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Abstract

Chemical reactions in transition metal complexes can be triggered with light, which
results in structural and electronic changes. These changes can be visualised by
measuring the geometric and electronic structure of a complex in real-time during
a chemical reaction pathway. Time-resolved (TR) X-ray Absorption and Emis-
sion Spectroscopy (XAS and XES) delivers information about the geometric (via
XANES and EXAFS) and electronic (via XES) transient changes when used in
synchronisation with an ultrafast laser in a pump-probe scheme. Element speci-
ficity and sensitivity to the local structure of X-ray spectroscopic tools around the
absorbing atom allows us to look at the photoexcited changes of transition metal
complexes.

We studied aqueous ferrocyanide ([FeH(CN)ﬁ]Zl*) following photoexcitation with
UV laser light which results in two photoproducts namely [Fe'' (CN) -H,0]° and
[Fe"'(CN),J* [1]. Picosecond-resolved XANES measurements after 266 nm exci-
tation show both photoproducts and the ratio of extracted excited state fractions
is consistent with quantum yield measurements reported by Shirom et al.[I], 2].
TR XES was used to look at the spin state and ligand environment changes with
the core-to-core (K/f 3) and valance-to-core (vtc) (or Kfy5) emission lines of the
central Fe atom. Furthermore, we investigated the ultrafast ligand dissociation of
aqueous ferrocyanide ions upon irradiation of 355 nm laser light. Based on a com-
parison of the simulated pre-edge peaks of 1s—3d transition and the experimental
data, we concluded that the reaction pathway commences via ligand detachment
followed by the formation of the long-lived photoaquated complex. TR XES reveals
the spin state of the intermediate complex. Combining these finding we interpret
that the aquation process happens from a non-singlet potential energy surface and
takes about 13 ps.

Also, we characterised the molecular structure of photoexcited [FeH(terpy)Q}2+
molecule via TR EXAFS. The data analysis in energy space used two structural
model expansions which are the representations of DFT predicted °E and 5B,
quintet high spin states. After statistical evaluation of the two models, °E high
spin state model is in better agreement with experimental data. The transient
EXAFS fitting implemented here can be used to characterise molecular structures
of other spin crossover complexes.






Kurzfassung

Chemische Reaktionen von Ubergangsmetallkomplexen kénnen durch Licht in-
duziert werden, dies wird von Veranderungen in der geometrischen und der elektro-
nischen Struktur begleitet. Das Messen dieser Strukturen gewahrt die Moglichkeit
den Reaktionsweg in Echtzeit zu charakterisieren. Rontgenabsorptions- sowie
Rontgenemissionsspektroskopie (XAS und XES) sind tibliche Messmethoden um
Informationen iiber diese Strukturen zu erhalten. XAS nahe der Absorptionskante
(XANES) sowie die Feinstruktur iber der Kante (EXAFS) gibt dabei Aufschluss
iiber die geometrische Struktur sowie die elektronische Struktur der unbesetzten
Zustande. Die elektronische Struktur der besetzten Zustande kann mit XES un-
tersucht werden. In Kombination mit einem ausreichend schnell gepulsten Laser
konnen die Verdnderungen zeitaufgelost (TR) betrachtet werden. Die elementspez-
ifische Eigenschaft der Rontgenstrahlung sowie ihre Sensitivitat auf die lokale
Struktur werden bei der Rontgenabsorptionsspektroskopie ausgenutzt um die Pho-
toinduzierten Verinderungen von Ubergangsmetallkomplexen sichtbar zu machen.

Als Teil dieser Arbeit wurde Ferrocyanid ([Fe(CN) ") in wiissriger Losung
gemessen. Durch Anregung mit Laserlicht bei 266 nm entstehen zwei Photopro-
dukte, [Fe(CN), H,0]*> und [Fe(CN),]*" [I]. Beide Photoprodukte konnten mit-
tels zeitaufgeloster XANES im Picosekunden-Regime nachgewiesen werden. Thr
quantitatives Verhaltnis deckt sich mit den Quanteneffizienz-Messungen von Shi-
rom et al.[IL 2]. Verénderungen des Spins und der Ligandenumgebung wurden
mit TR-XES gemessen. Dafiir wurde die Fluoreszenz des K3 3 sowie des Kf; 5
Ubergangs des zentralen Eisenzentrums genutzt. Im Weiteren wurde die Ab-
spaltung eines (CN") Liganden durch Anregung mit 355 nm Laserlicht gemessen.
Der Vergleich unserer Messdaten mit Simulationen des 1s—3d Ubergangs in der
XANES Vorkante legt nahe, dass die Reaktion mit der Abtrennung eines Lig-
anden beginnt und sich anschlieflend unter Einbindung eines Wassermolekiils ein
langlebiger Komplex bildet. Uber TR-XES konnte zusétzlich der Spin-Zustand des
Ubergangzustands gemessen werden. Diese Ergebnisse zeigen, dass der Prozess der
Wassereinbindung von einem nicht-Singulett Spinzustand ausgeht und in etwa 13
ps dauert.

AuBerdem wurde die optisch induzierte Strukturinderung von [Fe' (terpy),]*"
Molekiilen, mittels TR-EXAFS charakterisiert. Fiir die Analyse der Daten wurde
die Ausgleichsrechnung fiir transiente EXAFS Daten durch zwei von DF'T vorherge-
sagte Quintett Highspin-Zustinde, E und °B,, erweitert. Die Simulation des
SE-Spinzustands liegt dabei in deutlich besserer Ubereinstimmung mit den Mess-
daten. Die implementierte Methode zur Untersuchung transienter EXAFS Daten
kann zukiinftig als Werkzeug zur Charakterisierung der molekularen Struktur an-
derer Spincrossover-Komplexe bei zeitaufgelosten Messungen genutzt werden.
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Chapter 1

Introduction

To track chemical reactions at the level of individual atoms, experimental methods
with spatial and temporal resolution are necessary. Scientists have used different
experimental techniques to follow reactions at the microscopic (atomic) level. With
the advent of femtosecond laser sources, experts implement pump-probe techniques
to follow chemical reactions in real-time by monitoring optical transient changes.
Ahmed H. Zewail (1946-2016) won a Nobel Prize in Chemistry in 1999 for his
pioneering works on chemical reaction dynamics with femtosecond time resolution,
which opened a new field called Femtochemistry [3]. Since then scientists have
implemented a pump-probe technique to follow chemical reactions in real-time.
During this process, the first optical pump pulse triggers the reaction and the
second probe pulse follows the evolution of the chemical reaction in time. However,
optical spectroscopy is sensitive to transitions in the valence states and the relation
to the structure of an observable phenomenon is not straightforward.
Synchrotron-based X-ray probe tools (such as X-ray crystallography, X-ray dif-
fuse scattering, X-ray absorption, and emission spectroscopy) have been applied to
understand chemical reactions in combination with optical lasers in a time-resolved
fashion. Anfinrud, Schotte et al. used the structural resolving capability of X-ray
crystallography to look at the trans-to-cis photoisomerization of a chromophore
during a signaling protein function process [4, [5]. X-ray crystallography techniques
showed tremendous success in resolving protein structure in a crystal form. Also,
Thee, Wulff et al. used time-resolved X-ray diffuse scattering to study the biological
activity of proteins in a solution such as myoglobin [6] [7]. However, XDS mainly
gives the precise global structure of the protein but is not straight forward to de-
couple the solvent and solute response from the measured total scattering signal.
In this case, X-ray absorption and emission spectroscopic techniques become valu-
able since they provide information on electronic and structural changes around the
absorbing atom (solute). The implementation of time-resolved X-ray absorption
spectroscopy Chen et al. [8], Bressler and Chergui [9] [10] allowed the researchers to
follow structural evolution of an observable during a chemical reaction. Similarly,
time-resolved X-ray emission spectroscopy techniques have been used by Vanko
and Bressler et al. to look at spin state changes in a photoinduced chemical dy-
namics [11]. The emergence of ultrashort X-ray pulses from X-ray Free-Electron
Laser (XFEL) sources further enabled researchers to observe chemical reactions in
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real-time with an atomic spatial resolution, down to a few femtoseconds of time
resolution 12, 13].

In this thesis, a suite of time-resolved X-ray spectroscopic techniques have been
used to follow photoinduced chemical reactions in an aqueous solution (natural en-
vironment). Two model systems, namely [Fe" (terpy),]*" and [Fe" (bpy),]**, both
underwent an increase in the bond length upon excitation with a green laser light.
Here the high-quality TR EXAFS data of [FeII(terpy)2]2+ allowed us to identify
the possible excited state among two candidates. The analysis used two reac-
tion coordinate expansion methods instead of the one used in the [Fe" (bpy),]*"
case [T4, [9]. The other model system studied was the [Fe'' (CN) ]* (ferrocyanide)
molecule which underwent both a ligand exchange and charge transfer upon exci-
tation with a UV laser light [I5] (1, 2]. Charge transfer, bond breaking and making
processes are common in many biologically relevant systems. For this reason, model
systems have been studied to sharpen the experimental tools used here which will
enable us to probe more complex molecules.

Although the ferrocyanide molecule is a model system, upon photoexcitation it
undergoes a charge transfer and ligand exchange mechanism. The ligand exchange
mechanism studied here has similarities to the Fe'(CO) 5 studied by Wernet et al.
[16] which undergoes ultrafast ligand dissociation. The charge transfer mechanisms
are also common in photocatalytic electron acceptor complexes. The open question
in the ligand exchange mechanism of ferrocyanide molecules is whether it proceeds
via one of the following mechanisms; dissociative with pentacoordinated interme-
diate, associative with heptacoordinated intermediate or dissociative interchange
where the bond breaking and making process happens at the same time.

Studies of the ligand exchange mechanism process in the [FeH(CN)E’(Nng)]}
[17, 18] and [Fe"'(CN),(SO,)]” [19] complexes suggest the exchange mechanism
proceeds via the dissociative pathway which results in a reactive [Fe'' (CN) 5]37 in-
termediate state. The breaking of the metal-to-ligand bond is the reaction rate-
determining step in the ligand exchange process [20]. A similar study by Finston
et al. suggested a dissociative interchange mechanism for the photoaquation of the
ferrocyanide molecule, whereby the Fe-CN bond breaking and Fe-OH2 bond forma-
tion occurs simultaneously[21]. In the present study, the our findings concerning
the ligand detachment and attachment process in the ferrocyanide molecule will be
presented.

The charge transfer dynamics in ferrocyanide complexes have been studied by
Pommeret et al. with optical pump-probe techniques [22, 23] and it was determined
that the charge separation from the ferrocyanide molecule was almost instanta-
neous. By monitoring the optical absorption band centred at 719 nm (assigned to
the hydrated electron)[24], a fully solvated electron e appears with a time constant
of 510 fs. Similarly, the radical [Fe'"'(CN),]*> which has an absorption band centred
at 422 nm appears almost instantaneously. Recently, studies by Reinhard observed
that the transient features of [Fe''(CN),]*> are around 150 fs whereas the sol-
vated electron is approximately 500 fs [25]. Flash photolysis studies by Shirom and



Stein[Il, 2] showed that upon photoexcitation (A < 313 nm) both charge transfer
and photoaquation channels demonstrated no straightforward way to disentangle
these two competing relaxation channels. In addition to the reported optical stud-
ies, X-ray spectroscopy tools have been used to study the ferrocyanide molecule.
X-ray studies by Rose-Petruck et al.[26] claimed that the radical [Fe' (CN),]* is
observed by looking at the iron K-edge shift. Similarly, Reinhard et al. [27] re-
cently reported picosecond-resolved X-ray absorption spectroscopy (XAS) results,
which showed the formation of ferricyanide complex within 70 ps. In the XAS spec-
trum below the iron, K-edge is the pre-edge, which shows sensitivity to symmetry
changes around the absorbing atom [28] 29]. Westre et al. [30] also demonstrated
the sensitivity of X-ray absorption pre-edges to the change in symmetry around
the iron. In like manner, the present study has exploited this knowledge in order
to examine the details of the photoaquation process.

The scope of this thesis is to track chemical reactions using ultrafast X-ray
spectroscopic tools. To present a coherent story, the thesis is organised in the
following way: in Chapter Two the photochemistry of transition metal complexes
are examined by emphasising the charge transfer and ligand exchange processes.
The general electronic properties and crystal structure of the relaxation processes
of aqueous ferrocyanide, [Fe''(terpy),]*" and [Fe" (bpy),]*" are discussed in detail
as well. Chapter Three describes the principles of X-ray spectroscopic techniques
along with the information contents that can be extracted from each tool. Theoret-
ical tools used in this thesis are also described. In Chapter Four the experimental
methods used for the data collection at 7ID-D Advanced Photon source-USA and
SACLA-Japan are presented. Chapter Five examines the results of the picosecond-
resolved X-ray absorption spectroscopy (XAS) used to disentangle the two simulta-
neous relaxation channels (such as photooxidation and ligand exchange processes)
following 266 nm laser excitation. In Chapter Six TR X-ray emission spectroscopy
(XES) results (Kf and valence-to-core) used to monitor electronic changes that
occur after 266 nm and 355 nm laser excitation of aqueous ferrocyanide molecule
are discussed. In Chapter Seven the femtosecond resolved XAS and XES results of
the ligand detachment and attachment process are presented, and the pentacoor-
dinated intermediate state which lives for 12 ps before the nearby solvent is ligated
is characterized. Chapter Eight employs a novel approach to analyse the TR ex-
tended X-ray absorption fine structure (EXAFS) of high-quality data. The method
is used to identify the possible high spin excited state among the two likely candi-
dates of the [FeH(terpy)Q]2+ molecule. This analysis is extended further to examine
the []F’eH(bpy)g]2+ EXAFS data, which has been published. The end result from
the analysis shows the excited state fraction estimation with this method, and thus
demonstrates good agreement with the XES techniques. Chapter Nine concludes
the thesis with a final summary and presents an outlook for future research.






Chapter 2

Photochemistry of transition
metal complexes

Transition metal (TM)E] complexes are an important class of compounds in chem-
istry and studied as model molecular systems for complex interactions involving
electronic, spin and structural degrees of freedom in catalysis, material synthesis,
photochemistry and biology[31], [32]. In all cases, these molecules consist of a cen-
tral transition metal bound to another group of ions or molecules called ligandf].
The most common transition metals are Cr, Mn, Fe, Co, Ni, and Ru, whereas the
common ligands are CN~, CO, and pyridineE]. In TM complexes the metal ion forms
a fixed number of bonds with the neighbouring atoms which are often referred to
as coordination number. The chemical reactivity of complexes depends mainly on
its electronic properties which will be discussed in later section (see Sec. .

Photochemistry of transition metal complexes can often be triggered by irra-
diation of visible light which generates a Franck-Condon excited state. After-
wards, the molecule undergoes relaxation into lower excited states involving charge
transfer such as spin dynamics[I3], 34], bond length change[10], bond breaking and
making[I6]. The time scale for the different molecular processes depends on the
reaction pathways and the competing processes (see Fig.

Biological functions[35, B36] and chemically relevant processes[31] 32] often un-
dergo charge transfer and ligand rearrangement dynamics. In order to understand
these type of fundamental reaction steps two model systems namely iron(II) hexa-
cyanide or ferrocyanide ([FeH(CN)6]4_) and iron(IT) bis-terpyridine (FeH(terpy)2]2+)
are investigated in this thesis. Upon laser excitation, the aqueous ferrocyanide
molecule undergoes charge transfer and ligand dissociation mechanisms[15}, 37, 1], 2].
In aqueous Fe' (terpy),]** molecule, laser excitation results in charge transfer from
iron to the terpy ligands. Later it decays into a high-spin excited state through

!Transition metal elements are elements having a partially filled d or f subshell. Transition
metal elements are most commonly refers to as the d-block transition elements.

2Ligand is an ion or molecule that forms a bond to a central metal atom [33]

3Pyridine is an organic compound with the chemical formula of C;H;N and structurally similar
to benzene with one CH, group replaced by a nitrogen atom

4terpy: 2,2':6',2"-terpyridine
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Figure 2.1.: Time scales of various electronic and structural dynamics which occur
during a course of a chemical reaction. The suitable light sources that
can be used to access the different time scales are shown with an arrow.

intermediate states [38], [31]. The detailed electronic and structural properties of
these complexes will be discussed in the later part of this chapter (see Sec. and
27).

This chapter is organised in the following way: the first Section contains the
description of the general electronic properties of transition metal complexes and
introduces crystal-field and ligand-field theory. In the second Section, the excited
state dynamics of transition metal complexes will be discussed using the Jablon-
ski diagram. In the third Section, the role of spin in the relaxation process of
photoexcited transition metal complexes will be presented. The description of the
electronic, crystal structure and photochemical processes of solvated iron hexa-
cyanide complexes such as ferrocyanide and iron(III) hexacyanide or ferricyanide
([Fe"™(CN)4J*") will be discussed in detail. As one focus point of this thesis the de-
tails of photochemical reaction pathways such as ligand exchange mechanism and
photooxidation processes including the quantum yield measurements under differ-
ent experimental conditions. As a second model system of this thesis the ground
state electronic structure and the excited state processes of the [FeH(terpy)Q]QJr
molecule will be described.

2.1. Electronic structure of transition metal
complexes

Historically, two different theories namely crystal-field and the ligand-field theories
[39] are used to explain the electronic structure of transition metal complexes.
Crystal-field theory (a.k.a. Electrostatic theory) emerged from analysing the
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2.1. Electronic structure of transition metal complexes

spectra of TM solids and, strictly speaking; crystal field theory applies to TM ions
in a crystal. In this theory, the ligand and the metal centre with fully unoccupied d-
orbitals are treated as negative and positive charges respectively. The electrostatic
interaction results in an electric dipole with a dipole moment directed towards the
ligand. In the presence of an octahedral crystal field the d orbitals of the metal
center split into threefold degenerate e, and twofold degenerate t5, set of orbitals
(see Figl2.2).

Ligand-field theory arises from the application of molecular orbital theory[40]. It
describes bonding and orbital arrangements in a transition metal complex. Here
the electrons are placed in molecular orbitals formed as a linear combination be-
tween the metal (3d, 4s and 4p) and ligand (o, 7w, ¢* and 7*) orbitals. Orbital
hybridization between the orbitals of the metal and the ligand depends on their
symmetry. Totally symmetric orbitals of the ligand interact with 4s orbital, single
nodal plane orbitals interact with 4p orbitals and the rest interacts with 3d,2 and
3d,2_,2 orbitals. Each interaction between asymmetric orbitals of the ligand and
an atomic orbital of the metal gives rise to a bonding or antibonding orbital. The
former are more stable than the orbitals concentrated primarily on the ligands or
the metal [40].

Interaction of d orbital electrons from the metal center with ligands in an octa-
hedral field are splitted into threefold degenerate e, and twofold degenerate to, set
of orbitals (see Fig. . The electrons in the d.» and d,2_,» orbitals of symmetry
type e, are concentrated close to the ligands whereas electrons in the d,,, d,. and
d,. orbitals of symmetry type ts, are located between the ligands. The orbitals
of e, symmetry experience strong Coulomb repulsion compared to the orbitals of
tog symmetry; as a result ty, orbitals will have lower energy compared to the e,
orbitals. The separation between ty, and e, orbitals is called ligand field splitting
parameter (A,) and it’s value depends on the type of ligands, the identity of the
central metal ion and the number of electrons in the d-orbital [41].

In a complex, all d orbitals are not degenerate in the presence so octahedral
crystal field. As a result, the electron filling will follow Pauli exclusion principld?]
The first three electrons will occupy the lower ¢54 orbitals, but the next two electrons
could occupy either the upper e, (with parallel spin as lower ones) or all the three
could occupy the ty, with opposite spin. The pairing energy (P) which is strong
Coulomb repulsion between electrons in same orbital and the ligand field splitting
parameter (A,) are the determining factors. The weak field case (A, < P) will
result t3,e2 electronic configuration which results in high-spin (HS) with total spin
of S= 2. In case A, > P, electronic configuration becomes tgg and results low-spin
(LS) with S= 0. Most transition metal complexes are in the low-spin state. In
some cases in non-perfect octahedral symmetry, the above electronic configuration
does not hold. Contraction or elongation of metal-ligand bond lengths will lead to

5Pauli exclusion principle states that two electrons of the same spin can not have identical
quantum energy states
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Figure 2.2.: Splitting of d-orbitals in the presence of octahedral crystal field. For
clarity, the TM d orbitals shown in red and blue and ligands in dark

orange spheres.

a Jahn-Teller distortion ﬂ This results in splitting of the ¢y, and e, orbitals to a
different orbital ordering see Fig[2.3]

Dah

D4h On
compressed

elongated

Figure 2.3.: Diagram showing the two possible Jahn-Teller splittings of the d-energy
levels in an octahedral [CuLG]2+ complex. The orbital ordering of the
tag and ey states change depending on the structural distortion hap-

pening [42].

Crystal field theory treats ligands as point charges or dipoles and does not take
into account overlapping of metal and ligand orbitals. Molecular orbital theory

6Jahn-Teller distortion is an effect when the electronic configuration of a non-linear molecular
system is orbitally degenerate, and in the presence of has an asymmetric field, the complex

distorts to remove the degeneracy.
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2.2. Excited state dynamics

builds up molecular orbital (MO) energy levels from the metal centre and the
symmetry-adapted linear combination of ligand orbitals. In Sec|2.4.1] and [2.5.1| the
description of the electronic structure of ferrocyanide complex using the molecular
orbital theory to understand better and visualise involving ligand orbitals in the
electronic structure of the molecule will be given.

2.2. Excited state dynamics

The coupling strength of an electron which makes a transition from an initial 1);
to a final state ¢ is determined by the transition dipole moment which is defined
by the integral:

pii= [ i, (2.1)

where 4 = —er is the electric dipole operator. The intensity of the transition is
proportional to the square of its dipole moment. A transition can be allowed or
forbidden depending on the integral of the transition dipole moment. If the inte-
gral is non-zero, the transition is allowed. If the integral is zero, the transition is
forbidden. However, forbidden transitions still occur in a spectrum, if the assump-
tions on which the transition dipole moment calculated are invalid. One example
is a complex having a lower symmetry than assumed. Electronic transitions with
a change of spin multiplicities are also forbidden, but can be observed in a spec-
trum. For example transition from singlet (S=0) to triplet (S=1) is not possible.
However, the coupling between the spin and orbital angular momentum can relax
the spin selection rule and transition may occur. In octahedral complexes such as
[Fe''(CN),]* transitions between d-orbitals are forbidden. The Laporte selection
rule states that in centrosymmetric complex, the only allowed transitions are those
accompanied by a change in parity. The only possible transitions are between g
(gerade) and u (ungerade) states. Since s and d orbitals are gerade, whereas p
and f orbitals are ungerade it means that s-p, p-d and d-f transitions are allowed.
Transitions such as s-s, p-p, d-d and f-f transitions are forbidden. The reason why
d-d transition still occur in the centrosymmetric complex such as [Fe" (CN),]* is
caused by small distortions in its ground state structure, and asymmetric vibration
destroys its centre of inversion.

The electronic transition which leads to an excited state should obey the Franck-
Condon principle [43]. The most favoured transitions are to vibrational levels
where the nuclear positions differ only by minimal value from the ground state.
If the transition to the Franck-Condon region ends up in a high vibrational level
of the excited state, it relaxes to the lowest vibrational state of the excited state
through radiationless deactivation and/or internal conversion (IC). The vertical
transitions are from the lowest vibrational ground state to some vibrational states
of an electronically excited state which result in Franck—Condon region. As shown
in Fig. electronic transitions can be from the ground state to many vibrational
levels of an excited electronic state which result in broadband in the ultraviolet-
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2. Photochemistry of transition metal complexes
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Figure 2.4.: The schematic representation which shows an electronic transition from
a ground state (Eg) to an excited electronic state (E;) in the Franck-
Condon region.
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Figure 2.5.: Jablonski diagram showing relaxation of an exited state through flu-
orescence, phosphorescence and vibrational relaxation. Figure from

[44].
The excited state can return to the ground state through luminescence if it emits

radiation or nonradiative decay by thermal degradation of energy to the surround-
ings internally. As a result, luminescence has to compete with nonradiative decay.
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2.3. The role of spin in excited state processes

There are two types of luminescence: a fast decaying luminescence called fluores-
cence, happens if both the ground and excited states have the same spin multi-
plicity. Fluorescence half-lives are typically in nanoseconds. If the luminescence
persists after exciting illumination is called phosphorescence. Phosphorescence
is also a radiative decay from a state of different spin multiplicity from the ground
state. The mechanism of phosphorescence involves intersystem crossing, nonra-
diative conversion from initial excited state to another excited state with different
spin multiplicity. The second state serves as the energy reservoir for the radiative
decay to the ground state. Phosphorescence is due to a spin-forbidden transition.
However, spin-orbit coupling allows the intersystem crossing to occur because it
breaks down the spin selection rule. Phosphorescence is a slow decay and can
typically survive to milliseconds (see Fig. [2.5)).

2.3. The role of spin in excited state processes

Vanquickenborne et al. claims the ligand substitution, isomerization, and racem-
ization are possible if there is a spin state change along the reaction coordinate
[45]. Most Fe(II) octahedral complexes undergo ligand rearrangement reactions in
two ways. The first one is an intra-molecular twist via a trigonal prism transition
state. The second one is a complete dissociation of one ligand; this results in a
square pyramidal symmetry which can rearrange itself to form a trigonal bipyrami-
dal symmetry. For ligand substitution reactions, the substituting ligand attacks on
the equatorial plane of the trigonal bipyramidal symmetry. According to Vanquick-
enborne et al. [45] ligand reorganisation takes place to form a trigonal bipyramidal
(Dsp) before a new ligand attacks the square pyramidal. For this reorganisation
to happen the energy barrier between Ds;, and Cyy should be low. The 3d orbital
and electronic state correlation diagrams for angular displacement of two ligands
to make a transition from Cyy to Dsj, and vice versa (see Fig. . During this
transition the 3d,, is the most strongly destabilised orbital, developing from -
antibonding orbital into a predominantly o-bonding orbital. As a consequence,
the 'A; ground state increases in energy to the extent of 200 kJ/mol (% 2 eV).
If the ligand attachment to D3, symmetry molecule does not happen in a singlet
potential surface and it must happen through the level crossing.

According to Spees et al. [46] octahedral Fe(IT) complexes have a singlet ground
state. Except in strong field ligands such as CN", when Fe(II) and Co(III) com-
plexes undergo dissociation the Ds; symmetry of the same complex will have a
quintet excited state, °E” instead of the singlet excited state, 2Ay. After dissoci-
ation of one ligand, the reordering of 3d orbitals results in quintet spin state for
the lowest excited state [45] (see Fig. [2.7). For the reaction mechanisms studied
in this thesis (see Sec. [2.4.3), if the attachment of the water molecule happens
from the Ds, symmetry, according to what is presented so far, the reaction will
be slow. The slow process is the result of intersystem crossing that the molecule
has to pass through before ligand attachment. In the case of ferrocyanide, if the
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Figure 2.6.: 3d orbital ordering and correlation diagrams for the transition between

Cyv and Dgj, symmetries. Adapted from [45].

aquation takes place through a complete dissociation, then a spin-flip is inevitable.
A recent time-resolved resonant inelastic X-ray scattering study by Wernet et al.
[16] on Fe'™(CO), at the Linac Coherent Light Source (LCLS), suggest that the
ligation of ethanol (EtOH) to Fe'(CO), from the triplet excited state takes 50-100
ps. On the other hand, they suggest that [Fe'" (CO) 4(EtOH)] complex formation
from a singlet excited state happens in sub-picosecond time scales.
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Figure 2.7.: Spin state rearrangement for a transition between Cyy and Dsgj, sym-

metries in [Co(CN)y]* complexes. Adapted from [45].
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2.4. Iron(Il) hexacyanide

2.4. Iron(Il) hexacyanide

2.4.1. Electronic structure of ferro and ferricyanide ions

In this Section, the electronic structure of iron hexacyanide molecules will be de-
scribed starting from the UV-Vis spectrum shown in Fig. The different absorp-
tion bands centred at different wavelengths can be explained by using the molecular
orbital diagram energy shown in Fig. The molecular orbital diagram energy
levels of ferrocyanide and ferricyanide molecules are similar (see Fig. [2.8)).

10 — Fe MO CN

3a,,

2zu+2t1g+3tag

Energy /eV
&
l
/
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Figure 2.8.: Molecular orbital (MO) diagram of Iron(II) hexacyanide molecule for
[FeH(CN)G]Zk in Oy, crystal field symmetry. The MO diagram is the
result of interaction between the six cyanide (CN) ligands and Fe
metal center. The o0— and m—bonding orbitals shown on the right-
hand side from the CN~ while the 3d, 4s and 4p atomic orbitals shown
on the left-hand side originate from Iron. The green box shows the
d — d excitations with a crystal field splitting of A, [47].

Ferrocyanide molecule has filled 2t5, orbitals as a result; it has ' A;, ground state
electronic configuration. As shown in Fig. there is strong absorption band
below 250 nm and it originates from d — d excitations of 2t,, — 3e, transition.
These transitions are 1Alg ground state to 3T19, T 1gs 3ng and 1ng excited states
[47]. According to A. Gray et al. ferrocyanide ion has two MLCT bands centered
at 218 nm and 200 nm. Other symmetry forbidden ligand-field (d — d) transition
bands are also observed at 420, 322 and 270 nm [48] (see Tab[2.1]).

Ferricyanide has one empty orbital in the 255, as a result the ground state
electronic configuration becomes 3t?u2tgg = ?Ty,. Some of the observed transitions
in ferricyanide molecule are centred at 420, 320, 301, 285, 260, 220 and 200 nm

[47]. The first Laporte-allowed transition is centred at 420 nm which is a ligand to
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2. Photochemistry of transition metal complexes
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Figure 2.9.: (a) The molar extinction coefficient spectra of ferro and ferricyanide
measured in aqueous solution. (b) The logarithmic plot of extinction
coefficient for ferro and ferricyanide ions in aqueous solution. Assign-
ment of absorption bands is based on literature data[47, [4§].

Table 2.1.: Summary of all ferrocyanide absorption bands and transition states
identified after comparison with reported results [49] 47, 2, [48].

A(nm) | Transition type
[Fe(CN)4|* | 218 nm | *A;, —»' Ty, | MLCT
270 nm 1A19 —1 ng LF
322 nm lAlg —1 T, LF
422 nm lAlg —3 T, LF

metal charge transfer (LMCT) transition. [50] (see Tab[2.2). To understand the
photooxidation and ligand detachment processes, the ferro and ferricyanide ions
are studied by excitation at two particular wavelengths such as 266 and 355 nm.
The molar extinction coefficient at the two wavelength is summarised in TabJ2.3]

2.4.2. Structure of crystalline iron hexacyanides

The crystal structure of ferrocyanide and ferricyanide has been investigated with
Neutron diffraction [51], Extended X-ray Absorption Fine Structure (EXAFS) and
X-ray Absorption Near Edge Spectroscopy (XANES) techniques [52]. The crystal
structure of K,Fe(CN)y3H,0 powder has been investigated using diffraction tech-
niques which delivers a bond length of 1.929 A for Fe—C, 1.1608 A for C=N and a
bond angle of 179.21° for Fe—C=N [51]. X-ray diffraction studies of K;Fe(CN), by
Figgis et al.[53] report Fe—C bond length is 1.903 A and C=N is 1.133 A. The two
results show a slight difference of Fe—C and C=N bond distances for complexes
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2.4. Iron(Il) hexacyanide

Table 2.2.: Summary of all ferricyanide absorption bands and transition states iden-
tified after comparison with reported results [49] 47, 2, [48].

A(nm) | Transition type
[Fe(CN),]* | 200 nm | Ty, —* Ty, | MLCT

220 nm 2T2g —2 Ty, | MLCT

260 nm | 2Ty, —2 Ty, | LMCT

285 nm | ?Ty, =2 B, LF

301 nm QTQQ —2 Tgu LMCT

320 nm 2T29 —2 Tlg LF

420 nm 2T29 —2 Ty, | LMCT

550 nm | 2Ty, —* T3, | LMCT

Table 2.3.: Summary of the extinction coefficient (¢) of ferrocyanide and ferri-
cyanide ions in aqueous solution at selected wavelengths.
Ae(M~! em™!) | [Fe(CN) " | [Fe(CN)yJ*
266 nm 2921 4963
355 nm 114 1534

with K3 and K, counter ions.

Structural analysis studies of ferro and ferricyanide in aqueous solution using
EXAFS show slight differences in the Fe—C but no difference for the C=N bond
lengths. According to Hayakawa et al. in a solution Fe—C is 1.92 A and 1.93
A for ferrocyanide and ferricyanide complexes respectively. On the contrary the
C=N bond length is 1.18 A in both cases [52]. Comparative EXAFS studies of
these two complexes in crystalline and solution phases do not show any change
in the bond lengths, while there is a slight difference in the Fe—C=N bond angle
[52]. Structural data optimisation with EXAFS fitting is done using DFT predicted
atomic coordinates as an initial guess. However, DFT calculations do not include
some important information such as crystal packing, solvation shell or the counter
ions [26] which are a possible cause for slight differences in the reported values.

2.4.3. Photochemical reactions in iron hexacyanides

Upon irradiation of aqueous ferrocyanide ions depending on the energy of the in-
cident photon energy can undergo ligand exchange and/or photooxidation mecha-~
nisms. Ligand exchange is when one solvent molecule (in this case is H,O) replaces
one of the CN™ ligands which results in a distorted octahedral molecule. On the
contrary, photooxidation is when the iron metal centre loses an electron. Then
the electron is transferred from the central iron to the solvent. At later times,

the electron moves away from the parent molecule and is surrounded by solvent
molecules to form a hydrated electron. As shown in Fig. [2.9(b)| upon irradiation of
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2. Photochemistry of transition metal complexes

Table 2.4.: Summary of bond lengths and bond angles of ferrocyanide and ferri-
cyanide complexes measured by using different structural techniques.

[Fe(CN)]* EXAFS [52] | Diffraction [53, [51]

Fe—C (A) 1.92 1.93

C=N (A) 1.16 1.16
Fe—C=N (deg.) 177 179.21

[Fe(CN)g]*

Fe—C (A) 1.93 1.903

C=N (A) 1.16 1.133
Fe—C=N (deg.) 176 -

ferrocyanide molecule with A <313 nm would allow us to access both the MLCT
and higher ligand field excited states which would result in both ligand exchange
and photooxidation processes [15] [I]. Whereas, if A >313 nm only the lowest ligand
field state which results ligand exchange mechanisms will be accessed [2].

Ligand exchange mechanisms

Ligand exchange mechanisms are a type of reaction which has to pass through a
transition state before it forms the final complex [54] (see Figl2.10)). According to
transition state theory the rate constant k is given by:

kBT _(LGO)

e VERT

k:

(2.2)

where AG? is the Gibbs free energy of activation, kp is the Boltzmann constant,
h is the Planck constant and T is temperature. Gibbs free energy activation deter-
mines the rate of reaction and therefore reactions will be temperature dependent.
In this section, the explanation of ligand exchange mechanism in a ferrocyanide
molecule will be described.

Excitation of aqueous ferrocyanide ions with A > 313 nm laser results in a ligand
substituted, photoaquated complex ([Fe(CN) 5H20]37) as the only photoproduct
[2]. The reaction mechanism is shown in Eq.(2.3). Shirom et al. concluded from
flash photolysis measurements that photoaquated complex is formed in less than
7 ns which is within the time resolution of their experiment [55]. The result was
obtained by looking at the absorption band of the photoaquated complex which
is centred around 440 nm [2]. The formation of photoaquated complex occurs via
singlet 177, excited state [47, 56]. If the excitation wavelength is below 313 nm the
photoaquated complex formation happens in competition with a transition from
the short-lived higher singlet state to a charge transfer to solvent (CTTS) state
yielding a hydrated electron [I5]. The photochemical reaction cycle have been
discussed in Reinhard et al. and it will be described in the results section using
the UV-vis spectra.

The photoaquated complex formation evolves through the 'Tj, excited state
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Figure 2.10.: Reaction coordinate diagram for ligand substitution reaction between
ferrocyanide and water molecule in aqueous solution. The ligand sub-
stitution reaction in ferrocyanide complex has a single intermediate
transition state which is pentacoordinated before the photoaquated
formation as a final product.

Reaction Coordinate

potential surface, but there is no clear evidence whether the intermediate decays
to 3Ty, potential surface through intersystem crossing before the photoaquated
complex formation. Another open question where previous studies also fail to
answer is whether the ligand exchange mechanism proceeds via a reduced, or an
enhanced coordination number.

[Fe(CN)g]*™ 4+ H,0 2% [Fe(CN) H,0]*~ + CN~ (2.3)

Depending on the intermediate/meta-stable state, the ligand exchange mecha-
nism in TM complexes can be one of the following [39]:

1. Associative pathway (A) occurs when the intermediate has temporarily
increased its coordination number via:
MLg +Y — [ML,——Y]" — ML,—Y + L (2.4)

2. Dissociative pathway (D) occurs when the first dissociation results in
reduced coordination number followed by attachment of the solvent molecule

via:
MLg + Y — [ML,]" — ML,~Y + L (2.5)

3. Interchange pathway (I) is when the exchange occurs in a one-step process
[57].
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2. Photochemistry of transition metal complexes

MLg +Y — [L——ML;——Y]" — ML;-Y + L, (2.6)

Where, M is the transition metal center, L is the ligand in the transition metal
complex and Y is the nearby solvent. The ligand exchange process in [Fe(CN),|*,
exchange of a CN™ with H,O molecule could take place in an associative (A), dis-
sociative (D) or interchange (I) pathway. Depending on the reaction pathway it
follows, their can be either penta-coordinated or hepta-coordinated as a transient
intermediate state. If the intermediate state is pentacoordinated state it can adopt
either square pyramidal (Cyy) or trigonal bipyramidal (Dsy,) symmetry. According
to Spees et al. [46], if the excitation wavelength (activation energy) is comparable
to the crystal field stabilisation energy (CFSE), then it is possible to predict the in-
termediate or transition state. With an over-simplified model, they have predicted
that a model with an enhanced coordination number of Cy, symmetry fits the
data best for Cr(III) complexes. While a model with reduced coordination number
of Cyy symmetry fits the data best for Co(III) complexes. The ligand exchange
mechanism of iron(II) hexacyanide is not studied thoroughly, and there is no clear
evidence whether the reaction proceeds via a complete dissociation or association
mechanism. Recently Reinhard et al.[25] studied this reaction mechanism using
TR optical spectroscopies and claim, that the exchange mechanism proceeded via
a complete dissociation of one cyanide molecule and replaced with one solvent
molecule. According to their claim, the spectral signatures of the photoaquation
complex starts to appear within 500 fs. In this thesis, we will investigate how the
details of the ligand substitution reaction process take place, for this our results
collected from different X-ray techniques such as TR X-ray Emission Spectroscopy
(TR-XES) and TR X-ray Absorption Spectroscopy (TR-XAS) will be presented

(see Ch[l[d] and [7]).

Photooxidation mechanism

Photoexcitation of ferrocyanide ions below A < 313 leads to a formation of a
hydrated electron from T}, or 'Ty, states (see Eq.) in competition with in-
ternal conversion to the lowest excited state 'T3, which results photoaquation (see
Eq.([2.3)) [1, 47]. The absorption band centered around 218 nm is responsible for
these two reaction channels to happen.

4— hv 4—x 3— _
[Fe(CN)gloq — [Fe(CN)g" ™ — [Fe(CN)gl,, + ¢ (aq) (2.7)

The hydrated electron formation is a two-step process; the first step is the forma-
tion of an excited state of ferricyanide ions, followed by the ejection of an electron
from the parent complex to the solvent. According to Shirom et al. the quantum
yield of hydrated electron formation at 253.7 nm is 0.65, and this is in good agree-

ment with the results of Airey et al. and Waltz et al. [58, 59]. Solvated electron
formation from an excited state is due to a CTTS. Environmental effects such as
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temperature, the type of solvent (cage effect) and the amount of solute determine
the spectrum of the solvated electron. As discussed above the hydrated electron
formation is from 73, or 1T2g excited states competes with an internal conversion
to the lowest 377, excited state which only yields photoaquation. For the hydrated
electron formation to happen with high quantum yield it has to be very fast to win
over an internal conversion. Shirom et al. claim the hydrated electron formation
in ferrocyanide ions happens below the limit of their experimental time resolution
of 1 ns [, 60].

Pommeret et al. assign the spectrum between 450 nm and 550 nm as the CTTS
band of the ferrocyanide ion [23, [I]. The absorption band centred around 760 nm is
assigned to the hydrated electron. The result concludes that the pre-solvated state
appears within the experimental resolution of 60 fs, and the fully solvated state
appears within 510 fs. The experiment was done by exciting the ferrocyanide ion
with 267 nm laser light [23]. Similar studies were done by Gauduel et al. [61] and
Ohno et al. [62] by exciting ferrocyanide with 310 nm laser light; the pre-solvated
state formation has a time constant of 110 fs and followed by fully solvated electron
formation within a 240 fs life time.

The hydrated electron formation reaction pathway has been studied by TR-XAS
techniques [27, 26] and TR infrared spectroscopy [22] as well. Photoexcitation of
ferrocyanide in aqueous solution with laser wavelength between 200-300 nm leads
to simultaneous photochemical pathways i.e. photoelectron and photoaquated com-
plex [1l 2]. This reaction pathway has been investigated by Reinhard et al. [27]
using TR-XAS but they did not show how to disentangle these simultaneous reac-
tion pathways. In Chapters [5] and [6] the recent picosecond-resolved XAS and XES
results will be presented respectively.

Quantum Yield measurements of iron(ll) hexacyanides

In TR experiments, one of the bottlenecks in analysing a measured spectrum is to
know exactly the fraction of excited state molecules. The determining factor for
this is the quantum yield of the reaction mechanism investigated. In spin-crossover
complexes, each incident laser photon excites one molecule resulting a quantum
yield of 1. However, in ferrocyanide molecules, this is not the case. Quantum yield
(¢) is defined as the ratio of number of absorbed photons to number of reactants

produced:
number of reactants photoionized = n

¢ = —, (2.8)
number of photons absorbed = n

where n’ is the number of photons with energy hv absorbed by the reactant. The
quantum yield values reported for the photooxidation and photoaquation processes
is summarised in Tab.(5.2]), but there are many discrepancies among the literature
published.
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2. Photochemistry of transition metal complexes

Table 2.5.: Quantum yield(QY) of photo-oxidation and photoaquated of ferro-
cyanide molecule at a different wavelength. Where ¢, is the quantum
yield for photoelectron production and ¢,, is the quantum yield for the
photoaquated product. pH is a measure of acidity /basicity of a given
solution. The pH scale ranges from 0 - 14, with seven being neutral.
Mathematically, pH=-log[H "], where [H"] is the concentration of hy-
drogen ion in the solution.

QY 254 nm/pH 366 nm/pH 365 nm/pH 313 nm/pH
& | 0.35/nat.pH [62] 0.0 [15] 0.1 58, B9, 1]
0.65/nat.pH [59] B8]
Gag | 0.1-0.2/6.89.9 2] | 0.52/0.65 [56] | 0.2/nat.pH [63] | 0.35/10 [63)
0.1/nat.pH [63] | 0.89/4.0 [56] 0.4/6.8:9.9 [2]
0.36/10.0 [63]

2.5. Spin crossover complexes

In this Section first the general properties of pseudo-octahedral Fe(II) spin crossover
(SCO) complexes and the relaxation dynamics will be presented. After that the
ground state electronic structure and photoexcited relaxation pathways of [Fe(terpy),

will be described.

2.5.1. General properties of SCO complexes

As discussed in Sec[2.1]in a perfect octahedral crystal field the five d-orbitals of a
transition metal ion are split into two subsets. The first subset contains d,,, d,.
and d., which are the basis of the irreducible representation ty, and the second
subset contains d,. and d., which are the basis of the irreducible representation e,
in octahedral symmetry [64]. The splitting between the two sets is called ligand
field splitting (10D,), and it depends on the metal-ligand distance as 1/r™ with n
= 5-6 and r being the metal-ligand bond distance [64]. As a result, the potential
surfaces of the possible electronic states has to be plotted along the breathing mode
which corresponds to the variation of 10D,.

Electron-electron interaction between the d-electrons of the metal results from
a series of states characterised by their spin-multiplicity 2S+1 and their orbital
moment L, which is denoted by the term symbol 'L is called Russel-Saunders
coupling [67]. The energies of the different electronic states are calculated as a
function of Racah parameters of electron-electron repulsion, B, and C [65]. The
Tanabe-Sugano diagram of 3d® complexes is shown in Fig. and it illustrates
how the different electronic states of the free metal ion split under the additional
influence of an octahedral ligand field [68,[69]. According to Hund’s rule ° D, is the
ground state of the free ion. When the ligand field is applied D state splits into
’FE (purple line) and 575 (black line). The 5T% high-spin (HS) state remains the
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[Fe(bpy),]**  [Ru(bpy),]*
(ideal chromophore)

Figure 2.11.: Tanabe-Sugano diagram for transition metal complexes with six elec-
trons in octahedral symmetry. Where A, is the ligand field splitting
parameter, E is the energy. The Recah parameters used for preparing
the diagram are C = 4774 cm™! and B = 1080 cm™" given in [65].
The vertical dotted line shows for [Fe(bpy),]** complex. The figure
is adapted from [66].

ground state upto a critical value of the ligand field strength, where 10D, is equal
to the spin pairing energy P = 20A,/B. Above this value, the 'A; low spin(LS)
state is relatively stabilised, and it becomes the ground state. The maxima of
d-d transitions absorption bands correspond to vertical transitions in the Tanabe-
Sugano diagram. The value of 10D, depends on the ligand type and the metal to
ligand bond distance. For all spin crossover complexes, the HS state has larger
metal to ligand bond lengths than LS state complexes. Because the HS state
has two electrons in the antibonding e, orbitals whereas the LS state has all six
electrons in the non-bonding ty, orbitals.

Octahedral and pseudo-octahedral TM complexes with completely unoccupied
d orbitals of d*—d” electronic configuration are classified into three depending on
the ligand-field strength and the mean spin-pairing energy [70), [38].

i Strong ligand field case: low-spin (LS) state
ii Weak ligand field case: high-spin (HS) state and

iii Intermediate ligand field case: thermal spin crossover between HS<»LS
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2. Photochemistry of transition metal complexes

The SCO phenomenon can happen upon an application of external perturbation
such as temperature, light, pressure and magnetic field [70} [71), [72], [73]. Bistability
is a major factor in their application for sensors and switches [64]. Another possible
and realistic application of Fe(IT) polypyridine complexes is their potential to serve
as light harvesters in dye-sensitized solar cells (DSSCs).

The LS—HS spin state change in transition metal complexes is always accompa-
nied by significant changes in the metal coordination environment due the different
electronic configuration i.e. tggef]. As a result, the total spin state change is AS=2
and the metal-donor atom bond length is increased by roughly 0.2 A or 10%, for
[Fe(terpy),]”* and [Fe(bpy),]*" complexes [74, [75].

2.5.2. Relaxation dynamics

Optically excited SCO Fe(II) complexes switched from the LS state to a metastable
HS state from which it relaxes back to the ground state (with a single exponential
decay)[73]. This phenomenon is referred to as light-induced excited spin state
trapping (LIESST). Buhks et al. proposed a model which describes this phenomena
which is called radiationless nonadiabatic multiphonon process [76]. The model
describes the reaction rate between the two spin states which are characterised
by different nuclear configurations and the energy barrier should be proportional
to kgT E] The temperature dependent relaxation rate is given by Eq.. The
formula is derived from Fermi’s Golden rule (for details refer to [76]).

kur(T) = <5 =BarFn(T) (2.9)

Where By is the electronic coupling matrix element provided by second order
spin-orbit coupling, hAw is the vibrational energy of the active vibrational mode,
which is the metal-ligand breathing mode and F,,(T) is thermally averaged Franck-
Condon factor and given by Eq.(2.10). For SCO complexes with AS=2, a typical
value of By is 150 em ™! and hw is 250 cm™! [73].

—mhw
Yo | Xmtn|Xm) Pe FoT

—mhw

e o

The sum goes over all vibrational levels m of the high spin state with reduced energy
gap n = AFEyr/h?w being the dimensionless measure of the vertical displacement
of the potential walls. At low temperatures (as T—0) electrons will occupy only
the lowest vibrational state and the relaxation rate constant becomes:

F.(T) =

(2.10)

21
B (T) = — Gl (o) P (211)

"kgT is the product of Boltzmann constant kz and temperature T. At room temperature, T =
298 K, kT is equal to 25.7 meV.
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2.5. Spin crossover complexes

The Franck-Condon factor is the square of an overlapping integral between two
slightly displaced electronic potential surfaces (i.e. HS and LS) and it simplifies to:

2 _
Sne—S
== (2.12)

| (xnlx0) |? = ’/XnXodST

Where Sox AQ%; /hw is the Huang-Rhys factor and the horizontal displacement
is given by AQ = v6Arg. For a strong vibronic coupling and below 50 K tem-
perature the HS — LS relaxation process is temperature independent, and pure
tunneling process governs it. The tunneling process has been observed experimen-
tally by Xie at al. [77]. At higher temperatures the relaxation process is thermally
activated, and the energy barrier becomes less than at room temperature.

The LIESST phenomenon makes SCO complexes ideal for TR studies. The re-
laxation dynamics of SCO compounds such as [I*je(bpy)g]%r has been studied using
TR optical spectroscopy [14} [34]. The experimental work was able to follow the
full relaxation process from the MLCT to the HS state. A time-resolved X-ray
emission spectroscopy study by Kelly Gaffney et al. showed rather the relaxation
has to happen through triplet spin state[78]. A combination of picosecond-resolved
X-ray probe tools (i.e. EXAFS, XES and XDS) are also used to study the relax-
ation processes of [Fe(bpy)g]2+ complex [79]. EXAFS give the 0.2 A change of Fe-N
bond length, XES give the AS =2 spin state change, and the XDS give the change
in solvation of [Fe(bpy),]*" complex the following conversion to the HS state. In
this thesis, previously published EXAFS data [79] and analysed newly implemented
energy-space EXAFS fitting is used to characterise and extract structural informa-
tion of the excited high spin state (see Ch.

2.5.3. Fe(ll)-bis-terpyridine

This Section introduces []F‘e(i;el"p§/)2]2Jr as one of the SCO complex investigated in
this thesis. [Fe(terpy),]*" is one of the most studied SCO complexes with a po-
tential application for making a magnetic memory device [31], [70]. Like other SCO
complexes the ground state of [Fe(terpy),]*" has a LS ground state with all six
electrons occupying the non-bonding to, d-orbitals (see Fig. . The ground
state structure obtained using different experimental and theoretical methods will
be presented and discussed. Studies by Hauser et al. showed that upon photoex-
citation with UV-visible light the molecule is excited to the metal-to-ligand charge
transfer state and afterwards decays to the HS quintet (°Ty) spin state through a
triplet intermediate state. At room temperature the °Ty HS state decays to the

ground state in 2.61 ns (see Sec. [2.5.3)) [31], 3§].

Ground state structure

As shown in Figl2.13(b) is the [Fe(terpy),]** molecule has two terpyridine ligands.
The six nitrogen atoms form bonds with the metal centre. The bonds are cat-
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2. Photochemistry of transition metal complexes
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Figure 2.12.: Schematic energy level diagram for 3d° electronic configuration of the
low-spin ground state and high-spin excited state of [13‘(3(‘5e1"py)2]2Jr
molecule in pseudo-octahedral crystal field. Where p is the strong
Coulomb repulsion energy and 10Dq is the ligand-field strength [74].

egorised into two groups, with two nitrogen atoms in the axial (ax.) and four
nitrogen atoms in the equatorial (eq.) plane. The ground state of [Fe(terpy),]”"
molecule shown in Fig(a) has a Dy, symmetry with a ligand field strength
parameter of 10D, = 2 eV.

The crystal structure of [Fe(terpy)z]%r complex at room temperature solved by
Figgis et al. in 1983 using X-ray diffraction technique[80]. The experimental results
for the bond length of Fe—N,, = 1.891 A, Fe—N,, = 1.988 A and NNN angle is
102.8°. Later the experimental data form Baker et al. were used as initial input
and the structures are optimized using DFT. The structural results from DFT are
Fe—N,,. = 1.886 A, for Fe—N,, = 1.985 A and NNN angle is 102.6° is in a good
agreement with the experimental data reported earlier. In our recent paper [74]
of Fourier transform EXAFS analysis we reported bond distances of Fe—N,, =
1.874+ 0.004 A and Fe—N,, = 1.96940.004 A. The slight disagreement between
the EXAFS and other techniques could be due to the fact that the NNN angle
distortion is not optimized in our EXAFS fitting.

Relaxation dynamics

Both experimental [31] and theoretical [81] studies indicates that the full LS-HS
dynamics of this molecules do not follow a single configurational coordinate (SCC)
breathing mode similar to the [Fe(bpy) 3]2+ molecule rather it shows two vibrational
modes involved for the switching mechanism. As shown in the Fig(b) upon
photoexcitation the [Fe(terpy),]°" molecule is excited to metal-centered (MC) or
metal-to-ligand charge transfer (MLCT) excited states and then decays to the
quintet HS state via intersystem crossings through the participation of intermediate
states [82], 83, [84].

As explained in Sec. [2.5.2)the lifetime of excited HS state is determined by AEy/,
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b)
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Equatotial N

Figure 2.13.: a) Ball and stick representation of [Fe(terpy),]*" molecule. b)
[Fe(terpy),)*" molecule, where red Fe-N bonds are equatorial nitrogen
atoms and the green ones are axial nitrogen atoms. Where « is called
a bite angle for [Fe(terpy),]*" molecule it is 161° [66].
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Figure 2.14.: (a) Static UV-VIS absorption spectrum of aqueous [Fe(terpy)Q]zJr
complex. The green arrow shows the excitation wavelength used for
the TR measurements reported in this work. (b) A possible mecha-
nism of light-induced excited spin state trapping and the relaxation
dynamics in [Fe(terpy)g]%r molecule. The concept of the figure is

adapted from [81], [74].

and Argy, this has been shown by earlier works of Hauser and et al. [38] [85] B1].
The LS«+HS switching mechanism has been studied using TR techniques in spin
crossover complexes with AEy;, is between 0.35 eV - 0.7 eV. In our recent study
[74] which combines an arsenal of TR X-ray spectroscopic and scattering tools
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2. Photochemistry of transition metal complexes

is used to characterise the excited state structure of optically prepared HS state.
Due to the excellent quality of EXAFS data we able to identify the suitable HS
excited state among the two closely lying possible states predicted by DFT [86].
In this thesis, the same EXAFS data published [74] is analyzed with the newly
implemented energy-space EXAFS fitting to characterize and extract structure of
the possible HS state (see Ch. [§)).
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Chapter 3

Principles of X-ray spectroscopy

This chapter describes the principles of X-ray spectroscopic probe tools used to
follow chemical reaction dynamics. For a better understanding of the X-ray spec-
troscopic techniques, first the interaction of radiation with matter, particularly
X-rays will be presented. The second Section contains the principles of X-ray ab-
sorption spectroscopy (XAS) and the information content of XAS spectrum both
X-ray Absorption Near Edge Structure (XANES) and Extended X-Ray Absorption
Fine Structure (EXAFS) with the multiple scattering theory. Computer-based ab-
initio programs such as FEFH| and ORCAP| used to calculate the XAS spectrum
will be described briefly. Then the X-ray emission spectroscopy and its information
content that can be extracted will be discussed.

3.1. Interaction of X-rays with matter

When a beam of X-ray photons interacts with matter one or both of the following
scenarios can be observed: the photons can be absorbed and disappear, or scattered
and change direction. The different kinds of physical processes are Thomson (coher-
ent) scattering, Compton (incoherent) scattering and photoelectric effect[87, 88].
The cross-sections of these physical process is shown as a function of energy is
shown in Fig. 3.1} For the elastic Thomson scattering the incident photon energy
is transferred to an oscillating electron and the oscillating electron emits a photon
with the same frequency. For the inelastic Compton scattering a photon with en-
ergy and momentum interacts with a free electron at rest and after the collision,
the photon is scattered at an angle with a different photon energy and momentum.
Also, the electron is ejected at an angle with certain energy and momentum. The
photoelectric effect is observed when the incident X-ray photon is absorbed and
as a result, photoelectrons are emitted with a certain kinetic energy. The emitted
photoelectron kinetic energy depends on the incident photon energy, not on the
intensity. If the incident photon energy is higher than the binding energy of the

I'FEFF 9.0 is developed by the group of J. J. Rehr et. al. from University of Washington, USA
20RCA is developed by the group of Frank Neese et. al. from Max-Planck-Institute for Chemical
Energy Conversion, Germany.
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3. Principles of X-ray spectroscopy

electron, then the kinetic energy of the photoelectron is the difference between the
incident photon energy and the binding energy of the electron. This phenomenon
can be interpreted with a mathematical formula proposed by Einstein (3.1):

Ek = hv — Eb, (31)

where hv is the incident X-ray photon energy, E; is the kinetic energy of the
photoelectron and E, is the binding energy of an electron within the atom.

I —— Fe Coh. scattering

10 k Fe incoh. scattering

— Fe Photo.

— Fe total
Air total

| Photoelectric *(Z,. /7)™

=]

Cross—section /barns/atom
=
ON
I }

-
o
!
1

10° . . ......|l . P
10 10 10
X-ray photon energy /keV

Figure 3.1.: Logarithmic plot of cross-sections for the different processes contribut-
ing to the total X-ray cross-section. The photoelectric cross-section of
Fe and I in barns/atom are displayed. The jumps in the photoelec-
tric cross-section are absorption K-edges of iron (Fe) and iodine (I) at
7.112 keV and 33.169 keV respectively. Similarly, the L, 3-edges of
I at 5.188 keV, 4.852 keV, and 4.557 keV are shown. Photoelectric
cross-section of I shown in the plot is multiplied by Z£2. The data of

Zr
this plot is from [89].

3.1.1. Theory of X-ray interactions with matter

The total Hamiltonian of a molecule without an external electromagnetic field is

given by Eq.(3.2)):

{ FIat = TNN + VNN + F[el (3.2)

fiel:j—'ee+‘7en+f/ee:f{0+‘7eea

where Ty is the kinetic energy of nuclei, Vyy is pair-wise nucleus-nucleus re-
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3.1. Interaction of X-rays with matter

pulsion and Hel is the electronic Hamiltonian of the atom. The electronic part of
the Hamiltonian contains the kinetic energy of electrons Tee, the electrostatic in-
teraction of electrons with the nucleus Ven, and the electron-electron repulsion Vee
Using Born-Oppenheimer’s (BO) adiabatic approximation (named after Max Born
and J. Robert Oppenheimer) proposed 1927, the electronic and nuclear part of the
Hamiltonian can be split and solved separately. The BO approximation assumes
that the motion of atomic nucleus is slow compared to the motion of electrons;
thus, both operators can be separated. In the presence of an electromagnetic field,
the electronic part of the Hamiltonian shown in Eq.(3.2)) can be rewritten as:

Htot = (ﬁEM + Hat) + Hl’nt = ﬁO + ‘766 + [:[int 5 (33)

where H ey is an electromagnetic field of the free external field and ﬁmt is the
perturbation interaction of electrons with an external electric field and H, is the
unperturbed part of the Hamiltonian. Solving Eq. exactly is impossible but
approximate solutions can be obtained using perturbation theory approach. Using
the eigenfunctions of the Hamiltonian the Schrodinger Equation can be solved
and yields the eigenvalues. The Hamiltonian Hpy results quantized energy of the
applied electromagnetic field. H, is the same for all electrons and can be solved
with orbital eigenfunctions for a certain electronic configuration and results in the
average energy of the configuration. The energies depend on the principal quantum
number (n = 1, 2, 3, ...), the angular momentum quantum number (1 = 0,1,2,..,n-
1) and the magnetic quantum number (m =-1,-(1-1),...,0,1,..1). As a result, the
energetic ordering of electron shells in an atom becomes as follows:

1s <25 < 2p < 3s < 3p<ids<3d<dp..., (3.4)

In spectroscopy, shells corresponding to the main quantum numbers n =1, 2, 3, ...
are denoted as K, L, M, N, ... The principal quantum number specifies the number
of electrons in each shell for a given atom or ion and its electronic configuration.
The ground state configuration is usually found by progressively adding electrons
from the energetically lowest to higher lying shells according to Eq. called
Aufbau principle. At the same time, the configuration should follow the Pauli
exclusion principld’}

The Flmt part of the Hamiltonian describes the interaction of an external field
with electrons. Due to the interaction with the external electromagnetic field, the
electrons start oscillating and therefore excited from an initial to a final state. The
transition probability I';; of an electron from an initial state v; to a final state ¢
until the second-order perturbation is given by Fermi’s golden rule via:

3No two electrons in an atom or ion can have identical quantum numbers
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27T5

h

Lip = —=0(Es — Ei — )| (] Hint [10) + ) + ..

(3.5)

which is divided into two parts: first-order and second-order perturbation theory.

The transition can happen only if the energy of the final state equals the energy

of initial state plus the energy of the applied electromagnetic field. This energy
conservation rule is taken care by the Dirac delta function.

In the hard X-ray energy range the photoexcitation of electrons is the dominant
mechanism (see Fig. . Incoherent scattering is negligible in comparison to the
photoelectric effect, and pair production is almost zero in the energy range shown.
As a result of this and due to the weak interaction of the electromagnetic field only
a first-order perturbation of the applied electromagnetic field needs to be taken
into account. The Fermi’s golden rule shown in Eq. can be rewritten as:
2T 9
- 0(Ey — Bi = w)[{Wilp - A(m)lys)l%, (3.6)
where p is the momentum operator and A (r) is the vector potential of the incident
electromagnetic field, which is described by a classical wave with polarization éLlk.
Using a plane wave description the vector potential can be written as A(r,t)=
€Age™*. The exponential part of the function can be expanded as:

Ly =

ek :1+Zkr+:ZT, (37)
n=0

where the first two terms are called the dipole approximation. Transitions are
allowed if the difference in the angular momentum between the final and initial
state wave function is +1 (Al = £1). As a result, only transitions from s—p,
p—d, d—f ... and vice versa are allowed. The second term in Eq. accounts
the electric quadrupole transitions with the selection rule Al = +£2 this results
in a transition from s—d. The quadrupole transition matrix elements are smaller
compared to the dipole transition matrix elements by a factor of the order of the
fine structure constant; oo ~ 1/137 [90, [O1], 02].

The initial (¢;) and final (1) ;) state wave functions used in Fermi’s golden rule(Eq.
(3.6)) are not exactly known. Therefore, one has to make a few assumptions to
get an approximate and meaningful wave functions. The first assumption is that
X-ray absorption is a single electron excitation process. Based on this the initial
state wave function can be just the core wave function, and the final state as a
free electron wave function. The second assumption is that all other electrons do
not participate in the X-ray induced transition. The X-ray intensity Ixas will be
then proportional to M?p, with M being the one electron dipole transition matrix
element and p the density of empty states derived from the Dirac delta function
[93]. The X-ray absorption cross-section o is the ratio between X-ray absorption
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3.2. Principles of X-ray absorption spectroscopy

rate I';y and X-ray photon flux J, [94].

Iy

7 (3.8)

g =

The SI unit of the cross-section is m? but usually expressed in units of barn (1
barn = 10730 m?).

3.2. Principles of X-ray absorption spectroscopy

X-ray Absorption Spectroscopy (XAS) measures the absorption of X-rays as a
function of the incident energy E. When an X-ray beam with incident intensity
Iy passes through a material of thickness x the intensity will be decreased by an
amount determined by the absorption characteristics and length of the material
being irradiated (see Fig. |3.2]).

X

lo I=lge M(E)X

) n

dx

Figure 3.2.: A schematic view of X-ray absorption. The incoming X-ray beam
Iy loses its intensity due to absorption processes within the irradiated
material. The intensity loss depends on the absorption coefficient u(E')
of the material, which is an intrinsic property of the material.

The change of incident X-ray intensity, dI when passing through an infinitesimal
material of thickness dz is given by the following Eq.(3.9)):

dr
- =

After integrating both sides of the equation, for the intensity from Iy to I; and for
the path length from zero to x, will result in a formula for the transmitted intensity.
The transmitted intensity depends on the absorption coefficient p(E) and the path

length which is given by Eq.(3.10)).

I, = Ipe #B)e (3.10)

—u(E)dx (3.9)
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3. Principles of X-ray spectroscopy

Fig. shows the X-ray absorption coefficient multiplied by the sample thickness
(100 pm) as a function of incident photon energy E for ferrocyanide molecule.

151 — [Fe(I(CN)J*
- - = Atomic background

1.25+

XH(E)

0.51

0.251

7100 7150 7200 7250 7300 7350 7400 7450 7500
X-ray Energy /eV

Figure 3.3.: X-ray absorption coefficient of 50 mM aqueous ferrocyanide sample as
a function of the incident X-ray energy. The step function represents
the atomic background.

When the incident X-ray energy (hr) is higher than the binding energy of the
electron, the core level electrons gets excited to the continuum. The difference
between the incident X-ray energy and the binding energy of the electron will be
converted to the kinetic energy of the photoelectron. At the absorption edge E.qqe
the kinetic energy of the photoelectron Ej is equal to Ey which is defined as the
zero-point energy. The relation between the incident X-ray photon energy hv, the
photoelectron kinetic energy E, and the binding energy E; of core level electrons
is given by Eq.(3.11]).

The outgoing photoelectron with energy-dependent wavevector k can be repre-
sented as a spherical wave with de Broglie wavelength A using Eq.(3.12).

k= ~ (3.12)

and
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Figure 3.4.: Schematics of X-ray absorption edges and corresponding core-level
electrons. The different K, L, M absorption edges are shown. All
the transition from the core-level to the unoccupied states above the
ionization potential (IP), in addition to the bound-bound transitions.

2m
2
W= h2e (Ex) =
Where £ is the Planck’s constant and m, is mass of electron which results in the
photoelectron wavevector, k.

(hv — Ey) (3.13)

hy — Eb
eV

The XAS spectrum shown in Figf3.3] shows two distinct features; a sharp rise
around the energy point of 7112 eV, called absorption edge and an oscillatory
structure above the absorption edge. In general, the XAS spectrum is classified into
three regions: the pre-edge, X-ray Absorption Near Edge Structure (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS) (see Fig[3.5]). The part of the
spectrum below the edge is dominated by bound-bound transitions in the vicinity of
the Fermi level (see the inset of Fig[3.5). In Section the information content
that can be extracted from the pre-edge region will be discussed by comparing
the experimental data with simulated ORCA calculations. The oscillatory part

k=0.512- (A7) (3.14)
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3. Principles of X-ray spectroscopy

of the spectrum is further classified into two parts, i.e. XANES and EXAFS.
Roughly up to 30 eV above the absorption edge is called XANES and the region
beyond 30 eV of the edge is called EXAFS [91]. The origin of the oscillation
is due to constructive and destructive interference between the outgoing and the
backscattering photoelectrons. In the next Sec[3.2.1] the theories used to interpret
the EXAFS spectrum will be presented.

1o MANES EXAFS
1.25+
14
w
= 0.75-
025
'0.225
0.51 0,10}2
o1
0.125
0.1
0.25 JP re- 3dge O;Z:
0.025
r/ ......................... 70 105 71107115 %0 7125
o I E—

7100 71.50 72.00 72l50 73l00 73l50 74l00 74l50 7500
X-ray Energy /eV
Figure 3.5.: X-ray absorption spectrum measured around the Fe K-edge of 50 mM
aqueous ferrocyanide solution as a function of the incident X-ray en-
ergy. The classification of the XAS spectrum indicated is based on
[10]. The inset is the zoom-in the pre-edge part of the spectrum.

The absorption edge is what makes XAS element specific because every element
in the periodic table has an absorption edge at a different particular energy which
is unique. The absorption edge is also sensitive to the oxidation state of the ab-
sorbing atom. Fig shows the XAS spectrum around the K-edge of aqueous
ferrocyanide and ferricyanide molecules measured at the same experimental con-
ditions. As can be seen in Fig. the K absorption edge of the ferricyanide
complex with Fe having +3 oxidation state is 1 eV blue shifted on a correspond-
ing ferrocyanide complex with Fe having +2 oxidation state. The absorption edge
is also sensitive to electronic, or bond length changes, for example in the case of
[Fe(terpy),)*" upon irradiation with 532 nm laser light the molecule gets excited
from the ground state with S=0 to an excited state with S=2, accompanied by
Fe-N bond length expansion. The XANES spectra measured before and after ex-
citation show differences due to this effect. This shows the absorption edge of the
excited state spectrum is red shifted by 1.5 eV on the ground state spectrum (see

Fig B6(D)).
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Figure 3.6.: (a) XANES spectrum measured around Fe K-edge for ferricyanide (red)
and ferrocyanide (blue) ions in aqueous solution. (b) XANES spectrum
measured around Fe K-edge for ground state [Fe(terpy),]*" (blue) and
excited state [Fe(terpy),]*" (red) molecules in aqueous solution.

Below the absorption edge is the bound-bound transitions, also called pre-edges
are observed (see inset of Fig3.5). These transitions are from core level to bound
unoccupied levels. In 3d transition metal complexes, the origin is due to 1s to 3d
transitions which are quadrupole allowed transitions [95]. In metal K-edge XAS
the pre-edge (1s to 3d excitations) gives information about oxidation state and the
symmetry of the ligand environment around the metal centre [30], 96} 28].

3.2.1. Extended X-ray absorption fine structure

Extended X-ray absorption fine structure (EXAFS) is the oscillatory part of the
X-ray absorption spectrum which is beyond 30 eV of the absorption edge. This
part of the spectrum gives the details of the atomic structure also delivers elec-
tronic and some vibrational fingerprints (through the Debye-Waller factor) around
the absorbing atom. This makes EXAFS a suitable tool to probe materials and
helps us to acquire knowledge of local atomic structure in the fields of biology,
chemistry, geophysics, materials science, etc. However, extracting structural infor-
mation is often complicated and not straight forward. To interpret and understand
the measured EXAFS spectrum, one has to know the theory of EXAFS.

The first EXAFS theory is formulated based on single-scattering plane wave ap-
proximation. This theory relies on the following approximations: the photoelectron
is viewed as a plane wave rather than a spherical wave and the atomic radii are
much smaller than the interatomic distances. As a result, the theory is valid only
for higher k-values (k > 3 A). In this theory, the photoelectron is scattered once
before it comes back to the absorbing atom. This simplification allows describing
the EXAFS signals which are dominated by single scattering events [97, 98]. The
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theory was later modified by Rehr and Albers to include the contribution from
equivalent multiple scattering paths [99]. The EXAFS Equation x(FE), is due to
the scattering of an outgoing photoelectron from neighbouring atoms and can be
written using a phenomenological Equation ((3.15)):

p(E) — po(E)
Apo(E)

where p19(E) is atomic-like background absorption and A (E) is the normalization
factor which is the net increase in the atomic background absorption edge. The
EXAFS function x(F), is a summation over all interference patterns scattered from
the neighboring atoms around the absorbing atom [99].

X(E) = (3.15)

shells ' ) —QR?
x(k) = Z %S@Fi(k)e% %ie™® sin(2kR; — ¢i(k)) (3.16)
=1 ?
Ri=Ro+ AR (3.17)
4mm,
k= \/ (B ) (3.18)
¢l(k) = 2¢abs(k) + ¢scatt6r(k) (319)

Where N; contains the coordination number or degeneracy of path, Sz is an ampli-
tude reduction factor representing many-body effects such as central atom shake-up
and shake-off due to relaxation processes after the creation of the core hole. FEj, is
the binding energy and AR is the change of the half-path length. ¢? is the mean
square displacement which is due to the fluctuations in the path length due to ther-
mal motion or structural disorder (also called Debye-Waller (DW) factor). F;(k)
is the effective backscattering amplitude which is photoelectron specific and pri-
marily responsible for the magnitude of EXAFS signal. ¢;(k) is effective scattering
phase shift which reflects the quantum-mechanical wavelike nature of backscatter-
ing. A(k) is the mean-free path and Ry is the initial path length [100].

The exponential term which contains the mean-free path of the photoelectrons
accounts for the finite lifetime (including core-hole lifetime) of the excited state.
This factor is largely responsible for the relatively short range (generally a few
tens of A) in a material probed by EXAFS experiment. The strength of the re-
flected interfering waves depends on the type, and a number of neighbouring atoms
through the backscattering amplitude, F(k) (see Fig3.7(a]), and hence is primarily
responsible for the magnitude of the EXAFS signal.

The formula shown in Eq. consists of two parts, the amplitude and sine
function describing the interference pattern. As shown in Fig[3.§ the EXAFS os-
cillations are originated from constructive and destructive interference between the
outgoing and backscattered waves. The EXAFS oscillation gives information about
the local structure around the absorbing atom such as coordination number, and
bond distances[101]. XANES part of the spectrum is dominated by multiple scat-
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Figure 3.7.: (a) Dependence of effective backscattering amplitude F(k) on the pho-
toelectron wavevector for a plane wave approximation. (b) Dependence
of the phase on the photoelectron wavevector ¢(k) for a plane wave ap-
proximation. The Figure is adapted from [91].

tering paths while single scattering paths dominate the EXAFS (see Fig. The
XANES part of the spectrum is sensitive also to the coordination number around
the absorbing atom, to the bond distance between the absorber and scatterer, bond
angles and oxidation state of absorber [10].

(a) (b)

Figure 3.8.: (a) Multiple scattering of an outgoing electron wave from neighboring
atoms. The incident X-ray is absorbed by the green atom then the
outgoing photoelectron is diffracted first from the top right atom and
successively to the top left atom (shown in orange), the successive out-
going spherical wave becomes weaker. (b) Single scattering of a pho-
toelectron from the central atom to the nearest neighbors. It provides
information about the bond distance between the nearest neighbors.
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3.2.2. Multiple scattering theory

When an atom absorbs an incident X-ray, the photon is annihilated, and a core
level electron is excited into a high-lying unoccupied state. As discussed in Sec[3.2]
when the energy of the incident X-ray beam is increased, at some point its energy
equals the binding energy of a core level electron of one of the atoms. When the
incident energy is above the ionisation potential or in the continuum level the
probability of the photon to be absorbed increases dramatically. The probability
function includes an energy dependent oscillatory part yielding the fine structure
which depends on the details of the local electronic and atomic structure in the
vicinity of the absorbing atom. The fine structure is analysed to yield structural
information about the sample. In a single electron picture the measured X-ray
absorption coefficient is proportional to the transition rate given by Fermi’s golden
rule which is based on the one-electron approximation:

E>Ep

u(E) o Y [(f1e-T |i) Po(E; — Bi — hv), (3.20)
f

where ¢ - 77 is the dipole operator which represents the interaction of an incident
X-ray beam with the atom and the summation extends over all energies above the
Fermi energy. The initial state |i) can be core-level electrons that are typically 1s,
28, or 2p states although transitions from higher orbitals are also possible.

There are two different methods to solve Eq[3.20] The first is, to represent accu-
rately both the initial |7) and the final (f| states and then explicitly evaluate the
integral implied by the Fermi-golden rule. This approach is implemented in Molec-
ular Orbital (MO) theories [102]. This method requires a precise representation of
the final state functions.

The second strategy is called multiple scattering (MS) theory which rewrites
Eq[3.20] using Green’s function [91, 99]. In this method, the potential is described
regarding scattering regions with a potential 0V and the flat interstitial regions with
constant potential Vj,;. As a result the total effective single-electron Hamiltonian
can be expressed as H = Hy + V;,: + dV. Both the spherical potential centred
on each atom and a constant value in the interstitial region between the atom are
approximated by muffin-tin geometry. Fig[3.9 shows the schematic representation
of muffin-tin approximation implemented in FEFF and MXAN ab-initio based
computer based programs.

The muffin-tins provide atomic scattering centres that are described entirely by
atomic phase shifts, which are calculated from spherically symmetric atomic like
potentials inside the muffin tins. Green’s function propagators are employed to
connect these scattering centres. The propagation of the interacting photoelectron
as a quasiparticle with energy E and in the presence of the scattering potential is
written by the one-particle Green’s function.

G(E) = 1/(E — H +1I') (3.21)
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Figure 3.9.: Schematic representation of the muffin-tin potentials. (a) Top view
of atoms where region I indicating the atomic potentials, region II
flat interstitial regions with constant potential and region III. (b) 3d
representation of muffin-tin potentials. Figure b) adapted from [91].

Where I' is the lifetime of a core-hole state including the intrinsic and extrinsic
losses [103]. The operator from the Green’s function is given by:

Y INGE) S| = (~1/m)ImG(E) (3.22)
/

As a result, Eq.(3.20]) can be rewritten by using Eq.(3.22) as:

u(E) %Im(i]é* AGU s E)E P INO(E — Ep), (3.23)

where 6 is the Heaviside step function to make sure that the photoelectric cross-
section is non-zero only above the Fermi energy Ep. The full one electron prop-
agator G in the presence of the scattering potential is connected with the non-
interacting free-electron propagator G° = 1/(E — Hy+4I") by means of the Dyson
equation G = G® + G° T G° + ..., where T = V + VG(E)T is the full atomic scat-
tering matrix[I04]. The T matrix can be expanded regarding single site scattering
matrices t as T =t + tG% + tG%G +... these allow us to express the interacting
propagator as a geometric series:

G=G"+GG° + GGG + ... = G°(1 - G")! (3.24)

The Multiple scattering fine structures can then be obtained by taking an appro-
priate trace over the matrix elements in G for the XANES spectrum, and it includes
the absorbing atom and the angular momentum of the photoelectron of the final
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state [105]. Each term in Eq. describes the order of scattering. As an ex-
ample the term G°tGP describes all the possible single scattering paths. Whereas,
GtGOGO describes double scattering paths. This implies that Eq.(3.24) contains
all the contribution from all orders of scattering paths. An example of some of the
possible scattering paths is schematically shown in Fig. Since Eq. calcu-
lates all the possible scattering paths, it is called full multiple scattering (FMS). As
a result, full multiple scattering calculations are computationally expensive. The
size of the matrices of G° and t are determined by the number of atoms, angular
momenta, and magnetic quantum numbers, [ = {l, m} required for each atom. For
the i'" atom the number of angular momenta results in | = 40 (lnae +1) and there-
fore the size of the matrix yields ), lmaz (Imaz +1). The l;q, is reasonably limited
by centrifugal barrier, l,,,. = kRp;r, where k is the number of photoelectrons and
Ryr is the muffin tin radius of the atoms [106], 107]. The most commonly used
value of l,,q, = 3 results in [ = 12. As the matrices of G° and t becomes higher
which also increases computation time.

Figure 3.10.: Schematic representation of plain of atoms with various kinds of scat-
tering paths. Path 1 is a single scattering path with two legs. Paths
2 and 3 are an example of double scattering paths with three legs.
Paths 4, 5, and 6 are an example of triple scattering paths with four
legs.

3.2.3. Theoretical XAS spectrum calculation

Nowadays there are various computer programs which are ab-initio based software
to calculated XAS (i.e. XANES and EXAFS), and XES spectra of atoms and
molecules. Some examples are TT-multiplets a MATLAB based code developed
by Frank de Groot used to calculate XAS of K-, L-, and M-edges and XES spectra
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[93]. FEFF 9.0 is a computer program for ab initio multiple scattering calculations
of XAS (EXAFS and XANES) spectra for atoms or molecules [91]. ORCA is also
an ab-initio based computer program for calculating XAS (pre-edge region), XES,
UV-vis spectra calculation for atoms and molecules [I08]. There are also other
computer based programs such as ADF, Gaussian, MXAN, Quantum ESPRESSO
and others [109]. However, this thesis FEFF for EXAFS and XANES spectra
calculations and ORCA for pre-edge and XES spectra calculation of molecules are
used. For this reason, only the description of FEFF and ORCA is included.

FEFF

FEFF 9.0 uses an ab initio self-consistent multiple scattering approaches including
polarisation dependence, core-hole effects, and local field corrections based on self-
consistent spherical muffin-tin scattering potentials. XAS spectra calculation is
based on all-electron real space relativistic Green’s function formalism with no
symmetry requirements. The code includes both inelastic losses and vibrational
effects regarding GW self-energy and correlated Debye-Waller factors, respectively.
FEFF starts the calculation of XAS spectrum with potentials followed by scattering
phase shifts. The scattering path and phase shifts are then used to calculate the
scattering amplitudes using an explicit enumeration and summation for the EXAFS
part and using implicit summation for XANES region. The FEFF program is
controlled by a set of input cards which are user defined and can be set in the input
file "feff.inp” (see Appendix . The code yields scattering amplitudes and phases
used in many modern EXAFS analysis codes, as well as various other properties.

ORCA

ORCA is an ab initio approach that uses density functional theory (DFT) based
on a semi-empirical self-consistent field molecular orbital picture. It can be used to
calculate both X-ray absorption and emission spectra. The XAS spectra calculation
in ORCA is based on Fermi’s golden rule described in Eq.(3.20). Calculation of
XAS spectra in ORCA requires the final state wave function, and Molecular-orbital
DFT approach is used to calculate the final state. Similar to FEFF, ORCA-based
calculations are controlled by a set of input parameters which are placed before the
XY7Z atomic coordinates and define the outcome of the calculation (see Appendix
[B). An advantage of ORCA over FEFF is for transition metal complexes such as
ferrocyanide and ferricyanide in aqueous solution solvent effects can be considered
effectively by the COSMO solvation model.

3.2.4. Time dependent density functional theory (TD-DFT)

In this thesis, the Fe K-edge XAS pre-edge features are calculated using TD-DFT
approach implemented in the ORCA quantum chemistry package [110]. This region
of the XAS spectrum is a powerful probe of the electronic and geometric structure
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of iron sites in inorganic transition metal complexes [1111, 112} [113], 114} 115]. First,
the ground state and excited state geometries are optimised with the B3LYP hybrid
functional. Then the pre-edge XAS calculations were performed allowing only
excitations from the Fe-1s core orbitals. For the calculations BSLYP (B3LYP
with a hybrid functional with 15% exact exchange contribution) was used [110]
in a combination of def2-TZVP [117] basis set. Calculations were carried out
in a dielectric continuum using the conductor-like screening model in an infinite
dielectric[I1§].

In Section [3.2] the XANES spectra for ferro and ferricyanide molecules measured
in aqueous solution is reported. The spectrum of [FeH(CN)G]* shows two pre-
edge peaks at 7114.09 eV and at 7116.83 eV, according to DeBeer et al. [114] the
first peak is due to the 1s — e, transition and the second peak due to a 1s — T

transition or charge transfer from the 1s core to the 7* ligand orbitals. [Fe'™ (CN),]*"
shows three peaks at 7111.3 eV, 7114.39 eV and 7118.91 eV, since [Fe' (CN),]*
has one open orbital in the t5; d orbital the first peak is a transition from 1s — t,.
The second peak is a transition from 1s core to the open e, orbitals (1s — e,) and
the third peak is assigned to a transition from 1s to 7* ligand orbitals. In Figf3.11
theoretically simulated TD-DF'T spectra is shown in comparison with the measured
experimental data. With the level of DFT functional used all the experimentally
observed pre-edge peaks are reproduced.

Table 3.1.: DFT optimized structural parameters for ferro and ferricyanide com-
plexes used for TD-DF'T pre-edge calculation shown in Fig. |3.11}

[Fe(ON)g]"  [Fe(CN)g]™

Fe-C (A) 1.970 1.918
C=N (A) 1.191 1.207
Fe Ox. state +2 +3

As discussed in the proceeding section, upon photoexcitation of ferrocyanide
molecule with 355 nm laser, it undergoes a ligand exchange mechanism, where one
cyanide (CN") ligand is replaced by a water molecule. If the ligand exchange mech-
anism happens through a complete dissociation, it results in a pentacoordinated
complex either with square pyramidal Cy4y or trigonal bipyramidal D3, symmetries.
The geometries of these possible intermediate states are optimised in ORCA, and
structural parameters are summarised in Tab[3.2l The pre-edge calculations of all
the possible intermediate states are reported in Fig. The low energy pre-edge
peaks of both the possible pentacoordinated complexes are red-shifted compared
to the photoaquated complex. In later Chapter, this result will be used to interpret
the femtosecond XANES data measured at SACLA, XFEL facility.

In Section the XANES spectrum of the [Fe(terpy),]*" molecule measured
in aqueous solution is reported. In addition to the red shift of the excited state
spectrum, new pre-edge peaks are observed which does not exist in the ground
state spectrum. Figure [3.13| shows experimentally measured data of the ground
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Figure 3.11.: Solid lines represent the experimental data which is a zoom in the
pre-edge region of the Figure shown in Dotted lines shown are
TD-DFT calculated spectra for ferricyanide (red), ferrocyanide (blue).
The calculation is done with B3LYP hybrid function in combination
with def2-TZVP basis set and the calculated transitions shown in
sticks are broaden by 1.5 eV. After the spectrum is calculated a con-
stant shift of 160 eV is applied to all the calculated spectra. Assign-
ment of calculated peaks has also been discussed in previous studies
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Figure 3.12.: Calculated pre-edge spectra for the possible intermediate states of fer-
rocyanide molecule formed after photoexcitation. All the calculated
spectra are shifted by 160 eV and 1.5 eV broadening is applied.
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Table 3.2.: DFT optimized structural parameters for pentacoordinated and pho-
toaquated complexes used for TD-DFT pre-edge calculation shown in
Figl3.2.4. Where ax = axial and eq = equatorial atoms.

[Fe(CN)s]”  [Fe(CN);]” [Fe(CN);J* [Fe(CN);(H,0)]"

Symmetry Cyy D3y, D3y, Dist. Oy
Fe-C (A) 1.8524% 1.9924* 2.392%* 1.842%
1.944¢4 2.101¢4 2.231¢4 1.910%
CEN(A) 1.190%* 1.173% 1.172% 1.187%
1.187¢4 1.172¢ 1.169¢ 1.185%
Fe—O(A) 2.189
Fe Ox. state +2 +2 +2 +2
Spin state(S) 0 1 2 0

and excited state spectra including the TD-DFT calculated pre-edge peaks using
DFT optimised atomic coordinates.

Table 3.3.: DFT optimized structural parameters for ground state (LS) and for
the two possible high spin excited states of °By, E. Where « is the
bite angle between the two nitrogen atoms in the equatorial plane (See

Fig2.13).
LS B, °E

Fe-N (A) 1.889% 2160  2.107*
1.984°  2.191¢0 2,203
a®)  161.92  147.68  149.99

To compare the experimental measured XAS data with simulated spectra, the
experimental data is deconvoluted. The result of the deconvolution is reported in
Tab[3.4] First, the edge is fitted using an arctangent function which is indicated
by red dashed line then three pseudo-Voigt profiles centred at different positions
are used to have a reasonable fit of the ground state spectrum (see Fig. [3.14(a))).
Similarly, an arctangent function is used for the edge and three pseudo-Voigt pro-
files to get the fit shown in Fig[3.14(b)] The goal of this analysis is to assign the
possible excited state among the two candidates predicted by DFT i.e. °E and °Bs.
From the experimental reconstructed excited state data, peak 1, peak 2 and peak
3 are obtained at 7112.15 eV, 7113.89 eV and 7115.8 eV as peak positions respec-
tively. For simulated °E state peak 1, peak 2 and peak 3 are obtained at 7111.9
eV, 7113.1 eV and 7115.1 eV peak positions respectively. Whereas for 5B, state
peak 1, peak 2 and peak 3 are obtained at 7112 eV, 7115 eV and 7117 eV peak
positions respectively. Comparing the peak positions it is ambiguous to conclude
whether the possible excited state is 5E or °B,. For this reason, a full structural
EXAFS analysis is necessary by fitting directly the transient EXAFS spectrum and
the result of this analysis will be presented in Chapter [§]
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Figure 3.13.: Solid lines are the zoom around the pre-edge region of XAS spec-
tra shown in Figure [3.6(b)l Dashed lines are calculated spectra
for the ground and the two possible excited states of [Fe(terpy),]**
molecule. Calculations are done using ORCA with B3LYP hybrid
function in combination of def2-TZVP basis set, and calculated tran-
sitions broaden with 1.5 eV and a constant shift of 160.2 eV for the
ground state (LS) and 159.2 eV for the excited state spectra. Sticks
are the possible transitions calculated before broadening. Some of the
important structural parameters are summarised in Tab..
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Figure 3.14.: (a) Convoluted pre-edge peak fit for the ground state XAS spectra

measured on [Fe(terpy)2]2

4_

molecule. Ground state spectrum (blue

dots), arctangent, used to fit the edge (red dash line) and three
pseudo-Voigt peaks to represent the different transitions. The fit is a
convolution of the edge and the three peaks. (b) Convoluted pre-edge
peak fit for the reconstructed excited state XAS spectra measured
on [Fe(terpy),]** molecule after 100 ps of 532 nm laser excitation.
Excited state spectrum (red dots), arctangent, used to fit the edge
(red dash line) and three pseudo-Voigt peaks to represent the differ-
ent transitions. The fit is a convolution of the edge and the three

peaks.

Table 3.4.: Summary of data extracted after deconvolution of the experimental and
simulated spectra. Where LS and ES stands for low spin state and
excited state respectively. *the unit for peak Area is eV units.

Experimental results

Peak 1 Peak 2 Peak 3

Position (eV) | Area (*) | Position (eV) | Area (*) | Position(eV) | Area (*)
LS 7113.26 9.5x10~2 7115.22 2.3x1072 7116.52 9x10~3
ES 7112.15 6x102 7113.89 4.5x1072 7115.8 9.9x10~2

ORCA Simulation results

Position (eV) | Area (*) | Position (eV) | Area (*) | Position(eV) | Area (*)
LS 7113.2 0.573 7114.5 0.425 7115.7 0.023
°E 7111.9 0.275 7113.1 0.153 7115.1 1.07
B, 7112 0.678 7115 1.33 7117.5 0.174
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3.3. Relaxation process

3.3. Relaxation process

In the preceding Section, photoionization of an atom due to an incident X-ray
photon and the transition which is governed by Fermi’s golden rule was presented
[119]. As shown in Fig[3.15 the core-hole resulted from excitation to the higher
level results relaxation of the energy levels due to the new effective nuclear charge.
Through the uncertainty principle, any state has a finite lifetime (width), and it
can be described very well with a Lorentzian line shape. The core-hole lifetime
of an atom is in the order of few eV (or few femtoseconds). For example the 1s
core-hole lifetime of iron (Fe) atom is 1.25 eV [120]. As a result of this finite
lifetime, an excited atom relaxes through either fluorescence emission of an X-ray
photon (see next section) or Auger processes through emission of an electron [90].
Tab 3.5 shows the absorption and the different fluorescence emission lines with the
corresponding width.

Table 3.5.: Summary of the X-ray absorption and emission energies with the cor-
responding natural line widths of Iron atom [121].

K-shell series
absorption emission lines (eV)
(eV) Ka; | Kag Kﬁl,s K52,5
7112 6404 | 6391 | 7058 | 7105
width (eV) | 125 | 1.61 | 1.62

Fluorescence transition occurs when higher-lying electrons fall into a lower-lying
orbital and emit photons as radiative transitions. Auger transition occurs when
the core-hole is filled with a shallow core electron; as a result, another core electron
is emitted. Auger transition is a two-electron non-radiative process. The kinetic
energy of the electron excited in an Auger decay is the difference between the
energy level of the first core hole and energy level of the second electron [93].
These two described decay processes are competing processes [121]. For shallow
core-hole Auger decay is the dominant process and has many advantages in atomic
and molecular spectroscopy. This thesis will focus only the different fluorescence
X-ray emission processes.

3.3.1. X-ray emission spectroscopy

The core-hole created by absorption of a photon has a finite lifetime. One way of
the decay process is when the core-hole is filled with an electron from the outer
shell and as a result, a photon is emitted. The emitted photon has an energy equal
to the difference between the energy level of the outer electron and 1s energy level.
The transition is dipole allowed when the electron originates from 2p or 3p level and
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Figure 3.15.: A simplified illustration of: a) the photoionization process due to an
incident X-ray photon. b) The relaxation of a photoexcited atom and
subsequent relaxation through X-ray emission. ¢) Bound-bound tran-
sition when the incident energy is enough to excite the core electron
to higher level empty state. d) The Auger process which occurs when
an outer core electron fills the core-hole and as a result, another core
electron is emitted.

dipole forbidden or quadrapole allowed if the electron originates from 3d to 1s level.
The Ka fluorescence line results from the 2p to 1s transition. The K/ fluorescence
line results from the 3p to 1s transition and K/, 5 fluorescence line results from 3d
to 1s transition. The most probable emission line after the 1s core-hole creation is
the Ka fluorescence emission. It is eight stronger than the K3 and 100-500 times
stronger than the K/f, 5 fluorescence.

The spectral line shapes of Ka and Kf fluorescence lines are sensitive to the
dipole moment in the 3d orbital due to an overlap between the 2p, 3p with 3d
wave functions [102]. As a result, the emission line spectra are sensitive to the
metal oxidation and spin state as well as the local geometry. The ratio between
the intensities of Ka and K3 has been used to estimate the electrons occupancy
of 3d complexes [123] 124]. A detailed discussion can be found in references [90),
93, 125 126]. X-ray emission experimental results reported in this thesis were
measured at the Advanced Photon Source (APS) 7ID-D beamline in Chicago, USA
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Figure 3.16.: A simplified illustration of photoionization and relaxation processes
after core-hole creation. (a) Shows absorption and the subsequent
fluorescence X-ray emission lines when the empty core-hole is filled
by an electron from the higher level. (b) Ko, KB and valence-to-
core emission spectra recorded on [FeH(phen)z(NCS)Q] (phen = 1,10-
phenantroline) sample, high-spin (HS) and low-spin (LS) states are
achieved by changing the temperature of the sample. The LS and HS
are achieved at 80 K and 300 K respectively. Figure (b) is adapted
from [122].

and the experimental setups used for the measurement will be discussed in Chapter

El

Ko emission lines

Due to the spin-orbit coupling, the Ka fluorescence emission consists of two spectral
features Koy and Kas. The Koy is the transition from the 2psz/; to 1s, and Koy is
from the 2p; /5 to 1s state. The relative intensities Iy, [k, ~ 2 is determined by
the occupancies of the 2p; /, and 2pg/, orbitals [127]. The spectral line shape of Ka
fluorescence emission line is proportional to the number of unpaired 3d electrons
and can be explained by multiplet theory by neglecting the angular momentum.
Therefore, the spectral line shape is solely determined by the (2p,3d) exchange
interaction. Based on the work by Kawai et. al.[I28] the exchange interaction is
proportional to the nominal unpaired 3d electrons. As a result, the FWHM of
Koy is proportional to the net electron spin or the number of unpaired electrons.
With the two approximations; i.e. the 3d angular momentum is zero and energy
splitting arises from the exchange interaction between the 2p core-hole and 3d
electrons which are set to be proportional to the nominal number of unpaired
electrons. The theory works well for octahedral transition metal complexes, such
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3. Principles of X-ray spectroscopy

as [Fe' (CN),]* and [Fe(CN),]*". However, for iron oxides, it does not work at all
[128] because it does not include effects of different geometry of complexes which
could also contribute to the line shape. A recent study by Vanko et al. [122] shows
that the linear proportionality between the effective number of unpaired electrons
and FWHM Ka; works very well for spin-cross over complexes.

K3 emission lines

Similar to the Ko, the K3 fluorescence emission spectrum consists of two peaks split
by the exchange interaction. The first one is main K5 (Kf 3) and the second one
which is located in the lower energy part of the spectrum is the K3’ satellite peak
[129]. For iron based transition metal complexes both the main K5 and the satellite
peak shows chemical dependence like the Ka fluorescence emission spectrum. As
described in [I30], the ~1 eV blue shift of the Kf,3 peak of [Fe'(CN),]* with
respect to [Fe' (CN),]* shows sensitivity to the change in oxidation state of the
metal center (see Fig. The intensity of the K f3; 3 shifts to the satellite peak,
as a result, the K3’ peak intensity increases.
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Figure 3.17.: Kf; 3 emission spectra measured for 0.4 M aqueous solution of ferri-
cyanide (red), ferrocyanide (blue) and the difference between the two
spectra (green).

In the case of iron-based spin-cross over complexes as described in papers |74}, [131]
the K, 3 peak shifts to the higher fluorescence energy for a higher effective number
of unpaired 3d electrons because the exchange splitting is increased (see Fig. [3.18)).

Valence-to-core emission line

Valence-to-core (vtc) fluorescence emission spectrum arises from the transition from
higher occupied core or valence orbitals to the 1s core-hole. Since the spectrum
represents transitions from ligand molecular orbitals, it is sensitive to the metal-
ligand bonding character [78, [130]. Vtc XES has two features: the K3~ which is
the weaker and lower in energy part peak which involves a transition of the ligand s
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Figure 3.18.: (a) Kf; 3 fluorescence spectra of ground state iron complexes
with different spin moments: singlet [Fe' (bpy),]*" (red), dou-
blet [Fe (bpy)s]** (green), triplet (Fe(Il) phthalocyanine (blue),
quartet Fe(IIl) phthalocyanine chloride (black), and quintet
[Fe(phenanthroline), (NCS),] (magenta). (b) Model difference spectra
for the 13MLCT, T and ®Ty excited states reconstructed by subtract-
ing the singlet model complex spectrum from the doublet, triplet and
quintet model spectra shown in Figure |3.18(a)l The data is adapted
from [13].

molecular orbitals. The second part of the spectrum is K/, 5 which is stronger and
found in the higher energy part. It involves ligand p molecular orbitals. The energy
splitting between KB~ and Kf, 5 peaks is roughly represented by the binding energy
difference between the ligand s and p orbitals and these two parts of the spectrum
are used to represent ligand identification [132]. Bergmann et al. describe that the
vte XES is a powerful tool to discriminate different ligand types [I33]. Similarly
[134] demonstrated that vtc XES can be used to identify different ligand types in
titanium (Ti), iron (Fe) [I35], and chromium (Cr) based complexes [136] which is
hard to identify in EXAFS. In this spirit, our recent time-resolved vtc XES shows
the TR vtc can be a powerful tool to study and identify intermediate states of a
chemical reaction [130].

As shown in Figure is the K3 5 emission line measurements for ferricyanide
and ferrocyanide complexes. The result shows a blue shift of the ferricyanide
spectrum on ferrocyanide which is similar to what is observed in K/, 3 emission
line.
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Figure 3.19.: KB 5 emission spectra measured for 0.4 M aqueous solution of fer-
ricyanide (red), ferrocyanide (blue) and the difference between these
spectra.
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Chapter 4

Experimental Setups

This Chapter is dedicated to the description of experimental setups used at both
the Advanced Photon Source (APS) and SACLA light sources. The first section
starts with a brief introduction of synchrotron radiation, more specifically undu-
lator based synchrotron radiation. Then the APS synchrotron radiation source
working principle, timing modes of operation, the high repetition rate laser system
and synchronisation used for time-resolved experiments will be presented. Fol-
lowing that, sector 7 beamline including the main beamline components will be
described.

The femtosecond resolved XAS and XES data reported are measured at SACLA
XFEL facility. For this reason in the second Section, the X-ray Free Electron Laser
(XFEL) description more specifically SACLA will be presented. A comparison of
the different existing and upcoming XFEL sources will be will also be described.
In the third Section, the experimental methodology which combines an arsenal of
complementary X-ray tools for structural and electronic studies will be explained.
The basic aspects of XAS experiment i.e. transmission and fluorescence yield and
the description of XES experimental setup including two different types of spec-
trometers the Johann and the von Hamos type will also be presented. In the last
Sections time-resolved optical-pump X-ray probe setup including the data acqui-
sition systems, the different X-ray detectors and the liquid jet setup used for our
measurement will be presented.

4.1. Synchrotron radiation

A typical 3"9-generation synchrotron radiation source is shown in Fig It con-
sists of an electron gun, linear accelerator (LINAC), a booster ring, a storage ring,
multiple beamlines and End station. First, the electron gun produces electrons
from a heated hot cathode which then enters the LINAC. Then electrons are accel-
erated close to the speed of light with high energy (several MeVs). The electrons
are then transferred to the booster ring, where their energy is further increased
and finally the electron enter the storage ring. Here electrons are circulated in the
storage ring by a series of magnets separated by either straight sections of insertion
devices such as undulators, wigglers or bending magnets. Bending magnet use a
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single magnet to bend the electron bunch, resulting a X-ray radiation around the
bend whereas, Wiggers and undulators are periodic magnetic structures force the
electron to oscillate due to the Lorentz force and resulting the electron to radiate
in a narrow cone along the axial direction.

1) Electron gun
2) Linac

3) Booster ring
4) storage ring
5) Beamline

6) End station

Figure 4.1.: Generic view of a synchrotron radiation source. Adapted from [137].

Compared laboratory based X-rays sources, 3"%-generation synchrotron sources
gives many orders of magnitude higher than intensity and brightness [I3§]. Re-
cently, the 4"-generation X-ray sources are in operation [139, [140] or in the final
stages of design and construction phase [141] 142] increase the brightness even
further which will be discussed in the next section. The X-ray beams generated
in 3" and 4'-generation sources have the following properties; high brilliance,
wide energy spectrum, tunable X-ray energy range, highly polarized and emitted

in very short pulses. All these aspects can be represented in single quantity called
Brilliance [94].

photons/second
(mrad)?(mm?)(0.1%BW)

Where photons/second is the intensity of the monochromatic radiation, mrad? is
the vertical and horizontal angular divergence, mm? is the source size and 0.1%BW
is the relative bandwidth of the monochromatic radiation in the 0.1%. Brilliance
as a function of photon energy produced and is the quantity used to compare the
different X-ray sources. Fig shows a comparison between the various 3" and
4" generation X-ray sources. The brilliance of 3" generation X-ray sources is
approximately 10'° times higher than those of the laboratory-based X-ray sources.

Brilliance =

(4.1)

4.1.1. Undulator radiation

Magnetic structures are common ways to generate synchrotron radiation when a
relativistic electrons are accelerated in the magnetic field. There are three types
of magnetic structures used to generate synchrotron radiation namely undulator,
wiggler, and bending magnet. The later use a single magnet to bend the electron
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Figure 4.2.: Comparison of various 3¢ and 4" generation accelerator-based X-ray
sources based on peak spectral brightness (brilliance) as a function of
photon energy. Blue points shown in the figure represent measure-
ments. The Figure is adapted from [143].

bunch, resulting a fan of radiation around the bend. Wiggers and undulators are
periodic magnetic structures with 2-3 cm gap and inserted in straight sections of
the storage ring. The periodicity causes the electrons to experience an oscillation
and acceleration due to the Lorentzian force as they move in the axial direction,
resulting the electron to radiate in a narrow cone along the axial direction (see
Fig.

The radiation in the forward direction is very intense and highly monochromatic.
It is composed of a narrow spectral line at a well-defined frequency and its odd
higher harmonics. Even harmonics will be radiated off-axis. The spectrum of an
undulator is much narrower compared to other magnetic structures. The radiation
wavelength A of the n** harmonics from an undulator is described by Eq..

Ao K? 519
= 1+ — 4.2
An 2mz(+2+79 (4.2)
and B

= 4.3
Y MeC? (4.3)

GBu/\Q
K S— 0.9336 B, [T Ao[cm] (4.4)
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Figure 4.3.: Schematic diagram of undulator insertion device at the APS. The
length of the undulator at 7ID is 2.4 m and one period of the magnetic
array is 3.3 cm. The picture is adapted from [144].

Where )\ is the is the magnetic period and 6 is the angle between the undulator
axis and the direction of the center of the beam. ~ is the Lorentz factor with E
the electron energy and K is the undulator parameter. m, the electron rest mass
with e being the elementary charge. B, is the strength of the magnetic field and ¢
the speed of light in vacuum.

The radiation cone will have an angular divergence of 6§ = #ﬁ, where N is the

number of magnetic periods. The relative spectral bandwidth will be proportional

to \/LN Increasing the magnetic field and the number of magnetic periods will

decrease the central cone angle. The monochromaticity (%) of the radiation from
an undulator is inversely proportional to the number of magnetic periods and the
harmonics index n.

Aw_A)\N 1

w A nN

For the fundamental harmonics, n=1, the typical value yields %:10_2. For the
fundamental wavelength (n=1) at §=0, the radiation wavelength becomes:

Ao K?
AU 4.
A1 22 ( + 5 ) (4.6)

(4.5)

Although the radiation from undulator is highly monochromatic, it is very broad
for X-ray absorption and emission spectroscopy experiments. For this reason, the
incoming X-ray beam of the undulator is monochromatized further with a double-
crystal Si or diamond monochromator which defines the incoming X-ray energy
with much narrower relative bandwidth of typical value of 1074 Tab shows
comparison of some of the 3" generation X-ray synchrotron sources.
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4.1. Synchrotron radiation

Table 4.1.: Comparison of different synchrotron radiation sources at dedicated
time-resolved end stations. Parameter values reported are adapted from
APS [145], ESRF [146] and Petra III [I47]. The brightness is calculated
as (ph/s.)/(mrad®.mm?. 0.1% BW).

Synchrotron / APS / ESRF/  Petra III/
filling pattern 24 bunch hybrid  40-bunch
Electron Energy(GeV) 7 6.03 6
Bunch charge(nC) 0.98 0.7 1.2
nominal current(mA) 100 200 100
Revolution frequency(MHz) 0.272 0.355 5.2
flux (photons/sec) 3*1012 3.5%101  1*1013

at 10 keV at 7 keV
Brilliance 2.3%¥10% 2.3¥10%  2.3¥10%

4.1.2. Advanced Photon Source (APS)

The APS consist of 5 main components namely the injector, the Booster, the
LINAC, the storage ring and experimental halls (see Fig.

Figure 4.4.: The APS is a 3"%-generation synchrotron radiation source. All the five
essential components such as the injector, the Booster, the LINAC,
the storage ring and experimental halls are labeled in the figure. The
picture is adapted from [144].

The production of X-ray beams at the APS begins with electrons emitted from
a cathode. Then the electrons are accelerated by high-voltage alternating electric
fields in the LINAC. At this stage the electrons are relativistic, and they are trav-
eling at 99.9999% of the speed of light. Afterwards the electrons are injected into
the booster synchrotron and accelerated 7 GeV in one-half second. The acceler-
ating force is supplied by electrical fields in four radio frequency (rf) cavities. To
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maintain the orbital path of the electrons, bending and focusing magnets increase
the electron field strength in synchronization with the rf field. The electrons are
then injected into the storage ring [144].

At the APS, the storage ring has 40 identical sectors, each of which consists
of accelerator components and five meter long straight sections. Five of these
straight sections are reserved for accelerator systems, one is to inject electrons into
the ring, and four are dedicated to replenishing the electron energy loss through
X-ray generation by using 16 radio-frequency accelerating cavities. The APS has
35 experimental sectors, and each of these can have at least two X-ray beamlines,
one originating from a bending magnet in the storage ring lattice, the other from
undulator.

4.1.3. Sector 7 beamline

The reported measurements were acquired at the APS sector 7 beamline. This
sector consist of three X-ray experimental hutches namely 7ID-B, 7ID-C, and 7ID-
D available for a wide variety of experimental setups (see Fig. and 7ID-A the
optics hutch. For our measurements 7ID-D hutch is used which is dedicated to
time-resolved X-ray spectroscopy and scattering experiments.

Streak

Camera

Laser experiments
WB imaging

oW R High
Diffraction Speed storage
Chopper .. | ring —
Mono beam white beam — g I.ll l.
Bl A APS
undulator A

Time-resolved
X-ray Spectroscopy and Monochromotor
scatttering setup

| | | | | | |
I I I I I I I

65 60 55 50 45 40 35m

Figure 4.5.: The Sector 7 beamline layout, for the details, see the text below. (white
beam(WB) and time-resolved(TR)). The Figure is loosely adapted
from [148].

The X-ray source at 7ID is an APS Undulator A with a period of 3.3 cm and a
length of 2.4 m [I48]. The 7ID-A contains a double-crystal, water-cooled diamond
(111) monochromator for delivering X-rays to the 7ID-C and 7ID-D hutches. The
X-ray energy can be tuned in the range of 5 to 24 keV (see Fig and the flux at 10
keV is 10'? photons/second/0.01% bandwidth in hutch D. The energy bandpass of
the monochromator is AF/E=5.4 x 10~° measured at 9.887 keV. The short focal
distance KB(Kirkpatrick and Baez) optics placed half a meter from the sample
position allow us to achieve X-ray spot size of VxH= 3.5 x 7 pum?.
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Figure 4.6.: The measured flux of the monochromatic beam on 7ID beamline. Fig-
ure adapted from [149].

4.1.4. Timing modes at APS

The timing structure of an X-ray source is an essential ingredient for time-resolved
laser pump X-ray probe experiments. At the APS there are three available electron
filling modes (see Fig.. The 24-bunch mode has 24 equally spaced X-ray bunches
and the time between consecutive bunches is about 153 ns, which makes it ideal for
electronic gating and is suitable for time-resolved studies. In this mode, the X-ray
pulse duration is about 80 ps [I50]. The total current of 100 mA is distributed
equally in all the bunches. The second electron filling mode is called the hybrid-
singlet mode which consists of a single intense bunch of 16 mA together with a
collection of 56 bunches crowded on the opposite side of the ring. There is a space
of 1.594 us before and after the single intense bunch. The X-ray pulse duration in
this mode is 120 ps FWHM. The third timing mode is the 324-bunch mode with
11.2 ns between consecutive bunches.

4.1.5. High repetition laser system (DUETTO)

Laser systems with 1 kHz repetition rate have been used for pump-probe experi-
ments at synchrotron facilities [I51 8, [152], 153]. The low repetition rates yields
an inefficient use of the available X-ray flux and lead to dramatically longer data
acquisition time and it’s quality is even further decreased for low concentration
liquid samples. At 7ID-D, the above drawback has been overcome by using a high
repetition laser from Time-Bandwidth Products and single photon counting detec-
tors. The high repetition rate allows us to study a range of complexes at MHz
repetition rate. However, the choice of repetition rate depends on the lifetime of
the excited state that will be investigated. Low repetition rate for complexes with
long excited state lifetime and high repetition rate for complexes with the short
excited lifetime.
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Figure 4.7.: The three available bunch patterns at APS. a) 24-bunch mode with
153 ns gap spacing between consecutive X-ray pulses which permits

mechanical and electronic gating to provide variable repetition rate
X-rays. b) Hybrid-singlet mode and ¢) 324-bunch mode.

The high repetition laser system used as a pump laser for the time-resolved
measurements reported in this thesis is a customized master oscillator system from
a Time-Bandwidth Products called Duetto. The central output wavelength is 1064
nm with a variable repetition frequency between 54 kHz and 6.52 MHz and 10
ps pulse duration. The oscillator operates at a customized 78.2 MHz, which is
a 2/9" of the 352 MHz of the storage ring rf frequency. The repetition rate is
selected by specifying the rate at which pulses of the oscillator train are picked for
amplification. The laser can operate at a frequency which is a submultiple of the
oscillator frequency [I50]. The details of harmonic generation are described in ref.
[150].

4.1.6. Synchronization and delay control

The synchronization of pump and probe pulses is an integral part of a time-resolved
experiment. For an optical pump-probe experiment synchronization is not nec-
essary since both pulses are intrinsically synchronized to each other. However,
this is not the case for laser pump and X-ray probe experiments. Therefore, the
synchronization and control delays between the laser and X-ray pulses which are
implemented at APS 7ID-D beamline will be described. For the detailed of the
explanation please refer [I50].

The synchronisation of the laser oscillator with the rf frequency of the APS
storage ring and the delay control between the laser and X-ray pulses which is
achieved electronically is depicted in Figfd.8f The phase-lock-loop contains a clock
synchronizer feedback system which allows the stabilisation of the laser and the
X-ray pulses in time. First, the storage ring rf signal is down converted from 352
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Figure 4.8.: Schematic of the synchronization and delay control of the laser pulses
with respect to the X-ray pulses at the APS. The laser shown, is op-
erating at 6.52 MHz (78.2 MHz —+ 12) to match the X-rays in the
standard 24 bunch mode. The red colored pulses separated by 12.8 ns
illustrate other oscillator pulses that could be chosen for coarse delay
of the laser relative to the X-ray pulses. Figure adapted from [I50] (see
the text for details).

MHz to 78.2 MHz using a frequency divider circuit. Then the signal is sent through
a phase shifter to the laser, where the oscillator cavity length is adjusted by a piezo-
actuated cavity mirror mount to lock the frequency of the oscillator. A photodiode
signal from the laser oscillator is sent to a phase lock loop to keep the laser in
phase to the rf signal. The oscillator pulse-to-pulse timing jitter with respect to
the down-converted rf signal is stabilized. The 78.2 MHz signal mentioned above is
sent through another frequency divider with a variable integer divisor value. This
divided frequency is used to trigger the pulse picker. The divided signal is fed
to the pulse picker for amplification. The details of synchronization and delay is
described in ref. [I50].
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4.2. X-ray Free Electron Laser (XFEL)

X-ray free-electron lasers (XFELSs) are 4'"-generation X-ray sources by offering new
exciting features such as extremely short pulses roughly ~10 fs, large number of
photons ~10% 10? times higher than synchrotron and coherent X-ray pulses can
be focused down to ~0.1 pm. These properties of XFEL sources will enable us
to unravel dynamics of complex molecular structures such as proteins with atomic
resolution. Additionally, it will allow us to follow ultrafast chemical reactions with
femtosecond time resolution.

An X-ray free electron laser is a device that transforms a beam of high energy
electrons which travels at a relativistic speed into an X-ray radiation [I54]. The
two main components of an X-ray free-electron laser are a high-energy electron

beam and undulator magnets (see Fig[4.9) [155].

Elg\\/ J

Gun

Electron
dump

Figure 4.9.: Schematic representation of an undulator, at the core of a free-electron
laser.

As the electron travels through an undulator, it experiences a Lorentz force from
the magnetic lattice. After a certain distance, the electron also begins to respond
to the radiation fields from the other electrons in the bunch. The interaction with
the radiation field is spatially modulated with a period equal to the resulting X-ray
wavelength, and will hence tend to modulate the electron density within the bunch
into micro-bunches (see Fig. . Once this occurs the radiation enhances itself,
as the radiation field increases rapidly as the electrons move downstream. This
mechanism is called Self-Amplified Spontaneous Emission (SASE). The radiation
field acting on the electrons has to be strong to create micro-bunching. The more
localized the electron bunch is the more intense radiation field will be generated.
For XFELs, this is solved by a LINAC which enables us to get smaller electron
beams in the order of 100 pum in diameter.

The high energetic electrons generated from a photocathode acceleration by RF
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z [m]

Figure 4.10.: The exponential growth of the FEL pulse energy E as a function of the
length z travelled in the undulator. The data (open red circles) were
obtained at the first stage of the SASE FEL at DESY; the electron
energy was 245 MeV. The solid curve shows the theoretical predic-
tion. The progress of microbunching is indicated schematically. Laser
saturation sets in for z > 12 m. Here the microbunches are fully de-
veloped, and no further increase in laser power can be expected. The
depicted figure is the representation of an undulator, at the core of a
free-electron laser. The Figure is adapted from [I56].

cavities travel through an alternating magnetic field of period A\g. Due to the
magnetic field, the electrons move along an alternating sinusoidal trajectory and
emit X-ray radiation in the forward direction with a narrow bandwidth around a
resonance wavelength A. The X-ray generated will have a wavelength A given by:

Ao K?
- 9 4+ 4.
A 272 (1 2 ) (47)

Eq.(4.7) is similar to Eq.(4.2) indicates that increasing the electron beam energy
results from a shorter wavelength of X-ray radiation. The emitted X-ray beam
depends on the undulator period, the magnetic field strength and the electron beam
energy. These quantities can be changed easily which makes FEL devices tunable
over a large wavelength range. The cavity free self-amplified spontaneous emission
results from intense X-ray generation in a single pass operation. Currently, XFELSs
which have the capacity of producing X-rays in the hard X-ray regime are LCLS-
USA [139] and SACLA-Japan [140] and new ones under construction are European
XFEL-Germany [142], SwissFEL-Switzerland [141] and PAL-XFEL-South Korea
[157]. The comparison of existing and upcoming XFEL sources is shown in the

table 4.2
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*

Table 4.2.: Comparison of hard X-ray Free-electron Laser sources. * means it is a

nominal value, but it can be varied or smaller.

X-ray
parameters European XFEL [142] | LCLS [139] | SwissFEL [I41] | SACLA [I58] | PAL-XFEL [I57]
Max. Electron energy
(GeV) 17 14.3 5.8 8.5 10.1
* Bunch charge
(nC) 1 1 0.2 0.3 0.2
Wavelength range 0.05 - 4.7 013-44 |01-7 0.06 - 0.3 0.06 - 10
(nm)
X-ray energy 25 - 0.264 9.5-0.282 | 12.4-0.177 20.7 - 4.1 20.7 - 0.124
range (keV)
* FWHM pulse g
width () 2 541 24 10 60

Photons 241012 11102 | 3.6% 10 2.4 1011 2 4 1011
per pulse
X-ray flashes 27 000 120 100 60 60
per second

Photons 5.4 %10 1325101 | 3.6 % 1012 1.2 103 125108
per second
“Peak 5% 1033 2 % 1033 1%10% 1.3%10% 1%10%
brilliance

4.2.1. Spring-8 Angstrom Compact Free Electron Laser
(SACLA)

SACLA is one of the X-ray Free-electron laser sources which is currently open for
users. X-ray generation at SACLA utilises a compact-scaled accelerator with a
short-period undulator. This concept was first tested in the ultraviolet wavelength
region before it was implemented at SACLA [159]. At SACLA the SASE undulator
is kept in vacuum allowing the magnetic arrays to be placed in precision which yields
smaller gap to achieve higher X-ray energies. The generated X-ray energy could
be finely tuned by users by changing the parameter K with a precise adjustment of
the undulator gap. The X-ray X-ray pulse at SACLA has a nominal X-ray pulse
width of 10 fs. Although X-rays from FEL sources have a short pulse duration due
to jitter the time resolution for the pump-probe experiment at SACLA was limited
to roughly 600 fs at FWHM. To observe dynamics faster than 600 fs a timing tool
has to be implemented to overcome to the X-ray jitter problem [160].

4.3. Experimental Layout

To measure a high quality of data, one has to make sure of choosing the right
detection method, avoid from using detectors behaving non-linearly, X-ray beam
stabilities and to ensure the reproducibility of successive energy scans. The ex-
perimental setup used to perform XAS, XES and XDS experiments is shown in
Figl 11}

X-rays are produced from the APS Undulator A source and passed through a
slit before striking the double-crystal monochromator. For XAS measurements, the
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Figure 4.11.: Top view of the experimental setup used at 7ID-D beamline, APS
for time-resolved XAS, XES, and XDS measurements. Laser and
X-ray beams are focused and overlapped on a fast-flowing 100 pm
thick sample sheet, and a Pilatus 100K detector collects scattered X-
rays. The emitted X-ray photons are collected either directly by a
scintillation detector for XANES using fluorescence detection or by
an APD mounted in a 1 m Rowland circle dispersive setup within a
He bag for XES measurements.

beam from the undulator is monochromatized and focused by KB mirrors on the
sample position. An ion chamber is placed just before the sample to measure the
incident X-ray intensity (Ip) used for normalization. For the experiment described
in this thesis, the total fluorescence yield detection method is implemented for the
XAS measurement. Concomitant to the X-ray absorption process by the sample
unresolved Fe Ka and K fluorescence was recorded by Nal scintillation detectors
on either side of the liquid-jet (front or back side). The number of molecules in the
probed region was ~ 10* and so the number of detected fluorescence photons per
X-ray pulse was ~0.02 counts/pulse above the k-edge. The low number of photons
allowed for the scintillator detector to be operated in single photon counting mode.
In addition to that in front of the scintillator detector, we placed an aperture
made of stainless steel with different sizes to avoid saturation of the detector. The
scintillator detectors are placed orthogonal to the incoming X-ray beam to minimize
the elastic scattering background measured by the detector. Aluminized mylar foil
was used to block the scattered laser radiation from the sample. For each scan, an
energy calibration measurement was done using a standard foil of the sample.

For the XES measurements presented in Chapter [ we used a spherical analyzer
which will be explained in Section [4.3.2] First, the incoming X-ray energy was set
to 7.5 keV which is well above the Fe K-edge and fluorescence emission lines were
collected with a spherically bent analyzer crystal of 10 cm diameter placed at 90°
to minimize forward scattering.
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4.3.1. XAS detection methods: transmission and total
fluorescence yield

XAS spectrum can be measured either in transmission or total fluorescence yield
(TFY) mode [161]. The transmission measurement technique is suitable for thick
samples, sensitive to the bulk and has high background. On the contrary, the TFY
measurement technique can be applied to samples of any thickness and has high
sensitivity to the bulk. Additionally, is suitable for low concentrations and has a
low background. Since we mostly deal with low concentration liquid samples, TFY
was used for all measurements presented in this thesis.

Transmission mode

In transmission mode both the incoming (Iy) and transmitted (I;) X-ray beams are
measured by ion chambers when passing through a certain material with uniform
thickness d. This process is governed by Lambert-Beer’s law (Eq.. The mea-
sured X-ray absorption spectrum (A) as a function of the incoming X-ray energy
is related to the incident and transmitted X-ray beam intensity using the following
equation:

-d (4.8)

. pmNA

d
M

Where u(E) is the total absorption coefficient, o,(E) is the absorption cross-
section per atom and N4, p,, and M are Avogadro’s number, the mass density,
and the molar mass respectively. The total absorption coefficient includes both the
absorber and all other atomic species present in the sample. Transmission mode
measurements require concentrated samples such that the difference between I
and I; is significantly larger than the variation due to the counting statistics. On
top of that, samples which are prepared for a transmission measurement should be
highly homogeneous and of constant thickness.

Total fluorescence yield mode

For all XAS measurements reported in this thesis, we used the TFY detection
method. In this setup the intensity of the incoming X-ray beam (Iy) is measured
using an ion chamber while the intensity of the characteristic fluorescence X-rays
(Ir) is detected by a Nal scintillator detector placed at 90° on the incoming X-ray
beam.

Within the first order of approximation, the absorption coefficient measured
in fluorescence mode is proportional to the ratio between Ir and Iy intensities,
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u(E) o« Ip/ly. Systematic measurement errors in either Ip or Iy will alter the
measured EXAFS signal which makes TFY measurement prone to errors. Total
fluorescence yield (TFY) measurements rely on the detection of the integrated
intensity of all possible fluorescence channels Ir as a function of incoming photon
energy E. On the contrary, energy discriminating detector can be used to detect
specific fluorescence channel as a function of incoming photon energy E and is
called partial fluorescence yield (PFY) [162].

The formula noted earlier, u(FE) o Ig/ly is an oversimplified equation. The
probability of fluorescence is proportional to the absorption probability but for the
liquid jet the fluorescence intensity from the front end that we measure has to
travel back through the sample to get to the detector. Since all matter attenuates
X-rays, the fluorescence intensity, and therefore, the EXAFS oscillations can be
damped due to this self-absorption effect. For our measurements we use a liquid-
jet thickness of 100 pm, the self-absorption effect is insignificant. The measured
fluorescence intensity by the detector as described in [163] yields:

c lix(B) [1 = ¢ [raor )/ sin@) puon () sin@)]d

4m feot(E)/ 8in(0) + piror (Ey)/ sin(o) ’

where (2 is the solid angle of the detector, € is the fluorescence efficiency, Ey is the
energy of the fluorescence X-ray photons, 6 is the angle between incident X-ray
and sample surface, ¢ is the angle between fluorescence X-ray photons and the
sample surface, p1, (E) is the absorption from the element of interest, and jusot(E)
is the total absorption in the sample: fioi(E) = 1ty (E) + fother (E). Eq. has
the following interesting limits that are common in XAS measurements [163]:

Ip(E) = 1(E) (4.9)

1. For thin sample limit: for which ud<1. Then the exponential term can
be expanded using Taylor series as:

ot tot (Fy)
| (nelf) walB),
sin(6) sin(¢)

Keeping only the first two terms equation (4.9) reduces to:

16(B) = o(B) o (E)d (11)

2. For thick, dilute sample limit: for which ud>>1 and p, < fiother. Now
the exponential term goes to 0. Furthermore, for the sample that is a flat
sheet liquid-jet tilted at 45° to the incoming X-ray beam, 6 = ¢ = 45°, the
angle dependence in equation (4.9) vanishes and reduces to:

Q@ V()
AT puor(E) + ot (Ey)

In(E) = I(E) (4.12)
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Since iy (E) < pother(E), we can ignore the energy dependence of fu,; and

equation (4.12) reduces to:
I0(E) o In(E)uy (B) (113)

3. For thick and concentrated samples: for which the i, (E) < fiother (E)
we can not ignore the energy dependence of ., representing the case of
self-absorption. For this kind of samples, p(E) =~ p,(E), the EXAFS
oscillations are completely lost.

For XAS measurement reported in this thesis we used a 50 mM aqueous solu-
tion of the [Fe(IT)(CN),]* molecule and we calculate ju(E = 7.15 keV)- d and
tiot(E = 6.404 keV).d to make a sanity check of the regime for our TFY mea-
surements. Using the X-ray energy value reported in Table |3.5] and sample thick-
ness of d = 100 pm/sin(45°) = 0.141 mm, the total absorption coefficient yields:
(ot (E) + ot (Ey)|d= 0.06, using tabulated atomic absorption cross-section. The
calculated value total absorption coefficient 0.06<1 which implies our measure-

ments are fine. Normalizing the measured XAS spectrum will remove the constants
which exist in the Eq.(4.11]), such as Qd/4m7.

4.3.2. X-ray emission spectrometers: Johann and von Hamos

X-ray emission spectroscopy (XES) is a technique which probes occupied density
of electronic states of material (see Ch[3). Similar to XAS, XES is also an element-
specific and site-specific technique which makes it a powerful tool for determining
detailed electronic properties of materials.

X-ray emission is a concomitant process of X-ray absorption. First, the core
electron is excited by an incident X-ray photon and the excited state decays by
emitting an X-ray photon to fill the core hole. By placing an energy-dispersive
crystal, we can measure a specific spectra depending on the crystal type and angle.
There are two commonly used spectrometers are Johann-type [164] and von Hamos
type [165], 166] which will be described in the next section.

Johann type spectrometer

An incoming 7.5 keV X-ray photon energy is absorbed by the sample and resulting
in a 1s core hole, then the sample relaxes through fluorescence emission. Using a
crystal analyser arranged with sample and detector in a Rowland circle geometry
(see Fig the different fluorescence emission lines can be recorded by moving
the crystal and detector in a controlled manner along the Rowland circle.

The Johann-type analyser crystal is bent to a radius R and the crystal planes lie
parallel to the crystal surface. The crystals with a diameter of 10 cm were made of
0.15 mm thick single crystal wafer that is cut along the desired Miller plane. Then
the wafer is glued onto a spherically bent shaped glass substrate with a radius of
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Scintillator liquid-jet
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X-rays
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Figure 4.12.: The experimental setup arrangement at Advanced Photon Source
(APS) with a spherically bent analyzer crystal of 10 cm diameter
positioned at a 90° scattering angle and Nal scintillator detector at
its focus. The sample-crystal analyzer-detector setup constituted a 1
m Rowland circle. Figure Adapted from [129].

curvature of R = 100 cm. We used Si(531) for and Ge(4,4,0) crystals for the XES
spectra measurements. The solid angle 2 of a Johann crystal with area A and
radius of curvature R are given by Eq.(4.14)).

A= (n(D/2)*)
R2

The solid angle captured by one of these crystals is 0.0078 SIE| which covers 6.25-10~%

of the total 47 sr solid angle. The fluorescence X-ray photons incident on the crystal

are reflected provided that Bragg’s law Eq. holds true. The diffraction is

defined by the parallel lattice planes with distances d between each other (see

Eq.(4.16])) of the crystal.

0=

(4.14)

2dsin(f) = mA (4.15)

a

d= (4.16)
Vh* +k* +1?

Where m is the order of diffraction, # is the Bragg angle, a is the lattice param-
eter, h, k, and 1 are Miller indices, or coordinates defining the orientation of the
intrinsic crystalline planes. Using the above equations for Si(531) at 6§ = 73.12°
we get 7057 eV which is the maximum energy of the Fe K/, 3 spectrum. At 6 =
71.88° we get 7105 eV which is the maximum for Fe Kf; 5 spectrum. For Ge(440)
at @ = 75.85° we get 6391 eV which is the maximum Fe Ka; spectrum.

For the Fe Kf; 3 XES spectra measurement the Si(531) analyzer crystal needs

ISteradian (sr) or sometimes called square radian is the SI unit of solid angle.
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to be turned with a stepping motor so that the scanning Bragg angle sweeps from
72.52 to 73.12°, the Nal Scintillator detector needs to follow the reflected beam.
The detector is mounted on a linear stage and turned by 27° with respect to the
incident X-ray beam. A thin plastic bag filled with He was installed inside the
Rowland circle, among the sample, analyzer, and detector.

Shielding is an integral part of the setup, and it helps a lot to minimize the
background from the scattering. The plastic bag is constructed from thin plastic
foil, and duct tape is used to fix at with anchoring it to the relevant parts of
Scotch velcro tape. For overnight scans, the He-bag is connected to a large He
cylinder tank with small He flow. The total energy resolution measured through
the spectrometer has both intrinsic (the inherent resolution of the chosen reflection
emission energy of the analyzer) and geometrical (source size, scanning procedure,
finite sample size) contributions to the instrumental broadening of a spectrometer
[129, [164].

von Hamos spectrometer

Unlike the Johann-type spectrometer, the von Hamos spectrometer has a crystal
that is bent into a cylindrical surface. Due to the dispersive-type of diffraction,
the von Hamos spectrometer geometry provides the possibility of a single-shot
measurement with a total energy bandwidth ranging from a few tens to a few
hundreds of eV. The von Hamos crystal diffracts fluorescence X-rays with different
wavelengths according to Bragg’s law. After diffraction from the crystal arc, each
X-ray energy is focused to a point lying on the spectrometer axis and resulting in
an XES spectrum.

The experimental setup with the von Hamos geometry implemented for the XES
measurements at APS and SACLA is shown in Fig (a). In this setup, the
X-ray fluorescence from the sample is reflected by the cylindrically bent crystals
and recorded by a single photon counting position sensitive detector (Pilatus 100K
detector developed by SLS Detectors Group at PSI, Switzerland). On the detector
plane, the diffracted X-rays create a 2D image. On the axis of dispersion, the
position of detected X-rays is directly correlated to the energy of the XES spectrum.
The energy range of the detected X-rays is determined primarily by the length of
the crystal and the active area of the detector along the axis of dispersion (see
Figlt.13 (b)).

For the measurements at SACLA in 2014 two von Hamos crystals: Ge(440) with
R = 70 mm with a Bragg angle of #=27.23° and Si(531) with R = 250 mm with a
Bragg angle of #= 61.45° as shown in Fig.(4.14)) are used. For both spectrometers,
one single MPCCD detector (developed by Detector Group at SACLA, Japan)
was used. This means at each XFEL shot we record Ka, Kf; 3 and K3, 5 spectra
simultaneously. The solid angle of single von Hamos crystal with radius of curvature
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Figure 4.13.: (a) Schematic diagram of single concave crystal with von Hamos ge-
ometry at 7ID-D beamline APS. (b) Top view of the experimental
setup or the projection along the axis of dispersion with Ey > E;.
The color plot shown is the image collected with the Pilatus pixel
detector. The red intense color shown in the figure is Iron Kp; 5 flu-
orescence emission line, and the faint peak in the high energy part is
the vte (Kf25) fluorescence emission line.

R, Bragg angle (0), height (H) and width (W) is given by the following formula:

sin(0) (4.17)

For any given configuration the average solid angle per 1 eV is given by the following
formula:

Q
Qiey & — 4.1
o = (4.18)

For the setup at SACLA in 2015, two von Hamos crystals Ge(440) and Si(220)
with a radius of curvature of 25 cm and 7 cm respectively were used. The total solid
angle covered by Ge(440) (H=10 cm and W= 5 cm) for § = 61.4° is 0.07 sr. The
small Si(220) crystal (H=10 cm and W= 5 c¢m) for § = 28° has a solid angle of 0.48
st. The solid angle per 1 eV for Si(220) and Ge(440) is 1.85¥10~* sr and 1.85*10~4
sr per 1 eV respectively. The Si(220) crystal cover a larger solid angle than the
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Figure 4.14.: Top view of the experimental setup at SACLA, Japan with two con-
cave von Hamos crystals implemented for the X-ray emission spec-
troscopy with a pink beam.

Ge(440) crystal. On the contrary, a Si(220) crystal has 1 eV energy resolution
whereas a Ge(440) crystal has resolution of 0.3 eV. Although the small radius of
curvature increases the solid angle, and it comes at a cost of energy resolution.
This will be improved much more by using a multi-crystal wavelength dispersive
hard X-ray spectrometer which combines a high-energy resolution and large solid
angle collection [I65], will also shorten the measurement time and increase the data
quality.

4.4. Time-resolved optical-pump X-ray probe setup

Time-resolved laser pump X-ray probe techniques with picosecond time resolu-
tion are well developed at different synchrotron sources. Since the early 2000’s,
synchrotron-based time-resolved optical laser pump and X-ray probe techniques
have been used to investigate light-driven chemical reaction dynamics in solution
but limited to picosecond resolution because of the 100 ps X-ray pulse width [§, [10].
At 7ID-D, the laser pump X-ray probe experiments have been implemented, and
data acquisition is done at MHz repetition rates [I50]. The description of the exper-
imental setup used for time-resolved experiments at 7ID-D, APS will be presented
here.

Figure shows the top view of the time-resolved (TR) laser pump X-ray probe
experimental setup. A tunable high repetition rate laser from 7Time-Bandwidth
Products has a fundamental output wavelength of 1064 nm. Laser wavelengths of
532 nm, 355 nm, and 266 nm are available through frequency doubling (SHG),
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tripling (THG), and quadrupling (FHG) with a variable repetition rate. In TR
experiments, the laser is used to initiate the light-driven chemical reaction followed
by the X-ray photons from the APS used as a probe. Unlike kHz repetition rate
laser sources, MHz repetition rate allows us to use almost all the incoming X-ray
photons. This shortens the data acquisition time and improves the S/N ratio.
The probe techniques are a suite of complementary X-ray tools such as X-ray
absorption and emission spectroscopy (XAS and XES). As demonstrated in recent
papers [74], [167] the different X-ray tools serve as the an ultrafast molecular camera
which delivers structural and electronic information about the sample.

As discussed in Section the APS has two suitable timing modes for our
experiments. When the synchrotron is running in hybrid mode, the singlet bunch
rotates the ring at 272 kHz repetition rate while the rest of the current is distributed
among the eight multi-bunches. Then we set the repetition rate of the laser to 136
kHz, which is half the repetition rate of singlet X-ray bunch. The singlet bunch
is then gated for experiment and every second bunch is the laser on signal. This
allows us to measure laser on and laser off signals alternatively for both XAS and
XES measurements. When the APS is running in the 24 bunch mode, the X-rays
have a repetition rate of 6.53 MHz, in this mode, the laser can be tuned between
3.25 MHz to 130 kHz depending on the lifetime of the sample.

4.4.1. Pump-probe XAS signal

In Section two of the different steady-state XAS methods and the formula for
steady state XAS signals were presented. In time-resolved XAS measurements, we
measure the difference between pumped (laser on or laser-excited) and unpumped
(laser off or ground state) XAS spectra. In this Section, only the derivation of the
pump-probe XAS signal which is recorded in TFY mode will be presented. For the
transmission XAS transient signal, please refer the references [10]. According to
[168], the laser induced transient XAS spectrum Aly(E,t) measured in TFY mode
is given by the following formula:

IfON(E,t) - [J?FF(E)
In(E)
where ]?N (E,t) is the fluorescence intensity from the laser pumped sample and

]fOF F(E) is the fluorescence intensity from the unpumped sample. Using Eq. |)
for a thin-sample limit, Eq.(4.19)) is reduced to:

AIH(E,t) = (4.19)

€€
AL(E,t) = f(t) - Aux(E)d (4.20)
where f(t) is the fraction of excited state molecules in the X-ray probe volume
and € is the fluorescence efficiency of the absorbing atom. According to [121], the
fluorescence efficiency of iron (Fe) for the 1s core hole is 34 %. We are using a
single photon counting detector with an efficiency of unity. The fraction of excited
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lengths are also available for experiments. For the details see the
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state molecules f(¢) can be estimated from the number of absorbed laser photons
and spot sizes of the laser and the X-ray beams (see Section [4.4.2). The normalized
transient signal is obtained by dividing by the edge jump and given as:

AIL(E,t)
A];dge
Apy(E)

= ﬂt)W
0

AP (E, 1) = f(1)
(4.21)

Where Aljcdge is the edge-jump magnitude of the steady-state fluorescence spec-
trum IP7¥(E)/Io(E). After normalization with the incoming X-ray intensity /o
and edge-jump, the transient fluorescence signal A[}‘O’“”(E ,t) can be compared to
the theoretical transient spectrum Au(E)/Apo(Ey) provided that we know exactly
the excited state fraction. This statement is used to analyze the time-resolved
EXAFS data in Section 8.3

4.4.2. Laser excitation process

One of the most important ingredients in analysing a time-resolved XAS data is
to know the exact the fraction of excited state molecules. In this Section, the
laser excitation process will be presented. For a linear optical photon absorption
processes, the fraction of excited state molecules in the probe volume is given by
the ratio between the number of absorbed laser photons Né’:s and the number of
sample molecules in the volume [10]:

ONI
= ———abs 4.22
f VLcmol : NA ( )

Where ¢,,,o; is sample concentration, V7 is volume covered by the pump laser and ¢
is the quantum yield of the laser excitation process. According to the Lambert-Beer
law, the number of absorbed laser photons is given as:

NPR

abs

= NP1 — 107 emard) (4.23)

Where ¢, is the optical molar absorptivity (in M~'cm™") at the laser wavelength.

Inserting Eq.(4.23]) into Eq.(4.22)) yields us:

o
B VLcmolNA

where N4 is Avogadro number and d is the sample thickness. Since the optical
molar absorptivity of the laser excitation wavelength is known including the spot
size of the pump laser, quantum yield of the excitation process and the concen-
tration of the sample, it is possible to get an estimate of excited state fraction
of molecules. According to the Eq. to increase the f the optical density

(1 — 107 eremord) (4.24)
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(OD) value of excpned has to be higher. Which would result in all the incident
laser photons need to be absorbed by the molecule. On the contrary for the XAS
measurement in TFY mode the sample concentration has to be diluted to avoid
background from the solvent and ligand molecules. At the APS 7ID-D beamline
the higher excited state fraction is achieved by focusing the X-rays to a single digit
micron spot size which allows us to probe uniformly excited part of the sample.

For the time-resolved XAS experiments reported in this thesis on ferrocyanide
(with e355nm= 120 M ~tem™'), 50 mM concentration and the optical length of 100
pum. For the excitation wavelength of 355 nm with spot size of 26.5 x 22 um?
(VxH) and the optimum laser power of 0.3 p.J/pulse. Based on this condition
the estimated the f= 8.3%. The value estimated here is comparable to the value
obtained in Chapter [5

4.5. Data acquisition system

In this Section will describe the data acquisition and electronic gating systems im-
plemented at APS. For a time-resolved XAS spectrum measurement on a [Fe(CN) ]*
sample in aqueous solution, we first set the time delay between the pump laser pulse
and the probe X-ray pulse to the correct value not less than 100 ps. Then we col-
lect the TFY signal using scintillator detector (from Saint Gobain) by scanning
the incident X-ray energy across the Fe K edge using the monochromator. At each
energy step the TFY counts are recorded and by using the MHz data acquisition
system individual X-ray pulses can be distinguished utilizing the gate/delay units.
Fig[d.16) shows the APS X-ray pulses running in 24 bunch mode (6.52 MHz) and
pump laser frequency at 1.35 MHz. The gate enables us to count and discriminate
between consecutive X-ray pulses.

Setting up the AMO Flexible Gate and how it works is beyond the scope of the
thesis work so we will only describe it briefly. The versatile AMO Flexible Gate
FPGA module allows us to set windows (or gates) with variable repetition rates,
width, and delay around the detector signal. These windows are combined with
a detector signal in OR, AND or XOR logic operations. The output of the logic
operations is sent to scalers internal of the Flexible Gate to be counted. We have
to set a two narrow windows to reduce noise in the signal. It is possible to have 12
logic operations that produce outputs to the 12 scalers. The laser ON gate selects
the X-ray pulse that is overlapped with the laser, and the laser OFF signal is the
gated 153 ns before the laser on a signal. The rest of the X-ray pulses can be gated
as laser ON+1, laser ON+2 ...and so on.

80



4.6. Detectors
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Figure 4.16.: Electronic gating scheme is shown when the laser is running at 1.35
MHz repetition rate. The APS is running in 24 bunch mode, the
AMO flexible gate allows us to read all the signals from each bunch
of X-rays.

4.6. Detectors

In this thesis 0D and 2D, detectors are used for XAS and XES measurements. For
XAS measurement Nal scintillator detector for TFY detection and an Ion chamber
for incident intensity measurement were used. When XES measurements were
performed in Johann geometry the scintillator and APD detectors were used. For
XES measurements with von Hamos geometry position sensitive detectors such as
Pilatus and MPCCDs were used. In this Section, a brief description of some of the
most often used detectors will be presented.

4.6.1. Nal(TI) scintillation detector

A typical scintillator detector consist of a scintillation crystal and a photomultiplier
tube which has a photocathode, a focusing electrode, dynodes, and an anode (see
Fig[4.17)). In our setup, a NaI(T1l) scintillator detector from Saint Gobain were used.
It has a thin 1 mm thallium-activated sodium iodide and NaI(Tl) crystal of 25 mm
in diameter assembled with an aluminum entrance window. When the X-rays strike
the Nal(T1) crystal, visible light is generated which strikes the photocathode of the
photomultiplier results electrons emitted by the photoelectric effect. Then electrons
are swept through a series of dynodes, and the initially small pulse of current is
amplified. The counting rate without counting losses is calculated by 1/ts, where
ts is the minimum resolving time between two consecutive pulses. Scintillation
detectors have a time resolution of about 1 us. Thus, the counting rate is linearly
proportional to the intensity of the incident X-ray beam for count rates up to
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Figure 4.17.: Schematic showing an incident photon hitting a scintillating crystal,
triggering the release of visible light photons are then converted into
photoelectrons and further multiplied in the photomultiplier before
reaching the anode and producing detectable signal.

approximately 10 counts per second. The Nal(Tl) scintillator detector covers a
typical energy range of 10 to 200 keV with a detection efficiency of 100 % [169].

4.6.2. lonization Chamber

Ionization chambers detect X-ray photons by measuring the ionization of the gas
inside the chamber while a beam of X-rays is passing through. An Ionization
chamber consists of two conducting metal plates (cathode and anode) in a sealed
or open chamber filled with gas. When X-rays pass through the chamber, the
gas becomes ionized, separating positive ions and negative electrons [169]. A high
voltage (4 kV in our case) applied between two plates sweeps the electrons to
the anode and the positive ions to the cathode. The resulting ionization current is
directly proportional to the intensity of incident X-ray beam passing through. This
detector is simple and reliable and is often used to measure the incident intensity
of the X-ray beam on the sample. In the setup, three ionization chambers were
used. The first one is before the sampe and the other two are after the sample. A
reference foil is placed between the later placed chambers which allows us to get
calibration measurement for every XAS spectra measured.

4.6.3. Avalanche photodiode (APD)

Certain limitations of Nal(T1) scintillator and ionization chamber detectors, which
both have low count rates, can be overcome by using Si-based avalanche photodiode
(APD) detectors which offer a high count rate up to 108 photons per second.
Avalanche photodiode (APD) from FMB Ozford is a system with an ultrafast
detector suitable for experiments up to 20 keV with large dynamic ranges, time-
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4.7. Sample environment: Free flowing liquid jet

resolved measurements and where fast photon counting is required. APDs have
count rate up to 100 MHz, very low noise and efficiency of 95% at 6 keV 45%
at 12 keV. APD detectors come with an APD Controller Electronics (ACE) box
developed at the FEuropean Synchrotron Radiation Facility, Grenoble offers the user
maximum flexibility. It supplies the bias voltage to the detector head and has an
integrated counter/timer which can be operated in local (front panel) or remote
(computer controlled) mode.

4.6.4. Position-sensitive detectors

Position Semnsitive Detectors (PSD) are either 1D or 2D that can measure the
position of an incident X-ray photon spot on the sensor surface. Although there
are 1D position sensitive detectors this Section will be limited to a brief description
of 2D Pilatus 100K detector from DECTRIS Ltd., PSI.

Pilatus 100 k is a single photon counting detector with hybrid pixel detector with
a pixel size is 172 x 172 um?. The active area has 487 x 195 pixels with an active
area size of 83.8 x 33.5 mm? and a count rate of 2 x 10° counts/s/pixel. The frame
rate is >200 Hz and readout time of <2.7 ms. A proper operating temperature of
this detector is 20 to 35 °C. The Pilatus detector can be gated for time-resolved
experiments such as XES or RIXS measurements with von Hamos geometry.

4.7. Sample environment: Free flowing liquid jet

A free flowing flat liquid-jet flowed through a sapphire nozzle Victor Kyburz AG
with a thickness of ~100 ym and a width of ~6 mm. The jet is placed at an
orientation of 45° to the X-ray beam. The jet orientation is convenient to collect
maximum fluorescence photons from the surface of the jet.

The jet speed can go up to 17 m/s and is adjustable depending on the sample
being investigated (Fig[4.18). Adjusting the liquid jet speed is important to avoid
multiple excitations of the same sample volume which will later result in an un-
desired transient signal. For samples with a long excited state lifetime we need to
operate at higher speed and low repetition rate to clear out the sample before the
next laser pulse hits the same spot. The integrity of the sample was checked by
looking at the consecutive laser off scans.

For the results reported in ChJ5| were measured at a laser repetition rate of 283
kHz and a spot size of 26 x 22 um? (VxH). The time separation between the
consecutive laser pulses is given by 1/rep. rate = 1/283000 sec = 3.53 usec. If the
liquid jet speed is 25 m/s, the time needed to clear out the laser spot size is given

by Eq.(4.25).
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Figure 4.18.: Speed calibration measurement of 100 um flat-sheet of a free-flawing
liquid jet. The x-axis shows the RPM value of the pump controller
and the y-axis is the velocity of the jet calculated.
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Figure 4.19.: The depicted drawing shows the pump laser and X-ray probe spot
sizes on the liquid-jet, with R and r are the radius of the laser and
X-ray spot sizes at the FWHM respectively.

(4.25)
= %,us = 0.52us

The minimum liquid-jet speed needed to avoid multiple excitations with the
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laser repetition rate (rep. rate) is given by Eq.(4.26]). For the set of measurements
reported in Ch. the liquid-jet speed was set higher than 3.7 m/s to avoid multiple
excitations with the laser.

R 1
‘/jet =—,t=
t rep.rate (4.26)

= Rxrep.rate

4.8. Temporal and spatial overlap

Setting the delay time between pump and probe pulse is an integral part of the
time-resolved experiment. Before starting doing the procedure of temporal overlap,
we make sure the laser and X-ray overlap at the sample position. This helps later to
have the laser and X-ray on the timing detector. We place the GaAs MSM detector
from Hammamatsu G4176-03 at the sample position. Then we connect the bias-tee
and the MSM detector, to the oscilloscope (Lecroy, 400 MHz bandwidth, 4 input
channel and 20 GS/s sample rate) and to the DC voltage supply (6 V).

We trigger the oscilloscope at the laser photodiode frequency, it could be any
integer division of the laser frequency. Then we need to attenuate the laser beam
with Neutral Density (ND) filters, start with ND=3 not to damage the detector.
Then we can tweak the X- and Y- stages of the liquid jet holder to center the
beam on the detector. Then the X-rays send onto the MSM detector along with
the laser. If the APS is running in 24-bunch mode, there is no need to use X-ray
filters, but it is necessary if the APS is running in hybrid singlet mode. Similarly,
for XFEL sources using X-ray filters is necessary to use. We identify the laser and
X-ray signals on the oscilloscope. Using the phase shifter, we can move the laser
pulse to overlap to the nearest X-ray pulse.

For fine adjustment between the X-ray and laser pulses, we need to zoom in and
center the overlapped laser and X-ray pulses on the oscilloscope. Then we run
the oscilloscope in averaging traces and adjust the ND filter of the laser to have
the same height signal of the laser and X-ray pulses. Block the laser and save
the X-ray only trace on the scope. Next step is to block the X-ray and send the
laser, then shift the laser in finer steps (minimum step of is 5 ps) using the phase
shifter to match the laser and X-rays falling edge. This position of the laser is
time-zero ("t0”). We save the reference signal on the oscilloscope and display the
laser photodiode signal. Adjust the scope delay to center the photodiode signal
and save the trace of the scope. Make sure to write down the delay value, later
during the experiment it will be used as a marker for timing.

However, temporal overlap only does not grant a transient signal, for this reason,
it is necessary to do a spatial overlap of the laser and X-ray pulse to make sure that
we are probing the center of pumped sample area. We placed a tungsten pinhole
(25, 35, 50, or 100 pm depending on the X-ray spot size) at the sample position
and placed a slow PIN detector behind the pinhole to monitor the transmission
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signal. We scan the X- and Y- liquid jet stages to find the edges of the pinhole
holder and set the X- and Y-liquid-jet stage positions to the center value. If there
is a signal on the PIN diode, by scanning the X- and Y- liquid jet stages with finer
steps about the center we can optimize the signal. Then set to X- and Y- liquid
jet stage positions to the maximum of the PIN diode signal position. As a result,
the X-rays is passing through the pinhole. Now we go inside the hutch and send
the attenuated laser beam. Hold a white paper behind the pinhole and tweak the
X- and Y- knobs of the last mirror to send the laser through the pinhole. To make
sure the laser is centered on the pinhole, we should see diffraction like rings on the
paper when the laser is going through the pinhole.

Once the spatial and temporal overlap is done a quick XANES scan is necessary.
If there is a transient signal, it can be optimised by fine tuning the laser alignment,
e.g. tweaking vertical and horizontal lens positions. After this procedure, another
delay scan is necessary to set the right time delay and take note of the time-
zero position. Figl.20] shows cross-correlation measurements between X-ray and
synchronized pump laser at the APS 72.7£6.8 ps and at SACLA 798.134+56.71 fs.
Normally, X-rays from XFEL sources have short pulse duration (in the order of
few femtoseconds) the reason we have longer time resolution is due jitter.
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Figure 4.20.: (a) Cross-correlation measurement of the 10 ps of the Deutto laser and
80 ps X-ray pulse width from APS, USA. The X-ray energy is fixed to
7113 eV to look at the maximum transient in [Fe' (CN) ]* after 355
nm laser excitation. (b) Cross-correlation measurement of the 150 fs
laser pulse width and X-ray of SACLA-XFEL. The X-ray energy is
fixed to 7113 eV to look at the maximum transient in [Fe' (CN),]*
after 355 nm laser excitation.
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Chapter 5

Disentangling simultaneous
reaction channels of aqueous
ferrocyanide molecule using
time-resolved X-ray absorption
spectroscopy

Recent picosecond time-resolved Fe K-edge XAS studies by Reinhard et al.[27]
reported the observation aquated of [FeH(CN)5(HQO)]37 species following 355 nm
laser excitation. Quantum mechanical theoretical simulations aided their inter-
pretation of the enhanced pre-edge which was due to the distorted symmetry of
aquated complex. On the other hand, excitation of ferrocyanide with 266 nm laser
yields both ferricyanide and aquated species. Similarly, optical flash photolysis
studies suggest predominantly ferricyanide formation after irradiation with 266 nm
[15,1]. According to Reinhard et al. [27], after subtraction of the ferricyanide com-
ponent from the transient XANES measured after 266 nm excitation, the remnant
photoproduct is identical to transient XANES measured after 266 nm excitation
of ferricyanide complex. However, the measurement still has to treat multiple hit
events of the same probed sample volume by the laser before it was cleared out
of the area. We repeated the same experiment with experimental conditions that
avoid multiple re-excitation of the sample. The results shown in this chapter are
measured while the laser was operating at 283 kHz, laser spot size of 26 x 22 pum?
and a liquid jet speed of 15 m/s to avoid repeatedly exciting the same sample.
Hereby, the X-ray spot size of 4 x 5 um? (V x H) allows us to probe only the
uniformly excited centre of the laser-excited sample.

The reaction photocycle of aqueous ferrocyanide after laser excitation at two
wavelengths 266 nm and 355 nm is summarised in the Fig[s.I] Excitation of
aqueous ferrocyanide molecule with 266 nm laser light predominantly results in
a branching towards ferricyanide and a small amount of the photoaquated photo-
product [15] [I]. Fe K-ege XANES results measured after 355 nm laser excitation
and the static reference spectra are used to disentangle the simultaneous reaction
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channels measured after 266 nm laser excitation.
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Figure 5.1.: a) The UV-Vis absorption spectra of ferro and ferricyanide molecules
measured in aqueous solution. The arrows indicate the excitation wave-
lengths of 355 nm and 266 nm. b) Photochemical reaction pathways
of ferrocyanide molecules after 266 nm and 355 nm excitation. The re-
action photocycle is based on prior studies from [I5] [I] and time scales
extracted are from optical studies 7, = 150 fs[I70], 72 = 16 ps [25] and
73 >> 1 ps [2]. The arrangement of electronic states are according to
ref. [I71].

5.1. Picosecond XAS results after 266 nm excitation

Shown in the F ig is the iron K-edge XAS spectrum of 50 mM aqueous ferro-
cyanide solution. The solid black line is ground state spectrum, and the solid red
line is measured after 100 ps following 266 nm laser excitation. Fig is the
transient signal measured at 100 ps which is the difference between laser ON and
OFF spectra.

Both ferrocyanide and ferricyanide also exist as stable powder salts (Sigma-
Aldrich, Germany), and 50 mM aqueous solution was prepared for each sample,
and their static XAS spectrum is shown in Fig. We observe a 1 eV blue shift
for the ferricyanide spectrum in agreement with earlier studies [27], [26]. The reason
for the blue shift of ferricyanide XAS spectrum is due to the missing electron in
the Fe(III) ion of ferricyanide versus Fe(II) ion in the ferrocyanide, which increases
the effective nuclear charge shielding as a consequence, the electronic energy lev-
els gain binding energy by about 1 eV per charge. The static difference signal
derived from ferrocyanide and ferricyanide spectra represents 100 % conversion of
the ferrocyanide molecule to ferricyanide molecule and will thus allow us to scale
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Figure 5.2.: Iron k-edge X-ray absorption spectra: a) Picosecond resolved XANES
measured after the 266 nm laser excitation and delay of 100 ps. b)
Static iron k-edge X-ray absorption spectra of ferricyanide and ferro-
cyanide molecules. ¢) Transient spectrum measured at 100 ps following
266 nm laser excitation with intensity of 6.49 GW/cm?. d) Static dif-
ference calculated from ferricyanide and ferrocyanide spectra.

the results in the pump-probe experiments to obtain the excited state fraction and
population. Previous studies also reported that excitation of aqueous ferrocyanide
with 266 nm laser light predominantly results in a ferricyanide molecule but with
additional photoaquated photoproduct [15] 1} [63]. As a result, the transient signal
in Figl5.2(c)| measured after 266 nm laser excitation can be loosely compared to
the static difference spectrum. For this reason, the solid green line is shown in
Fig has been scaled to the maximum difference feature by a factor of 0.0726
to match the data in Fig. which implies 7.26 % yield of ferricyanide complex
formation. Comparison of the transient signal after 266 nm laser excitation and
scaled static difference spectrum show a mismatch (see Fig, which is due to

89



5. Disentangling simultaneous reaction channels

the presence of the additional photoproduct, [Fe" (CN) H,0]*"
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Figure 5.3.: Comparison of transient spectrum measured at 100 ps following 266
nm laser excitation (red dots) and scaled static difference spectrum
(green curve).

Next to the rather subtle difference in the region 7125 - 7130 eV one observes
a new feature at 7113 eV, which will serve as a fingerprint of the aquated species.
The 355 nm transient XANES indeed shows this new feature, which justifies the
assumption that the 266 nm transient contains contributions from both the ionized
and aquated species. In the following we seek to quantity contributions in order to
extract the hitherto unknown XANES of [Fe''(CN) JH,0)” in water.
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Figure 5.4.: (a) Time-resolved XANES spectrum of ferrocyanide molecule measured
before and after 355 nm laser excitation at 100 ps. (b) Transient
spectrum measured after 355 nm laser excitation with intensity of 55
GW /cm?.
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5.2. Disentangling simultaneous reaction channels

Shirom et al. concluded from flash photolysis studies that excitation of aqueous
ferrocyanide at wavelengths above 313 nm yields no (or only an ”insignificant”)
amount of ferricyanide [1, B7, 2]. As a result, the transient signal measured after
355 nm results solely photoaquated photoproduct and the transient signal, Apsssnm
at 100 ps can be expressed in the following way:

Atsssmm = faq * ([Fe' (CN);H,0]* — [Fe' (CN)g]*7), (5.1)

where f,, is the excited state fraction for the aquated photoproduct. The tran-
sient signal, Apogen,, measured after 266 nm laser excitation has a contribution
of both photoproducts. Disentangling of both simultaneously occurring reaction
channels can be performed via a linear combination of both products.

Aptagenm = a([Fe' (CN)]*~ = [Fe" (CN)g]*") + B([Fe" (CN);H, 0]~ — [F(CN) )

(5.2)
Where a and ( are fit parameters for ferricyanide and photoaquated photoproducts
respectively. The first term of Eq.(5.2), accounts the ferricyanide formation and
can be generated from the static difference between ferrocyanide and ferricyanide

spectra (see Figl5.3). By substituting Eq.(5.1) into 5.2 we can rewrite Eq.(5.2)) as:

Atgeenm = a([Fe (CN) 3~ — [FUe(CN)*7) 4+ 7 * Apizssnm (5.3)
where o and v are fitting parameter of the data, with v = f%] Now we have 2

known spectra to fit the 266 nm transient, with scaled populations as the only fit
parameters. To evaluate the statistical goodness of the fit we use the x2_,,..q test

(see Eq.(5.4)).

)2

(5.4)
Where N is the number of data points and dApsgenm are the experimental error
bars for each data point. The experimental error bars are calculated from the
laser on and off error bars as a square root square sum. The X2, .., is evaluated
for all possible combinations of o and 7 (see Figf5.5(b))), converges to the best fit
parameters corresponding to the global minimum of X2 ,,...(«,7) point. The fit
results are summarised in Table B.11

N _ _
o= LS At = (@F (N~ [F(CN) ) + 1Bt
reduce N p 5AM266nm

5.2.1. Extracting the excited state fraction

In pump-probe experiments in general, so also in laser-pump X-ray-probe spec-
troscopy knowledge of the fraction of excited molecules is necessary. Usually, a
complementary method is chosen, e.g., ground state bleach. In X-ray pump-probe

91



5. Disentangling simultaneous reaction channels

Table 5.1.: Fit results of the 266 nm transient data measured at 100 ps with the
static difference and 355 nm transient measured at different time delay.
The intensity for 355 nm and 266 nm transient data was 55 GW /cm?
and 6.49 GW /cm? respectively. Where « and + are fit parameters for
the ferricyanide and photoaquated photoproducts respectively.

Data/parameter a ol

355 nm at 100 ps | 0.0726 | 0.2742
355 nm at 10 ns | 0.0726 | 0.2903
355 nm at 153 ns | 0.0726 | 0.2903
355 nm at 306 ns | 0.0726 | 0.3065
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Figure 5.5.: (a) Fit of the transient signal measured at 100 ps of 266 nm laser
excitation (red dots), and the fit reconstructed via [5.3}(b) Calculated
reduced x? contour plot versus fitting parameters of o and .

experiments not easy to separately do visible pump-probe (ground state bleach)
under identical laser pump conditions. Therefore, we exploit time-resolved XES
to get the extra information about f, but this relies on reference spectra to aid
in quantifying [74, [79]. In this Section, we will present how we quantify the exact
value of the excited state fraction using only XANES measurement.

The fit parameters, a and = extracted from the fit are related to the excited
state fraction for ferricyanide and photoaquated formation respectively. To get the
excited state fraction from fit results we make the following assumptions:

e We use the quantum yield reported for ferricyanide formation after 265 nm
laser light excitation (= 0.52); which should be quite identical to the 266 nm
used here.

e Next, the results from ref. [63] shows that the quantum yield for the forma-
tion of the photoaquated complex between 365 and 313 nm is constant, and
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decreases by half at 253.7 nm, so based on this statement the quantum yield
at 365 nm is set to be 0.19 [63].

e Finally, above 313 nm the relaxation channel leading to solvated electron
formation is suppressed, thus we only yield the photoaquated product at 355
nm (see Table with its reported quantum yield.

Table 5.2.: Quantum yield for ferricyanide and photoaquated formation after exci-
tation of aqueous ferrocyanide at two different wavelengths.
266 nm 355 nm
Solvated electron 0.52[1] < 0.02]2]
Photoaquation | 0.19[63] or 0.14[63] 0.31

The fraction of photoaquated formation at 266 nm will scale with the quantum
yield: 8 = 0.0726 % (0.19/0.52) = 0.02652 and ferricyanide formation at 266 nm is
a = 0.0726. Using the fraction of photoaquated formation at 266 nm, we can scale
the photoaquated formation at 355 nm as: f = 8/ = 0.02652/0.2710 = 0.0967,
which corresponds to 9.67 % photoaquated formation at 355 nm. Similarly, we
report the fit results and the excited state fraction for the different time delay
XANES measurements (see Table ). From the result we observe a decrease by
1% of photoaquated complex going from at 100 ps to 306 ns, which is due to the
recovery photoaquated complex to the ground state.

Table 5.3.: Summary of fit results using the 355 nm transient measured at different
delay with an intensity of 55 GW /cm?. The 266 nm transient was mea-
sured with 6.49 GW/cm? intensity. Where f,, is excited state fraction
for the photoaquated complex and f,, = « is the excited state fraction
for ferricyanide complex at 266 nm.

Data/parameter Q v f.y. at 266 nm | f,, at 355 nm
355 nm at 100 ps | 0.0726 | 0.2742 2.65 % 9.67 %
355 nm at 10 ns | 0.0726 | 0.2903 2.65 % 9.13 %
355 nm at 153 ns | 0.0726 | 0.2903 2.65 % 9.13 %
355 nm at 306 ns | 0.0726 | 0.3065 2.65 % 8.65 %

The 266 nm measurements were done at different pump intensity ranging from
6.5 GW/cm? to 30.2 GW /em? (see Figl5.6). For each measurement we extract the
excited state fraction and the results are reported in Table[5.4] The results indicate
the fraction of photoaquated complex at 266 nm increases as the pump intensity.
For 86 mW (6.49 GW/cm?) 266 nm laser the fraction of photoaquated complex
(faq) is 2.65 % and for 400 mW (30.2 GW /cm?) 266 nm laser f,, is 8.51 %. The f,,
at 355 nm show a slight decrease as 266 nm laser intensity increases. However, the
slight change is within the error bars of the estimated f,,.
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Figure 5.6.: (a) Time-resolved XANES spectrum of ferrocyanide molecule measured
after 266 nm laser excitation at 100 ps. (b) Transient spectrum is
measured after 266 nm laser excitation at different laser fluence.

Table 5.4.: Fit results of 266 nm for the different pump intensity measurements.
For the 355 nm data, we use the transient at 100 ps, where f,, is the
excited state fraction derived form the fit parameters.

266 nm (Power, intensity) a Y f.y at 266 nm | f,, at 355 nm
86 mW, 6.49 GW /cm? 0.0726 | 0.2710 2.65 % 9.67 %
215 mW, 16.23 GW/cm? | 0.1471 | 0.5642 5.37 % 9.53 %
340 mW, 25.67 GW /cm? | 0.2084 | 0.9745 7.61 % 7.81 %
400 mW, 30.19 GW/cm? | 0.2329 | 1.1284 8.51 % 7.54 %

5.3. Spectral features of ferricyanide complex

The transient signal measured after 266 nm contains contributions from both the
ferricyanide and photoaquated photoproducts (see Sec. For this reason, we
now generate the spectrum only for the ferricyanide formation by subtracting the
photoaquated transient contribution via:

A/i266nm -7 A,u3557mL)
(0

R (CN),J* = [Fel (CN)gJ*~ + & (5.5)

The reconstructed transient spectrum for the ferricyanide complex is also shown in
Figh.7(a)l Shown in Fig5.7(b)|is the ground state and the reconstructed excited
state spectrum of ferricyanide formation. Now, we can assign the relevant spectral
features of ferricyanide photoproduct: the formation of ferricyanide is evidenced
by a blue shift of the edge (C”-feature) which corresponds to the negative signal in
the transient signal. The B”-feature is also an indication of the conversion of ferro-
cyanide to ferricyanide formation. All the relevant features related to ferricyanide
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formation and the corresponding positions are summarised in Tab5.5]
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Figure 5.7.: (a) The transient signal is reconstructed from the 266 nm transient
after subtracting the photoaquated transient. Letters B”, C” and D”
are used to indicate the relevant spectral features for the ferricyanide
formation. (b) Reconstructed [FeIH(CN)G]gf excited state contribution
from the data measured after 266 nm laser excitation (red curve) to-
gether with the ground state spectrum (black curve).

Table 5.5.: Summary of identified photoaquated features and the corresponding

energy positions.

features

B//

C//

D//

Energy (eV)

7117

7129

7132

Comparison of the transient spectrum measured after 266 nm excitation with
static difference is shown Figl5.8| before and after the photoaquated transient is
subtraction. Both the reconstructed ferricyanide transient after photoaquated sub-
traction and scaled static data are in a good agreement within the experimental
noise (see Fig[5.8(b)). As indicated in the Fig5.7] the features B”, C” and D” are
due to the ferricyanide photoproduct formation. Using these assigned features we
can follow the relaxation process of the ferricyanide complex (see Sec..
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Figure 5.8.: (a) Comparison of static difference between ferri and ferrocyanide
scaled with f=7.26% with XANES transient measured after 100 ps
of 266 nm excitation. (b) Comparison of static difference with fer-
ricyanide transient only measured after 266 nm excitation after the
photoaquated component is subtracted.

5.4. Reaction kinetics of aqueous ferrocyanide after
266 nm laser excitation

The delay scans reported in Fig. are measured after 266 nm photoexcitation
of aqueous ferrocyanide solution. The delay scans are done at three selected energy
points shown in Fig. In the delay scan measurements, we observe two dif-
ferent behaviors: B” and D”-features show a similar decay whereas the A’-feature
remains constant over 100 ns, which also agrees with the two expected photoprod-
ucts i.e. ferricyanide and photoaquated formation. Similar X-ray studies have been
reported recently on the same molecule [25]. This implies the formation of two dif-
ferent photoproducts within the X-ray pulse duration. The B”- and D”-features
show ~12 ns decay constant and the signal do not converge to zero.

From the fit results, we have observed the ferricyanide complex formation and
decay due to the non-geminate electron recombination of the hydrated electron to
the ferricyanide molecule within roughly 12 ns. The fit results is summarised in
Table|5.6] For the photoaquated complex, we only see the formation of the complex
within the experimental resolution and the signal remains constant out to 1.224
us, which indicates its long lifetime (see also Figl5.16(a)). The data are shown in
Fig[5.10]is fitted with a convolution of a Heaviside (H (¢)), an exponential decay or
rise, experimental error (i.e. integral of Gaussian) functions. We use the Heaviside
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Figure 5.9.: (a) The transient signal of 50 mM aqueous ferrocyanide solution mea-
sured after 100 ps of 266 nm laser photoexcitation at 302 mJ/cm?. The
arrows indicated to show the positions where the delay scans measured.
The negative feature which is marked with the B” is a signature of the
ferricyanide formation. (c) Normalized delay scan measurements at A’
(blue line ) and D” (magenta line) transient spectral features. The
signal measured at B” is multiplied with -1 for comparison. The delay
scan measured at position of green arrow show no transient.

function to have a fixed time zero [167].

1, t>0
H(t) = { 0 too (5.6)
Tp(t—to) = Axe ) (5.7)
Tt —to) = Ax(1— e =") (5.8)
1 (t—tp)?
Gt —ty) = ————c 2 5.9
(=10 = e 59)

Where FWHM = 2.3550 and the fit function is a convolution of the Heaviside,
Gaussian and decay or rise exponential functions depending on the data.

f(t) = /_iH(t’) ® G(t' — to) @ T(t' — to)dt’ (5.10)

The diffusion control electron e, recombination process which is estimated roughly

12 ns depends on the diffusion-control rate constant k. The diffusion-control rate
constant can be obtained via:
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Figure 5.10.: (a) and (b) Kinetics measured at 7117 eV (B”) and 7133 eV (D”)
transient features. The 12 ns decay we see in these features is the non-
geminate recombination of the electron to the ferricyanide molecule.
The results obtained here are in a good agreement with the reported
values by Reinhard et al. [25].

Table 5.6.: Fit results of kinetics measured at ferricyanide and photoaquated com-
plex features. The 7, reported time is the non-geminate electron recom-
bination to the time scans are done after 266 nm excitation.

features | Energy | o,_rqy(ps) 71 (ns)
A 7113 eV 34 o0
B” 7117 eV 34 12.344-2.24
D” 7133 eV 34 11.23£3.51
kD :47TNA7“0D0, (511)

where N4 is Avogadro’s number, r¢ is the sum of the radii of hydrated electron
(ez,) and the ferricyanide ([Fe(CN)4J*) complexes. D¢ is the sum of diffusion

coefficients of e;, = 4.9-10~%cm? s~! [172] and [Fe(CN)y]>” = 0.9-10~%cm? s~! [173).
Using the rc = 5 A [I73], then kp becomes 2.546-107M " s~ 1.

5.5. Spectral features of the photoaquated complex

After the excited state fraction is calculated for the 355 nm XANES measurements
as shown in Sec then we reconstruct the excited state spectrum via:

A:u?n"'>5nm (Ea T)
fag(X)

oo (B, 7) = pgs(E) + (5.12)
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5.5. Spectral features of the photoaquated complex

where f,,(\) is the excited state fraction, p,,(E,7) is excited state spectrum
for aquated complex, and Apsss,m(E, 7) is transient measured after 355 nnm laser
excitation. The assignment of the important spectral features (Fig[p.11(b)) is the
following; the A’, B/, ¢/, D' and E’ are assigned for the photoaquated complex
produced after 355 nm laser excitation. All listed features and the corresponding
position is summarised in Table [5.7]

Table 5.7.: Summary of identified photoaquated features and the corresponding
energy positions.
features A’ B’ C D’ E/
Energy (eV) | 7113.0 | 7118.5 | 7127.0 | 7130.0 | 7138.0

x107°
——355 nm Transient

1.75

15

A/

1.25

0.75

Intensity /arb. u
Transient /arb. u
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(a) (b)

Figure 5.11.: (a) Reconstructed excited state spectrum with fu,= 9.67% measured
at 100 ps after 355 nm laser excitation (red curve) and the ground
state spectrum (black curve). (b) The transient signal measured at
100 ps with a laser intensity of at 55 GW/cm?. Letters A’, B/, C', D’
and E’ are used to indicate the relevant spectral features.

A’ and B’ are quite intense pre-edge features which are due to the photoaquated
formation. As discussed in Section these pre-edge features originate from
dipole-forbidden 1s — 3d transitions, and the peak intensity can be enhanced via
intermixing of 3d with 4p orbitals [28] 30, ©5]. In addition, for a centrosymmetric
molecule these quadrapole-allowed transitions are very weak with little intermixing
with 4p orbitals. However, when the inversion symmetry is removed, as discussed
by Westre et al., the pre-edge peak intensities increase as a consequence of the
increases 4p mixing. The A’-feature has also been observed in previous studies
[27], while the B’-feature, centred at ~7118.5 eV is reported for the first time.
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5. Disentangling simultaneous reaction channels

5.5.1. Comparison with static spectra of [Fe"(CN)5H20]3_

A 20 mM solution of [Fe" (CN),H,0]* as a static reference complex was prepared
by mixing 0.652 gram Nag [FeH(CN)SNHg] in 100 ml of water, 0.352 gram ascorbic
acid (C4HgOg) and 2-3 ml of acetic acid. As a result, the NHj; is released as a gas
and water molecule attached to Fe to form [Fe'' (CN),H,0]° complex. The solution
has to be kept in the refrigerator until right before measurements. The integrity
of the sample was checked during the experiment by inspecting consecutive laser
off scans, and we noticed degradation during the experiment. We did experiments
in a neutral condition, and we look at much shorter time scales, but subsequent
thermal reactions are reported both in alkaline and acidic condition [174] which
does not change our interpretation of the experimental results.

10°

—— Aquated reference X o 355 nm transient ﬁ
— Ground state Y B static difference

1.2

Intensity /arb. u
Transient intensity /arb. u

713 7.14

7.14 7.15 7.1 711 7. Rk
Energy /eV

7.1 7.11

7.12 7.1
Energy /eV

(a) (b)

Figure 5.12.: (a) Reference spectra measured on [Fe" (CN),H,0]* reference com-
plex (red curve) and the ground state spectra measured on
[FeH(CN)G]% complex. (b) Comparison of static difference with
XANES transient measured after 100 ps of 355 nm laser excitation.

Shown in Fig is the comparison of Fe K-edge static XANES spectra
of the aquated and ferrocyanide complexes. The aquated reference spectra show
intense A’ pre-edge feature and the edge is blue-shifted with respect to ground state
XANES spectra. Shown in Fig is the comparison of the static difference
spectrum with our 355 nm transient. The static difference spectrum is blue-shifted
with respect to 355 nm transient and the disagreement between the two data could
be due to degradation of the sample both with X-rays and optical laser. Having
this in mind, we acquire transient XANES on [Fe"'(CN),H,0]*> sample after 100
ps of 355 nm laser excitation, the result is shown in Figl5.13] We expect that
upon photoexcitation of the [Fe' (CN),H,O]*" complex it will photooxidize to form
[Fe'(CN),H,O)" [174].

The transient XANES acquired on [Fe" (CN),H,O]* complex after 355 nm ex-
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5.5. Spectral features of the photoaquated complex

citation is not identical to the transient measured on [Fe' (CN) ]* complex after
355 nm laser excitation. But the general trend of both transients is similar, the
B'-feature is present in [Fe' (CN),H,O]” transient data. As a result, the B'-feature
could be due to a formation of [Fe' (CN),H,O]* photoproduct but its formation
upon excitation of ferrocyanide at 355 nm is unclear, and this will be discussed in
depth in a separate Section (see Sec..
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—— [Fe"(CN)(H, O] static
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Energy /eV

Figure 5.13.: Comparison of the static aquated difference spectrum with the tran-
sient XANES of [FeH(CN)E)HQO]?’_ (red curve) and [FeH(CN)6]4_(blue
curve) measured after 100 ps of 355 nm laser excitation.
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Figure 5.14.: (a) Comparison of ferrocyanide transient measured at 100 ps after
355nm excitation with simulated difference between [Fe' (CN),H,0]*
and ground state. (b) Comparison of 153 ns and 306 ns transient with
simulated difference spectra.

In Figf5.14(a)l we show theoretically calculated differences from the bi-valent
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5. Disentangling simultaneous reaction channels

aquated complexes with experimental transient measured at 100 ps. The B’-feature
which we observe in the 355 nm transient at 100 ps is not reproduced in the
calculated difference since it originates from the [Fe'" (CN).H,0]* complex which
is not shown here. Also, we compare the 153 ns and 306 ns transient spectra with
the calculated difference as shown in Fig, the result show good agreement
in the pre-edge and edge region, which indicates towards the formation of the
long-lived photoaquated complex.

5.6. Reaction kinetics of aqueous ferrocyanide after
355 nm laser excitation

To understand the reaction dynamics of the photoaquated complex we looked at
the transient signal at different delays (see Fig[5.15)). The result shown is measured
at 55 GW /cm? laser intensity where both A’ and B’-features is clearly visible. The
A’-feature does not show decay, however, the B’-feature decays, and the signal
disappears after 153 ns. A similar measurement is done at 17.2 GW /cm? intensity
shown in Fig/5.16(a)} where the B'-feature is not clearly visible. This indicates that
A’ and B’-features show different behaviour at different pump laser conditions.
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(a) (b)

Figure 5.15.: (a) Time-resolved XANES spectrum of 50 mM aqueous ferrocyanide
solution measured before and after 355 nm laser excitation. (b) The
transient signal measured at 100 ps with a laser pump intensity of
at 55 GW/cm?.  Arrows indicated are positions where delay scans

measured which are shown in Figf5.16(b)|

The measurements reported in Figl5.15(b)| were performed at a rather high in-

tensity. For this reason, we added low fluence measurements, as indicated in the

Fig[.16(a)] Using the special detection scheme (see Section [4.5]), we equally ex-
ploit the consecutive X-ray bunches to obtain data at longer time delays out to ~1
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Figure 5.16.: (a) The transient signal measured at 100 ps after 355 nm laser exci-
tation at 17.5 GW /cm? intensity. (b) Delay scans measured at 72.5
GW /cm? laser intensity at the A’ and B/-features.

us. The result confirms the same behaviour of A’-feature as for the high-intensity
measurements, while the B’-feature is not clearly visible within the level of noise in
the measurement, indicating the intensity-dependence of the B'-feature. As shown
in the Fig. the A’-feature indicates the formation of the photoaquated pho-
toproduct within the experimental time resolution and does not change within the
450 ns time window. On the contrary, the B’-feature shows formation within the X-
ray pulse width and the signal disappears completely after 153 ns. The behaviour
of features is different, indicating that two photoproducts are present. We have
fitted the delay scan at the B'-feature using Eq[5.10] with two time constants 7, ~
4.6 £0.5 ns and 5 = 105.1+4.8 ns (Fig. The time constant 7; and 7, are
due to the diffusion control electron recombinations to [Fe' (CN),H,O0]* complex
from the different areas of solvation shell.

1.2x10°
1.0

0.8

Transient signal /arb. u

Figure 5.17.: Kinetics fit of the delay scan measured at the B'-features. For the fit
two decay time constants were used.
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5. Disentangling simultaneous reaction channels

5.7. UV excitation of ferricyanide complex

Similar to the ferrocyanide measurements reported in the previous section, we mea-
sured XAS spectra after 266 nm excitation of ferricyanide complex (see Fig..UV
excitation of ferricyanide molecule generates tri-valent aquated complex [175]. Fuller
et al.[I74] reported a quantum yield of 0.02-0.06 for [Fe'™ (CN),H,0]*" formation
at 254 nm which is roughly five times smaller than that for [FeH(CN)E]HQO]& for-

mation after excitation [Fe'' (CN) ]* at the same wavelength.

[Fe"™(CN)]*™ + Hy0 2% [Fe™(CN),H,0]*” + CN~ (5.13)

In Fig[5.18(b)| we observe both A’ and B'-features, implying they could be both
fingerprint of the photoaquated product presented in the previous section. We
propose that the B’-feature is due to re-excitation of the bi-valent photoaquated
product to a tri-valent photoaquated complex. This could happen only if the pho-
toaquated complex is formed within the laser pulse width (10 ps). Indeed, Sec
will show that indeed the first transition is saturated due to high-intensity results
re-excitation within the 10 ps time constant. Thus this process seems possible.
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Figure 5.18.: (a) Time-resolved XANES spectrum of 50 mM aqueous ferricyanide
solution measured after 266 nm laser excitation at 100 ps. (b) Tran-
sient spectra measured at different time delay at laser intensity of
30.2 GW /em?.

5.8. Intensity dependence measurements
In order to inspect the effect of the incident laser pump intensity, the assigned

transient peak features A’- and B’ is monitored as a function of incident laser
intensities. With 10 ps Duetto laser pulse, we achieve peak intensities of ~(1.8 -
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5.8. Intensity dependence measurements

16.2)*10% photons cm ™25 (~10 - 90 GW cm~2) (see[5.19(a)]). The high intensity
may lead to multiphoton absorption or step-wise excitation to highly excited states
which in return exhibit new deactivation pathways of ferrocyanide molecule. Here
we exclude multiphoton absorption by solvent since the peak intensity at the highest
fluence used in the data reported is 90 GW cm~2 which is much lower than 2 TW
cm™? intensity reported for multiphoton absorption in neat water[176].
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Figure 5.19.: (a) Fluence dependence of A’- and B'-features measured after 100 ps
of 355 nm laser excitation. (b) Transient spectrum measured at a
different time delay after 355 nm laser excitation.

High-intensity study with femtosecond pulses by Tarnovsky et al. [I76] on aque-
ous [RuH(bpy)3]2+ complex the high peak intensities resulted photoproducts such
as [Ru" (bpy) e [RUHI(bpy>3]3+ next to e, which is due to excitation of long-lived
SMLCT excited state. For our experiments we used a 10 ps laser pulse and re-
cent 2D-UV transient absorption spectroscopy results on the aqueous ferrocyanide
molecule reported the relaxation of ferrocyanide from the Ty, in ~0.5 ps to a
transition state before photoaquated formation[25]. As a result during high in-
tensity measurements the second photon absorption can happen from the relaxed
photoaquated complex since the Ty, state is short-lived. Similar to what has been
done on ref.[I76], for our case the first transition to ligand-field state is saturated
as a consequence the second photon can be absorbed form the relaxed state. For
the 10 ps pulse duration (at FWHM), T, lifetime of 7;c ~0.5 ps and o3550m
= 4.58-1071% cm?, the saturation parameter for the peak intensities of ~(1.8 -
16.2)*10?® photons cm™2s™! can be calculated as: 0355um-1o-77¢ is less than unity.
This indicates we can’t have a excitation from 1T19 transient state since it is short
lived.

[Fe'' (CN) & 2% 1T, (5.14)

aq
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5. Disentangling simultaneous reaction channels

[Fe' (CN),H, 0%, 2% [Fe' (CN),H, 02 + ey, (5.15)
Similarly, the saturation parameter for [FeII(CN)5H20]3_ is calculated using the
lifetime 16 ps reported ref.[25] and it ranges between 0.136 - 1.2. This indicates
at higher fluence the re-excitation of primary photoproduct kicks in and Eq.
can happen resulting hydrated electron. The hydrated electron recombines to tri-
valent [FeHI(CN) 5H2O]27 complex at different times scales depending on how far
the electron is from the complex. For this reason, to avoid the secondary excitation
process due to the high intensity laser, the pump intensity should be below < 50
GW cm—2,

As reported in the proceeding Section the B'-feature show different behavior
at the different laser pump fluence regimes while the A’-feature seems to behave
linearly (see Fig. Combining the saturation parameter calculated above and
non-linear behavior observed on the B’-feature: the two-step photon absorption
happens as the first photon saturated the photoaquated (Fe''(CN) 5HZO]?’f) transi-
tion and the second photon oxidizes and results a tri-valent photoaquated complex
(Fe"(CN),H,0]” ) along with hydrated electron. Here we are not excluding the
fact that other photoproducts. As a sanity check, we record a transient XAS data
by exciting ferricyanide complex at 266 nm which results tri-valent photoaquated
complex (Fe™(CN).H,0]* ). Shown in Fig. is the XAS transient of tri-valent
photoaquated complex compared with XAS transient of ferrocyanide measured at
55 GW/cm?. The figure shows the B'-feature is also present in the XAS transient

x10~°

Transient intensity /arb. u

—[Fe"

(CN)H, 0
21 —[Fe"(CN)H,01>

71‘10 71‘15 71‘20 71‘25 71‘30 71‘35 71‘40 71‘45
X-Ray Probe Energy /eV
Figure 5.20.: Comparison of transient signal measured after 266 nm laser excitation
of aqueous ferricyanide molecule (red spectrum) and transient sig-
nal measured after excitation of aqueous ferrocyanide molecule (blue
spectrum). Both transient spectra shown are measured at 100 ps.

of tri-valent photoaquated complex which indicates minor presence of tri-valent
photoaquated complex in the high intensity XAS data measured on ferrocyanide
molecule.
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5.9. Discussion

5.9.1. Excitation at 266 nm

Prior picosecond-resolved XAS studies of ferrocyanide molecule by Reinhard et al.,
have shown the formation of ferricyanide and photoaquated complex after 266 nm
laser excitation [27]. Our study also showed that photoexcitation at 266 nm laser
results to two photoproducts i.e. predominantly ferricyanide complex in addition
to the photoaquated complex. Using the static reference measurements and previ-
ously reported quantum yields we disentangle the two photoproducts. Based on this
we extract the excited state the fraction value of the set of measurements. In this
respect, we showed a simplified way to disentangle the two photoproducts which
were not done in prior studies. Also, we did a time scan after 266 nm photoex-
citation of aqueous ferrocyanide molecule which results in ferricyanide molecule,
and we observe the formation of the ferricyanide molecule within the experimental
resolution and the non-geminate recombination of the electron which takes roughly
12.34 +2.24 ns. The time scale obtained here is in a good agreement with prior
studies on similar system[25]. Based on our experimental data we postulate the
relaxation which is shown in Fig)5.21]

MLCT band —

CTTS band 1154 L
g oN Lo
324 /Hz—o\_/' <100 ps
3T1g t <1OQ ps
il e s
266 nm t>1 us [Fezsiﬁ:/’\gj;d
g
Fel'CNye

Figure 5.21.: Relaxation pathway of 266 nm excited ferrocyanide molecule in aque-
ous solution. Based the Picosecond XANES resulted reported earlier
in this Chapter, both the ferricyanide and photoaquated complexes
are formed within the experimental time resolution of 100 ps. A sim-
ilar relaxation pathway has been reported by Reinhard et al.[25]. In
our data we also observe the non-geminate electron recombination to
the ferricyanide molecule with ca. 12 ns and the relaxation of pho-
toaquated complex back to ferrocyanide ground state molecule with
timescale of > 1 us.
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5. Disentangling simultaneous reaction channels

5.9.2. Excitation at 355 nm

Based on the previous studies photoexcitation of aqueous ferrocyanide with 355
nm results bi-valent photoaquated (Fe''(CN),H,0]’ ) complex [27, 25]. Our low
fluence studies conclude similar out come but when we increase the pump laser
fluence(intensity) we observe a two-step process. The first laser photon results bi-
valent photoaquated (Fe''(CN) 5H20]3_) complex. Since the bi-valent photoaquated
complex is formed within the 10 ps pulse duration; as a result, it can absorb a second

laser photon

to form a tri-valent photoaquated (Fe™(CN), H,0]*") complex. The

B’-feature observed at high laser intensity is assigned to tri-valent aquated complex
based the calculated saturation parameter.
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Figure 5.22.:
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Proposed possible relaxation pathways after 355 nm laser excitation
based on the picosecond XANES data measured at the synchrotron.
(a) At low laser fluence with 100 ps time resolution we observe the
formation of [FeH(CN)5HQO]37 complex. The relaxation back to the
ground state takes more than 1 us. (b) At high laser fluence with
10 ps laser pulse, we think that we re-excite the [Fe''(CN) H,0]*
complex to from [Fe'' (CN),H,0]* complex which relaxes with 5-10
ns by electron recombination. The gray shaded part of the reaction
cycle is possible with two 355 nm photon absorption but with 10 ps
laser used for this experiment, it is not clear if we have two photon
absorption. This scenario will be discussed in detail in Ch[7, when
femtosecond laser source is used for the experiment.

to [L75, [174] excitation of aqueous ferricyanide solution with a UV

laser undergoes only ligand substitution reaction. As indicated in Eq.([5.13)) reaction
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5.9. Discussion

happens irrespective the energy of the pump (hr). Having said that, as can be seen
in Fig[5.20] the pre-edge peak we observe at 7118.5 eV could also be from tri-valent
photoaquated formation ([Fe'"' (CN),H,0]"). Before answering the question of how
this reaction happens, we need to remember that the B’-feature is apparent only
at higher intensity measurements. Based on this fact and the saturation parameter
calculated above, one possibility is the first laser photon results FeH(CN)E,HQO]?’*
complex and the second photon can results Fe™(CN)_H,0]> by photooxidizing
the primary photoproduct. The electron recombines with the FeIH(CN)5HZO]37
complex at different time scales (1, ~ 4.6 0.5 ns and 7 = 105.14+4.8 ns) through
a diffusion control non-geminate recombination.

As a result we conclude that the due to the high laser intensity (> 50 GW cm™)
we have a tri-valent photoaquated contribution along with bi-valent photoaquated
complex and hydrated electron in our measurements. Based on these results we
proposed the ligand dissociation and association reaction will follow the following

steps (see Eqsip.16/and [5.17)).

e At low intensity < 50 GW cm™2:

[Fe' (CN)g]a =% [Fe' (CN),H, 0% + CN,, (5.16)

aq.

e At high intensity > 50 GW cm ™2
[Fe' (CN)g]a =% [Fe' (CN),H,0]% + CN~ 2% [Fe"(CN) H,0]* + ON™ + e,

(5.17)

Finally, based on the XANES results measured after 355 nm excitation of ferro-
cyanide molecule in aqueous solution is summarised in Figl5.22]
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Chapter 6

Time-resolved X-ray emission
results on photoexcited aqueous
ferrocyanide molecule

In the preceding Chapter, we showed how we disentangle both the simultane-
ous photooxidation and photoaquation reaction channels using only picosecond
XANES. Our finding suggests that after 266 nm laser excitation the photooxi-
dation channel results roughly twice more excited state fraction compare to the
photoaquation channel, similar to the quantum yield results reported by Shirom
et al.[I5, 1] and recently by Reinhard [27]. In addition to XAS, with the XES
we can monitor spin state changes to chemical reactions. Both Ka and K XES
emission lines can be used to distinguish between [Fe' (CN),]* and [Fe" (CN) ",
while [FeH(CN) 5H20]3f photoproduct should exhibit no spin state change.

In this Chapter, we will exploit picosecond-resolved X-ray emission spectroscopy
measurements to track the electronic changes that occur during the light-induced
reaction sequence. We exploit time-resolved core-to-core (K3) and valence-to-core
(Kf25) emission lines to track chemical reaction of ferrocyanide molecule. In the
first Section, we will present the reaction mechanism following 266 nm laser ex-
citation of aqueous ferrocyanide molecule. Part of the results presented in Seclf]
are published in reference [I30]. In the second Section, time-resolved Kf and
valence-to-core XES results measured after photoexcitation with 355 nm laser will
be presented.

6.1. Picosecond XES results after 266 nm excitation

Figl6.1] shows the measured K emission spectra for ferricyanide and ferrocyanide
complexes in aqueous solution. Each spectrum consist of the main peak Kf; 3 due
to a transition from 3p—1s, and a small and broad shoulder at lower energy, Kg'.
If unpaired 3d electrons are present in the ion due to the intra-atomic exchange
interaction between the unpaired 3p core electron and unpaired 3d valence electrons
transfers intensity into the K3 region [T77]. A higher spin-state produces more
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6. Time-resolved X-ray emission results on photoexcited aqueous ferrocyanide molecule

1nten81ty in KB shoulder and a shift of K3; 3 peak to the higher energy [122].
F1g. )| we observe ~1 eV blue shift of [Fe"(CN) ]’ spectrum with respect to
[Fe' (CN) |*". The KB, 3 peak of ferrocyanide ion is at 7057 eV shifts to 7058 eV
in ferricyanide ion spectrum which is due to the spin-state change from S = 0 to
S=1/2. This is in addition to an intensity increase observed in the Kg' shoulder.
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— [Fe(lll)(CN)G]Q’

Difference
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Figure 6.1.: (a) KB (3p—1s) emission spectra measured for 0.4 M aqueous solution
of [Fe™ (CN)J* (ved), [Fe" (CN),]* (blue) and the difference between
these spectra. (b) Measured time-resolved Kf emission spectrum on
50 mM aqueous [Fe'' (CN),]* measured before and 120 ps after 266 nm
laser excitation. The difference between laser-on and laser-off is com-
pared to the scaled difference between the reference samples discussed
in Sec)3.3.11 Fig{6.1(b)| from [130].

Excitation of ferrocyanide ion with 266 nm laser generates singly ionised ferri-
cyanide species along with the photoaquated complex [1} 2]. We record K/ emission
spectra before and after 120 ps of laser excitation (see Figl6.1(b)). We observe a
blue-shift of the laser ON the main feature which also indicate the formation of
ionised species. It was expected that photoaquated photoproduct does not undergo
spin-state change (see Figl6.3(b)). However, ferricyanide changes its spin-state from
S = 0 to S=1/2. The time-resolved transient is compared to the static reference
difference signal showing that ferricyanide is the dominant photoproduct, also in
agreement with our XANES results (see Chapter [5)). However, the observation
does not exclude the possibility that other photoproducts are also contributing
to the transient signal. Kf is sensitive to details of the absorbing ion’s chemi-
cal environment and it is a powerful probe of spin state [I78]. K8 XES spectra
of different chemical species with the same spin state look very similar and quite
different to those with different spin states (see Section . In the present
case, where photoaquation occurs alongside the photooxidation reaction [63], and
while the photoaquated product [FeH(CN) 5HQO]?F, does not a spin change, its XES
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6.1. Picosecond XES results after 266 nm excitation

difference signal could only contribute due to changes in the metal—ligand cova-
lency [I78]. Separating contributions from multiple photoproducts in KA emission
spectra is still a challenge and makes obtaining useful spin-state information for
products involved in photoinduced chemical reactions difficult. Detailed studies
show that for highly covalent compounds such as [FeH(CN)G]ZP the interpretation
of the line shapes is more complicated (see [L79, [180]).

The K/ emission line also does not differentiate among the multiple photoprod-
ucts which undergo spin change. However, the valence-to-core (vtc) emission lines
show greater sensitivity to changes in the chemical environment around the absorb-
ing metal ion [90]. Vtc emission line spectra are dominated by iron np—1s electric
dipole-allowed transitions, which has some sensitivity to spin state, ligand identity,
ligand ionisation state, hybridization state, and metal-ligand bond lengths [181].

Fe(ll)
3l Fe(lll)

difference
® transient

I
=N

exp. }

Fe(ll)
Fe(lll)
3t [Fe(ll)(CN)s(HZO)la_
Fe(lll)-Fe(ll)
2t difference

3:1 mix -Fe(ll)

Intensity (arb. u.)

calc.

-2 L L L L L
7000 7005 7100 7105 7110 7115
Energy (eV)

Figure 6.2.: Top panel is measured valence-to-core emission spectra of [Fe' (CN) ]*
(blue) and [Fe'(CN),]* (red) aqueous solutions. Bottom panel is
shown the DF'T calculated spectra along with the third possible species,
the photoaquated product [Fe'' (CN),H,0]*". The differences between
the [Fe" (CN),]* and [Fe'(CN),]* spectra is shown in green. The
red data are the difference between before and after 120 ps of 266
nm laser excitation of [Fe" (CN),]*". The amplitude of the points has
been scaled to show the agreement with the reference difference signal.
Adapted from [130].

Shown in Figl6.2] of the top panel is the measured time-resolved vtc XES data.
The four data points are the difference between laser OFF and laser ON measured
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6. Time-resolved X-ray emission results on photoexcited aqueous ferrocyanide molecule

after 120 ps of 266 nm excitation of 50 mM aqueous [Fe" (CN),]*". Each data point
results from a total of 2-hour integration. The Johann emission spectrometer was
cycled through the four emission energies sitting at each for 2 minutes at a time.
The four points are compared to the difference between static measurements of 400
mM aqueous [Fe' (CN),]*" and [Fe"™ (CN)J*". Since [Fe'(CN),]* is the dominant
photoproduct the time-resolved points seem to follow the difference signal. How-
ever, the photoaquated product [FeH(CN) 5H2O]37 is also expected to be present.
However, [FeH(CN) 5H20]37 complex is not stable and difficult to measure alone in
a static measurement.

Calculated spectra of [FeH(CN)6]47, [FeHI(CN)(;]?’* and [Fe' (CN) JH,0]”" are shown
in the bottom panel of Fig.. The [Fe" (CN),]* and [Fe'(CN)J> spectra are in
excellent agreement with the experimental spectra. The [Fe(CN) ]*" spectrum
is shifted to higher energy with respect to the [Fe''(CN) " spectrum due here
also to the change in the effective nuclear charge on the metal. The calculated
[Fe' (CN).H,O]> spectrum is very similar to the [Fe'' (CN) ]* spectrum, exhibit-
ing only a loss of signal amplitude. This originates from the fact that the Fe—O
distance is rather large in the photoaquated complex (2.19 A as compared to 1.92
A for the Fe—C distance in the Fe—CN bonds), leading to little overlap of the O
2s and 2p orbitals with the iron center and therefore negligible contribution to the
signal. In effect, the spectrum is due to five CN ligands as opposed to six, and
therefore the intensity of the signal is less. The symmetry of [Fe' (CN) JHL,017 s
distorted relative to [FeH(CN)G]Lk, and this difference in geometrical arrangement
of the CN ligands around the Fe centre does not appear to influence the shape of
the spectra.

The difference spectra are shown in the lower panel of Figl6.2] are the differ-
ence between ferrocyanide and ferricyanide, compared to the measured difference
signal (top panel). For the latter, the relative amounts of [Fe'"(CN),]* and
[Fe' (CN).H,O]> are taken to be 3 to 1. This has been estimated from the liter-
ature quantum yields for the two photoproducts ¢, = 0.52 for the photooxidation
reaction at 266 nm as reported by Shirom and Stein [Il, 2] and ¢,, ~ 0.14 [63].
Detection of the presence of the [Fe' (CN),H,O]> photoproduct based on this vtc
measurement alone is difficult due to the similarity of its spectral shape to that of
the ferrocyanide molecule. The fractions obtained from this technique can then be
used as valuable input for EXAFS.

6.2. Picosecond XES results after 355 nm excitation

Shown in Figl6.3(a)] is the K3 XES measured after 355 nm laser excitation of
[Fe"' (CN),]* molecule at ~18.3 GW /cm? intensity. Ferrocyanide excitation at 355
nm laser generates mainly the photoaquated complex, [Fe'' (CN) JH,0]° in its low
spin (S=0) state. Shown in the Fig are the K 3 spectra of [Fe'' (CN) |* and
[Fe' (CN).H,0]* complex. The [Fe'" (CN),H,0]°> measurements were performed
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Figure 6.3.: (a) K XES spectra of [FeH(CN)G]Zk measured before and 100 ps after
355 nm laser excitation. The green dots is the transient spectrum
measured at laser intensity of ~18.3 GW /cm?. (b) Static K3 emission
spectra of [Fe'' (CN)|*, [Fe" (CN),H,0]” and the difference.

on the reference sample prepared from a powder of Nay[Fe(II)(CN).NH;].,H,0,
ascorbic acid, acetic acid and mixed in water. The result we get is [Fe" (CN),H,0]"
which is unstable. For this reason, it was wrapped with Aluminum foil and kept
in the refrigerator until right before the experiment. A quick static scan of Kf
measurement does not show a clear difference signal with respect to the grounds
state, [FeH(CN)G]Zk complex. This leads us to the conclusion that excitation of
ferrocyanide molecule after 355 nm at low intensity results in the photoaquated
photoproduct with spin state of S=0. In the previous Chapter high intensity
XANES are reported on ferrocyanide molecule, here we did similar experiments

by recording K8 XES spectra (see Sec)6.2.1]).

6.2.1. Picosecond XES at high intensity

In the preceding Chapter [5| we showed that due to the high laser intensity we
observed tri-valent aquated complex, with a sequential two-step absorption (TSA)

process (see Eq.(6.1)).

_ hv

[Fe' (CN)g]2 ™% [Fe' (CN),H,0]% + CN~ 2% [Fe"(CN) H,0]* + ON™ + e,
(6.1)
We believe that the non-germinate electron recombination to the tr-valent aquated
complex to form the bi-valent aquated complex would take up to 5 ns. A similar
results are also reported by Reinhard [25] on ferrocyanide complexes, in iodine by
Kloepfer [182] and attributed to diffusion control electron recombination. In this
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Figure 6.4.: KA emission spectra of [Fe' (CN),]*", 50 mM measured after 100 ps
of 355 nm excitation. (a) KA transient spectra measured at different
incident laser intensity, the magnitude of transient signal increase with
laser intensity. A scaled doublet reference spectrum has been scaled to
the f=14% expected signal level.

section, we will present the intensity dependence results to look at the TSA process
and the solvated electron non-geminate recombination by looking at the K3 XES
transient.

We repeat the experiment at three different laser intensity, the result is reported
in Figl6.4 As we increase the laser intensity we start to see a transient signal.
The transient signal show a shows linear dependence with incident laser intensity.
We observe a clear transient at the maximum laser intensity 77 GW/cm? but
this measurement was done at much higher intensity compare to the XES result
measured at 18 GW/cm?. From the XANES result, we conclude that the high
intensity we photooxidized bi-valent photoaquated product which results in tri-
valent photoaquated complex [Fe'™ (CN) JH,0]*". The tri-valent aquated complex
has one less electron in the iron ion which can give the transient signal. For this
reason, we compare the transient signal measured with scaled doublet reference
difference (see Figl6.4)).

To look at the time dependence of the transient signal at the high intensity we
acquire K/ emission spectra at difference time delays (i.e 100 ps, 5 ns, and 10 ns),
the result is reported in Fig. The TAD signal is then plotted versus time and
fitted with the single exponential decay of 7 = 4 ns, similar to the results observed
in Sec[5.60 The 4 ns decay time is attributed to the time need for the electron
recombination to the [Fe' (CN),H,0]* complex through diffusion-control process
(Fig{6.5(b)|). A similar time scales also reported in iodine by Kloepfer [182], which
is attributed to different recombination processes.
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Figure 6.5.: (a) Core-to-core K emission spectra of [Fe' (CN)]* before and at 100
ps of after excitation of 355 nm. (b) comparison of K3 transient spec-
tra measured at 100 ps with 76.7 GW /cm? laser intensity and static
difference is shown in Fig[6.1(a)] (c) Kf transient spectra measured at
different delay with laser intensity, I; ~ 76.7 GW /cm?. (d) TAD signal
measured at time different delay.

6.3. Conclusion and interpretation

We showed that photoexcitation at 266 nm laser leads to predominantly ferri-
cyanide and a small part of the photoaquated complex. Having in mind that the
photoaquated product does not deliver a transient Kg XES signal, both the Kp
and K, 5 XES emission lines can be a useful tool to identify the different transient
species. We also show that the limitation of K3 emission line in identifying between
photoproducts which have a similar spin states whereas, vtc can be used to track
the changes of local chemical environment[130)].

[Fe' (CN) 4 ™ [Fe' (CN),H,0]% + [Fe (CN)gJ%. + CNZ, + ey
1
S=0 — S=0 and S=§

3—
aq

Excitation of the aqueous ferricyanide molecule at 355 nm generates photoaquated,
[Fe''(CN),H,0]* complex which exhibits no K3 XES transient signal. However, at
higher intensity 70 GW /cm? we observe a clear K3 XES transient signal which is
an indication to the formation of [FeHI(CN)SHQO]z*. Similar to the XANES results
(see Section , the ~ 4 ns decay constant of the K XES transient signal can
be interpreted as non-geminate recombination of the electron to [Fe™ (CN) H,0]*"
molecule to form [FeH(CN) 5H2O]37. This time, constant is similar to earlier works
in ferrocyanide [25] and lodine [I82] molecules. As a result, the reaction path-
ways measured after 355 nm laser excitation will be summarised with the following
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6. Time-resolved X-ray emission results on photoexcited aqueous ferrocyanide molecule

reactions equations:
e At low intensity Ip < 50 GW /cm?:

[Fe' (CN)gl,o. + hv — [Fe' (CN),H,03. + CN
S=0 — S=0

e At high intensity (> 50 GW /cm?): with the first photon:

[Fe' (CN)]a ™ [Fe' (CN),H,0J%. + CN,,

aq.
S5=0 — S=0
With the second photon:

[Fe' (CN),H,OJ2- + CN, ™% [Fe'™ (CN),H,0]%, + CNy, + ey,

q

1
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Chapter 7

Observing short-lived reaction
intermediate states

So far we presented picosecond-resolved XANES and XES results on ferrocyanide
ions after 266 and 355 nm excitation. The XANES data allows us to disentangle the
simultaneous ferricyanide and photoaquated photoproducts formed after 266 nm
excitation. We also concluded the photoaquated complex is the only photoproduct
at low intensity (< 50 GW/cm?) but at high intensity, there is a contribution of
the tri-valent aquated complex with two-step absorption (TSA) process.

In this chapter, we will present the recent femtosecond resolved X-ray absorption
and emission results measured at the SACLA Free-Electron Laser facility, Japan
on aqueous ferrocyanide solution after 355 nm laser excitation. The measurements
were performed at beamline 4 (BL4) without the later implemented timing tool.
As a result, we are limited about 600 fs time resolution because of the XFEL jitter.
The setup used for the data collection is similar to the Synchrotron setup described
in Ch 4.3} accommodate both XAS and XES techniques. For the XANES measure-
ments, the XFEL beam was monochromatized with a channel-cut monochromator.
For XES were measurements, non-monochromatic pink SASE beam was used to
have more X-ray flux on the sample (roughly four times more flux than in the
monochromatic beam).

7.1. Femtosecond XAS results after 355 nm
excitation

Fig[7.1] shows the femtosecond-resolved XAS result measured after 355 nm laser
excitation of a 250 mM aqueous ferrocyanide solution. The laser parameters used
for this set of experimental data are 7 = 50 fs, VxH =50x50 um? (1/e?), rep. rate
of 30 Hz and pulse energy of 38 nJ. The measured XAS transient results are shown
in Fig[7.1(b)| and similar to the spectral assignments we did for the photoaquated
transient measured at 100 ps in Sec[5.5, which labeled as A-, B- and C-features
(see Tab[7.1]). Simple time traces recorded for each A and B features (Fig[7.1(c))
do not reveal the actual dynamic processes since the A- and B-features consists of
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7. Observing short-lived reaction intermediate states

two closely lying peaks (see Sec. are riding on the stronger transient changes
of the absorption edge itself. Time scans give us a 600 fs time resolution which is
due to the X-ray jitter. For the set of measurements reported here timing tool was
not available for the jitter correction (which is implemented 2015 at SACLA).
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Figure 7.1.: Femtosecond resolved XANES of 250 mM [Fe(IT)(CN),|* . (a) Laser
ON and OFF XANES spectra measured after 355 nm excitation. (b)
XANES transient signal measured at different delay time with a laser
intensity of I;, & 7.74 TW /cm?. (c) Time scans measured at A- and

B-features while the X-ray ene

rgy is fixed at 7113.0 eV and 7118.5 eV.

Table 7.1.: Summary of pre-edge peaks and edge energy position as shown in
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7.1. Femtosecond XAS results after 355 nm excitation

7.1.1. Comparison of XFEL and synchrotron data

Shown in Figsl7.2(a){and [7.2(b)|is the comparison of APS and SACLA data, both
measured after 100 ps of 355 nm laser excitation. The SACLA XANES transient
spectrum is measured at Iy = 7.74 TW /cm? of laser intensity. These two figures
shows that both the APS and SACLA data measured at high intensity have the
same photoproduct at 100 ps, whereas, the low intensity APS the comparison shows
a mismatch in the A-feature.
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Figure 7.2.: Comparison of the APS and SACLA XANES transient data measured
after 355 nm laser excitation. The SACLA data is measured at I =
7.74 TW/cm?. The APS data was measured with: (a) low and (b)
high intensity. (c) Zoom comparison of SACLA data measured after
20 ps and 100 ps with APS data and static reference difference between
ferricyanide and ferrocyanide. (d) Comparison of time scans measured
on the B-feature of XFEL and synchrotron data. The SACLA and APS
data is measured at 250 mM and 50 mM concentrations respectively.

As a reminder, in the picosecond resolved APS data presented in ChJ5| we assign
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7. Observing short-lived reaction intermediate states

A’-, B’- and C'-features as the fingerprints for the bi-valent photoaquated complex,
in addition we noticed the B'-feature is due to the tri-valent photoaquated com-
plex. This indicates in the SACLA data after 100 ps we have only the long-lived
photoaquated photoproducts [Fe''(CN),H,0]* and [Fe"'(CN),H,0]* . A similar
comparison with in Fig. with the 20 and 100 ps SACLA with 100 ps APS
shows that already after 20 ps we have the long-lived photoproducts only, which
implies the ligand exchange process is completed. The static difference between
ferro and ferricyanide indicates no ferricyanide has been formed.

From the discussion of Chlj| we learn that due to the high laser intensity we ex-
perience a sequential two-step absorption (TSA) process, where the first laser pho-
ton creates the bi-valent photoaquated complex ([Fe' (CN),H,0]* ) and the second
photon photooxidizes Fe to form tri-valent photoaquated complex, [FeHI(CN)SHzO]Q_
which exhibits both A’- and B'-features (see [5.9). From this we can learn that due
to the high intensity at SACLA measurements have the trivalent photoaquated
complex at 20 and 100 ps. Shown in Figl[7.2(d)|is the comparison of time scans on
B-feature between synchrotron and XFEL experiments. The very fast dynamics we
observe on the B-feature is not observed in the synchrotron measurements but the
slow dynamics observe in the SACLA data (see Fig. [7.1(d)) is similar the longer
decay reported in the synchrotron measurements (see Sec. .

7.1.2. Observing pentacoordinated intermediate species

We now identify the origin of each pre-edge feature by comparing the experimen-
tal data with TD-DFT simulated spectra for all possible intermediate complexes.
Shown in Fig[7.3are calculated spectra (shifted down) together with the experimen-
tal data. The simulated spectra represent: i) photoaquated ([Fe''(CN) H,0]*"), ii)
pentacoordinated complex ([Fe''(CN )s]7) of square pyramidal (Cyy) and iii) two
pentacoordinated complexes with trigonal bipyramidal (Ds;,) symmetry of different
spin states.

The A’ and A-features are due to a quadrupole transition from the 1s core orbital
to localized molecular orbitals of mainly 3d character with a dipole contribution
from a 3d mixed with the np like states [132, 95]. Depending on the symmetry
and geometry of the complex orbital intermixing can increase the peak intensity
[30]. The Lack of an inversion center or inversion symmetry leads to such mixing
between np and 3d metal centered states [28, B0], explains the large peak intensity
observed for the pentacoordinated intermediate complexes (Fig[7.3).

Comparing the calculated with the experimental spectra, we can identify the
A-feature being due to the pentacoordinated complex, and the A’-feature due to
the bi-valent photoaquated complex. The calculated A-feature is red-shifted with
respect to the simulated A’-feature. A similar shift is observed in the experimental
data between the 1 ps and 20 ps. Based on the identification above we state that
the formation of the photoaquated complex is completed within 20 ps. The other
two pre-edge features B} and B, are originated from the tri-valent aquated complex.
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Figure 7.4.: (a) Experimental transient measured after 5 ps (red dotted line) and
the solid blue line is the background function. (b) Pre-edge peaks after
the background subtraction in (a).

Table 7.2.: Summary of all experimentally observed pre-edge features.

features A

A/

B}

By

Energy (keV) | 7.112

7.113

7.1185

7.1195

The dynamics of the transient pre-edge peaks is extracted by fitting the different
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7. Observing short-lived reaction intermediate states

scans with a linear combination of four Voigt profiles after background subtrac-
tion (See Fig[7.6). The first peak centered at 7.112 keV for the pentacoordinated
complex and the second peak centered at 7.113 keV for the photoaquated com-
plex contributions (see Eq.(7.4)). Similarly, two more peaks B} and B}, centered at
7.1183 and 7.1195 keV respectively are used to get a reasonable fit. Each peak is
fitted with Voigt profile (V(E)) of 1.56 eV broadening, which is a convolution of a
Gaussian profile (G(E)) with 1 eV of monochromator broadening and Lorentzian
profile(L(E)) with the lifetime broadening of the 1s core hole (1.25 eV) [121] via:

V(E) = (L® G)(E) / T LB ) « G 0)dE (7.1)
e G(E) = e 5" (7.2)
V2mo? '
and
L(E) i (7.3)

(B - Eo)? +9?)
Finally, the fit function can be written as a summation of the all the peaks needed
to fit the data as:

FE) =Y ai- V(E), (7.4)

where a; intensity for the it peak and f(E) is the fit function.

Shown in Figl7.6]is the time evolution of A and A’ peak areas. The A-feature
being the fingerprint of the pentacoordinated complex, is formed within the ex-
perimental time-resolution (about 600 fs), and its conversion to the photoaquated
complex is complete after 20 picoseconds. The A-feature does not disappear com-
pletely in the extracted Fig{7.6(a), which indicates other photoproducts such as
[Fe'™(CN),H,0]*", might contribute at the same energy position. On the other
hand, the A’ area signal increases with nearly the same rate as A area decreases
indicating a conversion from the pentacoordinated complex to the photoaquated
complex.

Table 7.3.: Summary of extracted time scales from each pre-edge and edge features.

features A A Bi+B, C
Energy (keV) 7.112 7.113 7.1185 7.125
7 (ps) 15.20£5.18 | 9.66+£2.55 | 7.53+4.26 | 7.63£1.19

To have an idea of the time scales of the pentacoordinated decay and pho-
toaquated complex formation we fit the extracted peak areas with single expo-
nential decay and rise times. The summary of the fit result is presented in Tab[7.3]
Within the experimental precision we assume both formation and decay times
scales to represent the sequence [Fe''(CN) " —[Fe" (CN), > —[Fe" (CN), H,0]*,
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7.1. Femtosecond XAS results after 355 nm excitation

30x10° 30x10°
® 1ps
25+ " 25
— fit
20+ 2 20
Q S
g ! s
g 154 A = B, K 15
K] - A B, ©
o <4
o 104 3 10
3 s x
% F
[3] 5+ o 5
a ]
°] °] I
5 T T T T T T 5 T T T T T T
7108 7110 7412 7.114 7116 7.118  7.120 7108 7110 7112 7114 7116 7118  7.120
Energy /keV Energy /keV
(a) (b)
25x10°
20x10° 204
@
j2] - -
2 15 S 15
3 E=l
o =
3 104 £
s T 10+
5] 5
< x
é 54 g 5
a [«8
0- J T 0
-5 T T T T T T -5 T T T T T T
7108 7110 7412 714 7116 7.118 7120 7108 7410 7112 7114 7116 7118  7.120
Energy /keV Energy /keV
(c) (d)
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(a) Extracted dynamics of A and A’ pre-edge peak areas for the dif-
ferent transient data shown in Fig[7.6] (b) Extracted dynamics of
C-feature and B’ pre-edge peak area of the different time delay mea-
surements. For the C-feature since we don’t have a 100 ps data we take
the same value as of 20 ps and based on our comparison in Fig
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7. Observing short-lived reaction intermediate states

and we extract a common time scale of 12.43 + 5.77 ps. This time scale is similar
to previously published results obtained in [Fe''(CO),], which yielded ligation of
EtOH to a triplet Fe'™(CO), precursor state within 50-100 ps [16], the slow lig-
ation process is explained by presence of a barrier between the triplet precursor
state and the final singlet Fe'''(CO),(EtOH) state. Ligand exchange reaction in
cis-[Ru(bpy),(CH,CN),)Cl,| complex dissolved in water takes 28 and 77 ps for
CH4CN and H,O exchange respectively [I83]. In our case, we believe that ligand
exchange mechanism can occur from a singlet and triplet pentacoordinated com-
plex. We expect that ligation from a singlet potential surface will be ultrafast,
similar to the Fe'(CO), case, which takes 300 fs due to the absence of barrier [16].
The new value (12.43 ps) decay we observe concerns ligation of water from a triplet
pentacoordinated potential surface. The B’ area which is the sum of B} and B,
area we assign to the [Fe' (CN),H,0]* decays with 7.53 & 4.26 ps time constant,
the decay could be electron recombination to form [FeII(CN)5HQO]3_. From com-
parison of transient data with calculated spectra, at short time delay the B’ could
have a contribution of other photoproducts.

We do not exclude the possibility of photoaquated formation from a singlet
pentacoordinated complex which should be faster, similar to the 300 fs formation
[Fe'(CO),(EtOH)] [16]. The identification of a pentacoordinated [FeH(CN)E)]&
complex has not been undertaken in previous studies. Reinhard et al. did optical
pump-probe spectroscopy and deduced indirectly the formation of [Fe" (CN),H,0]*
species. Therefore, we performed TR XES to gain another observable in this dy-
namic process.

7.2. Spin-state of short-lived pentacoordinated
complex

Time-resolved Kf XES measurements were carried out on 250 mM aqueous fer-
rocyanide solution (see setup in Sec[d.3.2)). A single Ge(440) von Hamos crystal
allows us to record X-rays emission spectrum in the energy range of 6931 -7230
eV, fixed at an angle of 61.45° to get optimum reflection for the Kf emission
line. Fig shows the time-resolved X-ray emission spectra measured on 250
mM aqueous [Fe'' (CN)¢]* solution before and 2 ps after 355 nm laser excitation.
Fig. shows the transient spectrum measured after 355 nm laser excitation, for
comparison possible static difference spectra i.e. doublet, triplet and quintet spin
states are also plotted together. Although the transient signal quality is not great
we can clearly see the negative feature 7054 eV, which is present in the triplet and
doublet static difference spectra. This means the spin state can be either triplet or
doublet spin state, however, the exact assignment whether the spin state is triplet
or doublet in Cyy or Dgj, symmetry is hampered by the noisy transient data.

The XES measurement were done at different time delay, to see the time evolution
the integrals of the absolute values of the transient spectra (IAD) at different
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7.2. Spin-state of short-lived pentacoordinated complex
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Figure 7.7.: Femtosecond resolved XES results of aqueous [FeH(CN)G]Zlf measured
at SACLA XFEL facility with a laser intensity of Fy, = 7.74 TW /cm?.
(a) Laser ON and OFF K XES spectra. (b) Transient K5 XES signal
for At = 5 ps (green), together with the anticipated difference Kg XES
spectra for quintet, triplet and doublet spin states, taken ref [13]. (c)
Red dot data are integrated TAD signal measured at different delay
time fitted with a single exponential decay of 7 = 31.2 + 14.3 ps and
with fixed 7 = 12.43 ps. The green squares are binned data points
extracted from the red dots. (d) Shows only the binned data points
fitted single exponential fit of 7 = 31.2 £+ 14.3 ps (blue fit) and with
fixed 7 = 12.43 ps (black fit). The 12.43 ps decay time used here is
extracted from pre-edge analysis.

times is shown in Fig. The TAD signal appears within the experimental time
resolution of about 600 fs show the formation of a none singlet spin state and decays
exponentially with 7 = 31.2 + 14.3 ps time. The time constant extracted from XES
data is different from XAS data which is about 12.43 ps. Here, we speculate that
the different decay constant is due to the presence of multiple photoproducts in
the XES signal. The difference in the time constants extracted from It is not
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7. Observing short-lived reaction intermediate states

possible to identify whether Since the XES data is noisy and it is hard to nail
down if the decay is a two or one component. Furthermore, previous studies on
Fe'"(CO), [184], indicate that the ligation process would most likely proceed from
a dissociative singlet potential towards an associative singlet-type H,O potential.
This would imply that a pentacoordinated complex in Cyy symmetry would need to
be of singlet character or mixed singlet/triplet character in agreement with Fig.
As a result, in the singlet potential surface, the ligation process would happen fast
whereas from the triplet potential surface the ligation process would be slower since
it has to go through intersystem crossing.

As we have shown in the Fig. the time-resolved XES signal indicate a
spin state change. Prior studies [Fe (CN)6]4_ and [FeII(CN)5HzO]3_ are low spin
states[I30]. Whereas, [Fe''(CN),J* is doublet and could contribute to the tran-
sient signal but as described in Chapter [5] our XANES results doesn’t support the
formation of ferricyanide formation upon 355 nm laser excitation. So the longer
XES transient signal decay could be indicative of the presence of tri-valent pho-
toaquated complex due to the high laser intensity used in this experiment. This
implies the measured XES transient signal could be a linear combination of doublet
and triplet spin states. As depicted in Fig, according to ref.[45] due to streric
effects the population of d-shells of pentacordinated species are different compared
to octahedral complexes.

ground state excited state
confugration confugrations
— de2y2 —_— d,2
d2y2d2 — — — d;2
1s —3d
— >

+ + dyy dy2,2
% d
xy
Uy . dyz % % % d,, d
% dxz,dyz % % Xz, yz

Oh, $=0 C4V, S=0 D3h, S=1

Figure 7.8.: Possible spins multiplicities of Fe(IT) with 3d® electronic configuration
for the ground state octahedral Oy and two possible intermediate states
(i.e. square pyramidal(Cyy) and trigonal bipyramidal(Ds)) symme-
tries. The orbital ordering of the excited state symmetries is adapted
from [45], [46].

As we describe in Fig. the comparison of transient XAS data measured
after 355 nm excitation with the static difference of ferrocyanide and ferricyanide
looks significantly different, so we can exclude the ferricyanide formation as a dom-
inating species due to high-intensity excitation. Whereas the sequential two-step

128



7.3. Femtosecond XES to identify spin state of [Fe" (CN),J* species

absorption (TSA) process is a possibility in the synchrotron data, means the bi-
valent photoaquated [FeH(CN)5H20]37 complex absorbs 355 nm photon to form a
tri-valent photoaquated [Fe' (CN) sH,0]* complex. Similarly, in the femtosecond
XAS transient data, we do not observe the ferricyanide spectral signatures which
lead us to the conclusion of two-photon absorption (TPA) reaction channel is highly
suppressed. Based on the this result the Kg XES transient signal measured at 5
ps could be a linear combination of transient signals of triplet [Fe''(CN),]*" and of
doublet [Fe' (CN) JH,0]* character. From the XAS results of synchrotron studies
the [Fe" (CN),H,O]* takes 5-10 ns to recover and form [Fe'' (CN), H,0]® since it is
a diffusion control process. As a result, the longer XES decay we reported (7 = 31.2
+ 14.3 ps) could explain by the presence of [Fe' (CN) ;H,0]*" which contributes to
the signal along with the triplet contribution from the pentacoordinated complex.

7.3. Femtosecond XES to identify spin state of
[Fe"(CN)5]3_ species
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Figure 7.9.: Femtosecond resolved K3 XES results of aqueous [Fe' (CN) ]*" mea-
sured after 355 nm laser excitation at SACLA XFEL facility (a) Tran-
sient K XES signal measured at 6.4 ps at a laser intensity of I =
85 GW/cm?. (b) Transient K3 XES signal measured after 10.5 ps at
I, = 184 GW /cm?. The blue and red solid lines are anticipated triplet
and doublet spin states from [13].

The XES measurements so far in (Fig. were performed at high laser intensity
(7.74 TW /cm?) and may thus include a two-step absorption (TSA) processes. For
this reason we repeated the study at much lower laser intensity, with larger laser
spot size of 90 x 100 um? (VxH ), pulse duration of 250 fs and 250 mM sample.
A single Si(531) von Hamos crystal with 25 cm radius of curvature was used to
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7. Observing short-lived reaction intermediate states

record the X-ray emission spectra in the energy range of 6931-7230 eV, (at fixed
angle of 61.45°) for collecting the K/ emission line. The measurement shown in
Fig. was done at a laser intensity of I;, = 85 GW/cm?, whereas the result
shown in Fig was done at twice more intensity I;, = 184 GW /cm?.

In this data set we expect only little TSA contribution due to the low laser in-
tensity compared to other time resolved studies [I85] [13]. As a result, we state that
the transient signal is due to the pentacoordinated complex, although it is difficult
to quantify the exact spin state of the nascent pentacoordinated complex. There
are no other time-resolved XES results reported on ligand exchange mechanism
ferrocyanide molecule to verify the spin state of the intermediate state. At similar
intensity we did not observe a transient signal at 100 ps delay, indicates the ligand
exchange is completed long before 100 ps.

7.4. Proposed tentative reaction photocycle
ferrocyanide molecule after 355 nm
photoexciation

The iron K-edge 1s — 3d pre-edge feature has been used as an identifier for the
change in the electronic structure of the iron site [30]. The pre-edge intensity for
iron complexes shows correlation with the symmetry, according to Roe et al.[28],
186, [187] the peak intensity decreases as symmetry deviates from octahedral (see
Fig[7.10).

Combining both time-resolved XAS and XES results we conclude that the ligand
exchange mechanism in photoexcited aqueous [Fe' (CN)]* access via a reduced co-
ordination number intermediate state. Based on the picosecond and femtosecond
XAS and XES data presented so far the reaction photocycle of aqueous ferro-
cyanide molecule after 355 nm laser excitation is summarised in Fig[7.11] The
pentacoordinated complex could be either in square pyramidal (Cyy) or trigonal
bipyramidal (Ds;) symmetry. When the molecule rearranges the symmetry from
Cyy to D3y, results in a rearrangement of the molecular 3d orbitals, and as a result,
the spin state of the metal centre changes from singlet (S=0) to triplet (S=1) spin
state (see Sec. Since [Fe(CN),H,0]* complex has a singlet spin state, pho-
toaquated formation from the pentacoordinated complex with Dg;, symmetry will
be slower because of the presence of a barrier. In contrast photoaquated formation
from the pentacoordinated complex Cyy symmetry should occur quite promptly
since both reactant and product states are on singlet potential surfaces [16].

Although the pre-edge region is sensitive to the geometric structure around the
iron centre, we can not differentiate between Cyy or Dgj, symmetries because there
is no correlation between the pre-edge peak position and Cyy or D3, [30]. Similarly,
in our results reported in Fig[7.3] we did not observe possible changes between
Cyy or Dgj, symmetries. As a result, the to = 12.43 ps is the time needed for the
photoaquated complex formation from the pentacoordinated complex with trigonal
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Figure 7.10.: Calculated total 4p mixing into XAS final states for a series of ge-
ometries from Oy, to T4. The result shown is for Fe(II), and Fe(III)
Chloride ligated complexes with optimised geometries. From [30].

bipyramidal geometry which has a triplet state. However, we cannot disregard the
possibility that the photoaquated complex formation from the pentacoordinated
precursor in Cyy symmetry could happen ultrafast since both are on singlet poten-
tial surfaces. Recent optical pump-probe studies of this system claim the formation
of the photoaquated complex could happen as fast as 500 fs [25], below our current
experimental time resolution.

Although we know that the one laser photon absorption is the dominant channel,
at the same time due to the high laser intensity used for this data set, we have either
a sequential two-step absorption (TSA) or two-photon absorption(TPA) processes
which could contribute to the experimental signal measured. We believe that the
TPA would result in ultrashort lived precursor state(MLCT band of [FeHI(CN)G]?’j
complex) which could recombine geminately and wouldn’t affect the slower process.
In the contrary, the highly excited precursor state, [FeIH(CN)G]gj could undergo lig-
and substitution resulting [FeHI(CN)E)HQO]% complex. At this point, we can not dif-
ferentiate between the TPA and TSA processes. In the femosecond XANES spectra
reported in this Chapter, due to the high intensity I;, = 7.74 TW cm™2 (~ 2.6-103!

photons cm™2 s7!) used in this experiment, the saturation parameter(osssnm-Io-77¢)

for the first transition [FeH(CN)G]i; LN 'T,, is greater than unity, with oss5nm =

4.58-1071 em? and 770 = 500 fs. This implies we saturate the first transition (see
Eq.(7.5)). Here we can have two possibilities, part of the excited stete molecules,

[FeH(CN)6]4J relax to a °T;, which would lead to a CN dissociation. The second
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Figure 7.11.: (a) Ferrocyanide molecule in water solution, the time scales indicated
here are extracted from femtosecond XAS data. (b) Tentative reac-
tion photocycle of aqueous ferrocyanide molecule after 355 nm laser
excitation. The blue and violet arrows are up to scale of 355 and
266 nm laser wavelengths. The solid blue vertical arrows show the
two-photon absorption (TPA) processes with 355 nm laser light. The
d-d electronic transition states shown are taken from ref.[I71] and the
position of the CTTS state is as indicated by Reinhard et al.[25]. For
the details see text.

possibility is the remaining excited state molecules, [FeH(CN)(j]M absorb a sec-
ond photon yielding an oxidized excited ferricyanide complex (here MLCT band of

Fe (CN)g]* ") (see Eq.(7.6)).

[Fe' (CN) 2 =5 [Fe' (CN)g]2. (7.5)
[Fe' (ON)g]2 " 2% [Fe™ (ON)gJ2. " + ey (7.6)

However, assuming the TPA excitation with a pulse duration of ca. 50 fs, we
would end up with a mixture of bi-valent pentacoordinated and tri-valent ferri-
cyanide species, which convert to different photoproducts with different time con-
stants. The geminate electron recombination to the parent ferricyanide molecule
would happen in competition with CN™ dissociation and aquation process. Both
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7.4. Proposed tentative reaction photocycle ferrocyanide molecule after 355 nm photoexciation

processes would be a take roughly a similar t/1 << 12 ps time scale resulting
[Fe (CN) JH,0]* and [FeIH(CN)E)]% complex. Here we hypothesis the formation
of [FeHI(CN)s]} through dissociation before ligation process happens.

A direct two-photon absorption (3.53.5 eV = 7 eV) would directly result in
photoionized excited ferricyanide complex. Since the two-photon has 7 eV en-
ergy, which is much greater than the 266 nm (4.66 eV) needed the photoionization
process to happen, the remaining energy (2.32 eV) would leave the photoionized
ferricyanide complex in the MLCT band of ferricyanide complex. Here we propose
the excited ferricyanide complex could relax in two competing pathways. The first
relaxation pathway is geminate recombination (t; << 12 ps) to an excited ferro-
cyanide electronic state which later relaxed to photoaquated complex with a time
constant of roughly 12 ps. The second relaxation pathway is dissociation of CN~
from an excited ferricyanide electronic state which leads to a formation of tri-valent
aquated complex [Fe' (CN),H,0]* with a time scale of t; << 12 ps. Since only a
fraction of the excited ferrocyanide molecules absorb a second laser photon resulting
ferricyanide complex, the blue shift of the Iron K-edge expected in the XANES will
not be visible in the femtosecond XAS data reported in Sec[7.1|(see Fig[7.2(c)). On
the other hand, picosecond-resolved XAS and XES analysis indicate the conversion
from tri-valent photoaquated complex to bi-valent photoaquated would take 5-10
ns because of the diffusion control electron recombination process (see Ch[5and|6)).
The pre-edge analysis of the femtosecond XAS data suggests photoaquation from
the bi-valent pentacoordinated complex takes about 12 ps. As a result, both the
bi-valent pentacoordinated and tri-valent photoaquated complexes convert to the
final bi-valent photoaquated complex with different time scales.
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Chapter 8

Characterizing excited state
molecular structures with
picometer spatial resolution using

new time-resolved EXAFS
techniques

EXAFS provides structural information of bond distance and bond angles around
absorbing atom. Unlike, crystallography it can be applied to resolve structures
which are both in ordered and disordered medium. After describing the EXAFS
basics in Sec[4.3]it is applied to extract the relevant information from the measured
experimental results. To connect the experimental data with the theory, one has to
extract the EXAFS oscillations, x (k). In this chapter, the steady state EXAFS data
reduction steps to extract the structural information from a given EXAFS spectra
will be described. To the present these steps the experimental data measured
on aqueous ferrocyanide ([Fe(CN),]*) solution will be used. Next, the details
the energy-space EXAFS fitting to analyse time-resolved data will be described.
This new novel approach will be applied to light-induced spin-cross over systems:
[Fe(terpy),]°" and [Fe(bpy),]*". Portions of the data have already been published
[74, [79).

8.1. EXAFS Data reduction

There are several ways to extract the x(k) function, in this Section the descrip-
tion and used procedures implemented in the data analysis software Athena [106],
188] will be explained. Before the starting EXAFS data reduction process, pre-
processing procedures are required to refine the recorded spectrum. Refining in-
cludes rebinning, deglitching, truncation, calibration, and averaging of several scans
to obtain a good quality EXAFS spectrum. After all these pre-requisite steps we
start the EXAFS data reduction. Fig[3.1] shows the consecutive steps of data re-
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duction to yield the EXAFS function y(k):
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Figure 8.1.: EXAFS analysis sequence shown on aqueous [Fe'' (CN) ]* solution

around the Fe K-edge. (a) Shows the extrapolated pre-edge (red dashed
line) and post-edge (green dashed line) used for background removal.
(b) Shows the energy position (Eg) determined from the inflection point
at the edge position. (c) Atomic background determined using Athena
software of IFEFFIT package using a spline function. (d) Post edge
oscillations scaled by k? with k = 0 determined by Ej.

1. Determining E((Fig/8.1(b)): The choice of edge energy value E, is rather
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arbitrary. The most common way to determine Ej is by using the first maxi-
mum of the derivative of the X-ray absorption spectrum itself. This definition
is meant to reflect the Fermi level, which is defined as the energy right be-
tween HOMO and LUMO state. But to k = 0 of the free electron is otherwise
found via its ionization potential IP. This is difficult to observe in XAFS, as
life-time broadened bound-bound transitions already deliver a sizable rise in



8.1. EXAFS Data reduction

absorption cross-section. Overall, the definition of Eq via the inflection point
systematically places Eg at lower energies than IP, but this error accounts to
only a few eV, which is much less than the EXAFS oscillations extending to
several 100 eV above the edge. However, in the energy space fitting routine
presented later (Sec., we show that we can actually determine IP quite
precisely with this novel method [9]. But for now the position of the half
height of the normalized XAS spectrum will define the Ey value [92]. After
determining E, we calculate k of the photoelectron wavevector in A~! see

step 4.

. Pre-edge subtraction and post-edge determination (Fig/8.1(b)): The
photoelectric absorption cross-section scales with incident energy via p(F) o
E~3 above the absorption edge (see Sec, as a result, below the edge, p(E)
is also non-zero and can be removed by appropriate pre-edge subtraction. In
Athena the pre-edge subtraction is done by selecting two energy points well
below the edge jump and fitted with a polynomial line between the two energy
points. Then the fit is subtracted from the data. Similarly, the post-edge is
determined by selecting two energy points well above the edge jump and
fitted with a polynomial line between the two energy points.

. Atomic background determination (Fig)8.1(c)): Athena models the atomic
background g (E) using a cubic spline function [189]:

N

SM - e"WEK —
i=1

po(k) = ’ (8.1)

where SM is a smoothing parameter, W is a weighting factor and N is the
number of points. The number of data points determines the goodness of the
spline function.

. Edge-jump normalization and EXAFS determination (Fig{3.1(d)): In
order to arrive at the EXAFS function y(k) the spectrum needs to be nor-
malized. The difference between the pre-edge and the post-edge polynomial
functions gives us the Apg(E) is the normalization factor. Having all the
above steps allows us to calculate the EXAFS function x(F).

After all these steps the EXAFS function is ready for further analysis (see
Sec.. With Ey we can transform from energy space into k-space of the
photoelectron wave via:

2m
k= ﬁ(E — Ey), (8.2)

with m is being the mass of the electron and h is Planck’s constant. We
weight the x(k) with k, k? or k to enhance the visibility of the EXAFS
oscillations.
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8. Characterizing excited state molecular structures

The Fourier transformation of the EXAFS function x(k) results in a pseudo-
radial distribution function according to Sayers et al. [97], delivering bond distances
between the absorber and the different neighboring scatterers together with the
number of atoms (or coordination number)(see (Eq[3.3)).

1 kma:c .
X(R) = Ton /k k™ (k)e* i dk (8.3)

The bond distances we extract are approximately 0.5 A shorter than the actual
distance, due to the energy dependence of the phase factors in the sine function of
Eq.(3.19) [10L, 100]. The pseudo-radial distribution function contains the scatter-
ing contribution from all atoms in the material measured. The two peaks shown in
Fig.m represent the first and the second shell atom distances for the ground state
[Fe' (CN)¢]*". The first shell contains six relevant paths due to the six carbon atoms
and the second shell is due to the nitrogen atoms. We select only k > 3A~! since
the resulting pseudo-radial distribution only depends on single scattering paths
(see Sec. The k-range is chosen as input to the forward Fourier transform
(from k- to R-space), and depends on the signal quality in the high k range and
on the reliability of the data for lower k-values which may also be obscured due to
non-structural XANES effects and insufficient background treatment.

— xR

©
[=}

0 1 2 3 4 5 6
R /A

Figure 8.2.: Pseudo-radial distribution function after Fourier transformation of
x(k) from 3 - 8.5 A1 of aqueous Fe(CN); molecule. Phase correction
is applied to the R-axis.

The Fourier transformation can be taken by different multiplication factors of k™
to distinguish between the high and low atomic number scatters in the atom. D.
C. Koningsberger et al. [92] described how the weighting with different k values
will emphasize the different scatterers in a specific region of the EXAFS spectrum.
As an example by selecting only the first shell Fe-C EXAFS spectrum which is
between 0.7 - 1.8 A in the R-space, we can do inverse Fourier transform which
results in x(k) of Fe-C single scattering shell. By Selecting a specific region of the
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8.2. Ground state EXAFS structural analysis

EXAFS spectrum and allows us to analyze a specific part of the spectrum [92].

8.2. Ground state EXAFS structural analysis

We will now introduce the EXAFS fitting routine with the ARTEMIS program
package. The fitting analysis starts with a choice of model structure as the start-
ing point for the FEFF calculation. This input structure is used to calculate the
Muffin-tin potentials, self-energy, scattering amplitudes (S2) and phases (¢;) which
are necessary to generate the fine structure y(k) according to EXAFS equation
[190], [191]. The input model should be reasonably close to the structure of interest.
The input model can either contain DF'T optimized coordinates or X-ray crystallo-
graphic data. The molecular structure of K,[Fe(CN);.3 H,O] has been determined
with neutron powder diffraction [5I]. However, in an aqueous solution the four
potassium (K") ions are rather disconnected from the [Fe(CN)6]47 ion. For this
reason we used DFT optimized input atomic coordinates (the feff.inp file is shown
in Appendix .

The Artemis EXAFS fitting program (based on FEFF 8.20) generates a list of
single- and multiple-scattering paths in sequence of their effective bond distance
Ress up to the maximum path length of R,,4,. The first 17 calculated scattering
paths with amplitudes higher than >3.34% are used in our example (see Tab.

For the fit shown in Figs[8.3] and we used only the first four dominating
paths listed in the Tab[8.I] The scattering pathways considered for the fit are
also shown in Fig[8.4l In EXAFS the number of independent fitting parameters
(Nina) is limited by the utilized data window considered for the fit and determined
according to the Nyquist theorem [100]:

T

where Ak and AR are the data range selected in k- and R-space. For the chosen
data window (Ak = 5.5A" and AR = 5A) we can have at most 17 fitting param-
eters. We used in total only 5 parameters are used: S2, Eg, ARy, ARy and 0. To
reduce the number of free fitting parameters, we have categorized the paths as the
first and the second shell. As a result, AR, is used for the first shell and AR, is
used for the second shell paths. The squared DW factor for all paths is assumed
to be the same, although we know it is not the case.

The Artemis EXAFS fitting is done in R-space using a Hanning window over
the k-range of 3 - 8.5A~1. The phase-correlated fit to the data using only first
four paths are shown in Fig[8.4l The fitted values and fit statistics using only 4
(refereed as model 1) and 17 (refereed as model 2) paths respectively deliver nearly
identical results given in Tab8.2] and

The contribution of the first four paths is shown in Fig[8.4] The peak at 1.9
A is due to the scattering from the six nearest neighbor C atoms. The other
peak at 3.125 A is composed of the scattering from N atoms. For this peak, since
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8. Characterizing excited state molecular structures

Table 8.1.: Summary FEFF 8.20 calculated paths using the input file of Appendix
[Al Only paths with with amplitude >3.34% relative to the strongest
path (No. 1) are listed. N = path degeneracy; Res; = effective path
distance (in A); Ampl. = amplitude (in %), SS = single scattering and
MS = multiple scattering events.

No. N Rep Ampl. type Pathway

1 6 1924 100 SS Fe—C—Fe

2 6 3125 3569 SS Fe—N—Fe

3 12 3.125 98.93 MS Fe—C—N-—Fe
4 6 3.125 68.13 MS Fe—C—-N-C-Fe
5 24 3275 12.10 MS Fe—C—C—Fe
6 6 3837 13.59 MS Fe—C—-C—Fe
7 6 3837 1631 MS Fe—C—-C—Fe
8 6 3837 4.08 MS Fe—C—-C—Fe
9 24 3837 11.36 MS Fe—C—-C—Fe
10 6 4332 938 MS Fe-N—-C—-N-Fe
11 48 4.355 10.02 MS Fe—C—N-—Fe
12 48 4.355 1095 MS Fe—C—N—-C—Fe
13 24 4631 11.65 MS Fe—-C—-C—-C—Fe
14 24 4631 11.76 MS Fe—C—-C—-C—Fe
15 12 5.044 13.00 MS Fe—C—N-—Fe
16 12 5.044 16.13 MS Fe—C—N-—Fe
17 12 5.044 334 MS Fe-C—-C—N-Fe

the Fe—C=N is linear due to focusing effect other multiple scattering pathways
contribute to this peak [52]. EXAFS fitting in Artemis can be done either in k-
or R-space and the statistical goodness of the fit are evaluated by minimizing the
statistical x?. Combining each shell reduces the number of fitting parameters and
already lead to reasonable fit results. In our case, the fit is done in R-space and
after back-FT of the R-space fit and the data in the range of 1 - 6 A, Xrit(k) is

shown in Fig[8.3

Table 8.2.: Fit results after the fit using the two different models, Model 1: only
considering the first four paths with higher calculated scattering ampli-
tude and Model 2 is considering all the ranked paths. Where each of

Model 1 and Model 2 contain 4 and 17 scattering paths.

Sg Eo ARl ARQ 0'2
Model 1 | 0.78£0.07 | -2.25+0.76 | -0.029+0.001 | -0.0244-0.007 | 0.0015£0.0013
Model 2 | 0.651+0.04 | 0.49941.150 | -0.058%0.012 | -0.056+0.014 0.003
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8.2. Ground state EXAFS structural analysis

5
k /A

Figure 8.3.: The EXAFS spectrum y(k) weighted with k? (red dots) obtained from
the data of Fig[8.1] after data reduction such as edge-jump normaliza-
tion and background subtraction, together with the y (k) fit (solid blue

line).
1.4
10 e FTData
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Figure 8.4.: The Magnitude of the Fourier transform of k?-y(k) (red dots) and the
fit (solid line), and the contributions from different scattering paths
(dashed lines). SS = single scattering path; MS = multiple scattering
paths; Fe = iron atom; C = carbon atom; N = nitrogen atom. The
data shown is phase corrected.

Tab., is Fe—C and C=N bond length and compared with neutron diffrac-
tion measurements, DFT calculation and other EXAFS analysis. The Fe—C bond
length obtained is in good agreement with neutron diffraction measurements and
previously EXAFS results, but the DFT result is slightly overestimating the bond
length. The C=N bond length obtained in our analysis is slightly larger than all
other measurements. One possible explanation is we assume the Fe—C=N bond
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8. Characterizing excited state molecular structures

Table 8.3.: Fit statistics for the different number of paths considered for the fit.
Model 1: only considering the first four paths with higher calculated
scattering amplitude and model 2 is considering all the ranked paths.
Npara number of fit parameters considered, x% is the reduced x? and
R-factor is the square of the difference between fit and data points. For
the details how the reported x% values calculated refer to [192].

Model 1 Model 2

Nindp 17.56 17.56
Npara 5 5
No. paths 4 17
X% 367 1225

R-factor 0.016 0.04

angle to be 180 deg but in a solution it is slightly distorted or less than 180 deg,
this distortion is not considered in our fitting procedure [52].

Table 8.4.: Summary of fit results and comparison between bond lengths in A de-
termined in this work with previously published values. The numbers
in brackets are standard deviation values. ND = neutron diffraction.

EXAFS | EXAFS[52] | ND [51] | DFT
Fe—C | 1.918(3) | 1.92(2) 1.924 | 1.970
C=N [1.207(2) | 1.18(2) 1.167 | 1.191

8.3. Time-resolved EXAFS analysis: applying a new
approach

This Section contains the description of time-resolved EXAFS data fitting proce-
dure using DFT optimised atomic coordinates. This method can be applied to
different spin-crossover complexes. Unlike Fourier transform k-space fitting, it is
not needed to know the excited state fraction of the measurement since it is deter-
mined directly from the fit via:

T = f(BS - GS), (8.5)

where T is the experimental transient EXAFS spectrum between laser on and off
at fixed time delay, f is the fraction of excited state molecules by the laser, E'S is
excited state spectrum, and GS is the measured ground state or laser off EXAFS
spectrum. Eq. has two unknown i.e. ES and f which is impossible to solve
analytically with two unknowns. For this, we exploit prior knowledge of the reaction
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8.3. Time-resolved EXAFS analysis: applying a new approach

coordinate of excited state molecules, in this case, the structural distortion. Based
on this we can construct models starting from the GS structure along the reaction
coordinate in small steps. Then using FEFF we calculate EXAFS spectrum for each
model which allows us to reconstruct different transient models and using a scaling
factor f we compare to transient experimental data. Depending the steps used
to reconstruct the various structural models the fitting procedure can be sensitive
upto a picometer changes.

Parameters such as excited state fraction (f), bond length change (AR) and
high spin (HS) low spin (LS) energy shift (AE) will be extracted with little prior
knowledge (see flow chart [8.5). This analysis scheme is useful since it also allows
extracting the excited state fraction (f) of the experiment from the fit. The method
works for any structural modification; however, with the spin transition systems
treated here, the variation to each distance (e.g. six Fe—N bond distances) treated
into one AR for all (or at most two - 1 axial and one equatorial for terpy, etc.).
This method of analysis is applied to two different samples, such as [Fe(terpy)ﬂ2+
and [Fe(bpy),]**. The procedure of fitting transient EXAFS as follows:

1. First the experimental ground state spectrum using the DF'T optimized atomic
coordinates is fitted. Once a reasonable fit is achieved, the fit is exported and
parameters to generate ygs= Xé%(Ro7 Ey).

2. Next, we identify the reaction coordinate which changes during the dynamics
of the photoexcited molecule. Then we start from the ground state molecule
atomic coordinates and start altering the structure in small steps towards
the possible excited state structure. For each step, we obtain new molecular
coordinates. During this structural change we respect the chemical bonding of
unchanged structures (e.g. the pyridine rings are kept constant in shape and
size). Hence, we prepare feff.inp input files to calculate the EXAFS spectrum
using FEFF. For each structural model generated we calculate the EXAFS
spectrum (= y;(R', E')) using FEFF 8.20. For this calculation, the amplitude
and Debye-Waller factors are fixed to the ground state values (obtained in
step 1). We save the output file which contains the EXAF'S spectrum.

3. As we recall from Eq.(3.15)) the relation between the EXAFS and the absorp-
tion coefficient is given by:

1(E) = Apo(Eo) . X(E) + po(Eo) (8.6)

The above formula is slightly different from the definition x(E) because we
have an edge-jump normalization factor Apug(Ey) instead of the atomic back-
ground normalization pg(Ep). Assuming the atomic background function
between the ground and excited state is similar we can write the change in
the absorption coefficient Au(E) between the excited and ground state as:

ApP(E) = Apo(E).[xes(Ey) — xas(Eo)] = Apo(E).Ax(E) (8.7)
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8. Characterizing excited state molecular structures

where xps(Ey) and xas(FEp) are the EXAFS spectrum for the excited and
ground state respectively. Ey and E, are the energy which corresponds to
k=0 for the ground and excited state spectra. Ej is determined in Athena and
roughly assigned as the first maximum of the derivate of the po(F). Using
all this input the normalized measured EXAFS transient signal (Axe.,(E))
can be written as:

AXeap(E) = f(t).Ax(E) (8.8)

Using FEFF we simulated excited state EXAFS signals y;(R', E') for a series
of i possible excited states (ES) structures generated with FEFF 8.20 code
[9T]. With the ground state Artemis fit results Xgit(Ro, Ey) we can calculate
theoretical transient EXAFS (after converting the photoelectron wavevector
space to energy space) via:

AXi(AR;, AE) = | xi(Ri, B;) — x3" (Ro, Eo)] , (8.9)

with AR; = R; — Ry and AFE; = E; — FEy, the bond distance changes and
chemical energy shifts between the possible excited states and ground state
spectra respectively. This comes from the assumption that each Fe—N bond
distance changes by the same amount.

. At this step we have a collection of theoretical transients (Ax;(AR;, AE;))

with the experimental transient (Axe,,(£)) measured at a fixed time de-
lay. Since Ay;(AR;, AFE;) is a transient with 100% excited state we scale
Axi(AR;, AE;) by f(t) (the excited state fraction of excited molecules) which
will be equally fitted below.

Statistical analysis: The calculated EXAFS spectra have some remaining
uncertainty in Eq (k=0) so we shift each spectrum in energy in order to
optimize Ey during the fit (but keeping the ground state model locked). Each
possible model (= x;) is thus shifted in energy with respect to the ground
state and for each step the transient EXAFS is calculated. Then each model
is multiplied by f(¢) (which varies between 0 and 100 %) and the results is
compared with the experimental data via the statistical goodness of the fit,
X% according to:

erp

2 —
Xstat. — N —1 Z ; ) (8.10)

j=1 T Axeap

1 L[ F(1).Ax(AEL AR;) — AxZ, (AE, AR) i

ot (AE;, AR;, f(t)) is now a function of AE, AR and f(t) only since non
structural parameters (listed here) are kept constant to the ground state
value. UJAxezp represent are the experimental error bars (standard deviation)
for each data point.

6. Having extracted 3D representation of x2,, as a function of AE, AR and
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f(t), the best fit parameters will be determined from the global minimum
of X2, and we yield f(t), the HS-LS bond length change (ARps_rs) and
energy shift (AE).

Athena:

| Import Laser off data pgs |<— normalize laser off 5
experimental data :

* Convert all data from

- k to E- space <~
Calculate pi, using DFT i 1. Xo(K) to Xo(E)

molecular coordinates 2. x(k) to X(E)

Y Y

Compare and
| Pare Hes Hin I Interpolate both xo(E) and x;(E)

to have them on the same
energy grid as experimental
data

! g

calculate statistical Xg>
for xi(E) using varying values

Change FEFF
calculation NO

parameters

If the agreement
between pgsand py,
is good

for both Ejand f

Yes
Artemis fitting of GS data for fine

adjustment of E,, 6% and S,? i NO
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) ] : Xsta2(AR,AE,f) 3D matrix and
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Xo(Eo. o“ and So*) the optimized FEFF control cards | : y ¢
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Load:

1. Xo(k) and xi(k)

2. imports experimental transient data
AXexp(E) and dXexo(E)

3. import normalization function

Figure 8.5.: Flowchart for the procedure of energy space EXAFS fitting. For details
see text.

8.4. Case examples:

This strategy was applied to measure the structural changes in the time-resolved
EXAFS data measured for two spin-crossover complexes [Fe(bpy),]*", [Fe(terpy),)**
and the former treated as a cross check to the method since the data has already

been reported in ref [79].
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8. Characterizing excited state molecular structures

8.5. Excited state EXAFS of [Fe(bpy);]*"

Photoexcitation of [Fe(bpy)?,]zJr by visible light, first populates the !MLCT man-
ifold states, which eventually decays to the lowest-lying quintet state (HS), 5Ty,
by a cascade of intersystem crossing steps through intermediate states [34, [13]. At
room temperature, the HS state relaxes non-radiatively to the LS ground state with
a lifetime of 1 ns in acetonitrile solution. The structure of HS state has been char-
acterized by EXAFS fitting of the reconstructed excited state spectrum in Fourier
transform space using no energy shift AE = Ey(HS)-Eq(LS) and a fixed value of
excited state fraction f = 20% [193]. Later the structure was also analyzed by
fitting the transient EXAFS data directly in energy space using the methodology
presented here [75]. Hereby, f was varied from 10 to 30% and AE in steps of 0.6 eV
from 0 to -2.4 eV and global minimum was found for AE = -1.8 ¢V and f = 17%,
which was slightly lower than the 20% used in the Fourier transform fitting. As
a result, they stated having achieved sub-picometer resolution. We perform a im-
proved time-resolved EXAFS analysis in energy space on the same data published
in ref [79).

In order to fit the transient EXAFS data uniformly expanded models are used.
For each uniformly expanded model the x? (AR, AE, f) values are calculated
for all possible energy shifts and excited state fractions. The global minimum is
found for an excited state fraction of f=38% (Fig[8.6). The excited state fraction
f reported here 38% show a good agreement with the value 34% estimated from
XES method [79].

4
2.44
251 AR=0.21 A
2.2 f:38%
—~ 31 —~
w w
) g
5 %
o5 a5 2
251
1.8
2]
lem:l'7
16 . .
-10 -4 -2 0
AE leV

(b)

Figure 8.6.: (a) Calculated x?,,,(AE) for all the possible structural models at fixed
excited state fraction, f = 38%. (b) Calculated x?%,,(AE) values for
AR = 0.21 A and f = 38%.

Figl8.7 shows the best fit in energy and photoelectron wavevector space recon-
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8.5. Excited state EXAFS of [Fe(bpy)3]2+

structed using the fit parameters AR = 0.21 A, AE = -1.5 ¢V and f = 38% are
extracted from the global minimum value of the calculated x?,,. The error bars
for each fitting parameter were estimated by inspecting the change of %, around
the global minimum: we accept all values which do not increase the least square
value by more than 5%.
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Figure 8.7.: Best transient EXAFS fit with AE = -1.5 eV, AR = 0.21 A and f =
38% fit parameters of the uniformly expanded model. (a) EXAFS fit
in energy space and (b) in photoelectron wavevector space to amplify
the higher energy part of the spectrum.

The result of this analysis delivers a value f = 38% for the HS population, which
lies in between those previously extracted [79] (see TabJ8.F]), albeit with a larger

uncertainty (see (TabJ8.6)).

Table 8.5.: Comparison of excited state fraction obtained by complementary X-ray
techniques of data set measured at the same laser fluence. The error
bars for XES and XDS are with 95% confidence limits.

Technique f(%)
XES [79] 34+4
XDS [79] 4343
EXAFS (this work) | 38+5

The structural result for AR is tabulated together with the optimum fit values
for f and AE, and the result from [75] is displayed, in order to compare the relevant
values for AE and AR. The reported values agree well within uncertainty and un-
certainty is determined by looking at the nearest neighbor models(see FigﬂEﬂ.
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Figure 8.8.: (a) Best EXAFS transient fit together with next neighbor theoretical
models i.e AR, = 0.18 A and AR., = 0.24 A. (b) Best EXAFS
transient fit together with next neighbor theoretical models i.e. AE =
-2.3 eV and AE =-0.7 V. (c¢) Best EXAFS transient fit together with
next neighbor theoretical models i.e. f = 32% and f = 44%.

However, the uncertainty derived from the current analysis is larger than previ-
ously reported value. This is due to larger data range used in [75] and underlines
the need for high quality data in order to extract precise structural changes, such
data was recorded for [Fe(tery),]>" and will be analysed in the next section.
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Table 8.6.: Best fit results extracted after x?,, analysis. The best fit results from
[75] are shown to compare the structural changes.

AE (eV) [ ARps—1s (A) [ (%) | X2
Best fit -1.54+1.0 0.2140.03 38t5 | 1.7
Best fit [75] | -1.84£0.6 | 0.2003+0.008 | 17+1 | 1.35

8.6. Excited state EXAFS of [Fe(terpy)2]2+

As introduced in Sec [Fe(terpy)2]2+ molecule has six nitrogen atoms bonded
to the central iron atom (Fig. The nitrogen atoms are categorised into two
groups according to their different Fe—N bond distances, as axial and equatorial,
with two and four nitrogen atoms respectively [81].

Axial N

Figure 8.9.: Ground state molecule of [Fe(terpy),]** molecular structure. For
clarity, we show we rotated along the duplicated the [Fe(terpy)2]2+
molecule and plotted side-by-side to show both terpy ligands. Green
and red circles indicate the equatorial and axial nitrogen atoms.

The DFT-calculated bond distances for the ground and both possible excited
states are summarised in the Tab[8.7. While the 4 Fe—N,, distances are quite
identical, there is a striking difference for the two Fe—N,, elongations. However,
overall this is a challenging task to distinguish between both °E and 5B,) states
which requires an extraordinary precision to determine the Fe—N bond distances
for each subgroup Fe—N,, and Fe—N,, bond distances.

Excitation of [Fe(terpy),]*" with light yields 'A;, — 3 MLCT transition, which
in later time relaxes to the excited HS state (either °E or °By). The lifetime of
the HS excited state is 2.6 ns. A 13 mM aqueous solution of []F‘e(telrpy)z]ZJr was
measured, and the EXAFS spectrum before and 100 ps after 532 nm laser excitation
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Figure 8.10.: CASPT2-calculated potential energy surfaces for [P‘(%(‘c(erp}/)2]2Jr
molecule: for ground state (LS) and for °E or °B; high spin states.
The zero value of the energy scale is set to the minimum of the ground
state potential. Adopted from [81].

Table 8.7.: DFT predicted results for the ground state that is LS and two possible
excited HS (HS) states. R, is the axial bond distance for Fe—N and
R.,. is for equatorial nitrogen atoms. The DFT predicted Fe—N bond
distance change with respect to the ground state for both HS states are
indicated with AR,,. and AR,,..

Rao. (A) | Reg. (A) | ARue. (A) | AR, (A)
LS 1.889 | 1.984 - -
HS:°E | 2107 | 2.202 0.218 0.218
HS: °B, | 2160 | 2.191 0.271 0.207

used to generate the transient EXAFS (Figl8.11]). The refined ground state EXAFS
spectrum is fitted by starting using the DF'T optimized atomic coordinates, allowing
only the non-structural parameters to vary while the structural parameters of the
ground state are kept fixed. This fit function then represents the ground state
model yo (Figl8.12)).

DFT predicts that the °E excited HS state experiences a symmetric 0.218 A bond
distance change for both the axial and equatorial nitrogen atoms, while B, should
exhibit a 0.271 A and 0.207 A bond distance change for the axial and equatorial
nitrogen atoms respectively. Thus, the 5E excited state structure shows a uniform
expansion around the Fe center, while the 5B, excited state structure exhibits two
groups.

The EXAFS data presented here analysed with Fourier transform analysis start-
ing with two possible excited states i.e. °E and B, predicted by DFT/CASPT2
calculations. The EXAFS analysis reported in [74] was done on the reconstructed
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Figure 8.11.: Fe K-edge EXAFS spectra of a 13 mM aqueous solution of
[Fe(terpy),)*". (a) EXAFS spectra measured before and 100 ps after
532 nm laser excitation (laser repetition rate of 1.3 MHz) and 3.356
GW /cm? laser fluence. (b) Transient EXAFS spectrum difference
between laser ON and OFF.
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Figure 8.12.: Ground state EXAFS Artemis fit using DFT optimized ground state
atomic coordinates of [Fe(terpy),]*” molecule. The fit range is be-
tween 3-10.5 A~'. The fitting is done in Artemis using only non-
structural parameters.

excited state spectrum. The results show that the atomic coordinates of °E fits the
data better [74]. However, the Fourier transform EXAFS fitting does not comply
the chemistry the final product, since it use one parameter for different paths con-
sidered in the fit, which will distorts the structure of pyridine rings. With superior
data quality measured at APS, 7ID-D beamline (Fig we examine, whether
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8. Characterizing excited state molecular structures

we can distinguish between two closely-spaced HS excited states of [Fe(terpy)Q]QJr
by fitting directly the transient data.

For the analysis, we prepared 14 models of uniformly expanded ligands in steps
of 0.02 A °E like. Using this input we calculated the EXAFS spectrum and each
spectrum is listed as x;, i=1,2, 3,...14. For the 5B, structure, we also prepared 14
models (= x;, i=1, 2, 3,...14) of such non-uniformly expanded ligands in steps of
0.027 A and 0.02 A, for 4 equatorial and 2 axial nitrogen atoms respectively. In all
cases we kept the pyridine rings constant in shape and structure. Then steps 3 to
6 (Secl8.3) are applied (via home-written MATLAB script). Parameters including
excited state fraction f, the AR, , AR,, and the chemical energy shift AE, are
extracted from this fitting procedure.

Uniformly expanded model °E

The best fit yields a least square value of x2,,(AR, AE,f) = 5.13 with AR =
0.240.02 A for all six Fe—N bond lengths, f= 66 +£3 % excited state fraction and
an energy shift of AE = - 1.5£0.3 eV. Shown in Fig[8.13] is the result of the best
transient EXAFS fit, with the parameters . Fig shows the same result
in k-space of the photoelectron wavevector and weighted with k.

0.15

o BX(E)gy,

— AX(E) : best

model

0.14

0.054

DX(E)
K*A x(K)

-0.051

7160 7260 7360 7460 7560 )
X-Ray Probe Energy /eV Photoelectron wavevector k/A

(a) (b)

1

Figure 8.13.: Best transient EXAFS fit with AE = -1.5 eV, AR = 0.2 A and f
= 66% fit parameters of the uniformly expanded model where (a) in
energy space and (b) in photoelectron wavevector space to see more
the higher energy part of the fit.

Fig shows the calculated x?,,, values via Eq. for each 0.02 A step in
Fe—N bond distance change and for energy shifts varying between -10 and +10
eV in 0.1 eV steps. Each step of Fe—N bond length change (or structural distor-
tion) has a local minimum at a different energy shift values, indicating the strong
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8.6. Excited state EXAFS of [Fe(terpy),]”*

correlation between energy shift and bond distance (see also Figf8.15(a))). The
global minimum is located at AR = 0.2 A, f= 66% and AE = -1.5 eV (see also

Fig8.14(D)).

261

211

[m
g 16
<
| N
114 F
| AR=0.2 A
leal:5'13 f:66%
0 2 4 6 -5 -3.8 -2.6 -1.4 -0.2 1

AE/eV

(b)

Figure 8.14.: (a) Calculated x?2,,,(f,AE) values for all the possible structural mod-
els versus the energy shift, AE at fixed excited state fraction, f=66%.
(b) Calculated x2,,,(AE) values for AR = 0.2 A and f = 66%.

This result shows all structural distortions yield a local minimum at different
values of energy shift (Fig{8.15(a)). In other words, as the structural distortion
AR increases the minimum of the calculated x?2,,, value is also located at a higher
value of AE, showing a strong correlation. Similar results have been obtained in
previous studies [75, 168]. We have also shown calculated x?2,,,(AR,f) values at
fixed energy shift, AE=-1.5 eV (Fig{8.15(b))), the negative correlation between the
structural distortion and excited state fraction. In this analysis we did not observe
a correlation between AE and excited state fraction f (Fig8.15(c))).

Estimating the uncertainty in determining the HS structure

The error bars are determined by the condition that all calculated x?2,,, values
are acceptable, which do not increase the least squares value by more than 5%
[194, ©]. With this definition, for AR the error bars range from 0.18 and 0.22 A.
The calculated x2,,,(AR,AE, f) value for the transient model with AR = 0.22 A is
11.03 and with AR = 0.18 A is 6.85. The two adjacent theoretical transient models
do not fit the first EXAFS oscillation resulting a higher x?,,, value compare to the
best fit value. As a result, the error bar for the structural distortion £0.02 A is the
limit and we cannot estimate better than this value. Similarly, the error bars for
the excited state fraction and energy shift are estimated to be & 3 % and £ 0.3 eV
respectively. These are rather optimistically small uncertainties, since the transient
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8. Characterizing excited state molecular structures

1%

Figure 8.15.: Surface plot to visualize the correlation between fit parameters con-
sidered. (a) between energy shift, AE and Fe—N bond length change,
AR at fixed excited state fraction, f = 66%. (b) between excited
state fraction, f and Fe—N bond length change, AR at a fixed AE =
-1.5 eV, and (c) between energy shift, AE and excited state fraction,
f at a fixed Fe—N bond length change, AR = 0.2 A.

EXAFS models for the upper and lower boundaries already look very similar to the
optimum transient EXAFS. Nevertheless, relying on the least squares evaluation
of these parameters deliver the accuracy reported here(see Figi8.16]).

Non-uniformly expanded model: °B, like

Similar to the preceding Sec[8.6] 14 non-uniformly expanded structural models were
constructed by applying steps of 0.02 A and 0.027 A for the AR, and AR,,. atoms
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8.6. Excited state EXAFS of [Fe(terpy),]”*
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Figure 8.16.: (a) EXAFS transient fit together with next neighbor theoretical mod-
elsi.e AR = 0.18 A and AR = 0.22 A together with best fit. (b) Best
EXAFS transient fit together with next neighbor theoretical models
ie. AE =-1.2 eV and AE = -1.8 ¢V. (¢) Best EXAFS transient fit
together with next neighbor theoretical models i.e. f = 63% and f
= 69%.

respectively. This expansion should cover the possible °B, excited state structure.
The structural distortion delivers a global minimum y?,,,(AR,AE,f) = 7.36 at
AR = 0.1840.02 A and 0.243+0.027 A for the equatorial and axial Fe—N bond
distances, excited state fraction f = 57+3 % and energy shift AE = -3.54+0.4 eV.
Fig[8.17 shows the best fit in energy and photoelectron wavevector space using the
above parameters. Parameters for the best fit are summarized in Table (8.8)).
Fig shows the x%,,(AR, AE) values calculated for fixed f = 57 %, for
each structural distortion, energy shift variation between -10 and 5 eV in 0.1 eV
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8. Characterizing excited state molecular structures
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Figure 8.17.: Best transient EXAFS fit with AE =-3.5 eV, AR, = 0.18 A, AR,
=0.216 A and f = 57% fit parameters of the non-uniformly expanded
model. (a) fit in energy space and (b) in photoelectron wavevec-
tor space multiplied by k? to amplify the higher energy part of the
spectrum.

steps. Each structural model has a relative local minimum at a different energy shift
value, indicates strong positive correlation between structural change and energy
shift (Figi8.19(a)|). Similarly, the contour plot between structural distortion and
excited state show a correlation, this means each local minimum for the different
structural distortions is at a different excited state fraction (Fig{8.19(b)|), where as
the excited state fraction and energy shift show less correlation and the contour
plot yields the more localized global (Fig)8.20)).

Estimating the uncertainty in the excited state structure

Similar to the ’E excited state we have plotted the model spectra representing
the upper and lower bound values for each fit parameter (Tab., together with
the best fit result. Again, the adjacent models look very similar to the best tran-
sient EXAFS model, implying that only the statistical goodness defines the uncer-
tainty. This may also hint to a stringent(small) definition of the error bar sizes(see
Fig8.21)).
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8.6. Excited state EXAFS of [Fe(terpy),]”*
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Figure 8.18.: (a) Calculated x?,,(AE) curves for all the possible structural distor-
tions at single value of excited state fraction f = 57%. (b) Calculated
X2iui (AE) values for AR, = 0.18 A, AR,,. = 0.243 A, and f = 57%.
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Figure 8.19.: Surface plot to visualize the correlation between fit parameters con-
sidered. (a) between energy shift, AE and Fe—N bond length change,
AR,,. at fixed excited state fraction, f = 57% and (b) between ex-
cited state fraction, f and Fe—N bond length change, AR, at a fixed
AE =-3.2 eV.
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Figure 8.20.: Surface plot to visualize the correlation between fit parameters con-
sidered between energy shift, AE and excited state fraction, f at a
fixed Fe—N bond length change, AR, = 0.18 A. The plot clearly
shows the global minimum for the 2 is at AE of 1.5 eV and f= 66%.

158



8.6. Excited state EXAFS of [Fe(terpy),]”*
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Figure 8.21.: Best EXAFS transient fit together with adjacent theoretical models:
(a) for AR., = 0.18 A and AR, = 0.22 A, (b) for AE = -3.1 eV
and AE = -3.9 ¢V and (c) for f = 53% and f = 60% .
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8. Characterizing excited state molecular structures

8.7. Discussion on HS of [Fe(terpy)2]2+

Recent studies by Canton et al.[86] indicated B, state results close-lying degener-
ate 5E state through pseudo-Jahn—Teller coupling. These two excited states are
optimized in DFT yielding slightly different bond lengths(Tab[8.7)). Energy space
EXAFS fitting is done to extract the excited state structure. Unlike Fourier trans-
form (FT) EXAFS fitting, in the fitting approach used here, it is not needed to
know the HS population f, since it is determined during the fit. For the FT EXAFS
fitting reported [74] f=71% is used to analyses the experimental data. The anal-
ysis predicted the excited state structure to be °E. In the analysis reported here,
the excited state fraction is refined to f=66+ 3%, which is smaller than the value
used in the FT fitting. According to our fit results the most probable high spin
state for the [l*ﬂe(terpy)Q]QJr molecule is °E with uniformly expanded model which
yields the lower x?2,,, value compared to °B;y (see TabJ8.8). The Fe—N high-spin
to low-spin bond distance change ARpg_5= 0.240.02 A show a good agreement
with the 0.218 A predicted from the DFT (see Tab but the structural values
obtained here show slight difference with respect to FT fitting analysis. In FT
EXAFS fitting the scattering paths are categorized as the first and second shells
each with one structural fitting parameter, this leads distortion of molecules ( such
as distorting the pyridine rings). The distortion doesn’t respect the angle, however
in the analysis done her we overcome this problem by changing only the Fe—N
bond distance but keeping intact the pyridine rings. Finally, this method could be
used as an alternative EXAFS analysis for similar spin crossover complexes.

Table 8.8.: Fit parameters extracted after convergence of Eq.(8.10) for mnon-
uniformly expanded model. FT = Fourier transform.

models f(%) | ARar.s—rs (A) | ARegms—rs (A) | AE(V) | 2
Best fit: °By | 57+3 0.243+0.027 0.1840.02 -3.5+0.4 | 7.36
Best fit: °E | 6643 0.240.02 0.240.02 -1.5+0.3 | 5.13
FT fit: 5E[74] 71 0.206£0.020 0.231+0.010 -
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Chapter 9

Conclusion and outlook

This thesis presents time-resolved X-ray absorption and emission spectroscopy re-
sults measured upon photoexcitation of ferrocyanide, [Fe(bpy),]** and [Fe(terpy),]*"
ions in aqueous solution.

Picosecond-resolved XAS results measured upon 266 nm photoexcitation of fer-
rocyanide ions results in two simultaneous photoproducts namely [Fe(CN), H,0]*"
and [FeIH(CN)(;]s* complexes. These two photoproducts are disentangled only with
time-resolved XANES data, and the ratio of estimated excited state fraction is
consistent with quantum yield measurements reported in prior studies. Also, time-
resolved XES is used to characterise the transient species formed after photoex-
citation [130]. The photoaquation process has been investigated in detail upon
photoexcitation with 355 nm laser and comparison of picosecond-resolved XANES
results with calculated spectra suggest the formation of photoaquated complex
within 100 ps experimental time resolution. Furthermore, we did not observe de-
cay of the photoaquated product until 1.226 microseconds.

We investigated the ligand exchange mechanism happens upon 355 nm excita-
tion of ferrocyanide ([Fe"(CN)y]*) ions. Based on the comparison of simulated
pre-edge peaks of 1s—3d transition with our data, we conclude that the reaction
pathway commences via ligand detachment followed by the formation of the long-
lived photoaquated complex. TR K3 XES results also reveal the spin state of the
intermediate complex. Unfortunately, due to the poor-quality of the XES data,
we could not nail down the exact spin state of the intermediate state. Combining
these findings we interpret that the aquation process happens from a pentacoordi-
nated precursor state with non-singlet spin state, and takes roughly 12 ps. In our
data we did not observe Berry pseudorotation (conversion from square pyramidal
to trigonal bipyramidal symmetries) similar to what has been seen in [Fe'" (CO) ]
[195] and [Cr(CO),] [196].

High-quality time-resolved EXAFS measured [Fe(terpy)2]2+, and [Fe(bpy)g}2+
complexes after 100 ps of 532 nm laser excitation allows us to characterise the
excited state structures with sub-angstrom spatial resolution. A new novel ap-
proach is implemented i.e. fitting directly the time-resolved transient EXAFS data
in energy space to extract the excited state structure of photoexcited molecules.
This method can be used to extract structural information from time-resolved EX-
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9. Conclusion and outlook

AFS data collected over different transition metal complexes given that we know
the reaction coordinate of the molecule. Although the transient EXAFS fitting
approach rely on DFT atomic coordinates it allows us to have control over the
parameters involved in the fitting procedure, unlike Fourier transform fitting. The
TR-EXAFS data on [Fe(bpy)g]2+ has been re-analysed, and we show that the ex-
cited state fraction estimated (f=38+5%) from this method is in good agreement
with other complementary tools such as XES (f=34+4%). Another set of TR
EXAFS data measured on [Fe(terpy),]*" molecule has been analysed to identify
the excited state structure among the two possible high spin state complexes. The
estimated statistical x? values for both HS structures is very close, with the °E
which is uniformly expanded model resulting lower x? value. Based on this we
concluded the photoexcited [Fe(terpy),]*" molecule have °E high spin state after
100 ps.

In this thesis, ferrocyanide molecule was used as a model system to understand
ultrafast ligand dissociation mechanism. Unfortunately, the low optical cross sec-
tion (about 100 times less than spin crossover complexes) hinders the signal quality
of TR XAS and XES techniques which makes our interpretation difficult. However,
the quest for understanding the ligand exchange process will continue by analysing
the time-resolved X-ray diffuse scattering data collected along with the results re-
ported. Since the scattering data is more sensitive to the solvation shell, additional
information about the solvation shell will be extracted from the XDS data which
we are not sensitive with XAS and XES techniques. In addition, photon hungry
experiments such as X-ray Raman and valence-to-core XES can be realised at Fem-
tosecond X-ray Experiments (FXE) instrument (will be ready for user in 2017) and
will provide a complementary information about photoinduced chemical changes.
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Appendix A

FEFF input file

The FEFF 8.20 is ab initio based computer package uses an input file (saved with
name feff.inp) to start the calculation of the X-ray absorption spectra. The first
two blocks contain the input cards, the values of each card can be changed, and
it gives an opportunity to determine the outcome of the calculation (refer [197]
for the explanation of the input cards). The last block contains the xyz atomic
coordinates of the atoms in the complex. The source of xyz coordinates can be X-
ray crystallographic, Neutron diffraction, EXAFS and DFT optimised. The atomic
coordinates are shown here and all other calculations reported in this thesis uses
DFT optimised geometries provided by Gyorgy Vanko group. The file shown here
contains the coordinates of [Fe''(CN),]*" complex.

CONTROL 1 1 1 1 1 1
PRINT 1 0 0 1 0 3
EDGE K
502 1
SCF 4.5 1 30 0.05 10
EXAFS 12
RPATH 6
EXCHANGE 0 0 004 O
SIG2 0.003

CRITERIA  10.0 0.05

POTENTIALS
ipot Z element l-scmt I-fms stoichiometry
0 26 Fe 2 2 1
1 6 C 1 1 6
2 7 N 1 1 6
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. FEFF input file

ATOMS
*X
0.000000
0.000000
-0.000000
-1.969611
0.000000
-0.000000
1.969611
-0.000000
0.000000
3.160259
-3.160259
0.000000
-0.000000

END
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Y
-0.000000
0.000000
-1.969611
-0.000000
-0.000000
1.969611
-0.000000
-3.160259
0.000000
-0.000000
0.000000
-0.000000
3.160259

Z

-0.000000
1.969611
-0.000000
0.000000

-1.969611
-0.000000
0.000000

-0.000000
3.160259

0.000000
0.000000
-3.160259
-0.000000

0

RO DO DO DD DO DD —

IPOT Element

ZZzzzz000000F



Appendix B

ORCA input file

The ORCA is ab initio based Quantum Chemistry Program can be used to calculate
XAS, XES, UV-vis, IR, Raman, etc. spectra. The program is used DFT and
semiempirical SCF-MO packages, and it does self-consistent calculations. An input
file for ORCA calculation contains keywords which can be given any order and are
not case sensitive. The keywords allow the user to define the outcome of the
calculation (for the details of other keywords please refer[I08]). The last block
contains xyz atomic coordinates, the complex charge and the total spin state of the
metal centre. The atomic coordinates shown here are DFT optimised geometries
provided by Gyorgy Vanké group and Alexander Guda from Southern Federal
University, Rostov-on-Don, Russia. The input files used for the pre-edge calculation
of the different complexes is given below.

B.1. [Fe"(CN)4]* with S=0

ISP UKS B3LYP RIJCOSX def2-TZVP def2-TZVP/JK
ITightSCF  Grid4 NoFinalGrid LargePrint
% method
ScalHFX = 0.15
end
% maxcore 2024
% tddft
NRoots 20
MaxDim 150

OrbWin[0] =0, 0, -1, -1
OrbWin[l] =0, 0, -1, -1
DoQuad true
end
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B. ORCA input file

-4
0.000000
0.000000

-0.000000
-1.969611
0.000000
-0.000000
1.969611
-0.000000
0.000000
3.160259
-3.160259
0.000000
-0.000000

xZZzZzZzZzao00000 s
N

1
0.000000
0.000000
-1.969611
-0.000000
-0.000000
1.969611
-0.000000
-3.160259
0.000000
-0.000000
0.000000
-0.000000
3.160259

0.000000
1.969611
-0.000000
0.000000
-1.969611
-0.000000
0.000000
-0.000000
3.160259
0.000000
0.000000
-3.160259
-0.000000

B.2.

xZzzZZZ2ZZz000000F%
N

166

[Fe''(CN)(]* with S=1/2

-3

0.000000
-0.000573
0.042710
-1.964503
0.000573
-0.042709
1.964503
0.055719
-0.000665
3.144475
-3.144474
0.000665
-0.055718

2
-0.000000
-0.000537
-1.964503

0.042710
0.000536
1.964503
-0.042710
-3.144475
-0.000780
-0.055718
0.055720
0.000780
3.1444°74

-0.000003
1.973330
0.000526
0.000485

-1.973336

-0.000532

-0.000491
0.000818
3.152723

-0.000739
0.000752

-3.152729

-0.000803



B.3. [Fe"(CN),J> with Dy, symmetry and S = 1

B.3. [Fe''(CN);]* with D3, symmetry and S = 1

-3 3
0.026980 -0.000114 -0.000286
-2.072451  0.000259 -0.000374
1.081725 -1.817056 -0.000368
0.025998 -0.000178 -1.992698
1.081515 1.817071 -0.000369
0.025993 -0.000177 1.992138
-3.244402  0.000502  -0.000378
1.666338 -2.832796 -0.000360
0.024542 -0.000211 -3.166067
1.665950  2.832914 -0.000360
0.024530 -0.000213  3.165505

xZZzzZzZzZz00000FE
N

B.4. [Fe''(CN);]* with D3, symmetry and S = 2

-3 5
0.038542  0.000062 -0.000280
-2.192761 -0.000525 -0.000336
1.221308 -1.851164 -0.000296
-0.054639  0.000655 -2.389277
1.222424  1.850736 -0.000293
-0.054710  0.000654  2.388630
-3.361982  -0.000830 -0.000354
1.833662 -2.848269 -0.000383
-0.090156  0.000585 -3.561083
1.835311  2.847508 -0.000380
-0.090281  0.000589  3.560435

xZZzzZzZzzZzao00000FE
N
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B. ORCA input file

B.5. [Fe''(CN);]* with C, symmetry and S=1
* -3 3

0.018579000  0.282831000 -0.505426000
0.014849000 -0.786797000  1.299578000
-2.190956000 0.231690000 -0.436464000
0.019621000 -0.665453000 -2.313843000
2.232376000 0.213216000 -0.429789000
0.007384000 -1.373385000 2.317592000
-3.369174000 0.228992000 -0.442725000
0.018874000 -1.223143000 -3.350544000
3.410509000 0.197003000 -0.423992000
0.027091000  2.317697000 -0.457282000
0.020612000  3.492664000 -0.382404000

rQOQZZZzZ20000FE
N

B.6. [Fe''(CN);H,0]* with S=0

-3 1
0.000000000  0.000000000  0.000000000
2.186943000  -0.099655000 -0.017811000
-1.839940000  0.092971000  0.015102000
0.089813000  1.088997000 -1.566668000
0.137040000  1.556180000  1.099337000
-0.043539000 -1.564498000 -1.093932000
-0.001886000 -1.100584000  1.560301000
-3.025479000  0.155773000  0.024920000
0.170675000  1.761351000 -2.538541000
0.249634000  2.518549000  1.780718000
-0.056084000 -2.535037000 -1.772314000
0.010806000 -1.783632000  2.527535000
2.456774000  0.559903000  0.648715000
2.439146000  0.307535000 -0.868144000

xmmzZzzz22000000 3%
N
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Appendix C

Physical constants

Some of the most commonly used physical constants in this thesis. The values
given here are taken from CODATA of 2014 [198].

Avogadro constant N, 6.022 140 857(74)x 10%* mol !
Boltzmann constant Kp  1.380 648 52(79)x 10723 JK!
Electron mass m,  9.109 383 56(11) x 107! kg
Planck’s constant h  6.626 070 040(81) x 1073 Js
Speed of light c 2.99 792 458 x 10® ms~!
Elementary charge e  1.602 176 6208(98) x 10712 C
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