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Abstract

This thesis presents a combined study of the (microscopic) electronic structure and (macroscopic)
redox properties of permanganate (MnOs") and manganate (MnQO42) ions in aqueous solution using
liquid jet soft X-ray photoelectron spectroscopy (XPS). MnQOs (i, IS a Vversatile, strong oxidizing
agent and redox precursor of manganese species with a range of oxidation states. MnOs% () is a
transient species that acts both as an oxidizing or reducing agent, forming a highly-reversible redox
pair with MnOs g, in alkaline environments. Such redox properties make these transition metal
complexes (TMCs) attractive for sustainable (electro-)chemical applications. The goal of this work
was to gain insight into the absolute energetics and redox behavior of MNO4 (ag) and MNO4? (aq) from
electronic structure information. Alternative sample sources — a micro-mixing scheme and an
electrolysis cell liquid jet — were developed to generate and study MnO4? q) transient ions.

Within a single-configuration and single-active-electron electronic structure picture, binding energy-
scaled molecular orbital (MO) diagrams were produced from MnOjs (aq) and MnO4% () XPS data.
Mn 2p and O 1s resonantly-enhanced photoelectron spectroscopy (RPES) measurements revealed
intramolecular Auger processes and valence electron binding energies that were not accessible from
the XPS experiments, as well as hybridization of and electronic coupling between the valence
electrons. In addition, the O 1s RPES experiments revealed intermolecular coulombic decay (ICD)
processes, signatures of electronic coupling between solute and solvent molecules in the first
solvation shell.

For MnO4 () at 0.2 M concentration, similar electronic energetics were observed at the gas-solution
interface and in the solution bulk, independently of the nature of the counter ion (Na*@q) or K*@q)).
Depth profiling experiments at 0.2 M and 1.0 M concentration highlighted a tendency of MnOs )
to accumulate in the solution bulk and away from the interface, with non-linear accumulation
behavior occurring for the higher concentration. Through comparison to the gas-phase ionization
energetics, the Gibbs free energy of hydration (AGnya) for isolated MnO,~ was also calculated. For
MnO4? ), Valence band features could only be isolated in surface-sensitive XPS experiments and
RPES experiments were relied on to study bulk-solution energetics. These results were applied to
infer thermodynamic parameters of half redox reactions involving the MnNO4 (aq) / MNO4’(xq) and
MnO4? (aq) / MnO4 aq) redox pairs, including oxidative reorganization energies (Aox), adiabatic
ionization energies / Gibbs free energy of oxidation (AGox) and vertical electron affinities. For the
MnO4% (ag) / MNO4 (aq) redox pair, the AGox value purely extracted from spectroscopic data was shown
to match the reported electrochemical value. Overall, the extracted redox parameters demonstrate
how insights into the macroscopic (redox) properties of chemical systems can be built up from
microscopically (molecularly) sensitive measurements. The methodology can be extended to aqueous
redox-active species that cannot be probed by conventional electrochemical methods.




Zusammenfassung

Diese Arbeit stellt eine kombinierte Untersuchung der (mikroskopischen) elektronischen Struktur und
der (makroskopischen) Redox-Eigenschaften von Permanganat- (MnO4) und Manganat- (MnO,?)
lonen in waéssriger Losung mittels Flussigkeitsstrahl-Soft-Rontgen-Photoelektronenspektroskopie
(XPS) dar. MnOy g, ist ein vielseitiges, starkes Oxidationsmittel und Redox-Vorlaufer von Mangan-
Spezies mit einer Reihe von Oxidationsstufen. MnO4% 4, ist eine transiente Spezies, die sowohl als
Oxidations- als auch als Reduktionsmittel wirkt und in alkalischen Umgebungen ein hochreversibles
Redoxpaar mit  MnOgsu)  bildet.  Solche  Redox-Eigenschaften  machen  diese
Ubergangsmetallkomplexe (TMCs) attraktiv fir nachhaltige (elektro-)chemische Anwendungen. Das
Ziel dieser Arbeit war es, Einblicke in die absolute Energetik und das Redoxverhalten von MnO4(aq)
und MnOs*(q) aus der Information der elektronischen Struktur zu gewinnen. Alternative
Flussigkeitsstrahl-Probenquellen — ein Mikro-Mischsystem und eine Elektrolysezelle — wurden
entwickelt, um MnO4% ) transiente lonen zu erzeugen und zu untersuchen.

Innerhalb eines elektronischen Strukturbildes mit einer einzigen Konfiguration und einem einzigen
aktiven Elektron wurden aus XPS-Daten von MnOx ) und MnO4% 5q) Molekiilorbitaldiagramme mit
Bindungsenergieskala erstellt. Mn 2p und O 1s resonanzverstarkte Photoelektronenspektroskopie
(RPES) Messungen zeigten intramolekulare  Auger-Prozesse und Valenzelektronen-
Bindungsenergien, die aus den XPS-Experimenten nicht zuganglich waren, sowie Hybridisierung und
elektronische Kopplung zwischen den Valenzelektronen. Darlber hinaus zeigten die O 1s RPES-
Experimente intermolekularer coulombischer Zerfallsprozesse (ICD): Signaturen der elektronischen
Kopplung zwischen geldsten und Losungsmittelmolekiilen in der ersten Solvatationsschale.

Fur MnOyq) bei 0,2 M Konzentration wurden &hnliche elektronische Energetiken an der Gas-
Ldsungs-Grenzflache und innerhalb der Lésung beobachtet, unabhangig von der Art des Gegenions
(Na*(q) oder K*qq)). Tiefenprofilierungsexperimente bei 0,2 M und 1,0 M Konzentration zeigten eine
Tendenz zur Akkumulation von MnOy g, innerhalb der Losung und weg von der Grenzflache, wobei
bei der hdheren Konzentration ein nichtlineares Akkumulationsverhalten auftrat. Durch Vergleich
mit der lonisierungsenergetik in der Gasphase wurde auch die Gibbs-Energie der Hydratation (AGnyq)
fur isoliertess MnOs berechnet. Fir MnOs*@q) konnten Valenzbandeigenschaften nur in
oberflachensensitiven XPS-Experimenten isoliert werden und RPES-Experimente wurden zur
Untersuchung der Energetik innerhalb der Losung herangezogen. Aus diesen Ergebnissen wurden
thermodynamische Parameter von halben Redoxreaktionen mit den Redoxpaaren MnOg g /
MnOy4@aq) und MnO4Z4q) / MNO4 (aq) abgeleitet, einschlieBlich oxidativer Reorganisationsenergien
(ox), adiabatischer lonisierungsenergien / Gibbs-Energie der Oxidation (AGo) und vertikaler
Elektronenaffinitaten. Fir das Redoxpaar MnOs% (.q)/ MNO4 aq) Wurde gezeigt, dass der rein aus den
spektroskopischen Daten extrahierte AGo-Wert mit dem berichteten elektrochemischen Wert
Ubereinstimmt. Insgesamt zeigen die extrahierten Redox-Parameter, wie Einblicke in die
makroskopischen (Redox-)Eigenschaften chemischer Systeme aus mikroskopisch (molekular)
sensitiven Messungen aufgebaut werden konnen. Die Methodik kann auf wéssrige redoxaktive
Spezies erwitert werden, die mit konventionellen elektrochemischen Methoden nicht untersucht
werden kdnnen.
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1 Introduction

The study of the relationship between electronic structure and function in molecules in their natural
or applied environments has been central to the understanding of natural processes — such as enzyme
catalysis [1] and oxygenic photosynthesis [2] — and the development of sustainable technologies — for
example, in environmentally-friendly, non-toxic materials (so called green chemistry [3]) and energy
conversion and storage [4, 5]. Experimentally, spectroscopic techniques form the basis of these
studies, allowing molecular electronic structure to be probed via light-matter interactions [6-8]. By
combining spectroscopic data with quantum mechanical and thermodynamic descriptions of matter
[9], chemical system energetics can be mapped and their macroscopic properties may be understood
from a microscopic (molecular) point of view [10-12].

The phenomenon of chemical change driven by the transfer of electric charge — for example, aqueous
redox chemistry — is ubiquitous in the aforementioned applications. Photosynthesis, cellular
respiration, and protein-mediated processes in living organisms [13], as well as terrestrial
biogeochemical element cycling [14] are facilitated by electron transfer reactions in the aqueous
phase. Similarly, redox reactions are the basis of electrochemical energy storage devices — such as
redox flow batteries [15] — and sustainable innovations in synthetic chemistry and catalysis [16]. The
direct investigation of the aqueous phase electronic structure of the chemical species involved in those
processes provides insight into the molecular properties and energetics that underpin both natural and
artificially-engineered redox cycles [17].

In an aqueous solution, the electronic structure of the solute (redox reagent) and the solvent (water
molecules) are intrinsically correlated. Consequently, an understanding of redox (charge transfer)
events in the aqueous phase requires consideration of the solute-solvent polarization interactions as
well as the relative molecular structures adopted by reactants and reaction products [18-20]. An
experimental technique that allows aqueous phase electronic structure information to be directly
accessed is liquid jet photoelectron spectroscopy [8, 21, 22]. The work presented here aims to apply
this technique to the study of aqueous redox synthetic species suitable for sustainable chemical and
electrochemical applications.

Within that context, chemical species of relevance are transition metal complexes (TMCs) [16, 23,
24]. TMCs are compounds that consist of several atomic or molecular groups (ligands) bound to a
common atomic or molecular transition metal center. The property of transition metals to adopt
different oxidation states results in TMCs having the ability to act as versatile electron transfer
reagents [25]. In addition, the diverse nature of the ligands — including both inorganic and organic
species — confers selectivity to their redox activity [26, 27]. The experiments and results described in
this thesis focused on investigating the electronic structure and redox energetics of two manganese
(Mn)-based TMCs in aqueous solution: permanganate (MnOx (q)) and manganate (MnO4% () ions.
Part of the work presented here (in particular, the results associated with MnOas(xq)) has led to
publication of the following article: ““The electronic structure of the aqueous permanganate ion:
aqueous-phase energetics and molecular bonding studied using liquid jet photoelectron
spectroscopy” (K. D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, Phys. Chem. Chem. Phys., 2020,
22,20311. DOI: 10.1039/DOCP04033A).




This chapter is divided into three sections. Section 1.1 describes the Mn-water redox system and the
redox properties and general relevance of MnOxsaq) and MnO4% ) ions. Section 1.2 provides a
general introduction to the application of liquid jet photoelectron spectroscopy to the study of the
electronic structure and properties of redox reactants in the aqueous phase. An overview of the
capabilities of the technique, how electronic structure and redox energetics can be linked, and
technical challenges that needed to be overcome to enable the study of transient redox species (such
MnOQ4? g, ions) are briefly outlined. Finally, Section 1.3 presents the objectives and outline of the
thesis.

1.1 The Mn-water redox system
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Figure 1.1. Aqueous Mn compounds and redox equilibria

Chemical configurations adopted by aqueous Mn compounds with different oxidation states (indicated by a
superscript using Roman numerals) [28]. Different colors are used for each oxidation state, according to the colors
of the aqueous solutions of the associated compounds. The arrows represent the main redox equilibria between
species. Red arrows are used to indicate redox equilibria taking place at acidic pHs and blue arrows indicate
equilibria occurring at alkaline pHs. The light blue arrow connecting MnOa(ag) and MnOgs) represents the most
thermodynamically favorable route of MnO4 (aq) reduction at neutral pH, which results in the formation of
hydrated MnOx(yd, in nanoparticle form [29].

Mn is one of the twelve most abundant elements forming the Earth’s crust [30, 31]. As such, it is
considered to be in abundant supply for applications [32], with approximately 2% of the total reserves
of Mn in the world being exploited every year [33]. However, it is a non-renewable resource and the
development of sustainable methods for Mn metal recovery and recycling has been increasingly
investigated over the last years [34].

Mn is predominantly found in minerals and as part of polymetallic nodules in the seafloor [31, 32,
35]. Its most thermodynamically stable form, manganese dioxide (MnOx) [23, 36] is a solid that
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crystallizes in several structures, such as a-MnQOz, B-MnO; and y-MnO- [37]. This oxide can also
exist in a hydrated form [29], which originates upon reduction of manganese species with higher
oxidation states, as will be described below. Overall, the presence of Mn compounds in the aqueous
phase is enabled by redox processes that produce soluble ionic Mn species from solid phase
precursors [30, 38]. As a transition metal with an [Ar]3d®4s? electronic configuration, Mn forms
TMCs in which it exists with a variety of oxidation states ranging from I+ to VII+ in the aqueous
phase. Given that the redox potential required to drive the formation of different charged states
depends on the H*xq) and OH (aq) concentrations in solution, these chemical species are correlated
between one another by numerous pH-dependent redox reactions and equilibria, as illustrated in
Figure 1.1 [28]. The lower oxidation states (I1+ — IV+) form species that facilitate electron transfer
between organic reaction centers in biological systems [23]. The higher oxidation states (V+ — V1I+)
are strong oxidizing agents applied in industry as green alternatives to more toxic and less abundant
compounds [39]. In addition, the reversible character displayed by redox pairs formed by the
VI+/VI1+ (redox equilibrium labelled as ‘1’ in Figure 1.1) and II+/I11+ (redox equilibrium labelled
as ‘5’ in Figure 1.1) oxidation states has led to the investigation of their potential application as
electrolytes in redox flow batteries [40, 41]. The equilibrium labelled ‘7’ in Figure 1.1 highlights the
most thermodynamically favorable route of MnOa (. reduction at neutral pH, which results in the
formation of hydrated manganese dioxide in the form of nanoparticles [29].

The occurrence of predominant Mn species with different oxidation states at equilibrium is described
by the Pourbaix diagram for the Mn-water system [36] shown in Figure 1.2. Mn complexes relevant
to this work have been highlighted in color in the figure: MnOg gy (with Mn in the VII+ oxidation
state), MnO4% ) (With Mn in the VI+ oxidation state) and MnOx) (with Mn in the IV+ oxidation
state).
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Figure 1.2. Pourbaix diagram of the Mn-Hz0 system

Pourbaix diagram of the Mn-H.0 system at 25°C. Species relevant to this work are highlighted in color:
MnOs (ag.) (purple), MnO4%(aq) (green) and MnOys) (brown). Adapted with permission from Springer Nature
Customer Service Centre GmbH: Springer Nature [36], Copyright © 2015, Pleiades Publishing, Ltd.
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While Figure 1.1 summarizes (all) the chemical identities adopted by Mn TMCs with different
oxidations states in the aqueous phase, the Pourbaix diagram shows the most prevalent (or stable)
species under equilibrated conditions. As a result, transient intermediates shown in Figure 1.1 — such
as Mn[(H20)6]*" aq) and MnO4*q) — are not present in Figure 1.2. However, those species can be
stabilized under certain conditions and, for example, a Pourbaix diagram including Mn**(,q) can be
found in Reference [42].

MnOy g, IS @ strong oxidizing agent at acidic, neutral, and alkaline pH and redox precursor of Mn
TMCs with other oxidation states, as can be seen from the redox equilibria illustrated in Figure 1.1.
As a result, it has been applied as a versatile oxidizer in green chemistry and sustainable industrial
processes [39, 43]. Due to its relatively low toxicity, it is also widely applied in the oxidation of
micro-pollutants [44], the detection of organic compounds [45] and water disinfection processes [46-
48]. It has also proven to be an effective electron acceptor in microbial fuel cells [49]. In the
aforementioned applications, MnOy g, reacts to form MnOz (redox equilibrium number 7 in Figure
1.1). This is highly beneficial in the design of sustainable chemical processes, given that MnOa) can
be recycled and converted into any of the other Mn compounds shown in Figure 1.1 (by following
the redox equilibria 4-6 at acidic pH or 1-3 at alkaline pH as shown in the figure). For example, it has
been found that recycling of MnOxs can take place under industrial conditions to form MnO4? () and
MnOy (g, [43].

MnQ4?4q,) ions act both as reducing and oxidizing agents at alkaline pH [50-53]. This species is
unstable towards disproportionation, that is, their stability in aqueous solution is relatively limited
and these compounds convert to MnOxs) over time [54]. This is represented by redox equilibria 2 and
3 in Figure 1.1. Consequently, MnO4%4q) ions are generally formed as transient intermediates during
the reduction of MnOy () in alkaline media, with relevance for the oxidation and degradation of
organic compounds [51, 55-58]. In addition, as previously mentioned, MnO4?4q) forms a highly
reversible redox pair with MnO4 (q) that has found to be applicable as a catholyte in redox-flow
batteries [40]. This redox pair has a redox potential within the water electrochemical potential window
and a relatively high solubility in water, properties that facilitate large electrochemical energy storage
capacities [40].

1.2 Photoelectron spectroscopy and redox chemistry

1.2.1 Liquid jet photoelectron spectroscopy

Photoelectron spectroscopy (PES) allows the electronic structure of atoms, molecules, and materials
to be probed under (nearly) isolated (gas phase) or condensed conditions (solid phase, liquid phase
and interfaces) [59-63]. A PES experiment involves irradiation of a sample by a monochromatic
ionizing radiation source and measurement of the kinetic energy (KE) of the emitted electrons [63].
With a known photon energy and a KE calibration of the spectrometer, the associated electron binding
energies (BEs) can then be determined from those measurements on an absolute energy scale [64,
65]. When (soft) X-rays are used as the irradiation source — as in the work presented here — PES is
referred to as (soft) X-ray photoelectron spectroscopy (XPS) [64, 65]. The high photon energy of X-
rays (as will be described in Chapter 3) allows valence and core electrons of a sample to be ionized,
hence allowing the overall electronic structure to be probed.




During a XPS experiment, the sample is placed inside a vacuum chamber in order to propagate the
ionizing light to the sample, to operate the high-voltage electron detector, and to minimize extrinsic
changes in the nascent electron KEs due to collisional events prior to measurement [62]. This
requirement poses a challenge for volatile liquid phase samples, since such liquids would normally
freeze under vacuum conditions. Furthermore, the vapor pressure surrounding the liquid provides a
source of gas phase molecules that will also be ionized and can scatter outgoing electrons [66, 67].

The above-mentioned challenges were overcome with the realization of in-vacuum liquid beams in
1973 [68] and the subsequent development of the liquid micro-jet technique in 1988, allowing XPS
studies to be performed on aqueous solutions [69]. Previous pioneering XPS experiments in liquids
had implemented wetted rotating wires and rotating metal or quartz disks to produce clean liquid
surfaces in vacuum [21, 70, 71]. With the liquid jet sample delivery methodology, pure liquids and
aqueous solutions are generally introduced into the vacuum experimental chamber by means of a (Pt)
disk or (glass) capillary nozzle with a 5 — 50 um orifice [21, 69]. In this way, a fast-flowing laminar
liquid stream is created, with a surrounding gas phase sheath with low enough molecular density to
allow electrons to reach the detector with negligible gas phase scattering, as long as differential
pumping is provided in sufficient proximity (i.e. within the mean free path) [69].

The combination of the liquid jet technique with XPS allows the determination of valence band and
core level electron binding energies of aqueous solutes [72]. In the latter case, XPS provides atomic-
site and charge-state sensitivity to the environment of the solute or solvent molecule under study.
Hence, liquid jet XPS enables the detection of changes in oxidation state (via chemical shifts) and
chemical bonding (and, indirectly, geometric structural changes) [8, 22] and highlights the effects of
solvents on aqueous phase species. In that way, the technique offers the possibility to probe changes
in electronic structure as a function of oxidation state in coordinated complexes, such as Mn TMCs.
In addition, the probing depth into the liquid jet can be varied to selectively sample photoelectrons
from the aqueous solution interface or both interfacial and bulk-solution contributions [22, 73, 74],
thus accessing spectroscopic information from different hydration environments. The aforementioned
capabilities of liquid jet XPS relate to information that can be extracted by performing so called direct
XPS experiments, where electrons are directly ionized with a photon energy in excess of the
considered BEs [8, 22]. In addition, chemical bonding can be further studied by performing
resonantly enhanced photoelectron spectroscopy (RPES) experiments.

RPES consists of detecting photoelectrons following resonant photoexcitation and the subsequent
relaxation that leads to secondary electron emission, thus revealing information about electronic
coupling [8]. In that way, RPES enables the atomic parentage of intramolecular bonding interactions
to be probed [8]. Moreover, where present, non-local relaxation pathways involving solvent
molecules can also be detected, providing insight into solute-solvent intermolecular interactions [75].
Finally, due to the constructive interference between direct and resonantly-enhanced photoemission
channels, RPES often permits the isolation of signals from solutes with relatively low ionization cross
sections or those that are more generally buried under predominant solvent contributions [76].

The theoretical and experimental aspects of liquid jet XPS, RPES, and non-local relaxation are
described in more detail in Chapters 2 and 3, respectively.




1.2.2 Application to redox chemistry

During a homogenous agqueous phase redox reaction, one or more electrons are transferred from a
reduced (or donor) species to an oxidized (or acceptor) atom or molecule. Overall, a redox reaction
is enabled by a difference in redox potential (i.e. the tendency of a chemical species to gain or lose
electrons) between the donor and the acceptor. During this process, the molecular structure of both
the donor and the acceptor are changed in order to accommodate the transfer of charge [19]. When a
redox reaction takes place in aqueous solution, the polarization of the water molecules also needs to
change [77].

In aqueous solutions of TMCs, the oxidation state of the metal center has a direct effect on the
polarization of the surrounding solvent molecules [77]. In addition, the redox potential is dependent
on the oxidation state of the metal center and the changes in metal-ligand bonding interactions [78,
79]. As a result, the overall charge distribution in solution and within the solute has a direct influence
on electron transfer events — the reaction energetics, pathways and kinetics [19] — especially given
the interdependence of the electronic structure of both the solute and the solvent due to solute-solvent
interactions [80, 81]. Consequently, the study of the solution phase electron BEs and intra- and inter-
molecular bonding properties of chemical compounds — by performing XPS and RPES experiments
as described in the previous section — is a particularly useful approach to the development of a better
understanding of their redox activity [82-84].

Furthermore, a parallel can be drawn between ionization in XPS and electron transfer reactions
between donor and acceptor molecules [85, 86]. A redox reaction is enabled by a difference in redox
potential and facilitated by polarization-induced changes in the nuclear framework and electronic
structure of solute and solvent molecules [77]. lonization can be considered as electron transfer driven
by light absorption, in which the photo-absorbed energy facilitates the removal of an electron from
the sample into the ionization continuum. During ionization, an electron is removed from the
chemical system in its ground state (reduced) configuration to produce a charge-separated excited
state (oxidized) configuration. The transition from initial to final state occurs instantaneously
compared with the timescale required for the solvent dipoles to re-orient around the oxidized
configuration [77]. After relaxation and solvent reorganization, the oxidized state is equivalent to that
produced during a redox reaction. Consequently, ionization energies and redox potentials are linked
and their relationship can be used to derive redox energetics and Kinetic parameters from
spectroscopic information, under certain approximations [19]. The theoretical foundations of the
correlation between electronic structure and thermodynamic redox information are described in detail
in Chapter 2.

1.2.3 Challenges in sample delivery for unstable ions

The liquid micro-jet technique relies on samples being stable for a period of time long enough to
enable continuous delivery into the experimental chamber through a high-performance liquid
chromatography (HPLC) transfer line and a micro-jet capillary (25 — 35 pum open orifice diameter)
[87]. Relatively unstable (transient) chemical species — such as MnQO4%q) ions, prone to
disproportionation [54] — generally do not meet this requirement. Furthermore, the formation of
micrometer-sized solids — such as MnO-) from the disproportionation reaction — blocks the micro-
jet capillary, impeding continuation of the experiment. In order to circumvent those difficulties, a




mechanism to generate the solute of interest as close to the light-sample interaction region as possible
is required.

The microfluidic generation of solutes is an attractive option in that regard. It allows higher control
over reaction conditions and conversion efficiencies while benefiting from the inherent characteristics
of working within laminar flow regimes [88-90], as required to produce stable liquid jets. With that
in mind, this thesis proposes the incorporation of chemical and electrochemical microfluidic-based
solutions as expansions of the liquid micro-jet technique. A micro-mixing scheme and an electrolysis
cell liquid jet were designed and implemented for the generation of MnO4% () transient ions. These
sample source developments are presented in Chapter 3.

1.3 Objectives and outline of the thesis

The main goal of the work described within this thesis was the application of the liquid jet
photoelectron spectroscopy technigque to investigate the electronic structure and aqueous redox
chemistry of MNOy aq) and MnO4% (g, ions. Direct XPS and RPES experiments were performed with
the aim of addressing the following points:

1. To map the electronic structure of MnO4 (aq) and MnO4? q) by determining valence band and
core level electron binding energies in the aqueous phase;

2. Tocompare the aqueous phase electronic structure at different liquid jet probing depths —i.e.
at the solution-gas interface and in the solution bulk — and to infer the existence of interfacial
or bulk preferential solute distributions for the above-mentioned species;

3. To investigate the changes in the atomic parentage of the relevant bonding interactions, the
nature of the Mn-ligand bonding interactions, and ligand-solvent interactions in the above-
mentioned complexes;

4. To correlate electronic structure information with redox properties by considering the
thermodynamics of ionization and electron transfer in order to estimate aqueous phase redox
energetics from the acquired spectroscopic data;

5. To incorporate micro-mixing and electrolysis flow cell devices into liquid jet photoelectron
spectroscopy experiments as sample delivery methodologies and to facilitate the
investigation of unstable (transient) MnO4? ) iONS.

The study of the electronic structure, chemical bonding, and solute-water interactions provides insight
into the microscopic effects responsible for electron transfer reactions that facilitate green chemistry
and energy conversion applications involving MnOs(q) and MnOs*@q). The spectroscopic
information on the electronic structure of these aqueous manganese species also provides benchmark
data for future theoretical calculations and steady-state and time-resolved photoelectron spectroscopy
experiments with those ions. Finally, the incorporation of microfluidic devices to the liquid micro jet
technique constitutes a novel and general approach to realize photoelectron spectroscopy experiments
with unstable, transient species (with lifetimes on the order of seconds) that drive redox chemistry in
aqueous solution.

This thesis is organized into seven chapters. Chapter 2 describes the theoretical and experimental
background that forms the basis of the results and discussions presented throughout the thesis.
Chapter 3 focuses on the experimental setups and methods implemented to perform the liquid jet XPS
and RPES experiments reported here, including the design and optimization of a micro-mixing
scheme and an electrolysis cell liquid jet for sample delivery of unstable ions. Chapters 4 — 7 present
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and discuss the main findings derived from this work. A comprehensive study of the electronic
structure, molecular bonding and solution phase behavior of MnOgs(aq) and MnO4?(yq) iONs are
presented in Chapters 4 and 5, respectively. The redox energetics and thermodynamic information
derived from the spectroscopic data reported in Chapters 4 and 5 is presented in Chapter 6, with a
focus on the MNO4% (ag) / MNO4 (aq) and MNO4 (aq)/ MNO4’(aq) redox pairs. Finally, a summary of the
main conclusions and an outlook for future work are presented in Chapter 7.




2 Theoretical and experimental background

This chapter describes the theoretical and experimental background that forms the basis of the
experimental methods and the interpretation of the results presented in this thesis. Such theoretical
concepts allowed the recorded spectroscopic data to be used to map the electronic structure and redox
energetics of MOy (aq) and MnO4? g, ions. In addition, data treatment methodologies and the overall
interpretation of the aqueous phase data relied on previous investigations of water and agueous
solutions using liquid jet X-ray spectroscopy, as will be described here.

The chapter is divided into three sections. Section 2.1 introduces an overview on the description of
the electronic structure of water and the MnOs and MnO.* ions. Section 2.2 presents the
thermodynamic relations that allow redox energetics to be derived from electronic structure
information. Section 2.3 focuses on the underlying physical phenomena and theoretical concepts
related to the XPS technique, starting from a broader perspective and then focusing on aqueous phase
photoemission. Section 2.3.1 presents the general characteristics of the liquid water photoelectron
spectrum. Section 2.3.2 describes the phenomenon of photoemission in the condensed phase,
including the probing depth / electron KE dependence that allows different hydration environments
to be studied. Second order electron emission and the RPES technique — which facilitates the element-
specific study of both intramolecular and intermolecular electronic interactions — are described in
Sections 2.3.3 and 2.3.4, respectively. Finally, Section 2.3.5 introduces an overview on
(photoelectron) spectroscopy experiments with MnO4 and MnO,% solid-, aqueous-, and gas-phase
samples.

2.1 Electronic structure

2.1.1 Water and aqueous solutions

The structure and properties of matter are governed by its fundamental components, electrons and
nuclei in atoms and molecules [91]. Their (correlated) dynamics underpin chemical bonding
transformations and energy transfer processes. Electronic spectroscopy experiments allow the
determination of electron energetics by monitoring the response of the interrogated system to light-
matter interactions. The postulates of quantum mechanics and some necessary assumptions allow
such energetic (spectroscopic) information to be associated with the distribution of electrons (or
electronic structure) in, for example, a molecular system [91].

The first agueous solution electron spectroscopy experiments were performed by Paul Delahay and
his group using a rotating wheel approach as the sample source [70]. Manfred Faubel and Bernd
Winter later built on this work by recording KE-dispersed photoelectron spectra in the aqueous phase
[21, 92]. The energetic information obtained from these experiments has been interpreted based on
the electronic structure of gas phase water, appending the gas phase water molecular orbital (MO)
labels to the experimentally determined liquid phase BEs [21, 92, 93]. Within this framework, the
ground state electronic structure of water can be described by a (1a1)?(2a1)?(1b2)?(3a1)?(1b1)?
electronic configuration, considering a molecular geometry belonging to the C,, symmetry point
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Figure 2.1. MO diagram of water

(A) MO diagram of gas phase water. (B) MO diagram of liquid phase water. The values indicated on the BE
axis were appended based on References [92, 94]. The light blue fill in panel B highlights a splitting of the
3a1 MOs from intermolecular anti-bonding (3a1.1) and bonding (3ai1.1) contributions, respectively (see
Reference [95] for details). The meanings of the vacuum level in panel A (also referred to as vacuum level
at infinity) and local vacuum level in panel B will be explained in Section 2.3.

group [92, 95]. MO diagrams of gas phase and liquid water are shown in Figure 2.1 (panels A and
B, respectively). The energy scales in the diagrams have been scaled according to experimentally
determined BE values from the literature [92, 94]. The different gas phase and liquid phase energetics
observed in Figure 2.1 highlight the effects of condensation on the electronic structure of isolated
(gas phase) molecules. The gas phase versus liquid phase shifts in BE primarily originate due to [92]:

e Electronic polarization effects across the aqueous phase: the relative permittivity of liquid
water results in differential screening of the electrons with respect to the gas phase. The
magnitude of this effect is reflected in the Gibbs free energy of hydration [92], as will be
discussed for the MnO4 ion in Chapter 6;

e The presence of surface dipoles at the gas-solution interface: partial hydration results in a re-
orientation of molecules near the surface and an additional (surface) potential affecting the
magnitude of the electron BEs [92];

e The existence of the hydrogen bonding network in liquid water: differential, orbital-specific
gas versus liquid BE shifts reflect hydrogen-bonding-induced charge delocalization, i.e.
different degrees of intermolecular covalency [8, 92].

In addition, the existence of a continuum of different and constantly evolving hydration
configurations in liquid water results in broader photoelectron spectral distributions [95]. Overall,
intermolecular interactions are responsible for the differences in the electronic structure between gas-
phase and liquid water, as highlighted, for example, by the splitting in the 3a; MOs in the latter (see
Figure 2.1 and figure caption) [95].
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When considering aqueous solutions, the electronic structure of the solute is influenced by the polar
environment of liquid water and, similarly, water molecules are influenced by the polarizability of
the solute [80, 95], with different solute-solvent configurations being adopted in the bulk of the
solution or in the presence of interfaces [20, 96]. Nuclear geometric structural changes also arise due
to solute-solvent interactions, such as solute-solvent spin interactions [97], solvent effects on the
nuclear magnetic shielding of the solute [98], and breaking of the solvent structure due to hydration
of the solute [99]. For TMCs — particularly for the MnOx™ aq) and MnO4% 4 tetra-oxo complexes
considered in this work — the BE values associated with the electron distributions in the solute overlap
with those of the water solvent molecules [87, 100].

Theoretical models of the electronic structure of water and aqueous solutions have focused on
simulating the valence photoelectron spectra of liquid water and solvated ions [95, 101]. The
combination of XPS and theoretical calculations allowed solute-solvent and gas-liquid solvent
energetic shifts to be attributed to intermolecular interactions between specific solute and solvent
MOs [95]. Experimental results and ab initio calculations have also investigated hydrogen bonding
effects and the existence of different hydration configurations, associated polarization screening,
surface potentials and charge delocalization, with fingerprints in the spectra of water clusters [102].
In addition, similar studies have investigated the effect of thermal fluctuations and intermolecular
coupling on the electronic density of states, which is responsible for spectral broadening in liquid
water with respect to the gas phase [103].

The existence of intermolecular interactions renders the application of MO electronic-structure
representations (a single-configuration electronic structure picture) for isolated molecules inadequate
for a true representation of the electronic structure of aqueous solutions. Such descriptions originate
in the gas-phase-based analysis of the liquid PES spectra of water (as discussed above and in Section
2.3.1) and are generally adopted [8, 95] to facilitate comparison of the energetics of the solute species
across phases. However, the condensed phase nature of aqueous solutions needs to be taken into
account in order to interpret the physical processes responsible for XPS and RPES experiments, as
will be described across Sections 2.3.2 — 2.3.4.

2.1.2 Permanganate and manganate ions

A portion of the content presented here has been adapted or directly extracted from the following publication:
K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous permanganate ion:
aqueous-phase energetics and molecular bonding studied using liquid jet photoelectron spectroscopy, Physical
Chemistry Chemical Physics (2020). DOI: 10.1039/D0CP04033A (https://doi.org/10.1039/DOCP04033A).
Published by the PCCP Owner Societies. This work is licensed under the Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/licenses/by/3.0/).

The distribution of the chemically-active (outer valence) electrons in MnOy" is qualitatively described
by a (3t2)?(1e)?(6a1)?(4t2)%(1t1)?(2€)°(5t2)° ground state electronic configuration, which considers a
molecular geometry belonging to the T4 symmetry point group [104, 105]. The 3t, and 1e MOs are
linear combinations of the Mn 3d and O 2p atomic orbitals and represent metal-ligand bonding
interactions. The 6a1 MO is primarily associated with Mn 4s, 3p and O 2pc bonding interactions. The
4t; and 1t; orbitals are O-localized, Mn-O non-bonding orbitals, with respective degrees of O-O
bonding and anti-bonding character. The 2e and 5t, unoccupied (virtual valence [106]) orbitals are
the Mn-O anti-bonding analogues of the 3t, and le bonding features. The electronic structure of
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MnQy is illustrated in Figure 2.2 (left panel). The 4a; (Mn 3s), 2t; (Mn 3p), and 5a; (O 2s) MOs
associated with inner valence electrons, as well as the O-centered 3a; and the Mn-centered, spin-orbit
split, 1t MOs associated with the core level electrons are also shown in the figure.
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Figure 2.2. MO diagrams of MnO4 and MnO4*

MO diagrams of MnO4” and MnQa4? based on the isolated molecule calculations from References [105, 107-
110]. The core levels (Mn 2p, O 1s), inner valence (Mn 3s, Mn 3p, O 2s), outer valence and virtual
(unoccupied) valence are highlighted in color and labelled according to a Tq molecular symmetry, as
explained in the text. For MnQas, the virtual valence is described by the 2e and 5t MOs. For Mn047, the 2e
orbital is partially occupied in the ground state of the ion, and hence only the 5tz orbital is described as part
of the virtual valence.

Theoretical calculations show a retention of an average tetrahedral ion symmetry in moving from the
gas [108] to the (bulk) agueous phase. The latter was concluded after comparison of the isolated
molecule geometries in Reference [108] with aqueous phase nuclear geometries associated with
Reference [111] and provided by Jégvan Magnus Haugaard Olsen [112]. In addition, the MnO4 ()
(from KMnOaq, solutions) and KMnOys average Mn-O bond lengths (162 pm and 163 pm,
respectively) [113] and MnO, breathing vibrational mode frequencies (vi ~ 104 meV) and
anharmonicity constants [114] were found to be near identical in the aqueous solution and the
crystalline solid. These results imply that MnQO, retains a tetrahedral geometry in vacuum, as a
component of a solid, and in bulk aqueous solution. Consequently, a T4 point group and existing
(isolated-molecule) MO diagrams [105, 107, 108] were utilized to assign and label the MnOy4 ) XPS
and RPES signals reported in this thesis.

The ground state electronic structure of isolated MnO.? ions has been described following the same
MO considerations as for MnO4 [109, 110]. The main difference in the electron distribution between
MnO4 and MnO.* ions is the occupancy of the 2e MO in the latter, as illustrated in the right panel of
Figure 2.2. To highlight the different occupancy of the 2e MO in both ions, MnO4 and MnO,* are
generally respectively referred to as d° (closed shell) and d* (open shell) configurations, given the Mn
3d atomic-character of the 2e MO [109]. In addition, similar average Mn-O bond lengths were
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reported for KoMnQagg) [113] and KoMnOygs) [115] (167 pm and 166 pm, respectively), suggesting
similar ion symmetries in both phases. With this information in mind, the XPS and RPES results
reported for MnO4s% (g, in this thesis were assigned considering a T4 group symmetry and the MO
diagram presented in Figure 2.2 (right), which was adapted from Reference [109].

In addition, interpretation and assignments of the UV-visible absorption bands in MnOy ) and
MnO4? g, Solutions were considered when reporting the aqueous energetics and RPES results. Figure
2.3, panel A shows UV-visible absorption spectra recorded from NaMnOa(aq.) (top) and KMnOa(aq.)
(bottom) solutions at 0.25 M concentrations. The electronic state and associated predominant MO
transitions are labelled in accordance with Reference [104]. At such concentrations, the spectra show
similar optical transitions despite the presence of different cations. Panel B in Figure 2.3 shows a UV-
visible absorption spectrum recorded from a 0.2 M MnO4s%(q) in 4 M NaOHgq) solution over a
narrower spectral range (see Section 3.2.1 for details about sample preparation). The spectra were fit
using a set of Gaussian functions in order to extract the energies associated with different spectral
bands, particularly of those attributed to transitions between the 1t1, 2e, and 5t2 MOs, as will be
discussed in Chapters 4 and 5. The results of these fits are summarized in Table 2.1.
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Figure 2.3. UV-visible absorption spectra of MnOx'(aq) and MnOs*(aq)

UV-visible absorption spectra and cumulative Gaussian fits (see Table 2.1 for the associated fit results) to
the MnO47(aq) and MnO4%(aq) electronic absorption bands. (A) NaMnOaaq,) (top) and KMnOa(aq,) (bottom)
solution spectra, labelled according to Reference [104]. The lower-intensity band at ~1.9 eV is associated
with spin and / or orbital-angular-momentum forbidden transitions to the 3Tz and T states [111]. (B) 0.2
M MnO4%(aq.)in 4 M NaOHaq,) solution spectrum, labelled according to References [109, 116].

Table 2.1. Bands in the UV-visible absorption spectra of MnO4 (ag)and MnO4? (aq)
Fit results and assignments based on References [104, 109, 116] (see the text for details) to the optical bands in the UV-visible
absorption spectra of MNO4 (ag)and MnO4? (aq) shown in Figure 2.3.

MnO4(aq) (*A1 > 'T2) Peak center / eV MnOa?(aq) (2E = 2T2) Peak center / eV
1t - 2e 23+0.1eV 2e - 5t 2.0+0.1eV
at; >2e 3.6+0.1eV 1t > 2e 2.2+0.1eV
1t; - 5t 41+0.1eV 1t1 - 2e or 1t1 > 5t 2.810.1eV
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MnOy is characterized by a *A; ground state, with optical transitions in its UV-visible-absorption
spectrum being described as *A; — 2T, transitions [104]. The first three main optical bands are
predominantly associated with the following MO occupation changes: 1t — 2e, 4t, — 2e and 1t; —
5t;, involving the ligand-based, highest occupied MO (HOMO, 1t;), the HOMO-1 (4t;) and the
antibonding 2e (the lowest unoccupied MO, LUMO) and 5t; orbitals (LUMO +1), respectively [104].

MnO.?* is described by a E ground state, and the electric dipole allowed transitions are 2E — 2T, and
2E — 2T [109]. With the exception of the 2e — 5t, optical band, electron excitations in MnO4? are
characterized by producing more than one excited state transition that results in multiplet structures
in the absorption spectrum [109]. For example, the 1t; — 2e electron excitation results in the 22T, +
22T, + “T, excited states [109]. Similarly, three bands in the UV-visible absorption spectrum have
been associated to the 1t; — 5t, transition [116, 117]. In the UV-visible absorption spectrum shown
in Figure 2.3 (panel B), the first optical band has been labelled as a 2e (HOMO) — 5t; (LUMO+1),
based on References [109, 116]. The second and third band have been assigned as 1t; (HOMO-1) —
2e (HOMO), based on Reference [109]. However, for the third band, a 1t; (HOMO-1) — 5t;
(LUMO+1) assignment has also been suggested [116]. The shoulder observed in Figure 2.3, panel B
around 3.5 eV belongs to one of the other multiplets associated with this transition (the third one
occurring at ~4.2 eV) [116].

2.2 Redox energetics

A portion of the content presented here has been adapted or directly extracted from the following
publication: K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous
permanganate ion: aqueous-phase energetics and molecular bonding studied using liquid jet
photoelectron spectroscopy, Physical Chemistry Chemical Physics (2020). DOI: 10.1039/D0CP04033A
(https://doi.org/10.1039/DOCP04033A). Published by the PCCP Owner Societies. This work is licensed
under the Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

Aqueous phase electronic structure information can be used to infer energetic parameters that
underpin electron transfer reactions in agueous solution.

From a thermodynamic point of view, redox reactions are driven by a difference in redox potential
between the reactant partners — i.e. the electron donor and acceptor species. Provided that coupling
between the donor and the acceptor is weak, a full redox reaction can be studied in terms of two half
reactions, each one corresponding to oxidation of the electron donor and reduction of the electron
acceptor. An oxidation half reaction can be described as

+ —
Dag) 2 D@aq) *+ ¢

where D44 represents the reduced (or donor) species and D(+aq.) represents the oxidized product.
Similarly, a reduction half reaction can be represented as

Aa) t € 2 Ay
where Aqq,) represents the oxidized (or acceptor) species and A, represents the reduced product.

The full electron transfer reaction between the donor and the acceptor is then expressed as

+ —_—
Diagy + Acag) = D(ag) T Ataq)
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Being dependent on the energetics of the outer valence electrons that are directly involved in the
reaction, the redox potential associated with each half reaction is intrinsically correlated with the
electronic structure of the reactants [118]. In this way, this redox parameter is specifically dependent
on two key reactant electronic properties: ionization energies (particularly for the electron donor) and
electron affinities (particularly for the electron acceptor) [119]. Within that context, as described in
Section 1.2.2, a parallel can be drawn between electron transfer and ionization events [85, 86].

During a (full, ground adiabatic state) redox reaction, reduced and oxidized species are initially
produced in a geometrically excited state. The energy required for the solvated reactants to adopt the
electronic structure and nuclear configuration of the reaction products is termed the reorganization
energy (4), which can be individually considered for the reduction and oxidation half reactions (1,4
and A,,, respectively) [120]. There are two terms contributing to the reorganization energy: a
vibrational component, and a solvational component, the latter specifically highlighting the effect of
solvation on the electron transfer event [85].

Similarly, during ionization, an electron is removed from the chemical system in its ground state
(reduced) configuration to produce an excited state (oxidized) configuration with an excess energy
that is eventually transferred to the aqueous solution in the form of thermal energy [120]. The
transitions associated with the aforementioned initial and final states are termed vertical ionizing
transitions, given that the time scale in which the molecule transtions from the ground state to the
excited state during ionization is fast compared to the timescale of nuclear motion, which can be
neglected [77, 100]. The energies associated with such transitions are termed vertical ionization
energies (VIEs) and are equivalent to the BEs determined during XPS experiments, as will be
explained in Section 2.3. The term vertical indicates that promotion of an electron into the vacuum
occurs without nuclear rearrangement. Similarly, vertical electron affinities (VEAS) are associated
with the most probable energy required for electron attachment — i.e. as opposed to the electron
promotion event considered for VIEs [121].

In the case of oxidation processes, which are the focus of the work presented here, the half reaction
can be viewed as a combination of vertical ionization and reorganization in which electron transfer
occurs on a faster timescale compared to nuclear rearrangement [85]. As a result, the initially reduced
solute loses an electron to produce its oxidized form, which relaxes to equilibrium after solute and
solvent thermal-induced rearrangements to accommodate the transfer of charge. These
rearrangements are quantified by the associated reorganization energy, 4,, [85]. The energetic
relations between VIE, VEA and A, are illustrated in Figure 2.4.

As can be seen from Figure 2.4, the difference between VIE and A,, corresponds to the adiabatic
ionization energy, AIE, a characteristic minimum energy threshold for liberating electrons to vacuum.
AIE can be linked to the Gibbs free energy of oxidation, 4G,,, and its associated enthalpic and
entropic components [122]. The enthalpic component is related to the energy gap between the
equilibrium geometries of the initially reduced solute and the oxidized product. However, the VIES
recorded in XPS measurements refer to the non-relaxed oxidized state. Furthermore, as described in
Section 2.3, such experimental VIEs are referenced to the local vacuum level. VIEs should be
referenced to the vacuum level at infinity in order to relate their values to 4G, via the electrochemical
potential (see Figure 2.5 in Section 2.3 for details). A theoretical treatment of the entropic component
of electron transfer in aqueous condensed-phase media can be found in Reference [122].
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Figure 2.4. Energetic relations between ionization energies and redox parameters

Schematic (harmonic) potential energy curves depicting ionization or electron transfer from a ground state,
reduced, donor species (D (aq)) to its corresponding excited state, oxidized configuration (D*aq)). The
processes can be described by the D (ag) = D*@q) + € half redox reaction, as discussed in the text. The
diagram highlights the energetic relations between VIE (vertical ionization energy), VEA (vertical electron
affinity), AIE (adiabatic ionization energy), 4G,, (Gibbs free energy of oxidation), and 4,, and A,.4
(oxidation and reduction reorganization energies, respectively).

VIEs have been previously applied to the study of the energetics of oxidation half reactions, both
from purely theoretical [85, 123-125] and combined theoretical and experimental approaches [83,
126-129]. In the latter, VIES were determined from liquid jet XPS experiments and redox parameters
were obtained using Expressions 1 — 6 presented below. As described in Chapter 6, the work presented
in this thesis will apply a similar approach, expanding on initial theoretical work on the MnOy ) /
MnQ4? (4, redox pair [85] based on experimental VIEs determined from XPS and RPES experiments
performed with MnO4 (aq) and MnO4%(aq) solutions.

AIE and 4G, will be considered to be equivalent as in previous liquid jet XPS determinations of
redox parameters, assuming the differences in local vacuum level and vacuum level at infinity to be
relatively small [83, 126, 127] and ignoring entropic effects in the first solvation shell — i.e. solvent
molecules directly interacting with the reactant [122]:

AIE = VIE — A4 ~ AG,, (1)
Hence, 1,, can be inferred from VIEs by combining experimentally determined BEs with
thermodynamic information from electrochemistry. In that case, the redox potential (E°) referenced

to the standard hydrogen electrode (SHE) is related 4G,, (AIE) via the following expression [17,
128, 130, 131]:

AGyy = —E° + Esne (2)

where Egy is the absolute potential of the SHE (4.44 £ 0.02 V at 298 K [132]). Redox potentials can
also be referenced against the reversible hydrogen electrode (RHE), which takes into account the pH
of the solution [133], in situations where the redox processes are pH-dependent

Edyr = E° —0.059 pH (3)
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Alternatively, within the LRA, A,, can be inferred purely from spectroscopic information — i.e.
independently from electrochemical (4G,,) data — using the following equation [83, 85, 126, 128,
134]:

 (FWHMy/2V20n2)°
ox = 2kgT

4)

where FWHM g characterizes the inhomogeneously broadened width of the photoelectron peak,
which is assumed to take on a Gaussian form, kg is the Boltzmann constant, and T is the solution
temperature. The overall ionization peak width is only partially determined by its nascent linewidth
and inhomogeneous broadening term, being further widened by experimental resolution limitations
and potential lifetime broadening effects. As explained in Section 3.4, analysis of the XPS data
presented here confirmed that lifetime broadening effects are negligible in the valence spectral region.
FWHM,g can therefore be determined as follows:

FWHM;p = JFWHMé — FWHME (5)

Where FWHM,, is the Gaussian component of the peak width and FWHM,;, represents the
broadening contribution from the overall instrumental resolution (see Section 3.3. for details).

Finally, within the limits of the LRA [85, 128] — which considers changes in the polarization of the
solvent to be linearly dependent on the charge of the solute —i.e. the donor and acceptor species [135]
— VEA values can be estimated using the following expression:

VEA = 2AIE — VIE (6)

2.3 X-ray photoelectron spectroscopy

This section describes the fundamental concepts required for the interpretation of PES (and XPS)
experiments. As described in Section 2.1.1, the interpretation of liquid water PES experiments in the
literature has been based on the electronic structure assignments of gas phase water. However, the
condensed phase nature of liquid samples requires consideration of the principles of PES from dense,
strongly interacting subunits, as applied to the PES of solids. Hence, this section will present elements
concerned with both gas phase and solid phase PES.

During a PES experiment, BEs are determined from the measured KEs of electrons produced after
ionization of the sample in a vacuum environment (see Section 1.2 for details). The energy of an
electron in a chemical system is ideally defined with respect to the energy of an electron at rest at a
point in vacuum and at an infinite distance from the sample — i.e. the vacuum level at infinity,
E. [136, 137].

E, is the common energetic reference in PES experiments with gases [137]. Figure 2.5 illustrates the
energetic relations between the incident photon energy (hw), and the measured KE — with respect to
E., —in a gas phase PES experiment.
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Figure 2.5. Energetics in photoelectron spectroscopy

Diagram illustrating the energetics of a photoemission process in PES, showing the relationships between
photon energy (hw), electron kinetic energy (KE) and binding energy (BE) for gas phase (left) and condensed
phase (right) samples, as described in the text. For the condensed phase, the Fermilevel (E), work function
of the sample (e®) and the spectrometer (e®d,), and electrochemical potential ([1) of the sample are
shown. The different vacuum levels as defined in the text are also indicated: local vacuum level (E,) and
vacuum level at infinity (E.,). HOMO: highest occupied molecular orbital; LUMO: lowest occupied molecular
orbital.

The schematic shows that the BE of an electron with respect to E,, (BE) — in this case from the
occupied valence — is given by [62]:

KE = hw — BE, (9)

The energetics of condensed phase PES are explained by the photoelectric effect, as first observed by
Heinrich R. Hertz in 1887 and explained and described by Albert Einstein in 1905 [63], by the
following equation [63, 138]

KE™* = hw — e® (10)

where KE™@* is the maximum electron KE, hw the photon energy and e® the work function of the
sample, which is both sample- and detection geometry-dependent [138]. e®d is the minimum energy
required to remove an electron from a given point inside the sample and place it (at rest) at the closest
point outside of the material where the electron is no longer affected by image forces [138, 139].
When an electron is emitted into vacuum — such as during a PES experiment — the latter point is
defined as the local vacuum level, E, [136]. As a result, e® can be defined as [140]

where Ep is the so-called Fermi level. For an electron with a BE below the Fermi level (and measured
with respect to it, BER)

KE = hw — BEp — e® (12)

As opposed to the case for gas samples, E, cannot generally be accessed experimentally for
condensed phase samples [137, 141]. In this case, electrons are subject to the sample's work function,
which constitutes the sum of the electrochemical potential (jf) and outer (Volta) potential [138].
Figure 2.5 illustrates the relationship between y, Er, and E, [137]. During a condensed phase PES
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experiment, the sample is held in electrical contact with the spectrometer, with both most often being
grounded to Earth, which results in a contact potential difference (4¢) that is required to equilibrate
Er [137]. A¢p can be expressed as [138]:

Ap = ed — edg (13)

where ed is the work function of the spectrometer. As a result, KEs are measured with respect to E,
of the spectrometer, whose value is generally unknown relative to E,, (or E, of the sample) [137].
Then, as illustrated on the right panel of Figure 2.5 [138]:

KEqs = hw — BEp — ed (14)

Consequently, solid phase PES data is usually referenced to Er, which can be linked to E, of the
sample via e®, as described above. A more in-depth discussion can be found in References [138,
142].

For aqueous samples, E lies in the band gap of liquid water (within the wide band gap semiconductor
model) and has no associated electron density. Although E [143] and ed [144] values for aqueous
solutions have been reported in the literature, PES spectra in the aqueous phase have thus far been
referenced to E, and using predetermined reference energies for neat liquid water's lowest ionization
energy, i.e. the 1b; photoelectron peak, as will be described in the next section [92, 94, 95].
Consequently, a BE,, referencing scale is generally adopted for aqueous phase samples, as is utilized
here.

2.3.1 The liquid water XPS spectrum

Exemplary photoemission spectra of liquid water are shown in Figure 2.6, highlighting its full
electronic structure and ionization behavior — i.e. the outer and inner valence (panel A) and core-level
(panel B) spectral regions. As can be seen in Figure 2.6, the first ionizing transition in liquid water —
(termed 1b;py! within a MO framework) has been determined to have an associated BE of
11.31 + 0.04 eV [94] which is generally adopted as an energetic reference to calibrate the BE scale
in aqueous solution PES spectra [95].
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Figure 2.6. Photoelectron spectra of liquid water

(A) Outer and inner valence spectrum recorded at a photon energy of 635 eV. (B) O 1s / 1a1 spectrum recorded at
a photon energy of 1135 eV. Cumulative Gaussian (A) and Voigt profile (B) fits to the background-corrected water
(0.05 M NaClaq,)) background-corrected spectra (see Section 3.4.1 for details) are shown by light blue fills (liquid
phase water signals), red fill (gas phase water signals), and grey fills. The latter are primarily associated with
electron energy-loss background signals [92]. lonization features are labelled within a MO framework and
according to the ground state MOs of water that are deemed to be involved in the ionization process, as described
in the text.

The valence photoelectron spectrum of liquid water spans the ~10 eV — 38 eV BE range, including
both liquid and gas phase contributions. The data shown in Figure 2.6 was recorded at the P04
beamline at PETRA Il (see Section 3.1.2 for details) using a photon energy of 635 eV. As will be
explained in more detail in Section 3.2.1, liquid jet experiments require the sample to be sufficiently
electrically conductive to mitigate streaming potentials [94] and photoionization-induced sample
charging. Consequently, nearly-pure water spectra are measured from water samples with a low
concentration of salt — usually ~0.05 M of NaCl or Nal. The spectra shown in Figure 2.6 have been
baseline corrected and the signals were cumulatively fit using a set of Gaussian (panel A) or Voigt
profile (panel B) functions (see Section 3.4.1 for details).

2.3.2 Photoemission in the condensed phase

Photoemission consists of an incoming photon interacting with the system (being absorbed by the
sample), with a photoelectron subsequently being created and emitted [62]. It is a many body problem
where photon, photoelectron, and remaining particles in the system (remaining electrons and nuclei)
are correlated and collectively interact during the light-matter interaction and electron scape
processes. The term photoemission includes both photoionization (as it occurs during a PES / XPS
experiment, as described in the previous section) as well as second order electron emission (as it
occurs during an RPES experiment and will be described in Sections 2.3.2 and 2.3.3). This section
presents the basis of photoemission in condensed media with a specific focus on the aqueous phase.

A simplified model to explain photoemission in the condensed phase is the three-step model [145].
The three-step model artificially separates and describes the overall process in terms of the
probabilities associated with three independent, consecutive processes: (1) photon absorption
(electronic excitation), (2) propagation of the generated photoelectron through the sample, and (3)
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transmission of the photoelectron through the sample’s surface into vacuum [62, 146]. A more refined
guantum mechanical approach, the one-step model, considers condensed-phase photoemission as a
single event. During this event, a photon is absorbed by the multi-electron system to reach a final
(photoionized) state when certain boundaries conditions are met — i.e. when the electron has travelled
through the sample and through the sample’s surface to reach vacuum [62, 146].

In the next paragraphs, the processes of photo-absorption, photoelectron propagation through the
sample and exiting through its surface will be discussed for aqueous solutions, considering the three-
step model proposed by William Spicer in 1958 [147-149].

1. Photo-absorption: absorption of photons by solute and solvent molecules in the liquid sample
results in the generation of “delocalized” photoelectrons inside the aqueous phase medium
[148]. The light-matter interaction process is described by the ionization quantum yield, that
is, the emitted photoelectron / absorbed photon ratio per unit area and time [148]. This ratio
is dependent on the reflectivity and attenuation length of the ionizing radiation as it passes
into and through the sample medium, respectively, and the ionization cross section. For soft
X-rays in liquid water, the penetration depth is 330 nm [74]. As a result, given that
photoelectrons are sampled from nanometer depths into the liquid (as will be explained in the
next paragraph), there is almost no attenuation of photons by absorption by water molecules
on the relevant length scale of photoemisison spectroscopy [148].

2. Scattering in liquids: the probability of an electron to escape the liquid phase depends on the
inelastic mean free path. After the electrons are ejected from the photoabsorber (e.g. a solute
or a solvent molecule), there will be a probability for scattering events to occur that will affect
both their kinetic energy and / or their orientation towards the detector. Depending on the
kinetic energy values, the electrons can encounter elastic scattering, inelastic scattering, or
both [73, 74]. For the liquid phase, if focusing on the inelastic scattering processes that affect
the photoemission spectrum, the liquid region from where the produced electrons can reach
the detector can be approximated to be equal to the effective attenuation length (EAL), the
distance over which there is a probability of 1/e for an electron to be inelastically scattered.
This approximation is valid at electron KEs higher than 200 eV, in which case electron
scattering in liquid water occurs primarily due to inelastic collisions, and EAL values are thus
similar to the inelastic mean free path (IMFP) [73, 74]. At lower KEs, both elastic and
inelastic scattering become important and have an effect on the EAL [73, 74]. Figure 2.7
shows the dependence of EAL with electron KE for liquid water [150]. By tuning the photon
energy during XPS experiments, photoelectrons with KEs corresponding to different probing
depths into the liquid can be sampled. In this way, aqueous—gas interfaces or (predominantly)
bulk-liquid environments can be probed [151, 152].

3. Transmission through the solution-gas interface: photoelectrons that reach the interface have
to overcome the surface dipole potential to cross the sample-vacuum barrier [148]. The
surface potential at the water-vapor interface originates from the net dipole moment of the
water ensemble and establishment of a net molecular orientation close to the interface [96];
the value of this quantity has been calculated but not yet experimentally measured [96, 153]
due to the complexity in disentangling this effect from other potentials affecting the gas-
solution interface — for example, streaming potentials in liquid jets [94].
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Figure 2.7. Electron attenuation length as a function of kinetic energy

EAL values and IMFP dependence as a function of KE in liquid water (see Reference [150] for details). Reprinted
Figure with permission from [150] Copyright 2013 by the American Physical Society.
10.1103/PHYSREVLETT.111.173005

2.3.3 Second order emission (autoionization)

This section explains the second-order electron emission processes that can take place after initial
photoionization or, alternatively, (resonant) photoexcitation of an electron into the virtual valence
manifold. In line with the objectives of this thesis, these autoionization phenomena will be described
for agueous molecular solutes in an aqueous environment.

After an electron has been removed from or excited within the solute, the overall molecular system
is left in an excited state characterized as having a vacancy or hole associated with photoelectron
removal. If an electronically core-excited ion state is formed upon photoionization, the excited state,
will relax on a (sub) femtosecond timescale. In light atoms, this most often occurs by re-filling the
vacancy with a lower-energy electron — usually from the valence manifold — with energy being
liberated as a result. The excess energy can be released either via radiative decay (that is, via X-ray
emission [154]) or non-radiative decay. The latter can take place via second order electron emission
[155] (be it intramolecular or intermolecular) or vibronic relaxation (that is, conversion of electronic
to vibrational energy [156]).

Non-radiative decay after inner-shell often results in autoionization and is based on the Auger effect
[157], in which the core hole left behind after photo-excitation (or photoionization) is refilled by a
higher-lying electron and, simultaneously, a partner electron is emitted. The emission of Auger
electrons is governed by Coulombic interactions, given its dependence on the overlap between the
wave functions associated with the core and valence electrons involved in the process [158].
Relaxation via Auger electron emission predominates over radiative decay for elements with
relatively low atomic number [158]. The phenomenon was named after Pierre Auger, who described
the effect in 1925 [159]. However, it was originally reported by Lise Meitner in 1922 [160].
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Figure 2.8. Overview of auotionization processes

Overview of non-resonant (following photoionization) and resonant (following photoexcitation)
intramolecular and intermolecular autoionization processes. The labels refer to the description of each
process as presented in the text. This Figure was produced considering the content of a similar figure in
Reference [161].

Spectrally, Auger electrons are distinguished from direct photoemission by having approximately
constant KE, independent of the photon excitation energy. Auger emission takes place on a few- to
sub-femtosecond timescale, and can be intramolecular (non-radiative local decay) or intermolecular
(non-radiative non-local decay) in nature. Figure 2.8 shows an overview of such autoionization
processes in aqueous solution. Panels A and B show the initial electronic excitation processes:
photoionization (non-resonant photo-excitation) and resonant photo-excitation, respectively.
Relaxation after photoionization results in emission of an Auger electron, a process known as normal
Auger emission (panel A.1). When electrons from neighbouring solute or solvent molecules are
involved in the de-excitation, the Auger-like pathways are termed intermolecular Coulombic decay
(ICD, panel A.2) [75, 162] or electron transfer mediated decay (ETMD, panel A.3) [163].

Relaxation after resonant photo-excitation can lead to intramolecular Auger (panels B.1 and B.2) or
intermolecular (non-local) decay (resonant ICD and ETMD in panels B.3 and B.4, respectively). In
the case of intramolecular, local decay, when the initially photo-excited electron is directly involved
in the de-excitation, the process is referred to as participator Auger emission (panel B.1). Otherwise,
it is referred to as spectator Auger emission (panel B.2). In the first case, the final state is equivalent
to that achieved through direct ionization, with the binding energy of the emitted electron being
mostly independent of the photon energy and equal to that extracted from a regular direct
photoemission spectrum. In the second case, the binding energy of the emitted electron varies with
photon energy. Its kinetic energy remains approximately constant at all resonances and it is
predominantly dependent on the orbital energy of the electrons involved in the de-excitation process.
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2.3.4 Resonantly-enhanced photoelectron spectroscopy (RPES)

RPES consists of (resonantly) photo-exciting core-level or valence electrons into the virtual valence
(or partially filled valence) and recording the photoelectrons produced through autoionization (i.e.
secondary electron emission, as explained in the previous section) [8]. Consequently, RPES allows
participator and spectator Auger processes — as well as signatures of non-local relaxation phenomena,
where present — to be detected [8, 72, 75, 164].

The application of the RPES technique to the study of the electronic structure of solutes provides the
following specific advantages [8, 151]:

e Resonant enhancement of signals from valence electronic states with relatively low off-
resonant absorption cross-sections, photoelectron features that overlap with dominant solvent
signals, and/or samples with relatively low local concentrations [76] — via analysis of
participator Auger features, due to constructive interference between direct (non-resonant)
photoemission and participator Auger channels with equivalent final states [8].

e Access to solution-bulk electronic structure information of surface-active solutes — given that
the relatively high photon energies associated with the excitation of core-level electrons
generally, and specifically in the case of O K- and Mn L-edge excitation primarily considered
here, results in photoelectron KEs that correspond to solution-bulk spectral sensitivities (see
Section 2.3).

e Interrogation of the atomic parentage of different electronic states, MOs, or bonding
interactions as well as the couplings between those states or MOs, revealed through the
photoexcitation energy dependence of the photoelectron signals as a function of the excitation
energy and probed absorption edge [22].

During a typical RPES experiment, the sample is ionized over a photon energy range near an
absorption edge and photoelectron spectra are collected over a particular (often valence) energy range.
Hence, a photon energy versus BE (or KE) two-dimensional (2D) map is produced. As an example,
an RPES map of liquid water [165] is shown in Figure 2.9 (left panel). Integration of the RPES map
over the BE range is performed to produce partial electron yield (PEY) X-ray absorption spectroscopy
(XAS) proxies of true transmission-based XAS spectra (as displayed on the right panel in Figure 2.9).
These spectra can be used to identify resonant photon energies [166].

The data shown in Figure 2.9 spans O K-pre-edge, main edge, and post edge, thus including both
resonant photo-excitation (pre-edge) and non-resonant photoionization (main edge and post-edge), as
indicated in the right panel by a dashed line. Auger electrons (with constant KE) and direct
photoemission signals (labelled as ‘direct PE’ in the figure) are highlighted in the RPES map on the
left panel.

In this thesis, the Mn Ly,ii- and O K-pre-edges were scanned over the outer and inner valence energy
range in order to produce RPES maps and PEX-XAS spectra similar to the ones described above (see
Section 3.4.2 for details). Additional higher signal-to-noise ratio data was recorded at the resonant
photon energies extracted from the PEY-XAS data, allowing participator and spectator Auger, as well
as non-local decay (ICD), processes to be identified. Fortunately, the O K-pre-edge of the aqueous
Mn tetra-oxo-complexes studied here did not overlap with the water (solvent background) features
shown in Figure 2.9.
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Figure 2.9. RPES data of liquid water

(Left) RPES map highlighting the photon energy ranges associated with excitation and ionization in liquid
water. Dashed lines are used to highlight Auger signals (displaying constant KE as a function of photon
energy) and direct photoemission (‘direct PE’) signals (with varying KE as a function of photon energy).
(Right) PEY-XAS spectra produced from the data shown in the left panel, highlighting the pre-edge, main
edge, and post-edge absorption regions. Reprinted with permission from [165]. Copyright (2013) American
Chemical Society.

2.3.5 Permanganate and manganate ions

Previously, photoemission techniques have been adopted to study solid KMnO, and gas phase MnO4
samples. Crystalline KMnO, valence band [167-169], Mn 3p [168-170], Mn 3s [167, 168, 170], O 1s
[167, 168, 170], and Mn 2ps2/ 2p12[167, 168, 171, 172] BEs have been determined using He-I, He-
11, Al-K,, and synchrotron radiation sources. Solid state Mn 3p, O 1s, and Mn 2pz2 / 2p12 KMnOsg)
RPES experiments have also been performed, revealing partial d-orbital occupation for this formally
d® compound [173, 174]. The associated O 1s and Mn 2ps2/ 2p112 (solid state) KMnOu,) total electron
yield (TEY), X-ray absorption spectra (XAS) have also been reported. In the case of gas phase MnO.
, the two lowest VIEs — as well as their corresponding AIEs — were determined from photo-
detachment experiments performed at a 6.42 eV photon energy [175]. Similarly, the MnO,% ion has
been studied by means of solid state XPS on K:MnOs) samples, probing valence band, Mn 3p, Mn
3s, O 15 [168], and Mn 2ps2/ 2p12[168, 171, 172] ionizing transitions.

In the aqueous phase, Mn 1s near-edge XAS [176] and extended X-ray absorption fine structure
spectroscopy (EXAFS) experiments on MnOxs gy and MnO4?*(xq) Solutions have been reported and
compared with similar KMnOa) and KoMnO.) measurements, extracting the (average) Mn-O bond
lengths in both phases [113] (as discussed in Section 2.1.2). All of the aforementioned work sets the
stage for the novel aqueous phase experiments reported and discussed throughout this thesis.
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3 Liquid jet photoelectron spectroscopy
methodology and instrumentation

This chapter describes the methods and instrumentation required to perform the liquid jet
photoelectron spectroscopy experiments reported in this thesis. The chapter is divided in four
sections. Section 3.1 presents an overview of X-ray light sources and describes synchrotron radiation
facilities and beamlines. In most of the work reported here, liquid jet soft X-ray photoelectron
spectroscopy experiments were carried out at the U49/2 PGM-1 beamline [177] at the BESSY I
(Berliner Elektronenspeicherring-Gesellschaft fir Synchrotronstrahlung 1) synchrotron radiation
facility (Helmholtz-Zentrum Berlin fiir Materialien und Energie, Berlin, Germany) using the
SOL®PES (Solid, Solution and Solar Photoelectron Spectroscopy) end-station [178]. Additional,
complementary experiments were performed at the P04 beamline [179] at the PETRA 111 (Positron-
Electron Tandem Ring Accelerator Il1) synchrotron facility (Deutsches Elektronen-Synchrotron,
Hamburg, Germany) using the EASI (Electronic Structure from Aqueous Solution and Interfaces)
end-station [180]. Section 3.2 focuses on sample preparation and delivery methodologies. It describes
the liquid micro-jet technique and two complementary sample source developments —a micro-mixing
scheme and an electrolysis cell liquid jet —to enable liquid jet photoelectron spectroscopy experiments
with unstable, transient MnO4? () ions. Section 3.3 describes the main components of the SOL®PES
and EASI experimental end-stations. Section 3.4 outlines XPS and RPES experimental protocols and
describes the data treatment methodology adopted during the course of this work.

3.1 X-ray light sources

X-rays were first discovered by Wilhelm Conrad Rdntgen in 1895 [181]. The term refers to
electromagnetic radiation with wavelength in the 0.01 — 10 nm range — or, equivalently, the
0.1 100 keV energy range. Of interest for the aqueous Mn complexes investigated as part of this
thesis are the so called soft X-rays, with energies in the 100 — 1000 eV range [182]. Soft X-rays are
capable of probing (outer and inner) valence as well as O 1s and Mn 2p core-electrons in surface- and
bulk-sensitive liquid jet photoelectron spectroscopy experiments, as will be explained in more detail
in Section 3.4.

The BESSY Il and PETRA IlI third generation synchrotron radiation facilities used in this work
provide high photon flux, relatively low peak intensity, photon energy tunable, and high repetition
rate soft X-ray beams. Correspondingly, these sources allow data collection efficiencies to be
maximized while minimizing non-linear effects and, ideally, sample damage. With the
aforementioned properties of synchrotron radiation in mind, the properties of alternative soft X-ray
sources, such as discharge lamps (X-ray tubes) [183], liquid metal jets [184], and laser-based
upconversion methods [185] will be considered, as will be outlined below. X-ray sources are best
characterized by their brilliance, which is defined as the photon flux, per unit solid angle and area
over a 0.1% bandwidth centered at the source central frequency. Peak and average brilliances are
generally quoted with units of photon s mrad?> mm=2 (0.1 % bandwidth)™. Different X-ray sources
and their peak brilliance are listed in Table 3.1.
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Starting with discharge lamps, these sources generate X-rays by applying a voltage between a heated
filament (cathode) and a metallic target (anode) in a vacuum-sealed environment [183]. More
compact sources are liquid-metal-jet anodes, in which an electron beam is focused onto a metal jet
with micrometer diameter, with the advantage of minimizing thermal effects at the anode that tend to
reduce the source brilliance [184]. Laser-based techniques to generate X-rays include inverse
Compton scattering (incoherent hard X-rays) and high harmonic generation (coherent soft X-rays),
with the advantage of providing ultra-short pulses for time-resolved experiments [185-187]. Finally,
superior in peak brilliance to synchrotron radiation are free-electron lasers, providing high photon
flux, coherent radiation, and potentially (sub-) femtosecond pulse duration [188].

Table 3.1. Brilliance of different X-ray sources

X-ray source Average brilliance / Peak brilliance /
(photons/s mm? mrad? 0.1%BW) (photons/s mm? mrad? 0.1%BW)

X-ray tubes 107 [189] 107 [190]

Metal jets 10°—10%°[191]

Inverse Compton scattering 10%*[192] 10%[193]

High harmonic generation 107 - 107 [194] 10%° - 10%°[195]

Synchrotron radiation facilities (third  10'®—102[189] 1074 [190]

generation)

Free-electron lasers 10%[189] 10%#[190]

3.1.1 Synchrotron radiation sources

This section focuses on describing synchrotron radiation phenomena and the main components of
synchrotron radiation facilities, as well as the general specifications of BESSY Il and PETRA III.

Synchrotron radiation is produced when charged particles (in this case electrons) are guided along a
curved path — under the influence of applied magnetic fields — at speeds close to the speed of light
[196, 197]. Generally, free electrons emit radiation when their velocities are changed by
electromagnetic fields. When electrons are moving at relativistic speeds, the emitted radiation has the
properties of being broad-band (spanning frequencies from the infrared to the X-ray region) and
potentially highly collimated and polarized [196, 198]. These properties are afforded by synchrotron
light which allow states of matter to be probed at the molecular level in spectroscopic, diffraction,
scattering, and imaging experiments [199, 200].

A synchrotron radiation light source is most often formed by a storage ring designed to circulate
electrons at relativistic speeds. Figure 3.1 shows a generic schematic of a synchrotron radiation
facility and its main components.

Electrons are typically generated by an electron gun and pre-accelerated in a cyclotron, microtron, or
linear accelerator (LINAC), reaching energies of several MeV [196]. After that, a booster ring further
increases their acceleration [196]. At that point, with energies of several GeV, they are injected into
the storage ring [196]. Once there, bending, quadrupole, and sextupole magnets guide and focus the
electrons so as to form a guided electron beam [196, 198]. As electrons circulate in the storage ring
and emit synchrotron radiation, they lose energy that is replenished by radiofrequency (RF) cavities
[196, 198].
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Figure 3.1. Schematic of a synchrotron radiation facility

Generic diagram of a synchrotron radiation facility illustrating its main components, as described in the
text. The red arrows indicate the path travelled by the electrons.

The number density, spatial distribution and temporal characteristics of the electron beam are defined
by the ring current and the electron bunch distribution. The latter refers to the longitudinal
distribution of the electrons that have been injected into the storage ring — for example, modelled as
a Gaussian bunch [201]. The ring current, the circumference of the storage ring and the wavelength
of the RF cavities determine the number and length of electron bunches and their temporal
distribution, which in turn determines the pulse duration of the emitted synchrotron radiation light
(usually on the order of picoseconds) [201]. In addition, synchrotron facilities can operate in different
filling modes of the storage ring, such as multi-bunch or single-bunch modes (a more detailed
overview of the BESSY Il and PETRA I1I operation modes can be found in References [202] and
[203], respectively). The experiments reported here were performed under multi-bunch filling mode
operation of the storage rings.

Third generation storage rings — such as BESSY Il and PETRA IlIl — are characterized by
incorporating insertion devices, of which two types exist: wigglers and undulators [204]. These
structures consist of an array of magnets where electrons are forced to oscillate and emit partially
coherent, polarized, broad-band (wigglers) or narrow-band (undulators) synchrotron radiation [198].
Both the U49/2 PGM-1 and P04 beamlines incorporate soft X-ray undulators, as will be described in
Section 3.1.2. The main characteristics and specifications of BESSY Il and PETRA Il are
summarized in Table 3.2.

Table 3.2. Characteristics and parameters of BESSY Il and PETRA Il

Facility BESSY Il [205] PETRA 111 [206]
Circumference / m 240 2300

Electron energy / GeV 1.7 6

Current (multi bunch mode) / mA 300 100
Emittance / nm rad 4-6nm 1.2nm
Average brilliance /(photons/s mm? mrad? 0.1%BW) 106 — 107 [194] 10%[207]
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3.1.2 Soft X-ray beamlines

This section describes the main characteristics of the soft X- ray beamlines at which experiments
were performed during the course of the work presented here: the U49/2 PGM-1 beamline at BESSY
Il and the P04 beamline at PETRA III.

As mentioned in the previous section, both beamlines incorporate undulators [198] as their sources.
An undulator consists of a row of dipole magnets with alternating polarity where the electron beam
is forced to adopt a sinusoidal trajectory. As a result, electrons emit X-ray radiation that can be tuned
to different photon energies by changing the gap in the dipole structure. The U49/2 PGM-1 beamline
incorporates the U49/2 planar hybrid undulator, which is composed by 84 periods with a 49.4 mm
period length [177]. The minimal photon energy at 1.7 GeV is 84.4 eV with a minimal gap of 16 mm
[177]. The undulator at the P04 beamline is the APPLE-2 (Advanced Planar Polarized Light Emitter),
with 72 periods, a period length of 65.6 mm, and a minimum gap of 11 mm [179].

Figure 3.2 shows the layouts of the U49/2 PGM-1 (top) and P04 (bottom) beamlines. At both
beamlines, undulator radiation is monochromatized with a combination of a pre-mirror (M2 in Figure
3.2 ) and exchangeable gratings (600 I/mm and 1200 I/mm at U49/2 PGM-1 and 400 I/mm and
1200 I/mm at P04), forming a collimated, plane-grating monochromator configuration [208]. The
1200 I/mm grating at the U49/2 PGM-1 beamline was not operable during the course of the work
reported here. The main parameters of the U49/2 PGM-1 and P04 beamlines are summarized in Table
3.3, and the experimental conditions during the course of this work are outlined below.

The U49/2 PGM-1 beamline provides linearly, horizontally polarized light in the 85— 1600 eV
photon energy range. The photon flux and energy resolution vary depending on the exit slit size and
the photon energy. During the experiments presented throughout this thesis, ~340 meV beamline
resolution was achieved at a 635 eV photon energy when adopting a 100 pm exit slit. The photon
flux (measured after the last focusing mirror in the beamline) was of the order of 102 photons s at
photon energies below 500 eV and 10*2 photons s at photon energies above 500 eV. The focal spot
size was approximately 100 x 80 um? (horizontal x vertical) when using the aforementioned exit slit
size.

The P04 beamline provided circularly-polarized light in the 250 — 3000 eV range, with a photon flux
higher than 10*2 photons s at photon energies higher than 500 eV. The energy resolution at 635 eV
photon energy was ~90 meV when using a 100 um exit slit. The focal spot size was 180 x 33 pm?
during the experiments. The reduced vertical dimension of the P04 focus with respect to the U49/2
PGM-1 experiments allowed spectra to be recorded with reduced gas phase contributions.
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Figure 3.2. Beamline layouts

(Top) Layout of the U49/2 PGM-1 beamline at BESSY Il. (Bottom) Layout of the P04 beamline at PETRA III.
The main components of the beamlines — the undulator, the plane-grating monochromator, and the
guiding and focusing optics — are illustrated. The top panel of this Figure has been reproduced from
Reference [177], licensed under a Creative Commons Attribution 4.0 International License. The bottom

panel of this Figure has been reprinted from [179], Copyright 2013, with permission from Elsevier.

Table 3.3. Parameters of the U49/2 PGM-1 and P04 beamlines

Beam line U49/2 PGM-1
Insertion device U49/2 undulator
Monochromator PGM-1 plane-grating

85-1600 eV

90 meV at 400 eV (20 pum slit)

10" photons s (150 eV photon energy, 50
um slit)

Linear, horizontal

85 x 25 um? (10 um slit)

Photon energy range
Energy resolution
Maximum flux

Polarization
Minimum spot size (H x V)

P0O4

APPLE-2 undulator

Plane-grating

250-2200 eV

<10 meV at 335 eV, <40 meV at 1 keV
10% photons s (1 keV photon energy)

Circular
10 x 10 um?
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3.2 Sample delivery

A portion of the content presented here has been adapted or directly extracted from the following
publication: K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous
permanganate ion: aqueous-phase energetics and molecular bonding studied using liquid jet
photoelectron spectroscopy, Physical Chemistry Chemical Physics (2020). DOI: 10.1039/D0CP04033A
(https://doi.org/10.1039/D0OCP04033A). Published by the PCCP Owner Societies. This work is licensed
under the Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

3.2.1 Sample preparation

Millipure water (with 18.2 MQ cm resistivity at 25°C, from a ELGA PURELAB Plus water
purification system with a 0.2 pum point-of-use filter) was used to prepare all of the aqueous solutions
described here.

MnOy ) Solutions were prepared by diluting aliquots of a commercial NaMnO, solution (Aldrich, 40
wt. % in water) or by dissolving KMnOQj crystals (Roth, >99 % p.a., ACS, and Fluka, puriss. p.a.,
ACS, Ph. Eur., >99 %) using Millipure water. 0.05 M NaClg) solutions (Aldrich, ACS, >99 % NaCl
crystals dissolved in Millipure water) were used to record nearly-pure water (solvent only) reference
spectra. The relatively low concentration of NaCl in solution provided sufficient conductivity to
compensate liquid jet streaming potentials [8, 94] and X-ray-pulse-induced charging effects [209].
All sample and reference solutions were ultrasonically degassed before the start of the experiments.
Reservoirs and sample solution loops (see Section 3.2.2) containing MnO4 g Solutions were covered
in aluminum foil to prevent ambient light-induced photochemical reactions [210].

MnO4? g, Solutions were prepared by mixing stoichiometric amounts of NaMnOaq) (as described
above) in NaOHq) (Honeywell Fluka, 98% NaOH pellets dissolved in Millipure water) with Nalaq)
(Sigma Aldrich, 99% Nal crystals dissolved in Millipure water) in NaOHq). During the MnO4? ()
experiments, NaOHaq)— or Nal@q) in NaOHsq) — Were adopted as solvent media reference solutions.
The generation of solutions of MnO4? (g, ions for liquid jet XPS and RPES experiments required the
development of alternative sample delivery methodologies. The details of the micro-mixing scheme
and electrolysis cell liquid jet device — and associated sample preparation procedure — developed to
generate MnQO4%4q) ions are presented in Sections 3.2.3 and 3.2.4, respectively.

3.2.2 The liquid micro-jet technique

This section describes the principles of the liquid micro-jet technique and the components of the
liquid jet setup used to perform the experiments reported here.

As briefly introduced in Section 1.2, the liquid-micro-jet technique [69] consists of pushing a liquid
through a glass capillary nozzle with a micrometer-size open orifice diameter. The diameter of the
liquid jets produced with such capillaries ranges between 5 — 50 um [69], and typical jet velocities
ranging between 30 — 120 m s are achieved [21]. The liquid jet’s relatively small diameter and high
speed enable the following characteristics of the liquid micro-jet technique, which facilitate the study
of liquids with relatively high vapor pressure — such as aqueous solutions — under the vacuum
conditions required by PES experiments [69, 211]:
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e Formation of a millimeter-long laminar-flow liquid filament [67, 72] from which
measurements can be performed (i.e. placement of the light-sample interaction area within
this region);

o Free-flowing sample, without freezing due to evaporative cooling under vacuum in the
laminar region of the jet. Notably, the jet breaks down into droplets after a cm or so of
propagation, which are subsequently collected by a liquid nitrogen cooled cryo trap;

e Continuously replenished sample volume, resulting in a sample that is essentially unaffected
by surface contamination or radiation damage;

o Development of a gas phase sheath around the liquid filament into a collision-free, molecular
flow regime gas, ensuring the probability of scattering events of the emitted photoelectrons
is negligible, (given that the liquid jet’s diameter is comparable to the mean free path of
electrons in the surrounding vapor, Knudsen condition);

¢ Minimized gas phase load that can be handled inside the vacuum experimental chamber by
implementing turbo molecular pumps and cryo traps (see Section 3.3).

Figure 3.3 shows a schematic of the liquid jet illustrating the different liquid phase and gas phase
flow regimes.

Molecular Flow

nozzle

Collisional
vapor layer
J
- g - Breakup —_—
Laminar 2
& region
5-10 mm

Figure 3.3. Liquid jet flow regimes

Schematic of a liquid micro-jet produced from a capillary or nozzle, illustrating the different liquid phase
and gas phase flow regimes. Reprinted from [211] with the permission of AIP Publishing.

A schematic of the liquid jet system used during the MnO4 q.) experiments performed at BESSY Il is
shown in Figure 3.4. A slightly different layout — which followed the same principle — was used at
PETRA Ill. The setup primarily consisted of two HPLC pumps and two polytetrafluoroethylene
(PTFE) tubing loops (for sample and reference solution). Pre-filtered millipure water pushed through
the HPLC pump and fed to these tubing loops, which were pre-filled with sample, so as to protect the
pumps from chemical damage and to prevent contact reaction of the samples with metal parts inside
the pumps. A polyether ether ketone (PEEK) tubing system was used to interface the sample loops
with a metallic rod (liquid jet holder) that held the micro-jet capillary in place (the sample circulated
through PEEK tubing inside the liquid jet holder as well). The micro-jet capillary was made of quartz
and had an orifice diameter of 25 pm or 35 pum. A peristaltic pump was used to fill the PTFE tubing
loops. The pre-filtered, millipure water (or 0.05 M NaClyq, solution) was run through the HPLC
pumps behind the solutions in order to deliver the sample or reference solution to the glass capillary
nozzle, with flow rates ranging between 0.7 — 1.1 ml min. A system of switching valves allowed
one of the sample loops to be simultaneously re-filled while running sample to the liquid jet from the
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other. A filter assembly with a 10 um frit was placed before the liquid jet holder in order to prevent
micro solids in the solution reaching the injection nozzle and potentially blocking the capillary. After
the filtering stage, a gold wire was immersed in the solution and electrically connected to the electron
analyzer. The low concentration ionic solutions used in this work provided sufficient conductivity for
the gold wire to act as a solution electrical grounding mechanism. The liquid jet holder was mounted
on a custom flange and 3D manipulator forming an air-vacuum interface with the experimental end-
station (see Section 3.3) and was connected to a cooling system to regulate the temperature of the
solution prior to injection. Both the temperature and sample flow rate were optimized to maximize
jet stability during measurements. In addition, specific sample temperatures were adopted in
situations where photoelectron features and spectral widths were expected to be compared or used to
derive additional (temperature-sensitive) parameters [151].
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Figure 3.4. Liquid jet sample delivery setup at BESSY II

Liquid micro-jet sample delivery setup used to perform experiments at BESSY Il, as described in the text.

3.2.3 Micro-mixing scheme

As described in Section 1.2.3, MnOs %) ions undergo disproportionation within tens to hundreds of
seconds [54, 212] which complicates the study of its electronic structure by means of the liquid micro-
jet setup described in the previous section. The micro-mixing scheme facilitated the MnOs%(aq) XPS
and RPES experiments presented in Chapter 5.
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During a disproportionation reaction, a chemical species is simultaneously reduced and oxidized,
producing two compounds with lower and higher oxidation state, respectively. MnOs% (g, ions
disproportionate according to the following chemical equilibrium [54]:

3MN0Z gy + 4H gy < 2MnOy gy + MnOy(sy + H,0

The kinetics of this equilibrium are pH-, concentration-, and temperature-dependent. In addition,
MnO.) formed during the reaction acts as a heterogeneous catalyst for the forward reaction, further
accelerating the disproportionation [54].

As shown in the Mn-H,O Pourbaix diagram (Figure 1.2), MnO42 ) ions can be stabilized in alkaline
environments. A chemical route to the generation of MnOs% (g is [213, 214]:

- - - 2_ -
6MN0z 00y + Iiaqy + 60HGq) = 6MN025,, + 105(qq, + 3H,0

With that in mind, as an initial step, ~0.2 M MnO4?% q) solutions were prepared at pH ~14.6 by mixing
0.2 M NaMnOaaq) and 0.033 M Nal@g) in 4 M NaOHq). 0.2 M concentrations were chosen so as to
ensure high XPS solute-to-solvent signal contrast ratio and allow solute photoelectron spectroscopic
signatures of interest to be distinguished from those of the predominant water solvent. In addition,
the solution should be stable for at least 40 minutes in order to be able to record XPS data [87].
Sample stability was studied by recording UV-visible absorption spectra as a function of time and
monitoring the formation of colloidal MnOx) (with an absorption band at a wavelength of ~425 nm
[214, 215]), as shown in Figure 3.5. Given that disproportionation at 0.2 M concentration was evident
at ambient temperature (usually below 19°C) the MnO4 % (g, solutions were kept in an ice bath during
those experiments.

4 - r r r -
' ' ' " —o02MNamno,,
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——~0.2MMnO,%,,,_1min40s
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Figure 3.5. UV-visible absorption spectra of MnO4% () as a function of time
The arrows highlight the changes in the Mn04? (aq) and MnOx(s) concentrations at their signature absorption
wavelengths of ~600 nm and ~425 nm, respectively [58, 214, 215]. 0.2 M NaMnOa(q,) spectra in the

presence and absence of 4 M OH"(aq) are shown for comparison. The spectra were normalized to the
isosbestic point close to 555 nm [216].
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XPS experiments performed using the (regular) liquid jet setup described in Section 3.2.2 and the
sample preparation methodology described above allowed the (first) valence band signatures of
MnO4%q) to be recorded, revealing a ~6.9 eV lowest BE spectroscopic signature, which is unique to
MnO4? ), as shown in Figure 3.6 (panel B.1). Despite keeping the sample loop inside an ice bath to
reduce the rate of disproportionation, residues of MnO.% () accumulated in the sample loop and
delivery paths, with disproportionation occurring over time. As a result, MnOzi accumulated through
the delivery system, generally obstructing the circulation of liquid and completely blocking the filter
frit and / or glass capillary nozzle after ~20 minutes.In addition, contact of the MnO4? (g, solution in
the sample loops with water circulating through the HPLC pumps had to be avoided by ensuring the
presence of NaOHaq, in the delivery path between the HPLC pump and the sample loop. Otherwise,
dilution of the OH ) ion concentration at the water-sample interaction point resulted in a decrease
in the pH, thus driving the disproportionation reaction.

The micro-mixing scheme was designed to overcome the aforementioned difficulties, by facilitating
longer acquisition times and reducing the required amount of NaOH g, stabilizing agent. The scheme
was based on the idea of incorporating microfluidic devices into the liquid micro-jet technique as in-
line micro-reactors to generate transient species.

The concept developed for the generation of MnO4% g ions is illustrated in Figure 3.6 (top). A 0.57 pl
T micro-mixer was connected to two streams, combining the following reagents to generate and
deliver MnO4% ) ions to the experiment in short succession: a MnOy ) reagent stream (0.4 M
NaMnOagg) in 0.5 M NaOHyq,)) with a 1" reagent stream (0.066 M Nalg) in 0.5 M NaOHgg)) to
produce a 0.2 M MnOs%(q) in 0.3 M NaOHq) sample stream (pH~13.5). The third arm was
connected to the gold wire connector assembly and the liquid jet holder (see Figure 3.4 in the previous
section). The liquid jet temperature was set to 5°C, to minimize disproportionation. The flow
dynamics and chemical conversion efficiency — under laminar flow regime conditions, as required
for liquid jets — using T-shaped micro-mixers has been described in the literature [217]. The mixing
efficiency was tested by recording MnO.% ) valence band spectra at 150 eV as a function of the
angular alignment of the mixer, mixing length, and flow rate. The mixing was found to be independent
of its angular alignment relative to the electron spectrometer, indicating that complete mixing was
achieved at the synchrotron-liquid-jet interaction point.

Efficient, full-mixing conditions were achieved with the developed setup, as illustrated in panels B —
D in Figure 3.6. The MnO4% ) Valence spectra recorded using the liquid jet setup described in Section
3.2.1 and using the micro-mixing scheme are shown in panel panels B.1 and B.2, respectively. Panel
C shows MnO4?q) Mn 2p spectra recorded at 1251 eV photon energy under optimized (only MnO4*
@ag) present) and partial mixing conditions (both MnOs%(q) and MnOs g present). A MnOx aq)
spectrum is shown for comparison. The mixing time required to chemically produce MnO4% ., liquid
jet samples was optimized by recording PEY-XAS spectra recorded at different flow rates, as shown
in panel D. This allowed the identification of the experimental conditions required to record MnO4*
@q) XPS and RPES data without the interference from MnQ4 sq) Signals. Details of the micro-mixing
setup are described in Figure 3.7.
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Figure 3.6. Spectra of MnO4? (.q) generated using the micro-mixing scheme

(A) Schematic of the micro-mixing scheme, highlighting the reagent streams and time scales for the
generation of Mn04%(aq) estimated by considering the description of flow dynamics and mixing conditions
for T-shaped micro-mixers previously adopted in the literature [217]. (B) MnOa4%*(sq) valence spectra
recorded at a 150 eV photon energy using the liquid jet setup described in Section 3.2.1 (1) and using the
micro-mixing scheme (2). Spectra from NaOHq,) solutions are shown for comparison. The micro-mixing
scheme offers two primary benefits over the regular LJ scheme, the micro-mixing scheme allows Mn0O4? to
be produced with similar yields to the regular liquid jet technique but at significantly lower OH @q,)
concentrations (and pHs) and (most importantly) a stable Mn0O4?(sq) sample stream can be maintained over
a significantly longer timescale (>1 hour) (C) Mn04%(aq) Mn 2p spectra recorded at 1251 eV photon energy
under optimized and partial mixing conditions. A MnQO4(aq) Spectrum is shown for comparison (purple
curve). (D) PEY-XAS spectra recorded as a function of flow rate.
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Figure 3.7. Micro-mixing scheme

Diagram showing the HPLC and switching valve sample delivery system associated with the micro-mixing
scheme, as detailed in the text. The setup consisted of a T-shaped micro-mixer (0.57 pL volume) that
combined two laminar chemical reagent streams into a unique, initially turbulent stream. The streams
mixed as they travelled along the PEEK tube (0.57 mm internal diameter) before promptly re-establishing
laminar flow, exiting the liquid micro-jet nozzle and reaching the measurement point. Two loops were used
for each reagent stream, while a third loop was implemented to circulate NaOHagq.) in order to clean MnOzxs)
residues. Both HPLC pumps were set at the same flow rate. The flow was divided at the Y-connector and
then unified again at the T-connector micro-mixer. Isolation valves were implemented to prevent the
solution from flowing backwards through either of the reagent lines and mixing taking place outside of the

mixer, which would block the lines.

38



3.2.4 Electrolysis cell liquid jet

As a more compact alternative to the micro-mixing scheme presented in the previous section, and a
potential means to study transient species with even shorter lifetimes, an in-vacuum electrolysis-based
sample source assembly was produced and tested. The primary advantage of this sample source with
respect to the micro-mixing scheme is the possibility of incorporating this device inside the vacuum
chamber (i.e. closer to the synchrotron-liquid-jet interaction point). The device was designed
according to the working principles of flow electrolysis cells for organic electro-synthesis [89, 218-
220]. However, it was tailored towards having the capability of producing stable liquid jet samples at
applied voltages within the water electrochemical window (0-1.23 V) [221], so as to avoid
competitive reactions with the solvent. As a result, it should allow shorter lived species and ions
(transient intermediates) to be probed in their nascent form (i.e. with lower concentration of
stabilizing agents).

Figure 3.8 (top) shows a schematic of the developed electrolytic cell liquid jet assembly. Its main
components (numbered from 1 — 8 in the figure) are: (1) ambient pressure-vacuum chamber interface;
(2) air-vacuum seal, (3) PEEK liquid delivery interface; (4) platinum (Pt) disc pair anode and cathode
or working electrode and counter electrode; (5) glass capillary ferrule; (6) glass capillary retaining
nut; (7) electrolytic chamber holder; (8) PTFE spacer.

The electrolysis chamber consisted of pure Pt working and counter electrodes (1.2 mm? area each)
and a PTFE electrode spacer (~250 pum thickness). Given that the electrochemical setup implies
coupling of an electrolysis cell assembly to a liquid jet in vacuum, adequate flow rate conditions for
both redox conversion and a stable liquid jet needed to be met. The slowest possible flow rate to
maintain stable liquid jet conditions is close to 0.5 ml min*. The residence time between the working
electrode and counter electrode was optimized by varying the liquid sample flow rate. When using
flowrates in the 0.5 — 1 ml min range, the chemical species generated in the electrolysis chamber
reached the synchrotron-liquid-jet interaction point within 3.0 — 6.0 £ 0.1 s. As a result, the setup
facilitated the study of species with lifetimes of 4 — 7 s or longer.

The capability of the proposed design to generate aqueous ions via electrolysis was tested in MnQO4>
@q) proof-of-principle experiments [222]. The applied voltage and flow rate conditions were explored
to achieve maximum redox conversion efficiency considering the following redox reaction for the
generation of MnNO4? g i0NS:

4MnOy g0y + 40Hgqy = 4MnOZ 5,y + Oy(g) + 2H,0
With the reaction corresponding to the following half reactions:
MnOyaqy + €~ = MnOZ5,)
40H4q) = Oz(g) + 2H,0 + 4e”

Valence band spectra from 0.2 M NaMnOugq)y in 4 M NaOHq) solutions were recorded under
different applied voltage and flow rate conditions at a 150 eV photon energy, as shown in Figure 3.8
(bottom). The MnO4%4q) signal increased with applied voltage and decreased with increasing flow
rate. A conversion efficiency of ~10% was estimated at 0.9 V and 0.5 ml min, based on the recorded
data, an example of which is shown in Figure 3.8.
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Figure 3.8. Electrolysis cell liquid jet for the generation of Mn0O4? (aq) ions

(Top) Schematic of the electrochemical cell liquid jet assembly. Parts 1-7 highlight the ambient pressure-
vacuum chamber interface, liquid-delivery interface, working electrode holder and seal, counter electrode
holder and seal, liquid microjet capillary ferrule, and LJ capillary retaining nut. (Bottom) Valence-band
spectra from 0.5 M NaMnOasaq,) in 4 M NaOHaq,) solutions recorded as a function of applied voltage and
flow rate at 150 eV photon energy. The intensity of the MnO4%(aq) signature at a 6.9 eV binding energy
increased with applied voltage.

Larger electrode areas and reduced electrode separation are required to increase the conversion
efficiency. The former would result in increased dimensions of the device, hence providing larger
residence times. Consequently, an additional challenge is the dimensioning of the device, so as to
make it fit in the liquid-soft-X-ray-beam interaction region inside the vacuum chamber.

In order to address the aforementioned requirements, a different prototype was developed, as
illustrated in Figure 3.9. The revised electrolysis cell assembly incorporated a set of concentric
electrodes and exchangeable spacers of different lengths. Such electrode geometry facilitated larger
electrode areas (higher electrode area / reaction volume ratio) within the flow rate limitations to run
stable liquid jets. Such limitations are associated with a minimum flow rate of 0.3 — 0.5 ml min*
required to ensure a sufficiently large (of the order of a few millimeters) laminar liquid jet region is
produced from where photoelectrons can be efficiently sampled from the liquid jet. These limitations
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have an impact on the residence times and, consequently, on the electrochemical conversion
efficiency. The residence time in the electrolysis compartment can be tuned by changing the flow
rate, and should be long enough to achieve higher conversion efficiency. An optimum compromise
between those parameters can be found by further increasing the electrode area in the electrolysis cell
flow channels while simultaneously maintaining high electrode area / reaction volume form factors.
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Figure 3.9. Electrolysis cell liquid jet — concentric electrodes
Schematic of the assembly. All dimensions are in millimetres. Parts 1-9 highlight the ambient pressure-

vacuum chamber interface (1), air-vacuum seal (2), PEEK liquid-delivery interface (3), concentric electrodes
and spacer (4, 8, 9), liquid microjet capillary ferrule (5), and LI capillary retaining nut (6).

In the prototype presented in Figure 3.8, the direction of the field produced by the applied difference
potential between the electrode plates was parallel to the direction of flow of liquid inside the
electrolysis cell liquid jet. In the design presented in Figure 3.9, the incorporation of concentric
electrodes resulted in two different applied potential versus flow rate regimes: parallel orientation
towards the end of the electrolysis compartment, and perpendicular orientation along the cell. Similar
experiments to those performed with the initial prototype showed no further improvements in redox
conversion efficiency. These results seem to indicate that the perpendicular orientation geometry did
not contribute to an improvement in the overall conversion efficiency, despite the similar sample
volume flow rate and higher electrode area.

Consequently, future improvements of the electrolysis cell liquid jet assembly should focus on
maximizing electrode areas while favoring a parallel orientation between applied potential and
sample flow rate directions.

3.3 X-ray photoelectron spectroscopy end-stations

This section describes the main components of the SOL3PES [178] and EASI [180] end-stations that
were used to perform liquid jet soft X-ray photoelectron spectroscopy experiments at the U49/2 PGM-
1 and P04 beamlines, respectively. The central component of the experimental end-stations is their
interaction chambers, where the liquid jet sample is aligned onto the soft X-ray beam delivered by
the beamline. Figure 3.10 shows a schematic illustrating its main components.

The interaction chambers are equipped with several ports that connect to:
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The end-station-beamline differential pumping unit — devised to protect the beamline from
the liquid samples introduced into the experimental chamber;

The hemispherical electron analyzer — used to sample and measure the kinetic energy of
photoelectrons emitted from the liquid jet sample. Both the SOL®PES and EASI end-stations
are equipped with differentially-pumped Scienta Omicron R4000 analyzers (HiPP-2 model
in SOL®PES [178] and HiPP-3 model in EASI [180]). The electron analyzer pre-lens axes
were aligned either at 90° or at magic angle with respect to the soft X-ray beam polarization
during the experiments reported here. The liquid jet orientation was orthogonal to the soft X-
ray beam propagation direction.

A micrometer precision XYZ manipulator — attached to the liquid jet holder (see Section
3.2.2), which facilitated precise (micrometer-scale) alignment of the liquid jet at the light-
sample interaction region in front of the entrance to the electron analyzer (see Figure 3.10,
top). The liquid jet position was optimized by maximizing the photoelectron count rate from
the liquid water 1b;? ionizing transition (see Section 2.3.1) — in experiments performed at
photon energies lower than 540 eV — or of the liquid water Auger electron signal — in
experiments performed at photon energies higher than 540 eV — thus reducing gas-phase
spectral contributions [151];

The main turbo molecular pump and several cryogenic traps — used to maintain a 5x10* —
1x10-® mbar pressure inside the interaction chamber, as required to perform photoelectron
spectroscopy experiments. The turbo molecular pump had a ~2000 L s (SOL®PES) or
~2700 L s (EASI) pumping speed for water vapour. The liquid nitrogen-filled cryo traps
(two in the SOL®PES instrument or three in the EASI end-station) provided ~4.5x10* L s
pumping speed for water vapour per trap. In addition, one of the cryogenic traps was used as
a catcher onto which the droplet train produced at extended distances by the liquid jet were
cooled, frozen, and collected.
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Figure 3.10. Experimental chamber

Schematic of the light-sample interaction region in front of the entrance to the electron analyzer.
Republished with permission of Annual Reviews, Inc., from [8]; permission conveyed through Copyright
Clearance Center, Inc.

As mentioned above, photoelectrons were detected using differentially-pumped Scienta Omicron
R4000 hemispherical electron analyzers [223]. With appropriate magnetic shielding, these analyzers
are respectively capable of detecting electron energies in the 5— 6000 eV and 2 — 1500 eV ranges,
respectively [224]. Figure 3.11 shows schematics of this type of analyzer. Its main components are:

Exchangeable entrance skimmers, where 500 um and 800 um apertures were respectively
implemented in the SOL®PES and EASI experiments, used to sample photoelectrons from
the liquid jet at the measurement point;

Differentially-pumped, electrostatic pre-lens and lens systems that guide the sampled
photoelectrons towards the entrance of the hemisphere and accelerate or decelerate them
according to the implemented analyzer settings [223];

A pair of concentric, inner and outer (200 mm nominal radius, r,) hemispheres with entrance
and exit slits. Only electrons with a specific KE range around a defined central energy
(referred to as the pass energy, E;) are able to reach the exit slit and be detected;

A detection unit, consisting of two 40 mm diameter micro-channel plates (MCPs) and an
associated phosphor screen [178]. The MCPs amplify the photoelectron signals while the
phosphor screen produces an energy versus position and angle 2D image. A charge-coupled
device (CCD) mounted outside vacuum is used to record the images, synchronously with the
analyzer field sweeps and potential beamline monochromator changes [178].
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Figure 3.11. Hemispherical electron analyzer

Schematics of the Scienta Omicron R4000 HiPP 2 hemispherical electron analyzer, highlighting the different
pumping stages (top) and the electrostatic pre-lens and receiving-lens areas (bottom). Reprinted from [223]
with the permission of AIP Publishing.

For a given experiment, E, is selected so as to be approximately a third of the center KE in the
spectrum. The experiments reported here were performed in transmission mode, with the
hemispherical analyzer entrance slit being set to maximize electron collection.

The analyzer slit size, Ep, and r, as well as the beamline slit size determined the total instrumental
resolution for the experiments. For the U49/2 PGM-1 beamline and SOL®PES end-station setup, the
instrumental resolution was determined by recording Argon 3p and 2p XPS spectra under beamline
and analyzer conditions matching those adopted when performing the liquid jet experiments [151].
Voigt profile fits to the Ar spectra allowed instrumental resolutions of ~53 meV, ~310 meV, and
~400 meV to be determined at 150 eV, 530 eV, and 638 eV photon energies, respectively [151]. For
the P04 beamline and EASI end-station, the instrumental resolution was estimated from data provided
by P04 beamline scientists [225] and the group at the Fritz-Haber Institut Berlin who constructed the
EASI setup [226], with total energy resolutions of ~410 meV, ~460 meV, and ~480 meV at 635 eV,
1135 eV, and 1251 eV photon energies, respectively.
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3.4 Experimental protocols and data treatment

A portion of the content presented here has been adapted or directly extracted from the following publication:
K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous permanganate ion:
aqueous-phase energetics and molecular bonding studied using liquid jet photoelectron spectroscopy, Physical
Chemistry Chemical Physics (2020). DOI: 10.1039/DOCP04033A (https://doi.org/10.1039/DOCP04033A).
Published by the PCCP Owner Societies. This work is licensed under the Creative Commons Attribution 3.0

Unported License (https://creativecommons.org/licenses/by/3.0/).

3.4.1 Non-resonant photoemission experiments

With the aim of fully characterizing the electronic structure of MnOxs aq) and MnO4% ) iONS, Non-
resonant photoelectron spectroscopy experiments were performed to determine the aqueous phase
BEs of (outer and inner) valence and core level electrons. In addition, ionizing photon energies were
tuned to selectively probe gas-solution interfacial or solution-bulk environments. Correspondingly,
for the valence region, experiments were performed at photon energies of 150 eV and 635 eV, thus
producing photoelectrons with KEs of ~130 eV and ~600 eV, respectively. As explained in Section
2.3, KE values of those magnitudes respectively correspond to ~1 nm (surface sensitive) and ~4 nm
(bulk sensitive) EALSs [150]. With a similar purpose, O 1s and Mn 2pas2,12 core-level spectra were
recorded at photon energies of 688 eV /1135 eV (O 1s) and ~800 eV / 1251 eV (Mn 2pz2.1/2) in order
to sample photoelectrons from ~1 nm / ~4 nm probing depths, respectively. Valence and O 1s spectra
were recorded for both the sample of interest (MNO47(aq) and MnO4?4q) solutions) as well as from
reference solutions (see Section 3.2.1) facilitating a direct comparison between solution and solvent-
only data as well as the identification and isolation of solute spectral features.

The secondary electron background in the data was treated by fitting and sequentially subtracting a
series of Shirley baselines to the 5 — 20 eV, 20 — 40 eV, and 40 — 90 eV BE spectral regions. The
background-corrected spectra were fit using a set of Voigt profile functions. The mathematical
expression of a Voigt profile allows for an appropriate representation of inhomogenous broadening,
instrumental resolution and life-time broadening contributions to the photoelectron signals (assuming
the photoemission peaks are inherently symmetric). For valence band spectra, where contributions
from life-time broadening effects proved to be negligible, more robust Gaussian fits were adopted
instead. The BE scale was calibrated using the water 1biqy (in valence band spectra) and O 1sg (in O
1s and Mn 2p spectra) BE values of 11.31 £+ 0.04 eV [94] and 538.1 + 0.1 eV [227], as respectively
reported and generally adopted in the existing literature (see Section 2.3). BEs and peak widths at
FWHM were determined from average values extracted from fits to different data sets, with the
associated errors corresponding to standard deviations. Fitting errors and the uncertainty in the water
1b:gy BE value used to calibrate the BE scale were considered individually for each data set to
determine the reported errors.

Solution-solvent (reference) difference spectra were produced for the valence band and O 1s data.
The spectra were smoothed (3-point adjacent-averaging smoothing) before subtraction. This
methodology was applied as an alternative and complementary BE and peak width extraction
approach to the cumulative fit treatment described above. Consequently, the peak widths reported
throughout this thesis reflect inhomogeneous broadening due to the aqueous environment and the
beamline / analyzer combined instrumental resolution (see Section 3.3), excluding lifetime
broadening effects.
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3.4.2 Resonant photoemission experiments

RPES experiments were performed at photon energies in the vicinity of the Mn L;;,u- and O K-pre-
edges, recording 2-dimensional (2 D) photon energy versus BE maps. Integration over the photon
energy scale in those maps produced PEY-XAS spectra proxies of the transmission-based XAS
spectra [166] (see Section 2.4.1). The PEY-XAS spectra were used to determine resonant photon
energies corresponding to different core-to-virtual-valence and core-to-partially-occupied-valence
transitions (as in the case of MnQO4>, see Figure 2.2) involving Mn 2psz12 and O 1s core-level
electrons and the HOMO (in the MnO4?(q) case), LUMO, and LUMO + 1 valence electrons. The
Mn Ly,m- and O K-pre-edge PEY-XAS spectra were fit using a set of Gaussian functions in order to
extract the resonant photon energies (for the Mn L;,-pre-edge data, a cubic baseline was fit and
subtracted as a preliminary step). In the Mn L,;,u-pre-edge experiments, the photon energy scale was
calibrated using Voigt fits to the water O 1sg spectra recorded using the fundamental and residual
second harmonic signal of the monochromatized beamline. The difference between the central KEs
extracted from those measurements defined the experimental photon energies. In the O K-pre-edge
PEY-XAS experiments, the water O 1sg— 4a; resonance at 535.0 eV [228] was used to calibrate the
photon energy scale.

In order to isolate participator and spectator Auger features — as well as signatures of non-local
autoionization involving solute and solvent molecules, as explained in Section 2.4 — higher signal-to-
noise ratio spectra were recorded at each core-virtual-valence resonant photon energy. The resonant
photoelectron spectra were compared with photoelectron spectra recorded at lower, off-resonant
photon energies (which were devoid of resonant signal enhancements). The off-resonant spectra were
subtracted from the corresponding resonant spectra, with the data being BE smoothed (5-point
adjacent-averaging) as a preliminary step. The resulting difference spectra were fit using sets of
Gaussian or Voigt functions in order to extract the energetic information associated with the different
resonant signal enhancements. The BE scale was calibrated using the water 1b:g photoemission peak
from the off-resonant spectra in both the RPES maps and higher-signal-to-noise spectra.
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4 Electronic structure of permanganate ions
in aqueous solution (MnOy4 (aq.))

The content presented here has been adapted or directly extracted from the following publication: K.D. Mudryk,
R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous permanganate ion: aqueous-phase
energetics and molecular bonding studied using liquid jet photoelectron spectroscopy, Physical Chemistry
Chemical Physics (2020). DOI: 10.1039/D0CP04033A (https://doi.org/10.1039/D0CP04033A). Published by the
PCCP Owner Societies. This work is licensed under the Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

| have co-designed and performed the experiments, analyzed and interpreted the data, and drafted the content
presented in that publication. R. Seidel has assisted during the experiments and contributed to the data
interpretation and proof-reading of the manuscript. B. Winter has participated in the initial experiments, and
contributed to the data interpretation and proof-reading of the manuscript. I. Wilkinson has co-designed and
performed the experiments and has lead and supervised the data analysis, interpretation and manuscript drafting
processes.

This chapter presents and discusses results obtained from XPS and RPES experiments performed
with MnO4 (aq) solutions. As described in Chapter 1 (and illustrated in Figure 1.1), MnOg (g, iONS are
redox precursors of agueous Mn species with other oxidation states. These ions are strong oxidizing
agents at alkaline, neutral, and acidic pH and constitute a benchmark case for electronic structure
calculations of transitions metal complexes [105, 108, 229]. The relatively high stability of MnO, in
aqueous solution [36] allowed a comprehensive set of liquid jet photoelectron spectroscopy
experiments to be performed, from probing its electronic structure in relatively dilute solutions, to
investigating counter-ion, probing-depth, and concentration effects. Primary attention was given to
bulk-sensitive spectra recorded from 0.2 M NaMnOaq) and KMnOQaq) Solutions, a concentration at
which MnOs ) i0ns are expected to behave as hydrated, separated ions — i.e. without ion-pairing
with other MnOy g i0ns or Na*aq) or K*aq) counter cations — as confirmed by the experimental data
presented here. The electron collection axis of the analyzer was set orthogonal or at magic angle to
the light propagation and light polarization axes in all the direct XPS and RPES experiments. While
the use of different polarization geometries is generally adopted to probe photoelectron angular
distributions [150], favoring perpendicular or magic angle electron analyzer orientations yielded
equivalent results (i.e. system energetics) in the work described here, with the exception of the depth
profiling experiments. In that case, experiments were performed using the magic angle configuration,
given the dependence of the probing depths on the photoelectron angular distributions [150].

The chapter is organized in three sections. Section 4.1 reports the BEs extracted from the direct XPS
experiments, as well as the results and discussions regarding the depth- and counter-ion dependence
of the BEs (Sections 4.1.1 and 4.1.2). A more involved depth profiling study from 0.2 M and 1.0 M
NaMnOQaag,) Solutions is presented and discussed in Section 4.1.3. A comparison between the aqueous
phase BE values reported here with those associated with solid [167] and gas phase samples [175]
reported in the literature is presented in Section 4.1.4. Sections 4.2 focuses on the Mn 2pz»/ 2p12and
O 1s RPES results, discussing electronic structure, Mn(VI1)-O molecular bonding, and solute-solvent
interaction information extracted from intramolecular Auger and non-local autoionization processes.
A summary of the key findings reported in this chapter is presented in Section 4.3.
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Figure 4.1 shows a MO diagram for a NaMnOauq) solution, showing the electronic structure of the
fully hydrated MnO4 g ion and Na*g) counter ion, as well as that of the water solvent. This MO
diagram will be used as a reference when presenting the experimental data throughout this chapter.
Spectral features associated with different MOs will be labelled as follows: (1) 1t1, (2) 4t2/6a1, (3)
1e/3ty, (4) 5as, (5) 2ty, (6) 4a, (7) 3a1, and (8, 9) 1t (see Section 2.1.2 for details). The vertical energy
scale displays the BEs extracted from the bulk-sensitive direct XPS and RPES experiments recorded
at 0.2 M concentration. The BEs associated with the 2e and 5t; virtual valence orbitals (5.15 + 0.08
eV and 6.88 + 0.08 eV, respectively) were estimated by considering the experimentally determined
BE of the (1t1) ! ionizing transition and the excitation energies extracted from fits to the first and third
optical UV/visible absorption bands (as reported in Section 2.1.2), neglecting electron correlation
effects.
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Figure 4.1. MO diagram of NaMnOaaq, solutions

MO diagram of a NaMnOa(aq,) solution. The MnO4'(aq) MO diagram was adapted from the isolated molecule
diagram presented in References [104] and [108] (see Section 2.1.2 for details) and scaled according to the
experimental BEs determined from the liquid jet XPS and RPES bulk-sensitive experiments with 0.2 M
NaMnOa(q,) solutions and from UV-visible absorption measurements, as explained in the text. MO diagrams
for H20 (center) and Na*aq) ions (right) are shown for comparison, based on the data reported in this
chapter and in References [21, 92, 94]. The energetic information is referenced to the local vacuum level.

4.1 Direct (non-resonant) photoelectron spectroscopy

4.1.1 Bulk-sensitive spectra

Figure 4.2 shows 0.2 M NaMnOauq,) bulk-sensitive data (purple curves) recorded at the outer valence
(panel A), inner valence (panel B), O 1s (panel C), and Mn 2ps2/ 2p12 (panel D) spectral regions at a
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regulated liquid jet temperature of 280 + 3 K. The spectra shown in panels A, C, and D were recorded
at the P04 beamline at PETRA Il1, while the spectrum shown in panel B was recorded at the U49/2
PGM-1 beamline at BESSY Il. As described in Section 3.4.1, photon energies of 635 eV (panels A
and B), 1135 eV (panel C), and 1251 eV (panel D) were used in order to sample photoelectrons from
the solution bulk, i.e. from fully hydrated solute molecules. 0.05 M NaCl,q) solvent reference spectra
(light blue curves) and the associated solution-solvent difference spectra (red curves) are additionally
shown in panels A — C. The MnQOy aq) Solute peaks are numbered from 1 — 9, and water and Na*(aq)
peaks are labelled using Roman numerals. Fits to the MnOy(aq) and Na* (g, ionization features in the
difference spectra are highlighted with purple and black fills, respectively.
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Figure 4.2. Solution bulk-sensitive spectra of NaMnOaaq,)

Bulk-sensitive XPS spectra (purple curves) recorded from 0.2 M NaMnOaaq,) Ssolutions in a magic angle
polarization configuration. 0.05 M NaCl(aq.) solvent reference spectra are shown for comparison (light blue
curves). Solution-solvent difference spectra are shown in red. MnOa (aq.) SOlute ionization signals are labelled
with numbers (1 - 9). Signals associated with the water solvent and the Na*(aq,) counter ion are labelled with
Roman numerals. In Panel C, the ‘g’ next to the leftmost peak VIl is used to denote gas phase signals. Purple
fills are used for Gaussian or Voigt profile fits (see Section 3.4 and explanation in the text) of solute signals.
Counter ion fits are shown in grey. (A) Outer valence spectrum. The insets highlight valence band signal
contributions extracted from the solution-solvent difference spectrum (peaks 1-4). (B) Inner valence
spectrum. (C) O 1s spectrum. The inset highlights the solute O 1s signal extracted from the solution-solvent
difference spectrum. (D) Mn 2p3/2/ 2p1/2 spectrum.

As discussed in Section 3.4.1, Gaussian curves were adopted to model the data where Voigt profile
and Gaussian fits yielded equivalent peak widths. That was the case for the inner and outer valence
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features shown in panels A and B in Figure 4.2, with the exception of peak 6. The MnOa (aq,) COre-
level solute features shown in Panels C and D were fit using Voigt profiles.

Fits to peaks 1 — 4 (panel A, outer valence region) allowed the following BEs to be determined: 9.22
+0.08 eV (peak 1), 10.67 + 0.04 eV (peak 2), 12.84 + 0.09 eV (peak 3), and 26.82 + 0.04 eV (peak
4). Similarly, BEs 0f 59.6 + 0.1 eV (peak 5) and 94.1 + 0.1 eV (peak 6) were extracted from the inner
valence data shown in panel B. Peak 1 was assigned to a (1t:1)* ionization process, corresponding to
ionization of an electron from the HOMO and the first VIE of MnOx (aq). The assignment of peaks 2
and 3 was not as straightforward as for peak 1. The relatively large peak widths extracted for peaks 2
and 3 with respect to that extracted for peak 1 suggests the presence of more than one ionizing
transition contributing to those signals — i.e. the presence of two underlying signal components. With
the MO diagram shown in Figure 4.1 in mind, peak 2 can be ascribed to a (4t;)* or (6a:)* ionization
process. Similarly, peak 3 can be assigned to a (1e)™ or (3t2)* ionization process. Hence, the features
associated with peak 2 and 3 cannot be assigned unequivocally. However, the RPES experiments
provided additional information to elucidate the nature of those spectral features, as will be shown in
Section 4.2. While peaks 1 and 2 were reproducibly extracted from fits to the solution-solvent
difference spectra, peak 3 — underlying the gas phase water 1b; (HOMO) ionization vibronic peaks —
could only be isolated from data recorded under tight focus conditions at the P04 beamline at PETRA
I11. The reduced spot size afforded at that beamline allowed spectra to be recorded with minimal gas
phase signal contributions.

The MnOq (aq) peaks 4 — 6 were respectively assigned to (5a1)?, (2t2), and (4a:)tionization processes.
The aforementioned features correspond to ionization from the O 2s (5a;) ligand-based orbitals and
the Mn 3p (2t;) and Mn 3s (4a1) Mn metal-center-based orbitals. However, these orbitals are
hybridized, as will be shown and discussed in Section 4.2.

Peaks 7 — 9 are associated with ionization from the O 1s (3a1) and Mn 2ps2/ 2p12 (1t2) core-levels in
MnOy (g, as shown in Figure 4.1. A BE of 536.0 + 0.1 eV was determined for peak 7, which was
assigned to a (3a1)* ionization process. This value is 2.1 eV lower than that associated with the O 1s
(1ai) feature of liquid water (peak vii in panel C in Figure 4.2). The negative chemical shift is
indicative of a higher MnOy (2q) O-ligand charge density that may be attributed to intramolecular
(ligand-ligand) and potential intermolecular (ligand-water) O-O covalent bonding interactions. The
differential shifts observed between the O 1s solvent gas phase signals — peak vii-g — in the sample
solution and aqueous reference spectra occurs due to changes in electrokinetic and ionization-induced
charging effects with the liquid jet samples. BEs of 650.9+£0.1eV and 661.9 +0.1eV were
respectively extracted for peaks 8 (Mn 2ps2) and 9 (Mn 2py2), with BE values ~12 eV larger than in
metallic Mn [167, 172, 230]. Here, the positive chemical shift reflects the formal Mn’* oxidation state
of the MnOy q) metal centre and its covalent bonding to the O ligands.

The BEs and peak FWHMs associated with the aforementioned MnOgs ) Signals (1 — 9) are
summarized in Table 4.1. The values shown there correspond to the average results extracted from
fits to multiple data sets recorded at liquid jet temperatures of 280 = 3 K, with the reported errors
corresponding to the standard deviations of the results from different measurements. Water and
Na*@q) BES and peak widths are reported in Table 4.2. The results associated with the water signals
were extracted from cumulative fits to baseline-corrected 0.2 M NaMnQaq) valence spectra recorded
at a 635 eV photon energy and a regulated liquid jet temperature of 280 + 3 K, shown in Figure 4.3.
The results are in full agreement with those reported in References [21, 92, 94].

50



Table 4.1. MnOg'(aq) bulk-sensitive BEs and FWHM peak widths

MnOa(aq) BEs and Gaussian peak width components, FWHMg, extracted from direct XPS experiments performed at a regulated liquid
jet temperature of 280 + 3 K. FWHMg values were directly extracted from Gaussian fits for peaks 1 — 5, while for peaks 6 — 9 Voigt
profile fits were adopted instead. For peak 6, given its low intensity and spectral breadth, the FWHMeg extracted from 0.2 M solutions
is supplemented with the peak width from fits to higher signal-to-noise ratio, 0.75 M NaMnOaq solution data (reported in
parenthesis).

Label Peak Origin BE/eV FWHMg / eV

1 (1t)? 9.22+0.08 0.8+0.1

2 (4t2/6a1)? 10.67 £ 0.04 1.2+0.1

3 (1e/3t)? 12.84 +0.09 1.9+0.2

4 (5a1)* 26.82+0.04 2.1+0.6

5 (2t2)* 59.6+0.1 23+0.2

6 (4a:)* 94.1+0.1 2+4(2.70 +0.07)*
7 (3a1) 536.0£0.1 0.9+0.3

8 (1t2)* 650.9+0.1 0.93+0.06

9 (1t2)? 661.9+0.1 1.0£0.9

Table 4.2. H.0() and Na*(aq) bulk-sensitive BEs and FWHM peak widths

H20() and Na*(zq) BEs and FWHM peak widths extracted from cumulative Gaussian (valence-band) and Voigt profile (O 1s) fits to the
direct XPS spectra. The Na‘*aq) 2p BE was extracted from solution-solvent difference spectra. Entries in bold font highlight the BE
reference values used to calibrate the PES and RPES data BEs (See Secion 3.4.1).

Label Peak Origin BE / eV FWHMg / eV
i (1bs)?* 11.31 £0.04 [94] 1.42 £0.03
ii-a (3a14)? 13.02 £ 0.05 1.6+£0.1

ii-b (3a1n)? 14.46 + 0.06 1.6+0.1

iii (1b2)* 17.42 £ 0.04 2.32+0.06
iv (2a1)* 31.04 £ 0.04 2.97 £0.02
v 2p 35.65+0.04 1.25+0.08
vi 2s 68.46 £ 0.04 1.6+0.1

Vii (1a1)? 538.1+0.1[227] 1.65+0.03
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Figure 4.3. Cumulative Gaussian fit to a NaMnOaaq,) solution XPS spectrum

Cumulative Gaussian fit to a baseline-corrected outer and inner valence spectrum recorded from 0.2 M
NaMnOa@q) at a 635 eV photon energy in a magic angle polarization configuration. Spectral features
corresponding to MnOg(aq) (purple), Na*aq) (grey), and water (light blue) are labelled following the
assignments explained in the text and shown in Tables 4.1 and 4.2. The fit associated with peak 4 was
highlighted in purple and striped to indicate an overlap between photoelectron signals corresponding to
the solute (5a1) ! ionizing transition and electron energy-loss peaks associated with water (1b1)? and (3a1) !
photoelectrons. The additional striped signals at nominal BEs of 33 eV and 51 eV are similar energy-loss
peaks primarily associated with water (1b2)* and (2a1)? photoelectrons, respectively [92].

4.1.2 Solution-gas interface and counter-ion effects

Surface-sensitive experiments were performed in order to ascertain whether incomplete interfacial
hydration has any discernible effects on the electronic structure of MnOa(ag). Figure 4.4 shows
surface-sensitive spectra recorded from 0.2 M MnOas () Solutions using 150 eV (outer and inner
valence, panel A), 688 eV (3a1/O 1s, panel B), and 800 eV (1t/Mn 2p, panel C) photon energies.
Peaks were labelled consistently with the bulk-sensitive data presented in the previous section. The
spectra shown in panels A and B were recorded at the U49/2 PGM-1 beamline at BESSY Il under
ambient temperature conditions, while the spectrum shown in panel C was recorded at the P04
beamline at PETRA Il at a regulated liquid jet temperature of 277 K. Comparison between data sets
recorded at temperatures in the ~ 2 — 20°C range confirmed that variations in sample temperature
have no detectable effect on the extracted BESs under the applied experimental conditions. In panel A,
the drop in the spectrometer transmission efficiency at low KEs (<100eV) and the relatively high
secondary electron background yield prevented resolution of peaks 4 and 5. Hence, outer (panel D)
and inner (panel E) valence spectra were additionally recorded at a photon energy of 225 eV achieving
more uniform collection efficiency over the spectrum, which facilitated the determination of the
MnO4 (aq) 5217 (peak 4) and 2t,* (peak 5) BEs. It was not possible, however, to extract the MnOx (aq)
4a;? (peak 6) BE from any of the surface-sensitive XPS measurements.
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Figure 4.4. Surface-sensitive spectra of NaMnOa(aq,)

(A) Outer and inner valence spectrum recorded at a 150 eV photon energy in a magic angle polarization
configuration. (B) O 1s solute and solvent reference spectra recorded at a 688 eV photon energy. The t
peak label denotes an apparent solute signal that exclusively arises in the surface-sensitive direct XPS data
and is ascribed to the slight increase of the liquid water O 1s peak (peak vii) width in the solution versus the
aqueous-solvent reference spectra. (C) Mn 2p spectrum recorded at a 800 eV photon energy. (D) Outer
valence spectra recorded at 225 eV photon energy. (E) Inner valence spectrum, displaying the 2t2% solute
ionizing transition (peak 5) recorded at a 225 eV photon energy. The 4a1! signal (peak 6 in Fig. 3 in the main
text) could not be isolated in the surface-sensitive spectra. The signal at ~87 eV is present in both the
solution and solvent spectra and appears to be an artefact associated with the analyzer lens table.

The increased gas-phase signals at 150 eV with respect to 635 eV photon energies and the differential
sample charging that occurs between the solution and solvent jet samples lead to numerous gas phase
background subtraction artefacts in the 150 eV photon energy difference spectra. This, for example,
prevented the determination of a peak 3 BE. In the O 1s solution-solvent difference spectrum an
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additional peak arises with respect to the bulk-sensitive data at a BE of ~538 eV (peak marked by a
t in the inset of the Figure). This apparent solute ionization feature likely originates from a slightly
larger liquid water peak vii (O 1s) width in the surface-sensitive MnOg (xq,) Spectrum with respect to
the corresponding water reference (50 mM NaClaq)) spectrum. Another explanation would be the
presence of an additional solute peak. However, in contrast with fitting the difference spectra,
cumulative Voigt profile fits to O 1s spectra revealed a single contribution for the solute’s O 1s BE
(peak 7). Both of these interpretations can be associated with a broader range of hydration
environments being sampled at the aqueous-gas interface and/or a reduction of the solute molecular
symmetry at the interface [231]. The first explanation seems more likely given that no solution-gas
interfacial effects were discerned in the valence-band surface-sensitive spectra.

Overall, the surface-sensitive data was found to be very similar to the bulk-sensitive data, except for
the different relative intensities of most of the peaks. This largely reflects the changes of relative
ionization cross sections at the different photon energies, although smaller effects due to
photoelectron elastic scattering occur as well. Analysis of the surface-sensitive spectra revealed
similar results to those reported from bulk-sensitive measurements in Table 4.1, showing that
potential incomplete hydration at the interface has too small an effect to be detected in the experiments
performed here. This suggests that (on average) MnOa aq) presents a similar molecular structure both
in the aqueous bulk and at the solution—gas interface, at least at 0.2 M concentration. The MnO4 aq)
BEs extracted from fits to the data presented in Figure 4.4 are summarized in Table Al.1 in Appendix
l.

Figure 4.5 shows outer valence (panel A), O 1s (panel B) and Mn 2p (panel C) surface-sensitive
spectra recorded from 0.22 + 0.02 M KMnOaq) solutions. Given the relatively low solubility limit of
KMnO, [232], the liquid jet temperature needed to be set to temperatures in the 287 — 303 K range in
order to achieve stable liquid jet conditions during the acquisition time. This was required to achieve
sufficient signal-to-noise ratio over a 5 — 45 eV BE range. The lone extractable K*(q) counter-ion
feature, 3p™, is highlighted in the left inset of panel A, labelled as peak viii, and identified by a green
Gaussian profile associated with a fit to the solution-solvent difference spectrum.

The KMnOaq) spectra are comparable to the NaMnQaq) data shown in panels A-C in Figure 4.4.
BEs extracted from data such as that shown in Figure 4.5 are reported in Table 4.3. Comparison of
the KMnOaq) and NaMnOQaaq results showed that a change in counter-ion has no discernible effect
on the extracted electron BEs. This result highlights that MnO4 aq), and Na*q) or K*@q,) counter-ions
similarly (and likely fully) dissociate in ~0.2 M aqueous solutions and that the anions and cations are,
on average, similarly well-separated at the aqueous-gas phase interface.

As discussed in Section 2.3.4, the high photon energies associated with the core-to-virtual valence
energy gaps in the RPES experiments ensures bulk-solution sensitivity in those experiments.
Consequently, bulk-sensitive RPES results from 0.15 M KMnQa4q) solutions can be compared to the
NaMnOaq) bulk-sensitive BE information reported in Section 4.1.1 in order to assess the effects of
the counter-ion on the bulk electron energetics. The results from such experiments are shown in
Figure Al.4 (and reported in Table Al.3, with the peaks labelled with numbers) in Appendix I. The
aforementioned KMnOa@q) RPES and NaMnOQaq) bulk-sensitive XPS data comparison indicates that
the different counter ions (Na*@q) / K*@q) cations) are inconsequential for the MnOu (xq) Solute BES
extracted at 0.2 M concentration in the bulk of the solution. This highlights that (like at the aqueous-
vacuum interface) MnO4 aq) and Na* () or K*(aq) counter-ions fully dissociate in bulk ~0.2 M aqueous
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solutions and that the anions and cations are on average well-separated in the aqueous-bulk (in
contrast to previous reports regarding partial aqueous dissociation of permanganate salts [233]).
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Figure 4.5. Surface-sensitive spectra of KMnOa(aq,)

(A) Outer valence spectrum recorded at 150 eV photon energy in a perpendicular angle polarization configuration.
(B) O 1s MnOs-aq)and water reference spectra recorded at 688 eV photon energy. (C) Mn 2p spectrum recorded
at 793 eV photon energy. The T peak label in the inset of panel B denotes an apparent solute signal that exclusively
arises in the surface-sensitive direct XPS data and is ascribed to the slight increase of the liquid water O 1s peak
(peak vii) width in the solution versus the aqueous solvent reference spectrum. The solute anion and cation (peak
viii) signals are illustrated by brown and green fills, respectively.

Table 4.3. KMnOa(aq) surface-sensitive BEs and and FWHM peak widths

MnOs (aq) solute BEs and associated Gaussian peak width components, FWHMg, extracted from KMnOQa(q,) surface-sensitive direct XPS
experiments. The values associated with features 7 and 8, were extracted from Voigt profile fits.

Label Peak Origin BE /eV FWHMg/ eV
1 (1t2)? 9.29+0.07 0.75 +£0.06
7 (3a1)? 536.2+0.1 1.59 £0.01
8 (1t)? 650.8+0.1 1.11 +£0.04
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4.1.3 Depth profiling and concentration effects

In order to assess whether MnO4 (ag) iOns have a tendency to remain in the bulk of the solution, at the
gas-solution interface, or whether they are homogeneously distributed, O 1s spectra were recorded
from 0.2 M and 1.0 M NaMnOauq,) solutions as a function of photon energy and, hence, probing depth.
Spectra were recorded at the P04 beamline at PETRA Il in near magic angle polarization
configuration [150], using five different photon energies: 688 eV, 838 eV, 988 eV, 1138 eV, and
1288 eV. Considering the MnO4 ) O 1s BE (peak 7) value reported in Table 4.1, the aforementioned
photon energies respectively correspond to ~150 eV, ~300 eV, ~450 eV, ~600 eV, ~750 eV KEs. The
lower and highest KEs correspond to estimated probing depths of 1 nm and 5 nm, respectively [150]
(see Figure 2.7 for details).

The spectra are shown in Figure 4.6 in panels A (0.2 M concentration) and B (1.0 M concentration).
The insets in the Figures highlight Voigt profile fits to the MnO4 @ O 1s signals extracted from
cumulative fits to the spectra. The MnQO4 g O 1s BE extracted from the 0.2 M and 1.0 M spectra did
not change within the experimental uncertainties and uncertainty in the calibration of the BE scale.
The data was intensity normalized to the water O 1sy ionization feature at 538.1 eV [227], assuming
that the probed concentration of water is constant at all photon energies and probing depths. The gas
phase signal is observed to decrease with increasing photon energy (and condensed phase probing
depth).

Within the experimental uncertainties, at 0.2 M concentration, the intensity of the MnOa g O 1s
signal seems to remain constant as a function of photon energy (i.e. as the probing depth increases
from ~1 nm to ~5 nm). Panel C shows that at 1.0 M concentration, the MnQO4 g O 1s signal intensity
significantly increases in the 988 — 1288 eV photon energy range — that is, for probing depths in the
~2 — 4 nm range — suggesting non-linear anion accumulation in the bulk of the solution (i.e. away
from the gas-solution interface). At 0.2 M concentration, the existence of a similar behavior to that
observed at 1.0 M concentration can not be confirmed due to the large errors asssociated with the
determination of the peak areas. Consequently, the results presented in this section seem to suggest
that MnOy ag) i0Ns tend to accumulate in the bulk of the solution and away from the gas-solution
interface, potentially in both dilute and concentrated solutions. Alternatively, MnOu (aq) ions could be
homogeneously distributed in solution at 0.2 M concentration, with non-linear accumulation behavior
in the bulk of the solution occurring at a higher concentration only.

Depth profiling studies can provide insight into the effect of solute ions on the surface tension of
water. In general, the presence of inorganic ions in agueous solution increases the surface tension of
water, while organic ions have the opposite effect [234]. The increase in surface tension due to the
presence of inorganic solutes can be explained by the presence of solute-solvent polarization
interactions and hydration effects that result in a ‘repulsion’ of the solute from the gas-solution
interface [235]. In dilute solutions, the surface tension of water increases linearly with the ion
concentration in the bulk of the solution, with non-linear effects being present at higher concentrations
[234]. The trend observed in the ‘signal intensity versus photon energy / probing depth’ plots shown
in panel C are consistent with these phenomena.
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Figure 4.6. Depth profiling of 0.2 M and 1.0 M NaMnOaaq,) solutions

O 1s spectra recorded from 0.2 M (A) and 1.0 M (B) NaMnOQaaq.) solutions as a function of photon energy in
a magic angle polarization configuration. The insets highlight Voigt profile fits to the MnQas(aq) O 1s signals
from cumulative fits performed to the spectra. (C) Plot of MnOs(aq) O 1s signal peak area extracted from
the aforementioned fits as a function of photon energy for 0.2 M (purple) and 1.0 M (red) NaMnOaaq.).
Fitting errors are indicated by vertical lines.
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Overall, the depth profiling experiments explored the ion distribution in solution, potentially
providing insight into the effect of MnO4 ., in the surface tension of water, both at moderately dilute
and relatively high concentrations. An understanding of such effects is relevant for the degradation
of organic compounds, where MnOy (xq, i0NSs are used as oxidizing agents in combination with anionic
surfactants [236].

4.1.4 Electronic energetic comparison across phases

Starting with the aqueous / solid phase comparison, the BES respectively extracted from MnQOg g
(Table 4.1) and crystalline KMnO4 [167] samples need to be brought onto a common local vacuum
reference level to be properly compared. With that aim, a solid-state work function of 5.3 eV [167]
(assumed to be a KMnOjy crystal-face-independent value [142]) was considered and added to the
Fermi-level-references solid state BEs. As a result, the inner and outer valence BEs are found to be
0.0-0.4 eV larger in the solid phase compared to the aqueous phase. Following similar energetic
reference considerations, the Mn 2p and O 1s core-level BEs are found to be shifted by -0.1 + 0.1 eV
and +0.2 £ 0.1 eV in the solid phase with respect to the aqueous phase. The shifts observed for the
valence band spectral region can be interpreted as the result of a lower degree of dielectric screening
in agueous solution compared to that provided by a crystalline environment. In addition, the almost
negligible shifts observed for the core levels are an indication of similarly net-screened local charge
distributions across the two phases.

For the aqueous / gas phase comparison, the (1t;)*/ HOMO™ VIE of isolated MnO, reported in
Reference [175] relative to vacuum is considered, being ~4.3 eV lower compared to that determined
for the aqueous phase ion (peak 1 in Table 4.1). This comparison highlights that the gas phase MnO4
ion is sigificantly less stable with respect to ionization than the agueous and solid phase species, likely
as a result of the ion being stabilized by the aqueous solvent or crystal lattice.

4.2 Resonantly-enhanced photoelectron spectroscopy

This section presents results from Mn 2pz2, Mn 2p1; and O 1s RPES experiments performed with
0.2 M NaMnOQsyg) solutions. These experiments allowed intramolecular Auger processes to be
identified and applied to complement the bulk-sensitive electronic structure information reported in
Section 4.1.1. Furthermore, they provided insight into the hybridized nature of the valence electronic
distributions in MnO4 ). In addition, the O 1s RPES data revealed the occurrence of non-local
autoionization (particularly, ICD processes following soft X-ray excitation of the MnOu (aq) ion). The
data was recorded at a regulated liquid jet temperature of 280 + 3 K.

4.2.1 Mn 2ps;, intramolecular Auger processes

Figure 4.7 shows a Mn 2ps» RPES map (panel A, left) and the associated PEY-XAS spectrum (panel
A, right) recorded at the U49/2 PGM-1 beamline at BESSY Il. The dashed lines indicate the
(resonant) photon energies at which two Mn 2pz, core-to-virtual valence transitions occur. The peak
photon energies were determined to be 643.4 £ 0.1 eV (Resonance I, red dashed lines) and 645.7 £
0.1 eV (Resonance I, blue dashed lines) from a cumulative Gaussian fit to the PEY-XAS spectrum
(see Figure Al.1, left panel in Appendix I).
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Figure 4.7. Mn 2ps/2 RPES spectra from MnOa aq) solutions

Mn 2ps/;» RPES data recorded from 0.2 M NaMnOa@q,) solutions in a perpendicular angle polarization
configuration. (A) RPES map (left) and PEY-XAS spectrum (right). (B) As measured Mn 2ps/; = 2e resonant
spectrum (red). (C) As measured Mn 2ps/2 = 5t2 resonant spectrum (blue). A spectrum recorded at an off-
resonant photon energy (black), and devoid of resonantly enhanced signals is shown in panels B and C.
Participator Auger signals are labelled with numbers and spectator Auger signals are labelled with letters.
The BE scale is suitable for the identification of participator Auger process and a comparison with the direct
XPS results reported in Section 4.1.1. For the assighment of spectator Auger signals, a KE scale is more
appropriate — as will be implemented in the resonant-off-resonant difference data presented in Figure 4.8.
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Based on the energetics extracted from the UV-visible absorption spectra (Figure 2.3) and
assignments of similar features reported by Reinert et al. from similar experiments with solid phase
MnQy ions [174], the aforementioned resonances were assigned as Mn 2ps, — 2e and Mn 2pz, —5ts,
respectively. Panels B and C show higher-signal-to-noise ratio spectra recorded over an extended BE
range at the Resonance | (panel B, red) and Il (panel C, blue) photon energies. Numbers are used to
label participator Auger signals, while spectator Auger signals are labelled using letters. A spectrum
recorded at an off-resonant photon energy of 638 eV (which is devoid of resonantly-enhanced signals)
is shown on each panel for comparison. In order to precisely extract the energetics of each of the
resonantly-enhanced processes, the off-resonant spectrum was subtracted from the resonant data
shown in panels B and C (see Section 3.4.2 for details). The resonant-off-resonant difference spectra
are shown in Figure 4.8.

-7t - r - r - 1t 1 1 1 1 1
100 L—— Resonance | (ho = 643.4 eV
Resonance Il (ho = 645.7 eV) 3-a

0.75 | —

0.50

Normalized signal

0.25

0.00

540 550 560 570 580 590 600 610 620 630 640

Kinetic energy / eV
Figure 4.8. Mn 2ps/2resonantly-enhanced signals from 0.2 M MnOas(aq) solutions
Resonance | (Mn 2ps/2 - 2e) and Il (Mn 2ps/2 = 5t2) RPES difference spectra produced from the raw data

shown in Figure 4.7 (panels B and C, respectively). Participator Auger signals are labelled with numbers and
spectator Auger signals are labelled with letters.

Two participator Auger signals were identified in the spectra shown in Figures 4.7 and 4.8, labelled
as 3-a and 5. The numbers used to identify these signals refer to the labels shown in Table 4.1. While
peak 3-a dominates the Resonance Il spectrum (and the RPES map shown in Figure 4.7 as a whole),
it is either too weak to be identified or not present in Resonance I. In contrast, peak 5 is present
following excitation at both Resonances I and 11.

Cumulative fits to the data shown in Figure 4.8 (see Figure Al.3 and Table Al.2 in Appendix I)
allowed an electron KE of 633.0 £ 0.1 eV — which corresponds to a BE of 12.66 + 0.04 eV — to be
extracted for the participator peak 3-a. With the MO diagram shown in Figure 4.1 and the direct XPS
results reported in Table 4.1 in mind, this feature was assigned to a L-(1e/3t2)5t, participator Auger
process involving the photoexcited 5t, virtual valence and one or both of the 1e and 3t; outer valence
molecular orbitals. That is, a resonantly enhanced signal of the (1e)? or (3t2)* ionizing transitions.
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This spectral feature correspondingly highlights the Mn-character of the 1e and/or 3t; orbitals. Upon
comparison of the FWHMg value extracted for peak 3-a (0.83 £ 0.04 eV) with that reported for
feature 3 in Table 4.1 (1.9 £ 0.2 eV), the broader peak width of the direct XPS results suggests that a
single ionization channel is enhanced at Resonance Il (confirming that peak 3 in the direct XPS data
is indeed formed by two underlying components, as stated in Section 4.1.1). Information from the O
1s RPES data that will be presented in Section 4.2.3 was required to identify the specific MO involved
in this participator Auger process, as will be discussed in Section 4.2.3. In addition, the 0.77 £ 0.03 eV
FWHM Lorentzian component (of a 1.32 + 0.01 eV total FWHM peak width) extracted from a Voigt
profile fit to peak 3-a in the Resonance Il data reveals a significant lifetime broadening contribution
to the total peak width. This broadening is likely the result of constructive interference between the
direct 1e* or 3t,* ionization channels and the respective Lii-1e,5t, or Li-3t2,5t2 participator Auger
channels. Given that channel interference occurs during the average ~1.8 fs Mn 2ps;, core-hole
lifetime, spectral broadenings of ~0.4 eV [237] are expected to be reflected on the (coherently)
resonantly enhanced L-pre-edge peak widths. The greater (0.77 £ 0.03 eV) lifetime broadening
contribution observed here suggests a shorter than average Mn 2psj, core-hole lifetime in MnOy ag).
Similar peak width results have been reported in RPES experiments carried out in the crystalline
phase [174].

The second participator Auger feature, peak 5, occurs at KEs of 583.9 £ 0.1 eV (Resonance 1) and
585.6 £ 0.1 eV (Resonance Il), with associated BEs 0f 59.5 £ 0.1 eV and 60.1 = 0.1 eV, respectively.
Considering the MnO4 aq) BE reported for peak 5 from the direct XPS experiments (see Table 4.1)
this signal is assigned as a resonant enhancement of the 1t, (Mn 3p) inner valence ionization feature,
i.e. Lui-2tz,2e (Resonance 1) and Ly;-2t2,5t; (Resonance 1) participator Auger processes.

Finally, the absence of any 1t; or 4t; orbital participator Auger features in the 9.0 — 10.5 eV BE region
confirms the predominant O-character of these signals and the assigned molecular orbitals.

The spectator Auger signals (labelled as a — d in Figures 4.7 and 4.8) are observed both in the
Resonance | and Resonance Il data, with relatively constant KEs at both resonances (as explained in
Section 2.3.3, the KE of equivalent spectator Auger processes remains constant and independent on
the resonant photon energy). The assignment of each of these spectator Auger features was made by
considering the BEs determined from the direct XPS experiments presented in Table 4.1. Features a
and b are both made up of two or more peaks. The main features show average KEs of 627.1 £ 0.4
eV (peak a) and 576 = 1 eV (peak b). While peak a was attributed a Ly;-V,V spectator Auger process,
peak b was assigned as a Lui-2t;,V process involving the MnOas ') 2t2 (Mn 3p) electrons. The
relatively weak c and d spectator Auger signals occur at KEs of 565.7 £ 0.8 eV and 544.2 £ 0.1 eV,
respectively. Peak ¢ was tentatively assigned to a Li;-2t,5a; spectator Auger involving MnO4 (aq) 2t2
and 5a; inner valence electrons. Peak d was assigned as a Lii-4a1,V process, involving 4a; (Mn 3s)
inner valence electrons and outer valence electrons (V).

Regarding the origin of the valence electrons involved in the spectator Auger processes associated
with features a and b, the energetics suggest involvement of any of the Mn-O bonding 6a, 1e, and/or
3t outer valence orbitals (which show Mn-character, as explained in Section 2.1.2). In addition, given
that the 6a; orbital is predicted to have significant Mn 3p character [104] — unlike the 1e and 3t;
orbitals — peak b may be attributed to a Lii-2t»,6a: spectator Auger process.

The assignment of feature ¢ suggests electronic coupling between the inner valence 2t, (Mn 3p) and
5a; (O 2s) orbitals and the 2e and 5t virtual valence orbitals, highlighting that the Mn-based 2t, and
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O-ligand-based 5a; orbitals are hybridized. Together with feature b, peak c is indicative of outer-
inner valence electronic coupling. Similarly, peak d highlights electronic coupling and hybridization
of the Mn 3s orbital with the valence manifold. Furthermore, taking into account the MnO4(aq) 4a1
(Mn 3s) BE from Table 4.1 and neglecting electron correlation effects, a BE of ~12.5 eV is expected
for the valence orbital involved in the Ly -4a1,V process. This BE value is consistent with those
extracted from peaks 3 (direct XPS, Table 4.1) and 3-a (participator peak), suggesting a Li-4ai1,1e
and/or Ly-4a1,3t, process occurs, thus highlighting the Mn-character of all the involved orbitals.

The results extracted from the Mn 2p3, RPES data are summarized in Table 4.4. Average BE and
FWHMg values of the participator Auger peaks determined from the Resonance | and Il data
presented here are shown in the top panel of the table. Similarly, average KEs of the spectator Auger
peaks are listed in the bottom panel. (See Figure Al.3 and Table Al.2 in Appendix I).

Table 4.4. MnOq'(aq) Mn 2ps3/2 RPES participator and spectator Auger signals

Assignments of the Mn 2ps/, RPES participator and spectator Auger signals associated with data shown in Figures 4.5 and 4.6. The
reported values correspond to the main features’ average KEs (and reported BEs) extracted at both resonances where such
enhancement was observed.

Participator Auger

Label Assignment BE / eV FWHMg / eV
3-a (1e or 3ty)? 12.66 £ 0.04 0.83 +0.04
5 (2t2)* 59.8+0.4 2.6+0.6
Spectator Auger

Signal Assignment KE / eV

a Lu-V,V 627.1+04
b Li-2t2,V 576 +1

c Lui-2t2,5a1 565.7+0.8
d Lu-4a1,V 544.6 £0.1

4.2.2 Mn 2py; intramolecular Auger processes

Figure 4.9 shows a Mn 2p12 RPES map (panel A, left) and the associated PEY-XAS spectrum (panel
A, right) recorded at the U49/2 PGM-1 beamline at BESSY Il. Similar to Figure 4.7 in the previous
section, Mn 2p12 — 2e and Mn 2p12 — 5t; resonant spectra are shown in panels B and C, respectively.
Resonant photon energies of 654.2 + 0.2 eV (Resonance Ill, pink dashed lines) and 656.0 = 0.2 eV
(Resonance 1V, light-green dashed lines) were extracted from a cumulative Gaussian fit to the PEY -
XAS spectrum (see Figure Al.1, left panel in Appendix I). An off-resonant spectrum recorded at a
lower photon energy of 638 eV (i.e. a spectrum devoid of resonant signal enhancements) is plotted in
panels A and B for comparison. The associated Resonance 1l and IV difference spectra are shown in
Figure 4.10.
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Figure 4.9. Mn 2p1/2 RPES spectra from MnOa'aq,) solutions

Mn 2pi12 RPES data recorded from 0.2 M NaMnOaq.) solutions in a perpendicular angle polarization
configuration. (A) RPES map (left) and PEY-XAS spectrum (right). (B) As measured Mn 2p1/2 = 2e resonant
spectrum (pink). (C) As measured Mn 2p1/2 > 5t2 resonant spectrum (light green). A spectrum recorded at
an off-resonant photon energy of 638.0 eV (black), devoid of resonantly enhanced signals, is shown in
panels B and C. Participator Auger signals are labelled with numbers, and spectator Auger signals are
labelled with letters. The BE scale is suitable for the identification of participator Auger process and a
comparison with the direct XPS results reported in Section 4.1.1. For the assignment of spectator Auger
signals, a KE scale is more appropriate, as will be implemented in the resonant-off-resonant data presented
in Figure 4.10.
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Figure 4.10. Mn 2py/2 resonantly-enhanced signals from MnOs'(aq) solutions

Resonance Il (Mn 2p12=> 2e) and IV (Mn 2p12 > 5t2) RPES difference spectra produced from the raw data
shown in Figure 4.9 (panels B and C, respectively). Participator Auger signals are labelled with numbers and
spectator Auger signals are labelled with letters. The 640 — 650 eV KE region highlighted in yellow indicates
an area where over- and under-subtraction of the off-resonant spectrum from the resonant spectra
resulted in sharp features that oscillate around zero in intensity, thus preventing the isolation of resonantly-
enhanced MnO4(aq) Auger features within this KE range.

In contrast to the Mn 2ps; resonant data, only a participator peak associated with an enhancement of
the MnOy g 2t2 electron ionization signal (peak 5, with a KE of 596.1 + 0.2 eV and a BE of
59.9 £ 0.2 eV) could be extracted from the Mn 2p1» RPES data (in particular, from Resonance V).
In this case, the assignment of other participator Auger signals was generally impeded by over- and
under-subtraction in the 640-650 eV electron KE region of the difference spectra, where valence
participator signals might be expected (see the yellow overlay in Figure 4.10).

Two spectator Auger features — similar to those observed in the Mn 2pss, resonant data and labelled
as aand b in Figures 4.7 and 4.8 — are present. The spectral signatures are broader at Resonance I
and IV compared to Resonance | and 11. This observation is explained by a shorter average core-hole
lifetime for Mn 2p1; with respect to Mn 2ps. (~0.7 fs versus ~1.8 fs, respectively [237]). In addition,
at the higher photon energies associated with Resonances 111 and 1V, Coster-Kronig processes [238]
— Ly-LimV in relation to feature a and Ly-Li,2t2 in relation to feature b — become accessible. These
signals are observed as lower KE tails in the spectra and are spectrally shifted to lower KEs by the
1t, spin-orbit splitting energy, ~10.9 eV. The 15— 30 eV span of feature a suggests a significant
delocalization of the virtual valence electrons within the sub-fs core-hole lifetime. The assignment of
feature b shows the hybridized nature of the Mn 2p (2tz) atomic (inner valence molecular) orbital.

The participator and spectator Auger peak assignments associated with Figures 4.9 and 4.10 are
summarized in Table 4.5 (See Figure Al.3 and Table Al.2 in Appendix | for details).
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Table 4.5. MnOq'(aq) Mn 2p1/2 RPES participator and spectator Auger signals

Assignments of the Mn 2p1/2 RPES participator and spectator Auger signals associated with data shown in Figures 4.9 and 4.10. The
reported values correspond to the main features’ average KEs (and reported BEs) extracted at both resonances.

Participator Auger

Label Assignment BE/eV FWHMg / eV

5 (2t)? 59.9£0.2 41+04

Spectator Auger

Label Assignment 1 Assignment 2 KE / eV

a Li-V,V - 636.6+0.2
Lu-Lu,V - 631.0+04
Li-5a1,V - 622.6 +0.2

b Li-2t2,V - 585.2+0.3
Li-Lin,2t2 Li-2t, 5a1 576.5+0.2

4.2.3 0O 1s intramolecular Auger processes

Panel A in Figure 4.11 shows a O 1s RPES map (left) and the associated PEY-XAS spectrum (right)
recorded at the U49/2 PGM-1 beamline at BESSY Il. Resonant photon energies of 528.5 £ 0.1 eV
(Resonance V, orange dashed lights) and 530.0 = 0.1 eV (Resonance VI, olive green dashed lines)
were extracted from the latter (see Figure Al.1, right panel in Appendix I). Panels B and C show high-
signal-to-noise resonant spectra recorded at Resonance V and VI, respectively, as well as off-resonant
spectra plotted for comparison. The resonant-off-resonant difference spectra are shown in Figure
4.12.

The Auger signals present in the Resonance V and VI RPES data originate from photo-excitation
from the O-centered core ligand orbitals into unoccupied metal-ligand antibonding orbitals — O 1s —
2e and O 1s— 5ty, respectively. Given the non-bonding, predominant O 2p character of the 1t; and
4t, orbitals [104, 105] participator Auger signals are expected in the 9-11 eV BE range (see Table
4.1). However, photoelectron features in this spectral region likely overlap with beamline second
harmonic artefact signals (peaks marked by *’ in Figures 4.11 and 4.12). In the Resonance V data,
the participator Auger decay channel associated with the 1t; MO (K-2e,1t: process) is expected to be
superimposed on the beamline second harmonic artefact. However, this signal can be discerned from
the O 1s RPES map shown in Figure 4.11, where a 9.2 £ 0.1 eV feature is highlighted over a ~1 eV
photon energy region in the vicinity of Resonance V.

In the Resonance VI data, the lower KE shoulder to the second harmonic artefact signal (labelled as
peak 2-a in Figures 4.11 and 4.12) was resolved at a KE of 520.1 + 0.1 eV (corresponding to a BE of
9.85 +0.08 eV) and assigned as a K-4t,5t, participator Auger process. The identification of this
participator Auger signal allowed the determination of a 9.85 + 0.08 eV BE for the 4t,! ionization
channel. It is important to note this BE may be biased by over-subtraction of the off-resonant data,
and the BE value reported here represents a lower limit of the true value. The relatively narrow width
(0.7 £ 0.2 eV) of peak 2-a in comparison to the peak 2 feature extracted from the direct XPS results
(1.2+0.1eV at FWHM, see Table 4.1) leads to the conclusion that peak 2 indeed consists of two
overlapping components, as mentioned in Section 4.1.1. This inference is further supported by the
solid-phase KMnO4 experiments reported by Reinert et al. in Reference [167].
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Figure 4.11. O 1s RPES data from MnOx4(aq)

(A) RPES map (left) and PEY-XAS spectrum (right). (B) As measured O 1s = 2e resonant spectrum (orange).
(C) As measured Mn 2ps/1 = 5t2 resonant spectrum (olive green). A spectrum recorded at an off-resonant
photon energy (black), devoid of resonantly enhanced signals, is shown in panels B and C. Participator Auger
signals are labelled with numbers, and spectator Auger signals are labelled with letters. The asterisk
indicates a signal arising from ionization with the unfiltered second harmonic of the beamline. The BE scale
is suitable for the identification of participator Auger process and a comparison with the direct XPS results
reported in Section 4.1.1. For the assignment of spectator Auger signals, a KE scale is more appropriate, as
will be implemented in the resonant-off-resonant data presented in Figure 4.12. The data was recorded in
a perpendicular polarization configuration
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Figure 4.12. O 1s resonantly enhanced signals from MnOa (aq) solutions

Resonance V (O 1s = 2e) and VI (O 1s - 5t2) RPES difference spectra produced from the raw data shown
in Figure 4.11 (panels B and C, respectively). Participator Auger signals are labelled with numbers and
spectator Auger signals are labelled with letters. The asterisk indicates signals arising from ionization with
the unfiltered second harmonic of the beamline.

Finally, two additional potential participator Auger features are observed at 516.3 = 0.1 eV KE in the
Resonance V data and close to 518 eV KE in the Resonance VI data. In the first case, the stated KE
corresponds to a BE of 12.18 + 0.05 eV. With the assignments of peak 3 and peak 3-a in mind, this
feature could potentially be assigned as a selective K-1e,5t; process, with peak 3-a correspondingly
being attributed to a selective Lj-3t.5t, participator Auger process. Hence, a 1le BE value of
12.18 + 0.05 eV and a 3t, BE value of 12.66 = 0.04 eV (peak 3-a) can be tentatively inferred. In the
second case, the ~518 eV KE feature may be linked to a L-5t,,6a; participator channel. However,
the KE and width of this peak could not be reliably extracted due to the low signal intensity and the
over-subtraction of the off-resonant spectrum in this region. Given that the ~518 eV and
516.3 + 0.1 eV potential participator peaks mentioned in this paragraph could be alternatively
attributed to spectator Auger processes, the individual 1e and 3t, BEs cannot be determined
unambiguously.

Regarding the spectator Auger signals, labelled as e —i in Figures 4.11 and 4.12, similar features are
observed in both the Resonance V and V1 data. Peak e spans the KEs of 505 — 519 eV and constitutes
a manifold/convolution of four or more components with ~2.1 eV sub-structure separations. This
multi-component feature was assigned to multiple K-VV spectator Auger processes. A similar result
has been reported from solid state KMnO4 RPES data [174]. Signals f — i are significantly broadened
with respect to the sub-components of signal e. KEs of 498.3+ 0.5eV, 495+ 1¢eV, 490.1 + 0.2 eV,
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and 475.7 £ 0.2 eV were respectively determined for peaks f, g, h and i (see Figure Al.3 and Table
Al.2 in Appendix I). Considering the 5a; BE determined from the direct XPS experiments (see Table
4.1), such KEs would seem to be indicative of K-5a1,V spectator Auger processes involving the
MnOs gy NON-bonding inner valence 5a; (O 2s) electrons. As a result, BEs of 10.9 + 0.5 eV,
14+1eV, 191 £ 0.2 eV, and 33.5 + 0.2 eV are estimated for peaks f, g, h and i, respectively
(neglecting electron correlation). These estimations would lead to possible assignments of peaks f
and g as K-5a;,(4tx/6a;) and K-5a;,(1e/3t;) intramolecular solute spectator Auger processes,
respectively. However, the assignment of peaks h and i, based on similar considerations, is more
challenging. For peak h, there are no solute BEs within 6 eV of the expected ~19 eV nominal BE
of a 5a; spectator Auger partner electron. For peak i, the closest match to its energetics is a K-5a;,5a;
process that would be shifted by more than 6 eV to higher KE in comparison to single-reference
electronic structure expectations. These assignment challenges led to the consideration of alternative,
non-local core-hole relaxation mechanisms involving secondary electron emission from solute-
neighboring water molecules (i.e. ICD) to explain the energetics of peaks f — i. Such secondary
electron emission channels are discussed in the following sub-section.

The results extracted from the O 1s RPES data, specifically those attributable to intramolecular solute
processes, are summarized in Table 4.6. Average BE and FWHMg values of the participator Auger
peaks determined from the Resonance | and 1l data presented here are shown in the top panel of the
table. Similarly, average KEs of the spectator Auger peaks are listed in the bottom panel. (See Figure
Al.3 and Table AlL2 in Appendix I).

Table 4.6. MnOa'(aq) O 1s RPES participator and spectator Auger signals

Assignments of the O 1s RPES participator and spectator Auger signals associated with data shown in Figures 4.11 and 4.12. The
reported values correspond to the main features’ average KEs extracted at both resonances where such enhancement was observed.
Participator Auger

Label Assignment BE/eV FWHMg
2-a (4t2)? 9.85+0.08 0.7+0.2
3-a (1e or 3t)? 12.66 £ 0.04 0.83+0.04
Spectator Auger

Label Assignment KE / eV

e (main feature) K-V 510.2+0.2

4.2.4 0O 1s non-local autoionization processes

Participator-like resonant ICD signals have previously been identified in OH g Solutions via the
presence of a series of peaks with energetic spacings matching those of the water valence band
features [75]. Such mirroring of the liquid water spectral features, specifically at explainable KE
offsets, can be used to identify intermolecular autoionization processes, as discussed in the following.
For features f - i, the energetic separation between neighbouring peaks were found to be 3 + 1 eV,
5+ 1eV,and 14.4 + 0.3 eV. Within the error bounds, these peak separations match the energy gaps
between the valence BEs of liquid water (when average, 13.74 + 0.08 eV, 3a;g BEs are considered,
see Table 4.2). This is illustrated in Figure 4.13, where the off-resonant spectrum recorded at 524.0
+ 0.1 eV was offset by the difference in the photon energies used to record the off-resonant and
Resonance V and VI data (+4.5 £ 0.1 eV and +6.0 = 0.1 eV, respectively) and the 5a; BE (-26.82
+ 0.04 eV). This leads to overall off-resonant KE shifts of —22.3 +£ 0.1 eV and —20.8 £ 0.1 eV for the
Resonance V and VI data, respectively. As a result, the water valence feature peak centres overlap
with the spectrally broadened f - i features, keeping in mind the additional differential peak shifting
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associated with electron correlation effects. Considering the absolute KE positions of these
photoelectron features, they are found to be in agreement with those expected for K-5a;Vy MnOy4
@q)-water ICD processes involving secondary emission of electrons from the 1bs, 3a:, 1b,, and 2a
valence MOs of water molecules forming the first hydration shell of the solute (as indicated by the
(w) sub-script).

Hence, based on the overall energetics discussed here and the lack of alternative spectator peak
explanations for peaks h and i, the predominant electronic relaxation pathways associated with
featuresf, g, h, and i are assigned as K-5a1,1b1w), K-5a1,3a1w), K-5a1,1b1w), and K-5as,1b:1w) resonant,
spectator-like ICD processes, respectively. These results are summarized in Table 4.7.

Using similar arguments to those presented above, the presence of participator-like ICD relaxation
can also be considered. For water 1bs, 3a;, 1b,, and 2a; electron ejection, respective KEs of 517.2 +
0.leV, 5148+0.1eV, 511.1+£0.1eV, and 4975+0.1eV and 518.7+0.1eV, 516.3+0.1eV,
512.6 £0.1 eV, and 499.0 + 0.1 eV would be expected at Resonances V and VI, respectively. These
KEs span the range of feature e in Figure 4.12. However, the sharpness of the ionization features in
these spectral regions and the occurrence of a similar spectral profile in crystalline KMnO, RPES
data [174] imply that intramolecular spectator Auger decay processes dominate in the feature e
spectral region.
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Figure 4.13. ICD signatures from MnOa (aq) solutions

Resonance V, Resonance VI, and off-resonant spectra (raw data, without baseline correction) showing the
common energy gaps between peaks f, g, h and i in the resonant data and the water valence orbitals in the
energetically shifted off-resonant spectrum. The off-resonant spectrum was offset in order to account for
the resonant-non-resonant photon energy difference, the 5a1 binding energy, and electron correlation
effects, as explained in more detail in the text.
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Table 4.7. MnOq (aq) ICD signals

Assignments of the ICD signals. The reported values correspond to the main features’ average KEs extracted at both resonances.

Label Assignment KE / eV
f K-5a1,1biw) 4983 +0.5
g K-5a1,3a1w) 495+1
h K-5a1,1baw) 490.1+0.2
i K-5a1,2a1(w) 475.7+0.2

Overall, the occurrence of ICD processes in MnO4 q) Solutions is evidenced by the mirroring in peak
separation between the resonantly-enhanced photoelectron features present in the MnO4 () Spectra
and the water photoelectron peaks in the off-resonant spectrum, highlighting matching energetics of
the solvent photoelectrons involved in the ICD relaxation channel in both data sets. Further
confirmation could be obtained from similar MnO, experiments using deuterated water as the solvent,
where the lack of hydrogen bonding should render the occurrence of intramolecular relaxation of the
photo-excited solute involving solvent molecules unfeasible.

4.3 Summary of key findings of Chapter 4

The electronic structure and molecular bonding of MnO4 (aq), as well as MnO4 xq)-Water interactions,
were probed by performing liquid jet XPS and RPES experiments with NaMnQOaq) and KMnOaq)
solutions:

1. Anexperimentally-determined, near-complete, BE-scaled MO diagram was produced for the
fully hydrated MnOy (. i0N;

2. At 0.2 M concentration, the outer and inner valence, O 1s and Mn 2ps2/ 2p1; electron BEs
proved to be independent of counter ion and liquid jet probing depth — the latter confirming
similar electronic energetics in the aqueous bulk and at the gas-solution interface;

3. Depth profiling experiments performed with NaMnOaq) solutions at 0.2 M and 1.0 M
concentrations revealed a preference for MnO4 g to remain in the bulk of the solution and
away from the gas-solution interface, potentially highlighting non-linear accumulation
behavior in solution for the higher concentration case;

4. The BEs of MnO, in aqueous solution (MnOasq)) and as part of a crystalline solid
(KMnOQ4s)) were found to be similar, with the aqueous phase BEs shifted to lower values by
up to a few-hundred meV compared to their solid state counterparts. The aqueous phase
results also highlight an increase of the lowest-energy ionizing transition BEs by more than
4 eV upon hydration, i.e. in moving from the gas to the aqueous phase;

5. The Mn 2ps2 RPES experiments revealed a selective enhancement of the 3t,* feature at the
Mn 2ps, — 5tz resonant photon energy. This participator Auger peak allowed the 3t, BE to
be determined, which was not possible from the direct XPS data, where the Mn-O bonding
le't and 3t features overlap in a single, convoluted feature;

6. Similar to the above, the O 1s RPES experiments allowed the 4t,* BE to be determined and
disentangled from the convoluted 4t,™ / 6a;™ feature observed in the direct XPS data;

7. Overall, the Mn 2pz2, Mn 2p4,2, and O 1s RPES experiments revealed hybridization of the
solute constituents” atomic orbitals, including the inner valence Mn 3p and O 2s. In addition,
the O 1s RPES experiments showed the presence of ICD relaxation processes, highlighting
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valence MnO. .q)—H2Oq) electronic couplings between MnQO4 ) O 2s electrons and the
valence electronic manifold of water molecules in the first solvation shell;

The energetic information on the electronic structure, molecular bonding and solute-solvent
interactions reported in this chapter constitute photoelectron spectroscopy fingerprints of the tetra-
oxo Mn(VI1I+) charge state in aqueous solution. The determined BEs may act as experimental
benchmarks for emerging multi-configurational electronic structure calculation methods focused on
the explicit treatment of hydration and its effects on this TMC ion [105, 111]. In addition, the
experimentally-determined BEs will be used to infer thermodynamic and redox parameters relevant
for electron transfer events involving this ion, as will be presented in Chapter 6.
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S Electronic structure of manganate ions in
aqueous solution (MnO4* (aq,)

This chapter presents results obtained from XPS and RPES experiments performed with MnO4? (aq,)
solutions.

As described in Section 1.2.3, performing liquid jet-based experiments with solutions of this transient
ionic species is particularly challenging. MnO4% 4, ions are unstable towards disproportionation,
converting to MnOy q) and MnOxs) over time, with pH-, temperature- and concentration-dependent
kinetics [54]. The data presented here was recorded using the micro-mixing scheme described in
Section 3.2.3, which facilitated the generation of relatively stable, ~0.2 M MnQO4? ) solutions at
pH~13.5 — close to the minimum equilibrium pH in the Mn-water Pourbaix diagram (see Figure 1.2).
The data reported here, in combination with the results presented in Chapter 4, allowed for a direct
comparison of the electronic structure of two tetra-oxo Mn TMCs with different oxidation states in
the aqueous phase: MnOxs gy (Mn VI1I+ charge state, see Chapter 4) and MnO4?4q) (Mn VI+ charge
state, presented in this chapter). The spectra reported here were recorded with the electron analyzer
either perpendicular or at magic angle with respect to the soft X-ray beam polarization, yielding
equivalent energetic results.

This chapter is organized in four sections. Section 5.1 presents results obtained from direct XPS
experiments, showing characteristic spectroscopic signatures of MnO4*q) (Mn VI+ oxidation state) in
the valence band and core level spectral regions, including a comparison between data recorded with
solution-bulk and gas-solution-interface spectral sensitivities. Section 5.2 describes the results obtained
from Mn 2ps» / 2p12 and O 1s RPES experiments, from which Mn(V1)-O molecular bonding properties,
MnO4*q)-Water solute-solvent interactions, and more general, intramolecular Auger processes, were
investigated. In addition, as will be shown here, the RPES results provided bulk-sensitive spectroscopic
information not accessible from the direct XPS measurements, which is essential for the inference of redox
energetic information pertaining to the MnO4%(q) ion (see Chapter 6). A comparison of the MnO4*
system energetics with respect to those of MnO, in the aqueous and solid phases and the MnO,% ion
in the solid phase is presented in Section 5.3. A summary of the key findings described throughout this
chapter is presented in Section 5.4.

Figure 5.1 shows a MO diagram for the MnQO4% () solutions studied here, based on the MnO,*
electronic and molecular structure description presented in Section 2.1.2. This diagram will be used
as a reference to describe and discuss the results reported here. The energy scale summarizes the
aqueous BEs determined from (bulk-sensitive) XPS and RPES experiments. The BE appended to the
virtual valence MO (4.9 £ 0.04 eV, labelled as 5t; in the figure) was estimated by considering the
experimentally determined BE for the (2e) ! ionizing transition and the excitation energy extracted
from a Gaussian fit to the first optical transition band in the MnQO4? ) UV-visible absorption spectra
(see Figure 2.3 and Section 2.1.2 for details), i.e. neglecting electron correlation effects. Spectral
features associated with the different MOs will be labelled as follows: (0) 2e, (1) 1t1, (2) 4t./6as, (3)
1e/3ty, (4) 5a1, (B) 2ty, (6) 4ai, (7) 3a1, and (8, 9) 1t,, to achieve consistency with the labelling scheme
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presented in Chapter 4 for MnO4 aq). The MO diagram of the liquid water, OH zq) ion and Na* ) ion
solution components are also shown for comparison.

Local vacuum level
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Figure 5.1. MO diagram of MnO4?(aq) solutions

MO diagram of Mn04? and additional solution components in the aqueous phase. The energy scale shows
BE information extracted from the bulk-sensitive liquid jet XPS and RPES bulk-sensitive experiments
performed with ~0.2 M Mn04%(aq) in ~0.3 M NaOHaq,) (pH~13.5) solutions and from UV-visible absorption
measurements, as explained in the text. The Mn04%(q) MO diagram was adapted from the isolated
molecule diagram presented in Reference [109] (see Section 2.1.2 for details). Spectral features associated
with the different MOs were labelled as discussed in the main body of the text. MO diagrams for H20),
Na*aq) and OH (aq) ions are shown for comparison, based on the data reported in this chapter and in
References [21, 92, 94, 239-241]. The energetic information is necessarily referenced to the local vacuum
level. The numbers on the y-scale correspond to the solute BEs in the aforementioned aqueous solution,
as determined from the experimental results reported here.

5.1 Direct (non-resonant) photoelectron spectroscopy

5.1.1 Bulk-sensitive spectra

Figure 5.2 shows bulk-sensitive outer valence (panel A), O 1s (panel B) and Mn 2pss2/ 2p1» (panel C)
spectra recorded from ~0.2 M MnO4? ) solutions (green curves). MnQO4%4q) ions were generated by
mixing a MnOy q) reagent stream (0.4 M NaMnOuggy in 0.5 M NaOHg)) with an I'uq) reagent
stream (0.066 M Nal(q)in 0.5 M NaOHaq)). As a result, a ~0.2 M MnQ4? (aq) in 0.3 M NaOHyq) (and
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Figure 5.2. Solution bulk-sensitive spectra of MnO4? (aq)

Bulk-sensitive XPS spectra recorded from ~0.2 M MnQs% (g, in 0.3 M NaOHaq) (and reactively-produced ~0.03 M
NalOz(aq,)) solutions (see the main body of the text for details) in a magic angle polarization configuration. (A) Outer
valence spectrum recorded at a photon energy of 635 eV (green curve). A spectrum recorded from the f(aq)
reagent stream only (i.e. without adding the MnO4 aq) reagent to produce Mn04?(aq) in the mixing scheme) is
shown as reference (blue curve). Importantly, signatures of the valence electronic structure of Mn04%(sq) could
not be identified in the bulk-sensitive, direct XPS measurements. (B) O 1s spectra of Mn04% aq) (green) and
NaOHq,) reference (black curve, see the text for details) solutions recorded at a photon energy of 1135 eV. The
solution-reference spectrum is shown in red. The inset highlights the Voigt profile fit to the MnO4?(aq) O 1s
ionization feature. (C) Mn 2ps/2/ 2p1/2 spectrum recorded at a photon energy of 1251 eV. The asterisk denotes a
signature potentially belonging to MnOs aq) present as a result of less than ideal mixing conditions. MnQs%(sq)
features are labelled with numbers, and Roman numerals are used to label ionization signatures from the water
solvent molecules.

0.03 M 1057 q)) sample stream (pH~13.5) was produced and delivered into the experimental end-
stations as a liquid jet with a regulated temperature of 278 K. The data shown in panel A was recorded
at a photon energy of 635 eV at the U49/2 PGM-1 beamline at BESSY Il. The spectra shown in panels
B and C were recorded at photon energies of 1135 eV and 1251 eV, respectively, at the P04 beamline
at PETRA I1l. MnO4* ) features have been labelled with numbers according to the labelling scheme
used in Chapter 4 for the MnO4 (. data. Similarly, water features have been labelled using Roman
numerals.

Valence band features of MnO4? 4, could not be isolated from spectra recorded under bulk-sensitive
conditions (for example, the data shown in panel A). However, such MnO4*q) Signatures were
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identified in the surface-sensitive spectra (for example, during the optimization of the micro-mixing
scheme described in Section 3.2.3, as shown in Figure 3.6). A difference in the relative ionization
cross sections of the solute and solvent in the bulk of the solution with respect to the gas-solution
interface, or potential surface-active behavior of MnO4? g, ions are possible explanations for this
result. A depth profiling study — such as that described in Section 4.1.3 for MnOx (2 — could not be
performed due to the highly challenging nature of maintaining the unstable MnO.% ) liquid jet
during the required data acquisition period, primarily due to solute disproportionation and MnQOx)
accumulation that results in blockage of the liquid jet capillary nozzle. Bulk-sensitive data for the
MnO4?> .q) Valence spectral region was extracted from RPES data, specifically from resonantly-
enhanced participator Auger signals, as will be reported in Section 5.2.

The MnO4%q) O 1s data shown in panel B is plotted along with a 0.5 M NaOH.q, reference spectrum
(black curve), and the associated solution-reference difference spectrum (red curve). In contrast to
the valence band experiments mentioned above, using a I xq) reagent stream spectrum as reference
(i.e. for background signal comparison or subtraction) was not necessary here, giving that I"aq) does
not produce any photoelectron contributions in the O 1s spectral region (any contribution from 103
@q.) would be below the detection limit, given the relatively low concentration of the ion in the sample
stream). A 0.5 M concentration NaOH ., reference solution was utilized for practical reasons only,
given that 0.5 M NaOH,q) were utilized as part of the inter-measurement cleaning procedure required
to perform experiments with the micro-mixing scheme (see Section 3.2.3).

A MnO4% ) O 1s (3a1) spectroscopic signature with a BE of 535.1 + 0.1 eV was extracted from a
cumulative Voigt profile fit to the difference spectrum, highlighted by a green fill (see the inset in the
figure) and labelled as peak 7. The reported BE is a lower limit value due to over subtraction above
BEs of ~536 eV, as highlighted by the BE region with negative intensity in the difference spectrum.
The liquid water O 1s feature (peak vii) in the MnO4% ) spectrum was found to be narrower in
comparison to the NaOHyq,) reference spectrum (1.56 + 0.03 eV versus 1.61 + 0.01 eV, respectively),
which could lead to the above-mentioned over subtraction when producing the solution-reference
difference spectrum. Any O 1s spectral contribution from MnOas gy (resulting from incomplete
mixing) or from OH g, ions (present to ensure a pH of ~13.5 as explained previously) would occur,
in both cases, at a BE of 536 eV (see Table 4.1 in Chapter 4 for MnO4 sq) and Reference [240] for
OH (aq)).-

Cumulative Voigt profile fits to the Mn 2ps2 /2pa (1t2) spectrum of MnO4?(q) shown in panel C (fit
components highlighted by green fills) revealed Mn 2ps;; and 2pi» BEs of 648.9 £0.1eV and
660.0 £ 0.1 eV, respectively. The weak feature (highlighted by an asterisk in the figure) close to
651 eV BE is likely a signature of MnQOy g resulting from less than complete (ideal) mixing and
reaction conditions.

The (nearly sole) presence of MnO4> (i) in the O 1s and Mn 2p spectra (at least within the
experimental detection limits) was tested and confirmed by recording PEY-XAS data before and after
the measurements (see Section 3.2.3 and Figure 3.6 for details). In addition, a Mn 2pas2/ 2p12 Spectrum
recoded under partial mixing conditions — i.e. with both MnO4% () and MnO4 g present in solution
(see Figure 3.6, panel C) — provided further confirmation of the distinct MnO4? (aq) and MNnOq aq)
Mn 2pz2 /2p12 BE values and oxidation-state-dependent chemical shifts, as will be discussed in
Chapter 6.

76



Table 5.1 summarizes the bulk-sensitive Ol1s and Mn 2ps; /2p1; BEs and Gaussian peak width
components, FWHMg, extracted from the data presented in this section.

Table 5.1. MnO4?%(aq) bulk-sensitive BEs and and FWHM peak widths

0.2 M MnO4?*(aq) bulk-sensitive BEs and Gaussian peak width components, FWHMg, extracted from Voigt profile fits to the data
presented in Figure 5.2. The errors represent the uncertainty on the BE scale calibration procedure (see Section 3.4.1 for details).

Label Peak Origin BE/eV FWHMg / eV
7 (3a1)* 535.1+0.1 1.21+0.04
8 (1t2)* 648.9+0.1 1.01 £ 0.07
9 (1t,)? 660.0 £0.1 1.3+0.3

5.1.2 Solution-gas interface spectra

Figure 5.3 shows a surface-sensitive outer valence spectrum (green curve) recorded froma ~0.2 M
MnQ4? (s, in 0.3 M NaOH g solution using a photon energy of 150 eV at the U49/2 PGM-1 beamline
at BESSY II. A reference spectrum (blue curve), and the associated solution-reference difference
spectrum (red curve) are also shown in the figure. The reference data corresponds to a spectrum
recorded from the I'aq) reagent stream only (see the previous section and Section 3.2.3 for details).
Gaussian fits to the difference spectrum are highlighted by green fills and labelled as peaks 0, 1, and
2 (a detailed view is shown in the inset of the figure). The peak center extracted from each of these
fits allowed the MnO4% ) BEs associated with ionizing transitions involving the HOMO (2e),
HOMO-1 (1t;), and HOMO- 2 (4t) MOs to be determined, as will be discussed below.
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Figure 5.3. Surface-sensitive spectra of MnOs? (aq)

~0.2 M MnO4%(aq) in 0.3 M NaOHaq) (and ~0.03 M NalOsaq), see the text for details) spectrum recorded at a photon
energy of 150 eV (green curve) in a perpendicular angle polarization configuration. A spectrum recorded from the
I'aq) reagent stream only (i.e. without adding the MnOx'(aq) reagent to produce Mn04%(sq) in the mixing scheme) is
shown as a reference spectrum (blue curve). The associated solution-reference difference spectrum is shown in
red, highlighting Gaussian fits to the extracted MnQO4?(aq) signals (green fills, see the inset on the left).
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With the MO diagram presented in Figure 5.1 in mind, peaks 0 — 2 were ascribed to (2e)?, (1t1)%, and
4t;) ionizing transitions, respectively. A value of 6.89 + 0.04 eV was extracted for peak 1,
corresponding to the lowest VIE in MNO4? ). Similarly, BEs of 8.47 + 0.08 eV and 9.99 + 0.04 eV
were respectively determined for peaks 1 and 2. Notably, the HOMO ionization features from MnOy
@q,) (Which would only be present under partial mixing and reaction conditions) and OH"(s) would
have been expected at a BE of ~9.2 eV (see Section 4.1 for the MnO4 sq) €nergetics and Reference
[239] for the OH ) ionization energetics), and are seemingly absent here.

Valence photoelectron signatures with BEs in the 11 — 13 eV spectral region could not be extracted,
as they overlapped with the intense 1b; peaks of liquid and gas phase water (peaks i and i-g,
respectively). Particularly in the difference spectrum, the differential shift in the position of the 1b;
peak of gas phase water in the solution and reference spectra lead to the signals with intensities
oscillating around zero that are observed in the figure.

Table 5.2 summarizes the MnO4* () outer valence BEs and Gaussian peak width components,
FWHMg, extracted from surface-sensitive data similar to the spectra presented in Figure 5.3.

Table 5.2. MnO4%aq) surface-sensitive BEs and and FWHM peak widths

0.2 M Mn0O4%(aq, solution BEs and Gaussian peak width components, FWHMg, extracted from Gaussian or Voigt profile fits to several
surface-sensitive data sets, similar to those shown in Figure 5.3. Average BEs are shown with the error bounds defining the standard
deviations of the cumulative results.

Label Peak Origin BE / eV FWHMg / eV
0 (2e)* 6.89 £ 0.04 0.84 £0.04
1 (1t2)? 8.47 £0.08 0.66 £ 0.05
2 (4t2)1 9.99 £ 0.04 0.61+0.01

A comparison between the surface-sensitive valence spectral information presented here and their
bulk-solution-sensitive counterparts will be discussed in the next section, using information extracted
from the RPES experiments.

5.2 Resonantly-enhanced photoelectron spectroscopy

This section presents results from Mn 2pss2, 2p12 and O 1s RPES experiments performed with ~0.2 M
MnO4? (4, in 0.3 M NaOH4q) solutions generated using the micro-mixing scheme at the U49/2 PGM-
1 beamline at BESSY II. The data was recorded at a liquid jet temperature of 278 K. These
experiments allowed the identification of intramolecular (participator and spectator) Auger processes
and provided bulk-sensitive electronic structure information that could not be extracted otherwise
from direct XPS experiments. Hence, a comparison between the bulk-sensitive data presented in this
section and the surface-sensitive data reported in the previous section is also presented here, to explore
potential solution-gas interface effects on the energetics and electronic structure of MnO4% (ag).

5.2.1 Mn 2ps, intramolecular Auger processes

Figure 5.4 shows an overview of the Mn 2ps, RPES data recorded from MnO4%(q) solutions. A Mn
2ps2 RPES map (left) and the associated PEY-XAS spectrum (right) are shown in panel A.
Cumulative Gaussian fits to the PEY-XAS data (see Figure All.1, panel A in Appendix II) allowed
resonance excitation energies of 642.4 + 0.1 eV (Resonance I, red dashed lines in the RPES map) and
644.7 £ 0.1 eV (Resonance 11, blue dashed lines in the RPES map) to be extracted. These resonances
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were respectively assigned as Mn 2ps, — 2e and Mn 2ps, — 5t; excitations, based on the information
extracted from the UV-visible absorption spectra, (see Figure 2.3 and Section 2.1.2 for details) and
the assignments of similar RPES data recorded from MnOy ) Solutions, as reported in Section 4.2.
Given that MnO,4* has a nominal d* electronic configuration, the aforementioned Mn 2ps, — 2e
transition corresponds to a core-to-HOMO resonance, while the Mn 2ps;, — 5ty transition corresponds
to a core-to-virtual-valence (LUMO) transition (the latter is similar to the transition described in
Section 4.2 for MnOy (ag.)).

Panels B and C in Figure 5.4 show higher-signal-to-noise ratio RPES spectra recorded at Resonances
I (panel B, red) and Il (panel C, blue) over an extended BE range. Participator Auger signals are
labelled using numbers and spectator Auger signals are labelled using letters. A spectrum recorded at
an off-resonant photon energy of 635.0 eV (that is, devoid of resonant signal enhancements) is shown
as reference data in each panel. The signatures observed close to 55 eV BE in the off-resonant spectra
correspond to I'aq) [21] or 103 aq) 4d peaks and, in the former case, would be indicative of sub-optimal
mixing conditions.

In order to precisely extract the KEs (or effective BEs in the case of participator Auger peaks)
associated with each resonant Auger process, the off-resonant spectrum was subtracted from the
resonant data shown in panels B and C in Figure 5.4 (see Section 3.4.2 for details). Resonance | and
Il difference spectra produced in such a way are shown in Figure 5.5.

Four participator Auger processes were identified from the data presented in Figures 5.4 and 5.5,
labelled as peaks 0, 2, 3 and 5. Based on the direct XPS results presented in Section 5.1.2, and the
results reported for MnO4 (. in Chapter 4, these features were assigned as resonant enhancements of
MnO4?qq) 2672, 4t2 (or 6asY), 3t* (or 1el), and 2t (Mn 3p) photoelectron signals, respectively.

Starting with peak 0, this resonantly-enhanced feature is present both in the Resonance | and
Resonance Il data. Cumulative Gaussian fits to the difference spectra shown in Figure 5.5 (see Figure
2 and Table All in Appendix I1) allowed an average BE of 7.0 + 0.1 eV to be extracted for this feature.
Within the error bars, this value is equivalent to the BE determined for the MnO4? (xq) (2€)* ionizing
transition from the surface-sensitive, direct XPS valence data presented in Section 5.1 (6.89 *
0.04 eV, see Table 5.2). Therefore, peak 1 was assigned as a Ly-2e,2e participator peak in the
Resonance | data and, correspondingly, a Li-2e,5t, process in the Resonance 1l data. As previously
mentioned, this result is of paramount importance for the estimation of redox parameters related to
the MnO4%(aq)/ MNO4 (aq) redox pair, which will be discussed in Chapter 6.

The participator Auger feature labelled as peak 2 is seemingly present only in the Resonance | data,
with a KE of 631.9 + 0.1 eV, corresponding to an effective BE of 10.51 £ 0.04 eV. As reported in
Section 5.2, a valence feature with a BE of 9.99 £ 0.04 eV was observed in the surface-sensitive,
direct XPS data and ascribed to a 4t,? ionization process. With this result and the MO diagram of
MnQ4? presented in Figure 5.1 in mind, peak 2 can be potentially assigned as a resonant enhancement
of the 4t; or 6a; ionization features. As described in Section 2.1.2, the 6a; orbital is a bonding orbital
with Mn 4s and Mn 3p atomic contributions from the metal center and O 2p contributions from the
ligands. On the contrary, the 4t; orbital is a non-bonding, ligand-centered MO. The predominant Mn-
character expected for the 6a; MO would suggest that peak 2 corresponds to a signature of L -6ai,2¢
participator Auger process. However, assignment of this feature to a L-4t,,2e participator Auger is
also plausible, as will be discussed below.
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Figure 5.4. Mn 2ps/2 RPES spectra from MnQ4? aq) solutions

Mn 2p2s3 RPES data recorded from ~0.2 M MnQa%(sq) solutions produced using the micro-mixing scheme at a
regulated liquid jet temperature of 278 K in a perpendicular angle polarization configuration. (A) RPES map (left)
and PEY-XAS spectrum (right). (B) As measured Mn 2ps/2 = 2e resonant spectrum (red). (C) As measured Mn 2pz/2
-> 5t2 resonant spectrum (blue). A spectrum recorded at an off-resonant photon energy (635.0 eV, black), devoid
of resonantly enhanced signals, is shown in panels B and C. Participator Auger signals are labelled with numbers
and spectator Auger signals are labelled with letters. The BE scale is suitable for the identification of participator
Auger process and a comparison with the direct XPS results reported in Section 5.1. For the assignment of
spectator Auger signals a KE scale is more appropriate, as will be implemented in the resonant-off-resonant data
presented in Figure 5.5.
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Figure 5.5. Mn 2ps2 resonantly-enhanced signals from MnO4? () solutions

Resonance | (Mn 2p3/2 > 2e) and Il (Mn 2p3/2 = 5t2) RPES difference spectra extracted from the raw data
shown in Figure 5.4 (panels B and C, respectively). Participator Auger signals are labelled with numbers and
spectator Auger signals are labelled with letters.

Given the bulk-sensitivity afforded by the RPES experiments presented here, the BE of the
aforementioned participator Auger signals provide the bulk-sensitive counterparts to those extracted
from surface-sensitive measurements and reported in Table 5.2. For the (2e) ! ionizing transition, the
(average) bulk-sensitive value extracted from the Resonance | and Il data is 0.1 eV higher than that
reported in Table 5.2. However, the increment in BE is within the experimental error associated with
the determination of the average Resonance | and Resonance Il peak 0 BE (+ 0.1 eV). Such an error
reflects mostly the uncertainty in the photon energy calibration. On the other hand, the BE associated
with the peak 2 feature described above is 0.18 £ 0.04 eV higher than the value reported in Table 5.2.
These results suggest that, overall, the MnO.% ) valence BEs are higher when sampling
photoelectrons from the bulk of the solution in comparison with the gas-solution interface. Hence,
the discrepancy between the peak 2 BE extracted from Figure 5.5 and that reported in Table 2 could
be explained as a surface versus bulk BE shift.

The existence of surface versus bulk BE shifts in the outer valence MnO4> ) signals potentially
highlights changes in molecular structure in the different regions of the aqueous solution. The
differential shifts in BE energy may be explained by different interfacial phenomena altering the
solution-phase energetics, such as changes in the hydrogen bonding environment [242], solute
geometrical structural changes, and / or different solute-solvent intermolecular interactions occurring
at the gas-solution interface. Overall, these results indicate a higher stability of MnO4? () in the bulk
of the solution.

The participator peak labelled as 3 was found to be present only in the Resonance Il data, with a KE
of 633.0 £ 0.1 eV, corresponding to a BE of 11.70 £ 0.04 eV, and assigned to either a L-3tz,5t, or
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Li-1e,5t; process. The associated Gaussian peak width (1.12 = 0.06 eV) suggests a single
contribution, supporting the interpretation that a single ionization channel is selectively enhanced at
Resonance Il. A similar feature — assigned as a Li-3t,5t; participator Auger — was observed in the
MnOysaq) Resonance 1l data (see Section 4.2.1). Furthermore, the observation of a Li-le,5t;
participator Auger process in the MnO.% q) O 1s RPES data (which will be presented in Section 5.2.3)
leads to the assignment of peak 3 as a Li-3t;,5t; process. This result allows the determination of the
BE associated with the MnO4? (aq) (3t2)* ionizing transition in the bulk of the solution. Notably, peak
3 additionally shows a significant Lorentzian component (FWHM,, 0.66 + 0.06 eV) of the total
feature width (FWHM, 1.97 £ 0.02 eV), as extracted via the multi-peak fitting analysis (see Table
AllL1 in Appendix Il). The FWHML_ is smaller than the value reported for a similar RPES feature in
MnOy () data (0.77 £ 0.03 eV FWHML, Resonance Il, peak 3-a). As explained in Section 4.2.1, the
lifetime broadening of these features are indicative of constructive interference between direct and
participator Auger channels and the peak widths suggest shorter than average Mn 2ps, core-hole
lifetimes. Slightly different core-hole excited state lifetimes are correspondingly inferred for the
MnOy (aq) and MnO4% ) ions, potentially highlighting the effect of the associated differences in
formal oxidation states.

The fourth participator Auger feature, peak 5, occurs at an average BE of 58.4 £ 0.7 eV, in both the
Resonance | and Il data. With the results reported from MnQO4 g in mind (see Section 4.2.1) this
feature is assigned as a resonant enhancement of the 2t, (Mn 3p) inner valence ionization feature —
that is, a Lu-2t,5t, participator Auger process — and provides the BE for the (2t,) ionizing transition
in the bulk of the solution.

The spectral features labelled as a — d in Figures 5.4 and 5.5 were found to be similar to those in the
MnOy q) data. Hence, the following assignments were made: L-V,V (peak a, 627 £ 1 eV average
KE), Lii-2t2,V (peak b, 577 £ 1 eV average KE), Li-2t2,5a: (peak ¢, 565.1 + 0.1 eV), and Lyy-4a1,V
(peak d, 545.5 £ 0.1 eV). Ignoring electron correlation effects, the KEs associated with signals ¢ and
d can be used to estimate the BEs of the 5a; (from peak c) and 4a; (from peak d) MO electrons that
could not be determined from the direct XPS experiments. Hence, from peak c, considering the
58.4 + 0.7 eV BE extracted for the 2t, orbitals, a BE of ~25.4 eV can be estimated for the (5a;)™*
ionizing transition. Similarly, assuming a Li-4a13t, process for peak d (as in Chapter 4 for MnO4
@q)) and using the 3t BE (peak 3) extracted from the participator Auger data, a BE of ~91.7 eV can
be estimated for the (4a;)* ionizing transition.

Table 5.3 summarizes the results extracted from the Mn 2ps, RPES data presented in this section.
Average KEs, BEs and FWHMg of the participator Auger peaks determined from the Resonance |
and 1l data presented here are shown in the top panel of the table. Similarly, average KEs of the
spectator Auger peaks are listed in the bottom panel.
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Table 5.3. MnO4%aq) Mn 2ps/2 RPES participator and spectator Auger signals

Assignments of the Mn 2p1/2 RPES participator and spectator Auger signals associated with data shown in Figures 5.4 and 5.5. The
reported values correspond to the main features’ average KEs (and determined BEs) extracted at both resonances.

Participator Auger

Label Assighment BE/eV FWHMg / eV
0 2e 7.0+£0.1 1.0+0.1

2 (4t2 or 6a1)? 10.51+0.04 0.98 £ 0.02
3 (1e or 3ty)* 11.70 £ 0.04 1.58 £ 0.04
5 (2t)2 58.4+0.7 2.9+0.7
Spectator Auger

Label Assignment KE / eV

a Lu-V,V 6271

b Lu-2t,,V 577 +1

c Li-2t2,5a1 565.1+0.1
d Lu-4a,V 545.5+0.1

5.2.2 Mn 2py, intramolecular Auger processes

Figure 5.6 shows similar data to that presented in Figure 5.3 but for the Mn 2ps, spin-orbit component.
Panel A shows an RPES map (left) and associated PEY-XAS spectrum (right). From a cumulative Gaussian
fit to the PEY-XAS data (see Figure All.1, panel A in Appendix I1), the following resonant photon energies
were extracted using a two-Gaussian-component fit, despite the considerable broadening of the
resonance(s) in the Mn 2pi. excitation case: 653.0 eV (Mn 2p12 — 2e, Resonance IIT) and 655.2 eV
(Mn 2pw, — 5t;, Resonance 1V). Panel B shows a higher-signal-to-noise ratio spectrum recorded at the
determined Resonance IV photon energy, over an extended BE range. An off-resonant spectrum is shown
for comparison. Panel C shows the resonant-off-resonant difference spectrum. Such data collection was not
possible at Resonance 111, due to the challenges associated with the mixing scheme, limited signal strength
and the beam time available.

In contrast to the Mn 2ps2 Resonance 1l data (Mn 2ps; — 5t2), only two participator Auger peaks are
observed in the Resonance IV data, labelled as peaks 0 and 5. These resonantly-enhanced features
correspond to L;-2e,5t; and L -2t2,5t, processes, respectively. Accordingly, respective BEs of 7.10 +
0.04 eV (2e1) and 58.76 + 0.06 eV (2t 1) were extracted. The results are in agreement, within the
error bounds, with those reported for the Mn 2ps, excitation case and reported in the previous section
(see Table 5.3). As was the case for the Resonance IV data recorded from MnOy g, Solutions (Section
4.2.2), over- and under-subtraction in the 640 — 645 eV electron KE region of the difference spectra
impeded the isolation of other participator Auger features (see yellow overlay in panel C of Figure
5.6).

The spectator Auger features a and b show similar characteristics to those observed in Resonance IV
data from MnQOy q) solutions. These features are broader at Resonance IV compared to Resonance |
and 11, as expected due to a shorter average core-hole lifetime for Mn 2pi1, with respect to Mn 2pss
(~0.7 fs versus ~1.8 fs, respectively [237]). In addition, Ly-LV (feature a) and Ly-Lii,2t2 (feature b)
Coster-Kronig processes [238] are present. The results are summarized in Table 5.4
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Figure 5.6. Mn 2p1/2 RPES data from MnO4% aq,) solutions

Mn 2p1/2 RPES data from MnQ4% (aq,) solutions produced using the micro-mixing scheme at a regulated liquid
jet temperature of 278 K in a perpendicular angle polarization configuration. (A) RPES map (left) and PEY-
XAS spectrum (right). The BE scale is suitable for the identification of participator Auger processes and a
comparison with the direct XPS results reported in Section 5.1. For the assignment of the spectator Auger

signals, KEs are more appropriate and are implemented in Panel C.
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Table 5.4. MnO4%aq) Mn 2p1/2 RPES participator and spectator Auger signals

Assignments of the Mn 2p1/, RPES participator and spectator Auger signals associated with data shown in Figures 5.6.
Participator Auger

Label Assighment BE/eV FWHMg / eV

0 Li-2e,5t2 648.1+0.1 7.10+£0.04

5 Li-2t2,5t2 596.4 +0.1 58.76 + 0.06

Spectator Auger

Label Assignment 1 Assignment 2 KE / eV

a Li-V,V 638.5+0.1
Li-Lin,V 635.7+0.1
Li-5a1,V 629.8+0.2

b Li-2t,,V Li-2t2, 5a1 585.9+0.1
Li-L, 2t2 577.4+0.1

5.2.3 O 1sintramolecular Auger and ICD processes

Figure 5.7 shows O 1s RPES data recorded from MnO.% g, solutions, highlighting resonant excitation
and de-excitation associated with transitions involving MnO4% ) O 1s electrons and 2e (HOMO) and
5t; (LUMO) electrons. An RPES map and PEY-XAS spectrum are shown in panel A (left and right,
respectively). Cumulative Gaussian fits to the PEY-XAS spectrum (shown in Figure All.1, panel B
in Appendix Il) allowed the following resonant photon energies to be determined: 528.3 + 0.1 eV
(labelled as Resonance V), 529.2 + 0.1 eV (labelled as Resonance VI-a), and 529.9 £ 0.1 eV (labelled
as Resonance VI-b). Any resonant excitation process involving OH g ions is expected to occur at
532.8 eV photon energy [75], and thus does not overlap with the MnO4 ) resonances. Considering
the MO picture presented in Figure 5.1, the UV-visible absorption spectrum discussed in Section
2.1.2 (see Figure 2.3) and the O 1s resonant processes observed in MnOg ) Solutions (as reported in
Section 4.2.3 and in the solid-phase literature [174]), the aforementioned resonances were attributed
to O 1s — 2e (Resonance V) and O 1s — 5t, (Resonance VI, a and b) transitions. In contrast to MnO.
(aq), the PEY-XAS data shows two components to the O 1s — 5t; resonances. Here, the two resonant
photon energies associated with O 1s — 5t, electron excitation (Resonance VI-a and b) may
tentatively be attributed to valence interactions between the 2e HOMO and 5t; excited electrons with
similar or opposite spins. The Resonance VI-a and b photon energy values are split by 0.7 £ 0.1 eV.

Such a splitting was seemingly unresolved in the Mn 2p RPES data (likely due to increased lifetime
broadening effects at the Mn 2p resonances, see the PEY-XAS spectrum in Figure All.1, panel A, in
Appendix 1) and is only observed in the O 1s data. Spectra recorded at each resonant photon energy
—as well as an off-resonant spectrum — under higher-signal-to-noise ratio acquisition conditions over
an extended BE range are shown in panels B (Resonance V), C (Resonance VI-a) and D (Resonance
VI-b). In addition, the difference spectra produced by subtracting the off-resonant spectrum from the
resonant data are shown in Figure 5.8.
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Figure 5.7. O 1s RPES data from MnO4? aq) solutions

O 1s RPES data recorded from MnQa% (sq, solutions produced using the micro-mixing scheme at a regulated
liquid jet temperature of 278 K in a perpendicular angle polarization configuration. (A) RPES map (left) and
PEY-XAS spectrum (right). (B) As measured O 1s — 2e resonant spectrum (orange). (C) As measured Mn 2ps/2
— 5t2 resonant spectrum (green, Resonance VI-a). (D) As measured Mn 2ps/2 — 5tz resonant spectrum (pink,
Resonance VI-b). A spectrum recorded at an off-resonant photon energy (black), devoid of resonantly
enhanced signals, is shown in panels B, C, and D. Participator Auger signals are labelled with numbers, and
spectator Auger signals are labelled with letters. The asterisk indicates a signal arising from ionization with
the unfiltered second harmonic of the beamline. The feature labelled as peak ‘v’ corresponds to the Na*(q,)
2p! ionization peak. The BE scale is suitable for the identification of participator Auger process and a
comparison with the direct XPS results reported in Section 5.1. For the assignment of spectator Auger
signals, KEs are more appropriate — as will be implemented in the resonant-off-resonant data presented in
Figure 5.8.
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Figure 5.8. O 1s resonantly-enhanced signals from MnO4?(aq,) solutions

Resonance V (O 1s = 2e) and VI (O 1s - 5t2) RPES difference spectra produced from the raw data shown
in Figure 6.6. Participator Auger signals are labelled with numbers and spectator Auger / ICD signals are
labelled with letters. The asterisk indicates signals arising from ionization with the unfiltered second
harmonic of the beamline.

In both Figure 5.7 and 5.8, signals originating from ionization of O 1s electrons from liquid water
with the unfiltered second harmonic of the beamline were labelled with asterisks, and spectator Auger
/ ICD peaks (as will be explained later) were labelled using letters. In Figure 5.8, identifiable
participator Auger peaks were additionally labelled with numbers (specifically in the Figure inset).

Two participator Auger processes were identified in the difference spectra shown in Figure 5.8 (peaks
3-aand 2-a, according to the Figure). Peak 3-a is present in the Resonance V data, with a KE of 517.0
+ 0.1 eV and associated 11.28 + 0.04 eV effective BE. Peak 2 is evident in the Resonance V1-b data,
at a KE of 519.6 + 0.2 eV, with an associated effective BE of 10.2 + 0.2 eV. The presence of the
second harmonic signal prevented the identification of other resonantly-enhanced solute signals in
the highest KE side of the resonant data.

Starting with peak 3-a in the Resonance V data, the MO diagram shown in Figure 5.1 suggests that
this signal could be attributed to a participator Auger peak involving the MnO4% ) (1€) ! ionizing
transition — i.e. a K-1e,2e process. Peak 2 in the Resonance VI-b data was assigned as a K-4t,,5t;
process, as similarly observed and assigned for the MnO4 () data. Hence, a bulk-sensitive BE of 10.2
+ 0.2 eV is determined for the (4t;)? ionizing transition in MnO4%(q). A comparison of this value
with the surface-sensitive 4t,* BE reported in Section 5.1.2 shows a negligible (+0.2 eV) positive
shift when moving from the gas-solution interface to the solution bulk, with the same magnitude as
the experimental error. This result follows a similar trend observed for other outer valence BEs, as
described in the previous section, which highlighted higher stability of MnO4% g, in the bulk of the
solution —i.e. as a fully hydrated ion. The observation of a K-4t,,5t, Auger process highlights electron
coupling between the Mn-O non-bonding 4t, MO and the 5t, anti-bonding MO.
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Regarding the spectator Auger signals, labelled as e — i in Figures 5.7 and 5.8, similar features occur
at nearly constant KE in the Resonance V, Vl-a and VI-b data. Peak e shows up as a broad feature
spanning the 505 — 517 eV KE range, with a maximum at a KE of 510.8 + 0.2 eV. This peak is
assigned to multiple K-V,V spectator Auger processes. The assignment was made based on the
observations described in Section 4.2.3 for MnOy" aq) Solutions. In contrast with the results presented
there, however, the peak e feature in the MnO4% (. data does not show four distinct components as
reported for MnOys aq). A possible explanation for the loss of structure in the MnO4% (z) Case
compared with that of MnOy™ s Would be additional electronic coupling between the HOMO (2e)
and spectator (2e or 5t;) electrons in the MnO4% (aq) excited state, resulting in a greater degree of
spectral broadening.

Average KEs of 498.3+£0.7eV, 495+ 2¢eV, 490.4 + 0.1 eV, and 476.4 = 0.8 eV were respectively
determined for peaks f, g, h and i (see Figure 2 and Table All in Appendix Il). Considering the 5a;
BE estimate reported in Section 5.2.1 (~25.4 eV), the aforementioned KEs suggest peaks f —i are K-
5a1,V spectator Auger processes involving the MnO4%4q) non-bonding inner valence 5a; (O 2s)
electrons. Neglecting electron correlation, BEs of ~11.3 eV, ~14.6 eV, ~19.2 eV and ~33.2 eV are
estimated for the partner electrons emitted in the spectator Auger process, i.e. after a 5a; electron has
refilled the core-hole. Given the absence of any matches with the MnOs* () outer valence BEs
reported throughout this chapter, ICD processes were considered to assign these features, following
a similar approach to that applied for the MnO. () data, (see Section 4.2.3 and 4.2.4).
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Figure 5.9. Signatures of ICD in MnO4% aq) solutions

Resonance V, Resonance VI-a, Resonance VI-b spectra (raw data, without baseline correction) showing the
energy gaps between peaks f, g, h and i. The off-resonant data shows the separation between the water
valence ionization features. The off-resonant spectrum was offset to account for the resonant-non-
resonant photon energy difference, the 5a1 BE, and electron correlation effects.
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The energetic separation between neighboring peaks were found to be 3 £ 2 eV (f-g), 5 + 2 eV (g-h),
and 14.0 £ 0.8 eV (h-i). Within the error bounds, these peak separations match the energy gaps
between the valence BEs of liquid water. The KE positions of features i-h are all in agreement with
those expected for K-5a1,1biw), K-5a1,3a1w), K-5a1,1b2w), and K-5ai,2a1w) resonant, spectator-like
ICD processes, respectively. The KEs and energy gaps of the ICD peaks are found to be equivalent,
within the experimental uncertainties, to those reported in Section 4.2.4 for MnOa4 (). This is likely
a reflection of the significant error bounds and the similar solvated molecular structure for both ions
— i.e. bonding interactions between the ligand O 2s electrons and the water valence electrons are
common to both ions and present similar energetics — despite the difference in formal oxidation state
of the Mn metal center. Table 5.5 summarizes the O 1s RPES results reported in this section.

Table 5.5. MnO4%aq) O 1s Auger and ICD signals

Participator Auger

Signal Assignment BE / eV FWHMg
2-a (4t2 or 6ay)? 10.2+0.2 1.6+0.4
Spectator Auger

Signal Assignment 1 Assignment 2 KE / eV

e (main feature) K-VV 510.8+0.2
f K-5a1,1b1(w) K-5a1,V 498.3+0.7
g K-5a1,3a1w) K-5a1,V 495+2

h K-5a1,1bz(w) K-5a1,V 490.4+0.1
i K-5a1,2a1w) K-5a1,V 476.4+0.8

As mentioned in Chapter 4 regarding ICD in MnOu () Solutions, a mirroring in peak separation
between the MnO4% g, resonantly-enhanced photoelectron features in the resonant data and the water
valence photoelectron peaks in the off-resonant spectrum form the basis of the evidence for the
occurrence of ICD in the MnO,% aqueous system. Further confirmation for the assignment of the
observed spectral features could be obtained from similar MnO.?* experiments using deuterated water.

5.3 Comparison of oxidation states across phases

Finally, a comparison of the electronic structure of MnO4 and MnO4* ions in different condensed
phase environments is presented. The aqueous phase BEs reported in Chapters 4 (MnOy (ag)) and 5
(MnO4% aq)) Will be compared with those reported for crystalline samples (KMnQOas)and KoMnQOys))
[167, 168]. As previously mentioned, in MnOy q) (@and KMnOQOys), the Mn metal-center has a VII+
formal oxidation state. In MnO4? (.q) (and KoMnOQy), the formal oxidation state of Mn is VI+. In
both complexes, the O ligands have the same formal charge (II-). In this Section, the BE shifts
associated with a change in the formal oxidation state of the Mn metal center in the aqueous phase
(and in the bulk of the solution) are compared to those in a crystalline environment.

Table 5.6 summarizes the MnO4 (i) and MnO4* (5q) bulk-sensitive BEs reported in Chapter 4 and 5,
respectively, as referenced to the local vacuum level. Similar solid phase data reported in References
[167, 168] is reproduced in Table 5.7, as referenced to the Fermi level. The BE differences between
the two different oxidation states are indicated as ABEq) (Table 5.6) and ABE) (Table 5.7).
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Table 5.6. Aqueous phase (solution bulk) BEs of MnOs and MnO4*

The values correspond to those reported in Chapters 4 and 5, respectively. The * indicate BE estimated from spectator Auger
processes. The ** indicates a value extracted through combination of UV-visible and XPS spectral data.

Peak origin MnOs(aq) BE / eV MnO4*(aq) BE / eV ABE(aq)/ eV
(2e)? 6.88 + 0.08** 6.98 £ 0.06

(4t2)? 9.8510.08 10.2+0.2 0.4+0.2
(3t2)? 12.66 £ 0.04* 11.70+£0.04 0.96 £ 0.04
(5a1)? 26.82 £ 0.04 25.4* ~1.4

(2t2)? 59.6+0.1 58.4+0.7 1.2+0.7
(4a1)? 94.1+0.1 ~91.7* ~2.4

(3a1)? 536.0+£0.1 535.0+£0.1 1.0+0.1
(1t2)* 650.9+0.1 648.9+0.1 2.0+0.1
(1t2)? 661.9+0.1 660.0+£0.1 1.9+0.1

Table 5.7. MnOs and MnO4?* solid phase BEs

Values taken from References [167, 168].

Peak origin KMnOas) BE / eV K2MnOqs) BE / eV ABE) / eV
(2e)? 1.9 [168]

(4t2)t 5.4 [167] 3.9 [168] 0.5

(3t2)? 7.5[167]

(5a1)* 21.8 [168] 21.1[168] 0.7

(2t2)! 54.5 [168] 52.7 [168] 1.8

(4a1)* 88.9 [168] 87.6 [168] 1.3

(3a1)? 530.8 [168] 530 [168] 0.8

(1ty)* 645.6 [168] 644.2 [168] 1.4

(1t2)! 656.7 [168] 655.3 [168] 1.4

Overall, MnOs BEs are higher in comparison to those of MnO,%, both in the aqueous and solid
phases. This reflects the higher positive charge on the Mn-metal center in MnO,4 with respect to
MnO,%. Starting with the outer valence BEs (4t and 3t,%), the shift associated with the 4t,* value
is similar in both phases (~0.5 eV). For the 3t BE, the chemical shift in the aqueous phase is more
than twice that observed for the 4t,* orbital (0.96 + 0.04 eV). An explanation for this observation can
be found in the atomic-parentage / hybridized nature of the two MOs. The 4t, MO is an O-centered,
non-bonding orbital, while the 3t; is a Mn-O bonding orbital. This and the predominant Mn-character
of the latter (as confirmed by the Mn 2ps» RPES experiments presented in Sections 4.2.1 and 5.2.1)
are supportive of a higher sensitivity of the 3t, electrons to a change in the Mn formal oxidation state.

The inner valence features (5a:2 / O 2s, Mn 3p / 2t;2, Mn 3s, / 4a;%) show similar chemical shifts in
both phases (~1 — 2 eV), within the experimental uncertainties.

A comparison of the O 1s and Mn 2ps2/ 2p12 BES should highlight the largest energetic shifts due to
changes in the formal oxidation state, given the less hybridized nature of the core-levels with respect
to the valence. The MnO4% (q) Mn 2p312/ 2p12 BEs were found to be 2 £ 0.1 eV lower in MnO4% (o)
with respect to MnO4 (aq). The O 1s BEs are shifted to a lesser degree, by 0.9 £ 0.1 eV in the same
direction. Similar shifts are observed from the solid phase values, however, the chemical shift
associated with the Mn 2ps; / 2p1»2 BES is ~0.5 eV higher in aqueous solution with respect to the
crystalline environment. This likely results from more effective charge screening by the aqueous
dielectric environment [243].

5.4 Summary of key findings of Chapter 5

The combination of liquid jet direct XPS and RPES — in conjunction with the micro-mixing sample
source development — allowed the electronic structure of the MnO4? ion to be probed in the aqueous
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phase, including the study of molecular bonding and MnQ4? 4q)-Water interactions. Experiments were
performed with ~0.2 M MnO4% (g, solutions at pH~13.5 and yielded the following results:

1. A partial experimentally-determined BE-scaled MO diagram was produced for the fully
hydrated MnO4? (s, iON;

2. A comparison between outer valence spectra recorded at different probing depths
generally revealed ~0.2 eV larger BEs in the solution-bulk with respect to the gas-
solution interface, suggesting higher stability of the ion in the bulk of the solution —i.e.
as a fully hydrated ion. These results highlight the effect of changes in the hydrogen
bonding environment, solute geometrical structural changes and / or different solute-
solvent intermolecular interactions occurring at the gas-solution interface and affecting
the valence energetics of MNO4? (aq);

3. Bulk-sensitive valence BEs could only be extracted from the RPES experiments. The 2e
! (HOMO), 4t,* (HOMO-2), 3t,* (HOMO-5), and 2t,* (Mn 3p) BEs were determined
from participator Auger electron emission signatures.

4. The Mn 2psrand 2p2 RPES experiments highlighted the predominant Mn-character of
the 2e-* (HOMO) ionizing transition;

5. Overall, the RPES experiments revealed similar participator and spectator Auger
features, as well as spectator-like ICD processes, to those observed in the MnOy () data
presented in Chapter 4 (although the associated features were generally shifted towards
lower BEs with respect to their MnO4 aq) counterparts). This includes the observation of
a selective enhancement of the 3t,* feature at the Mn 2ps, — 5t, resonance, hybridization
of the inner valence Mn 3p and O 2s MOs, Koster-Cronig processes at the Mn 2p1, —
5t, resonance and ICD involving MnQO4%q) O 2s electrons and the water solvent valence
band in the first solvation shell.

6. A comparison between the electronic structure of both ions highlighted valence and core-
level chemical shifts associated with the difference in formal oxidation state of the Mn-
metal center between the two TMCs (VII+ in MnOg (aq) and VI+ in MnO4? (q)). Overall,
BEs are higher in MnOs ) With respect to MnO4?4q). The magnitude of the chemical
shifts were larger (~2 eV) for the Mn 2ps;/ 2p12 BEs. Similar shifts of ~1 eV were
observed for the O 1s and inner valence (Mn 3s, Mn 3p, O 2s) BEs. For the outer valence,
~ 1 eV shifts were observed for the 3t; (Mn-O bonding MO) BE, while a ~0.5 eV shift
was observed for the 4t,* (ligand-centered non-bonding MO) BE. The higher Mn 2p
chemical shifts in the aqueous phase with respect to a crystalline environment highlighted
the screening effect of the aqueous solvent on the charge on the Mn-center.

The electronic structure, molecular bonding, solute-solvent interactions and energetic information
reported in this chapter constitute photoelectron spectroscopy fingerprints of the tetra-oxo Mn(VI+)
charge state in aqueous solution. The electronic structure information will be used to infer
thermodynamic parameters of the MnO4%(.q) / MNO4 (sq) redox half reaction in the following chapter.
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6 Redox energetics of MnQy (aq.) and
MnO4* (a4, solutions

A portion of the content presented here has been adapted or directly extracted from the following publication:
K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous permanganate ion:
aqueous-phase energetics and molecular bonding studied using liquid jet photoelectron spectroscopy, Physical
Chemistry Chemical Physics (2020). DOI: 10.1039/DOCP04033A (https://doi.org/10.1039/DOCP04033A).
Published by the PCCP Owner Societies. This work is licensed under the Creative Commons Attribution 3.0
Unported License (https://creativecommons.org/licenses/by/3.0/).

In this chapter, the bulk-sensitive electronic structure information extracted from the XPS and RPES
experiments performed with MnOs q) and MnO4? ) Solutions reported in Chapters 4 and 5 will be
applied to infer aqueous phase energetic parameters that underpin the redox chemistry of those ions.
As discussed in Section 2.2, within the limits of the linear response approximation (LRA) — which
has been proven to be appropriate when polar solvents are present, such as liquid water [244] —
experimentally determined BEs and peak widths can be used to determine reorganization energies
(4), AlES(@q), and VEASq) [83, 126-129].

The results presented here focus on oxidation half reactions, given their parallels to the ionization
processes that take place during an XPS experiment, as discussed in Sections 1.2.2 and 2.2. This
approach has been previously applied in liquid jet XPS-based determinations of redox parameters for
a number of aqueous redox transition metal complex systems [127, 182], including [Mn(H20)6]%"aq)
I [IMn(H20)6]**aq) [83]. For the later, experimental information on the [Mn(H20)s]** g, ion was not
reported. The tendency of these species to disproportionate [245] has thus far prevented the realization
of associated liquid jet XPS experiments. As explained in Sections 1.2.3 and 3.2.3, a similar
experimental challenge needed to be overcome for the realization of experiments with MnO4% ()
ions, allowing the redox energetics of the MnO4% ) / MNO4 gy redox pair — which have been
previously investigated using theoretical methods [85] — to be reported purely from experimental
data.

The chapter is divided into three sections. Section 6.1 is dedicated to the thermodynamic description of
the MOy aq) / MNO4"q) redox half reaction, including the derivation of the oxidative reorganization
energy (4,,) and VEA of MnOy’aq) and AIE of MNOq (aq). The MNOs gy / MNO4™ g,y redox half reaction
is an exemplary case where thermodynamic information from electrochemistry-based experiments is
not available due to the unstable nature of one of the components of the redox pair (MnO4’(q,) in this
case). Thus, the results presented here demonstrate a generic approach to study redox energetics by
means of photoelectron spectroscopy where standard electrochemical methods cannot be
implemented. In addition, comparison of the AIEs reported for MnQOa ) [175] and the AIEs inferred for
MnOx ) allowed the Gibbs free energy of hydration (4Gp,y4) of the ion to be determined. Section 6.2
presents similar information but for the MnO4? () / MnO4 gy redox pair, ubiquitous in chemical and
energy transfer processes involving MnOx s in alkaline media. In addition, the MnNO4*aq) / MNOx aq) redox
energetics are of relevance for the development of redox flow batteries with electrolytes formed by these
ions [40]. The photoelectron-spectroscopy-based results presented here are compared with existing
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theoretical calculations [85] and Gibbs free energy values reported from electrochemistry. Finally, Section
6.3 implements the determined AIES to construct electronic state energy diagrams for MnOgs g, /
Mno4.(aq_) and Mno42_(aq_)/ Mno4_(aq,).

6.1 Permanganate aqueous solutions

With chemical reactions — including redox processes — primarily governed by the energetics of the
most readily liberated electrons, the lowest energy vertical ionizing transition of MnOy (g, (1t1)?,
can be considered to be of primary relevance to oxidative permanganate processes. This ionizing
transition results in the production of the (1)?T; state of MnOx4'(.q) (Permanganate radical). The process
is related to the following redox half reaction:

MnOyaqy = MnOyqq) + €~

The chemical cycles associated with this redox process in the aqueous and gas phase are depicted in
Figure 6.1 (panel A and B, respectively). The schematic quadratic potential energy curves highlight
the free energetic relationships between the VIE and AIE of MnO,, the VEA of MnO," and, for the
aqueous phase case, the associated reorganization free energies of oxidation (4,,) and reduction
(Ayeq). Using the lowest energy ionizing transition feature of MnQO4 () reported in Chapter 4 (see
peak 1 in Figure 4.2 and Table 4.1) and Expressions (1) and (4) in Section 2.2, it is possible to estimate
Aox @nd the AIE of MNOy a).

The estimation of 4,,, requires knowledge of the (Gaussian) inhomogeneous broadening contribution
to the photoelectron peak width (here referred to as FWHMg). As explained in Section 3.4, the peak
widths reported throughout this thesis (and referred to as FWHMg) reflect inhomogeneous
broadening due to the aqueous environment and the combined beamline / analyzer instrumental
resolution, excluding lifetime broadening effects (which can be ocassionally determined via Voigt
profile fits and associated Lorentzian peak width conributions, particularly in core-level excitation
cases). Expression (5) in Section 2.2 allows estimation of FWHM g by considering and disentangling
the Gaussian width of the ionization feature (FWHMg, as reported in Table 4.1) and the broadening
contribution from the overall instrumental resolution (FWHMg).

By adopting the ~635 eV photon energy FWHM |k value of 0.41 + 0.01 eV (as determined via rare-
gas XPS measurements under the same conditions adopted for the aqueous phase work, see Section
3.3) and the FWHMg value reported for peak 1 (Table 4.1), a FWHM g value of 0.7 + 0.1 eV was
determined. Considering this result and a 278 K liquid jet temperature, a 4, value of 1.8 + 0.2 eV or
170 + 20 kJ mol™" is determined for the (1t;)* ionizing transition using Expression (4). The A,,
estimate and the lowest VIE of MnOy4 ) (9.22 £ 0.08 eV, see Table 4.1) correspondingly yields an
MnOy q) AIE and 4G, value of 7.4 £ 0.2 eV or 720 + 20 kJ mol ™!, under the assumptions described
in Section 2.2.

In addition, by using Expression (6) in Section 2.2 and the direct XPS results, the VEAaq,) 0f MNO4’(aq)
is estimated to be 5.7 £ 0.2 eV or 550 + 20 kJ mol~'. Gutsev et al. [175] reported an adiabatic EA of
4.8 eV for isolated MnOy (i.e. in the gas phase). Their results highlighted the super-halogen character
of MnQOy" and the relatively high stability of MnO,4~ due to the existence of the metal center in the
VII+ oxidation state [175]. As shown in Figure 6.1, in the aqueous phase, the adiabatic EA can be
approximated by adding A,-.4 10 VEA@q). Within the LRA, assuming A,..4 = A,, [19] and using 1,,.=
1.8+£0.2 eV (as reported in Table 6.1), the adiabatic EA for MnOa'ag) Can be estimated to be
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7.5+ 0.2 eV. Here, the larger value for the aqueous phase ion compared to the gas phase highlights
the effect of solvation in stabilizing the ion, as discussed when comparing the VIEs across phases in
Section 4.1.4.

Finally, by comparing the MnO4~ AlE ) Value with its gas phase counterpart, the associated value of
AGpyq can be estimated. In Figure 6.1 (panel B) the AIE value of gas phase MnO4 has been
energetically aligned to the aqueous phase value, assuming vacuum level equivalence in liquid and
gas phase PES experiments (by aligning the ground rovibronic states of MnO," at the same energy in
both phases). With such an alignment, the figure highlights that the difference between AIEq) and
AlE) is equal to AGhyq. Using the gas phase MnO4~ AIE
of 4.80 £ 0.1 eV, as determined in Reference [175], and the AlEq, value reported here, an estimate
of 74+ 02eV—-48+0.1eV=26+0.2¢eV, or 260 + 20 k mol™, is obtained for AGp,,4. With fully
solvated MnQ,q) ions expected to form an average of 3.7 hydrogen bonds in solution [246], average
MnQ,q) hydrogen-bonding energies of 0.7 £ 0.1 eV can be inferred. The vertical axes in the figure
show energetic information expressed as free energy (left) and potential energy (right). A parallel is
thus stablished between the enthalpic and entropic (free energy) changes taking place upon removal
of an electron from the solvated species in solution and the equivalent, respective potential energy
changes experienced by the aqueous solute in its ground state configuration upon ionization in the
condensed phase agueous medium.
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Figure 6.1. Redox energetics of MnOx'(aq) / MNO4’(aq) and MnOq'g)/ MnOa’)

(A) Schematic potential energy curves for MnOg (aq) and MnOa’(aq.), depicting the definition and relation
between VIE(q,), Aox, Ared, VEA(aq) and AlE(q,). (B) As shown in panel A, but for MnO4'gyand MnOas°(g), using
the energetic information reported in Reference [175]. The ground rovibronic state of MnQO4® was
commonly aligned between the aqueous and the gas phase.

Based on the MnO4 () 1t i0nizing transition analysis above and the 4t, BE and peak width extracted
from the RPES data presented in Section 4.2, the A,,,, and AIE values for the first electronically excited
state of MnOa’(aq) Can also be estimated. In this case, the RPES results correspond to a 283 K liquid
jet temperature but are still comparable with the 277-278 K MnOa'(aq) ground state results (such a
temperature variation leads to a less than 40 meV difference in 1,,. and AIE values, below the reported
experimental uncertainties). The results of such an analysis, as well as the aforementioned findings
reported in this section, are summarized in Table 6.1. The energetics are presented along with the
electronic state symmetries of the produced MnQ4"q) radicals (assuming a retention of T4 symmetry
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upon ionization), with the assigned dominant molecular orbital symmetry of the removed electron
given in parenthesis.

Table 6.1. MnOs'(aq) energetic and thermodynamic parameters from PES data

Summary of the valence state energetic and thermodynamic parameters extracted from the MnOas (aq,) liquid jet XPS and RPES data.
Photo-oxidized radical state labels are appended to the table, with the dominant molecular orbital configuration changes with respect
to the MnO4(aq) ground state shown in parenthesis. The valence BE values, VIE(q,), and associated peak widths (see Table 4.1) were used
to extract the FWHM;s terms. The oxidative reorganization energies, Ao, and adiabatic ionization energies, AlE(aq,), were extracted using
the latter values. The extracted Gibbs free energy of hydration, AGnyqy, determined by comparison of the lowest aqueous phase AlEs to
corresponding gas phase data [175], is also shown.

Radical state VIE(aq)/€V FWHMs/eV A o/eV AlE@q)/eV AGhya/eV
(1)2T1 (1t27Y) 9.22 £0.08 0.7+0.1 1.8+0.2 7.4+0.2 2.6+0.3
(1)°T, (4t27Y) 9.85 £ 0.08 0.6+0.2 1.5+0.5 8.4+0.5 2.3+05

6.2 Manganate aqueous solutions

Following a similar analysis to that presented in Section 6.1.1 for MnO4 (xq, Solutions, this section will
use the bulk-sensitive data presented in Chapter 5 to estimate redox parameters associated with the
MNO# (ag) / MNOx (aq) redox pair.

Upon ionization, the removal of the most readily liberated electron from MnO4% ) corresponds to a
(2e)* ionizing transition, which can be related to the following redox half reaction:
MnOf(_aq) i MnO;(aq.) +e”

The chemical cycle associated with this redox process and redox information derived in this chapter
is shown in Figure 6.2. Expressions (1) and (4) in Section 2.2, and the 2e* BE of MnO4?, reported
in Chapter 5 (see peak 0 in Figure 5.5 and Table 5.3), were used to estimate 1,, and AIE values for
MnOAZ-(aq,).
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Figure 6.2. Redox energetics of MnO4% (aq.) / MNO4'(aq.)

Schematic quadratic potential energy curves for MnO4%(aq) and MnQOa(aq), highlighting the relationship
between VIE(q,), Aox, Ared, VEA(aq) and AlE(aq.). The system energetics have been scaled in accordance with
the parameter values determined in this Chapter.
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As described for MnOys 2y in Section 6.1.1, Expression (5) was used to estimate FWHM;g, the
inhomogeneous broadening contribution to the width of the MnO.? 4, photoelectron peak required
for the determination of 4,,.. The Gaussian peak width, FWHMg, reported in Table 5.3 corresponds
to an average extracted from RPES spectra recorded at Resonance | and 1, which provided bulk-
sensitive data otherwise unavailable from direct XPS measurements (see Section 5.2.1 for details) at
the U49/2 PGM-1 beamline (see Section 3.1.2). At those photon energies, under the experimental
conditions adopted during the measurements, a beamline energy resolution of ~330 meV is expected.
The electron analyzer was operated under conditions for which a resolution of ~200 meV was
calculated. The latter was determined based on the experimentally-determined instrumental resolution
(beamline and electron analyzer) values reported in Section 3.3 and the aforementioned beamline
resolution. These estimates are fully consistent with the energy resolution determinations using Ar
gas described in Section 3.3. As a result, a FWHM ge value of 0.3 = 0.1 eV was determined. The
FWHM,g for peak 0 in Table 5.3 was found to be 1.0 + 0.1 eV. Considering this result and a 278 K
liquid jet temperature, and implementing Expression (4), yields a 4,, value of 3.4+ 0.1 eV or
330 + 10 kJ mol™! for the lowest vertical ionizing transition (2e)*. The A,, value and the (2e)* VIE
of MnO4% ) (7.0 £ 0.1 eV, see Table 5.3) results in a MnO4? () AIE and 4G, value of 3.6 + 0.1 eV
or 350 £ 10 kJ mol .

The AG,, determined from spectroscopic data can be compared with that known from
electrochemistry. The redox potential of the MnO4%q) / MNO4 gy half reaction introduced at the
beginning of this section is E® = -0.558 V at 298 K [247] as referenced to SHE (with the minus sign
denoting it is an oxidation reaction) or, equivalently, -53.8 kJ mol™'. The redox potential
corresponding to oxidation of MnNQO4? ) into MNOy () is independent of the pH (see the Pourbaix
diagram in Figure 1.2). For electron transfer reactions with coupled protonation processes [129, 248],
consideration of the redox potential and Gibbs free energy referenced to the RHE becomes relevant
(see Expression 3 in Section 2.2).

The results inferred here are similar to the electrochemical values: -0.8 +0.1eV /77 + 10 kJ mol™!
versus SHE (albeit extracted at 278 K). To achieve consistency between the AG,, value determined
from the RPES data and that determined from electrochemistry, the experimental VIEs should be
referenced to the vacuum level at infinity and entropic contributions to the Gibbs free energy should
be considered (see Figure 2.5 and Sections 2.2 and 2.3 for details).

A density functional molecular dynamics study of the MnO4? ) / MNOx ) redox half reaction [85]
reported a A,, value of 0.8 eV. The theoretical studies reported by those authors included electronic
structure calculations for the MnOs*q) and MnO, ) ions, which showed insignificant mixing
between the MOs involved in the transfer electron process and those of the water solvent. The
opposite has been highlighted by the experimental results presented in Sections 4.2 and 5.2,
specifically the observation of resonant ICD processes. This could potentially explain the discrepancy
between the 4,, value calculated in Reference [85] (0.8 eV) with the one estimated using the LRA
and spectroscopic information here (3.4 £ 0.1 eV, determined from RPES data), given the sensitivity
of 1, to polarizing interactions between solute and solvent molecules [19].

Finally, by using Expression (6) in Section 2.2, the VEA@) Of MnOgs(q) is estimated to be
0.2 £ 0.1 eV. In general, lower electron affinities are indicative of the associated species behaving as
an electron acceptor and negative electron affinities are commonly observed for ions such as MnO4
@) [249, 250]. Notably, Farrokhpour et al [250] reported an adiabatic EA of -2 eV for MnNOy ). By
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taking into account the reductive reorganization energy (approximating it to be equal to the oxidative
reorganization energy), the adiabatic EA can be estimated to be -3.4 +0.1 eV from the results
presented here. The AEA value estimated here is of the same order of magnitude as the calculated
value, and highlights the strong oxidizing capabilities of MO, (), as introduced in Section 1.1 (the
discrepancies between both results can be attributed to insufficient treatment of the solute-solvent
geometries). The spontaneous oxidation of MnO, g, in air is thermodynamically favorable, although
the process displays slow kinetics and MnOg (. solutions are known to slowly oxidize to MnOx
(IV+ oxidation state) at neutral pH, MnOs* @) (VI+ oxidation state) at alkaline pH, or
[Mn(H20)6]?* g (11+ oxidation state) at acidic pH (see Figure 1.1). Cumulatively, this highlights the
properties of MO, q) as a versatile, strong oxidizing agent and effective electron acceptor.

6.3 Electronic state energy level diagrams

In this Section, the valence band spectroscopic results reported in Chapters 4 and 5 and the redox
energetics estimated in the previous section will be presented as electronic state energy level diagrams
of MNOs (aq) / MNO4'ag) and MnO4% ) / MnOys wg), @ shown in Figure 6.3 (left and right,
respectively). The diagrams are energetically referenced to the rovibronic ground state of MNOg )
(left panel) or MnO.% g, (right panel). Vertical excitation energies for the electronically excited anion
states were determined from the UV-visible absorption spectra and associated literature presented in
Section 2.1.2 (see Figure 2.3). The VIE values extracted directly from the direct XPS and RPES
results are labelled as vertical, while the AIE values determined from the associated BEs and peak
widths in the previous section are labelled as adiabatic.
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Figure 6.3. Electronic energy state diagrams of MnO4'(ag)/ MNO4°(aq) and MnO4? (aq) / MNOx'(aq)

(Left) Electronic energy level diagram of MnOa’ (aq) and MnOa®(aq,) extracted from the spectroscopic results
reported in Chapter 4 and potential energy referenced to the MnQO4 (aq.) electronic ground state. On the left
of the diagram, vertical excitation energies and associated state energy levels of the optically active excited
states of MnOa4(aq, (see Figure 2.3) and valence electronically excited states of the MnOa4®(aq.) radical are
shown. Solid lines are used to denote the precisely determined MnQO4(aq) and MnOa4°(aq.) State energies, with
dashed lines denoting the equivocally inferred (1)?A1 (6a1%), (1)%E (1e), and (2)?T2 (3t2}) MnOa"(aq) State
energetics at the equilibrium geometry of the MnOgaq) ground state. For the two lowest VIEs,
corresponding adiabatic MnOa4"(sq) radical state energy levels (*T1 and 2T2), as extracted using the direct XPS
and RPES peak BEs/widths and the LRA and reported in Sections 6.1 and 6.2, are shown to the right. (Right)
Electronic energy level diagram of MnQs? (aq) and MnOa4(aq) based on the RPES results reported in
Chapter 5. The energy scale has been referenced to the MnO.? (aq) electronic ground state. Vertical
excitation energies and state energy levels of the optically active excited states of Mn04% (aq) (see Figure
2.3) and valence electronically excited states of MnOa4'(aq) are shown on the scale on the left. Solid lines
denote precisely determined Mn04? (ag) and MnQa(aq) State energies. Dashed lines denote the equivocally
inferred (1)2T1 (1t1), (1)%T2 (4t22), (1)%A1 (6a1), (1)%E (1e?), and (2)%T2 (3t21) Mn04? (sq) State energetics at
the equilibrium geometry of the Mn04? (aq) ground state. The AIE of Mn04?* (aq., as reported in Section 6.2,
is also shown to the right of the panel.

Overall, the results presented in this chapter highlight how redox energetics in aqueous solution can
be studied using photoemission spectroscopy and by applying thermodynamics, linear response
treatments and Marcus theory. Such a methodology can facilitate the determination of a range of
thermodynamic quantities, related to the stability of redox pairs, that often cannot be obtained from
regular electrochemical methods [83], such as cyclic voltammetry [251]. This combined
photoelectron spectroscopy and thermodynamic approach becomes especially relevant for the study
of redox reactions involving transient intermediates or unstable species, which quickly react or
decompose upon formation. More generally, this approach expands the information content that can
be extracted from liquid-phase XPS experiments [83, 126, 127] and provides a means to connect that
data to thermodynamic quantities extracted using complementary techniques [124, 125].
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7 Summary, conclusions and outlook

The work presented in this thesis described the application of liquid jet soft X-ray photoelectron
spectroscopy to the study of the electronic structure and electron transfer energetics of redox reactants
in aqueous solution. Two tetra-oxo, Mn-based TMCs were studied: the aqueous permanganate
(MnOxaq)) and manganate (MnOs%q)) ions. This chapter summarizes the main findings and
conclusions derived from the experiments performed with NaMnO4(ag), KMNOagq)y, and chemically
and electrochemically generated MnO4% () solutions. An outlook for future work is presented in
addition, along with more general perspectives.

7.1 Summary and conclusions

The combined application of micro-fluidic-based sample sources, the liquid microjet technique, direct
XPS, and RPES provided the required spectroscopic information to map the electronic structure,
molecular bonding and solute-solvent interactions in MOy q) and MnO4? ) solutions. Spectroscopic
data was used to infer redox energetics, thus exploring the electronic structure-redox function
relationship in those transition metal complexes. As proposed in Section 1.3, the following points
have been addressed:

1. Aqueous phase electronic structure of permanganate (MnOg aq)) and manganate (MNO4 (aq)):
A combination of the results from direct XPS and RPES experiments provided the necessary
information to map the electronic structure of MOy aq) and MnO4? (q). Outer and inner valence, O
1s and Mn 2ps2/ 2p12 electron BEs were determined and used to produce MO and valence electronic
state energy level diagrams for both ions.

The MnOQOy aq) BES reported here were compared with those reported for KMnOa) and MnOy () in the
literature. Aqueous and solid phase BEs were found to be similar, with the former being up to a few-
hundred meV lower compared to their solid state counterparts. An increase of more than 4 eV was
found for the lowest-energy ionizing transition BEs in MnO4™ aq)) With respect to MnO4 (g, highlighting
the effect of hydration on the energetics of the isolated ion.

The MnOx (aq) / MNO4% (2, chemical shifts (due to the different formal oxidation state of the Mn metal
center, VII+ and VI+, respectively) were found to be similar in the aqueous and solid phases for
valence and O 1s BEs. For the Mn 2ps2/ 2p12 BES, however, the chemical shift is ~0.5 eV larger for
the aqueous solvated ions (with respect to a crystalline environment). In addition, orbital-specific
chemical shifts highlighted a larger sensitivity to changes in oxidation state for Mn-based valence
MOs, and for those with Mn-O bonding character (in comparison to the non-bonding or O-centered
orbitals).

2. Comparison of energetics in two different hydration environments: Experiments performed at
different liquid jet probing depths — i.e. at the gas-solution interface and in the solution bulk —
provided insight into solute distributions in the bulk of the solution and interfacial effects on the
electronic structure.
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For MnOy aq), at 0.2 M concentration, valence and core-level BEs were found to be equivalent both
at the interface and in the solution bulk, independently of the nature of the counter ion in solution
(Na*(aq) Or K*(ag,). Depth profiling studies performed with 0.2 M and 1.0 M NaMnOaq, solutions
revealed a preference for MnOus ) to remain in the bulk of the solution and away from the gas-
solution interface, with non-linear accumulation behavior potentially taking place only for the higher
concentration case. These results can potentially offer insight into the (concentration-dependent)
effect of MnO4 g On the surface tension of water.

For MnO4? (g, at 0.2 M concentration, BEs were generally found to be ~0.2 eV larger in the bulk of
the solution with respect to the gas-solution interface. This result suggests a higher stability of MnO4*
@q) In the bulk of the solution, i.e. as a fully hydrated ion, and highlights the effect of different
interfacial phenomena in the solution phase energetics. These BE shifts may be related to changes in
the hydrogen bonding environment, solute geometrical structural changes, and / or different solute-
solvent intermolecular interactions occurring at the gas-solution interface.

3. Intramolecular and intermolecular interactions: Mn 2ps./ 2piz and O 1s RPES experiments
provided insight into intramolecular (between the Mn center and the O ligands) and intermolecular
(between the O ligands and water molecules) electronic charge distributions. Intramolecular Auger
processes assigned in these experiments facilitated the identification of valence photoelectron
signatures that were not accessible in the (non-resonant) XPS experiments. The O 1s RPES
experiments additionally revealed spectator-like, ICD features corresponding to interaction between
O 2s ligand-based (hybridized) electrons and valence electrons from water molecules in the first
hydration shell.

4. Inference of redox energetics from spectroscopic information: The bulk-sensitive BEs and peak
widths extracted from the XPS and RPES experiments, thermodynamic cycles and the LRA were
used to infer aqueous phase energetic parameters that underpin the redox chemistry of MnOa () and
MnQ4?4q,) ioNs. Aqueous phase reorganization energies (1), AIES (aq) and VEAS q) Were estimated,
providing a thermodynamic description of the MnO4 .q) / MNO4"(aq) and MNO4%(aq) / MNO47sq) OXidation
half reactions.

Gibbs free energies of oxidation were also calculated for oxidation half reactions with the
aforementioned redox pairs. For MnO4%(aq) / MnO47ag), the results were similar to those extracted from
electrochemical measurements. For MnOx gy / MNO4’aq), the information reported here demonstrates
the application of a generally applicable, combined photoelectron spectroscopy and thermodynamics
approach to study the redox energetics of highly unstable species, such as MnO4’¢q).

5. Sample source developments for the generation of MnO4? (g, transient ions: Flowing chemical
mixing and electrolysis-based MnQO.%q) generation routes were explored to produce stable liquid
jets. A micro-mixing scheme and an electrolysis cell were successfully interfaced with the liquid
micro jet technique. The micro-mixing scheme facilitated the generation of 0.2 M MnOs* (o)
solutions at a pH of ~13.5. The setup was used to record the XPS and RPES data presented here. To
achieve maximum conversion efficiency, mixing lengths and flow rates were optimized by observing
the MNO#% ) / MNO4 s Signal ratio in PEY-XAS spectra. In addition, Mn 2p and PEX-XAS data
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recorded under partial and full mixing conditions provided experimental proof of distinct
spectroscopic signatures of MNOs% () (Mn VI+) and MnOy (aq) (Mn VI1I+) ions.

The capabilities of the electrolysis cell liquid jet were tested in a number of proof-of-principle
experiments, applying the device to the electrolysis of MnQO4q) at pH~14.6. This route for the
electrolytic generation of MnO4% 4, ions was tested as a function of flow rate and applied voltage.
Currently, the conversion efficiencies of the electrolysis cell are limited to 10% by the flow rate range
needed for stable jet formation and the working and counter electrode areas. Further developments
are required to engineer near-complete electrochemical conversion. Specifically, the working and
counter electrode surface areas must be increased while maintaining an in-vacuum cell form factor
that can be accommodated within the experimental chamber and sample-soft-X-ray-beam interaction
region.

7.2 Future work and outlook

Aqueous manganese species, such as the MnOgsqy (Mn, VII+) and MnO4? () (Mn, VI+) species
studied here, form versatile redox pairs suitable for green chemistry and energy conversion
applications. However, the investigation of the overall electronic structures and solute behaviors of
the aqueous Mn-species with alternative oxidation states has yet to be performed and would allow
the complete characterization of their electronic structure-redox behavior. These species include
MnOx4 gy, MnO42'(aq,), MnO43'(aq,), [Mn(H20)6]3+(aq,), and [Mn(HzO)5]2+(aq,). While [Mn(H20)6]2+(aq_) (Mn,
[1+) form stable solutions, MnO4> () (Mn, V+) and [Mn(H20)s]** aq) (Mn, 111+) are transient species
[52, 56, 245] and hence require the implementation of alternative sample sources. Examples of such
soruces are the micro-mixing scheme or the electrolysis liquid jet implemented to generate MNO4% aq,)
during the course of this work.

With all of the above in mind, and considering each of the aforementioned Mn species, future work would
include:

1. Further concentration-dependence experiments with MnQO4 gy and depth profiling study of
MnO4%@q): As a follow-up to the depth profiling experiments reported in Section 4.1.3, valence band
spectra recorded at different concentrations and at different probing depths could provide insight into
solute and solvent electronic structure changes associated with the (non-linear) accumulation
behavior of the bulk-active MnO4 gy ions reported here. As a comparison with the data reported here
for MnOs g, adepth profiling study of MnO.% () would potentially clarify the reason for the difficulties
in observing MnO4*q) Valence band signatures in direct XPS experiments performed at probing depths
that are predominantly sensitive to the aqueous bulk environment, as reported in Chapter 5. We have
performed initial experiments with NaMnOaaq) solutions with the aim of determining water orbital-specific
shifts as a function of concentration. Further associated data analysis and interpretation are still required.

2. Characterization of the electronic structure, molecular bonding, solute-solvent interactions and
redox properties of [Mn(H20)6]* aq): Surface-sensitive, valence band spectra of [Mn(H20)6]?* @q) in
the presence of NOs aq)and Cl g, counter ions have already been published in the literature, including
the estimation of oxidative reorganization energies [83, 100]. We have collected a more expansive
[Mn(H20)6]?* g data set including both direct XPS (outer and inner valence and core-level spectra)
and RPES/PEY -XAS spectra, that still needs to be understood and interpreted. The experiments were
performed from solutions with Cl-q) and SO+ (g, counter ions with both gas-solution interface and
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solution-bulk spectral sensitivities. The former would provide insight into the energetics of interfacial
redox chemistry in the ocean [30], while the latter would inform about the energetics associated with
the [Mn(H20)6]%" aq), / [MN(H20)6]*" aq,) redox pairs, as implemented in redox flow batteries [41].

3. Tailoring of the sample source developments presented here to the generation of
[Mn(H20)6]** aq) and MnO4* (g transient ions: The implementation of an electrolysis-based sample
source device such as the electrolysis cell liquid jet described here provides a route to the realization
of liquid jet XPS and RPES experiments with these two Mn TMCs.

0.2 M [Mn(H20)s]** g SOlutions can be stabilized with respect to disproportionation on a minute time
scale at acidic pH, requiring relatively high concentrations of stabilizing agents (~4 M H2SOuq),
0.5 M [Mn(H20)6]%* @a) [252]. This approach has been tested with the micro-mixing scheme described
here. The outcome of those experiments highlighted the challenges of working in extremely corrosive
and acidic environments with regard to the chemical compatibility of the materials employed in the
delivery system. In addition, spectroscopic signatures of [Mn(H20)s]**aq) Were buried under those of
the stabilizing agents. Similarly — and even more challenging — is the generation of MnO4*q, liquid
jet samples. MnOs* ) ions are stable on a microsecond time scale in extremely alkaline environments
[215] (and references therein). Hence, an electrolysis device capable of achieving high redox conversion
efficiencies in millisecond (for [Mn(H20)6]*"(aq)) or microsecond (for MnO4> () residence time scales
would be required. Large electrode areas and small reaction volumes need to be combined in the right form
factor (as discussed in the previous section) while maintaining laminar flow conditions so as to enable the
formation of stable liquid jet samples.

Implementation of an electrolytic cell device with the aforementioned characteristics would enable
the study of the electronic structure, molecular bonding, and solute-solvent interactions of
[Mn(H20)6]**aq) and MnO4>q) transient ions. The combined photoelectron spectroscopy and
thermodynamics approach presented in this work would then allow the energetics of redox processes
involving MnO#* () and [Mn(H20)6]**aq) to be investigated.

Furthermore, by performing RPES experiments as a function of applied voltage and pH, the
interaction between valence and conduction band states in solution can be probed by probing
participator and spectator Auger and (potentially) ICD processes. These experiments would provide
further insight into the electron transfer processes between different Mn TMCs redox pairs and
between species in their various oxidation states (as illustrated in Figure 1.1). Such information could
be applied to the realization of Mn-based redox flow batteries [40, 41]. This methodology would also
be generally applicable to any other chemical species [24, 253].

Combinatorially, the liquid jet direct XPS and RPES and chemically- and electrochemically-based
sample sources for the generation of transient species directly provide electronic structure information
and a microscopic description of aqueous redox systems. The application of such data with
thermodynamics provides the means for directly correlating molecular information with macroscopic
(electron transfer) behavior, offering unique insights into the structure-function relationship of
environmentally-relevant aqueous redox species.
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Appendix |

A portion of the content presented here has been adapted or directly extracted from the following
publication: K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous
permanganate ion: aqueous-phase energetics and molecular bonding studied using liquid jet
photoelectron spectroscopy, Physical Chemistry Chemical Physics (2020). DOI: 10.1039/D0CP04033A
(https://doi.org/10.1039/DOCP04033A). Published by the PCCP Owner Societies. This work is licensed
under the Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

This appendix presents the complementary content referred to in Chapter 4, addressing the following
points: (1) BEs extracted from surface-sensitive XPS spectra; (2) Analysis of the NaMnQOgq) PEY-
XAS spectra; (3) Bulk-sensitive (RPES) data recorded from KMnOaq) solutions; (4) Multi-peak
fitting analysis of the (a) NaMnOaq) and (b) KMnOaq) RPES data.

1. BEs extracted from surface-sensitive XPS spectra

Table Al.1 summarizes the MnOs (aq) BES extracted from fits to the surface-sensitive data shown in
Figure 4.4 in Section 4.1.2. The top panel summarizes the inner and outer valence BEs extracted from
data sets recorded at 150 eV and 225 eV photon energies. The bottom panel displays the 3a;™ and 1t
! solute BEs extracted from spectra recorded at 688 eV and 800 eV photon energies, respectively.
Signal assignments are explained in the text in Section 4.1.2.

Table Al.1. MnO4(aq) BEs extracted from Gaussian (top) and Voigt profile (bottom) fits to the surface-sensitive spectra

hw=150eV hw =225 eV
Label Peak Origin
BE / eV FWHMg / eV BE/eV FWHMg / eV
1 (1t2)? 9.27 £0.04 0.69 +0.06 9.22 £ 0.08 0.6+0.2
2 (4ty)1 10.59 £ 0.04 1.34+0.05 10.71 £ 0.06 1.5+0.2
4 (2a1) - - 269+0.1 3.6+0.3
5 (2t,) - - 59.7+0.3 2.0£0.3
hw =688 eV hw =800 eV
Label Peak Origin
BE / eV FWHMe / eV BE/eV FWHMGs / eV
7 (3a:)* 536.2+0.1 1.59+0.01
T ? 538.3+0.2 1.0+0.1 - -
8 (1t2) - - 650.8 0.1 1.11£0.04

2. Analysis of the NaMnOugq) PEY-XAS spectra

Figure 1 shows Mn Ly -pre-edge and O K-pre-edge PEY-XAS spectra produced from the RPES
data recorded from 0.2 M NaMnOaq) solutions presented in Section 4.2. The photon energy scale
was calibrated as described in Section 3.4.2.
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Figure Al.1

(A) Baseline-corrected Mn L-pre-edge PEY-XAS spectrum and cumulative Gaussian fits (purple) used to
determine the 1t2 (Mn 2ps2) = 2e, 1t2 (Mn 2ps3s2) = 5t2, 1t2 (Mn 2p12) = 2e, and 1t2 (Mn 2p12) = 5t2
resonant photon energies. The broad Gaussian in the 652 — 661 eV range was added to account for the
remaining background after the baseline correction procedure. (B) O K-pre-edge PEY-XAS spectrum and
cumulative Gaussian fits (purple) used to determine the 3a: (O 1s) = 2e and 3a1 - 5t2 resonant photon
energies. The light blue curves close to 534 eV and 535 eV correspond to the O 1s — 4a1 transitions from
gas phase [254] and liquid phase [255] water, respectively.

3. Bulk-sensitive (RPES) data recorded from KMnQOyq,) solutions

Figure 2 shows Mn 2ps and O 1s RPES data recorded from 0.15 M KMnQaq,) solutions similar to
the data recorded from 0.20 M NaMnOaq,) Solutions and presented in Section 4.2. The high photon
energies associated with the core-to-virtual valence energy gaps in the Mn 2p and Ols RPES
experiments ensure bulk-solution sensitivity. Hence, bulk-sensitive RPES results from 0.15 M
KMnOa4aq) solutions can be compared to the NaMnOagq, results (presented in Section 4.1.1) to assess
the effects of the counter-ion on the bulk electron energetics. The resonant-off-resonant difference
spectra and associated fit results are shown in Section 4 (b) of this appendix. At ~0.2 M concentration,
intramolecular Auger relaxation mechanisms and non-local autoionization processes in MnOa ()
solutions are similar both in the presence of Na*(q) 0r K*q) counter ions.
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(A) Mn 2p3/2 RPES map (left) and PEY-XAS spectrum (right) recorded from 0.15 M KMnOQa(aq.) solutions. (B)
As measured Mn 2ps/2 = 2e resonant spectrum (red). (C) As measured Mn 2p3/2 = 5tz resonant spectrum
(blue). (D) O 1s RPES map (left) and PEY-XAS spectrum (right) recorded from 0.15 M KMnOQa(aq.) solutions.
(E) As measured O 1s - 2e resonant spectrum (orange). (F) As measured O 1s = 5t> resonant spectrum
(green). An off-resonant spectrum (black curve, without resonant signal enhancements) is added for
comparison in panels B, C, E and F. Features labelled with an asterisk in panels E and F correspond to signals
resulting from ionization with the unfiltered second harmonic of the beamline. Participator Auger signals
are labelled with numbers and spectator Auger signals are labelled with letters. The BE scale is suitable for
the identification of participator Auger process and a comparison with the direct XPS results reported in
Section 4.1.1.

4. Multi-peak fitting analysis and results of the NaMnQ4(aq) and KMnOaq) RPES data
(a) Cumulative fits to NaMnQaq,) resonant spectra

Figure 3 shows cumulative fits to the resonant-off-resonant difference spectra recorded from 0.2 M
NaMnOaq) solutions presented in Figures 4.8, 4.10 and 4.12. The results obtained from these fits
were used to report the KEs presented in Section 4.2. The fitting results and peak assignments are
summarized in Table 2.
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Figure AlL.3

Cumulative fits corresponding to the RPES difference spectra recorded at Resonances | (panel A), Il (panel
B), Il (panel C), IV (panel D), V (panel E), and VI (panel F). Participator Auger and spectator Auger / ICD
signals are labelled and assigned in accordance with those discussed throughout Chapter 4 and are detailed
in Table Al.2 below. Features labelled with an asterisk in panels E and F correspond to signals resulting from
ionization with the unfiltered second harmonic of the beamline.
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Table Al.2. 0.2 M NaMnOauq) Auger and ICD signal cumulative fit results and assignments from the RPES spectra shown in Figure Al.3.
FWHMG (Gaussian widths) are reported where results were extracted from cumulative Gaussian fits. FWHM_ (Lorentzian widths) are
additionally reported where results were extracted from cumulative Voigt profile fits.

Peak Assignment KE / eV (Nominal) BE / eV FWHMGg / eV FWHM, / eV
Resonance |
a Lu-V,V / Lu-5a1,V 626.8+0.3 16.6 £ 0.3 24+04 -
624.3+0.2 19.1+0.2 3.2+03 -
5 Lu-2t22e 583.9+0.1 59.5+0.1 2.2+03 -
b Li-2t2,V 578.8+0.4 64.8+0.5 5.3+0.8 -
575.2+0.3 68.3+0.3 3.6+0.4 -
c Li-2t,5a1 566.3+0.1 79.4+0.1 2.3+0.3 -
Resonance I
3-a Li-1e5t2 / Lu-3t25t: 633.0+0.1 12.66 + 0.04 0.83 £0.04 0.77 £0.03
a Lu-V,V / Lu-5a1,V 627.4+0.3 18.3+0.3 3.3+03 -
625.1+0.3 20.6+0.3 3.0+£03 -
5 Li-2t25t2 585.6+0.1 60.05 + 0.04 3.02 £0.05 -
b Li-2t2,V 580.7+0.1 65.15 + 0.08 42+0.1 -
576.6+0.1 69.23 £ 0.05 4.45 £ 0.06 -
c Lu-2t2,5a1 565.1+0.1 80.6 £0.1 3.0+£0.2 -
d Lu-4a,V 544.6£0.1 101.1+0.1 2.8+0.2 -
Resonance Il
a Li-V,V 636.7+0.2 17.5+0.2 3.1+x04 -
Li-Lin,V 631.2+04 23.0+0.3 10.4+0.9 -
Li-5a1,V 622.6+0.2 31.6+0.2 48+0.6 -
b Li-2t2,V 585.0+0.2 69.2£0.2 10.0+0.5 -
Li-Lu,2t2 / Li-2t, 521 576.5+0.2 77.7+0.2 6.2+0.4 -
Resonance IV
a Li-V,V 636.5+0.2 19.5+0.2 43+0.2 -
Li-Lin,V 630.7+0.2 25.3+0.2 6.4+0.6 -
Li-5a1,V 622.6+0.2 33.4+0.2 5.1+03 -
5 596.1+0.2 59.9+0.2 41+04 -
b Li-2t2,V 585.4+0.2 70.6 £0.2 8.6+0.3 -
Li-Lu,2t2 / Li-2t, 521 576.5+0.2 79.5+0.2 7.5+0.2 -
Resonance V
e K-V,V 516.3+0.1 12.18 + 0.05 1.23+£0.09 -
514.3+0.2 14.2+0.2 22+04 -
512.1+0.1 16.39 £ 0.05 2.2+0.2 -
510.0+0.1 18.51+0.04 2.2+0.1 -
507.9+0.1 20.6+0.1 2.2+0.1 -
f K-5a1,1byw) / K-5a1,V 498.4 +0.4 30.1+0.4 3.8+0.7 -
g K-5a1,3a1w) / K-5a1,V 496+ 1 331 6+3 -
h K-5a1,1baw) / K-5a1,V 489.9+0.1 38.6+0.1 3.9+0.1 -
i K-5a1,2a1w) / K-5a1,V 475.5+0.1 53.04 + 0.05 49+0.1 -
Resonance VI
2-a K-4t,,5t2 520.1+0.1 9.85+0.08 0.7+0.2 -
e K-V, vV 514.4+0.1 15.6 £0.1 2.2+0.1 -
512.2+0.1 17.8+0.1 2.2+0.3 -
510.3+0.1 19.73 £ 0.09 2.2+0.2 -
508.1+0.2 21.9+0.2 2.2+0.2 -
f K-5a1,1b1(w) / K-5a1,V 498.1+0.3 319+0.3 4303 -
g K-5a1,3al(w) / K-5a1,V 494.1+0.3 35.9+0.3 4+1 -
h K-5a1,1b2(w) / K-5a1,V 490.2+0.1 39.8+0.1 3.8+0.1 -
i K-5a1,2al(w) / K-5a1,vV 475.8+0.1 54.19 + 0.06 5.0+0.1 -

109



(b) Cumulative fits to KMnQOaq, resonant spectra

Figure Al.4 shows cumulative fits to the resonant-off-resonant difference spectra recorded from
0.15 M KMnQgyq, solutions (shown in Figure Al.3 of this appendix). The fitting results and peak
assignments are summarized in Table Al 3.
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Figure Al.4

Cumulative fits corresponding to the 0.15 M KMnOaq, solution resonant-off-resonant RPES difference spectra
recorded at Resonances | (panel A), Il (panel B), V (panel C) and VI (panel D). Participator Auger and spectator
Auger / ICD signals are detailed in Table Al.3 below. Features labelled with an asterisk in panels C and D correspond
to signals resulting from ionization with the unfiltered second harmonic of the beamline.

Participator Auger and spectator Auger / ICD signals were found to be in accordance with the
assignments discussed in Section 4.2 for NaMnOaq) Solutions. Regarding peak 3-a, a BE of
12.66 + 0.04 eV was determined from NaMnOaq) solutions, with a consistent BE of 12.80 £ 0.1 eV
being extracted from KMnOaq). While the Gaussian component of the width (FWHMg) is equivalent
between NaMnQagq) and KMnOagq) samples, the Lorentzian component, 1.20 £ 0.04 eV at FWHM,
is slightly larger in the latter case. (The total Voigt feature FWHM was determined to be
1.64 £ 0.02 eV). This discrepancy is attributed to resonant excitation at slightly different photon
energies, resulting in differing core-hole lifetime extractions, between the measurements.

For peak 2-a, BEs of 9.85+0.08 eV and 9.61 + 0.1 eV were respectively extracted from the
NaMnOsag) and KMnOsuaqy Samples. The observed nominal BE difference are attributed to
uncertainties associated with the photon energy calibration procedure and to a differential effect of
the over-subtraction on the fit procedure used to determine the BEs. Finally, two additional BEs —
12.87 £ 0.04 eV and 10.57 = 0.08 eV — could be extracted from the Resonance | KMnOQaq) data with
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respect to similar data from NaMnOuq) (See panels A in Figures Al.3 and Al.4, respectively). The
12.87 + 0.04 eV BE feature corresponds to the resonantly-enhanced signal labelled peak 3-a (similar
to that observed in the Resonance Il spectrum in panel B). The second extracted BE may be a signature
of a Lii-6al,2e process. A similar ~10.5 £ 0.1 eV feature was observed in some of the NaMnOa(aq)
Resonance |, 111, and IV data sets but could not be reproducibly extracted. Hence, the latter assignment
cannot be confirmed without further experimental investigation.

Table Al.3. 0.15 M KMnOa(aq) Auger and ICD signals cumulative fit results and assignments from the RPES spectra shown in Figure Al.4.
FWHMG (Gaussian widths) are reported where results were extracted from cumulative Gaussian fits. FWHM_ (Lorentzian widths) are
additionally reported where results were extracted from cumulative Voigt profile fits.

Peak Assignment KE / eV Nominal BE / eV FWHMg / eV FWHM./ eV
Resonance |
a Lu-V,V / Lu-5a1,V 626.8 +0.1 16.7+£0.2 29+0.3 -
624.4+0.1 19.1+0.2 2.9+0.2 -
5 Lu-2t22e 584.0+0.1 59.5+0.1 25+0.1 -
b Li-2t2,V 579.7+0.1 63.8+0.1 4.0+0.2 -
576.1+0.1 67.4+0.1 43+0.1 -
c Li-2t,5a1 564.4+0.1 79.1+0.1 3.5+0.2 -
Resonance I
3-a Lu-1e,5t2 / Lu-3t2,5t2 633.0+0.1 12.8+0.1 0.83+0.05 1.20+0.04
a Lu-V,V / Lu-5a1,V 627.0+£0.1 18.8+0.1 4.7+0.2 -
624.3+0.1 21.5+0.1 2.0+£0.3 -
5 Li-2t25t2 585.8+0.1 60.0+0.1 2.52+0.07 -
b Li-2t2,V 578.6+0.1 67.2+0.1 7.81+0.05 -
576.1+0.1 69.8+0.1 3.39+0.06 -
c Li-2t2,5a1 564.8+0.1 81.0+0.2 3.5+0.5 -
Resonance V
e K-V,V 516.1+0.2 12.1+0.1 1.06 £ 0.05 -
514.2+0.2 14.0+0.2 2.3+0.2 -
511.9+0.2 16.3+0.1 2.3+0.2 -
509.8 +0.1 18.4+0.1 2.3+0.1 -
507.7+0.1 20.6+0.1 2.34+0.07 -
f K-5a1,1byw) / K-5a1,V 498.5+0.2 29.7+0.2 3.7+0.2 -
g K-5a1,3a1w) / K-5a1,V 494.9+0.3 33.3+0.3 5.2+0.8 -
h K-5a1,1baw) / K-5a1,V 489.8+0.2 38.4+0.1 4.13 £ 0.06 -
i K-5a1,2a1w) / K-5a1,V 475.4+0.2 52.8+0.1 4.97 £0.06 -
Resonance VI
2-a K-4t,,5t2 520.1+0.2 9.6+0.1 0.73£0.03 -
e K-V, vV 516.0+0.2 13.7+0.1 1.20+0.08 -
514.1+0.2 15.6+0.2 24+03 -
512.0+0.2 17.8+0.1 24104 -
509.9+0.2 19.8+0.2 24+0.2 -
507.7+0.2 22.0+0.2 24+0.1 -
f K-5a1,1byw) / K-5a1,V 497.7+0.2 31.8+0.2 34104 -
g K-5a1,3a1w) / K-5a1,V 494.7 +0.4 35.0+04 51 -
h K-5a1,1baw) / K-5a1,V 489.9+0.2 39.8+0.1 4+1 -
i K-5a1,2a1w) / K-5a1,V 475.5+0.2 54.2+0.1 49+0.3 -
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Appendix |1

This appendix presents the complementary content referred to in Chapter 5, addressing the following
points: (1) Analysis of the MnO4? ) PEY-XAS spectra; (2) Multi-peak fitting analysis and results
of the MnO4%,q) RPES data processing.

1. Analysis of the MnO4%aq) PEY-XAS spectra

Figure All.1 shows Mn Ly, u-pre-edge and O K-pre-edge PEY-XAS spectra produced from the RPES
data recorded from the ~0.2 M MnO4? ) in 0.3 M NaOH.q) solutions described in Section 5.2. The
photon energy scale was calibrated as described in Section 3.4.2.
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Figure All.1

(A) Baseline-corrected Mn Lu- (640 — 650 eV photon energy range) and Li- (652 — 660 eV photon energy
range) pre-edge PEY-XAS spectra, including the cumulative Gaussian fits used to determine the 1t
(Mn 2p3f2) = 2e, 1t2 (Mn 2ps32) = 5t2, 1t2 (Mn 2p12) = 2e, and 1tz (Mn 2p12) = 5t2 resonant photon
energies. (B) O K-pre-edge PEY-XAS spectrum and cumulative Gaussian fits used to determine the 3a:
(O 1s) - 2e and 3a1 - 5t2 resonant photon energies.

2. Multi-peak fitting analysis and results of the MnO.%(,q) RPES data

Figure All.2 shows cumulative fits to the resonant-off-resonant difference spectra recorded from
~0.2 M MnO4%(aq) in 0.3 M NaOH,q) solutions associated with the data presented in Figures 5.5, 5.6
and 5.8. The results obtained from these fits were used to report the KEs presented in Section 5.2.
The fit results and peak assignments are summarized in Table All.1.
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Figure All.2

Cumulative fits to the 0.2 M Mn0Qa?(aq)in 0.3 M OH(aq,) resonant-off-resonant difference spectra recorded
at Resonances | (panel A), Il (panel B), IV (panel C), V (panel D), VlI-a (panel E) and VI-b (panel F). Participator
Auger and spectator Auger / ICD signals are labelled and assigned in accordance with those discussed
throughout Chapter 5 and detailed in Table All.1 below. Features labelled with an asterisk in panels D, E
and F correspond to signals resulting from ionization with the unfiltered second harmonic of the beamline.
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Table All.1. ~0.2 M MnO4?%(aq,) in 0.3 M OH-(aq) Auger and ICD signals cumulative fit results and assignments from the RPES spectra
shown in Figure All.2. FWHMeg (Gaussian widths) are reported where results were extracted from cumulative Gaussian fits. FWHM.
(Lorentzian widths) are additionally reported where results were extracted from cumulative Voigt profile fits.

Peak Assignment KE / eV (Nominal) BE / eV FWHMG / eV FWHM_ / eV
Resonance |
0 Lu-2e,2e 635.5+0.1 6.91£0.04 1.0+0.1 -
a Lu-V,V 626.2+0.1 16.2+0.1 0.70.1 -
625.7+0.2 16.7£0.2 0.8+0.2 -
5 Lu-2t2,2e 584.5+0.1 57.91 £0.08 24+0.2 -
b Li-2t2,V 580.4+0.3 62.0+£0.3 5+1 -
576.4+0.4 66.0 £ 0.4 3.8+0.4 -
Resonance I
0 Lu-2e,5t2 637.6+0.1 7.06 £0.04 0.97 £0.02 -
3 Lu-1e5t2/ Lu-3t25t, 633.0+0.1 11.70 £ 0.04 1.58 £ 0.04 0.66 £ 0.06
a Lu-V,V 627.7+0.1 17.03 £ 0.05 1.5+0.1 1E-23
627.4+0.1 17.33+0.04 6.31£0.1 1E-19
5 Lui-2t2,5t2 585.7+0.1 58.97 £ 0.07 3.36 £ 0.05 -
b Li-2t2,V 581.7+0.1 63.05 + 0.05 3.5+0.1 -
578.1+0.2 66.6 £ 0.2 5.16 £ 0.08 -
c Lu-2t2,5a1 565.1+0.1 79.62 £ 0.07 5.2+0.2 -
d Li-4a1,V 545.5+0.1 99.24 + 0.08 2.8+0.2 -
Resonance IV
0 Li-2e,5t2 648.1+0.1 7.10+0.04 1.02 £ 0.02 -
a Ly-V,V 638.5+0.1 16.72 £ 0.04 14+0.1 -
Li-Lin,V 635.7+0.1 19.53+0.08 4603 -
Li-5a1,V 629.8+0.2 25.4+0.2 7.1+03 -
5 Li-2t2,5t2 596.4+0.1 58.76 + 0.06 3.4+0.1 -
b Li-2t2,V 585.9+0.1 69.1+0.1 10.0+0.3 -
Li-Lwi,2t2 / Lu-2t2, 5a1 577.4+0.1 77.79 £ 0.09 6.8+0.2 -
Resonance V
e K-V,V 5149+0.1 13.40 £ 0.07 1.7+0.3 -
512.2+0.6 16.1+0.6 4+1 -
510.7+0.1 17.62 +0.04 1.8+0.2 -
509.0+0.4 19.3+04 2.9+0.2 -
f K-5a1,1b1(w) / K-5a1,V 497.5+0.1 30.76 £ 0.04 4.68 £ 0.05 -
g K-5a1,3al(w) / K-5a1,v 493.4+0.1 3491+0.1 3.0+£0.2 -
h K-5a1,1b2(w) / K-5a1,V 490.4+0.1 37.93 +£0.06 3.97 £0.08 -
i K-5a1,2al(w) / K-5a1,v 476.3+0.1 51.99+0.04 3.2%0.1 -
Resonance VI-a
e K-V,V 515.2+0.1 14.06 + 0.06 0.7+0.2 -
513.6+0.1 15.7+0.1 2.0+0.2 -
511.0+0.1 18.23 +0.04 2.6+0.2 -
508.5+0.1 20.7+0.1 1.8+0.2 -
f K-5a1,1b1(w) / K-5a1,V 498.4+0.5 30.8+0.5 311 -
g K-5a1,3al(w) / K-5a1,v 495+ 1 35+1 6110 -
h K-5a1,1b2(w) / K-5a1,V 490.4 £+ 0.4 38.8+0.4 3.8+0.5 -
i K-5a1,2al(w) / K-5a1,V 475.6+0.1 53.6+0.1 6.5+0.2 -
Resonance VI-b
2-a K-4t,,5t2 519.6+0.2 10.2+0.2 1.6+04 -
e K-V,V 513.0+0.3 16.8+0.3 4.7+0.4 -
510.8+0.1 19.03 £+ 0.04 2.5+0.1 -
508.5+0.1 21.4+0.1 19+0.1 -
f K-5a1,1baw) / K-5a1,V 498.9+0.3 30.9+0.3 29+0.7 -
g K-5a1,3a1w) / K-5a1,V 497 +1 33+1 4+2 -
h K-5a1,1baw) / K-5a1,V 490.5+0.1 39.3+0.1 4.7+0.2 -
i K-5a1,2a1(w) / K-5a1,V 477.2+0.1 52.6 +0.1 8.2+0.2 -
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