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Zusammenfassung

Metallophile Wechselwirkungen in abgeschlossenen d!°-Metallzentren spielen eine be-
deutende Rolle bei der Steuerung der photophysikalischen und photochemischen Eigen-
schaften ihrer Komplexe. Diese Komplexe haben ein breites Anwendungsspektrum, das
von lumineszenten Materialien fiir energieeffiziente Optoelektronik und Photokatalysatoren
fiir die solare Energiekonversion bis hin zu Sensoren fiir Umweltiiberwachung und
Bioimaging reicht. Ein detailliertes Verstiandnis ihrer photoinduzierten Strukturdy-
namik ist daher entscheidend fiir die Weiterentwicklung nachhaltiger Materialgestaltung
und die funktionale Optimierung.

Diese Dissertation konzentriert sich auf die Untersuchung metallophiler dinuk-
learer Komplexe. Dies umfasst die detaillierte Synthese und Charakterisierung von
fiinf verschiedenen bimetallischen Komplexen. Unter diesen wurden zwei Gold(I)-
Dimerkomplexe, [Aus(depm)s|(PFg)2 und [Aus(pnnp)s|Cly, im Detail untersucht, wobei
eine Kombination aus stationirer Extended X-ray Absorption Fine Structure (EXAFS),
transienter optischer Absorptionsspektroskopie (TAS) und zeitaufgeloster Weitwinkel-
Rontgenstreuung (WAXS) mit optischer Anregung bei 266 nm zum Einsatz kam, um
eine direkte Korrelation zwischen elektronischer Anregung, struktureller Reorganisa-
tion und Au—-Au-Bindungsldngenénderungen tiber Zeitbereiche von Femtosekunden bis
Pikosekunden zu ermoglichen. Die Experimente wurden an grofiskaligen Synchrotron-
und XFEL-Einrichtungen durchgefiihrt, darunter PETRA III (P64), ESRF (ID09) und
European XFEL (FXE), unter Nutzung hochbrillanter Réntgenquellen. Die Dissertation
beinhaltet den jeweiligen theoretischen Hintergrund sowie den experimentellen Aufbau
dieser Methoden. Diese Studien decken das fundamentale Zusammenspiel zwischen
metallophilen Wechselwirkungen, Ligandenumgebung und Losungsmittelreorganisation
auf, das die strukturelle Entwicklung im angeregten Zustand bestimmt.

Die ultraschnelle Strukturdynamik des Komplexes [Auy(depm)s|(PFg)o zeigt eine
Au Au-Kontraktion von etwa 0,11 A, wohingegen der Komplex [Auy(pnnp)s|Cl,
bei derselben Verzogerungszeit von 100 fs eine grofere Kontraktion von etwa —0,52
A erfihrt. Die Analyse der Streudaten in Losung beriicksichtigte sowohl Solut- als
auch Losungsmittelbeitrage, wiahrend erste Molekulardynamik-(MD)-Simulationen des

Kafigterms eingesetzt wurden, um die experimentellen Ergebnisse zu untermauern.
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Abstract

Metallophilic interactions in closed-shell d'® metal centers play a significant role in
governing the photophysical and photochemical properties of their complexes. These
complexes have formed a wide range of applications, ranging from luminescent materials
for energy-efficient optoelectronics and photocatalysts for solar energy conversion to
sensors for environmental monitoring, and fluorescent markers for microscopy imaging.
The relevant photophysical properties are defined by initial processes right after pho-
toexcitation on the way to formation of the long-lived luminescent excited state. Thus,
a detailed understanding of their photoinduced structural dynamics is crucial, as these
early processes define the relaxation pathways leading to the formation of long-lived
emissive or reactive excited states. Elucidating these dynamics provides fundamental
insights necessary for the rational design and optimization of metallophilic systems with
tailored photophysical performance and enhanced functional stability.

This thesis focuses on the investigation of metallophilic dinuclear complexes. It
includes the detailed description of synthesis and characterization of five different
bimetallic complexes. Among them, two gold(I) dimer complexes, [Aug(depm)s|(PFg)2,
and [Aug(pnnp)s|Cly, were investigated in detail with the combination of steady-state
extended X-ray absorption fine structure (EXAFS), and time-resolved wide-angle X-ray
scattering (WAXS) measurements with optical excitation at 266 and 320 nm to enable
the structural reorganization and Au-Au bond distance change over time ranges spanning
from femtoseconds to picoseconds. Three other metal dimer complexes, [Aus(pnnp)Cly],
[Aga(depm)s|(PFg)e and [Cuy(depm)s|(PFg)e were studied, but only the preliminary
results are included in this thesis.

The experiments were conducted at large-scale synchrotron and XFEL facilities,
including PETRA IIT (P64), ESRF (ID09), and European XFEL (FXE), exploiting high-
brilliance X-ray sources. The thesis includes the respective theoretical background and
experimental setup for these techniques. These studies address the fundamental interplay
between metallophilic interactions, ligand environment, and solvent reorganization
driving the excited-state structural evolution.

This thesis will present the experimental results and analysis of the gold(I) dimer
complexes in the excited state, having Au-Au bond contraction. The ultrafast structural

dynamics of [Aug(dcpm)y|(PFg)2 complex exhibits an Au—-Au contraction of approx-

X1



ABSTRACT

imately -0.11 A whereas [Auy(pnnp),|Cly complex undergoes a larger contraction of
about -0.52 A at the same 100 fs delay. Analysis of the solution-phase scattering data
incorporated both solute and solvent contributions, while initial classical molecular
dynamics (MD) simulations of the solvation shell structure were employed to support

the experimental findings.
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Chapter 1

Introduction

The scientific progress has consistently been motivated by intrinsic curiosity to discover
the principles governing the natural world. A comprehensive understanding of physical,
chemical, and biological processes requires precise knowledge of molecular and atomic
structures, as well as insight into their temporal evolution over time, which illustrates
the structure-function relation principle - namely, that the properties, reactivity, and
behavior of molecular systems are inherently determined by their geometric and elec-
tronic structure. Even subtle structural variations can lead to significant changes in
chemical function, making structural characterization central to modern science. The
discovery of X-rays by Wilhelm Conrad Rontgen in 1895 revolutionized structural
science by enabling the determination of atomic structures through X-ray diffraction
techniques using laboratory-based sources [1]. Over the past few decades, continuous
advancement in X-ray sources has significantly expanded from early sealed tubes to
high-brilliance third- and fourth-generation synchrotron light sources, allowing the
structural investigations in atomic level and resulting to date in no less than 28 Nobel
prizes. Even further pushing the frontiers of temporal resolution, X-ray free-electron
lasers (XFELs) represent the most advanced X-ray sources.

In the 1970s, the observation of notable attractive interactions between two metal
centers in low oxidation states captured significant attention and led to the introduction
of metallophilic interactions, which has since become a distinct and widely studied
phenomenon in coordination chemistry [2,3]. These interactions can be seen in the
bimetallic complexes involving closed-shell d3-d® or d'°-d!® metal centers such as
Au(I), Ag(I), Cu(I), Pt(II), or PA(II) (see details in Section 1.2). Among these, the
metallophilic interactions in Au(I), Ag(I), and Cu(I) complexes have been widely
studied for their significant contributions to catalysis, sensing, photophysical properties,
molecular recognition, and materials chemistry [4,5]. Additionally, these bimetallic
complexes are used in optoelectronic devices and photonic materials and have shown
remarkable responsiveness to external stimuli such as light, heat, or solvent polarity.

Such stimuli-responsive bimetallic complexes serve as efficient probes to study the



dynamic nature of metal-metal interactions upon excitation and provide insights into
excited-state structural dynamics. Understanding these ultrafast transformations is
essential to design the functional molecular systems with tailored excited-state behavior.

In this context, synchrotron radiation facilities offer high flux and tunability across
a wide photon energy window (0.1-100 keV), while XFELs additionally generate
extremely intense and coherent femtosecond X-ray pulses (10-100 fs) via the self-
amplified spontaneous emission (SASE) mechanism. Techniques such as laser slicing at
synchrotrons despite the limited flux, further extend their utility to sub-picosecond time
regimes, bridging the gap between conventional laser-based spectroscopy and ultrafast
X-ray methodologies [6]. In 1999, Ahmed H. Zewail was awarded the Nobel Prize
in Chemistry for his groundbreaking contributions to the field of chemical reaction
dynamics using femtosecond time-resolved spectroscopy, which opened a new field called
Femtochemistry [7]. The combination of laser excitation with ultrafast X-ray probe
introduced new possibilities, making these ideal for time-resolved studies of electronically
excited states, enabling direct observation of elementary chemical processes, such as bond
breaking and formation, ultrafast electron transfer, and photoinduced isomerization on
their intrinsic time scales in solution. Figure 1.1 illustrates the landscape of various

X-ray and optical sources across the electromagnetic spectrum.

e _ XFELs
Laser-slicing Synchrotrons
Lasers
Attoseconds Femtoseconds Picoseconds Nanoseconds Microseconds Milliseconds
108 s 1015 s 1012 s 10°s 10%s 103 s
electron motion motion of nuclei rotation of molecules electronic relaxation large scale protein protein folding
core-hole lifetimes  molecular vibrations molecular librations fluorescence motion chemical kinetics
optical phonons vibrational dephasing thermal effects phosphorescence
molecular bond formation
De-phasing || Hot Carrier Relaxation | | Lattice Relaxation |
Non-thermal Carrier Trapping /
Distribution Recombination

Figure 1.1: Time scales of various electronic and structural dynamics which occur
during a chemical reaction and the available X-ray sources that can be used to access
the different time scales.

The scope of this thesis is to investigate the evolution of the structural degrees of
freedom in metal dimer systems after photoexcitation, and the structural dynamics
by means of ultrafast X-ray techniques. In order to observe the ultrafast molecular
dynamics of the metallophilic complexes, the experimental investigation has been
carried out using X-ray absorption and time-resolved X-ray scattering techniques. The
experimental results of these techniques are included and explained in this thesis. In
the following sections, the conceptual background of the metallophilic interactions,

objective of the thesis and the thesis outline are provided.



Photochemistry of stimuli-responsive bimetallic complexes

1.1 Photochemistry of stimuli-responsive bimetallic

complexes

Stimuli-responsive bimetallic complexes have emerged as a versatile class of compounds,
making them highly attractive for broad applications across catalysis, materials science,
photochemistry, and biological systems. In this context, “stimuli-responsive” denotes
complexes whose structural or electronic properties undergo well-defined changes upon
application of external stimuli such as light irradiation, thermal perturbation, redox
activation, or solvent polarity variations. These controlled responses provide an effective
handle to tune their reactivity, excited-state dynamics, and functional output. In
catalysis, bimetallic systems often exhibit synergistic effects between the two metal
centers, leading to enhanced reactivity and selectivity [8]. Similarly, in materials
chemistry, such complexes are being exploited in the design of optoelectronic devices,
photoswitchable materials, and molecular machines [9,10]. From a biological perspective,
photoresponsive metal complexes serve as models for metalloenzymes and are under
active investigation for light-activated therapeutic agents and imaging probes [11,12].
The intrinsic photophysical and photochemical activities of these complexes are governed
by metallophilic interactions, particularly for the formation of a new metal-metal
bond or formation of the relevant excited state, delocalization of electron density and
redistribution of vibrational energy.

The stimuli-responsive bimetallic complexes consist of two central metal ions, each
bonded with one or more ligands or anions. The molecular orbital (MO) diagram
provides a fundamental framework for understanding the electronic excited states of
metal complexes and relevant electronic transitions after the photoexcitation [13,14].
Figure 1.2 illustrates the MO diagram with relevant electronic transitions for a bimetallic
complex. After the absorption of visible light, an electron may be promoted from/to
orbitals localized on the metal or the ligands. These electronic transitions in the regime

of visible light can be defined as the following pathways:

e MC: Metal Centered transitions where the electronic transitions occur between
orbitals located mainly on the metal center in both the ground and excited states

(e.g. transitions between the e, and ty, orbitals).

e LC: Ligand Centered transitions where the electronic transitions happen between
orbitals located mainly on the ligand parts. There is no significant net movement
of electron density from one part of the ligand to another. (e.g. transitions

between the 7 and 7* orbitals, or between n and 7* orbitals).

e MLCT: Metal-to-Ligand-Charge-Transfer transitions where the electronic transi-

tions occur from orbitals located mainly on the metal center to orbitals located



Photochemistry of stimuli-responsive bimetallic complexes

mainly on the ligand part (e.g. transitions between the to, and 7* orbitals).

e LMCT: Ligand-to-Metal-Charge-Transfer transitions where the electronic transi-
tions take place from orbitals located mainly on the ligand part to orbitals located
mainly on the metal center (e.g. transitions between the 7 and ¢y, or between the

7 and e, orbitals).

e [LCT: Intraligand Charge Transfer transitions refer to a photoinduced electron
transfer within the same ligand, from a donor moiety (an electron-rich group like
amine or thiolate) to an acceptor moiety (electron-deficient groups like pyridinium,
nitro, or carbonyl); usually from a 7 (donor) to 7* (acceptor) orbital. This results
in partial charge separation within the ligand itself. Such transitions are sensitive

to ligand structure and solvent polarity.

e LMMCT: Ligand-to-Metal-Metal Charge Transfer transitions occur when a pho-
toinduced electron transfers from a ligand orbital (a non-bonding or 7 orbital)
to a metal-metal bonding orbital in a bimetallic or polymetallic complex. This
transition can influence metal-metal bond strength, potentially leading to bond

contraction or formation in the excited state.

0" MOs (mostly at metal) ——o— I igand-to-Metal-Metal

& MOs (mostly at ligands) Charge Transfer (LMMCT)

Metal-to-ligand charge
transfer (MLCT)

e, MOs (mostly at metal) T
d-d transitions

t,, MOs (mostly at metal) -

n MOs (mostly at ligands) -

Ligand-to-metal charge
transfer (LMCT)

6 MOs (mostly at ligands)

Figure 1.2: Different electronic transition within the metal complexes. The energy
levels are denoted, based on the main orbital contributor and the assignment of the
names are based on charge transfer character. The color coordinated arrows represent
the particular transitions in the respective color.

The first four transitions are governed by the nature and energy alignment of the

metal d-orbitals and ligand 7 or 7* orbitals. In bimetallic complexes, the presence of
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a metal-metal bonding or antibonding orbital further complicates the excited-state
landscape, allowing for unique pathways (last two type transitions) involving transient
bond strengthening or contraction, which are often observable via time-resolved X-
ray spectroscopic or scattering techniques. This motivates the purpose of the thesis
and influence the experimental characterization and analysis of the complexes under

investigation.
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Figure 1.3: Jablonski diagram showing relaxation of an exited state through fluorescence,
phosphorescence and vibrational relaxation.

The electronic transition of these bimetallic complexes are triggered upon pho-
toexcitation and undergo vertical excitation to a higher electronic state according to
the Franck—Condon principle [15]. This Franck—Condon excited state often does not
represent the relaxed minimum-energy configuration on the excited-state potential
energy surface [16]. If the transition to the Franck-Condon region results in a high
vibrational energy level of the excited state, then it relaxes to the lowest vibrational state
of that particular excited state through non-radiative deactivation. These transitions
and relaxation pathways can be presented by the Jablonski diagram as illustrated in
Figure 1.3. The electronic transitions in the system can happen from the ground state
to many vibrational levels of an excited electronic state which result in broad bands in
the ultraviolet-visible (UV-vis) spectrum.

The excited state of the system can return to the ground state via two principal
pathways: (i) non-radiative decay or (ii) radiative decay (luminescence). In case
of non-radiative decay, the electronic energy is dissipated as heat through internal
conversion (IC) and vibrational relaxation to the surrounding environment. As both of

the processes occur concurrently, the radiative decay must compete with non-radiative
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decay, and the efficiency of light emission is highly dependent on the relative rates of these
processes. Luminescence is broadly categorized into fluorescence and phosphorescence,
distinguished by their spin multiplicities and decay timescales. Fluorescence arises
from radiative decay between excited and ground states of the same spin multiplicity
(singlet-singlet transitions) [17]. It is a spin-allowed process and therefore occurs
rapidly, with lifetimes in the range of nanoseconds. In contrast, phosphorescence
involves radiative decay from an excited state with a different spin multiplicity than the
ground state (triplet to singlet), making it a spin-forbidden process. The mechanism
of phosphorescence typically involves an initial intersystem crossing (ISC), where
the molecule undergoes a non-radiative transition from the initially excited singlet
state to a lower-energy triplet state. This triplet state then acts as a metastable
reservoir, from which radiative decay to the ground state can occur. Though spin-
forbidden, phosphorescence becomes partially allowed in the presence of spin—orbit
coupling, especially in heavy-metal complexes, which enhances both intersystem crossing
and radiative triplet-to-singlet decay by relaxing spin-selection rules. As a result,
phosphorescence is a common relaxation process in heavy-metal complexes, although
it is still significantly slower than fluorescence and can persist from microseconds to
milliseconds or longer, depending on the system and environment. Together, these
pathways govern the electronic and structural evolution of the complex and determine the
nature and lifetime of the photoexcited state thus strongly affecting the photophysical
properties.

In this present work, we employ these principles to study metal complexes in solution
and particularly focus on the ultrafast processes occurring on the fs-ps timescales. We use
laser pump and X-ray probe methods to specifically address the relevant electronic and
structural dynamics. In the following sections, detailed description of the metallophilic

interactions are introduced followed by the objectives of this thesis.

1.2 Metallophilicity

The metallophilicity denotes the non-covalent attractive interactions between closed-
shell metal centers, predominantly observed in complexes containing d®-d'° transition
metals or f1* lanthanides metal complexes [18]. These attractive interactions occur
despite being closed-shell configuration, which theoretically should lead to repulsion
according to the Pauli exclusion principle and electrostatic interaction. However, as
commonly recognized this metallophilic attraction originates from a combination of
relativistic effects, dispersion forces, and weak covalent or electrostatic interactions
between the metal centers [19]. The strength of these resultant metal---metal interactions

is characterized by interaction energies typically ranging from 5 - 20 kJ/mol, which is
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comparable to the hydrogen bonding [20].
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Figure 1.4: Representation of metallophilic interaction in ligand-supported bi-metallic
complexes.

The term "metallophilicity" was first introduced in 1994, receiving wide recognition
within the coordination chemistry community and rapidly becoming the focus of ded-
icated research efforts |21]. Thereafter, the concept has been significantly expanded
and explored to the studies of the nature, origin, and implications of metallophilic
interactions in various molecular systems and materials. Most of the in-depth inves-
tigations address various manifestations of metallophilicity, including both intra- and
intermolecular interactions. However, the area of metallophilic interactions has evolved
to include both homometallophilic (e.g., Au(I)---Au(I), Ag(I)---Ag(I) - see Section 1.3)
and heterometallophilic (e.g., Au(I)---Pt(II), Au(I)---Ag(I) - see Section 1.4) interactions,
broadening the conceptual framework and opening up a wide range of chemical systems
to explore the interaction [22]. Further description of metallophilic interaction are
included in the following sections.

Metallophilicity is widely recognized as a key driving force for the self-assembly of
transition metal centers, which facilitate the formation of well-defined supramolecular
architectures with d!*—d!® or d®-d® electronic configuration. Such supramolecular
architectures include aggregates and host-guest systems, formation of nanoparticles and
clusters [23]. These self-assembled metallosupramolecular systems have found diverse
applications which can be introduced by the modified chemical and physical properties
that arise from the metallophilic interactions.

Owing to the remarkable photophysical and photochemical characteristics, metal-
lophilic complexes are increasingly in demand for advanced functional materials. Their
tunable electronic, and structural properties make them highly attractive for applica-
tions in advanced functional materials and highly photoluminescent systems, including
organic semiconductors, biosensors, organic light-emitting diodes (OLEDs) [24, 25|, and
homogeneous photocatalytic systems [26]. The diverse applications of these complexes
have sparked significant interest in further investigating the fundamental origin of met-

allophilic interactions, including detailed insights into electronic redistribution processes
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in the higher excited states upon photoexcitation.

The origin of metallophilicity has been the subject of ongoing discussion, regarding
the relative importance of different contributing factors, particularly the contributions
to the hybridization of spd atomic orbitals of the metal ions into the molecular orbitals
of a metallophilic complex and the extent of relativistic effects. The metallophilic
interactions have been extensively studied and fully supported by structural evidence
obtained through the single-crystal X-ray crystallography [27,28], complemented by
various spectroscopic techniques including NMR, UV-Vis absorption [29], emission and
Raman spectroscopy [30,31], along with computational studies [32-35]. However, a
comprehensive understanding of their nature is still evolving. The structural stud-
ies using the single-crystal X-ray diffraction indicate the short metal-metal (M---M’,
where M'= M or M’) distances that fall below the sum of the van der Waals radii,
suggesting attractive interactions between the metal centers, illustrated in Figure 1.4.
In contrast, several theoretical investigations, including density functional theory (DFT)
and high-level coupled-cluster singles and doubles with perturbative triples [CCSD(T)]
computations, indicate that at such short separations, closed-shell M---M’ interactions
are inherently repulsive, due to the strong Pauli repulsion between the filled metal
orbitals [26].

Relativistic effects become increasingly significant for heavier elements and facilitate
the (n + 1)s—nd and (n + 1)p—nd orbital hybridization in the metal centers. These in-
teractions influence the overall balance of repulsive and attractive forces in metallophilic
systems. Specifically, (n + 1)s—nd hybridization enhances M---M’ Pauli repulsion and
repulsive M---M’ orbital interaction, leading to destabilization of the orbital overlap. In
contrast, (n + 1)p—nd hybridization weakens the Pauli repulsion, favoring the shorter
M---M’ distances. This hybridization model has been used to rationalize the contra-
dictory experimental observation that the intermolecular or intramolecular Ag---Ag
distances are often shorter than the Au---Au distances, due to the intrinsically weaker
Pauli repulsion in the Ag---Ag systems. Additionally, the role of connecting ligands is
critical in modulating the M---M’ interactions [26]. Despite the presence of ligand-ligand
(L---L’) Pauli repulsion, the linear coordination geometry of d'® metal complexes are
effectively stabilized and promotes attractive dispersion forces between ligands, while
maintaining overall structural stabilization. This cooperative interactions lead to a
shorter M---M’ distances than the sum of the van der Waals radius (ryqy) of the metal
centers, despite the absence of direct covalent bonding.

This thesis investigates the fundamental origin and nature of metallophilic interac-
tions, with a particular focus on providing experimental evidence for their existence in
the solution phase of various closed-shell metal complexes. Unlike in the solid state,
where crystal packing forces and 7-7 stacking can significantly obscure or artificially

enhance metal-metal contacts, the solution or gas phase offers a more intrinsic view
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of metallophilicity, free from such structural artifacts. In addition to establishing the
presence of these interactions under solvated conditions, this work aims to elucidate
how organic ligand frameworks, covalently coordinated to the metal centers, influence

the strength and geometry of metallophilic interactions.

1.3 Homo-metallophilicity

The non-covalent attractive metal-metal interactions between the closed-shell same
metal centers are known as homo-metallophilicity, illustrated in Figure 1.5 [18]. These
interactions are observed extensively in closed-shell d1%-d'° (such as Au(I)-Au(I), Ag(I)-
Ag(I), Cu(I)-Cu(T), Pd(0)-Pd(0) and d®-d® (Rh(I)-Rh(I), Ir(I)-Ir(I), Pt(IT)-Pt(II), and
Pd(II)-Pd(II)) electronically configured transition metal complexes [36,37|. Structural
evidence for homo-metallophilicity is predominantly obtained from single-crystal X-ray
diffraction and solution phase EXAFS studies, where close metal-metal distances are

consistently observed [38].
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Figure 1.5: Formation of homo-metallophilic interaction in bi-metallic complexes with
closed-shell d'%-d!'% or d®-d® electronic configuration

These specific metal-metal interactions influence the conformation, configuration,
the stoichiometry of molecular species, and unusual aggregation modes in the condensed
phase. Thus these inter- and intra-molecular interactions can co-determine the molecular
and crystal structures of both neutral and ionic species, ultimately impacting the physical
and chemical properties of the overall system. The optical, electronic, and mechanical
properties of the bi-metallic complexes are influenced by these interactions which
indicates their critical role in the design of luminescent complexes, metallosupramolecular
assemblies, and coordination polymers [20,36]. The tunability of these properties by
ligand environment, temperature, and solvent polarity makes homometallophilic systems
highly attractive for applications in OLEDs, photocatalysis, and biosensing [39].

A striking example of ultrafast excited-state bond dynamics is the photoinduced Pt—
Pt bond contraction observed in tetrakis-y-pyrophosphitodiplatinate(IT) (Pty(P2OsHy),4,

PtPOP) in solution. Time-resolved X-ray scattering measurements in 100 ps to 1 us
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timescale on such systems have revealed a significant shortening (approximately 0.24
A) of the Pt-Pt distance upon optical excitation in solution, indicative of the formation
of a metal-metal bond in the excited state [40,41]. Complementary femtosecond WAXS
experiments have further demonstrated that this Pt—Pt bond formation begins within a
few hundred femtoseconds, capturing the earliest structural rearrangements and under-
scoring the promptness of metallophilic bonding in the excited state [41]. Additionally,
the investigation of ground- and excited-state structures of the bimetallic, ligand-bridged
[Iry(dimen)4)*" complex in acetonitrile reveal a bond shortening of approximately 1.4
A in both singlet and triplet excited states. These structural contractions serve as
direct evidence of the formation of metal-metal bonds in excited states and challenge
traditional views that such dimers are weakly bound in solution [42].

The current thesis work mostly focused on the homometallophilic interactions in
closed shell d'%-d' Au(I)-Au(I), Ag(I)-Ag(I), and Cu(I)-Cu(I) complexes. Further

specific details of these interactions are described in the respective sections.

1.3.1 Aurophilicity

In early 1970, strong evidence for significant attractive interactions between two linearly
coordinated gold atoms were accumulated in the structural chemistry of molecular
gold compounds [20]. Alongside the well-known lustre and “noble character”, related
to the extreme electrochemical potential, gold (Au) emerge in specific metal-metal
interactions with its most common cationic (41) oxidation state and closed-shell
electronic configuration (5d'°) [18|. Such interaction was first named as ’aurophilicity’,
‘aurophilic interaction’ or ’aurophilic bonding’ in 1988 [43,44|. These terms came from
the combination of ’aurum’ (Latin for gold, used as symbol of element) and ’philein’

(Greek for ’distinct preference’ or ’affinity’ or love).
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Figure 1.6: Schematic representation with variation of ligand supported and unsupported
intramolecular aurophilic interactions.

To favor the aurophilic interaction, low coordination number is an important pre-

requisite, which minimizes the steric repulsions between ligands associated with the
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Au atoms. Consequently, such attractive interactions are rarely observed in complexes
with a coordination number more than two, although there are exceptions [45]. In our

current investigation of aurophilic interaction is with coordination number of two.
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Figure 1.7: Schematic representation with variation of extended ligand supported and
unsupported intermolecular aurophilic interactions.

Additionally, these aurophilic interactions generally occur at Au---Au distances
shorter than the sum of van der Waals radii (~ 3.32 A). This can be broadly categorized
based on the degree of structural support offered by the ligands. The ligand-supported
aurophilic interactions arise when the two Au(I) centers stay in close proximity by
one or more bridging ligands, which contribute entropically to the stabilization of the
Au---Au contact, as the pre-organization imposed by the bridging ligand reduces the
conformational degrees of freedom. Figures 1.6 and 1.7 illustrate the organization of
Au atoms by one (semi-supported) or two (fully supported) bridging ligands, adapted
from [2]. In semi-supported systems a single difunctional ligand connects the two Au
atoms and leaves one coordination site on each Au, occupied by a spectator donor.
In case of fully-supported systems, both donors belong to the same bidentate or
macrocyclic fragment, further shortening the contact and leading to helically twisted or
macrocyclic architectures. Such interactions are generally intramolecular in nature. In
rarer geometries with higher coordination numbers (3), three ligands may cooperatively
enhance these interactions.

In contrast, unsupported aurophilic interactions are typically observed in supramolec-
ular assemblies or solid-state structures without any direct bridging ligand between the
interacting Au(I) centers. These interactions arise solely due to favorable relativistic
dispersion forces and crystal packing effects. Such interactions are often intermolecular
and more sensitive to solvent, temperature, or counter-ions. Consequently in these
systems, the Au---Au distance is usually slightly longer. Irrespective of supported or
unsupported by the ligands, the aurophilicity remains a defining structural interaction

in the coordination chemistry of gold(I) complexes [2].

11



Aurophilicity

Au
| | )
. “‘\
5'\/‘.* ,'t

Figure 1.8: Molecular structures of the [Auy(depm)s|(PFg)s complex. Left: Schematic
representation of [Auy(depm)s]*™. Right: Molecular view of [Auy(depm),]*t with color
coordination of different elements.

For instance, the [Auy(depm)s](PFg)s (depm = bis(dicyclohexylphosphino)met-
hane) complex with two fully-supported chelating bisphosphine ligands exhibit strong in-
tramolecular aurophilic interactions. Figure 1.8 represents the bimetallic [Auy(depm)o]*,
which maintain the constrained Au---Au distance of ca. 2.9 A favoring the aurophilic
attraction. Each Au(I) center adopts a linear coordination geometry with the adjacent
P centers (P-Au-P), stabilized by those bidentate dcpm ligands, which serve both as
sterically bulky and electronically tunable phosphine donors. Due to the rigid nature of
the depm ligand, two Au(I) centers stay with a constrained Au---Au distance, shorter
than the sum of van der Waals radii (~ 3.32 A), indicating the closed-shell aurophilic
interaction.

The aurophilic interaction of [Auy(depm)q|(PFg)2 was first introduced in the 1980s
by Schmidbaur and co-workers during their systematic investigation of phosphine-
stabilized gold complexes [46]. After that, the intramolecular Au---Au interactions in
[Aus(depm)s|(PFg)s complex attracted great scientific interest and was investigated
further in various aspects including high-resolution crystallography and low-temperature
photoluminescence in the 1990s and early 2000s. The crystallographic analysis revealed
an Au--Au distance of ~ 2.92 A in the solid state, significantly below the van der Waals
threshold [47,48]. Supplementary investigation in combination with computational
studies and relativistic effects, lead to the formulation of aurophilicity as a non-covalent
force, driven by dispersion and relativistic orbital contraction in Au(I) centers [20].

The photophysical properties of these complexes have been extensively investigated,
where ab initio study of the analogous binuclear complex, [Aug(dpm)2]2+, revealed
significant red-shifted phosphorescence [49]. The calculated triplet-state emission,

3[Au(do*) — Au(po)], occurs at approximately ~ 557 nm in acetonitrile, closely match-
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ing the experimental emission at ~ 575nm observed in the analogous [Aug(dppm)s]**

complex. This study also predicts the influence of acetonitrile solvent molecules on the
excited state of the complex. These findings indicate that enhanced aurophilicity in the
excited state is the key driver of both strong luminescence and spectral tuning in such
binuclear Au(I) systems.

Recent time-resolved transient absorption (TRTA) and time-resolved emission (TRE)
spectroscopic studies, have shown the formation of the intrinsic excimer within 0.15 ps
in the triplet state (*[5do*6po]) of [Aug(depm)s](ClOy4), complex without any solvent
or phase intervention [50]. The excited triplet state decays to the ground state with
a lifetime of ~ 4.3 us. In acetonitrile solution of [Aus(dcpm)s](ClOy4)s complex, rapid
formation of an exciplex occurs with a time constant of ~ 4.5 ps, via coordination of
solvent molecules which increases the coordination number (more than 2) of the activated
Au(I). In contrast, the solution of [Aus(dcpm)s](ClOy4)s complex in dichloromethane,
the relaxation pathway changes significantly. Here the initial triplet excited state
undergoes a transformation into a phosphorescent triplet intermediate state within ~
510 ps, likely via C-X bond cleavage [50].

Regardless of the indication of the reduction of the Au---Au distance in the excited
state, the timescales and structural dynamics through exciplex formation are still absent
from current literature [51]. Additionally this study shows that the 3[5do*6po]| state
is viable and highly reactive, which proves this complex as a powerful reagent for
photochemical reactions, making a representative example for further systematic studies
on the structural dynamics of di-nuclear Au(I) complexes.

A further recent investigation using mass spectroscopy, supported by UV photodis-
sociation spectroscopy, resulted an intriguing order of electronic transitions in gas phase
for [MM'(dcpm)s](PFg)s complexes, where M, M" = Au(I), Ag(I), Cu(I), refer to the
heterometallophilic interaction in Section 1.4. According to this study, the trend of
lowest bright electronic transition follows the order: Cuy < CuAu < CuAg < Auy, <
AgAu < Ag,, correlating with the strength of metallophilic interactions [52]. Additional
quantum chemical GW-BSE (GW-Bethe—Salpeter-equation) calculations confirm the
strengthening of the metal-metal bond in the excited state, predominantly influenced
by metal-centered '"MC(do*-po) excitations. Furthermore, the variation of metal-metal
bond distances in these complexes reveals that the increasing role of relativistic (n+1)s
orbitals in Au, influences the degree of nd—(n+1)s/p orbital hybridization. This effect
can play a central role in tuning metallophilicity and its photophysical properties.
These comparative studies reveal that Au---Au interactions are significantly stronger
and more luminescent than the Ag---Ag and Cu---Cu analogs which display weaker or
even repulsive behavior in some coordination environments due to reduced relativistic
contributions. Hence, this increases the interest to understand more of the structural

restraint (via ligands) and electronic structure for tuning and designing strong aurophilic
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interactions.

In this thesis work, the [Auy(dcpm)s](PFg)2 complex (in Figure 1.8) was selected
not only for its rigid, ligand-enforced bimetallic framework that maintains close Au---Au
proximity, but more importantly, for its capacity to exhibit pronounced Au—Au interac-
tion enhancement upon photoexcitation. To compliment the recent studies, it is crucial
to include the time-resolved scattering data for this complex in solution phase, which
will provide direct structural sensitivity to transient molecular rearrangement in the
excited states.

However with increased number of ligand connecting the two gold ions, the molecular
structure becomes more flexible thus the possibility of forming Au-Au interaction
increases and the chances of forming steric hindrance decreases. In spite of the presence
of the large phenyl ring R at the central nitrogen atoms, the mode of aurophilic bonding is
strongly modified with significant changes. In addition to the hydrogen bonding between
carboxylic and phenolic groups bonded with the aryl group R in the diphosphine ligand
supported dinuclear gold(I) complexes (AuCl)o{P,PCsH,N(CH,PPh,)2(CO.H)(OH)},
the aurophilic interaction is remarkably demonstrated in all the six isomers [53]. The
Au- - - Au separation in the ground state decreases from 6.179 A to 3.0722 A in these
linear gold(I) complexes indicating the increase of the aurophilicity within this series.
Another study shows that the interaction energy decreases by 27% for the perpendicular
phosphine molecule, [(XML),|, by omitting the relativistic effects at fixed geometry,
while varying the halogen (X = F, H, Cl, Me, Br, -C=CH, I), phosphine (L. = PHj,
PMez, -N=CH), and metal (M = Cu, Ag, Au) centers. The extent of the interaction
potential increases with the softness of the halogen group at the gold center and can be
seen strongest in the [(CIAuPHs)s| configuration [32].

As the previously chosen [Auy(depm)s|(PFg)o complex has conformational rigidity
for the strong chelating bidentate depm ligand, the Au(I) centers stay effectively in
close proximity and facilitate the aurophilic interactions. However, to gain deeper
insights into the structural and electronic factors governing aurophilicity, particularly
the influence of ligand flexibility and electron density redistribution, it is essential to
alter the ligand environment surrounding the Au(I) centers. In this context, the pnnp -
ligand based complexes [Aug(pnnp),|Cly and its mono-bridged analogue [Aus (pnnp)Cly],
were investigated in this thesis as structurally distinct systems for comparative analysis
of aurophilic behavior. These stimuli-responsive complexes can show photoluminescence
in both solid and solution phases due to their modulation of aurophilic interactions [54|.

In [Auy(pnnp)s]Cly complex, the Au(I) centers coordinate with the cyclic bidentate
ligand 1,5-bis(p-tolyl)-3,7- bis(pyridine-2-yl)-1,5-diaza-3,7-diphosphacyclooctane (pnnp).
This ligand significantly alters the electronic environment with the presence of nitrogen
and phosphorus atoms within a cyclic ring and involving the electron rich aromatic rings

within the framework. These factors modify the electron densities around the Au(I)
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centers and provide unique ligand flexibility that significantly influences metal-metal
interactions and allow for much larger changes of the Au-Au distance upon transition

to the excited states as compare to the [Auy(depm)s|(PFg)s complex described above.
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Figure 1.9: Molecular structures of the [Aug(pnnp)s|Cly complex. Left: Schematic
representation of [Auy(pnnp)s]Cly. Right: Molecular view of [Auy(pnnp)s]*t with color
coordination of different elements.

The [Aug(pnnp)s]Cly complex was initially synthesized and structurally characterized
in 2014, highlighting the water solubility and modular coordination framework as a basis
for supramolecular design [55]. The molecular structure of the complex is illustrated
in Figure 1.9. The X-ray crystallography revealed a relatively short Au---Au distance,
indicating an intramolecular aurophilic interaction stabilized by the spatial arrangement
imposed by the macrocyclic pnnp ligand.

The follow-up studies by the same group in 2016 explored the photophysical prop-
erties of [Auy(pnnp)s|Cly complex in greater details [56]. This study exhibit solvent-
responsive luminescence, where the emission properties could be modified by non-
covalent interactions with small organic molecules. The results indicate that the
pnnp ligand offers geometric support for enhanced aurophilicity and permits dynamic
structural adaptability, which identify this complex as a potential luminescent source.
This confirms the critical role of the Au---Au interactions in excited-state and fur-
ther underscored the relevance of aurophilicity in molecular recognition and sensing
applications.

In structurally simpler [Auy(pnnp)Cly| complex, the Au(I) centers coordinate with
the cyclic pnnp ligand from one side and the other site was fulfilled by ionic bonding

with the chloride (C17) ion. The molecular structure of the complex is illustrated in
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Figure 1.10, adapted from [57|. The study of this complex offered valuable information
regarding ligand and solvent-induced symmetry forming, coordination flexibility, and
the resulting impact on Au---Au proximity [57]. This also includes the isolation of
geometric and electronic contributions to aurophilic behavior by systematically reducing

the degree of ligand support.
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Figure 1.10: Single crystal molecular structures of the gold dimer in DMSO and
acetonitrile.

In the solution phase, the [Aug(pnnp)Cly] complex exhibits dynamic “host-guest”
interactions with solvent molecules. Depending on the solvent polarity and the presence
of hydrogen-bond acceptor atoms, the solvent molecules can bind either from the "upper"
side near the AuCl moieties or from the "lower" face, or from both sides (refer to the
Figure 1.10). Such coordination variability has been shown to significantly influence the
photophysical properties of the complex. The striking differences in the luminescence
efficiency and spectral shapes were also reported for acetonitrile, dimethyl sulfoxide
(DMSO), and dichloromethane (DCM) solvent. These solvent-dependent variations
directly modulate the degree of aurophilic interaction in the triplet excited state.

In acetonitrile and DCM solvent, the complex exhibits more asymmetric and loosely
binding to the “lower” side, which allows the nitrogen lone pairs of the pyridyl moieties to
adopt anti,anti-conformations and oriented away from the Au centers. As a result, the
Au---Au distance remains nearly unchanged upon photoexcitation, and the formation
of a stabilized aurophilic interaction in the excited state is effectively suppressed. In
contrast, for DMSO solvent, the pyridyl moieties of the complex are forced to syn,syn—

conformation in the ground state and upon excitation to the triplet state induces
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significant structural reorganization. This includes the emergence of a strong aurophilic
interaction, evidenced by a contraction of the Au---Au distance from approximately 3.6
A in the ground state to 2.9 A in the triplet state, accompanied by ~90° rotation of
the pyridyl units around the P-C bonds.

This proposed structure—function relationship mediated by “host—guest” interactions
remains conceptually well supported, but direct experimental evidence linking solvent-
induced structural changes to excited-state aurophilicity is still lacking [58]. For this
reason, a comparative experimental evaluation of these complexes could suggest the
effect of number and orientation of bridging ligands on the aurophilic interaction.

In the context of this thesis work, both [Auy(pnnp)s]Cly and [Aug(pnnp)Cly] com-
plexes fit as model systems to understand how ligand topology and flexibility govern

aurophilic interaction in solution.

1.3.2 Argentophilicity

In 1984, half a dozen structures with close Ag---Ag contacts had been observed, propos-
ing ’some metal-metal interaction’ or 'non-bonding contacts’ in 'Structural Inorganic
Chemistry’ book [59]. Later this interaction was named as ’argentophilicity’, 'argen-
tophilic interactions’, or ’argentophilic bonding’, using the Latin word ’argentum’ [60].
This refers to of weak, attractive interactions between closed-shell d'® Ag(T) centers,
which are typically observed in d'%-d!'° binuclear or polynuclear silver complexes.

The argentophilic interaction is largely attributed to relativistic effects and dispersion-
type electron correlation, which allow for the overlap of diffuse 5s/5p orbitals and enable
attractive interactions at distances shorter than the sum of van der Waals radii of
silver atoms (~3.44 A ). Similar to aurophilicity, the argentophilic interactions can be
intermolecular, observed with single and multiple unsupported ligands, bonded between
independent mono- or polynuclear units. The intramolecular argentophilic interactions
are found with supported ligands in di- or polynuclear units [60]. Despite the weak
nature of these interactions, it has been shown to significantly impact the geometry,
electronic structure, and photophysical properties of silver complexes.

A variety of structurally characterized binuclear Ag(I) complexes demonstrate ar-
gentophilic interactions. For instance, the investigation of aliphatic phosphine ligands
- supported binuclear silver(I) complexes were conducted and the analysis supported
the theoretical calculations, indicating significant d'°-d!° overlap. The series of bin-
uclear silver(I) complexes reveal argentophilic contacts with Ag:--Ag distances of ~
2.8892 — 3.095 A [30]. The UV-vis absorption spectra of these complexes indicate the
4do* —bpo transitions from Ag(I)---Ag(I) interactions. Moreover, time-resolved studies
have provided evidence for structural changes upon photoexcitation that involve the

transient strengthening or weakening of argentophilic interactions with high photolu-
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minescence property, further illustrating the dynamic nature of these interactions in

excited states [61].
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Figure 1.11: Schematic representation of the [Ags(dcpm)s|(PFg)2 complex.
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Among all the well-known binuclear Ag(I) complexes demonstrating argentophilicity,
the [Aga(depm)s|(PFg)2 complex stands out due to its well-defined rigid structure and
strong argentophilic character. This complex has nearly linear Ag-P—Ag coordination
and a short Ag---Ag distance of approximately 2.89 A. Figure 1.11 illustrates the
schematic structure of this complex. The PF2t counter-ions ensure charge neutrality
for overall complex, allowing clear structural insights via single-crystal X-ray diffraction.
The UV-vis absorption band at 261 nm of [Agy(dcpm)s|(PFg)o indicates the 4de* —5po
transitions from Ag(I)---Ag(I) interactions. This complex exhibits photoluminescence in
the solid state at room temperature.

A follow-up investigation resulted on unraveling the photophysical behavior of
[Ago(depm)s|(PFg)2 complex using advanced time-resolved spectroscopy. This study
provides critical insight into the excited-state dynamics, emphasizing the role of argen-
tophilic interactions in ultrafast relaxation processes. Using pump—probe fragmentation
action spectroscopy, the study indicated that upon UV photoexcitation, the complex
undergoes a rapid structural reorganization within 0.6/6 ps, associated with significant
changes in the Ag---Ag distance [61]. This initial relaxation is followed by slower vibra-
tional cooling on the picosecond timescale (100 ps). The comparative gas-phase and
solution-phase studies show the crucial role of solvation in modulating the extent and
timescale of the Ag---Ag rearrangement. These findings underline the dynamic character
of argentophilicity and its direct involvement in the photophysics of coinage-metal
complexes.

The significance of argentophilic interactions in the [Agy(depm)s|(PFg)o complex ex-
tends beyond structural and spectroscopic aspects, serving as a fundamental model to ex-
plore non-covalent Ag(I)---Ag(I) interactions. In this PhD thesis, the [Ago(depm)so|(PFe)2
complex was included to perform the comparative study of the [MM’'(dcpm),](PFg)o
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complexes, where M, M" = Au(I), Ag(I), Cu(I). Further investigation and experimental

details are explained in the following chapters.

1.3.3 Cuprophilicity

The attractive metal-metal interactions of closed-shell d'° copper(I) centers is known as
cuprophilic interactions or cuprophilicity, similar to its heavier congeners aurophilicity
and argentophilicity. The cuprophilic interaction was documented initially in 1978
and explained through spd-hybridization [62]. These interactions arise from a subtle
balance of dispersion forces, weak relativistic effects, and metal-centered electron
correlation [63]. The structural and spectroscopic studies pointed out unusually short
Cu(I)---Cu(I) distances in a range of polynuclear copper(I) complexes, often below the
sum of their van der Waals radii, providing evidence for the presence of attractive
interactions between the Cu(I) centers. By the same token, the Cu(I)--Cu(I) distances
are always shorter, around 2.5-2.7 A, compared to their corresponding Ag(I)---Ag(I)
and Au(I)---Au(I) distances observed in argentophilic and aurophilic complexes [60,64].

These cuprophilic interactions are particularly favored in binuclear complexes,
stabilized by bridging ligands such as phosphines, halides, carboxylates or polydentate
ligands, which provide both geometrical preorganization and electronic environments to
promote metal-metal overlap [20|. The strength and characteristics of these interactions
are influenced by a variety of factors, including ligand electronic properties, coordination
number, and counter-ion effects. Although relativistic effects are less pronounced in
copper than in silver or gold, according to the quantum chemical calculations they still
contribute to the bonding interactions, particularly when supported by m-accepting
ligands that stabilize the d'° configuration and enhance dispersion interactions [65].
The cuprophilicity plays a critical role in supramolecular assembly, photophysical
behavior, and electron transfer processes in multinuclear copper systems, influencing the
applications of these complexes in various fields. The deep understanding of cuprophilic
interactions continues to evolve with the advanced spectroscopic techniques, such as
X-ray absorption spectroscopy and time-resolved X-ray scattering, which provide direct
probing of the Cu---Cu spatial and electronic dynamics in both ground and excited
states [66].

Among structurally well-characterized cuprophilic systems, the [Cuy(depm)s](PFg)o
complex (depm = bis(dicyclohexylphosphino)methane) is prominent as a typical exam-
ple of a metal-metal bonded Cu(I) complex and aligns perfectly with the purpose of this
thesis work. Figure 1.12 represents the schematic structure of the [Cugz(depm)s|(PFg)o
complex. This was first synthesized and structurally characterized in 1994 with a re-
markably short Cu---Cu distance of 2.564 A, clearly indicative of a significant cuprophilic

interaction. Here the dcpm ligand enforces a rigid geometry, allowing a direct com-
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parison of metallophilic interaction with its homologous coinage metal complexes
[Auy(depm)s|(PFg)e and [Age(depm)s|(PFg)2. The observed Cu---Cu distance in this
complex is shorter than the corresponding Ag---Ag and Au---Au distances [18,67].

<:> )
Z =~
p—C—
Cu Cu

Figure 1.12: Schematic representation of the [Cus(depm)s|(PFg)s complex.

While [Auy(depm)s|(PFg)s2 is known for its intense luminescence behavior, and
[Aga(depm)s|(PFg)2 has been explored for its photophysical properties and halide
sensing, the [Cug(depm)s|(PFg)2 complex has potential application in multinuclear
photophysics, supramolecular chemistry, and catalysis. Recent studies have extended
these complexes to heterometallic systems and explored the strength of the metal-metal
bond and orbital hybridization, described in section 1.3.1 [68].

Compared to the gold and silver analogues, the [Cuy(dcpm)s|(PFg)2 complex remains
relatively underexplored in terms of its electronic structure, excited-state dynamics, and
solution-phase behavior. Additionally, the nature of its excited states, the excited-state
relaxation pathways, the influence of solvent interactions, and vibrational dynamics of
the Cu---Cu interaction are still incomprehensible. This limits our ability to rationalize
and predict the behavior of cuprophilic systems in photochemical or catalytic applica-
tions. Moreover, there remains an open question regarding how cuprophilic interactions
persist or evolve in non-crystalline environments, such as in polar solvents or under
X-ray photoexcitation. The comparative experimental studies across the Au, Ag and
Cu analogues under identical conditions remain limited, which hinders a more complete
understanding of the periodic trends in metallophilic interactions.

In this thesis, the investigation of the [Cug(dcpm)s](PFg)2 complex addresses these
gaps by investigating the time-resolved structural response in acetonitrile solution upon
photoexcitation, with a focus on Cu---Cu bond modulation and ligand reorganization,

utilizing time-resolved X-ray scattering to probe their excited-state structure.
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1.4 Hetero-metallophilicity

Hetero-metallophilicity refers to attractive interactions between closed-shell d*° or d®
metal centers in low oxidation states of different elements, such as Au---Cu, Au---Ag,
Cu---Ag, Au---Pt, or Ag---Hg [18]. Unlike homometallophilic interactions, hetero-
metallophilic interactions exhibit directional preferences and distinctive bonding char-
acters due to differences in electronegativity, size, and relativistic stabilization of the
orbitals involved. These interactions are also characterized by inter-metallic distances
shorter than the sum of van der Waals radii but longer than covalent bond lengths,
suggesting a semi-bonding nature [64,69].

The recent study of luminescence spectra and emission anisotropy of the alkynyl-
phosphine Au-Cu cluster complex [HC(PPhy)3AuzCu(CeCi3H10OH)3Cl] in different
experimental conditions: amorphous solid, solution, and crystalline phases reveal
different relaxation pathways in different conditions. There is almost no conformational
relaxation in the triplet state (T!) in amorphous solid, whereas significant red shift of
emission energy is observed on the conformational relaxation in the T! state in solution
phase [70].

Another study of stimuli-responsive [Aus(dpam);|[CuCly]s and [Aus(dppm)s][Cu-
Cly|o complexes with bis(diphenylarsino)methane (dpam) and bis(diphenylphosphin-
o)methane (dppm) ligands, reveals the formation of four-metal chain as Cu---Au---Au-
---Cu, connected through homo- and hetero-metallophilic interactions [71]. The intense
phosphorescence (quantum yields up to 0.97) at room temperature, are supported by
the DFT calculations with the co-existence of both homo- and hetero-metallophilic
interactions. This opens up new opportunities for the further investigations of the
efficient emission, phase transition behaviors, and effects of diarsine and diphosphine
ligands on the properties of these hetero-metallophilic interactions [72].

The significance of hetero-metallophilicity extends beyond structural considerations,
impacting luminescence, redox properties, and catalytic behavior. For instance, in
photophysical applications, hetero-metallic complex involving Au(I) and Cu(I) often
exhibit phosphorescence at room temperature due to enhanced spin—orbit coupling
introduced by gold, which facilitates inter-system crossing and promotes emission from
triplet states. Therefore, understanding and exploiting hetero-metallophilic interac-
tions is crucial for the design of multi-metallic complexes with tailored electronic and
functional properties.

Considering all these facts, a further extension of this thesis work has been initiated
to investigate such hetero-metallophilic interactions in solution and solid state, and

indicated in Section 8.1.
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1.5 Objective

One of the key objectives of this thesis is to investigate the structural and electronic fac-
tors governing aurophilic interactions in the binuclear gold(I) complex [Aus(depm)s](PFg)o.
This complex was chosen as a model system due to its well-defined, ligand-constrained
geometry, which enforces close Au---Au proximity, and due to its well-documented
significant enhancement of Au—Au interactions in the excited-state. In this thesis, the
ab initio synthesis and related preliminary characterization of the [Auy(depm)s](PFg)o
complex are described. The following chapters includes experimental quantitative
determination of the Au-Au distance and ligand architecture in the ground state in
acetonitrile solution phase, performed by means of extended X-ray absorption fine struc-
ture (EXAFS) measurements around the gold Lz-edge. EXAFS enables element-specific
probing of local coordination environments, revealing precise short-range structural
details around the gold centers, such as Au—P and Au---Au distances, and thus allow-
ing to refine the solution phase ground state structure of the complex. As the next
step, the time-resolved wide-angle X-ray scattering (TR-WAXS) measurements were
employed to characterize the transient molecular conformation, refine the structure of
excited state of the complex in solution. TR-WAXS complements the investigation by
capturing simultaneously the subtle intramolecular and medium-range intermolecular
structural changes thus providing the global sensitivity to the changes in the complex,
its solvation and solvent thermalization. The combined result of these two experiments
in the solution phase should reveal full structural evolution over the photoexcitation
and relaxation processes and thus aid in understanding the full photophysics cycle of
the complex as a plausible potential energy diagram. More detailed analysis of this are
explained in Sections 6.3.1 and 7.1.

Additionally, the other two structurally similar complexes, [Auy(pnnp)q]Cly and
[Aug(pnnp)Cly] complexes were similarly synthesized and characterized. To obtain
detailed structural information under solution-phase conditions, TR-WAXS measure-
ments were performed in [Auy(pnnp)s]Cly complex for investigation of solvent-mediated
structural dynamics, and extend of enhanced aurophilic interaction in excited state,
offering complementary insights to those obtained from theoretical and crystallographic
studies. More detailed information are explained in Sections 6.3.4 and 7.2.

For [Auy(pnnp)Cly] complex, the solute contribution in WAXS signal in solution was
very weak and lacked sufficient contrast for reliable structural interpretation. The low
scattering intensity, combined with overlapping contributions from solvent background
and possible dynamic disorder, made it highly challenging to extract the meaningful
structural parameters from the experimental data. As a result, the WAXS analysis was

not included further for this complex.
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1.6 Thesis outline

This thesis includes the study of ultra-fast structural dynamics using both experiments
and analysis. The thesis is organized with different chapters as follows:

Chapter 2 introduces the theoretical description of X-ray scattering, X-ray absorp-
tion spectroscopy and the theoretical calculation used in the modeling of the bimetallic
molecular system under study.

Chapter 3 describes the experimental setups and data collection strategies used
for the ultrafast time-resolved X-ray scattering and X-ray absorption spectroscopy
experiment performed at XFEL and synchrotrons on transition metal dimer complexes
in solution.

Chapter 4 describes the detailed synthetic procedures for the preparation of
transition metal dimer complexes and their characterization using common available
techniques.

Chapter 5 outlines the data reduction methods with different reduction steps for
the collected EXAFS data from P64 beamline and ground state structure refinement
for [Aug(depm)s|(PFg)2 complex.

Chapter 6 outlines the data reduction methods with different reduction steps for
the collected WAXS data from FXE beamline at European XFEL, along with the data
analysis methods used to determine the structural dynamics of bimetallic complexes
studied in this thesis. This section also includes most of the experimental results.

Chapter 7 presents the detailed analysis and discussion of the experimental results
with the data interpretation of the bimetallic transition metal complexes.

Chapter 8 provides the main conclusions of the research work and the future

perspective of the project to investigate the metallophilic interactions.
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Chapter 2

Experimental Methods

This chapter provides a concise overview of the theoretical background used in this
dissertation. It briefly introduces the fundamental principles of X-ray scattering and
absorption techniques, particularly the Wide-angle X-ray scattering and Extended X-ray
Absorption Fine Structure. These two techniques were extensively employed in this
work to investigate the origin of aurophilicity in the Au-dimer complexes in solution,
specifically in the context of aurophilic interactions and Au-Au distance shortening in
the excited-state. For a more comprehensive and detailed description of these topics,

readers are referred to relevant literature sources.

2.1 X-ray Scattering

When X-rays illuminate a molecular system, an interaction occurs between the electric
field of the incident X-ray light and the electrons within the sample, causing the
light either to be absorbed or to scatter in various directions. X-rays are high-energy
electromagnetic waves that in the non-resonant case induce the acceleration of the
tightly bound core electrons in the illuminated atoms. Because of this acceleration, a
secondary radiation is emitted. According to the classical electromagnetic theory, this
radiation is known as the scattered radiation. This X-ray scattering phenomena are
classified into two categories: elastic scattering and inelastic scattering. In the case
of elastic scattering, the energy (and wavelength) of the scattered photons remains
unchanged, and at larger distances it forms a wave with the same frequency as the
incident beam [73,74]. In contrast, during the inelastic scattering, an energy transfer
occurs from the incident photon to the electron which results the re-emission of a photon
with lower energy, and the ejection of a recoil (free) electron. When the photon interacts
with a loosely bound outer-shell electron, then this inelastic scattering phenomenon is
known as the Compton scattering |75, 76].

In elastic X-ray scattering, the spatial distribution of electron density within the

sample gives rise to interference patterns in the scattered intensity, and those patterns
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are directly related to atomic positions or rather interatomic distances and thus to the
structure in the probed volume.

The scattering amplitude, A(q), of the X-ray wave is given by Equation 2.1

Al = [ plye o (2.1)

where q is the momentum transfer, p(r) is the electron density of the sample, and r is
the three-dimensional position vector. This equation can also be written in terms of
the electron density as [77]

plx) = s [ Ala) 7 da (2

The momentum transfer q is defined as the difference between the wavevectors of
the incident ko and the elastically scattered k X-ray waves, i.e., q = k — kg. These
wave vectors are directly related to the X-ray wavelength A\, where the magnitude of

the wave vectors are equal, is given by

2T
ko| = k[ = N (2.3)

Incident X-ray
—>-

Figure 2.1: Schematic representation of momentum transfer in X-ray scattering. The
incident X-ray hits the sample (S) and scattered with scattering angle 26.

q is consequently linked to the X-ray scattering angle # through the schematic
illustration (Figure 2.1), where 6 is half the scattering angle between k and ky.

The magnitude of the momentum transfer is expressed as:

4
lq| = Tﬂsine (2.4)

These expressions establish the geometric and physical connections between the
scattering process and the experimental observable quantities, enabling the investigation

of structural and dynamical properties of molecular systems in solution.
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For the calculation of X-ray scattering from a molecule, there are two conceptual
steps involved. Firstly, the scattering from a single molecule is evaluated with the
consideration of the interference among X-rays scattered by (mostly) core electrons of
individual atoms within the molecule. The corresponding intensity is derived in B.E.

Warren’s foundational book on X-ray diffraction, and is expressed as [78§],
=3 Fn(@e Y fl@e T = fu(a) fal@)e T (2.5)

where:
e the indices m and n, include all the atoms in the sample,

o fn, fn are the atomic form factors of m and n'* atoms, respectively as a function

of the scattering vector magnitude g,
e 1, 1, are the position vectors of respective atoms,
e r,, =r, —r, is the interatomic distance vector between atoms m and n,

In the expression, the summation extends over all the pairs of atoms in the sample to
consider the overall contribution.

For liquid samples, the probed volume represents an ensemble of randomly oriented
molecules. For these random molecules irrespective of their symmetry or lack of
crystallinity, the orientational averaged signal are considered and described by the
Debye scattering function [79]. The Debye formula performs the isotropic averaging of

S(q) into S(gq). The total elastic scattering intensity, S(q) is then expressed as:

Z ol il sm(qrmn)

quTL
5 sm(qrnm) (2:6)
=>" fq) +ngn D)= =

The atomic form factors are the Fourier transform of the electron density p(r) of

respective atoms [77], alternatively known as scattering amplitude and expressed as

flq) = / p(r) e~ dr (2.7)

Equation 2.6 is the key working formula for scattering, particularly for gas-phase
scattering. Due to the disordered nature in liquid samples, the enormous number of
possible combinations of distances in m and n atoms, makes the Debye equation nearly

impractical. Therefore, it is convenient to introduce the pair distribution functions,
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gnm (1) for atom types n and m to describe liquid structure rather than a set of individual
distances used in Debye formula and this can be defined as: ¢nm(r) = prm(r)/pPrm.o,
where p,,(r) is the radial number density, expressed as ppm(r) = dN,,(r)/47r? dr of
species m at a distance r from an atom of species n, and pp.,o is the corresponding
average number density in an ideal gas (i.e., in the absence of any structural correlations).
In other words, the pair distribution function g, (r) is the normalized density of
probability to find atom m at a distance (r) from atom n.

At very short interatomic distances, the radial distribution function g(r) is essentially
zero, since the strong repulsive interactions prevent atoms from approaching closer than
the sum of their atomic radii. At intermediate distances, g(r) displays distinct peaks
corresponding to the interatomic distances within the first two or three coordination
shells. As the r increases further, the amplitude of these peaks progressively diminishes
and the features broaden, indicating the loss of structural correlation over longer
distances. Eventually, at sufficiently large r, the g(r) approaches a value of 1 as the
density tends to its average value [80].

After considering all the facts, the scattered intensity, S(g) can be rewritten as:

00 )
5(0) = Y Naf20) + 30 30 S L d0) [ o) — 1 i ar (25)
n n n#m

where the indexes n and m include pairs of all atom types, N, is the number of
n-type atoms and V' is the volume of the liquid sample. 47r2g,,,(r)dr in the equation
is the probability of finding a m-type atom at the distance r from an n-type atom [77].

The total scattering signal collected during the experiment also contains inelastic
X-ray scattering. However, without the energy resolution, this component does not
contain any structural information of the samples as the phase of the photons is lost in
this process [79]. In this thesis, we are focusing on the investigation of the structural
changes, and subtracted the inelastic X-ray scattering components in the difference

scattering signal.

2.1.1 Scattering from solution

In the present thesis, the X-ray scattering technique is employed to investigate the
metal-dimer complexes in acetonitrile solvent. Hence, a thorough understanding of
the theoretical background underlying X-ray scattering from solutions is essential and
presenting the expressions of solution scattering signals is crucial for interpreting the
experimental data.

A liquid solution consists of two components: a minor component (the solute)

dispersed within a major component (the solvent). Therefore, for a solution, the total
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X-ray scattering signal can be described by three distinct contributions as dictated by

the analysis methodology:
e the scattering only from the solute molecules, denoted as (S(q)sotute)
e the scattering only from the solvent molecules, denoted as (S(q)sorvent)

e the scattering from the solute—solvent interactions, referred to as the solute—solvent

cross-term or "cage" contribution, denoted as (5(¢)cage)

and the total scattering signal can be defined as

S(q> = Ssolute(Q) + SCage(Q) + Ssolvent(Q) (29)

The equation 2.8 can be further refined for the solution by regrouping the atomic
indices m and n according to whether they belong only to solute atoms, solvent atoms,

or solute-solvent pairs.

solute Z N, f 2

M (in solute)

"‘ZZNN

M (in solute) m#n

(2.10)

(q) fm(q )/ gnm(T)M47rr2 dr

qr

Seage(d) = Y Nuf2(q)

M (solute-solvent)

f Y R [ ) -0

qr
T (solute-solvent) m#n

(2.11)

Ssolvent(Q) = Z ang(Q)

M (in solvent)

+ZZNN

M(in solvent) m#n

(2.12)

(@ Fn(a) / (Gum(r) — 122 g2,

qr

The scattering part only from the solute equals to the gas-phase scattering and
the indices n and m indicate the all atom types within the solute molecules. If the
solution is very diluted such that the solute molecules are sufficiently separated, then
the inter-solute interactions are negligible, and the interference contributions between
different solute molecules can be ignored in the typical ranges of covered momentum

transfer. Therefore, the scattering contribution from the solute is easily calculated from
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atomic coordinates of the solute. The solute-solvent term in equation 2.9 is due to
the cross interference between solute and solvent molecules in the first solvation shells
which represents the local organization of solvent molecules around the solute, often
referred to as the "cage" structure. The indices n corresponds to atom types within the
solute and m refers to atom types in the solvent. The last term originates from the
solvent-solvent correlations, known as solvent term where both the indices n and m run
over atom types exclusively within and between solvent molecules. This solvent term
describes the structural properties of the bulk solvent and these properties are strongly
influenced by thermodynamic parameters such as temperature, pressure, and density,

as explained in section 2.1.

2.1.2 Time-resolved X-ray scattering

During the time-resolved scattering experiment, a small fraction of the sample undergoes
structural or electronic changes upon photoexcitation (perturbation). Therefore, the
net signal is obtained by subtracting the scattering pattern of the unperturbed (ground-
state) sample from that of the perturbed (excited-state) sample. This resulting difference
scattering signal reflects only the structural changes induced by the photoexcitation
and eliminates the static background. Similar to the total scattering signal expressed in
Equation 2.9, the difference scattering signal can be decomposed to three components.
Thus, the expression for AS(q,t) is structurally similar to that of the total scattering,

but each term is now a time-dependent difference quantity:

AS(q,t) = ASsotute(q, ) + AScage(q,t) + ASsorvent (4, t) (2.13)

where, the solute-only term represents the changes in the solute structure; the cage
term describes the changes in the solute—solvent correlations (variations in solvation
shell structure or solvation dynamics); the solvent-only term reflects the thermodynamic
changes in the bulk solvent (e.g., due to heating and subsequent thermal expansion).

The first two terms of equation 2.13 are considered as the solute-related contribution

and can be expressed as

ASsolute(qa t) + AScage(Q7 t) = % Z ck<t)sk(Q) - Cg(t>Sg(Q) (214)

where,
e k: index of the solute molecules (including reactants, intermediates, and products),
e ¢,(t): the concentrations of the k™ species as a function of time t,

e Si(q): solute-related (solute + cage) scattering intensity of species k,
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e S,(q): scattering intensity of the reactants (k = reactants),

e RR: scaling factor, the number of solvent molecules per solute molecule (i. e. one

liquid unit cell).

The equation 2.14 assumes that the time-dependent scattering signal can be factorized
into a product of two terms, cx(t)Sk(q), where c(t) is time-dependent concentration
and Sk(q) is time-independent species-specific scattering signature. This factorization
inherently considers that the transitions between the electronic or structural states
occur on an ultra-fast timescale.

For the ground and excited state structures, the solute signals are generally calculated
from the theoretical calculations, most commonly using Density Functional Theory
(DFT). The corresponding cage signals are evaluated using Molecular Dynamics (MD)
simulations.

For solutes containing multiple high-Z atoms and undergoing significant overall struc-
tural rearrangements, the solute contribution typically dominates the scattering signal
and the cage term contributes only marginally [40,42]. In contrast, with only a single
heavy atom and minimal structural changes in the solute, but where photoexcitation
induces large charge redistribution and consequently strong solvation effects, the cage
contribution may even become the dominant term. However, it is important to mention
that in this thesis, the cage contributions were neglected during the experimental
analysis as the collected experimental data sets contain extended g-range (high spatial
resolution) with major contribution from the structural rearrangement in the bimetallic
complexes. The validity of this approach is confirmed by MD simulations in the thesis,
showing that the cage term primarily contributes in the q range outside of the one used
for solute signal analysis.

The ASsovent(q,t) contribution is very sensitive to the thermodynamic state (such
as temperature, and density) of the bulk solvent. These states may vary during the
photoexcitation experiment due to the energy transfer from light-absorbing solute
molecules to the neighboring solvent molecules. The excitation then followed by a
relaxation to equilibrium with the surrounding environment of the scattering volume.
According to the well-established methodology, the temporal progression of the solvent
response following photoexcitation can be expressed as a linear combination of two
independent thermodynamical variables, temperature and density [81,82|. In the
analysis of metal-dimer complexes, we also considered temperature and density as the
thermodynamical variables. Now, the solvent scattering signal change can be expressed

as

Al t) = (57 ) AT+ (5 ) 0t0) 2.15)

where, AT(t) is the temperature change and Ap(t) is the density change at the time
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delay t with respect to those before the photoexcitation. These values can be first
estimated and fitted based on the known values of the energy differences between the
transient species and the ground state, the hydrodynamic properties of the solvent, and
the parameters of laser beam parameters [82].

The two partial derivatives (g—:ﬁ)p and (%)T are considered as time-independent
components related to the solvent and can be determined from separate measure-
ments, either from molecular dynamics (MD) simulations or through solvent-heating
experiments using a dye containing solution [81].

Hence the Equation 2.13 for total scattering can be written as

S

A8(06) = A0, 0) + Aslant) + | (57 ) a7+ (52 ) 0t0)|  (210)

28(0.0) = 3 | Z et - a 05,0 + [ (57) AT+ (5) avto)| )

2.1.3 Wide-Angle X-ray Scattering

Wide-Angle X-ray Scattering (WAXS) is a powerful technique employed to investigate
the structural organization of materials exhibiting short-range to intermediate-range
ordering and semi-crystalline materials. By measuring the scattering signals at relatively
large angles, WAXS provides information corresponding to interatomic distances and in
time-resolved case, to their changes in the sub-angstrom range, making it suitable for
investigating both large and small scale structures.

To probe the structural evolution in photoexcited bimetallic transition metal com-
plexes, WAXS measurements were performed and analyzed using the methodology
presented above. The WAXS experiments were performed at FXE beamline situated at
European XFEL facility and ID09 beamline at ESRF. The experimental setup and the

collected-large data analysis process are briefly explained in the Section 3.2 and 6.

2.2 X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) involves the measurement of X-ray absorption as
a function of the incident photon energy, . When an X-ray beam of initial intensity,
Iy, traverses a material of thickness x, the transmitted intensity decreases according
to the material’s intrinsic absorption properties and the path length of the irradiated
medium.

The absorption process follows the differential equation:
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Figure 2.2: Schematic representation for the setup of X-ray Absorption Spectroscopy.

By integrating both sides with the limits for the intensity ranging from I, to I; and
the path length ranging from 0 to z, we obtain:

I, = Lye MP)e (2.19)

where: I represents the transmitted intensity, /j is the incident intensity, p(E) is
the energy-dependent linear absorption coefficient, x is the material’s path length.

This equation encapsulates the exponential decay of the X-ray intensity as it propa-
gates through a medium, directly relating the transmitted intensity to the absorption

characteristics of the material and the thickness of the sample.

2.2.1 X-ray Absorption Fine Structure

The physical description of the quantum mechanical X-ray Absorption Fine Structure
process is related to the photoelectric effect [83]. When the X-ray radiation is absorbed
by an atomic core level with a specific binding energy, a photo-electron with wave
number k is created and propagates away from the absorbed atom. However the
probability of X-ray absorption from a specific core-level is fundamentally determined
by the availability of suitable final states for the emitted photoelectron. For successful
absorption to occur, there must exist a quantum state that not only matches the
exact energy of the photoelectron but also satisfies the angular momentum selection
rules. In the absence of such an accessible state, transitions from that core level are
forbidden, and consequently, no absorption is observed [83]. Nonetheless, some degree of
absorption may still occur due to the excitation of electrons from higher-energy orbitals

into unbound continuum states.
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Scattering

Figure 2.3: Schematic representation of different scattering pathways in X-ray Absorp-
tion Spectroscopy, where A = absorbing atom and S = scattering atom.

In presence of a neighboring atom, the photo-electron leaving the absorbing atom
does not simply propagate outward, it may undergo elastic scattering by the potential
of the neighboring atom. The back-scattered photo-electron can return to the absorbing
atom, where it interferes with the outgoing photoelectron wave. This scattering process
of the photo-electron’s wave is illustrated in Figure 2.3.

The interference modulates the transition probability between the initial core state
and the final continuum state. Since the X-ray absorption coefficient is inherently
dependent on the availability of unoccupied electronic states with the appropriate energy
and angular momentum, the back-scattered photoelectron influences this probability, and
can modify the absorption coefficient in an energy-dependent manner. This phenomenon
is referred to as the origin of X-ray Absorption Fine Structure (XAFS), illustrated in
Figure 2.4 [83].

The wavelength A of the photoelectron can be calculated by the deBroglie equation
[84].

PR

p meve

(2.20)

where h is Planck’s constant, p is the linear momentum of the photoelectron, m. is the
mass of the photoelectron, and v, is the velocity.

Assuming that the entire energy of the incident X-ray photon is absorbed in the
excitation of a single core-level electron, the resulting kinetic energy Ey;, of the emitted
photoelectron can be expressed as the difference between the X-ray photon energy

and the binding energy FEhinging of the electron. This relationship is based on the
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Figure 2.4: Schematic illustration of the X-ray Absorption Fine Structure (XAFS)
process. Upon absorption of an X-ray photon, a core electron is excited, generating a
photoelectron wave that scatters off neighboring atoms, producing interference patterns
sensitive to local structure.
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conservation of energy and is given by [85]:

Eyin = p_2 = hw — E) (2.21)
2m,

Where, hw represents the energy of the incident X-ray photon, with angular frequency
of w. Ey denotes the binding energy of the core electron (also referred to as the edge
energy). As mentioned earlier, if the incident X-ray energy is larger than the binding
energy of a core-level electron, then the electron gets excited to the continuum with a
sharp rise in the absorption spectrum and the absorption coefficient of XAFS originates
from the quantum mechanical interference between the outgoing photoelectron wave and
the back scattered waves resulting from interactions with neighboring atoms. Thus the
total amplitude of the electron wave function can be reduced or enhanced depending on
the phases of the outgoing and back-scattered waves [86]. This interference pattern has
the important role in shaping the oscillatory features observed in the XAFS spectrum.
When the two waves are in phase, they interfere constructively, resulting in a local
maximum in the spectrum. Conversely, destructive interference occurs when the waves
are out of phase, producing a minimum in the spectrum.

As the photoelectron energy varies due to changes in the incident photon energy,
the wavelength of the photoelectron changes as well, in accordance with its kinetic
energy described in equation 2.20. This variation in wavelength alters the relative
phase between the outgoing and back-scattered waves. This wavelength related phase
difference is influenced by the interatomic distance (R) between the absorbing atom
and the neighboring backscatterer.

The amplitude of the backscattered photoelectron wave is strongly dependent on
the type of the backscatterer especially on the atomic number and electronic structure.
Heavier atoms with higher atomic numbers generally produce stronger backscattering due
to their larger electron density and stronger scattering potential. Thus the modulation
observed in the XAFS spectrum is a direct consequence of the wave-like nature of
the photoelectron, where constructive and destructive interference patterns encode
detailed information about the atoms surrounding the absorber. The XAFS spectrum
is broadly divided into two spectral regions: X-ray Absorption Near Edge Structure
(XANES), defined as the region within approximately +30 eV of the absorption edge,
and Extended X-ray Absorption Fine Structure (EXAFS), which spans the higher-
energy region extending beyond 30-50 eV above the edge, an example XAFS spectra
shown in Figure 2.5. Although this separation is not strictly defined, both the XANES
and EXAFS arise from the wave nature of the emitted photoelectron and the scattering
of the wavepacket by the neighboring atoms [85].

An essential aspect of interpreting XAFS spectrum lies in the concept of scattering

paths, which represent the possible trajectories by the photoelectron wave as it is emitted
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Figure 2.5: Schematic representation of the X-ray Absorption signal, including X-
ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS).

from the absorbing atom followed by the scattering interactions with neighboring atoms,
and subsequently returns to the absorber atom. These paths can be classified as either
single scattering (SS) or multiple scattering (MS), depending on the number of atomic
interactions involved in the scattering. At high energies in the EXAFS region, the
photoelectron has a shorter de Broglie wavelength and a reduced mean free path [87].
Thus single scattering are the dominating factor in the EXAFS region and provide the
information regarding the local structural environment, including coordination numbers,
interatomic distances, and disorder parameters [88]. In contrast, at low energies in the
XANES region the photoelectron has much longer wavelength and larger mean free path
than in the EXAFS region [86]. This allows the photoelectron to interact with multiple
atoms before returning to the absorber atom, resulting in the dominance of multiple
scattering processes and providing information of electronic structure, oxidation state,
and bond angles within the absorber’s coordination environment [83,89].

In the investigation of Au-dimer complexes reported here, the EXAFS spectra
predominantly featured contributions from single scattering (SS) paths, which were
acquired experimentally during the synchrotron-based measurements and subsequently
analyzed. A detailed theoretical discussion of EXAFS with the analytical procedure

and resulting structural insights will be presented in the following sections.
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2.2.2 EXAFS

Extended X-ray absorption fine structure (EXAFS) is the oscillatory part of the X-ray
absorption spectrum typically extending from approximately 30 eV above the absorption
edge and ranging up to 800 eV [85,90]. These oscillatory features arise due to the
interference between the outgoing photoelectron wave emitted when an X-ray photon is
absorbed by a core-level electron and the waves back-scattered from surrounding atoms.
By analyzing this oscillations in the X-ray absorption spectrum, EXAFS provides
valuable insights of the local atomic structure including the electronic and vibrational
fingerprints around the absorbing atom. EXAFS encodes critical information about the
determination of interatomic distances, coordination numbers, and structural disorder,
being quantified by the Debye-Waller factor. This renders EXAFS a versatile technique
applicable to a broad spectrum of scientific disciplines including chemistry, biology,
geophysics, catalysis research, materials science, and solid-state physics. Despite its
broad applicability, the extraction of meaningful structural data from EXAFS spectra
is intrinsically non-trivial.

As discussed in the previous section, with increasing energy the SS dominates the
scattering process and for the energies above 50 eV, the MS effects are weak enough to be
neglected, if just nearest-neighbor structural information has to be extracted. However,
for more accurate calculations, it is important to include MS effects into the calculation
to consider longer distance contributions to signals from the first coordination shell [88].

For a given X-ray absorption spectrum photon energy E, where the absorption
coefficient u(E) is measured, the EXAFS spectrum x(E) is defined as

H(E) — po(E)
Ey="————"——- 2.22
() = (222)
where, po(F) is a smooth background absorption coefficient which represents the
absorption of an isolated atom, and Ay is the (measured) absorption jump at the
threshold energy Ej [83,87].
The oscillatory component of the EXAFS spectrum, y(k), usually expressed as a

function of the photoelectron wavenumber k, can be derived as [91]

B 2me(E — Ep)
e (2.23)

where m, is the electron mass, and h is the reduced Planck’s constant. The EXAFS
oscillatory component typically exhibits relatively low amplitudes, particularly at higher
k-values (as illustrated the EXAFS region in Figure 2.5).

To enhance the visibility of these oscillations and to improve the signal-to-noise

ratio in the higher-£ region, it is a usual practice to apply a weighting factor of k",
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where n = 1,2, or 3, depending on the specific analysis. The classical EXAFS equation
can be defined by the following equation [88,92]
N'e_QUJQ'k2€_2Rj//\(k)f' k)
x(k) = S2 Z J N (%) sin (2kR; + 26. + D) (2.24)
J

J

where j represents the coordination shell of identical atoms and the other parameters

in the equation are:

e N;: Coordination number (number of equivalent scatterers) of the j-th shell of

neighboring atoms.
e S2: Amplitude reduction term.
e R;: Distance between the absorber and the backscatterer (interatomic distances).
o f;(k): Scattering amplitude of the neighboring atom (backscattering amplitude).

° O'JZ» : Debye-Waller factor, accounting for the temperature dependent root-mean-

square fluctuation in bond length along with structural disorder.
e \(k) : Energy dependent mean free path of the photoelectron.
e ). : Central atom partial wave phase shift of the final state.

e & : Additional phase shift which presents the wavelike nature of the backscattering

photoelectron.

There are a few significant physical conclusions about EXAFS from the above
equation 2.24. Firstly, EXAFS inherently functions as a local structural probe due
to the presence of mean free path A\(k) and the inverse square distance dependence

2.2
720'jk

term R~2. Additionally, the exponential damping term e , referred as the Debye-
Waller factor, accounts for the attenuation of the EXAFS signal due to both thermal
vibrations of atoms about their equilibrium positions and static structural disorder in
the local atomic environment [87]. With increasing energy, the effect of the Debye-Waller
factor increases and when the photoelectron wavenumber approaches a magnitude of
approximately k =~ }7 (typically corresponds to around 10 A_l), the EXAFS signal
becomes significantly damped. As a consequence, this imposes a practical limit on
the structural sensitivity of EXAFS, and its sensitivity is typically limited to a spatial
range of approximately 5 A from the absorbing atom [86]. Secondly, the sin(2kR) term
represents the EXAFS oscillatory part which consists of different frequency components
associated with different interatomic distances corresponding to each coordination shells.
This frequency-based structure motivates the use of Fourier transforms in the analysis

of EXAFS spectrum to determine the interatomic distances, R; between the absorber
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atom and the surrounding coordination shells [92]. In addition, the amplitude reduction
factor S2 is introduced in the equation 2.24 to account for many-body effects which also
includes MS effects, specifically the relaxation of the remaining core electrons (excluding
the excited photoelectron) into the core-hole created during the X-ray absorption
process [87]. This amplitude reduction term S7 is typically treated as a constant, with
values commonly in the range 0.7 < S2 < 1. The e~ 2/%/2®) term represents the decay of
the photoelectron wave. The mean free path A(k) is typically in the range of 5 to 30 A,
and exhibits a significant dependence on the photoelectron wavenumber k [83]. Finally,
in order to accurately extract the structural parameters such as interatomic distances
and coordination numbers, it is crucial to use the accurate values of the scattering
amplitude f(k) and the phase shifts §(k), where both of them are dependent on the
photoelectron energy and the nature of the scattering atoms.

Therefore, the equation 2.24, provides all the key parameters essential to fit the local
atomic structure around the absorbing atom and provides the information about the
interatomic distances, coordination numbers, and disorder parameters of the EXAFS
data collected for a complex.

To perform a quantitative analysis of EXAFS spectra, f(k) and 6(k) are typically
determined by using various softwares such as FEFF [91,93|. FEFF 9.0 is a computer
program for ab initio multiple scattering code widely employed for the calculation of
X-ray Absorption Spectroscopy (XAS) spectra, including both EXAFS and XANES
regions [87]. Similarly, ORCA is an ab initio quantum chemistry software package,
extensively used for simulating the pre-edge region in the XAS spectra, as well as
constructing molecular structures, simulating X-ray Emission Spectroscopy (XES) and
UV-vis spectra of atoms and molecules [94,95]. There are several other computational
tools exist such as Gaussian [96], ADF (Amsterdam Density Functional) [97], MXAN
[98,99], and Quantum ESPRESSO [100,101]. However, this thesis primarily utilizes
FEFF for EXAFS simulations and ORCA to generate and optimize the molecular
geometries of the molecular systems. Therefore, only FEFF and ORCA are discussed

in detail in the subsequent sections.

FEFF

In the analysis of EXAFS spectrum in this thesis, the calculation was performed using
Free Energy Force Field (FEFF) with the FEFF 6.0 version [102]. FEFF 6.0 is an
advanced ab initio computational code where the name originates from the spherical
wave backscattering amplitude feg(k,r) in the XAFS equation. The software is based
on a self-consistent multiple scattering Green’s function formalism, which accounts for
core-hole interactions, inelastic losses, polarization dependence, vibrational damping,

and local field corrections. All these effects are calculated through the use of a real-space,
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all-electron, relativistic Green’s function approach with no symmetry constraints, and
relying on the self-consistently derived spherical muffin-tin scattering potentials [89]. The
Green’s function can be calculated in two primary ways. The first way uses the multiple
scattering path expansion based on the Rehr-Albers multiple scattering formalism [103].
This method allows for the explicit enumeration and summation of finite scattering
paths. Hence, it is computationally efficient and appropriate for extended energy
regions above the edge (i. e. EXAFS region). In the other method, FEFF executes
a full multiple scattering (FMS) calculation for a cluster of atoms centered around
the absorbing atom [91,104]|. This FMS approach is computationally more intensive
and scales with the cluster size, but it is crucial for accurately modeling near-edge
structure [102]. Hence, mostly used for the XANES region, where the photoelectron
has lower kinetic energy and undergoes more complex multiple scattering processes.
FEFF includes both inelastic losses and vibrational effects using the GW self-energy and
correlated Debye-Waller factors. It provides a wide range of spectroscopic properties,
including local density of states (LDOS), scattering amplitudes, and phase shifts [105].
These parameters are critical inputs for modern EXAFS analysis software such as
Artemis (description in section 5.1) [106,107|. The FEFF program is controlled by a set
of user-defined input cards and can be typically set in the input file by feff.inp. More
details of FEFF are described in the FEFF manual [108].

The feff.inp file used for the analysis of [Auy(depm)s|(PFg)2 complex is included in
the Appendix A.

2.3 Theoretical calculation: Simulations

To complement the experimental results of the bimetallic complexes on the structural
dynamics, density functional theory (DFT) calculations [109] were performed using
the ORCA 6.0 quantum chemistry software package [110,111]. The simulation for the
potential ground-state and excited state structures of the bimetallic complexes were
performed by Dr. Dmitry Khakhulin. The geometry optimizations were carried out in
the liquid phase to account for the effects of the solvent molecules, as the experiments
are performed in solution as the most relevant condition for molecules under study.
Such simulations allow to improve initial structural models and even create structural
trajectories for experiment-based refinement of molecular geometries in the ground and

excited states.

ORCA

ORCA is an ab initio software package that employs Density Functional Theory (DFT)

within a semi-empirical self-consistent field (SCF) molecular orbital framework. In
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addition to geometry optimizations, ORCA is also capable of computing electronic
excitation spectra, including X-ray absorption (XAS) and X-ray emission spectra
(XES) [94]. In this work, ORCA was employed to optimize the ground and excited state
molecular structures using DFT for the bimetallic Au complexes at the PBE0/def2-
TZVP level of theory as well as for scanning the structural parameters such as Au-
Au distance while relaxing the remaining molecular structure by computation. The
optimized ground-state geometries obtained from ORCA served as reliable structural
models for the interpretation of EXAFS experimental data while the ES structures and
their respective Au-Au distance-dependent trajectories were used to fit the TR-WAXS
data and extract the refined structure. This approach ensured enhanced structural
information and consistency with the local atomic environment around the absorbing
atom, "locking" the ground state, while the excited state is refined from the time-resolved
scattering results.

All geometry optimizations were performed in ORCA using the Conductor-like
Polarizable Continuum Model (CPCM) to account for solvation effects [112]|. As the
metal-dimer complexes studied in this thesis were measured in solution, incorporating
CPCM was therefore essential to ensure consistency between the theoretical predictions
and the experimental spectroscopic observations.

A series of molecular geometry structures were generated by systematically varying
the metal-metal (e. g. Au-Au) distances over a defined range. For each structure, the
coordination environment including all the remaining atomic positions in the ligands,
was adjusted to maintain realistic molecular conformations and to reflect steric and
electronic effects. This was done to simulate potential structural variations and to assess
their influence on EXAFS and WAXS signals (in GS and ES respectively). These model
geometry structures were further used as the input geometries for theoretical EXAFS
simulations (details in Chapter 5.1) and to compare with experimentally derived bond

lengths and coordination numbers.

2.3.1 Classical Molecular Dynamics

In solution phase the structure of solvation shells around the solute is defined by
mechanical, electrostatic and quantum-chemical interactions between the solvent and
solute molecules. As the solute is promoted to an excited state, the solvent molecules in
the nearest solvation shells rearrange to accommodate the new electronic and structural
configuration of the solute giving rise to the solute-solvent cross-term (cage term) in the
difference X-ray scattering signals (as shown in Equation 2.13). The magnitude, length
scales and thus the relevant g-range depends on the specific case. For metal dimers,
the cage term is typically only a small contribution to the total difference signals and

therefore was not explicitly included in the structural refinement here. However, it is
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important to estimate the potential strength of the effect and its relevant g-range in
terms of difference scattering. We therefore performed classical Molecular Dynamics
simulations in acetonitrile solvent using the optimized GS and ES structures of the
[Aus(depm)y|(PFg)2 dimer that were fixed during the MD simulation runs. The classical

MD simulations were performed for this work and explained briefly in Section 7.1.
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Chapter 3

X-ray experiments at large scale facilities

Following the background discussions in Chapter 2 regarding the X-ray scattering and
absorption techniques, this Chapter is dedicated to the instrumentation of experimental
setups used for the study of ultra-fast dynamics upon the optical excitation of bimetallic
complexes. The two different types of X-ray sources were used in this investigation,
mainly differing in the X-ray pulse intensity and duration, consequently in the accessible
timescales. The Synchrotron-based X-ray sources typically deliver X-ray pulses with
durations on the order of 100 picoseconds, restricting their ability in resolving ultrafast
dynamics on sub-100ps timescales. In contrast, X-ray Free-Electron Lasers (XFELS)
are capable of producing ultrashort pulses with durations reaching down to below
100 fs, allowing access to the femtosecond timescale dynamics involved in primary
photochemical processes.

Here the first section starts with a brief introduction of synchrotron radiation and
relevant instrumentation, particularly the Petra III P64 beamline and ID09 beamline
at ESRF, followed by the X-ray Free Electron Laser (XFEL) description and FXE
beamline at European XFEL research facility. In the next section, the experimental
methodology will be explained with the basic aspects of XAS experiment and the
relevant X-ray detectors. The last sections of this chapter includes details of the liquid

jet setup used for the experimental measurements.

3.1 Synchrotron radiation

The elemental principles underlying the generation and control of synchrotron radiation
are deeply rooted in classical electrodynamics. The beam dynamics and design of
various components constituting the particle accelerators were established through the
foundational contributions of James Clerk Maxwell [113], Hendrik Antoon Lorentz [114],
and Albert Einstein [115]. These prominent scientists pioneered the concepts and the
physical understanding of electromagnetic wave propagation, relativistic effects, and

radiation phenomena, required to build and operate these modern particle accelerators
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and synchrotron light sources.

The third generation Synchrotron radiation (SR) sources started operation in the
early 1990s and as of today, represent a dozen or more large-scale facilities worldwide.
In total, more than 70 synchrotron radiation research facilities are currently in operation
or under construction globally, serving interdisciplinary areas of science. These include,
but are not limited to, condensed matter and atomic physics, chemistry, biology,
materials science, medical imaging, and various industrial applications [116]. Decades of
continuous development have made synchrotron sources the main providers of reliable
and stable X-ray radiation, which are crucial for advanced investigations across many
disciplines, including physical chemistry. For our studies on metal-dimer complexes,
PETRA III and ESRF synchrotrons were used as explained briefly in the following
sections. PETRA III (Positron-Electron Tandem Ring Accelerator) is a state-of-the-art
third-generation synchrotron radiation source located in Hamburg, Germany, and is
operated as part of the Deutsches Elektronen-Synchrotron (DESY) research facility.
The European Synchrotron Radiation Facility (ESRF), based in Grenoble, France,
operates the largest electron synchrotron in Europe.

Modern synchrotron radiation facilities are based on large-scale electron accelerators
that generate relativistic electrons. When these electrons are deflected through magnetic
insertion devices such as undulators or wigglers, they emit intense, highly collimated,
and tunable X-ray beams. These facilities are consist of a closed-loop storage rings filled
with bunches of circulating electrons (or positrons) which are kept at constant energies
typically in the range of several GeVs. The overall design of a synchrotron contains
several major components including an electron gun, a linear accelerator (known as
LINAC), a booster ring, the storage ring, several beamlines, and lastly the experimental
end stations. The electron gun provides the initial electron bunches, which may be
produced either via thermionic emission from a heated cathode or by photoemission
from a photocathode using a laser pulse.

These emitted electrons are then accelerated in the LINAC to energies of several
hundreds of MeV, after which they are injected into the booster ring. Inside the
booster ring, the energies of the electrons are further increased to the operational
energy required for continuous circulation in the storage ring. Once the accelerated
electrons are injected into the storage ring, the high-energy electrons (in several GeVs)
are circulated within the ring for up to 8 hours, depending on the operation mode
of the particular synchrotron [117]. The storage ring contains a series of magnetic
structures which are responsible for the generation of synchrotron radiation, these are
either bending magnets or insertion devices such as wigglers and undulators. The
bending magnets produce uniform magnetic fields to force the electrons into a curved
trajectory, resulting the broad-spectrum radiation emitted tangentially to the electron

path. In first generation synchrotrons, due to these bending magnets, the synchrotron
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radiation (SR) was only emitted in a large angle in the plane of the ring, also known
as parasitic effect. Till date even in second and third generation of synchrotrons, the
bending magnets are often used as the source of X-rays since it is always present due
to electrons orbiting in the ring. However, the modern synchrotron radiation facilities
mostly use the insertion devices in the storage rings. Both wigglers and undulators
are composed of a series of magnets with alternating polarities, assembled after each
other and separated by narrow gaps. As electrons passes through these alternating
magnetic fields, the electrons oscillate in a sine curve due to the Lorentz force and
result the electron to radiate the SR along the axial direction. A schematic overview of

a synchrotron radiation source is illustrated in the Figure 3.1.
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Figure 3.1: Scheme of a third-generation Synchrotron Light Source Facility.

The characteristics of this emitted radiation are strongly influenced by the dimen-

sionless deflection parameter, K:

K — €BoL
2Tmec

~ 0.934L B, (3.1)

where e is the the charge and m. is mass of the electron, By is the magnetic field
strength, L is the undulator period, and c is the speed of light [79]. When K > 1,
the insertion device operates in the wiggler regime and the electron deflections become
significantly large and emit incoherent X-rays over a broader spectral range with N
times higher intensity from successive oscillations [118]. In contrast, when K < 1, the
insertion device operates in the undulator regime and the angular deflection of the
electron beam remains smaller than the angular divergence of the emitted X-rays. In this
case, the emitted coherent radiation from successive oscillations interferes constructively
which results N? times higher intensity and produce intense, narrow-bandwidth, quasi-

monochromatic X-ray beams. This fundamental distinction in the emitted radiation
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properties makes undulators preferable for the experiments requiring high brilliance and
energy resolution, while wigglers are used when high flux over a wide spectral range is

desired [119]. These Brilliance (also referred as spectral brightness) is represented as

Number of photons/second
(mm?2) - (mrad?) - (0.1% BW)

Brilliance = (3.2)
where Number of photons/second is the photon flux within a given spectral bandwidth,
mm? is the source size (spatial distribution), mrad?® is the vertical and horizontal
angular divergence, and and 0.1%BW refers to the relative spectral bandwidth, with
the brilliance usually normalized to a relative bandwidth of 0.1%. This Brilliance is
used to compare the different X-ray sources. Typically undulator-based synchrotron
beamlines achieve Brilliance values several orders of magnitude higher than bending
magnet sources.

Upon emission of SR, the electrons lose a fraction of their energy, which is com-
pensated by the radio frequency (RF) cavity integrated into the synchrotron. The
RF cavity generates an oscillating electromagnetic field with a phase-stable electric
potential that supports the formation of "buckets" within which the electron bunches
can be captured and confined. These buckets propagate synchronously around the
storage ring. The revolution frequency f,., of electrons circulating in the storage ring at
nearly the speed of light is determined by the circumference of the storage ring, lcircumf-
For PETRA II1, the storage ring has a circumference of 2304 meters, this yields the

revolution frequency of

frev =

~ 130 kHz (3.3)

lcircumf
When the fundamental radio cavity frequency, frr is 500 MHz, then total number of
buckets is given by

N = ;RF — 3840 (3.4)

A bucket can be populated with a bunch of electrons, in various bunch filling modes
according to the different experimental requirements. At PETRA III, typical bunch
operating modes include 40, 60, 240, or 960 buckets with bunch separations of 192 ns,

128 ns and 8 ns, respectively.

3.1.1 P64 beamline

The P64 beamline is situated at the high brilliance storage ring of PETRA III at
DESY and specifically designed to support the advanced x-ray absorption spectroscopy
(XAS) experiments which require high photon flux and energy stability. This beamline

is well-suited for time-resolved studies such as quick extended X-ray absorption fine
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structure (EXAFS) spectroscopy and X-ray Absorption Near Edge Structure (XANES)
on sub-second timescales (100 ms to us). It is also capable of perfoming Resonant
X-Ray Emission Spectroscopy (RXES), High Energy Resolution Fluorescence Detected
XAS (HERFD-XAS) and Valence-To-Core X-Ray Emission Spectroscopy (VITC-XES)
of highly dilute systems [120].

The radiation source for P64 beamline is a 58-pole undulator with a period of
32.8 mm and total 2-meter-long. This beamline provides a brilliant and tunable X-
ray beam [121]. The beamline has two independent cryogenically-cooled (-196°C or
-320°F) monochromators: channel-cut monochromator (CCM) (also known as quick
EXAFS monochromator) and double-crystal fixed-exit monochromator (DCM). For
detailed information of the monochromators, readers are referred to [120,122]. DCM
was employed during the beamtime of metal-dimer complexes which was operated in
the continuous scanning mode. This was equipped with a Si(311) crystal pair, making
it suitable for high-resolution X-ray absorption spectroscopy for the energy range of 12
keV. The Si(311) monochromator in general operates for the energy range of 4.6-103 keV
and suitable for superior energy resolution, in-spite of a lower photon flux compared to
Si(111). During the scans, the monochromator ran continuously to enable efficient and
time-resolved data acquisition. The liquid nitrogen cooling minimized lattice strain on
the crystals, ensuring the energy stability and consistent beam positioning throughout
the measurements. A schematic view of the P64 beamline is shown in Figure 3.2,
adapted from [123], which was used for the static EXAFS measurement of metal-dimer
complexes.

For the static EXAFS measurements, Rhodium (Rh)-coated Si mirrors were employed
for reducing the intensity of higher harmonics and focusing the beam. These Si mirrors
with 800 mm each in length, are positioned downstream of the monochromator and serve
to effectively attenuate the higher-order harmonics to avoid artifacts in the EXAFS-
spectra. Among the available three different types of coating, the Rh coating was
specifically chosen for the intermediate energy range whereas Pt coating is for the higher
and no coating (bare Si) is for the lower energy range. For focusing the beam, the first
mirror provided the horizontal focusing by two grooves with different radii in the energy
range of 2.4 keV to 22 keV. The bendable second mirror, enabled vertical focusing over
the entire energy range.

During the experiment of metal-dimer complexes, the undulator was operated at the
third harmonic, resulting a focused beam size of approximately 250 pm (horizontal) x
100 pm (vertical) and a photon flux of 6x10'" photon/s at 12 keV. For further details,
one can refer to the [120,122]. The incident X-ray beam irradiated the samples in 0.5
mm round liquid jet, exciting the Au atoms and producing characteristic fluorescence
around the Lg absorption edge. This fluorescence signal was either collected with a diode

in total fluorescence yield (TFY) mode or dispersed by the von Hamos spectrometer
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Figure 3.2: Schematics of P64 beamline [123].

to isolate the narrow L, emission range and subsequently recorded with the avalanche

photodiodes, as described in Section 3.5.

3.1.2 1IDO09 beamline

The ID09 beamline at the ESRF is a long-established and well-recognized end-station
dedicated to time-resolved structural dynamics in solution and solids. Over the years,
ID09 has hosted a wide range of ultrafast X-ray experiments, and its technical design
and beamline components have been thoroughly documented in the literature and their
websites, such as [124-126]. Therefore, a detailed description of the general beamline
setup is not repeated here; instead, this section focuses specifically on the experimental
configuration employed for studying structural dynamics in bimetallic complexes in
solution.

For the presented experiments, 100 ps pulse of a pink beam generated from the U17
undulator was employed, providing a high-flux X-ray source well suited to pump—probe
wide-angle X-ray scattering (WAXS) studies. The beam energy was tuned in the 18-19
keV range, which enables to cover a broad range of momentum transfer thus accessing to
the relevant structural features of the bimetallic complexes. A continuous free-flowing

round liquid (capillary) jet was employed as the sample delivery method, providing
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constant renewal of the probed volume between successive pump—probe cycles, effectively
preventing cumulative radiation damage and ensuring experimental reproducibility.
The optical excitation was provided by a synchronized Ti:Sapphire femtosecond laser
system and two excitation wavelengths were used: 320 nm generated via a tunable
TOPAS system with pulse energies of 30—40 pJ per pulse, and 266 nm obtained via
third-harmonic generation (THG).

3.2 X-ray Free Electron Laser

In the 1960s, the advent of novel sources of coherent radiation, named masers and,
later as lasers — became of a great interest due to their remarkable unique properties
of generating radiation with high intensity and coherence [127]|. Later in 1971, a
revolutionary concept was proposed by John M. J. Madey wherein a beam of free
electrons traversing a periodic magnetic structure, known as an undulator, could serve
as the gain medium [128]. It was named as the Free Electron Laser (FEL) as the
electrons in the undulator were not bound to any atoms or molecules. The first practical
implementation of this FEL idea was demonstrated in 1977 [129].

In 1980, A. M. Kondratenko and E. L. Saldin further advanced the concept of FEL
by introducing the Self-Amplified Spontaneous Emission (SASE) mechanism. They
demonstrated that during this process the initial random field of spontaneous radiation
can be amplified in the sufficiently long undulator and could interact with the electron
bunch causing micro-bunching and producing a fully coherent radiation output [130].
The length of the these undulators should be typically five to ten times longer than
those used in the synchrotron radiation sources [116]. In the 1992, the first proposal
was made to build an X-ray FEL (XFEL). In 2005, FLASH, the first XFEL began to
operate in the XUV and soft X-ray region. The SASE mechanism eliminated the need
for an optical cavity which removed the limitation on the minimum wavelength and
enabling the design of FELs capable of producing X-ray radiations. Later in 2009, the
first hard X-ray XFEL, LCLS began user operation [131]. Currently around ten XFELs
are in operation and among other areas are actively used for investigations on chemical
and structural dynamics. For the investigation of metal-dimer complexes, European

XFEL was used as described briefly in the following section.

3.2.1 European X-ray Free-Electron Laser facility

The European X-ray Free-Electron Laser (EuXFEL) facility is a user research labora-
tory operating since 2017 and providing soft and hard X-ray FEL radiation to seven
scientific instruments that enables cutting-edge investigations of matter at electronic

and structural level and on femtosecond (fs) time scales. The facility spans 3.4 km from
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the linear accelerator in DESY in Hamburg to the experimental hall in Schenefeld. The
European XFEL delivers extremely intense, ultrashort, and transversely coherent X-ray
pulses, with each pulse containing more than 10'? photons within its typical duration of
below 100 fs. The X-ray radiation is produced in high-repetition-rate bursts (or pulse
trains), which repeat every 100 ms, corresponding to a burst repetition rate of 10 Hz.
Each burst lasts for approximately 600 us and can contain up to 2700 individual pulses,
emitted at an intra-train repetition rate of 4.5 MHz with 222 ns separation between
successive pulses. Thus, the facility can deliver up to 27,000 intense and ultrashort
X-ray pulses per second, making it one of the most powerful sources for investigations
of time-resolved dynamic processes on fs timescales [132]. For better understanding

readers can refer to the Figure 3.3.
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Figure 3.3: Distribution of European XFEL pulses.

The entire European XFEL facility is situated underground, in a 5.2 m diameter
tunnel at depth of about 6 to 25 m below the ground surface level [133]. The European
XFEL facility consists of three sections where each section plays a critical role in the
generation and delivery of high-brilliance X-ray FEL radiation.

The first section includes a photo-injector, a 17.5 GeV superconducting linear
accelerator (LINAC) and undulators. The 43 m long photo-injector generates electron
bunches (electron cloud) via the photoelectric effect: ultraviolet laser pulses strike a

CsyTe photocathode, releasing electrons. These emitted electrons are initially accelerated
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to approximately 6 MeV and then injected into the first superconducting acceleration
module. To linearize the longitudinal phase of accelerated electrons, the electrons
subsequently pass through a 3.9 GHz super-conducting acceleration module. This
module ensures proper shaping of the electron bunches before they are injected into the
main LINAC.

The main LINAC accelerator consists of a series of superconducting radio-frequency
(SRF) cavities with 96 modules operated at 2.2 K (—271°C). The cavities are made of
Niobium (12 m long each module) and operate at 1.3 GHz. In total, the LINAC extends
over a length of approximately 1.7 km. This setup accelerate the electron bunches to
near-light speed and to the final energy of up to 17.5 GeV with high beam quality, low
emittance, and minimal energy spread—parameters essential for efficient FEL gain in

the subsequent undulator sections [132].

to electron

dump
electrons from

accelerator

//

Figure 3.4: Schematic representation of the magnetic undulator at the European XFEL
[134].

These high-energy electron bunches are then distributed simultaneously into three
dedicated tunnels, each equipped with FEL undulator modules (Figure 3.4, adapted
from [134]) where the XFEL radiation is generated via the SASE process, the three
tunnels are denoted by SASE1l, SASE2 and SASE3. In around 100 meters long
undulators, the relativistic electrons pass through periodic arrangements of magnets,
causing electrons to take a zig-zag "slalom" course. This process amplifies the radiation
intensity as it interacts coherently with the electron bunch itself causing electrons to
form smaller bunches (microbunching) according to the generate electric field which
results resulting an intense, coherent X-ray pulses with each turn [135]. The SASE1
and SASE2 are optimized for the hard X-ray radiation generation in the energy range
of approximately 3 to 25 keV. In contrast, SASE3 is dedicated to soft X-rays generation,
operating in a lower energy range of approximately 250 eV to 3 keV. This distribution
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of SASE lines enables the European XFEL to cover a broad spectral range, making
it suitable for a diverse array of applications in structural biology, material science,
ultrafast chemistry, and condensed matter physics [132,133].

The second section includes the photon beam transport system for specific beamline.
These systems are dedicated to the transporting, focusing, steering, and monitoring
of the generated X-ray FEL beams before they enter the experimental area. Precision
X-ray optics, such as grazing incidence mirrors and diagnostic tools, ensure beam
stability and alignment. The mirrors are also used to direct the beam toward the
scientific instruments positioned downstream of each FEL source.
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Figure 3.5: Beamline layout of the EuXFEL research facilities with seven operational
instruments [134].

The third section is the experimental hall, which extends along the beam direc-
tion and accommodates all the scientific instruments and where user experiments are
conducted. The beamline layout of the experimental hall with all the instruments are
illustrated in the Figure 3.5, taken from [134|. This modular setup allows simultaneous
operation of multiple experiments, enhancing the facility’s experimental throughput
and versatility for a broad range of scientific applications.

In this work, the FXE instrument was employed to investigate bimetallic complexes
in solution by means of femtosecond WAXS measurements. The instrument is briefly

described in the following section.

3.2.2 FXE beamline

The scientific instrument Femtosecond X-ray Experiment (FXE) is located at the
end of the 915 m-long SASE1 FEL beamline, while primarily focusing in the field
of photo-induced ultrafast dynamics in condensed phase. The instrument enables

ultrafast structural and electronic investigations down to sub-100 fs timescales using
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different techniques such as ultrafast X-ray Absorption Near Edge Structures (XANES)
along with Extended X-ray Absorption Fine Structure (EXAFS), Wide Angle X-ray
Scattering (WAXS), Resonant Inelastic X-ray Scattering (RIXS), and non-resonant
X-ray Emission Spectroscopy (XES) in the liquid and solid phase. Using different
methods FXE instrument is capable of capture the earliest steps of chemical reactions,
and ultimately facilitating the creation of molecular movies that reveal both atomic

rearrangements and transient electronic structure dynamics.
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Figure 3.6: Scheme of 900 m long X-ray beamline. The SASE1 undulator exit is in the
right side, from where the X-ray beam travels towards the experimental hall on the left
side [136].

After the undulator exit, several components are installed for improving the beam
quality with better beam size, shape and intensity. Figure 3.6 represents this section of
the FXE beamline, taken from [136]. At 230 m downstream from the SASE1 undulator,
a ten-element compound refractive lens (CRL) system is installed for beam collimation
to a beam size of 1-2 mm. This collimation allows the full beam to transmit efficiently
through the subsequent beamline optics, including the three grazing incidence mirrors
(M1, M2, and M3), which are responsible for beam steering and focusing. These
mirrors allow to optimize transmission and direction of the main part of the available
X-ray flux into the FXE experimental hutch, thereby maximizing photon delivery to
the sample interaction region [137]. Inside the tunnel a double-channel-cut Si(111)
monochromator is installed 10 m upstream of the FXE photon beam tunnel transport
wall. With four-bounce geometry, the monochromator preserves the original x-ray beam
axis regardless of whether the beam is operated in pink (broadband) or monochromatic
mode. In the current research experiment at FXE beamline, pink beam was used to
study the bimetallic complexes.

Figure 3.7 illustrates the FXE beamline inside the experimental hutch, taken
from [138]. Inside the experimental hutch, the 8-meter-long optics branch (OPT) is
dedicated to beam conditioning and focusing via several diagnostics and beam shaping
components, including the three beam imaging units (BIUs) for visual imaging of the

incoming X-ray beam intensity - made of Ce-doped YAG crystal, single-shot spectrum
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Figure 3.7: Optics section of the FXE instrument hutch with different components used
for focusing the beam [138|.

analyzer (SpA) to determine the spectrum for every single shot, two water-cooled power
slit systems (PS1 and PS2) to withstand the full unattenuated X-ray beam, a solid
attenuator assembly (SAA) to attenuate the beam, and a ten-element Be-lens focusing
optics (CRLs) for for focusing the beam. The total photon transmission efficiency has
been quantitatively evaluated and determined to be > 70%.

To excite transient states in samples, FXE instrument uses a specially developed
burst-mode femtosecond laser system, named as the Pump-Probe Laser (PPL) [139].
These initiated transient states in matter are subsequently probed by the synchronized
femtosecond X-ray pulses to capture their structural and electronic evolution on fs
timescales. The unique burst-mode pulse structure of the EuXFEL is supported by the
PPL to enable repetitive pump-probe measurements. The output of PPL is tunable
across a broad spectral range in near-IR regions with the possibility of using 50 fs or
15 fs pulses with 800 nm fundamental beam or, alternatively approximately 800 fs
long pulses with wavelength of 1030 nm [136,139]. The 800 nm fundamental radiation
can also be converted to generate the second (400 nm) and third (267 nm) harmonics.
For additional continuous wavelength tunability, a TOPAS (travelling-wave optical
parametric amplifier of superfluorescence) system is installed for selective excitation
across a broader spectral range.

In the interaction region, the optical pump and X-ray beams are overlapped in
the sample and then the scattered or emitted signals are recorded in the aligned
spectrometers and detectors. The two available spectrometers, Johann and von Hamos
X-ray emission spectrometers can operate simultaneously. The Johann spectrometer is
more suitable for low signal yield experiment, specially with extremely low concentration
and for high energy resolution experiments as RIXS or high energy-resolved fluorescence
detection (HERFD) measurements. The von Hamos spectrometer is applicable mostly
for strong emission signals and for simultaneous acquisition of multiple emission lines
from one or several elements, using the single-module Jungfrau 500k detector. For the

investigation of bimetallic complexes, the available large pixel detector (LPD) was used
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Figure 3.8: FXE instrumental hutch setup for simultaneous X-ray scattering /diffraction
and spectroscopy measurements.
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for the scattering measurement, for details see Section 3.5.

3.3 Time-resolved Experiments

To capture ultrafast structural and electronic dynamics during chemical reactions and
phase transitions, the time-resolved X-ray experiments are required. The focus of the
thesis is to study the ultrafast structural changes in the stimuli-responsive transition
metal dimer complexes. Therefore, time-resolved measurements were crucial for this
project and were performed using optical laser excitation combined with femtosecond
and picosecond X-ray probe pulses.

These pump—probe experiments enabled the direct observation of transient states
with transient structural changes in the excited states with atomic spatial resolution,
thereby allowing a detailed characterization of their structural dynamics. The illustration

of a typical setup of pump-probe experiment is shown in Figure 3.9.

I
y Laser pump |

Sample  op detector

Soray PO

Figure 3.9: Scheme of a typical setup for a time-resolved experiment with a laser
pump and X-ray probe. For solution phase study, the liquid jet contains the sample,
which runs continuously under high pressure to fulfill the sample renewal between each
pump-probe event.

An optical pump pulse (denoted with blue) first photo-excites the sample flowing
through the jet and initiates the photochemical process in the sample system of interest.
Then after a specified time delay, At = t - ¢y, where tg corresponds to the temporal
overlap between pump and probe pulses at the sample position, the X-ray probe-pulse
(denoted with red) interacts with the sample and scatters in a unique pattern, which
is then collected by the detector. By varying the time delay At in each measurement,
multiple measurement scans during the photochemical process can be collected, providing
an insight of the temporal evolution as forming a "molecular movie”.

The WAXS experiment for bimetallic Au complexes was performed at the FXE
beamline of the European XFEL, where optical pump — X-ray probe measurements
were conducted in a burst mode operation synchronized to the EuXFEL pulse structure.
The optical excitation was performed using the femtosecond Pump-Probe Laser (PPL)

system tuned to specific excitation wavelengths, while the probing X-ray pulses, delivered
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at a repetition rate of 141 kHz within the pulse train, captured snapshots of the evolving
system structure. During the beamtime (proposal number 4507 at EuXFEL) allocated
for measurements on bimetallic complexes, the solution was excited by two different
spectral wavelengths. Optical pump of 266 nm was used for [Aus(depm)s] (PFg)2 complex
and 266 nm was used for [Aug(pnnp)2|Cly complexes in acetonitrile solutions, according
to the resonant excitations to the relevant excited states. The optical pump pulse at
320 nm was produced by the available TOPAS system and the 266 nm optical pulse
was produced by the third harmonic generation of the fundamental laser wavelength.
Further details are given in Section 6.

Similarly, during the WAXS beamtime at the ID09 of ESRF, time-resolved measure-
ments were conducted using femtosecond optical excitation. The optical laser system
provided pump pulses at 320 nm, generated via a TOPAS, with pulse energies in the
range of 30—40 pJ per pulse. Additionally, excitation at 266 nm was generated using

third harmonic generation (TH) of the fundamental laser wavelength.

3.4 XAS detection methods

To collect high quality experimental data, it is essential to select an appropriate
detection method, which ensures detectors to operate within their linear response
range, maintain X-ray beam stability throughout the measurement, and maintain the
reproducibility of successive energy scans. There are two possible way to measure
the XAS spectrum - either in transmission or or in fluorescence mode (either total,
TFY, or partial fluorescence (e.g. by detecting only specific emission line in HERFD
mode)) [140, 141].

The transmission detection technique is suitable for relatively thick samples with
large absorption contrast. In contrast, the TFY detection technique is applicable to
samples of varying with low absorption contrast e.g. dulite solutions . Furthermore,
this is more suitable for the low-concentration samples with a low background. For
the ground state EXAFS measurements at the P64 beamline of PETRA III, the total
fluorescence yield detection method was carried out as the experiments were performed

with low-concentration liquid samples.

3.4.1 Transmission mode

In transmission mode, the incident X-ray intensity (/y) and the transmitted intensity
(I) after passing through the sample are measured using ionization chambers or other
calibrated detectors. The absorption coefficient, u(FE) is then determined from the
Beer-Lambert law, p(E) = 21n (£2), where d is the thickness of the sample. This direct
measurement provides a linear relationship between the transmitted intensity and the
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absorption coefficient, making transmission mode particularly suitable for quantitative
analysis [142,143].

Transmission detection is advantageous when studying concentrated samples or
materials with relatively strong absorption edges, where self-absorption or saturation
effects in fluorescence measurements can become significant. However, the absorber
concentration and thickness should fall within the optimal range where sufficient X-ray
absorption occurs without complete attenuation. For dilute samples, transmission
becomes impractical, and alternative detection methods such as fluorescence yield are

preferred.

3.4.2 Total fluorescence yield mode

In the TFY mode, the intensity of the incident X-ray beam (Iy) is measured using an
ionization chamber, while the emitted (result of core-level excitations) characteristic
fluorescence X-ray signal (Ir), is collected by a detector, positioned at 90° respect to
the incident beam to minimize elastic scattering contributions.

The absorption coefficient, u(E) measured in fluorescence mode is proportional
to the ratio of detected fluorescence to incident intensity, i.e., u(E) x Ig/Iy, within
the first-order approximation. This relation enables the indirect extraction of X-ray
absorption spectra. In this method, the total integrated fluorescence yield from all decay
channels is recorded as a function of the incident photon energy, whereas in the partial
fluorescence yield mode a specific emission line is selected for example using crystal
analyzers in emission spectrometers. Further theoretical explanations are explained
in [141].

3.5 Detectors

For the investigation of metal-dimer complexes, two different types of detectors were
utilized for WAXS measurement at different X-ray sources. For the WAXS measurement
at FXE beamline, the LPD detector was used. The WAXS measurement at 1D09
beamline was performed using the Rayonix MX170-HS detector. On the other hand,
for EXAFS measurement at P64 beamline, the Avalanche photodiodes (APDs) were

employed. In this section, a brief description of these detectors is presented.

3.5.1 Large Pixel Detector

The Large Pixel Detector (LPD) is a high-speed, hybrid pixel detector developed
by the Rutherford Appleton Laboratory (RAL, UK) for unique high-repetition-rate
applications at FXE instrument at the European XFEL [144]. The sensitive area of the
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detector is formed by square pixels of 500 pm x 500 um size with 1024 x 1024 pixels in
total and consists of 256 exchangeable rectangular tiles of 128 x 32 pixels. These tiles
are further grouped into supermodules and quadrants. Each pixel is equipped with 512
analog memory cells, enabling the storage of up to 512 full frames each acquired with
an integration time of 100 ns. This make the detector capable of taking data with 4.5
MHz frame rate. Then the stored images are transferred to a data acquisition system
within the time interval between pulse-trains (100 ms) [137].

The LPD incorporates three parallel gain stages per pixel with gain factors of
1 x (low gain), 10 x (medium gain), and 100 x (high gain), which provide a wide
dynamic range up to 10° photons at 12 keV. During the experiment with bimetallic
complexes, fixed medium gain mode was used in the range 100-1000 at 17 keV. Depending
on the photon energy, the system can automatically select the most appropriate gain per
pixel in each frame, enhancing dynamic range and sensitivity. It features the 500-um
thick Si sensor which enables the X-ray detection with quantum efficiency of > 90% in
the photon energy range of 5-13 keV and approximately 40% detection efficiency at 20
keV [137].

Large Pixel Detector
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Figure 3.10: Schematic of the WAXS setup available at FXE beamline. The large Pixel
Detector was used for the experiment of liquid bi-nuclear Au complexes to detect the
X-ray scattering signals.

To optimize data quality, the LPD is equipped with a fast frame “veto” capability
that allows selective image acquisition based on external or online diagnostics as well as
fixed programmed veto patterns. Each image undergoes per-pixel, per-memory-cell, and

per-gain calibration, with correction parameters stored in a comprehensive calibration
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database totaling 40 GB. These calibrations include offset, gain normalization, and

geometrical corrections based on high-resolution photographic metrology.

3.5.2 Rayonix MX170-HS detector

The Rayonix MX170-HS detector at ID09 beamline at ESRF is large-area CCD-based
system which provides a broad angular coverage and high dynamic range, enabling
simultaneous detection of both intense low-(Q solvent responses and comparatively
weaker high-Q) intramolecular scattering features. The MX170-HS offers sufficient frame-
transfer speed and low readout noise to capture high-quality difference scattering signals

across the full reciprocal-space range relevant for molecular structure analysis [145, 146].

3.5.3 Avalanche photodiodes

For the EXAFS measurements performed at the P64 beamline, avalanche photodiodes
(APDs) were employed as the primary X-ray detectors, owing to their excellent time
response, high linearity, and suitability for high-flux synchrotron radiation environments
[147]. APDs are solid-state semiconductor detectors operated under high reverse-bias
voltage, where the absorption of an X-ray photon generates a primary electron—hole pair
that is subsequently multiplied through an internal avalanche process. This internal
gain mechanism enables fast signal amplification with low electronic noise, making
APDs particularly well suited for transmission and fluorescence EXAFS measurements
where precise intensity monitoring and high signal-to-noise ratios are essential [148].
At P64, APDs are routinely used to record the incident and transmitted X-ray
intensities (Iy and I;) as well as fluorescence signals in energy-scanning X-ray absorption
experiments. Their sub-nanosecond temporal response and high count-rate capability
ensure distortion-free detection even under the high photon flux delivered by PETRA
ITI. Moreover, APDs exhibit excellent radiation hardness and stability over extended
scans, which is critical for collecting reproducible EXAFS spectra over a wide energy
range. These characteristics make APDs a reliable choice for high-quality EXAFS
measurements, allowing accurate extraction of absorption coefficients and, consequently,
robust determination of local structural parameters such as coordination numbers,

interatomic distances, and disorder parameters.

3.6 Sample environment: free-flowing liquid jet

All the X-ray absorption and scattering measurements involved in this thesis were
conducted in the liquid phase to investigate the structural properties of bimetallic

complexes. To perform this, a free-flowing liquid jet was employed as the sample
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delivery system throughout the experiments during the available beamtimes.

For the EXAFS measurements performed at the P64 beamline of PETRA III, a
stable and continuous liquid jet with 500 pm thickness was used. The jet was placed
directly on the way of the X-ray beam. The continuous liquid flow was maintained using
a peristaltic pump coupled with a damping system which minimized the instabilities
induced by pulsation. This configuration ensured a uniform flow, enabling high-quality
data acquisition for the whole beamtime, while minimizing radiation damage through
constant sample renewal in the beam path [120].

For the WAXS experiment performed at the FXE beamline, a thinner liquid jet was
utilized to cope up with the high brilliance and high repetition rate of EuXFEL and to
improve temporal resolution degrading due to group velocity mismatch of the X-ray
and optical pulses in the jet [136]. The inner diameter of the glass nozzle was 100 pm
to allow a more collimated and stable jet stream. With the MHz repetition rates of
EuXFEL, the investigation of structural dynamics was performed in acetonitrile solvent
at very low concentrations (<5 mM). For this purpose, a dedicated He-filled sample
chamber is available with large windows which allows simultaneous diffraction /scattering
and spectroscopic experiments using the LPD detector and the von Hamos or Johann
spectrometers, respectively. The chamber can be sealed with a Kapton window supported
on aluminium frame attached by magnets. Three precision motors are mounted outside
the chamber to avoid the possible chemical contamination due to the leaks or spraying
of the liquid jets. These motors manipulates the XYZ translation stages of the nozzle
to position the jet along the beam with a ca. 1 pum reproducibility [149]. A gas inlet
with helium was employed as the filling gas to minimize X-ray attenuation and reduce
undesired scattering contributions. The incident beam was guided through a 2 mm-thick
silver flight tube inside the chamber, which contained the beam up to approximately 15
mm before the jet. A sample catcher is positioned into a 5 mm-diameter tube from
the bottom of the chamber to collect the liquids from jet, directing it return back into
the sample bottle located beneath the chamber. A scheme of sample delivery system is
illustrated in Figure 3.11, adapted from [149].

The liquid solutions were continuously circulated using a high-performance liquid
chromatography (HPLC) pump, which was connected to a round glass nozzle. The flow
rate was maintained at approximately 30 mL/min with velocities up to approximately
64 m/s, ensuring complete sample renewal between consecutive pump-probe events
at repetition rates of up to 564 kHz. This estimate depends on the solvent viscosity
and the back pressure needs to be adjusted to ensure uninterrupted flow during the
high-repetition-rate measurements. Two additional sample circulation pumps were
connected with the sample delivery system for the study of in-line static UV-VIS
spectroscopy and for solution/solvent refill to maintain constant sample concentration.

All the pumps can be controlled remotely. The overall sample delivery system at FXE is
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Sample environment: free-flowing liquid jet

Figure 3.11: Scheme of liquid sample delivery system at FXE beamline with closed
system facility.

suitable for the femtosecond-resolved studies, where sample path length and jet stability
are critical for minimizing X-ray scattering background and achieving high temporal

and spatial resolution.
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Chapter 4

Total Synthesis of Metal dimers

In this thesis, the synthesis of bimetallic complexes with phosphine ligands from
basic starting material constituted a crucial component of the thesis work and was
given particular importance, as the preparation of these compounds was an essential
prerequisite for subsequent experimental investigations. All synthetic work was carried
out by the author, at the University of Leipzig in the laboratory of Prof. Dr. Evamarie
Hey-Hawkins with Peter Wonneberger, and at the University of Hamburg in the

laboratory of Prof. Axel Jacobi von Wangelin.

4.1 Chemicals

All reagents were purchased from commercial suppliers and used without further
purification, except for the solvents. All solvents were dried and degassed using
standard laboratory techniques when required. Due to the toxicity and corrosive nature
of several reagents, particularly Na metal, HF-containing species and volatile organic
solvents, all procedures were performed in a well-ventilated fume hood with appropriate

personal protective equipment.

4.2 Chemistry laboratory setup

All reactions and manipulations were carried out under a dry argon atmosphere by
using standard vacuum-line techniques. Solvents were purified, dried, deoxygenated,
and distilled before use. The synthesis commenced with preparation of the apparatus.
All of the glassware used during the synthesis process were thoroughly cleaned using
multiple solvents to remove any contaminants, then dried under an inert gas stream to
ensure a moisture-free environment. The dried glassware was then purged and filled

with flowing argon gas to maintain an inert atmosphere throughout the reaction.
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Synthesis of PNNP Ligand

4.3 Synthesis of PNNP Ligand

Step 1

The prepared three-necked round-bottom flask was flushed with a steady stream of
argon gas to ensure an inert atmosphere. Into this inert flask, 35 g of diethyl phosphite
was dissolved in 150 ml of anhydrous diethyl ether. Separately, another solution was
prepared by dissolving 0.217 mol (30 g) of diethyl phosphite in 150 ml of diethyl ether,
and this mixture was carefully cooled to -5°C.

Small pieces of sodium metal (5 g, 0.217 mol) were then added incrementally to the
cooled solution. Each addition of sodium raised the temperature of the mixture, so an
isopropanol bath with crushed ice was used to maintain a controlled temperature range
of -5°C to +5°C. To prevent excessive temperature increase, no more than 3-5 pieces of
sodium were introduced at once.

After all sodium had been added, the reaction mixture was continuously stirred
within the isopropanol bath to sustain a stable temperature as the sodium reacted
completely. This reaction process required approximately eight hours to ensure the full

consumption of sodium.

9 Et,0, 5-+5°C
HP(OEt), + Na ™ NaP(OEt),
1 2

Step 1: Synthesis of compound 2

Step 2

In an Erlenmeyer flask with a volume capacity of 250-500 mL, pyridine-N-oxide (20.4 g,
0.217 mol) was introduced as the starting material. To this flask, dimethyl sulfate (27.3 g,
0.217 mol) was gradually added in a stepwise manner while maintaining the temperature
of the reaction mixture at 0°C. The controlled addition at low temperature minimizes the
risk of exothermic reactions and aids in maintaining safe reaction conditions. During the
addition process, the reaction mixture was continuously stirred to facilitate thorough
interaction between the reactants. Stirring was continued until all the pyridine-N-
oxide had completely dissolved, ensuring the formation of a homogeneous solution that
indicated the completion of the initial phase of complex formation.

Steps 1 and 2 are considered complete when the sodium is fully dissolved in the
diethyl phosphite solution in diethyl ether, and the pyridine-N-oxide is entirely dissolved
in dimethyl sulfate (Me2SOy).
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Synthesis of PNNP Ligand
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Step 2: Synthesis of compound 4

Step 3

After completing steps 1 and 2, an additional 50 ml of diethyl ether were added to the
reaction mixture. The pyridinium salt (compound 4) was then placed in a dropping
funnel, and ensure the reaction mixture remained cooled to -5°C. The addition of
pyridinium salt was subsequently started dropwise, ensuring that the temperature
remained between -5°C and 0°C throughout the process.

Important Safety Note: The reaction does not initiate immediately, leaving the
pyridinium salt initially undissolved in the reaction mixture. However, after the addition
of 5-15 ml of the compound 4, the reaction will proceed rapidly, accompanied by an
exothermic release of energy. To prevent spillage or ejection of the reaction mixture,
pauses were introduced after every 5-7 drops of the salt. The reaction was carefully
monitored for any signs of diethyl ether boiling; if boiling was observed, the addition of
the salt was paused, and liquid nitrogen was immediately added to the cooling bath to

maintain stability.

ﬁ AN VeSO Et,0, 0-5 °C — ﬁ
NaP(OEt), + || \ g - (/) PoED,
e
2 ~OMe N
4 5

Step 3: Synthesis of compound 5

Once the reaction mixture developed a slight brown color, the dropwise addition
of pyridinium salt was resumed without interruption, while continuously monitoring
the temperature of the cooling bath and the boiling point of diethyl ether. After
the complete addition of the pyridinium salt, the cooling bath was allowed to warm
gradually to room temperature. Upon reaching room temperature, the cooling bath
was removed, and the reaction mixture was stirred for an additional 12-14 hours.

Subsequently, the reaction mixture was cooled to between 0°C and +5°C, and
carefully 100 mL of distilled water was added dropwise. There are two layers of solvents

in the reaction mixture: the upper organic solvent layer and the lower aqueous layer.
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Synthesis of PNNP Ligand

The organic solvent layer was separated using a 500-1000 ml separating funnel and
transferred into a flask containing NaySO,4 or MgSOy for drying. The aqueous layer was
washed with 100 mL of chloroform in three separate steps. All the collected organic
layers were combined and allowed to dry over Nay,SO,4 or MgSO, overnight.

The dried solution was transferred to a clean 1000 mL round-bottom flask and the
solvent was evaporated by distillation. The residue was distilled under reduced pressure
(1072 to 10~ mbar), considering the boiling point between 120-140°C at this pressure.
The temperature of the heating bath should not exceed 185°C, as temperatures above

this threshold may lead to decomposition of the product.

Step 4

A suspension of LiAlH, (1.5 - 2 equivalents) in 200 mL of diethyl ether, and to this,
a solution of diethylpyridine-2-phosphonate (compound 5) (1 equivalent) in 50 ml of
diethyl ether was added dropwise, slowly, while maintaining the temperature at —5°C.
The addition of the phosphonate was accompanied by an exothermic reaction. After
addition of all the phosphonate, the temperature of the reaction mixture was increased
gradually to room temperature. The reaction mixture was stirred for 12-20 hours at
room temperature. In the next step, approximately 100 ml degassed distilled water
was added drop-wise to the reaction mixture, although the exact volume depends on
the condition of the decomposed LiAlH,. Once the solid phase started to form small
balls the addition of water was stopped. The amount of added water is very crucial
as excessive water can enhance the chance to form a paste-like consistency from the
precipitate, which can complicate the subsequent extraction process. After the addition
of water, the organic layer was separated using a cannula and transferred into a flask
containing NasSO4 or MgSQOy for drying. The aqueous layer containing the decomposed
LiAlH,, was extracted with 100 mL of diethyl ether three times. The combined organic
layers were then dried over Nay;SO, or MgSO, for at least 8 hours. Subsequently, the
diethyl ether was removed by distillation, and the residue was distilled under vacuum
to obtain pure PyPH,, with a boiling point of 40-60°C at 10-20 mbar. The color of the
PyPH, product may vary, appearing orange, pink, or red.

= LIAH, Et,0,05°C /=
\ / P(OEt), > \ / PH,
N N
5 6

Step 4: Synthesis of compound 6
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Synthesis of [Auy(pnnp)Cly| and [Auy(pnnp)s|Cly

Step 5

All reactions and manipulations were carried out under a dry argon atmosphere by
using standard vacuum-line techniques. A mixture of 2-pyridylphosphine (1.39 g, 12.5
mmol) and paraformaldehyde (0.75 g, 25.0 mmol) was stirred at 110-120°C until the
mixture became homogeneous. To this, 5 ml of dry ethanol and a solution of p-toluidine
(12.5 mmol) in 5 ml of ethanol were added. The reaction mixture was stirred at 80°C for
2 hours, during which a white precipitate formed. The precipitate was filtered, washed

with ethanol three times, and dried under reduced pressure.

p-Tol
VLRI G- o & A
| N N—oH 2N / NS
_N | EtOH
_N p-Tol

Step 5: Synthesis of PNNP ligand

The 3'P NMR spectrum of the product should show a signal at -40 to -45 ppm.
Additionally, a minor signal may appear in the range of -30 to -35 ppm, which could
correspond to another isomer of 1,5-diaza-3,7-diphosphacyclooctane. However, this
minor signal will not affect the outcome of subsequent reactions. All procedures were
performed under an inert atmosphere. A mixture of 12.5 mmol of 2-pyridylphosphine
(1.39 g) and 25.0 mmol of paraformaldehyde (0.75 g) was heated and stirred at 110-120°C
until the mixture became homogeneous. To the obtained homogeneous mixture, 5 mL
of dry ethanol and a solution of p-toluidine (12.5 mmol) in 5 mL of ethanol were added.
The reaction mixture was stirred for 2 hours at 80°C, resulting in the formation of a
white precipitate. The precipitate was filtered, washed three times with ethanol, and

then dried under reduced pressure.

4.4 Synthesis of [Auy(pnnp)Cly| and [Aus(pnnp),|Cls

5 g of tetrachloroauric(III) acid hydrate was dissolved in a mixture of ethanol (40
ml) and distilled water (10 mL). To the resulting solution, tetrahydrothiophene (2.5
equivalents) was added dropwise using a glass pipette. After the complete addition, a
white precipitate was formed. The reaction mixture was stirred for 30 minutes, with
the flask wrapped in aluminum foil to protect it from light. Then the precipitate was
filtered and washed with ethanol three times, followed by washing with diethyl ether
three times. Finally, the precipitate was dried under vacuum to remove any residual
solvents.

Important Safety Note: It is essential to avoid the use of metal equipment during this
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Synthesis of [Auy(pnnp)Cl]

synthesis, as gold(III) acid can cause the oxidation of metals, leading to contamination

of the product with iron oxides. Only glass equipment should be used.

EtOH/H2
HAuCl, + S—Au—dl

Synthesis of [Au(tht)Cl|

4.4.1 Synthesis of [Auy(pnnp)Cly]

To a solution of [Au(tht)Cl| (2 equivalents) in dichloromethane (5 ml), a solution of the
ligand (1 equivalent) in dichloromethane (5 ml) was added. The reaction mixture was
stirred for 0.5 hours at room temperature, protected from light. After this period, a
white precipitate formed. The precipitate was then filtered and washed thrice with 10
mL of dichloromethane each time. The desired product was 1.5 g of the complex. To
obtain a larger quantity of the product, it is recommended to perform the synthesis in

multiple batches, using 200-300 mg of the ligand per batch.

CI\ o
Au A{I
p-ToI\ B (tht)C \ p-ToI\ P/
N 2 Au(tht)CI
\ \

Synthesis of [Aus(pnnp)Cly]

The synthesized complex was characterized by UV-Vis spectroscopy, which clearly
displayed two distinct electronic transitions. The spectrum, shown in Figure 4.1, is in
good agreement with the reported literature data for [Auy(pnnp)Cly| in acetonitrile,
thereby confirming the successful formation of the desired complex. The absorption
band observed below 270 nm corresponds to m-7* transitions within the pyridyl and
para-tolyl moieties of the ligand. A broader feature in the range of approximately
290-330 nm is attributed to electronic transitions from the HOMO, predominantly
localized on the para-tolyl fragments, to the LUMO, which is contributed by the atomic
orbitals of both Au(I) ions and the pyridyl groups. This band arises from intraligand
charge transfer (ILCT) processes mixed with ligand-to-metal charge transfer (LMCT)

character.
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Synthesis of [Auy(pnnp)s|Cly

3,0 — [Au,(pnnp)Cl,]
in MeCN

N
&)
1

UV-VIS absorption
> o
1 1

-
o
1

o
)
L

o
[=]

T T T T
200 250 300 350 400 450
Wavelength (nm)

Figure 4.1: UV-Vis absorption spectrum of the synthesized [Aus(pnnp)Clsy| complex in
acetonitrile solution which appears identical to the literature spectrum.

4.4.2 Synthesis of [Auy(pnnp)-]|Cly

A solution of [Au(tht)Cl| (1 equivalent) in acetone (5 ml) was prepared, to which a
solution of the ligand (1 equivalent) in acetone (5 ml) was added. Acetone was used
as the solvent to ensure the separation of the resulting complex, as the product is
insoluble in acetone. The reaction mixture was stirred for 0.5 hours at room temperature,
protected from light. After this period, a white precipitate formed. The precipitate was
filtered and washed thrice with 10 ml of acetone each time. The desired product was
1.5 g of the complex. To obtain a larger quantity of the product, it is recommended to

perform the synthesis in multiple batches, using 200-300 mg of the ligand per batch.

[ - 2+
-Tol
P \
N
Py \ Py
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Synthesis of [Auy(pnnp)s|Cly

The synthesized complex was characterized by UV-Vis spectroscopy, which clearly

displayed two distinct electronic transitions and are analogous to those observed for
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Synthesis of [Auy(depm)s|(PFg)o

[Aus(pnnp)Cly|. The UV—-Vis spectrum in Figure 4.2 resembles the reported literature

data for [Auy(pnnp)s|Cly complex in acetonitrile.
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Figure 4.2: UV-Vis absorption spectrum of the synthesized [Aus(pnnp)s]|Cly complex in
acetonitrile solution which appears identical to the literature spectrum.

4.5 Synthesis of [Auy(dcpm)s]|(PFg),

In a 100 mL Erlenmeyer flask, 1.06 mmol of K[AuCly| (0.4 g) was dissolved in 40 mL of
methanol and stirred for 10 minutes on a stirring heating mantle. Once the K[AuCl]
was fully dissolved, 2.12 mmol of thiodiglycol (0.22 mL) was added to the reaction
mixture, which was then stirred for an additional 15 minutes. Then 1.04 mmol of
solid bis(dicyclohexylphosphino)methane (dcpm) ligand (0.4 g) was added, and the
mixture was stirred for another 15 minutes. Over time, a pale-yellow solid formed
but dissolved upon gentle warming, yielding a colorless solution that was subsequently
filtered. In the filtrate, excess NH4PF¢ (approximately 4 g) was added, resulting in the
formation of white precipitates. These precipitates were collected by filtration, then
washed with distilled water and diethyl ether. The collected solids were further purified

by recrystallization through slow evaporation from acetonitrile.

K[AuCl,] + S(CH,CH,OH), CH,OH | [Au,(dcpm),](PFe),
+ solid dcpm excess
NH,PFg

The compounds were characterized by 3'P NMR spectroscopy and UV-Vis spec-
troscopy. Figure 4.3 represents the UV-Vis spectrum for the [Auy(depm)s|(PFg)o
complex in acetonitrile solution which is similar to the UV-Vis spectrum published in

literature.
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Figure 4.3: UV-Vis absorption spectrum of the synthesized [Aug(dcpm)s|(PFg)2 complex
in acetonitrile solution which is identical to the literature spectrum.

4.6 Synthesis of [Agy(depm)s|(PFg)o

In this synthesis, a suspension of silver hexafluorophosphate (AgPFg) (0.10 g, 0.40 mmol)
was prepared in 40 mL of dichloromethane, and bis(dicyclohexylphosphino)methane
(0.16 g, 0.40 mmol) was added to the solution. The reaction mixture was stirred
at 40°C for 5 hours, ensuring thorough mixing of the reagents to promote effective
interaction between AgPFg and bis(dicyclohexylphosphino)methane. During this time,
the suspension gradually developed, allowing the complexation to proceed under mild
heating conditions. After the reaction time, the reaction mixture was concentrated
by carefully reducing the solvent volume, which encouraged the formation of a solid
product. Following this concentration step, diethyl ether was added to the mixture.
The addition of diethyl ether induced the precipitation of a white crystalline solid,
suggesting successful formation of the desired [Agy(depm)s|(PFg)s complex.

CH.ClI;

AgPF; + solid dcpm (é‘ﬂsg’é’)ﬁo > [Ag,(dcpm),](PFe),

To purify the product, recrystallization was conducted. This involved setting up a
diffusion process where diethyl ether was allowed to slowly diffuse into a dichloromethane
solution of the crystalline solid. Over time, this controlled diffusion resulted in the

formation of pure colorless crystals, which were subsequently isolated as the final
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Synthesis of [Cuy(depm)s|(PFg)o

product. The recrystallization method by ether diffusion into dichloromethane provided

an effective means to obtain high-purity crystals suitable for further characterization.

4.7 Synthesis of [Cuy(dcpm)sy](PFg)

Synthesis of [Cu(CH;CN),][PFg]

The following synthesis was conducted under a well-ventilated fume hood due to the
toxic nature of acetonitrile and the hazardous hydrofluoric acid (HF) fumes generated
during the procedure. Proper personal protective equipment (PPE) including gloves,
safety goggles, and a lab coat were used, and all the measures were taken to avoid
exposure to fumes or accidental contact with reagents.

A magnetically stirred suspension of 28 mmol of copper(II) oxide (4.0 g) was prepared
in 80 mL of acetonitrile within a dry 125-mL Erlenmeyer flask. To this suspension,
10 mL of 60-65% HPF¢ (approximately 113 mmol) was added incrementally in 2-mL
portions. The reaction was highly exothermic, leading to noticeable boiling of the
solution. While the elevated temperature was not strictly controlled, the resultant
warming was advantageous as it facilitated the dissolution of the reaction product.
After the final portion of HPFg was added, the solution was stirred for an additional
three minutes to ensure completion of the reaction.

The hot reaction mixture was then filtered through a medium-porosity fritter filter
to remove small quantities of undissolved black residue. During this filtration step,
some white crystalline material identified as [Cu(CH3CN),][PFs] occasionally formed
prematurely. This crystalline material was washed through the frit using a minimal
volume of acetonitrile to ensure complete recovery. The resulting pale-blue solution was
cooled to approximately —20 °C by placing it in a freezer for several hours. Alternatively,
equivalent results were achieved by adding an equal volume of diethyl ether and cooling
the mixture to 0°C. In either case, cooling induced the formation of a microcrystalline
blue-tinged white precipitate of [Cu(CH3CN),][PFg]. This solid product was collected by

filtration and subsequently washed with diethyl ether to remove any residual impurities.

Cu,O + HPF, + CH,CN + [Cu(CH,CN),]PF,

The collected solid was immediately redissolved in 100 mL of acetonitrile to prepare
it for further purification. A small amount of undissolved blue material, presumed to
be a Cu®* species, was observed in the solution and was removed by filtration. The
slightly blue filtrate was then treated with 100 mL of diethyl ether and allowed to stand
at —20°C for several hours, resulting in the precipitation of the target complex. If

the precipitated complex exhibited a bluish cast, indicating the presence of impurities,
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a second recrystallization was performed to enhance the purity of the product. The
second recrystallization was carried out by dissolving the impure product in 80 mL of
acetonitrile and subsequently adding 80 mL of diethyl ether. The mixture was then
cooled to —20°C to induce recrystallization. The purified product, now appearing as a
pure white solid, was collected by filtration, washed with diethyl ether, and immediately
dried under vacuum for approximately 30 minutes to remove residual solvents.

The final yield of [Cu(CH3CN),][PFg] was 12.5 g, corresponding to a 60% yield. The
overall yield was influenced by losses incurred during the recrystallization process. The
pure white product was suitable for further applications or characterization, highlighting

the efficiency of this synthesis and purification method.

Synthesis of [Cuy(dcpm)s]|(PFg)

A mixture of [Cu(CH3CN)4][PF4] and bis(dicyclohexylphosphino)methane (dcpm) in
a 1:1 molar ratio was prepared by combining the two reagents in 20 mL of acetone.
This mixture was stirred at room temperature for 1 hour to ensure complete reaction
between the components. After the stirring period, the acetone solvent was removed
under reduced pressure, yielding a concentrated reaction mixture. Diethyl ether was
then added to the residue, leading to the formation of a white solid precipitate. This

solid was collected and further purified by recrystallization.

[Cu(CH,CN),]PF¢ dePm, . [Cuy(dcpm),l(PFe),

acetone
1 hour, RT

Recrystallization was achieved by dissolving the precipitate in a small amount of
dichloromethane (CH,Cly), followed by the slow addition of diethyl ether to facilitate the
formation of purified crystals. The recrystallized final product was isolated as a white

crystalline solid, suitable for further analysis or subsequent pump-probe measurements.
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Chapter 5

Refining the ground state structure of gold

dimers in solution phase

This chapter contains the detailed experimental results and data reduction procedure
for the collected data from P64 beamline at Petra III using the EXAFS technique. This
chapter begins with the EXAFS data reduction processing, followed by the ground state
structural refinement for the [Auy(depm)s|(PFg)2 complex in MeCN solution.

5.1 EXAFS data analysis

As described in the previous chapters, EXAFS provides detailed information on the
local atomic environment, primarily bond distances and coordination shells around the
absorbing atom in both ordered and disordered materials. The theoretical details of
EXAFS technique are explained in Section 2.2.2 underlining the possibility of extracting
relevant structural information about the material of interest.

To establish a meaningful correspondence between the experimental measurements
and theoretical models, it is important to isolate the EXAF'S oscillations, x(k), from
the collected absorption spectrum data. In this work, the EXAFS measurements
were performed in acetonitrile solution at relatively low concentrations, a condition
particularly relevant for probing aurophilic interactions in the [Auy(depm)s]|(PFg)s
complex. However, such measurements also make analysis challenging, as the signal
intensity in solution is significantly weaker than that obtained from solid powders,
leading to a lower signal-to-noise ratio and requiring careful data processing and
averaging [38]. The systematic procedure of steady-state EXAFS data reduction and
extraction of physical parameters are described in this section.

To enable efficient and accurate analysis of XAS data, several software packages
have been developed including APEX program [150] and IFEFFIT packages [151] which
fulfill a broad range of analytic and simulation goals. The IFEFFIT library includes

ATHENA, and Artemis which provide a comprehensive, user-friendly graphical interface.
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Data processing

For data analysis of [Auy(dcpm)s](PFg)s complex in acetonitrile solution, ATHENA
and Artemis software were used. Both of them are built using the numerical and
analytical capabilities of the IFEFFIT library [106] including the complete access of
the AUTOBK [152| and FEFFIT program [153].

5.1.1 Data processing

ATHENA software is used for processing the raw data for further analysis where the
data processing employs several steps including the conversion of raw data to u(E)
spectra, refining of the recorded data by rebinning, automated deglitching, truncation,
and calibration. Then the background subtraction from the data is carried out using
the AUTOBK [152] that fits a smooth spline curve to the absorption spectrum. This
technique separates the EXAFS signal from the background by analyzing the difference
in their Fourier components. ATHENA has another great feature of data merging by
averaging several scans to obtain a good quality EXAFS spectrum. After that, the
normalization of the data scans is performed. The normalization of the absorption

spectrum involves the following key steps to isolate the EXAFS oscillations:

e Threshold Energy Determination (Fj): This is the energy at which the first
derivative of the absorption coefficient p(F) reaches its maximum. This energy
marks the onset of the absorption edge and considered as the reference point for

subsequent normalization.

e Pre-edge and Post-edge Fitting: Smooth polynomial functions are fitted
to the pre-edge and post-edge regions of the spectrum to model the baseline
absorption behavior. These polynomials are extrapolated to the threshold energy

Ey, and the difference between their values at F is defined by the edge step.

e Normalization of the Spectrum: The absorption spectrum is normalized by
using the relation defined by Equation 2.22 - where pu(F) is the experimental
absorption coefficient, ug(E) is the fitted background representing the absorption
of an isolated atom, and pg(Ejp) is absorption value at the edge energy Ey, used
here to normalize the oscillatory component. The absorption coefficient in the
pre-edge region becomes zero and normalizes the post-edge region to oscillate

around one.

e Extraction of the EXAFS oscillation function y(F): The x(FE) is converted
to the photoelectron wavenumber k, by the Equation 2.23. The final EXAFS
function x(k) is multiplied by k", where n = 1,2, or 3. The multiplication
enhances the oscillations at higher k-values, improving the signal-to-noise ratio

during the Fourier transformation [154].
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Figure 5.1: Experimental EXAFS signal of [Auy(depm)s|(PFg)2 in acetonitrile, collected
at P64 beamline. Inset shows a zoom of the higher energy range.

79



Data reduction

After the extraction of EXAFS function x(k), the structural analysis can be per-
formed in two ways. The first process follows the direct fitting of the x(k) in k-space
while the other method performs fitting of the Fourier transformation (FT) result in
the real space (R-space). Figure 5.1 represents the EXAFS energy spectrum vs. (k).
The FT of the x(k) can be represented as the data in the form of a pseudo-radial
distribution function x(R). The peak positions and intensities in the x(R) correspond
to the phase shift which is the average distance from the absorber to the neighboring
atoms, their types and quantity. For more focused and accurate analysis, the specific
region of y(R) are selected and a backward Fourier transformation is performed. The
selected region usually contains the first or the first and second coordination shell peaks.
The backward Fourier transformation isolates the contribution of those specific region
to the overall EXAFS signal [154]. In the next section the fitting process using Artemis

software is described.

5.1.2 Data reduction

After performing all the previous steps, the extracted EXAFS oscillations function from
ATHENA contains important structural and non-structural parameters and the fitting
procedure is performed to extract those parameters from the measured experimental
data of the studied molecule. The fitting process is performed by comparing the
experimentally measured EXAFS oscillation function to a theoretically calculated one.
To analyze the EXAFS oscillations of [Aug(depm)q|(PFg)2 complex, the fitting
process of the ground-state EXAFS spectra is carried out using the software named
Artemis which is a part of the IFEFFIT packages [151]. This also includes FEFF codes
which is explained elaborately in Section 2.2.2 [102]|. The fitting process starts with a
choice of model structure as the starting guess structure for the FEFF calculation (here
FEFF 6.0 is used). This guess input model structure should be reasonably close to the
structure of interest and are often either the DFT optimized coordinates or the X-ray
crystallographic data. In this work, the optimized input atomic coordinates were used,
prepared by Dr. Dmitry Khakhulin using DFT calculations in ORCA. Used feff.inp file
to fit the [Aug(depm)s|(PFg)e EXAFS data is provided in the Appendix A. This feff.inp
file is used to calculate the self-energy, Muffin-tin potentials, amplitude reduction factor
(52) and phase shift (®(k)) which are necessary to generate the fine structure according
to the EXAFS equation (see Section 2.2.2 and Equation 2.24 for more details):
Artemis software provides convenient parameterization and refinement of structural
variables in the EXAFS equation. The k - dependent scattering amplitudes Fj(k) (F;(k)
and phase shifts (®(k)), provided by the FEFF calculation remain constant during the
fitting process. From the input structure, FEFF calculates all the scattering paths from

the target atom of the molecule. As an output, a list of single and multiple scattering
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paths is generated and ordered according to their effective bond distance R.g up to the
maximum path length of R,... From this scattering path list, one needs to consider the
relevant paths to include in the fit. In this work, the feff.inp file produced a total of 880
scattering paths within 6.0 A(including single- and multiple-scattering) where 9 of them
have amplitudes higher than 19% (see Table 5.1). Those selected paths were then used
by an appropriate parameterization strategy and evaluated by different combinations of

fitting parameters with physically and chemically meaningful results.

Table 5.1: Calculated scattering paths using FEFF 6.0 using the input file of Appendix
A. Only paths with amplitudes higher than 19% are listed. This includes both the
single- and multiple scattering paths. Here, N is path degeneracy; Reg is the effective
path distance (in A); Ampl. is amplitude (in %), SS and MS denote for the single
scattering and multiple scattering paths

No. N Rer (A) Amplitude (%) Type Pathway

1 2 2.330 100 SS  Au-P-Au

2 1 2.882 27.13 SS  Au-Au-Au

3 2 3.410 26.29 SS  Au-C-Au

4 2 3.486 24.70 SS  Au-C-Au

5 2 3.527 23.88 SS  Au-C-Au

6 2 3.580 22.90 SS  Au-C-Au

7 2 3.748 24.81 SS  Au-P-Au

8 2 3.768 19.72 SS  Au-C-Au

9 8 3.835 24.39 MS Au-P-C-Au

Among all the calculated scattering paths, only the first 3 dominating paths from
Table 5.1 were used for the fitting of Au Ls-edge of the Auy(depm)s(PFg)s complex.
The Au-P-Au contributes the maximum scattering amplitude followed by the Au-Au-Au
(Aul-Au2-Aul) scattering path. The Au-C-Au scattering paths are less dominant
compared to the first two paths but may still contribute to the EXAFS signal. To
improve the fitting quality in the higher-shell fitting, one of the Au-C-Au scattering
path was included. Figure 5.3 shows the fitting with these selected paths.

During the EXAFS analysis, the Nyquist theorem is followed to estimate the
maximum number of independent fitting parameters (Vj,q) that can be reliably extracted

from experimental data [88].
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where Ak is the data range selected in k-space (in A~1), and AR is the data range
selected in real (R) space (in A). For the analysis of EXAFS data of Auy(depm)s(PFg)s
complex in acetonitrile solution, the fitting is performed in R-space over the k-range
from 3.0 A=! to 11.0 A~" using a Hanning-type window and AR is in the data range
of 2 A. The Hanning-type window is used to reduced the edge effects during Fourier
transformation.

The primary objective of the EXAFS fitting in ground state structure is to refine the
most significant structural parameters obtained from DFT calculation and to extract the
key fitting parameters such as the Debye-Waller factors (0?), the amplitude reduction
factor (S3), the overall energy shift (AFEj) of the theoretical spectra to the experimental
spectra and the change in bond distances between the neighboring atoms (AR). The

fitting model has 12 parameters in total which is the maximum limit of Artemis software.

5.1.3 Ground state structural analysis

The EXAFS experiment was performed at the Au Ls-edge to extract quantitative
structural information in the solution phase ground state of [Auy(depm)s|(PFg)2 complex.
Following the data processing and normalization using ATHENA, the x(k) spectra of
EXAFS signal (section 5.1) were modeled in Artemis, wherein the scattering paths
were generated using FEFF based on the DFT calculated structure of the complex.
The EXAFS data and corresponding fit results for the [Aus(depm)s|(PFg)o complex in

acetonitrile solution are shown in Figure 5.2 and 5.3.
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Figure 5.2: EXAFS signal of [Aug(dcpm)s](PFg)2 in acetonitrile, fitted with the simu-
lated ground state structure obtained from DFT calculations. Left: fitting in k-space.
Right: fitting in R-space.

82



Ground state structural analysis

Figure 5.2 illustrated the fitting in both k-space (left panel) and g-space (right panel)
using the Artemis software package. In the representation, the black curve corresponds
to the measured EXAFS data, the red curve to the optimized theoretical fit, and the
blue curve indicates the window function used to define the fitting range in k-space. The
initial assessment of the EXAFS data was performed in k-space, where the normalized
EXAFS signal x(k) has been k*-weighted to amplify the higher-k oscillations and is
plotted as k*x(k) against the photoelectron wavenumber k (A~1). The oscillatory
features observed in the EXAFS spectrum provide the main structural sensitivity as
they arise from the constructive and destructive interference between the outgoing
photoelectron wave and the waves backscattered by neighboring atoms such as P, C,
and the second Au center, surrounding the absorbing Au center. The close agreement
between the experimental and fitted curves over the full fitting range (k-range) of
approximately 3 to 11 A~! demonstrates that the fitted structural model accurately
captures the phase and amplitude of the EXAFS oscillations. This indicates an accurate
description of the local atomic structure. The increased fluctuation and deviation
observed beyond ~11 A~! is expected due to the reduced signal-to-noise ratio at higher
photoelectron energies.

To isolate and refine specific components of the local structure, a back Fourier
transform (back FT) strategy was employed. It involves selecting a specific range in
R-space that contains the relevant structural features, applying a window function to
filter the signal by excluding contributions from distant or poorly defined scattering
paths, and then the filtered signal is back-transformed from R-space to k-space to
carry out targeted fitting of those components. The right side of Figure 5.2 shows
this back-transformed signal, where the back-transformed EXAFS function kx (k) is
plotted against radial distance (A). This representation isolates selected coordination
shells, primarily the Au—P, Au-C, and short-range Au---Au distances —while excluding
contributions from less-resolved or distant interactions to avoid further complications
in the fitting since in general, the solution-phase measurements have more pronounced
thermal disorder due to weaker signals and stronger elastic scattering background from
the solvent. This focused representation improves the sensitivity and reliability of the
fitting process. The close phase and amplitude matching between the filtered data
and the model demonstrates that the main oscillatory features of the EXAFS signal
originate from the coordination environment immediately surrounding the Au centers.
This method also ensures accurate extraction of ground-state structural parameters
such as bond distances, coordination numbers, and disorder factors.

A complementary and more intuitive view of the structural environment is obtained
by examining the EXAFS data in R-space, as shown in Figure 5.3. This spectrum
represents the modulus of the pseudo-radial distribution function, derived from the

Fourier transform of the weighted EXAFS signal, k%y(k) function, plotted as a function
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of radial distance (A) from the absorbing atom. It is important to note, however, that
the distances observed in the R-space spectrum do not directly correspond to the true
interatomic separations, as they are systematically shifted to lower R-values due to the
phase shifts introduced by the photoelectron scattering process.

In the illustration, the black curve represents the experimental R-space data, while
the red curve is the best-fit structural model. The plot also includes the individual
contributions from specific scattering paths, such as Au-P (green), Au-C (yellow), and
Au--Au (purple), along with the applied R-space window function (blue), which defines
the radial range used for the back Fourier transform. The individual path decomposition
in R-space provides a clear visual representation of how each scattering interaction
contributes to the total EXAFS signal.
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Figure 5.3: Individual contribution of different scattering pathways in EXAFS signal of
[Aug(depm)a|(PFg)s in acetonitrile, collected at P64 beamline. The fittng was performed
with the simulated ground state structure obtained from DFT calculations in r-space.

The dominant peak near ~1.7-2.2 A corresponds to the first coordination shell around
the Au centers, and the peak near ~2.9-3.1 A corresponds to the 2nd coordination
shell. After accounting for the phase-shift correction, these peaks correspond to actual
interatomic distances of approximately 2.31 A for the Au-P bond and 3.42 A for the
Au-C coordination, respectively, as obtained from the quantitative EXAFS fitting. The

fitting indicates that these peaks are primarily composed of contributions from Au—P
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and Au-C scattering paths, arising from the dcpm ligands. The relative amplitudes
and overlapping phases of these paths are accurately depicted in the fit, confirming that
the local geometry around each Au atom includes two P and several C atoms in the
expected spatial arrangement of ligands. The window function applied here isolates the
most structurally informative region while suppressing contributions from longer-range
scatterers and background noise. A weaker but distinct feature at ~2.2-2.4 A is assigned
to the intramolecular Au---Au interaction, a key structural element of this bimetallic
complex. Although this contribution is weaker in amplitude due to its longer distance
and the reduced scattering power of gold in this context, the fitting successfully captures
its presence and phase. This strongly supports that a short Au---Au contact (~2.85 A)
persists in solution, which is consistent with the back-Fourier-transformed k-space fit
(Figure 5.2, right panel), where the accurate reproduction of oscillatory behavior within
the selected R-window further validates the inclusion of the Au---Au path in the model.

The R-space analysis, together with the filtered g-space fitting and the original
k-space spectrum, provides a comprehensive and consistent picture of the ground-
state structure of [Auy(depm)s|(PFg)s2 in solution. The quantitative fitting yielded
refined structural parameters that closely match the expected geometry of the complex.
The fitted Au-P distance was found to be 2.313 A in excellent agreement with the
crystallographic value (Repy = 2.330 A), indicating that the primary coordination
geometry around Au is preserved in solution. The intramolecular Au---Au separation
was refined to 2.893 A (R.;; = 2.882 A), confirming the persistence of a short Au---Au
contact and strong aurophilic interaction under ambient conditions. Additionally,
the longer-range Au—C scattering path, associated with the phenyl rings of the decpm
ligands, yielded a distance of 3.420 A (R, rf = 3.410 A), consistent with a rigid phosphine
environment. The corresponding Debye-Waller factors (02), which reflect the static
and thermal disorder in each path, were reasonably small across all shells ( 0.004 -
0.010 A2), supporting the presence of well-defined coordination. The fitted structural
parameters obtained from Artemis for the [Aug(depm)s|(PFg)s complex are summarized
in Table 5.2.

Table 5.2: Refined EXAF'S fitting parameters for the ground state of [Aug(depm)s|(PFg)o
complex in acetonitrile.

Scattering path S2  AE; Reg (A) Rep (A) AR (R) o2 (A?)

Au-P 1 4.575 2.329 2.313 -0.016 0.003
Au-Au 1 6.206 2.882 2.893 0.011 0.004
Au-C 0.987 3.985 3.410 3.420 0.010 0.004
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The overall quality of the fit is further supported by the low reduced chi-square (X2,
= 0.768) and R-factor (0.004), indicating strong agreement between the experimental
and theoretical spectra within the fitting range. The amplitude reduction factors (S?)
were constrained near unity, as expected from high-Z element Au. The small shift
in energy origin (AEg) for each path component (e.g., dep = 4.58 eV for Au-P) was
consistent with previously reported values for gold-phosphine complexes [38]. These
extracted values confirm that the ground-state structure of the [Auy(depm)s|(PFg)o
complex in acetonitrile solution maintains the dimeric-ligand configuration and features
strong metallophilic interaction as also reported for the solid-state structure |61].

This refined ground-state model serves as the reliable experimentally obtained
structural reference for the time-resolved WAXS analysis to trace the transient struc-
tural rearrangements and aurophilic interactions following photoexcitation of the

[Auy(depm)y|(PFg)o complex, as discussed in the following chapter.
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Chapter 6

Ultrafast structural dynamics of coinage metal

dimers in solution phase

WAXS provides structural information at the atomic to nanoscale level (typically < 10
A), allowing for the investigation of local structures, phase transitions, and dynamic
disorder. Time-resolved difference WAXS signal is highly sensitive to the changes in
interatomic distances for all atom types in the probed volume, which makes it suitable
for studying liquid phase samples including dilute solutions. The theoretical details
of WAXS technique are explained in Section 2.1. With high-brilliance X-ray free-
electron lasers (XFEL), the time-resolved WAXS experiments are capable of capturing
ultrafast structural dynamics on femtosecond timescales with high signal-to-noise ratio.
To extract quantitative information, the collected scattering patterns require careful
processing and extraction, as the time-resolved difference signals are typically very
weak, often below the permille level relative to the total scattering intensity.

In this section, the procedure for data processing and analysis of the large WAXS
data collected during the experimental beamtime at FXE beamline of European XFEL
are described briefly. For analysis and extraction of structural parameters from WAXS
data, various dedicated Python and Matlab scripts created by Dr. Dmitry Khakhulin
and available at FXE were used. Preliminary data reduction for the picosecond WAXS
measurements from ID09 beamtline of ESRF synchrotron (sections 6.3.2 and 6.3.3)
was performed using a dedicated dedicated txs package developed by Dr. Matteo
Levantino [155].

After collecting the scattering data as images, it must undergo a series of preprocess-
ing and data reduction steps before it becomes suitable for quantitative analysis. These
steps are described in the following three different parts, denoted as data processing,
data reduction and data analysis. Each section provides a concise overview of the
workflow involved in transforming the raw detector output into analyzable scattering

profiles which is a non-trivial process.
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6.1 Data processing

The scattering data acquired in time-resolved liquid WAXS experiments are initially
recorded as two-dimensional (2D) diffraction patterns, which must be transformed
into one-dimensional (1D) scattering profiles for further analysis. Typically, each
image is azimuthally integrated to yield the isotropic scattering intensity S(q) as a
function of the momentum transfer q. For each pump—probe delay, multiple images are
averaged to improve the signal-to-noise ratio, followed by normalization to the incident
X-ray intensity. The transient structural changes are then obtained by calculating
the difference scattering signal AS(g) from laser-on and laser-off (or negative delay)
conditions. These are suitable for comparing with the model spectra or the simulated
scattering curves |77, 156].

At the ESRF ID09 beamline, a commercial Rayonix MX170-HS CCD detector was
employed, for which all essential image corrections (dark, flat-field, and geometric) are
automatically performed by the detector control system. Consequently, the recorded
2D diffraction patterns could be directly subjected to azimuthal integration without
requiring additional preprocessing.

In contrast, the data collected at the FXE instrument at the European XFEL utilized
the LPD, a modular prototype detector specifically designed for high-repetition-rate
experiments at FXE. Owing to its segmented architecture and multi-gain operation,
the raw LPD images require extensive corrections including dark subtraction, gain nor-
malization, and geometric calibration—Dbefore azimuthal integration can be performed.
These preprocessing steps ensure accurate reconstruction of the full detector image and
correct mapping of the scattering intensity onto the reciprocal-space coordinate ¢. The
final output from this workflow is a set of 1D difference scattering curves, suitable for
comparison with model spectra or simulated scattering profiles.

For each sample, several scans are generally collected where every scan consists of
thousands of images captured per pump-probe delay or incoming laser power setting
depending on the type of scan. Typically the scans are collected repeatedly to gain
sufficient statistics necessary to extract the small difference scattering signals due to
the presence of background noise and artifacts. The data collection generally consists
of a reference scan and a fixed delay point or several points forming a delay scan. The
reference scans are collected with negative time delays which corresponds to X-ray pulse
coming before the laser pulse on the sample jet and measures the steady state scattering
while containing all possible artifacts coming from pipe-up of signals from previous
pulses within the pulse-train. Moreover within each measurement, the optical excitation
laser pulses have half the repetition rate of the X-ray pulses in each train, for example
70.5 kHz for the laser and 141 kHz for X-ray pulses. In this way a fast alternation of

Laser-On and Laser-Off images is achieved, allowing to account for slow fluctuations
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and drifts happening from pulse train-to-train. One the difference scattering curve for
a given delay is computed, it is then additionally corrected for a similar difference for
negative delay, i.e. for the reference difference curve.

The full list of specific image corrections and data treatment steps is detailed as the

following:

e Raw data: The collected data is stored in raw format, individually for each
of the 16 LPD supermodules. The raw data is initially stored on a fast storage
"Online cluster" and is eventually copied to the high-performance Maxwell cluster
at DESY. For real-time visualization of the data during the beamtime, online
analysis tools such as EXtra-foam [https://extra-foam.readthedocs.io] can be
used [157]. However, such visualization does not process the entire data set at

full rate and only provides preliminary analysis for initial experimental feedback.

e Dark correction: The first step of data processing workflow involves the dark
correction of the electronic noise and background signal intrinsic to the detector,
referred as the dark current. Even in the absence of both incident X-ray or optical
laser pulses, a small current passes across the detector pixels, generating a non-
negligible background that varies pixel-by-pixel and depends on the gain setting.
To eliminate this, a series of dark images (high, medium and low gain, see section
3.5) are collected under identical experimental conditions, typically performed
prior to the actual measurements when both X-ray and optical beams are blocked
(i.e., with the both shutters closed). The averaged dark signals (typically over ca.
500 images per gain stage) produce a representative dark frame for each gain stage
and memory cell of the detector to remove dark current pedestal, which is then
subtracted from each corresponding scattering image to eliminate fixed-pattern
noise and electronic offset inherent to the LPD detector, ensuring that only the
photon-induced signal is retained in the corrected data before applying the gain

constants.

e Gain correction: Following dark subtraction, gain correction was applied to
account for the amplification factor of a specific gain stage per pixel of the LPD.
For each pixel, the appropriate gain map was assigned based on the recorded
photon intensity and the corresponding gain threshold. This procedure ensured a
uniform scaling of pixel intensities across the entire detector, thereby allowing
direct comparison of scattering signals spanning from weak diffuse features to

strong Bragg peaks without distortion due to varying gain factors.

e Geometry correction and assembling the images: The next step involved

assembling the 16 independent detector modules of the LPD into a complete 1M
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image. For this, the geometry calibration of individual module positions was
performed using scattering data from a standard LaBg powder sample, whose
well-defined diffraction rings provided reference peak positions. By refining the
detector parameters (e. g. beam center, module positions and sample—detector
distance) against the known LaBg pattern, a precise geometry file was generated.
This calibration was subsequently applied to all experimental images, enabling
the reconstruction of the full 2D WAXS patterns with accurate g-space mapping

across the complete detector area.

e Masking: After the dark correction, detector masking is very important to
remove the unreliable pixels and discontinuous and saturated scattering signals.
For this process, a single image is loaded in pyFAI drawmask package [158]. A
python script was used to assemble, average and save a representative image.
The mask is drawn manually to remove the dead and hot pixels, the shadows
from the nozzle, catcher, laser and X-ray beamstops, and other contaminated
untrustworthy regions on the detector. This process ensures that only statistically

meaningful and physically reliable pixel values are counted for further analysis.

e Beam center correction: Accurate determination of the beam center on the
detector is essential for reliable calculation of the scattering signal and during
the azimuthal integration. During the experiment, slight deviations in the beam
position or final detector position can occur due to the mechanical misalignment,
sample jet positioning, or beam drift, which should be corrected at this stage to
ensure geometric consistency. For this purpose,a single calibration measurement of
a crystalline LaBg powder was recorded and used solely to generate the geometry
file for assembling the 16 LPD modules into a single coherent image. The LaBg
Debye—Scherrer rings provide the reference peak positions and were therefore
employed once to determine module translations, tilts and the nominal sample—
detector geometry via the Data Analysis Group calibration scripts (Jupyter
Notebook). Precise beam-center determination for the liquid-jet configuration was
performed subsequently and independently of the LaBg calibration. The beam-
center coordinates (x,y) were refined gradually by minimizing the width of the
liquid ring width while maximizing its amplitude after the azimuthal integration
for each beam center x and y values. These values are then used to correct the
beam center for azimuthal integration of all images in the dataset. The mask
and the corrected beam center values are applied to all the scans used for further

analysis.

90



Data reduction

6.2 Data reduction

After the raw scattering data have been corrected for detector-specific parameters and

experimental geometry, the resulting data undergo a series of data reduction steps to

transform them into quantitatively interpretable 1D scattering curves. This process

includes azimuthal integration, background subtraction, normalization, converting

the corrected intensity patterns into absolute units (electron units) and isolating the

structural signal of the solute from the total measured scattering. The following

subsections describe these data reduction steps in detail.

e Azimuthal integration: The 2D corrected scattering scans are then followed
by the azimuthal integration to generate one-dimensional (1D) scattering curves,
as a function of the momentum transfer g using the pyFAI integrator.azimuthal
module [159]. In this process, the scattering intensity is averaged over concentric
rings centered at the calibrated beam center, effectively summing over all azimuthal
angles to yield an isotropic radial intensity distribution. This step was performed
with the dedicated script from FXE instrument using Python programming
language in Spyder interface. The azimuthal integration is particularly suitable for
solutions, where structural information is uniformly distributed in all directions.
The final curves serve as the basis for structural analysis and are saved in the
server of Maxwell cluster as reduced file with individual 1D curves for each image

with FXE beamline section for further treatment.

Background Subtraction: Background subtraction of the air scattering is an
essential step in the data reduction process to avoid systematic errors when scaling
the scattering signals from solution to electron units. For this, air reference signals
were recorded under identical experimental conditions (X-ray energy, beam size,
detector geometry, exposure) with the liquid jet blocked, dark/gain corrected, and
averaged to obtain a representative air background. Then this air background
was azimuthally integrated in an identical way and subtracted from all reduced

1D curves to eliminate contributions from air.

Normalization and averaging: To eliminate the effects of fluctuations in
incident X-ray intensity, random variations in jet thickness and other acquisition
artifacts, each scattering curve was normalized prior to further analysis. The
normalization was performed by scaling each S(q) curve to the integrated scattering
intensity within a defined normalization range of ¢ = 2.5 — 7.5 A—1. This g-region
contains at least one isosbestic point of the expected difference signal, ensuring
that the scaling is insensitive to transient structural changes. This normalization

compensates for frame-to-frame intensity variations and ensures that all curves

91



Data reduction

represent comparable scattering conditions.

After normalization, multiple scattering curves for the same delay are averaged to
improve the signal-to-noise ratio. This averaging is essential because the time-
resolved difference signal, AS(q), is typically small compared to the total scattering
intensity. The magnitude of this transient signal depends on several factors,
including the concentration of the photoexcited species, the extent of the induced
structural change, and the X-ray scattering cross-sections of the constituent atoms.
In the present case of the [Auy(depm)s](PFg)s complex, despite the relatively
low solute concentration (1.5 mM), the large structural rearrangement and the
presence of heavy Au atoms result in a pronounced difference signal. By averaging
multiple normalized frames per time delay, statistical noise is reduced, which
reveals the underlying transient structural changes more clearly allowing for
increased analysis precision. This step is particularly important for pump—probe
measurements, as the analysis relies on detecting subtle difference signals between
the laser-on and laser-off conditions. Therefore, any fluctuations in scattering
intensity that are unrelated to the optical excitation must be minimized to ensure

that the extracted signal reflects only the photoinduced structural changes.

e Construction of difference curve: The structural changes associated with the
photoinduced excited state dynamics are generally very small, typically involving
atomic displacements less than 0.1 A. Therefore, oftentimes the corresponding
changes in the measured scattering signals are very small, i.e. below 1073. Addi-
tionally, in the particular samples of interest, the concentrations are comparatively
very low ranging from 1.5 mM to 5 mM, which means that each solute molecule is
surrounded by tens of thousands of solvent molecules. As a consequence, the total
scattering signal is highly dominated by solvent contributions. To enhance the
structural response of the solute, the analysis is performed on difference scattering
signals. These differential scattering curves are constructed by subtracting the
scattering signal of the unexcited (laser-off) sample from the excited (laser-on)

sample, as a function of both momentum transfer ¢ and time delay t:

AS(q,t) = Son(q,t) — Sorr(q) (6.1)

A representative comparison between the difference scattering signal and the

corresponding S,,, and S,f¢ curves are illustrated in Figure 6.1.

e Scaling to electron units: After that, the obtained scattering data were
quantitatively scaled from arbitrary units to the electronic units (e.u.). This

scaling allows the experimental total scattering curves to be compared with
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Figure 6.1: The difference X-ray scattering pattern of [Aug(decpm)s](PFg)2 which was
collected at FXE using 17 keV pink SASE X-ray beam from European XFEL. The
collected data was reduced according to the procedure described in this section.
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theoretical scattering calculated in the high-q region, where the scattering is
dominated by independent atomic contributions. The theoretical reference is
based on the Debye scattering formalism. In the high-¢ limit, it is assumed that
the solution scattering converges to the coherent gas-phase molecular scattering,
as determined by the stoichiometry of the liquid unit cell (one solute and many
solvent molecules). The scaling factor obtained in this way from the averaged
total scattering curves is applied to the differential scattering data, enabling
quantitative extraction of the excited-state population of the solute and the
corresponding solvent temperature after fitting with a theoretical model and the

experimentally obtained solvent reference signals.

Prior to the model-based extraction of the structural information contained in the
difference scattering data, all the above-mentioned steps were performed. All of these
steps can vary depending on the X-ray facilities and detector type, making the exact
data handling process different for each case. However, the reduction of pump-probe
solution scattering data obtained using a prototype detector at a intrinsically unstable
MHz XFEL facility in general represent an exhaustive case of possible artifacts that
need to be corrected for. The following section focuses on data analysis and structural

evaluation of metallophilicity in the binuclear Au complexes.

6.3 Excited state structural analysis

Time-resolved X-ray scattering is a powerful technique to probe transient structural
changes in photoexcited molecular systems in solution-phase. Upon excitation by an
optical pump pulse, the molecular system undergoes ultrafast structural rearrangements,
which are subsequently captured by the X-ray probe as changes in the shape of total
scattering signal along the q axis. The direct detection of these small magnitude of
structural changes (in sub—A) is challenging in the total scattering signal due to the
presence of the strong background arising from the bulk solvent. To overcome this
difficulty, the analysis of the reduced data focuses on the difference scattering signal,
AS(q,t), defined as the time-resolved difference between the scattering intensity of the
excited state and that of the ground (non-excited) state. This difference scattering
signal minimizes contributions from static or unchanging components such as the elastic
solvent scattering, elastic and inelastic backgrounds.

The plotted spectrum of AS(q,t) as a function of the momentum transfer, ¢, encodes
structural information about the solute and its surrounding solvent shell as they evolve
in time after excitation. The difference curves exhibits structural changes in solution
leading to overall change in the shape of the difference curve AS(q) such as arising peaks,

valleys and oscillations with frequency, phase and amplitude, which reflect changes in
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interatomic distances, bond angles, and solvation structure. These signals can originate

from several sources:

e structural rearrangements within the solute molecule (e.g., bond and interatomic
distance shortening or elongation, ligand displacement) - this is the most crucial
component for this particular study of the molecular chemical dynamics in solution

of metallophilic complexes,

e changes in the solvation environment in response to electronic re-distribution and

solute structural changes, and

e changes in the bulk of the solvent due to energy dissipation and hydrodynamic

respomnse.

6.3.1 Result of [Auy(dcpm),]|(PFy)

Using the optical pump of 266 nm for[Auy(depm)s|(PFg)s complex in acetonitrile
solvent, the WAXS data were collected from FXE instrument at European XFEL
and then treated with all the necessary steps required to understand and extract the
information contained within the data. For fitting of the excited state structure of
[Auz(depm)s|(PFg)2 complex in solution, the refined ground state structure from the
solution phase EXAFS measurement was utilized (section 5.1) and using this reference,
the DFT calculated excited state structures were employed to extract the structural
information of the [Auy(depm)s|(PFg)s complexes.

Figure 6.2 presents the time-resolved difference scattering signals of ¢AS(q,t)/S(q)
vs. ¢, collected using 17 keV X-rays energy at various pump-probe delay times ranging
from —0.25 ps to 1.25 ps. Each curve in the figure corresponds to a specific delay time
after photo-excitation, as indicated on the right-hand side of the plot. The plotted signal
in the spectrum represents the differential scattering intensity, normalized by the static
scattering profile, and multiplied by the momentum transfer q. This representation
enhances the visibility of oscillatory features of the signal that primarily comes from
transient change in the solute structure. The observed transient signals arise from the
structural rearrangements in the solute molecule, particularly associated with changes
in the gold-gold distance due to the heavy gold centers upon photo-excitation.

Before time zero, i.e. at negative pump-probe delays (-0.25 ps and —0.10 ps),
the signal is basically flat, which confirms the absence of any optical pump-induced
structural changes within the solute molecules or detection artifact in the measurements.
With a closer inspection of the time-resolved difference scattering signals in Figure 6.2,
the distinct oscillatory features are revealed emerging within the first 50 femtoseconds
after photo-excitation. These oscillations begin to emerge in the g-range between ~ 1.5

and 8.5 A=, reflecting ultrafast structural rearrangements triggered by femtosecond
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Figure 6.2: Difference scattering signals vs.  momentum transfer of liquid
[Auz(depm)s|(PFg)o in acetonitrile for selected time delays. From top to bottom,
the time delay decreases and the signals show different features. Shaded areas in the
plot represent experimental standard deviation extracted from statistical average.
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excitation pulse. The rapid appearance of these oscillations at early time delay which
is as early as 0.05 ps, suggests an immediate structural response involving Au---Au
distance modulation or a concerted movement of ligands around the gold centers with
only minimal contribution from signals related to changed in the bulk solvent.

As the system evolves from 0.05 to 1.25 ps, the magnitude and shape of these
oscillations change over time, indicating dynamic structural modifications within the
complex. The peaks shift slightly with increasing delay, indicating the progression
of structural relaxation towards another excited state situated between the ground
state and highest- level excited state. The difference signal amplitude increases up to
approximately 1.25 ps, after which the response continues to grow as the bulk solvent
contribution becomes more pronounced. This behavior reflects the onset of solvent
thermalization and the establishment of thermodynamic equilibrium within the probed
volume. These features will be quantitatively analyzed in the following chapter to
extract time-resolved structural parameters and interpret the excited-state dynamics
of the system. Moreover, the negative amplitude of the peak at g-range of ~ 1.8 and
2.2 A=1 also increases with increasing time delay, reflecting the bulk solvent heating or
potential rise of local density in the nearest solvation shells [160]. With longer time
delay, the surrounded solvent molecules get enough time to get thermalised and the
heating of the solvent molecules changes the density, showing features in this low g-range
difference scattering signals.

For better understanding of the peak positions and to complement the line plots of
the difference scattering curves at individual delay times, a two-dimensional color-map
is shown in Figure 6.3. This 2-D map represents the normalized differential signal as
a function of momentum transfer ¢ and time delay, enabling the global visualization
of the structural evolution within the photoexcited [Aus(depm)s|(PFg)o complexes in
acetonitrile. This representation enables a more comprehensive view of the temporal
evolution of the scattering signal across the entire ¢g-range. Here in the map, red and
blue regions represent difference signal, positive and negative, respectively.

A closer inspection of the map reveals that distinct vertical features appear im-
mediately after time zero around ¢ = ~ 2.0,4.0 and 7.0 At indicating that specific
interatomic distances in the [Aug(dcpm)s](PFg)2 complexes undergo time-dependent
modulation. The oscillatory components exhibit a slight shift in position with time
delay, suggesting that the structurally-sensitive high-q component of the signal evolves
according to the actual transient structural change in the complex. Moreover, the

amplitude of the oscillations in q also appears periodically modulated over time.
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Figure 6.3: Difference scattering signals vs. momentum transfer in 2-dimensional (2D)
mapping for [Aug(depm)s](PFg)2 in acetonitrile.

This periodic amplitude modulation is a characteristic signature of a vibrational
wavepacket forming on an excited-state potential energy surface. Moreover, the changing
frequency may indicate that the corresponding average bond length evolves dynami-
cally due to either contraction or expansion of the Au---Au distance or surrounding
ligand rearrangement. The variation in signal intensity, alternating between high and
low amplitude regions, reflects the transient dynamics and dephasing of structural
configurations.

All these initial observations suggest that further exploration via structural refine-
ment and model fitting are required to provide clear conclusion on ultrafast structural
rearrangements involving coherent Au-Au bond length modulations coupled with solvent
reorganization. Additional structural refinement of the [Aus(depm)s](PFg)2 complex

are described in Section 7.1.
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6.3.2 Result of [Ags(dcpm)s](PFy)-

Time-resolved WAXS measurements of [Ags(depm)s](PFg)o in acetonitrile were carried
out at the ID09 beamline of ESRF using 266 nm optical excitation. The collected
data were subsequently processed through all standard reduction and correction steps
to isolate the solute response and enable structural interpretation. For preliminary
fitting with experimental data, ground-state (GS) and excited-state (ES) molecular
structures were obtained from DFT calculations performed with the ORCA package.

The optimized structures used for the simulations are presented in the Appendix B.
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Figure 6.4: Experimental difference scattering signal of [Agy(depm)s|(PFg)s at 200 ps
after 266 nm excitation (blue) compared with theoretical scattering response (red).

Figure 6.4 shows the experimental difference scattering signal,¢gAS (t=200 ps) of
3 mM [Aga(depm)s|(PFg)2 complex in acetonitrile (blue) overlaid with a simulated
signal (red). The experimental curve represents the solute response after subtracting
the solvent/heating contribution obtained from a dye reference, so the residual structure
primarily reflects photoinduced changes in the [Agy(depm)s|(PFg)s complex and its
immediate solvation shell at 200 ps. Both of the curves display a clear oscillatory pattern

with nodes and antinodes and capture several notable phase relationships spaced across
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the measured ¢ range. This alignment of positive and negative lobe indicates that the
interatomic distance changes are consistent with the experiment and also encoded in
the simulation. A noticeable amplitude and shape mismatches are present in the mid-¢
region (~ 4-6 Afl) and at higher ¢ where the experiment shows sharper structure and
more noise.

The present results demonstrate that the experimental signal captures the struc-
tural response of the solute and is consistent with an excited-state geometry involving
argentophilicity-sensitive rearrangements in the Ag-Ag distance. To refine the compari-
son into a fully quantitative model, further analysis following the approach established
for the [Auy(depm)s|(PFg)s complex is required. A more detailed investigation, includ-
ing systematic fitting and solvent—solute contributions, is planned for future work and

is therefore not included in this thesis.

6.3.3 Result of [Cuy(dcpm)s](PFg),

Similar to the metallophilic [Auy(depm)s|(PFg)e and [Age(depm)s|(PFg)2 complexes,
[Cuz(depm)s|(PFg)s was investigated in acetonitrile solution. To characterize the
transient structural dynamics, time-resolved WAXS measurements were performed
at the ID09 beamline of ESRF with 5 mM [Cuy(dcpm)s|(PFg)s in acetonitrile using
320 nm optical excitation. For the preliminary fitting of the experimental data, the
ground-state (GS) and excited-state (ES) molecular structures were derived from DFT
calculations carried out using the ORCA package. The optimized structures used for
the simulations are presented in the Appendix B.

Figure 6.5 presents the experimental difference scattering signals (violet) recorded at
200 ps delay, together with the simulated scattering response (red). The experimental
signal displays a characteristic oscillatory pattern over the entire g-range, similar to
other two analogues complexes. These features are indicative of a coherent structural
response involving Cu-Cu bond distances and ligand re-orientations. The comparison
with theoretical curve reproduces the phase and amplitude of the main oscillations,
validating the assignment of a transiently shortened Cu---Cu distance in the excited
state.

A complete quantitative interpretation will require additional analysis based on the
framework previously developed for the [Auy(depm)s|(PFg)s complex. Such investiga-
tion, including systematic fitting procedures and explicit treatment of solvent—solute

interactions, remains a subject for future work rather than part of this thesis.
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Figure 6.5: Experimental difference scattering signal of [Cuy(depm)s|(PFg)s at 200 ps
after 266 nm excitation (violet) compared with theoretical scattering response (red).
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6.3.4 Result of [Auy(pnnp)-]|Cl,

For [Auy(pnnp)s|Cly complex in acetonitrile solution, the optical pump of 266 nm
was utilized to obtain the WAXS signals at an X-ray photon energy of 17 keV from
FXE instrument. Similar to the previous analysis of [Auy(dcpm)s|(PFg)s complex, the
time-resolved difference scattering signals of [Auy(pnnp)s]Cly complex were displayed
in Figure 6.6. This figure shows the time-resolved difference scattering signals of
qAS(q,t)/S(q) vs. q, collected across a series of pump—probe delay times ranging
from —0.60 (pre-excitation baseline or negative delay) ps to 0.80 ps (following optical
excitation). The differential scattering curves at negative delay times (—0.60 ps to
—0.20 ps) shows no significant features, which confirm the stability of the ground-state

reference and ensure that the observed structural dynamics are purely photoinduced.
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Figure 6.6: Difference scattering signals vs. momentum transfer of [Auy(pnnp)»|Cly in
acetonitrile for selected delays. From top to bottom, the time delay decreases.

Upon excitation with the optical pump-pulse, clear evolution of the difference signals
within the first few femtoseconds reveal signatures of coherent vibrational dynamics,
similar in nature to those observed for the [Auy(dcpm)s](PFg)s complex, particularly

within the ¢g-range of ~ 3.1 and 7.2 A~1. A prominent negative peak centered around
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1.9 A1 arises after about 200 fs delay time and this feature gradually evolves in both
amplitude and position with increasing delay time. This part of difference scattering
signal as a function of momentum transfer is responsible of the solvation effects associated

with excited-state relaxation processes.
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Figure 6.7: Difference scattering signals vs. momentum transfer in 2-dimensional (2D)
mapping for [Aus(pnnp)s|Cly in acetonitrile.

Interestingly, with increasing time delay from 0.20 to 0.80 ps, the magnitude and
shape of these oscillations responsible for the solute structural rearrangement dissolve
over time, indicating dynamic structural changes within the complex. At the early delay
time of 0.20 ps, the amplitude of the oscillatory features in the difference scattering
signal reaches its maximum, indicating ultrafast formation of the excited state in the
solute. As the delay progresses to longer timescales (0.40 to 0.80 ps), a gradual decrease
of the oscillation amplitude is observed, particularly in the high-¢ region (above 6
A‘l). By 0.80 ps, these high-frequency oscillatory components have nearly disappeared,
suggesting significant reduction the structural signal either due to relaxation to the
ground state or another excited state with much smaller structural change.

The two-dimensional colormap, presented in Figure 6.7, provides a better under-
standing of the difference scattering signals at individual delay times for [Auy(pnnp)s]Cly
complex in acetonitrile. The vertical axis corresponds to time delay between optical-

pump and X-ray-probe (from —0.40 to 0.80 ps), while the horizontal axis indicates
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the momentum transfer ¢ (0.5 to 8 A=1). The blue/cyan color indicates the negative
difference signals and the pink color is for positive difference signals in the colormap,
highlighting transient structural changes upon photoexcitation. As explained before,
the signal prior to time zero shows minimal variation, confirming the absence of any
pump-induced structural rearrangement.

Immediately after photoexcitation at time delay 0.20 ps, strong intensity features
appear in the low to mid ¢-range, particularly around ¢ = ~ 2.6,5.0 and 6.8 A1 The
most intense transient is observed around 0.20 ps. This sharp, fast signal suggests the
formation of a vibrational wavepacket initiated by an impulsive change in the Au—Au
distance, similar to what was observed in the [Aus(depm)s](PFg)s complex. Notably,
the overall signal gradually decays as the delay increases, indicating vibrational cooling
or population redistribution to a more relaxed and long-lived excited-state or partially
to the ground state. Another point to mention that the solvent signal at delays longer
than 1 ps dominates the overall signal. The presence of temporally evolving signals
in the high ¢-region with weaker intensity, suggests structural modulations involving
ligand reorientation or solvent shell rearrangement around the photoexcited complex.

The initial observations from the 2D visualization suggest that the [Aus(pnnp)]Cly
complex undergoes ultrafast structural rearrangements, initiated within 100 fs, involving
Au-Au bond length modulations coupled with solvent reorganization, details of this
rearrangement are explored via structural refinement and explained further in Section
7.2.
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Chapter 7

Discussion

This chapter presents a comprehensive analysis of the reduced data and discussion of
the time-resolved X-ray scattering data and structural refinement results for the two
bimetallic gold complexes, [Aus(depm)s|(PFg)2 and [Aus(pnnp)q|Cly. As explained in
the previous chapter, both EXAFS and WAXS measurements were performed on the
[Auy(depm)q|(PFg)2 complex, while WAXS was employed for the investigation of the
[Aug(pnnp)s|Cly complex. The analysis of the WAXS data is performed by considering
the main contributions of the scattering signal - the solute and solvent terms, whereas
the cage term in these case is very weak, as shown in Section 7.1. This chapter focuses
on the in-depth interpretation of the extracted time-resolved difference scattering data,
combined with structural refinement, structural dynamics and potential energy surface
interpretation for [Auy(dcpm)s|(PFg)a, followed by MD simulations results summary
for the cage term. A similar analysis for [Auy(pnnp),|Cly is also included, highlighting
the nature of coherent vibrational wavepackets, solvent response, structural refinement,

structural dynamics and potential energy surface interpretation.

7.1 Excited state Aurophilicity in [Auy(dcpm)s](PFg)s

The initial analysis of difference scattering signals as a function of individual time
delays was described in Section 6.3.1. The plotted signal in Figure 7.1 was derived by
integrating the absolute difference scattering signals in the g-range 3.4-7.5 A~1. The
blue circles with error bars (denoted as Data FOM) show clear oscillatory behavior,
superimposed on a rapidly rising signal. The following interpretation can be proposed.
Immediately after photoexcitation, the Au—Au bond undergoes contraction, followed by
an oscillatory response as the molecular system moves back and forth around a new
equilibrium position, reflecting the formation and propagation of a structural vibrational
wavepacket. These oscillations represent a structural wavepacket with a vibrational
period of approximately 350 fs, corresponding to the motion of the Au atoms as they

transiently move closer together upon excitation. Such wavepacket dynamics indicate
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coherent excitation and evolution on the potential energy surface of the excited-state
complex.

Further quantitative analysis of these oscillations shows an exponential damping
envelope with a decay constant of approximately 240 fs. The damping constant
suggests rapid vibrational cooling, which can be interpreted physically in two ways.
Firstly, it can be vibrational cooling within the initially excited singlet state, most
likely associated with rapid redistribution of vibrational energy to the surrounding
solvent molecules. Alternatively, it can also indicate ultrafast intersystem crossing
(ISC), where the initial excited singlet state transitions to a longer-lived triplet state
within hundreds of femtoseconds. Distinguishing between these mechanisms typically
requires complementary spectroscopic studies or advanced theoretical modeling since

the scattering technique only reports on the transient structural evolution.
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Figure 7.1: Difference scattering signals integrates in the g-range from 3.4 - 7.5 A=1,
collected at FXE beamline for [Auy(depm)s](PFg)o in acetonitrile solvent.

The red line in the plot represents a fit using an error function (erf) combined with
a damped sine function, capturing both the rapid rise and the coherent oscillatory
behavior of the structural signal. This model fit confirms the presence of a well-defined,
coherent structural wavepacket formation. This process resolves these dynamics of
femtosecond-scale structural rearrangements in solution-phase, which offers insights

into the excited-state potential energy landscape of the [Auy(depm)s](PFg)s complex
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and its early-time relaxation pathways.

Structural Refinement from Difference Scattering Data

With the high photon energy (17 keV) experimental configuration, structural refinement
of the [Auy(depm)s](PFg)e complex was carried out to quantitatively interpret the
time-resolved difference scattering signals. For the structural refinement, previously
optimized ground-state structure from EXAFS in solution phase was utilized as the
starting point (Section 5.1.3). The density functional theory (DFT) was used to simulate
the excited state structure at different fixed Au-Au distances in solution phase and
then compared by fitting with the experimentally obtained difference scattering signals
(g AS(q,t)) at different time delays.

Figure 7.2 shows refined structural fits at three representative pump—probe delay
times: 100 fs, 200 fs, and 100 ps. These refined scattering curves exhibit the comparison
between experimental scattering data (black) with error bars, simulated total fitted
scattering (pink, red, and light blue, respectively), and isolated solute scattering
contributions (blue, green, and yellow, respectively) for each delay time. The high
quality fitting of these scattering signals at various time delays demonstrates that the
applied refinement procedure accurately captures the underlying structural dynamics.
The solute terms substantially account for the oscillatory features in the experimental
signals in the mid- to high-q range.

Analysis of the refined structural parameters at different delay times reveals a
consistent shortening of the Au—Au distance immediately after photoexcitation. The
observed shortening of the Au-Au distance is particularly evident at early delays (100
fs), highlighting an ultrafast initial structural response. This coherent contraction and
oscillation of the Au—Au bond corresponds to a vibrational wavepacket traversing the
excited-state potential energy surface. The extracted Au—Au distance change of -0.113
A for 100 fs time delay, as concluded from fitting, indicate a rapid bond contraction
that relaxes with time. The extracted Au—Au distance change at 200 fs time delay is
around -0.131 A which is comparatively larger than 100 fs. At 100 ps time delay, the
Au-Au distance change is around -0.093 A which is comparatively smaller than 100
fs and 200 fs, suggesting that the structure has relaxed toward a geometry associated
with the long-lived triplet-state.

The residual deviations between experimental and fitted scattering curves in the low-
q range indicate additional scattering contributions beyond the modeled intramolecular
rearrangements. These deviations strongly indicate the contributions from solvent
reorganization effects, particularly acetonitrile solvent molecules rearranging around
the excited solute complex. For particular analysis of these solvent effect, the advanced

ab-initio non-equilibrium molecular dynamics (MD) simulations are required. However,
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Figure 7.2: Integrated difference scattering signals ¢ AS as a function of momen-
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already preliminary classical MD simulations allow to approximate the expected signals
as briefly described in Section 7.1. The structural fitting above was performed in the
high ¢ range (above 1.7 A=), where the cage term does not contribute much due to

the relevant length scales.
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Figure 7.3: Simulated difference scattering signals for the |[Aus(depm)q|(PFg)2 complex
at varying Au—Au distances in the excited state.

To further illustrate the structural optimization approach described above, the effect
of different Au—Au bond distances (dRayau) on the calculated difference scattering
signals in the excited state of the [Auy(depm)q|(PFg)s complex are illustrated in Figure
7.3. By systematically scanning a range of Au-Au bond distances from -0.089A to
-0.189 A, distinct changes in the oscillatory features of the simulated qAS(q) patterns
are observed. These variations demonstrate the high sensitivity of scattering signals
to subtle changes in metal-metal distances, particularly in the mid- to high-¢q regime
(2<q<8 A‘l), where the scattering signal strongly reflects intramolecular structural
rearrangements. This behavior highlights that time-resolved WAXS is not only capable
of detecting the presence of bond contractions but also provides a quantitative means

of resolving metal-metal bond dynamics in solution with sub-A precision.

Potential Energy Surface and Excited State Dynamics

Based on the structural and experimental refinement, the schematic potential energy
diagram is proposed as shown in in Figure 7.4 that illustrates a hypothetical interpreta-

tion of the excited-state dynamics of the [Aus(dcpm)s](PFg)2 complex in acetonitrile
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solvent. Initially, the molecule resides in the ground state, characterized by a relatively
large Au—Au distance. Upon optical excitation (denoted as blue vertical arrow in the
figure 7.4), the whole molecule gets excited to the first singlet excited state labeled as
S; or '[5do*6po]|, which exhibits a significantly shorter equilibrium Au-Au distance
compared to the ground state. Due to the sudden shift in equilibrium geometry, the
excited molecule undergoes coherent vibrational motions along the excited singlet-state
potential energy surface, resulting in the observable structural wavepacket dynamics.

As per the structural experimental results, the excited-state wavepacket undergoes
coherent oscillations with a period of approximately 350 fs (Figure 7.1). These structural
oscillations reflect a rapid contraction and subsequent relaxation of the Au—Au bond
distance, corresponding to approximately one and a half oscillations along the excited
singlet-state potential energy surface. During this ultrafast evolution, the wavepacket
experiences rapid damping, characterized by a decay constant of roughly 240 fs. This
rapid damping could be either due to vibrational cooling or, relaxation through an
ultrafast intersystem crossing from the initially populated singlet excited state to a
nearby lower-energy triplet state, labeled as T; or 3[5do*6po]. This T; is expected to
be the long-lived luminescent state with slightly longer Au-Au distance compared to
the singlet as also supported by long delay results and by ORCA simulations.

The predicted intersystem crossing is consistent with the dynamical behavior ob-
served in analogous binuclear complexes, particularly [Pt]-based systems, where similar
ultrafast singlet—triplet transitions have been reported. This is further supported by
the experimentally refined Au—Au distance at long delay times, which shows a longer
distance relative to the initial distance, as well as by the DF'T results obtained from
ORCA simulations. Together, these detailed experimental observations and structural
refinements strongly support the proposed excited-state pathway, which provides quanti-
tative insights into the shortening of the Au—Au distance compared to the initial ground
state and the ultrafast structural relaxation processes in solution-phase bimetallic
[Auz(depm)s|(PFg)o complex.

Molecular dynamics simulation on [Au,(dcpm);y|(PFg)

The preliminary molecular dynamics (MD) simulations were performed in the classical
way to investigate the role of solvent—solute interactions (‘cage’ term) in shaping the
scattering response of the [Aus(depm)s|(PFg)s complex in acetonitrile solution. The
simulations were carried out on the Maxwell cluster using the GROMACS package.
A cubic simulation box of 10 x 10 x 10 nm?, corresponding to equilibrium density,
was filled with 11,530 acetonitrile (MeCN) solvent molecules and two PFy counter ion
molecules to ensure charge neutrality. Both the ground-state (GS) and excited-state (ES)

structures of the dimer were included as rigid solutes, strongly constrained to their DFT-
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Figure 7.4: Potential energy surface diagram for [Aus(dcpm)s](PFg)2 in acetonitrile
solvent. After the excitation with photon, the electron goes to the excited singlet state
and then it moves to the excited triplet state and finally relaxes to the ground state.
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optimized geometries, while solvent molecules were fully flexible. As the generalized
Amber force field (GAFF2) lacks parameters for gold, a practical approximation was
implemented by substituting gold with iodine, which preserved the steric representation
and approximate scattering characteristics of the heavy atom by keeping the solute
highly constrained during the trajectory. The system was initially equilibrated at
constant temperature of 293.15 K for 2 ns with periodic boundary conditions in all
three dimensions. After that the simulation trajectory was run for 20 ns and then
used for sampling the pair-wise atomic radial distribution functions (RDFs). The same
simulation procedure was applied for both the ground (S0) and the excited (T1) states.

The trajectories obtained from the MD runs were analyzed to extract solvent
structural information, including RDFs between selected solute atom types and all
relevant solvent atom types. In total, 12 distinct RDFs were evaluated (four solute
atom types: Au, P, C, H; and three solvent atom types in MeCN: C, N, H), resulting in
24 RDFs when considering both ground- and excited-state trajectories. These RDFs
provide atomistic insight into how the solvation structure reorganizes upon electronic
excitation. For simplicity of interpretation, the RDFs discussed here are presented as
combined functions, where the contributions from all solvent atoms were averaged for
each solute atom type. This approach highlights the principal solvation characteristics
around different parts of the complex while retaining the essential structural information.

The following combined RDFs were therefore employed for subsequent analysis:

® gau_mecn(r): distances from each Au atom in [Auy(depm)s]?t to MeCN (treated
as one site—either center-of-mass or pooled solvent atoms, depending on your

implementation).
e gp_neen(r): distances from each phosphorous (phosphine) atom to MeCN.
e go_meen(r): distances from ligand carbon atoms (depm framework) to MeCN.

e gu_meon(r): distances from ligand hydrogens to MeCN.

From these RDFs, the solvent-induced cage contribution in scattering (dScage) was
computed following established methods described in [160]. The dS;age term accounts
for changes in the solvation environment between the GS and ES states and is critical
for separating solvation shell responses from the intrinsic solute scattering signal dSqute-
The calculated dScage reflects how different regions of the complex modulate the solvent
reorganization upon photoexcitation, thereby providing a detailed picture of the solvation

dynamics surrounding the dimer complex.

112



Excited state Aurophilicity in [Auy(depm)s|(PFg)o

2000 —

@ 1000

3

U /N N

g N4 S

g’_ -1000

"E dSsqute

3 -2000 ——dS g

5 - dSsqute + dScage

<] -3000 cage 2 9(r) Hegiute- -MeCN

- dScage 9(r) Ceoute-MeCN
-4000 cage 2 9(r) Pyoute™ MeCN
cage g( ) Usolute™ -MeCN

-5000 —+ T T T

4 6 8
Momentum transfer (A™")

Figure 7.5: Simulated difference scattering signals (AS) for the [Auy(depm)s](PFg)2 in
acetonitrile solvent, obtained from molecular dynamics simulations.

Figure 7.5 presents the simulated difference scattering signals, where the total signal
is separated into contributions from the solute (dSsute), the solvent cage (dScage),
and their combination. The atom-specific solute—solvent correlations reveals distinct
behaviors. The Au-MeCN term contributes significantly due to the large atomic number
of Au (hence, large scattering factor), while the P-MeCN correlation is weaker overall.
The H-MeCN mainly affects very low g range. The C-MeCN contribution dominates
over Au-MeCN at low ¢ values because of the large number of carbon atoms in the
ligand contacting the solvent shell, despite their lower scattering power.

Their sum gives dScage, Which dominates the total difference signal and even surpasses
the solute contribution at low momentum transfer (¢ < 1.4 A~'). However, this does not
affect the structural refinements performed in this work, since the fitting of experimental
data was performed only for ¢ > 1.4 A-1, where the solute contribution becomes more
prominent and cage contributions are less dominant. The solvation signal contributes
into the range we did not utilize for the analysis. Extending the analysis to incorporate
this sensitivity will be a critical step in future work, as solvent reorganization has
the potential to significantly influence and modulate the photophysical response of

bimetallic complexes.
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Atomic Contributions to the Difference Scattering

Further simulations were performed for three model systems: a pure Au, dimer, an AuyPy4
core, and the full [Auy(dcpm),|?* complex to disentangle the structural contributions
to the scattering signal. The simulated difference scattering curves are shown in Figure
7.6 , where the signals are scaled by momentum transfer (¢AS) to emphasize oscillatory
features. In all three models, the Au-Au distance change is identical with a value of
approximately 0.3 A which is taken from the DFT-optimized GS and ES structures.

3000
2000 -
1000 -
S5
o, 07
()
< -1000
-2000 -
1——aAS * Au,
—3000 4 —— gAS * Au,P,
1—— qAS * Au,(dcpm),*
-4000 : : : . . : - .
0 2 4 6 8

Momentum transfer, q (A'1)

Figure 7.6: Simulated difference scattering signals (gAS) for Auy (black), AusPy (red),
and [Auy(depm)o|*T (blue).

The overall shape and oscillation pattern of the difference signal are nearly identical
across all three models, despite the increasing structural complexity from Au, to
[Auy(depm)]®T. The presence of phosphorous atoms and the full depm ligands mainly
introduce small modulations in amplitude but do not alter the essential oscillatory
features. This clearly confirms that the dominant contribution to the scattering signal
in the measured g-range arises from the Au—Au distance contraction, which strongly
modulates the high-Z scattering component of the complex. Hence, these findings

justify the focus of the present investigation on the structural dynamics around the
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Au-Au distance.

To gain the metal-specific sensitivity in time-resolved X-ray scattering, the simulated
difference scattering signals were compared for three structurally analogous dimeric
complexes, [Aug(dcpm)s|(PFg)2, [Age(depm)s|(PFg)2, and [Cus(depm)s|(PFg)2. The
plotted signals in figure 7.7 represent ¢AS(q), calculated under identical structural
perturbations (e.g., a similar contraction in the metal-metal bond), allowing a direct

comparison of scattering intensity and oscillatory behavior across the three metals.
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Figure 7.7: Simulated difference scattering signals (¢AS) for [Auy(depm)s](PFg)o (black),
[Ags(depm)s|(PFg)2 (blue), and [Cuy(depm)s|(PFg)o (red).

The results shows that the magnitude of the difference signal strongly depends on
the atomic number of the metal atoms involved. Among the three, [Aus(dcpm)s|(PFg)o
(black) shows the strongest signal and sharpest oscillations, followed by [Agy(depm)s|(PFg)o
(blue), and then [Cus(depm)s|(PFg)a (red), which displays the weakest signal. This
trend originates from the fundamental dependence of elastic X-ray scattering intensity
on the atomic form factor, which scales approximately with the square of the atomic
number (~ Z?) in the relevant momentum-transfer regime. Consequently, gold with
larger nuclear charge (Z = 79) exhibits substantially higher scattering power compared
to silver (Z = 47) and copper (Z = 29). As a result, an identical geometric perturbation

produces a markedly weaker absolute scattering response in the lighter dimers, thereby
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reducing the overall sensitivity of the difference signal to a given structural change.
This simulation-based comparison explains the experimental observation that the
time-resolved difference scattering signals acquired at ID09 were significantly weaker
for the Agy and Cu, analogues relative to the Aus system. Despite having identical
ligand environments and potentially similar structural dynamics, the intrinsic scatter-
ing contrast of the lighter metals limits the observable signal. This underscores the
importance of heavy elements in facilitating detectable time-resolved scattering signals,
particularly when probing subtle intramolecular bond contractions or low-amplitude

structural changes.

7.2 Excited state Aurophilicity in [Auy(pnnp),|Cl,

In Section 6.3.4, the initial analysis of extracted difference scattering signals were
presented as a function of individual time delay. For further investigation of the
structural dynamics, solute-specific scattering signals were analyzed and extracted by
integrating the magnitude of the difference signal, Y |¢ AS| over the g-range of 2.5-7.5
A1, The left side of Figure 7.8 represents these temporal evolution of the solute-
specific scattering signal. This specific g-range is highly sensitive to the intramolecular
structural changes, particularly those involving the Au—Au bond distances and ligand
environment. This magnitude of signal strength representation also reveals a rapid onset
immediately after photoexcitation, with a sharp rise occurring around time zero and
reaching a maximum intensity near 150 fs. This strong and prompt increase suggest a
potential formation of an ultrafast structural response after optical excitation, indicating
the initial contraction of the Au—Au distance or related geometry changes within the
photoexcited solute.

2.5

T
‘—Q—Solute structure X|AS(2.5<q<7.5)|

Strength of signal [arb. un.]

Concentration of excited state species [mM]

| -200 -0 200 400 600
200 0 200 400 600 800
Time delay, At [fs] Delay [fs]

Figure 7.8: Left: Contribution of solute term integrating the ¢g-range between 2.5 to 7.5
A= for [Auy(pnnp),|Cly in acetonitrile. Right: Concentration of excited state species
for [Aug(pnnp)s]Cly in acetonitrile.
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Interestingly, after reaching its peak with maximum signal, the structural signal
exhibits a pronounced decay, dropping substantially by ~ 300 fs. This decay most likely
reflects the relaxation of the initially excited population back toward the ground-state
potential energy surface, rather than a transition to a lower-lying triplet state. The
rapid decay of the signal thus corresponds to the dissipation of excess vibrational energy
and the recovery of the ground-state geometry following photoexcitation. Beyond this
period, the residual weak signal observed between 400 and 800 fs is best interpreted
as the slow relaxation of the remaining excited population back to the ground state.
This interpretation is also supported by the concentration kinetics, which follow a
similar temporal profile to the overall scattering signal, indicating that the observed
structural evolution predominantly arises from ground-state recovery dynamics. Further
confirmation of these events can be extracted by other analysis methods.

Further analysis of the [Auy(pnnp)s]Cly provides the dynamics of the concentration of
the excited-state species, illustrated in right side of Figure 7.8. The concentration of the
excited-state species reaches a maximum shortly after photoexcitation and subsequently
decays rapidly. Within the first 300 fs, the excited-state population decreases by
approximately 75%, indicating an ultrafast relaxation process. The observed decrease
in the difference scattering signal amplitude during this period primarily reflects the
depopulation of the excited state. The structural refinement indicates an Au—Au bond
contraction of about —0.52 A associated with the initially populated excited state, the
subsequent decay in signal amplitude is best interpreted as a population effect. The
temporal correspondence between the population dynamics and structural signatures
were considered for proposing the hypothetical relaxation pathway and supports the
interpretation discussed in the following section.
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Figure 7.9: Left: Evolution of solvent temperature integrating the ¢g-range between
0.6 to 2.5 A1 of [Aus(pnnp)s]Cly in acetonitrile solvent. Right: Absolute temperature
rise with increasing time delay during the WAXS experiment of [Auy(pnnp)s|Cly in
acetonitrile.
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As mentioned earlier in Section 6.3.4, the signal evolved in the low-¢g range is pre-
dominantly sensitive to long-range correlations and rearrangement in the first solvation
shells, while the medium range approximately from 0.5 to 2.5 A-1is sensitive to the
bulk solvent observables such as solvent temperature and density [81]. The left side
of Figure 7.9 represents the integrated absolute difference scattering signal over the
g-range of 0.6-2.5 A1, indicating the solvent heating effects due to vibrational energy
dissipation and non-radiative relaxation pathways. The gradual increase in signal
strength over several picoseconds reflects the thermalization of the solvent molecules
as energy is transferred after the initial excitation and relaxation of the solute to the
surrounding solvent shell. Unlike the solute-specific signal, this increase is continuous
and monotonic, which is expected for intrinsically slower bulk thermalization process.
The clear separation in timescales between the fast solute structural response and the
slower solvent thermalization highlights the complementary nature of WAXS in probing
both coherent intramolecular dynamics and diffusive solute—solvent energy exchange.

The right side of Figure 7.9 indicates the absolute extracted solvent temperature
rise as a function of pump—probe delay time. A sharp increase in temperature is
observed immediately after time zero, reaching approximately 4 K within the first 2 ps,
which likely reflects immediate deposition of energy to solvent due to excitation and
relaxation through a manifold of higher-lying singlet and ligand-centered states by 4.6
¢V photons (above the main LMCT resonance) and rapid vibrational energy transfer
from the excited [Auy(pnnp)s]Cly complex to the surrounding acetonitrile solvent. This
temperature stabilizes up to ~5 ps. Beyond 5 ps, the temperature continues to increase
more gradually, reaching around 6 K by ~7 ps, indicating the continued thermalization
and solvent reorganization. This trend supports the fast initial solute—solvent coupling

followed by slower solvent equilibration.

Structural Refinement from Difference Scattering Data

To quantitatively analyze the time-resolved difference scattering signals of the [Auy(pnnp)s|Cly
complex in acetonitrile, structural refinement was performed using the extracted data,
collected under high-energy X-ray conditions (17 keV). As the structural refinement of
[Aug(depm)s|(PFg)o complex, the difference scattering signal ¢ AS was further analyzed
at various pump—probe delay times. This approach enabled extraction of the transient
excited-state geometries and revealed time-dependent structural evolution in response
to photoexcitation.

Figure 7.10 illustrates the structural refinement of the excited-state dynamics of the
[Aug(pnnp),]Cly complex in acetonitrile solvent at two representative time delays: At =
100 and 300 fs. At each time delay, experimental difference scattering signals, ¢ AS(q, t)

(shaded areas around curves represent experimental error-bars) are compared against
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simulated curves (denoted as total fit in black). Individual contributions from the solute
structure (red), solvent heating (green), solvent density (pink), and baseline offsets or
zero line (cyan) are explicitly indicated, providing a comprehensive decomposition of the
observed structural response. The solvent density contribution at these initial delays
is not expected from a purely classical thermodynamics considerations since thermal
expansion of the bulk solvent proceeds on much longer ns timescales. However, the
ultrafast effects in the nearest solvation shell such as excluded volume may be presented
and appear similar to the global change in density [161].

At At = 100 fs delay, the solute term dominates the experimental total differential
signal, particularly in the intermediate g-range (~ 3.1-6.5 A~'). This highlights
an intramolecular structural response associated predominantly with Au—Au bond
contraction and local ligand rearrangements. A closer refinement provides the change
of the Au-Au distance of -0.52 A at 100 fs delay. The solvent-related contribution
(green curve), though smaller in magnitude, may arise from a combination of relaxation
processes involving ligand-centered (LC) states and possible multiphoton excitation of
the solvent, both of which can contribute to the observed transient heating response at
these early timescales.

At 300 fs delay, the amplitude of the solute-related oscillations decreases significantly,
consistent with vibrational cooling or structural relaxation to the ground state. In
contrast, the solvent heat term increases in relative significance, confirming the energy
transfer or redistribution from the excited-state solute to the surrounding solvent
moleculesince the excess of energy is released as heat upon reaching the GS. Further
structural refinement of scattering signals [Auy(pnnp)s]Cly complex provides the change
of the Au-Au distance of -0.54 A at 300 fs delay. The solvent density term remains
relatively small at this delay, but its presence underscores the subtle but important
influence of solvent reorganization along with the relaxation of solute molecule.

A further structural refinement at longer time delay of 100 ps (in figure 7.11), indi-
cates the change of the Au-Au distance of -0.58 A. The experimental data (blue circles)
exhibit well-defined maxima and minima characteristic of intramolecular rearrangements
within the Auy core. Fitting the data with a model (red line) demonstrates excellent
agreement when the solute difference term (black curve) is combined with the solvent
heating (cyan) and density (magenta) responses. These structural refinements and their
respective contributions at individual delay times indicate ultrafast and coherent solute
dynamics, rapidly transitioning into solvent-mediated thermal relaxation processes

within a few hundred femtoseconds.
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Figure 7.10: Integrated difference scattering signals ¢ AS as a function of momen-
tum transfer ¢ at different pump-probe delay time, collected at FXE beamline for
[Aug(pnnp)s]Cly in acetonitrile solvent. More details are described in the main text.
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Figure 7.11: Time-resolved X-ray scattering signal and structural refinement of the
[Aus(pnnp)s|Cly complex in acetonitrile solvent at 100 ps, measured at ID09 (ESRF).
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Potential Energy Surface and Excited State Dynamics

Considering all the contributions from different terms, the simplified potential energy
diagram in Figure 7.12 can be proposed for [Aus(pnnp)s|Cly complex in acetonitrile.
After the initial optical excitation with 266 nm (represented by the blue vertical arrow),
the system is promoted from the ground state to a manifold of overlapping excited states
in the Franck—Condon region, comprising both ligand-initiated charge-transfer state
(ILCT) and higher-lying singlet ligand-to-metal-metal charge-transfer (*LMMCT,
as 52,593,594....) states, consistent with the broad overlap observed in the UV—Vis
absorption spectrum. The subsequent formation of the lowest-lying singlet LMMCT
state occurs within the instrument (experimental time) resolution (ca. 60 fs FWHM),
and this state is characterized by a significantly contracted Au—Au equilibrium bond
distance. The early-time (ca. 100 fs) differential scattering response reflects the onset
of ultrafast structural reorganization on the LMMCT potential energy surface. The
total excited-state population decreases by approximately 75% within 300 fs, indicating

an ultrafast relaxation pathway toward the ground state.

wu 99¢

S} 00€~

-0.58 -0.52 ARy A

Figure 7.12: Potential energy surface diagram for [Aus(pnnp),]Cl; in acetonitrile solvent.
After photoexcitation, the ground state electron goes to the excited singlet state and
then it moves to the excited triplet state and finally relaxes to the ground state.

The decrease of structural high-q oscillation amplitude at longer delays (300 fs) in the
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difference scattering signals reflects a reduction in the overall excited-state population.
At this stage, the system remains on the singlet LMMCT potential energy surface, where
rapid relaxation processes lead to partial depopulation of the initially excited species.
The formation of the lower-energy triplet LMMCT state (*LMMCT) is expected to
occur on a much longer timescale, on the order of 100 ps, as supported by the ESRF
data and consistent with the phosphorescent emission lifetimes. This triplet state
represents the long-lived luminescent intermediate characterized by a slightly elongated
Au—Au distance compared to the singlet state. Additionally, the observed ~8 ps rise in
solvent temperature may indicate the timescale of energy dissipation associated with
the S; — T, relaxation process.

Similar to the [Aug(depm)q|(PFg)2 complex, the cage term contribution can be
determined by using the MD simulations. Here as well, we expect that the solvation
will mostly contribute the difference signals in the g-range below 1 A~! not used for
structural refinement similar to how it is shown in case of [Aug(depm)y|(PFg)s complex

and further calculations are planned as the future extension of these work.
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Chapter 8

Conclusions

This doctoral thesis is focused on investigation of the structural dynamics, and photo-
physical behavior of metallophilic interactions, with a significant attention to aurophilic
interactions in dinuclear gold(I) complexes. These attractive interactions between
closed-shell d'® metal centers have emerged as a key design element for functional
materials, influencing luminescence, bio-imaging, reactivity, and supramolecular assem-
bly. By combining advanced synthetic chemistry, steady-state characterization with
X-ray spectroscopy, and state-of-the-art time-resolved X-ray scattering, this study has
delivered insights into the structural evolution of gold(I) dimers upon photoexcitation
and the effect of ligand architecture on the structural dynamics. This study bridges
the gap between static structural knowledge and ultrafast excited-state phenomena,
contributing significantly to the understanding of aurophilicity in solution.

A series of structurally diverse bimetallic complexes were synthesized to systemati-
cally investigate metallophilic interactions under well-defined chemical environments.
High-yield synthetic protocols were developed and optimized for [Aus(pnnp)s|Cls,
[Auy(pnnp)Cly| and [Cuy(depm)q](PFg)2 complexes, employing inert atmosphere and
low-temperature conditions to ensure chemical stability in solution in the presence
of phosphine-based ligands. In contrast, the synthesis of [Auy(dcpm)s|(PFg)s, and
[Ags(depm)s|(PFg)s was successfully carried out under ambient conditions, with ac-
curate reaction stoichiometry control and purification methods. All complexes were
thoroughly characterized using NMR spectroscopy and UV-Vis absorption spectroscopy.

Time-resolved WAXS experiment on the [Aug(depm)s|(PFg)o complex revealed
rapid and significant structural dynamics in the excited state, characterized by a
pronounced shortening of the Au—Au distance within 100 fs after excitation. The
structural refinement of the solution phase scattering data indicated a contraction from
a ground-state Au-Au distance of ~ 2.893 A to ~ 2.780 A upon excitation with 266
nm optical laser within 100 fs delay, implying ~ 0.113 A contraction between the two
Au-Au centers in the [Aug(depm)s|(PFg)2 complex which is comparatively larger than

the literature value extracted from the crystallographic measurements.
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For [Auy(pnnp)s|Cly complex, the time-resolved WAXS experiment revealed more
dramatic structural change due to aurophilic interaction. Having larger and flexible
phosphine ligands attached to the Au centers suggest more degree of structural flexi-
bility in solution phase and also in the excited state. Consequently, this allows more
significant metallophilic contraction, but with faster relaxation kinetics, indicating
weaker stabilization of the T triplet excited-state structure, thus greatly reducing the
efficiency of photoluminescence. The structural refinement of the scattering data of
[Auy(pnnp)s|Cly complex in acetonitrile indicated a contraction of ~ 0.52 A at 100 fs
delay in the S; singlet state, whereas the distance change can reach up to ~ 0.58 A at
100 ps delay likely in the triplet state.

The reliable structural refinement of the excited state was only possible from WAXS
due to the extended g-range available in the data, although the fitting was performed
starting from a medium g-range. This allowed to exclude the change in solvation shell
structure from the model since being in the longer length scales it contributed to smaller
q as confirmed by preliminary classical MD simulations.

In conclusion, the results presented here explain the extend and evolution of ultrafast
Au-Au bond formation in the excited state, as well as the associated relaxation pathways,
which are found to be highly dependent on the ligand architecture and the initial Au-Au
separation in the ground state.

These observations confirm that ligand design offers an effective strategy to modulate
the magnitude and timescale of metallophilic interaction dynamics, thereby offering a
tunable framework for the development of photoresponsive or optoelectronic materials.
Moreover, the integration of structural refinement with spectroscopic kinetics establishes
a generalizable methodological platform for probing excited-state structural evolution
in a wide range of transition-metal complexes exhibiting photoinduced reorganization

phenomena.

8.1 Future plan

The findings presented here open several avenues for future research. An extended
investigation of aurophilic interaction should explore with fs EXAFS in solution unifying
the structural refinement approach for GS an ES with the same gold complexes. The
extended fs HERFD-XAS study on gold L3 edge will also provide the insight into the
actual local electronic states (singlet vs triplet) and charge transfer processes of these
gold dimer complexes.

On the other hand, another approach of the study can follow with higher oxidation
states of gold atoms, like Au(I)-Au(IIl) and Au(III)-Au(III). The recent theoretical

investigations indicate that the strength of such aurophilic interactions is comparatively
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weaker than to the classical Au(I)--- Au(I) interactions discussed thoroughly in this
thesis. These are nevertheless non-negligible and may still play a structurally and
electronically significant role [162,163|. A large variety of these type of interactions
and their extend are explained in [2] and need further attention of the experimental
scientist.

Another part of these research could follow the extended heterometallic systems,
exploring different d'° metals such as Au-Cu, Ag-Cu or Au-Ag pairs. Expanding
the effect of different solvents and solvent dynamics could reveal new regimes of
metallophilicity. Such advancements hold promise for developing responsive luminescent
devices, photocatalysts, and plasmonic systems exploiting metallophilic interactions as
a functional design principle.
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Appendix A

FEFF input file

Listing A.1: The following feff.inp file was used for the analysis of the EXAFS experi-
mental data for the Auy(depm)q(PFg)e complex.

* This feff6 file was generated by Demeter 0.9.26
* Demeter written by and copyright (c) Bruce Ravel, 2006-2018

b bt e e R R R e R R R e

*

total mu*x=1: 2.996 microns, 5.116 microns
18.047

B e T T e R e it o e e R T R R R et e R

0.00042 ang~2

I e i Ttk R R R e e T e R R et e e it D

unit edge step:

*

specific gravity:

*

*

normalization correction:

TITLE Au2DCPM2

HOLE 4 1.0 * FYI: (Au L3 edge @ 11919 eV, 2nd number is S0°2)
* mphase ,mpath,mfeff,mchi
CONTROL 1 1 1 1
PRINT 1 0 0 0
RMAX 6.0
* POLARIZATION 0.0 0.0 0.0
POTENTIALS
* ipot z tag
0 79 Au
1 79 Au
2 6 C
3 15 P
4 1 H
ATOMS * this list contains 148 atoms
* X y z ipot tag distance
0.315383621 3.230982375 0.077246292 2 C
-0.237431587 2.321816223 -1.418575446 & P
0.038339066 0.009282429 -1.327282543 0 Au
0.238796132 -2.309887018 -1.404283786 3 P
-0.043555246 -3.175956059 0.190707248 2 C
-0.691257346 -2.2134648 1.610873583 3 P
-0.161572352 0.053065125 1.547442245 1 Au

129




0.597061815
-0.422759227
1.250912432
-0.706708934
0.917617785
-4.670842671
-3.160230668
-2.496514421
-3.088881948
-4.604164989
-5.255627979
-4.919840059
-2.920298902
-2.650802257
-2.827861329
-4.852693142
-5.085367793
-5.104799423
-2.7517356347
-2.657543283
-4.999927965
-6.338206915
2.099967734
1.532323074
0.033855156
-0.259353054
0.321658621
1.812328763
1.652864215
2.056247154
-0.457057963
0.186433603
-0.199574312
2.341554424
3.176754972
1.715012434
-1.336026501
0.132129537
2.199454756
4.529551246
-2.389563699
1.108254788
3.022191783
-1.277163158
0.403210526
2.416301534
-0.965569132
0.635539237
2.79191503
-0.607790972
2.125012984
4.301328401
-1.728403707
2.816315125
4.891013254
-2.045606693
2.592051775
4.992401462
-3.313700603

2.257835136
4.008285749
3.742365453
-4.026514923
-3.586619466
-1.911202534
-1.740029616
-2.503815921
-2.073310145
-2.229145667
-1.474933642
-2.962839914
-0.678248954
-3.580569978
-1.022654848
-3.294292063
-0.398912541
-1.331488939
-2.046230357
-2.655929049
-1.883720014
-1.628972123
-3.312382623
-2.732124384
-3.016638795
-4.511092448
-5.085067817
-4.802620362
-2.790821224
-3.182627494
-2.502810397
-5.026030904
-4.63962797
-5.330361431
-3.125669483
-1.65436626
-4.694744644
-6.16141756
-5.194524029
1.167077375
-2.901772496
5.169889272
1.287440988
-2.255820669
4.606164508
2.204427181
-3.101140311
3.101391362
1.728420547
-4.53960619
2.762974291
1.587145869
-5.167037483
3.333740627
0.675216651
-4.336202724
4.834570547
2.145212794
-2.892064935

1.609438372
0.289042125
-0.162882959
.01414972
.505758336
.50637177
.497959849
.642249453
.983684384
.989251038
.840277218
.321752697
.616339329
.501776967
.164936903
.909339189
.970445044
-0.313475504
-0.467554417
.800624989
.948393308
.851457761
.475107667
.187269922
.085022479
.183129447
.469567173
.584356477
.329849914
.336788194
.921451148
.324643467
.32546905
.781357861
.516833462
.137909061
.14244395
.508337
.529125132
.906541745
-4.587335771
-4.157032096
0.751063606
-3.772856716
-2.929445685
1.812689301
-2.539602567
-2.82192782
3.215146125
-2.906907544
-2.807478629
3.363648543
-3.727044203
-4.038020759
2.298840521
-4.961681354
-4.152283809
0.729495743
-3.99638832
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0.643683085
2.570855833
-0.383071173
0.793583977
2.784810951
-1.879553183
0.193426481
2.316195676
0.31702868
2.591519355
4.763390753
-2.626248419
2.420963651
4.496342576
-1.175243933
3.071685032
4.919658809
-2.580502136
0.960654861
2.773198963
-1.565670921
-0.66574771
2.411697609
-0.422346199
2.260690896
4.531308336
-1.448240059
3.88538729
5.976756703
-2.87059916
3.069725689
-2.132732591
3.716098112
-4.028402087
-1.596426096
2.271359071
-2.524071716
-0.071432075
1.947720464
-2.018282451
0.547470319
2.932979038
-2.797110539
-0.002965049
4.371363981
-4.297136967
-1.522489839
4.69336987
-4.785197934
-1.898779912
3.846099901
-4.251555195
-1.916269031
2.104412966
-2.285594422
0.210039365
2.01239689
-2.126954087
0.315810914

4.751938173
0.293745876
-2.154010553
5.098891206
3.22640735
-3.132696757
2.609253043
0.756782311
-4.552190456
3.187379792
2.578787631
-5.245958427
2.8373813
-0.339885606
-4.33586053
5.335719685
0.487422108
-2.306637888
6.252701766
1.638771258
-1.246039396
4.8285369
2.41876689
-5.133004852
1.678061785
1.208238938
-6.185106619
3.107714514
0.612276535
-4.789141093
5.220095554
4.08750555
-2.67294941
2.447324874
3.336681089
-2.347573506
2.24876796
3.268215095
-2.776047745
2.70381778
4.660848157
-2.135646053
2.016235846
5.40928398
-2.477028722
2.218618495
5.477377253
-2.050281243
1.746021599
3.517038559
-3.761805556
3.520582975
3.860433698
-1.266795001
1.184694687
2.69507146
-3.868411116
3.79118576
5.224800243

-5.0568190511
0.855413982
-4.394958223
-2.031770418
1.662050696
-1.931654232
-3.697611418
3.400347379
-3.492656813
-1.910810818
3.286988881
-3.102318848
-4.932320061
2.433890984
-5.629489558
-3.302449311
0.143559182
-5.484688503
-4.197793776
-0.252612073
-3.465763531
-2.976740999
3.971425525
-2.006920613
-2.757217126
4.363418081
-4.011536059
-3.995109234
2.412872374
-5.518817042
-5.057384434
4.146503123
-3.657021743
-3.096527896
2.935382104
-3.30085086
-2.968140024
2.977682082
-1.870309038
-1.599104196
3.070907779
-0.891070313
-0.479555295
4.278978158
-1.249229814
-0.619336747
4.249740528
-2.672455321
-1.979320432
5.053308082
-3.656956131
-3.06600053
2.027229724
-3.393758622
-3.095722408
3.870395971
-1.790945057
-1.507452755
2.160101629
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2.802140778
-2.576156344
0.319923741
4.524250814
-4.535526197
-1.839762922
4.62881505
-4.628877017
-3.2226247
3.923532635
-4.358801848
-2.017016634
1.600704724
-2.010290097
1.636235826
2.723915006
-2.461117888
0.425315216
5.046093583
-4.8096275
-1.895342678
5.719759342
-5.859955066

END

-1.048405395
0.944192026
4.895651706
-3.557839182
3.281426142
6.073907657
-0.957084462
0.662920617
4.151328798
-2.329101886
2.082537554
2.327331254
-2.834864382
2.788682336
4.595264948
-2.437300886
2.365151736
6.414938082
-1.990720521
1.679573524
5.988954317
-2.325188457
1.920344126

-0.93384836
-0.523502393
5.192456009
-1.146242122
-0.493293817
3.385514553
-2.741649037
-2.060309845
4.08371467
-4.674148322
-4.073056909
2.891584126
-4.010310341
-3.766700005
3.136986886
0.13790682
0.498309189
4.311919904
-0.539007467
0.182996292
5.141511275
-2.930914907
-2.081086063
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Appendix B

ORCA input file

Listing B.1: XYZ coordinates of the optimized Auy(depm)s(PFg)s ground-state struc-
ture at 2.882 A

Coordinates from ORCA-job Au2DCPM2_GS_PBEOmecn E -3595.732222037687

C 0.31691331999191 3.22681557819052 0.07886530101059
P -0.23370843536491 2.32676621694615 -1.42347521062326
Au 0.04714851767057 0.01440967460535 -1.36371272317417
P 0.24230271946851 -2.30485818803035 -1.41038729747041
C -0.04069537848836 -3.15858505550014 0.19184977731462
P -0.69866152376837 -2.20706864296449 1.61556051837748
Au -0.17748175110745 0.06144870129481 1.58441595226744
P 0.59218423391459 2.26192848722434 1.61792261774443
H -0.41923510766313 4.00732101317971 0.28616726358791
H 1.25518515763535 3.73504977381304 -0.15740020249067
H -0.69710297177882 -4.01476661354013 0.01647480690525
H 0.92240087545182 -3.56270758400450 0.50937999846560
C -4.67457140221820 -1.93109126312717 0.49091709593338
C -3.16542922905680 -1.74702058750491 0.49083279251968
C -2.50184531457096 -2.50963001288153 1.63590695578225
C -3.10414443527263 -2.08847939098850 2.97577796497363
C -4.61811710385028 -2.25649991462456 2.97338030584363
C -5.26989887899912 -1.50425275411789 1.82325145549341
H -4.91353657143587 -2.98419315337051 0.30147115984189
H -2.93520512696858 -0.68367032103038 0.61362249695731
H -2.64746888187185 -3.58696611753594 1.49051676018048
H -2.85238455201673 -1.03633220237358 3.16141757375341
H -4.85776289267761 -3.32336913653161 2.88940977057640
H -5.10942680708814 -0.42722392221224 1.95761752556121
H -5.10930693555139 -1.35224679438536 -0.32910633329732
H -2.74941122081994 -2.04683478664746 -0.47346509138961
H -2.67198418547509 -2.67018521882987 3.79296430127634
H -5.02150971960930 -1.91692202115304 3.93143823132556
H -6.35117771892133 -1.66744553895015 1.82828397512000
C 2.09064020600686 -3.32075649679922 4.47630974409291
C 1.52256908633136 -2.73187529707736 3.19259369718775
C 0.02523924911174 -3.02103630374902 3.08492699127241
C -0.26301581430024 -4.51710101064609 3.17157359141367
C 0.31786901880062 -5.09858358105620 4.45470815268438
C 1.80753987240280 -4.81266309532071 4.57350051431496
H 1.64123857158957 -2.80733794170175 5.33475931459739
H 2.04977265116295 -3.17300099438587 2.33923422695318
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.46941518657347
.18565041744498
.20563463235563
.33933519275212
.16680668125613
.70125266148872
.33901182352814
.13138308398152
.19474185150229
.51313201754281
.38643717378578
.09797991889477

3.00534523479438

1.27419130367914

0.39518808840202

.41167048491432
.96231903228253
.63343596887512
.79191316777206
.60446291815769
.12400898099664

4.30149132307077

1.72502503781746

2.81337708171748

.88098323670122
.04235055593741
.58315075068460
.97893429157246
.31054796684881
.63578932715269
.55036580847965
.38011001694521
.78340671293627
.78726635175548
.87622244688297
.19166858220592
.31226968076996
.32013883929880
.59010204774829
.7T6772877916670
.62280512698917
.42026175851354

4.48290514297069

.17197324456534
.056995921391153
.89546062887628
.57760353099119
.94568978939798
.75030990004808
.56327244086284
.67479554604213
.41908886635488
.41827217637637
.26212785751770
.53542896404347
1.44460985554953
.88332761308103

5.96712173973057

.86730159519348

.51544558564926
.02478101584550
.66072137744780
.33251100103949
.13101626123953
.65305958988246
.70401665627365
.17571924449352
.21077315190837
.14066599310969
.92547777556269
.21211221800494

1.26601737816928

.27203786753990

4.63136048818182

.19622498355825
.10633243971756
.12643260494327

1.72875354137118

.54786133550421
.79197450794632

1.58118902992241

.18286544189151

3.38180689542540

.65863781969649
.36313042313243
.88304438436075
.11528805148884
.91071630907897
.80237377879704
.27545405592354
.17514394050462

5.11604461476208

.21404357765286
.13245656787416

2.64316748390653

.76094224415427
.56522896095500
.20349722761996

2.57005337832761

.25654190648698
.89548895044462
.35370823500857
.36859323153302
.37558052302213
.45288361482764
.33835562026473
.29466408923658

1.60790074191831

.25967036542329

4.84926535142267

.42655623006629
.13342884397505
.70671279537962
.20846778118492
.20335031815199
.15951165097934

0.59206128688753

.82101914943755
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.92418898817517
.31028883858519
.31312352128918
.76704827519468
.52051481134274
.15301976858433
.12799569298040
.48550126549740
.51563839441808
.90302546136310
.58787199301410
.13023652682428
.75642497835724
.77911127956790
.909352956372329
.81344340119530
.53848600580870
.81909424090925
.21743024175929
.89325881447591
.81028296214360
.35853687234008
.70752618170524
.03291161056853
.29719375333514
.94947921262877
.12836982418050
.71478876614878
.99698088701621
.03637084315716
.87426421154988
.40205122534936
.00641229876716
.65262069407230
.93024110236477
.69990044765115
.41224051170640
.47926830402821
.90734801281166
.27199185751525
.08205339712062
.93369552551146
.44243389343922
.61724119128642
.27193009570249
.14345864438312
.49043706050420
.15870241606083
.24914279501618
.48100450812646
.95425953348807
.97058763043039
.98828952793010
.77590908069018
.35970530496151
.98298648641767
.99263202897910
.40523154932285
.50261902478930




H 3.05998775971565 5.28174408376593 -5.02818679339735
C -2.11700937439760 4.13969572792382 4.14039067506950
C 3.71981480268143 -2.69517421396802 -3.65736999671883
C -4.03186285941135 2.43742872384227 -3.08401508449300
C -1.58832489874965 3.37248097561924 2.93623681639595
C 2.27636438270338 -2.36184247170094 -3.30342496767523
C -2.52582382242025 2.24808849075766 -2.96253297451394
C -0.06374748094460 3.29226746777445 2.97721852605051
C 1.95042674158148 -2.78023396737626 -1.87033072633474
C -2.01655286872366 2.70303024105919 -1.59480499441404
C 0.56653430322039 4.68051641792802 3.05608765100824
C 2.93776669653194 -2.13708459905459 -0.89488986222368
C -2.78679740023131 2.01013846749395 -0.47252689166514
C 0.02384033383313 5.44496723620423 4.25763145249358
C 4.37457369568245 -2.48792890478304 -1.25052156006375
C -4.28874548852827 2.20207612714758 -0.60627413383264
C -1.49512867728036 5.52536415562746 4.22956220832187
C 4.69919478156397 -2.07081798103324 -2.67598309530907
C -4.77899708606109 1.72851903538054 -1.96512301321807
H -1.88677395456300 3.57607818565702 5.05241756025372
H 3.84537149670310 -3.78452679444296 -3.65093354649710
H -4.26189990523570 3.50912665659000 -3.04992976217778
H -1.90530471258791 3.88902404113687 2.02291680627397
H 2.11404035538184 -1.28088766923277 -3.40245686974838
H -2.28135029986215 1.18571081586202 -3.09348440109435
H 0.21433952095730 2.72562431786855 3.87515502889282
H 2.01165044485815 -3.87222819855210 -1.78383681345068
H -2.12953163257294 3.78971543214511 -1.50069953538488
H 0.33835365462642 5.23782578930011 2.14033445948275
H 2.81188910590797 -1.04951106928217 -0.94496440578454
H -2.556813447799911 0.93973049383802 -0.51714750166067
H 0.34362702732491 4.93753881789811 5.17565735626172
H 4.52158630833373 -3.56896822034894 -1.14156030463628
H -4.53413204618957 3.26294570543680 -0.47739802861504
H -1.80852599100566 6.11628194244847 3.36008533495594
H 4.63915148574063 -0.97779871871699 -2.75143076834779
H -4.61506092127559 0.64677483006050 -2.04887029458020
H -3.20641346766471 4.21192191750675 4.07819187615448
H 3.92889831035617 -2.35803637485261 -4.67640050218297
H -4.36421025096805 2.07277135894956 -4.05992933339983
H -2.01688530164086 2.36605534436456 2.90337685251964
H 1.60373700732179 -2.85034420611778 -4.01021642600611
H -2.01843777074565 2.79299338477755 -3.76186962188128
H 1.65484401264613 4.60670558002985 3.12128409364765
H 2.72727616550282 -2.43058557967071 0.13618345739850
H -2.44986549481750 2.36159326254092 0.50421564121320
H 0.46046513034907 6.44731149419107 4.28046320115946
H 5.05173270932088 -2.00150583058905 -0.54273982321079
H -4.79421154016439 1.65804122676677 0.19716859263671
H -1.86265129131572 6.04844458616303 5.11685580814342
H 5.72456230064222 -2.35150755746424 -2.93225746172902
H -5.85540756575346 1.89519996204660 -2.06206730859763

Listing B.2: XYZ coordinates of the ground-state structure of Ags(depm)y(PFg)o

Coordinates from ORCA-job Ag2DCPM2_GS_PBEOmecn E -3618.189579350740

C 0.28610033272045 3.32697011498417 0.08985556253575
P -0.28816325634719 2.37832349981962 -1.37637734478460
Ag 0.08601724548853 0.00804960101069 -1.34619473590512
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.30239962959759
.09906633356463
.7T8751717474677
.22557470635738
.62496699559460
.46790322905715
.19929442426324
.78466082438684
.82417284809114
.70674305195361
.19410734160781
.59692384435633
.25462252330811
.76977083063227
.35310488946668
.95600599955056
.93900002299890
.75740643979826
.99504277258585
.02644357731977
.17791787729667
.09892589666332
.75791435712311
.86515087385908
.20733744234098
.43660755903023
.81393885237892
.32296674781499
.16761805639347
.47564585221131

0.02884012006426
1.51266271819065

.32083390426012
.89429369704194
.70513615730434
.01166336625148
.53539133268614

2.08244395723349
2.88746540553793
1.51225752221482

-1.
.17067529974348
.84431201419806
.45728976549726
.09221575783312

e

54992755841055

0.75567855440042

.95091026493545
1.06374941335542
.15278303634632
.45392339393751
.79390515365452
.45311698424726

2.90958834812541

.35939169902890
.95392974150812

4.41864499382182

.39704271263565
.54278819566057
.89215070675916

.38159656979084
.24926691610803
.24200582488087
.08913822746615

2.33425072182758
4.08134840148079

.86484049492027
.07327004602549
.69662038828231
.13517407449831
.97633136794338
.52306779919317
.87348505615940
.02320087866990
.47424817223073
.20299154085015
.91469326296370
.60752977146664
.80626267340397
.08550255065365
.39243617949876
.71067872094326
.47573228727525
.30820615864641
.51673847378221
.62109716583081
.34125525049416
.77101604980047
.04910538370255
.53969180283690
.10287452656365
.82891234610981
.81072563568327
.23028507375692
.52432512968753
.06929132351677
.64345791100297
.36564889131159
.15901815636831
.69377484969286
.71593048280775
.17744309285009
.21581307887242
.16701382172169
.98440559129071
.31829015579819

1.36764980404677

.32506236627012
.71360693737168
.22328824382153
.19916529551815
.21964102615124

1.64113526839171

.60993397794508
.94709124759332

1.43655910137373

.25074289963047
.55720814735305
.57240541020076
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.37580780755990
.19801964260096
.57233404441123
.56823383543937
.59894723237313
.32622803943536
.17670673914956
.01554341540102
.57132724052074
.21030903792725
.23938730459985
.53299290489314
.75028056172979
.70970104133681
.41709383243759
.20268231695830
.15294814426882
.56818932120914
.76456981819362
.80009469643568
.37163332566999
.71815845386410
.62670288736858
.67382010888803
.57453510126724
.39686232167647
.61464986960666
.29140328486561
.09879295744984
.20049643339583
.52389021314320
.71924710881194
.43806685806846
.47677114095392
.89894436772536
.37392896400637
.34447139762422
.95062081429628
.71704446089453
.24418956929243
.10444216002555
.56475220499317
.68696396732568
.54693339283778
.73910254943285
.16857839546109
.50589399053646
.83002782321036
.90629115435441
.66757068768754
.60697717273474
.82706531938585
.00407982268934
.99573689955118
.91375060014129
.03500572541365
.90956268996458
.17815399389969
.87647910145840
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1.66356327621581
.24982244932277

4.95441635816507

.05365659182770
.25456170837478
.45776630735282
.13702483020286
.57510284559063
.84844231563649
.74237339416927
.02297550528995
.41114820604862
.60168400704095

2.45802824082198

.913411856337115
.33136532968587
.11353434892922

4.46495983112091

.74930785784796
.76067701191788

4.75939872692359

.24749943604468
.55934052628709
.65866215966695
.41600321485732
.92552689705236
.60780875639732
.21178274916020
.14245762746957

4.70376242480105

.05829262655694
.62099885759852
.97944433558839
.42788879486954
.65266016480635
.79834634446348
.92567921203512
.18523224222531
.40037156815022
.46790712432724
.67307038212295
.11878094976109
.03716881585581
.09161536268097
.78946851808770
.96617421157274
.78425161340902
.37741964673463

4.42110377978241

.29317851251585
.13525635017106
.84679113748177
.86079079039650
.49865760543182
.03392475373462
.42312365058564
.78267010839131
.33223235988275
.42837499456824

.38992276133797

5.04781985818699

.13245953324789
.03268311254299

4.88819133936799

.38952905038542
.16436086967303
.21567498891230

3.24067152590485

.28930528068400

2.71814717588386
0.67528134389582

.57127328915438
.38368677435675
.41390804784838
.38511945194667
.05263727049542
.43342861780063
.32963453964011

5.56107299276324

.52047164319903
.36605377052732

6.39404097574702
1.80594522547906

.33853276756926
.88923670790520
.29126187852841
.22429647744668

1.86895609553911

.98758962580060
.24716622860435

3.37624552928835

.45946176930350
.85488710347817
.46202218171261

4.24910771770013

.69633289638105

2.25052927968570
3.49735268078127

.35894227729781

2.08083726863075

.37503951730541
.86797231776207
.69361170600060
.74520978295994
.31408784074668

2.13297561985718
5.49949608804938

.65834847494855

2.30977330598120

.61744366441523
.15738466457938

1.68046651766105

.66068186166952
.78590991812999
.31774288430380

4.04607848185962
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.26951825437019
.00997029441911
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.13579282378954
.26076971244324
.39569997955979
.21318613985563
.04415697563417
.56685379493510
.38950444475110
.02833669363264
.55802715079922
.06324528445079
.67963853699604
.16219278957251
.51820070741869
.04341274902276
.98350245858509
.35127107880725
.05209698008443
.97716795621841
.73907232982309
.43670319060794
.28196216476690
.62767308525742
.18829287067306
.45066665882814
.51083619612623
.88818935579572
.82843385434431
.10275211811381
.88591803285690
.99056807887228
.20704497155787
.20454504414281
.90603082519971
.76486770136358
.18935904539187
.37865816570762
.38649750579767
.79213068144753
.11575114087198
.10243038395849
.73295664517137
.01872782632026
.72751088324171
.45971188485526
.06489188027914
.64876823530105
.22035414814985
.32366088079495
.93309565150288
.29263985305065
.43695995080885
.30389447818617
.55470407381776
.25413198743052
.44725749282473
.87545373534733
.24714105551214
.13297646301952
.75435838013603
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0.45576053731715
.07739939425857
.22956384224732
.49454176717938
2.85590875111349
.55141278388764
.76512875392240
4.55103252961023
.53102794684606
.51160234874107
.80934865110355
.69797660541066
.88667388952420
.20615520847723
.56862322545880
.86030243244257
.83614845392633
.21492008093766
1.87684523428335
2.68674053283817
.39989647423253
.84055916166287
5.05399036908267
.75345539210761
.40635776230959
.88277175173033
.94188130452827

.78907127864681
.96393295172831

3.78130057993542
5.32420607866540

1.22482213655719

1.06439661286057
4.96558343727985

.74595349844062
.38016971617345
.23415083904867
1.06090069455750
.59624313223019

4.34858126263603

.29527035617391

1.76863483781609
2.50427741349571

.77808134644628
.52854730674855
.64298874330171
.68155853635024
.60584585503668

6.49026440880344

.22645506168495

1.87215835098357
6.13037026252417

-

.44130328803322
.83722513285238

.88391067083101
.71244473536063
.48103039908238
.18209224450527
.62474324569418
.14107925333090
.19957389719678
.88366927538023
.27999057812965
.61141983013402
.31229821963342
.52071326611984
.41917618868644
.36446450588407
.69584744801417
.09798306869636
.88722566741005
.61798232567415
.031566211471765
.34079730787641
.68468538987196

4.32535642680707

.15254640736205
.59766675499226
.36406865754340
.50899511881217
.60537193952458

Listing B.3: XYZ coordinates of the ground-state structure of Cug(depm)s(PFg)o

Coordinates from ORCA-job Cu2DCPM2_GS_PBEOmecn E -6604.792776022844

C 0.
P -0.
Cu 0.
P 0.
C -0.
P -0.
.23764721918864
.55982667793154
.46118103265345
.21547512702987
.79280555075912
.82148664262213
.73830765352958
.22623029816694
.55502105777791
.15719314135358
.66655805256096
.32972029527278
.97726498703600
.97885414321023
.70736598519788
.92785274657677
.89090549336449
.17810361166148
.18524481374257
.84257516275471
.69895512602288
.06876089279369
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28218423630081
26281193790086
14710433211067
31944134894668
09537579064622
74543594798301

3.
.19541259011560
-0.
-2.
.13406482490678
.08549719260851
.09666333399342

2

19812600867618

00107267746664
22608187958691

2.18984776305129
3.97316361512249

.70580527903126
.94703157301208
.59658766477391
.30583176548197
.15532238817175
.37765483798368
.45994390598340
.63444313937226
.39636723815100
.34858645242526
.15340663434669
.42195820546424
.41876569230191
.65174086231896
.35146323275725
.09533713878862
.87005989106579
.64843449746008
.95001549411653
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10777027844979
33126195692560
22919581215372
40601687938297
14175472670642

.50520196873503
.44272419340738
.62010442060753
.30762355562331
.14745981052960
.07188858420553
.51191959187253
.33103575468658
.23531371806199
.58674211875692
.65203735064891
.74333338417553
.39600278375850
.57208654717811
.13482958199422
.88372953048945
.38836741056933
.08596069147219
.10199549946009
.64491523538506
.49416644314510
.62628404880460
.49560800037395
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.40980244761790
.98469910309656
.42689186151963
.05747680730131
.29920124866844
.26626775518262
.74361768464824
.50015014709920
.98474435934634
.59217175978381
.18836660576642
.29009781120934
.30952940188446
.056352922302093
.57517686354604
.36601018328595
.10998465253496
.11968327075970
.42223649336840
.15533007550204
.86781990978674
.91593096666912
1.04690357311747
.23803388864732
.38910979931038
.83235155294004
.49803115647912
.81217010908043
.51291484276765
.99181993698461

4.31914556273166

1.62013073804019
.61100724050224

4.82401470092163

.86015314754683

2.35558874395108

.915563415223322
.10121728300322
.36521371452095
.42421159055017
.12576831669902
.66733854883459
.78466303312514
.78369731426182
.01624253980849
.30279081427637
.43518439207866
.49799013706025
.81902327556074
.54427421745759
.17946774062214
.39534881543954
.96801718407944

2.86970698449777

.75342470494765
.28437278644530
.69992692818690
.63654221373551
1.29396367861453

.55156521842731
.01802878651612
.50131597576453
.83613357824402
.33534117878855
.84694796396147
.51289907484956
.48494715758234
.96123429601514
.31505839682717
.86289374679889
.38987858339325
.04761596798974
.79319983823862
.42080096236025
.56380507042160
.92710333028237
.86195240620569
.97500878590064
.57410340662701

5.04613238157950
1.156859790283919

.02045236503742

4.48590975328321

.09579990662160
.93146739936248

2.98736118423131
1.61074858585625

.36166402850179

2.67217514605357
1.40360034014963

.90628433882857

3.24033333656990

.46768014498487
.00471830803930
.73581168826931
.93425774907416
.54794316899673
.60843716610954

0.18576705405054

.93993602800147

4.99602253794769

.10441595360799
.95104879864756

2.47896691136018

.66380720202618
.37920636475587
.10952456280415

2.37467231209738

.98252396540746
.72756416544056
.53103177141753
.01098198685009
.25462467752125
.28277161160173
1.93180647401154

6.12590111402916
1.52009557082116
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.46941920776844
.49067375071075
.17242968809170
.03519196994673
.17958204416495
.49944176424990
.64198651469710
.31760172149390
.34895171744495
.83993911685004
.35174954510081
.32671771876820
.86906879993734
.55099302504160
.08677596563808
.11926023658531
.57147011360117
.60790949336435
.76132278030322
.74568011982390
.18520884745857
.67335341892526
.86069983440338
.91573461705767
.75689979375939
.65357017503713
.79983775867340
.14159671412887
.07735164442619
.86575800873181
.22420634969076
.97149058359860
.13507099434220
.13659286829471
.17430403314726
.25408865413349
.56394413227322
.19053501246748
.05622554536370
.80102130565730
.44530123956568
.04574333214506
.58714404125785
.10858535490686
.64495515159715
.35942833060774
.62546892450794
.99664554352284
.12428431999868
.38574491091563
.00321853976314
.28942481729330
.81283337373486
.43550364731430
.01811501771439
.62153295214565
.23261647721803
.31955380925939
.52370303635373
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.83525476777498
.49807052888755
.38565775713018
.14550788962523

4.57732416417476

1.36683053870218

3.68482990240441
5.91032131913644

.68321880092427
.77961501692886
.93729823114299
.88210015811513
.13296989666282
.51167011365030
.43837197197110
.62244618126315
.00860542968953

2.02258682716257

.06744739675005

0.67510315884042

.99505643993208
.77700189422750
.23733389032119
.43340496216172
.28439039067688
.27755573446965
.83824268164923
.83024886828334
.65562705561571
.96753183919767
.37258174200417
.87262997257978
.32216114176541
.37587742697690
.32523387679486

2.01904639275976

.21981835169599

0.39607660046804
2.91075386832737

.53556381652691
.60931107200538
.53789318147925
.52214818592843
.63829358394624
.81969047897731
.66672192917222
.02639689519602
.14906125703364
.49766904664158
.97227705163398
.78114781211830
.14534342986975

1.76338181396694

.73120434656939
.40971676155888

0.69792240783474
5.09499842713878

.76202648729099
-1.

56835275907726

4.69171193186391

.32204757299057
.00404599567694
.58923457276922
.01612647877452
.91902912985578

3.03295847435099
0.36043409241625

.39556854893531
.11890796873579
.07184977983875
.53884973861770

1.93284669824384

.33559702749869
.19256273194936

1.77393656821800

.21374669058721
.77165930450903
.48836465485456
.58467599740750
.32232063866729
.00886217262377

5.32639633485548

.67895865435335

2.17630189926757
5.44020994683834

.08954702908669

1.45449628770481

.47335615109821
.62421138767128
.98956971877435
.89685734367729
1.10094104989369
.70705613239521

2.62074860225123

.86691003991994

3.56958058519639

.17094410985134
1.23624478719161
.95016122868065
.78506131814564
.76998060520074
.24453639110941

6.06617192945071

.99449420224022
.37592295737016
.17012339767317
.08174425062485

1.38197524937219

.34369526981639
.55677227904061
.14408941261359

4.48639831979651

.75850779504564

2.54775308444177

.31822169949867
.32080397309835

1.80921446779604

.94168396133078
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.90904878959008
.90869804452213
.20107826985712
.81303556700932
.21387668173539
.29783188288261
.14544228340392
.20302431728304
.77942326175095
.18666104738820
.36546843402754
.51514855578733
.79823705330453
.10230208441635
.17660317909054
.69471098850363
.03736073707780
.82443675307540
.46354091652498
.11198841394365
.73634744284135
.20033538269360
.36936837771833
.08070890797156
.31236956783730
.45400412347563
.42214236998380
.53404155111751
.24020433303702
.64724540977826
.96678812174952
.23272134080469
.14191895912920
.61730645410227
.90545914315544
.87970949473213
.56721204097020
.22875817911847
.62680190277100
.03896975109446
.24764274317426
.11487280366788
.38432045772788
.62842817151386
.35326609938849
.41840249675092
.38465059027036
.47220393591293
.66989473786434
.06065851429062
.96766393272422
.60531772184883
.09778356465712
.22923245245845
.67328146296885
.38990049743987
.28649035544051
.60037759499917
.38145564028107




5.86401992295520 -2.37510624627892 -2.67163269168215
-5.91052529178124 1.60471992064532 -1.61464910085267
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Appendix C

List of hazardous substances according to GHS

The following table summarizes the hazardous substances used during the synthesis and

characterization of metal complexes in this work. Hazard classifications are based on
the Globally Harmonized System (GHS) and corresponding Safety Data Sheets (SDS).

The major hazard statements (H-codes) and signal words are listed for each substance.

Substance

GHS

Signal Word Major H-Statements

Acetonitrile (MeCN)
Chloroform

Diethyl ether
Diethyl phosphite
Sodium metal
Pyridine-N-oxide
Dimethyl sulfate

Lithium aluminium

hydride (LiAlH,)

Paraformaldehyde

Ethanol

GHS02, GHS07
GHS06, GHS08
GHS02
GHS07
GHSO01, GHS09
GHS07
GHS06, GHS08

GHSO01, GHSO03,
GHS05

GHS06, GHS07,
GHS08

GHS02

142

Danger
Danger
Danger
Warning
Danger
Warning
Danger

Danger

Danger

Warning

H225, H302, H332
H302, H331, H351
H225, H336

H315, H319 (check SDS)
H260, H290

H315, H319

H300, H330, H341

H260, H271, H290

H301, H311, H317, H351

H225, H319



Substance GHS Signal Word Major H-Statements

Pictogram(s)
Tetrachloroauric(III) GHS05, GHS07 Danger H290, H314
acid hydrate
[Au(tht)C1] GHSO07 Warning H315, H319 (check SDS)
Dichloromethane GHS06, GHS08 Danger H302, H315, H319, H332, H351
(DCM)
K[AuCly] GHS05, GHS07 Danger H290, H315, H319 (check SDS)
Methanol GHS02, GHS06 Danger H225, H301, H311, H331, H370
Thiodiglycol GHSO07 Warning H315, H319, H335 (check SDS)
Bis(dicyclohexylphosphino)metaHS07 Warning H315, H319 (check SDS)
NH,PFg GHSO07 Warning H302, H315 (check SDS)
Silver GHSO07 Warning H302, H319 (check SDS)
hexafluorophosphate
(AgPFs)
Hydrofluoric acid (HF)  GHS05, GHS06 Danger H300 + H310 + H330, H314,

H290
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