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Abstract

This thesis presents a combined study of the (microscef@cjronicstructureand (macroscopic)
redox propertiesf permanganatéMnO,') and manganate (Mn®) ionsin aqueous solutionsing
liquid jet soft Xray photoelectron spectroscopy (XPSIO4 q) is aversatile strongoxidizing
agent and redox precursof manganese species with a rangeoxifiation states. Mngq) is a
transient speciethatacts both asanoxidizing orredwcing agentforming a highly-reversble redox
pair with MnO4' (a4 in alkaline environmentsSuch redox properties make these transition metal
complexeg TMCs) attractivefor sustainabldelectra)chemical applicationsThe goal ofthis work
was to gain inight into theabsoluteenergetics and redox behavafMnO4' (aq) andMnO4? aq,) from
electronic structure informationAlternative sample sourcds a micremixing scheme and an
electrolysis cell liquid jetr were developetb generate and study MaQq,)transient ions.

Within a singleconfigurationand singleactive-electronelectronic structure picturejnding energy
scaled molecular orbitdMO) diagrams weg produced fronMnO4' (aq)and MNOs%(q) XPS data.
Mn 2p and O 1sresonantlyenhanced pitoelectron spectroscopy (RPESasurementsevealed
intramolecular Auger processasdvalenceelectron binding energigbat werenot accessible from
the XPS experimentas well ashybridization of and electronic couplingbetween thevalence
electronsIn addition, theO 1s RPES experiments revealattrmolecularcoulombic decay (ICD)
processes, signatures of electronic coupling between solute and solvent molecules in the first
solvation shell.

For MnQy (qyat 0.2 M concentratiorsimilar electronc energeticsvere observedt the gasolution
interface and in the solution bulikdependentlyf the nature of the counter ion (Na@)or K*aq.).
Depth profiling experiments at 0.2 M anddM concentration highlighted a tendency of Mh@,

to acumulatein the solution bulkand away from the interfacevith nonlinear accumulation
behavior occurringor the higher concentratiomhrough comparison to the gakase ionization
energeticstheGi bbs fr ee e n e rng yor isolatednOd waa also caloulatéddpds
MnO4%aq), Valence band ftures could only be isolated sairfacesensitiveXPS experiments and
RPES experimentwere relied on testudy bulksolution energeticsTheseresults wereapplied to
infer thermodynamic parameters bélf redox reactions involvinthe MnQf aq)/ MnOxtaq) and
MNO#Z (aq) / MNO4 (aq) redox pairs, includingpxidative reorganization energiébox), adiabatic
ionization energies Gi bbs fr ee eneryyandvertical elextiordadfinitiesFar th¢ pG
MNO4Z (aq)/ MNO4' (aqyredox pair, thep Gy valuepurelyextractedrom spectroscopic dateasshown

to matchthe reportedelectrochemical valueOverall, the extracted redgarameterslemonstrat
how insights into the macrosuic (redox) properties othemical systems can be built up from
microscopically (molecularly) sensitive measureméerite methodology can be extended to aqueous
redoxactive species that cannot be probed by conmeatielectrochemical methods.




Zusammenfassung

Diese Arbeit stellt eine kombinierte Untersuchung der (mikroskopischen) elektronischen Struktur und
der (makroskopischen) Red&igenschaften von Permangan@inOs) und Manganat(MnO4?)

lonen in wassriger Losung mittels Flussigkeitddgt@oftRontgenPhotoeéktronenspektroskopie
(XPS)dar. MnOx (aq,ist ein vielseitiges, starkes Oxidationsmittel und Redoraufer von Mangan
Spezies mit einer Reihe von Oxidationsstufen. Mng@)ist eine transient&pezies, die sowohl als
Oxidatiors- als auch als Reduktionsmittel wirkt und in alkalischen Umgebungemoehreversibles
Redoxpaar mit MnOs@q) bildet.  Solche  Redokigenschaften  machen  diese
Ubergangsmetallkomplexe (TMCs) attraktiv fur nachhaltige (elekinemische Anwendungen. Das

Ziel dieser Arbeit war es, Einblicke in die absolute Energetik und das Redoxverhalten vapdyinO
und MnQ?Zaq) aus der Information der elektronischen Struktur zu gewinniternative
FlussigkeitsstraRProbenquelleri ein Mikro-Mischgystem und eine Elektrolysezellei wurden
entwickelt, umMnO4%q)transiente lonen zu erzeugen und zu untersuchen.

Innerhalb eines elektronischen Strukturbildes mit einer einzigen Konfiguration und einem einzigen
aktiven Elektron wurden ad¢PS-Datenvon MnOx (aq,und MnO4% aq)Molekiilorbitaldiagramme mit
Bindungsenergieskala erstellin 2p und O 1s resonanzverstarkte Photoelektronenspektroskopie
(RPES) Messungen zeigten intramolekulare Awyazesse und Valenzelektroren
Bindungsenergien, die aus den XBSperimenen nicht zuganglich waren, sowie Hybridisierung und
elektronische Kopplung zwischen den Valenzelektronen. Dartber hinaus zeigten die O is RPES
Experimente intenolekularercoulombischeZerfallsprozesse (ICDBignaturen der elektronischen
Kopplung zwische geldsten und Lésungsmittelmolekilen in der ersten Solvatationsschale.

Fir MnOgs aq) bei 0,2 M Konzentration wurden ahnliche elektronische Energetiken an der Gas
LdsungsGrenzflache unéhnerhalb der Lésunbeobachtet, unabhéngig von der Art des Gegenions
(Na'(aq)oder K aq.). Tiefenprofilierungsexperimente bei 0,2 M und 1,0 M Konzentration zeigten eine
Tendenz zur Akkumulation vavinOs aq innerhalb der Losungnd weg von der Grenzflache, wobei

bei derhtheren Konzentration ein nichtlineares Akkumulationsverhalten auftrat. Durch Vergleich
mit der lonisierungsenergetik in der Gasphase wurde auch dieBibbsr gi e der padydr at ati o
fur isoliertes MnOs berechnet. FirMnOs*(aq) konnten Valenzbandgénschaften nur in
oberflachensensitiven XPBxperimenten isoliert werden und RRE@$perimente wurden zur
Untersuchung deEnergetik innerhalb der LosurigerangezogerAus diesen Ergebnissen wurden
thermodynamische Parameter von halben Redoxreaktionerdenit RedoxpaareMnOy aq) /
MNnO4taqy und MNO#Z aq)/ MNOy4 (aq) abgeleitet einschlieRlich oxidativer Reorganisationsenergien
(ox), adiabatischer lonisierungsenergierGibbsEnergieder Ox i d a t inp und verta&er
ElektronenaffinitatenFir das RedoxpadinOs? (aq)/ MNOxs (aq)Wurde gezeigt, dass der rein aus den
spektroskopischen Daten extrahiedeGy-Wert mit dem berichteten elektrochemischen Wert
Ubereinstimmt. Insgesamt zeigen die extrahierten RedeRarameter wie Einblicke in die
makroskopischen (Redgkigenschaften chemischer Systeme aus mikroskopisch (molekular)
sensitiven Messungen aufgebaut werden kénnen. Die Methodik kann auf wassrige redoxaktive
Spezies erwitert werden, die mit konventionellen elektrochemischen Methodénuniehsucht
werden knnen.
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1 I ntrod

The study of the relationship between @leaic structure and function imoleculesn their natural

or appliedenvironmens has been central to the understandifigatural processéssuch as enzyme
catalysig1] andoxygenic photosynthesjg] 1 and the developmenf sustainable technologiégor
example in environmentallyfriendly, nortoxic material{so calledyreen chemistri3]) andenergy
conversion and storadd, 5]. Experimentally, spectroscopic techniques form the basiseskth
studes,allowing molecularlectronic structure to be probea light-matter interaction§s-8]. By
combining spectroscopic data with quantum mechanical and thermodynamic descriptions of matter
[9], chemical system energegican be mapped and their macroscopic properis beunderstood

from a microscopic (molecular) point of vigi0-12].

The phenomenon of chemical chamgizen by tle transfer of electric chargidor exampleaqueous
redox chemistryi is ubiquitousin the aforementioned applicatiors. Photosynthesis, cellular
respiration, and proteimediated processes in living organisfis3], as well asterrestrial
biogeochemical element cyclirj@4] are facilitated by elctrontransferreactionsin the aqueous
phaseSimilarly, redox reactionare the basis of electioemical energy storage devidesuch as
redox flow batteriefl5] I andsustainablénnovations irsyntheticchemistryand catalysi§l6]. The
dired investigatiorof theaqueous phassectronic structuref thechemical specigsvolved in those
processeprovides insight intehemolecular properties and energetitat underpin both natural and
artificially-engineerededox cycles[17].

In an aqueous solution, the electronic structure of the solute (redoxteage the solvent (water
molecules) are intrinsically correlate@onsequentlyan understanding of redogh@rge transfér
eventsin the aqueougphase equires consideration diie solutesolventpolarizationinteractions as
well as the relative molecall stru¢uresadoptedby reactants and reaction produfi8-20]. An
experimental technique that allows aqueous phase electronic structure informatioditecthy
accesed is liquid jet photoelectron spectroscg®y21, 22] The work presented here aims to apply
this technique to the study afjueous redosyntheticspecies suitable for sustainable chemical a
electrochemical applications.

Within that context, lremical species of relevance are transition metal complexes (Tf& )3,

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 stesresults inTMCs having theability to act asversatileelectron transfer
reagentg25]. In addition, the diverse nature of the ligaiidscluding both inorgaic and organic
species confersselectivity b their redox activity26, 27] The experiments and results described in
this thesisfocused on investigating the electronic structure and redox energetigs mfanganese
(Mn)-basedTMCs in aqueous solutiopermanganatéMnOs aq) and manganattMnOs? (aq) ions

Pat of the work presented here (in particular, the results associated with Mjhdas led @
publication of the following articl&iThe electronic structure of the aqueous permanganate ion:
agueousphase energetics and molecular bonding studied usinliguid jet photoelectron
spectroscopy (K. D. Mudryk, R. Seidel, B. Winter, I. Wilkinsof®hys. Chem. Chem. Phy2020,

22, 20311. DOI: 10.1039/DOCP04033A).




This chapter is divided to three gctions. Section 1.describes the Mwater redox system aride

redox properties and general relevanceMmiOs aq) and MnO4?(oq) ions Section 1.2provides a
general introduction to the application of liquid jet photoelectron spectroscopy to the study of the
electronic structure and properties of redox reastamtthe aqueous phase. An overview of the
capabilities of the échnigue how electronic structure and dex energeticscan be linked, and
technical challeges that neestito be overcome to enable thidyof transientredox speciegsuch
MnO4%aq) ions) are briefly outlinedFinally, Sectionl.3 presentshe objectives andutline of the

thesis

11 The vWwmt er rendox syste
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Figurel.1. Aqueous Mn compounds and redox equilibria

Chemical configuratios adopted byaqueousMn compounds with different oxidation states (indicated dy
superscript using Roman numegjdP8]. Different colors are used for each oxidation state, according to the ¢
of the aqueous solutions of the associated compounds. The arrows represent the main redoxabeiftseien
species. Red arrows are used to indicate reelguilibriataking place at acidic pHs abtue arrows indicate
equilibria occurring at alkaline pHghe light blue arrow connecting Ma@)and MnQrepresents the most
thermodynamically favable route of MnQ@gq)reduction at neutral pHwhich results in the formation o
hydrated MnQgyq) innanoparticle forn{29].

Mn is oneof the tweVe most abundant elemenfisrming the Earth’s crusf30, 31} As such, it is
considered to be in abundant supply for applicatidBg with approximately 2% of the total reserves

of Mn in the world being exploited every yd8B]. However, it is a nomenewable resource and the
development of sustainable methods for Mn metal recovery and recycling has been increasingly
investigated over the last ye§84].

Mn is predominantly found in minerals and as parmpaifymetallic nodules in the seaflof81, 32,
35]. Its most thermodynamically stable form, manganese dioxide §Mn[@3, 36]is a solid that
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crystallizes i n s eMn®f aMnO;s ih dMnO1[3r}) B pxidsaarcalso as U
exist in a hydrated forrf29], which originates upon reduction of manganese species with higher
oxidation states, as will be described bel@werall, the presence dfin compoundsn the aqueous

phase is enabled by redox processes phatluce soluble ionic Mn species from solid phase
precursord30, 38] As a transition metal with an [Ar]3ds’ 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 fianmaf different charged states
depends on the ‘idqyand OHq)concentrations in solution, these chemical species are correlated
between one another by numerous-gitpendent redoreactions andaquilibria, as illustratedn

Figure 1.1[28]. The lower oxidation states (llf+1V+) form species that facilitate electron transfer
between organic reaction centers in biological sys{é8is The higher oxidation states (\/+VII+)

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+/VII+ (redox equilibuml a b el 16edi nasFiogur e 1. 1) aumdabelled+/ 1 | | +
ash6 6in Figure 1.1) 0 X ineestigationaf thesr paential application ad ed t C
electrolytes in redox flow batteri¢40,41] The equi | i b7di um Fiabpet eed. & hi

most thermodynamically favorableute of MnQ (aq)reduction at neutral pH, which results in the
formation of hydrated manganese dioxidé¢he form ofnanoparticle [29].

The occurrence giredominaniMn species with different oxidation statgsequilibriumis described
by the Pourbai diagram for the Miwater systenfi36] shown in Figurel.2. Mn complexes relevant
to this work have been highlighted in color in the figuvg1Os (aq) (With Mn in the VII+ oxidation
state),MnOs%@q) (With Mn in the VI+ oxidation state) and Ma@(with Mn in the IV+ oxidation
state).

MnO}

MnO; MnO?

Mn(OH),

Mn®*

|
o
-

T

=
oo
T

Mn(OH),

-2 0 2 4 6 8 10 12 14 16

Figurel.2. Pourbaix diagram of the MitkO system

Pourbaix diagram of the MhLO system at 25°C. Species relevant to this work are highlighted in ¢
MnOx (aq,) (purple), MNQ% g, (green) and Mn@s) (brown). Adaptedwith permissionfrom Springer Nature
Customer Service Centre Gmifspringer Naturg36], Copyright © 2015, Pleiades Publishing, Ltd.
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While Figure 1.1summarizes (allthe chemical identities adopted by Mn TMCs with different
oxidations states in the aqueous phé#se Pourbaidxdiagram shows the most prevalent (or stable)
speciesunder equilibrated conditionés a result, transient intermediates shown in Figuré $uch

as Mn[(HO)e]* aqyand MnQ¥q,T are not present in Figure 1.2. However, those species can be
stabilized under certain conditions and, for example, a Pourbaix diagram includihg, Man be
found in Referencg?2].

MnOs (aq) IS @ strong oxidizing agent atidic, neutral, and alkaline pkind redox precursor of Mn
TMCs with other oxidation states, as can be seen from the redox equilibria illustrated in Figure 1.1
As a resultjt has been applied as a versatile oxidiregreen chemistry and sustainable industrial
processe$39, 43] Due to its relatively low toxicity, it is also widely applied the oxidation of
micro-pollutants[44], thedetection of organic compounfls] and water disinfection procesgds-
48]. It has also proven to be affestive electron acceptan microbial fuel cés [49]. In the
aforementioned application8inOy aq) reacts to form Mngs)(redox equilibrium number in Figure
1.1). This is highly beneficial in the design of susthle chemical processes, given that Mgtan

be recycled and converted iraay of the other Mn compounds shown in Figure(byifollowing
the redox equilibri@-6 at acidic pH orl-3 at alkaline pH as shown in the figurEpr example, it has
beenfound that recycling of Mngycan take place under industrial conditions to fMnmO4? a4y and
MnNOs (aq) [43].

MnO4% g ions act both as reducing andidizing agent at alkaline pH[50-53]. This speciess
unstable towards disproportionation, that is, their stability in aqueous solution is relatively limited
and these compounds convert to Mgf@ver time[54]. This is represented by redox equilit2iand

3in Figure 1.1ConsequentlyMnO4* g ions aregenerally formed as transient intermediates during
the reduction of Mn@,q) in alkaline media, with relevae for the oxidation and degradation of
organic compound§s1, 5558]. In addition, as previously mentioned, M@, forms a highly
reversible redox pair with MnOyq) that has found to be applicable as a catholyte in rfdex
batterieg40]. This redox pair has a redox potential within the water electrochemical potential window
and a relatively high solubility in water, properties that facilitate lalgetrochemical energy storage
capacitieg40].

12 Photoel ectr cann dscoeexc t d loesmioPptyr y

1.2.1 Liquid jet plotoelectron spectroscopy

Photoelectron spectroscopy (PE8dwsthe electronic structure 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 samplealiyjonochromatic

ionizing radiationsourceandmeasurement of the kinetic ener@gE) of the emitted electror§3].

With a known photon energy and a KE calibration of the spectronteteassociated electron binding
energies (BEs) can then be determined from those measuramestsabsolute energy scézl,

65]. When(soft) X-rays are used as timeadiationsourcei as in the work presented héréES is

referred to as (soft) Xay photoelectron spectroscopy (XH&3, 65] Thehigh photon energgf X-

rays (as will be described in Chaptgralows valence and core electrons of a sample to be ionized,
hence allowing theverallelectronic structuré be probed




During a XPS experimenthé sample is placed inside a vacuum chamber in orgeopagate the
ionizing light to the sampleo operate thénigh-voltageelectron detector, artd minimize extrinsic
changes in the nascent electridis due to collisional events prior to measurenjég@i. This
requiremenposes a challenge for volatile liquid phase samples, since such higuidi$ normally
freeze under vacuuronditions. Furthermore, the vapor pressure surrounding the liquid provides a
source of gas phase molecules thditaiso be ionized and can scatter outgoing electi@®s67]

The abovementioned challenges were overcowith the realization of irvacuum liquid beams in
1973[68] and the subsequent development of the liquid rjEtreechnique in 1988, allowing XPS
studies to be performash aqueous solutiorj69]. Previous pioneeringPS experiments in liquids

had implemented wetted rotating wires aothting metal or quartz diske produce clean liquid
surfaces in vacuurf2l, 70, 71] With the liquid jet ample delivery methodology, pure liquids and
agueous solutions agenerallyintroduced into the vacuum experimental chambeanbgns of (Pt)

disk or @las9 capillary nozzle with a 5 50 um orifice [21, 69] In this way, a fastiowing laminar

liquid stream is created, with a surrounding gas phase sheath with low enough molecular density to
allow electrons to reach the detectwith negligible gas phase scatteriras long as differential
pumping is provided in sufficient proximity.€. within the mean free patif§9].

The combination of theduid jettechnique withXPSallows the determination of valenbend and
corelevel electron binding energies aqueous dates[72]. In the lattercase XPS provides atomic

site and chargstate sensitivity to the environment of th@ute or solventmolecule under study.
Hence, liquid jet XPS enables the detection of changes in oxidation state (via chemicahstiifts)
chemical bondig (and, indirectly, geometritructural chnges)8, 22] and highlightghe effects of
solvents oragueous phase speci#sthat way, the tdmique offershe possibility to probehanges

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 theaqueous solidn interface o both interfacial andbulk-solutioncontributions[22, 73, 74]

thus accessingpectroscopic information from different hydration environméltis.aforementioned
capabilities of liquid jeKPSrelate to information that can be extracted by performing so ahitect

XPS experiments, where electrons are directly ionized with a photon energy in excess of the
considered BE48, 22]. In addition, chemical bondingcan befurther studed by performing
resonantly enhanceghotoelectron spectroscopy (RPES) experiments

RPES onsists ofdetectingphotoelectrons following resonant phetaitation and theubsequent
relaxation that leads to secondary electron emission, thus revéafiomation about electronic
coupling[8]. In that wayRPES enables the atomic parentagetamolecularbonding interactions
to be probed[8]. Moreover, where present, ntotal relaxation pathways involving solvent
molecules can also be detected, providing insight into sealt@ntintermolecularinteractiong75].
Finally, due to theonstructiveinterference between direct and resonaatihanced photoemission
channels, RPES often permits the isolation of signals from solutes with relativetynliaation cross
sections or those that are more generally buried under predominant solvent contrjB@iions

The teoretical and experimentakpects of liquidet XPS, RPES, and ndacal rdaxation are
described in more detail Chaptes 2 and 3, respectively.




1.2.2 Application to redox chemistry

During ahomogenous aqueous phasdox reaction, one or more electrons are transferred from a
reduced (or donor) sped to an oxidized (or acceptor) atom or molecule. Overall, a redox reaction
is enabled by a difference in redox potentiad. {he tendency of a chemical species to gain or lose
electrons) between the donor and theegtor. During thigrocess, thenoleailar structure of both

the donor and thacceptor are changed in order to accommodate the transfer of [I&r§®hen a
redox reactionakes place in aqueous soluticime polarization of thevatermoleculesalsoneeds to
changg77].

In agueous solutions of TMC#he oxidation state of the metal center has a direct effect on the
polarization of the surrounding solvent molecyl&g. In addition, the redox pential is dependent

on the oxidation state of the metal center and the changes irligatal bonding interactiong8,

79]. As a resultthe overall charge distributidn solution and within the sdkihas a direct influence

on electron transfer evesi the reaction energetics, pathways and kindfi®$i especially given

the interdependence of the electronic structure of both the solute and the soltesbtluite solvent
interactiond80, 81] Consequentlythe study of theolution phaselectron BEs and intrand intef
molecular bonding properties of chemical compountg performing XPS and RPES experiments
as described in the previous sectias a particularly useful approatdithe develgpment ofa better
understanding of their redox activi§2-84].

Furthermore, a grallel can be drawn betweéonization in XPS and electron transfer reactions
between donor and acceptor molec(i&s 86] A redox reaction is enabled by a difference in redox
potential and facilitatetby polarizatiorinduced changes in thauclear frameork and electronic
structure of solute and solvent molecyl€d. lonization can be considered as electron transfer driven
by light absorption, irwhich the photeabsorbed energy facilitates the removal of an electron from
the sample into théonization continuum. During ionizatignan electron is removed from the
chemical system in its ground state (reell) configuration to produce a chasgparted excited
state (oxidized) configuration. The transition from initial to final state octwstntaneously
compared with the timescale required for the solvent dipmess-orient around the oxidized
configuration77]. After relaxation ad solvent reorganization, tl&idized state is equivalent to that
produced during a redox reactigdonsequently, ionization energies and redox potentials are linked
and their relationship can be used to derieglox energetis and kinetic parametersfrom
spectroscopic informieon, under certain approximatiorj$9]. The theoretical foundations of the
correlation between electronic structure ghdrmodynamicedoxinformationaredescribed in detail

in Chapter 2

1.2.3 Challengsin sanple delivery for unstable ions

The liquid micrejet technique relies osamples being stable for a period of time long endogh
enable continuouslelivery into the experimental chambéhrough a highperformance liquid
chromatography (HPLC) transfer line andn&ro-jet capillary (251 35 um open orifice diameter)
[87]. Relatively unstable(transient) chemical species such as MnG g ions, pone to
disproportionation [54] i generallydo rot meet this requirement. Furthermore, the formatibn
micrometersized solidg such as Mng from the disproportionation reactianblocks the micre
jet capillary, impedingcontinuation of the experimenin order to circumvent those difficulties, a




mechanism to generate the solute of interest as closeligitheample interactioregionas possible
is required.

The microfluidic generation of solutes is an attractive opitiotat regardlIt allows higher control

over reaction conditions and carsion efficienaés whilebenefiting from the inhera characteristics
of working withinlaminar flow regime$88-90], as required to produce stable liquid j#&th that

in mind, this thesis proposes the inamation of chemical and electrochemical microfluitizsed
solutions as expansions of the liguaiitro-jet technique. A micramixing scheme and alectrolysis

cell liquid jet were designed drimplemented for the generatiohMnO.? g transientons. These

sample sourcdevelopmerg are presented in Chapter 3

1.3 0bj esandveout | ine of the thesis

The main goal of the work dedoed within this thesis washe application of the liquid jet
photoelectron spectroscopy techniqueinvestigatethe electroric structureand aqueousedox
chemistryof MNOx (aq) andMnO4? (oq) ions.Direct XPS and RPE&perimentsvereperformedwith
the aim of addressing the following points:

1. To map the electronic structure of Mn&, andMnO4% q) by determiningzalence band and
corelevel electronbinding energiefn the aqueous phase

2. To compare the aqueopbkase electronic structure at different liquid jetlpng depth$ i.e.
at the solutiorgasinterface and in the solution bulkand to infer the existence of interfacial
or bulk preferential solute distributions for the aboventioned species;

3. To investigatahe changes ithe atomic parentagef the relevant bonding interactigribe
nature é the Mnligand bonding interactionsind ligandsolvent interactions in the above
mentioned complexes;

4. To correlate electronic structuieformation with redox propergs by considering the
thermodynamics of ionization and electron transfaerder to esmate aqueouphasaedox
energeticgrom the aquired spectroscopic data

5. To incorporate micranixing and electrolysis flow cell devices into liquid jet photoelectron
spectroscopy experiments as sample delivemgthodologiesand to facilitate the
investigation ofunstable (transientYinO4? (aq) iONS.

The study ofhe electronic structurehemical bonding, and soluteater interactionprovidesinsight
into themicroscopic effectsesponsibldor electron transfer reactions that facilitgreenchemistry
and energy conversion applicatiomsvolving MnOs g and MnOs ). The spectroscopic
information on the electronic structuretbéseaqueous ntraganese species also provitbeschmark
datafor future theoretical calculations asthadystate and timeesolvedohotoeletron spectroscopy
experiments withihoseions Finally, the incorporation of microfluidic devices to the liquid micro jet
technique constitutes a nowldgeneral approach to realize photoelectron spectroscopyimenes
with unstable, transient speci@dth lifetimes on the order of secondblgt driveredox chemistryn
agueous solutian

This thesis is organizeidto sevenchapters. Chapter @escribes the theoretical and experimental
background that forms theabis of the results and dissions presented throughout tesis.
Chapter 3ocuses on the egpimental setups and methods implemented to perform the liquid jet XPS
and RPES experiments repadl here, including the design and optimization of a mmepang
scheme and aglectrolysis cell liquidet for sample delivery of unstable iof@hapters 4 7 present
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and discuss the main fimdis derived from this work. AZomprehensie study of theelectronic

structure, molecular bonding arsblution phase bhavor of MNOgs(aq) and MnO4?(5q) iONs are
presented in Chapters 4 and 5, respectively.rétlex energeticsaand thermodynamic information
derived from the spectroscopic data reported in Chaptaral4 is presented in Chaptervith a

focus on theMnNO#Z (aq)/ MNO4 (agyand MnQ' aq)/ MNOsaq) redox pairsFinally, a summary othe

main conclusions and an outlook for future work are present€tapter7.




2 Theoretical amadclegl

This chapterdescribesthe theordgtal and experimentalbackground that foreithe basis of the
experimental methods and thterpretation of theesultspresented in this thesiSuchtheoretical
concepts allowethe recorded spectroscopic datdeusal to map the electronic structure areaiox
energetic®f MNOy (aq)andMnO4? 5q)ions In addition, cta treatmet methodologies and the overall
interpretation of the aqueous phase data relied on previous investigatiorageofandaqueous
solutions using liquid jeX-ray spectroscopy, asill be described here

The chapter is divided ia threesectionsSection 2.1 introducesn overview on the descriptiaf
the electronic structure of watemnd the MnOs and MnO,% ions Section 2.2 presenthe
thermodynamic relationshat allow redox energetics to be derived from electronic structure
information. Section 2.3focuses orthe underlying physical phenomenad theoretical concepts
related tahe XPS techniguetarting from a broader perspective ahdn focugg on aqueas phase
photoemissionSection 2.3.Jpresents th@eneral characteristics of the liquwater photoelectron
spectrum. Section 2.3.8escribesthe phenomenon ophotoemissionin the condenseghase,
includingthe probing depth electron KE dependence that allosifferent hydration environments
to be studiedSemnd order electron emission ath@é RPEStechniqué which facilitates thelement
specific study of bothintramolecular and intermolelew electronic interactiont are described in
Sections 2.3.3 and 2.3.4respectively Finally, Section 2.3.5introduces an oveview on
(photoelectronkpectroscopy experiments with Mp@nd MnQ? solid, agueous and gasgphase
samples.

21 El ectroni ¢c structure

2.1.1 Waterand aqueous solutions

The structure and properties of matter are governeits lyndamentatomponents, electrons and
nuclei in atoms and moleculd91]. Their (correlated) dynams underpin chemical bonding
transformations and energy transfer proces&dsctronic pectroscopy experiments allothe
determination oklectronenergetics by monitoring the response of the interrogated system to light
matter interactions. The postulatef 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 sy§&h

The first aqueous solution electron spectroscopy experiments were performed by Paul Delahay and
his groupusing a rotating wheel approach as the sample s¢@@feManfred Faubel and Bernd
Winter later built on thisvork by recording KEdispersed photoelectron spectra in the aqueous phase
[21, 92] Theenergetic information obtained from these experiments has been interpreted based on
the electronic structure of gas phase watppending the gas phase water molecularariO)

labels to the experimentally determined liquid phase RBEs92, 93] Within this frameworkthe

ground state efgronic structure of water can be descridey a (1a)?(2a)?(1b)%(3a)?(1b)?
electronicconfiguration, considering a molecular geometry belongingé G, symmetry point
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Figure2.1. MO diagram ofvater

(A) MO diagram of gas phase wat€¢B) MO diagram ofiquid phasewater. The values indicated on the E
axis were appended based on Referenf8#5 94] The light blue filin panel Bhighlights a splitting of the
3ar MOs from intermolecular ardbonding (3a.) and bonding (3a+) contributions, respectively (se
Referencq95] for details). The meaaings of the vacuumevel in panel A (also referred to aacuum level
at infinity) and local vacuurtevel in panel Bvill be explained in Section 2.3.

group[92, 95] MO diagrans of gas phase arlajuid waterareshown in Figure 2.{panels A and

B, respectively. Theenergy scales in theiagrans havebeen scaled according to experimentally
determined BE values from the literat{®2, 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. Tgas phase versus liquid phasdgfts in BE primarily originate due {82]:

9 Electronic polarization effects across thguaous phase: the relative permittivity of liquid
water results in differeial screening of the electrons with respect to the gas phase. The
magnitude of this effect is reflected in the Gibbs free energy of hydi@&jnas will be
discussed for the MnQion in Chapte#;

1 The presence of surface dipoles at theggdstion interface: partial hydration results in a re
orientation of molecules near the surface and an additional (surface) potential affecting the
magnitude of the electron BE32];

1 The existence of the hydrogen bonding network in liquid water: differential, espigific
gas versus liquid BEshifts reflect hydrogenbondinginduced charge delocalizatione.
different degrees ahtermolecular covalendy, 92].

In addiion, the existence ofa continuumof different and constantly evolvinghydration
configurations in liquid water results in broader photoelecspectraldistributions[95]. Overall,
intermolecular interactions are responsible for theetiffices itheelectronic structure between gas
phase and liquid water, as highlighted, for example, by the splitting in iMG@ain the latte(see
Figure 2.1 and figure captiof95].
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When considering agueous solutions, the electronic structure of the solute is influencepdbgrthe
environment ofiquid waterand, sinilarly, water molecules are influenced by the polarizability of
the solute[80, 95] with different solite-solvent configurations being adopted in the bulk of the
solution or in the presence ioterfaced20, 96] Nucleargeometricstructural changes also arise due

to solutesolvent interactions, such as sofgtdvent spin interactionf®7], solvent effects on the
nuclear magnetic shielding of the sol{@8], and breaking of theossent structure due to hydration

of the solutg99]. For TMCs 1 particulaly for the MNQy (aq) and MnQ? 5q) tetra-oxo complexes
considered in this workthe BE values associated with the electron distributions in the solute overlap
with thoseof the water solvent molecul§&7, 100]

Theoreticalmodels of the electronic structure of water and aqueous solutions have focused on
simulating the valence photoelectron spectra of liquid water and solvated9®n401] The
combination of XPS and theoretical calculations allowed saloieent and gablquid solvent
energetic shifts to battributed 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, asstgiakarization screening,
surface potentials and charge delocalizatwith fingerprints in the spectra of water clustgr82].

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 phfse3].

The existence of intermolecular interactions renders the application okletroniestructure
representation@single-configuration electronic structure pict&)for isolated moleculemadequate

for a true representation of the electronic structure of aqueous sal@imhsdescriptions originate

in the gagphasebased analysis of the liquid PES spectra of water (as discussed above and in Section
2.3.1) anchre generdy adopted8, 95]to facilitatecomparison ofhe energetics of treolutespecies

across phases. However, the condensed phase nature of aqueous solutions needs to be taken into
account in order to interpret tipdysical processes responsibde XPS and RPESxperiments, as

will be describedcross Section®.3.21 2.3.4.

2.1.2 Permanganatand manganaiens

A portion of the content presented here has been adapted or directly extractedtfrerfollowing publication:
K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous permanganat
aqueousphase energetics and molecular bonding studied using liquid jet photoelectron spectroscopy, Ph'
Chemistry Chemical Physics (202@OI: 10.1039/D0CP04033Ahttps://doi.org/10.1039/DOCP0O4033A
Published by the PCCP Owner Societies. This work is licensed under the Creative Commons Attrik
Unported Licenséhttps://creativecommons.org/licenses/by/3.p/

Thedistribution of the chemicalbactive(outer valencgelectronsn MnOy is qualitativelydescribed
by a (3t)%(lef(6a)X(4t)%(1t)%(2eP(5t)° ground stateelectronicconfiguration which considers
molecular geometry belonging to the Symmetry point groufpl04, 105] The 3t and 1eMOsare
linear combinations of th&an 3d and O 2patomic orbitals and representetatliigand bonding
interactions. The @MO is primarily associated witMin4s3pand O 2p0 bonding int
4t, and 1t orbitals areO-localized, MRO nonrbonding obitals, with respective degrees of@

bonding and antbonding character. The 2e and @hoccupiedvirtual valence[106]) orbitals are

the MnO antibonding analogues of the,3ind le bonding feature¥he electronic structure of
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MnOy is illustrated in Figure 2.2 (left panelfhe 4a (Mn 3s), 2t (Mn 3p), and 5a(O 2s) MOs
associated witinner valenceslectrons, as Weas the Gcenered3a and the Mn-cenered, spirorbit
split, 1, MOs associated with theore levelelectronsare also shown in the figure.
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Figure2.2. MO diagrams of Mn@and MnQ?

MO diagrams oMnOs and MnQ? based on the isolated molecule calculations from Referefi@s, 107
110] The core levels (M2p, O 1s), inner valence (Mn 3s, Mn 3p, O 2s), outer valence and v
(unoccupied) valence are highlighted in color and labelled according toraolEcular symmetry, as
explained in the text. FdvinOy, the virtual valence is described by the 2e angd\0s. FoiMnO4%, the 2e
orbital ispartially occupiedn the ground state of the ion, and hence only the&tbital is described as pat
of the virtual valence.

Theoretical calculationshow a retention of an average tetrahedrasionmetry in movingrom the
gas[108] to the (bulk) aqueouphase. The latter was concludafler comparison of the isolated
molecule geometries in Referend8] with aqueous phase nuclear geometrigsoeiated with
Referencd111] and provided bylogvan Magnus Haugaard Ol4@d2]. In addition, the Mn@ g,
(from KMnOg(aq) solutions) and KMn@, average MnO bond lengths (162 pm and 163 pm,
respectively)[113] and MnQ' breathing vibrational mode frequencies, © 104 meV) and
anharmonicity constantd14] were found to be near identical in the aqueous solution and the
crystalline solid. These results imply that Mh@etains a tetrahedral geometry in vacuum, as a
component of a solid, and in leuagueous solution. ConsequentlyTapoint group and existing
(isolatedmolecule) MCdiagramg105, 107, 108jvere utilized to assign and label the MhQ)XPS

and RPES signals reported in this thesis.

The ground state electronic structuraésafiatedMnO.* ions has been describéollowing the same

MO considerations as féeinO, [109,110]. The main difference in the electron distribution between
MnOs andMnO4? ions is theoccupancy 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, Ma@d MnQ? are
generally respectively referred todgclosed shell) and" (open shell) configurations, given the Mn
3d atomiecharacter of the 2e M@L09]. In addition, similar average M® bond lengths were
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reported for KMNnOaaq) [113]and KeMnOa)[115] (167 pm and 166m, respectively) suggesting
similar ion symmetries in both phases. With this information in mind, the XPS and RPES results
reported for MnGF(.q)in this thesiswere assigned considering a group symmetry and the MO
diagram presented in Figure 2.2 (right), which was adaptedReferencg109].

In addition, interpretation and assignments of the-\iBible absorption bands in MnQq, and
MnO4%aq)solutions were consided when reporting the aqueous energetics and RPES results. Figure
2.3, panel A shows U¥isible absorption spectra recorded from NaM@§) (top) and KMnQ(aq.)
(bottom) solutions at 0.28 concentrations. The electronic state and associated predorvi@ant
transitions are labelled in accordance with Refer§h@4]. At such concentrations, the spectra show
similar optical transitions despite the praese of different cations. Panel B in Figure 2.3 shows a UV
visible absorption spectrum recorded from aN.MnOs>(aq)in 4 M NaOHaq) Solution over a
narrower spectral randeee Section 3.2.1 for details about sample preparation). The spectra were fi
using a set of Gaussian functions in order to extract the energies associated with different spectral
bands, particularly of those attributed to transitions between th@eltand 5tMOs, as will be
discussed in Chapters 4 and 5. The results of fiissge summarized in Table 2.1.

T T T T T T M T T T
A 0.25 M NaMno,,,
it 1 1 1 1 3 N

R 1 AT, AT, AT,
E (1t1—)28 (4t2%26) (111—>5t2) ]
20
Q
o a1 AT
8L AT, AT, 1 2
g (4t,>2¢) (1t,->5t,)
S
Z

0 L 1 L 1 L 1 " 1 ' 1 L 1 L

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
8 Energy / eV
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21 BT, 2E52T,+ 2T, + 4T, .
[v]
3 - (12e)~ (14->5t,)
L
E
g 0 " 1 i 1 i 1 L

1.5 20 25 3.0 35
Energy / eV

Figure2.3. U\visible absorption spectra of Mn@Qagyand MnQZaq,)

U\Lvisible absorption spectra and cumulative Gaussian fits (see Table 2.1 for the associa=altfi) to
the MnQr@agyand MnQZq)electronic absorption bandgA) NaMnQyag) (top) and KMnQuaq.,) (bottom)

solution spectra, labelled according to Referefit@4]. The lowefintensity band at ~1.9 eV is associat
with spin and / or orbitangularmomentumforbidden transitions to théT, and'T: states[111]. (B)0.2

M MNnQs#? (aq)in 4M NaOhkg)solution spectrum, labelled according to Referesfd®9, 116]

Table2.1. Bands in theUV-visible absorption spectra of Mn@ag)and MnO4? (aq.)
Fit results and assignmentmsed on Referencd404, 109, 116]see the text for detailsjo the optical bands in the U\Msible
absorption spectra of Mnagjand MnQ? agyshown in Figure 2.3.

MNOs (ag)(*AL THTo) Peak center / eV MnOsZ(aq)(?9  1Tp) Peak center / eV
1t HuS 2.3+x0.1eV HS B pi 2.0+01eV
4T S 3.6x0.1eV 1t u$s 2.2+01eV
M pi 4.1+0.1eV 1t HS BHNP mi 2.8+0.1eV

13



MnOy is characterized by A; ground state, with tical transitions irits UV-visible-absorption
spectrum being described &&; 7 2T, transitions[104]. The first three main optical bands are
predominantly associated with the following MO occupation charide¥: 2e, 4t Y 2e and 1itY

5t,, involving the ligandbased, highest occupied MGIQMO, 1t), the HOMQ1 (4t) and the
antibanding 2e(the lowest unoccupied MO, LUM@nd 5% orbitals(LUMO +1), respectively104].

MnO4* is described by E ground sti, and the electric dipole allowed transitiane’E YT, and

2E 9T,.[109]. Withthe e xcept i on;opmttal band eleckan ex¥itatdris in MiCare

characterized by producing more than one excited state transition that results in multiplet structures

in the absorption spectrufh09]. For example, theld¥ 2e el ectr on nthaZli+ ati on r e
22T, + “T, excited state§109]. Similarly, three bands in the UVsible absorption spectrum have

been associated to thg ¥t  bttansition[116, 117] In the U\tvisible absorption spectrum shown

in Figure 2.3 (panel B), the firstoptidaland has been | abel;(L6MO+H,s a 2e (H
based on Referencf09, 11§. The second and third band have been assigned @QMO-1 ) Y

2e (HOMO), based on ReferenfH9]. However, for the third banda 18 (HOMO-1 ) %Y 5t

(LUMO+1) assignment has also been suggedi®@]. The shoulder observed in Figure 2.3, panel B

around 3.2V belongs to one of the other multiplets associated with this transition (the third one

occurring at ~4.2V) [116].

22 Redox eegmeE&rsg

A portion of the content presented here has been adapted or directly extracted from the follo
publication: K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, Télectronic structure of the aqueous
permanganate ion: aqueouphase energetics and molecular bonding studied using liquid
photoelectron spectroscopy, Physical Chemistry Chemical Physics (2@XD). 10.1039/DO0CP04033/
(https://doi.org/10.1039/DOCP04033A Published by the PCCP Owner Societies. This work is lict
under the Creative Commons Attribution 3.0 Unported Licel
(https://creativecanmons.org/licenses/by/3.0!.

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

From a thermodynamic point of view, redox reactions are driven by a difference in redox potential
between the reactant partnérse. the electron donor and accepspeciesProvided thatoupling
betweerthe donor and the accepisrweak afull redoxreaction can be studied in terms of tiaadf
reactionsgeach onecorresponding to oxidation of the electron donor and reduction of the electron
acceptor. An oxidatiohalf reaction can be describad

O g0 0 4 0Q
whereO g represents treduced(or donor) species andO 4 represents thexidizedproduct.
Similarly, a reductiornalf reaction can be represented as

0 g QOO0 g4
whered g represents thexidized(or acceptoj species and 4 represents theeducedproduct.
The full electron transfer reaction betwebadonor andheacceptois then expressed as

’08 0 80’08 0 8
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Being dependent on the energetics of the outer valence electrons that are direlthd invehe
reaction, the redox potentiaksociated witkeach half reaction igtrinsically correlated with the
electronic structure of the reactafit48]. In this way, thisedox parameter is specifically dependent
on two key reactant electronic properties: ionization enefgaticularlyfor the electron donognd
electron affinitiegparticularly for the electron acceptofl19]. Within that context, adescribed in
Section 1.2.2, a parallel can be drawn between electron transfer and ionizatioi8&/e365

During a €ull, ground adiabatic stataedox reactionreduced and oxidized species are initially
produced in a geometrically excited state. The enexgyired for the solvated reactants to adopt the
electronic structure and nuclear configuration of the reaction products is terntedripnization
energy(a), which can be individually considered for the reduction and oxidation half reactions (
and _ , 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 evig].

Similarly, during ionization, an electron is removed from the chemical system in its ground state
(reduced configuration to produce an excited staigidized configurationwith an excess energy
that is eventuallytransfered to theaqueous solutiomn the formof thermal energy120]. The
transitions associated with the aforementioned initial and final states are tegrtiedl ionizing
transitions, given thahe time scale in which the molecule transtions from the ground state to the
excited state during ionizatids fast compared to the timescale of nuclear motion, which can be
neglecte [77, 100] The energiesmssocited with such transitions atermedvetrtical ionization
energes (VIEs) and areequivalent to the BEs determined during XPS experiments, as will be
explained in Section 2.3.he termvertical indicatesthat promotion of an electron into the vacuum
occurswithout nuclear rearrangemergimilarly, vertical electron affinies (VEAS) areassociated

with the most probable energy required &ectron attachmerit i.e. as opposed tthe electron
promotioneventconsidered for VIE§121].

In the case ofxadaton processes, which are the focus of the work presented here, the half reaction
can beviewed as a combination of vertical ionization and reorganizatiovhich electron transfer
occusson a faster timescale compared to nuclear rearrang¢8nis a resultthe initially reduced
solutelosesan electron to produce itidizedform, which relaxego equilibriumafter solute and
solvent thermalinduced rearrangements to cammodate the transfer of charg&hese
rearrangements are quantified the associatedeorganization energy_ [85]. The energetic
relations between VIE, VEA and are illustrated in Figure 2.4.

As can be seen frofidigure 2.4, the difference between VIE and corresponds to the adiabatic
ionization energy, AIE, aharacteristic minimum energy threshold for liberating electrons to vacuum
AIE can be linked tdahe Gibbs free energy of oxidatiom,"O, and its associated enthalpic and
entropic componentgl22]. The enthalic component is related to the energgp between the
equilibrium geometes of theinitially reduced solute and trexidized product.However, he VIEs
recorded in XPS measuremend$er to the nomelaxed oxidized state. Furthermoas, described in
Section 2.3, such experimental VIEs are referenced to the local vacuum levelshdid be
referenced to the vacuum level at infinity in order to relate their valugSovia the electrochemical
potential (see Figure 2.5 in Section 2.3 for detafigheoretical treatment of the entropic component
of electron transfer in aqueous condergkdse media can be found in Referdd@?2].
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Figure2.4. Energetic relations betweeionization energies and redox parameters

Schematic (harmonic) potential energy curves depicting ionization or electron transfer from a ground
reduced donor species D aq.) to its corresponding excited stateoxidized configuration D'@ag.). The
processes can be described by theaq)© D'aq)+ € half redox reaction, as discussed in the text. 1
diagram highlights the energetic relations between VIE (verticatation energy), VEA (vertical electr
affinity), AIE (adiabatic ionization energy),"O (Gibbs free energy of oxidation), and and _
(oxidation and reduction reorganization energies, respectively).

VIEs have been previously applied to the study of the energetics of oxidation half reactions, both
from purely theoretical85, 123125] and combined theoretical and experimental approd@ies
126-129]. In the latterVIEs were determined from liquid jet XPS experiments and redox parameters
were obtained usingxpressions 1 6 presented belowAs described in Chapter 6gwork presented

in this thesis will apply a similar approach, expanding on initial theoretical work on the MnO

MnO4% aq)redox paif85] based on experimental VIEs determineahf XPS and RPES experiments
performed with MN@q)and MnQ?q)solutions.

AIE and w "O will be considered to be equivaleas in previous liquid jet XPS determinations of
redox parametergassuming the differences in local vacuum level andwadevel at infinity to be
relatively small[83, 126, 127jndignoring entropic effects in the first solvation shielle. solvent
molecules directly intecting with the reactafit22]:

5 0O0®MO0_ * O p

Hence,_ can be inferred from VIEs by combining experimentally determined BEB wi
thermodynamic information from electrochemistity that case, the redox potenti@l | referenced
to the standard hydrogen electrode (SkE)elatedw "O (0 "QQia the following expressiofl7,
128, 130, 131]

w0 O © q
whereO s the absolute potential of the SH¥E44 + 0.02 Vat 298K [132]). Redox potentials can

also bereferenced against the reversible hydrogen electrode (RHE), which takes into account the pH
of the solutior{133], in situations where the redox processes arg@bendent

(0] O mdtupOo
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Alternatively, within the LRA, _ can be inferred purely from spectroscopic informafione.
independently from electrochemicab (O) datai using the following equatiof83, 85, 126, 128,
134}

"Ow 00 TcUgh €
= CTQ %

where FWHMs characterizes the inhomogenelyubroadered width of the photoelectron peak,

which is assumed to take on a Gaussian fdgs the Boltzmann constant, and T is the solution
temperatureThe overall ionization peak width is only partially determinedt®yascent linewidth
andinhomogeneous broadening term, being further widened by experimental resolution limitations
and potenal lifetime broadening effects. As explained in Section 3.4, anabfsthe XPS data
presented here confirmed that lifetime broadening effects are negligible in the valence spectral region.
FWHM can therefore be determined as follows:

"Ow 00 ‘@O0 Ow™0b v

Where "Ow "O0 is the Gaussian component of the peak width @w "O0 represents the
broadening contribution from the overall instrumental resolution (see Section 3.3. for details).

Finally, within thelimits of theLRA [85, 128]i which considers changes in the polarization of the
solvent to be linearly dependent on the charge of the doligghe donor and acceptor spedi&35]
I VEA values can be estimated using the following expression

©0d ¢d 006 0B)

23 X-r ay pédtortoonelspectroscopy

This section describes the fundamental concepts etjftir the interpretation of PES (aXéS)
experimentsAs describd in Section 2.1.1, the interpretation of liquid water PES experiments in the
literaturehas been based on the electronic strucigssignments of gas phase watéowever, the
condensed phase nature of liquid samples reguimresideration of the principles of PESm dense,
strongly interacting subunits, as applied to the PESlads.Hence, this section will present elements
concerned with bibh gas phase and solid phase PES

During a PES experimenBEs are determineddm themeasured KEs délectrons produced after
ionization of the sample in a vacuum environment (see Section 1.2 for détadsgnergy of an
eledron in a chemical system is @léy defined with respect to thenergyof an electrorat rest ata
point in vacuumand at an infinite distance from the samgpld.e. the vacuum level at infinity,
O [136, 137]

'O is the common energetic reference in PES experiments with[§&3&d-igure 2.5llustrates the
energetic relations between the incident photon enérgy, @nd the measured KiEwith respect to
‘O 1 in a gas phase PES experiment.
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Figure2.5. Energetics in photoelectron spectroscopy

Diagram illustrating the energetics of a photoemission process in PES, showing the relationships
photon energy i ), electron kinetic energfKElxnd binding energy (BE) for gas phase (left) and conde!
phase (right) samples, as described in the text. For the condensed phase, the Ferrf levedik function
of the sample '‘(B3) and the spectrometer(z , and electrochemical potentialy] of the sample are
shown. The different vacuum levels as defined in the text are also indicated: local vacuunOlgweeid
vacuum level at infinity® ). HOMO: highest occupied molecular orbital; LUMO: lowest occupied mole
orbital.

The schematic shows that the BEan electron with respect t® (0 O) i in this case from the
occupied valence is given by[62]:

V'O U 809

The energetics afondensed 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[&@9)%y the
following equatior{63, 138]

L0 a B (10)
wherev ‘O is the maximum electron KE} the photon energy arid& the work function of the
sample, which is both samplend detection geometdependenfl38]. (i is the minimum energy
required to remove an electron from a given point inside the sample and place it (at rest) s¢$he clo
point outside of the material where the electron is no longer affected by image[1@8g439]

When an electron is emitted into vacuiinsuch as during a PES experiménthe latter point is
defined as théocal vacuum levelQ [136]. As a result( can be defined §440]

% O O pp
whereO is the secalled Fermi levelFor an electron with a BE below tRermi level(and measured
with respect to it ‘O)

LO O 0600 W& pg

As opposeda the case for gas sampléd, cannotgenerallybe accessed experimentafigr
condensed phase sampl&37, 141] In this case, electrons are subjed¢hsample's work function,
which constitutes the sum of the electrochemical poterjabid outer (Volta) potentiglLl38].
Figure 2.5 illustrateshe relationship betweely O , and'O [137]. During a condensed phase PES
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experiment, the samplehgldin electrical contact with the spectrometeith both most often being
grounded to Earthwhich results ira contact potentialifference(w %dthat is required tequilibrate
O [137]. w %eBan be expressed HS8]:

Wk B K (13)
where(} is the work function of the spectrometds a result, KEs are measured with respe@ to

of the spectrometewhose value is generally unknown relativéQo (or O of the sample]137].
Then,as illustrated o the rightpanel of Figure 2.5138]:

Ve a 600 &B prt
Consequentlysolid phasePES data isisuallyreferencedo ‘O, which can be linked t® of the

sample via(l, as described abovéA more indepth discussion can be found in Refererj&8s,
142]

For aqueous sampl€3, lies in the band gap of liquid water (within the wide band gap semiconductor
model) and has no associated electron demsitliyough'O [143] and'(l3 [144] values for aqueous
solutions have been reported in the literatiESspectra in the aquesiphase have thus far been
referencedo O and using predetermined reference energies for neat liquid water's lowest ionization
energy,i.e. the 1h photoelectronpeak as will be described in the next sectifg2, 94, 95]
Consequently, @ ‘Oreferencing scale is generally atkegh for aqueouphasesamplesasis utilized

here

2.3.1 Theliquid waterXPSspectrum

Exemplary photoemission spectra of liquid water are showhigare 2.6, highlighting its full
electronic structure and ionization behaviase. the outer and inner valence (panel A) and-terel

(panel B) spectral regions. As can be seen in Figure 2.6, the first ionizing transition in liquid water
(termed 1ky? 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 sped®8].
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Figure2.6. Photoelectron spectra of liquid water

(A)Outer and inner valencgpectrumrecorded aiaphoton energyf 635eV. (B)O 1s/ laspectrum recorded al
aphoton energyof 1135eV. @mulativeGaussian (and Voigt profileR) fits to thebackgrounecorrectedwater
(0.05M NaGkq) backgrounetorrected spectra (see Section 3.4.1 for details) are shown by light blue fills (
phase water signals), red fill (gas phase water signals), and grey fills. The latter are primarily associe
electron energyloss background signal92]. lonization features are labelled within a MO framework &
according to the ground ate MOs of wter that are deemed to be involved in the ionization process, as desct
in the text.

The valence photoelectron spectrum of liquid water spans the ~1(B8\¢V BE range, including

both liquid and gas phase contributions. The data shown in Figuna®.6ecorded at the P04
beamline at PETRA 1ll (see Section 3.1.2 for details) using a photon energy of 635 eV. As will be
explained in more detail in Sectiotr3L, liquid jet experiments require the sample to be sufficiently
electrically conductive to mitigate streaming potentig®l] and photoionizatiofinduced sample
charging Consequently, neadgure water spectra are measured from water samples with a low
concentration of salt usually ~0.05 M of NaCl or Nal. The spectfaown inFigure 2.6have been
baseline corrected and the signals were cumulativielysing a set of GaussiapanelA) or Voigt

profile (panelB) functions (see Section 3.4.1 for details).

2.3.2 Photoemission in the condensed phase

Photoemission consists of an incomiphoton interacting with the system (being absorbed by the
sample), with a photoelectrenbsequentlpeing created and emittégR]. 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 hglattter interaction and electron scape
processesThe term hotoemission inclugsboth photoionization(asit occursduring a PES / XPS
experiment as described in the previous section) as wellem®nd ordeelectronemission(as it

occurs during an RPES experimemid wil be described in Sections 2.3.2 and.2)3This section
presents the basis of photoemissin condensed media with a specific foonsthe aqueous phase.

A simplified model to explaiphotoemissionn the condensed phase is theeestep mode[145].
The threestep modelartificially separates andlescribesthe overall processn terns of the
probabilities associated with three independentseoutive processegl) photon absorption
(electronc excitation),(2) propagatiorof the generated photoelectron through the sample(3nd
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transmission of t he phseufaceihtevacuufbd, d46jtAmorerefiged t he s
guantum mechanicalpproach, the ongtep model, considerondensegbhase photoemissicas a

single event. During this event, a photon is albsdrby themulti-electron system to reach a final
(photoionizel) state when certain boundaries conditions ard rfnetwhen the electron has travelled

through the sample and through the sample’s surface to reach j&Q, 6]

In the next paragraphs, the processes of pabswption, photoelectron propagatighrough the
sample and exiting through its surface willdigcussed for agueosslutions, considering therte
step model proposed by William Spicer in 19587-149].

1. Photoabsorption:absorption of photons by solute and solvent molecules in the liquid sample
results in the gener atomnsaneide thé aqliedus phase emédium e d 0
[148]. Thelight-matter interaction process is described byidhé&zation quantum yield, tha
is, the emitted photoelectron / absorbed pho#tio per unit area and tinj@48]. This ratio
is dependent on theflectivity andattenuation length of the ioriigy radiationas it passes
into and througtlthe sample mediupmespectivelyandthe ionization cross sectioRor soft
X-rays in liquid water,the penetration depth is 330 nfi4]. As a result,given that
photoelectrons are sampled from nanometer depths into the(éguwidll be explained in the
next paragraph)here is almost no attenuation of photbgsabsorption by water molecules
on the relevant length scale of photoemisison spectrogtdgy.

2. Scattering in liquidsthe probability of an elen to escape the liquid phase depends on the
inelastic mean free pathftar theelectrors areejected from the photoabsorber (e.g. a solute
or a solvent moleculedhere will be a probabilitior scattering events to ocdiat will affect
both their kinetic energy andor their orientation towards the detector. Dependindghen
kinetic energy vales, the electronsan encounter elastic scatteriimglastic scattering, or
both[73, 74] For the liquid phaséf focusing on thénelastic scatteringrocesses that affect
the photoemission spectrum, the liquédjion from where thproducedelectrons can reach
the detector can be approximatedbeequal tothe effectiveattenuation length (EAL}he
distance over whickhere is a probability of 1/e for an electron toitedasticallyscattered
This approximation is validt electron KEs higher than 2@¥, in which case electron
scattering in liquid water occurs primarily due to inelastic collisionsEaidvalues ar¢hus
similar to the inelastic mean free path (IMFFJ3, 74] At lower KEs, both elastic and
inelastic scattering becommportant and have an effect on the Ef3, 74] Figure 2.7
shows the dependence of EAL with electronfidEliquid water[150]. By tuning the photon
energy during XPS experiments, photoelectrons with KEs correspondiiffgtent probing
dephsinto the liquid can be samplelah this wayaqueouigas interfaces or (predominantly)
bulk-liquid environmentgan be probefil51, 152]

3. Transmission through the solutigas interfacephotoelectrons that reach the interface have
to overcome thesurface dipolepotentialto cross the sampleacuum barrie[148]. The
surface potentiaht the watewapor interfaceoriginates from thenetdipole moment othe
water ensemblandestablishment of a net molecutaientation close to the interfag@g];
the value of this quantitjasbeen calculated but nget experimentally measur¢@6, 153]
due to the complexitin disentangling this effect from other potentials affecting the gas
solution interfacé for example, streaming potentials in liquid jEg4].
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Figure2.7. Electron attenuation lengttas a functiorof kinetic energy

EAL values arlMFPdependence as a function of KE in liquid water (see RefeféB0§for details).Reprirted
Figure with permission from [150] Copyright 2013 by the American Physical Soci
10.1103/PHYSREVLETT.111.173005

2.3.3 Second order emission (autoionization)

This section explains the seceadier 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 theglsese autoionization phenomena will be described
for agueous molecular solutes in an aqueous environment.

After an ekctron has beeremoved from or excited within the solute, the overall molecular system
is left in anexcited state characterized l@@ving a vacancyr hole associated with photoelectron
removal If an electronicallycoreexcited ion state is formed upon photoionizatibwe, éxcited state

will relax on a (sub) femtosecond timescale. In light atoms, this most often occurdilbggehe
vacancy with a loweenergy electron usually from the valence manifold with energy being
liberated as a result. The excess energy can be released either via radiative decay (thatay, via X
emission154]) or nonradiative decay. The latter can take place via second order electron emission
[155] (be it intramolecular or intermolecu)aor vibronic relaxatiorfthat is, conversion of electronic

to vibrational energy156)).

Nonradidive decay after inneshell often results in autoionization aisdased on the Auger effect

[157], in whichthe core hole left behind after pheggcitation (or phationization) is refilled by a
higherlying electron and, simultaneously, a partner electron is emittee.emis®on 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 pi&&3ss
Relaxation via Auger electron emission predominates over radiativaey dec elements with
relatively low atomic numbgf58]. The phenomenon was named after Pierre Auger, who described
the effect in 192%159]. However, it was originally reported by Lise Meitner in 19P@0].
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Figure2.8. Overview of auotionization pcesses

Overview of norresonant (following photoionization) and resonant (following photoexcitatit
intramolecular and intermolecular autoionization processes. The labels refer to the description of
process as presented in thext. This Figure was produced considering the conterd similar figure in
Referencd161].

Spectrally, Auger electrons are distinguished from direct photoemission by having approximately
constant KE, independent of the photxtitationenergy. Auger emissioiakes place ma few to
subfemtosecond timescaland can be intramolecul@ronradiative local decay)or intermolecular
(nonradiative nortlocal decay) in natureFigure 2.8shows an overview ofuch autoionization
processesn aqueous solutionPanels Aand B show the initial electronic excitation processes:
photoionization (noftesonah photeexcitation) and resonant phegacitation, respectively.
Relaxation after photoionization results in emission of an Auger electron, a process kmonnals
Auger emission (panel A.1)When electrons from neighbouring solute or solvent molecutes a
involved in he deexcitation, theAugerlike pathways are termeadtermolecur Coulombic decay

(ICD, panel A.2[75, 162]or electron trangfr mediated decay (ETMD, panel A[263].

Relaxation after resonant pheggcitaton can leado intramolecular Auge(panels B.1 and B.2)r
intermolecular (nodocal) decay(resonaniCD and ETMD in panels B.3 and B.4, respectiyely

the case of intramolecular, local decay, when the initially pbatitedelectron is directly inglved

in the deexcitation, 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 ioniimm, 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
predominantlydependent on the orbital energy of the electrons involved in thai@ation process.
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2.3.4 Resonantiyenhanced photoelectron spectroscopy (RPES)

RPESconssts of (resonantly) pbto-exciting corelevel orvalence electrons into the virtual valence
(or partially filled valence) and recording the photoelectrons produced through autoionfzation
secondary electron emissias explained in the previous secti¢d). ConsequentlyRPES allows
participatorand spectator Auger processess well as signatures of ndwcal relaxation phenomena
where preserit to be detecteB, 72,75, 164]

The application of the RPES technique to the study oélderonic structure of solutgsovidesthe
following specific advantagds, 151}

1 Resonant enhancement of signals freatence electronic states with relatively low-off
resonant absorption cresections, photoettron features that overlap with dominant solvent
signals, and/or samples with relatively low local concentrat{@@$ i via analysis of
participator Auger featuss due to constructive interference between direct-(esonant)
photoemission and participator Auger channett wquivalent final statgs].

1 Access to solutiofbulk electronic structure information of surfa@etive solute$ given that
the relatively high photon energies associated with the excitaf corelevel electrons
generally, and specifically in the case of ©akd Mn L-edge excitation primarily considered
here,results in photoelectron KEs that correspond to solttidk spectral sensitivitiesée
Section 23).

T Interrogation of the atomic parentage of differehdéctronic states, MOs, dsonding
interactionsas well as the couplings between those states or M®saled through the
photoexcitation energy dependenét¢he photoelectron signas a function of thexcitation
energy angbrobed absorption edd22].

During a typical RPES experiment, the sample is ionized over a photon energy range near a
absorptioredge and photoelectron spectra are ctédlg over a particular (oftealence) energy range.
Hence, a phon energy versus BE (or KEvo-dimensional (B) map is produced. As aaxample
anRPES mapf liquid water[165] is shown in Figure 2.@eft panel).Integration of the RPES map

over the BE range is performed to produce pagtedtron yield (PEY) Xay absorption spectroscopy
(XAS) proxies of true transmissidrased XAS spectra (as displayed on the right panel in Figure 2.9).
These spectra can be used to identify resonant photon erjéGfigs

The data shown in Figure 2.9 spans @réedge, main edge, and pestge, thus including both

resonant photexcitation (preedge) and nonesonant photoionization (main edge and {gafe), as

indicated in the right panel by a dashed line. Auger electrons (with constant KE) and direct
photoemi ssion sigeat sPE® aibe | i ke faisguwde) are highl |
left panel.

In this thesis, the Mn Ly - and O kpre-edges were scanned over the outer and inner valence energy
range in order to produce RPES maps and-RE% spectra similar to the ondsscribed above (see
Section 3.4.2 for details). Additional higher sigt@hoise ratio data was recorded at the resonant
photon energies extracted from the REXS data, allowing participator and spectator Auger, as well

as nonlocal decay (ICD), process to be identified. Fortunately, the Gpike-edge of the aqueous

Mn tetraoxo-complexes studied here did not overlap with the water (solvent background) features
shown in Figure 2.9.
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Figure2.9. RPES dataf liquid water

(Left) RPES map highlighting the photon energy ranges associated with excitation and ionization il
water. Dashed lines are used to highlight Auger signals (displaying constant KE as a function of
SYySNH&UO FyR RANBOG LI 2si(ith YaliagikE 2y a fun&fighioNghdloin ener€
(Right) PE¥XAS spectra produced from the data shown in the left panel, highlighting thedye, main
edge, and posedge absorption region&eprinted with permission frof165]. Copyright (2013) America
Chemical Society

2.3.5 Permanganate and manganate ions

Previously, photoemission techniggihave been adopted to study solid KMafd gaphase Mn@
samples. Crystalline KMn{ralenceband[167-169], Mn 3p[168-170], Mn3s[167, 168, 170]O 1s
[167, 168, 17Q]and Mn 2p-/2p2[167, 168, 171, 172BES have been determined using-Hele-
I, Al-Kg, and synchrotron radiation sourc&slid stateMn 3p, O 1s andMn 2ps/2/ 2p12 KMNOygs)
RPES experiments have also been performedealing partial ébrbital occupation for this formally
d° compound173, 174] The associated O 1s and Mps2/ 2p12(solid state) KWInO4s totalelectron
yield (TEY), X-ray absorption spectra (XAS) have also been repdrtede case of ggthase Mn@

, the two lowestVIEs i as well as their correspondinglEs i were determined from photo
detachment experiments performec &t42 eV photon eneyd175]. Similarly, theMnO4> ion has
been studied by means silid stateXPS onK>MnOys) samples, probingzalence band, Mn 3p, Mn
3s, O 14168], and Mn 2p2/ 2p12[168, 171, 172]onizing transitions.

In the aqueous phaskln 1s neatedge XAS[176] and extended Xay absorption fine structure
spectroscop (EXAFS) experiments oMNnOs ag) and MnO4?(aq) Solutions have been reported and
compared with similar KMngx)andK-MnOsis)measurements, extracting teerageMn-O bond
lengthsin both phasefl13] (as discussed in Section 2.1.8)l of the aforementioned work sets the
stage for the novel agueous phase experiments reported and discussed throughout this thesis.
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3 Liquied photoel ectrc
met hodol ogy and 1 nst |

This chapter dscribes the methods and instrumentation requiregbetdorm the liquid jet
photoelectron spectroscopy experiments repoitethis thesis.The chapter is divided in four
sectionsSection 3.1 presents an overview ofag light sources and describes symtion radiation
facilities and beamlinedn most of the work reported herbquid jet soft Xray photoelectron
spectroscopy experiments were carried out at the U49/2-P®FamIing[177] at theBESSY I
(Berliner ElektronenspeicherrinGesellschaft fir Synchrotronstrahlunl synchrotron radiation
facility (HelmholtzZentrum Berlin fii Materialien und EnergjeBerlin, Germany)using the
SOL®PES Golid, Solution and SolaPhotoelectron Spectroscopgndstation[178]. Additional,
complementary experiments were performed at the P04 bedtili@kat the PETRAII ( Positron
Electron Tandem Ring Acceleratdlt) synchrotron facility (Deutsches éktronenSynchrotron,
Hamburg, Germany) using the EASHIéctronic Structure from Aqueous Solution and Interfaces
endstation[180]. Section 3.2 focuses @ample preparation and delivery methodologiagescribes

the liquidmicro-jet techniguendtwo complementary sample source developmieatmicremixing
scheme and an electrolysis cell liquidijéd enable liquid jet photoelectron spectroscopy experiments
with unstable, transieMinO%ag)ions Section 3.3 describes theincomponents of the SGRES

and EASI experimental endtations. 8ction 3.4 outlines XPS and RPES experimental protocols and
describes the data treatment methodology adopted during the course of this work.

31 Xray |l ight sources

X-rays were first discovered by Wilhelm Conrad Roéntgen in 18981]. The term refers to
electromagnetic radiation with wavelength in the 0.ADnm rangei or, equivalently,the
0.17 100keV energy range. Of interest for the aqueous Mn complexes investigatpart of this
thesis are the so callsoft X-rays, with energies in the 1001000 eV rang§¢l182]. Soft X-rays are
capable of probing (outer and innedlence as well as O 1s and Mn 2p eelectrons in surfacend
bulk-sensitive liquid jet photoelectron spectroscopy experimeastwill be explained in more detalil
in Section 3.4

The BESSY Il and PETRA Il third @nperation synchrotron radiatioadilities used in this work
provide high photon flux, relatively low peak émsity, photon energy tunablend high repéton
rate soft X-ray beams.Correspondingly, these sources allalata collection efficiencieso be
maximized while minimizing norlinear effects and, ideally, sample damageWith the
aforementioned properties of synchrotron radiation in niimel properties oélternativesoft X-ray
sources such as discharge lamgX-ray tubes)[183], liquid metal jets[184], and lasebased
upconversiormethodg[185] will be consideed as will be outlined below. Xay sources arbest
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 frequesmlyand averagérilliances are
generally quoted with units gthotons® mrac? mnv2 (0.1 % bandwidth). Different X-ray sources
and their peakrilliance are listed in Table 3.1.

27



Starting with discharge lamps, these sources genereagsXoy applying a voltage betweaiheated
filament (cathode) and a metallic target (anode) in a vaeseated environmentl83]. More
compact sources aliguid-metaljet anodesin 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
reducethe source brilliancg184]. Laserbased technigques to generaterays include inverse
Compton scatteringricoherent hard Xays) and high harmonic generation (coherent safays),

with the advantage of providing ultehort pulses for timeesolved experimen{485-187]. Finally,
superior inpeakbrilliance to synchrotron radiation are frelectron lasers, providing high photon

flux, coherentadiation, angotentially(sub) femtosecond pulse durati¢h88].

Table3.1. Brilliance of different Xray sources

X-ray source Average brilliance / Peak brilliance /
(photons/s mni mrac? 0.1%BW) (photons/s mn? mrac? 0.1%BW)
Xray tubes 107[189] 107[190]
Metal jets 10°¢ 10%°[191]
Inverse Compton scattering 10*[192] 106[193]
High harmonic generation 107 ¢ 10 [194] 1075¢ 10°°[195]
Synchrotron radiation facilitiethird 10 10°2[189] 1074[190]
generation)
Freeelectron lasers 10%6[189] 10%4[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 .

Synchrotron radiation is produced when charged particlehifrcase electrons) are guided along a
curved patli under the influence of applied magnetic fieldat 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 broadoand (spannindrequencies from the infrared to therXy region) and
poterially highly collimated and polarizeld 96, 198] These properties are afforded by synchrotron

light which allow states of matteo be probedat the molecular level in spectroscopic, diffraction,
scattering, and imaging experimefit89, 200]

A synchrotron radiation light source is most often formed by a storage ring desigoieculate
electrons at relativistic speedsigure 3.1 shows a generic schematic of a synchrotron radiation
facility and its main components.

Electrons are typically generated by an electron gun ardgoederated in a cyclotron, microtron, or
linearaccelerator (LINAC), reaching energies of several NIE36]. After that, a booster ring further
increases their acceleratiftP6]. At that point, with engies of several GeV, they are injected into
the storage rinfL96]. Once theg, bending, quadrupole, anextupole magnets guide and focus the
electrons so as to formguidedelectron beanfil96, 198] As electrons circulate in the storage ring
and emit synchrotron radiation, they |l@sgergy that is replenished by radiofrequency (RF) cavities
[196, 198]
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Figure3.1. Schematic of a synchrotron radiation facility

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

Thenumber densityspatial distribution and temporal characteristics of the electron beam are defined
by the ring current and theelectron bunchdistribution. The latter refers to the longitudinal
distribution of the electrons that have been injected into the storagie fongxamplemodelled as

a Gaussian bund01]. Thering current thecircumference of thetoragering and thewavelength

of the RF cavitiesdetermine the number and length of electron bunches and their temporal
distribution, which in turn determines the pulse dioraof the emitted synchrotron radiation light
(usuallyon the order of picosecond®01]. In addition, synchrotron facilities can operate in different
filing modes of the storage ringuch as mukbunch or singldunch modes (a more detailed
overview of the BESSY Il and PETRA lll operation modes can be found in Refer@0@sand

[203], respectively). The experimentported here were performed undailti-bunch filling mode
operation othe storage rings.

Third generation storage rings such as BESSY Il and PETRA Iil are characterized by
incorporatinginsertion devices, of which two types exist: wigglers and undulg®®4]. These
structures consist of an array of magnets where electrons are forced to oscillate grattizhjt
coherent, polarized, brodzhnd (wigglers) or narrowand (undulatodssynchrotron radiatiofl98].

Both the U49/2 PGM. and P04 beamlines incorporate softay 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.

Table3.2. Charateristics and parameters oBESSY Il and PETRA

Facility BESSY[R05] PETRA [1206]
Circumferencé m 240 2300
Electron energy GeV 1.7 6

Current (multi bunch mode)mA 300 100
Emittance/ nm rad 4¢6nm 1.2 nm
Averagebrilliance/ (photons/s mni mrad? 0.1%BW) 106 ¢ 10*7[194] 1021[207]
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3.1.2 Soft X-ray beamlines

This section describes the main characteristics of the safiy<beamlines at which experiments
were performed during the course of the work presented here: the U49£1 B&Amline at BESSY
Il and the P04 beamline at PETRA IIL.

As mentioned in the préas section, both beamlines incorporate unduldt®8] as their surces.

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 erait badiation that can be tuned

to different photon energies by changing gap in the dipole structure. The U49/2 PGMeamline
incorporates the U49/2 planar hybrid undulatnjch iscomposed by 84 periods with a 49.4 mm
period lengtj177]. The minimal photon energy at 1.7 Ge\B#&4 eV with a minimal gap of 16 mm
[177]. The undulator at the PO4 beamline is the APRLBdvanced Planar Polarized Light Emitter),

with 72 periods, a period length of 65.6 mand a minimum gap of 11 mfh79].

Figure 3.2 shows the layouts of the U49/2 RGMtop) and P04 (bottom) beamlinest both
beamlines, undulator radiation is monochromatized avitbmbin&on of a premirror (M2 in Figure
3.2) and exchangeable gratings (600 I/mm and 1200 I/mm at U49/2-P@w 400 |/mm and
1200l/mm at P04), forming &ollimated, planegrating monochromatoconfiguration[208]. The
1200 I/mm grating at the U49/2 PGMbeamline was not operable during the course of the work
reported here. The main parameters of the U49/2 RG@NId P04 beamlines are summarized in Table
3.3, and the experimental conditions during therse of this work are outlined below.

The U49/2 PGML beamline provides linearly, horizontally polarized light in the’ 8600eV

photon energy range. The photon flux and energy resolution vary depending on the exit slit size and
the photon energy. Durinthe experiments presented throughout this thesis, ~340 meV beamline
resolution was achieved at a 638 photon energy when adopting a 100 pum exit slit. The photon
flux (measured after the last focusing mirror in the beamline) was of the ordéel? phit@nss? at

photon energies below 500 eV and?ghotonss® at photon energies above 580. The focal spot

size was approximately 16080 unt (horizontalx vertical) when using the aforementioned exit slit

size.

The P04 beamline provideitcularly-polarized light in the 250 3000eV range, with a photon flux
higher than 18 photons 3 at photon energies higher than 0. The energy resolution at 68%

photon energy was ~98eV when using a 100m exit slit. The focal spot size wa80 x 33 unv

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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Figure3.2. Beamline layouts

(Top)Layout of the U49/2 PGMN beamline at BESSY(Bottom) Layout of the PO4 beamline at PETRA
The main components of the beamlineshe undulator, the planegrating monochromator, and the
guiding and focusing optiasare illustrated. The top panef this Figure habeen reproduced from
Referencd177], licensed under &reative Commons Attribution 4.0 International LiceriBee bottom

panel of this Figure haseen reprinted from{179], Copyright 201 3with permission from Elsevier

Table3.3. Parameteas of the U49/2 PGML and POdeamlines

Beam line U49/2 PGM1L
Insertion device U49/2 undulator
Monochromator PGM1 planegrating

85¢ 1600 eV

90 meV at 400 e\2Q um slit)

10% photons ' (150 eV photon energy, 5(
um slit)

Linear, horizontal

85 x 25 puri (10 pm slit)

Photon energy range
Energy resolution
Maximum flux

Polarization
Minimum spot size (H x V)

P04

APPLE undulator

Planegrating

250¢ 2200 eV

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

Circular
10x 10 pnv?
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32Sampl e delivery

A portion of the content presented here has been adapted or directly extracted trmmfollowing
publication: K.D. Mudryk, R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aque
permanganate ion: aqueouphase energetics and moleculabonding studied using liquid jet
photoelectron spectroscopy, Physical Chemistry Chemical Physics (2@%0).10.1039/DOCP04033/
(https://doi.org/10.1039/DOCP04033A Published by the PCCP Owner Societies. This work is lict
under the Creative Commons Attribution 3.0 Unported Licel
(https://creativecommons.org/licenses/by/3.9/

3.2.1 Sample preparation

Millipure water (with 18 8q c¢cm r e s i st fromiatEyGA #URELAB RIGs, water
purification system witla 0.2 um pointof-use filte) was used to prepaadl of the aqueous solutions
described here.

MnOs agsolutions were prepared by diluting aliguots& commercial NaMngsolution (Aldrich, 40

wt. % in water) or by dissolving KMn{x r yst al s ( Rot h, 099 % p.a., ACS,
ACS, Ph. Eur . , 099 %) USdS @ | Mitli loingu &l dwaieh, ACES5
crystals dissoled in Millipure water) were used to record negrlye water (solvent only) reference

spectra. The relatively low concentration of N&Clkolutionprovided sufficient conductivity to

compensate liquid jet streaming potenti@s94] and X-ray-pulseinduced charging eftas[209].

All sample and reference solutions were ultrasonicalgadsed before the start of the experiments.

Reservoirs and samplelstion loops (see Section 3.2 @ntaining MnQ g solutions were covered

in aluminum foil to prevent ambient ligitduced photochemical reactioj2d 0].

MnO4%aq)solutions were prepared by mixisgpichiometric amounts dflaMnQq)(as described
above) in NaOkq)(Honeywell Fluka, 98% NaOH pellets dissolved in Millipure water) withJdygal
(Sigma Aldrich, 99% Nal crystals dissolved in Millipure water) in Na@HDuring the MnG? (aq)
experiments, NaOH})i or Nakag)in NaOHaq)1T were adopted as solvemiedia refeence solutions.
The generation of solutions bBfn04%aq) ions for liquid jet XS and RPESxperimentsequired the
development of alternative sample delivery methodologies. The details of themiking scheme
and electrolysis cell liquid jedevicei and associatesample preparation procedlreleveloped to
generatMnO4% aq) ioNs are presented in Sections 3.2.3 and 3.2.4, respectively.

3.2.2 The liquid micrejet technique

This section describes the principlestioé liquid micrejet techniqueand he components of the
liquid jet setup used to perform the exp®&nts reportethere

As briefly introduced in Section 1.2, the ligeidgicro-jettechniqueg69] consistsof pushing a liquid

through a glass capillary nozzle withracrometersize open orifice diameteiThe diameter of the

liquid jets produced with such capillarieanges between 550 um[69], andtypical jet velocities
rangingbetween 30 120 m stare achievefll. The | i quid jetdés relatively
speed enable the following characteristics of the liquid njErrtechnique, which facilitate the study

of liquids with relaively high vapor pressuré such as aqueous solutionsunder the vacuum

conditions required biPESexperiment$69, 211}
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i Formation of a millimeter-long laminarflow liquid filament [67, 72] from which
measurements cdre performed i e. placement of the lighdample interaction area within
this region);

1 Freeflowing sample,without freezing due to evaporative coolingpnder vacuum in the
laminar region of the jetNotably, the jet breakslown into dropletsafter a cm oso d
propagation, whiclresubsequentlgollected by a liquid nitrogen cooled crirap;

1 Continuaisly replenished sample volumesulting in a sample that is essentially unaffected
by surface contamination or radiatidamage;

1 Development of gas phase sheath around the liquid filament into a colifsea molecular
flow regimegas ensuring the probability of scattering events of the emitted photoelectrons
is negligible,(i ven that the | iquid jetds diameter
electronsn thesurrounding vapoiKnudsen condition)

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

Figure 3.3shows aschematic 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
it region
5-10 mm

Figure3.3. Liquid jet flow regimes

Schematic of a liquidhicrojet produced from a capillary or nozzle, illustrating the different liquid ph
and gas phasflow regimesReprinted from[211]with the permission of AIP Publishing

A schematiof the liquid jet sgtem used during thdnOa ) experiments performed at BESSY Il is
shown in Figure.4. A slightly different layoufi which followed the same principlewas used at
PETRA lll. The setup primarily consisted of two HPLC pumps and two polytetrafluoroethylene
(PTFB tubing loops (for sample and reference solutiBngfiltered millipure water pushed through
the HPLC pumpnd fed to these tubing loops, which werefiiled with sample, so a® protecthe
pumps from chemical damage and to prevent contact reactibe ehmplesvith metal parts inside
the pumpsA polyether ether ketone (PEEK) tubing system was useatédace the sample loops
with a metallic rod (liquid jet holder) that held the miget capillary in place (the sample circulated
through PEEK tubing inside the liquid jet holder as wéllje microjet capillary was made of quartz
and had an orificdiameter of 25um or 35um. A peristaltic pump was used to fill tRd FEtubing
loops. The pefiltered, millipure water (or 0.0 NaClaq) solutior) was run through the HPLC
pumps behind the solutions in order to deliver the sample or reference solutiergtass capillary
nozzle, withflow rates ranging between 0i71.1 ml min'. A system of switching valves allowed
one of the sample loops to be simultaneouslylled while running sampléo the liquid jet from the
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other. Afilter assembly with a 1Qm frit was placed before the liquid jet holder in order to prevent
micro solids in the solution reaching the injection nozzle and potentially blottieérgapillary. After

the filtering stage, a golire was immersed in the sdion 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 solutietectrical grounding mechanism. The liquid jet holder was mounted

on acustomflangeand 3D manipulator forming an aiacuuminterface 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 rféde/ 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 additiona({temperaturesensitive)parameter§l51].

Gold wire

(jet grounding)
) =
—
. Liquid jet holder Gla?s
Filter capillary
T assembly nozzle
Sample Waste Reference
solution loop solution loop

I ]

Sample
solution

Peristaltic
pump

HPLC
pump

1

Water or
0.05 M NaCl,,,

Figure3.4. Liquid jetsample delivery setup at BESSY |l

Liguid micrejet sample delivery setup used perform experiments at BESSY I, as described in the te

3.2.3 Micro-mixing scheme

As described in Section 1.2/8n04% (.q) ions undergo disproportionation within tens to hundreds of
second$54, 212]which complicates the study of its electrosiiicture by means of the liquid miero
jet setup descrim in the previous section. The mignixing schemdacilitated theMnOs? (aq) XPS

and RPES experiments praged in Chapter.5
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During a disproportionation reaction, a chemical speciesmsitaneously reduced and oxidized,
producing two compounds with lower and higher oxidation stagpectively.MnNOs?(q)ions
disproportionate according to the following chemical equilibrjGé]:

o0E0 g TO gP el g D€ 00
The kinetics of this equilibriunare pH, concentration and temperaturdependent. In addition,

MnOy)formed during the reaction acts asieterogeneous catalyfstr the forward reactiorfurther
accelerating the disproportionatifs4].

As shown in the MfH,O Pourbaix diagram (Figure2), MnOs % aq,jions can be stabilized in alkaline
environments. A chemical route to the generation of MnQ,is [213, 214]

WELVL g Og @O zg0@el 4 00 g 000
With that in mind, as an initial step, ~0.2 M MitQq, solutions were prepared at pHi4:6 by mixing
0.2 M NaMnQagyand 0.033 M Nadq)in 4 M NaOHaq) 0.2M concentrations were chosen so as to
ensure high XPS solute-solvent signal contrast ratand allowsolute photoelectron spectroscopic
signatures of interesb be distinguisheffom those of the predominant water solvent. In addition,
the ®lution should be stable for at least 40 atésin order to be able to record XPS d§a].
Sample stability wastudial by recording UWisible absorption spectra afumction of time and
monitoring the formation of colloidal Mng) (with an absorption band at a wavelength of ~425 nm
[214, 215), as shown in Figure 3.&iven that ésproportionation at 0.®1 concentratiorwasevident
atambient temperatui@suallybelow 19°G theMnOsZ q) Solutions were kept in an ice bath during
those experiments.

4 - . . . -
' ' ' " —o02MNamno,,
——0.2 M NaMnOQ,,, in 4 M NaOH,,
——~0.2MMnO,%,,,_1min40s

4 (aqg)—
~0.2 M MnO,? ., _9 min
~0.2 M MnO,% ,, _26 min
——~0.2 M MnO,?,,, _39 min

——~0.2 M MnO,?,,, _59 min

2 4
MnO,% oq,

Normalized absorbance

250 ‘ 300 I 350 I 400 I 450 l 500 l 550 l 600 650 700
Wavelength / nm
Figure3.5. U\Avisibleabsorption spectra of MnGf q)as a function of time
The arrows highlight the changes in the Mfi@;yand MnQ)concentrations at their signature absorptio
wavelengths of ~608m and ~42%m, respectively[58, 214, 25]. 0.2 M NaMnQagq,) Spectra in the

presence and absence of 4 M @i are shown for comparison. The spectra were normalized to
isosbestic point close to 555 nj216].
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XPS experiments performed using the (regular) liquid jet setup describedtionS&2.2 and the
sample preparation methodology described above allowed the (first) valence band signatures of
MnO4?(aq)to be recordedgvealing a ~6.@V lowest BE spectroscopic signature, which is unique to
MnO4%aq) as shown in Figure 3.6 (palB.1). Despite keeping the sample loop inside an ice bath to
reduce the rate of disproportionatioesidues of MnG¥(.q) accumulated in the sample loop and
delivery paths, with disproportionation occurring over time. As a result,.iMa@cumulated through

the delivery system, generally obstructing the circulation of liquid and completely blocking the filter
frit and / or glass capillary nozzle after ~20 minuteaddition, contact of thBINnO4? (a4, Solution in

the sample loops with wer circulding through the HPLC pumps h&mlbe avoided by ensuring the
presence of NaOgd,in the delivery path between the HPLC pump and the sample loop. Otherwise,
dilution of the OHaq,)ion concentration at the wateampleinteractionpoint resuled in a decrease

in the pH, thus driving the disoportionation reaction.

The micremixing scheme was designed to overcome the aforementioned difficulties, by facilitating
longer acquisition times and reducing the required amount of Naf3tabilizingagent The scheme

was based on the idea of incorporating microfluidic devices into the liquid§eictechnique as in

line microreactorgo generate transient species.

The concept developed for the generation of WM@ions is illustrated in Figer3.6 (top). A 0.57

T micro-mixer was connected to two strearmembining the following reagents to generate and
deliver MNO4%aq) iONs to the experiment in short successioMrEOs aq) reagent strean{0.4 M
NaMnQyg)in 0.5M NaOHgaq) with al g reagent streanf0.066M Nalag)in 0.5M NaOHaq.) to
produce a 0.2 MnOs%@q)in 0.3M NaOHaq) 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 58€ minimize disproportionation.The flow
dynamics and chemical conversion efficieficynder laminar flow regime conditions, as required

for liquid jetsi using T-shaped micranixers has been describedtle literaturg217]. The mixing
efficiency was tested by recording MifQq)valencebandspectra at 156V 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 theynchrotrodiquid-jet interaction point.

Efficient, full-mixing conditions were achieved with the developed setup, as illustrated in panels B
D in Figure 3.6. Th&InO4%*.q)Vvalence spectra recorded using the liquid jet setup described in Section
3.21 and using the micrmixing schemeareshown in panel panels B.1 aB®, respectivelyPanel

C shows MnGF aq)Mn 2p spectra recorded at 128¢ photon energy under optimizézhly MnOs>

@q) present)and partial mixing conditiongboth MNQ? (aq) and MOy aq) present). AMNOx aq)
spectrunmis shown for comparisoil.he mixing timerequired to chemically produce My liquid

jet samples was optimized by recording PEXS spectra recorded at different flow rates, as shown
in panel D. This allowdthe identification of the experimental conditions required to record #1nO
@aq)XPS and RPES data without the interference from Mu@signals. Details of the micamixing

setup are described in Figure 3.7.
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Figure3.6. Spectra of Mn@ @aqygenerated using the micranixing scheme

(A) Schematic of the micrmixing scheme, highlighting the reagent streams and time scales fol
generation of Mn@ aq)estimated byconsidering the description of flow dynamics and mixing conditi
for T-shaped micremixers previously adopted in the literatuf®17]. (B) MnOs%(aq) valence spectra
recorded at a 15@V photon energy using the liquid jet setup described in Section 3.2.1 (1) and usi
micro-mixing scheme (2). Spectra froNaOkhhq) solutions are shown for comparisomhe micremixing
scheme offers two primary benefits over the regular LJ scheme, the miiting scheme allows Mn&to
be produced with similar yields to the regular liquid jet technique but at significantly lowegq®
concentrations (and pHs) and (most importantly) a stable b sample stream can be maintained ov
a significantly longer timescale (>1 ho(€)MnQs?@q)Mn 2p spectra recorded at 125V photon energy
under optimized and partial mixing rditions. A MnQ@aq,)Spectrum is shown for comparisqgpurple
curve) (D) PEYXAS spectra recorded as a function of flow rate.
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Figure3.7. Micro-mixing scheme

Diagram showing the HPLC and switchialye sample delivery system associated with the miging
scheme, as detailed in the texthe setup consisted of ashaped micremixer (0.57 pL Mame) that
combined twolaminar chemicalreagent streams into aunique, initially turbulent stream. Thstreams
mixed as they travelled alorthe PEEKube (0.57 mm internal diameter) before promptly-establishing
laminar flow, exiting the liquid micket nozzle and reaching the measurement point. Two loops were
for each reagent stream, while a thilmbp wasmplemented to circulat&NaOhkg,in order to clean Mngy)
residuesBoth HPLC pumps weset atthe same flow rate. The flow vgadividedat the ¥connectorand
then unified againat the Fconnector micremixer. Isolationvalveswere implementel to preventthe
solutionfrom flowingbackwvards through either of the reagent linesd mixing taking place outside of th

mixer, which would block the lines
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3.2.4 Electrolysis cell liquid jet

As a more compact alternative to the mianixing scheme presented in the previous sectiad,a
potential means to study transient species with even shorter lifetimassacuum electrolysibased
sanple source assemblyas produced and testéithe pimary advantage of this sample source with
respect to the micrmixing scheme is the possibility of incorporating this device inside the vacuum
chamber i(e. closer to thesynchrotrodiquid-jet interaction point).The device was designed
according to thevorking principles offlow electrolysis ceB for organic electrgynthesi489, 218
220]. However jt wastailored tavards havinghe capability of producingtable liquid jet samp$aat
applied voltageswithin the water electrochemical window {023 V) [221], so asto avoid
competitive reactions with the solverts a result, it should allow shorter lived sf@s and ions
(transient intermediates) to be probed in their nascent faenwith lower concentration of
stabilizing agents).

Figure 3.8(top) showsa schematiof the developedklectrolytic cell liquid jetassembly Its main
components (numbered frahi 8in the figurg are: () ambient pressureacuum chamber interface
(2) air-vacuumsea| (3) PEEKIiquid delivery interface;4) platinum (Pt) dispairanode and cathode
or working electrode and counter electro(f® glass capillary ferrule;6) glass capillary retaining
nut; (7) electrolytic chamber holder8Y PTFEspacer.

The electrolysischamber consisted of pure Pt working and counter electradesi? area each)

and a PTFE electrode spage50 um thicknegs Given that theelectrochemial 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 conditioms close to 0.5nl min. Theresidence timéetween the working
electrode and counter electrodasoptimized by varying the liquid sample flow rawhen using
flowrates in the 0.5 1 ml min? range, thechemical speciegenerated in the electrolysifamber
reachedhe synchrotrodiquid-jet interactionpoint within3.01 6.0 £ 0.1 s. As a result, the setup
facilitated the study of species with lifetimes df 4 s or longer.

The capability of the proposed design to generate aqueous ions via edextnaly tested iMnO,*

@q) proof-of-principle experimentf222]. The applied voltage and flow rate conditions were explored
to achieve maximum redox conversion efficienopsidering the following redox reaction for the
generation oMnO4% aq)ions:

TOED g TOOgO0TDED g O ¢O0
With the reaction corresponding to the following half reactions:
DEV g QO 0DED 4
T00 409 0 ¢ou 1Q
Valence band spectra from AWBNaMnQypaq) in 4 M NaOHaq,) 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 MnQ? g signal increased with applied voltage and decreased with increasing flow

rate. A conversion efficiency of ~10%as estimated at 0.9 V afcd ml min', based on the recorded
data, an example of which is shown in Figure 3.8.
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Figure3.8. Electrolysis cell liquid jet for the generation of Mn8aq)ions

(Top)Schematic of the electrochemical cell liquid jet assembly. Parthighlight the ambient pressure
vacuum chamber interface, liquidelivery inteface, working electrode holder and seal, counter electrc
holder and seal, liquid microjet capillary ferrule, and LJ capillary retaining(Bottom) Valenceband
spectra from 0.5 M NaMnfq,in 4 M NaOlkdq) solutions recorded as a function of applieditage and
flow rate at 150eV photon energy. The intensity of the Mi#Qq,)Signature at a 6.8V 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 timesConsequently, aadditional challenge is the dimensioniofjithe deviceso asto

make it fit inthe liquidsoft-X-ray-beam interaction region insidlee vacuum chamber

In order to addresghe aforerentioned requirements, a differeptototype was developedas
illustrated in Figure 3.9The revised electrolysis cell assembly incorporated a set of concentric
electrodesand exchangeable spacers ofaliént lengthsSuch electrode geometry facilitated larger
electrode areagdigher electrode area / reaction volume ratidhin the flow rate limitations to run
stable liquid jetsSuch limitations are associated wahminimum flow rate of 0.3i 0.5 mI min?
requiredto ensure a sufficiently large (of the order of a few millimeters) lantigaid jet region is
producedrom where photoelectrortan be efficiently sampleidom the liquid jetThese limitations
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have an impact on the residence times amshsequently, on thelectrochemicalconversion
efficiency. The residence timi the electrolysis compartment can be tuned by changing the flow
rate,andshould be long enough to achieve higher conversion efficiency. An optimum compromise
betweerthose pametersan be found by furthéncreasing thelectrodeareain the electrolysis cell

flow channelavhile simultaneously maintaining high electrode area / reaction volume form factors
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SECTION 2-a
Figure3.9. Electrolysis cell liquid jet, concentric electrodes
Schematic of the assemblgll dimensions are in millimetre®arts 19 highlight the ambient pressure

vacuum chamber interfacd), air-vacuum seal?), PEEKquid-delivery interfacg3), concentric éectrodes
and spacer4, 8, 9), liquid microjet capillary ferrul€), and LJ capillary retaining ni).

In the prototype presented in Figure 3.8, the direction of the field produced by the applied difference
potential between the electrode plates \pagallel 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 differeapplied potential versus flow rategimes: 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. Tése results seem to indicate that the perpendicular orientation geometry did
not contribute to an improvement in the overall conversion efficiency, despitniiar sample
volume flow rate anthigher electrode area.

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

33Xray photoelectro®natsipecs roscopy

This section describes tingain components of the SERES[178] and EASI[180] endstations that
were used to perform liquid jet softtdy photoelectron spectroscopy experiments at the U49/2-PGM
1 and @4 keamlines respectively. The central component of the experimentasetibns is thie
interaction chambey where the ligid jet samplés aligned ontohe soft Xray beam delivered by
the beamline. Figure B0 shows a schematic illustrating its main gmnents.

The interaction chambgareequipped with several ports that connect to:
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The endstationbeamlinedifferential pumping unit devised to protect the beamline from
the liquid samples introdudento the experimental chamber;

The hemispherical electron analyzérused to sample and measure the kinetic energy of
photoelectrons emitted from the liquid jet sample. Both the®*BB8 and EASI endtations

are equipped witldifferentially-pumpedScienta Omicron R4000 analyzers (HiPknadel

in SOL’PES[178] and HiPP3 model in EASI[180]). The electron analyzer ptens axes
were aligneckither at 90° or at magic angle with respect to the satiydoeam polarizain
during theexperiments reported here. The liquid jet orientation was orthogonal to the soft X
ray beam propagation direction.

A micrometer precision XYZ manipulatorattached to the lidgd jet holder (see Section
3.2.2), which facilitatedprecise(micrometerscale)alignment of the liquid jet at the light
sample interaction region in front of the entrance to the electron anégreFigure 3.10,
top). The liquid jet position was optimized by maximizing the photoelectron count rate from
the liquidwater 1k? ionizing transition (see Section 2.3i1)n experiments performed at
photon energies lower than 54¥ i or of the ligud water Auger electron signdl in
experiments performed at ploot energies higher than 54V i thus reducing gaphase
spectral contributionfl51];

The mainturbo molecular pumand severatryogenictrapsi used to maintai a 5x1¢ i
1x10° mbar pressure inside the interaction chamber, as required to perform photoelectron
spectroscopy experiments. The turbo molecular pump had a ~260(9OL3PES) or
~2700L s* (EASI) pumping speed for water vapour. The liquid nitrofibed cryo traps

(two in the SOEPES instrument or three in the EASI estdtion) provided ~4.5x1Q s?
pumping speed for water vapour per trap. In addiboe, of the cryogenic trapgas useds

a catcher onto wibh the droplet train produced at extierdl distances by the liquid jet were
cooled, frozen, and collected.
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Figure3.10. Experimental chamber

Schematic of the lightample interaction region in front of the entrance to the electron analy:
Republished with permission of Annual Reviews, linom [8]; permission conveyed through Copyrig
Clearance Center, Inc.

As mentioned above, photoelectrons were detected using differeptimipedScienta Omicron
R4000hemispherical electron analyz¢223]. With appropriate magnetic shieldingese analyzers
arerespectivelycapable of detecting elieon energies in th8T 6000eV and 2i 1500eV ranges,
respectivelyf224]. Figure 3.1 shows schematics of this type of analyfsrmain components are:

1 Exchangeable entrance skimmers, where 500 um and 800 umrapestere respectively
implemented in the SGPES and EASI experimentssed to sample photoelectrons from
the liquid jet at the measement point;

7 Differentially-pumped, electrostatic préens and lenssystems that guide the sampled
photoelectrons towarddie entrance of the hemisphexed accelerate or decelerate them
according to the implemented analyzer sett[2@8];

1 A pair of concentric, inner and out&00 mm nominal radius,) hemispherewith entrance
and exit slits. Only electrons with a specific K&hge around a defined central energy
(referred to as thpass energy, f are abldo reach thexit slit and be detected;

1 A detection unit, consisting of two 40 mm diametdcnmchannel plates (MCPs) and an
associateghosphor screefl78]. The MCPs amplify the photoelectron signathile the
phosphor screen produces an energy versus position and angle 2D image. Achpleg
device (CCD) mounted outside vacuum is use@tond the images, synchronousligh the
analyzer field sweeps and potential beamline monochromator cHa@é¢s
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Figure3.11 Hemispherical electron analyzer

Schematics of the Scienta Omicron R4000 HiPP 2 hemispherical electron analyzer, highlighting the
pumping stages (top) and the electrostatic peas and receivirdens areaskiottom).Reprinted from{223]
with the permission of AIP Publishing

For a given experimeng, is selectedso as to be appxanately a thirdof the center KE in the
spectrum. The experiments reported here were performed in transmission modehewith
hemispherical analyzentrance slibeing set to maximize electron collection.

The analyzer slit sizég,, andr, as well as the beamline slit size determined the total instrumental
resolution for the experimentSor the U49/2 PGM. beamline and SGPES enebstation setup, the
instrumental resolution was determined by recording Amand 2pXPS spectra under beang

and analyzer conditions matching those adopted when performing the liquid jet expefiraghts
Voigt profile fits to the Ar spectra allowed instrumental resolutions of még, ~310meV, and
~400meV to be determinedt 150eV, 530eV, and 63&V photon energies, respectivélb1]. For

the P04 beamline and EASI esthtion, the instrumental resolution was estimated ftata provided

by P04 beamline sentists[225] and the group at the Fritdaber Institut Berlin who constructed the
EASI setug226], with total energy resolutions of ~4iheV, ~460meV, and ~48@neV at 63%V,
1135eV, and 125kV photon energies, respectively.
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34Experi mental protocols and dat a

A portion of tte content presented here has been adapted or directly extracted fremnfollowing publication:
K.D. Mudryk, R. Seidel, B. Winter, 1. Wilkinson, The electronic structure of the aqueous permanganat
aqueousphase energetics and molecular bonding studliesing liquid jet photoelectron spectroscopy, Physic
Chemistry Chemical Physics (202@OI: 10.1039/D0CP04033Ahttps://doi.org/10.1039/DOCP04033R
Published by the PCCP Owner Societies. This work is licensed under the Creative Commons Attrik
Unported Licenséhttps://creativecommons.org/licenses/by/3.p/

3.4.1 Non-resonant photoemigsi experiments

With the aim of fully characterizing the electronic structure of Magand MnQ?q)ions, non
resonant photoet#ron spectroscopy experimeme&re performed to determine the agueous phase
BEsof (outer and inner) valence and corediaiectrons In addition, ionizing photon energies were
tuned to selectively probe gaslution interfacial or solutin-bulk environments. Correspondingly,
for the valence region, experiments were performed at photon energiesedf 460 63V, thus
producing photoelectrons with KEs of ~180 and ~60@&V, respectively. As explained Bection
2.3, KE values of those magnitad respectively correspond tth rm (surface sensitive) and ath
(bulk sensitivé EALSs [150]. With a similar purpose, O 1s and Mns2p;; corelevel spectra were
recorded at photon energies of @8/ 1135eV (O 1s) and ~808V / 1251eV (Mn 22,119 in order

to sample photoelectrons fromh nm / ~4 nm pbing depths, respectiveValence and O 1s spectra
were recorded for both the sample of interest (Mg@and MnQ? g, solutions) as wil as from
reference solutionsee Section 3.2.Txcilitating a direct comparison between solution and solvent
only data as well as the identification and isolation of solute spectral features.

The secondarylectron background in the dateas treated by fitting and sequentiadiybtracting a

series of Shirley baselines to thé 20 eV, 20i 40 eV, and 40 90eV BE spectral regions. The
backgrounecorrected spectra were fit using a set of Voigt profile functions. The mathematical
expression of a Voigt profile allows for an appriate representation of inhomogenous broadening,
instrumental resolutioand lifetime broadeningontributions to the photoelectron signals (assuming
the photoemissiopeaks are inherently symmeljri¢-or 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 watgg (in valence band spectra) and @) 1m O

1s and Mn 2p spectra) BEluesof 11.31+ 0.04eV [94] and 538.1+ 0.1eV [227], as respectively
reported and generally adopted in the existing literagge Section 2)3BEs and peak widths at
FWHM were determined from average values extracted from fits to differemtsdéd, with the
associated errors corresponding to standard deviations. Fitting errors and the uncertainty in the water
1bigy BE value used to calibrate the BE scale were considered individually for each data set to
determine theeportederrors.

Solutin-solvent (reference) difference spectra were produced for the valence band and O 1s data.
The spectra were smoothed-d8int adjacentiveraging smoothing) before subtraction. This
methodology was applied as an alternative and complementary BE and peéakestigction
approach to the cumulative fit treatment described above. Consequleaiteak widths reported
throughout this thesis reflect inhomogeneous broadening due to the aqueous environment and the
beamline / analyzer combined instrumental resotutisee 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 theMrahd O kpre-
edges, recording-dimensional (2 Dphoton energy versus BE maps. Integration over the photon
energy scale in those maps produddgly-XAS spectra proxies of the transmissioaised XAS
spectra[166] (see Section 2.4)1The PE¥XAS spectra were used to determine resonant photon
energies corresponding to different ctwevirtual-valenceand coreto-partially-occupiedvalence
transitions(as in the case dfinO,%, seeFigure 2.2) involving Mn 2@212 and O 1scorelevel
electrons and thelOMO (in the MnQ?(q)case), LUMO, and LUMO + 1 valence electroithe

Mn Ly - and O kpre-edge PEYXAS spectra were fitising a set of Gaussian functions in order to
extract the resonant photon enerdies theMn L, -pre-edge data, aubic baseline was fit and
subtracted as a preliminary syejm the Mn L -pre-edgeexperiments, the photon energy scale was
calibrated using Voigt fits to theraterO 1g) spectra recorded using the fundamental and residual
second harmonic signal of the monochromatized beanfliimedifference between the central KEs
extracted from thee measurementiefined the experimental pton energiesin the O kpre-edge
PEY-XAS experiments, thevaterO 15,7 4& resonance at 5356/ [228] was used to calibrate the
photon energy scale.

In order to isolate participator and spectator Aulgaturesi as well as signatures of néwcal
autoionization involving solute and solvent molecules, as explaingedtion 2.4 higher signato-

noise ratio spectra were recorded at ez virtual-valenceresonant photon energy. The resonant
photodectron spectra were compared witthotoelectronspectra recorded at lowenff-resonant
photon energies (which wedevoid of resonant signal enhancemeritsgoff-resonant spectra were
subtracted from the corresponding resonant spectra, with the datp BlE smoothed (point
adjacentaveraging) as a preliminary step. The resulting difference spectra were fit using sets of
Gaussian or Voigt functiain order to extract the ergetic information associatedth the different
resonant signal enhancemeriise BE scale was calibrated using weter 1hg photoemission peak

from the offresonant spectra in both the RPES maps and haigpeatto-noise spectra.
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The content presented here has been adapted or directly extracted from the following publi¢afioriviudryk,
R. Seidel, B. Winter, I. Wilkinson, The electronic structure of the aqueous permanganate ion: agpbass
energetics and molecular bonding stigdl using liquid jet photoelectron spectroscopy, Physical Chemis
Chemical Physics (202@01:10.1039/DOCP04033¢ttps://doi.org/10.1039/DOCP04033A Published by the
PCCP Owner Societies. This work is licensed under the Creative Commons Attribution 3.0 Unportec
(https://creativecommons.org/licenses/by/3./

| haveco-designed and performed the experiments, analyzed and interpreted the data, and drafted the ci
presented in that publication. R. Seidwhs assisted durinthe experiments and contributed to thdata
interpretation and proofreading of the manuscript. B. Winter has participated in the initial experiments,
contributed to the data interpretation and progéading of the manuscript. I. Wilkinson hasdesgned and
performed the experiments and hsad andsupervised the data analysis, interpretation andnuscript drafting
processes.

This chapter presents and disa@s®sults obtained from XPS and RPES experiments performed
with MnOy (aq,) SoOlutions As describe in Chapter Iand illustrated in Figure 1. 1MnO4 aq)jiONsare

redox precursors of aqueous Mn speciéh ather oxidation states. These i@re strong oxidizing
agents at alkaline, neutral, and acidic @htl constitutea benchmarlcasefor electronic structure
calculations ofransitions metal complex¢s05, 108, 229]Therelatively highstability of MnOa in
agueous solutiorf36] allowed a comprehensive set tifjuid jet photoelectronspectroscopy
experimentdo be performedfrom probingits electronicstructure in relatively dilute solutions, to
investigating counteion, probingdepth, and concentration effecByimaryattention wagiven to
bulk-sengdtive spectra recorded frotm2 MNaMnQuagijand KMnQyagq)solutions a concentration at
which MnQy(aq) ions are expected to behave as hydrated, separated i@svithout ionpairing

with other MnQ aq.)ions or Néq.)0r K*ag)counter cation$ asconfirmedby the experimental data
presented ére 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 experifftalgs.

the use of dierent polarization geometries is generally adopted to probe photoelectron angular
distributions[150], favoring perpendiculaor magic angle electron analyzer orientations yielded
equivalent resultf.e. system energetic#) the work described heraith 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 distr[th66hns

The chapteis organizedn threesections Sectiord.1 reportsthe BEsextracted fronthedirect XPS
experimentsas well as the results and discussi@yarding thelepth and countefon dependence
of the BES(Sections 4.1.1 and #4.2). A moreinvolveddepth profiling study from 0.2 and1.0 M
NaMnQyaq)solutions is presented and discusse8lection 41.3 A comparison between the aqueous
phase BE values reported here with thasgsociated with solifil67] and gasphase samplgd75]
reported in the literaturis presented in Sectighl.4.Sectiors 4.2 focuseson the Mn2pz2/ 2py2and

O 1s RPES results, discussing electronic struckingyll) -O molecular bonding, and solus®lvent
interaction information extracted from intramolecular Auger andlocal autoionization processes.
A summaryof the key findings reported in this chapter is presented in Section 4.3
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Figure 4.1 shows a MO diagram farNaMnQq, Solution, showing the electronic structure of the

fully hydrated MnQ@aq)ion and N&q)counter ion, as well as that of the water solv@his MO
diagram willbe used as a reference when presenting the experimental data throughahaptas
Spectral features associatedth different MOs will be labelled as follows1) 1t;, (2) 4t/6a, (3)
1le/3t, (4) 5a, (5) 2b, (6) 4a, (7) 3a, and B, 9) 1t; (see Section 2.1.2 for detail$he vertical energy

scale displaythe BEs extracted from the budlensitive direct XPS and RPES experiments recorded

at 0.2M concentrationThe BEs associated with the 2e anghVitual valence orbitals (5.150.08
eV and 6.88 + 0.08V, respectively) were estimated by considering ttpeementally determined

BE of the (1t1)  * ionizing transition and the excitation energies extracted from fits to the first and third

optical UV/visible absorption bandas reported irSection 2.1.2, neglecting electron correlation

effects.
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Figure4.1. MO diagram oNaMinOyq)solutions
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MO diagram ofa NaMinOu(aq) solution. The Mn@@q)MO diagramwas alapted from the isolated molecule
diagrampresented inRReference$104]and[108] (seeSection 2.1.2or details)andscaled according to the
experimentalBEsdetermined from the liquid jet XPS and RPBSlk-sensitiveexperiments with0.2M
NaMnQyag) solutionsandfrom U\Avisible absorption masurementsasexplained in the textMO diagrans
for H:O (center) andNa'aq) ions (right) are shown for comparisqnbased on the data reported in thi
chapter andin References[21, 92, 94] Theenergetic information is referenced to the local vacuum leve

41 Di recemsona

4.1.1 Bulk-sensitive spectra

nt)

photoel ectron

Figure 42 shows 0.2M NaMnQaq)bulk-sensitive dat@purple curvesjecordedatthe outer valence
(panel A), inner valence (panel B), O 1s (panel C),Mn®ps./ 2p12 (panel D) spectl regionsat a
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regulated liquid jet temperature280+ 3 K. The spectra shown in panels A, C, andéde ecorded

at the P04 beamline at PETRA llI, while the spectrum shown in panel B was recorded at the U49/2
PGM-1 beamline at BESSY .IAs describedn Section 3.4.1photon energies @&35eV (panels A

and B), 1L35eV (panel C), and 1254V (panel Dwere used in order to samgikotoelectrons from

the solution bulki.e.from fully hydrated solute molecule8.05M NaClq)solvent reference spectra

(light blue curves) and the associated soluiolventdifference spectra (red curves) are additionally
shown in panels A C. The MnQ aq) Solute peaks are numberigdm 17 9, andwater and N&aq,)

peaks are labelled using Roman numefaits.to the MnQaq)and Néaq,) ionization features in the
difference spectra are highlighted with purple and black fills, respectively

25 T T T T T T T T LA L L L VLN
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Figure4.2. Solution bulksensitive spectra of NaMnfQq,

Bulksensitive XPS spectra (purple curves) recorded fronMONaMnQyaq,) Solutionsin a magic angle
polarization configuration0.05 M NaGl.)solvent reference spectra are shown for comparison (light t
curves). Solutiorsolvent difference spectra are shown in red. Mng)solute ionization signals are labelle
with numbers £ ¢ 9). Signals associated with the water solvent and th&h@ounter ion are labelled witr
RomannumeralsL y t |y $hexttcthe (efiir®st peak Vis used to denote gas phase signals. Pul
fills are used for Gaussian or Voigt profile fits (see Section 3.4 and explanation in the text) of solute
Counter ion fitsare shown in grey(A) Outer valence spectrum. The insets highlight valencedbgignal
contributions extracted from thesolutionsolvent difference spectrum (peak4-4). (B) Inner valence
spectrum.(C)O 1s spectrum. The inset highlights the solute O 1s signal extracted frasolthimn-solvent
difference spectrum(D)Mn 2ps2/ 2p12 Spectrum.

As discussed isection 3.4.1Gaussian 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 showim panels A and B in Figuré.2, with the exception of peak The MnQ (zq)core
level solute features shown in Panels C and D were fit using Vaidjtgs:

Fits to peakd 1 4 (panel A,outer valence regigrallowed the following BEs to be determinéu22

+ 0.08 eV (peal), 10.67 + 0.04 e\(peak2), 12.84 + 0.09 eV (peaB), and26.82+ 0.04eV (peak

4). Similarly, BEs 069.6+ 0.1eV (peaks) and 94.1+ 0.1 eV (peakb) were extracted from the inner
valence data shown in panel BaR1 wasassigned to élt;)?! ionization pocess, corresponding to
ionization of an electron from thHedOMO and thefirst VIE of MnOs (aq) The assignment of pesk

and3 wasnotas straightforward as for pe&kThe relatively large peak widths extracted feals 2

and 3 with respect to that extracted for pehlsuggests the presence of more than one ionizing
transition contributing to those signéls.e.the presence of two underlying signal components. With
the MO diagram shown in Figure 4.1 in mind, p@alan be asdoed toa (4t)* or (6a)* ionization
processSimilarly, peak3 can be assigned to a (& (3t)* ionization process. Hence, the features
associated with peak and 3 cannot be assigned unequivocally. However, the RPES experiments
provided additioal information to elucidate the nature of those spectral features, as will be shown in
Section 4.2While peaksl and 2 were reproducibly extracted frorfits to the solutiontsolvent
difference spectra, pe@d underlyingthe gagphase water Li{HOMO) ionization vibronic peakis
couldonly be isolatedrom data recorded under tight focus conditiahtheP04 beamlinat PETRA

Ill. The reduced spot size afforded at that beandlfeved spectréo be recordegvith minimal gas
phase signal conbutions

The MnQyaq)peals4i 6 were respectively assigned(&a)?, (2t) %, and(4a)tionizationprocesses.
The aforementioned features correspond to ionization from the O 2digdadbased orbitals and
the Mn 3p (20 and Mn 3s (49 Mn metalcenterbased orbitals. However, these orbitals are
hybridized, as wilbe shown and discussed3ection 42.

Peals 71 9 are associated with ionization from the Q(3a) and Mn 2p2/ 2puw2(1t:) corelevels in
MnOs (aq) as shown in Figure. A BE 0of 536.0+ 0.1 eV was determined for peak which was
assigned to é8a)* ionization process. This valueasl eVlowerthan that associated with the O 1s
(1a) feature of liquid watefpeak vii in panel C in Figure.2). The negative chemicahift is
indicative ofa higher MnQyq) O-ligand charge density that mdpe attributed to intramolecular
(ligandligand) and potential intermolecular (ligaagter) GO covalent bonding interéons. The
differential shifts observed between the O 1lyeal gas phase signdlgeak viig i in the sample
solution and aqueous reference spemtirsdue to changes electrokinetic and ionizatiemduced
charging effects with the liquid jet samplesBEs of 6509+ 0.1eV and 661.%0.1eV were
respectivey extracted for peak8 (Mn 2ps2) and9 (Mn 2py2), with BE values~12eV largerthan in
metallicMn [167, 172 230]. Here, the positive chemical shiéflectsthe formal Mri* oxidation state
of the MnQq)metal centre and its covalent bonding to the O ligands.

The BEs and peak FWHMs associated with the aforementibh®ds aq) Signals(1 i 9) are
summarized in Tabl4.1. The values shown there correspond to the avezagksextracted from
fits to multiple data sets recorded kquid jet temperatures of 2803 K, with the reported errors
corresponding to the standard deviations of the results liéflerent measrements Water and
Na'aq)BES and peak widths are reported in Table B results associated with the water signals
were extracted from cumulative fits to baselamgrected.2 M NaMnQq)valence spectneecorded

at a 635 eV photon energy andegulated liquid jet temperature of 28@ K, shown in Figure 4.3.
The results are in full agreement with those reportdRkiierence[21, 92, 94]
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Table4.1. MnOx4 aqybulk-sensitive BEs and FWHM peak widths

MnOs aq)BEs and Gaussian peak width components, F\d/ebtitacted from direct XPS experiments performed at a regulated lic
jet temperature of 28& 3 K. FWHM values were directly extracted from Gaussian fits for pelaks, while for peaks ¢ 9 Voigt
profile fits were adopted instead. For peékgiven is low intensity and spectral breadth, the FWH®ktracted from 0.2 M solutions
is supplemented with the peak width from fits to higher sigtmehoise ratio, 0.75 M NaMnfQq) solution data (reported in
parenthesis).

Label Peak Origin BE / eV FWHM:/ eV

1 (1ty)* 9.22 +0.08 0.8+0.1

2 (4t2/6a1)t 10.67 £ 0.04 12+01

3 (1e/3tx)* 12.84 £ 0.09 19+0.2

4 (5a)? 26.82 £ 0.04 21+0.6

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

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

8 (1)t 650.9+0.1 0.93+0.06

9 (1)t 661.9+0.1 1.0+£0.9

Table4.2. 2Oy and Né&q) bulk-sensitiveBEs and FWHM peak widths

H2Oy) and Néaq)BEs and FWHM peak widths extracted from cumulative Gaussian (vdlandgand Voigt profile (O 1s) fits to th
direct XPS spectra. The @ 2p BE was extracted from solutisolvent difference spectra. Entries in bold font highlight the
reference valuesised to calibrate the PES and RPES data BEs (See Secion 3.4.1).

Label Peak Origin BE / eV FWHM:/ eV
i (1)t 11.31 +£0.0494] 1.42 £0.03
ii-a (Ba)t 13.02 £ 0.05 16+0.1
ii-b (3at)? 14.46 + 0.06 1.6+0.1
iii (1)t 17.42 £ 0.04 2.32 +£0.06
iv (2a)? 31.04 +0.04 2.97 £0.02
v 2p 35.65 £ 0.04 1.25+0.08
Vi 2s 68.46 £ 0.04 16+0.1
Vi (lay? 538.1 0.1[227] 1.65 £ 0.03
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Figure4.3. Cumulative Gaussian fit to a NaMngy,)solution XPS spectrum

Cumulative Gaussian fit to a baselioerrected outer and inner valence spectrum recordeaim 0.2 M

NaMnQaq)at a 635 eV photon energyn a magic angle polarization configuratiospectralfeatures
corresponding to Mn@aq,) (purple), N&aq) (grey), and water (light blue) arlbelled following the
assignments explained in the text and shown in Ta#ldsand 42. The fit associated with peak was

highlighted inpurple and striped toindicate an overlap between photoelectron signals corresponding
the solute (5a@)*ionizing transition and electron enerdyss peaks associated with water (tband (3a)*

photoelectrons. The additional striped signals at nominal BEs of 33 eVl1aaWd are similar energpss
peaks primarily associated with water gband (2a)* photoelectrons, respectivelj@2].

4.1.2 Solutiongas interface and countien effects

Surfacesensitive experiments wererfimed in order to ascertain whether incomplete interfacial
hydration hasany discernibleeffects on the ektronic structureof MnOs(aq) Figure 4.4 shows
surfacesensitive spectra recorded frddr2 M MnOs (aq) Solutionsusing 150 eV (outer and inner
valence panel A), 688 eV @/O 1s panel B, and 800 eV (ktMn 2p, panel G photon energies
Peaks were labellecbnsistentlywith the bulksensitive data presented in the previous seciiba.
spectra shown in panels A and B were recorded at the U49/2 Ptddmline at BESSY Il under
ambient temperature conditions, while the spectrum shown in panel C was recorded at the P04
beamline aPETRA Il at a regulated liquid jet temperature2@?7 K Comparison between data sets
recorded at temperatures in the + 20°C range confirmed that variations in sample temperature
have no detectable effect on the extracted BEs under the appliedrexyal conditionsln panel A,

the dropin the spectrometetransmissiorefficiency at low KEs (<100eV)andthe relatively high
secondaryelectronbackgroundyield preventedesolutionof peaks4 and5. Hence outer(panel D)
andinner(panel Elalencespectravereadditionallyrecordedataphotonenergyof 225eV achieving
more uniform collection efficiency over the spectrum, which facilitated the determinationtioé
MnOs aq) 5at (peak4) and2t,! (peaks) BEs. It wasnot possible however to extractthe MnOg (ag)

4.t (peak6) BE from anyof the surfacesensitiveXPS measurements.
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Figure4.4. Surfacesensitive spectra of NaMn£q,

(A) Outer and inner valence spectrum recorded at a 150 eV photon energynagic angle polarizatior
configuration B)h ma a2t dziS FyR a2t @dSyi NBFSNByOS alL
peak label denotes an apparent solute signal thatesigkly arises in the surfas®nsitive direct XPS dat
and is ascribed to the slight increase of the liquid water O 1s peak (peak vii) width in the solution ver
aqueoussolvent reference spectrgC)Mn 2p spectrum recorded at a 800 eV photon ener@) Outer
valence spectra recorded at 225 eV photon ene(g)Innervalence spectrum, displaying thez2solute
ionizing transition (peak) recorded at a 228V photon energyThe 4a’ signal (peal6 in Fig. 3 in the mair
text) could not be isolated in the surfasensitive spectra. The signal at ~87 is present in both the
solution and solvent spectra and appears to be an artefact associated with the analyzer lens table.

The increased ggshase gjnals at 15@V with respect to 638V 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 speistréor example,
prevented the determination of a p&BE. In the O 1s solutioisolvent difference spectrum an
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additional peak arises with respect to the fadksitive data at a BE of ~538 eV (peak marked by a

A in the i ns e tapparentdolbteionkationdeaterd likely Griginases from a slightly
larger liquid water peak vii (O 1s) width in the surfaamsitive MnQaq)Spectrum with respect to

the corresponding water reference (50 mM Naglspectrum. Another explanation uld be the
presence of an additional solute peak. However, in contrast with fitting the difference spectra,
cumul ative Voi gt profile fits to O 1s spectra
(peak 7). Both of these interpretatis can beassociated with a broader range of hydration
environments being sampled at the aquegassinterface and/or a reduction of the solute molecular
symmetry at the interfad@31]. The first explanation seems more likely gihat no solutiorgas
interfacial effect were discerned in the valenband surfacesensitive spectra.

Overall, the surfacsensitive data was found to be very similar to the-salksitive data, except for

the different relative intensities of most oktpeaks. This largely reflects the changes of relative
ionization cross sectionat the different photon energies, although smaller effects due to
photoelectron elastic scattering occur as wehalysis of thesurfacesensitive spectraevealed

similar results to those reported from btdknsitive measurements in Table 4.1, showtimaf
potential incomplete hydration at the interface has too small an effect to be detected in the experiments
performed hereThis suggests that (on averadf)Os g presents similar molecular structure both

in the aqueous bulk and at the solutigas interface, at least at O/2concentrationThe MnOy (aq)

BEs extracted frorfits tothedata presented in Figure 4.4 are suwamized in Tablél. 1 in Appendix

l.

Figure 4.5 shows outer valence (panel A), O 1s (panel B) and Mn 2p (pasetf&@esensitive
spectra recorded from 0.22 £ 0.0PKMnO4(aq)solutiors. Given the relatively low solubility limit of
KMnQO4[232], the liquid jet temperature needed to be s&reratures in thg871 303K rangein
order to achievetable liquid jet conditions durintpe acquisition timeThiswasrequired to achieve
sufficient signalto-noise ratio over a 5 45eV BE rangeThe loneextractable Kaq)counterion
feature, 3@, is highlighted in the left inset of panel A, labelled as peakarididentified by a green
Gaussian profile associated with a fit to the soluiolvent difference spectrum.

The KMnOaaq) Spectra are comparable to the NaMg@Qdata shown in panels-8 in Figure 4.4.

BEs extracted from data such as that shown in Eigus are reported in Table 4.3. Comparison of
the KMnQyaqyand NaMnQq)results showed that a change in couarhas no discernible effect

on the extracted electron BEs. This result highlights M4 aq, andNa*(aq)0r K*@ag)counterions
similarly (and likely fully) dissociate in ~0 aqueous solutions and that the anions and cations are,
on average, similarly welleparated at the aqueeges phase interface.

As discussed in Section 2.3.4, the high photon energies associated withetteviiual valence
energy gaps in the RPES experiments ensures-solliion sensitivityin those experiments
Consequently, bulsensitive RPES results from 0.6BKMnOaq)solutions can be compared to the
NaMnQyaq)bulk-sensitive BE information ported in Section 4.1.1 in order to assess the effects of
the counteion on the bulk electron energetics. The results from such experiments are shown in
Figure Al.4 (and reported imable Al.3,with the peaks labelled with numbers) in Appendix he
aforementionedMnOa@nq)RPES and NaMngq)bulk-sensitive XPSlata comparison indicates that

the different counter ions (Nay)/ K*@q) Cations) are inconsequential for the MnQ)solute BEs
extracted at 0.21 concentration in the bulk of the salut. This highlights that (like at the aqueeus
vacuum interface) MnQaq)andNa'(aq)or K¥agycounterions fully dissociate in bulk ~0 & agueous
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solutions and that the anions and cations are on averagsepalated in the aquedslk (in
contrast tgorevious reports regarding partial aqueous dissociation of permanganat233jlts
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Figure4.5. Surfacesensitive spectra of KMn#Qq,)

(A)Outer valencepectrum recorded at 150 eV phot@mergyin aperpendicular anglpolarization configuration
(B)O 1sMnQ+-ag)and waterreference spectra recorded at 688 eV photon enef@yMn 2p spectrum recordec
at793S+ LK 2 G2y [esk&idbel datnsat d BinekB denotes an apparent solute signal that exclus
arises in the surfaesensitive direct XPS data and is it to the slight increase of the liquid water O 1s pe
(peak vii) width in the solution versus thgqueous solvent reference spectruirhe solute anion and cation (pe:
viii) signals are illustrated by brown and gndis, respectively.

Table4.3. KMnQyagysurfacesensitiveBEs anénd FWHM peak widths

MnOy ag)Solute BEs and associated Gaussian peak width components, EWktMcted from KMngq) surfacesensitive direct XP¢
experiments.The values associated with features 7 and 8, were extracted from Voigt profile fits

Label Peak Origin BE / eV FWHMs/ eV
1 (1ty)* 9.29 £ 0.07 0.75+0.06
7 (3ay)* 536.2+0.1 1.59+0.01
8 (1)t 650.8+0.1 1.11+0.04
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4.1.3 Depth profiling and ancentration effects

In order to assesghetherMnOy aqions have a tendend¢y remainin the bulk of the solutiorat the
gassolution interfacepr whether they are haygeneously distributed) 1s spectra were recorded
from 0.2M and 1.0M NaMnOxq)S0lutionsas a function gbhoton energy and, hence, probing depth
Spectra were recorded at the P04 beamline at PETRAn Ihear magic angle polarization
configuration[150], usingfive different photon energies: 6&%, 838eV, 988eV, 1138eV, and
1288eV. Considering th#®nO4 2O 1s BE(peak?) value reportedh Table 4.1 the aforementioned
photon energies resga@ly correspond to ~156V, ~30eV, ~450eV, ~600eV, ~750eV KEs. The
lower and higheskEs correspondo estimatedrobing depthef 1 nm and 5 nm, respecétly [150]
(seeFigure2.7 for details.

The spectrare shown irFigure 4.6n panels A(0.2M concentration) an& (1.0 M concentration).

The inses in the Figures highlight Voigt profile fits to tHénO4s g O 1s signalsextractedfrom
cumulative fitsto the spectralhe MnO4 aq)O 1s BE extracted from the (M2 and 10 M spectra did

not change within the experimental uncertainties and uncertainty in the calibration of the BE scale.
Thedatawasintensity normalized to the water Qgli®nization feature at 5384V [227], assuming

that thie probed concentration of water is constant at all photon enarglggobing depth3 he gas

phase signalk observed to decrease with increagihgton energy (and condensed phasbing

depth.

Within the experimental uncertaintiest 0.2 M concentration, the intensity of ti®O4 O 1s
signal seems to remain constant as a function of photon en&gys(the probing depth increases
from ~1 nm to ~5m). Panel C shows that at IMdconcentation, the Mn@ O 1s signal intensity
significantly increases in the 988L288eV photon energy rangethat is, for probing depths in the
~217 4nm range suggesting notfinear anion accumulation in the bulk of the solutioa. @way

from the gassolution interface). At 0.2 M concentration, the existence of a similar behavior to that
observed al.0 M concentration can not be confirmed due to the large errors asssociated with the
determination of the peak areas. Consequently, the results preisetitisdsection seem to suggest
that MnQ g ions tend to accumulate in the bulk of the solution and away from theogasn
interface, potentially in both dilute and concentrated solutions. Alternatively s Mmons could be
homogeneously distruted in solution at 0.R1 concentration, with notinear 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 éorthe surface tension of

water In general, the presence of inorganic ions in aqueous solution increases the surface tension of

water, while organic ions have the opposite eff28d]. Theincrease in surface tension due to the

presence of inorganic solutes can be explained by theemee of solutsolvent polarization
interactions and hydration ef f efoomshe dassadutionr esul t [
interface[235]. In dilute solutions, the surface tension of water increases linearly with the ion
concentration in the bulk of the solution, with Horear effects being present at higher concentrations

[234. The trend obsertvyedv erns ush ep hbostiogn ad nerngyen/sipr obi
in panel Careconsistent with these phenomena.
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Figure4.6. Depth profiling of 0.2 M and..0 M NaMnQyag,)solutions

O 1s spectra recorded from 0.2 () and 1.0 M (B)NaMnQyaq)solutions as a function of phon energyin
amagic angle polarization configuratiomhe insets highlightoigt profile fits to theVinOs'aq)O 1s signals
from cumulative fits performed to the spectréC)Plot of MnOsaq)O 1s signal peak area extracted frc
the aforementioned fits as a function of photon energy @2 M (purple) and1.0 M (red) NaMnQyag.)
Fitting errors are indicated byertical lines.
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Overall, he depth profiling experiments explored the ion distribution in solution, potentially
providing insight into the effect of MnQyq,)in the surface tension of water, botmaideratelydilute

and relatively high concentrationr&n understanding of such effects is relevant fordegradation

of organic compounds, whelnOx aq)ioNns are used as oxidizing agents in combination with anionic
surfactant$236].

4.1.4 Electronic energeticarnparison across phases

Starting with the aqueous / solthase comparison, the BEs respectively extracted fromsdpO
(Table 41) andcrystallineKMnO. [167] samples need tioe broughtonto a common local vacuum
reference level to be properly compared. With that aisalia-state work function of 5.3 e{167]
(assumed to be a KMn@rystatfaceindependent valugl42]) was considerednd added to the
Fermilevelreferences solid state BEAs a result, the inner and outer valence BEs are found to be
0.0-0.4¢V larger in the solid phase compared to the aqueous phase. Following similar energetic
reference considerations, thil 2p and O 1s corlevel BEsarefound to beshifted by-0.1+ 0.1eV

and +0.2£ 0.1eV in the solid phase with respect to the aqueousepfiie shifts observed for the
valenceband spectral region can be interpreted as the result of a lower degree of dielectric screening
in aqueous solution compared to that provided by a crystalline environimewidition, thealmost
negligible shifts oberved for the core levedge an indication of similarly netcreened local charge
distributions across the two phases.

For the aqueous / gashase comparison, th{ét;)*/ HOMO™ VIE of isolated Mn@ reported in
Referencd175] relative to vacuunis considered, being4.3eV lower compared tthat determined
for the aqueouphase ion (peakin Table 4.). Thiscomparisorhighlights that thgas phase Mn©®
ion is sigificantly ss stable with respect to ioaiion than the aquesand soligphase speciebkely
as a result of then being stabilized by the aqueous sohamtrystallattice

42 Reson&mdrnoed photoelectron spectro

This section presentesults fromMn 2pz, Mn 2p12 and O 1sRPES experimnts perfomed with
0.2M NaMnOy@aq,) solutions. These experiments allowed intramolecular Auger processes to be
identified and applied to complement the ba#asitive electronic gicture informé&on reported in
Section 4.1.1Furthermore, theprovided insight into the hybridized nature of the valence electronic
distributions inMnQOa4 ag. In addition, the Ols RPES data revealed the occuceeiof nonlocal
autoionization(particularly, ICDprocesses following soft-Xay excitation of the Mn@Qaq,)ion). The

data was recorded at a regulated liquid jet temperatiz@0af 3 K.

4.2.1 Mn 2psintramolecular Augeprocesses

Figure 47 showsa Mn 2p,RPES map (panel A, left) arde associated PEXAS spectrum (panel

A, right) recordedat the U49/2 PGM. beamline at BESSY .lIThe dashed lines indicate the
(resonant) photon energies at which two Ma-2reto-virtual valence transitions occurhe peak
photon energies were detgned to be 643.4 + 04V (Resonance |, red dashed lines) and 645.7 +
0.1eV (Resonance Il, blue dashed lines) froocuenulative Gaussian fit to the PEXAS spectrum
(see Figur\l. 1, left panelin Appendixl).
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Figure4.7. Mn 22 RPES spectra from Mn@,) solutions

Mn 2p2 RPES data recorded from O/ NaMnQq,) solutionsin a perpendicular angle polarizatio
configuration.(A) RPES map (left) and REXS spectrum (right}B)As meaured Mn 2p2h H'S NB
spectrum (red)(C)As measured Mn 2p My préisonant spectrum (blue). A spectrum recorded at an «
resonant photon energy (black), and devoid of resonantly enhanced signals is shown in panels E
Participator Auger sitals are labelled with numbers and spectator Auger signals are labelled with le
The BE scale is suitable for the identification of participator Auger process and a comparison with thi
XPS results reported in Section 4.1.1. For the assignnfespertator Auger signgls KEscale ismore

appropriatec as will be implemented in the resonanff-resonantdifferencedata presented irfFigure 48.
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Based on the energeticextracted from the U\Wisible absorption spectra (Figure 2.3) and
assignmentsf similar features reported by Reinettal. from similarexperiments with solighase
MnOy ions[174], the aforementioned resonances were assigned asavivi & and Mn 2p,Y 5t,
respectively. Panels B and C show highiginalto-noise ratio spectra recorded over an extended BE
range at the Resonancéphnel 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 offesonant photon energy of 688 (which is devoid of res@mtly-enhanced signals)

is shown on each panel for comparisbnorder to precisely extract the energetics of each of the
resonantlyenhanced processes, the-i§onant spectrum was subtracted from the resonant data
shown in panels B and C (sBection 34.2for details). The resonawff-resonant difference spectra

are shown irFigure 4.8.
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Figure4.8. Mn 2ps2 resonantly-enhanced signals fror.2 MMnOs @ag)solutions
Resonance | (Mn 2pTh H S 0l (Mny2R2 p RPES difference spectra produced from the raw ¢

shown inFigure 4.{panels B and C, respectively). Participator Auger signals are labelled with numbe
spectator Auger signals are labelled with letters.

Two participator Auger signals were identified in the spectra showigures 4.7 and 4,3abelled
as3-aand5. The numbers used to identify these signals refer to the labels shdablé4.1 While
peak3-a dominateghe Resonance Bpectrum&nd tte RPES map shown in Figure 4.7 as a whole
it is either too weak to be identified or not present in Resonance |. In congak§ [ present
following excitation aboth Resonances | and II.

Cumulative fits to the data shown kigure 4.8(seeFigure Al.3 and Table Al.2 in AppendixI)
allowed a electronKE of 633.0+ 0.1eV 1 which correspondto a BE 0f12.66+ 0.04eV 1 to be
extracted for the participator peala. With theMO diagram shown ifrigure 4.land thedirect XPS
resultsreported inTable 4.1in mind, this featurevasassigned to ak-(1e/3t)5t, participatorAuger
process involving the photoexcited &irtual valence and onar both of the 1e and 3buter valence
molecular orbitalsThat is, a resonantly enhanced signal of thg’(br (3t)* ionizing transitions.
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This spectral featureorrespondinghhighlights theMn-character othe 1e andor 3t; orbitals Upon
comparison of the FWHMVvalue extracted forpeak3-a (0.83+ 0.04 eV) with that reported for
feature3in Table 4.1(1.9+ 0.2eV), the broader peak width of the direct XPS results suggests that a
single ionization channel is enhanced at Resonance Il (confirming thaB petide direct XPS data

is indeed formed by two underlying components, as stat8ddtion 4.1.1)Information from the O

1s RPES data thaiill be presented in Section 4.2:s required to identify thepecificMO involved

in this participator Auger processs will be discussed in Section 4.2r8addition, thé.77+ 0.03eV
FWHM Lorentzian compeent(of a 1.32+ 0.01eV total FWHM peak widthextracted from & oigt
profile fit to peak3-a in the Resonance Il data revealsignificant lifetime broadening contribution

to the totalpeak width This broadening is likely theesult of constructive interference between the
direct 1€! or 3t ionization channels and the respectivie-1e5t, or Li-3t;,5t2 participator Auger
channels. Given that channel interference occurs during the average MiB g, corehole
lifetime, spectral broadenings of ~0e¥ [237] are expected to beeflected onthe (coherently)
resonantly enhancedutpreedge peak widthsThe greater (0.7% 0.03eV) lifetime broadening
contribution observed here suggests a shorter than averageshoghole ifetime in MNQy (aq)
Similar peak width results have been reported in RPES experiments carried out in the crystalline
phasdq174].

The second patrticipator Auger feature, péaloccus at KEs 0f583.9+ 0.1eV (Resonance land
585.6+ 0.1eV (Resonance Il), withssociate@Es 0f59.5+ 0.1 eV and 60.% 0.1 eV, respectively.
Considering the Mn@.q)BE reported for peak from the diect XPS experiments (sé&able 41)
this signalis assigned as a resonant enhancement of $f{®1at3p) inner valence ion&ion feature,
i.e.Li-2t,2e(Resonance kndL-2t;,5t; (Resonance lIparticipator Augeprocesses

Finally, the absence of arly, or 4t orbital participator Augefeaturesn the 9.0i 10.5eV BE region
confirms the predominant-Charater of these signals and the assigned molecular kabita

The spectator Auger signals (labelled @8 d in Figures 4.7and 4.8) are observedboth in the
Resonance | andesonance Il datavith relatively constant KEs at both resonancesefglained in
Section 2.3.3the KE of equivalent spectator Auganocesses remains constant and indeperatent
the resonant photon energyhe assignment of each of these specttmyerfeatures was made by
consideringhe BEs determined from the direct XPS experimgmtsented iMTable 41. Featuresa
andb are bothmade up of two or more peakehe main features shoawerageKEs of627.1 + 0.4
eV (peaka) and 576 + 1 e\{peakb). While peaka wasattributed a_;-V,V spectator Auger process,
peakb was assigned aa Lii-2t;,V processinvolving the MNOys aq) 2t (Mn 3p) electronsThe
relativelyweakc andd spectator Auger signals occurkdes of 565.7+ 0.8eV ard 544.2+ 0.1eV,
respectivelyPeakc wastentatively assigned @L-2t,,5a spectator Augeinvolving MnNOx (aq)2t2
and5a inner valenceelectrons. Bakd was assigned asla-4a,V processinvolving 4a (Mn 39
inner valence electrons and outer valence electidns

Regarding the origiof the valence electrons involved in the spectator Auger pregassociated
with featuresa andb, the energetics suggestolvement ofany of theMn-O bonding 6g 1e,and/or

3t,outer valence orbitalsvhich showMn-chaacter, as explained Bection 2.12). In addition given

that the 6aorbital is predicted to have significant Mn 3p chara¢i®d] i unlike the 1e and 3t
orbitalsi peakb may be attributed to aul-2t,,6a spectator Auger process

The assignment of featucesuggests electronic coupling between the inner valea¢®at3p) and
5a (O 2s) orbitals and the 2e and @irtual valence orbitals, highlighting that the Ndased 2tand
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O-ligand-based 5aorbitals are hybridized. Together with featlrepeakc is indicative of outer
inner valence electronic couplingimilarly, peakd highlights electronic coupling and hybridization
of the Mn 3sorbital with the valence manifold. Furthermore, taking into account thesMn@a

(Mn 3s) BE fromTable4.1 and negleting electron correlation effects, a BE of ~12.5 eV is expected
for the valence orbital involved in theg,t4a,V process. This B value is consistent with those
extracted from peakB (direct XPS,Table 41) and3-a (participator peak)suggesting a l-4a,le
and/or Ly-4a,3t process occurs, thimghlighting the Macharacter of all the involved orbitals.

Theresults extracted from the Mn 2pRPES dataare summarized in Table 4 AverageBE and
FWHMg¢ values ofthe participator Auger peaks deténed from the Resonance | and Il data
presented here are shown in the top panel of the table. Similarly, akétagéthe spectator Auger
peaks are listed in the bottom par{8eeFigureAl.3 and TableAl. 2 in Appendixl).

Table4.4. MnO4aq)Mn 2ps2 RPES participator and spectator Auger signe

Assignments of the Mn 2p RPES participator and spectator Auger signals associated with data shown in Figures 4.5 and
reported values correspondotthe main featurd Q | @S Nand @poré® BEsgxtracted at bothresonances where sucl
enhancement was observed.

Participator Auger

Label Assighment BE / eV FWHM:/ eV
3-a (1e or 3t)* 12.66 £ 0.04 0.83 +0.04
5 (2t)? 59.8 0.4 2.6+0.6
Spectator Auger

Signal Assignment KE /eV

a L-V,V 627.1+0.4
b Lu-2t2,V 576 +1

c Lu-2t2,5a 565.7£0.8
d Lu-da,V 544.6 +0.1

4.2.2 Mn 2py.intramolecular Auger processes

Figure 4.9shows a Mn 2, RPES magpanel A, left)andthe associateBEY-XAS spectrum (panel

A, right) recorded at the U49/2 PGMbeamline at BESSY .ISimilar toFigure 4.7in the previous
sectionMn 2piY 2e and Mn 2p,Y 5t resonant spectare shown in panels B and C, respectively.
Resonant photonnergies 0f654.2 + 0.2V (Resonance l)Ipink dashed lingsand 656.& 0.2eV
(Resonance IVlight-green dashed lingsvereextracted froma cumulative Gaussian fit to tiREY-

XAS spectum (see FiguréAl. 1, left panel in Appendix)] An off-resonant spectrum recorded at a
lower photorenergy of 63&YV (i.e.a spectrum devoid of resonant signal enhancements) is plotted in
panels A and Bor comparisonThe associated Resonance Il and IV diffeeegpectra are shown in
Figure 410.
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Figure4.9. Mn 2p2 RPES spectra from Mngy) solutions

Mn 2p2 RPES data recorded from O/&2NaMnQq,) Solutionsin a perpendicularangle polarization
configuration (A) RPES map (left) and REXS spectrum (right)B)As measured Mn 2p H' S NEB
spectrum (pink)(C)As measured Mn 2p Iy présonant spectrum (light green). A spectrum recordec
an offresonant photon energypf 6380 eV (black), devoid of resamtly enhanced signals, is shown
panels B and C. Participator Auger signals are labelled with numbers, and spectator Auger sig
labelled with letters.The BE scale is suitable for the identification of participator Auger process ¢
comparisonwith the direct XPS results reported in Section 4.1.1. For the assignment of spectator
signals a KE scale is more appropriaas,will be implemented in the resonanff-resonant data presentec
in Figure 4.10.
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Figure4.10. Mn 2puz resonantly-enhanced signals from Mn@q)solutions

Resonance Ill (Mn 2pM v S0 | ¥ Rl #) BPESHifferdnte spectra produced from the raw ¢
shown inFigure 4.9panels B and C, respectivelyarfitipator Auger signals are labelled with numbers ¢
spectator Auger signals are labelled with letters. The®8B80 eV KE region highlighted in yellow indica
an areawhere over and undersubtraction of the offresonant spectrum from the resonanpsctra
resulted in sharp features that oscillate around zero in intensity, thus preventing the isolation of reser
enhanced Mn®@g@q)Auger features withithis KE range.

In contrast to the Mn 2presonant data, only a participator peak associated with an enhancement of
the MnOy aq) 2t electron ionization signal (peak with a KE of 596.1+ 0.2eV and a BE of
59.9+ 0.2 e\) could be extracted from the Mn2RPES data (in particular, from Resmmce V).

In this case,ite assignment aftherparticipator Auger signals wagnerally impeded by oveand
undersubtraction in the640-650 eV electrorKE region of the difference spectra, whevalence
participator signals might be expecigée the yellow overlay iRigure 4.10.

Two spectator Auger featuréssimilar to those observed in the Mnsgpesonant datand labelled
asa andb in Figures 4.7 and 4.Bare present. The spectral signatumasbroader at Resonance Il
and IV compared t®esonance | and.IThis observation is explained byglaater average corbole
lifetime for Mn 2p,2 with respect to Mn 2 (~0.7fs versus~1.8fs, respectivel\j237]). In addition,

at the higher photon energies asated with Resonances Ill and 1€psterKronig processef238]

i Ly-LwV in relation to featura and Li-Lyi,2t in relation tofeatureb 1 become accessible. These
signals are observed as lower KE tails in the spectra argpactrally shiftedo lower KEs by the
1t spinrorbit splitting energy, ~10.8V. The 157 30eV span of featur@ suggests a significant
delocalization of the virtual valence electrons within thefsutbrehole lifetime. The assignment of
featureb shows the hybridized hare of the Mn 2p (2} atomic (inner valence molecular) orbital.

The participator andspectator Auger peak assignments associattd Rigures 4.9 and 4.1@re
summarized iMable 4.5 (See Figumsl.3 and TableAl.2 in Appendix | for details).
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Table4.5. MnO4@aq)Mn 2py2 RPEParticipator andspectator Auger signals

Assignments of the Mn 2p RPE®articipator andspectator Auger signals associated with data shown in Figures 4.9 and 4.1!
NBLRZ NI SR g t dzSa 02 NNBa Lk y RandirgporieKBE)Xfacted/at bBtS fesbruan®sa Q | S NI 3
Participator Auger

Label Assignment BE/eV FWHMs/ eV

5 (2)? 599+ 02 41+04

Spectator Auger

Label Assignment 1 Assignment 2 KE / eV

a L-V,v - 636.6+ 0.2
Li-Lu,V - 631.0+ 0.4
Li-5a,V - 622.6+ 0.2

b L2tV - 585.2+ 0.3
Li-Li,2t2 L-2t2, 5a 576.5+0.2

4.2.3 O lsintramolecula”Auger processes

Panel A inFigure 4.11shows a O 1s RPES map (left) and the associated¥Syspectrum (right)
recorded at the U49 PGM1 beamline at BESSY .IResonant photon energies of 528.5 +é/1
(Resonance Vorange dashed lightand 530.0 £.1eV (Resonance Vlolive green dashed lines
were extractetfom the latter gee Figurd\l. 1, right panel inAppendixl). Panels B and C show high
signatlto-noise resonarspectra recorded at Resonance V and VI, respectively, as wéHrasonant
spectra plotted for comparisanThe resonanbff-resonantdifference spectrare shown inFigure
4.12.

The Auger signalpresent inthe Resonance V and VI RPE&taoriginatefrom photeexcitation
from the Gecenered core ligand orbitals into unoccupiedtahdigand antibonding orbitalis O 1sY

2e and O 1¥ 5t,, respectivelyGiven the norbonding, predominant O 2p character of theaftl
4t, orbitals[104, 105]participator Auger signals are expected in th&19eV BE range (se€able
4.1). However, photoelectron features ihis spectral regiotikely overlap with beamline second
harmonic artefact signl s ( pe ak s rRigures .1 arldl y.)2th thé Resonance V data,
the participator Auger decay channel associated with tHdQt(K-2e1t; process) is expected to be
superimposed on the beamline second harmonic artefasever thissignal can be discerned from
the O 1s RPES map shown igure 411, where ®.2+ 0.1eV feature is highlighted over-el eV
photon energy regioim the vicinity of Resonance V.

In theResonance VI data, the lower KE shoulder to the secamddnic artefact signal (labelled
peak2-ain Figures 4.11 and 4.)#%vasresdved at a KE of 520.% 0.1eV (correspading to a BE of
9.85+ 0.08eV) and assigned as Ka-4t,,5t; participator Augemprocess.The identification of this
participator Augesignal allowed the determination a®.85 + 0.08 eV BHor the 4t;! ionization
channellt is important to note thiSE may be biased by owsubtraction of the offesonant data,
and the BE value reported here represents a lower limit of the true Vatugelatively narrowidth
(0.7+ 0.2eV) of peak2-a in comparison to the pedkfeature extracted from the direct ¥Results
(1.2+0.1eV at FWHM seeTable 4.} leads to the conclusion that peakndeed consist of two
overlapping components, as mi@ned in Section 4.1.1.hIs inference is further supported by the
solid-phase KMnQexperiments reported by Reinettal in Referencg¢167].
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Figure4.11. O1s RPES data from Magy,)

(A)RPES map (left) and REXS spectrum (right)B)! & YSIF adzZNER h mM& I HS |
(C)As measured Mn 2p Iy  préisonant spectrum (olive green). A spectrum recorded at amesidnant
photon energy (black), devoid of resonantly enhanced signals, is shown in panels B and C. Participat
signals are labelled with numbers, and spectator Auger signals are hheille letters. The asterisl
indicates a signal arising from ionization with the unfiltered second harmonic of the beaffiie&E scal
is suitable for the identification of participator Auger process and a comparison with the direct XPS
reportedin Section 4.1.1. For the assignment of spectator Auger sigaidsscale is more appropriatgs

will be implemented in the resonasdff-resonant data presented iRigure 4.12The data wasecordedin

a perpendiculapolarization configuration
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Figure4.12. O 1s resonantly enhanced signals from Mig)solutions

wSaz2yly0S = 6NnO Mo pRRPESfferenyefdpectra producedifrine raw data shown
in Figure 4.11panels B and C, respectively). Participator Auger signals are labelled with humbe
spectator Auger signals are labelled with letters. The asterisk indicates signals arising from ionizati
the unfiltered second harmonic of the beamline.

Finally, two additional potential participator Augeatures areobservedt516.3+ 0.1eV KE in the
Resonance V da@ndclose to 51&V KE in the Resonance VI data. In the first case, the stated KE
corresponds to BE of 12.18+ 0.05eV. With the assignments peak3 and pealk3-a in mind, this
featurecould potentially bessigned aa selective Kle5t, processwith peak3-a correspondingly
being attributed to a selective, 3t,5t, participator Auger procesdience, a le BE value of
12.18+ 0.05eV and a3t; BE value of 12.6& 0.04eV (peak3-a) can be tentatively inferreth the
second case, theb38eV KE featuremay be linked to a l--5t,,6& participatorchannel. However,

the KE and widthof this peak could ndite reliably extracted due to the I@ignal intensity and the
oversubtraction of the offesonant spectrum in this regio&kiven that the ~518V and
516.3+ 0.1eV potential participator peaks mentioned in this paragraph could be alternatively
attributed to spectator Auger processes, ttdvidual 1le and 3tBEs cannot be determined
unambiguously

Regarding thepectator Augr signals, labelled asi i in Figures 4.1-and 4.2, similar features are
observed iboth the Resonance V and VI data. Peagans th&Es of 505/ 519eV andconstitutes
a manifold/convolution of far or more components with ~2Y substructure sparations. This
multi-component feature wassigned tanultiple K-VV spectator Auger processdssimilar result
has been reported frosolid state KMNnQ RPES dat§l74]. Signalsf i i aresignificantly broadened
with respect to the subomponents of sign& KEs 0f498.3+ 0.5eV, 495+ 1 eV, 490.1+ 0.2eV,
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ard 475.7+ 0.2eV wererespectivelydetermined for peakls g, h andi (see FigureAl.3 and Table
Al.2 in Appendixl). Considering the 5BE determined from the direct XPS experiments {sdee
4.1), suchKEs would seem to béndicative ofK-5a,V spectator Auger processes/olving the
MnOs (aq) NONbonding inner valence 540 2s) electronsAs a result, BEs 0fl0.9 + 0.5 eV,
14+1eV, 19.1 £ 0.2 eV, and 33.5 + 0.2 eV are estimatedpfmals f, g, h andi, respectively
(neglecting electron correlationyhese estimationwould lead to possible assignments of pegks
and g as Kba,(4t/6a) and Kb5a,(le/3t) intramolecular solute spectator Augerocesss
respectively However, he asignment of peakis andi, based on similaconsiderationsis more
challenging. Fopeakh, there are no solute BE&thin £6 eV of the expecteD19 eV nominal BE
of a 5a specator Auger partner electroRor peaki, the closet match to its energeticsaK-5a,5a
process that would be shifted by more than 6 eV to higher KE in comparison torsiegénce
electronc structure expectationsh&se assignment challended tothe consideration alternative,
nonlocal corehole relaxation mechanismavolving seondary electron emission fromsolute
neighboringwater molecules (i.e. ICD) to explain the energetics geaksf i i. Such secondary
electron emission channels aiscussed in the following stdection.

Theresults extracted from th@ 1s RPES datapecifically those attributable to intramolecular solute
processesare summarized in Table 4.Average BE and FWHMlvalues of the participator Auger
peaks determineddm 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 parég(&ee

Al.3 and Tabl&l. 2 in AppendixI).

Table4.6. MnQy(aq)O 1SRPES participator and spectator Auger signe

Assignments of the O RPES participator and spectator Auger signals assdoidta data shown in Figures 4.11 and 4.The
reported values correspondtothelmA y F S+ (1 dzNBa Q | (bbtiNdesandnces dhiere SuEhehianOdimSriRwak dbsery
Participator Auger

Label Assignment BE / eV FWHMs
2-a (4t)* 9.85+ 008 0.7+£02
3-a (le or 3)* 12.66+ 004 0.83+ 004
Spectator Auger

Label Assignment KE / eV

e (main feature) K-VV 5102+ 0.2

4.2.4 O 1s mnlocal autoionizatioprocesses

Participatoflike resonant ICD signals have previously been identified inzgdolutions 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, specificatexplainable KE

offsets, can be used to identify intermolecular autoionization processes, as discussed in the following.
For featured - i, the energetic separation between neighbouring peaks were foun@ to beV,

5+1eV, and 4.4 £ 0.3 eV. Within theerror bounds, these peak separations match the energy gaps
between the valence BEs of liquid watethén average, 13.74 £ 0.08 eV,;@8Es are considered,
seeTable4.2). This is illustrated in Figure 4.18here the offresonant spectrumecorded at 524.0

+0.1eV was offset by the difference in the photon energies used to record thmesoffant and
Resonance V and VI data (+4.9# eV and +6.0 H.1eV, respectively) and the bBE (-26.82

+ 0.04eV). This leads to overall offesonant KE sfisof 1 22. 3 N 0. 1 dovtheand 71 20. 8
Resonance V and VI data, respectively. As a result, the water valence feature peak centres overlap
with the spectrally broadendd i features, keeping in mind the additional differential peak shifting
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associated with electron correlation effec®onsideringthe absolute KE positions of these
photoelectron featurethey arefound to bein agreement with those expected fob&V w MnO4
@qywater ICDprocessesvolving secondary emission of electsofftom the 1h 3a, 1k, and 2a
valence MOs ofvater molecule$orming the first hydration shell of the solute (as indicated by the
(w) subscript).

Hence based on the overall energetics discussed here and the lack of alternative spectator peak
explandions for peaksh andi, the predominant electronic relaxation pathways associated with
featured, g, h, andi are assigned as-Ba, 1biw), K-5a,3aw), K-5a,1biw), and k5a,1biw resonant,
spectatoflike ICD processes, respectively. These results are summarized in Table 4.7.

Using similar arguments to those presented above, the presfigoagicipator-like ICD relaxation

can also be consideredor water 1h 3a, 1k, and 2aelectron ejection, respectived$ of 517.2 +

0.leV, 514.8+0.1eV, 511.1+0.1eV, and 497.50.1eV and 518.20.1eV, 516.3+0.1eV,

512.6£ 0.1eV, and 499.0 = 0.1 eV would be expected at Resonances V and VI, respectively. These
KEs span the range of featwsén Figure 4.12. Hwvever, the sharpness of the ionization features in
these spectral regions and the occurrence of a similar spectral profile in crystalline, RMES
data[174] imply that intramolecular spectator Auger decaggasses dominate in the featwre
spectrakegion.

2.0 T T ' T v T ' T v T v T '
~—— Resonance V (hw = 528.5 eV/)
i ——— Resonance VI (ho = 530.0 eV) 1

© — Off-resonance (ho=524.0eV) off-set
: 1.5 = l—=' —
=
"
0
©
=
S 05
= .
0.0

460 470 480 490 500 510 520
Kinetic energy / eV

Figure4.13. ICD signatures frorMnOs @ag)solutions

Resonance V, Resonance VI, ande@gbnant spectra (raw data, without baseline correction) showing
common energy gaps between pedkg, h andi in the resonant data and the water valence orbitals in t
energetically shifted offesonant spectrum. The efesonant spectrum was offset in order to account 1
the resonantnon-resonant photon energy difference, the Hhinding energy, and electronorelation

effects, as explained in more detail in the text.
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Table4.7. MnO4(aq)ICD signals
Assignments of the ICfignals. The reported values correspond to the main fed@tue | @S NI 35  Wothiesofdhdesd C

Label Assignment KE / eV
f K-5a1,1b1(w) 4983+0.5
g K-5a1,3auw) 495+ 1
h K-5aq, 1bp(w) 490.1+ 0.2
i K-5a1,2aw) 475.7+ 0.2

Overall, the occurrence of ICD processes in MpgQsolutions is evidenced by the mirroringaeak
separation between the resonamhhanced photoelectron features present in theMgSpectra

and the water photoelectron peaks in there$ionant spectrum, highlighting matching energetics of
the solvent photoelectrons involved in the ICDaxaltion channel in both data sets. Further
confirmation could be obtained from similar Mp&xperiments using deuterated water as the solvent,
where the lack of hydrogen bonding should render the occurrence of intramolecular relaxation of the
photoexcited solute involving solvent molecules unfeasible.

43 Summargyofi kdings of Chapter 4

Theelectronic structure and molecular bondingvmfOy (aq), as well aMnOy g ywater interactions,
were probed by performing liquid jet XPS and RPES experimentsNaINOsq)and KMNOa(aq,)
solutions:

1. An experimentallydetermned, neacomplete, BEscaled MO diagram was produced for the
fully hydratedMnQx (aq)ion;

2. At 0.2 M concentration, the outer and inner valei@ds and Mn 2§/ 2pi2electron BEs
proved to be independent of counter ion and liquid jet probing degbin latter confirming
similar electronicenergetics in the aqueous bulk and at thesgagion interface;

3. Dept profiling experiments performed with Ni@Oaq) Solutions at 0.2 M and.0 M
concentrations revealed a preferenceMoiOs aq)to remain in the bulk of the solution and
away from the gasolution interface, potentially highlighting ndinear accumulation
behavior in solution for the higher concentration case;

4. The BEs of MhOs/ in aqueous solutionMnOsaq) and as part of a crystalline solid
(KMnOys) were found to be similar, with the agueous phase BEs shifted to lower values by
up to a fewhundred meV compared to their solithte counterparts. The aqueous phase
resuls also highlight an increase of the lowesergy ionizing transition BEs by more than
4 eV upon hydratiori,e.in moving from the gas to the aqueous phase;

5. The Mn 2p,2RPES experiments revealed a selective enhancement of tfeatire at the
Mn 22 Y  Brésonant photon energy. This participator Auger peak allowestAhBE to
be determined, which was not possible from the direct XPS data, where {@ebdnding
le! and 3t features overlap in a single, convoluted feature;

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

7. Overall, theMn 2pz2, Mn 2py2, and O 1RPESexperiments revealed hybridizationtbe
soluteconstituentsd atomic orbitals, including the
the O 1s RPES experiments showed the presence of ICD relaxation processes, highlighting
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valence MnQ@ o H20y electronic couplings between Mu@Q,) O 2s electrons and the
valenceelectronic manifold ofvater molecules in the first solvation shell;

The energetic information on thelectronic structure, molecular bonding and seldlent
interactions reported in this chapter constitute photoelespentroscopyingerprints of theetra

oxo Mn(VIl+) chargestatein aqueous solutionThe determined BEs may act agperimental
benchmarks for emerging muttonfigurational electronic structure calculation methods focused on
the explicit treatment of Hdration and its effects on this TMC idt05, 111] In addition, the
experimentallydetermined 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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5 El ectroni ¢ structium
agueous (svnkQuatyijyo n

This chapterpresentsesults obtained from XPS and RPES experiments perfowitadVInOs% aq)
solutions

As described in Section 1.2.3, performing liquidipetsed experimentgith solutions othis transient
ionic species iparticularly challengingMnO4?(aq) ions are unstable towards disproportionation,
converting toMnOy aq) and MnQ)over time with pH-, temperatureand concentraticdependent
kinetics [54]. The datapresentechere wasrecorded using the micmmixing scheme described in
Section 3.2.3which facilitatedthe generation ofelatively stable~0.2 M MnQO4%q) solutions at
pH~13.5i close to theninimumequilibrium pH in the MAvater Pourbaix diagram (see Figure 1.2).
The data reported herim combination with the results presented in Chaptelidlyed for a direct
comparison of the electramstructure of two tetraxo Mn TMCs with different oxidation stegén
the aqueous phaseinOs aq) (Mn VII+ chargestate, se€hapter 4) antinO4% aq) (Mn VI+ charge
state, presented in this chapt@ifie spectra reported here were recdrdith theelectron analyzer
either perpendiculaor at magic angle with respect to the softay beam polarization, yielding
equivalentnergetiaesults.

This chapter isorganized infour sections. SectioB.1 presents results obtained from direct XPS
experiments, showing characteristic spectroscopic signatukés@f q)(Mn VI+ oxidation state) in
the valenceband ad corelevel spectral regionsncluding a comparison between data recorded with
solutiontbulk and gassolutioninterfacespectral sensitivitiesSection 32 describe the results obtained
from Mn 2py2/ 2pi2 and O 1RPES experimentfrom which Mn(VI}O molecular bonding properties,
MnO#Zqywater solutesolvent interactionsand more generalintramolecular Auger processesere
investigatedln addition as will be shown herehé RPES resuligrovidedbulk-sensitivespectroscopic
informationnot accessible from the diretPS measurementshich isessential for the inference reidox
energetic information pertainirtg the MnO4% g ion (see Chapter)6A comparison othe MnO4*
system energetiagith respect tdhose ofMnOy in the aqueous and solid phasesl the MnG* ion

in the solid phase igresented in Section 5.8 summanyof the key findings described throughout this
chapter is presentéd Section 5.4

Figure 51 showsa MO diagram for theMnOs?(5q)solutions studied herdased on théinOs*
electronic and molecular structure description present&edtion2.12. This diagram will be used
as a reference to describe and discuss the results reported here. The enesgyrsnalezeshe
agueousBBEsdetermined fronfbulk-sensitive)XPS and RPES experiments. The &ipendedo the
virtual valence MO(4.9+ 0.04 eV, labelledas 5t in the figurg wasestimatecby considering the
experimentally determined BE for t(e) * ionizing transition and the excitation enemxtracted
from a Gaussian fit to the first optical transitibandin the MnQ? q,UV -visible absorption spectra
(seeFigure 2.3 andsection 2.12 for detail9, i.e. neglecting electron correlation effec&pectral
features associated with the different M@l be labelled as follows(0) 2e (1) 1t, (2) 4t/6a, (3)
1le/3t, (4) 5a, (5) 2t, (6) 4a, (7) 3a, and 8, 9 1i, to achieveconsistency with thiabelling scheme
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presented in Chapter 4 for Mag,) The MO diagram atheliquid water, OHagq)ion and Né& aq)ion
solution componentare also shown for comparison.

Local vacuum level
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Figure5.1. MO diagram of Mn@ aq) solutions

MO diagram oMnOs> and additional solution componenta the aqueous phas&he energy scale show
BE information extracted fronthe bulk-sensitiveliquid jet XPS and RPES ksdksitive experiments
performed with~0.2M MnQs? (aqyin ~0.3 M NaOHq,)(pH~13.5)s0lutions and from UWisible absorption
measurements, as explained in the teXhe MnQ%@aq)MO diagram was adapted from the isolate
molecule diagram presented in Refererjt®9] (see Section 2.1.2 for detail§pectral features associate
with the different MOs were labelled adiscussed in the main body of the tedO diagrams for by,
Na'ag)and OHgq)ions are shown for comparison, based on the data reported in this chapter ai
Reference$21, 92, 94, 23241] The energetic information isecessarilyeferenced to the local vacuun
level. The numbers on the-gcale correspond to the solute BEs in the aforementioned aqueous solt
as determined from the experimental ressireported here.

51 Directefanant) photoelectron spec!

5.1.1 Bulk-sensitive spectra

Figure 52 showdulk-sensitiveoutervalenceg(panel A), O 1s (panel B) and Mnz2 2py2(panel C)
spectraecorded from-0.2 MMnO4?% aq) solutions(green curvesMnO4% aq)ionswere generatedy
mixing a MnOy aq) reagent strean{0.4M NaMnOagq) in 0.5M NaOHaq) with an 1'xq) reagent
stream(0.066M Nalg)in 0.5M NaOHaq). As a result, &0.2 M MnO4% aq)in 0.3M NaOHaq)(and
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Figure5.2. Solution bulksensitive spectra of Mn@ g,

Buk-sensitive XPS spectrecorded from~0.2 M MnG aq)in 0.3M NaOkkg)(and reactivelyproduced ~0.034
NalQq) solutions (see thmain body of the text for detajlsn a magic angle polarization configuratig®) Outer
valencespectrum recorded at a photon energy of 638 (green curve). A spectrum recorded from tiyg)
reagent streanonly {.e. without adding the Mn@q) reagent to produce Mn@qyin the mixing scheme) i
shown as reference (blue curvémportantly, signatures of the valence electronic structure of M@ could
not be identified in the bullsensitive, direct XPS measuremerf®) O 1s spectra oMnQs? aq) (green) and
NaOkkgyreference (black curve, see the text for details) solutions recorded at a photon energy a\1.185%
solutionreference spectrum is shown in red. The inset highlights the Voigt profile fit to theAdp@® 1s
ionization feature.(C)Mn 2psi2/ 2p12 sSpectrum recorded at a photon energy of 1251 eV. The asterisk denc
signature potentially belonging to Mr@g)present as a result of less than ideal mixing conditions. &g
features are labelled with nubers, and Roman numerals are used to label ionization signatures from the
solvent molecules.

0.03 M IG5 (aq) sample stream (pH~13.5) was produced and delivered into the experimental end
stations as a liquid jet with a regulated temperatugg8K. The data shown in panel A was recorded

at a photon energy of 63%/ at the U49/2 PGM beamlineat BESSY II. The spectra shown in panels

B and C were recorded at photon energies of £138nd 125kV, respectively, at the P04 beamline

at PETRA Ill. MrO4*q)features have been labelled with numbers according to the labelling scheme
used in Chapter 4 for the Ma@y data. Similarly, water features have been labelled using Roman
numerals.

Valence band features of MaQyq,)could not be isolateftom spectra recorded under bigénsitive
conditions (for example, the data shown in panel A). However, suchagaignatures were
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identified in thesurfacesensitive spectra (for example, during the optimizadithe micremixing
scheme describeid Section 3.2.3as shown irFigure 3.§. A difference inthe relaive ionization
cross sections dhe solute and solvenin the bulk of the solutiomvith respect to the gasolution
interface or potential surfacective behavior of Mn@ q)ions are possible explanations for this
result.A depth profiling sudyi such as that descrithén Section 4.1.3 foMnOs'(aq)T could not be
performed due to thhighly challengingnature of maintaining the unstatiiénO.% g, liquid jet
during the requiredlata acquisition griod, primarily due to solute disproportionation and MgO
accumulation that results in blockage of the liquid jet capillary noBalik-sensitive data for the
MnO4% aq) Valence spectral region was extracted from RPES data, isplgifrom resonantly
enhanced participator Auger signas will be reported in SectionZ

The MnQ?Z (q)0 1s data shown in paneli8plotted along with a 0.81 NaOHaq,reference spectrum
(black curve), and the associated solutieference differencepectrum (red curve). In contrast

the valence band experiments mengdnabove, using Baq)reagent streanspectrum as reference
(i.e. for background signal comparis@r subtractionyvas not necessary here, giving thagjdoes

not produce any photoelectron contributions in the O 1s spectral region (any contribution from 10
@gywould be below the detection limit, given the relatively low concentration of thi& iihe sample
stream. A 0.5 M concentratio™NaOHaq)reference solution was utilizédr practical reasons only,
given that0.5 M NaOHaq)were utlized as part of thenter-measuremerdleaning procedure required

to perform experiments with the mienaixing scheme (segection3.2.3.

A MNnO#aq)0 1s (3@) spectroscopic signature with a BE&S5.1 + 0.1eV 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 The reported BE is a lower litnialue due to over subtraction above
BEs of ~536 eV, as higlghted by the BE region with negative intensity in the difference spectrum.
The liquid water O 1s feature (peak vii) in tN8Os*(q)Spectrum was fand to be narrower in
comparisono the NaOklq)reference spectru(d.56 + 0.03 eV versus 1.&10.01eV, respectively),
which could lead to the aboweentiored over subtraction when producing the solutieference
difference spectrumAny O 1s spectral contribution from Mn@Qyq, (resulting from incomplete
mixing) or from OHq,)ions (present to enseia pH of ~13.5 as explained previously) would occur
in both cases, at a BE of 58¥ (see Table 4.1 in Chapter 4 tdnOy aq) and Referenc§240] for

OH (ag)-

Cumulative Voigt profile fits to théin 2ps2/2p12 (1tz) spectrum of MnG¥ (aq) shown in panel fit
components highlighted by green fills) revealed Mn,2and 2p, BEs of 648.9+0.1eV and
6600+ 0.1 eV, respectivelyThe weak feature (highlighted by an asterisk in the figure) close to
651eV BE is likely a signature of Mnfq,)resulting from less than completielea) mixing and
reactionconditions.

The (early sole) presence of Mn@ (aq)in the O 1s and Mn 2pspectra(at least within the
experimental detectidimits) was tested and confirmed by recordiftgY-XAS databefore and after
the measuremesifsee Section 3.2.3 and Figure 3.6 for detditsdddition, avin 2pz»/ 2pi2spectrum
recoded undepartial mixing conditions i.e. with both MNQ?% q)and MnQ (aq) presenin solution
(seeFigure 3.6, panel ¢ provided further confirmation of the distinct MiQaq)and MnQ'aq)
Mn 2ps2 1212 BE valuesand oxidationstatedependentchemical shifts as will be discussed in
Chapter 6
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Table 51 summarizs the bulksensitiveO1s and Mn 2, /2p.» BEs andGaussian peak width
componentsiF-WHMg, extracted fronthe data presented this section.

Table5.1. MnQ¥? aq)bulk-sensitiveBEs andind FWHM peak widths

0.2 M MnQ?%@q,)bulk-sensitive BEs and Gaussian peak width components, RyVeHitacted from Voigt profile fits to the dat:
presented in Figure 5.2. The erroepresent the uncertainty on the BE scale calibration procedure (see Section 3.4.1 for detail

Label Peak Origin BE / eV FWHM:/ eV
7 (3a)? 535.1+0.1 1.21+0.04
8 (1)t 6489+ 0.1 1.01+0.07
9 (1tx)* 660.0+ 0.1 1.3+0.3

5.1.2 Solutiongas interfacepectra

Figure 5.3 shows surfacesensitive outer valence spectrum (green curve) recorded from a ~0.2 M
MNO4%aq)in 0.3 M NaOHq)solution using a photon energy of 150 eV at td8/2 PGM1 beamline

at BESSY I. A reference spectrum (blue curve), and the associated setateyence difference
spectrum (red curve) are alsbownin the figure. The reference datarresponds to a spectrum
recorded from th& aq) reagent streanonly (see the previous section and Section 3.2.3 for details)
Gaussian fits to the difference spectrum are highlighted by green fills and labelled a3, ficaksl

2 (a detaiéd view is shown in the inset tife figure). The peak center extracted from eafdihese

fits allowed theMnO4%aq) BES associated with ionizing transitions involving the HOMEe),
HOMO-1 (1t;), and HOMGQ 2 (4t;) MOsto be determied, as will be discussed below.

V== MnO,% ., in 0.3 M NaOH,, >
— I'aq) reagent stream (0.066 M Nal,;, in 0.5 M NaOH,))
—— Difference spectrum 1
Outer valence
15| -9 -
i
10 |
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Binding energy / eV

Normalized signal

iii
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0.0

25 — 20 15 I
Binding energy / eV

Figure5.3. Surfacesensitive spectra of MN@ ()

~0.2 M Mn@(aq)in 0.3M NaOkkgy(and ~0.03 M Nakq,), see the text for details) spectrum recorded at a phot
energy of 15@V (green curvah aperpendiculamngle polarization configuratiod spectrum recorded from th
Iag)reagent streanonly {.e.without adding the Mn®@q)reagent to produce Mn@aq)in the mixing scheme) i
shown asareferencespectrum(blue curve). The associated soluti@fierencedifferencespectrum isshown in
red, highlighting Gaussian fits to the extracted Mh&3,signals (green fills, see the inset on the left).
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With the MO diagram presentedHigure 5.1 irmind, peak® 1 2 were ascribed to (2&)(1t)?, and
4t,)? ionizing transitions, repectively. A value of 6.8% 004eV was extracted for peak,
corresponding to the lowest VIE in MaQyq,) Similarly, BEs of 8.4 0.08eV and 9.99 + 0.04V
were respectively determined for pedland2. Notably, the HOMO ionization features fra#nO.
@) (Which would only be present under partial mixing and reaction conditions) ang, duld
have been expected at a BE of ~&\2(see Section 4.1 for thdnO4 aq)energetics and Reference
[239] for the OH (aq)iONization errgetics), and are seemingly absent here.

Valence photoelectron signatures with BEs in thé& 18 eV spectral region could not be extracted,

as they overlapped with the intenb; peaks of liquid and gaphase watefpeaks i and-g,
respectively) Paticularly 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 5.2summarizes the MnO4?(5q) outer valence BEs an@aussian peak width components,
FWHMeg, extracted from surfaegensitivedata similar tdhe spectra presented in Figure 5.3.

Table5.2. MnQ? xg)surfacesensitive BEs and and FWHM peak widtr

0.2 M MnQ?(q)solution BEs and Gaussian peak width components, F¥Veltacted from Gaussian or Voigt profile fits to seve
surfacesensitivedata setssimilar to those shown in Figure 5.3. Avera@s Bre shown with the error bounds defining the standz
deviations of the cumulative results.

Label Peak Origin BE / eV FWHMs/ eV
0 (2e)t 6.89+ 0.04 0.84+0.04

1 (1ty)* 8.47 £0.08 0.66 + 0.05
2 (4t2)* 9.99 £ 0.04 0.61 +0.01

A comparison between the surfasensitivevalencespectral information presented hened their
bulk-solutionsensitive counterparts wile discussed in the next section, using information extracted
from the RPES experiments

52 Resona&mthlaywc ede p B peaosecropy

This section presents results fridin 2ps2, 2py2 and O 1s RPES experiments performed wiil2 M
MNO4% aq)in 0.3 M NaOHkq)solutionsgeneratedising the micremixing scheme at the U49/2 PGM
1 beamline at BESSY .lIThe data was recorded at a liquid jet temperatur@ 7&K. These
experiments allowed the identification of intramolec|tarticipator and spectatoiuger processes
and provided bulsensitive electronic structure information tlcauld not be extractedtherwise
from direct XPS experimentklence, a comparison between the kéksitive data presented in this
section and the surfasensitive data reported in the previous sectiafsis presented here, to explore
potential solutiorgas interface effeston the energetics and electronic structure of MpQ

5.2.1 Mn 2pspintramolecular Auger processes

Figure 5.4shows an overview of the Mn 2pRPES data recorded from M@y, solutions. A Mn
2p:2 RPES map (left) and the associatedYPEAS spectrum(right) are shown in panel A.
Cumulative Gaussian §tto the PEYXAS data(seeFigureAll. 1, panel Ain AppendixIl) allowed
resonance excitation energ642.4+ 0.1eV (Resonace |, red dashed lingsthe RPES mgpmand
644.7+ 0.1eV (Resonance Ihlue dashed lines the RPES mgpo be extractedThese resonances
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wererespectivelyassigned as Mn 2pY 2e and Mn 2p,Y 5t excitationspasednthe information
extracted from the UWisible absorption spectréseeFigure2.3and Sectior2.1.2 for detailsand
theassignments of simildRPESdata recorded frorivinOs (aq)Solutiors, asreported inSection 4.2
Given that MnG* has a nominal delectronic configuration, the aforementioned Bm.Y 2e
transition corresponds tacareto-HOMO resonance, while the M2ps2 Y Stetransition corresponds

to a coreto-virtual-valence (LUMO) transition (the latter is similar to the transition described in
Section 4.2 for MNQ@g.).

Panels B and C in Figure 5.4 show highgnalto-noise ratio RPES spectra recorded at Resonances

| (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 offresaant photon energyf 635.0eV (that is, devoid of resonant signal enhancements) is shown

as reference data in each paiéke signatures observed close tee85BE in the offresonant spectra
correspond tokg)[21] or 105 (aq)4d peaksnd in the former ase, vould be indicative fbsub-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, thesifhant spectrum was subtracted from the
resorant data shown in panels B and C in Figure 5.4 (see S&cti@for detailg. Resonance | and

Il difference spectra produced in such a way are shown in Figure 5.5.

Four participator Auger preesses were identified from the data presented in Figures 5.4 and 5.5,
labelled agpeaks0, 2, 3 and5. Based on the direct XPS results presented in Section 5.1.2, and the
results reported favinOs aq)in Chapter 4, these features were assigned asarsenhancements of
MNOZ )26, 4t (or 6a), 3t (or 1Y), and 21 (Mn 3p) photoelectron signals, respectively.

Starting with pealQ, this resonanthenhanced feature is present both in the Resonance | and
Resonance Il data. Cumulative Gaian fits to the difference spectra shown in Figurese&Higure

2 and Table All imAppendixIl) allowed anaverage BE of.0 + 0.1eV to be extracted for this feature.
Within the error bars, this value is equivalent to the BE determined fdrie* oq)(2€)* ionizing
transition from the surfaegensitive, direct XPS valence data presented in Section6®B%
0.04eV, see Table 5.2). Therefore, pebkvas assigned as a;t2e,2e participator peak in the
Resonance | data and, correspondinglyyia2e,5t process in the Resonance |l data.previously
mentioned, this result is of paramount importance for the estimation of redox parameters related to
the MNO4? (aq.)/ MNOx (aq)redox pair, which will be discussed in Chapter 6.

The marticipata Auger feature labelled as pe2lks seemingly present only in the Resonance | data,
with a KE of 631.9 #0.1 eV, corresponding taneeffectiveBE of 10.51+ 0.04 eV.As reported in
Section 5.2, a valence feature with a BEO&9 + 0.04 eMvasobservedn the surfacesensitive,
direct XPS data and ascribed to a@4bnization process. With this result and the MO diagram of
MnO4* presented in Figure 5id mind, peak can be potentially assigned as a resonant enhancement
of the 4t or 6a ionization katures. As described in Section 2.1.2, the@atal 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;étbital is a norbonding, liganecentered MO. Thpredominant Mn
character expected for the;#40 would suggest that pe&kcorresponds to a signature af6a,2¢e
participator Auger process. However, assignment of this feature jied&,Re participator Auger is
also plausible, as will be discusiseelow.
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Figureb.4. Mn 2pa2 RPES spectra from Mg, solutions

Mn 23 RPES data recorded from ~0.2 M Mh&,) solutions produced using the miemixing scheme at ¢
regulated liquid jet temperate of 278K in a perpendicular angle polarization configurati@) RPES map (lefi
and PEXAS spectrum (righ(B)As measured Mn 2pTh HS NB a 2 y I Y (iC) AslniSaSuiieN Mnvap
M présonant spectrum (blue). A spectrum recorded at anesonant photon energy6@5.0 eVblack), devoid
of resonantly enhanced signals, is shown in panels B and C. Participator Auger signals are labelled with
and spectator Auger signals are labelled with lett&re BE scale is suitable for the identification of participi
Auger process and a comparison with the direct XPS results reported in Section 5.1. For the assigt
spectator Auger signatsKE sale is more appropriategs will be implemented in the resonaoff-resonant data
presented in Figure 5.5.

80



—— Resonance | (ho = 642.4 eV)
10k Resonance |l (ho = 644.7 eV) i

Normalized signal

540 550 560 570 580 590 600 610 620 630 640

Kinetic energy / eV

Figure5.5. Mn 2ps2 resonantlyenhanced signals from Mng)solutions

Resonance | (Mn 2ph H S0 | vy Rl lp RBESYifferehde spectatractedfrom the raw data
shown inFigure 5.4panels B and C, respectivelarticipator Auger signals are labelled with numbers i
spectator Auger signals are labelled with letters

Given the bulksensitivity afforded by the RPES experiments presented here, the BE of the
aforementioned padipator Auger signals providiae bulksensitive counterpato those extracted
from surfacesensitive measuremerand reporteih Table 5.2For the(2e) ! ionizing transition, the
(average) bullsensitive value extracted from the Resonance | and lligl@ta eV higher than that
reported in Table 5.However, the increment in BE is within the experimental error associated with
the determination ahe average Resonance | and Resonance lIQpBa&k(+ 0.1eV). Such an error
reflects mostly the uncertainty in the photon energy calibration. On the otherlmaBd& associated
with the peak feature described abovedsd8 + 0.04eV higherthan the vlue reported in Table 5.2.
These results suggest that, overdle MnQ?Z ) valence BEs are higher when sampling
photoelectrons from the bulk of the solution in comparison with thesglagion interface. Hence,
the discrepancy between the p@aBE exracted from Figure 5.5 and that reported in Table 2 could
be explained as surface versus buRE shift.

The existence o$urface versus bulBE shifts in the outer valenddnO.*q) Signals potentidy
highlights changes in molecular structure in tliferent regions of the agueous solutidrhe
differential shifts in BE energynay be explained by different interfacial phenomena altering the
solutionphase energeticsuch as lcanges in the hydrogen bonding environmi@#2], solute
geometrical structural changes, and / or different salobeent intemolecular interactionsccurring

at the gassolution interfaceOverall, these results indicate a higher stability of Mng,in the bulk

of the solution

The participator peak labellet3 was found to be present only in the Resonance Il data, Wk a
of 633.0+ 0.1 eV,corresponding to BE of 11.70+ 0.04eV, andassignedo eithera Ly-3t;,5t or
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Liu-1le,5¢ process.The associated Gaussian peak widihlZ + 0.06eV) suggestsa single
contribution,supporting the interpretation that a single ionizatioanciel isselectively enhanced at
Resonance IIA similar featurel assigned as aul-3tz, 5t participator Augeii was observeth the
MnOs(aq) Resonance Il datgsee Section 4.2)1 Furthermore the observation of Ly-1e,5b
participatorAugerprocess in thtinO4%aq) O 1s RPES dafavhichwill be presented in&tion5.2.3)
leadsto the assignment gieak3 asaL-3t,5t process. This result allovike determination of the
BE associated witthe MnQ? (aq) (3t2)  ionizing transition in the bulkf the solution Notably, peak

3 additionally shows a significant Lorentzian component (FWHN.66+ 0.06eV) of the total
featurewidth (FWHM, 1.97+ 0.02eV), as extracted vighe multipeak fitting analysis (see Table
All.1in AppendixIl). The FWHM_ is analler than thevalue reported for a similar RPH&aturein
MnOs (aq)data(0.77+ 0.03eV FWHM., Resonance Il, peaka). As explained irSection 4.2.1the
lifetime broadening of these features ar@icative of constructive interference between direct and
participator Auger channels arlde peak widths suggeshorter than averagén 2ps. corehole
lifetimes. Slightly different corehole excited state lifetimes are correspondingly inferred for the
MnOs aqyand MnQ?q) ions, potentially highlighting the effect of the associated differences in
formal oxidation states.

Thefourth participator Auger feature, pe&k occus atan averageBE of 58.4+ 0.7 eV, in boththe
Resonancé and Il data With the results reported frofMnOg aq)in Mind (see Section .2.1) this
feature is assigned as a resonant enhancement af {fh¢n23p) inner valence ionition featurd
that is,aLi-2t,,5t participator Aiger process and provideshe BE for the(2t2) ionizing transition
in thebulk of the solution

The spectral features labelledas d in Figures 5.4 and.5were found to be similar to thosethe
MnOs g data Hence, the following assignments were mdd&/,V (peaka, 627+ 1 eV average
KE), Lu-2t;,V (peakb, 577+ 1 eV averageKE), Lii-2t,5a (peakc, 565.1 + 0.1eV), andLy-4a,V
(peakd, 545.5 £ 0.1eV). Ignoring electron correlation effects, the KEs associated with sigaaid
d can be used testimate the BEs of the bd@rom peakc) and 4a (from peakd) MO electrons that
could not be determined from the direct XPS experiméfésice, from peak, considering the
58.4+ 0.7eV BE extracted for the 2torbitals, a BE 0f~25.4eV canbe estimated for th¢5a) *
ionizing transition Similarly, assuming d.-4a3t; procesdor peakd (as in Chapter for MNnOs
@q) and using the 3BE (peak3) extracted from the participator Auger data, a BE®f.7eV can
beestimated for thé4a)* ionizing transition

Table 5.3summarizes the results extracted from the Mg RPES data presented in this section.
AverageKEs, BEs and FWHM of the participator Auger peakietermined from the Resonance |
and Il data presented here are shown in the top panel of the table. Sjralarsige KEs ofhe
spectator Auger peaks are listed ia tiottom panel
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Table5.3. MnQ# aqyMn 2ps2 RPES participator and spectator Auger signe

Assignments of the Mn 2p RPES participat@nd spectator Auger signals assteihwith data shown in Figures 5.4 and 5The
NBLRZ2 NI SR I t dz§a 02 NNEFa LR y Randideterinife8 BEEXktracied of th fesahiBcas | @S NJ =
Participator Auger

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

2 (4t2 or 6a)* 10.51+0.04 0.98+ 0.2
3 (1e or 3p)* 11.70+0.04 1.58 +0.04
5 (2t)* 58.4+0.7 2.9+ 07
Spectator Auger

Label Assignment KE / eV

a LurV,V 627+1

b Lu-2t2,V 577+1

c Lu-2t2,5a 565.1+0.1
d Lu-da,V 5455+ 0.1

5.2.2 Mn 2ppintramolecular Auger processes

Figure 5.6 shows similar data to that presented in Figure 5.3 but for the,Vsp@grbit component.

Panel A shows an RPES map (left) and associateedSyspectrum (right). From@mulative Gaussian

fit to the PE¥XAS data(see Figurdll. 1, panel A imPAppendixil), the following resonant photon energies
were extractedusing a tweGaussiarcomponent fit despite the considerable broadening of the
resonance(s) in the Mn 2gexcitaion case 653.0eV (Mn 2p.Y 2 e, Re jand 656.2\¢ | | |
(Mn 2pi2Y 5t, Resonance IV Panel B shows a highsignatto-noise ratio spectrum recorded at the
determinedRkesonance IV photon energy, over an extended BE range.-fgsoffant spectrum is shown

for comparisonPanel C shows the resonafft-resonant difference spectruguch data collection was not
possible at Resonance Hile to the challenges associatéith whe mixing schemdimited signal strength

and the beam time available.

In contrast to the Mn 2pResonance Il datdMn 2p2Y 5, tonly twoparticipator Auger peaks are
observed in the Resonance |V data, labelled as fieakd 5. These resonagtlenhanced features
correspond to k-2e,5t and L;-2t;,5t processes, respectively. Accordingly, respective BEsIOf+
0.04eV (2et) and58.76 + 0.06 e\(2t;1) wereextracted The results are agreementwithin the

error boundswith those reportetbr theMn 2ps.excitation case and reportedthe previous section

(see Table 5.3). As was the case for the Resonance IV data recorded framqotdtions (Section
4.2.2),over and undessubtraction in th&407 645 eV eleciwn KE regionof the difference spectra
impeded the isolation of other participator Auger features (see yellow overlay in panel C of Figure
5.6).

The spectator Auger featurasndb show similar characteristics to those observed in Resonance IV
data fromMnOy aq)Solutions. These featurasebroader at Resonance IV compare®asonance |

and ll, as expected due toshater average corbole lifetime for Mn 2p, with respect to Mn 2
(~0.7fs versus~1.8fs, respectivelyj237]). In addition,L,-L .,V (featurea) and Li-Lui,2t (featureb)
CosterKronig processe238] are presenflhe results are summarized in Table 5.4
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Figure5.6. Mn 2pw2 RPES data from Mn@aq)solutions

Mn 2pw2 RPES data from Mn@ag,)solutions produced using the micrixing scheme at a reguld liquid

jet temperature of278Kin aperpendicularangle polarization configuratiofA) RPES map (left) and PI
XAS spectrum (rightl.he BEscale is suitable for the identification of participator Auger proesssd a
comparison with the direct XPS resulgportedin Section 5.1For the assignment ahe spectator Auger
signalsKEs are more appropriate and aiienplemented inPanel C.
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Table5.4. MNO? aqy)Mn 2py2 RPES participator and spectator Auger signe

Assignments of the Mn 2p RPES patrticipator and spectator Auger signals associated wétlstiawn in Figures 5.6
ParticipatorAuger

Label Assighment BE / eV FWHM:/ eV

0 L-2e,5% 648.1+0.1 7.10 +£0.04

5 Li-2t,5t 596.4+£0.1 58.76 £ 0.06

Spectator Auger

Label Assighmentl Assignment 2 KE / eV

a L-Vv,vV 638.5+0.1
Li-Lin,V 635.7+0.1
L-5a,V 629.8 £ 0.2

b Li-2t2,V Li-2t2, 5a 585.9+0.1
Li-Lun, 2t2 577.4+0.1

5.2.3 O 1s ntramolecular Augesind ICDprocesses

Figure5.7showsO 1s RPESlatarecordedrom MnOs? (aq)Solutions, highlightingesonant excitation
and deexcitation associated withansitionsnvolving MNO4%aq)O 1s electrons arze(HOMO) and
5t (LUMO) electrons An RPES map anBEY-XAS spectrumare shown in panel deft andright,
respectively) Cumulative Gaussian fits the PEY-XAS spectrum(shown in FiguréAll. 1, panel B
in Appendixll) allowedthe following resonant photon energiesbe determineds28.3+ 0.1eV
(labelled afkesonance \Vp292 + 0.1eV (labelled aRkesonance V), and5299+ 0.1eV (labelled
asResonance Vb). Any resonant excitation process involving @& ions is expected to occur at
532.8 eV photon enerdy5], and thus does not overlap with the M) resonance<Considering
the MO picture presented in Figure 5.1, the dJigible absorptia spectrum discussed in Section
2.1.2 (see Figure 2.3) and t@els resonant processes observed in Mugsolutions (as reported in
Sectiond.2.3 and in the soligphase literaturgl74]), the aforementioned resonances watgbuted
to O 1sY 2e (Resonance V) and OYs5t; (Resmance VI, a and b) transitioria.contrast to Mn@

@y the PE¥YXAS data shows t wo c¢ omgoomancestetesthetwo resohast O 1 s

photon energies as s eleciroa txeithtio {RiedorranceOVA arsl b)Ymays t
tentatively be attributed to valence interactions betweeBadhEOMO and 5% excited electrons with
similar or opposite spindhe Resonance W and b photon energy values are 4pli0.7 + 0.1eV.

Such a splitting was seémgly unresolved in the Mn 2p RPES data (likely due to increased lifetime
broadening effects at the Mn 2p resonances, see theXREYspectrum in Figurdll.1, panel A, in
Appendix II) and is only observed in the O 1s data. Spectra recorded at eachtrgksotanenergy

I as well as an offesonant spectruinunder highessignalto-noise ratio acquisition conditions over
an extended BE range are shown in panels B (Resonance V), C (Resonapem® D (Resonance
VI-b). In addition, the difference specpiabduced by subtracting the gisonant spectrum from the
resonant data are shown in Fig6t8.
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Figure5.7. O 1s RPES data from Mi#@g,solutions

O1s RPES data recorded fratmOs? (aq) solutions produced using the micraixing scheme at a regulate
liquid jet temperatureof 278Kin aperpendicularangle polarization configuratiofA)RPES map (left) an
PEYXAS spectrum (right)B)As measured O Is2e resonant spectrum (orangdiC)As measured Mn 2p
¢ 5tz resonant spectrunfgreen Resonance \). (D) As measured Mn 2p ¢ 5t2 resonant spectrum (pink
Resonance W). A spectrum recorded at an efésonant photon energy (black), devoid of resonar
enhanced gnals, is showm panels BC and D Participator Auger signals are labelled with numbers, :
spectator Auger signals are labelled with letters. The asterisk indicates a signal arising from ionizati
the unfiltered second harmonic of the beamlirkhe featurela St £t SR & LIS | YAQ
2p? ionization peakThe BE scale is suitable for the identification of participator Auger process ¢
comparison with the direct XP@sults reported in Section 5. For the assignment of spectator Aug
signalsKEs are more appropriateas will be implemented in the resonanff-resonant data presented ir
Figure 58.
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Figure5.8. O 1s resonanthenhanced signals from Mnfq)solutions
Resonance¥h wma [ ©39bH IpRRESHifference spectra producedrfiihe raw data shown
in Figure 6.6Participator Auger signals are labelled with numbers and spectator Au@é&rsignals are

labelled with letters. The asterisk indicates signals arigiom ionization with the unfilteredsecond
harmonic of the beamlia.

In both Figure 5.7 and 5.8gsals originating from ionization of O 1s electrons from liquid water
with the unfiltered second haonic of the beamline were labelled with asterisks spadtator Auger

/ ICD peaks (as will be explained later) were labelled using letters. In Figuredé&rtifiable
participator Auger peaks weaglditionallylabelled with numbergspecifically in the Figure inset)

Two participator Auger processes wereittified inthe differerce spectra shown in Figure §faks
3-aand2-a, according to the FigujyePeak3-ais present in the Resonanéelata, with a KE 0617.0

+ 0.1 eV and associated 11.2884eV effectiveBE. Peak2 is evident in the Resonance-Widata,
at a KE 0f519.6 = 0.2V, with an associatedffective BE of 102 + 0.2eV. The presence of the
second harmonic signal prevented the identification of other resomanfthnced solute signals in
thehighest KE sidef the resonant data.

Stating with peak3-a in the Resonance V datthe MO diagram shown inigure 51 suggests that
this signalcould beattributed toa participator Augepeakinvolving the MnQ?Z q) (1€) ! ionizing
transitioni i.e. a K-1e,2e proess Peak2 in the Resonanc¥l-b datawas assigned aska4t;,5t,
processas similarly observed and assigned for the MrnQdata. Hence, a bulkensitive BE 01.0.2

+ 0.2eV is determined for thé4t,)! ionizing transition in MnGF(aq) A comparison of this value
with the surfacesensitive 4t! BE reported in Section 5.1.2 showsegligible (4.2 eV) positive
shift when moving from the gasolutioninterfaceto the solution bulk, with the same magnitude as
the experimental erroihis result follows a similar trend observed for other outer valence BEs, as
described in the previous sectjawhich highlighted higher stability of Mn®aq)in the bulk of the
solutioni i.e.as a fully hydrated iarThe observation of a-Kt;,5t: Auger piocess highlights electron
coupling between th&ln-O nonbonding4t; MO and thebt; antrbonding MQ
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Regarding the spectator Auger signals, labellegliaisin Figures 5.7 and 5,8imilar featuresccur

at nearly constant KE in the Resonaité/l-a andVI-b data Peake shows up as a broad feature
spanning the 506517eV KE range, with a maximum at a KE 610.8 +0.2eV. This peak is
assigned tamultiple K-V,V spectator Auger processeThe assignment was made based on the
observations described 8ection 4.2.3 for Mn®q,)solutions. In contrast with the results presented
there, however, thpeake feature in the Mn@¥ (oq) data does not show four distinct components as
reported for Mn@ aq) A possible explanation for the loss of structimethe MNOs% aq) Case
compared with that dAnOy (aq) Wwould beadditional electronic coupling betwedme HOMO (2e)

and spectator(2e or 54) electrors in the MnO4* (aq) eXcited stateresulting in a greater degree of
spectral broadening.

AverageKEs 0f498.3+ 0.7eV, 495+ 2 eV, 490.4+ 0.1eV, ard 4764+ 0.8eV were respectively
determined for pealfs g, h andi (see Figure 2 and Table Al AppendixIl). Considering the 5a

BE estimate reported in Section 5.2-25.4eV), the aforementionel Es suggest peakisi i areK-

5a,V spectator Auger process@s/olving the MnO4%aq) Nonbonding inner valence 540 2s)
electrons Neglectingelectroncorrelation,BEs of~113 eV, ~14.6eV, ~19.2eV and~33.2eV are
estimatedor the partneelectrons emitted in the spectator Auger prodessfter aba electron has

refilled the corehole. Given the absence of any matches withMm©,?oq) outer valence BEs
reported throughout this chapter, ICD processes were considered to assign these features, following
a similar approach to that applied for 1aO. (.q)data,(see Section 4.2.3 and 4.2.4)
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Figure5.9. Signatures of ICD in Mn&sg)solutions

Resonance V, ResonanceaMResonance M spectra(raw data, without baseline correction) showing tt
energy gaps between peaksg, h andi. Theoff-resonantdata showshe separation between thevater
valenceionization features The offresonant spectrum was offseb account for the resonanbon-
resonant photon energy difference, the HaE and electron correlation effects.
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The energtic separation between neighing peaks were found to I3et 2eV (f-g), 5+ 2 eV (g-h),
and 140 £ 0.8eV (h-i). Within the error bounds, these peak separations nihtelkenergy gaps
between theralence BEs of liquid watehe KE positions of featuragh are all in agreement with
those expected fdk-5a,1biw), K-5a,3aw), K-5a,1bw), andK-5a,2aw) resonantspectatorlike
ICD processegespectivelyThe KEsand energy gapsf the ICD peaks arfound to besquivalent
within the experimental undainties,to those reported in Section 4.2.4 nOs aq) This is likely

a reflection othe significant error bounds and tsieilar solvated macular structure for both ions
i i.e. bonding interactions between the ligand O 2s electamusthe watewalence eletrons are
common to both ions and present similar energétaesspite the difference in formal oxidation state
of the Mn metal centeflable 5.5summarizes the O 1s RPES results reported in this section.

Table5.5. MNO? ()0 1s Auger and ICEignals

Participator Auger

Signal Assignment BE / eV FWHMs

2-a (4t or 6a)?* 10.2+0.2 1.6+04
Spectator Auger

Signal Assignmentil Assignment 2 KE / eV

e (main feature) K-VV 5108+0.2
f K-5a1,1brw) K-5a1,V 498.3£0.7
g K-5aq,3am) K-5a,V 495 + 2

h K-5a1,1bow) K-5a,V 490.4+0.1
[ K-5a1,2auw) K-5a,V 476.4+0.8

As mentioned in Chapter 4 regarding ICD in MngQ)solutions, a mirroring in peak separation
between the Mn@J »q)resonantlyenhanced photoelectron features in the resonant data and the water
valence photoelectron peaks in the-raf§onant spectrum form the basis of the evidence for the
occurrence of ICOn the MnQ? aqueous systenfcurther confirmatiorfor the assignment of the
observed spectral featuresuld be obtained from similar Mn®experimentsisingdeuterated water.

53 Comparison of oxidation states :

Finally, a comparison of the electronic structure of MreddMnO,* ions in differentcondensed
phase environments presentedThe aqueous phase BEs reported in Chapters 4 {Mgjand 5
(MNnO4? (aq)) Will be compared with those reported for crystalline samples (Kidy@@dK ;MnOas)

[167, 168] As previously mentioned, in MnQuq) (and KMnQys), the Mn metatenterhas a VII+

formal oxidation state. In Mnf (oq) (andK:MnOys), the formal oxidation state of Mn is VI+. In

both complexes, the O ligandsvethe same formal charge )l In this Section, the BE shifts
associated witla change in the formal oxidation state of the Mn metal center in the aqueous phase
(andin the bulk ofthe solution) are compared to thase crystalline environment.

Table 5.6summarizes the MnQaq)and MnQ? (q)bulk-sensitive BEs reported in Chapter 4 and 5,
respectivelyas referenced to the local vacuum le@hilar solid phase data reported in Reference

[167, 168]is reproducedn Table 5.7 as referenced to the Fermi levehe BE differences between

the two different oxi da)iTabteh.gatda tgdBlEblesdbrje i ndi cat e
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Table5.6. Aqueous phase (solution bulk) BEs of Mighd MnO?

Thevalues correspond to thoseeported in Gapters 4and 5, respectivelyThe * indicate BE estimated from spectator Aug
processes. The ** indicates a value extractie®ugh combination of UWisible and XPS spectral data.

Peak origin MnOys (aq)BE / €V MNQOs?aq)BE / eV NBEag)/ eV
(2e)* 6.88+ 0.08* 6.98+0.06

(4t 9.85+0.08 10.2+0.2 04+0.2
(3t)t 12.66 + 0.04 11.70 £ 0.04 0.96+ 0.04
(5a)* 26.82 + 0.04 25.4 ~1.4

(2t 59.6 £0.1 58.4+ 07 1.2 +0.7
(4a)? 94.1+0.1 ~91.7* ~2.4

(Ba)?* 536.0+0.1 5350+0.1 10+0.1
(1)t 650.9+0.1 648.9 + 0.1 2.0+£0.1
(1t)? 661.9+0.1 660.0+£0.1 19+0.1

Table5.7. MnOs and MnQ? solid phaseBEs

Valuestaken from Referencefd 67, 168]

Peak origin KMnQ)BE / eV KeMnQuBE/ eV NBEs)/ eV
(2e)t 1.9[168]

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

(3t 7.5[167]

(5a)t 21.8[168] 21.1[168] 0.7

(2t)* 54.5[168] 52.7[168] 1.8

(4a)t 88.9[168] 87.6[168] 1.3

(3a)*t 530.8[168] 530[168] 0.8

(1t 645.6[168] 644.2[168] 1.4

(1)t 656.7[168] 655.3[168] 1.4

Overall, MNnQ BEs are higher in comparisdo those ofMinO+%#, both in the aqueous and solid
phases. Thiseflectsthe higher positive charge on the Nretal center in Mn® with respect to
MnO4Z. Starting with the outer valence BEs {#and 3t?), theshift associated with the Atvalue

is similar in both phases (~0e%). For the 3t' BE, the chemical shift in the agous phase is more
than twicethat observed for the Atorbital (0.96+ 0.04eV). An explanation for this observation can
be found in the atomiparentage / hybridized nature of the two MOs. Thé/Md is an Ocentered,
nonbonding orbital, while the 3ts a MnO bonding orbital. This and the predominant-braracter

of thelatter (as confirmed by the Mn 2HRPES experiments presented in Sections 4.2.1 and 5.2.1)
are supportive of a higher sensitivity of theéectrons to a change in the Mn formal oxidation state.

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

A comparison of the O 1s and Mn32p 2p2 BEs should highlight the largest energetic shifts due to
changes in the formal oxidation stat&/em the less hybridized nature of the claeds with respect

to the valenceThe MNQ? (aq)Mn 2ps2/ 2p12 BEs were found to be 20.1 eV lower in MNQ? (o)

with respect to Mn®@q) The O 1s BEsre shiftedo a lesser degreby 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 2p/ 2pi» BEs is ~0.5 eV higher in aqueous solution with respect to the
crystalline environment. Thikkely results fom more effectivecharge screening by éhaqueous
dielectric environmeni243].

54 Summarfy key findings of Chapter 5

The combination ofiquid jet direct XPS and RPESin conjunction with the micronixing samge
source developmeiitallowedthe electronic structure of the Mwon to be probedn theaqueous
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phase, including the study of molecular bonding Mn@®.? .4 ywater interactions. Experiments were
performedwith ~0.2 M MnQ?# q)solutions apH~13.5and yielded the following resuits

1.

2.

A partialexperimentallydeterminedBE-scaled MO diagram was produced for the fully
hydrated MnG? (aq, ioN;

A comparison between outer valence spectra recordatiffatent probing depths
generallyrevealed ~0.2V larger BEs in the solutiebulk with respect to thgas
solution interfacesuggesting higher stability of the iomthe bulk of the solutioii i.e.

as a fully hydrated ion. These results highlight the effect of changes in the hydrogen
bonding enviroment, solute geometrical structural changes and / or different solute
solvent intermolecular interactions occurring at thesgdstion interfaceand affecting

the valence energetics of MiQyq

Bulk-sensitivevalenceBEs could only be extracted from tlRPES experiment3he 2e

1 (HOMO), 4t (HOMO-2), 3t (HOMO-5), and 2! (Mn 3p) BEs were determined
from participator Auger electron emission signatures.

TheMn 2p2and 2p2 RPES experiments highlighted theedanminantMn-character of

the 2e! (HOMO) ionizing transition;

Overall the RPES experiments revealed similar participator and spectator Auger
features, as well as spectalie ICD processedo those observed in the Ma@,)data
presented in Chapter(dlthough the associated features wggnerallyshifted towards
lower BEs with respect to their MnQq,)counterparts)Thisincludes the observation of
aselective enhancementtbe 3t feature at th&n 2ps, Y 5t resonancehybridization

of the inner valence Mn 3p and O R40s, KosterCronig processes at tidn 2pi, Y

5t resonance ankCD involving MnQy? (5O 2s electrons and the wasaiventvalence

band in the first solvation shell.

A comparison between the electronic structure of lmitk highlighted valence and cere
level chemical shifts associated with the difference in formal oxidation state of the Mn
metal center between the two TMCs (VII+ in Mn&,)and VI+ in MnQ? (). Overall,
BEsare higheiin MnOg (aq) With respect to MO4s%aq) The magnitude of the chemical
shifts were larger (~2 eV) for the Mn 2p/ 2p2 BEs. Similar shifts of ~&V were
observed for the Qs and inner valence (Mn 3s, Mn 3p, O 2s) BEs. For the outer valence,
~ leV shifts wereobserved for the 3t (Mn-O bonding MO) BE, whil@~0.5 eVshift

was observed for the At (ligand-centered nofonding MO) BE.The higher Mn 2p
chemical shiftin the aqueous phase with respect to a crystalline environment highlighted
the screemig effect of the aqueowsslventon the charge on the Mrenter.

The electronic structure, molecular bondisglutesolvent interactionsind energetic information
reported in this chapter constitute photoelectron spsspy fingerprints of theetraoxo Mn(VI+)

charge state in agueous solution. e electronic structure fiormation will be used to infer
thermodynamic parametes§the MNnQ? (aq)/ MnOs aq) redox half reactioim the followingchapter.

91



92



6 Redox enoefr gntfd o @
Mn @ @qsyol uti ons

A portion of the content presented here has been adapted or directly extractedtfrerfollowing publication;
K.D. Mudryk, R. Seidel, B. Winter, 1. Wilkinson, The electronic structure of the aqueous permanganat
aqueousphase energeticand molecular bonding studied using liquid jet photoelectron spectroscopy, Phys
Chemistry Chemical Physics (202@0OI: 10.1039/D0CP04033Ahttps://doi.org/10.1039/DOCP0O4033A
Published by the PCCP @w Societies. This work is licensed under the Creative Commons Attributic
Unported Licenséhttps://creativecommons.org/licenses/by/3.p/

In this chapterthe bulksensitive electronistructure information extracted from the XPS and RPES

experiments performed with MnQg, andMnO4?q) Solutions reported in Chapset and 5will be

applied to infer agueous phase energetic parameters that underpin the redox chethisteyiohs

As discussed isection 2.2within the limits of the linear response approximat{bRA) i which

has been proven to be appropriateen polar solvents are presestich as liquid wate244] i

experimentally determineBEs andpeak widthscan be used to determirreorganization energies
/), AIES(aq) andVEAS(q)[83, 126129].

The results presented here focus on oxidation half reactions, theeparallek to the bnization
processsthat take place during an XPS experiment, as discussed in Sections 1.2.2 dris2.2.
approach has been previously applied in liquid jet ¥BSed determinations of redox parameters for
a number of aqueousdoxtransition metal complesystemg127, 182] including [Mn(H:O)s]?*aq)

I [IMn(H20)6]**(aq, [83]. For the later, experimental information on the [MsQh#]>*q,ion was not
reported. The tendency of these species to disproporti@ddthas thus faprevenedthe realization

of associatediquid 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 witha)nO
ions, allowing the redox energetics of the MA,)/ MnOys(aq) redox pairi which have been
previously investigated using theoretical meth{#% 1 to be reported purely from experimental
data.

The chapter is divided io threesectiors. Section 6L is dedicatedd the thermodynamic descriptioh
theMnOxs aq)/ MNOAaq)redox half reactionincluding the derivation of thexadative reorganization
energy(_ ) and VEA 0fMnO4taqyandAIE of MNO4 (aq) The MNQyaq)/ MNO4Aaq) redox half reaction

is an exemplary case where thermodynamic information fronretdeamistrybased experimenis

not availabledue to the unstable nature of one of the components of the redoMp@irlq,)in this

case). Thughe resuks presented hedemonstrat@ generic approach tstudyredox energetics by
means of photoelectron spectroscopy where standard electrochemical methods cannot be
implementedIn addition, comparison of the AIEs reported ¥mO, ) [175] and the AIEs inferred for
MnOy g, allowed the Gibbs free energy of hydratian O  of the ion to be determine8ection 6.2
presents similar information but for thénO4?@q)/ MNnOs(aq) redox pair ubiquitous in chemical and
energytransfer processes involving Mag,in alkaline medialn addition, théMNO4% aq)/ MNOx (aqyredox
energetics aref relevance for the development of redox flow batteries with electrolytes formed by these
ions [40]. The photoeleabn-spectroscoppased results presented hare compared with existing
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theoretical calculation85] and Gibbs free energy valueportedrom electrochemistnyFinally, Section
6.3 mplements the determinedllEs to construct electronic state enerdiggrams forMnOx (g, /
Mno4)&(aq,) and MnQZ_(aq,)/ Mno4_(aq_).

6.l Per manganate aqueous solutions

With chemical reactions including redox processésprimarily governed by the energetics of the
most readily liberated electrons, the lowest energy vertical ionizing transitidm®f (aq) (1t)?,
can be considered to be of primary relevarcexidative permanganatgrocessesThis ionizing
transition results in the production of the?[h)state oMnO.taq) (permanganate radical). The process
is related to the following redox half reaction:

DEVL gO00el g Q
The chemical cycles associated with this redox process in the agueous and gas jplegpéetedia
Figure 6.1 (panel A and B, respectively). The schematic quadratic potential energy curves highlight
the free energetic relationships between the VIE andoAlEnO,'  the VEA of MnQEand, for the
agueous phase case, the associated reorganization free energies of oxidatiand reduction
(L ). Using the lowest energy ionizing transition feature of MpQreported in Chapter 4 (see
peaklin Figure 4.2 and Table 4.ahdExpressions (1) and (4) in Section 2.2, it is possible to estimate
and the AIE of MN@ (aq)

The estimation of requires knowledge of th&aussian) inhomogeneous broadening contribution

to the photoelectron peakidth (here referred to &WHMg). As explained in Section 3.the peak

widths reported throughout this thesis (and referred toF\A41Mg) 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 idearkexcitation
cases)Expression (5) in Section 2.2 allows estimatibFW/HM s by considering and disentangling

the Gaussian width of the ionization feature (FWlsls reported in Table 4.1) and thr@adening
contribution from the overall instrumental resolutiGW\(HMr).

By adopting théD635 eV photon energy FWHMvalueof 0.41 + 0.01 e\(as determined via rare

gas XPS measurements under the same conditions adopted for the agueous phase work, see Section
3.3) and theFWHMg value eported for pealk (Table 4.1), a FWHM value of 0.7 + 0.1 eV was
determined. Consideringithresult and a 278 K liquid jet temperatuae  value of 1.8 £ 0.2 eV or

170 + 20 kJ moltis determinedor the (1t)* ionizing transitionusing Expression (4) The _

estimate and the lowest VIE of MA@y, (9.22 £ 0.08 eV, see Table 4.1) correspondingly yields an

MnOy aq)AlE andw "0 value of 7.4 £ 0.2 eV or 720 = 20 kJ mblnder the assumptions described

in Section 2.2.

In addition, by usingxpression (6) in Section 2.2 and the direct XPS resiliié VEAuq)0f MNOstaq)

is estimated to be 5.7 + 0.2 eV or 550 * 20 kJ'rh@utsevet al [175] reportedanadiabaticEA of

4.8 eV for isolatedinO4(i.e.in the gas phase). Their results highlighted the sbialergercharacter

of MnO/*and the relatively higlstability of MnQ/ due to the existence of the metal center in the
VII+ oxidation statd175]. As shown in Figure 6.1, in the aqueous phaseatli@baticEA can be
approximaed by adding.  to VEA(q) Within the LRA, assuming =_ [19]and using. =
1.8+ 0.2 eV (as reported in Table 6.1), the adiabdfié for MnOsq) can be estimated to be
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7.5+ 0.2eV. Here, the larger value for the agueous 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 MNDAIE »q)value with its gas phase counterpart, the associaled of

w O can be estimatedn Figure 6.1 (panel B) the AIE value of gas phase Wnt@s been
energetically aligned to the aqueous phase value, assuming vacuum level equivalence in liquid and
gas phase PESxperimentgby aligning the ground rovibronic states\dfiO4* at the same energy in

both phases)with such an alignment, the figuhéghlights that the difference between Algand

AIE g is equal to wO. Using the gas phase MO AIE

of 4.80+ 0.1eV, asdeterminedn Referencg175], and the AE.q)Vvalue reported here, an estimate

of 7.4+ 0.2eVi 4.8+ 0.1eV=2.6 £0.2 eV, or 260 * 20 kJ malis obtained forp "O . With fully

solvated Mn@ q,ions expected to form an average of 3.7 hydrogen bonds in sdRdiBhaverage

MnOy/ q)hydrogenrbondng energies of 0.2 0.1eV can be inferredlhe vertical axes in the figure

show energetic information expressed as free energy (left) andipbégrergy (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 equivasgpéctivepotential energy
changes experienced lhe agueous solute in its ground state configuration upon ionization in the
condensed phase aqueous medium.
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Figure6.1. Redox energetics of MNfq)/ MNO&4agqy and MnQrg/ MnO~g)

(A) Schematic potential energy curves fINOs aq)and MNOs%aq.), depicting the definition and relatior
between Vikq) | ox | red, VEAq)and Alkg,). (B) As shown in panel A, but for Mag)and MnOs4g), using
the energetic information reported in Referend&@75]. The ground rovibronic state d¥inOs® was
commonly aligned between the aqueous and the gas phase.

Based on thnO/ o) 1ti' Yonizing transition analysis above and theBE and peak width extracted

from the RPES data presented in Section 4.2, thand AIE values for the first electronically excited

state 0fMinO4q)can also be estimated. In this case, the RPES results correspond ti§ Bop@3

jet temperature but are still comparable with thei278K MnO4aq) ground state results (such a
temperature variation leads to a less than 40 meV difference amd 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 inl@@&1 The energetics are presented along with the
electronic state symrtres of the producelnOxtaq)radicals (assuming a retentionTofsymmetry
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upon ionization), with the assigned dominant molecular orbital symmetry of the removed electron
given in parenthesis.

Table6.1. MnOyaq)energetic and thermodynamic parameters from PES da

Summary of the valence state energetic and thermodynamic parameters extracted from thgdyiiquid jet XPS and RPES d
Photooxidized radical state labels are appendedhe table, with the dominant molecular orbital configuration changes with res
to the MnQPg)ground state shown in parenthesis. The valence BE values,,\did associated peak widths (see Table 4.1) were
to extract the FWHMterms. The oxidative reorganization energigs, and adiabatic ionization energies, @llEwere extracted usir
the latter values. The extracted Gibbs free energy of hydrafiGy«, determined by comparison of the lowest aqueous phase Al
corresponding gas phase dafta75], is also shown.

Radical state VIEaq eV FWHMgeV <ofeV AlRaqyeV NGrydeV
(LT (1t:bL) 9.22+0.08 0.7+0.1 1.8+0.2 74+02 2.6 0.3
(1PT2 (4tY) 9.85 + 0.08 0.6+0.2 1.5+05 8.4+05 23+05

6.2 Manganate aqueous solutions

Following a similar analysis to that presented in Section 6.1.1 forsMgy®olutions, this section will
use the bullsensitive data presented in Chapter 5 to estimate redox parameters associated with the

MNO4Z aq)/ MNO4 aqyredox pair.

Upon ionization, the removal of the most readily liberated electron fromsMn@corresponds to a
(2e)tionizing transition, which can be related to the following redox half reaction:

DEVL gO00eUl g Q
The chemicatycle associated with this redox process and redox information derived in this chapter
is shown in Figuré.2. Expressions (1) and (4) in Section 2.2, and theBEe of MnQ? (., reported
in Chapter 5 (see pe&kin Figure 5.5 and Table 5.3), were used to estimateand AIE values for
MNO4? (aq.»

Figure6.2. Redox energetics of Mn®aq)/ MNOxs (aq)

Schematic quadratic potential energy curves for Mh&)and MnQ:q,) highlighting the relationshig
betweenVIEkaq), | ox, | red, VEARg)and Allzg) The systenenergetics have been scaled in accordance v
the parameter alues determined in this Chapter.
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