observed
for Au25(SC2H4Ph)18, which reacted with Ag+ to form bimetallic species such as
Ag2Au23 and Ag3Au22

270, although the reaction did not occur when glutathione
was used as a ligand.271 Interestingly, the only way to prepare monodisperse
Ag1Au24(SR)18

− clusters is by galvanic exchange, using Ag25(SR)18
− and Au3+.251

A direct synthesis from Ag and Au salts instead gave a range of alloy clusters
AuyAg25−y(SR)18

−, as also demonstrated in a number of other studies.260,272,273

The sample with 2.9 % Au, prepared using the direct synthesis protocol, was
investigated further. This has on average 0.85 Au atoms per cluster. The quantum
yield of this cluster was determined to be 7.9 % relative to DCM dye, when excited
at 485 nm. Upon excitation at 550 nm, a significantly lower quantum yield of 1.7 %
is measured, similar to that of pure Ag clusters (2.1 %) measured with the same
reference dye andwith the same excitationwavelength. This can be explained if the
2.9 % Au sample still contains some pure Ag29 clusters. These are the only clusters
excited at 550 nm, because the Au-doped clusters have blueshifted absorption.

The blueshifts in absorption and excitation wavelengths are more easily ob-
served at low temperature. A series of emission spectra at different excitation
wavelengths was recorded of samples with 0 and 3.6 % Au at 4 K. They are
presented in Figure 4.5 as 2D maps. The 3.6 % Au sample shows four features,
two at emission wavelength 660 nm and the others at 675 nm. The latter two
have excitation wavelengths that are in good agreement with room temperature
excitation and absorption spectra of pure Ag clusters. Indeed, a similar 2D map
recorded of pure Ag clusters show that these features originate from Ag29. The two
additional features present in the 3.6 % Au sample, with excitation wavelengths
400 and 460 nm and emission wavelength 660 nm, thus originate from AuyAg29−y
clusters. As both have the same emission wavelength, it is likely that the sample
contains only one other species in addition to Ag29.
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Figure 4.5 2D emission and excitation maps of (a) clusters with 3.6 % Au and (b) pure
Ag clusters, recorded at 4 K. Both have been normalised to the maximum intensity. Note
the slightly different ranges of emission and excitation wavelengths. The highest contour
lines of the features of the pure Ag clusters are shown in red in the spectrum of clusters
with 3.6 % Au. These two features thus originate from Ag29.

Luminescence lifetime The room temperature luminescence lifetime was found
to decrease with increasing Au doping, from around 4 µs for pure Ag clusters to
2.6 µs for clusters with 14 % Au, see Figure 4.6. Lifetimes are fitted according to
Equation (4.4) for i � 1 component, where I is the recorded luminescence intensity
at delay time t, c is a constant background intensity, and τi and ai are lifetime and
pre-exponential factor of the ith component, respectively.

I(t) �
(∑

i

ai exp(−t/τi)
)
+ c (4.4)

The Ag29 and AuyAg29−y clusters absorb and emit at different wavelengths.
Therefore, we expect to see some variation in the luminescence decay as these
parameters are varied and we probe different species. This effect is especially
noticeable at 4 K (Figure 4.7). At low temperatures, the non-radiative decay rate
decreases resulting in longer lifetimes and higher luminescence intensity. The
decay curve of pure Ag29 is similar to that of a 3.6 % Au sample emitting at 680 nm
and excited at 490 nm. These wavelengths correspond to the emission feature
assigned to Ag29 in Figure 4.5. When excitation and emission wavelengths of
460 and 640 nm are used, corresponding to the AuyAg29−y cluster, the decay is
significantly faster.
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Figure 4.6 (a) Room temperature luminescence decay curves of clusters with three
different Au concentrations, recorded with emission wavelength of 680 nm. Solid lines are
fits to mono-exponential decay. The luminescence lifetimes of samples with 0, 2.9 and
7.1 % Au are respectively 3.9, 3.1 and 2.6 µs. (b) The luminescence lifetime decreases
with increasing Au concentration.

The luminescence decay shows multi-exponential behaviour even for pure
Ag29 clusters. This does not necessarily mean there are multiple emitting species.
Different environments or conformations of the emitter can influence the rates of
decay, leading to an ensemble of emitters with different luminescence lifetimes.274

There may for example be small differences in ligand coordination. While the data
may be fitted withmultiple exponentials according to Equation (4.4), interpretation
of the fit may not be straightforward. Pre-exponential factors ai and lifetimes τi are
correlated, meaning there may be many solutions to Equation (4.4), which can be
hard to distinguish from each other especially if the signal-to-noise ratio is low.275

Furthermore, the small, finite number of luminescence lifetimes obtained from
such a fit may not accurately reflect the shape of the entire distribution actually
present in the sample.

The luminescence decay curves at 4 Kwere fittedwith two or three exponentials,
with the latter yielding slightly better fits. The tri-exponential fits are shown in
Figure 4.7, and components are given in Table 4.1. The pure Ag sample and 3.6 %
Au samplemeasured at Ag29 excitation and emissionwavelengths (490 and 680 nm)
show very similar lifetimes, but the pre-exponential factors differ, which may be
due to a different distribution of decay rates in the sample. The 3.6 % Au sample at
AuyAg29−y excitation and emission wavelengths (460 and 640 nm) shows shorter
lifetimes and different pre-exponential factors suggesting an overall distribution of
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Figure 4.7 (a) Luminescence decay curves at 4 K of clusters with 0 and 3.6 % Au. Emis-
sion and excitation wavelengths are respectively 490 and 680 nm (blue and grey) and
460 and 640 nm (yellow). Grey and yellow luminescence decay curves are thus recorded
at wavelengths corresponding to mostly Ag29 and mostly AuyAg29 – y, respectively. Solid
lines are tri-exponential fits to the data. (b) The 2D emission-excitation map from Fig-
ure 4.5 with red dots indicating wavelengths were luminescence decay was recorded.
Numbers are average lifetimes τavg in µs.

Table 4.1 Results of tri-exponential fit of luminescence decay curves, recorded at
different excitation (λex) and emission (λem) wavelengths.

% Au λex λem τ1 τ2 τ3 a1 a2 a3 τavg
(nm) (nm) (µs) (µs) (µs) (µs)

0 490 680 130 40 5 0.22 0.28 0.45 100
3.6 490 680 121 47 9 0.16 0.44 0.35 78
3.6 460 640 77 30 6 0.11 0.45 0.40 45
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faster decay. For further analysis, we calculated the average lifetimes according to
τavg �

∑
i

Ii ti/
∑
i

Ii .274

This equation removes the need for fitting, so was used to calculate average
lifetime for a number of excitation and emission wavelengths and superimposed
on the 2D map in Figure 4.7. Lower average lifetimes coincide with wavelengths
preferentially probing the AuyAg29−y clusters. Even at wavelengths where we
expect mostly Ag29, the average lifetime is shorter than for pure Ag clusters,
meaning there is probably still some AuyAg29−y absorbing and emitting due to
the overlap of broad emission and excitation peaks. The two clusters can not be
fully distinguished and it is therefore not possible to conclusively determine the
average lifetime of pure AuyAg29−y.

Luminescence mechanisms Overall, the luminescence of noble metal clusters
remains rather poorly understood, and the changes in luminescence behaviour
upon doping even more so. Ligand-to-metal charge transfer has been proposed
as a mechanism for the luminescence of Au25(SR)18

−, which showed increased
quantum yield with strongly electron-donating ligands.58 Such a charge transfer
mechanism was also suggested for monodoped M1Ag24(SR)18 clusters, where the
dopant was located in the centre of the cluster.268 The dopants (Pd, Ag, Pt and Au)
were found to give different quantum yields which could be related to electron
affinity of the dopant and bond lengths from the capping units to the icosahedral
core of the clusters. Both factors could influence the ligand-to-metal charge transfer.
In contrast, theoretical studies of the luminescence of Au25, Ag25 and Au1Ag24
found that luminescence involves only superatomic orbitals of the cluster and
charge-transfer states are not involved.92,276

Nevertheless, we can qualitatively explain some of the differences in lumi-
nescence behaviour between Ag29 and AuyAg29−y. Upon doping with Au, the
quantum yield increases and the luminescence lifetime decreases. This is in
contrast to the Au-doped Ag29 capped by BDT265 and Au1Ag24(SR)18

− 251 clusters.
In both these cases, a higher quantum yield and a longer lifetime were observed
upon incorporation of Au. This suggests different mechanisms may be responsible
for the increase in quantum yield upon doping Ag clusters with Au, and may
depend for example on the exact nature of the ligands or structure of the cluster.

The lifetime is the inverse sum of all rates of decay from the excited state, which
for simplicity’s sake we group into one overall radiative rate kr and one overall
non-radiative rate knr. The quantum yield is defined as the ratio between emitted
and absorbed photons, or, alternatively, the ratio between kr and kr + knr. For
Au1Ag24 and Au-doped Ag29 with BDT, a decrease in non-radiative decay rate is
consistent with experimental observations. A decrease in non-radiative decay rate
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means the system spends longer in the excited state and a larger fraction will decay
via the radiative pathway, as observed for BDT-capped Ag29 doped with Au.265 A
recent study of rod-shaped Au25 clusters showed that, when doped with Ag to give
Ag13Au12, the quantum yield increased which was attributed to stabilisation of the
LUMO and enhanced rigidity of the cluster.277 With increased rigidity, vibrational
and rotational motion can be suppressed which decreases the non-radiative decay.
This phenomenon is known from organic molecules as aggregation-induced
emission278 and has also been demonstrated for clusters.254,279 In contrast, the
changes in luminescent behaviour we observe upon doping our Ag29 clusters with
Au are consistent with an increase in radiative decay rate. This results in an increase
in quantum yield and also means the system spends less time in the excited state,
giving a shorter luminescence lifetime. Both our Ag29 and AuyAg29−y clusters
have long µs luminescence lifetimes which are characteristic for spin-forbidden
transitions.280 This selection rule can be relaxed through spin-orbit coupling281,
which is greater for heavier elements such as Au.282

Stability of bimetallic clusters

We further find that doping with gold increases the stability of the Ag29 clusters.
This was demonstrated by exposing samples with 0, 2.9 and 7.1 % Au to UV-light,
as shown in Figure 4.8. Over time, the characteristic absorption features disappear
for all samples, but bleaching is fastest for the pure Ag clusters. The pure Ag
sample showed only a slight blueshift of the absorption features (3 nm). With 2.9
and 7.1 % Au, the blueshifts were 13 and 6 nm, respectively. The large blueshift
observed for the 2.9 % Au sample can be explained by the different stabilities of
the species present in this sample; Ag29 and AuyAg29−y. The pure Ag clusters are
bleached more rapidly than AuyAg29−y. Thus, over time, the relative concentration
of AuyAg29−y increases and its blueshifted absorption features dominate the
spectrum. The difference in stability between pure Ag and Au-doped clusters was
also observed when 0 and 7.1 % Au clusters were exposed to heat.

An increase in stability was also found for BDT-capped Ag29 upon doping with
Au or Pt.265,283 Similarly, Pt1Au24

246, Pd1Au24
144, and Au1Ag24

251 were found to
be more stable than their monometallic counterparts. Alloying Au25 with Cu, on
the other hand, reduced the stability of the clusters.258,259 This is attributed to the
small size of Cu (atomic radius 1.28Å) compared to Au (1.44Å) which leads to
distortions of the structure. For clusters with both Au and Ag, alloying rather
than doping is typically observed due to the similar sizes of these atoms.252,259,261

It has also been observed that Au-Ag alloy clusters are less stable than pure Au
clusters.261,262 This can be explained by bond strengths, which in bulk are found
to be Au−Au >Au−Ag >Ag−Ag.244 Conversely, doping a Ag cluster with a small
amount of Au will introduce a number of strong Ag−Au bonds.
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Figure 4.8 (a)-(e) UV-Vis absorption spectra show a decrease in absorbance for all
absorption features upon exposure to UV-light (355 nm). Figures (a), (b) and (c) are of
samples with 0, 2.9 and 7.1 % Au, respectively. Figure (d) shows how the wavelength
of the second absorption peak changes over time, and in (e) the absorbance at this
wavelength is shown (normalised to the absorbance before exposure to UV-light. (f)
UV-Vis absorption spectra of samples with 0 and 7.1 % Au, before and after exposure to
heat. Absorption features of the pure Ag clusters have nearly disappeared, those of the
7.1 % Au clusters remain prominent.
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Composition of bimetallic clusters

Electrospray ionisation mass spectrometry was used to determine the size of
the Au-doped clusters and confirm the successful incorporation of Au. From
our previous experiments (Chapter 2), it is known that the pure Ag clusters are
Ag29(LA)12

3− with near atomic monodispersity. Deprotonation of LA can give
higher overall charge states, while deprotonation and association with Na+ gives
multiple ion signals in the same charge state with mass difference 22 Da. Thus, the
mass spectrum of the pure Ag29 clusters already contains multiple ion signals. As
in Chapter 2, we consider only the species in the overall 5− charge state, as these
ion signals are the most intense.

Figure 4.9 shows mass spectra of clusters with 0, 2.9 and 7.1 % Au as well as
theoretical spectra of Ag29, Au1Ag28 and Au2Ag27 in the overall z � 5− charge
state and with all possible H+/Na+ exchanges. Spectra of a larger range of samples
are shown in Figure B.2. The full composition of Au-doped Ag29 clusters can
be written as [AuyAg29−y(LA)12

3− − (2 + x)H+
+ x Na+]5− in the overall z � 5−

charge state. The mass difference upon Ag/Au exchange is 89 Da, which is nearly
identical to that of 4 H+/Na+ exchanges. This means we expect significant overlap
between spectra of Ag29 and AuyAg29−y. The number of H+/Na+ exchanges, x,
can take values between 0 and 10; with the two last LA always deprotonated
without any Na+ association to keep the overall 5− charge state. The number of
Au atoms can be anywhere from 0 to 29. However, based on the changes in optical
properties with increasing Au concentration, we expect that clusters with high y
are not formed due to their low stability and thus Ag clusters with only a few Au
atoms will dominate.

It is clear from the spectra that the sample with 2.9 % Au contains mostly
Au1Ag28. There is a small amount of Ag29 visible (first four ion signals, m/z 1120
to 1143) and no contribution from Au2Ag27 (as seen by the lack of intense ion
signals in the region m/z 1187 to 1200). For samples with 7.1 % Au (on average 2.1
Au atoms per cluster), we again observe mostly Au1Ag28 with minor contributions
of Ag29 and Au2Ag27. There appears to be a preference for monodoped clusters.

To estimate concentrations of each cluster is challenging due to the overlapping
ion signals. Experimental spectra are therefore fitted to a weighted sum of
theoretical spectra, for each combination of x and y. It is assumed that each cluster
has the same distribution of Na+ adduct peaks. In other words, each number of
Au atoms y has the same intensity distribution for the eleven values of x. As the
H+/Na+ exchange takes place on the ligands far away from the metal atoms, this
is a valid assumption. Even with these constraints, there are still a large number of
fit parameters. Assuming contributions from Ag29, Au1Ag28 and Au2Ag27, there
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Figure 4.9 Mass spectra of samples with 0, 2.9 and 7.1 % Au, which corresponds to
average compositions of Ag29, Au0.8Ag28.2 and Au2.1Ag26.9, respectively. Theoretical
spectra of Ag29, Au1Ag28 and Au2Ag27 are shown in lighter colours for comparison. For
the mass spectra of these samples, there is a clear preference for the monodoped cluster
Au1Ag28 for both 2.9 and 7.1 % Au. See also Figure B.2.

are 15 fit parameters (3 for the concentrations of clusters, 11 for the intensity of
each Na+ adduct signal, and 1 parameter to estimate the non-zero background
intensity). If no ion signals are observed in the range m/z 1187 to 1200 (where
only Au2Ag27 appears), y � 2 is ignored. Adduct signal intensities were always
constrained between 0 and 1. If a particular Na+ adduct signal distribution was
observed, for example bidisperse, additional constraints were imposed such as a
minimum intensity for the last few adduct signals.

The fit does not give absolute intensities of each cluster, but rather ratios. These
are compared to the theoretically expected ratios of Ag29 and Au2Ag27 to Au1Ag28,
assuming a completely random distribution of Au in Ag clusters. Experimental
intensities and theoretically expected values are shown Figure 4.10 together with
an example of a fit. In all cases the experimental intensities lie far below the
theoretically expected values, indicating that the distribution of Au is not random
but there is instead a preference for Au1Ag28.

We estimate the accuracy of the fit results to be around 10 %. This is based
on the results of fits to three spectra of pure Ag29 clusters, where the fitting
procedure nevertheless found small contributions of Au1Ag28 because of the
non-flat background near the ion signals of the cluster. For samples with low Au
concentrations (below 5 %), the total observed ratio of gold to silver is different
from the ratio in the sample, up to 20 %. In some cases there appears to be an
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Figure 4.10 (a) Mass spectrum of sample with 7.1 % Au (black) and the fit of theoretical
spectra (grey). The contribution of each theoretical spectrum is shown below in colour.
Note the identical intensity distributions for the H+/Na+ exchange ion signals. (b) Intensity
of Ag29 and Au2Ag27 relative to Au1Ag28 for different Au concentrations. Fit results of
experimental data are shown as circles. Solid lines indicate the theoretically expected
intensity, assuming a completely random distribution of Au throughout the clusters, cal-
culated according to Equation (4.3). Relative intensities of Ag29 and Au2Ag27 are lower
than expected for all Au concentrations, meaning there is a preference for the monodoped
clusters, Au1Ag28.

excess of Au, in others an excess of Ag, but there is no clear trend. It may be
dependent on many factors in sample preparation, purification and ionisation. For
higher concentrations of Au, the difference between fit result and theoretically
expected concentrations far exceeds this, with 40–70 % less Au than expected from
the sample composition. Pure Au clusters with LA (see Chapter 5) are not observed
in any of the mass spectra, so it is unknown where the missing Au is. Clusters
with different numbers of Au atoms may not behave the same upon ionisation and
purification. A preference for monodoped clusters during synthesis may be further
enhanced by high stability of Au1Ag28 compared to Ag29, Au2Ag27 and Au3Ag26
during purification or ionisation. The less stable clusters suffer more degradation,
and the resulting species may remain undetected, much like degraded Ag29.

Samples prepared via post-synthesis modification, by addition of Au3+ to Ag29
followed by reduction, also show a preference for monodoped clusters. Due
to the two reduction steps with NaBH4, the Na+ concentration is much higher
in this sample and a bidisperse distribution of Na+ adduct signals is observed.
The preference for monodoping with gold, both via a direct synthesis and post-
synthesis modification, appears to be unique for Ag29 with LA. For BDT-capped
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Ag29, direct synthesis with Au yielded a distribution of different compositions with
1–7 Au atoms, although one that shows a preference for clusters with a low number
of dopants.265 Doping with Pt yielded only a small fraction of Pt1Ag28 when direct
synthesis was done.283 For Au-doped Ag25, direct synthesis also resulted in a
mixture of clusters with different number of Au atoms, while the monodoped
cluster was only obtained via post-synthesis modification.251

Location of the Au atom

The bimetallic clusters were further studied with X-ray absorption spectroscopy.
This has been successfully used in the study of bimetallic clusters and nanoparti-
cles284, for example to determine the preferential position of dopants in Au25

248,285

and larger clusters286, as well as studying reactions287 between Au25 and Pd2+ and
Ag+.

To determine the position of the Au atom in the bimetallic cluster, we recorded
EXAFS. A 2.9 % Au sample was used without any additional purification or
concentration. Mass spectrometry and optical spectroscopy do not exclude the
presence of small Au−LA complexes or clusters in the samples after synthesis,
and the lack of purification ensures all Au species are taken into account. Due to
the low Au concentration in the samples (30 µM), multiple EXAFS spectra were
recorded over a total time period of 4 h. Despite the use of a liquid jet setup,
radiation damage was observed during this time, resulting in a colour change
of the sample from orange to brown and a disappearance of prominent UV-Vis
absorption features (see Figure B.3).

For a first analysis, the radiation damage was ignored and all EXAFS scans
were averaged. The averaged spectrum was fitted to two scattering paths, one
Au−S and one Au−Ag. The spectrum is shown together with the fit in Figure 4.11.
The results of the fit are given in Table 4.2. The Au−Ag coordination number,
7.8, is significantly higher than the average Ag−Ag coordination number in pure
Ag29 which was around 3 (see Chapter 3). Clearly, the Au atom does not occupy
a random position in each doped cluster. We assume that the clusters have a
similar structure as Ag29(BDT)12(TPP)43−, which is a reasonable assumption as
cluster composition and optical properties are similar.56 The structure of this
cluster is shown in Figure 4.12. There are four unique sites the Au atom may
occupy; in the centre of the icosahedron (centre), on the outer icosahedral positions
(ico), in the capping units, bound to LA (shell), and on the external positions
bound only to phosphines (ext). Note that the LA-capped clusters do not have the
phosphines, so these sites may not exist with the same coordination geometry. The
lack of phosphines may also distort the rest of the surface, giving slightly different
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Figure 4.11 EXAFS of Au-doped Ag29 cluster solution in (a) k and (b) R-space. The
fit was done using scattering paths Au – S and Au – Ag of Au1Ag28

56, where the Au atom
occupies one of the outer positions of the icosahedron (ico). The contributions of each
path are also shown in (b). The results of the fit are given in Table 4.2. For this figure, all
EXAFS scans are averaged together (even though we observe some radiation damage).

Table 4.2 Structural parameters of Au-doped Ag29 clusters from EXAFS analysis. CN
is the coordination number, R the bond length, σ2 the Debye-Waller factor and E0 the
energy shift. The fit is shown in Figure 4.11. For this fit, R-factor � 0.024 and reduced
χ2 � 48. The amplitude reduction factor is not taken into account (S2

0 � 1) for the values
in the table. From fitting of Au foil it was estimated to be between 0.95 and 1.0.

Parameter Au−S Au−Ag
CN 1.16 ± 0.61 7.82 ± 1.55

R (Å) 2.29 ± 0.04 2.78 ± 0.01
σ2 (10−3 Å2) 5.05 ± 5.46 8.98 ± 1.42

E0 (eV) 3.8 ± 5.8 4.2 ± 1.3
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Figure 4.12 (a) The structure of Ag29(BDT)12(TPP)4
3 – .56 Only Ag and S atoms are

shown. For clarity, Ag atoms are given two different colours; blue for those in the
icosahedral Ag13 core, red for those in capping units. S atoms are in yellow. (b) Schematic
representation of the cluster, showing the four different Ag sites.

coordination numbers for shell sites. Expected coordination numbers can be found
in Table 4.3.

The Au−Ag coordination number of 7.8 can only be explained if a significant
fraction ofAu occupies a centre or icoposition, in particular the former. Furthermore,
we observe an Au−S bond length of 2.29Å, which is shorter than the 2.46Å Ag−S
bondpresent inpureAg29 clusters (Chapter 3). It is, however, consistentwith typical
bond lengths of Au−S bonds in Au clusters222,223,288 and gold thiolates289,290. Thus,
Au in shell or ext sites would cause a significant surface distortion. Alternatively,
the Au−S bonds may be present in Au clusters or Au-thiolate complexes, rather
than in Au1Ag28.

From colour changes, and by comparing UV-Vis absorption spectra before and
after EXAFS, it is clear there is radiation damage. This may affect the analysis

Table 4.3 Expected coordination numbers (CN) of Au in different sites, assuming the
clusters have the same structure as Ag29(BDT)12(TPP)4

3 – .56 Only Au – Ag bonds shorter
than 3 Å are considered, except where explicitly noted.

Site CN (Au−S) CN (Au−Ag)
Centre 0 12
Ico 1 6
Shell 3 2*
Ext 3 0

* These bonds are slightly longer, around 3.1Å.
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Figure 4.13 Effect of radiation damage on FT-EXAFS of Au-doped Ag29. When only the
first 2 h of measurements are used (black), the intensity of the Au – Ag scattering peak is
higher than when only the last 2 h of measurements, corresponding to more damaged
sample, are considered (grey). The average of all scans, measured over 4 h, is used in
Figure 4.11.

and obtained results. To monitor radiation damage more closely, XANES was
recorded every 25 min between EXAFS scans. There are minor changes in XANES
over time, most notably a slight decrease in whiteline intensity. The changes occur
gradually over time, thus it is not possible to conclusively select a number of
EXAFS scans that correspond to an undamaged sample. It is possible to get a
better understanding of the damage process by comparing the first and second
half of the EXAFS scans (Figure 4.13). Due to the lower signal-to-noise ratio when
only half the scans were considered, fitting was more challenging and in some
cases required the use of constraints for parameters of the Au−S scattering path.
The first half of the scans could also be successfully fitted using only the Au−Ag
scattering path. In the first half of the EXAFS scans, the Au−Ag coordination
number is around 10, while in the second half it decreases to around 7. In contrast,
the Au−S coordination number shows a slight increase to around 1.5 in the second
half. Radiation damage thus either causes the Au to migrate to the surface of the
cluster, or results in cluster degradation yielding gold thiolate species. The high
Au−Ag coordination number before extensive radiation damage shows a strong
preference for Au in the centre site, in the middle of the cluster.

The high resolutionAu L3-edge XANES ofAu-dopedAg29 (Figure 4.14) shows a
strong whiteline and a number of well-resolved post-edge features. The agreement
with a calculated spectrum of Au1Ag28 is excellent when Au occupies the centre
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Figure 4.14 (a) Experimental Au L3-edge XANES of Au-doped Ag clusters, together
with results of FDMNES calculations for an Au atom in each of the four possible locations
in Ag29. There is good agreement between the experimental spectrum and the calculation
for the centre position. (b) Ag L3-edge XANES of pure Ag29 and Au-doped Ag29 are
nearly identical (top), which is confirmed with FDMNES calculations (bottom).

position. With Au in other locations, the spectrum lacks the whiteline. As will be
shown in Chapter 7, both Au(I)-thiolate compounds and LA-capped Au clusters
have an intense whiteline, but for both these cases the other post-edge features
are weaker. XANES presents an intriguing addition to EXAFS for the analysis of
bimetallic clusters to determine dopant location. It has lower detection limits than
EXAFS, which allows for the study of dilute samples. It is also less critical for
the spectra to have high signal-to-noise ratio. This is beneficial for the study of
radiation-sensitive compounds. XANES is sensitive to the number and identity of
ligands, as well as that of next-nearest neighbours. A downside is that the analysis
is less straight-forward than for EXAFS, and may require comparison to reference
spectra of compounds with known structure, together with calculations of spectra
for expected structures.291,292

Ag L3-edge XANES was also recorded of the Au-doped clusters, and compared
to the spectrum of pureAg29 clusters (Figure 4.14). Both sampleswere concentrated
using 3 kDa molecular mass cutoff filters and measured in a cryostat at 40 K. We
found no difference between the two spectra. Calculations confirm that the Ag
L3-edge XANES hardly changes upon incorporation of Au into the Ag29 cluster.

A preference for monodoping in the centre of clusters is also observed for
Pd249 and Pt248 in Au25. Monodoping can be rationalised when a cluster doped
in the centre position exhibits a significantly higher stability than a cluster with
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dopants in other locations, or an undoped or multidoped cluster. The Au−Ag
bond is stronger than the Ag−Ag bond.244 When an Au atom occupies the centre
position in Ag29, the number of Au−Ag bonds is maximised, which explains the
preference for centre doping. In Au clusters, alloying with Ag results in Ag at ico
sites in Au25

273,285 and similar sites in Au144
293,294. The same is observed for Ag44

doped with Au.55 Clearly, ico sites are more favourably occupied by Ag than Au.
We further propose than Au atoms can’t go into the capping layer of Ag29 (shell and
ext sites) as this would result in significant structural distortions and thus a lower
stability due to change in bond length from Ag−S to Au−S. Changes in capping
unit metal are rare in AgAu alloy clusters.295 In BDT-capped Ag29, it was found
that also the ext sites could be replaced with Au265, but the presence of phosphines
may help stabilise these doped clusters due to the strong Au−P bond.296,297

4.4 Conclusions

The introduction of dopants is a promising method for tuning nanocluster prop-
erties. In this chapter, the effects of introducing Au into Ag29(LA)12

3− clusters
were investigated. Au atoms can be incorporated both via direct synthesis or by
post-synthesis modification, with both methods yielding clusters with similar
properties. Doping with Au results in enhanced stability to heat and UV-light. The
optical properties of the cluster are also affected, with blueshifts in both absorption
and emission spectra. The quantum yield increases by a factor of 3–4. This
coincides with a decrease in luminescence lifetime. Together, these observations
indicate an increase in radiative decay rate for the doped cluster which may be
due to enhanced spin-orbit coupling of Au. The optical properties suggest one
major Au-doped Ag29 species. This species was identified as Au1Ag28(LA)12

3−

with electrospray ionisation mass spectrometry. X-ray absorption spectroscopy
was used to determine that the Au atom occupies the central position in the cluster.
Our experiments also suggest that clusters with Au atoms located on surface sites
would cause structural distortions and therefore be less stable. This may explain
the strong preference for monodoped species.
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Appendix B

Additional spectra; bimetallic clusters
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Figure B.1 UV-Vis spectra of Ag clusters synthesised with (a) Cu, (b) Ni, (c) Zn and
(d) Pt. There is no shift in absorption features for any of these metals. For Cu and Ni,
characteristic absorption features of Ag29 are very weak, suggesting these metals may
interfere with the synthesis.
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Figure B.2 Mass spectra of Au-doped Ag29 clusters with Au concentrations of 0–14.3 %,
shown for the overall z� 5− charge state. Theoretical spectra of Ag29 (blue), Au1Ag28

(yellow) and Au2Ag27 (orange) with all possible number of H+/Na+ exchanges are shown
for comparison. The vertical lines mark the boundaries of the m/z ranges. The Au1Ag28

cluster is detected from the 0.7 % Au sample, while Au2Ag27 is present from 7.1 %
(although different samples of the same Au concentration show somewhat different
contributions). Even for 14.3 % Au, which has an average composition of Au4Ag25, the
cluster Au1Ag28 dominates the spectrum.
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Figure B.3 Effect of radiation damage during XAS measurements. (a) XANES spectra
at the start and end of the experiment. (b) UV-Vis absorption spectra before and after
recording XANES. In (c) and (d), the same is shown for the sample used for EXAFS
measurements. Radiation damage is more severe for EXAFS than for XANES.
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Chapter 5

Size tuneability of luminescent Au clusters

Abstract
In contrast to Ag clusters, which were found to be atomically monodisperse, Au clusters
capped with lipoic acid (LA) show polydispersity. However, the size distribution and optical
properties can be tuned by varying the NaOH concentration during synthesis. From UV-
Vis spectroscopy, three regimes were identified. Mass spectrometry identified cluster sizes
from Au2 to Au∼25. Larger species were identified with analytical ultracentrifugation, up to
Au∼45. Despite this discrepancy, both techniques show that a low NaOH concentration
favours large clusters. The NaOH concentration also affects the size distribution or
composition of the synthesis intermediates, which are formed by addition of HAuCl4 to
LA solution. Based on their optical properties, the intermediates are identified as Au(I)
species with different degrees of aggregation, although the presence of Au(III) could not
be excluded. At low NaOH concentrations, the reaction between LA and HAuCl4 initially
results in the rapid formation of large Au nanoparticles with surface plasmon absorption.
However, these nanoparticles are highly unstable and disappear within seconds.
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“We demand rigidly defined areas of
doubt and uncertainty!"

— Douglas Adams, The Hitchhiker’s
Guide to the Galaxy

5.1 Introduction

Lipoic acid (LA) is a promising ligand for the preparation of luminescent noble
metal clusters. Its carboxylic acid group allows for functionalisation which can be
used to tune cluster solubility and reactivity as well as luminescence colour and
intensity.72,73,298–300 As discussed in previous chapters, LA-capped Ag clusters are
monodisperse and highly stable. Doping with a few percent Au increases stability
and luminescence intensity, but a higher Au concentration has a detrimental
effect on the optical properties. Nevertheless, even pure Au clusters with LA
show luminescence.165,191 This makes them promising candidates for biomedical
applications such as fluorescence imaging, which has already been demonstrated
for LA-capped Au to detect Hg2+ inside cells87 and to determine intracellular
temperature301.

Despite numerous studies of Au clusters capped with LA87,165,191,301,302 or func-
tionalised LA298,299,303, accurate size characterisation is lacking. The complexity of
many functionalised LA-ligands may contribute to the difficulty in obtaining high
quality mass spectra.72 In one case, a broad size distribution around 7–10 kDa was
observed.304 However, zwitterionic functionalisation of the ligands gave rise to
electrostatic interactions that may result in multiple ligand layers.

In this chapter, we describe the synthesis of LA-capped Au clusters from
HAuCl4, and the characterisation of the clusters. The protocol used for preparation
of monodisperse Ag29 clusters (see Chapter 2) does not yield well-defined Au
clusters. Typical synthesis protocols for LA-capped Au clusters use a small
amount of NaOH to dissolve LA, rather than reducing it with NaBH4.165 Recent
work has highlighted the role of NaOH in the successful, rapid synthesis of
aqueous Au25(SR)18

− 22 and in the tuning of cluster size of glutathione-capped Au
clusters.196,305 Inspired by this, we investigated the role of NaOH in the synthesis
of LA-capped Au clusters and found that the optical properties of the clusters
could be tuned by varying the NaOH concentration.

A certain amount of NaOH is required to ensure ligands and clusters do not
sediment. Beyond this, additional NaOH results in changes in the UV-Vis absorp-
tion spectra of the clusters. All clusters show red and near-infrared luminescence,
with a quantum yield of 0.2–0.3 %. Interestingly, despite differences in absorption
spectra, the excitation spectra of all samples show the same features. This suggests
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all samples contain one dominating luminescent species, in addition to a distribu-
tion of non-luminescent (or weakly luminescent) clusters. The polydispersity of
the samples was confirmed with analytical ultracentrifugation, which found broad
distributions of sedimentation coefficients, and with mass spectrometry, from
which a large number of cluster species were identified with sizes Au2 to Au'25.
While both techniques agree that the sample with lowest NaOH concentration
contains the largest clusters, analytical ultracentrifugation finds larger clusters
than mass spectrometry. This discrepancy has not yet been fully resolved.

We further investigated the synthesis procedure of the clusters by characterising
the synthesis intermediates, which contain ligand and HAuCl4 but no reducing
agent. Synthesis intermediates of thiolate-protected Au clusters are aggregates
or polymers, and tailoring their size and structure is a common strategy to
obtain different sizes of Au clusters.204 The composition of the polymers is often
thought to be (Au(I)−SR)n 30,76,200–202, where aggregation occurs due toAu(I)−Au(I)
aurophilic interactions or van der Waals interactions between ligands.204 Recent
work suggests (Au(I)−SR)n may only be formed when water is present or at large
excess of thiols.203,306,307 It is reasonable to assume that synthesis intermediate
composition also depends on whether the ligand is a thiol or a disulfide such as
LA.

The synthesis intermediates of LA-capped Au clusters were characterised
with the same techniques as the clusters. No Au-containing species could be
identified with mass spectrometry, but based on optical properties we identify
the intermediates as Au(I) species. Sedimentation coefficient distributions of the
intermediates were found to depend on NaOH concentration, suggesting that the
degree of aggregation of the intermediate may determine the final cluster size. We
also present evidence that at low NaOH concentrations, the initial reaction between
HAuCl4 and LA results in the formation of large Au nanoparticles with surface
plasmon absorption. These nanoparticles are highly unstable and disappear within
minutes, possibly due to a comproportionation reaction with remaining Au(III).

5.2 Experimental methods

Chemicals

HAuCl4 · 3 H2O (≥99.9 %), NaBH4 (99 %), (±)-α-lipoic acid (≥ 99 %) andmethanol (≥ 99.9 %)
were purchased from Sigma Aldrich. NaOH (≥99.0 %) was obtained fromMerck. 1-Butanol
(99.5 %) and Nile Blue A were obtained from Acros. Water was of Milli-Q quality, purified
using a Millipore Direct-Q 3 water purification system. 4-(dicyanomethylene)-2-methyl-6-
(4-dimethylaminostyryl)-4H-pyran (DCM dye) was obtained from Exciton.

117



5 | Size tuneability of luminescent Au clusters

Synthesis

10 mg lipoic acid (49 µmol) was placed in a 20 mL glass vial with water and a small amount
of NaOH solution, with a total volume of 10.5 mL. Three concentrations of NaOH were
investigated in detail; 8.9, 12 and 89 mM. This corresponds to 0.5 mL 0.2 M, 0.7 mL 0.2 M
and 0.5 mL 2 M NaOH in the synthesis. While stirring, 0.25 mL 68 mM HAuCl4 · 3 H2O was
added (17 µmol) giving the synthesis intermediate. After 15 min, the synthesis intermediate
was reduced with NaBH4 (1.7 mg in 0.5 mL water). Vials were wrapped in aluminium foil,
kept closed except when adding reagents, and stirred throughout the synthesis, which was
done at room temperature. Clusters were used without additional purification (except
where explicitly noted), after stirring overnight. The synthesis intermediates were also
studied. When describing these samples, the NaOH concentrations in the final sample
volume are used.

Optical spectroscopy

UV-Vis absorption spectra were recorded using a Perkin Elmer Lambda 40 or a Varian Cary
50 spectrometer. Fast UV-Vis spectra during formation of the synthesis intermediate were
recorded using an Avantes AvaSpec 2048 spectrometer and a QX Hellma 1.000 UV-Vis
probe. The lamp was a DH-2000 CAL from Ocean Optics. The integration time was set to
1.05 ms, and repetition rate of the setup was 30–60 ms. Emission spectra were recorded on
a Jasco Spectrofluorometer FP-8300. The typical excitation wavelength was 580 nm. Room
temperature luminescence lifetimes at 750 nm were recorded using a Hamamatsu R928
photomultiplier with a time-correlated single photon counting card (TimeHarp 260 PC,
PicoQuant), and a laser (Opolette HE 355-II, Opotec Inc.) operating at 500 nm as excitation
source. All absorption and emission spectra were recorded of undiluted samples.

Quantum yield The quantum yield of Au clusters (8.9 mM NaOH) was determined using
DCM dye and Nile Blue A in ethanol as references. A Varian Cary 50 spectrometer was used
to record UV-Vis absorption spectra. Emission spectra were recorded on a Jasco FP8300
Spectrofluorometer. The excitation wavelength used was 550 nm. Au clusters, Nile Blue A
and DCM dye were diluted with water or ethanol to prepare five samples with absorbance
≤ 0.1 at 550 nm. The integrated emission intensity of each spectrum scales linearly with the
absorbance at 550 nm (Figure 5.1); the slopes of the lines are proportional to the quantum
yield. The quantum yields of Nile Blue A and DCM dye in ethanol are 27 and 43.5 %,
respectively.175,176 The quantum yield of the Au clusters can be calculated according to:

Φ � ΦR
m

mR

n2

n2
R

(5.1)

where m is the slope from Figure 5.1, n is the solvent refractive index and Φ is the
quantumyield. In each case, the subscript R refers to the reference dye. Values for the solvent
refractive index are n � 1.33336 and nR � 1.3611 for water and ethanol, respectively.177
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Figure 5.1 Integrated emission intensity as a function of absorbance at 550 nm for Au
clusters (multiplied by 20), Nile Blue A and DCM dye. The lines are a fit through the
points.

Mass spectrometry

MS measurements were performed in negative ion mode using an electrospray ionisation
time-of-flight (ESI-ToF) instrument (LC-T; Micromass, Manchester, U.K.) equipped with a
Z-spray nano-electrospray ionisation source. Needles were made from borosilicate glass
capillaries (Kwik-Fil, World Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter
Instruments, Novato, CA), coated with a thin gold layer by using an Edwards Scancoat
(Edwards Laboratories, Milpitas, CA) six Pirani 501 sputter coater. After purification,
the sample was sprayed into the mass spectrometer. The applied voltage on the needle
was typically 1180 V and the sample cone voltage was varied between −7 and 0 V for
measurements of clusters, and increased up to −40 V for synthesis intermediates. All
spectra were mass calibrated in negative ion mode, using an aqueous solution of phosphoric
acid (0.1 % v/v).

Sample purification For mass spectrometry, cluster samples were purified using 1-butanol
(BuOH) to extract water, containing excess ligands and other possible contaminants, until
the clusters sediment, after which they are washed with a small amount of methanol
(MeOH) and redispersed in water. This was done by mixing 300 µL cluster solution, 400 µL
BuOH and 100 µL MeOH in an Eppendorf vial. The vial was briefly centrifuged to speed
up phase separation, and the upper colourless organic layer was removed. Next, 300 µL
BuOH was added, the vial was shaken and centrifuged, and the organic layer was again
removed. This was repeated until the clusters just sedimented. Typically, 2–4 extractions
with BuOH were needed. After removing the final organic layer and washing with MeOH
(50–100 µL), the clusters were redispersed in water (50–100 µL).
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Data analysis Analysis and quantification of the data was done in two steps. The first
involved identification of cluster species. Theoretical spectra of numerous possible species
were calculated using ChemCalc151 with full width at half maximum � 0.1 and compared
with the experimental spectra. In calculating theoretical mass spectra, we assume that
neither of the two S-atoms in LA is present as a thiol (thus LA is C8H14O2S2). Not all ion
signals could be assigned. Especially at high m/z, overlap of Na+ adduct signals belonging
to different species complicates the assignment. In the second step, an m/z range was
chosen for each cluster and the intensity of each species was determined by integrating this
area of the spectrum. Where ion signals of two species overlap, the ranges were shortened
if the overlap was minor. If the overlap was significant, the species with lowest intensity
was ignored.

Analytical ultracentrifugation

Sedimentation velocity experiments have been performed on XL-I and XL-A Analytical
ultracentrifuges (Proteomelab and Optima XL-A, Beckman Coulter) using absorbance
optics. All measurements were performed at 20 ◦C. Samples were centrifuged in 12 mm
path length double-sector Aluminium centrepieces with sapphire windows in an An60-Ti
rotor; the reference sector was filled with Milli-Q water. Changes in solute concentrations
were detected at absorption wavelengths of 380 and 484 nm. Synthesis intermediates were
measured undiluted, at 380 nm, and using centrifugation speed of 60 000 rpm. Clusters
were measured at 380 and 484 nm and using centrifugation speeds of 40 000 and 60 000 rpm.
Samples were undiluted for measurements at 484 nm and diluted 1 : 1 with water at 380 nm.
Fresh samples were prepared for each experiment.

Analysis and fitting of the data was performed using the program Sedfit v 14.3.158 A
continuous c(s) distribution model was fitted to the data. The resolution was set to 200 over
a sedimentation coefficient range typically up to 20 S. The meniscus and the bottom were
kept at fixed values, and the frictional coefficient, the baseline and the raw data noise were
floated in the fitting. All sedimentation coefficient distributions are normalised to area.

Calculations of sedimentation coefficients Results were compared with data from lit-
erature. Where a different solvent such as toluene was used for the experiment, the
sedimentation coefficient in water was calculated using Equation (1.15), which relates a
particle’s size and density to its sedimentation coefficient. It is assumed that the particle
size and density do not change when the solvent changes from 1 (toluene) to 2 (water),
giving the following relation:

s2 � s1
η1
η2

ρp − ρ2
ρp − ρ1

(5.2)

where η is the viscosity, ρ the density and the subscript p refers to the particle. This
equation can also be used to calculate the sedimentation coefficient of a particle p1 from the
known sedimentation coefficient and density of another particle, p2, with the same size, in
which case it reduces to:
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sp1 � sp2
ρp1 − ρs
ρp2 − ρs

(5.3)

where ρs is the density of the solvent.
Sedimentation coefficients can also be calculated by combining Equations (1.16)

and (1.17), which relate the sedimentation coefficient to molar mass and density. The
density of the cluster must be known. Assuming that the volume of a cluster is the sum of
total ligand and gold volumes, this is given by:

ρ−1
p Mp � ρ−1

AuNAuMAu + ρ−1
LANLAMLA (5.4)

where M is the molar mass, N the number of Au atoms or LA molecules and ρ is the
density and subscripts p, Au, LA refer to particle, gold and lipoic acid respectively.

Values for viscosity and density of water are: ρ � 1.00 g mL−1 and η � 1.00 mPa s.308

For toluene, the values are: η � 0.59 mPa s and ρ � 0.867 g mL−1.309 Furthermore, themolar
mass of Au and LA are 197 and 206.33 g mol−1, respectively. The densities are respectively
19.3 and 1.2 g cm−3, where the last is an estimate.152,177

5.3 Results and discussion

Synthesis, optical properties and stability

The synthesis of LA-capped Au clusters proceeds in two steps. First, HAuCl4
solution is added to a solution of LA and NaOH to form a synthesis intermediate.
This is pale yellow to colourless, with higher NaOH concentrations giving a lighter
colour. After 15 min, the synthesis intermediate is reduced to form clusters by
addition of NaBH4. The first step is discussed in more detail later in this chapter.
The reduction step is rapid, with a colour change within minutes. The final NaOH
concentration was 7.1–89 mM while LA and Au concentrations were kept constant
at 4.3 and 1.5 mM, respectively. The final colour of the cluster solution depends
on the NaOH concentration, and varies from pale brown to reddish brown. All
samples are used directly without any purification, so that the effect of NaOH on
cluster properties can be studied without any additional changes to the sample
composition. The use of high NaOH concentration was inspired by a synthesis
protocol for aqueous Au25(SR)18, where NaOH was used to increase the etching
ability of the thiol ligands and decrease the reduction ability of NaBH4, resulting
in rapid formation of clusters.22 For LA-capped clusters, we find that NaOH can
be used to tune the optical properties.
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Figure 5.2 Optical properties of Au clusters capped with LA. (a) UV-Vis absorption
spectra for samples with NaOH concentrations from 7.1–89 mM. Vertical lines mark
characteristic absorption features. (b) Maximum emission wavelength, for excitation
at 580 nm. (c) Luminescence decay curves for three samples. Solid lines are fits of
monoexponential decay, with lifetimes 1.7, 1.2 and 1.2 µs for clusters with 8.9, 12 and
89 mM NaOH, respectively.
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From the UV-Vis absorption spectra of clusters with different NaOH concen-
trations, shown in Figure 5.2, we make a number of observations. First, a certain
amount of NaOH is needed for a successful synthesis. At just 7.1 mM NaOH, no
pronounced absorption features are observed in UV-Vis spectra, the luminescence
is weak, and the sample appears turbid. The synthesis intermediate of this sample
contained large flakes of sediment. The NaOH concentration was not sufficient to
deprotonate all LA, which is required for water-solubility. Note that HAuCl4 is
acidic and will also react with NaOH.

Second, optical properties of LA-capped Au clusters depend on the NaOH
concentration. At low NaOH concentrations (8.9–9.8 mM), a pronounced absorp-
tion feature is observed around 680 nm. The emission spectra have a maximum
around 730 nm. At medium NaOH concentrations (11–18 mM), absorption fea-
tures around 505 and 580 nm appear, with an emission maximum at 710 nm. Both
absorbance and emission intensity decrease with increasing NaOH concentration.
Finally, at high NaOH concentrations (53–89 mM), there are three peaks in the
absorption spectrum at 505, 580 and 690 nm, and the emission maximum is at
725 nm. Optical properties resemble those of clusters with low NaOH concentra-
tion, but absorption features below 600 nm are more pronounced. There are thus
three different regimes of clusters with different optical properties. At certain
NaOH concentrations, there is a switch from one regime to the next. However,
within one regime, an increase in NaOH concentration simply causes a decrease in
absorbance and emission intensity, with little effect on wavelength.

A third observation is that clusters with the highest NaOH concentrations are
unstable, with a strongdecrease in absorbance after a couple of days. To limit cluster
degradation, all characterisation was done on samples the day after synthesis.
For potential applications, this is of course a major downside, although there is
sufficient evidence to suggest high stability can be obtained after purificiation for
example with molecular mass cutoff filters.87,165,191,298

Red luminescence is visible for all samples using a handheld UV-lamp, al-
though it is weaker than for Ag29(LA)12

3− clusters. The quantum yield (QY)
was determined for the sample with 8.9 mM NaOH, and found to be 0.2–0.3 %
using 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM
dye) or Nile Blue A as a reference. The luminescence of LA-capped Au clusters
showsmulti-exponential decay (Figure 5.2). The average luminescence lifetimes274,
τavg �

∑
i

Ii ti/
∑
i

Ii , of clusters with 8.9, 12 and 89 mM NaOH are 1.8, 1.2 and 1.3 µs,

respectively. There is little dependence on emission wavelength, and the long
lifetime indicates that the luminescence is due to a forbidden transition which
explains the low intensity.
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Figure 5.3 Emission (solid) and excitation (dashed) spectra of Au clusters capped with
LA, with three different NaOH concentrations.

The luminescence and the multiple absorption features are strong evidence of
cluster-sized species in each of the samples. Furthermore, there is a clear absence of
a pronounced surface plasmon absorption. The absorption features of all clusters
are weak and significantly less pronounced than those of LA-capped Ag clusters,
suggesting polydispersity. It is interesting to note that, while absorption spectra
andmaximumemissionwavelength depend onNaOH concentration, the excitation
spectra of all samples have identical features, see Figure 5.3. This suggests that
there may be one dominant luminescent species which is present in all samples,
but at different concentrations and together with other non-luminescent species.

The excitation spectrum resembles that of Au22(SG)18 (where SG is glu-
tathione).162 This similarity in optical properties has been noted before and
was used to assign a cluster size of Au22(LA)12, where the number of ligands was
deduced from studies on ligand oxidation.165,310 Au22(SG)18 was found to have
a QY of 8 %, an order of magnitude higher than our clusters.162 If this highly
luminescent Au22 is indeed the luminescent species in our samples, it can only be
a minor component. Non-luminescent species dominate, and it is their absorption
features that determine the UV-Vis spectrum of the sample.

The absorption spectra of the three different NaOH concentration regimes
can be compared with those of atomically monodisperse Au clusters with known
compositions. The absorption spectrum of our clusters with 12 mM NaOH resem-
bles those of clusters in the size range Au15(SR)13 to Au23(SR)16, and the 8.9 mM
NaOH sample resembles Au24(SR)20 to Au38(SR)24.11 For clusters capped with
glutathione, the absorption onset shifts to lowerwavelengthwith decreasing cluster

124



5.3 | Results and discussion

size.150 This suggests 12 mM NaOH clusters are smaller than those with 8.9 mM
NaOH. Note that all these clusters from the literature have monothiolate ligands,
and bidentate bonding of LA can give different metal-to-ligand ratios, surface
structures and optical properties. For instance, Au22 can be obtained with 16, 17
and 18 glutathione ligands, and the first two are only weakly luminescent with QY
around 0.2 %.150 The number of ligands is expected to have a large influence on
the surface structure.162

Attempts were made to prepare Au clusters using the same protocol as for
LA-capped Ag clusters (see Chapter 2). However, this resulted in Au clusters with
weak luminescence intensity and no pronounced absorption features. We also
briefly investigated other parameters in the synthesis of LA-capped Au clusters.
In all cases, the clusters with 8.9 mM NaOH were studied. Varying the waiting
time between HAuCl4 and NaBH4 addition had a negligible effect on the UV-Vis
spectrum, while increasing the NaBH4 concentration led to a minor decrease in
the absorbance at 680 nm. Finally, we studied the effect of NaOH addition after the
synthesis is complete. Only a minor decrease in UV-Vis absorbance was observed
and the clusters were not converted to a different size regime.

Cluster size and composition

Different optical properties of clusters are often due to their different sizes.11 We
used a combination of electrospray ionisation mass spectrometry (ESI-MS) and
sedimentation velocity analytical ultracentrifugation (SV-AUC) to characterise the
clusters further. Three cluster samples were chosen for detailed characterisation,
with 8.9, 12 and 89 mM NaOH.

Sedimentation velocity analytical ultracentrifugation (SV-AUC) Sedimentation co-
efficient distributions of the samples are shown in Figure 5.4. Measurements at
484 nm were done for two different centrifugation speeds, 40 000 and 60 000 rpm,
with little differences in distributions. Therefore only 60 000 rpm data is shown.
Frictional ratios f / f0 are close to 1 for the 8.9 and 12 mM NaOH samples, meaning
these clusters are to a good approximation spherical. For the 89 mM NaOH sample,
a frictional ratio of 1.7 is obtained, indicating an asymmetrical shape.311 Changing
the absorption wavelength to 380 nm resulted in different distributions, especially
for the 12 and 89 mM NaOH samples. For this experiment, the samples were
diluted 1 : 1 with water, but UV-Vis spectra do not show any changes over time.
We therefore conclude that the observed differences reflect actual differences in
species probed at different wavelengths and not degradation caused by instability
upon dilution.
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Figure 5.4 (a) Sedimentation coefficient distributions for Au clusters with 8.9, 12 and
89 mM NaOH, recorded at 380 and 484 nm (dashed and solid lines, respectively). The
centrifugation speed was 60 000 rpm. (b) UV-Vis absorption spectra recorded in the cell
after sedimentation, near the bottom of the cell. The black line indicates 333 nm, the
absorption maximum of LA.

We focus on the 484 nm measurements, as this wavelength is closest to the
characteristic absorption and excitation features of the clusters. The three samples
show different distributions, all of which are broad, indicating polydisperse species.
The sample with 12 mM NaOH has the sharpest distribution, centred around 3.5 S.
This species appears to be present in the other two samples as well, although for
the 89 mM NaOH sample the distribution is very broad, and the 8.9 mM NaOH
sample additionally contains 5.0 and 7.1 S species. UV-Vis absorption spectra
recorded near the bottom of the cell after sedimentation show that the 8.9 mM
NaOH sample contains free LA, while the other two probably still contain Au−LA
complexes (see also Figure 5.9). This suggests an incomplete reduction in the latter
case.

To estimate the size of the clusters from SV-AUC, we can compare with sedi-
mentation coefficients of clusters with known size. One example is undecagold,
(Ar3P)7Au11I3, where Ar3P is 4,4’,4”-phosphinidynetri(benzenemethanamine),
which was found to have sedimentation coefficient of 2.4 S.44 The LA-capped
clusters are bigger than Au11. The sedimentation coefficients of three atomically
monodisperse Au clusters, Au25(SR)18, Au38(SR)24 and Au144(SR)60, were deter-
mined to be 6.8, 9.6 and 27.1 S, respectively.152 The ligand was the monothiol
2-phenylethanethiol. However, these experiments were performed in toluene
so they can not be directly compared to our results. To calculate sedimentation
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Table 5.1 Calculated densities and sedimentation coefficients of LA-capped Au clusters.

Cluster Mass (kDa) Density (g mL−1) Sedimentation coefficient (S)
Au2(LA)2 0.81 2.21 0.74
Au6(LA)4 2.01 2.68 1.7
Au16(LA)8 4.80 3.12 3.4
Au22(LA)12 6.81 2.98 4.1
Au26(LA)11 7.39 3.43 4.9
Au29(LA)12 8.19 3.47 5.3
Au36(LA)14 9.98 3.60 6.1
Au45(LA)16 12.2 3.79 7.3

coefficients of these clusters in water, we use Equation (5.2). The cluster densities
are (from smallest to largest cluster) 1.95, 2.43 and 4.51 g mL−1.152 This gives
sedimentation coefficients of 3.5, 5.2 and 15.4 S for the three clusters, respectively.

The LA-capped Au clusters thus have similar sedimentation coefficients as Au25
and Au38. However, due to the bidentate nature of LA, the ligand-to-gold ratio
is expected to be lower; thus the density and sedimentation coefficients may be
different for clusters with dithiolate or monothiolate ligands but the same number
of Au atoms.

To the best of our knowledge, there have been no SV-AUC studies of dithiolate-
protected Au clusters. However, we can also compare the sedimentation coefficient
of LA-capped Ag clusters. As demonstrated in Chapter 2, Ag29(LA)12

3− clusters
are monodisperse with mass 5.6 kDa and a uniform sedimentation coefficient of
2.34 S. The density of this cluster can be determined by combining Equations (1.16)
and (1.17), which relate the sedimentation coefficient to molar mass and density,
and using known values for the density and viscosity of water. This yields a density
of ρp � 2.01 g mL−1 for the Ag29 cluster. This can be used to calculate the expected
sedimentation coefficient for a hypothetical cluster Au29(LA)12

3− (mass 8.2 kDa)
which we assume has exactly the same shape and size as its silver equivalent.
The density of this Au29 is then 2.94 g mL−1. The sedimentation coefficient of
Au29(LA)12

3−, calculated using Equation (5.3), is 4.6 S.
Sedimentation coefficientswere also calculated for other (hypothetical)Auz(LA)y

clusters by combining Equations (1.16) and (1.17). Calculated cluster masses, den-
sities (Equation (5.4)) and sedimentation coefficients for a number of Auz(LA)y
clusters are given in Table 5.1. The compositions of these clusters are taken from
mass spectrometry (see below), from the proposed composition Au22(LA)12

310, or
from hypothetical compositions with a ligand-to-gold ratio calculated from the
scaling law described in Chapter 2 for Ag29(LA)12

3−. Note that the Au29 cluster
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has a slightly different density and thus sedimentation coefficient than estimated
using Equation (5.3). Densities and sedimentation coefficients in Table 5.1 are
calculated assuming spherical particles, while Equation (5.3) takes into account
the frictional ratio of 1.2–1.3 determined for Ag29.

Overall, a cluster size of around 16 Au atoms is consistent with the 3.5 S species,
while the heavier 5.0 and 7.1 S species present in the 8.9 mM NaOH sample may
be Au'25 and Au∼45.

Electrospray ionisation mass spectrometry (ESI-MS) The Au cluster samples are
further characterised using ESI-MS. As with LA-capped silver and bimetallic
clusters (Chapters 2 and 4), multiple ion signals are observed even for one
cluster in one overall charge state. This is due to deprotonation of LA and
subsequent association with Na+, which increases the mass by 22 Da but keeps
the charge constant. The general composition of a cluster can be written as
[Auz(LA)ya− − (b + x)H+

+ x Na+](a+b)−, where a− is the core charge (on Au and
S atoms), and (a + b)− is the overall charge state which includes charges due to
deprotonated ligands without associated Na+ atoms.

Mass spectra were recorded of samples with and without purification. These
show similar ion signals, although the signal-to-noise ratio is significantly improved
with purification. All spectra contain multiple ion signals which are assigned
to different species, from small species such as Au2(LA)22− to larger species like
Au24(LA)11

4−. Especially for the larger clusters, there are many ion signals due
to H+/Na+ exchange, and overlap between ion signals of adjacent clusters makes
assignment challenging. The compositions for species with ' 20 Au atoms are
therefore approximate. For smaller species, ion signals are well separated and
isotopic resolution was obtained in some cases, so the composition could be
determined with high accuracy. Spectra of some cluster species are shown in
Figure 5.5.

To quantify the mass spectrometry results, the intensity of each cluster ion
signal per sample was determined. Mass spectra of samples with 8.9, 12 and
89 mM are shown in Figure 5.6, as are histograms of the cluster intensities. Mass
spectra were also recorded of samples with a larger range of NaOH concentrations,
see Figure 5.7, which also shows the reproducibility of ESI-MS analysis. In general,
as the NaOH concentration increases, the contribution of smaller clusters increases.
Furthermore, we observe very few clusters with 11–15 Au atoms. There also
appears to be a strong preference for clusters with an even number of Au atoms.
Bare clusters are known to be more stable when the number of atoms is even, due
to electronic stabilisation effects.312–314 Especially for the smaller species, the fact
that LA is bidentate may also help stabilise even-numbered clusters.
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Figure 5.5 Experimental (black) and theoretical (red) ESI-MS spectra of purified Au
clusters, showing a number of identified species. Each cluster has multiple groups of ion
signals due to H+/Na+ exchange. The given composition is for the first ion signal. (a-c)
have 12 mM NaOH, (d-e) have 8.9 mM NaOH. In (a), the individual isotope peaks within
each of the three groups can be observed.

While insightful, Figure 5.7 may not accurately represent the actual size
distributions in the samples. The intensity in mass spectrometry is related to the
concentration in solution, but it also depends on how easily a species is ionised,
and how stable it is once ionised. Apart from these experimental considerations,
the analysis protocol itself may also skew the interpretation of the results, as
only ion signals which could be assigned with reasonable certainty to a cluster
composition were taken into account. For samples with 89 mM NaOH, hardly
any ion signals could be assigned to clusters. These samples were challenging to
measure due to the high salt concentration. The small number of identified cluster
species in the 89 mM NaOH sample should therefore not be taken as a sign of
the sample’s monodispersity. Additionally, broad background signals were often
observed around m/z 1500 and 3000 for samples with 8.9 mM NaOH (Figure 5.8),
but without knowing the charge, the mass of this species remains unknown.
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Figure 5.6 (a) ESI-MS spectra of purified Au clusters with 8.9, 12 and 89 mM NaOH.
Spectra have been magnified above m/z 950. The three labelled cluster species A, B
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2 – , Au4(LA)3
2 – and [Au16(LA)8

2 – – 2 H+]4 – , respectively.
(b) Histograms of all identified Au cluster species in the three spectra. Thinner grey bars
are of unpurified samples.

0

10

20

30

#
 A

u
 a

to
m

s

6 8 10 12 14 16 18 20

[NaOH] (mM)

0

10

20

30

#
 A

u
 a

to
m

s

[NaOH] (mM)

Mean

Median

(a)     (b)

8.9 12 89

Figure 5.7 (a) Normalised violin plots showing the size distributions of all identfied
clusters for samples with NaOH concentration between 7.1 and 18 mM. The mean
and median cluster size are marked. Smaller clusters begin to dominate as the NaOH
concentration increases. (b) Normalised violin plots for a number of different samples with
8.9, 12 and 89 mM NaOH showing that, despite polydispersity, the sample composition
is reproducible.
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Figure 5.8 (a) Mass spectrum of Au clusters with 8.9 mM NaOH, showing broad back-
ground signals around m/z 1500 and 3000. The charges and thus masses of these
species are unknown. The intense signal at m/z 1200 is from [Au16(LA)8

2 – – 2 H+]4 – .
(b) The number of ligands scales with the number of gold atoms, following a power law
with exponent 2/3. Different plot markers indicate samples prepared on different days.
The solid line is a power law fit.

The nano-scaling law proposed by Dass188 was used to analyse the data
further, Figure 5.8. When all identified cluster species are considered, a power law
correlation L � mN2/3 is observed between the number of Au atoms, N, and the
number of LA ligands, L. N and L can be considered as the volume and surface of
the cluster, and the 2/3 scaling is also observed for Platonic solids. The coefficient
m � 1.26. This is nearly identical to what was found for LA-capped Ag clusters
(see Chapter 2). From the fact that the clusters obey the scaling law, we conclude
that the identified species are clusters rather than aggregates of complexes. There
is no constant ligand-to-metal ratio and the species do not follow the general
formula [Auz(LA)y]n .

Overall, with ESI-MS we find smaller species than with SV-AUC. The largest
identifiable cluster has around 25 Au atoms, and the numerous small clustersAu/10
appear to be completely absent in SV-AUC. The small clusters probably absorb at
lower wavelengths150, thus they may not be observed in SV-AUC at 484 nm. At
380 nm, a 1.5 S species is observed, although the major component is still 3.5 S.
Differences in absorbance between species, as well as different stabilities, may
explain some of the discrepancies between ESI-MS and SV-AUC. We tentatively
assign the 3.5, 5.0 and 7.1 S species to Au∼16, Au∼25 and the m/z 3000 signal,
respectively, although we stress that the assignment is far from certain.
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5 | Size tuneability of luminescent Au clusters

Characterisation and formation of synthesis intermediates

We now consider the synthesis process of the Au clusters in more detail, again
focusing on samples with 8.9, 12 and 89 mM NaOH. At high pH, the reduction
rate of NaBH4 is slowed down which may influence cluster composition.22,315

However, the rate of the reduction step is not the only factor governing the cluster
size distribution. As described, the synthesis proceeds via two steps. In the first
step, Au(III) in the form of HAuCl4 solution is added to an aqueous solution of LA
and NaOH, forming a synthesis intermediate. For our samples, the composition
of the synthesis intermediate is also affected by the NaOH concentration.

UV-Vis absorption spectra of all synthesis intermediates, recorded 15 min after
HAuCl4 addition, are featureless (see Figure 5.9), and samples do not luminesce
under a handheld UV-lamp. The intermediates were further studied with SV-AUC
and found to contain particleswith broad size distributions (Figure 5.9) that depend
on NaOH concentration. The 8.9 mM NaOH intermediate has an extremely broad
size distribution, with a maximum around 9 S. This is significantly larger than
what was observed for the corresponding cluster sample at the same wavelength.
For the 12 mM NaOH intermediate, a bidisperse distribution is observed (1.3 and
2.7 S), while a 3.0 S species dominates in the 89 mM NaOH intermediate. In both
cases, the cluster samples contained species with higher sedimentation coefficients
than the intermediates.

UV-Vis spectra recorded in the sample cell after sedimentation show that
free LA is present for all three NaOH concentrations. In the 8.9 mM NaOH
intermediate, this is clearly the only small species, while for 12 and 89 mM NaOH
there appears to be an additional smallAu-containing species that sediments slowly.
The precursor AuCl4

−, which was found to have an absorption peak at 294 nm, is
not present in any of the intermediates. However, in alkaline solution, AuCl4

− can
undergo hydrolysis to yield AuCl4−x(OH)x− which results in a disappearance of
the absorption.316–318 Based on SV-AUC and UV-Vis measurements, we cannot
exclude the presence of any of these hydrolysed Au(III) species. For larger Au
nanoparticles, the extent of AuCl4

− hydrolysis has been found to influence the
final particle size.319

We investigated whether modification of the 8.9 mM NaOH synthesis inter-
mediate is possible by addition of NaOH right before the NaBH4 reduction step,
to give final NaOH concentrations of 12 and 89 mM. The addition of NaOH
resulted in a lightening of the yellow colour of the intermediate. UV-Vis absorption
spectra of the final cluster samples are shown in Figure 5.10, together with samples
prepared according to the standard protocol. The conversion appears to be mostly
successful for the 12 mM NaOH sample although it has a high absorbance and
the feature at 680 nm is still partially visible. For the 89 mM NaOH sample, the
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Figure 5.9 (a) Sedimentation coefficient distributions of synthesis intermediates with 8.9,
12 and 89 mM NaOH. (b) UV-Vis spectra recorded in the sample cell after centrifugation,
near the bottom of the cell. The absorption peak at 333 nm is from free LA. The pathlength
for absorption is 12 mm. (c) UV-Vis absorption spectra of LA solutions and synthesis
intermediates, 15 min after HAuCl4 addition. For LA solutions, the 8.9 and 12 mM NaOH
spectra overlap.
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Figure 5.10 UV-Vis absorption spectra of Au clusters with overall NaOH concentrations
of (a) 12 and (b) 89 mM. Samples were prepared according to the standard synthesis
protocol (light colours) and by adding NaOH to synthesis intermediates with 8.9 mM
NaOH before reduction.

spectrum is very clearly different from the standard sample, with one pronounced
absorption peak at 590 nm. From these experiments we conclude that the 8.9
and 89 mM NaOH synthesis intermediates contain different Au-species which
cannot be interconverted by changing the NaOH concentration. Conversely, the
8.9 and 12 mM NaOH intermediates may contain similar Au-species that differ
mostly in the extent of aggregation, which may be changed by changing the NaOH
concentration. The slight turbidity of the 8.9 mM NaOH intermediate implies
that some species are not fully desolved or that there is aggregation. The pH of
the 8.9 mM NaOH intermediate, determined using pH paper, was found to be
6–7. This may not be high enough to fully deprotonate all LA (pKa � 4.76320)
and ensure complete solubility of the aggregated species. The 12 mM NaOH
intermediate had a pH of around ∼9. The intermediate-modified clusters were
not studied further as their full characterisation is deemed beyond the scope of
this thesis. Nevertheless, it opens up new synthesis routes for LA-protected Au
clusters with potentially different sizes and optical properties.

Some interesting observations were made during the preparation of synthesis
intermediates. All LA solutions are colourless, but upon addition of (yellow)
HAuCl4 solution, colour changes are observed. For 89 mM NaOH, the solution
becomes light yellow but the colour quickly fades. For 8.9 mM NaOH, a deep
purple colour is briefly observed. Within a few seconds, this fades and the
resulting synthesis intermediate is light yellow and slightly turbid. The sample
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Figure 5.11 (a) Photographs of LA solutions during addition of HAuCl4 for samples
with 8.9 and 89 mM NaOH (top and bottom, respectively). (b) UV-Vis absorption spectra
recorded during addition of HAuCl4 to LA solution with 8.9 mM NaOH. Addition occurs
between 0 and 62 ms. The 0 ms spectrum shows the absorption spectrum of LA. Within
62 ms, a strong absorption peak around 550 nm is observed.

with 12 mM NaOH shows similar behaviour but the purple colour is less evident
and fades more quickly. The purple colour observed during the formation of
synthesis intermediates is the same as that typically seen for plasmonic Au
nanoparticles (5–100 nm in size).7,321 We recorded fast UV-Vis absorption spectra
of the LA solution during addition of HAuCl4 and found that a surface plasmon
absorption peak indeed appears at 550 nm. Spectra and photographs can be found
in Figure 5.11. Nanoparticle formation is fast, as the plasmon absorption is already
present after < 60 ms. The plasmon resonance disappears within 1 min suggesting
the Au nanoparticles also dissolve quickly.

The formation of the synthesis intermediates is not yet fully understood, but we
offer some possible explanations for our observations. Upon addition of HAuCl4 to
the LA solution, there is locally a very high concentration ofAu(III). Disulfides, like
LA, are able to reduce Au(III) to Au(0)322, which could result in rapid formation of
nanoparticles with low ligand-to-metal ratio. Next, through stirring and diffusion,
the nanoparticles are distributed throughout the entire solution, whereupon
the ligand-to-metal ratio increases to ∼ 3 : 1. This may result in etching of
the nanoparticles by LA to smaller species.191 Furthermore, remaining Au(III)-
complexes may oxidise Au(0) nanoparticles in a comproportionation reaction,
resulting in Au(I).323 Nanoparticle dissolution depends on the surface chemistry
of the particle and all species present in solution, and the exact process may be
more complex than described here.324
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Figure 5.12 Mass spectra for LA solutions (bottom) and synthesis intermediates (top)
for 8.9 and 89 mM NaOH, (a) and (b), respectively. Ion signals marked with a red asterisk
are at m/z 433 and have been identified as [2 LA – 2 H+ + Na]– . An increase of 228 is
consistent with addition of neutral [LA – H+ + Na+]. The inset shows a closer look at the
new ion signals for the 8.9 mM synthesis intermediate (black). Theoretical spectra are
shown in red. The m/z increase of 16 is consistent with addition of an oxygen atom.

Especially for the highest NaOH concentration we use, 89 mM, we expect that
the redox reaction between HAuCl4 and LA competes with hydrolysis of AuCl4

−,
which gives AuCl4−x(OH)x−. At high pH, species with x � 3–4 dominate.317,325

This has an effect on the redox potential of Au(III).326 Furthermore, we observe
that the absorbance of LA solution is lower for 89 mM NaOH than for the other
two concentrations (Figure 5.9), which may be due to degradation of the disulfide
bond.327,328 Together this may explain why nanoparticles are not formed for the
89 mM NaOH intermediate.

A redox reaction between HAuCl4 and LA implies that LA becomes oxidised.
The oxidation of disulfides (RSSR) can result in the formation of numerous
compounds, including thiosulfinates (RS(O)SR), thiosulfonates (RSO2SR) and
disulfones (RSO2SO2R), as well as sulfenic (RSOH), sulfinic (RSO2H) and sulfonic
acids (RSO3H) where disulfide bond cleavage occurs.328,329 ESI-MS of synthesis
intermediates with 8.9 mM NaOH did indeed show ion signals with mass 16
and 32 Da higher than those observed in LA solutions, see Figure 5.12. This
could be due to 1 and 2 oxidations of LA. However, no ion signals belonging to
Au-containing species could be identified for synthesis intermediates regardless of
NaOH concentration.
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Synthesis intermediates are clearly polydisperse, with sedimentation coeffi-
cients consistent with cluster-sized species (see Table 5.1). From the absence of
pronounced absorption features and luminescence, we propose that the interme-
diates are Au(I) species, with possibly still some Au(III). This in agreement with
studies of aqueous thiolate-protected Au clusters. The NaOH concentration may
affect which ligands bind to Au(I) (and Au(III)) and the extent to which these
complexes aggregate. Further characterisation of synthesis intermediates with
X-ray spectroscopy will be discussed in Chapter 7.

5.4 Conclusions

The size distribution and optical properties of Au clusters capped with lipoic
acid (LA) were found to depend strongly on the NaOH concentration during
synthesis. Three regimes were identified, with distinct UV-Vis absorption fea-
tures. Interestingly, the excitation spectra of all samples show identical features.
The cluster compositions were studied using mass spectrometry and analytical
ultracentrifugation. Both techniques showed the cluster size distribution to be
polydisperse, with the lowest NaOH concentration resulting in the largest clusters.
However, while mass spectrometry identified cluster sizes up to Au∼25, analytical
ultracentrifugation identified significantly larger species (Au∼45). The synthesis
intermediates, formed by the initial reaction between HAuCl4 and LA, were char-
acterised with the same techniques to determine their composition. We suggest the
intermediates consist of Au(I) and possibly Au(III) species, with different overall
size distributions due to aggregation. Finally, the initial reaction between HAuCl4
and LA results in the formation of large Au nanoparticles with surface plasmon
absorption. These nanoparticles are highly unstable and disappear within minutes,
possibly due to a comproportionation reaction with remaining Au(III).
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Chapter 6

X-ray spectroscopy of Au compounds

Abstract
In this chapter we present L3-edge X-ray absorption spectra of a number of Au compounds,
recorded using High Energy Resolution Fluorescence Detection (HERFD). Spectral
features depend on the oxidation state, the local geometry and the ligands of Au, which
demonstrates the usefulness of X-ray spectroscopy for the characterisation of unknown
compounds. Multiple scattering calculations were performed and found to reproduce the
spectral features for most compounds. The calculations provided additional information
on the nature of the electronic transitions. We further recorded Resonant Inelastic X-ray
Scattering (RIXS) of these Au compounds by monitoring the emission from the valence
states. These spectra could be reproduced with reasonable accuracy by ground state
density of states calculations.
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6 | X-ray spectroscopy of Au compounds

“Y’know, it’s very hard to talk quantum
using a language originally designed to tell
other monkeys where the ripe fruit is."

— Terry Pratchett, Night Watch

6.1 Introduction

X-ray absorption spectroscopy (XAS) is a powerful, element-specific characteri-
sation technique. It yields structural and electronic information, which can for
instance be used to explain catalytic activity83,134, to study the speciation of heavy
metals in environmental samples121,330, and to investigate the structure of metal-
containing drugs in the body.331 The spectrum is usually divided in two regions;
Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near
Edge Structure (XANES). From EXAFS, one can identify the nature of ligands,
their coordination numbers and bond lengths. XANES gives information about
the electronic structure, including oxidation numbers, and the local symmetry
around the absorber.102,103

XANES and EXAFS have both been used to study noble metal clusters.332

In particular, EXAFS has proved successful. It has been used to determine the
location of dopants in bimetallic clusters248 and to demonstrate333 the unique
bonding properties of Au36(SR)24 with face-centred cubic (fcc) structure. The
element-selectivity of XAS is a great advantage compared to laboratory techniques
such as for instance mass spectrometry, which may require purification. As
the physical state of the sample is unimportant, EXAFS has been used to study
the effect of solvation on Au25

223 and Au38
288 cluster structure. From EXAFS

analysis, quantitative information can be obtained by fitting theoretical scattering
properties to extract structural information. In contrast, the XANES region is often
more difficult to understand. In many cases, spectra of unknown compounds are
compared to spectra of reference compounds with known structures to search for
similar spectral features.

This chapter describes L3-edge XANES of Au reference compounds. These
spectra are discussed in detail before considering XAS of Au clusters in Chapter 7.
Five Au compounds are considered: bulk Au, AuCl, sodium aurothiomalate
(an Au(I)-thiolate), Au2O3 · xH2O and HAuCl4 · 3 H2O. These compounds have
different structures and oxidation states. High Energy Resolution Fluorescence
Detected (HERFD) XANES was recorded to enhance the resolution, which resulted
in multiple prominent features in each spectrum. The first feature, called the
whiteline, mostly results from transitions of 2p electrons to empty 5d states. Its
intensity is related to the number of 5d holes.112 As expected, compounds with
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Au in high oxidation states showed intense whitelines. We further found similar
XANES spectra for compounds with similar coordination environments.

Self-consistent, full multiple scattering calculations were done and found to
reproduce most of the spectral features, though the spherical potentials used in the
muffin-tin approximation were found to limit the accuracy of the calculations for
sodium aurothiomalate. Calculations were repeated for different dipole selection
rules to determine the contributions of transitions to s and to d final states. The
compounds were further studied with Resonant Inelastic X-ray Scattering (RIXS),
where the resonant emission from valence orbitals was recorded. These spectra
could be reproduced with reasonable accuracy by ground state density of states
calculations. This chapter demonstrates how X-ray absorption and emission
spectroscopy give information on the electronic structure and local geometry of the
element of interest, which will be used in Chapter 7 for the study of Au clusters.

6.2 Experimental methods

Chemicals

Au powder (99.95 %, 2 µm) was obtained from Goodfellow. Sodium aurothiomalate hydrate
(Au(I)−thio), Au2O3 · xH2O, and HAuCl4 · 3 H2O (≥99.9 %) were obtained from Sigma
Aldrich. AuCl (≥99 %) was purchased from Acros. Water was of Milli-Q quality, purified
using a Millipore Direct-Q 3 water purification system.

X-ray spectroscopy

Au L3-edge XANES (11.92 keV) was recorded at beamline ID26 at the European Synchrotron
Radiation Facility. The incident beam was selected using the (311) reflection from a double
Si crystal monochromator. The spectrometer was equipped with a set of four Ge(555)
analyser crystals to record High Energy Resolution Fluorescence Detected (HERFD) XANES.
Masks were used to increase the resolution. The Lα1 fluorescence channel was monitored
(9.71 keV). For Resonant Inelastic X-ray Scattering (RIXS), the spectrometer was equipped
with a set of five Si(951) analyser crystals, with masks to maximise the resolution. The
overall energy bandwidth was 0.5 eV for HERFD and 1.5 eV for RIXS.

Samples weremeasured as pellets, dilutedwith boron nitride or cellulose (typically 5 mg
sample in 50–100 mg filler material). To minimise radiation damage, multiple short spectra
were measured on different spots. To record RIXS maps, emission spectra were recorded at
different excitation energies. For each point in the emission spectrum, a different spot on
the sample was used. The total intensity recorded on each spot was used for normalisation.

Au(I)−thio was also measured in aqueous solution (1.5 mM for XANES and 7.5 mM
for RIXS) using a liquid jet setup. The solution was pumped through a capillary to form a
free-standing liquid jet in the focus of the beam. Below the jet, the liquid was collected and
returned to the reservoir. The setup is shown in Figure 7.2. We attempted to record spectra
of HAuCl4 · 3 H2O in solution, but this proved too susceptible to radiation damage.
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XANES analysis The experimental spectra were compared to calculations using FEFF
9.6.106 Preliminary calculations were done using the final state rule (FSR) for the core-
hole, Hedin-Lundquist exchange model (ixc � 0), full multiple scattering (FMS) and
self-consistently calculated potentials (SCF). The radii for SCF and FMS were gradually
increased until the spectrum no longer changed. Values of SCF and FMS radii can be
found in Table 6.1. For Au, the calculation did not fully converge even at FMS radius 15Å
and there were still some minor changes up to around 15 eV above the edge. To keep the
computational cost down, the FMS radius was not increased further. The final calculations
were repeated without core-hole, which in some cases was found to give better agreement
with experiment. The card UNFREEZEF was used to include f-electrons in the calculation.
Spectral broadeningwas reducedwith the EXCHANGE card tomatch the experimental high
resolution spectra (vi0 � −2 eV). By default, the dipole selection rule is used (∆l � ±1). The
individual contributions to the spectrum of d and s final states, ∆l � +1 and −1, respectively,
were calculated using the MULTIPOLE card.

Table 6.1 Radii of SCF and FMS, used for FEFF calculations.

Compound SCF radius (Å) FMS radius (Å)
Au 5.0 15.0*

HAuCl4 · 3 H2O 4.0 7.0
Au(I)−thio 5.0 9.0

AuCl 5.0 9.0
Au2O3 4.0 9.0

* The calculation did not fully converge.

Input files for calculations were generated using Atoms.334 Crystallographic input
files for Au, Au2O3, AuCl and HAuCl4 · 3 H2O were obtained from the Inorganic Crystal
Structure Database (ICSD)208, numbers 44362, 8014, 6052 and 414541, respectively. The
crystal structure of Au(I)−thio was obtained from the Cambridge Structural Database335,
number 1174744. Cs ions in this structure were replaced by Na ions in the calculation.

For Au(I)-thio, calculations were also done using FDMNES.120 Atomic potentials, Fermi
level, and charge transfer were calculated self-consistently, relativistic effects were taken into
account, and the finite difference method was used to calculate potentials.212,213 The real
Hedin, Lundqvist and Von Barth exchange correlation potential was used. The core-hole is
taken into account when calculating the absorption spectrum, but not for the self-consistency
loop. That is, the electrons around the absorber do not instantly adjust to the presence of
the photo-electron. A typical radius for calculation was 7Å. This is somewhat lower than
for FEFF calculations, as the finite difference method is more computationally demanding.
The spectra were convoluted to apply an energy-dependent broadening, using default
parameters (an arctangent function). The width of the core-hole was decreased to 0.50 eV
and further broadened with a 1.0 eV Gaussian, to better match the experimental data. The
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6.3 | Results and discussion

individual contributions to the spectrum of d and s final states, ∆l � +1 and −1, respectively,
were calculated using lplus1 and lminus1 cards. Calculations were also done with the
multiple scattering method with muffin-tin potentials.

6.3 Results and discussion

HERFD-XANES of Au compounds

Experimental spectra of all five compounds are shown in Figure 6.1. HERFD
spectra show an enhanced resolution compared to spectra recorded with total
fluorescence yield (TFY). This results in more prominent spectral features for all
five samples. In some cases, new features are observed, such as the small peak
just above the whiteline in HAuCl4 · 3 H2O. Differences between samples are also
more easily observed, which is of great importance when studying samples that
are similar. We will consider only the HERFD spectra for analysis in this chapter.

The whiteline intensity clearly depends on the oxidation state. Formally, bulk
Au has the electron configuration 5d106s1. However, there is hybridisation of s, p
and d orbitals, giving a configuration of 5d10−δ6sp1+δ.336 This creates some empty
states in the d-band, giving rise to the whiteline.112,114 The whiteline intensity can
be increased by oxidation337 or bonding to electron-withdrawing ligands338, both
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Figure 6.1 XANES of the Au reference compounds, with three different formal oxidation
states. Spectra are shown in HERFD (bottom) and total fluorescence yield (TFY, top).
The numbers indicate the maximum whiteline intensity, relative to the post-edge.
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Figure 6.2 (a) HERFD-XANES of bulk Au together with calculated spectra. The cal-
culations were done with FEFF, using three different core-hole treatments: None (no
core-hole), FSR (final state rule) and RPA (random phase approximation). (b) Calculated
XANES of bulk Au for the dipole selection rules ∆l� ±1 (s+d final states, black), ∆l� +1
(d final states, blue) and ∆l� −1 (s final states, yellow).

of which create empty d-states. Charge redistribution in alloys may also affect the
number of 5d electrons.339

We further observe some similarities betweenAuCl andAu(I)-thio, andbetween
Au2O3 · xH2O and HAuCl4 · 3 H2O. In the first case, a broad, intense feature is
present around 8 eV above the whiteline. In the latter case, there is a small shoulder
or peak on the high energy side of the whiteline. The coordination geometry of
Au compounds is closely related to the oxidation state, with Au(I) adopting linear
coordination while Au(III) forms square planar complexes.340,341 In the following
section, the structure of each compound will be discussed in more detail and the
experimental spectra will be compared with calculations.

Bulk Au Metallic gold has a face-centred cubic (fcc) structure, where each atom
has a coordination number of 12 and bond lengths are 2.88Å. The HERFD
spectrum (Figure 6.2) is highly featured, and shows a weak whiteline. All spectral
features are accurately reproduced by FEFF calculations. However, using the final
state rule (FSR), where the core-hole is included and self-consistently screened,
resulted in low calculated whiteline intensity. The best agreement was obtained
when the calculation was done with no core-hole. Similar observations were
made for L3-edges of 3d metals.229 A third way to calculate the core-hole is using
the random phase approximation (RPA core-hole) where the screening of the
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core-hole is determined from the dielectric function of the material.342 However,
this approach yields a spectrum is nearly identical to that with the FSR core-hole.
Therefore the RPA core-hole was not considered further. The spectrum arises
mainly from transitions to d-states, as seen when the calculation is performed
using only the ∆l � +1 selection rule. Especially around the edge, there is also
some contribution from s-states.

Sodium aurothiomalate, Au(I) – thio Thiolate-protected Au clusters have a large
surface-to-volume ratio and their structures have been found to consist of a
compact core surrounded not by thiolate ligands but rather by Au(I)-thiolate
units.51 Thus, the Au(I)-thiolate compound sodium aurothiomalate (chemical
formula NaO2CCH2CH(SAu)CO2Na · xH2O, abbreviated Au(I)−thio) is expected
to be a good reference compound for these Au atoms.

The structure of Au(I)-thio was determined with X-ray crystallography some
twenty years ago.289 The gold-sulfur backbone exists as a double-helical structure
with two strands of ...−Au−S−Au−S−Au−S−... intertwined. The Au−S bond
lengths are nearly all identical (2.289Å and 2.285Å). The Au−S−Au bond angle
is 99.2°. In each unit cell, there are two inequivalent Au atoms that differ in their
next-nearest neighbours. One of these, Au(1), has a Au−Au distance of 3.23Å and
an S−Au−S bond angle of 178.9°. The other, Au(2), has an S−Au−S bond angle of
169.4° and two O atoms at 3.35Å. The helices of Au and S are surrounded by the
ligand backbones, with carboxylic acid groups oriented outwards. The material
countains counterions, Cs+ and Na+, which are coordinated by these carboxylic
acid groups, as well as by carboxylic acid groups of neighbouring helices. The
centre-to-centre distance between two adjacent helices is around 15Å. Other
characterisation studies using EXAFS, wide-angle X-ray scattering and capillary
zone electrophoresis found bond lengths and coordination numbers in agreement
with this, although the double helix structure could not be observed with these
techniques.290,331,343 These studies also suggest that structure of the compound is
similar in dilute solution and solid.

FEFF calculations were done for both Au sites. Results are shown in Figure 6.3,
together with the experimental spectrum which shows a whiteline and one
additional broad feature above the edge at 11.929 keV. Spectra are similar for the
solid compound and the solution. For comparison with calculations, the solid is
considered. Calculated spectra of the two Au sites are different, with the 11.929 keV
feature best reproduced in the Au(2) site. The whiteline intensity is low for both
calculations. Its intensity improves if the calculation is done without a core-hole,
although this also results in a less prominent 11.929 keV feature.
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Figure 6.3 (a) Experimental HERFD-XANES of Au(I)-thio in solution and as a solid.
(b) Structure of the compound. For clarity, only one ligand backbone is shown, and
the two Au sites have been given different colours. (c) FEFF calculations, using FSR
(final state rule) core-hole. (d) FEFF calculations, without a core-hole. (e) FDMNES
calculations, using the finite difference method (FDM). For the averaged spectrum, the
individual contributions of ∆l� −1 and ∆l� +1 transitions are also shown (yellow and
blue, respectively). (f) FDMNES calculations (average of the two Au sites) using FDM and
the muffin-tin approximation (MT).
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As Au(I)-thio is arguably the most important reference compound for thiolate-
protected Au-clusters, the spectrum of Au(I)-thio was also calculated using
FDMNES, which allows calculations using both a multiple scattering approach
with spherical muffin-tin potentials, and the finite difference method, where the
potentials can have any shape. FDMNES calculations show somewhat better
agreement with experimental data. The agreement is good also when muffin-tin
potentials are used. It may be that the core-hole effect is better described by the
standard approach of FDMNES for this compound.

The default for all calculations is to calculate only dipolar transitions, ∆l � ±1.
To assign transitions, FDMNES calculations were also done using only the ∆l � +1
and only the ∆l � −1 selection rule, which calculates transitions to only d- and
only s-states, respectively. As can be seen from Figure 6.3, nearly all spectral
features are due to transitions to d-states. The exception is the whiteline, where
2p3/2 → 6s transitions have significant intensity. Formally, Au(I)-thio is 5d106s0.
However, from density of states calculations, using FEFF, the ground state electron
configuration is 5d96s0.8 (with remaining electron density in 6p, and some charge
transfer to S atoms). Thus, the whiteline involves transitions to both 6s and 5d .

The average of the two crystallographic Au sites may not represent the actual
average Au environment in our sample. The slight distortion away from linearity
for Au(2) could be due to crystal packing. In order to crystallise the compound
successfully,Cs ions had to be addedwhich are not present in our sample. Moreover,
our sample is hydrated which may affect next-nearest neighbours and long range
order.

AuCl The Au atoms in AuCl are linearly coordinated to two Cl atoms, as is
characteristic of Au(I) compounds.340,341 The Au−Cl bonds are 2.30Å. Next-
nearest neighbours are four Au atoms at 3.32Å. The HERFD spectrum of AuCl is
shown in Figure 6.4. As with bulk Au, the whiteline intensity is only reproduced
when the FEFF calculation is done without a core-hole. The experimental whiteline
is intense, though lower than for Au2O3 and HAuCl4 as expected from the lower
oxidation state. The whiteline intensity is also slightly lower than that of Au(I)-thio
(see Figure 6.1). From density of states calculations, using FEFF, the ground state
electron configuration was determined to be 5d9.36s0.9. There is as good as no
charge transfer to the Cl ligands, and therefore the total calculated electron count
is higher than for Au(I)-thio. This explains why the calculations show AuCl with
a less intense whiteline than Au(I)-thio.

It has been proposed that [Au(I)Cl2]− species may be intermediates in the
two-phase Brust-Schiffrin synthesis method for Au clusters.203 While the protocol
described in Chapter 5 takes place in one phase (water), a good understanding of
[Au(I)Cl2]− species may still be useful. It has been found that [Au(I)Cl2]− species
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Figure 6.4 HERFD-XANES of (a) AuCl and (b) Au2O3, together with calculated spectra.
The calculations were done with FEFF, using two different core-hole treatments; FSR
(final state rule) and None (no core-hole).

are metastable under ambient conditions. In aqueous solution, a significantly
enhanced whiteline was observed, suggesting disproportionation to Au(III) and
metallicAu.344 In dichlorobenzene, instability of [Au(I)Cl2]−was found to be due to
radiation damage.345 During our measurements, we observed a ∼5–10 % decrease
in whiteline intensity after 3 min. To avoid this radiation damage, multiple 5 s
scans were recorded in different spots and later averaged to give the final spectrum
in Figure 6.4.

Au2O3 The Au atoms in Au2O3 are formally Au(III) and adopt a square planar
geometry with O ligands. The Au−O bonds are 1.93–2.07Å. Each O atom is bound
to two Au atoms, with an Au−O−Au bond angle of around 110°. The XANES spec-
trum of Au2O3, Figure 6.4, has an intense whiteline. FEFF calculations reproduce
most features of this spectrum with reasonable accuracy. The whiteline intensity is
low but it improves when the calculation is done without a core-hole. The Au2O3
sample was used as provided by the supplier and is known to be hydrated. The
preparation of stoichiometric Au2O3 is difficult and involves high pressure.346

Hydration could result in a disordered structure with different coordinates from
the crystal structure, which reduces the validity of the calculations.

HAuCl4 · 3 H2O Chloroauric acid, HAuCl4 · 3 H2O, is used as precursor in the
synthesis of gold clusters. It consists of AuCl4

− anions which adopt square planar
geometry, with Au−Cl distances of 2.29Å. The AuCl4

− anions form stacks which
are staggered in such a way that each Au is axially coordinated by one Cl atom
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lose (top) and in solution (bottom). The latter damages quickly, as seen from the decrease
in whiteline intensity after just a few minutes. (b) Comparison of the experimental XANES
(red) with calculations. The calculations were done with FEFF, using two different core-
holes treatments; FSR (final state rule, black) and None (no core-hole, grey). The dipole
selection rule ∆l� ±1 was used. For the FSR core-hole, calculations were also done for
the dipole selection rules ∆l� +1 (d final states, blue) and ∆l� −1 (s final states, yellow).

from each of the two neighbouring AuCl4
− anions. This axial Au−Cl distance is

3.4Å. The closest Au−O distance is around 4.5Å.
The XANES spectrum of HAuCl4 · 3 H2O is shown in Figure 6.5. The intensity

of spectral features was found to be somewhat dependent on whether cellulose or
boron nitride was used to prepare the pellets. The reason is not known; it may be
that HAuCl4 reacts slowly with cellulose in a redox reaction.347 The spectrum is
accurately reproduced by FEFF calculations. Changing the core-hole from FSR to
NONE resulted in amore intensewhiteline, but somewhatworse agreement further
from the edge. The intensity of the whiteline is due to 2p3/2 → 5d transitions,
while transitions to 6s dominate for the second feature, 4 eV above the whiteline.

In the synthesis of Au clusters, an aqueous solution of HAuCl4 is used. A
XANES measurement of this solution was not possible due to rapid radiation
damage. The whiteline intensity decreased and within minutes the spectrum
resembled that of bulk Au. The initially yellow solution became purple and
showed a surface plasmon absorption at 540 nm, indicating the formation of larger
nanoparticles. The liquid jet setup used was open to air which may accelerate
radiation damage. A comparison of the spectra recorded in the first minute with
the solid sample shows similar features, suggesting the geometry of Au in solid
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and aqueous HAuCl4 are similar. Earlier studies of AuCl4
− solutions suggest that

the complex adopts a square planar geometry also in aqueous solution.325,348 Two
water molecules also coordinate axially, at a distance of around 2.5Å. At high
pH, exchange of Cl− ligands with OH− occurs, together with an increase in axial
Au−OH2 distance to 2.9Å.

RIXS of Au compounds

By detecting fluorescence from the valence orbitals rather than 3d5/2 (Lα1 emission
line), we can gain information on the valence states of the Au compounds. These
are sensitive to local geometry and chemical environment.126,127 The technique
has been used to study for example U compounds349, to investigate the adsorption
of CO on Pt nanoparticles133,350, and to study the effect of spin-orbit interactions
on the ground state electronic structure of W and Re oxides.351

The RIXS process can be considered as a correlation function between empty
and filled states according to the following equation352, derived from the Kramers-
Heisenberg equation for the scattering cross section:

F(Ω, ω) ∝
∫
ε
dε
ρ(ε)ρ′(ε + ~Ω − ~ω)
(ε − ~ω)2 + (Γ2

int/4)
(6.1)

where ~Ω is the incident energy, ~ω the emitted energy, Γint is the lifetime of the
intermediate 3d5/2 state and ρ and ρ′ are the filled and emptyAu 5ddensity of states
(DOS) at energy ε, respectively. The Au 5d DOS was calculated for all compounds
with FEFF, using input parameters as described earlier. Calculations were done for
the ground state, without a core-hole. Only the 5d DOS is considered; for XANES
the 2p3/2 → 5d transitions were found to contribute more to the spectrum than
2p3/2 → 6s (see for instance Figure 6.2). The use of the ground state electronic
structure in Equation (6.1) implies that all interactions due to the photoexcitation
process are neglected.

The intermediate state lifetime broadening is 5.54 eV.123 The calculated RIXS
maps are further broadened to take into account instrumental broadening of the
monochromator and spectrometer, 0.5 and 0.3 eV, respectively, and by 0.01 eV to
estimate thefinal state lifetimebroadening.353 Theapplied instrumental broadening
is slightly sharper than the true broadening, tomake it easier to distinguish features.
The elastic peak has been added to the calculated spectra to facilitate comparison
with experimental RIXS. The experimental spectra are shifted so that the elastic
peak corresponds to 0 eV energy transfer. Experimental and calculated RIXS maps
for all compounds are shown in Figures 6.6 to 6.10, together with the calculated
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Figure 6.6 RIXS of HAuCl4 · 3 H2O, (a) experiment and (b) calculation. The ground
state density of states is also shown. The red line indicates the Fermi level.

Au 5d DOS. This has been aligned with its maximum to the highest intensity of
the calculated RIXS.

The energy difference betweenmaxima in the occupied and unoccupied density
of states determines the energy transfer value of RIXS features. This is observed
clearly for HAuCl4 (Figure 6.6), where there is one maximum in the unoccupied
DOS and two broad maxima in the occupied DOS. This gives two features in the
RIXS, although the calculated splitting between them is too small, resulting in
one intense peak and one shoulder. The experimental RIXS of the other Au(III)
compound, Au2O3, is reasonably similar to that of HAuCl4 (Figure 6.7), although
the two features are closer together and the energy resolution of the spectrometer
is not sufficient to distinguish them. The calculated DOS is broad, resulting in a
broad RIXS feature from Equation (6.1). While the shape of the RIXS feature is
accurately reproduced by the calculation, the energy transfer position does not
match the experimental.

There is excellent agreement between the experimental and calculated RIXS
of bulk Au, both for the shape and energy transfer position of the feature, see
Figure 6.8. As expected, the calculated Au 5d DOS shows that the d-band is nearly
full, with the Fermi level positioned near the top.

The two other compounds, AuCl and Au(I)-thio, are both linearly coordinated
Au(I). The similarities in their structures are reflected in their similar RIXS maps,
with one intense feature. For Au(I)-thio, the position of the feature is the same
for a solid and a solution sample. The peak is shifted ∼ 1 eV to lower energy
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Figure 6.7 RIXS of Au2O3, (a) experiment and (b) calculation. The ground state density
of states is also shown. The red line indicates the Fermi level.
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Figure 6.8 RIXS of bulk Au, (a) experiment and (b) calculation. The ground state density
of states is also shown. The red line indicates the Fermi level.
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Figure 6.9 RIXS of AuCl, (a) experiment and (b) calculation. The ground state density
of states is also shown. The red line indicates the Fermi level.

transfer for AuCl. This shift is accurately reproduced by the calculations, as are
the approximate energy transfer positions of the features. However, especially
for Au(I)-thio, the calculated RIXS feature spreads along the diagonal rather than
being more localised. Compared to for instance HAuCl4, it can be seen that the
Au(I)-thio Au 5d DOS has no distinct maxima in the unoccupied DOS.

It may be that the DOS calculations are not sufficiently accurate for most of
these compounds. For instance, we calculated a higher 5d electron count for AuCl
than for Au(I)-thio, despite the former having a more intense whiteline in the
experimental XANES spectrum. It is also clear that the XANES calculations do
not accurately reproduce all spectral features, for instance in the case of Au(I)-
thio and AuCl. This may be related to the use of muffin-tin potentials. This
approximation is less accurate for low-symmetry compounds such as linearly
coordinated Au. FDMNES calculations using the finite difference method could
improve the accuracy, although the hydrated and potentially distorted structures
of Au2O3 and Au(I)-thio remain an issue.

153



6 | X-ray spectroscopy of Au compounds

0 5 10

Energy, E-EF(eV) 

0

5

10

15

E
n

e
rg

y
 t
ra

n
s
fe

r 
(e

V
)

11.914 11.920 11.926

Incident energy (keV)

0

5

10

15

E
n

e
rg

y
 t
ra

n
s
fe

r 
(e

V
)

11.914 11.920 11.926

Incident energy (keV)

0

5

10

15

E
n

e
rg

y
 t
ra

n
s
fe

r 
(e

V
)

0 5 10

Energy, E-EF(eV)

0

5

10

15

E
n

e
rg

y
 t
ra

n
s
fe

r 
(e

V
)

(a)        (b)

0.2

0.4

0.6

0.8

1

0

Figure 6.10 RIXS of Au(I)-thio, (a) experiment, for both a solid (top) and solution
(bottom) sample. (b) Calculation, for Au(1) (top) and Au(2) (bottom). The ground state
density of states is also shown. The red line indicates the Fermi level. The experimental
elastic peaks have been rescaled slightly for clarity.
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6.4 Conclusions

X-ray absorption spectra, using High Energy Resolution Fluorescence Detection
(HERFD), were recorded at the L3-edge for a number of Au compounds with
different oxidation states and different ligands. Most spectral features could
be accurately reproduced using multiple scattering calculations, though more
advanced calculationmethodswithout themuffin-tin approximationwere required
for sodium aurothiomalate. The whiteline intensity depends on the oxidation state
of the compound. From calculations it was determined that its intensity comes
from both 2p3/2 → 5d and 2p3/2 → 6s transitions, with the former becoming more
important for the higher oxidation states. We further recorded Resonant Inelastic
X-ray Scattering (RIXS) by monitoring the emission from the valence states. These
spectra could be reproduced with reasonable accuracy by ground state density of
states calculations.
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Chapter 7

X-ray spectroscopy of Au clusters

Abstract
The size distributions and optical properties of Au clusters capped with lipoic acid (LA)

were previously found to depend on the NaOH concentration during synthesis. We further
studied these samples with X-ray absorption and emission spectroscopy. All spectra had
an intense whiteline and few prominent post-edge features; spectral features that are
characteristic of an Au(I)-thiolate reference compound, but also of thiolate-protected Au
clusters with ∼20 Au atoms. The intense whiteline arises from 2p3/2 → 5d transitions,
with d-holes in Au caused by bonding to electron-withdrawing thiolates. Extended X-
ray Absorption Fine Structure (EXAFS) was recorded of the sample with lowest NaOH
concentration, and found an Au – Au coordination number of ∼4, consistent with an
average size of 20–40 Au atoms. The sample with highest NaOH concentration was
found to contain some AuCl4 – x (OH)x

– species in addition to clusters. These species
were also present in the synthesis intermediate of this sample, while the samples with
lower NaOH resembled Au(I)-thiolates. This confirms that there is a reaction between LA
and HAuCl4 at the start of the synthesis, before addition of the reducing agent, and that
this reaction is inhibited at high NaOH concentrations.
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“There is nothing like looking, if you want to find something.
You certainly usually find something, if you look, but it is not
always quite the something you were after."

— J.R.R. Tolkien, The Hobbit

7.1 Introduction

The properties of noble metal clusters depend on their size and shape.15 Different
applicationsmay require clusters with different sizes or properties354, necessitating
the development of robust synthesis protocols for various clusters. Moreover, the
study of different clusters may also answer fundamental questions about the origin
of their size-dependent properties83,355, and how synthesis parameters may be
tuned to yield desired sizes.30,76,78,80

In Chapter 5, we presented the synthesis and characterisation of Au clusters
with lipoic acid (LA) and showed how the synthesis influences the cluster size.
We described a two-step synthesis protocol that uses NaOH to ensure water-
solubility of LA, as shown in Figure 7.1. In the first step, HAuCl4 is added to an
aqueous solution of LA with NaOH. This forms a synthesis intermediate. After
15 min, the intermediate is reduced by addition of NaBH4 and the clusters are
formed. The optical properties and size distributions of the clusters depend on the
NaOH concentration, with three distinct NaOH concentration regimes. Typical
NaOH concentrations were 8.9, 12 and 89 mM. The lowest NaOH concentration
resulted in the largest clusters, but accurate size characterisation is challenging,
partially due to the polydispersity of the clusters. From mass spectrometry
and analytical ultracentrifugation, we estimate cluster sizes to be between 2–25
atoms, with some larger clusters (Au.45) for the lowest NaOH concentration. The
NaOH concentration was found to have an effect on the synthesis intermediate
as well. For low NaOH concentrations, an initial reaction was observed between
HAuCl4 and LA, resulting in larger Au nanoparticles which quickly disappeared.
Intermediates were even more challenging to characterise than clusters, with no
Au species observed in mass spectrometry and no clear absorption features in
UV-Vis spectroscopy.

There are still a number of unanswered questions about these Au clusters and
their synthesis. What are the synthesis intermediates? How does NaOH affect
their composition? Does NaOH influence the reduction step of the synthesis as
well? Can we get more information on the composition of the clusters, to resolve
the discrepancy between mass spectrometry and analytical ultracentrifugation?

In Chapter 6, we demonstrated the usefulness of X-ray absorption and emission
spectroscopy in the analysis of various Au compounds. The intensity of the
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Figure 7.1 Schematic representation of the synthesis of Au clusters capped with LA.

whiteline, the first peak in the X-ray Absorption Near Edge Spectrum (XANES),
was found to be strongly dependent on oxidation state. Both nearest and next-
nearest neighbours influence the intensity and position of features in the spectrum.
In this chapter, we use X-ray spectroscopy to study Au clusters capped with LA, to
get more information on their composition and the effect of NaOH on the synthesis.

Extended X-ray Absorption Fine Structure (EXAFS) of Au clusters with 8.9 mM
NaOH reveals an average particle size of 20–40 atoms, consistent with what was
found in Chapter 5. XANES spectra of Au clusters with 8.9 and 12 mM NaOH
show an intense whiteline and few post-edge features, as is also observed for
sodium aurothiomalate (Au(I)-thio), an Au(I) reference compound. However, the
whitelines of the clusters are lower than that of Au(I)-thio, suggesting a lower
average oxidation state. The spectrum of monodisperse Au25(SR)18

− has similar
features, and calculated spectra of clusters with 18–25 Au atoms confirm that these
spectral features are characteristic of thiolate-protectedAu clusters due to their high
surface-to-volume ratio. The intense whiteline arises from 2p3/2 → 5d transitions,
with d-holes in Au caused by bonding to electron-withdrawing thiolates. Overall,
the X-ray absorption spectra of the clusters are consistent with cluster sizes of
around 20 Au atoms, though the polydispersity of the sample make a conclusive
assignment of spectral features impossible.

We further find that Au clusters with 89 mM NaOH contain AuCl4−x(OH)x−,
with oxidation state Au(III), in addition to LA-capped Au clusters. This sample
therefore has a more intense whiteline and additional spectral features both in
absorption and emission spectra. The AuCl4−x(OH)x− species are also present in
the synthesis intermediate of this sample, while the samples with 8.9 and 12 mM
NaOH again resemble Au(I)-thiolates. There is clearly a reaction between LA and
HAuCl4 during the first step of the synthesis, which is inhibited at high NaOH
concentrations. Finally, X-ray absorption spectra of synthesis intermediates are
found to be remarkably similar to those of cluster samples, for which we offer a
number of possible explanations.
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7.2 Experimental methods

Chemicals

HAuCl4 · 3 H2O (≥99.9 %), NaBH4 (99 %) and (±)-α-lipoic acid (≥ 99 %) were purchased
from Sigma Aldrich. NaOH (≥99.9 %) was obtained from Roth. Water was of Milli-Q
quality, purified using a Millipore Direct-Q 3 water purification system.

Synthesis of Au clusters

10 mg lipoic acid (49 µmol) was placed in a 20 mL glass vial with water and a small amount
of NaOH solution, with a total volume of 10.5 mL. Three concentrations of NaOH were
investigated; 8.9, 12 and 89 mM. This corresponds to 0.5 mL 0.2 M, 0.7 mL 0.2 M and 0.5 mL
2 M NaOH in the synthesis. While stirring, 0.25 mL 68 mM HAuCl4 · 3 H2O (17 µmol) was
added to the LA solution, giving the synthesis intermediate. After 15 min, the synthesis
intermediate was reduced with NaBH4 (1.7 mg in 0.5 mL water). Vials were wrapped
in aluminium foil, kept closed except when adding reagents, and stirred throughout the
synthesis, which was done at room temperature. Clusters were used without additional
purification or concentration (except were explicitly noted), after stirring overnight. The
samples before reduction, termed synthesis intermediates, were also studied. When
describing these samples, the NaOH concentrations in the final volume are used. For
experiments using the liquid jet setup, the synthesis was scaled up 5×.

Additional samples: Au25(SR)18 clusters and Au nanoparticles Atomically monodisperse
Au25(SR)18

− clusters, where SR is 2-phenylethanethiolate, were provided by C. A. Hosier
of Colorado State University. The clusters were prepared using a previously published
synthesis235 with tetrahydrofuran as the solvent. The purification protocol was slightly
modified. After synthesis, the organic layer was isolated and concentrated. The clusters
were then precipitated out of the concentrated organic layer by the addition ofmethanol. The
resulting precipitate was washed twice more with methanol. A dichloromethane extraction
of the precipitate followed by evaporation of the solvent afforded pure Au25(SR)18

−

nanoclusters as a brown oil. The counterion is tetraoctylammonium bromide. The
clusters were characterised with UV-Vis spectroscopy and matrix-assisted laser desorption
ionisation mass spectrometry to ensure their purity. This sample was used for X-ray
absorption spectroscopy.

An aqueous solution of Au nanoparticles was provided by C. S. Wondergem of Utrecht
University. The particles were prepared according to a standard protocol356, and consist
of ∼1.8 nm Au cores capped with 4-(diphenylphosphino)-benzoic acid. The particle size
was determined with transmission electron microscopy. This sample was used for X-ray
emission spectroscopy.
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X-ray absorption and emission spectroscopy

AuL3-edgeXANES (11.919 keV)was recorded at beamline ID26 at the European Synchrotron
Radiation Facility. The incident beam was selected using the (311) reflection from a double
Si crystal monochromator. The spectrometer was equipped with a set of four Ge(555)
analyser crystals to record High Energy Resolution Fluorescence Detected (HERFD) XANES.
Masks were used to increase the resolution. The Lα1 fluorescence channel was monitored
(9.71 keV). A liquid jet setup was used to minimise radiation damage. A schematic figure of
the setup is shown in Figure 7.2. Samples of LA-capped Au clusters (5× normal scale) were
placed in a vial from which liquid was pumped through a capillary to form a free-standing
liquid jet which was placed in the focus of the beam. Below the jet, the liquid was collected
and returned to the vial.

For X-ray Emission Spectroscopy (XES), the spectrometer was equipped with a set of
five Si(951) analyser crystals, with masks to maximise the resolution. The same liquid jet
setup as for XANES was used, with one modification: a flow cuvette was included in the
setup to record UV-Vis absorption spectra. This was done to monitor damage to the sample
due to exposure to X-rays. Each sample was measured for ∼1 h for XANES and ∼3.5 h for
XES. The excitation energy for XES was 11.922 keV for all samples, which corresponds to
the whiteline. The emission spectra were shifted so that the elastic line corresponds to 0 eV
energy transfer.

Additional XANES was recorded using a cryostat (KONTI, CryoVac) cooled with liquid
He. The typical operating temperature was 40 K. Molecular mass cutoff filters (3 kDa,
Amicon Ultra-4, Merck) were used to concentrate the LA-capped Au cluster solution around
30×. Samples were placed in teflon holders with kapton windows and plunged into liquid
nitrogen before being transferred to the cryostat. The Au25(SR)18

− clusters were dissolved
in dichloromethane and dropcast on kapton tape, which was then fastened to the sample
holder. To limit radiation damage, short scans were done on different spots. The time per
scan was 5–30 s, depending on the sample.

XANES analysis XANES spectra were compared to those of reference compounds (see
Chapter 6), and also to calculations. Calculations were done using FDMNES.120 Atomic
potentials, Fermi level, and charge transfer were calculated self-consistently, relativistic
effects were taken into account, and the finite difference method was used to calculate
potentials.212,213 The real Hedin, Lundqvist and Von Barth exchange correlation potential
was used. The radius for calculation was 6Å. The spectra were convoluted to apply an
energy-dependent broadening, using default parameters (an arctangent function). The
width of the core-hole was decreased to 0.50 eV and further broadened with a 1.0 eV
Gaussian, to better match the experimental data. The individual contributions to the
spectrum of d and s final states, ∆l � +1 and −1, respectively, were calculated using lplus1
and lminus1 cards.

Spectra were calculated for four different clusters; Au18(SR)14 with cyclohexanethi-
olate ligands357, Au25(SR)18 with 2-phenylethanethiolate ligands53, and two different
Au22(SCH3)18 structures.162,358 The first two structures were determined using single crys-
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crystals
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X-rays

Figure 7.2 Liquid jet setup with continuous flow for recording X-ray absorption spec-
troscopy. The sample is pumped from the reservoir first through a flow cuvette to record
UV-Vis spectroscopy, then through a capillary nozzle to form a freestanding jet, where
X-ray spectroscopy can be measured. The flow cuvette was not included for XANES
experiments.

tal X-ray crystallography, while the latter were obtained from DFT calculations. Additional
FDMNES calculations were done for H2O···AuCl4···OH2 and H2O···Au(OH)4···OH2, where
the complex has a square planar geometry with Au−Cl and Au−O bonds of 2.29 and 1.97Å,
respectively. The axial Au···OH2 bonds were varied between 2.3–3.0Å in the calculations.

EXAFS

Au L3-edge EXAFS was recorded at beamline BM26A (DUBBLE) of the European Syn-
chrotron Radiation Facility.205 The incident beam was selected using a Si(111) monochro-
mator. The measurements were performed in fluorescence mode using an 8 element Ge
detector. A cryostat cooled with liquid N2 (77 K) was used. A cluster sample with 8.9 mM
NaOH was concentrated around 20× using 3 kDa molecular mass cutoff filters (Amicon
Ultra-4, Merck). Assuming no Au is lost, the final Au concentration was ∼30 mM. More
dilute samples were also measured to check for self-absorption. The sample was sealed
in kapton tape in a holder, then plunged into liquid nitrogen before being transferred to
the cryostat. Additional room temperature EXAFS of samples with 8.9, 12 and 89 mM was
recorded at beamline ID26, using the liquid jet setup described above.

EXAFS analysis EXAFS analysis was done using the Athena and Artemis software
packages.207 Scattering phases and amplitudes were calculated using FEFF for an Au
atom on the surface of the icosahedral core in Au25(SR)18.53 To minimise the effect of
multielectron excitations359,360, the background removal in Athena minimised peaks in the
Fourier transformed EXAFS below R � 1.5.361 Typical fit parameterswere: k � 3.0–14.0Å−1,
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7.3 | Results and discussion

R � 1.55–3.3Å, using a Hanning window (dk � 1Å−1) for the Fourier transformation and
k � 1, 2, 3 weighting. One parameter for the energy shift E0 was used for all paths. The
amplitude reduction factor was not considered during fitting, that is, S2

0 � 1 was used.
From fitting Au foil and an Au(I)-thio sample, and assuming transferability of S2

0, we can
estimate S2

0 � 0.8.

UV-Vis spectroscopy

Before and after XANES, UV-Vis absorption spectra were recorded of all samples using
a Perkin Elmer Lambda 40. During measurements of XES, UV-Vis absorption spectra
were recorded by pumping the solution through a Hellma 3-in-1 flow cuvette (product nr
176-766-15-40, 10 mm path length) which was built into the circuit just before the capillary.
The excitation source was an Ocean Optics DH-2000-BAL lamp equipped with an Ocean
Optics FVA-UV fiber optic variable attenuator, and transmitted light was detected using an
Ocean Optics Maya 2000 Pro spectrometer. The attenuator was positioned between the lamp
and flow cuvette to decrease the intensity of UV-Vis light, which was necessary to avoid
saturation of the spectrometer. By recording a blank and dark spectrum, the absorbance of
the sample was immediately calculated by the software (SpectraSuite).

7.3 Results and discussion

EXAFS

Room temperature EXAFS was recorded of LA-capped Au clusters with 8.9, 12
and 89 mM NaOH, using the liquid jet setup. Spectra are shown in Figure 7.3. The
Fourier transform shows only one major peak, consistent with the Au−S bond
in Au(I)-thio. The lack of observable Au−Au bonding may be due to the high
temperature, which leads to a dampening of the EXAFS oscillations. In clusters,
the Debye-Waller factors of Au−Au are more temperature-dependent than those
of Au−S.222

Therefore EXAFS of one cluster sample was also recorded at 77 K. The 8.9 mM
NaOH sample was chosen, because from mass spectrometry and analytical ultra-
centrifugation (Chapter 5) we expect this to have the highest Au−Au coordination
number. In addition, it is the only sample that does not contain a fraction of small
clusters or Au complexes which are lost upon concentration with molecular mass
cutoff filters (see Figure C.5). The low temperature allowed us to analyse EXAFS
up to k � 14Å−1. A first fit was done using one Au−S and one Au−Au scattering
path. Results of the fit are given in Table 7.1 and the fit is shown in Figure 7.4. The
Au−Au coordination number is 0.8 (if S2

0 is considered, the coordination number
becomes 1.0). This is similar to what was found for Au22(SR)18

162, which suggests
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Figure 7.3 Room temperature EXAFS of Au clusters with 8.9, 12 and 89 mM NaOH
(top), as well as that of Au(I)-thio and bulk Au (bottom). All samples are measured as
solutions in the liquid jet setup, except Au which was a solid. (a) and (b) show EXAFS in
k -space and R-space, respectively.

an open structure with large staple motifs. However, the Fourier transformed
EXAFS appears to show twoAu−Au scattering paths, a feature that is not accurately
reproduced by the fit.

Previous studies on thiolate-protected Au clusters have shown that there are
two typical Au−Au bond distances. For Au25(SR)18, these are around 2.78 and
2.95Å.222,223 The shorter bonds are from the central atom to the surface atoms of
the icosahedral Au13 core, as well as between some adjacent surface atoms. The
remaining bonds in Au13 are ∼2.95Å. In addition, Au25(SR)18 contains ∼3.15Å
Au−Au bonds from the core to the Au atoms in staple motifs.223 These aurophilic
bonds have a high Debye-Waller factor and may be hard to observe even at low
temperature.222

In accordance with these previous studies, we performed a fit with two Au−Au
scattering paths. The experimental EXAFS is shown in Figure 7.5, together with
the fit. Results of the fit are given in Table 7.2. With three rather than two scattering
paths, the number of fit parameters increases which gives larger uncertainty in the
fit results. Therefore the Debye-Waller factor of the long Au−Au path was fixed to
1.5× that of the short path. Based on previously reported Debye-Waller factors
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Figure 7.4 EXAFS of Au clusters with 8.9 mM NaOH, in (a) k-space and (b) R-space,
together with the fit to one Au – S and one Au – Au path. Results of the fit are given in
Table 7.1.

Table 7.1 Structural parameters of Au clusters with 8.9 mM NaOH at 77 K, from EXAFS
analysis. CN is the coordination number, R the bond length, σ2 the Debye-Waller factor
and E0 the energy shift. The fit is shown in Figure 7.4. For this fit, R-factor � 0.013 and
reduced χ2 � 151. The amplitude reduction factor is not taken into account (S2

0 � 1) for
the values in the table. From fitting of Au foil it was estimated to be 0.8.

Parameter Au−S Au−Au
CN 1.38 ± 0.18 0.80 ± 0.45

R (Å) 2.32 ± 0.01 2.73 ± 0.01
σ2 (10−3 Å2) 1.79 ± 0.97 2.64 ± 2.17

E0 (eV) 7.33 ± 1.24

of thiolate-protected Au clusters222, this is a reasonable constraint. Furthermore,
when the constraint was lifted, the fit results varied no more than 15 %.

Au−Au coordination numbers are 1.8 and 1.7 for the short and long path,
respectively (or 2.3 and 2.1 if S2

0 is taken into account). This is consistent with
coordination numbers found for Au25(SR)18 and Au38(SR)24 clusters. Bond lengths
andDebye-Waller factors are also consistentwith previous reports on clusters of this
size.222,223,288 EXAFS results are in agreement with analytical ultracentrifugation
and mass spectrometry studies (Chapter 5).
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Figure 7.5 EXAFS of Au clusters with 8.9 mM NaOH, in (a) k-space and (b) R-space,
together with the fit to one Au – S and two Au – Au paths. Results of the fit are given in
Table 7.2.

Table 7.2 Structural parameters of Au clusters with 8.9 mM NaOH at 77 K, from EXAFS
analysis. CN is the coordination number, R the bond length, σ2 the Debye-Waller factor
and E0 the energy shift. The fit is shown in Figure 7.5. For this fit, R-factor � 0.0022 and
reduced χ2 � 45. The amplitude reduction factor is not taken into account (S2

0 � 1) for
the values in the table. From fitting of Au foil it was estimated to be 0.8.

Parameter Au−S Au−Au (1) Au−Au (2)
CN 1.23 ± 0.10 1.82 ± 0.42 1.65 ± 0.58

R (Å) 2.32 ± 0.01 2.74 ± 0.01 2.97 ± 0.01
σ2 (10−3 Å2) 1.08 ± 0.53 5.81 ± 0.95 8.72*

E0 (eV) 7.96 ± 0.62

* Fixed to 1.5 × σ2 of Au−Au (1).

XANES and XES of clusters

HERFD-XANES spectra of Au clusters with 8.9, 12 and 89 mM NaOH are shown
in Figure 7.6. All three spectra show an intense whiteline and prominent features
up to around 10 eV above the edge. Further above the edge, there are no prominent
peaks, which is reasonable for small, disordered species.233,234 The spectra resemble
that of sodium aurothiomalate (Au(I)-thio, see Chapter 6). This will be discussed
in more detail later.
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Figure 7.6 HERFD-XANES of Au clusters with 8.9 and 12 mM NaOH. Spectra are
shifted vertically to better observe all spectral features. The arrow indicates a shoulder in
whiteline of the 89 mM spectrum.

The spectra of the three Au clusters show variation in the intensity of the
first peak, the whiteline. As seen in Chapter 6, this peak arises mainly due to
2p3/2 → 5d transitions and its intensity depends on the number of d-holes.362

In bulk Au, there is hybridisation of s, p and d orbitals, giving a configuration
of 5d10−δ6sp1+δ.336 This creates some empty states in the d-band, giving rise to
the whiteline.112,114 An increased whiteline intensity is observed for oxidised
compounds337,363, as can be seen in Figure 6.1. Bonding to electron-withdrawing
ligands can also create d-holes.

However, the whiteline intensity can also change as the size of the Au particle
is decreased. For bare Au nanoparticles on oxide supports, it was found that
the intensity decreased with decreasing particle size.115 This behaviour was
independent of the type of support. Calculated density of states showed that a
particle of just a few Au atoms has a narrower d-band at higher energy and a
higher d electron density, compared to bulk Au. Lower whitelines than in bulk
Au are also observed for 2 nm Au nanoparticles capped by dendrimers, which
interact only weakly with Au. In contrast, when strongly interacting, electron-
withdrawing thiolates were used, the whiteline intensity increased.364 This effect
was size-dependent, with whiteline intensity increasing with decreasing particle
size.365 Thus, for thiolate-protected clusters, an intense whiteline implies a larger
fraction of Au atoms in staple motifs, so a smaller cluster.
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Figure 7.7 (a) HERFD-XANES of Au clusters with 89 mM NaOH, as-synthesised and
after concentration with molecular mass cutoff filters. Both samples were measured in the
cryostat. (b) HERFD-XANES of HAuCl4 and Au(I)-thio, for comparison. The green arrow
indicates the maximum whiteline intensity of the as-synthesised clusters with 89 mM
NaOH. (c) HERFD-XANES of a freshly prepared and a 6-day-old sample, measured
in the liquid jet setup. (d) UV-Vis spectra of the as-synthesised clusters, as well as
the residue and filtrate after concentration with molecular mass cutoff filters (the former
corresponds to the concentrated sample). (e) FDMNES calculations of square planar
AuCl4 (bottom) and Au(OH)4 (top) complexes, both with two axial H2O molecules, at 2.3
and 3.0 Å distance. The spectra are shifted so the whiteline maxima are aligned, and two
features in the cluster spectrum are marked with vertical lines.
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The sample with 89 mM NaOH While the 8.9 and 12 mM NaOH samples are nearly
identical, the third sample is markedly different. The whiteline is more intense
and has a shoulder 4 eV above the maximum. The spectrum is reminiscent of that
of HAuCl4 or Au2O3 (see Chapter 6). Both these compounds are formally Au(III)
and adopt square planar geometry. HAuCl4 is the precursor for the Au cluster
synthesis. The spectrum of the 89 mM NaOH sample changed upon concentration
with molecular mass cutoff filters as seen in Figure 7.7: the whiteline intensity
decreased and the shoulder on the whiteline disappeared, so that the spectrum
resembles that of the two other clusters. Molecular mass cutoff filters remove
small molecules from solution, such as excess ligands and solvent, thus effectively
increasing the concentration of the heavier species. The UV-Vis spectrum of the
sample hardly changed, however. Only a small amount of species absorbing in
the visible (small clusters) pass through the filter. However, no luminescence was
observed for the filtrate so this represents only a minor fraction of the total number
of cluster species in the sample.

We attribute the similarity between spectra of HAuCl4 and clusters with 89 mM
NaOH to the presence of HAuCl4-like species in the as-synthesised cluster sample.
These species are small enough to be removed with cutoff filters and do not
absorb in the visible. Interestingly, the cluster sample was relatively stable in the
X-ray beam: there were no noticeable changes in the X-ray absorption spectrum
during the measurement (see Figures C.3 and C.4 and the discussion on radiation
damage at the end of this chapter). This is in contrast to HAuCl4, which was
highly unstable in the liquid jet setup and within minutes of exposure to X-rays
formed large, plasmonic nanoparticles, with a spectrum that resembled that of
bulk Au. The 89 mM NaOH sample, on the other hand, was still stable with no
change in whiteline intensity after around 1 h. At high NaOH concentrations, we
expect hydrolysis of AuCl4

− to occur, which gives AuCl4−x(OH)x−, where species
with x � 3–4 dominate.317,318 The Au(III) species present in the 89 mM NaOH
sample are therefore probably hydrolysed. The difference in ligand may affect the
susceptibility of the compound to radiation damage. FDMNES calculations were
done of AuCl4

− and Au(OH)4− complexes (Figure 7.7), both with square planar
geometry and two axially coordinating H2O molecules.348,366 The features of the
89 mM NaOH cluster spectrum are accurately reproduced by the latter calculation
in particular.

It was noted in Chapter 5 that the 89 mM NaOH sample was unstable, with a
strong decrease in absorbance after just a few days. HERFD-XANES was therefore
also done of a 6-day-old sample. Compared to the fresh (1-day-old) sample, this
showed a decreased whiteline intensity, indicative of reduction or an increase in
cluster size.
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Resonant X-ray emission spectroscopy of Au clusters Resonant X-ray emission
spectra were recorded of Au clusters with 8.9, 12 and 89 mM NaOH in the liquid
jet setup. The X-ray emission comes from the valence orbitals and can thus be used
to study the filled states. In this two-photon process, the net result is an excitation
from valence to empty states, similar as in UV-Vis. The energy transfer is on the
order of a few eV. The Au concentration in the cluster samples was too low to
record a full RIXS plane within reasonable time, as was done in Chapter 6 for the
reference compounds. We therefore recorded X-ray emission spectra at constant
excitation energy, which corresponds to a vertical cut through the RIXS plane.
Spectra are shown in Figure 7.8, together with those of reference compounds at
the same excitation energy (11.922 keV). All three cluster samples have an intense
peak at 7 eV. This feature is also present in the Au(I)-thio sample. The 89 mM
NaOH sample has an additional shoulder at 4.5 eV, reminiscent of the spectra of
Au2O3 and HAuCl4. This confirms what was found from XANES; that this sample
still contains some precursor. Finally, all three cluster samples have a shoulder at
16 eV, which is not present in Au(I)-thio or bulk Au. It is observed in the spectrum
recorded of Au nanoparticles. These have a core size of ∼1.8 nm and are capped
by 4-(diphenylphosphino)benzoic acid, which binds to Au via its carboxylic acid
group.

HERFD-XANES of Au cluster samples: Au(I)-thiolates or clusters?

Spectra of Au clusters with 8.9 and 12 mM NaOH, as well as the concentrated
89 mM sample, show similarities to that of Au(I)-thio. As discussed in Chapter 6,
this reference compound consists of two intertwined strands of ...−Au−S−Au−S−....
The Au−S bonds are 2.29Å, similar to those in thiolate-capped Au clusters.53,222

The nearest Au−Au distance is 3.23Å, which is similar to the distance between Au
atoms in the icosahedral core and Au atoms in the staple motifs of Au25(SR)18

−.53

The local environment of Au in Au(I)-thio is thus similar to that of Au in cluster
staple motifs. A closer look at the spectra of Au(I)-thio and clusters with 8.9
and 12 mM NaOH (Figure 7.9) reveals some subtle differences, which implies the
samples are not chemically and structurally identical. First, both clusters have
lower whiteline, meaning Au atoms in the cluster samples have, on average, an
oxidation state lower than Au(I). This suggests that part of the Au atoms are
present as Au(0) in the core of a cluster. Second, the feature markedA in Figure 7.9
is at the same energy for Au(I)-thio and the 12 mM NaOH sample, while it is
shifted around 0.5–1 eV to higher energy for the 8.9 mM NaOH sample. Third,
both clusters show a weak post-edge feature at 11.945 keV (marked B) that is not as
pronounced in Au(I)-thio. This is most easily observed in spectra of concentrated
clusters, which are less noisy than the spectra recorded in the liquid jet.
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Figure 7.8 X-ray emission spectra of Au clusters with 8.9, 12 and 89 mM NaOH, to-
gether with spectra of reference compounds. Vertical lines mark spectral features ob-
served for the clusters. The nano Au sample consists of 1.8 nm Au particles, capped
with 4-(diphenylphosphino)benzoic acid (a carboxylic acid). Where spectra of solid and
aqueous samples have been plotted in the same graph, the intensity of the latter have
been increased as these samples are dilute.
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Figure 7.9 (a) Close-up of HERFD-XANES around the edge, of Au clusters with 8.9 and
12 mM NaOH, together with Au(I)-thio. All samples are measured in the liquid jet setup,
with the same Au concentration. Note the different energies for feature A. (b) Same, but
for concentrated cluster samples, and solid Au(I)-thio. Samples were measured in the
cryostat.

We further note that XANES spectra of Au clusters with 8.9 and 12 mM NaOH
do not change upon concentration with molecular mass cutoff filters, as shown in
Figure C.5. UV-Vis absorption spectra recorded before and after concentration are
nearly identical as well. The filtrate of the 8.9 mM NaOH sample clearly contains
only LA, while that of the 12 mM NaOH sample contains some other species that
absorb around 300 nm. These may be Au(I)-thiolate complexes, or small clusters
with . 10 Au atoms.150

For these two clusters, the whiteline intensities varied somewhat, as shown in
Figure 7.9. In the liquid jet, two samples were measured and the whiteline intensity
of the 12 mM NaOH samplewas consistently the highest, implying a smaller cluster.
This is in agreement with what was found with mass spectrometry and analytical
ultracentrifugation. However, the whiteline intensities of concentrated samples
measured in the cryostat were similar. This was also the case for as-synthesised
samples measured in the cryostat. For concentrated samples, UV-Vis spectra
show that some Au(I)-complexes or small clusters are likely removed from the
12 mM sample during filtration. This may explain the decrease in whiteline. The
as-synthesised sample measured in the cryostat was found to have a somewhat
higher UV-Vis absorbance than usual, especially above 600 nm as is typically found
for clusters with lower NaOH concentrations. This may explain its lower whiteline
intensity, although we cannot conclusively say whether these whiteline intensities
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Figure 7.10 (a) HERFD-XANES of Au25(SR)18
– and LA-capped clusters with 8.9 mM

NaOH, together with the calculated spectrum of Au25(SR)18. Spectra are shifted so the
whitelines overlap. Arrows mark post-edge features found in Au25. (b) Calculated spec-
trum of Au25(SR)18 for the dipole selection rules ∆l� ±1 (s+d final states, black), ∆l� +1
(d final states, blue) and ∆l� −1 (s final states, yellow). Also shown is the calculated
spectrum (∆l� ±1) of the cluster with all S atoms removed (grey). (c) Calculated spectra
of the centre, ico and staple sites of Au25(SR)18, calculated with 3 and 6 Å radii. (d) The
structure of Au25(SR)18

– . Also shown are the Au13 core and an SR – (Au – SR)2 staple
motif. For clarity, Au atoms in the core and staple motifs have been given different colours,
and ligand backbones have been omitted.
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truly reflect the average cluster size of the sample, or whether there is some natural
variation between samples with the same NaOH concentration.

From the similarity between the clusters and Au(I)-thio, it is tempting to
assume that the clusters contain a large fraction of Au(I)-thiolates and are thus
much smaller than found in Chapter 5 or by EXAFS analysis. However, this is not
necessarily the case. As can be seen in Figure 7.10, the intense whiteline and first
post-edge feature are also present in the spectrum of Au25(SR)18

−. This spectrum
is further compared to results of FDMNES calculations. All spectral features of
Au25(SR)18 are accurately reproduced. By performing the calculation for l → l + 1
and l → l − 1 dipole selection rules, we see that the whiteline intensity is mostly
due to 2p3/2 → 5d transitions, with only a minor contribution from 2p3/2 → 6s.
A calculation with the overall dipole selection rule l → l ± 1 for the same cluster
with all S atoms removed shows a dramatic reduction in whiteline intensity. This
clearly illustrates that the intense whiteline of thiolate-capped Au clusters is due to
bonding to electron-withdrawing thiolate ligands. The Au25 cluster consists of an
icosahedral Au13 core surrounded by six SR−(Au−SR)2 staple motifs. There are 36
Au−S bonds. The cluster has three unique sites; centre (1 site), ico (12 sites) and
staple (12 sites). Spectra of the three different sites are also shown in Figure 7.10,
for two different radii of the calculation. At 3Å, only nearest neighbours are taken
into account, while at 6Å the staple motifs are also included in the calculation of
the centre spectrum.

As the structures of LA-capped Au clusters are unknown, we performed
FDMNES calculations for a number of Au cluster model systems. In addition
to Au25(SR)18, they are Au18(SR)14 with cyclohexanethiolate ligands357, and two
different Au22(SCH3)18 structures162,358, which were both obtained from DFT
calculations. The structures are shown in Figure 7.11.

The Au18(SR)14 cluster consists of a bi-octahedral Au9 core protected by three
different types of staple motifs; one SR−(Au−SR)4, one SR−(Au−SR)2 and three
SR−Au−SR. The overall cluster shape is somewhat elongated, and it has 28 Au−S
bonds. The first Au22(SCH3)18 structure, hereafter called (1), has a prolate Au8
core surrounded by two SR−(Au−SR)3 and two SR−(Au−SR)4 staple motifs.162

The structure of Au22(SCH3)18 (2) consists of a bitetrahedral Au7 core surrounded
by a ring-shaped Au6(SR)6 complex and three SR−(Au−SR)3 staple motifs.358

Structures (1) and (2) have elongated and triangular shapes, respectively, both
with 36 Au−S bonds. It has been proposed that the longer staple motifs found in
these clusters, compared to Au25, are necessary to protect the small cores of these
clusters.367 LA has two S-atoms which most likely both bind to the Au core.66

These two S atoms can participate in the same staple motif or in different ones,
further increasing the number of possible structures.368
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Figure 7.11 (a) Structures of three thiolate-protected Au clusters. For clarity, Au atoms
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Figure 7.12 (a) Fit of a 8.9 mM NaOH Au cluster sample, to calculated spectra of
Au25(SR)18, Au22(SR)18 (2) and Au18(SR)14, contributions of which are shown in grey.
Au22(SR)18 (1) was included in the fit but had a weight of 0. (b) Fit of the same spectrum
to experimental spectra of Au(I)-thio and Au25(SR)18

– .

The calculated HERFD-XANES spectra of these three clusters are shown in
Figure 7.11. For comparison, calculated spectra of Au25(SR)18 and Au(I)-thio are
also shown, together with the recorded spectrum of clusters with 8.9 mM NaOH.
All calculated spectra show an intense whiteline and a broader feature ∼ 7 eV
higher. The post-edge features vary from cluster to cluster, but also depend on the
site of the Au atom. While each cluster contains a number of (near-) equivalent
sites, such as the 12 ico sites in Au25(SR)18, and the staple Au sites of each cluster,
this still leaves potentially dozens of different Au sites in a polydisperse cluster
sample. This may lead to an almost featureless post-edge. As an example, we
performed a linear combination fit of the calculated spectra to the measured
spectrum of a sample (8.9 mM NaOH), which can be seen in Figure 7.12. While
the intensity around the edge is not accurately reproduced, the fit does show the
nearly flat post-edge. The spectrum of the 8.9 mM NaOH sample was also fitted
to experimental spectra of Au(I)-thio and Au25(SR)18

−. A good fit is obtained
with a 76 % contribution of Au25. While not conclusive identification of cluster
species, these calculations and fits show that, despite similarities to Au(I)-thio, our
experimental spectra are also consistent with cluster sizes of ∼20 Au atoms.
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Figure 7.13 (a) HERFD-XANES of synthesis intermediates, for three NaOH concentra-
tions. (b) HERFD-XANES of a 8.9 mM NaOH Au cluster sample and synthesis intermedi-
ate, together with Au(I)-thio and AuCl.

HERFD-XANES of synthesis intermediates: the synthesis mechanism

HERFD-XANES was also recorded of the synthesis intermediates. Spectra are
shown in Figure 7.13. These spectra show the same main features as the clusters;
for 8.9 and 12 mM NaOH, the spectra resemble that of Au(I)-thio while the 89 mM
sample has features reminiscent of HAuCl4 and Au2O3. For all three NaOH
concentrations, the intermediates showed a higher whiteline intensity than the
clusters. The whiteline intensities of synthesis intermediates with 8.9 and 12 mM
NaOH are nearly identical, and lower than that of Au(I)-thio. This implies that
intermediates are more oxidised, or have more Au−S bonds than the clusters,
although the differences are small.

Synthesis intermediates with 8.9 and 12 mM NaOH have nearly identical
spectra, though the cluster samples had slightly different spectral features. This
implies that the reduction step of the synthesis is also influenced by the NaOH
concentration. At high pH, the reduction rate of NaBH4 is slowed down which
may influence cluster composition.22,315 As was proposed in Chapter 5, there is
a major difference between the synthesis intermediates of 8.9 and 89 mM NaOH
samples, with the latter containing a significant fraction of (hydrolysed) HAuCl4
precursor. The spectra also confirm that there is a reaction between HAuCl4 and
LA at low NaOH concentrations, giving Au(I) species as intermediates.

It is generally accepted that Au(I) species are intermediates in the synthesis of
Au clusters, although the nature of the ligands varies. It has been proposed that
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intermediates in the two-phase Brust-Schiffrin synthesis are Au(I)-halides rather
than Au(I)-thiolates, with the latter present only in water.203,306,307 As can be seen
from Figure 7.13, spectra of our synthesis intermediates show better agreement
with Au(I)-thio than with AuCl. It should be noted that the AuCl sample was
measured as a solid rather than in solution. Solvation may change the spectrum
somewhat. Nevertheless, our findings are consistent with reports of Au(I)-thiolates
being present as intermediates of aqueous Au clusters.

Intriguingly, while clusters and synthesis intermediates were found to possess
different optical properties and size distributions, their HERFD-XANES spectra
are nearly identical. This implies that the average environment of Au atoms hardly
changes upon reduction of the synthesis intermediates. There are a number of
possible explanations. First, it may be that the addition of NaBH4 only reduces
a fraction of the intermediates. However, this is not supported by analytical
ultracentrifugation of clusters and intermediates (Figures 5.4 and 5.9), which
are clearly different. Moreover, we estimate the molar extinction coefficient at
510 nm of the cluster samples to be ∼5 × 103 M−1cm−1, which is the same order of
magnitude that was found for monodisperse Au25(SR)18

−.178 A second possibility
is that the intermediates are already partially reduced, with average oxidation
state between Au(I) and Au(0), and so already contain some clusters. We deem
this unlikely, as no sign of clusters is observed from mass spectrometry or UV-Vis
spectroscopy. Exposure to X-rays may reduce Au(I) in the intermediates, but we
see no evidence of this in our X-ray absorption spectra (see also the discussion
on radiation damage below). Finally, the size polydispersity of the synthesis
intermediates may result in an averaging out of post-edge features, just as with the
clusters. Even clusters with ∼20 Au atoms have spectra with intense whitelines
(Figure 7.11) and their X-ray absorption spectra thus resemble Au(I)-thio due to the
large fraction of surface Au atoms. Differences between clusters and intermediates
may be too subtle to observe clearly with XAS.

A note on radiation damage Exposure of samples to intense X-rays may lead
to radiation damage. This was observed for HAuCl4. In solution, the intense
whiteline that is characteristic of this compound disappeared within minutes,
and spectral features of bulk Au appeared. UV-Vis measurements of the solution
later confirmed the presence of large, plasmonic Au nanoparticles. When a solid
HAuCl4 sample was measured, a rapid reduction in whiteline intensity was also
observed. To obtain a high-quality spectrum, multiple short (5 s) spectra were
measured on different spots, and later averaged. Radiation damage of solid (frozen)
Au cluster samples was minimised in the same way.
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First, the intensity of the whiteline was monitored with < 1 s time resolution
to determine the typical timescale for radiation damage. Multiple XANES scans
were then performed, each shorter than this timescale, on different spots. Au
clusters in the liquid jet setup are not continuously exposed to X-rays because the
solution is pumped through the jet. However, even brief exposure may lead to
formation of radicals in water, which may damage the sample further.369 A typical
scan length for HERFD-XANES was 30 s, repeated for 1 h. The first and last scans
were compared to check for radiation damage, and UV-Vis absorption spectra were
recorded of the samples before and after exposure to X-rays. Results are given in
Figures C.1 to C.3. The X-ray spectra hardly changed during the measurement,
but UV-Vis spectra show dramatic differences, especially for samples with high
NaOH concentrations and synthesis intermediates. However, these UV-Vis spectra
were not recorded immediately after the experiments. The samples were stored for
several hours after XAS before recording UV-Vis, and it may be that X-ray induced
damage progressed further during this time.

For the XES experiments, a flow cuvette was built into the liquid jet setup
which allowed us to record UV-Vis absorption spectra during X-ray spectroscopy.
In this case, the change in the UV-Vis absorption spectrum during exposure to
X-rays was less than for HERFD, despite a much longer (4 h) overall exposure time
(Figure C.4). We therefore judge that the X-ray spectra of clusters presented in this
chapter represent mostly undamaged samples. The changes observed by ex situ
UV-Vis spectroscopy could be due to gradual radiation damage, which continues
after the XAS measurement is finished, for instance due to radical formation. In
situ UV-Vis absorption spectra are not available for the synthesis intermediates,
but based on the lack of changes in the XANES spectrum, we propose radiation
damage is limited for the intermediates as well.

7.4 Conclusions

X-ray absorption spectroscopy was used to study Au clusters capped with lipoic
acid. Three samples with different NaOH concentrations were studied, which had
previously been found to have different size distributions and optical properties.
EXAFS was recorded of the sample with lowest NaOH concentration, which
contains the biggest clusters. An overall Au−Au coordination of ∼4 was found,
consistent with an average size of 20–40 Au atoms. HERFD-XANES of the three
cluster samples found spectral features similar to those of anAu(I)-thiolate reference
compound, with an intense whiteline and few prominent post-edge features. This
implies a significantly smaller cluster size. However, XANES of monodisperse
Au25(SR)18 clusters, as well as FDMNES calculations of Au clusters with 18–25 Au
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atoms, show that these spectral features are also characteristic of thiolate-protected
Au clusters. The intense whiteline arises from 2p3/2 → 5d transitions, with d-holes
in Au caused by bonding to electron-withdrawing thiolates. HERFD-XANES
spectra of the clusters are thus consistent with cluster sizes of around 20 Au atoms,
though the polydispersity of the sample made a more conclusive assignment of
spectral features impossible.

The sample with highest NaOH concentration was found to contain some
AuCl4−x(OH)x− species in addition to clusters, resulting in amore intensewhiteline
and additional spectral features both in absorption and emission spectra. These
species are also present in the synthesis intermediate of this sample, while the
samples with lower NaOH resemble Au(I)-thiolates. This confirms that there is
a reaction between lipoic acid and HAuCl4 at the start of the synthesis, before
addition of the reducing agent, and that this reaction is inhibited at high NaOH
concentrations.
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Appendix C

Additional spectra; gold clusters
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Figure C.1 Effect of radiation damage during XAS measurements, for clusters with
8.9 mM NaOH. (a) XANES spectra at the start and end of the experiment. (b) UV-Vis
absorption spectra before and after recording XANES. See also Figure C.4. In (c) and (d),
the same is shown for the synthesis intermediate.
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Figure C.2 Effect of radiation damage during XAS measurements, for clusters with
12 mM NaOH. (a) XANES spectra at the start and end of the experiment. (b) UV-Vis
absorption spectra before and after recording XANES. See also Figure C.4. In (c) and (d),
the same is shown for the synthesis intermediate.
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Figure C.3 Effect of radiation damage during XAS measurements, for clusters with
89 mM NaOH. (a) XANES spectra at the start and end of the experiment. (b) UV-Vis
absorption spectra before and after recording XANES. See also Figure C.4. In (c) and
(d), the same is shown for the synthesis intermediate, and in (e) and (f) for clusters a few
days after synthesis.
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Figure C.4 Effect of radiation damage during XES measurements, for clusters with (a),
(b) and (c): 8.9, 12 and 89 mM NaOH, respectively. UV-Vis spectroscopy was recorded
in situ using a flow cuvette built into the liquid jet setup.
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Figure C.5 (a) HERFD-XANES of Au clusters with 8.9 mM NaOH, as-synthesised and
after concentration with molecular mass cutoff filters. (b) UV-Vis spectra of the as-
synthesised 8.9 mM NaOH clusters, as well as the residue and filtrate after concentration
with molecular mass cutoff filters (the former corresponds to the concentrated sample).
Figures (c) and (d) show the same for a 12 mM NaOH sample. XANES spectra were
recorded in the cryostat.
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Chapter 8

Summary and outlook

“Don’t adventures ever have an end? I suppose not.
Someone else always has to carry on on the story."

— J.R.R. Tolkien, The Fellowship of the Ring

Gold and silver nanoclusterswith sizes up to∼100 atomshaveuniqueproperties
not found in bulk materials or in larger nanoparticles. They resemble molecules
rather than metals. Their potentially atomic monodispersity allows for correlation
between size, shape and structure on the one hand, and properties such as
stability and luminescence on the other. For instance, the emergence of metallicity
and surface plasmon resonance has been observed to occur at ∼ 150 atoms.17,18

Clusters also have potential applications in diverse fields such as catalysis81 and
biomedicine.354

This thesis describes the synthesis and characterisation of aqueous gold and
silver clusters. A graphical summary is given in Figure 8.1. Lipoic acid (LA) is
used as the ligand for the clusters described in this thesis. LA is a disulfide which
binds to Au and Ag in a bidentate fashion. Most studies of thiolate-protected
noble metal clusters have used monodentate ligands; with dithiolates, clusters
with different structures69 and thus different properties can be obtained70, for
instance increased luminescence intensity.71

Pure silver clusters with LA can be prepared in a one-pot synthesis which
yields atomically monodisperse clusters without any purification. This is de-
scribed in Chapter 2. Monodispersity was demonstrated with sedimentation
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Figure 8.1 Graphical summary of this thesis.

velocity analytical ultracentrifugation (SV-AUC). The cluster composition was
determined with electrospray ionisation mass spectrometry (ESI-MS) and found
to be Ag29(LA)12

3−. The clusters show bright red luminescence with a quantum
yield of nearly 3 %. When stored in the dark, the clusters remain luminescent for
up to 18 months. The clusters degrade slowly, forming larger non-luminescent
species. This degradation is reversible, which has not been observed for other
thiolate-protected silver clusters.

In Chapter 3 we present new insights into the synthesis mechanism of Ag29
clusters. Ag29 clusters are prepared by the addition of a strong reducing agent
(NaBH4) to an aqueous solution containing reduced LA and AgNO3. Within
minutes of NaBH4 addition, the synthesis solution turns black, after which it
gradually lightens to a reddish orange as the clusters are formed. Using a
combination of experimental techniques, we show that after an initial rapid
reduction, particles with ∼ 100 Ag atoms are formed, which slowly decrease in
size until only Ag29 clusters remain. ESI-MS experiments show Ag29(LA)12

3−

clusters are present at low concentrations shortly after the solution turns black.
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The signal-to-noise ratio of this ion signal increases over time, as does the intensity
of the cluster luminescence. No other cluster species could be identified frommass
spectrometry during the synthesis, except small amounts of Ag28 and Ag26.

Further informationwas obtained fromX-ray spectroscopy, an element-selective
characterisation technique that does not require extensive sample purification.
Both Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption
Near Edge Structure (XANES) regions of the spectrum were investigated. These
studies show the presence of larger nanoparticles (estimated size ∼100 Ag atoms)
in the first hour after NaBH4 addition. We also demonstrate that oxygen plays an
important role in the etching of these larger species to Ag29.

Chapter 4 describes bimetallic clusters, prepared by adding a small amount of
HAuCl4 during the synthesis of Ag29(LA)12

3−. Doping with a few percent gold
increases the stability of the clusters while the quantum yield is enhanced to 8 %.
This was attributed to an increase in the radiative decay rate. ESI-MS shows that
there is a preference for monodoped clusters, Au1Ag28(LA)12

3−. Using XANES
and EXAFS, it was found that the Au atom is preferentially located in the centre of
the cluster. Only a small fraction of Au atoms is present as Au-thiolates or on the
surface of the Au1Ag28 clusters. The Au−S bond of these species is shorter than
the Ag−S bond in Ag29. Doping of surface sites of Ag29 with Au may therefore
induce structural distortions which decreases the stability of the clusters. This
could explain why the Au atom preferentially occupies the centre of the cluster.

Doping of Ag29 with more than a few percent of Au does not lead to the
formation of stable clusters. Pure Au clusters with LA can be prepared, but as
demonstrated in Chapter 5, these are not atomically monodisperse. However, the
average size and optical properties can be tuned. The synthesis proceeds in two
steps. The first is the formation of a synthesis intermediate by addition of HAuCl4
to an aqueous solution of LA and NaOH. The second step is the reduction of
the synthesis intermediate with NaBH4. The clusters show red and near-infrared
luminescence with a quantum yield of 0.2–0.3 %. UV-Vis absorption features vary
depending on the NaOH concentration. With ESI-MS and SV-AUC, we found
that this is related to the cluster size distribution. A lower NaOH concentration
corresponds to a larger average cluster size, although somewhat smaller clusters
were observed with ESI-MS than with SV-AUC.

After showing X-ray spectra of Au reference compounds in Chapter 6, an X-ray
spectroscopy study of these clusters is described in Chapter 7. XANES shows
spectral features similar to those of an Au(I) thiolate compound, with an intense
whiteline and few prominent post-edge features. However, we found that this
does not necessarily mean that the concentration of clusters is low, or that they are
smaller than expected. Similar spectral features were also found in Au25(SR)18

−
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and, by calculating spectra of different Aux(SR)y clusters, these features could be
attributed to bonding of Au to electron-withdrawing thiolates. Low temperature
EXAFS clearly demonstrates the presence of Au−Au bonds in the clusters with
lowest NaOH concentration.

In Chapters 5 and 7, we also study the synthesis intermediates in more
detail. We demonstrate, using mass spectrometry and fast UV-Vis absorption
spectroscopy, that there is a reaction between HAuCl4 and LA at low NaOH
concentrations, resulting in the formation of large, unstable Au nanoparticles. This
reaction is inhibited at high NaOH concentrations, where it must compete with
hydrolysis of HAuCl4. The resulting AuCl4−x(OH)x− species (x � 3–4) may be less
reactive towards LA. Both synthesis intermediates and clusters with high NaOH
concentration were found to contain AuCl4−x(OH)x−.

Together with the straightforward synthesis, the high luminescence quantum
yield of Ag and Au clusters with LA makes them promising candidates for
applications such as sensing of heavy metal ions85,86 and in vivo biomedical
imaging89,90 to localise tumors. Different applications require clusters with
different properties. The optical properties of our clusters can be tuned by the
addition of Au to Ag29 clusters, and by varying the NaOH concentration for Au
clusters. The carboxylic acid group of LA can also be functionalised to create
polymeric or zwitterionic ligands.72,73,298–300 This is not investigated in this thesis,
but studies have shown that modification of the ligand can affect for instance the
cluster solubility, as well as its luminescence intensity and colour.

The stability of Ag29 clusters after purification remains an issue for potential
applications. Removal of excess ligands by extraction with butanol leads to cluster
degradation after just one week. Modification of the ligand may improve the
stability, for instance by cross-linking of the ligand shell, or by encapsulation in a
protein.171 It may also be worthwhile to investigate how storage conditions affect
the cluster stability. All experiments in this thesis were done on cluster solutions.
The isolation of clusters as pure solids may allow for long-term storage, as well
as investigations into the effect of solvation, which can influence reactivity and
structure.288 Furthermore, the exact structure of Ag29(LA)12

3− remains unknown.
Single crystal X-ray crystallography of this cluster would be an important step,
if crystals can be grown. This is often challenging for flexible, water-soluble
ligands such as glutathione357; LA ligands may have similar issues. If the structure
of Ag29(LA)12

3− can be determined, this will allow a better comparison with its
organosoluble counterpart Ag29(BDT)12(TPP)3− (BDT, 1,3-benzenedithiol; TPP,
triphenylphosphine)56 to explain their differences and similarities. Moreover,
knowing the structure of Ag29(LA)12

3− facilitates fundamental studies into the
origin of its strong red luminescence, which is still not fully understood.91,370
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The polydispersity of the Au clusters with LA has to some extent impeded the
interpretation of experimental results. ESI-MS and SV-AUC results can not easily
be compared, and XANES spectra show featureless post-edge regions. Isolation of
one cluster size would be a significant improvement. The effect of temperature
and solvent during synthesis has not been investigated in great detail, but may
be useful parameters that can be varied in trying to obtain clusters with higher
monodispersity. The modification of synthesis intermediates before reduction, as
shown in Figure 5.10, also opens up further possibilities. If a one-pot synthesis
of monodisperse Au clusters with LA is not feasible, purification techniques
such as size-exclusion chromatography371, thin-layer chromatography372, and
polyacrylamide gel electrophoresis373 could be used to isolate different cluster
sizes and study them separately with ESI-MS, SV-AUC and optical spectroscopy.

Many of the conclusions presented in this thesis are based onX-ray spectroscopy
studies. EXAFS and XANES were used to demonstrate that the synthesis of Ag29
clusters proceeds via larger particles, that the Au atom in Au1Ag28 is preferentially
located in the centre of the cluster, that synthesis intermediates of Au clusters
are Au(I)-thiolates, and that Au cluster samples with high NaOH concentration
contain AuCl4−x(OH)x− species. A great advantage of X-ray spectroscopy is
that it is element-selective. It enables us to study for instance only the Au
dopant in bimetallic clusters, or all Ag species during the synthesis of Ag29.
Solids, solutions, mixtures and disordered species can all be measured, and no
purification is necessary to remove excess salts or ligands because these are invisible
in X-ray spectroscopy. EXAFS analysis is relatively straightforward and can be
used to obtain information on neighbouring atoms; including bond lengths and
coordination numbers.102 From XANES one can get information on oxidation state
and local geometry, but analysis is often more complicated and may require more
extensive calculations or comparison with reference compounds, as demonstrated
in Chapter 6.

X-ray absorption spectroscopy can be used to study structural and electronic
properties of Au clusters332, and how these change for instance upon solvation288,
with temperature222, upon doping248, or with increasing cluster size.374 In many
cases, the differences between XANES spectra of clusters areminimal. In this thesis,
we use High Energy Resolution Fluorescence Detection (HERFD) to record XANES
with increased resolution, which results in more prominent spectral features and
greater differences between samples. To the best of our knowledge, this is the
first HERFD-XANES study of thiolate-protected noble metal clusters. We have
recently recorded HERFD-XANES of atomically monodisperse, thiolate-protected
Au clusters with sizes between Au25 and Au∼500. Of this, only Au25 spectra are
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presented in this thesis (Chapter 7), but we will analyse the remaining part of this
data in the near future.

Finally, we propose that (HERFD-)XANES, possibly in combinationwith EXAFS
or X-ray emission spectroscopy, could be a useful tool for studying the synthesis
mechanism of organosoluble thiolate-protected Au clusters. The intermediates
present in these syntheses are usually considered to be Au(I)-thiolates91, although
recent work has suggested that Au(I)-halides are a more likely candidate in the
absence of water.203,306,307 A detailed X-ray spectroscopy study may shed light on
this. This would require samples at different stages in the synthesis, with different
solvents and other reaction conditions, as well as a large number of reference
Au(I)-thiolate and Au(I)-halide compounds.
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“Ubygde kraftverker,
ukjente stjerner –
skap dem, med skånet livs
dristige hjerner!"

— Nordahl Grieg,
Til Ungdommen

Klein is fijn

De wereld om ons heen bestaat uit atomen, de bouwstenen van de scheikunde. Er
bestaan ruim honderd verschillende atoomsoorten. Atomen zĳn onvoorstelbaar
klein. De afgebeelde zilveren hanger in Figuur A bestaat uit meer atomen dan er
sterren zĳn in ons sterrenstelsel of mieren op aarde.

Atomen zĳn eigenlĳk net pinguïns.∗ En wel hierom: er zĳn verschillende
soorten, ze zĳn net iets kleiner dan je denkt, ze variëren een beetje in grootte
en sommige soorten zitten het liefst met duizenden miljarden bĳ elkaar in een
grote groep. Pinguïns staan bĳ elkaar in een groep om warm te blĳven tĳdens
de Antarctische winter. Hoe meer buren, hoe warmer. Voor metaalatomen zoals
goud en zilver is het gunstig omringd te zĳn door zo veel mogelĳk andere atomen.
Atomen aan het oppervlak van een metaaldeeltje hebben andere eigenschappen
dan atomen in het midden. Ze zĳn chemisch reactiever, net als pinguïns aan de
buitenrand. Die hebben het kouder en zĳn dus onrustiger.

De eigenschappen van een materiaal als goud of zilver zĳn daarom ook
afhankelĳk van het aantal atomen. In het dagelĳks leven zien we dit effect
nauwelĳks. Een stuk zilver van 1 kgheeft dezelfde eigenschappen (kleur, smeltpunt,
dichtheid) als een stuk van 1 g. Het effect treedt pas op als een significant deel van
de atomen op het oppervlak zit, dus voor kleine deeltjes. Zo neemt bĳvoorbeeld
het smeltpunt van goud af voor deeltjes kleiner dan 20 nanometer. Een nanometer
(afgekort nm) is een miljardste van een meter. Deeltjes met afmeting tot 100 nm
noemt men nanodeeltjes. Dat komt overeen met ongeveer vĳftigmiljoen atomen.

∗Deze vergelĳking werkt vast ook met andere dieren maar zoals iedereen weet zĳn pinguïns de
beste dieren.
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1 cm

(a)     (b)

Figuur A (a) Een voorwerp dat we met het blote oog kunnen zien, zoals een zilveren
hanger in de vorm van een pinguïn, bestaat uit een haast ontelbaar aantal atomen. (b)
Honderdmiljoen keer uitvergroot zal elk van die atomen ongeveer zo groot zijn als een
golfbal. De hanger zelf is dan groot genoeg om heel Noorwegen te bedekken.

De kleinste nanodeeltjes, van ongeveer 1–2 nm, bestaan uit slechts enkele tien-
tallen of honderden atomen. Deze nanodeeltjes noemen we ook wel nanoclusters
of gewoon clusters. Clusters zĳn typisch opgebouwd uit complete schillen van
atomen rond 1 centraal atoom. Eén atoom meer of minder kan daarom veel
uitmaken voor de stabiliteit. Dankzĳ het verschil in stabiliteit kunnen we groepen
clusters maken waarvan alle clusters even groot zĳn (monodisperse deeltjes):
clusters van andere grootte zĳn immers instabiel. Dit in tegenstelling tot grotere
nanodeeltjes, die we alleen kunnen maken als mengsel van groottes (polydisperse
deeltjes), bĳvoorbeeld (20 ± 1)nm. De eigenschappen van zilver- en goudclusters
zĳn anders dan die van een groot stuk zilver en goud en ook anders dan die van
grotere nanodeeltjes. Ze kunnen ze bĳvoorbeeld licht van één kleur absorberen,
om vervolgens uit te zenden in een andere kleur. Dit noemen we luminescentie.

De clusters in dit proefschrift zĳn opgelost in water en kunnen vrĳ bewegen. Ze
kunnendus ook tegen elkaar aanbotsen. Om te voorkomendat twee ofmeer clusters
samengroeien tot een groter nanodeeltje, zĳn ze omringd door liganden. Liganden
zĳn moleculen die sterk binden aan metaalatomen. De liganden stabiliseren de
atomen aan het oppervlak en vormen een barrière die de clusters beschermt, zoals
geïllustreerd in Figuur B. Als ligand gebruiken we liponzuur. Dit bevat twee
zwavelatomen die sterk binden aan goud en zilver. Het biedt daarom een efficiënte
bescherming.
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(a)        (b)         (c)        (d)

Figuur B (a) We kunnen metaalatomen vergelijken met pinguïns. (b) Een groot blok
metaal komt overeen met een enorme groep pinguïns. Bijna alle pinguïns zijn omringd
door warme buren. Een groot blok metaal is daarom stabiel. (c) Bij een klein nanodeeltje,
een cluster, is het percentage atomen aan het oppervlak hoog. In pinguïntaal: de meeste
pinguïns hebben het koud. (d) Liganden kunnen binden aan het oppervlak en zo de
cluster stabiliseren. Het is alsof je terrasverwarmers om een klein groepje pinguïns zet.

Hoe maak je nanoclusters?

Het klinkt misschien moeilĳk: deeltjes maken met slechts enkele tientallen metaal-
atomen met daaromheen ook nog eens liganden, maar het maken van nanoclusters
is relatief eenvoudig. We noemen dit proces synthese. Eerst zorgen we voor losse
zilver- of goudatomen. Dit doen we door een zout als zilvernitraat op te lossen in
water. Alle metaalatomen zĳn hier aanwezig als ionen (geladen atomen) die elkaar
afstoten. Vervolgens mengen we deze oplossing met een oplossing van liganden.
Vaak reageren de metaalionen en liganden met elkaar en vormen chemische bin-
dingen. We weten alleen niet precies welke samenstelling dit mengsel heeft. We
noemen dit mengsel overigens een syntheseïntermediair. Het is een tussenproduct
op weg naar ons doel, de clusters. De volgende stap is het toevoegen van een
reductor. De reductor neemt de lading van de ionen weg zodat de metaalatomen
bĳ elkaar kunnen komen om nanodeeltjes te maken. De liganden zorgen er voor
dat de deeltjes niet te groot worden.

Om nanoclusters van een bepaalde grootte te maken kun je bĳvoorbeeld het
type ligand variëren of de verhouding tussen liganden en metaalatomen. Ook
kunnen het oplosmiddel en de temperatuur een rol spelen. Soms wordt een
mengsel van clusters gevormd en is het nodig om het mengsel te zuiveren om één
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specifieke grootte te isoleren. Dit proberen wĳ in dit proefschrift zo veel mogelĳk
te vermĳden. Het is juist interessant om te zien welke groottes je krĳgt onder
bepaalde omstandigheden.

Hoe kun je nanoclusters bestuderen?

Nanoclusters en atomen zĳn te klein om met het blote oog of zelfs met een micro-
scoop te zien. In plaats daarvan gebruiken we analysetechnieken als spectroscopie,
waar we de interactie tussen de clusters en elektromagnetische straling bestuderen.
Zichtbaar licht en röntgenstraling zĳn voorbeelden van elektromagnetische straling.
We gebruiken in dit proefschrift beide vormen van straling.

Om het principe van spectroscopie te begrĳpen moeten we eerst kĳken naar
de (enigszins versimpelde) interne structuur van atomen. Die bestaan uit een
atoomkern met daaromheen elektronen in verschillende banen. Er zĳn ook
lege banen. Een baan staat voor een bepaalde hoeveelheid energie. Dat is de
bindingsenergie van het elektron. Banen met hoge bindingsenergie, dicht bĳ de
kern, worden als eerste opgevuld. Elektronen zitten dus vast om de atoomkern.
Het is mogelĳk om een elektron naar een lege baan te brengen (of zelfs helemaal
uit het atoom te slaan). Hier is evenveel of meer energie dan de bindingsenergie
voor nodig. Dit proces wordt excitatie genoemd. De energie die nodig is voor het
excitatieprocess is afkomstig uit elektromagnetische straling. De oude baan van
het elektron kan vervolgens worden opgevuld door een ander elektron. Hier komt
de energie juist weer bĳ vrĳ. Deze energie kan vrĳkomen als licht maar ook als
warmte.

In een molecuul of een cluster is de situatie iets ingewikkelder omdat er meer
dan één atoomkern aanwezig is. De zwakst gebonden elektronen kunnen in een
baan om meer dan één atoomkern zitten† en de banen zĳn daarom ingewikkelder.
Het principe blĳft echter hetzelfde.

Zichtbaar licht heeft genoeg energie om de zwak gebonden elektronen te
exciteren. Het licht zelf wordt geabsorbeerd in dit proces. Bĳ een spectroscopisch
experiment kĳken we welke kleuren licht worden geabsorbeerd door de clusters.
Ook kunnenwede processen die na excitatie plaatsvinden bestuderen, bĳvoorbeeld
emissie van licht. Dat wil zeggen dat we meten welke kleuren licht worden
uitgezonden door de clusters nadat we er met blauw of UV-licht op schĳnen. Het
resultaat van deze metingen geven we grafisch weer in een spectrum, dat laat zien
hoeveel licht van iedere energie (kleur) wordt geabsorbeerd of uitgezonden. Deze
absorptie- en emissiespectra zĳn een soort vingerafdrukken. Veranderingen in
de spectra kunnen wĳzen op veranderingen in de grootte of de structuur van de

†Dit is een chemische binding.
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Figuur C (a) Een atoom bestaat uit een kern (rood) met daaromheen elektronen (blauw).
De elektronen zitten vast in banen met een bepaalde bindingsenergie. (b) Schematische
weergave van de bindingsenergie van de elektronen. Hoe lager de streep, hoe hoger de
bindingsenergie. De golvende pijlen stellen elektromagnetische straling voor. Zichtbaar
licht kan de zwak gebonden elektronen exciteren (rechts), terwijl röntgenstraling energie-
rijk genoeg is om ook de sterkst gebonden elektronen te exciteren (links). In dit voorbeeld
wordt het rechter elektron geëxciteerd naar een lege baan (stippellijn) terwijl het linker
elektron helemaal wordt losgeslagen uit het atoom.

clusters. Ook is het mogelĳk de verhouding tussen geabsorbeerd en uitgezonden
licht uit te rekenen en zo de efficiëntie van de luminescentie te bepalen.

Röntgenstraling is energierĳker dan zichtbaar licht. De hoge energie is vol-
doende om de sterkst gebonden elektronen te exciteren. Voor deze elektronen
geldt dat de bindingsenergie sterk afhankelĳk is van de atoomsoort. Het is daarom
mogelĳk om een absorptiespectrum op te nemen van bĳvoorbeeld alleen zilver.
Een oplossing van zilverclusters bevat naast zilveratomen namelĳk ook andere
atomen zoals zwavel, koolstof, zuurstof, natrium en waterstof. Deze zitten in de
liganden, in het oplosmiddel, of in de toegevoegde reductor. Maar deze atomen
zĳn onzichtbaar in het röntgenabsorptiespectrum van zilver omdat we daar alleen
kĳken naar de energieën rond de bindingsenergie van elektronen in zilver. Deze
bindingsenergie hangt een beetje af van de omgeving van het zilveratoom. De
spectra van verschillende zilververbindingen zĳn daarom verschillend. Zo kunnen
we bepalen of een stof zilverclusters bevat, of zilvernitraat, of metallisch zilver.
Het is zelfs mogelĳk met röntgenspectroscopie te achterhalen hoeveel buuratomen
er zĳn, wat voor soort atomen dit zĳn, hoe ver weg ze zitten. Met behulp van
röntgenspectroscopie is het daarom mogelĳk informatie te krĳgen over de grootte,
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structuur en samenstelling van clusters, zelfs tĳdens de synthese en zonder dat de
clusteroplossing hoeft te worden gezuiverd om andere atomen weg te halen.

Twee andere technieken die in dit proefschrift gebruikt worden om clusters
te analyseren zĳn analytische ultracentrifugering en massaspectrometrie. In
massaspectrometrie worden de clusters gasvormig gemaakt. De clusters zĳn
geladen en kunnen daarom worden geaccelereerd met behulp van elektrische of
magnetische velden. We kunnen de snelheid waarmee een cluster beweegt meten.
Die snelheid is afhankelĳk van de massa en de lading van de clusters. De massa’s
van goudatomen, zilveratomen en liganden zĳn bekend. Het is daarom mogelĳk
uit een massaspectrum de samenstelling van een cluster te bepalen. In analytische
ultracentrifugering centrifugeren we de clusteroplossing bĳ hoge snelheid. Zware,
compacte deeltjes sedimenteren sneller dan kleine, net als een pinguïn sneller valt
dan een veer. De sedimentatiesnelheid van de clusters kan worden gemeten en
hieruit krĳgen we informatie over de grootte, de vorm en de massa van de clusters.
Ook is het mogelĳk te bepalen of de clusters monodispers zĳn.

In dit proefschrift

In dit proefschrift beschrĳven we experimenten over nanoclusters van zilver
en goud. Ook hebben we bimetallische nanoclusters bestudeerd. Die bestaan
uit zilver en goud. De experimenten uit dit proefschrif zĳn samengevat in
Figuur D. In Hoofdstuk 2 beschrĳven we de synthese van zilverclusters. Deze
clusters luminesceren rood, met een efficiëntie van ongeveer 3 %. Met behulp van
massaspectrometrie en analytische ultracentrifugering kunnen we de massa van
één enkele cluster bepalen. Hieruit blĳkt dat deze clusters precies 29 zilveratomen
en 12 liganden hebben. Grotere of kleinere clusters worden niet gevormd. In
Hoofdstuk 3 proberen we uit te zoeken hoe de synthese leidt tot clusters met
precies 29 atomen. Met behulp van röntgenspectroscopie zien we dat er in eerste
instantie deeltjes met ongeveer honderd zilveratomen worden gevormd. Deze
gaan vervolgens langzaam kapot, waarschĳnlĳk omdat de liganden kleine stukjes
afbreken. Deze kleine stukjes kunnen vervolgens samengroeien tot grotere deeltjes.
Dit proces gaat door tot alle clusters 29 atomen hebben.

Het tweede deel van dit proefschrift (Hoofdstuk 4) gaat over zilverclusters met
een klein beetje goud. De zilveratomen in de cluster kunnen worden vervangen
door goudatomen. Deze goudatomen kunnen plaatsnemen in het midden van
de zilvercluster of aan het oppervlak waar er ook een binding is met de liganden.
Het blĳkt dat de cluster waar slechts één van de 29 zilveratomen is vervangen
door goud stabieler is dan clusters met meer goudatomen en ook stabieler dan
clusters van puur zilver. Daarom worden vooral clusters met 1 goudatoom en 28
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Figuur D Een grafische samenvatting van dit proefschrift.

zilveratomen gevormd. Het goudatoom bevindt zich in het midden van de cluster.
Dit heeft grote invloed op de eigenschappen van de cluster. Naast de stabiliteit
neemt bĳvoorbeeld ook de intensiteit van de luminescentie toe. Dit komt omdat
de cluster met goud sneller luminesceert dan de zilvercluster, zodat er minder tĳd
is voor de geabsorbeerde energie om verloren te gaan als warmte.

In het derde deel van het proefschrift bestuderen we goudclusters. Deze
clusters zĳn polydispers. Echter is het wel mogelĳk om de gemiddelde grootte
van de clusters aan te passen door de hoeveelheid base tĳdens de synthese te
variëren. Hierdoor kunnen ook clusters met verschillende eigenschappen worden
gemaakt. In Hoofdstuk 5 beschrĳven we hoe deze clusters worden gemaakt
en proberen we hun grootte te bepalen met massaspectrometrie en analytische
ultracentrifugering. Dit is lastiger dan voor de zilverclusters, omdat er meerdere
groottes aanwezig zĳn. We gebruiken daarom ook röntgenspectroscopie. Dit
wordt beschreven in Hoofdstuk 7. Röntgenspectra zĳn soms lastig te analyseren
en interpreteren. Vaak worden daarom ook spectra opgenomen van stoffen
waarvan de samenstelling bekend is. Vergelĳkbare spectra zĳn vaak het gevolg van
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vergelĳkbare structuur of chemische samenstelling. InHoofdstuk 6 bespreken we
daarom ook de röntgenspectra van een vĳftal goudmaterialen. Dit helpt ons om
de röntgenspectra van de clusters beter te begrĳpen. We zien dat er al vroeg in de
synthese een reactie optreedt tussen het goudionen en de liganden. Deze reactie
neemt al een deel van de lading van de ionen weg. Er wordt waarschĳnlĳk een
verbinding gevormd met om en om goudionen en liganden. Bĳ de laatste stap
van de reactie worden de clusters gevormd. Echter, bĳ een hoge concentratie base
vindt de eerste reactie tussen goudionen en liganden niet plaats. In de uiteindelĳke
clusteroplossing is daarom nog een beetje goudzout aanwezig.

Maar waarom?

Het onderzoek in dit proefschrift is fundamenteel, dat wil zeggen dat het wordt
gedaan zonder een directe toepassing. Het doel van de experimenten is niet het
ontwikkelen van een vliegende auto of een nieuwmedicĳn maar het verkrĳgen van
kennis over de eigenschappen van nanoclusters. We doen dit onderzoek omdat
we nieuwsgierig zĳn en nanomaterialen beter willen begrĳpen.

Dat betekent natuurlĳk niet dat het onderzoek verder zinloos is. De nanoclusters
hebben vele mogelĳke toepassingen. Nanodeeltjes van verschillende metalen
worden veel gebruikt als katalysatoren. Dat zĳn stoffen die chemische reacties
sneller en efficiënter te laten verlopen. Van een aantal nanoclusters is de structuur
bekend. Dit kan nuttig zĳn voor het begrip van katalytische processen. Ook
is het aangetoond dat de luminescentie van nanoclusters zeer gevoelig kan zĳn
voor de omgeving. Bĳvoorbeeld neemt de intensiteit van de luminescentie van
onze zilverclusters sterk af in de aanwezigheid van kwik, zelfs bĳ extreem lage
concentraties. Het is daarom mogelĳk de clusterluminescentie te gebruiken om
de hoeveelheid kwik in drinkwater te bepalen. Met de juiste liganden kunnen
nanoclusters ook binden aan kankercellen. De luminescentie van de clusters kan
in de toekomst wellicht worden gebruikt worden om de locatie van tumoren te
bepalen.

Het is natuurlĳk niet zeker dat de clusters die beschreven zĳn in dit proefschrift
geschikt zĳn voor deze toepassingen, of dat deze toepassingen ook echt praktisch
haalbaar zĳn. Wel is het zeker dat er nooit toepassingen voor nanomaterialen
zullen zĳn als niemand eerst nanomaterialen maakt en bestudeert.
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