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Abstract

The synthesis of nanomaterials in solution often involves multiple intermediate steps from the
precursor to the final product, as outlined in the non-classical nucleation theory. The first step
in a one-pot reaction typically begins with the dissolution of the precursors in a solvent, often
promoted by the coordination of metal ions with specific ligands. Upon heating, a series of
chemical reactions are triggered, leading to the nucleation and growth of the desired
nanoparticles. Understanding all steps in the synthesis of nanomaterials is essential for
controlling and designing their formation mechanism.

Especially transition metal oxide and sulfide nanomaterials are used in a variety of applications.
While mechanistic studies are often reported for the case of metal oxides, the key reaction
pathways influencing the synthesis of many transition metal sulfides are still under debate. This
thesis elucidates the formation of ZnS nanomaterials in solvothermal reactions through in situ
X-ray spectroscopy and scattering techniques as a benchmark and shows preliminary
characterization of FexSy nanomaterial synthesis.

We utilized in situ valence-to-core X-ray emission spectroscopy (vtc-XES) combined with in
situ high-energy-resolution fluorescence-detected X-ray absorption spectroscopy (HERFD-
XAS) supported by density functional theory (DFT) calculations to resolve the metal-ligand
coordination during the synthesis of sphalerite ZnS nanorods (s-ZnS). The study elucidates the
dissolution of Zn(Ac), in oleylamine (OA), proposing [Zn(OA)s]*" and [Zn(OA)s]** complexes,
and detailing the ligand exchange towards oleylthioamide (SOA) upon the addition of elemental
sulfur to the reaction mixture at room temperature. Throughout the synthesis of s-ZnS, in situ
vtc-XES and HERFD-XAS analyses were employed to calculate an in situ HOMO/LUMO gap,
showing the emergence of a band structure during the synthesis of s-ZnS. This enables the size
prediction of the intermediate structure, the ZnS nanoparticle in the wurtzite phase (w-ZnS),
based on their band gap. Complementary in situ powder X-ray diffraction (PXRD) and small
angle X-ray scattering (SAXS) analysis confirm the identity of w-ZnS and s-ZnS and provide
additional information about their size and morphology.

We also propose and study the synthesis of ZnS nanoparticles using a two-phase water-toluene
solvothermal reaction. The method allows the obtaining of colloidally stable monodispersed
ZnS nanoparticles in the sphalerite phase. The diffusion of Zn?" ions at the water-toluene
interface was monitored by spatially resolved HERFD-XAS analysis, where the coordination
of Zn** ions in each phase was resolved using DFT calculations. The dissolution of Zn(Ac); in

water leads to the formation of a [Zn(H20)s]*" complex. The Zn*' ion diffuses into the toluene
p



phase already at room temperature, forming a [Zn(OA)s]*" complex. In situ HERFD-XAS
during the heating of the reaction solution up to 155°C reveals the formation of ZnS
nanoparticles in the sphalerite phase, undergoing a [Zn(RS)4]*" cluster and ZnS nuclei as
intermediate structures. The findings were complemented by in situ PXRD and total X-ray
scattering (TS) analysis, which verified the occurrence of these intermediates and assigned
domain sizes to them. To validate the versatility of the method, we applied the complementary
analysis to understand the formation of Fe3S4 nanomaterials in a solvothermal reaction. Since
the reaction of Fe(acac); with elemental sulfur and oleylamine dissolved in toluene failed to
achieve the required reaction temperature (180°C) to yield Fe3S4 nanomaterials, the solvent was
exchanged to benzyl alcohol (BA) and the sulfur source to thioacetamide. In this reaction, no
addition of oleylamine was required. BA is well known as a solvent that promotes the formation

of ultrasmall and monodisperse nanoparticles.

The preliminary analysis of in situ HERFD-XAS and vtc-XES data of the synthesis of Fe3S4
nanomaterials uncovers the formation of an intermediate structure above 50°C, which can be
attributed to the coordination of Fe(acac)s by BA under the formation of a [Fe(acac)(BA):]
complex, as resolved by HERFD-XAS analysis and supported by DFT -calculations.
Furthermore, the formation of Fe3S4 nanocrystals undergoes an intermediate formation of FeS
nanocrystals, as revealed by combined HERFD-XAS and FEFF analysis.

The in situ approach of vtc-XES reveals changes in donor orbitals during the first 50 minutes
of the reaction, confirming the emergence of the [Fe(acac),(BA):] complex. Through
complementary in situ PXRD analyses, we identified the formation of FeS nanosheets and their

conversion into Fe3S4 nanocrystals, which are approximately 22 nm in size.

This thesis presents an analysis of the coordination chemistry and structural evolution during
the synthesis of ZnS and FexSy nanomaterials. It aims to propose reaction mechanisms for
transition metal sulfides under solvothermal conditions by combining in situ X-ray
spectroscopy and scattering analysis with quantum-mechanical calculations. This
complementary approach offers insights into the formation of transition metal sulfide molecular
clusters, the emergence of transition metal sulfide nuclei, and the crystallization processes of

transition metal sulfide nanoparticles, nanorods, and nanosheets.



Zusammenfassung

Die Synthese von Nanomaterialien in Losung umfasst oft mehrere Zwischenschritte vom
Vorldufer bis zum Endprodukt, wie es die nicht-klassische Nukleationstheorie beschreibt. Der
erste Schritt in einer One-Pot-Reaktion beginnt typischerweise mit der Auflosung der Vorldufer
in einem Losungsmittel, was oft durch die Koordination von Metallionen mit spezifischen
Liganden gefordert wird. Beim Erhitzen wird eine Reihe von chemischen Reaktionen ausgelost,
die zur Nukleation und zum Wachstum der gewiinschten Nanopartikel fiihren. Das Verstindnis
aller Schritte bei der Synthese von Nanomaterialien ist entscheidend fiir die Kontrolle und
Anpassung ihres Formationsmechanismus. Ubergangsmetalloxide und -sulfide werden in einer
Vielzahl von Anwendungen eingesetzt. Wahrend zahlreiche mechanistische Studien fiir
Metalloxide in der Literatur verfiigbar sind, ist der Reaktionsmechanismus, der Herstellung
vieler Ubergangsmetallsulfide, noch nicht im Detail verstanden. Diese Dissertation beleuchtet
die Bildung von ZnS-Nanomaterialien in solvothermalen Reaktionen durch in situ
Rontgenspektroskopie und Streutechniken als Blaupause fiir andere Syntheserouten und zeigt

eine vorldufige Charakterisierung der FexSy-Nanomaterial-Synthese.

Wir nutzten in situ Valenz-zu-Kern-Rontgenemissionsspektroskopie (vtc-XES) kombiniert mit
in situ hochenergetischer Fluoreszenz-detektierten Rontgenabsorptionsspektroskopie (HERFD-
XAS), unterstiitzt durch Dichtefunktionaltheorie (DFT)-Berechnungen, um die Metall-Ligand-
Koordination wéhrend der Synthese von Sphalerit ZnS-Nanorods (s-ZnS) aufzukldren. Die
Studie erldutert die Auflosung von Zn(Ac): in Oleylamin (OA) und schligt die Bildung von
[Zn(OA)4]** und [Zn(OA)s]** Komplexen vor, sowie den Ligandenaustausch zu Oleylthioamid
(SOA) bei Zugabe von elementarem Schwefel zur Reaktionsmischung bei Raumtemperatur.
Wihrend der Synthese von s-ZnS wurden in situ vtc-XES und HERFD-XAS Analysen
eingesetzt, um eine in situ HOMO/LUMO-Liicke zu berechnen, welche das Entstehen einer
Bandstruktur wihrend der Synthese von s-ZnS aufzeigt und die GroBenbestimmung der
Zwischenstruktur, des ZnS-Nanopartikels in der Wurtzit-Phase (w-ZnS), basierend auf ihrer
Bandliicke ermdglicht. Ergénzende in situ Pulverdiffraktometrie (PXRD) und Kleinwinkel-
Rontgenstreuungsanalysen (SAXS) bestitigen die Identitdt von w-ZnS und s-ZnS und liefern

zusitzliche Informationen iiber deren Gro3e und Morphologie.

Wir entwickelten auflerdem die Synthese von ZnS-Nanopartikeln in einer Wasser-Toluol-

Solvothermalsynthese und untersuchen diese. Die Methode ermdoglicht es, kolloidal stabile



monodisperse ZnS-Nanopartikel in der Sphalerit-Phase zu erhalten. Die Diffusion von Zn**-
Ionen an der Wasser-Toluol-Grenzflache wurde durch ortsaufgeloste HERFD-XAS-Analysen
untersucht, wobei die Koordination der Zn**-Tonen in jeder Phase mithilfe von DFT-
Berechnungen aufgelost wurde. Die Aufldsung von Zn(Ac)2 in Wasser fiihrt zur Bildung eines
[Zn(H20)6]**-Komplexes. Die Zn?**-Ion wandern bereits bei Raumtemperatur in die Toluol-
Phase und bilden einen [Zn(OA)s]**-Komplex. In situ HERFD-XAS wihrend des Erhitzens der
Reaktionslosung bis zu 155°C zeigt die Bildung von ZnS-Nanopartikeln in der Sphalerit-Phase,
die ein [Zn(RS)4]*"-Cluster und ZnS Nukleationskeime als Zwischenstrukturen durchlaufen.
Die Erkenntnisse wurden durch in situ PXRD und Totalen Streuungsanalyse (TS) ergédnzt, die
das Auftreten dieser Zwischenstrukturen bestéitigen und ihnen Doménengréf3en zuweisen. Um
die Vielseitigkeit der Methode zu validieren, wendeten wir die komplementéire Analyse an, um
die Bildung von Fes3S4-Nanomaterialien in einer solvothermalen Reaktion zu verstehen. Da die
Reaktion von Fe(acac); mit elementarem Schwefel und in Toluol gelostem Oleylamin die
erforderliche Reaktionstemperatur (180°C) zur Erzeugung von Fes3Ss-Nanomaterialien nicht
erreichte, wurde das Losungsmittel durch Benzylalkohol (BA) und die Schwefelquelle durch
Thioacetamid ersetzt. In dieser Reaktion war keine Zugabe von Oleylamin erforderlich. BA ist

bekannt als Losungsmittel, das die Bildung kleiner und monodisperse Nanopartikel fordert.

Die vorldufige Analyse von in situ HERFD-XAS und vtc-XES Daten der Synthese von Fe3Ss-
Nanomaterialien deckt die Bildung einer Zwischenstruktur oberhalb von 50°C auf, die der
Koordination von Fe(acac); durch BA mit der Bildung eines [Fe(acac)(BA):]-Komplexes
zugeschrieben werden kann, wie durch HERFD-XAS-Analyse aufgelost und durch DFT-
Berechnungen unterstiitzt. Darliber hinaus durchlduft die Bildung von Fe3Ss-Nanokristallen
eine Zwischenbildung von FeS-Nanokristallen, wie durch kombinierte HERFD-XAS und
FEFF-Analyse aufgezeigt. Der in situ Ansatz von vtc-XES zeigt Anderungen in den Donor-
Orbitalen wihrend der ersten 50 Minuten der Reaktion, was das Auftreten des
[Fe(acac)2(BA):]-Komplexes bestétigt. Durch ergénzende in situ PXRD-Analysen
identifizierten wir die Bildung von FeS-Nanosheets und deren Umwandlung in Fe3Ss-

Nanokristalle, die ungefédhr 22 nm grof} sind.

Diese Arbeit préasentiert eine Analyse der Koordinationschemie und der strukturellen Evolution
wihrend der Synthese von ZnS- und FeiSy-Nanomaterialien. Ziel ist es,
Reaktionsmechanismen fiir Ubergangsmetallsulfide unter solvothermalen Bedingungen

vorzuschlagen, indem in  situ  Rontgenspektroskopie und  Streuanalyse  mit



quantenmechanischen Berechnungen kombiniert werden. Dieser komplementére Ansatz bietet
Einblicke in die Bildung von Ubergangsmetall-Sulfid-Molekiilclustern, das Entstehen von
Ubergangsmetall-Sulfid-Kernen und die Kristallisationsprozesse von Ubergangsmetall-Sulfid-

Nanopartikeln, -Nanorods und -Nanosheets.
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1 Introduction

Controlling physical key parameters of materials, such as size, shape, composition, and atomic
structure, is the foundation for influencing their electronic properties. The group of
nanomaterials, materials in the site range between ~1-100 nm, exhibit advanced
physicochemical properties due to confinement effects and their large surface-to-volume ratio."
2

By confining the size in 0D (nanospheres)?, 1D (nanorods)* >, or 2D (nanosheets)®, the quantum
confinement effect can be used to access distinct optical or electronic properties.

Limited access on earth calls for scientists to establish abundant alternatives to noble metal

10-12 13,14

nanoparticles. Transition metal oxides,” ® nitrides,’ selenides, or sulfides can cover the
range of metallic to large band gap semiconductors, enabling them to be used for a broad range
of applications. Transition metal sulfides are a promising class of materials due to their chemical
stability, low-cost fabrication, and high abundance. Especially the formation of ZnS
nanomaterials in solvothermal reactions is often chosen to achieve wide band gap
semiconducting quantum dots. The reaction of Zn(Ac), with elemental sulfur and oleylamine
is widely used to synthesize ZnS nanomaterials in different shapes and morphologies, although
the role of oleylamine during the synthesis is poorly understood.!?

The metal-ligand coordination in the reaction solution and the arrangement of atoms in the
nanoparticle define the orbital composition and mixing and directly correlate with the electronic
properties of materials at each step in the reaction.® Therefore, resolving the emergence of
electronic and atomic structures during the synthesis of nanomaterials provides the knowledge
to tune them. Often, the orbital composition is probed by exciting electrons from the highest
occupied orbitals (valence band in crystals, HOMO in molecules) to the lowest unoccupied
orbitals (conduction band in crystals, LUMO in molecules), e.g., by UV-Vis absorbance
spectroscopy.'® Especially for large band gap semiconductors, these excitation energies are
moved to higher energies, where the signals can interfere with electronic structures of organic
components, like ligands and solvents. This lack of sensitivity to the material of interest makes

these methods not applicable to probing the emergence of the orbital compositions during the

synthesis of large band gap semiconductors.

Synchrotron-based analysis techniques, such as X-ray scattering and spectroscopy, have been

utilized over the past few decades as powerful tools for analyzing the atomic and electronic

2



1 Introduction

structures of nanomaterials during their synthesis.!’?° Hard X-ray radiation offers, due to its
small wavelength, a high penetration depth, and the ability to test complex sample
environments. While total scattering analysis records all equipment and substances in the beam
path and therefore relies on adequate background subtraction, X-ray spectroscopy provides
element-specific sensitivity due to excitation or recombination at distinct element-specific
absorption or emission lines. While X-ray scattering is a powerful technique to resolve the

atomic structure of crystals (PXRD) and nano-crystalline materials (PDF), 2!

X-ray
spectroscopy experimentally accesses the electronic structure of the absorbing atom by probing
the excitation of a core electron into the LUMO (XANES) or the recombination of a valence-
electron to the core (vte-XES).?? XANES is extremely sensitive to metal-ligand coordination,
giving rise to coordination numbers, geometries, and oxidation states. Vtc-XES provides
detailed information about the identity of the ligands and their oxidation states. The analysis of
nanomaterials can be complemented by SAXS experiments, where the signal gives rise to the
shape and size of nanomaterials, as well as their assembly in solution. Combining multiple X-
ray scattering and spectroscopic techniques during the synthesis of nanomaterials (in situ) can

provide a comprehensive understanding of the reaction mechanism, nucleation and growth

phases, and changes in morphology during solvothermal reactions.




1.1 Scope of this thesis

1.1 Scope of this thesis

This thesis aims to employ combined X-ray scattering and X-ray spectroscopy analysis to
investigate the formation of ZnS nanomaterials in situ. The first step of one-pot solvothermal
synthesis is the dissolution and coordination of precursors and ligands. Therefore, we utilized
HERFD-XAS, vtc-XES, and DFT analysis to clarify the dissolution and coordination of
Zn(Ac), and sulfur with oleylamine (Chapter 4.3.1).

This thesis overcomes temporal limitations in collecting vtc-XES data in situ, enabling
monitoring changes in vtc-XES during the synthesis of transition metal sulfides. The obtained
vtc-XES data provides experimental access to the electronic structure by revealing the in situ
HOMO/LUMO gap during the formation of ZnS nanorods (Chapter 4.3.2). The element-
specific X-ray spectroscopic methods facilitate studying the formation of large band gap
semiconductor nanoparticles without signal interferences from present organic molecules.
Combining X-ray spectroscopy analysis with in situ X-ray scattering results in a comprehensive
analysis of the reaction mechanism, resolving the identity of intermediate states (Chapter 4.3.2).
The investigation of the electronic structure was complemented by following the emergence of
the atomic structure by in situ PXRD and SAXS analysis, also providing the size and shape
evolution of w-ZnS and s-ZnS throughout the reaction (Chapter 4.3.3).

Those findings allow for the development of a novel synthesis protocol for yielding ZnS
nanoparticles (Chapter 5). The formation of ZnS at the water-toluene interface aimed to enhance
the solubility of precursors in the reaction solution. The diffusion of Zn?* ions through the
water-toluene interface was investigated using HERFD-XAS and DFT calculations (Chapter
5.3). The combination of in situ HERFD-XAS with in situ PXRD and PDF analysis reveals the
formation of ZnS clusters, the Zn-S-Zn bond formation, as well as the crystallization into ZnS

nanoparticles (Chapter 5.3).

Further, the preliminary analysis of small band gap semiconducting iron sulfide nanomaterials
is presented (Chapter 6). To reveal the coordination of Fe(acac); with thioacetamide in BA, we
applied in situ vtc-XES and HERFD-XAS analysis, showcasing the versatility of the methods.
The in situ vtc-XES, supported by DFT calculations, revealed changes in donor orbitals at the
start of the reaction, which were linked to the solvent coordination of benzyl alcohol on

Fe(acac)s; (Chapter 6.2.3). Combining in situ HERFD-XAS, vtc-XES, and PXRD analysis

4



1.1 Scope of this thesis

reveals the formation of FeS nanosheets as intermediates in the reaction, offering insights into

the phase transformation to Fe3S4 nanoparticles.




2.1 Role of oleylamine in the synthesis of nanostructured transition metal sulfides.

2 Nucleation and growth of transition metal sulfides.

This section is partly paraphrased from Thomson et al. I°, and from the PhD thesis from D.

Derelli?? and L. Grote.?*

2.1 Role of oleylamine in the synthesis of nanostructured transition metal

sulfides.

Oleylamine (OA) is a highly versatile reagent for the colloidal synthesis of various nanoscale
materials, owing to its capacity to simultaneously function as a solvent, a surfactant, and a mild
reducing agent. OA is a long-chain primary alkylamine, similar to octadecylamine (ODA) or
hexadecylamine (HDA), which acts as an electron donor at elevated temperatures. OA is liquid
at room temperature, potentially simplifying the washing procedures which usually performed
after the nanoparticle synthesis. An additional distinctive feature of this compound is the double
bond (C=C) located in the middle of the molecule. Specifically, although ODA and OA have
similar basicity and affinity for metals due to their NH» functional group, the morphology and
crystallinity of nanoparticles produced with these amines can differ significantly.

Often, in nanoparticle synthesis, OA was mainly expected to impact the crystallization,
assembly, and shape formation of the particle. In the case of the synthesis of transition metal
sulfides, where OA-containing routes are often chosen,?® the OA also actively contributes to the
chemical reaction by, e.g., reacting with elemental sulfide before the reaction. It has been
proposed that this reaction, also called ‘solubilization’ of elemental sulfur in OA, is critical for
the formation of transition metal sulfides via the sulfur-OA route. !>

It is important to note that sulfur predominantly exists as Sg rings.?¢ In Reaction 1 depicted in
Figure 2.1., a direct nucleophilic attack by nitrogen on the Sg molecule occurs, leading to the
ring-opening and subsequent formation of an open-chain alkylammonium N-polythioamine
salt, forming an N—S bond.?’” The second reaction, illustrated in Reaction 2, results in the
generation of hydrogen sulfide and an N,N'-polythiobisamine, which contains two N—S
bonds.?® The characterization of these products was limited to elemental analysis®® and electron
spin resonance (ESR).?

While Reaction 2 leads directly to the formation of HS, it also has been proposed that H>S can
also be generated through the reaction of sulfur with the methylene protons located a to the

nitrogen, resulting in the formation of a thioamide (as illustrated in Reaction 3).2” In both

6



2.2 Classical and non-classical nucleation

studies, it is suggested that H>S subsequently reacts with Sg to yield alkylammonium
polysulfides, as outlined in Reaction 4. Alkylammonium polysulfides have been isolated in

reactions involving ethylenediamine and benzylamine, and their presence has been proposed to

contribute to enhanced solution conductivity in other amines.?*-3
2RNH, — 0 (RNH;*)(RNH-Sg) 1
SRRNH — % 5 (RR'N),S, | + H,S 2
S
1/4S
R"/\NH2 — )J\ 2 B 3
R" NH,
1 SX’ HZS [ 2-
2RRINH —2X 222 o (RR'NH,*)y(Sy412) 4

Figure 2.1: Reactions of Sulfur with Amines. Collection of proposed reactions of elemental
Sulfur (Ss) with amines from literature. Used with permission from Thomson et.al.!> Copyright

2011, American Chemical Society.

The literature does not describe which of the possible sulfides will react during the synthesis of
transition metal sulfides. Chapter 4 describes the formation of an oleylthioamide at room

temperature and its coordination with Zn?" ions in an oleylamine solution.
Y

2.2 Classical and non-classical nucleation

Nanostructures' chemical and physical properties depend highly on their composition, crystal
structure, size, and morphology. The key to understanding and influencing the emergence of
these properties is to control the synthesis of nanomaterials to gain control over them. There are
two main theoretical approaches to describe the nucleation of nanoparticles in solution, the
classical nucleation and the non-classical nucleation theory. The classical nucleation theory
provides a framework for understanding the formation of nanoparticles in a supersaturated
solution by incorporating individual atoms, ions, or molecules. This theory posits that the
crystallization of nanoparticles commences from small stable nuclei that develop in the solution
when the concentration of the active species pertinent to the nucleation process, commonly

referred to as monomers, surpasses a specific critical threshold.?* 34
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2.2 Classical and non-classical nucleation

Nuclei can arise through homogeneous nucleation, which occurs due to random collisions
among monomers, or through heterogeneous nucleation, which involves interactions between
monomers and an external seed.

Following nucleation, the growth of a crystalline nanoparticle proceeds through a layer-by-
layer addition of additional monomers from the solution onto the nucleus. This straightforward
model is now known as classical nucleation theory. By examining the Gibbs free energy
associated with the nucleation process, one can quantitatively determine the size of a stable
nucleus. The Gibbs equation is shown in Equation 2.1:%

4
AG(r) = §nr3AGV + 4mr2y 1)

In this context, AGy represents the free energy per unit volume of the crystal, and y represents
the surface free energy per unit area. Equation 2.1 describes a balance between the reduction in
energy resulting from the formation of chemical bonds within the bulk of the nanoparticles and
the increase in energy arising from the unfavorable formation of a solid-liquid interface. For
small radii, the destabilizing surface energy predominates, leading to the re-dissolution of the
nucleus in solution. In contrast, nuclei with radii larger than a certain critical radius 7. are stable
against dissolution and continue to grow. The relationship between free energy and particle

radius is depicted in Figure 2.2.

a — surface energy
= overall energy
= bulk energy
QS :
< dissolution i growth
—————— T —— — ——————— —
stable intermediates

r r

Figure 2.2: Plot of the Gibbs free energy for the classical (a) and the non-classical (b)
nucleation pathway. The rc mark the critical radius, above where a nuclei are stable in solution.
The non-classical nucleation pathways describe the formation of stable intermediates,

corresponding to local minima in the energy profile.

Within classical nucleation theory, the degree of supersaturation S is the primary parameter

influencing the nucleation and growth of nanoparticles. Here, is defined as the ratio




2.2 Classical and non-classical nucleation

[M]/[M]o, where [M] represents the monomer concentration in solution and /M]y denotes its
equilibrium concentration with the solid phase. Figure 2.3 presents the LaMer diagram,
illustrating the changes in the supersaturation profile during nanoparticle synthesis.>* Three
distinct stages are observable throughout the process. Initially, the nanoparticle precursor
transforms into the active monomer, accumulating in the solution. Homogeneous nucleation
occurs when the monomer concentration exceeds a critical supersaturation level Sc. During this
phase, monomer species are consumed, reducing the supersaturation level below Sc. At this
point, further nucleation is suppressed, and the existing nuclei grow by incorporating the

remaining monomers in the solution.

Stage 1: Stage2: Stage 3:

monomer homogene- diffusion-controlled
accumulation ous growth
nucleation

Supersaturation (S)

time

Figure 2.3: LaMer diagram. Sc marks the critical supersaturation, while S = 1 indicates that
the monomer concentration in solution is in equilibrium with the nanoparticle. Once S is above
Sc, nucleation occurs, which reduces the monomer concentration in the solution until
equilibrium is achieved. Conducting a nucleation reaction at a solvent-solvent interface, where
there is a constant diffusion of monomer to the reaction phase, can extend the nucleation phase,

allowing the nucleation and growth phases to overlap.

The LaMer diagram offers a highly simplified representation of nanoparticle nucleation;
however, it is a valuable model for understanding the size distribution of nanoparticles produced
via various synthetic methods.*® 37 For example, the theory suggests that if the nucleation phase
is extremely brief, all nanoparticle nuclei form simultaneously, allowing the growth process to
occur over the same duration for all nuclei. Consequently, this results in a collection of

nanoparticles with uniform size. This principle underlies two prevalent synthetic techniques:
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2.2 Classical and non-classical nucleation

the hot-injection and heat-up methods.*® During the hot-injection method, one inject rapidly a
stock solution containing reactive precursors into a preheated reaction solution including
surfactants.? 4 The elevated temperatures and high local supersaturation levels induce
immediate and rapid nanoparticle nucleation. During formation, surfactants attach to the
nanoparticle surfaces, preventing aggregation.

Conversely, the heat-up method differs fundamentally from hot injection.*! In this technique, a
precursor solution is initially prepared at a low temperature and subsequently heated to a higher
temperature, triggering the nanoparticle formation.*># If the heating rate is sufficiently rapid,
the temperature quickly surpasses the reaction's activation threshold, leading to a nucleation
burst.** Nonetheless, monodisperse nanoparticles can also be synthesized using the heat-up
method by employing comparatively slow temperature increases.*> > These findings indicate
that autocatalytic reactions, not accounted for in the classical model, can significantly influence
the kinetics of nanoparticle nucleation, as corroborated by numerical simulations.* By
establishing a reaction with a solvent-solvent interface, the diffusion of monomers through this
interface can further impact the nucleation process. If monomers diffuse into the reaction phase
after nucleation begins, the LaMer diagram may display multiple maxima corresponding to
several nucleation phases or a prolonged nucleation phase, which result in simultaneous
nucleation and growth.*’ In this case, where the diffusion impacts the nucleation rate, the
reaction at a solvent-solvent interface behaves similarly to a reaction with the constant addition
of monomer. In Chapter 5, the diffusion of Zn** ions through the water-toluene interface
achieves equilibrium prior to the nucleation of ZnS nuclei. Therefore, the nucleation in this

reaction should behave similarly to a single phase heating up reaction.

Classical nucleation theory typically explains nanoparticle growth as the result of individual
atoms, ions, or molecules adding to a nucleus. However, it does not work for synthesizing
nanoparticles with complex geometries, polycrystalline structures, and organic-inorganic
hybrids, which are commonly produced. Investigations using electron microscopy and X-ray
techniques have revealed synthetic pathways not anticipated by the classical model.?*%* In non-
classical pathways, particle nucleation involves a multi-step process that includes amorphous
intermediates such as droplets, complexes, clusters, and oligomers.*® These intermediates are
moderately stable in solution and reduce the overall energy barrier for forming stable solids, as
depicted in Figure 2.2b.*->! Pre-nucleation clusters can develop into final nanoparticles

through various routes, some of which are schematically presented in Figure 2.4. Once primary
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2.2 Classical and non-classical nucleation

stable nanoparticles form, they can grow into single crystalline nanoparticles via monomer
addition, consistent with classical nucleation theory (Figure 2.4a). Alternatively, primary
particles may assemble into aggregates with a standard crystallographic orientation, known as
mesoscale assemblies (Figure 2.4b), which can further merge into single-crystalline particles
through processes like oriented attachment.’® > Primary particles stabilized with organic
ligands can also self-assemble with a shared crystallographic orientation to form mesocrystals
(Figure 2.4¢)>* 33, Pre-nucleation clusters might also follow distinct pathways that lead to the
formation of intermediate dense liquid droplets or amorphous phases through the aggregation
of individual clusters or oligomers (Figure 2.4d).°5>® These intermediates further evolve

through aggregation and crystallization, resulting in polycrystals with intricate shapes.

(Pre) Nucleation @ )
— - .
clusters @ o .

© o0 ® Liquid droplets
Crystal growth l Amorphous precursors
Aemporaty Mesoscale Polycrystal with

assembly  complex shape

Primary Stabilization
nanoparticles \
>3 nm

(a) / \ (b) (C) Mesocrystal

Amplification Mesoscale
l assembly

Single crystal Oriented
Aggregation

——

Fusion

Crystallographic Fusion

Figure 2.4: Illustration of non-classical crystallization pathways. Classical nucleation
results in a single crystal formation (a). Oriented attachment of non-stabilized primary particles
results in mesoscale assemblies (b) while stabilized primary particles by organic surfactants
self-assemble into mesocrystals (c). The formation of a liquid droplet or amorphous precursor
before the nucleation of a polycrystal particle with a complex shape is described as a Pre-
nucleation cluster (d). Used with permission from> Copyright 2019, American Chemical

Society.

A comprehensive model for particle nucleation does not currently exist. The complexity of these

processes necessitates moving from a "one model fits all" approach to a chemistry-based
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2.2 Classical and non-classical nucleation

understanding of nucleation and crystallization phenomena. X-ray techniques effectively

elucidate the chemical and structural changes involved in nanoparticle formation.
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2.2 Classical and non-classical nucleation

3 Fundamentals of X-ray-based methods

This section is partly paraphrased from the textbooks by Als-Nielsen and McMorrow,*’ Egami
and Billinge,%" and Juhin and Glatzel,** and from F. Neese et.al.,, Cutsail Il et.al,** and from
the PhD thesis from D. Derelli*’ and L. Grote.’*

Material properties, like chemical, electronical and structural material properties, can be
resolved by the materials interaction with X-rays. This chapter introduces X-ray analytical
techniques, highlighting their strengths and weaknesses in observing various nanomaterial
formation and transformation stages. It will become evident that these methods are often used
complementary, and combining them in multimodal experiments provides the most

comprehensive understanding of a synthesis.

At the most fundamental level, the interaction of an X-ray wave with an electron is considered.
Classically, the incident electromagnetic wave accelerates the electron, emitting radiation at the
same frequency, an effect known as Thomson scattering. For all the electrons in an atom, this
scattering is described by the atomic form factor /%(g), which depends on the scattering vector

q = ki — ks, where k; and kr are the incident and outgoing wavevectors, respectively.

Electrons bound to an atomic nucleus cannot freely follow the incident electromagnetic wave.
Classically, a bound electron interacting with the wave can be considered a forced damped
oscillator. This concept consequently results in a decrease in the atom's scattering length,
described by an additional term f'(w) in the atomic form factor. Furthermore, an imaginary term
if'"(w) must be included to account for damping in the oscillator, which describes X-ray

absorption. Therefore, the complete atomic form factor is given by:

flgw) = (@) + f (@) — if"(0) G3.1)

Loosely bound electrons primarily influence the scattering term f%(g) in high energy levels. In
contrast, the behavior of the correction terms f'(w) and f"(w) is determined by core-level
electrons with binding energies similar to typical X-ray photon energies. These correction terms
depend on the frequency ® of the incident X-rays but are independent of ¢. They reach

maximum values when the photon energy matches the binding energy of a core-level electron.
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3.1 Photon-in photon-out spectroscopy:

3.1 Photon-in photon-out spectroscopy:

Photon spectroscopy investigates the inelastic interaction between electromagnetic radiation
and matter. The radiation induces excitations within the system, leading to the formation of
excited states. Spectroscopy measures the energies associated with these excited states and the
probability of their formation, known as spectral intensities. This methodology enables
spectroscopists to characterize the atomic and electronic structure of the system, ideally
corroborated by quantum mechanical calculations.®?

This chapter describes the fundamental theoretical background of photon-in photon-out
spectroscopy. In Figure 3.1 the main transitions of interest, probed with resonant excitation
(right) and non-resonant excitation (left) are summarized. Zn is a special case in X-ray
spectroscopy since the excitation of a core electron 1s to 3d orbitals is inhibited by the saturated
d-orbitals. In contrast to the XAS analysis of Zn compounds, the XAS analysis of Fe
compounds also gives rise to d-orbitals when focusing on the pre-edge.!” The pre-Edge of Iron
is well known for its sensitivity to coordination number, ligand identity, bond angles between

Fe and ligand.

A TasyT

Energy

([
(3d°)"

Zn |g)

Figure 3.1: Electron transitions diagram. Showing non-resonant (left) and resonant (right)
excitations in Zn. Adapted with permission from Klemeyer et. al. ® Copyright 2024, American

Chemical Society.
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3.1 Photon-in photon-out spectroscopy:

All shown X-ray spectroscopic data are collected at the ESRF beamlines ID24 and ID26, where
a Johann-Type spectrometer is installed between sample and detector. A drawing of this setup
is shown in Figure 3.2.

The movable spherical bent analyzing crystals work like reflective prisms which divide the
emitted x-rays from the sample within energy operation range of a crystal, into an Bragg-angle
specific energy.%® Therefore, these crystals work as a monochromator where the energy can be

scanned by varying the angle between sample, crystal and monochromator.®”-%

overlapping

Rowland circles

- '} ‘,f‘, focusing optics
scanning monochromator
and undulator gap

Figure 3.2: Johann-type spectrometer at ESRF Beamlines ID24 and ID26. Five spherical
bent analyzing crystals with overlapping Rowland circles are installed between the reaction
solution and the SDD detector. The crystals and the detector are moveable on the Rowland
circle enables to probe different emission energies. The reaction solution can now be heated to

collect in situ HERFD-XAS or in situ vtc-XES data during the reaction.

With this spectrometer, it is possible to collect the X-ray emission spectra at different excitation
energies, which result in a two-dimensional map testing the resonant inelastic X-ray scattering
(RIXS) properties of the sample. This map give rise to the energy-loss depended on the incident
X-ray energy. A theoretical 1s2p3» RIXS map of Fe?" is shown in Figure 3.3. This method is

very sensitive to quadrupole transitions and often applied for elements with pre-Edge features
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3.1 Photon-in photon-out spectroscopy:

in XAS. The RIXS analysis of pre-edge features provide enhanced sensitivity to oxidation
states, spin states and coordination geometries.®? Line profiles in this RIXS maps, indicated by
CTE, CIE or CEE in Figure 3.3, result in different kind of X-ray spectra. The constant incident
energy (CIE) spectra, a vertical cross section at fixed excitation energy (here 7112 eV) relates
to a resonant X-ray emission spectrum. The horizontal cross section relates to the constant
transferred energy (CTE) spectra, which probe all excitations into the same final states. The
constant emission energy (CEE) spectra correspond to lifetime suppressed HERFD-XAS
spectra.’® In this work, we are mainly focused on the HERFD-XAS (CEE) at the Zn and Fe K-
edge, which probes the Is to 4p transition, and on non-resonant Kf3 valence-to-core X-ray

emission spectroscopy (vtc-XES).

Energy Transfer [eV]
=
@

704

7108 7110 7112 7114 7116 7118
Incident Energy [eV]

Figure 3.3: Simulated RIXS map of Fe?*. Two-dimensional contour plot of a theoretical
1s2p3» RIXS spectrum for Fe' using an experimental broadening of 0.3 eV for both the
monochromator and the detector resolution. The contour plot indicates lines of equal intensity
where the dark (red) areas have the highest intensity. Adapted with permission from de Groot.
al.”® Copyright 2005, American Chemical Society.

To collect HERFD-XAS spectra without collecting RIXS maps, the crystals were set to collect
the intensity of the Kol emission line of Zn and Fe, respectively. The intensity of the emission
is directly proportional to the absorbance of the sample. Therefore, scanning the incident X-ray
energy while collecting the emission intensity of the Kol Line result ina HERFD-XAS spectra.
More details about the HERFD-XAS method are provided in Chapter 3.1.1.

By fixing the incident X-ray energy above the resonant excitation, one can scan the angle
between sample, crystal and detector to acquire an non resonant emission spectra of the sample.
These was used to collect vtc-XES data in this thesis. More details about the vtc-XES method

are provided in Chapter 3.1.2.
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3.1 Photon-in photon-out spectroscopy:

3.1.1 X-ray Absorption Spectroscopy (XAS):

X-ray absorption spectroscopy utilizes the frequency dependence of the absorption term f”' in
the atomic form factor (Equation 3.1). This technique provides element-specific chemical
information about the absorbing atom, such as its oxidation state, and details about ligands in

the local chemical environment. XAS spectra also contain short-range structural information.

The simple model of a forced damped oscillator is inadequate for accurately describing the
absorption of X-rays by bound electrons. A quantum mechanical approach that describes
electronic transitions, which considers the chemical environment of the absorber, would be
necessary for a more precise description. This subchapter will address the subject from an

experimental standpoint, using the Lambert-Beer law to describe X-ray absorption:’!

I =1, x e™#d (3.2)

where [, and / are the incident and transmitted intensities, respectively, d is the thickness of the

sample, and i represents the linear absorption coefficient. The absorption coefficient u is related
to /"' by:

h= 2purodf” (3.2)

where p,; s the average atomic number density, 7 is the Thomson scattering length, and
A is the X-ray wavelength. An absorption spectrum is obtained by measuring how u varies with

the incident photon energy E.

When E exceeds the binding energy of a core-level electron, there is an observable jump in u
due to the photo-absorption of the photon that excites the electron. This is referred to as an
absorption edge. The naming of absorption edges uses capital letters (K, L, M, etc.) to indicate
the principal atomic quantum number # of the initial state, with additional indexes denoting the
azimuthal quantum number / and differentiating the high spin-orbit split of the core states. For
instance, the excitation of a Is electron results in the K edge, whereas the excitation of a 2s
electron corresponds to the L edge, and excitations from the 2p12 and 2p3/> levels correspond

to the L, and L3 edges, respectively. The position of the edge can also shift depending on the
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3.1 Photon-in photon-out spectroscopy:

oxidation state of the absorber. As the oxidation state increases, the binding energy of core-level
electrons slightly rises, causing the edge to shift to higher incident energies.”!

In some cases, for example, in high-absorbing samples or in low-concentration samples, one
could use the secondary process of fluorescence to probe the absorption of the element of
interest. The fluorescence lines are consequences of the core-hole creation during the absorption
process, and their intensity is directly proportional to the absorption process. Using a
spectrometer, like a Johann-type spectrometer,’? one could selectively focus on the intensity of
specific fluorescence lines while scanning the incident X-ray energy around the K-Edge,
significantly reducing the impact of core-hole lifetime broadening on the XAS spectra. Due to
the increased energy resolution of those XAS spectra, those are often called high energy
resolution fluorescence detected XAS (HERFD-XAS). Due to the improved energy resolution,
the sensitivity to weak contributions to the XAS spectra, like solvent coordination, is enhanced.
By excitation above the K-edge, and scanning the energy of the emitted fluorescence, one can

acquire X-ray emission spectra, which is explained in the next section.

= transmission
- HERFD
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)
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Figure 3.4: XAS in transmission and in HERFD mode. Comparing XAS spectra of sphalerite

ZnS nanoparticles in toluene, measured in transmission (blue) and HERFD-XAS mode (red).

The applicability of HERFD-XAS extends beyond merely attaining higher resolution spectra.
An additional advantage of utilizing Johann-type spectrometer is its capacity to effectively
suppress and eliminate potential background signals. The configuration of the Johann-type
spectrometer, which includes the spatial arrangement of the sample, optical components, and
detectors, is specifically designed to detect narrow emission energy defined by their Bragg

angle. Consequently, the spectrometer naturally rejects extraneous background signals
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originating from locations in space other than the sample itself, such as cryostat walls, windows,
and beamline components.”?

HERFD-XAS has enabled the acquisition of well-resolved pre-edge features for various
transition metals. The enhanced resolution of the experimental spectra, combined with time-
dependent density functional theory (TDDFT) calculations, has facilitated a more
comprehensive understanding of the electronic and geometric structures, also of e.g., numerous
enzymatic active sites. For example, probing the heterometal molybdenum (Mo) within the
nitrogenase active site through X-ray absorption necessitates an incident beam energy of
approximately 20 keV. Conventional methods for obtaining XAS spectra of Mo complexes
yield broad profiles, thereby constraining the chemical information that can be derived. Mo Ka.
HERFD-XAS presents a viable approach to achieving higher resolution spectra in which the
pre-edge and rising edge features are distinctly resolved.”* The exceptional alignment between
the Mo Ko HERFD-XAS pre-edges and the corresponding TDDFT-calculated spectra of
various Mo model complexes build the foundation for further exploration of the biological
catalytic center of nitrogenase.”” Augmented by broken symmetry quantum chemical
calculations, the Mo Ka HERFD spectra of the Mo site in nitrogenase and other biomimetic
MoFesSs clusters are most congruent with a local oxidation state of Mo(III), exhibiting an
atypical non-Hund’s (1 | |) spin configuration of the d3 center, as corroborated by Mo L-edge
X-ray magnetic circular dichroism (XMCD) measurements.”® The XMCD method can also be
transferred to other transition metals to investigate spin states, e.g., XMCD can also be used to
demonstrate the properties of superparamagnetic iron oxide nanoparticles suspended in liquids.
The spectral shape and magnetic contrast obtained from this experiment allow for assessing the
site distribution and magnetic state of metal ions in the spinel phase.”’

HERFD-XAS also has valuable application in coordination chemistry, where the element-
specific method can resolve beside atomic structures of transition metal complexes, their

solvent coordination, and electronic structure.’®
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3.1.2 Valence-to-core X-ray Emission Spectroscopy (vtc-XES)

The valence-to-core X-ray Emission Spectroscopy (vtc-XES) provides sensitivity to ligand
identity and coordination geometry by probing the recombination from the HOMO orbitals.”
Valuable chemical information is contained within the occupied metal p-DOS near the Fermi
level. Through orbital mixing, ligand electrons contribute to the metal p-DOS, rendering the
spectra sensitive to the local environment of 3d transition metal elements. Figure 3.5.a shows
that one can effectively identify different ligands, such as oxygen, sulfur, and selenium via vtc-
XES. DFT calculations state that the K> peak mainly relies on dipole transitions, while the
Kps peak also reflects 3d=>1s transitions, which are possible due to p-d orbital mixing, shown

in Figure 3.5.b.%°
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Figure 3.5: vtc-XES application examples. (a) Comparing experimental vtc-XES of ZnO
(blue, Sigma Aldrich 544906), ZnS (red, Sigma Aldrich 244627), and ZnSe (green)
nanoparticles®! showcases the sensitivity of vtc-XES to the ligand identity. All spectra were
normalized to the maximum intensity after baseline subtraction. (b) transitions, which induces
the K3*’, the K35 and K32 peaks in the Zn vtc-XES. (¢) vtc-XES on Fe complexes with different
electronic states of oxygen, highlighted the enhanced sensitivity of the Kf” peaks on the
oxidation states of ligands. (d) Example of small molecule binding to a Fe Complex and its
change in bonding lengths. The figure is adapted with permission from Lee®? and Cutsail IIT

et.al.%*

The ligand sensitivity of vtc-XES was essential in revealing the previously unidentified central
light atom within the [Fe7SoMoX] active-site cluster of nitrogenase, where it was conclusively
demonstrated that X corresponds to a carbon atom from an interstitial carbide ligand.®3 Initial
resolution protein crystallography efforts identified a light atom within this extensive cluster;
however, its precise identity remained unresolved until a structure with 1.0 A atomic resolution

was achieved.?* Furthermore, the capacity of vtc-XES to detect the presence of carbide within
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the nitrogenase M-clusters has also been leveraged to gain insights into the point of carbide
insertion during the biosynthetic pathway,® in addition to confirming the presence of carbide
in the active site of vanadium-dependent nitrogenases.®® Additionally, it was also proven that
vtc-XES could detect and characterize hybrid ligand systems by identifying crossover signals,
where different ligands are coordinated on the probed transition metal %’

The initial application of vtc-XES to a biological system involved the Mn vtc-XES of the
manganese oxygen-evolving complex (OEC) in a photosystem.®® The Mn vtc-XES results for
the photosystem demonstrated a moderate KB"” emission intensity, which, in comparison to
various biomimetic manganese—oxygen complexes, was most effectively interpreted through
the presence of multiple Mn—(pu-O)2—Mn motifs within the cluster. This vtc-XES investigation
provided the first direct spectroscopic evidence for the existence of bridging oxo ligands.
Although the study relied significantly on synthetic models for comparative analysis and the
understanding of the biologically active site, advancements in quantum chemical
methodologies now facilitate relatively accurate predictions of vtc-XES spectra.®® More
recently, Calcium vtc-XES has been employed to investigate protonation events in Mn3CaOs-
based molecular mimics of the OEC, indicating its potential as a valuable tool for elucidating
mechanistic insights into biological water-splitting processes.”® However, it is noteworthy that
preliminary published studies on Mn vtc-XES of different S-states within the catalytic cycle of
the OEC suggest that the low count rates, combined with rapid sample degradation, render such
experiments particularly challenging.!'®

Similar to the vtc-XES of other transition metals, °! the vtc-XES on Fe can reliably discriminate
among the chemical identity??> and ionization state of ligands, as shown in Figure 3.5.¢.%? In
both compared spectra, the iron center has a Fe-O bonding, while the main difference is the
ionization state of the ligand. The biggest changes, based on a protonation of the ligand, are
observable in the KP” peak. Recently, it has been shown that the resolution of Fe vtc-XES can
be further increased by using a resonant excitation on the 1s => 3d transition (at the energy
position of the pre-edge). This technique, also called resonant X-ray emission spectroscopy
(RXES), results in vtc-RXES spectra, to which only states of maximum multiplicity can
contribute.”®

The capability of vtc-XES to investigate predominantly ligand molecular orbitals (MOs) has
enabled the experimental examination of small molecule interactions with transition metal
centers, specifically allowing for quantifying small molecule bond activation (Figure 3.5.d).

vtc-XES has successfully identified the bonds of both N; and O»?~ bond with iron** and copper®®
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complexes, respectively. The distinct features observed in the vtc-XES spectra facilitate not
only the detection of diatomic bonds but also the determination of their bond lengths.
Additionally, related studies involving nitrosyl-coordinated iron®® and nickel®” complexes have
illustrated vtc-XES capacity to discern coordination geometries, including the Ni-N—O bond
angles, while also reporting the relative oxidation states of these ligands. These foundational
studies establish a basis for future applications e.g., in catalysis research, where operando vtc-
XES methodologies can be utilized to monitor reactions and investigate the bonding and
transformation of small molecule reactants. In this context, operando vtc-XES studies of copper
zeolites in the ammonia-assisted reduction of nitrogen oxides®® *° have contributed to a deeper

understanding of the structural transformations of the Cu active site during the catalytic process.

Moreover, in pump—probe studies exploring transient intermediates, X-ray free electron lasers
(XFELs) offer significant advantages. XFELs provide fluxes over 10* times greater per X-ray
pulse compared to single pulses in high-repetition-rate synchrotron-based setups and feature
ultrashort femtosecond pulse durations, unlike the tens of picoseconds achievable with the
fastest synchrotron sources.!® The exceptionally brief pulse lengths of XFELs enable the
examination of rapid electronic and catalytic processes. This is particularly advantageous for
high-valent catalytic intermediates, where the reduced pulse durations offer the potential to

prevent X-ray-induced damage.

The ability to interpret vtc-XES spectra by considering only one-electron transitions within the
framework of ground-state DFT significantly simplifies deriving insights into the electronic
structure from the data. The following chapter elaborates on modeling experimental data with

DFT calculations.
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3.1.3 DFT calculations

A well-established way to identify chemical structures by HERFD-XAS and vtc-XES analysis,
is to compare the experimental spectra with simulated electronic structure by density functional
theory (DFT) calculations. DFT calculations are an extremely powerful simulation approach
where the electronic properties of e.g. molecular complexes, nanostructures, or clusters can be
simulated considering all electrons in the system of interest.

DFT calculations are based on key theoretical concepts from quantum chemistry. At the core
are the Hohenberg-Kohn theorems, which establish that the ground state energy of a many-
electron system is uniquely determined by its electron density.!%! This allows all properties of
the system to be derived from that density. The Kohn-Sham approach further simplifies this by
modeling a system of non-interacting electrons moving in an effective potential.!> This
potential includes contributions from external fields and complex electron-electron interactions
through an exchange-correlation term.!%

A critical component of DFT is the exchange-correlation functional,'® which accounts for the
intricate many-body interactions not captured by classical methods. Practical approximations
like the Local Density Approximation (LDA),'% Generalized Gradient Approximation
(GGA),'% or hybrid functionals such as B3LYP are used to compute it.!"” Often, DFT
calculations involve solving the Kohn-Sham equations iteratively through a self-consistent field
(SCF) procedure.!®® Starting from an initial guess, the electron density is iteratively updated
until convergence is achieved, providing the ground state energy and density.

Many programs are available that use DFT to calculate electronic structures or perform
structural optimization. In this thesis, DFT was used to correlate experimental spectroscopy
data using the ORCA package.!” Therefore, this section will mainly focus on ORCA.

To model vte-XES spectra, the simulated spectra should be calculated using DFT because it
accurately describes the ground-state electronic structure necessary for occupied orbital
transitions, while XAS should be calculated using TDDFT because it effectively handles
excitations to unoccupied states and dynamic responses.

In the following Table 3.1., two ORCA input parameters for DFT calculations of vtc-XES
spectra (left) and TDDFT calculations of XAS spectra (right). In the following section, the

commands are explained one by one.
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Table 3.1: Structure of ORCA input files for DFT (left) and TDDFT calculations (right).

processing and memory

(optional)

%maxcore 4000

spectra to simulate vtc-XES XAS
functional, basis-set, basic | IRKS  B3LYP  TightOpt | IRKS B3LYP TightSCF
approximations and | TightSCF ZORA-def2- | ZORA-def2-TZVP  D3BJ
convergence criteria TZVP ZORA RIJCOSX ZORA

'FREQ
output options (optional) 'Largeprint 'Largeprint
computing resources, parallel | |PALS 'PALS

%maxcore 4000

reading orbital configuration

'MOREAD

end

of ground-state DFT %moinp “vtc-XES.gbw”
(optional)
Type of simulation and | %xes %otddft
parameters CoreOrb 0 orbwin[0]= 0,0,-1,-1 doquad
OrbOp 0 true
end nroots 300
maxdim 50
end
Input  structure, charge, | *xyz [charge] [multiplicity] | *xyz [charge] [multiplicity]
multiplicity [atomic coordinates] [atomic coordinates]

end

The first command, ‘'RKS’, sets a restricted Kohn-Sham (RKS) approximation for the

calculations, assuming that electron pairs exhibit the same spin quantum number, which

decreases the complexity of the calculations. The second command sets used functional in the

calculations, here the B3LYP functional, which is a hybride functional combining Hartree-Fock

exchange with DFT correlations. For coordination chemistry, the B3LYP functional has been

reported as a reliable choice.!?’

In the first step of all quantum mechanical (QM) calculations, the input molecule needs to be

geometrically optimized and relaxed. Geometry optimization is efficiently conducted using a

set of program-generated redundant internal coordinates, which users can modify as needed.

An arbitrary number of constraints can be imposed on the positions of individual atoms, bonds,
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3.1 Photon-in photon-out spectroscopy:

angles, or dihedrals. If required, the program can optimize, excluding the positions of hydrogen
atoms, or reverse all constraints. It is not necessary for the initial geometries to fulfill the
constraints. The program will automatically reassign the coordinates if the set of redundant
internal coordinates becomes invalid, such as when an angle nears linearity. ORCA provides
various levels of accuracy of the relaxation, which can be selected with the convergence criteria
in the calculations. For the simulations of the electronic structure, it is suggested to apply strict
convergence criteria. The convergence criteria for the relaxation (Opt) as well as for the SCF,
are set to ‘Tight’, which sets the tolerances to: Tol(E) = 1e*%, Tol(RMSG) = 3e>,
Tol(MaxG) = 1e*, Tol(RMSD) = 6¢e*, Tol(MaxD) = 1¢3.110

Since the structure was optimized in DFT calculations (left), it can be reused in TDDFT
calculations (right) without requiring a new optimization.

The zeroth-order regular approximation (ZORA), includes relativistic effects in the
calculations, which is especially required for heavy atoms. Using a def2-TZVP basis set allows
for a compromise between computational cost and accuracy. The triple-zeta quality (TZVP),
combined with polarization functions (def2), provides a good balance for many chemical
systems. !!!

D3BJ is an advanced dispersion correction method that incorporates a damping function to
improve the modeling of weak intermolecular forces in DFT calculations, like Van-der-Waals
interactions. This correction enhances the reliability of modeling solvent coordination on the
metal complex.!!?

For functionals without Hartree-Fock (HF) exchange, like the used B3LYP functional, the
resolution-of-the-identity (RI) approximation significantly accelerates the calculation of the
Coulomb term (RI-J).!!* Exchange-correlation terms are handled through numerical integration
using standard techniques. The nonlocal HF exchange term can be efficiently approximated
using an asymptotically linear scaling Chain Of Spheres (COSX) algorithm, similar to
pseudospectral techniques, and combined with RI-J to achieve the popular RIJCOSX
approximation.!'* The RIJCOSX approximation results in substantial speed improvements
without sacrificing accuracy.'!>

The ‘!FREQ’ command instructs ORCA to compute the vibrational frequencies of the optimized
molecular structure. This process involves calculating the Hessian matrix, which includes the
second derivatives of the energy concerning nuclear displacements. The eigenvalues of this

matrix correspond to the vibrational frequencies of the molecular system.
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3.1 Photon-in photon-out spectroscopy:

In the %xes mode in ORCA, the ‘CoreOrb 0’ and ‘OrbOp 0’ settings dictate how core orbitals
are managed (not included) and indicate that orbital occupations should remain fixed during the
calculation, respectively. These configurations help to streamline calculations while focusing
on the electronic transitions relevant to X-ray emission processes.

In the %tddft mode, the orbwin[0] parameter specifies the orbital window for selecting the
orbitals utilized in the calculation of excited states. It delineates the range of occupied and
virtual orbitals to consider when calculating the excitation energies. The nroots parameter
indicates the number of excited states (roots) to compute in the TDDFT calculation. By setting
‘nroots’ to ‘300°, you are instructing ORCA to search for up to 300 excited states. This setting
is particularly useful when seeking a detailed spectral overview or when addressing large
systems where many excited states may be accessible. The maxdim parameter determines the
maximum dimension of the block in the diagonals of the Hamiltonian matrix during the
calculation.

In conclusion, X-ray absorption spectra can be effectively calculated using TDDFT methods
using the described tools in the ORCA program. Conversely, X-ray emission spectra can be
accurately predicted using a simpler one-electron approach. Combining vtc-XES and HERFD-
XAS analysis with the stationery and TDDFT methods enables researchers to resolve precisely

the identity of Zn?" complexes, as shown in Figure 3.6.
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Figure 3.6: Confirming the identity of Zn?>* complexes with ORCA calculations.
Experimental (left) and simulated (right) HERFD-XAS (a) and vtc-XES data (b) of different
biologically relevant Zn** complexes showcase the capability of reproducing experimental
spectra with ORCA calculations. The Figure is adapted within the CC-BY license from Stepanic

et al %

The Figure 3.6. also visualize the limitations of simulations. While the trends of shifts in energy
position and intensity of distinct features in HERFD-XAS and vtc-XES can be reproduced by
ORCA calculations, the absolute energies often mismatch experimental data and need to be
corrected manually. The uncertainty at the absolute energy scale is often in the range between
10-30 eV, which is <1%. Furthermore, the relative shifts in £y position are also not always
reproduced by the calculations. Additionally, the TDDFT for the HERFD-XAS analysis often

fails to reproduce post-edge features, as indicated in Figure 3.6.a.
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3.2 X-ray Scattering

3.2 X-ray Scattering

An X-ray wave propagating through a medium creates an alternating electric field (E), which
induces oscillations in the electron density. In response, these accelerated electrons generate an
electromagnetic wave that radiates isotropically in directions perpendicular to the axis of

electron oscillation, effectively scattering the incident radiation.

For unbound or weakly bound electrons, the oscillatory motion of these electrons occurs at the
same frequency as that of the incoming X-rays. This phenomenon is classified as elastic
scattering and is referred to as Thomson scattering. As a consequence of elastic scattering, the

direction of the incident wavevector is altered, while its magnitude remains unchanged.

total scattering
detector

reaction solution

X-ray beam ¢

rhe'at'\

Figure 3.7: Experimental setup of scattering experiments in transmission geometry. Total
scattering experiments are conducted in transmission geometry, where the reaction solution can

be heated up during the experiment to track changes in the TS data in situ.

Figure 3.7. provides a schematic representation of an X-ray scattering measurement conducted
in transmission geometry, utilizing an area detector. Because both the X-ray source and the
detector are located at a certain distance from the scattering point, the far-field approximation
is applicable, allowing the incoming and scattered X-rays to be treated as plane waves. The
difference between the incident wavevector k and the scattered wavevector k' defines the
wavevector transfer ¢ = k — k', and the magnitude of q is related to the scattering angle as
follows:

lq| = 2k sin(8) = 477Tsin(49) (3.3)
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3.2 X-ray Scattering

In this case, we employ the kinematic approximation and omit the consideration of multiple
scattering events. This assumption is justified for scattering experiments performed on materials
characterized by short-range order or powders, as such samples generally demonstrate small

scattering cross-sections and restricted coherent lengths.

The scattering amplitude A(g) produced by an electron cloud is derived from the integration of

the electron density p(r):

A(q) = -1 f p (r)e T dy, (3.4)

In this context, 7 represents the Thomson scattering length, while v, denotes the total volume

of the scattering medium. The term e " incorporates the phase shift associated with wavevectors

scattered at a distance r with a wavevector transfer ¢.

In an X-ray scattering experiment, the quantity that is experimentally measurable is the

scattering intensity / (q), which corresponds to the square of the amplitude function:

A@P _ (3.5)
2

0

I(q) = f p (Np@)e T dy, dv,,

Here, I (q) is conventionally expressed in units of ro. According to equation (3.4), the scattering
intensity corresponds to the Fourier transform of the autocorrelation function of the electron
density. Furthermore, the total electron density of the scattering medium can be represented as

the sum of the electron densities surrounding individual atoms, utilizing the atomic form factor

(@

fola) = f p(1r)el® T dy, (3.6)

atom

In the case of forward scattering, where ¢ = |g| = 0, the atomic form factor f? (g) corresponds
to the atomic number Z, while its value tends toward 0 as ¢ approaches 0. The precise value of
the atomic form factor as a function of ¢ is contingent upon the geometry of the atomic orbitals

and is cataloged for each chemical element.
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3.2 X-ray Scattering

Equation (3.5) can be reformulated by substituting the integral with a summation over all pairs
of atoms:

@) = ) Y f@f @e D (3.7)
j

i

In X-ray scattering experiments involving liquids, nanostructured dispersions, or powders, the
X-rays interact with a randomly distributed assembly of atomic groups. Consequently, only the
modulus of the wavevector transfer ¢ is effectively sampled during the measurement, while the
direction of ¢ is isotropic. Equation (3.7) can therefore be reformulated by averaging the phase

factor €” over all orientations, resulting in:

tj

@ =Y Y @@y 8
J

i
This Equation (3.8.) is also well known as Debye Scattering Equation (DSE).

The experimental scattering pattern is sensitive to the atomic structure (high q) by analyzing
the PDF, to the atomic lattice (around 1.5 — 10 A") by focusing on the XRD peaks, and to the
shape, morphology and assembly of nanomaterials (>1.5A) in the SAXS region. The regions
are highlighted in the following Figure 3.8. and discussed individually in the following
sections.

In chapter 4, an two-detector setup was used to simultaneously collect SAXS and WAXS data

in situ. This setup was already reported in literature.!'®
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Figure 3.8: Combined SAXS/WAXS acquisition. Total scattering signal can be measured
with a SAXS and a WAXS detector simultaneously. The covered range of q can be used for
SAXS (>1.5A), XRD (1 -10A) and PDF analysis.

3.2.1 PXRD

When X-rays are interacting with a periodic arrangement of atoms, like a crystal, constructive
interference of X-rays, scattered by the periodic lattice, result in high intensity peaks in the
diffraction pattern. Since those reflexes are based on the diffraction of X-rays in a lattice, the
method called X-ray diffraction (XRD). XRD is a common method to determine the atomic
structure of crystalline materials by visualizing the lattice spacings in the reciprocal space. For
this, we define a crystal lattice as a periodic arrangement of atoms with translational symmetry

with a set of lattice vectors Rn.

Rn = njaq + nya, + n;a; (3.9

Rn denotes each point within the lattice. Here, al, a2, and a3 represent the lattice vectors, while
nl, n2, and n3 are integers. The vectors al, a2, and a3 define the dimensions of the unit cell,
which serves as the repeating unit of the lattice. Utilizing a set of lattice vectors to characterize
a crystal constitutes a powerful approach, as knowledge of the position 7; of each of the j atoms

within the unit cell enables the use of vectors of the form 7; + R, to describe all atomic positions
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3.2 X-ray Scattering

throughout the crystal. Consequently, the scattering amplitude from a crystal can be expressed

as:

Acrystal(q) = -1, Z f}(q)eiq*(r,-+Rn) — _T.Ozjt}eiq*rj zeiq*Rn (310)
J

rj+Ry n

_—
Aunitcell(q) Alattlce(q)

Given that the dimensions of a crystal are significantly larger than those of the unit cell, the
summation in the second term of Equation 3.10 encompasses a considerable number of unit
cells. Consequently, the summation of terms ¢4 will typically average to zero, unless the
scattered waves from the various lattice points are in phase. In such instances, they interfere
constructively, producing bright intensities in the diffraction pattern. The condition for

constructive interference is mathematically represented as:
q * Rn = 2m * ninteger (311)

To solve the Equation 3.11, one has to introduced the reciprocal lattice G, which is similar to

the direct lattice (Equation 3.9) defined by reciprocal vectors a;:

26;; (3.12)

G = ha + ka; + la; witha; =

Where £,k,[, are defined as Miller indices and §;; is the Kronecker delta. We can combine

Equation 3.11 with 3.12 and result:

G x R, = 2n(hn; + kn, + Inj) (3.12)

We thus conclude that the scattering amplitude from a crystal will be non-vanishing only for
scattering vectors ¢ that align with reciprocal lattice vectors. This phenomenon is referred to as
the Laue condition. An alternative expression of the Laue condition is given by the well-
established Bragg's law, which articulates the conditions for constructive interference for a

family of planes denoted as (% k ), characterized by an interplanar distance of dju, as follows:
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3.2 X-ray Scattering

with 6 as the angle between the incident X-rays and the lattice planes, 1 as the wavelength of
radiation and » as an integer number.

The XRD data can be utilized to resolve the composition and atomic arrangement of a crystal,
as well as to reveal additional structural characteristics at the atomic level, including the size
and anisotropy of crystallites, strain, and atomic vibrations. In the absence of a single crystal,
comparable information can be obtained by measuring a large number of randomly oriented
crystallites in a powder X-ray diffraction (PXRD) experiment. Quantitative analysis of the
PXRD data is typically conducted in reciprocal space using the widely employed Rietveld
refinement method, which was also applied in Chapter 4 and Chapter 6.

In case the scattering atoms are non-periodically ordered, it is not possible to extract structural
information of a PXRD analysis. In this case, the use of total scattering to obtain an atomic-pair

distribution function is a favorable option, as explained in the following chapter.
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3.2 X-ray Scattering

3.2.2 PDF

To extract structural information from diffuse scattering, one need to amplify the scattering
intensity at high ¢ values. Although the high-q region of the scattering pattern is generally
neglected in conventional Bragg diffraction analyses, it becomes crucial for structural analysis
in real space via the atomic pair distribution function. For this procedure, the S(g) and F(q)
needs to be introduced.

The expression for the normalized S(g) is achieved by dividing the scattering intensity by the

number of scatterers and the square of the averaged atomic scattering amplitude:

_ @) _ o
5@ = gy = L WG Zﬁ @@=

in(q rij) (3.13)
q rl]

If ¢ = 0, the S(gq) approaches unity. Now the reduced total scattering structure function F(q)

can be obtained by reformulating S(g), as follows:

in(q i) (3.14)

F@) = q(s@-1) = —
ij

1 0x
NGO Zﬁ @f (@ —

As the atomic form factor approaches zero at elevated values of ¢, the multiplication of S(g) by
¢q enhances the influence of high-angle scattering data in the computation of F(q). To understand
the fundamentals of the PDF, the radial distribution function R(7), which is closely related to
the PDF, are introduced.

R(r) = 4nr?p(r) (3.15)

Here, 4ntr? reflects the dimensions of the spherical shell at a distance », while p = N /V R(r)

is the atomic density. Thus quantifies the number of atoms located at a specified distance » from
the origin. Alternatively, R(r) can be represented as the histogram of scattering amplitudes
corresponding to all atom-pair distances within the collection, averaged over the mean

scattering amplitude of the constituent atoms:
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@f @, 316
sz <;I()>2q (r=my) o

Where § are Dirac functions.
The relation between the radial distribution function and the PDF can be expressed by the

following term:

R 3.1
6) = O amrpoyo(r) 47

Experimentally, the G(r) is obtained by a fast Fourier transformation (FFT) of the F(g), within

the experimental achievable range of ¢:

qmax 3.17
G(r) = ;f ' F(q)sin(qr)dq ( )
gmin

The experiment is called X-ray total scattering (TS) since both the diffuse scattering intensity
at high-q and the X-ray diffraction peaks are simultaneously recorded. In the PDF analysis, the
G(r) can be obtained using a simplified methodology that employs an ad hoc correction
algorithm. In this study, we favor this method, which is incorporated into the software package
PDFGetX3.!'” By executing the Fourier transformation over a restricted range of ¢, certain
artifacts arise in the experimental G(7), resulting from the convolution of the ideal G(r) with a
step function that begins at gmax. These artifacts manifest as terminating ripples that oscillate
with a period of approximately 2z/gmax. Furthermore, the truncation of the scattering signal at
low angles contributes to the presence of the second term in Equation 3.17, which induces a

negative slope in the baseline at low-r. The derivation of this effect is presented in literature.!'®
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r(A)
Figure 3.9: Principle of PDF analysis. Simulated PDF pattern of a graphene layer (left) with

the corresponding coordination spheres (right). Peaks in the PDF pattern can be interpreted as

histogram of interatomic distances in the material of interest.

The Pair Distribution Function (PDF) intuitively represents the scaled probability of locating
two atoms at a distance r within a material. This interpretation is schematically depicted in
Figure 3.9. Given its capacity to examine the local atomic environment, PDF analysis is
particularly advantageous for investigating the atomic structure of materials that exhibit short-

range order or amorphous characteristics.!'!”
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3.2.3 SAXS

While the medium and high ¢ range can give rise to the atomic structure in crystalline and
amorphous samples, the low ¢ region is sensitive to the size, morphology and assembly of
nanomaterials in solution. To understand the scattering behavior of a single particle, we need to

introduce the single-particle form factor:

1 )
F@) = [ eay,
P YV

p

(3.18)

Using the single-particle form Factor, the intensity of individual particles can be modeled.
Iggﬁicle (q) = Apzv;)z IF(q)IZ (319)

Where Ap? reflects the scattering contrast between the particle and the background and V, the
volume of the particle. For simple shapes like spheres, rods and disks, the |F (q)|? is describable
with analytical means, while provide direct access to the particle size, shape, and polydispersity
from SAXS intensities by fitting the data with the corresponding form factor. More complex
geometries necessitate numerical computations of the form factor. SAXS is frequently
employed to investigate the in situ formation of nanoparticles,'?* and it is also capable of

monitoring the development of mesocrystals and unoriented assemblies.'?!
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3.3 Following chemical reactions with X-ray-spectroscopy

In Chapter 2, it has been explained that the increasing complexity in the synthesis of
nanomaterials require advanced methods for in situ probing of reaction pathways. With the high
brilliance of modern synchrotron sources, HERFD-XAS has become a powerful technique for
this purpose. The development of specialized beamlines for photon-in/photon-out spectroscopy
enables the acquisition of high-quality data from dilute reaction mixtures with high temporal
resolution. Moreover, XAS does not depend on the sample’s aggregation state and can analyze
dissolved precursors, amorphous intermediates, and crystalline nanoparticles within a reaction
mixture. Utilizing the absorption spectrum as a distinctive signature for a specific chemical
compound is a common technique for tracking chemical reactions and chemical reaction during
catalysis. A time-resolved series of spectra allows for the identification of which compounds
are present at various stages of synthesis,'?? or during electrochemical cycles.!'??

In electrocatalysis, HERFD-XAS were used in the past decade for identifying active sides,
degradation and oxidation of the catalyst during the reaction. As an example, the anodic
oxidation of Pt islands on Rhodium and gold substrates during oxygen reduction reactions were
influenced by the type of substrate used. The gold substrate induce stronger degradation of the
Pt islands compared to the Rhodium.!?* Also the chemisorption of small molecules like
hydrogen, oxygen or OH™ during the electrochemical oxidation of Pt nanoparticles were
visualized by in situ HERFD-XAS studies on the Pt L3 Edge.!®

Furthermore, the oxidation of Cu during the electroreduction of CO, was investigated by
HERFD-XAS analysis!?® by highlighting the importance of the geometry and morphology of
the Cu electrocatalyst. A Cu monolayer deposited on an Au substrate is more stable against
oxide formation and undergoes a direct phase oxidation from Cu to CuO without an
intermediate Cu0.!?” The surface morphology during the CO2 electroreduction to ethylene and
muli carbon alcohols can also induced an electrolyte-driven nano structuring of the Cu catalyst,
were in situ HERFD-XAS revealed a high selectivity for C?>* of these nanostructured
surfaces.!?®

HERFD-XAS were also used to identify the chemical state of Co oxide during oxygen evolution
reactions by in situ analysis of the pre-edge feature, revealing an increase of the oxidation state
of Co by applying an potential.'?” Also the active sites in Co-Fe oxides were resolved by
element specific HERFD-XAS analysis, revealing that that oxygen atoms directly interacted

with 3d orbitals of Co ions rather than that of Fe ions.!3?
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Besides its application in electrocatalysis, HERFD-XAS analysis were also used to describe the
mechanisms in the synthesis of nanomaterials. In example, HERFD-XAS were used to
characterize the oxidation of Ceria nanocubes during thermal treatment.!3!

In recent studies, the strength of HERFD-XAS to track chemical reactions in situ were
combined with TS methods, which resolve the nucleation and growth process, to gain a
comprehensive analysis of different nanoparticle synthesis routes.!3%134

This combination revealed that Co(acac)s reduces to square-planar Co(acac). when coordinated
with two solvent molecules upon dissolving Co(acac); in benzyl alcohol, while the TS tracked
the crystallization of CoO nanoparticles and their assembly into superstructures. '3

Combined TS and XAS were also used to reveal that the oxidation of Co?* to Co*"?" and the
reduction of Co** to Co® occur simultaneously, leading to the formation of Co and Co0304
nanoparticles. This is followed by the rapid formation of Co3;O4 nanoparticles and their
subsequent solid-state reduction to CoO. Meanwhile, metallic Co nanoparticles start to grow. '3
In the synthesis of CusPdN nanoparticles, combined HERFD-XAS and TS analysis reveal that
the Cu(OCH3)* and Pd(acac), precursors dissolve in benzylamine form
[Cu2(BnNH>)4(OCH3)2]** and [Pd(BnNH>)4]* complexes, which react to CusPdN nanoparticles

at a reaction temperature of 140°C.!3
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4 Utilizing high X-ray energy photon-in photon-out
spectroscopies and X-ray scattering to experimentally assess the

emergence of electronic- and atomic structure of ZnS nanorods

The content of this chapter was published in the Journal of American Chemical Society (JACS)
146 (49), 33475-33484 (2024) by Lars Klemeyer, Tjark L. R. Grone, Cecilia Zito,
Olga Vasylieva, Melike Gumus Akcaalan, Sani Y. Harouna-Mayer, Francesco Caddeo, Torben
Steenbock,  Sarah-Alexandra Hussak, Jagadesh Kopula Kesavan, — Ann-Christin Dippel,
Xiao Sun, Andrea Koppen, Viktoriia A. Saveleva, Surender Kumar, Gabriel Bester,

Pieter Glatzel, and Dorota Koziej.

My contribution to this work compromises the synthesis of ZnS nanostructures, the
measurement and analysis of HERFD-XAS and vtc-XES data, the DFT calculations, the
analysis of PXRD data, the UV-Vis measurements and analysis, and the STEM images.
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4.1 Abstract

The key to control the fabrication process of transition metal sulfide nanocrystals is to
understand the reaction mechanism, especially the coordination of ligands and solvents during
their synthesis. We utilize in sifu high-energy resolution fluorescence detected X-ray absorption
spectroscopy (HERFD-XAS) as well as in situ valence-to-core X-ray emission spectroscopy
(vtc-XES) combined with density functional theory (DFT) calculations to identify the formation
of a tetrahedral [Zn(OA)s]** and an octahedral [Zn(OA)¢]*>* complex, and the ligand exchange
to a tetrahedral [Zn(SOA)4]*" complex (OA = oleylamine, OAS = oleylthioamide), during the
synthesis of ZnS nanorods in oleylamine. We observe in sifu the transition of the electronic
structure of [Zn(SOA)4]*" with a HOMO/LUMO gap of 5.0 eV towards an electronic band gap
of 4.3 eV and 3.8 eV for 1.9 nm large ZnS wurtzite nanospheres and 2 x 7 nm sphalerite
nanorods, respectively. Thus, we demonstrate how in situ multimodal X-ray spectroscopy and
scattering studies can not only resolve structure, size, and shape during the growth and synthesis
of NPs in organic solvents and at high temperature but also give direct information about their

electronic structure, which is not readily accessible through other techniques.

4.2 Introduction

Zinc sulfide (ZnS) plays an important role in a wide range of applications, such as

5 137-139

optoelectronic devices and field emitters,'*> photodetectors,!3® photocatalysis, and
protective shell material in core-shell nanostructures.!#% 14! Particularly, anisotropic structures
like nanorods or nanosheets are of great interest, due to charge carrier confinement in different
dimensions.!#? ZnS exhibits two crystal structures, sphalerite or zinc blende (cubic) and wurtzite
(hexagonal) phases.!*® The phase transition from sphalerite to wurtzite can be either induced by

oC 144-146

thermal annealing at temperatures above 1000 or directly in the solvothermal synthesis

of nanocrystals (NC) at temperatures around 150 °C.!147-151

Among non-aqueous synthesis routes,'> 2% 131-153 the combination of elemental sulfur
and oleylamine is widely explored in the synthesis of transition metal sulfides,!* particularly of
ZnS,?> 3% but the understanding of their reaction with the metal precursor is still under
debate.!> Tt has been reported that elemental sulfur and oleylamine form various sulfur species

with the formation of H>S,'> 15 but so far it is not clear which sulfur species interacts with the

42



4.2 Introduction

metal precursor and actively takes part in the formation of transition metal sulfides. The
interaction between zinc acetate (Zn(Ac)>) and elemental sulfur in oleylamine has not been
studied to date in situ.

Optical methods like visible light fluorescence and absorption, commonly used for
studying the semiconducting quantum dots, can hardly be utilized to follow in situ changes of
the electronic structure of Zn species in solution due to the large ZnS band gap that overlaps
with the absorption of the organic ligands in the reaction solution.!’® X-ray absorption

80. 157 particularly high-energy resolution fluorescence detected X-ray

spectroscopy (XAS),
absorption spectroscopy (HERFD-XAS), is element-specific and offers sensitivity to the local
environment around the absorbing atom.!’8-160:161 Data acquisition for HERFD-XAS is
challenging due to the need to balance data quality, time resolution, and X-ray radiation damage.
Additionally, valence-to-core X-ray emission Spectroscopy (vtc-XES) enables to probe the
valence orbitals and can provide detailed information e.g. about ligand bonds to a metal center
by mapping the occupied molecular orbitals.'®- *> 162 The vtc-XES signal at the Zn edge is over
100 times weaker than core-to-core XES transitions, necessitating extended data acquisition
times, 132 163, 164

Combining HERFD-XAS with X-ray scattering provides a comprehensive overview of
the reaction pathways across various length scales,!3% 165 166 by revealing a wide range of
structural, chemical, and electronic properties of materials.®* 1717l However, there are no
combined in situ HERFD-XAS/vtc-XES studies on the nucleation and growth of nanoparticles
at high temperatures in solution at relevant time scales.

In this work, we conduct in sifu experiments at a fourth-generation synchrotron, which
provides enhanced flux and thus enables faster acquisition of vtc-XES data. We present a
methodology to elucidate the chemical pathways leading to the formation of ZnS NC in the
oleylamine-sulfur system, together with the emergence of their electronic properties by
complementary in situ HERFD-XAS, vtc-XES, PXRD, and SAXS. Thereby, we propose the
formation of [Zn(OA)s]**, [Zn(OA)s]*" and [Zn(SOA)4]*" complexes (OA = oleylamine, SOA
= oleylthioamide) and track their reaction to ZnS NC in wurtzite phase (w-ZnS) and the

transition to ZnS nanorods in sphalerite phase (s-ZnS).
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4.3 Results and Discussion

The dissolution of Zn(Ac), and elemental sulfur in oleylamine leads to the formation of
a tetrahedral [Zn(SOA)4]** complex, in which Zn?* is coordinated by four thioamide ligands.
When heating this complex to 155 °C, ZnS nanoparticles in the wurtzite phase (w-ZnS) form
as an intermediate, which partially converts to ZnS nanorods in the sphalerite phase (s-ZnS).
The findings of this work are arranged in three sections. First, we present the characterization
of mixing precursors at room temperature. Then, we provide in situ characterization of the
electronic structures during the synthesis of ZnS. Finally, we monitor the in sifu nucleation,

phase transition, and growth of ZnS.

4.3.1 Chemical transformation of Zn(Ac): and elemental sulfur in oleylamine

We first investigate the coordination of Zn?" ions at room temperature after the
dissolution of Zn(Ac). in oleylamine, before and after the addition of elemental sulfur. To unveil
the nature of the Zn complexes formed, we compare the HERFD-XAS and vtc-XES
measurements with the theoretical spectra simulated by density functional theory (DFT) using
the ORCA code, as shown in Figure 4.1. The spectrum of Zn(Ac): dissolved in oleylamine
(light blue) exhibits a 0.8 eV shift in the XAS Eo position (9.665 keV) to lower energies and a
0.6 eV shift of the K325 peak (9.657 keV) to higher energies, compared to the Zn(Ac) reference
(black), while the intensity of the white line increased. The white line corresponds to the
position of maximal intensity in the XAS, while the Eo reflects the maximum in the first
derivative. The energy shifts might suggest the replacement of the Zn-O coordination by Zn-N
coordination while the increased white line intensity indicates a change in the coordination of
the Zn atom, from tetrahedral to partly octahedral. By comparing the experimental and
simulated spectra, we propose that the dissolution of Zn(Ac), in oleylamine leads to the
displacement of the acetate ligands by four and six oleylamine molecules, resulting in a mixture
of a tetrahedral [Zn(OA)4]**(60%) and an octahedral [Zn(OA)s]** (40%) complex, visualized in
Figure 4.1b. The DFT calculations show that the mixture of tetrahedral and octahedral N-
coordinated complexes matches best to the experimental data as shown in Figure 4.1b,
Figure 8.1.1a, and Figure 8.1.2.

The addition of elemental sulfur (dark blue) leads to a 0.6 eV shift of the Eo to lower

energies, while the K32 5 peak shifts 0.6 eV to higher energies, compared to the mixture without
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sulfur, as shown in Figure 4.1¢. Furthermore, the addition of sulfur also results in a decrease in
white line intensity. The energy shifts result from a ligand exchange around Zn, where the Zn-
N coordination is replaced by Zn-S. The decrease in white line intensity indicates that the
coordination number of Zn decreased from a mixture of four and six to only four. The theoretical
XAS and XES spectra obtained from DFT (blue dashed line) simulations reveal that four and
six oleylamine chains of the initial [Zn(OA)s]*>" and [Zn(OA)s]** complexes are replaced by
four of their corresponding thioamide derivatives, resulting in the [Zn(SOA)4]** complex shown
in Figure 4.1a. The formation of other Zn-S coordination, like [Zn(H2S)4]*>" is ruled out in
Figure 8.1.1b. The calculations of [Zn(OA)s]**, [Zn(OA)s]**, and [Zn(SOA)4]*" were
compared with a simulation of a molecular unit of Zn(Ac), in the Figure 8.1.3.!7 A detailed
analysis of the mixing fractions between [Zn(OA)s]** and [Zn(OA)s]*" is shown in
Figure 8.1.4. The transitions in vtc-XES as well as the donor orbital for each ORCA calculation
are shown in Figure 8.1.5.
The change from a partly octahedral to a tetrahedral coordination geometry might be related to
the steric hindrance of sulfur atoms, which occupy more space compared to nitrogen. Additional
information on the formation of the tetrahedral [Zn(SOA)4]*" complex is reported in
Figure 8.1.6. To match the absolute energy scale of the theoretical and experimental spectra,
the calculated energy positions were corrected, as described in Chapter 4.7

Thus, our experiments demonstrate that oleylamine and sulfur react already at room
temperature in the presence of Zn** ions, forming the thioamide derivative of oleylamine, which
so far has been evidenced by NMR and SAXS only at elevated reaction temperatures.'> 13° 13C
NMR spectroscopy shows evidence of the thioamide functional group only in mixtures of
oleylamine and sulfur heated at temperatures above 170 °C (see Figure 8.1.7-8 and Chapter
8.1.).
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Figure 4.1: Identifying Zn coordination by vtc-XES and HERFD-XAS analysis. (a)
Schematics of the reaction pathway from Zn(Ac), precursor (black dashed circle) to a
tetrahedral [Zn(SOA)s]*>" complex, (dark blue), which undergoes an intermediate step: a
mixture of tetrahedral [Zn(OA)s]*>* (60%) and octahedral [Zn(OA)s]** (40%) complexes (light
blue). The four and six oleylamine chains in the mixed complexes are replaced by four of their
corresponding thioamide derivatives upon adding sulfur to the mixture. (b) Comparison of
experimental HERFD-XAS and vtc-XES spectra of Zn(Ac): (black line), Zn(Ac). dissolved in
oleylamine (light blue solid line) forming a mixture of [Zn(OA)s]*>" and [Zn(OA)s]*", and
Zn(Ac): dissolved in oleylamine with sulfur (dark blue solid line), resulting in the [Zn(SOA)4]**
complex. (¢) Theoretical XAS and vtc-XES spectra obtained using DFT calculations of the
proposed tetrahedral [Zn(OA)s]** mixed with octahedral [Zn(OA)s]*" complexes at the ratio
60:40, and [Zn(SOA)4]*" complex. Peaks in vtc-XES spectra above the Fermi level are
174

described by multi-electron excitations in the literature.!”

(R = (CH2)7(HC=CH)(CH2)7(CHa)).
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4.3.2 In situ HERFD-XAS and vtc-XES resolving the electronic structures during the

synthesis

In Figure 4.2a, we present the in situ vtc-XES and HERFD-XAS datasets, which track
the reaction of [Zn(SOA)4]*" to s-ZnS NC. The HERFD-XAS data reveals a splitting of the
white line during the formation of s-ZnS, as highlighted in the inset with peaks A and B. While
the evolving shoulder (A) shifts to lower energy, which is typical for ZnS, the absorption
maximum (B) shifts to higher energies.!® 17> Notably, the intensity of the white line remains
almost constant during the reaction which indicates a constant tetrahedral coordination of the
Zn atoms through the reaction. The broadening of peaks B and C results in a non-global minima
between the peaks which is untypical for s-ZnS and might suggest the co-formation of w-ZnS.
To analyze the fraction of w-ZnS in the final product, multivariate curve resolution-alternating
least squares (MCR-ALS) analysis, a multi-component analysis, was performed.!’® 77 Further
information about the MCR-ALS method is available in Chapter 8.1., Figure 8.1.9-10,
Table 8.1.1-2.

The MCR-ALS analysis allows us to track the time and temperature-dependent
concentration profile of all components in the reaction, as shown in Figure 4.2b. In total, three
different components are present during the reaction. In addition to the [Zn(SOA)4]** starting
complex and the s-ZnS, w-ZnS ist identified as a by-product of the reaction. The recovered
spectra of these components are shown in Figure 4.2b top, while their concentration profile is
shown in Figure 4.2b bottom. At 40 °C (15 min), the [Zn(SOA)4]*" complex begins to convert
to w-ZnS. Upon reaching 110 °C (85 min), the transformation of the [Zn(SOA)4]** complex
into w-ZnS is completed, marking the onset of the formation of s-ZnS. As the reaction
temperature reaches 155 °C (130 min), the formation of s-ZnS persists, resulting in a final
product composition of 60% w-ZnS and 40% s-ZnS.

Beyond the component analysis with MCR-ALS analysis, we combined in situ HERFD-
XAS with in situ vtc-XES data to monitor the HOMO/LUMO gap during the reaction. For this,
we calculated the energy difference between the resonant excitation in HERFD-XAS (1s => 4p
- LUMO) and the highest energetic recombination in vtc-XES (3p => 1s - HOMO). The total
energy scheme for photon-in () and photon-out (®) spectroscopy with ground, intermediate,
and final states at the Zn edge is shown in Figure 4.2¢. The HOMO/LUMO gap was calculated
by the difference between the global minima of the first derivative of the vtc-XES and the global
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maxima of the first derivative of the HERFD-XAS, as described in Figure 4.2d. More detailed
information regarding the in situ HOMO/LUMO gap determination is available in SI.

We observe a decrease in the HOMO/LUMO gap (AE) as the reaction progresses and
the transformation of the [Zn(SOA)s]*" complex to the w-ZnS and s-ZnS takes place
(Figure 4.2e). To calibrate the energy scale, we set the E at the end of the reaction to the band
gap of s-ZnS (3.8 V). We determine the HOMO/LUMO gap of the [Zn(SOA)s]** complex to
be 5.0 eV. At 155 °C reaction temperature and a ramping rate of 1 °C/min, the HOMO/LUMO
gap changes stepwise. First AE quickly drops by 0.7 eV from 5.0 eV to 4.3 eV, which reflects
the band gap of w-ZnS during our synthesis. Therefore, we assume that the band structure has
already evolved after 40 minutes. The band gap is comparably high for w-ZnS, which suggests
a very small crystallite size due to quantum confinement effects.!”® To estimate the size of the
w-ZnS we have performed atomic effective pseudopotential calculations and obtained, for an
electronic gap of 4.3 €V, a diameter of around 2.1nm, as described in Figure 8.1.11.17°-186 After
100 minutes, the value reached 3.8 eV, which coincidences with the onset of s-ZnS formation
shown in Figure 2b.

Moreover, the band gap AE estimation is consistent with the values determined by using
ex situ UV-vis of unwashed aliquots (Figure 4.2e, Figure 8.1.12, Table 8.1.3). UV-Vis analysis
struggles to discriminate between organic background and emerging w-ZnS, which explains the

discrepancy, especially at the early reaction state.
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Figure 4.2: In situ X-ray spectroscopy of the synthesis of s-ZnS. (a) In situ Zn K-edge vtc-
XES and HERFD-XAS spectra of the synthesis of s-ZnS where changes in the XAS are
highlighted in the inlet. (b) MCR-ALS analysis of in situ HERFD-XAS data reveals individual
contributions of three independent compounds, the [Zn(SOA)4]*" complex, w-ZnS, and s-ZnS.
(¢) Schematic interstate transitions during non-resonant (left) and resonant (right) excitation
result in a difference in the calculated band gap. (d) The difference between the minimum of

the derivation of the XES signal and the maximum of the derivation of the XAS signal reflects
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the HOMO/LUMO gap during the preparation of s-ZnS. (¢) The HOMO/LUMO gap values
determined by in situ XAS/XES during the reaction in solution are compared with the
HOMO/LUMO optical gap values determined with ex situ UV-VIS analysis of unwashed
aliquots (red).

4.3.3 Simultaneous in situ SAXS and PXRD resolving the atomic structures during the

synthesis

To characterize the structural evolution of w-ZnS and s-ZnS, in situ small-angle X-ray
scattering (SAXS) and powder X-ray diffraction (PXRD) was performed and compared with
ex situ high-resolution transmission electron microscopy (HRTEM) images. The in situ SAXS
data (Figure 4.3a) show an increased intensity at low q starting at approximately 70 minutes,
indicating particle formation during the reaction. The particle size was calculated by applying
a spherical fitting model to the experimental data, with the results shown in Figure 4.3d. The
energy of >100 keV and the resulting high g-min of around 0.1 A™! restricted the resolution to
structures larger than 8§ nm. However, the high background (lamellar, solvent) prevented us
from deconvoluting the data into distinct spherical fits for w-ZnS and rod-like fits for s-ZnS.
Further details about the SAXS fitting and background subtraction are available in Figure
8.1.13-16. Furthermore, the formation and dissolution of oleylamine lamellar structures were
observed in the presence of zinc ions in solution, as depicted in Figure 8.1.14, aligning with
findings from related studies on synthesis under similar reaction conditions.!?

In situ PXRD data corroborate the previously described transformation of w-ZnS to s-
ZnS during the reaction. This trend is evident by comparing the intensity ratios between the
reflections of w(113) and s(220)/w(210), as depicted in Figure 4.3a. At around 110 minutes,
the intensities of both reflections are equal. Thereafter, the intensity ratio shifts towards
$(220)/w(210) until the reaction concludes. Additionally, PXRD data reveal a strong preferred
growth direction along the s(111) axis. The formation of spherical w-ZnS as an intermediate in
the formation of s-ZnS nanorods is already observed in comparable systems,'*® where the
preferred growth direction is explained by an oriented attachment of w-ZnS.!#8

This preferred growth direction in s-ZnS is also evidenced by HRTEM analysis of
aliquots taken throughout the reaction, as shown in Figure 4.3b. At 75 minutes, the formation

of w-ZnS results in spherical NC with an estimated size of 1.9 + 0.2 nm, which is in agreement
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with 2.1 nm obtained by HERFD-XAS/vtc-XES. Detailed size analysis and full images are
provided in Figure 8.1.17-19.

While MCR-ALS analysis proposes that the formation of w-ZnS starts at 40 °C, SAXS
and PXRD and HRTEM analysis confirm only the formation above 90 °C. This mismatch can
be explained by the varying sensitivity of all methods. X-ray spectroscopy can detect already
non-crystalline species and even molecular complexes, while SAXS and PXRD are highly
sensitive to the crystal structure, size, and shape of ZnS NC.

The preferred growth direction, as well as the fractions of w-ZnS and s-ZnS, can be
extracted from the PXRD data through sequential Rietveld refinement, as illustrated for the
final PXRD pattern in Figure 4.3c. The Rietveld analysis fits a spherical model to the w-ZnS
with a domain size of approximately 2 nm, while the s-ZnS demonstrates a preferred growth
direction along s(111) and a domain 2 nm x 7 nm. Additional information on the sequential
Rietveld refinement is given in SI. The fraction and domain sizes of s-ZnS and w-ZnS change
throughout the reaction, as shown in Figure 4.3d and Figure 8.1.20. To compare the domain
sizes calculated from the PXRD data with those obtained from the SAXS fit, the PXRD sizes
were averaged, considering the varying phase fractions at different time points. The PXRD sizes
are systematically underestimated compared to the SAXS sizes, as they reflect the domain size,
whereas SAXS fitting represents the solvation size of nanoparticles in the solution. The ratio
between s-ZnS and w-ZnS can be changed by increasing the reaction temperature to 170°C and

the ramping rate to 10°C/min, as discussed in Figure 8.1.21.
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Figure 4.3: Simultaneous in situ SAXS and PXRD, as well as ex situ HRTEM analysis. (a
left) /n situ SAXS analysis shows an increasing intensity at low q, starting after approximately
70 minutes of reaction, indicating the formation of spherical nanoparticles. The oleylamine
lamellae (L) and cell background (= 1.5 A!) were indicated at the top. (a right) In situ PXRD
analysis shows the formation of w-ZnS reflections after 70 minutes, with changes in the relative
intensity of the w(210)/s(220) and w(113) peaks over time, revealing the formation of the s-
ZnS phase during the reaction. The s(111) peak have comparable high intensity, thus implying
a preferred growth direction in the s-ZnS along the s(111) facet. (b) HRTEM analysis of washed
aliquots of the reaction reveals the formation of ZnS nanorods after 120 minutes, which explains
the preferred growth direction along s(111), while at 75 minutes only spherical particles with
1.9 £ 0.2 nm are observed. (¢) Rietveld analysis of the final product shows the presence of 41%
s-ZnS and 59% w-ZnS. Moreover, the Rietveld analysis refines a spherical domain size of 2
nm in the w-ZnS and anisotropic domain sizes of 2 nm x 7 nm in the s-ZnS. The fraction of s-
ZnS to w-ZnS evolves throughout the reaction, as shown in the top panel of (d). The size
calculated by fitting the SAXS data with a spherical model is compared with the average size
obtained from the Rietveld analysis in the bottom panel of (d). The smallest size we could
resolve with Rietveld refinement of PXRD measurements of w-ZnS nanoparticles was 1.7 nm,

while the smallest size we could fit within SAXS analysis was around 1.5 nm.
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4.4 Conclusion

This work extends the application of Zn K-edge XAS and vtc-XES in inorganic and
bioinorganic chemistry to investigate the emergence and growth of nanomaterials in solution at
high temperatures. The integration of HERFD-XAS, K25 XES, and DFT theory allows for the
identification of successive Zn-O, Zn-N, and Zn-S ligand exchanges.

Our findings reveal that even at room temperature, Zn(Ac)> undergoes a reaction with
oleylamine to form a mixture of tetrahedral [Zn(OA)s]** and octahedral [Zn(OA)s]**
complexes, which, upon sulfur addition, transforms into a tetrahedral [Zn(SOA)s]** complex.
This rules out the formation of e.g. hydrogen sulfide Zn complexes, such as [Zn(H2S)4]*". By
tracking the in situ heating of the [Zn(SOA)s]** complex above 155 °C, we observe the
successive nucleation and growth of sphalerite and wurtzite ZnS nanostructures. Interestingly,
we also monitor the evolution of the HOMO/LUMO gap from 5.0 to 4.3 and eventually to 3.8
eV, consistent with the [Zn(SOA)4]** complex and the 2.1 nm wurtzite and sphalerite structures,
respectively.

The structural transformation of ZnS was further analyzed through simultaneous in situ
SAXS and PXRD measurements. Our observations capture the formation of wurtzite spherical
ZnS particles, progressing to the transformation into sphalerite ZnS rods oriented
predominantly along the (111) axis. The shape, size, and band gap energy of the nanoparticles
were validated through ex-situ HRTEM and UV-vis spectroscopy of powder samples.

In conclusion, this study provides a detailed insight into the coordination chemistry and
structural changes during the synthesis of ZnS nanocrystals. The methodology showcases its
potential to monitor the structural and electronic transitions during particle growth at elevated
temperatures, particularly in scenarios where optical spectroscopy is not feasible. This approach
holds promise for the study of other materials with high energy band gaps or in reaction
environments where optical spectroscopy is limited, and elemental specificity is crucial for

analysis in the future.
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4.6 Experimental Section

Chemicals:

Zinc (II) acetate (Zn(Ac)2) (99.99%, anhydrous), sulfur (99.998% trace metal basis),
and oleylamine (>98% primary amine) were purchased from Sigma-Aldrich. All chemicals
were used as received without further purification and stored, except for the sulfur, under an

argon atmosphere.

Synthesis of ZnS:

The ZnS synthesis was performed in the in situ cell adopted from previous work!32 133
190 "as described in Figure 8.1.22. Two individual solutions were prepared in oleylamine. First,
0.0489 g of Zn(Ac)2 powder was dissolved in 1 mL of oleylamine. Then, 0.0128 g of sulfur was
dissolved in 2 mL of oleylamine. Both solutions were stirred for one hour at room temperature
under an argon atmosphere. The solutions were added into the microreactor in a volume ratio
of 2:1 elemental sulfur:Zn(Ac), solutions in a total volume of 66 uL. and 174 pL for the
scattering and spectroscopic experiments, respectively. The reactor was sealed under argon
(99.9999%) and heated at a heating rate of 1 °C/min to 155 °C or at a heating rate of 10 °C/min
to 170 °C. The ex situ samples for UV-Vis analysis were prepared under the same conditions in

the in situ spectroscopy cell.

UV-Vis: UV-visible spectra were collected using the Cary 60 UV-VIS spectrometer
(Agilent Technologies Inc., US) and a quartz cuvette. The samples were diluted with
cyclohexane in the cuvette. The HOMO/LUMO gap and the band gap were calculated using
the Tauc-Plot.'®
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NMR: Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance
NEO 600 MHz NMR spectrometer using TopSpin 4.1.3 (BRUKER BIOSPIN GmbH,
Rheinstetten, Germany) equipped with a 5 mm TCI Cryoprobe cooled with liquid nitrogen,
operating at 600.25 MHz and 298.0 K. All chemical shifts were referenced to residual solvent
peaks [CDCls: 7.26 ppm ('H), 77.2 ppm (3C); CsDs: 7.3 ppm ('H), 128.0 ppm (!*C)]. One-
dimensional (1D) 'H and two-dimensional (2D) ('H,'*C)-HSQC and 2D ('H,!*C)-HMBC
spectra were acquired using standard pulse sequences from the Bruker library. For the 1D
BC('H)-NMR spectra (zgpg30) of the reaction mixture at room temperature, 1024 and 10240

scans (NS) were recorded.

Sample preparation for NMR analysis:

Sulfur in oleylamine: Under ambient conditions, sulfur powder (9.1 mmol) was
introduced in a glass vial with further addition of oleylamine (45.5 mmol). The solution was
stirred at room temperature until all sulfur was dissolved. The reaction mixture was heated to
170 °C by using an oil bath with stirring, and aliquots were taken at 60, 100, and 140 °C. When
the solution reached 170 °C, the temperature was kept for 20 min, and the corresponding aliquot
was taken. The mixture was further heated to 190 °C and was kept at 200 °C for 40 minutes
before collection of the 200 °C aliquot.

Zn(Ac); and S in oleylamine: Under ambient conditions, Zn(Ac): (6.65 mmol) was
introduced in a glass vial with further addition of oleylamine (45.5 mmol). The solution was
stirred at room temperature for 30 min and sulfur (9.1 mmol) was added to the mixture as one

portion followed by a further 50 min of stirring.

STEM and HRTEM analysis: STEM images were taken and probe-corrected with a
Regulus 8220 (Hitachi High Technologies Corp., Japan) at an acceleration voltage of 30 kV and
using the BFSTEM acquisition mode. HRTEM images were taken with a JEOL JEM-2200FS
(JEOL Ltd., Japan) using an acceleration voltage of 200 k'V.

Beamline setup and data acquisition:
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The in situ HERFD-XAS and vtc-XES spectra were recorded at the ID26 beamline at
the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The HERFD-XAS
were collected by measuring the intensity of the Zn K, main line using a Si(642) crystal in
Rowland Geometry while scanning the incident energy. The position of the X-ray beam was
moved on the reaction cell to minimize radiation damage. XAS spectra were acquired every 16
s with an energy range from 9.64 to 9.8 keV and a stepsize of 0.2 eV. The vtc-XES spectra were
recorded using four Ge(555) crystals in Rowland geometry over a total energy range from 9.63
to 9.71 keV. To decrease the acquisition time, the spectra region from 9.63 to 9.69 keV was
measured with energy steps of 0.4 eV and an acquisition time of 532s (with motor movements),
while the range from 9.69 to 9.71 keV was recorded in steps of 2 eV with a total acquisition
time of 44 s. To exclude the occurrence of beam damage during the measurements, a beam

damage study prior the experiments were performed, as described in Figure 8.1.23.

The X-ray total scattering and SAXS in sifu data were collected in a SAXS/WAXS
combined setup at the second experimental hutch (EH2) at beamline PO7 of PETRA III at
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany.!'® The total scattering and
SAXS data were collected every 0.5 s using two flat panel detectors (Varex XRD4343CT, Varex
Imaging Corp., USA) with 2880 x 2880 pixels of 150 x 150 pm? size. During the experiments
to synthesize W and S ZnS at 155 °C, the sample-to-detector distances (SDD) were 0.812 m for
total scattering and 4.636 m for the SAXS data, determined from the calibration with LaBs
calibrant, at an X-ray beam energy of 103.56 keV. For the synthesis at 170 °C with 10 °C/min
heating rate, the SDD was determined as 0.765 m for total scattering data collection, obtained
from calibration with LaBg, and 4.613 m for the SAXS, from CeO; calibrant, at an X-ray beam
energy of 103.60 keV.

The ex situ total scattering data were taken at Beamline P21.1 at PETRA III, DESY.5?
The total scattering data were recorded with a Varex flat panel detector model XRD4343CT at
an SDD of 0.377 m. Samples were enclosed in a quartz capillary, and the calibration was carried

out by measuring the LaBg calibrant at an X-ray beam energy of 101.60 keV.

The ex situ SAXS data shown in Figure 8.1.15 are collected at Beamline P62 at PETRA
I11, DESY.!"! The energy was set to 12 keV using a Si(111) monochromator. The beam size was

0.5x0.5 mm?. The samples were mounted vertically in a multi-capillary holder. The sample-to-
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detector distances were calibrated to be 2.849 m using AgBH. The SAXS signals were collected
by Eiger2 9M detector.

Data processing:

The HERFD-XAS and the vtc-XES data were processed using a self-written Python
code. The vtc-XES data were normalized by the maximum intensity, since an area normalization
led to unphysical intensity fluctuations in the in sifu data set, as described in Figure 8.1.24.
FEFF calculations of vtc-XES of w-ZnS and s-ZnS are shown Figure 8.1.25.!°% 19 The
determination of the XAS edge position and normalization of the edge jump were performed
by using the LARCH-XAFS module.!** The spectroscopic data were treated with a Savitzky-
Golay filter and further processed with the NumPy and SciPy package.'®> 1 The processed
data are compared with raw data in Figure 8.1.26. The simulations of the XAS spectra were
carried out using the ORCA 5.0.4 code!”’, where the initial zinc complexes for DFT
optimization were built using Avogadro: an open-source molecular builder and visualization

tool. Version 1.2.0. '8 The Orca input files were adapted from Stepanic et.al.*

Azimuthal integration of the 2D detector patterns for PXRD and SAXS data was
performed with the Python module pyFAI after masking out beam stop shadows, glitches, pixel
defects, and noisy pixels.'®” For the background subtraction, in situ total scattering data of sulfur
dissolved in oleylamine and pure oleylamine were collected under the same reaction conditions
of the ZnS syntheses at 155 and 170°C, respectively. The background was subtracted from the
original data set. The data were averaged over 60 frames, corresponding to 30 s time resolution.
The Rietveld refinement was performed with GSAS-II package?®’, employing a two-phase
refinement with ZnS sphalerite and wurtzite phases sharing one particle size parameter. The
sphalerite phase (ICSD-230703) and wurtzite phase (ICSD-67453) were taken from the ICSD
database. The refinement was carried out in a sequential way starting from the XRD at the end
of the reaction and going backward to earlier reaction times, ensuring a better reliability of the
fit.

The fitting of the SAXS data was carried out over the range of 0.08 to 1.8 A"'. An empty
capillary background was measured at room temperature and subtracted from the original in situ
SAXS data set. The SAXS data were averaged over 120 frames (1 min resolution) and 10 frames
(5 s resolution) for the ZnS reactions at 155 °C and 170 °C, respectively. The fit was carried out

in SASview 5.0.6 2°! with the DREAM algorithm.?%? As a fitting function, a plugin was used,
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which contained a power law, a sphere, a symmetric pseudo-Voigt profile and a fitting function
for the lamellae. The lamellae were fitted with a triplet of asymmetric pseudo-Voigt profiles
sharing the ratio of Gauss to Lorentz factor eta and the FWHM. The peak height ratio was kept
constant, while q was allowed a relaxation of + 5% of the multiple of the first peak. For the
reaction temperature of 170 °C, an additional sphere model was used with a constant radius of
5.11 A, and to match the background, the first peak of the lamellae was constrained to be a
Lorentz profile only, while the second and third peak shared the ratio of Gauss to Lorentz factor
eta.

To improve the grammar and wording in parts of the manuscript and supporting
information, ChatGPT 4 omni was used for proofreading, following the guidelines for using Al

in scientific publications.?%?
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S Spatially Resolved In Situ HERFD-XANES studies of ZnS

Nanoparticle Synthesis at the Water-Toluene Interface

The content of this chapter was published at Chemrxic.org (doi.org/10.26434/chemrxiv-
2025-800wx)**, in 2025 by Lars Klemeyer’ , Francesco Caddeo’, Tjark L. R. Grone,
Sani Y. Harouna-Mayer, Brian Jessen, Cecilia A. Zito, Jagadesh Kopula Kesavan, Ann-
Christin Dippel, Fernando Igoa Saldaria, Olivier Mathon, Pieter Glatzel, and Dorota Koziej

7 These authors contributed equally

My contribution to this work compromises the synthesis of ZnS nanostructures, the
measurement and analysis of HERFD-XAS data, the DFT calculations, the analysis of PDF and
PXRD data.
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5.1 Abstract

5.1 Abstract

A two-phase synthesis has been well established for achieving precise control of nanoparticle
properties. However, studying and understanding chemical transformation in such a spatially
heterogeneous system is challenging. In this work, we introduce a two-phase synthesis route
for ZnS nanoparticles (ZnS NPs) at the water-toluene interface. By employing spatially
resolved in situ high-energy resolution fluorescence-detected X-ray absorption spectroscopy
(HERFD-XAS) combined with density functional theory (DFT) calculations, we track the
diffusion of Zn?** species at the interface, identify key reaction intermediates, and monitor the
nucleation and growth of ZnS NPs within the toluene phase. We propose the formation of a
[Zn(H20)6]*" complex upon dissolving Zn(Ac), in water and the diffusion of Zn** ions from
water to toluene driven by the formation of an octahedral [Zn(OA)s]** complex
(OA = oleylamine). Furthermore, by complementing HERFD-XAS with total X-ray scattering
analysis, we show the formation of an intermediate tetrahedral [Zn(SR)4]*" complex at 60 °C
and its successive transformation to non-crystalline ZnS nuclei at 80 °C and crystalline ZnS
NPs starting at 100 °C. Thus, we demonstrate how in situ X-ray spectroscopy can elucidate the
coordination and diffusion of Zn?** ions, and, in combination with X-ray scattering studies,
identify the emergence of atomic and electronic structures during the two-phase synthesis of

ZnS nanoparticles.

5.2 Introduction

The synthesis of colloidal nanocrystals at the interface between two non-miscible liquids has
been the subject of intense investigation since the first report on thiol-functionalized Au
nanoparticles synthesized at the water-toluene interface.??> The method has since been adapted

206-208

and extended to the preparation of a number of metallic nanoparticles, alloys,?®” various

210-213 and core-shell nanostructures.?!#

metal-oxides,
In a two-phase synthesis, molecular precursors are separated in the aqueous and organic phases,
and nucleation and growth of nanocrystals are governed by diffusion processes occurring at the
liquid-liquid interface.?!> Compared with one-phase approaches such as the hot-injection, the
two-phase method offers precise morphological control and monodispersity using milder

reaction conditions.?!® Crucially, the two-phase method enables the use of common water-
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soluble metal precursors (e.g., acetates, nitrates, sulfates, etc.,) while at the same time
leveraging the benefits of organic-phase syntheses, such as employing capping agents to shape
and stabilize the desired nanostructures into colloidally stable dispersions.?!” Although the two-
phase approach has been widely applied to synthesize various metal oxides, its use in preparing
metal sulfides remains limited to a few reports focusing only on Cu,S,?!® CdS 2!%-22% and core-

shell CdS-CdSe.??!

Zinc sulfide (ZnS) is a wide band gap semiconductor that has been intensively investigated as

a promising candidate for a wide range of applications, including sensors, 2> 223

135, 224 4 225

optoelectronics, photodetectors,?** solar cells,??®> photocatalysis,?*® 227 and photo-

electrochemistry.??22% Colloidally stable ZnS nanostructures are commonly prepared via one-

phase solvothermal'>® 154 or hot-injection routes?*°

using high boiling point organic solvents
such as oleylamine or 1-octadecene. These methods have several drawbacks, including the
requirement for very high reaction temperatures, inert atmospheres, and metal precursors that

are soluble in non-polar solvents (e.g. diethyl zinc), which are often difficult to synthesize and

handle.

In this study, we propose a two-phase solvothermal method for preparing colloidally stable ZnS
nanoparticles (ZnS NPs). The method involves the use of water-soluble zinc acetate (Zn(Ac)>)
as the metal precursor, while elemental sulfur and oleylamine are dissolved in the toluene phase.
The reaction proceeds under mild conditions (100 - 155 °C) without requiring an inert
atmosphere, yielding colloidally stable sphalerite ZnS NPs. We employ spatially resolved in
situ high-energy-resolution fluorescence-detected X-ray absorption spectroscopy (HERFD-
XAS) and in situ X-ray total scattering to monitor the synthesis. HERFD-XAS is an element-
specific technique that provides detailed insights into the local atomic environment around the
absorbing atom 8% 157 159-161 1y ¢ipy total scattering, particularly atomic pair distribution function
(PDF) analysis, reveals information about interatomic distances present in the materials and,
hence, local order, crystal structure, and domain size, and interatomic distances.!”2!-231-233 By
combining in situ HERFD-XAS with X-ray scattering,'*? we track diffusion processes at the
water-toluene interface, identify molecular intermediates, and monitor the nucleation and
growth of ZnS NPs, as shown in Figure 5.1. We find that Zn?* ions diffuse from the water to
the toluene phase, driven by the formation of a stable octahedral [Zn(OA)s]*" complex (OA =

oleylamine). We propose that a tetrahedral [Zn(SR)4]** complex forms during the reaction at 60
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°C, which subsequently converts into ZnS nuclei at 80 °C, promoting the growth of crystalline

sphalerite ZnS NPs starting at 100 °C.

5.3 Results and Discussion

We prepare colloidally stable ZnS NPs adopting a two-phase water-toluene method, where zinc
acetate (Zn(Ac)y) is dissolved in water and elemental sulfur and oleylamine are dissolved in
toluene, acting as sulfur source and ligand, respectively. (see the Experimental section for the
synthesis details). The average size of sphalerite ZnS can be tuned from 2.3 nm to 7.5 nm by
the temperature between 100 and 150 °C and reaction time, as indicated in PXRD analysis,
shown in Figures 8.2.1a-d.

To unravel the reaction steps leading to the formation of the ZnS NPs, including the diffusion
of Zn species from the water to the toluene phase, we carry out HERFD-XANES employing a
micro-focused beam in combination with a movable stage, which allows us to discriminate
between both phases, with a spatial resolution limited by the beam size of 0.5 x 0.5 pm.?** We

carry out the reaction employing an in situ cell described in a previous work.??

The sphalerite ZnS NPs synthesized in the in situ cell at 155°C for 1h have a size distribution

close to that obtained in a conventional autoclave in similar reaction conditions, as shown in

Figure 8.2.2-4.
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Figure 5.1: Schematic illustration of the in situ HERFD-XAS experiment to monitor the
synthesis of ZnS NPs at the water-toluene interface and overview of the main findings.
The spatial resolution provided by a movable stage and a micro-focused beam enables to probe
separately the water and toluene phases. The Zn(Ac), dissolved in water form a mixture of
[Zn(Ac)2(H20)2] and [Zn(H20)s]** complexes, where the Zn is octahedrally coordinated with
six water molecules. During the reaction, the Zn?" ions diffuse into the toluene phase and form
an octahedral [Zn(OA)s]** complex. This complex converts at 60 °C to a tetrahedral [Zn(SR)4]**
complex, which condensates at 80 °C to ZnS nuclei. The crystallization of sphalerite ZnS NPs

starts at 100 °C.

We monitor the diffusion of Zn species at the water-toluene phase, collecting HERFD-XAS
data using the micrometer-focused beam at room temperature, following the contact of the two
phases. Figure 5.2a and Figure 5.2b show the XAS spectra collected at the water and toluene
phases at room temperature, respectively. We detect the presence of Zn species in both the water
and toluene phases immediately after contact at room temperature. Using ORCA DFT?%
calculations, we propose that, upon dissolution of the Zn(Ac), used as a precursor, the Zn>* ion
forms the octahedral [Zn(H20)s]** complex with six water molecules, as shown in the inset in
Figure 5.2a. The broadening of the white line in Figure 5.2a suggests that Zn(Ac)> and
[Zn(Ac)2(H20)] are still present in the water phase and establish an equilibrium with the
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[Zn(H20)6]*" complex following reaction (1). The formation of a [Zn(Ac)2(H20)2] complex

during the dissolution of Zn(Ac), in water is described in the literature.?’’

In(Ac), 2225 [Zn(Ac),(H,0),] = [Zn(H,0)¢]2* + 24c @)

The ORCA calculations points at the presence of a [Zn(OA)s]** (OA = oleylamine) complex in
the toluene phase, as shown in Figure 5.2b, where Zn** ions are octahedrally coordinated by
six oleylamine molecules. However, the ORCA calculation of [Zn(OA)e]*" spectra shows
discrepancies to the experimental spectra, which point to co-existence of tetrahedral
[Zn(OA)s]*" in the reaction solution.?> Low contributions of other potential zinc-amino
complexes cannot be excluded, however the main contribution stems from Zn** ions with
octahedrally coordinated oleylamine. In general, the formation of the zinc-amino complexes,
confirms the diffusion of Zn?" ions through the water-toluene interface at room temperature.
To quantify the distribution of the Zn** species at room temperature, we collect HERFD-XAS
spectra scanning across the water-toluene interface. We first observe a gradual energy shift of
the Eo by 1.3 eV towards lower energy, Figure 5.2e, as expected for a change in the local
environment around the Zn atoms from a Zn-O to a Zn-N coordination.?*> The Eo corresponds
to the energy value where the first derivative of the XAS reaches its maximum, while the white
line is the maximum intensity in the XAS spectra. 3> 238,239

Scanning the water-toluene interface while collecting the intensity of the Kq1 emission under
illumination at 10 keV allows for the extraction of the concentration profile of the Zn species
across the water-toluene interface, as shown Figure 5.2¢. Moving from the water to the toluene
phase, the Zn concentration decreases gradually when approaching the interface at the z position
0, shows a peak slightly above the interface on the toluene side, and then further decreases
moving away from the interface. This agrees with a diffusion process across the water-toluene
interface, likely driven by forming a stable [Zn(OA)s]*" complex in toluene.

The collected HERFD-XAS data allow us to determine the fraction of [Zn(H20)e]**
[Zn(OA)e]** complexes around the interface, Figure 5.2d, as recovered by Multivariate Curve
Resolution-Alternating Least Squares (MCR-ALS) analysis of the spatially resolved HERFD-
XAS data, shown in Figure 5.2¢.!7% "7 More details about the MCR-ALS analysis are available
in Figure SI5-6 and Table 8.2.1-2. The analysis confirms that at room temperature, i.e., before
the start of the reactions leading to the formation of the ZnS NPs, the Zn ions are distributed

across the water-toluene interface through a diffusion process, with the formation of a
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[Zn(OA)e]** complex in toluene occurring at the expenses of the [Zn(H20)6]** complex present
in water. To exclude beam damage in the XAS measurements, extensive beam damage studies

were performed in both phases, as shown in Figure 8.2.7.
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Figure 5.2: Diffusion of Zn2+ species at room temperature at the water-toluene interface
monitored by HERFD-XAS. XAS spectra at the Zn K-edge in the water (a) and toluene (b)
phases, compared with an experimental Zn(Ac). reference and with the calculated XAS spectra
by DFT calculations of [Zn(H20)6]*", [Zn(Ac)s]*, [Zn(Ac)(H20):]*" and [Zn(OA)s]*",
[Zn(Ac)2(0A):], [Zn(OA)4])*" and [Zn(OA)s]**, respectively. The comparison of experimental
and theoretical spectra allowing the identification of a [Zn(H20)s]** and a [Zn(OA)s]**
complexes in water and toluene, respectively. The concentration profile of Zn at the water-
toluene interface (¢) and the fraction profile of the [Zn(H,0)s]*" and [Zn(OA)s]** extracted by
MCR-ALS analysis of the HERFD-XAS spectra (d). The HERFD-XAS spectra recorded at
different positions z in the cell at RT, where 0 is the position of water-toluene interface. Inset
shows a schematic drawing of Zn*? diffusion at room temperature across the water-toluene

interface (e). The data was acquired at the beamline ID24.
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During the formation of ZnS NPs, one can observe color changes in the water and toluene
phases as shown in Figure 5.3a. The Zn?" concentration profiles before (blue curve) and after
the reaction (red curve) show that a large fraction of Zn?" is still dissolved at room temperature
in the water phase. During the reaction, with increasing temperature, the Zn>" diffuses from the
water to the toluene phase up to around 80 °C, when the diffusion is complete. Therefore, we
assume that the diffusion process does not limit the nucleation or the growth rate of ZnS NPs,
which occurs at temperatures higher than 80 °C. The evolution of Zn?* content in the toluene
phase during the reaction is shown in Figure 8.2.8.

To monitor the reaction pathways leading to the formation of ZnS NPs in the toluene phase, we
record in situ HERFD-XAS at different positions in the toluene phase. During the experiment,
the reaction is performed with a slow heating rate of 1 °C/min, allowing to monitoring of the
presence of reaction intermediates. The in situ HERFD-XAS data (Figure 5.3b) reveal an Ey
shift by around 1 eV to lower energies when the reaction temperature increases to 60 °C (first
40 minutes). This energy shift suggests a change in the coordination environment around Zn,
where the amine ligand (Zn-N coordination) is likely substituted by thio-ligands (Zn-S), 8- 24%-
241 as highlighted in the inset. Since the line shape of the HERFD-XAS at 60 °C differs from
the one expected for ZnS, this might highlight the occurrence of one or more reaction
intermediates.

We therefore perform MCR-ALS analysis of the HERFD-XAS dataset, as shown in
Figure 5.3c. MCR-ALS can deconvolute the observed changes in the in situ HERFD-XAS data
into four individual contributions. Figure 5.3¢ shows the XAS spectra of each contribution (top
panel) extracted from the MCR-ALS analysis and their related concentration profiles during
the reaction (bottom panel). The starting point of the reaction (blue line) is attributed to the
[Zn(OA)e]** complex described in Figure 5.2b. The XAS spectra of the first intermediate
(green line) show, in addition to the Eo shift of around 1 eV that is characteristic of a Zn-S
coordination, a slight decrease in white line intensity compared to the [Zn(OA)¢]*>* complex, as
highlited in the inset of Figure 5.3b. The decrease in white line intensity might indicate a
change in coordination geometry, potentially from octahedral to tetrahedral.’% 24> In Figure
8.2.9, we compare the XAS spectra of various tetrahedral and octahedral Zn-S complexes
simulated by ORCA DFT with the XAS spectra of the intermediate extracted from the MCR-
ALS analysis (green line). We find that the best-fitting simulated spectra correspond to a
[Zn(oleylthioamide)s]** ([Zn(SOA)4]*") complex. The simulated and experimental spectra

match well in terms of white-line and intensity, with some discrepancies in the post-edge
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features originating from the second coordination sphere around Zn. In an earlier study, we
performed DFT calculations of various tetrahedral Zn-S complexes, and we found that a
tetrahedral [Zn(SOA)4]*>" complex forms also when zinc acetate is dissolved in oleylamine with
the presence of elemental sulfur.?**> This complex likely occurs as an intermediate during our
two-phase reaction in the toluene phase due to the presence of oleylamine and sulfur. However,
due to the aforementioned discrepancies in the post-edge features of the XAS spectra, we assign
this first intermediate to a generic tetrahedral [Zn(SR)4]*" complex. The formation of molecular
Zn-S complexes during the one-pot synthesis of ZnS NPs has already been proposed in the
literature, 147 148, 235,243
A detailed analysis of individual XAS features is required to identify the second intermediate
recovered by MCR-ALS. Often, the formation of ZnS NPs in the sphalerite phase proceed via
an intermediate in the wurtzite phase,?*> which only differs in the stacking arrangement of the
ZnS tetrahedrons. We excluded the presence of wurtzite ZnS during the reaction by FEFF
calculations, shown in Figure 8.2.10a and by PXRD analysis in Figure 5.4e.!60- 175, 244
Nevertheless, the in Figure 5.3d shown, less pronounced features in the post-edge region of the
ZnS nuclei (yellow) suggest a lack of periodicity in its atomic structure compared to the ZnS
NPs (red).>* The experimental spectra of ZnS NPs were compared with a ZnS reference in

Figure 8.2.10b.
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Figure 5.3: Diffusion of Zn complexes, ligand exchange, and nucleation of ZnS
investigated by in situ HERFD-XAS and MCR-ALS analysis. Photographs of the reaction
solutions (a) prior (left) and after the reaction (middle) and the corresponding Zn concentration
profiles around the interface show the diffusion of Zn ions through the interface during the
reaction (right). In situ HERFD-XAS data (b) reveal the transformation of [Zn(OA)s]** into
ZnS NPs. In the beginning of the reaction, the position of the Eo shifts from 9661.5 eV to 9660.5
eV, while the intensity of the white line is decreasing, indicating a transition from Zn-N to Zn-
S bonding as highlighted in the inset. MCR-ALS analysis (c) deconvolutes the in situ HERFD-
XAS data into four distinct components (top) and their related concentrations (bottom).
Comparison of the XAS spectra (d) of the second intermediate (yellow) and the final product
(red) obtained from MCR-ALS analysis. The spectra of the second intermediate exhibit similar
features to s-ZnS, albeit less pronounced, indicating similar coordination structure but lack of

long-range ordering in the second intermediate. The data was acquired at the beamline ID26.
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To resolve the atomic structure of the second intermediate and monitor nucleation and growth
of the ZnS NPs during synthesis, we perform in situ total scattering (TS) measured at the water-
toluene interface and calculate the atomic-pair distribution function (PDF) to achieve a
histogram of interatomic distances, as shown in Figure 5.4a. The dashed line highlights the
emergence of the Zn-S interatomic distance, starting above 60 °C. This aligns with the presence
of the [Zn(SR)4]** complex evidenced by MCR-ALS analysis of the in situ XAS data. In
contrast to the XAS analysis, the TS data were collected with a 1 mm? beam size, with which
we probed the water and toluene phases simultaneously.

However, if one isolates the PDF at times when the MCR-ALS analysis shows the maximum
contributions, one can extract a PDF of the individual intermediates, as shown in Figure 5.4b
and Figure 5.4¢. At the beginning of the reaction, the PDF (blue) corresponds to a mixture of
zinc complexes in both water and toluene, as shown by the presence of Zn-O and Zn-N
interatomic distances. Furthermore, the [Zn(H20)s]*" complex in the water phase might partly
self-assemble into a molecular cluster as indicated by an increased extent of correlations and
larger peak heights in the PDF, as discussed in Figure 8.2.11 and observed for other transition-

metal acetates in water,24%- 247

The decrease in the PDF peak amplitudes during the first 30
minutes, Figure 5.4a, can be attributed to the diffusion of Zn?* to the toluene phase away from
the interface, which lowers the Zn concentration in the water phase, and, consequently, in the
beam path. After reaching 60 °C (40 minutes in to the reaction), the Zn-N peak disappears,
substituted by an established Zn-S coordination, shown in Figure 5.4b (green line),
characteristic of the [Zn(SR)4]*" complex. At around 100 °C (80 minutes into the reaction), the
PDF corresponding to the second intermediate, Figure 5.4c (yellow line), shows delocalized
Zn-Zn interatomic distances at 3.3 A, 3.7 A, and 4.0 A, besides the Zn-S interatomic distance
at 2.4 A, which do not correspond to the presence of wurtzite ZnS NPs. Additionally, the extent
of the correlation in the PDF of the second intermediate is limited to around 10 A. Therefore,
we propose that the second intermediate corresponds to small ZnS nuclei, whose atomic
arrangements do not have long-range ordering. The presence of such ZnS nuclei as an
intermediate has already been discussed in the literature for other ZnS synthesis routes.!>3 243

After increasing the reaction temperature above 100 °C, the ZnS nuclei evolve into crystalline
ZnS NPs, as evidenced by the appearance of a strong peak at 3.8 A corresponding to the typical
Zn-Zn distance in sphalerite, Figure 5.4c. The ZnS NPs show a continuously increasing extent

of correlations, reflecting their growth. The corresponding refinement is shown in Figure 5.4d.

The refined PDF of ZnS in the sphalerite phase is compared with the last experimental PDF of
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the in situ run in Figure 8.2.12. The domain size of the ZnS NPs grows up to 2.3 nm for a
reaction time of 1 h. Details about the PDF fitting procedure are shown in Figure 8.2.13.

In situ powder X-ray diffraction analysis (Figure 5.4e) reveals the crystallization of ZnS NPs
in the sphalerite phase starting at 100 °C and does not provide any evidence for the presence of
an intermediate wurtzite ZnS phase, in line with the HERFD-XAS and PDF analysis.
Consequently, we can rule out the formation of wurtzite ZnS NPs, which is instead observed in
other ZnS syntheses. 147- 148.235.243 Additionally, the ZnS nuclei, which form during the reaction
at around 80 °C, do not exhibit a long-range order, since a long-range order in the ZnS nuclei
would result in visible contributions in the PXRD pattern. Therefore, we suggest that
nanoparticle growth occurs above 100 C, where ZnS nuclei grow directly into crystalline ZnS
sphalerite particles. The PXRD pattern of the resulting ZnS NPs is further analyzed by Rietveld
refinement and confirms the domain size of around 2.3 nm, as shown in Figure 5.4f.

By integrating information on Zn coordination throughout the synthesis from in situ HERFD-
XAS data analysis with interatomic distances and sizes obtained from in situ PDF analysis,
along with insights into the crystallographic phase from in situ PXRD data, we propose a
reaction mechanism for the two-phase synthesis of ZnS NPs, as illustrated in Figure 5.4g. The
oleylamine ligands in the [Zn(OA)s]** complex in toluene are replaced by sulfur ligands at
temperatures above 60 °C, forming a [Zn(SR)4]*" complex. Reaching around 80 °C, the ZnS
tetrahedrons undergo a Zn-S-Zn bond formation, arranging into a non-periodical structure and
creating non-crystalline ZnS nuclei approximately 10 A in size. The crystallization of ZnS NPs
in the sphalerite phase starts at 100 °C, followed by continuous domain growth, reaching

approximately 2.3 nm after 60 min at 155 °C.
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Figure 5.4: Ligand exchange, nucleation, crystallization, and growth investigated by in
situ PDF and PXRD analysis. /n situ PDF analysis (a) showing the emergence of Zn-S
interatomic distances (dotted line) after 30 min reaction time. The comparison of the PDF (b)
at the beginning of the reaction (solid blue) and after 40 min of reaction time (solid green), with
simulated PDFs of Zn(Ac): (dashed blue), [Zn(OA)s]** (dashed red), and [Zn(SOA)4]**
(dashed green). The experimental PDFs are normalized to the Zn-O peak. The occurrence of
the Zn-Zn peak at the starting point of the reaction is assigned to the condensation of
[Zn(H,0)s]*" into polymorphs, as described in Figure SI10. After 40 min of the reaction, the
peak corresponding to Zn-S atomic pairs is visible at around 2.4 A. Comparison of PDF (c) at
80 min (100°C) and 180 min reaction time, reflecting the PDF of ZnS nuclei (yellow) and ZnS
NPs (red). The peak at 3.8 A, characteristic for Zn-Zn distances in ZnS NPs, is not present in
ZnS nuclei, which confirms their non-crystalline nature. Both PDFs were normalized to the Zn-
S peak height. The in situ PDF fitting (d) with ZnS in sphalerite phase. The fit becomes
meaningful after a 100 min reaction time (120°C) when the rw value drops below 0.5, visualized
by blurring the markers before 100 min reaction time. /n situ PXRD analysis (e) shows the

emergence of ZnS in the sphalerite phase (s-ZnS) during the reaction without any ZnS content
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in the wurtzite phase. Rietveld refinement (f) of the final PXRD pattern confirms a domain size

of around 2.3 nm in the ZnS NPs. The proposed reaction mechanism is illustrated (g).

5.4 Conclusion

In this work, we present a synthetic route yielding sphalerite ZnS NPs at the water-toluene
interface. We provide spatially resolved insights into the coordination chemistry and the
structural changes occurring during the synthesis of ZnS NPs in a two-phase system. The in situ
HERFD-XANES showed that Zn*' species diffuse from water to toluene through an
equilibrium involving [Zn(H20)e]** and [Zn(OA)s]** complexes forming in water and in
toluene, respectively. The in situ studies reveal at 60 °C a ligand exchange process where the
octahedral [Zn(OA)¢]*>* complex evolves into a tetrahedral [Zn(SR)4]*" complex. Above 80 °C,
this complex subsequently condenses to form Zn—S—Zn bonds, leading to ZnS nuclei, which
then grow into crystalline sphalerite ZnS NPs above 100 °C. The studies are complemented by
in situ X-ray scattering measurements, which further confirm the transformation of non-
crystalline ZnS nuclei directly to ZnS in the sphalerite phase.

In conclusion, this work highlights the potential of spatially resolved HERFD-XANES as a tool
for monitoring chemical reactions in nonhomogeneous two-phase reactions that are
inaccessible by other methodologies. The insights gained through this approach not only
enhance our understanding of two-phase ZnS synthesis but also open new opportunities for

exploring the synthesis of a wider range of nanostructures or quantum dots.
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5.6 Experimental Section

Chemicals:

Zinc (I1) acetate (Zn(Ac)2) (99.99%, anhydrous), sulfur (99.998% trace metal basis), toluene
(anhydrous, 99.8%), and oleylamine (=98% primary amine) were procured from Sigma-
Aldrich. All chemicals were utilized in their as-received state without undergoing additional

purification.

ZnS synthesis:

For the preparation of ZnS precursor solutions, 0.184 g of Zn(Ac) (1 mmol) was dissolved in
15 mL of Milli-Q water. The resulting solution was subjected to filtration using 200 nm screw-
on syringe filters. Simultaneously, 1.5 mL of oleylamine (~98%) and 0.096 g (3 mmol) of
elemental sulfur were dissolved in 15 mL of anhydrous toluene. For the in situ studies,
50 microliters of the aqueous solution and 100 microliters of the toluene solution were
sequentially introduced into the reaction cell, and the reaction was performed with a heating
rate of 1 °C/min up to 155 °C for 1 h. A control reaction was also carried out in a standard 45
mL stainless-steel autoclave, with a temperature range of 100 — 150 °C and reaction times from

1 to 24 h.

Beamline setup and data acquisition:
The HERFD-XANES were acquired at the ID26 and ID24 beamlines at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. On both beamlines, the Si(111)

reflection of a double crystal monochromator was chosen for selecting the incoming energy.
The HERFD-XANES data were obtained by measuring the intensity of the Zn Ko main line
utilizing Si(642) crystals in Rowland Geometry within a Johann-type X-ray emission

spectrometer.® The crystal bending radius was Im on ID26 and 0.5m on ID24. This
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measurement involved continuous scanning of the monochromator together with the undulator
gap. The scans across the interface shown in Figure 2 were performed at D24, with a focused
beam size of 0.5 um x 0.5 um. The in situ data shown in Figure 3 were collected at ID26 with
a beam size of 0.2 mm x 0.4 mm. To minimize radiation damage, the position of the X-ray beam
center was varied among different points on the reaction cell. XANES spectra were recorded at
intervals of 16 seconds, with the energy range set from 9.64 to 9.8 keV and an energy step of

0.2eV.

The in situ X-ray total scattering data were obtained at the P21 beamline of PETRA II1, situated
at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. The total scattering
measurements were performed at intervals of 0.5 s using a flat panel detector (PerkinElmer
XRD1621, Varex Imaging Corp.) featuring 2048x2048 pixels with a size of 200 x 200 pm?.
Throughout the experiments involving the synthesis of ZnS NPs at 155 °C, the sample-to-
detector distances (SDD) for total scattering data were set at 0.39 m. The SSD for the XRD data
was set to 1.54 m. These distances were determined through calibration with a LaB6 calibrant,

and the X-ray beam energy employed for the measurements was 101.8 keV.

Data processing:

The HERFD-XAS were processed through a custom Python code built upon previously
published packages. Edge position determination and edge jump normalization were executed
using the LARCH-XAFS module.'®* Spectroscopic data underwent treatment with a Savitzky-
Golay filter and further processing utilizing the NumPy!%> and SciPy!'*® packages. XANES

spectra simulations were carried out using the ORCA 5.0.4. code, '’

where the initial complex
before relaxation was built with Avogadro 1.2.0., an open-source molecular builder and
visualization tool.!”® XANES spectra simulations in SI were conducted using the FEFF09

code!'?. ORCA and feff parameters were listed in SI.

Azimuthal and radial integration of the 2D detector patterns for PDF and XRD data was done

['?, excluding beam stop shadows, glitches, defective, and noisy

using the Python module pyFA
pixels. Background data collection under identical reaction conditions of the ZnS syntheses at
155 °C. The background data were subtracted from the sample data set using a fitted scaling

factor constrained to a maximum value between 0.95 and 1.1. Data averaging over 120 frames,
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corresponding to a 1-minute time resolution, was performed. PDFs (G(r)) were calculated in
the r-range (lowest to highest r extracted from the Fourier transformation) of 0 - 30 A" in steps
of 0.01 A" using the software PDFgetX3.!'” The PDFs were obtained with a Qmaxinst (highest
Q usable under given experiment conditions) of 25 A" over a Q-range (upper to lower cut-off)
of 0.1-14.8 A" and an r-poly of 1.1. The latter corresponds to the range of polynomial fitting
in ad-hoc correction (here, a five-degree polynomial correction, n=rpolyQmaxinst/z). The PDF
fittings were done utilizing Diffpy-CMI, employing a single-phase refinement with ZnS
sphalerite. The sphalerite phase (mp-10695) was extracted from the materials project
database,?* and the refinement was conducted sequentially, starting from the PDF at the end of
the reaction and proceeding backward to earlier reaction times to ensure improved fit reliability.
The Rietveld refinement was performed with GSAS-II package.?*° The sphalerite phase (ICSD-
230703) were used from the ICSD database. The refinement was carried out in a sequential
way, starting from the XRD at the end of the reaction and going backward to earlier reaction
times, ensuring a better reliability of the fit.

The wording and readability of the manuscript were improved by ChatGPT 4.0, following the

guidelines of ACS journals. 2%
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6 Further perspectives: in situ formation of Fe3S4 nanostructures

My contribution to this work compromises the synthesis of Fe.S, nanostructures in toluene, the
measurement and analysis of vtc-XES, HERFD-XAS and RIXS data, the DFT calculations, the
analysis of PDF and PXRD data.

The synthesis of Fes3Ss in benzyl alcohol were developed and established by Dr. Cecilia A. Zito,
Brian Jessen and Dr. Francesco Caddeo.

A first characterization of this synthesis was already presented and discussed in the master
thesis of Brian Jessen.

The discussed diffraction data were acquired by Dr. Cecilia Zito, Sani Y. Harouna-Mayer, Dr.
Chia-Shuo Hsu, Tjark L. R. Grone and Jagadesh Kopula Kesavan at P21.1. The discussed
spectroscopic data were acquired with Sarah A. Hussak, Lian Belgardt, Dr. Cecilia Zito, Tjark
L.R. Grone and Dr. Chia-Shu Hsu.

6.1 Introduction

Iron sulfides (FexSy) are an earth-abundant class of materials since they are an essential part of
the global biochemical sulfur cycle.?>® Besides their high chemical stability and interesting
magnetic properties®!, especially the tetragonal mackinawite (FeS) and the cubic spinel
structure greigite (FesS4) phases are well known for their performance in electrochemistry,

252,23 in the hydrogen evolution

where they find applications in sodium-ion batteries,
reaction?>* 25 or in the reduction of CO,.%5¢ All potential applications of iron sulfides are based
on their unique orbital composition and electronical properties.>>” The presence of delocalized
charge carriers in Fe3S4 can be attributed to electron hopping between ferrous (d6) and ferric
(d5) Fe on octahedral sites, leading to a semimetallic nature with a band gap of around 0.8
eV.2%% 259 This narrow energy band gap compared to Fe oxides, e.g., enhances electrical
transport properties.?>2
The synthesis of iron sulfides is well described in the literature.?®° Tetragonal FeS has the lowest
reaction temperature among the various phases. When the reaction conditions permit the
incorporation of excess sulfur, the nucleation of FeS initiates a transformational pathway that
progresses through greigite (FesSs) and finally leads to pyrite (FeSz). The transition to a
hexagonal close-packed (hcp) lattice is kinetically hindered,?®! even though the hcp phases
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exhibit intermediate enthalpies.?®® However, the phase transition through an intermediate FeS
structure during the synthesis of Fe3Ss nanomaterials has already been proposed,?*® but to date,
obtaining the desired phase follows mostly a try-and-error approach. An in situ investigation of
the emergence of atomic electronic structures in iron sulfide synthesis could propose a reaction
mechanism, allow the identification of intermediate structures, and help to understand the phase
transitions during the solvothermal synthesis, but it has not been reported to date.

In this chapter, we presented a preliminary analysis of a multi-model approach to link the
emergence of the electronic structure with the atomic structure by establishing in situ vtc-XES
on the Fe K-Edge during the solvothermal synthesis of Fe3S4 nanocrystals. The in situ vtc-XES
analysis provided detailed insights into the donor orbitals of the recombination, which directly
correlates to the changes in iron coordination throughout the reaction. Thereby, we prove the
reduction and solvent coordination of Fe(acac)s precursor forming a [Fe(acac)2(BA):] complex.
We combine the results with in situ HERFD-XAS and PXRD analysis to identify the structure
and morphology of FeS nanosheets as an intermediate and follow the phase transformation to

isotropic Fe3S4 nanocrystals.

6.2 Result and Discussion

6.2.1 The crystallization of FeS nanosheets and the phase transition to Fe3S4

nanocrystals

To monitor the structural evolution of Fe3S4 nanocrystals, we conducted in situ PXRD analysis
during the synthesis at 180 °C with combined sequential Rietveld refinement. We observe the
formation of tetragonal FeS (P4/nmm) nanosheets as an intermediate step prior to the phase
transition to the cubic spinel structure of Fe3Ss4 (Fd3m), as schematically illustrated in
Figure 6.1.a. In the early stages of the reaction, only a peak below 2 A™! related to the residual
background is observable, indicating the absence of crystalline species in the solution, as shown
in Figure 6.1.b. The first reflection at around 3.4 A'! appears when the temperature reaches
about 120 °C, followed by the emergence of reflections at approximately 2.4, 2.8, and 4.8 A",
corresponding to the initial formation of FeS nanosheets. Upon reaching the final reaction
temperature of 180 °C, the characteristic peaks of Fe3S4 nanocrystals becomes evident. The

intensity of the reflections related to Fe;S4 increases alongside a correlated decrease in the
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intensity of the reflections related to FeS. Fe;S4 becomes the predominant crystalline phase as
the reaction progresses, persisting until the end after 75 minutes.

We perform the sequential Rietveld refinement on the in sifu PXRD data to monitor the
contributions of the two FexSy phases and crystal size throughout the reaction, as shown in
Figure 6.1.c. After 15 min reaction time, the PXRD pattern can be refined by a mixture of
around 75% anisotropic FeS domains and 25 % isotropic Fe3Sa, as plotted in Figure 6.1.d. The
FeS contribution is refined using an uniaxial model, with (001) as a unique axis, resulting in a
disk-like structure with a thickness of around 3 nm and a diameter of around 50 nm. Therefore,
the FeS tetrahedrons are oriented along the (001) lattice plane, forming a layered structure, as
shown in Figure 6.1.a. The Fe3S4 contributions are fitted with a spherical domain, which grows
from 15 nm after 15 min to 22 nm after 75 min. After 60 min, the FeS contribution converges
to zero, indicating a single crystalline phase at the end of the reaction. An overview of the
Rietveld analysis is provided in Figure 8.3.2.1.-3. and in Table 8.3.2.1.

Although the final Fe3S4 phase is fitted very well with an isotropic domain, SEM images reveal
a platelet-like nanoparticle assembly at the end of the reaction, as shown in Figure 6.1.f.
Additional SEM images are available in Figure 8.3.2.4.-6., comparing the morphology of the
final product at different reaction temperatures. To understand the transformation from the FeS
layered structure to the Fe3Ss platelet-like morphology, in situ imaging techniques like
ptychography or in situ morphology analysis like in situ SAXS can gain insights into the
assembly and morphology during the synthesis, which is beyond the scope of this thesis.
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Figure 6.1: In situ PXRD analysis of Fe3S4 synthesis at 180°C. (a) Illustration of the phase
transformation from FeS nanosheets to Fe3S4 nanocrystals. (b) /n situ time-resolved PXRD
patterns for the synthesis of Fe3S4 nanocrystals at 180 °C, compared with the standard patterns
for greigite FesS4 (Fd-3m) and mackinawite FeS (P4/nmm) phases. (¢) Sequential Rietveld
refinement quantifies the fraction between FeS and FesSs (top) and the growth of FesS4
nanocrystals (bottom). (d) Rietveld refinement of the phase mixture after 15 min reaction time
at 180 °C shows a strong contribution of FeS. The dimensions refined in the uniaxial model
with (001) as a unique axis suggest a layered structure of FeS. (e) The only crystalline phase at
the end of the reaction is FesS4, as shown in the Rietveld refinement after 75 min reaction time.

(f) SEM image of the reaction product shows a platelet-like assembly of Fe3S4 nanocrystals.

As depicted in Figure 6.2, lowering the synthesis temperature to 160 °C or 140 °C slows the
transformation of FeS into Fe3S4. Even after 180 min of reaction time, both crystalline phases
are mixed, with FeS being the main phase at the end of the reaction at 140 °C, as shown in

Figure 6.2.
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Figure 6.2: in situ PXRD analysis of Fe3S4 synthesis at different reaction temperatures.

(a) In situ time-resolved PXRD patterns for the synthesis of Fe3Ss4 at 180 °C with 10°C/min

heating rate, compared with reactions at reaction temperatures of 160 °C (b) and 140 °C (c)

with 1°C/min heating rate. Rietveld refinements of the final products reveal an estimated ratio
between FeS and Fe3Ss of 0% FeS and 100% FesS4 at 180°C (d), 7% FeS and 93% Fe3S4 at 160
°C (e) and 61% FeS and 39% FesS4 at 140 °C (f) reaction temperatures.
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6.2.2 The chemistry of Fe3S4 nanocrystal formation

The PXRD shows the formation of phase-pure spinel Fe3Ss nanocrystals and confirms
tetragonal FeS as the crystalline intermediate. However, it fails to provide information at the
molecular level before the crystallization of the nanoparticles. Hence, we conduct in situ
HERFD-XAS and vtc-XES measurements at the Fe K-edge while synthesizing Fes3S4
nanocrystals to track chemical changes surrounding the Fe atoms. The reaction is performed at
a heating rate of 1 °C/min rather than 10 °C/min to account for the slower acquisition time of
in situ HERFD-XAS and vtc-XES compared to PXRD. This allows to obtain detailed
information about the reaction mechanism and determination of emerging Fe compounds

during heating to the reaction temperature of 180 °C.

The in situ HERFD-XAS data is shown in Figure 6.3.a. Upon heating, the absorption edge
shifts to lower energies, indicating the reduction of Fe** in the precursor and a possible change
in the coordinating atoms. These changes are accompanied by the pre-edge features shift to
lower energies and increasing in intensity, as highlighted in Figure 6.3.b. (I). After reaching
180 °C, the pre-edge reaches its highest intensity, then gradually shifts to higher energy with a
decrease in intensity as the reaction progresses (II). Since the pre-edge corresponds to the
forbidden 1s—3d transition, high pre-edge intensities are associated with a high hybridization
degree of the unoccupied 3d and 4p orbitals due to deviations from perfectly centrosymmetric
coordination.

To understand the coordination geometry, RIXS analysis of the reaction solution was conducted
before and after the reaction, as shown in Figure 6.3.c-f. Prior to the reaction, the spectral shape
of the reaction solution corresponds to Fe(acac); where the pre-edge is divided into T>g and Eg
contributions, as indicated by the arrows in Figure 6.3.c. By fitting a line scan, represented by
the white dotted line, with two pseudo Voigt functions, the position of the T>g and Eg
contribution were determined to 7112.81 eV and 7114.41 eV, respectively. These values match
well with the energy position of pre-edge peaks of Fe(acac)3, which are reported with 7112.79
eV and 7114.31 eV, respectively.?®? The fit and the deconvolution into T2 and Eg contributions
are shown in Figure 6.3.d. This splitting is due to crystal-field splitting in the octahedral
coordination of Fe*, as already reported for Fe(acac)s.”® While the Tag describes the transition

into three d-orbitals oriented between the axes (dy,, dy;, dy;), the E describes the transition

into the two d-orbitals oriented along the axis (d,.2 d,2). For an Fe2+ state of iron, the

—y2
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crystal field splitting is much weaker, and the pre-edge are mainly based on T; and T> d-
Orbitals.?6?

However, the pre-edge feature in RIXS analysis of the final reaction product, shown in
Figure 6.3.e., reveals a splitting into Tog and Eg contributions based on the remainder in
octahedral coordination in Fes3S4. Since the RIXS analysis was performed on the reaction
solution, it may include unreacted contributions of other components, which could influence
the shape of the pre-edge. Therefore, the peak positions and relative intensities of each
contribution to the pre-edge in the reaction product were discussed later with the result of the

MCR-ALS analysis.

Table 6.1: Pre-edge analysis of the reaction solution before and after the reaction to Fe3Ss.

Ox. state Centroid Peak 1 Peak 2
Before Fe 7113.24 7112.81 7114.41
reaction
After Fe¥*/Fe** | 7112.27 7111.9 7112.93
reaction

The presence of an intermediate during this reaction are suggested by an rise in intensity of the
pre-edge during the reaction when reaching the final reaction temperature, as shown in Figure
6.3.b., corresponds to the crystalline intermediate FeS, also identified by PXRD, where Fe is
solely tetrahedrally coordinated. The tetrahedral coordination in FeS leads to the absence of Eg
contributions to the pre-edge, as discussed later in Figure 6.5.c.

To perform a RIXS analysis of FeS, a synthesis of FexSy was performed, heating Fe(acac); with
oleylamine and elemental sulfur dissolved in toluene to 100°C. This synthesis is discussed in

Chapter 8.3.1.
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Figure 6.3: In situ HERFD-XAS analysis of the Fe3S4 synthesis at 180°C and RIXS
analysis of the reaction solutions. (a) /n situ HERFD-XAS data during the synthesis of FesS4.
(b) Pre-edge analysis indicates the change in coordination geometry from octahedral to
tetrahedral (I) and from tetrahedral to partly octahedral (II). RIXS analysis of the reaction
solution before (c) and after the reaction (e) showed a crystal-field splitting of d-orbitals into
T2 and Eg in the octahedral coordination of Fe(acac)s and FesS4, respectively. Fitting the Koy

HERFD-XAS cuts (dashed, white lines) of Fe(acac)s (d) and Fe3S4 (f) show the Tog and Eg

orbital contributions.
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Figure 6.4: MCR-ALS Component analysis of in situ HERFD-XAS data of the Fe3S4
synthesis at 180°C. MCR-ALS component analysis of the HERFD-XAS data (a) recovers four
components with their related concentration profile during the reaction. (b) The spectra of the
first intermediate (green line) are in good agreement with a TD-DFT calculated spectra of
a[Fe(acac)2(BA)2] complex (black, dashed line). The [Fe(acac)2(BA):] complex is shown as an
inset. The recovered spectra of the second intermediate (yellow line) and the final product (red

line) (c) agree with the calculated spectra (d) of FeS (yellow, dashed line) and Fe3Ss (red,
dashed line) by FEFF.

To characterize individual contributions in the in situ HERFD-XAS data, we performed MCR-

ALS as a component analysis, shown in Figure 6.4. MCR-ALS analysis allows us to identify
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four independent components in our reaction, their recovered spectra and their relative
concentration over reaction time. Details about the MCR-ALS analysis are shown in

Figure 8.3.2.7. and in Table 8.3.2.2.

The starting component, the blue trace in Figure 6.4.a, matches the reference spectrum of
Fe(acac)s as a pellet with an edge position at 7127 eV. This indicates that no significant changes
occur to the precursor when dissolved with thioacetamide in benzyl alcohol, as shown in
Figure 8.3.2.8.

In the first recovered intermediate in the reaction (shown in green), the edge position at
7123.2 eV indicates the presence of Fe?". However, the edge position is not at low energies as
in the last two compounds, which are likely the FexSy phases identified by in situ PXRD. This
observation suggests the coordination around Fe does not contain sulfur in the first coordination
sphere. To uncover the nature of this component, we simulate theoretical XANES spectra using
ORCA DFT. The experimental HERFD-XAS of this intermediate are compared to the
calculated spectra in Figure 6.4.b. TD-DFT calculations on different possible Fe?* and Fe**
complexes were performed and compared with the experimental data, shown in Figure 8.3.2.9.-
11. The observed spectral shape of the HERFD-XAS can be exclusively reproduced by a
[Fe(acac)2(BA)2] complex. Therefore, we propose that the solvent BA also works as a reducing
agent at slightly elevated temperatures by replacing one acetylacetonate group with two BA,

forming an intermediate [Fe(acac)2(BA):] complex.

In a similar system in benzyl alcohol, we previously identified an octahedrally
coordinated Co(acac), with two solvent molecules as an intermediate species.” The spectral
features of the second compound of our reaction agreed well with the theoretical spectra of
Fe(acac); coordinated with benzyl alcohol.

At the end of the reaction, PXRD pointed out the existence of Fe3Ss nanocrystals.
Therefore, we can assign the last recovered component as Fe3Ss. The third and fourth
compounds have similar spectral features, with Eo of 7117.8 eV for FeS and 7118.8 eV for
Fe3S4. Both recovered spectra in Figure 6.4.c. can be reproduced by FEFF calculations, as

shown in Figure 6.4.d. Details about the FEFF calculation are shown in Table 8.3.2.3.
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6.2 Result and Discussion

To verify the coordination in each recovered intermediate, the pre-edges of each
intermediate were fitted with two pseudo Voigt functions to deconvolute the pre-edge into

individual contributions, as shown in Figure 6.5.
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Figure 6.5: Pre-edge analysis of recovered compounds by MCR-ALS. Pre-Edge of
Fe(acac)s (a) [Fe(acac)(BA):] (b), FeS (c) and FesS4 (d) fitted with pseudo Voigt-functions
which simulate the orbital contributions of d-Orbitals (blue/red) to the pre-edges. The pseudo

Voigt functions, added to a baseline (dashed green), are shown as ‘fit’ (red line).

Table 6.2: Pre-edge analysis of MCR-ALS recovered compounds.

Oxidation | Coordination | Centroid | Peak 1 Peak 2 AE
state number
Fe(acac); Fe* 6 7113.38 | 7112.78 | 711434 | 1.6eV
Fe(acac):BA, | Fe** 6 7112.70 7112.07 7114.14 | 2.1eV
FeS Fe?* 4 711245 | 7112.11 7113.50 | 1.4eV
Fes;Sa Fe¥*/Fe** | 6/4 7112.98 | 711230 | 7114.00 | 1.7eV
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6.2 Result and Discussion

In general, the position of the pre-edge feature (centroid position) gives rise to the oxidation
state of iron, while the energy difference between individual peak contributions directly
correlates to the crystal field splitting. A large energy difference implies a strong crystal field
splitting, which suggests octahedral coordination, while a smaller energy difference implies
weaker crystal field splitting, for example, in tetrahedral geometry. The intensity of the pre-
edge contribution directly correlates with the density of d-Orbitals at the desired energy. As
described above in the RIXS analysis, the peak positions of Fe(acac); are in good agreement
with the literature. The centroid peak of the first intermediate, [Fe(acac)2(BA)2], is shifted to
lower energies by 0.68 eV compared to Fe(acac)s, which suggests a change in oxidation state
from Fe** to Fe?*. The energy difference between the two main contributions of the pre-edge is
2.1 eV, which is quite significant, indicating strong crystal field splitting and an octahedral
coordination of Fe?*. The energy differences for other octahedral Fe** complexes, such as
FeCl,,%° FeF»,2%* Fe(imidazole)s, 2% 266 or Fe(H20)e,267- 268 are reported®®? to be in the range of
2.1 eV to 2.4 eV, supporting the proposed formation of the [Fe(acac)2(BA)z] complex. In the
pre-edge analysis of the FeS, the centroid shifts further to lower energies by 0.25 eV, indicating
a ligand exchange from Fe-O to Fe-S coordination, where the oxidation state remains Fe?*. The
decrease in energy difference between the two contributions to the pre-edge to 1.4 eV suggests
a less pronounced decrease in coordination number from 6 to 4. The Fes3S4 centroid shifts back
to higher energies by 0.53 eV, and the energy difference between the two pre-edge contributions
increases. This suggests a partial rise in oxidation state from Fe?* to a mixture of Fe?" and Fe**,
as well as a partial increase in coordination number from 4 to a mix between 4 and 6. This
evidence that the mackinawite FeS and greigite Fe3S4 components, as discussed before, present

different degrees of tetrahedral geometry, i.e., full versus one-third.

Vtc-XES analysis can provide valuable insights into the ligand identity and coordination of
absorbing Fe atoms. However, due to the long acquisition times of vtc-XES, no in situ vtc-XES
studies on Fe K-edge are reported in the literature. Figure 6.6.a shows the in situ vtc-XES
analysis during the synthesis of Fe3S4 nanocrystals.

At the beginning of the reaction, the vtc-XES shows the characteristic line shape of Fe(acac)s,
as already described in the literature.®? The K, peak at around 7107 eV exhibits a shoulder at
around 7112 eV, while the weak K35 at around 7102 eV induces a broad behavior of the vtc-
XES spectra. The KB” peaks are extremely weak in intensity and are therefore not observable

in the experimental vtc-XES spectra of Fe(acac)s.3? Notably, in the first 50 min of the reaction,
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6.2 Result and Discussion

the K> shoulder intensity decreases, while the K5 and K"’ peaks become more pronounced,
as shown in Figure 6.6.b. The overall line shape remains quite similar since the position of the
KB2 peak does not change in this early reaction stage. Hence, we assume that the first
coordination sphere remains an octahedral coordination of Fe-O.

DFT calculations on different possible Fe?* and Fe** complexes were performed and compared
with the experimental data, shown in Figure 8.3.2.9.-11. The observed emerging transitions can
be exclusively reproduced by a [Fe(acac)(BA):] complex, as shown in Figure 6.6.b. DFT
calculations can also give rise to the donor orbitals of the transitions, which allowed us to assign
individual peaks in the vtc-XES to functional groups in the [Fe(acac),(BA):] complex,

visualized in Figure 6.6.c.
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Figure 6.6: in situ vtc-XES analysis of the Fe3S4 synthesis at 180 °C. (a) waterfall plot of in
situ time-resolved vtc-XES spectra during the synthesis of Fe3S4 at 180 °C. Focusing on the
first 4 scans of the in situ dataset (b), one could observe the occurrence of additional Kf3” peaks,
as well as an increased intensity of the K35 peak, which can be attributed to the formation of an
octahedral [Fe(acac)2(BA):] complex (dashed line), as visualized in (c). The unlabeled peak at
7.112 eV belong to Fe(acac)s.

Throughout the reaction, the K> splitting disappears while the Kf> shifts from 7107 eV to
7109 eV, which indicates a ligand exchange from Fe-O to Fe-S coordination. At around 145 min
reaction time, the experimental vtc-XES can be reproduced well by FEFF calculations of FeS,
as shown in Figure 6.7. By the end of the reaction, the emergence of a KB peak at 7092 eV
became noticeable, induced by the presence of octahedral coordination in Fe3S4, which can be

reproduced by FEFF calculations for the transition of FeS to Fe3S4, as shown in Figure 6.7. As
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noticeable, there is a discrepancy between the absolute energy positions of the individual peaks
between experimental data (Figure 6.7.a) and FEFF calculations (Figure 6.7.b). The

difficulties of reproducing experimental vtc-XES data by FEFF calculations are systematically

described, also with the example of FeS, in the literature.'*?
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Figure 6.7: vtc-XES analysis of FeS and Fe3S4. (a) Experimental vtc-XES of FeS (145 min
reaction time) and Fe3S4 (end of the reaction) show differences in the Kf” intensity, related to
the presence of octahedral-coordinated Fe in FesSs4. (b) FEFF calculations of tetrahedral-

coordinated FeS and octahedral-coordinated FeS in Fe3S4, predict the emergence of a K peak
in FesSa.

Overall, combining in situ HERFD-XAS and vtc-XES analysis resolves the chemical reactions
during the synthesis of Fe3S4 nanocrystals and proposes a reaction mechanism that undergoes

the formation of a [Fe(acac)2(BA)2] complex and FeS as intermediate structures.

6.3 Conclusion

This chapter presented a synthetic route yielding phase pure FesSs nanocrystals. We
demonstrated the complementary use of in situ HERFD-XAS, vtc-XES, and in situ PXRD to
characterize the formation of reaction intermediates and propose a reaction mechanism. We
showed that at the beginning of the reaction, Fe(acac); is partly reduced and coordinated by BA,
forming a [Fe(acac)>(BA)2] complex, identified by combined HERFD-XAS analysis and DFT

calculations and confirmed by electronic transitions from molecular orbitals of BA to Fe 1s,
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6.4 Experimental Section

recorded by in situ vtc-XES. The formation of Fe;S4 undergoes another intermediate state, the
crystalline FeS phase, which could be refined with disk-like domains with 3 nm thickness and
around 50 nm diameter. The FeS nanosheets convert at the reaction temperature of 180 °C to
Fe3S4 nanocrystals, as observed by in situ HERFD-XAS and PXRD analysis.

In conclusion, this study provides detailed insight into the coordination chemistry and structural
changes occurring during the synthesis of Fes3S4. In particular, the in sifu vtc-XES analysis
showcases its potential to monitor structural and electronic transitions before particle formation

at elevated temperatures.

6.4 Experimental Section

Materials:
Iron acetylacetonate(Ill) (>99.9% trace metals basis), and benzyl alcohol (> 99.0%) were
purchased from Sigma-Aldrich and thioacetamide (98%) was obtained from Thermo Scientific.

The chemicals were used as received without further purification.

Synthesis of the Fe3S4 nanocrystals:

The Fe3S4 nanocrystals were synthesized via a solvothermal approach. In separate containers,
a 0.2 mol/L solution of Fe(acac)s in benzyl alcohol and a 0.6 mol/L solution of thioacetamide
in benzyl alcohol were prepared. Both solutions were homogeneously mixed, and an aliquot of
200 pL was transferred to a PEEK reaction container, which was sealed and heated using our
self-build in situ cell.” The solutions were heated at 180 °C under constant magnetic stirring for
60 min at a heating ramp of 10 °C/min. For comparison purposes, the reaction was also carried

out at 140 °C and 160 °C.

S(T)EM images:

The scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) images were acquired using a Regulus 8220 microscope (Hitachi High Technologies
Corp., Japan) at an acceleration voltage of 30 kV.

HERFD-XANES and vtc-XES data acquisition:
The in situ HERFD-XAS and vtc-XES spectra were recorded at the ID26 beamline at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France. The HERFD-XAS were
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6.4 Experimental Section

collected by measuring the intensity of the Fe K. main line using a Ge(440) crystal in Rowland
Geometry while scanning the incident energy. The position of the X-ray beam was moved on
the reaction cell to minimize radiation damage. XAS spectra were acquired for 35 s with an
energy range from 7.10 to 7.22 keV and a stepsize of 0.1 eV. The vtc-XES spectra were recorded
using four Ge(620) crystals in Rowland geometry over a total energy range from 7.065 to
7.135 keV. To decrease the acquisition time, the spectra region from 7.082 to 7.125 keV was
measured with energy steps of 0.5 eV and an acquisition time of 3 s per point, while the range
from 7.065 to 7.08 keV was measured with 7 datapoints, and the range of 7.1255 to 7.135 keV
was measured with 4 datapoints, both with 1s acquisition time per point. In total, the total

acquisition time for one vtc-XES was 490 s including motor movements.

Vtc-XES and HERFD-XANES processing:

The HERFD-XAS and the vtc-XES data were processed using a self-written Python code. The
vtc-XES data were normalized by the maximum intensity. The determination of the XAS edge
position and normalization of the edge jump were performed by using the LARCH-XAFS
module.'”* The spectroscopic data were treated with a Savitzky-Golay filter and further
processed with the NumPy and SciPy package.!*> 16 The simulations of the XAS spectra were
carried out using the FEFF09!°% 13 and ORCA 5.0.4 code.!”’” The initial iron complexes for
DFT optimization were built using Avogadro: an open-source molecular builder and

visualization tool. Version 1.2.0. 18

PXRD data acquisition:

PXRD measurements were carried out at beamline P21.1 of PETRA III at Deutsches
Elektronen-Synchrotron (DESY), Hamburg, Germany. Diffraction patterns were collected
every second at an incident X-ray energy of 101.84 keV (A of 0.12183 A) employing a flat panel
detector XRD1621 (Perkin Elmer Inc., USA) with a pixel size of 200 x 200 pm? and a sample-
to-detector distance (SDD) of 1.54 m. The SDD value was obtained from the calibration from

the measurement of the LaBs powder filled in the glass reaction container of the in situ cell.

PXRD processing:
The 2D diffraction patterns were integrated using pyFAI, which was used for obtaining
instrumental parameters, masking unwanted elements such as dead pixels, shadows from the

beam stop, etc. For the background subtraction, only thioacetamide dissolved in benzyl alcohol
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6.4 Experimental Section

was measured under the same conditions of the synthesis, i.e., at 180 °C at a heating rate of 10
°C/min. The data were averaged over 60 frames, yielding a time resolution of 60 s. The resulting
PXRD patterns were sequentially refined using GSAS-II package,! starting from the PXRD
pattern at the end of the reaction and moving back to earlier reaction times. The refinements
were performed using the crystallographic data of cubic spinel Fe3S4 (Fd-3m (227) space group)
from the Inorganic Crystal Structure Database (ICSD)-42535, and tetragonal FeS (P4/nmm
(129) space group) ICSD-81087.
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7 Conclusion and Outlook

This thesis expands the application of Zn and Fe K-edge HERFD-XAS and vtc-XES in
inorganic and bioinorganic chemistry to investigate the emergence and growth of nanomaterials
in solution at elevated temperatures. Complemented by total scattering methods, these
techniques resolve the electronic and atomic structure formation during the synthesis of ZnS
nanoparticles and nanorods, FeS nanosheets, and Fe3S4 nanocrystals, enabling us to puzzle the

reaction mechanisms involved in these syntheses.

The integration of HERFD-XAS, vtc-XES, and DFT calculations enables the identification of
successive Zn-0, Zn-N, and Zn-S ligand exchanges (Chapter 4.3.1). Our findings indicate that
even at room temperature, Zn(Ac), reacts with oleylamine to form a mixture of tetrahedral
[Zn(OA)s]** and octahedral [Zn(OA)s]** complexes, which, upon the addition of sulfur,
transforms into a tetrahedral [Zn(SOA)4]** complex. This eliminates the possibility of hydrogen
sulfide Zn complexes forming, such as [Zn(H2S)4]*>". By monitoring the in sifu heating of the
[Zn(SOA)4]*" complex above 155 °C, we observe the successive nucleation and growth of
sphalerite and wurtzite ZnS nanostructures. Notably, we also track the evolution of the
HOMO/LUMO gap from 5.0 to 4.3 and eventually to 3.8 eV, consistent with the [Zn(SOA)4]**
complex and the 2.1 nm wurtzite and sphalerite structures, respectively (Chapter 4.3.2). The
structural transformation of ZnS was further examined through simultaneous in situ SAXS and
PXRD measurements. Our observations capture the formation of wurtzite spherical ZnS
particles, progressing to the transformation into sphalerite ZnS rods primarily oriented along
the (111) axis (Chapter 4.3.3). The shape, size, and band gap energy of the nanoparticles were
validated through ex-situ HRTEM and UV-vis spectroscopy of powder samples.

Furthermore, this thesis presented a two-phase synthetic route yielding sphalerite ZnS NPs at
the water-toluene interphase. We showed that Zn?* species diffuse from the water to the toluene
phase through an equilibrium involving a [Zn(H20)6]*" and a [Zn(OA)s]*" complexes forming
in water and in toluene, respectively. The in situ studies reveal a ligand exchange process where
the octahedral [Zn(OA)e]** complex evolves into a tetrahedral [Zn(RS)4]*" complex at 60°C.
This complex subsequently condenses to form Zn—S—Zn bonds, leading to ZnS nuclei above

80°C, which then grow into crystalline sphalerite ZnS NPs above 100°C. In conclusion, this

93



Conclusion and Outlook

study provides detailed insight into the coordination chemistry and the structural changes

occurring during the synthesis of ZnS NP in a two-phase system (Chapter 5.3).

This thesis demonstrated the versatility of in situ vtc-XES and HERFD-XAS studies by
preliminary analysis a synthetic route yielding phase pure Fe3S4 nanocrystals (Chapter 6). We
showed that at the beginning of the reaction, Fe(acac); is partly reduced and coordinated by BA,
forming a [Fe(acac)>(BA)2] complex, identified by combined HERFD-XAS analysis and DFT
calculations and confirmed by electronic transitions from molecular orbitals of BA to Fe 1s,
recorded by in situ vtc-XES. The formation of Fe3S4 undergoes another intermediate state, the
crystalline FeS phase, which could be refined by simulating disk-like domains with 3nm
thickness and around 50 nm diameter. The FeS nanosheets convert at the reaction temperature
of 180°C to Fe3S4 nanocrystals, as observed by in situ HERFD-XAS and PXRD analysis. To
characterize the change in morphology, the presented data can be complemented in future by in
situ SAXS or ptychography analysis, to understand the formation of the FeS sheets and there

transformation into Fe3S4 platelet like structure.

In conclusion, this thesis provides a detailed insight into the coordination chemistry and
structural changes during the synthesis of ZnS and FexSy nanomaterials. In particular, the in situ
vtc-XES and HERFD-XAS analysis showcase its potential to monitor structural and electronic
transitions before and during particle nucleation and growth at elevated temperatures without
interfering with electronic transitions of organic compounds. This approach holds promise for
studying other materials with high energy and small band gaps or in reaction environments
where optical spectroscopy is limited and elemental specificity is crucial for analysis in the
future. Complemented analysis by means of in situ PXRD, PDF, and SAXS enables scientists
to correlate the orbital composition of materials with their atomic structure, providing essential

information for designing nanomaterials in the future.
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8 Appendix

8.1 Supporting Information: Utilizing high X-ray energy photon-in photon-
out spectroscopies and X-ray scattering to experimentally assess the

emergence of electronic- and atomic structure of ZnS nanorods

DFT calculations of vtc-XES and XAS spectra:

The energy positions of the K25 and white line, as well as the white line intensity in the
simulations slightly differ from the experimental data, showing a stronger change than one
could observe in the experimental data when comparing the [Zn(OA)s]** and [Zn(SOA)4]**
complexes. This might be caused by inaccuracies in the DFT calculations of those charged
complexes. All calculated spectra are redshifted by 18.2 eV for XAS and 14.8 eV for vtc-XES

to  correct the mismatch between calculations and  experimental data.

d oxp b =-exp.
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Figure 8.1.1: DFT calculations of different Zn species. Additional calculations of other
coordination numbers and chemical environments for (a) [Zn(OA)4]**, Zn(OA)s]*" and
[Zn(OA)e]** compared with the mixed tetrahedral [Zn(OA)s]** (60%) and octahedral
[Zn(OA)e]** (40%) complexes and (b) [Zn(SH)4]*, [Zn(H2S)4)*" , [Zn(SH)s]* and
[Zn(SOA)4]**. Some complexes such as [Zn(SOA)s]**, as well as a [Zn(SOA)s]** complex, are
not compared in this Figure since the molecules explode during geometrical optimization which

indicates the instability of those complexes.
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Figure 8.1.2: vtc-XES analysis using area normalization. Comparing experimental vtc-XES
(a) with calculated (b) spectra of [Zn(OA)s]** and [Zn(OA)s]*" 60:40 ratio (light blue) and
[Zn(SOA)4)*" (dark blue) complexes, experimental data were normalized by the area.
Calculated data were not normalized. The expected trends in intensity and energy position were

reproduced in the simulations.

However, this normalization procedure does not work at all for the vtc-XES in situ dataset,
since short acquisition times decrease the S/N ratio and complicated the baseline fitting,
resulting glitches have a higher impact on the total area. Therefore, the intensity of the vtc-XES

shows an unphysical intensity difference between individual scans, as shown in Figure 8.1.24.

In Figure 8.1.3, we show ORCA calculations of a molecular unit of Zn(Ac),, cut out of a
Zn(Ac); crystal with the monoclinic phase. The energy positions of the whiteline in the
HERFD-XAS and the Kf2 peak are corroborated. Furthermore, the relative intensity between
the KBs and K> peaks aligns with the experimental data. However, the KBs peak exhibits
multiple contributions, where the transition at lower energy (primarily based on dipole
transitions from O p => Zn 1s, as shown in Figure 8.1.5) is underrepresented in the
experimental data. This contributes to the broad nature of the Kfs peak, as noted in the first
revision comment. A possible reason for overestimating this transition is that, in reality, the
oxygen in the third coordination sphere of Zn?" is bonded to another Zn?* ion, which is not
accounted for in this ORCA calculation. The lineshape of the edge and post-edge features in the
simulated HERFD-XAS spectra does not match the experimental data, which is anticipated

when comparing a molecular unit with a macroscopic crystal.
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Figure 8.1.3: Experimental (a), and simulated (b) vtc-XES and HERFD-XAS data of Zn(Ac)>
(black), the [Zn(OA)4]*" + [Zn(OA)e]** (light blue), and [Zn(OAS)s]** (dark blue) complexes.
The energy shifts of the K2, as well as the relative intensity between the K2 and K5 peaks,
are also present in the ORCA calculations. The ORCA calculations reproduce the shift in the
whiteline from Zn(Ac): to [Zn(OA)4]*" + [Zn(OA)s]**, and to [Zn(OAS)4]*".

To match the simulation with the experimental data, we compared intensities and energy
positions of the vtc-XES and HERFD-XAS by different mixing fractions between [Zn(OA)4]**
and [Zn(OA)e]*>*. Those behaviors can be exclusively reproduced by the fractions used 60%
[Zn(OA)s]** and 40% [Zn(OA)s]**, which are shown in Figure 8.1.4.

—0.6*[Zn(OA)2+ + 0.4*[Zn(OA)s]2+
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Figure 8.1.4: Comparing experimental data of Zn(Ac); in oleylamine with simulated vtc-XES
and HERFD-XAS data of a linear combination of 60% [Zn(OA)4]** and 40% [Zn(OA)s]**
(gray), with the individual of contribution of [Zn(OA)s]** (purple) and [Zn(OA)s]** (blue) to
the mixture. The intensity of the vtc-XES and HERFD-XAS simulations were calibrated by

comparing simulations of [Zn(SOA)4]* with experimental data. The energy position and the
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intensity of the K2 peak, as well as the energy position of HERFD-XAS peaks, can be
exclusively reproduced by the used fractions of 60% [Zn(OA)4]*" and 40% [Zn(OA)e]*".

To evaluate differences between simulated and experimental data, the transitions reflected in
the simulated vtc-XES spectra were analyzed in the following Figure 8.1.5. Additionally, we

visualized the corresponding donor orbitals of the transitions with the strongest contributions.

As shown in Figure 8.1.5, by comparing the KBs spectra of [Zn(SOA)4]*" with those of
[Zn(OA)s]*" and [Zn(OA)s]*, it becomes apparent that the transition from C p => Zn 1s is not
well-represented in the [Zn(OA)s]** and [Zn(OA)e]** spectra. This might result from the
approximation of using a calculated methylamine group instead of the actual oleylamine ligand.
The different lengths of the carbon chain might lead to varied donating behaviors of the C p-
orbitals. Therefore, the simulated KB, peaks in [Zn(OA)4]*" and [Zn(OA)s]** appear to be

narrower than those in the experimental data
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Figure 8.1.5: (left) Calculated spectra and the dipole and quadrupole contributions for (a)

Zn(Ac), (b) [Zn(OA)4]*,

(¢) [Zn(OA)¢]**, and (d) [Zn(SOA)s]**. The most intense

contributions to the vtc-XES spectra are visualized (middle). The transitions responsible for the

marked peaks in the vtc-XES spectra are listed in a table (right), along with the donor orbitals

of the most intense transitions. A detailed list of all transitions, their intensities, and all

corresponding donor orbitals is available in the .out files in the repository, as described earlier

and in the chapter.
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All the structural optimization, as well as the calculations of the vtc-XES (left) and TD-DFT

for XAS calculations (right), were performed with the following example ORCA .inp

parameters, adapted from Stepanic et. all:*°

IRKS B3LYP TightOpt TightSCF ZORA-def2-TZVP
ZORA

IFREQ Largeprint Printbasis

Y%maxcore 4000

Yoxes

CoreOrb 0

OrbOp 0

end

*xyz21

IRKS B3LYP TightSCF ZORA-def2-TZVP D3BJ
RIJCOSX ZORA

!Normalprint MOREAD

Y%maxcore 4000

%moinp "name.gbw"

Yotddft

orbwin[0]= 0,0,-1,-1 doquad true

nroots 300

maxdim 50

end

*xyz21

A detailed description of the used functionals and parameters can be found in the ORCA input

library.2%°

To export the spectra, the resulting output files are processed with orca_mapspc.

XES: orca_mapspc name.out xesq -eV -x09000 -x110000 -n10001 -w2.25
XAS: orca_mapspc name.out absq -eV -x09000 -x110000 -n10001 -kw0.03

The spectra of vte-XES without quadrupole transitions, shown in Figure SI12, were obtained by:

orca_mapspc name.out xes -eV -x09000 -x110000 -n10001 -w2.25

The .inp Files, the optimized .xyz files of all shown complexes, and the experimental raw data

are available under the following DOI: 10.25592/uhhfdm.14737
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Coordination of thioamide ligands in Zn[SOA] complexes:

DFT calculations were conducted to identify the coordination of thioamide ligands in the

experiment from the two possible coordinations depicted in Figure 8.1.6.

s g
4 )L B
®
HoN R HoN R
+Zn2+

HoN— Zn—NH, S—2Zn—S

s NH, %R H,N S > R
Y d Y HoN
R

Figure 8.1.6: Illustration of Zn** coordination in the [Zn(SOA)4]** complex. DFT structural
g p

optimization reveals that the thioamide group favors the coordination via the sulfur atom.

Thioamides show two resonance structures, one neutral form and one charge-separated form
with a negative charge being located on the sulfur atom. The former resonance structure favours
the coordination of the thioamide groups via the nitrogen to the Zn(II) cations, while the latter
resonance structure favours the coordination via sulfur. In order to see which coordination is
preferred, we carried out structure optimizations for both complexes depicted in Figure 8.1.6.
The optimization of the left and the right structures obtained the sulfur-coordinated complex
regardless of the initial structure, which supports that the sulfur-coordinated complex is formed

in the experiment, once the oleylamine and sulfur form a thioamide group.
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NMR-analysis:

As shown in literature'®, the formation of thioamide in sulfur-amine reaction mixtures
is detectable with 13C NMR spectroscopy of reaction mixture aliquots. Analogously to their
approach, aliquots from a reaction mixture of sulfur and oleylamine were taken at different
temperatures and analyzed by 'H and '*C NMR spectroscopy. The 3C('H)-NMR spectra are

shown in Figure 8.1.7.
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Q' o o
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210.0 207.5 205.0 202.5 200.0 197.5 195.0
BC{'H}-NMR [ppm]

Figure 8.1.7: ex situ NMR analysis of aliquots. >*C(*H)-NMR spectra of aliquots taken from
a mixture of sulfur (9.1 mmol) in oleylamine (45.5 mmol) indicating the formation of thioamide
at temperatures above 170 °C. Spectra of aliquots collected at and below 170 °C and the
spectrum of oleylamine in the absence of sulfur do not exhibit a signal corresponding to the

thioamide group.

BC('H)-NMR spectra of pure oleylamine and reaction mixtures collected at the
temperature range of 60-170 °C do not exhibit signals in the downfield from 195—210 ppm.
On the other hand, aliquots collected from mixtures heated to 190 °C and 200 °C exhibit a weak
signal at 204.8 ppm. Such a peak is an indication of the thioamide formation, since the carbon

nucleus of a thioamide functional group is expected to occur in the downfield of around 204

ppm. 15

The aliquot collected from the reaction mixture of Zn(Ac)z, sulfur and oleylamine at
room temperature was measured with an increased number of scans (NS=10240) to improve

the signal-to-noise ratio, which increases as the square root of the number of scans. Despite an
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increased number of scans, the '*C('H)-NMR spectrum (Figure 8.1.8) does not exhibit a signal

in the range of 200—210 ppm, which could correspond to a thioamide.

205 200 -
13C{'H}-NMR [ppm]

—— L

200 150 100 50 0
BC{"H}-NMR [ppm]

Figure 8.1.8: ex situ NMR analysis at room temperature. *C('H)-NMR spectrum acquired
with 10240 scans of the reaction mixture Zn(Ac): (6.65 mmol), S (9.1 mmol) and oleylamine
(45.4 mmol) at room temperature. The spectrum does not exhibit a peak above 200 ppm which

could indicate the formation of a thioamide functional group.
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MCR-ALS analysis:

The multivariate curve resolution-alternating least squares (MCR-ALS) method employs a
constrained alternating least squares (ALS) algorithm to solve the bilinear model. The bilinear

equation is expressed as follows:

D=CST+E (1)

where D represents the raw data set, C denotes the concentration profiles for each recovered
compound, ST stands for the related pure spectra, and E is the matrix of residuals not accounted
for by the model. The ALS algorithm operates on the principle of alternately fixing one set of
variables while solving for the other. Specifically, the process begins by initializing ST and
solving a linear algebra problem for C while keeping ST constant. Subsequently, C is held
constant, and the system is solved for ST. This cycle is repeated until convergence is achieved.
Convergence is defined by the condition that, in two consecutive iterative cycles, the relative
differences in the standard deviation of residuals between experimental and ALS-calculated
data values are less than a pre-determined threshold. Quality assessments of a converged fit are
derived from the unexplained residuals E, representing the disparity between the experimental

data and the bilinear model, with the lack of fit (%) expressed as:

2
Xij €ij

o =
lack of fit (%) = 100 T )

where d denotes an element of the data matrix, and e corresponds to the respective element in
the residuals matrix E. Furthermore, the variance R? explained in the model can be estimated

using:

2 2
_ Zijdij—Xijeij

RZ
2
Xijdjj

3)

The standard deviation of the residuals o is given by:
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S 4)

Here, n and m denote the dimensions of the raw data matrix D.

Furthermore, the ALS algorithm can adhere to physically or chemically meaningful constraints,
such as non-negativity or unimodality for concentration and spectra profiles, as well as
closure.!7®

To conduct the MCR-ALS analysis, the XAS data were organized into a matrix, where each
row corresponds to an absorption spectrum recorded in situ. The number of rows equals the
quantity of acquired spectra, and the number of columns corresponds to the number of data
points in each spectrum. Prior to implementing the ALS optimization, the determination of the
number of components and initial spectra was undertaken. The selection of the number of
components was based on the outcomes of Singular Value Decomposition (SVD). The
computed eigenvalues from the data provide insights into the extent of variance each factor or
component can elucidate. The factor associated with the highest eigenvalue exhibits the greatest
variance, while the one with the second highest eigenvalue follows, and so forth. Eigenvalues
below a certain threshold are indicative of noise in the data. The determined Eigenvalues in

both shown datasets are plotted as Scree plot in Figure 8.1.9 and are listed in Table 8.1.2.

155°C with 1°C/min 170°C with 10°C/min
a . : : b . :
1.0 270} o 1.5
cic10] SRR o o
3 o 3
o 260} S 10} 4
= ] c 0.5 5 = c °
=360 s 2 S
> P R ° 1 > P Ry 0o P2
g - > ., - qc) 2 o 0.5} e, T
k=) o . ®eee,, S0 . _*%ee,
| 5 10 15 o 5 10 15
no. of component 5t no. of component
® o LY
! 2 0 8 & & o o o o o ® o o 2 ¢ 0 0.0 0 0 o
0 5 10 15 0 5 10 15
no. of component no. of component

Figure 8.1.9: Eigenvalues of MCR-ALS analysis. Scree plot of eigenvalues of the ZnS
reaction with reaction temperature of (a) 155 °C with heating rate of 1 °C/min and of (b) 170
°C with a heating rate of 10 °C/min. The alignment of eigenvalues of four or more components

that belong to noise. The red dot marks the last used component.
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Table 8.1.1: Eigenvalues determined by SVD of the MCR-ALS analysis.

Number of [Eigenvalues of synthesis at Eigenvalues of synthesis at

components 155 °C - 1°C/min (Fig. 170 °C - 10°C/min (Fig. SI6b)
SI6a)

1 383.717 268.701

2 6.351 9.415

3 0.928 1.260

4 0.723 0918

5 0.474 0.797

6 0.294 0.616

Table 8.1.2: Fitting parameters of the MCR-ALS analysis.

Synthesis at 155°C — Synthesis at 170°C -
1°C/min (Fig. 2b) 10°C/min (Fig. SI17)

fitting error 2.505 2.360

(%)

R? 99.937 99.944

c 0.023 0.022

Owing to the limited solubility of Zn(Ac): in oleylamine, the initial 22 spectra at room
temperature have been excluded from the data matrix D for the experiment conducted at a
reaction temperature of 155 °C and a ramping rate of 1°C/min. This exclusion is necessary
because fluctuations in Zn concentrations introduce non-physical features. To facilitate the
recovery process during the MCR-ALS analysis of ZnS nanocluster formation, the spectrum of

ZnS nanoparticles was appended as the final spectrum.

During the MCR-ALS analysis, two to four different components were checked, and
the results were investigated in detail. To discriminate meaningful analysis, we followed this
selection procedure:

1. Setting the convergence criteria: We set criteria for a meaningful MCR-ALS analysis,
e.g., that the concentration of individual components cannot be negative, and show
unimodal behavior. Also, the addition of all concentrations at each timestep of the

reaction has to be 100%. Further, the XANES spectra cannot run negative.
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a. The MCR-ALS analysis with four components does not achieve convergence
with these criteria and can be excluded.

2. Of every MCR-ALS analysis that achieved a convergence (here, for two and three
components) the spectral profile was checked if unphysical features might appear. (e.g.
pre-edges in Zn K-Edge)

a. For two and three components, the resulting spectral profiles did not show any
unphysical behavior

3. If multiple MCR-ALS analyses achieve convergence and show physically meaningful
spectral profiles, the quality of reproducing the first spectra of the reaction with the first
component can give rise to the total recovering quality.

a. The two-component MCR-ALS shows a high fitting error and cannot explain all
spectral changes. As shown in the following Figure 8.1.10, the starting point

was recovered with two components in a crude way.

| [a.u]

—exp
- 3cmp
- 2cmp

9660 9.665 9.670 9.675 9.680
energy [keV]

Figure 8.1.10. The first component of MCR-ALS analysis uses in total three components (blue)
and two components (red). The experimental starting complex (black) was reproduced with low
error by three-component analysis, while the two-component analysis crudely recovered the

first experimental spectra.
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Band gap analysis of HERFD-XAS/vtc-XES data:

The resonance energy is material-dependent and changes during the reaction, thus for the in situ
studies in solution, we excite non-resonant at 9.7 keV and collect the vtc-XES spectra. We are
comparing the ionized HOMO and the non-ionized LUMO to calculate the energy difference
indicated in red in Figure 4.2¢. Thus, the Egqp is systematically underestimated by about 1.5 eV.
The difference between the minimum of the derivative of the XES data and the maximum of

the derivative of the HERFD-XAS data reflects the HOMO/LUMO gap at every reaction time.
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b - Theory fit E,(d)=3.91 + 1876
= N ® Theory (AEP) (T 73 K)
&5 54 \‘\\ Theorv f 4 L676
~ XY = 1eory fit E (d) dl,als
vy Y ® Predicted size
= = \\\\
E >0 \‘:\
+— N
< N |
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\?\NN ~~~~~~~~~~~~~~~~
4.01 , R ettt
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Diameter [nm)]
Figure 8.1.11: Electronic band gap of w-ZnS as a function of diameter. Electronic band gap
of wurtzite ZnS quantum dots (QDs) as a function of diameter, calculated using atomic effective
pseudopotentials (AEPs) (see text for details). The filled red (black) circles are the electronic
gaps at T=0 K (372 K) and the red (black) solid line is a diameter-dependent fit. The green dot

shows our measured electronic gap and the ensuing dot diameter.

We calculate the single-particle (SP) electron and hole eigenenergies and wavefunctions using
atomic effective pseudopotentials (AEPs) including spin-orbit coupling effects.!®% 18! The AEPs
are derived from density functional theory (DFT) calculations and subsequently corrected for
the electronic band gap.!®? The quantum dots (QDs) are passivated with fractional charge non-
spherical pseudo-hydrogen atoms.!83 This approach has often been used successfully in the past
to calculate optical and electronic gaps.!'8% 184 185

Since our SP calculations are performed at zero temperature, we include temperature effects a

posteriori via an analytical expression for the temperature dependence of the experimental band

gap presented in Literature: '8¢
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The parameters used in the equation are given as:

E(T) = E(0) — “T@" g 4]1 + %(%T)z + (%)4 1 ]+(1-p) [coth (g—;) - 1]

E(0)=391¢V
o=0.548 meV/K
0,=350K
p=10.389

This approach leads to a 138 meV red shift of the band gap when going from zero to room
temperature (373 K). This value has been subtracted from our calculated band gap. With this
procedure, we obtain a QD diameter of 2.1 nm corresponding to our measured electronic gap

of 4.3 eV, which is consistent with our dot size distribution.
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UV-VIS analysis:
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Figure 8.1.12: ex situ UV-VIS analysis. (a) UV-Vis spectra of the quenched reaction at various

time steps. The reaction times of 34, 55, 95, 116, and 176 min correspond to the reaction

temperatures of 75, 95, 135, 155 and 155 °C, respectively. (b-f) Tauc-Plot analysis from the

UV-vis data, providing the values for the optical band gap, summarized in Table 8.1.3 and

shown in Figure 4.2. Since the synthesis of s-ZnS undergoes the co-preparation of w-ZnS as

well as possible organic byproducts, one can observe multiple peaks in the range of 3.8 eV to

4.5 eV, especially at 116min and 176 min.

The linear fit has the general equation of y = ax+b. The values for the intercept and

slope, and the calculated band gap for each reaction step, are summarized in Table 8.1.3.
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Table 8.1.3: Values of fitting the Tauc-plots from UV-Vis data and the corresponding band gap.
34 min - 75|55 min - 95 95 min - 135 | 116 min - 155 176 min - 155

°C °C °C °C °C
a -1170.4 £123 | -1841 +£392 | -413.18+22.7 | -638.38 £ 55 -24.84 £ 0.51
b 251.21+£26.2  39249+473 96.685+5.27 | 149.51 £12.8 6.54+£0.13
AE | 4.66¢eV 4.69 eV 4.28 eV 4.27 eV 3.79 eV

SAXS background processing:
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Figure 8.1.13: SAXS background subtraction in the synthesis at (a) 155°C with 1°C/min
ramping rate and (b) 170°C and 10°C/min ramping rate. SAXS fitting of a representative
scan (top), exhibiting the individual contributions (background, power law that is treated as part
of the background, sphere to represent the NP and the lamellae formed by the solvent) The
lamellae induce a sharp peak with 2-5 multiplets which is observed in the SAXS signal. This
behavior is well known from lipid bilayers and has been reported for thio-derivatives of
oleylamine, with a bilayer distance around 38 A.!%° Nevertheless, the lamellae occur only during

the synthesis of ZnS NC, as shown in Figure 8.1.14.
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Figure 8.1.14: Control in situ SAXS data of oleylamine and sulfur solution heated to 155°C

with 1°C/min ramping rate. Unlike in Figure 4.3a where Zn(ac); is present in solution, the

lamellas do not form.
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Figure 8.1.15: SAXS fit of the reaction mixture after cooling down. Measured with a lower

g-min to visualize the limitations of the used in situ SAXS dataset. (top) deconvoluted into the

power law (middle) and individual size distributions (bottom) of the ZnS NP. All larger sizes

with contributions lower than 0.08 A-! are not accessible by in situ SAXS. The high energy is

mandatory for achieving a high max in the SAXS/WAXS combined detector setup at PO7.!1¢
The combined SAXS/WAXS signal is shown in Figure 8.1.16.
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Figure 8.1.16: Simultaneous acquired SAXS and PXRD data. Simultaneous acquired SAXS
(blue) and PXRD (red) data of the reaction solution after 250 min of the reaction, with the

background of oleylamine and sulfur (gray) at 155°C.
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Ex situ characterization of s-ZnS:

The size of the s-ZnS nanorods is described by STEM analysis as 3.1 = 1.4 nm width and
10.8 + 2.8 nm length, while the domain size, calculated by Rietveld analysis of PXRD data,
reveals a domain size of 3nm x 6nm, as shown in Figure 8.1.17. Consequently, the nanorods

mostly consist of multiple crystalline domains, attached along the s(111) axis.

o
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Figure 8.1.17: STEM image, Rietveld refinement and UV-Vis analysis of the final product
after washing procedure. (a) STEM analysis shows nanorods with a size of 3.1 + 1.4 nm width
and 10.8 + 2.8 nm length. In the inset, we present a size histogram based on the analysis of 207
particles. (b) Rietveld analysis of PXRD data of the final product conclude phase pure ZnS
nanorods in sphalerite phase with domain sizes of 3nm x 6nm. (¢) UV-VIS analysis shows a

rod-like absorption behavior with a peak of s-ZnS at 308nm.'#’

Upon the initiation of sphalerite ZnS formation, rod-like structures in the sphalerite

phase are observed, with dimensions approximately 2 nm in width and 7 nm in length. By the
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end of the reaction, the s-ZnS grows to a thickness of 3.1 + 1.4 nm and a length of 10.8 + 2.8
nm, as described in Figure 8.1.17. To enhance the image quality of the s-ZnS shown in
Figure 8.1.18 and Figure 4.3b (top, middle), the aliquots were washed before the deposition
on a TEM grid.
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HRTEM analysis of the s-ZnS:

Figure 8.1.18: HRTEM analysis of the s-ZnS. HRTEM images of an aliquot at 155 min after
eliminating the w-ZnS contribution by washing procedures. (a) The lattice fringes are indexed
to the ZnS sphalerite phase. Contour lines highlighting the shape of the s-ZnS. (b) Overview of
HRTEM pictures at different spots on the grid. The analysis reveals that the elongated structures
seen in the HRTEM images are the s-ZnS. We assume that w-ZnS nanoparticles
agglomerate/assemble before transforming into s-ZnS rods. The lattice fringes suggest an

intergrowth process rather than dissolution-recrystallization.
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Figure 8.1.19: HRTEM analysis of the w-ZnS. HRTEM images of an unwashed aliquot at

75min reaction temperature, reveal 1.9 £ 0.2 nm large particles, which belong to w-ZnS.
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Sequential Rietveld refinement:

Rietveld refinement utilizes the peak widths of reflections in the diffraction pattern to determine
the crystallite sizes of simulated reference patterns through least-squares analysis. In this study,
the diffraction pattern of the final reaction product could not be adequately described by a single
ZnS phase. Consequently, we implemented a two-phase refinement, incorporating a linear
combination of two simulated diffraction patterns corresponding to wurtzite ZnS (w-ZnS) and
sphalerite ZnS (s-ZnS). We observed discrepancies in peak intensities compared to simulations,
notably the (111) reflection of s-ZnS appeared narrower and exhibited higher intensity relative
to other reflections in the pattern. To address this, we modeled anisotropy in s-ZnS along the
(111) orientation. The least-squares fitting process optimized the proportions of w-ZnS and s-

ZnS, as well as their respective crystallite sizes.
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Figure 8.1.20: Sequential Rietveld refinement of PXRD. The data analysis assigns changes
in the reflexes during the reaction to changes in domain sizes and fractions between s-ZnS and

w-ZnS, as summarized in Table 8.1.4.
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Table 8.1.4: Rietveld refinement results at different times of the reaction.
Rw s-ZnS w- size s-ZnS | size  w-
ZnS ZnS
128 min 455% | 15.7% @ 84.3 I nmx 7 1.7 nm

% nm

149.5 min @ 3.62% | 29.3% | 70.7 Inmx 7 1.9 nm
% nm

170 min 4.77% | 323% | 67.7 2nmx 7 1.8 nm
% nm

191 min 4.04% 339% @ 66.1 Inmx7 1.9 nm
% nm

212 min 569% | 36.4%  63.6 2nmx 7 1.9 nm
% nm

2245 min | 435% | 388% @ 61.2 2nmx 7 1.8 nm
% nm

2325 min | 553% | 386% @ 614 Inmx7 1.9 nm
% nm

241 min 446 % | 399% | 60.1 2nmx 7 1.9 nm
% nm

250 min 433% 41.0% | 59.0 2nmx 7 2.0 nm

% nm
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In situ vtc-XES, HERFD-XAS, SAXS and PXRD characterization of the synthesis of s-
ZnS at 170°C with a heating rate of 10°C/min:
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Figure 8.1.21: In situ X-ray spectroscopy, SAXS and PXRD analysis of synthesis at 170°C
with 10°C/min heating rate.

(a) in situ vtc-XES and HERFD XAS, analyzed by MCR-ALS in (b). The recovered spectra
matched with the MCR-ALS of the in Figure 4.3b. The in situ band gap calculation in (c¢)
suggests a faster formation of s-ZnS which is in good agreement with the MCR-ALS data. (d)
The size was calculated by fitting the SAXS data with a spherical model. (e left) /n situ SAXS
analysis. The increasing intensity at low q, starting after approximately 20 minutes, indicates
the formation of nanoparticles during the synthesis. (e right) /n sitzu PXRD analysis shows the

formation of crystalline reflections after 20 minutes, with changes in the relative intensity of
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the w(210)/s(220) and w(113) peaks over time, suggesting the formation of the sphalerite phase
during the reaction. The s(111) peak appears to be comparably intense, implying a preferred
orientation in the s along the (111) facet. (f) Rietveld analysis of the final product shows the
presence of 79% s-ZnS and 21% w-ZnS.
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In situ reaction cell:

To run the reactions at the beamlines, adapted versions of reaction cells from previous work
were used.!*> 1°° Figure 8.1.22a presents the body of the in situ cell. For in situ HERFD-XAS
and vtc-XES studies, a PEEK reaction container (diameter 2.5mm) surrounded by a flat, thin
wall (0.2 mm) for X-ray entrance and exit was used to obtain enough signal from diluted
solutions but with enough mechanical stability (see Figure 8.1.22a). For the combined X-ray
scattering measurements, an adapted PEEK inlet works as a holder for a glass capillary,
described in detail in the literature.!”® The glass capillaries have a 0.5 mm wall thickness and
2.5 mm inner diameter. A detailed view of the inlet used in the X-ray scattering experiments is

shown in Figure 8.1.22b.

The total volume of 66 pL and 174 pL for the scattering and spectroscopic experiments,
respectively. The main potential differences can occur in different heat capacities and therefore
different heat ratios. To estimate the impact on the total heat consumption of the cell, we

calculated the required energy to heat 66 pL and 174 pL of oleylamine (in the assumption that
oleylamine has a comparable specific heat capacity to oleic acid of 2.4 k:—iK ) to 155°C to 16.1
J and 42.5 J respectively. Concerning the required energy of around 23 kJ to heat our heating

cell to 155°C, the impact of the sample volume is below 0.2%. Therefore, we did not expect

any impact of the sample volume on our reaction kinetics.
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Figure 8.1.22: Schematic of the used reaction container. (a) Unassembled view of the
reaction cell, used in X-ray spectroscopy experiments. (b) Adapted PEEK inlet with glass

capillary as a reaction vessel, used in X-ray scattering experiments.

Beam damage study:

To exclude the occurrence of beam damage, we performed radiation damage studies before the
measurement, collecting multiple XANES spectra at the same position on the pellet/cell and
checking if any changes in the spectra due to the radiation can be observed.

Zn(Ac); powder diluted in boron nitride and pressed to pellet.

We observed rapid radiation damage during XANES scans, as shown in Figure 8.1.23a. The
occurrence of radiation damage led us to limit the acquisition time of an XANES to 6s, and
average the XANES over 40 XANES spectra from different points on the pellet.

Zn solution: In the XANES spectra of Zn(Ac)> dissolved in oleylamine, we do not see any
effect of radiation damage, as shown in the Figure 8.1.23b. We collected 20 XANES spectra
on the same spot in the in situ cell, where every XANES scan took 10s. To mitigate the beam
damage during the reaction: we moved the in situ cell between the scans to an exposed spot in
the reaction container and stirred during the reaction.

vtc-XES studies: For each datapoint in the vtc-XES scan a fresh spot on the pellet was used
with a collection time of 1s per spot. To perform a concentration correction on the vtc-XES

dataset, we moved again to all measured spots and collected the intensity of the K main. The
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intensity variations on the vtc-XES are based on inhomogeneities in the pellet, or thickness of

the in-situ cell. The thickness inhomogeneity in the cell relates to the precision of the machining

of the PEEK container.
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Figure 8.1.23. Radiation damage study on Zn(Ac): pellet (a) and Zn(Ac), dissolved in
oleylamine (b). While pure Zn(Ac), shows a fast occurrence of beam damage, the Zn(Ac)

dissolved in oleylamine seems unaffected by incident X-ray radiation.

Normalization of vtc-XES:

Q
O

intensity [a.u.]
intensity [a.u.]

964 965 966 967 968 964 965 966 967 968
energy [keV] energy [keV]

Figure 8.1.24: In situ vtc-XES after smoothing and interpolation (as explained in
Figure 8.1.22a) with normalization by max intensity (a), show two almost identical scans at
the end of the reaction, while an area normalization (b) would show an unphysical overall

intensity difference.
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In summary, the most elegant way to normalize the in sifu data was a normalization of the
intensity of the K main line. But this would lead to a significant decrease in time resolution.

Thus, we maintained normalization by maximum intensity rather than by area, which allows us
to compare the relative intensities between the individual peaks and avoid unphysical

misinterpretation of intensities due to glitches.

FEFF calculations of vtc-XES and data processing:

We perform FEFF calculations!®?

of w-ZnS and s-ZnS to check if we would expect large
changes between the vtc-XES spectra. The calculations reveal only small changes in maximum
intensity as shown in the following Figure 8.1.25. In General, the limitation of FEFF to

reproduce experimental spectra is limited, as described in the literature.'*?

—FEFF w-ZnS
—FEFF s-ZnS

| [a.u.]

9.64 9.65 9.66 9.67 9.68
energy [keV]
Figure 8.1.25. FEFF simulation of w-ZnS and s-ZnS reveals only small changes in maximum
intensity.

The FEFF calculation were performed with the following parameters:

EDGE K

502 1.0
CONTROL111111
PRINT100003

XES 4.0 0.005 0.0
EXCHANGE 00.00.0 -1
SCF 901000.2 10
COREHOLE FSR
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LDOS -20 30 0.5
MULTIPOLE 2 0
a — raw start b
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— — raw end —
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Figure 8.1.26: Data processing in HERFD-XAS and vtc-XES data. vtc-XES (a) and
HERFD-XAS data (b) were interpolated and filtered as described in the experimental section.
This data optimization was required to ensure a reliable determination of the energy position of
the maximum in the derivation. To verify that the data were not significantly affected by the
processing, the filtered and raw data at the beginning and the end of the in sifu runs are

combined and plotted with an offset.
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8.2 Supporting Information: Chapter 5

TEM analysis of ZnS NPs produced in the autoclave:

C mean: 7.8 nm d
60 StdDev: 1.5 nm 150°C - 24h
50 A A 120°C-24n|
2 40 = AT AT Heve - 2an
c =
3 o] 150°C - 1h
830 = -
A o 120°C - 1h
20 100°C - 1h
10 i
A A_ ZnS Sphalerite
0 8 10 12 14 20 40 60 80
diameter [nm] 20[°]

Figure 8.2.1: TEM images (a,b) and particle size distribution (¢) of ZnS NPs produced in an
autoclave at 150 °C for 24 hours ; XRD patterns (d) of ZnS NP produced in an autoclave with

reaction temperatures between 100 and 150 °C and reaction time of 1 h and 24 h. .
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TEM and HRTEM analysis of ZnS NPs produced in the in situ cell:

mean: 3.6 nm
StdDev: 1.3 nm

2 4 6 8
diameter [nm]

Figure 8.2.2: (a) TEM image and (b) the particle size distribution of ZnS NPs as a final product
of the described in situ synthesis (155 °C for 60 min) reveals an average size of 3.6 nm with a

standard deviation of 1.3 nm.

mean: 12.3 nm
StdDev: 4.4 nm

5 10 15 20
diameter [nm]

Figure 8.2.3: HRTEM (a) and size analysis (b) of ZnS NPs as a final product of the described
in situ synthesis (155 °C for 60 min) reveals an average size of 12.3 nm with a standard
deviation of 4.4 nm. Therefore, the final product contains small and larger particles. The size

distribution depends on the position of the grid.
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Figure 8.2.4: HR-TEM analysis of ZnS NPs as a final product of the described in situ synthesis
(155 °C for 60 min) shows 3-4 nm large particles.
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DFT calculations of Zn?* complexes in water/toluene:

All the structural optimization (left) and TD-DFT for XANES calculations (right), were

performed with the following example ORCA .inp parameters:

IRKS B3LYP TightOpt TightSCF ZORA-def2-TZVP
ZORA

IFREQ Largeprint Printbasis

Y%maxcore 4000

Yoxes

CoreOrb 0

OrbOp 0

end

*xyz21

IRKS B3LYP TightSCF ZORA-def2-TZVP D3BJ
RIJCOSX ZORA

!Normalprint MOREAD

Y%maxcore 4000

Y%moinp "Zn6H20 XES.gbw"

Yotddft

orbwin[0]= 0,0,-1,-1 doquad true

nroots 300

maxdim 50

end

*xyz21

The resulting output files are processed with orca_mapspc to export the spectra:

XAS: orca_mapspc name.mpi8.out absq -eV -x09000 -x110000 -n10001 -kw0.03

The .inp Files, the optimized .xyz files of all shown complexes, and the experimental raw data

are available here: 10.25592/uhhfdm.16646

To propose the coordination of Zn?* ions in the water and toluene phases, DFT calculations

using ORCA were performed on many possible coordinations, shown in Figure 8.2.9. The

position and intensity of the white line were best reproduced with [Zn(H20)s]** in water and

[Zn(OA)e]** in the toluene phase, respectively. All calculated spectra are redshifted by 18.3 eV

to correct the mismatch between the calculations and experimental data.
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MCR-ALS:

The MCR-ALS method use a constrained Alternating Least Squares (ALS) algorithm to solve

a bilinear model. The bilinear equation is described as follows:
D=CST+E (1)

where D refers to the raw data set, C to the concentration profiles for each recovered compound,
ST to the related pure spectra, and E to the matrix of residuals not accommodated by the model.
The ALS algorithm operates based on the iterative principle of alternately fixing one set of
variables while solving for the other. To elaborate, the process initiates by initializing ST and
solving a linear algebra problem for C while maintaining ST as a constant. Subsequently, C is
held steady, and the system is solved for ST. This alternating cycle continues until convergence
is attained. Convergence is defined by the criterion that, in two consecutive iterative cycles, the
relative differences in the standard deviation of residuals between experimental and ALS-
calculated data values fall below a predetermined threshold. The evaluation of the fit's quality,
upon convergence, is based on the unexplained residuals E, signifying the disparity between

the experimental data and the bilinear model. The lack of fit (%) is quantified as:

lack of fit (%) = 100 |20
ack o 1 ( 0)_ Zi’jdizj (2)

Here, d represents an element within the data matrix, and e corresponds to the respective
element in the residuals matrix E. Additionally, the model's explained variance R? can be
estimated using:

2 2
_ Zijdij—Xijeij

RZ
2
Xijdjj

3)

The standard deviation of the residuals o is given by:
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B 4)

In this context, n and m represent the dimensions of the raw data matrix, denoted as D.
Additionally, the ALS algorithm can conform to physically or chemically meaningful
constraints, such as enforcing non-negativity or unimodality for concentration and spectra

profiles and closure.!”®

For the MCR-ALS analysis, the XANES data were structured into a matrix, where each row
corresponds to an absorption spectrum recorded in sifu. The number of rows is equivalent to
the quantity of acquired spectra, and the number of columns corresponds to the number of data
points in each spectrum. Before implementing the ALS optimization, the number of
components and initial spectra was determined. The selection of the number of components was
guided by the Singular Value Decomposition (SVD) outcomes. The computed eigenvalues from
the data offer insights into the extent of variance each factor or component can elucidate. The
factor associated with the highest eigenvalue represents the greatest variance, followed by the
one with the second highest eigenvalue, and so forth. Eigenvalues below a certain threshold
indicate noise in the data. The determined eigenvalues in both datasets are illustrated in the

Scree plot in Figure 8.2.5 and are listed in Table 8.2.1.

a b
220 285
d 30 ®
o d 280 o 0.6 e
> >
E 5 3215 5 04
[ ]
A 210 | S 2 .
= ~ ) T 5 10:’ 0.2 PR
(]
%30 ° ©000000000aa -% b Cocee
5 10 15 5 10 15
20 no. of component : no. of component
10 o
0 S 0 & & 0.0 o & & 8.8 & &5 0 ® o o 0.0 o o o o.o0 o o
2.5 5.0 7.5 10.0 12.5 15.0 2.5 5.0 7.5 10.0 12.5 15.0
no. of component no. of component

Figure 8.2.5: Scree plot of eigenvalues of (a) the scan across the water-toluene interface prior
to the reaction and (b) the in situ preparation of ZnS NP. Linear-aligned eigenvalues correspond

to noise. The number of used components is indicated in red.
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Table 8.2.1: Eigenvalues determined by SVD of the MCR-ALS analysis.
Number of Eigenvalues of scanning Eigenvalues of synthesis of
components across the water-toluene ZnS NP (Figure 3)

interface prior the reaction

(Figure 2)
1 214.056 283.575
2 27.255 9.347
3 1.352 2.595
4 1.234 0.596
5 0.919 0.312
6 0.783 0.250

Table 8.2.2: Fitting parameters of the MCR-ALS analysis.
Fitting  parameters of Fitting parameters of the
scanning across the water- synthesis of ZnS NP
toluene interface prior the (Figure 3)

reaction (Figure 2)

fitting error 0.81 0.042
(%)

R? 99.9934 100

c 0.0095 0.00041

The eigenvalues of the in-situ HERFD-XAS dataset suggest four distinct components during
the reaction to ZnS NPs. The spectral features of the starting point and the final product were
also slightly better reproduced using four components instead of three, as indicated by the

standard deviations in the following Figure 8.2.6.
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Figure 8.2.6: Experimental spectra (blue lines) of the starting point compared with the MCR-
ALS recovered contributions of three component (red lines) and four component (green lines)

MCR-ALS analysis. The standard deviation between four component spectra is lower compared

to three component spectra.
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Beam damage study in water and toluene phase:

a 20 b 20
- 208 =
3 £ S S
L o S 10—
- PE = g
10 -
5
5
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9.65 9.66 9.67 9.68 9.65 9.66 9.67 9.68
energy [keV] energy [keV]

Figure 8.2.7: Beam damage study of the precursor solution in (a) the water and (b) the toluene
phase. In the water phase (a), a deposition of metallic Zn on the reaction container could be
observed, starting after 10 minutes of illumination. This was indicated by a shift of Eo towards
lower energies combined with an overall increased intensity. In the toluene phase, no formation
of metallic Zn can be observed. The acquisition time for each spectrum was 15 s. The datasets

were collected at Beamline 1D24.

In situ diffusion of Zn?* through the water-toluene interface:
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Figure 8.2.8: Concentration profile of Zn?" ions in the toluene phase during the in situ reaction.

The Zn?* concentration in the toluene phase reached its equilibrium after around 60 min reaction
time (80 °C).
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DFT calculations of Zn?* complexes in water/toluene:

— exp —[ZNn(SOA),J2*
=[Zn(H28)4]**~[Zn(OA)4(SOA)]**
==[Zn(SH)4J*~ ==[Zn(SOA),(OA),]**
—2nSHI T o

| [a.u]

L& . .
9.655 9.660 9.665 9.670 9.675 9.680
energy [keV]

Figure 8.2.9: The first recovered intermediate (black, dashed) compared with DFT calculations
of [Zn(H2S)4]*, [Zn(SH)4)*, [Zn(SH)s]*', [Zn(SOA)s]**, [Zn(OA)s(SOA)]** and
[Zn(SOA)(OA),]**. None of the calculations explain the broad behavior of the white line,
while the best agreement is achieved by assuming a [Zn(SOA)4]*" complex.

Due to the differences between experimental and simulated data, we propose the presence of a

[Zn(SR)4]*" as the first intermediate, where the identity of the R is still unknown.
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FEFF calculations of ZnS nuclei and ZnS NPs:

a b — ZnS NPs
1.5 — ZnS reference
= €10
S, 2
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Figure 8.2.10: (a) Experimental spectra of ZnS nuclei (yellow line) and ZnS NPs (red line)
recovered by MCR-ALS analysis (left) compared to simulated spectra of wurtzite (yellow line)
and sphalerite (red line) phases by FEFF calculations (right). (b) Experimental spectra of ZnS
NPs (red) compared with experimental spectra of a ZnS reference (black, Sigma Aldrich,

Product 244627).

The white line is split into a shoulder at lower energies, and the global maximum present in
both spectra is characteristic of ZnS.'%%- 17> While the shoulder in both cases is located at the
characteristic energy for the tetrahedral coordination of Zn-S, the intensity of the maximum is
higher for the sphalerite phase since this mainly reflects the higher periodicity of the Zn-S-Zn
interatomic distances in the higher symmetric ABC-ABC stacking of the ZnS tetrahedrons in
sphalerite, compared to the AB-AB stacking in the wurtzite phase.?** However, the wurtzite
phase has a higher intensity in the post-edge peaks compared to the sphalerite phase, as shown

by the FEFF simulation, and this is not visible in the recovered spectra by MCR-ALS.
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FEFF calculation parameters:

The FEFF calculations of w-ZnS and s-ZnS were performed with the following input

parameters and the FEFF09 code.

EDGE K

S02 1.0
CONTROL111111
PRINT100003
EXCHANGE 0 0.0 0.0 -1
SCF 901000.2 10
COREHOLE FSR
XANES 5.0 0.05 0.05
FMS 90

RSIGMA

LDOS -20300.5
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PDF analysis and the parameters of fit:
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Figure 8.2.11: (a) experimental PDF of the starting point (top) compared with simulated PDF
of a [Zn(H20)6]** (b) Visualization of a [Zn(H20)6]** polymorph, where the Zn atoms are shown
in gray and the oxygen is shown in red. The dashed lines correspond to Zn-Zn interatomic
distances. The Index of the Zn-Zn interatomic distances (I, II, III, IV) corresponds to maxima

in the PDF data, shown in (a). The hydrogen atoms are not shown in the scheme.
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Figure 8.2.12: PDF refinement of the final product with ZnS sphalerite. The goodness of the

fit (Rw) is 0.37, while the average crystallite size was refined to be 2.4 nm.
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Figure 8.2.13: Fitting parameters of in situ PDF refinement during the synthesis of ZnS NP.
The fit became reliable only after 100 min.
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8.3 Supporting Information: Further perspectives: in situ formation of

Fe3S4 nanostructures

8.3.1 Synthesis of FexSy in Toluene

To yield FesS4 nanostructures, Fe(acac); was dissolved in toluene, along with elemental sulfur
and oleylamine. This reaction mixture was heated to a temperature of 180°C at a rate of 5°C/min
while in-situ HERFD-XAS data were collected. Above 100°C, the data quality deteriorated
significantly, which may have two potential explanations: First, toluene forms bubbles upon
reaching its boiling point of around 104°C in the autoclave, or the FexSy structures were in the
size range of the beam spot and moved in and out of the beam during each scan. To eliminate
these glitches, the reaction temperature was decreased to 100°C. RIXS analysis of the reaction
solution prior (Figure SI8.3.1.1.a, ¢) and after the reaction (Figure SI8.3.1.1.b, d)
demonstrates the formation of FeS by the end of the reaction, as indicated by pre-edge fitting

in Figure SI18.3.1.1.f.
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Figure SI8.3.1.1 RIXS analysis (a-d) and pre-edge fitting pseudo-voigt functions (e,f) of

reaction solutions for the synthesis of Fe,Sy in toluene at 100°C, before (left) and after the

reaction (right). The iron identity in the reaction solution before the reaction aligns with

Fe(acac)s, while after the reaction, FeS is mainly present.

144



Appendix

In situ HERFD-XAS studies on the FexSy synthesis in toluene, underline the formation of FeS

as final product of this reaction, undergoing the formation of a [Fe(acac)2(BA):] complex.
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Figure SI18.3.1.2. In situ HERFD-XAS data (a) of the FeS reaction in toluene at a reaction
temperature of 100°C. The pre-edge region (b) shows an overall increase during this reaction,
suggesting the transition from octahedral coordination of iron in Fe(acac)s to tetrahedral
coordination of iron in FeS throughout the reaction. MCR-ALS analysis reveals the presence
of three individual contributions, which show the spectral shape of Fe(acac); (blue),

[Fe(acac)2(BA):] (green), and FeS (red), respectively.
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8.3.2 Synthesis of Fe3S4 in benzyl alcohol
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Figure 8.3.2.1 Sequential Rietveld refinement of the synthesis of Fe3S4 at 180 °C at (a) 10min,
(b) 13 min, (¢) 14 min, (d) 16 min, (e) 18 min, (f) 19 min, (g) 20 min, (h) 21 min, (i) 23 min,
(j) 25 min, (k) 26 min, and (I) 27 min reaction time.
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Figure 8.3.2.2 Sequential Rietveld refinement of the synthesis of Fe3S4 at 180°C at (a) 30 min,
(b) 34 min, (c) 36 min, (d) 38 min, (e) 39 min, (f) 41 min, (g) 42 min, (h) 44 min, (i) 45 min,
(j) 47 min, (k) 49 min, and (I) 52 min reaction time.
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Figure 8.3.2.3. Sequential Rietveld refinement of the synthesis of Fe3S4 at 180 °C at (a) 52 min,
(b) 59 min, (c¢) 62 min, (d) 66 min, (e) 71 min, and (f) 75 min reaction time.
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Table. 8.3.2.1. Sequential Rietveld refinement results at different reaction times. The refined
size of the FeS crystallites at a low fraction of FeS became unreasonable due to the limitation

of this analysis.

Time (min) fraction fraction FeS | size  FesSs | equatorial size | axial size | Rw (%)
FesS4 (%) (%) (nm) FeS (nm) FeS (nm)
10 0 100 - 1 13 51.3
13 3 97 14.3 3 72 50.7
14 5 95 15 3 37 40.8
15 24 76 17.1 3 55 454
16 38 62 18.3 4 40 36.9
18 53 47 17.5 3 37 29.6
19 58 42 16.8 3 51 29.9
20 62 38 18.2 3 56 29.8
21 65 35 16.8 3 58 30.1
23 67 33 17.1 2 63 273
25 68 32 18.5 2 55 37.2
26 74 26 17.8 2 112 25.6
27 76 24 17.4 2 87 25.0
30 82 18 17.9 3 94 24.6
34 87 13 18.6 3 62 24.6
36 91 9 19.4 3 54 23.8
38 90 10 20 2 780 24.9
39 94 6 19.8 3 1000 22.6
41 94 6 19.8 3 1000 21.9
42 95 5 19.8 2 1000 21.2
44 94 6 20 2 1000 20.8
45 97 3 20.3 3 1000 24.4
47 100 0 20.8 - - 284
49 100 0 20.2 - - 25.8
52 100 0 213 - - 353
55 100 0 21.8 - - 27.2
59 100 0 21.1 - - 24.9
62 100 0 22.4 - - 25.2
66 100 0 22.6 - - 30.5
71 100 0 22.8 - - 264
75 100 0 21.9 - - 26.1
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Figure 8.3.2.4. SEM images of the final product (Fe3S4 nanocrystals) show a platelet-like
morphology.

Figure 8.3.2.5. SEM (a-c), and STEM (d) images of the final product (mixture of 61 % FeS
and 39 % FesS4) at 140 °C. The SEM images were acquired and provided by Dr. Cecilia Zito.
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Figure 8.3.2.6. SEM (a-c), and STEM (d) images of the final product (mixture of 7 % FeS and
93 % FesS4) at 160 °C.
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Figure 8.3.2.7. Scree plot of eigenvalues (a) suggests four components present during the in
situ reaction. The linear behavior of eigenvalues corresponds to noise. To rule out the possibility
of five components in the in situ run, we performed an MCR-ALS analysis with five
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components (b), revealing that a 5" component strongly correlates in concentration profile and
line shape with the 3™ component (FeS).

Table. 8.3.2.2. Fitting parameters of MCR-ALS analysis.
fitting error (%) 0.58
R? 99.997
c 0.0062
a b
El E
5, S,
= =
= =
c C
L L
£ £
—starting point
—starting point —corrected Fe(acac)s
—Fe(acac); pellet —smooth Fe(acac);
7..12 7..14 7..16 7..12 7..14 7.l16
energy [keV] energy [keV]

Figure 8.3.2.8. (a) experimental HERFD-XAS spectra of the reaction solution (blue), compared
to a Fe(acac)s pellet (red). The spectral line shape matches, while the onset in the pellet appeared
broader and the whiteline less intense. These differences are potentially based on increased self-
absorption of the pellet. (b) smoothening and self-absorption correction can match the intensity
of the whiteline of the reaction solution with the Fe(acac)s pellet.
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Table. 8.3.2.3. Input parameters for the FEFF09 calculations of XANES (left) and vtc-XES

data (right).
EDGE K EDGE K
S021.0 S02 1.0
CONTROL 111111 CONTROL 111111
PRINT100003 PRINT100003
COREHOLE FSR SCF611000.21
MULTIPOLE 2 0 COREHOLE RPA
SETEDGE MULTIPOLE 2 0
EGRID XES 7120 7085 0.25
e grid -15 120.0 0.5 EXCHANGE 500.2 -1
EXCHANGE 010 -1 SETEDGE
LDOS -20 30 0.5 LDOS -4000.2
XANES 10 0.05 0.05 REAL
FMS90
a | —start b | -oFr [Fe(acac)s] A ,\|
—intermediate — DFT [Fe(acac),(BA),] |"\ ll|
141!
Il ||l“
[ i
A1y
— — 11 I l',l 1
3 3 fhv T
85, S, : l|“ 1 | Ik LI
Nl AT
1! | 1 ! ! ] 1,
Y ‘A
P‘ 1 I 1 \ 1 [' ! \ \
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Figure 8.3.2.9. (a) Recovered HERFD-XAS spectra by MRC-ALS of the first and second
components, and vtc-XES data at the start of the reaction and at around 40 min reaction time,
where the second component is the dominant species in the reaction as determined by MCR-
ALS. (b) Calculated XAS and XES spectra with DFT of a molecular unit of Fe(acac); and of
the [Fe(acac)2(BA)2] complex.
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Figure 8.3.2.10. Experimental vtc-XES and HERFD-XAS data of the first intermediate,
compared with DFT calculation of possible iron acetylacetonate structures coordinated with
H,S, thioacetamide, benzyl alcohol (BA), and benzyl mercaptan (BMCP).
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Figure 8.3.2.11. experimental vtc-XES and HERFD-XAS data of the first intermediate,
compared with DFT calculation of tetrahedral FeS, pyramidal FeS, and octahedral FeS

molecular cutouts.
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Table. 8.3.2.4. ORCA input files for structural optimization and vtc-XES (left) and HERFD-

XAS analysis (right).

IRKS B3LYP TightOpt TightSCF ZORA-def2-TZVP
ZORA

IFREQ Largeprint Printbasis

%PAL NPROCS 16 END

Y%maxcore 20000

Yoxes

CoreOrb 0

OrbOp 0

end

IRKS B3LYP TightSCF ZORA-def2-TZVP D3BJ
RIJCOSX ZORA

!Normalprint MOREAD

Y%maxcore 10000

Y%moinp "/orca_XES.gbw"

Yotddft

orbwin[0]= 0,0,-1,-1 doquad true

nroots 300

maxdim 50

end
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8.4 Supporting Information: KB RIXS of Zn references
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Figure 8.4.1. experimental K3 RIXS maps of Zn(Ac), (a, Sigma Aldrich 383317), ZnO (b,
Sigma Aldrich 544906), ZnS (¢, Sigma Aldrich 244627) and ZnSe (d).
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